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Pancreas-enriched miRNA refines endocrine cell

differentiation

Sharon Kredo-Russo'!, Amitai D. Mandelbaum?, Avital Ness', llana Alon’, Kim A. Lennox?, Mark A. Behlke?

and Eran Hornstein"*

SUMMARY

Genome-encoded microRNAs (miRNAs) provide a post-transcriptional regulatory layer that is important for pancreas development.
However, how specific miRNAs are intertwined into the transcriptional network, which controls endocrine differentiation, is not
well understood. Here, we show that microRNA-7 (miR-7) is specifically expressed in endocrine precursors and in mature endocrine
cells. We further demonstrate that Pax6 is an important target of miR-7. miR-7 overexpression in developing pancreas explants or
in transgenic mice led to Pax6 downregulation and inhibition of a- and B-cell differentiation, resembling the molecular changes
caused by haploinsufficient expression of Pax6. Accordingly, miR-7 knockdown resulted in Pax6 upregulation and promoted o- and
B-cell differentiation. Furthermore, Pax6 downregulation reversed the effect of miR-7 knockdown on insulin promoter activity. These
data suggest a novel miR-7-based circuit that ensures precise control of endocrine cell differentiation.
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INTRODUCTION
Genome-encoded miRNAs bind to specific sites on the 3’
untranslated region (3"UTR) of their target mRNAs, to impart post-
transcriptional silencing (Bartel, 2004). This regulatory layer acts
in concert with transcription factors to refine gene expression and
confer robustness to developmental transitions (Stark et al., 2005;
Hornstein and Shomron, 2006; Li et al., 2009). Total inactivation
of miRNA maturation causes pancreas agenesis (Lynn et al., 2007),
indicating that miRNAs are essential for early pancreas
development. Specific miRNAs were shown to act in endocrine
tissues; for example, miR-375 is highly expressed in the endocrine
pancreas (Poy et al., 2004; Avnit-Sagi et al., 2009), and loss of its
function disrupts islet morphogenesis and endocrine cell
differentiation (Kloosterman et al., 2007; Poy et al., 2009).

miR-7 is another miRNA that is highly and specifically
expressed in the endocrine pancreas of zebrafish, mouse and
human (Wienholds et al., 2005; Landgraf et al., 2007; Bravo-Egana
et al., 2008; Correa-Medina et al., 2009). miR-7 is an evolutionarily
conserved miRNA, encoded by a single gene in flies and by three
different genomic loci in humans and mice (mouse: mmu-mir-7a-
1 at Chr13, mmu-mir-7a-2 at Chr7 and mmu-mir-7b at Chr17). The
duplication of the miR-7 gene in vertebrates hampers genetic loss-
of-function analysis. As a consequence, the role of miR-7 in
endocrine pancreas development is still unclear.

The endocrine differentiation program is initiated by neurogenin
3 (Ngn3), which induces a complex network of transcription
factors, to specify the different endocrine lineages (Gradwohl et al.,
2000; Gu et al., 2002; Martin et al., 2007; Bonal and Herrera, 2008;
Lyttle et al., 2008). This process results in the differentiation of
mature hormone-producing cells (Murtaugh and Melton, 2003).

'Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100,
Israel. 2Integrated DNA Technologies, 1710 Commercial Park Coralville, 1A 52241,
USA.

*Author for correspondence (eran.hornstein@weizmann.ac.il)

Accepted 1 June 2012

Pax6, a paired-domain transcription factor acting downstream of
Ngn3, is pivotal in differentiation of hormone-producing cell types:
B-, o, - and PP cells. However, Pax6 negatively regulates the
formation of ghrelin-expressing €-cells (Sander et al., 1997; St-
Onge et al., 1997; Ashery-Padan et al., 2004; Heller et al., 2005,
Dames et al., 2010). In both humans and mice, two Pax6 alleles are
required in order to maintain proper glucose homeostasis, i.e. loss
of only one allele results in glucose intolerance (Yasuda et al.,
2002; Ding et al., 2009). Similarly, the development of other organs
is sensitive to Pax6 haplo-insufficiency, including the iris and the
lens (van Raamsdonk and Tilghman, 2000; Collinson et al., 2001,
Baulmann et al., 2002; Kroeber et al., 2010). However, high levels
of Pax6 are also not tolerated. Thus, Pax6 overexpression in mice
causes eye abnormalities (Schedl et al., 1996) and induces
apoptosis in the brain and in the endocrine pancreas (Yamaoka et
al., 2000; Berger et al., 2007). Taken together, it appears that Pax6
expression is tightly controlled to ensure appropriate levels of
expression.

In this study, we characterized miR-7 expression and identified
its functions in endocrine cell differentiation. We show that miR-7
directly represses Pax6 mRNA expression and fine-tunes its levels.
Together, miR-7 and Pax6 are wired into a network that regulates
endocrine cell differentiation. Our results demonstrate the
importance of miRNAs in refining the development of hormone-
producing cells.

MATERIALS AND METHODS

Animals

Mice were housed and handled in accordance with protocols approved by
the Institutional Animal Care and Use Committee of Weizmann Institute
of Science. Conditional miR-7 transgenic mice were generated as
previously described (Srinivas et al., 2001). Briefly, a 500 bp fragment
flanking the miR-7a-1 gene was cloned into the Rosa26 locus downstream
of the PGK promoter and a transcriptional STOP cassette and upstream of
IRES-EGFP-polyadenylation signal. Correct homologous recombination
into the ROSA26 locus was identified by Southern blot analysis to
embryonic stem cell colonies (129/SvEv). Scanning 209 colonies identified
29 positive colonies and a mouse line was derived through blastocyst
injection (C57BL6/J background). Rosa-miR-7 mice were crossed to a
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Pdx1-Cre transgene (Gu et al., 2002) and mated to homozygosity. Other
mouse strains used in this study were Ngn3-CreER, serving as Ngn3 nulls
(Wang et al., 2010), and a Pax6 null allele (St-Onge et al., 1997).

Organ culture

Dorsal pancreatic rudiments of E12.5 ICR mouse embryos were dissected
from the adjacent mesenchyme, using a tungsten needle. The explants were
cultured in M199 medium supplemented with 10% fetal bovine serum
(Gibco), 2 mM L-glutamine and 100 U/ml penicillin/streptomycin.
Individual explants were plated in 30 ul inverted ‘hanging drops’ on a 35-
mm Petri dish cover (NUNC), with medium containing either anti-
microRNA antagomirs (Dharmacon) or cholesterol-conjugated miRNA
mimics (IDT) at 1 uM concentration. The exact oligo sequences are in
supplementary material Table S2. Explants were further grown for up to
48 hours at 37°C with a 5% CO2 in a humidified incubator as previously
described (Kredo-Russo and Hornstein, 2011). BrdU (3 pg/ml) was added
to the medium 1 hour before harvest for analysis of proliferation.

Pancreas histology and quantification analysis

Immunofluorescence protocols for paraffin sections have been described
previously (Melkman-Zehavi et al., 2011) and whole-explant staining has
been described previously (Kredo-Russo and Hornstein, 2011). The
primary antibodies used were rabbit anti-Pax6 (1:300, Covance), guinea
pig anti-insulin (1:200, Dako), rabbit anti-glucagon (1:200, Dako), rabbit
anti-Cpal (1:100, Sigma), mouse anti-Ngn3 [1:500, Developmental Studies
Hybridoma Bank (DSHB)] goat anti-ghrelin (1:100, Santa Cruz) and goat
anti-Hnf1b (1:200, Santa-Cruz). Secondary antibodies were Cy2-, Cy3- or
Cy5-conjugated donkey anti-guinea pig, anti-mouse and anti-rabbit IgG
(1:200, Jackson ImmunoResearch). Nuclei were stained with DAPI
(1:10,000, Molecular Probes). Whole-mount BrdU analysis that includes a
2 hour DNase I treatment was carried out as previously described
(Tkatchenko, 2006).

Fluorescent confocal images were captured with a Zeiss LSM 510
microscope, using an optical depth of 1 um, with at least six to eight optical
sections at 5 pum intervals throughout the whole organ.

Morphometry of the explants was performed by quantification of the
immunostained area from the entire explant sections from a minimum of
three mutants and three wild-type matched littermates,. Total tissue area
and total hormone-positive area, were calculated using ‘Niss-elements’
software (Nikon).

For cell number quantification at E15.5, hormone-positive cells were
manually counted every fifth section throughout the whole pancreas
anlagen. Data are the average number of cells/section in multiple sections
and were analyzed for four or more individual animals per genotype. Cell
number analysis of total hormone-positive cells in whole E12.5 explants
was performed manually, by counting cells in six stacked z-section
confocal images, spanning the whole explants.

Quantitative PCR for miRNA and mRNA

Extraction of total RNA was carried out using the miRNeasy Mini Kit
(QIAGEN). Synthesis of cDNA obtained by using an oligo d(T) primer
(Promega) and SuperScript II reverse transcriptase (Invitrogen).
Synthesis of cDNA of miRNA obtained by using Tagman MicroRNA
qPCR Assays (Applied Biosystems). qPCR analysis of mRNA was
performed on LightCycler 480 System (Roche) using Kapa SYBR Green
qPCR kit (Finnzymes). miRNA and mRNA levels were normalized to
the expression of small RNAs (sno234 and U6) or mRNA (Gapdh and
Hprt), respectively. Primer sequences are described in supplementary
material Table S2.

miRNA in situ hybridization

Paraffin sections of E12.5-E15.5 pancreata were hybridized with DIG-
labeled LNA probes (Exiqon) overnight at 48°C (miR-7), 54°C (U6,
control) or 60°C (miR-375) as previously described (Pena et al., 2009) and
developed with TSA kit (PerkinElmer) as previously described
(Silahtaroglu et al., 2007). When in situ hybridization was combined with
immunofluorescence, primary antibodies were added to the anti-Dig-POD
incubation (1:500, Roche).

Cell culture, luciferase reporter assay and western blotting
HEK-293T cells (American Type Culture Collection) and MING cells (a
gift from Jun-ichi Miyazaki, Osaka University, Japan) were grown in
Dulbecco’s modified Eagle medium (DMEM) with 10% FBS, 2 mM L-
glutamine, 100 U/ml penicillin/streptomycin at 37°C; 5% CO; in a
humidified incubator. Experiments on MING6 cells were performed between
passages 18 to 28.

A 742 bp fragment of the mouse Pax6 3'UTR sequence (chr2
105536551-105537201) was subcloned into psiCHECK-2 Vector
(Promega) and transfected into HEK-293T cells using jetPEI (Polyplus
Transfection, Illkirch, France), following manufacturers’ instructions. Dual-
Reporter luciferase assay was performed 48 hours later, according to the
manufacturer’s instructions (Promega). miR-7 overexpression was
achieved using expression vectors miRVec-miR-7 or miRVec control (a
kind gift from Reuben Agami, The Netherlands Cancer Institute,
Amsterdam). miR-7 knockdown was carried out using oligos against miR-
7 or against scrambled sequence, as negative control oligos (50 nM,
Ambion), using Lipofectamine 2000 Reagent (Invitrogen). For western
blots, cellular lysate was subject to 10% SDS-PAGE and immunoblotted
with rabbit anti-Pax6 (1:5000, Chemicon), mouse anti-GAPDH (1:10,000,
Ambion) and quantified with ImageJ software.

For analysis of insulin transcription, firefly luciferase reporter driven by
the rat insulin promoter and an A20-Renilla luciferase construct (gift of
Michael Walker), were transfected using Lipofectamine 2000 Reagent
(Invitrogen) to MIN6 cells. Anti miR-7 oligo (100 nM) and Pax6 siRNA
(10 nM) are from IDT; overexpression of miR-7 was achieved using a
miRVec vector.

Statistical analysis

Analysis was performed using either Student’s #-test or two-way ANOVA
by the JMP software. Results are given as mean+s.e.m. The null hypothesis
was rejected at the 0.05 level (**) or 0.01 (*). Gene Ontology analysis was
performed using DAVID (Dennis et al., 2003).

RESULTS

miR-7 is expressed in endocrine cells of the
pancreas

To identify the spatial expression pattern of miR-7, we established
a method for fluorescent miRNA in situ hybridization combined
with immunofluorescent protein detection in mammalian pancreata.
In situ hybridization on E12.5-E15.5 pancreatic sections was
carried out using a digoxigenin (DIG)-labeled LNA probe. As
positive and negative controls we used ubiquitously expressed U6
and scrambled oligos, respectively (supplementary material Fig.
S1A-D). Our analysis uncovered miR-7 expression in a subset of
clustered epithelial cells, within the ‘trunk’ compartment (Zhou et
al., 2007) of the developing pancreas (Fig. 1A-E; supplementary
material Fig. S1A,B). Furthermore, miR-7 was colocalized with
insulin and glucagon in differentiating B- and o.-cells, respectively
(E13.5-E15.5; Fig. 1A-A”"; supplementary material Fig. S1E,F).
miR-7 and Cpal expression domains were mutually exclusive at
E15.5 (Fig. 1B-B"), as were miR-7 and Hnf1f at E14.5 (Fig. 1C-
C”). These data indicate that miR-7 is not expressed in
differentiated acinar or duct cells. To examine miR-7 expression in
endocrine precursor cells, we performed immunostaining of Ngn3.
At E12.5, E13.5 and E14.5, miR-7 was colocalized with many
Ngn3-positive cells (Fig. ID-E”; supplementary material Fig. S1G),
suggesting that miR-7 is induced in newly born endocrine cells.
Independent genetic support to this study came from the analysis
of Ngn3-null pancreata. It was previously shown that Ngn3-
deficient embryos completely lack endocrine hormone-producing
cells (Gradwohl et al., 2000). Consistent with this, the expression
of endocrine markers, such as Pax6 and insulin, was downregulated
in Ngn3-null pancreata (Fig. 1F). As miR-7 expression was also
abrogated in E14.5 Ngn3-null pancreas, we conclude that this
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miRNA is specifically expressed within the endocrine lineage.
Furthermore, this regulation was specific to miR-7, as the
expression of miR-17 and Let-7b was not changed. Notably, miR-
375, another pancreatic miRNA (Poy et al., 2004; Avnit-Sagi et al.,
2009; Poy et al., 2009), was also downregulated in Ngn3-null
pancreata, yet some residual expression was maintained, unlike
miR-7. Altogether, this analysis reveals the endocrine-specific
expression pattern of miR-7, wherein miR-7 is induced in Ngn3™"
precursors and is maintained in the differentiated endocrine cells.

Fig. 1. miR-7 is expressed in the endocrine cells of the
pancreas. (A-C") miR-7 fluorescent in situ hybridization
combined with protein immunofluorescence analysis of E13.5-
E15.5 pancreas sections. (A-A") miR-7 (red) colocalization with
insulin (Ins; green, A’) or glucagon (Gcg; white, A”). Blue, nuclei.
Insets are higher magnifications of the field marked by the
dashed square. (B-B”) miR-7 (red) is not expressed in acinar cells
marked by Cpal at E15.5 (green, B and B”) or in duct cells
marked by HNF1b at E14.5 (green, C’). C"is a higher
magnification of the field marked by the dashed square in C'.
(D-E”) miR-7 is expressed in many Ngn3-positive cells at E13.5
(white, D’,D") as well as at E14.5 (E’,E”). Higher magnification
insets with arrowheads indicating representative cells that co-
express miR-7 and Ngn3. Scale bars: 50 um. (F) miR-7 expression
is dependent on Ngn3. gPCR analysis of miR-7, miR-375, miR-17,
let-7b in E14.5 Ngn3 knockout (KO) pancreatic buds, relative to
Ngn3 heterozygous controls (WT). Data are normalized to
sno234. gPCR data of Pax6 and insulin expression in the same
samples, normalized to Hprt and Gapdh, and then presented
relative to control. Error bars represent +s.e.m. **P<0.05.

Pax6 is a miR-7 target

To identify potential miR-7 targets that play a role in pancreas
development, we employed two wunbiased bioinformatic
approaches. First, we analyzed ‘gene ontology’ (GO) terms related
to miR-7 targets [DAVID (Dennis et al., 2003)]. Among the 237
predicted miR-7 targets [TargetScan (Lewis et al., 2005)], we found
that GO term ‘Regulation of transcription’ is the most significantly
enriched (52 genes, P<2.35E 7). Intriguingly, within this list, Pax6
was the only established pancreatic transcription factor
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(supplementary material Table S1 and Fig. 2A). Furthermore, the
binding site for miR-7 at the Pax6 mRNA 3’ untranslated region
(3'UTR) is predicted to be strong and conserved (Fig. 2B).
Independently, we built an interaction map of miRNAs with the
3'UTRs of transcription factors that are known to control pancreas
development, including Pdx1, Ngn3, Nkx2.2, Nkx6.1, MafB, Pax4,
Pax6, Arx, Hnflb and Hnf6 (for a comprehensive list see
supplementary material Table S1). This approach provided a wealth
of potential interactions; however, Pax6 was the only miR-7
predicted target. As Pax6 expression is known to be tightly
regulated in many organs (van Raamsdonk and Tilghman, 2000;
Baulmann et al., 2002; Yasuda et al., 2002; Ding et al., 2009), we
hypothesized that miR-7 may be a new endocrine regulatory gene
upstream of Pax6.

To determine whether miR-7 directly targets Pax6 3'UTR, we
performed a heterologous reporter assay. The whole 3'UTR of
Pax6 (742 bp) was cloned into a dual-luciferase reporter vector and
introduced into HEK-293T cells along with expression vector for
miR-7 (miRvec-7), or a miRNA control vector (harboring a
random and non-targeting miRNA-like sequence, ‘Ctrl’).
Overexpression of miR-7 (‘miR-7 OE’) significantly decreased

5'... AAAAUGUAAGUAUUUGUCUUCCC... 3

3' UGUUGUUUUAGUGAUCAGAAGGU &'

luciferase activity, relative to the negative control (Fig. 2C; to
62%). The addition of an anti-miRNA oligo partially blocked this
repression, supporting the functionality of the predicted miR-7
binding site. Moreover, introduction of a mutation into the 3'UTR
sequence, in which six nucleotides of the potential ‘seed’-binding
site were deleted (marked in red, Fig. 2B), completely abolished
miR-7-dependent repression (Fig. 2C). To determine whether miR-
7 represses the expression of endogenous Pax6, we transfected a [3-
cell line (MIN6) with miRvec-7. Overexpression of miR-7 resulted
in a decrease in PAX6 protein level to 60% of its level in untreated
wild-type cells (“WT’) or control miRvec-treated cells (‘Ctrl”), as
measured by western blots. Conversely, inhibition of miR-7 by
anti-miR-7 oligos (termed ‘miR-7-KD’) significantly upregulated
PAX6 protein levels, relative to untreated cells (‘“WT’), or to
negative control of scrambled oligos (‘Ctrl’, Fig. 2D). Taken
together, these results indicate that Pax6 is a bona fide target of
miR-7 in B-cells. To test the possible existence of a reciprocal
feedback loop, in which Pax6 regulates miR-7 expression, we
quantified miR-7 levels in E14.5 Pax6-null embryos (‘Pax6 KO”).
However, qPCR analysis revealed comparable miR-7 levels
between Pax6 KO and littermate controls (supplementary material

Fig. 2. Pax6 is a miR-7 target.

(A) Gene ontology analysis of miR-7
predicted targets depicts the term
‘Regulation of transcription’ as
significantly enriched (P<2.35E7).
Within this list, Pax6 is the only
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control pancreas development (see
also supplementary material Table
S1). (B) Predicted base pairing of
mature miR-7 sequence and Pax6
3'UTR. Seed-sequence is coded in
red. (C) The relative luciferase activity
of a reporter that harbors the Pax6
3'UTR (742 bp). The luciferase
reporter expression is repressed by
* miR-7 overexpression (miR-7 OE),
whereas introduction of ‘anti-miR’
oligos (miR-7 KD) partially abrogates
this repression. A reporter that
harbors Pax6 3'UTR with deleted
miR-7 seed sequence is completely
insensitive to miR-70E (‘'mut UTR’).
Data are normalized to the activity of
firefly luciferase co-expressed from
the dual reporter and to a negative
control miRNA vector ('Ctrl’). n=3
independent experiments, in
triplicates each. **P<0.05.

(D) Representative western blots of
Pax6 detection in MING6 cells treated
with miR-7 KD oligos or miR-7 OE
plasmid, relative to untreated cells or
negative controls. Quantification of
band densitometry of four
independent experiments in
duplicates (ANOVA test, **P<0.05).
(E) Colocalization of miR-7 in situ
hybridization (red) and Pax6
immunofluorescence (green) in
E15.5 pancreas sections. Blue,
nuclei. Scale bar: 50 um.
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Fig. S1I), suggesting that Pax6 does not control miR-7 expression.
Next, co-expression of miR-7 and Pax6 in E15.5 endocrine cells,
was revealed by combining in situ hybridization with
immunofluorescence (Fig. 2E). This co-expression conceivably
allows for miRNA:target interactions in the context of endocrine
cell differentiation. Therefore, we conclude that miR-7 acts
upstream of Pax6 and thus may function in the development of the
endocrine pancreas.

miR-7 controls endocrine differentiation in
cultured explants

To determine the functional role of miR-7 in the endocrine lineage,
we carried out loss-of-function experiments in a primary pancreatic
explant system (diagram in Fig. 3A). E12.5 pancreatic buds were
cultured for 48 hours under defined conditions, providing an ex vivo
model for development (Gunawardana et al., 2005; Kredo-Russo and
Hornstein, 2011). We detected typical Ngn3, insulin and miR-7
expression that recapitulated in vivo differentiation, including the
expected differentiation of o- and B-cells (supplementary material
Fig. S2A,B). To manipulate miR-7 expression in the explant culture,
we used cholesterol-conjugated 2'-O-methyl (2'OMe) ‘antagomirs’
against miR-7 (‘miR-7 KD”). As ‘non-targeting’ negative controls,
we used antagomirs against the liver-specific miR-122, which is not
expressed in the pancreas (‘Ctrl-KD”). First, we verified that a Cy-
bound oligo is efficiently taken up by the explants (supplementary
material Fig. S2C). Next, the functionality of miR-7 KD oligos was
confirmed by co-transfecting them into HEK-293T with a miR-7
luciferase reporter that harbors multiple miR-7 binding sites on its
3'UTR (Kefas et al., 2008). Reporter luciferase activity was strongly
suppressed by miR-7 overexpression, and this was reversed by co-
transfecting miR-7 KD together with miR-7 OE oligos
(supplementary material Fig. S3), verifying the specificity of the
miR-7 KD system. We then used this system to study miR-7-Pax6
interactions in pancreatic explants.

In explants treated with miR-7 KD, Pax6 mRNA levels were
upregulated by 2.5-fold, relative to control (Fig. 3B). This result
suggests functional regulation of Pax6 levels by miR-7, during
pancreas development. To explore the downstream implications of
this regulation, we quantified the expression levels of a set of
transcription factors that are essential for B- and o-cell
differentiation. This analysis revealed upregulation of Arx, which
is specifically expressed in o-cells (Collombat et al., 2003), and of
[B-cell factors, Pax4 and MafB. However, the levels of the exocrine
transcription factor Ptfla were unchanged (Fig. 3C). Next, we
tested insulin and glucagon expression. Intriguingly, upon miR-7
KD, insulin and glucagon levels increased both in the RNA and
protein levels. qPCR analysis revealed upregulation of insulin
mRNA by 22% and glucagon mRNA by 61% (Fig. 3D).
Accordingly, an increase in insulin protein content was
demonstrated by ELISA measurement in miR-7 KD explants,
relative to control (Fig. 3E). Furthermore, comprehensive
morphometric analysis revealed a 20% increase in the insulin-
positive area and in the number of insulin-positive cells. Similarly,
40% increase in the glucagon-positive area and in the number of
glucagon-positive cells were found in miR-7 KD pancreata, relative
to controls (Fig. 3F,G; supplementary material Fig. S3). However,
Somatostatin expression in miR-7 KD was comparable with control
(supplementary material Fig. S3).

To understand the potential causes for the increase in insulin-
and glucagon-positive cells, we studied the proliferation capacity
of endocrine cells. The total numbers of BrdU-positive nuclei and
the percentage of proliferating insulin-positive and glucagon-
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Fig. 3. miR-7 knockdown controls endocrine differentiation in
explant culture. (A) A scheme describing the experimental set up,
whereby cholesterol-conjugated oligos are introduced into the medium
of E12.5 dorsal pancreatic buds that were grown in hanging drops for
48 hours. (B) Pax6 mRNA levels are upregulated upon miR-7
knockdown (miR-7 KD), relative to knockdown of control miRNA, miR-
122 (Ctrl KD). (€) gPCR analysis reveals an increase in Arx, Pax4 and
MafB levels, relative to Ctrl KD. (D) Insulin and glucagon mRNA
expression increases upon miR-7 KD. (E) Insulin protein levels are
upregulated upon miR-7 KD, as measured by ELISA assay. Error bars
represent £s.e.m. **P<0.05. (F) Representative immunostaining of
insulin (green), glucagon (red) and ghrelin (white), taken for
quantification. Scale bars: 50 um. (G) Quantification of endocrine cell
types (SS, somatostatin; Ghr, ghrelin; Geg, glucagon; Ins, insulin). The
percentage of cells in each individual population was calculated from
the total number of counted cells in serial sections of the whole
pancreas anlagen. At least three explants per treatment, average of
three to eight independent experimental repeats. gPCR data are
normalized to Hprt and Gapdh mRNA, and then to Ctrl KD treatment.

positive cells, measured by either Ki67 or BrdU, was comparable
in miR-7 KD and control explants (supplementary material Fig.
S4). In addition, the numbers of Ngn3-positive progenitors, was not
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affected by miR-7 KD (supplementary material Fig. S3), supporting the view that miR-7 knockdown acts upstream of Pax6
suggesting that the increase in insulin- and glucagon-positive cells  to promote differentiation into insulin- and glucagon-positive cells
emerges neither from enhanced proliferation, nor from changes in  at the expense of ghrelin-positive cells.
the size of the Ngn3 precursor pool.

Although Pax6 positively regulates insulin and glucagon miR-7 overexpression ex vivo resembles Pax6
expression, it negatively regulates ghrelin expression and haploinsufficiency
differentiation of e-cells (Heller et al., 2005; Dames et al., 2010).  To determine the effect of miR-7 overexpression in the explant
Accordingly, miR-7 KD resulted in reduced numbers of ghrelin-  system, synthetic ‘mimic’ oligos of miR-7 were used (Fig. 4A, ‘miR-
positive cells (Fig. 3F,G; supplementary material Fig. S3), 7 OE’). As a control, we used a C. elegans miRNA, which is not
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Fig. 4. miR-7 overexpression in pancreatic explants phenocopies Pax6 heterozygosity. (A,B) Overexpression of miR-7 in embryonic cultured
explants and heterozygous (mono-allelic) expression of Pax6 in vivo. (C-F) miR-7 overexpression downregulates Pax6 in explants, relative to control
miR-67 mimic oligos (C, ‘miR-7 OF’, ‘Ctrl OF’, respectively). Similarly, Pax6 expression is reduced in E15.5 heterozygous pancreas ('Het’), relative to
wild-type littermate pancreas (D, ‘WT’, two functional alleles). Pax6é mRNA gPCR analysis (C,D) and Pax6 immunostaining (E,F). (G,I) gPCR study of
insulin and glucagon mRNA reveals higher sensitivity of insulin expression to miR-7 OE (G) or Pax6 heterozygosity (I). Note that complete knockout of
Pax6 (Pax6 KO), results in abolishment of insulin and glucagon expression. (H) miR-7 OE in explants results in reduction of insulin-positive area
normalized to the total explant area. Quantification is performed on serial stained sections of the whole pancreas anlagen and quantified for at least
three explants per treatment. (K) Representative immunostaining of insulin (green) and Pax6 (red) taken for quantification. (J,L) Accordingly, B-cell
numbers are reduced in E15.5 Pax6 ‘Het'. Representative immunostaining of insulin (L, green) taken for analysis. Hormone-positive cells are counted
every fifth section throughout the pancreas and the average number of positive cells per organ, from several animals, is normalized to wild-type
controls. (WT, n=1912 cells; heterozygous, n=1751 cells counted from 16 sections each). gPCR data were normalized to Hprt and Gapdh, and then
presented relative to control. n>5 embryos per genotype, three independent litters. Error bars represent +s.e.m. **P<0.05.
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expressed in mammals (miR-67, ‘Ctrl OE’). In explants treated with
miR-7 OE, Pax6 mRNA levels decreased to 60% of control levels
(Fig. 4C). Additionally, immunofluorescent analysis revealed
reduction of PAX6 protein levels (Fig. 4E). Furthermore, miR-7 OE
resulted in downregulation of insulin mRNA (Fig. 4G) and of MafB
mRNA (supplementary material Fig. S5A), two genes that are
directly controlled by Pax6 (Sander et al., 1997; Nishimura et al.,
2008). Accordingly, a decrease in insulin content was demonstrated
in miR-7 OE explants by ELISA measurement, relative to controls
(supplementary material Fig. S5C). Consistently, a reduction in miR-
7 OE explant insulin-positive area was detected by immunostaining
quantification (Fig. 4H,K). By contrast, ghrelin expression was
upregulated (supplementary material Fig. S5B), consistent with
significant ghrelin expansion in Pax6 knockout (Heller et al., 2005;
Dames et al., 2010). However, glucagon levels were not significantly
changed. Thus, gain-of-function analysis substantiates our
conclusions that miR-7 regulates Pax6 and downstream endocrine
genes, including insulin and ghrelin.

We complemented this study by analyzing an in vivo model for
genetic downregulation of Pax6 expression. Homozygous loss of
Pax6 causes complete loss of insulin and glucagon expression and
upregulation of ghrelin expression (Sander et al., 1997; St-Onge et
al., 1997; Heller et al., 2005; Dames et al., 2010). We hypothesized
that knockout of a single Pax6 allele may downregulate Pax6
expression to intermediate levels, by a mechanism that is
independent of miR-7. We therefore analyzed previously
uncharacterized Pax6 heterozygous pancreata (‘Het’, Fig. 4B). This
analysis revealed a 50% reduction in Pax6 mRNA and protein levels
in E14.5 Pax6 Het embryos, relative to wild-type littermate controls
(Fig. 4D,F). Similar to miR-7 OE, MafB levels were downregulated
by 20% in Pax6 Het pancreata relative to control (supplementary
material Fig. S5B). Furthermore, insulin and glucagon mRNA levels
were decreased by 65% and 30%, respectively, in Pax6 Het
pancreata, while ghrelin expression was increased by 30% (Fig. 41;
supplementary material Fig. S5B). In addition, serial section
quantification revealed a 22% decrease in B-cell numbers (Fig. 4J,L),
while o-cell numbers were comparable between Het and wild-type
pancreata. These data demonstrate the sensitivity of B-cells to
intermediate Pax6 levels and reveal a surprising similarity between
the molecular phenotype gained by miR-7 overexpression and the
one caused by Pax6 haploinsufficiency.

Overexpression of miR-7 in vivo reduced
expression of endocrine genes
To examine the consequences of miR-7 overexpression in vivo, we
generated a conditional miR-7 transgenic mouse line. miR-7a-1
genomic sequence was inserted by homologous recombination into
the ubiquitously expressed Rosa26 locus (Fig. SA) as previously
described (Srinivas et al., 2001). In this knock-in model, the
expression of miR-7 is coupled to the expression of enhanced green
fluorescent protein (EGFP) and both are conditionally blocked by
a ‘Neo-STOP’ cassette, flanked by LoxP sites. Thus, miR-7 and
EGFP expression are induced only in tissues that express the Cre
transgene. To validate the inducible expression of miR-7, we
isolated mouse embryonic fibroblasts (MEFs) from Rosa26-miR-
7 mice. Upon adenoviral introduction of Cre recombinase, the
expression of miR-7 was specifically upregulated by twofold,
relative to control infection, whereas the level of an unrelated
miRNA, miR-199, remained unchanged (Fig. 5B).

To stimulate the production of miR-7 early in the pancreatic
lineage, we crossed the Rosa26-miR-7 allele to a Pdx1-Cre
transgene (Gu et al., 2002). Pdx1-Cre;Rosa26-miR-7 mice

specifically expressed GFP protein in E13.5 pancreatic cells (Fig.
5C), while littermates that did not harbor the Pdx1-Cre transgene
did not express GFP (‘Ctrl’).

We next characterized E15.5 pancreata of the Pdx1-Cre;Rosa26-
miR-7 mice by qPCR. Expression of the mature endocrine cell
markers, insulin and glucagon, was downregulated (to 72% and
68% of control, respectively). Quantification of the expression of
different transcription factors revealed a reduction in Arx (to 63%)
and Pax4 (to 62%), and in the miR-7 target gene Pax6 (to 49%,
Fig. 5D). Notably, Cpal and Ptfla levels were unchanged,
indicating that the exocrine lineage was unaffected by miR-7 mis-
expression. A decrease in the expression of endocrine markers was
also seen by immunostaining for insulin and glucagon at E15.5
(Fig. 5E). Therefore, when miR-7 was overexpressed in Pdx1-
Cre;Rosa26-miR-7 embryos, Pax6 levels decreased and the
expression of insulin and glucagon was downregulated, providing
in vivo evidence for control of Pax6 by miR-7.

miR-7;Pax6 interactions upstream of insulin
promoter activation

Finally, to elucidate the genetic interactions of miR-7 and Pax6, we
used a luciferase reporter, driven by the insulin promoter
(Melkman-Zehavi et al., 2011). As the insulin promoter is directly
activated by Pax6 (Sander et al., 1997), it provides a model system
for monitoring the effect of miR-7; Pax6 axis on insulin expression.
Transfecting MING cells with either siRNA against Pax6 (‘siPax6”)
or miR-7 overexpression vector (‘miR-7 OE’), resulted in
downregulation of insulin promoter activity, relative to scrambled
siRNA, or empty miRvec, respectively (Fig. 5F). These results
support the observed decrease in insulin mRNA expression by
miR-7 OE in explants (Fig. 4G) and in miR-7 transgenic model
(Fig. 5D). The combined effect of siPax6 together with miR-7 OE,
significantly repressed the activity of the insulin promoter.
Furthermore, transfecting MIN6 cells with knockdown oligos
against miR-7 (‘miR-7 KD’) resulted in upregulation of insulin
promoter activity, relative to scrambled oligos (‘Ctrl KD’),
consistent with insulin mRNA upregulation in miR-7 KD-treated
explants (Fig. 3D). However, when inhibited simultaneously,
siPax6 reversed the effect of miR-7 KD, suggesting that Pax6
mediates miR-7 regulation of insulin expression (Fig. SF, right
panel). These results stress the epistatic relationship of miR-7
upstream of Pax6, in the control of insulin expression. Altogether,
our results suggest that miR-7 acts to limit Pax6 expression levels,
allowing precise endocrine cell maturation in the development of
the pancreas.

DISCUSSION

The role of Pax6 in development has been extensively studied.
However, how Pax6 levels are fine-tuned in tissues is not well
understood (Baulmann et al., 2002; Ding et al., 2009). Here, we
discover a miR-7-based mechanism that controls and refines Pax6
levels in the endocrine pancreas, through a conserved binding site in
the 3'UTR of Pax6 mRNA. This mechanism enables accurate insulin
and glucagon expression and proper - and o-cell differentiation.

miR-7 is a new component in the regulation of the
endocrine lineage

We show that miR-7 is expressed specifically in the endocrine
lineage. miR-7 is expressed relatively early in newly born endocrine
precursor cells that express Ngn3, probably coinciding with early
expression of endocrine transcription factors such as NeuroD/32
(Jensen et al., 2000). The expression of miR-7 is maintained in
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Fig. 5. Overexpression of miR-7 in vivo reduces the
expression of endocrine genes. (A) Schematic of the
targeting construct for conditional miR-7-IRES-GFP
misexpression. LoxP sites are indicated by arrowheads.

(B) miR-7 upregulation is Cre dependent. gPCR analysis of
miR-7 and miR-199 levels in primary embryonic fibroblasts

harvested from Rosa-miR-7 transgenic mice and infected
with an adenovirus that expresses either Cre-GFP ('Ad-
Cre') or GFP alone ('Ad-GFP’). Data are normalized to
sno234 (three independent MEF lines, each in triplicate).
(C) GFP is specifically expressed in E13.5 Pdx1-Cre;Rosa-
miR7 pancreatic epithelium but not in littermates that do
not harbor the Cre recombinase (‘Ctrl’). Asterisks depict
erythrocyte autofluorescence. (D,E) miR-7 mis-expression
represses endocrine genes. (D) gPCR analysis of pancreatic
genes in E15.5 Pdx1-Cre;Rosa-miR-7 samples, as
indicated. Data are normalized to Hprt and Gapdh mRNA,
and then to the expression levels in littermate controls
(n=6 each genotype, three litters). Error bars represent
+s.e.m. (**P<0.05, *P<0.01). (E) Immunostaining for

insulin (green) and glucagon (red) in sections of Pdx1-
Cre;Rosa-miR-7 pancreas and control littermates. Blue,
nuclei. Scale bar: 50 um. (F) Pax6;miR-7 interaction
upstream of insulin promoter activation in MING cells.
Insulin promoter activity is downregulated by miR-7
overexpression, relative to control (‘miR-7 OE’, ‘Ctrl OF’,
respectively) and is suppressed by siRNA against Pax6
(‘siPax6). Combining miR-7 OE with siPax6 enhanced the
suppressions of the insulin promoter (left panel). Insulin
promoter activity is upregulated by miR-7 knockdown,
relative to negative control scrambled oligo (‘miR-7 KD’,
‘Ctrl KD’, respectively). Concomitant introduction of miR-7
KD with siPax6 restores insulin promoter activity (right
panel). All firefly luciferase data is normalized to the
activity of Renilla luciferase co-transfected and presented
relative to the control experiment. n=3 independent
experiments. Error bars represent +s.e.m. **P<0.05.
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endocrine cells during their specification to B- and o-cells.
Intriguingly, miR-7 is not detected at E15.5 in Cpal™ exocrine cells
or in Hnflb" duct cells, in accordance with its specific endocrine
expression. Independent evidence for the endocrine-specific
expression of miR-7 emerges from genetic studies, wherein
nullification of Ngn3 completely abrogates miR-7 expression.
Intriguingly, miR-375 expression is only partially reduced in Ngn3
knockout embryos, suggesting differences in the control of miR-375
and miR-7 expression. In agreement with our observations, in human
fetuses, miR-7 has been shown to be expressed from around the
ninth week of gestation and reaches maximal expression at the peak

of pancreatic endocrine development (Correa-Medina et al., 2009).
Thus, miR-7 expression and presumably its function, appear to be
conserved in both mouse and human development.

Pax6 is an important target of miR-7 in the
developing pancreas

The endocrine expression of miR-7 suggests that it plays important
roles in differentiation of the endocrine pancreas. Bioinformatics
predictions suggest that miR-7 has a battery of targets, which play
a role in pancreas biology, including recently studied IRS2 (Lewis
et al., 2005; Kefas et al., 2008). We focused on regulation of Pax6
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by miR-7 because of our bioinformatic analysis and because Pax6
levels are known to be tightly regulated. For example, continuous
Pax6 overexpression may be harmful to endocrine cells (Yamaoka
et al., 2000), whereas complete knockout results in loss of mature
endocrine markers, including insulin and glucagon (Sander et al.,
1997; St-Onge et al., 1997). Furthermore, loss of even a single
Pax6 allele causes glucose intolerance in humans and mice (Yasuda
et al., 2002; Ding et al., 2009). Plausibly, Pax6 dose sensitivity in
the endocrine pancreas and in other developing organs (van
Raamsdonk and Tilghman, 2000) provides a rationale for the
required control by miR-7. Our experimental data suggest that,
indeed, miR-7 provides another mechanism for refining Pax6
expression. Plausibly, miR-7 has additional targets in pancreas
development and homeostasis that are yet to be discovered.

The Pax6-miR-7 pathway affects endocrine
differentiation

We report that heterozygous expression of Pax6 is haploinsufficient
and leads to defined changes in the expression of endocrine genes,
including MafB, insulin and glucagon. These molecular
phenotypes are also observed upon miR-7 overexpression, in both
explant and transgenic models, supporting molecular interaction of
miR-7 and Pax6. Furthermore, miR-7 knockdown alleviates the
effect of Pax6 downregulation in the control of the insulin
promoter. Taken together, these analyses provide substantiating
evidence for miR-7 activity upstream of Pax6 and its effector MafB
(Nishimura et al., 2008) during development. Pax6 is a negative
regulator of Ghrelin-positive e-cell fate (Heller et al., 2005; Dames
et al., 2010). Lower numbers of ghrelin-positive e-cells and higher
insulin-positive and glucagon-positive cell numbers in miR-7 KD,
are consistent with miR-7 function in the differentiation of
endocrine cell types, upstream of Pax6. Intriguingly, B- and o-cells
exhibit differential sensitivity to reduction in Pax6 levels, either in
a heterozygous Pax6 model or when miR-7 is overexpressed. By
contrast, Pax6 upregulation predominantly causes an increase in
glucagon and Arx levels, consistent with observations by others
(Sander et al., 1997; Heller et al., 2004; Nishimura et al., 2008).
The mechanisms underlying differential Pax6 sensitivity may be
related to Pax4 expression in B-cells (Smith et al., 1999) or to
additional molecular components that are not yet known.

Network of miR-7 and pancreatic transcription
factors

The overall picture emerging from our analyses is that during
development, endocrine transcription factors direct endocrine cell
differentiation. Unexpectedly, miR-7 partially counteracts the
activity of these transcription factors, acting as an inhibitory genetic
element in endocrine cell maturation. Intriguingly, miR-7 has
already been shown to act downstream of the neurogenin homolog
Atonal in Drosophila retinal development (Li et al., 2009). We
therefore suggest that miR-7 may act similarly in mammals to
minimize unwanted changes in the endocrine developmental
program and to control Pax6 levels (see Fig. 6). In so doing, miR-
7 may convey robustness to pancreas developmental, like its
homolog in the fly. In future studies, it may be important to
consider cases wherein pathological miR-7 expression causes
abnormal Pax6 levels in humans. Another interesting direction for
future studies is to explore potential Pax6 3'UTR isoforms, as
expression may be differentially regulated in cis by such alternative
mRNA variants (Jan et al., 2011). Potentially, some Pax6 3'UTR
isoforms would not harbor binding sites for endocrine-enriched
miRNAs, thus avoiding post-transcriptional regulation.

Precursor cells Mature hormone+ cells

WT

miR-7— Pax6

miR-7 knockdown

miR-7 overexpression
Pax6 Het

miR-7—Pax6

&

Pax6 levels

Low High

Fig. 6. A schematic model for miR-7-Pax6 interactions in pancreas
development. The regulation of Pax6 levels (blue) by miR-7, regulates
the differentiation of hormone-expressing endocrine cells. miR-7
knockdown de-represses Pax6 and results in reduced ghrelin (Ghr)
expression and preference towards insulin and glucagon-positive cells
(Ins and Gcg). Similarly, miR-7 overexpression or heterozygous (Het)
expression of Pax6 results in reduced Pax6 and reciprocal changes in the
expression of hormones.

In summary, our analysis characterizes miR-7 as a novel
component in the regulation of endocrine cell differentiation. Better
understanding of the compound miRNA-transcription factor
network in pancreas development may pave the way to more
effective maturation of B-cells in culture towards cell-based therapy
for diabetes.
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Table S2. Primers and oligos used in this study

Reverse primer Forward primer Gene name
ACTTGGACGGGAACTGACAC AACAACCTGCCTATGCAA CC Pax6
TGCAGTAGTTCTCCAGCTGG CCTGTTGGTGCACTTCCTAC Insulin
TTTGAAATTGTACATCCCAAGTG AAACCAAGATCACTGACAAGAAAT Glucagon
AC AGGT
GTGGCTGCAGTTTAGCTGGT CAGGCTCCAGCTTCCTGA Ghrelin
GTAGGCAGTACGGGTCCTCT TTCCCGAATGGAACCGAGC Pdx1
TGAGGAGGAAGCCACAGGAA ACCTCATCCCAGGCCTATCTC Pax4
GACCCACTCCCTGGAATGGA CAGATCGGCAGCACCTTTGAA Cpal
GTAGCAGTATTCGTGTAGCTGG TCCCATCCCCTTACTTTGATGA Ptfla
AAGATGGTGATGGGCTTCCCG TGGCAAAGTGGAGATTGTTGCC Gapdh
TGGCCTGTATCCAACACTTCGAG CTGGTTAAGCAGTACAGCCCCAAA Hprt
A
ACTCCCTGTCCCTGCCATG CGTCCTTCCTCCCTCTAGCTC MafB
AGGATGTTGAGCTGCGTGAG CAGCATTTGGCAGGCTCT Arx
ApsCpsAACAAAAUCACUAGUCUUps Anti-miR-7
CpsCpsAps-Chol antagomir (2'
OMe )-chl
ApsCpsAAACACCAUUGUCACACUpsC Anti-miR-
psCpsAps-Chol 122 antagomir
(2'0OMe)-chl
ACCAUGAUCGACAAGAUUUGCCAT siPAx6
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