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New drugs for preserving and restoring pancreatic β-cell function
are critically needed for the worldwide epidemic of type 2 diabetes
and the cure for type 1 diabetes. We previously identified a family
of neurogenic 3,5-disubstituted isoxazoles (Isx) that increased ex-
pression of neurogenic differentiation 1 (NeuroD1, also known as
BETA2); this transcription factor functions in neuronal and pancre-
atic β-cell differentiation and is essential for insulin gene transcrip-
tion. Here, we probed effects of Isx on human cadaveric islets and
MIN6 pancreatic β cells. Isx increased the expression and secretion of
insulin in islets that made little insulin after prolonged ex vivo cul-
ture and increased expression of neurogenic differentiation 1 and
other regulators of islet differentiation and insulin gene transcrip-
tion. Within the first few hours of exposure, Isx caused biphasic
activation of ERK1/2 and increased bulk histone acetylation. Al-
though there was little effect on histone deacetylase activity, Isx
increased histone acetyl transferase activity in nuclear extracts.
Reconstitution assays indicated that Isx increased the activity of
the histone acetyl transferase p300 through an ERK1/2-dependent
mechanism. In summary, we have identified a small molecule with
antidiabetic activity, providing a tool for exploring islet function and
a possible lead for therapeutic intervention in diabetes.
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Nearly one-third of the adult population of the United States is
at risk for type 2 diabetes because of abnormal glucose tol-

erance or abnormally high fasting glucose (1). Type 2 diabetes is
now found not only in adults but also in chronically overweight
children. Pancreatic β cells play a unique role in glucose homeo-
stasis by secreting insulin when the concentrations of glucose and
other nutrients in the circulation rise (2). Insulin facilitates proper
nutrient utilization and storage by most tissues. β cells are vul-
nerable to persistent nutrient excess from secretory stress. During
the development of type 2 diabetes, pancreatic β cells become
progressively unable to produce and secrete sufficient insulin to
prevent hyperglycemia (1, 3, 4). Identifying strategies to maintain
euglycemia is essential to limit diabetes and its destructive con-
sequences (5, 6).
Nutrients regulate insulin production at several steps in the

biosynthetic pathway in addition to its secretion, including cleav-
age of the preprohormone, translation, and transcription (7–11).
The immediate events to replenish secreted insulin involve trans-
lation of preexisting mRNA and hormone processing. On a longer
time scale, new insulin gene transcription maintains the pool of
mRNA for translation on demand.
Insulin gene transcription is regulated by the cooperation of a

group of glucose-sensitive transcription factors expressed in a tis-
sue-restricted manner (12, 13). Among the most important of
these transcription factors are neurogenic differentiation 1 (Neu-
roD1, also known as BETA2), pancreatic and duodenal homeobox
1 (PDX-1), and v-maf musculoaponeurotic fibrosarcoma onco-
gene homologA (MafA), which activate the insulin gene promoter
synergistically and are essential for glucose-stimulated insulin gene
transcription. Mutations in PDX-1 and NeuroD1 have been linked
to maturity-onset diabetes of the young (MODY) and are classi-
fied as MODY4 and MODY6 genes, respectively (14, 15).

NeuroD1 is required for the development of neurons and
neuroendocrine cells in other organs including lung, intestine, and
pancreas (16, 17). In the adult, NeuroD1 functions primarily in
pancreatic β cells and in continued neurogenesis in hippocampal
CA1 neurons. Neurogenins (Ngn) are direct transcriptional reg-
ulators of NeuroD1 during neuronal and pancreatic development
(18, 19). Although Ngn1 and 2 act exclusively in neuronal line-
ages, Ngn3 induces NeuroD1 expression in pancreatic β cells.
Expression of one or more of these factors helps promote dif-
ferentiation of pancreatic endocrine cells from various stem cell
populations (6, 20).
We previously identified a family of 3,5-disubstituted isoxazoles

(Isx) by screening a chemical library in mouse pluripotent stem
cells for activators of the gene encoding the homeodomain tran-
scription factor, NK2 transcription factor-related, locus 5 (Nkx2.5)
(21). We discovered in collateral studies that Isx also had strong
neurogenic activity in several types of neural progenitor cells
(22). This activity was mediated in part through induction of
NeuroD1 expression.
Because of the importance of NeuroD1 in the development of

the pancreas and in insulin production in pancreatic β cells, we
examined effects of Isx on the properties of β cells. We find that
this molecule increases insulin production and restores insulin
production by human islets following long-term ex vivo culture.
We provide the initial characterization of the changes elicited by
Isx to improve the essential behaviors of β cells.

Results
Isx Increases Glucose-Induced Insulin Secretion and Enhances Expres-
sion of Factors Important for Insulin Gene Transcription in Human
Islets.Weexamined the effect of Isx on the function of β cells within
human islets maintained in culture for up to 1 y. Based on earlier
studies and concentration effects shown later (21, 22), most studies
used 20 or 40 μM Isx. In addition to β cells, islets contain other cell
types, including a, δ, and γ or pp cells which secrete glucagon, so-
matostatin, and pancreatic polypeptide, respectively (23). Shared
and cell-specific transcription factors mediate their distinct nutri-
ent-regulated hormone secretions, and their interplay is important
for islet function. After months in culture, islets display reduced
expression of β-cell–restricted transcription factors and become
less able to secrete insulin in response to glucose (24, 25).
Treatment of 6-mo-old human islets with Isx for 1–2 d induced a

large increase in preproinsulin mRNA and an 80% decrease in
glucagon mRNA (Fig. 1A). Insulin secreted from these islets over
a 24-h period also was increased markedly (Fig. 1B). To determine
the relative significance of these changes, we compared the effects
of Isx on human islets cultured for 3 mo and on newly obtained
human islets. Insulin content in the 3-mo-old islets was increased
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∼10-fold by Isx, to a value nearly 75% of the insulin content of
islets isolated only 1 wk earlier (Fig. 1C). In addition, a 2-d expo-
sure to Isx increased the insulin content of the fresh islets by nearly
25%. Islets in culture for 2 mo and treated with Isx for 2 d revealed
an obvious increase in Ngn3, NeuroD1, and insulin immunos-
taining (Fig. 1E).
A time course of Isx action on mRNAs in islets cultured for 1 y

showed that preproinsulin mRNA increased by 10-fold at 24 h and
by 50-fold after several days of Isx exposure (Fig. 1D). Both glu-
cokinase and glucose transporter 2 (Glut2) mRNAs increased,
consistent with the greater glucose responsiveness. Along with
NeuroD1, we examined the expression of transcription factors
associated with insulin gene transcription and differentiation of β
cells. The majority displayed one of two expression patterns tem-
porally. Several transcription factors increased throughout the
time course or increased until reaching a plateau; these included
insulin, NeuroD1, MafA, PDX-1, paired box gene 6, Nkx6.1,
Nkx2.2, forkhead box A2 (Foxa2), hepatic nuclear factor (Hnf) 6,
Hnf1α, Hnf1β, Hnf4α, and islet 1 (Isl1) (Fig. 1D and Fig. S1B) (26–
30). Others, which increased rapidly and then decreased at longer

times, included Ngn3 and paired box gene 4 (Pax4). Increases in
PDX-1, the Hnfs, and Isl1 were relatively small, but increases in
the other factors generally were more than 10-fold. Neither pro-
liferating cell nuclear antigen, an indicator of proliferation, nor
octamer-binding transcription factor 4, a factor associated with
stem cells, showed consistent or substantial changes in mRNA
expression.

Isx Effects on MIN6 β Cells. We next asked if Isx induced similar
changes in isolated ΜΙΝ6 β cells. After 24 h, immunoreactive
NeuroD1 increased at all concentrations of Isx tested (Fig. 2A).
MafA expression also increased, but there was little change
in PDX-1.
Isx-enhanced ERK1/2 phosphorylation was detectable after 24 h.

A time course of treatment with 20 μM Isx indicated a biphasic
effect on ERK1/2, with a small initial activation followed by a
slower sustained activation from ∼2 h of Isx exposure (Fig. S2).
Acetylation of histone H3 and H4 also was increased by Isx in β
cells, as was found in other cell types treated with this compound
(21). These changes were accompanied by as much as a fourfold
increase in preproinsulin mRNA (Fig. 2B).
Glucose-stimulated insulin secretion (GSIS) was increased

nearly fourfold by Isx pretreatment (Fig. 2C), with only a small
increase in insulin content (Fig. 2D). The increase in GSIS was
partially blocked by inhibiting ERK1/2 activation using a MAP
kinase/extracellular signal-regulated kinase kinase (MEK) in-
hibitor. Follow-up experiments showed that Isx increased stimu-
lation of insulin secretion by glucose, amino acids, and exendin-4 (a
long-acting glucagon-like peptide 1 agonist), individually and in
combination, by two- to fivefold (Fig. 2E). The calcineurin inhibitor
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Fig. 1. Isx induces expression of insulin and transcription factors in primary
cultured human islets. (A) Primary human islets cultured in RPMI 160 for 6
mo were treated with vehicle or 40 μM Isx for 1 or 2 d. Expression of human
insulin and glucagon mRNA was assessed. (B) Insulin secretion measured by
ELISA over 24 h from islets treated with Isx or vehicle for 1 or 2 d. (C) Total
insulin content of islets cultured for 3 mo and fresh islets, each treated for
48 h with Isx or DMSO. (D) Time course of pancreatic gene induction in islets
cultured for 1 y and treated with DMSO for 8 d or with 40 μM Isx for 2, 4, or
8 d. (E) Immunohistochemical staining of insulin, NeuroD1, Ngn3, and MafA
of islets cultured for 2 mo and treated with Isx or vehicle for 48 h. Nuclei
were stained with DAPI. Vehicle- and Isx-treated samples were compared
using Student’s t test (*P < 0.05; **P < 0.01).
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Isx for 24 or 48 h. (E) Insulin secretion induced by glucose, amino acids (AA),
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with Isx for 48 h. Comparisons were made using Student’s t test as in Fig. 1
(*P < 0.05; **P < 0.01).
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FK506, which blocks ERK1/2 activation (31), the PI3-kinase in-
hibitor wortmannin, and nifedipine, an inhibitor of L-type voltage-
dependent calcium channels, together with the chelator 1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA)
all reduced the increase in GSIS caused by Isx (Fig. S1E).

Epigenetic Mechanisms Contributing to Isx Action.We used reporter
assays in MIN6 and HEK-293 cells to determine if the activities of
factors that were induced also were impacted by Isx. Insulin gene
reporter activity was increased by fourfold or more by NeuroD1
or MafA in the presence of Isx (Fig. 3A and Fig. S3). Activity
caused by PDX-1 was increased by twofold or less by Isx. Com-
parable or greater chromatin binding of NeuroD1 and MafA to
the insulin gene promoter was caused by Isx and was inhibited by
blocking ERK1/2 (Fig. 3 D and E), as was shown previously for
glucose-stimulated binding of these factors (31). Isx also caused
acetylation of NeuroD1 more strongly than the histone deacety-
lase (HDAC) inhibitor sodium butyrate (Fig. 3C). Although
NeuroD1 is an ERK1/2 substrate (32), we have been unable to
show that MafA is an ERK1/2 substrate. MafA regulatory phos-
phorylation on serine-proline sites by other enzymes has been
reported (33, 34). Consistent with a role for serine modification,
mutation of serine 65 and, to a lesser extent, serine 14 limited the
ability of Isx to enhance MafA transcriptional activity (Fig. 3B).

Isx Regulates Histone Acetylation by Enhancing Histone Acetyl-
transferase Activity. Previously we showed that Isx decreased
phosphorylation of HDAC5 and enhanced its nuclear export,
possibly accounting for changes in transcription of Nkx2.5 (22).
Here we find that, in addition to an effect on the acetylation of
NeuroD1, Isx also had a marked effect on the acetylation of his-
tones (Fig. 4A). Nifedipine, a calcium-channel blocker, in combi-
nation with the chelating agent BAPTA, decreased acetylation of

H3 on lysines 9 and 14 induced by Isx but had little effect on
acetylation of H4. The MEK/ERK pathway inhibitors U0126 and
PD325901 inhibited Isx-induced acetylation of H4, as did the
calcineurin inhibitor FK506, but had little effect onH3 acetylation.
In contrast, the PI3-kinase inhibitor wortmannin had no effect on
either of these readouts.
To determine the basis for increased histone acetylation in β

cells, HDAC and histone acetyltransferase (HAT) activities were
measured in nuclear extracts from MIN6 or HeLa cells treated
with vehicle or Isx for 24 h (Fig. 4 B and C). HDAC activity in
MIN6 cells was not affected by the compound, although it was
inhibited by the HDAC inhibitor trichostatin A (35). Units of
activity were similar in MIN6 and HeLa nuclear extracts. On the
other hand, HAT activity in nuclear extracts from Isx-treated
MIN6 cells was increased approximately twofold by Isx. HAT ac-
tivity in the Isx-treated cells was partially dependent on ERK1/2, as
suggested by MEK inhibitor sensitivity (Fig. 4D). Effects of Isx on
HATs expressed in HEK-293 cells indicated that p300 and cAMP
response element-binding (CREB)-binding protein (CBP), but not
p300/CBP-associated factor or general control non-derepressible
(GCN) 5, activities were increased by a combination of ERK2
expression and Isx but were blocked by expression of kinase-dead
ERK2 (Fig. S4). To validate the apparent regulation of p300 by
Isx, p300 was expressed in MIN6 cells. Isx increased HAT activity
in the nuclear extracts over and above that from expressed p300;
U0126 inhibited the Isx-induced increase in HAT activity (Fig.
4E). Chromatin recruitment of p300 to the insulin promoter upon
stimulation by glucose was increased by Isx pretreatment in an
ERK1/2-dependent manner (Fig. 4F). These findings are consis-
tent with the conclusion that Isx stimulates p300 activity and that
Isx-induced changes in histone and transcription factor acetylation
are caused at least in part by regulation of p300.

Discussion
Isx increased the expression of transcription factors that enhance
β-cell differentiation and control nutrient-responsive insulin gene
transcription, resulting in an increase in preproinsulin mRNA
and intracellular insulin content. Isx potentiated insulin secretion
induced by nutrient and hormonal secretagogues before the in-
crease in intracellular insulin content, indicating that it also ad-
justs the efficiency of the secretory machinery. The end result is
a substantial increase in characteristics essential for mature β-cell
function, insulin biosynthesis, and release in response to secre-
tory challenge.
To create these changes in culture-aged islets, Isx induced a

phalanx of factors that direct β-cell differentiation. These tran-
scription factors have functions, often overlapping, in β-cell de-
velopment, and several have overlapping functions in mature β
cells as well (28). Ngn3 induces NeuroD1 expression in pancreatic
precursors and suppresses cell division through induction of a
cyclin-dependent kinase inhibitor (36). Ngn3 arises early in islet
differentiation before the distinction between α and β cells; in
contrast to some of the other factors, Ngn3 becomes undetectable
in the adult pancreas (18, 37). Both NeuroD1 and Ngn3 can drive
islet differentiation and induce Nkx2.2 (30, 38, 39); Ngn3 also
induces Pax4. Nkx2.2 and Pax4 are required for development of
the β-cell lineage (14, 40–42). Along with Foxa2 and PDX-1,
Nkx2.2 directly regulates MafA expression (43–46).
Nkx6.1, also downstream of Nkx2.2, is required for the de-

velopment of β-cell precursors during the secondary wave of β-cell
development (47, 48). Nkx6.1 also suppresses glucagon expression,
perhaps accounting for repression of glucagon by Isx. Foxa2 also is
important in glucose metabolism and insulin secretion, regulating
genes including the ATP-sensitive K+ channel subunits, inward
rectifier potassium channel Kir6.2 and the sulfonyl urea receptor
Sur-1 (49–52). MODY can be caused by mutations in Hnf4α,
Hnf1α, and Hnf1β, which also regulate a number of molecules
important for glucose sensing and other β-cell functions (53, 54).
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Among MafA targets are glucokinase, Glut2, the glucagon-like
peptide 1 receptor, and prohormone convertase, which processes
proinsulin (55). Consistent with the control of these genes by
MafA, its overexpression caused a left shift in glucose sensitivity of
insulin secretion (55). Induction of these proteins byMafA is likely
to contribute to enhanced insulin production and the improved
secretory responsiveness of β cells and islets exposed to Isx.
Isx stimulated acetylation of nuclear proteins through its action

on acetyltransferases, including p300. p300 has a major impact on
β-cell function, including transcription of the insulin gene (56, 57).
p300 can acetylate not only histones but also other proteins that
support β cells, such as NeuroD1 (58). Acetylation of NeuroD1
may affect both DNA binding and activation functions. Mutations
in the Kruppel-like factor 11 (KLF11; MODY 7) revealed an as-
sociation with early-onset type 2 diabetes (59). KLF11 is activated
by p300, as are a large fraction of other MODY genes (60). Thus,
activation of p300 is likely to be one of the significant mechanisms
of Isx action.
Isx induced biphasic activation of ERK1/2 that is temporally

distinct from that induced by nutrients. Several glucose-sensitive
insulin gene transcription factors are regulated by ERK1/2.

AlthoughMafA apparently is not an ERK1/2 substrate, chromatin
binding of MafA along with NeuroD1 and PDX-1 is ERK1/2 de-
pendent (31, 61). ERK1/2 also phosphorylate p300 and control its
activity and chromatin association, perhaps explaining the de-
crease in Isx-enhanced p300 activity caused by blocking ERK1/2
(62, 63). Loss of p300 from the insulin gene promoter is accom-
panied by loss of these three essential factors, suggesting that an
ERK1/2-regulated event is acetylation, which is thought to control
access of the three factors to the proximal promoter.
Several strategies have been described for generating β cells

from stem cells, pancreatic duct cells, and other differentiated cell
types (6). The majority of these strategies involved the heterolo-
gous expression of groups of transcription factors or staged
groups of hormonal factors that induce β-cell differentiation (64–
68). A small molecule was identified that induced pancreatic
progenitors from embryonic stem cells (69). Compounds that
enhanced β-cell proliferation also have been reported (70). The
plant alkaloid, conophylline, can induce β-cell differentiation
from rat pancreatic acinar cells and fetal pancreatic tissue over 3–
6 wk (71). It has a slower time course of action and a larger effect
on PDX-1, suggesting mechanisms of action distinct from Isx.
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Fig. 4. Isx is a HAT activator. (A) Immunoblots of acetylated histones in MIN6 cells pretreated with the indicated inhibitors for 16 h and then treated with
vehicle or Isx. (B and C) HDAC (B) and HAT (C) activities in 50 μg of nuclear extract protein from MIN6 cells treated with Isx or DMSO for 24 h. Trichostatin A
(TSA; 2 μM) was added at as a positive control. HeLa nuclear extract also was included as a positive control. (D and E) HAT activity from nuclear extracts of
MIN6 cells without (D) or with (E) expression of p300 for 48 h, pretreated with Isx or 10 μMU0126 for 24 h. (F) ChIP analysis of the association of p300 with the
insulin gene promoter in MIN6 cells upon glucose (Gluc) stimulation after pretreatment with Isx and/or U0126 for 24 h. Statistical analysis was performed
using Student’s t test as in Fig. 1. *P < 0.05; **P < 0.01. (G) Simplified view of the actions of Isx.
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In conclusion, Isx is among relatively few single molecules
known that can improve β-cell function dramatically. Preliminary
experiments in mice suggest that the compounds have little tox-
icity. Because they require micromolar concentrations to exert
their effects, the current compounds may not be useful in patients
but nevertheless are valuable aids to develop noninvasive ap-
proaches to improve β-cell function.

Experimental Procedures
Materials. Antibody sources are as follows: ERK1/2 and pERK1/2 as described
(61); NeuroD1 (N-19), cMaf (M-153), PDX-1 (N-18), and p300 (C-20) were from
Santa Cruz Biotechnology; pan-AcH4 K5K8K12K16 (06-866), AcH3K9 (07-352),
AcH3K14 (07-353), and AcH3K9K14 (07-353) were from Upstate/Millipore;
acetyl lysine (catalog no. 9441) was from Cell Signaling Technology; Myc was
from the National Cell Culture Center. Inhibitors were from the following
sources: U0126 and FK506 were from LC Laboratories; PD0325901 was from
Stemgent; nifedipine, BAPTA was from Calbiochem; wortmannin and tri-
chostatin A were from Sigma; 3.5-disubstituted Isx was described previously
(Fig. S1A) (21, 22).

Cell Culture and Treatments. MIN6 cells were cultured in DMEM (Gibco), con-
taining 25mMglucose, 10% FBS, 10mMHepes (pH 7.4), 10.2 mM L-glutamine,
50 mM sodium pyruvate, 2.5 mM β-mercaptoethanol, 100 U/mL penicillin, and
100 μg/mL streptomycin at 37 °C in 10%CO2. Human islets were obtained from
the Islet Cell Resource Basic Science Islet Distribution and from theUniversity of
Alabama, Birmingham Islet Resource Facility and were cultured in RPMI 1640
with 11mM glucose for up to 1 y The mediumwas changed twice weekly, and
the islets were subcultured when they reached 90% confluence. For Isx treat-
ments, cells were incubated in medium containing either Isx or the equivalent
volume of DMSO vehicle (0.04%). To measure GSIS, cells were placed for 2 h in
Krebs–Ringer bicarbonate/Hepes containing 0.1% BSA and 2 mM glucose and
were stimulated for 15 min with 20 mM glucose, a 1× amino acid mixture
(concentrations as in DMEM), or 50 nM exendin-4. U0126 (10 μM), nifedipine
(3 μM), BAPTA (10 μM), wortmannin (0.5 μM), or FK506 (0.1μM) was added for
1–24 h as indicated.

DNA Constructs. Rat insulin 1 promoter-luciferase reporter construct (pGL3-rIns
-410, +1) was described previously (31). Vectors encoding MafA:myc, PDX-1:
myc and NeuroD1:myc were from Michael German (University of California,
San Francisco, CA); p300 was from Joseph Garcia (University of Texas South-
western Medical Center, Dallas, TX). MafA:myc mutants were generated by
Quik-Change mutagenesis (Agilent Technologies).

ChIP and Quantitative PCR. ChIP was performed as described (61) with the
following modifications. Chromatin was cross-linked with 1% formaldehyde
and sonicated with a Bioruptor 200 (Diagenode) on ice. ChIP products were
analyzed by real-time quantitative PCR as previously described for real-time

PCR (61) using the primers 5′-CAGACCTAGCACCAGGG-3′ and 5′-GGACTTTG-
CTGTTTGTCCC-3′ to amplify the −157/−50 fragment of the mouse insulin
promoter. Results were expressed relative to input and are presented as the
mean ± SEM of at least two independent experiments in triplicate.

HAT and HDAC Assays. Activities were measured in 50 μg of nuclear protein
with HAT and HDAC colorimetric assay kits from Biovision Biotechnology.

Gene Expression. Total RNA was extracted from human islets with TRI reagent
(Ambion). cDNAwaspreparedfromtotalRNAbyamixtureof randomhexamer-
and oligo-dT–primed reverse transcription (iScript; Bio-Rad). Expression of in-
sulin and glucagon mRNAs relative to 18S RNA was evaluated by TaqMan
assays (Applied Biosystems). Relative expression of pancreatic factors was de-
termined using Power SYBR Green PCR Master Mix (Applied Biosystems).
Primer sequences are given in Tables S1 and S2. SYBR Green and TaqMan
probe-based PCR was performed using the ABI 7500 DNA Sequence Detection
System with standard fluorescent chemistries and thermal cycling: 50 °C for
2 min, 95 °C for 10 min for one cycle, an additional 40 cycles at 95 °C for 15 s,
and then 58 °C for 1 min.

Luciferase Reporter Gene Assays. HEK-293 cells (0.15 × 106 cells) in triplicate
were transfected with pGL3-rIns reporter (0.1 μg per well) (Stratagene) and
were cotransfected with 0.5 μg per well of either empty vector (pcDNA3.1)
or vectors encoding NeuroD1:myc, MafA:myc or PDX-1:myc using Lipofect-
amine 2000 (Invitrogen). After 24 h, cells were stimulated with 20 μM Isx or
DMSO for another 24 h. Activity was measured using the dual luciferase
reporter system (Promega) with Renilla luciferase as internal control.

Statistics. Experiments with two groups were analyzed for statistical signif-
icance using an unpaired two-tailed Student’s t test. Error bars show SD
unless otherwise stated.
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