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ABSTRACT OF THE DISSERTATION 

Vascular Electrophysiology and  

Pathogenic Consequences of Cardiovascular KATP Channel Mutations 

by 

Alex Michael Hanson 

Doctor of Philosophy in Biology and Biomedical Sciences 

Molecular Cell Biology 

Washington University in St. Louis, 2024 

Professor Colin G. Nichols, Chair 

The complex cardiovascular disorder Cantú Syndrome (CS) arises from gain-of-function 

(GoF) mutations in either KCNJ8 or ABCC9, the genes encoding the Kir6.1 and SUR2 

subunits of cardiovascular ATP-sensitive potassium (KATP) channels, respectively. CS 

involves an array of cardiovascular pathologies, including cardiac hypertrophy and 

hypercontractility, low systemic vascular resistance, and excessively compliant, dilated, 

and tortuous vessels. Together, the latter features exemplify the hypomyotonic and 

hyperelastic components of CS vasculopathy. It was recently established that CS 

vasculopathy drives the associated cardiac pathologies, which are observed even in the 

absence of cardiac KATP GoF. In this thesis, I carried out experiments to determine the 

molecular mechanisms by which KATP function is altered by several pathogenic CS 

mutations in distinct structural domains of the TMD2 domain of SUR2: Y985S (YS), 

G989E (GE), M1060I (MI), R1154Q (RQ), and R1154W (RW). I showed that the cluster 

of YS/GE/MI substitutions, as well as RQ and RW, augmented Mg2+-nucleotide 

activation of the KATP channel. I also tested the responses of these channel variants to 



 ix 

inhibition by the sulfonylurea drug glibenclamide, a potential pharmacotherapy for CS. 

RQ and RW, which are the two most common CS-associated mutations, significantly 

decreased glibenclamide potency. CRISPR/Cas9 genome engineering was used to 

introduce SUR2[R1150Q], the equivalent of human SUR2[R1154Q], to the mouse 

ABCC9 gene. As previously seen in mice carrying the CS-associated SUR2[A478V] and 

Kir6.1[V65M] mutations, both heterozygous and homozygous RQ animals exhibited 

enlarged hearts, elevated cardiac output, and hypotension, but, surprisingly, there was 

almost complete loss of SUR2-dependent KATP in homozygous RQ ventricles. The 

introduced mutation is located in a putative exon splicing enhancer site at the 3’ end of 

exon 27. Sequencing of SUR2 cDNA from mouse tissues revealed not only the full-

length ABCC9 transcript, but also a novel in-frame deletion of 93 bases (corresponding 

to the 31 amino acids encoded by exon 28), the latter being present in ~40% and ~90% 

of transcripts from hetero- and homozygous tissues, respectively. Recombinant 

expression of SUR2A protein lacking exon 28 resulted in non-functional channels. To 

determine whether this phenomenon is present in humans, I used RQ and RW CS 

patient-derived human induced pluripotent stem cells (hiPSCs) to generate novel 

hiPSC-cardiomyocyte (hiPSC-CM) and hiPSC-vascular smooth muscle cell (hiPSC-

VSMC) models for CS. hiPSC-CMs and hiPSC-VSMCs carrying the RQ mutation 

showed only full-length ABCC9 transcripts. This was consistent with my analysis of 

ABCC9 RNA from primary tissues that had been surgically removed from an RQ 

patient. Together, these data suggest that aberrant ABCC9 splicing is specific to the 

murine model. I then carried out the first electrophysiological analysis of control hiPSC-

VSMCs, demonstrating that membrane potential and functional expression of voltage-
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gated K+ (Kv) and L-type Ca2+ currents (LTCCs) are very similar to those I measured in 

native mouse arterial VSMCs, validating hiPSC-VSMCs as an electrical model of human 

VSMCs. Functional KATP expression in hiPSC-VSMCs was also consistent with previous 

studies on native mouse VSMCs, and pinacidil sensitivity demonstrated SUR2 

expression. However, both basal and pinacidil-activated KATP currents were 

considerably larger in RQ and RW hiPSC-VSMCs. Consistent with lack of cell-

autonomous modulation of Kv and LTCCs that I demonstrated in native arterial VSMCs 

isolated from CS mice, KATP GoF in hiPSC-VSMCs resulted in membrane 

hyperpolarization, explaining the hypomyotonic basis of CS vasculopathy. Consistent 

with the hyperelastic component of CS, increased compliance and dilation was 

observed in isolated aortae from CS mice, which was associated with increased elastin 

mRNA expression in these vessels. I then found increased elastin mRNA in CS hiPSC-

VSMCs. These results show that increased elastogenesis is driven by genetic KATP 

overactivity in the context of CS vasculopathy, which is therefore a cell-autonomous 

consequence of membrane hyperpolarization. 
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Chapter 1: Introduction 
1.1 KATP Channels – Discovery, Structure, and Function  
1.1.1 Discovery of KATP Channels 
Early in the 1980s, pioneering patch-clamp experiments on cardiomyocytes isolated from 

guinea pig and rabbit hearts revealed characteristic potassium currents inhibited by ATP. 

The molecular mediators of these currents were deemed ATP-sensitive K+ (KATP) 

channels, marking the first reported characterization of KATP (Noma, 1983). 

In the following years, plasmalemmal KATP channels were observed in multiple 

tissues, including pancreatic β-cells (Ashcroft, Harrison, & Ashcroft, 1984), skeletal 

muscle (Spruce, Standen, & Stanfield, 1985), neurons (Ashford, Sturgess, Trout, 

Gardner, & Hales, 1988), smooth muscle (Beech, Zhang, Nakao, & Bolton, 1993), kidney 

(Hunter & Giebisch, 1988), and epithelial cells (Kunzelmann et al., 1989). 

 

1.1.2 KATP Channel Structure and Genetic Basis 
KATP channels are hetero-octameric complexes comprising four pore-forming Kir6 

subunits, each of which is in association with one regulatory SUR subunit (Figure 1.1) (C. 

G. Nichols, Singh, & Grange, 2013). Kir6 subunits are encoded by KCNJ8 (Kir6.1) and 

KCNJ11 (Kir6.2), and SUR subunits are encoded by ABCC8 (SUR1) and ABCC9 (SUR2) 

(Figure 1.1A), which are members of the ATP binding cassette (ABC) family of membrane 

proteins (C. G. Nichols et al., 2013). The architecture of Kir6.1 and Kir6.2 is conserved 

with other Kir channels, with two transmembrane helices (M1 and M2), as well as a 

bridging extracellular loop that forms the narrow, ion-selective portion of the pore (Kuo et 

al., 2003; Tao, Avalos, Chen, & MacKinnon, 2009). Like other ABCC family members, 

SUR proteins contain two six-helix transmembrane domains, TMD1 and TMD2 (Bryan, 

Vila-Carriles, Zhao, Babenko, & Aguilar-Bryan, 2004). However, in addition, SUR proteins 

also contain an additional N-terminal TMD0 domain, which comprises 5 transmembrane 

helices that are key for functional expression of Kir6 (Bryan et al., 2004).  SUR proteins 
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also have two nucleotide binding folds (NBDs): the first (NBD1) between TMD1 and 

TMD2, and the second (NBD2) after TMD2 (Figure 1.1B), in the cytoplasmic C-terminus 

(C. G. Nichols, 2006; C.G. Nichols, Koster, Enkvetchakul, & Flagg, 2006). 

KCNJ8 and ABCC9 are adjacent genes on human chromosome 12p12.1 

(Chutkow, Simon, Le Beau, & Burant, 1996; Inagaki, Inazawa, & Seino, 1995) while 

KCNJ11 and ABCC8 are located on chromosome 11p15.1 (Inagaki, Gonoi, et al., 1995; 

Inagaki, Inazawa, et al., 1995) and these subunits are variably expressed to give rise to 

distinct KATP channels in different tissues (Figure 1.1) (Flagg et al., 2008; Koster et al., 

2006; C. G. Nichols et al., 2013). KATP heterogeneity is further conferred by variable 

splicing of SUR isoforms (Chutkow, Makielski, Nelson, Burant, & Fan, 1999; Davis-Taber 

et al., 2000; Gros et al., 2002); particularly prominent are 2 major splice isoforms of SUR2: 

SUR2A and SUR2B (Chutkow et al., 1996; Inagaki et al., 1996; Isomoto et al., 1996). 

KATP channels in vascular smooth muscle are predominantly composed of Kir6.1 and 

SUR2B (Aziz et al., 2014; A. Li et al., 2013; C. G. Nichols et al., 2013), whereas SUR2A 

predominates in cardiac ventricular myocyte KATP channels (Figure 1.1) (Cole, 

McPherson, & Sontag, 1991; Suzuki et al., 2002). 

 

1.1.3 Regulation of KATP Channel Activity 
1.1.3.1 Intracellular nucleotides 
Free (i.e., not Mg2+-bound) intracellular nucleotides inhibit the KATP channel, with ATP 

having the most pronounced effect, although ADP and several other nucleotides are also 

capable of causing KATP channel inhibition (Lederer & Nichols, 1989; C. G. Nichols & 

Lederer, 1990a; Noma, 1983). ATP binds to Kir6.2 in a horseshoe-shaped pocket formed 

by the residues 182-185 (IFSK) and 332-335 (KFGN) (Lee, Chen, & MacKinnon, 2017). 

Kir6.1 is slightly less sensitive to ATP inhibition than Kir6.2 (Babenko & Bryan, 2001; Y. 

Cui, Tran, Tinker, & Clapp, 2002). While KATP channels are capable of binding to four 

molecules of ATP, one in each subunit, binding of a single ATP is also sufficient to cause 

channel closure (Enkvetchakul & Nichols, 2003; Vanoye et al., 2002). Half-maximal 
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inhibition of rat ventricular KATP channels has been observed at ATP concentrations in the 

range of 20-100uM (Findlay, 1988; Lederer & Nichols, 1989; Noma, 1983).  

Conversely, magnesium-bound nucleotides activate the KATP channel – an effect 

most pronounced for MgADP, but also observed for MgATP (C. G. Nichols & Lederer, 

1990b; Proks, de Wet, & Ashcroft, 2013). Activation of KATP channels by Mg2+-nucleotides 

is mediated by interactions between the NBDs of the SUR subunit (Gribble, Tucker, & 

Ashcroft, 1997a; S. Shyng, Ferrigni, & Nichols, 1997). NBD1 interacts with NBD2 to form 

a MgATP and MgADP binding site potentially capable of MgATP hydrolysis, although the 

extent to which nucleotide hydrolysis contributes to channel activation remains unclear 

(Bienengraeber et al., 2000; de Wet et al., 2007; Kuhner et al., 2012; Ortiz, Gossack, 

Quast, & Bryan, 2013; Ueda, Inagaki, & Seino, 1997; Zingman et al., 2001). 

Given that the intracellular ATP:ADP ratio is the major determinant of KATP channel 

open probability (Po), KATP channels functionally tune membrane voltage (Vm) and cell 

excitability based on the dynamic metabolic state of the cell (C. G. Nichols et al., 2013). 

 

1.1.3.2 PIP2, pH, and phosphorylation 
In addition to the intracellular energy charge, membrane phospholipids such as 

phosphatidylinositol 4,5-bisphosphate (PIP2) increase KATP channel activity via binding to 

the Kir6 subunits (Baukrowitz et al., 1998; Fan & Makielski, 1997; Quinn, Cui, Giblin, 

Clapp, & Tinker, 2003; Ribalet, John, Xie, & Weiss, 2005; S. L. Shyng & Nichols, 1998), 

and this effectively reduces ATP sensitivity of the channel (Enkvetchakul & Nichols, 

2003). Accordingly, PIP2 hydrolysis by phospholipase C (PLC) leads to a reduction in 

KATP channel activity (Fan & Makielski, 1997; Hilgemann & Ball, 1996). Moreover, other 

lipids such as long-chain acyl-coA molecules have also been shown to influence KATP 

channel activity (Liu, Hanley, Ray, & Daut, 2001). 

KATP channels also exhibit functional response to intracellular pH, with acidic 

cytosolic conditions leading to increased KATP activity (Davies, 1990; Davies, Standen, & 

Stanfield, 1992; Xu et al., 2001). As with PIP2, low pH leads to decreased ATP sensitivity, 
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although the precise underlying molecular mechanisms remain unclear (N. Cui et al., 

2006; Wu et al., 2002). 

KATP activation has been observed in response to protein kinase A (PKA)-mediated 

phosphorylation of smooth muscle and pancreatic KATP, although the exact 

phosophorylation sites responsible for this functional effect remain unknown (Beguin, 

Nagashima, Nishimura, Gonoi, & Seino, 1999; Y. F. Lin, Jan, & Jan, 2000). Furthermore, 

protein kinase C (PKC) is capable of both inhibiting and activating cardiac ventricular KATP 

channels at low and high concentrations, respectively (Light, Allen, Walsh, & French, 

1995; Light, Sabir, Allen, Walsh, & French, 1996). 

 

1.1.3.3 Pharmacology 
Sulfonylurea drugs are classic KATP channel inhibitors that act primarily via binding with 

the SUR subunits (Aguilar-Bryan et al., 1995). Indeed, this functional effect is the basis 

for the naming of these proteins as “sulfonylurea receptors” (i.e., SUR). However, these 

compounds are also capable of interacting with the Kir6 subunits; initial reports with 

recombinant pancreatic-type (i.e., Kir6.2/SUR1) KATP channels helped establish a 

biphasic dose-response curve for sulfonylurea drugs, pointing to two distinct binding sites 

that exhibit differing pharmacological affinities (Gribble & Ashcroft, 1999; Gribble, Tucker, 

& Ashcroft, 1997b; Hansen et al., 2002). Whereas the Kir6 subunits possess a low-affinity 

binding site, the SUR subunit contains the characteristic high-affinity binding site 

(Ashfield, Gribble, Ashcroft, & Ashcroft, 1999; Gribble et al., 1997b). However, there are 

pronounced pharmacological differences between specific SUR isoforms; whereas KATP 

channels comprising either SUR1 or SUR2B exhibit high affinity for glibenclamide, 

glimepiride, repaglinide, and meglitinide, only SUR1-containing channels show high-

affinity response to tolbutamide, gliclazide, chlorpropamide, and nateglinide (Reimann, 

Dabrowski, Jones, Gribble, & Ashcroft, 2003) – a response that is apparently conferred 

by SUR1 residue S1237, as indicated by chimera studies and cryo-EM structural reports 

(Ashfield et al., 1999; Hambrock, Loffler-Walz, Russ, Lange, & Quast, 2001; Hansen et 

al., 2002; G. M. Martin, Kandasamy, DiMaio, Yoshioka, & Shyng, 2017). 
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An array of pharmacological KATP channel activators exists, including SUR2-

selective drugs such as pinacidil, minoxidil, nicorandil, and Cromakalim, and SUR1- and 

SUR2B-selective drugs such as diazoxide (Giblin, Cui, Clapp, & Tinker, 2002; Mannhold, 

2004). The specific binding sites underlying these effects remain undefined, although they 

appear to be separate from the high-affinity binding site of sulfonylurea drugs (Babenko, 

Gonzalez, & Bryan, 2000; Hambrock et al., 2001; Loffler-Walz, Hambrock, & Quast, 2002; 

Moreau, Jacquet, Prost, D'Hahan, & Vivaudou, 2000; Uhde, Toman, Gross, 

Schwanstecher, & Schwanstecher, 1999). 
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Figure 1.1: Genetic basis, composition, and structure of mammalian KATP channels. (A) Schematic 
representation of the genes encoding KATP channels. (B) Generic depiction of the hetero-octameric protein 
complex of the KATP channel, showing Kir6 tetramer surrounded by four SUR subunits, each containing two 
nucleotide binding domains (NBD1 and NBD2). (C) Illustration of tissue-specific mammalian KATP channel 
subunit architecture. (D) Cross-section of the KATP channel structural model, showing the ATP and Mg2+-
nucleotide binding sites.  
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1.2 KATP Channels in Cardiovascular Myocytes 
1.2.1 Cardiomyocytes 
Kir6.2 and SUR2A are the predominant isoforms in cardiac ventricular myocyte KATP 

channels (Figure 1.1C) (Cole et al., 1991; C. G. Nichols et al., 2013; Suzuki et al., 2002). 

As with all potassium channels, KATP channel activation (i.e., opening) in cardiomyocytes 

leads to K+ efflux and hyperpolarization of cell membrane potential, which causes action 

potential shortening and, after 1-15 minutes of maximum KATP activation, is capable of 

causing contractile failure  (Berlin, Cannell, & Lederer, 1989). Early contractile failure of 

cardiomyocytes can be delayed or avoided by pharmacological inhibition of KATP channels 

or by cellular injection of ATP; therefore, in contrast to the sustained contracture that 

follows, early contractile failure is due not to SR calcium depletion, but rather to robust 

activation of cardiac KATP conductances (Lederer, Nichols, & Smith, 1989). Thus, KATP 

channel activity is capable of having dramatic effects on cardiac function, partially as a 

consequence of being the most highly expressed cardiac ion channel (Foster & Coetzee, 

2016a). However, under normal physiological conditions when millimolar ATP levels 

cause full channel inhibition (Elliott, Smith, & Allen, 1989; Kakei M, 1985; Noma, 1983), 

KATP channels appear to play a negligible role in regulating cardiac function, which is 

supported by findings from genetic knock-out animals (Suzuki et al., 2001; Suzuki et al., 

2002) and gain-of-function transgenic animals (Flagg & Nichols, 2001). In general, it is 

understood that ATP depletion during ischemia causes activation of KATP channels, which 

may be cardioprotective by reducing cardiac contractility – a hypothesis that is supported 

by studies on genetic knock-in mice with cardiac KATP overactivity (A. J. Nichols, Koster, 

& Ohlstein, 1990; W. K. Olson et al., 2001; Suzuki et al., 2002). 

 

1.2.2 Vascular Smooth Muscle Cells 
KATP channels in vascular smooth muscle cells (VSMCs) are predominantly composed of 

Kir6.1 and SUR2B (Figure 1.1C) (Aziz et al., 2014; A. Li et al., 2013; C. G. Nichols et al., 

2013). In contrast to other myocytes, contractile VSMCs (i.e., from resistance vessels) 

exhibit a membrane potential that is relatively depolarized, in the range of ~ -30 to -45 

mV, near the activation range for LTCCs (Loutzenhiser, Chilton, & Trottier, 1997; Welsh, 
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Jackson, & Segal, 1998; Welsh, Nelson, Eckman, & Brayden, 2000). Thus, contractile 

VSMCs are normally in a partially activated state that is dually responsive to myotonic 

stimulation or inhibition; small positive membrane voltage (Vm) deflections activate 

voltage-sensitive LTCCs to increase contractile tone, whereas hyperpolarizing stimuli, 

such as activation of K+ channels, shift the Vm away from the activation range of LTC 

channels, resulting in reduced contractility, in turn causing vasodilation and decreased 

systemic vascular resistance (Brayden, 2002). Since basal electrical resistance of the 

VSMC plasma membrane is very high, in the range of 1–10 GΩ, even very small 

increases in K+ conductance mediated by only a few K+ channels can have dramatic 

effects on VSMC membrane potential and contractility (Nelson, Patlak, Worley, & 

Standen, 1990). KATP channels are key determinants of smooth muscle excitability (Bonev 

& Nelson, 1993; Ko, Han, Jung, & Park, 2008; Nakashima & Vanhoutte, 1995; Nelson, 

Huang, Brayden, Hescheler, & Standen, 1990; Teramoto, 2006). During hypoxia, 

activation of vascular KATP channels is thought to mediate coronary vasodilatory response 

by the arteries to maintain cardiac blood supply (Daut-J.   Maier-Rudolph-W.   von 

Beckerath-N.   Mehrke-G.    Gunther-K.   Goedel-Meinen-L. IN Physiologisches Institut 

der Technischen Universitat Munchen, 1990). Moreover, KATP channels play a role in 

ischemic reperfusion of coronary and cerebral blood vessels (Bari, Louis, & Busija, 1998; 

Kanatsuka et al., 1992). Several reports have also demonstrated a link between vascular 

KATP channel activity and the characteristic vasodilation that occurs in the context of 

endotoxemia and acidosis (Ishizaka & Kuo, 1996; Kinoshita & Katusic, 1997; Landry & 

Oliver, 1992). 

 In contrast to distal resistance vessels, VSMCs that comprise larger, elastic 

vessels such as the aorta are not understood to be contractile; instead, elastic vessels 

distend to accommodate cardiac stroke volume during systole, and passively recoil during 

diastole, thereby delivering a non-pulsatile, laminar flow of blood to distal vessels and 

capillaries (Wagenseil & Mecham, 2009). This passive function is conferred by the 

characteristic network of elastic fibers of large proximal vessels, which in turn is produced 

and deposited by elastogenic VSMCs (Wagenseil & Mecham, 2009). Increased 
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elastogenesis is a recognized consequence of pharmacological activation of vascular 

KATP channels (Fhayli et al., 2019; Hayashi et al., 1994; Knutsen et al., 2018; Tajima, 

Hayashi, Suzuki, & Nishikawa, 1995). Thus, electrical activity in general, and KATP activity 

in particular, are key components of normal VSMC function in elastic vessels as well as 

resistance vessels, and alterations have been shown to dramatically influence VSMC 

function in ways that are relevant to disease (Dabertrand et al., 2015; Humphries & Dart, 

2015; Jouen-Tachoire, Tucker, & Tammaro, 2021; Welch & Chung, 2022). 

 

1.3 KATP Channels and Cardiovascular Pathology in Cantú Syndrome 
1.3.1 Clinical Features of Cantú Syndrome 

Cantú Syndrome (CS) was first described in 1982 in Mexico by Dr. Cantú (Cantu, 

Garcia-Cruz, Sanchez-Corona, Hernandez, & Nazara, 1982). CS is characterized by a 

very complex symptomatology (Figure 1.2) predominantly affecting the cardiovascular 

system, with pathologies including cardiac hypertrophy and hypercontractility, aortic 

insufficiency, aortic root dilatation, patent ductus arteriosus, pericardial effusion, systemic 

hypotension, pulmonary hypertension, and striking vascular dilation and tortuosity 

(Concolino, Formicola, Camera, & Strisciuglio, 2000; Engels et al., 2002; Garcia-Cruz et 

al., 2011; Garcia-Cruz et al.; Grange, Lorch, Cole, & Singh, 2006; Grange et al., 2019; 

Kobayashi, Cook, & Williams; Lazalde, Sanchez-Urbina, Nuno-Arana, Bitar, & de Lourdes 

Ramirez-Duenas, 2000; C. G. Nichols et al., 2013; Robertson et al., 1999; Rosser et al., 

1998; Scurr et al.). The latter gross morphological changes to the vasculature correspond 

to abnormal biomechanical properties, including excessive vascular compliance (Grange 

et al., 2019; Y. Huang et al., 2018). Thus, CS pathologies encompass a complex array of 

cardiovascular features, particularly those pertaining to CS vasculopathy. 

 Although the cardiovascular pathologies are particularly diverse and striking 

(Figure 1.2A), CS is also characterized by clinical features affecting many other organ 

systems (Figure 1.2B), including hypertrichosis, lymphedema, distinctive facial features, 

macrocephaly, skeletal abnormalities, joint hyperextensibility, broncheomalacia, and 

migraines or severe headache (Concolino et al., 2000; Engels et al., 2002; Garcia-Cruz 
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et al., 2011; Garcia-Cruz et al.; Grange et al., 2006; Grange et al., 2019; Kobayashi et al.; 

Lazalde et al., 2000; C. G. Nichols et al., 2013; Robertson et al., 1999; Rosser et al., 

1998; Scurr et al.). Neonates with CS are at a high risk for preterm delivery (<37 weeks), 

and over half of their mothers exhibit polyhydramnios (Grange et al., 2019). Key 

diagnostic features at birth generally include hypertrichosis, distinctive facial morphology, 

and macrocephaly (Grange et al., 2019). Developmental delay is often reported in young 

children, but intellectual disability is not common, and intelligence is typically normal in 

adult CS patients (Grange et al., 2019). The clinical features of CS arise with highly 

variable expressivity, even for a 

given variant within the same 

family, although underlying 

mechanisms responsible for 

such variable expressivity are 

not understood (Grange et al., 

2019) (C. G. Nichols et al., 

2013). 
 

Figure 1.2: Complex clinical features of Cantú Syndrome. 
(A) Characteristic cardiovascular features include cardiac 
hypertrophy (left panel), and vascular dilation, compliance, and 
tortuosity (middle and right panels). (B) Extra-cardiovascular 
features include distinctive facial morphology (left), 
hypertrichosis (middle), lymphedema (top right), and joint 
hyperextensibility (bottom right). 
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1.3.2 Genetic Basis and Molecular Mechanism of Cantú Syndrome  
KATP channel activator drugs such as diazoxide and minoxidil have been used 

systemically to treat congenital hyperinsulinism and refractory hypertension, as well as 

topically, in the case of minoxidil, to promote hair growth. Characteristic side effects were 

consistently observed in patients treated with these drugs, including hypertrichosis, 

pericardial effusion, coarsening of facial features, and edema (Mehta, Mamdani, 

Shansky, Mahurkar, & Dunea, 1975; Meisheri, Cipkus, & Taylor, 1988; Miki et al., 2005; 

Pennisi et al., 1977). Based on the striking resemblance of these side effects to classic 

CS features, it was hypothesized that CS may result from K+ channel overactivity (Grange 

et al., 2006). 

Various studies soon determined that CS patient mutations arising in ABCC9 and 

KCNJ8 genes confer GoF to recombinant KATP channels due to differential mechanisms, 

including elevated channel sensitivity to Mg2+-nucleotide activation and/or diminished 

sensitivity to ATP inhibition (Brownstein et al., 2013; Cooper, McClenaghan, Chen, Stary-

Weinzinger, & Nichols, 2017; Cooper et al., 2014; Cooper, Sala-Rabanal, Lee, & Nichols, 

2015; Harakalova et al., 2012; McClenaghan et al., 2018; van Bon et al., 2012). Thus, the 

diverse array of CS clinical features are all fundamentally driven by GoF of Kir6.1/SUR2 

KATP channels resulting from autosomal dominant missense mutations in ABCC9 and, 

less commonly, KCNJ8, which may be inherited or arise de novo (Grange et al., 2019). It 

has recently been established that the cardiovascular features of CS share a primary 

origin in vascular KATP GoF, which produces cardiac hypertrophy and hypercontractility 

arising even in the absence of cardiac KATP GoF (Y. Huang et al., 2018). 

K+ channels have long held promise as potential cardiovascular therapeutic targets 

given their ubiquitous, yet often tissue-specific expression, along with their critical roles 

as modulators of membrane potential and excitability (Humphries & Dart, 2015). 

Moreover, while very few K+ channel-selective drugs are currently approved for clinical 

use in cardiovascular disease, KATP channel drugs are an exception, which is particularly 

promising for CS given the array of licensed KATP channel inhibitors (Humphries & Dart, 

2015). However, in spite of this, there are currently no well-established treatments for CS. 
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Studies from the Nichols and Grange groups support the potential benefit of sulfonylureas 

as effective inhibitors of genetically overactive KATP channels (McClenaghan, Huang, 

Yan, et al., 2020). There is also recent evidence that these drugs may provide clinical 

benefit in CS patients (A. Ma et al., 2019), although the risk of hypoglycemia caused by 

“off-target” effects on Kir6.2/SUR1 pancreatic KATP channels remains a chief concern that 

limits the widespread clinical use of these drugs in the treatment of CS. 

 

1.3.3 Approaches to Understanding Molecular, Cellular, and Pathophysiological 
Consequences of CS mutations 
1.3.3.1 Heterologous Expression of Recombinant Channels  
The use of recombinant complementary DNA (cDNA) for heterologous expression 

marked a key technological advance that paved the way for protein cloning, sequencing, 

and functional analysis, yielding breakthroughs in our understanding of structure-function 

relationships in ion channels (Mathie, Veale, & Holden, 2021; Tapper & George, 2003). 

The innovation enabled selective expression of ion channel cDNA in amenable cell lines 

at a time when the study of native channels was especially difficult and often impractical, 

allowing for in-depth characterization of molecular consequences resulting from 

pathogenic ion channel mutations (Mathie et al., 2021; Tapper & George, 2003). 

In the past decade, heterologous expression of recombinant KATP channels has 

provided an invaluable approach for testing whether novel reported ABCC9 and KCNJ8 

variants from suspected CS patients give rise to channel GoF (Brownstein et al., 2013; 

Cooper et al., 2017; Cooper et al., 2014; Cooper et al., 2015; Harakalova et al., 2012; 

McClenaghan et al., 2018; van Bon et al., 2012). Beyond functional confirmation of GoF, 

studies on recombinant channels have led to deeper understanding of underlying 

molecular mechanisms, which generally include elevated sensitivity to Mg2+-nucleotide 

activation, and/or reduced sensitivity to ATP inhibition (Brownstein et al., 2013; Cooper 

et al., 2017; Cooper et al., 2014; Cooper et al., 2015; Harakalova et al., 2012; 

McClenaghan et al., 2018; van Bon et al., 2012). Furthermore, recombinant KATP channels 

have provided an avenue for characterizing pharmacological consequences of CS 
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mutations, some of which are capable of reducing sensitivity to KATP channel inhibitors 

(Cooper et al., 2017; Cooper et al., 2015), which has direct implications for potential 

pharmacotherapeutic candidates for the clinical treatment of CS.  

However, much of our understanding of CS mutations to-date is based on 

heterologous expression of nonhuman constructs with analogous mutations in rat and/or 

mouse genes. While molecular consequences are likely qualitatively or “directionally” 

consistent with human-specific channels, it is possible that fundamental molecular 

mechanisms and pharmacology associated with analogous nonhuman constructs may 

quantitatively diverge from those in human-specific proteins. Moreover, studies on 

recombinant KATP channels generally employ heterologous expression of Kir6.2/SUR2A, 

due to pronounced rundown of vascular-type (i.e., Kir6.1/SUR2B) channels in inside-out 

excised patch-clamp experiments (Brownstein et al., 2013; Cooper et al., 2017; Cooper 

et al., 2014; Cooper et al., 2015; Harakalova et al., 2012; McClenaghan et al., 2018; van 

Bon et al., 2012). 

Again, qualitative effects of mutations in Kir6.2/SUR2A channels are likely 

conserved irrespective of the pore-forming subunit, but it is known that nucleotide-

dependent channel activity differs quantitatively between SUR2A and SUR2B, which are 

identical except for their C-terminal exon (Matsuoka et al., 2000; Reimann, Gribble, & 

Ashcroft, 2000). Thus, it is reasonable to expect that molecular consequences are not 

quantitatively identical between channels comprising differing protein composition. 

Furthermore, conclusions from experiments using heterologously expressed KATP 

channels are generally focused in scope, appropriately limited to primary molecular 

consequences of channel variants expressed in cell lines that are efficient for transfection 

and patch-clamp (e.g., Cos, HEK, etc.), but which do not functionally resemble VSMCs 

or other myocytes, precluding in-depth characterization of secondary, downstream effects 

relevant to cell and tissue function. Thus, while analysis of recombinant channels is a 

powerful approach for assessing molecular consequences of mutations, it should be used 

in parallel with other systems for a comprehensive understanding of associated cell-

autonomous and pathophysiological consequences. 
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1.3.3.2 Murine Models  
Mouse models have been invaluable for the study of cardiovascular biology and disease 

in a complex pathophysiological context (Faury et al., 2003; Hawes et al., 2020; Houser 

et al., 2012; C. L. Huang, 2017; C. J. Lin et al., 2021; Miano, Zhu, & Lowenstein, 2016; 

Wagenseil et al., 2009). Although much valuable knowledge has been generated from 

human studies, it is inevitably observational due to obvious ethical issues precluding 

interventional experimentation on human biology (C. L. Huang, 2017). Nonhuman animal 

models of cardiovascular disease allow for targeted genetic manipulations and 

exploratory pharmacological interventions in a physiological setting, and interpretations 

are often highly translatable to human clinical conditions (C. L. Huang, 2017). Additionally, 

native cells from animal models provide a valuable approach to study bona fide 

cardiovascular cells within the vastly complex pathophysiological milieu that involves 

signaling from other cells, the extracellular matrix (ECM), and circulating hormones, which 

impact cell function in myriad ways and often play critical pathogenic roles (Faury et al., 

2003; C. J. Lin et al., 2021; Schwach & Passier, 2019; Stegemann, Hong, & Nerem, 

2005). Specifically, the advent of CRISPR-Cas9 gene editing has heralded major 

breakthroughs in cardiovascular disease modeling due to its remarkable simplicity and 

efficiency (Miano et al., 2016). This technology involves a Cas9 endonuclease, a chimeric 

guide RNA, and a homology directed repair template for precise genome editing (Miano 

et al., 2016). Many cardiovascular diseases, including a wide array of electrophysiological 

pathologies, have been studied in CRISPR-Cas9-modified murine models (Miano et al., 

2016).  

 To better understand the pathogenic mechanisms linking CS mutations to 

cardiovascular pathology in vivo, the Nichols group generated novel CS mouse models 

by using CRISPR-Cas9 to globally introduce the CS-associated SUR2[A478V] (AV) and 

Kir6.1[V65M] (VM) mutations to the equivalent endogenous murine loci (Y. Huang et al., 

2018; McClenaghan, Huang, Yan, et al., 2020). These animals recapitulate CS 

cardiovascular pathologies, including cardiomegaly, elevated cardiac output, low 
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systemic blood pressure, and a dilated, compliant vasculature (Y. Huang et al., 2018). 

Whole-cell patch-clamp recordings from acutely isolated VSMCs revealed elevated basal 

KATP conductances, especially in VM mice, explaining the mechanistic basis for 

vasodilation and lower blood pressure (Y. Huang et al., 2018). Inside-out excised patch-

clamp recordings from acutely isolated ventricular cardiomyocytes revealed KATP GoF for 

AV animals, but normal cardiac KATP activity in V65M mice, consistent with prevailing 

evidence that Kir6.1 (i.e., the protein containing the VM mutation) is not functionally 

expressed in the myocardium (C. G. Nichols et al., 2013). Importantly, since VM mice 

have a severe cardiovascular phenotype, this finding indicates that CS cardiac 

pathologies are driven by vascular KATP overactivity, highlighting the critical etiological 

role of CS vasculopathy. CS vascular dysfunction drives cardiac remodeling due to 

elevated renin-angiotensin signaling and baroreceptor-mediated adrenergic signaling (Y. 

Huang et al., 2018; McClenaghan, Huang, Matkovich, et al., 2020; McClenaghan, Huang, 

Yan, et al., 2020). The Nichols group also demonstrated reversal of cardiac hypertrophy 

and systemic hypotension in AV and VM mice using VSMC-specific genetic knockdown 

of KATP channel activity, as well as with chronic glibenclamide administration 

(McClenaghan, Huang, Yan, et al., 2020). These findings provide further confirmation that 

vascular KATP GoF drives CS cardiac pathology, and demonstrates that the hypomyotonic 

component of CS vasculopathy is reversible with pharmacotherapeutic use of 

glibenclamide as a CS treatment in vivo. 

Thus, the advantages of nonhuman animal models have paved the way for great 

strides in our understanding of the consequences and implications of CS mutations in 

vivo. However, since the physiological context is so profoundly integrated, it precludes 

dissection of purely cell-autonomous mechanisms from those influenced by the 

environment within which native VSMCs are embedded. Additionally, the use of 

nonhuman animal models carries a risk of introducing non-translatable artifacts due to 

species-based differences in biology, which is a latent possibility that is rarely suspected 

or accounted for, unless findings are replicated in human cell-based systems (Perlman, 

2016; von Scheidt et al., 2017; Zaragoza et al., 2011). 
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1.3.3.2 Human iPSC-Derived Cardiovascular Cell Models 
1.3.3.2.1 Pluripotent Stem Cells 
In 1981, nearly coinciding with the time that KATP channels were being discovered, early 

reports described cell lines derived from pre-implantation embryos, and exhibited a 

capacity to generate any cell type in the body – a property known today as pluripotency 

(M. J. Evans & Kaufman, 1981; G. R. Martin, 1981). These newfound cells, deemed 

embryonic stem cells (ESCs), transformed the field of developmental biology and marked 

the beginning of a new era in technologies for genetic engineering (Bradley, Evans, 

Kaufman, & Robertson, 1984; Doetschman et al., 1987). A couple decades later, it was 

discovered that somatic cells could be reprogrammed to induce expression of 

characteristic pluripotency-related genes via fusion with ESCs (Cowan, Atienza, Melton, 

& Eggan, 2005; Tada, Takahama, Abe, Nakatsuji, & Tada, 2001). These major advances 

provided intriguing evidence that even terminally differentiated somatic cells could be 

reprogrammed to a pluripotent state – a revolutionary concept that was previously thought 

not to be possible. Given the complex ethical nuances of ESC acquisition and study, this 

notion held great theoretical promise for provision of an essentially unlimited source of 

pluripotent stem cells.  

 Landmark reports soon detailed the induction of mouse fibroblasts into ESC-like 

cells through ectopic overexpression of only four key pluripotency-associated 

transcription factors: OCT3/4, SOX2, KLF4 and c-MYC (OSKM) (Takahashi & Yamanaka, 

2006). These cells were termed induced pluripotent stem cells (iPSCs). In the ensuing 

year, the same pioneering group showed that the OSKM reprogramming approach could 

also generate human iPSCs (hiPSCs) (Takahashi et al., 2007). At almost the same time, 

a separate group demonstrated that this could also be achieved by expressing NANOG 

and LIN28, in addition to OCT3/4 and SOX2 (Yu et al., 2007). Since then, a wide array of 

reprogramming methods have been described, and various groups have demonstrated 

that, with appropriate differentiation conditions, iPSCs are indeed amenable to 

differentiation into essentially any somatic cell type, via lineage involving all three germ 
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layers (Karagiannis et al., 2019; Pushp et al., 2021). 

iPSCs provide promising avenues for a wide range of applications, from basic 

scientific study and disease modeling to drug discovery and tissue regenerative therapies 

(Gahwiler et al., 2021; Karagiannis et al., 2019; Maguire, Xiao, & Xu, 2017; Patsch et al., 

2015; Trillhaase, Maertens, Aherrahrou, & Erdmann, 2021). In particular, patient-derived 

iPSCs represent an invaluable avenue for precision medicine-based approaches, which 

stem from a recognition that disease mechanisms and therapeutic responses may be 

influenced by the unique genetic background of an individual (Karakikes, Ameen, 

Termglinchan, & Wu, 2015). Furthermore, whilst transformed cell lines and nonhuman 

animal models have contributed significantly to our understanding of human 

cardiovascular biology and pathogenesis, the need for human cell-based systems is 

obviated by the degree to which human cell biology is distinct from established nonhuman 

models (Karakikes et al., 2015; H. Zhang et al., 2021). Thus, human iPSC-derived cells 

are increasingly being used to shape our understanding of human biology and disease. 

However, interpretations from such cells must be appropriately informed by the extent of 

our understanding regarding their resemblance to the relevant native cell type (Karakikes 

et al., 2015). There is no sufficient set of factors to definitively ‘prove’ that a hiPSC-derived 

cell is bona fide. However, a range of cellular features may be characterized in parallel to 

provide reasonable confidence of the degree of phenotypic recapitulation and, of equal 

importance, functional aspects where hiPSC-derived cells diverge from their native 

counterparts. Although there is no exhaustive list, such factors may include transcriptomic 

signatures, metabolomic profiles, cell surface marker expression, characteristic functional 

responses, and electrophysiology (Karagiannis et al., 2019; Karakikes et al., 2015; Patsch 

et al., 2015). Collectively, characterization of such factors may lead to a holistic 

understanding of the extent to which a given hiPSC-derived cell type merits inferences 

regarding fundamental biology, disease, and medicine.  

 

 

1.3.3.2.2 hiPSC-Derived Cardiomyocytes 
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There are substantial functional differences between human cardiomyocytes and 

those isolated from nonhuman animal models, which include beat rates, Ca2+ handling, 

bioenergetic consumption, myofilament structure, and cardiomyocyte electrophysiology 

(Karakikes et al., 2015). Therefore, human-based cell models are particularly important 

for cardiac research. Human iPSC-derived cardiomyocytes (hiPSC-CMs) provide a 

means to overcome the barriers associated with nonhuman animal models, and require 

only minimally invasive procedures to provide a theoretically unlimited supply of patient-

derived, immortalized human cardiomyocytes (Karakikes et al., 2015). Accordingly, much 

attention has been dedicated to generation and refinement of hiPSC-CMs (Burridge, 

Keller, Gold, & Wu, 2012; Collins & Varmus, 2015; Karakikes et al., 2015; Kolanowski, 

Antos, & Guan, 2017; van Mil et al., 2018). Various independent reports have defined key 

signaling pathways that promote pro-cardiac programming during cardiomyocyte 

differentiation, including canonical Wnt signaling, nodal (i.e., Activin/TGF-β) pathways, 

and bone morphogenetic protein (BMP) (S. M. Evans, Yelon, Conlon, & Kirby, 2010; 

Noseda, Peterkin, Simoes, Patient, & Schneider, 2011; E. N. Olson, 2006). Recent 

methodological advances in hiPSC-CM differentiation aim to recapitulate these natural 

signaling pathways in vitro (Kattman et al., 2011; Lian et al., 2012; J. Zhang et al., 2012). 

While various small molecules and hormones have been reported to help direct hiPSC-

CM differentiation (Burridge et al., 2012), tight temporal modulation of Wnt signaling is 

particularly critical, with optimal pro-cardiac programming associated with an initial 48-

hour Wnt activation, followed by a 48-hour window of Wnt inhibition In general, hiPSC-

CM differentiation protocols give rise to phenotypically heterogeneous cell populations, 

necessitating subsequent CM purification – this can be metabolically achieved through 

glucose deprivation (Tohyama et al., 2013), in addition to a variety of other viable 

purification methods (Ban et al., 2013; Dubois et al., 2011; Hattori et al., 2010; Uosaki et 

al., 2011). These approaches to generate hiPSC-CMs have led to insights to prevalent 

diseases like hypertrophic cardiomyopathy (Lan et al., 2013) and dilated cardiomyopathy 

(Sun et al., 2012), in addition to various channelopathies, including long-QT syndromes 

(Davis et al., 2012; Egashira et al., 2012; Itzhaki et al., 2011; Lahti et al., 2012; Matsa et 
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al., 2011; Moretti et al., 2010; Wang et al., 2014; Yazawa et al., 2011; Zhu et al., 2019) 

and catecholaminergic polymorphic ventricular tachycardia (Fatima et al., 2011; Jung et 

al., 2012; Novak et al., 2012).  

However, despite these advances, multiple reports have demonstrated substantial 

phenotypic heterogeneity in differentiated cardiac cell populations, such as distinct 

electrical characteristics corresponding to atrial-, ventricular- and nodal-like cells 

(Burridge et al., 2014; J. Ma et al., 2011; Yazawa et al., 2011; J. Zhang et al., 2009; Zwi 

et al., 2009). Overall, cardiac ion channel expression of hiPSC-CMs largely recapitulates 

native CMs, including functional expression of depolarizing INa currents, If currents, and 

L-type Ca2+ channels (Davis et al., 2012; J. Ma et al., 2011; Yazawa et al., 2011) and 

hyperpolarizing K+ currents such as Ito, IKs, and IKr (J. Ma et al., 2011; Moretti et al., 2010). 

However, in contrast to native CMs, hiPSC-CMs generally exhibit essentially negligible 

IK1 current, which is important for repolarization during the cardiac action potential 

(Karakikes et al., 2015). Furthermore, it remains unclear whether hiPSC-CMs consistently 

exhibit functional KATP channel expression (Karakikes et al., 2015), despite this being 

perhaps the most highly expressed ion channel in native cardiomyocytes (Foster & 

Coetzee, 2016a). Therefore, although major strides have been made in the use of hiPSC-

CMs to study cardiac biology and disease, there remain key challenges in the generation 

of cells that faithfully recapitulate the electrophysiology of native, adult CMs. 

 

1.3.3.2.3 hiPSC-Derived Vascular Smooth Muscle Cells 
Cardiovascular events are often preceded by vascular abnormalities, and thus critical to 

prevention of cardiovascular deaths is an understanding of fundamental vasculopathic 

mechanisms arising in VSMCs (Dash, Jiang, Suh, & Qyang, 2015). VSMCs derived from 

human induced pluripotent stem cells (hiPSCs) offer promise for the study of human-

specific, as well as cell-autonomous, mechanisms of cardiovascular disease, and can 

also provide an approach for pharmacotherapeutic testing (Maguire et al., 2017; Patsch 

et al., 2015). The latter has generated excitement and is the subject of active, ongoing 

study in the field of hiPSC-derived 3D tissue engineering (Gahwiler et al., 2021; Trillhaase 
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et al., 2021). New approaches for differentiation of hiPSCs into vascular smooth muscle 

cells (hiPSC-VSMCs) are increasingly being used to shape our understanding of vascular 

biology and fundamental disease mechanisms (Maguire et al., 2017; Oh, Jung, & Yoon, 

2021; Patsch et al., 2015). The most robust differentiation protocols employ chemically 

defined conditions to mimic endogenous developmental signaling cues, and 

subsequently carry out comprehensive validation of VSMC phenotype through a 

combination of transcriptomic, metabolomic, proteomic, and bio-functional modalities to 

holistically characterize cell identity (Ayoubi, Sheikh, & Eskildsen, 2017; Dash et al., 2015; 

Patsch et al., 2015; Shen, Quertermous, Fischbein, & Wu, 2021). One such protocol was 

recently developed by the Cowan group, and yields an essentially pure population of 

hiPSC-VSMCs (Patsch et al., 2015). 

 hiPSC-VSMCs may represent a very promising approach for the study of 

fundamental pathogenic mechanisms underlying complex CS cardiovascular 

pathologies, which share a fundamental etiology of overactive vascular KATP channels (Y. 

Huang et al., 2018; McClenaghan, Huang, Yan, et al., 2020). As the vast majority of 

knowledge to-date has been generated from murine models and heterologous expression 

of rat/mouse constructs (Brownstein et al., 2013; Cooper et al., 2017; Cooper et al., 2014; 

Cooper et al., 2015; Harakalova et al., 2012; McClenaghan et al., 2018; van Bon et al., 

2012), patient-derived hiPSC-VSMCs may represent an avenue for gaining insight to 

human-specific, cell-autonomous mechanisms underlying CS vasculopathy. Moreover, 

many CS-associated mutations have been identified (Grange et al., 2019), and often 

possess distinct molecular mechanisms (Brownstein et al., 2013; Cooper et al., 2017; 

Cooper et al., 2014; Cooper et al., 2015; Harakalova et al., 2012; McClenaghan et al., 

2018; van Bon et al., 2012), and occasionally affect pharmacological sensitivity to 

pharmacotherapeutic candidates such as glibenclamide (Cooper et al., 2017; Cooper et 

al., 2015). It is conceivable that differences may also exist in the downstream cellular 

consequences of these various mutations. Thus, hiPSC-VSMCs derived from individual 

CS patients may offer a way to characterize mutation-specific disease mechanisms, and 

inform personalized approaches to pharmacotherapeutic treatment plans in CS (Collins 
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& Varmus, 2015). 

 

1.3.4 Major Questions Addressed in this Thesis 
The above sections have discussed prior studies of the genetic basis, protein 

composition, structure, and function of KATP channels in mammalian tissues, as well as 

studies revealing that GoF mutations in these channels constitute the molecular basis of 

the complex, multisystem disorder known as Cantú Syndrome. At the beginning of this 

project, the use of existing sulfonylurea drugs to treat CS through inhibition of 

cardiovascular KATP channels was theoretical, and had not yet been explored in practice. 

This was mainly due to the clinical risk of potentially life-threatening hypoglycemia, arising 

from the ‘off-target’ action of these drugs on pancreatic KATP channels. The above 

sections also highlighted that, at the outset of this project, some CS mutations were 

known to reduce channel sensitivity to glibenclamide, the leading pharmacotherapeutic 

candidate in CS. Given the distinct genetic bases of pancreatic and cardiovascular KATP 

channels, this would be associated with reduced therapeutic effect, yet unaffected 

hypoglycemic risk. Therefore, understanding pharmacological consequences of particular 

CS mutations has critical implications for personalized, patient-specific treatment plans 

for CS. In the longer term, the development of cardiovascular-specific KATP inhibitors may 

be informed by deeper understanding of the precise molecular mechanisms by which CS 

mutations give rise to KATP channel GoF.  

 At the beginning of this project, very little was known about how CS mutations give 

rise to cardiovascular pathologies in vivo. Therefore, other members of the Nichols group 

had generated a CRISPR-Cas9 murine model of the most common CS mutation, 

SUR2[R1154Q]. However, several strange phenomena had been observed in this mouse 

model, which were not present in two other murine models also generated by the Nichols 

group. These unexplained phenomena included: (i) paradoxical cardiac KATP 

pharmacology, characterized by diazoxide- rather than pinacidil-sensitive channels; (ii) 

the discovery of a novel ABCC9 transcript in RQ mouse cardiomyocytes, and (iii) a 

phenotype that was unexpectedly mild compared to the two other murine CS models, 
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given the relative molecular effect of these mutations in recombinant channels. At the 

time, the basis and implications of these observations were completely unknown. It was 

also unclear to what extent alternate ABCC9 splicing was occurring in heterozygous and 

homozygous animals, and whether it was also present outside the heart, in other SUR2-

expressing myocytes. Perhaps most importantly, it was unknown whether alternate 

ABCC9 splicing was observed in human CS patients, which could explain the 

considerable variable expressivity of CS clinical features, even for a given variant within 

the same family. Regarding CS mouse models more generally, it was also unclear 

whether cardiovascular KATP GoF led to any compensatory effects on the functional 

activity of other vascular ion channels, potentially associated with complex 

pathophysiological signalling pathways that are stimulated in CS and are known to cause 

extensive phenotypic changes in cardiovascular cells (Briones et al., 2009). If observed, 

such compensatory electrophysiological changes would relate directly to the fundamental 

etiology of CS as a vascular electrical disease, and may also contribute to variable 

expressivity in CS. 

 Fundamental to understanding CS etiology is a grasp on cell-autonomous 

mechanisms, which link molecular KATP GoF to pathophysiological outcomes in vivo. Of 

particular relevance are such mechanisms in vascular cells, given the emerging evidence 

at the start of this project that CS vasculopathy is the underlying driver of broader 

cardiovascular pathologies. However, prior to this project, essentially nothing was known 

about vascular cell-autonomous pathogenic mechanisms in CS. It was hypothesized that 

KATP GoF causes cell hyperpolarization, leading to a hypocontactile vasculature, but this 

effect on membrane potential had never been demonstrated in any cell model with CS 

mutations. Even more fundamentally, despite prevailing evidence that vascular KATP GoF 

is the etiology of the diverse cardiovascular changes in CS, the molecular effect had never 

been demonstrated in human vascular cells with CS mutations. Additionally, it was 

hypothesized that elastogenesis was increased by CS mutations, based on apparently 

hyperelastic vascular changes in CS (Grange et al., 2019; Y. Huang et al., 2018; 

Kisilevsky, Kohly, & Margolin, 2019; Leon Guerrero et al., 2016), as well as past 
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observations from pharmacological studies (Hayashi et al., 1994; Knutsen et al., 2018; 

Tajima et al., 1995). However, increased elastin levels had never been experimentally 

demonstrated CS. Human iPSC-VSMCs offered a potential approach for exploring 

pathogenic vascular cell-autonomous mechanisms in CS. However, the use of this 

system for the study of a vascular electrical disease such as CS, and vascular disease in 

general, depends critically on the extent to which these cells recapitulate the 

electrophysiology of native VSMCs. Prior to this project, no study had assessed the 

electrophysiology of these cells. Electrical activity is a key component of normal VSMC 

function, and electrical abnormalities had been shown to dramatically alter VSMC function 

in ways that are relevant to disease (Dabertrand et al., 2015; Humphries & Dart, 2015; 

Jouen-Tachoire et al., 2021; Welch & Chung, 2022). Thus, there was a critical imperative 

to understand the electrophysiology of hiPSC-VSMCs, and how it relates to that of native 

VSMCs. 

 The following chapters describe the molecular characterization of several putative 

CS-associated variants in heterologously-expressed recombinant KATP channels, 

including underlying molecular mechanisms and sulfonylurea sensitivity (Ch. 2). 

Functional effects of the two most common CS mutations (RQ and RW) are characterized 

in recombinant channels (Ch. 2), murine models (Ch. 3), and patient derived hiPSC-

VSMCs (Ch.4). The unexpected phenomena in the RQ mouse are also characterized in-

depth (Ch. 3). Functional activity of other (non-KATP) vascular ion channels in native 

VSMCs isolated from CS mice is described (Ch. 3). The following chapters also address 

the question of whether alternate ABCC9 splicing is occurring in human patients (Ch. 4). 

The following chapters also contain the first electrophysiological characterization of 

hiPSC-derived VSMCs (Ch. 4). Functional KATP expression in hiPSC-CMs is also 

addressed (Ch. 4). Electrical consequences of CS mutations on KATP channel activity and 

membrane potential in CS patient-derived hiPSC-VSMCs are determined, which explain 

the hypomyotonic component of CS vasculopathy (Ch. 4). The following chapters also 

describe cell-autonomous hyperelastogenic consequences of CS mutations in patient-
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derived hiPSC-VSMCs and CS murine models, explaining the hyperelastogenic basis of 

CS vasculopathy (Ch. 4). 
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Chapter 2: Molecular consequences of  

CS mutations on recombinant KATP channel activity 

and pharmacology 
 

Adapted from McClenaghan, Hanson, et al. “Cantu syndrome-associated SUR2 (ABCC9) 

mutations in distinct structural domains result in KATP channel gain-of-function by 

differential mechanisms”, published 2018 in Journal of Biological Chemistry 

 

Prior to this project, several novel ABCC9 variants had been reported from suspected CS 

patients. However, these putative CS-associated mutations had not been functionally 

characterized. This chapter describes the molecular characterization of these CS-

associated variants in heterologously-expressed recombinant KATP channels.  

I identified the spatial cluster of novel CS mutations (M1056I, Y981S, G985E) and 

conceived the concerted functional characterization of these variants. I carried out 86Rb+ 

efflux experiments for the M1056I mutation, and Conor McClenaghan performed 86Rb+ 

efflux experiments for the other mutations. I carried out patch-clamp electrophysiology 

experiments to characterize the R1150Q and M1056I mutations, and the rest were 

characterized by Conor McClenaghan. Colin Nichols and Conor McClenaghan drafted 

the paper, and I helped review the manuscript. 

 

2.1 METHODS 
2.1.1 Molecular biology and cell culture 
Mutations were introduced into a rat SUR2A (pCMV_rSUR2A; GenBankTM accession 

no. D83598.1) cDNA construct using site-directed mutagenesis and verified by direct 

Sanger sequencing. The residue numbering refers to the rSUR2A clone, which shares 

97% sequence identity with the human sequence and was used to allow for comparison 

with previous reports of the effects of other CS mutations that also used rSUR2A. Cosm6 
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cells were cultured in Dulbecco's modified Eagle's medium (DMEM) and transfected using 

FuGENE 6 (Roche Applied Science) with WT pcDNA3.1_mKir6.2 (0.6 μg; 

GenBankTM accession no. D50581.1) and WT or mutant pCMV_rSUR2A constructs (1 

μg) in addition to 0.2 μg of pcDNA3.1_eGFP for visual detection of successful 

transfection. To model heterozygous expression of mutant subunits, cells were 

transfected with WT Kir6.2 along with a 1:1 ratio of WT and mutant rSUR2A (0.5:0.5 μg). 

Excised patch-clamp recordings were made 48–72 h post-transfection. 
 

2.1.2 86Rb+ efflux assay 
Transfected Cosm6 cells were plated in 12-well plates to reach 70–80% confluence on 

the day of experimenting. Prior to commencing the efflux assay, the culture medium was 

replaced by DMEM supplemented with 1 μCi/ml 86RbCl (PerkinElmer Life Sciences) and 

incubated for >6 h (37 °C/5% CO2) to load the cells with the 86Rb+ isotope. After the 

loading incubation, cells were washed with Ringer's solution containing (in mm) 118 NaCl, 

10 HEPES, 25 NaHCO3, 4.7 KCl, 1.2 KH2PO4, 2.5 CaCl2, and 1.2 MgSO4- either alone or 

supplemented with 2.5 mg/ml oligomycin and 1 mm 2-deoxy-d-glucose to induce 

metabolic inhibition (MI) and incubated at room temperature for a further 10 min. Cells 

were then washed three times with Ringer's solution (either with or without MI 

supplements) before the experiment was commenced. Ringer's solution was added to 

each well, collected, and replaced at the defined time points (2.5, 5, 12.5, 22.5, and 37.5 

min). After the experiment, cells were lysed with 2% SDS to attain the remaining 

intracellular 86Rb+, and sample radioactivity was determined by scintillation counting. 

The cumulative 86Rb+ efflux at each time point was calculated from the total counts 

from each sample (including the 86Rb+ remaining post-cell lysis). Apparent KATP-

independent efflux rate constants (k1) were obtained from GFP-transfected cells using 

Equation 1, 

 

and KATP-dependent efflux rate constant (k2) was obtained from KATP-transfected cells 

using Equation 2, 
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where k1 was obtained from GFP-transfected cells (Equation 1) The number of active 

channels was assumed to be proportional to k2. In MI conditions a time-dependent 

divergence from a mono-exponential efflux is observed. This is attributed to inactivation 

of background efflux mechanisms over time; therefore, in this condition rate constants 

were derived from exponential functions fit to early time points only (2.5–12.5 min). Efflux-

time data shown represents the mean ± S.E. from at least three independent experiments 

each with multiple replicates (N ≥ 3, n ≥ 4). KATP-dependent flux rate data is shown as 

mean ± S.D. Statistical significance was determined using Mann-Whitney U tests with 

a p value <0.05 deemed statistically significant. 

2.1.3 Inside-out excised patch-clamp recordings 
Pipettes were made from soda lime glass microhematocrit tubes (Kimble) and had a 

resistance of 1–2 megohms when filled with pipette solution. The bath and pipette 

solutions (KINT) contained (in mm): 140 KCl, 10 HEPES, 1 EGTA (pH 7.4 with KOH). 

Currents were recorded at a constant holding potential of −50 mV in the absence and 

presence of nucleotides as indicated. Where included, free Mg2+ concentrations were 

maintained at 0.5 mm by supplementation of MgCl2 as calculated using CaBuf 

(Katholieke Universiteit Leuven). Where stated, porcine brain PIP2 (Avanti Polar Lipids) 

was applied at 5 μg/ml. Rapid solution exchange was attained using a Dynaflow Resolve 

perfusion chip (Cellectricon). Experiments were performed at 20–22 °C. KATP channel 

currents in solutions of varying nucleotide concentrations were normalized to the basal 

current in the absence of nucleotides, and dose-response data were fit with a four-

parameter Hill fit according to Equation 3, using the Data Solver Function in Microsoft 

Excel, 

 
where the current in KINT = Imax = 1; Imin is the normalized minimum current observed in 

ATP/MgATP/glibenclamide; [X] refers to the concentration of ATP/MgATP/glibenclamide; 

IC50 is the concentration of half-maximal inhibition; and H denotes the Hill coefficient. 
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Data were tested for statistical significance using the Mann Whitney U test, and 

presented as mean ± S.E. in dose-response plots, and as mean ± S.D. in scatter plots 

showing IC50 values from individual experiments. 

 

2.2 RESULTS 
2.2.1 Cantu syndrome mutations result in gain-of-function of KATP channel in intact 

cells 
Y981S (human Y985S), G985E (G989E), and M1056I (M1060I) cluster together at the 

link between NBD1 and TMD2 (Figure 2.1). To determine the effect of mutations on KATP 

channel function, SUR2A constructs were co-expressed with Kir6.2 in Cosm6 cells, and 

channel activity was assessed using a radioactive 86Rb+ flux assay. First, basal KATP 

activity under quasi-physiological regulation by intracellular nucleotides in intact cells was 

determined by measuring 86Rb+ efflux from cells bathed in Ringer's solution. As shown in 

Figure 2.2A and 2.2B, the KATP -dependent 86Rb+ efflux rate in these conditions was 

significantly increased by the G985E and M1056I substitutions, although a trend toward 

an increase was observed for Y981S. Efflux rates in basal conditions are a function of 

both channel activity and surface membrane expression. Efflux rates  were measured in 

cells subjected to metabolic inhibition (MI) to decrease intracellular ATP synthesis and 

relieve channels of nucleotide regulation. Assuming that the single channel conductance 

is unaffected and that MI maximally activates available channels, the comparison of the 

MI efflux rate between constructs provides an estimation of the relative number of 

channels in the membrane. As shown in Figure 2.2C and 2.2D, there was a statistically 

insignificant decrease in Y981S efflux rate, implying that this mutation results in only a 

small decrease in channel number. Otherwise, the maximum flux under these conditions 

was not markedly different between constructs, suggesting that the number of active 

channels was similar. 
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Figure 2.1: SUR2 CS mutations in KATP channel structure. (A) KATP channels form as hetero-octamers 
of four pore-forming Kir6.x subunits each associated with a SUR subunit (two SUR subunits omitted from 
figure). (B) Schematic representation of the position of Y981S, G985E, M1056I, and R1150Q/R1150W in 
the linear sequence of SUR2. (C) Expected positions of Y981S, G985E, M1056I, and R1150Q/R1150W 
mapped onto the KATP channel structure (Kir6.2/SUR1). The residues shown are the analogous positions 
in rat SUR1 (Tyr-1004, Ala-1008, Thr-1089, and Arg-1183, respectively; there is 70% sequence identity 
between hSUR1 and rSUR2A, and structural the domains are expected to be conserved). ATP is modeled 
in the Kir6.2-binding site. 
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Figure 2.2: G985E and M1056I significantly increase basal KATP channel activity in intact cells. (A) 
Cumulative 86Rb+ efflux was measured from Cosm6 cells transfected either with GFP alone or with Kir6.2 
plus WT or mutant SUR2A. Efflux as a function of time was first recorded in basal conditions (cells incubated 
in Ringer’s solution). (B) The KATP-dependent efflux rate was attained from exponential fits to efflux time 
data. (C) Efflux was measured from cells subjected to MI (induced by incubation in Ringer’s solution with 
2.5 mg/ml oligomycin and 1 mm 2-deoxy-d-glucose from 10 min prior to commencing the flux assay). (D) 
The rate constant for KATP-dependent efflux in MI conditions was calculated from exponential fits to the 
early time points (2.5, 5, and 12.5 min, inset in C). Efflux-time data are shown as mean ± S.E., and KATP-
dependent efflux rate scatter plots show mean ± S.D. from 3 to 5 independent experiments. Statistical 
significance is denoted by asterisk and defined as p < 0.05 according to Mann-Whitney U test. 
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Figure 2.3: Y981S confers GoF when co-expressed with WT subunits in intact cells whereas only 
minor effects are observed for other mutations. (A) Cumulative 86Rb+ efflux was measured from Cosm6 
cells transfected either with GFP alone or with Kir6.2 alongside SUR2A-WT alone or SUR2A-WT with 
mutant SUR2A at a 1:1 ratio. Basal efflux shown as function of time. (B) The KATP-dependent efflux rate 
constants were calculated from exponential fits to efflux time data. (C) Efflux rate was measured in MI 
conditions (induced by incubation in Ringer’s solution with 2.5 mg/ml oligomycin and 1 mm 2-deoxy-d-
glucose from 10 min prior to commencing the flux assay). (D) Rate constants were calculated from early 
time points (2.5, 5, and 12.5 min, inset in C). Efflux-time data are shown as mean ± S.E., and KATP-
dependent efflux rate scatter plots show mean ± S.D. from 3 to 5 independent experiments. Statistical 
significance is denoted by asterisk and defined as p < 0.05 according to Mann-Whitney U test.  
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Since all known CS patients are heterozygous, these conditions were modeled by 

co-expressing Kir6.2 together with WT SUR2A and mutant SUR2A subunits at a 1:1 ratio. 

The resultant channels were assayed by monitoring 86Rb+ efflux. Only very minor 

increases in basal efflux rate were observed for G985E and M1056I, although a moderate, 

statistically significant increase was observed for Y981S channels (Figure 2.3). Taken 

together, these data demonstrate that whereas all tested mutations result in KATP GoF, 

the effect of heterozygous conditions is subtle under basal conditions. 

 

2.2.2 Mutations within the Y981/G985/M1056 cluster increase Mg2+-nucleotide 
activation 

The disease-associated mutations Y981S, G985E, and M1056I are all clustered together 

on transmembrane helices 12 and 13 in TMD2 (Figure 2.1). In comparison with WT 

SUR2A, the IC50  for ATP inhibition in the presence of Mg2+ was significantly increased by 

each of these mutations; however, there was no effect on ATP sensitivity in the absence 

of Mg2+ (Figure 2.4). This is further demonstrated by the increase in IC50[MgATP]/ 

IC50[ATP] for all mutants (Figure 2.4G), indicating that the mutations in this cluster of 

residues linking NBD1 to TMD2 increase channel activity by enhancing Mg2+-nucleotide 

activation. 

 

2.2.3 R1150Q and R1150W in TMD2 enhance Mg2+-nucleotide activation 
Having established that the TMD2 Y981S, G985E, and M1056I mutations enhance Mg2+-

nucleotide activation, I sought to test whether this mechanism was conserved for other 

TMD2 mutations, and the most common CS–associated mutations are R1150Q and 

R1150W. In agreement with a previous report (Harakalova et al., 2012), I found that 

R1150Q causes a large increase in MgATP IC50, whereas R1150W has a more modest 

effect (Figure 2.5). In contrast, R1150Q and R1150W caused only slight increases in ATP 

IC50 (Figure 2.5), again reflected in increased IC50[MgATP]/ IC50[ATP] for R1150Q and 

R1150W (Figure 2.5F), and thus both R1150Q and R1150W cause gain-of-function 

predominantly by enhancing Mg2+-nucleotide sensitivity. 
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Figure 2.4: Y981S, G985E, and M1056I cause KATP GoF by enhancing Mg2+-nucleotide activation.  
(A-C) Inside-out patch-clamp recordings were made from Cosm6 cells transfected with Kir6.2 alongside 
mutant SUR2A. The response to ATP in the presence (left) and absence (right) of Mg2+ was determined 
from voltage-clamped patches (−50 mV) of cells expressing either Y981S (A), G985E (B), or M1056I (C), 
as shown in representative traces (scale bars denote 500 pA/5 s unless otherwise stated). (D) Analysis of 
dose-response experiments showed that each mutation increased the IC50 for MgATP compared with WT 
(MgATP IC50 for Y981S was 39.6 ± 7.3 μm, Hill coefficient 1.2 ± 0.1, n = 6; MgATP IC50 for G985E was 48.4 
± 8.7 μm, Hill coefficient 1.1 ± 0.1, n = 11; MgATP IC50 for M1056I was 91.9 ± 14.4 μm, Hill coefficient 1.7 
± 0.2, n = 6), with little effect on ATP inhibition in the absence of Mg2+ (ATP IC50 for Y981S was 11.8 ± 2.2 
μm, Hill coefficient 1.0 ± 0.1, n = 4; ATP IC50 for G985E was 17.5 ± 4.7 μm, Hill coefficient 1.1 ± 0.1, n = 6; 
ATP IC50 for M1056I was 10.0 ± 5.6 μm, Hill coefficient 0.9 ± 0.1, n = 3). (E-F) Scatter plots show data from 
individual experiments with mean IC50 ± S.D. (G) Decreased ATP inhibition in the presence of Mg2+ only is 
demonstrated by the ratio of the IC50 for ATP in the presence and absence of Mg2+, which is markedly 
increased for Y981S, G985E, and M1056I. Statistical significance is denoted by asterisk and defined as p 
< 0.05 according to Mann Whitney U test. 
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Figure 2.5: R1150Q and R1150W also cause KATP GoF by enhancing Mg2+-nucleotide activation.  
(A-B) The response to ATP in the presence (A) and absence (B) of Mg2+ was determined for channels 
expressing Kir6.2 with R1150Q or R1150W, by inside-out patch-clamp recordings from Cosm6 cells as 
shown in representative traces (scale bars denote 500 pA/5 s unless otherwise stated). (C) Dose-response 
analysis demonstrated that both mutations markedly increased the IC50 for ATP in the presence of Mg2+, 
compared with WT (MgATP IC50 for R1150Q was 163.7 ± 36.8 μm, Hill coefficient 2.3 ± 0.3, n = 6; MgATP 
IC50 for R1150W was 46.0 ± 7.8 μm, Hill coefficient 1.2 ± 0.2, n = 6). (D-E) The effect on ATP sensitivity in 
the absence of Mg2+ was more modest for both mutations (ATP IC50 for R1150Q was 17.3 ± 4.3 μm, Hill 
coefficient 1.2 ± 0.2, n = 8; ATP IC50 for R1150W was 20.6 ± 3.4 μm, Hill coefficient 1.3 ± 0.2, n = 10). 
Scatter plots show data from individual experiments with mean IC50 ± S.D. (F) An increase in the ratio of 
the IC50 for ATP in the presence over the IC50 for ATP in the absence of Mg2+ indicates that these mutations 
also predominantly confer GoF by augmentation of Mg2+-nucleotide activation. Statistical significance is 
denoted by asterisk and defined as p < 0.05 according to Mann-Whitney U test. 
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2.2.4 Effect of CS GoF mutations on glibenclamide sensitivity 
Glibenclamide (glyburide) inhibits KATP channels in a biphasic manner, with high-affinity 

inhibition arising from interaction with the SUR subunit occurring at nanomolar to 

micromolar concentrations and low-affinity inhibition due to interaction with the Kir6.x 

subunit (Gribble & Reimann, 2003). To specifically measure high-affinity inhibition, 

glibenclamide was applied up to 10 μm. Glibenclamide inhibited WT SUR2A KATP currents 

(in the absence of nucleotides), Y981S, G985E, and M1056I (Figure 2.6), with maximal 

inhibition of ∼70% and IC50 values ranging from ∼15 to 45 nm. In contrast, mutations at 

residue 1150, in particular R1150W, resulted in a significant decrease in glibenclamide 

potency (Figure 2.7). 
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Figure 2.6: Y981S, G985E, and M1506I have no significant effect on glibenclamide sensitivity. (A) 
Inside-out patch-clamp recordings were made from Cosm6 cells transfected with Kir6.2 alongside WT or 
mutant SUR2A. Reversible inhibition was observed following administration of increasing glibenclamide 
concentrations, as shown in representative traces (scale bars denote 500 pA/5 s unless otherwise stated). 
(B) Dose-response analysis demonstrated that only minor, non-statistically significant variations in 
glibenclamide IC50 values were observed for these mutations (IC50 for SUR2A-WT was 29.5 ± 11.1 nm, Hill 
coefficient 1.0 ± 0.1, n = 11; IC50 for Y981S 13.1 ± 5.9 nm, Hill coefficient 0.9 ± 0.1, n = 3; IC50 for G985E 
39.2 ± 9.8 nm, Hill coefficient 1.0 ± 0.2, n = 4; IC50 for M1056I 47.3 ± 13.8 nm, Hill coefficient 1.0 ± 0.4, n = 
4). (C) Scatter plots show data from individual experiments with mean IC50 ± S.D. Statistical significance 
was determined using Mann-Whitney U test. 
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Figure 2.7: R1150Q and R1150W decrease glibenclamide sensitivity. (A) Glibenclamide sensitivity was 
measured from inside-out patch-clamp recordings from Cosm6 cells expressing Kir6.2 with either SUR2A-
WT, R1150Q, or R1150W as shown in representative traces (scale bars denote 500 pA/5 s unless 
otherwise stated). (B) Dose-response analysis shows that both R1150Q and R1150W induce a statistically 
significant decrease in glibenclamide sensitivity (IC50 for R1150Q was 86.3 ± 23.4 nm, Hill coefficient 0.8 ± 
0.3, n = 5; IC50 for R1150W was 303.5 ± 91.1 nm, Hill coefficient 0.8 ± 0.1, n = 5). (C) Scatter plots show 
data from individual experiments with mean IC50 ± S.D. Statistical significance is denoted by asterisk and 
defined as p < 0.05 according to Mann-Whitney U test. 
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Chapter 3: Complex consequences of CS SUR2 

variant R1154Q in genetically modified mice 
 

Adapted from Zhang*, Hanson*, et al. “Complex consequences of Cantu syndrome SUR2 

variant R1154Q in genetically modified mice”, published 2021 in JCI Insight 

* authors contributed equally to this work 

 

At the outset of this project, two CRISPR/Cas9-generated CS murine models (i.e., 

SUR2[A478V] and Kir6.1[V65M]) had been generated, which closely recapitulated the 

known cardiovascular pathologies of human CS patients. However, several unexpected 

findings had been observed in the mouse model with the most common CS mutation (i.e., 

SUR2[R1150Q]), including an unexpectedly mild phenotype, novel ABCC9 splicing, and 

an apparent isoform switch in cardiac KATP channels. Ultimately, the actual nature of these 

findings was defined, which is described in the following chapter. It was also unknown 

whether CS-dependent changes affected other (i.e., non-KATP) vascular ionic currents in 

vivo. This chapter includes the functional characterization of non-KATP vascular ionic 

conductances from a CS murine model with a severe phenotype. 

Haixa Zhang and Colin Nichols originally conceived the study. Colin Nichols 

oversaw the generation of the mutant mice. I carried out all patch-clamp experiments 

characterizing cardiac KATP activity from the RQ mouse, and determined that dominant 

pharmacology does not result from isoform mixing in recombinant KATP channels. I 

designed and performed patch-clamp experiments demonstrating membrane potential 

hyperpolarization of RQ mouse VSMCs. I isolated RNA from all cardiac, vascular, and 

skeletal myocyte tissues, and quantified novel ABCC9 splicing in each of these tissues. I 

discovered that functional ABCC9 LoF was the basis for the initially hypothesized ‘SUR1 

switch’ in RQ mouse cardiomyocytes. I designed and performed patch-clamp 

experiments characterizing the functional expression of non-KATP vascular ion channels.  

I carried out data analysis and designed figures for all aforementioned experiments. 
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Remaining experiments and associated analysis were performed by other authors. I 

helped Conor McClenaghan and Colin Nichols write the manuscript, which was edited by 

the other authors. 

 

3.1 METHODS 
3.1.1 CRISPR/Cas9 genome editing 
Using CRISPR/Cas9-mediated genome engineering technology  (Ran et al., 2013), 

knockin mice were engineered to carry a human GoF mutation in the ABCC9 gene, which 

encodes the accessory SUR2 subunit of the KATP channel. Guide RNA (gRNA) target 

sequences predicted using the MIT CRISPR design tool (http://crispr.mit.edu) were 

cloned into plasmid pX330 (Addgene 42230). sgRNA activity was validated in vitro by 

transfection of N2A cells using Roche X-tremeGENE HP (MilliporeSigma), followed by 

T7E1 assay (New England BioLabs Inc.). The T7 sgRNA template and T7 Cas9 template 

were prepared by PCR amplification and gel purification, followed by RNA in vitro 

transcription with the MEGAshortscript T7 kit (gRNA) or the T7 mMessage mMachine 

Ultra kit (Cas9). After transcription, RNA was purified with the Megaclear kit (Life 

Technologies). 200 nt ssODN donor DNAs with the appropriate mutation centered within 

the oligonucleotide were synthesized by Integrated DNA Technologies as ultramer 

oligonucleotides. 

B6CBA F1/J female mice (3–4 weeks old; The Jackson Laboratory) were 

superovulated and mated overnight with B6CBA F1/J male mice (>7 weeks old). Zygotes 

were harvested from the ampullae of superovulated females and placed in potassium-

supplemented simplex optimized medium (KSOM; MR106D) before microinjection. 

Microinjection of the Cas9, sgRNA, and ssDNA template (at a final concentration of 50 

ng/μL Cas9 WT RNA, 25 ng/μL gRNA, and 20 ng/μL ssODN DNA) was performed in 

flushing holding medium (FHM; EmbryoMax, MR-024-D, MilliporeSigma). After injection, 

zygotes were incubated at 5.5% CO2 at 37°C for 2 hours, and surviving embryos were 

transferred to ICR recipient mice (The Jackson Laboratory) by oviduct transfer. Founders 

were identified using a QIAGEN pyrosequencer and Pyromark Q96 2.5.7 software. 
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Multiple viable and fertile positive founder mice were identified carrying the 

SUR2[R1151Q] mutation (equivalent to human SUR2[R1154Q]), which are referred to as 

SUR2[R1154Q] mice for direct comparison to the human CS equivalent. Successful 

mutation was verified in founder (F0) mice by Sanger sequencing of gDNA. Mutant mice 

were subsequently crossed with C57BL/6J mice (The Jackson Laboratory) to generate 

heterozygous F1 SUR2WT/RQ lines. PCR was used to generate amplicons of ABCC9 

spanning more than 5 kb on either side of the introduced mutation, from gDNA isolated 

from mouse tails, and resultant PCR products were sequenced to confirm the absence of 

additional, unintended mutations. After verification, 1 F1 animal from 1 line of each 

genotype was selected and subsequently bred with C57BL/6J mice for multiple (>6) 

generations to generate the hetero- and homogeneous R1154Q as well as WT littermates 

that were used in experiments. 

 

3.1.2 RNA extraction and analysis 
RNA was isolated from freshly dissecting cardiac apices or from iPSC-derived 

cardiomyocyte cultures using TRIzol (Thermo Fisher Scientific), and first-strand cDNA 

was synthesized using SuperScript III First-Strand Synthesis System (Thermo Fisher 

Scientific). 

 

3.1.3 Protein analysis 
3.1.3.1 Protein extraction from heart tissue 
Snap-frozen tissue was thawed on ice and equilibrated with ice-cold homogenization 

buffer (protease inhibitors, 50 mM NaCl, 0.32 M sucrose, 2 mM EDTA, 20 mM HEPES 

pH 7.4). Atria were dissected from ventricles. The ventricular tissue was diced, 

resuspended in homogenization buffer, and homogenized via a Miccra D-1 homogenizer 

and subsequent strokes by a manual glass-Teflon Dounce homogenizer. The suspension 

was then centrifuged at 100,000g. The obtained membrane pellet was resuspended in 

homogenization buffer, aliquoted, and snap frozen with liquid nitrogen. Membranes were 

resuspended in solubilization buffer (1.5% Triton X-100, 0.75% sodium deoxycholate, 
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0.1% SDS, protease inhibitors in 10 mM NaCl, 5 mM EDTA, 2.5 mM EGTA, 50 mM Tris-

HCl pH 7.35) and centrifuged at 50,000g at 4°C. Supernatant was subjected to TCA to a 

final concentration of 12.5 % and incubated for 30 minutes on ice. The pellet was acetone 

washed twice and air dried at 37°C; supplemented with 1× SDS sample buffer (50 mM 

Tris-HCl pH 6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol) containing 100 mM 

DTT; and resuspended for subsequent analysis by SDS-PAGE. 

 

3.1.3.2 Protein analysis by Western blotting 
For separating proteins via SDS-PAGE, 6% polyacrylamide gels were used for proteins 

greater than 100 kDa and 12% for other proteins. Electrophoresis was performed at 

constant current, limited to 15 mA per gel. Gels with separated proteins were put onto a 

nitrocellulose membrane and placed between 2 blotting papers, and electroblotted for 90 

minutes in transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3) at 4°C with a constant 

voltage of 60 V and the current limited to 1 A. Membranes were washed and blocked with 

blocking buffer (5% wt/vol milk powder, 25 mM Tris/HCl pH 7.4, 135 mM NaCl, 3 mM KCl, 

0.02% IGEPAL). 

As previously described, the anti-Kir6.2 antibody (raised in guinea pig and yielded 

as serum of the third bleeding; ref. 51) recognizes the last 36 amino acids of the protein 

and was characterized on native tissue against Kir6.2-knockout controls (Arakel et al., 

2014). Information about antibodies against proteins other than Kir6.2 is shown in Table 

1. Primary antibodies were diluted in blocking buffer and incubated overnight at 4°C. For 

antibodies against SUR proteins, a different blocking buffer (“SUR-blocking buffer”: 4% 

wt/vol milk powder, 25 mM Tris/HCl pH 7.4, 135 mM NaCl, 3 mM KCl, 0.1% Tween-20) 

was used. Subsequently, membranes were washed 3 times with their respective blocking 

buffer and incubated with IRDye LI-COR secondary antibodies (800CW) diluted in 

blocking buffer at 1:4000. Blots were incubated for 90 minutes at room temperature and 

washed with washing buffer (25 mM Tris/HCl pH 7.4, 135 mM NaCl, 3 mM KCl, 0.1% 

Tween-20 for SUR proteins, 5% wt/vol milk powder, 25 mM Tris/HCl pH 7.4, 135 mM 
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NaCl, 3 mM KCl, 0.02% IGEPAL for others), and antibody signals were subsequently 

visualized using an Odyssey Sa Infrared imaging system. 

 

 
 

3.1.4 Patch clamp electrophysiology 
3.1.4.1 Isolated VSMCs 
Mice were anesthetized with 2.5% avertin (10 mL/kg, i.p.; MilliporeSigma), and the 

ascending aorta was rapidly dissected and placed in ice-cold physiological saline solution 

(PSS) containing (in mM): NaCl 134, KCl 6, CaCl2 2, MgCl2 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): NaCl 55, sodium glutamate 80, 

KCl 5.6, MgCl2 2, HEPES 10, and glucose 10, pH 7.3 with NaOH, then placed into 

dissociation solution containing papain 12.5 μg/mL, DTT 1 mg/mL, and BSA 1 mg/mL for 

25 minutes (at 37°C), before immediate transfer to dissociation solution containing 

collagenase (type H:F = 1:2) 1 mg/mL and BSA 1 mg/mL for 5 minutes (at 37°C). Cells 

were dispersed by gentle trituration using a Pasteur pipette, plated onto glass coverslips 

on ice and allowed to adhere for more than 1 hour before transfer to the recording 

chamber. 

Whole-cell KATP currents were recorded using an Axopatch 200B amplifier and 

Digidata 1200 (Molecular Devices). Recordings were sampled at 3 kHz and filtered at 1 

KHz. Currents were initially measured at a holding potential of –70mV in high-Na+ bath 
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solution containing (in mM): NaCl 136, KCl 6, CaCl2 2, MgCl2 1, HEPES 10, and glucose 

10, with pH adjusted to 7.4 with NaOH before switching to a high-K+ bath solution (KCl 

140, CaCl2 2, MgCl2 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, KCl 30, NaCl 10, MgCl2 1, HEPES 

10, CaCl2 0.5, K2HPO4 4, and EGTA 5, with pH adjusted to 7.2 with KOH. Voltage-gated 

K+ currents were measured in High Na+ bath solution containing (in mM): NaCl 134, KCl 

5.4, CaCl2 100 μM, MgCl2 1, HEPES 10, and glucose 10, with pH adjusted to 7.4 with 

NaOH. The pipette solution contained (in mM) KCl 140, MgCl2 1, HEPES 10, glucose 10, 

and EGTA 10, ATP 5, with pH adjusted to 7.2 with KOH. Voltage-gated LTCCs were 

measured in High Na+ bath solution containing (in mM): choline chloride 124, BaCl2 20, 

MgCl2 1, HEPES 10, and glucose 5, with pH adjusted to 7.4 with NaOH. The pipette 

solution contained (in mM) CsCl 130, MgCl2 2, HEPES 10, glucose 10, and EGTA 10, 

Na2ATP 3.5, with pH adjusted to 7.3 with KOH. 

 

3.1.4.2 Isolated cardiac ventricular myocytes 
Ventricular myocytes were isolated from adult mice, anesthetized using 2.5% Avertin (10 

mL/kg), and the heart and ascending aorta were removed and immersed in ice-cold 

calcium free Wittenberg isolation medium (WIM; in mM): 116 NaCl, 5.4 KCl, 8 MgCl2, 1 

NaH2PO4, 1.5 KH2PO4, 4 NaHCO3, 12 glucose, 21 HEPES, 2 glutamine plus essential 

vitamins (Gibco) and essential amino acids (Gibco) (pH 7.40). The heart was cannulated 

via the aorta and Langendorff perfused with WIM for 5 minutes at 37°C, followed by 20 

minutes of perfusion with WIM supplemented with 270 U/ml collagenase type 2 

(Worthington Biochemical Corp.) and 10 μM CaCl2 at 37°C. The heart was then 

transferred to WIM containing 50 mg/mL BSA, 12.5 mg/mL taurine, and 150 μM CaCl2; 

and ventricular tissue was manually dissociated using forceps before single-cell 

dissociation by trituration with a fire-polished Pasteur pipette. 

Inside-out patch clamp recordings were made in symmetrical KINT solution which 

contained (in mM): 140 KCl, 10 HEPES, 1 EGTA (pH 7.4 with KOH). Varying MgATP 
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concentrations were applied using a Dynaflow Resolve perfusion chip (Cellectricon). 

MgCl2 was added to each solution to achieve a free [Mg2+] 0.5 mM according to 

calculations using CaBuf (Katholieke Universiteit Leuven). Membrane currents were 

sampled at 3 KHz and filtered at 1 KHz at a holding potential of –50 mV using an Axopatch 

700B amplifier and Digidata 1200 (Molecular Devices). KATP channel currents in solutions 

of varying nucleotide concentrations were normalized to the basal current in the absence 

of nucleotides, and dose-response data were fit with a 4-parameter Hill fit according to 

the following equation: Normalized current = I + (Imax – Imin)/(1 + ([X]/IC50)H); where the 

current in Kint = Imax = 1, Imin is the normalized minimum current observed in MgATP, 

[X] refers to the concentration of MgATP, IC50 is the concentration of half-maximal 

inhibition, and H denotes the Hill coefficient. 

 

3.1.5 Arterial compliance 
After mice were euthanized under isoflurane anesthesia, the ascending aorta and left 

common carotid artery of 3-week-old mice were excised and placed in a PSS containing 

130 mM NaCl, 4.7 mM KCl, 1.18 mM MgSO4-7H2O, 1.17 mM KH2PO4, 14.8 mM 

NaHCO3, 5.5 mM dextrose, and 0.026 mM EDTA (pH 7.4). The vessels were then cleaned 

from surrounding fat, mounted on a pressure arteriograph (Danish Myo Technology), and 

maintained in PSS at 37°C. Vessels were visualized with an inverted microscope 

connected to a charge-coupled device camera and a computerized system, which 

allowed continuous recording of vessel diameter. Intravascular pressure was increased 

from 0 to 175 mmHg by 25 mmHg increments, and the vessel outer diameter was 

recorded at each step (12 seconds per step). The average of 3 measurements at each 

pressure was reported. 

 

3.1.6 Blood pressure measurement 
3.1.6.1 In anesthetized mice 
Mice were anesthetized with 1.5% inhaled isoflurane and restrained on a heating pad to 

maintain body temperature. A 2- to 3-mm incision was made in the midline of the neck; 
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the thymus and muscle were separated to expose the right carotid artery. A Millar 

pressure transducer (model SPR-671) was inserted into the right carotid artery and 

moved to the ascending aorta. Systolic BP (SBP), diastolic BP (DBP), and HR were 

recorded using the PowerLab data acquisition system (ADInstruments), and data were 

analyzed using LabChart 7 (ADInstruments). For blood pressure measurements in 

conscious mice, a radio-telemetry pressure transmitter (DSI) was surgically inserted into 

the left carotid artery and moved to the ascending aorta, where BPs during day and night 

were recorded by the DSI data acquisition system after mice recovered from surgery. 

 

3.1.6.2 Telemetry probe implantation and telemetry recording 
Mice (6–8 months old) were implanted with TA11PA-C10 (DSI) telemetric implants under 

anesthesia, with a gas concentration of 1.5%–2.5% isoflurane. The catheter was 

advanced into the ascending aorta via the left carotid artery, and the body of transmitter 

was slipped into the pocket subcutaneously in the right flank. Animals were housed in an 

isolated recording room and allowed at least 1 week of recovery before recordings were 

taken. Systolic (SBP), diastolic (DBP), mean arterial pressure (MBP = DBP + 1/3[SBP — 

DBP]), and HR were collected using the Dataquest ART system. Data were sampled by 

averaging 10 seconds of each 1-minute period. Values of day and night were averages 

of day time (6 am–6 pm) or night time (6 pm–6 am). After 3 days of baseline recording, 

the mice were injected with pinacidil (i.p. 0.01, 0.1, 1 mg) daily. 

 

3.1.7 Heart weight measurement and histology 
Mice were anesthetized with 2.5 % Avertin, and hearts were excised and rinsed with PBS, 

which contained (in mM): 137 NaCl, 2.7 KCl, 10 Na2HPO4, KH2PO4 (pH 7.4 with NaOH). 

The hearts were arrested in diastole with 10% KCl and blotted to remove excess liquid. 

Hearts were then weighed, and weight was normalized to tibia length. After weighing, the 

hearts were fixed in 10% buffered formalin for 24 hours and embedded in paraffin. 

Sections (3 μm) were cut and stained with H&E for the morphometric analysis. 
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3.1.8 Echocardiography 
Short-axis left ventricular scans were obtained via M-mode echocardiography using an 

ATL 5000cv instrument (Phillips) with a 15-MHz compact linear array. The operator was 

blinded to genotype. Left ventricular end-diastolic dimension (LVEDD), LV end-systolic 

dimension (LVESD), end diastolic anterior wall thickness (AWT), end diastolic posterior 

wall thickness (PWT), R-R interval, and ejection time (ET) were recorded from 3 separate 

cardiac cycles for each mouse. Wall thickness divided by chamber radius was calculated 

at diastole. LV mass (LVM) was calculated using the Devereux equation. Fractional 

shortening (FS%) refers to (LVEDD – LVESD)/LVEDD as a percentage. Stroke volume 

(SV) refers to the amount of blood ejected by the left ventricle in one contraction, 

determined by subtracting LV end-systolic volume from LV end-diastolic volume (LVEDV 

– LVESV), assuming LVEDV and LVESV are simply cubed. The ejection fraction (EF%; 

SV/LVEDV) refers to the percentage of blood that is pumped out of the ventricles with 

each contraction. 

 

3.1.9 Statistics 
Unless otherwise noted, all data are presented as mean ± SEM and were tested for 

statistical significance using 1-way ANOVA, with post hoc Tukey’s test or 2-tailed 

Student’s t test as indicated. P values less than 0.05 were considered statistically 

significant. 

 

3.1.10 Study Approval 
Studies were performed in compliance with the standards for the care and use of animal 

subjects defined in the Guide for the Care and Use of Laboratory Animals (National 

Academies Press, 2011) and were reviewed and approved by the Washington University 

Institutional Animal Care and Use Committee. All human studies were approved by the 

Washington University Human Studies Committee and carried out with the full written 

consent of participating patients. 
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3.2 RESULTS 
3.2.1 The human R1154Q substitution causes KATP GoF, but only a mild CS 

phenotype 
CRISPR/Cas9 gene editing was used to introduce a single nucleotide mutation 

(ABCC9[c.3452G>A]; SUR2[p.R1151Q]) in the endogenous mouse ABCC9 locus, 

resulting in protein substitution analogous to the most common human CS mutation, 

SUR2[R1154Q]. Both heterozygous (SUR2WT/RQ) and homozygous (SUR2RQ/RQ) mice 

were viable and fertile. Subsequently, cellular, organ, and whole animal phenotypes of 

these animals were analyzed, which are referred to here as SUR2[R1154Q] mice to 

distinguish it from human CS. 

One of the most consistent features of patients with CS is pronounced 

cardiomegaly  (Grange et al., 2019; Levin et al., 2016). Consistent with this, hearts were 

larger in heterozygous SUR2WT/RQ than WT mice, but not obviously more so in 

homozygous SUR2RQ/RQ mice (Figure 3.1, A and B). Therefore, R1154Q hearts displayed 

chamber dilation and cardiac enlargement similar to, although much less dramatic than, 

that seen previously in A478V or V65M CS mouse hearts (Y. Huang et al., 2018). Isolated 

aortic diameter was greater in SUR2WT/RQ than WT mice at all pressures (Figure 3.1C) 

although, again, there was no further increase in SUR2RQ/RQ mice, and carotid artery 

dimensions were not different between WT and R1154Q animals (Figure 3.1D). Slope 

compliance (reflecting noncontractile biomechanical properties) was not obviously 

different between genotypes (Figure 3.1C). As shown in Figure 3.2A, both SUR2WT/RQ 

and SUR2RQ/RQ mice maintained diurnal fluctuation in blood pressure, but unlike in 

SUR2[A478V]-expressing mice (Y. Huang et al., 2018), blood pressures were not 

significantly lower than control in either SUR2WT/RQ or SUR2RQ/RQ mice (Figure 3.2A). 

Moreover, while pinacidil had similar BP-lowering effect in control and Het SUR2WT/RQ 

mice, it had almost no effect on BP in SUR2RQ/RQ mice (Figure 3.2C). In contrast, pinacidil 

raised heart rates (HRs) similarly in all genotypes (Figure 3.2D). 
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Figure 3.1: Cardiovascular phenotype of R1154Q mice. (A-B) Cardiomegaly in heterozygous 
SUR2WT/RQ (WT/RQ) and homozygous SUR2RQ/RQ (RQ/RQ) hearts. (C-D) Isolated ascending aortas of 
WT/RQ and RQ/RQ hearts show similar increases in diameter at all pressures relative to WT (C), but carotid 
artery mechanical properties are not different from those of WT (D) (n = 5 for WT, n = 7 for WT/RQ, n = 6 
for RQ/RQ). Statistical significance was determined by 2-way ANOVA followed by post hoc Tukey’s test 
correction for multiple comparisons; *p < 0.05, **p < 0.01 compared with WT. HW, heart weight; TL, tibia 
length. 
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Figure 3.2: Cardiovascular function of R1154Q mice. (A-B) Mean arterial pressure (MAP) (A) and  mean 
HR (B) in conscious WT, heterozygous SUR2WT/RQ, and homozygous SUR2RQ/RQ mice during day and night. 
(C-D) MAP and HR in anesthetized mice showing blunted response to the KATP channel activator pinacidil 
(Pin) in SUR2RQ/RQ mice. Statistical significance was determined by 1-way ANOVA followed by Tukey’s test 
for pairwise comparison; asterisk indicates significant difference (p < 0.05) within genotypes. 
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3.2.2 Unexpected KATP channel properties in R1154Q cardiac and vascular smooth 
muscle cells. 

Mice expressing introduced SUR2[A478V] and Kir6.1[V65M] CS GoF mutations exhibit 

marked lowering of blood pressure and cardiac enlargement  (Y. Huang et al., 2018). 

Since previous studies show that recombinant SUR2[R1154Q] causes a significant GoF 

— in both human SUR2 (Harakalova et al., 2012) and rat SUR2 with the identical DNA 

mutation (McClenaghan et al., 2018) — the above results (i.e., limited or no increase in 

vessel diameters and compliance, lack of effect on BP, and lack of pinacidil action in 

SUR2RQ/RQ) are unexpected, and raise questions regarding the level and nature of KATP 

channels in these mutant tissues. I therefore examined the density of KATP channels, and 

sensitivity to the KATP channel openers pinacidil (acting primarily on SUR2) and diazoxide 

(acting primarily on SUR1) in excised membrane patches from ventricular myocytes 

(Figure 3.3A). Overall KATP channel density was much lower than WT in SUR2WT/RQ 

myocytes, and dramatically so in homozygous SUR2RQ/RQ myocytes (Figure 3.3B). 

Moreover, in striking contrast to the findings in recombinant R1154Q channels, pinacidil-

mediated activation was essentially absent in homozygous SUR2RQ/RQ cardiomyocytes, 

while relative diazoxide-mediated activation was markedly enhanced (Figure 3.3C). 

This unexpected lowering of channel density and apparent switch in 

pharmacological sensitivity from pinacidil to diazoxide suggests that levels of SUR2-

dependent channel complexes are reduced in R1154Q hearts, almost completely in 

homozygous SUR2RQ/RQ hearts, and that the remaining functional sarcolemmal channels 

are predominantly SUR1 dependent. To test the latter suggestion directly, SUR2RQ/RQ 

mice on a SUR1–/– background (Shiota et al., 2002) were also generated; in this case, 

no KATP was detected (Figure 3.3B), indicating that channels in SUR2RQ/RQ animals are 

essentially SUR1 dependent. Underlying KATP subunit levels in isolated ventricular tissue 

were further examined by Western blot analysis (Figure 3.3D). This revealed a marked 

decrease in core- and complex-glycosylated SUR2A proteins in homozygous SUR2RQ/RQ 

hearts compared with littermate control hearts (Figure 3.3D). In contrast, levels of core-

glycosylated SUR1 protein were increased in SUR2RQ/RQ hearts (Figure 3.3D). 
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The effects of the introduced mutation on KATP channel function were also 

examined in vascular smooth muscle cells (VSMCs). In contrast to the findings in A478V 

and V65M animals (Y. Huang et al., 2018), whole-cell patch clamp recordings using an 

intracellular pipette solution containing no ATP (see Methods) revealed no elevation of 

basal KATP conductance in acutely isolated aortic smooth muscle cells from SUR2WT/RQ 

compared with WT mice, and significantly lower conductance in SUR2RQ/RQ compared 

with WT cells (Figure 3.4A and 3.4B). Application of pinacidil provoked a significant 

increase in conductance in WT VSMCs, but there was less of an effect in SUR2RQ/RQ and 

very little effect in VSMCs from SUR2RQ/RQ mice (Figure 3.4, A and B). These results 

indicate that KATP density was also markedly reduced in R1154Q smooth muscle, 

although SUR2RQ/RQ VSMCs were hyperpolarized relative to WT VSMCs following break-

in in current clamp mode (Figure 3.4, C and D), indicating at least some net KATP GoF 

under intact cell physiological conditions in SUR2RQ/RQ VSMCs. 

Taken together, the data indicate that, while the expected molecular consequence 

of the SUR2[R1154Q] substitution is a significant GoF of SUR2-dependent KATP channels 

in blood vessels and the heart, there were minimal cardiovascular CS features. There 

was an unexpected downregulation of SUR2-dependent KATP channel density in 

heterozygous SUR2WT/RQ cardiac and vascular smooth muscle myocytes — dramatically 

so in homozygous SUR2RQ/RQ tissues — accompanied by an increase in SUR1 levels in 

the heart. 
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Figure 3.3: Decreased KATP channel density and switch to SUR1 dependence in SUR2A[R1154Q] 
hearts. (A) Representative inside-out patch clamp recordings of KATP channel activity from acutely 
dissociated ventricular myocytes from WT and SUR2RQ/RQ mice. Inhibition by 10 or 0.1 μM MgATP and the 
response to the K channel openers pinacidil and diazoxide (Diaz) at 100 μM, in the presence of MgATP 
(recording at –50 mV membrane potential), are shown. (B) Absolute KATP current level in zero ATP, from 
experiments as in A. (C) KATP current, as a fraction of current in zero ATP, from experiments as in A. (D) 
Western blot analysis of the membrane fraction from ventricular heart tissue of WT and SUR2RQ/RQ mice (4 
biological replicates each) showing protein steady-state levels of KATP channel subunits and Na/K-ATPase 
α subunits. Since both SUR subunits are only core-glycosylated when the Kir6.2 subunit is missing (28), 
tissue from a single Kir6.2–/– mouse is also shown for reference. Statistical significance was determined by 
1-way ANOVA followed by Tukey’s test for pairwise comparison; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3.4: Loss of pinacidil-sensitive SUR2-dependent KATP channels in SUR2A[R1154Q] vascular 
smooth muscle. (A) Representative whole-cell voltage clamp recordings from acutely isolated aortic 
smooth muscle cells from WT and SUR2RQ/RQ mice. Cells were voltage clamped at –70 mV. Glib, 
glibenclamide. (B) Summary of whole-cell current densities from voltage clamp recordings as in A, showing 
significantly reduced pinacidil-activated KATP conductance in SUR2RQ/RQ cells. Statistical significance was 
determined by multi-way ANOVA, followed by 2-tailed t test pairwise comparison with Bonferroni’s 
correction for multiple comparisons (adjusted α = 0.008); *p < 0.008. (C) Representative whole cell current-
clamp recordings from acutely isolated aortic smooth muscle cells from WT and homozygous SUR2RQ/RQ 
mice using an intracellular pipette solution absent of nucleotides. (D) Summary of initial (init) and final (fin) 
membrane potentials from experiments as in C. Statistical significance was determined by 1-way ANOVA 
followed by Tukey’s tests; ** p < 0.01. 
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3.2.3 Unanticipated alternate splicing of SUR2 exon 28 in R1154Q tissues 
The above results led us to conclude that although the R1154Q mutation indeed causes 

a GoF in KATP channel properties (since smooth muscle is still relatively hyperpolarized), 

the expressivity of CS features is severely blunted in these animals by the unexpected 

reduction in SUR2-dependent KATP density that is not seen in other (A478V, V65M) CS 

mice (Y. Huang et al., 2018). In homozygous SUR2RQ/RQ mice there was almost complete 

disappearance of SUR2-dependent KATP channels in both heart and blood vessels, and 

a consequent reduction in disease severity, as reflected by lack of obvious effects on BP 

and reduced effects on heart size (Figures 3.1 and 3.2). The possibility was considered 

that CRISPR-generated mistakes may have led to additional mutations that resulted in 

defective protein, but sequencing of gDNA more than 5000 bp on either side of the 

introduced mutation failed to detect any additional mutations (data not shown). It has long 

been recognized that there are multiply spliced forms of the SUR2 protein (Chutkow et 

al., 1999; Pu et al., 2008; Shi, Ye, & Makielski, 2005; Yamada et al., 1997), the best 

characterized being the SUR2A and SUR2B isoforms, which result from alternate splicing 

of the terminal exon 38A/B. The R1154Q and R1154W mutations are in exon 27, and 

while there is to our knowledge no evidence in the literature for alternate splicing of this 

region of the gene, the specific location of the underlying mutations (13 and 14 bases, 

respectively, before the end of exon 27; Figure 3.5, A–C) places them in a potential exon 

splicing enhancer (ESE) region that may influence exon splicing (Pozzoli & Sironi, 2005). 

mRNA was isolated from WT and R1154Q mouse hearts, generated cDNA corresponding 

to SUR2A and SUR2B, and sequenced the entire coding region. The introduced 

c.3452G>A mutation was present in fewer than 50% of heterozygous SUR2WT/RQ and 

close to 100% of homozygous SUR2RQ/RQ transcripts, but, strikingly, heterozygous cDNA 

reads became doubled sequences immediately following the last nucleotide of exon 27 

(Figure 3.5B). Close inspection revealed that this corresponds to approximately half of 

the reads in heterozygous SUR2WT/RQ, and essentially all reads in homozygous 

SUR2RQ/RQ, transcripts, reflecting an exact in-frame deletion of the 93 bases in the 

following exon, exon 28 (Figure 3.5B). 
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It might be hypothesized that this exon 28 splicing of SUR2 mRNA could be a 

cellular regulatory mechanism to moderate abnormally increased KATP channel function 

activity. However, this does not seem likely, since no alternative splicing of exon 28 was 

detected in heterozygous or homozygous SUR2[A478V] or Kir6.1[V65M] hearts (data not 

shown), or in WT hearts (Figure 3.5B). Instead, the tight dependence of splicing on the 

presence of the c.3452G>A mutation indicates that the nucleotide change itself is directly 

responsible for the splicing event. 

To assess the effect of deleting exon 28 on KATP channel activity, SUR2A cDNA 

was engineered with exon 28 deleted. When coexpressed with WT Kir6.2, 

SUR2A[R1154Q,Δexon28] failed to generate significant KATP channel activity in 

heterologous expression (Figure 3.6, A and B). In subunit mixing experiments, with equal 

transfection of WT SUR2A and SUR2A[R1154Q,Δexon28] cDNA, there was no evidence 

for dominant-negative suppression of heterologously expressed KATP channels by exon-

deleted subunits (Figure 3.6C). The data were best fit under the assumption that even 1 

full-length WT subunit would be sufficient to rescue function (Figure 3.6C), consistent with 

truncated subunits being rapidly degraded and not incorporated into KATP complexes. 
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Figure 3.5: Abnormal splicing in SUR2A[R1154Q] mRNA. (A) Canonical cDNA sequence for human 
and mouse SUR2 over the exon 27–29 region (non-identities indicated by gray). Human nucleotide c.3461 
(mouse c.3452) G>A mutation generating p.R1154Q is indicated by the red box. (B) Analysis of cDNA PCR 
product by gel electrophoresis and by direct sequencing of the selected bands reveals an exact deletion 
corresponding to the 93 nucleotides of exon 28 in approximately half of heterozygous WT/RQ and almost 
all homozygous RQ/RQ mouse transcripts (red arrowheads). (C) Top: Amino acid sequence of residues 
1149–1194 (human) is identical in human and mouse SUR2. Bottom: Model of the Kir6/SUR complex 
(Protein Data Bank 5WUA) indicates the predicted location of the R1154Q mutation and amino acids 
encoded by exon 28. 
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Figure 3.6: Functional consequence of SUR2[R1154Q] mRNA splicing. (A) Representative 86Rb+ efflux 
experiments from untransfected Cosm6 cells (Unt) and cells transfected with WT, R1154Q (RQ), and 
R1154Q[Δexon28] SUR2A, plus Kir6.2. (B) Fractional efflux at 40 minutes, from experiments as in A. 
Statistical significance was determined by 1-way ANOVA followed by Tukey’s tests; ***p < 0.001. (C) 
Fractional efflux at 40 minutes, from experiments similar to those in A, in cells transfected with 
SUR2[R1154Q,Δexon28] subunits in addition to SUR2[R1154Q] (plus Kir6.2) subunits. Dashed lines are 
predicted levels of efflux assuming that 1, 2, 3, or 4 WT subunits in a randomly assembling complex are 
necessary to restore function. (D) cDNA PCR product analyzed by gel electrophoresis reveals similar levels 
of splicing in R1154Q ventricle, smooth muscle, and skeletal muscles, suggesting that SUR2 function will 
be significantly reduced in all tissues. 
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3.2.4 Non-KATP ionic currents that govern vascular excitability are unaltered in the 
pathophysiological context of CS vasculopathy 

VSMC excitability depends on the concerted activity of multiple ion conductances, in 

particular voltage-gated K+ (Kv) channels and L-Type Ca2+ currents (LTCCs). To provide 

a benchmark of these currents in native wild type VSMCs, whole-cell voltage-clamp was 

first used to assess functional activity of Kv channels in acutely dissociated WT mouse 

aortic VSMCs (Figure 3.7). The voltage protocol was designed to inclusively measure the 

ensemble of expressed vascular Kv channels, and high (5mM) ATP was included in the 

internal solution to exclude KATP currents. Very small, linear, K+ conductance was 

detected below ~-25mV, but additional K+ conductance with apparently instantaneous 

and time-dependent components were increasingly activated at more positive voltages 

(Figure 3.7A). Additionally, more positive voltage steps revealed observable single-

channel activity consistent with large-conductance calcium-activated potassium (BKCa) 

channels (Figure 3.7A). Kv currents were also assessed in aortic VSMCs acutely 

dissociated from mice carrying the Kir6.1[V65M] (VM) mutation, a CS-associated variant 

that causes marked KATP GoF and severe CS vasculopathy (Cooper et al., 2017; Y. 

Huang et al., 2018).  Kv currents in VM VSMCs were very similar to WT (Figure 3.7), and 

summarized I-V curves show that overall Kv current amplitudes were indistinguishable 

between WT and VM VSMCs (Figure 3.7A). To separate Kv and BKCa currents, and to 

assess Kv current kinetics, a monoexponential function representing ‘idealized’ Kv 

currents was fit directly to each recording at the three most positive voltage steps (i.e., 

+25mV, +35mV, and +45mV), as shown in Figure 3.7B. This allowed separation of 

instantaneous Kv amplitudes, time-dependent Kv amplitudes, and assessment of Kv time 

constant (Tau). BKCa channel activity (NPo) was separately estimated for each record at 

+25mV, +35mV, and +45mV by subtracting the idealized Kv current from each raw 

recording. Instantaneous and time-dependent Kv amplitudes, as well as Kv kinetics, and 

BKCa activity, were all statistically unaltered in the setting of CS vasculopathy (Figure 

3.7B). 
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Next, whole-cell voltage-clamp was used to assess functional activity of voltage-

sensitive LTCC. Ba2+ was used as a charge carrier, and included in the bath was 

BayK8644 (1μM), a potentiator of vascular LTCCs. K+ currents were minimized by 

inclusion of Cs+ (130mM) in the internal solution, as well as 3.5mM ATP to exclude KATP 

currents. LTCCs were undetectable in acutely isolated WT mouse aortic VSMCs (n = 8 

recordings from three animals). However, characteristic LTCCs that were fully inhibited 

by nifedipine (10μM) were present in VSMCs acutely dissociated from first- through 

fourth-order mesenteric arteries, which are resistance vessels (Figure 3.8A). Again, 

LTCCs recorded from mesenteric VSMCs acutely dissociated from VM mice were 

essentially identical to WT (Figure 3.8B). 

Together, the above experiments indicate that, despite marked changes in KATP 

currents in VSMCs from Cantu mice (Y. Huang et al., 2018), there are no accompanying 

compensatory or downstream changes in vascular K+ currents or LTCCs. 
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Figure 3.7: Voltage-gated K+ currents in mouse CS and WT VSMCs. (A) (left) Representative whole-
cell voltage-clamp recordings show Kv currents from acutely isolated aortic VSMCs from a WT (black) and 
VM (blue) mouse (scale bars = 50 pA, 100 ms). Voltage was stepped from holding potential of -65 mV to 
pre-pulse at -95 mV, then stepped more positive in 10 mV increments. Hashed box demarcates the portion 
depicted in the representative patch-clamp traces. (right) I-V relationships show mean + standard error 
(s.e.m.), for n = 9 (WT) and n = 5 (VM) cells in each case. (B) Representative traces following step to +45 
mV from WT (black) and VM (blue) VSMCs, fit with monoexponential functions to the minimal currents as 
a function of time, assumed to reflect Kv currents without the contaminating fluctuating, presumably BKCa 
current. From such traces, Kv amplitudes and kinetics, as well as BKCa currents, were calculated, as shown 
to the right (n as above). Statistical significance was determined by Mann-Whitney U test (α = 0.05, no 
significant differences detected). 
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Figure 3.8: L-type Ca2+ currents (LTCCs) in mouse CS and WT VSMCs. (A) (left) Representative whole-
cell voltage-clamp recordings of LTCCs were obtained from acutely isolated mesenteric VSMCs from WT 
(black) and VM (blue) mouse (scale bars = 10 pA, 75 ms). Voltage was ramped from -70 mV to -45 mV 
over 400 msecs to inactivate any high voltage activated currents, then stepped to voltages between -30 
and +40 mV in 10 mV steps. Hashed box demarcates the portion depicted in the representative patch-
clamp traces. Recordings were obtained in the presence of 1μM Bay K8644 (left), and conductance by 
LTCC was confirmed by >95% inhibition with 10μM nifedipine (right). (B) (above) Peak I-V relationships on 
Bay K8644 are summarized, with (below) peak current at 0 mV for individual traces. Error bars show mean 
+ s.e.m. (n = 8 WT and n = 6 VM cells in each case). Statistical significance was determined by Mann-
Whitney U test (α = 0.05, no significant differences detected). 
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Chapter 4: Electrophysiology of human iPSC-derived 

vascular smooth muscle cells and cell autonomous 

consequences of CS mutations 

 

Adapted from Hanson, et al. “Electrophysiology of human iPSC-derived vascular smooth 

muscle cells and cell autonomous consequences of Cantu Syndrome mutations”, 

submitted 2022 to Cell Stem Cell 

 

Prior to this project, there was no published electrophysiological characterization of 

hiPSC-derived VSMCs. This chapter describes the first such study. Prior to this project, 

despite prevailing evidence that vascular KATP GoF is the etiology of the diverse 

cardiovascular changes in CS, the molecular effect had never been demonstrated in 

human vascular cells with CS mutations. This chapter describes the electrical 

consequences of CS mutations on KATP channel activity and membrane potential in CS 

patient-derived hiPSC-VSMCs, explaining the hypomyotonic component of CS 

vasculopathy. Finally, although the CS phenotype is indicative of hyperelastic changes to 

the vasculature, increased vascular elastogenesis had never previously been 

demonstrated in any cells with CS mutations. This chapter describes cell-autonomous 

hyperelastogenic consequences of CS mutations in patient-derived hiPSC-VSMCs and 

CS murine models, explaining the hyperelastogenic basis of CS vasculopathy. 

I conceived of this study, with the help of Conor McClenaghan and Colin Nichols. 

I procured hiPSC lines, and acquired R1154Q patient-derived primary cells, developed 

the novel hiPSC-cardiomyocyte model for CS, carried out all patch-clamp experiments on 

these cells, and performed RNA analysis on these cells. I gained IRB approval for 

acquisition of primary tissues surgically removed from the human RQ patient, and I 

carried out all RNA analysis on these tissues. I adapted a published VSMC differentiation 

protocol to generate control hiPSC-VSMCs, and generated the novel hiPSC-VSMC 
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models for CS. I carried out immunofluorescent staining of these cells, as well as RNA 

isolation and ABCC9 transcript analysis. I designed and carried out all patch-clamp 

electrophysiology experiments, and performed all associated analyses. Carmen Halabi 

carried out vessel compliance measurements and q-PCR experiments. I wrote the 

manuscript with input and edits by Colin Nichols, and other contributing authors helped 

review the manuscript. 

 

4.1 METHODS 
4.1.1 Study approval 
Animal studies were performed in compliance with the standards for the care and use of 

animal subjects defined in the NIH Guide for the Care and Use of Laboratory Animals 

(Jahangir & Terzic, 2005) and were reviewed and approved by the Washington University 

Institutional Animal Care and Use Committee. Human studies were approved by the 

Washington University Human Studies Committee and carried out with the full consent of 

participating patients.  

 

4.1.2 Human iPSC generation and differentiation to cardiomyocytes and VSMCs 
Patient-derived human induced pluripotent stem cells (hiPSCs), heterozygous for the RQ 

and RW variants were generated, respectively, from peripheral blood mononuclear cells 

and renal epithelial cells, which were generously provided by CS patients who had been 

genetically confirmed to carry these variants. Human R1154W patient renal epithelial cells 

(RECs) were reprogrammed to hiPSCs by the WUSM Genome Engineering and iPSC 

Core (GEiC) using Sendai Virus-based reprogramming vectors. After four unsuccessful 

attempts to reprogram human R1154Q patient RECs, peripheral blood mononuclear cells 

were provided by the patient, and were successfully reprogrammed by the GEiC using 

the Sendai Virus-based reprogramming cocktail. hiPSCs were maintained on a 4-day 

passaging cycle. Two subclonal hiPSC lines were generated for each patient sample, and 

DNA sequencing analysis confirmed the expected gene variant in each line. Two control 
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lines, C2a (gift of Dr. Gordana Vunjak-Novakovic, Columbia University), and AN-1.1 (gift 

of Amber Neilson) were used as controls. 

Differentiation to cardiomyocytes was carried out in entirely chemically defined 

conditions via temporal modulation of canonical Wnt signaling (Lian et al., 2012). hiPSCs 

were differentiated to hiPSC-VSMCs by adapting the chemically-defined protocol 

published by Patsch et al. (Patsch et al., 2015), which involves initially ‘priming’ hiPSCs 

into lateral plate mesodermal progenitors through Wnt activation and hBMP4 treatment, 

with subsequent induction to VSMC fate though co-treatment with PDGF-BB and 

ActivinA. The original protocol was followed exactly, except that differentiation was carried 

out in 12-well plates, rather than in T175 flasks. Immunohistochemical (IHC) staining for 

smooth muscle actin was carried out using anti alpha-Smooth Muscle-Cy3 monoclonal 

antibody C6198 (Sigma-Aldrich Co.). 

 

4.1.3 RNA analysis in native VSMCs and hiPSC-VSMCs 
RNA was isolated from WT and RQ hiPSC-VSMCs, and analyzed by RT-PCR for ABCC9 

or elastin transcripts using TRIzol (Thermo Fisher) and first strand cDNA was synthesized 

using SuperScript™ III First-Strand Synthesis System (Thermo Fisher).  

 

4.1.4 Patch clamp electrophysiology 
Mice were anesthetized with 2.5% avertin (10ml/kg, intraperitoneal Sigma-Aldrich) and 

the descending aorta or mesenteric arteries were rapidly dissected and placed in ice-cold 

Physiological Saline Solution (PSS) containing (in mM): NaCl 134, KCl 6, CaCl2 2, MgCl2 

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): NaCl 55, 

sodium glutamate 80, KCl 5.6, MgCl2 2, HEPES 10, and glucose 10, pH 7.3 with NaOH, 

then placed into dissociation solution containing papain 12.5 µg/mL, dithioerythreitol 1 

mg/mL, and BSA 1 mg/mL for 25 minutes (at 37°C), before transfer to dissociation 

solution containing collagenase (type H:F=1:2) 1 mg/mL, and BSA 1 mg/mL for 5 minutes 

(at 37°C). Cells were dispersed by gentle trituration using a Pasteur pipette, plated onto 
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glass coverslips on ice and allowed to adhere for >1 h before transferal to the recording 

chamber. 

Whole-cell ion currents were recorded using an Axopatch 200B amplifier and 

Digidata 1200 (Molecular Devices). Recordings were sampled at 3 kHz and filtered at 1 

KHz. Voltage-gated K+ currents were measured in High Na+ bath solution containing (in 

mM): NaCl 134, KCl 5.4, CaCl2 100 μM, MgCl2 1, HEPES 10, and glucose 10, with pH 

adjusted to 7.4 with NaOH. The pipette solution contained (in mM) KCl 140, MgCl2 1, 

HEPES 10, glucose 10, and EGTA 10, ATP 5, with pH adjusted to 7.2 with KOH. Voltage-

gated LTCCs were measured in High Na+ bath solution containing (in mM): choline 

chloride 124, BaCl2 20, MgCl2 1, HEPES 10, and glucose 5, with pH adjusted to 7.4 with 

NaOH. The pipette solution contained (in mM) CsCl 130, MgCl2 2, HEPES 10, glucose 

10, and EGTA 10, Na2ATP 3.5, with pH adjusted to 7.3 with KOH. To assess KATP 

conductances, currents were initially measured at a holding potential of -70mV in High 

Na+ bath solution containing (in mM): NaCl 136, KCl 6, CaCl2 2, MgCl2 1, HEPES 10, and 

glucose 10, with pH adjusted to 7.4 with NaOH before switching to a High-K+ bath solution 

(KCl 140, CaCl2 2, MgCl2 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, KCl 30, NaCl 10, MgCl2 1, 

HEPES 10, CaCl2 0.5, K2HPO4 4, and EGTA 5, with pH adjusted to 7.2 with KOH.  

 

4.1.5 Arterial compliance 
After mice were euthanized under isoflurane anesthesia, the aortae of 3 week-old mice 

were excised and placed in a physiologic saline solution (PSS) containing (mM) 130 NaCl, 

4.7 KCl, 1.18 MgSO4-, 1.17 KH2PO4, 14.8 NaHCO3, 5.5 dextrose, and 0.026 EDTA (pH 

7.4). The vessels were then cleaned from surrounding fat, mounted on a pressure 

arteriograph (Danish Myo Technology) and maintained in PSS at 37°C. Vessels were 

visualized with an inverted microscope connected to a charged-coupled device camera 

and a computerized system, which allows continuous recording of vessel diameter. 

Intravascular pressure was increased from 0 to 175 mmHg by 25-mmHg increments and 
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the vessel outer diameter was recorded at each step (12 seconds per step). The average 

of three measurements at each pressure was reported. 

 

4.1.6 Data Analysis 
Unless otherwise noted, data are presented as mean ± S.E.M. The Real Statistics add-in 

package was used to run statistical analysis in Microsoft Excel. All data were tested for 

statistical significance using Mann Whitney U test, or Kruskal-Wallis test with post hoc 

Dunn’s test.  

 

4.2 RESULTS 
4.2.1 Differentiation of human iPSCs to vascular smooth muscle cells 
To examine the electrophysiology of hiPSC-VSMCs, and to gain further insight to vascular 

consequences of CS variants, two genetically unrelated control human iPSC lines (C2a 

and AN-1.1, from individuals with no known disease-associated variants) were first 

differentiated to vascular smooth muscle cells. hiPSC-VSMCs were differentiated using 

the protocol developed by Patsch et al. (Patsch et al., 2015), 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 extracellular fibronectin deposition mediated by 

TGF-ß signaling (Patsch et al., 2015). This protocol is completely chemically defined and, 

in our hands, is reproducible under the published conditions. hiPSCs begin as relatively 

small, round, gray cells with dark nuclei (Figure 4.1A). For four days, the cells are induced 

to become lateral mesodermal progenitors, which appear 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-day lateral mesoderm 

induction. Finally, the cells are committed to a VSMC fate via exposure to PDGF-BB and 

Activin A. Once fully differentiated 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 4.1A). I verified that the 
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differentiation was effective by fixing the cells and staining for the VSMC marker, alpha-

SMA (smooth muscle actin). Figure 4.1B shows a composite fluorescent image of C2a 

hiPSC-VSMCs, with DAPI nucleic stain (blue) and alpha-SMA expression revealed by a 

Cy3-conjugated antibody (red). 

 

 
Figure 4.1: Differentiation of hiPSCs to VSMCs. (A) Images of (left) hiPSCs 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 μm). (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 μm). 
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4.2.2 hiPSC-VSMCs express very similar ion channels to those in native mouse 
arterial VSMCs 

To assess the vascular ensemble of Kv currents functionally expressed in hiPSC-VSMCs, 

recordings were obtained in these cells with the same protocols and solutions as above, 

in mouse VSMCs (Figure 4.2). Consistently, I observed vascular Kv currents that were 

very similar to those measured in native VSMCs, with nearly identical similar current 

amplitudes and time-dependence (Figure 4.2A). BKCa currents were also evident in some 

recordings, although less consistently than in mouse VSMCs, and were not characterized. 

I also detected nifedipine-sensitive LTCCs with essentially identical time dependence and 

current density to those in native mesenteric VSMCs (Figure 4.2B). 

These experiments provide a key first demonstration of hiPSC-VSMC 

electrophysiology, which shows similarity with native vascular ionic currents, essential for 

any future studies using these cells for assessing vascular function in general, and 

particularly in response to electrically active agents. 

 

4.2.3 Pinacidil-sensitive KATP channels are present in hiPSC-VSMCs 
Pinacidil-sensitive KATP channels, formed by Kir6.1 and SUR2 subunits, are key 

determinants of VSMC membrane voltage and excitability (Flagg, Enkvetchakul, Koster, 

& Nichols, 2010). In previous studies, vascular KATP activity and pharmacology in mouse 

aortic VSMCs was characterized using an intracellular pipette solution containing no ATP 

(Y. Huang et al., 2018). Using identical experimental conditions, I obtained whole-cell 

voltage-clamp recordings of basal K+ conductance in hiPSC-VSMCs (Figure 4.2C). K+ 

current increased substantially when the SUR2-selective activator pinacidil (100μM) was 

applied, and current decreased following the addition of the KATP inhibitor glibenclamide 

(10μM) in the continued presence of pinacidil (Figure 4.2C), reflecting activation of very 

similar KATP currents to those recorded in WT mouse VSMCs (Y. Huang et al., 2018). 

Pinacidil responsivity indicates that hiPSC-VSMC KATP 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 confirms that these 
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currents are conducted by KATP, with glibenclamide efficacy closely resembling that 

previously measured in native VSMCs (Y. Huang et al., 2018). Given these observations, 

hiPSC-VSMCs constitute a promising approach for the study of molecular and cellular 

consequences of CS variants. 

 



 

 70 

 
Figure 4.2: Electrophysiological characterization of hiPSC-VSMCs. (A) (left) Representative whole-cell 
voltage-clamp recordings show Kv currents from a hiPSC-VSMC (scale bars = 50 pA, 100 ms). Voltage-
clamp protocol was as in Figure 1. (right) I-V relationship shows mean + s.e.m, for n = 9 cells, as well as 
the WT mouse I-V from Figure 3.7. (B) (top) Representative whole-cell voltage-clamp recordings of LTCCs 
were obtained from a hiPSC-VSMC (scale bars = 10 pA, 75 ms). Voltage-clamp protocol as in Figure 2. 
Recordings were obtained in the presence of 1μM Bay K8644 (left), and conductance by LTCC was 
confirmed by >95% inhibition with 10μM nifedipine (right). (bottom) Peak I-V relationships in Bay K8644 are 
summarized (together with data from WT mouse VSMCs from Figure 3.8), with peak current at 0 mV 
displayed right for individual traces. Error bars show mean + s.e.m. (n = 8 WT and n = 6 VM cells in each 
case). (C) (left) Representative whole-cell voltage-clamp recordings of KATP channel conductance from 
control C2a hiPSC-VSMC using an intracellular pipette solution containing no nucleotides. Cells were 
voltage-clamped at -70 mV. (right) Summary of mean currents in basal conditions, in 100μM pinacidil, and 
in 100μM pinacidil plus 10μM glibeclamide (mean + s.e.m., n = 5 cells). Statistical significance was 
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determined by pairwise t-test with Bonferroni correction for multiple comparisons. * p < 0.05, ** p < 0.01, 
*** p < 0.001. 
 

4.2.4 Increased basal KATP activity, and decreased sensitivity to glibenclamide, in 
CS patient-derived hiPSC-VSMCs 

I next developed human iPSC-derived vascular myocyte models for Cantú Syndrome 

using two patient-derived iPSC lines, which had been generated using Sendai virus–

based reprogramming vectors on PBMCs and renal epithelial cells. These cells were 

obtained from CS patients carrying the R1154Q (RQ) and R1154W (RW) mutations, 

respectively, which are the first- and second-most common CS-associated variants 

(Grange et al., 2019). Two subclonal hiPSC lines were produced for each mutation, and 

DNA sequencing analysis confirmed the expected mutation in each. Expression of human 

pluripotency-associated genes and a normal karyotype were confirmed for all hiPSCs 

prior to subsequent experiments, and CS hiPSC-VSMCs were differentiated as described 

above. Differentiation was highly efficient for all lines, with alpha-SMA consistently 

expressed in control, RQ, and RW hiPSC-VSMCs (>99% positive for each cell line, Figure 

4.3A). 

To assess the molecular consequences of CS mutations in human iPSC-VSMCs, 

whole-cell voltage-clamp was used to measure KATP currents in RQ and RW hiPSC-

VSMCs, as well as control C2a hiPSC-VSMCs (Figure 4.3B). Experimental conditions 

were similar to those described above, but the pipette solution contained 100μM MgATP 

and 500μM MgADP (see Methods), to determine channel behaviors under nucleotide 

regulation. As shown in Figure 4.3B, basal K+ conductances were significantly elevated 

in each of the CS patient-derived hiPSC-VSMCs compared to control cells (>4-fold in RQ 

cells and >2-fold in RW cells, note logarithmic scale). Pinacidil-activated currents were 

~2.5x basal in WT (Figure 4.3B) and ~5.5x in RQ hiPSC-VSMCs (Fig 4.3B), but only 

~1.9x in RW hiPSC-VSMCs (Figure 4.3B). 

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 RQ and RW, respectively (Figure 4.3B). 
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Increased basal currents in the CS variant cells are consistent with elevated basal KATP 

activity due to the known molecular consequences of the mutations (Harakalova et al., 

2012). However, since glibenclamide fails to reduce these currents to basal levels, I could 

not rule out the possibility that increased basal K+ currents are non-KATP mediated. To 

test this possibility, whole-cell voltage-clamp was used, as described above, to 

characterize the vascular ensemble of functional Kv currents with high (5mM) ATP in the 

pipette (Figure 4.3C). I-V relationships revealed no significant basal K+ conductances, nor 

differences in Kv currents between control, RQ, and RW hiPSC-VSMCs, confirming that 

elevated basal currents in Figure 4.3B are indeed KATP -mediated, and further 

demonstrating that there are no secondary, cell-autonomous changes in Kv currents 

associated with CS KATP GoF.  
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Figure 4.3: Electrophysiological characterization of CS hiPSC-VSMCs. (A) Composite 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 μm). (B) Representative whole-cell voltage-
clamp recordings from control hiPSC-VSMCs (left), RQ hiPSC-VSMCs (middle), and RW hiPSC-VSMCs 
(right) using an intracellular pipette solution containing 100μM MgATP and 500μM MgADP. Cells were 
voltage-clamped at -70 mV. (below) Summary of mean currents in basal conditions, in 100μM pinacidil, and 
in 100μM pinacidil plus 10μM glibeclamide (mean + s.e.m., n = 5 cells in each case), as well as fraction of 
current inhibited by glibenclamide (right). (C) (left) Representative whole-cell voltage-clamp recordings 
show Kv currents from control, RQ and RW hiPSC-VSMCs (scale bars = 50 pA, 100 ms), voltage-clamp 
protocol as in Figure 3.7. (below) I-V relationships show mean + s.e.m. in each case, for n = 9 (control), n 
= 5 (RQ) and n = 5 (RW) cells. (D) cDNA PCR product from control and RQ 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). For hiPSC-VSMCs, two control samples and two RQ samples are 
shown, generated from two separate differentiations. Statistical significance was determined by Mann-
Whitney U test (α = 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.2.5 Lack of alternate ABCC9 splicing in human R1154Q patient tissues and RQ 
patient-derived hiPSC-CMs 

The introduced mutation thus results in alternate splicing and consequent loss of SUR2 

protein in CS mice. In turn, this leads to significantly blunted phenotype severity, despite 

the R1154Q mutation showing a marked molecular GoF (McClenaghan et al., 2018). If 

the same splicing is similarly present in humans, it would tend to mitigate the effects of 

the mutation. In addition, variable SUR2 splicing between individuals could potentially 

account for the quite variable expressivity in CS individuals with the R1154Q mutation 

(Grange et al., 2019). I further examined the tissue dependence of exon 28 skipping in 

cDNAs generated from mRNA isolated from multiple R1154Q mouse tissues. As shown 

in Figure 3.6D, the apparent fraction of spliced transcripts was similar in skeletal, smooth, 

and cardiac muscle, being approximately 25%–35% in heterozygous, SUR2WT/RQ and 

approximately 75%–100% in homozygous, SUR2RQ/RQ animals. This further indicates that 

alternate SUR2 splicing is driven by the nucleotide change via a cell-autonomous 

mechanism, independent of tissue type. The less-than-stoichiometric ratio of spliced to 

unspliced transcript in the heterozygous case further suggests slower transcription or 

reduced stability of the mutant mRNA. I obtained a skin and skeletal muscle biopsy 

sample from a single R1154Q patient and successfully isolated ABCC9 mRNA. However, 

PCR from both samples revealed only single product bands corresponding to full-length 

SUR2A cDNA and no band corresponding to exon 28–deleted cDNA (Figure 4.4A). 

I also obtained PBMCs from a patient with the R1154Q mutation, and renal 

epithelial cells (RECs) were obtained from a patient with the R1154W mutation. Human 

induced pluripotent stem cells (hiPSCs) were generated from these primary cells using 

Sendai virus–based reprogramming vectors. Two subclonal hiPSC lines were produced 

for each mutation, and DNA sequencing analysis confirmed the expected mutation in 

each CS hiPSC line. A GCaMP6-expressing hiPSC line from an unaffected individual was 

used as a control. Expression of human pluripotency-associated genes and a normal 

karyotype were confirmed for all hiPSCs prior to subsequent experiments. WT and CS 
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hiPSCs were differentiated into cardiomyocytes as previously described (Lian et al., 

2012). When I used this approach, hiPSC-derived cardiomyocytes exhibiting robust 

rhythmic contractile behavior were present by days 7–9. Subsequently, a 10-day lactate 

purification step was used to metabolically select for cells (Figure 4.4B) with 

cardiomyocyte-specific biochemical properties enabling survival exclusively via lactate 

metabolism, as previously described (Tohyama et al., 2013). For unknown reasons, I was 

unable to detect KATP channels in these myocytes (data not shown). However, RT-PCR 

analysis of RNA isolated from WT, R1154Q, and R1154W hiPSC–derived 

cardiomyocytes on day 45 revealed full-length SUR2A transcripts in each genotype, with 

no evidence of detectable alternate splicing (Figure 4.4B). Although the amino acid 

sequence in this region of SUR2 is identical in mice and humans (Figure 3.5C), there are 

slight variations in codon usage between the 2 species (Figure 3.5A) that could affect 

ABCC9 mRNA splicing. Nevertheless, the lack of detectable alternate splicing in human 

R1154Q and R1154W iPSC–derived cardiomyocytes suggests that the disease mutation 

may not lead to alternate splicing in native human tissues. 
 

 
Figure 4.4: Alternate ABCC9 splicing is not observed in human R1154Q patient tissues and RQ 
patient-derived hiPSC-CMs. (A) cDNA PCR product from human R1154Q patient skeletal muscle and 
skin analyzed by gel electrophoresis reveals only a single band corresponding to a 642 bp fragment from 
full-length SUR2A cDNA and no band corresponding to the predicted 549 bp from exon 28–deleted cDNA 
(red arrowheads). (B) Image of R1154Q patient iPSC–derived cardiomyocytes (scale bar: 50 μm). cDNA 
PCR product from R1154Q or R1154W patient iPSC–derived cardiomyocytes analyzed by gel 
electrophoresis reveals only a single band corresponding to the 325 bp fragment from full-length SUR2A 
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cDNA and no band corresponding to the predicted 232 bp fragment from exon 28–deleted cDNA (red 
arrowheads) (representative result from n= 3 repeats). 
4.2.6 Cell-autonomous consequences of genetic KATP overactivity underlie both 

hypomyotonic and hyperelastic components of CS vasculopathy 
A third CS mouse model was previously generated in which the SUR2[R1154Q] was 

knocked-in to the endogenous locus (H. Zhang et al., 2021). In contrast to the mice 

carrying the SUR2[A478V] or Kir6.1[V65M] CS-associated variants, SUR2-dependent 

KATP currents and the resultant CS phenotype were both minimal in R1154Q mice. This 

was a result of alternate splicing leading to excision of exon 28, 3’ of the introduced 

variant, which led to non-functional SUR2 (H. Zhang et al., 2021). 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 analysis of cDNA 

amplified from RNA isolated from control and RQ hiPSC-VSMCs (Figure 4.3D) revealed 

no evidence of exon 28 exclusion, in agreement with observations from primary human 

tissues samples, discussed below (H. Zhang et al., 2021). This finding is consistent with 

the RQ hiPSC-VSMC patch-clamp recordings (Figure 4.3B), which revealed a striking 

increase in KATP activity, in contrast to native RQ mouse aortic VSMCs. 

To understand how KATP GoF impacts VSMC excitability under physiological 

conditions, whole-cell current-clamp (I=0) was used to measure membrane voltage (Vm) 

immediately (<2s) upon break-in. In the two genetically unrelated control C2a and AN-1.1 

hiPSC-VSMC lines, I observed identical mean Vm values (-44 mV), consistent with reports 

of native VSMC resting Vm, which lies in the range of -35 to -45mV (Loutzenhiser et al., 

1997; Welsh et al., 1998; Welsh et al., 2000). Consistent with enhanced basal KATP 

conductance (Figure 4.3B), both RQ and RW hiPSC-VSMCs were markedly 

hyperpolarized by 10-15mV relative to both controls (Figure 4.5A). 

Finally, joint hyperelasticity (Czeschik et al., 2013; Grange et al., 2019), 

tracheomalacia (Grange et al., 2019), and tortuous, dilated blood vessels (Brownstein et 

al., 2013; Kisilevsky et al., 2019; Leon Guerrero et al., 2016) are major features of CS, all 

potentially related to excess elastin production, which has also been reported in response 

to treatment of blood vessels and cultured VSMCs with the KATP activator minoxidil 
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(Hayashi et al., 1994; Knutsen et al., 2018; Tajima et al., 1995). As shown in Figure 4.5B, 

compliance was increased in aortae from both A478V and V65M mice at P21, the effect 

being dependent on the molecular severity (from WT < Het < Hom in each case). The 

increased compliance was paralleled in each case by increased elastin mRNA expression 

in vessels at 3 months. I also measured mRNA expression from control (C2a), RQ and 

RW hiPSC-VSMCs. There was a marked increase in elastin expression in both of the CS 

lines relative to control (Figure 4.5C), a clear demonstration that increased vascular 

elastogenesis is a cell-autonomous response to KATP GoF. 
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Figure 4.5: Cell-autonomous consequences of CS mutations on human iPSC-VSMC excitability and 
elastogenesis. (A) (above) Representative whole-cell current-clamp (I=0) recordings from two control 
hiPSC-VSMC lines (left; C2a, AN-1.1) and two CS variant hiPSC-VSMC lines (right; RQ, RW) using an 
intracellular pipette solution absent of nucleotides. (below) Individual and mean (± s.e.m., n = 6-16 cells) 
initial Vm immediately following break-in from experiments as above. (B) Vessel 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 shows mean + s.e.m., 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 β-2 
microglobulin (right panel). Statistical significance was determined by Mann-Whitney U test (α = 0.05). * p 
< 0.05, ** p < 0.01, *** p < 0.001. 



 

 79 

Chapter 5: Thesis Discussion 
5.1 Molecular consequences of Cantú Syndrome-associated mutations in 
recombinant KATP channels  
5.1.1 A cluster of novel Cantú Syndrome–associated ABCC9 mutations cause KATP 
GoF 
Prior to this project, the few characterized CS-associated mutations in ABCC9 (SUR2) 

had been shown to result in GoF in recombinant KATP channels in the presence of Mg2+-

nucleotides, which can arise either from decreased sensitivity to inhibitory ATP, or 

augmented activation by Mg2+-nucleotides (Cooper et al., 2015; Harakalova et al., 2012). 

In this study, I identified three novel (i.e., previously uncharacterized) polymorphisms from 

suspected CS patients that appear to cluster together in the TMD2 domain of SUR2: 

Y981S (human Y985S), G985E (G989E), and M1056I (M1060I). When electrical 

recordings were obtained from recombinant KATP channels in which these novel-variant 

constructs were heterologously expressed, I observed increased KATP channel activity in 

the presence of regulatory nucleotides via diverse molecular mechanisms. As in previous 

reports, I used Kir6.2/SUR2A channels for analysis due to the difficulty of recording 

Kir6.1/SUR2 currents, although it is expected that the mechanism of SUR2 mutations will 

be conserved irrespective of the pore-forming subunit. In addition, although the 

dependence of channel activity on intracellular nucleotides differs quantitatively between 

the two major SUR2 splice variants (SUR2A and SUR2B, which differ only in their C-

terminal exon) (Matsuoka et al., 2000; Reimann et al., 2000), it is anticipated that, 

qualitatively, the changes observed for mutant SUR2A-containing channels will be 

common for SUR2B-containing channels.  
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5.1.2 A conserved molecular mechanism of GoF between the cluster of novel 
mutations and the two most common CS-associated mutations 
Here, I compared the sensitivity of WT and mutant channels to ATP in the absence and 

presence of Mg2+ to dissect the Mg2+-independent inhibitory effect of ATP from the 

activating effect of MgATP. This analysis reveals that the molecular mechanism by which 

the three clustered mutations (Y981S/G985E/M1056I) caused KATP GoF is through 

increased sensitivity to activatory MgATP signaling (Figure 2.4). These residues are all 

predicted to lie in close proximity to each other in a cluster within TMD2; Tyr-981 and Gly-

985 are found at the N-terminal end of TM12, immediately following the NBD1-TMD2 

linker, whereas M1056I is situated on the opposing TM13 (Figure 2.1). The location of the 

Tyr-981/Gly-985/Met-1056 cluster, at the link between the NBDs and the TM domains 

(Figure 2.1), is appropriate for transduction of movements between the intracellular and 

transmembrane domains of SUR2. Biochemical analyses of SUR and related ABC 

proteins indicate that MgADP or MgATP binding to the NBDs of SUR may act to stabilize 

dimerization of NBD1 and NBD2 (C. G. Nichols et al., 1996; Ueda, Komine, Matsuo, 

Seino, & Amachi, 1999; Zingman et al., 2001). However, how binding or NBD dimerization 

is coupled to gating of the channel pore remains poorly understood. 

Notably, the GoF induced by each novel mutation is quite subtle when mutant and 

WT SUR2A subunits are co-expressed to mimic the clinically relevant heterozygosity 

(Figure 2.2). Recent reports of GoF mutations in Kir6.2 and SUR1 that underlie neonatal 

diabetes demonstrate that even very subtle biophysical effects can result in disease 

(Vedovato et al., 2016), suggesting that dramatic changes may not be necessary. 

Additionally, because SUR2B appears to be the more pathologically relevant splice 

variant, and nucleotide-dependent channel activity differs quantitatively between SUR2A 

and SUR2B (Matsuoka et al., 2000; Reimann et al., 2000), it is possible that these 

mutations will have a greater effect on channels containing SUR2B. Furthermore, the 

channel activity measured in 86Rb+ experiments under basal conditions may not fully 

recapitulate the metabolic and physiological context for KATP channels in myocytes, and 

so I cannot rule out a more significant activating effect under other conditions. 
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I also characterized the molecular mechanism of the previously reported CS 

mutations R1150Q and R1150W (human residue R1154, located in TM15 of TMD2), 

which are the first- and second-most common known CS-associated mutations, 

respectively (Grange et al., 2019). As with the novel cluster described above, the RQ and 

RW mutations enhance MgATP activation, with a particularly dramatic effect observed in 

the RQ channels (Figure 2.5). There was also a trend toward diminished ATP sensitivity 

for the RW channels, although this effect did not reach statistical significance. Taken 

together with the molecular effects of the novel cluster, above, these findings demonstrate 

that multiple transmembrane regions of TMD2 are involved in the conformational changes 

associated with Mg2+-nucleotide activation.  

The concentration of free Mg2+ varies in different cell types (Swaminathan, 2003); 

in cardiomyocytes (which express Kir6.2/SUR2A), free Mg2+ is reported to be ∼0.5 mm, 

the concentration used in this study (Quamme & Rabkin, 1990). As free Mg2+ levels are 

tightly regulated in most cells, the physiological effect of CS mutations that alter Mg2+-

nucleotide sensitivity will reflect altered response to nucleotide concentrations (in the 

presence of Mg2+), not to changing Mg2+ concentrations (Foster & Coetzee, 2016a).  

 

5.1.3 Consequences for sulfonylurea sensitivity 
Previous studies have demonstrated that second generation sulfonylureas, such as 

glibenclamide, inhibit SUR2-containing KATP channels, albeit with lower potency than for 

SUR1-containing channels (Gribble, Tucker, Seino, & Ashcroft, 1998). As such, 

glibenclamide (or other sulfonylureas) represents a potential pharmacotherapy for CS. 

However, the CS–associated mutation Kir6.1[V65M] profoundly reduces glibenclamide 

inhibition of recombinant channels (Cooper et al., 2017), and there are multiple reports of 

neonatal diabetes mutations in the Kir6.2/SUR1 KATP subunits that reduce sulfonylurea 

sensitivity (Koster, Remedi, Dao, & Nichols, 2005; Proks, 2013). Therefore, it is important 

to assess whether CS mutations in SUR2 affect inhibitor sensitivity. It was determined 

that the cluster of Y981S, G985E, and M1056I mutations do not obviously affect 

glibenclamide sensitivity (Figure 2.6). It has been reported that sulfonylurea inhibition of 
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SUR2-containing channels is affected by nucleotide regulation (Hambrock, Loffler-Walz, 

& Quast, 2002; Proks, de Wet, & Ashcroft, 2014), and so it is possible that these mutations 

may alter pharmacological sensitivity under more complex physiological regulation, but 

this remains to be established. 

A decrease in glibenclamide potency was observed in both the RQ and RW 

mutations, particularly for the latter (Figure 2.7). Interestingly, Arg-1150 lies in TM15 

(Figure 2.1), and previous studies have demonstrated that TMs 14–16 are critical for high-

affinity sulfonylurea binding to SUR subunits (Ashfield et al., 1999; Hambrock et al., 

2001). Indeed, serine to tyrosine substitution of a single residue in TM16 (predicted to lie 

within ∼15 Å of Arg-1150 on the cytoplasmic extensions of the TM helix) is sufficient to 

confer SUR2-like sulfonylurea sensitivity to SUR1, and vice versa (Ashfield et al., 1999; 

Hambrock et al., 2001). This raises the possibility that the Arg-1150 mutations may 

directly decrease glibenclamide sensitivity via disruption of the drug-binding site. The RW 

mutation exhibited a more pronounced effect than the glutamine mutation at the same 

site, perhaps due to a greater steric effect of the bulky tryptophan side chain. Regarding 

the relevance to treatability of disease, it is important to note that glibenclamide sensitivity 

was evaluated in a “homozygous” context where all SUR2 subunits were mutated, but all 

CS patients identified so far are heterozygous. The data suggest that most mutations may 

have relatively minor effects on drug sensitivity, but the two most common mutations 

arising in the Arg-1150 residue may reduce sulfonylurea sensitivity in CS patients. Studies 

of native channels in hiPSC-derived cardiovascular cells may allow more accurate 

assessment of the potential impact of CS mutations on the pharmacological response. 

Collectively, these results provided further evidence for KATP GoF consequences 

of CS mutations arising in the SUR2 protein. The results illustrate a common molecular 

mechanism of enhanced MgATP activation for several mutations clustered in TM12–13, 

as well as the two most common mutations occurring in TM15. The cluster of mutations 

did not markedly affect sulfonylurea sensitivity, whereas the RQ and RW mutations led to 

considerably reduced glibenclamide response, particularly in the case of RW. The results 

provide novel insights to the function of KATP channel complexes, which will be useful for 
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linking CS genotype to phenotype in this complex disorder, and will inform the 

consideration of therapeutic approaches to CS. 

 

5.2 Consequences of CS mutations in CRISPR/Cas9-generated murine models 
5.2.1 Complex cardiovascular consequences of CS-associated KATP mutations: 
Additional outcome twists with R1154Q 
The present study demonstrates that the most common CS-associated mutation, 

SUR2[R1154Q], when introduced into the analogous locus of the mouse genome, 

resulted in qualitatively the same cardiovascular features as the SUR2[A478V] and 

Kir6.1[V65M] mutations (Y. Huang et al., 2018), providing further confirmation of the 

common cardiovascular outcome of vascular dilation and cardiac enlargement resulting 

from SUR2- or Kir6.1-dependent KATP GoF in CS. However, in RQ animals, the disease 

was quantitatively much less severe than naively predicted based on the relative 

molecular severity of the mutation. The reason for the reduced severity of outcome was 

shown to be a reduction in overall KATP density in both vascular smooth muscle and heart, 

particularly in the case of homozygous RQ mice. This in turn was shown to be a result of 

the genomic c.3452G>A mutation causing altered pre-mRNA splicing, with deletion of the 

following exon 28 and generation of nonfunctional SUR2 proteins, and downregulation of 

overall KATP density. SUR2A levels were profoundly reduced in homozygous RQ mice, 

with the remaining SUR2A protein showing lower complex glycosylation, indicative of ER 

localization, as seen in Kir6.2-knockout animals (Arakel et al., 2014).  

In general, genetic or pharmacological manipulations that alter the levels of any 

KATP subunits, even complete knockout of any given subunit, have not been shown to 

result in marked compensatory changes in other subunits, in any tissues (Flagg et al., 

2008; Koster et al., 2001; Miki & Seino, 2005). In the present case, there was a small 

increase in absolute levels of cardiac diazoxide-sensitive current, and of mature, 

glycosylated SUR1 protein in the heart. Previous studies have suggested that SUR1, 

while present in the heart, is outcompeted by SUR2A for association with Kir6 subunits, 

resulting in low levels of fully mature, glycosylated SUR1 being present in KATP channels 
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at the membrane surface (Arakel et al., 2014). I speculate this may be because SUR2A-

containing channels normally leave the secretory pathway more efficiently, so that when 

mutant SUR2A protein is depleted, SUR1 accesses Kir6.2, which explains the higher 

levels of core-glycosylated SUR1 and diazoxide-sensitive current in R1154Q hearts. 

Cardiac hypertrophy and enhanced cardiac output are a consistent finding in CS 

patients (Levin et al., 2016) and in both Kir6.1[V65M] and SUR2[A478V] mutant mice (Y. 

Huang et al., 2018). It has been shown in these mice that cardiac hypertrophy arises 

independently of ventricular KATP activity, as a secondary consequence of enhanced 

vascular KATP activity, resulting in vasodilation-mediated reduced vascular resistance, 

and, in response, enhancement of renin-angiotensin signaling, adrenergic signaling, or 

other vasoresponsive pathways (Y. Huang et al., 2018; McClenaghan, Huang, Matkovich, 

et al., 2020). Cardiac enlargement was also observed in SUR2[R1154Q] mutant mice, 

but this was less marked than in V65M or A478V mice, consistent with reduced overall 

expression of SUR2-dependent KATP channel levels in the vasculature (as well as the 

heart). Cardiac β-adrenergic receptor (β-AR) activation promotes cardiac hypertrophy 

(Scheuer, 1999) and, as the Nichols group has also shown, maximal pharmacological β-

AR stimulation can facilitate forward-trafficking of SUR1-KATP channels to the myocardial 

plasma membrane (Arakel et al., 2014). This in turn could contribute to the modest 

elevation in functional expression of SUR1-containing channels in R1154Q hearts. 

 

5.2.2 Variable disease-causing/modifying consequences of alternate splicing in 
ABCC genes 

Strikingly, the SUR2[R1154Q] (ABCC9 c.3461G>A) mutation induced alternate splicing 

of ABCC9 mRNA, generating a truncated SUR2 protein with an in-frame deletion of the 

31 amino acids that comprise exon 28. When heterologously expressed together with 

Kir6.2 in recombinant channels, the SUR2[R1154Q,Δexon28] construct failed to generate 

active KATP channels. In mixed expression with full-length SUR2A cDNA, there was no 

evidence for a dominant-negative effect of the SUR2[R1154Q,Δexon28] construct; the 

data were best fit by assuming that even one full-length subunit was sufficient to fully 
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rescue function. This can explain the observed reduction in overall channel density yet 

persistence of vascular hyperpolarization and cardiac enlargement in R1154Q animals; 

in the case of heterozygous mice, the disease features were less marked than seen in 

heterozygous SUR2[A478V] animals (Y. Huang et al., 2018; McClenaghan, Huang, 

Matkovich, et al., 2020), even though the molecular consequence of the mutation itself 

was more severe, as discussed above in studies on the RQ mutation in recombinant 

channels (Harakalova et al., 2012; McClenaghan et al., 2018). In contrast to 

SUR2[A478V] animals, the disease features of homozygous RQ animals were no more 

dramatic than those of the heterozygous animals, and myocyte KATP channel activity was 

more markedly decreased, particularly in smooth muscle — explained by the enhanced 

degree of splicing. 

In many genes, exon inclusion/skipping is increasingly being recognized as a more 

common consequence of disease mutations than previously assumed (Anna & Monika, 

2018; Dufner-Almeida, do Carmo, Masotti, & Haddad, 2019; Houdayer et al., 2012). 

Multiple intra-intronic and intra-exonic mutations in CFTR (ABCC7), a gene closely 

related to ABCC8, have been associated with nonfunctional protein and cystic fibrosis 

(CF) disease (Pagani, Buratti, Stuani, & Baralle, 2003). In one systematic study 

correlating in silico predictions with functional analyses of exon skipping in recombinant 

minigenes (Aissat et al., 2013), 9 of 19 disease-associated CFTR mutations induced exon 

skipping in a fraction of transcripts, but did not abolish WT expression completely, 

potentially underlying variably milder phenotypes. Mutations occurring at conserved 

intron–exon boundaries (i.e., splicing junctions at the −1, −2, −3, and +1, +2, +3 positions) 

are predicted to affect splicing of the immediately adjacent exons. The consequence of 

such mutations – for example, c.1117-1G>A and c.1209+1G>A in ABCC7 – are generally 

considered to be severe, whereas mutations occurring at more distant positions – for 

example, +5, +6, or −5 and −6 – are mild, typically associated with only mild CF disease 

(Tsui & Dorfman, 2013). 

Alternate splicing is well recognized as a component of ABCC9 regulation; the 

canonical finding is that cardiomyocytes express SUR2A, a variant containing exon 38A, 
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whereas VSMCs typically express SUR2B, containing the alternate C-terminal exon 38B. 

Previous studies in mice have also identified multiple additional potential spliced SUR2 

variants (Chutkow et al., 1999; Chutkow et al., 1996; Davis-Taber et al., 2000), including 

short forms of only 28 and 68 kDa (Pu et al., 2008), in addition to the full-length (~150 

kDa) form in the WT cardiac sarcolemmal membrane. Some small exon deletions 

modulate channel ATP sensitivity (Chutkow et al., 1999), whereas coimmunoprecipitation 

of short forms lacking NBD1 but containing NBD2 with Kir6.1 or Kir6.2 suggests that 

abnormal channel properties could be generated (Pu et al., 2008). Other studies identified 

an additional 55 kDa form of the protein lacking exons 5–28 in mitochondria (termed 

mitoSUR2) generated by a nonconventional intraexonic splicing (IES) event within the 4th 

and 29th exons of SUR2 mRNA (Ye et al., 2009). Specific deletion of exon 5 of ABCC9, 

to ablate expression of both plasma membrane and the mitoSUR2 short form, resulted in 

neonatal cardiomyopathy, potentially due to failure of the heart to transition normally from 

fetal to mature myocardial metabolism (Fahrenbach et al., 2014).  Conversely, mice 

overexpressing the 55 kDa short-form protein exhibited improved recovery from 

ischemia/reperfusion injury relative to WT hearts (Ramratnam et al., 2018).  

Such studies indicate that exon splicing could result in distinct forms of the protein 

that are expressed in different cellular compartments, with profoundly different effects on 

cell function. The present data raise the possibility that R1154Q (and/or R1154W, and 

perhaps other) CS mutations might result not only in a functional KATP GoF, but also exon 

skipping, resulting in a truncated protein and hence an effective mixed loss/GoF 

phenotype, potentially explaining the variable expressivity of disease features in human 

CS (Grange et al., 2019). This finding illustrates the principle that SUR2 GoF mutations 

can also be associated with counteracting LoF resulting from variable splicing that leads 

to a reduction in functional protein levels, such that the net effect could be either GoF or 

LoF in different tissues, potentially dependent on individual genomic background dictating 

pre-mRNA processing. This may potentially underlie the highly variable expressivity in 

disease severity that is seen in CS patients, even for a given variant within the same 

family (Grange et al., 2019). Moreover, the Nichols group has demonstrated that isolated 
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SUR2 LoF results in a very distinct constellation of features in ABCC9-related intellectual 

myopathy syndrome (AIMS) (Smeland et al., 2019). Hence, dual GoF/LoF consequences 

of CS mutations could result in not just quantitatively, but qualitatively variable outcomes 

and marked variability of CS pathologies. 

 
5.2.3 The lack of electrical compensation for KATP GoF in CS 
Blood pressure depends on vascular tone, which in turn is bidirectionally responsive to 

homeostatic needs, increasing or decreasing in response to even modest membrane 

depolarization or hyperpolarization from a potential (Vm) that is typically close to the 

activation threshold for LTCCs (Brayden, 2002; Loutzenhiser et al., 1997; Welsh et al., 

1998; Welsh et al., 2000). In this voltage range, subtle changes in the activity of KATP or 

other channels, whether genetic or in response to neurohumoral signaling, will change 

vascular excitability and tone, unless compensated for by changes in another current 

(Brayden, 2002; Loutzenhiser et al., 1997; Welsh et al., 1998; Welsh et al., 2000). CS 

vasculopathy leads to enhanced renin-angiotensin and baroreceptor-mediated 

adrenergic signaling, which in turn drive broader CV pathologies (Y. Huang et al., 2018; 

McClenaghan, Huang, Yan, et al., 2020).  These signaling pathways are known to 

produce extensive changes in cardiovascular cells, including alterations to 

electrophysiology (Arakel et al., 2014; Briones et al., 2009). However, it remains 

unexplored whether the functional activity of vascular ion channels is altered by the 

complex pathophysiological signaling cascades at play in vivo in CS. Any such 

consequences in VSMC electrophysiology, whether additive or protective, would be 

directly relevant to the fundamental etiology of CS, as a vascular electrical disease.  

VSMC excitability depends on the concerted activity of multiple ion conductances, 

in particular voltage-gated K+ (Kv) channels and LTCCs. Using patch-clamp protocols and 

recording solutions that I designed to inclusively measure the vascular ensemble of Kv 

currents and LTCCs, I found no difference in the functional expression of these vascular 

electrical currents in native aortic and mesenteric VSMCs isolated from WT and 

Kir6.1[V65M] mice. Thus, despite marked changes in KATP currents in VSMCs from Cantú 
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mice (Y. Huang et al., 2018), there are no accompanying compensatory or downstream 

changes in vascular Kv currents or LTCCs. The observation that vascular KATP GoF is 

uncompensated is consistent with my finding, discussed above, that VSMCs from RQ 

mice are basally hyperpolarized (H. Zhang et al., 2021), as are GI SMCs (York et al., 

2020). This is also consistent with previous findings in cardiac muscle, which show no 

compensation for KATP subunit knockout by other KATP subunits, nor changes in Kv 

currents in response to KATP GoF in other KATP channel subunits (Flagg et al., 2004; 

Koster et al., 2001). More broadly, genetic knockout of background Kir2.1 channels in 

vascular or cardiac myocytes are also not compensated for by changes in Kv or LTCCs 

(Zaritsky, Eckman, Wellman, Nelson, & Schwarz, 2000; Zaritsky, Redell, Tempel, & 

Schwarz, 2001).    

Thus, while I cannot completely rule out changes in all vascular ion channels, no 

changes in the major Kv currents and LTCCs that govern vascular excitability appear to 

contribute to, or compensate for, CS vasculopathy. Lack of compensation by other 

currents helps to explain why, despite the homeostatic imperative, manipulation of VSMC 

KATP conductance leads to marked changes in blood pressure in experimental animals, 

from a mean blood pressure of ~115 mM Hg in Kir6.1-/- animals to ~85 mmHg in smooth 

muscle-specific KATP GoF transgenic animals (A. Li et al., 2013).  Interestingly, the results 

contrast with the finding that cardiac LTCCs are actually increased with cardiac KATP GoF 

(Flagg et al., 2004; Levin et al., 2016), a potentially compensatory consequence in 

response to enhanced adrenergic signaling (Levin et al., 2016). 

 

5.3 Consequences of CS mutations in human CS patient-derived cells 
5.3.1 Implications from R1154Q CS patient-derived human iPSC-cardiomyocytes 
and primary tissues 
In cardiomyocytes I differentiated from R1154Q and R1154W CS patient-derived hiPSCs, 

I failed to detect any exon 28 exclusion, in contrast to my findings in myocytes from the 

RQ mouse model. Upon gaining IRB approval, I also obtained primary skin and skeletal 

muscle tissue biopsies from a human CS patient with the RQ mutation, which were being 
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removed from a during a medically indicated surgical procedure in which the acquired 

tissues would have otherwise been discarded. I isolated RNA from these tissues and 

similarly found no detectable alternate ABCC9 splicing (Figure 4.4), consistent with my 

findings from RQ/W hiPSC-CMs. The amino acid sequence in the region of R1154 is 

identical in mouse and human, but there is some variation in codon usage between the 2 

species, and, although in silico splicing prediction algorithms suggest that the human 

mutation and the CRISPR-introduced mouse mutation should alter exon splicing similarly, 

it is possible that the mouse sequence is more susceptible. Nevertheless, the finding that 

R1154Q induces such splicing in any genome illustrates the principle that CS-associated 

SUR2 mutations can also be associated with LoF resulting from alternate splicing that 

leads to counteracting reduction in functional protein levels. 

 Despite having observed ABCC9 message in RQ/W hiPSC-CMs, patch-clamp 

recordings I obtained from ~50 cells did not reveal measurable functional KATP activity 

(not shown). KATP channel activity had not been previously reported in hiPSC-CMs 

(Karakikes et al., 2015), and the lack of detectable KATP activity highlights a clear 

shortcoming of these cells, since KATP is the most densely expressed ion channel in native 

cardiomyocytes (Foster & Coetzee, 2016b). It is well-established in the field of hiPSC-CM 

biology that, in spite of the tremendous strides made in recent years, these cells fall far 

short of fully recapitulating human adult native cardiomyocytes (Kolanowski et al., 2017), 

and this finding exemplifies the need for further technological advances in in vitro cardiac 

differentiation approaches for generating hiPSC-CMs that electrically resemble their 

native counterparts. 

 

5.3.2 Human iPSC-derived VSMCs recapitulate native VSMC electrophysiology, 
resembling VSMCs from resistance vessels 
A major goal of disease modeling in animals is to translate the findings to the human 

condition, and it is critical that the animal model be biologically comparable. Native human 

VSMCs are not readily accessible, and even when available they only provide an avenue 

for observational, rather than interventional study, given the obvious ethical implications 
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that preclude exploratory gene editing and pharmacological testing. Moreover, 

electrophysiology of native human VSMCs has received relatively little attention (Akbarali, 

Wyse, & Giles, 1992; Hu, Lin, Liu, & Liao, 2008; Smirnov & Aaronson, 1992). Human 

iPSC-derived VSMCs therefore offer a potentially very profitable model in which to 

explore human VSMC biology in general, including electrophysiology (Ayoubi et al., 2017; 

Dash et al., 2015; Shen et al., 2021). Although characterization of cellular 

electrophysiology is essential for use of these cells to model disease processes, there 

has been no such study to date. 

I used an established protocol consisting of fully chemically defined conditions to 

differentiate hiPSCs into alpha-SMA-positive hiPSC-VSMCs via lateral mesodermal 

lineage. Subsequently, whole-cell patch-clamp electrophysiology was used to 

characterize functional expression of key channels underlying vascular excitability in 

identical conditions to those used for native mouse VSMCs discussed above. The 

ensemble of Kv currents in human iPSC-VSMCs closely resembles that in native mouse 

VSMCs, confirming that hiPSC-VSMCs recapitulate a key component of native vascular 

electrophysiology. Moreover, the non-inactivating time-dependent delayed rectifier K+ 

currents, as well as noisy, non-inactivating currents, which I ascribe to large-conductance 

Ca2+-activated (BKCa) channels, are quite similar to those originally reported in human 

mesenteric arterial myocytes (Smirnov & Aaronson, 1992).  

In addition, LTCCs are detected at similar levels, and with identical voltage-

dependence to those in mouse mesenteric myocytes, and quite similar to those reported 

in human mesenteric arterial myocytes (P. Y. Li et al., 2013). Having not detected LTCC 

in native aortic VSMCs, I provided evidence that increased functional LTCC expression 

may represent an electrical ‘signature’ of contractile VSMCs, and that hiPSC-VSMCs 

differentiated under the conditions used may more closely resemble VSMCs from 

resistance vessels than from elastic vessels. In their original report, Patsch et al. (Patsch 

et al., 2015) mentioned two potential options for hydrogel substrate: collagen, for 

promotion of a ‘contractile’ phenotype, and gelatin, for promotion of a ‘synthetic’ 
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phenotype. In the present study, I cultured cells on collagen-coated surface, consistent 

with the presence of LTCCs, as in contractile myocytes.  

I also found that KATP channels are expressed in hiPSC-VSMCs at very similar 

levels to those in murine VSMCs (Y. Huang et al., 2018). Importantly, pharmacological 

sensitivity to the SUR2-selective drug pinacidil shows that these KATP channels comprise 

the appropriate ‘vascular-type’ architecture.  

In addition, I found that two genetically distinct hiPSC-VSMC lines exhibit a 

membrane potential that is very consistent with past reports in native VSMCs 

(Loutzenhiser et al., 1997; Welsh et al., 1998; Welsh et al., 2000) – relatively depolarized 

compared to that of non-vascular myocytes, and near the activation range for LTCCs. 

Furthermore, my observation of essentially identical mean membrane potential in these 

two genetically-unrelated hiPSC-VSMC lines suggests phenotypic consistency of hiPSC-

VSMCs generated through this differentiation approach, regardless of genomic 

background or genetic origin. 

 

5.3.3 CS patient-derived hiPSC-VSMCs exhibit markedly elevated KATP activity, 
decreased glibenclamide sensitivity, and hyperpolarized membrane voltage  
R1154Q and R1154W are the most common CS-associated variants in SUR2 (Grange 

et al., 2019). Upon generating RQ and RW patient-derived hiPSC-VSMCs, I measured 

KATP conductances that were markedly elevated under basal conditions, especially so in 

the RQ myocytes. This is consistent with my findings from recombinant RQ/W KATP 

channels, discussed above, in which I observed enhanced Mg2+-nucleotide activation of 

recombinant KATP channels, particularly for RQ  (McClenaghan et al., 2018). While both 

mutations also increased the pinacidil-activated current in hiPSC-VSMCs, this effect was 

much more prominent in RQ cells. Since pinacidil acts to stabilize Mg2+-nucleotide 

activated channels, the striking pinacidil effect is also consistent with the much greater 

MgATP-activating effect in R1154Q versus R1154W channels (McClenaghan et al., 

2018). Finally, the relative inhibitory effect of glibenclamide was lower for the CS hiPSC-
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VSMCs, in this case particularly for RW – again consistent with findings from the 

recombinant channels (McClenaghan et al., 2018). 

The striking KATP channel GoF I observed in R1154Q hiPSC-VSMCs diverges 

considerably from the molecular effect observed in the CRISPR/Cas9-engineered RQ 

mouse (H. Zhang et al., 2021). As discussed above, the phenotype of this murine model 

was unexpectedly mild compared to mice carrying the CS-associated SUR2[A478V] or 

Kir6.1[V65M] mutations (Y. Huang et al., 2018), which was mediated by spliceosomal 

exclusion of exon 28,  leading to non-functional channels. However, I failed to detect any 

detectable ABCC9 exon 28 exclusion in RQ hiPSC-VSMCs, consistent my observations 

from RQ/W patient-derived hiPSC-CMs and primary tissue samples from an RQ patient 

patient (Figure 4.4). This explains the basis for the much greater KATP GoF in human 

iPSC-VSMCs carrying the RQ mutation, compared to the RQ mouse. The marked GoF 

in RQ hiPSC-VSMCs is more consistent with my findings from recombinant KATP channels 

with these mutations, in which the RQ and RW mutations caused very marked molecular 

GoF, as discussed above (Harakalova et al., 2012; McClenaghan et al., 2018).  However, 

in contrast to my studies on recombinant KATP channels, which were heterologously 

expressed and characterized in homozygous RQ/RQ channels, the CS patient-derived 

hiPSC-VSMCs were heterozygous for the RQ/W mutations, as are all known CS patients. 

Thus, the increased basal KATP conductances I observed in RQ/W hiPSC-VSMCs are 

likely a more accurate reflection of the molecular effect of these mutations in human 

vascular cells. 

Consistent with KATP currents not only being major determinants of the VSMC 

membrane potential, but also major modulators of it and hence vascular excitability 

(Quayle, Nelson, & Standen, 1997),  the resting membrane potential was markedly more 

negative in both CS lines, and – again consistent with the relative molecular effect on the 

KATP channel – even more so in RQ than RW. This can explain why VSMC hypomyotonia 

specifically, and vascular smooth muscle cell function more generally, is a major driver of 

CS pathology (Grange et al., 2019; McClenaghan, Huang, Matkovich, et al., 2020; C. G. 

Nichols et al., 2013; York et al., 2020).  
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5.3.4 Cell-autonomous effects on CS vascular pathogenesis 
CS vasculopathy includes not only the hypomyotonic component mentioned above, but 

also a hyperelastic component, which is characterized by increased vessel compliance, 

vessel tortuosity, and aortic root dilation associated with aortic insufficiency and aortic 

aneurysms (Brownstein et al., 2013; Hiraki et al., 2014; Kisilevsky et al., 2019; Leon 

Guerrero et al., 2016; Parrott et al., 2020). These latter phenomena are not trivially 

explained by an effect of KATP activation, but are consistent with multiple previous in vitro 

and in vivo studies, which have shown increased elastogenesis in cultured cells and blood 

vessels exposed to the pharmacological KATP activator, minoxidil (Fhayli et al., 2019; 

Hayashi et al., 1994; Knutsen et al., 2018; Tajima et al., 1995).  Evidence of functional 

hyperelastogenesis in the mouse (Figure 4.5) provide novel demonstration that 

elastogenic changes are indeed driven by genetic KATP GoF, and this effect was also 

observed in CS variant hiPSC-VSMCs in vitro, demonstrating that these KATP-mediated 

hyperelastogenic changes is a cell-autonomous consequence of KATP GoF in VSMCs, 

and is independent of any systemic signaling. Pharmacological KATP-mediated 

elastogenesis has been shown to cause increased transcription as well as enhanced 

post-transcriptional stability of elastin RNA (Slove et al., 2013). Moreover, many 

independent studies have established that elastin RNA levels closely correlate to 

functional elastic fiber production (Davidson, 2002; Davidson, LuValle, Zoia, Quaglino, & 

Giro, 1997; Duca, Floquet, Alix, Haye, & Debelle, 2004; Eoh et al., 2017; Hew, Grzelczak, 

Lau, & Keeley, 1999; James, Rich, Trinkaus-Randall, Rosenbloom, & Foster, 1998; 

Johnson, Robson, Hew, & Keeley, 1995; Kucich, Rosenbloom, Abrams, Bashir, & 

Rosenbloom, 1997; Kähäri et al., 1992; Lescan et al., 2018; McGowan, Jackson, Olson, 

Parekh, & Gold, 1997; Mecham et al., 1987; Parks, 1997; M. C. Zhang, Giro, Quaglino, 

& Davidson, 1995). The precise underlying molecular mechanisms by which KATP activity 

drives elastogenesis remain unexplained, but presumably, like the hypomyotonic 

component, it is driven by effects of membrane potential on cellular calcium levels. In 

addition to revealing cell-autonomous mechanisms underlying CS vasculopathy, 
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hyperelastogenesis in CS hiPSC-VSMCs has broader implications for cardiovascular 

disease modeling. Deficient in vitro elastin expression persists as a key obstacle 

hampering he use of hiPSC-VSMCs to study cardiovascular biology and disease  (Ellis, 

Luo, & Qyang, 2019). The finding of increased elastogenesis in CS hiPSC-VSMCs 

suggests that KATP activation may be a viable approach to overcome this limitation, and 

address a key barrier in the field of hiPSC-VSMC disease modeling and 3D tissue 

engineering. 

 

5.3.5 Implications for hiPSC-VSMCs in the search for vascular therapeutics 
In demonstrating that hiPSC-VSMCs recapitulate typical electrophysiology of native 

VSMCs, our data validate the use of such cells for the study of vascular biology and 

vasculopathies in general. More specifically, CS includes both hypomyotonic and 

hyperelastic components, and while there is evidence that the former can be treated with 

sulfonylurea inhibitors in vivo (McClenaghan, Huang, Yan, et al., 2020), there is so far no 

evidence that the latter can be corrected or reversed. Our findings from hiPSC-VSMCs 

help to shed light on the cell-autonomous nature of both, and to provide a human cell 

model suitable both for detailed study of the earliest mechanisms of wide-ranging CS 

cardiovascular pathologies, as well as for identification of new pharmacotherapeutic 

candidates for the disease. 

 

5.4 Conclusions of this Thesis 
Cantú Syndrome was first described as a distinct disease 40 years ago. Recent studies 

have defined the genetic basis of CS as GoF in cardiovascular KATP channel genes, and 

have further characterized the fundamental mechanistic bases of several CS mutations. 

The most common human CS mutations, SUR2[R1154Q] and [R1154W], are present in 

approximately one-third of patients with CS. Moreover, prior to this project, multiple novel 

variants had been reported in patients suspected to have CS. In this project, I identified 

a predicted cluster of several such novel SUR2 variants, which gave rise to GoF in 

heterologously-expressed recombinant KATP channels via a shared molecular mechanism 
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of increased sensitivity to Mg2+-nucleotide activation. At the time, the RQ and RW 

mutations had recently been reported to cause KATP GoF. I performed a more in-depth 

functional characterization of these mutations, demonstrating that RQ/W have a similar 

molecular mechanistic basis of elevated activatory sensitivity to MgATP, with the RQ 

mutation causing a particularly severe molecular effect. I also showed that RQ and 

especially RW channels exhibit markedly reduced pharmacological sensitivity to 

glibenclamide, the leading pharmacotherapeutic candidate for CS, which has implications 

for personalized treatment plans for the two most common CS mutations.  

When the RQ mutation was introduced into the equivalent murine locus, it 

produced canonical features of CS, but also the unanticipated consequence of alternate 

ABCC9 mRNA splicing in cardiac, vascular, and skeletal myocytes, which resulted in a 

decrease in functional SUR2 protein levels. This effectively confers concomitant LoF that 

counteracts the molecular GoF. However, by demonstrating membrane hyperpolarization 

of RQ mouse VSMCs, I demonstrated that the net effect is a mitigated GoF, which 

underlies the blunted CS phenotypic severity. I then generated RQ and RW patient-

derived human iPSC-cardiomyocyte and hiPSC-VSMC models for CS. I analyzed the 

RNA from these cells, revealing undetectable levels of alternately spliced ABCC9, 

indicating that this phenomenon was not conserved in the human-specific models. This 

was consistent with my analysis of primary tissues surgically removed from a human RQ 

patient, which showed only full-length ABCC9 transcripts. However, the possibility 

remains that other CS mutations may result in a counteracting loss of functional protein 

levels by a similar mechanism, which may underlie the striking variability of phenotypic 

expressivity in CS, even among patients affected by an identical genetic variant. 

In spite of the complex pathophysiological signaling cascades at play in CS, which 

are known to induce myriad phenotypic changes in cardiovascular cell function, the 

functional expression of other (i.e., non-KATP) key vascular ion channels does not appear 

to be markedly affected by genetic KATP overactivity in vivo. Taken together with my 

observations of significantly hyperpolarized membrane potential in native and hiPSC-
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derived VSMCs with CS mutations, this indicates that the electrophysiology of CS 

vascular cells reflects uncompensated KATP GoF. 

Despite the presence of ABCC9 mRNA in hiPSC-CMs, I failed to detect 

measurable KATP channel activity in these cells, highlighting a considerable electrical 

shortcoming of these cells for human disease modeling. In contrast, I found that hiPSC-

VSMCs show remarkable electrical consistency with their native counterparts, including 

Kv currents, BKca channels, LTCCs, KATP, and overall membrane potential. This 

represented a critical advance for the use of these cells to model human biology and 

disease, as no studies had yet characterized hiPSC-VSMC electrophysiology, which is 

fundamental to their cellular function. 
 I then showed that functional KATP activity was markedly increased, and 

glibenclamide sensitivity decreased, in RQ and RW hiPSC-VSMCs, with relative severity 

of both effects consistent with my prior characterization of these mutations in recombinant 

channels. However, given that these recordings were obtained from human-specific, 

vascular-type KATP channels derived from CS patients with heterozygous mutations (all of 

which in contrast to recordings from heterologously expressed channels), the electrical 

effect observed in these cells is a more reliable reflection of that in human CS patients. I 

then demonstrated membrane potential hyperpolarization in hiPSC-VSMCs with the RQ 

and RW mutations – again, with comparative severity consistent with that of the molecular 

effects previously observed. This underpins the hypomyotonic component of CS 

vasculopathy, and clarifies that it results from cell-autonomous electrical mechanisms. 

There was also a hypothesized hyperelastic component of CS vasculopathy, based on 

biomechanical and gross morphological changes in CS. However, increased 

elastogenesis had not been directly demonstrated. I found that elastin levels were 

increased in native and hiPSC-derived VSMCs harboring CS mutations. This not only 

confirmed the molecular basis for hyperelastic changes in CS vasculopathy, but also 

revealed that these effects were mediated by cell-autonomous mechanisms, independent 

of systemic signaling in vivo. In addition to shedding light on the fundamental etiology of 

CS, this observation points to a potential approach for addressing deficient elastogenesis 
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in hiPSC-VSMCs, which has substantial implications for the field of hiPSC-VSMC disease 

modeling. 
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