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(Background: Pyruvate-isocitrate cycling is involved in control of glucose-stimulated insulin secretion (GSIS), but the
Results: Pyruvate-isocitrate cycling controls expression of the voltage-gated potassium channel family member Kv2.2 in islet
Conclusion: Pyruvate-isocitrate cycling maintains Kv2.2 expression, allowing it to serve as a negative regulator of Kv channel

Significance: Kv2.2 is a potential new target for reversing -cell dysfunction of type 2 diabetes.
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Recent studies have shown that the pyruvate-isocitrate
cycling pathway, involving the mitochondrial citrate/isocitrate
carrier and the cytosolic NADP-dependent isocitrate dehydro-
genase (ICDc), is involved in control of glucose-stimulated
insulin secretion (GSIS). Here we demonstrate that pyruvate-
isocitrate cycling regulates expression of the voltage-gated
potassium channel family member Kv2.2 in islet [-cells.
siRNA-mediated suppression of ICDc, citrate/isocitrate carrier,
or Kv2.2 expression impaired GSIS, and the effect of ICDc
knockdown was rescued by re-expression of Kv2.2. Moreover,
chronic exposure of f-cells to elevated fatty acids, which
impairs GSIS, resulted in decreased expression of Kv2.2. Sur-
prisingly, knockdown of ICDc or Kv2.2 increased rather than
decreased outward K* current in the 832/13 B-cell line. Immu-
noprecipitation studies demonstrated interaction of Kv2.1 and
Kv2.2, and co-overexpression of the two channels reduced out-
ward K* current compared with overexpression of Kv2.1 alone.
Also, siRNA-mediated knockdown of ICDc enhanced the sup-
pressive effect of the Kv2.1-selective inhibitor stromatoxinl on
K™ currents. Our data support a model in which a key function
of the pyruvate-isocitrate cycle is to maintain levels of Kv2.2
expression sufficient to allow it to serve as a negative regulator of
Kv channel activity.

Glucose-stimulated insulin secretion (GSIS)? is essential for
control of metabolic fuel homeostasis, and its impairment is a
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key element of B-cell failure in type 2 diabetes. The canonical
mechanistic model of GSIS holds that glucose metabolism in
B-cells leads to ATP-mediated closure of K ., channels, which
in turn activates voltage-gated L-type Ca®>" channels, resulting
in Ca”" influx to trigger insulin secretion (for reviews, see Refs.
1and 2).

It has become increasingly clear that K, ., channel-indepen-
dent pathways also contribute to GSIS (3-5). Our laboratory
and others have implicated pathways of pyruvate exchange with
tricarboxylic acid cycle intermediates (“pyruvate cycling”) in
GSIS (6-23), and work from our group has demonstrated that
the pyruvate-isocitrate cycle has a particularly prominent role
both in both primary islets and B-cell lines (8, 10, 11, 23). The
pyruvate-isocitrate cycle begins with anaplerotic entry of pyru-
vate into the mitochondria via pyruvate carboxylase. The prod-
uct of the pyruvate carboxylase reaction, oxaloacetate, under-
goes mitochondrial metabolism to produce citrate and
isocitrate, which are subsequently exported out of the mito-
chondria via the citrate-isocitrate carrier (CIC). Isocitrate is
then converted to a-ketoglutarate in a reaction catalyzed by
cytosolic NADP-dependent isocitrate dehydrogenase (ICDc).
Consistent with this model, silencing of either CIC or ICDc
causes marked impairment of GSIS in B-cell lines and primary
rat islets (11, 23). Knockdown of the mitochondrial a-ketogl-
utarate/malate antiporter also inhibits GSIS (10), suggesting
that completion of the pyruvate-isocitrate cycle may involve
re-entry of a-ketoglutarate into the mitochondria (8). The
molecular mechanisms linking pyruvate-isocitrate cycling
activity to GSIS remain unresolved.

cytosolic NADP-dependent isocitrate dehydrogenase; Kurp, ATP-sensitive
potassium; Kv, voltage-gated potassium; MIP, mouse insulin promoter;
O/P, oleate/palmitate; ScTx1, stromatoxin1; SUMO, small ubiquitin-like
modifier; qRT-PCR, quantitative RT-PCR; Ad, adenovirus; pF, picofarad.
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Glucose metabolism-induced closure of K, channels and
membrane depolarization are counteracted by repolarization
mediated by voltage-gated potassium (Kv) channels. Kv chan-
nels belong to the six-transmembrane family of K" channels,
and to date, members of five subfamilies (Kv1, -2, -3, -6, and -9)
have been identified in primary B-cells (for reviews, see Refs. 2
and 24). Of these, members of the Kvl, Kv2, and Kv3 subfami-
lies form tetrameric functional channels as homo- and hetero-
multimers. In contrast, members of the Kv6 and Kv9 subfami-
lies encode “silent subunits” that do not form functional
homomultimers but modulate Kv2 and Kv3 channel activities
when expressed in heterologous systems (25, 26). In addition to
these interactions, Kv channel activities can be modified by
association with regulatory B-subunits (27-29) or by post-
translational modifications such as phosphorylation, ubiquiti-
nation, SUMOylation, and palmitoylation (30 -33).

The specific roles of the various subtypes of Kv subunits in
control of insulin secretion are not fully understood. Kv2.1 is
considered the dominant Kv channel species in rodent 3-cells,
and pharmacologic inhibition of Kv2.1 enhances GSIS (34 -37).
Furthermore, Kv2.1-null mice show improved glucose toler-
ance with reduced fasting glucose as a consequence of
enhanced insulin secretion (38). However, B-cells from Kv2.1-
null mice have residual Kv current (38), demonstrating that
channels other than Kv2.1 are active in these cells. Further-
more, although abundant Kv2.1 protein and channel activity
are observed in human islets (37, 39), Kv2 inhibitors do not
affect human B-cell electrical function or insulin secretion (40),
an observation concordant with mathematical modeling stud-
ies (41). Immunolocalization studies suggest that Kv2.2 is
expressed primarily in islet 8-cells (42), but these studies do not
rule out expression in other islet cell types.

NADPH produced in the ICDc-catalyzed reaction is a poten-
tial coupling factor derived from pyruvate-isocitrate cycling
activity (8, 22). Consistent with this idea, a linear correlation
between NADPH:NADP ratio and GSIS has been observed, and
suppression of pyruvate-isocitrate cycling activity and GSIS by
siRNA-mediated silencing of CIC, ICDc, or a-ketoglutarate/
malate antiporter decreases the NADPH:NADP ratio (10, 11,
23). Also, NADPH stimulates insulin granule exocytosis when
added to permeabilized B-cells (11, 43). NADPH has been sug-
gested to be a direct regulator of plasma membrane electrical
potential by interaction with the NADPH-dependent oxi-
doreductase-like motif of Kv channel -subunits, ostensibly
resulting in inhibition of Kv2.1 channel activity and enhanced
GSIS (44).

In this study, we investigated the possible linkages
between pyruvate-isocitrate cycling and Kv channel expres-
sion and activity. Surprisingly, although Kv2.1 expression was
unchanged, Kv2.2 channel expression was reduced rather than
increased in multiple models of impairment of pyruvate-isoci-
trate cycling and GSIS. siRNA-mediated suppression of Kv2.2
expression impaired GSIS in 832/13 cells, whereas restoration
of Kv2.2 in the background of reduced ICDc expression rescued
impaired GSIS in both insulinoma cells and primary rat islets.
Co-overexpression of Kv2.1 and Kv2.2 in 832/13 cells impaired
the increase in outward K" current observed with Kv2.1 over-
expression alone, and co-immunoprecipitation studies demon-
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strated a physical interaction between the two proteins. Finally,
chronic exposure of 832/13 cells to elevated levels of fatty acids,
amaneuver that causes impairment of GSIS and loss of glucose
regulation of pyruvate cycling activity (6), resulted in suppres-
sion of Kv2.2 but not Kv2.1 expression. Taken together, our
data support a model in which a key function of the pyruvate-
isocitrate cycle is to maintain expression of Kv2.2 at levels
required for it to serve as a negative regulator of Kv2.1 channel
activity in B-cells. Our findings point to Kv2.2 as a potential new
target for reversing the (3-cell dysfunction observed in type 2
diabetes.

EXPERIMENTAL PROCEDURES

Reagents—All reagents and solutions were obtained from
Sigma-Aldrich unless otherwise indicated.

Cell Lines and Primary Islets—The highly glucose-responsive
insulinoma cell line 832/13 was derived from INS-1 cells (45)
via a transfection-selection strategy and cultured as described
previously (46). Rat primary islets were harvested from male
Sprague-Dawley rats weighing ~300 g under a protocol
approved by the Duke University Institutional Animal Care and
Use Committee and cultured as described previously (12). We
used both MIP-GFP (47) and MIP-Cherry® mice to study gene
expression in purified primary mouse (-cells. A mouse 8-cell
reporter (B6(Cg)-Ssttm1(cre/ERT2)Zjh/]) was obtained from
The Jackson Laboratory (Sacramento, CA), and nuclear trans-
location of the Cre/ERT2 fusion was achieved by continuous
tamoxifen administration in chow (250 mg/kg; custom formula-
tion; Harlan Teklad, Madison WI). Glucagon-Cre mice (49) were
obtained from Mutant Mouse Regional Resource Centers (Chapel
Hill, NC). Both Cre lines were crossed to tdTomato reporter mice
(B6.Cg-GHROSA)26Sortm14(CAG-tdTomato)Hzel]; The Jack-
son Laboratory) to visualize Cre recombinase activity. All
mouse protocols were approved by the Salk Institute for Bio-
logical Studies Institutional Animal Care and Use Committee,
and mouse islets were isolated and cultured as described (50).

Glucose-stimulated Insulin  Secretion—Insulin secretion
from 832/13 cells and rat primary islets (~20 islets per incuba-
tion) was measured as described previously (7).

Lipotoxicity Studies—For studies of lipid-induced impair-
ment of GSIS in 832/13 cells, a 10 mm oleate/palmitate (O/P; 2:1
molar ratio) stock solution complexed to 10% fatty acid-free
bovine serum albumin (BSA) was prepared as described (6).
The O/P solution was added to cells at a final concentration of
1 mm in complete medium for 24 or 48 h as indicated. In paral-
lel, control cells were treated with 1% BSA. Subsequent GSIS
analyses were performed in the absence of O/P.

Adenovirus Design and Construction—A human Kv2.2
¢DNA/pENTR223 clone was obtained from Open Biosystems
(Lafayette, CO), and human Kv2.1/pENTR223 was obtained
from the Dana-Farber/Harvard Cancer Center DNA Resource
Core at Harvard Medical School, Boston, MA (clone
HsCD00399288). Both constructs were inserted into the pAd/
CMV/V5-DEST gateway vector (Invitrogen) using recombina-
tion-based cloning according to the manufacturer’s recom-
mendations. The viral vector was subsequently sequenced,

3 M. 0. Huising, manuscript in preparation.
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digested with Pacl, and transfected into the 293A cell line
(Invitrogen) to generate viral stocks. Adenoviruses containing
siRNA sequences specific for Kv2.2 and Kv2.1 (sequences
described below) were constructed using vectors EH006 and
pJM17 as described previously (51). After amplification in 293
cells, adenoviruses were purified by CsCl, gradient, and titers of
pure viral preparations were determined by measurement of
A, (51, 52).

RNAi-mediated Gene Silencing and Kv2.2 Overexpression in
Insulinoma Cells— 832/13 cells cultured in 12-well plates (40%
confluence) were transfected with siRNA duplexes (Integrated
DNA Technologies, Coralville, IA) for 24 h using Dharmafect
Transfection Reagent 1 (Dharmacon, Lafayette, CO) at a final
concentration of 50 nMm. After an additional 48 h in culture, cells
were used for insulin secretion, gene expression analysis (qQRT-
PCR), or patch clamp studies. The silCDc target sequence was
GTA TGA TGG ACG CTT CAA AGA (11), and the siCIC
target sequence was GACCGAATACGTGAAGACT (23).
Kv2.2 siRNA targets were GTA CCA TTC TTC TAG AAG A
and CCA ACA AGT CTT ACG AGA A. The Kv2.1 siRNA
target sequences were CAG ATG AAC GAG GAG CTG A and
GTA AGA TGG CCA AGA CAC A. A scrambled duplex
(siControl), GAG ACC CTA TCC GTG ATT, with no biologi-
cal effect relative to untreated -cells was used as a control (7).
For experiments involving Kv2.2 overexpression, cells were
treated with either 0.1 or 0.2 ul of AdACMV-hKV2.2 (equivalent
to ~0.6 X 10" or ~1.2 X 10'! viral particles/ml, respectively)
or AACMV-Bgal (~1.2 X 10" viral particles/ml) for 16 h fol-
lowed by culture for 24 h before analyses.

Adenovirus-mediated silCDc Silencing and Kv2.2 Overex-
pression in Primary Rat Islets—Freshly isolated islets were left
untreated or incubated with AdsiRNA viruses for 20 h. Viral
titers applied were 2.4 X 10" particles/125-200 islets in 2 ml of
medium. Islets were subsequently cultured for 72 h with
medium changes daily. For Kv2.2 rescue experiments,
AdCMV-hKV2.2 or AACMV-Bgal (4 X 10! viral particles per
125 islets in 2 ml of medium) was added to the
AdsiRNA-treated islets on day 3 of culture. After 16 h of trans-
duction, medium was changed, and the islets were incubated
for an additional 24 h prior to GSIS.

Fluorescence-activated Cell Sorting—For FACS analyses of
rat islets, Ad-siControl- or Ad-silCDc-treated islets were trans-
duced with AdRIP-GFP for the last 48 h of culture and subse-
quently dissociated in 0.025% trypsin and EDTA solution for 10
min at 37 °C aided by gentle vortexing every 2 min. Dissociated
primary islet cells were washed in PBS containing 0.5% BSA and
sorted on a FACS Vantage sorter (BD Biosciences). GFP-, Cher-
ry-, or tdTomato-positive and GFP-negative fractions were
subsequently collected in lysis buffer prior to RNA isolation and
qRT-PCR analyses as described previously (50).

Electrophysiological Measurements— 832/13 cells were trans-
fected with siControl, silCDc, siKv2.1, or siKv2.2 duplexes as
described above together with a plasmid encoding GFP under
control of the CMV promoter and cultured for 72 h (same time
point as used for GSIS analyses). For Kv2.1 and Kv2.2 overex-
pression experiments, 832/13 cells were transduced with
AdCMV-Bgal, AACMV-hKV2.2, AACMV-hKV2.1, or combi-
nations thereof and subsequently cultured for 24 h. Cells were
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seeded on small pieces of coverslips (for RNAi experiments,
only GFP-positive cells were picked) and transferred to a War-
ner chamber perfused with a solution consisting of 140 mm
NaCl, 2 mm MgCl,, 2.5 mm CaCl,, 2 mM glucose, and 10 mm
HEPES, pH 7.4. Pipettes were pulled from borosilicate glass
(Sutter P-87) with a resistance between 2.5 and 4 megaohms
when filled with pipette solution containing 30 mm KCl, 95 mm
potassium gluconate, 5 mm Na,ATP, 10 mm HEPES, 11 mm
EGTA, 1 mm CaCl,, and 2 mm MgSO,, pH 7.2. The cells were
held at —80 mV, and the K™ currents were activated by depo-
larizing steps from —80 to 60 mV with an interval of 10 mV for
a 2-s duration. For siRNA experiments, measurements were
repeated after addition of glucose to a final concentration of 12
mM. Whole cell currents were recorded using an Axopatch
200B amplifier with a sample rate of 5 kHz. The junction poten-
tial was nulled before the pipette contacted the cell, and no
further correction was done. The whole cell current recordings
from those cells having a seal resistance larger than 1 gigaohm
were used for final analysis. Normalized current-voltage rela-
tionships were determined by plotting currents at the end of the
test as pulse versus voltage.

For stromatoxinl (ScTx1) sensitivity studies, a range of
ScTx1 doses (0—100 nm) was included in patch clamping exper-
iments performed on 832/13 cells in which Kv2.1 or Kv2.2 was
overexpressed by adenovirus-mediated gene transfer. Based on
these experiments, a dose of ScT'x that preferentially suppresses
Kv2.1 relative to Kv2.2 activity (25 nm) was chosen for further
study.

Immunoblot Analyses—832/13 cells were seeded in P150
plates at 80% confluence and either left untreated or transduced
with AdACMV-hKv2.2 for 16 h followed by medium change and
an additional 24-h incubation. The viral dose applied was 35 X
10'? viral particles/plate in 20 ml of medium, which is 6.3 and
3.2 times higher per cell than the doses used for silCDc rescue
experiments. Cell surface proteins were biotinylated using the
Scientific Cell Surface Protein Isolation kit from Thermo Sci-
entific (Rockford, IL). After cell lysis, labeled surface proteins
were affinity-purified using agarose-linked avidin and subse-
quently eluted in 300 ul of SDS-PAGE sample buffer (Invitro-
gen) containing 50 mm DTT for 60 min at room temperature.
Eluted cell surface proteins (30 ul) were separated on 4—12%
NuPAGE SDS-polyacrylamide gels (Invitrogen) and trans-
ferred to polyvinylidene difluoride membranes (Invitrogen).
Blots were blocked with 5% BSA and 1% TBS with Tween 20 for
45 min and incubated overnight with either anti-Kv2.2 anti-
body (Alomone Labs, Jerusalem, Israel; diluted 1,000X in 1%
polyvinylpyrrolidone) or anti-V5 antibody (Invitrogen; diluted
5,000X in 1% polyvinylpyrrolidone). Donkey horseradish per-
oxidase-conjugated anti-rabbit IgG (Kv2.2; 1:10,000) or sheep
horseradish peroxidase-conjugated anti-mouse IgG (for V5;
1:10,000) was used as secondary antibody (GE Healthcare) prior
to ECL detection.

Co-immunoprecipitation of Kv2.1 and Kv2.2—For immuno-
precipitation, 5 X 10° 832/13 cells were lysed in 0.5 ml of cold
lysis buffer containing HALT protease inhibitors (Thermo Sci-
entific), 150 mm NaCl, 50 nm Tris-HCI, pH 7.5, 5 mm EDTA, 1
mM EGTA, and 1% Triton X-100. Lysates were incubated on ice
for 30 min and centrifuged at 10,000 X g for 15 min at4 °C. The
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FIGURE 1. Regulation of Kv2.2 by pyruvate-isocitrate cycling and regulation of GSIS by Kv2.2. 832/13 cells were treated with siControl (siCont), siCIC, or
silCDc for 72 h, and total RNA was isolated for gRT-PCR analyses of CIC, ICD¢, Kv2.1, and Kv2.2 expression levels. Expression levels for silCDc- (A) and siCIC-treated
(B) 832/13 cells are shown. Data represent four and three independent experiments, respectively, each performed in duplicate. *, p < 0.001; #, p < 0.01.832/13
cells were either left untreated or transduced with siKV2.1, siKv2.2, or a control (siControl) duplex and cultured for 3 days before qRT-PCR (C) or GSIS (D) analyses.
Data represent three independent experiments, each performed in triplicate. *, p < 0.001; #, p < 0.01. Error bars represent S.E. uU, microunits.

supernatant was immunoprecipitated overnight with 2 ug of
anti-Kv2.2 (Alomone Labs) or anti-Kv2.1 (QED Bioscience, San
Diego, CA) antibody and either rabbit (Kv2.2) or mouse (Kv2.1)
IgG-TrueBlot IP beads (eBioscience, San Diego, CA). Precipi-
tated proteins were eluted according to the manufacturer’s pro-
tocol and detected by immunoblot as described above. Blots
were incubated with primary antibodies against Kv2.2 (Alo-
mone) and Kv2.1 (QED Bioscience; 3 pg/mlin 1% polyvinylpyr-
rolidone) followed by incubation with Alexa Fluor 680 anti-
rabbit (Invitrogen) and IRDye 800CW anti-mouse (LI-COR
Biosciences, Lincoln, NE) fluorescent secondary antibodies.
Blots were then imaged using the LI-COR Odyssey CLx.

Real Time PCR Analyses (gRT-PCR)—RNA was purified
from 832/13 cells and islets using the RNAeasy Mini and Micro
kits (Qiagen, Valencia, CA), respectively, and reverse tran-
scribed with the iScript cDNA synthesis kit (Bio-Rad) accord-
ing to the manufacturers’ recommendations. Real time analyses
were performed on a ViiA 7 Real Time PCR System (Invitrogen)
using iTaq SYBR Supermix with ROX (Bio-Rad) with primers
exhibiting at least 95% efficiency. Primer sequences are avail-
able on request.

Statistical Analysis—Statistical significance was determined
by two-sample, unpaired equal variance Student’s ¢ test. A p
value of <0.05 was considered significant. All data are
expressed as mean * S.E. of at least three independent experi-
ments unless otherwise noted.

S
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RESULTS

Kv2.2 mRNA Levels Are Lowered in 832/13 Cells with Sup-
pressed Pyruvate-Isocitrate Cycling Activity—Clear correla-
tions between pyruvate cycling and NADPH production (7, 11,
23) and between NADPH production and insulin secretion (8,
11,43) have been established in recent years. There are also data
suggesting that NADPH regulates Kv channel activity in 3-cells
purportedly by interaction with the NADPH-dependent oxi-
doreductase-like motif of Kv channel B-subunits (44). To fur-
ther investigate possible cause and effect relationships among
these variables, we began to assess the impact of manipulation
of pyruvate-isocitrate cycling activity on Kv channel expression
and function. Our prior studies demonstrating a role for pyru-
vate-isocitrate cycling in regulation of GSIS used siRNAs spe-
cific for ICDc or CIC to suppress pyruvate-isocitrate cycling
activity, resulting in clear impairment in GSIS (11, 23). Here,
treatment of INS-1-derived 832/13 cells with siICDc and siCIC
duplexes resulted in 69 = 1 and 60 = 7% decreases in ICDc and
CIC mRNA levels, respectively, with no effect on Kv2.1 mRNA
levels (Fig. 1, A and B). In contrast, siRNA-mediated suppres-
sion of either ICDc or CIC caused a significant decrease in
Kv2.2 expression (60 = 4 and 36 * 7% reduction, respectively;
p < 0.01; Fig. 1, A and B).

Suppression of Kv2.2 but Not Kv2.1 Expression in 832/13 Cells
Impairs GSIS—W e next studied the direct effects of silencing of
Kv2.1 or Kv2.2 expression on insulin secretion using siKv2.1,
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FIGURE 2. Inhibitory effects of silCDc on GSIS are rescued by Kv2.2 overexpression in 832/13 cells. Inmunoblot analyses of membrane protein fractions
isolated from untreated (—) and from AdCMV-hKv2.2 (Kv2.2 OE)-treated 832/13 cells are shown. The AdCMV-hKv2.2 adenovirus includes a C-terminal V5
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832/13 cells treated with increasing doses of AdCMV-hKv2.2. For D, E, and F, 832/13 cells were either left untreated or transfected with silCDc or siControl
(siCont) duplexes for 72 h. Then, for the last 40 h of the experiment, cells were either transduced with AdCMV-Bgal or one of two doses of Ad-CMW-hKv2.2 also
used in the dose-response experiment shown in C (0.1 or 0.2 ul). qRT-PCR analyses of Kv2.2 expression (D) and ICDc expression (E) are shown. F, insulin secretion
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(0.2ul)

triplicate. *, p < 0.001; #, p < 0.01. uU, microunits; AB, antibody; ns, not significant.

siKv2.2, or siControl duplexes in 832/13 cells. Silencing of
Kv2.1 by 61 = 7% had no significant effect on GSIS (p > 0.3),
whereas a 72 + 5% knockdown of Kv2.2 mRNA levels caused a
clear impairment (p < 0.01) (Fig. 1, C and D). Results were
confirmed with independent Kv2.1- and Kv2.2-specific siRNA
duplexes (data not shown).

Kv2.2 Overexpression Rescues the Inhibitory Effects of silCDc
on GSIS in 832/13 Cells—As a tool for manipulating Kv2.2
expression, we constructed an adenovirus containing the
human Kv2.2 ¢cDNA fused to a C-terminal V5 epitope tag
(AdCMV-hKv2.2). Immunoblot analyses with an antibody to
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the V5 epitope detected two major bands of ~100 and 130 kb in
cell membrane fractions from AdCMV-hKv2.2-treated 832/13
cells but not from untreated cells (Fig. 24). These results were
confirmed by blotting with an anti-Kv2.2 antibody (Fig. 2B).
The deduced size of Kv2.2 is 102.4 kDa (V5-tagged Kv2.2 is
~106 kDa), and we hypothesize that the lower of the two bands
is the native Kv2.2 protein, whereas the higher band may rep-
resent a post-translationally modified form of the protein. Con-
sistent with this interpretation, a similar, major band at 140 kDa
has been shown to represent phosphorylated Kv2.2 protein in
brain membrane fractions (30). Our data show that treatment
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a mixture of 1 mm O/P complexed to BSA in a 2:1 ratio or to BSA alone for the final 24 or 48 h as indicated. qRT-PCR measurement of Kv2.1 expression (A) and
Kv2.2 expression (B) is shown. C, GSIS analysis. Data for all panels represent six independent experiments, each performed in duplicate. *, p < 0.001; #,p < 0.01;

@, p < 0.05. Error bars represent S.E. uU, microunits.

of 832/13 cells with AACMV-hKv2.2 results in expression of
proteins of physiologically relevant sizes that are recognized by
the Kv2.2 antibody and localized to the cell membrane.

Using the AACMV-hKv2.2 adenovirus, we next investigated
whether overexpression of Kv2.2 can rescue the impairment of
GSIS caused by reduced ICDc expression. For this purpose,
832/13 cells were transfected with silCDc or siControl duplexes
or left untreated for 72 h. For the last 40 h of the experiment,
cells were either transduced with AACMV-Bgal or AACMV-
hKv2.2 (Fig. 2, C-F). To limit the extent of overexpression of
Kv2.2 to reasonable levels, we tested the impact of different
doses of the AACMV-Kv2.2 adenovirus on Kv2.2 protein
expression in total cell extracts as shown in Fig. 2C. The lowest
doses of AACMV-Kv2.2 that caused detectable increases in
Kv2.2-V5 protein were 0.1 and 0.2 ul of purified virus (Fig. 2C).
These doses of AACMV-hKv2.2 were 6.3 and 3.2 times lower
than the doses used for the cell membrane immunoblot studies
in Fig. 2, A and B, and gave rise to 10 * 2- and 45 * 7-fold
increases in Kv2.2 mRNA levels relative to AdCMYV-Bgal-
treated cells (Fig. 2D). silCDc treatment resulted in a 66 * 2%
decrease in ICDc mRNA levels, and the degree of knockdown
was unaffected by the presence of AACMV-hKv2.2 virus (Fig.
2E). ICDc knockdown alone resulted in 38% impairment in
insulin secretion at 12 mm glucose relative to non-transfected
and siControl-treated cells (»p = 0.006 and p = 0.004; Fig. 2F).
This impairment was partially reversed in cells treated with the

S
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low dose (0.1 ul) of AACMV-hKv2.2 (p = 0.004 compared with
B-gal/silCDc) and completely rescued to the level of control
cells by the higher dose of AACMV-hKv2.2 (0.2 ul). These
experiments demonstrate that impaired GSIS in silCDc-
treated 832/13 cells can be fully rescued by expression of Kv2.2.
In contrast, overexpression of hKv2.1 did not rescue the inhib-
itory effects of Ad-silCDc on GSIS.

Kv2.2 Expression Is Reduced by Chronic Exposure to Elevated
Fatty Acid Levels—We and others have demonstrated that
chronic exposure of insulinoma cells or primary islets to ele-
vated concentrations of fatty acids causes impairment of GSIS
(6, 53-56). We have also shown that chronic lipid exposure
impairs normal regulation of pyruvate cycling activity by glu-
cose (6). We therefore measured the impact of excess fatty acids
on Kv2.1 and Kv2.2 expression. Exposure of 832/13 cells to 1
mmM O/P (2:1) complexed to albumin for 24 or 48 h caused 45 *
4 and 31 * 5% decreases in Kv2.2 mRNA levels, respectively,
compared with BSA-cultured controls (p = 0.0009 and p =
0.007; Fig. 3A). In contrast, the same lipid exposure caused a
small decrease in Kv2.1 at 24 h (22 * 5%, p = 0.04) but had no
effectat48 h (p = 0.7) (Fig. 3B). Consistent with our prior work
(6), 24 h of exposure to O/P increased basal insulin secretion
compared with BSA-treated control cells (p < 0.01), whereas
48 h of O/P exposure led to both an increase in secretion at
basal glucose (p < 0.001) and a decrease in insulin secretion at
stimulatory glucose (p < 0.001; Fig. 3C). The lack of effect of
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fatty acids on insulin secretion at stimulatory glucose at 24 h
despite a decrease in Kv2.2 mRNA at this time point may reflect
a delay in turnover of the Kv2.2 protein. We were unable to test
this possibility directly due to limitations in sensitivity of our
antibody for detection of endogenous Kv2.2 protein.

Kv2.2 Is Expressed in o-, B, and 8-Cells of the Intact Islet—
Two reports have suggested that Kv.2.2 is mainly expressed in
d-cells of the intact islet and that expression may either be lack-
ing or very low in B-cells (42, 57). We note first that Kv2.2 is
readily expressed in our well differentiated (-cell line 832/13
(Figs. 1-3), and manipulation of its expression affects GSIS,
suggesting an intrinsic role for Kv2.2 in the 3-cell. Nevertheless,
to address this issue more completely, we investigated expres-
sion of Kv2.2 in FACS-sorted a-, B-, and 8-cell populations of
the mouse islet (Fig. 4). In Fig. 4, A and B, we used transgenic
B-cell reporter mouse models that express GFP and mCherry,
respectively, under control of the mouse insulin promoter
(47).2 In agreement with earlier studies (50, 58), we observed
that only ~50% of the B-cells of the MIP-GFP line express GFP,
explaining the relatively modest enrichment (~1.5-fold) of
insulin expression in the GFP-positive fraction relative to the
GFP-negative pool. The MIP-mCherry B-cell reporter line
exhibited higher insulin enrichment (~11-fold over control
cells (Fig. 4B)). FACS-purified B-cells from both transgenic
lines demonstrated markedly reduced expression of the non-g-
cell markers glucagon and somatostatin, indicating successful
purification, while retaining expression of Kv2.2 as measured
by two independent qRT-PCR primer sets (Fig. 4, A and B). To
study Kv2.2 expression in mouse a- and 8-cells, we used a glu-
cagon-Cre reporter line (49) and an SST-CreER line, respec-
tively, that were both crossed to a floxed tdTomato reporter line
(Fig. 4, Cand D). As expected, FACS-sorted tdTomato-positive
a-cells were enriched for glucagon (16X) with low levels of
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somatostatin and insulin expression. FACS-sorted cells of the
SST-CreER line were enriched for somatostatin (11-fold).
Although the insulin signal was absent in these cells, glucagon
expression was comparable with that of the corresponding
non-38-cell fraction. Kv2.2 was detectable in the a/8-enriched
fractions but also in the non-a/8-cell pool of cells sorted from
these islets. These data suggest that Kv2.2 is not restricted to
5-cells but is expressed in all major endocrine cell types of the
mouse islet, including B-cells. Studies of Kv2.2 expression
within islets from other species have relied mainly on immuno-
fluorescence (42, 57) rather than the cell sorting approach taken
here, so it remains to be determined how our current findings
from mouse islets translate to non-human primate and human
islets.

Kv2.2 Is Regulated by Pyruvate-Isocitrate Cycling and Rescues
the Inhibitory Effects of silCDc on GSIS in Primary Islet 3-Cells—
We next investigated whether Kv2.2 expression is reduced in
primary B-cells in response to suppression of ICDc as already
established for 832/13 insulinoma cells in Fig. 1. For this pur-
pose, we treated rat islets with adenoviruses containing shRNAs
specific for ICDc (Ad-silCDc) or a sequence with no known
homology (Ad-siControl) (11) followed by transduction with
an adenovirus containing the cDNA encoding GFP under con-
trol of the rat insulin promoter (AdRIP-GFP). Subsequently,
islet cells were FACS-sorted, and qRT-PCR analyses were per-
formed. We observed a ~2-fold enrichment in insulin expres-
sion in GFP-positive cells relative to GFP-negative cells, and
Ad-silCDc treatment resulted in an 86 = 2% reduction in ICDc
mRNA levels in the GFP-positive B-cell fraction. This was
accompanied by a 32 * 10% (p < 0.001) reduction in Kv2.2
expression relative to Ad-siControl-treated B-cells (Fig. 5A).
These results demonstrate that ICDc knockdown reduces
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0.01; @, p < 0.05. uU, microunits; ns, not significant.

Kv2.2 expression in primary B-cells, consistent with our find-
ings in 832/13 insulinoma cells.

Next, we investigated whether Kv2.2 overexpression can res-
cue the inhibitory effect of reduced ICDc expression on GSIS
from intact rat islets. Ad-silCDc- and Ad-siControl-treated rat
islets were co-treated with AACMV-hKv2.2 or AdACMV-Bgal
(Fig. 5B). The dose of AACMV-hKv2.2 used in these experi-
ments in primary rat islets was 0.35 ul. Although this dose
caused a large increase in Kv2.2 mRNA levels (Fig. 5B), the dose
was similar to one (0.4 ul) that caused a large increase in Kv2.2
mRNA but a moderate increase in protein overexpression in
832/13 cells (Fig. 2C). In the background of AdCMV-Sgal treat-
ment, a 68 = 4% reduction in ICDc mRNA levels (Fig. 5C)
resulted in a ~35% impairment of insulin secretion at 16.7 mm
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glucose relative to untreated (p = 0.004) or AACMV-Bgal/
Ad-siControl-treated (p = 0.02) islets (Fig. 5D). Restoration of
Kv2.2 expression in Ad-silCDc-treated cells (Fig. 5B) resulted
in a significant increase in GSIS relative to AACMV-Bgal/
Ad-siICDc-treated islets (p = 0.009) indistinguishable from that of
untreated, AACMV-fBgal/Ad-siControl, and AdCMV-hKv2.2/
Ad-siControl islets (p = 0.7) (Fig. 5D). These data demonstrate
that Kv2.2 overexpression fully reverses impaired GSIS caused
by silencing of ICDc expression in rat islets.

Outward K" Currents Are Increased in 832/13 Cells with
Reduced ICDc and Kv2.2 Expression at Stimulatory Glucose—
To determine whether our findings of a role for 3-cell Kv2.2 in
regulation of GSIS are related to changes in electrical activity,
we performed patch clamp studies on 832/13 cells treated with
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voltage relationships at 2 mm glucose (open symbols) and 12 mm glucose (closed symbols). B, average glucose-stimulated K™ current at 0 mV. Data shown are
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independent experiments.

siControl, siICDc, siKv2.1, or siKv2.2 siRNA duplexes. The presence of 2 mm glucose, siControl-treated cells exhibited cur-
experiments were performed in the presence of internal CaCl,, rent activities of 7.2 + 2.6 pA/pF at a membrane potential of 0
resulting in an estimated [Ca®"];. of 15 nM, allowing for acti- mV indistinguishable from currents observed for silCDc-,
vation of other K* channels in addition to Kv channels. In the  siKv2.1-, and siKv2.2-treated cells (9.2 *= 3.7, 6.6 * 1.3, and
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4.5 = 2.0 pA/pF, respectively; p > 0.2; Fig. 6A, open symbols). At
stimulatory glucose, a significant increase in current activities
was seen for all conditions (closed symbols; p < 0.05). Interest-
ingly, this glucose-stimulated increase in current activities was
significantly larger for cells treated with silCDc or siKv2.2
duplexes (Al = 41 = 6 and 46.7 £ 11 pA/pF at OmV, respec-
tively) compared with siControl-treated cells (19 = 8 pA/pF;
p = 0.05; Fig. 6, A and B). In contrast, Al was unaffected by
siKv2.1 treatment (13 * 4 pA/pF; p = 0.27). Combined, these
data demonstrate that at stimulatory glucose silCDc- and
siKv2.2-treated cells have increased outward K* current sug-
gestive of altered membrane excitability and consistent with
the impairment of GSIS observed for both of these treatments.

Effect of Kv2.1 and Kv2.2 Overexpression on Outward Kv Cur-
rents in 832/13 Cells—Given the unanticipated increase in Kv
current in response to Kv2.2 suppression, we investigated the
effects of Kv2.1 and Kv.2.2 overexpression on Kv currents in
832/13 cells. Overexpression of Kv2.1 (28 * 3-fold induction in
Kv2.1 mRNA levels) resulted in a robust induction of Kv cur-
rents (green circles; 103.3 = 11.3 pA/pF at a membrane poten-
tial of 0 mV) relative to AACMV-Bgal-treated (black circles;
30.7 = 3.3 pA/pF; p <0.001) or untreated (blue squares; 22.8 +
2.1 pA/pF; p < 0.001) cells. In contrast, overexpression of Kv2.2
(0.2-ul dose, which caused a 59 = 10-fold induction of mRNA
levels) caused only a modest increase in Kv currents (red trian-
gles; 41.0 £ 3.9 pA/pFat 0 mV; p < 0.01) relative to control cells
(Fig. 6C). The relatively low intrinsic K* channel activity
attained with Kv2.2 overexpression is consistent with the low
residual currents reported in islets from Kv2.1 knock-out mice
(38). We also studied the effects of overexpressing Kv2.1 and
Kv2.2 simultaneously. Interestingly, a 32 * 7-fold induction in
Kv2.1 mRNA expression combined with a 45 = 9-fold induc-
tion in Kv2.2 mRNA expression resulted in a Kv current that
was reduced by half compared with that observed with Kv2.1
overexpression alone (gray diamonds; 58.6 = 9.8 pA/pF at 0
mV; p = 0.003; Fig. 6C). These findings suggest that Kv2.2 has
relatively low K™ conductance compared with Kv2.1 and that it
may also function as a negative modulator of Kv2.1 channel
activity.

To further investigate the potential regulatory effect of Kv2.2
on Kv2.1, we next sought to exploit a reported preferential
effect of ScTx1 as an inhibitor of Kv2.1 relative to Kv2.2 (59).
We first performed a ScTx1 dose-response study in 832/13 cells
with equal levels of overexpression of Kv2.1 or Kv2.2 and iden-
tified a dose of ScTx1 (25 nm) at which Kv2.1 was inhibited by
~50%, whereas Kv2.2 was not significantly inhibited at this
same dose (Fig. 6D). Using this dose of ScTx1, we found that K*
currents recorded from 832/13 cells treated with silCDc were
more sensitive to ScTx1 than siControl- or siKv2.1-treated cells
studied at membrane potentials of either 0 or +30 mV (Fig. 6E).
A similar trend for enhanced inhibition was noted in siKv2.2-
treated cells that did not reach statistical significance relative to
the siControl group. However, cells treated with sikKv2.2 were
significantly more susceptible to inhibition of K current by
ScTx1 compared with cells treated with siKv2.1 at either 0 or 30
mV of current (Fig. 6E). Taken together, these data demon-
strate that conditions that reduce Kv2.2 expression (either
direct Kv2.2 silencing or in response to suppression of ICDc)
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remove an inhibitory effect of Kv2.2 channels on K* currents in
832/13 cells, rendering the cells more sensitive to the Kv2.1-
selective inhibitor.

To investigate whether the foregoing results could be related
to an ability of Kv2.1 and Kv2.2 to form heterodimers in 3-cells
as has been shown in neuronal cells (60), we performed co-
immunoprecipitation studies. We prepared extracts of 832/13
cells and immunoprecipitated with an antibody specific for
Kv2.2 followed by immunoblotting with antibody for Kv2.2 or
Kv2.1. Note that this experiment was performed with non-vi-
rus-treated 832/13 cells to study interactions of their endoge-
nous Kv2.1 and Kv2.2 proteins. Both Kv2.2 and Kv2.1 were
clearly detected in samples immunoprecipitated with the Kv2.2
antibody but not in samples treated with a control IgG (Fig. 6F).
We also performed the converse experiment of immunopre-
cipitation with an antibody for Kv2.1 followed by immunoblot-
ting for Kv2.1 and Kv2.2. Again, both Kv2.2 and Kv2.1 were
clearly present in samples immunoprecipitated with the Kv2.1-
specific antibody (Fig. 6F). In aggregate, the data shown in Fig. 6
are consistent with a model in which Kv2.2 engages in a physical
interaction with Kv2.1 in B-cells, and that engagement of Kv2.1
in such complexes suppresses its ability to create Kv current.
The model further holds that this suppressive function of Kv2.2
is controlled in part by pyruvate-isocitrate cycling activity.

DISCUSSION

Both type 1 and type 2 diabetes are syndromes of insulin
deficiency, although the origins of the diseases are different. In
type 1 diabetes, B-cells are destroyed by the host immune sys-
tem (61). Type 2 diabetes is associated with impaired control of
insulin secretion in response to nutrients coupled with gradual
depletion of B-cell mass mainly due to increased apoptosis and
inadequate 3-cell regeneration (62). A clearer understanding of
basic B-cell function is critical to develop surrogate cells for
insulin replacement therapies for type 1 diabetes and for expan-
sion of therapeutic options for treatment of type 2 diabetes.

Previously, we have demonstrated that maintaining flux
though the pyruvate-isocitrate pathway is essential for normal
GSIS (8, 10, 11, 23), but the molecular mediators of this effect
were not identified. NADPH is a potential second messenger
generated by the pyruvate-isocitrate cycle, and one study has
suggested that NADPH can inactivate Kv channels (44), possi-
bly serving to slow membrane repolarization, thereby allowing
the effects of suppression of K, 1, channels to be sustained. To
test a possible relationship among pyruvate-isocitrate cycling,
Kv channels, and insulin secretion, we measured expression
levels of Kv2 channels in cells exhibiting reduced pyruvate-
isocitrate activity and impaired GSIS. Surprisingly, we found
that cells with reduced ICDc and CIC expression have
decreased rather than increased Kv2.2 mRNA expression with
no effect on expression of Kv2.1. Impairment of GSIS caused by
suppression of ICDc expression was rescued by re-expression
of Kv2.2 but not Kv2.1. Importantly, these responses to sup-
pression of pyruvate-isocitrate cycling were observed in pri-
mary rat islets as well as in the 832/13 insulinoma cell line.
Exposure of 832/13 cells to chronic elevations of fatty acids,
another model of impaired GSIS and dysregulated pyruvate
cycling (6), also caused a decrease in Kv2.2 mRNA levels. More-
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over, targeted knockdown of Kv2.2 impaired GSIS. When we
measured Kv currents using patch clamp techniques in 832/13
cells with reduced ICDc or Kv2.2 expression, we observed
increases in outward Kv currents at stimulatory glucose con-
centrations relative to control cells. In contrast, Kv2.1 silencing
caused a trend to increase GSIS with no measureable effect on
Kv current.

We interpret our findings to suggest a novel modulatory role
of pyruvate-isocitrate cycling and Kv2.2 in control of electrical
activity and GSIS in islet B-cells. In this model, pyruvate-isoci-
trate cycling serves to maintain levels of Kv2.2 expression that
are sufficient to provide tonic suppression of Kv2.1 function. In
support of such a model, co-overexpression of Kv2.1 and Kv2.2
in B-cells resulted in reduced Kv current compared with over-
expression of Kv2.1 alone. Moreover, suppression of Kv2.2
expression either by direct knockdown or in response to knock-
down of ICDc resulted in greater sensitivity of 832/13 cells to
inhibition of K* currents by the Kv2.1-selective inhibitor
ScTx1, supporting the proposed suppressor function of endog-
enous Kv2.2 channels. Also consistent with the model, co-im-
munoprecipitation experiments demonstrated an interaction
of the endogenous Kv2.1 and Kv2.2 channels. This interaction
could reflect formation of a Kv2.1-Kv2.2 channel complex as
supported by our functional data and by studies in oocytes and
pyramidal neurons (60, 63). In both of the prior studies, co-ex-
pression of a dominant negative Kv2.2 subunit with wild-type
Kv2.1 or Kv2.2 channels in oocytes resulted in reduced Kv
channel activity, fully supporting a model of formation of het-
eromultimeric complexes (60, 63). However, in one of those
studies (60), co-overexpression of native Kv2.1 and Kv2.2 chan-
nels in oocytes resulted in increased K current relative to
expression of either channel alone. We have no immediate
explanation for this apparent discrepancy but note that our
study was performed in the relevant cell type, the islet B-cell,
rather than in oocytes and that our model of a suppressive effect
of Kv2.2 is supported by the four distinct lines of evidence sum-
marized above.

It is important to note that other models are also possible.
Kv2.1 and Kv2.2 are highly homologous proteins in their N-ter-
minal regions but diverge substantially at their C termini. The
different C termini of the two proteins allow them to interact
differentially with other proteins. For example, Kv2.2 appears
to be guided to the plasma membrane in part by the B-subunit
KvB4, whereas this mechanism is not involved in transport of
Kv2.1 (64). Thus, it is possible that the negative impact of Kv2.2
suppression on GSIS is indirect, regulated by increases in the
free pool of B-subunits that can now interact with other pro-
teins, including other ion channels.

MacDonald and co-workers (65, 66) have recently described
novel biological roles of Kv2.1 in islet cells. They demonstrate
that overexpression of Kv2.1 augments insulin exocytosis as
measured by membrane capacitance measurements in patch-
clamped islet cells. Because these experiments are performed
under depolarized conditions, this effect of Kv2.1 is independ-
ent of its effects on electrical function. The potentiating effect
of Kv2.1 appears to be mediated by its interaction with the
SNARE protein syntaxin-1 via a specific motif in the Kv2.1
C-terminal region. Deletion of that interaction domain or
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interference with the interaction by delivery of a “decoy” pep-
tide reverses the activating effect of Kv2.1 on exocytosis, and
the interfering peptide also impairs GSIS in intact islets. Other
recent studies have demonstrated that Kv channels in islets are
modified by SUMOylation, and this modification may partici-
pate in regulating the Kv2.1/syntaxin-1 interaction (66, 67).
Our finding of impairment in GSIS in response to knockdown
of Kv2.2 does not seem to fit with the syntaxin-1 model of Kv2.1
function because one might anticipate that a decrease in Kv2.2
would create a larger pool of free Kv2.1 for interaction with
syntaxin-1. Further studies will be required to fully understand
the impact of Kv2.2 suppression on functional Kv channel
assembly and stability, interaction of channels with syntaxin-1
and potentially other SNARE proteins, and modification of the
channels by SUMOylation and other post-translational events.

Our study provides new information about expression of
Kv2.2 in the various endocrine cell types of the pancreatic islet.
We were led to investigate this issue based on reports that Kv2.2
is expressed primarily in 6-cells (42, 57) and another recent
study showing that global knock-out of Kv2.1 in transgenic
mice results in enhanced GSIS in isolated islets and that
Ad-siRNA-mediated knockdown of Kv2.2 in mouse islets
enhances somatostatin but not insulin secretion (68). The latter
findings should be interpreted with caution as mouse islets are
reported to be refractory to penetration of recombinant adeno-
viruses to the B-cell core relative to rat islets (48, 52), possibly
explaining the absence of an effect of Kv2.2 knockdown on
insulin secretion in the setting of the mouse islet. The current
study used FACS-sorted mouse islet cells to demonstrate clear
expression of Kv2.2 in 3-cell-, a-cell-, and 8-cell-enriched cell
pools. Moreover, sorting of B-cells from rat islets with a RIP-
GFP adenovirus allowed us to demonstrate that suppression of
ICDc in B-cells causes a decrease in 3-cell Kv2.2 expression,
resulting in impaired GSIS, and that this defect is rescued by
re-expression of Kv2.2. Taken together, our findings demon-
strate significant expression of Kv2.2 in B-cells as well as a
B-cell-autonomous effect of pyruvate-isocitrate cycling to reg-
ulate Kv2.2 and GSIS. Consistent with these findings, Kv2.2 is
clearly expressed in our well differentiated INS-1-derived 3-cell
line, 832/13.

siRNA-mediated suppression of either of two enzymes
involved in the pyruvate-isocitrate cycle, CIC or ICDc, resulted
in reduced expression of Kv2.2 but not Kv2.1 at the RNA level;
a similar response is observed upon chronic culture of islet cells
with elevated free fatty acids. The mechanisms involved in the
control of Kv2.2 transcript levels remain to be resolved. The
temporal scale of these effects (measured over several days of
siRNA treatment or fatty acid culture) and the known temporal
dynamics of changes in gene expression (generally measured in
hours rather than minutes) suggest that regulation of Kv2.2
expression by pyruvate-isocitrate cycling is an adaptive mech-
anism rather than an acute event in control of GSIS. The pos-
sibility remains that other signals generated by pyruvate-isoci-
trate cycling activity, including NADPH production via the
cytosolic ICDc reaction, could play a direct role in acute regu-
lation of GSIS, and this is a subject of ongoing investigation.

In conclusion, the current study identifies a novel link
between a -cell metabolic pathway and Kv channels. Impor-
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tantly, this pathway becomes impaired in response to chronic
exposure of islets to high fat, a model often used as a surrogate
for the “nutritional overload” experienced on the path to type 2
diabetes. Our findings suggest that interventions that reactivate
pyruvate-isocitrate cycling or that maintain Kv2.2 expression
may be of benefit for reversing islet dysfunction of diabetes.
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