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APPL1 is a newly identified adiponectin receptor-binding
protein that positively mediates adiponectin signaling in cells.
Here we report that APPL2, an isoform of APPL1 that forms a
dimer with APPL1, can interacts with both AdipoR1 and
AdipoR2 and acts as a negative regulator of adiponectin signaling
in muscle cells. Overexpression of APPL2 inhibits the interac-
tion between APPL1 and AdipoR1, leading to down-regulation
of adiponectin signaling in C2C12 myotubes. In contrast, sup-
pressing APPL2 expression by RNAi significantly enhances adi-
ponectin-stimulated glucose uptake and fatty acid oxidation. In
addition to targeting directly to and competing with APPL1 in
binding with the adiponectin receptors, APPL2 also suppresses
adiponectin and insulin signaling by sequestrating APPL1 from
these two pathways. In addition to adiponectin, metformin also
induces APPL1-APPL2 dissociation. Taken together, our
results reveal that APPL isoforms function as an integrated Yin-
Yang regulator of adiponectin signaling and mediate the cross-
talk between adiponectin and insulin signaling pathways in
muscle cells.

Adiponectin, an adipocyte-secreted hormone that regulates
energy homeostasis and insulin sensitivity, has been shown to
be a promising therapeutic drug target for the treatment of type
2 diabetes (1–3). Adiponectin binds to its membrane receptors
(AdipoR1 and AdipoR2)3 and regulates lipid and glucose
metabolism by activating downstream signaling molecules,
such as AMP-activated protein kinase (AMPK), p38 MAP
kinase (MAPK), and PPAR�, in themuscle and liver (1, 4). Acti-
vation of AMPK by adiponectin reduces S6 kinase-mediated
IRS-1 serine phosphorylation and increases IRS-1 tyrosine
phosphorylation thus sensitizes insulin signaling in C2C12

myotubes (5), suggesting a direct cross-talk between the adi-
ponectin and insulin signaling pathways.
We have recently identified APPL1 (adaptor protein-con-

taining PH domain, PTB domain, and leucine zipper motif)
as a signaling protein immediately downstream of adiponec-
tin receptors and positively mediates adiponectin signaling
in muscle cells (6). This adaptor protein was previously
shown to interact with the catalytic subunit of PI 3-kinase
(p110) and Akt, which are two key kinases in the PI 3-kinase
pathway downstream of the insulin receptor (7). The inter-
action between APPL1 and Akt is required for insulin-stim-
ulated GLUT4 translocation (8) and for controlling Akt
substrate selectivity (9). It has been shown that APPL1-po-
tentiated Akt activity to suppress androgen receptor trans-
activation in prostate cancer cells (10). APPL1 has also been
suggested to function as an adaptor protein in regulating
follicle-stimulated hormone (FSH)-mediated PI 3-kinase/
Akt signaling pathway (11, 12). Our results showed that
APPL1 binds directly to the intracellular part of the adi-
ponectin receptors and positively mediates adiponectin sig-
naling to the AMPK and p38 MAPK pathways, leading to
increased glucose uptake and fatty acid oxidation in muscle
cells (6). In addition, we found that APPL1 plays a critical
role in regulating the cross-talk between adiponectin and
insulin signaling pathways (6). APPL1 has since been found
to mediate adiponectin signaling in other types of cells such
as endothelial cells to regulate nitric oxide production and
endothelium-dependent vasodilation (13) and to protect
from IL-18-mediated cell death (14). A recent study also
suggested that APPL1 has a potentiating effect on insulin-
stimulated suppression of hepatic glucose production in
mice (15). These evidence suggest that APPL1 is an essential
mediator in both adiponectin and insulin signaling, which
are the two major pathways regulating energy homeostasis.
APPL2 is an isoform of APPL1, and these two proteins dis-

play 54% identity in protein sequences (6, 16). Similar to
APPL1, APPL2 contains an N-terminal BAR domain, a central
PH domain, and a C-terminal PTB domain. It has been shown
that APPL2 is essential for cell proliferation and embryonic
development (9, 16). Recent studies indicated that APPL2 reg-
ulates FSH signaling by forming a dimer with APPL1 via the
BAR domains of the isoforms, leading to the formation of a
complex with the FSH receptor, APPL1 and Akt2. However,
unlike APPL1, APPL2 does not directly interact with Akt2 (11,
17). The role of APPL2 in adiponectin and insulin signaling
remains largely unknown.
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In the present study, we show that APPL2 functions as a
negative regulator in adiponectin signaling. APPL2 competes
with APPL1 in the binding to AdipoR1 and blocks adiponectin
signaling in muscle cells. In addition, APPL2 also sequesters
APPL1 from adiponectin signal pathway by forming a het-
erodimer with APPL1. Adiponectin as well as metformin
induces a dissociation of this complex. These results provide a
mechanism for negative regulation of adiponectin signaling
and adiponectin-regulated glucose and lipid metabolism in
muscle cells. Furthermore, APPL2 blocks APPL1-mediated
insulin-sensitizing effect of adiponectin in muscle cells by het-
erodimerizing with APPL1 to inhibit insulin-stimulated Akt
activation. Our data indicate that APPL isoforms function as an
integrated Yin-Yang regulator in adiponectin signaling and
reveals a novel molecularmechanism for adiponectin and insu-
lin resistance.

EXPERIMENTAL PROCEDURES

Plasmids, Adiponectin, and Antibodies—The cDNAs of full-
length and truncations of human APPL1 and mouse APPL2
were generated by PCR and subcloned into the mammalian
expression vectors pcDNA3.1 (Myc-tagged), pBEX (HA-
tagged), pFLAG-CMV2 (FLAG-tagged), or pCMV-3Tag-2
(Myc-tagged), respectively. The cDNA encoding full-length
human AdipoR1 were subcloned into the pBEX as described
previously (6). The recombinant globular adiponectin was pro-
duced as described previously (6). Antibodies specific toAPPL1
and AdipoR1 were generated as described previously (6). Anti-
bodies specific to APPL2 and to AdipoR2 were raised in rabbits
using GST-APPL2c (amino acids 619–662) and GST-
AdipoR2n (amino acids 78–219), respectively. The protein
expression of AdipoR2 was detected with the AdipoR2 anti-
body in mouse tissues, and this result indicated that the recep-
tor was heavily expressed in the liver.
Cell Culture—C2C12 myoblasts (from the American Type

CultureCollection (ATCC),Manassas, VA)were grown inDul-
becco’s modified Eagle’s medium (DMEM) (ATCC) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Differentiation of C2C12 myoblasts into
myotubes was induced by growing the cells in low-serum dif-
ferentiation medium (99% DMEM, 0.1% FBS, 1% penicillin-
streptomycin, and 100 nM insulin). The medium was changed
daily and multinucleated myotubes were normally observed
3–5 days later.
APPL2-suppressed Cells and Adeno-X APPL2/shRNA Virus—

The shRNA of APPL2 were chemically synthesized and ligated
into the pSIREN-DNR (BDKnockout RNAi system, BD, San
Jose, CA). The sense sequence corresponds to nucleotides 690–
708 of mouse APPL2 (5�-AGACATGGTTCAGAGCATT-3�).
Adeno-XAPPL2/shRNA and scramble adenovirus were gener-
ated by recombination of shRNA into pLp-Adeno-X adenovi-
rus backbone vector (BD Knock-out Adenoviral RANi System
2, Clonetech, CA). To suppress APPL2 expression in C2C12
myotubes, the differentiated cells were changed into growth
medium and treated with 25 MOI of pLp-Adeno-X APPL2/
shRNA virus for 48 h.
Immunoprecipitation and Western Blotting—The in vitro

GST pull-down assay and co-immunoprecipitation experi-

ments were performed as described previously (18). TheWest-
ern blot was carried out as described previously (6). Antibodies
to APPL1, APPL2, AdipoR1, and AdipoR2 were obtained from
rabbits using a GST-APPL1 (CT) (amino acids 455–709), GST-
APPL2 (CT) (amino acids 619–662), GST-AdipoR1 (NT)
(amino acids 4–142), or GST-AdipoR1 (NT) (amino acids
78–219), respectively. All other antibodies were obtained from
Cell Signaling Technologies (Danvers, MA). Statistical analysis
of the data were done using Student’s t test.
Immunofluorescence Microscopy Analysis—C2C12 myo-

blasts were transfected with plasmids encoding Myc-tagged
APPL1 or APPL2. 18-h post-transfection, cells were serum-
starved for 6 h and then treated with 1 �g/ml globular adi-
ponectin or 500 �M metformin for indicated time. The immu-
nofluorescence experiments were carried out as previous
described (6). Briefly, the cells were fixed in 4% paraformalde-
hyde for 20min. The proteins were detected with amonoclonal
anti-Myc antibody. After three washes with phosphate-buff-
ered saline, cells were incubated with Alexa 488-conjugated
secondary antibodies (green; Molecular Probes, Eugene, OR).
Nuclear staining was performed with 4�,6-diamidno-2-phenyl-
indole (DAPI, Sigma). Images were acquired on an Olympus
FV- 1000 laser-scanning confocal microscope. Statistical anal-
ysis of the data were done using Student’s t test.
Fatty Acid Oxidation Assay—After 2 h of serum-free starva-

tion, C2C12 myotubes in 24-well plates were incubated with
preincubation buffer (DMEM containing 12 mM glucose, 4 mM

glutamine, 25 mM HEPES, 1% free fatty acid (FFA)-free bovine
serum albumin, and 0.25 mM oleate) for 1 h. 1 �Ci/ml of
[14C]oleic acid (American Radiolabeled Chemicals) was added
into the medium, and the wells were immediately covered with
a piece of filter paper (Whatman paper 3; Whatman, Florham
Park, NJ). The cells were incubated for another 1.5 h at 37 °C in
the presence or absence of globular adiponectin (1 �g/ml). The
Whatmanpaperwaswettedwith 0.2ml of 3MNaOHand0.1ml
of 70% perchloric acid (Sigma) was injected into the wells with
a syringe. The cells were put at room temperature for 1 h to
collect CO2. The filter paper was removed from the wells and
dried in the hood. The value of 14C-radioactivity was deter-
mined by a liquid scintillation counter. Statistical analysis of the
data were done using Student’s t test.
Glucose Uptake Assay—The differentiated C2C12 myotubes

were maintained in growth medium with Adeno-X APPL2/
shRNA or Adeno-X APPL2/scramble for another 48 h (MOI,
25). After 4 h of serum-free starvation, the cells were washed
with wash buffer two times (20 mM HEPES (pH 7.4), 140 mM

NaCl, 5 mM KCl, 2.5 mM MgSO4, 1 mM CaCl2), and then incu-
bated in 1 ml of wash buffer in the presence or absence of glob-
ular adiponectin (1 �g/ml) for 1 h. 0.5 �Ci/ml of 2-deoxy-D-2-
[3H]glucose (American Radiolabeled Chemicals) and 10 �M

2-deoxyglucose (Sigma) were added to each well. 2-Deoxyglu-
cose uptake was allowed at 37 °C for 10 min. Glucose uptake
was stopped by adding 2 ml of ice-cold 50 mM glucose in phos-
phate-buffered saline. Cells were washed with 1 ml of wash
buffer three times and lysed in 0.5 ml of 0.1 M NaOH. The
nonspecific uptake was measured in the presence of 10 �M
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cytochalasin B (Sigma). Statistical analysis of the data were
done using Student’s t test.
Tissue Homogenization—Mouse tissue samples were

homogenized in ice-cold buffer containing 50 mM HEPES (pH
7.6), 150 mM sodium chloride, 20 mM sodium pyrophosphate,
20 mM �-glycerophosphate, 10 mM sodium fluoride, 2 mM

sodium orthovanadate, 2 mM EDTA, 1.0% Igepal (a nonionic,
nondenaturing detergent), 10% glycerol, 2 mM phenylmethyl-
sulfonyl fluoride, 1 mM magnesium chloride, 1 mM calcium
chloride, 10 �g/ml leupeptin, and 10 �g/ml aprotinin. Tissue
homogenates were clarified by centrifugation, and protein con-
centrations in the supernatantwere determinedusing theBrad-
ford assay. Statistical analysis of the data were done using Stu-
dent’s t test.

RESULTS

APPL2 Interacts with Adiponectin Receptors—To study the
tissue distribution and the potential roles of APPL2, we have
generated an APPL2 specific antibody by immunizing rabbits
with GST-APPL2-CT fusion protein. By Western blot using
this antibody, we found that APPL2 is expressed in insulin-

target tissues including skeletal
muscle, liver, fat, and brain (Fig.
1A), which is comparable to APPL1
expression in these tissues. In con-
trast to APPL1, APPL2 is highly
expressed in kidney and pancreas
tissues (Fig. 1A).
To determine if APPL2, like its

isoform APPL1, is capable of
interacting with the signaling mol-
ecules in the adiponectin pathway,
we performed pull-down experi-
ments. We found that endogenous
AdipoR1 and AdipoR2 could be
pulled down by GST-APPL2 fu-
sion protein but not by the GST
control (Fig. 1B). Co-immunopre-
cipitation experiments confirmed
the interaction between endoge-
nous APPL2 andAdipoR1 in C2C12
myotubes (Fig. 1C). Interestingly,
treating C2C12 myotubes with
adiponectin led to a significant
dissociation between endogenous
AdipoR1 and APPL2 (Fig. 1, C,
lane 6 versus lane 5 and D), which
is opposite to the effect of adi-
ponectin on the interaction between
AdipoR1 and APPL1 (Fig. 1, C, lane
4 versus lane 3 and D) (6).
Our previous study has shown

that the PTB domain of APPL1 is
essential for the interaction bet-
ween AdipoR1 and APPL1 (6). To
map the site in APPL2 interacting
with AdipoR1, we performed trun-
cation-mapping experiments. Dele-

tion of the BAR domain in APPL2 resulted in a complete loss of
the interaction between APPL2 and AdipoR1 (Fig. 1E, lane 3
versus lane 2), suggesting that the BAR domain of APPL2 is
critical for its interaction with the receptor.
APPL2 Negatively Regulates Adiponectin Signaling in C2C12

Myocytes—The findings that APPL1 and APPL2 interact with
AdipoR1 via different mechanisms suggest that the two iso-
forms may exert distinct functions in mediating adiponectin
signaling. To test this hypothesis, we examined the effects of
APPL2 on adiponectin signaling in C2C12 cells. Similar to the
results reported previously (6, 13, 14), overexpression of APPL1
potentiatedadiponectin-stimulatedAMPKandACCphosphor-
ylation (Fig. 2A, lanes 3 and 4 versus lanes 1 and 2). The stimu-
latory effect of adiponectin on AMPK and ACC phosphory-
lation, however, was greatly suppressed in cells overexpressing
APPL2 (Fig. 2A, lane 6 versus lane 2) or the BAR domain of
APPL2 (Fig. 2A, lane 8 versus lane 2), a domain critical for the
interactionwith AdipoR1 (Fig. 1E) andAPPL1. Overexpression
of the full-length or the BAR domain of APPL2 also inhibited
adiponectin-stimulated p38 MAPK phosphorylation (Fig. 2B,
lanes 6 and 8 versus lane 2). On the other hand, overexpression of

FIGURE 1. APPL2 interacts with Adiponectin receptors. A, protein expression of APPLs and AdipoR1 were
detected in mouse brain (B), liver (Li), muscle (M), fat (F), heart (H), kidney (K), spleen (S), and pancreas (P) by
Western blot analysis with antibodies specific for APPL1, APPL2, and AdipoR1. 30 �g of protein in tissue
homogenates was loaded in each lane. B, APPL2 interacts with adiponectin receptors in vitro. GST or GST-APPL2
fusion protein was incubated with cell lysates of C2C12 myotubes. Endogenous AdipoR1 and AdipoR2 associ-
ated with recombinant GST-APPL2, and their protein levels were detected by Western blot analysis with anti-
bodies specific for AdipoR1 and AdipoR2, respectively. The GST fusion proteins were visualized by Coomassie
Blue staining (right panel). C, APPL2 interacts with AdipoR1 in C2C12 myotubes. Serum-starved C2C12 myo-
tubes were treated with or without globular adiponectin (Ad, 1 �g/ml, 10 min). Endogenous APPL1 or APPL2
was immunoprecipitated. Co-immunoprecipitated endogenous AdipoR1 and the protein expression levels of
AdipoR1, APPL1, and APPL2 in cell lysates were detected by Western blot analysis with the antibodies specific
to the proteins as indicated. D, graphic presentation of effect of adiponectin on the interaction between APPLs
and AdipoR1 shown in C. Error bars represents mean � S.E. (n � 3). *, p � 0.05. E, APPL2 interacts with AdipoR1
through its BAR domain. HA-tagged AdipoR1 and FLAG-tagged APPL2 or APPL2 (�BAR) mutant were co-
expressed in C2C12 myoblasts. APPL2 or APPL2 (�BAR) mutants were immunoprecipitated by anti-FLAG anti-
body. Co-immunoprecipitated AdipoR1 and the protein expression levels of AdipoR1 and APPL2 in cell lysates
were detected by anti-HA or anti-FLAG-antibodies as indicated. The results shown in Fig. 1 are representative
of three independent experiments with similar findings.

The Yin-Yang Regulation of Adiponectin Signaling

31610 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 46 • NOVEMBER 13, 2009



the BAR domain truncated form of APPL2 had no effect on
adiponectin signaling. To further confirm the inhibitory role
of APPL2 in adiponectin signaling, we suppressed the
expression levels of endogenous APPL2 in C2C12 myotubes
by infecting the cells with APPL2-RNAi adenovirus. We
found that the activities of AMPK and p38 MAPK were sig-
nificantly increased under both basal and adiponectin-stim-
ulated conditions (Fig. 2, C and D).
Adiponectin- and Metformin-induced Subcellular Localiza-

tion Changes of APPL Isoforms—It is interesting to notice that
the two APPL isoforms, though sharing high amino acid
sequence homology and domain structure similarity, exert
opposite effects on mediating adiponectin signaling in muscle
cells. One of the potential mechanisms accounting for these
differences could be their different subcellular localization.
Under basal condition, the majority of APPL1 is in the cytosol
(Fig. 3, A and C) while APPL2 is largely plasma membrane-
associated (Fig. 3,B andC). Adiponectin stimulation resulted in
APPL2 translocation from the plasma membrane to cytosol
(Fig. 3, B and C) and a simultaneous increase in APPL1 mem-
brane translocation (Fig. 3, A and C). A similar stimulatory
effect on APPL1/2 cellular localization was observed for the
AMPKactivatormetformin (Fig. 3), suggesting that altering the
subcellular localization of APPL isoforms could be a common
mechanism for these insulin sensitizers to exert their function.

APPL2 Inhibits Adiponectin Sig-
naling by Blocking the Interaction
between AdipoR1 and APPL1—
APPL2 has been shown to undergo
heterodimerization with APPL1
through its BAR domain (17). To
determine whether APPL dimer-
ization is regulated by adiponec-
tin, we performed co-immunopre-
cipitation experiments. We found
that APPL1 interacts with APPL2
in C2C12myoblasts, and the inter-
action was decreased by adiponec-
tin treatment in a time-dependent
manner (Fig. 4A and supplemental
Fig. S1). Treating cells with met-
formin also inhibited APPL1/APPL2
interaction (Fig. 4B), suggesting that
regulation of APPL1-APPL2 het-
erodimer formation is a common
mechanism for the insulin sensitiza-
tion effects of adiponectin and
metformin.
Based on the findings that adi-

ponectin stimulates the dissociation
of APPL2 from both AdipoR1 and
APPL1, we attempted to determine
whether APPL2 blocks the interac-
tion between APPL1 and AdipoR1,
an essential step for adiponectin sig-
naling in muscle cells (6). Consist-
ent with our earlier findings (6),
APPL1 interacts with AdipoR1 in

C2C12 myotubes, and this interaction was stimulated by adi-
ponectin (Fig. 4C, lane 4 versus lane 3). The interaction
between APPL1 and AdipoR1 was greatly increased in APPL2-
suppressed C2C12 myotubes even under basal conditions (Fig.
4C, lane 7 versus lane 3), suggesting that endogenous APPL2
could block adiponectin signaling by binding with AdipoR1
under nonstimulated condition, and removal of APPL2 from
the receptor is an essential step for adiponectin to activate
downstream signaling events. Consistent with this view, over-
expression of APPL2 competed with APPL1 in binding with
AdipoR1 and inhibited adiponectin-stimulated binding of
APPL1 to AdipoR1 (Fig. 4D, lane 6 versus lane 5). An increased
APPL1 membrane localization was also observed in C2C12
myocytes with APPL2 expression suppressed compared with
that in scramble control cells (Fig. 4, E and F). Suppressing
APPL1 expression in C2C12 myotubes led to an increase of
APPL2-AdipoR1 interaction (supplemental Fig. S2). Together,
our data indicate that APPL2 negatively regulates adiponectin
signaling by blocking the APPL1-AdipoR1 interaction, and the
relative expression levels of APPL isoforms are critical for the
regulation of adiponectin signaling.
APPL2 Negatively Regulates Adiponectin-induced Glucose

Uptake and Fatty Acid Oxidation in C2C12 Myotubes—To
determine the potential role ofAPPL2 in adiponectin action,we
examined the effect of APPL2 on adiponectin-regulated glu-

FIGURE 2. APPL2 inhibits adiponectin signaling in C2C12 myocytes. A, overexpression of APPL2 inhibits
adiponectin-induced AMPK activation. C2C12 myoblasts overexpressing Myc-tagged APPL1, APPL2, or APPL2
(BAR) were serum-starved for 4 h and treated with or without 1 �g/ml globular adiponectin (Ad) for 20 min.
Phosphorylation of AMPK at Thr-172 and ACC at Ser-79 as well as their protein levels were detected by Western
blot analysis using specific antibodies as indicated. B, overexpression of APPL2 inhibits adiponectin-induced
p38 MAPK activation. C2C12 myoblasts overexpressing Myc-tagged APPL1, APPL2, or APPL2 (BAR) were
serum-starved for 4 h and treated with or without 1 �g/ml globular adiponectin (Ad) for 10 min. Phosphoryl-
ation of p38 MAPK at Thr-180 and Tyr-182 and the total p38 MAPK protein were detected by Western blot
analysis using specific antibodies as indicated. C, suppression of APPL2 expression enhances AMPK activity.
Scramble control or APPL2-suppressed C2C12 myotubes were serum-starved for 6 h and treated with or
without 1 �g/ml globular adiponectin (Ad) for 20 min. Phosphorylation of AMPK at Thr-172 as well as the total
AMPK protein was detected by Western blot analysis using specific antibodies as indicated. Equal loading of
protein was determined by Western blot analysis using anti-�-tubulin antibody. D, suppression of APPL2
expression enhances p38 MAPK activity. Scramble control or APPL2 suppressed C2C12 myotubes were serum-
starved for 6 h and treated with or without 1 �g/ml globular adiponectin (Ad) for 10 min. Phosphorylation of
p38 MAPK at Thr-180 and Tyr-182 as well as the total p38 MAPK protein were detected by Western blot analysis
using specific antibodies as indicated. Equal loading of protein was determined by Western blot analysis using
anti-�-tubulin antibody. The results shown in Fig. 2 are representative of three independent experiments with
similar findings.
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cose uptake and fatty acid oxidation (data not shown). Suppres-
sion of APPL2 in C2C12myotubes is sufficient to promote glu-
cose uptake (Fig. 5A) and fatty acid oxidation (Fig. 5B) to an
extent similar to that stimulated by adiponectin in the control
cells. It is interesting to notice that adiponectin treatment fur-
ther increased glucose uptake and fatty acid oxidation in the
APPL2-suppressed C2C12 myotubes compared with unstimu-
lated cells (Fig. 5, A and B), suggesting that other mechanisms
are involved in adiponectin-stimulated glucose uptake and fatty
acid oxidation, in addition to the removal of the negative regu-

lation due to APPL2 binding. Taken together, these data pro-
vide further evidence that APPL2 functions as a negative regu-
lator in the adiponectin signal pathway in C2C12 myotubes.
Roles of APPL2 in the Cross-talk between Adiponectin Signal-

ing and Insulin Signaling Pathways—We previously showed
that APPL1 plays an important role in the insulin-sensitizing
effect of adiponectin and regulates the cross-talk between adi-
ponectin and insulin signaling (6). To investigate the potential
role ofAPPL2 in the cross-talk between adiponectin and insulin
signaling pathways, we examined the effect of APPL2 protein
level on adiponectin-sensitized insulin signaling in C2C12
myotubes. As shown in Fig. 6A, overexpression of APPL2
diminished the synergistic effect of adiponectin on insulin-
stimulatedAkt activation (lane 6 versus lane 4). Overexpression
of the BAR domain truncated form of APPL2, which is unable
to bind to AdipoR1 (Fig. 1E) and APPL1 (17), has no inhibitory
effect on the insulin sensitizer role of adiponectin in the cross-
talk between adiponectin and insulin pathways (Fig. 6A, lane 8
versus lane 6). On the other hand, suppressing APPL2 expres-
sion in C2C12 myotubes significantly increased the synergistic
effect of adiponectin on insulin-inducedAkt activation (Fig. 6B,
lane 8 versus lane 4). Together, the results suggested that
APPL2 negatively regulates the insulin-sensitizer role of adi-
ponectin in insulin signaling.
In contrast to APPL1, APPL2 is unable to interact with any

insulin-signaling molecules, such as Akt (11, 17). It is interest-
ing to notice that overexpression of APPL2 reduces the insulin-
stimulated Akt phosphorylation (Fig. 6A, lane 5 versus lane 3).
On the other hand, suppressing APPL2 expression in C2C12
myotubes significantly enhances insulin-stimulated activation
of this kinase (Fig. 6B, lane 7 versus lane 3). Overexpression of
the BAR domain-truncated form of APPL2, APPL2(�BAR), led
to an increase of insulin-stimulated Akt phosphorylation (Fig.
6A, lane 7 versus lane 3). These results suggest that APPL2 also
plays a negative role in regulating insulin signaling in addition
to blocking the insulin-sensitizer role of adiponectin.

DISCUSSION

We have recently identified APPL1 as a critical signaling
molecule that positively mediates adiponectin signaling and
action (6). However, the role of APPL2, a protein that shares a
54% identity in amino acid sequence with APPL1 (6, 16), was
unclear. It is interesting to notice that APPL1 but not APPL2
interacts directly with Akt (11). Thus, the two APPL isoforms
may play distinct roles in adiponectin downstream signaling
and action.
In the present study, we show that APPL2 negatively regu-

lates adiponectin signaling in muscle cells (Fig. 7A). Under the
basal condition, APPL2 interacts with AdipoR1 via its BAR
domain (Fig. 1). The binding of APPL2 to AdipoR1 hinders the
accessibility of APPL1 to AdipoR1 (Fig. 4, C and D) and thus
inhibits the phosphorylation and activation of AMPK and p38
MAPK (Fig. 2). Adiponectin treatment stimulates APPL2 dis-
sociating from AdipoR1 (Fig. 1C and supplemental Fig. S2),
hence facilitates the recruitment of APPL1 toAdipoR1 (Fig. 4C,
E, and F and supplemental Fig. S1), which is a critical step for
adiponectin signaling transduction (6).

FIGURE 3. Adiponectin and metformin regulate the subcellular transloca-
tion of APPLs. A, translocation of APPL1 in response to adiponectin and met-
formin stimulation. C2C12 myocytes overexpressing Myc-tagged APPL1 were
serum-starved for 6 h and treated with or without globular adiponectin (Ad, 1
�g/ml) for 10 min or metformin (500 �M) for 45 min. The localization of APPL1
was detected by immunofluorescence staining with Myc antibody (green).
The cell nuclei were stained with DAPI (blue). The scale bars represent 50 �m.
B, translocation of APPL2 in response to adiponectin and metformin stimula-
tion. C2C12 myocytes overexpressing Myc-tagged APPL2 were serum-
starved for 6 h and treated with or without globular adiponectin (Ad, 1 �g/ml)
for 10 min or metformin (500 �M) for 45 min. The localization of APPL2 was
detected by immunofluorescence staining with Myc antibody (green). The
cell nuclei were stained with DAPI (blue). The scale bars represent 50 �m.
C, graphic representation of percentage of cells with APPLs localizing on
membrane as shown in A and B. Error bars represent mean � S.E. (n � 3). *
indicates p � 0.05.
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In addition to interacting with AdipoR1, APPL2 also under-
goes heterodimerization with APPL1. The interaction between
APPL2 and APPL1 could negatively regulate adiponectin sig-

naling by sequestering APPL1 from the adiponectin receptor
(Fig. 7A). Treating cells with adiponectin or metformin pro-
moted the dissociation between APPL1 and APPL2 (Fig. 4, A

FIGURE 4. APPL2 forms heterodimer with APPL1 and interrupts the APPL1-AdipoR1 interaction. A, adiponectin induces dissociation of APPL1-APPL2
heterodimer. C2C12 myoblast overexpressing Myc-tagged APPL1 and HA-tagged APPL2 were serum-starved for 6 h and treated with or without globular
adiponectin (Ad, 1 �g/ml) for the indicated time. APPL2 was immunoprecipitated with anti-HA antibody. Co-immunoprecipitated APPL1 as well as the protein
expression levels of APPL2 and APPL1 in cell lysates were detected by Western blot analysis with anti-HA or anti-Myc antibody as indicated. B, metformin
treatment leads to dissociation of APPL1-APPL2 heterodimer. C2C12 myoblast-overexpressing Myc-tagged APPL1 and HA-tagged APPL2 were serum-starved
for 6 h and treated with or without metformin (500 �M) for the indicated times. APPL2 was immunoprecipitated with anti-HA antibody. Co-immunoprecipi-
tated APPL1 as well as the protein expression levels of APPL2 and APPL1 in cell lysates were detected by Western blot analysis with anti-HA or anti-Myc antibody
as indicated. C, suppression of APPL2 expression enhances APPL1-AdipoR1 interaction. Scramble control or APPL2-suppressed C2C12 myotubes were serum-
starved for 6 h and treated with or without globular adiponectin (Ad, 1 �g/ml) for 20 min. Endogenous APPL1 was immunoprecipitated with anti-APPL1
antibody. Co-immunoprecipitated AdipoR1 as well as the protein expression levels of AdipoR1, APPL1, and APPL2 in cells were detected by Western blot
analysis with the antibodies specific to these proteins as indicated. D, overexpression of APPL2 interrupts APPL1-AdipoR1 interaction. C2C12 myocytes
overexpressing HA-tagged AdipoR1, Myc-tagged APPL1, and different doses of HA-tagged APPL2 were serum-starved for 6 h and treated with or without
globular adiponectin (Ad, 1 �g/ml) for 10 min. APPL1 was immunoprecipitated with anti-Myc antibody. Co-immunoprecipitated AdipoR1 as well as the protein
expression levels of AdipoR1, APPL1, and APPL2 in cell lysates were detected by Western blot analysis with anti-Myc or anti-HA antibody as indicated. E, effect
of APPL2 expression suppression on the translocation of APPL1 in response to adiponectin stimulation. Scramble control or APPL2-suppressed C2C12
myocytes overexpressing Myc-tagged APPL1 were serum-starved for 6 h and treated with or without globular adiponectin (Ad, 1 �g/ml) for 10 min. The
localization of APPL1 was detected by immunofluorescence staining with Myc antibody (green). The cell nuclei were stained with DAPI (blue). The scale bars
represent 20 �m. F, graphic representation of percentage of cells with APPL1 localizing on membrane as shown in E. Error bars represent mean � S.E. (n � 3).
* indicates p � 0.05. The results shown in Fig. 4 are representative of three independent experiments with similar findings.
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and B), suggesting that the heterodimer could be a central node
in the regulation of adiponectin signaling. Taken together with
the findings that APPL1 and APPL2 migrated to distinct cellu-
lar compartments under the adiponectin/metformin-stimula-
tory conditions (Fig. 3), it is conceivable that a dynamic balance
between association of APPL2with APPL1 andwith othermol-
ecules in the adiponectin signaling pathways could be a key
mechanism regulating adiponectin signaling in cells. Interest-
ingly, both APPL2 and AdipoR1 were simultaneously co-im-

munoprecipitated with APPL1 at endogenous level (supple-
mental Fig. S1), suggesting that these three molecules could
form a complex in cells. Further studies will be needed to elu-
cidate these possibilities.
In addition to negatively regulating adiponectin signaling,

APPL2 also plays an inhibitory role in mediating the insulin
sensitizing effect of adiponectin in muscle cells (Fig. 7B). Over-
expression of APPL2 blocks the synergistic effect of adiponec-
tin on insulin-stimulated Akt activation and the effects of insu-
lin itself on this kinase (Fig. 6A). Suppression of APPL2
expression levels, on the other hand, greatly enhanced both the
sensitizer effect of adiponectin on insulin signaling and the
direct insulin-simulated activation of Akt in C2C12 myotubes
(Fig. 6B). However, unlike APPL1, APPL2 does not interact
with Akt (11) or PI 3-kinase (data not shown), suggesting that
APPL2 may negatively regulate insulin signaling through an
indirect mechanism, probably via dimerization with APPL1. It
is interesting to notice that adiponectin treatment inhibits
APPL1/APPL2 dimerization (Fig. 4A) and promotes APPL1
plasma membrane translocation (Fig. 3, A and C), suggesting
that the adiponectin-induced dissociation of APPL1-APPL2
heterodimer may facilitate APPL1 translocation to the plasma
membrane where APPL1 interacts with PI 3-kinase and Akt
and promotes insulin signaling (Fig. 7B). In addition to a direct
interaction with signaling molecules in the insulin signaling
pathway, membrane association of APPL1 may also sensitize
insulin signaling by promoting adiponectin-stimulated AMPK
signaling pathway, which has been shown to suppress S6-

FIGURE 5. Biological functions of APPL2 in muscle cells. A, suppression of
APPL2 expression enhances adiponectin-stimulated glucose uptake in C2C12
myotubes. Scramble control or APPL2-suppressed C2C12 myotubes were
serum-starved for 4 h and treated with or without globular adiponectin (Ad, 1
�g/ml) for 1 h. Glucose uptake was measured as described under “Experimen-
tal Procedures.” The graph represents the fold of glucose uptake increase. *
indicates p � 0.05 (n � 6). B, suppression of APPL2 expression enhances
adiponectin-stimulated fatty acid oxidation in C2C12 myotubes. Scramble
control or APPL2-suppressed C2C12 myotubes were serum-starved for 2 h
and treated with or without globular adiponectin (Ad, 1 �g/ml) for 1.5 h. Fatty
acid oxidation was measured as described under “Experimental Procedures.”
The graph represents the fold of increased fatty oxidation. * indicates p � 0.05
(n � 6).

FIGURE 6. APPL2 blocks the insulin sensitization effects of adiponectin.
A, overexpression of APPL2 inhibits the insulin sensitization effect of adi-
ponectin. C2C12 myoblasts overexpressing FLAG-tagged full-length or BAR
domain truncated form of APPL2 were serum-starved for 6 h and pretreated
with or without globular adiponectin (Ad, 1 �g/ml) for 10 min followed with
insulin (Ins, 100 nM) for 5 min. Phosphorylation of Akt (T308) as well as the
protein levels of Akt and FLAG-tagged APPL2 was detected by Western blot
analysis with specific antibodies as indicated. B, suppression of APPL2 expres-
sion enhances the insulin sensitization effect of adiponectin. Scramble con-
trol and APPL2-suppressed C2C12 myotubes were serum-starved for 16 h and
pretreated with or without globular adiponectin (Ad, 1 �g/ml) for 15 min
followed with insulin (Ins, 10 nM) for 5 min. Phosphorylation of Akt (Thr308) as
well as the protein levels of Akt, APPL2, and �-tubulin were detected by West-
ern blot analysis with specific antibodies as indicated. These results are rep-
resentative of three independent experiments with similar findings.
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kinase-mediated IRS-1 serine phosphorylation, leading to
increased IRS-1 tyrosine phosphorylation and Akt phosphory-
lation in response to insulin stimulation (5).
Adiponectin resistance has been shown to contribute signif-

icantly to insulin resistance and its associated metabolic dis-
eases (1, 19, 20). Identification of APPL isoforms as a Yin-Yang
regulator of adiponectin signaling and the adiponectin-insulin
cross-talk in muscle cells provides insight not only to the
molecular mechanism by which adiponectin signaling is regu-
lated in cells but also on the identification of a potential thera-

peutic drug target for the treatment of insulin resistance and
related disorders.
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FIGURE 7. APPL isoforms play Yin-Yang regulatory roles in adiponectin
signaling and adiponectin-insulin cross-talk. A, roles of APPL isoforms in
adiponectin signaling. Under the basal condition, APPL2 occupies the N ter-
minus of AdipoR1 and sequesters APPL1 in cytosol by forming an APPL1-
APPL2 heterodimer, thus inhibits adiponectin signaling. Upon adiponectin
stimulation, APPL2 dissociates from AdipoR1 and releases APPL1, facilitating
the recruitment of APPL1 onto AdipoR1, which is a critical step for adiponec-
tin signaling. B, role of APPL isoforms in the cross-talk between adiponectin
and insulin pathways. Under the basal condition, APPL2 sequesters APPL1
and prevents the interaction of APPL1 with the components in insulin signal-
ing. Upon adiponectin stimulation, APPL2 releases APPL1, facilitating the
interaction of APPL1 with components in insulin signaling. Meanwhile, AMPK
is activated, which in turn prevents the inhibitory effect of S6K on insulin
signaling.
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