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Abstract. Pancreatic AR42J cells demonstrate the pluripotency in precursor cells of the gut endoderm and also provide an
excellent model system to study the differentiation of the pancreas. Using the mRNA differential display technique, we
identified junctional adhesion molecule-1 (JAM-1), a component of the tight junction, was highly up-regulated during the
differentiation of AR42J cells, although junctions were not formed. The expression level of JAM-1 showed an up-
regulation in the mRNA level after 3 hours and in the protein level after 24 hours in [activin A + betacellulin]-treated
AR42] cells. The expressions of its signaling molecules, PAR-3 and atypical PKCA, also increased after the addition of
activin A + betacellulin. When JAM-1 was over-expressed in [activin A + betacellulin]-treated AR42]J cells, tagged-JAM-1
was observed in cytoplasm as vesicular structures and JAM-1 was colocalized with Rab3B and Rab13, members of the
Rab family expressed at tight junctions. In streptozotocin-induced regenerating islets, the expression of JAM-1 was also
up-regulated in the mRNA level and the protein level. JAM-1 might therefore play an important role in the differentiation

of AR42J cells and the regeneration of pancreatic islets.
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BOTH endocrine and exocrine cells of the pancreas
arise from epithelial cells in the pancreatic duct [1, 2].
Recent genetic studies indicate that pancreatic devel-
opment depends on an integrated network of distinct
transcription factors operating at various levels. A
mouse homeobox protein, called insulin promoter
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factor-1 (IPF-1/PDX-1), is required for the develop-
ment of the pancreas [3]. Reduced Notch signaling
during embryogenesis leads to an increased expression
of neurogenin3, which promotes the endocrine fate.
Conversely, at normal levels of Notch signaling, cells
express HES-1 and bHLH protein PTF1-p48 adopt the
exocrine fate [4-6]. Islet-1, Beta-2/NeuroD, Pax4 and
Pax6 are necessary for the development and generation
of mature islet cells [4—6]. Embryonic stem cells have
been shown to differentiate into insulin-secreting
structures similar to pancreatic islets [7].

Rat AR42J cells are derived from a chemically in-
duced pancreatic tumor and demonstrate the features
of pluripotency of the common precursor cells of the
gut endoderm [7]. When exposed to dexamethasone
(Dx), they become more acinar-like cells [8] and when
incubated with Dx for a long period of time, they syn-
thesize albumin and take on the characteristics of
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hepatocytes [9]. As we have shown, when AR42J
cells were treated with activin A (Act), a member of
the TGF- superfamily, they extend neuron-like pro-
cesses and express pancreatic polypeptide (PP) [10,
11]. When incubated with Act and betacellulin (BTC),
a member of the EGF superfamily, or hepatocyte
growth factor, these cells differentiate into insulin-
producing cells [11, 12]. Moreover, when AR42J cells
were incubated with glucagon-like peptide 1 (GLP-1),
they differentiate into insulin- and/or glucagon-
producing cells [13]. In this way, AR42J cells resem-
ble the pluripotent cells in the developing gut endo-
derm and provide an excellent in vifro model system to
study the differentiation of both endocrine and exo-
crine pancreatic cells. To clarify the molecular mecha-
nisms of differentiation in the pancreas, we used the
method of mRNA differential display and identified
numerous genes that were up- or down-regulated dur-
ing the differentiation of AR42J cells [14]. Among
them, we have focused our attention on one gene,
which was highly up-regulated when treated with
Act + BTC. This gene was a rat orthologous protein to
mouse JAM-1.

JAM-1 belongs to an immunoglobulin superfamily
and it is one of the proteins that contribute to the for-
mation of tight junctions (TJs) [15, 16]. TJ is the most
apical junction in epithelial and endothelial cells and is
implicated in multiple functions such as the barrier,
fence, and signaling functions [17-19]. Another type
of cell to cell junctional structures is adherens junction
(AJ). Al is formed by clusters of transmembrane pro-
teins belonging to the cadherin family linked intracel-
lulary to catenines and the actin cytoskeleton [20].
Occludin [21, 22], claudins [23, 24], and JAMs [15,
25-27] are integral membrane proteins localized at
TJs. Many cytosolic proteins have been reported to be
associated with the cytoplasmic surface of TJs such as
Z0O-1 (zonula occludens-1), ZO-2, ZO-3, and several
PDZ-containing proteins [19]. JAM-1 was shown to
bind directly to ZO-1 [28] and PAR-3 [29-31], a mam-
malian homologue of the par-3 gene product, at their
PDZ domains. PAR-3 forms a ternary complex with
PAR-6 and atypical PKCA (aPKCA) and these three
proteins play a critical role in the apico-basal polariza-
tion of mammalian epithelial cells [31].

The Rab family small G proteins consist of more
than 60 family members and participate in determining
the specificity of vesicular transport pathways. Two
family members, Rab3B and Rab13, localize to TJs in

polarized epithelial cells and cytoplasmic vesicular
structures in non-polarized fibroblasts [32, 33]. Epi-
thelial cells lose their intercellular junctions after a
decrease in the extracellular calcium concentration and
in T84 intestinal epithelial cells, the junctional proteins
were shown to translocate from lateral cell membrane
into cytoplasmic ring-like structures directly under-
neath the apically localized F-actin [34]. Rab3B and
Rab13 were also shown to be the regulators of polar-
ized transport of basolateral and TJ membrane proteins
in fibroblastic baby hamster kidney (BHK) cells [35].

We wondered why the expression of JAM-1 was up-
regulated during the differentiation of AR42J cells,
when [Act + BTC]-treated AR42J cells stopped prolif-
eration, extended the neuron-like processes, and did
not form junctions. JAM-1 was reported to be ex-
pressed considerably in the cells lacking TJs such as
platelets and leukocytes [15]. In platelets, JAM-1
plays a role in the activation and aggregation and
JAM-1 participates in the sequential steps of adhesion
and subsequent transmigration during inflammatory
recruitment of leukocytes [36]. In this study, to under-
stand the role of JAM-1, we examined the change of
the expression level of JAM-1 and its subcellular lo-
calization in AR42J cells, and compared the expres-
sion level between normal and diabetic regenerating
islets.

Materials & Methods
Materials

Recombinant human Act was provided by Dr. Y.
Eto of the Central Research Laboratory, Ajinomoto
Inc. (Kawasaki, Japan). Recombinant human BTC
[37] was generously provided by Dr. M. Seno of
Okayama University (Okayama, Japan). The antibod-
ies (Abs) used in this study were anti-JAM-1 poly-
clonal antibody (pAb) and anti-actin pAb from Santa
Cruz Biotechnology, anti-ZO-1 pAb from Zymed
Laboratories Inc., anti-insulin pAb from abcam, anti-
glucagon pAb from Progen Biotechnik GmbH, anti-
myc monoclonal antibody (mAb) from Invitrogen Life
Technologies, and anti-FLAG pAb from Sigma-Ald-
rich. Anti-PAR3 and anti-aPKCA pAbs were kindly
provided from Dr. S. Ohno of Yokohama Civil Uni-
versity (Yokohama, Japan) and anti-JAM-1 mAb was
a generous gift from Dr. T. Kita of Kyoto University
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(Kyoto, Japan). Secondary antibodies were FITC-
conjugated anti-rabbit IgG and Cy3-conjugated anti-
mouse IgG from Jackson Immuno Research Laborato-
ries (West Grove, PA) and Alexa Fluor anti-rabbit IgG
and anti-mouse IgG from BD Biosciences.

Cell culture

AR42] and Mardin-Darby canine kidney (MDCK)
cells were cultured in DME medium supplemented
with 10 mM HEPES, 10% heat-inactivated fetal calf
serum, 2mM L-glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, and 1 mM sodium pyru-
vate. A pancreatic alpha cell line (aTC1.6) and a beta
cell line (Min6) were also cultured in DME medium as
described previously [38]. aTC1.6 cells were kindly
provided by Dr. K. Hamaguchi (Oita University,
Japan). To stain cells, cells were grown on non-coated
cover slips.

Western Blotting

Protein extracts from AR42J cells and rat pancreatic
islets were prepared for immunoblotting as described
previously [39]. For Western blotting, the membranes
were blocked by incubation for 1 h with Blocking Ace
(Snow Brand Milk Products, Sapporo, Japan). After
blocking, the membranes were incubated with first Ab
for 1 h at room temperature, washed three times in
phosphate buffered saline (PBS) containing 0.1%
Tween 20 for 10 min, and incubated for 30 min with
horseradish peroxidase-conjugated goat anti-rabbit or
anti-mouse whole immunoglobulin (Nordic, 1:500 in
PBS, 0.1% Tween 20). After washing, an enhanced
chemiluminescence Western blotting detection reagent
(Amersham Biosciences, Piscataway, NJ) was added,
and the reaction was allowed to proceed according to
manufacturer’s recommendations. Exposure to X-ray
film was 1-3 min at room temperature. To remove the
probe, the membranes were incubated with the strip-
ping buffer containing 62.5 mM Tris/HCI (pH6.7), 2%
SDS, and 0.1M 2-mercaptoethanol for 30 min at 50°C.

Immunofluoresence staining

Effectene Transfection Reagent (Qiagen) was used
for transfection according to the manufacturer’s in-
structions. Forty-eight hours after the transfection, the
cells were fixed for 30 min in 3% paraformaldehyde in

PBS. Specimens were treated with 0.1% (vol/vol)
Triton X-100 in PBS for 5 min, and incubated sequen-
tially with Blocking Ace (Snow Brand Milk Products,
Sapporo, Tokyo, Japan), first Ab, and second Ab. The
specimens were examined under a fluorescent micro-
scope (Axiophoto; Carl Zeiss, Inc., Thornwood, NY).

Construction of Expression Vectors

To construct the tagged JAM-1 expression vector
(JAM-1/myc-His), we amplified a fragment of JAM-1
(nucleotides 73-972) by PCR using the sense primer
(5’-gaagcttgccaccatgggcaccgaggggaaagee-3’) and the
antisense primer (5’-gctcgagcgeaccaggaatgacgaggtetg-
3’), followed by HindIIl and Xhol digestion. The
fragment was subcloned into the HindIIl/Xhol site of
the vector, pcDNA3.1/myc-His (Invitrogen, Carlasbad,
CA), and was verified by sequencing. To construct
FLAG-tagged Rab3B and Rabl3 expression vector
(Rab3B/FLAG, Rabl3/FLAG), we amplified frag-
ments of rat Rab 3B (nucleotide 4-660, GenBank
Accession Number NM_031091) and human Rabl3
(nucleotide 98-706, GenBank Accession Number
NM_002870) using the sense primer (5’-caagcttgccte
agtaactgatggtaac-3’°, 5’-caagcttgccaaagectacgaccaccte-
3’) and the antisense primer (5’-gaattcgcctagcaagage
agttctgetgg-3°, 5’-gaattcgctcageccagggageacttgttge-3’)
respectively. After digestion by HindIIl and EcoRlI,
the fragments were subcloned into the HindIII/EcoRI
site of the vector, pFLAG-CMV-2 expression vector
(Sigma, Missouri, USA), and then were verified by
sequencing.

Streptozotocin (STZ) treatment and measurement of
plasma glucose levels

Male Wistar rats weighing approximately 300-325 g
were injected ip with 70 mg/kg STZ. The STZ was
dissolved in 0.2 ml of the citrate/phosphate buffer (31
mM citrate, 39 mM NaPi; pH 4.0—4.5). Control ani-
mals received injections of 0.2 ml of the citrate/phos-
phate buffer alone and then were followed for the same
periods of time as the STZ-treated animals. The plas-
ma glucose levels were determined and any animals
displaying plasma glucose levels greater than 400 mg/
dl were considered to be diabetic. All rat experiments
were conducted in accordance with the National In-
stitutes of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the Univer-
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sity of Tokyo Institutional Animal Care and Use Com-
mittee.

Analysis of mRNA by Reverse Transcription-PCR

The rat pancreatic islets were prepared as described
elsewhere [40]. To eliminate the contamination of
acinar cells, we picked up islets from the buffer and
repeated the selection from the fresh buffer. Total
RNA was extracted from pancreatic islets using Trizol
Reagent (Invitrogen, Carlsbad, CA). For semi-quanti-
tative RT-PCR, first-stranded cDNA was synthesized
by using Superscript™ First-stranded Synthesis Sys-
tem for RT-PCR (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions. Oligonucleotide
primers used were 5’-gacctgctcagaacacgac-3’ (nucle-
otides 522-540) and 5’-tgggctggctgtaaatgacc-3° (nu-
cleotides 925-906) for JAM-1 (404 bp PCR product)
and 5’-tgagagggaaatcgtgegtg-3’ (nucleotides 612—631)
and 5’-gatccacatctgctggaaggtg-3° (nucleotides 1071-
1051) for B-actin (460 bp PCR product, Accession No.
VO01217). The number of PCR cycles for semi-quanti-
tative RT-PCR were thirty for JAM-1, and twenty-five
for B-actin.

Results
Molecular cloning of rat JAM-1

Using the mRNA differential display technique, we
identified several novel genes, which were highly up-
regulated during the differentiation of the AR42J cells.
Among them we focused our attention on one gene
(AB15) and the size of mRNA was estimated to be
about 2.0 kb according to the result of a Northern blot
analysis [14]. From the rat islet cDNA library, we
obtained a novel 1895-bp cDNA, which comprises an
open reading frame of 900 bp, 72-bp 5’-UTR, and a
923-bp 3°-UTR with a poly(A) tail and deposited to a
GenBank database (GenBank Accession No.
AF276998). There might be some additional regions
of the 5’-UTR to be cloned; however, there was an in-
frame stop codon in the 5’-UTR of the sequence. The
open reading frame encoded a predicted polypeptide of
300 amino acids with a calculated molecular mass of
32.4 kDa. With the Blast search, this gene had 91.0%
identity and 96.7% similarity to mouse JAM-1 ([15],
GenBank Accession No. O88792) and it was consid-
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Fig. 1. Time Course of the Expression of JAM-1, PAR3 and

aPKCA in [Act + BTC]-treated AR42J cells. Total cell
lysate was prepared from [Act + BTC]-treated AR42J
cells at 0, 12, 24, 36, 48, 72, 96 hrs and Western blot
analyses were performed. The experiments were
repeated three times and the representative figures were
shown.

ered to be rat JAM-1.

Changes of expression levels of JAM-1 and its signaling
molecules

The mRNA level of JAM-1 in AR42J cells rapidly
increased in response to Act + BTC within 3 hrs as we
showed previously [14]. First of all, we studied the
changes in the protein level of JAM-1 and its signaling
molecules; PAR-3 and aPKCA. As shown in Fig. 1,
the protein level of JAM-1 was up-regulated at 24 hrs
after the addition of Act + BTC and the expressions of
PAR-3 and aPKCA were also observed to increase
after a slight decrease at 12 hrs.

Expression of JAM-1 in AR42J cells

JAM-1 is ubiquitously expressed in epithelial and
endothelial cells. Anti-JAM-1 mAb, used in this
study, was kindly provided by Dr. T. Kita (Kyoto Uni-
versity, Japan) and this mAb specifically stained JAM-
1 in MDCK cells and the staining was identical to that
of ZO-1 (Fig. 2A). When JAM-1 was over-expressed
in MDCK cells using the expression vector, JAM-1/
myc-His, and was stained with anti-myc mAb, cell-to-
cell was also stained in a transfected cell (Fig. 2B).
JAM-1 was up-regulated in both the mRNA level and
the protein level when AR42J cells differentiate in
response to Act+ BTC. However, when we stained
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Expression of JAM-1 in MDCK and AR42J cells.
Naive MDCK (A) and JAM-1 over-expressed MDCK
cells (B) were stained with anti-JAM-1, anti-myc, and
anti-ZO-1 Abs. AR42J cells were transfected with
JAM-1/myc-His expression vector, incubated without
(C) or with (D) Act+ BTC, and stained with anti-myc
Ab. The panels on the right showed phase-contrast
images. Bars, 50 pm.

naive AR42J cells and [Act + BTC]-treated AR42J
cells at 24, 72, and 168 hrs, we could not detect any
signals of JAM-1 (Data not shown). Therefore, JAM-1
was over-expressed in AR42J cells with or without
Act+ BTC to study the localization of JAM-1. In
naive AR42J cells, JAM-1 was observed not only in
cell-to-cell contact but also in cytoplasm as vesicular

structures (Fig. 2C). When incubated with Act + BTC,
ARA42] cells stopped proliferation, extended neuron-
like processes, and did not form junctions between the
surrounding cells. JAM-1 was detected in cytoplasm
as vesicular structures in JAM-1 over-expressed
ARA42] cells (Fig. 2D).

Colocalization of JAM-1 with Rab3B and Rabli3 in
AR42J cells

Of the Rab family members, Rab3B and Rabl3
preferentially localized to TJs in polarized epithelial
cells [32, 33]. Using a model of calcium depletion, the
endocytosis of junctional proteins was shown to be
mediated in a clathrin-dependent process [34]. We
then examined whether the staining of JAM-1 in the
cytoplasm was colocalized with Rab3B and/or Rab13.
We co-transfected JAM-1/myc-His and Rab3B/FLAG
or Rab13/FLAG expression vectors into AR42J cells
and stained the cells with anti-myc and anti-FLAG
Abs. JAM-1 and Rab3B (Fig. 3A) and JAM-1 and
Rab13 (Fig. 3B) colocalized in the cytoplasm as vesic-
ular structures.

Expression of JAM-1 in STZ-induced diabetic islet

In the next set of experiments, we injected STZ, a
specific B-cell toxin, to rats intrapenitoneally resulting
in the stimulation of islet regeneration and compared
the expression level of JAM-1. JAM-1 was up-regu-
lated in the STZ-induced diabetic islets both on the
mRNA level (Fig. 4A) and on the protein level (Fig.
4B). The expression of aPKCA also increased in the
diabetic islets.

Discussion

In the present study, we identified a novel cDNA
whose expression level was highly up-regulated when
ARA42] cells differentiate in response to Act+ BTC
[14] and it turned out to be a rat orthologous protein to
mouse JAM-1. JAM-1 belongs to an immunoglobulin
superfamily and characterized by two Ig-like folds
(One Vy-type and one C,-type) in the extracellular
domain, a single transmembrane domain, and a short
intracellular tail that features a classical type Il PDZ
binding motif [15]. TJ is the most apical junction in
epithelial and endothelial cells and it is implicated in
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Fig. 3. Colocalization of JAM-1 with Rab3B and Rab13 in AR42]J cells. AR42J cells were cotransfected with JAM-1/myc-His and
Rab3B/FLAG (A) or Rab13/FLAG (B) expression vectors. The cells were stained with anti-myc mAb and anti-FLAG pAb

and then were examined. Bars, 20 pm.
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Expressions of JAM-1 in STZ-induced Diabetic Islet. A. mRNA of JAM-1 was compared by RT-PCR in normal and STZ-

induced rat (6W) pancreatic islets. Samples with (RT+) or without (RT-) reverse transcriptase treatment were loaded. The
right end lane is a 100-bp ladder size marker. mRNA of B-actin was also compared (lower panel). B. The protein level of

JAM-1 was compared by a Western blot analysis in normal and STZ-induced rat (6W) pancreatic islets.

reprobed with anti-aPKCA and anti-actin pAbs.

multiple functions such as barrier, fence, and signaling
functions [17-19]. JAM-1 binds directly to the PDZ
domain of PAR-3 with its PDZ binding motif [29-31]
and PAR-3 forms a ternary complex with PAR-6 and
aPKCA [31]. The expression levels of JAM-1, PAR-3,
and aPKCA increased in response to Act + BTC within
36 hrs in protein level (Fig. 1), thus suggesting that
these molecules might play an important role at an
early phase in the differentiation of AR42J cells.

JAM forms a family from JAM-1 to JAM-4. JAM-2
[25] and JAM-3 [26] are largely confined to endothe-
lial cells. JAM-4 has been described as an interacting

The blot was

protein with TJ protein MAGI-1 (MAGUK with in-
verted domain structure) [27]. Recently JAM-C
(JAM-3 in H. sapiens and JAM-2 in M. musculus) was
reported to be essential for the polarization of round
spermatids and critically required for the differentia-
tion of round spermatids into spermatozoa in mice
[41]. It was also reported that JAM-1 contributed to
the differentiation of the trophectoderm in the mouse
embryo and JAM-1 recruitment to cell contact sites oc-
curred earlier than any other TJ protein and E-cadherin
[42].

ARA42]J cells have the features of common precursor
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cells of the pancreas [10, 43]. The expression of PDX-1
is the earliest and most specific endoderm marker of
the developing pancreas [3] and PDX-1 is expressed
abundantly in naive AR42J cells [44]. In the mouse
embryo, JAM-1-encoding mRNA is expressed early
from the embryonic genome and is detectable as pro-
tein from the eight-cell stage [42]. JAM-1 may exert
an important function in the early stage of the differen-
tiation of common endocrine precursor cells.

We could not detect the staining of JAM-1 in naive
and [Act + BTC]-treated AR42J cells, though the ex-
pression of JAM-1 was up-regulated in [Act + BTC]-
treated cells (Data not shown), and this finding is diffi-
cult to interpret. Ozaki, et al. used the same mAb and
reported that the combined treatment of proinflamma-
tory cytokines, TNF-a + IFN-y, caused disappearance
of JAM-1 from intercellular junctions in human um-
bilical vein endothelial cells (HUVECs) [45]. Flow
cytometry, cell ELISA, and subcellular fractionation
analyses demonstrated that the amount of JAM-1 of
cell surface was not reduced, thus suggesting that
JAM-1 was redistributed to the cell surface from TlJs.
To detect JAM-1 with this mAb, the concentrated
expression of JAM-1 might therefore be needed and
distributed JAM-1 could not be detected probably due
to conformational changes. The X-ray structure of
JAM-1 suggests a homophilic adhesion model in
which U-shaped JAM dimmers stick out almost per-
pendicular to the cell surface. Contact is established
between the first variable type amino terminal loops
that lie almost parallel to the cell surface [46]. It was
reported that in Chinese hamster ovary cells, exoge-
nously expressed JAM-1 was localized to newly
formed cell-cell borders and in mixed cultures with
control transfectants, JAM-1 remained diffuse [15].

It was recently reported that a pool of occludin was
continuously endocytosed and recycled back to the cell
surface in fibroblastic and epithelial cells and Rab13
specifically mediated the continuous endocytic recy-
cling of occludin [47]. The internalization of TJs
appears to be a common mechanism to rapidly down-
regulate cell-cell adhesion and allow remodeling of
intercellular junctions. Internalization is also induced
by various pathophisiological stimuli including bacte-
rial products, proinflammatory cytokines, and oxida-
tive stress [36]. Epithelial cells lose intercellular

junctions after decrease in extracellular calcium con-
centration to the micromolar range and these events
are associated with the rapid internalization of junc-
tional proteins in a clathrin-mediated process [36].
Rab3B and Rab13 localize to tight junctions in polar-
ized epithelial cells and cytoplasmic vesicular struc-
tures in non-polarized fibroblasts [32, 33]. Rab3B and
Rab13 are shown to regulate the polarized transport of
the basolateral and TJ membrane proteins in BHK
cells [35]. We then examined whether JAM-1 was
colocalized with Rab3B and/or Rab13 in [Act + BTC]-
treated AR42J cells. As shown in Fig. 3, Rab3B and
Rab13 were colocalized with JAM-1 in the cytoplas-
mic vesicular structures, thus suggesting that JAM-1 in
the cytoplasm was regulated by these molecules.

We next examined the expression of JAM-1 in STZ-
induced regenerating islets. STZ destroys functional
B-cells and induces diabetes in these animals, thus re-
sulting in the stimulation of the regeneration of the is-
lets [48, 49]. JAM-1 was up-regulated in STZ-induced
regenerating islet at 6W both at the mRNA level and
the protein level, suggesting that JAM-1 plays an im-
portant role in the regeneration of pancreatic islets.
When JAM-1 was over-expressed in a pancreatic beta
cell line (Min6) and an alpha cell line (aTC1.6), the
immunoreactivity to insulin or glucagon was not al-
tered in the transfected cells (Data not shown).

The function of JAM-1 in AR42]J cells and pancreat-
ic islet is still unclear; nevertheless the increased ex-
pression of JAM-1 in [Act+ BTC]-treated AR42J
cells and STZ-induced regenerating islets suggested
that JAM-1 might play an important role in the differ-
entiation of AR42J cells and the regeneration of the
pancreatic islets. Further studies, including the intense
observations of JAM-1 in islets of the fetal stage and a
knockdown experiment of JAM-1 in AR42]J cells, are
therefore needed to confirm our speculations.
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