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Expression of the multi-PDZ protein Pdzd2 (PDZ domain-containing protein 2) is enriched in pancreatic
islet 3 cells, but not in exocrine or « cells, suggesting a role for Pdzd2 in the regulation of pancre-
atic 3-cell function. To explore the in vivo function of Pdzd2, Pdzd2-deficient mice were generated.
Homozygous Pdzd2 mutant mice were viable and their gross morphology appeared normal. Interestingly,
Pdzd2-deficient mice showed enhanced glucose tolerance in intraperitoneal glucose tolerance tests and
their plasma insulin levels indicated increased basal insulin secretion after fasting. Moreover, insulin
release from mutant pancreatic islets was found to be twofold higher than from normal islets. To verify
the functional defect in vitro, Pdzd2 was depleted in INS-1E cells using two siRNA duplexes. Pdzd2-
depleted INS-1E cells also displayed increased insulin secretion at low concentrations of glucose. Our
results provide the first evidence that Pdzd2 is required for normal regulation of basal insulin secretion.

© 2009 Published by Elsevier Ireland Ltd.

1. Introduction

Insulin produced by pancreatic 3 cells is the key hormone
responsible for maintaining glucose homeostasis. The regulation
of insulin exocytosis in 3 cells is complicated and has a num-
ber of mechanisms involved (MacDonald et al., 2005; Rorsman
et al., 2000; Straub and Sharp, 2002). Upon the challenge of
a stimulus, e.g. glucose, exocytosis of insulin is triggered. Such
glucose-stimulated insulin secretion (GSIS) is commonly distin-
guished as a biphasic process which depends on the rise of [Ca2*];.
As the extracellular glucose concentration increases above 6 mM,
glucose enters rodent 3 cells through Glut2 transporters (Thorens
et al., 1988). Subsequent degradation of glucose causes an eleva-
tion in the ATP/ADP ratio, and hence directs the closure of the
Katp channel. Followed by membrane depolarization, the influx
of Ca?* activates the exocytosis of insulin granules (Ashcroft and
Rorsman, 1989; Ammala et al., 1993). As defective or deficient
insulin secretory responses that result from impaired pancreatic
[3-cell functions lead to diabetes mellitus (Ashcroft, 2005; Koster et
al., 2005), an understanding of the regulatory mechanisms of GSIS
is definitely relevant to the pathogenesis and treatment of diabetes.

* Corresponding author at: Department of Biochemistry, LKS Faculty of Medicine,
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Pdzd2 [previously named KIAA0300 (Nagase et al., 1997), PIN-
1 (Thomas et al., 1999), PAPIN (Deguchi et al., 2000), activated in
prostate cancer (AIPC, Chaib et al., 2001)] is a multi-PDZ protein
expressed in multiple tissues including heart, brain, lung and pan-
creas (Yeung et al., 2003). Immunohistochemical analyses revealed
selective expression of Pdzd2 in pancreatic islet 3 cells, but not
in exocrine or glucagon-secreting o cells (Ma et al., 2006). Pdzd2
cDNAs were originally cloned based on the protein’s binding and
expression properties but its function remains obscure as no func-
tional analysis in animal or cell model has been reported. Pdzd2
contains six different PDZ protein-protein interaction domains,
which are thought to function by acting as molecular scaffolds
to facilitate the assembly of macromolecular complexes (Nourry
et al., 2003; Kim and Sheng, 2004; Harris and Lim, 2001). Pdzd2
shows the strongest sequence match to pro-interleukin-16 at the
carboxy-terminus (Yeung et al., 2003; Baier et al., 1997) but is
most structurally similar to the longer neuronal form of pro-
interleukin16 (npro-IL-16, Kurschner and Yuzaki, 1999), which is
a 5-PDZ domain protein. Npro-IL-16 has been reported to interact
with the NMDA receptor subunit 2A and Kv4 channels in interaction
assays (Kurschner and Yuzaki, 1999). The interactions of npro-IL-
16 with Kv4.2 in the hippocampus and cerebellum were recently
found to modulate Kv4.2 channel function (Fenster et al., 2007).
The structural similarity between npro-IL-16 and Pdzd2 implies a
potential intracellular role for Pdzd2, acting as a scaffolding protein
for targeting receptors or jon channels. The purpose of this study
was to establish mouse lines in which Pdzd2 is disrupted by gene-
trap mutagenesis in order to address the functional role of this large
PDZ protein in the endocrine pancreas or 3-cell physiology in vivo.
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In addition, silencing of Pdzd2 expression in the (3-cell-derived INS-
1E line was performed using siRNAs to confirm functional relevance
in vitro. Our results show that without affecting the expression
of the Karp channel subunits, basal insulin secretion is distorted
in Pdzd2-deficient mice as well as in the Pdzd2-depleted INS-1E
cells and suggest that Pdzd2 is required in the regulation of insulin
exocytosis through modulation of Katp channel activity.

2. Materials and /1:1ethods
2.1. Generation of the gene-trap (Pdzd2%/Ct) mutant mice

Two mouse ES lines, S3-7A and S7-9G, with the Pdzd2 locus mutated by gene-
trap mutagenesis, were purchased from Fred Hutchinson Cancer Research Center.
These ES cells were used to generate chimeras by blastocyte (C57/BI6) injection and
germline transmission of the mutant allele was achieved by crossing the chimeras
to 129/SvEv mice. Homozygous mutants (designated Pdzd2¢/¢t-A and Pdzd2¢!/5t-B)
were generated by intercrossing heterozygotes. To suppress transcription down-
stream of the sites of insertion of the retroviral gene-trap vector ROSAFARY (Chen et
al., 2004), the PGK promoter flanked with FRT sites within ROSAFARY was removed
by crossing with a mouse line that constitutively expressed the Flp recombinase.
Mutant and wild-type mice were bred and housed in the Minimal Disease Area
(MDA) unit at the University of Hong Kong. Sex- and age-matched mutants and
their non-transgenic littermates were used in the present study. All animal proce-
dures have been approved by the Committee on the Use of Live Animals in Teaching
& Research at the University of Hong Kong.

2.2. Evaluation of glucose tolerance and plasma insulin

Mice were starved for 14 h prior to the glucose challenge. Two grams of glu-
cose per kg of body weight, in a 20% (w/v) glucose solution, was injected into the
peritoneal cavity of individual animals. Blood glucose levels of the mice were moni-
tored 30 min before and 10, 20, 30, 60 and 120 min after glucose injection using the
Glucometer Elite (Bayor Inc.). As insulin levels'were measured, blood samples were
drawn from the animals 30 min prior to and 2.5, 5, 10, 15, 30 and 60 min after glu-
cose injection using the Microvette CB300 lithium‘zieparin-coated blood collection
device (Sarstedt, Germany). Whole blood samples Were subsequently centrifuged at
4600 rpm for 5 min at room temperature. Plasma was collected and stored at —20°C

til use. Plasma insulin le@ls were measured utilizing an insulin ELISA kit/(lINCO
Research, USA). For insulin tolerance tests, mice starved for 7 h were injected with
insulin at 0.751U/kg and the blood glucose levels measured at the indicated time
intervals.

2.3. Islet isolation and culture

Mice were sacrificed by cervical dislocation. The pancreatic tissue was harvested,
rinsed and trimmed of fat, as previously described (Lau et al., 2004). Briefly, two
pancreases were placed in 8 mL HBSS containing 25 mg collagenase A (Roche) at
37°C for 25 min with vigorous shaking. The islets were handpicked under a light
microscope and were cultured in RPMI 1640 medium. Typically, islets became free
of other contaminating cell types after/{ days of incubation and were ready for
different assays.

2.4. INS-1E cell culture and RNAi

Two pairs of the siRNA duplexes, designated as duplex2 (sense: 5'-UUCUCC GAA
CGU GUC ACG UdTdT-3' and antisense: 5-ACG UGA CAC GUU CGG AGA AdTdT-3'
from Qiagen) and duplex3 (sense: 5-GCU GCA GGA GUA CAU CCA AdTdT-3’ and
antisense: 5'-UUG GAU GUA CUC CUG CAG CdTdT-3' from Health & Co.), were specifi-
cally designed for targeting the third and first PDZ domain, respectively, of rat Pdzd2,
whereas one non-silencing siRNA duplex, duplex1 (sense: 5'-UUCUCC GAA CGU GUC
ACG UdTdT-3’ and antisense: 5'-ACG UGA CAC GUU CGG AGA AdTdT-3’ from Qia-
gen), was used as a negative control. siRNA oligos (10 nM) were delivered into INS-1E
cells using HiPerfect transfection reagent (Qiagen) according to the manufacturer’s
instructions. Samples were harvested 48 h after transfection.

2.5. RT-PCR analysis

Total RNA from islets or INS-1E cells was isolated in TRIzol (GIBCO) accord-
ing to the manufacturer’s instructions. Two micrograms of total RNA were reverse
transcribed using random hexamers and SuperScript Il Reverse Transcriptase (Invit-
rogen). Various mouse and rat cDNAs were amplified by PCR using SuperMix II
(Invitrogen) and the conditions were as follows: an initial denaturation at 94°C
for 1 min; repeated cycles of denaturation at 94°C for 155, annealing at 55-58°C
for 30-45s and extension at 68°C for 2 min; and a final’/PCR cycle with an addi-
tional extension step at 68°C for 8 min. All amplifications were performed for
20-40 cycles and the number of cycles was optimized to fall within the linear
rdnge for semi-quantitative analysis. For TagMan-based real-time PCR analysis of
Glut2 (MmO00446224_m1) and Insulin (Mm01950294_s1) transcripts, reactions were

performed using the ABI 7500 Real-Time PCR system with the following thermal
cycle program: 5min at 95°C followed by 40 cycles of 155 at 95°C and 35s at
60°C. Reactions Were performed in triplicate with gene ex&ssion normalized to
glyceraldehyde-3-phosphate dehydrogenase and data analyzed using comparative
Ct method. Details about primer design will be furnished upon request.

2.6. Immunohistochemical, histomorphometric and western blot analyses

Pancreatic tissues were fixed in 4% paraformaldehyde in PBS and cleared with
xylene. Paraffin-embedded tissue blocks were sectioned into 6 wm slices using
the microtome machine. Slides were de-paraffinized, briefly rinsed with PBS and
exposed to primary antibodies, anti-Pdzd2 [1:1000 for C-terminus antibody (Yeung
et al,, 2003); 1:2500 for N-terminus antibody], anti-insulin (pre-diluted, LINCO
Research) and anti-glucagon (1:2000, DakoCytomation) for about 16 h at 4°C. After
several washes with Tris-buffered saline containing 0.1% Tween-20 (TBS-T), the sec-
tions were incubated with HRP-, Cy3- or Cy5-conjugated anti-rabbit or anti-goat
secondary antibodies at room temperature for 1 h. For DAB staining, sections were
covered with liquid DAB and substrate-chrombgen solution from the EnVision+
System-HRP (DAB) kit (DakoCytomation). The anti-Pdzd2 N-terminus antibody was
raised against the peptide sequence CDTADDPSSELENGT (amino acids 240-254)
identified within mouse Pdzd2 and was partially purified by the manuf{c\turer
(United States Biological). Islet area and islet mass were determined according to
Skau et al. (2001).

Protein from INS-1E cells or islets was extracted in RIPA buffer [150 mM Nacl,
1% NP-40, 0.5% deoxycholate, 1 mM EDTA, 50 mM Tris—HCl (pH 7.4), proteinase
inhibitor cocktail (Roche Applied Science)] on ice. Sampfe} were then solubilized in
5x SDS sample buffer [62.5 mM Tris-HCI (pH 6.8), 2% SDS, 5% [3-mercaptoethanol,
0.025% bromophenol blue, 20% glterol]. Twenty micrograms of protein were
resolved on SDS polyacrylamide gels (7.5-15%), subjected to electrophoresis and
transferred to Hybond-C membranes (Arﬁ\ersham). Bound proteins were blocked
with 5% non-fat dry milk in TBS-T at room temperature for 1}, and were probed
with specific primary antibodies against Pdzd2 (1:1000, 13), SURY (1:250, H-80 from
Santa Cruz), Kir6.2 (1:250, N-18 from Santa Cruz) and a-Tubulin (1:1000, NeoMark-
ers) overnight at 4°C. Membranes were then washed with TBS-T and incubated
with appropriate HRP-conjugated secondary antibodies at room temperature for
half an hour. Immunoreactive bands were visualized using an enﬁnced chemilu-
minescence detection system (Pierce).

2.7. Assays for insulin secretion

In a 24-well plate, INS-1E cells were seeded at a density of 4 x 10* or groups
of 15 isolated mouse islets were placed (Lau et al., 2004). After pre-incubation in
complete RPMI 1640 medium containing 2.8 mM glucose for 4 h, cells or islets were
briefly washed with PBS. At time 0, samples were incubated in 0.5 mL Krebs-Ringer
bicarbonate (KRB) buffer supplemented with 2.8 mM glucose for 30 min/a\r 37°C.
The ambient buffer was then collected for the measurement of insulin secretion.
At time 30 min, samples were switched to be incubated in 0.5 mL KRB buffer con-
taining 16.7 mM glucose for another 30 min at 37 °C. Again, the ambient buffer was
collected for determination of insulin secretion after glucose stimulation. Besides
glucose, INS-1E cells and mouse islets were subjected to various stimuli, including
100 wM tolbutamide (Sigma), 300 uM diazoxide (Sigma) and 30 mM KClI. Insulin
concentrations in the collected samples were measured using an insulin ELISA kit
(LINCO Research) and were normalized to the corresponding insulin content.

2.8. Statistical analyses

The data are presented as means =+ S.E.M. Significance was evaluated by unpaired
Student’s t-test or one-way analysis of variance (ANOVA) with appropriate post
hoc tests. Statistical significance by either unpaired Student’s t-test or ANOVA is
explicitly identified by text or in the figure legends.

3. Results

3.1. Pdzd?2 expression is disrupted in two mouse gene-trap lines

Both Pdzd2 heterozygous and homozygous mutants derived
from the two gene-trap lines were viable and appeared grossly
morphologically normal. To avoid extensive hormonal effects in
physiological assays, male animals were used in experiments and
only wild-type and homozygous mutant mice were studied to
clearly detect any loss-of-function phenotype. The viral insertion
sites of both Pdzd2¢t/6t-A and Pdzd26/St-B lines are downstream of
the first coding exon (Exon 1) of Pdzd2 and they are about 35,000 bp
apart (Fig. 1A). RT-PCR analysis of Pdzd2 transcripts revealed that
splicing from Exon 1 to Exon 2 was disrupted in the gene-trap
mutants of both lines (Fig. 1B, Primers 1 and 2). As a result,
transcription across Exon 2 and Exon 3 was also halted (Fig. 1B,
Primers 3 and 4). Next, we examined the protein levels of Pdzd2

doi:10.1016/j.mce.2009.11.007
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1
1 L H =+
Exon 1 Pdzd2 Locus Exon2  Exon3
: 500 bp 30k bp — <«— RT-PCR primers

(B)
Primers
land2
mPdzd2
Primers
3and 4
WT  Pdzd2CVGt.A no WT  Pdzd2SYG'B  no
cDNA cDNA
Pdzd2 (~300 kDa)

(C)- -

WT  Pdzd26V0'-B

WT  Pdzd267Ci-A

Using anti-Pdzd2 C- antibody

Tubulin (55 kDa)

Using anti-Pdzd2
N- antibody (DAB)

Fig. 1. Characterization of the gene-trap (Pdzd2¢"/%!) mutant mice. (A) Schematic representation of the structure of the Pdzd2 protein and Pdzd2 locus. The viral insertion
sites in the gene-trap (Pdzd2S/¢t-A and Pdzd2%!/¢t-B) mutant mice are indicated by downward pointing arrows. (B) RT-PCR analysis of splicing from Exon 1 to Exon 2 and
from Exon 2 to Exon 3 in the mutant and wild-type mice. (C) Immunoblot analysis of Pdzd2 expression in pancreatic homogenates using the anti-Pdzd2 C-antibody. (D)
Immunostaining of pancreatic sections using the anti-Pdzd2 N-antibody. Pdzd2 expression was visualized by DAB and counterstained with hematoxylin. Arrows indicate

the position of islets. Magnification 200 x.

in pancreatic tissues by immunoblot analysis utilizing an anti-
Pdzd2 C-terminus antibody. The expression of Pdzd2 (~300kDa)
in the gene-trap mutant pancreases was suppressed when com-
pared with those from the wild-type mice (Fig. 1C). The disruption
in expression of this large Pdzd2 protein was further confirmed
by immunostaining using an anti-Pdzd2 N-terminus antibody
(Fig. 1D). This analysis confirmed the islet-enriched expression of
Pdzd2 that was lost in the gene-trap mutant pancreases.

3.2. Pdzd?2 deficiency has no detectable effect on islet morphology
or expression of important B-cell markers

Immunohistochemical studies were performed using antibod-
ies against the major pancreatic endocrine hormones, insulin
and glucagon, to identify o and [ cells. Pancreatic sections from
wild-type and Pdzd2CtCt-A mutants were found to contain the
two islet cell types and no notable alteration was observed in

doi:10.1016/j.mce.2009.11.007
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Fig. 2. Analysis of islet morphology and gene expression in gene-trap (Pdzd2¢/¢t) mutant mice. (A) Immunohistochemical analysis of pancreatic sections isolated from
3-month-old wild-type and Pdzd2¢/®t-A mutant mice. Sections were stained with DAPI (DNA dye) and antibodies against insulin and glucagon. Magnification 200x. (B) Islet
area and islet mass were determined by morphometric analysis of pancreatic sections. (C) Real-time PCR analysis of Glut2 and Insulin transcripts in wild-type 51\:1 mutant

pancreases. Data are means + S.E. of values from at least three mice of each genotype.

their localization (Fig. 2A). In addition, histomorphometric analysis
of insulin-expressing cells did not reveal any significant differ-
ence in islet mass or islet area/pancreas in Pdzd2¢t/¢t-A mutants
(Fig. 2B) and the mRNA expression of two important (3-cell markers,
Insulin and Glut2, was not significantly affected by Pdzd2 defi-
ciency (Fig. 2C). Similar results were also obtained from Pdzd26t/Gt-B
mutants (data not shown). Hence, Pdzd2 deficiency does not appear
to have any negative effect on the formation of the different islet
cell types, general islet morphology and 3-cell mass.

3.3. Pdzd2C%/St mutant mice have slightly lower body weight and
show enhanced glucose tolerance

At the ages of 2 and 3 months, the body weight of Pdzd2¢t/Ct
mutants, from both lines A and B, was found to be lower when
compared with the wild-type mice (Fig. 3A). Moreover, Pdzd2¢t/Ct

mutants exhibited a relative lower level of blood glucose in the
random-fed state (Fig. 3B), along with a slightly higher plasma level
of insulin (Fig. 3C). However, those differences were not regarded
as statistically significant. To investigate possible change in glucose
homeostasis in the Pdzd26/Gt mice, an intraperitoneal injection of
glucose at 2 g/kg of body weight was given to animals (at 1, 2 and
3 months of age) that had been fasted overnight. Interestingly,
Pdzd2Ct/ct mutants of both lines A and B at/% and 3 months of age
showed a faster clearance of blood glucose in contrast to wild-type
mice; the differences were most significant at,%O and 30 min after
glucose injection (Fig. 4B and C). However, such a phenomenon was
not observed when the animals were only ]-month old, suggesting
a delayed onset of phenotype (Fig. 4A). Thé\faster glucose clearance
could not be attributed to increased insulin sensitivity of peripheral
tissues as insulin tolerance tests revealed comparable responses in
wild-type and Pdzd2Ct/Ct-A mutants (Supplementary Fig. 1).
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Fig. 3. Pdzd2¢!St mutant mice have lower body weight. The body weight (A), fed-
state blood glucose level (B) and fed-state plasma insulin level (C) were monitored
when mice were 1, 2 and 3 months old. Data are means =+ S.E. of values from 10 (A),
7 (B) or 4 (C) mice of each genotype. *p<0.05. A

3.4. Pdzd2CYSt mice have increased basal level of insulin secretion

To assess the physiological basis of the lowering of blood glu-
cose levels in Pdzd26t/Gt-A mice (at 3 months of age), plasma insulin
levels were measured at different time points after glucose stimu-
lation. The plasma insulin concentrations in Pdzd26/Gt-A mutants
atall the/Eime points from T=0to T=15 (T=0represented the basal
level), were notably higher than those in wild-type mice (Fig. 5A).
There was an increase in basal level of insulin secretion such that
the transient peak of plasma insulin detected after 2.5 min was
significantly elevated in the mutants compared to wild-type. The
initial peak abated for both wild-type and mutant mice, with a

Time (min)

Fig. 4. Effect of Pdzd2 depletion on glucose clearance. Intraperitoneal glucose toler-
ance tests were performed in wild-type and Pdzd2¢/¢t mice at 1 month (A), 2 months
(B)and 3 months (C) of age after fasting for 14 h. Data are means + S.E. of values from
8 (A) or 6 (B and C) mice of each genotype. *p <0.05.

continued higher level for the mutant mice at 10 and 15 min. The
wild-type mice then showed a second peak af\30 min which was
absent in the mutant mice. Nevertheless, we cannot rule out the
possibility of an early or delayed second peak without measure-
ment of insulin secretion at more time points (between T=15 and
T=60). These findings indicated that Pdzd2¢!/¢t mutants exhibited
a significantly stronger basal level of insulin release.

3.5. Insulin secretion is abnormal in isolated mutant islets

To further investigate the effect of Pdzd2 deficiency on insulin
secretion, glucose- or KCI-stimulated insulin release with islets iso-
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Fig. 5. Abnormal insulin secretion from Pdzd2¢!St mutant mice and isolated islets. (A) Glucose-stimulated insulin secretion was performed in wild-type and Pdzd2Ct/Gt-A
mutant mice that had fasted for 14 h. (B and C) Insulin release responses were measured from wild-type and Pdzd2¢!/%t-A mutant islets under the indicated concentrations
of glucose (B) and KCI (C). (D and E) Insulin secretion was measured from both wild-type and Pdzd2¢/¢t-A mutant islets after treatment with the Karp channel inhibitor
tolbutamine (D) or the Karp channel activator diazoxide (E) in the presence of 8.4 mM glucose. Values are means + S.E. of values from 4 or 5 individual experiments. *p <0.01;

**p<0.001.

lated from Pdzd2Ct/¢t-A mutant and wild-type mice was monitored.
For such experiments, isolated islets were subdivided into groups
of 15 with size-matching. At low concentration of glucose (2.8 mM),
insulin release from Pdzd26!/Ct jslets was about/Ewofold higher than
from normal islets (Fig. 5B). At 16.7 mM glucose, insulin secre-
tion from both Pdzd2¢/St and wild-type islets was essentially the
same. KCl at 30 mM is known to elicit insulin release by inducing
membrane depolarization. The secretory response of the mutant
islets to 4.8 mM KCI was higher than that of the normal islets,
despite their similar level of response to 30 mM KCl (Fig. 5C). These
results indicated that Pdzd2 is required for normal insulin secretion
and disruption of Pdzd2 expression perturbed the control of basal
insulin release consistent with the plasma insulin analysis.

The Kap channel is known to be the key regulator of insulin
secretion by maintaining hyperpolarization of 3 cells and it is the
closure of the Kapp channel by increased ATP levels after glucose
intake that triggers depolarization and eventually insulin secretion.
RT-PCR and western analyses showed that the expression levels
of the Karp channel subunits were not suppressed by Pdzd2 defi-
ciency (data not shown). To investigate the functional involvement
of the Katp channel in mediating the Pdzd2-dependent defect, the
effects of tolbutamine (100 M) and diazoxide (300 M) which are

inhibitor and activator, respectively, of Karp channel activity were
tested. We argue that if the Pdzd2 effect were mediated via reg-
ulation of Karp channel activity, the Pdzd2-dependent defect on
insulin secretion would be lost if Kyrp channel activity was sup-
pressed by tolbutamine treatment. Indeed, when tolbutamine was
applied, insulin release from both wild-type and mutant islets was
increased to comparable levels (Fig. 5D). In contrast, when the Karp
channel activator diazoxide was present, insulin release from both
wild-type and mutantislets was decreased but the insulin secretion
from mutant islets was still maintained higher (Fig. 5E), suggesting
that the Pdzd2-dependent effect is mediated through regulation of
Karp channel activity.

3.6. Silencing of Pdzd2 expression in INS-1E cells produces similar
phenotypic effect as the mutant islets

To study the function of Pdzd2 in vitro, we designed two siRNA
duplexes (duplexes 2 and 3) for silencing Pdzd2 expression by
transient transfection into the (-cell-derived INS-1E cell line. A
non-silencing duplex (duplex 1) was also analyzed in parallel. RT-
PCR and immunoblot analyses revealed that Pdzd2 at both RNA and
protein levels was depleted by both silencing duplexes 48 h after

doi:10.1016/j.mce.2009.11.007

Please cite this article in press as: Tsang, S.W., et al., Increased basal insulin secretion in Pdzd2-deficient mice. Mol. Cell. Endocrinol. (2009),

295
296
297
298
299
300
301
302
303
304
305
306

307
308

309
310
311
312
313
314


dx.doi.org/10.1016/j.mce.2009.11.007
Original text:
Inserted Text
2-fold 

Original text:
Inserted Text
-cell derived 


315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

336

337
338
339
340
341
342
343
344

GModel
MCE73711-8

S.W. Tsang et al. / Molecular and Cellular Endocrinology xxx (2009) xxx—xxx 7

(A)

rGapdh

duplex! duplex2 duplex3 no
cDNA

B -
e . ’. W Pdzd2 (<300 kDa)

_ TUbulin (55 kDa)

duplex]  duplex2 duplex3

) A

duplex]
W//}/ | EEAduplex2
duplex3

o
-
n

=4
-
r

1=
N
h

.
]

7
7
I

.
.

7
L

=
—
1

o

Insulin (% of content/hr

2
16.7

Glucose (mM)

Fig. 6. Knockdown of Pdzd2 expression in INS-1E cells. (A and B) Silencing effects of
different siRNA duplexes on Pdzd2 expression were examined by means of RT-PCR
(A) and western analyses (B). Duplex1 is the non-silencing control. (C) Glucose-
stimulated insulin secretion. In the siRNA-transfected INS-1E cells, insulin release
in response to indicated concentrations of glucose was measured by means of ELISA.
Data are means + S.E. of values from 4 separate experiments. *p <0.05.

transfection (Fig. 6A and B). To further explore the effect of Pdzd2
silencing on insulin secretion, transfected cells were subjected to
GSIS assays. Insulin secretion was measured using ELISA after incu-
bation for 1 in both basal (2.8 mM) and stimulatory (16.7 mM)
doses of glucose. Similar to theﬁx vivo results, INS-1E cells under
knockdown conditions secreted nearly 20% more insulin even at
the non-stimulatory concentration of glucose (2.8 mM). In contrast,
their responses to 16.7 mM glucose were comparable to the con-
trol cells (Fig. 6C). When transfected INS-1E cells were similarly
treated with tolbutamine and diazoxide to study the involvement
of the Kap channel, the effect of Pdzd2 knockdown was abolished
when Katp channel activity was inhibited (Supplementary Fig. 2B)
but not when the channel was activated (Supplementary Fig. 2C).

Taken together, these results suggested that insulin secretion
was distorted by Pdzd2 deficiency. At low concentrations of glu-
cose, basal insulin secretion of both Pdzd2-deficient islets and
INS-1E cells was abnormally increased. The difference in response
of wild-type and mutant islets to tolbutamine and diazoxide, and
similarly for normal and Pdzd2-depleted INS-1E cells, suggested
that the enhanced insulin exocytosis was primarily mediated by
suppression of Katp channel activity.

4. Discussion

In this study, we utilized gene-trap mutagenesis to uncover a
functional role of Pdzd2 in insulin secretion and glucose home-
ostasis. The physiological defect was very evident in intraperitoneal
glucose tolerance tests when Pdzd2¢t/¢t mutant mice exhibited an
unusually faster clearance of glucose. Pdzd2¢t/¢t mutant mice devel-
oped with an elevated basal level of plasma insulin in the fasting
state. The functional defect could be observed in two independent
mouse lines with the mutagenic retrovirus inserted 35kb apart

within the firstintron of the Pdzd2 locus, ruling out the possibility of
asecondary effect. Since enhanced basal level of insulin release was
reproduced in Pdzd2¢t/Ct mutant islets in ex vivo assays and insulin
tolerance tests argued against a significant change in insulin sen-
sitivity in peripheral tissues, the physiological response of insulin
secretion in mutant mice was attributable to the pancreatic islets.
Without any obvious change in composition of various pancreatic
endocrine cell types, the increased secretion of insulin could not be
explained by changes in cell mass of individual cell types.

In normal pancreatic {3 cells, basal release of insulin is tightly
suppressed when the ambient glucose concentration is low. The
release of insulin granules is known to be controlled by sev-
eral mechanisms, and the Karp channel is one of the most
important governing gates (Straub and Sharp, 2002). The Karp
channel exists as an octameric complex of 2 subunits, SUR1 and
Kir6.2, and its activity is thereby regulated by these two proteins
(Ashcroft and Gribble, 1999). Mice lacking Kir6.2 developed tran-
sient hypoglycemia as insulin secretion was not suppressed at low
concentrations of glucose (Seino et al., 2000), and suppression of
beta cell Karp channel activity was found to induce hyperinsulin-
ism (Koster et al., 2002). In the current study, Pdzd2Ct/Ct mutant
mice showed an elevated level of plasma insulin during fasting and
insulin secretion in Pdzd2Ct/Gt mutant islets was not sufficiently
suppressed at 2.8 mM glucose, consistent with a perturbation of
Katp channel activity. By means of RNAi to deplete Pdzd2 expres-
sion in INS-1E cells, abnormal insulin responses were observed.
The Karp channel being a target of Pdzd2 action is also supported
by the differential response of mutant islets and Pdzd2-depleted
INS-1E cells to tolbutamine and diazoxide. It is interesting to note
that comparable levels of insulin secretion at 16.7 mM glucose were
observed in islets isolated from both wild-type and mutant islets.
These findings are supportive of an early insulin release in the
mutant mice that led to faster glucose clearance while the total
amount of secreted insulin remained unaffected. Based on these
in vivo and in vitro studies, it is plausible that Pdzd2 takes part in
the regulation of insulin secretion via modulation of Katp channel
activity. Without any apparent decrease in the expression of the
Karp channel subunits, we believe that it was the functional activ-
ity rather than the expression level of the Karp channel that was
affected in the mutant islets.

As a multi-PDZ domain protein, it is conceivable that Pdzd2
may modulate channel activity by serving as a molecular scaffold
to mediate the formation of multi-molecular complexes (Nourry
et al,, 2003; Kim and Sheng, 2004; Harris and Lim, 2001). One of
the highly comparable PDZ domain proteins, npro-IL-16, has been
reported to interact physically with the NMDA receptor subunit
2A and Kv4 channels (Kurschner and Yuzaki, 1999). A recent study
has shown that npro-IL-16 modulates A-type potassium channel
function via regulating channel trafficking in the hippocampus and
cerebellum (Fenster et al., 2007). Npro-IL-16 regulates the surface
expression of Kv4.2 by altering its intracellular clustering, with-
out any effect on Kv4.2 protein expression levels. Since Pdzd2
is required for suppressing insulin exocytosis, it may function to
enhance the intracellular trafficking and hence surface expression
of the Karp channel in pancreatic {3 cells. Further interaction assays
need to be performed to test whether Pdzd2 interacts directly
with the Karp channel subunit SUR1 and Kir6.2. It remains to be
tested whether Pdzd2 would also interact with signaling lipids
(Zimmermann, 2006) to mediate its regulatory function. It is worth
noting that Pdzd2 has recently been predicted to interact with a
variety of ion channels in a large-scale analysis of PDZ interac-
tions (Stiffler et al., 2007). Consistent with this prediction, Shao et
al. (2009) recently detected a direct interaction of Pdzd2 with the
voltage-gated sodium channel Nay 1.8 and siRNA-depleted Pdzd2
expression in sensory neurons led to inhibition of endogenous
Nay 1.8 current. Interestingly, no significant change in pain behav-
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iors could be detected when the Pdzd2-deficient mice reported
in this study were analyzed for pain sensation, probably due to
the compensatory upregulation of another Na, 1.8 regulatory fac-
tor p11 (Shao et al., 2009). Mouse models for conditional knockout
of Pdzd2 would need to be established to further study the tissue-
or cell type-specific function of Pdzd2.

Hitherto, studies of Pdzd2 function have mostly been focused
on the secreted form generated by caspase-dependent proteolytic
processing of the full-length form (Yeung et al., 2003; Thomas et al.,
2009). In a concentration-dependent fashion, recombinant SPDZD2
has been shown to stimulate the proliferation and differentiation of
INS-1E cells in vitro (Ma et al., 2006; Suen et al., 2008; Leung et al.,
2009). Although it is surprising to note a lack of perturbation of 3-
cell mass and gene expression in the Pdzd2 mutant mice, our study
revealed a role for Pdzd2 in the regulation of basal insulin secre-
tion. In summary, Pdzd2 depletion leads to increased basal release
of insulin. The tight suppression of insulin release is lost suggest-
ing that Pdzd2 is required for activation of the Karp channel. The
identification of putative interactors of Pdzd2 may provide further
insight into the molecular basis of Pdzd2 function. Since dysfunc-
tion of the Karp channel and insulin secretion has been implicated
in the development of diabetes, it would also be interesting to
know whether the defective insulin secretion in Pdzd2-deficient

/gﬁice leads to diabetes or impaired glucose tolerance with aging or
iet-induced obesity.
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