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The organic anion transporter SLCO2A1 constitutes
the core component of the Maxi-Cl channel
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Abstract

The maxi-anion channels (MACs) are expressed in cells from
mammals to amphibians with ~60% exhibiting a phenotype called
Maxi-Cl. Maxi-Cl serves as the most efficient pathway for regulated
fluxes of inorganic and organic anions including ATP. However, its
molecular entity has long been elusive. By subjecting proteins
isolated from bleb membranes rich in Maxi-Cl activity to LC-MS/MS
combined with targeted siRNA screening, CRISPR/Cas9-mediated
knockout, and heterologous overexpression, we identified the
organic anion transporter SLCO2A1, known as a prostaglandin
transporter (PGT), as a key component of Maxi-Cl. Recombinant
SLCO2A1 exhibited Maxi-Cl activity in reconstituted proteolipo-
somes. When SLCO2A1, but not its two disease-causing mutants,
was heterologously expressed in cells which lack endogenous
SLCO2A1 expression and Maxi-Cl activity, Maxi-Cl currents became
activated. The charge-neutralized mutant became weakly cation-
selective with exhibiting a smaller single-channel conductance.
Slco2a1 silencing in vitro and in vivo, respectively, suppressed the
release of ATP from swollen C127 cells and from Langendorff-
perfused mouse hearts subjected to ischemia–reperfusion. These
findings indicate that SLCO2A1 is an essential core component of
the ATP-conductive Maxi-Cl channel.
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Introduction

Rapid and efficient increases in anionic permeability are critical for

cells to generate adequate response to environmental challenges.

Anion-selective channels with large unitary amplitude of over 300

pS are found in cells originating from virtually every part of whole

body, including immune and cardiovascular system, placenta,

gastrointestinal tract, kidney, and brain (Strange et al, 1996; Bell

et al, 2003, 2009; Riquelme, 2009; Sabirov & Okada, 2009;

Lazarowski, 2012; Sabirov et al, 2016). The maxi-anion channels

(MACs) are rarely seen in cell-attached patches on resting cells, but

can be activated in response to a variety of biologically relevant

stimuli, such as cell swelling, ischemia or hypoxia, heat, and activa-

tion of various receptors by adenosine, endothelin, bombesin,

bradykinin, or NK-1 (Sabirov & Okada, 2009; Sabirov et al, 2016).

Among different MACs reported so far, around 60% of channels

described in original papers exhibit a phenotype designated as

Maxi-Cl having the following biophysical profile (Sabirov et al,

2016): (i) unitary conductance of 300–500 pS, (ii) linear and non-

rectifying current–voltage (I–V) relationship, (iii) strong discrimina-

tion for anions over cations with PCl/PNa of > 8, (iv) inactivation at

voltages above �20 mV, and (v) sensitivity to extracellular Gd3+

ions. In the present study, thus, we examined a possibility that there

is a common core component for Maxi-Cl which we named MAC-1.

As a ubiquitous, abundantly expressed, and highly efficient

anion-transporting pathway, Maxi-Cl is engaged in a number of

fundamental cellular functions, including control of membrane

potential (Sun et al, 1992), cell volume regulation (Schlichter et al,

1990), and fluid and solute transport (McGill et al, 1992). Recently,

Maxi-Cl was shown to provide a pathway for the release of ATP4�

and MgATP2� involved in physiologically powerful purinergic

signaling (Bell et al, 2003, 2009; Sabirov & Okada, 2005; Praetorius

& Leipziger, 2009; Li et al, 2011; Lazarowski, 2012). Massive release
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of glutamate from ischemic astrocytes, which is a major cause of

neurodegeneration, is also known to be induced by parallel activa-

tion of Maxi-Cl and the volume-sensitive outwardly rectifying

(VSOR) anion channel (Liu et al, 2006).

In contrast to recent successful identification of TMEM16A/

ANO1 as Ca2+-activated Cl� channel, CaCC (Schroeder et al, 2008;

Yang et al, 2008), and of LRRC8A as VSOR also called volume-

regulated anion channel (VRAC; Qiu et al, 2014; Voss et al, 2014;

Pedersen et al, 2016), the molecular identity of Maxi-Cl remains

elusive (Dubyak, 2012). The plasmalemmal isoform of mitochon-

drial voltage-dependent anion channel (VDAC; Dermietzel et al,

1994; Buettner et al, 2000), adenine nucleotide translocase (ANT;

Brustovetsky & Klingenberg, 1996), and ttyh genes homologous to

tweety in the Drosophila flightless locus (Suzuki & Mizuno, 2004)

have been considered as potential candidates, but were eliminated

by accumulating pharmacological and genetic evidence (Sabirov &

Okada, 2005; Sabirov et al, 2006; Okada et al, 2009; Sabirov &

Merzlyak, 2012).

In the present study, we adopted proteomics and genomewide

approaches to identify the Maxi-Cl protein, and the results show

that SLCO2A1 is essentially involved in the activity of Maxi-Cl.

Single-channel studies in reconstituted liposomes incorporated with

recombinant SLCO2A1 and its mutant indicate that this protein is an

essential core component of the Maxi-Cl pore. An involvement of

Slco2a1 in the ATP-release pathway was evidenced by the suppress-

ing effects of gene silencing in vitro and in vivo on the release of

ATP from cultured mouse C127 cells challenged with hypoosmotic

stress and from Langendorff-perfused mouse hearts subjected to the

ischemia–reperfusion injury, respectively.

The SLCO2A1 gene is known to encode the prostaglandin trans-

porter PGT (Kanai et al, 1995) involved in a physiologically highly

significant process of uptake and clearance of prostaglandins

(Schuster, 1998, 2002; Schuster et al, 2015); its deficiency in mice

leads to a failure of the ductus arteriosus to close after birth due to

increased levels of extracellular prostaglandin E2 (PGE2; Chang

et al, 2010); and in humans, mutations in SLCO2A1 gene are associ-

ated with pachydermoperiostosis (Sasaki et al, 2012; Seifert et al,

2012; Zhang et al, 2012, 2014) and enteropathy (Umeno et al, 2015;

Hosoe et al, 2017). The Maxi-Cl activity was found to be inhibited

by three known PGT antagonists and suppressed by PGE2 per se.

Thus, it appears that SLCO2A1 represents a double functional

important protein serving as the prostaglandin transporter, PGT,

and as the core component of ATP-conducting Maxi-Cl channel.

Results

Functional Maxi-Cl is accumulated in the isolated bleb
membrane

In our experience, the mammary C127 cell line exhibits the highest

activity of Maxi-Cl presumably containing thousands of channel

proteins, because 10–20 single channels were detected in a

membrane patch excised with a 2-MΩ pipette (Sabirov et al, 2001).

The C127 cell line was therefore selected as a source rich in this

channel. When blebbing of the cell membrane was induced in C127

cells by suppressing the growth of actin filaments by treatment with

latrunculin B (2.5 lM) followed by a strong hypoosmotic shock

(16 mOsm/kg-H2O), the MAC activity was found to be constitu-

tively (without excision of patch membranes) activated in all the

on-bleb patches tested (Fig 1A). The currents exhibited the pheno-

typic properties of Maxi-Cl such as a large single-channel conduc-

tance (around 410 pS) with a linear I–V relationship (Fig 1B: filled

circles), anion selectivity (Fig 1B: squares and triangles), voltage-

dependent inactivation (Fig 1C) with bell-shaped voltage depen-

dence of open probability (Fig 1D), and sensitivity to Gd3+ (Fig 1E).

We then solubilized the total bleb-membrane proteins with a

mild detergent, n-dodecyl b-D-maltoside (DDM) and subjected to

liquid-phase isoelectric focusing, which resulted in 10 fractions

(Fig EV1A) with pI ranging from 3 to 10. When each fraction was

reconstituted, after mostly removing DDM, into giant liposomes and

assayed by patch-clamping, we detected channel activity in seven

fractions with maximal activity occurring in fraction #7 (F7) at

pI = 8 (Fig EV1B). In the F7-incorporated liposomes (Fig 1F: left

panel), we observed constitutively active channel events (Fig 1F:

right panel) with a large single-channel conductance (around 410

pS) and a linear I–V relationship (Fig 1G: circles) as well as anion

selectivity (Fig 1G: squares). In response to replacement of bath

chloride with glutamate, the pattern of I–V curves observed in both

blebs and proteoliposomes quickly changed, implying a rapid equili-

bration of the intra-bleb and intra-liposome electrolyte solution with

that in bath. A leftward shift in the reversal potential by �44 mV for

blebs (Fig 1B: squares) or by �37 mV for proteoliposomes reconsti-

tuted with the fraction #7 (Fig 1G: squares) suggests that the chan-

nel is anion-selective with the permeability ratio Pglutamate/PCl of

0.11–0.14 which is close to the values hitherto reported for Maxi-Cl

in many cell types (Sabirov & Okada, 2009).

These results indicate that Maxi-Cl is functionally active in

membrane blebs and that even after solubilization and reconstitu-

tion into proteoliposomes the Maxi-Cl molecule retains its function

as an anion-selective channel.

SLCO2A1 contained in the bleb membrane is involved in the
function of Maxi-Cl

To identify the protein(s) responsible for Maxi-Cl, the proteins

contained in the F7 were analyzed using proteomics. SDS–PAGE

electrophoresis gel was subdivided into 26 bits (Fig EV1C), and then,

proteins from each bit were extracted, trypsinized, and subjected to

a nano-LC-MS/MS analysis, which yielded proteins coded by 439

genes in total (Dataset EV1). After removing the enzymes, cytoplas-

mic components, and other unrelated proteins, 93 genes remained

for further consideration. To generate a prioritized list of genes for

targeted siRNA screening, we next selected 15 genes encoding

proteins with multiple transmembrane-spanning domains including

TMEM (transmembrane protein family), SLC (solute carrier family),

and a tetraspanin family member (Appendix Table S1).

Among these 15 genes, only siRNA-mediated silencing of SLCO2A1

(solute carrier organic anion transporter family member 2A1) gene

reproducibly reduced the activity of Maxi-Cl in C127 cells (Fig 2A–D).

To confirm this result, we additionally silenced the expression of

Slco2a1 using two types of microRNA (miR-a and miR-b) targeting

two different sites of Slco2a1. Both constructs produced a profound

decrease in the activity of Maxi-Cl (Fig 2E). In a stable cell line gener-

ated with miR-a, channel activity was more markedly depressed;

however, the activity was significantly rescued by overexpression of
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the microRNA-insensitive variant of Slco2a1 (Fig 2F). Thus, four dif-

ferent sequences targeting four different sites of Slco2a1 (two for

siRNA and two for microRNA) suppressed the activity of Maxi-Cl, the

fact essentially excluding the possibility of off-target action on an

unrelated gene product. This level of current reduction and degree of

gene knockdown paralleled with the ~40 and ~46% reduction shown

in Fig 2A as well as ~66 and ~80% reduction in Fig 2B–D and ~82 and

~90% reduction in Fig 2F, respectively.

A

C

F G

D E

B

Figure 1. Maxi-Cl is constitutively active in membrane blebs, is functional after membrane protein fractionation of blebs and reconstitution into giant
liposomes, and is sensitive to Gd3+.

A The activity of Maxi-Cl (right panel) recorded in a patch membrane on a single-membrane bleb (left image).
B I–V relationships of Maxi-Cl currents recorded on membrane blebs bathed in normal Ringer solution (circles) and in Ringer solution in which all NaCl was replaced

with equimolar Na-glutamate (squares). Patch pipettes were filled with normal Ringer solution (circles and squares) or NMDG-Cl Ringer solution (triangles). Leftward
shift of the reversal potential (by �44 mV) observed in Na-glutamate conditions is indicative of anion selectivity. The slope conductance is 411 � 6 pS in normal
Ringer solution; n = 7–23 (circles), n = 6–48 (squares), and n = 11–18 (triangles) were obtained from four to five different patches.

C Representative record of the macro-patch current inactivation at �50 mV and +50 mV in an excised membrane bleb patch; the dashed line corresponds to the zero-
current level.

D Voltage dependence of open probability for Maxi-Cl in excised membrane bleb patches. Half-maximal inactivation was observed at �35.1 � 2.2 mV (n = 11) and
+18.7 � 2.8 mV (n = 11) in the negative and positive voltage ranges, respectively.

E Mean patch currents recorded at +25 mV from excised membrane blebs in the absence (Control: white column) and presence of Gd3+ (50 lM: red column) in the
pipette solution. *P < 0.05 (Student’s t-test). n = 27 for Control (from 23 different bleb preparations) and n = 7 for Gd3+ (from three different bleb preparations).

F Maxi-Cl activity (right panel) recorded on a single giant proteoliposome (left image) after reconstitution with the fraction-7 (F7) derived from total bleb-membrane
proteins.

G I–V relationships of Maxi-Cl activity for F7. Proteoliposomes were bathed in a reconstitution buffer supplemented with 1 mM CaCl2 and 1 mM MgCl2 (circles) and in
buffer in which all KCl was replaced with equimolar K-glutamate (squares). Leftward shift of the reversal potential by �37 mV is indicative of anion selectivity; n = 5–
12 from five to six different patches. The slope conductance is 410 � 7 pS under symmetrical conditions.

Data information: (B, D, E, G) Error bars, SEM.
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Since SLCO2A1 is known as a prostaglandin transporter (PGT),

effects of the PGT substrate on the Maxi-Cl activity were next tested.

PGE2 (20 lM) partially but significantly suppressed Maxi-Cl

currents in C127 cells (Fig EV2A: left panel). This suppressive effect

may be induced by competitive binding of PGE2 to the SLCO2A1,

although the effect is relatively small, presumably because of less

efficient substrate binding to SLCO2A1 in the channel conformation

as Maxi-Cl compared to the SLCO2A1 in the transporter conforma-

tion as PGT.

The prostaglandin transport activity of PGT is known to be

blocked by bromosulfophthalein (BSP), bromocresol green (BCG),

and indocyanine green (ICG; Kanai et al, 1995). BSP produced a

reversible (Fig 3A), dose-dependent (Fig 3B), and flickery (Fig 3C)

inhibition of Maxi-Cl activity in C127 cells with the IC50 value of

around 7 lM at �25 mV, which is comparable to that (5.8 lM) for

the prostaglandin transport activity of recombinant PGT proteins

expressed in HeLa cells (Kanai et al, 1995). The voltage-

independent inhibition of Maxi-Cl channels by BSP may rule out the

plug-in open-channel block mechanism which should be strongly

voltage-dependent. Flickery events of its inhibition possibly reflect

the drug binding/unbinding events. Another known PGT blocker,

BCG, similarly inhibited the activity of Maxi-Cl in inside-out patches

A

B

D E F

C

Figure 2. Silencing of the expression of SLCO2A1 gene downregulates Maxi-Cl activity in C127 cells.

A Relative changes in the levels of mRNA and activity of Maxi-Cl in inside-out patches (mean nPo values are presented as the % of control) excised from C127 cells
after siRNA-mediated silencing for 15 targeted genes. Error bars, SEM, *P < 0.05 by Student’s t-test.

B The expression of Slco2a1 mRNA detected by RT–PCR (top panel) and time courses of excision-induced activation of Maxi-Cl currents (lower panels). The Gapdh-
normalized signal of Slco2a1 in siRNA-treated cells is 20 � 7% of Control (n = 4).

C Maxi-Cl activity in Control and siRNA-treated cells after full activation (thick bar in B). The currents were elicited by step pulses from +50 mV to �50 mV in 10-mV
increments (pulse protocol shown at the top).

D–F Mean patch currents at +25 mV in Control (n = 10, 20, and 11 for D–F, respectively) and Slco2a1-targeting siRNA-treated cells (D, n = 10), in cells treated with two
different microRNAs, miR-a (n = 9) and miR-b (n = 11) (E), and in cells stably transfected with miR-a alone (n = 10) and with miR-a plus microRNA-insensitive
SLCO2A1 (n = 10) (F). The data from three to four different transfections for each value are pooled. Error bars, SEM. *P < 0.05 vs. Control, ‡P < 0.05 vs. miR-a.
Student’s t-test is used for (D) and ANOVA for (E and F).

Source data are available online for this figure.
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with IC50 = 10.9 � 1.2 lM (n = 5). Additionally, ICG reversibly

inhibited Maxi-Cl at 100 lM (n = 3), although the concentration–

response studies could not be performed, because this drug was

found to precipitate at high concentrations.

We employed CRISPR/Cas9 technology to eliminate the expres-

sion of SLCO2A1 in C127 cells (Fig 4A), which reduced the mean

patch current to 14.5% (Fig 4B) with about 40% of patches showing

no channel events (Fig 4C). Single-channel studies showed that the

Maxi-Cl events observed in Control cells were completely eliminated

by Slco2a1 knockout (KO) using CRISPR-mediated genome editing.

However, about 60% of the patches excised from Slco2a1-KO cells

exhibited the activity of only one or several channels of a non-Maxi-

Cl type. These newly emerging channels showed considerably

smaller unitary amplitude (Fig 4D) and discriminate poorly between

anions and cations with the permeability ratio PCl/PNa as low as

2.5 � 2.6 (cf. PCl/PNa = 17.7 � 4.8 for Control; Fig 4E). This newly

emerging channel in Slco2a1 KO cells was insensitive to PGE2

(Fig EV2A: center panel), although it exhibited sensitivity to Gd3+

(Fig EV3A) and BSP (Fig EV3B and C). Because no such non-Maxi-

Cl-type channel with a smaller unitary amplitude and poor anion/

cation selectivity was detected in Control cells (see the upper histo-

gram in Fig 4D), it is likely that Slco2a1 deficiency eliminated the

A

C

B

Figure 3. BSP exhibits a dose-dependent inhibition of Maxi-Cl in C127 cells.

A A PGT inhibitor, BSP, reversibly blocks Maxi-Cl currents in outside-out and inside-out patches.
B BSP effects are dose dependent with IC50 = 7.4 � 0.5 and 7.8 � 1.9 for inside-out patches at +25 mV and �25 mV, respectively, and IC50 = 6.8 � 0.6 lM for outside-

out patches at +25 mV (n = 5). Error bars, SEM.
C Flickery events recorded in the presence of BSP in excised patches at both +25 mV and �25 mV.
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normal Maxi-Cl channel, but initiated channel activity with poor

anion/cation selectivity. Taken together, it is concluded that

SLCO2A1 is essentially involved in the native function of Maxi-Cl in

C127 cells.

SLCO2A1 is an essential component of the Maxi-Cl pore

When overexpressed in C127 cells, wild-type (WT) SLCO2A1 and

the charge-neutralized mutants, K613G and R560N, which are

known to impair the transporter function of SLCO2A1 (Chan et al,

2002), were largely localized in the peripheral region of the cells

(Fig 5A). Importantly, in the K613G-transfected cells, we observed a

tangible reduction in the mean amplitude of the single-channel

current by 10.9 � 1.5% at +50 mV and 13.0 � 2.4% at �50 mV

(Fig 5B–D: middle panels). A similar reduced single-channel current

was observed in the R560N mutant (Fig 5B–D: bottom panels).

Although the Maxi-Cl in K613G-expressing cells closed with approx-

imately the same rate as that in WT-expressing cells in response to a

+50-mV test pulse (Fig 5E), the steady-state inactivation was signifi-

cantly less sensitive to positive voltages (Fig 5F). The effects of the

R560N mutation on the channel gating kinetics were more

profound: The Maxi-Cl in R560N-expressing cells closed signifi-

cantly faster (Fig 5E) and was more sensitive to applied positive

voltages than the channel in K613G-mutant-expressing cells

(Fig 5F). These results suggest that charged residue of Arg560 is

more sensitively involved in the electric field sensitivity of the inac-

tivation gate than Lys613. The anion-to-cation selectivity was not

significantly affected by these mutations, as evidenced by PCl/PNa of

15.6 � 1.6, 16.7 � 2.6, and 14.4 � 2.1 (n = 5) for Control, K613G,

and R560N, respectively. However, it must be pointed out that

observed channel events in these cells do not represent pure mutant

channels, because C127 cells express endogenous WT SLCO2A1 and

thus K613G and R560N transfected in C127 cells possibly formed

the channel by oligomerization with endogenous WT SLCO2A1

proteins.

HEK293T cells do not express SLCO2A1 and thus lack the

endogenous Maxi-Cl activity. When HEK293T cells were trans-

fected with SLCO2A1, the protein was largely localized in the

peripheral region of the cells that was stainable with a plasma

membrane dye, CellMaskTM Orange Plasma Membrane Stain (Cell-

Mask; Fig 6A). Whereas mock-transfected control HEK293T cells

never exhibited Maxi-Cl activity (Fig 6B and C: Control), 10 of

the 25 patches excised from SLCO2A1-overexpressing cells exhib-

ited channel activation upon excision (Fig 6B and C: SLCO2A1),

which was sensitive to BSP (Fig 6D). Current responses to step-

pulse stimulation occasionally revealed single-channel events with

the unitary amplitude (Fig 6E and F) and I–V relationship (Fig 6G:

red circles) typical to those of Maxi-Cl, indicating that heterolo-

gous SLCO2A1 acts as an essential pore-related component of

Maxi-Cl. In the HEK293T expression system, the charge-

neutralized and PGT function-impairing mutant, K613G, generated

markedly reduced macro-patch currents (Fig 6C: blue column),

with a markedly reduced single-channel conductance (Fig 6G:

blue circles), reflecting a decrease in the total positive charge

inside the lumen of the channel. The K613G channels became

relatively more selective to cations, because under a NaCl

A C D

E
B

Figure 4. CRISPR/Cas9-mediated gene disruption eliminates Maxi-Cl activity in C127 cells.

A Western blotting with anti-SLCO2A1 antibodies; the ~70-kDa band is present in SLCO2A1-overexpressing HEK293T and wild-type (WT) C127 cells but absent in
knockout (KO) C127 cells generated by the CRISPR/Cas9 technology. The data represent duplicate experiments.

B Mean patch currents at +25 mV in WT (Control) and KO cells. n = 15 for Control and 26 for CRISPR KO observed from different cells. Error bars, SEM, *P < 0.05
(Student’s t-test).

C The activity of Maxi-Cl in Control and KO cells. Two representative records for KO correspond to two populations with no channel activity (bottom traces) and greatly
reduced activity of different channels (middle traces).

D Single-channel amplitude histogram in Control and KO cells. The distributions are significantly different at P < 0.05, as assessed by Kolmogorov–Smirnov test.
E I–V relationships for Maxi-Cl activity in Control cells (left panel) and newly emerging channel events in KO cells (right panel). Circles: Bath and pipettes contained

normal Ringer solution; squares: pipettes contained Ringer, and bath contained (in mM) 30 NaCl, 2 CaCl2, 1 MgCl2, 5 Na-HEPES, 6 HEPES, and 240 mannitol. n = 7–29
(Control) and n = 3–38 (KO) from five to nine different patches.

Source data are available online for this figure.
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gradient, the reversal potential shifted, in a rightward direction,

by 8.9 � 1.5 mV, corresponding to PNa/PCl = 1.9 � 0.2 (Fig 6G:

blue triangles). When all NaCl in the pipette Ringer solution was

equimolarly replaced with NMDG-Cl, we observed a leftward shift

of the reversal potential for the K613G currents by

�6.1 � 2.2 mV (Fig 6G, green triangles), again suggesting that

the mutant channel conducts cations including not only Na+ but

also NMDG+ (PNMDG/PCl = 1.2 � 0.2 by assuming PNa/PCl = 1.9),

which has an effective radius (~0.44 nm) considerably smaller

than that of the narrowest part of the Maxi-Cl pore (R ~0.55–

0.75 nm: see Sabirov et al, 2016). On the other hand, two

SLCO2A1 mutants, G222R and P219L, which are known to be

A

B

E F

C D

Figure 5. Overexpression of the SLCO2A1 mutant reduces the unitary amplitude and modifies voltage-dependent gating of the Maxi-Cl in C127 cells.

A Laser confocal images of live cells overexpressed with GFP-tagged WT SLCO2A1 (first three images from the left) and of fixed cells overexpressed with FLAG-tagged
WT, K613G mutant, or R560N mutant proteins of SLCO2A1 (images four to six from the left). Scale bars, 10 lm. (See Appendix Table S2 for expression vectors used
here.)

B Representative single-channel events recorded at �50 mV from mock-transfected Control cells and cells transfected with the K613G or R560N mutant. Respective all-
points histograms are shown on the right of each trace; dashed lines correspond to the respective zero-current level.

C Average single-channel amplitudes recorded at +50 mV (empty bars) and �50 mV (hatched bars) in these cells. Error bars, SEM. *P < 0.05 (Student’s t-test). n = 76
and 31 for Control, n = 55 and 21 for K613G, and n = 60 and 23 for R560N at +50 mV and �50 mV, respectively. The data from at least five different patches are
pooled.

D Single-channel amplitude histogram in mock-transfected Control cells and in cells transfected with the K613G or R560N mutant. The total number of events is
indicated on the respective bars in (C). The distributions for mutant-transfected cells are significantly different from that in Control as assessed by ANOVA with a
Bonferroni correction (P = 5.8 × 10�12 and P = 2.4 × 10�11 for K613G and R560N vs. Control, respectively).

E Distribution of the first latency time (a time from the onset of a +50 mV test pulse and channel closure) for Maxi-Cl in mock-transfected Control cells (n = 388) and
in cells transfected with the K613G (n = 498) or R560N (n = 370) mutant. Dashed lines are single-exponential fits with indicated time constants. The distribution for
R560N is different from that of Control and from that of K613G at P < 0.05, as assessed by nonparametric Kolmogorov–Smirnov test.

F Voltage dependence of open probability for Maxi-Cl in mock-transfected Control cells and in cells transfected with the K613G or R560N mutant. Error bars, SEM.
*P < 0.05 between Control and K613G; #P < 0.05 between R560N and K613G; n = 14�20 for five different patches, tested by ANOVA.
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associated with pachydermoperiostosis (Zhang et al, 2012, 2014),

produced no evident channel activity (n = 14 for each mutant),

despite their successful expression in the peripheral region includ-

ing the plasma membrane of the cells (Fig EV4). These results

strongly suggest that the recombinant SLCO2A1 protein serves as

the core component or the pore of Maxi-Cl channel.

To firmly confirm the involvement of the SLCO2A1 protein in the

pore formation of Maxi-Cl, we reconstituted the purified proteins.

The recombinant proteins were prepared from HEK293T cells

transfected with FLAG-tagged Slco2a1 (Fig 7A and B). The purified

proteins, when reconstituted into giant proteoliposomes, exhibited

the activity of Maxi-Cl (Fig 7C and D). The I–V relationship of Maxi-

Cl activity of the recombinant SLCO2A1 protein was not affected by

replacing sodium ions in the pipette solution with NMDG+ (Fig 7D:

blue circles), indicating anion selectivity of the channel. Under a

KCl gradient (150 mM pipette/30 mM bath), the reversal potential

shifted by �27.3 mV (Fig 7D: green circles), corresponding to PCl/

PK = 9.3. In the reconstituted system, the charge-neutralized K613G

A C D

B

F G

E

Figure 6. Emergence ofMaxi-Cl activity inMaxi-Cl-deficient HEK293T cells by heterologous expression of SLCO2A1 protein and changes in the pore properties
by the charge-neutralized mutation.

A Plasma membrane expression of the recombinant GFP-tagged SLCO2A1 protein in transfected cells stained with CellMaskTM Orange Plasma Membrane Stain
(CellMask) and observed under a laser confocal microscope; scale bar, 10 lm.

B Time courses of the currents recorded in cells after control mock transfection (upper trace) and after overexpression of Slco2a1 (lower trace). Symbols # and ##
indicate the time points at which the currents shown in (E) and (F), respectively, were recorded.

C Mean patch currents recorded at +25 mV in control mock-transfected, Slco2a1-transfected, and K613G-transfected cells. Error bars, SEM, *P < 0.05 (ANOVA). n = 10
for Control (from four different mock transfections) and n = 10 for SLCO2A1 (from four different gene transfections), and n = 9 for K613G (from five different gene
transfections). Only patches displaying current activation were counted (the total number of tested patches is 25 for WT and 17 for mutant).

D Effect of BSP (50 lM) on the mean patch currents recorded at +25 mV in Slco2a1-transfected cells. The result is expressed as a fractional current relative to the
control level recorded immediately before application of the drug. Error bars, SEM, *P < 0.05 (Student’s t-test). n = 5 from different cells.

E Single Maxi-Cl events recorded in Slco2a1-transfected cells. The red circles mark stepwise channel events with large amplitudes.
F Maxi-Cl activity recorded upon application of step pulses (protocol shown at the top) after full current activation in a macro-patch excised from Slco2a1-transfected

cells.
G I–V relationship of single-channel currents recorded in inside-out patches excised from cells after overexpression of WT SLCO2A1 or K613G. The slope conductance (c)

is 386 � 7 pS for WT SLCO2A1 (red circles) and 205 � 5 pS for K613G (blue circles) under symmetrical NaCl-rich conditions. The reversal potential was shifted in a
positive direction when the NaCl concentration in bath Ringer solution was reduced from 150 to 30 mM (blue triangles), but it was shifted in a negative direction
when pipettes were filled with NMDG-Ringer solution (green triangles). Each symbol represents the mean of 3–7 observations obtained from five different patches.
Error bars, SEM.
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mutation again decreased the slope conductance of single-channel

currents by 27%, and the reversal potential shifted by

�5.8 � 2.4 mV with NMDG+-based pipette solution (Fig 7D: red

circles), indicating that, just as the case of the mutant expressed in

HEK293T cells, the mutant channel in proteoliposomes became

more permeable to cations with exhibiting a smaller single-channel

conductance.

The reconstituted channel activity was partially but significantly

suppressed by 20 lM PGE2 (Fig EV2A: right panel) and reversibly

blocked by 50 lM Gd3+ (Fig 7E), the only blocker that distinguishes

MACs from other volume-related anion channels such as CFTR,

VSOR, and the acid-sensitive outwardly rectifying anion channel

(ASOR; Hazama et al, 2000; Sabirov et al, 2001; Sato-Numata et al,

2016). In contrast, BSP did not affect the reconstituted channel at

30–100 lM (n = 9). Thus, it is likely that the inhibitory effect of

BSP on the native channel is indirect and possibly mediated by an

auxiliary protein which is absent in the reconstitution system. In

agreement with this inference, we found that the non-Maxi-Cl

A

C D E

B

Figure 7. Recombinant SLCO2A1 proteins exhibit Maxi-Cl channel activity in reconstituted giant proteoliposomes.

A SDS–PAGE electrophoresis at the different purification stages for FLAG-tagged SLCO2A1 proteins prepared from transfected HEK293T cells: wash 1, 2, 3, and 4
correspond to consecutive elution with wash buffer; three lanes for FLAG eluates correspond to consecutive elution with the FLAG peptide. Arrowheads point at faint
protein bands.

B Western blotting with anti-FLAG antibodies: The protein band corresponding to ~70 kDa (which is close to 70,147 Da calculated from the amino acid sequence) is
present in the total cell lysate of Slco2a1-transfected cells, highly concentrated in the pooled FLAG eluate and absent in that of mock-transfected cells.

C Maxi-Cl activity recorded on giant proteoliposomes after reconstitution of the recombinant SLCO2A1 protein.
D I–V relationships of Maxi-Cl activity recorded after reconstitution of the WT SLCO2A1 (white, blue, and green circles) or the K613G mutant (red circles). Recordings

were obtained using normal Ringer solution in the bath and pipettes (white symbols), with normal Ringer solution in the bath and Ringer solution in which all Na+

ions were replaced with equimolar NMDG+ in pipettes (blue and red symbols), or under a KCl gradient (green symbols: 150/30 mM pipette/bath supplemented with
1 mM CaCl2 and 11 mM HEPES–KOH, pH 7.4). Error bars, SEM. For green symbols: The reversal potential for WT SLCO2A1 of �27.3 mV corresponds to PCl/PK = 9.3.
The slope conductance for K613G (258 � 5 pS) is significantly smaller than that for WT (354 � 4 pS) at P < 0.05, and its reversal potential slightly shifted in a
negative direction (red symbols). n = 3–15 from five different patches (see Appendix Table S2 for expression vectors used here.)

E Reversible blocking of WT SLCO2A1-associated Maxi-Cl activity in the giant proteoliposomes by 50 lM Gd3+. The data represent the results of five experiments.

Source data are available online for this figure.
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channels which newly emerged in SLCO2A1-deficient C127 cells

were also sensitive to BSP (Fig EV3B and C).

In contrast to the above channel events in the proteoliposomes

reconstituted with SLCO2A1 and its K613G mutant, the Maxi-Cl

events and even any Maxi-Cl-like activity were never detected in

control experiments, where the same purification–reconstitution

procedures were performed with mock-transfected control HEK293T

cells (n = 25), with the cells transfected with FLAG-tagged LRRC8A

protein (n = 25) which is known to be the necessary but not suffi-

cient component of the VSOR anion channel or VRAC (Qiu et al,

2014; Voss et al, 2014; Okada et al, 2017), or with the cells trans-

fected with FLAG-tagged SLC3A2 protein (n = 15) which is a beta-

subunit of the large neutral amino acid transporter (Wagner et al,

2001). These control experiments clearly proved that the observed

channel activity is specific for the SLCO2A1 protein. Taken together,

it is concluded that SLCO2A1 constitutes the core component or the

pore of Maxi-Cl channel.

SLCO2A1 provides the pathway for ATP release induced by cell
swelling and ischemia–reperfusion

Maxi-Cl was shown to serve as the principal, although not sole,

pathway for ATP release from osmotically swollen C127 cells

(Sabirov et al, 2001). Both BSP and Slco2a1 siRNA significantly

suppressed the hypotonicity-induced release of ATP from C127

cells (Fig 8A and B). The Maxi-Cl inhibitor, Gd3+, reduced the

release of ATP (Fig 8A) approximately to the same extent as did

BSP and siRNA. The PGT substrate, PGE2, partially but signifi-

cantly suppressed the release of ATP (Fig EV2B). The extent of

suppressive effect of PGE2 on ATP release is similar to those on

the native Maxi-Cl current (Fig EV2A: left panel) and on the

reconstituted channel activity in giant proteoliposomes (Fig EV2A:

right panel) but not the non-Maxi-Cl channels in SLCO2A1-

deficient cells (Fig EV2A: center panel). HEK293T cells have no

endogenous Maxi-Cl activity and displayed much less ATP release

in response to the hypoosmotic stress compared to the C127 cells

(Fig EV2C). A trace of swelling-induced ATP release from mock-

transfected HEK293T cells may be mediated by some pathways

other than Maxi-Cl, such as pannexins, connexins, and exocytosis

(Dubyak, 2012). Heterologous expression of SLCO2A1 and the

K613G mutant significantly augmented the swelling-induced

release of ATP from HEK293T cells (Fig EV2D). The relative

effects of the gene expression on ATP release were less compared

to the effects on the channel activity (Fig 6C), because 10 times

less amount of the plasmid was transfected for ATP-release exper-

iments to avoid deteriorating effects of SLCO2A1 overexpression

observed with higher DNA doses (see Appendix Supplementary

Methods), and also because ATP release was performed with cell

monolayers which contained not only GFP-positive but also GFP-

negative cells, whereas patch-clamp recordings were made only

from GFP-positive or well gene-transfected cells. No decrease in

ATP release was observed for the K613G mutant compared to WT

SLCO2A1 (Fig EV2D); this was probably because of slightly

elevated Po values (Fig 5F) which may counteract the decreased

channel conductance (Fig 7D: red circles). Importantly, ATP

release was not increased by heterologous expression of the

G222R mutant (Fig EV2D) which is non-functional as the Maxi-Cl

channel.

In the isolated Langendorff-perfused adult mouse heart, the coro-

nary effluent ATP release started 2–3 min after the oxygen–glucose

deprivation (OGD), and the release rate reached 4 pmol/min imme-

diately after reperfusion with oxygenated glucose-containing Tyrode

solution (Fig 8C). However, when the Slco2a1 expression in the

mice was partially silenced by thrice injections of 40 lg siRNA (3–

1 days before dissection of the hearts) in vivo via the tail vein

(Fig 8D and E), the OGD/reperfusion-induced release of ATP

became significantly lesser (Fig 8F) compared to that in the hearts

isolated from control animals injected with non-targeting siRNA

(Fig 8C and G). These results indicate that SLCO2A1 serves as the

ATP-release pathway in cultured C127 cells in vitro and in

Langendorff-perfused mouse hearts in situ.

Discussion

SLCO2A1 fulfills multiple criteria for being an integral core compo-

nent of the Maxi-Cl complex, MAC-1. First, reducing Slco2a1 expres-

sion by gene silencing led to a profound decrease in Maxi-Cl activity

in C127 cells, whereas reintroduction of Slco2a1 restored the activ-

ity. Second, eliminating SLCO2A expression by CRISPR/Cas9 tech-

nology abolished Maxi-Cl single-channel activity in C127 cells.

Third, overexpression of the SLCO2A1 charge-neutralized and PGT

function-impairing mutants, K613G and R560N, considerably

decreased the unitary current amplitude of Maxi-Cl in C127 cells

and significantly altered its voltage-dependent inactivation

compared with those of WT. Fourth, a substrate, PGE2, and blocker

for the PGT function of SLCO2A1 produced suppression and flickery

block, respectively, of the Maxi-Cl currents in C127 cells. Fifth,

when reconstituted into proteoliposomes, purified SLCO2A1

proteins exhibited PGE2-sensitive activity in the Maxi-Cl channel,

whereas the disease-causing mutants, G222R and P219L, were non-

functional. Sixth, when Slco2a1 was transfected into HEK293T cells

which do not express SLCO2A1 and endogenous Maxi-Cl activity,

Maxi-Cl single-channel events became activated. Seventh, when

transfected into HEK293T cells or reconstituted into proteolipo-

somes, the charge-neutralized and PGT function-impairing mutant,

K613G, reversed anion-to-cation selectivity with exhibiting a mark-

edly smaller single-channel conductance. The fifth to seventh crite-

ria indicate that SLCO2A1 proteins constitute the pore of Maxi-Cl.

Maxi-Cl in membrane blebs as well as the channel reconstituted

from isolated bleb proteins and recombinant SLCO2A1 proteins in

giant proteoliposomes were all in a constitutively active state. This

suggests that the whole Maxi-Cl complex natively contains or is

associated with regulatory components such as kinases and phos-

phatases (Toychiev et al, 2009). Additionally, voltage-dependent

Maxi-Cl inactivation in SLCO2A1-transfected HEK293T cells was not

as robust as that in C127 cells (Figs 6F cf. 2C and 4C: Control),

suggesting that some endogenous component(s) modulating inacti-

vation may be different between HEK293T and C127 cells.

Eliminating the SLCO2A1 gene by CRISPR/Cas9 technology abol-

ished the activity of the channel in the normal Maxi-Cl phenotype, but

instead initiated sporadic activity of non-Maxi-Cl-type ion channel

with a smaller unitary amplitude and poor anion/cation selectivity.

The former result indicates that SLCO2A1 is a core component of

Maxi-Cl (here designated MAC-1) which is a most predominant type

of MAC (Sabirov et al, 2016). Conversely, the latter result suggests
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that certain genes, such as Slco2a1 paralogs, involved in non-Maxi-Cl-

type channels with poor anion/cation selectivity, can be upregulated

in Slco2a1 KO cells. It is also possible that when Slco2a1 is knocked

out, an orphaned channel subunit could combine with other

membrane protein(s), resulting in the formation of a new channel.

Actually, the non-Maxi-Cl channels in SLCO2A1-deficient cells were

insensitive to PGE2. This result, in conjunction with PGE2 sensitivity

of the native Maxi-Cl channel and of the reconstituted SLCO2A1 chan-

nel, supports the notion that SLCO2A1 per se constitutes the core

component of Maxi-Cl channel. However, the activity of non-Maxi-Cl

channels was found to be blocked by BSP with half-maximal effi-

ciency similar to that of native Maxi-Cl channels. In HeLa cells, the

Maxi-Cl-unrelated anion channel, VSOR, was found to be also sensi-

tive to BSP (at 10–50 lM: Sabirov and Okada, unpublished data),

suggesting that the two types of channels coded by different genes

share a BSP-sensitive component which is different from SLCO2A1.

Consistent with this idea, the Maxi-Cl activity reconstituted with

recombinant SLCO2A1 into the proteoliposomes was totally

insensitive to BSP. The voltage-independent flickery events observed

with native Maxi-Cl channels as well as with non-Maxi-Cl channels in

SLCO2A1-deficient cells, probably, reflect the binding/unbinding

process on a BSP-sensitive regulatory component rather than an open-

channel block which must be strongly voltage-dependent. It is note-

worthy that Gd3+ effectively suppressed not only the native and

recombinant Maxi-Cl channels but also non-Maxi-Cl channels in

SLCO2A1-deficient cells. Also, it must be noted that MAC activity in

mouse B cells, which is distinct from Maxi-Cl in lacking voltage-

dependent inactivation kinetics and with exhibiting smaller unitary

conductance (270 pS), was found to be sensitive to Gd3+ (Nam et al,

2006). On the other hand, the VSOR, CFTR, and ASOR anion channels

are known to be Gd3+-insensitive (Hazama et al, 2000; Sabirov et al,

2001; Sato-Numata et al, 2016). Taken together, it is conceivable that

Gd3+ is specific for the MACs among anion channels but cannot

discriminate between different subtypes of MACs.

The SLCO2A1 broadens the list of bimodal channel/transporter

proteins, which includes ClC family proteins functioning as Cl�

A

C F G

B D E

Figure 8. SLCO2A1 is involved in the release of ATP from C127 cells in vitro and from perfused mouse hearts in vivo.

A, B Effects of 50 lM BSP (n = 34) and 50 lM Gd3+ (n = 3) (A) and of Slco2a1-targeting siRNA (n = 7) (B) on the swelling-induced release of ATP from C127 cells. In (A),
Control cells were treated with vehicle (n = 35); and in (B), Control cells were transfected with non-targeting siRNA (n = 5). Error bars, SEM, *P < 0.05 (ANOVA).

C Time courses of ATP release from hearts to the coronary effluent induced by two consecutive rounds of oxygen–glucose deprivation (OGD) followed by reperfusion
with oxygenated glucose-containing Tyrode solution. The heart was isolated from a mouse injected in vivo with non-targeting scrambled siRNA (Control).

D Expression of Slco2a1 and Gapdh mRNAs in the hearts dissected from mice injected with scrambled siRNA (Control: C) and Slco2a1-targeting siRNA (siRNA
knockdown: KD). Representative results of tetraplicate RT–PCR analyses.

E Mean values of normalized expression level of Slco2a1 (Slco2a1/Gapdh) in the hearts from control animals (Control: white column, n = 7) and in the hearts from
test animals (siRNA: red column, n = 6). Error bars, SEM, *P < 0.05 (Student’s t-test).

F Same experiment as in (C), but the heart was isolated from a mouse injected in vivo with Slco2a1-targeting siRNA (siRNA). The level of SLCO2A1 mRNA in this heart
was 54% of that in the counterpart mouse injected with scrambled siRNA.

G OGD/reperfusion-induced release of ATP from the hearts of Control animals (n = 7) and animals treated with Slco2a1-targeting siRNA (n = 6). The mean
values � SEM (bars) are shown for the mass-normalized total amount of released ATP during 6-min reperfusion after the first round of OGD. Error bars, SEM,
*P < 0.05 (Student’s t-test).

Source data are available online for this figure.
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channels and Cl�/H+ exchangers (Picollo & Pusch, 2005; Scheel

et al, 2005), SLC1As serving as excitatory amino acid transporters

(EAATs) and anion channels (Fahlke et al, 2016), and SLC26A3/6

serving as Cl� channels and anion exchangers under certain condi-

tions (Ohana et al, 2009). These facts suggest that a similar struc-

ture is present both in slow-cycling but selective transporters and

less selective but highly efficient ion-conducting channels.

Gene silencing of Slco2a1 suppressed swelling-induced release of

ATP from C127 cells and ischemia/reperfusion-induced release of

ATP from adult mouse hearts. Thus, Maxi-Cl encoded by Slco2a1

represents the long-sought ATP-conductive anion channel (Dubyak,

2012). The effective radius of ATP molecule (0.57 nm; Sabirov &

Okada, 2004) is comparable to that of prostaglandin E (0.55 nm)

estimated by molecular modeling. We therefore hypothesized that

SLCO2A1 may function in two modes: as a prostaglandin trans-

porter in the resting state and as an anion channel in the activated

state under hypoosmotic or ischemia–reperfusion stress. With this

notion in mind, it is suggested that PGE2, ATP, and chloride share

the same pathway. To visualize such possibility, we built a homol-

ogy model of SLCO2A1 protein (Fig EV5) using I-TASSER algorithm

(Yang et al, 2015). The overall shape of this structure is similar to

that obtained previously using the SWISS-MODEL engine (Zhang

et al, 2012). In the model, the residue R560 is located right on the

central axis of the protein. This fact might be related to the present

result that voltage sensitivity of the inactivation kinetics was

affected by the charge-neutralized mutation of this residue, R560N.

Two residues, G222 and P219, which are mutated in pachyder-

moperiostosis (Zhang et al, 2012, 2014), are also close to the axis.

This fact may account for why no channel activity was observed in

HEK293T cells transfected with these disease-causing mutants

despite their successful expression in the periphery region including

the plasma membrane of the cells (Fig EV4). Since the model was

built using the crystal structure of the glycerol-3-phosphate

transporter as a template, it most likely represents the “inward-

open”-like transporter conformation state of SLCO2A1 as PGT. The

K613 location is more distant from the central axis, but the follow-

ing results suggest that in the open-channel conformation of

SLCO2A1 as Maxi-Cl, the K613 residue may move closer toward the

pore axis and thereby participating in the selectivity filter. Its

neutralization (K613G) led to a change in anion-to-cation selectivity

(Fig 6G: blue and green triangles; and Fig 7D: red circles) with

inducing a decrease in the single-channel conductance (Fig 6G: blue

circles; and Fig 7D: red circles). Before making more precise

structural discussion about the pore construction, however, it must

be determined whether the Cl�-conducting pathway is located

within the single SLCO2A1 protein or between plural SLCO2A1

proteins in an oligomeric structure. Overexpression of the K613G

mutant in C127 cells produced channels with the single-channel

amplitude less than that of the native Maxi-Cl (Fig 5B–D) but higher

than that observed upon overexpression of the same mutant in

HEK293T cells lacking the endogenous SLCO2A1 (Fig 6G: blue

circles). This fact suggests that the mutant protein may have

combined with the endogenous WT SLCO2A1 in C127 cells, yield-

ing channels with intermediate amplitudes, as evidenced by the

broad distribution shown in Fig 5D (middle panel). Protein

oligomerization could be actually detected on the non-reducing

SDS–PAGE gel as faint protein bands with a molecular mass

approximately twice and thrice of the monomer (see arrowheads in

Fig 7A). However, more elaborate structure-functional analysis will

be necessary to clarify the true Maxi-Cl channel construction.

Cellular release of ATP is a key event in powerful purinergic

signaling, which takes place in most animal tissues (Burnstock,

2012); however, how ATP is released is highly disputed at present.

It has been reported that non-vesicular conductive release of ATP is

mediated by two groups of ion channels (Sabirov & Okada, 2005;

Praetorius & Leipziger, 2009; Li et al, 2011; Lazarowski, 2012;

Taruno et al, 2013; Sanderson et al, 2014): (i) connexin and

pannexin hemichannels, CALHM1, and P2X7, which are all non-

selective cation channels, and (ii) volume-regulated anion channels

including Maxi-Cl. Maxi-Cl serves as the principal, though not sole,

pathway for swelling-induced release of ATP from C127 cells

(Sabirov et al, 2001) and for ischemia/hypoxia-induced release of

ATP from neonatal (Coulombe & Coraboeuf, 1992; Dutta et al,

2004) and adult (Dutta et al, 2008) cardiomyocytes. This study

provides evidence that Slco2a1 encodes the ATP-conductive Maxi-Cl

molecule in swollen C127 cells and in the hearts subjected to

ischemia–reperfusion.

The expression of SLCO2A1 has been demonstrated in multiple

tissues and organs such as the brain, heart, lung, liver, gastrointesti-

nal tract, kidney, and eye (Kanai et al, 1995; Chang et al, 2010),

where the activity of Maxi-Cl has also been detected (Sabirov et al,

2016). The prostaglandin-transporting function of SLCO2A1 is well

characterized (Schuster, 1998, 2002; Schuster et al, 2015). Our

present findings indicate that the roles of SLCO2A1 are not confined

to prostaglandin metabolism. Released ATP is known to play a

protective role in ischemia/reperfusion heart injury (Ninomiya et al,

2002; Wee et al, 2007); it is therefore possible that the development

of SLCO2A1 activators may be a new therapeutic strategy for

preventing the damage caused by myocardial infarction.

The present study solved a long-lasted enigma of the molecular

identity of the Maxi-Cl channel and provided molecular evidence

that this Maxi-Cl molecule serves as a pathway for the release of

ATP from swollen cells and from hearts subjected to ischemia–

reperfusion. Thus, this may provide a potential target for drug

discovery.

Materials and Methods

Cell lines and cultures as well as nano-LC-MS/MS, RT–PCR analysis

of mRNA expression, gene transfection, purification of recombinant

proteins, Western blotting, luciferin–luciferase ATP assay, and

Langendorff perfusion of the hearts are described in Appendix Sup-

plementary Methods.

Bleb formation and isolation of proteins from the
bleb membrane

C127 cells were cultured in 225-cm2 flasks for 2�3 days until con-

fluence. The cells were washed thrice with Dulbecco’s phosphate-

buffered saline (PBS; #D8537: Sigma-Aldrich, St. Louis, MO, USA);

bleb formation was induced by treatment with 2.5 lM latrunculin B

(#428020: Calbiochem, San Diego, CA, USA) for 25 min in PBS,

followed by washing once with PBS, and then by exposure to a

hypoosmotic solution (10 mM HEPES–Tris, 1 mM EDTA, pH 7.4)

for 7 min. The cells were detached by pipetting and centrifuged at
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4°C and 550 g for 15 min. Blebs in the supernatant were collected

by centrifugation at 4°C and 3,000 g for 30 min. A fraction of the

pellet was resuspended in normal Ringer solution (containing

135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM

Na-HEPES, 6 mM HEPES, and 5 mM glucose; pH 7.4, 290 mOsm/

kg-H2O) for patch-clamping and stained with the plasma membrane

dye, CellMaskTM Orange Plasma Membrane Stain (C10045: Thermo

Fisher Scientific, Waltham, MA, USA), according to the manufac-

turer’s instructions. The remainder of the pellet was solubilized in

1% n-dodecyl b-D-maltoside (DDM; #D4641: Sigma-Aldrich) supple-

mented with a protease inhibitor cocktail (10 ll/ml; #P8340: Sigma-

Aldrich) and 20% glycerol. Insoluble contaminants were removed

by centrifugation at 4°C and 20,000 g for 30 min, and the super-

natant was either used immediately for the next steps or stored at

�80°C. The solubilized bleb-membrane proteins were subjected to

liquid-phase isoelectric focusing on MicroRotofor Cell System (Bio-

Rad, Hercules, CA, USA), and 10 fractions with pI ranging from 3 to

10 were collected. Each fraction was reconstituted into giant

proteoliposomes and assayed by patch-clamping.

Reconstitution of membrane proteins into giant proteoliposomes

The reconstitution was performed, as reported elsewhere (Riquelme

et al, 2004). Membrane proteins (4�100 lg) dissolved in 1% DDM

were mixed with the suspension (10%) of asolectin (#11145: Sigma-

Aldrich) in 1% DDM at the ratio of 10:1 (vol/vol) and then

vortexed. The sample solution was kept on ice for 30 min and

centrifuged at 2°C and 20,000 g for 20 min. The supernatant was

loaded onto a Sephadex G-10 (#G10120: Sigma-Aldrich) column

equilibrated with reconstitution buffer (150 mM KCl, 10 mM Tris–

HCl, pH 7.4). Fractions containing proteoliposomes were collected

and centrifuged at 2°C and 20,000 g for 20 min, and then, the pellet

was resuspended in the same buffer. At this stage, most of the DDM

was removed, and the residual detergent did not affect the

proteoliposome formation and reconstituted channel activity. Prote-

oliposome droplets (1 ll) were placed on the surface of glass

coverslips and subjected to 2�3 cycles of partial dehydration/rehy-

dration. The last rehydration was conducted inside the patch-clamp

chamber containing reconstitution buffer supplemented with 1 mM

CaCl2 and 1 mM MgCl2 or normal Ringer solution, and the forma-

tion of giant proteoliposomes suitable for patch-clamping (sized

from 10 to 100 lm) was monitored under a microscope.

In vitro siRNA-mediated knockdown in cultured cells

To first screen for the molecular identity of Maxi-Cl, C127 cells were

transfected with siRNAs against 15 selected candidate genes. Briefly,

the cells were seeded in 35-mm Petri dishes at a density of ~80,000

cells/dish. Two hours after seeding, the cells were transfected with

siRNAs (at the final concentration of 20�60 nM) using the HiPer-

Fect transfection reagent (301705: Qiagen, Hilden, Germany) with

serum-free OPTI-MEM (Thermo Fisher Scientific) according to the

manufacturer’s manual. Fluorescence-labeled non-targeting siRNA

(AllStars 1027292: Qiagen) was used as a negative control. Transfec-

tion efficiency was monitored under a fluorescence microscope.

Nearly all cells were successfully transfected under these experi-

mental conditions. One day after transfection, the cells were washed

and grown in the culture medium. The cells were then subjected to

patch-clamping or RT–PCR to confirm knockdown efficiency

2�3 days after transfection. The siRNAs were purchased from

Sigma-Aldrich, Qiagen, and Thermo Fisher Scientific.

To knock down the expression of Slco2a1, C127 cells sparsely

seeded on 12-well plates 1 day before transfection with siRNA.

siRNAs against mouse Slco2a1 (probe ID: MSS216146: Thermo

Fisher Scientific) were used at a final concentration of 20 nM. Two

to 3 days after transfections, the cells were replated 1 day before

patch-clamping or the ATP-release assay to achieve optimal cell

density. Stealth RNAiTM siRNA Negative Control (Thermo Fisher

Scientific) was also transfected into C127 cells as a control.

Stable Slco2a1 knockdown

To generate a cell line with a stable Slco2a1 knockdown, we used the

BLOCK-iTTM Pol II miR RNAi Expression Vector System (Thermo

Fisher Scientific). Pre-miRNA double-stranded DNA oligo against

Slco2a1 (oligo ID, Mmi533372: Thermo Fisher Scientific) was inserted

into pcDNATM6.2-GW/EmGFP-miR vector. The miR-neg control plas-

mid included in the kit was used as a negative control. Vectors

against Slco2a1 or negative control were transfected into C127 cells.

Transfected cells were cultured in the medium containing 25�50 mg/

ml of blasticidin (Thermo Fisher Scientific). Approximately 4 weeks

later, GFP-positive colonies were cloned. For rescue experiments in

the stable knockdown cell line, the miRNA-insensitive synonymous

variant, which has a four-nucleotide mutation in the miRNA-targeted

sequence of Slco2a1, was generated and inserted in the CMV-pIRES2-

dsRED2 vector (see Appendix Table S2).

Generation of SLCO2A1-KO cells by CRISPR/Cas9-mediated
genome editing

For disruption of the SLCO2A1 gene in C127 cells, we used the

CRISPR/Cas9 system with the all-in-one CRISPR plasmid (U6-gRNA/

CMV-Cas9-RFP: Sigma-Aldrich). Target sequence in the third exon

was selected from pre-designated CRISPRs list (Sigma-Aldrich). We

transfected the plasmid into C127 cells and cloned colonies derived

from RFP-positive cells. Fragments of genomic DNA were amplified

by primers bracketing the target site and sequenced to assess whether

the CRISPR/Cas9-mediated mutations were inserted. Cells containing

the mutations were further subcloned twice to exclude the possibility

of contamination by wild-type cells, and then, the clone #47-9-8-2

was established as the SLCO2A1-KO cell line. In this clone, no wild-

type sequence was detected, and frame shifted sequences, which

generate premature stop codons, were identified in the target region

of genomic DNA (n = 8). Protein disappearance in the clone #47-9-8-

2 was confirmed by Western blotting.

In vivo siRNA-mediated knockdown in mouse hearts

siRNA delivery to mouse hearts was performed in vivo by tail

vein injection. We used C57BL/6J female mice aged 9–10 weeks.

The same siRNA probe that was used in in vitro experiments was

produced on a large scale and sterilized with a 0.22-lm centrifuge

filter (Ultrafree-MC-GV: Merk Millipore). For each mouse, 40 lg
of siRNA with 6.4 ll of in vivo jetPEI (Polyplus transfection,

Illkirch, France) added to 200 ll of 50% glucose solution was

prepared according to the manufacturer’s protocol. To serve as a
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negative control, a scrambled siRNA was designed using BLOCK-

iTTM RNAi Designer and synthesized (Thermo Fisher Scientific).

Injections of siRNA solution were conducted on three consecutive

days. Knockdown efficiency in the heart was examined by RT–

PCR. Hearts were isolated from euthanized mice on day 4. The

cDNA was synthesized using the mixture of random hexamers

and oligo-dT primers of PrimeScript II First Strand cDNA Synthe-

sis Kit (Takara Bio Inc.).

Electrophysiology

All inside-out and outside-out patch-clamp recordings were performed

at room temperature (23–25°C), as described previously (Islam et al,

2012). Patch pipettes were pulled from borosilicate glass capillaries

(outer diameter 1.4 mm, inner diameter 1.0 mm) with a micropipette

puller (Model P-97: Sutter Instruments, Novato, CA, USA). When

filled with the pipette solution, tip resistance was ~2 MΩ for patch-

clamping the cells and ~3–4 MΩ for patch-clamping the proteolipo-

somes. Unless indicated otherwise, the pipette solution consisted of

Ringer solution. In some experiments, NaCl in the pipette solution

was equimolarly replaced with NMDG-Cl or Na-glutamate or reduced

with isosmotic replacement with mannitol. For patch-clamping, the

cells were plated on glass coverslips at 20–50% confluence and bathed

in normal Ringer solution. Isolated membrane blebs and reconstituted

proteoliposomes were also subjected to patch-clamping. In some

experiments with giant proteoliposomes, we used the reconstitution

buffer (150 mM KCl or K-glutamate with 10 mM Tris–HCl, pH 7.4)

supplemented with 1 mM CaCl2 and 1 mM MgCl2, as the pipette and

bath solutions. Swelling-induced whole-cell currents were recorded as

previously described (Kurbannazarova et al, 2011). Bath contained

normal Ringer solution. Pipette solution was slightly hypertonic to the

bath and contained (in mM): 125 CsCl, 2 CaCl2, 1 MgCl2, 3 Na2ATP, 5

HEPES (pH 7.4 adjusted with CsOH), and 10 EGTA (pCa 7.65;

315 mOsm/kg-H2O adjusted with mannitol). Cell swelling was

induced by patch disruption. Membrane currents were measured with

an EPC-9 patch-clamp system (Heka-Electronics, Lambrecht/Pfalz,

Germany) or an Axopatch 200A patch-clamp amplifier coupled to a

DigiData 1320 interface (Axon Instruments, Union City, CA, USA).

Data acquisition and analysis were conducted using Pulse+PulseFit

(Heka-Electronics) or pCLAMP software (version 9.0.2: Axon Instru-

ments) and WinASCD software (kindly provided by Dr. G. Droog-

mans, Katholieke Universiteit Leuven, Belgium). The membrane

potential was controlled by shifting the pipette potential (Vp) and

reported as Vp for outside-out recordings and �Vp for inside-out, on-

bleb, and on-proteoliposome recordings. Current signals were filtered

at 2 kHz and digitized at 5 kHz. When the bath Cl� concentration

was altered, a salt bridge containing 3 M KCl in 2% agarose was used

to minimize variation of electrode potential in the bath. The liquid

junction potentials were calculated using pCLAMP software and

corrected as necessary.

Statistical analysis

Statistical differences of the data were evaluated by the paired or

unpaired Student’s t-test, by ANOVA with Bonferroni correction and

by nonparametric Kolmogorov–Smirnov test where appropriate.

Expanded View for this article is available online.
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