
Identification of small-molecule inducers
of pancreatic �-cell expansion
Weidong Wanga, John R. Walkerb, Xia Wangb, Matthew S. Tremblaya, Jae Wook Leea, Xu Wub, and Peter G. Schultza,b,1

aDepartment of Chemistry and The Skaggs Institute for Chemical Biology, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037;
and bGenomics Institute of the Novartis Research Foundation, San Diego, CA 92121

Contributed by Peter G. Schultz, November 20, 2008 (sent for review October 21, 2008)

To identify small molecules that can induce �-cell replication, a
large chemical library was screened for proliferation of growth-
arrested, reversibly immortalized mouse � cells by using an auto-
mated high-throughput screening platform. A number of structur-
ally diverse, active compounds were identified, including phorbol
esters, which likely act through protein kinase C, and a group of
thiophene-pyrimidines that stimulate �-cell proliferation by acti-
vating the Wnt signaling pathway. A group of dihydropyridine
(DHP) derivatives was also shown to reversibly induce �-cell
replication in vitro by activating L-type calcium channels (LTCCs).
Our data suggest that the LTCC agonist 2a affects the expression
of genes involved in cell cycle progression and cellular prolifera-
tion. Furthermore, treatment of � cells with both LTCC agonist 2a
and the Glp-1 receptor agonist Exendin-4 showed an additive
effect on �-cell replication. The identification of small molecules
that induce �-cell proliferation suggests that it may be possible to
reversibly expand other quiescent cells to overcome deficits asso-
ciated with degenerative and/or autoimmune diseases.

beta-cell proliferation � diabetes mellitus � small molecules �
Wnt agonist � L-type calcium channel agonist

Type 1 diabetes mellitus (T1DM) is characterized by a marked
reduction in pancreatic �-cell mass resulting in insufficient

insulin secretion and, as a consequence, abnormally high blood
glucose levels. Although daily insulin administration remains the
most effective treatment for hyperglycemia in T1DM, it does not
fully recapitulate the strict control of blood glucose that is exerted
by endogenous � cells and, as a result, does not prevent diabetic
patients from eventually developing major damage to the kidney,
eye, vascular, and nervous systems. Transplantation of donor islet
� cells has been shown to successfully normalize blood glucose
levels, but is limited by the scarcity of donor islets. Increasing
evidence indicates that pancreatic � cells replicate at a basal level
in vivo, and can be stimulated to expand significantly to meet
metabolic demand, for example, during pregnancy, obesity, or after
partial pancreatectomy (1, 2). These observations suggest that it
may be possible to use external stimuli to expand primary � cells ex
vivo for transplantation, or even induce the regeneration of endog-
enous �-cell mass directly in the pancreas.

Here, we describe a high-throughput screen of a large chemical
library for inducers of �-cell proliferation by using growth-arrested,
reversibly immortalized mouse � cells. A number of structurally
diverse molecules were identified that promote �-cell replication,
including novel Wnt signaling agonists and L-type calcium channel
(LTCC) agonists. We further show that the LTCC agonist 2a likely
induces �-cell replication by activating Ras signaling and increased
expression of cell cycle regulators, and that cotreatment of � cells
with 2a and the Glp-1 receptor agonist Exendin-4 (Ex-4) exert an
additive effect on �-cell proliferation.

Results and Discussion
High-Throughput Chemical Screen in Immortalized � Cells. To identify
small molecules that can induce controlled �-cell proliferation, we
used the reversibly immortalized mouse �-cell line R7T1, which
provides the large quantities of homogeneous, functional � cells

required for large-scale cell-based screens. SV40 T antigen (TAg)
oncoprotein under the control of the Tet-On system was used to
immortalize mouse � cells so that these engineered � cells prolif-
erate when TAg is induced in the presence of tetracycline (Tet), but
undergo growth arrest upon withdrawal of Tet (3–5). Although not
a true mimic of in vivo quiescent � cells, this system should allow
us to identify small molecules that are able to induce reentry into
cell cycle and proliferation of growth-arrested cells. Indeed, these
engineered cells express high levels of �-cell signature markers,
including insulin 1, insulin 2, and Pdx1 (Fig. S1), and are able to
secrete insulin and restore and maintain euglycemia in STZ-treated
diabetic mice when induced to growth arrest and transplanted (3,
5). A total of �850,000 compounds were screened with an auto-
mated high-throughput screening platform for their ability to
induce the proliferation of growth-arrested � cells in either a 384-
or 1,536-well plate format. In the primary screen, proliferation was
assayed by using a luminescent assay measuring intracellular ATP
content, which is directly proportional to viable cell number (see
Materials and Methods). To rule out any possible Tet mimetics that
induce the proliferation of � cells through the induction of SV40
TAg expression, the Tet-Off immortalized �-cell line �TC-Tet was
used for a counterscreen. In this system, �TC-Tet cells proliferate
in the absence of Tet, but stop dividing in its presence, hence, a Tet
analog will not induce the proliferation of growth-arrested �TC-tet
cells (3, 4). Approximately 80 compounds, representing 10 distinct
scaffolds, passed this secondary filter, and were subsequently shown
to induce the proliferation of growth-arrested immortalized mouse
� cells by direct cell counting.

Identification of Novel Wnt Agonists as Inducers of �-Cell Prolifera-
tion. Of the structurally diverse hit compounds, a number have
known mechanisms of action. For example, phorbol esters were
identified that likely promote �-cell proliferation by binding and
activating protein kinase C (PKC) isozymes. Another mechanism
by which small molecules might promote �-cell proliferation in-
volves activation of developmental signaling pathways, such as
hedgehog and Wnt, which are critical for cellular differentiation and
proliferation during embryonic development and adult homeosta-
sis. Indeed, the Wnt pathway has recently been implicated in the
regulation of �-cell proliferation based on the phenotypes of mouse
models with gain and loss of function in the Wnt signaling pathway
(6). Fifteen compounds, including a group of thiophene-
pyrimidines, aminopyridines, and indirubin (BIO), induced the
Wnt reporter Super (8X) TOPFlash (7) 5- to 50-fold (Fig. 1A, and
data not shown). We further tested a representative compound in
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this group, the thiophene pyrimidine derivative 1a, for its effects on
Wnt signaling and on �-cell proliferation. Compound 1a induced
replication of growth-arrested R7T1 � cells in a dose-dependent
manner with EC50s of �1.1 �M (Fig. 1B). Compound 1a was also
able to promote the proliferation of 2 other �-cell lines, HIT-T15
and MIN6. This compound (2 �M) also increased the number of
proliferating primary rat � cells staining doubly positive for Ki-67/
C-peptide �2-fold after incubation for 72 h compared with DMSO
treatment (Fig. 1 D and E). Consistent with activation of Wnt
signaling, 1a induced the Super (8X) TOPFlash reporter in a
dose-dependent manner with an EC50 value of �1.25 �M, similar
to that for �-cell proliferation (Fig. 1C); at a concentration of 10
�M, 1a activated the Wnt reporter 15-fold compared with that for
DMSO. In contrast, compound 1a had no activity on a Wnt reporter
(7) whose �-catenin/TCF binding sites are mutated (Fig. S2A).
Increased nuclear �-catenin accumulation was also observed in

compound 1a-treated cells (in DMSO-treated control cells, �-cate-
nin staining is weak and appears to concentrate at the cell surface;
Fig. 1F). In addition, compound 1a-stimulated Wnt activation and
�-cell proliferation were abolished by Sulindac, a Wnt signaling
antagonist (Fig. S2B and Fig. 1G). A preliminary investigation of
the mechanism of action of compound 1a revealed that it is a
relatively selective and potent (IC50 � 64 nM) GSK3-� inhibitor, a
negative regulator of Wnt signaling pathway (7 of 65 kinases
profiled were inhibited by �75% at 5 �M; data not shown).
Collectively, these findings suggest that compound 1a likely medi-
ates �-cell proliferation through the Wnt signaling pathway, al-
though we cannot exclude the possibility that other signaling
pathways are also involved.

Agonists of L-Type Calcium Channels Promote �-Cell Proliferation.
Another group of compounds identified in this screen are dihy-
dropyridine (DHP) derivatives (Fig. 2A), known agonists and

Fig. 1. Novel Wnt agonists are inducers of
�-cell proliferation. (A) Chemical structures
of 5-thiophene pyrimidines. (B) Dose-
dependent effects of 1a on �-cell prolifer-
ation. Relative luminescence unit (RLU) was
measured by CellTiter-Glo assay after 7-day
incubation of growth-arrested R7T1 � cells
with 1a, which was added at day 0 and
refreshed at day 4; experiments were per-
formed in quadruplicate. All data in this
paper are presented as mean � SD, unless
otherwise specified. (C) Dose-dependent
effects of 1a on the activation of Super (8X)
TOPFlash reporter. HEK293 cells trans-
fected with Super (8X) TOPFlash reporter
were treated with 1a at the indicated con-
centrations 24 h after transfection. Lucif-
erase activity was measured 48 h after
compound treatment. (D and E) The prolif-
erative effect of 1a on rat primary � cells.
(D) After incubation for 72 h with 2 �M 1a,
replicating � cells were identified by double-
immunofluorescence staining by using anti-
C-peptide antibody to mark � cells (green)
and antibody against Ki-67, a proliferation
marker (red). Nuclear DNA was stained with
DAPI (blue). (Scale bar, 10 �m.) (E) The per-
centage of Ki-67-positive cells of all C-
peptide-positive cells, which corresponds to
thefractionofreplicating�cells.Thenumber
of proliferating primary � cells increased af-
ter incubation for 72 h in the presence of 2
�M 1a compared with DMSO control: 1a at 2
�M increases the replicating � cells �2-fold.
(F) Compound 1a stimulates the transloca-
tion of �-catenin into the nucleus. Nuclear
�-catenin accumulation (green arrows) was
increased in 10 �M 1a-treated HEK293 cells;
in DMSO-treated control cells, �-catenin
staining is weak and appears to concentrate
at the cell surface. (G) 1a-stimulated �-cell
proliferation was abolished by the Wnt sig-
naling antagonist Sulindac. R7T1 cells were
treated with 10 �M 1a, 60 �M Sulindac, or 1
�M2aas indicated inthefigure.CellTiter-Glo
activitywasmeasured7daysaftercompound
treatment.
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antagonists of LTCCs. That the LTCC antagonist nimodipine and
agonist Bay K 8644 (2a) induced �-cell death and �-cell prolifer-
ation, respectively (Fig. 2 B and C), suggests that the calcium
channel agonist activity is responsible for the proliferation of the
growth-arrested � cells. Consistent with this notion, the prolifera-

tive effect of DHP derivative 2a on � cells can be blocked by
nimodipine in a dose-dependent fashion (Fig. 2C), and treatment
with 2a leads to a 10-fold increase in transient intracellular calcium
levels (Fig. 2D). The compound also increased proliferation of 2
other �-cell lines (HIT-T15 and MIN6) in a dose-dependent

Fig. 2. LTCC agonists stimulate �-cell proliferation. (A) Chemical structures of dihydropyridine (DHP) derivatives. (B) Dose-dependent effect of 2a on �-cell
proliferation. CellTiter-Glo assay was performed 7 days after incubation of growth-arrested R7T1 � cells with compounds; 0.1% of DMSO was used as control.
Experiments were performed in quadruplicate. (C) LTCC agonists are responsible for the �-cell proliferation. Nimodipine (Nim), a known LTCC antagonist, resulted in
growth-arrested R7T1 cell death. The proliferative effect of 2a (1 �M) on these � cells can be blocked by Nim in a dose-dependent fashion. At higher concentrations
of Nim, � cells failed to survive even with 2a treatment; at lower concentrations of Nim, 2a-treated � cells proliferate. Each experiment was performed in quadruplicate.
(D) Calcium influx is stimulated by 2a. Calcium influx was analyzed by using fluo-3 dye in MIN6 � cells. Fluo-3 dye was incubated for 1 h before compound treatment
and measured by fluorescence laser imaging plate reader (FLIPR) for up to 5 min after compound treatment. (E and F) The proliferative effect of 2a on rat primary �

cells. (E) After incubation for 72 h with 1 �M 2a, replicating � cells were identified by double-immunofluorescence staining by using anti-C-peptide antibody to mark
�cells (green)andantibodyagainstKi-67,aproliferationmarker (red).NuclearDNAwasstainedwithDAPI (blue). (Scalebar,10�m.) (F)ThepercentageofKi-67-positive
cells of all C-peptide-positive cells, which corresponds to the fraction of replicating � cells. The number of proliferating primary � cells increased after incubation for
72 h in the presence of 1 �M 2a compared with DMSO control: 2a at 1 �M increases the replicating � cells �2.5-fold. (G) 2a-induced �-cell proliferation is reversible.
R7T1 cells were able to proliferate for up to 3 weeks in the presence of 2a, but stopped proliferation upon its removal within 1 week. (H) The proliferative effect of
2a on human primary � cells. The number of proliferating human primary � cells increased �1.5-fold after incubation of 1 �M 2a for 72 h compared with DMSO as
control. Replicating � cells were identified by double-immunofluorescence staining by using anti-C-peptide antibody to mark � cells (green) and antibody against Ki-67,
a proliferation marker (red). Nuclear DNA was stained with DAPI (blue). (Scale bar, 10 �m.)
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manner. Moreover, compound 2a promotes the proliferation of
primary rat � cells 2.5-fold as determined by the number of Ki-67
and C-peptide double-positive cells after compound incubation for
3 days (Fig. 2 E and F). We also evaluated whether the proliferative
effects of 2a on growth-arrested � cells is strictly dependent on its
presence. R7T � cells proliferated continuously for up to 3 weeks
in the presence of 2a, but stopped dividing upon its removal (Fig.
2G), suggesting that controlled proliferation of � cells by 2a may be
possible. A number of experiments indicate that the proliferative
effect of 2a is because of the expansion of the � cells per se rather
than a dedifferentiated cell type with higher proliferation potential
from � cells. First, the expression of �-cell signature markers such
as insulin 1, insulin 2, and Pdx1 is unchanged on R7T1 � cells both
pretreatment and posttreatment with 2a in gene profiling analysis
(Fig. S1). Second, even after being cultured with 2a for 1–2 weeks,
R7T1 cells keep the same morphology and behavior—they remain
small and round-shaped and form clusters (data not shown).
Moreover, both in cultured primary rat and human islets treated
with compound, the overwhelming majority of cells still stain for
C-peptide (Figs. 2H and 4C). Finally, compound 2a also appears to
increase the number of proliferating human � cells (Fig. 2H),
although quantitation is difficult because of the heterogeneous
nature of the human islets used.

Calcium channel-mediated Ca2� influx regulates diverse cellular
processes from muscle contraction and synaptic neurotransmission
to cell survival and apoptosis. As a consequence, mutations that
affect calcium channel function result in clinical pathologies, re-
ferred to as calcium channelopathies. In � cells, calcium channels
play a key role in controlling glucose-stimulated insulin secretion
and insulin production (8). Polymorphisms in some calcium chan-
nel-encoding genes have been shown to be associated with types 1
and 2 diabetes in genome-wide association studies (9–11). How-
ever, it is also possible that these mutations lead to proliferative
defects in � cells. In fact, the LTCC �1D subunit knockout displayed
hypoinsulinemia and impaired glucose tolerance in adult mice
along with a significant reduction of postnatal �-cell proliferation
(12), suggesting that calcium channel signaling is necessary for
�-cell replication. Our identification of LTCC agonists as inducers
of �-cell proliferation supports the notion that calcium channel
signaling modulates �-cell proliferation. Intriguingly, LTCC ago-
nists have also been shown to induce in vivo neurogenesis (13), and
more recently, isoxazole derivatives were reported to trigger neu-
ronal differentiation in uncommitted adult neural stem cells and to
increase the proliferation of committed neuroblasts by activating
Ca2� influx through both voltage-gated Ca2� channels and N-
methyl-D-aspartic acid (NMDA) receptors (14).

Mechanistic Studies of LTCC Agonists. To further explore the mech-
anism of action of 2a, we analyzed its effects on gene expression in
growth-arrested R7T1 � cells by microarray analysis (Fig. S3).
Treatment of cells with 0.5 �M 2a led to a large increase in the
expression of several immediate-early genes, including Fos, Jun, and
Egr families, which are critical for the expression of genes important
for cell survival and cell cycle progression, within 30 min (Fig. 3A).
In addition, expression of Ccnd2 (cyclin D2), an important positive
regulator during G1 phase, increased approximately 1.7-fold after
treatment with 2a for 24 h, and IRS2, which is critical for �-cell
survival and proliferation, was up-regulated 1.7-fold (Fig. 3A). The
expression profiles of these genes were confirmed by quantitative
real-time RT-PCR (Fig. 3B). Calcium signaling has been shown to
be transduced by the activation of transcription factors such as
CREB and NFAT (15, 16). In neurons, the effects of calcium
signaling are mediated in part by the small GTPase Ras/MAPK
pathway, based on the observation that Ras signaling is activated
upon treatment with a high concentration of potassium chloride,
which increases calcium influx by depolarizing the cell membrane
of neurons (17, 18). We therefore investigated whether the LTCC
agonist 2a is able to directly activate Ras signaling. Indeed, the level

of Ras-GTP, the active Ras form, was elevated after treatment of
growth-arrested R7T cells with 2a for 6 min (Fig. 3C). Ras is
activated and deactivated by the recruitment of guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs)
to the membrane, respectively. Calcium signaling modulates Ras
signaling by regulating the rapid recruitment of GEFs and GAPs to

Fig. 3. Mechanistic studies of LTCC agonists. (A) Genes regulated by treatment
with 2a (1 �M), the GLP-1 receptor agonist Exendin 4 (Ex-4, 5 nM), or both. Gene
expression profiles were analyzed at 4 time points (30 min, 2 h, 6 h, and 24 h) after
compound treatment of growth-arrested R7T1 � cells. Selected samples of dif-
ferentially expressed genes are listed. Immediate-early response gene families,
such as Fos, Jun, Egr, and Ier, were highly induced within 30 min after treatment
with 2a. Irs2, a gene critical for �-cell survival and proliferation, was also up-
regulated after treatment with 2a and Ex-4. Multiple entries for the same gene
reflect multiple differentially expressed Affymetrix probe sets on the microarray.
In addition, the expression of some RasGEFs was activated 2–6 h after treatment
with 2a; this effect was enhanced by cotreating cells with Ex-4. Expression of
Ccnd2 (cyclin D2) was up-regulated at 24 h after treatment with 2a; however, it
too was up-regulated earlier (starting at 2 h posttreatment) and at higher levels
after cotreatment with 2a and Ex-4. (B) The expression of several differentially
expressed genes from microarray analysis was confirmed by real-time qRT-PCR.
Growth-arrested R7T1 � cells were treated with 2a at the indicated time points;
increases are relative to those found in DMSO-treated cells with each reaction
performed in triplicate. (C) Activation of Ras signaling by 2a. Growth-arrested
R7T1 � cells were treated with 2a at the indicated time points. Cell lysates were
subjected to pull-down experiments by using the GST-Raf1 RBD fusion protein,
followed by Western blot analysis to detect activated Ras (Ras-GTP, Upper);
controls for Ras expression are also shown (total Ras, Lower).
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the plasma membrane (19). Strikingly, the microarray data showed
that 2 GEFs (RasGRF1 and RasGEF1b) were transcriptionally
up-regulated in growth-arrested R7T1 � cells upon treatment with
2a for 2–6 h (Fig. 3A). These findings were further validated by
quantitative RT-PCR analysis (Fig. 3B). Consistent with these
findings, Ras-GTP levels were elevated for an extended time after
the peak level at 10 min of incubation (Fig. 3C). These findings
suggest that LTCC agonists likely activate Ras signaling through
both short- and longer-term mechanisms by the recruitment of
GEFs to the plasma membrane and their enhanced expression,
respectively. A sustained Ras activity is required for cell cycle
initiation and progression up to the restriction point in the late G1
phase (20). How this transcriptional regulation of GEFs is mediated
by LTCC-mediated calcium signaling needs further investigation
(Fig. 3A).

Additive Effect of LTCC Agonist 2a and GLP-1 on �-Cell Replication.
Finally, we examined whether Ca2�- and cAMP-dependent path-
ways might function in concert to promote �-cell proliferation. The
gut hormone glucagon-like peptide-1 (GLP-1) promotes �-cell
proliferation and viability by increasing cAMP concentration (21),
which is in part mediated by activation of the cAMP- and calcium-
responsive transcription factor CREB (22). It has also been re-
ported that cAMP and calcium pathways converge on CREB to
regulate �-cell gene expression in response to glucose and incretin
hormones (16). Thus, 2a and GLP-1 might be expected to exert an
additive effect on �-cell proliferation. Indeed, treatment of growth-
arrested R7T1 cells, HIT-T15 cells, and primary human � cells with
1 �M 2a and 5 nM of the GLP-1 analog Ex-4 led to a higher rate
of proliferation than either alone (Fig. 4A–C). These data suggest
that cAMP and calcium pathways function in a concerted manner
in promoting �-cell proliferation. Consistent with these findings,

several early-response genes, such as Fos, FosB, JunB, Egr1, Egr2,
and Ier2, were expressed at higher levels in cells treated with both
2a and Ex-4 than with either alone (Fig. 3A). Moreover, though
increased Ccnd2 expression is evident by 24 h after treatment with
2a, its expression increases much earlier (at 2 h) and to a higher level
at 24 h in 2a and Ex-4 cotreated cells (Fig. 3A). Similarly, combined
treatment of growth-arrested R7T1 cells with 2a and Ex-4 also
triggers higher expression of 2 RasGEFs, Rasgrf1, and Rasgef1b,
which may contribute to the additive effect of 2a and Ex-4.

Conclusion
In summary, a large-scale high-throughput, cell-based screen iden-
tified a number of small molecules that induce pancreatic �-cell
proliferation. One group of compounds induces �-cell proliferation
by activating Wnt signaling, which is consistent with a recent report
that GSK3� inhibitors promote �-cell survival and replication (23).
Intriguingly, some known GSK3� inhibitors lack the ability to
promote �-cell proliferation (23) (data not shown), possibly be-
cause of other off-target activities (i.e., they may inhibit cell cycle
regulators CDKs as well) or a distinct mechanism of inhibition
relative to 1a. L-type calcium channel agonists were also identified
as inducers of �-cell proliferation/regeneration. Although analysis
of the in vivo efficacy of 2a was hampered by unfavorable phar-
macokinetic properties, this class of compounds with improved
pharmacokinetics and tolerability may offer a potentially promising
avenue for treatment of �-cell deficiency in diabetes, especially
when combined with GLP-1 receptor agonists. In addition, other
significantly more potent compounds identified in this screen whose
mechanisms have yet to be established will likely shed new insights
into the cellular processes that control �-cell proliferation. We are
also beginning to explore whether other quiescent, or possibly even
postmitotic cells, can be reversibly expanded either in vitro or in
vivo to overcome deficits associated with degenerative and/or
autoimmune diseases in murine models. Finally, application of a
similar approach to human � cells may lead to compounds with
enhanced efficacy for human �-cell proliferation, if robust strate-
gies for immortalization can be developed that retain �-cell identity.

Materials and Methods
Cell Culture. R7T1 � cells were expanded in growth medium (DMEM with 15%
horse serum and 2.5% FBS) in the presence of 10 �g/ml doxycycline. �TC-Tet cells
were expanded in growth medium (DMEM with 15% horse serum and 2.5% FBS)
in theabsenceof10 �g/mldoxycycline.HamsterHIT-T15 � cellsweregrowninF12
medium with 15% horse serum and 2.5% FBS. MIN6 cells were cultured in DMEM
with 15% FBS. HEK293 cells were grown according to instructions from American
Type Culture Collection (www.atcc.org/). All cells were cultivated at 37°C, with
5% CO2 in a humidified atmosphere.

High-Throughput Screen. R7T1 � cells were expanded in large quantities in
growth medium in the presence of 10 �g/ml doxycycline and then growth
arrested by removal of doxycycline for 1 week. For the primary screen, growth-
arrested cells were plated onto 384- or 1,536-well plates in growth medium
without doxycycline at a density of 4,000 cells per well in 384-well plate or 1,000
cells per well in 1,536-well plate in an automated high-throughput screening
platform (designated as day 0). A heterocycle library of 850,000 compounds (at a
final concentration of 1.25 �M) was added at day 1 and refreshed at day 5, and
the effects on �-cell replication were determined at day 8 by using the CellTiter-
Glo assay system (a luminescent assay measuring intracellular ATP content, which
is directly proportional to cell number). For data analysis, the median of a plate
was calculated and the activity of each well was the signal/median of the plate.
A signal in any well �1.5 of the median was regarded as a primary hit. For the
reconfirmation screen, growth-arrested R7T1 cells were plated onto 384-well
plates and screened against all primary hits in quadruplicate. To eliminate tetra-
cycline mimetics among all reconfirmed primary hits, �TC-tet cells were plated
onto 384-well plates at a density of 2,000 cells per well in growth medium in the
presence of 10 �g/ml doxycycline, and 1.25 �M compound was added after
overnight incubation and refreshed 4 days later. The effects on �-cell replication
were then determined at day 8 by using the CellTiter-Glo assay system. Any
compound that increased the readings �1.5-fold was regarded as a hit.

Fig. 4. Additive effect of LTCC agonist 2a and the Glp-1 receptor agonist Ex-4.
(A) Growth-arrested R7T1 � cells were incubated with DMSO, 2a (1 �M), Ex-4 (5
nM), or both for 7 days. Combined treatment with 2a and Ex-4 has an additive
effectontheproliferationofgrowth-arrestedR7T1�cellsasassessedbyCellTiter-
Glo (RLU). (B) HIT-T15 � cells were treated with DMSO, 2a (1 �M), Ex-4 (5 nM), or
both 2a and Ex-4 for 1 day after serum-free culture for 24 h. Combined treatment
with 2a and Ex-4 showed a higher proliferation rate as measured by BrdU
incorporation. Values are presented as fold increase relative to DMSO-treated
cells inserum-freemedium;eachexperimentwasperformedinquadruplicate. (C)
The proliferative effect of 2a and Ex-4 on human primary � cells. Human islets
were cultured in the presence of DMSO, 2a (1 �M), Ex-4 (5 nM), or 2a and Ex-4 for
3days.Moreproliferatinghumanprimary � cellswerepresentwhentreatedwith
both 2a and Ex-4. Replicating � cells were identified by double-immunofluores-
cence staining by using anti-C-peptide antibody to mark � cells (green) and
antibody against Ki-67, a proliferation marker (red). Nuclear DNA was stained
with DAPI (blue). (Scale bar, 10 �m.)
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Rat or Human Islet Preparations. Islets were isolated by the standard Liberase
digestion method from the pancreata of adult Sprague–Dawley rats (200–250 g)
(Liberase III; Roche Applied Science) and cultured in RPMI medium with 10% FBS.
In brief, 6 ml of ice-cold Liberase solution (Roche Applied Science) was injected
into the pancreas via the common bile duct. After dissection, the pancreas was
incubated for 35 min at 37°C and then further dissociated by repeated pipetting
by using a 10-ml pipette. Islets were purified by Histopaque 1.077 (Sigma) density
gradient centrifugation and manually picked by using a stereomicroscope. Islets
were allowed to recover from the isolation procedure by culture overnight in
RPMI medium, 10% FBS, by using plastic dishes to which they do not attach.
Human islets were obtained through the Juvenile Diabetes Research Foundation
Islet Distribution Program by Islet Cell Resource Center. The use of human tissue
for research was approved by our local institutional ethical committee. The purity
and viability of human islets are reported to be 30%–70% and 50%–70%,
respectively. Human islets were cultured in CMRL medium containing 10% FBS.

In Vitro �-Cell Proliferation Assay. Primary �-cell proliferation assay. Freshly
isolated rat or human islets or trypsinized single-cell suspensions of rat islets were
cultured in vitro in the presence or absence of compound for 72 h. Islets or
single-suspension cells were fixed with 4% formalin solution (Sigma) and stained
by standard immunofluorescence techniques for C-peptide (anti-human C-pep-
tide antibody from Raybiotech, and anti-rat C-peptide antibody from Linco) and
Ki-67 (anti-Ki-67 antibody from Abcam), a marker of proliferating cells. Nuclear
DNAwasstainedwithDAPI (MolecularProbes).At least30,000C-peptide-positive
cells were counted in each experiment, performed in triplicate. The images were
taken on a Nikon Eclipse TE300 microscope with 200� magnification. Proliferat-
ing C-peptide/Ki-67 double-positive � cells were counted manually.
BrdU incorporation assay. HIT-T15 or MIN6 �-cell proliferation was assessed by
5-bromo-2-deoxyuridine (BrdU) incorporation ELISA (Roche). Cells were seeded
on 96-well plates at 5 � 103 cells per well in serum-containing medium until
60%–70% confluent, and serum-starved for 24 h for HIT-T15 or 16 h for MIN6
before 24 h treatment with compounds.

Calcium Influx Assay. Measurement of intracellular Ca2� ([Ca2�]i) was performed
by using a fluorescence laser-imaging plate reader (FLIPR; Molecular Devices).
Briefly, MIN6 cells cultured in 384-well plates were incubated for 1 h with 4 �M
fluo-3/AM (Molecular Probes) and 0.04% pluronic acid in physiological Locke’s
buffer (154 mM NaCl, 5.6 mM KCl, 1.0 mM MgCl2, 2.3 mM CaCl2, 8.6 mM Hepes,
5.6 mM glucose, and 0.1 mM glycine [pH 7.4]). After incubation, MIN6 cells were
washed with Locke’s buffer by using an automated cell washer to remove
extracellular dye. MIN6 cells were treated with compounds at the indicated

concentrations. These cells were excited at 488 nm and Ca2�-bound fluo-3 emis-
sion was recorded at 500–560 nm.

Microarray Analysis. RNA extraction from R7T1 � cells treated with compounds
at the indicated time points was performed by using RNeasy kits (Qiagen). The
integrityandconcentrationofRNAwasdeterminedbymicrofluidicanalysisonan
Experion instrument (BioRad). Standard Affymetrix single amplification was
performed by using 5 �g total RNA. Standard Affymetrix protocols were used to
processAffymetrixMOE430 2microarrays (Affymetrix).AllCELfile imageswere
processed as a single group by using gcRMA. The microarray data described have
been deposited in NCBIs Gene Expression Omnibus (http://www.ncbi.nlm.nih.
gov/geo/) and accessible through GEO Series accession no. GSE12802.

Real-Time RT-PCR. Total RNA from different samples was isolated and purified by
using the RNeasy Mini Kit with on-column DNase digestion (QIAGEN). Single-
stranded cDNA was synthesized from 2 �g of total RNA with the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR was performed
with the TaqMan Universal PCR Master Mix, No AmpErase UNG (Applied Biosys-
tems) on an ABI PRISM 7700 Sequence Detection System. Assay IDs of primers and
probes for each gene are described in SI Text. Mouse beta-actin was used for
endogenous control. Data are represented as mean � SD of 3 independent
experiments.

Ras Activation Analysis. Ras-GTP levels were detected by using the Active Ras
Pull-Down and Detection Kit, following the manufacturer’s instructions (Pierce).
Briefly, growth-arrested R7T1 � cells were treated with 0.5 �M compound 2a for
the indicated times. Cells were then washed twice with ice-cold PBS and lysed in
lysis/binding/wash buffer containing protease inhibitor mixture (Roche). Lysates
(500 �g) were clarified by centrifugation, and supernatants were incubated with
80 �g of GST-Raf1-RBD fusion protein precoupled to glutathione-Sepharose
beads. After incubation for 1 h at 4°C, beads were washed 3 times in lysis/binding/
wash buffer, resuspended in Laemmli buffer, and boiled. Samples were analyzed
by SDS-PAGE (4%–20%), followed by transfer to nitrocellulose membrane, and
then were probed with anti-Ras antibody. Blots were developed by using the
enhanced ECL system.
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