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Acrp30�adiponectin is reduced in the serum of obese and diabetic
individuals, and the genetic locus of adiponectin is linked to the
metabolic syndrome. Recombinant adiponectin, administered to
diet-induced obese mice, induced weight loss and improved insulin
sensitivity. In muscle and liver, adiponectin stimulates AMP-acti-
vated protein kinase activation and fatty acid oxidation. To ex-
pression-clone molecules capable of binding adiponectin, we trans-
duced a C2C12 myoblast cDNA retroviral expression library into
Ba�F3 cells and panned infected cells on recombinant adiponectin
linked to magnetic beads. We identified T-cadherin as a receptor
for the hexameric and high-molecular-weight species of adiponec-
tin but not for the trimeric or globular species. Only eukaryotically
expressed adiponectin bound to T-cadherin, implying that post-
translational modifications of adiponectin are critical for binding.
An adiponectin mutant lacking a conserved N-terminal cysteine
residue required for formation of hexamer and high-molecular-
weight species did not bind T-cadherin in coimmunoprecipitation
studies. Although lacking known cellular functions, T-cadherin is
expressed in endothelial and smooth muscle cells, where it is
positioned to interact with adiponectin. Because T-cadherin is a
glycosylphosphatidylinositol-anchored extracellular protein, it
may act as a coreceptor for an as-yet-unidentified signaling recep-
tor through which adiponectin transmits metabolic signals.

Adipose tissue is not only a storage depot for lipid but also a
regulator of metabolism, through hormones known as

adipokines. One adipokine is adiponectin (also denoted Acrp30,
for adipocyte complement-related protein of 30 kDa), a mole-
cule secreted exclusively by differentiated adipocytes (1). Adi-
ponectin, which has homology to C1q, is found in the serum as
three distinct oligomers, namely trimer, hexamer, and a high-
molecular-weight (HMW) species (2). Adiponectin levels are
decreased in the serum of obese and diabetic people (3) and
animal models of obesity and diabetes. Replenishment by any of
several methods induces weight loss and correction of insulin
resistance (4–6). The mechanisms by which adiponectin influ-
ences metabolism are not fully understood but involve increasing
fatty-acid oxidation in muscle through AMP-activated protein
kinase (AMPK) activation, as well as synergizing with insulin in
the liver to increase glycogen stores and to inhibit gluconeogen-
esis (6, 7). In tissue culture and isolated muscle, the trimeric
isoform and a trimeric globular C-terminal subdomain activate
AMPK (7, 8), whereas the hexamer and HMW isoforms activate
NF-�B (9). Adiponectin also has been implicated in the inflam-
matory process of the metabolic syndrome, and reduced adi-
ponectin levels have been correlated with impaired forearm
blood flow, possibly linking endothelial dysfunction with adi-
ponectin levels (10).

Analysis of the transmembrane pathways linking adiponec-
tin to downstream signaling events has yielded conflicting re-
sults. Two recently described receptors that bind adiponectin
(AdipoR1 and AdipoR2) (11) are distantly related to the family
of seven-transmembrane spanning G protein-coupled receptors
but have an inverted topology with the N terminus intracellular,
which is distinct from other seven-transmembrane spanning

receptors. In addition, the extracellular portion of these mole-
cules is small, distinct from members of this class of receptors
that bind peptide hormones.

To study how the biological activities of adiponectin are
transmitted, we have performed a series of expression-cloning
studies to identify cell-surface molecules capable of binding
adiponectin, using a magnetic-bead panning method that may
present higher-valency forms of the adiponectin ligand.

Methods
Cell Culture. C2C12 mouse myoblast and human embryonic
kidney (HEK) cells were grown in DMEM with 10% FBS.
Chinese hamster ovary (CHO) cells engineered to express the
ecotropic retrovirus receptor (CHO-ER) were a gift of M.
Krieger (Massachusetts Institute of Technology) and were
grown in F12 medium with 10% FBS. Ba�F3 cells were grown in
RPMI medium 1640 with 10% FBS and 5% Walter and Eliza
Hall Institute-conditioned cell medium (12). Medium was from
GIBCO.

Generation of Recombinant Proteins and Immunoprecipitation. The
mouse adiponectin cDNA in the vector pcDNA (9) was modified
by PCR mutagenesis to insert the Flag epitope (DYKDDDDK)
between the signal sequence cleavage site and the N-terminal
variable region; this construct was denoted 5�-Flag-Acrp30. The
Flag epitope was inserted in a similar manner immediately
before the stop codon of the adiponectin cDNA to generate a
C-terminally tagged protein, 3�-Flag-Acrp30. The construct 5�-
Flag-C22A-Acrp30, in which cysteine-22 is replaced by alanine,
was generated by subcloning the 3�-Nhe-1 fragment of C22A-
Acrp30 (2) into similarly digested 5�-Flag-Acrp30. To generate
recombinant protein, plasmids were transiently transfected into
HEK cells, and conditioned medium was generated as described
in ref. 9. These supernatants were used either for fluorescence-
activated cell-sorter (FACS) binding assays or further purified by
ammonium sulfate precipitation followed by Hi-Q anion-
exchange chromatography (Bio-Rad). After elution of 5�-Flag-
Acrp30 by salt gradient, native gel electrophoresis and immu-
noblotting for the Flag epitope indicated resolution of the
expressed protein into two species: the first contained predom-
inantly trimeric protein, whereas the second contained hexam-
eric and higher-molecular-weight 5�-Flag-Acrp30 (9). The purity
of these preparations was judged to be �50% by SDS�PAGE
and Coomassie staining (data not shown). Bacterially expressed
globular or full-length adiponectin, tagged at the C terminus
with the Flag epitope, was generated as described in ref. 9.

Abbreviations: AMPK, AMP-activated protein kinase; APC, allophycocyanin; FACS, fluores-
cence-activated cell sorter; HA, hemagglutinin; HEK, human embryonic kidney; HMW,
high-molecular-weight.
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Endotoxin was removed with an endotoxin-removal column
(Pierce).

Coimmunoprecipitation of 5�-Flag-Acrp30 or 5�-Flag-C22A-
Acrp30 and hemagglutinin (HA)-T-cadherin was performed in
HEK cells transfected with single or double combinations of
plasmids (six-well plates with 2 �g of plasmid per well). Medium
was changed 1 day after transfection. One day later, the cells
were washed once in ice-cold PBS�� (PBS with 0.9 mM CaCl2
and 0.5 mM MgCl2) and lysed on ice in 150 mM NaCl�50 mM
Tris (pH 7.5)�0.9 mM CaCl2�0.5 mM MgCl2�0.1 mM PMSF�1
mM benzamidine�1% Triton X-100, transferred to microfuge
tubes, and centrifuged at 15,000� g for 10 min. Supernatants
were immunoprecipitated on anti-Flag resin, resolved on dupli-
cate 4–12% gradient SDS�PAGE under reducing conditions by
using the Mes buffer system (Invitrogen), and analyzed by
immunoblotting with horseradish peroxidase-conjugated anti-
bodies specific for the HA or Flag epitope in a similar manner
to that described in ref. 12.

FACS Binding Assay. Adherent cells (C2C12 and CHO) or sus-
pension cells (Ba�F3) were transferred to serum-free medium
for 2 h and then incubated at 4°C for 30 min to block endocytosis.
The cells were incubated in 1% bovine serum albumin (BSA)
with PBS�� at 4°C for 30 min to block nonspecific binding sites.
All subsequent steps were at 4°C. The cells were incubated for
2 h in conditioned serum-free medium from HEK cells tran-
siently transfected with different expression constructs diluted
with an equal volume of blocking solution, washed twice in
PBS��, and incubated for 1 h with allophycocyanin (APC)-
conjugated anti-Flag Ab diluted 1:100 in blocking solution
(Prozyme, San Leandro, CA). After washing twice in PBS��,
adherent cells were removed by scraping, resuspended in PBS
containing 10% FBS and 0.5 �g�ml propidium iodide (Sigma),
and analyzed by FACS (Becton Dickinson). The median fluo-
rescence of live, propidium iodide-negative cells was determined.

Preparation of Magnetic Beads. Activated magnetic beads (M280,
Dynal, Great Neck, NY) were incubated with anti-Flag Ab (M2,
Sigma). After coupling, the beads were blocked in a solution of
PBS�� containing 1% BSA for 1 h, added to 40 ml of
conditioned medium from HEK cells transfected with 5�-Flag-
Acrp30, and incubated overnight at 4°C. Control beads were
incubated with the supernatants of HEK cells transfected with
the empty vector pcDNA. After binding to the supernatants, the
beads were washed twice in PBS�� containing 0.1% BSA and
stored in the same buffer.

C2C12 cDNA Library Construction. An undifferentiated C2C12
cDNA expression library was made in the bicistronic retroviral
vector pBI-GFP by using standard techniques (13). Character-
ization of the unamplified plasmid library revealed �0.5 � 107

independent transformants, and 95% contained inserts with an
average size of 1.5 kb. Infectious cDNA viral particles were
produced by transfection of the plasmid library into a packaging
cell line (14). The resulting virus-containing supernatant was
used to transduce �5% of a population of 2 � 108 naive Ba�F3
cells, as determined by FACS analysis of GFP expression.

Magnetic Bead Panning. Transduced cells were expanded for 2
days before being subjected to binding on the magnetic beads.
The cells were prepared as described for the FACS analysis with
the addition of 0.1 mg�ml mouse IgG (Sigma) in the blocking
step; all subsequent steps were carried out at 4°C or on ice. The
cells were precleared by incubating 30 ml of cells (2.4 � 107 per
ml) with 30 �l of control magnetic beads for 1 h. Bound cells
were separated by use of a magnet, and nonadherent cells were
subjected to two additional rounds of binding to control beads.
Nonadherent cells were incubated with 75 �l of 5�-Flag-Acrp30

beads for 1 h, after which adherent cells were separated with a
magnet and washed three times for 5 min each in 10 ml of
PBS�� with 0.1% BSA. The bound cells were expanded in
culture. In subsequent rounds of binding, preclearing was per-
formed twice with 15 �l of control beads before adding 30 �l of
5�-Flag-Acrp30 beads. Aliquots of cells were analyzed by FACS
for GFP expression after each round of binding and expansion
in culture.

Amplification of Enriched cDNA Insert. Genomic DNA was prepared
from the cell pools after the third sort and subjected to PCR
amplification by using retroviral-specific primers flanking the
cDNA cloning site of the retroviral vector pBI-GFP. PCR
products were separated by agarose gel electrophoresis and
visualized with EtdBr staining. Specific bands were excised,
eluted (QIAquick, Qiagen, Valencia, CA), subcloned in the
vector pTOPO-II (Invitrogen), and sequenced.

Overexpression of T-Cadherin in Cells. A full-length mouse T-
cadherin cDNA clone (IMAGE ID 3987627) was subcloned in
the vector pcDNA to generate pcDNA-Tcad. The insert from
this clone was used for subsequent manipulations. By using PCR
mutagenesis, the coding sequence for the HA epitope (YPYD-
VPDYA) was inserted after the predicted signal sequence of
T-cadherin after amino acid residue 24. The unmodified cDNA
was cloned into the retroviral vector pBI-GFP to generate the
construct pBI-GFP-Tcad, and infectious transducing viral par-
ticles were generated as described in ref. 12. Naive Ba�F3 and
CHO-ER cells were transduced with this construct to generated
Ba�F3-GFP-Tcad and CHO-GFP-Tcad. Cell pools expressing
T-cadherin were generated by FACS sorting of cell populations
expressing high GFP levels. Control cells (CHO-GFP) were
generated by infection of naive cells with retroviral supernatants
encoding pBI-GFP alone.

Plate Binding Assay to Detect Adiponectin and T-Cadherin Interac-
tions. CHO-GFP-Tcad and CHO-GFP were plated (1.5 � 104 per
well) in 96-well plates (Becton Dickinson). The next day, the cells
were incubated in serum-free medium for 1 h, placed at 4°C for
30 min, and blocked in PBS�� containing 4% dried milk for 30
min. All subsequent steps were at 4°C. Bacterially expressed
3�-Flag-tagged globular adiponectin, bacterially expressed 3�-
Flag-tagged full-length adiponectin, and eukaryotically ex-
pressed trimeric or hexameric and HMW 5�-Flag-Acrp30 pro-
duced in HEK cells were incubated with the cells for 1 h in
blocking buffer at the indicated concentrations. The protein
concentration of partially purified eukaryotic protein was de-
termined by BSA assay (Pierce), and the concentration of
purified bacterially expressed proteins was determined by the
absorbance at 280 nm and the calculated extinction coefficient
(DNASTAR, Madison, WI). After washing twice in PBS��, 4
�g�ml anti-Flag M2 Ab was added for 1 h in blocking solution,
two washes were performed with PBS ��, and then an incu-
bation with secondary Ab (horseradish peroxidase-donkey anti-
mouse; Jackson ImmunoResearch) diluted 1:1,000 in blocking
solution and developed with colorimetric 3,3�,5,5�-tetramethyl-
benzidine substrate (Pierce). The absorbance at 450 nm was
measured and plotted versus the concentration of added ligand,
expressed as the concentration of trimer species.

Results
Eukaryotic Production of Adiponectin. A plasmid containing the
entire coding sequence for adiponectin was modified by PCR to
insert the Flag epitope at either the N or C terminus of the
mature polypeptide, 5�-Flag-Acrp30 and 3�-Flag-Acrp30, respec-
tively. After transient transfection of these constructs into HEK
cells, recombinant protein accumulated at high concentration in
the tissue culture supernatant, as determined by immunoblotting
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of conditioned medium with antibodies specific either for the
Flag epitope or the globular domain of adiponectin (data not
shown). These supernatants were used either for FACS binding
assays as described below or further partially purified by ammo-
nium sulfate precipitation followed by anion-exchange chroma-
tography. After chromatography, native gel electrophoresis
showed resolution of the expressed protein detected by immu-
noblotting for the Flag epitope into two species: the first
contained predominantly trimeric 5�-Flag-Acrp30, whereas the
second contained hexameric and HMW 5�-Flag-Acrp30. The
purity of these preparations was judged to be �50% by SDS�
PAGE and Coomassie staining (data not shown).

Adiponectin Specifically Binds to C2C12 Cells. As demonstrated in
Fig. 1A, Ba�F3 cells did not bind substantially to either 5�-Flag-
Acrp30 (lane 9) or 3�-Flag-Acrp30 (lane 12); the signal obtained
was similar to that obtained with either control transfected
supernatants (lane 6) or when only blocking solution (lane 3) was
added. CHO cells yielded a slightly greater signal when incu-
bated in conditioned medium containing either 5�-Flag-Acrp30
(lane 8) or 3�-Flag-Acrp30 (lane 11), compared with the control
of only blocking protein (lane 3) or control transfected super-
natant (lane 5). C2C12 cells, which respond to adiponectin,
demonstrated a 2-fold increase in signal when cells were incu-
bated in conditioned medium containing either 5�-Flag-Acrp30
(lane 7) or 3�-Flag-Acrp30 (lane 10), compared with blocking
solution (lane 1) or control transfected supernatant (lane 4).
These results indicate that C2C12 cells, but not Ba�F3 cells,
specifically bind adiponectin.

Expression Cloning of T-Cadherin by Panning Transduced Ba�F3 Cells
on Adiponectin-Linked Magnetic Beads. We used anti-Flag Ab
covalently linked to magnetic beads to immunopurify 5�-Flag-
Acrp30 from conditioned HEK medium; in parallel, we made
control beads by incubating anti-Flag coupled magnetic beads
with the supernatants of HEK cells transfected with the empty
vector pcDNA. We constructed a cDNA expression library in the
bicistronic retroviral vector pBI-GFP by using mRNA from

undifferentiated C2C12 cells. This vector contains the coding
sequence of GFP under the control of an internal ribosome entry
site (15). The cDNA expression library was transduced into naive
Ba�F3 cells. Transduced cells were expanded for 2 days before
being subjected to binding on the magnetic beads. The bound
cells were expanded in culture and repanned in a similar method
three times. After each round of binding and expansion, aliquots
of cells were analyzed by FACS for GFP expression to follow
enrichment of cells containing an integrated retrovirus. Enrich-
ment in GFP expression in a cell population after binding to
5�-Flag-Acrp30 beads would indicate enrichment of a cDNA that
conferred binding (16). As shown in Fig. 1B, after one round of
binding to the beads, 2.4% of cells purified on control beads and
1.6% of cells purified on 5�-Flag-Acrp30 beads were GFP-
positive, relative to uninfected cells (Fig. 1B). After the second
round of binding, 1.7% of cells purified on control beads but
7.8% of cells purified on 5�-Flag-Acrp30 beads were GFP-
positive (Fig. 1B). By the third sort, cells binding to control beads
had not enriched compared with the first sort, 2.3% being
GFP-positive. However, 73% of cells binding to the 5�-Flag-
Acrp30 beads were GFP-positive, indicating that the population
had enriched for cells containing an integrated retroviral cDNA
clone (Fig. 1B). Thus the enriched cell population likely contains
a cDNA(s) encoding a receptor for adiponectin. Genomic DNA
was prepared from the different cell pools after the third sort and
subjected to PCR amplification by using retroviral-specific prim-
ers flanking the cDNA cloning site of the retroviral vector
pBI-GFP. In cells incubated with 5�-Flag-Acrp30-containing
beads, but not with control beads, a single specific band of 2.5
kb was seen (Fig. 1C). We subcloned and sequenced this band,
which encoded a full-length cDNA identical to mouse T-
cadherin (GenBank accession no. BC021628).

Binding of Adiponectin to T-Cadherin. To confirm that T-cadherin
binds adiponectin, we made stable cell lines overexpressing
T-cadherin. The T-cadherin cDNA was cloned into the retroviral
vector pBI-GFP, and naive Ba�F3 and CHO-ER cells were
transduced with infectious virus derived from this construct. Cell

Fig. 1. Cloning of T-cadherin as an adiponectin receptor. (A) FACS binding assay of tissue culture cells by using unpurified tissue culture supernatants containing
Flag-tagged adiponectin. Adherent (C2C12, CHO) or suspension (Ba�F3) cells were incubated with control blocking solution or supernatants from mock
vector-transfected HEK cells (left two columns) or unpurified cell supernatants containing 5�- or 3�-FlagAcrp30 (right two columns; protein as depicted). Bound
protein was detected by incubating cells with an APC-conjugated anti-Flag mAb and analyzed by FACS. Live cells were identified by exclusion of propidium iodide
staining. The average of the median APC staining for each sample is shown; only C2C12 cells, and not CHO or Ba�F3 cells, demonstrate binding (n � 2). (B) FACS
analysis of GFP expression of sequentially enriched pools of Ba�F3 cells transduced with a retroviral C2C12 cDNA expression library coexpressing GFP from an
internal ribosome entry site. Naive Ba�F3 cells were infected with the cDNA library and enriched for binding to anti-Flag magnetic beads previously incubated
with either 5�-Flag-Acrp30 or mock vector-transfected HEK cell supernatants. Three rounds of enrichment were performed as described in the text. After each
round of binding and expansion of adherent cells, aliquots of cells were analyzed for GFP expression by FACS. After each round of sorting, the percentages of
cells expressing GFP are indicated in the figure, compared with uninfected cells. (C) Genomic PCR amplification of integrated proviral cDNA insert of enriched
Ba�F3 cell pools. Genomic DNA was prepared after the third round of enrichment from control bead-enriched Ba�F3 cells (lane 1; B Upper Right) or 5�-Flag-Acrp30
bead-enriched Ba�F3 cells (lane 2; B Lower Right). Primer pairs flanking the cDNA cloning site of the parental vector pBI-GFP were used to amplify the integrated
proviral cDNA. A single 2.5-kb band was amplified from cells enriched for binding to 5�-Flag-Acrp30 beads, as shown by agarose gel electrophoresis and EtBr
staining. Standards are indicated in kb.
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pools (Ba�F3-GFP-Tcad and CHO-GFP-Tcad) expressing T-
cadherin were generated by FACS selection of highly GFP-
expressing cell lines.

We used an ELISA to show direct binding of adiponectin to
adherent cells expressing T-cadherin. Fig. 2A shows that
CHO-ER cells infected with control vector expressing only GFP
did not bind any of the tested proteins. As shown in Fig. 2B, CHO
cells expressing T-cadherin bound only hexameric and HMW
oligomers of 5�-Flag-Acrp30 but did not bind trimeric 5�-Flag-
Acrp30. The estimated half-maximal binding concentration was
25 nM, expressed as adiponectin trimer equivalents. There was
no binding of either globular or full-length bacterially produced
protein to CHO cells expressing T-cadherin, implying that
recognition of adiponectin by T-cadherin may require posttrans-
lational modifications of adiponectin; additionally, the globular
head of adiponectin is not sufficient for binding but may
participate in conjunction with other domains. In separate
experiments, 3�-Flag-Acrp30 produced in eukaryotic cells pro-
duced similar results (data not shown), indicating that the
location of the epitope tag is not important for binding and
confirming that only eukaryotic derived protein binds T-
cadherin.

We used a FACS-based assay (Fig. 3) to show that 6 nM (graph
5) or 60 nM (graph 6) hexameric 5�-Flag-Acrp30 binds specifi-
cally to Ba�F3 cells expressing T-cadherin, although there is no
detectable binding to control Ba�F3 cells (graphs 2 and 3).
Background binding to either cell line in the absence of adi-
ponectin is low (graphs 1 and 4). Graph 7 shows that the binding
is completely competed by a 10-fold excess of untagged hexam-
eric adiponectin. Addition of EDTA to the binding reaction
completely blocks binding as well (graph 8); thus, we conclude
that divalent cations are required for binding of T-cadherin and
adiponectin. C1q, a molecule that shares homology with adi-
ponectin, does not affect binding even at a 20-fold excess by
weight (graph 9), implying that these molecules do not share
receptors. In parallel experiments, there was significant binding
neither of bacterially expressed Flag-tagged globular adiponec-
tin nor of a preparation of trimeric mammalian-cell-produced
5�-Flag-Acrp30 to T-cadherin-expressing cell lines (data not
shown), extending the results depicted in Fig. 2. These obser-
vations confirm that T-cadherin is not binding to the Flag
epitope, thus ruling out a trivial explanation for the binding to
5�-Flag-Acrp30; additionally, the observations confirm that T-
cadherin is a specific receptor for full-length hexameric and
HMW forms of adiponectin but does not bind the globular or
trimeric forms of adiponectin.

Lane 4 of Fig. 4 shows that after cotransfection of HEK cells
with plasmids expressing HA-T-cadherin and 5�-Flag-Acrp30,
HA-T-cadherin is immunoprecipitated from the Triton X-100

soluble lysate on anti-Flag resin (Upper) and migrates both as
monomer and dimer under these conditions. Because HA-T-
cadherin alone did not bind anti-Flag resin (lane 3, Upper), but
5�-Flag-Acrp30 expressed alone was efficiently immunoprecipi-
tated (lane 2, Lower), we conclude that T-cadherin directly binds
adiponectin. A mutant adiponectin lacking the N-terminal cys-
teine (5�-Flag-C22A-Acrp30) (2) and forming only the trimeric
species is made in similar amounts as WT adiponectin and is
efficiently immunoprecipitated on anti-Flag resin (lanes 2 and 5,
Lower). In contrast with WT adiponectin, however, T-cadherin
does not coimmunoprecipitate with this trimeric adiponectin
mutant (lane 6, Upper); thus, we conclude that T-cadherin binds
only to hexameric and HMW adiponectin.

Discussion
By using expression cloning, we identified T-cadherin as a
previously uncharacterized receptor for eukaryotically produced
hexameric and HMW isoforms of adiponectin. This result pro-
vides insights into how adipose tissue may participate in the

Fig. 2. ELISA-based binding assay. Flag-tagged recombinant proteins were incubated with CHO-GFP cells (A) or CHO-GFP-Tcad-expressing cells (B). Bound
protein was detected by subsequent binding of anti-Flag Ab and labeled secondary Ab. �, HEK-produced Hexamer�HMW 5�-Flag-Acrp30; Œ, HEK-produced
trimeric 5�-Flag-Acrp30; �, bacterially produced globular adiponectin 3�-Flag-tagged; ■ , bacterially produced full-length adiponectin 3�-Flag-tagged. The
concentration of added protein is plotted vs. the average binding signal (arbitrary units) � SD (n � 4).

Fig. 3. FACS-based binding assay. Cells (Ba�F3 or Ba�F3-GFP-Tcad) were
incubated with or without Flag-tagged adiponectin; bound protein was de-
tected by subsequent incubation with APC-labeled anti-Flag Ab and analyzed
by FACS. Shown are histograms of APC fluorescence. Naive Ba�F3 cells (graphs
1–3) and Ba�F3-GFP-Tcad cells (graphs 4–9) were incubated without added
protein (graphs 1 and 4), or 6 nM hexamer 5�-Flag-Acrp30 (graphs 2, 5, and
7–9) or 60 nM hexamer 5�-Flag-Acrp30 (graphs 3 and 6). The incubation
reactions also included 60 nM hexameric untagged adiponectin (graph 7), 10
mM EDTA (graph 8), or a 20-fold excess of C1q by weight (graph 9).
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regulation of metabolism through binding of an adipokine to a
receptor expressed on endothelial and muscle cells and estab-
lishes a framework to characterize other potential components
of the adiponectin-signaling complex.

Relationship to the Metabolic Syndrome. Adiponectin, an adipokine
initially identified in a screen for proteins secreted exclusively by
differentiated adipocytes, is reduced in the serum of obese and
diabetic individuals and has been proposed to participate in the
development of the metabolic syndrome (17). The globular C-
terminal domain and the trimeric forms of adiponectin activate
AMPK and lead to increased fatty acid oxidation and reduction of
serum glucose by several mechanisms (6–8), whereas the hexam-
eric and HMW forms of adiponectin activate NF-�B pathways (9).
Although the significance of the latter activity is unclear, the
hexameric and HMW isoforms of adiponectin do inhibit apoptosis
of endothelial cells (18). Here, NF-�B activity was not examined,
but NF-�B has well described antiapoptotic activities (19).

There is sexual dimorphism in the distribution of adiponectin
isoforms, with female mice having a greater fraction of HMW
isoforms. Furthermore, HMW isoforms are preferentially in-
creased after thiazolidinedione treatment (20) and after weight
loss in obese individuals (18). Therefore, the finding that T-
cadherin specifically binds the hexamer and HMW isoforms of
adiponectin provides the first step in characterizing the activa-
tion of downstream signaling pathways.

The cellular mechanisms linking adiponectin to cellular sig-
naling pathways are not understood. A report describing the
expression cloning of the adiponectin receptors 1 and 2 involved
bacterially produced protein preparations in which the oligo-
meric state of full-length adiponectin was uncharacterized (11).
Subsequent to this report, similar sequences with homology to
the proposed adiponectin receptors and to proteins functioning
as progestin receptors (21) have been deposited and annotated
in the GenBank database as the PAQR, or progestin�
adiponectin�adipoQ receptor, family.

Bacterially expressed adiponectin did not bind T-cadherin,
implying that eukaryotic posttranslational modifications of adi-
ponectin are involved in the binding. This finding is consistent
with results in which only eukaryotically expressed adiponectin
was active in reducing hepatic glucose production (6); mutations
in eukaryotically expressed adiponectin that removed conserved
lysines critical for glycosylation had reduced activity (22). How-
ever, other modifications, such as proline hydroxylation of the
collagen domain, may be involved in binding to T-cadherin.
Because neither the trimeric species nor the globular C-terminal

domain bound T-cadherin and both have activity in several
assays measuring AMPK activity and fatty acid oxidation, there
may be other proteins binding these isoforms of adiponectin.
Alternatively, a serum reductase and a protease have been
postulated to generate trimeric and globular adiponectin from
hexameric and HMW isoforms (5, 23). T-cadherin may function
as a receptor to present hexamer and HMW adiponectin se-
quentially to such processing and signaling molecules.

Cadherins Have Multiple Structures and Functions. The cadherins
comprise a large family of cell-surface proteins involved in
calcium mediated cell–cell interactions and signaling. With the
exception of T-cadherin, all members of the cadherin superfam-
ily contain a transmembrane domain, linking the extracellular
portion of the molecule with intracellular signaling pathways.
T-cadherin is anchored to the plasma membrane by a GPI anchor
(24). Like classical or type-I cadherins, the extracellular portion
of T-cadherin contains five ectodomains. Antibodies directed
against ectodomain-1, which is most distal from the plasma
membrane, block T-cadherin-mediated adhesion, implicating
this portion of the molecule in cellular functions and possibly
regulation of cell migration (25). The C-terminal GPI anchor
binds lipoproteins, although the significance of this finding is
uncharacterized (26). Whether cleavage of the GPI anchor is
involved in regulating T-cadherin is unknown.

Divalent Cations Are Required for Adiponectin Binding to T-Cadherin.
Binding of calcium at conserved residues contained within
adjacent ectodomains of E-cadherin increases the rigidity of the
molecule and promotes formation of dimers (27); calcium may
have a similar role in T-cadherin structure. Notably, EDTA
abrogated binding of adiponectin to T-cadherin, possibly by
altering the structure of T-cadherin. Alternatively, the structure
of adiponectin itself may depend on calcium because collagen X,
a homologue of adiponectin, contains calcium cations chelated
by residues that are conserved in the globular C-terminus of
adiponectin, although the structure of adiponectin did not reveal
bound calcium (28, 29).

T-Cadherin and Adiponectin Are Found in the Same Tissue Compart-
ments. T-cadherin was initially described in the nervous system,
but its tissue distribution is more widespread, with highest
expression in the cardiovascular system and lower levels in
muscle. In the vasculature, T-cadherin is localized to the intima
and media and is expressed on endothelial and smooth muscle
cells; expression is up-regulated in the neointima after injury of
the mouse carotid artery by a balloon catheter (30, 31). The
histochemical localization of T-cadherin is intriguing because it
is similar to the localization of adiponectin. Adiponectin binds to
collagens exposed during vessel-wall injury and localizes to
injured vessel walls (32). Additionally, two of the three published
adiponectin mouse gene knockouts have abnormal cellular
proliferation in blood vessel walls after vessel injury, leading to
a thickening of the vessel neointima by growth of smooth muscle
cells (33, 34). This cellular proliferation is blocked by virus-
mediated adiponectin expression (34). Interestingly, T-cadherin
can regulate growth of cells in the nervous system (35). T-
cadherin suppressed the growth of astrocytes and was reduced in
a glioblastoma cell line (36), and reexpression of T-cadherin in
this cell line induced growth arrest, which depended on p21
(CIP1�WAF1) expression. T-cadherin may participate in signal-
ing through its association with other membrane proteins and
incorporation into specific lipid domains of the cell membrane
(37, 38), and it may restrict proliferation of the intima through
its interactions with adiponectin. T-cadherin is not highly ex-
pressed in the hepatocyte, which is one of the major sites of
activity of adiponectin in suppressing gluconeogenesis (6, 23);

Fig. 4. Immunoprecipitation of cotransfected epitope-tagged T-cadherin
and adiponectin. HEK cells were transfected with pcDNA alone (lane 1) or
pcDNA expressing 5�-Flag-Acrp30 (lanes 2 and 4), 5�-Flag-C22A-Acrp30 (lanes
5 and 6), or HA-T-cadherin (lanes 3, 4, and 6). Forty-eight hours after trans-
fection, aliquots of the Triton X-100 soluble cell lysates were immunoprecipi-
tated on anti-Flag resin, electrophoresed on duplicate 4–12% polyacrylamide
gels, and analyzed by immunobloting with anti-HA (Upper) or anti-Flag
(Lower) mAbs conjugated to horseradish peroxidase. Standards are in kDa.
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however, this finding does not exclude the participation of other
cell types in the liver, such as fibroblast, endothelial, or blood-
derived cells.
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