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ARTICLE INFO ABSTRACT
Keywords: Ky7 channels exert a pivotal role regulating vascular tone in several vascular beds. In this context, Ky7 channel
Ky7 channel activator agonists represent an attractive strategy for the treatment of pulmonary arterial hypertension (PAH). Therefore,

Pulmonary hypertension
Vasodilation

KCNQ

Potassium channels
KCNE4 regulatory subunit

in this study, we have explored the pulmonary vascular effects of the novel Ky7 channel agonist URO-K10.
Consequently, the vasodilator and electrophysiological effects of URO-K10 were tested in rat and human pul-
monary arteries (PA) and PA smooth muscle cells (PASMC) using myography and patch-clamp techniques.
Protein expression was also determined by Western blot. Morpholino-induced knockdown of KCNE4 was assessed
in isolated PA. PASMC proliferation was measured by BrdU incorporation assay. In summary, our data show that
URO-K10 is a more effective relaxant of PA than the classical Ky7 activators retigabine and flupirtine. URO-K10
enhanced Ky currents in PASMC and its electrophysiological and relaxant effects were inhibited by the Ky7
channel blocker XE991. The effects of URO-K10 were confirmed in human PA. URO-K10 also exhibited anti-
proliferative effects in human PASMC. Unlike retigabine and flupirtine, URO-K10-induced pulmonary vasodi-
lation was not affected by morpholino-induced knockdown of the KCNE4 regulatory subunit. Noteworthy, the
pulmonary vasodilator efficacy of this compound was considerably increased under conditions mimicking the
ionic remodelling (as an in vitro model of PAH) and in PA from monocrotaline-induced pulmonary hypertensive
rats. Taking all together, URO-K10 behaves as a KCNE4-independent Ky7 channel activator with much increased
pulmonary vascular effects compared to classical Ky7 channel activators. Our study identifies a promising new
drug in the context of PAH.

1. Introduction depolarization and diminishing the open probability of voltage-
dependent calcium channels, which reduces smooth muscle cell

Ky7 channels have emerged as important players in the regulation of contraction [1-3]. Among the different Ky7 channels isoforms
vascular smooth muscle tone in different vascular beds. Thus, their (Ky7.1-7.5), Ky7.1 and especially Ky7.4 and Ky7.5 channels are
activation causes K efflux from the cell, limiting membrane considered the most relevant Ky7 channels in systemic and pulmonary
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vascular smooth muscle cells [1,2,4-6]. It is worth noting that recent
studies have highlighted the role of Ky7 channels in the pulmonary
circulation for their relevant involvement in nitric oxide (NO)-induced
vasodilation [4,7].

Pulmonary arterial hypertension (PAH) is a debilitating disease
defined by elevated pulmonary arterial pressure mainly due to increased
vasoconstriction, pathological remodelling of the pulmonary microvas-
culature and thrombosis [8-10]. This pathological condition is associ-
ated with an ionic remodelling, including downregulation of different
Kt channels (such as Ky1.5 and TASK-1) in pulmonary artery (PA)
smooth muscle cells (PASMC) leading to depolarization and ultimately
contributing to increased intracellular calcium concentration, vasocon-
striction, hypertrophy and proliferation [11-15]. On the other hand,
Ky7 channel activity seems to be preserved in experimental models of
pulmonary hypertension (PH) [5,16,17] suggesting that these channels
could represent attractive pharmacological targets to limit PA vaso-
constriction and proliferation in PAH. In fact, the Ky7 channel agonist
flupirtine was shown to attenuate the elevated right ventricular pressure
and right ventricular hypertrophy in two independent murine models of
PH [16,17]. In agreement with these results, we recently found that PA
vasodilation to another classical Ky7 activator, retigabine, is enhanced
in the hypoxic plus Sugen 5416 PH model and suggested the upregula-
tion of the KCNE4 regulatory subunit as a potential underlying mecha-
nism [5]. This is a very striking result since pulmonary vasodilation to
PAH-approved drugs targeting main vasodilator pathways (such as the
cAMP and the cGMP pathways) appears to be greatly impaired in
different models of PH [18-21]. Remarkably, activation of Ky7 channels
contributes to the vascular effects induced by drugs used for the treat-
ment of PAH such as sildenafil or riociguat [4,7]. Thus, directly targeting
these channels with Ky7 channel openers might constitute a promising
therapeutic strategy in the treatment of PAH [22].

Ky7 channel activity, cell localization, channel trafficking, and
sensitivity to different drugs can be regulated by potassium channel
subfamily E (KCNEs) regulatory subunits [3,22-24]. We have recently
shown that PA have reduced expression and membrane abundance of
KCNE4 [5], which is known to enhance Ky7.4 activity and to contribute
to the vascular relaxant effects of Ky7 ligands [25,26]. This could
contribute to the relatively lower vasodilatory efficacy of classical Ky7
agonists in PA compared to that observed in other arteries [5,27]. In this
regard, the recently synthesised drug URO-K10 is a very potent Ky7
channel activator with ECsg values within the submicromolar range [28,
29], and activates Ky7.4 and Ky7.5 channels independently of KCNE4
expression. Therefore, we hypothesized that URO-K10 could have
augmented effects in the pulmonary circulation compared to other Ky7
channel activators, and aimed to analyse its pulmonary vascular effects
in control and monocrotaline-induced pulmonary hypertension
(MCT-PH) rats and in human tissues.

2. Materials and methods
2.1. Animal models

All experimental procedures utilizing animals were approved by the
institutional Ethical Committee of the Universidad Complutense de
Madrid (Spain), the regional Committee for Laboratory Animals Welfare
(Comunidad de Madrid, Ref. number PROEX-301/16) and the Institu-
tional Animal Care and Use Committee of Seoul National University
(approval number: SNU-190408-3) and are reported in accordance with
the ARRIVE guidelines. The animals were cared according to the
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purpose.

6-8-week-old male Wistar and Sprague-Dawley rats (300 + 20 gr)
were obtained from Envigo (Barcelona, Spain) and Koateg (Pyeongtaek-
si, South Korea), respectively. The animals were housed at the In-
stitutions animal care facilities and kept in an enriched environment
with free access to food and water, maintained at 24 °C under a 12:12h
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light/dark cycle. Animal experiments were designed to have groups of
equal size using randomized and blinded analysis. In some instance,
however, group sizes were unequal due to unexpected loss of animals
while conducting the procedures. Monocrotaline (Sigma, St. Louis, MO,
USA) was dissolved in 2 mL of 1 mol L™! HCI and adjusted to pH 7.4
using 2 mol L™! NaOH solution. This aqueous solution was diluted to 17
mL with distilled water. Sprague-Dawley rats were randomly assigned
and treated with a single intraperitoneal injection of monocrotaline (60
mg kg~ 1) to induce PH or an appropriate amount of saline. After 21 days,
both the MCT-PH rats and the age-matched controls were sacrificed for
further analysis, after measuring their body weight.

2.2. Human Samples

Human PA and PASMC were isolated from lung samples obtained
from 13 non-PAH patients (6 men, 8 women, mean age 70.0 + 2 years)
who underwent lobectomy for localized lung cancer in Hospital de
Getafe (Madrid, Spain). The Human Research Ethics Committee of the
Hospital Universitario de Getafe (Madrid, Spain) approved the use, after
informed consent, of lung tissue discarded by pathologists following
thoracic surgery (Ref. A04/16).

2.3. Tissue collection and cell isolation

On the experiment day rats were sacrificed by CO inhalation. Rat
lungs, human lung samples and mesenteric beds were isolated and
placed in chilled (4 °C) Krebs solution of the following composition (in
mmol L~ 1): NaCl 119, KC1 4.7, KH2PO4 1.2, MgS04 1.2, CaCl; 2, glucose
11 and sodium bicarbonate 11; pH7.4. Lungs from Sprague-Dawley were
isolated and immersed in Tyrode’s solution (in mmol L’l): NacCl 140,
KCl 5.4, NaH,PO4 0.33, HEPES 10, glucose 10, CaCl; 1.8 and MgCl, 1,
pH 7.4 was adjusted with NaOH. Isolation of human PA and rat PA and
mesenteric arteries (MA) was performed as previously described [27,
30]. Freshly isolated rat and human PASMC were obtained by enzymatic
digestion, as described previously [31]. Briefly, PA were dissected in
Ca%*-free physiological salt solution (Ca"-free PPS) composed of (in
mmol L™1): NacCl 130, KCI 5, MgCl; 1.2, glucose 10, and HEPES 10
(adjusting to pH 7.3 with NaOH). For isolation of PASMC, PA were cut
longitudinally and incubated in Ca®*-free PPS containing (in mg mL™1):
papain 1, dithiothreitol 0.8, and albumin 0.7 for 10-20 min. After
vigorous agitation using a smooth wide-tipped pipette, the tissue was
dissociated and a PASMC suspension was obtained, which was stored at
4°C.

PASMC from MCT-PH rats were isolated as follows. Briefly, PA were
cut to open and digested with first digestion medium (nominal Ca®*-free
Tyrode’s solution containing 1 mg mL~' papain) for 10-15 min. The
fragmented tissues were collected and incubated with second digestion
medium (nominal Ca®"-free Tyrode’s solution containing 3 mg mL
collagenase) for another 10 min. Both digestion media contained bovine
serum albumin (1 mg mL™1) and dithiothreitol (1 mg mL™Y). The
digested tissues were suspended with a polished Pasteur pipette in K*-
rich solution (in mmol L™ 1): KOH 70, L-glutamate 50, KCl 55, taurine 20,
KH3PO4 20, MgCls 3, glucose 20, HEPES 10 and EGTA 0.5, adjusted to
pH 7.3 with KOH, to dissociate into single cell for the further analysis.

2.4. Experimental procedures for the vascular reactivity studies

Rat PA and MA and human PA were mounted in a wire myograph
(model 610 M, Danish Myo Technology, Aarhus, Denmark) with Krebs
solution at 37 °C and bubbled with aerobic gas (CO2: 5%, No: 74%, Oa:
21%) for the PA and carbogen gas (O2: 95%, CO2: 5%) (Air Products -
Carbides) for the MA. The relationship between passive wall tension and
internal circumference was determined for each individual artery and
from this, the internal circumference, L30 (for PA) and L100 (for MA),
corresponding to a transmural pressure of 30 mmHg and 100 mmHg,
respectively, for a relaxed vessel in situ was calculated. The arteries were
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set to an internal diameter L1 equal to 0.9 times L30 or L100 (L1 = 0.9 x
L30 for PA and L1 = 0.9 x L100 for MA), since force development in
arteries is close to maximal at this internal lumen diameter [32]. The
transmural pressure of 30 mmHg selected for pulmonary arteries was
based on previous studies [33,34]. Arteries were first stimulated by
raising the K* concentration of the buffer (to 80 mmol L 1) in exchange
for Na™. Next, vessels were washed three times and allowed to recover
before a new stimulation. The vasodilator responses to URO-K10
(0.0001-3 pmol L’l), retigabine (0.01-30 pmol LY and flupirtine
(0.01-30 pmol L™!) were assessed in arteries precontracted with the
thromboxane A analogue U46619 (PA at 0.1 pmol L~! and MA at 0.3
umol L™1) or serotonin (10 umol LY [35,36]. In some experiments, the
effects of URO-K10 were tested in arteries incubated for 15 min with the
Ky7 channel inhibitor XE991 (3 or 10 umol L_l) or with the combination
of the Kyl.5 channel inhibitor diphenylphosphine oxide-1 (DPO-1, 1
umol L’l) and the TASK-1 channel inhibitor ML365 (1 umol L’l), before
the challenge to the contractile agent.

2.5. Human PASMC proliferation

Human PASMC proliferation was measured using the colorimetric
assay based on the incorporation of 5-bromo-2-deoxyuridine (BrdU).
Cells were grown in a flask with supplemented smooth muscle cell
growth medium (C22062; PromoCell, Heidelberg, Germany) and kept in
an incubator at 37 °C, 99% humidity and 5% CO,. Human PASMC
already seeded in 96-well plate (5000 cells/well) were growth arrested
by an exposure for 24 h in 0.1% FBS medium and then exposed to
smooth muscle cell growth medium containing 5% FBS for 24 h to
stimulate growth. To characterize the possible antiproliferative effect of
URO-K10, human PASMC were treated with different concentrations:
0.01, 0.1 and 1 ymol L! in 5% FBS medium. In another set of experi-
ments and to elucidate the mechanism of action of URO-K10 on prolif-
eration, we tested the effect of XE991 10 umol L™} in the presence and in
the absence of URO-K10 (1 pumol L’l) in medium containing 5% FBS.
During the final 6 h of the 24 h treatment, BrdU was added to the cells.
The absorbance was measured on a spectrophotometric plate reader (EZ
Read 400 Microplate Reader, Biochrom) at a dual wavelength of
450-620 nm [37]. Proliferation analyses of cultured human PASMC
were carried out in triplicate for each sample. Data are expressed as
percentage of proliferation induced by FBS 5%. The data group size in
this set of experiments is 3-4 data due to the very limited amount of
human PASMC.

2.6. Electrophysiological studies

Membrane currents were recorded with the Axopatch 200B amplifier
and with Digidata 1322 A (Axon Instruments, Burlingame, CA, USA) or
Digidata-1440A (Molecular Devices, San Jose, CA, USA) using the
ruptured patch configuration of the whole cell patch-clamp technique,
as previously described [4,38-40]. Micropipettes were created from
borosilicate glass capillaries with a programmable horizontal pipette
puller and polisher (Zeitz DMZ Puller, AutoMate Scientific).

For the whole cell recording, freshly isolated PASMC were either
superfused with an external Ca”*-free PPS (see above) or an external
solution of the following composition (in mmol L™ 1): NacCl 140, KCl1 5,
HEPES 10, CaCl, 2, MgCl, 1, glucose 5, mannitol 20, and pH 7.4. Pi-
pettes were filled with a solution of the following composition (in mmol
L™: Kcl 140, HEPES 10, Tris-GTP 0.2, Na-ATP 4, EGTA 10 with 100
nmol L™! free Ca®*, and pH 7.2.

Ky currents were evoked after the application of 200 ms depolarizing
pulses from + 60 mV to — 80 mV in 10 mV decreasing steps or by
depolarizing ramp pulses from — 100-40 mV for 3 s, from a starting
potential of — 80 mV. The electrophysiological effects of URO-K10 (0.3
or 1 pmol L™!) were tested until they reached steady state (normally
7-10 min). In some experiments we checked the effect of URO-K10 in
PASMC after 10 min exposure to DPO-1 (1 pmol L’l) plus ML365 (1
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pmol L™1). These two protocols were also performed after incubation
with XE991 (10 umol L™ for approximately 20 min. Currents were
normalized for cell capacitance and expressed in pA pF~'. Membrane
potential was recorded under the current-clamp mode. Only cells with
acceptable values of leak current (less than 50 pA) and series resistance
(Rs, in the range of 5-30 MQ) were follow-up. Rs and leak current values
were checked regularly during the experiment, before and after the
addition of a given drug. Recordings with evidence of current instability
or membrane resealing were discarded as well as those where the leak
currents or series resistance were changed by more than 20%.

2.7. Molecular interference with morpholino

The morpholino mechanism of action is based on a steric block
mechanism to a messenger RNA, which inhibits specifically the tran-
scription of the desired gene. Control morpholino has five bases altered
from the targeted sequence, which offers increased assurance that the
effects observed are not the result of off-target modulation [41,42].
Compared to other knockdown systems employed, morpholinos have
excellent anti-sense properties, because of the increased complemen-
tarity with their target mRNA and they are also free of the widespread
off-target expression modulation often observed in other knockdown
systems [41,42]. Consequently, KNCE4 was knocked down in isolated
PA using specific morpholino oligos. The KCNE4 morpholino was
designed to block translation initiation in the cytosol by targeting the 5
untranslated region through the first 25 bases of coding sequence as
previously reported (Jepps et al., 2015). Morpholino or a standard
control oligonucleotides (Gene Tools Inc., Philomath, OR, USA) were
mixed with Lipofectamine RNAiMAX (Life Technologies Corp) and
diluted in Opti-MEM containing antibiotic 1% and left at room tem-
perature for 2 h. Afterwards, morpholino and control mixes were incu-
bated with the Lipofectamine one for 15 min at room temperature.
Further dilution of the mixes was prepared in Opti-MEM plus antibiotic
and isolated PA were placed in this solution at 37 °C for 40 h. This in-
cubation period was chosen to allow sufficient time to repress the tar-
geted gene expression without severely affecting the functionality of the
PA [43,44], as incubations longer than 48 h can markedly alter pul-
monary vascular reactivity and sensitivity to potassium channel modu-
lators [45]. Successful knockdown of the protein with the targeted
morpholino was assessed by western blotting and compared with the
respective control morpholino.

2.8. Western blot analysis

Pulmonary arteries were dissected from rat lungs (n = 11) and snap
frozen in liquid nitrogen and kept in — 80 °C. Samples were homoge-
nized in RIPA Buffer (Thermo Scientific, USA) with protease inhibitors
(Roche, Switzerland) and centrifuged for 20 min at 12.000g at 4 °C as
previously described [46]. Protein content was determined by Bio-Rad
DC Protein Assay Kit (Bio-Rad, Hercules, USA) and equal amounts of
proteins (20 pg) were loaded and subjected to electrophoresis on a
SDS-PAGE (12%) followed by a transference to a PVDF membrane
(Bio-Rad). Protein expression was quantified using primary antibodies
anti-KCNQ5 (Alomone, Israel, 1:200 dilution, Cat #: APC-155),
anti-KCNQ4 (Santa Cruz, USA, 1:200 dilution, Cat #: Sc-50417), anti--
KCNE4 (Atlas, Sweden, 1: 200 dilution, Cat #: HPA011420),
anti-vinculin (Santa Cruz, USA, 1:500 dilution, Cat#: Sc-25336), and
horseradish peroxidase conjugated secondary goat anti-mouse and
anti-rabbit antibodies (Santa Cruz Biotech, USA, 1:10.000 dilution).
Antibody specificity has been previously tested according to BJP
guidelines [47] either by using protein lysates from HEK293 cells
transfected with Kv7.4 or KCNE4 and non-transfected controls [25,48]
or by using controls in the absence of the primary antibody for the Ky7.5
[49,50]. Antibody binding was detected by an ECL system (Amersham
PharmaciaBiotech, Amersham, UK).
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2.9. Drugs

Drugs and reagents were obtained from Sigma-Aldrich Quimica
(Madrid, Spain), except URO-K10 that was provided by Sundia Medi-
Tech Company (Sanghai, China) based on reaction scheme suggested by
Seefeld et al. [28]. Stock solutions of URO-K10, flupirtine, retigabine
and U46619 were dissolved in DMSO and then further diluted in
distilled water. The final volume of DMSO or ethanol never exceeded
0.01% in organ baths and did not affect smooth muscle tone in control
experiments. All the other drugs were dissolved in distilled water.

2.10. Data presentation and Statistical analysis

In the myography experiments, the vasodilatory responses are
expressed as the percent reversal of the previous constriction with either
U46619 or serotonin in each artery. Data are expressed as mean =+
standard error of the mean (SEM) of n measurements where n identifies
the number of animals or patients. Individual cumulative concentration
response curves were fitted to a logistic equation. The maximal relaxant
response (Emax) was expressed as percentage of inhibition of the
contraction induced by the vasoconstrictor and the concentration of
agonist that gives a response of a 50% of the Emax was calculated from
this equation and expressed as pD2 = -log EC50. When maximal relaxant
response could not be reached, the drug concentration exhibiting 30%
relaxation was calculated from the fitted concentration-response curves
and expressed as negative log molar (-log IC3¢ or pICsg). The differences
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between means were analysed using a two-way ANOVA, one-way
ANOVA, paired or unpaired Student’s t-test as appropriate. In the
myography experiments, after the two-way ANOVA analysis was per-
formed, the analyses of area under the curve (AUC) were used to
represent the difference in concentration response relaxation curves
whenever a comparison with more than 2 different groups was needed.
The level of significance was set at P < 0.05. All calculations were made
using a standard software package (Prism 8.0.2, GraphPad, CA, USA).
For electrophysiological experiments pClamp version 9 software (Axon
Instruments) was used for data acquisition and analysis. For protein
expression studies, western blots were imaged using Image Studio Lite
4.0 software (LI-COR Biosciences, Germany). Relative intensity for each
protein was determined by comparison with the intensity of vinculin
staining as a loading control.

3. Results

3.1. URO-K10 induces much stronger pulmonary vasodilation compared
to classical Ky7 activators

We first tested the pulmonary vasodilator effects of URO-K10
(0.0001 - 3 pmol L) and the classical Ky7 activators retigabine and
flupirtine (0.01 — 30 pmol L)) in U46619-stimulated PA (Fig. 1A-B).
Unlike retigabine, URO-K10 was able to induce a marked vasodilator
response in PA yielding Emax and pD2 values of 58 + 5% and 7.29 +
0.08, respectively. However, flupirtine-induced vasodilation was
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(0,01- 30 pmolL-1) (0,01- 30 pmolL-1)
VY Y oY oy

£
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Fig. 1. URO-K10 produces more potent and efficient pulmonary vasorelaxation than classical Ky7 channel activators. (a) Original recordings and (b)
averaged concentration-dependent relaxant effects of URO-K10, retigabine and flupirtine in U46619-stimulated PA. Points represent mean + SEM of n=9,n=9
and n = 5 for URO-K10, retigabine and flupirtine, respectively. (c) Averaged concentration-dependent relaxation effects to URO-K10 in the absence and in the
presence of the Ky7 channel inhibitor XE991 (3 or 10 umol LY. Points represent mean + SEM of n =9, n =5 and n = 5 for URO-K10, + XE991 3 pmol LY, and
+ XE991 10 umol L}, respectively. Results are expressed as a percentage of the contraction induced by U46619 (0.1 umol L™1). Significant differences from controls

were analyzed using two-way ANOVA. * ** * P < 0.0001 vs control.
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comparable to that observed following the addition of the vehicle
(supplementary Figure 1). The pre-constrictions levels to U46619 in PA
were 81 + 12, 76 + 3 and 96 + 12 for URO-K10-, retigabine- and
flupirtine-induced relaxation, respectively (n =9,n=7andn=>5,P >
0.05, one-way ANOVA). Of note, URO-K10-induced vasorelaxation was
inhibited in a concentration-dependent manner by the Ky7 channel in-
hibitor XE991, confirming the role of Ky7 channels as its main under-
lying vasodilator mechanism (Fig. 1 C). Moreover, the low relaxation
remaining after XE991 was comparable to that observed following the
addition of vehicle (supplementary Figure 2 A). Next, we tested the ef-
fect of URO-K10 in the presence of the BKc, blocker, iberiotoxin (100

A

Control
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nmol L’l), which did not affect URO-K10-induced relaxation (supple-
mentary Figure 2B). The pre-constrictions levels to U46619 in Fig. 1 C
were 81 + 12%, 81 + 6% and 82 + 8% of the contraction induced by
KCI (80 mmol L’l) for URO-K10, URO-K10 in the presence of XE991 3
pmol L' and URO-K10 in the presence of XE991 10 pmol L2, respec-
tively (n = 9, n =5 and n = 5, P > 0.05, one-way ANOVA). The pre-
constrictions levels to U46619 (% of KCl) in supplementary Figure 2 A
were 78 &+ 8% and 85 + 3% for URO-K10 vehicle(m =5andn=5,P >
0.05, unpaired t-test), respectively, and in supplementary Figure 2B
were 79 + 14% and 72 + 4% (% of KCI) for URO-K10 and URO-K10 in
the presence of iberiotoxin (n = 7 and n = 6, P > 0.05, unpaired t-test),
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Fig. 2. . URO-K10 increases the Ky current by activating Ky7 channels in freshly isolated PASMC from control rats. (a) Representative K* current traces and
(b) K™ current-voltage relationships measured at the end of the depolarizing pulses in the absence and in the presence of URO-K10 (0.3 pmol LY. (¢) Mean values of
the resting membrane potential in the absence and in the presence of URO-K10 (n = 5, P > 0.05, paired t-test). (d) K" current-voltage relationships measured at the
end of the depolarizing pulses in the absence and presence of XE911 (10 umol L) and XE911 + URO-K10 (n = 6, P < 0.001 control vs XE991, two-way ANOVA
followed by a Bonferroni post-test). (¢) Mean values of the resting membrane potential in the absence and in the presence of XE911 (10 umol L) and XE911 + URO-
K10 (n = 6, P > 0.05, one-way ANOVA). (f) URO-K10-sensitive current in control and in the presence of XE991 (n = 6, **** <0.0001. Data were analyzed by two-

way ANOVA).
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respectively.

URO-K10 produced a greater vasodilation in MA (Emax= 107 + 3%,
pD2: 8.50 £ 0.3, n=05) (supplementary Figure 3) compared to PA
(P < 0.0001, for Emax and P > 0.05 for pD», un-paired t-test, n = 9 and
n = 5 for PA and MA, respectively), as observed previously for other Ky7
activators [5,27]. Pre-constrictions levels to U46619 in Suppl. Fig. 3
were 159 + 27% and 156 + 21% of KPSS-induced contraction in the
absence and in the presence of DPO and ML365, respectively (P > 0.05,
paired t-test, n =5). Like other Ky7 activators, the relaxation to
URO-K10 in MA was inhibited by XE991 confirming the role of Ky7
channels (supplementary Figure 3).

In line with our vascular function data, we observed that URO-K10
increased outward Ky currents in isolated PASMC using the whole-cell
patch-clamp configuration (Fig. 2A-B) and such an increase was abol-
ished in the presence of XE991, confirming that URO-K10 induced Ky7
channels activation (Fig. 2D). The URO-K10-sensitive Ky current was
calculated by subtracting the current in the presence of URO-K10 to that
in the absence of the drug and was evident at membrane potentials more
positive than — 40 mV (Fig. 2 F). In addition, the URO-K10-sensitive Ky
current was abolished in the presence of XE991 (Fig. 2 F) and applica-
tion of the vehicle of URO-K10 (DMSO) did not elicit any outward

A — URO-K10 — B

H”(o,oom- 3 pmolL-1)

pICs=7.0 0.2

801 -O- URO-K10
-@ Retigabine
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current (supplementary Figure 4 A). In fact, the resting membrane po-
tential of PASMC, which was about — 45 mV, was not significantly
altered by URO-K10 nor by XE991 (Fig. 2 C and E). Moreover, appli-
cation of the vehicle of URO-K10 (DMSO) did not elicit any outward
current nor any change in membrane potential (Suppl. Fig. 4B).

3.2. URO-K10 causes relaxation, increases Ky currents and causes an
antiproliferative effects in human PA

In the next set of experiments, we evaluated the effects of URO-K10
in human samples. Importantly, we found that, compared to retigabine,
URO-K10 behaved as a very potent and efficient vasodilator in human
PA (pIC3p = 7.0+ 0.2 vs 4.4+ 0.3; P<0.0001, unpaired t-test)
(Fig. 3A-B). Pre-constrictions levels to U46619 in Fig. 3B were 250
+ 30% and 224 + 36% for URO-K10 and retigabine (n =6 and n = 5,
P > 0.05, unpaired t-test), respectively. As observed in rat PASMC, URO-
K10-induced relaxation was markedly inhibited in the presence of
XE991 (supplementary Figure 5A) and URO-K10 increased the Ky
current density in freshly isolated human PASMC (Fig. 3 C-D), without
altering resting membrane potential (Fig. 3E). In addition, control ex-
periments with application of the vehicle alone (DMSO) produced a

Fig. 3. . URO-K10 causes vasodilatation and
increases Ky currents in freshly isolated PA
and PASMC from human samples. (a) Iso-
metric tension recordings showing the effects of
increasing  concentrations of  URO-K10
(0.0001-3 pmol L) and retigabine
(0.01 —30 pmol L) on human PA contracted
with U46619 (0.1 pmol L. ) Averaged
concentration-dependent relaxant effects to
URO-K10 and retigabine on human PA. Points
represent mean + SEM (n = 6 and 4 for URO-
K10 and retigabine, respectively). (c) Repre-
sentative K* current traces recorded in human
PASMC in the absence and in the presence of
URO-K10. (d) URO-K10-sensitive current
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negligible vasodilator effect which was statistically different than the
relaxation induced by retigabine (supplementary Figure 5B). Moreover,
we tested whether URO-K10 had antiproliferative effects in human
PASMC and observed that this compound at 1 ymolL ! inhibited PASMC
proliferation (Fig. 4). In addition, our preliminary data in supplemen-
tary Figure 6 indicate that in the presence of XE991 the antiproliferative
effect of URO-K10 is attenuated (supplementary Figure 6, preliminary
data due to limited availability of human tissue, n = 3), however, it also
must be noted that XE991 per se attenuated the BrdU signal. Altogether
our data indicate that URO-K10 has very potent vasodilator and anti-
proliferative effects in rat and human PA.

3.3. URO-K10-induced relaxation in PA is independent of the KCNE4
ancillary subunit

Next, we explored possible mechanistic differences between URO-
K10 and classical Ky7 activators that could explain the significantly
different functional behaviour and focused on the KCNE4 subunit. This
regulatory subunit is crucial for Ky7.4 translocation to smooth muscle
cell membranes [25,51] and has been implicated in relaxant responses
to the Ky7.2-7.5 activator S-1 in mesenteric arteries [25,26]. In contrast,
KCNE4 was shown to impair URO-K10 enhancement of Ky7.4 currents
[29]. Thus, we treated PA with morpholinos designed to target KCNE4
as previously reported [25]. We first confirmed by Western blot analysis
that KCNE4-targeted morpholino reduced KCNE4 expression in PA by
around 50% (Fig. 5A-B). Interestingly, treatment with KCNE4-targeted
morpholino also led to a slight but significant reduction of Ky7.4
(Fig. 5C-D), but not Ky7.5 (Fig. 5E-F), channel expression. Then, we
compared the vasodilator effects of URO-K10 and retigabine in PA
transfected with KCNE4-targeted vs non-targeted morpholinos. Inter-
estingly, we observed that URO-K10-induced relaxation was unaffected
(Fig. 6A-B), while the vasodilation induced by retigabine (Fig. 6D-E) was
reduced by KCNE4 knockdown. In addition, control experiments with
application of the vehicle alone (DMSO) produced a negligible vasodi-
lator effect that was statistically different than the relaxation induced by
retigabine (Fig. 6E and supplementary Figure 8).
Concentration-response relationships to U46619 for control cultured
vessels were performed and the dose of 0.1 pmol L7! induced a
constriction level of 91 + 1% of maximal U46619 contraction (n = 5).
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Fig. 4. . Antiproliferative effects of URO-K10 in human PASMC. (a)
Concentration-dependent inhibition of BrdU incorporation induced by URO-
K10 in human PASMC. Data are expressed as percentage of proliferation
induced by FBS 5% (n = 4, * P < 0.05 vs vehicle, one-way ANOVA followed by
a Dunnet test).
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Pre-constriction levels, expressed as a percentage of the KPSS-induced
maximal contraction, were similar in control and KCNE4-targeted ves-
sels (Fig. 6B: 125 4 25% vs 122 + 11%, n = 5; Fig. 6E: 131 + 19% vs
130 + 9,and n = 5, P > 0.05, paired t-test). We also tested the impact of
KCNE4 downregulation on flupirtine-induced vasodilation in
serotonin-stimulated PA, a vasoconstrictor less resistant to vasodilators
than U46619. Under these conditions flupirtine induced a greater
relaxant response that was significantly attenuated in KCNE4-targeted
PA (Supplementary Figure 9A-B). Pre-constriction levels from Suppl.
Fig. 8B were also similar in control and KCNE4-targeted vessels (130
=+ 20% vs 134 + 49% in control and KCNE4-targeted PA, respectively,
P > 0.05, paired t-test, n = 5). Moreover, XE991 inhibited the relaxation
induced by all the drugs in PA transfected with non-targeted morpho-
linos. Interestingly, retigabine- and flupirtine-induced relaxation was
inhibited by XE991 in control but not in morpholino KCNE4-targeted PA
(Fig. 6 Cand F, Suppl. Figure 9C-D). Taking altogether our data indicate
that, unlike retigabine and flupirtine, URO-K10 exerts pulmonary
vasodilator effects via Ky7 channel activation independently of KCNE4.

3.4. Enhanced responses to URO-K10 in the presence of TASK-1 and
Ky1.5 inhibitors

Since downregulation of K* channels, especially TASK-1 and Ky1.5,
is a common hallmark of PAH [37,52-58], we then tested the effect of
URO-K10 under conditions mimicking this ionic channel remodelling
characteristic of the disease. In this regard, we evaluated the pulmonary
vascular effects of URO-K10 in the presence of the Ky1.5 and TASK-1
channel inhibitors DPO-1 (1 pmol L1 and ML365 (1 pmol L’l),
respectively. As shown in Fig. 7, URO-K10 induced a much greater
relaxation under these conditions compared to arteries unexposed to
these potassium inhibitors (Fig. 7 A and B). On the other hand, the in-
hibition of TASK-1 and Kyl.5 channels did not affect the
URO-K10-induced relaxation in MA (Supplementary Figure 3 A).
Pre-constrictions levels to U46619 in MA from Suppl. Fig. 3 were equal
either in the absence or in the presence of TASK-1 and Ky1.5 channels
inhibitors (159 + 27 and 156 + 21, respectively (P > 0.05, paired t-test,
n=>5).

As expected, the total K™ current amplitude was markedly dimin-
ished in PASMC treated with the DPO-1 + ML365 combination
(compare recordings in Fig. 2 A and 7 C). Interestingly, further addition
of URO-K10 caused a significant increase in these currents (Fig. 7 C and
D). The URO-K10-sensitive current in PASMC treated with
ML365 + DPO-1 was comparable to that observed under control con-
ditions (p > 0.05, two-way ANOVA, n=5 and n=6, Fig. 7E). In
addition, we have tested the effects of XE991 on URO-K10-induced
current in the presence of DPO-1 + ML365. Our data shows that the
current induced by URO-K10 in the presence of DPO-1 + ML365 is
prevented by XE991, indicating that under these conditions URO-K10
increases the current also via Ky7 channel activation. Moreover, the
URO-K10-sensitive current in PASMC treated with ML365 + DPO-1 was
abolished in the presence of XE991 (supplementary Figure 10).
Remarkably, in the presence of ML365 + DPO-1, which led to a marked
membrane depolarization, a clear repolarizing effect was observed
following the addition of URO-K10 (Fig. 7 F and G).

3.5. Augmented responses to URO-K10 in PA from PH animals

Finally, we studied the effects of URO-K10 in PA derived from MCT-
PH animals. Of note, we found that the vasodilator efficacy to URO-K10
was significantly stronger in PA from MCT-PH rats compared to those
from control animals (Emax= 60 4+ 7% vs 102 &+ 10%, P < 0.05, un-
paired nested t-test; and pDy: 6.31 + 0.06 vs 6.48 + 0.10, P > 0.05,
unpaired nested t-test, 12 arteries from n = 3 animals in control and 10
arteries from n = 3 animals for the MCT group) (Fig. 8 A and B). Pre-
constriction levels to U46619, expressed as a percentage of the KPSS-
induced maximal contraction, were 124 + 19% and 106 + 6% for the
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Fig. 5. . KCNE4-targeted morpholino effec-
tively reduces KCNE4 and partially de-
creases Ky7.4 channel protein expression in
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control and MCT group (n = 3 and n = 3, respectively). Moreover, we
studied the electrophysiological effects of URO-K10 in PASMC from PH
rats by applying depolarizing pulses from — 100 to + 40 mV. Cells were
subsequently perfused with control external solution (a), URO-K10 (1

pmol L) (b), and with URO-K10 (1 pmol L™1) + XE991 (30 pmol L™1)
(c). Fig. 8C-D shows the Ky7 current and the Ky7 current after URO-K10
calculated by subtracting the currents at (a)-(c) and at (b)-(c), respec-
tively, in PASMC from control (Fig. 8 C) or MCT-PH (Fig. 8D) rats. As
can be seen, URO-K10 greatly increased the Ky7 current in both cell
types. Of note, the Ky7 current after URO-K10 was remarkably higher in
cells from PH compared to control animals (Fig. 7E).

4. Discussion

Herein, we show that URO-K10, through Ky7 channel activation,
increases Ky currents in PASMC and exerts a very potent and efficient
pulmonary vasodilation in rat PA compared to other Ky7 channel acti-
vators. The URO-K10-induced vascular effects are also confirmed in
human PA and remarkably, this drug caused antiproliferative effects in
human PASMC. Interestingly, while the auxiliary subunit KCNE4 is
necessary for retigabine and flupirtine-induced vascular effects, this
does not apply for URO-K10. In addition, URO-K10-induced vasodila-
tion was augmented under conditions mimicking the ionic remodelling
associated with PAH. Finally, URO-K10-induced enhanced vascular re-
sponses and Ky currents in PA and PASMC from the MCT-PH rats. Hence,
our results indicate that, unlike retigabine and flupirtine, URO-K10
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Fig. 6. . KCNE4 knockdown attenuates reti-
gabine- but not URO-K10-induced pulmo-
nary vasodilatation. Original recordings (a
and d) and averaged values (b-f) of the
concentration-dependent relaxation induced by
wash URO-K10 (0.0001 — 3 umol L) and retigabine
\/ (0.01 - 30 umol LY and vehicle, respectively,
in rat PA transfected with either a KCNE4-
targeted or the respective control morpholino
in the presence and in the absence of XE991
(10 pumol L’l). (c) Points represent mean
+ SEM of n = 5-8. Significant differences were
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behaves as a KCNE4-independent Ky7 channel activator with a marked
pulmonary vascular response.

Since Ky7 channels are important players in the regulation of
vascular smooth muscle tone, targeting these channels represents an
attractive pharmacological tool for the treatment of smooth muscle-
associated disorders including those targeting the lung [1,3,22,59-61].
The Ky7.2-Ky7.5 channel activators flupirtine and retigabine, commer-
cialized as analgesic and anticonvulsant drugs respectively, were with-
drawn from the market due to undesirable side effects [62-64]. In this
regard, we have examined the pulmonary vascular effects of URO-K10, a
novel Ky7 channel opener which enhances K* currents in Ky7.4- and
Ky7.5 channel-expressing HEK293 cells and relaxes mesenteric arteries

N Q N
& N

[Retigabine] (umolL™)

at low concentration [29]. We show that URO-K10 was a highly effective
relaxant of PA from rats and humans. The relaxant effects of URO-K10
were abrogated by the pan-Ky7 channel blocker XE991 but not
affected by the BKc, channel inhibitor IbTx. This is consistent with the
idea that Ky7 channels activation is the predominant mechanism
mediating URO-K10-induced pulmonary arterial relaxation. Although
the highest XE991 concentration tested could not fully abolish the
vasodilation induced by URO-K10, this is line with the fact that at this
concentration XE991 inhibited but did not totally suppress Ky7.4 and
Ky7.5 currents in HEK293 cells [29]. On the other hand, we cannot
totally rule out that, in the presence of XE991, URO-K10 might activate
other mechanisms such as BKc, channels as reported for other
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Fig. 7. . Enhanced pulmonary vascular effects of URO-K10 upon blockade of Ky1.5 and TASK-1 channels. URO-K10 effects were tested in rat PA incubated
with the inhibitors of K,1.5 and TASK-1 channels, DPO-1 and ML365 respectively, to mimic the ionic remodeling that occurs in PAH. (a) Representative original
recordings and (b) averaged values of the concentration-dependent relaxation induced by URO-K10 (0.0001 — 3 pmol L™Y) in PA contracted with U46619
(0.1 umol L)) in the absence (Control) and in the presence of ML365 +DPO-1 (both at 1 umol LY (**** P < 0.0001 vs control, n =5, two-way ANOVA). (c)
Representative K* current traces and (d) K™ current-voltage relationships showing the effect of URO-K10 (0.3 umol L™!) in the presence of ML365 + DPO-1 (n = 5,
**% P < 0.001 vs control, two-way ANOVA). The dashed line represents the current-voltage relationship under control conditions as a reference. (e) URO-K10-
sensitive current under control conditions taken from Fig. 2 F and in presence ML365 + DPO-1 calculated from data on panel d (n =5 and n = 6, P > 0.05, two-
way ANOVA). (f - g) Representative recordings (f) and mean values (g) of the repolarizing effect of URO-K10 in the presence of ML365 + DPO-1 on freshly iso-
lated PASMC. Points represent mean + SEM of n = 5. Significant differences from controls were analyzed by paired t-test, * * P < 0.01 and * * P < 0.001, respec-
tively vs control.
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Fig. 8. . Enhanced response to URO-K10 in PA from MCT-induced PH animals. (a) Original recordings and (b) averaged values of the concentration-dependent
relaxation to URO-K10 (0.0001 - 3 pmol L) in PA from control and MCT-PH rats. Points represent mean + SEM of 12 arteries from n = 3 animals (control group)
and 10 arteries from n = 3 animals (MCT-group) (P < 0.05, unpaired nested t-test vs Control). (c - d) Current-voltage relationships (left panel) and inset of current
density at + 40 mV (right panel) obtained after applying depolarizing ramp pulses from — 100 mV to + 40 mV for 3 s. These data show the effects of URO-K10
(1 umol L™ on Ky7 currents in freshly isolated PASMC from control (c) or MCT-PH (d) rats. The Ky7 current and the Ky7 current after URO-K10 represent the
XE991 (30 umol L~ Y)-sensitive current in the absence and in the presence of URO-K10, respectively. (e) Current-voltage relationships (left panel) and inset of current
density at + 40 mV (right panel) of Ky7 current after URO-K10 in PASMC from control or MCT-PH rats. Data were analyzed using a nested analysis at + 40 mV
current, * P < 0.05 vs K,7 current or vs Control. Points represent mean + SEM of 6 cells from n = 3 (control group) and 8 cells from n = 3 (MCT-group).

compounds under these conditions [65]. However, the facts that in the
presence of XE991 both, URO-K10 sensitive current was abolished, and
relaxation was similar to that induced by vehicle, indicate that activa-
tion of Ky7 channels represents the main mechanism action of the drug.
In line with these data, patch-clamp experiments in isolated rat PASMC

11

revealed that URO-K10 increased the amplitude of Ky7 currents at test
potentials positive to — 30 mV. In fact, the drug did not alter resting
membrane potential ranging from — 51 to — 44 mV, which suggests a
negligible effect of the drug under basal conditions. On the contrary,
when PASMC are depolarized, as following stimulation with a
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vasoconstrictor, a very clear repolarizing effect was observed.

Of note, URO-K10 exerted a much more potent and efficient pul-
monary vasodilation compared to retigabine and flupirtine (present
study), as well as to other Ky7 activators [5,27]. Similarly, Lee et al.
showed a much greater efficacy of URO-K10 in increasing Ky7.4 currents
than that of the Ky7.2-7.5 enhancer mL-213 [29]. Importantly, the K"
channel activation and the stronger pulmonary vasodilatory effects of
URO-K10 compared to retigabine were reproduced in human tissues.
The vasodilator effect of URO-K10 on human pulmonary arteries was
inhibited by XE991. However, unlike what was shown in rat PASMC, we
were unable to confirm the nature of the outward current induced by
this drug in human PASMC due to limitation of human tissue. Likewise,
we found that URO-K10 had antiproliferative effects that, in contrast to
retigabine [5], are evident in human PASMC from control patients.
Taken together, these data indicate that URO-K10 is a novel Ky7 channel
opener with pronounced vasodilator and antiproliferative effects on
pulmonary vessels. Our preliminary data suggest that the anti-
proliferative effect of URO-K10 is attenuated in the presence of XE991.
However, these data should be viewed with some caution due to limited
number of samples in this set of experiments and second since this drug
per se attenuated the BrdU signal and there is evidence that Ky7 channel
blockers may also affect cell viability [66].

The marked pulmonary vascular effects of URO-K10 suggest a
particular profile compared with most available Ky7 enhancers. In this
regard, retigabine and other Ky7 activators with stark structural di-
versity are considered pore-targeted Ky7 activators as they interact with
a conserved tryptophan residue in the channel pore domain through a
carbonyl oxygen present in their structures [67-70]. A carbonyl oxygen
is also present in URO-K10 structure and using point mutations experi-
ments Seefeld MA et al., suggested that the drug (Compound 25 in their
study) also binds the Tryptophan residue common in Ky7.2- Ky7.5
channels [28]. To try to explain the higher activity of URO-K10 in
comparison with retigabine and flupirtine we focused on the potential
involvement of the auxiliary subunit KCNE4. In fact, this subunit was
reported to enhance Ky7.4 channel activity [25] and to contribute to
vasodilation induced by retigabine and S-1 [26]. Accordingly, we found
that KCNE4 deletion attenuated retigabine and flupirtine-induced
vasodilation. In contrast, KCNE4 deletion did not affect
URO-K10-induced relaxation. This result agrees with the study by Lee
et al. who found that, KCNE4 was not required for URO-K10 to alter the
voltage-sensitivity of Kv7.4 or Kv7.5 and was actually inhibitory for the
effect of this agent on channel conductance [29]. Our data indicates that
the presence of KCNE4 is relevant for retigabine and flupirtine, but not
for URO-K10-mediated, pulmonary vascular effects.

Since PAH is associated with downregulation of several K' channels
(especially Kyl.5 and TASK-1 channels) [15,37,52-58,71] we next
decided to test the effects of URO-K10 in the presence of inhibitors of
Kyl.5 and TASK-1 channels mimicking the ionic remodelling charac-
teristic of the disease. Using this approach, we previously found that
following inhibition of these channels retigabine-induced K* currents,
hyperpolarization and vasodilation were markedly enhanced [5]. We
also found a higher KCNE4 membrane abundance and suggested a po-
tential role of this subunit in the enhanced effects of retigabine. Herein
we found that URO-K10-mediated pulmonary relaxation was enhanced
in the presence of Kyl.5 and TASK-1 inhibitors. Nevertheless
URO-K10-sensitive K™ current was comparable to that recorded under
control conditions. Thus, it is tempting to speculate that the presence of
KCNE4 in the plasma membrane may contribute to the electrophysio-
logical and vascular effects of retigabine and related compounds but not
to those of URO-K10. Although we do not yet know the precise reason
for the increased hyperpolarization and relaxation of URO-K10, it is
likely that the drug is most effective when more depolarized membrane
potentials are reached, close to the voltage threshold of Ky7 channel
activation, as occurs in the presence of Ky1.5 and TASK-1 inhibitors.

KCNE4 not only regulates the activity but also the expression of Ky7
channels. Thus, KCNE4 overexpression reduced Ky7.4 expression in
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heterologous systems [51] but, on the other hand, increased the mem-
brane abundance of Ky7.4 [25], and knockdown of KCNE4 by mor-
pholino treatment reduced Ky7.4 in the cell membrane of arterial
smooth muscle cells [25]. Moreover, Ky7.4 protein expression is mark-
edly downregulated in mesenteric arteries from male KCNE4 KO mice
[26]. In line with this data, we found that KCNE4 deletion was associ-
ated with reduced total Ky7.4 protein expression. Intriguingly, the
downregulation of Ky7.4 observed in morpholino KCNE4-targeted ar-
teries did not affect URO-K10-induced relaxation. This was unexpected
since Ky7.4 channels are activated by URO-K10 [29] and are considered
main contributors of the Ky7 channel family in the vasculature. How-
ever, we should take under consideration that Ky7.5 protein expression
is not affected by KCNE4 deletion and that URO-K10 activates also,
although to a lesser extent, Ky7.3 and Ky7.5 channels [28]. Therefore, it
is possible that activation of other Ky7 channels may compensate the
small decrease in Ky7.4 expression (by a 25%) thus, maintaining
URO-K10-induced relaxation in morpholino KCNE4-targeted arteries. In
line with this, there are some examples showing that downregulation of
Ky7.4 channels does not affect relaxation of some Ky7 channel agonists.
For instance, vasodilation of mesenteric arteries to mL-213 was not
affected in female KCNE4 KO mice despite clear Ky7.4 downregulation
[26].

The impairment of the NO/cGMP and the PGI; signalling pathway is
a hallmark in PAH [10,72,73] and current PAH treatments such as sil-
denafil, riociguat and selexipag rely on the stimulation of the NO/cGMP
pathway and on the prostacyclin receptor activation, respectively. Of
note, Ky7 channel activation contributes to riociguat- and
sildenafil-induced pulmonary vasodilation [4,7] and has also been
recently implicated in the selexipag-mediated vasodilation [74]. Inter-
estingly, evidence from different experimental models suggests that
pulmonary vasodilation due to the NO/cGMP pathway is attenuated in
PH [18-21] while the responses to Ky7 agonists are even improved [5].
Herein we observed a similar behaviour for URO-K10, but noteworthy,
this novel Ky7 agonist can achieve a full vasodilation of these diseased
arteries. Likewise, URO-K10-induced K' currents were markedly
augmented in PASMC from PH animals compared to those from healthy
animals.

5. Conclusions

Our results indicate that URO-K10 is a KCNE4-independent Ky7
channel activator with increased pulmonary vascular effects compared
to classical Ky7 channel activators. The increasing development of new
Ky7 modulators with potential improved profiles, such as that observed
in our study with URO-K10, suggests that this group of drugs may
represent a promising strategy for a variety of clinical applications such
as PAH.
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