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Pax6 is important in the development of the pancreas and was previously shown to regulate pancreatic
endocrine differentiation, as well as the insulin, glucagon, and somatostatin genes. Prohormone convertase 2
(PC2) is the main processing enzyme in pancreatic « cells, where it processes proglucagon to produce glucagon
under the spatial and temporal control of 7B2, which functions as a molecular chaperone. To investigate the
role of Pax6 in glucagon biosynthesis, we studied potential target genes in InR1G9 « cells transfected with Pax6
small interfering RNA and in InR1G9 clones expressing a dominant-negative form of Pax6. We now report that
Pax6 controls the expression of the PC2 and 7B2 genes. By binding and transactivation studies, we found that
Pax6 indirectly regulates PC2 gene transcription through cMaf and Beta2/NeuroD1 while it activates the 7B2
gene both directly and indirectly through the same transcription factors, cMaf and Beta2/NeuroD1. We
conclude that Pax6 is critical for glucagon biosynthesis and processing by directly and indirectly activating the
glucagon gene through cMaf and Beta2/NeuroD1, as well as the PC2 and 7B2 genes.

The transcription factor Pax6, which is important in the
development of the pancreas, regulates glucagon, insulin, and
somatostatin gene transcription (42, 52). Pax6 is expressed in
all cells of the endocrine pancreas, as well as in the nose, eye,
and the central nervous system (25, 63, 68). Mutations in Pax6
are related to diabetes mellitus, aniridia, brain malformation,
and other anomalies (37, 43). Pax6 homozygous mutant mice
fail to form islets; show a decreased number of B, §, and
pancreatic polypeptide-producing cells; a lack of « cells; and
an increase in ghrelin-positive € cells without any change in
endocrine pancreatic mass (26, 59). Pax6 has been previously
proposed to control proglucagon gene expression through
binding to the G1 and G3 elements on its promoter (42, 47).

Proglucagon is a multifunctional precursor expressed in
cells of the pancreatic islets, L cells of the small and large
intestines, and selected neurons of the brain (29). Proglucagon
contains multiple cleavage sites recognized with various de-
grees of efficiency by prohormone convertase 1/3 (PC1/3) and
PC2. In this way, proglucagon can be processed in different
cells to yield a unique mixture of products with differing func-
tions (reviewed in reference 3). Thus, in pancreatic a cells,
abundant expression of PC2 is associated with nearly exclusive
production of glucagon (49, 50, 72), a 29-amino-acid hormone
which, together with insulin, intricately controls gluconeogen-
esis and glycogenolysis (reviewed in references 18, 23, and 58).
Conversely, in intestinal L cells, processing, mediated mainly
by PC1/3, leads to the production of glucagon-like peptides 1
and 2 and glicentin (10, 14, 45, 72). Following cleavage by PC2
or PC1/3, carboxypeptidase E removes the C-terminal basic

* Corresponding author. Mailing address: Diabetes Unit, University
Hospital, 1211 Geneva, Switzerland. Phone: 41 22 3724237. Fax: 41 22
3729326. E-mail: Liora.Katz@unige.ch.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

¥ Published ahead of print on 17 February 2009.

2322

residues exposed after endoproteolytic processing of the pro-
hormone precursor by the PCs (65).

The PC2 enzyme processes a variety of hormones and is
crucial for proglucagon processing in « cells (11, 16, 23, 49, 50).
The islets of PC2-null mice contain a reduced number of 8
cells and a markedly increased number of « and 3 cells, re-
flecting the defective processing of proglucagon to glucagon
and of somatostatin 28 to somatostatin 14. Another level in the
regulation of PC2 activity is that PC2 is synthesized as a pro-
convertase (pro-PC2) that undergoes proteolysis. In the endo-
plasmic reticulum early secretory pathway, a complex of pro-PC2
and pro-7B2 is formed in a Ca?*-dependent manner (2, 5).
The 7B2 chaperone contains two binding sites for the PC2
enzyme; one at the C terminus acts as a potent inhibitor of
7B2, while the other is a polyproline segment (64). PC2 and
7B2 are transported together to the trans-Golgi network,
where furin cleaves both precursors, followed by dissociation
of the two proteins; consequently, mature PC2 is able to cleave
the prohormone (reviewed in reference 33). Therefore, 7B2
couples PC2 activity in a temporal and spatial manner to ac-
tivate hormone production (4, 7, 55, 56). Reduced expression
of 7B2 leads to less active PC2 with potential consequences for
glucose tolerance with age (5, 35, 55). Interestingly, 7B2-null
mice have multiple metabolic hormonal abnormalities and die
of Cushing’s disease (14, 53, 54, 71).

Several studies have been conducted so far in order to better
understand the transcriptional regulation and gene organiza-
tion of PC2 and 7B2. PC2 was previously reported to be reg-
ulated by Egrl, repressor element 1/neuron restrictive silencer
element, thyroid hormone receptor al, retinoid X receptor,
and Beta2/NeuroD1 (28, 32, 57, 73). Additionally, several el-
ements were found on the 7B2 promoter, namely, a cyclic
AMP-responsive element, an AP-1-binding site, a POU pro-
tein-binding element (Pitl/GHF1), and thermal stress re-
sponse and heat shock elements. Additionally, protein kinases
A and C were demonstrated to activate the 7B2 promoter (6,
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19, 30, 33). Even though it is widely agreed that PC2 and 7B2
are coexpressed and regulated in the same cells, the mecha-
nism behind this coregulation remains unknown.

To better understand the role of Pax6 in «-cell function,
proglucagon gene regulation, and glucagon biosynthesis, we
used two systems: a cells transfected with Pax6 small interfer-
ing RNA (siRNA) and a-cell clones expressing a dominant-
negative (DN) form of Pax6 composed of the first 306 amino
acids of the human Pax6 protein lacking the transactivation
domain but able to bind its target promoters and thus prevent-
ing wild-type (WT) Pax6 from binding and activating transcrip-
tion. We then screened for target genes of Pax6 by quantifying
the expression levels of genes known to be critical for a-cell
development and function. We now report a decrease of about
50% in proglucagon after inhibition of Pax6 in a cells, in
agreement with previous observations indicating that Pax6 can
bind to two control elements of the glucagon promoter, G1 and
G3, and activate transcription (42), as well as a marked de-
crease in PC2 and 7B2 mRNA and protein levels. We further
demonstrate, by binding and transcriptional assays, that Pax6
indirectly regulates the PC2 and 7B2 genes through cMaf and
Beta2/NeuroD1 and has a direct positive transcriptional effect
on the 7B2 gene promoter.

We conclude that Pax®6 is critical for glucagon biosynthesis in
a cells, acting directly and indirectly on the transactivation of
the glucagon and 7B2 genes through cMaf and Beta2/NeuroD1
and indirectly on the PC2 gene.

MATERIALS AND METHODS

Cell culture. InR1G9 (hamster glucagon-producing cells) (60), A5 (monoclo-
nal InR19G cells stably transfected with the pPRC-CMYV vector), C4 (monoclonal
InR19G cells stably transfected with the pRC-CMV-Pax6-DN306 vector) (Y.
Gosmain, E. Marthinet, A. Guerardel, A. Mamin, L. S. Katz, V. M. Schwitzgebel,
and J. Philippe, submitted for publication; 21), «TC.1 (mouse glucagon-produc-
ing cells) (46), BHK21 (non-islet Syrian baby hamster kidney cells), and HEK293
(human embryonic kidney cells) cells were grown in RPMI 1640 medium sup-
plemented with 5% fetal calf serum, 5% newborn calf serum, 2 mM glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin. A5 and C4 clones were grown
with G418 in the medium at 400 pwg/ml.

RNA preparation and RT-PCR analysis. Total RNA was isolated from o« TC.1
and InR1G9 cells as described in reference 20. cDNA obtained was analyzed by
quantitative real-time reverse transcription (RT)-PCR. Each assay was per-
formed in duplicate, and validation of the real-time PCR runs was done by
evaluation of the melting temperature of the products and by the slope and error
obtained with the standard curve. The analyses were performed with the Light-
Cycler software (Roche Diagnostics, Rotkreuz, Switzerland). Results were cor-
rected for TATA-binding protein (TBP) or actin mRNA levels.

Transient transfection assays. BHK21 and HEK293 cells were transfected by
the calcium phosphate technique (22), while InR1G9 cells were transfected by
Lipofectamine 2000 (Invitrogen) in six-well plates with 5 pl of Lipofectamine, 1
ng of the reporter, and 0.1 pg of the effector (unless mentioned otherwise) for
each transfection. Cells were cotransfected with either pSV2A-PAP or RSV-Luc
in order to monitor transfection efficiency.

Promoter analysis. Cell extracts were collected 48 h after transient transfec-
tion, and promoter activity was assessed by measurement of chloramphenicol
acetyltransferase (CAT) activity as previously described (41). Quantification of
the acetylation forms was done with a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA). Placental alkaline phosphatase (PAP) and luciferase (Luc)
activities were measured by spectrophotometer and luminometer, respectively. A
minimum of three independent transfections were carried out, each of them in
duplicate. The total amount of DNA used for transfection was kept constant by
adding the pSG5 or pCDNA3 vector.

EMSA. Ten micrograms of nuclear extract from HEK293 cells overexpressing
Pax6, cMaf, MafB, Beta2/NeuroD1, or E47 was added to electrophoretic mobil-
ity shift assay (EMSA) reaction buffer [20 mmol/liter HEPES (pH 7.9), 5 mmol/
liter MgCl,, 0.5 mmol/liter EDTA, 50 mmol/liter KCl, 1 mmol/liter dithiothreitol,
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6.25% glycerol, 1 pg bovine serum albumin, 2 pg salmon sperm DNA, 2 ug
poly(dI-dC)]. EMSAs were performed as described previously (40); for the
oligonucleotides used, see Table S1 in the supplemental material.

Probes were annealed with the corresponding antisense probes and labeled
with [y->*P]dATP by the T4 polynucleotide kinase (NEB, Frankfurt, Germany).
Fifty thousand counts per minute of each annealed probe was added to each
reaction mixture. For supershift experiments, nuclear extracts (10 ng) were
preincubated with the respective antibody for 10 min at room temperature
before the addition of 3?P-labeled DNA probe and subsequent incubation at
room temperature for 10 min. Competition was carried out with a 200-fold excess
of either the annealed unlabeled probe or a mutated probe (see Table S1 in the
supplemental material) annealed with the corresponding reverse complement
probe.

All reaction mixtures were loaded onto a 6% nondenaturing polyacrylamide
gel, and after electrophoresis, the gel was exposed to X-ray film for 24 h.

Chromatin immunoprecipitation (ChIP) assay. InR1G9 and o TC1 cells were
formaldehyde (1%) cross-linked for 10 min at room temperature; the reaction
was stopped by the addition of 0.125 M glycine, followed by washing with ice-cold
phosphate-buffered saline. Cells were lysed, and chromatin extracts were pre-
pared and fragmented by sonication on ice. Protein A-Sepharose beads (for the
Beta2/NeuroD1 ChIP assay, protein G beads) were used for cMaf, MaB, and
Pax6 ChIP assays (Amersham). Beads equilibrated with radioimmunoprecipita-
tion assay buffer were added to 50 pg of chromatin extracts for preclearance for
1 h. After centrifugation, supernatants were incubated overnight at 4°C with 10
pg of anti-Pax-6 (from Simon Saule, Curie Institute), anti-Beta2/NeuroD1 N19
(Santa Cruz), anti-cMaf or anti-MafB (Bethyl), and rabbit or goat immunoglob-
ulin G (IgG; Santa Cruz). DNA-protein-antibody complexes were then incu-
bated for 3 h with protein A- or protein G-Sepharose beads and subsequently
rinsed five times with radioimmunoprecipitation assay buffer at 4°C, once with
LiCl buffer, and finally with Tris-EDTA buffer as described previously (24). RNA
was eliminated by incubation with 25 pwg/ml RNase A for 3 h at 65°C. Proteins
were eliminated by overnight incubation with proteinase K (200 pg; Applichem)
at 45°C. After phenol precipitation of the chromatin, DNA was resuspended in
water and used as a template for PCR. For the PCR primer sets used for analysis
of the different transcription factors, see Table S2 in the supplemental material.
Products were amplified for 32 cycles at an annealing temperature of 56 to 59°C
with Invitrogen Taq polymerase and analyzed on a 3% agarose gel stained with
ethidium bromide.

siRNAs. Two different specific sequences of stealth siRNA (Invitrogen) were
designed for the Pax6, cMaf, MafB, and Beta2/NeuroD1 hamster mRNA se-
quences. A control scrambled sequence was designed to have the same GC
content. InR1G9 cells grown in six-well plates were transfected sequentially with
100 nM siRNA on the first day and 200 nM on the second day with 5 pl of
Lipofectamine 2000 (Invitrogen). Total RNA and nuclear extract were isolated
48 h after the first transfection.

Total cell extract and Western blot assays. Cells were grown in 10-cm plates
to 80% confluence, washed with phosphate-buffered saline, trypsinized, and
resuspended in prechilled lysis buffer (50 mM Tris, 150 mM NaCl, 10% glycerol,
1% Triton X-100, 2 mM EDTA, 2 mM EGTA, protease inhibitor cocktail
[Roche]). Cells were then sonicated three times for 10 s on ice and centrifuged
at 12,000 X g for 10 min at 4°C, and the protein concentration of the supernatant
phase was measured. Fifteen micrograms of total extracts was boiled in Laemmli
buffer and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
with 12% acrylamide for Western blot analyses. Blots were probed with a 1:2,000
dilution of the PC2 antibody, a generous gift from Nabil Seidah, Clinical Re-
search Institute of Montreal, or a 1:25 dilution of 7B2 antibodies MON-102 and
MON-144, generous gifts from Wim J. M. van de Ven, Nijmegen University.
Membranes were stripped and blotted with a 1:500 dilution of TFIIE-a antibody
(Santa Cruz) as a loading control.

Plasmids. The mouse PC2 promoter (positions —730 to +439) was cloned into
pGL2-Basic. All human PC2 promoter constructs cloned into pCAT-Basic were
kindly provided by Donald F. Steiner, University of Chicago (39), and pCAT-
Basic and Enhancer-CMV-Basic were a generous gift from Joseph Orly, Hebrew
University. The serial deletions of the mouse 7B2 promoter were cloned into the
pGL2-Basic vector. The mouse Egrl cDNA-encoding plasmid was obtained from
Gerald Thiel, Saarland University (40). The mouse cMaf, MafB, NeuroD1, and
E47 ¢cDNAs cloned into the pSG5-ATG expression vector and the DN-Maf
c¢DNA cloned into the pcDNA3 plasmid were provided by Roland Stein, Vander-
bilt University. The mouse Pax6 (p46) cDNA was subcloned into pSGS5 in our
laboratory. The DN-Beta2/NeuroD1 cDNA cloned in pcDNA3 was obtained
from Haeyoung Suh-Kim, Catholic University (9).

Site-directed mutagenesis. Site-directed mutagenesis was performed with the
mutated oligonucleotides also used in EMSAs for competition with mutated
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FIG. 1. Pax6 regulates the PC2 and 7B2 genes. (a) Real-time quantitative RT-PCR from RNA obtained from InR1G9 cells transfected with
a scrambled (Sc) or Pax6 siRNA (siPax6) for 48 h. The analysis was performed with the LightCycler software (Roche Applied Science). The results
were corrected for TBP mRNA levels. The relative mRNA levels are presented as the means * standard errors of the means (SEM) of at least
three independent experiments. *, P < 0.05; **, P < 0.01. Left corner, Western blot analyses of Pax6 and TFIIE from nuclear extracts from
InR1GY cells transfected with scrambled or Pax6 siRNA for 48 h. Ab, antibody. (b) Western blot analyses of PC2, 7B2, and TFIIE from total
extracts from InR1G?9 cells transfected with scrambled or Pax6 siRNA for 48 h. (c) Real-time quantitative RT-PCR analysis of RNA obtained from
the AS (pRC-CMV-expressing) and C4 (Pax6-DN306-expressing) clones. The analysis was performed with the LightCycler software (Roche
Applied Science). Left panel, measurement of PC2 mRNA, right panel, measurement of 7B2 mRNA. The results were corrected for actin mRNA
levels. The relative mRNA levels are presented as the means = SEM for at least three independent experiments. *, P < 0.05; **, P < 0.01. (d)
Western blot analyses of PC2, 7B2, and TFIIE from total cell extracts from A5 and C4 clones.

probes. PCR was performed with Tag Turbo (Stratagene) for 18 cycles following
digestion with DpnlI (Stratgen), products were transformed into bacteria, and
extracted plasmids were sequenced for the presence of the mutation.

RESULTS

Both PC2 and 7B2 are decreased in cells deficient in Pax6
activity. We demonstrate elsewhere (Gosmain et al., submit-
ted; 21) that in hamster a cells (InR1G9 cells used, as opposed
to mouse oTC cells, for their high transfection efficiency) a
specific knockdown of cellular Pax6 with siRNA results in
decreased expression of the glucagon gene, as well as of certain
transcription factors important for glucagon gene transcrip-
tion, such as cMaf, Beta2/NeuroD1, and Isl1, compared to the
same cells transfected with a scrambled stealth RNA.

To more fully characterize the role of Pax6 in glucagon
biosynthesis, we measured the mRNA levels of the PC2 en-
zyme, implicated in proglucagon processing, upon transfection
of Pax6 siRNA into InR1G9 cells. With a knockdown of 65%
of Pax6 mRNA, significant 62.3 and 70% decreases in PC2
mRNA and protein levels, respectively, were observed (Fig. 1a
and b). Interestingly, the ratio of pro-PC2 to PC2 was markedly

higher (>90%) in cells transfected with Pax6 siRNA than in
scrambled control transfections. This high proportion of pre-
mature PC2, leading to impaired processing of the PC2 pro-
tein, was previously described in cells deficient in 7B2 (5, 34,
35). We thus measured 7B2 protein and mRNA levels and
found decreases of 63 and 49%, respectively (Fig. 1 and b).

We then confirmed the importance of Pax6 for PC2 and 7B2
gene expression with InR1G9 glucagon-producing clones sta-
bly expressing a DN form of Pax6, the C4 clone, and a control
clone expressing the empty vector (pRN-CMV), the A5 clone
(as characterized elsewhere [Gosmain et al., submitted; 21]).
PC2 mRNA levels were decreased by 49% in the C4 clone
compared to those in the AS clone (Fig. 1c). An even greater
decrease of 76% in PC2 protein levels was observed in the C4
clone (Fig. 1b). We observed 65 and 52% decreases in the 7B2
protein and mRNA levels, respectively, in the Pax6-DN306,
compared to those in the control clone (Fig. 1c and d).

By contrast, the mRNA levels of two other processing en-
zymes, furin and PC1/3, measured in the AS and C4 clones, as
well as in cells transfected with siPax6 or a scrambled control,
showed no significant changes. Of note, only trace amounts of
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FIG. 2. PC2 and 7B2 promoter structures, activities, and deletions. (a) Putative transcription factors that bind to the human PC2 promoter
according to the Genomatix database. UTR, untranslated region. (b) Transcription from the PC2 promoter in A5 and C4 clones. Clones were
transfected with various deletions of the human PC2 promoter linked to the CAT reporter gene; nucleotide numbering corresponds to the

transcription initiation site. Results represent relative CAT and PAP

activities over basal activity. Values are the means * the standard errors

of the means (SEM) from at least three separate experiments, each performed twice. *, P < 0.05; **, P < 0.01. (c) Putative transcription
factors that bind to the mouse 7B2 promoter according to the Genomatix database. (d) Transcription from the 7B2 promoter in AS and C4
clones. Clones were transfected with various deletions of the mouse 7B2 promoter linked to the Luc reporter; nucleotide numbering corresponds
to the transcription initiation site. Results represent relative Luc and PAP activities over basal activity. Values are the means = SEM mean from
at least three separate experiments, each performed twice. *, P < 0.05; **, P < 0.01.

PC1/3 were detected in both the A5 and C4 clones or in WT
InR1G9 cells (data not shown).

To assess whether Pax6 affects PC2 and 7B2 gene expression
at the level of transcription, we transfected A5 and C4 cells
with plasmids containing several deletions of either the human
PC2 promoter linked to the CAT reporter gene (Fig. 2b) or the
mouse 7B2 promoter linked to the Luc reporter gene (Fig. 2d).
With the PC2 promoter, we observed two major decreases in
activity in the control AS clone, between bp —633 and —233
and between bp —94 and —53, indicating that these promoter
segments contain important DNA control elements. When
comparing the A5 and C4 clones, a significant decrease in
activity was found for —790 CAT, —633 CAT, —232 CAT, and
—94 CAT of the PC2 promoter in C4, suggesting that Pax6 may
directly or indirectly regulate PC2 gene transcription down to

bp —94. For the 7B2 promoter, we also identified three im-
portant regions in the A5 clone, between bp —1228 and —791,
between bp —346 and —126, and within bp —126. In addition,
all of the promoter deletions tested resulted in a significant
decrease in activity between the A5 and C4 clones, indicating
that Pax6 may regulate 7B2 promoter activity even further
downstream of position —126 (Fig. 2d).

Transcription factor binding to the PC2 and 7B2 promoters.
The PC2 promoter sequence is highly conserved between ro-
dents and humans (69.4% identity), while there is more diver-
gence in the 7B2 promoter (56.6%). Some transcription factor
binding sites on the 7B2 promoter are, however, strongly con-
served (such as the thermal stress response and heat shock
element binding elements) (8).

In order to determine whether Pax6 directly interacts with
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FIG. 3. Activation of the PC2 and 7B2 promoters by ectopic expression of Pax6, cMaf, MafB, and Beta2/NeuroD1 in a heterologous cell line.
(a) BHK21 cells were transfected with the —730 WT mouse PC2 promoter (open bars), the empty reporter vector (pGL2-Basic), a site-directed
mutation-containing form of the large-Maf (xMaf) or Beta2/NeuroD1 (xBeta2) site, or both sites (solid bars) fused to the Luc reporter gene along
with the Pax6, cMaf, MafB, Beta2/NeuroD1 (Beta2), and E47 cDNAs and the Egrl cDNA used as a positive control. Results represent relative
Luc and PAP activities over the basal level for each construct. *, P < 0.05; #*, P < 0.01 compared to the transfection of the promoter with pSGS.
(b) BHK21 cells were transfected with the —1228 WT mouse 7B2 promoter (open bars), the empty reporter vector (pGL2-Basic), or a site-directed
mutation-containing form of the large-Maf (xMaf), Beta2/NeuroD1 (xBeta2), Pax6 (xPax6-1, or xPax6-2) site, alone or combination (solid bars),
fused to the Luc reporter together with the Pax6, cMaf, MafB, Beta2/NeuroD1, and E47 cDNAs. Results represent relative Luc and PAP activities
over the basal level for each construct. Values are the means * the standard errors of the means from at least three separate experiments, each
performed twice. %, P < 0.05; %%, P < 0.01 (compared to the transfection of the promoter with pSG5); #, P < 0.05 (compared to the WT 7B2

plasmid together with the respective transcription factor).

the PC2 or 7B2 gene promoter, we used the Genomatix (http:
/www.genomatix.de) database to find putative pancreatic tran-
scription factor binding sites. For both promoters, we looked 3
kb upstream of the transcription initiation site and at the 5’
untranslated region. No Pax6 binding sites were found in the
mouse and human PC2 promoters, whereas two conserved
putative binding sites, one large-Maf and one Beta2/NeuroD1,

were identified (Fig. 2a). These factors are of particular inter-
est since they have previously been reported to regulate the
transcription of the insulin and glucagon genes (12, 20, 38).
Moreover, both the cMaf and Beta2/NeuroD1 transcription
factors have been demonstrated to be decreased in the Pax6-
DN306 InR1G9 clones and upon transfection with Pax6
siRNA, indicating that Pax6 positively regulates these genes
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(Gosmain et al., submitted; 21). A first indication of the pos-
sible relevance of Maf and Beta2/NeuroD1 for PC2 gene tran-
scription derives from experiments shown in Fig. 2b. Indeed,
deletion of the putative Maf binding site (corresponding to
positions —416 to —404 in the human PC2 promoter) led to a
threefold decrease in basal promoter activity in the AS clone.
Similarly, deletion of the Beta2/NeuroD1 binding site (posi-
tions —62 to —51 in the APC2 promoter) resulted in an even
stronger decrease in activity.

For the mouse 7B2 promoter, the Genomatix database
search revealed two Pax6 putative binding sites, one large-Maf
putative binding site, and one Beta2/NeuroD1 putative binding
site (Fig. 2c), while for the human promoter, only the two Pax6
(=175 to —164 and +319 to +330) putative binding sites and
the Maf (+289 to +299 in the 5’ untranslated region) putative
binding site were identified. Of note, deletion of bp —1228 to
—791 of the mouse 7B2 promoter, containing the Beta2/
NeuroDl1 site, resulted in decreased transcriptional activity
(Fig. 2d). Further deletion of bp —791 to —346, containing the
putative distal Pax6 site, did not change the transcriptional
activity, while a nearly 50% drop was observed upon the dele-
tion of bp —346 to —126, containing the more proximal binding
site (Fig. 2d). The first 126 bp of the 7B2 promoter, containing
the putative Maf site, displayed a basal activity 2.25-fold
higher than the activity of the promoterless vector (Fig. 2d),
suggesting that the Maf site may be functional. Our data
thus suggest that the Beta2/NeuroD1, proximal Pax6, and
Maf sites may be functional, although other transcription
factors are likely to play additional roles in the activation of
the 7B2 promoter.

Pax6, cMaf, MafB, and Beta2/NeuroD1 activate the PC2 and
7B2 gene promoters. In order to determine the functionality of
the identified transcription factor binding sites, we transiently
transfected the —730 PC2 promoter linked to a CAT reporter into
the heterologous BHK21 cell line together with cMaf, MafB,
Pax6, Beta2/NeuroD1, E47, or a combination of these factors.

Egrl was used as a positive control for the activation of the
PC2 promoter as previously reported (28, 30). cMaf, MafB,
and Beta2/NeuroD1-E47 (Beta2/NeuroD1 functions as a het-
erodimer with the ubiquitous basic helix-loop-helix transcrip-
tion factor E47) (12, 39), but not Pax6, were all able to activate
the PC2 promoter (Fig. 3a). An additive effect was observed
when cMaf was overexpressed with Beta2/NeuroD1-E47 (Fig.
3a). The activation was specific inasmuch as mutations of the
large-Maf and Beta?2 sites reduced activity (solid bars). These
data indicate that cMaf, MafB, and Beta2/NeuroD1-E47, but
not Pax6, can interact with and transactivate the PC2 gene
promoter. By contrast, the 7B2 gene promoter (—1228 bp) was
activated not only by cMaf, MafB, and Beta2/NeuroD1-E47 in
BHK?21 cells but also by Pax6 (Fig. 3b), although the decrease
in activation by Pax6 and Beta2 was small. A marked synergis-
tic effect of cMaf or MafB with Pax6 was observed, similar to
that previously reported for the glucagon gene promoter (20,
44). Specific mutations of the proximal Pax6, Maf, and Beta2
sites significantly reduced activity (solid bars) (Fig. 3a and b).

Direct binding of transcription factors to the PC2 and 7B2
promoters and their relative contributions to promoter acti-
vation. We thus sought to determine whether the Maf and
Beta2/NeuroD1 sites are playing a role in PC2 gene expression
in a cells.
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We first carried out ChIP experiments to confirm the bind-
ing of the two Mafs expressed in a cells, cMaf and MafB, as
well as Beta2/NeuroD1. MafB, cMaf, and Beta2/NeuroD1
were all able to bind to the PC2 promoter both in InR1GY and
in oTC1, but not Pax6 (Fig. 4a).

We further confirmed the specific binding of the cMaf,
MafB, and Beta2/NeuroD1 transcription factors on oligonu-
cleotides containing the respective binding sites of the PC2
promoter by EMSA (positions —659 to —628 for Mafs and
—72 to —41 for Beta2/NeuroD1 in the mouse PC2 gene pro-
moter, Fig. 4b).

To further establish the relevance of these sites, we trans-
fected the mutated promoters in InR1G9 cells; their activities
were significantly lower compared to that of the WT promoter,
underlining the functional importance of these sites for PC2
gene expression (Fig. 4c).

We then investigated whether cMaf, MafB, Beta2/NeuroD]1,
and Pax6 bind to the 7B2 promoter in vivo with the ChIP assay
in both the InR1G9Y and oTC1 cell lines (Fig. 5a). All four
transcription factors were found to interact with the 7B2 pro-
moter in both cell lines. We also demonstrated specific binding
of these factors to the 7B2 promoter with oligonucleotides
containing each of the four binding sites, —1050 to —1016 for
Beta2/NeuroD1, —539 to —505 and —163 to —129 for Pax®6,
and —57 to —21 for the Mafs, by EMSA (Fig. 5b). Of note, the
distal Pax6-binding site also interacted specifically with Paxo6,
although its deletion or mutation did not change the transcrip-
tional activity (Fig. 2d and 5b).

Transfection of the 7B2 promoter mutated at one or two
transcription factor binding sites in InR1G9 cells resulted in
only minor decreases in activity (Fig. 5c), whereas all combi-
nations of three, as well as four, mutations resulted in signifi-
cantly decreased activity compared to that observed for the
single- and double-mutated promoters, suggesting possible co-
operative interactions between binding sites (Fig. 5¢). Of note,
mutation of the distal Pax6 site also resulted in decreased
activity, suggesting a potential functional role for this site.

Specific silencing of cMaf and Beta2/NeuroD1 results in
decreased transcription of the PC2 and 7B2 genes. To further
investigate the role of cMaf, MafB, and Beta2/NeuroD1 in PC2
and 7B2 gene transcription in « cells, we used specific sSiRNAs.
InR1GY cells were transfected with siRNA specific for MafB,
cMaf, or Beta2/NeuroD1, and PC2 and 7B2 mRNA levels were
assessed by real-time RT-PCR. The knockdown efficiency of
each siRNA was 40 to 60% for the siRNA combinations used
(Fig. 6a). PC2 mRNA levels were decreased by 34 and 42%
upon silencing of cMaf or Beta2/NeuroD1 (Fig. 6b), whereas
7B2 mRNA levels were inhibited by 49 and 40% (Fig. 6¢). No
significant effect on PC2 and 7B2 levels was found upon trans-
fection of the MafB siRNA (Fig. 6b and c). These results
suggest that cMaf and Beta2/NeuroD1 are implicated in the
transcriptional regulation of PC2 and 7B2.

To assess the relevance of these factors in situ, we also used
DN forms of Maf and Beta2/NeuroD1. A DN form of MafA
which binds large-Maf consensus sequences and prevents ac-
tivation of transcription by competing with the endogenous
Mafs was overexpressed in InR1G9 cells (data not shown).
This resulted in a significant fourfold decrease in PC2 pro-
moter activity (Fig. 7a, left panel), while a DN form of Beta2/
NeuroD1 previously shown to dominantly inhibit WT Beta2/
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the pGL2Basic empty vector) #, P < 0.05 (compared to the WT mouse PC2 promoter).

NeuroD1 activity (9) resulted in dose-dependent inhibition form of Beta2/NeuroD1 is a weak inhibitor of WT Beta2/
(Fig. 7a, right panel). The high levels of the DN-Beta2/ NeuroD1 or that Beta2/NeuroD1 is a weak activator of gene
NeuroD1 plasmid required to inhibit PC2 promoter activity transcription.

were similar to those previously reported by Cho et al. to Overexpression of the DN forms of MafA and Beta2/NeuroD1
decrease insulin gene transcription (9), suggesting that the DN led to quantitatively comparable results for the 7B2 promoter



VoL. 29, 2009 Pax6 REGULATES PC2 AND 7B2 2329
InR1G9 aTC1 b
45 BBl G ohiad - RA probe t ¢+ + ¢+ 4+ RApobe I
IgG Pax6  IgG cMaf = 40 ax OE pSG5 i Fa o 5 = OE pSG5 a f o = & s
zjnnj_zsslhm-ﬂ Eclal |- - ¢+ ¢+ ¢ OEMB | -+ + + ¢
U_-' IgG MafB  IgG Beta2 ggg IgG MafB lgG Beta2 COUW’QOO t Co”mﬂm s = = F e =
g4 IRl ] laf Ab +. MaBA |- - - - 4 -
= O L = A%} 0O L
5)14 . 1 o 7] — Mut probe x200 + Mdpobex20f- - - - - +
£12 = * T oeemmceem Ve
T T
<1 s 5 £ st 81” -
28 24 733
g 2 3
g . 3 Ve —
| mezaw 2 | W
0 lgG 1gG Ab
C
18 158
RA prote RAprpt_;e +:+++o RAp(ope $ b4 44 o 1 I
AR 1 ) Z .
ARt kb |-t rb e S M w g iaf03 0 .
. Wmm' s s ¥ e 66 12 N 10‘717 12“ 00 “Y‘
R .1, N L S - 85 85
- 7200 S 65
a¢ 59 .
6 9
supershif _S 4 » ! 5
= 25 22
8 ol g I s 1“oi
& 8 HIE
| ~N X )‘v % x x pd % x x x x
Pasb -1 gegegraasg
gé 2 %@@2%
T8RF B

FIG. 5. Direct binding of Pax6, cMaf, MafB, and Beta2/NeuroD1 on the 7B2 promoter. (a) In vivo binding of Pax6, cMaf, MafB, and
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MafB, Beta2/NeuroD1/E47, or Pax6. Binding experiments were performed with probes corresponding to the positions of the Beta2/NeuroD1
(—1050 to —1016), Pax6-1 (=539 to —505), pax6-2 (=163 to —129), and large-Maf (=57 to —21) binding sites on the mouse 7B2 promoter. *,
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from at least three separate experiments, each performed twice. *, P < 0.05; **, P < 0.01 (compared to the WT mouse 7B2 promoter).

(Fig. 7b). In addition, transient overexpression of DN-Pax6 also
resulted in inhibition of 7B2 promoter activity (Fig. 7b).

In order to verify that these transcriptional effects are specific
to the respective promoters and not due to a general decrease in
transcription, we transfected cells with the Enhancer-CMV-Basic
reporter together with the DN form of Beta2/NeuroD1, MafA, or
Pax6. No significant change in the transcription level of the CAT
reporter under the control of the CMV promoter was observed
(Fig. 7c).

The cMaf and Beta2/NeuroD1 transcription factors are able
to rescue the low transcription levels of PC2 and 7B2 in Pax6-
DN306 clones. To investigate whether the observed decrease in
PC2 and 7B2 gene expression in Pax6-DN306 clones was in-
deed secondary to a decrease in cMaf or Beta2/NeuroD1 gene

expression, we overexpressed cMaf and Beta2/NeuroD1 in the
Pax6 DN clone, C4. The cMaf and Beta2/NeuroD1 proteins
were both able to correct the low PC2 and 7B2 transcription
levels in cells expressing the DN-Pax6 protein to that observed
in the control A5 clone (Fig. 8a and b). Each factor compen-
sated for the other and was able to rescue PC2 and 7B2 tran-
scription in the Pax6-DN306 clone in this experiment, probably
because of the high expression levels reached in the nucleus.

DISCUSSION

The present and previous results demonstrate the impor-
tance of Pax6 as a major regulator of glucagon biosynthesis
through the activation of glucagon gene transcription by direct
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FIG. 6. Silencing of cMaf and Beta2/NeuroD1 results in decreased
PC2 and 7B2 promoter mRNA levels. InR1G9 cells were transfected
for 48 h with siRNA directed against MafB, cMaf, or Beta2/NeuroD1
(Beta2) or with a scrambled (Sc) control stealth siRNA. RNA was then
isolated after 48 h, and a real-time RT-PCR was performed. (a) Quan-
titative real-time RT-PCR of MafB, cMaf, or Beta2/NeuroD1 over
TBP to evaluate the silencing efficiency of the respective siRNA. (b)
PC2 mRNA levels as measured by real-time RT-PCR. InR1G9 cells were
transfected with an siRNA against cMaf, MafB, or Beta2/NeuroD1 or
with a scrambled siRNA. Results were corrected for TBP mRNA
levels. (c) 7B2 mRNA levels as measured by real-time RT-PCR.
InR1GY cells were transfected with an siRNA against cMaf, MafB, or
Beta2/NeuroD1 or with a scrambled siRNA. Results were corrected
for TBP mRNA levels. Values are the means * the standard errors of
the means from at least three separate experiments, each performed
twice. *, P < 0.05; %%, P < 0.01.

binding to the G1 and G3 elements on the glucagon promoter
(42, 47), as well as by the activation of genes implicated in
glucagon gene transcription such as cMaf, Beta2/NeuroD],
and Isll, as demonstrated elsewhere (Gosmain et al., submit-
ted; 21). We also show that Pax6 is important for proglucagon
processing through the activation of the PC2 and 7B2 genes
directly and indirectly.

Our data suggest that Pax6 indirectly regulates PC2 gene
transcription through cMaf and Beta2/NeuroD1 activation in
an additive manner, indicating that both of them play indepen-
dent activating roles. Both cMaf and Beta2/NeuroD1 are de-
creased in DN-Pax6 clones and in cells transfected with Pax6
siRNA (Gosmain et al., submitted). Yatoh et al. have previ-
ously demonstrated the implication of Beta2/NeuroD1 in PC2
transcription regulation in hepatocytes by transfection studies.
However, the mechanism of this activation was not investi-
gated (73). The 7B2 gene is regulated by Pax6, cMaf, and
Beta2/NeuroD1. A small decrease in transcriptional activity
was observed upon the deletion of one or two of these sites,
while a marked effect was observed upon the mutation of three
sites in InR1G9 cells, suggesting that in our system the com-
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bination of all of these transcription factors is needed for the
optimal control of 7B2 promoter activity. Indeed, deletion of
all of the transcription factor binding sites in the 7B2 promoter
results in complete silencing of the promoter, underlining the
importance of these sites for 7B2 gene transcription. A syner-
gistic effect between cMaf and Pax6 is observed, similar to the
observed effect on the glucagon gene promoter (20). We pre-
viously demonstrated that cMaf can directly interact with Pax6
and form a heterodimeric complex on the G1 element of the
glucagon gene promoter. However, the cMaf and Pax6 binding
sites in G1 are next to each other while in the 7B2 promoter,
the proximal Pax6 site and the Maf site are separated by
approximately 100 bp. Determination of whether DNA loop-
ing allowing these two sites to be in close proximity in vivo, thus
facilitating protein-protein interactions, or whether the inter-
action of additional cofactors bridging cMaf and Pax6 is in-
volved requires further experiments. Overexpression of Beta2/
NeuroD1 inhibited the transcriptional effects observed with
cMaf alone and with cMaf and Pax6 (data not shown). A
possible explanation for this is that Beta2/NeuroD1 might act
both as an activator and as a repressor of transcription, de-
pending on its cellular localization (27). Indeed, overexpres-
sion of Beta2/NeuroD1 together with other transcription fac-
tors might cause its shuttling outside of the nucleus and hence
inhibit transcription. Alternatively, Beta2/NeuroD1 may acti-
vate or inhibit transcription, depending on its nuclear levels.
The fact that its binding site is not conserved in the human
promoter raises doubts as to its relevance in humans. Further
work with human islets is needed to address this question. The
role of Beta2/NeuroD1 in the activation of the mouse 7B2 gene
is, however, clearly supported by our data. It is obvious that
7B2 is not regulated only by these three transcription factors;
a more precise picture of the regulation of the 7B2 gene pro-
moter should emerge from the identification of additional fac-
tors.

siRNAs directed to silence specifically the expression of
Pax6, cMaf, or Beta2/NeuroD1 are capable of decreasing the
levels of PC2 and 7B2 in InR1G9 cells, while MafB siRNA had
no effect. Combined with the results obtained from the trans-
activation experiments, where cMaf is a more potent activator
of the PC2 and 7B2 promoters than MafB is, we propose that
cMaf and MafB are not interchangeable and redundant but
functionally different even though they can bind and activate
the same sites. It is still possible, however, since MafB is more
abundant than cMaf in InR1G9 cells (20), that the 60% de-
crease in MafB obtained with its specific sSiRNA is not suffi-
cient to affect PC2 or 7B2 gene expression while the same
decrease in c-Maf results in clear effects. However, our results
indicate, at least in InR1G9 cells, that MafB cannot compen-
sate for the decrease in cMaf and strongly suggest the speci-
ficity of cMaf for PC2 and 7B2 activity.

The regulation of PC2 and 7B2 by Pax6 and Beta2/NeuroD1
might occur not only in pancreatic « cells but also in insulin-
and somatostatin-producing cells. In insulin-producing cells, PC2
and 7B2 are coexpressed along with Pax6, Beta2/NeuroDl,
MafA, and cMaf, suggesting that the same mechanisms of PC2
and 7B2 gene regulation might operate in  cells (20, 25, 45).
Similarly, in somatostatin-producing cells, Pax6 is important
for the control of hormone gene expression (59) and PC2 is
probably also expressed in & cells. Although this is disputed
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FIG. 7. The DN forms of Beta2/NeuroD1 and Maf inhibit transcription from the PC2 promoter. (a) InR1G9 cells were transiently transfected
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(45, 61, 62), PC2 knockout studies have revealed impaired
processing of proinsulin, proglucagon, and prosomatostatin
(13-15). It is therefore possible that Pax6 regulates the biosyn-
thesis and processing not only of proglucagon but also of the
two other major hormones of the pancreas, insulin and soma-
tostatin.

Immunohistochemistry studies of the human pancreas indi-
cate that PC2 and 7B2 are colocalized in « and B cells (45, 62),
strengthening the close relationship of PC2 and 7B2. These
observations are coherent with the function of 7B2 as a mo-
lecular chaperone of PC2.

Islet cells expressing 7B2 and PC2 are also immunoreactive
for furin (45), which is implicated in PC2 activation. Our re-
sults indicate, however, that the furin gene is not a target of
Pax6 but likely the target of more ubiquitous transcription
factors as furin is widely expressed in neuroendocrine and
nonneuroendocrine tissues (31, 51, 56, 67). Furthermore, dur-

ing development, furin is expressed earlier, on embryonic day
7.5 (48, 74), than Pax6, which is expressed on embryonic day
9.0 (52, 63). Since furin is implicated in the activation of not
only PC2 and 7B2 but also a variety of growth factors and
hormones, receptors, plasma proteins, etc. (reviewed in refer-
ence 36), there are good reasons to think that it might be
regulated differently from PC2. Similar reasons might be
evoked for PC1/3, although our model system, « cells, may not
be adequate to study the regulation of PC1/3. Indeed, PC1/3
mRNA was hardly detected and not altered in the Pax6-DN306
clone in agreement with data obtained in « cells of PC2 knock-
out mice (15, 66). The reported induction of PC1/3 in an a-cell
line not expressing PC2 («TCAPC2 cells) is thus likely to be
specific for this cell line (70, 72).

Since Pax6 has been previously demonstrated to be a highly
important gene in the development of the pancreas, it seems
likely that it will also directly or indirectly control genes impli-



2332 KATZ ET AL.

a
PC2 promoter

107

8.

71 W A5
61 0cC4
5-

44

31 *

24

1.

0 T T

pSG5 cMaf Beta2+E47

Relative CAT activity

7B2 promoter

45

40
35 mAS

30 oc4
25
20 *
15
10

5

Relative Luc activity

pPSG5 chMaf Beta2+E47

FIG. 8. Overexpression of cMaf or Beta2/NeuroD1+E47 can res-
cue the decreased PC2 and 7B2 promoter activities in Pax6-DN306
clones. PC2 and 7B2 promoter activities in Pax6-DN306 clones over-
expressing cMaf and Beta2/NeuroD1. The AS and C4 clones were
transfected with either the —633-bp PC2 human promoter linked to
the CAT reporter or the empty reporter vector (pCAT-Basic) (a) or to
the —1,228-bp mouse 7B2 promoter or the empty reporter (pGL2-
Basic) (b) together with the annotated transcription factors. Results
represent relative CAT and Luc or Luc and PAP activities over the
basal levels for each construct. Values are the means *+ the standard
errors of the means from at least three separate experiments, each
performed twice. *, P < 0.05 (compared with the control).

cated in endocrine cell function. We show here that, in « cells,
Pax6 not only controls glucagon gene transcription but also
regulates the transcription of other factors important for a-cell
function, glucagon gene transcription, and proglucagon pro-
cessing. In addition, our data indicate that 7B2 is also directly
regulated by Pax6 while PC2 is regulated only by targets of
Pax6, thus suggesting a regulatory mechanism in which 7B2
prevents PC2 from being misfolded or acting prematurely on
its target hormones by Pax6 regulation.

Metabolic labeling analyses of the C4 clone revealed mark-
edly decreased intracellular proglucagon and glucagon levels
compared to those in the control clone (data not shown). This
is probably a consequence of decreased glucagon gene tran-
scription secondary to decreased Pax6, cMaf, Beta2/NeuroD]1,
and Isll (Gosmain et al., submitted; 21), which is proposed to
directly control glucagon gene expression (1, 12, 17, 20, 69).
This prevented us from quantifying the processed proglucagon
peptides in the AS and C4 clones. However, the decrease in
7B2 activity in the Pax6-DN306 clone resulted in altered pro-
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FIG. 9. Schematic representation of the role of Pax6 in glucagon
biosynthesis through glucagon gene transcription and proglucagon
processing.

PC2 processing, indicating the functional relevance of our re-
sults.

In conclusion, we describe a transcriptional network in
which Pax6 is an important gene for glucagon biosynthesis.
Pax6 controls glucagon gene transcription by directly binding
to its promoter, as well as activating other factors implicated in
glucagon gene regulation. Among these factors are cMaf and
Beta2/NeuroD1, which also control PC2 and 7B2 gene tran-
scription, the 7B2 gene also being controlled directly by Pax6
(Fig. 9).
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