
Betacellulin (BTC) is a polypeptide growth factor
isolated from conditioned medium of b-TC-3 insuli-
noma cells [1]. Mouse BTC comprises 80 amino acids
and has three potential glycosylation sites. Fifty ami-
no acid residues of the carboxy terminal region of
BTC have a strong homology with transforming

growth factor a (TGF-a) and heparin-binding epider-
mal growth factor-like growth factor (HB-EGF) [1].
Six cystein residues found in members of the epider-
mal growth factor (EGF) family are conserved in
BTC. BTC is thus considered to belong to the EGF
family. BTC stimulates cell growth in fibroblasts and
vascular smooth muscle cells [1, 2], and its potency is
nearly identical to that of EGF. Consistent with this
notion, radioactive iodine labelled BTC binds to the
EGF receptor, and the growth promoting action of
BTC is inhibited by a blocking antibody against the
EGF receptor [2]. These results indicate that BTC
stimulates DNA synthesis by acting on the EGF re-
ceptor in fibroblasts [2]. Receptors for the EGF fami-
ly have been characterised extensively with four
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Summary Betacellulin is a member of the epidermal
growth factor family and converts pancreatic AR42J
cells into insulin-producing cells. This study was con-
ducted to characterise the receptor for betacellulin
in AR42J cells. AR42J cells expressed two classes
of binding sites for radioactive iodine labelled beta-
cellulin, with Kd values of 4.6 � 10� 11 mol/l and
3.0 � 10� 10 mol/l. The binding of [125I]betacellulin
was inhibited by unlabelled betacellulin in a dose-de-
pendent manner, but epidermal growth factor was
50 fold less effective than betacellulin. Affinity
cross-linking showed a [125I]betacellulin-binding pro-
tein with a molecular weight of approximately
180 KDa. When this protein was immunoprecipitated
with antibody against epidermal growth factor recep-
tors ErbB-1, ErbB-2, ErbB-3 or ErbB-4, it was immu-
noprecipitated only by the anti-ErbB-1 antibody.
When the [125I]betacellulin-labelled proteins were
immunoprecipitated with a combination of the four
ErbB antibodies, and the unprecipitated proteins

were then immunoprecipitated with anti-phosphoty-
rosine antibody, a 190 KDa protein was observed.
Betacellulin induced the tyrosine phosphorylation
of ErbB-1, ErbB-2 and ErbB-4. Finally, while
100 pmol/l betacellulin converted all of the AR42J
into insulin-producing cells in the presence of acti-
vin A, 10 nmol/l epidermal growth factor induced dif-
ferentiation in only about 30 % of the cells. Higher
concentrations of epidermal growth factor were less
effective. Neu differentiation factor in the presence
or absence of epidermal growth factor was ineffec-
tive. These results indicate that betacellulin binds to
ErbB-1 and possibly another protein with a molecu-
lar weight of 190 KDa. The latter betacellulin-bind-
ing protein may be involved in the differentiation-in-
ducing activity of betacellulin.
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types described to date, including ErbB-1, neu/ErbB-
2, ErbB-3 (HER3) and ErbB-4(HER4) [3]. EGF and
TGF-a bind to ErbB-1, and binding of the ligand re-
sults in phosphorylation of ErbB-1 as well as ErbB-2
on tyrosine residues [4]. ErbB-1 and ErbB-2 form
heteromeric complex [4]. Recently, it was shown that
BTC binds to both ErbB-1 and ErbB-4 and phospho-
rylates Erb-B1, Erb-B2, Erb-B3 and Erb-B4 in cells
transfected with four ErbB proteins [5, 6]. These re-
sults suggest that BTC exerts its effect by acting on a
unique set of Erb-B proteins.

Pancreatic AR42J-B20 is a subclone of AR42J
cells that is derived from an acinar cell tumour [7].
We reported recently that AR42J-B20 cells possess
properties characteristic of the putative pancreatic
progenitor cells [8, 9]. Thus, AR42J-B20 cells express
proteins specific to both exocrine and neuroendo-
crine cells [8]. Using recombinant human BTC, we
showed that treatment of the cells with BTC and acti-
vin A converted AR42J-B20 into insulin-producing
cells [9]. Therefore, BTC acts as a differentiation fac-
tor rather than a growth factor in these cells. Interest-
ingly, the differentiation-inducing activity of BTC is
not reproduced by similar doses of EGF or TGF-a
[9]. Hence, BTC seems to exert its action by acting
on the receptor system different from the EGF recep-
tor. Since BTC is expressed in fetal pancreas (Miyag-
awa J, Hanafusa T, Sasada R, et al. unpublished
data), it probably plays a critical part in the formation
of pancreatic beta cells. It is therefore important to
identify the receptor system through which BTC ex-
erts its differentiation-inducing activity. The present
study was conducted to characterise the receptor to
which BTC binds in AR42J-B20 cells.

Materials and methods

Materials. Recombinant human BTC was prepared as de-
scribed previously [10]. Recombinant human activin A was
provided by Dr.Y.Eto of Central Research Laboratory, Aji-
nomoto Inc. (Kawasaki, Japan). EGF was obtained from Up-
state Biotechnology Inc. (Lake Placid, N. Y., USA) and Neu
differentiation factor was from R & D Systems Inc. (Minneap-
olis, Min. USA). Polyclonal sheep anti-EGF receptor antibody
was purchased from Seikagaku Kogyo (Tokyo, Japan). Poly-
clonal rabbit anti-ErbB-2 was from Oncogene Science (Union-
dale, N. Y., USA), monoclonal mouse anti-ErbB-3 antibody
from Neo Markers (Fremont, Calif., USA), and polyclonal
rabbit anti-ErbB-4 antibody from Santa Cruz Biotechnology
(Santa Cruz, Calif., USA). Antiphosphotyrosine antibody
(PY20) was purchased from ICN Biomedicals Inc. (Costa
Mesa, Calif., USA). Na[125I] and [125I]EGF were obtained
from Dupont-New England Nuclear (Boston, Mass., USA).

Cell culture. AR42J-B20 cells [9] were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 20 mmol/l He-
pes/NaOH (pH 7.4), 5 mmol/l NaHCO3, penicillin, streptomy-
cin and 10 % fetal calf serum (FCS) (Flow Laboratory, North
Ryde, Australia) under a humidified condition of 95 % air
and 5 % CO2.

Measurement of binding of [125I]BTC. Recombinant BTC was
iodinated with Na[125I] by using lactoperoxidase as described
[11]. Specific activity of [125I]BTC ranged from 80 000 to
100 000 cpm/ng. In preliminary experiments, we measured the
time course of [125I]BTC binding at 4, 15 and 37 �C. Maximal
binding was obtained after incubation for 3 h at 15 �C and the
binding remained constant for 5 h. All subsequent experiments
were performed by incubating for 3 h at 15 �C. For the Scat-
chard analysis, cells were plated in 24-well dishes at a density
of 5 � 104 cells/well. After the attachment, monolayer cells
were washed with the binding buffer containing DMEM,
20 mmol/l Hepes/NaOH (pH 7.4) and 0.5 % bovine serum al-
bumin (BSA). For displacement analysis, cells were incubated
with 1 ng/dish [125I]BTC and various concentrations of unla-
belled ligand.

Affinity cross-linking. Approximately 107 cells were incubated
in 100 mm dishes. Cells were washed and incubated at 15 �C
for 3 h with buffer containing DMEM, 0.5 % BSA and
100 ng/dish [125I]BTC in the presence and absence of excess
unlabelled BTC or EGF. After washing three times with ice-
cold PBS, disuccinimidyl suberate (DSS), freshly prepared in
dimethylsulphoxide, was added to a final concentration of
0.5 mmol/l. The cells were then incubated at 4 �C for 15 min,
during which time they were agitated frequently. The reaction
was terminated by the addition of 1 ml of 20 mmol/l Tris/HCI
(pH 7.4) containing 1 mmol/l EDTA and 0.15 mol NaCl. Five
minutes later, the cells were rendered soluble in 20 mmol/l
Tris/HCI (pH 7.4) containing 1 % (v/v) Triton X-100, 1 mmol/l
phenylmethyl sulphonylfluoride (PMSF) and 1000 U/ml tryp-
sin inhibitor. The cell suspension was gently stirred at 4 �C for
30 min and centrifuged at 15 000 rpm at 4 �C for 10 min to re-
move nuclei and cellular debris. The supernatant was mixed
with 1 volume of two-fold concentrated electrophoresis buffer
in the presence of 50 mmol/l mercaptoethanol, and was boiled
for 3 min. Affinity labelled samples were subjected to sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) using 7.5 % polyacrylamide gel. In some experiments,
affinity-labelled proteins were immunoprecipitated by using
antibodies against ErbB-1, ErbB-2, ErbB-3 and ErbB-4 and
separated by SDS-PAGE. A set of prestained molecular
weight markers was co-electrophoresed to determine the size
of the cross-linked species. After electrophoresis, the gels
were fixed, dried and subjected to autoradiography.

Measurement of phosphorylation of ErbB proteins. AR42J
cells were starved for 24 h in serum-free DMEM and treated
for 5 min at 37 �C with 1 nmol/l BTC. After washing twice
with ice-cold phosphate-buffered saline (PBS), cells were ren-
dered soluble in Triton X-100 extraction buffer (20 mmol/l so-
dium phosphate buffer (pH 7.4), 0.68 mol sucrose, 0.15 mol
NaCl, 5 mM EDTA, 50 mmol/l NaF, 5 mmol/l sodium pyro-
phosphate, 2 mmol/l sodium orthovanadate, 1 mg/ml BSA,
1 % Triton X-100, 20 mg/ml soyabean trypsin inhibitor,
3 � 10� 7 mol/l pepstatin, 0.2 trypsin inhibitory U/ml aprotinin,
4 � 10� 7 M leupeptin, 2 mg/ml iodoacetamide and 1 mmol/l
PMSF) for 20 min at 4 �C with constant rotation. The lysates
were collected, transferred to an Eppendorf tube, and clarified
by centrifugation at 15 000 g for 10 min at 4 �C to remove deter-
gent-insoluble material and nuclei. For immunoprecipitation,
equal amounts of protein were incubated with antibodies
against ErbB-1, ErbB-2, ErbB-3 and ErbB-4 for 3 h at 4 �C.
Immune complexes were collected with protein G-Sepharose,
and washed three times with extraction buffer. Bound proteins
were released by heating for 3 min at 95 �C in sample buffer.
Immunoprecipitates were subjected to SDS-PAGE, and pro-
teins were blotted to polyvinylidene difluoride membranes.
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After blocking with 5 % BSA in Rinse buffer (50 mmol/l Tris/
HCl (pH 7.5), 0.75 mol/l NaCl, 5 mmol/l EDTA, 0.25 % Tween
20), the precipitated proteins were detected by Western blot-
ting using antiphosphotyrosine antibody.

Measurement of differentiation. To assess differentiation of
AR42J-B20 cells, cells cultured on glass coverslips were incu-
bated for 3 days in DMEM containing 2 nmol/l activin A and
various concentrations of BTC, EGF, Neu differentiation fac-
tor or a combination of Neu differentiation factor and EGF.
The cells were fixed and stained with anti-insulin antibody as
described [9]. The number of insulin-positive cells was count-
ed. At least 500 cells were examined in each determination [9].

Results

Binding of [125I]BTC to AR42J-B20 cells. AR42J-
B20 cells expressed specific binding sites for
[125I]BTC. Scatchard analysis showed that AR42J
cells possessed two classes of binding sites for
[125I]BTC (Fig.1). Dissociation constants (Kd) for
the two binding sites were (4.6 ± 0.4) � 10� 11 mol/l
and (3.0 ± 0.3) � 10� 10 mol/l (n = 3, mean ± SD). The
total binding for high-affinity and low-affinity bind-
ing sites were 4800 ± 300/cell and 2200 ± 200/cell, re-
spectively (n = 3, mean ± SD). The binding of
[125I]BTC was not changed significantly in cells pre-
treated with activin A (data not shown). Figure 2 de-
picts displacement curves of [125I]BTC binding. The
binding of [125I]BTC was displaced by unlabelled

BTC in a concentration dependent manner. EGF
was less effective than BTC.

Affinity cross-linking of [125I]BTC. Affinity cross-
linking of [125I]BTC was performed using DSS. As
shown in Fig. 3A, a 180 KDa protein was labelled
with [125I]BTC. The labelling was blocked by the addi-
tion of excess unlabelled BTC, whereas unlabelled ex-
cess EGF reduced the labelling only slightly. When a
much higher concentration of unlabelled EGF
(1 mmol/l) was added, the labelling was inhibited.
NDF did not affect the cross-linking of [125I]BTC. Fig-
ure 3B shows the dose-response curve for the dis-
placement of [125I]BTC cross-linking by unlabelled li-
gands. To characterise further the receptor to which
BTC binds, we immunoprecipitated the proteins
cross-linked with [125I]BTC using antibodies against
ErbB-1, ErbB-2, ErbB-3 and ErbB-4. As shown in
Fig.4, a [125I]BTC-labelled protein with a molecular
weight of about 180 KDa was precipitated by anti-
ErbB-1, but not by anti-ErbB-2, anti-ErbB-3 or anti-
ErbB-4 antibodies. When the supernatant obtained
after the immunoprecipitation with anti-ErbB-1 was
applied to SDS-PAGE, a protein band was detected.
This protein in the supernatant was not immunopre-
cipitated with the second application of anti-ErbB-1.
Note that in our experimental conditions, each anti-
body precipitated its own antigen nearly completely
since no antigen was left in the supernatant after im-
munoprecipitation (data not shown). Results shown
in Figs.3 and 4 suggest that, appart from ErbB-1,
BTC binds to a protein different from the ErbB pro-
teins. To examine this possibility, we immunoprecipi-
tated the [125I]BTC-cross-linked protein with a combi-
nation of anti-ErbB-1, anti-ErbB-2, anti-ErbB-3 and
anti-ErbB-4 antibodies. The supernatant was immu-

N. Ishiyama et al.: Betacellulin receptor in AR42J cells 625

0
0

B
ou

nd
/f

re
e

Bound BTC (pmol / l)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

10 20 30 40 50 60

0
0

1 2 3 4 5 6 7 8

1000

2000

3000

[125I] BTC (nmol / l)

B
ou

nd
 [

12
5I

]B
T

C
 (

cp
m

)

Fig.1. Scatchard analysis of radioactive iodine labelled
([125I]BTC) binding to AR42J-B20 cells. AR42J-B20 cells
were incubated with various concentrations of [125I]BTC and
Scatchard analysis was performed. Each determination was
done in triplicate. Scatchard analysis was performed three
times and the representative of three results was presented. It
shows two classes of binding sites
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noprecipitated with antiphosphotyrosine antibody
and subjected to SDS-PAGE followed by autoradiog-
raphy. As shown in Fig. 5, a considerable amount of
[125I]-BTC-bound protein with a molecular weight of
about 190 KDa was left in the supernatant, which was
immunoprecipitated with antiphosphotyrosine anti-
body. The labelling of the 190 KDa protein was inhib-
ited in a dose-dependent manner by the addition of
unlabelled BTC during the cross-linking. Note that
cross-linking of 190 KDa protein was inhibited to
greater extent by 10 nmol/l unlabelled BTC, suggest-
ing that the 190 KDa protein had higher affinity for
BTC than ErbB-1. When similar immunoprecipita-
tion was carried out in Balb/c 3T3 fibroblasts, no
[125I]BTC-labelled protein remained in the superna-
tant after precipitation with a combination of the four
anti-ErbB antibodies (data not shown).

Phosphorylation of ErbB proteins by BTC. We then
studied tyrosine phosphorylation of the ErbB pro-
teins induced by BTC in AR42J-B20 cells. Cells
were incubated for 5 min with 1 nmol/l BTC, and
cell lysates were immunoprecipitated with antibodies
against ErbB proteins. Phosphorylation of the ErbB
proteins was detected by Western blotting using

anti-phosphotyrosine antibodies. As shown in Fig.6,
1 nmol/l. BTC induced tyrosine phosphorylation of
ErbB-1, ErbB-2 and ErbB-4. In contrast, 1 nmol/l
EGF induced phosphorylation of ErbB-1, but not of
ErbB-2 or ErbB-4 (data not shown).
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B Cross-linking was performed in the presence and absence
of various concentration of BTC (m) or EGF (w) and densito-
metric analysis was performed. 97
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Differentiation of AR42J-B20 cells induced by BTC
and EGF. In our previous study, we showed that
AR42J-B20 cells were converted to insulin-produc-
ing cells by 1 nmol/l BTC in the presence of acti-
vin A whereas 1 nmol/l EGF was ineffective. In the
present study, we examined the effect of various con-
centrations of BTC and EGF on differentiation of
AR42J-B20 cells. As shown in Fig.7, BTC induced
differentiation in a concentration ± dependent man-
ner. The effect of BTC was detected at 10 pmol/l.
At 100 pmol/l, almost all cells converted to insulin-
positive cells. EGF induced differentiation in some
of the cells at high concentrations. However, at
50 nmol/l EGF induced differentiation in only about
30% of the cells. At higher concentrations, EGF was
less effective. We then examined the effect of Neu
differentiation factor on differentiation of AR42J-
B20 cells. Since Neu differentiation factor induces
phosphorylation of ErbB-2 and ErbB-4, (as does
BTC [12]), whether or not it can convert AR42J-
B20 cells into insulin-producing cells is of interest.
As shown in Fig.7, Neu differentiation factor did
not induce differentiation by itself. Furthermore, it
did not enhance the effect of EGF on differentia-
tion. We also tested whether or not antibodies to
ErbBs affected the differentiation, but the results
were negative.

Discussion

In a previous study, we showed that BTC converted
pancreatic AR42J-B20 cells into insulin-producing
cells [9]. BTC, at a concentration of 100 pmol/l, con-
verts most of the AR42J-B20 cells into insulin-produc-
ing cells. In contrast, EFG induces differentiation in
only a portion of cells, even at higher concentrations.
These results suggest that the effect of BTC is not ex-
erted totally through the EGF receptor. BTC may gen-
erate an additional signal that cannot be activated by
the EGF receptor. Affinity cross-linking showed that
binding of [125I]BTC to a 180 KDa protein could not
be replaced completely by unlabelled excess EGF. In-
terestingly, when [125I]BTC-cross-linked protein was
immunoprecipitated with various ErbB antibodies,
the labelled protein was precipitated only by anti-
ErbB-1 antibody. Furthermore, a considerable
amount of labelled protein remained unprecipitated
in the supernatant when immunoprecipitation was
achieved with a combination of anti-ErbB-1, anti-
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ErbB-2, anti-ErbB-3 and anti-ErbB-4 antibodies. It
should be noted that in our experimental conditions
each antibody nearly completely immunoprecipitates
each antigen, since a second precipitation of the super-
natant did not provide labelled protein bands. When a
similar experiment was carried out in Balb/c 3T3 cells,
no labelled protein was left in the supernatant after
immunoprecipitation with the four ErbB antibodies.

These results suggest that a BTC-binding protein
not recognised by either of the four anti-ErbB anti-
bodies is expressed in AR42J cells, but not in Balb/c
3T3 cells. Because the protein is tyrosine phosphory-
lated and the molecular weight is about 190 KDa, it
might be another member of the ErbB family. Ligands
belonging to the EGF family induce a complex pat-
tern of changes in phosphorylation of the receptors.
For example, when EGF binds to the ErbB-1, ErbB-
1 is autophosphorylated by the receptor kinase. In ad-
dition, EGF also binds to ErbB-2 with lower affinity,
and ErbB-2 is then phosphorylated by tyrosine kinase
locating in ErbB-1 [4]. This type of regulation is called
transmodulation. Similarly, BTC is shown to bind to
ErbB-1 and ErbB4 and to induce phosphorylation of
ErbB-1, ErbB-2, ErbB-3 and ErbB-4 [5, 6]. In
AR42J-B20 cells, BTC bound to ErbB-1 and induced
phosphorylation of ErbB-1, ErbB-2 and ErbB-4. The
reason for the absence of binding to ErbB-2 and
ErbB-4 may be the low sensitivity of the measure-
ment. In this regard, in previous studies on the binding
of BTC to ErbB-4, the ErbB-4 gene was introduced
into cells by transfection of the cDNA [5, 6]. Presum-
ably, expression of ErbB-4 is quite high in these cells.
It is also possible that BTC may bind to an, as yet, un-
identified receptor, which transmodulates ErbB-4.

The results shown in Fig. 5 support the possibility
that BTC binds to a receptor that has not yet been
identified. When immunoprecipitation was done us-
ing antibodies against ErbB-1, ErbB-2, ErbB-3 and
ErbB-4, a considerable amount of tyrosine-phospho-
rylated 190 KDa protein remained in the superna-
tant. It is possible that the unique BTC receptor
transmodulates ErbB-4. Scatchard analysis indicated
the existence of two classes of binding sites. The af-
finity of low-affinity binding sites is in the same rang-
es as that of the EGF receptor in Balb/c 3T3 cells [2].
It is possible that the high-affinity binding site repre-
sent the unique BTC receptor.

When the effect of EGF on the formation of insu-
lin-producing cells was examined, EGF only partially
reproduced the effect of BTC even at higher concen-
trations. This indicates that the signals transduced by
the ErbB-1 are not sufficient. BTC also induces phos-
phorylation of ErbB-2 and ErbB-4. Since Neu differ-
entiation factor cannot induce differentiation by it-
self, nor enhance the effect of EGF on differentia-
tion, the signals generated through ErbB-4 may not
be involved in the effect of BTC on differentiation.
Taken together, these results suggest that BTC-in-

duced differentiation is mediated at least partly by a
unique BTC receptor.

BTC is expressed in human pancreatic islets, insuli-
noma cells, and nesidioblatosis (Miyagawa J, Hana-
fusa T, Sasada R, et al. unpublished data). Given the
ability of BTC to convert AR42J cells into insulinpro-
ducing cells [9], BTC may be involved in the differen-
tiation of pancreatic beta cells in vivo. The receptor
system involved in the BTC-mediated differentiation
of pancreatic beta cells is therefore potentially impor-
tant. Identification of the unique BTC receptor may
provide a new insight into the mechanism of action
of BTC on the differentiation of pancreatic beta cells.
Clearly, further studies are necessary to identify the
molecular nature of the unique BTC receptor.
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