JBC Papers in Press. Published on May 31, 2017 as Manuscript M117.780726
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.M117.780726

Title: The prolyl isomerase Pinl increases B cell proliferation and enhances insulin secretion

Authors: Yusuke Nakatsu', Keiichi Mori!, Yasuka Matsunaga', Takeshi Yamamotoya', Koji Ueda',
Yuki Inoue!, Keiko Mitsuzaki-Miyoshi!, Hideyuki Sakoda?, Midori Fujishiro’, Suguru Yamaguchi?,

Akifumi Kushiyama* , Hiraku Ono’, Hisamitsu Ishihara®, Tomoichiro Asano'™

1. Department of Medical Science, Graduate School of Medicine, University of Hiroshima, 1-2-3
Kasumi, Minami-ku, Hiroshima City, Hiroshima 734-8551, Japan

2. Division of Neurology, Respirology, Endocrinology and Metabolism, Department of Internal
Medicine, Faculty of Medicine, University of Miyazaki, 5200 Kihara, Kiyotake, Miyazaki 889-1692,
Japan

3. Division of Diabetes and Metabolic Diseases, Nihon University School of Medicine, Itabashi,
Tokyo 173-8610, Japan

4. Division of Diabetes and Metabolism, The Institute for Adult Diseases, Asahi Life Foundation,
Chuo-ku, Tokyo 103-0002, Japan

5. Department of Endocrinology and Diabetes, School of Medicine, Saitama Medical
University, Moroyama, Saitama 350-0495, Japan

Running title: Pinl regulates the functions of pancreatic 3 cells.

Keywords: diabetes, insulin secretion, salt-inducible kinase2, prolyl isomerase Pinl, [ cell

proliferation

Corresponding author: Tomoichiro Asano

Address: 1-2-3 Kasumi, Minami-ku, Hiroshima, 734-8551, Japan
Telephone: 81-82-257-5135

Fax: 81-82-257-5136

E-mail: tasano@hiroshima-u.ac.jp

Copyright 2017 by The American Society for Biochemistry and Molecular Biology, Inc.

1102 ‘9T AInc uo 138nb Aq /610°0g[-mmmy/:dny woly papeojumoq


mailto:tasano@hiroshima-u.ac.jp
http://www.jbc.org/cgi/doi/10.1074/jbc.M117.780726
http://www.jbc.org/

Abstract

The prolyl isomerase Pinl binds to the
phosphorylated Ser/Thr-Pro motif of target
proteins and enhances their cis-trans conversion.
This report is the first to show that Pinl
expression in pancreatic B cells is markedly
elevated by high-fat diet feeding and in ob/ob
mice. To elucidate the role of Pinl in pancreatic
B cells, we generated B cell-specific Pinl KO
(BPin1 KO) mice. These mutant mice showed
exacerbation of glucose intolerance but had
normal insulin sensitivity. We identified two
independent factors underlying impaired insulin
secretion in the BPin1 KO mice. Pinl enhanced
pancreatic P cells proliferation, as indicated by a
reduced B-cell mass in BPin1 KO mice compared
with control mice. Moreover, a diet high in fat
and sucrose failed to increase pancreatic f cell
growth in the BPin1 KO mice, an observation to
which up-regulation of the cell cycle protein
cyclin D appeared to contribute. The other role
of Pin1 was to activate the insulin secretory step:
Pin1 KO B cells showed impairments in glucose-
and KCl-induced elevation of the intracellular
Ca®" concentration and insulin secretion. We
also identified salt inducible kinase 2 (SIK2) as
a Pinl-binding protein that affected the
regulation of Ca’?" influx and found Pinl to
enhance SIK2 kinase activity, resulting in a
decrease in p35 protein, a negative regulator of
Ca®" influx. Taken together, our observations
demonstrate critical roles of Pinl in pancreatic f3
cells and that Pinl both promotes B cell

proliferation and activates insulin secretion.

Introduction

Pancreatic [ cells secrete insulin in
response to elevated glucose concentrations and
to control glucose homeostasis [1, 2]. In
pancreatic B cells, glucose is metabolized to
produce ATP via oxidative phosphorylation, and
the increase in intracellular ATP levels induces
closure of the ATP sensitive potassium channel,
leading to Ca?" influx through voltage dependent
calcium channels and subsequent exocytosis of
insulin granules [3,4]. In states of insulin
resistance in peripheral tissues such as the liver
and muscles under obese conditions, the mass of
pancreatic 3 cells becomes enlarged to meet the
demand for more insulin to be supplied to
peripheral tissues [5-7]. Both impaired glucose-
induced insulin secretion and the 3 cell mass
reduction are regarded as major causes of type 2
diabetes mellitus [1]. However, the molecular
mechanisms underlying the aforementioned
functions of pancreatic [ cells have not as yet
been fully elucidated.

On the other hand, prolyl isomerase Pinl
was initially identified as a regulator of mitosis
which raises the cyclin D content [8]. Pinl
requires the motif including pSer/pThr-Pro for
binding with substrates, and to date, many
reports have revealed Pinl to have major
involvement in the pathogenesis of cancer and
Alzheimer’s disease [9-11]. In addition,
interestingly, the Pinl expressions in metabolic
organs were found to be highly upregulated by
high-fat diet feeding and under hyperglycemic
conditions [12-15]. Indeed, Pinl binds to and
modulates numerous important proteins that are

key to the regulation of glucose and lipid
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metabolism, including IRS-1, Crtc2 and AMPK
[12,16,17]. Thus, Pinl contributes to the
regulation of gluconeogenesis, adipogenesis,
fibrosis, fatty acid oxidation and bone
differentiation as well as of the onset of
metabolic syndromes, such as obesity and
nonalcoholic steatohepatitits [12,16-20].
Clinical studies have shown serum Pinl
concentrations to be highly correlated with the
progression of metabolic syndromes [21,22].

In this study, we first identified increased
expression of Pinl in the pancreatic 3 cells of
obese mice, which is reportedly associated with
increased insulin secretion and enlarged B cell
mass which are mechanisms compensating for
insulin resistance. To elucidate the patho-
physiological significance of increased Pinl
expression in pancreatic [3 cells, we generated 3
cell-specific Pinl KO mice which exhibited
impaired insulin secretion and glucose
intolerance. This is the first study to demonstrate
the critical roles of Pinl in pancreatic 3 cells,
especially B cell proliferation and the insulin

secretory step.

Results
Pin1 protein in pancreatic islets was elevated
by high-fat diet feeding and in ob/ob mice.
Eight-week old mice were fed a high-fat
diet (60 % fat, 8 % carbohydrate and 25 %
protein) or a normal diet (5% fat and 23%
protein) for 20 weeks, and pancreatic islets were
then isolated and subjected to immunoblotting
using anti-Pinl antibody. The Pinl protein level
in high-fat diet fed mice was increased to

approximately 3 fold that of the controls (Fig.

1A). Similarly, Pinl expression levels in the
islets from ob/ob mice were increased, to
approximately 2.7 times the level in control lean
mice (Fig. 1B). These mice reportedly showed
the phenotype of hyperinsulinemia with B-cell
mass enlargement, which compensates for

obesity-related insulin resistance [23, 24].

Deficiency of Pinl in pancreatic B cells drives
glucose intolerance.

To investigate the roles of Pinl in
pancreatic B cells, we generated pancreatic [3
cell-specific Pinl knockout mice (BPinl KO
mice) by mating Pinl flox mice with mouse-
insulin promoter-Cre Tg (MIP-Cre) mice.
Recent reports have demonstrated that the MIP-
Cre or the RIP-Cre gene may impact glucose
metabolism (25, 26). Therefore, we initially
assessed whether the MIP-Cre gene affects
glucose or insulin tolerance, as compared to that
in C57BL/6J (Wild) or Pinl flox mice. Neither
glucose nor insulin tolerance tests showed any
differences among the three groups (Fig.1C, D).
In addition, the areas of pancreatic 3 cell or
glucose-induced insulin release were unaffected
by insertion of the MIP-Cre or the flox gene
(Fig.1E, F). Hence, we concluded that the
inserted MIP-Cre gene had no effect on glucose
metabolism and selected Pinl flox mice as a
control. Immunoblotting with  anti-Pinl
antibody clearly showed almost complete
absence of Pinl protein in the islets of these
BPin1 KO mice, while Pinl expressions in other
tissues were unchanged (Fig.2A). The Pinl
mRNA level in islets of BPin1 KO mice was also

markedly decreased, as compared with that in
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the controls (Fig.2.B). To investigate the cell-
type specific expressions of Pinl in islets, we
performed double immunostaining with anti-
Pinl and either anti-glucagon or anti-insulin
antibodies. Pinl expression was ubiquitously
observed in numerous cell types in islets of the
control (Pinl f/f) mice (Upper panels of Fig. 2C
and 2D). In contrast, in the BPinl KO mouse
islets, Pinl expressions were absent from the 3
cell areas stained with anti-insulin antibody
(Lower panel of Fig. 2C), while Pinl
expressions were still detectable in the
glucagon-positive a cell areas (Lower panel of
Fig.2D). Next, we carried out experiments to
investigate the effect of ablating Pinl in [ cells
on blood glucose homeostasis. While there was
no difference in fasting blood glucose levels
between control and BPinl KO mice, fPinl KO
mice had higher values in the refed state than the
control (Fig.2E). Glucose tolerance test (GTT)
results indicated elevated serum glucose
concentrations at 15 and 30 min in BPinl KO, as
compared with the control Pinl flox (Fig.2F). In
accordance with the GTT results, elevations of
the serum insulin concentration at 15 and 30 min
in control mice were significantly smaller than
those in the control Pin1 flox mice (Fig.2G).
Clearer results were obtained from the
GTT after feeding of a diet containing both high
fat and high sucrose (HFHS) for 14 weeks.
Markedly reduced glucose clearance from blood
in the BPinl KO mice, as compared with the
control mice, was observed (Fig.21). In contrast,
there were no differences in the lowering of
serum glucose levels in response to insulin

between the two groups of mice, regardless of

whether the normal or the HFHS diet had been
given to these mice (Fig.2H and J). This series
of experimental results indicated impaired
glucose-induced insulin secretion and normal

insulin sensitivity in the fPinl KO mice.

Islet and B-cell areas are reduced in pPinl KO
mice.

To investigate the cause of reduced insulin
secretion in BPinl KO mice, as demonstrated by
GTT, the P cell mass sizes were compared
between PBPinl KO and control mice. The
average pancreatic islet size as well as the ratios
of B cell mass to that of the entire pancreas in
sections from BPinl KO mice were revealed to
be significantly smaller than those in control
mice (Fig.3A and B). However, insulin contents
per equal amount of protein in the islets isolated
from the two groups did not differ (Fig.3C). To
elucidate whether proliferation or apoptosis is
involved in this  cell mass difference, anti-Ki67
and TUNEL staining were performed. Cell
proliferation, as shown by anti-Ki67 positive
staining in islets from PPinl KO mice, was
significantly decreased as compared to that in
control mice (Fig.3D), while the ratios of
apoptotic cells did not differ significantly
(Fig.3E). In addition, elimination of the Pinl
gene had no effects on the gene expression levels
of key factors, such as Insl, PDX1, Glut2 and
Neuro D, known to be involved in the
maturation or differentiation of pancreatic 3
cells (Fig.3F). Taking these observations
together, the difference in B cell mass might be
attributable to cell proliferation changes, rather

than to alterations in apoptosis or differentiation.

1102 ‘9T AInc uo 138nb Aq /610°0g[-mmmy/:dny woly papeojumoq


http://www.jbc.org/

Thus, we next examined the expression levels of
cell cycle-related genes such as cyclin D1, cyclin
D2, CDK2 and CDK4. While their mRNA levels
were unaltered (data not shown), the protein
expression level of Cyclin D1 in the Pinl KO
islets was reduced by approximately 50% (Fig.
3@G), which is in good agreement with a previous
report showing a relationship between the
expression levels of Pinl and cyclin D1 [27].
Pinl is essential for hypertrophy of 3 cells in
mice fed the HFHS diet.

Insulin resistance in peripheral tissues is
well known to drive the compensatory
hypertrophy of pancreatic 3 cells. As shown in
Fig. 1, Pinl expressions in islets are significantly
increased in ob/ob and high-fat diet fed mice. In
addition, taking the smaller 3 cell mass in BPinl
KO mice into consideration, we can reasonably
speculate that Pinl contributes to the
compensatory proliferation of B cells in islets.
To assess this possibility, mice fed the HFHS
diet for 20 weeks were prepared. Feeding of the
HFHS diet increased both B cell areas and the
ratio of 3 cells to the entire pancreatic area in
control mice (right panels of Fig.4A, B). In
contrast, no such hypertrophy of B cells in
response to HFHS diet feeding was observed in
the BPinl KO mice (left panels of Fig.4A, B). In
addition, staining with the anti-Ki67 antibody
revealed Ki-67 positive cells to be increased in
control mice, but not in fPinl KO mice (Fig.
4C), while there was no significant difference in
the number of TUNEL positive cells between the
two groups (Fig.4D). Thus, HFHS-induced B
cell hypertrophy might be attributable to

increased cell proliferation, but not to

diminished apoptosis.
Pinl gene deletion in pancreatic B cells
impairs insulin secretion.

Furthermore, the ratios of secreted insulin
per total insulin content were compared between
the islets isolated from PPinl KO and control
Pinl flox mice, employing stimulation with
glucose or KCI. It was revealed that the ratio of
secreted insulin to the entire cellular insulin
content of the BPinl KO mouse islets was
significantly lower than the ratio in the control
islets, regardless of whether the stimulation was
with high glucose or KCI (Fig.5A, B). Therefore,
in addition to its role in cell proliferation, it was
suggested that Pinl plays an important part in
the insulin secretory step. To determine the
impaired step, contents of ATP, accumulation of
which is the first step leading to insulin release,
were measured. Intracellular ATP concentrations
did not differ between the islets prepared from
Pinl flox versus those from BPinl KO mice
(Fig.5C).

Next, the effect of Pinl on high-glucose-
induced Ca?" influx using MIN6 insulinoma
cells was examined. Two adenoviruses
expressing Pinl shRNA reduced Pinl
expression and Min6 lacking Pinl showed
reduced Ca®* influx in response to high glucose
stimulation (Fig.5D).

Pin1 associates with SIK2

We subsequently searched for Pinl
binding partners, which would affect the steps
between ATP synthesis and Ca?" influx leading
to insulin secretion. Fig. 5D shows the role of
salt-inducible kinase 2 (SIK2) in insulin release

through p35 phosphorylation. In brief, the
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phosphorylation of p35 by SIK2 results in the
induction of its polyubiquitination and
degradation, thereby nullifying suppression of
the voltage-dependent calcium channel (VDCC)
by CDKS5 [28]. Indeed, it was confirmed that
pan-SIK inhibitor treatment reduces high
glucose-induced insulin secretion in isolated
islets (Fig. 5E).

We speculated that Pinl might be
involved in the SIK2-CDKS5-VDCC pathway,
and examined the associations of Pinl with p35,
CDKS and SIK?2. Flag-tagged p35, CDKS and
SIK2 were each overexpressed with S-tagged
Pinl in 293T cells, and anti-FLAG tag antibody
immunoprecipitates were immunoblotted with
anti-S-tag antibody. As shown in Fig. 5F, this
experiment revealed that S-tag Pinl binds with
Flag-SIK2 (Fig.5F), but not with either Flag-
p35 or CDKS (data not shown). The endogenous
interaction between Pinl and SIK2 was also
detected in Min6 cells (Fig.5G).

Subsequently, we focused on identifying
the Pinl domain required for the association
with SIK2. Pinl has two domains, WW and
PPlase. We prepared GST alone and GST-fusion
proteins containing the WW domain only, the
PPlase domain only and full-length Pinl, while
S-tagged SIK2 was overexpressed in 293 cells.
Since GST-fusion proteins containing full-
length Pinl and that with only the WW domain,
but not that containing the PPlase domain,
bound to S-tagged SIK2, the WW domain of
Pinl was revealed to be responsible for the
association with SIK2 (Fig.6A).

On the other hand, SIK2 contains 11

pSer/Thr-Pro motifs, which are required for the

association with Pinl. We generated cDNAs
encoding the mutated SIK proteins of which all
Ser/Thr-Pro sites except the one indicated site,
were substituted with Ala-Pro. Wild-type and
mutated SIK2 proteins were overexpressed in
293 cells. These cell lysates were subjected to
the pulldown assay with GST-Pin1 proteins. The
wild-type and mutant SIK2, of which S179 or
T420 was intact, were found to be associated
with GST-Pin1 (Fig.6B). In addition, the SIK2
mutant in which both the S179 and the T420 site
had been substituted with Ala showed no
capacity to interact with Pinl (Fig.6C). These
results indicate that SIK2 possesses two portions,
one containing S179 and the other T420, which
are necessary for the association with Pinl.
Pinl enhances SIK2 activity, leading to p35
degradation and Ca”" influx.

Since the two binding sites of SIK2 with
Pinl exist in or near the kinase domain, we
investigated the effects of their associations with
Pin1 on the kinase activity of SIK2 by measuring
the p35 phosphorylation level at Ser91. It was
confirmed that wild-type p35, but not the
mutated p35 in which Ser91 had been replaced
with Ala, was phosphorylated by SIK2 in vitro
(Fig. 7A). Co-incubation with Pinl strongly
enhanced the SIK2-induced phosphorylation of
p35 in vitro, as compared to either p35 or SIK2
alone (Fig.7B). The phosphorylation of p35 at
the Ser91 site reportedly enhances its
degradation through polyubiquitination [28].
Therefore, we investigated the effect of Pinl on
the p35 protein expression level. When both p35
and wild type Pinl were overexpressed in 293T

cells, the amount of p35 protein was
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dramatically decreased (Fig.7C). However, p35
expression was unaffected by the W34A Pinl
mutant which is unable to bind substrates, or by
the K63 A Pinl mutant which is an inactive form
of PPlase, indicating the isomerase activity of
Pinl to be essential for the degradation-
promoting effect on p35 (Fig.7C). To confirm
that the decrease in p35 protein in response to

Pinl depends on SIK2, we used an S91A p35

mutant which cannot be phosphorylated by SIK?2.

Pinl overexpression had no effect on the
expression of this mutant, indicating that Pinl
decreased p35 protein via regulation of SIK2
(Fig.7D).

Next, we examined whether Pinl
knockdown influences the expression of
endogenous p35 protein and found that it was
increased by Pinl knockdown (Fig.7E). In
isolated islets from Pinl flox MIP-Cre mice, an
increase in p35 protein was observed, as
compared to islets from control mice (Fig.7F).

The p35 protein works in partnership with
CDKS5, and the p35-CDKS5 complex suppresses
Ca?* entry via VDCC. Taking into consideration
that Pinl ablation enhances p35-CDKS5 activity,
it is reasonable to suggest that Pinl deficiency
might well attenuate Ca?* influx induced by high
glucose, as shown in Fig. 6A. Finally, if the
impairment of insulin release in Pinl KO islets
depends upon upregulation of CDKS5 activity via
increased p35 protein, CDKS inhibitor treatment
would presumably reverse the reduction of
insulin secretion. Therefore, we examined the
effect of olomoucine, a CDKS5 inhibitor, on
insulin  release. Treatment with 50uM

olomoucine blocked the inhibition of insulin

secretion normally seen with Pinl deficiency
(Fig.7G). Taking these results together, we can
reasonably assume that Pinl enhances SIK2
activity and, thereby, promotes both p35

degradation and Ca?" influx.

Discussion

Diabetes mellitus is an increasingly
common disease, characterized by
hyperglycemia due to deficient insulin action,
which in turn is due to insulin resistance and/or
insufficient insulin secretion [1-3]. Obesity or
over-nutrition appears to be the most common
cause of insulin resistance, for which increased
insulin secretion with an enlarged pancreatic 3
cell mass compensates during the period through
glucose intolerance development to the early
stage of type 2 diabetes mellitus [29, 30]. This is
the first report, to our knowledge, demonstrating
the role of Pinl in pancreatic B cell functions.
Our results also strongly suggest the
involvement of Pinl in the mechanism
underlying increased insulin secretion in the
state of obesity-related insulin resistance.

First, the Pinl expression level in
pancreatic 3 cells was shown to be markedly
elevated in high-fat diet fed and ob/ob mice,
both reportedly showing hyperinsulinemia. On
the other hand, fPin1 KO mice showed impaired
insulin secretion leading to glucose intolerance.
Based on both sets of results, we recognized the
important role of Pinl in pancreatic 3 cells.
Regarding the mechanism underlying impaired
insulin secretion in BPinl KO mice, two
independent factors were identified. One role of

Pinl in pancreatic 3 cells is to increase the [ cell
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mass by upregulating cell proliferation, which is
supported by the mass of B cells in fPinl KO
mice being significantly smaller than that in the
controls, and enlargement in response to HFHS
feeding failed to occur. Previous reports
revealed that Pinl binds to and activates
approximately 30 proteins potentially involved
in cell proliferation, including cyclin D1, myc,
B-catenin and so on [27, 31-33]. In this study, we
showed that Pinl ablation in islets reduced
Cyclin D1 protein, which is consistent with a
previous report showing that Pinl associates
with Cyclin D1 and enhances the stability of its
protein. Indeed, Cyclin D1 reportedly plays
important roles in cell proliferation and
hypertrophy in pancreatic islets [34, 35]. On the
other hand, although [-catenin, one of the
known Pinl binding partners, is also considered
to contribute to cell growth in islets, no
reduction of B catenin in Pinl deficient islets
was observed in this study (data not shown).
Thus, it is reasonable to assume that
upregulation of Cyclin D1 protein is involved, at
least playing a contributory role, in Pinl-
induced B cell proliferation. However, we
cannot rule out the possibility that more factors
exist which are involved in cell proliferation via
the association with Pinl.

The other role of Pinl is to activate the
insulin secretory step. It was revealed that not
only glucose- but also KCl-induced intracellular
Ca™ concentration elevation and insulin
secretion were impaired in Pinl KO [ cells,
despite there being no difference in the cellular
ATP level or insulin content per equal amount of

protein. Thus, we attempted to identify the

protein which binds to Pinl and affects
regulation of the intracellular Ca™ concentration
in B cells. We found that SIK2 binds to Pinl,
which leads to enhancement of its kinase activity.
SIK2, which belongs to the AMPK family,
functions as a key player in insulin secretion,
while serving a gluconeogenesis regulating
function in the liver [28, 36]. Experiments using
deletion and point mutants of SIK2 and Pinl
revealed the association to be mediated by the
WW domain of Pinl and two sites containing
Ser/Thr-Pro motifs in and near the kinase
domain of SIK2. The PPlase activity of Pin1 was
shown to be necessary for the Pinl-induced
enhancement of SIK2 activity. In fact, Pinl
knockdown raised the total p35 protein
concentration in Min6 cells. In addition,
treatment with olomoucine, a CDKS5 inhibitor,
reversed the decrease in insulin release resulting
from Pinl deficiency. Taken together, these
findings allow us to conclude that Pin1 binds to
and enhances SIK2 activity, and thereby induces
both the degradation of p35 and the
downregulation of CDKS5 activity, eventually
contributing to the enhanced insulin secretion
response of B cells (Fig.8).

In summary, we have clearly
demonstrated the roles of Pinl in the regulation
of both B cell mass and insulin secretion. This
mechanism  presumably  underlies  the
development of compensatory hyperinsulinemia
accompanying B cell hypertrophy, under

conditions of obesity-related insulin resistance.

Materials and Methods

Materials: Antibodies were purchased from
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Santa Cruz (Pin1 mouse antibody sc-46660: Lot
DO0115, Tubulin mouse antibody sc-5286: Lot
B2715), Cell Signaling (Glucagon rabbit
antibody #2760: Lot 4, Insulin rabbit antibody
#3014: Lot:4, cyclin D1 mouse antibody #2922:
Lot 7 and p35 rabbit antibody #2680: Lot 4),
Abcam (Insulin mouse antibody ab6995: Lot
GR1753763, Ki67 rabbit antibody ab15580: Lot
GR278965-1 and S-tag rabbit antibody
ab18588: Lot GR124515-1) or Sigma (Flag
mouse antibody F3040: Lot 035K6196).
Phospho-p35 antibody was kindly provided by
Dr. Hisanaga (Tokyo Metropolitan University)
[37]. HRP-linked mouse or rabbit IgG secondary
antibody was purchased from GE Healthcare
(NA931V, NA934V).

Flag beads were purchased from Sigma. FITC or
Cy3-conjugated secondary antibodies were
obtained from Jackson Immunoresearch and
BlueStatin from Invitrogen.

Mice: Pinl flox mice were produced, as
previously described [17]. Pinl flox mice were
backcrossed with C57BL/6J six times. To delete
the Pinl gene in pancreatic B cells, Pinl flox
mice were mated with Mouse Insulin Promoter
Cre (MIP-Cre) mice (RIKEN). Pinl flox mice
were mated with Pinl flox MIP-Cre mice to
achieve gain of both Pinl flox and Pinl flox
MIP-Cre. These mice were maintained in a
temperature- and light-controlled facility. In the
analysis of fPinl KO mice, Pinl flox mice were
used as a control (Fig.2-5). The animals were
handled in an accordance with the Animal
Experimentation guidelines of Hiroshima
University.

Plasmid: Human Pinl ¢cDNA was inserted into

a pcDNA3.1 vector. S-tag was added to the N-
terminal of Pinl by the PCR method. Mouse
SIK2 cDNA was inserted into the Flag-
pcDNA3.1 vector. To create a GST-p35 vector,
mouse p35 cDNA was inserted into the
pGEX4T-1 vector.

Immunohistochemistry:  Paraffin-embedded
pancreatic sections were cut at 200 um intervals.
Immunohistochemistry was performed, as
previously reported [18]. Briefly, paraffin-

embedded pancreatic sections were

deparaffinized and then treated with 0.1% Triton.

After washing with phosphate buffered saline
(PBS), the sections were boiled in citrate buffer
(pH=6.0) with a microwave to activate the
antigens. The slides were then washed with PBS
three times and incubated with primary antibody
(Insulin antibody 1:400, glucagon antibody
1:200, Ki67 antibody 1:400) at 4°C overnight.
Subsequently, the slides were reacted with FITC
or Cy3-conjugated secondary antibody in the
presence or absence of BlueStatin for 1hr. After
being washed with PBS three times, the sections
were embedded in DAPI, and then observed by
fluorescent microscopy. To measure the areas of
B cells, islets which had been stained with
insulin antibody were randomly selected from at
least 30 islets per mouse. The ratio of the area of
B cells to that of entire pancreatic sections was
calculated as an average of three sections per
mouse. To calculate the ratios of cell
proliferation and apoptotic cells, nuclei in the 3
cell area were counted for at least 2000 cells per
mouse.

Immunoblotting: Immunoblotting was

performed, as previously reported [12,16,17].
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Briefly, proteins were separated by SDS-PAGE
and transferred to PVDF membranes. After
blocking with 3% bovine serum albumin for 1hr,
the membranes were incubated with primary
antibody (1:2000) for 1 hr at room temperature
(RT). After being washed with PBS containing
0.1 % Tween20, the membranes were reacted
with horseradish peroxidase-linked secondary
antibody (1: 4000) for 1 hr at RT. Membranes
were washed with PBS three times and proteins
were detected by ECL. The results of several
immunoblots were quantitatively analyzed using
Chemi Doc™XRS Plus and Image Lab™SVP
software (Bio-Rad Laboratories, Hercules, CA,
USA).

Cell culture: 293T cells were cultured in
DMEM (Nissui) containing 10% fetal calf serum
(FCS) at 37°C. Min6 cells were cultured in
DMEM containing 15% FCS. For plasmid
transfections, 293T cells were cultivated in
collagen-coated 6 cm dishes and plasmids were
transferred, using X-treme (Roche). For
adenovirus infection, Min6 cells were cultured
in 24-well plates and then infected with
adenovirus coding LacZ shRNA or Pinl shRNA
for 2 hr in serum-free DMEM. Then, Min6 were
incubated in DMEM containing FCS for 72 hr.
Glucose/Insulin tolerance test: Mice were
fasted  overnight and  glucose  was
intraperitoneally injected (2g/kg). For insulin
tolerance testing, mice were starved for 4 hr and
insulin solution (0.751U/kg) was injected.

Real time PCR: RNA extraction from isolated
islets was performed using the NucleoSpin RNA
XS kit (Takara). For reverse transcription, RNA

was reacted with ANTP, random primers, RT

10

enhancer and reverse transcriptase (Thermo
Fisher). Real time PCR was performed, using
SYBR Green (KAPA). Primer sets were as
follows: mlns-1 F: aaacccacccaggcttttgt R:
atccacaatgccacgcttcet, PDX1 F:
cggacatctccccatacgaa R: ctcgggttccgetgtgtaag,
Glut2 F: tcatgtcggtgggacttgtg R:
ttgcagacccagttgetgaa, mNeuroD F:
ccccaagetggacagatgag R: tttttgggaccccgtcetctt.
Insulin release assay: Isolated islets were
prepared from Pinl flox or Pin1 MIP-Cre mice.
After incubation in RPMI medium overnight,
islets were incubated in HKR buffer containing
3mM glucose for 30 min at 37°C, followed by
switching to HKR buffer containing 3mM or 20
mM glucose for 1 hr. Supernatants were
collected and insulin contents were measured
with an Elisa kit (Morinaga). The rates of insulin
release were adjusted by intracellular insulin
contents.
Immunoprecipitation: Cells were lysed in
buffer containing Tris-HCI (pH7.4), ETDA,
NaCl, Triton, orthovanadate and
phenylmethylsulfonyl fluoride. After
centrifugation, the supernatants were transferred
to new tubes and Flag beads were added. For p35
immunoprecipitation, both p35 antibody and
Protein G beads were added. After the tubes had
been rotated for 2 hr at 4°C, the beads were
washed four times with lysis buffer.
In vitro kinase assay of SIK2 using GST-p35
as a substrate: Phosphorylation of p35 was
measured as an indicator of SIK2 activity. The
plasmid coding Flag-SIK2 was transfected into
293T cells with or without the S-tag Pinl

plasmid. The cell lysates were incubated with
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anti-FLAG antibody conjugated beads. After
being washed 4 times with PBS, Flag-tagged
proteins, Flag-SIK2 and bound Pin1, were eluted
employing a flag peptide. GST-p35 was reacted
with SIK2 or SIK2 binding with Pinl in the
presence of ATP for 15 min. The reactions were
then stopped by adding DB buffer.

Pulldown assay using GST-Pin1 protein: GST
or GST-Pinl protein was prepared from
Escherichia coli harboring the transfected vector
coding the gene of each protein. Wild type SIK2
or SIK2 mutant was overexpressed in 293T cells,
and cell lysates were prepared. Cell lysates were
incubated with GST or GST-Pinl binding beads
for 2hr at 4°C. The beads were then washed with
buffer four times and DB buffer was added.
Measurement of intracellular  Ca?
concentration: Min6 cells were cultivated in
glass-bottom dishes. The cells were then loaded
with 5 uM Fura-2 for 30 min and washed three
times with PBS. The intracellular Ca®
concentration changes were measured using
Argas-Hisca.

Measurement of intracellular ATP: Isolated
islets were stimulated with 3mM or 20 mM
glucose for 15 min. After centrifugation,
supernatant was removed and intracellular ATP
in the islets was measured employing an ATPlite

kit (PerkinElmer). ATP levels were adjusted by
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Figure Legends

Figure 1. Pinl expressions are increased in islets from obese mice.

(A) Islets were prepared from mice fed a normal diet or a high-fat diet for 20 weeks (n=4).

(B) Islets were isolated from 10-week-old male wild type mice or ob/ob mice. Pinl protein levels in
the islets were demonstrated by immunoblot analysis (n=4). (C, D) Glucose tolerance and insulin
tolerance tests were performed, using three groups of mice (n=5). (E) Islets were isolated from 8-
week-old male mice. The islets were then incubated with HKR buffer containing 3mM or 20 mM
glucose for 1hr. (F) Islet areas were measured to allow comparisons among the three groups.
**Pp<0.01 ***P<0.001 n.s.= not significant. Representative data from three independent

experiments are shown.

Figure 2. Deletion of Pinl in pancreatic 3 cells reduced insulin secretion and exacerbated glucose
intolerance.

(A) Expressions of Pinl protein in various tissues of control and fPinl KO mice. (B) Pinl mRNA
levels in isolated islets from control and BPinl KO mice (n=5). (C, D) Immunostaining with anti-
insulin, anti-glucagon or anti-Pinl antibody in pancreatic sections from control and fPin1 KO mice.
(E) Blood glucose levels in fasted and 1hr re-fed states of 10-week-old male mice fed chow diets (n=6-
9). (F) Glucose tolerance tests on normal diet-fed mice. Glucose (2g/kg) was intraperitoneally injected
into 8-week-old male mice after they had been fasted overnight (n=6). (G) Plasma insulin levels after
stimulation with glucose. Mice were fasted overnight, and then injected with glucose solution (2g/kg)
(n=6). (H) Insulin tolerance tests on 7-week-old male mice fed a normal diet. Insulin solution
(0.751U/kg) was intraperitoneally injected into the mice after they had been fasted for 4hr (n=6-8). (I)
Glucose tolerance tests on mice fed the HFHS diet for 14 weeks (n=6). (J) Insulin tolerance tests on
mice fed the HFHS diet for 15 weeks (n=6). *P<0.05 **P<0.01 ***P<0.001 Representative data

from two (A, C, D) or three independent experiments (B,E-J) are shown.
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Figure 3. Pinl deficiency diminished pancreatic 3 cell mass. Pancreatic sections were prepared from
10-week-old male mice fed normal chow (n=5).

(A, B) Islet areas and B cell mass were measured for comparison between control and BPin1 KO mice.
(C) Insulin contents in islets. Proteins were extracted from islets of 12-week-old male mice. Insulin
contents were measured by the Elisa method, and then adjusted by protein levels (n=4-5). (D, E) Ki67
positive cells were counted as an indicator of cell proliferation. TUNEL positive cells were counted to
allow calculation of apoptosis rates. (F) Expression levels of markers of mature islets. RNA was
extracted from islets of 8-week-old male mice. Expressions of mRNA were measured by real time
PCR (n=5). (G) Reduction of cyclin D1 protein in response to Pinl gene ablation. Cyclin D1 protein
levels in islets were assessed by immunoblotting (n=6-7). *P<0.05 **P<(0.01 ***P<0.001

Representative data from one of three independent experiments are shown.

Figure 4. Pinl is essential for compensatory hypertrophy of pancreatic 3 cell mass.

(A-D) Compensatory hypertrophy of 8 cell mass was suppressed in fPinl KO mice. Both control and
BPin1 KO mice were fed the HFHS diet for 20 weeks (n=6-7). A, B: Islet areas and B3 cell masses were
measured for comparison between control and BPinl KO mice. C: Ki67 positive cells were counted
as an indicator of cell proliferation. D: TUNEL positive cells were counted to allow calculation of
apoptosis ratios. *P<0.05 **P<0.01 n.s.: not significant. —Representative data from three

independent experiments are shown.

Figure 5. Ablation of the Pinl gene impairs the insulin release response.

(A, B) Measurement of insulin release in isolated islets stimulated with 20mM Glucose for 1 hr or
with 45 mM KCI for 30min. HKR buffer containing 3 mM glucose was used as a control. Supernatants
were collected and insulin contents were measured by the Elisa method. The rates of insulin release
were calculated by adjusting for total insulin contents (n=4-5). (C) Measurement of intracellular ATP
levels in the isolated islets. Isolated islets were stimulated with 3mM or 20 mM glucose for 15 min.
Then, ATP levels were measured. (D) Min6 cells were loaded with Fura-2 for 30min. After being
washed with PBS, intracellular Ca®* changes were measured. High glucose was added Imin after
starting the measurement. (n=25 cells)

(E) Regulation of insulin release by SIK2 (F) Decreased insulin release in response to pan-SIK
inhibitor treatment. Isolated islets were incubated with 1 uM HG-9-91-01 overnight, and then
stimulated with 20mM Glucose for 1 hr (n=4-5). (G) The association between Pinl and SIK2. Both
Flag-SIK2 and S-tagged Pinl were overexpressed in 293T cells. Next, the cells were
immunoprecipitated with Flag beads, and binding proteins were eluted employing Flag peptide. (H)

Pinl endogenously binds to SIK2. Proteins were extracted from Min6 cells and then
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immunoprecipitated with Pinl antibody. Finally, proteins in the samples were detected employing
SIK2 antibody.  *P<0.05 **P<0.01. Representative data from three independent experiments are

shown.

Figure 6. Pinl binds to both S179-Pro and T420-Pro sites of SIK2 via its WW domain.

(A) Pinl associates with SIK2 through the WW domain. Flag-tagged SIK2 were overexpressed in
293T cells and cell lysates were prepared. The cell lysates were incubated with GST protein-
conjugated beads and the proteins were then immunoblotted with Flag antibody. (B) Two Ser/Thr-Pro
sites of SIK2 are essential for Pinl binding. All Ser/Thr-Pro sites in SIK2 were substituted with
Alanine. Then, one of the Ser/Thr was restored. Cell lysates including SIK2 mutants were incubated
with GST protein-conjugated beads. (C) GST-Pinl was incubated with Wild type SIK2 or the SIK2
mutant in which both S179 and T420 had been switched to Alanine. Representative data from one of

three independent experiments are shown.

Figure 7. SIK2 is activated by the association with Pinl and is involved in the insulin secretion
pathway

(A) Phosphorylation of p35 at Ser91 by SIK2. SIK2 protein was incubated with GST-p35 WT or GST-
p35 S91A for 30 min, and the level of p-p35 was then examined by Western blotting. (B) Upregulation
of SIK2 activity by Pinl. GST-p35 protein was reacted with SIK2, and SIK2 binding with Pinl was
allowed to proceed for 30 min. Phosphorylation levels of p-35 were determined by Western blotting.
(C) Pinl decreases p35 expressions, depending on the isomerase activity of Pinl. Both Flag-p35 and
S-tag Pinl were transfected into 293T cells. The p35 expression levels were determined by Western
blotting. W34A is the Pin1 mutant form which is unable to bind substrates, and K63A is the inactive
form of PPIase. (D) The reductions in p35 proteins in response to Pinl depend on SIK2 activity. Both
S-tag Pinl and Flag-SIK2 were transfected into 293T cells.

The SIK2 S91A mutant is not phosphorylated by SIK2. (E) Min6 cells were infected with adenovirus
coding shLacZ or shPinl. After 72hrs, samples were prepared and total p35 levels were determined
by Western blotting. (F) Islets were isolated from both control and fPin1 KO mice. The p35 protein
expression levels were investigated using western blotting. (G) Isolated islets were incubated with
DMSO or 50uM olomoucine for 2 hr. The cells were then incubated in the presence of 20mM glucose
for 1hr (n=4-5). **P<0.01, n.s.: not significant. =~ Shown are representative data from three

independent experiments.

Fig.8 Regulation of pancreatic 3 cell functions by Pinl.

Pin1 associates with SIK2 and thereby decreases the expression of p35, a negative regulator of VDCC.

The degradation of p35 protein promotes Ca?" influx and subsequent insulin release.
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In addition, Pinl controls pancreatic 3 cell mass through, at least partially, the regulation of cyclin
D1.
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