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The regeneration of pancreatic islet b cells is important for the
prevention and cure of diabetes mellitus. We have demonstrated that
the administration of poly(ADP-ribose) synthetaseypolymerase
(PARP) inhibitors such as nicotinamide to 90% depancreatized rats
induces islet regeneration. From the regenerating islet-derived cDNA
library, we have isolated Reg (regenerating gene) and demonstrated
that Reg protein induces b-cell replication via the Reg receptor and
ameliorates experimental diabetes. However, the mechanism by
which Reg gene is activated in b cells has been elusive. In this study,
we found that the combined addition of IL-6 and dexamethasone
induced the expression of Reg gene in b cells and that PARP inhibitors
enhanced the expression. Reporter gene assays revealed that the
281 ' 270 region (TGCCCCTCCCAT) of the Reg gene promoter is a
cis-element for the expression of Reg gene. Gel mobility shift assays
showed that the active transcriptional DNAyprotein complex was
formed by the stimulation with IL-6 and dexamethasone. Surpris-
ingly, PARP bound to the cis-element and was involved in the active
transcriptional DNAyprotein complex. The DNAyprotein complex for-
mation was inhibited depending on the autopoly(ADP-ribosyl)ation
of PARP in the complex. Thus, PARP inhibitors enhance the DNAy
protein complex formation for Reg gene transcription and stabilize
the complex by inhibiting the autopoly(ADP-ribosyl)ation of PARP.

Pancreatic b cells of the islets of Langerhans are the only cells that
produce insulin in humans as well as in almost all animals, but

they have a limited capacity for regeneration, which is a predispos-
ing factor for the development of diabetes mellitus. Strategies for
influencing the replication and growth of the b-cell mass are
therefore important for the prevention andyor treatment of dia-
betes (1). We have established a model for islet regeneration in 90%
depancreatized rats treated with poly(ADP-ribose) synthetasey
polymerase (PARP) inhibitors such as nicotinamide and 3-amino-
benzamide: Regenerating islets in the pancreatic remnants of
PARP inhibitor-treated rats were markedly enlarged and consisted
largely of insulin-producing b cells, preventing the development of
diabetes that would otherwise have been caused by the 90%
pancreatectomy (2). In screening the regenerating islet-derived
cDNA library, we found a novel gene and named it Reg (regener-
ating gene) (3–5). The rat Reg cDNA encoded a 165-amino acid
protein with a 21-amino acid signal peptide. We also isolated the
human REG cDNA, which encoded a 166-amino acid protein with
a 68% amino acid sequence identity to the rat Reg protein (3). Rat
and human Reg proteins stimulated the replication of pancreatic b
cells and increased the b-cell mass in 90% depancreatized rats and
in nonobese diabetic mice, resulting in the amelioration of diabetes
(6, 7). We have recently identified a Reg protein receptor that
mediates a growth signal of Reg protein for b-cell regeneration (8).
The expression of the Reg receptor, however, was not increased in
regenerating islets as compared with that in normal islets (8),
suggesting that the regeneration and proliferation of pancreatic b

cells for the increase of the b-cell mass are primarily regulated by
the expression of Reg gene.

In the present study, we found that Reg gene is activated by
IL-6 and dexamethasone and that the transcriptional activation
of Reg gene was mediated by the 281 ' 270 region of the rat
Reg gene promoter. Southwestern and immunoblot analyses
showed that PARP bound to the 12-bp cis-regulatory element.
Gel-mobility shift assays (GMSA) showed that PARP was
involved in the active transcriptional DNAyprotein complex and
that the complex formation was regulated by the autopoly(ADP-
ribosyl)ation of PARP. A possible regulatory role of PARP in
Reg gene transcription and DNA repair in b cells is also
discussed, especially in connection with our previous findings on
DNA repair (1, 9–13).

Materials and Methods
Induction of Reg Gene Expression. RINm5F cells, a rat insulinoma-
derived b-cell line, were maintained as described (8). The cells
showed increases in BrdUrd incorporation and in cell numbers in
response to Reg protein as did primary cultured rat islets (6, 8). For
the stimulation experiments, RINm5F cells were seeded at 1.5 3
106 cells per 25 cm2 flask and incubated for 24 h, and then the
medium was replaced with fresh medium containing the indicated
amount of stimulants, 10 mM nicotinamide, 2 mM 3-aminobenz-
amide, 500 unitsyml IL-1b (Sigma), 20 ngyml IL-6 (Genzyme), 500
unitsyml interferon (IFN)g (Roche Molecular Biochemicals), 1,000
unitsyml tumor necrosis factor (TNF)a (Roche), 100 nM dexa-
methasone (Sigma), or combinations thereof. Twenty-four hours
later, the cells were harvested, and total RNA was prepared using
cesium trifluoroacetate as described (14, 15). RT-PCR was per-
formed using primers corresponding to nucleotides 23–43 and
572–593 of rat Reg mRNA (3). The medium was collected and
subjected to immunoblot analysis as described (16). WST-1 cleav-
age by mitochondrial dehydrogenases in viable cells and BrdUrd
incorporation were measured as described (8) using a cell prolif-
eration reagent WST-1 (Roche) and a colorimetric cell prolifera-
tion ELISA kit (Roche), respectively.

Immunoblot Analyses. The medium or nuclear extract of RINm5F
cells was subjected to SDSyPAGE and electrotransferred to a
polyvinylidene difluoride (PVDF) membrane as described (14, 15).
Western blotting was carried out using an anti-rat Reg monoclonal
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antibody (17) or anti-PARP antibodies (C-2-10, CLONTECH;
06-557, Upstate Biotechnology, Lake Placid, NY).

Promoter Assay. Luciferase reporter gene constructs were gen-
erated as described (18). RINm5F cells were seeded at 1 3 105

cells per well in a 24-well dish. After 48 h, 3.0 mg of test plasmid
and 0.2 mg of pCMV-SPORT b-galactosidase (Life Technolo-
gies, Inc.) were transfected by lipofection (19) using DMRIE-C
(Life Technologies, Inc.). After 24 h, the medium of each dish
was replaced with fresh medium containing stimulants and
incubated further for 24 h. Cells were harvested in 1 ml of
ice-cold PBS, washed twice with PBS, and extracts were pre-
pared in extraction buffer (0.1 M potassium phosphate, pH 6.8y1
mM DTT). The protein concentration was determined using a
Coomassie reagent kit (Pierce) and BSA as a standard. Lucif-
erase activity was determined by chemiluminescence substrate
using a Pica Gene luminescence kit (Toyo, Tokyo). b-galacto-
sidase activity was determined using Aurora GAL-XE (ICN).

Gel-Mobility Shift Assays. DNA probes for GMSA were synthesized
as oligonucleotides. The sequences of the individual oligonu-

cleotides in the sense orientation were as follows: probe 1, 59-TT-
CCTTGCCCCTCCCATTTTTC-39 corresponding to nucleotides
286 ' 265 of rat Reg gene (18); probe M1, 59-TTCCTTGCCC-
CTAACATTTTTC-39; probe M2, 59-TTCCTTGCCCCGCCC-
ATTTTTC-39; probe M3, 59-TTCCTTGCCCCACCCATTT-
TTC-39; Sp1 (20), 59-ATTCGATCGGGGCGGGGCGAGC-39;
GKLF (21), 59-AGGAGAAAGAAGGGCGTAGTATCTA-39;
IK-BS4 (22), 59-TCAGCTTTTGGGAATGTATTCCCTGTCA-
39. Nuclear extracts from RINm5F cells were prepared as described
(18) and stored at 280°C until use. GMSA was performed as
described (23). Briefly, the nuclear extract (10 mg) or purified
human PARP (10 ng; Trevigen, Gaithersburg, MD) was incubated
in a final volume of 20 ml of buffer containing 20 mM TriszHCl (pH
7.9)y2 mM MgCl2y50 mM NaCly2 mM EDTAy10% glyceroly0.1%
Nonidet P-40y1 mM DTTy50 mg/ml BSAy1 mg of poly(dI-dC).
After incubation for 10 min at room temperature, 2.5 pmol of
double-stranded DNA, previously labeled by an exchange reaction
using MEGALABEL (Takara Shuzo, Kyoto) and [g-32P]ATP
(Amersham Pharmacia), were added and incubated for 30 min at
room temperature; then the binding reactions were resolved on

Fig. 1. Induction of Reg gene by IL-6ydexamethasoney
PARP inhibitors. RINm5F b cells were treated with IL-1b,
TNFa, IFNg, IL-6, dexamethasone (Dx), nicotinamide (NA),
3-aminobenzamide (3AB), Reg protein, and anti-rat Reg
monoclonal antibody (17) (aReg). Values represent
mean 6 SEM of at least seven experiments. Statistical
analyses were performed using Student’s t test. (A) RT-
PCR analysis. Expression of Reg and of the control glyc-
eraldehyde-3-phosphate dehydrogenase (G3PDH) gene
were analyzed by RT-PCR. (B) WST-1 assay. Reg (1.5 mgy
ml) was added to the medium. WST-1 cleavages were
significantly increased by the incubation with IL-6yDx,
IL-6yDxyNA, IL-6yDxy3AB, and Reg (P , 0.001). (C) BrdUrd
incorporation. Reg (1.5 mgyml) and aReg (15 mgyml) were
added to the medium. (D) Immunoblot analysis. Secreted
Reg protein was analyzed by immunoblot of the culture
medium of the RINm5F cells.

Fig. 2. IL-6ydexamethasoneyPARP inhibitor-sensitive cis-
element of Reg promoter. Luciferase activities were ex-
pressed relative to the level of luciferase activity in untreated
control cells (no addition), which was assigned a value of 1.0.
Values represent mean 6 SEM of three to eight independent
transfection experiments. Statistical analyses were per-
formed using Student’s t test. (A) Induction of Regyluciferase
hybrid gene expression by IL-6, dexamethasone (Dx), and
PARP inhibitors. Luciferase activities were significantly in-
creased by the addition of IL-6yDx, IL-6yDxyNA, and IL-6yDxy
3AB (P , 0.001). (B) Localization of IL-6yDxynicotinamide
(NA)-responsive region in the Reg promoter. In all of the
constructs except for 270, luciferase activities were signifi-
cantly increased by the addition of IL-6yDx and IL-6yDxyNA
(P , 0.05). (C) Alignment of Reg gene promoter regions. Rat
(18), mouse (52), and human (16, 31) Reg I gene promoter
regions were aligned. Nucleotide substitutions in the cis-
element are indicated by underlines. Dots indicate residues
that are identical to the rat promoter, and sequence gaps
resulting from optimization of alignment are indicated by
dashes. (D) Site-directed mutagenesis of the cis-element
within the Reg promoter. In all of the mutants except for 281
M1, significant increases in luciferase activities by the stimu-
lation of IL-6yDx and IL-6yDxyNA were retained (P , 0.01).
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prerun 6% acrylamide gel. When competition experiments were
conducted in the presence of a 100-fold molar excess of cold probe,
an unlabeled competitor was added with the labeled probe. In the
supershift assay, 2 mg of antibody for supershift grade (Santa Cruz
Biotechnology) were added before the addition of the 32P-labeled
probe. For immunodepletion, nuclear extracts were treated with 2
mg of an antibody against PARP (Upstate Biotechnology) or CD38
(24), or of preimmune serum for 10 min at 0°C before the addition
of the probe as described (25).

Southwestern Blot Analysis. Southwestern blot analysis was carried
out as described (26). In brief, nuclear extracts (25 mg) or purified
human PARP (40 ng) were subjected to SDSyPAGE (7%). The
resolved proteins were transferred electrophoretically to Immo-
bilon (Millipore). The blot was first washed twice (10 min each,
room temperature) in 20 mM Hepes (pH 7.9)y3 mM MgCl2y40
mM KCly10 mM b-mercaptoethanol, blocked for 60 min in 20 mM
Hepes (pH 7.9) containing 4% nonfat milk, and then washed once
in binding buffer consisting of 10 mM Hepes (pH 7.9)y70 mM
NaCly1 mM DTTy0.3 mM MgCl2y0.1% Triton X-100. Hybridiza-
tion of the blot with radiolabeled probe (2 3 105 cpmyml) was
performed for 3 h at room temperature in 40 mlycm2 binding buffer
containing BSA (60 mgyml) and poly(dI-dC) (37.5 mgyml). Before

exposure of the blot to x-ray film, it was washed twice (5 min at room
temperature) in the binding buffer containing 0.01% Triton X-100.
To evaluate the effect of poly(ADP-ribosyl)ation on DNA binding,
the PARP activity was reconstituted on the transferred membrane,
and the membrane was incubated with 1 mM b-NAD1 in the
presence or absence of PARP inhibitors (1 mM nicotinamide or 0.1
mM 3-aminobenzamide) as described (27) and then subjected to
Southwestern analysis.

Results
Induction of Reg Gene. We analyzed the Reg gene expression by
RT-PCR. The combined addition of IL-6ydexamethasone induced
Reg mRNA accumulation in RINm5F b cells (Fig. 1A). Moreover,
in the presence of PARP inhibitors such as nicotinamide and
3-aminobenzamide, the combined addition of IL-6ydexamethasone
resulted in a further enhancement of the Reg mRNA level. Treat-
ment with nicotinamide, 3-aminobenzamide, IL-1b, TNFa, IFNg,
dexamethasone, or IL-6 alone had no effect on Reg expression. The
combination of dexamethasone with IL-1b, TNFa, or IFNg did not
induce the Reg gene expression, and the combination of PARP
inhibitors with either IL-6 or dexamethasone alone was also inef-
fective (data not shown). As shown in Fig. 1B, the combined
addition of IL-6ydexamethasoneyPARP inhibitors increased the

Fig. 3. GMSA analysis of Reg gene promoter. (A) Binding of RINm5F cell nuclear extracts to the cis-element by GMSA. Nuclear extracts from untreated cells were
applied onto lanes 1, 4, 7, 10, 13, 16, 19, and 22; those from IL-6ydexamethasone (Dx)-treated cells were applied onto lanes 2, 5, 8, 11, 14, 17, 20, and 23; and those from
IL-6yDxynicotinamide(NA)-treatedcellswereappliedonto lanes3,6,9,12,15,18,21,and24. (B) Supershiftassayofthecis-elementbindingfactorsbyantibodiesagainst
Sp1 (lanes 4–6), Sp2 (lanes 13–15), Sp3 (lanes 7–9), and Sp4 (lanes 10–12). Nuclear extracts from untreated cells were applied onto lanes 1, 4, 7, 10, and 13; those from
IL-6yDx-treated cells were applied onto lanes 2, 5, 8, 11, and 14; and those from IL-6yDxyNA-treated cells were applied onto lanes 3, 6, 9, 12, and 15. (C) Effects of
poly(ADP-ribosyl)ation of nuclear proteins on the binding ability to the cis-element by GMSA. 0.2 ml of 100 mM b-NAD1, 100 mM a-NAD1, 100 mM ADP-ribose, 1 mM
cyclic ADP-ribose, 100 mM NA, andyor 10 mM 3-aminobenzamide (3AB) were added in a 20-ml reaction before the addition of the 32P-labeled probe 1. Lane 1, none;
lane2,NA; lane3,3AB; lane4,b-NAD1; lane5,b-NAD11NA; lane6,b-NAD113AB; lane7,a-NAD1; lane8,ADP-ribose;andlane9,cyclicADP-ribose. (D)The involvement
of PARP in the active transcriptional complex was evidenced by the immunodepletion of PARP. An active transcriptional complex of the nuclear extract from RINm5F
cells stimulated by IL-6yDx (lane 2) was blocked by the addition of 1 mM b-NAD1 as described above (lane 1).The complex formation was inhibited by the treatment
of nuclear extract with an anti-PARP antibody (lane 5) but not with an anti-CD38 antibody (lane 4) nor with preimmune serum (lane 3). An arrow indicates the position
of the active transcriptional complex. (E) Evidence of autopoly(ADP-ribosyl)ation of PARP in the GMSA reaction. Poly(ADP-ribosyl)ation was performed in the same
condition as GMSA in the presence of 62 nM [adenylate-32P]NAD1 (2 3 106 cpm, NEN). After the incubation, proteins were precipitated by the addition of 9-volume
acetone, separated by SDSyPAGE (12.5%), and autoradiographed. NA (1 mM, lane 2) or 3AB (0.1 mM, lane 3) was added in the GMSA incubation.
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number of RINm5F cells by WST-1 assay. As shown in Fig. 1C, the
treatment with IL-6ydexamethasoneyPARP inhibitors increased
BrdUrd incorporation, and the increase was attenuated by the
addition of anti-Reg monoclonal antibody, suggesting that the
growth stimulation by the addition of IL-6, dexamethasone, and
PARP inhibitors is achieved by the increase of Reg protein in the
medium, which acts as an autocrineyparacrine growth factor on b
cells via Reg receptor. In fact, the combined addition of IL-6y
dexamethasone andyor nicotinamide induced marked Reg protein
secretion (Fig. 1D). These observations concerning the effects of
PARP inhibitors on Reg gene expression may explain our previous
finding that islet regeneration was observed in 90% depancreatized
rats receiving PARP inhibitors such as nicotinamide and 3-amino-
benzamide (1–4, 12, 13, 17, 28).

Identification of Regulatory Element. The presence of a functional
promoter element responsive to stimulation by IL-6ydexametha-
soneyPARP inhibitor in the 59-flanking region of the rat Reg gene
(18) was tested by transient expression assays. A 2,303-bp fragment
containing the 59-flanking region of Reg gene was fused to the
luciferase gene and transfected into RINm5F b cells. Fig. 2A shows
a comparison of luciferase activities in extracts from RINm5F cells
transfected with the above constructs. Treatments with IL-6y
dexamethasone, IL-6ydexamethasoneynicotinamide, and IL-6y
dexamethasoney3-aminobenzamide significantly increased the lu-
ciferase activity, whereas IL-6, dexamethasone, nicotinamide,
3-aminobenzamide alone, nicotinamideyIL-6 (data not shown), or
nicotinamideydexamethasone (data not shown) was ineffective.

To identify the region necessary for the induction of Reg gene by
IL-6ydexamethasoneynicotinamide, progressive deletions of the
Reg promoter were performed. The deletion down to position 2269
did not alter significantly the expression of the reporter gene
induced by the combined addition of IL-6ydexamethasoneyPARP
inhibitors. As shown in Fig. 2B, progressive deletion to position
281 resulted in a gradual decrease of luciferase activity without
altering the potent inducibility by IL-6ydexamethasone and the
enhancement by nicotinamide, but an additional deletion to nu-
cleotide 270 caused a loss of the inducibility. These results suggest
that the region between nucleotides 281 and 270 (TGCCCCTC-

CCAT) is essential for both the IL-6ydexamethasone- and the
IL-6ydexamethasoneynicotinamide-sensitive Reg promoter activi-
ties. The 281 ' 270 region is highly conserved in human and
mouse Reg genes (Fig. 2C). A computer-assisted search for se-
quences similar to known cis-acting elements (29, 30) revealed that
sequences similar to the GC box (Sp1 binding site) and the Ikaros
binding element are present in the 12-bp region. As shown in Fig.
2 C and D, site-directed mutagenesis of the region from 281 to 270
was conducted within the luciferase construct of ‘‘281,’’ and the
influence of the mutations (‘‘281 M1,’’ ‘‘281 M2,’’ and ‘‘281 M3’’
in Fig. 2D) on the amplitude of luciferase induction by IL-6y
dexamethasoneynicotinamide was monitored. The site-directed
mutation M1 (TGCCCCTCCCAT3TGCCCCTAACAT), which
altered the GC box-like sequence, abolished the induction. The
mutant M2 (TGCCCCTCCCAT3TGCCCCGCCCAT), which
changed the Ikaros binding site to a classical GC box sequence, and
the mutant M3 (TGCCCCTCCCAT3TGCCCCACCCAT),
which changed the sequence of the rat Reg [now termed Reg I (5,
18)] promoter to those of human REG (16) [now termed REG Ia
(31)] and REG Ib (31), showed the induction by IL-6y
dexamethasoneynicotinamide, indicating that the GC box-like se-
quence (CCCC TyA CCC) is essential for conferring the IL-6y
dexamethasone sensitivity and the enhancement by nicotinamide in
Reg genes.

PARP Involvement in Reg Transcription. As shown in Fig. 3A, al-
though several bands were detected in GMSA with nuclear extracts
from RINm5F b cells, the lowest band (see arrowhead) was only
detected in the nuclear extracts of RINm5F cells treated with
IL-6ydexamethasone and with IL-6ydexamethasoneynicotin-
amide, and the intensity seemed to be correlated to the luciferase
activity exhibited in the cells (Fig. 2). The band disappeared by the
addition of excess amounts of unlabeled probe 1 as well as com-
petitors containing the M2 mutation (probe M2), the M3 mutation
(probe M3), and the GC box consensus sequence (probe Sp1) (20).
However, the competitor containing the M1 mutation (probe M1)
could not competitively block the binding to the 32P-labeled probe.
These results suggest that the lowest band showed the possible
active transcriptional complex in the nuclear extracts of RINm5F

Fig. 4. PARP as the cis-element binding protein for Reg gene. (A) Southwesten analysis of RINm5F cell nuclear extract. Nuclear extract from IL-6ydexamethasone
(Dx)-treated cells was probed by probe 1 (lane 1) or probe M1 (lane 2). (B) Southwestern and immunoblot analyses of RINm5F cell nuclear extracts. In the left
panel, Southwestern blot analysis was performed using probe 1. In the right panel, the blot was then probed by an anti-PARP antibody. Nuclear extracts from
untreated, IL-6ydexamethasone (Dx)-, and IL-6yDxynicotinamide (NA)-treated cells were applied to lanes 1, 2, and 3, respectively. (C) Effects of poly(ADP-
ribosyl)ation on the binding ability to the cis-element. Nuclear extracts were separated by SDSyPAGE and transferred to a PVDF membrane. The membrane was
incubated with 1 mM b-NAD1 (lane 1), b-NAD1y1 mM NA (lane 2), and b-NAD1y0.1 mM 3-aminobenzamide (3AB) (lane 3) and probed by 32P-labeled probe 1.
(D) Binding of PARP to the cis-element in Southwestern analysis. Purified PARP was subjected to SDSyPAGE and transferred to a PVDF membrane. The membrane
was incubated with 1 mM b-NAD1 (lane 1), b-NAD1y1 mM NA (lane 2), and b-NAD1y0.1 mM 3AB (lane 3) and probed by 32P-labeled probe 1. No binding to PARP
was detected using probe M1 (data not shown). (E) Binding of PARP to the cis-element in GMSA. Purified PARP was incubated in the presence of 1 mM b-NAD1

(lane 2), b-NAD1y1 mM NA (lane 3), and b-NAD1y0.1 mM 3AB (lane 4) with 32P-labeled probe 1. Nuclear extract from IL-6yDxyNA-treated cells was also analyzed
as a control (lane 1). Right panel (lanes 19–49) represents the long exposure of the left panel (lanes 1–4).
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cells stimulated with IL-6ydexamethasone and IL-6ydexametha-
soneynicotinamide. The GKLF binding sequence (21) and Ikaros
binding sequence (22) were also ineffective as competitors (Fig.
3A). To investigate which SpyXKLF transcription factor (32) binds
to the sequence, a polyclonal antibody against Sp1, Sp2, Sp3, or Sp4
was used in a supershift assay in which RINm5F cell nuclear extracts
were exposed to the antibody before incubation with the probe. As
shown in Fig. 3B, only the addition of Sp3 antibody led to the
appearance of a supershift band (a filled arrow from an open
arrow), but the band corresponding to the possible active transcrip-
tional complex was not supershifted, suggesting that a GC boxyGC
box-like sequence binding protein(s) other than Sp1, Sp2, Sp3, or
Sp4 binds to the sequence to activate the Reg gene transcription.
Additions of antibodies against Stat3 and glucocorticoid receptor
failed to show any ‘‘supershift’’ (data not shown).

To investigate how PARP inhibitors enhance the formation of
the active DNAyprotein complex, we added NAD1, NAD1

metabolites, and PARP inhibitors into the GMSA reaction. As
shown in Fig. 3C, the addition of b-NAD1, but not that of
a-NAD1 (33), inhibited the active DNAyprotein complex for-
mation. Metabolites of b-NAD1 such as ADP-ribose and cyclic
ADP-ribose (14, 34, 35) did not attenuate the formation of the
complex. Nicotinamide and 3-aminobenzamide quenched the
inhibitory effect of b-NAD1 on the complex formation, and the
concentrations of the half-maximal inhibition by nicotinamide
and 3-aminobenzamide were estimated to be 250 mM and 30 mM,
respectively. Since these concentrations of nicotinamide and
3-aminobenzamide inhibited poly(ADP-ribosyl)ation but not
mono(ADP-ribosyl)ation (36), the inhibitory effect of b-NAD1

on the active DNAyprotein complex formation through the
poly(ADP-ribosyl)ation was indicated. After the GMSA elec-
trophoresis, the DNAyproteins were transferred to a PVDF
membrane and subjected to Western blot analysis using PARP
antibodies. PARP was detected in the active DNAyprotein
complex (data not shown). The involvement of PARP in the
active complex was further evidenced by the immunodepletion
of PARP (Fig. 3D). Furthermore, when the GMSA reaction was
incubated in the presence of [32P]NAD1 and the reaction
products were separated by SDSyPAGE and autoradiographed,
autopoly(ADP-ribosyl)ated PARP as a 113-kDa band was de-
tected, and the autopoly(ADP-ribosyl)ation was attenuated in
the presence of PARP inhibitors (Fig. 3E). These results indicate
that PARP is involved in the active DNAyprotein complex for
Reg gene transcription and that the complex formation is inhib-
ited depending on the autopoly(ADP-ribosyl)ation of PARP in
the complex.

To determine the number and size of the proteins that directly
interact with the cis-element of Reg gene promoter, Southwestern
experiments were carried out. As shown in Fig. 4A, a 113-kDa
nuclear protein was found to bind to the sequence (Probe 1) but not
to the mutated probe (M1), suggesting that PARP is the binding
protein to the cis-regulatory element of Reg gene, although the
involvement of other proteins that require a multiprotein complex
formation to bind the cis-element cannot be totally excluded. The
membrane used for the Southwestern blot analysis was incubated
with two different antibodies against PARP. The 113-kDa band
recognized by the antibodies was matched to the band identified by
the Southwestern blot (Fig. 4B Right), indicating the binding of
PARP to the sequence in the Reg promoter. Since no other
poly(ADP-ribosyl)ated proteins than PARP itself were detected in
the GMSA reaction (Fig. 3E), the effects of autopoly(ADP-
ribosyl)ation of PARP on the ability of the cis-element binding were
tested. The cis-element binding ability of PARP appeared to be
independent of the poly(ADP-ribosyl)ation (Fig. 4C). Moreover,
the purified PARP also showed the binding to the cis-element,
which was also independent of the poly(ADP-ribosyl)ation of
PARP (Fig. 4D). The purified PARP formed a retarded band in
GMSA (see Fig. 4E, open arrow), and the position of the band was

different from that of the active transcriptional DNAyprotein
complex in RINm5F cell nuclear extracts (Fig. 4E, filled arrow),
suggesting that the DNAyprotein complex contains some nuclear
proteins in addition to PARP.

Discussion
Under physiological conditions, Reg protein is not expressed in
pancreatic b cells (3, 4, 17), although the Reg protein receptor is
expressed (8). In the regenerative process of pancreatic islets, Reg
gene expression is induced (3, 4, 12, 17). Therefore, the induction
of Reg gene is thought to be one of the crucial events in b-cell
regeneration. In addition to regenerating islets in 90% depancre-
atized rats receiving PARP inhibitors (1–5, 12, 13, 17, 28), Reg gene
expression was also observed in the phase of transient b-cell
proliferation such as in pancreatic islets of BB rats during the

Fig. 5. Representation of the unified role of PARP in the Reg gene transcription
and DNA repair. b cells are affected by many agents such as immunological
abnormalities, virus infections, irradiation, and chemical substances (1, 14–18),
leading to local inflammation in andyor around pancreatic islets. (1) Inflamma-
tory mediators such as IL-6 and glucocorticoids are produced in the inflammation
process. IL-6yglucocorticoid stimulation induces the formation of an active tran-
scriptional complex for Reg, a b-cell regenerating factor gene, in which PARP is
involved, and when the PARP is not poly(ADP-ribosyl)ated in the presence of
PARP inhibitors, the transcriptional complex is stabilized and the Reg gene
transcription is maintained. Reg protein then produced in b cells acts as an
autocrineyparacrine growth factor on b cells via the Reg receptor. DNA replica-
tion in b cells thus occurs, and the b-cell regeneration is achieved. (2) DNA-
damaging substances such as superoxide (O z

2) and nitric oxide (NOz) are fre-
quently produced in inflammatory processes. When the DNA is damaged, PARP
senses DNA nicks and autopoly(ADP-ribosyl)ates itself for the DNA repair. Once
PARPisautopoly(ADP-ribosyl)ated, theformationoftheReggenetranscriptional
complex is inhibited, interfering with the interaction between PARP and other
nuclear proteins necessary for the active complex; therefore, the transcription of
Reg gene stops. (3) When DNA is massively damaged, PARP is rapidly activated to
repair the DNA (1, 9–13), and the complex for Reg gene transcription is not
formed at all.
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remission phase of diabetes (37), in islets of nonobese diabetic mice
during active diabetogenesis (38) and pancreatic ductal cells, which
are thought to be progenitor cells of b cells, during differentiation
and proliferation in a mouse model of autoimmune diabetes (39),
and inflammation in andyor around islets was involved in these
cases. The findings in this paper showed that the combined addition
of typical inflammatory mediators (IL-6 and the glucocorticoid
analogue dexamethasone) induced Reg gene expression and that
PARP inhibitors such as nicotinamide and 3-aminobenzamide
enhanced the induction. As shown in Figs. 2–4, a novel cis-element
responsible for the induction of Reg gene by IL-6yglucocorticoid
was identified, and PARP was shown to bind the IL-6y
glucocorticoid-responsive element of Reg gene, forming the active
transcriptional DNAyprotein complex for Reg gene expression. The
formation of the active transcriptional complex was further en-
hanced by the inhibition of the autopoly(ADP-ribosyl)ation of
PARP. Since the binding capacity of PARP to the cis-element was
unchanged by the poly(ADP-ribosyl)ation of PARP itself, and since
the mobility of the PARPyDNA complex in GMSA was different
from that of the active DNAyprotein complex in RINm5F cell
nuclear extracts (Fig. 4), the poly(ADP-ribosyl)ation of PARP itself
in the active complex appears to attenuate the transcriptional
activity of Reg gene via the inhibition of the interaction of PARP
with other nuclear proteins necessary for the formation of the active
complex in Reg gene transcription. Thus, PARP inhibitors enhance
the Reg gene transcription and the b-cell replication. This can
account for the previous observation of islet regeneration in 90%
depancreatized rats treated with PARP inhibitors (2–4, 12, 13, 17,
28) and also supports our previous proposition that the restriction
of b-cell replication is relieved by PARP inhibitors (1).

The existence of PARP was first reported nearly 35 years ago
(40–42). Since then, the biological significance of PARP has been
reported in many cellular processes (43, 44). A major cellular
function of PARP has been considered to be its participation in the
DNA repair pathway. In pancreatic islets, genotoxic treatments
such as with streptozotocin greatly enhanced the nuclear PARP
activity for DNA repair and resulted in depletion of the intracellular
NAD1 pool (1, 9–13). Pancreatic b-cell destruction via this mech-
anism, which we proposed in 1981 (9, 10), has recently been
evidenced by PARP knockout mice (45–48). In the present study,
we demonstrated that PARP formed the active complex for Reg
transcription with some nuclear proteins and that the complex
formation was stabilized when the PARP was not autopoly(ADP-
ribosyl)ated in the presence of PARP inhibitors. Thus, at least in
pancreatic b cells, a unified picture of PARP roles in the Reg
transcription, replication, and DNA repair may be as depicted in
Fig. 5.

Furthermore, since the GC box-like cis-element identified in
this study exists in many other genes such as mouse Reg IIIb gene
(49), whose product is a Schwann cell mitogen (50), and human
hepatocyte growth factor gene (51), PARP may be involved in
gene transcription in a variety of cells.
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