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Abstract Trafficking of pancreatic Karp channels to the
plasma membrane critically depends on masking the endo-
plasmic reticulum (ER) retention signals of the SUR1 and
Kir6.2 subunits upon their proper assembly into functional
hetero-octamers. When expressed in the absence of the
partner protein, each subunit might accumulate in the ER
and trigger (3-cell ER stress and oxidative stress. To test this
hypothesis, Kir6.2 localisation, ER ultra-structure and ER-
stress- and oxidative-stress-response gene mRNA levels were
evaluated in pancreatic endocrine cells from adult wild-type
(WT) and Surl knockout (SurI””) mice. As previously
reported, Kir6.2 was mainly expressed on secretory granules
and at the plasma membrane of WT islet cells. In contrast,
like the ER chaperone calreticulin, Kir6.2 was primarily
localised in the rough endoplasmic reticulum (RER) of Sur/ ”
islet cells. ER retention of Kir6.2 was demonstrated (electron
microscopy) by a significant increase in the length and Kir6.2
density of RER in Surl”" vs WT islet cells. Despite Kir6.2
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retention in RER, Xbp/ mRNA splicing and mRNA levels of
preproinsulin and ER-stress-response genes Bip, Edem and
Gaddl53 were similar in WT and Surl” islets. However,
mRNA levels of the antioxidant enzymes Sod!, Sod2, Gpx2
and catalase were significantly up-regulated in Surl™ islets.
Sequestration of Kir6.2 in RER of Surl” islet cells is thus
associated with an increase in RER length and mild oxidative
stress without activation of the classical ER stress response.
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Abbreviations

BiP Immunoglobulin heavy chain binding protein
CHI Congenital hyperinsulinism of infancy
Cyplal Cytochrome P450, family 1, subfamily a,

polypeptide 1

Edem Endoplasmic reticulum degradation-enhancer
mannosidase alpha-like 1

Fmol Flavin monooxygenase 1

Gadd Growth arrest and DNA damage

Gpx2 Glutathione peroxidase 2

GSIS Glucose stimulation of insulin secretion

Karp ATP-sensitive potassium channel

RER Rough endoplasmic reticulum

ROS Reactive oxygen species

Sodl Superoxide dismutase 1, soluble

Sod2 Superoxide dismutase 2, mitochondrial

SUR1 Sulphonylurea receptor 1

Surl”  Surl knockout

Tbp TATA-box binding protein
WT Wild-type
Xbpl X-box binding protein 1
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Introduction

Functional ATP-sensitive potassium (Karp) channels,
which are present in all pancreatic endocrine cells, are
hetero-octamers composed of four pore-forming potassium
inward rectifier Kir6.2 subunits (encoded by the Kcnjil
gene) and four regulatory sulphonylurea receptor SURI1
subunits (encoded by the Abcc8 gene; Inagaki et al. 1995;
Clement et al. 1997; Aguilar-Bryan et al. 1998). In insulin-
secreting 3-cells, these channels set the resting membrane
potential and serve as a critical coupling factor between
changes in glucose metabolism and membrane electrical
activity; therefore, the channels play a key role in the
glucose stimulation of insulin secretion (GSIS; Aguilar-Bryan
and Bryan 1999; Ashcroft and Gribble 1999). Gain-of-
function mutations of Kir6.2 have been associated with
defective GSIS and the development of type 2 diabetes
(Gloyn et al. 2005; Flanagan et al. 2007); however, loss-of-
function mutations of Sur/ and Kir6.2 are the most common
cause of congenital hyperinsulinism of infancy (CHI), a
disease characterised by inappropriate insulin secretion in the
face of severe hypoglycemia in neonates and infants
(Thomas et al. 1995, 1996; Flanagan et al. 2009). In most
cases, the loss-of-function mutations alter the biogenesis or
trafficking of either subunit, which prevents the correct
expression of functional Krp channels at the cell surface
(Cartier et al. 2001; Taschenberger et al. 2002; Yan et al.
2004; Marthinet et al. 2005).

Previous studies have convincingly shown that Karp
channel subunits are assembled in the endoplasmic reticu-
lum (ER) by the following mechanism. Because of the
presence of an ER-retention signal (consisting of an Arg-
Lys-Arg [RKR] tripeptide) in each channel subunit, SUR1
and Kir6.2 cannot exit the ER before complete channel
assembly (Zerangue et al. 1999). Under normal conditions,
when both subunits are co-expressed and folded correctly,
Kir6.2 and SURI associate in a configuration that masks
their ER-retention signals, allowing trafficking of the
complex to the plasma membrane (Inagaki et al. 1995;
Zerangue et al. 1999). In contrast, if Kir6.2 or SURI is not
expressed or cannot fold correctly, the octameric complex
does not form and the other channel subunit remains in the
ER.

Several groups have investigated the mechanism by
which SURI supports the functional expression of Kir6.2 in
insulin-secreting cell lines (Makhina and Nichols 1998;
Sharma et al. 1999; Zerangue et al. 1999). For example, the
removal of the RKR ER-retention sequence from the C-
terminal end of Kir6.2 has been shown to allow the
formation of functional K channels at the plasma mem-
brane in the total absence of SURI; however, this finding
has not been studied in primary {3-cells in vivo. Moreover,
we still do not know whether, in Surl”" mice, the ER
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sequestration of Kir6.2 induces ER stress in endocrine
pancreatic cells, as occurs in other diseases in which mutant
proteins accumulate in the ER (e.g. in cystic fibrosis
patients, islets accumulate misfolded cystic fibrosis trans-
membrane conductance regulators; Ali 2009). Therefore,
we have examined the sub-cellular localisation of Kir6.2
subunits in pancreatic endocrine cells from Sur/”" mice by
using both light and electron microscopy and have
investigated the potential impact of altered Kir6.2 traffick-
ing on islet stress-response gene expression in these cells.

Materials and methods

Animals Surl knockout (Surl”") mice (originally provided
by J. Bryan, Pacific Northwest Diabetes Research Institute,
Seattle, Washington, USA) and C57BL/6 (WT) mice
(Animal facility of the Faculty of Medicine, Université
Catholique de Louvain) were bred under standard husband-
ry conditions. All experiments were approved by the local
ethics committee and conducted in accordance with the
guidelines issued by the National Belgian Animal Care
Committee.

Tissue processing for morphological studies Pancreas,
heart and brain tissue samples were collected from mature
(13+1 months) WT and Sur/”" mice. For light-microscopic
analysis, tissues were fixed in 4% formalin (buffered at pH
7.4) for 24 h, routinely processed and embedded in paraffin.
For electron microscopy (EM), samples were fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4
(Agar Scientific, Essex, UK), post-fixed in 1% osmium
tetroxide (OsOy; Agar Scientific) and embedded with an
epoxy medium according to the manufacturer’s recommen-
dations (Fluka, Buchs, Switzerland).

Immunodetection For conventional microscopy, sections
(5 um thick) were incubated with rabbit anti-Kir6.2 (1/
100; gift from S.L. Shyng, University of California, USA),
which was detected by the EnVision peroxidase complex
(1 h; Dako, Carpintera, USA) and by 3,3'-diaminobenzidine
(DAB; brown deposit; Guiot et al. 2007). For electron
microscopy, after the removal of Epon with sodium
metaperiodate (Merck, Darmstadt, Germany) and pre-
treatment with 0.1% trypsin/0.1% CaCl, (Sigma-Aldrich,
Steinheim, Germany) in phosphate-buffered saline (PBS)
for 20 min at 37°C, semi-thin (1 um thick) or ultra-thin
(75 nm) pancreas sections were incubated overnight at 4°C
with rabbit anti-Kir6.2 (1/20) or with goat anti-calreticulin
(1/100; Santa Cruz, Calif., USA). Semi-thin sections were
incubated for 2 h with either an Alexa fluor 594 goat anti-
rabbit antibody (1/150; Molecular Probes, Eugene, Ore.,
USA; red fluorescence) or a swine anti-rabbit fluorescein
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isothiocyanate (FITC)-conjugated antibody (1/20; Dako;
green fluorescence). Prior to photomicroscopy, the anti-
calreticulin antibody was detected by incubating samples
with a rabbit anti-goat antibody for 30 min (1/100; Dako)
and with an Alexa fluor 594 goat anti-rabbit antibody for 2 h.
The sections were imaged with an Axioplan equipped with
a camera (Zeiss-Vision, Munich, Germany; camera: Infinity
X-21C, Deltapix, Canada). For Kir6.2 immunostaining,
ultra-thin sections were incubated for 2 h with goat anti-
rabbit IgG-labelled 12-nm colloidal-gold (1:20; Jackson
ImmunoResearch, Baltimore, USA), post-fixed in 2%
glutaraldehyde in PBS for 10 min, counterstained and then
examined by using a Zeiss 109 transmission electron
microscope (Zeiss, Oberkochen, Germany). An irrelevant
antibody was used as a negative control for the immuno-
gold system (rabbit anti-Helicobacter pylori, 1/20; Dako).

Electron-microscopic quantification of basic organelle
parameters and Kir6.2 density The endoplasmic reticulum
is an eukaryotic organelle that forms a continuous mem-
brane network (or stacks) of tubules, vesicles and cisternae.
We use the term lamellar rough endoplasmic reticulum (L-
RER) to specify clearly the elongated cisternae of the RER;
this term does not refer to the vesicles.

The endocrine cell surface, nuclear surface and length of
L-RER were quantified on random microphotographs of
WT and Surl™ islets (seven islets isolated from five mice
per group, final magnification: x7040) by a semi-automatic
image analyser system (Videoplan/MOP-3, Zeiss). Using a
digital cursor connected to the image analyser, we circled
the endocrine cell and the nucleus and underlined the L-
RER structure as shown in Fig. 1. Thus, the image analyser
calculated the surface of the highlighted areas and the
length of the underlined structures. The L-RER measure-
ment was finally expressed in micrometers per 1000 um2
endocrine cell surface (x, 3 and & denote glucagon, insulin-
and somatostatin-containing cells, respectively) to avoid
misinterpretation when the cell profile was not complete-
ly represented on the micrograph. Before each measure-
ment (length or surface), the image analyser was calibrated
to obtain results expressed as micrometers or square
micrometers.

The number of insulin granules was manually counted in
60 (-cells isolated from five mice from each group and the
number was expressed per 1000 pm? endocrine cell area.

The sub-cellular localisation of Kir6.2 was determined
on electron micrographs of WT and SurI”" endocrine cells
by counting the number of Kir6.2 immunogold particles
over or proximal to the L-RER and the insulin granule areas
in 30 cells of four islets from two pancreases per group. The
results were expressed as the number of particles per
micrometer L-RER length or per insulin granule (modified
from Guiot et al. 2007).

Fig. 1 Quantification by electron microscopy. Electron micrograph of
a Surl” B-cell (delineated in blue) in which the nucleus is surrounded
in green and the L-RER (lamellar rough endoplasmic reticulum) is
highlighted in red (black circle insulin-containing granules). Bar 2 pm

The immunostaining background level was estimated by
counting the number of Kir6.2 gold particles in virtual lines
(similar to those obtained after delimiting the L-RER) or
areas (equivalent to those of insulin granules) both
randomly drawn in the cytosol (outside of organelles) of
WT mouse {3 cells.

Pancreatic islet isolation, RNA extraction and cDNA
synthesis Pancreatic islets were isolated from the pancreas
of old WT and Sur/”" mice (18+1 months; n=5 mice/group)
by collagenase digestion (Jonas et al. 2003). Next, the islets
were micro-dissected and hand-picked under a stereomi-
croscope to ensure high purity of the preparation. Islet total
RNA was extracted, quantified and reverse-transcribed into
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cDNA as previously described (Elouil et al. 2007). Control
reactions lacking the reverse transcriptase were run in
parallel.

Real-time polymerase chain reaction Semi-quantitative
real-time polymerase chain reaction (PCR) was performed
on an Opticon 2 (Biorad, Hercules, Calif., USA) with
SYBR Green Master Mix (Bio-Rad) and 300 or 400 nM
gene-specific primers: proinsulin, calreticulin, Kir6.2, Bip
(Hsp5), Edem, Gaddl53 (Ddit3), Gpx2, catalase, Fmol,
Cyplal, Sodl, Sod2 and Thp (Table 1). The reaction
conditions consisted of 5 min at 95°C followed by 40
cycles: 95°C for 15 s, 60°C for 1 min (except for Kir6.2
and Cyplal for which the annealing temperatures were 55
and 59°C, respectively) and 80°C for 30 s. 7hp was used as
a housekeeping gene. The mRNA expression differences
between WT and SurI”" mice were calculated following the
AACT method (Livak and Schmittgen 2001).

Measurement of Xbpl mRNA splicing cDNAs corresponding
to the unspliced and spliced forms of Xbp/ mRNA
(NM_013842) were amplified simultaneously with 7bp
cDNA by duplex PCR. The reactions (25 pl) were carried
out with 3 pl islet cDNA (20 ng RNA equivalent) in
GeneAmp PCR Gold buffer containing 1.25 U AmpliTaq
Gold DNA polymerase (Applied Biosystems, Norwalk,
Conn., USA), 1.5 mM MgCl,, 200 uM dNTPs and 400nM
each primer (sense: 5-CAAGGGGAGTGGAGTAAGGC-
3', anti-sense: 5'-GGCAACAGTGTCAGAGTCCAT-3'). A
10-min denaturation step at 95°C was followed by 28
cycles of amplification (95°C for 15 s, 62°C for 1 min and
72°C for 1 min) and a 10-min extension step at 72°C.
The PCR products were concentrated five-fold before

electrophoretic separation and the amplicons were quan-
tified on a 2100 Bioanalyser (Agilent, Waldbronn,
Germany). The spliced:total Xbp/ mRNA ratio was
computed as an indicator of Xbp/ mRNA splicing (Elouil
et al 2007).

Statistical analysis All measurements were performed
following a blind procedure. Results are expressed as
mean+SD or mean+SE. The statistical significance between
WT and Surl”" mice was calculated by a Student #-test or a
Wilcoxon test. The differences were considered significant
if P<0.05.

Results

Kir6.2 localisation The specificity of the anti-Kir6.2
antibody was first confirmed by positive immunoreactivity
on tissues known to express Kir6.2 protein such as the brain
(dentate gyrus area; Fig. 2a), cardiomyocytes (cross-
striations with reinforcement at the cell periphery; Fig. 2b)
and the endocrine pancreas (islets; Fig. 2c—e). As expected,
the pancreatic exocrine tissue remained negative (Fig. 2c).

In WT islets, Kir6.2 immunolabelling was primarily
observed in the cytoplasm of endocrine cells (Fig. 2c).
However, at a higher magnification, Kir6.2 immunostaining
was clearly reinforced at the plasma membrane, which
created a mosaic aspect of this immunostaining (Fig. 2d). In
contrast, in Surl”" islets, Kir6.2 immunostaining was only
observed in the cell cytoplasm and remained undetectable
or at a low level at the plasma membrane (Fig. 2e).
Cytoplasmic Kir6.2 staining intensity was similar in both
WT and Surl” islets.

Table 1 Sequence, final concentration and annealing temperature of oligonucleotide primers used for real-time polymerase chain reaction (for an

explanation of the abbreviations, see Abbreviations above)

Name Sense primer (5'-sequence-3') Antisense primer (5'-sequence-3’) Concentration (nM) Annealing (°C)
Bip AACGACCCCTAACAAAAGACAATC AGGCGGTTTTGGTCATTGGTA 300 60
Calreticulin TGAGGACTGGGATGAAGAG GGGGGAGTATTCAGGGTTGT 400 60
Catalase CATGAATGGCTATGGATCACAC CAACAGGCAAGTTTTTGATGCC 300 60
Cyplal CTCTCTTTGGTTTGGGCAAG GACCGCATCTGCACTTGG 400 59
Edem CTGCCTACACGCCTTCTACTATG TGGTTGCCTGGTAGAGGAGATA 300 60
Fmol CCCAGCATCAAGGAGGTAAA ACAGCCAGAGTTGGTTTTGG 300 58
Gadd153 ACAGAGGTCACACGCACATC CCACTCTGTTTCCGTTTCCTAG 300 60
Gpx2 GCATCCTGTCTTTGCCTACC GCTCGATGTTGATGGTCTGG 300 60
Kir6.2 GTAGGGGACCTCCGAAAGAG CAGGAAGATGCCGTTACCAC 400 55
Preproinsulin TCTTCTACACACCCATGTCCC GGTGCAGCACTGATCCAC 300 60
Sod1 CCAGTGCAGGACCTCATTTTA CTTGTTTCTCATGGACCACCA 300 60
Sod2 GCCAAGGGAGATGTTACAACT GAACCTTGGACTCCCACAGA 300 60
Tbp ACCCTTCACCAATGACTCCTATG ACTTCGTGCCAGAAATGCTGA 300 60
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Fig. 2 Specificity of Kir6.2 immunostaining. a-¢c Immunodetection of
Kir6.2 in tissue sections from wild-type (WT) mouse brain. a Dentate
gyrus. x40. b Heart, cardiomyocytes. x40. ¢ Pancreas, islets of

Ultrastructure of endocrine cells Despite their abnormal
distribution in Surl” islets (Marhfour et al. 2009),
endocrine cells were easily identified by the ultrastructural
characteristics of their hormone-containing granules in both
types of mice (insulin-containing granules, Fig. 3a-b;
glucagon-containing granules, Fig. 3c—d). Compared with
WT mice, the general ultrastructural features of Surl””
mouse islet cells (nucleus, mitochondria and granules) were
normal. The only obvious difference between WT and
Surl™ islet cell ultrastructure was the higher abundance of
L-RER in Surl” endocrine cells (Fig. 3b, d).

The endocrine cell profile surface, nuclear surface,
number of insulin granules and L-RER length are shown
in Table 2. WT f(3- and non-{3-cell profile surfaces were
similar to those of SurI”" matched cells, the profile surface
of non-3-cells being smaller than the profile of 3-cells. The
islet cell nuclear surfaces and the number of insulin
granules per 1000 um?® of B-cell area were also similar in
WT and SurI”" mice. In contrast, in comparison with WT

Langerhans. x20. d, e Kir6.2 immunostaining in, respectively, WT and
Surl” mouse pancreatic islet cells. x63. Kir6.2 immunostaining is
reinforced at the plasma membrane (arrows in b, d). Bars 20 pum

islet cells, the L-RER length per cell surface in Surl”" mice
was significantly higher in {3-cells (approximately four-
fold) and b&-cells (approximately two-fold), whereas the
length increased 1.5-fold in «-cells (Table 2). However, no
obvious dilation of the RER lumen was observed in any of
these cell types.

Calreticulin and Kir6.2 expression To test whether the
higher L-RER abundance in Surl” islets was associated
with ER retention of Kir6.2 subunits, we first compared the
sub-cellular distribution of Kir6.2 and the ER-specific
marker, calreticulin, on pancreatic sections from WT and
Surl” mice. Calreticulin immunolabelling was weak and
homogeneously distributed in the cytoplasm of WT islet
cells (Fig. 4a). In comparison, calreticulin staining was
more intense in the majority of Surl” islet cells and
appeared to be preferentially located around the sub-nuclear
area, suggesting an abundance of RER in these cells
(Fig. 4b). This increase in calreticulin staining occurred
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Fig. 3 Ultrastructure of pancreatic 3- and o-cells. Electron-
microscopic images of typical 3-cells (a, b) and «-cells (¢, d) from
WT (a, ¢) and Surl” (b, d) mice, identified by their characteristic

without changes in calreticulin mRNA levels (1.12+0.13 in
Surl™ vs 140.13 in WT islets).

In WT islets, Kir6.2 immunofluorescence was homoge-
nously distributed in the cytoplasm of all islet cells
(Fig. 4c). In contrast, the majority of Surl” islet cells
showed a preferential localisation of Kir6.2 immunofluo-
rescence in the sub-nuclear area (Fig. 4d), corresponding to
a higher density of Kir6.2 immunogold particles in the RER

@ Springer

electron-dense granules (black circles insulin- or glucagon-containing
granules). The L-RER appeared longer and more developed in 3- and -
cells from Surl”” mice (b, d) than in WT islet cells (a, ¢). x7040. Bars

(small dark dots; Fig. Sc) in comparison with WT endocrine
cells (Fig. 5a). A few Kir6.2 immunogold particles were
also observed in insulin granules (Fig. 5c vs Fig. 5a, b) but
not in the plasma membrane of Surl™" islet cells (Fig. 5d);
however, Kir6.2 immunoreactivity was positive at the
plasma membrane in WT cells (Fig. 5b).

As shown in Fig. 6a, the number of Kir6.2 gold particles
per length of L-RER was significantly higher in Sur/”" than
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Table 2 Basic cell parameters quantified on electron micrographs of a-, 3- and 8-cells from wild-type (WT) and Surl” mouse islets. Results are

means+SD for seven islets from five mice of each group

Measured parameter -Cells -Cells d-Cells

WT Surl™” WT Surl™ WT Surl™
Cell profile surface (um?) 2277817 26184939 3496+1371 3874+1540 2024+841 2221+903
Nuclear profile surface (um?) 909+451 943+520 775+359 816+396 543+386 648+441
RER length (um/1000 um? endocrine cell type) 43+£35 67+50 8.5+12.5 334£38** 24424 50+37*
Granule number (um/1000 pm? endocrine cell type) — 0.46+0.24 0.40+0.14 - -

#P<0.02 and **P<0.001 for the effect of mouse strain (Surl”" vs WT); unpaired Student r-test

in WT islet cells (P<0.01, Wilcoxon test). The average
number of gold particles per insulin-containing granule was
significantly lower in SurI”" than in WT mouse B-cells
(P<0.05, Wilcoxon test; Fig. 6b).

The background signal was low outside the L-RER and
insulin-containing granules, viz. at least ten-fold lower
compared with these specific Kir6.2-positive structures.

The higher density of Kir6.2 in the L-RER of Sur/”" islet
cells occurred without significant changes in Kir6.2 mRNA
levels (1.2120.18 in Surl” vs 1+0.22 in WT islets).

Fig. 4 Calreticulin and Kir6.2
immunolocalisation. Calreticulin
(a, b) and Kir6.2 immunofluo-
rescence in semi-thin sections
(c, d) from WT (a, ¢) and Surl™”
(b, d) islets of Langerhans
(arrows preferential localisation
of fluorescence in the sub-
nuclear area in Surl” mice; see
also insets in ¢, d). Bars 20 pm

=
=
2
“—
£
(T
&)

WT

Gene expression in response to ER stress and oxidative
stress The significant increase in L-RER length in addition
to a higher Kir6.2 density in Surl” islet cells strongly
suggested that these cells accumulated Kir6.2 subunits in
their ER. To test whether the accumulation of Kir6.2
induced an ER stress response together with oxidative
stress, we measured Xbp/ mRNA splicing, a specific
marker of the activation of the unfolded protein response
(UPR), in islets isolated from the pancreas of old WT and
Surl” mice. We also measured the mRNA levels of

Sur1”
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Fig. 5 Sub-cellular localisation
of Kir6.2. Immunogold labelling
for Kir6.2 in ultra-thin sections
from WT (a, b) and Surl™ (c, d)
B-cells (arrowhead L-RER, ar-
row Kir6.2 immunogold par-
ticles, PM plasma membrane,
ICG insulin-containing gran-
ules). The B-cells from Surl”
mice exhibit an increase of gold
particle number in the L-RER
(¢) and their absence at the
plasma membrane level in com-
parison with immunogold stain-
ing in the WT (a, b,
respectively). Bars 120 nm

preproinsulin and of genes known to be up-regulated by ER
stress, such as the ER chaperone Bip (Hspa5), the ER-
associated degradation pathway component Edem (ER
degradation-enhancer mannosidase alpha-likel) and the
pro-apoptotic ATF4-target gene Gaddl53 (growth arrest
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and DNA damage, also known as Chop or Ddit3).
Furthermore, we examined the mRNA levels of genes
coding reactive oxygen species (ROS)-producing enzymes
such as the cytochrome P450 Cyplal and the flavin-
containing monooxygenase Fmol. In addition, the mRNA
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Fig. 6 Quantification of immunogold particles for Kir6.2. The
number of Kir6.2 gold particles per micrometer of L-RER length (a)
and the average number of Kir6.2 gold particles per insulin-containing
granule (b) were measured in WT and Surl”" B-cells. Note that the
background values were obtained by counting Kir6.2 gold particles in
free cytoplasm by means of the same approaches used to quantify the
number of particles in the L-RER and in insulin granules. Results are
expressed as means£SE (Wilcoxon test: *P<0.05, **P<0.01)

levels of anti-oxidant enzymes such as superoxide dismu-
tase (Sodl, Sod?2), glutathione peroxidase 2 (Gpx2) and
catalase were analysed.

Xbpl mRNA splicing (expressed as the ratio of spliced:
total Xbp! mRNA) was similar in both WT (0.63+0.09) and
Surl” (0.65+0.05) islets. Moreover, the preproinsulin
mRNA levels were similar in WT and Surl”" islets (0.87+
0.08 in Surl” vs 1+0.15 in WT islets). Accordingly, the
mRNA levels of Bip, Edem and Gaddl53 were not
significantly increased in Surl”" vs WT islets (Fig. 7). In
Surl™ islets compared with WT islets, the mRNA levels of
Cyplal were significantly lower and the mRNA levels of
Sodl, Sod2, Gpx2 and catalase were significantly higher

(Fig. 7).

Discussion

The present study demonstrates that, in the absence of
SUR1 Karp-channel regulatory subunits, Kir6.2 channel
subunits fail to traffick the endocrine granules and the
plasma membrane of pancreatic islet cells. Instead, the
Kir6.2 channel subunits accumulate in the L-RER as shown
by the following results: (1) the similar sub-cellular local-
isation of Kir6.2 and the specific ER-marker calreticulin in
pancreatic islet cells from SurI”" but not WT mice and (2)
the reduction of Kir6.2 gold particle density in the
granular and plasma membrane compartments and its
increase in the L-RER compartments of Surl™" islet cells.
Furthermore, we observed that some Kir6.2 immunogold
particles were localised not only on the membrane, but also
near the membrane. These interpoint distances may be
attributable to the physical size of the antibodies, to the size
of the particles and/or to their accumulation (Philimonenko
et al. 2000). We therefore decided to use small gold
particles to avoid the under-detection of extremely close
labelling sites and to visualise the sub-celluar localisation
accurately.

The localisation of a small number of Kir6.2 gold
particles in the granules of Surl”" islet cells suggests that,
despite the absence of SUR1, some Kir6.2 subunits are able
to escape the ER compartment and reach insulin granules.
We hypothesise that this result may have arisen because of
the saturation of the Kir6.2 ER-binding sites in the Surl”
islet cells. These observations are supported by the current
models of Ksrp channel assembly based on earlier studies
conducted in cells that over-express either or both subunits
(Koster et al. 2000; Flagg et al. 2005).

Despite the ER retention of Kir6.2, islet cells from
Surl” mice do not suffer from classical ER stress: their
basic ultrastructural parameters (insulin granule number,
nuclear and cell surfaces) are unaffected, the lumen of the
RER is not distended, which contrasts with data that has
been previously reported in other ER retention diseases
(Teckman and Perlmutter 2000; Harding et al. 2001; Ali
2009), and their ER stress response is not activated as
shown by the lack of reduction in preproinsulin mRNA
levels and the similar mRNA levels of the ER-stress-
response genes Bip, Edem and Gaddl53 in islets from
Surl” and WT mice (Scheuner and Kaufman 2008).
Accordingly, the rate of apoptosis/necrosis of Surl” islet
cells is not increased, as indicated by the normal volume
density of pancreatic endocrine cells and the normal
glucose tolerance of old SurI”" mice (Seghers et al. 2000;
Nenquin et al. 2004; Szollosi et al. 2007; Marhfour et al.
2009). Therefore, these results markedly contrast with the
increase in (3-cell apoptosis and the rapid development of
diabetes observed in several models in which (-cells are
exposed to sustained activation of their ER stress response
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Fig. 7 mRNA levels of ER-stress- and oxidative-stress-response
genes. The mRNA levels of several ER-stress-response genes (Bip,
Edem and Gaddl53), reactive oxygen species (ROS)-producing
enzymes (Cyplal, Fmol) and anti-oxidant enzymes (Sodl, Sod2,
Gpx2 and catalase) were measured by real-time reverse transcription

(e.g. Perk” mice, Akita mice; Harding et al. 2001;
Oyadomari et al. 2002).

Although we have seen no classical signs of ER stress
activation, the L-RER content of (3- and o-cells is
significantly higher in SurI”" vs WT mice. For example,
in Surl™" islet cells, calreticulin staining is more intense and
preferentially localised in the sub-nuclear area and L-RER
length is increased, as shown by electron microscopy.
Interestingly, the increase in calreticulin protein levels in
Surl” vs WT islets occurs without significant changes in
calreticulin mRNA levels. Taking into account the theoret-
ical model of Kir6.2 and SUR1 subunit assembly (Zerangue
et al. 1999), our results suggest that islet cells from Sur/”"
mice are able to compensate for the ER retention of Kir6.2
by increasing the length and Kir6.2 density of the L-RER
without sustained activation of the ER stress response.
However, our results do not exclude the possibility that the
ER stress response is transiently activated to a larger extent
in Surl”" vs WT mice during the early stages of islet cell
differentiation. This type of ER adaptation probably
requires a transient increase in the biosynthesis of ER
constituents such as membrane lipids and ER proteins
including calreticulin and other chaperones. However, the
mechanism controlling the persistence of this ER adaptation
response without sustained increases in the mRNA levels of
genes coding ER protein constituents is unknown.

Despite the lack of activation of classical ER stress
responses, the mRNA levels of Cyplal, which is involved
in ROS production, are decreased in Surl” vs WT islets;
however, the mRNA levels of antioxidant enzymes Sod/,
Sod2, Gpx2 and catalase are significantly increased in
Surl” vs WT islets. These changes in gene expression are
similar to the changes induced upon cell adaptation to mild
oxidative stress (Morel and Barouki 1999; Afonso et al.

@ Springer

with the polymerase chain reaction in islets freshly isolated from WT
and Surl”" mice. Gene/Thp mRNA ratios (means=SD) are expressed
relative to the ratio measured in WT islets. *P<0.05, **P<0.02,
**%P<0.01 vs WT islets, unpaired Student r-test

2007) suggesting that Surl”" islets are exposed to higher

levels of oxidative stress than WT islets. The cause of this
oxidative stress is not known but most likely does not result
from ER stress. Nevertheless, the adaptive changes in the
gene expression of Surl”" islets may trigger protection
against subsequent oxidative stress (as recently shown in
islets isolated from diabetic Goto-Kakizaki rats of the Paris
colony; Lacraz et al. 2009); therefore, these changes may
contribute to the lack of a detectable increase in (-cell
apoptosis in Surl”" vs WT mice.

Although the use of SurI” mice is clearly appropriate in
order to assess the impact of a lack of SUR1 on Kir6.2 sub-
cellular localisation and ER-stress-response activation in
pancreatic (3-cells in vivo, the present findings cannot be
extrapolated to -cells from patients with CHI. It has been
demonstrated that, despite the total absence of functional
Katp channels, islet 3-cells from Kir6. 27" and Surl”” mice do
not hyper-secrete insulin in vivo (Miki et al. 1998; Seghers et
al. 2000; Nenquin et al. 2004; Szollosi et al. 2007); however,
[3-cells from CHI infants hyper-secrete insulin even in the
presence of hypoglycaemia (Aynsley-Green et al. 1981;
Dunne et al. 2004). Accordingly, whereas Surl™ B-cells
have apparently normal nuclear and cell surface morphology
and the same number of insulin granules and proinsulin
mRNA levels as WT islets (Marhfour et al. 2009; present
study), (-cells from CHI infants display many alterations
characteristic of hyper-functioning (3-cells such as abnormally
large nuclei, abundant cytoplasm, greater cell size, high
proinsulin (in the Golgi area) and low insulin content (Rahier
et al. 1984, 2000; Sempoux et al. 1998, 2003).

An abundant RER, without no dilation of the lumen, has
been recently observed in the diffuse form of CHI (J.
Rabhier, personal data). Unfortunately, this abundance can
be attributed to various causes, such as the hyperfunctional



Cell Tissue Res (2010) 340:335-346

345

state, the accumulation of the mutated K orp subunits (as the
present work has revealed in Surl”" mice) or both.
Moreover, no information has been reported concerning
the ER-stress-response and the oxidative-stress-response
gene expression in islet cells from CHI patients.

Based on the physiological and morphological differ-
ences observed between Krp-channel deficient mouse
models (Kir6.2G132S, Kir6.2”" and Surl”: Miki et al.
1997, 1998; Seghers et al. 2000; Marhfour et al. 2009), we
are tempted to speculate that the ER-stress-response and
oxidative-stress-response gene expression in islet cells from
CHI patients vary according to the type of mutation
involved. Thus, mutations that prevent the expression of
one channel subunit may only trigger mild ER stress and
oxidative stress. In contrast, mutations that cause misfold-
ing of one of the channel subunits and its accumulation in
the ER may trigger stronger ER stress and oxidative stress
and negatively affect the islet cell mass, which contributes
to the gradual transition from CHI to diabetes as described
in some CHI patients (initially treated with diazoxide;
Glaser et al. 1999; Nichols et al. 2007).

In conclusion, a lack of SURI expression in Surl " mice
leads to a strong reduction of Kir6.2 on the granules and
plasma membrane of pancreatic islet cells; however, Kir6.2
accumulates on the L-RER. Such sequestration of Kir6.2 in
the RER is associated with an increase in RER length and
mild oxidative stress without activation of the classical ER
stress response.
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