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Few cell adhesion molecules have been reported to be expressed in
mature adipocytes, and the significance of cell adhesion process
in adipocyte biology is also unknown. In the present study, we
identified ACAM (adipocyte adhesion molecule), a novel homo-
logue of the CTX (cortical thymocyte marker in Xenopus) gene
family. ACAM cDNA was isolated during PCR-based cDNA sub-
traction, and its mRNA was shown to be up-regulated in WATs
(white adipose tissues) of OLETF (Otsuka Long–Evans
Tokushima fatty) rats, an animal model for Type II diabetes and
obesity. ACAM, 372 amino acids in total, has a signal peptide,
V-type (variable) and C2-type (constant) Ig domains, a single
transmembrane segment and a cytoplasmic tail. The amino acid
sequence in rat is highly homologous to mouse (94 %) and hu-
man (87%). ACAM mRNA was predominantly expressed in
WATs in OLETF rats, and increased with the development of
obesity until 30 weeks of age, which is when the peak of body
mass is reached. Western blot analysis revealed that ACAM pro-

tein, approx. 45 kDa, was associated with plasma membrane frac-
tions of mature adipocytes isolated from mesenteric and sub-
dermal adipose deposits of OLETF rats. Up-regulation of ACAM
mRNAs in obesity was also shown in WATs of genetically obese
db/db mice, diet-induced obese ICR mice and human obese sub-
jects. In primary cultured mouse and human adipocytes, ACAM
mRNA expression was progressively up-regulated during differ-
entiation. Several stably transfected Chinese-hamster ovary K1
cell lines were established, and the quantification of ACAM
mRNA and cell aggregation assay revealed that the degree of
homophilic aggregation correlated well with ACAM mRNA
expression. In summary, ACAM may be the critical adhesion mol-
ecule in adipocyte differentiation and development of obesity.
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INTRODUCTION

Normal metabolic balance is maintained by a complex homoeo-
stasis system involving multiple tissues and organs. Modern sed-
entary life style and excess of total lipid intake can lead to meta-
bolic syndrome, which is pandemic in industrialized countries
worldwide. Metabolic syndrome is associated with a cluster of risk
factors of atherosclerosis, such as insulin resistance, hyperinsul-
inaemia, impaired glucose tolerance or Type II diabetes, hyper-
tension and dyslipidaemia [1,2]. Indeed, excess body mass incre-
ases the risk of death from cardiovascular diseases in adults up to
75 years of age, and the relative risk associated with an increment
of BMI (body mass index) was 1.10 for the mortality from cardio-
vascular diseases in 30- to 44-year-old men [3].

The regional difference in body fat is also one of the critical
determinants for the vascular complications, and the accumulation
of abdominal fat is the major risk factor for cardiovascular di-
seases both in men and women [4,5]. To give new insights into
molecular mechanism of development of abdominal obesity and

metabolic syndrome, we attempted to isolate genes up-regulated
during the process of fat cell hypertrophy in visceral adipose
tissues of OLETF (Otsuka Long–Evans Tokushima fatty) rats.
OLETF rats were suitable animals for the present study, since they
are characterized as having visceral fat obesity, insulin resistance,
hyperinsulinaemia, hyperglycaemia, hypertension and dys-
lipidaemia [6]. We employed PCR-based subtractive hybridiz-
ation method, i.e. representational difference analysis of cDNA,
and mRNA isolated from visceral adipose tissues of 30-week-
old OLETF and mRNA from 8-week-old LETO (Long–Evans
Tokushima Otsuka) rats, diabetes-resistant counterparts, were
used as the tester and driver respectively. In the process of cDNA
subtraction, a cDNA fragment of a novel gene, OL-16, was iso-
lated and its mRNA expression was up-regulated in the visceral
adipose tissues of 30-week-old OLETF rats [7].

In the present study, we have reported cDNA cloning of the
full-coding sequence of OL-16 and the gene product has been de-
signated as ACAM (adipocyte adhesion molecule), since it is
predominantly expressed in WATs (white adipose tissues) and
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mediates the cell–cell adhesion. Homology searches showed that
ACAM is a new member of the CTX (cortical thymocyte marker
in Xenopus) subfamily belonging to the Ig superfamily. ACAM
shares common structural organization with other members of
the CTX family: N-terminal extracellular variable (V-type) do-
main and constant (C2-type) Ig domain separated by J segment,
a transmembrane domain and a cytoplasmic tail [8,9]. Several
homologues of CTX have been identified in human: CAR (cox-
sackievirus and adenovirus receptor) [10–12], BT-IgSF (brain-
and testis-specific Ig superfamily) [13], ESAM (endothelial cell-
selective adhesion molecule) [14], GPA33 (glycoprotein A33)
[15], CTXL (CTX-like) [8,9], JAM-A (junctional adhesion mol-
ecule-A) [16], JAM-B [17] and JAM-C [18–22]. The hypothetical
protein MGC44287, found by the National Institutes of Health
Mammalian Gene Collection (MGC) Program, also seems to be
a member of the CTX family [23].

Most of the CTX family members are localized to cell–cell con-
tacts between epithelial and endothelial cells, such as GPA33 on
basolateral surfaces of intestinal epithelial cells [24], CAR at tight
junctions of polarized epithelial cells in a wide range of tissues
[25,26], and ESAM [14], JAM-B and JAM-C [27] in endothelial
cell tight junctions. In addition, CTX family members mediate
homophilic cell aggregation and cell adhesion of different cell
types. JAM-A on endothelial cells is a ligand for β2 integrin
LFA-1 (lymphocyte function-associated antigen 1) of T-cells [28];
JAM-C on platelets is a counter-receptor for the β2-integrin
Mac-1 [18]; JAM-B on endothelial cells interacts with T-, NK
(natural killer) and dendritic cells through JAM-C [21]. These
molecules seem to mediate leukocyte–endothelial cell interaction
during leukocyte migration through endothelial cells and platelet–
leukocyte interaction in inflammatory process. Interestingly, the
BT-IgSF gene was expressed in both neurons and glial cells
in vitro, and was preferentially detected in pyramidal cell layers of
the dentate gyrus and hippocampus and in commissure fibres
of the corpus callosum [13]. This finding suggests that BT-IgSF
plays a role in the development or function of the central nervous
system. Thus, in various cell types and tissues, CTX family mem-
bers mediate cell–cell adhesion and interactions, and are involved
in various biological and pathobiological processes, such as devel-
opment, inflammation, cancer metastasis and tight junctions in
epithelial and endothelial cells.

In the present study, we show that ACAM is a new member of
the emerging family of CTXL molecules. Unlike other CTX mem-
bers, ACAM was predominantly expressed in adipocytes and was
induced in WATs of rat and mouse animal models for obesity. The
identification of a new adhesion molecule expressed in adipocyte
lineage would open up a new field in adipocyte biology, and faci-
litate the elucidation of molecular mechanism of adipocyte hyper-
trophy and subsequent metabolic syndrome in obesity.

EXPERIMENTAL

Isolation of a full-coding region of ACAM cDNA
and nucleotide sequencing

mRNAs from visceral adipose tissues of 8-week-old LETO and
30-week-old OLETF rats were isloated, and were screened for up-
regulated genes in OLETF rats by using representational differ-
ence analysis of cDNA [29–31]. We isolated a partial cDNA frag-
ment of ACAM gene described previously as OL-16 [7]. In
the present study, we used Marathon cDNA Amplification Kit
(Clontech, Palo Alto, CA, U.S.A.) to isolate the full-coding se-
quences of orthologous rat, mouse and human ACAM genes. The
PCR products of 5′ and 3′ RACE (rapid amplification of cDNA
ends) were subcloned into pCR2.1-TOPO vector (Invitrogen,
Carlsbad, CA, U.S.A.) and sequenced by automated DNA se-

quencer (ABI PRISM 310 Genetic Analyzer, Applied Biosystems,
Foster City, CA, U.S.A.).

Structural and homology analyses

Kyte and Doolittle hydrophobicity/hydrophilicity plot analyses
[32] were performed using GENETYX-WIN (Software Develop-
ment, Tokyo, Japan). On-line homology search was performed
using the BLAST program at National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/BLAST/). Multiple
sequence alignment was performed by Clustal W (http://clustalw.
genome.jp/) [33] and the dendogram was drawn by TreeView
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). The pre-
sence of signal sequence and transmembrane domain was
assessed by SOSUI program (http://sosui.proteome.bio.tuat.ac.jp/
sosuiframe0.html) [34] or PSORT (http://psort.nibb.ac.jp/).

Experimental animals

For expression studies of ACAM in adipose tissues, 4-week-old
OLETF (n = 45) and LETO rats (n = 15) (Otsuka Pharmaceutical
Tokushima Research Institute, Tokushima, Japan) were indi-
vidually housed under 12-h light–dark cycles and allowed free
access to rodent chow (MF, Oriental Yeast, Tokyo, Japan) and
water. We divided OLETF rats into two experimental groups, con-
trol group (n = 15) and TZD (thiazolidinedione) group (n = 15)
with free access to chow containing pioglitazone (generously
given by Takeda Chemical Industry, Osaka, Japan). The average
food intake of each animal was measured and the TZD group
received approx. 1 mg/kg of mass per day of pioglitazone during
the period of the experiments. Various adipose tissues were
obtained after overnight fasting.

db/db (n = 10) and db/m (n = 10) mice (Clea Co Ltd, Tokyo,
Japan) were individually housed under 12-h light–dark cycles and
allowed free access to rodent chow (MF, Oriental Yeast) and
water. At 12 weeks of age, various adipose tissues were obtained
after overnight fasting. ICR mice (Charles River, Tokyo, Japan)
were individually housed under 12-h light–dark cycles with free
access to food and water. We divided ICR mice into two experi-
mental groups, standard chow group (corn starch chow con-
taining 11% fat in the total calorie count; n = 10) and DIO (diet-
induced obesity) group (sucrose chow containing 58 % fat in the
total calorie count; n = 10) (Research Diets, New Brunswick, NJ,
U.S.A.). At 16 weeks of age, mice were killed while under deep
anesthaesia after overnight fasting, and various adipose tissues
were obtained.

Isolation of mature adipocytes and stromal vascular cells

Adipocytes were isolated as described previously [35]. Briefly,
various adipose tissues of 30-week-old OLETF rats (approx. 2 g)
were removed, rinsed with 0.9 % NaCl and minced finely with
scissors. Minced tissues were digested with collagenase in Krebs–
Ringer/Hepes buffer (117 mM NaCl, 10 mM NaHCO3, 1 mM
CaCl2, 1 mM MgSO4, 4 mM KH2PO4, 30 mM Hepes, 2.5 mM glu-
cose, 200 nM adenosine, 4% BSA fraction V, pH 7.4) for 60 min
at 37 ◦C. The digested tissues were filtered through a 300 mesh
nylon screen and centrifuged for 2 min at 100 g at room temp-
erature. The floating layer of adipocytes and pelleted stromal
vascular cells were each collected and washed three times with
Krebs–Ringer/Hepes buffer. The washed adipocytes and stromal
vascular cells were then subjected to RNA isolation.

Total RNA preparation, Northern blot analyses,
quantitive real-time PCR

For the expression studies of ACAM mRNA in rat and mouse
adipose tissues, rat and mouse total RNAs were isolated from
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adipose tissues of rats and mice by guanidinium isothiocyanate–
CsCl ultracentrifugation. In addition, for expression study of
ACAM mRNA in human adipose tissues, human mesenteric and
subdermal fats were obtained from thirteen patients who had
undergone surgical resection of colon cancers. Written informed
consent was given by the patients. For ACAM tissue distribution
studies on human and mouse various tissues, total RNAs were
obtained from Clontech. Total RNAs (20 µg) were subjected to
Northern blot analyses as described previously [7,30]. For quanti-
tative real-time PCR analysis, cDNA synthesized from 2 µg of
total RNA was analysed in a Sequence Detector (model 7900;
PE Applied Biosystems) with specific primers and SYBR Green
PCR Master (PerkinElmer Life Sciences). The relative abundance
of mRNAs was standardized with 36B4 mRNA as the invariant
control. The primers used were as follows: mouse and human
ACAM, 5′-AGCCGTCATGTCTACAATAACTTGA-3′ (sense)
and 5′-GGGCTTGGATGGTCTCACTAGCACT-3′ (antisense).

Preparation of rabbit polyclonal anti-ACAM antibody

Antibodies were raised in rabbits against the synthetic peptide,
PSQSRAFQTV, the sequence of which was derived from the
C-terminal end of intracellular domain of ACAM (see Figure 1).
Cysteine residue was added to the N-terminus for conjugation of
the peptide to keyhole-limpet haemocyanin (Asahi Techno Glass,
Tokyo, Japan). To assess the specificity of the anti-ACAM anti-
body, ELISA and competitive inhibition ELISA assay were per-
formed as described previously [30,36].

Western blotting

Mesenteric and subdermal WATs derived from OLETF and TZD
rats at 30 weeks of age were subjected to subcellular fraction-
ation of adipocytes [35]. Isolated adipocytes were suspended in
TES (20 mM Tris/HCl, 1 mM EDTA, 8.7% sucrose, pH 7.4)
buffer and homogenized in pre-cooled motor-driven Potter–
Elvehjem grinder with 10 strokes at 1400 rev./min. After the
centrifugation of homogenates with a fixed angle JA20 rotor
(Beckman Coulter, Fullerton, CA) at 13200 g for 30 min (4 ◦C),
the supernatants were centrifuged at 16000 g for 30 min
(4 ◦C) and the pellets used as high-density microsome (HDM)
fraction. Further centrifugation of the supernatant at 200000 g for
75 min (4 ◦C) was performed to pellet the low-density microsomes
(LDMs). The pellets of the first centrifugation was resuspended
in TES buffer and loaded on the sucrose cushion (20 mM Tris/
HCl, 1 mM EDTA, 38.5% sucrose, pH 7.4) and centrifuged for
60 min at 100000 g (4 ◦C) in a Beckman model SW28 rotor and
plasma membrane fraction was collected from the top of the
sucrose cushion. For Western blot analyses, 20 µg of protein
of each sample was subjected to SDS/PAGE under reducing
conditions and the gel proteins were electroblotted on to Hybond
P PVDF membrane (Amersham). Membranes were incubated
with rabbit polyclonal anti-ACAM antibody (1:500 dilution)
and anti-rabbit IgG conjugated with horseradish peroxidase
(1:20000 dilution) at 37 ◦C. The blots were incubated with ECL®

Plus Western Blotting Detection Reagents (Amersham), and then
exposed to X-ray film [31].

Immunohistochemistry

Immunolocalization of ACAM was assessed by immunoperox-
idase ABC kit (Vector Laboratories, Burlingame, CA, U.S.A.),
as described previously [37]. Briefly, formalin-fixed paraffin sec-
tions (4-µm) were dewaxed, cleared and rehydrated. The sections
were first incubated with rabbit anti-ACAM serum overnight
at 4 ◦C and then incubated with biotinylated donkey anti-rabbit

IgG (Chemicon, Temecula, CA, U.S.A.) for 30 min at 22 ◦C, and
followed by treatment with 3-diamino-benzidine and H2O2.

Cell culture and adipocyte differentiation
The isolation and culture of adipose tissue-derived stromal cells
were performed as below. Briefly, freshly excised subdermal fat
pads from 10-week-old male ICR mice were rinsed in PBS,
minced and digested for 60 min at 37 ◦C in DMEM (Dulbecco’s
modified Eagle’s medium) (Sigma, St. Louis, MO, U.S.A.) with
1 mg/ml type I collagenase. The digested tissues were filtered
through a 250 nylon mesh to remove undigested tissue and centri-
fuged at 1800 rev./min for 5 min. After washing and centrifugation
steps, stromal cells were inoculated in DMEM supplemented
with 10% fetal bovine serum (Invitrogen), 200 µM ascorbic
acid (Sigma) and 100 units/ml penicillin and 0.1 mg/ml strepto-
mycin (Invitrogen). After 2 days, differentiation of stromal cells
was induced with 0.5 mM methyl-isobutyl-xanthine (Sigma),
0.25 µM dexamethasone (Sigma), 10 µg/ml insulin (Sigma) and
5 µM 15-deoxy-�12,14-prostaglandin J2 (Sigma) for 48 h and the
cells were maintained in DMEM containing 10 µg/ml insulin and
5 µM 15-deoxy-�12,14-prostaglandin. More than 90 % of the cells
showed typical morphological features of adipocytes 0–6 days
after the initiation of differentiation. Total RNA was isolated by
using RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany).
In addition, total RNAs of human primary cultured adipocytes
were obtained from Zen-Bio (Chapel Hill, NC, U.S.A.). For
quantitative real-time PCR analysis, cDNA synthesized from 2 µg
of total RNA was analysed in a Sequence Detector (model 7900;
PE Applied Biosystems). The relative abundance of mRNAs was
standardized with 36B4 mRNA as the invariant control.

Isolation of ACAM stably expressing CHO (Chinese-hamster
ovary)-K1 cells and aggregation studies
The coding region of rat ACAM cDNA was subjected to PCR
amplification and subcloned into pcDNA3.1/V5-His TOPO vector
(Invitrogen) and it was designated as pcDNA3.1/ACAM. This
mammalian expression vector construct was incorporated into
1.0 unit of HVJ (haemagglutinating virus of Japan) envelope vec-
tor (GenomeONE-Neo, Ishihara Sangyo, Osaka, Japan) and trans-
fected into CHO-K1 cells (A.T.C.C.). The cells were selected
in the presence of 1000 µg/ml G418 (Invitrogen). Stable trans-
fectants were cloned, total RNAs isolated and Northern blot ana-
lysis performed. High-expressing and low-expressing CHO-K1
cell lines were selected and used for cell aggregation assay. Nega-
tive control clones were obtained by transfecting pcDNA3.1
empty vector. Transfected CHO-K1 cells were detached with PBS
with 1 mM EDTA at 37 ◦C for 10 min. After washing with Ca2+-
free HBSS (Hanks balanced salt solution) (Sigma) two times
then cells were resuspended in Ca2+-free HBSS and 2% fetal calf
serum, which is predialysed against Ca2+-free HBSS, by three
passages through an 18-gauge needle. Single-cell suspensions,
1 × 106 cells/ml, were incubated in plastic wells with gentle rota-
tion on the platform rotator for 90 min at 37 ◦C. The aggregation
assay was stopped by the addition of 2 ml of 5 % glutaraldehyde in
HBSS. To measure the aggregation, the total particle numbers
in cell suspensions were counted in a Coulter counter (model Z1,
Beckman Coulter) with 100-µm aperture. The initial particle
number (N0), identical to the total number of the cells added to the
medium, and the particle number at 90 min of incubation (N90)
were measured with a Coulter counter and the extent of aggre-
gation was presented by aggregation index, (N0 − N90)/N0 [38].

Statistical analysis
The results are expressed as the means +− S.D. and analysed by a
one-way ANOVA by Fisher’s t test when multiple comparisons
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against the control were required. P < 0.01 was regarded as stati-
stically significant. The data were analysed with SPSS II for Win-
dows, release 11.0.1J.

RESULTS

Identification of ACAM as a new member of the Ig superfamily

cDNA containing the full-coding sequence of rat ACAM
was obtained by RACE PCR (GenBank® accession number,
AF302047). The rat ACAM cDNA included 3925 bp, and it con-
tained a 1116-bp open reading frame flanked by 5′ and 3′ un-
translated regions. The open reading frame encoded 372 amino
acid residues with a predicted molecular mass of approx. 41 kDa.
Then, we performed real-time PCR by using primers matched to
EST (expressed sequence tag) clones of both mouse and human
ACAM; 1322 bp of mouse ACAM (GenBank® accession number
AY326421) and 2458 bp of human ACAM (AY326422) cDNAs
were also isolated. The amino acid sequence in rat is highly
homologous to mouse (94%) and human (87%) and Clustal
W multiple alignments indicate that the primary structure of
rat, mouse and human ACAM matches throughout the entire
sequence. Kyte and Doolittle hydrophobocity/hydrophilicity plot
analysis predicts that the protein has two hydrophobic domains
(Figure 1A). The N-terminal hydrophobic domain (amino acids
1–17 in mouse and rat; 1–18 in human) is predicted to be a signal
sequence, and the second hydrophobic domain is predicted to be a
transmembrane domain (amino acids 228–250 in mouse and rat;
229–251 in human) by SOSUI program. Homology searching
using BLASTP program through the NCBI database revealed
human ACAM has 35 % identity with CAR followed by BT-IgSF,
ESAM, CTXL, MGC44287, GPA33, JAM-A, JAM-B and JAM-C
(Figure 1B). Homology searches of the rat, mouse and human
genome sequences reveals that the ACAM genes are localized
to chromosome 8q22 in rat (NW 044096), chromosome 9 A5.1
in mouse (NW 000352) and chromosome 11q24.1 in human
(NW 024769) (Figure 1C). The genomic organization is con-
served in rat, mouse and human, and 7 exons have been found.
The exon 7 encoding cytoplasmic domains and containing 3′-un-
translated region varies in size, 2988 bp in rat, 809 bp in mouse
and 1463 bp in human (Figure 1D). These molecules have recently
been proposed to form a novel subfamily, i.e. CTX family,
within the Ig superfamily, since they share common structural
features: extracellular V-type and C2-type Ig domains, with a
transmembrane segment and a cytoplasmic tail. ACAM is
a new member of the CTX family, since it shares the following
conserved structure (Figure 2). ACAM is characterized by an
N-terminal V domain with the two cysteines (denoted C1–C2
in Figure 2) forming the intra-chain disulphide bond. The V
domain is terminated by motif of the J segment, VLV, which
is similar to T-cell receptor J segments and also highly conserved
in CTX family. The most specific characteristic in the second
C2-type domain is the presence of four cysteine residues that are
predicted to form two disulphide bonds (C3–C6 and C4–C5 in
Figure 2). The extracellular domain contains two N-glycosylation
sites in rat, mouse and human orthologues (Figure 2). The
cytoplasmic tails are most divergent in CTX family members.
However, at the membrane proximal portion of the cytoplasmic
domain, ACAM, CAR, BT-IgSF and CTXL share the motif
D/EI/LREDXXXP. In ACAM, this motif is followed by a serine-
rich segment, which is not found in other members of CTX
family (Figure 2). In addition, homology search of intracellular
domain through the NCBI database revealed no long-ordered
homology with any other intracellular domains deposited in the
database.

Figure 1 Structural and homology analysis of rat, mouse and human ACAM

(A) Kyte and Doolittle hydrophobicity/hydrophilicity plot analysis of rat ACAM. Two hydrophobic
domains, the signal sequence (SS) and transmembrane (TM) domain, are noted. ACAM is
characterized by N-terminal V-type Ig domain (V) and C2-type Ig domain (C2). (B) Dendogram
of ACAM and CTX family members. (C) Exon–intron boundaries of mouse, rat and human ACAM
gene. ACAM genes are localized to chromosome 8q22 in rat (NW 044096), chromosome 9
A5.1 in mouse (NW 000352) and chromosome 11q24.1 in human (NW 024769). Exons are
indicated by vertical bars and exon numbers, I to VII, are also indicated. (D) Untranslated
and coding sequence of ACAM cDNAs. Exon 7, encoding cytoplasmic domains and containing
3′-untranslated region of rat, mouse and human ACAM, varies in size. UTR, untranslated regions
(grey boxes).

ACAM mRNA is predominantly expressed in WATs

To survey gene expression of ACAM mRNA in adipose tissues
and various non-adipose tissues, we performed Northern blot ana-
lyses and quantitative real-time PCR using various tissues from
rat, mouse and human. In OLETF rats, a single transcript of
approx. 5.0 kb was found exclusively in WATs and mRNA signals
were not found in other tissues (Figure 3A). In mouse, the high
expression level of ACAM mRNA was not restricted to WATs
and was also detected in heart and brain (Figure 3B). In human,
ACAM mRNA was predominantly expressed in WATs, including
visceral and subdermal fat pads (Figure 3C).

ACAM gene expression is up-regulated in mature
adipocytes in OLETF rats

Since the fragment of rat ACAM cDNA was isolated from visceral
adipose tissues of OLETF rats, an animal model of Type II dia-
betes characterized by abdominal obesity, hypertension and dys-
lipidaemia, Northern blot analyses of ACAM were performed
using OLETF rats and their diabetes-resistant counterparts, LETO
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Figure 2 Amino acid sequences of rat, mouse, and human ACAM and sequence alignment with other CTX family members in human

Multiple sequence alignment was performed by Clustal W, using amino acid sequences of rat ACAM (rACAM; GenBank® accession number, AF302047), mouse ACAM (mACAM; AY326421),
human ACAM (hACAM; AY326422), CAR (Hs.473417), BT-IgSF (Hs.112873), ESAM (Hs.173840), CTXL (Hs.112377), MGC44287 (Hs.177164), GPA33 (Hs.437229), JAM-A (Hs.414880), JAM-B
(Hs.436494) and JAM-C (Hs.419149). Identical and similar amino acids are boxed in black and grey respectively. Signal sequences are indicated by broken lines. Transmembrane segments are
underlined. Rabbit polyclonal serum was raised against a synthetic peptide at the C-terminal end (bold and underlined). N-glycosylation sites are indicated by closed circles. ACAM, CAR, BT-IgSF
and CTXL share the motif D/EI/LREDXXXP (indicated by asterisks). The six cysteine residues, C1 to C6, forming disulphide bonds in V- and C2-type Ig domains, are indicated. The J-segment motif
(VLV) is indicated by J.
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Figure 3 Northern blot analyses and real-time PCR of ACAM

(A) In OLETF rat, single transcripts, approx. 5.0 kb, are found in WATs and absent in other
non-adipose tissues. BAT, brown adipose tissue. (B) In mouse, the high expression level of
ACAM mRNA is not restricted to WATs and is also detected in heart and brain, as revealed by
quantitative real-time PCR. (C) In human, ACAM mRNA is predominantly expressed in WATs,
including visceral and subdermal fat pads. In (B) and (C), the relative abundance of mRNAs is
standardized with 36B4 mRNA as the invariant control.

rats. The body mass of OLETF rats reached a peak at 30 weeks of
age (674.8 +− 32.3 g), and then their body mass was decreased to
513.0 +− 55.9 g at 50 weeks of age, because of impaired secretion
of insulin and hyperglycaemia. LETO rats did not develop dia-
betes and they gradually gained weight due to the aging process.
TZD rats administered with pioglitazone showed sustained insulin
secretion during the experimental period and continuously gained
weight and reached 996.0 +− 44.3 g at 50 weeks (Figure 4A).
In OLETF rats at 6 weeks of age, ACAM mRNA was detected in
mesenteric and retroperitoneal fat pads, and then mRNA expres-
sion prominently increased in mesenteric (2.2 +− 0.16-fold) and
subdermal (2.6 +− 0.59-fold) adipose tissues at 30 weeks of age.
At 50 weeks, OLETF rat body mass declined and ACAM mRNA
signals were barely detectable in all WATs, and thus ACAM
mRNA expression is closely linked to the status of obesity. The
administration of pioglitazone resulted in continuous increase in

body mass and, in parallel, ACAM mRNA expression increased in
retroperitoneal (3.0 +− 0.51-fold) and mesenteric (2.0 +− 0.14-fold)
adipose tissues compared with OLETF rats at 6 weeks of age.
Interestingly, ACAM mRNA expression was remarkably accen-
tuated by pioglitazone treatment in subdermal adipose tissues both
at 30 (17.3 +− 1.04-fold) and 50 (15.4 +− 0.92-fold) weeks (Fig-
ures 4B and 4C). In LETO rats, ACAM mRNA expression also
paralleled with body mass during the aging process and reached
their peak at 50 weeks (Figures 4B and 4C).

To confirm ACAM expression in mature adipocytes, we sep-
arated mature adipocytes and stromal vascular cells by collagen-
ase digestion and analysed ACAM mRNA expression in both
fractions by using Northern blotting. The expression of ACAM
mRNA in mature adipocytes was predominantly expressed in
mature adipocyte fraction and barely detected in stromal vascular
cells (Figure 4D).

ACAM is a plasma membrane bound protein of adipocytes

To examine the subcellular localization of ACAM protein in ma-
ture adipocytes, mature adipocytes were isolated by collagenase
digestion and subjected to subcellular fractionation. Since mRNA
expression was prominent in mesenteric and subdermal fats,
Western blot analyses were performed using these WATs. Anti-
ACAM antibody revealed major bands at approx. 45 kDa in the
plasma membrane fraction of mesenteric and subdermal adipose
tissues of OLETF rats. Pioglitazone up-regulated the ACAM
protein expression in mesenteric and subdermal adipose tissues
of OLETF rats (Figure 5A). In the HDM and LDM fractions, faint
bands at approx. 45 kDa were detected (Figure 5A). Immunohisto-
chemistry of subdermal adipose tissues in TZD rats revealed faint
immunoreactivity of ACAM on the surface of adipocytes (arrow-
heads in Figure 5E), and somehow more intense staining was ob-
tained at corners of polygonal-shaped adipocytes (arrows in Fig-
ure 5E). In OLETF rats, immunoreactivity on the cell surface was
weak and almost indistinguishable from the background staining
(Figures 5B and 5C), and ACAM protein bands were also weak
in plasma membrane fractions (Figure 5A). No immunoreactivity
was found on endothelial cells in both OLETF and TZD rats
(results not shown).

Expression level of ACAM mRNA is up-regulated in obesity model
mice and human obesity state

The db/db mouse, lacking hypothalamic leptin receptors, is a
model of Type II diabetes and obesity, and db/m mouse is a non-
diabetic control animal. To confirm whether ACAM mRNA ex-
pression regulation in adipose tissues is similar in other species,
Northern blot analyses were performed by using RNAs extracted
form db/db and db/m mice at 12 weeks of age, where obesity was
prominent in db/db mice. ACAM mRNA expression increased,
particularly in mesenteric (24 +− 1.4%, mRNA densitometric ratio
to β-actin) and subdermal fat pads (22 +− 1.3%, mRNA densito-
metric ratio to β-actin) of db/db mice, and thus similar regulation
of ACAM expression found in OLETF rats was also observed in
db/db mice (Figure 6A). We next investigated changes of ACAM
mRNA expression in DIO mice. Total RNAs were extracted from
WATs of DIO mice and control lean mice at 16 weeks of age and
Northern blot analyses were performed. ACAM mRNA expres-
sion increased in visceral adipose tissues of DIO mice compared
with lean control mice (Figure 6B). Finally, we examined the
relationship between ACAM mRNA expression in human WATs
and BMI. A significant positive correlation was observed
between BMI and ACAM mRNA expression level in human
subdermal adipose tissues (R2 = 0.557, P < 0.01, n = 9). There
was no significant correlation between BMI and ACAM mRNA
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Figure 4 Northern blot analyses of ACAM in WATs of OLETF rats

(A) The body mass of OLETF rats, TZD rats [OLETF rats with free access to chow containing pioglitazone (approx. 1 mg/kg of body mass per day] and LETO rats are shown. (B) Total RNAs (20 µg)
isolated from various WATs of 6-week (6W), 30-week (30W) and 50-week (50W)-old rats were subjected to Northern blot analyses. (C) For each adipose tissue, the fold increase in the ACAM
mRNA/β-actin ratio compared with OLETF rats at 6 weeks of age is indicated. Each value is expressed as the mean +− S.D. (D) Mature adipocytes and stromal vascular cells were isolated by
collagenase digestion and ACAM mRNA expression was analysed with Northern blot analysis. ACAM mRNA is predominantly expressed in mature adipocyte fractions and barely detected in stromal
vascular cells.

expression level in human visceral adipose tissues (Figure 6C).
These results indicated that ACAM mRNA expression is strongly
correlated with accumulation of WATs in human and animal
obesity state.

ACAM mRNA expression is regulated during the
differentiation of adipocytes

To investigate the regulation of expression of ACAM during adi-
pocyte differentiation of mice and human primary cultured adipo-
cytes, we analysed the time course of ACAM mRNA expression
by quantitative real-time PCR. In mice primary cultured adipo-
cytes, ACAM mRNA expression was rather low prior to hormonal
induction, and it progressively increased during the adipocyte dif-
ferentiation. In human primary cultured adipocytes, ACAM
mRNA expression in day 14 mature adipocytes was higher than
that in day 0 pre-adipocytes (Figures 7A and 7B). These results
indicated that up-regulation of ACAM mRNA expression might
be associated with adipocyte maturation.

ACAM mediates cell–cell adhesion

Since CTX family members mediate the cell–cell adhesion in
epithelial cells or endothelial cells, we attempt to verify whether
ACAM also mediates cell–cell adhesion. We transfected pc-
DNA3.1/ACAM into CHO-K1 cells and we established 30 stable
cell lines after G418 selection. We further performed Northern

blot analyses of ACAM mRNA expression and selected low
expression (CHO-L2) and high expression (CHO-H11) cell lines.
pcDNA3.1-transfected CHO-K1 cells showed scattered single cell
suspension (Figure 8A). In the low expression cell line, small
cell aggregates comprising 10–15 cells were observed, whereas
larger aggregates were found in the high expression cell line after
90 min of incubation (Figures 8B and 8C). The aggregation
index was significantly higher in the high expression cell line
(33.8 +− 7.4%) than in the pcDNA3.1-transfected CHO-K1 cells
(9.8 +− 6.4%) (Figure 8D).

DISCUSSION

We have identified a type 1 transmembrane glycoprotein with V-
type and C2-type Ig domains, which is a novel member of the CTX
gene family. We have designated this new gene as ACAM, because
this gene has several original features, including: (i) ACAM is a
novel member of CTX gene family, (ii) ACAM is predominantly
expressed in WATs, (iii) ACAM expression is strongly correlated
with WAT mass of human and rodents with obesity, (iv) ACAM
expression is differentially regulated during maturation of hu-
man and mouse primary cultured adipocytes, and (v) ACAM is
a plasma membrane-bound protein found on mature adipocytes
and mediates homophilic cell aggregation.

The orthologous genes in rat, mouse and human revealed stri-
king homology, and the genomic organization in seven exons is
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Figure 5 Western blot and immunohistochemistry of ACAM in WATs of OLETF rats

(A) Mesenteric and subdermal WATs derived from OLETF and TZD rats at 30 weeks of age were subjected to subcellular fractionation of adipocytes: plasma membrane (PM), HDM and LDM fractions.
Anti-ACAM antibody reveals approx. 45 kDa major bands in plasma membrane fraction of mesenteric and subdermal adipose tissues of OLETF rats. Pioglitazone up-regulates the ACAM protein
expression in mesenteric and subdermal adipose tissues of OLETF rats. In HDM and LDM fractions, faint bands at approx. 45 kDa were detected. (B–E) Immunostaining of ACAM in subdermal
adipose tissues of 30-week-old OLETF rats (C) and TZD rats (E). Normal rabbit IgG was incubated with subdermal adipose tissues of OLETF rats (B) and TZD rats (D) as a negative control. In
subdermal adipose tissues in TZD rats, faint immunoreactivity of ACAM is detected on the surface of adipocytes [arrowheads in (E)] and somehow more intense staining is observed at corners of
polygonal-shaped adipocytes [arrows in (E)]. Scale bars, 100 µm.

also well conserved. X-ray structural analysis of JAMs in the
CTX family shows that V-type and C2-type Ig-like domains in
the extracellular domain are separated by a J segment or short
linker, VLV, which connects N- and C-terminal Ig domains in
a rather extended conformation, leading to an estimated elbow
angle of approx. 125◦ [39]. The VLV motif is well conserved in the
CTX family and is also found in ACAM. It was also demonstrated
that an R(V/I/L)EW motif is required in homophilic dimerization
of N-terminal V-like domains in JAMs by mutagenesis analysis
[39]. In ACAM, CAR and BT-IgSF, the DIEW motif located in the
N-terminal domain suggests that the dimerization of N-terminal
domains exerts homophilic adhesive activities in these molecules.
Unlike structural similarities in extracellular domains of the CTX
family, the cytoplasmic tail revealed divergent amino acid se-
quences, and ACAM was characterized by a serine-rich segment,

SSSSSGSRSSRS, suggesting possible interaction with adaptor
molecules involved in signal transduction or cytoskeletal proteins.

We originally isolated rat ACAM cDNA (GenBank® accession
number AF302047) from visceral adipose tissues of OLETF rats
by using a PCR-based subtraction method as reported previously
[7]. Mouse ACAM was independently isolated from 3T3-L1
cells, as adipocyte-specific protein 5 (AK033766), by using
signal sequence trap by a retrovirus-mediated expression screen-
ing method [40]. Raschperger et al. [41] have found human and
mouse orthologues of ACAM by bioinformatics approaches,
and they named it CLMP (CAR-like membrane protein), and
also detected CLMP mRNA expression in various non-adipose
tissues, such as small intestine, placenta, heart and brain. In ad-
dition, CLMP was a component of the tight junction of epithelial
cells, co-localized with ZO-1 (zonula occludens-1) and occludin.
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Figure 6 ACAM mRNA expression in obese animal models and human subjects

(A) Northern blot analyses were performed by using RNA extracted from db/db and db/m mice at 12 weeks of age, and mRNA ratios of ACAM/β-actin (%), measured with densitometer, are indicated.
(B) Total RNAs were extracted from WATs of DIO ICR mice and control lean mice at 16 weeks of age, and Northern blot analyses show the ACAM mRNA expression increases in visceral adipose
tissues of DIO mice compared with lean control mice. (C) There is no significant correlation between BMI and ACAM mRNA expression level in human visceral adipose tissues. (D) A significant
positive correlation is observed between BMI and ACAM mRNA expression level in human subdermal adipose tissues (R2 = 0.557, P < 0.01, n = 9). In (C) and (D), the relative abundance of the
mRNAs is standardized with 36B4 mRNA as the invariant control.

However, we found that the ACAM expression in WATs of obese
animals was prominent compared with other tissues, at least in
human and rats.

The expression of ACAM in WATs of OLETF rats increased dur-
ing the development of obesity at 30 weeks of age, it decreased
along with the reduction of body mass due to hyperglycaemia and
impaired secretion of insulin, and finally mRNA expression was
barely detectable at 50 weeks. mRNA expression of ACAM
was not related to diabetes, since non-diabetic LETO rats also
revealed continuous increases in body mass, as well as ACAM
mRNA expression, in WATs up to 50 weeks of age. Further evi-
dence for a correlation between ACAM and development of
obesity is provided by experiments with genetically obese db/db
mice, DIO mice and obese human subjects. ACAM mRNA ex-
pression level is high in WATs of human and rodents with obesity.
Furthermore, ACAM mRNA level was markedly up-regulated
during the course of the differentiation of human and mouse
primary cultured adipocytes. This evidence strongly supports
the suggestion that ACAM expression may be associated with
obesity and adipocyte maturation. The PPARγ (peroxisome-pro-
liferator-activated receptor-γ ) agonist pioglitazone prominently
increased the expression of ACAM in OLETF rats. Interestingly,
the regulation by the PPARγ agonist differed in various WATs,

and it induced prominent mRNA expression in subdermal adipose
tissues of OLETF rats. Since we did not find PPARγ -responsive
elements in the region of −500 to 100 bp around the transcription
start sites in rat, mouse and human, ACAM mRNA may be
indirectly induced via up-regulation of other transcriptional
factors.

The functional role of ACAM in mature adipocytes remains
under speculation at this point. Immunohistochemical and
Western blot analyses indicated that ACAM is mainly associated
with plasma membranes of mature adipocytes. The extracellular
domain of ACAM is characterized by the presence of V-type and
C2-type Ig-like domains, and its structure suggests that it me-
diates homotypic or heterotypic interactions with other Ig-like ad-
hesion molecules. Until now we have not found any reports of
adhesion molecules and the CTX gene family expressed in mature
adipocytes. Cadherins are integral membrane proteins with a large
extracellular domain that mediates homophilic cell–cell adhesion,
a single transmembrane domain and short intracellular tail, and
are a key molecule involved in embryogenesis and tissue differen-
tiation. Although N-cadherin and cadherin-11 are expressed in
immature adipocytes, after hormonal induction they are rapidly
down-regulated during adipocyte differentiation and cannot be
detected in mature adipocytes [42]. During the growth phase,
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Figure 7 ACAM mRNA expression in mice and human primary cultured
adipocytes

(A) In mice primary cultured adipocytes, ACAM mRNA expression is rather low prior to hormonal
induction and it progressively increases during adipocyte differentiation. (B) In human primary
cultured adipocytes, ACAM mRNA expression in day 14 mature adipocytes is higher than that
in day 0 pre-adipocytes. The relative abundance of mRNAs is standardized with 36B4 mRNA as
the invariant control.

pre-adipocytes are morphologically similar to fibroblasts, and at
confluence the induction of differentiation by appropriate treat-
ment leads to drastic cell shape changes, i.e. conversion to a
spherical shape and accumulation of lipid droplets [43]. In such
conversion, cell adhesion molecules and extracellular matrix com-
ponents modulate the interaction of cells with their environment
in a manner that influences cell differentiation [44]. Similarly, it
can be speculated that a physical connection or cell–cell contact
via cell adhesion molecules influences the morphology and dif-
ferentiation of the cells via alterations in signal transduction or
cytoskeletal organization. The up-regulation of ACAM mRNA
in adipocytes after hormonal induction suggests that ACAM is
one of the critical molecules, which initiates the conversion of
pre-adipocytes to mature adipocytes.

In conclusion, the possible role of ACAM in adipocyte matu-
ration and development of obesity is suggested by its specific up-
regulated expression in mature adipocytes and adipose tissues of
obese rodents and human. The structural analysis and aggregation
assay revealed that the biological action of ACAM seems to be me-
diated by homophilic adhesive activity of the extracellular domain
and intracellular signalling events yet uncharacterized. It is possi-
ble that the intervening ACAM expression or activities may alter
the adipocyte differentiation status and contribute to therapy of
obesity and metabolic syndrome.

Figure 8 Aggregation assay using ACAM stably transfected CHO-K1 cells

(A) pcDNA3.1 transfected CHO-K1 cells, as control, show scattered single cell suspension.
(B) In low expression cell line, small cell aggregates consisting of 10-15 cells are observed.
(C) Larger aggregates are found in high expression cell line after 90 min of incubation. (D) The
initial particle number (N0), identical to the total number of the cells added to the medium,
and the particle number at 90 min of incubation (N90) was measured with Coulter counter.
The aggregation index, (N0 − N90)/N0, is significantly higher in the high expression cell
line (33.8 +− 7.4 %) than pcDNA3.1-transfected CHO-K1 cells (9.8 +− 6.4 %).The results are
expressed as the means +− S.D; *P < 0.001. Scale bars, 200 µm.
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