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Pak3 Promotes Cell Cycle Exit

and Differentiation of 3-Cells in
the Embryonic Pancreas and Is
Necessary to Maintain Glucose
Homeostasis in Adult Mice

The transcription factor neurogenin3 (Ngn3) triggers
islet cell differentiation in the developing pancreas.
However, little is known about the molecular
mechanisms coupling cell cycle exit and
differentiation in Ngn3™* islet progenitors. We
identified a novel effector of Ngn3 endocrinogenic
function, the p21 protein-activated kinase Pak3,
known to control neuronal differentiation and
implicated in X-linked intellectual disability in
humans. We show that Pak3 expression is initiated in
Ngn3* endocrine progenitor cells and next
maintained in maturing hormone-expressing cells
during pancreas development as well as in adult islet
cells. In Pak3-deficient embryos, the proliferation of
Ngn3* progenitors and B-cells is transiently
increased concomitantly with an upregulation of
Ccnd1. B-Cell differentiation is impaired at E15.5 but
resumes at later stages. Pak3-deficient mice do not
develop overt diabetes but are glucose intolerant
under high-fat diet (HFD). In the intestine, Pak3 is
expressed in enteroendocrine cells but is not
necessary for their differentiation. Our results
indicate that Pak3 is a novel regulator of B-cell

differentiation and function. Pak3 acts downstream
of Ngn3 to promote cell cycle exit and differentiation
in the embryo by a mechanism that might involve
repression of Ccnd1. In the adult, Pak3 is required
for the proper control of glucose homeostasis under
challenging HFD.
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Understanding the mechanisms controlling the differ-
entiation of pancreatic progenitor cells into highly spe-
cialized insulin-secreting B-cells is a major issue for
future cell-based therapies for type 1 diabetes. In the last
10-15 years, considerable knowledge has been acquired
on the signals and transcriptional regulations promoting
B-cell development during mouse embryogenesis (1,2).
These findings significantly contributed to the generation
of insulin-producing cells from human embryonic stem
cells or induced pluripotent stem cells by recapitulating
embryonic differentiation programs (3,4). However, to
date, the cells that have been produced in vitro are im-
mature (5). These limitations highlight the importance of
carrying on basic research to gain a highly detailed
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knowledge of the differentiation programs giving rise to
functional B-cells.

The basic helix-loop-helix transcription factor neuro-
genin3 (Ngn3/Neurog3) has been identified as the mas-
ter gene implementing the endocrine program in the
mouse embryonic pancreas resulting in islet and (-cell
differentiation. Indeed in Ngn3-deficient mice, all endo-
crine cells fail to develop and mice die of diabetes shortly
after birth (6). Conversely, ectopic expression of Ngn3 is
sufficient to generate all islet cell types in vivo in mice
(7). Several studies support that Ngn3 directly or in-
directly activates downstream target genes controlling
islet subtype differentiation as well as generic programs
(8-13). However, our knowledge of the genetic programs
downstream of Ngn3, like those controlling cell cycle
exit, migration, and maturation, is only fragmental.
Therefore, we have previously performed gene expression
profiling of islet cell progenitors to identify novel
downstream effectors of Ngn3 (13). Among the candi-
date genes, we will describe here our findings on the role
of the p21 protein (Cdc42/Racl)-activated kinase 3
(Pak3) in endocrine cell differentiation and glucose
homeostasis.

Pak3 is a serine/threonine kinase of the PAK family.
Paks play important roles in many cellular processes in-
cluding cytoskeleton dynamics, cell motility, and cell cycle
regulation in brain ontogenesis and neuronal differentia-
tion (14). PAKs are divided into two distinct groups: PAK
As include Pak 1-3 and PAK Bs include Pak 4-6. Although
they have also been termed PAKs, Pak 4-6 differ signifi-
cantly in their structural organization and regulation (15).
Pak3 is part of group A, the members of which are
effectors of the Rho GTPases Racl and Cdc42 (16). The
mouse Pak3 gene is located on position qF2 on mouse X
chromosome and contains 16 coding exons. Pak3 has been
previously studied in the brain because of its role in
X-linked nonsyndromic intellectual disability (17). Pak3
KO mice are fertile and exhibit a normal life span but have
abnormalities in synaptic plasticity and deficiencies in
learning and memory (18). In Xenopus laevis, Pak3 has
been demonstrated to promote cell cycle exit downstream
of neurogenin during primary neurogenesis (19).

The role of Pak3 in the pancreas is unknown so far.
However, recent accumulating evidence points to a po-
tential role of Pakl, another member of PAK family
group A, in the regulation and maintenance of glucose
homeostasis by controlling insulin release from B-cells
and skeletal muscle glucose clearance (20-22). In this
report, we provide the first evidence that Pak3 regulates
endocrine cell differentiation in the mouse embryonic
pancreas in part by controlling cell cycle exit and is
necessary for glucose homeostasis in the adult.

RESEARCH DESIGN AND METHODS
Mouse Strains

Ngn3*~ and Ngn3°**** mice were generated in the
laboratory (6,23). Pak3 (18) and NeuroD (24) knockout
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(KO) mice are a gift of Z. Jia (The Hospital for Sick
Children) and J. Lee (University of Colorado, Boulder,
CO), respectively. BAC-Ins1-mRFP1 mice were generated
in collaboration with the Mouse Clinical Institute
(Strasbourg, France) (C.M. and G.G., unpublished data)
and used for purification of (3-cells. All mice were kept on
a mixed background, and experiments were approved by
the Direction des Services Vétérinaires in compliance
with the European legislation on care and use of labo-
ratory animals.

In Situ Hybridization, Immunofluorescence, and
Immunohistochemistry on Mouse Tissues

Tissues were fixed in 4% paraformaldehyde, embedded,
and frozen using standard methods. Detailed protocols for
in situ hybridization, immunofluorescence and immuno-
histochemistry on frozen sections are available on request.
For BrdU detection assays, BrdU (50 mg/kg body weight)
was injected into pregnant females 2 and 24 h before they
were killed to assess proliferation in embryos or adult
mice, respectively. The following antibodies were used:
guinea pig (gp) anti-Ngn3 (1:1,000, M. Sander, University
of California, San Diego, CA; 1:500, Institut de Génétique
et de Biologie Moléculaire et Cellulaire [[GBMC]); gp anti-
insulin (1:1,000, Linco), mouse anti-insulin (1:1,000,
Sigma-Aldrich); gp anti-glucagon (1:2,000, Linco); rat anti-
BrdU (1:10, AbD Serotec); rabbit anti-Pdx1 (1:2,000,

C. Wright, Vanderbilt University, Nashville, TN); rabbit
anti-Sox9 (1:500, AbCys); gp anti-Insm1 (1:500,

C. Birchmeier, Max-Delbriick-Centrum for Molecular
Medicine, Berlin, Germany); and secondary antibodies
conjugated to DyLight488, DyLight549, and
DyLight649 (1:500, Jackson ImmunoResearch). cRNA
probes for in situ hybridization specifically recognized
Ngn3 and NeuroD1 (6) and Pak3 (transcribed from

a 2.2-kb mouse cDNA; IMAGE clone 30060082, which
does not contain the alternative exons).

Morphometric Analysis

Quantification was performed on pancreas sections ev-
ery 50 pm (embryos and newborns) and 2 mm (adults).
For nucleic staining, the number of cells was counted
manually using ImageJ software. For cytoplasmic
staining, the immunopositive area was reported to the
total DAPI" area of pancreas using Metamorph or
ImageJ softwares.

Quantitative RT-PCR Analyses

Total RNA was isolated in Tri Reagent (Invitrogen). Total
RNA (1 pg) was used for cDNA synthesis using the
Transcriptor Reverse Transcriptase (Roche). Quantitative
PCR was performed using mouse-specific TagMan probes
recognizing Ngn3 (Mm00437606_s1), Pak3
(MmO00435482_m1, which recognizes all the isoforms),
Pakl (MmO00440612_m1), Pak2 (Mm01170646_m1),
Ins1 (Mm01259683_g1), Gcg (Mm01259683_g1), Sst
(Mm00436671_m1), Ppy (Mm00435889_m1), Gip
(Mm01259683_g1), Sct (Mm00441235_g1), Cck
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(Mm00446170_m1), Tphl (MmO00493794_m1), Pax4
(Mm01159036_m1), Arx (Mm00545903_m1), and
NeuroD1 (Mm01280117_m1) with Light Cycler 480
Probes Master mix (Roche) on Light Cycler 480 (Roche).
Gene expression was normalized to Rplp0
(Mm01974474_gH) expression levels. For the analysis of
sorted YFP* and YFP ™ cells from NgnSeYFP/ *. Pak3 KO or
Pak3 wild-type (WT) E15.5 embryos, RNA was isolated
with the NucleoSpin RNA XS kit (Macherey-Nagel) and
linearly amplified and converted into cDNA with the
NuGen Ovation PICO WTA System (NuGen) according to
the manufacturer’s instructions. cDNA (45 ng) was used
for one reaction of qPCR. Primers to determine the ex-
pression of cell cycle regulators (Ccnd1-3, Ccna2, Cenb1-2,
Ccnel-2, Cdk1, Cdk2, Cdk4, Cdk6; Cdknla-c, Cdkn2b, and
Cdkn2d) were designed using the Universal Probe Li-
brary Centre (Roche), and sequences are available on
request.

Statistics

Values are presented as mean = SD or SEM. P values were
determined using the two-tailed Student ¢ test with unequal
variance. P < 0.05 was accepted as statistically significant.

Cell Culture, Small Interfering RNA Treatment, and
Western Blot

Min6B1 cells were provided by P. Alban (University of
Geneva, Geneva, Switzerland) with permission from J.-I.
Miyazaki (University of Osaka, Japan) who produced the
maternal MINGE cell line (25) and maintained as previously
described (22,26). Cells were harvested in lysis buffer (20
mmol/L Tris-Cl pH 7.5, 2 mmol/L dithiothreitol, 20%
glycerol, 400 mmol/L KCl, and protease inhibitors), and
lysates were cleared by centrifugation. Proteins present in
lysates were resolved by 10% SDS-PAGE and detected by
immunoblotting. Membranes were incubated with goat
anti-Pak3 antibody (1:200, Santa Cruz Biotechnology)
overnight and then with donkey anti-goat antibody con-
jugated to horseradish peroxidase (1:10,000; Santa Cruz
Biotechnology). Bands were visualized by enhanced
chemiluminescence (Millipore; Immobilon Western). For
Pak3 knockdown experiments, Min6B1 cells were trans-
fected with 66 nmol/L of small interfering RNA (siRNA)
oligonucleotides against Pak3 (PAK3 siGENOME SMART
pool; Dharmacon) using Lipofectamine2000 (Invitrogen).
Cells were harvested for RNA extraction and cell cycle
analysis 48 h after transfection.

Mouse Islet Purification

Mouse islet purification was performed as previously de-
scribed (27). In brief, mice were euthanized and injected
with Type V Collagenase solution (Sigma-Aldrich C9263)
directly into the common bile duct to perfuse the pan-
creas. Pancreas was dissected out and digested, and islets
were handpicked after several purification steps and kept
in culture overnight before harvesting for fluorescence-
activated cell sorter (FACS) sorting or RNA isolation.
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Preparation of Single-Cell Suspensions and Flow
Cytometric Cell Sorting

Dissected pancreata from E15.5 Pak3 WT and Pak3 KO
embryos were prepared as previously described (23). In
brief, E15.5 pancreata or isolated adult islets were dis-
sociated in 0.05% trypsin at 37°C for 2-10 min. Di-
gestion was inactivated by the addition of FCS, and cells
were filtered (70 pwmol/L; Falcon 35-2360), centrifuged,
and resuspended in Hanks’ balanced salt solution/FCS
(2%) or PBS 1X/EGTA 10 mmol/L/FCS 2% for sorting.
Flow cytometric sorting was performed on a FACSAria
(Becton, Dickinson and Company). Sorted cells were then
harvested for RNA extraction. For cell cycle analysis,
suspension of Min6B1 cells was stained with propidium
iodide (15 pg/mL) and processed on a FACSCalibur
(Becton, Dickinson) using Cell Quest Pro acquisition
software (version 5.2.1), and results were analyzed with
ModFit LT 3.2 software (Verity Software House).

Metabolic Studies

During metabolic studies, mice were fed with normal
chow diet (DO3; SAFE) or high-fat diet (HFD) (D12492;
Research Diets) from weaning to the time of sacrifice. For
oral glucose tolerance test (OGTT), 16 h-fasted, 17-week-
old males received glucose by intragastric gavage (2 g/kg
body weight of 15% D-glucose). For intraperitoneal glucose
tolerance test (IPGTT), 4 h—fasted, 18-week-old males
received glucose by intraperitoneal injection (2 g/kg body
weight of 15% D-glucose). For OGTT and IPGTT, circu-
lating blood glucose was measured in tail blood at 0, 5, 15,
30, 45, 60, 90, and 120 min using Glucofix Sensor (A.
Menarini Diagnostics). For the intraperitoneal insulin
sensitivity test, 6 h—-fasted, 20-week-old males were given
an intraperitoneal injection of human insulin (1 IU/kg,
Umuline; Eli Lilly and Company). Circulating blood glucose
was measured in tail blood at 0, 15, 30, 45, 60, and

90 min. Insulin secretion was measured in tail blood
during IPGTT at 0, 15, and 30 min.

RESULTS

Ngn3-Dependent Expression of Pak3 in Islet
Progenitor Cells

To identify the panel of genes activated specifically in
islet progenitor cells, we previously determined the genes
differentially expressed in eYFP" versus eYFP ™ cells pu-
rified from E15.5 NgnBEYFP/ " pancreata (13,23). Impor-
tantly, due to the greater stability of eYFP protein
compared with Ngn3, the eYFP" population includes
Ngn3" progenitor cells as well as their endocrine
descendants. Interestingly, we found that the p21
protein-activated kinase Pak3 was enriched 75-fold in
eYFP" cells, demonstrating that this kinase is endocrine
specific and might be an effector of Ngn3 function. Real-
time quantitative PCR (RT-qPCR) experiments confirmed
the specific expression of Pak3 in eYFP" cells (Fig. 14), and
accordingly Pak3 transcripts (corresponding to all the
isoforms) can be found in a subpopulation (~62%) of
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Figure 1—Expression of Pak3 and its isoforms in mouse embry-
onic pancreas. A: RT-gPCR on eYFP* and eYFP™ cells sorted
from Ngn3°®Y"™* E15.5 embryonic pancreas revealed that Pak3 is
expressed in eYFP* endocrine cells, whereas Pak1 and Pak2
mRNAs are found in both endocrine (eYFP*) and nonendocrine
(eYFP™) populations. B: mRNA structure of the four Pak3 mouse
transcripts identified in the brain. Black bars represent primer
position for RT-PCR; b and ¢ boxes represent the alternative
exons. C: RT-PCR revealing the presence of all known Pak3 iso-
forms in E15.5 WT embryonic pancreas, with Pak3b being less
expressed. A and C: Data are represented as mean = SD of n = 4.
AU, arbitrary units. *P < 0.5; **P < 0.01; #, not detected.

Ngn3* endocrine progenitors (Fig. 2E, arrows). The four
splice variants of Pak3 (Fig. 1B) described in the brain
(28,29) have been detected by RT-qPCR on E15.5 WT
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pancreata (Fig. 1C). Pak3 expression is strongly decreased
in Ngn3-deficient embryos but is unchanged in mice
lacking NeuroD (Fig. 3). However, ~30% of Pak3 tran-
scripts (Fig. 3A) can still be detected in Ngn3 mutant mice
compared with controls due to ectopic expression (see
DISCUSSION) in developing Cpal® acinar cells (Fig. 3B, right
column, arrows). In contrast to Pak3, Pakl and Pak2
transcripts are found both in endocrine and nonendocrine
cells (Fig. 1A and Fig. 3). Thus, Pak3 is a novel endocrine-
specific gene that relies on Neurog3 but not on NeuroD.

Pak3 Expression Persists in Embryonic and Adult Islet
Cells

Starting at E10.5, Pak3 transcripts can be detected
throughout pancreas development in a typical endocrine
pattern (Fig. 2A-D). In the absence of a working anti-
Pak3 antibody, we performed in situ hybridization fol-
lowed by immunohistochemistry for endocrine markers
to further characterize Pak3-expressing cells. We found
that Pak3 is initiated in islet progenitors (Fig. 2E) but
next maintained in more differentiated descendant cells,
here stained for Insm1, a direct target of Ngn3 (Fig. 2F),
as well as in developing a- (Fig. 2G) and B-cells (Fig. 2H
and Pdx1"™" in Fig. 2I). About 80% of Insm1* cells express
Pak3, whereas Pak3 transcripts are found in almost all
a- and B-cells at E15.5. In contrast, Pak3 was not found
in multipotent progenitors, as supported by the re-
stricted expression in the E10.5 pancreatic bud (Fig. 2A)
and as Pak3 seems excluded from Ptfla” tip cells (30)
(Fig. 2B) at E12.5. Bipotential ductal/endocrine epithelial
cord cells (31) (Pdx1™" in Fig. 2 and Sox9" in Fig. 2J)
also seem devoid of Pak3, although it is difficult to
completely exclude that a few cells might express the
gene. Pak3 is also not expressed in developing acinar
(Ptfla"), ductal (Mucl®), or neuronal (Tujl") cells (Fig.
2K-L and Fig. 3B). Next we explored the expression of
Pak3 in the adult pancreas by RT-qPCR on purified islets.
Pak3 was found strongly enriched (fold change [FC] 24)
in islets compared with exocrine tissue, as well as, to

a lower extent, Pakl (FC 2), in contrast to Pak2, which
was found equally distributed between both compart-
ments (Fig. 44). To determine whether the Pak genes
were expressed in [-cells, we took advantage of Insl-
mRFP mice generated in the laboratory where the mo-
nomeric red fluorescent protein is expressed in (-cells
(C.M. and G.G., unpublished observations). Ins*/mRFP*
B-cells were FACS sorted from purified islets. Pak3
transcripts were readily detected in adult mouse B-cells;
however, the data suggest that higher levels of Pak3 are
found in non—B-islet cells (Fig. 4E). Pakl and Pak2 were
similarly expressed in (3 versus other islet cells (Fig. 4C
and D). In agreement with the presence of Pak3 in
B-cells, Pak3 protein is detected as a 62-kDa peptide in
the B-cell lines bTC3 and Min6B1 (Fig. 4B). Taken to-
gether, these data indicate that Pak3 is expressed first in
Ngn3" endocrine progenitors and next in maturing
hormone-positive islet cells as well as in adult islet cells,
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Figure 2—Pak3 is expressed in endocrine progenitors and developing endocrine cells in the embryonic pancreas. A-D: In situ hybrid-
ization (blue) for Pak3 mRNA revealed expression throughout pancreas development. Dotted line delineates pancreatic domain. In situ
hybridization (blue) for Pak3 mRNA followed by immunohistochemistry (brown) or immunofluorescence (red) for different endocrine (E-/)
and exocrine (J-L) markers in E15.5 WT embryos, as well as a multipotent progenitor marker at E12.5 (B). Pak3 transcripts are detected
exclusively in the endocrine lineage, both in Ngn3* endocrine progenitors and their descendant cells (Insm1* or hormone*). Black and
white arrows indicate costaining. Brown arrows point to Ptf1a* multipotent progenitor tip domain. I: Pdx1 low (light brown, *) marks trunk
pancreatic progenitors, and Pdx1 high (dark brown, arrows) marks B-cells. Scale bar, 50 (A-D) and 20 pm (E-L). d, duct; a, acini.

suggesting that this kinase might regulate pancreatic
endocrine cell development and function.

Pak3 Promotes Cell Cycle Exit and B-Cell
Differentiation in the Embryonic Mouse Pancreas

To determine the role of Pak3 in endocrine cell de-
velopment, we characterized the pancreatic phenotype of
Pak3 KO embryos (18). At E15.5, we observed a small but
significant decrease in the number of insulin- and
glucagon-positive cells (Fig. 5B and C) concomitantly
with a 1.25-fold increase of the total number of Ngn3”
progenitor cells (Fig. 5A). Reduction of insulin 1 and Pax4
transcripts (Fig. 5G) further supports impaired B-cell
differentiation. The modest reduction in a-cell number
was not sufficient to reveal any changes in Arx or Gcg
expressions (Fig. 5K). Pak3 expression is initiated in
Ngn3" islet progenitors that are mainly postmitotic
(32,33). Accordingly, Pak3 is excluded from dividing cells
in the embryonic pancreas (not shown). We speculated
that, as it is the case during Xenopus neurogenesis (19),
the increased number of Ngn3" progenitor cells observed
in Pak3-deficient embryos might result from a failure to
exit the cell cycle. Quantification of Ngn3*/BrdU" double-
positive cells revealed that the number of proliferating
Ngn3" cells is indeed increased in the absence of Pak3
(EC 1.5) (Fig. 5D). Concomitantly, we also observed more
dividing insulin- and glucagon-positive cells (FC 2) (Fig.
5E and F). All these observations were confirmed ex vivo,

in cultures of embryonic pancreatic explants treated with
Pak3 morpholinos (not shown). In line with the aug-
mented proliferation of B-cells at E15.5, knockdown of
Pak3 in Min6b1 cells leads to an increase in the pop-
ulation of cells in S phase (Fig. 4G and H). Importantly,
expression of the Ccndl gene (encoding cyclin D1) was
eight times higher in purified YFP" islet progenitor cells
when Pak3 was lacking compared with controls (Fig. 5G-
J), whereas the expression of other cyclin, Cdk, or cell
cycle inhibitor (including Cdknla) genes tested (see
RESEARCH DESIGN AND METHODS) was unaffected (data not
shown). Neither the proliferation rate nor the number of
a- and B-cells was altered at E18.5 (not shown and Fig.
5B, C, E, and F) or in neonates (Supplementary Fig. 1 and
not shown for a-cells) in Pak3-deficient mice. Pak2 was
upregulated at E18.5, suggesting a potential functional
compensation (Fig. 5H). Together these data suggest that
during a specific time window of pancreas development,
Pak3 is required to control cell cycle exit and proper
differentiation of islet cells by a mechanism that could
involve the repression of Cendl transcription.

Pak3 Is Not Essential for Enteroendocrine Cell
Differentiation

Very similar genetic regulatory cascades control pancre-
atic and intestinal endocrine cell differentiation (34).
Like in the pancreas, Ngn3 is essential for endocrine dif-
ferentiation in the intestine (35,36). Accordingly, we found
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Figure 3—Pak3 depends on Ngn3 but is independent of NeuroD. A: RT-qPCR for Pak7-3 and Ngn3 on E15.5 pancreata from Ngn3 KO
and control littermates revealed a downregulation of Pak3 but not of Pak7 and -2 in the absence of Ngn3. B: In situ hybridization for Pak3
(blue) followed by ICC (brown) for the pan neuronal marker (Tuj1) or the acinar marker (Cpa1l) in E15.5 Ngn3-deficient and control embryos
showing ectopic expression of Pak3 in acinar cells (arrows). Scale bars, 50 um. C: RT-qPCR for Pak1-3 and NeuroD1 on E15.5 pancreata
from NeuroD KO and control littermates. D: In situ hybridization for Pak3 and NeuroD1 in E15.5 NeuroD-deficient and control embryos.
Pak3 expression is independent of NeuroD. Scale bars, 20 um. A and C: Data are represented as mean = SD on n = 4. AU, arbitrary units.

P < 0.01; *™P < 0.001; #, not detected.

that Pak3 is strongly enriched when we analyzed the
transcriptome in eYFP" endocrine cells purified from em-
bryonic (not shown) and adult small intestines (FC 159)
(Fig. 64) of Ngn3“™* mice. To determine if Pak3 is re-
quired for the differentiation of enteroendocrine cells, we
performed RT-qPCR on 3-week-old intestinal segments
from Pak3 WT and Pak3 KO males. We found that Pak3 is
expressed from the duodenum to the colon, and, as
expected, Pak3 is strongly downregulated in the KO (Fig.
6B). However, no effect of Pak3 deficiency has been ob-
served on mRNA levels of the incretin hormones Glpl and

Gip (Fig. 6C and D) or other markers of differentiated
enteroendocrine cells, such as Sct, Cck, and Tphl (not
shown). In contrast to Pak3, Pak1 and Pak2 are expressed in
endocrine cells (eYFP"), suggesting that they could func-
tionally compensate for the absence of Pak3, but also in
nonendocrine (eYFP ) intestinal cells (Fig. 6A). However
neither Pakl nor Pak2 mRNA levels are affected in Pak3 KO
(not shown). These results suggest that despite being
strongly expressed in the enteroendocrine lineage, Pak3 is
not absolutely required to complete hormonal gene ex-
pression and endocrine differentiation in the intestine.
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Figure 4—Pak3 in adult islet cells. A: RT-qPCR for Pak7-3 on purified islets and exocrine tissue from adult CD1 mice (n = 4) revealed
strong expression of Pak3 in islets. B: Western blot for Pak3 on protein extracts from bTC3 and Min6B1 B3-cell lines. Pak3 protein is
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showed as a control of efficient sorting of B-cells. G: RT-gPCR for Pak7-3 on Min6B1 cells treated with nontargeting siRNA (siNT) or Pak3
siRNA (siPak3) for 48 h. H: Cell cycle analyses of Min6B1 cells treated with siNT or siPak3 by flow cytometry showing an increased
number of cells in S phase upon Pak3 knockdown in Min6B1 cells. A and C-H: Data are represented as mean = SD on n = 4. AU, arbitrary

units. P < 0.01; *™P < 0.001.

Impaired Glucose Homeostasis in Pak3-Deficient Mice

The expression of Pak3 in adult islets prompted us to
determine the role of this gene in the control of glucose
homeostasis, which had not been explored so far in Pak3-
deficient mice. We did not detect any gross abnormalities
in pancreatic islet size or cellular composition in Pak3-
deficient mice (not shown). To explore glucose clearance,
we generated cohorts of Pak3-deficient and control adult
males and performed metabolic studies under normal
diet or HFD (Fig. 7). Mice did not develop overt diabetes,
and no difference in body weight (Fig. 7A and F) was

observed in any diet between WT and Pak3 KO mice.
Under classical diet, glucose homeostasis is mildly per-
turbed in Pak3-deficient mice, which are slightly glucose
intolerant when administrated intraperitoneally but not
orally (Fig. 7B and C). However, when we challenged mice
with an HFD, basal glucose levels were higher and glucose
clearance was clearly impaired in Pak3 KO males com-
pared with controls independently of the route of glucose
administration (Fig. 7G and H). In all feeding conditions,
we observed a trend for decreased insulin sensitivity in
mutant mice (Fig. 7D and I), but insulin secretion
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Figure 5—Increased islet progenitors and B-cell proliferation together with impaired B-cell differentiation in Pak3-deficient embryos.
Differentiation (A-C) of endocrine cells was explored at E15.5 and E18.5 in Pak3-deficient (KO) and control mice (CTRL) by immunoflu-
orescence for Ngn3, insulin, and glucagon and quantified. Proliferation (D-F) was assessed and quantified in parallel by evaluating cells in
S phase by costaining for BrdU (2-h pulse). The number of Ngn3™ islet progenitor cells increases at E15.5 (A), whereas the number of
a- and B-cells is reduced at E15.5, but not at E18.5 (B and C), in Pak3-deficient embryos compared with controls. Ngn3 cells (D) as well as
developing a- (F) and B-cells (E) proliferate more in Pak3-deficient embryos at E15.5. G-J: eYFP* cells were sorted from E15.5 Ngn3®Y ™+
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Figure 6 —Pak3 is expressed in enteroendocrine progenitor cells but is not necessary for the differentiation of Glp1- and Gip-expressing
L and K cells in the mouse intestine. A: Schematic representation of Affymetrix data comparing expression levels of Ngn3, Pak1, Pak2, and
Pak3 in FACS-purified eYFP* and eYFP ™ cells from duodenal crypt (n = 3) of Ngn3°Y ™+ adult mice showing specific expression of Pak3 in
the enteroendoctrine lineage. RT-qPCR for Pak3 (B), Glp1 (C), and Gip (D) on Pak3 WT and Pak3 KO intestinal segments from 3-week-old
males (n = 3 for WT and n = 4 for KO). Data are represented as mean *= SD. AU, arbitrary units; Duo, duodenum; Jeju, jejunum; lll, ileurn;

Col, colon. *P < 0.05; *P < 0.01; **P < 0.001.

appeared unaltered (Fig. 7E and J). o- and -Cell mass
and proliferation were unchanged and we did not observe
any compensatory increase of other Paks in KO mice
under HED compared with controls (Supplementary Fig.
2). Taken together, these results suggest that Pak3 is
necessary to maintain normal glucose homeostasis, par-
ticularly under challenging conditions.

DISCUSSION

The p21 protein-activated kinase Pak3 was known to be
a brain-specific PAK (28), but here we describe for the
first time the expression and function of Pak3 in the
mouse endocrine pancreas. Our studies provide evidence
that, in the embryo, Pak3 expression initiates in Ngn3*
progenitors and promotes cell cycle exit and then qui-
escence in developing islet cells and thus controls their
differentiation. Further supporting the idea that Pak3 is

an effector of Ngn3 endocrinogenic function in the
mouse embryonic pancreas, Pak3 transcripts were found
to be increased (FC 7.2) in a study designed to identify
Ngn3 downstream targets by rescuing Ngn3 expression
and endocrine differentiation in Ngn3-deficient mice (7).
Although these data support that Pak3 is a downstream
target of Ngn3, we found that Pak3 expression was not
completely lost in Ngn3 KO mice and ectopically
expressed in acinar cells. Our hypothesis is that Pak3"/
Cpal” cells could arise from failed endocrine progenitors,
which can adopt an acinar destiny in Ngn3-deficient mice
(33). This implies that although Pak3 is specific to the
endocrine lineage in the WT context, it could actually be
expressed independently of Ngn3 in acinar cells that
derive from Ngn3-deficient cells. However, ectopic Pak3
expression is not sufficient to prevent acinar cell pro-
liferation (not shown). Pak3 is not affected in NeuroD

(due to the stability of the eYFP protein) are purified in the eYFP* population (G and H) and Pak3 is lost as expected in eYFP* cells from
Pak3 KO embryos (/). Transcription of cyclin D1 (Ccnd1) is upregulated in eYFP* cells from Pak3 KO embryos compared with controls (J).
K: RT-gPCR for different endocrine markers in Pak3 KO and control pancreas at E15.5. L: RT-gPCR for Pak7-3 in Pak3 KO and control
pancreas from E13.5, E15.5, and E18.5 embryos. For each experiment, three to four control and mutant samples were analyzed. Data
are represented as mean = SD. AU, arbitrary units. B and C: Pancreas area = DAPI area. E and F: AU = number of BrdU/Ins* or Geg* cells/
Ins or Gcg area X 10,000. *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 7—Impaired glucose homeostasis in Pak3-deficient mice. Exploration of glucose metabolism in adult Pak3 KO (n = 13) and Pak3
WT (n = 13) males under normal diet (A-E) or HFD (F-J). Body weight measure (A and F), OGTT after 16-h fasting (B and G), IPGTT after
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KO but is downregulated (FC 1.5) in Rfx6-deficient em-
bryos at E15.5 (J.P. and G.G., in preparation), we suggest
that Pak3 lies downstream of Ngn3 and Rfx6 and either
upstream of or in parallel with NeuroD.

Several studies have shown that Ngn3 controls cell
cycle exit in endocrine progenitors in the embryonic
pancreas. The most direct evidence has been provided by
the tracing and analysis of Ngn3-deficient cells, which
were shown to continue to proliferate (32,33). The
cycling-dependent kinase inhibitor 1a (Cdknla) has been
demonstrated to be an important effector downstream of
Ngn3 to inhibit proliferation (32). In the current study,
we provide evidence that Pak3 might contribute as well
to cell cycle exit and thus maturation of islet cells. In-
deed, we observed an increased number of proliferating
Ngn3" endocrine progenitor cells when Pak3 was inacti-
vated. Importantly, transcript levels of the Ccndl gene
were concomitantly increased (Cdknla mRNA amounts
were unaffected) in Pak3-deficient endocrine progenitors,
demonstrating that Pak3 function in cell cycle control
involves the regulation of cell cycle gene transcription.
Ccndl encodes cyclin D1, a positive regulator of G1/S
phase (37). Thus, Ngn3 might control cell cycle with-
drawal in a multistep process where G1/S transition is
initially stopped by a Pak3-dependent repression of
cyclin D1. Second, the cyclin-dependent kinase inhibitor
Cdknla would reinforce blockade of S phase. A similar
mechanism has been recently proposed for the role of
Ngn2 in cell cycle arrest during neurogenesis (38). In-
terestingly, it has also been proposed that lengthening of
the G1 phase, which could result from the repression of
G1 cyclins such as cyclin D1, might be important for cell
fate determination (37). Of note, we observed that Sox9
is downregulated in Ngn3 cells, as expected (39) in Pak3
KO. Thus, failure to shut off Sox9 does not explain the
increased proliferation. Importantly, the increased pro-
liferation of Ngn3 cells in Pak3 KO pancreas (2-3%)
cannot completely account for the 25% augmentation of
the overall number of Ngn3 cells. Our interpretation is
that differentiation is blocked and that islet progenitors
accumulate. Accordingly, we counted slightly less a- and
B-cells, suggesting impaired endocrine differentiation.
Notably, we also observed an increased number of pro-
liferating B-cells in the pancreas of Pak3-deficient E15.5
embryos, suggesting that, at this stage, Pak3 promotes
maturation of B-cells by repressing proliferation. How-
ever, the proliferation observed is not sufficient to
compensate for the differentiation defect at this stage. At
later embryonic stages, it is known that (-cells re-enter
the cell cycle to increase B-cell mass (40). This mecha-
nism seems independent of Pak3 since we did not detect
any change in the proliferation of B-cells at E18.5 and
[B-cell mass was normal. We do believe that these results
could indicate that, during a specific developmental
window, Pak3 promotes the transition between Ngn3*
islet progenitors and hormone-positive islet cells in part
by controlling cell cycle exit. It is, however, important to
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keep in mind that although only Pak3 is endocrine spe-
cific, functional redundancy with Pakl and Pak2 as well
as with other cell cycle inhibitors, such as Cdknla, might
explain the relatively mild phenotype observed in Pak3-
deficient mice. Interestingly, inhibition of XPak3 in
Xenopus results in increased cell proliferation and in-
hibition of neuronal differentiation (19), providing ad-
ditional evidence that islet and neural cells share similar
developmental programs.

In the adult mice, we demonstrate that Pak3 is nec-
essary for normal glucose homeostasis. Under normal
diet, Pak3 KO mice show very mild differences in the
control of glucose homeostasis compared with WT. This
phenotype could be explained by the redundant function
of the remaining group A members that we also found to
be expressed in adult islets. Particularly, it has been
demonstrated recently that the Cdc42-Pakl signaling
pathway is essential for glucose-induced second-phase
insulin secretion in mouse and human islets (21). How-
ever, potential redundancy of Pakl or Pak2 is not suffi-
cient under challenging conditions as Pak3 KO mice are
glucose intolerant under HFD. Further studies are
needed to understand the origin of this intolerance, as
B- and a-cell proliferation and mass and insulin secretion
and sensitivity seem normal. Of note, we cannot exclude
that a mild effect in the first or second phase of insulin
secretion may not have been detected. Although both
mutants are glucose intolerant, Pakl KO and Pak3 KO
mouse phenotypes are, however, fairly different, espe-
cially since we show that Pak3 KO mice do not develop
peripheral insulin resistance even under HFD (Fig. 7I).
During the OGTT, the defects in glucose regulation ap-
pear very early in Pak3-deficient mice, suggesting that
intestinal incretin (GLP-1 and GIP) hormones are in-
volved. However, we showed that enteroendocrine cells
differentiated properly in Pak3-deficient mice, implying
that the metabolic phenotype is independent of any
incretin effect. PAKs have been shown to signal through
different pathways; among them, MAPK and LIMK-
cofilin have been reported to impact insulin secretion or
action (21,41,42). For example, Wang et al. (21) showed
that Pakl signaling in B-cells relies primarily on extra-
cellular signal-related kinase 1/2 (ERK 1/2) activation.
Whether Pak3 signals through similar pathways remains
an open question.

In summary, this study is the first evidence that the
kinase Pak3 regulates the proliferation and differentia-
tion of endocrine progenitors and B-cells in the mouse
embryonic pancreas. Importantly, this work also reveals
that Pak3 is necessary to maintain glucose homeostasis
in adult mice, suggesting that a careful metabolic survey
of patients with mental retardation linked to mutations
in Pak3 might be of interest.
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