
Pancreatic endocrine cells synthesize and secrete
pancreatic hormones such as insulin, glucagon, soma-
tostatin and pancreatic polypeptide. These cells re-
semble neuronal cells in many respects. For example,

they have excitable membranes and express voltage-
dependent sodium channels, voltage-dependent cal-
cium channels and ionotropic glutamate receptor
channels [1, 2]; they express many proteins typical of
neurons including synaptophysin, neurofilaments, ty-
rosine hydroxylase and g-amino butyric acid trans-
porter [3, 4]; and, they extend neurites when cultured
under appropriate conditions [5]. Nevertheless, they
arise from epithelial cells originating from the endo-
derm [3, 5]. Hence, pancreatic endoderm-derived
progenitor cells differentiate into endocrine cells,
which express many neuronal marker proteins.

Pancreatic AR42J cells are derived from a chemi-
cally induced pancreatic tumour and express both
exocrine and neuroendocrine properties. These cells
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Abstract

Aims/hypothesis. Activin A induces differentiation of
amylase-secreting pancreatic AR42J cells into endo-
crine cells. This study assesses the role of Smad pro-
teins in the actions of activin A in AR42J cells.
Methods. The expression of Smad proteins was deter-
mined by northern blotting. Phosphorylation and
translocation of Smad2 was measured by transfecting
flag-tagged Smad2. Involvement of Smad2 was exam-
ined by transfecting cDNA encoding N-terminal and
C-terminal domains of Smad2.
Results. The mRNAs for Smad2 and Smad4 were
abundantly expressed whereas the expression of
mRNA for Smad1 and Smad3 was very low. Activin
A induced serine-phosphorylation and the subse-
quent accumulation of the Smad2 in nuclei. Transfec-
tion of the N-terminal domain of Smad2, which acts
as a dominantly negative mutant (Smad2-N), blocked
the morphological changes induced by activin A

whereas the C-terminal domain of Smad2, which
acts as a constitutively active mutant (Smad2-C), re-
produced the activin-induced morphological changes.
Similarly, Smad2-N blocked apoptosis induced by ac-
tivin A and Smad2-C induced apoptosis. Activin A
converted AR42J into insulin-secreting cells in the
presence of hepatocyte growth factor and introduc-
tion of Smad2-N inhibited the differentiation.
Smad2-C, however, did not induce differentiation in
the presence of hepatocyte growth factor.
Conclusions/interpretation. Activation of the Smad2
pathway is necessary and sufficient to induce apopto-
sis and morphological changes. Although activation
of the Smad2 pathway is required, it is not solely suf-
ficient for the differentiation of AR42J into endo-
crine cells. [Diabetologia (1999) 42: 719±727]
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secrete amylase and express synaptophysin and neu-
rofilaments [6]. Upon treatment with activin A,
AR42J cells stop growing and their morphology
changes considerably. Thus, they extend neurites [7].
The production of amylase is terminated and the ex-
pression of neuronal markers, including neurofila-
ments and synaptophysin, increases noticeably [7].
Furthermore, activin-treated cells express mRNA
for glucose transporter-2, ATP-sensitive potassium
channels and pancreatic polypeptide. Collectively,
activin A converts AR42J cells into endocrine cells
[7, 8]. Many of the activin-treated cells, however,
eventually die by apoptosis unless an additional fac-
tor is added [9]. In the presence of either betacellulin
[7] or hepatocyte growth factor [8], activin-treated
AR42J cells survive and further convert to insulin-se-
creting cells. Since activin A acts as a differentiation
factor during the development of islet cells [10],
AR42J cells can provide a model system to study the
molecular mechanism of differentiation induced by
activin A in pancreatic progenitor cells.

The mechanism by which TGF-b and related li-
gands exert their diverse effects has been studied in-
tensively and the signal transduction pathways acti-
vated by these ligands have been described. It is now
thought that Smad proteins are involved in the action
of TGF-b and related ligands [11±13]. Upon binding
of the ligand to type II receptors, type I receptors
are phosphorylated on the GS domain by type II re-
ceptor kinase leading to the activation of type I re-
ceptors. Activated type I receptors then phosphory-
late cytoplasmic substrate proteins including path-
way-restricted Smads (Smad2 and Smad3) at the C
terminal domain. In unstimulated cells Smad2 and
Smad3 exist as monomers. When stimulated, phos-
phorylated Smad2 or Smad3 or both form oligomeric
complexes with Smad4 and then translocate into the
nucleus [14]. These complexes then activate the tran-
scription of target genes.

This study investigated the involvement of Smad
proteins in the differentiation-induced activity of ac-
tivin A in pancreatic AR42J cells.

Materials and methods

Materials. Recombinant human activin A was kindly provided
by Y. Eto of Central Research Laboratory, Ajinomoto (Ka-
wasaki, Japan). Recombinant human hepatocyte growth factor
(HGF) was purchased from R&D Systems (Minneapolis,
Minn., USA). We obtained [3H]thymidine from Dupont-New
England Nuclear (Boston, Mass., USA). Anti-Flag M2 mouse
monoclonal antibody was purchased from Eastman Kodak
(Scientific Imaging Systems, New Haven, Conn., USA). Anti-
human amylase monoclonal antibody was purchased from Sig-
ma Chemical (St. Louis, Mo., USA). Rabbit polyclonal anti-
body to phosphoserine was from Zymed Laboratories (San
Francisco, Calif., USA). Polyclonal antibody against porcine
insulin was provided by K. Wakabayashi of the Institute for

Molecular and Cellular Regulation, Gunma University. Other
commercially available antibodies were indocarbocyanine-
conjugated donkey anti-rabbit IgG, fluorescein (FITC)-conju-
gated donkey anti-mouse IgG (Jackson ImmunoResearch
Laboratories, West Grove, Pa., USA), indocarbocyanine-con-
jugated donkey anti-guinea pig IgG (Cappel, Turnhout, Bel-
gium).

RNA extraction and northern blot analysis. Total RNA was ex-
tracted from AR42J cells cultured with or without activin A
and HGF at different time points using TRIzol Reagent (Gib-
co-BRL, Grand Island, N. Y., USA). Total cellular RNA
(20 mg) was denatured on a 1.2 % agarose gel containing
2.2 mol/l formaldehyde and blotted onto a nylon membrane
(Hybond-N + , Amersham, Bucks, UK) by capillary blotting
in 10 ´ saline-sodium citrate buffer (SSC). The blot was hy-
bridized with a [32P]-labelled cDNA probe, and washed at a fi-
nal stringency of 0.1 ´ SSC and 0.1 % sodium dodecylsulphate
(SDS) at 55 °C for 30 min as described in detail elsewhere
[15]. The probes for northern blot analysis were obtained by
reverse transcription PCR (RT-PCR) of mRNA obtained
from AR42J cells using primers based on the sequences of rat
Smad1 [16], rat Smad3 [16], human Smad2 [17] and human
DPC4 [18]. In some experiments, mRNA was extracted from
rat hepatocytes as described before [14].

Cell culture and transfections. A subclone of AR42J cells [19],
AR42J-B13 cells convert into insulin-producing cells after
treatment with a combination of activin A and HGF. These
were cultured in Dulbecco's modified Eagle's (DME) medium
containing 20 mmol/l HEPES/NaOH (pH 7.4), 5 mmol/l NaH-
CO3 and 10 % FCS at 37 °C under a humidified condition of
95 % air and 5 % CO2. Transfection for immunofluorescence
and immunoblotting was done using lipofectamine (Gibco/
BRL) according to the protocol of the manufacturer. The
transfection efficiency was 20 to 40 %.

cDNA cloning. We identified Smad2 by RT-PCR from rat
AR42J cells using a degenerated sense primer, 5 ¢-CAT(C)-
CAT(C)GAA(G)C(T)TG(C/A)AAA(G)G(C)CA-3 ¢ and
an antisense primer, 5 ¢-CCAG(A)CCC(T)TTC(G)ACA
(G)AAT(C/G/A)C(G)A(T)CATA(T/C)CG(T)T(A/G)AT-3 ¢,
which were based on regions of sequence similarity between
the Drosophila Mad and C. elegans Sma genes, human Smad1
and mouse madr2. The 0.9-kb insert of the Smad PCR product
was then used as a probe in the screening of a rat brain cDNA
library. Phages were plated to yield 40,000 plaques/150 mm
plate and incubated at 37 °C for 12 h and then spotted in dupli-
cate on nitrocellulose membranes. The hybridization was done
at 37 °C in 50 % formamide, 10 ´ Denhardt's solution,
5 ´ SSPE, 0.7 % SDS, and 100 mg/ml of denatured salmon
sperm DNA. The last wash was done with 2 ´ SSC and 0.1 %
SDS. Several Mad-related clones were isolated and sequenced
from both strands using an ABI PRISM Dye Terminator cycle
Sequencing FS Ready Reaction Kit and Applied Biosystems
DNA sequencer model 373S (ABI, Foster City, Calif., USA).

Generation of a flag epitope-tagged form of Smad2. To gener-
ate the N-terminal flag epitope-tagged Smad2, the N-terminal
domain of Smad2 (Smad2-N) and the C-terminal domain of
Smad2 (Smad2-C), an oligonucleotide containing the flag tag
sequence (ACCACCATGGACTACAAAGACGATGACG-
ACAAG) was used with another primer that was located
around the initiation codon of rat Smad2 (ATGGA-
CACAGGCTCTCCGG CTGAACTG) in high fidelity PCR
(UITmaTM DNA polymerase, Perkin Elmer, Norwalk,
Conn., USA) as the sense primers in the case of Smad2 and

Y.-Q. Zhang et al.: Smad and differentiation of AR42J cells720



Smad2-N. The antisense primer for Smad2 and Smad2-C
was 5 ¢-TGACGGACTTTAGGACATGCTTGAGCATC-
CAC-3 ¢. To generate the flag-tagged Smad2-N, a stop codon
was added at amino acid 238, and the antisense primer was
5 ¢-CTACTAACTTTGGTTCAACTGTTGGT CAC-3 ¢. To
generate the flag-epitope tagged Smad2-C, 247 amino acids of
Smad2 were truncated by using a sense primer 5 ¢-
ACCACCATGGACTACAAAGACGATGACGACAAGC-
TGTCTCC TACCACTCTCTCCCCTGTC-3 ¢. The PCR
products were then confirmed by fully sequencing and cloned
into the PCDNA3 expression vectors.

Immunoprecipitation and immunoblotting. We transiently
transfected AR42J cells with expression constructs for flag-
Smad2, flag-Smad2-N and flag-Smad2-C, respectively, using
lipofectamine. The medium was changed 24 h after transfec-
tion into serum-free medium and cells were incubated for an-
other 4 h. Then, the medium was changed again to fresh medi-
um and cells were incubated in the presence or absence of acti-
vin A. Cells were washed, scraped and solubilized in a buffer
containing 20 mmol/l TRIS-HCl (pH 7.5), 150 mmol/l NaCl,
2 % (v/v) Triton X-100, 1 mmol/l phenylmethyl sulphonyl fluo-
ride (PMSF), 2 mmol/l sodium vanadate, 4 ´ 10±7 mol/l leupep-
tin, 3 ´ 10±7 mol/l pepstatin followed by sonication for 15 s.
Then cell lysates were pelleted by centrifugation and subjected
to immunoprecipitation with anti-flag M2 affinity gel (Scientif-
ic Imaging Systems, Eastman Kodak). Immunoprecipitates
were separated by 10 % SDS-polyacryalmide gel electrophore-
sis (SDS-PAGE), then samples were transferred to PVDF
membranes (Immobilon P, Milli-pore Japan, Tokyo, Japan)
followed by immunoblotting with mouse anti-flag M2 mono-
clonal antibody and rabbit polyclonal antibody to phosphoser-
ine, respectively, and developed using an enhanced chemilumi-
nescence detection system (Amersham) as recommended by
the manufacturer.

Determination of cell viability and DNA fragmentation. The vi-
ability of AR42J cells transfected with Smad2-C and mock vec-
tors was determined using MTT, 3-[4, 5-dimethylthiazol-2-yl]-
2, 5-dithenyltetradium bromide (Sigma). In brief, MTT solu-
tion was added to cells (0.5 mg/ml) and after 3 h of incubation
at 37 °C the reaction was stopped by adding 0.04 N HCl of iso-
propanol. Absorbance was measured at a wavelength of 595
nm. The results are expressed as means ± SEM and statistical
analysis was carried out using Student's t test. Differences of
p < 0.05 were considered to be significant.

For the measurement of DNA fragmentation, cells were
collected by centrifugation and lysed by incubation for 3 h at
50 °C in lysis buffer (10 mmol/l EDTA, 10 mmol/l TRIS (pH
8.0), 0.5 % sodium dodecyl sulphate (SDS) and 0.15 mg/ml
proteinase K). Next we added RNase A (0.5 mg/ml) and then
incubated lysates for an additional hour. We electrophoresed
DNA in a 1.8 % agarose gel stained with ethidium bromide
and made them visible by exposing them to ultraviolet light as
described in detail elsewhere [20].

Immunofluorescence study. Cells were cultured on non-coated
glass coverslips at a density of 2 ´ 105 cells/35 mm dish and
transiently transfected with Smad2, Smad2-N and Smad2-C,
respectively. Cells were washed and fresh medium was added.
Activin A or activin A plus HGF was added according to the
experimental protocol. Cells were washed and fixed 48 h later
with 4 % paraformaldehyde in PBS, permeabilized with PBS
containing 0.1 % (vol/vol) Triton X-100 and incubated sequen-
tially with Blocking Ace (Morinaga, Tokyo, Japan). Cells were
then incubated with primary antibodies at room temperature
for 60 min, extensively rinsed in TBST (0.15 mol/l NaCl,

0.02 mol/l TRIS-HCl (pH 7.4), 0.1 % Tween-20) and exposed
to secondary fluorescent antibodies at room temperature for
40 min. Images were obtained using a Zeiss microscope equip-
ped with fluorescein and rhodamine filter sets (Axiophoto,
Carl Zeiss, Thornwood, N. Y., USA). For the observation of
subcellular localization of Smad2 in AR42J cells, a confocal la-
ser microscope (Bio-Rad Labs, Richmond, Calif., USA) was
used.

Results

Cloning of rat Smad2. To identify rat Smad homo-
logues, we screened a rat brain library with a probe
made from RT-PCR using a degenerated primer
based on regions of sequence similarity between the
Drosophila Mad, C. elegans Sma genes, human
Smad1 and mouse madr2. We obtained several inde-
pendent clones and determined the sequences from
both strands. We determined the full length insert of
1.9 kb rat Smad2 cDNA clone, which contains an
open reading frame that is predicted to encode a pro-
tein of 467 amino acids (DDBT/EMBL/GenBank nu-
cleotide sequence data base accession number
AB017912). Rat Smad2 amino acid sequences share
99.6% identity with mouse Smad2 [21] and 99.4%
identity with human Smad2 [17]. Its nucleotide se-
quence shares 95.4% identity with mouse Smad2
[20], and 91.3% identity with human Smad2 [17]
(Fig.1). Comparison of the amino acid sequence of
rat Smad2 with rat Smad1 and rat Smad3 showed
54.8% and 89.2% homologies, respectively [16], and
the nucleotide sequence comparison shows 48.8%
and 69.7% homologies, respectively.

mRNA expression of Smad in AR42J cells. The ex-
pression of Smad1, 2, 3 and 4 in AR42J cells was in-
vestigated by northern blot analysis (Fig.2A). The re-
sults show that expressions of Smad2 and Smad4
were abundant whereas Smad1 and Smad3 were
much less expressed. Note that Smad3 mRNA re-
quired longer exposure to the gels to be detected.
The expression pattern of Smads in AR42J cells was
different from that in rat hepatocytes. We then inves-
tigated whether or not the mRNA for Smad2 and
Smad4 changed during the differentiation of AR42J
into insulin-secreting cells. We treated AR42J cells
with activin A and HGF for 72 h. There were no
changes in the expression of Smad2 and Smad4 be-
fore or after differentiation into insulin-secreting
cells (Fig.2B).

Ligand-induced phosphorylation and nuclear accu-
mulation of Smad2. It has been shown that Smad pro-
teins are phosphorylated in the cytoplasm and trans-
locate to the nucleus upon stimulation with ligands
[9]. To see if activin A activates the Smad pathway in
AR42J cells, we examined whether or not Smad2 is
phosphorylated and then translocated into nuclei in
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response to activin A. Cells were transiently transfect-
ed with flag-Smad2, incubated for 24 h and then ex-
posed to activin A for 30 min. Cells were subsequently
lysed and subjected to immunoprecipitation with anti-
flag M2 antibody and then immunoblotted with anti-
phosphoserine antibody. In the absence of the ligand
in AR42J cells Smad2 was not appreciably phospho-
rylated, whereas notable phosphorylation was ob-
served after the addition of activin A (Fig.3A). The
subcellular localization of Smad2 in AR42J cells was
analysed by measuring immunofluorescence using
the anti-flag antibody in the presence or absence of
the ligand. In the absence of the ligand, Smad2-specif-
ic staining was predominant in the cytoplasm of the
cells. After stimulation with activin A for 1 h, the
staining was concentrated in the nucleus (Fig.3B).
Thus activin A induced the translocation of Smad2
from the cytoplasm to the nucleus in AR42J cells.

Effect of transfection of Smad2-N and Smad2-C on
the action of activin A. The results above indicate
that activin A activates the Smad pathway in AR42J
cells, and presumably Smad2 is involved. To investi-
gate the role of the Smad pathway in the action of ac-
tivin A in AR42J cells, we transfected the cells with
dominantly negative and constitutively active mu-
tants of Smad2. It is known that the N-terminal do-
main of Smad2 (Smad2-N) inhibits signalling through
Smad2, whereas the C-terminal domain of Smad2
(Smad2-C) activates the Smad pathway in the ab-
sence of the ligand. Thus, Smad2-N and Smad2-C
act as dominantly negative and constitutively active
mutants, respectively [22±23]. We transiently trans-
fected AR42J cells with Smad2-N or Smad2-C and
examined whether or not these mutants affected cel-
lular functions. To identify cells effectively transfect-
ed, we measured the immunofluorescence using
anti-flag antibody.

Activin A induced the morphological changes in
AR42J cells. Activin-treated cells extend neurite-
like processes [6]; untransfected cells extended pro-
cesses in response to activin A (Fig.4). In contrast,
in cells effectively transfected with Smad2-N, activin
A did not induce morphological changes (Fig.4 and
Table 1). Conversely, when cells were effectively
transfected with Smad2-C, a constitutively active
form of Smad2, they extended neurite-like processes
(Fig.5 and Table 1). Activin A did not only induce
morphological changes but also eventually induced
cell death by apoptosis [9]. Transfection of Smad2-N
prevented activin-induced cell death (data not
shown). Conversely, transfection of Smad2-C in-
duced cell death in AR42J cells. Transfection of
Smad2-C, but not Smad2-N, reduced the viability of
the cells (Fig.6A). Note that the efficiency of trans-
fection was 20 to 40%. In addition, DNA ladder for-
mation was observed in Smad2-C-transfected but
not in mock-transfected cells (Fig.6B). A combina-
tion of activin A and HGF induces differentiation of
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Fig. 1. Comparison of amino acid sequence of rat Smad2 with
human and mouse Smad2. The amino acid residues that are
different are highlighted in boxes and the positions of the ami-
no acids residues are labelled on the right

Table 1. Effect of transfection of Smad2-N and Smad2-C on
the morphology of AR42J cells

Transfected
gene

Number of
transfected
cells

Shape-changed Shape-
unchanged

Smad2-N 784 52 (6.6 %) 732 (93.4 %)
Smad2-C 806 739 (91.7 %) 67 (8.3 %)

AR42J cells were transfected with flag-tagged Smad2-N or
Smad2-C and incubated for 48 h. Activin A (2 nmol/l) was ad-
ded for Smad2-N-transfected cells. Effectively transfected
cells were identified by staining with anti-flag antibody. Mor-
phological changes in effectively transfected cells were ana-
lysed. The results were accumulated data from five to six ex-
periments. Note that 93 % of the untransfected cells changed
their shape by activin treatment



AR42J into insulin-producing cells [7]. To assess the
role of the Smad pathway in this process, AR42J cells
were transfected with Smad2-N and were then incu-
bated with activin A and HGF. Effectively transfected
cells were identified by the expression of flag. Treat-
ment of the untransfected cells with a combination of
activin A and HGF led to the expression of insulin
(Fig.7). In Smad2-N-transfected cells, HGF and acti-
vin A did not induce differentiation (Fig.7 and Ta-
ble 2). We then transfected AR42J cells with Smad2-
C. Transfection of Smad2-C, however, did not convert
AR42J to insulin-producing cells even in the presence
of HGF (Fig.8 and Table 2). This result suggests the
possibility that another signal(s) other than the activa-
tion of Smad2 is necessary for inducing differentia-
tion. To test this possibility, we incubated cells trans-
fected with Smad2-C with a low dose of activin A,
which by itself does not induce differentiation. Cells
transfected with Smad2-C converted into insulin-pro-
ducing cells when 0.1 nmol/l activin A was added to-
gether with HGF (Fig.9). Note that at this concentra-
tion, activin A did not convert untransfected AR42J
into insulin-secreting cells (Fig.9 and Table 3). Thus,
introduction of Smad2-C enabled the low concentra-
tion of activin A to induce differentiation.

Discussion

We investigated the role of Smad proteins in activin-
induced differentiation of AR42J cells, which resem-
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Fig. 2 A, B. Total RNA was extracted from AR42J cells and rat
hepatocytes and mRNA expression of Smad proteins was de-
termined by northern blotting (A). The blot is representative
for three similar experiments. Total RNA was extracted from
AR42J cells before and 24 h and 48 h after treatment with 2
nmol/l activin A and 100 pmol/l HGF (B). Expression of
mRNA for Smad2 and Smad4 was measured by northern blot-
ting. The blot is representative for three similar experiments

Table 2. Effect of transfection of Smad2-N and Smad2-C on
the differention of AR42J into insulin-producing cells

Transfected
gene

Number of
transfected
cells

Insulin-
positive cells

Insulin-
negative cells

Smad2-N 788 55 (7.0 %) 733 (93.0 %)
Smad2-C 758 23 (3.0 %) 735 (97.0 %)

AR42J cells were transfected with flag-tagged Smad2-N or
Smad2-C or Smad2-C and incubated for 72 h with 100 pmol/l
HGF. Activin A (2 nmol/l) was also added for Smad2-N-trans-
fected cells. Cells were stained with anti-insulin and anti-flag
antibodies. Number of insulin-positive cells among effectively
transfected cells was counted. Results are the accumulated
data from five experiments. Note that 91 % of the untransfec-
ted cell converted to insulin-positive cells by activin A and
HGF



ble progenitor cells of the pancreas in many respects.
Among various Smad proteins, Smad2 and Smad4
were expressed predominantly in AR42J cells. If
Smad proteins mediate the effect of activin A, Smad2
and Smad4 are the most likely candidates as mediators
of the activin action in these cells. The expression was
not changed substantially during differentiation into
insulin-producing cells. Proteins Smad2 or Smad3 or
both are activated by TGF-b and activin A by phos-
phorylation and form oligomeric complexes with
Smad4 [21, 24]. Then the oligomeric complexes trans-
locate into the nuclei and activate the transcription of

target genes [11±13]. As regards activin signalling,
type I activin receptors are shown to phosphorylate
the C-terminal region of Smad2 and activate Smad2
[20]. In agreement with this notion, Smad2 was phos-
phorylated at its serine residue and subsequently accu-
mulated in the nucleus in response to activin A. Al-
though we did not examine whether or not Smad2
formed a complex with Smad4, the present results to-
gether with previous reports [11±13] suggest that
upon stimulation by activin A, Smad2 and presumably
endogenous Smad4 are phosphorylated and form oli-
gomeric complexes in AR42J cells. Alternatively,
Smad2 may form homomeric trimers and then trans-
locate into the nucleus [24].

The Smad proteins consist of the N-domain, C-do-
main and the linker domain which connects the N-do-
mains and C-domains. The C-domain is thought to be
an active domain and its activity is inhibited by the
N-domain. Type I receptors phosphorylate the C-do-
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A

Fig. 3 A±C. AR42J cells transfected with flag-tagged Smad2
were incubated for 30 min with 2 nmol/l activin A (A). Cells
were lysed and the lysates were immunoprecipitated by anti-
flag antibody. The precipitated proteins were separated by
SDS-PAGE, followed by western blotting by anti-flag (Flag)
and anti-phosphoserine (PS) antibodies. The result is repre-
sentative for four similar experiments. AR42J cells transfected
with flag-tagged Smad2 were incubated for 60 min with (B) or
without (C) 2 nmol/l activin A. Cells were fixed and immuno-
histochemistry was done with confocal microscopy using an
anti-flag antibody. The result is representative for four similar
experiments

Fig. 4 A, B. Nomarski image (A). AR42J cells transfected with
flag-tagged Smad2-N were incubated for 48 h with 2 nmol/l ac-
tivin A. Immunohistochemistry was performed using anti-flag
antibody (B)

Fig. 5 A, B. Nomarski image (A). AR42J cells transfected with
flag-tagged Smad2-C were incubated for 48 h and immunohis-
tochemistry was performed using anti-flag antibody (B)

Table 3. Effect of transfection of Smad2-C in the presence of
low concentration of activin A

Transfection Number
of cells

Insulin-positive
cells (%)

Insulin-negative
cells (%)

Transfected cells 289 88.6 % 11.4 %
Untransfected cells 243 3.2 % 96.8 %

AR42J cells transfected with Smad2-C were incubated for 72 h
with 100 pmol/l HGF and 100 pmol/l activin A. Cells were
double-stained with anti-flag and anti-insulin antibodies and
the number of insulin-positive cells were counted. Results
were obtained from two experiments



main and this phosphorylation is thought to relieve
suppression by the N-domain [11±13]. Consequently,
the N-domain functions as a dominantly negative reg-
ulator of Smad2, whereas the C-domain acts as a con-
stitutively active form of Smad2. Transfection of

Smad2-N seems to block the growth inhibitory effect
of activin A whereas transfection of Smad2-C mimics
the effect of activin A in hepatocytes (unpublished
observation). Our results indicate that transfection of
Smad2-N inhibits activin A action in AR42J cells by
inducing morphological changes and differentiation
into endocrine cells. On the other hand, Smad2-C in-
duced morphological changes and apoptosis. Hence,
activation of the Smad2 pathway is necessary and suf-
ficient for the induction of morphological changes and
apoptosis. In contrast, activin-induced differentiation
of AR42J into insulin-producing cells was blocked by
Smad2-N, whereas Smad2-C could not reproduce the
effect of activin A. We interpret these data to mean
that the Smad2 pathway is necessary, but not suffi-
cient, for the effect of activin A on the differentiation
of AR42J into insulin-secreting cells. Presumably, an
additional signal is necessary for the conversion of
AR42J into endocrine cells induced by activin A.
This notion is supported by the observation that a
low dose of activin A, which did not convert AR42J
to insulin-producing cells, did induce differentiation
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Fig. 6 A, B. AR42J cells transfected with Smad2-C or Smad2-
N were incubated for 22 h and viability of the cells was mea-
sured by MTT (A). Results are the representative of three ex-
periments.DNA was extracted from mock-transfected (1),
Smad2-C-transfected (2) or activin-treated cells (3) and sepa-
rated in agarose gel (B)

Fig. 7 A±C. AR42J cells transfected with flag-tagged Smad2-N
were incubated for 72 h with 2 nmol/l activin A and 100 pmol/l
HGF. Cells were then double-stained with anti-flag and anti-
insulin antibodies. (A) Nomarski image. (B) Cells stained
with anti-flag antibody. (C) Cells stained with anti-insulin anti-
body



when Smad2-C was introduced. Presumably, a low
dose of activin A generated an additional signal,
which together with the Smad2 pathway caused differ-
entiation. In this regard, we recently observed that the
conversion of AR42J into insulin-producing cells by
activin A and HGF was blocked by SB203580, an in-
hibitor of p38 mitogen-activated protein kinase (un-
published observation). Since the effect of HGF was
not blocked by SB203580, it is possible that the other
intracellular signal responsible for the activin-induced
differentiation is the p38 MAP kinase pathway. Fur-
ther study is necessary to clarify this point.

In summary, activin A activates the Smad2 path-
way in AR42J cells. Changes in morphology and apo-
ptosis induced by activin A are mediated solely by the
Smad2 pathway. But activin-mediated differentiation
into endocrine cells requires the activation of Smad2
and possibly another intracellular signal.
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