
ISL-1 promotes pancreatic islet cell proliferation
by forming an ISL-1/Set7/9/PDX-1 complex

Zhe Yang1,#, Qiao Zhang1,2,#, Qin Lu1, Zhuqing Jia1, Ping Chen1, Kangtao Ma1, Weiping Wang1,*, and Chunyan Zhou1,*

1Department of Biochemistry and Molecular Biology; School of Basic Medical Sciences; Key Laboratory of Molecular Cardiovascular Sciences; Ministry of Education of China;

Peking University; Beijing, China; 2Current address: Department of Biochemistry and Molecular Biology; School of Basic Medical Sciences; Kunming Medical University;

Kunming, China

#These authors contributed equally to this work.

Keywords: ISL-1, pancreatic islets, PDX-1, proliferation, Set7/9

Islet-1 (ISL-1), a LIM-homeodomain transcription factor, has been recently found to be essential for promoting
postnatal pancreatic islet proliferation. However, the detailed mechanism has not yet been elucidated. In the present
study, we investigated the mechanism by which ISL-1 promotes b-cell proliferation through regulation of CyclinD1 in
HIT-T15 and NIT-1 cells, as well in rat islet mass. Our results provide the evidence that ISL-1 promotes adult pancreatic
islet b-cell proliferation by activating CyclinD1 transcription through cooperation with Set7/9 and PDX-1 to form an ISL-
1/Set7/9/PDX-1 complex. This complex functions in an ISL-1-dependent manner, with Set7/9 functioning not only as a
histone methyltransferase, which increases the histone H3K4 tri-methylation of the CyclinD1 promoter region, but also
an adaptor to bridge ISL-1 and PDX-1, while PDX-1 functions as a RNA pol II binding modulator. Furthermore, the
formation of the ISL-1/Set7/9/PDX-1 complex is positively associated with insulin-like growth factor-1 treatment in NIT
and HIT-T15 cells in vitro, while may be negatively correlated with age in vivo.

Introduction

Insulin enhancer binding protein-1 (ISL-1), a member of LIM-
homeodomain family, was identified and cloned in 1990.1 Previ-
ously, it has been reported to play crucial roles in heart, motor neuron
and pancreas development.2-6 In heart development, ISL-1 is sup-
posed as a critical marker of the second hear field (SHF),2 ISL-1
knockout will cause severe deficiency of heart in mice embryo.7 In
motor neuron, ISL-1 is demonstrated as a important marker in the
early stage of motor neuron development,8 while it is also involved in
axogenesis9 and motor neuron generation.10 In pancreas and islet
development, ISL-1 controls the development of 4 endocrine islet
cell lineages and dorsal pancreasmesenchyme,11 complete loss of dor-
sal pancreaticmesenchyme and endocrine islet cells was found in ISL-
1 knock-out mice embryos.6 ISL-1 is also involved in the formation
of endocrine cells during the secondary transition in mouse pancreas
development (E13.5 – E15.5) and controls the proliferation and sur-
vival of endocrine cells.12

Recent studies further reveal that ISL-1 is also involved in postna-
tal physiological and pathological processes. It has been verified that
ISL-1 could regulate the expression of several islet specific genes, such
as proglucagon/glucagon (a cells), somatostatin (g cells), amylin (d
cells) and insulin (b cells), although it is not the master regulator for

these genes.13-17 It also promotes the proliferation and the repair of
injured motor neurons,3,4 while overexpressing ISL-1 in endothelial
cells and mesenchymal stem cells promotes the blood vessel forma-
tion.18 These all suggest that ISL-1 plays an important role in adult.
Our previous investigation has demonstrated that ISL-1 can promote
islet b-cell proliferation in adult, however, the detailed mechanisms
remain to be elucidated.

In the present study, we showed that the complex of ISL-1,
Set7/9 and PDX-1 is recruited by ISL-1 to the CyclinD1 pro-
moter. The complex exerts its functions through histone modifi-
cation and RNA pol II binding in an ISL-1-dependent manner.
The functions of each component were also determined. Our
findings provide details of a novel mechanism by which ISL-1
regulates islet b-cell proliferation, and indicate its potential for
the development of a new therapy for diabetes and insulinoma.

Results

ISL-1 binds directly to the CyclinD1 promoter in parallel with
the changes in CyclinD1 expression during cell cycle progression

ISL-1 had been demonstrated not only to play an important
tissue specific role during the early pancreas development,19 but
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also to be required for the postnatal pancreatic islets proliferation
through promoting CyclinD1 expression.5 However, the detailed
regulatory mechanisms of ISL-1 on CyclinD1 gene transcription
requires further elucidation. To explore how ISL-1 exerts its bio-
logical functions in islet b-cell proliferation, HIT-T15 cells were
synchronized (>80% of the population) in the G1 phase by
serum starvation for 48 h. As expected, ISL-1 expression gradu-
ally increased following the G1/S transition of the cell cycle in
parallel with the changes in CyclinD1 expression (Fig. 1A–C).
ChIP assays showed that the recruitment of ISL-1 to the
CyclinD1 promoter increased significantly during the cell cycle
progression (Fig. 1D), which is consistent with our previous
results.5

ISL-1, Set7/9 and PDX-1 form a transcriptional complex
that binds directly to the CyclinD1 promoter

To investigate the co-factors of ISL-1 on the CyclinD1 pro-
moter region, mass spectrometry was employed. Among the
potential ISL-1-interactive proteins in HIT-T15 cells, we focused
on the proteins that are highly expressed in b-cells specifically.
Furthermore, we attempted to find the proteins that are potential
to be associated with ISL-1 functionally, such as having similar
binding site(s), tissue specificity, function on proliferation, etc.
Owing to the high scores in this analysis and the highly expressed
in b-cells correlated with cell proliferation and transcriptional
regulation,20,21 Set7/9 and PDX-1 were selected (Fig. S1A).
Set7/9 is a pancreas-specific histone methyltransferase and inter-
acts with Cys-His rich domain protein,22 while the LIM domain
of ISL-1 was just a Cys-His rich domain. PDX-1 is a pancreas-

specific transcriptional factor that has a similar DNA binding site
as ISL-1. These two factors play similar roles in regulating b-cell
function and proliferation.

Co-IP was performed to analyze whether Set7/9, PDX-1 and
ISL-1 formed a complex and bound directly to the CyclinD1
promoter. The results demonstrated that any one component of
the presumptive complex co-immunoprecipitated with the other
components, supporting the existence of this complex (Fig. 2A).
Furthermore, ChIP and ChIP-re-IP results confirmed that Set7/
9, PDX-1 and ISL-1 occupied and co-localized on the same
region of the CyclinD1 promoter (Fig. 2B, C). Based on these
results, we performed GST pull-down assays to verify the interac-
tive mode among 3 factors. The results showed that Set7/9 inter-
acted with ISL-1 via the LIM2 domain, while ISL-1 interacted
with Set7/9 via its MID segment (Fig. 2D, E). No interaction
between PDX-1 and ISL-1 was observed, suggesting that ISL-1
may not interact with PDX-1 directly (Fig. 2D, the buttom
panel). These results are consistent with a previous report that
Set7/9 interacts with a His and Cys-rich domain23 and forms the
protein-protein interaction via a conserved RSK amino acid
sequence24,25 that was observed in the LIM2 domain of the ISL-
1 protein. To further evaluate the possible interaction between
Set7/9 and ISL-1, we constructed different mutants of ISL-1:
S97A, K98A and RSK deletion (Fig. S1D) for Co-IP assays. The
results demonstrated that all types of mutations of the presump-
tive Set7/9 binding sites in ISL-1, including S97A, K98A and
RSK deletion, weakened the interaction between ISL-1 and Set7/
9 (Fig. 2F, right panel). A recent study demonstrated that Set7/9
interacts with PDX-1 directly in adult pancreatic b-cells.26

Hence, we suspected that Set7/
9 may act as an adaptor to
bridge ISL-1 and PDX-1. To
test this hypothesis, pcDNA3-
ISL-1 and pCMV-PDX-1
plasmids were transfected into
HeLa cells with or without
pCMV-Set7/9. The results of
Co-IP indicated that the exis-
tence of ISL-1/PDX-1 interac-
tion could be detected only in
the presence of Set7/9
(Fig. 2G). To further evaluate
whether Set7/9 serves as an
adaptor bridging ISL-1 and
PDX-1, ChIP was employed.
ISL-1 mutant (RSK site dele-
tion) and siRNAs targetting
ISL-1, Set7/9 or PDX-1 were
transfected into NIT-1 cell,
respectively, and then the
recruitment of ISL-1, Set7/9
or PDX-1 on the Cyclin D1
promoter was examined. The
results showed that knock-
down of Set7/9 or ISL-1 could
decrease the enrichment of

Figure 1. The expression pattern of ISL-1 was parallel to that of CyclinD1 during the cell cycle. (A, B) Flow cytom-
etry assays were performed to analyze the cell cycle distribution of HIT-T15 cells at appropriate time-points after
serum starvation for 48 h. (C) HIT-T15 cells were harvested at the indicated time-points after serum starvation for
48 h and subjected to Western blotting analysis. (D) Soluble chromatin was prepared from HIT-T15 cells and
then followed by immunoprecipitation with the antibody against ISL-1. The DNA extractions were amplified
using the primers that cover the ISL-1 binding sites by real-time PCR. Each bar represents 3 independent experi-
ments, mean § SD. p values were calculated using a Student’s t-test. *p < 0.05, **p < 0.01, #p < 0.05, ##p <

0.01 vs. control (0 h).
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Figure 2. ISL-1 formed a complex with Set7/9 and PDX-1. (A) Co-IP assay was employed to detect the interactions among ISL-1, Set7/9 and PDX-1 in HIT-
T15 cells. (B) Soluble chromatin was prepared from HIT-T15 cells followed by immunoprecipitation with antibodies against ISL-1, Set7/9 or PDX-1; normal
IgG (Rb, rabbit; M, mouse) served as a control. (C) ChIP-re-IP assay was performed with anti-ISL-1 or rabbit IgG antibodies and then with anti-Set7/9, anti-
PDX-1 or IgG antibodies for immunoprecipitation using chromatin harvested from HIT-T15 cells. (D) Full-length or truncated ISL-1 was used to construct
GST-fusion proteins (Left panel) for pull-down assays with Set7/9 or PDX-1 protein (right panel). (E) Full-length or truncated Set7/9 was used to construct
GST-fusion proteins for pull-down assays with ISL-1 protein. (F) The plasmids expressing ISL-1 mutants in which the Set7/9 binding sites were mutated or
deleted (Left panel) were constructed and Co-IP assays were performed to detect the interaction between ISL-1 (wild-type or mutants) and Set7/9. The
normal IgG was served as a negative control. ISL-1 and GAPDH served as loading and negative controls, respectively (right panel). (G) pcDNA3.1-ISL-1,
pcDNA3.1-PDX-1 or pCMV-Set7/9 plasmids were transfected into HeLa cells in different combinations. Whole cell extracts were harvested after 48 h and
subjected to Co-IP using anti-ISL-1 as the “IP” antibody and anti-PDX-1 as the “IB” antibody.
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PDX-1. In contrast, PDX-1 knockdown had no influence on
Set7/9 or ISL-1, it only influenced the recruitment of itself. In
addition, the overexpression of ISL-1 mutant led to an obvious
decline of Set7/9 and PDX-1 on the Cyclin D1 promoter
(Fig. 2H). These are consistent with Co-IP results, supporting
that Set7/9 could serve as an adaptor bridging ISL-1 and PDX-1.

Taken together, our data showed that ISL-1 associates with
Set7/9 and PDX-1, with Set7/9 acting as an adaptor bridging
ISL-1 and PDX-1 and binding directly to the CyclinD1
promoter.

ISL-1 enhances mono- and tri-methylation levels of histone
H3K4 of the CyclinD1 promoter region and RNA pol II
binding via the ISL-1/PDX-1/Set7/9 complex

Previous studies showed that Set7/9 is a histone H3K4-spe-
cific methyltransferase and a novel enzymatic cofactor required
for maintenance of islet gene transcription.20 It is not known
whether this complex activates CyclinD1 not only by the
transcription regulation, but also by the epigenetic modifica-
tion. ChIP assay results showed that the histone H3K4 tri-
methylation level on the ISL-1-binding region of the
CyclinD1 promoter was obviously increased and was consis-
tent with the changes in ISL-1 expression during cell cycle
progression (Fig. 3A). ISL-1 overexpression significantly
increased histone H3K4 mono-methylation (H3K4me1) and
tri-methylation (H3K4me3) levels of the CyclinD1 promoter,
while ISL-1 knockdown markedly decreased these modifica-
tions in HIT-T15 cells (Fig. 3B and C). However, histone
H3K9 acetylation (H3K9ac) was not altered by ISL-1-overex-
pression or knockdown (Fig. S1B) and the classic “repressive”
modification: H3K27 tri-methylation (H3K27me3) showed
an opposite trend compared to that of H3K4 methylation
(Fig. S1C). Specifically, H3K4 mono- and tri-methylation
exhibited more significant enrichment at the ISL-1-binding
region of the CyclinD1 promoter. Therefore, the level of ISL-
1 in the complex influenced the modification in the histone
H3K4 methylation status of the CyclinD1 promoter.

The luciferase assay was performed to investigate the synergis-
tic effects between Set7/9 and ISL-1 on the CyclinD1 promoter.
As shown in Fig. 3D, the luc-CyclinD1 activity in HEK293A
cells was significantly increased by ISL-1 transfection, whereas no
obvious effects were observed when Set7/9 was transfected alone
or co-transfected with ISL-1. These observations demonstrated
that Set7/9 does not activate CyclinD1 transcription alone and
nor does it act as a synergistic cofactor of ISL-1 at transcription
level. Set7/9 is known to be a histone H3 methyltransferase.
However, neither overexpression nor knockdown of Set7/9 using
siRNA targeting Set7/9 (Fig. S2B) influenced the global
H3K4me3 level of NIT-1 cells (Fig. 3E), indicating that the
function of Set7/9 may be independent on its expression, but is
recruited by other factors to implement its function. The ChIP
assay (Fig. 3F and G) revealed that Set7/9 and ISL-1 exhibited a
synergistic effect on both H3K4me1 and H3K4me3 of the
CyclinD1 promoter, with the changes in the histone modifica-
tion being markedly amplified when ISL-1 and Set7/9 were
co-overexpressed compared to the changes observed following

expression of ISL-1 or Set7/9 alone. The positive regulatory func-
tion of Set7/9 was blocked when ISL-1 was knockeddown
(Fig. 3F and G), demonstrating that the function of Set7/9 is
ISL-1-dependent.

It has been demonstrated that PDX-1 directly interacts with
Set7/9 to enhance the expression of insulin I by improving RNA
pol II binding.20,26 The ChIP assay indicated that either PDX-1
alone or co-transfected with ISL-1 resulted in positive recruit-
ment of RNA pol II to the ISL-1 binding site of the CyclinD1
promoter (Fig. 4B). More interestingly, PDX-1 exhibited a dis-
tinct synergistic effect with ISL-1 in this recruitment (Fig. 4A),
and the positive regulatory function of PDX-1 was also blocked
with ISL-1 knockdown (Fig. 4A), demonstrating that the func-
tion of PDX-1 is also ISL-1-dependent. We also investigated
whether PDX-1 in the ISL-1/Set7/9/PDX-1 complex influenced
histone modification of the CyclinD1 promoter. As shown in
Fig. 4B, similar to ISL-1, PDX-1 influenced H3K4me3 modifi-
cation, but no synergistic effect with ISL-1 was observed.

The luciferase assay demonstrated that PDX-1 activated the
CyclinD1 promoter alone or synergistically with ISL-1. In con-
trast, Set7/9 did not regulate the CyclinD1 promoter alone, but
improved the effect when co-transfected with ISL-1 and PDX-1
(Fig. 4C). It can be speculated that this is because Set7/9 serves
as an adaptor to bridge ISL-1 and PDX-1. To further investigate
the importance of ISL-1, mutant luc-CyclinD1 reporters (ISL-1
binding site TAAT was mutated to TGGT or complete deletion
of TAAT) were constructed (Fig. S2C). When the ISL-1-binding
site on the CyclinD1 promoter was mutated, the enhanced lucif-
erase activity mediated by ISL-1, Set7/9 or PDX-1 was dramati-
cally reduced or absent (Fig. 4D), as was the synergistic effect.
Furthermore, luciferase assays using both luc-CyclinD1 wild-
type and mutants showed that the synergistic effect was also
reversed by the ISL-1 mutant in which the Set7/9 target site was
deleted (Fig. 4D), indicating that the effect of Set7/9 on the
CyclinD1 promoter depends on the interaction between ISL-1
and Set7/9.

In summary, the ISL-1/Set7/9/PDX-1 complex regulates
CyclinD1 at both the transcriptional level and the epigenetic
level. The formation and function of this complex depends on
ISL-1. Set7/9 acts as a histone methyltransferase and an adaptor,
while PDX-1 improves the binding of RNA pol II.

The ISL-1/Set7/9/PDX-1 complex promotes b-cell
proliferation

We have shown that ISL-1 forms an ISL-1/Set7/9/PDX-1
complex to regulate CyclinD1 at both the transcriptional and the
epigenetic levels. However, whether this regulatory machenism
functions on b-cell proliferation needs to be investigated. CCK-8
assay results showed that overexpression of ISL-1, Set7/9 or
PDX-1 alone increased NIT-1 cell proliferation, while knock-
down of these factors caused a reduction in the proliferation rate
(Fig. 5A and B). Moreover, Set7/9 or PDX-1 co-transfected
with ISL-1 exhibited a distinct synergistic effect in promoting
cell proliferation (Fig. 5A and B). In contrast, knockdown of
ISL-1 blocked the synergistic effect of PDX-1 or Set7/9
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(Fig. 5A and B, the last col-
umn from left), supporting the
role of ISL-1 as an essential fac-
tor in the complex.

To further confirm this
observation, we analyzed NIT-
1 cell growth by direct mea-
surement of the relative cell
confluence rate at 48 h post-
transfection using the Genetix
cloneselector imager. The
results exhibited a similar trend
to those of the CCK-8 assay
(Fig. 5C and D). All these
results indicate that this com-
plex was able to promote b-cell
proliferation and ISL-1 is the
most critical factor in the ISL-
1/Set7/9/PDX-1 complex.

Formation of the ISL-1/
Set7/9/PDX-1 complex is age-
related and regulated by IGF-1

Insulin-like growth factor
(IGF-1) is recognized as a spec-
ified and effective growth factor
functioning on adult b-cell
proliferation.27-29 Therefore,
we investigated the effects of
different doses of IGF-1 on
NIT-1 cell proliferation. CCK-
8 assays showed that cell prolif-
eration was increased in a dose-
dependent manner (Fig. S3),
and doses of 5 ng/ml and
10 ng/ml were chosen for fur-
ther investigations.

The H3K4me3 level of the ISL-1 binding site within the
CyclinD1 promoter was first examined in NIT-1 cells after IGF-
1 treatment. The results indicated that the H3K4me3 level was
increased by IGF-1 treatment in a dose-dependent manner
(Fig. 6A), as was the expression level of ISL-1, CyclinD1 and
PDX-1 (Fig. 6B). However, the expression of Set7/9 was not
influenced by IGF-1 (Fig. 6B). This may be due to the relatively
constant expression level of Set7/9, so that its function is regu-
lated mainly through protein-protein interactions, rather than
regulation of its expression.25 To test this hypothesis, ChIP assays
were performed to determine the level of enrichment of ISL-1,
Set7/9 and PDX-1 on the CyclinD1 promoter. The results dem-
onstrated that although Set7/9 protein level was stable, the
recruitment of ISL-1, Set7/9 and PDX-1 was increased after
IGF-1 treatment in an IGF-1 dose-dependent manner (Fig. 6C).
Co-IP assays were also performed to detect changes in ISL-1/
Set7/9/PDX-1 formation. As shown in Fig. 6D and 6E, the
interaction of Set7/9 or PDX-1 with ISL-1 was increased in a
dose-dependent manner.

The existence and formation of the ISL-1/Set7/9/PDX-1
complex was also investigated in vivo. Rat islet masses were
isolated and analyzed in ChIP assays to confirm the recruit-
ment of ISL-1, Set7/9 and PDX-1 to the CyclinD1 promoter.
The results showed that the enrichment of ISL-1, Set7/9 and
PDX was approximately 11.02 § 0.53, 4.92 § 1.27 and 4.6
§ 0.38 times higher than that of the normal IgG control,
respectively (Fig. 6F). Co-IP assays were then performed to
detect the endogenous interaction in primary rat islet cell
masses. PDX-1 or Set7/9 were detected by Western blotting
analysis after immunoprecipitation with ISL-1 (Fig. 6G).
ChIP and Co-IP assays both confirmed the existence of the
complex. We further divided rats into “young” (aged 5 weeks)
and “old” (aged 4 months) groups to study the effect of age
on the formation of the complex. The Co-IP assay demon-
strated that the interaction of Set7/9 and PDX-1 with ISL-1
was reduced in the “old” group compared to that in the
“young” group, indicating that the formation of this complex
may be negatively correlated with age (Fig. 6H). However,
this correlation requires further investigation.

Figure 3. ISL-1 recruited Set7/9 to modulate histone modification of the CyclinD1 promoter. (A) H3k4me3 was
detected by ChIP assay in HIT-T15 cells at indicated time-points after serum starvation for 48 h. The H3K4me3
level at 0 h serum starvation served as a control. (B, C) pcDNA3.1-ISL-1 (ISL-1), pcDNA3.1-vector (control), ISL-1
siRNA or Non-silencer negative control siRNA were transfected into HIT-T15 cells. ChIP assays were employed to
detect H3k4me1 or H3k4me3 after 48 h. (D) The luciferase activity of the CylinD1 promoter was measured in
293A cells transfected with the indicated plasmid combination. The cells transfected with pcDNA3 were used as
a negative control. (E) NIT-1 cells was transfected with pCMV-Set7/9 (pCMV-vector served as a control) or Set7/9
siRNA (Non-silencer served as a control), and Western blotting analysis was performed using an antibody against
H3k4me3. Histone H3 was used as a loading control. (F, G) NIT-1 cells were transfected with different combina-
tions of plasmids for 48 h, and H3k4me3 or H3k4me1 of the CyclinD1 promoter were measured by ChIP assay.
The cells transfected with pcDNA3 or Non-silencer were used as negative controls. *p < 0.05, **p < 0.01, vs.
pcDNA3; #p < 0.05, ##p < 0.01 vs. Non-silencer, NS: non-significance.
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Collectively, these results demonstrate that the ISL-1/Set7/9/
PDX-1 complex exists not only in vitro, but also in vivo and that
the formation of the complex is regulated by IGF-1.

Discussion

The study of adult pancreatic islet b-cell homeostasis is critical
for the development of more effective therapies for diabetes and
related diseases.30 The renewal of adult islet b-cells is derived
from the proliferation of existing cells, rather than from pancre-
atic stem cell differentiation.31 CyclinD1, which functions in the

G1/S phase transition of the
cell cycle is an essential factor
for adult b-cell prolifera-
tion.32,33 In the present study,
we demonstrate that ISL-1
forms a complex with Set7/9
and PDX-1 to regulate
CyclinD1.

It has been reported that
ISL-1 promotes both lym-
phoma and pancreatic islet
b-cell proliferation, although a
positive autocrine feed-back
loop to promote its expression
was observed in lymphoma
but not in pancreatic islet
b-cells.34,35 Nevertheless, ISL-
1 expression is extremely high
in adult islet b-cells, indicating
that the mechanism by which
ISL-1 regulates b-cell prolifer-
ation is distinct and unique. As
a member of a LIM-homeodo-
main protein family, the LIM
domain of ISL-1 mediates the
interactions with other fac-
tors.36 In our study, ISL-1
interacts directly with Set7/9
through the LIM2 domain of
ISL-1. The ISL-1 and Set7/9
heterodimer binds to the
PDX-1 co-activator to provide
a docking and recruitment
interface with the general tran-
scriptional machinery.

We also demonstrate
that the ISL-1/Set7/9/PDX-1
complex regulates CyclinD1
expression not only at the
transcriptional level, but also
at the epigenetic level. The
H3K4me1 and H3K4me3
levels of the CyclinD1 pro-
moter were altered by Set7/9

in an ISL-1-dependent manner. However, direct evidence is
required to confirm that the methyl-transfer is mediated by
Set7/9. Set7/9 is always documented as a histone mono- and
di-methyltransferase.22 However, in our study, histone tri-
methylation was modulated by Set7/9, possibly due to the
undefined function of Set7/9 or other undefined components
in this complex.37 Furthermore, it has been reported that
Set7/9 can function as a non-histone protein methyltransfer-
ase;24 thus, raising the possibility that ISL-1 is methylated by
Set7/9.

The characteristic expression of ISL-1 must be also noted. Our
study demonstrates that ISL-1 is an essential factor to the

Figure 4. PDX-1 interacted with ISL-1 to promote the recruitment of RNA pol II. (A) NIT-1 cells were transfected
with appropriate plasmids. The binding of RNA pol II to the ISL-1 site on the CyclinD1 promoter was measured
by ChIP assay using an anti-RBP2 antibody. (B) ChIP assay was performed to analyze H3k4me3 of the CyclinD1
promoter region in NIT-1 cells transfected with indicated combination of plasmids. (C) Luciferase dual reporter
assays were performed in 293A cells at 48 h after transfection with luc-CyclinD1-promoter and other plasmids.
(D) Luciferase dual reporter assays were performed in NIT-1 cells at 48 h after transfection with luc-CyclinD1-pro-
moter (wild-type), luc-cyclinD1-promoter in which the ISL-1 binding site TAAT was mutated to TGGT (Mutant-1)
or deleted (Mutant-2) and other plasmids as shown including ISL-1 mt (the Set7/9 binding site RSK was deleted).
The data represent 3 independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, vs. pcDNA3;
#p < 0.05, ##p < 0.01 vs. Non-silencer or indicated column, NS, non-significance.
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formation of the ISL-1/Set7/9/PDX-1
complex that promotes b-cell prolifera-
tion. The endogenous expression of ISL-
1 in b-cells is extremely high and stable,
highlighting the paradox that although
ISL-1 regulates CyclinD1, adult b-cell
proliferation is an extremely rare event in
vivo. We found that the endogenous
modified ISL-1 could inhibit b-cell apo-
ptosis and exhibit a different regulatory
mechanism in this process (unpublished
data). A recent study has also demon-
strated that ISL-1 is essential for postna-
tal b-cell function in vivo, and that
ablation of ISL-1 reduces glucose toler-
ance.17 These studies indicate that ISL-1
is multi-functional and plays more
substantial role in b-cells than was previ-
ously accepted. Thus, further investiga-
tion on this issue is needed.

Our study demonstrates for the first
time that PDX-1 is associated directly
with CyclinD1 expression. PDX-1 has
been accepted as a crucial factor for pan-
creatic development and the maintenance
of b-cell function.38 It has recently been
demonstrated both in vitro and in vivo,
that PDX-1 is involved in b-cell prolifer-
ation.39 However, the functions of PDX-
1 in b-cell proliferation and differentia-
tion are exerted through several different
pathways. Therefore, the mechanism of
the synergistic effect of PDX-1 and ISL-1
on cell proliferation requires further
clarification.

Taken together, our findings reveal a
novel regulatory mechanism by which
adult pancreatic islet b-cell proliferation
is controlled. ISL-1 functions as a crucial
adult b-cell proliferation regulator, the
function of which is mediated predomi-
nantly through the formation of a com-
plex with Set7/9 and PDX-1 to regulate CyclinD1. In the
complex, Set7/9 functions as a histone methyltransferase and an
adaptor linking ISL-1 and PDX-1, while PDX-1 promotes the
binding of RNA pol II to the ISL-1 binding site of the CyclinD1
promoter. Ultimately, the function of this complex depends on
ISL-1, further confirming the importance of ISL-1 in adult pancre-
atic islet b-cells.

Materials and Methods

Cell culture
The hamster pancreatic islet cell line HIT-T15 (ATCC:

CRL-1777) and the mouse insulinoma cell line NIT-1

(ATCC: CRL-1777) were maintained in RPMI 1640 con-
taining 10% fetal bovine serum (FBS). HIT-T15 cells were
used in most experiments except those involving siRNA tar-
geting set7/9 and pdx-1, because the hamster genome has not
been completely sequenced.

Cell proliferation and cell cycle assays
The cell proliferation assay was carried out using CCK-8 and

EdU assays as described previously.5 Cell cycle analysis was
performed as described previously.5

Luciferase assays
Plasmid transfection and luciferase activity detection were

performed as described previously.40 All experiments were

Figure 5. Set7/9 and PDX-1 promoted the effects of ISL-1 on b-cell proliferation. (A, B) The prolifera-
tion of NIT-1 cells transfected with the indicated plasmids in 96-well plates was analyzed with CCK-8
kits. (C, D) NIT-1 cells in 6-wells plates were transfected with the indicated plasmids. The cell conflu-
ence was measured using the Genetix clone selector after 48 h. The data represent 3 independent
experiments, each performed in triplicate. *p < 0.05, **p < 0.01 vs. pcDNA3, #p < 0.05, ##p < 0.01 vs.
non-silencer, NS, non-significance. Cp < 0.05, CCp < 0.01 as indicated.
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performed in triplicate and 3 independently repeated experi-
ments were performed.

Chromatin immunoprecipitation (ChIP) and ChIP-re-IP
assays

ChIP and ChIP-re-IP experiments were performed as described
by Shang et al.41 using the following primers covering a 283 bp
region of the rat and hamster CyclinD1 promoter: F: 50-AGCTT
CGGTGTCTGGTTC-30, R: 50-ATTCCAGCAACGCTCAA-
GATG-30, or the primers covering a 258 bp region of the mouse
CyclinD1 promoter: F: 50-CGGCTCACAAGTTTATC-30,

R: 50- AGCCTATCGTGTCT-
CAAC. The following antibod-
ies were used: trimethyL-histone
H3 (Lys4) (#17–678, Millipore,
Billerica, MA, USA); Set7/9
(A301-747A, Bethyl, Mont-
gomery, TX, USA); mono-
methyL-histone H3 (Lys4)
(ab8895), PDX-1 (ab47267),
ISL-1 (ab109517) and RPB2
(ab10338) (all from Abcam,
Cambridge, UK).

Quantitative real-time PCR
Total RNA was extracted

using Trizol Reagent (Invitro-
gen, Grand island, NY, USA)
based on the manufacturer’s
instructions. Amplifications
were performed in the ABI
7300 Real-Time PCR System
using the following primers:
ISL-1: F: 50-CTGCTTTTCA
GCAACTGGTCA-30, R: 50-
TAGGACTGGCTACCATG
CTGT-30; CyclinD1: F: 50-
GCGTACCCTGACACCCC
TCTC-30, R: 50- CTCCT
CTTCGCCTGATCC-30; GA
PDH: F: 50-CGACCACTT
TGTCAAGCTCA-30, R: 50-
AGGGGTCTACATGGCAA
CTG-30.

Immunoprecipitation and
Western blotting analysis

Cell lysates were prepared
using RIPA lysis buffer
(P0013E, Beyotime, China)
containing protease inhibitor
cocktail (469313200, Roche,
Basel, Switzerland) following
the manufacturer’s instruc-
tions. Immunoprecipitation
and Western blotting analysis

were carried out as described previously.42

The following antibodies were used: ISL-1 for Co-IP
(H00003670-M05, Abnova, Taipei, China); ISL-1 for Western
blotting (ab109517, Abcam); PDX-1 (ab47267, Abcam); Set7/9
(A301-747A, Bethyl); Set7/9 (#2813). GAPDH (#2118) and
b-tubulin (#2146) (both from Cell Signaling Technology, Dan-
vers, MA, USA).

GST pull-down assay
GST fused with full-length ISL-1 or various truncated ISL-1

proteins were prepared as described previously.43 Biotin-labeled

Figure 6. The formation of ISL-1/Set7/9/PDX-1 complex was regulated by IGF-1 in an age-related manner. (A)
NIT-1 cells were treated with mouse recombinant IGF-1 protein. The H3k4me3 of the CyclinD1 promoter was
verified by ChIP assay. (B) The whole cell lysates of NIT-1 cells treated with IGF-1 were used for Western blotting.
(C) The enrichment of ISL-1, Set7/9 and PDX-1 at the CyclinD1 promoter was monitored by ChIP assay in NIT-1
cells treated with IGF-1. (D, E) Co-IP assays were performed to measure the ISL-1/Set7/9/PDX-1 complex in NIT-1
cells treated with IGF-1. ISL-1 and GAPDH served as a loading control and negative controls, respectively. (F) Rat
islet lysates were subjected to ChIP assay using anti-ISL-1, PDX-1, Set7/9 antibodies or normal IgG. (G) Rat islet
lysates were immunoprecipitated by anti-ISL-1 antibody. Western blotting was employed to detect the endoge-
nous interaction using anti-PDX-1 or anti-Set7/9 antibodies. (H) The formation of the ISL-1/PDX-1/Set7/9 com-
plex was detected by Co-IP assay in the islets of “young” or “old” rats. The data in (A), (C) and (F) represent 3
independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01 vs. the con-
trol, NS, non-significance.
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wild-type Set7/9 or PDX-1 were synthesized using the TNT
Quick Coupled Transcription/Translation System (L5020,
Promega, Madison, WI, USA).

IGF-1 treatment
NIT-1 cell proliferation was stimulated by insulin-like growth

factor ¡1 (IGF-1) treatment. IGF-1 (I8779, Sigma, St. Louis,
MO, USA) was dissolved in PBS containing 0.1% BSA and then
was added to the cell cultures at the indicated dose and time.

Animal experiments
“Young” (aged 5 weeks, 80–100 g) and “old” (aged

4 months, 350–400 g) male SD rats were purchase from the
Department of Laboratory Animal Science of Peking University
and subject to euthanasia by 2% nembutal sodium. Collagenase
V (5 ml, 2.5 mg/ml, Sigma) was injected into pancreas via the
bile duct. Pancreatic tissue was isolated immediately, placed
into 1£ HBSS and digested with collagenase V (15 ml) at
37�C for 10 min with 330 rpm shaking. The suspension was
then centrifuged (1,000 rpm, 5 min), and the pellet was har-
vested and filtered (100 mm mesh nylon filter). Dithizone
(40 ml) was added into the filtered suspension and incubated
for 10 min at 37�C. The dithizone stained islet masses were
picked and cultured in RPMI 1640 containing 15% FBS. All
animal experiments were performed in accordance with the eth-
ical principles and guidelines for scientific experiments on ani-
mals of the Swiss Academy of Medical Sciences (1995). All
protocols were approved by the Animal Care and Use Commit-
tee of Peking University (LA 2010–066).

Statistical analysis
Data are expressed as mean § standard deviation (SD). Com-

parisons between groups were analyzed by Student’s t-test using
SPSS version 17.0. Differences were considered to be statistically
significant at p < 0.05.
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