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Muscle function andmass begin declining in adults long before
evidence of sarcopenia and include reduced mitochondrial
function, although much remains to be characterized. We
found that mRNA decay factor AU-rich mRNA binding factor
1 (AUF1), which stimulates myogenesis, is strongly reduced in
skeletal muscle of adult and older mice in the absence of evi-
dence of sarcopenia. Muscle-specific adeno-associated virus
(AAV)8-AUF1 gene therapy increased expression of AUF1,
muscle function, and mass. AAV8 AUF1 muscle gene transfer
in 12-month-old mice increased the levels of activated muscle
stem (satellite) cells, increased muscle mass, reduced markers
of muscle atrophy, increased markers of mitochondrial content
and muscle fiber oxidative capacity, and enhanced exercise
performance to levels of 3-month-old mice. With wild-type
and AUF1 knockout mice and cultured myoblasts, AUF1
supplementation of muscle fibers was found to increase expres-
sion of Peroxisome Proliferator-activated Receptor Gamma
Co-activator 1-alpha (PGC1a), a major effector of skeletal mus-
cle mitochondrial oxidative metabolism. AUF1 stabilized and
increased translation of the pgc1a mRNA, which is strongly
reduced in adult muscle in the absence of AUF1 supplementa-
tion. Skeletal muscle-specific gene transfer of AUF1 therefore
restores muscle mass, increases exercise endurance, and may
provide a therapeutic strategy for age-related muscle loss.

INTRODUCTION
As we age, we progressively lose muscle mass and strength, which can
be a significant source of frailty, increased fractures, and mortality in
the elderly population.1,2 In fact, muscle mass declines by 3%–10%
per 10 years after the age of 25.3 This loss of muscle mass occurs
well before the onset of significant loss of muscle that typifies sarco-
penia but is evident in loss of strength and function.4,5 Although reg-
ular resistance exercise is the most effective intervention in slowing
muscle loss and atrophy with aging,6 therapeutic strategies also
need to be developed to reverse age-related muscle decline. However,
there is still an incomplete understanding of molecular targets for
therapeutic intervention.

Skeletal muscle stem (satellite) cells are indispensable for muscle
regeneration.7,8 They reside under the basal lamina, between striated
muscle fibers (myofibers), which are the contractile cellular bun-
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dles.9,10 Upon physical injury to muscle, the anatomical niche is dis-
rupted, and the normally quiescent but highly polarized satellite cells
that are intimately attached to myofibers sense the anatomical disrup-
tion, become activated, and divide asymmetrically. Some satellite cells
reconstitute the quiescent stem cell population, while others differen-
tiate and fuse to form new myofibers.11 Myogenic regulatory factors
(MRFs) such as MyoD, Myf5, Myogenin, and others are transcription
regulatory factors that orchestrate the myogenic fate of satellite
cells.12 Activation of satellite cells requires transcription factor Pax7
with the co-expression of MRFs MyoD and Myf5 to promote satellite
cell transient proliferation and differentiation into myogenic progen-
itor cells known as myoblasts.13,14 Co-expression of Pax7 and Myf5
therefore specifically identifies activated satellite cells committed to
differentiation in the process of orchestrating myogenesis.7 Both
quiescent and activated satellite cells express the Pax7, which is
required for both satellite cell maintenance and muscle regeneration
potential.15–17 In adults, the major role of satellite cells is the regener-
ation of skeletal muscle,18 which lose the capacity of muscle regener-
ation with aging and to some extent self-renewal, resulting in loss of
function and satellite cell number.19

Myofibers are divided into two types that display different contractile
and metabolic properties: slow twitch (type I) and fast twitch (type II).
Slow- and fast-twitchmyofibers are defined according to their contrac-
tion speed, metabolism, and type of myosin gene expressed.10,20 Slow-
twitch myofibers are rich in mitochondria, preferentially utilize
oxidative metabolism, and provide resistance to fatigue at the expense
of speed of contraction. Fast-twitch myofibers are further subdivided
into three types, IIa, IIb, and IIx/d, defined by the type of myosin heavy
chain (MHC) proteins expressed, which also vary in their contractile
properties.10 Type IIb myofibers are the most glycolytic fibers. They
provide rapid contractile response but fatigue rapidly and are typically
mitochondria poor. Type IIa and IIx myofibers are predominantly
glycolytic but feature more oxidative properties than type IIb and
less than type I fibers. Fast-twitch myofibers more readily atrophy in
mber 2021 ª 2021 The Author(s).
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response to nutrient deprivation, traumatic damage, advanced age-
related loss (sarcopenia), and cancer-mediated cachexia, whereas
type I slow-twitch myofibers are more resilient.21–23 However,
although type I slow-twitch myofibers are more resistant to atrophy
with aging, they too can decrease in size and number, also reducing
muscle mass.24 Moreover, reduced type I fiber oxidative capacity re-
flects reduced mitochondrial function, resulting in reduced muscle
volume.25–27 The molecular determinants that maintain type I myofib-
ers are only partially characterized but are known to include sustained
mitochondrial function.5,26,28

Mitochondrial biogenesis plays a major role in myogenesis, and,
accordingly, reduced or dysfunctional mitochondrial activity
promotes muscle atrophy with age.5,26,28 For instance, Peroxisome
Proliferator-activated Receptor Gamma Co-activator 1-alpha
(PGC1a or Ppargc1) is a physiological regulator of mitochondrial
biogenesis and type I myofiber specification.29 PGC1a stimulates
mitochondrial biogenesis and oxidative metabolism through
increased expression of nuclear respiratory factors (NRFs) such
as NRF1 and 2 that stimulate mitochondrial biosynthesis and
mitochondria transcription factor A (Tfam) and, in addition to
mitochondrial biosynthesis, also promote slow myofiber formation
through increased expression of Mef2 proteins.29–32 Importantly,
PGC1a-mediated mitochondrial biogenesis protects muscle from
atrophy due to disuse, certain myopathies, starvation, sarcopenia,
cachexia, and other causes.33–36 Reciprocally, aging muscle demon-
strates decreased levels and activity of PGC1a and increased levels
of detrimental reactive oxygen species (ROS), a hallmark of mito-
chondrial dysfunction.28

Skeletal muscle can remodel between slow- and fast-twitch myofibers
in response to physiological stimuli, load bearing, atrophy, disease,
and injury,20 involving transcriptional, metabolic, and post-transcrip-
tional control mechanisms.10,37 The ability to selectively generate or
promote a switch to slow-twitch muscle may provide greater resis-
tance to muscle atrophy24,38 and, as suggested, an effective therapy
for sarcopenia, Duchenne muscular dystrophy, cachexia, and other
muscle wasting diseases.39–41

AU-rich mRNA binding factor 1 (AUF1; HNRNPD) binds with high
affinity to repeated AU-rich elements (AREs) located in the 30 un-
translated region (30 UTR) found in �5% of mRNAs. Although
AUF1 typically targets ARE-mRNAs for rapid degradation, it can
instead stabilize and increase the translation of other ARE-mRNAs,
although the mechanism is not as well understood.42 AUF1 consists
of four related protein isoforms identified by their molecular weight
(p37, p40, p42, p45), derived by differential splicing of a single pre-
mRNA.42–44 Mutations and/or polymorphisms in AUF1 are linked
to human limb girdle muscular dystrophy (LGMD) type 1G,45 sug-
gesting a critical requirement for AUF1 in post-natal skeletal muscle
regeneration and maintenance. In this regard, we previously showed
that AUF1 plays a critical role in control of muscle satellite cell fate
and muscle regeneration,27 through programmed rapid degradation
of muscle-differentiation checkpoint mRNAs.45,46
Molecular The
Here, we report that reduced expression of AUF1 occurs naturally
during aging in skeletal muscle in mice, whereas its supplementation
by AAV8 AUF1 skeletal muscle gene transfer in adult mice durably
and significantly increases skeletal muscle mass, exercise endurance,
as well as Pax7+-activated satellite cells and myoblasts. AUF1 skeletal
muscle gene transfer is shown to increase expression of PGC1a
through stabilization of its mRNA, which is associated with increased
mitochondrial biogenesis, and decreases markers of muscle degener-
ation. AUF1 supplementation of adult and older mice by AAV8
AUF1 gene therapy therefore improves skeletal muscle mass and
function by acting onmultiple targets of myogenesis andmay provide
a potential long-term therapeutic intervention for human muscle loss
and atrophy.

RESULTS
Skeletal muscle AUF1 expression is downregulated in aging

adult mice

Because mice deleted in the auf1 gene undergo an accelerated loss of
muscle mass,45–47 we investigated whether reduced expression of
AUF1 with age occurs in wild-type (WT) animals and is involved
in age-related muscle decline. We analyzed the expression of AUF1
in limb skeletal muscles of young (3 month) and adult 12- and
18-month-old mice. Compared with 3-month-old young mice, auf1
mRNA expression was downregulated 3-fold in 12-month-old adults,
shown in tibialis anterior (TA) and gastrocnemius muscles, and by
one-third in extensor digitorum longus (EDL) and soleus muscles
(Figure 1A). In all studies test mRNAs were normalized to gapdh or
TATA-box binding protein (tbp) mRNAs, shown to be unchanged
with age in muscle in mice,48,49 which were also unchanged in abun-
dance regardless of AUF1 expression.48,49 As shown in the TA mus-
cle, AUF1 protein levels and mRNA levels were similarly changed,
reduced �3-fold at 12 months and 4-fold at 18 months, normalized
to muscle total protein and invariant GAPDH (Figure 1B). Reduced
skeletal muscle expression of AUF1 in adult mice tracked with
reducedmuscle mass in limbmuscles, shown in the TA, EDL, gastroc-
nemius, and soleus muscles in 12- and 18-month-old mice compared
with 3-month-old animals (Figure S1A). Importantly, by 18 months
of age, loss of muscle mass largely plateaued from 12-month values,
which accords with other studies.5,28,50 The TA muscle was reduced
in relative mass by almost 50%, the EDL by 30%, the soleus by almost
50%, and the gastrocnemius by 25%. It should be noted that there was
also reduced absolute muscle mass at 12 and 18 months that cannot
be accounted for by an increase in overall body weight in adults
compared with young mice (Table 1). In 12- and 18-month-old
mice, the gastrocnemius was reduced by 11% and 14% and the TA
muscle by 18% and 24%, respectively, which has been observed by
others as well.26,28

AUF1 skeletal muscle gene transfer enhances exercise

endurance of 12- and 18-month-old adult mice

We determined whether loss of skeletal muscle mass with age in mice
is a result of reduced expression of AUF1 in skeletal muscle. We
developed an adeno-associated virus type 8 (AAV8) vector to deliver
and selectively express AUF1 in skeletal muscle. AAV vectors express
rapy: Methods & Clinical Development Vol. 22 September 2021 223
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Figure 1. AUF1 supplementation in skeletal muscle improves exercise endurance in 12- and 18-month-old mice

(A) Relative expression of auf1mRNA in the TA, gastrocnemius, EDL, and soleusmuscles normalized to invariant tbpmRNA at 3 and 12months of age in wild-type (WT)mice.

(B) Representative immunoblot and quantification of AUF1 protein levels in the TAmuscle of WTmice at 3, 12, and 18months. GAPDH is a loading control. n = 2mice chosen

at random per group. (C) Representative staining of AAV GFP control and AAV AUF1/GFP+ myofibers in TA muscle 40 days post-administration. (D) Quantification of GFP+

myofibers in TA muscle 40 days post-AAV administration. n = 5 mice. (E) Relative fold increased expression of auf1mRNA in gastrocnemius, TA, EDL, and soleus muscles

40 days post-AAV administration. n = 8 or 9 mice. (F–J) Strength and exercise endurance in 3- and 12-month-old mice 40 days post-AAV administration: (F) grid hanging

time, (G) maximum speed, (H) work performance, (I) time to exhaustion, (J) distance to exhaustion. n = 5–9 mice. (K–N) Strength and exercise endurance 6months post-AAV

administration in 18-month-old mice: (K) maximum speed, (L) work performance, (M) time to exhaustion, (N) distance to exhaustion. n = 4 mice. Mean ± SEM from 5 or more

independent studies. *p < 0.05, **p < 0.01 by unpaired Mann-Whitney U test.
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Table 1. Mean limb muscle weight with age

Age Muscle Mean weight (mg) p value

3 month TA 81.4

EDL 18.5

soleus 13.7

gastroc. 234.5

12 month TA 66.5 0.0002

EDL 17.8 0.65 ns

soleus 13.7 0.94 ns

gastroc. 202.4 0.004

18 month TA 61.8 0.05*

EDL 17.1 0.44 ns

soleus 10.9 0.22 ns

gastroc. 208.2 0.25 ns

*ns, not significant, unpaired Mann-Whitney U test

www.moleculartherapy.org
AUF1 and GFP (AUF1-GFP), with GFP translated from the same
mRNA as AUF1 directed by the hepatitis C virus (HCV) internal
ribosome entry site (IRES) or as a control only GFP. Expression of
both genes is controlled by the creatine kinase tMCK promoter that
is selectively active in skeletal muscle cells including myoblasts but
not detectably active in cardiac muscle cells.51 Mice aged 3 and
12 months were administered a single retro-orbital injection of either
AAV AUF1-GFP or control AAV GFP vectors (2.5 � 1011 viral
genome copies). When analyzed starting at 40 days post-administra-
tion of AAV vectors, as shown in 12-month-old mice, both AAV
AUF1-GFP and AAV GFP control vector-treated animals displayed
similar vector transduction and retention rates, shown by TA muscle
GFP staining (Figures 1C and 1D). auf1mRNA expression in skeletal
muscle was increased by AAV8 AUF1-GFP administration, on
average 2.5-fold in EDL, 6-fold in TA, 2.5-fold in gastrocnemius,
and slightly in soleus muscle (Figure 1E). AUF1 protein levels in
gene-transferred animals in skeletal muscle, as shown in the TAmus-
cle, demonstrated 4- to 6-fold increased expression over endogenous
levels, corresponding to auf1 mRNA levels (Figure 1E; Figure S1B).
Representative immunofluorescence staining also demonstrated
strong uptake and expression of AUF1 localized in nuclei (Figure S1C,
white arrows) and sarcoplasm (Figure S1C, yellow arrows) as ex-
pected in AAV AUF1-GFP-infected TA muscle fibers that is not
seen for control AAV GFP. There was no evidence for increased
expression of AUF1 in non-muscle tissues compared with control
mice administered either vector (kidney, lung, spleen, liver) (Fig-
ure S1D), demonstrating strong tissue specificity for skeletal muscle
expression controlled by the tMCK promoter, as shown by others.51

Importantly, Pax7 expression, a key marker for activation of muscle
satellite cells and proliferating myoblasts, was also increased 3- to
4-fold with AAV AUF1-GFP administration (Figure S1E). Moreover,
increased expression of Pax7 was limited to cells expressing AUF1-
GFP, which was not evident in cells expressing only GFP in the
absence of AUF1 gene delivery (Figure S1F). Correspondingly,
markers of muscle atrophy such as trim63 and fbxo3224, were down-
Molecular The
regulated 2- to 3-fold in the TA muscle and 0.5- to 4-fold (respec-
tively) in gastrocnemius muscle in animals administered AAV
AUF1-GFP but not AAV GFP (Figures S1G and S1H). These data
indicate that AUF1 gene transfer into skeletal muscle is sufficient to
reduce markers of muscle atrophy coincident with activation of satel-
lite cells and myoblasts.

We therefore investigated whether AUF1 gene transfer can increase
physical endurance in 12- and 18-month-old mice, using a number
of well-established criteria. Twelve-month-old mice were adminis-
tered AAV8 AUF1-GFP or control AAV8 GFP and then tested at
40 days post-administration. AUF1-supplemented mice showed an
�50% improvement in grid hanging time (Figure 1F), a measure of
limb girdle skeletal muscle strength and endurance. When tested by
more stringent treadmill criteria, AAV AUF1-GFP mice displayed
25% higher maximum speed (Figure 1G) and 50% increase in work
performance (Figure 1H) compared with AAV GFP control mice,
as well as 25% greater time to exhaustion and 30% increased distance
to exhaustion (Figures 1I and 1J). Compared with 3-month-old mice
receiving control AAV GFP, 12-month-old mice receiving AUF1
supplementation gained physical endurance capacity equivalent to
the level of 3-month-old mice. Physical endurance was also tested
6 months post-AAV-AUF1 supplementation in 12-month-old mice
that were 18 months old at the time of testing. Maximum speed (Fig-
ure 1K), work performed (Figure 1L), as well as time and distance to
exhaustion (Figures 1M and 1N) were all significantly higher in
AUF1-AAV-treated animals, demonstrating durable and significantly
increased levels of physical endurance, similar to 12-month-old mice
at 40 days post-supplementationAUF1 supplementation. These re-
sults demonstrate that supplementation with AUF1 is durable at
6 months post-treatment. We therefore investigated the biological
andmolecular characteristics of AUF1-supplemented skeletal muscle.

AUF1 gene therapy increases muscle mass, slow-twitch and

fast-twitch myofibers, and mitochondrial oxidative potential

Skeletal muscles vary in slow-twitch (type I) and fast-twitch (type II)
myofibers. In the mouse, different techniques yield fairly consistent
compositions but with some ambiguity related to the large presence
of intermediate hybrid fibers ranging up to 15%–20% of skeletal mus-
cle in the adult mouse.52–54 EDL and gastrocnemius muscles are
composed largely of type II fast-twitch myofibers (90%–95% fast,
5%–10% slow), the TA is �20% type I and 80% type II, whereas
the mouse soleus muscle is highly enriched in type I slow-twitch my-
ofibers (nearly 40% slow, 60% fast).10,52,53,55 Analysis of the gastroc-
nemius and TA muscles showed that 12-month-old adult mice
administered AAV AUF1-GFP compared with AAV GFP controls
gained an average increase of �20% in muscle mass relative to
body weight by 40 days (Figures 2A and 2B). In 12-month-old
mice, AUF1-supplemented gastrocnemius and TA muscles increased
in muscle fiber size (myofiber cross-sectional area, CSA), particularly
in the percentage of larger myofibers (>3,200 mm2), as well as number,
which largely represents increased fast-twitch type II fibers in
mice (Figures 2C–2F). Notably, increased myofiber size can be indic-
ative of increased muscle hypertrophy, which if sarcoplasmic is
rapy: Methods & Clinical Development Vol. 22 September 2021 225
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associated with increased strength.56,57 In contrast to AUF1-trans-
duced myofibers, non-transduced (GFP�) myofibers saw no increase
in CSA, as shown for the TA muscle in animals administered either
AAV GFP or AAV AUF1-GFP (Figure 2G). Non-transduced myofib-
ers tended to have a greater CSA than vector-transduced fibers
expressing GFP. It is possible that the largest fibers are not efficiently
infected. It is known that AAV6 preferentially infects smaller CSA
myofibers, whereas AAV9 shows no preference,58 which has not
been studied for AAV8.

We also analyzed the gastrocnemius muscle in animals administered
either control GFP or AUF1-GFP AAV8, by co-staining for GFP and
slow myosin to determine AAV8 infection levels in slow- and fast-
twitch myofibers (Figure 2H). The AAV8 vector efficiently infected
both slow myofibers (red and GFP stained) and fast myofibers
(GFP stained only). Since type I myofibers comprise a small percent-
age of most muscles, we also investigated the effect of supplemental
AUF1 expression specifically on slow myofibers by co-staining with
slow myosin and GFP. In the gastrocnemius muscle, AUF1 supple-
mentation increased by >50% the number of type I myofibers per
field, the percentage per field, and the CSA (Figures 2H–2K). In the
soleus muscle, which is composed of �40% type I fibers, the CSA
was similarly increased with AUF1 supplementation, as was muscle
weight normalized to body weight (Figures 2L–2N). Next, we carried
out immunostaining of the different myofibers in the soleus muscle at
40 days post-AUF1 gene transfer in 12-month-old mice (Figure 2O).
These data show that AUF1 gene transfer results in a small increase in
type I fibers and a small reduction in type IIa myofibers in the soleus
muscle, without altering levels of IIb and IIx myofibers. These data
correlate with increased endurance in mice receiving AUF1 gene
transfer and that AUF1 promotes formation of type I myofibers, by
myofiber regeneration and possibly conversion and possibly conver-
sion. Therefore, we carried out immunostaining of Pax7 and Myf5 in
the TA muscle of 12-month-old mice 40 days after AUF1 gene trans-
fer to determine levels of satellite cell activation indicative of muscle
hypertrophy and regeneration. As shown in representative images
(Figure S1I), Myf5 staining correlated with Pax7 co-staining, support-
ing the conclusion that AUF1 gene therapy promotes muscle hyper-
trophy, regeneration, and fiber conversion.

Expression levels of different myosin type mRNAs also support that
AUF1 gene transfer resulted in real gain in skeletal muscle mass.
The major slow-twitch myosin mRNA, myh7, was increased 6-fold
Figure 2. AUF1 gene transfer increases muscle mass, myofiber CSA, and num

(A and B) Muscle weight relative to total body weight 40 days post-AAV administration fo

distribution of gastrocnemius myofiber CSA and mean area at 40 days post-AAV admin

mean area at 40 days post-AAV administration for GFP+ myofibers. n = 5 mice. (G) TA m

Representative immunostain of slow myofiber (red), GFP (green), and nuclei (DAPI, blu

percent slow myofibers per field, and mean CSA, respectively, of slow and fast myofibe

immunostain of slow myofiber (red) and nuclei (blue) in soleus muscle 40 days after AAV

twitch soleusmuscle myofiber 40 days after AAV AUF1 or AAVGFP administration. n = 3

animals 40 days post-gene transfer. n = 4 mice per group. (O) Representative immunos

AUF1 gene transfer in 12-month-old mice. Scale bars, 100 mm. Mean shown from 3 or m
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in gastrocnemius and 2-fold in soleus muscle with AUF1 gene trans-
fer (Figures 3A and 3B). Fast myosin mRNAs such as myh1, myh2,
and myh4 were not statistically changed (Figures 3C and 3D).

Increased expression levels for several genes are indicative indicative
of increased myofiber hypertrophy, oxidative processes, and mito-
chondrial biogenesis. Slow-twitch myofibers in particular are en-
riched in oxidative mitochondria.10We focused on the gastrocnemius
muscle because it demonstrated a median response to AUF1 gene
therapy and it is not biased toward enrichment of slow-twitch myo-
fibers. Although AUF1 gene transfer had no effect on gastrocnemius
mRNA levels encoded by non-mitochondrial genes such as ppara
(peroxisome proliferator-activated receptor alpha) or six1 (Sineoculis
homeobox homolog 1), it increased the level of mitochondrial
mRNAs by 4-fold for tfam (mitochondria transcription factor A),
by 6-fold for acadvl (acyl-CoA dehydrogenase very long chain), and
by 2- to 3-fold for nrf1 and nrf2 (nuclear respiratory factors 1 and
2) (Figures 3E–3H). The ratio of mitochondrial to nuclear DNA
also increased in the gastrocnemius with AUF1 gene transfer, indic-
ative of increasedmitochondrial content at both 40 days and 6months
post-gene transfer (Figures 3I and 3J). Finally, we quantified the activ-
ity of myofiber succinate dehydrogenase (SDH) , a mitochondrial
membrane protein complex in muscle that is an established indicator
of mitochondrial activity and oxidative potential.59 Immunohisto-
chemical determination of SDH activity showed that it was strongly
increased in TA, gastrocnemius, and EDL muscle fibers, and only
in animals receiving AAV AUF1 supplementation (Figure 3K), aver-
aging 30% or more in all three muscles (Figure 3L). Collectively, these
results show that AUF1 promotes transition from fast- to slow-twitch
myofiber.

AUF1 stimulates slow-twitch muscle phenotype in part by

stabilizing the pgc1a ARE-mRNA and increasing PGC1a

expression

A key feature of slow muscle is that it confers exercise endurance
because slow-twitch myofibers have higher oxidative capacity than
fast-twitch fibers.60,61 We therefore characterized the level of AUF1
expression in different muscles with varying proportions of slow
and fast myofibers. There was a 2- to 4-fold higher level of expression
of auf1 mRNA and AUF1 protein in the soleus muscle of 3- and
12-month-old untreated mice compared to other muscle types with
fewer slow-twitch myofibers (Figures 4A–4C). Accordingly, of the
lower limb skeletal muscles, the soleus muscle is the most endurant
ber

r gastrocnemius and TA muscles, respectively. n = 8 or 9 mice. (C and D) Frequency

istration. n = 5 mice/group. (E and F) Frequency distribution of TA muscle CSA and

uscle CSA at 40 days post-AAV administration for GFP� myofibers. n = 5 mice. (H)

e) in gastrocnemius muscle at 40 days post-therapy. (I–K) Slow myofibers per field,

rs in gastrocnemius muscle at 40 days post-AAV administration. (L) Representative

AUF1-GFP or AAV GFP administration. (M) Mean cross surface area (CSA) of slow-

mice per group. (N) Mean soleus weight in GFP control and AUF1-GFPAAV8-treated

taining and quantification of different myofibers in the soleus muscle 6 months post-

ore independent studies. * p < 0.05, ** p < 0.01 by unpaired Mann-Whitney U test.
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Figure 3. Molecular markers of skeletal muscle myogenesis in AAV8 AUF1-GFP gene-transferred mice

(A and B) Relativemyh7mRNA levels in (A) gastrocnemius and (B) soleusmuscles normalized to invariant nuclear TATA-box binding protein (tbp) mRNA at 40 days post-gene

transfer. (C and D) Relative fast myosinmRNA levels in (C) gastrocnemius and (D) soleusmuscles normalized to tbpmRNA at 40 days post-gene transfer. (E) Expression levels

of non-mitochondrial mRNAs (pparg, six1) and mitochondrial mRNA in gastrocnemius muscle at 40 days post-gene transfer. (F) Level of mitochondrial mRNA for acadvl and

tfam in gastrocnemius and EDL muscles at 40 days post-gene transfer. (G and H) nrf1 and nrf2mRNA levels in gastrocnemius muscle 40 days post-gene transfer. (I and J)

(legend continued on next page)
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and the most enriched in slow-twitch myofibers10,53 and expresses
much higher levels of myh7 (Figure 4D), the main slow-twitch myo-
fiber myosin. We therefore assessed the role of AUF1 in expression of
different levels of myosin mRNAs by deletion of AUF1 in C2C12
mouse myoblasts. Deletion of AUF1 increased the expression of
fast-twitch myh2 mRNA levels, whereas slow myosin mRNAs, such
asmyh7 ormyl2,were decreased (Figure S2A), consistent with greater
specification of slow-twitch myofiber development by AUF1. Myo-
cyte enhancer factor 2 (MEF2C) is a transcriptional regulator of over-
all skeletal muscle development that can activate or repress different
myogenic transcriptional programs.62–64 Its increased expression is
also consistent with increased generation of type I slow-twitch mus-
cle. We examined MEF2C levels because AUF1 was previously shown
to promotemef2cARE-mRNA translation without altering its mRNA
stability.29,65 mef2c mRNA levels were not increased at 40 days post-
AUF1 supplementation and showed only a slight increase at 6 months
(Figures S2B and S2C). MEF2C protein levels were moderately
increased at 40 days post-supplementation (Figure S2D), whereas
PGC1a protein levels were increased strongly at 40 days post-supple-
mentation. As shown later (Figure 4G), increased PGC1a protein
levels were sustained at 6 months post-AUF1 supplementation.

Although the PGC1a protein can stimulate expression of mef2c
mRNA, it is PGC1a that drives the specification and development
of slow-twitch myofibers.29 Like the mef2c mRNA, the pgc1a
mRNA also contains an ARE-30 UTR30 that might be a target for
AUF1 regulation. Deletion of the auf1 gene in C2C12 myoblasts
that were induced to differentiate to myotubes, decreased pgc1a
mRNA levels by half and protein levels by 4-fold (Figure 4E), suggest-
ing that AUF1 acts to increase PGC1a protein andmRNA expression.
Accordingly, AAV8-AUF1 gene transfer in mice showed that pgc1a
mRNA levels were increased 2- to 3-fold in the gastrocnemius and
EDL muscles and trended toward upregulation in the TA muscle in
12-month-old mice (Figure 4F). AUF1 gene transfer in 18-month-
old mice 6 months post-gene transfer (24 month old mice) also
increased pgc1a mRNA levels �2.5-fold, as shown in the gastrocne-
mius muscle (Figure 4F), which corresponded to an average 5-fold in-
crease in PGC1a protein levels (Figure 4G).

We therefore immunoprecipitated AUF1 fromWT C2C12 myoblasts
48 h after their differentiation when AUF1 is expressed, with control
immunoglobulin G (IgG) or anti-AUF1 antibodies, followed by qRT-
PCR to quantify the levels of bound pgc1amRNA (Figure 4H). AUF1
bound strongly to the pgc1a mRNA in differentiating C2C12 cells.
The effect of AUF1 expression on the pgc1a mRNA half-life was
determined with WT and AUF1 knockout (KO) C2C12 cells by addi-
tion of actinomycin D to block new transcription (Figure 4I). In the
absence of AUF1, pgc1a mRNA was reduced almost 3-fold in stabil-
ity. Studies next determined whether AUF1 acts on the pgc1a 30 UTR
DNA mitochondrial content in gastrocnemius and soleus muscles, respectively, 40 days

AAV GFP. (K) Representative images of succinate dehydrogenase (SDH) enzyme activit

AAV8 GFP or AAV8 AUF1-GFP. (L) Quantitation of SDH-positive myofibers per field for T

fields chosen at random. Mean ± SEM from 3 or more independent studies. *p < 0.05
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AU-rich elements. We inserted the pgc1a 30 UTRAU-rich region into
the 30 UTR of a luciferase reporter (Figure S2E) and compared control
luciferase activity and mRNA levels to luciferase with the pgc1a ARE
in transfected C2C12 myoblasts or myoblasts stably transfected with
p40 AUF1 to increase AUF1 expression.46 Three-fold increased
expression of AUF1 increased activity (expression) of luciferase by
�3-fold from the mRNA containing the pgc1a AREs and luc-ARE
mRNA levels by 6-fold (Figures 4J and 4K). The pgc1amRNA there-
fore belongs to the class of ARE-mRNAs that are stabilized rather
than destabilized by AUF1, accounting in part for increased levels
of PGC1a protein and increased specification of slow-twitch fiber for-
mation by AUF1. We therefore investigated the effect of AUF1
expression specifically on slow-twitch muscle loss and atrophy.

Loss of AUF1 expression accelerates atrophy of slow-twitch

muscle in young mice

To better understand the role of AUF1 gene transfer in the formation
and maintenance of slow-twitch myofibers, we investigated slow-
twitch myofibers in WT and germline AUF1 KO mice at 3 months
of age, before the onset of muscle atrophy that occurs in KO
mice.45 At 3 months, WT and auf1 KO mice have similar body
weights (Figure 5A). Although deletion of auf1 did not change the
size, color (mitochondrial density, myoglobin content), or weight of
the TA, EDL, or gastrocnemius muscles, it did reduce the size and
weight of the soleus muscle by half at 3 months, which was much
paler, indicative of loss of mitochondrial and myoglobin-rich type I
myofibers (Figure 5B; Figure S3A). The proportion and number per
field of slow myosin myofibers in the AUF1 KO mouse soleus muscle
were reduced 40%–50% (Figures 5C–5E; Figure S3B). In contrast,
both the proportion and number of fast myosin-expressing myofibers
was increased by 25% or more in the absence of AUF1 expression
(Figures 5C, 5F, and 5G; Figure S3B). Reduced expression of slow
myosin was also seen in the gastrocnemius muscle with auf1 deletion
in auf1 KO mice (Figures S3C–S3E). In addition, the mean CSA was
reduced by 2-fold in slow-twitch myofibers of AUF1 KO mice, as
shown in the soleus and gastrocnemius muscles, but was unchanged
in fast-twitch myofibers (Figure 5H; Figure S3F). Consistent with
these data, AUF1 KO mice at 3 months expressed 3- to 4-fold lower
levels of PGC1a protein than WT mice, as shown in the gastrocne-
mius and soleus muscles (Figure S3G). AUF1 therefore specifies myo-
genesis and maintenance of slow-twitch muscle in part by stabilizing
the pgc1a mRNA.

Reduced expression of AUF1 in adult mice accelerates atrophy

and decline of both slow- and fast-twitch muscle

At 6 months of age, auf1 KO mice show a 20% loss of body weight,
which is in part a result of loss of skeletal muscle mass (Figures 6A
and 6B). Unlike 3-month-old AUF1 KO mice, where the slow-twitch
myofiber-rich soleus muscle was the only muscle showing significant
or 6 months post-gene transfer. Red histogram, AAV AUF1-GFP. Black histogram,

y in TA, EDL, and gastrocnemius muscles from mice 40 days post-administration of

A, EDL, and gastrocnemius muscles corresponding to (K). n = 3 mice per muscle, 5

, **p < 0.01, ***p < 0.001 by unpaired Mann-Whitney U test.

rapy: Methods & Clinical Development Vol. 22 September 2021 229

http://www.moleculartherapy.org


A

C

F

H I

J K

G

D E

B

(legend on next page)

Molecular Therapy: Methods & Clinical Development

230 Molecular Therapy: Methods & Clinical Development Vol. 22 September 2021



www.moleculartherapy.org
atrophy in the absence of AUF1 expression, in 6-month-old mice
muscles enriched in fast-twitch or slow-twitch muscles both demon-
strate significant atrophy. For instance, the size and weight of the TA,
EDL, and gastrocnemius muscles were reduced by �25% in auf1 KO
compared with WT animals, and the soleus muscle was reduced by
almost 50% (Figure 6B). In addition, auf1 KOmouse skeletal muscles
were paler than those of control WTmice, consistent with greater loss
of mitochondrial-dense, slow-twitch myofibers (Figure 6C). Accord-
ingly, the mean CSA of both slow- and fast-twitch myofibers, as
shown in the soleus and gastrocnemius muscles, showed a striking
reduction at 6 months in auf1 KO mice compared with WT, indica-
tive of overall myofiber atrophy (Figures 6D and 6E). As seen in
3-month-old mice, AUF1 deficiency reduced by half the percentage
and number of slow-twitch myofibers per field in the soleus and
gastrocnemius muscles (Figures 6F–6I). Thus, although AUF1 spec-
ifies development of slow-twitch muscle, its other myogenesis activ-
ities as previously described45,46,65 are essential for maintenance of
both slow- and fast-twitch muscle, consistent with the ability of
AUF1 gene transfer to promote increased overall muscle mass and
function in adult animals.

DISCUSSION
This work reports four important sets of findings: (1) AUF1
expression in skeletal muscle is diminished in adult compared
with young mice, which contributes to a reduction in muscle
mass and function; (2) AUF1 gene transfer might provide a ther-
apeutic intervention to delay or possibly reverse the loss of muscle
mass and strength with age; (3) AUF1 is required for the mainte-
nance of both slow and fast myofibers; and (4) AUF1 promotes a
transition from fast to slow muscle phenotype by increasing
PGC1a levels through stabilization of its mRNA. AUF1 generally
promotes rapid decay of ARE-containing mRNAs but can
stabilize a subset of other ARE-mRNAs.42 We previously showed
that AUF1 regulates satellite cell maintenance and differentiation
in part by reprogramming each stage of myogenesis through
selective degradation of short-lived myogenic checkpoint and
myogenesis ARE-mRNAs.45,46 In addition, as shown here, by
increasing AUF1 expression levels in skeletal muscles in mice by
AAV gene transfer, AUF1 increases the expression of slow myo-
sins and oxidative mitochondrial genes that mediate slow myofiber
formation and oxidative phenotype. There is also evidence for
reduced AUF1 expression in human skeletal muscle with aging,66
Figure 4. AUF1 promotes slow-twitch fiber myogenesis by stabilizing the pgc1

(A) Relative auf1mRNA expression in 3- and 12-month-old WTmice in TA, gastrocnemiu

staining of AUF1 expression in slow myofibers in 3-month-old mice. (C) Representative i

soleus muscle in 3-month-old mice. (D) Relative myh7 mRNA expression in 3-month-o

expression and protein levels in WT C2C12 myoblasts and AUF1 KOmyoblasts. (F) Rela

treatment and in gastrocnemius at 6 months post-gene transfer in 12-month-old mic

animals (left) and quantification of AUF1 and PGC1a in three animals per group (right)

cipitation with endogenous AUF1 protein in myoblasts 48 h after myotube induction of dif

C2C12 cells. (J and K) C2C12 and C2C12 cells overexpressing AUF146 were transfected

UTR) the pgc1a 30 UTR AREs. Cells were harvested at 36 h, equal protein amounts a

quantified. Mean ±SEM from 3 ormore independent studies. (A and B) ****p < 0.001 by K

0.01, ***p < 0.001. aTA 3 versus 12 month, *; bgastrocnemius 3 versus 12 month, **; c
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although the general inability to obtain serial age-related but
otherwise normal muscle specimens limits the ability to expand
this finding.

Gene transfer of skeletal muscle with AUF1 by AAV8 gene delivery
significantly promoted muscle mass and exercise endurance in 12-
and 18-month-old adult mice that had evidence of reduced muscle
mass and increased muscle decline and atrophy compared with
3-month-old young mice. Notably, in a rat model designed to charac-
terize skeletal muscle markers of increased physical exercise endur-
ance, two major factors that were found to be increased in expression
were AUF1 and PGC1a.30 Moreover, an exercise study in mice found
that whereas 1 week of exercise induced increased levels of PGC1a,
after 4 weeks of exercise AUF1 increased by as much as 50% without
changes in other ARE-binding proteins.67 Interestingly, pgc1a, tfam,
and nrf2mRNAs all contain AREs in their 30 UTRs, which are subject
to regulation by ARE-binding proteins, including AUF1.68 These
findings, when combined with our results, suggest that AUF1 pro-
grams a feedforward mechanism to promote muscle regeneration
through stabilization of pgc1a mRNA and, as we have previously
shown, through other AUF1 activities as well.45,46 Consistent with
this conclusion, at a young age AUF1 KO mice demonstrate a reduc-
tion of slow-twitch myofiber size and a decreased level of PGC1a
expression.

That AUF1 muscle supplementation increases PGC1a protein levels
suggests an important additional level of AUF1 activity in promoting
myogenesis. PGC1a activates expression of downstream factors such
as NRFs and Tfam that promote mitochondrial biogenesis, which is
essential for the formation of slow-twitch muscle fibers, reduced fati-
gability of muscle, and greater oxidative metabolism.29 These find-
ings, along with enhanced mitochondrial DNA content observed
with AUF1 supplementation, suggest that AUF1 is responsible
for key activities in slow-twitch myofiber maintenance and increased
exercise endurance in mice. Previous studies have shown the
benefit of increased PGC1a expression in muscle damage repair
and angiogenesis.33–36,69,70

AUF1 skeletal muscle gene transfer is therefore beneficial in
countering muscle loss and atrophy because it is required to enable
multiple key steps in myogenesis. AUF1 stimulates greater muscle
development and physical exercise capacity in aging muscle, which
a mRNA

s, EDL, and soleus muscles. n = 5–7 mice. (B) Representative immunofluorescence

mmunoblot of AUF1 protein level and quantification in TA, gastrocnemius, EDL, and

ld mouse TA, gastrocnemius, EDL, and soleus muscles. (E) Relative pgc1a mRNA

tive pgc1amRNA expression in TA, gastrocnemius, and EDLmuscles 40 days post-

e. (G) Representative immunoblot of two AAV8-GFP control and AAV8-AUF1 GFP

at 6 months after treatment in 12-month-old mice. (H) Pgc1a mRNA immunopre-

ferentiation inWTC2C12 cells. n = 5. (I) pgc1amRNA decay rate inWT and AUF1KO

with plasmids expressing luciferase reporters without (pIS1) and with (pIS1 pgc1a 30

nalyzed by immunoblot, luciferase activity determined, and luciferase mRNA levels

ruskal-Wallis test. All other panels by unpairedMann-Whitney U test, *p < 0.05, **p <

EDL 3 versus 12 month, **; dsoleus 3 versus 12 month, **.

rapy: Methods & Clinical Development Vol. 22 September 2021 231

http://www.moleculartherapy.org


A

C

F G H

D E

B Figure 5. Loss of AUF1 expression induces atrophy

of slow-twitch myofibers

(A) Body weight of WT and AUF1 KOmice at 3 months. (B)

TA, gastrocnemius, EDL, and soleus muscle mass in

3-month-old WT and AUF1 KO mice. Representative im-

age of WT and AUF1 KO soleus muscles shown. (C)

Representative immunostain of slow (top) or fast (bottom)

myosin (red) and laminin (green) in the soleus muscle from

3-month-old WT and AUF1 KOmice. Scale bars, 200 mm.

(D and E) Slow-twitch myofibers per field of percentage

and number, respectively in 3-month-old WT and AUF1

KO mice. (F and G) Fast-twitch myofibers per field of

percentage and number, respectively in 3-month-old WT

and AUF1 KOmice. (H) Mean soleus slow- and fast-twitch

myofiber CSA in 3-month-old WT and AUF1 KO mice,

n = 6 or 7 mice. Mean shown from 3 or more independent

studies. * p < 0.05, ** p < 0.01 by unpaired Mann-Whitney

U test.
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in turn likely further stimulate AUF1 expression as a result of ex-
ercise itself. Moreover, the effects of AUF1 gene transfer appear to
be long-lasting. Improved exercise endurance in our study was
found to be sustained for at least 6 months beyond the time of
gene transfer, even in 18 and 24 month old mice (the last time
point tested), with no evidence for reduction in AUF1 expression
or efficacy. In this regard, AUF1 supplementation also increased
levels of Pax7+-activated satellite cells and myoblasts, suggesting
gene transfer into muscle stem cells and an active myogenesis
process.

Apart from AUF1, other ARE RNA-binding proteins have also
been shown to be involved in the myogenesis process. Of partic-
ular relevance to our study, HuR was recently found to destabilize
pgc1a mRNA, leading to the formation of type II myofibers.70 It is
noteworthy that AUF1 and HuR often have opposite effects on
ARE-mRNA stability, in accord with our findings, and both are
essential for the maintenance of myofiber specification. AUF1
232 Molecular Therapy: Methods & Clinical Development Vol. 22 September 2021
can also interact with HuR, although the po-
tential functional consequence is unknown,
and AUF1 can also compete for binding to
AREs with the AU-binding protein TIA-1,
which blocks AUF1-mediated mRNA decay
and ARE-mRNA translation.71 Clearly, the
role of ARE-binding proteins in myogenesis
is complex and further investigation into
their combined activities is needed to better
understand this sophisticated regulation.
How muscle homeostasis is regulated by
AUF1 with the other ARE-binding proteins
remains to be discovered.

Finally, it is important to note that although
AUF1 specifies type I slow-twitch myofiber
development, it also promotes and reprograms
the overall myogenesis program,46 evidenced by the fact that AUF1
skeletal muscle gene transfer did not result in abnormal muscle
development, abnormal balance of muscle fiber types, or muscle
overgrowth.

MATERIALS AND METHODS
Mice

All animal studies were approved by the NYU School of Medicine
Institutional Animal Care and Use Committee (IACUC) and con-
ducted in accordance with IACUC guidelines. All auf�/� KO mice
and WT mice are of the 129/B6-background, bred at the F3 and
F4 generations from auf�/� heterozygous47,72 12-month-old
C57BL/6 mice (Jackson) for AUF1 supplementation during AAV
experiments.

Cells

C2C12 cells were obtained from the American Type Culture Collec-
tion (ATCC), authenticated by STR profiling, and routinely checked
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(A) Body weight of WT and AUF1 KO mice at 6 months,

n = 5 or 6 mice. (B) TA, EDL, gastrocnemius, and soleus

muscle weight in 6-month-old WT and AUF1 KO mice. (C)

Representative images of excised muscles from 6-month-

old WT and AUF1 KO mice. (D) Representative immune-

stain of slow myosin (red) and laminin (green) in soleus

muscle from 6-month-old WT and AUF1 KO mice. Scale

bars, 500 mm. (E) Mean CSA of slow- and fast-twitch my-

ofibers in soleus muscle of 6-month-old WT and AUF1 KO

mice. (F) Percentage of slow-twitch myofibers in 6-month-

old WT and AUF1 KO mice in soleus muscle. (G) Repre-

sentative staining of slowmyosin (red) and laminin (green) in

6-month-old WT and AUF1 KO gastrocnemius muscle.

Scale bars, 200 mm. (H) Number of slow-twitch myofibers

per field in gastrocnemius muscle of 6-month-old WT and

AUF1 KO mice. n = 4 mice per group. (I) Mean gastrocne-

mius myofiber CSA of slow- and fast-twitch myofibers in 6-

month-old WT and AUF1 KO mice. n = 4 mice per group.

Mean ± SEM from 4 or more independent studies. *p <

0.05, **p < 0.01 by unpaired Mann-Whitney U test.
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for mycoplasma contamination. C2C12 cells were maintained in
DMEM (Corning), 10% fetal bovine serum (FBS) (GIBCO), and 1%
penicillin-streptomycin (Life Technologies). To differentiate cells,
medium was switched to DMEM (Corning), 2% horse serum
(GIBCO), and 1% penicillin-streptomycin (Life Technologies) for
96 h.65 auf1 KO C2C12 cells were created with CRISPR-Cas9
methods.46 For assays performed in the presence of actinomycin D
to determine mRNA stability, C2C12 myoblast cells were treated
with 0.2 mg/mL of actinomycin D (Sigma). RNA immunoprecipita-
tion experiments were done in WT C2C12 before and at 48 h of dif-
ferentiation with a normal IgG rabbit control or a rabbit-anti AUF1
antibody (07-260, Millipore).
Molecular Therapy: Methods & Clini
Immunofluorescence

Mouse skeletal muscles were removed as indi-
cated in Results, put in OCT, frozen in dry ice-
cooled isopentane (Tissue-Tek), fixed in 4%
paraformaldehyde, and blocked in 3% BSA in
Tris-buffered saline (TBS). C2C12 cells were
fixed in 4% paraformaldehyde and blocked in
3% BSA in PBS. Samples were immunostained
overnight with antibodies: AUF1 (07-260, Milli-
pore), Slow myosin (NOQ7.5.4D, Sigma), Fast
myosin (MY-32, Sigma), Laminin alpha 2
(4H8-2, Sigma), GFP (2956, Cell Signaling),
and Myf5 (clone AF 4027; R&D Systems). Anti
myosin type I (BA-D5), IIa (SC-71, and IIb
(BF-F3) were from Developmental Studies Hy-
bridoma Bank. Slow and Fast myosin staining
was done with the MOM Kit (Vector Labs).
Alexa Fluor donkey 488, 555, anti-mouse
IgG2b 594 (type I), anti-mouse IgG1 488 (IIa),
and anti-mouse IgM 647 (IIb) were from
Thermo Fisher Scientific. Secondary antibodies were used at 1:300
and incubated for 1 h at room temperature. Slides were sealed with
Vectashield with DAPI (Vector).

Cloning and reporter assays

The 30 UTR ARE region of mouse PGC1a was cloned into the vector
pIS1 downstream of the Renilla luciferase cDNA with an EcoRV site.
The pIS1-PGC1a-30 UTR or pIS1 control plasmids were transfected
with TransIT-LT1 (Mirus Bio) into WT and WT AUF1-overexpress-
ing C2C12 myoblasts. Cells were lysed after 24 h, and luciferase activ-
ity was measured with a dual-luciferase assay kit (Promega). All
studies were performed in in triplicate.
cal Development Vol. 22 September 2021 233
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Succinate dehydrogenase activity staining

Histochemical SDH staining was used as an index of muscle fiber
oxidative capacity as described in Results. Briefly, tissue sections
were incubated in SDH incubation solution (sodium succinate
50 mM, nitroblue tetrazolium 0.5 mg/mL, and phosphate buffer
50 mM) for 1 h at 37�C. Tissue sections were washed in distilled water
and mounted with glycerol-based mounting medium. Five fields cho-
sen at random were quantified with ImageJ software.

Microscopy and image processing and analysis

Images were acquired with a Zeiss LSM 700 confocal microscope, pri-
marily with the 20� lens. Images were processed with ImageJ. If
needed, color balance was adjusted linearly for the entire image and
all images in experimental sets.

Immunoblot studies

C2C12 cells or muscle tissues were lysed with lysis buffer (50 mmol/
L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1% Triton X-100) supplemented with complete protease in-
hibitor cocktail (cOmplete Mini, Roche). Equal amounts of total
protein were loaded on a polyacrylamide gel, resolved, and trans-
ferred to polyvinylidene fluoride (PVDF) membrane. Membrane
was blocked with 5% nonfat milk in TBS-Tween 20 (0.1%) for
1 h and probed with antibody against AUF1 (07-260, Millipore),
PGC1a (Novus Biologicals NBP1-04676), and MEF2C (Cell
Signaling D80C1). Bands were detected by peroxidase-conjugated
secondary antibodies (GE Healthcare) and visualized with the
ECL chemiluminescence system. The immunoblots were also
probed with a rabbit antibody to b-tubulin (Cell Signaling 2146S)
or GAPDH (Cell Signaling 2118S) as a control for loading. Quanti-
fication was performed by ImageJ.

Real-time PCR analysis

RNA was extracted with TRIzol (Invitrogen) according to the
manufacturer’s instructions. DNase treatment was systematically
performed. Quantification of extracted RNA was assessed with
NanoDrop. The cDNA was synthesized with the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). mRNA
was analyzed by real-time PCR using the iTaq Universal SYBR
Green Supermix (Bio-Rad) probe. Relative quantification was
determined by the comparative CT method with data normalized
to housekeeping gene and calibrated to the average of control
groups.

AAV-AUF1 expression

AUF1 was integrated into an AAV8 under the tMCK promoter
(AAV8-tMCK-AUF1-IRES-eGFP) (Vector Biolabs). We used
AAV8-tMCK-IRES-eGFP as a control vector. This promoter was
generated by the addition of a triple tandem of 2RS5 enhancer se-
quences (3-Ebox) ligated to the truncated regulation region of the
muscle creatine kinase (MCK) promoter, which induced high muscle
specificity.51 C57BL/6 mice were injected with a single retro-orbital
injection of 50 mL (final concentration: 2.5 � 1011 genome copies).
We performedmuscle function tests (grid hanging time, time and dis-
234 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
tance to exhaustion, and maximum speed on a treadmill) 40 days or
6 months post injection. Mice were then euthanized, and tissues were
collected.

Muscle function tests

Muscle function tests were carried out as described previously.73

Grid hanging time

Mice were placed in the center of a grid, 30 cm above soft bedding to
prevent injury. The grid was then inverted. Grid hanging time was
measured as the amount of time mice held on before dropping off
the grid. Each mouse was analyzed twice, with 5 repetitions per
mouse, with several hours of resting time between repetitions.

Time, distance to exhaustion, and maximum speed

After 1 week of acclimation after tests, mice were placed on a treadmill
and the speed was increased by 1 m/min every 3 min and the slope
increased every 9 min by 5 cm to a maximum of 15 cm. Mice were
considered to be exhausted when they stayed on the electric grid >10
s. Each mouse was analyzed twice, with 5 repetitions per mouse. Based
on their weight and running performance, work performance was
calculated in joules (J) as described previously73 with the formula

WorkðJÞ = body weightðkgÞ � running speedðm = sÞ�

treadmill inclineðangleÞ � gravityð9:81m = s2Þ

Quantification and statistical analysis

All results are expressed as means ± SEM. Two-group comparisons
were analyzed by the unpaired Mann-Whitney test. Multiple-group
comparisons were performed with one-way analysis of variance (AN-
OVA). The non-parametric Kruskal-Wallis test followed by the
Dunn’s comparison of pairs was used to analyze groups when suit-
able. p values of <0.05 were considered significant. All statistical an-
alyses were performed with GraphPad Prism (version 7) software.
Muscle fiber number quantification involved no fewer than 5 fields
per data point chosen at random and a minimum of 100 fibers per
data point scored.
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