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X-chromosome linked inhibitor of apoptosis protein
inhibits muscle proteolysis in insulin-deficient mice
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Loss of muscle protein is a serious complication of catabolic
diseases and contributes substantially to patients’ morbidity
and mortality. This muscle loss is mediated largely by the
activation of the ubiquitin–proteasome system; however,
caspase-3 catalyzes an initial step in this process by cleaving
actomyosin into small protein fragments that are rapidly
degraded by the proteasome-dependent proteolytic pathway.
We hypothesized that X-chromosome linked inhibitor of
apoptosis protein (XIAP), an endogenous caspase-3 inhibi-
tor, would block this first step in the cleavage of actomyosin
that would make XIAP a candidate for treating muscle
wasting. To determine if XIAP could attenuate muscle protein
degradation, we used a recombinant lentivirus (Len-XIAP)

encoding the full-length human XIAP cDNA to express XIAP
in vivo. In muscle of streptozotocin-treated insulin-deficient
mice, total muscle protein degradation, caspase-3 activity,
and myofibril destruction were increased while XIAP was
decreased. Overexpression of XIAP in these mice attenu-
ated the excessive muscle protein degradation. Increased
proteasome activity, caspase-3 activity and myofibril protein
breakdown were all reduced. The ability of XIAP to prevent
the loss of muscle protein suggests that XIAP could be
a therapeutic reagent for muscle atrophy in catabolic
diseases.
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Introduction

Loss of lean body mass in catabolic states is associated
with increased morbidity and mortality.1,2 The loss of
muscle protein owing to disease, inactivity,3 and aging4,5

is a widespread phenomenon known as muscle wasting
or atrophy, which occurs in clinical conditions character-
ized by insulin deficiency and/or insulin resistance
including diabetes mellitus,6,7 chronic renal failure,8

trauma,9 burn injury10 and heart failure.11,12 Regardless
of the underlying cause, there are common mechanisms
that are part of the muscle wasting process in many
catabolic conditions.

One important mechanism of muscle wasting involves
activation of the ubiquitin–proteasome proteolytic sys-
tem. This system is activated by a variety of physiolo-
gical stimuli including insulin deficiency.13 We find that
accelerated muscle protein degradation in streptozotocin
(STZ)-induced insulin-deficient animals is because of
activation of the ubiquitin–proteasome system;13,14 how-
ever, this system cannot directly degrade myofibrillar
proteins.15 These proteins must first be cleaved by
caspase-3 into constituent protein fragments to be
degraded by the proteasome-dependent proteolysis

system. The appearance of a 14-kDa actin fragment is a
biomarker of myofibrillar protein breakdown.16

The rate of protein degradation is regulated not only
by the presence of proteolytic enzymes, but also by the
presence of endogenous protease inhibitors. Inhibitor
of apoptosis proteins (IAPs) are endogenous inhibitors
of caspase activity and should block caspase-3-induced
muscle protein degradation when overexpressed in
skeletal muscle cells. To date, seven members of the
IAP protein family have been identified in humans17 and
are the only known endogenous inhibitors of caspases.18

IAPs function by binding to and directly inhibiting
caspases-3, -7 and -9.19,20 X-chromosome linked inhibitor
of apoptosis protein (XIAP) is the most potent member of
the IAP family. XIAP inhibits the caspases that partici-
pate in the initiation of the apoptosis cascade (e.g.
caspase-9) as well as those that participate in terminal
events of the apoptosis cascade (e.g. caspase-3).18

Extensive data from both in vitro and in vivo systems
have demonstrated that increasing XIAP can suppress
apoptosis triggered by diverse stimuli such as growth
factor withdrawal, staurosporine and tumor necrosis
factor a (TNFa).21–23 On the basis of these findings, we
hypothesized that overexpressing XIAP in skeletal
muscle would block caspase-3 activity and decrease
diabetes-induced muscle atrophy. To test this hypothesis,
we used an acute diabetic mouse model. We found that
the amount of XIAP was decreased when the proteolytic
systems were stimulated by STZ in the insulin-deficient
mice. To determine whether XIAP could attenuate the
excessive muscle protein degradation induced by insulin

Received 12 September 2006; revised 21 December 2006; accepted 8
January 2007; published online 22 February 2007

Correspondence: Dr XH Wang, Renal Division, Emory University,
School of Medicine, M/S 1930/001/1AG, 1639 Pierce Dr, WMB 338,
Atlanta, GA 30322, USA.
E-mail: xwang03@emory.edu

Gene Therapy (2007) 14, 711–720
& 2007 Nature Publishing Group All rights reserved 0969-7128/07 $30.00

www.nature.com/gt



deficiency, we introduced a recombinant lentivirus
expressing the coding region of human XIAP into the
skeletal muscle of mice by intra-muscular injection.
Increasing XIAP through lentivirus transduction reduced
muscle protein breakdown by blocking caspase-3 activa-
tion and attenuated the proteasome-dependent proteo-
lytic pathway.

Results

Protein degradation, caspase activity and XIAP levels
in insulin-deficient mice
To examine muscle protein catabolism in intact animals,
we induced insulin deficiency in 6-week-old mice by STZ
injection and compared them to pair-fed, vehicle-injected
mice. After 7 days, we measured protein degradation in
soleus (predominately oxidative, red fibers) and plan-
taris (predominately glycolytic, white fibers) muscles of
these mice. The rate of total protein degradation in the
soleus muscle of insulin-deficient mice was 65.1% higher
than the rate measured in soleus muscles of control mice.
Protein degradation in plantaris muscles of insulin-
deficient mice was 49.5% higher than that in muscle of
control mice (Figure 1a, Po0.05). The rate of protein

degradation was still high when either soleus or
plantaris muscle was incubated with protease inhibitors
to block both lysosomal and calcium-dependent proteo-
lytic pathways (Figure 1a). However, MG132, a protea-
some inhibitor, blocked the increase in protein
degradation induced by insulin deficiency (Figure 1b).
These data indicate that the accelerated muscle protein
degradation in insulin-deficient mice is owing to activa-
tion of a proteasome-dependent proteolytic system.

Caspase-3 can be activated by either caspase-8 or -9.24

We measured caspase-3, -8 and -9 activities in hind-limb
muscle lysates of control and STZ-treated mice. There
was no significant change in caspase-8 between control
and STZ-treated mice (data not shown). The activity of
caspase-3 and -9 was significantly higher in the skeletal
muscle of insulin-deficient mice when compared with
pair-fed control mice (Figure 2a, Po0.05). Consistent
with an increase in caspase activities, the amount of the
anti-apoptotic protein XIAP was significantly decreased
in skeletal muscle of insulin-deficient mice vs pair-fed
control mice (Figure 2b, Po0.01). To determine if the
activation of the caspases would lead to actomyosin
degradation, myofibrillar lysates were prepared by
subjecting the muscle to hypotonic shock and then
lysates were assessed for actin proteins by immunoblot-
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Figure 1 Protein degradation in skeletal muscle of STZ-induced
insulin-deficient mice. These bar graphs show (a) rates of total
protein degradation (open bar plus solid bar) and lysosomal and
calcium-dependent protease pathways (open bar) in soleus and
plantaris muscles from control (ctrl) and diabetic (STZ) mice. Data:
mean7s.e., n¼ 6, *Po0.05, (b) rates of total protein degradation
(open bar plus solid bar) and the proteasome proteolytic pathway
(open bars) in the soleus and plantaris muscle from control (ctrl)
and diabetic (STZ) mice. Degradation by the proteasome-dependent
proteolysis was measured using MG132, a proteasome inhibitor.
Data: mean7s.e., n¼ 6, *Po0.05.
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Figure 2 The changes of caspase and XIAP in STZ-induced
insulin-deficient mice. (a) Fluorogenic substrates were used to
assess caspase activities (Ac-DEVD-AMC for caspase-3 and Ac-
LEHD-MCA for caspase-9) in gastrocnemius muscle of STZ and
control (ctrl) mice. The bars show the difference between the
substrate cleavage in the presence and absence of caspase-3 or -9
inhibitors. (b) Western blot of XIAP in gastrocnemius muscle of STZ
and control (ctrl) mice. XIAP densities were normalized to the
GAPDH loading controls and are presented as % of control density.
Data: mean7s.e., n¼ 6 pairs, *Po0.01, #Po0.001.
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ting. A major band corresponding to the expected size
of monomeric skeletal muscle actin (42 kDa) was present,
but a second, 14 kDa actin fragment indicative of
caspase-3 cleavage, was also present and was increased
with insulin deficiency (Figure 3, Po0.001). Therefore,
insulin-deficient mice exhibit increased protein degrada-
tion, increased caspase activity and decreased XIAP
levels.

Transduction efficiency of Lentivirus in muscle tissue
To investigate if increased XIAP attenuated proteolytic
responses in muscle, we first tested the transduction
efficiency of lentivirus-mediated gene transfer in skeletal
muscle using Len-enhanced green fluorescence protein
(EGFP), a recombinant lentivirus that encodes the EGFP
gene. A three-plasmid expression system was used to
generate lentivirus particles: a packing plasmid, an
envelope plasmid and an expression vector. The packa-
ging plasmid cytomegalovirus (pCMVDR8.91) contained
the human CMV (hCMV) immediate early promoter to
drive the expression of the transduced gene (EGFP, XIAP,
etc.). This plasmid was designed to be defective for the
production of any viral accessory proteins. Lentiviruses
that have been pseudotyped with surface glycoproteins
from different envelope plasmids allow preferential
transduction of specific cell types.25 We produced EGFP
lentiviruses by co-transfecting HEK293 cells with the
expression vector (pCCL.EGFP), the packaging plasmid
(pCMVDR8.91) and one of five different envelope
plasmids (Figure 4A) as follows: (a) VSV-G, Rhabdoviridae
vesicular stomatitis virus G; (b) Mokola, mokola virus;
(c) EbolaZ, Filovirus Ebola Zaire virus; (d) LCMV,
arenavirus lymphocytic choriomeningitis virus; and (e)
murine leukemia virus (MuLV), oncovirus MuLV. We
used these to screen for the optimal conditions for
muscle transduction. Each of the five Len-EGFPs (same
titer (107 transduction units (TU)), freshly prepared
viruses) was slowly injected into the back of hind-limb
muscles of newborn mice. Mice were killed 30 days after
the injection. Gastrocnemius muscles were harvested and
EGFP content determined. We compared the percentage
of positive fibers in the gastrocnemius muscles. MuLV-
enveloped Len-EGFP had the highest transduction
efficiency (50–60%) in muscle fibers (Figure 4B, Po0.05
vs other four envelope plasmids). However, using only
one injection, the animal-to-animal variability was large.

We compared the single-injection technique with a
multiple-injection protocol, where the second injection
was administered in the same place after 14 days and
third injection was given at 28 days after the first
injection. We found that two injections produced better
transduction efficiency than a single (54713 vs 6175%)
injection, whereas three injections did not further
increase the transfection efficiency (6274%). We chose
two injections as our standard protocol to maximize our
transduction efficiency and minimize animal-to-animal
variability.

To investigate whether an increase in XIAP would
attenuate proteolytic responses in muscle, Len-XIAP (108

TU in Hank’s solution) or virus without an exogenous
gene (Len-control (Len-ctrl)) was transduced in the
muscle of newborn mice. Mice were killed 4 weeks after
the second injection. Individual muscles were dissected
and the amount of XIAP in the muscle lysates was
determined by Western blot. XIAP expression was
sharply increased in gastrocnemius, soleus and plantaris
muscle, but not in extensor digitorum longus (EDL)
muscle compared with Len-ctrl-injected muscles
(Figure 5). The transduction efficiency appeared to be
related to the position of the muscles relative to the
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Figure 3 Myofibril protein cleavage in skeletal muscle of STZ-
induced insulin-deficient mice. Western blot of gastrocnemius
showing the 14 kDa actin fragment resulting from the activation
of myofibril protein breakdown. The bar graph shows that the
quantity of actin fragments calculated by the density of 14 kDa
bands divided by the density of 42 kDa actin bands as a percent of
control values. Insulin-deficient mice (black bars) had substantially
higher levels of the actin fragment compared to control mice in
skeletal muscle (data: mean7s.e., n¼ 6, *Po0.001).
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Figure 4 Transduction efficiency of lentiviruses. (A) Shown are
cryosections of gastrocnemius muscle transduced with equal
volumes of concentrated Len-EGFP (107 TU) pseudotyped with
different envelope glycoproteins. Envelope plasmids were derived
from the following viruses: (a) VSV-G, Rhabdoviridae vesicular
stomatitis virus G; (b) Mokola, mokola virus; (c) EbolaZ, Filovirus
Ebola Zaire virus; (d) LCMV, arenavirus lymphocytic choriome-
ningitis virus; (e) MuLV, oncovirus MuLV. Muscles were collected
30 days after injection of the newborns (Materials and methods).
Identical settings (microscope, magnification (� 200), exposure,
camera settings) were used for all muscles compared. (B) Bars show
the transduction efficiency as a percentage of positive cells for the
sections. In one group of mice, Len-EGFP pseudotyped with MuLV
envelope plasmid was boosted with a second injection at 14 days.
Data: mean7s.e., n¼ 5, *Po0.05.
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injection site, that is, greater transduction efficiency was
observed proximal (gastrocnemius) to the injection site
than distal (EDL).

Effect of XIAP on protein degradation in insulin-
deficient mouse muscle
To determine the effect of XIAP on lean body mass, we
measured physiological parameters of the virus-injected
mice (Table 1), including the body weights and indivi-
dual muscle weights at 7 days after STZ treatment. The
body weights of Len-XIAP mice (groups 3 and 4) were
similar to Len-ctrl mice (groups 1 and 2) before STZ
injection. Body weights of STZ mice (group 2) were
decreased by 12% compared to the control mice (group
1), but in the XIAP mice, STZ (group 4) caused only a
6% drop in body weight compared to the XIAP-treated
control mice (group 3). In both sets of mice (with or
without XIAP transduction in muscle) STZ-treated
diabetic mice had significantly higher blood sugar (300
STZ vs 130 mg/dl control) and 43% decreased plasma
insulin levels when compared with pair-fed controls
(Po0.01). The soleus, plantaris and EDL muscles of
insulin-deficient mice (group 2) weighed significantly
less than the muscles of control mice (group 1) (19, 16.5
and 22%, respectively; Po0.05). Within the XIAP-treat-
ment groups, the STZ-treated mice (group 4) showed
a tendency for the soleus and plantaris muscles to be
smaller relative to the XIAP control mice (group 3) (7 and
5%, respectively), but the differences did not reach
statistical significance (group 3 compared with group
4). The muscles of the diabetic XIAP-treated mice (group
4) were, however, significantly larger than the non-XIAP-
treated diabetic mice (group 2), suggesting that the XIAP

protected the diabetic mice from muscle loss. The EDL
muscles from the XIAP mice, which showed very low
XIAP content (Figure 3c), did not show the same
protection.

The rate of protein degradation was measured as the
release of free tyrosine in the isolated soleus and
plantaris muscles in the presence of cycloheximide to
inhibit tyrosine reutilization. As muscle neither synthe-
sizes nor degrades tyrosine, its accumulation reflects the
rate of total protein degradation. Insulin deficiency
increased protein degradation. Increasing the amount
of XIAP by Len-XIAP transduction resulted in a marked
decrease in the insulin deficiency-induced protein
degradation (Figure 6a) in both soleus and plantaris
muscles. Having determined that accelerated muscle
protein degradation was because of activation of the
proteasome-dependent proteolytic pathway in non-
transduced insulin-deficient mice (Figure 1b), we asked
which protein degradation pathway was blocked by
XIAP. We incubated one plantaris muscle under basal
conditions and the contra-lateral muscle with MG132 to
inhibit proteasome function. XIAP blocked the increase
in total proteolysis by blocking the proteasome depen-
dent proteolysis induced by STZ (Figure 6b). The same
pattern was observed in soleus muscle (data not shown).
To explore further whether the increase in muscle
proteolysis in the insulin-deficient mice was related to
activation of the proteasome system, we isolated the
proteasome from hind-limb muscles from four different
groups of mice and measured their activity. The 26S
proteasome chymotryptic-like peptidase activity was
increased 1.9-fold in the muscle of insulin-deficient mice.
The 20S proteasome activity was also significantly
increased 1.4-fold. Increasing the amount of XIAP
significantly suppressed this increased enzyme activity
in both 26S and 20S proteasome (Figure 7).

Muscle fiber cross-sectional area is a good measure
of muscle atrophy and hypertrophy because it avoids
the confounding effects of extracellular volume.26 Cross-
sectional area was determined in frozen sections of
plantaris muscles using an anti-laminin antibody to
detect the muscle membranes. For each muscle cross-
section (Figure 8a), 500 muscle fibers were examined.
Muscle fiber size from STZ-treated mice
(847.7 mm27128.7) was significantly smaller than STZ-
treated XIAP mice (998.7 mm27145.42; Po0.05). Fiber
area frequency distribution revealed a clear increase in
the percentage of small fibers (a leftward shift) in STZ-
treated mice (Figure 8b). XIAP overexpression in STZ-
treated mice suppressed the leftward shift in the fiber
size distribution.
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Table 1 Physiologic parameters

Body Weight (g) Blood sugar Plasma insulin Muscle mass (mg)

Group Before After (mg/dl) (mg/ml) Soleus Plantaris EDL

1 Len-Ctrl Ctrl 17.370.6 17.870.8 13075 1.1470.11 6.370.2 8.570.8 7.670.1
2 STZ 17.470.3 15.370.7* 310751* 0.6570.12* 5.170.3* 7.170.9* 5.970.1*
3 Len-XIAP Ctrl 17.870.3 18.470.5 13176 1.1670.21 6.970.2 8.670.8 7.870.4
4 STZ 17.670.4 16.570.6* 295745* 0.7570.13* 6.470.2# 8.170.9# 6.970.4*

Abbreviations: Ctrl, control, EDL, extensor digitorum longus; STZ, streptozotocin; XIAP, X-chromosome linked inhibitor of apoptosis protein.
All data present as mean7s.e..; n¼ 6/group; *Po0.05 vs group 1; #Po0.05 vs group 2.
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Effect of XIAP on myofibrillar protein cleavage and
caspase activation
To prove that XIAP could block excessive protein
degradation by inhibiting caspase-3, we measured the
caspase-3 activity in muscle after transduction with Len-
XIAP or Len-ctrl. The activity of caspase-3 was signifi-
cantly higher in the skeletal muscle of insulin-deficient
mice vs pair-fed control mice (Figure 9, Po0.05). The
activation of caspase-3 induced by insulin deficiency was
blocked by increasing XIAP. Higher XIAP also attenu-
ated caspase-9 activity. Caspase-3 activation in muscle
leaves a characteristic 14 kDa actin fragment as a
‘footprint’ for myofibrillar protein degradation. The
amount of actin fragment was 2.8-fold higher in the
gastrocnemius muscle of STZ-treated insulin-deficient
mice when compared to controls. However, in the Len-
XIAP-transduced mice, in the presence of the insulin
deficiency, the actin fragment was significantly decreased
compared with STZ-treated control mice (Figure 10,
Po0.05), indicating that XIAP blocked the actin protein
breakdown. Both myofibrillar protein cleavage and
caspase activation were blocked by increasing the
amount of XIAP in muscles of insulin-deficient mice.

Discussion

Our report provides evidence that XIAP, an anti-
apoptosis protein, is decreased in the muscle of insulin-
deficient mice. An increase in XIAP results in resistance
to total protein loss (Figure 6a) and myofibril protein
breakdown (Figure 10) in the muscles of STZ-induced
diabetic mice.

Previous studies have shown that activation of
caspase-3 is an initial step in muscle proteolysis.16,27 An
increase in capase-3-mediated cleavage of actin converts
undegradable myofibril complex (i.e., actin/myosin
complex) into substrates suitable for proteasome clea-
vage. In catabolic diseases,13,14 there is often an upregu-
lation of the ubiquitin–proteasome proteolytic system
components that results from increased gene transcrip-
tion.8,28,29 In this study, we find that increasing muscle
protein degradation is associated with caspase-3 activa-
tion and a decrease in XIAP in the muscle of insulin-
deficient mice (Figure 2b). Siu and Alway3 have shown
that caspase is activated and XIAP is downregulated in
denervated rat skeletal muscle, which is another model
for muscle atrophy. Several investigators have shown
that caspase-3 activation is increased in correlation with
apoptosis in models of muscle protein loss, such as
chronic heart failure,11,12 burns injury30 and disuse.3,31

Therefore, our results may have broad implications in
other catabolic conditions associated muscle wasting, as
well as with models of denervation/disuse atrophy.

XIAP is an endogenous caspase inhibitor that func-
tions by binding to and inhibiting caspases-3, -7 and
-9.19,20 Our data show that increasing XIAP levels
by lentivirus transduction results in 80% inhibition
of the muscle protein breakdown induced by insulin
deficiency. As an autologous protein, XIAP offers the
therapeutic advantage of minimal potential immuno-
logical complications.

There are two major pathways by which caspase-3 is
activated and both are involved with muscle wasting
induced by various stimuli. One is the mitochondrial
pathway and the other is the death receptor pathway. In
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insulin-deficient states such as the STZ-induced type I
diabetes, downregulation of the phosphatidylinositol
3-kinase (PI3 K)/Akt pathway results in mitochondrial
release of cytochrome c.16 Cytochrome c activates
caspase-9, an initiating apoptotic protease. Activated
caspase-9 then associates with APAF-1 to form an
apoptosome, which activates caspase-3.24,27 The death

receptor pathway is triggered by the inflammatory
response that increases circulating cytokines32 similar
to the response seen in type II diabetes.33 Inflammatory
cytokines such as TNFa activate caspase-8 through the
death receptor pathway, and caspase-8 then activates
caspase-3. XIAP can inhibit the apoptotic cascade at the
level of caspase 9 as well as inhibiting at the terminal
step of apoptosis (caspase-3; Figure 9).18

The ATP-dependent ubiquitin–proteasome system is
an important degradative pathway in the breakdown of
bulk protein in muscle. Our studies provide evidence
that activation of the proteasome-dependent pathway is
the major contributor in muscle protein degradation in
insulin-deficient animals.13,14 Our results demonstrate
that XIAP can attenuate the proteolytic response to the
proteasome-dependent proteolytic pathway in muscle of
insulin-deficient diabetic mice (Figures 6b and 8). This
is important because many muscle-wasting conditions
share this regulatory motif (e.g., caspase-3-mediated
proteasome-dependent proteolytic pathway).

Protein degradation induced by insulin deficiency was
not totally blocked by increasing XIAP because the
muscle fibers were not totally transduced by Len-XIAP.
Studies have shown that the intracellular ratio of XIAP to
caspase is critical in determining whether XIAP can
successfully prevent or inhibit apoptosis. XIAP binds to
caspases in either a 1:1 or 2:1 M ratio.20,34 We speculate
that increasing transduction efficiency would improve
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the molar ratio and further reduce muscle protein loss in
insulin-deficient states.

One advantage of lentivirus gene delivery is that a
wide range of dividing and non-dividing cells in vivo,
including post-mitotic tissue can be efficiently trans-
duced. Although lentivirus transduction of muscle has
been reported to be problematic,35,36 we have overcome
this difficulty by adjusting the pseudotype of our
lentivirus. Changing the pseudotype of lentiviruses can
modify their tissue tropism.37 Lentiviral vectors that are
pseudotyped with vesicular stomatitis virus G glycopro-
tein (VSVG) can transduce a broad range of tissue and
cell types and is the most common and commercially
available envelope vector. However, VSVG does not
work well in muscle. Kobinger et al.38 pseudotyped the
lentiviral vectors with different virus envelope glycopro-
teins and found that envelopes derived from the MuLV
were more efficient in transducing muscle fiber.37

MuLV also targets muscle satellite cells (muscle stem
cells) making it a good candidate for muscle gene
transfer. We pseudotyped Len-XIAP and Len-ctrl with
an envelope glycoprotein from the MuLV virus, injected
into newborn mice and achieved 60% transduction
efficiency (Figure 4).

Studies involving adeno-associated virus reported that
repeated administrations increased the gene transfer
levels in skeletal muscle.39 We compared the gene
transfer efficiency between one, two and three injections
by Len-EGFP. Although repeated transduction is un-
necessary for lentivirus because lentivirus integrates
into the genome of the target cells, we found that two
injections elicited more efficient transduction (15% more
positives vs one injection, Figure 4b), but there was no
advantage to a third injection.

Another advantage of lentivirus gene delivery is that,
unlike adenoviruses, lentiviruses do not transfer virus-
derived coding sequence thereby sparing transduced
cells from virus-specific immune responses.40 However,
therapeutic transgenes are sometimes seen as foreign
antigens by the mature immune system, as XIAP is an
endogenous protein, and should not cause an immune
response. Because human XIAP might cause immune
lesions in mice, one solution to this problem is to
introduce the gene in the fetal or neonatal period, which
should lead to tolerance41. We checked for immune
reaction in the mice after human XIAP transduction. We
injected Len-XIAP or phosphate-buffered saline (PBS)
into hind-limb muscle of normal newborn mice. After 7,
21 and 42 days, hind-limb muscles were removed,
sectioned and processed for histology. Analysis using
light microscopy showed no pathological changes
(muscle edema, lymphocyte infiltration), in the injected
areas of hind-limb muscle. We saw limited central nuclei
in both lentivirus and vehicle-injected gastrocnemius
muscles examined 7 days after injection, which indicated
an injection injury not to be a response to viral infiltration
(data not shown). The central nuclei were less apparent
21 days after injection and were undetectable after 42
days. We did not find detectable anti-human XIAP
antibody in the blood of mice transduced with Len-
XIAP (data not shown). However, applicability to human
patients will need to be addressed in future studies.

In conclusion, this is the first study to examine
specifically the effect of the inhibitor of apoptosis protein,
XIAP, on muscle protein catabolism induced by insulin
deficiency. XIAP blunts accelerated muscle total protein
degradation as well as myofibril protein breakdown in
the muscles of insulin deficiency diabetic mice. XIAP
blocks protein loss by inhibition of caspase-3 and
reduction of the proteasome-dependent proteolytic
pathway. This study also shows that lentivirus with the
envelope glycoprotein from MuLV is more successful for
targeting muscle fiber than other popular envelope
proteins, including VSVG. Because the insulin deficiency
model shares pathological characteristics (e.g., increase
of caspase-3 and proteasome-dependent proteolysis)
with other catabolic conditions (e.g., uremia, heart failure
or denervation), our results may provide important
therapeutic possibilities for treatment of muscle wasting
in a number of disease states.

Materials and methods

Animals
Breeder mice (C57BLKS/J om+/m+4) were purchased
from Jackson Laboratories (Bar Harbor, ME, USA) and
bred in the Department of Animal Resources at Emory
University. The experiments were approved by the
Institutional Animal Care and Use Committee of Emory
University. Mice were housed in the animal care facility
with 12-h light, 12-h dark cycle and ad libitum feeding
until pair-feeding started. To obtain blood and tissues,
mice were anesthetized with 12 mg/kg xylazine/60 mg/
kg ketamine. Dissected soleus and plantaris muscles
were incubated in vitro to measure the rates of tyrosine
release. Gastrocnemius muscles were excised, flash-
frozen in liquid nitrogen and stored at �801C for
descriptive experiments below.

Intact actin
(42 kDa)

Actin fragment
(14 kDa)

XIAP
(50 kDa)

100

300

200

0

Len-ctrl

A
ct

in
 f

ra
gm

en
t

(%
 o

f 
co

nt
ro

l)

*

Len-XIAP

Len-ctrl Len-XIAP

GAPDH
(37 kDa) -STZ +STZ-STZ +STZ

-STZ +STZ -STZ +STZ

Figure 10 Effect of Len-XIAP on protein cleavage. The Western
blot shows levels of XIAP (top blot), levels of the 14 kDa actin
fragment and intact actin (middle blot) and the GAPDH loading
control (bottom blot) in muscles harvested from STZ-treated and
non-treated mice. The bar graph shows the quantity of actin
cleavage calculated by the density of the 14 kDa actin fragments
divided by the density of the 42 kDa intact actin and presented as
percent of control values. Data: mean7s.e., *Po0.05 vs Len-ctrl
�STZ and Len-XIAP+STZ, n¼ 6.

X-chromosome linked inhibitor of apoptosis protein
XH Wang et al

717

Gene Therapy



For in vivo transduction using lentivirus, 10 ml of
concentrated virus (freshly prepared) were injected into
hind-limb muscle over 5 min using a Hamilton syringe
(30 gauge needle) within the first 24 h after birth. At
1 min after cessation of the injection, the needle was
retracted an additional 1 mm and then left in place for an
additional 1 min before being slowly withdrawn from
the muscle. Each injection protocol took a total of 10 min.
Both legs of the mouse were injected with the same type
and same amount of lentivirus. A second injection of
lentivirus was administered to 14-day-old mice using the
same technique.

Insulin-deficient mice were produced by STZ (Pfan-
stiehl Lab, Waukegan IL, USA) injection using a 2-day
protocol in which 150 mg/kg (prepared fresh in 0.1 M

citrate buffer, pH 4.0) was given on the first day and
75 mg/kg given on the second day by intra-peritoneal
injection. The control mice were injected with vehicle
only. The quantity of food eaten by the STZ-treated mice
was measured. Vehicle-injected control mice were pair-
fed the same amount of food.8

Plasma insulin was measured by the Biochemistry
Core Laboratory of Emory University using the 1-2-3
ultra-sensitive mouse insulin EIA kit and mammalian
insulin control set (ALPCO, Windham, NH, USA). Blood
glucose concentration was measured by Accu-CHEK
(Roche, Indianapolis, IN, USA).

Muscle protein degradation
Protein degradation was measured as the rate of tyrosine
release from incubated muscle into the media.8 Indivi-
dual muscles of mice were fixed at resting length on a
plastic support and incubated in standard Krebs–Ringer
bicarbonate (KRB) buffer (135.5 mM NaCl, 4.7 mM KCl,
24.8 mM NaHCO3, 1 mM MgSO4, 1 mM KH2PO4, 2.5 mM

CaCl2 and 10 mM glucose) containing 0.5 mM cyclohex-
imide to block tyrosine reutilization. After a 30-min
preincubation, each muscle was transferred to a flask
containing fresh media and incubated at 371C for 2 h. All
incubation flasks were gassed with 95%/O2/5%/CO2 for
3 min at the beginning of the preincubation and experi-
mental periods. Degradation of proteins was measured
by assaying the free tyrosine in the trichloroacetic acid
(TCA)-soluble supernatant using a fluorometric techni-
que.42 The influence of insulin deficiency on different
proteolytic pathways was measured by the rates of
protein degradation in the muscles (soleus or plantaris)
incubated with inhibitors of different pathways while the
contra-lateral muscle was incubated without these
inhibitors.8,14 Lysosomal and calcium-activated proteases
were blocked by (1) adding 1 mU/ml insulin, 200 mM

valine, 170 mM leucine, 100 mM isoleucine and 10 mM

methylamine (an inhibitor of lysosomal function); (2)
deleting calcium from the KRB buffer; and (3) adding
50 mM trans-epoxysuccinyl-L-leucylamido-(4-guanidino
butane) (E-64), a potent inhibitor of the calpains and
the lysosomal proteases cathepsin B, D, H, and L. The
ubiquitin–proteasome proteolytic pathway was inhibited
by adding 20 mM MG132 (Calbiochem Inc. San Diego,
CA, USA).8,14

Muscle Immunohistology
For fiber cross-sectional area, plantaris muscle were
embedded under TBS Tissue Freezing Media (Fisher,
Pittsburgh, PA, USA) in isopentane cooled in dry ice.

Cross sections (10 mm) on gelatin-coated slides were
fixed in 4% paraformaldehyde for 10 min. Tissue was
permeabilized in 0.05% Triton X-100 (in PBS) for 10 min,
and quench-fixed in 50 mM NH4Cl for another 10 min.
Samples were blocked with 5% bovine serum albumin
for 1 h, followed by incubation overnight with polyclonal
anti-laminin antibody (L9393, Sigma-Aldrich; 1:50 dilu-
tion) to detect muscle membranes. Sections were further
incubated for 60 min with rhodamine red-labeled anti-
rabbit IgG diluted 1:100 (Jackson Immuno Research Lab,
West Grove, PA, USA). Images were visualized with an
Olympus 1X51 inverted fluorescence microscope and
captured by SIS-CC12 CLR camera. The area of at least
500 individual myofibers per muscle was measured
using the Micro-suite Five Biological Software (Olympus,
Melville, NY, USA).43 For a count of positive fiber
numbers, we used gastrocnemius muscle that was
transduced with Len-EGFP.

Production of high titer lentivirus
The cDNA coding XIAP was generated by PCR using
primers; (i) 50-aaaggatccgccaccatgacttttaacagttttga-30;
(ii) 50-aaagtcgacttaagacataaaaattttttgct-30 from plasmid
pEBB.XIAP,44.and cloned into the lentivirus vector
pCCL.CMV at the BamH1 and Sal1 restriction sites. The
structure of the lentivirus vector (pCCL.CMV.XIAP) was
verified by DNA sequencing.

HEK293H cells (Invitrogen, Carlsbad, CA, USA) were
plated in 150 mm dishes with high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum, 4 mM L-glutamine, 0.1 mM minimum
essential medium (MEM) non-essential amino acids,
and 1% of penicillin/streptomycin solution. Cells (80%
confluence) were co-transfected with three plasmids
using calcium phosphate, including 5 mg of a packaging
plasmid (pCMVDR8.91),40,45 2 mg of envelope plasmid
(kindly provided by Drs Wilson and Kobinger),37,38 and
3 mg of expression vector (a plasmid encoding human
XIAP, pCCL.CMV.XIAP or pCCL.CMV.CTL for control).
The serum-free DMEM without antibiotics was replaced
on the second day after transfection. The conditioned
medium containing the virus was collected at 48 and
72 h, filtered through 0.45-mM cellulose acetate filter and
then virus collected by low-speed centrifugation (250 g
for 5 min). Virus was concentrated by centrifugation
at 50 000 g for 1.5 h; viral pellets were re-suspended in
a small volume (20% of the starting volume of medium)
of sterile Hank’s solution. Pellets from eight dishes
(150-mm) were pooled and concentrated by a second
ultracentrifugation for another 90 min. The final pellet
was re-suspended in a very small volume (1/800 of the
starting volume of medium) of sterile Hank’s solution
containing 4 mg of polybrene/ml (Sigma). The virus titer
was determined by serial dilution. The fresh con-
centrated viral preparation (108 TU) was used for intra-
muscular injection.

Immunoblot analysis
Muscles (gastrocnemius, soleus, EDL and plantaris) were
homogenized in radioimmunoprecipitation assay (RIPA)
buffer. Protein concentration of the tissue lysate was
determined with the Bio-Rad DC protein assay kit (Bio-
Rad, Hercules, CA, USA). Proteins were subjected to
Western blot analysis using previously published meth-
ods.46 Primary antibodies used were anti-XIAP antibody
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(AF822, 1:1000 dilution, R&D System Inc. Minneapolis,
MN, USA), anti-glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) antibody (1:1000 dilution, Chemicon,
Temecula, CA, USA) and anti-laminin antibody (1:100
dilution, Sigma-Aldrich, St Louis, MO, USA). Horse-
radish peroxidase-linked secondary antibodies were
used and proteins were visualized by enhanced chemi-
luminescence. For determination of actin cleavage, hind-
limb muscles were pulverized under liquid nitrogen
and then homogenized in ice-cold hypotonic buffer. The
homogenates were centrifuged (18 000 g for 10 min) and
the resulting pellets containing the myofibrils were
boiled in Laemmli sample buffer and proteins separated
by 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Anti-actin antibody against the C-term-
inal actin fragment (C11 peptide, Ser-Gly-Pro-Ser-Ile-Val-
His-Arg-Lys-Cys-Phe) was used to detect the 42 kDa
intact actin and the 14 kDa actin fragments (1:100
dilution; Sigma-Aldrich, St Louis, MO, USA). A Bio-
Rad UV-Vis Gel-doc system was used for density
quatitation.

Caspase-3 and -9 activity
Gastrocnemius muscle was pulverized under liquid
nitrogen and homogenized in lysis buffer (100 mM

N-[2-hydroxyethyl] piperazine-N-[2-ethanesulphonic
acid], 10% sucrose, 0.1%. NP-40 and anti-protease cock-
tail 1 tablet / 10 ml (Roche 1836153), pH 7.4). The protein
content of supernatants was quantified with the DC
Protein Assay kit (Bio-Rad, Hercules, CA, USA). We
measured the activity of caspases using a fluorogenic
substrate (Ac-DEVD-7-amino-4-methylcoumarin (AMC)
for caspase-3 and Ac-LEHD-MCA for caspase-9), with or
without a caspase-3 inhibitor (Ac-DEVD-CHO) or cas-
pase-9 inhibitor (Ac-LEHD-CHO) (Promega, Madison,
WI, USA) in the caspase assay buffer provided with the
CaspACE Assay System (Promega, Madison, WI, USA).
The incubation temperature for fluorogen (AMC) release
is 371C for caspase-3 and 41C methylcoumarylamide
(MCA) for caspase-9 for 1 h. Fluorescence was measured
in a fluorometer (Shimadzu) with a 380 nm excitation
wavelength and a 460 nm emission wavelength. The
difference between the substrate cleavage activity levels
in the presence and absence of caspase inhibitor was
used to calculate the contribution of caspase-3 and -9
activities.

Proteasome activity
To measure proteasome proteolytic activity,43 hind-limb
muscles were pulverized under liquid nitrogen and
homogenized in lysis buffer (Tris-HCl, pH 7.4, 50 mM,
MgCl2 5 mm, sucrose 250 mM, and freshly added
dithiothreitol 2 mM and ATP 2 mM). Lysates were
pelleted by centrifugation (5 min, 400 g). The supernatant
from the centrifugation was clarified by two additional
centrifugations: 1 h at 100 000 g for the 26S proteasome,
then 5 h at 100 000 g to obtain the 20S proteasome.15

Pellets were re-suspended in assay buffer (Tris-HCl, pH
7.4, 50 mM, MgCl2 5 mM, ATP 2 mM and glycerol 20%) to
measure the proteasome proteolytic activity. Chymo-
trypsin-like activity was determined from the release of
AMC from the fluorogenic peptide substrate LLVY-AMC
(N-Suc-Leu-Leu-Val-Tyr-AMC) using the Proteasome
Activity Assay Kit (Chemicon Int., Temecula, CA,
USA). Lactacystin, a specific inhibitor of the proteasome,

(200 mM, Calbiochem, San Diego, CA, USA), was in-
cluded with some samples to identify specific proteaso-
mal proteolytic activity. Fluorescence was measured in a
fluorometer (Shimadzu) using an excitation and emission
wavelengths of 380 and 460 nm, respectively.

Statistical analysis
Data were expressed as the mean7s.e. densitometric
data for blots were expressed as a percentage of the mean
density of control after normalization to loading controls.
To identify significant differences between two groups,
comparisons were made by using the Student’s t-test.
Differences with P-values o0.05 were considered sig-
nificant.

Abbreviations

EDL, extensor digitorum longus; MuLV, murine leuke-
mia virus; STZ, streptozotocin; XIAP, X-chromosome
linked inhibitor of apoptosis protein.
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