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ABSTRACT

Stimulation of B cell receptors (BCR-ligation) induces
apoptosis in immature B cells, which is critical for the
elimination of self—reactive clones. On the other hand
differentiation of B lymphocytes occurs in spleen and lymph
node where O, tension is physiologically hypoxic (1—=5% Pgs).
K* channels play critical roles in apoptosis and cell volume in a
variety of cells including lymphocytes. However, responses of
K™ channel activity to BCR—ligation and to sustained hypoxia
(SH, 3% Pgs, 24 h) stimulation are unknown yet.

In this study, I found remarkable increase of voltage—
independent background—type K' conductance in mouse
immature B cell line (WEHI—231) 24 h after BCR—ligation. The
biophysical properties (unitary conductance and pH—sensitivity)
of the upregulated K" channel were consistent to those of
TASK—2, a member of two—pore domain K* (K2P) channel
family. The expression of TASK—-2 and its upregulation by
BCR—-ligation was confirmed by RT—-PCR, immunoblot assay,
and by TASK—-2 specific siRNA transfection (siTASK—-2). The

BCR-ligation induced increase of K' current was prevented by

i




calcineurin inhibitors (cyclosporine A or FK506). Transfection
with siTASK—2 attenuated the apoptosis of WEHI—-231 caused
by BCR-ligation. TASK—2 activity and its mRNA were also
confirmed in the primary splenic B cells of mouse.

Similar to BCR—ligation, SH condition also increased TASK-—
2 channel activity in WEHI—231 cells. The increase of K~
conductance was observed from 20 h of hypoxia and sustained
up to 48 h. The hypoxic upregulation of TASK—-2 was
prevented by pretreatment with 10 uM YC—1, known as an
inhibitor of hypoxia inducible transcription factor—1 (HIF—1a).
Consistently, siHIF—1la transfection attenuated the hypoxic
upregulation of TASK—2 current, whereas TASK—2 current
was increased in sh—HIF—1la expressing WEHI-231 cells
under 24-36 h control cultured condition. In addition, SH
exposed WEHI-231 cells showed augmentated [Ca®'].
increase in response to BCR-ligation. The expression of
TASK—-2 and their upregulation by SH condition was also
observed in the primary splenic B cells from mice.

In summary, TASK—-2 channels in B lymphocytes are
upregulated by both BCR-ligation and SH condition. It is
proposed that TASK—2 channels play multiple roles depending
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on the context of stimuli. Under the BCR—ligation, membrane
hyperpolarization and excessive K efflux via TASK—2 might
contribute to apoptotic volume decrease. On the other hand, the
hypoxic upregulation of TASK—2 also augments Ca®* signaling

that is critical for the fate and activity of B lymphocytes.

Keywords: B lymphocyte, TASK—2 channel, Hypoxia, BCR—
ligation

Student number: 2008—21944
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INTRODUCTION

B lymphocytes are responsible for specific humoral immune
response to pathogens Differentiation of B lymphocyte starts
from pluripotent stem cells located in bone marrow through the
process of developmental stage. The maturation of B
lymphocytes is completed in the secondary lymphoid organs
such as lymph nodes and spleen.

During the development in bone marrow, elimination of
autoreactive clones of B lymphocytes is crucial to prevent
autoimmune disease (Kuppers et al., 1999). It is widely
accepted that the activation of K* and Cl~ channels is the
primary event of apoptosis to induce apoptotic volume decrease
(AVD) since shrinkage of cell volume is often observed during
the early stages of apoptosis. The depletion of intracellular K"
has been suggested to play key roles in the early process of
apoptosis (Bortner et al., 2007; Lang et al., 2007). In this
respect, the identity of K™ channels and its regulation by BCR—
ligation is an intriguing theme to investigate the apoptosis of
immuature B cells. Experimentally, B cell stimulation 1is

achieved by cross—linking membranous IgM—type B cell
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receptors (BCR-—ligation) using anti—IgM antibody (algM).
Since apoptosis after BCR—ligation typically takes more than
several hours to days, it is possible to hypothesize that
persistent K' channel upregulation occurs under BCR—ligation.
However, such possibility has rarely been investigated in

immature B lymphocytes.

Role of K* channel in lymphocytes

K* channels play key roles in setting the negative resting
membrane potential and ion homeostasis of cells. This negative
membrane potential is critical for the physiological and
immunological responses of lymphocytes by providing
electromotive forces for Ca®’ influx and cell volume regulation.
Of the various K" channels, voltage—gated K* channels such as
K.,1.3 and intermediate conductance Ca®"—activated K7
channels (SK4/IKCal), are regarded to be major players in
lymphocytes (Cahalan et al., 2009). Related to differentiation of
lymph node, in case of nascent naive B lymphocytes, although
currents of K,1.3 and IKCal are reduced, they increased,
differentiating into receptor editing and memory B lymphocytes
(Wulff et al., 2004). However, as indicated by their names, the

contributions made by K,1.3 and IKCal require membrane
2
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depolarization and an elevated [Ca®*]., respectively.

Recently, background—type K* (Kpe) channels with voltage—
independent activity have drawn attention as potential
regulators of immune cell function (Meuth et al., 2008; Pottosin
et al., 2008; Bittner et al., 2009). These channels belong to the
two—pore domain K (K2P or KCNK) channel family. The K2P
channels consist of dimeric complex of four transmembrane
domains with two pore domains. Due to their ‘background’
or ‘leak’ activity, K2P channels are believed to play pivotal
roles in the establishment of resting membrane potential in
various cell types. In addition, K2P channel members display
sensitivities to a number of physiochemical stimuli, such as,
membrane stretch, temperature, and pH (Kim et al., 2005;

Bayliss et al., 2008).

K?2P channel in B lymphocytes

It has been demonstrated that two types of Ky, channels with
distinctive unitary conductance are expressed in mouse B cells.
First, the channel with slope conductance of 300 pS under
divalent cation—free (DVF) conditions was identified as TREK —

2 (Zheng et al., 2009). Second, the channel with slope




conductance of 112 pS was named as medium conductance
background K channel (MKy,, Nam et al., 2007).

The TREK subfamily members of K2P channels are activated
to arachidonic acid and membrane stretch (Duprat et al., 2007;
Kim et al., 2005). In B cells, Ca®" influx through arachidonic
acid—activated cation channels is actually augmented by
membrane hyperpolarization induced by the concomitant
activation of TREK—-2 (Zheng et al, 2008). However, in
contrast to TREK—-2, neither the molecular nature nor the

physiological properties of MKy, have been elucidated.

Hypoxia and lymphocytes

The secondary lymphoid organs (e.g. especially subcortical
layers of spleen) are intrinsically hypoxic (1-5% Pg»), and the
physiological hypoxia has been reported to play a key role in
differentiation of B lymphocytes. Oxygen pressure increases to
the highest near the splenic artery, lymph node and gradually
deceases with distance from the artery (Caldwell et al., 2001;
Huang et al., 2007). In addition, immune cell are often exposed
to anoxia under pathological condition such as poorly perfused

atherosclerotic regions (Sluimer et al., 2008).




Hypoxia is known to modulate a variety of immune responses.
In T lymphocytes, prolonged hypoxia impaires cytokine
production and inhibites T lymphocytes differentiation
(Zuckerberg et al., 1994). In addtion, migration of dendritic
cells to peripheral lymph node is also known to be impaired
when exposesed to hypoxia (Mancino et al., 2008). However, in
B lymphocytes, chronic hypoxic conditions (e.g. high altitude)
appeared to enhance the humoral immune reactivity, i.e.
production of immunoglobulins (Singh et al., 1977).

Although the influence of O, tension to immunological
responses has been widely investigated, hypoxic regulation of
ion channels in immune cells has been rarely studied. In T
lymphocytes, exposure to acute hypoxia (AH; 15 min, 1% O)
inhibits K,1.3 current. In addition, decrease of K,1.3 expression
was observed in T lymphocytes undergoing sustained hypoxia
(SH; 24 h, 1% 0O,) condition. Inhibition of K, channels induces
membrane depolarization and suppresses the activation
response of T lymphocytes (Conforti et al., 2003; Szigligeti et
al., 2006; Chimote et al., 2012). Hypoxia regulates various
functions of immune cells such as T cells via hypoxia inducible

factor—1 alpha (HIF—1a) (McNamee et al.,, 2013). However,




regulation of ion channels by hypoxia in B lymphocytes remain

explored.

Goals of the study

In pilot studies, I found that the Ky, channel activities were
increased by both BCR—ligation and by SH conditions. Base on
these results, I went on and analysed the mechanisms and
functions of K channel activity in mouse B cell line (WEHI-
231 cells) in response to BCR—ligation (algM, 12 h) and to SH
(3% Pos, 24 h). Main goals of this study are to identify the
molecular nature of the upregulated K* channel(s), and
physiological implication of the augmented K* channel activity

in B lymphocytes.




MATERIALS AND METHODS

1. Cell culture and mouse B cell isolation

WEHI-231 cells (American Type Culture Collection,
Manassas, VA, USA) were grown in Dulbecco’ s modified
Eagle’ s medium (DMEM; Gibco Invitrogen, Grand Island, NY,
USA) supplemented with 10% (v/v) fetal bovine serum
(Invitrogen, Carlsbad, CA USA), 50 M 2-mercaptoethanol
(Sigma, St. Louis, MO), and 1% penicillin/streptomycin
(Invitrogen) at 37 °C in 20% 03/10% COs (control condition)
and 3% 0,/10% CO, (SH condition).

The total population of mouse primary B cells was prepared
from the spleens of 6—week—old C57BL/6 mice. Mice were
sacrificed using 100% COs, and the spleens were removed
immediately. The spleens were dissociated into single cell
suspensions and B cells were isolated using Spin—Sep™ B cell
enrichment kits (Stem Cell Technologies, Vancouver, BC,
Canada). Isolated B cells were kept in AIM—V medium
(Invitrogen) supplemented with 10% (v/v) fetal bovine serum

at 37 °C in control and SH conditions.




2. Plasmids and gene transfection

The mammalian expressible plasmid for mouse KCNK5 was
purchased from Openbiosystems (Alabama, USA). The
mKCNK5 ¢DNA sequence was verified by nucleotide
sequencing, and was identical to a registered sequence
(Genbank Accession NM_021542.4). mKCNK5 siRNA, a
mixture of four siRNAs against mKCNKD5, was purchased from
Dharmacon (Lafayette, USA) and mHIF—1loa siRNA was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The Pro—Ser—Thr—rich oxygen—dependent degradation
domain (ODDD) determines the protein stability of HIF—1a, and
O,—stable form of HIF—1a ¢cDNA (sh—HIF—1a) (obtained from
Dr. Park, Jong—Wan) was generated by deleting 3 degradation
motifs (aa” s 397—405, 513-553, and 554-595) (Yeo et al,,
2006). Plasmids and siRNAs were transiently transfected a
nucleofector and corresponding kit (AMAXA Biosystems,
Cologne, Germany). Briefly, WEHI—231 cells were resuspended
in nucleofector solution, and 100 pl of cells (2 x 10° to 5 x 10°
/ml) were mixed with 1 ug of pmax green fluorescent protein
(GFP) vector and siRNA (200 nM), transferred to a cuvette,

and nucleofected with AMAXA nucleofector. The cells




transfected with scRNA (Invitrogen) were used as negative

controls.

3. Electrophysiology

Cells were transferred into a bath mounted on the stage of a
IX-70 inverted microscope (Olympus, Osaka, Japan). The bath
(~0.15 ml) was superfused at 5 ml/min and voltage clamp
experiments were performed at room temperature (22—25° C).
Patch pipettes with a free—tip resistance of 2.5-3.5 MQ were
connected to the head stage of an Axopach—1D patch—clamp
amplifier (Molecular Devices, Sunnyvale, CA, USA). pCLAMP
software v.9.2 and a Digidata—1322A (Molecular Devices)
were used to acquire data and apply command pulses.
Throughout the w—c clamp experiments, 3 mM MgATP was
included in the pipette solution to minimize the influence of the
activity of LK,y/TREK—2 (Nam et al., 2004).

Single channel activities were recorded at 10 kHz in cell—
attached (c—a) and inside—out (i—o) configurations. Voltage
and current data were low—pass filtered at 1 kHz. Current
traces were stored and analyzed using Clampfit v.9.2 and Origin

v.7.0 software (OriginLab, Northampton, MA, USA). Single
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channel recordings were analyzed to obtain amplitude
histograms and total channel activities (np,) where n and p, are
the observed level of channel opening and the open probability,
respectively.

The names and compositions of the experimental solutions
used in the electrophysiological experiments are listed in

Table 1.

4. Western blot

WEHI—-231 cells were incubated hypoxia for different times.
For control experiments, mouse TASK—-2 transfected
HEK293T cells were also prepared. Antibodies against TASK?2
(APC—037, Alomone Labs, Jerusalem, Israel), B—tubulin
(2146S, Cell Signaling Technology, Beverly, MA, USA) and
GAPDH (Sc—20357, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) were purchased from commercial sources.

WEHI-231 cells were biotinylated using the membrane
impermeable Sulfo—NHE—-SS—Biotin (Pierce, Rockford, IL,
USA) in phosphate buffered saline (PBS) was added to the cell
suspension and gently shaked for 1 hrs at 4 C. After quenching

free biotin by the addition of 50 mM Tris—Cl (pH 7.4), WEHI—
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231 cells were lysed in lysis buffer (0.5 M EDTA, 25 mM
Tris—Cl pH 7.4, 150 mM NaCl, 1% Triton X—100) and
centrifuged at 13,000 g for 10 min. Supernatents were
incubated with solution containing NeutrAvidin agarose resins
(Pierce, Rockford, IL, USA) for 1 h at room temperature. Beads
were washed two times with 0.1% Tris buffered saline—Tween
(TBS—T). Avidin binding proteins were eluted with elution
buffer [62.5 mM Tris—Cl pH 6.8, 1% sodium dodecyl sulfate
(SDS), 10% glycerol, 50 mM dithiothreitol (DTT)] and
immunoblotting was performed using a conventional procedure.
To obtain total proteins, cells were harvested and suspended in
homogenization buffer (0.5 M EDTA, 25 mM Tris—Cl pH 7.4,
150 mM NaCl, 1% Triton X—100, 1 mM NaVO,, and 1 mM B—
glycerophosphate) containing a complete protease inhibitor
mixture (Roche Applied Science, Mannheim), and lysed using a
22—gauge needle. Cell debris was then removed by
centrifugation, and the cleared lysates were mixed with
recovered in SDS sample buffer and were separated using 4—
12% precast poly—acrylamide gels. The separated proteins
were transferred to nitrocellulose membranes, which were
blocked by incubating for 1 h in a solution containing 5% BSA in

11




20 mM Tris—HCI (pH 7.5), 150 mM NaCl, and 0.05 % Tween—
20. Membranes were then incubated with the appropriate
primary and secondary antibodies, and protein bands were
detected using enhanced chemiluminescence. Membranes were
then stripped for 30 min in stripping buffer (60 mM Tris—HCI,
pH 6.8, 100 mM 2—mercaptoethanol, 2% SDS) and re—probed

with p—tubulin or GAPDH antibody.

6. RT—PCR

Total RNA was isolated from WEHI—-231 cells using TRizol
(Invitrogen, Carlsbad, CA, USA). Mouse TASK-1, TASK-2,
TASK—-4, TASK-5, HIF-1la mRNA, 18s rRNA and GAPDH
were analyzed by RT—-PCR. One microgram of RNA were
reverse transcribed at 48T for 20 min, and the cDNAs
produced were amplified over 30 PCR cycles (60C for 1 min,
72C for 2 min, and 95T for 45 s). PCR products (5 pl) were
electrophoresed on a 2% agarose gel at 100 V in a 1 x Tris—
acetate—EDTA buffer and visualized using ethidium bromide.
The nucleotide sequences of the primers used are summarized

in Table 2.
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7. Flow cytometry

Following the transfection of WEHI-231 cells with scRNA or
siTASK—2, cells were incubated with algM for 48 h. They
were then washed twice with cold PBS and suspended in
Binding Buffer (556454, BD Pharmingen, San Jose, CA, USA),
and diluted to 10° cells/ml. 1 ml of these suspensions were
transferred to 5 ml polystyrene round—bottom tubes and added
by 5 pl Annexin V=FITC (556419, BD Pharmingen) and 5 pl
7AAD-PE (559925, BD Pharmingen). The tubes were then
gently vortexed and incubated in the dark for 15 minutes at RT
(25C). 400 pl of the Binding Buffer was added to each of the
tubes before analysis using FACS Calibur (BD Bioscience, San

Jose, CA, USA).

8. Ca*" measurement

WEHI-231 cells were loaded with fura—2 acetoxymethyl
ester (5 uM, 30 min, room temperature) and washed twice with
fresh NT (145 mM NaCl, see table 1.) or High K (replace 145
mM NaCl with 145 mM KCID solutions. The Fura—2 loaded cells
were transferred into a microscope stage bath (approximately

100 ul) mounted on the stage of an inverted microscope (IX 70;
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Olympus) and perfused with HEPES buffered NT solution at
5 ml/min. Fluorescence was monitored using a Polychrome IV
monochromator (TILL Photonics, Martinsried, Germany), a
Cascade 650 CCD camera (Roper Scientific, Sarasota, FL, USA)
and Metafluor software (Universal Imaging, Downingtown, PA,
USA) at excitation wavelengths of 340 and 380 nm, and an
emission wavelength of 510 nm. At the end of each experiment,
Ca“"—free solution with 5 mM EGTA were applied to produce a
minimum fluorescence ratio (Ry,; 340/380 nm). Then, 2 M
ionomycin and 10 mM CaCl, were applied to confirm a
maximum ratio of fluorescence (Rpa; 340/380 nm). The ratio
values of [Ca®"] ., were calculated as;

[C32+] ratio — (R34O/R380_Rm1n) /R max.

9. Statistical analysis
Data are expressed as mean + SEM. Student’ s t—test and
ANOVA was used to test for significance at the level of < 0.01

or 0.05.
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RESULTS

Part 1. BCR—ligation induced TASK—2 K™ channel in B
lymphocytes

At first, the whole—cell (w—c) currents of control and algM
treated WEHI—231 cells were compared (Fig. 1). Ramp—like
depolarization from —90 to 60 mV was applied to obtain current
to voltage relations (I/V curve). Original I/V curves from
individual cells are shown as superimposed traces (Fig. 1B). In
the control group, the membrane conductance (slope of the I/V
curve at negative membrane voltages) was relatively low, and
prominent background K* conductance was rarely observed
(Fig. 1A, B, left panels). The membrane conductance tended to
increase with a reversal potential close to —80 mV, and the
change became prominent during the 6 h. The I/V curves of B
cells were collected between 9—15 h after BCR—ligation (12
h—algM, Fig. 1A and B, middle panels), and I/V curves were
also obtained after 24—30 h of BCR-ligation (24 h—algM).
Averaged I/V curves showed that leak—type K' conductance
prominently increased in 12 h—algM cells, and this change was

reversed to the control level the following day (Fig. 1A). The
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I/V curves of 12 h—algM WEHI-231 showed a weak inward
rectification at voltages above 20 mV. The linear membrane
conductance of 12 h—algM cells at negative voltages indicate
the increased activity of K, channels. Consistent with the
increased numbers of Ky, channels, almost linear I/V curves
with reversal potential at 0 mV were observed under
symmetrical K* conditions (145 mM KCIl on both sides of the
plasma membrane) in 12 h—algM cells (Fig. 1C).

To elucidate specific types of Ky, channels induced by BCR—
ligation, single channel properties were investigated. In the c—a
patch clamp under a symmetrical K* condition (DVF High K*
solution, Table 1), ion channels with burst type activity were
observed at negative membrane voltage (=60 mV) more
frequently in 12 h—algM than in control cells (Fig. 2A, B,
n=11). In the i—o patch conditions with symmetrical high K*
solutions, the voltage—dependence of single channel currents
showed weak inward rectification with an unitary conductance
of 112 pS (DVF pipette solution) or 78 pS (Ca®" and Mg?*
containing high K" pipette solution) at negative voltages (Fig.
2C, D). The slope conductance and voltage—independent
activity at negative voltages were consistent with the

16




properties of MKy, which has been previously described in
WEHI-231 cells (Nam et al., 2004).

When I compared with the reported characteristics of K2P
channels, the relatively large unitary conductance (78 pS with
physiological Ca®* and Mg®") and burst—like activity of MK,
were similar to those of TASK—2 (70 pS at —60 mV) (Kim et
al., 2005; Lotshaw et al., 2007). Therefore, I tested the
sensitivity of w—c current to extracellular pH (pH.) changes in
12 h—algM cells, and compared this with the responses of
mouse TASK—-2 (mTASK-2) overexpressed HEK293T cells
(Fig. 3). Here, the holding voltage was kept at 20 mV to induce
the inactivation of K, channels. In 12 h—algM cells, the non—
inactivating background outward current was increased by
alkaline pH. and decreased by acidic pH. with half—activation
pH. at 7.4 (Fig. 3A, B, n=7). The pH.—dependence was similar
to that of mMTASK—2 current (IC50=7.5) in HEK293T cells (Fig.
3C, D, n=9).

The pHe.—sensitivity of MKy, in WEHI=-231 was also tested
under o—o patch clamp conditions, and compared with that of
mTASK—-2 in HEK-293 (Fig. 4A, B, n=6). The pH.—
sensitivities of MK, and mTASK—2 were found to be similar

17




(Fig. 4B), as were their slope conductance values. The average
conductance of mTASK—2 recorded under i—o conditions was
65 pS (Fig. 4D, n=5).

RT—-PCR analysis demonstrated the expression of TASK—-2
mRNA in WEHI-231 cells, while other TASK—-1, 3, 5 and
TALK-1 were not found (Fig. 5A). An immunoblot study using
TASK—-2 specific antibody also confirmed the expression of
TASK—-2 protein and its upregulation by BCR-ligation in
WEHI-231 cells (Fig. 5B, C, n=4).

Based on the above results, I could conclude that TASK—-2
corresponds to MKy, in WEHI-231 cells, and that the
expression of TASK—-2 1is significantly increased by BCR-—
ligation. Several signalling mechanisms, such as, the
PLCy2/calcineurin and the NF«xB pathways have been
investigated with respect to involvement in B cell apoptosis in
WEHI-231 cells (Eeva et al., 2004). Interestingly, the
upregulation of MKy, by algM was inhibited by the co—
treatment with cyclosporine A or FK506, both calcineurin
inhibitors (Fig. 6A, B, n=8, 13). In contrast, the treatment with
the NF«B inhibitor, Bay 11-7082 (10 uM), did not affect the
upregulation of MK.,/TASK—2 by BCR-ligation (Fig. 6C,

18




n=16).

Then it was tested whether the increased TASK—2 activity is
involves in the apoptosis of WEHI—-231 cells. Because no
specific pharmacological blocker of TASK—2 was available yet,
TASK-2 specific siRNA (siTASK-2) was used. The siTASK-—
2 was transfected into WEHI—231 48 h before BCR-ligation.
TASK—-2 downregulation was confirmed by immunoblot assay
(Fig 7A). In the w—c patch clamp recordings of pH.—sensitive
currents (Fig. 7B, n=14). WEHI-231 cell death was then
evaluated by flow cytometry using Anexin V—FITC and 7TAAD—
PE at 48 h after BCR-ligation. As shown in Fig. 7, the
proportion of Annexin—V (+) or 7AAD (+) cells increased
significantly by BCR-—ligation, and the proportion of cell death
was lower in siTASK-—2 transfected cells as compared with
scRNA transfected cells (Fig. 8).

Finally, I examined whether TASK—2 is also expressed iIn
primary B cells isolated from mouse spleen. In the w—c patch
clamp experiments, I found that a proportion of splenic B cells
(5 of 22 trials) express Ky, current with pH.—sensitivity that is
activated by alkaline pH. (Fig. 9A). The o—o patch clamp
recordings of splenic B cells also demonstrated pH.—sensitive

19




K" channels (Fig. 9B, n=6).

Furthermore, the amplitude of pH.—sensitive K* channel at 0
mV with NT bath solution (1.3—1.5pA) was consistent with the
expected amplitude of TASK—2 under the same ionic conditions.
Also, RT—-PCR analysis of splenic B cells revealed the

expression of TASK—2 transcripts (Fig. 9C).
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Part 2. Hypoxia induced TASK—2 K* channel in B
lymphocytes

In w—c configuration, cells were held at —60 mV, and ramp—
like depolarization pulses (from —100 to 100 mV) were applied
to obtain I/V curves. Under atmospheric O,, basal w—c currents
in control WEHI—231 cells showed outwardly rectifying K*
current (K,) that was activated from depolarizing voltages (>—
20 mV). In contrast, sustained hypoxia (SH, 3% Pgos, 24 h)
induced prominent outward K* current with voltage—
independent background activity (Kyg; Fig. 10A). In the WEHI—
231 cells exposed to SH (SH cells), the reversal potential of
I/V curve was close to —80 mV, which was close to the K"
equilibrium potential, indicating that K, is the main ion channel
that would set the hyperpolarized membrane potential.
Replacing extracellular Na* with equimolar K* revealed a large
inward current at negative voltages, consistent with the
increased Ky, activity (Fig. 10B).

The increase of Ky, current during hypoxia showed a bi—
phasic pattern in its time course, with an initial transient

increase at around 4 h and a further increase from 16-24 h and
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a slight decline at 48 h (Fig. 10C). The peak K, was observed
at 24 h.

Since the above patch clamp study of SH cells was performed
under ambient Py, we also tested the effect of acute hypoxia
(AH) by superfusing with 100% Ny—bubbled NT solution. I
confirmed that the Pgs of perfusate in bath was lowered to 1—2%
on changing to the Ny—saturated solution (data not shown), and
the AH immediately decreased the amplitude of K, current of
control WEHI—-231 cells (Fig. 10D, n=6). In contrast, however,
the K,g currents measured in SH cells was increased by AH
(Fig. 10E, n=9). Paired comparison of AH—induced changes in
current amplitudes more clearly demonstrated the differential
responses of control and SH cells to AH (Fig. 10F). In each cell,
normalized current amplitudes at —20 mV (for comparison of
mainly Ky, activity) and 20 mV (for comparison of both Ky, and
K, activities) showed that the K., at negative voltage was
increased by AH in SH cells.

Mouse B cells express TREK—2 and TASK—2, two members
of the K2P (KCNK) family (Zheng et al., 2009; Nam et al.,
2011). Since TREK-2 channels are effectively activated by
arachidonic acid (AA), amplitudes of 10 uM AA-—activated K"
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current at negative membrane voltage in the symmetrical KCIl
conditions were compared between control and SH cells. The
AA-activated TREK-2 current was obtained by digital
subtraction of initial I/V curve (control) or 10 s AA—treated I/V
curve (SH) from the steady—state (120 s) I/V curve. A large
increase in the slope of I/V curve was similarly observed in
both control and SH cells (Fig. 11A, B).

Single channel activities of AA—activated TREK—2 were also
compared in c—a recording. With symmetrical KCI solutions, 10
puM AA activated K, channels with relatively large conductance
(17 pA at =60 mV) in both control and SH cells. The calculated
maximum activity (MP,) of TREK—2 with 10 uM AA was not
different between control and SH cells (Fig. 11C, D).

I next investigated the single channel properties of SH-—
induced K, channels in the c—a recording with symmetrical KCl
solutions. In SH cells, inward K* channel current with 5.5 pA
amplitudes at —60 mV were frequently observed (Fig. 11E
bottom panel), which was consistent with the known unitary
conductance of TASK—2 channel in B cells (La et al., 2006). In
control cells, however, the inward K* channel current was
rarely observed (Fig. 11E upper panel). In total, the TASK—-2-
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like channel activity (NPo) was markedly higher in SH cells
(Fig. 11F, n=6).

The hallmark property of TASK—2 is the pH. sensitivity
(Reyes et al., 1998). While the changes of pH. had an
insignificant effect on K, current in control cells (Fig. 12A), the
Kyg current in SH cells was significantly augmented and
inhibited at pH. 8.4 and 6.4, respectively (Fig. 12B). The pH.—
sensitive outward K,, current was rarely observed in the
control cells. The summarized current amplitudes at —20 mV
are shown in the bar graph depicted in Fig 12C (n=10).

An immunoblot assay using the mouse TASK-2 specific
antibody confirmed the expression of TASK—2 in WEHI-231
cells. Protein samples were also obtained from mTASK-2
overexpressed in HEK-—-293T cells as a positive control.
TASK—2 total protein expression significantly increased in SH
cells (Fig. 13A, upper panel). In addition, a surface biotinylation
assay demonstrated that the membrane expression of TASK—2
was definitely increased in SH cells (Fig. 13A, lower panel).
The normalized membrane and total TASK—2 expression
(TASK—2/B—tubulin) were significantly increased in the SH
cells (Fig. 13B, n=4).
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The molecular identity of hypoxia upregulated K* channel as
TASK—-2 was further proven by TASK-2 specific siRNA
(siTASK—2) transfection. Scrambled siRNA (scRNA) or
siTASK—-2 was co—transfected with GFP vector in WEHI-231
cells. Twenty four hours after the transfection, the two groups
of cells were further incubated under hypoxia (24 h, 3% Pgy)
conditions. We then performed whole cell patch clamp in the
GFP—positive cells under fluorescence microscopy examination.
The representative I/V curve of scRNA transfected cells
consistently showed K, current, while siTASK—-2 transfected
cells hardly showed a K., current (Fig 14A). To further rule
out the influence from K, current, the holding voltage was fixed
at 20 mV that induced full inactivation of K, channels. A reverse
ramp pulse from 100 to —100 mV was applied to obtain an I/V
curve of non—inactivating K, current. The scRNA transfected
cells consistently demonstrated increased Ky, currents, which
was not observed in the siTASK—2 transfected cells (Fig 14B,
n=12).

Many adaptive cellular responses to hypoxia are mediated by
HIF—1. HIF—1 functions as a heterodimer, consisting of HIF—
laoand HIF—1p (Semenza et al.,, 1996; Nizet et al., 2009).
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The knockdown of HIF—1la expression by transfection of
mouse HIF—1a specific siRNA markedly decreased HIF—1a
mRNA in WEHI-231 cells (Fig. 15A). In the w—c clamp
experiment, reverse ramp pulse from 100 to —100 mV (holding
voltage, 20 mV) was applied to obtain an I/V curve of K, SH—
induced TASK—2 current was inhibited by siHIFla but not by
scRNA (Fig 15B, n=13). Vice versa, overexpression with Oy—
stable sh—HIF—1a alone induced TASK—2 in WEHI-231 cells
under control culture conditions (Fig. 15C, n=10). YC—1 is a
HIF—1 inhibitor (Yeo et al., 2003). The symmetrical KCI
conditions were compared between SH and co—treatment with
10 uM YC—1 treated cells. The hypoxic upregulation of TASK—
2 current was prevented by co—treatment with 10 uM YC—1
(Fig 15D, n=10).

The upregulation of TASK—2 and subsequent membrane
hyperpolarization may augment the electrical driving force for
Ca”" influx. To test this inference, Ca®" signals activated by
BCR stimulation were compared. Bath application of algM
raised [Ca®’]., and the change of [Ca®"]. (ARsi0380) was higher
in SH cells than control (Figs. 16A, n=10). The augmented
Ca*" signal by SH was not observed when the membrane
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potential was abolished by high K* (145 mM KCI) —induced
depolarization (Fig. 16B, n=22), which further proved the role
of enhanced electrical driving force for Ca®" influx.

The functional expression of TASK—2 in mouse splenic B cell
was reported previously (Nam et al., 2011). Therefore, we
tested whether the hypoxic upregulation of TASK—2 is also
observed in fresh isolated B cells. The isolated splenic B cells
were divided into two groups and incubated in the control or SH
condition. In the w—c current was measured between 20 and 28
h after the isolation. Owing to the small size of primary B cells
(ca. 0.8 pF of whole cell membrane capacitance), single channel
activities of outward K* channels could be discriminated in the
w—c configuration. The pH—sensitive outward current at O mV
and the single channel amplitudes of around 1.8 pA at O mV
were consistent with the properties of TASK—2 channels. The
TASK—-2 like channels showed increase and decrease of
activities (NP,) by alkaline (pH 8.4) and acidic (pH 6.4) pH,,
respectively (Fig. 17A, B). In control cells, rarely observed the
pH.—sensitive TASK—-2-like channels. In SH cells, however,
TASK—-2-like pH.—sensitive channels, and their activities (NP,)
were generally higher than the control group (Fig. 17C).
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Bath solution Pipette solution
High
High
High K* High
Solute NT High K* K*—
NT K* (Ca®* K*
(M) (pH) (w—c) DVF
(i-o0) free, (i—o)
(w=c)
w—c)
NaCl 145 145 (=) (=) (=) 5 (=)
KCl 3.6 3.6 145 140 140 140 145
CaCl, 1.3 1.3 (=) 1 (=) (=) (=)
MgCl, 1 1 (=) 1 (=) 0.5 (=)
Glucose 5 5 (=) 5 5 (=) (=)
HEPES' 10 5 10 5 10 10 10
MES (=) 5 (=) 5 (=) (=) (=)
EGTA (=) (=) 1 (=) (=) 5 1
MgATP (=) (=) (=) (=) 1 3 (=)
pH 7.4 6.4~8.4 7.2 6.4~8.4 7.4 7.2 7.4

Table 1 Experimental solutions and their compositions.

All the units are in mM except pH. NaOH or KOH were used to
adjust pH values in bath and pipette solutions. HEPES; 4—(2—
hydroxyethyl) —1—piperazine ethanesulfonic acid, MES; 2—(N—
morpholino) ethanesulfonic acid, EGTA; 2—bis(2—
aminophenoxy)ethane—N,N,N" N’ —tetraacetic acid, w-—c;

whole cell patch clamp, o—o; outside—out patch clamp
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Protein . Size ) )
Primer n
(Gene Bank #) e (bp) Sequence (5° to 3’ )
Forward CGTGTGCACCTTCACCTACC
Mouse TASK—1 237
Reverse ATGACGGTGATGGCGAAGTA
Forward ACTGGAAGGAGGCCAAGAAA
Mouse TASK—-2 208
Reverse ATGGTGGTGATGACTGTGGC
Forward CAGACGTGCTGAGGAACACC
Mouse TASK—-3 106
Reverse TAGATGGACTTGCGACGGAG
Forward AGAAAGTACCGCTTCTCCGC
Mouse TASK—-5 203
Reverse CCCAGGAGGGCATAGAACAT
Forward CCCACTAACATCAAATGGGG
Mouse GAPDH 275
Reverse CCTTCCACAATGCCAAAGTT
Forward GTCGGACAGCCTCACCAGACAG
Mouse HIF—1a 350
Reverse TCTGCATGCTAAATCGGAGGGT
Forward CGGCTACCACATCCAAGGAA
Mouse 18s rRNA 186
Reverse GCTGGAATTACCGCGGCT

Table 2 Nucleotide sequences of the primers used for RT—PCR
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Figure 1. Increase of background type K* currents by BCR—

ligation in WEHI—-231 cells

(A, B) Membrane currents of WEHI—231 cells in the control

(left, n=56), 9—15 h after algM treatment (middle, 12 h— algM,

n=46), and 24—30 h after algM treatment (right, 24 h— algM,

n=14) groups were obtained under w—c clamp conditions. The

membrane voltage was held at =60 mV and I/V curves were

obtained by applying depolarized ramp pulses from —90 to 60

mV. In A, I/V curves of each group were averaged and results
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are displayed with SEM. In B, superimposed original I/V curves
of individual cells obtained under each condition are shown. (C)
The increased voltage—independent K* conductance in 12 h—
algM was also confirmed under symmetrical K™ conditions.
Mean membrane currents in the control (n=29) and 12 h—
algM cells (n=32) are shown in the left panel. Superimposed
original I/V curves from individual cells are also shown in the

middle (control) and right (12 h—algM) panels.
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Figure 2. Increased activity of MKy, by BCR—ligation in WEHI—
231 cells

(A) Representative single—channel current traces under c—a
conditions at 60 mV (pipette voltage, symmetrical KCI solutions)
in control and 12 h—algM cells. Throughout the figures, the
letter ‘¢’ and horizontal arrows indicate the closed and open
levels of MK, respectively. (B) Summary of the effect of

BCR—ligation on MKy, activity recorded in c—a condition. MKy,
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activity (np,) was 7.4—fold higher in 12 h—algM cells. (C)
Representative traces of i—o recording in the absence (DVF) or
presence of divalent cations (I mM Mg?* and Ca®") in pipette
solution. (D) Mean values of single channel amplitudes were
plotted against clamped voltage. A linear fitting at negative
voltage yielded 78 pS and 112 pS with and without divalent

cations, respectively.
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Figure 3. pH.—sensitivity of MKy, current induced by BCR-
ligation

(A) Representative current traces in 12 h—oalgM cells at
different pH. values (8.0, 7.6, 7.2, 6.8 and 6.4, respectively).
Cells were held at —10 mV and ramp pulses (from —100 to 80
mV) were applied. (B) Amplitudes of currents at 20 mV were
measured for each pH. and summarized values are plotted
(means £ SEM, n=7-9). Fitting the results with a Hill function
yvielded a half—effective pH. of 7.4. (C) Representative current
traces of mMTASK—2 overexpressed HEK293T cells at different

pH. values (8.0, 7.6, 7.2, 6.8, and 6.4, respectively). HEK293T
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cells were held at —80 mV between ramp pulses. (D) pH.—
dependence of mTASK—-2 overexpressed in HEK293T cells.
Mean amplitudes of outward current at 20 mV are plotted with
SEMs (n=4-7), and were fitted a Hill function. The half
inhibitory pH. was 7.5, which was similar to that of the 12 h—

algM induced K* current in WEHI231 cells (IC50=7.4).
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Figure 4. Inhibition of MK, by acidic pH.

(A) Representative current traces of o—o patch clamp
recordings showing the pH.—sensitivity of MK, in 12 h—algM
WEHI-231 cell. (B) Comparison of the summarized pH.—
sensitivities of MKy, and mTASK—2. In each patch, the np, of
MKy, and TASK—2 at pH. 6.4, 7.4, and 8.4 were measured, and
averaged values are displayed (n=5). (C) Representative

current traces of mMTASK—2 at different holding voltages (40, 0,
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and —60 mV). (D) I/V curves of unitary currents for MK, and
mTASK—2 recorded under i—o configuration with symmetrical
[K*] (145 mM). Each represents mean = SEM. A linear fitting
at negative voltages yielded 78 pS for MK, and 65 pS for

mouse TASK—2. The result for MKy, is duplicated from Fig. 2D.
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Figure 5. Molecular identification of MKy, as TASK—2

(A) RT—PCR detection of TASK—2 mRNA in WEHI-231 cells.
Agarose gel electrophoresis of PCR products generated using
specific primers for mouse TASK—-1, TASK—-2, TASK—3 and
TASK—-5. As a control, GAPDH mRNA was also detected using
specific primers. (B) Immunoblot assay for mTASK—-2 in
WEHI-231 cells. Cells were incubated in culture medium
containing olgM (6.5 pg/ml) for O, 7 or 12 h. Protein samples
were also obtained from mTASK—-2 overexpressing HEK293T
cells as a positive control for the antibody. (C) Summary of the
immunoblot assay (n=4). Increased density ratios (TASK-—
2/GAPDH) indicate the up—regulation of mMTASK—2 in WEHI—

231 cells by BCR—ligation.
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Figure 6. Calcineurin—dependent for TASK—2 up—regulation in

WEHI—-231 cells

(A—C) Cells were held at =10 mV to inactivate K, current, and

reverse ramp pulses (from 60 to —100 mV) were applied. Cells

were stimulated with algM (6.5 pg/ml, 12 h) alone or co—

treated with cyclosporine A (CsA, n=8 for 250 ng/ml, n=13 for

750 ng/ml), FK506 (n=16), or with Bay 11-7082 (10 uM,

n=11). The increase of outward current by 12 h-algM was

prevented by co— cyclosporine A (A) or FK506 (B) Bay 11—

7082 did not affect the increase of outward current (C).
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Figure 7. Effects of sSiTASK—2 in WEHI—231

(A) Effects of siTASK—2 transfection on MK, by BCR—ligation.

Either scRNA (200 nM) or siTASK—2 was transfected. Then,
WEHI-231 was stimulated with algM (6.5 pug/ml, 12 h), and
protein samples were collected. Immunoblot assays showed
reduced TASK—-2 in the siTASK—-2 transfected WEHI-231
cells. As a positive control, mTASK—-2 overexpressed
HEK293T cells were also prepared for the assay (left most
lane, HEK). (B) The pH.—sensitive K, current was not induced

by BCR-ligation in siTASK—-2 transfected WEHI—-231 cells.
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Depolarizing ramp pulses (from —100 to 60 mV) were applied
to obtain I/V curves, and summarized results (means = SEM.)
are shown for scRNA and siTASK-—2 transfected WEHI-231

cells (n=14, respectively).
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Figure 8. Roles of TASK—2 causing apoptosis in WEHI-231

Annxin—V a 7—AAD double staining assay. (A) WEHI-231
cells were divided into four treatment groups; the scRNA-—
transfected control (left upper), the scRNA-—transfected 48
h —algM (right upper), the siTASK—2 transfected control (left
lower), and the siTASK—2 transfected 48 h algM (right lower)
group. Cells were stained with Annexin—V—FITC (horizontal
axis) and 7TAAD—-PE (vertical axis) for flow cytometry. The
proportions (%) of Annexin—V(+) or 7—AAD(+) cells
are indicated in the figure. (B) Representative histograms of

the scRNA (black) or siTASK—2 (gray) transfected cells. (C)
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The median of annexin—V positive cell in scRNA or siTASK—2

under 48 h a—IgM group (n=4).
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Figure 9. Expression of TASK—2 in primary B cells
(A) In w—c configuration, mouse splenic B cells were held at —

60 mV, and ramp-—like pulses (from —100 to 60 mV) were
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applied to obtain brief I/V curves. I/V curve in the left panel (a)
shows a K, predominant case where alkaline pH. (8.4) only
slightly increased the outward current. The right panel (b)
demonstrates a representative case of alkaline pH.—activated
background K* current. (B) Left; representative traces of pH.—
sensitive K' channels in the o—o configuration of a mouse
splenic B cell. NT bath solution was used and the membrane
voltage was held at O mV to selectively record K" channel
activity. pHe values of bath solutions are indicated above each
trace. Right; summary of pH.—dependent activity (np,) of the
TASK—-2-like channels. In each patch, np, at pH. 6.4, 7.4, and
8.4 were measured for 60 s, respectively, and averaged (n=6).
(C) RT—PCR analysis of mouse splenic B cells for TASK—1, 3,
5, TALK—2 and TASK—-2. Positive signal of TASK—2 mRNA

(208 bp) shown.
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Figure 10. Sustained hypoxia induces background K* current in

B cells

(A) Comparison of membrane currents of WEHI—231 between

control and SH cells. In the w—c clamp conditions, I/V curves
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were obtained by ramp-—like pulses (from —100 to 100mV,
holding voltage —60 mV). Note the increase of K, current in
SH cells. (B) Under symmetric K* conditions, the induction of
Ky conductance was also confirmed as inward current in the
SH cells. (C) Time—dependent induction of Ky, current by
hypoxic culture conditions. Mean amplitudes of outward current
at —20 mV are plotted according to the duration (hours) of
hypoxia. Numbers of tested cells are indicated above each point
(mean + SEM) (*xP < 0.01, *P < 0.05). (D) Inhibitory effect of
AH on K, currents in control WEHI-231 cells. (E)
Augmentation of Ky, current by AH in SH cells. Throughout the
figures, I/V curves obtained in each group were averaged and
plotted with vertical bars indicating SEM. (F) The normalized
current amplitudes at —20 mV and +20 mV are shown in the

bar graph (mean+ SEM) (x£< 0.05).
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Figure 11. Induction of TASK—2 like K* channels in WEHI—231
cells undergoing SH

(A) Activation of TREK—2 K* current by arachidonic acid
(AA, 10 uM) in WEHI-231 cell. To reveal the voltage—
independent K™ current activity, I/V curves of K™ conductance
were obtained under symmetrical KCl conditions. (B) AA-—
induced current was obtained by digital subtraction of initial

current from the current with 10 uM AA, and the averaged I/V
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curves are compared between control and SH—cells (n=10).
(C) In c—a configuration under symmetric KCl conditions,
application of 10 uM AA activated inward K' current with
relatively large single channel conductance (17 pA at —60 mV),
which was consistent with TREK—2. (D) The activity of AA—
induced TREK—2 (NPo) was not different between control and
SH—cells (n=6). (E) TASK—2 like K+ channel current with 5.5
pA of single channel current (at =60 mV) was rarely observed
in control cells (upper) whereas frequently observed in SH—
cells (lower). (F) The averaged values of TASK—2 like channel
activity (NPo) were definitely higher in SH—cells (n=6) (xxP <

0.01).
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Figure 12. pH.—dependence of SH induced K, current

Representative current traces of control (A) and SH—cells (B)
at differential pH. (6.4, 7.4 and 8.2). (B) The Ky, current of
SH—cell was increased and decreased by pH 8.2 and 6.4,
respectively. (C) Summary of current amplitudes at —20 mV

for each pH, (mean + SEM, n=10) (#xP < 0.01).
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Figure 13. SH increased the protein expression of TASK—2 in B

cells

Immunoblot assay for mTASK—2 in WEHI—-231 cells. Cells
were incubated in control and SH condition. Protein samples
also obtained from mTASK—2 overexpressed in HEK293T cells
as a positive control (T2) for the antibody. (A) Total and
membrane fraction of mMTASK—2 protein expression were
significantly increased in B cells. (B) Summary of the
immunoblot assay. Increased density ratios (TASK—-2/p—
tubulin) normalized to the initial level indicates the up—
regulation of mMTASK—-2 in WEHI—-231 cells by hypoxia. (mean

+ SEM, n=4) (=xP<0.01, *P<0.05).
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Figure 14. Inhibition of SH induced K, current by siTASK-2
transfection

(A) Representative I/V curves obtained by depolarizing ramp
pulse from —60 mV holding voltage in scRNA and siTASK—-2
transfected SH cells. (B) To exclude K, conductance,
membrane voltage was held at depolarized level (20 mV), and
reverse ramp pulses (from 100 to —100 mV) were applied.
Summarized results (means + SEM) are shown for scRNA and

siTASK—-2 transfected WEHI—231 cells (n=12, respectively).
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Figure 15. HIF—1a mediates SH activation of TASK—2 in B cells

(A) RT—-PCR analysis for HIF—lain scRNA and siHIF—
la transfected SH—cells, showing abolished HIF—1a mRNA by
siHIF—1a. (B) Comparison of TASK—2 current between scRNA
and siHIF—1la transfected SH cells. I/V curves were obtained
by repolarizing ramp pulses (holding voltage, 20 mV). TASK—2
current was largely abolished in the siHIF—1a transfected SH—
cells. (C) Upregulation of TASK—2 current by overexpression
of Oy—resistant sh—HIF—1a (0.5 uM) in WEHI-231 cells under
control condition (n=10). (D) Inhibitory effect of YC—1, a HIF—
1 inhibitor on TASK—2 induced by SH. Summary of I/V curves
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obtained in symmetrical KCl conditions (n=10, holding voltage,

0 mV).
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Figure 16. Augmented Ca®* signal by BCR stimulation in SH cells

(A) Normalized fura—2 fluorescence ratio of single WEHI—-231
cell, an indicator of [Ca®*]., was increased by BCR stimulation
with algM (2.4 pg/ml). Averaged results from 10 cells for each
group, control and SH cells, displayed higher amplitudes of
[Ca?*]. changes. (B) Peak changes in [Ca®"]. (ARsio380) were
summarized for each group (control vs. SH) in NT and high KCI
solutions, respectively. It is notable that the ARsio/330 was
attenuated in KCI solution with no difference between control

and SH cells (xxP< 0.01).
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Figure 17. Higher activity of TASK—2 channels in primary
splenic B cells undergoing SH

(A, B) Representative traces of pH, sensitive K* channels in
mouse splenic B cells after control incubation (A) and SH (B).
NT bath and High K pipette solution were used, and the
membrane voltage was held at 0 mV to selectively record K*
channel activity in c—a configuration. pH. values of bath

solutions are indicated above each trace. (C) The summary of
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pH. dependent activity (NPo) of the TASK—2—like channels. In
each patch, NPo at pH. 7.4, and 8.4 was measured during 40 s,
respectively. In control cells, rarely observed the pH.—
sensitive TASK—-2-like channels. In SH cells, however,
TASK—-2-like pH.—sensitive channels, and their activities (NP,)

were generally higher than the control group.
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DISCUSSION

In this study, I present that the Ky, in mouse B lymphocytes,
is TASK—2 (judging by biophysical property, conductance of
78 pS and by pH sensitivity). The expression of TASK—2 in
WEHI—-231 cells i1s markedly upregulated by BCR-—ligation,
which may be associated with the apoptosis of B lymphocytes.
Similarly, SH condition significantly increased TASK—2 channel
in WEHI-231 cells via HIF-1la dependent mechanism.
Furthermore, increased TASK-—2 activity was associated with
augmented Ca®" responses (Hyperpolarization) to BCR—ligation,

which is critical for B cell activation.

K2P channels in T, B lymphocytes

The functional roles of KZ2P channels in lymphocytes have
received attention and the studies undertaken so far have been
performed on T cells (Meuth et al., 2008; Pottosin et al., 2008).
Immunological studies on T cells have suggested that TASK—1
and TASK—-2 have aggravating roles In autoimmune
encephalomyelitis and multiple sclerosis, respectively (Bittner
et al., 2010). In these studies, however, there was no direct

electrophysiological evidence indicating the TASK or TALK
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family of K2P channels. Accordingly, 1 describe for the first
time, electrophysiological properties of TASK—2 channels in B
lymphocytes.

The unitary conductance of TASK—2 is greater than that of
any other member of the TASK and TALK subfamilies of K2P
channels. Although the conductance of TASK—2 like channel in
the B lymphocytes is slightly greater than that of cloned
mTASK—-2 (Fig. 4D), it falls within the range of those
previously reported for TASK—2 (Kim et al., 2005; Lotshaw et
al., 2007). The difference in slope conductance might be due to
dissimilar expression background (WEHI-231 vs. HEK293T).

The RT—-PCR analysis of WEHI-231 and primary B cells
demonstrated that the transcripts for TASK—-2 are
predominantly expressed among the pH.—sensitive K2P

channels (Fig. 3 and Fig. 9).

TASK—2 channel in other organs

TASK—-2 was initially found in human kidney, and tissue
distribution studies show expressions of TASK—2 in epithelium
from a number of organs such as, pancreas, placenta, lung,
intestine, and kidney (Reyes et al., 1998).
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Immunohistochemistry results also confirm that TASK-2 is
expressed in rat hippocampus (Gabriel et al., 2004). In addtion,
functionally active native TASK—2 was reported in cerebellar
granule cells (Cotton et al., 2004). As shown in this study,
TASK—-2 is sensitive to pH. and the half—effective pH. of
cloned TASK—-2 is known to be close to physiological pH (Fig.
3C) (Lotshaw et al., 2007).

In kidney, TASK—-2 in proximal tubules is important for
NaHCOs5; absorption, as suggested from the phenotypes of
metabolic acidosis and hypotension in TASK—2 deficient mice
(Warth et al., 2004). In addition, TASK—2 has been linked to
the control of excitability in intestinal smooth muscle (Cho et al.,
2005) and cerebellar granule cells (Cotton et al., 2004).
Intriguingly, TASK—2 has also been suggested to participate in
the regulation of cell volume (Niemeyer et al., 2001;
Kirkegaard et al., 2010), and in the apoptotic volume decrease
(AVD) of proximal tubular epithelium (Barriere et al., 2003;
L’ Hoste et al., 2007). My results suggest that the TASK—-2
upregulation by BCR-ligation might be associated with

apoptosis of B lymphocytes (Fig. 1, 8).
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Physiological implication of the TASK-Z expression in B
lymphocytes

Both RT—PCR analysis and immunoblot studies indicate the
expression of TASK—2 in splenic B cells (Fig. 5, 9).

Different from the mechano— and arachidonic acid—activated
TREK/TRAAK subfamily of K2P channels, the members of the
TASK and TALK subfamilies display genuine ‘background’
activity. In this respect, the significant upregulation of TASK—2
by BCR-ligation or prolonged hypoxia suggests that a
hyperpolarization of lymphocytes would have been induced.

In B lymphocytes as well as other immune cells, role of ion

channels is usually investigated with respect to Ca®" signals, i.e.

Ca“" influx pathways such as calcium—release activated Ca*"
(CRAC) channel or transient receptor potential (TRP) family of
nonselective cation channels (Liu et al., 2005; Chung et al.,
2007). BCR-ligation triggers complex cascades of signalling
pathways, which lead to an increase in the [Ca®']. via
PLCy2/InsP; pathway and CRAC/TRP channels. [Ca®*'].
elevation triggers the activation of calcineurin (a protein
phosphatase), which can activate target molecules, such as,
caspase—2 and NFAT (Eeva et al., 2004). The upregulation of
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TASK—-2 appears to be tightly associated with calcineurin—
dependent signalling pathways (Fig. 6) that link to NFAT-—
dependent transcriptional regulations during the immunological
activation of B lymphocytes (Kurosaki et al, 2002;
Scharenberg et al., 2007). Previous studies suggested that the
upregulation of TASK—- or TRESK channels in T cells is
associated with the effecter functions of these cells (Meuth et
al., 2008; Bittner et al., 2009). To support the Ca®" influx,
hyperpolarized membrane potential is required, and in this
respect, the expression and upregulation of TASK—-2 would

augment the Ca®" signaling (Fig. 16).

Role of TASK—_2 in the apoptosis of B lymphocytes
WEHI—-231 is widely used as a model of B lymphocytes that
show apoptosis under strong BCR stimulation. The present
study showed robust upregulation of TASK—2 by BCR ligation.
Excessive K" efflux might contribute to apoptosis by two
mechanisms; 1) osmotic water loss leads to AVD (Trimarchi et
al.,, 2002), and 2) by regulating apoptotic enzymes, such as,
nuclease and caspase (Bortner et al., 2007; Lang et al., 2007).
The present study suggests that TASK—2 might participate
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in the WEHI-231 apoptosis, because the genetic
downregulation of TASK—2 attenuated the cell death induced
by BCR-ligation (Fig. 8). The relatively weak inhibitory effect
of siTASK—-2 on apoptosis might be due to inefficient
transfection of siRNA into the floating WEHI—231 cells.
Another possible explanation for the limited effect of siTASK—
2 is that TREK—2 might also provide the K* efflux pathway in
BCR stimulated WEHI—-231 cells. Unfortunately, the lack of
specific blockers for the members of K2P limited our ability to
test this hypothesis pharmacologically.

The involvements of K2P channels in apoptosis has been also
suggested for other members, such as, TASK—1 and —3 (Patel
AJ et al, 2004) and TALK (Duprat et al., 2007). The
TASK/TALK subfamily of K2P channels are characterized by a
typical leak or background activity, and are open at rest. In
contrast, a variety of physicochemical stimuli are required to
cause TREK/TRAAK channels to open (Kim et al., 2005;
Bayliss et al., 2008). In this respect, TASK/TALK channels are
likely to provide a more continuous K* efflux than other types
of AVD—associated K* channels.

Despite the observed effects of siTASK—2 on the apoptosis
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of WEHI—-231, the actual role of TASK—2 is open to question,
because increased background K* conductance was found to
reverse spontaneously on the day after BCR-ligation.
Considering this relatively temporary upregulation, the role of
TASK—2 activity in putative AVD is likely to be short—lived,
and contributions from other K channels are probably
necessary. For example, the cellular microenvironment might
provide the conditions (e.g. intracellular acidosis, ROS, and AA)
requested to activate TREK channels. Taken together, TREK—
2 and TASK—-2 might concertedly contribute to AVD of the B

lymphocytes n vivo.

Putative roles of TASK—2 in hypoxic microenvironments

B lymphocytes are located in lymph nodes and spleen, where
oxygen pressure is low (1—5%, depending on the distance to
the perfusion vasculature). Such a hypoxic microenvironment 72
vivo (PhyO,) can be graded from hypoxic to anoxic sites such
as poorly perfused atherosclerotic regions (Sluimer et al.,
2008). Despite this physiological hypoxia is well acknowledged,
most biological experiments and cell culture processes are
performed at atmospheric Poy (AtmOs, 20—21%).
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So far, studies relevant to hypoxic modulation of ion channels
in the immune system have been limited to T cells where both
AH and SH inhibit K,1.3 channels (Conforti et al., 2003;
Szigligeti et al., 2006). The inhibition of K, current by AH was
also observed in this study using B cells (Fig. 10D). The novel
finding is that SH upregulates TASK—-2, a member of the pH
sensitive K2P (KCNK) channel family. It should be noted that
the upregulated TASK—-2 current in SH cells was further
increased by AH (Fig. 10E). Therefore, the hyperpolarizing
effect of the upregulated TASK-2 would be wvalid in the
hypoxic/anoxic environments /7 vivo. Among the two types of
K2P channels expressed in mouse B cells (Zheng et al., 2009;
Nam et al., 2011), total activity of TREK—2 was not altered by
SH (Fig. 11D). Ischemic/hypoxic conditions activate
phospholipase A, (PLAj) that are responsible for AA
production (Lambert et al., 2006), which might potentiate the
TREK—-2 activity i wvivo hypoxia. However, another
confounding factor for TREK—2 is their putative Os sensitivity.
Previous studies claimed that hypoxia directly inhibits TREK—1
(Miller et al., 2003), which has high homology with TREK—2. In
this respect, the contribution of TREK—2 to the ion channel

65




mediated immunomodulation under hypoxic/ischemic conditions
requires further investigation.

Hypoxic regulation of ion channels can be categorized into an
acute response and chronic, sustained up— or down—regulation.
The acute inhibitions of K* channel have been described in
various chemoreceptor cells where subsequent membrane
depolarization activates voltage—gated L—type Ca®" channels.
In carotid body glomus cells, inhibitions of K, ether—a—go—go
(hERG), Ca®" activated K" (MaxiK) and TASK-1/3 K*
channels were reported (Buckler et al.,, 1997; Overholt et al.,
2000; Peers et al., 1999; Donnelly et al., 2011). In pulmonary
artery smooth muscle cells, the hypoxic inhibitions of Kv and
TASK—1 like K' channels have been also well described and
suggested as the key mechanisms for hypoxic pulmonary
vasoconstriction and hypoxic arterial remodeling (Archer et al.,
2004). In this respect, the upregulation by SH and the
facilitation by AH are relatively unique properties of TASK—2
(Fig. 10).

Recently, TASK—2 was suggested to play a role in the O,
sensitivity of central respiratory center. TASK—2"" mice
showed disturbed chemosensory function to Pcos changes and
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compromised adaptation to chronic hypoxia. In this study, the
electrical activity of respiratory center region in the brainstem
was suppressed by hypoxia, which was not observed in the
TASK—2"" mice. The authors suggested that the putative ROS
generated during the acute hypoxia would have activated
TASK—-2 channels (Gurney et al., 2010). Interestingly, our
study also demonstrated an increase of TASK—2 current by AH
in SH WEHI-231 cells (Fig. 10F). The precise cellular
mechanisms of TASK—2 facilitation by AH in B lymphocytes
require rigorous investigation in future.

In T cells, SH induce functional downregulation of K,1.3 by
inhibiting forward vesicular trafficking process (Chimote et al,.
2012). In contrast, the increased current density of TASK—2 in
the SH B cells was associated with the increased amount of

total and surface protein expression (Fig. 13).

Involvement of HIF—1 signaling in the hypoxic up—regulation of
TASK—2

In this study, both pharmacololgical (YC—1) and genetic
(siHIF—1a) inhibitions of HIF—1 a activity indicated that the
hypoxic up—regulation of TASK—2 is mediated by translational
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regulation from HIF—1a (Fig. 15B, D). In addition, the increase
of background K* current under control conditions by sh—HIF—
la overexpression strongly suggest that HIF—1-—depenent
translational regulation is sufficient for the induction of TASK—
2 in B cells (Fig. 15C). Consistently potential HIF—1 binding
region has consistently been identified in the promoter regions
of the TASK—2 gene (Brazier et al., 2005). HIF—1 mediated
cellular responses cover a wide variety of adaptive and
pathological changes during hypoxia (Palazon et al., 2012).
Abnormal peritoneal B—1 like lymphocytes are frequently
observed in HIF—1la KO mice, and such phenomenon are
postulated to be associated with autoimmunity (Kojima et al.,
2002). The HIF—1a mediated upregulation of TASK—-2 in B
cells might also play a role in the systemic adaptation in terms
of humoral immune responses and B cell differentiation.

The present study demonstrates that hypoxia is strongly
associated with TASK—-2 upregulation and membrane
hyperpolarization. In fact, WEHI—-231 cells exposed to SH
showed augmented [Ca®]. elevation by BCR-ligation. Since
the chemical depolarization (high K™ conditions) abolished the
difference between control and SH cells, it was suggested that
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the hyperpolarization inferred from TASK-—-2 up-—regulation
was responsible for the augmented Ca®" signal (Fig. 16), which
might implicate positive influence on B cell responses.
Interestingly, according to literature, the stimulated primary
T cells proliferate better at AtmO, (McNamee et al., 2013;
Atkuri et al., 2005; Loeffler et al.,, 1992) whereas B cells
showed higher proliferation and antibody production at PhysOsy
(Singh et al., 1977). The SH-induced changes of K"
conductance appear to be opposite between T and B cells. A
series of studies consistently demonstrated that hypoxia
produces both acute and long—term inhibition of K,1.3 channels
in T cells. The suppression of K,1.3 was suggested to be
associated with the hypoxic inhibition of TCR—mediated
proliferation (Conforti et al., 2003). The unique hypoxic
upregulation of TASK—2 and the augmented Ca®" signals by
hyperpolarization might contribute to the positive regulation of

B cell responses.

Conclusion

In summary, the expression of TASK—2 was firstly identified

in B lymphocytes. In the B lymphocytes (WEHI-231), the
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expression of TASK—2 is dramatically increased by 12 h BCR—
ligation mediated by Ca®'/calcineurin signalling pathway, and
this response might be putatively associated with apoptosis. In
addition, the expression of TASK—2 in WEHI—231 is markedly
upregulated by hypoxia in a HIF—1o dependent manner. The
augmented Ca®" influx in the SH cells could arise from the
enhanced electrical driving force (i.e., hyperpolarizing effect of

TASK—-2). More rigorous studies about the immunological

implication of TASK—2 in systemic levels need to be conducted.
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