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Abstract

Cantt syndrome (CS), a multisystem disease with a complex cardiovascular phenotype, is caused by gain-of-function (GoF)
variants in the Kir6.1/SUR2 subunits of ATP-sensitive potassium (Karp) channels and is characterized by low systemic
vascular resistance, as well as tortuous, dilated, vessels, and decreased pulse-wave velocity. Thus, CS vascular dysfunction
is multifactorial, with both hypomyotonic and hyperelastic components. To dissect whether such complexities arise cell
autonomously within vascular smooth muscle cells (VSMCs) or as secondary responses to the pathophysiological milieu,
we assessed electrical properties and gene expression in human induced pluripotent stem cell-derived VSMCs
(hiPSC-VSMCs), differentiated from control and CS patient-derived hiPSCs, and in native mouse control and CS VSMCs.
Whole-cell voltage clamp of isolated aortic and mesenteric arterial VSMCs isolated from wild-type (WT) and Kir6.1[V65M]
(CS) mice revealed no clear differences in voltage-gated K* (Ky) or Ca?* currents. K, and Ca?* currents were also not
different between validated hiPSC-VSMCs differentiated from control and CS patient-derived hiPSCs. While
pinacidil-sensitive Karp currents in control hiPSC-VSMCs were similar to those in WT mouse VSMCs, they were
considerably larger in CS hiPSC-VSMCs. Under current-clamp conditions, CS hiPSC-VSMCs were also hyperpolarized,
consistent with increased basal K conductance and providing an explanation for decreased tone and decreased vascular
resistance in CS. Increased compliance was observed in isolated CS mouse aortae and was associated with increased elastin
mRNA expression. This was consistent with higher levels of elastin mRNA in CS hiPSC-VSMCs and suggesting that the
hyperelastic component of CS vasculopathy is a cell-autonomous consequence of vascular Karp GoF. The results show that
hiPSC-VSMCs reiterate expression of the same major ion currents as primary VSMCs, validating the use of these cells to
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study vascular disease. Results in hiPSC-VSMCs derived from CS patient cells suggest that both the hypomyotonic and
hyperelastic components of CS vasculopathy are cell-autonomous phenomena driven by Karp overactivity within VSMCs .
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Introduction

Cardiovascular events are often preceded by vascular abnor-
malities, and understanding fundamental vasculopathic mech-
anisms is critical to explaining disease progression. Interven-
tional experimentation on bona fide vascular smooth muscle
cells (VSMCs) can realistically only be carried out in non-human
animal models, but the potential for species-dependent differ-
ences to obscure human relevance ultimately warrants replica-
tion in human cell-based systems. VSMCs derived from human
induced pluripotent stem cells (hiPSCs) are therefore promising
for the study of human-specific, as well as mutation-specific and
cell-autonomous, mechanisms of cardiovascular disease and for
pharmacotherapeutic testing.’»?

Notably, while the electrophysiology (EP) of cardiac myocytes
derived from hiPSCs has been extensively studied,? hiPSC-VSMC
EP has remained unexplored, leaving a critical aspect of hiPSC-
VSMC function unknown. VSMC excitability directly determines
myocyte tone in resistance vessels and, in turn, systemic vascu-
lar resistance (SVR).* Resistance vessel VSMCs are normally in
a partially activated state that is dually responsive to myotonic
stimulation or inhibition; small positive V,, deflections activate
voltage-sensitive L-type Ca?* (LTC) channels, while hyperpolar-
izing stimuli, such as activation of K* channels, shift V;, away
from the activation range of LTC channels, resulting in reduced
excitability and vasodilation. Elastic vessels, such as the aorta,
accommodate cardiac stroke volume during systole and pas-
sively recoil during diastole, delivering a nonpulsatile, laminar
flow of blood to distal vessels. This passive function is conferred
by the characteristic network of elastic fibers of large proxi-
mal vessels, which in turn is produced and deposited by elasto-
genic VSMCs. Increased elastin expression is a recognized con-
sequence of potassium channel opener drugs in blood vessels,>®
although the mechanism remains unexplained.

Vascular dysfunction underlies the complex cardiovascular
phenotype of Cantd syndrome (CS), which encompasses car-
diac hypertrophy and hypercontractility, patent ductus arterio-
sus, low systemic blood pressure, aortic root dilatation, and
decreased pulse-wave velocity.>'! CS is caused by gain-of-
function (GoF) mutations in KCNJ8 and ABCC9, which encode
the pore-forming Kir6.1 and regulatory SUR2B subunits of vas-
cular Karp channels.?'? Importantly, cardiac features of CS are
driven by Karp GoF within the vasculature, mediated by elevated
renin-angiotensin signaling and baroreceptor-mediated adren-
ergic signaling.1%13.1% CS vasculopathy is characterized by strik-
ing abnormalities in the large, elastic vessels, which exhibit

gross morphological changes such as dilatation and tortuos-
ity,'>:16 as well as abnormal biomechanical properties, including
excessive aortic compliance and decreased pulse wave velocity
(PWV).10:12 Thus, CS vasculopathy is multifactorial with distinct
hypomyotonic and hyperelastic components, which together
drive broader cardiovascular consequences via elevated renin-
angiotensin and adrenergic signaling.

The present study was undertaken to address multiple issues
raised above, including (i) the current lack of electrophysiologi-
cal characterization of hiPSC-derived VSMCs, and provide a first
characterization of relevant vascular ionic currents; (ii) potential
CS-dependent changes in other (ie, non-Karp) vascular currents;
and (iii) the origin of hypomyotonic and hyperelastic compo-
nents of CS vasculopathy, using native mouse VSMCs and hiPSC-
VSMCs, and hence establish whether these phenomena arise as
cell-autonomous consequences of VSMC Karp GoF or secondar-
ily to non-VSMC Karp GOF.

Methods
Study Approval

Animal studies were performed in compliance with the stan-
dards for the care and use of animal subjects defined in the NIH
Guide for the Care and Use of Laboratory Animals'’ and were
reviewed and approved by the Washington University Institu-
tional Animal Care and Use Committee. Human studies were
approved by the Washington University Human Studies Com-
mittee and carried out with the full consent of participating
patients.

Mouse Lines

Generation of knock-in mice carrying human GoF mutations
in the ABCC9 or KCNJ8 genes using CRISPR/Cas9-mediated
genome engineering technology was described previously.!
Briefly, guide RNA (gRNA) target sequences were predicted using
the MIT CRISPR design tool (http://crispr.mit.edu). abcc9 gRNA
(5" CATTGCCACGAAGCTGGCGG 3') or kcnj8 gRNA (5 ACGC-
CACTTCAGGTCTACCA 3') was cloned into BbsI-digested plasmid
PpX330 (Addgene # 42230). T7 sgRNA template and T7 Cas9 tem-
plate were prepared by polymerase chain reaction (PCR) amplifi-
cation and gel purification, and injected into zygotes from super-
ovulated B6CBA F1/] female mice mated with B6CBA F1/] male
mice. After injection, zygotes were incubated at 5.5% CO, at 37°C
for 2h, and surviving embryos were transferred to recipient mice
by oviduct transfer. We identified 12 positive founder animals
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carrying CS mutation mouse SUR2[A476V] (equivalent to human
SUR2[A478V]) and 2 positive founder animals carrying the CS
mutation Kir6.1[V65M]. All founders were viable and fertile. Suc-
cessful mutation of founder (FO) mice was verified by Sanger
sequencing of genomic DNA, and mutant mice were subse-
quently crossed with C57BL/6] mice to generate heterozygous
F1 Kir6.1WYVe>M and SUR2%YA478V lines. PCR was used to gener-
ate amplicons of KCNJ8 and ABCC9 spanning >1kb either side
of the introduced mutation, from gDNA isolated from mouse
tails, and resultant PCR products were sequenced to confirm the
absence of unintended additional mutations. After verification,
1 F1 animal from 1 line of each genotype was selected and fur-
ther crossed against C57BL/6] to generate F2 Hets, which were
intercrossed to generate subsequent generation Het and Homo
as well as wild-type (WT) littermates that were used in experi-
ments.

Human iPSC Generation and Differentiation to VSMCs

CS patient-derived hiPSCs heterozygous for the R1154Q and
R1154W variants were generated, respectively, from peripheral
blood mononuclear cells and renal epithelial cells (RECs), which
were generously provided by CS patients who had been geneti-
cally confirmed to carry these variants. Human R1154W patient
RECs were reprogrammed to hiPSCs by the WUSM Genome Engi-
neering and iPSC Core (GEiC) using Sendai virus-based repro-
gramming vectors. After 4 unsuccessful attempts to reprogram
human R1154Q patient RECs, peripheral blood mononuclear
cells were provided by the patient, and were successfully repro-
grammed by the GEiC using the Sendai virus-based reprogram-
ming cocktail. hiPSCs were maintained on a 4-d passaging cycle.
Two subclonal hiPSC lines were generated for each patient sam-
ple, and DNA sequencing analysis confirmed the expected gene
variant in each line. Two control lines, C2a (gift of Dr. Gor-
dana Vunjak-Novakovic, Columbia University) and AN1.1 (gift of
Amber Neilson), were used as controls. hiPSCs were differenti-
ated to hiPSC-VSMCs by adapting the chemically defined pro-
tocol published by Patsch et al.,* which involves initially “prim-
ing” hiPSCs into lateral plate mesodermal progenitors through
Wnt activation and hBMP4 treatment, with subsequent induc-
tion to VSMC fate through co-treatment with PDGF-BB and
activin A. The original protocol was followed exactly, except
that differentiation was carried out in 12-well plates, rather
than in T175 flasks. Cryopreserved human aortic smooth mus-
cle cells were obtained from Lonza Pharma and Biotech (Catalog
# CC-2571). Cells were plated on gelatin-coated coverslips and
grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10%
fetal bovine serum (FBS) for 3-5d before analysis. Immunohis-
tochemical (IHC) staining for smooth muscle actin was carried
out using Anti-Alpha-Smooth Muscle-Cy3 monoclonal antibody
C6198 (Sigma-Aldrich).

RNA Analysis and Immunocytochemistry in Native
VSMCs and hiPSC-VSMCs

For analysis of elastin transcript levels in aortae and hiPSC-
VSMCs, RNA was isolated using Trizol following the manufac-
turer’s protocol (Life Technologies, Grand Island, NY, USA). For
iPSCs, first-strand cDNA was synthesized using SuperScript III
First-Strand Synthesis System (Thermo Fisher). For aortic sam-
ples, 1 g of total RNA was reverse transcribed using a high-
Capacity RNA-to-cDNA Kit, per the manufacturer’s protocol (Life
Technologies, Grand Island, NY, USA). Quantitative real-time
PCR was carried out using 100 ng of cDNA template, TagMan Fast
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Universal PCR Master Mix, and TagMan assays (primers/probes)
purchased from Life Technologies (Grand Island, NY, USA). Reac-
tions were run in duplicate on the QuantStudio-3 real-time
PCR system (Applied Biosystems) using the FastPCR param-
eters (95°C for 20s, followed by 40 cycles of 95°C for 1s,
and 60°C for 20s). Experimental gene expression was normal-
ized to that of Gapdh or g2-microglobulin (B2m) transcript lev-
els, as indicated in the figures. TagMan assays used in this
study are MmO00514670.m1 (Eln), Mm99999915_g1 (Gapdh), and
MmO00437762_m1 (B2m).

For immunocytochemistry, cells were fixed with 4% PFA for
S5h, permeabilized with 100% ice-cold methanol for 10min,
blocked with 1% BSA, 22.52mg/mL glycine in PBS with 0.1%
Tween 20 (PBST) for 30min, and incubated in primary anti-
body diluted in 1% BSA/PBST for 1h. After washing with PBS,
slides were incubated in secondary antibody with Hoechst
34580 (0.5 ng/mL; #63493; Sigma) in 1% BSA/PBST for 1h. After
mounting with Fluoromount™ Aqueous Mounting Medium
(F4680; Sigma), images were obtained using a 20x objective
with a W1 Spinning Disk confocal microscope, a Fusion cam-
era, and the Nikon Eclipse Ti2-E base. Images were then decon-
volved using Nikon NIS-Elements software. Primary antibod-
ies used for immunocytochemistry were mouse anti-PDGFRB
(1:100; ab69506; Abcam), mouse anti-Smoothelin (1:100; sc-
376902, AF647 conjugated; Santa Cruz), rabbit anti-MYH11
(1:100; ab82541; Abcam), rabbit anti-a-SMA (1:100; D4KON,
XP; Cell Signaling Technology), and rabbit anti-TAGLN (1:100;
ab14106; Abcam). Secondary antibodies used were acquired
from Invitrogen and used at a 1:750 dilution: Goat anti-Mouse
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 594 (A-11032), Goat anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 488 (A-11034), and
Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 633 (A-21071).

Patch Clamp EP

Mice were anesthetized with 2.5% avertin (10 mL/kg, intraperi-
toneal Sigma-Aldrich), and the descending aorta or mesenteric
arteries were rapidly dissected and placed in ice-cold physiologi-
cal saline solution (PSS) containing (in mm) NaCl 134, KC1 6, CaCl,
2,MgCl, 1, HEPES 10, and glucose 10, with pH adjusted to 7.4 with
NaOH. Smooth muscle cells were enzymatically dissociated in
dissociation solution containing (in mm) NacCl 55, sodium glu-
tamate 80, KCl 5.6, MgCl, 2, HEPES 10, and glucose 10, pH 7.3
with NaOH, then placed into dissociation solution containing
papain 12.5 ug/mL, dithioerythreitol 1 mg/mL, and BSA 1 mg/mL
for 25 min (at 37°C), before transfer to dissociation solution con-
taining collagenase (type H:F = 1:2) 1mg/mL, and BSA 1mg/mL
for 5min (at 37°C). Cells were dispersed by gentle trituration
using a Pasteur pipette, plated onto glass coverslips on ice, and
allowed to adhere for >1h before transfer to the recording cham-
ber.

Conventional whole-cell voltage-clamped currents were
recorded using an Axopatch 200B amplifier and Digidata 1200
(Molecular Devices). Recordings were sampled at 3kHz and fil-
tered at 1kHz. Voltage-gated K currents were measured in a high
[Na*] bath solution containing (in mm) NaCl 134, KCI 5.4, CaCl,
100 uM, MgCl, 1, HEPES 10, and glucose 10, with pH adjusted
to 7.4 with NaOH. The pipette solution contained (in mm) KCl
140, MgCl, 1, HEPES 10, glucose 10, EGTA 10, and ATP 5, with pH
adjusted to 7.2 with KOH. Voltage-gated LTC currents were mea-
sured in high-choline bath solution containing (in mm) choline
chloride 124, BaCl, 20, MgCl, 1, HEPES 10, and glucose 5, with pH
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adjusted to 7.4 with NaOH. The pipette solution contained (in
mm) CsCl 130, MgCl, 2, HEPES 10, glucose 10, EGTA 10, NaATP
3.5, and free Ca <1nwm, with pH adjusted to 7.3 with KOH. To
assess Karp conductances, currents were initially measured at
a holding potential of —70mV in high Na* bath solution con-
taining (in mm) NacCl 136, KCl 6, CaCl, 2, MgCl, 1, HEPES 10, and
glucose 10, with pH adjusted to 7.4 with NaOH, before switching
to a high K* bath solution (KCl 140, CaCl, 2, MgCl, 1, HEPES 10,
and glucose 10, with pH adjusted to 7.4 with KOH) in the absence
and presence of pinacidil and glibenclamide, as indicated. The
pipette solution contained (in mm) potassium aspartate 110, KCI
30, NaCl 10, MgCl, 1, HEPES 10, CaCl, 0.5, K,HPO, 4, and EGTA 5,
with pH adjusted to 7.2 with KOH.

Arterial Compliance

After mice were euthanized under isoflurane anesthesia, as
above the aortae of 3-wk-old mice were excised and placed in a
physiological saline solution (PSS) containing (mwm) 130 NacCl, 4.7
KCl, 1.18 MgSO4-, 1.17 KH,POy4, 14.8 NaHCOs3, 5.5 dextrose, and
0.026 EDTA (pH 7.4). The vessels were then cleaned from sur-
rounding fat, mounted on a pressure arteriograph (Danish Myo
Technology), and maintained in PSS at 37°C. Vessels were visual-
ized with an inverted microscope connected to a charge-coupled
device camera and a computerized system, which allows contin-
uous recording of vessel diameter. Intravascular pressure was
increased from 0 to 175mmHg by 25 mmHg increments, and
the vessel outer diameter was recorded at each step (12s per
step). The average of three measurements at each pressure was
reported.

Data Analysis

Unless otherwise noted, data are presented as mean + SEM. The
Real Statistics add-in package was used to run statistical analy-
sis in Microsoft Excel. All data were tested for statistical signif-
icance using Mann-Whitney U test or Kruskal-Wallis test with
post hoc Dunn’s test.

Results

Non-Karp Ionic Currents that Govern Vascular
Excitability Are Not Altered in CS Vasculopathy

VSMC excitability depends on the concerted activity of multi-
ple ion conductances, in particular voltage-gated K* (Ky) cur-
rents and LTC currents. To provide a benchmark of these con-
ductances in native WT VSMCs, whole-cell voltage clamp was
first used to assess functional activity of K, channels in acutely
dissociated WT mouse aortic VSMCs (Figure 1). The voltage
protocol was designed to inclusively survey the entire ensem-
ble of VSMC Ky channels, with high (5mm) ATP included in
the internal solution to exclude Karp currents. Very small, lin-
ear, K™ conductance was detected below ~—25mV, but addi-
tional conductance with apparently instantaneous and time-
dependent components were increasingly activated at more
positive voltages (Figure 1A). Additionally, more positive volt-
age steps revealed observable single-channel activity, consis-
tent with large-conductance calcium-activated potassium (BK)
channels (Figure 1A). We carried out the same survey in aortic
VSMCs acutely dissociated from mice carrying the Kir6.1[V65M]
(V65M) mutation, a CS-associated variant that causes marked
Karp GOF and severe CS vasculopathy.’?'® Both cell capacitance
(155 + 1.9 pF, n = 26 and 16.3 + 1.8 pF, n = 20 in WT and

V65M, respectively) and measured currents were very similar
in V65M and WT VSMCs (Figure 1), and summarized I-V rela-
tionships show that overall current amplitudes (measured dur-
ing the final 100 ms of the voltage pulse) were indistinguish-
able between WT and V65M VSMCs (Figure 1B). To separate K,
and BK currents, and to assess Ky current kinetics, a monoexpo-
nential function representing “idealized” K, current activation
was fitted directly to each recording at the 3 most positive volt-
age steps (ie, +25, +35, and + 45mV), as shown in Figure 1C.
This allowed separation of instantaneous K, amplitudes, time-
dependent K, amplitudes, and assessment of K, time constant
(Tau). BK channel activity (NP,) was separately estimated for
each record at +25, 435, and +45 mV by subtracting the idealized
K, current from each raw recording. Instantaneous and time-
dependent K, amplitudes, as well as Ky kinetics, and BK activity,
were all statistically unaltered in V65M VSMCs (Figure 1C).

Next, whole-cell voltage clamp was used to assess functional
activity of voltage-sensitive LTC channels. Ba?>* was used as a
charge carrier, and included in the bath was BayK8644 (1 uM),
a potentiator of vascular LTC channels. K* currents were min-
imized by inclusion of Cs*™ (130mwm), as well as 3.5mm ATP
to inhibit Karp currents, in the internal solution. LTC currents
were undetectable in acutely isolated WT mouse aortic VSMCs
(n = 8 recordings from 3 animals). However, characteristic, pre-
sumably LTC currents that were fully inhibited by nifedipine
(10 uM) were present in VSMCs acutely dissociated from first-
through fourth-order mesenteric arteries, which are resistance
vessels (Figure 1D). Again, LTC currents recorded from mesen-
teric VSMCs acutely dissociated from V65M mice were essen-
tially identical to WT (Figure 1E).

Together, the above experiments indicate that, despite
marked changes in VSMC Karp currents in Cantt mice,'° there
are no obvious accompanying compensatory or downstream
changes in other vascular K* or LTC currents.

Differentiation of Human iPSCs to VSMCs

To examine the EP of hiPSC-VSMCs, two genetically unrelated
control human iPSC lines (C2a and AN-1.1 from individuals with
no known disease-associated variants) were first differentiated
to VSMCs. Human induced pluripotent stem cell-VSMCs were
differentiated using the protocol developed by Patsch et al.!
which allows rapid and efficient differentiation to VSMCs that
resemble native VSMCs, based on expression of key marker
genes, global transcriptomic and metabolomic signatures, and
key functional characteristics including contractility and extra-
cellular fibronectin deposition mediated by TGF-8 signaling.!
This protocol is completely chemically defined and, in our
hands, was reproducible in all technically successful (C2an =7,
AN-1.1 n = 3) differentiations, where cells survived the lateral
mesoderm induction and VSMC differentiation steps, under the
published conditions. In each case, hiPSCs began as relatively
small, round, gray cells with dark nuclei (Figure 2A). For 4d, the
cells were induced to become lateral mesodermal progenitors,
which appeared slightly enlarged but morphologically similar to
hiPSCs. At this stage, the cells form a confluent monolayer, and
patches of dead cells begin to accrue near the end of the 4-d lat-
eral mesoderm induction. Finally, the cells were committed to
a VSMC fate via exposure to PDGF-g and Activin A. Once differ-
entiated and cultured on a collagen-coated surface, the hiPSC-
VSMCs possess a tapered, spindle-shaped morphology, and tend
to align with one another, forming networks of multicellular
whorls (Figure 2B).
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Figure 1. Voltage-gated K and Ca currents in mouse CS and WT VSMCs. (A) Representative whole-cell voltage-clamp recordings show K, currents from acutely isolated
aortic VSMCs from a WT (left) and a V65M (right) mouse (scale bars = 50 pA, 100 ms). Voltage was stepped from holding potential of —65 mV to prepulse at —95 mV
and then stepped more positive in 10 mV increments. Hashed box demarcates the portion depicted in the representative patch-clamp traces. (B) Peak I-V relationships
(measured during the final 100 ms of the voltage pulse) show mean + SEM for n = 9 cells from 4 mice (WT) and 5 cells from 3 mice (V) cells in each case. Reversal
potential of —75 to —85 mV indicates that currents are carried by K* ions. (C) Representative traces following step to +45 mV from WT (left) and V65M (right) VSMCs, fit
with monoexponential functions to the minimal currents as a function of time, assumed to reflect K, currents without the contaminating fluctuating, presumably BK
current. From such traces, K, amplitudes and kinetics, as well as BK currents, were calculated, as shown to the right (n as above). Statistical significance was determined
by Mann-Whitney U test (¢ = 0.05, no significant differences detected). (D) Representative whole-cell voltage-clamp recordings of LTC currents were obtained from
acutely isolated mesenteric VSMCs from WT (above) and V65M (below) mice (scale bars = 10 pA, 75 ms). Voltage was ramped from —70 to —45mV over 400 ms to
inactivate any high-voltage-activated currents and then stepped to voltages between —30 and +40mV in 10 mV steps. Hashed box demarcates the portion depicted
in the representative patch-clamp traces. Recordings were obtained in the presence of 1 uM Bay K8644 (left), and LTC conductance was confirmed by >95% inhibition
with 10 M nifedipine (right). (E) (Top) Peak I-V relationships on Bay K8644 are summarized, with (bottom) peak current at 0 mV for individual traces. Error bars show
mean + SEM (n = 8 cells from 4 WT mice and 6 cells from 4 V65M mice in each case). Statistical significance was determined by Mann-Whitney U test (¢ = 0.05, no
significant differences detected).
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Figure 2. Differentiation of hiPSCs to VSMCs. (A) Images of hiPSCs (left) prior to differentiation, (center) after initial differentiation to lateral mesodermal progenitors,
and (right) after full differentiation to hiPSC-VSMCs cultured on a collagen-coated surface (scale bars = 200 um). (B) Composite fluorescent image of hiPSC-VSMCs with
DAPI nuclear stain (blue) and Cy3-conjugated alpha-SMA stain (red), showing a dense network of discrete, co-aligned filaments expressed by hiPSC-VSMCs (scale bar =
50 um). (C) Composite fluorescent images of undifferentiated iPSCs, hiPSC-VSMCs, and human aortic VSMCs, stained with DAPI nuclear stain (blue) versus antibodies
for human «SMA (green), Smoothelin (magenta), Myh11 (green), Pdgfrp (magenta), and Tagln (green) (scale bar = 50 um in all panels).

We verified that the differentiation was effective by fix-
ing undifferentiated hiPSCs, hiPSC-VSMCs, and cultured human
aortic VSMCs and staining for multiple VSMC markers: alpha-
SMA (smooth muscle actin), Smoothelin, Myh11, Pdgfrg, and
Tagln. While the ultimate maturity of the cells as VSMCs can-
not be determined, both the morphology and the VSMC pro-
tein expression pattern of human iPSC-VSMCs are strikingly
similar to those of native human aortic VSMCs, with alpha-
SMA filaments expressed as organized, co-aligned networks
(Figure 2~).

hiPSC-VSMCs Express Very Similar Ion Channels to
Those in Native Mouse Arterial VSMCs

To assess the vascular ensemble of K, currents functionally
expressed in hiPSC-VSMCs, recordings were obtained from these
cells using the same protocols and solutions as above in mouse
VSMCs (Figure 3). Cell capacitance 18.2 + 1.8 pF, n = 25) was
similar to that measured in native mouse VSMCs above. Consis-
tently, we observed K, currents that were very similar to those
measured in native VSMCs, with nearly identical current ampli-
tudes and time-dependence (Figure 3A). BK currents were also
evident in some recordings, although less consistently than in
mouse VSMCs, and were not characterized. We also detected
nifedipine-sensitive LTC currents with essentially identical time
dependence and current density to those in native mesenteric
VSMCs (Figure 3B).

These experiments provide a first survey of hiPSC-VSMC
EP. While more extensive pharmacological dissection would
be needed to confirm individual components, the similarity

to native VSMC currents provides confidence that the essen-
tial EP of the latter matches that of the former, necessary for
future studies using these hiPSC-VSMCs to understand vascu-
lar function in general, and particularly for assessing vascular
myocyte excitability, contractility, and response to electrically
active agents.

Pinacidil-sensitive Karp Channels Are Present in
hiPSC-VSMCs

Pinacidil-sensitive Karp channels, formed by Kir6.1 and SUR2B
subunits, are key determinants of VSMC membrane voltage and
excitability.’® In previous studies, we characterized vascular Karp
activity and pharmacology in mouse aortic VSMCs with an intra-
cellular pipette solution containing no ATP.X® Using identical
experimental conditions, we obtained whole-cell voltage-clamp
recordings of basal K* conductance in hiPSC-VSMCs (Figure 4C).
K* conductance increased substantially in the presence of a
supra-maximal concentration?® of the SUR2-selective Karp chan-
nel activator pinacidil (100 uMm), and current decreased follow-
ing the addition of the Karp inhibitor glibenclamide (10 um) in
the continued presence of pinacidil (Figure 3C), reflecting acti-
vation of similar Karp currents to those recorded in WT mouse
VSMCs.™ Pinacidil responsivity indicates that hiPSC-VSMC Karp
channels comprise the same vascular-type SUR2 isoform that
is expressed in native VSMCs. Reduction of pinacidil-activated
currents to essentially basal levels by glibenclamide further con-
firms that these currents are conducted by Karp, with gliben-
clamide efficacy closely resembling that previously measured in
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Figure 3. Electrophysiological characterization of hiPSC-VSMCs. (A) (Left) Repre-
sentative whole-cell voltage-clamp recordings show K, currents from a hiPSC-
VSMC (scale bars = 50 pA, 100 ms). Voltage-clamp protocol was as in Figure 1.
(right) Peak I-V relationship (measured during the final 100 ms of the voltage
pulse) shows mean + SEM, for n =9 cells, as well as the WT mouse I-V from Figure
1. (B) (Top) Representative whole-cell voltage-clamp recordings of LTC currents
were obtained from a hiPSC-VSMC (scale bars = 10 pA, 75ms). Voltage-clamp
protocol as in Figure 2. Recordings were obtained in the presence of 1M Bay
K8644 (left), and LTC conductance was confirmed by >95% inhibition with 10 uM
nifedipine (right). (Bottom) Peak I-V relationships in Bay K8644 are summarized
(together with data from WT mouse VSMCs from Figure 2), with peak current at
0 mV displayed right for individual traces. Error bars show mean + SEM (n =8 WT
and 6 V65M cells in each case). (C) (Left) Representative whole-cell voltage-clamp
recordings of Karp channel conductance from control C2a hiPSC-VSMC using
an intracellular pipette solution containing no nucleotides. Cells were voltage
clamped at —70mV. (Right) Summary of mean currents in basal conditions, in
100 uM pinacidil, and in 100 uM pinacidil plus 10 uM glibeclamide (mean + SEM,
n =5 cells). Statistical significance was determined by pairwise t-test with Bon-
ferroni correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.

native VSMCs.° Given these observations, hiPSC-VSMCs consti-
tute a promising approach for the study of molecular and cellu-
lar consequences of CS variants.

Increased Basal Karp Activity, and Decreased Sensitivity
to Glibenclamide, in CS Patient-Derived hiPSC-VSMCs

We next developed human iPSC-derived vascular myocyte mod-
els for CS using two patient-derived iPSC lines. These were
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Figure 4. Electrophysiological characterization of CS hiPSC-VSMCs. (A) Compos-
ite fluorescent image of sparsely plated control C2a, R1154Q, and R1154W hiPSC-
VSMCs with DAPI nuclear stain (blue) and Cy3-conjugated alpha-SMA stain (red)
(scale bar = 200 .m). (B) Representative whole-cell voltage-clamp recordings
from control hiPSC-VSMCs (left), R1154Q hiPSC-VSMCs (middle), and R1154W
hiPSC-VSMCs (right) using an intracellular pipette solution containing 100 uM
MgATP and 500 M MgADP. Cells were voltage-clamped at —70 mV. (Bottom) Sum-
mary of mean currents in basal conditions, in 100 uM pinacidil, and in 100 uMm
pinacidil plus 10 um glibeclamide (mean + SEM, n = 5 cells in each case), as
well as fraction of current inhibited by glibenclamide (right). (C) (Left) Repre-
sentative whole-cell voltage-clamp recordings show K, currents from control,
R1154Q, and R1154W hiPSC-VSMCs (scale bars = 50 pA, 100 ms), voltage-clamp
protocol as in Figure 1. (Bottom) I-V relationships show mean + SEM for n = 9
(control), 5 (R1154Q), and 5 (R1154W) cells in each case. (D) cDNA PCR product
from control and R1154Q hiPSCs reveals only a single band corresponding to a
642 bp fragment from full-length SUR2 cDNA (predicted site indicated by upper
red arrowhead) and no band corresponding to the predicted 549 bp from exon 28-
excluded cDNA (predicted site indicated by lower red arrowhead) (representative
gel from 3 different differentiations of R1154Q patient hiPSC-derived VSMCs). For
hiPSC-VSMCs, two control samples and two R1154Q samples are shown, gener-
ated from two separate differentiations. Statistical significance was determined
by Mann-Whitney U test (¢ = 0.05). *P < 0.05, **P < 0.01, **P < 0.001.

generated using Sendai virus-based reprogramming vectors on
PBMCs and RECs obtained from CS patients carrying the R1154Q
(R1154Q) and R1154W (R1154W) mutations.’? Two subclonal
hiPSC lines were produced for each mutation, and DNA sequenc-
ing analysis confirmed the expected mutation in each. Expres-
sion of human pluripotency-associated genes and a normal
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karyotype were confirmed for all hiPSCs prior to subsequent
experiments, and CS hiPSC-VSMCs were generated as described
above. Differentiation was highly efficient for both R1154Q and
R1154W hiPSC-VSMCs in 5 differentiations for each genotype,
and differentiated cells were morphologically indistinguish-
able from control hiPSC-VSMCs, with alpha-SMA consistently
expressed in control, R1154Q, and R1154W hiPSC-VSMCs (>99%
positive for each cell line, Figure 4A).

Whole-cell voltage clamp was used to measure Karp currents
in R1154Q and R1154W hiPSC-VSMCs, as well as control C2a
hiPSC-VSMCs (Figure 4B). Experimental conditions were simi-
lar to those described above, but the pipette solution contained
100 uM MgATP and 500 uMm MgADP (see the “Methods” section)
to determine channel behavior under nucleotide regulation, rel-
evant to Karp activity in vivo. Cell capacitance (21.4 + 1.9 pF,
n = 21) was similar to that measured in control hiPSC-VSMCs
and native mouse VSMCs above. As shown in Figure 4B, basal
K* conductances were elevated in each of the CS patient-derived
hiPSC-VSMCs compared to control cells (>4-fold in R1154Q cells
and > 2-fold in R1154W cells, note logarithmic scale). Additional
pinacidil-activated current was ~2.5x basal in WT (Figure 4B)
and ~5.5x in R1154Q hiPSC-VSMCs (Figure 4B), but only ~1.9x
in R1154W hiPSC-VSMCs (Figure 4B).

In control hiPSC-VSMCs, glibenclamide inhibited almost
100% of the pinacidil-activated current, but glibenclamide action
was reduced in mutant cells, inhibiting only ~80% and ~55% of
pinacidil-activated current in R1154Q and R1154W, respectively
(Figure 4B). Increased basal currents in the CS mutant cells are
consistent with elevated basal Karp activity due to the known
molecular consequences of the mutations.?:?2 However, since
glibenclamide fails to reduce these currents to basal levels, we
cannot rule out the possibility that increased basal K* currents
are non-Karp-mediated. To test this possibility, whole-cell volt-
age clamp was used, as described above, to characterize the vas-
cular ensemble of functional K, currents with high (5mm) ATP
in the pipette (Figure 4C). I-V relationships revealed no signifi-
cant basal K* conductances. Voltage-activated K, currents were
nonsignificantly reduced in R1154Q and R1154W hiPSC-VSMCs
compared to control, confirming that elevated basal currents
in Figure 4B are indeed Karp mediated, and further suggesting
that Karp GoF in CS vasculopathy does not lead to secondary,
cell-autonomous changes in vascular K, currents.

Cell-autonomous Consequences of Genetic Karp
Overactivity Underlie Both Hypomyotonic and
Hyperelastic Components of CS Vasculopathy

We previously generated a third CS mouse model in which
the SUR2[R1154Q] was knocked into the endogenous locus.?
In contrast to mice carrying the SUR2[A478V] or Kir6.1[V65M]
CS-associated variants, SUR2-dependent Karp currents and the
resultant CS phenotype were both minimal in R1154Q mice.
This was associated with alternate splicing leading to excision
of exon 28, 3’ of the introduced variant, and to non-functional
SUR2.23 If occurring in human patients with this variant, such
splice excision could significantly ameliorate the CS features
resulting from the molecular GoF itself. However, RT-PCR anal-
ysis of cDNA amplified from RNA isolated from control and
R1154Q hiPSC-VSMCs (Figure 4D) revealed only a single tran-
script band, with no evidence of exon 28 exclusion, in agree-
ment with prior observations from primary human tissue sam-
ples.?? This indicates that exon 28 exclusion is only seen in the
R1154Q mouse and that a purely GoF phenotype will be expected
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Figure 5. Consequences of CS mutations on human iPSC-VSMC excitability and
elastin expression. (A) (Top) Representative whole cell current-clamp (at zero
current) recordings from two control hiPSC-VSMC lines (left; C2a, AN-1.1) and
two CS variant hiPSC-VSMC lines (right; R1154Q, R1154W) using an intracellular
pipette solution absent of nucleotides. (Bottom) Individual and mean (+ SEM,
n = 6-16 cells) initial V;,, following break-in from experiments as above. (B) Ves-
sel compliance in pressurized aortae of p21 WT, heterozygous and homozygous
Kir6.1[V65M] mice (left), and WT, heterozygous and homozygous SUR2[A478V]
(right) mice. Data show mean + SEM, n = 4-5 animals in each case. (C) Elastin
mRNA expression (normalized to GAPDH expression) in aortae from WT and
V65M or A478V CS mice (left 2 panels), and from C2a control or R1154W and
R1154Q hiPSC-VSMCs, normalized to g2 microglobulin (right panel). Data are
from separate differentiations in each case. Statistical significance was deter-
mined by Mann-Whitney U test (¢ = 0.05). *P < 0.05, **P < 0.01, **P < 0.001.

in human R1154Q cells. Consistent with this, there was a strik-
ingincrease in Karp activity in R1154Q hiPSC-VSMC patch-clamp
recordings (Figure 4B).

To understand how Karp GoF impacts VSMC excitability
under physiological conditions, whole-cell current-clamp (I = 0)
was used to measure membrane voltage (Vi) immediately (<2s)
upon break-in. In the two genetically unrelated control C2a and
AN-1.1 hiPSC-VSMC lines, we observed identical mean V,, val-
ues (—44mV), consistent with reports of native VSMC resting
Vm, which lies in the range of —35 to —45mV.?*?6 Consistent
with enhanced basal Karp conductance (Figure 4B), R1154Q and
R1154W hiPSC-VSMCs were both hyperpolarized by 10-15mV
relative to both controls (Figure 5A).

Finally, tortuous, dilated blood vessels with decreased
PWV,1>16.27 a5 well as joint hyperelasticity'>?® and tracheo-
malacia,'? are major features of CS. Potentially, these might
all be related to excess elastin production, which has been
reported to occur in blood vessels and in cultured VSMCs treated
with the Karp activators minoxidil>® and pinacidil.?® As shown
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in Figure 5B, compliance was increased in aortae from homozy-
gous A478V and both hetero- and homozygous V65M mice at
P21, the effect being proportional to the severity of the molec-
ular consequences (from WT < Het < Hom in each case). In
each case, similar trends in increased elastin mRNA expres-
sion in isolated vessels, were measured at 3mo of age (Figure
5C). We further measured mRNA expression from control (C2a),
R1154Q, and R1154W hiPSC-VSMCs. Elastin gene expression was
barely detectable in control C2a samples and was higher in both
of the CS lines, significantly so in R1154W (Figure 5C). Taken
together, these data are consistent with the increased elastin
expression seen in CS being a direct, cell-autonomous, response
to the increased VSMC Karp activity.

Discussion
The Lack of Electrical Compensation for Karp GoF in CS

Blood pressure depends on vascular tone, increasing or decreas-
ing in response to membrane depolarization or hyperpolariza-
tion from a potential (Vi) that is typically close to the activa-
tion threshold for LTC currents.?*? In this voltage range, sub-
tle changes in the activity of Karp or other channels, whether
genetic or in response to neurohumoral signaling, will be
expected to change vascular excitability, unless compensated
by changes in another current. The finding that VSMCs from CS
mice are basally hyperpolarized?® (as too are GI SMCs*) is con-
sistent with our finding of ~enhanced basal Karp conductance
in CS that is uncompensated by changes in other conductances.
This is consistent with previous studies in cardiac muscle, which
showed no compensation for Karp subunit knockout by other
Karp subunits nor changes in K, currents in response to Karp
GoF in other Karp channel subunits.?*3? More broadly, genetic
knockout of background Kir2.1 channels in vascular or cardiac
myocytes is also not compensated for by changes in K, or LTC
currents.333*

Therefore, while we did not utilize pharmacological dissec-
tion to determine specific conductances and cannot completely
rule out changes in all vascular ion channels, no changes in
the major K, and LTC currents that govern vascular excitabil-
ity appear to contribute to, or compensate for, CS vasculopathy.
While different vascular beds can have quite different proper-
ties, lack of compensation by other currents in mesenteric and
aortic cells helps to explain why, despite the homeostatic imper-
ative, manipulation of VSMC Karp conductance leads to marked
changes in blood pressure in experimental animals, from a
mean BP of ~115mmHg in Kir6.17/~ animals to ~85 mmHg in
smooth muscle-direct Karp GOF transgenic animals.® Interest-
ingly, the results contrast with the finding that cardiac LTC cur-
rents are actually increased with cardiac Karp GoF,>3® which is a
potentially compensatory consequence in response to enhanced
adrenergic signaling.3¢

Human iPSC-derived VSMCs Recapitulate Native VSMC
EP

Human VSMCs are not readily accessible, and the EP of human
VSMCs has received relatively little attention.*’-3° Human iPSC-
derived VSMCs offer a potentially profitable model in which
to explore human VSMC biology in general, including EP. We
used an established protocol consisting of fully chemically
defined conditions to differentiate hiPSCs into alpha-SMA-
positive hiPSC-VSMCs via lateral mesodermal lineage, and then
used whole-cell patch-clamp EP to characterize ion currents
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in identical conditions to those used above for native mouse
VSMCs. The Ky current ensemble in human iPSC-VSMCs closely
resembles that in native mouse VSMCs, confirming that hiPSC-
VSMCs recapitulate key components of native vascular EP. More-
over, the non-inactivating time-dependent delayed rectifier K*
currents, as well as noisy, non-inactivating currents that we
ascribe to Ca?*-activated maxi-K (BK) channels, are quite sim-
ilar to those originally reported in human mesenteric arterial
myocytes.’ In addition, we detected LTC currents at similar lev-
els, and with identical voltage dependence, to those in mouse
mesenteric myocytes, and again quite similar to those reported
in human mesenteric arterial myocytes.*°

Cantu Syndrome Patient-derived hiPSC-VSMCs Exhibit
Elevated Karp Activity, With Decreased Glibenclamide
Sensitivity

We also found that Karp channels are expressed in hiPSC-
VSMCs at similar levels to those in murine VSMCs.!® Pharma-
cological sensitivity to the SUR2-selective drug pinacidil shows
that these Karp channels comprise the appropriate “vascular-
type” architecture. In CS patient-derived hiPSC-VSMCs, Karp
conductances were much higher than control under basal con-
ditions in R1154W myocytes, and even more so in the R1154Q
myocytes. This is consistent with the effect of both R1154W
and particularly R1154Q mutations to enhance Mg-nucleotide
activation of recombinant Karp channels.?? Both mutations also
increased the pinacidil-activated current—an effect that was
much more prominent in R1154Q cells. Since pinacidil acts to
stabilize Mg-nucleotide-activated channels, this is also consis-
tent with the much greater MgATP-activating effect in R1154Q
versus R1154W channels.?? Finally, the relative inhibitory effect
of glibenclamide was lower for R1154Q, and more so for R1154W
hiPSC-VSMCs, again consistent with findings from recombinant
mutant channels.?? These data suggest that individuals with the
two most common CS variants'? may receive limited therapeutic
effect from glibenclamide or other sulfonylurea drugs and may
instead benefit from drugs that act through a separate binding
site and/or distinct allosteric mechanism.

Distinct Components of CS Vasculopathy Can Arise
From Cell-autonomous Effects in VSMCs

Our recent studies have made it increasingly clear that mul-
tiple pathological features of CS arise primarily from Karp
GoF in smooth muscle.'%:13:41 At least one component involves
decreased SVR,1%:13:41 which is a reflection of vascular tone and
is in turn determined by VSMC membrane potential. Impor-
tantly, control hiPSC-VSMCs from two genetically unrelated ori-
gins exhibited essentially the same membrane potential, sim-
ilar to prior reports in native VSMCs,?*%¢ and somewhat depo-
larized relative to that of nonvascular myocytes, near the activa-
tion range for LTC channels. Consistent with Karp currents being
major determinants of vascular membrane potential and hence
excitability,*? the resting membrane potential was markedly
more negative in both CS lines, providing direct evidence for
increased basal Karp in VSMCs themselves, driving cellular
hyperpolarization, reducing excitability, and promoting vasodi-
lation and lowered SVR.%»12:13,30

R1154Q and R1154W are the most common CS-associated
variants in SUR2'? and cause very marked molecular GoF.?!:22
Unexpectedly, the phenotype of a CS mouse in which
SUR2[R1154Q] was knocked in?® was minimal compared to
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mice carrying the CS-associated SUR2[A478V] or Kir6.1[V65M],
due to alternate splicing leading to excision of exon 28, which
led to nonfunctional channels. Such splice excision could
significantly ameliorate the CS features resulting from the
mutation itself if it happened in humans. However, the lack
of any detectable exon 28 exclusion in hiPSC-VSMCs, or in
CS patient biopsies,”> suggests that this is not occurring in
humans.

CS vasculopathy includes not only the hypomyotonic compo-
nent considered above, but also a hyperelastic component, char-
acterized by tortuous vessels with increased compliance and
decreased PWV, as well as aortic root dilation, associated with
aortic insufficiency, and aortic aneurysms.'>:16:27,43,44 Thege lat-
ter phenomena are not trivially explained by any recognized
effect of Karp activation, but are consistent with multiple previ-
ous studies that have shown increased elastin expression in cul-
tured cells and blood vessels exposed to pharmacological Karp
activators, including minoxidil and pinacidil.>#2° VSMCs in cul-
ture behave differently from that in a vessel, and do not gener-
ate layers of elastin, such that our experiments cannot formally
exclude additional systemic consequences in vivo, but detec-
tion of enhanced elastin mRNA expression in CS variant hiPSC-
VSMCs implicates at least a cell-autonomous effect of Karp GoF.
The connection between Karp activity and elastin gene expres-
sion remains unexplained and will require further study, but,
like the hypomyotonic component, it is potentially linked to
effects of membrane potential on cellular calcium levels.

Conclusions

Our results represent a first characterization of hiPSC-VSMC
EP and demonstrate that hiPSC-VSMCs recapitulate the typical
electrical currents seen in native VSMCs, an important valida-
tion for the use of such cells for the study of human vascular
pathologies in general. While we cannot be certain of the ulti-
mate maturity of the hiPSC-VSMCs, and hence how well they
model proliferative versus contractile myocytes, our data also
shed light on cell-autonomous nature of both the hypomyotonic
and hyperelastic components of CS vasculopathy. Our findings
validate a CS patient-derived human cell model that is suitable
both for detailed study of the earliest mechanisms of CS vascular
pathologies and for identification of new pharmacotherapeutic
candidates.

Novelty and Significance

CS, which is caused by GoF in vascular Karp channels, is char-
acterized by large-vessel dilatation with decreased pulse-wave
velocity, as well as low systemic vascular resistance, reflect-
ing hyperelastic and hypomyotonic components. First, we have
shown that the functional expression of voltage-gated K* and
Ca?* currents is essentially the same in mouse VSMCs from
WT and CS mice, revealing lack of any compensatory electri-
cal response. We then derived VSMCs from hiPSC-VSMCs and
made a first characterization of their EP, showing that func-
tional expression of voltage-gated K+ and Ca’" currents in
control hiPSC-VSMCs is very similar to that in mouse arterial
VSMCs. Both basal and pinacidil-activated Karp currents were
considerably larger in CS hiPSC-VSMCs. Consistent with lack
of cell-autonomous modulation of other currents, this resulted
in membrane hyperpolarization, explaining the hypomyotonic
basis of CS vasculopathy. Consistent with the hyperelastic com-
ponent of CS, we also observed increased compliance and dilata-
tion in isolated CS mouse aortas, which was associated with

increased elastin mRNA expression (homozygous > heterozy-
gous). We also found increased elastin mRNA in 2 genetically
unrelated lines of CS hiPSC-VSMCs. These results show that
increased VSMC elastin expression is also a cell-autonomous
consequence of Karp channel activation.
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