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mTORC1 regulates protein synthesis and in turn is regulated
by growth factors, energy status, and amino acid availability. In
kidney cell (HEK293-T) culture, the GAP activity toward RAG
(GATOR1) protein complex suppresses activation of the RAG
A/B–RAG C/D heterodimer when amino acids are insufficient.
During amino acid sufficiency, the RAG heterodimer recruits
mTORC1 to the lysosomal membrane where its interaction with
Ras homolog enriched in brain (Rheb) stimulates mTORC1’s
kinase activity. The DEP domain containing 5 (DEPDC5) pro-
tein, a GATOR1 subunit, causes familial focal epilepsy when
mutated, and global knockout of the Depdc5 gene is embryoni-
cally lethal. To study the function of DEPDC5 in skeletal muscle,
we generated a muscle-specific inducible Depdc5 knockout
mouse, hypothesizing that knocking out Depdc5 in muscle
would make mTORC1 constitutively active, causing hypertro-
phy and improving muscle function. Examining mTORC1 sig-
naling, morphology, mitochondrial respiratory capacity, con-
tractile function, and applied physical function (e.g. rotarod,
treadmill, grip test, and wheel running), we observed that
mTORC1 activity was significantly higher in knockout (KO) mice,
indicated by the increased phosphorylation of mTOR and its
downstream effectors (by 118% for p-mTOR/mTOR, 114% for
p-S6K1/S6K1, and 35% for p-4E-BP1/4E-BP1). The KO animals
also exhibited soleus muscle cell hypertrophy and a 2.5-fold
increase in mitochondrial respiratory capacity. However, contrary
to our hypothesis, neither physical nor contractile function
improved. In conclusion, DEPDC5 depletion in adult skeletal mus-
cle removes GATOR1 inhibition of mTORC1, resulting in muscle
hypertrophy and increased mitochondrial respiration, but does not
improve overall muscle quality and function.

mTOR complex 1 (mTORC1)2 is a master regulator of pro-
tein synthesis that receives inputs from a variety of sources (e.g.
energy balance, oxygen concentration, growth factors, contrac-
tion/exercise, and amino acid availability). When conditions
are favorable, activated mTORC1 phosphorylates downstream
targets, such as TFEB (transcription factor EB) and ULK1
(unc-51 like autophagy activating kinase 1), that restrict
autophagy, as well as S6K1 (ribosomal protein 6 kinase 1) and
4E-BP1 (eukaryote translation initiation factor 4E– binding
protein 1), which promote mRNA translation by the ribosome.
The control of mTORC1 signaling is complex, and many review
articles describe the process (1–3). Much of this work, particu-
larly research of amino acid sensing and mTORC1 signaling, is
based upon findings from cell culture (often HEK-293T immor-
talized embryonic kidney cells).

Translocation of mTORC1 to the lysosomal membrane stim-
ulates its kinase activity via allosteric activation by Rheb (Ras
homolog enriched in brain) (4). The RAG A/B–RAG C/D het-
erodimer recruits mTORC1 to the lysosomal membrane when
sufficient amino acids, particularly leucine and arginine, are avail-
able (5). GATOR1 (GAP activity toward RAG 1) is a protein com-
plex consisting of three subunits: NPRL2 (nitrogen permease reg-
ulator-like 2), NPRL3 (nitrogen permease regulator-like 3), and
DEPDC5 (DEP domain containing 5). GATOR1 is a negative reg-
ulator of the RAG heterodimer, preventing translocation of
mTORC1 to the lysosome during amino acid insufficiency by act-
ing as a GTPase-activating protein to keep RAG A/B in the inactive
GDP state (6). GATOR1 is deactivated by GATOR2 (GAP activity
toward RAG 2), if amino acid availability within the cell is
increased (7, 8). Interestingly, Depdc5 mRNA expression in
human skeletal muscle (obtained from biopsy samples) changes
rapidly in response to an increase in intracellular amino acid con-
centrations during postprandial conditions (9).

Transgenic mouse models have been developed that globally
knock out Nprl2 (10), Nprl3 (11), and Depdc5 (12). The com-
mon theme of these knockouts is embryonic lethality. Nprl2
knockout reduces methionine synthesis from homocysteine
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and causes hematopoietic dysregulation (10). Nprl3 knockout
results in lethal developmental abnormalities in the cardiovas-
cular system (11). Global knockout of Depdc5 causes severe
abnormal embryonic morphology and mTORC1 hyperactivity
in mice (12) and rats (13). Neuron-specific knockout of Depdc5
results in an epileptic phenotype similar to the human presen-
tation of DEPDC5 protein mutation familial epilepsy (14).

In skeletal muscle cells, amino acid–sensing pathways con-
trol protein synthesis and hypertrophy through mTORC1.
DEPDC5, as a component of the GATOR1 complex, is a nega-
tive regulator of mTORC1. Given that global or embryonic
knockout of DEPDC5 protein is embryonically lethal, we
bred an inducible skeletal muscle-specific knockout to study
DEPDC5 function in muscle. To accomplish this, we used cre-
loxP technology in a transgenic mouse that expresses tamox-
ifen-inducible cre only in limb skeletal muscle: the Tg(ACTA1-
cre/Esr1*)2Kesr (CRE) mouse available commercially from the
Jackson Laboratory (stock no. 025750) and crossed the CRE
line (either heterozygous CRE�/�, or homozygous CRE�/�)
with a transgenic mouse with the mutant homozygous allele
Depdc5tm1c(EUCOMM)Hmgu (Depdc5fl/fl for the homozygous
allele) (see “Genotyping” under “Method details” for further
explanation). We hypothesized that Depdc5 knockout in skel-
etal muscle would result in a constitutively active mTORC1,
promote muscle cell growth (hypertrophy), and result in
increased functional performance. To test this hypothesis, we
compared non–tamoxifen-treated mice (control or WT) to
tamoxifen-treated mice (experimental, denoted as KO for
knockout) and used immunohistochemistry to measure muscle
cell cross-sectional area by fiber type, immunoblotting to deter-
mine mTORC1 pathway activation, and performed functional
analysis using in vitro contractile physiology (muscle force
production), rotarod (overall motor function), grip test
(forelimb strength), treadmill (endurance), and voluntary
wheel running (activity). In addition, because mitochondrial
activity has been shown to be regulated by 4E-BP1, a down-
stream effector of mTORC1 (15), we determined mitochon-
drial respiratory capacity with high-resolution respirometry
(Orobouros Instruments Oxygraph-2k), citric acid cycle
activity with a citrate synthase enzymatic activity assay, and
relative levels of the COX4 protein using Western blotting
and performed an enzymatic activity immunohistochemical
stain for succinate dehydrogenase.

Results

DEPDC5 depletion in KO muscle

The transgene PCR product (�749 bp) is expressed only in
tamoxifen-treated KO skeletal muscle (tibialis anterior, TA)
and not in off-target tissues such as the heart and skin or in
nontransgenic or tamoxifen negative mice. DEPDC5 mRNA
expression was also reduced in KO when compared with WT.
Indeed, most KO samples did not result in PCR replication of
DEPDC5 within the maximum 40 cycles. Gel electrophoresis
of the PCR amplicons demonstrated little to no expression of
DEPDC5 mRNA in skeletal muscle. DEPDC5 protein expres-
sion was reduced in a Western blotting comparison of WT ver-
sus KO in skeletal muscle (Fig. 1 and Fig. S1).

mTORC1 signaling increased in KO

All mice were fed ad libitum. In KO, when compared with
WT, phosphorylation of mTOR at Ser-2448) increased by 118%
(p � 0.001), phosphorylation of S6K1 at Thr-389 increased by
114% (p � 0.008), and the phosphorylation of 4E-BP1 Thr-37/
46) increased by 35% (p � 0.001) (Fig. 2).

Muscle cell hypertrophy in KO

Male KO demonstrated significant muscle fiber hypertrophy
(increased cross-sectional area (CSA)) versus WT males in
Soleus (SOL) type 1 (�13%, p � 0.034), 2a (�17%, p � 0.048),
and 2x (�21%, p � 0.010) fiber types. In the TA, type 2a muscle
fibers demonstrated a tendency for hypertrophy (�17%, p �
0.089) in males, with no increase in 2x or 2b cells (data not
shown). Female KO animals did not have significant changes in
muscle fiber CSA (Fig. 3 and Table S1).

Fiber type in the TA and SOL

In the TA of male KO, there was evidence of reduced num-
bers of the more oxidative and slower twitch type 1 fibers
�79%, p � 0.051; and type 2a fibers �65.8%, p � 0.064, with a
concomitant, albeit nonsignificant, shift to a more glycolytic
and faster fiber type (type 2B fibers �31%, p � 0.279). There
was no significant evidence of a shift in fiber type in SOL. In
contrast, the female mice demonstrated no significant change
in fiber type isoforms (Table S1).

Function is not improved in KO

Other than the grip test in male KO, which was reduced by
15%, none of the functional tests (e.g. rotarod, treadmill, volun-
tary wheel running) demonstrated significant change in KO
(from pre- to 6-weeks post-tamoxifen treatment as compared
with WT), when the mass of the mice was accounted for in both
pre- and post-testing (Fig. 4, Table S2, and Figs. S2–S5). Body
mass did not significantly change in males. However, female
WT mice did gain 6.3% (p � 0.037), over the experimental
period, but female KO mice did not change (Table S2). Muscle
wet mass was not significantly different between KO and WT
for SOL, plantaris, extensor digitorum longus (EDL), or gastro-
cnemius muscles (p � 0.05) in either males or females. The TA
muscle mass demonstrated no change in males, but was signif-
icantly lower in KO females (Table S2). Muscle contractile
function (i.e. maximal tetanic force in EDL and SOL) was also
not changed significantly in KO (see Table S2 for further details
of the contractile physiology data). Female KO mice also had no
improved function.

KO mitochondrial respiratory capacity increases

Respiration coupled to ATP production (state 3 respiration)
was significantly greater in KO versus WT (46 	 6 versus 116 	
4 pmol/s/mg; p � 0.001). Similarly, maximal uncoupled respi-
ration was significantly greater in KO (67 	 11 versus 160 	 0
pmol/s/mg; p � 0.001; Fig. 5), indicating greater respiratory
capacity per mg of muscle tissue in KO. Despite this 2.5-fold
difference in mitochondrial respiratory capacity, respiratory
control in response to ADP did not differ between the two
groups, suggesting that mitochondrial quality was similar
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between KO and WT (Fig. S6). Similarly, the substrate control
for succinate and the flux control ratio, calculated by normal-
izing the leak and coupled respiration to the maximal uncou-
pled respiration, were all similar between WT and KO (Fig. S6).
Collectively, these data suggest that the significant differences
in TA mitochondrial respiratory capacity between WT and KO
are not the result of alterations in mitochondrial coupling con-
trol or quality. This means that KO may have greater mitochon-
drial protein abundance. This is supported by data in the SOL
that demonstrated, at least in male KO mice, COX4 protein was
increased �20% (although females actually had a similar mag-
nitude of decline) (Fig. 6).

Furthermore, we showed that there was increased citric acid
cycle (TCA) activity in both male and female KO SOL of �158%
(Fig. 7). In addition, when we stained for succinate dehydroge-
nase (SDH) activity in the SOL, we uncovered a positive corre-
lation between higher SDH activity and muscle size (Fig. S7),
with SDH� fiber frequency 13% greater in male KO mice than
WT on average.

Discussion

We set out to determine the impact of Depdc5 knockout on
skeletal muscle metabolism and function. As expected, the
muscle-specific knockout of DEPDC5 in adult mice induced

Figure 1. Validation of skeletal muscle–specific inactivation of Depdc5. A, DNA. Only in the TA muscle was the recombinant product produced, and not in
heart or skin (ear punch). Liver does not highly express the floxed allele at 1349 bp. The plus (�) or minus (�) signs indicate whether tamoxifen has been given
(�) or not (�). Mice that have received tamoxifen to induce recombination have a product at 749 bp. Arrows highlight experimental KO mice that have received
tamoxifen. B, mRNA. In mRNA isolated from TA, WT, or control mice have the PCR mRNA amplicon at 76 bp, but KO do not. The left graph is randomly mixed
males and females. In the right graph, triangles indicate KO, and diamonds indicate WT, with filled shapes indicating females. C, protein. In whole TA muscle
homogenate, WT mice show a much greater abundance of DEPDC5 than the KO. PC, positive control (much larger amount of TA from WT mouse: 100 �g
protein/well in Western blotting and 4
 mRNA amount in RNA electrophoresis); GAS, gastrocnemius; KO, DEPDC5fl/fl 
 CRE�/� or �/�; EV, empty vector;
DEPDC5fl/fl, homozygous for Depdc5tm1c(EUCOMM)Hmgu; CRE�/� or CRE�/� , hetero- or homozygous for Tg(ACTA1-cre/Esr1*)2Kesr.

Figure 2. mTORC1 signaling increased in knockout mice. *, p � 0.05; WT, WT mice; KO, transgenic knockout mice. Each symbol represents an individual
muscle sample. Triangle, WT; diamond, KO; filled symbols, females; open symbols, males. To the right of each group: rectangle, means 	 S.E.; M, male; F, female.
For mTOR and S6K signaling, n � 5 M KO, 2 F KO, 5 M WT, and 4 F WT. For 4E-BP1 signaling, n � 5 M KO, 1 F KO, 5 M WT, and 1 F WT.
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mTORC1 to become constitutively active in muscle tissue as
demonstrated by increased phosphorylation of mTOR and its
downstream effectors in KO animals as compared with WT.
Male, but not female mice, had an increase in muscle cell size
(i.e. hypertrophy) with the loss of the DEPDC5 protein. Six
weeks following tamoxifen treatment, there was no change in
maximal isometric force (i.e. in vitro EDL and SOL contractile
physiology), activity (wheel running), overall motor ability
(rotarod), or endurance (treadmill). However, evidence for a
reduction in forelimb strength (grip test) in KO animals was
observed. The knockout of DEPDC5 in adult muscle resulted
in hyperactive mTORC1 signaling in fed mice, underscoring
a critical role for muscle DEPDC5 in mTORC1 activation in
vivo.

These data are in line with those reported in the brain of
animals with global knockout (12, 13) or neuron-specific
knockout (14). Similarly, knockout of NPRL2 in mouse embry-
onic fibroblasts resulted in the inability of starvation to repress
mTORC1 signaling (10), whereas knocking out NPRL3 resulted
in changes in mRNA expression consistent with down-regula-

tion of mTORC1 signaling (11). When NPRL2 was knocked out
in muscle, mTORC1 was activated despite fasted conditions
(16). Whether muscle DEPDC5 knockout is sufficient to pre-
serve mTORC1 signaling in a fasted state, in vivo, remains an
unanswered question that warrants further study.

In the current study, we found evidence of cellular hypertro-
phy following the loss of DEPDC5 in skeletal muscle. However,
this hypertrophy was not consistent across all muscles, fiber
types, or sexes. We suspect that the male mice may have exhib-
ited greater hypertrophy because of a higher level of aggressive
activity (i.e. wrestling/fighting), whereas the females were
observed to be more sedentary/relaxed than the males in our
study. Indeed, male mice can be aggressive (17) and have bouts
of fighting when group housed, which may provide an anabolic
stimulus (18). In contrast, aggression is not a behavior associ-
ated with female mice. Researchers sometimes choose to use
only female mice to avoid dealing with aggressive behaviors
(19). Additionally, the male physiology may have been permis-
sive of hypertrophy in the absence of a dedicated exercise stim-
ulus, because young male mice would have increased levels of

Figure 3. Muscle cell size increased in male knockout mice. A, SOL MHC 1. B, SOL MHC 2a. C, SOL MHC 2. A–C, SOL CSA �15% overall (p � 0.030). D, TA CSA
did not change significantly overall, but there was a trend for an increase in the MHC 2a cells. E, representative image of SOL WT cross-section. F, representative
image of SOL KO cross-section. E and F, 1, 2x, 2a, and 2b � MHC type. *, p � 0.05; #, 0.05 � p � 0.10; WT, WT mice; KO, transgenic knockout mice. Each symbol
represents an individual muscle sample. Circle, WT; diamond, KO. M, male. To the right of each group: rectangle, means 	 S.E. In SOL: n � 5 WT and n � 6 KO.
For TA MHC 2a: n � 4 KO and n � 7 WT.
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testosterone when compared with young female mice (20).
However, there was no percentage increase in overall body
mass in the KO compared with WT over the same period, nor
were significant increases in muscle wet mass observed. Future
work examining whether traditional hypertrophy models (e.g.
synergist ablation), exercise training, or disuse models (e.g.
hindlimb suspension or casting) in inducible Depdc5 muscle-
specific KO animals will be useful in understanding the inter-

action of physical activity and mTORC1 activation in regulat-
ing muscle size and function.

Other knockout models of mTORC1 pathway genes have
demonstrated effect variability. Knocking out RAPTOR in
muscle results in repressed mTORC1 signaling and TSC1
knockout in muscle results in up-regulated mTORC1 signaling
(21). Both knockouts result in younger mice being both resis-
tant to high-fat diets and leaner than WT mice, but there were
differing metabolic implications for each knockout, with severe
myopathy developing in both models at older ages. Both young
male and female TSC1 knockouts were lighter than age-
matched WT, mainly because of decreased fat mass, but the
RAPTOR knockouts were only lighter in males, primarily
because of lower lean mass. Compared with nontransfected
cells, knockdown of TSC1 via electroporation of shRNA was
sufficient to promote hypertrophy in the short term, in both
normally innervated and denervated muscle, but resulted in
atrophy long term in all but soleus muscles (22). Because our
KO animals did not change in overall mass compared with WT,
we hypothesize that they may have gained lean mass and lost fat
mass in equal proportions.

Even though there was evidence of muscle hypertrophy, at
least in the male KO, in contrast to our hypothesis, muscle-
specific loss of DEPDC5 did not improve function overall, and
grip strength was reduced. This result went contrary to our

Figure 4. Functional aptitude not improved in knockout mice. Function did not change significantly (p � 0.05) in any of the measurements other than grip
test, which was reduced by 15% (p � 0.002). The Pre designation indicates the value obtained before tamoxifen injection, and Post indicates values from testing
done 6 weeks after the last tamoxifen injection. All mice in this figure are males; see the supporting information for female mice. WT, WT mice; KO, transgenic
knockout mice. Each symbol represents an individual muscle sample from a male mouse. Circle, WT; diamond, KO, In A–C, E, and F, to the right of each group:
rectangle, means 	 S.E. In D, the error bars show the standard error, and the number inside the graph indicates the mean km/day. Grip, rotarod, treadmill: WT
n � 10, KO n � 15; running wheel: WT n � 6, KO n � 11; EDL force: WT n � 7, KO n � 11; SOL force: WT n � 10, KO n � 11.

Figure 5. Mitochondrial TA respiration increased in knockout mice. Both
coupled and uncoupled mitochondrial respiration increased in KO. *, p �
0.001. WT, WT mice (n � 7); KO, transgenic knockout mice (n � 13). Each
symbol indicates a sample from an individual mouse, with filled symbols indi-
cating female mice. To the right of each group is the group mean, and the
error bar is the standard error.
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original hypothesis, where we predicted that in the short term
that function would be increased. Interestingly, although we
show increased mitochondrial respiratory capacity in the KO,
this did not translate into increased endurance, perhaps
because only skeletal muscle and not cardiac muscle is affected
by the knockout. The loss of grip strength detected in the KO
could be interpreted as a beginning of muscle myopathy at 6
weeks following the depletion of DEPDC5. Whether further
myopathy follows with a more prolonged loss of DEPDC5 in
muscle is an interesting avenue for future studies to explore.

Hypertrophic muscle does not always accompany improve-
ments in contractile or physical performance. There are
numerous examples from different systems. Hypertrophy in a
muscle cell can involve expansion of the sarcoplasm and/or
myofibrillar expansion. Without the addition of force produc-
ing machinery in parallel (i.e. actin/myosin chains, myofibrils),
force output cannot increase. However, the addition of myofi-
brils can also increase the pennation angle of muscle fibers, thus
lowering force output per unit of muscle (23). Weight training

can result in hypertrophy without isometric strength gain (24).
Myofibrils can be added to lengthen the muscle, which might
contribute to muscle mass and velocity of contraction (and thus
increased power output) but would not improve force produc-
tion, per se. In addition, increased capillarization, fibrosis and
lipid deposition could increase muscle size and mass without
increasing force output (25). For example, in myostatin null
mice force output is not increased in ratio to an increase in
muscle size (26, 27). Another example would be the super-sized
muscle cells observed in Duchene muscular dystrophy models
that are actually weaker than their overall muscle size would
indicate potentially because of pseudohypertrophy (i.e. hyper-
trophy of cellular components in muscles unrelated to force
production), fibrotic intrusion, and cellular disruption (28).

Another potential side effect of increased mTORC1 signal-
ing is a reduction in autophagy, because mTORC1 is a negative
regulator of autophagy through the phosphorylation of ULK-1
(Unc-51 like kinase-1) and TFEB (transcription factor EB) (29).
A reduction in autophagy might result in an accumulation of

Figure 6. COX4. A, SOL COX4/GAPDH ratio is 19. 0% higher in male KO (open triangles, n � 5, p � 0.047) than in WT (combined sexes, n � 4 M and 4 F) and the
ratio is 19.3% lower in female KO (filled triangles, n � 3, p � 0.021). Male KO ratio is 47.5% higher than the female KO (p � 0.004). Different letters indicate
significant difference between groups. WT M and WT F were not different; thus, the groups were combined. Each symbol represents an individual muscle
sample. Filled symbol, female; open symbol, male; diamond, WT; triangle, KO. To the right of each group: rectangle, means 	 S.E. WT, WT mice; KO, knockout mice.
B, representative images. 10 �g of protein loaded per well on a 4 –15% gradient acrylamide gel. M, males; F, females; PC, positive control.

DEPDC5 muscle–specific inducible knockout

J. Biol. Chem. (2019) 294(11) 4091–4102 4097



cellular debris, potentially resulting in a reduction of muscle
quality. This muscle loss in quality could contribute to a lack of
functional benefit from hypertrophy, although we did not find
evidence of reduced specific force in the EDL or SOL. Reduced
mitophagy could potentially increase reactive oxygen species
production, resulting in protein or DNA damage also leading to
loss of muscle quality and potential nuclear accretion or apo-
ptosis (30).

Because muscle wet mass and the fiber CSA data in the soleus
were not consistent, we compared the fiber type shift to the
CSA data and noticed that, although not significant one could
speculate that because the muscles tend to switch fiber type
from smaller, slower twitch, more oxidative fibers to larger,
faster, more glycolytic fibers, the overall volume of the fiber
could be maintained in the face of concomitant apoptosis,
which would lead to fewer total cells in the muscle. Thus, we
hypothesize that, in the context of chronic mTORC1 activa-
tion, inhibition of autophagy accompanied by hyperactive
mitochondria releasing damaging reactive oxygen species cre-
ates an environment with limited ability for the cell to clear
damaged organelles and protein complexes, including dysfunc-
tional mitochondria. This condition likely further exacerbates
oxidative stress and increases apoptosis, reducing the overall
number of cells. Conversely, increased proteasome activity
might also occur as the muscle fights to maintain homeostasis
in response to chronic mTORC1 activation and mitochondrial
hyperactivity. Future studies examining the long-term effects of

DEPDC5 depletion in muscle are needed to address this
hypothesis.

Based on our findings of increased mitochondrial respiratory
capacity (in both male and females), increased citrate synthase
activity (in both male and females), and greater relative abun-
dance of COX4 (in male mice), and a trend for increased succi-
nate dehydrogenate activity, coupled with increased mTORC1
signaling, we suspect that the DEPDC5 mice may be hyper-
metabolic. This result has been observed in other models of
altered mTORC1 signaling. Knockdown of TSC1 with shRNA
(22) was sufficient to increase oxidative capacity of muscle and
increase whole-body oxygen consumption as measured via
indirect calorimetry. mTORC1 has been shown to regulate
mitochondrial biogenesis and activity via 4E-BP1 (15). In-
creased mTORC1 signaling may increase protein synthesis,
which is thought to contribute �25% of the resting metabolic
rate in mammals (31). Mice may compensate for increased
caloric need simply by eating more food. Thus, increased met-
abolic rate to fuel this protein production may not have been
noticeable in the short term, in the context of body mass. The
muscle-specific knockout of the GATOR1 protein subunit
NPRL2 results induces aerobic glycolysis and stimulates TCA
cycle anaplerotic pathways, presumably to produce biosyn-
thetic intermediates induced by chronic activation of mTORC1
(16). Our findings are supportive of that conclusion, but we also
provide evidence for increased electron transport chain activ-
ity, signaling a distinct role for DEPDC5 in muscle metabolic
regulation. In the long term, we suspect that chronic mTORC1
activation and accompanying hypermetabolism may result in
muscle and adipose tissue cachexia.

Conclusion

Skeletal muscle-specific induced knockout of DEPDC5 in
adult mice increased mTORC1 signaling, promoted hypertro-
phy, and increased mitochondrial respiratory capacity. How-
ever, these adaptations did not improve muscle function. The
next step will be to determine whether long-term DEPDC5
depletion in skeletal muscle inhibits autophagy and induces
myopathy.

Experimental procedures

Experimental model and animal details

All animal experiments by were approved the University of
Texas Medical Branch Institutional Animal Care and Use Com-
mittee and experiments were conducted in accordance with the
National Institutes of Health Guidelines for the Care and Use of
Experimental Animals.

Mouse lines

We crossed the HSA-MerCreMer (either heterozygous
CRE�/� or homozygous Cre�/�) mouse McCarthy et al. (38),
officially Tg(ACTA1-cre/Esr1*)2Kesr/J from the Jackson Lab-
oratory (stock no. 025750) (we refer to as CRE) with a homozy-
gote floxed Depdc5fl/fl mouse donated by David Sabatini of MIT
(officially, Depdc5tm1c(EUCOMMHmgu)) and then backcrossed
the F1 hybrid (double heterozygote) with the DEPDC5fl/fl to
produce the experimental genotype, an inducible muscle-spe-

Figure 7. SOL citrate synthase activity. Both the WT control (diamonds) and
KO experimental (triangles) groups are made of mixed gender: n � 4 males
(open) and n � 4 females (shaded). There were no gender differences; thus we
combined the groups. Each symbol indicates the mean value of two indepen-
dent assays of an individual mouse soleus muscle sample. The bar is the mean
of each group (number to the right) with error bar indicating standard error. *,
p � 0.001. A, reaction rate. B, citrate synthase (CS) activity.
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cific knockout of DEPDC5:DEPDC5fl/fl 
 CRE�/� (noted as
KO). Our experimental transgenic mice (homozygous for the
floxed Depdc5 and was either homo- or heterozygous for
CRE) are officially designated as: Depdc5tm1c(EUCOMMHmgu)/
Depdc5tm1c(EUCOMMHmgu) Tg(ACTA1-cre/Esr1*)2Kesr/
Tg(ACTA1-cre/Esr1*)2Kesr, or Depdc5tm1c(EUCOMMHmgu)/
Depdc5tm1c(EUCOMMHmgu) Tg(ACTA1-cre/Esr1*)2Kesr/0. The
control mice were mice not treated with tamoxifen (noted as
WT) and were carriers of genes from both parental strains,
although not necessarily CRE-positive.

Prior to receiving tamoxifen (at �6 months of age), the mice
had 1 week of activity testing (voluntary wheel running) fol-
lowed by 1 week of functional testing (rotarod, grip test, and
treadmill). Our experimental mice then received one 170-�l
injection of tamoxifen (concentration of 0.08 �g/�l tamoxifen
dissolved in ethanol and then mixed in PBS) every day for 5
days. After the mice received tamoxifen, we waited 4 weeks and
then retested for function over 2 weeks (1 week on the activity
wheel and then 1 week for the other measures), followed by
sacrifice and downstream testing at �6 weeks post-tamoxifen.
The control mice underwent identical procedures apart from
the tamoxifen injections. We confirmed genotype of the mice
and confirmed genetic recombination following the procedures
outlined under “Method details” (detailed in Fig. 1 and Fig. S1).

Method details

Genotyping

The mice were genotyped by PCR. We used tissue derived
during the ear punch identification procedure to isolate DNA
with the Qiagen DNeasy Blood and Tissue kit (p/n: 69506)
using the manufacturer’s instructions. The DNA concentration
was measured using a Nanodrop 2000, and DNA was diluted to
a standardized 10 ng/�l for heart and TA, 5 ng/�l for skin (ear
punch), and 40 ng/�l for liver. A Bio-Rad CFX96 was used to
run RT-PCRs (primers in Table 1).

The presence of the Depdc5 floxed transgene was deter-
mined using a PCR, followed by gel electrophoresis on a 1.5%
agarose gel made with 0.0015% ethidium bromide run at 75 V
for 2 h. We assured that genetic recombination was occurring
in a subset of mice (Fig. 1) (transgene allele shows a band at
�749 bp). The floxed allele (Depdc5fl/fl) could produce the
1,349-bp (LoxP3�LoxP2 product) band and the 431-bp band
(loxP1�LoxP2 product); recombinant allele (KO, with Depdc5
ablated) could produce the 749-bp band only (LoxP3�LoxP2

product); WT allele (WT) could produce the 1,069-bp band
(LoxP3�LoxP2 product) and the 368-bp band (loxP1�LoxP2
product). For each PCR, we used 10 �l of Sybergreen, 1 �l of
each primer (LoxP1, LoxP2, and LoxP3 for genotyping; or
LoxP2 and LoxP3 to detect recombination), 4 �l of DNA stan-
dardized to 10 ng/�l, and QC to 20 �l with DEPDC-treated
RNase/DNase-free H2O. The PCR protocol was 3 min at 95 °C;
then 35 rounds of 30 s at 90 °C3 30 s at 60 °C3 1 min 20 s at
72 °C; then 3 min at 72 °C; and indefinitely at 4 °C. Further
details are in Fig. S1.

The presence of the CRE transgene was determined follow-
ing the PCR protocol published by the Jackson Laboratory,
where the transgene melt curve was at �86 °C and the mutant
band showed up at �440 bp (internal control at 324 bp) on a gel
(1.5% agarose gel made with 0.0015% ethidium bromide run at
75 V for 2 h). This protocol for the CRE mice did not distinguish
between heterozygous or homozygous genotypes.

Tissue collection

Tissue handling procedures have been previously published
(32). We carefully removed the EDL and one SOL at sacrifice,
keeping them viable for in vitro contractile physiology. One TA
and one SOL were both quickly mounted on cork using optimal
temperature cutting compound (Tissue-Tek catalog no. 4583)
and were then pinned close to optimal length, followed by
freezing the muscles in liquid nitrogen– cooled 2-methylbutane
(isopentane). Additional muscles were flash-frozen with liquid
nitrogen, including the other TA, the gastrocnemius (Gastroc),
and the plantaris. All samples were stored at �80 °C.

We homogenized the Gastroc and TA muscles in buffer (50
mM Tris, 250 mM mannitol, 50 mM NaF, 5 mM sodium pyro-
phosphate (NaO7P4), 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton
X-100, 1 mM DTT, 1 mM benzamidine, 0.1 mM phenylmethyl-
sulfonyl fluoride, and 5 �g/ml soybean trypsin inhibitor (pH
7.4) at a 1:10 ratio (mass, mg: volume, �l) of muscle to buffer.
We determined the protein concentration with the Bradford
assay (Bio-Rad catalog no. 500-0006) using a 96-well plate
reader (Bio-Rad iMARK).

A subset of TA muscles was used to isolate mRNA as detailed
previously (9). In brief, we homogenized frozen muscle tissue in
Tri-Reagent (Molecular Research catalog no. TR118) and iso-
lated following manufacturer’s instruction. The RNA was
quantified on a Nanodrop 2000 (Thermo Scientific), with the
mean concentration at 330.8 	 24.3 ng/�l, the mean 260/280
ratio at 1.69 	 0.020, and the mean 260/230 ratio at 1.98 	 0.09.
Following the manufacturer’s instructions, endogenous left-
over DNA was removed (DNA-free kit, Applied Biosystems
catalog no. AM1906) and cDNA produced using the Bio-Rad
iScript kit (catalog no. 170-8891). cDNA was stored at �80 °C
until used.

Functional analysis

One researcher assessed all functional outcomes measure-
ments (rotarod, grip test, and treadmill) roughly 1–3 h prior to
the dark cycle of the vivarium.

Overall motor function: balance, coordination, and stamina—
Mice acclimated on a Panlab LE 8205 rotarod over two practice
sessions (32). The practices occurred on consecutive days and

Table 1
Genotyping primer sequences
Depdc5 transgene primers detect the presence of the floxed allele
(Depdc5tm1c(EUCOMMHmgu)). See Fig. S1 for more details (and a gene map of what the
primers detect) or the wildtype allele. The CRE primers detect the presence or
absence of the transgene Tg(ACTA1-cre/Esr1*)2Kesr but cannot detect homo- or
heterozygosity. LoxPn, Lox primer n; TGfwd, transgene forward; TgRev, transgene
reverse; ICFwd, internal control forward; ICRev, internal control reverse.

Transgene Primer Primer sequences (5�3 3�)

Depdc5 LoxP1 TCC GCA AAG GTT AGG AGC TAT G
LoxP2 CCC TCA TGC CAG CTC AAA CT
LoxP3 TTG GTT CCC CTG AAA CTG GG

CRE TGFwd AGG TGG ACC TGA TCA TGG AG
TGRev ATA CCG GAG ATC ATG CAA GC
ICFwd CTA GGC CAC AGA ATT GAA AGA TCT
ICRev GTA GGT GGA AAT TCT AGC ATC ATC C
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consisted of three varied types of trials per session (33). On day
3, three testing trials were completed with the rotarod acceler-
ating from 4 to 40 rpm over 5 min. The best trial was reported.
The mice rested for 15 min minimum between trials.

Fore-limb strength—Using a Bioseb GT3 grip tester with a
trapeze grip, we tested the mice for upper-limb strength. We
have previously published details (32). We reported the best of
five attempts.

Endurance/volitional fatigue—Utilizing a PanLab LE 8710
treadmill, we determined endurance level. We have previously
published details of this test (32). After 2 days of acclimation
training, the mice were tested on a single run on which the
starting velocity was 5 cm/s and increased by 1 cm/s every 20 s
until volitional fatigue was reached.

Activity level—A subset of mice was singly housed in a cage
containing a running wheel (Columbus Instruments) for 7 days
to test voluntary wheel running as a proxy for activity level. The
number of revolutions per day were counted using the software,
then converted into kilometers per day, and averaged over the
week as the outcome measure.

Muscle contractile function

We have previously published specific details of this test (32–
34). Briefly, the SOL and EDL were carefully extracted and kept
viable in oxygenated (95% O2, 5% CO2) Krebs–Ringer buffer
held at 25 °C. Suture line (no. 4 gauge) was tied at the myoten-
dinous junctions, with the origin side attached to a force trans-
ducer and the distal side to a static clamp. The muscles were
suspended between two platinum electrodes.

We stimulated (with hardware: Aurora Scientific: model
6650LR force transducer, dual-mode lever system, hi-power bi-
phase stimulator, signal interface; and software: Dynamic Mus-
cle Control version 5.500 and Dynamic Muscle Analysis version
5.300) the muscle with electrical pulses to obtain peak twitch
force (Pt), determined optimal sarcomere length (L0, i.e. using
the force tension curve to find the muscle length from myoten-
dinous junction to myotendinous junction at Pt) and then peak
isometric force (P0) using the force-frequency method. Specific
force was determined as P0/PCSA (physiological cross-sec-
tional area). PCSA was determined using the standard formula:
PCSA � muscle mass/(muscle length 
 muscle density); mus-
cle density � 1.06 g/cm3.

Muscle mass

Muscles were blotted dry and weighed prior to being frozen.

Immunohistochemistry

We have previously published these techniques (32). In brief,
we sliced muscles into 7-micron sections with a cryostat
(Thermo Scientific HM525-NX) and then mounted the sec-
tions on slides. To determine fiber type, unfixed slides incu-
bated at room temperature with anti-MHC (1, 2a, and 2b; cat-
alog nos. BA.D5, SC.71, and BF.F3 from Developmental Studies
Hybridoma Bank) and anti-laminin (catalog no. L9393, Sigma–
Aldrich) antibodies overnight. On the following day, the slides
were incubated with isotype- and species-specific fluorescent
secondary antibodies (catalog nos. A21242, A21121, A21426,
and A21068, Thermo Fisher) and then fixed in methanol. A

single blinded researcher assessed fiber type (2
 being
unstained). To determine muscle fiber type–specific cross-sec-
tional area, mean myofiber, and binned distribution CSA were
determined through semi-automated analysis using AxioVi-
sion (Zeiss version 4.9.1).

For the succinate dehydrogenase enzymatic staining, we
used a previously published protocol (32). In brief, slides with
slices of SOL were unfixed and incubated for 1 h of incubation
at 37 °C in the following solution: nitro blue tetrazolium
(Sigma) and succinate acid disodium (Sigma), dissolved in 0.2 M

of PBS. Fibers were determined to be either positive, � (high
level of activity), or negative � (lower level of activity), based
upon the intensity of the staining.

Microscopy

Images were captured using a Zeiss upright M1 Imager
microscope at room temperature 100
, 200
, or 400
 total
magnification. Blinded image analysis was performed using
AxioVision Rel software (version 4.9.1).

Immunoblotting

We have previously published details of these experiments
(32, 35). Standard immunoblotting techniques were used to
detect protein expression (dilution, antibody) of DEPDC5
(1:750, ABCAM catalog no. ab185565); p-mTOR (S2448)
(1:1000, Cell Signaling catalog no. 2971L), mTOR (1:1000, Cell
Signaling catalog no. 2972S), p-s6k (Thr-389) (1:1000, Cell Sig-
naling catalog no. 9205), s6k (1:1000, Cell Signaling catalog no.
9202L), p-4EBP1 (Thr-37/46) (1:500, Cell Signaling catalog no.
2855S), EBP1 (1:1000, Cell Signaling catalog no. 9452L),
GAPDH (1:2000, Cell Signaling catalog no. 2118), and COX4
(1:1000, Cell Signaling catalog no. 4844). We used a donkey
anti-rabbit horseradish peroxidase-conjugated IgG secondary
antibody (1:2000 for most, 1:4000 for GAPDH, and 1:8000 for
COX4; GE Healthcare ECL catalog no. NA934V) and Super
Signal Dura West (Thermo Scientific, catalog no. 80196) was
the substrate developing agent.

Quantitative RT-PCR

We performed PCR as previously described (9). Briefly, the
primers for mouse Depdc5, with GAPDH and B2M (�2-micro-
gobulin) as the reference genes, were obtained from Bio-Rad
PrimerPCR (primer validations in the PrimePCR section at the
company website). A Bio-Rad CFX Connect was used to per-
form the PCR, in triplicate, and the 2���Ct method was used to
calculate the fold change of the KO mRNA expression refer-
enced to the WT. Because the mRNA did not replicate at all via
PCR in most KO samples, we arbitrarily set the Ct value at 44 for
such runs to calculate the 2���Ct. Gel electrophoresis was run
on a 1.5% agarose gel (0.0015% ethidium bromide) with
DEPDC5 PCR product at �76 bp.

Mitochondrial function

High resolution respirometry—Mitochondrial respiratory
capacity and coupling control were determined in saponin per-
meabilized myofiber bundles by high resolution respirometry
as described previously (36, 37). Briefly, muscle fiber bundles
were prepared under magnification in an ice-cold preservation
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buffer before being weighed and transferred into an Oxy-
graph-2K high resolution respirometer (Oroboros Instru-
ments, Innsbruck, Austria). Mitochondrial respiration rate was
quantified during the sequential titration of substrates (5 mM

pyruvate, 2 mM malate, 10 mM glutamate), ADP (5 mM), succi-
nate (10 mM), cytochrome c (10 �M), and finally, the ionphore
CCCP (5 �M).

Citrate synthase enzymatic activity assay—Individual soleus
samples from control and experimental male and female mice
were homogenized in a buffer containing Tris-HCl (125 mM),
urea (8 M), and 5% SDS, pH 7. Protease and phosphatase inhib-
itors (Thermo Scientific no. 78442) were added to the buffer
right before homogenization. Protein concentration was mea-
sured by the BCA method (Pierce catalog no. 23225). Absorb-
ance measurements were taken at 595-nm wavelength using a
microplate reader (iMark, Bio-Rad).

Citrate synthase specific activity was determined using a
96-well plate and a final reaction volume of 100 �l/well/sample.
10 mM stocks of acetyl CoA, DTNB, and oxaloacetate were pre-
pared previously. Acetyl CoA (Sigma–Aldrich catalog no.
10101893001) was dissolved in PBS buffer, pH 7, aliquoted, and
stored at �20 °C as recommended by the manufacturer. Stock
solutions for DTNB (Thermo Scientific catalog no. 22582) and
oxaloacetate (EMD Millipore catalog no. 5000-5) were pre-
pared fresh for the assay in 100% ethanol and running buffer
(0.1 M Tris-HCl, pH 8), respectively.

Homogenate samples containing 65 �g of protein were
adjusted to a 30-�l volume with running buffer. A reagent mix
was prepared by adding the following (per sample): acetyl-coA
(3 �l), DTNB (1 �l), and running buffer (61 �l). Samples and
reagent mix were loaded onto the wells. To start the reaction 5
�l of oxaloacetate were added to each well with a multichannel
pipette. A 30-�l sample from homogenization and running buf-
fers along with a positive control (Cayman catalog no. 701045)
were also included in the assay to detect any possible in-
terference with the reagents and test validation. Absorbance
measurements were taken every 30 s for 15 min at 415-nm
wavelength using the kinetic mode with a microplate reader
(Bio-Rad). Citrate synthase specific activity results are
expressed as nmol/min/mg and reaction rate results as nmol/
min/ml. Corrections for optical path and extinction coefficient
were included in the calculations. Two independent experi-
ments were performed using the same homogenates.

Statistical analysis

The data are reported as percentages of change 	 standard
error or as means 	 S.E., where appropriate. We report trends
at 0.05 � p � 0.10, and significance was designated as p � 0.05.
Statistical tests were run separately for males and females. A
2 
 2 repeated measures analysis of covariance (controlling
for body mass at pre- and post-tests) compared functional
(rotarod, grip test, treadmill, voluntary wheel running) data
changes pre- to post-treatment period between KO and WT.
Post hoc testing was the least significant difference test.
Student’s two-tailed t test was used to determine differences in
means for nonrepeated measurements. We used SPSS v24 and
v23 (IBM) to analyze the statistic.
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