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MicroRNA-375 (miR-375) is necessary for proper formation of pancreatic islets in vertebrates and
is necessary for the development of �-cells in mice, but regulation of miR-375 in these cells is poorly
understood. Here, we show that miR-375 is transcriptionally repressed by the cAMP-protein kinase
A (PKA) pathway and that this repression is mediated through a block in RNA polymerase II
binding to the miR-375 promoter. cAMP analogs that are PKA selective repress miR-375, as do
cAMP agonists and the glucagon-like peptide-1 receptor agonist, exendin-4. Repression of the
miR-375 precursor occurs rapidly in rat insulinoma INS-1 832/13 cells, within 15 min after cAMP
stimulation, although the mature microRNA declines more slowly due to the kinetics of RNA
processing. Repression of miR-375 in isolated rat islets by exendin-4 also occurs slowly, after
several hours of stimulation. Glucose is another reported antagonist of miR-375 expression, al-
though we demonstrate here that glucose does not target the microRNA through the PKA path-
way. As reported previously, miR-375 negatively regulates insulin secretion, and attenuation of
miR-375 through the cAMP-PKA pathway may boost the insulin response in pancreatic �-cells.
(Molecular Endocrinology 26: 989–999, 2012)

Over the past decade, the realization that microRNA
(miRNA) control gene expression has been a para-

digm shift in molecular genetics. Many studies have now
investigated the expression profiles of miRNA in a variety
of cells and cellular systems (1–5), but relatively few stud-
ies have investigated the mechanism of transcriptional
regulation for the miRNA themselves (6–10). This is an
especially important consideration because several
miRNA-based clinical trials are being conducted that tar-
get miRNA expression (11), and understanding the en-
dogenous regulatory mechanisms will be key to predict-
ing effects of these interventions in vivo. Most miRNA are
processed through a series of endoribonuclease cleavage
steps from larger RNA molecules, which are themselves
transcribed via RNA polymerase II (RNAP II) promoters
(12). These parental RNA molecules are called primary
miRNAs (pri-miRNA) and can be either protein-coding
or noncoding transcripts (13). Thus, the rate of miRNA
transcription will depend upon the rate of transcription of

the parental pri-miRNA gene. In several cases, signaling
pathways that regulate miRNA expression have been
found to target transcription factors that bind to the pro-
moter of the pri-miRNA (7, 9, 10). However, for the
majority of miRNA the regulatory mechanisms are
poorly understood.

Few miRNA have been investigated in pancreatic
�-cells (5, 14–17), and little is known concerning their
transcriptional regulation (18, 19). miRNA are necessary
for �-cell development, as deletion of the enzyme Dicer
results in a severe loss of these cells (20). MiR-375 is one
of the most abundant miRNA in �-cells (5) and is neces-
sary for their proper development and maintenance (21,
22). In zebrafish, a model for vertebrate development,
targeted disruption of miR-375 by morpholinos severely
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disrupts normal islet architecture (21). MiR-375 knock-
out mice have a 30–40% reduction in �-cell mass com-
pared with wild-type controls, whereas they exhibit an
increase in �-cell mass (22). Increased levels of circulating
glucagon in these mice lead to chronic hyperglycemia and
the development of diabetes. In �-cell line cultures, miR-
375 inhibits insulin secretion, in part by inhibiting the
translation of the mRNA for myotrophin (5) and phos-
phoinositide 3-kinase-dependent-kinase (Pdk1) (23). It is
not clear, however, how blood sugar levels in diabetic
patients would respond to miR-375-directed treatment.
Based upon the current literature, one would predict that
decreasing the amount of miR-375 in diabetic patients
would decrease glucose levels by stimulating insulin re-
lease after a meal. Thus, discovering cellular mechanisms
that repress miR-375 may lead to new avenues of type 2
diabetes therapy research.

cAMP is a key second messenger molecule in �-cells,
because it potentiates glucose- and Ca2�-dependent insu-
lin secretion (24). cAMP is elevated in �-cells by various
hormones, neurotransmitters, and other nutrient secreta-
gogues, including the intestinal peptide hormones, gluca-
gon-like peptide-1 (GLP-1) and glucose-dependent insuli-
notropic polypeptide which enhance glucose-stimulated
insulin secretion (GSIS) (25–27). A high-affinity agonist
of the GLP-1 receptor, exendin-4, has received particular
attention because it is now used clinically to ameliorate
episodes of hyperglycemia in diabetic patients and to de-
lay gastric emptying leading to reduced appetite (25, 28).
Rises in cAMP concentration can also be triggered by rises
in intracellular Ca2� levels that occur after exposure to
glucose (29, 30), as there are Ca2�/calmodulin-stimulated
adenylyl cyclases (31).

In �-cells, there are two types of cAMP-binding pro-
teins that stimulate insulin secretion, protein kinase A
(PKA) and exchange protein directly activated by cAMP
2/cAMP-guanine nucleotide exchange factor II (EPAC2/
cAMP-GEFII) (24). Both these effector proteins directly
target components of the exocytotic machinery and mem-
brane channels responsible for �-cell depolarization. In
addition to its role in exocytosis, cAMP also influences
gene expression in �-cells (32) although, to date, only
PKA (and not EPAC2) has been implicated in this process.
The most ubiquitous cAMP-responsive transcription fac-
tor is cAMP-response-element binding protein (CREB)
(32). CREB is phosphorylated by PKA, creating a binding
site for the transcriptional coactivators CRE�-binding
protein or p300 (33, 34). Genes under control of CREB in
�-cells include insulin (35) and Irs2 (36). The reality is no
doubt more complex, as studies in other cell types have
shown that thousands of genes are concurrently regulated
by CREB (37, 38).

In addition to gene activation, several studies in �-cells
have shown that genes are down-regulated in response to
cAMP as well (39–41). In one study, several genes nec-
essary for insulin secretion were repressed by hyperglyce-
mic conditions in a PKA-dependent manner (39). It was
hypothesized that this mechanism could contribute to
�-cell failure in type 2 diabetes. cAMP-mediated tran-
scriptional repression occurs via the protein cAMP re-
sponse element modulator (CREM) (32). In this study, we
show that transcription of miR-375 is strongly repressed
by the cAMP-PKA pathway, and we propose that exen-
din-4 may boost insulin release in part through effects on
miR-375.

Materials and Methods

Cell culture
Rat insulinoma INS-1 832/13 cells were a gift from Dr. Chris

Newgard (Duke University Medical Center, Durham, NC).
Cells were grown in RPMI-1640 media (Hyclone Laboratories,
Logan, UT) containing 10% heat-inactivated fetal bovine serum
(FBS), 100 U/ml penicillin, 100 U/ml streptomycin, 1 mM so-
dium pyruvate, and 50 �M �-mercaptoethanol, and were grown
at 37 C in a humidified chamber containing 5% CO2. Cells were
transfected using the Amaxa Nucleofector electroporator
(Lonza Group, Basel, Switzerland). The PKA-inhibitor (PKI)
cDNA was a gift from Dr. Richard Maurer (Oregon Health &
Science University).

Rat pancreatic islet preparation
Male Sprague Dawley rats aged 6 months were used for

pancreatic islet preparations. Cold Hank’s Balanced Salt Solu-
tion (HBSS, 5 ml) containing 1 g/liter glucose and 100 U/ml
Liberase TL (Roche Applied Sciences, Indianapolis, IN) were
injected into the pancreas via the common bile duct. The pan-
creas was dissected and placed into 10 ml cold HBSS, minced,
and incubated at 37 C for 20 min. The suspension was vigor-
ously shaken, and the reaction was stopped by adding 30 ml
cold quenching buffer (HBSS � 10% FBS). The suspension was
pelleted via centrifugation at 500 � g and washed an additional
time with quenching buffer. Islets were visualized with 0.5
mg/ml diphenylthiocarbazone (Sigma-Aldrich, St. Louis, MO)
and successively hand picked into quenching buffer and then
into RPMI 1640 media containing 1 g/liter glucose, 2% FBS,
100 U/ml penicillin, and 100 U/ml streptomycin.

Reverse transcription (RT)
INS-1 832/13 cells were plated onto 12-well plates and

grown overnight (5 � 105 per well). The cells were then incu-
bated overnight in 2% FBS and 2 mM glucose unless otherwise
noted before treatment with cAMP or cAMP agonists at the
concentrations and times listed in the figure legends. Freshly
isolated islets (25–30 per treatment) were incubated immedi-
ately with cAMP agonists. Forskolin, 3-isobutyl-1-methylxan-
thine (IBMX), exendin-4, H89 dihydrochloride hydrate, and
dibutyryladenosine 3�,5�-monophosphate (db-cAMP) were
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from Sigma-Aldrich. N6-Benzoyladenosine 3�,5�-monophos-
phate (6-Bnz-cAMP), N6-monobutyryladenosine 3�,5�-mono-
phosphate, 8-(4-chlorophenylthio)-adenosine 3�,5�-monophos-
phate (8-CPT-cAMP) were from Biolog (Bremen, Germany).
Total RNA was isolated by extraction with TRI reagent (Am-
bion, Austin, TX), and 500 ng were used for first-strand cDNA
synthesis in a reaction containing 50 ng of random primers, 500
�M deoxynucleotide triphosphate, 1� first-strand buffer, 200 U
of Moloney murine leukemia virus reverse transcriptase (Pro-
mega Corp., Madison, WI), and 20 U of RNasin ribonuclease
inhibitor (Promega) in a 25-�l reaction volume. Samples were
diluted 1:4 before using in quantitative PCR. Total RNA (100
ng) was used in the microRNA-375 TaqMan assay (Life Tech-
nologies, Carlsbad, CA) using the manufacturer’s reaction con-
ditions. Samples were diluted 1:9 before using in quantitative
PCR.

Chromatin immunoprecipitation (ChIP)
INS-1 832/13 cells (5 � 106) were plated on 10-cm dishes

and the next day were treated with 0.1% dimethylsulfoxide
(DMSO) control or a combination of 1 �M forskolin and 100
�M IBMX for 1 h. The ChIP assay was performed as described
elsewhere (19) using anti-RNA polymerase II phosphoserine 2
and phosphoserine 5 polyclonal antibodies (Abcam, Cam-
bridge, MA) and rabbit IgG (Sigma) as a control.

Quantitative PCR
ChIP DNA or cDNA (3 �l) was analyzed in a 15 �l real-time

PCR (qPCR) containing 1� SYBR green mix (Thermo Scien-
tific, Houston, TX) and 0.5 �M primer pairs. Reactions were run
in a Realplex 2 (Eppendorf, Hamburg, Germany) for 15 min at
95 C, followed by 40 cycles of 15 sec at 95 C and 45 sec at 68 C.
Primers against pre-miR-375 (5�-CCTCGCACAAACCG-
GACCT-3� and 5�-GCCTCACGCGAGCCGAAC-3�) were
used for both RT and ChIP assays. Additional ChIP primers
included miR-375 upstream (5�-TCCTATCCCTGCCCTC-
CAGCTTT-3� and 5�-CTTCACCATCCTCTTGCCCTGCT-
3�), miR-375 downstream (5�-TCTAACTCCCATCTCCT-
GTTCTTT-3� and 5�-AGAGAGAAACCAGACACATGCAC-
3�), and MyoD promoter (5�-GACGCGACTGCTTTCTT
CACCAC-3� and 5�-TTCCCTCCCTGTCCTGTCCTGTC-3�).
Additional RT primers included 18S rRNA (5�-CGGACACG-
GACAGGATTGACAGA-3� and 5�-ACCACCCACGGAATC-
GAGAAAGA-3�), U6 small nuclear RNA (snRNA) (5�-TTCG-
GCAGCACATATACTAAAATTGGA-3� and 5�-AGGGGCC
ATGCTAATCTTCTCTGT-3�),Nr4a2(5�-GGACAGGTAGTT
GGGTCGGTTCAA-3� and 5�-AGAGACACGGGCTCAAGG
AACC-3�), and glucose transporter (Glut2) (5�-TCACACC
AGCACATACGACACCA-3� and 5�-GACCATTCCGCCTAC
TGCAAAGC-3�). All primers and probes were from Integrated
DNA Technologies (Coralville, IA). Data were from three inde-
pendent experiments each repeated in triplicate unless otherwise
noted. Statistics were performed using pair-wise, one-tailed Stu-
dent’s t tests.

Northern blots
Total RNA (10 �g) (from INS-1 832/13 cells was loaded

onto a 15% polyacrylamide-urea denaturing gel and then trans-
ferred onto GeneScreen Plus hybridization transfer membrane
(PerkinElmer, Waltham, MA) using a Trans-Blot SD Semi-Dry

Transfer apparatus (Bio-Rad Laboratories, Inc., Hercules, CA).
The RNA was cross-linked to the membrane using a Stratalinker
UV cross-linker (Agilent Technologies, Santa Clara, CA) using
the manufacturer’s optimal setting (�45 sec) and then baked at
80 C in a vacuum oven for 30 min. Antisense locked-nucleic acid
oligonucleotide probe (miR-375) or deoxyribonucleotide probe
(U6 snRNA) was labeled using �-32P-ATP and T4 polynucle-
otide kinase (Promega). Membranes were incubated with
probes overnight at 42 C in hybridization solution [5� saline
sodium citrate (SSC), 20 mM Na2HPO4, 7% sodium dodecyl
sulfate (SDS), 2� Denhardt’s, and 0.04 mg/ml sheared salmon
sperm DNA], and then washed in low-stringency wash buffer
(2� SSC, 0.5% SDS) and high-stringency wash buffer (0.05�
SSC, 1% SDS) for 30 min each. Washed membranes were then
exposed to autoradiography film for several hours at �80 C.

cAMP RIA
INS-1 832/13 cells (5 � 105) or islets (25–30) were plated

onto 12-well plates and grown overnight. Cells were treated
with the indicated cAMP agonists, and RIA was performed ac-
cording to the manufacturer’s instructions (Linco Research, St.
Charles, MO).

Rap1 activation assay
Active GTP-bound Rap1 was assayed with the glutathione-

S-transferase (GST)-tagged Ras-binding domain of RalGDS as
previously described (42). Monoclonal Rap1 antibody was
from BD Transduction Laboratories (Franklin Lakes, NJ). GST-
tagged RalGDS was a gift from Dr. Philip Stork (Oregon Health
& Science University).

Results

The miR-375 stem-loop precursor is repressed by
cAMP-elevating agents

Previous work (19) suggested that miR-375 might be
regulated by cAMP. The miR-375 proximal promoter
contains a similar collection of transcription factor-bind-
ing sites as that of insulin, which is regulated by cAMP
through CREB. To test whether miR-375 was in fact reg-
ulated by cAMP, we treated rat insulinoma INS-1 832/13
(hereafter called INS-1) cells with forskolin, an adenylyl
cyclase agonist (43), for 1 h and measured changes in the
miR-375 stem-loop precursor (pre-miR-375) expression
levels by quantitative real-time RT-PCR (qRT-PCR). Sur-
prisingly, pre-miR-375 levels were reduced by forskolin
treatment (Fig. 1A) in contrast to most known CREB
target genes (32). Another cAMP-elevating drug, IBMX,
which broadly inhibits phosphodiesterases and therefore
inhibits cAMP degradation (44), also strongly repressed
levels of pre-miR-375 (Fig. 1A). El Ouaamari et al. (23)
demonstrated that pre-miR-375 was depleted by elevated
glucose levels in INS-1 cells and islets. To isolate the ef-
fects of cAMP from glucose, cAMP agonists were added
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in the presence of low glucose (2 mM) unless otherwise
noted.

To test whether the entire miR-375 locus is repressed
by cAMP, we designed additional PCR primers against
the predicted primary miR-375 sequence (pri-miR-375)
and used them in qRT-PCR. The results showed that pri-
miR-375 is depleted to the same extent as is pre-miR-375
(Supplemental Fig. 1 published on The Endocrine Soci-
ety’s Journals Online web site at http://mend.endojour-
nals.org), suggesting that the promoter of the pri-miRNA
gene might be targeted by cAMP. Although forskolin is
commonly used to stimulate cAMP levels in cells, it has
off-target effects at a dosage close to that being used in
this study (43, 45). 1,9-Dideoxyforskolin does not acti-
vate adenylyl cyclase but retains a similar spectrum of
off-target effects as forskolin (43). Treatment of INS-1
cells with dideoxyforskolin had no effect on pre-miR-375

(Supplemental Fig. 2), suggesting that
the production of cAMP was responsi-
ble for the decrease in the miRNA.

Rat INS-1 cells are transformed and
thus might not reflect the regulation in
native islet cells. Additionally, their in-
sulin release response to glucose and
cAMP is blunted when compared with
that of isolated pancreatic islets. Using
a cAMP RIA, we compared levels of
cAMP in INS-1 cells and pancreatic is-
lets. Combined treatment with 1 �M

forskolin and 100 �M IBMX raised
cAMP levels 2-fold in INS-1 cells but
more than 4-fold in pancreatic islets
(Supplemental Fig. 3). To more accu-
rately mimic conditions in vivo, we
tested pre-miR-375 depletion in iso-
lated pancreatic islets with a physiolog-
ical cAMP agonist, exendin-4. Exen-
din-4 stimulates cAMP production
through binding and activating the glu-
cagon-like peptide 1 receptor. Islets
were isolated from adult rats and were
treated with 10 nM exendin-4 for 6 or
16 h (Fig. 1B). Repression of pre-miR-
375 was first seen at 6 h and was sig-
nificantly down-regulated by 16 h. In
addition, no significant synergistic re-
pression was seen when the exendin-4
treatment was combined with elevated
glucose (12 mM, Fig. 1B), suggesting
that the two pathways were converging
on a single downstream target.

The reduction of pre-miR-375 in re-
sponse to stimuli is in marked contrast to CRE�-regu-
lated immediate-early genes such as Nr4a2 (Fig. 1C), c-
Fos, and Mkp-1 (data not shown), which are up-regulated
in islets by cAMP. The CREB-regulated miRNA miR-132
(46) is also dramatically up-regulated by forskolin (Fig.
1D), which provides support that CREB is not targeting
the miR-375 promoter. Glut2 serves as a control gene
that is not significantly changed by forskolin after 1 h
(Fig. 1C). miRNA miR-191 and -425 are bi-cistronic
miRNA that are targeted by some of the same transcrip-
tion factors as miR-375 (19) but are not regulated by
cAMP (Fig. 1D). Thus it appears that the cAMP-mediated
repression of miR-375 is specific for this miRNA.

Time course of miR-375 repression by cAMP
Mature miRNA and the precursors from which they

are derived can have dramatically different turnover rates

FIG. 1. The miR-375 stem-loop precursor is repressed by cAMP-elevating agents. A, Rat
insulinoma INS-1 832/13 cells were treated for 1 h with either vehicle control (DMSO), 10 �M

forskolin (FSK), 100 �M IBMX, or a combination. qRT-PCR was performed using primers
amplifying pre-miR-375. B, Pancreatic islets were isolated from 6-month-old Sprague Dawley
rats and treated in vitro with or without 10 nM exendin-4 (Ex4) and 2 mM (G2) or 12 mM

glucose (G12) as indicated for 6 and 16 h. The islets were then harvested for qRT-PCR. C,
Pancreatic islets were treated with DMSO vehicle (black bars) or 1 �M FSK and 100 �M IBMX
(white bars) for 1 h. qRT-PCR was performed using primers amplifying pre-miR-375, cAMP-
responsive immediate early gene Nr4a2, or Glut2. D, INS-1 832/13 cells were treated for 1 h
with either vehicle control DMSO or with 1 �M FSK and 100 �M IBMX combination. qRT-PCR
was performed using primers amplifying pre-miR-132, pre-miR-191, and pre-miR-425.
Samples were normalized to 18S rRNA or U6 snRNA, and data represent three independent
experiments performed in duplicate. Error bars represent SD. Student’s t tests were performed
for each sample in comparison to control. N.S., P � 0.05; *, P � 0.05; **, P � 0.01.
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and thus miR-375 and pre-miR-375 may exhibit different
turnover kinetics in response to cAMP. To determine the
kinetics of pre-miR-375 repression, we added forskolin
and IBMX to INS-1 cells, extracted RNA at various times,
and measured pre-miR-375 levels by qRT-PCR. Figure
2A shows that the half-life is less than 15 min. 18S rRNA
levels did not vary during the time course of the experi-
ment (data not shown) and so were used to normalize
data. Pre-miR-375 never fell below the level of detection
during the time course but instead reached a baseline be-
low which it did not fall. Because mature miRNA are
19–25 nucleotides in length, conventional PCR cannot be

used to detect them. Instead, we used a Northern blot in
Fig. 2B to detect mature miR-375. In contrast to the pre-
cursor, mature miR-375 gradually decreased over the
course of the experiment, with a half-life between 8 and
16 h (Fig. 2B).

These data were supported by quantitatively measur-
ing mature miR-375 by a TaqMan real-time PCR assay.
Rat pancreatic islets were isolated and treated with 10 nM

exendin-4 for the indicated times (Fig. 2C), revealing a
half-life of approximately 8 h.

Repression of pre-miR-375 by cAMP occurs at the
transcriptional level

If the miR-375 precursor is short-lived, the rapid re-
pression kinetics seen above suggested that it might be
regulated at the transcriptional level. To test this possibil-
ity, INS-1 cells were treated with the transcriptional
blocker, actinomycin D, either with or without forskolin
and IBMX (Fig. 3A). As shown in the figure, actinomycin
D depleted pre-miR-375 with similar kinetics as forskolin
and IBMX, suggesting that cAMP inhibited miR-375
transcription.

Further evidence of a transcriptional block was ob-
tained by ChIP using phospho-specific antibodies against
the C-terminal domain of RNAP II. Serines 2 and 5 within
the heptad amino acid repeat are phosphorylated selec-
tively during transcription elongation and initiation, re-
spectively. Using antibodies against these phosphoryla-
tion sites allowed us to determine whether transcription
initiation or elongation or both were inhibited by cAMP
agonists. At the precursor site/proximal promoter site
333 bp downstream from the transcription start site, ini-
tiation-selective phospho-Ser 5 and elongation-selective
phospho-Ser 2 signals are reduced after treatment with 1
�M forskolin and 100 �M IBMX for 1 h (Fig. 3B, upper
left graph). This suggests that promoter occupancy by
RNAP II and transcription initiation are reduced after
treatment with cAMP agonists. At the distal site 2609 bp
downstream from the transcription start site, no detect-
able phospho-Ser 5 or -Ser 2 RNAP II signal was observed
after cAMP agonist treatment (Fig. 3B, upper right
graph), again supporting the idea that transcription initi-
ation is inhibited. Control primer pairs against the inac-
tive MyoD promoter and upstream of miR-375 show no
significant binding of RNAP II (Fig. 3B, lower graphs).

Repression of pre-miR-375 is mediated by PKA
There are two major proteins that directly bind cAMP

in pancreatic �-cells and mediate its effects. One of these
is EPAC2, which works by stimulating the exocytotic ma-
chinery (47). Another is PKA, which phosphorylates and
stimulates many proteins that regulate secretion (24) as

FIG. 2. The miR-375 precursor is rapidly repressed by cAMP whereas
processed mature miR-375 shows delayed repression kinetics. A, INS-1
832/13 cells were treated for the indicated times with 1 �M forskolin
and 100 �M IBMX. Primers amplifying pre-miR-375 were used in qRT-
PCR, and the data were normalized to 18S rRNA. Error bars represent
SD (n 	 3). B, INS-1 832/13 cells were treated as above, total RNA was
extracted, and 10 �g was analyzed by PAGE. Northern blots were
performed using radioactive probes against mature miR-375 or U6
snRNA as a control. An RNA sizing ladder was radioactively labeled and
run in the first lane. The samples are run in duplicate, and the data are
representative of two independent experiments. C, The final processed
miR-375 was measured by TaqMan assay from rat pancreatic islets
treated with 10 nM exendin-4 for the indicated times. Data are
graphed as fold change with samples matched to controls at each time
point. Error bars represent SD and the data represent the average of
three independent experiments performed in triplicate. Student’s t
tests were performed for each sample in comparison with control.
N.S., P � 0.05; *, P � 0.05; nt, nucleotide.
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well as proteins that regulate gene expression, e.g. CREB
(32). One or both of these pathways may target miR-375.
One way to distinguish between these two pathways is to

use cAMP analogs that selectively bind
to one or the other (48). 6-Bnz-cAMP
and 6-M�-cAMP are cell-permeable
cAMP analogs that bind selectively to
PKA and were found to deplete pre-
miR-375 in INS-1 cells (Fig. 4A, lanes
5–7; and Supplemental Fig. 4A). A
nonselective cAMP analog, db-cAMP,
also depleted pre-miR-375 in a dose-
responsive fashion (Fig. 4, lanes 2–4).
In contrast, two EPAC-selective cAMP
analogs, 8-pCPT-cAMP and
8-pMeOPT-cAMP, did not affect pre-
miR-375 (Supplemental Fig. 4A). The
effectiveness of the EPAC-selective
cAMP analogs was tested by an in vitro
protein-binding assay (42). In this as-
say, we incubated INS-1 cells with
EPAC-selective cAMP analogs to stim-
ulate the guanine-exchange factor ac-
tivity of EPAC for its substrate, the
small G protein Rap1. We prepared
cell extracts and added recombinantly
produced GST-RalGDS to the extracts
as bait to pull down EPAC-activated
Rap1-GTP. Addition of 8-pCPT-
cAMP and 8-pMeOPT-cAMP stimu-
lated binding of Rap1 to GST-RalGDS
as detected by Western blot for Rap1
(Supplemental Fig. 4B), indicating that
the EPAC-selective cAMP analogs
were active, despite having no effect on
miR-375 levels. Increasing amounts of
forskolin were also used to demon-
strate the sensitivity of the assay (Sup-
plemental Fig. 4B). Although the PKA-
selective cAMP analogs were not as
potent as nonselective, the differences
can be attributed to their varying de-
grees of lipophilicity, because db-
cAMP is approximately 3 times more
lipophilic than 6-Bnz-cAMP, and 10
times more lipophilic than N6-
monobutyryladenosine 3�,5�-mono-
phosphate (48). In contrast, EPAC-se-
lective cAMP analogs are 2–3 times
more lipophilic than db-cAMP. Thus
through the use of these cAMP ana-
logs, it appears that cAMP represses

miR-375 through the PKA pathway.
To obtain additional support for the cAMP-PKA

model, we treated the cells with PKA inhibitors and mea-
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sured pre-miR-375 in response to forskolin. First, we
transfected INS-1 cells with a plasmid encoding the PKA-
inhibitor (PKI) gene, the product of which was originally
isolated from skeletal muscle (49) and which has no effect
on EPAC (24). We transfected a mammalian expression

vector containing PKI cDNA (Flag-PKI) into INS-1 cells
and, 48 h later, treated the cells with or without forskolin
for 1 h to stimulate cAMP production. We transfected
control INS-1 cells with an expression vector containing
green fluorescent protein (GFP) cDNA. As shown in Fig.
4B, addition of PKI to the cells blocked the depletion of
pre-miR-375 by cAMP, arguing that miR-375 is under
the regulatory control of PKA. Similar results were found
when the cells were treated with a pharmacological inhib-
itor of PKA, H89. Cells were treated overnight with in-
creased doses of H89 followed by a 1-h treatment with or
without forskolin. The repression of pre-miR-375 was
relieved by H89 in a dose-dependent manner (Fig. 4C),
again arguing that PKA is mediating repression of this
miRNA. Interestingly, treatment with 10 �M H89 alone
resulted in a significant increase in basal pre-miR-375
levels, suggesting that there is a low level of PKA activity
in these cells in the basal state. This is supported by our
cAMP RIA (Supplemental Fig. 3B), which shows that
INS-1 cells have detectable cAMP levels in the unstimu-
lated state.

Glucose does not signal through PKA to repress
miR-375

El Ouaamari et al. (23) demonstrated that pre-miR-
375 was depleted by elevated glucose levels in INS-1 cells
and cultured islets, although the signaling pathway that
mediates this effect is not known. cAMP potentiates GSIS,
and the two have been reported to synergistically activate
gene transcription (50). Additionally, CREM transcrip-
tional repressors have been reported to be elevated by
high glucose levels in cultured islets (39, 41). However,
there is conflicting evidence as to whether glucose itself
stimulates cAMP production in cells (31). To test whether
glucose represses miR-375 through the PKA pathway, we
transfected INS-1 cells with the PKI plasmid and then
incubated them in 20 mM glucose for 16 h, the time point
that showed the maximal repression (data not shown).
PKI expression had no effect on pre-miR-375 repression
due to glucose, suggesting that glucose is not regulating
PKA directly (Fig. 5A). In a similar manner to H89 alone
(Fig. 4C), PKI did cause a slight increase in basal expres-
sion of pre-miR-375 after 16 h (Fig. 5A), again suggesting
that there is a low level of PKA activity in these cells in the
basal state. As a control, elevation of Glut2 mRNA by
glucose was attenuated by PKI (Fig. 5B), illustrating that
the glucose and cAMP can work in concert in these cells,
at least indirectly.

Discussion

Incretin hormones such as GLP-1 stimulate cAMP pro-
duction in pancreatic �-cells, rapidly potentiating GSIS,
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but also initiating changes in genetic programs that influ-
ence the future secretory response of the cells (12). We
have identified miR-375 as a target of cAMP signaling
and propose that one way GLP-1 regulates the plasticity
of �-cells is through the regulation of miR-375, the targets
of which may number in the hundreds (51, 52). We hy-
pothesized that the mechanism by which this occurs is
through transcriptional repression in response to cAMP
and that PKA is mediating this repression. In support of
this idea, we found that PKA-selective cAMP analogs re-
press pre-miR-375 in a dose-responsive fashion and that
inhibitors of PKA attenuate this repression (Fig. 4).

Although the study of miRNA transcription regulation
is still an emerging field, it appears that miRNA are tran-
scribed by RNAP II and are regulated in a similar fashion
as other class II genes (53, 54). In support of this model, a
miR-375 promoter has been identified that binds the tran-

scription factors Pdx-1 and NeuroD1 (19) and that con-
tains a TATA box and confines miR-375 expression to
the pancreatic islets in adult mice (18). Here we demon-
strate that the PKA-signaling pathway targets the pro-
moter of miR-375, as RNAP II is depleted from the pro-
moter after forskolin treatment and transcription
initiation is repressed (Fig. 3B). The transcription inhibi-
tor actinomycin D represses the precursor with similar
kinetics in INS-1 cells, lending support to the idea that
transcription is repressed (Fig. 3A). In rat islets treated
with exendin-4, pre-miR-375 declined over a longer pe-
riod of time (Fig. 1B) than it did in INS-1 cells treated with
forskolin (Fig. 2A), and the reason for this is not known.
Our hypothesis is that forskolin is a more potent agonist
of adenylyl cyclase than is exendin-4, and thus a more
robust response is seen with forskolin.

Interestingly, El Ouaamari et al. (23) reported that
glucose could also repress the miR-375 precursor, al-
though the mechanism was not investigated. Our data
support a model in which the two pathways, cAMP-PKA
and glucose, are converging on a single factor to repress
miR-375 transcription (Fig. 6). Two lines of evidence sup-
port this model. First, we tested the possibility that cAMP
and glucose were synergistically repressing pre-miR-375
but found no evidence of enhanced repression when both
treatments were combined (Fig. 1B), suggesting that a
single factor is responsible for miR-375 repression. Sec-
ond, as shown in Fig. 5A, PKI did not relieve miR-375
repression due to elevated glucose, again suggesting a sin-
gle factor is responsible.

Although the transcription factor targeted by cAMP
and glucose is unknown at this time, a leading candidate
is the transcriptional repressor CREM. CREM is a mem-
ber of the CREB family of b-ZIP transcription factors and
is phosphorylated by PKA in response to cAMP (55). In
�-cells, several repressing CREM splice variants have
been identified (40, 56), and they appear to be responsible
for the hyperglycemia and hyperlipidemia-induced gene
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repression seen in diabetic rats and cell culture models of
type 2 diabetes (39–41). Lending weight to the idea that
CREM is repressing miR-375 is the fact that CREM is
overexpressed in rat islets treated with elevated glucose or
free fatty acids (41). In this scenario, elevated glucose
stimulates CREM expression and consequently leads to
miR-375 transcriptional repression.

Based upon the current literature, it is predicted that
repression of miR-375 will contribute to cAMP’s ability
to enhance insulin secretion and, in this regard, would
provide a novel way for cAMP to potentiate GSIS, by
repressing a miRNA. The evidence also expands on the
model of how cAMP mediates GSIS potentiation (Fig. 6).
The EPAC pathway is activated immediately upon bind-
ing of cAMP and promotes the rapid (within 80 msec)
fusion of insulin granules with the plasma membrane
(57). In contrast, PKA phosphorylates proteins such as
the KATP channel (58) and L-type voltage-dependent cal-
cium channel (59, 60), thereby stimulating insulin granule
exocytosis from the reserve pool over the course of min-
utes to hours (24). PKA can also stimulate gene expres-
sion through phosphorylation of transcription factors
such as CREM, which occurs over the course of minutes
to hours (32).

The evidence presented here suggests a new, long-term
(8–16 h) effect of the cAMP-PKA pathway on insulin
release through repression of miR-375. Whether the
cAMP agonist is forskolin or exendin-4, depletion of ma-
ture miR-375 occurs over the course of hours (t1/2 	 8–16
h). We hypothesize that this long-term effect will contrib-
ute to the plasticity of the �-cell-secretory response ob-
served after exposure of the cells to glucose and incretin
hormones such as GLP-1 (12). Administration of exen-
din-4 as a therapy for type 2 diabetes is currently before
every meal, and this daily exposure would be expected to
antagonize miR-375 despite the mature miRNA’s slow
depletion kinetics. Furthermore, our data suggest that an-
tagonizing miR-375 could potentially enhance the effects
of exendin-4 in patients.
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