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Hsp70 overexpression inhibits NF-kB and Foxo3a
transcriptional activities and prevents skeletal

muscle atrophy
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ABSTRACT Heat shock protein 70 (Hsp70) is a
highly conserved and ubiquitous protein that is re-
ported to provide cytoprotection in various cell types
and tissues. However, the importance of Hsp70 expres-
sion during skeletal muscle atrophy, when Hsp70 levels
are significantly decreased, is not known. The current
study aimed to determine whether plasmid-mediated
overexpression of Hsp70, in the soleus muscle of rats,
was sufficient to regulate specific atrophy signaling
pathways and attenuate skeletal muscle disuse atrophy.
We found that Hsp70 overexpression prevented disuse
muscle fiber atrophy and inhibited the increased pro-
moter activities of atrogin-1 and MuRF1. Importantly,
the transcriptional activities of Foxo3a and NF-kB,
which are implicated in the regulation of atrogin-1 and
MuRF1, were abolished by Hsp70. These data suggest
that Hsp70 may regulate key atrophy genes through
inhibiting Foxo3a and NF-kB activities during disuse.
Indeed, we show that specific inhibition of Foxo3a
prevented the increases in both atrogin-1 and MuRF1
promoter activities during disuse. However, inhibition
of NF-«kB did not affect the activation of either pro-
moter, suggesting its requirement for disuse atrophy is
through its regulation of other atrophy genes. We
conclude that overexpression of Hsp70 is sufficient to
inhibit key atrophy signaling pathways and prevent
skeletal muscle atrophy.—Senf, S. M., Dodd, S. L.,
McClung, J. M., Judge, A. R. Hsp70 overexpression
inhibits NF-kB and Foxo3a transcriptional activities
and prevents skeletal muscle atrophy. FASEB J. 22,
3836-3845 (2008)
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HEAT sHOCK PROTEIN 70 (Hsp70) is one of the most
prominent members of the heat shock family of pro-
teins, a family that also includes small Hsps, Hsp60, and
the Hsp90 family. Although Hsp70 is constitutively
expressed in skeletal muscle, its expression levels are
increased rapidly, and several-fold, in response to cel-
lular stress (1), which provides protection to the cell.
While the function of Hsp70 as a molecular chaperone
becomes especially important during cellular stress, the
mechanisms by which increased levels of Hsp70 pro-
vides cytoprotection are increasingly being linked to
the direct regulation of specific cell signaling pathways
by Hsp70 (2-4). It is therefore speculated that a
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decrease in Hsp70 may contribute to the pathogenicity
that occurs in response to stressful stimuli, as occurs
during skeletal muscle disuse. In fact, Hsp70 is signifi-
cantly down-regulated in multiple models of skeletal
muscle atrophy (5-10), and during disuse this appears
to be sustained for up to 9 wk (10). Given this down-
regulation, we previously used whole-body hyperther-
mia to increase Hsp70 prior to (6), and during (11),
skeletal muscle disuse, which, in both experiments,
significantly attenuated the muscle atrophy. However,
although effective, whole-body hyperthermia likely dif-
ferentially regulates the expression of multiple cellular
proteins, which may ultimately protect against or pro-
mote muscle atrophy. Therefore, no direct evidence
suggests the involvement of Hsp70 in the maintenance
of skeletal muscle mass during an atrophy condition
nor its regulation of specific atrophy signaling pathways
in muscle, in vitro or in vivo.

Skeletal muscle atrophy is a consequence of both
reduced muscle use (e.g., immobilization, unloading,
bed rest, denervation, and space flight) and several
disease states (e.g., cancer, sepsis, diabetes, and ure-
mia). The muscle atrophy in these conditions is a result
of both reduced protein synthesis and increased pro-
tein degradation, but it appears that the latter plays the
larger role (12). Protein degradation is primarily me-
diated through the ubiquitin proteasome pathway (13,
14), and two commonly used markers of this pathway
are the muscle-specific E3 ligases, atrogin-1/muscle
atrophy F-box (MAFbx), and muscle-specific RING
finger 1 (MuRF1). These ligases are significantly up-
regulated in multiple models of muscle atrophy (15).
In addition, atrogin-1~/" mice and MuRF1~/~ mice
show attenuation of muscle atrophy following denerva-
tion (16), demonstrating their requirement for disuse
muscle atrophy.

The expression of atrogin-1/MAFbx and MuRF1 may
be regulated by the two transcription factors, forkhead
box O (Foxo) and NF-kB (17-19). The Foxo family
consists of 4 members in mammalian cells—Foxol,
Foxo3a, Foxo4, and Foxo6 (20). Foxos 1 and 3 receive
the most attention with regard to skeletal muscle atro-
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phy because they are up-regulated during various atro-
phy conditions (9, 21, 22). Furthermore, muscle-spe-
cific overexpression of Foxol is sufficient to cause
skeletal muscle atrophy in vive (23) and is required for
atrogin-1/MAFbx induction during fasting (19). In
addition, overexpression of Foxo3a is sufficient to
up-regulate atrogin-1/MAFbx mRNA (19), activate an
atrogin-1/MAFbx reporter gene (18), and cause skele-
tal muscle fiber atrophy (19). Moreover, expression of
a dominant negative (d.n.) Foxo3a attenuates dexa-
methasone-induced atrogin-1 expression and prevents
myotube atrophy (19).

NF-kB activation is both sufficient to cause skeletal
muscle atrophy in vivo (17) and required for skeletal
muscle atrophy in vivo caused by either cachexia (17,
24) or disuse (17, 25, 26). This NF-kB-mediated muscle
atrophy may be due to its transcriptional regulation of
MuRF1 because mice overexpressing a muscle-specific
constitutively active (c.a.) IkB kinase § (IKK@, (referred
to as MIKK mice), which activates NF-kB, demonstrated
a >3fold increase in MuRF1 mRNA expression but no
change in atrogin-1/MAFbx (17). Furthermore, when
MIKK mice were crossed with mice overexpressing the
IkBa super repressor (IkBa SR) (referred to as MISR
mice), NF-«kB activity and MuRFI mRNA expression
were reduced to baseline. These findings demonstrate
that an increase in NF-«kB activity is required for the
IKKB-induced increase in MuRF1 transcription.

Thus, the purpose of this study was to determine the
role of Hsp70 in the regulation of muscle atrophy
signaling pathways (Foxo and NF-kB) and, therefore,
the regulation of skeletal muscle mass during disuse.
To do this, we injected, and electrotransfered, an
Hsp70 expression plasmid into the soleus muscle of rats
prior to hind-limb immobilization. This use of plasmid-
mediated overexpression of Hsp70 provides the advan-
tages of causing muscle-specific overexpression in adult
muscle only and the capacity to dictate the level of
overexpression. We show here that overexpression of
Hsp70 completely abolished muscle fiber atrophy
caused by immobilization. Further, we demonstrate
that Hsp70 overexpression inhibited the promoter ac-
tivation of the E3 ligases, atrogin-1/MAFbx, and
MuRF1 and inhibited both Foxo3a and NF-xB activities
during disuse. In addition, we demonstrate that the
transcriptional activity of Foxo3a, but not NF-«B, is
necessary for the increase in atrogin-1/MAFbx and
MuRF1 promoter activities during disuse. We conclude
that elevated levels of Hsp70 are sufficient to prevent
skeletal muscle disuse atrophy, at least in part through
inhibition of atrogin-1/MAFbx and MuRFI, which are
regulated by Foxo3a. To our knowledge, this work is
the first to report that Hsp70 can regulate Foxo3a
signaling and draws further attention to the physiolog-
ical importance of the decrease in Hsp70 that occurs
during skeletal muscle atrophy.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (200 g) purchased from Charles
River Laboratories (Wilmington, MA, USA) were used for all
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animal experiments, and all animal procedures were ap-
proved by the University of Florida Institutional Animal Care
and Use Committee.

Expression and reporter plasmids

The pCMV5 expression vector containing Hsp70 ¢cDNA was
obtained from Dr. Bianca Brundel (University of Groningen,
The Netherlands). To create the Hsp70-EGFP plasmid, we
used polymerase chain reaction (PCR) to amplify the Hsp70
insert out of pCMV5 and subcloned it, in frame, into the
Hindlll and Sall sites on the COOH terminus of an EGFP
plasmid (EGFP-cl1 from Clontech, Palo Alto, CA, USA).
Verification that Hsp70 was in frame was confirmed by DNA
sequencing (DNA Sequencing Core, University of Florida,
Gainesville, FL, USA). The NF-kB-GL3 reporter plasmid was
obtained from Dr. Steffan Ho and the Foxo3a-GL3 reporter
from Dr. Alex Toker (Beth Israel Deaconess Medical Center,
Boston, MA, USA), and both have been previously used and
described (26-28). The atrogin-1-GL2 and MuRF1-GL3 re-
porter plasmids, both of which have been previously de-
scribed (17, 18), were generous gifts of Dr. William Mitch
(Baylor College of Medicine, Houston, TX, USA) and Dr.
Steve Shoelson (Joslin Diabetes Center and Harvard Medical
School, Boston, MA, USA), respectively. The IkBa SR plasmid
was a kind gift of Dr. Jean-Francois Peyron (INSERM,
France), and the d.n. Foxo3a (Forkhead (Drosophila) homo-
logue (rhabdomyosarcoma) like 1-DNA binding domain,
FKHRLI1-DBD) a kind gift of Dr. Paul Coffer (University
Medical Center, Utrecht, The Netherlands), and again both
have previously been described (29, 30). Plasmid DNA was
prepared and isolated using an Endotoxin-Free Maxi or Mega
Prep Kit (Qiagen, Valencia, CA, USA).

Plasmid injection and electroporation

Plasmid injection and sequential transfection of skeletal mus-
cle has been detailed previously (31). Briefly, a small incision
was made on the lateral side of the lower leg and the soleus
muscle isolated. Using a 0.3 ml insulin syringe, 50 pl of 1X
PBS, containing the plasmid or plasmid combinations, was
injected evenly along the longitudinal axis of the soleus
muscle. Following injection, electric pulses were delivered
using an electric pulse generator (Electro Square porator
ECM 830; BTX, Hawthorne, NY, USA), by placing two paddle-
like electrodes on each side of the muscle. Five pulses were
delivered in 200 ms interpulse intervals, each with an effective
intensity of 125 V/cm and 20 ms duration. Electrotransfer of
a mixture containing two vectors in skeletal muscle shows
cotransduction of a given fiber 75-95% of the time (32, 33);
thus, a fiber that takes up one vector will most likely also take
up the other. The plasmid amounts injected were 10 pg of the
expression plasmids (Hsp70, Hsp70-EGFP, IkBaS32/36, or
FKHRLI1-DBD) and/or 40 g of the reporter plasmids (NF-
kB-GL3, Foxo3a-GL3, atrogin-1-GL2, or MuRF1-GL3).

Immobilization

Four days following plasmid injection, animals were immobi-
lized bilaterally with the ankle joint in the plantarflexed
position to induce maximal atrophy of the soleus muscle, as
described previously (11, 34). Surfaces to be casted were first
wrapped in a thin layer of protective padding (Medipore
Dress-it; 3M, St. Paul, MN, USA) to prevent abrasions due to
the plaster cast. The padding began just below the ribs and
continued down to encompass the lower abdomen and hind
limbs, leaving adequate space so that urination would not be
affected. A layer of plaster was then applied and allowed to
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dry (Specialist; Johnson & Johnson, New Brunswick, NJ,
USA). To prevent the rats from chewing through the cast, a
strip of Plexiglas wrap was applied (Scotchcast Plus; 3M).
Muscles of immobilized and weight-bearing animals were
extracted 7 days later (11 days following plasmid injection)
except in the case in which NF-«kB activity and gene expres-
sion were measured at 3 days of immobilization (7 days after
plasmid injection).

Muscle preparation and analysis

Soleus muscles were removed and either rapidly frozen in
liquid nitrogen and stored at —80°C for subsequent biochem-
ical analyses, processed immediately for RNA isolation, or
fixed in tissue-freezing medium and frozen for fiber section-
ing and subsequent immunohistochemical analysis.

NF-xB and Foxo3a reporter activity

Following homogenization in a passive lysis buffer (Promega,
Madison, WI, USA) and centrifugation for 20 min at 5000 g,
20 pl of the supernatant was added to 100 pl of luciferase
reagent (Promega) for determination of total muscle lucif-
erase activity, using an LMax II microplate luminometer
(Molecular Devices Corp., Sunnyvale, CA, USA).

Immunohistochemistry

Cross-sections (10 pm) from the midbelly of the soleus
muscle were cut with a cryostat microtome (Microm HM 550;
Microm International, Walldorf, Germany) and fixed in 4%
paraformaldehyde. For visualization of muscle fibers under
fluorescence microscopy muscle sections were incubated with
wheat germ agglutinin Texas Red-X conjugate (Invitrogen,
Carlsbad, CA, USA). Images were captured with an Olympus
IX50 camera and the muscle fiber area of ~200 fibers from
each muscle was traced and measured using Image Pro
Discovery software (Media Cybernetics, Bethesda, MD, USA).

In vivo images

Prior to euthanasia, in rats whose soleus muscles were in-
jected with either EGFP or Hsp70-EGFP, the skin on both
hind limbs was retracted, and rats were placed in a Mouse-
POD (LI-COR Biosciences, Lincoln, NE, USA) on top of an
Odyssey infrared imaging system (LI-COR Biosciences) for in
vivo imaging.

Western blot

A detergent-compatible assay (Bio-Rad, Hercules, CA, USA)
was used to determine protein concentration of muscle
homogenates. Samples were diluted in loading buffer (Bio-
Rad) containing 5% B-mercaptoethanol to achieve a protein
concentration of 2 mg/ml and were heat denatured. Equal
amounts of protein were loaded onto 4-15% linear gradient
gels and separated using SDS-polyacrylamide gel electro-
phoresis. Proteins were transferred for 90 min at 100 V onto
an Immobilon-FL polyvinylidene fluoride membrane (Milli-
pore, Bedford, MA, USA), blocked in PBS containing 5%
milk and 0.05% Tween for 1 h, and incubated overnight with
primary antibody diluted in blocking buffer. The following
primary antibodies were used: anti-ubiquitin (U-5379; Sigma-
Aldrich, St. Louis, MO, USA); anti-Hsp70 (ab6535; Abcam,
Cambridge, MA, USA); anti-GFP (sc-8334; Santa Cruz Bio-
technology, Santa Cruz, CA, USA); and ant-IkBa (sc-371;
Santa Cruz Biotechnology). Following a series of washes, the
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membranes were incubated with Alexa Fluor 680 or
IRDye800 (LI-COR Biosciences) fluorescent-dye conjugated
secondary antibodies and visualized using the Odyssey infra-
red imaging system (LI-COR Biosciences). Relative quantifi-
cation of proteins was determined by measuring the fluores-
cence of each lane at the appropriate molecular weight, or in
the case of total ubiquitinated proteins, total fluorescence in
each lane.

RNA isolation, cDNA synthesis, and RT-PCR

Following 3 days of immobilization or weight-bearing activity,
the soleus muscles were removed and total RNA was isolated
using the Trizol-based method previously described (35). The
RNA quality was subsequently improved by using RNeasy
columns (Qiagen). Total RNA (1 pg) and oligo dT primers
were used to synthesize cDNA using the RETROscript First
Strand Synthesis Kit (Ambion, Austin, TX, USA), according
to the manufacturers instructions. cDNA (5 pl) was then used
as a template for real-time qRT-PCR using primer sets
(Hspala, GenBank accession no. NM_031971; Hspa2, Gen-
Bank NM_021863; atrogin-1, GenBank NM_133521; MuRF1I,
GenBank NM_080903; Nedd4, GenBank U50842; 18S, Gen-
Bank X03205.1) from Applied Biosystems (Austin, TX, USA)
and a 7300 real-time PCR system (Applied Biosystems).
TaqMan probe-based chemistry was used to allow detection of
PCR products, and quantitation of gene expression was
performed using the relative standard curve method.

Statistical analysis

Hspala and Hspa2 mRNA expression and Hsp70 protein ex-
pression were analyzed using a l-tailed Student’s ¢ test, with all
other data analyzed using a 2-way ANOVA followed by Bonfer-
roni corrections for multiple comparisons when appropriate
(GraphPad Software, San Diego, CA). All data are expressed as
means * SE, and significance was established at the P < 0.05 level.

RESULTS

Hsp70 expression

Hsp70 levels are consistently down-regulated during skel-
etal muscle disuse (5, 7, 10). In this study the mRNA
expression of Hspala (Hsp70-1) and Hspa2 (Hsp70-2),
which individually code for Hsp70, were both decreased
by ~70% after 3 days of immobilization (Fig. 14). Fur-
thermore, although Hsp70 protein expression was un-
changed following 3 days of hind-limb immobilization, it
was decreased by 28% following 7 days of immobilization
(Fig. 1B). To overexpress Hsp70 we injected and electro-
transfered an Hsp70 expression plasmid (pCMV5-Hsp70)
or a control plasmid (pCMV5) into the soleus muscle of
rats. Injection of Hsp70 resulted in a 5-fold increase in
Hsp70 protein expression over endogenous Hsp70
(Fig. 2B). In addition, so that we could visualize those
fibers expressing the Hsp70 plasmid, we used an Hsp70-
EGFP plasmid or an EGFP plasmid as control. Overex-
pression of the Hsp70-EGFP fusion protein was confirmed
via Western blot analysis (Fig. 2C) and also resulted in a
54fold increase in Hsp70-EGFP protein expression over
endogenous Hsp70 (Fig. 2D). Furthermore, localization
of the Hsp70-EGFP fusion protein to the soleus muscle
was confirmed by imaging the hind limb, in vivo, using a
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Figure 1. Hind-limb immobilization decreases Hsp70 mRNA
and protein levels. A) Hspala and Hspa2 mRNA expression
from weight-bearing and immobilized soleus muscles after 3
days. B) Hsp70 protein expression from weight-bearing and
immobilized soleus muscles after 3 days and 7 days. Bars
represent means = SE from 6 muscles. ¥*P < 0.05 vs. weight
bearing.

MousePOD and the Odyssey imaging system(LI-COR)
(Fig. 3).

Hsp70 overexpression prevents
immobilization-induced muscle fiber atrophy

To determine whether overexpression of Hsp70 atten-
uates skeletal muscle fiber atrophy, we injected the
Hsp70-EGFP plasmid into the soleus muscle of both
hind limbs of weight-bearing and 7-day immobilized
rats. The cross-sectional area of green fluorescent fibers
(fibers expressing the Hsp70-EGFP fusion protein) was
measured and compared to the cross-sectional area of
nonfluorescing fibers (fibers not expressing Hsp70-
EGFP) (Fig. 44, B). The transfection efficiency in these
experiments, measured by calculating the number of
GFP-expressing fibers compared to the total number of
fibers, was 59%. Muscle fiber cross-sectional area was
reduced with 7 days of immobilization by 28% in
fibers not expressing Hsp70-EGFP (weight bearing,
2373+85.5 wm?; immobilized, 1719+160.6 wm?). How-

HSP70 INHIBITS DISUSE MUSCLE ATROPHY

ever, immobilization did not cause significant muscle
fiber atrophy in those fibers expressing Hsp70-EGFP
(weight bearing, 2321*52.4 pwm?;  immobilized,
2147%32.7 pm?), demonstrating a key role for Hsp70
in disuse muscle atrophy (Fig. 4C). Verification that
EGFP has no effect on muscle fiber cross-sectional area
has previously been confirmed (26).

Overexpression of Hsp70 attenuates the increased
expression of ubiquitin ligases

Because the ubiquitin proteasome pathway is the predom-
inant pathway of protein degradation in atrophying skel-
etal muscle, we determined whether Hsp70 overexpres-
sion attenuated components of this pathway. Specifically,
we determined whether Hsp70 overexpression could at
tenuate the widely reported increase in the mRNA expres-
sion of the E3 ubiquitin ligase genes, atrogin-1/MAFbx,
MuRF1, and neuronal precursor cell-expressed develop-
mentally down-regulated 4 (Nedd4) (8, 16, 26, 36, 37).
Three days of hind-limb immobilization increased the
mRNA expression of atrogin-1/MAFbx, MuRFl, and
Nedd4 by approximately 4-fold, 5-fold, and 3-fold, respec-
tively, which were attenuated by 65, 56, and 68%, respec-
tively, in muscles injected with Hsp70 (Fig. 54). The
unchanged 18S rRNA illustrates the standardization of
loading for these genes and the Hspala and Hspa2 genes.

Because the transfection efficiency was 50-70%, yet
we isolated mRNA from whole muscle for the measure-
ment of mRNA expression, the attenuated increase in
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Figure 2. Overexpression of Hsp70. A) Representative West-
ern blot of whole-cell lysates from solei injected with either a
control or Hsp70 expression plasmid and blotted for Hsp70.
B) Quantification of Hsp70 levels from muscle extracts de-
scribed in A. C) Representative Western blot of whole-cell
lysates from solei injected with either EGFP or Hsp70-EGFP
and blotted for Hsp70. EGFP is 27 kDa; therefore, Hsp70-
EGFP is ~97 kDa. D) Quantification of Hsp70 levels from
muscle extracts described in C. Bars represent means * SE
from =6 muscles. *P < 0.05 vs. control.
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Figure 3. Localization of the overexpressed Hsp70-EGFP to the
soleus muscle. Representative in vivo images (MousePOD; LI-
COR) of a left and right rat hind leg injected with EGFP or
Hsp70-EGFP, respectively. A, C) Brightness low to demonstrate
localization of fluorescent signal to one area. B, D) Brightness
increased to show the outline of the hind leg and, therefore, to
identify the soleus as the muscle of localized fluorescence. TA,
tibialis anterior; GAST, gastrocnemius.

atrogin-1/MAFbx, MuRF1 and Nedd4 mRNA could be
dilutions of what would be seen with increased trans-
fection efficiency. Therefore, we coinjected Hsp70 with
either an atrogin-1 promoter-luciferase reporter plas-
mid or a MuRF1 promoter-luciferase reporter plasmid
to further determine the specific effect of Hsp70 on the
transcriptional activity of these genes. The advantage of
coinjecting two plasmids is that cotransduction of a
given fiber occurs 75-95% of the time (32, 33). Thus,
the atrogin-1 and MuRF1 promoter reporter plasmids
only report from those fibers that also took up the
Hsp70 plasmid. The results are, therefore, a true rep-
resentation of the Hsp70 effect on these genes. Atro-
gin-1 and MuRF1 promoter activities were increased
>2.5-fold following 3 days of immobilization. However,
in muscles injected with Hsp70, atrogin-1 transcrip-
tional activity was completely abolished and MuRF1
transcriptional activity was significantly attenuated fol-
lowing 3 days of immobilization, confirming that Hsp70
can inhibit both atrogin-1 and MuRF1 promoter activ-
ities (Fig. 5B, C). In addition, we measured total
ubiquitinated proteins in whole muscle cell lysates from
weight-bearing and 7-day immobilized rats and found a
50% increase in control-injected muscles that was abol-
ished in muscles injected with Hsp70 (Fig. 5D, E).

Hsp70 overexpression abolishes NF-kB-dependent
reporter activity

Because NF-«B is required for disuse muscle atrophy
(25, 26), sufficient to increase MuRF1 expression (17),
and is inhibited by Hsp70 in specific nonmuscle cells
(3, 38, 39), we next sought to determine whether
Hsp70 could inhibit the reported increase in NF-kB
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activity during disuse. NF-kB-dependent reporter activ-
ity was increased by ~2-fold and 5-fold in immobilized
muscles injected with a control plasmid plus an NF-«xB
reporter plasmid following 3 and 7 days of hind-limb
immobilization, respectively, compared to weight bear-
ing. However, in muscles injected with Hsp70 plus an
NF-kB reporter plasmid, NF-kB-dependent reporter
activity was completely abolished at both time points in
weight-bearing and immobilized muscles (Fig. 6A).
These findings demonstrate that an increase in Hsp70
expression is sufficient to inhibit NF-kB activation in
skeletal muscle. This inhibition of NF-kB by Hsp70 is
not due to changes in Rel A (p65) or NF«B1 (pl05/
p50) transcription, because their levels were unaffected
by Hsp70 overexpression (data not shown). To ensure
that the Hsp70-EGFP fusion protein also inhibited
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Figure 4. Hsp70 overexpression prevents skeletal muscle
fiber atrophy. A, B) Representative cross sections taken from
the soleus muscle of weight bearing (A) and 7 day immobi-
lized rats (B) injected with Hsp70-EGFP. The cross-sectional
area of green fluorescent fibers (fibers expressing Hsp70-
EGFP) were compared to the cross-sectional area of nonfluo-
rescent fibers (fibers not expressing Hsp70-EGFP) within the
same muscle. C) Muscle fiber cross-sectional area of ~250
fibers/muscle, from 6 muscles/group. *P < 0.05 vs. nonex-
pressing weight-bearing fibers; "P < 0.05 vs. nonexpressing
immobilized fibers.
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Figure 5. Hsp70 inhibits the immobilization-induced increase in ubiquitin ligases. A) mRNA expression of MAFbx/atrogin-1,
MuRF1, and Nedd4 in weight-bearing and 3 day immobilized soleus muscles injected with either a control or Hsp70 plasmid.
The standardization of loading is illustrated by the unchanged 18S rRNA. B, C) Atrogin-1 (B) and MuRF1 (C) promoter reporter
activity from the soleus muscles of weight-bearing and 3-day immobilized rats, injected with a control or Hsp70 plasmid plus the
respective promoter reporter plasmid. D) Total ubiquitinated proteins from weight-bearing and 7 day immobilized soleus
muscles injected with either a control or Hsp70 plasmid. E) Representative Western blot of whole-cell lysates from weight-bearing
or immobilized muscles injected with either a control or Hsp70 expression plasmid and blotted for ubiquitin. The sum
fluorescence of each lane was used to quantify total ubiquitinated protein of that sample. Bars represent means * sk from =6
muscles. *P < 0.05 vs. weight-bearing control; TP < 0.05 vs. immobilized control.

NF-kB reporter activity, we coinjected the NF-«kB re-
porter plasmid with either pCMV5, EGFP, Hsp70, or
Hsp70-EGFP into the solei of rats and immobilized the
hind limbs of all rats. Immobilization-induced NF-«kB
reporter activity was inhibited the same with Hsp70-
EGFP as with Hsp70, confirming that the Hsp70-EGFP
fusion protein functions the same as Hsp70 (data not
shown).

Hsp70 overexpression abolishes Foxo3a-dependent
reporter activity

Given that specific inhibition of NF-kB activity during
disuse attenuates skeletal muscle fiber atrophy by 40—
45% (17, 26) and that overexpression of Hsp70 com-
pletely abolished muscle fiber atrophy, we determined
whether Hsp70 could also inhibit the other major
signaling pathway known to regulate skeletal muscle
mass, Foxo. Foxo3a transcriptional activity was in-
creased by 5-fold and 7-fold following 3 and 7 days of

hind-limb immobilization in control-injected muscles

HSP70 INHIBITS DISUSE MUSCLE ATROPHY

and was completely abolished in muscles injected with
Hsp70 (Fig. 6B). Therefore, increased levels of Hsp70
are sufficient to inhibit Foxo3a activation. Similar to
NF-«B, the inhibition of Foxo3a activation, by Hsp70, is
not a transcriptional inhibition since Foxo3a mRNA
expression was unaffected by Hsp70 overexpression
(data not shown). Again we tested the Hsp70-EGFP
fusion protein and found a similar magnitude of Foxo
inhibition (data not shown).

NF-kB is not required for atrogin-1 or MuRF1
transcription during disuse

To determine whether the inhibition of atrogin-1 and
MuRF1 promoter activities by Hsp70 could be due to its
inhibition of NF-kB activity, we first coinjected either a
control plasmid or the IkBa SR with the NF-kB reporter
plasmid prior to 3 days of immobilization. As expected,
the IkBa SR abolished the immobilization-induced
increase in NF-kB activity (Fig. 74). We subsequently
coinjected the control or IkBa SR with the atrogin-1 or
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MuRF1 promoter reporter plasmid into the skeletal
muscle of rats prior to 3 days of immobilization. Sur-
prisingly, the increase in atrogin-1 and MuRF1 pro-
moter activities with immobilization were unchanged
by the IkBa SR (Fig. 7C, D).

Foxo3a is required for both atrogin-1 and MuRF1
transcription during disuse

Because atrogin-1 and MuRF-1 may both be regulated
by Foxo, we next determined whether the inhibition of
their promoter activities by Hsp70 could be due to the
inhibition by Hsp70 of Foxo3a. To inhibit Foxo3a
transcriptional activity we coinjected a control or d.n.
Foxo3a expression plasmid with the Foxo3a reporter
plasmid prior to 3 days of immobilization. As shown in
Fig. 7B, the immobilization-induced increase in Foxo3a
activity was abolished by expression of the d.n. Foxo3a.
We then coinjected the control or d.n. Foxo3a plasmids
with the atrogin-1 or MuRF1 reporter plasmids prior to
3 days of hind-limb immobilization. The increases in
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both atrogin-1 and MuRF1 promoter activities with
immobilization were completely abolished in muscles
injected with the d.n. Foxo3a (Fig. 7C, D).

DISCUSSION

Skeletal muscle disuse has consistently been shown to
result in the down-regulation of Hsp70, at both the
mRNA and protein levels (5-8, 10). The findings of this
study are unique in that we use an in vivo model to show
that overexpression of Hsp70 is sufficient to prevent
skeletal muscle fiber atrophy caused by disuse, inhibit
the widely reported increase in atrogin-1 and MuRF1
during disuse; and abolish the increase in Foxo3a and
NF-kB activation during disuse.

Hsp70 overexpression prevents skeletal muscle fiber
disuse atrophy

The decrease in Hsp70 expression during skeletal
muscle disuse has long been speculated to contribute to
the observed muscle atrophy. However, the functional
role of Hsp70 in chaperoning nascent polypeptides
during translation (6, 40) is the suggested mechanism.
In this respect, a decrease in Hsp70 could slow the
elongation rate and decrease protein synthesis. How-
ever, although decreased protein synthesis may contrib-
ute to muscle atrophy, increased protein degradation
appears to play a much greater role (12, 41). Further-
more, the rates of protein synthesis and translational
efficiency were recently shown to be unaltered follow-
ing 5 days of hind-limb immobilization despite signifi-
cant muscle atrophy (42).

Despite the speculated role of Hsp70, no study has
actually tested for a direct role of Hsp70 in the main-
tenance of skeletal muscle mass during disuse. There-
fore, we transduced rat soleus muscle with an Hsp70
expression plasmid to specifically overexpress Hsp70 in
skeletal muscle during disuse. This transduction caused
an approximately 5-fold increase in Hsp70 protein
expression over endogenous levels, which we consider
to be a physiological level of induction since physical
exercise causes comparable increases (43, 44). In con-
trast, Hsp70 transgenic mice are reported to show a 10-
to 20-fold increase in skeletal muscle Hsp70 protein
levels (45), which may not be physiologically attainable.
The level of Hsp70 overexpression in the current study
completely prevented skeletal muscle fiber atrophy in
those fibers overexpressing Hsp70 compared to fibers
not overexpressing Hsp70. This finding shows, for the
first time, a direct role for Hsp70 in regulating muscle
mass during disuse.

Hsp70 regulates the expression of ubiquitin ligases

The increased expression of the E3 ligases, atrogin-1/
MAFbx, MuRF1, and Nedd4, after 3 days of hind-limb
immobilization, was significantly attenuated in immobi-
lized muscles injected with Hsp70. Since these ubiquitin
ligases catalyze the transfer of active ubiquitin to specific
protein substrates (36), the sum of their inhibition could
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explain the complete attenuation of total ubiquitinated
proteins in muscles overexpressing Hsp70.

Although the protein substrates that are ubiquitinated
by atrogin-1/MAFbx, MuRF1, and Nedd4 remain largely
unknown, some evidence indicates that atrogin-1/MAFbx
ubiquitinates and degrades MyoD (46), MuRF1 ubiquiti-
nates and degrades Troponin I (47) and myosin heavy
chain (48), and Nedd4 targets Notchl (37). Of these
known substrates myosin heavy chain is perhaps the most
functionally significant since myosin is 2 major contractile
protein and therefore an important determinant of con-
tractile function.

Hsp70 inhibits NF-kB and Foxo3a reporter activities

Our finding of an increase in NF-kB reporter activity
during disuse muscle atrophy is congruent with the
findings of others (17, 25-27). It has also been shown
that overexpression of the IkBa SR during disuse
abolishes the increase in NF-kB activity and attenuates
skeletal muscle fiber atrophy by 40-45% (17, 26). In
this study we show that overexpression of Hsp70, like
the super repressor, completely abolishes the increase
in NF-kB reporter activity following 3 and 7 days of
immobilization. Although Hsp70 inhibits NF-kB activity
in Cos-1, HeLa, 293 cells (38), human T-lymphoma
Molt4 cells (3), and brain tissue (39), to our knowledge
this is the first work to show that Hsp70 can inhibit
NF-kB activation in skeletal muscle, either in vitro or in
vivo.

Because the magnitude of NF-kB inhibition seen in
this study is similar to that reported in the IkBa super
repressor studies, it seems likely that ~40-45% of the
atrophy attenuation by Hsp70 is due to its inhibition of
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control; TP < 0.05 vs. immobilized control.

NF-kB. The mechanism of atrophy attenuation through
the inhibition of NF-«kB signaling is presumed to be
through down-regulation of NF-kB target genes that are
involved in muscle atrophy. In this respect, MuRF1 (17,
49), UbcH2 (an E2 protein, or ubiquitin carrier pro-
tein) (50), the C3 proteasome subunit (51), and atro-
gin-1/MAFbx (26) are all potential NF-kB target genes.
Yet none of these genes have been identified as bona fide
NF-kB target genes. In the current study, we show that
complete inhibition of NF-kB reporter activity during
immobilization, by overexpression of the IkBa super
repressor, does not inhibit the increased promoter
activities of MuRF1 or atrogin-1/MAFbx. This finding
shows that NF-kB is not required for the increased
transcription of either MuRF1 or atrogin-1/MAFbx
during disuse and therefore suggests that NF-kB regu-
lates the transcription of other atrophy genes that are
required for disuse muscle atrophy.

Although we show here that NF-«B is not required
for MuRF1 transcription during disuse, NF-kB is suffi-
cient to increase MuRF1 transcription. This was shown
in transgenic mice overexpressing a muscle-specific c.a.
IKKB (MIKK mice). MIKK mice showed a 15-fold
increase in NF-«kB activity that was associated with an
increase in MuRFI mRNA expression but not atrogin-1
(17). In the same study TNF-a treatment of C2C12
myotubes caused a 4.6-fold increase in MuRF1 pro-
moter activity, which was abolished by transfection of
the IkBa SR. Therefore, unlike disuse, NF-«xB is re-
quired for TNF-a-induced MuRF1 transcription.

Our finding that Hsp70 can inhibit Foxo3a reporter
activity has not previously been shown in any cell type.
Although the effects of Foxo3a inhibition in a physio-
logical model of muscle atrophy are currently un-
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known, Foxo3a overexpression is sufficient to cause
muscle atrophy in C2C12 myotubes and in whole
muscle (19). Therefore, the inhibition of Foxo3a re-
porter activity by Hsp70 likely explains, to some degree,
the prevention of muscle fiber atrophy by Hsp70 dur-
ing disuse. We show here that expression of a d.n.
Foxo3a plasmid during disuse abolished the increase in
Foxo3a reporter activity and inhibited the increase in
atrogin-1/MAFbx and MuRF1 promoter activities.
These are the same findings we observed with overex-
pression of Hsp70. It therefore seems likely that the
inhibition of atrogin-1/MAFbx and MuRF1 promoter
activities by Hsp70 are through its inhibition of Foxo3a.

Thus, these findings show, for the first time, that
Foxo3a activity is required for atrogin-1/MAFbx and
MuRF1 transcriptional activation in vive during muscle
atrophy. Our finding of a transcriptional regulation of
atrogin-1/MAFbx by Foxo3a is in agreement with oth-
ers (19). Expression of a c.a. Foxo3a construct is
sufficient to increase atrogin-1 promoter activity and
cause atrophy in myotubes and in whole muscle (19,
52). In addition, expression of a d.n. Foxo3a construct
significantly attenuates the increase in atrogin-1 mRNA
expression and myotube atrophy caused by dexameth-
asone treatment. However, since overexpression of
atrogin-1 alone is not sufficient to cause either myotube
or muscle atrophy (19) Foxo3a must regulate other
atrophy genes that explain the atrophy caused by
overexpression of c.a. Foxo3a. We show here that
Foxo3a also regulates MuRF1.

Our finding of a direct transcriptional regulation of
MuRF1 by Foxo3a has not previously been reported.
However, some indirect evidence suggests that Foxol
regulates MuRF1 since IGF-1 treatment blocks the
dexamethasone-induced increase in MuRF1 mRNA ex-
pression in myotubes overexpressing WT Foxol (53).
In addition, intramuscular injection of IGF-1 inhibits
the increase in MuRF1I mRNA expression with dener-
vation (53). Because IGF-1 leads to the phosphorylation
and inactivation of both Foxol and Foxo3a (19, 54),
this inhibition of MuRF1 with IGF-1 injection could be
regulated by either, or both, Foxos.

In summary, we demonstrate that increased levels of
Hsp70 are sufficient to prevent skeletal muscle disuse
atrophy, which appears to be mediated, at least in part,
through Hsp70’s inhibition of Foxo3a and NF-«kB sig-
naling. While these data further support the notion
that a decrease in Hsp70, as occurs during skeletal
muscle atrophy, may enhance Foxo3a and NF-kB sig-
naling, further investigation is clearly needed. Further-
more, although the current work focuses on the role of
Hsp70 in regulating signaling pathways that lead to
protein degradation pathways, we acknowledge that
muscle atrophy is a result of reduced protein synthesis
as well as increased protein degradation. It is therefore
possible that the prevention of disuse muscle atrophy,
by Hsp70, is also a function of maintained protein
synthesis. However, further investigation is clearly
needed to determine whether Hsp70 directly regulates
both protein degradation and protein synthesis during
muscle atrophy.
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