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Potassium Channels in Pulmonary Arterial Hypertension

Yasunobu Hayabuchi

Department of Pediatrics, Institute of Biomedical Science, Tokushima University Graduate School, Tokushima, Japan

Potassium channels play diverse roles in regulating the behavior of pulmonary artery smooth muscle cells. In
2013, the discovery of KCNK3 (TASK1) as a new predisposing gene for pulmonary arterial hypertension (PAH)
led to an update in the Nice Classification regarding the genetic origin of PAH. Decreased current via KCNA5
(Kv1.5) plays a key role in determining pulmonary arterial tone and vascular remodeling. The transformation
of smooth muscle cells causes ion channel switching, such as the loss of BKca (Kcal.l) and the gain of IKca
(Kca3.1), in immature proliferative smooth muscle cells and also induces cell migration, proliferation, and apop-
tosis resistance. Pulmonary smooth muscle cells from PAH patients demonstrate many cellular abnormalities
linked to potassium channels. This review summarizes the current knowledge regarding the involvement of
potassium channels in the development of PAH and discusses potential treatments to be developed in the near
feature.
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AP DK EILF & LT, bone morphogenic
protein type II receptor j& 1z - (BMPR2), Activin
receptor-like kinase-1 (ALK-1) i#{s ¥ (ACVRLD),
endogolin i 1z ¥ (ENG), SMAD8/9 (SMAD9) &
BT 8D TGE-B 7 F VBB TITMA T, M
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Table 1 Potassium channel families
K* channel Kv channel Kca channel Kyp channel Kir channel
Families (42 isoforms; 12 subfamilies) (8 isoforms; 5 subfamilies) (15 isoforms; 6 subfamilies) (15 isoforms; 7 subfamilies)
Nomenclature HGCN IUPHAR HGCN IUPHAR HGCN IUPHAR HGCN IUPHAR
Isoforms & KCNAT-A10 Kv1.1-Kv1.10 KCNMAT Keal.1 KCNK1 Kop1.1 KCNJT Kig1.1
Subfamilies KCNB1 & B2 Kv2.1 &Kv2.2 ~ KCNNT1-3  Kc.2.1-2.3 KCNK2 Kop2.1 KCNJ2, 12,4, 14 Kg2.1-Kir2.4
KCNC1-C4 Kv3.1-Kv3.4 KCNN4 Kca3.1 KCNK3 Kyp3.1 KCNJ3, 6, 9.5  Kg3.1-Kig3.4
KCND1-D3 Kv4.1-Kv4.3 KCNT1 & T2 Kc,4.1&4.2 KCNK4 Kopd.1 KCNJ10 & 15 Kigb.1
KCNF1 Kv5.1 KCNUT Kcab.1 KCNK5 Kop5.1 KCNJ8 & 11 Kir6.1 & 6.2
KCNG1-G4 Kv6.1-Kv6.4 KCNK6 Kop6.1 KCNJ13 Kig7.1
KCNQT1-Q5 Kv7.1-Kv7.5 KCNK7 Kyp7.1
KCNVT & V2 Kv8.1 & Kv8.2 KCNK9 K2p9.1
KCNST1-3 Kv9.1-Kv9.3 KCNK10 K2p10.1
KCNH1 &5 Kv10.1 & Kv10.2 KCNK12 Kop12.1

KCNHZ2, H6, H7  Kv11.1-Kv11.3
KCNHS, H3, H4 Kv12.1-Kv12.3

KCNK13 Kzp13.1
KCNK15 Kop15.1
KCNK16 Kop16.1
KCNK17 Kop17.1
KCNK18 Kzp18.1

General char-  Ca®*-insensitive,
acteristic
of the K*

channels

voltage-sensitive

cation
Outward rectification
tance: =250pS

Single-channel conductance:
5-80pS

mediate-conductance, lies

Kea1.1 (BKca, Slo1, or Voltage-independent
MaxiK): large-conduc-

tance, voltage- and Ca’®*- tion
sensitive, outward rectifi-

Single-channel conductance:
<30pS and inward rectifica-

Single-channel conduc- Single-channel conduc- Kg subfamily: strong inward

tance: <40pS, except rectification
TREK (=100 pS)

Kca2.1-2.3 (SKca), Ke.3.1  TWIK, TREK, TASK, TALK, Karp subfamily (Kg6.1 & 6.2):
(IKca): small- and inter- THINK, TRAAK subfami- intermediate inward rectifica-

tion, intracellular ATP sensitive

and voltage independent

Single-channel conduc-
tance: SKca 10-14pS,

IKca =45 pS

a-subunit

6TMDs SKca, IKca
membrane 6TMDs

T

topology

T+

BKca
7TMDs e

Human potassium channels can be broken down into 4 distinct families by their functional characteristics. Kv, voltage-gated; K¢, calcium
activated; Kyp, two pore; K, inward rectifying; HGCN, HUGO human genome organization nomenclature; IUPHAR, International Union of
Pharmacology nomenclature; TMDs, transmebrane domains; *, voltage sensor.

Ca> AT TV LAFME V> L -
Calcium-induced calcium release; CICR) {Efic & D
BB,

HEEE (7 722 /T U 72 s v i R s ORI R IC B
T, BKcah 7 4 — FN\w 7O HETH B, Hif
WAV T LIBED ERT 212 L, KBioimd %1%

& BKca WEMHAL S NBRHEE T+ — RS 7B IC
WL TWa. BKea WMEMILT 2 C i K- Tl
MNE63N, VDCCRIZUSH &T BFBNAELEF
TIVOMFIZRT D THB. Kv F ¥ V& B
KOBRT 2HENH B THEDT 04— RNy 7K
ELE LTV,
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Diagram of hypoxia-induced pulmonary arterial contraction and voltage-gated K* (Kv) channels

Vasoconstriction involves hypoxia-induced elevation of intracellular Ca?*

and the related signaling pathways. The inhi-

bition of Kv channels, particularly Kv1.5, plays a key role in the mechanism of vasoconstriction. AMPK, AMP-activated
kinase; cADPR, cyclic ADP ribose; DAG, diacylglycerol; Em, membrane potential; IP3R, Inositol 1,4,5-trisphosphate
receptor; Kv, voltage-gated K* channels; NCX, Nat-Ca?" exchanger; PKC, protein kinase C; ROS, reactive oxygen spe-
cies; RyR, ryanodine receptor; SOC, store-operated channels; SR, sarcoplasmic reticulum; STIM1, stromal-interacting

molecule 1; TRP, transient receptor potential channels; VDCC, voltage-dependent Ca®*

HNBEEE AL D e Fifi 9~ % AN A1 0L 2 L
D FRE, ARIICBIEICE, TERRIIEOUHE
2 TE<, MiEiEz i 2 RERERNTH 5.
FNB L THIRED )V LRgED FRICKD,
calmodulin kinase (CaMK) *> mitogen-activated
protein kinase (MAPK) 7x ¥ 0 Ca* {&f#lE+F—+¥
7, & 51T nuclear factor of activated T-cells (NFAT)
*° cAMP response element binding protein (CREB)
75 EDRERFAMEIEE N, FiIC B 2 /i
FfEI NS A 0 BEAMEE N5 (Fig. 2)'9.  O#ifs
TFIRERIENC, KvZEDHh ) T LT v 2 )VH
boTN5B

Kv F ¥ XV D&M T Kvl.5 (KCNA5) (& 1EH)
ik - EEIR & O BRNEIIRICZ SR LTERD, &
PERICIZKEERIC K > T KvL5 iEEOMIHINE 72 5 X
N, AV D LEREES, MTROB et U
FHOUNFEAEE T %, (RFEZIRABIC K O IETERESR (reac-
tive oxygen species; ROS) ffi, —=aF>7 I K7
ToUYRX 7 LAF RY U (nicotinamide adenine
dinucleotide phosphate; NADPH) ¥ihn, A7 ¢ >3
21V F—EiEMIC X% Protein kinase C (PKC)
DIEH LR 5. TNHDOY T F)IETNT, Atk
BN

BIRBRFEME $32% ¥E35

channels.

HICIE Kv1.5 (G269 5. & S I il Rl =213 i
Bz slEc TR TR L, BN
IRICIHITF S Kvl.5 OFREZIMHILTYETY > T %2R
9% . Kvl.5 OFBIRA M M ED KIS A
b5, HWEOWHE - Bk LTRHENTED,

JRAEDHEHICIIIERICEE EEZEZ SN TWVWS. TOH
MIZBHSMDICENTWVEWLD, ZINTOGIRBE

N, SHBOBEHRDOR—7 Mg,

2013 41 PAH JFREG 1~ & U T S 1172 KCNK3
(TASK1) (&, Two-pore domain 71U 7 LF ¥ )
(Kpp) D1HETH . Kyp 3 2 MEEEHEE —DD
P fEED 2 (HESNC DN o e T o=y Mgz L
THEL, KEESP pH ZEAIL TEMEEE NS, EX
AFPE R RS2 R R B 6 DDY T T 7
3 Y — (TWIK, TREK, TASK, TALK, THINK,
TRAAK) IC7HEEINT V5. TOHETIE 6 DDA
FOEAGEI ALY AN 7 R AHNLICEEE N
72 Y. KCNK3 ZENHKAFEF ¥ 3V Tld 7z < ki
BAAPBETHIEN R T2, TOF ¥ 3)VEREIZE
B2 ET % C & ChlimERfEE YV ETY >0
T B EEZ BN S.

—17TClE, 2L DOIEBICB VW TRBEEREMZET



193

Elevation of intracellular Ca2+ /

v
Ca2+-CaM CaMK/ MAPK
MLCK
MLC ——> MLC-P NFAT / CREB / AP-1 / NF-«xB

MLCP ¢ ¢

PASMC contraction PASMC migration PASMC proliferation

v v

Vasoconstriction Vascular remodeling

Pulmonary arterial hypertension

PASMC relaxation

Fig. 2 Diagram of the pulmonary arterial contraction and vascular remodeling mechanism

A rise in cytosolic Ca?* can be created by opening voltage-dependent Ca?* channels (VDCC) through decreased volt-
age-gated K* (Ky) channel current and membrane depolarization (Em). Activation of receptors, such as G protein-cou-
pled receptors (GPCR) and receptor tyrosine kinases (RTK), induces diacylglycerol (DAG) and inositol 1,4,5,-trisphosphate
(IP3) production. In addition, these receptors increase the cytosolic Ca?* concentration by opening receptor-operated
Ca?" channels (ROC) and inducing Ca?* mobilization from the sarcoplasmic reticulum (SR). IP3 also directly or indirectly
opens store-operated Ca?" channels (SOC) by store depletion to further increase Ca?*. The Ca®/calmodulin (CaM)
complex binds to and activates myosin light chain kinase (MLCK), which phosphorylates the myosin light chain (MLC).
MLC stimulates the activity of myosin adenosine triphosphatase (ATPase), which hydrolyzes ATP to generate energy
for cycling of myosin cross-bridges with actin filaments. Formation of these cross-bridges underlies pulmonary artery
smooth muscle cell (PASMC) contraction, prompting vasoconstriction. Furthermore, an elevation in the intracellular
Ca?* concentration induces quiescent cells to undergo mitosis. Increased intracellular Ca* also activates CaM kinase
(CaMK) and mitogen-activated protein kinase (MAPK), as well as transcription factors, including nuclear factor of acti-
vated T cells (NFAT), cAMP response element binding protein (CREB), activator protein-1 (AP-1), and NF-«B, to stimulate
proliferation by inducing Ca?*-sensitive steps during cell cycle progression. Chronic and sustained elevation of pulmo-
nary vascular resistance and arterial pressure resulted from vasoconstriction and vascular remodeling.

JE AL & 15 ATP-sensitive K™ channel (Kpp)!*2”

KOV TIEMERICET2GEE Y ETY VTR
— Ry 7 ADBGOMEIE D72, FH
FafE Kypp channel [ 3RFEN DRI G B\ TEEMIC
ZLWnkEZSENS. 2 a2 FYU 7 Kyp channel
IR U T BIARINGES VD 7V > T A\D R R
THMELHRAENZH Y, FEIEMEIC BT 5 1%E|
FWERZIHREICIEREN TR,

MEFREHMEDRT RS EF v RIV « RAVF T

—MACHER M LM CEASTAIRE - whitifa
MERRMIIER L) &, ZORLIEEZMIEICES %
THEREL, BiboMilan s E2RE R0, Wb
% B4t (terminal differentiation) #7759, —J7,
T, RN D B VIR RSN (i
JE - R - WAV - 1585 L) ICBWVWTARSIC
MEAEED SHOMEEIENEZbT 5. iz, 7
EEEE 2 MR U T & St e il 575 8, R
HOREANEZRL TN .
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M il O Eiisf Wit MR e &
D, BRI g A O HE5E - i EIC K- Tl
EANPREELE R ENg & T, mEREY ETY
YOG S, SR, M RO BRI
WFHA DA A2 F v 3 )VOFEBIENN - DRI H
HboTWVWBTENFSMICENDDH B 2P, F
TR A S IR UMb UTIRRE LR, BB I e
BHIC B 53 % VDCC *® BKca DHENMENITH 5.
INEDF v )ik, FiHAO K S ITHIREENIAKTT
U CHEHiam /1)L > LA O E B HIEHIA 1 &
U< 2. Zaucsd U T s T i i s g
Wz &hnb s &, VDCC - BKca DFEBZIEIC
A9 % 2. 5T, transient receptor potential
channel (TRP) *® Intermediate-conductance Ca®"-
activated K channel (IKca; Kca3.1) OFEBIARMG
BT EMHBMCENT (Fig 3)™2. MEASEHE T
FIICFIH L T3 VDCC 3 & U BKea 13 EENIC
5 < KAE L CIEME L E NS DIcxt LT, TRP % IKca
WEHEEAICIZ & A EBE NI I BN AT
EEME L THROT 282> Twad. Lich->

Proliferative (immature) SMC

TRP IKca

L%

Activation by the intracellular Ca2+ elevation

Positive feedback

TR O i el G 1CHz Uizl
EIE A T, IKca DWEMEAIRIC X B ffE
IZ K> THIRRER DS i S i, BRI IFRAF IR RS
Td % TRP Z At LT EH R A1)V 2 LA 72 BR )
T EIDDENENRELRIEND L EEBDTH
% 22 TRP %At LIRIIN 7V > LBED E57
3 E 5IC IKea ZiEMALEY, KYF407 - T 4—F
Ny T Rd. TOXK DRI, TR L7z NFAT/
CREB/AP-1/NF-«B 7% & OMifldN 71 )V > 0 L FEAK
FHEERTFOEEEZEC T OIFHRETH 5.
NFAT *® NF-«B IC (&, TRP *® IKca D ¥ B Z i &
BEAHEHLRDEN, BRI T4 T« T4—FR
Ny 7 B2 THIEDN A S T Liie % 2.

Fig. 413, HEZERHERAINIIC T % IKea D
FEBIENNZ, patch-clamp 1% (whole-cell configuration
& U inside-out patch) %AWV TAEIH L7zl TdH
%. H5EALY S 5 A A 0O whole-cell configuration 1<
BI2HVU Y LERFRIE, BKca EIRMNHERTH S
Iberiotoxin (IbTX) 45 TIXMEE (14%) L]
ENGEM o T, FORITENML 7z BKea 35 X U IKca

Contractile (fully differentiated) SMC

Inhibition by the hyperpolarization

VDCC BKca

L *

Activation by the intracellular Ca2+ elevation

Negative feedback

Fig. 3 Diagrams depicting phenotypic switching of vascular smooth muscle cells and ion channel expression

Vascular smooth muscle cells (SMCs) can have one of the two phenotypes: immature proliferative SMCs and differ-
entiated contractile SMCs. Vascular SMCs change phenotype in response to the surrounding environment. Immature
proliferative SMCs proliferate, migrate, and synthesize proteins. In contrast, fully differentiated contractile SMCs adhere
to each other and are contractile in nature. Switching to different ion transport systems is also shown. This phenotypic
shift in the Ca?*-activated K™ channel (Kca) expression pattern produces dramatic alterations in the electrical properties
of the cell and has functional consequences, in part because of the effect on Ca?" influx. Activation of IKca enhances
Ca?" influx by increasing the transmembrane electrical gradient. This increase in Ca®" influx stimulates distinct cellu-
lar processes associated with smooth muscle growth and proliferation. BKca, large conductance Ca’*-activated K*
channel; IKca, intermediate conductance Ca?*-activated K™ channel; SMC, smooth muscle cell; TRP, transient receptor
potential channels; VDCC, voltage-dependent Ca?* channels.
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Fig. 4 Predominant expression of IKca in proliferative smooth muscle cells (SMCs)

IKca current is observed using the patch-clamp technique. (A) Schematic of the whole-cell configuration. (B) Rep-
resentative recording of whole-cell current from an immature SMC held at —60mV. The current shows iberiotoxin
(IbTX)-insensitive and charybdotoxin (ChTX)-sensitive K* currents. Establishment of the whole-cell configuration is
shown by the vertical arrow. The zero current level is shown by the dashed line. IbTX inhibited the ChTX-sensitive cur-
rents by 14% in this cell. (C) Schematic of an inside-out patch. (D) IKca single-channel currents from an inside-out patch.
The membrane potential was stepped from —80 to +80mV in 10-mV increments. (E) Single-channel current-voltage (I-V)
curve obtained in symmetrical K* solutions, depicting a channel conductance of 37pS. (F) Intracellular Ca?* activation
of IKca current. Representative traces show single-channel activity of inside-out patches exposed to 0, 0.1, 0.5, 1.0, and
5.0 umol/L free Ca®*. These recordings are from our experimental data (reference 23).

[H#E 3K TdH % charybdotoxin (ChTX) IC K> T, 7
U LA R < Wil E iz (Fig. 4B). LB 1HE
M Tld IKea 31E LA EFBIL THS Y, IKea %
NLIERE S DINTH S L ENTVDA, HE5H
R MY Tl IKeca HRAE L <HINL T3 C
ERLTWVWS. E5IC, Inside-out patch Z W7z
single channel recording Tl&, Fvx)Va>vx s x>
A, BRI KOV AT v 3OUTE
P75 EOBESEBAIEE D DI FEd 5 F v
VIV IKea ThH % T EWFEES N7z (Fig. 4D-F).

NS OKIRN S, HHREMIID 7LD Lk
A ) D LERIROKEIT 7Y IKea 2 /T L2 &R TH
D, IKca DFRBIMEML T2 T MRS N

Transient receptor potential (TRP) F v %)L {Z 6 [A]
EE@ER D 4 BIkTF v 2)VT, T RUD L, AU
Ly, JIV D INIg E%eiEith s 2 JEEIRINEG A A4 > F v
FIIVTCH B, REME T —HROMGEZEDM, KE

NIEAZ X IERFICIIODRD ENT, EARNNANSD
FRA I BRI RSO A D > 7 )b, ) ATV RTHG
b ns. DIEXREREIROY EF7 1 > 7D
5 TEHEN % TRPCL & D &, TRPC6IC K B A b
TAEEIME AV > LR A T 3 )VTEEEE N A SR
O HREICED R EEZLNT V5.
PAH D& D S HRE L 72 il ¢k, TRPC6 O
FEWEIMTAES A b 7 EEIE AV > D LWF v 3 )VTE
B & BERETUED A D NG, T D ORFEMEZ L
X, in vitro Tl& siRNA I X 2 FEHRIHNC X > CIHE
ENBTEMHENTLS 2,

TR MRDBEELE A VU LF v RIV

MEYVETY T OMERICIE, Ty s
LEICHEEE RERER & 755 7. Ml E DA
(&, HIROFTT MR « ZEH U, 1&/7HMLE « Rk
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Fig. 5 Schematic of the mechanism underlying changes in the cell volume during cell migration

As shown in the schematic, cell migration is a continuous cycle of protrusion of the cell front followed by the retraction
of the trailing end. This process can be represented as a cycle of isosmotic volume increases at the cell front and isos-
motic volume decreases at the rear end. Extension of the lamellipodium results from salt and osmotically obliged water
uptake mediated by the parallel operation of Na*/H* and CI"/HCO3; exchange as well as Na*-HCOj3 cotransport at the
front of migrating cells. Increases in volume and membrane tension eventually produce an increase in the intracellular
Ca®" concentration via activation of Ca?"-permeable stretch-activated cation channels. The rise in intracellular Ca?*
concentration induces retraction of the rear portion of the migrating cell, which is paralleled by massive K* efflux and
shrinkage of the cell pole. AE2, CI"/HCO3; exchanger isoform 2; AQP 1, 4, aquaporin 1, 4; CIC3, CIC3 chloride channel;
ENaC, epithelial Na* channel; IKca, intermediate conductance Ca’*-activated K* channel; MScCa, mechanosensitive
cation channel; NHE1, Na*/H" exchanger isoform 1; NKCC1, Na*/K*/2CI~ cotransporter isoform 1; VRAC, volume-regu-

lated anion channels.
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