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Previous co-immunoprecipitation studies have
shown that endogenous PFK-M (phosphofructoki-
nase, muscle-specific isoform) associates with caveo-
lin (Cav)-3 under certain metabolic conditions. How-
ever, it remains unknown whether Cav-3 expression
is required for the plasma membrane recruitment and
caveolar targeting of PFK-M. Here, we demonstrate
that recombinant expression of Cav-3 dramatically
affects the subcellular localization of PFK-M, by tar-
geting PFK-M to the plasma membrane, and by trans-
locating PFK-M to caveolae-enriched membrane do-
mains. In addition, we show that the membrane
recruitment and caveolar targeting of PFK-M appears
to be strictly dependent on the concentration of ex-
tracellular glucose. Interestingly, recombinant ex-
pression of PFK-M with three Cav-3 mutants [�TFT (63
to 65), P104L, and R26Q], which harbor the same
mutations as seen in the human patients with Cav-3-
related muscle diseases, causes a substantial reduc-
tion in PFK-M expression levels, and impedes the
membrane recruitment of PFK-M. Analysis of skeletal
muscle tissue samples from Cav-3(�/�) mice directly
demonstrates that Cav-3 expression regulates the
phenotypic behavior of PFK-M. More specifically, in

Cav-3-null mice, PFK-M is no longer targeted to the
plasma membrane, and is excluded from caveolar
membrane domains. As such, our current results may
be important in understanding the pathogenesis of
Cav-3-related muscle diseases, such as limb-girdle
muscular dystrophy-1C, distal myopathy, and rip-
pling muscle disease, that are caused by mutations
within the human Cav-3 gene. (Am J Pathol 2003,
163:2619–2634)

Phosphofructokinase (PFK) is an enzyme of central im-
portance in the regulation of carbohydrate metabolism. It
catalyzes the rate-limiting and irreversible reaction in gly-
colysis, the conversion of fructose-6-phosphate to fruc-
tose-1,6-bisphosphate. Because PFK plays such a key
role in the control of the glycolytic pathway, its activity
appears to be tightly regulated and modulated by several
allosteric effectors.1 It is inhibited by high concentrations
of ATP and citrate, and it is stimulated by AMP, Pi, fruc-
tose-2,6-bisphosphate, and one of the products of its
own reaction, fructose-1,6-bisphosphate. Therefore,
whenever the cell has high concentrations of ATP, or
other sources of energy are available, such as citrate or
long-chain fatty acids, PFK activity is inhibited and gly-
colysis is blocked. On the other hand, when the cell is in
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energy demand, PFK activity is stimulated. Thus, it is
believed that, in resting cells, the enzyme is functionally
inactive.

Three different PFK isoforms have been identified in
mammals, termed 1) PFK-A or PFK-M (muscle-type), 2)
PFK-B (PFK-L in human, liver-type), and 3) PFK-C or
PFK-P (platelet-type)—each encoded by a different
gene.2,3 The protein products of these genes are differ-
entially expressed during development and display dis-
tinct tissue specificity. These three isoforms can ran-
domly associate to form homo- and hetero-oligomers,
such that the mature PFK is a tetrameric enzyme complex
of �340 kd.4,5 Mature skeletal muscle expresses only the
M subunit, and, therefore, contains exclusively the ho-
motetramer M4. On the other hand, liver contains only the
homotetramer L4. Erythrocytes express both the M and
the L subunits, and random oligomerization gives rise to
five isoenzymes, the homotetramers M4 and L4, and the
three hybrid forms.4,6

An inherited deficiency of the PFK-M subunit (glyco-
genosis type VII)7 causes a syndrome, characterized by
hemolysis, and by a significant myopathy with skeletal
muscle weakness and cramps, exercise intolerance, and
myoglobinuria.8 The observed clinical symptoms in pa-
tients with PFK-M deficiency reflect the lack of PFK-M in
muscle and the partial reduction of the enzyme in eryth-
rocytes.

An increasing body of evidences pinpoints the asso-
ciation of PFK-M with cytoskeletal elements and with
proteins involved in signal transduction processes, sug-
gesting that PFK-M activity could be regulated and co-
ordinated with other cellular processes in a very complex
manner. In skeletal muscle, PFK-M binds to, and is inhib-
ited by, tubulin and microtubules, indicating that the cy-
toskeleton may play a role in controlling the speed of
glycolysis.9 Moreover, PFK-M was shown to form a com-
plex with creatine kinase at the sarcomeric I-band of
skeletal muscle, and this coupling is thought to increase
the efficiency of cellular metabolism.10 In the myocar-
dium, PFK-M interacts with phospholipase A2, suggest-
ing a coordinated regulation of phospholipolysis and gly-
colysis.11 PFK-M serves as a substrate for receptor
tyrosine kinases, such as the insulin receptor (Ins-R) and
epidermal growth factor-receptor (EGF-R) tyrosine ki-
nases.12,13 In addition, PFK-M was found to be associ-
ated with neuronal nitric oxide synthase in brain and
skeletal muscle.14 This interaction might be functionally
relevant, as nitric oxide, the product of nitric oxide syn-
thase activity, can regulate energy metabolism in normal
muscle by stimulating exercise-induced glucose trans-
port.15

Throughout the last decade, an emerging role in or-
chestrating different signaling pathways has been attrib-
uted to 50- to 100-nm membrane invaginations of the
plasma membrane, termed plasmalemmal caveo-
lae.16–18 Several proteins involved in signal transduction,
including nitric oxide synthase isoforms, epidermal
growth factor receptor, and insulin receptor, have been
found to be concentrated in caveolar membrane do-
mains. Compartmentalization within these cellular or-
ganelles appears to be essential in the regulation of the

activation state of certain signaling molecules. The main
structural elements of caveolae are a family of integral
membrane proteins, termed caveolins.19 In mammals,
the caveolin gene family is composed of three members,
termed caveolin (Cav)-1, Cav-2, and Cav-3.19–22 Cav-1
and Cav-2 have similar tissue distributions, and are
highly co-expressed in adipocytes, endothelial cells,
pneumocytes, and fibroblasts,23 whereas Cav-3 is mus-
cle-specific, and is highly expressed in skeletal, cardiac,
and smooth muscle cells.21,24 Several studies have
shown that Cav-1 and Cav-3, but not Cav-2, can induce
the formation of the caveolae organelles, by a mecha-
nism that involves their self-oligomerization proper-
ties.25–29

Cav-3 and muscle caveolae appear to have special-
ized roles in skeletal muscle cells, other than cellular
signaling compartmentalization. Immunohistochemical
studies have shown that Cav-3 is localized at the plasma
membrane of skeletal muscle fibers (sarcolemma).24

Cav-3 expression is greatly induced during the differen-
tiation of myoblasts to myotubes, such that fully differen-
tiated skeletal muscle fibers show a high content of Cav-3
and Cav-3-generated caveolae.22,24 At the level of the
plasma membrane, Cav-3 associates with members of a
protein complex that is thought to confer structural sta-
bility to the muscle cell membrane, the dystrophin-glyco-
protein complex.24,30 Cav-3 and dystrophin competitively
bind to the same site on �-dystroglycan, suggesting that
Cav-3 may have a role in regulating the membrane re-
cruitment of dystrophin, and in the dynamic assembly of
the dystrophin-glycoprotein complex.30 Certain signaling
molecules (such as Gi2�, G��, c-Src, and other Src
family kinases) are found to be enriched in muscle-de-
rived caveolar membranes, corroborating the role of
muscle cell caveolae in the compartmentalization and
modulation of signal transduction processes.24 In addi-
tion, Cav-3 interacts with nitric oxide synthase in skeletal
muscle fibers,31,32 a molecule that is important for the
regulation of muscle contractility and exercise-induced
glucose uptake.

An important role for Cav-3 in muscle physiology was
clearly demonstrated by the finding that mutations in the
Cav-3 gene are responsible for an autosomal dominant
form of limb girdle muscular dystrophy-1C.33 The main
clinical features of these patients include calf hypertro-
phy and mild-to-moderate muscle weakness. After this
initial report, other mutations in the Cav-3 gene have
been associated with different clinical phenotypes, in-
cluding idiopathic hyperCKemia, rippling muscle dis-
ease, and distal myopathy.34–36 These phenotypes all
share the down-regulation, to varying degrees (between
70 to 95%), of Cav-3 protein expression levels.

The role of Cav-3 in skeletal muscle functioning was
further enlightened by the observation that PFK-M forms
a tight complex with Cav-3 under certain metabolic con-
ditions.37 In C2C12 cells, as well as in skeletal muscle
tissue lysates, the Cav-3/PFK-M interaction is favored by
high concentrations of extracellular glucose, and is stim-
ulated by known allosteric activators of PFK activity.37 As
Cav-3 associates with the enzymatically active form of
PFK-M, these findings indicate that interaction of PFK-M
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with Cav-3 would be expected to recruit PFK-M to the
muscle plasma membrane, and concentrate it within
caveolar membrane domains. However, direct evidence
for Cav-3-mediated recruitment of PFK-M to the plasma
membrane is lacking. Thus, this hypothesis remains to be
tested experimentally.

Here, we directly demonstrate that recombinant ex-
pression of Cav-3 regulates the subcellular distribution of
PFK-M. We show that Cav-3 expression recruits PFK-M to
the plasma membrane and caveolin-containing lipid raft
microdomains. In contrast, expression of Cav-3 mutants
that cause limb girdle muscular dystrophy and other
muscle diseases prevents the plasma membrane target-
ing of PFK-M and induces the degradation of PFK-M by a
proteasomal pathway. Finally, analysis of skeletal muscle
tissue from Cav-3-deficient mice clearly demonstrates
the importance of Cav-3 in the regulation of PFK-M be-
havior. Skeletal muscles from Cav-3-null mice show un-
perturbed expression levels of PFK-M, but significant
changes in the subcellular localization of PFK-M. More
specifically, PFK-M is no longer recruited to the plasma
membrane, and is specifically excluded from lipid rafts/
caveolar microdomains in Cav-3-null mice. Taken to-
gether, these results highlight the central role of muscle
caveolae in the control of energy metabolism in skeletal
muscle fibers and provide insight into the molecular
mechanisms underlying muscle diseases in which Cav-3
expression is down-regulated.

Materials and Methods

Materials

Antibodies and their sources were as follows: anti-V5
monoclonal antibody (mAb) (Invitrogen, Carlsbad, CA);
anti-Cav-3 mAb (clone 26)24 (gift of Dr. Roberto Campos-
Gonzalez; BD Transduction Laboratories, Inc.); rabbit
anti-PFK-M polyclonal antibody (pAb) and guinea pig
anti-PFK-M pAb (generated by Dr. Robert G. Kemp, Uni-
versity of Health Sciences, The Chicago Medical School,
North Chicago, IL); anti-Cav-3 pAb (Affinity Bioreagents,
Inc.); anti-Cav-1 pAb (Santa Cruz Biotechnology, Santa
Cruz, CA); anti-actin mAb (clone AC-40) (Sigma Chemi-
cal Co., St. Louis, MO); anti-�-actin mAb (clone AC-15)
(Sigma); proaerolysin (Protox Biotech, Inc., Victoria, Can-
ada); anti-aerolysin polyclonal Ab (gift of Dr. J. Thomas
Buckley, University of Victoria, Canada). A variety of other
reagents were purchased commercially, as follows: cell-
culture reagents were from Life Technologies, Inc. Grand
Island, NY; the Effectene transfection reagent was from
Qiagen, Valencia, CA; glutathione-agarose beads were
from Amersham, Arlington Heights, IL; the proteasomal
inhibitor, MG-132, was from Calbiochem, La Jolla, CA.

Expression Vectors

The cDNAs encoding Cav-3 and Cav-3 mutants (Cav-3
P104L, Cav-3 �TFT, and Cav-3 R26Q) were subcloned
into pCAGGS, a mammalian expression vector driven by
the cytomegalovirus promoter.38,39 The cDNAs encoding

human PFK-M, PFK-B, and PFK-P in the pEF6/V5 TOPO
vector under the control of the human EF-1� promoter
were purchased from Invitrogen (Genestorm Clones).

Cell Culture and Transfection

Cos-7 and 293T cells were grown in DME supplemented
with 10% fetal bovine serum, 2 mmol/L glutamine, 100
U/ml penicillin, and 100 �g/ml streptomycin (Life Tech-
nologies, Inc.). Cells (�40 to 50% confluent) were tran-
siently transfected using the Effectene transfection re-
agent, as per the manufacturer’s instructions, and
analyzed 36 to 48 hours after transfection.

Construction and Purification of GST Fusion
Proteins

GST-Cav-3 and GST-Cav-1 expression constructs were
as previously described.30 Briefly, Cav-3 (residues 34 to
129) and Cav-1 (residues 1 to 178) were amplified and
subcloned into the pGEX-4T vector. GST fusion protein
constructs were transformed into Escherichia coli (BL21
strain; Novagen, Inc., Madison, WI). After induction of
expression through addition of 0.5 mmol/L of isopropyl-
�-D-thio-galactoside (Sigma), GST fusion proteins were
affinity-purified on glutathione-agarose beads, using the
detergent Sarcosyl for initial solubilization.

GST Pull-Down Assays

The pull-down assay using GST alone or GST-Cav-1/3
fusion proteins was essentially as previously de-
scribed.30 Briefly, 293T cells transiently overexpressing
V5-tagged PFK-M were lysed in RIPA buffer [10 mmol/L
Tris-HCl, pH 7.4, 300 mmol/L NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxy-
cholate]. Precleared lysates were then diluted in Tween
buffer (50 mmol/L Tris-HCl, pH 7.4, 1 mmol/L ethylenedia-
minetetraacetic acid, 100 mmol/L NaCl, 0.1% Tween-20,
1 mmol/L dithiothreitol, and protease inhibitors) and
added to �100 �l of an equalized bead volume for over-
night incubation at 4°C. After binding, the beads were
extensively washed with phosphate-buffered saline (six
times). Finally, the beads were resuspended in 3� sam-
ple buffer, boiled, and subjected to SDS-polyacrylamide
gel electrophoresis (PAGE).

Immunoblot Analysis

Transfected cells were washed twice with phosphate-
buffered saline (PBS), and lysed with hot sample buffer
containing dithiothreitol. To prepare tissue lysates,
mouse skeletal muscle tissue was harvested, minced
with scissors, homogenized in a Polytron tissue grinder
for 30 seconds at a medium range speed, using boiling
lysis buffer (10 mmol/L Tris, pH 8; 1% SDS) containing
protease inhibitors (Boehringer Mannheim, Indianapolis,
IN). Protein concentrations were quantified using the
BCA reagent (Pierce, Rockford, IL) and the volume re-
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quired for 10 �g of protein was determined. Samples
were separated by SDS-PAGE (12.5 or 10% acrylamide)
and transferred to nitrocellulose. The nitrocellulose mem-
branes were stained with Ponceau S (to visualize protein
bands) followed by immunoblot analysis. All subsequent
wash buffers contained 10 mmol/L Tris, pH 8.0, 150
mmol/L NaCl, 0.05% Tween-20, which was supple-
mented with 1% bovine serum albumin (BSA) and 4%
nonfat dry milk (Carnation) for the blocking solution and
1% BSA for the antibody diluent. Horseradish peroxi-
dase-conjugated secondary antibodies were used to vi-
sualize bound primary antibodies, with the Supersignal
chemiluminescence substrate (Pierce).

Triton X-100 Insolubility Assay

Transfected Cos-7 cells were washed twice with ice cold
PBS and a buffer containing ice-cold 25 mmol/L Mes, pH
6.5, 0.15 mol/L NaCl, 1% Triton X-100, and protease
inhibitors was added to the cells on ice.40 After a 30-
minute incubation at 4°C without agitation, the soluble
fraction was collected. The insoluble fraction was extracted
using 1% SDS. Equal volumes of the soluble and insoluble
fraction were resolved by SDS-PAGE (12.5% acrylamide)
and analyzed by V5 or Cav-3 immunoblotting.

Purification of Caveolae-Enriched Membrane
Fractions

Caveolae-enriched membrane fractions were purified es-
sentially as we previously described.41 Transfected
Cos-7 cells were homogenized in MBS (25 mmol/L Mes,
pH 6.5, 150 mmol/L NaCl) containing 1% Triton X-100
and solubilized by passage 10 times through a tight-
fitting Dounce homogenizer. Cell lysates were mixed with
an equal volume of 80% sucrose (prepared in MBS lack-
ing Triton X-100), transferred to a ultracentrifuge tube,
and overlaid with a discontinuous sucrose gradient (1.6
ml of 30% sucrose, 1.8 ml of 5% sucrose, both prepared
in MBS, lacking detergent). The samples were then sub-
jected to centrifugation at 200,000 � g (44,000 rpm in a
Sorval rotor SW60) for 16 to 20 hours. A light-scattering
band was observed at the 5/30% sucrose interface.
Twelve 0.37-ml fractions were collected and 10 �g of
each fraction were subjected to SDS-PAGE and sub-
jected to immunoblotting with V5 or Cav-3 antibodies.

Immunofluorescence Analysis

This procedure was performed as we previously de-
scribed.38 Briefly, transfected Cos-7 cells were fixed for
30 minutes in PBS containing 2% paraformaldehyde and
rinsed with PBS. The cells were then incubated in per-
meabilization buffer (PBS, 0.2% BSA, 0.1% Triton X-100)
for 10 minutes, washed with PBS, and treated for 10
minutes with 25 mmol/L of NH4Cl in PBS to quench free
aldehyde groups. Then, cells were incubated with the
primary V5 monoclonal antibody. Bound primary anti-
body was visualized with a secondary antibody [fluores-

cein isothiocyanate-conjugated goat anti-mouse anti-
body (Jackson Immunochemicals, West Grove, PA)].
Cells were then washed with PBS (three times) and slides
were mounted with Slow-Fade anti-fade reagent (Molec-
ular Probes, Eugene, OR). A cooled charge-coupled de-
vice camera attached to an Olympus microscope was
used for detection of bound secondary antibodies. For
double-labeling experiments, the appropriate primary
polyclonal antibody was incubated along with anti-V5
mAb and detected with a tetramethyl-rhodamine isothio-
cyanate-conjugated goat anti-rabbit (Jackson Immuno-
chemicals). For double-labeling experiments with
proaerolysin (to detect GPI-linked proteins), paraformal-
dehyde-fixed cells were incubated with 10�8 mol/L
proaerolysin for 1 hour. After washing, cells were incu-
bated with a monoclonal antibody directed against the
V5-epitope tag and with a rabbit polyclonal antibody
directed against proaerolysin, followed by incubation
with the appropriate secondary antibodies.

Proteasomal Inhibitor Treatment

Twenty hours after transfection, Cos-7 cells were treated
for 16 hours with normal growth media containing either
vehicle alone [dimethyl sulfoxide ((DMSO)] or MG-132
(10 �mol/L). Proteasome inhibitors were dissolved in
DMSO.28

Immunostaining of Skeletal Muscle Sections

Gastrocnemius muscles were isolated from wild-type
(WT) and Cav-3-null mice, rapidly frozen in liquid nitro-
gen-cooled isopentane and stored in liquid nitrogen. Un-
fixed frozen sections (6 �m thick) of skeletal muscle were
blocked with 1% BSA, 10% horse serum, and 0.1% Triton
X-100 for 1 hour at room temperature. Sections were then
incubated with a given primary antibody diluted in PBS
and 1% BSA. After three washes with PBS, sections were
incubated with the appropriate secondary antibody (tet-
ramethyl-rhodamine isothiocyanate-conjugated goat an-
ti-guinea pig antibody or tetramethyl-rhodamine isothio-
cyanate-conjugated goat anti-rabbit antibody). Finally,
the sections were washed three times with PBS and the
slides were mounted with Slow-Fade anti-fade reagent. A
cooled charge-coupled device camera attached to an
Olympus microscope was used for detection of bound
secondary antibodies.

Results

Recombinant Expression of Cav-3 Induces
PFK-M Targeting to Caveolae-Enriched
Microdomains and Recruitment to the Plasma
Membrane

Recent evidence has demonstrated that under certain
physiological conditions, endogenous PFK-M associates
with Cav-3 as evidenced by co-immunoprecipitation
studies in differentiated C2C12 cells (a well-studied skel-
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etal myoblast cell line).37 This interaction can be modu-
lated by the presence of intracellular metabolites that are
known allosteric activators or inhibitors of PFK activity. In
addition, this complex formation can be driven by high
concentrations of extracellular glucose, suggesting that it
is the enzymatically active form of PFK that forms a com-
plex with Cav-3.37 These results suggest that, via the
interaction with Cav-3, PFK-M would be recruited to the
muscle cell plasma membrane, in proximity to which
PFK-M would exert its activity. However, direct evidence
supporting this hypothesis is lacking.

Here, we investigate the hypothesis that expression of
Cav-3 is sufficient to recruit PFK-M to the plasma mem-
brane and caveolar membrane microdomains. To this
end, we used several complementary approaches, in-
cluding a heterologous cellular expression system and a
Cav-3-null mouse model. It should be noted that we used
a cDNA that expresses PFK-M as a fusion protein carry-
ing a V5 tag (a 14-amino acid epitope derived from P and
V proteins of the paramyxovirus) at its C-terminus; as a
consequence, we could easily detect PFK-M by using a
V5 monoclonal probe.

First, to evaluate if we could detect complex formation
between PFK-M and Cav-3 in a heterologous expression
system, we attempted to reconstitute the interaction of
PFK-M with Cav-3. We expressed and affinity-purified a
GST fusion protein containing Cav-3 (termed GST-Cav-
3). After immobilization on glutathione-agarose beads,
GST-Cav-3 was incubated with lysates from 293T cells
transiently overexpressing V5-tagged PFK-M. After ex-
tensive washing, the samples were resuspended in 3�
sample buffer, boiled, and separated by SDS-PAGE.
Blots were then immunostained with anti-V5 antibody.
Figure 1 shows that Cav-3 binds specifically to PFK-M, as
compared with GST alone or with beads alone. Impor-

tantly, the presence of the V5 epitope tag on PFK-M did
not interfere with complex formation in this assay system.

We next evaluated whether the presence of Cav-3
might affect the biochemical properties of PFK-M. Previ-
ous studies have shown that the members of the caveolin
family are normally targeted to liquid-ordered domains,
which are membrane regions enriched in cholesterol and
sphingolipids.18,42 Such liquid-ordered membrane mi-
crodomains have been termed lipid rafts.43 Their specific
lipid composition renders these membrane microdo-
mains more rigid than the surrounding phospholipid bi-
layer, and confers on them special biochemical proper-
ties. In particular, these membranes are resistant to
solubilization by nonionic detergents at low tempera-
tures, thereby facilitating their purification.41,44–46

Because Cav-3 normally resides in such detergent-
resistant membrane microdomains, it shares the property
of being insoluble in nonionic detergents, such as Triton
X-100.21 Thus, we investigated whether the presence of
Cav-3 would influence the ability of PFK-M to partition into
a detergent-resistant membrane compartment. To test
this hypothesis, we performed a well-established assay
to determine Triton X-100 solubility, using Cos-7 cells
transiently transfected with PFK-M alone or in combina-
tion with Cav-3.

Figure 2 shows that when expressed alone, PFK-M
partitions equally between both the soluble and insoluble
fractions. On the contrary, when PFK-M is co-expressed
with Cav-3, PFK-M becomes exclusively Triton-insoluble.
These results clearly indicate that in the presence of
Cav-3, PFK-M changes its biochemical behavior and is
shifted to the detergent-insoluble cellular fraction.

We further investigated the influence of Cav-3 on the
biochemical properties of PFK-M, by evaluating the sub-
cellular fractionation of PFK-M. It is known that when
Cav-3 is expressed, it is targeted to caveolae mem-
branes that behave as detergent-resistant membrane mi-
crodomains.24 Therefore, Cav-3 induces important
changes in the morphology and function of this lipid
microenvironment, and ultimately drives the formation of
membrane invaginations, known as caveolae. To sepa-
rate caveolae-enriched fractions from other membranous
and cytosolic proteins, an established equilibrium su-
crose density gradient system can be used.41,44,47 Using
this method, it is possible to distinguish the caveolae-
enriched fractions (fractions 4 and 5) from other cellular
components (fractions 8 to 12), by tracking the position of
Cav-3.24 To determine the subcellular localization of
PFK-M, Cos-7 cells were transiently transfected with V5
tagged PFK-M, alone or in combination with Cav-3. Cells
were then lysed at 4°C in the presence of Triton X-100,
and were subsequently subjected to sucrose gradient
ultracentrifugation.

Figure 3A shows that when Cos-7 cells are transiently
transfected with PFK-M alone, PFK-M is excluded from
these caveolae-enriched fractions. In striking contrast,
when PFK-M is co-expressed with Cav-3, PFK-M co-
fractionates with Cav-3 (fractions 4 and 5) and is exclu-
sively incorporated into the caveolae-enriched mem-
brane fractions (Figure 3B). Taken together, these results
indicate that expression of Cav-3 changes the biochem-

Figure 1. In vitro reconstitution of PFK-M binding to Cav-3. 293T cells were
transiently transfected with the cDNA encoding PFK-M, containing the V5
epitope tag at its C-terminus. Cell lysates were incubated with affinity-
purified GST alone or GST-Cav-3 (residues 34 to 129) immobilized on
glutathione-agarose beads. After extensive washing, the beads were resus-
pended in 3� SDS-PAGE sample buffer, boiled, and separated by SDS-PAGE.
The nitrocellulose membranes were subjected to Western blot analysis with
the anti-V5 monoclonal antibody to detect PFK-M binding. Note that only
GST-Cav-3 binds PFK-M; no binding was observed with GST alone or with
the same incubation performed with beads alone.
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ical behavior of PFK-M, and induces the targeting of
PFK-M to detergent-resistant/caveolae-enriched mem-
brane microdomains. In addition, these findings provide
further support for the idea that PFK-M and Cav-3 form a
tight complex in vivo.

Given that, in presence of Cav-3, PFK-M changes its
subcellular distribution as determined by biochemical
assays, we next investigated whether recombinant ex-
pression of Cav-3 would modify the localization pattern of
PFK-M. Cos-7 cells were transiently transfected with V5-
tagged PFK-M, alone or in combination with Cav-3. Cells

were then subjected to immunofluorescence analysis.
The distribution of Cav-3 was visualized with a specific
rabbit polyclonal antibody; the distribution of PFK-M was
detected by using the V5 monoclonal antibody. Figure 4A
shows that in cells expressing PFK-M alone, PFK-M is not
targeted to the plasma membrane. Interestingly, recom-
binant expression of Cav-3 dramatically changes the dis-
tribution of PFK-M and induces the targeting of PFK-M to
the plasma membrane (Figure 4B).

To better visualize the targeting of PFK-M to the cell
surface, we also performed double-labeling experiments
with another well-established marker of the plasma mem-
brane, namely GPI-anchored proteins. Cos-7 cells were
transiently transfected with V5-tagged PFK-M, alone or in
combination with Cav-3. Cells were then subjected to
immunofluorescence analysis. The distribution of PFK-M
was visualized using V5 monoclonal antibody. To detect
the distribution of GPI-anchored proteins, we performed
labeling using proaerolysin, a toxin that specifically rec-
ognizes the glycan core of the GPI anchor.48

Figure 4C shows that in cells expressing PFK-M alone,
PFK-M is localized intracellularly, whereas GPI-anchored
proteins are localized to the plasma membrane. On the
contrary, in cells co-expressing PFK-M and Cav-3, both

Figure 2. Recombinant expression of Cav-3 increases the detergent insolu-
bility of PFK-M in cultured cells. Cos-7 cells were transiently transfected with
the cDNA encoding V5-tagged PFK-M, alone or in combination with Cav-3.
Thirty-six hours after transfection, the soluble fraction was extracted by
incubating the cells with a buffer containing 1% Triton X-100. The insoluble
fraction was collected using 1% SDS. Equal volumes of the soluble (S) and
insoluble (I) fractions were resolved by SDS-PAGE and analyzed by V5
immunoblotting. Note that when expressed alone, PFK-M partitions both in
the soluble and in the insoluble fractions. In contrast, when co-expressed
with Cav-3, PFK-M is found only in the insoluble fraction.

Figure 3. Recombinant expression of Cav-3 induces the targeting of PFK-M
to caveolae-enriched membrane fractions. Caveolar microdomains were sep-
arated from the bulk of cellular membranes and cytosolic components using
sucrose gradient fractionation. Cos-7 cells were transiently transfected with
the cDNA encoding V5-tagged PFK-M, alone or in combination with Cav-3.
Thirty-six hours after transfection, cells were lysed in a buffer containing 1%
Triton X-100, and subjected to sucrose gradient ultracentrifugation. Twelve
fractions were collected, and equal amounts of protein from each fraction (10
�g) were separated by SDS-PAGE and blotted onto nitrocellulose. The
distribution of PFK-M and Cav-3 were analyzed by immunoblotting with V5
and Cav-3 antibodies, respectively. Note that when expressed alone, PFK-M
is detected at the bottom of the gradient (A, fractions 8 and 12). In contrast,
in the presence of Cav-3, PFK-M co-fractionates with Cav-3 (B, fractions 4
and 5), which marks the position of caveolar microdomains.
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PFK-M and GPI-anchored proteins are located at the
plasma membrane (Figure 4D).

PFK-M Membrane Recruitment and Caveolar
Targeting Require Extracellular Glucose

Previous co-immunoprecipitation studies have shown
that complex formation between endogenous PFK-M and
Cav-3 in C2C12 cells is dependent on the presence of
extracellular glucose.37 In light of these findings, we next
investigated whether PFK-M membrane recruitment was
sensitive to the concentration of extracellular glucose.

Cos-7 cells were transiently transfected with V5-
tagged PFK-M, alone or in combination with Cav-3. After
incubation for 1 hour either with high-glucose media (4.5
g of glucose per L), or with glucose-free media, cells
were subjected to immunofluorescence analysis. The dis-
tribution of Cav-3 was visualized with a specific rabbit
polyclonal antibody; the distribution of PFK-M was de-
tected by using the V5 monoclonal antibody. Note that in
cells expressing PFK-M alone, incubation with glucose-
free media has no effect on the localization of PFK-M.
Figure 5A shows that PFK-M displays an intracellular
distribution, independently of extracellular glucose con-
centration.

In contrast, depletion of extracellular glucose has a
profound effect on the distribution of PFK-M in cells co-
expressing PFK-M and Cav-3. Figure 5C shows that in-
cubation of cells co-expressing PFK-M and Cav-3 in glu-
cose-free media impedes the membrane targeting of
PFK-M. However, no effect was observed on the distri-
bution of Cav-3 under these experimental conditions (Fig-
ure 5C). The membrane distribution of PFK-M in cells
co-expressing PFK-M and Cav-3 incubated in high-glu-
cose media is shown for comparison (Figure 5B). These
results suggest that the caveolin-mediated membrane
recruitment of PFK-M requires high concentrations of
extracellular glucose. Importantly, the effects of glucose-
free media were completely reversible on readdition of
high-glucose media (data not shown).

We next evaluated whether the concentration of extra-
cellular glucose would affect the targeting of PFK-M to
the caveolae membrane microdomains. To separate the
caveolae-derived membranes from the other membra-
nous and cytosolic cellular components, we performed
sucrose gradient ultracentrifugation, as in Figure 3
above. Cos-7 cells expressing V5-tagged PFK-M and
Cav-3 were incubated for 1 hour either with high-glucose
media or with glucose-free media. Cells were then lysed
with Triton X-100 at low temperatures and subjected to
ultracentrifugation. Twelve fractions were collected and
equal amounts of each fraction were separated by SDS-
PAGE. The distribution of PFK-M and Cav-3 was deter-
mined by immunoblotting with V5 and Cav-3 antibodies,
respectively.

Figure 6, top, shows that when cells were incubated
with high-glucose media, PFK-M co-fractionates with
Cav-3 (fractions 4 and 5). In contrast, incubation of
PFK-M- and Cav-3-expressing cells with glucose-free
media impedes PFK-M targeting to the caveolar mem-
brane microdomains (Figure 6, bottom). Importantly, in-
cubation of the cells expressing PFK-M alone with either
high-glucose media or glucose-free media did not in-
fluence the caveolar targeting of PFK-M. Under these
conditions, PFK-M is exclusively found in fractions 8 to
12, which are not considered to be caveolar fractions
(data not shown). Taken together, these results sug-
gest that the membrane recruitment and caveolar tar-
geting of PFK-M are dependent on two concomitant
factors, ie, Cav-3 expression and the presence of ex-
tracellular glucose.

Figure 4. Caveolin-3 expression changes the subcellular distribution of
PFK-M. Cos-7 cells were transfected with the cDNA encoding V5-tagged
PFK-M, alone or in combination with Cav-3. Thirty-six hours after transfec-
tion, cells were formaldehyde-fixed and immunostained with a monoclonal
antibody against the V5 epitope tag (A), or doubly immunostained with an
anti-V5 mAb and an anti-Cav-3 pAb (B). Alternatively, cells transiently co-
transfected with V5-tagged PFK-M and Cav-3 were doubly immunostained
with an anti-V5 mAb and with proaerolysin for detecting GPI-anchored
proteins (a marker of the plasma membrane). A: Cellular distribution of
PFK-M alone. Note the intracellular perinuclear distribution of PFK-M, when
it is expressed alone. N, Nucleus. B: Cellular distribution of PFK-M in the
presence of Cav-3. Note that, when co-expressed with Cav-3, the localization
of PFK-M shifts toward the plasma membrane (top). C: Intracellular distribution
of PFK-M alone. Note that when expressed alone, the distribution of PFK-M
overtly diverges from the distribution of a traditional plasma membrane marker,
namely the distribution of GPI-anchored proteins. D: Membrane targeting of
PFK-M in the presence of Cav-3 is illustrated by double labeling with a traditional
marker of the plasma membrane, ie, GPI-anchored proteins. In A, B, C, and D
arrows point at the plasma membrane. Scale bars, 10 �m.
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Cav-3 Mutants Cause the Degradation and
Abnormal Localization of PFK-M

Mutations in the CAV-3 gene have been associated with
a variety of muscle diseases, including autosomal dom-
inant limb-girdle muscular dystrophy-1C, idiopathic hy-
perCKemia, rippling muscle disease, and distal myop-
athy.33–36 Two heterozygous mutations were first
identified as responsible for the limb-girdle muscular dys-
trophy-1C phenotype: a 9-bp microdeletion (�TFT) in the
caveolin-scaffolding domain and a missense mutation
(P104L) in the Cav-3 transmembrane domain. Both mu-
tations lead to a �90 to 95% loss of Cav-3 protein ex-
pression.33 The substitution of a glutamine for an arginine
at residue 26 (R26Q) in the N-terminal domain accounts
for the hyperCKemic phenotype, as well as for the rip-
pling muscle disease and for the distal myopathy.34–36

This mutation leads to a partial Cav-3 deficiency in mus-
cle fibers. We previously generated the constructs har-
boring all three mutations, namely Cav-3 P104L, Cav-3
�TFT, and Cav-3 R26Q, and analyzed their phenotypic
behavior using heterologous expression in NIH 3T3
cells.38,39 The three mutants are expressed at much
lower levels as compared to the WT, they are mostly
retained at the level of a perinuclear compartment, and

they are excluded from detergent-resistant/caveolae-en-
riched membrane fractions.38,39

As the behavior of PFK-M is deeply influenced by the
expression of WT Cav-3, we next investigated whether
co-expression with Cav-3 mutants could exert any effects
on the expression level and/or the localization pattern of
PFK-M. Cos-7 cells were transiently transfected with V5-
tagged PFK-M, alone or in combination with either Cav-3
WT, Cav-3 P104L, Cav-3 �TFT, or Cav-3 R26Q. We next
assessed the expression level of PFK-M and Cav-3 by
Western blot analysis with monoclonal antibodies against
the V5-epitope and Cav-3, respectively.

Interestingly, recombinant expression of all three
Cav-3 mutants causes a dramatic down-regulation of
PFK-M protein levels (Figure 7, top). However, no appre-
ciable variations in PFK-M expression levels were ob-
served when PFK-M was co-expressed with Cav-3 WT.
As expected from previous results,38,39 the middle panel
of Figure 7 shows that the expression level of the Cav-3
mutants is greatly reduced as compared to Cav-3 WT. As
a critical internal control, equal protein loading was as-
sessed by Western blot analysis with anti-�-actin IgG
(Figure 7, bottom).

We next explored the hypothesis that the lower protein
expression of PFK-M was due to protein degradation,

Figure 5. PFK-M membrane recruitment is dependent on the presence of extracellular glucose. Cos-7 cells were transfected with the cDNA encoding V5-tagged
PFK-M, alone or in combination with Cav-3. Thirty-six hours after transfection, cells were incubated for 1 hour either with glucose-free media or with high-glucose
media. Cells were then formaldehyde-fixed and immunostained with a monoclonal antibody directed against the V5 epitope tag (A) or doubly immunostained
with anti-V5 mAb and anti-Cav-3 pAb (B and C). Note that glucose depletion of cells expressing PFK-M alone has no significant effect on the distribution of PFK-M
(A, bottom), as compared to cells expressing PFK-M alone incubated in high-glucose media (A, top). However, incubation of cells expressing Cav-3 and PFK-M
in glucose-free media for 1 hour clearly impedes the targeting of PFK-M to the plasma membrane (C). Under these conditions, the distribution of PFK-M remains
perinuclear. In contrast, when cells expressing Cav-3 and PFK-M were incubated in high-glucose media, Cav-3 expression induces the membrane recruitment of
PFK-M. (B). Arrows point at the plasma membrane. These results suggest that the membrane recruitment of PFK-M is dependent on the presence of extracellular
glucose and on Cav-3 expression. N, Nucleus. Note that high-glucose media contains 4.5 g of glucose per L; this is the normal concentration of glucose that is
routinely used in high-glucose DME for cell culture. Scale bars, 10 �m.

2626 Sotgia et al
AJP December 2003, Vol. 163, No. 6



occurring through the proteasomal pathway. As a conse-
quence, we analyzed the effect of proteasome inhibitor
treatment on cells co-expressing PFK-M and Cav-3 mu-
tants. Cos-7 cells were transiently co-transfected with
V5-tagged PFK-M in combination with either Cav-3
P104L, Cav-3 �TFT, or Cav-3 R26Q. The expression lev-
els of PFK-M were evaluated by Western blot analysis.
Figure 8 shows that treatment for 16 hours with the pro-
teasomal inhibitor MG-132 (10 �mol/L) is sufficient to
rescue the expression level of PFK-M (Figure 8, bottom).
However, no effect was observed when cells were
treated for the same time with the vehicle alone (DMSO)
(Figure 8, top). As a critical internal control, equal protein
loading was also assessed by Western blot analysis with
anti-�-actin IgG.

To evaluate the effect of Cav-3 mutant expression on
the cellular distribution of PFK-M, we transiently co-trans-
fected PFK-M with each one of the three mutants, and
analyzed the cells by immunofluorescence microscopy.
As shown in Figure 9, recombinant expression of Cav-3
P104L (Figure 9A), Cav-3 �TFT (Figure 9B), and Cav-3

R26Q (Figure 9C), impeded the targeting of PFK-M to the
plasma membrane.

In summary, we conclude that co-expression with
Cav-3 mutants has a profound effect on the phenotypic
behavior of PFK-M, as we observed that PFK-M is ex-
pressed at much lower levels, and is no longer targeted
to the cell surface.

Caveolin-1 (Cav-1) Interacts with PFK-M and
Induces the Membrane Recruitment of PFK-M

The caveolin gene family contains three members, ie,
Cav-1, Cav-2, and Cav-3. Sequence alignment reveals
that Cav-1 and Cav-3 are �65% identical and �85%
similar. Given the high homology, we wondered whether

Figure 6. The caveolar targeting of PFK-M is dependent on the presence of
extracellular glucose. Caveolar microdomains were separated from the bulk
of cellular membranes and cytosolic components using sucrose gradient
fractionations. Cos-7 cells were transfected with the cDNA encoding V5-
tagged PFK-M in combination with Cav-3. Thirty-six hours after transfection
cells were incubated for 1 hour either with glucose-free media or with
high-glucose media. Then, cells were lysed in a buffer containing 1% Triton
X-100 and subjected to sucrose gradient ultracentrifugation. Twelve fractions
were collected and equal amounts of protein (10 �g) from each fraction were
separated by SDS-PAGE and blotted onto nitrocellulose. The distribution of
PFK-M and Cav-3 were analyzed by immunoblotting with V5 and Cav-3
antibodies, respectively. Note that when cells were incubated in high-glucose
media, PFK-M is targeted to caveolar membrane domains (fractions 4 and 5;
top). In striking contrast, incubation of cells with glucose-free media im-
pedes the caveolar targeting of PFK-M, and under these conditions, PFK-M is
excluded from the caveolar fractions (fractions 8 to 12; bottom). Impor-
tantly, the distribution of Cav-3 and its targeting to fractions 4 and 5 is not
affected by varying the concentration of extracellular glucose. Similar exper-
iments were performed on Cos-7 cells transfected with PFK-M alone. PFK-M
was found to be excluded from the caveolar fractions when cells were
incubated with high-glucose media or with glucose-free media (data not
shown). These results indicate that the caveolar targeting of PFK-M requires
both Cav-3 expression and extracellular glucose. Note that high-glucose
media contains 4.5 g of glucose per L; this is the normal concentration of
glucose that is routinely used in high-glucose DME for cell culture.

Figure 7. Pathogenic Cav-3 mutants down-regulate the expression of PFK-M.
Cos-7 cells were transiently transfected with the cDNA encoding V5-tagged
PFK-M, alone or in combination with Cav-3 WT or pathogenic Cav-3 mutants
(Cav-3 P104L, Cav-3 �TFT, and Cav-3 R26Q). Thirty-six hours after transfec-
tion, cell lysates were prepared and resolved by SDS-PAGE. Transferred
proteins were analyzed by immunoblotting, using either V5 or Cav-3 mAb
probes. Note that PFK-M expression levels are greatly down-regulated when
Cav-3 mutants are co-expressed (asterisks). In contrast, under the same
experimental conditions, PFK-M expression levels remain unchanged in
presence of Cav-3 WT. Western blot analysis with anti-�-actin IgG is shown
as a control for equal loading.
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Cav-1 could interact with PFK-M, and whether as a con-
sequence of this binding PFK-M could be recruited to the
plasma membrane. To test this hypothesis, we first per-
formed a pull-down assay using an affinity-purified GST
fusion protein containing the full-length sequence of
Cav-1 (residues 1 to 178), GST-Cav-1. GST-Cav-1 was
immobilized on glutathione-agarose beads, and incu-
bated with lysates from 293T cells transiently overex-
pressing V5-tagged PFK-M. After extensive washing, the
samples were resuspended in 3� sample buffer, boiled,
and separated by SDS-PAGE. PFK-M binding was de-
tected by immunoblotting with anti-V5 antibody. Figure
10A shows that Cav-1 interacts specifically PFK-M. No
binding was detected in parallel experiments performed
with GST alone or with beads alone.

We next investigated whether recombinant expression
of Cav-1 could induce the membrane recruitment of
PFK-M. Cos-7 cells were transiently transfected with V5-

tagged PFK-M, alone or in combination with Cav-1. Cells
were then subjected to immunofluorescence analysis.
Figure 10B shows that when expressed alone, PFK-M
mainly displays an intracellular pattern. Interestingly, re-
combinant expression of Cav-1 induces changes in the
cellular distribution of PFK-M. Figure 10C shows that in
cells co-transfected with PFK-M and Cav-1, PFK-M is

Figure 8. Treatment with the proteasome inhibitor MG-132 rescues the
degradation of PFK-M induced by Cav-3 mutants. Cos-7 cells were transiently
co-transfected with the cDNAs encoding V5-tagged PFK-M and pathogenic
Cav-3 mutants (Cav-3 P104L, Cav-3 �TFT, and Cav-3 R26Q). Twenty hours
after transfection, cells were incubated with the proteasomal inhibitor MG-
132 (10 �mol/L) or with vehicle alone (DMSO). After 16 hours of treatment,
the cells were lysed in hot sample buffer and proteins were resolved by
SDS-PAGE. Transferred proteins were analyzed by V5 immunoblotting. Note
that upon treatment with MG-132, PFK-M expression levels are greatly
increased (bottom). In contrast, no effect was observed when cells were
treated with vehicle alone (DMSO; top). Note that the V5 blots (top and
bottom) were acquired with the same exposure time. Western blot analysis
with anti-�-actin IgG is shown as a control for equal loading.

Figure 9. Cav-3 mutants impede the recruitment of PFK-M to the plasma
membrane. Cos-7 cells were co-transfected with the cDNA encoding V5-
tagged PFK-M, in combination with each Cav-3 mutant. Thirty-six hours after
transfection, the cells were formaldehyde-fixed and doubly immunostained
with a monoclonal antibody directed against the V5 epitope and with a
polyclonal antibody directed against Cav-3. Note that expression of Cav-3
mutants, namely Cav-3 P104L (A), Cav-3 �TFT (B), and Cav-3 R26Q (C)
impedes the recruitment of PFK-M to the cell membrane. N, Nucleus. Scale
bars, 10 �m.

Figure 10. Cav-1 interacts with PFK-M and induces the membrane recruit-
ment of PFK-M. A: GST pull-down assay. 293T cells were transiently trans-
fected with the cDNA encoding PFK-M carrying the V5 epitope tag at its
C-terminus. Cell lysates were then incubated with affinity-purified GST alone
or GST-Cav-1 (residues 1 to 178) immobilized on glutathione-agarose beads.
After extensive washing, the beads were resuspended in 3� SDS-PAGE
sample buffer, boiled, and separated by SDS-PAGE. The nitrocellulose mem-
branes were subjected to Western blot analysis with the anti-V5 monoclonal
antibody. Note that only GST-Cav-1 binds PFK-M; no binding was observed
with GST alone or with the same incubation performed with beads alone.
B–C: Immunofluorescence. Cos-7 cells were transfected with the cDNA
encoding V5-tagged PFK-M, alone or in combination with Cav-1. Thirty-six
hours after transfection, cells were formaldehyde-fixed and immunostained
with a monoclonal antibody directed against the V5 epitope (B), or doubly
immunostained with the anti-V5 mAb and the anti-Cav-1 pAb (C). Note that
when expressed alone, PFK-M is found mostly intracellularly in a perinuclear
distribution. Interestingly, recombinant expression of Cav-1 induces the
membrane recruitment of PFK-M. N, Nucleus. Scale bars, 10 �m.
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recruited to the plasma membrane. Taken together, these
results suggest that Cav-1 can interact with PFK-M, and
can recruit PFK-M to the plasma membrane.

Recombinant Expression of Cav-3 Does Not
Affect the Phenotypic Behavior of Other PFK
Isoforms

Because there are three different isoforms of mammalian
PFK, namely PFK-M, PFK-B, and PFK-P,3 we wondered
whether Cav-3 expression would also influence the phe-
notypic behavior of PFK-B and PFK-P. We first consid-
ered the detergent solubility properties of PFK-B and
PFK-P. We performed an established assay to determine
their Triton X-100 solubility using Cos-7 cells transiently
transfected with PFK-B or PFK-P, each alone or in com-
bination with Cav-3.

Figure 11A shows that when expressed alone, PFK-B
partitions both in the soluble and insoluble fractions in an
equivalent manner. Interestingly, Figure 11A shows that
Cav-3 expression does not modify the biochemical be-
havior of PFK-B. Figure 11B shows that PFK-P is exclu-
sively Triton-insoluble, and that its pattern is essentially
identical when Cav-3 is expressed. These results clearly
indicate that Cav-3 expression does not affect the deter-
gent solubility of PFK-B and PFK-P.

We next investigated whether Cav-3 expression would
induce PFK-B or PFK-P targeting to caveolae-enriched
fractions. Cos-7 cells were transiently transfected with
either PFK-B or PFK-P, alone or in combination with
Cav-3. Cells were solubilized in the presence of Triton
X-100, and subjected to sucrose gradient ultracentrifu-
gation. Figure 12 shows that PFK-B is excluded from the
caveolae-enriched fractions, and that expression of
Cav-3 does not change this behavior. A similar outcome
was observed when analyzing PFK-P. As shown in Figure
13, Cav-3 expression does not affect the partial targeting
of PFK-P to detergent-resistant membrane microdo-
mains/caveolae-enriched fractions. Thus, we conclude
that Cav-3 specifically affects the phenotypic behavior of
PFK-M, but not PFK-B or PFK-P.

In Skeletal Muscle from Cav-3-Deficient Mice,
PFK-M Is Expressed at Normal Levels, but
Is Mislocalized and Is Not Targeted to
Caveolae-Enriched Microdomains

The above results suggest that recombinant expression
of Cav-3 profoundly affects the phenotypic behavior of
PFK-M, by inducing the targeting of PFK-M to caveolae-
enriched fractions, and by recruiting PFK-M to the
plasma membrane. In addition, recombinant expression
of pathogenic Cav-3 mutants may annul these effects
and may render PFK-M mostly cytoplasmic.

In light of these findings, we evaluated the fate of
PFK-M in a mouse model in which Cav-3 has been ge-
netically ablated. Using standard homologous recombi-
nation techniques, we and others have generated Cav-
3-null mice.27,49 Previous studies have shown that Cav-

3-deficient mice reveal mild myopathic changes, with a
complete loss of muscle caveolae,49 and display alter-
ations in targeting of the dystrophin-dystroglycan com-
plex to lipid raft microdomains and abnormalities in the
organization of the T-tubule system.27 In addition, we
have recently demonstrated that the GPI-linked proteins,
a diversified group of molecules involved in signal trans-
duction processes, manifest an abnormal localization
pattern in Cav-3-null skeletal muscle fibers.50

Lysates were prepared from skeletal muscle tissue
biopsies derived from WT and Cav-3(�/�) mice and
were subjected to SDS-PAGE. Immunoblot analysis using

Figure 11. Cav-3 expression does not affect the detergent solubility of two
other PFK isoforms, namely PFK-B and PFK-P. Cos-7 cells were transiently
transfected either with the cDNA encoding V5-tagged PFK-B, alone or in
combination with Cav-3 (A) or with the cDNA encoding V5-tagged PFK-P,
alone or in combination with Cav-3 (B). Thirty-six hours after transfection,
the soluble fraction was extracted by incubating cells with a buffer containing
1% Triton X-100. The insoluble fraction was collected using 1% SDS. Equal
volumes of the soluble (S) and insoluble (I) fractions were resolved by
SDS-PAGE and analyzed by immunoblotting with V5 or Cav-3 mAb probes.
Note that Cav-3 expression does not affect the detergent solubility of the
other two PFK isoforms, ie, PFK-B and PFK-P. PFK-B partitions both in the
soluble and in the insoluble fractions, either when expressed alone or in
combination with Cav-3 (A). B shows that PFK-P is mainly found in the
insoluble fraction; the presence of Cav-3 does not affect this behavior.
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a rabbit PFK-M antibody that cross-reacts with all three
PFK isoforms, reveals that PFK-M is expressed at normal
levels in Cav-3-null mice (Figure 14A). These results are
consistent with our previous observations using a heter-
ologous expression system demonstrating that Cav-3 WT
expression does not have any effect on PFK-M protein
levels (Figure 7). Western blot analysis of the same sam-
ples was performed using a Cav-3-specific mAb probe
and confirmed the absence of Cav-3 protein expression
in the skeletal muscle samples from Cav-3-null mice (Fig-
ure 14A). Immunoblotting with anti-actin IgG is shown as
a control for equal protein loading (Figure 14A).

Next, frozen sections were prepared using skeletal
muscle tissue derived from WT and Cav-3(�/�) mice and
were probed with a PFK-M rabbit polyclonal antibody that
cross-reacts with all of the three PFK isoforms. Figure 14B
shows that in skeletal muscle fibers from WT mice, PFK-M
localizes at the sarcolemma, as well as intracellularly.
Interestingly, skeletal muscle fibers from Cav-3-null mice
display a profound change in the localization of PFK-M.
Figure 14B shows that PFK-M is no longer targeted to the
sarcolemma of the skeletal muscle fibers of Cav-3-null
mice, as compared to the WT littermates. To our knowl-
edge, this is the first demonstration that PFK is localized
to the plasma membrane (sarcolemma) in skeletal mus-
cle cells or any cell type.

Also, in Cav-3(�/�) muscle, the overall intensity of
immunostaining for PFK-M appears reduced; this is
mostly likely because of that fact that PFK-M is soluble in
the absence of Cav-3 (not membrane bound) and, as a
consequence, is partially washed away during the immu-

nostaining procedure (Figure 15B). In support of this
assertion, total PFK-M levels are unaffected in Cav-3-null
mice as determined by Western blot analysis (Figures
14A and 15A).

We next used a guinea pig polyclonal antibody that
specifically recognizes only PFK-M, but not other PFK
isoforms. Consistent with the above results, Western blot
analysis on WT and Cav-3-null skeletal muscle tissue
revealed that PFK-M expression levels are not altered in
Cav-3-null mice, as compared to their WT counterparts
(Figure 15A). Immunoblot analysis of the same tissue
lysates verified a complete absence of Cav-3 expression
(Figure 15A). However, immunostaining using the guinea
pig anti-PFK-M probe revealed that the localization of
PFK-M is severely affected in skeletal muscle fibers of
Cav-3-deficient mice. As shown in Figure 15B, PFK-M is
present in the cytosol, as well as at the sarcolemma, in
the skeletal muscle fibers from WT mice. In striking con-
trast, PFK-M is primarily excluded from the sarcolemma
and mainly found intracellularly in the skeletal muscle
fibers from Cav-3-deficient mice.

To further explore the mislocalization of PFK-M ob-
served in Cav-3-deficient skeletal muscle fibers, and to
gain insight into the subcellular localization of PFK-M in
Cav-3-deficient skeletal muscle fibers, we next subjected
skeletal muscle tissue from WT and Cav-3-null mice to
sucrose gradient ultracentrifugation. This procedure al-
lows the separation of detergent-resistant membranes/
caveolae-enriched fractions (fractions 4 to 5) from the

Figure 12. PFK-B does not target to lipid rafts/caveolae-enriched fractions.
To separate caveolar microdomains from the other membranous and cyto-
solic components, an established sucrose fractionation system was used.
Cos-7 cells were transiently transfected with the cDNA encoding V5-tagged
PFK-B, alone or in combination with Cav-3. Thirty-six hours after transfec-
tion, cells were lysed in a buffer containing 1% Triton X-100 and subjected to
sucrose gradient centrifugation. Twelve fractions were collected and equal
amounts of protein from each fraction were separated by SDS-PAGE and
blotted onto nitrocellulose. The distribution of PFK-B and Cav-3 were ana-
lyzed by immunoblotting with V5 and Cav-3 antibodies, respectively. Note
that when expressed alone, PFK-B is detected at the bottom of the gradient
(fractions 9 to 12; top). Similarly, in the presence of Cav-3, PFK-B does not
co-fractionate with Cav-3 (detected mainly in fractions 4 and 5), which marks
the position of caveolar microdomains) (bottom).

Figure 13. The expression of Cav-3 does not affect the targeting of PFK-P to
lipid rafts/caveolae-enriched fractions. Lipid rafts/caveolae-enriched mem-
branes were separated from other cellular components using an established
sucrose density gradient system. In this fractionation scheme, immunoblot-
ting with the anti-Cav-3 mAb probe can be used to track the position of lipid
rafts/caveolae-originated membranes (fractions 4 and 5). Cos-7 cells were
transiently transfected with the cDNA encoding V5-tagged PFK-P, alone or in
combination with Cav-3. Thirty-six hours after transfection, cells were lysed
in a buffer containing 1% Triton X-100 and subjected to sucrose gradient
centrifugation. Twelve fractions were collected and equal amounts of protein
from each fraction were separated by SDS-PAGE and blotted onto nitrocel-
lulose. The distributions of PFK-P and Cav-3 were analyzed by immunoblot-
ting with V5 and Cav-3 antibodies, respectively. Note that the targeting of
PFK-P to lipid rafts/caveolae-enriched fractions is not affected by the pres-
ence of Cav-3. Interestingly, PFK-P is mostly excluded from lipid rafts/
caveolae-enriched domains (fractions 4 and 5) and instead is concentrated at
the bottom of the gradient (fractions 8 to 12).
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bulk of cellular membranes and cytosolic proteins (frac-
tions 8 to 12). The distribution of PFK-M was visualized
using a specific guinea pig anti-PFK-M polyclonal anti-
body and the distribution of Cav-3 was detected using a
specific anti-Cav-3 monoclonal antibody. Figure 16
shows that PFK-M is targeted to caveolar membrane
microdomains in skeletal muscle tissue from WT mice. As
predicted, PFK-M is selectively excluded from caveolae-
enriched fractions in Cav-3-deficient mice. Taken to-
gether, these results indicate that, although the expres-
sion levels of PFK-M are not affected in Cav-3-null mice,
the sarcolemmal distribution and caveolar targeting of
PFK-M is severely compromised.

Discussion

Previous studies have demonstrated that, under certain
metabolic conditions, endogenous PFK-M forms a com-
plex with Cav-3 in differentiated C2C12 cells, as well as in
mouse skeletal muscle tissue lysates.37 This interaction
appears to be sensitive to the concentration of extracel-
lular glucose, such that it can occur when the extracel-
lular glucose is elevated, whereas it is undetectable in the
absence of glucose. Known activators of PFK activity
stabilize endogenous Cav-3/PFK-M complex formation

as measured by co-immunoprecipitation, suggesting that
it is the active form of PFK that interacts with Cav-3.37

Taken together, these findings suggest the hypothesis
that extracellular glucose regulates the caveolar target-

Figure 14. In skeletal muscle tissue from Cav-3(�/�) mice, PFK isoforms
show normal expression levels but are mislocalized. A: Western blot analysis.
Protein lysates were prepared from skeletal muscle biopsies of WT and
Cav-3(�/�) mice [knockout (KO)] and separated by SDS-PAGE. The blots
were subsequently subjected to immunoblotting using a rabbit polyclonal
anti-PFK-M antibody that cross-reacts with all three PFK isoforms. Note that
PFK-M is expressed at normal levels in the skeletal muscle tissue of Cav-3-
deficient mice as compared with WT control littermate mice. Equal loading
was assessed by immunoblotting with a monoclonal antibody directed
against actin (clone AC-40). B: Immunohistochemistry. Skeletal muscle tissue
frozen sections were prepared from muscle biopsies of WT and Cav-3 (�/�)
mice (KO) and were immunostained with a rabbit polyclonal anti-PFK-M
antibody that cross-reacts with all of the three PFK isoforms. PFK-M shows
both an intracellular and membrane bound distribution in WT skeletal mus-
cle fibers. In contrast, note that the absence of Cav-3 impedes the recruitment
of PFK-M to the sarcolemma in Cav-3-deficient skeletal muscle. Also, in
Cav-3(�/�) muscle, the overall intensity of immunostaining for PFK-M
appears reduced; this is mostly likely because of that fact that PFK-M is
soluble in the absence of Cav-3 (not membrane bound) and, as a conse-
quence, is partially washed away during the immunostaining procedure (see
Figure 15B). In support of this assertion, total PFK-M levels are unaffected in
Cav-3-null mice as determined by Western blot analysis (A) (see also Figure
15A). Scale bars, 50 �m.

Figure 15. PFK-M shows normal expression levels, but is mislocalized in skel-
etal muscle tissue from Cav-3(�/�) mice. A: Western blot analysis. Protein
lysates were prepared from skeletal muscle biopsies of WT and Cav-3(�/�)
mice (KO) and separated by SDS-PAGE. The blots were subsequently subjected
to immunoblotting using a guinea pig polyclonal antibody specific for PFK-M.
This antibody does not cross-react with other PFK isoforms. Note that the total
content of PFK-M is not affected in skeletal muscle samples derived from of
Cav-3 KO mice as compared to WT control mice. Equal loading was assessed
by immunoblotting with a monoclonal antibody directed against actin (clone
AC-40). B: Immunohistochemistry. Skeletal muscle tissue frozen sections were
prepared from WT and Cav-3(�/�) mice (KO) and were immunostained with
a guinea pig polyclonal antibody specific for PFK-M. Note that PFK-M is local-
ized in a cytoplasmic compartment, as well as at the cell membrane of skeletal
muscle fibers from WT mice, whereas it is mainly cytoplasmic in Cav-3-deficient
skeletal muscle fibers. Scale bars, 50 �m.

Figure 16. PFK-M does not localize to lipid rafts/caveolae-enriched fractions
in skeletal muscle tissue from Cav-3-deficient mice. Caveolar microdomains
were separated from other membranous and cytosolic constituents using
sucrose flotation gradients. Using this fractionation scheme, the caveolae-
derived membranes (fractions 4 and 5) can be tracked by immunoblotting
with a Cav-3 antibody. Skeletal muscle tissue samples from WT and Cav-
3(�/�) mice were homogenized in lysis buffer containing 1% Triton X-100
and were subjected to sucrose gradient centrifugation. Twelve fractions were
collected and 5 �g of each fraction was separated by SDS-PAGE and blotted
onto nitrocellulose. The distribution of PFK-M and Cav-3 was analyzed by
Western blotting using a polyclonal PFK-M antibody raised in guinea pig, and
a monoclonal antibody probe specific for Cav-3, respectively. Note that in
skeletal muscle from WT mice, a significant amount of PFK-M localizes to
caveolae-enriched membrane fractions. In contrast, in Cav-3 KO mice,
PFK-M is specifically excluded from the caveolae-enriched fractions (frac-
tions 4 to 7) and is localized to the bottom of the gradient (fractions 9 to 12).
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ing of PFK-M to caveolae via interactions with Cav-3.
However, direct experimental evidence supporting this
hypothesis is lacking.

In this report, using heterologous expression systems,
and by using a Cav-3-null mouse model, we show that
expression of Cav-3 is necessary to target PFK-M to
caveolar membrane microdomains. We show that recom-
binant expression of Cav-3 induces profound changes in
the biochemical behavior of PFK-M, by targeting PFK-M
to a detergent-resistant, caveolae-enriched membrane
compartment, and the cellular distribution of PFK-M, by
trans-locating PFK-M to the plasma membrane. Intrigu-
ingly, glucose depletion of cells co-expressing PFK-M
and Cav-3 impedes PFK-M membrane recruitment and
caveolar targeting. These findings suggest that Cav-3
expression and the presence of extracellular glucose are
both necessary for delivering PFK-M to caveolar regions
of the plasma membrane. These results are fully consis-
tent with the idea that Cav-3 and PFK-M form a discrete
complex in vivo. Additional insights were achieved by the
recombinant co-expression of PFK-M with three patho-
genic Cav-3 mutants, which harbor the same mutations
seen in patients with muscle diseases. We used two
constructs, Cav-3 P104L and Cav-3 �TFT, that carry the
same mutations as in limb-girdle muscular dystrophy-1C
patients,33,38 whereas the third mutant, Cav-3 R26Q, is
associated with idiopathic hyperCKemia, rippling muscle
disease, and distal myopathy.34–36,39 Surprisingly, when
PFK-M is co-expressed with these Cav-3 mutants, PFK-M
expression levels are greatly reduced. However, treat-
ment with inhibitors of the proteasomal pathway, namely
MG-132, restored PFK-M expression to normal levels.
These results suggest that co-expression with Cav-3 mu-
tants causes PFK-M protein degradation. In addition,
recombinant co-expression with these pathogenic Cav-3
mutants impedes PFK-M targeting to the plasma mem-
brane, and induces PFK-M retention in a perinuclear
Golgi-like compartment. Interestingly, we show that
Cav-1, a protein highly homologous to Cav-3, can also
interact with PFK-M. In addition, recombinant expression
of Cav-1 is sufficient to recruit PFK-M to the plasma
membrane. We also evaluated the effects of Cav-3 ex-
pression on the behavior of the other two isoforms of PFK,
namely PFK-B and PFK-P. However, PFK-B and PFK-P
did not significantly change their detergent solubility
properties or their subcellular distribution when co-ex-
pressed with Cav-3. As such, Cav-3 expression specifi-
cally affects PFK-M in an isoform-specific manner.

The evaluation of skeletal muscle fibers from Cav-3-
deficient mice directly demonstrated the pivotal role of
Cav-3 expression in regulating the subcellular distribu-
tion of PFK-M. Although the expression level of PFK-M
remains unchanged in Cav-3-null skeletal muscle tissue
as compared to WT littermate controls, the subcellular
distribution was deeply affected by the absence of
Cav-3. Immunofluorescence analysis and subcellular
fractionation experiments revealed that, in Cav-3-defi-
cient skeletal muscle fibers, PFK-M is no longer targeted
to the muscle cell plasma membrane and is specifically
excluded from lipid raft/caveolae-enriched fractions. One
possible explanation for this shift in the distribution of

PFK-M in Cav-3-null mice is low serum glucose levels.
However, we have determined the serum glucose levels
in Cav-3-null mice and they are normal, as compared with
WT littermate controls (data not shown). In summary, we
conclude that Cav-3 deficiency in mice causes a pro-
found redistribution of PFK-M; these findings are fully
complementary to what we have observed using a het-
erologous expression system.

The concept that Cav-3 coordinates the subcellular
distribution of PFK-M, a key player of the glycolytic path-
way, highlights the important role of muscle cell caveolae
in the regulation of the energy metabolism. By interacting
with Cav-3, PFK-M is recruited in a glucose-dependent
manner to muscle caveolar membranes, in close proxim-
ity to the site of glucose uptake. In fact, previous studies
have demonstrated that, in adipocytes, on insulin stimu-
lation, a fraction of the insulin-responsive glucose trans-
porter GLUT4 is rapidly trans-located to caveolar mi-
crodomains.51–53 In addition, GLUT4 has been previously
localized to caveolae domains in skeletal muscle fibers
by immunoelectron microscopy.54,55 Taken together,
these findings strongly suggest that the glucose trans-
porter and the key regulatory enzyme of glycolysis are
simultaneously recruited to the plasma membrane, and
locally concentrated in caveolar microdomains. This
compartmentalization would render the usage of glucose
far more efficient and rapid. As such, muscle caveolae
would play a crucial role in the regulation of the energy
metabolism of the cell.

The demonstration that PFK-M requires Cav-3 expres-
sion for cell membrane recruitment and caveolar target-
ing may be very important in elucidating the pathogenic
mechanisms underlying muscle diseases that are
caused by mutations within the Cav-3 gene. In these
patients, almost complete loss of Cav-3 protein expres-
sion may cause an abnormal localization pattern of
PFK-M, thereby impairing efficient glucose usage and
muscle functioning. Studies on muscle biopsies from
Cav-3-deficient patients will be extremely important to
further elucidate this point.

Because we show that Cav-1 can bind PFK-M, and that
recombinant expression of Cav-1 induces membrane tar-
geting of PFK-M, it will be interesting to evaluate the
distribution of PFK-M in smooth muscle cells from Cav-3-
deficient mice, as well as from Cav-1-deficient mice.
Smooth muscle cells are the only cell type that co-ex-
press both Cav-1 and Cav-3. As such, they may repre-
sent an ideal cell system to further investigate whether
Cav-1 or Cav-3 can functionally complement each other
in vivo in the membrane recruitment of PFK-M.
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