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Altered growth and development of the endocrine pancreas is a
frequent cause of the hyperglycemia associated with diabetes.
Here we show that microRNA-375 (miR-375), which is highly
expressed in pancreatic islets, is required for normal glucose
homeostasis. Mice lacking miR-375 (375K0) are hyperglycemic,
exhibit increased total pancreatic a-cell numbers, fasting and fed
plasma glucagon levels, and increased gluconeogenesis and he-
patic glucose output. Furthermore, pancreatic p-cell mass is de-
creased in 375K0 mice as a result of impaired proliferation. In
contrast, pancreatic islets of obese mice (ob/ob), a model of
increased B-cell mass, exhibit increased expression of miR-375.
Genetic deletion of miR-375 from these animals (375/0b) pro-
foundly diminished the proliferative capacity of the endocrine
pancreas and resulted in a severely diabetic state. Bioinformatic
analysis of transcript data from 375K0 islets revealed that miR-375
regulates a cluster of genes controlling cellular growth and pro-
liferation. These data provide evidence that miR-375 is essential for
normal glucose homeostasis, a- and B-cell turnover, and adaptive
B-cell expansion in response to increasing insulin demand in insulin
resistance.
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he maintenance of B-cell mass during development and

throughout life is a highly regulated process responsible for
normal glucose homeostasis. Defects in the development of
pancreatic islets lead to changes in islet composition, and they
often result in the hyperglycemia that characterizes the diabetic
state (1, 2). The dynamic adaptation of B-cell mass in adult life
is influenced by various metabolic stresses, which control the
balance between proliferation and apoptosis. These processes,
known to be regulated at the transcriptional level, contribute to
the development and maintenance of many tissues, including the
pancreatic islet (3, 4). Recent studies have shown that micro-
RNAs (miRNAs), which regulate gene expression at a posttran-
scriptional level, are powerful regulators of growth, differenti-
ation, and organ function (5-7). For instance, mutant mice in
which miRNAs are collectively silenced during endocrine pan-
creas development exhibit defects in all pancreatic lineages,
including a dramatic reduction of insulin-producing B cells (8).
Itis estimated that ~30% of all protein coding genes are miRNA
targets. Combining target prediction with experimental analysis
of miRNA expression and production of loss of function mutants
is beginning to improve our understanding of the roles that
miRNAs play in normal and disease states (7-12). We have
previously reported that miR-375, the highest expressed miRNA
in pancreatic islets of humans and mice, regulates insulin secre-
tion in isolated pancreatic B cells (13). In this study we have
investigated the effect of genetic ablation of miR-375 on pan-
creatic islet development and function and in the etiology of type
2 diabetes.

Results

Development of Hyperglycemia in miR-375-Null Mice. To elucidate
the role of miR-375 in the maintenance of glucose homeostasis

www.pnas.org/cgi/doi/10.1073/pnas.0810550106

and the development of the pancreatic islet in vivo, we generated
miR-375-null mice (375K0) by targeted deletion and homolo-
gous recombination in embryonic stem (ES) cells. The miR-375
gene is uniquely located within an intergenic region on mouse
chromosome 1, and the targeting construct was designed to
eliminate the entire ~64-bp miRNA precursor sequence (Fig.
S1A). Heterozygous mice were crossed and the mutants were
confirmed by Southern blot analysis (Fig. S1B). Offspring of
these intercrosses revealed genotypes of expected Mendelian
ratios. An analysis of miR-375 by in situ hybridization confirmed
its expression in wild-type and its absence in 375KO pancreatic
islets (Fig. S1C). Northern blotting also confirmed the loss of
expression in other neuroendocrine tissues in which miR-375 is
expressed at low levels (Fig. S1D). MiR-375 null animals are
fertile and exhibit no obvious abnormalities or changes in body
mass (Fig. S1E).

We investigated the metabolic consequences of miR-375 ab-
lation by measuring fed and fasted glucose and islet hormone
levels. At 4 weeks of age, male 375KO mice exhibited random
hyperglycemia (Fig. 14), and by 12 weeks they developed fasting
hyperglycemia (89.7 mg/dL vs. 74.7 mg/dL, P < 0.001, 375KO vs.
wild-type, respectively). Female 375KO mice developed random
hyperglycemia by 8 weeks in the fed state. Despite the hyper-
glycemic state, plasma insulin levels remained unchanged in
375KO mice compared with wild-type littermates (Fig. 1B). In
contrast, plasma glucagon concentrations were increased in both
fasted and random-fed states (Fig. 1C). Mutant 375KO mice
exhibit elevated glucose levels compared with wild-type controls
after an i.p. glucose challenge (Fig. 1D). Under identical con-
ditions, first-phase insulin release was diminished but plasma
insulin levels were unchanged between 5 and 120 min after i.p.
glucose administration (Fig. 1E). Glucose stimulation of isolated
islets from 375KO0 and littermate control mice was similar over
a range of concentrations (Fig. 1F). Furthermore, no significant
differences in glucose clearance were measured during an insulin
tolerance test, indicating the absence of peripheral insulin
resistance (Fig. 1G).

We have previously shown that silencing of miR-375 increases
glucose-stimulated insulin secretion in pancreatic B-cell lines
and isolated primary S cells (13). To study the effect of chronic
ablation of miR-375 on insulin secretion, we therefore measured
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Fig. 1.  miR-375-null mice develop diabetes. (A) Random-fed blood glucose

levels in 375K O (filled squares) and wild-type littermate control (open circles)
male mice. (Band C) Plasma insulin and glucagon levels in 10-week-old 375KO
mice (black bars) and wild-type (gray bars) male mice. (D) Intraperitoneal
glucose tolerance test administered to 10-week-old mice. (E) Plasma insulin
levels during i.p. glucose tolerance test. (F) Insulin secretion of isolated islets
in response to indicated glucose concentrations. (G) Insulin tolerance test of
375K0 and wild-type littermates (n = 5).

exocytosis in single B cells by high-resolution capacitance mea-
surements. Exocytosis was evoked by a train of depolarizations
from —70 mV to 0 mV (Fig. S2). Responses were normalized to
cell size. In wild-type cells, the exocytotic responses fell from an
initial value of 6 fF/pF to 1.5 fF/pF at the end of the train. The
total increase in capacitance during the train was 34 = 5 fF/pF
(n = 37).In B cells lacking miR-375, the exocytotic responses fell
from an initial value of 7.5 fF/pF to 3.2 fF/pF and the total
response evoked by the train amounted to 55 = 6 fF/pF (P < 0.01
vs. wild-type; n = 46) (Fig. S2 A-C). An identical analysis was
performed on isolated « cells; however, no differences were
observed between mutant and wild-type animals (Fig. S2 D-F).
These findings extend our earlier observations implicating miR-
375 as a negative regulator of B-cell exocytosis (13). They also
show that the hyperglycemia observed in 375KO mice is not due
to a deficiency in insulin secretion.

To further analyze the underlying cause for the metabolic
derangements in 375KO mice, we investigated the endocrine
pancreatic cell composition of mutant and control animals.
Measurement of B-cell mass of 375KO pancreatic sections
revealed a 38% and 31% decrease compared with wild-type
controls at 3 and 10 weeks of age, respectively (Fig. 24).
Quantitative morphometric analysis of 375KO pancreatic sec-
tions from 3-week-old mice revealed that the change in mass was
due to a comparable decrease in B-cell number (Fig. 2B) and
resulted in a 20% decrease in total endocrine cells per pancreatic
area compared with control mice (Fig. 2C). A similar decrease
was observed in B-cell number at age 10 weeks in 375KO mice.
In addition, these effects were accompanied by a 1.7-fold
increase in a-cell number per pancreatic area compared with
littermate controls (Fig. 2D). The number of 8 cells was not
changed in pancreata of 375KO mice compared with controls at
either age (Fig. 2E). No changes in total pancreatic insulin or
glucagon content, or pancreatic a- and B-cell numbers, were
found at postnatal day (P)14. The results observed in 3-week-old
animals are the earliest detectable changes in phenotype (Fig. 2
A-D). The morphological analysis also revealed disrupted islet
architecture with increased presence of « cells within the islet
core and in the periphery (Fig. 2F).

To investigate if elevated plasma glucagon levels could explain
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Fig. 2. Decreased B-cell mass in 375KO pancreatic islets. (A) B-Cell mass in

wild-type (gray bars) and 375K0O (black bars) mice is quantified and reported
as mean = SE. (B-E) Quantification of endocrine cell number per total pan-
creatic area, p-cell number (B), total endocrine cell number per total pancre-
aticarea (insulin, glucagon, and somatostatin-positive cells) (C), a-cell number
(D), and 8-cell number (E) in 375KO0 (black bar) and wild-type (gray bar) male
mice. (F) Representative sections of pancreas from 10-week-old 375KO and
wild-type male mice visualized by immunofluorescence after staining with
anti-insulin (green) and anti-glucagon (red) antibodies. (Bar, 50 um.) (G)
Glucagon secretion measured from islets isolated from 10-week-old male
375K0 (black bars) and wild-type (gray bars) mice cultured overnight and
incubated in fresh medium containing the indicated glucose concentrations.
(H) Intraperitoneal pyruvate tolerance test was performed on random-fed
6-week-old male mice by administering a dose of sodium pyruvate (in saline)
at 2 g/kg body weight. (/) [2-'4C]Pyruvate was administered by i.p. injection
into random-fed 6-week-old 375K0 and wild-type (WT) mice and blood was
drawn after 30 min and deproteinized, and labeled glucose in supernatant
was recovered and radioactivity was measured. (J) Quantification of PEPCK
and G6Pase mRNA expression by real-time PCR in liver from random-fed,
10-week-old 375K0 (375K0) and wild-type (WT) mice. n = 5-12 animals per
genotype unless otherwise noted. Data are presented as means =+ SE. *, P <
0.05; #*, P < 0.01; ***, P < 0.001.

the hyperglycemia in 375KO mice, we evaluated glucagon se-
cretion and downstream effects in the liver. In contrast to
glucose-stimulated insulin secretion, glucagon secretion was
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increased in isolated pancreatic islets of 375KO mice at both low
(2.8 mM) and high (25 mM) glucose concentrations compared
with wild-type littermates (Fig. 2G). Furthermore, pancreatic
glucagon content was increased ~3-fold compared with wild-
type littermates (375KO vs. WT: 1.25 = 0.28 vs. 0.41 = 0.09
ng/mg tissue, P = 0.01, n = 5). Hepatic glucose production was
analyzed by measuring blood glucose levels after an i.p. injection
of pyruvate in random-fed mice. Significantly higher plasma
glucose levels at 15 and 30 min after injection indicated that
375KO mice have an increased ability to convert pyruvate to
glucose compared with wild-type littermates (Fig. 2H). In
addition, 375KO mice displayed a 25% increase in the rate
conversion of [2-*C]pyruvate into blood glucose after i.p.
injection, thereby providing further evidence that hepatic glu-
cose production was increased in these mice (Fig. 2/). Similar
results were obtained in fasted animals, demonstrating increased
de novo synthesis of glucose by the liver in both fasted and fed
conditions. Moreover, under random-fed conditions, real-time
PCR analysis revealed a significant up-regulation of both phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose 6-phos-
phatase (G6Pase) in the livers of 375KO compared with control
mice, demonstrating that the hyperglucagonemia contributes to
the elevated gluconeogenesis (Fig. 2J). Plasma and tissue levels
of other neuroendocrine organs such as pituitary (growth hor-
mone, cocaine- and amphetamine-regulated transcript), adrenal
(noradrenaline, adrenaline, dopamine, corticosteroids) and in-
testinal (glucagon-like peptide 1, vasoactive intestinal peptide,
secretin) peptides were similar in 375KO mice and littermate
controls. In addition, challenging the mice with insulin after
fasting and measuring ACTH and corticosterone to test the
hypothalamic—pituitary—adrenal axis revealed no abnormality
between mutant and wild-type animals, indicating that loss of
miR-375 expression in the pituitary and adrenal does not con-
tribute to the phenotype of the mutant mice. Taken together,
these results show that the hyperglycemia measured in 375KO
mice is primarily caused by hyperglucagonemia resulting from an
increase in pancreatic a-cell mass.

Expression of miR-375 Is Required for Pancreatic 3-Cell Compensation
in Obesity. To further address the role of miR-375 in the main-
tenance of B-cell mass, we measured miR-375 expression in
pancreatic islets isolated from ob/ob mice, a model for increased
islet mass that is induced by severe insulin resistance (14).
miR-375 expression was increased 30% in ob/ob islets compared
with wild-type controls (Fig. 34). We next generated mice
deficient in both miR-375 and leptin (375/ob) to determine
whether the increase in B-cell mass observed in ob/ob animals is
dependent on miR-375 expression. Insulin and glucagon immu-
nostaining from 10-week old 375/0b mice revealed an absence of
islet hypertrophy compared with littermate control ob/ob mice
(Fig. 3B). Pancreatic B-cell mass was decreased 71% and a
similar reduction was measured in total B-cell number and total
endocrine cell number per pancreatic area in 375/ob animals
compared with ob/ob littermates (Fig. 3 C-E). The relative
number of pancreatic « cells per area of pancreas was unchanged
in 375/ob compared with 375KO animals (Fig. 3F). Consistent
with 375KO mice, an increase in a-cell mass is reflected in an
increase in the a- to B-cell ratio compared with both wild-type
and ob/ob littermates (Fig. 3G). In addition, the decrease in
B-cell number in 375/0b mice was accompanied by a decrease in
B cells with Ki-67-positive nuclei (Fig. 3H). No changes were
observed in ob/ob mice in which only 1 miR-375 allele was
deleted. Failure of the islet mass to compensate for the insulin
resistance induced by the obesity brought about a dramatic
increase in blood glucose levels starting at age 4 weeks (Fig. 31).
Consistent with decreased B-cell mass, plasma insulin levels were
decreased 85% in 375/ob animals compared with ob/ob mice
(Fig. 3/) and plasma glucagon levels were unchanged (129.3 +
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Fig. 3. Impaired B-cell proliferation in miR-375/ob double-knockout mice.
(A) Relative miR-375 expression in lep°b/lep®® (ob/ob) mice and wild-type (WT)
controls measured by real-time PCR and normalized to U6 (N1) or miR-107 (N2)
expression levels. (B) Representative 8-um sections of pancreas from 10-week-
old 375/0b (miR-375~'~ leptin~'~) and ob/ob mice visualized by immunofluo-
rescence after staining with insulin (green) and glucagon (red). (Bar, 50 pm.)
(C) B-Cell mass in 10-week-old WT (gray bar), 375K0 (black bar), ob/ob (dark
gray bar), and 375/ob (open bar) mice is quantified and reported as mean =+
SE. (D-F) Quantification of B-cell number (insulin-positive cells), total endo-
crine cell number (insulin, glucagon, and somatostatin-positive cells) and
a-cell number (glucagon-positive cells) per total pancreatic area in wild-type
(gray bars), 375K0 (black bars), ob/ob (dark gray bars), and 375/ob (open bars)
10-week-old mice. (G) Ratio of a-cell number to islet cell number in wild-type
(gray bar), 375K0 (black bar), ob/ob (dark gray bar), and 375/ob (open bar)
10-week-old mice. (H) Quantification of percentage of Ki-67 insulin-positive
nuclei withininsulin-positive cells of 10-week-old 375/0b (black bar) and ob/ob
(gray bar) mice. n > 30 for each genotype. (/) Random-fed blood glucose levels
in 375/ob (open squares), ob/ob (filled circles), 375KO (filled squares), and
wild-type littermate control (WT) (open circles) mice. (J) Plasma insulin levels
in random-fed, 10-week-old 375/0b (black bar) and ob/ob (gray bar) mice. (K)
Hepatic glucose production measured after sodium [2-4C]pyruvate was ad-
ministered by i.p. injection into random-fed, 10-week-old 375/ob (black bar)
and ob/ob (gray bar) mice. Data are presented as means + SE. n = 4—-6 animals
per genotype unless otherwise noted. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

7.5 pg/mL vs. 120.3 = 10.1 pg/mL, 375/0b vs. ob/ob, respectively,
n = 5-8). Furthermore, hepatic glucose production in 375/0b
mice was elevated 1.8-fold compared with ob/ob mice (Fig. 3K).

PNAS | April 7,2009 | vol. 106 | no.14 | 5815

MEDICAL SCIENCES



Lo L

P

1\

=y

4.0

2.0 B 37510 c 8 375k0 o
Q owr D
1.5+ 830
3 * 5
210 *% ; 20
; c
© 0.5 E1o
< <

0.0+ 0.0

3wk 10wk
Growth regulatory genes
C Fold- D
wT 3750 change > 15 O+ si-Cir
Gphn+ 1.9% 2 e
< ~1.0

HuD _--:JM** o g
Cadm 1 oopmh ool e e ol 2 4+ g@os

Nnat [ sl 6 4 ** % ’

Th e e o o -] 2 5* g 0.0 A IS
- D e S > Q&

Top g e o 8 o 0.9 SIS G

Fig. 4. Regulation of gene expression and identification of growth target

genesin 375K0 islets. (A) Quantification of percentage of Ki-67-positive nuclei
within insulin-positive cells of 375K0 (black bars) and wild-type (gray bars)
male mice. (B) Analysis of gene expression of putative miR-375 targets by
real-time PCR in mutant and wild-type pancreatic islets. n = 5 animals per
genotype. (C) Western blot analysis of protein lysates from pancreatic islets
isolated from 375KO and wild-type (WT) male mice (100 islets per lane).
Quantitative measurements made from densitometry are expressed as a ratio
of mean values of 375KO to wild-type mice. (D) Increase in intracellular
concentration of miR-375 decreases luciferase activity in HEK293 cells trans-
fected with reporter constructs containing either full-length or partial 3'UTR
sequence of putative miR-375target genes (n = 6). Valuesrelative to luciferase
activity from cells transfected with a scrambled control are shown. Data are
presented as means = SE. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

These results, in addition to the 40% decrease in body mass and
measured polydipsia and polyuria, demonstrate severe insulin-
deficient diabetes in 375/0b mice compared with ob/ob animals.

miR-375 Regulates Genes in Growth-Promoting Pathways. We next
addressed whether the observed decrease in B-cell mass of
375KO mice could be reflective of changes in the rate of
proliferation. Quantification of Ki-67-positive 8 cells, an index
for cell proliferation, revealed a significant decrease in 375KO
islets at 3 and 10 weeks of age (Fig. 44). A similar result was
obtained measuring BrdU incorporation in B cells of 375KO
mice. To address the molecular basis for the decrease in pan-
creatic B-cell mass observed in the 375KO animals, we per-
formed gene expression analysis by using Affymetrix microarrays
comparing tissues from mutant mice to wild-type littermates.
Four tissues expressing different levels of miR-375 were selected:
pancreatic islets, pituitary, adrenal, and colon. Previous studies
have established that miRNAs can negatively regulate the
mRNA level of their direct targets (15), and that miRNA loss of
function can result in the up-regulation of hundreds of genes
(16). To determine the direct impact of loss of miR-375, we
selected the most up-regulated 5% and the most down-regulated
5% of transcripts (see SI Methods). Each dataset thus contained
801 of the 16,301 Refseq transcripts measured by the array. We
then determined the number of occurrences of the miR-375
recognition motif GAACAAA (corresponding to nucleotides
1-7 from the 5’ end of the miRNA) in the 3'UTRs of these
transcripts. When measuring gene expression from pancreatic
islets of 375KO mice compared with wild-type littermates, we
counted 138 occurrences of the miR-375 motif in the dataset of
up-regulated transcripts, and 49 occurrences in the dataset of
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down-regulated transcripts (Fig. S34). Compared with random
motifs with similar frequency across the 3'UTRs of all transcripts
monitored by the array (represented in the graph by a blue box
plot), the 138 up-regulated transcripts represent a 1.9-fold
enrichment (P = 0.001), whereas the 49 down-regulated tran-
scripts represent a 1.9-fold depletion (P = 0.002). These results
demonstrate that genetic ablation of miR-375 in the pancreatic
islet resulted in the up-regulation of direct targets of this
miRNA. To further illustrate the impact of miR-375 on islet
mRNA levels, we determined the distribution of expression
changes of transcripts that do include a miR-375 motif in their
3'UTR and transcripts that do not. Transcripts that carry a
miR-375 motif are up-regulated compared with transcripts that
do not (P = 2.1 X 10~2* in the Wilcoxon rank-sum test), and the
up-regulation is even stronger for transcripts containing evolu-
tionarily selected miR-375 motifs (P = 0.005) (Fig. S3E). A
similar analysis of gene expression in the pituitary of 375KO mice
compared with wild-type littermates revealed a significant num-
ber of up-regulated motif-containing transcripts (Fig. S3C). By
contrast, the genes up-regulated in the adrenal and colon data
sets were not enriched for the miR-375 motif (Fig. S3 B and D).
There are 2 possible explanations for this discrepancy: either the
magnitude of the response from direct targets of miR-375
depends on the endogenous expression level of the miRNA, or
miR-375 expression is limited to specific subpopulations of cells
in the adrenal gland and colon. In situ hybridization using an
miR-375-specific probe on pituitary tissue sections revealed
miR-375 to be present in both the anterior and posterior
pituitary, whereas its expression within the adrenal gland ap-
pears to be limited to the medulla and the zona glomerulosa of
the cortex (Fig. S4). It is not known whether miR-375 is
expressed in a specific cell type of the colon because probed
tissue sections revealed no specific signal.

Several genes within the set of up-regulated transcripts of
miR-375-null islets have been documented to negatively regulate
cellular growth and were thus evaluated for direct regulation by
miR-375. Selection of transcripts that contained a miR-375
recognition motif resulted in 381 putative direct targets of
miR-375. Real-time PCR analysis confirmed 10 of these genes,
including caveolinl (Cav!), inhibitor of DNA binding 3 (/d3),
Smarca2, Ras-dexamethasone-induced-1 (Rasd1), regulator of G
protein signaling 16 (Rgsl6), eukaryotic elongation factor 1
epsilon 1 (Eeflel), apoptosis-inducing factor, mitochondrion-
associated 1 (Aifm1), cell adhesion molecule 1 (Cadm1), HuD
antigen (HuD), and complement component 1 q subcomponent
binding protein (CIgbp) were up-regulated in 375KO islets (Fig.
4B). Increased expression of 3 additional genes, including cell
adhesion molecule 1 (Cadml), gephyrin (Gphn), and myotro-
phin (Mtpn), a previously validated target of miR-375 (13), was
confirmed in 375KO islets by real-time PCR and Western
blotting (Fig. 4 B and C). Furthermore, measurement of lucif-
erase activity from HEK293 cells transfected with plasmid
constructs containing a portion of or the entire 3'UTR of Aifin1,
Rasdl, Eeflel, Gphn, HuD, and Cadml showed reduced expres-
sion of all these constructs in the presence of miR-375 (Fig. 4D).
These results suggest that Cavl, Id3, Smarca2, Aifm1, Rasdl,
Rgs16, Eeflel, Clgbp, HuD, and Cadml, all of which have been
shown to participate in signaling mechanisms that negatively
regulate cellular growth and proliferation, are direct targets of
miR-375. Published studies have shown that these genes play a
role in the p53-dependent pathway (17-19), MAP kinase sig-
naling (20), inducing apoptosis (21-23), and inhibiting normal
developmental growth processes (24, 25) or the proliferation of
tumors in mice (26, 27). Using real-time PCR analysis, we found
that the expression levels of these genes in pancreatic islets either
exceed or are comparable to the levels in tissues where a
functional role has previously been determined (Fig. S5). We
also confirmed changes in mRNA expression of several up-
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regulated genes that do not contain the miR-375 motif, including
tyrosine hydroxylase (7h) and neuronatin (Nnat) (Fig. 4B).
Although the exact role of these genes in the pancreatic g cell is
not known, it was shown that increased expression of neuronatin
is associated with hyperglycemia-induced apoptosis (28, 29).
Both genes appear to be indirectly regulated by miR-375, because
reporter assays with vectors that harbor their 3'UTRs down-
stream of the luciferase gene did not result in decreased activity
when co-expressed with miR-375 (Fig. 4D). Together, these
results provide evidence that many direct, as well as indirect,
targets of miR-375 contribute to the regulation of the B-cell
composition of islets.

Discussion

Our results illustrate an essential role for miR-375 in the
establishment of normal pancreatic endocrine cell mass in the
postnatal period and the maintenance of glucose homeostasis.
The primary consequence resulting from the loss of miR-375 is
chronic hyperglycemia caused by a pancreatic a-cell defect, as
evidenced by increased a-cell mass, increased glucagon release
from isolated islets, elevated fasted and fed plasma glucagon
levels, and the increase in downstream effects of glucagon, such
as expression of genes regulating gluconeogenesis and hepatic
glucose production. Of note, 375KO mice in the fed state exhibit
plasma glucagon levels that are comparable to fasted levels in
wild-type mice, further emphasizing the chronic glucagon stim-
ulus in these animals. The hyperglucagonemia in 375KO mice
compared with control littermates is most likely due to the
increase in a-cell numbers and a defect in glucose sensing
because exocytosis measurements in isolated « cells in response
to direct depolarization was similar in wild-type and mutant
mice. The hyperglycemic phenotype of 375KO animals is unlikely
due to the moderate (25%) decrease in B-cell mass because this
reduction is usually insufficient to cause insulin deficiency and
diabetes (30), and amounts of insulin secretion by isolated
pancreatic islets from mutant and wild-type mice in response to
various concentrations of glucose were similar. Furthermore,
insulin levels in the fasted state and during a glucose challenge
in 375KO and wild-type littermates were similar, despite a
reduced B-cell number in 375KO mice, suggesting that insulin
secretion per B cell is enhanced in 375KO mice and that
reduction of B-cell mass and increased secretion balance each
other in mutant mice.

The mechanism by which loss of miR-375 function leads to a
reduced B-cell mass is most likely mediated by the cluster of
negative growth regulators that are directly regulated by miR-
375 and are markedly up-regulated in 375KO animals. The fact
that the phenotype is more profound in mice with metabolic
stress might indicate that miR-375 targets play a crucial role in
B-cell compensation when metabolic demand is increased. The
mechanism by which the a-cell number in 375KO pancreata is
increased is currently unknown. Two models can be proposed:
miR-375 regulates specific target genes in « cells that are
responsible for increased a-cell mass. Alternatively, the increase
in a-cell number could be the result of a compensatory response
to altered B-cell mass and function or to the chronic hyperglu-
cagonemia, which in some models is associated with a-cell
hyperplasia (31, 32).

Mice bearing a conditional deletion of dicer, an enzyme
required for miRNA processing, during pancreas development
exhibit defects in all pancreatic cell lineages, abnormal islet
architecture, and a profound reduction in pancreatic g cells (8).
Mutant 375KO mice only partially mimic this phenotype, sug-
gesting that miR-375 alone is not responsible for the marked
developmental defect in B-cell growth and differentiation and
that other miRNAs, which are expressed in endocrine pancreatic
precursor cells, must be responsible for the observed phenotype
of the Pdx-Cre/dicer mice.
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Last, it is interesting that miR-375 plays a significant role in the
hypertrophic growth response of pancreatic islets to metabolic
stress. Expression levels of miR-375 are aberrant in obese mice,
indicating that they contribute to increased -cell mass in insulin
resistance. Ablation of miR-375 expression in obese mice leads
to a profound loss of B cells, metabolic decompensation, and
premature death. Under these conditions, a-cell mass is not
affected, suggesting that miR-375 has a less prominent role in «
cells, which are not under particular metabolic or cellular stress
in hyperglycemic/insulin resistant conditions. Increasing evi-
dence implicates miRNAs as an essential component mediating
responses to cellular stress. For instance, tissue-enriched
miRNAs in the heart, such as miR-1, miR-208, and miR-133, have
been shown to regulate the hypertrophic proliferative activity in
response to a variety of stresses, and miR-126 affects survival
after induction of a myocardial infarction (7, 12, 33). These
observations from miRNA-knockout mice highlight the impor-
tance of small RNAs in cellular development, maintenance, and
survival and reveal potential therapeutic targets for the treat-
ment of disease.

Materials and Methods

Generation of 375K0 and 375/0b Mice. The murine miR-375 gene was deleted
in Sv129 ES cells by homologous recombination by using a targeting vector in
which the entire pre-miRNA was deleted and replaced by a dsRed cDNA and
Neo selection cassette (Fig. S1A). Targeted clones were identified by BstEll
digests of genomic DNA and Southern blotting using the indicated 3’ probe.
Approximately 10% of clones carried the targeted allele and 2 clones were
used to generate chimeric animals that passed the mutant allele to offspring
(Fig. S1B). Double miR-375~'~, Lep~'~ (375/0b) mice were generated by cross-
ing double heterozygous mice and identified by PCR. Mice were housed in
pathogen-free facilities in a 12-hr light/dark cycle and were backcrossed for 6
generations with C57BL/6 mice before characterization of animals. The dsRed
transgene was not expressed. Unless stated, male animals were analyzed at 10
weeks of age.

Analysis of Metabolic Parameters. Blood glucose, insulin, glucagon, free fatty
acids, and triglycerides in plasma were measured as described (16, 34). Vaso-
active intestinal polypeptide (VIP), cocaine- and amphetamine-regulated
transcript (CART), and secretin were measured by RIA (Phoenix Pharmaceuti-
cals). The following hormones were measured by ELISA: glucagon-like peptide
1 (Linco), cortisol (US Biological), and growth hormone (Diagnostic Systems).
Catecholamines were measured from plasma and tissues by HPLC. Individual
animals were placed in metabolic cages to measure water consumption and
urinary output (Columbus Instruments).

Glucose, Insulin, and Pyruvate Tolerance Tests; in Vivo Gluconeogenesis, and
Hypothalamic-Pituitary—Adrenal Axis Stimulation Studies. Glucose tolerance
tests were performed after mice were fasted overnight (16 hr) and injected i.p.
with glucose (in saline) at 2 g/kg of body weight. Insulin tolerance tests were
performed by injecting insulin i.p. (0.75 unit’kg of body weight), and mea-
suring blood glucose before (time = 0) and 15, 30, and 60 min after injection.
Pyruvate tolerance tests were also performed on mice in a random-fed state
or after an overnight fast (16 hr) and injected i.p. with pyruvate (in saline) at
2 g/kg of body weight. In vivo gluconeogenesis studies were performed as
previously described (35). Plasma corticosterone and ACTH were measured by
RIA (Peninsula Laboratories and MP Biomedical, respectively).

Computational Analysis. The expression analysis of total RNA extracted from
tissues of 10-week-old animals by using TRIzol reagents (Invitrogen) was
performed by using Affymetrix mouse genome 430 2.0 arrays. Analysis of total
RNA extracted from MING cells infected with recombinant adenovirus express-
ing miR-375 as described (13) was performed by using the Affymetrix mouse
genome 430A array. Details on generation and analyses of data are found in
SI Methods.

Northern Blotting, Quantitative PCR, Inmunoblotting, and Luciferase Activity
Measurements. Northern blotting, Western blotting, and luciferase assays
were performed as previously described (13). Antibodies for Western blotting
were obtained from several different sources: anti-gephyrin (Chemicon),
anti-igsfda/cadm (R & D Systems), anti-neuronatin (Abcam), anti-tyrosine
hydroxylase (Abcam), and anti-HuD (gift of R. Darnell, The Rockefeller Uni-

PNAS | April 7,2009 | vol. 106 | no.14 | 5817

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0810550106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0810550106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0810550106/DCSupplemental/Supplemental_PDF#nameddest=STXT

Lo L

1\

versity, New York, NY). Primer sequences for real-time PCRs are available on
request. miRNA quantitative PCR results were normalized to U6 levels, which
were measured by using the ABI miRNA U6 assay kit (Applied Biosystems).

Immunohistochemistry, Islet Morphometry, and in Situ Hybridization. Immuno-
histochemistry was performed on at least 5 8-um sections (at least 160 um
apart) prepared from paraffin-embedded pancreata of 3- and 10-week-old
animals. Tissue sections were mounted with Vectashield with DAPI (Vector
Laboratories) and analyzed by using a Leica DM5500 microscope, and the
cross-sectional areas of pancreata and g cells (insulin-positive cells) were
determined by using MetaMorph (version 7) software. Relative cross-sectional
area of B cells was determined by quantification of the cross-sectional area
occupied by B cells divided by the cross-sectional area of total tissue. g-Cell
mass per pancreas was determined by the product of the relative cross-
sectional area of B cells per total tissue and the pancreatic mass. Measure-
ments were calculated by analyzing pancreata from at least 3 animals for each
age and genotype. Cell quantification was based on counting nuclei of
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