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Abstract in German

Pulmonalarterielle Endothelzellen (PAEC) sind unentbehrlich fir die Homeostase der pulmonalen
BlutgefaRe. Dementsprechend flihren fehlgeleitete Signalwege zur Entwicklung von pulmonal-
arterieller Erkrankungen. Stérungen in lonenkanalfunktionen kénnen dabei entscheidende Rolle
spielen. Die idiopathische pulmonalarterielle Hypertonie (IPAH) ist eine fortschreitende
Erkrankung, die durch u.a. Dysfunktion der Endothelzellen gekennzeichnet ist. In der
Vergangenheit wurden in dieser Hinsicht vor allem K* lonenkanale erforscht. Neuerdings haben
sich CI- lonenkandle ebenfalls als ein weiterer pathologisch relevanter Faktor erwiesen. Ein
wichtiger Teil der Cl-Leitfahigkeit ist der Ca?*-aktivierte CI-Strom (CaCC). Dieser wird
hauptsachlich durch TMEM16A lonenkandle vermittelt, einem Kanal, der mit der
Aufrechterhaltung unterschiedlicher physiologischer Prozesse in diversen Zellen verbunden ist.
TMEM16A wurde bereits auch mit verschiedenen pathologischen Vorgange in den Gefallen in

Zusammenhang gebracht, sowohl in der systemischen als auch in der Lungenzirkulation.

Die Rolle von TMEM16A fiir die endotheliale Dysfunktion war bisher nur wenig erforscht. Im
Rahmen dieser Studie konnten wir das Profil von TMEM16A erweitern und seine Bedeutung flr
die Stérung verschiedener Signalwege demonstrieren. Dabei fokussierten wir uns an Prozesse,
die fur die Identitat der Endothelzellen wesentlich sind. In dieser Arbeit berichten wir Uber eine
gesteigerte TMEM16A-Aktivitat in IPAH-PAEC. Durch TMEM16A Uberexpression in gesunden
primaren humanen PAEC in vitro, als auch durch ex vivo Uberexpression in isolierten humanen
Lungenarterien zeigen wir die funktionellen Konsequenzen der erhohten TMEM16A-Aktivitat.
Diese auRerten sich durch Anderungen in der Ca2* Dynamik und der eNOS-Aktivitat, sowie durch
eine verminderte NO-Produktion, Proliferation, Wundheilung, Gefalineubildung und eine
abgeschwachte Acetylcholin-vermittelte Relaxation menschlicher Lungenarterien. Unsere
Ergebnisse zeigen, dass die erhdhte Aktivitat der TMEM16A Kanéle in gesunden Lungenarterien
schwere Mangel verursacht, die den pathologischen Veranderungen der pulmonalarteriellen

Hypertonie ahneln.
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Abstract in English

Pulmonary arterial endothelial cells (PAECs) are an important source of factors maintaining
homeostasis within the pulmonary vasculature. However, when dysfunctional they are also a
perfectly-positioned driver of pathological development. lon-channelome represents an essential
part in this balancing act, regulating many features that maintain endothelial cell identity and their
progression towards endothelial dysfunction. Idiopathic pulmonary arterial hypertension (IPAH) is
a progressive disease hallmarked by dysbalanced ion-channelome and endothelial dysfunction.
Traditionally K* channels were featured in understanding the detrimental role of dysbalanced ion
conductance. More recently, CI- channels have proven to be another pathologically-relevant factor
and an intriguing target. An important part of Cl- conductivity is Ca?*-activated CI- current (CaCC),
which is mainly mediated by TMEM16A, a channel associated with the maintenance of different
physiological processes, however its pathological footprint has been emphasized in several

pathologies, including of systemic and pulmonary vasculature.

The effect of TMEM16A in the homeostasis and pathological development of endothelial
dysfunction has been so far underrepresented. Within the scope of this study, we were able to
extend the pathological footprint of TMEM16A demonstrating its role in the fundamental disruption
of downstream signalling pathways otherwise essential to the identity of an endothelial cell. Here
we report enhanced TMEM16A activity in IPAH PAECs. Upon TMEM16A overexpression in
healthy primary human PAECs in vitro and in human pulmonary arteries ex vivo, we demonstrate
the functional consequences of the augmented TMEM16A activity with alterations of Ca?*
dynamics and eNOS activity as well as decreased NO production, proliferation, wound-healing,

tube-formation and attenuated acetylcholine-mediated relaxation of human pulmonary arteries.

Thus, our results indicate that disease-associated TMEM16A activity pathologically primes healthy
pulmonary arteries and ultimately causes severe deficiencies resembling of that found in

pulmonary arterial hypertension.
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Introduction

1. Introduction

1.1. Pulmonary circulation

The pulmonary circulation is a high-flow, low-resistance and low-pressure system able to adapt
cardiac output with minimal changes to mean pulmonary pressure (mPAP) ranging in a healthy
individual around 14 +- 3 mmHg (2). Endothelial cells play an important part connecting the
bloodstream with the surrounding lung tissue, mediating a plethora of ultimately very different
functions; they optimize gas exchange, control barrier integrity, regulate vascular tone and
respond to different chemical, physical and mechanical stimuli by dynamically adjusting not only
their receptor-effector signalling but also their secretome. Pulmonary arterial endothelial cells
(PAECSs) are thus established as metabolically highly active population within the pulmonary
locality (3). In healthy pulmonary vascular bed, the arterial endothelium holds the balance of
vasodilation and vasoconstriction by synthesizing a variety of paracrine and endocrine factors.
While some favour relaxation, i.e nitric oxide (NO), prostacyclin (PGI2) other favour constriction,
i.e. serotonin (5-HT), endothelin-1 (Et-1), angiotensin (Ang-Il) etc in response to different stimuli.
Background NO production is an important mediator of low vascular tone in normoxic conditions,
yet when impaired this leads to a state of prolonged and excessive pulmonary vasoconstriction
going side by side with affected proliferatory response in different locally present cell types (4). As
a vital part of the respiratory system, PAECs therefore also represent a perfectly-positioned
mediator of pathological manifestations. Endothelial dysfunction has become a definition for
alterations ranging from barrier dysfunction leading to vascular leakage; altered vasoconstriction
and/or vasodilation mechanisms; acquisition of proinflammatory phenotype; dysbalanced
proliferative and apoptotic pathways and miscommunication within and without the neighboring
cells (3).

1.1.1. Pulmonary hypertension

Pulmonary hypertension is a progressive condition diagnosed by an elevation in resting mean
pulmonary arterial pressure (mPAP) > 20 mmHg with a pulmonary vascular resistance (PVR) >=
3 WU as assessed by right-heart catheterisation (5). The condition can have different origins and

is therefore classified in 5 WHO groups as defined by the last World Symposium on Pulmonary
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Hypertension (5). Group 1 or pulmonary arterial hypertension (PAH) includes several conditions
characterized by progressive narrowing of small pulmonary arteries (PAs) ultimately leading to
increased PVR and mPAP. Major factors in the observed vascular occlusion is sustained
vasoconstriction and vascular remodelling (6—8). Even though there is an extensive structural
reconstruction of the vascular wall, where histologically all layers of the wall are involved, the
hallmark of the vascular response remains increased muscularization of previously non-
muscularized distal arterioles (6,7,9). Consequently, increased right ventricular afterload and
pulmonary vascular resistance (PVR) contribute to right ventricle strain causing cardiac
hypertrophy, however with persistent elevated pulmonary resistance this leads to progressive
contractile dysfunction, decompensation, dilatation and in severe cases to right heart failure (10—
12).

With the current pharmacological targeting of vasoconstriction, the patients with PAH still face
poor prognosis with estimated 3-year survival of 54,9 % (95 % ClI, 41.8 to 68.0) for incident cases
and 58.2 % (95 % CI, 49.0 to 69.3) for prevalent cases (13). Positively associated with survival
are female gender, greater 6-minute walk distance, lower right atrial pressure, New York Heart
Association function class I/ll and higher cardiac output (13). Whether pulmonary vasoconstriction,
remodelling followed by the obstruction of the vascular lumen or markedly increased vascular
stiffness (14,15), it is clear that long term pharmacological efforts for hackling pulmonary
hypertension and its high mortality are not only towards preventing vasoconstriction but also
towards addressing its aberrant structural malformations. Therefore, a better understanding of the
aetiology, progression and molecular pathobiology paving the way towards not only new but also

more adapted treatment options are of upmost importance (16-19).

1.1.1.1. Endothelial dysfunction

The exact molecular mechanisms of PAH are multifaceted yet still largely unknown. One of the
common driving factor of vascular remodelling present across all pulmonary hypertension WHO
groups is endothelial dysfunction (20). The most commonly mentioned hypothesis of the role of
endothelial dysfunction in the pathogenesis of PAH defines several stages in PAEC pathological
transformation enabling apoptosis-resistant pro-proliferative endothelial cell expansion, thus
vascular remodelling (21-24). PAH endothelial cells present with other pathological phenotypic

shifts as well; (i) acquisition of a pro-proliferative and anti-apoptotic phenotype, (ii) a transition
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from a quiescent-to-activated state, (iii) acquisition of a pro-inflammatory phenotype, (iv)
endothelial cells also start producing and secreting immoderate amounts of growth factors
affecting not only other types of cells in the locality but also systemically via the blood circulation
and (v) the communication between endothelial cells and the rest takes key position in

understanding the pathological changes seen in pulmonary hypertension (3,19).

It has been described that BMPRII mutations contribute significantly in the development of familial
PAH (25,26), while mutations can be found in 6-40 % of patients with IPAH (27-30). Even though
loss-of-function or reduction in BMPRII remains an important factor in IPAH (31), it is nevertheless
not the main contributing factor, since it is evident that the change in genetic footprint of these
patients is changed not only in comparison to healthy individuals but also in comparison to patients
with familial PAH (32).

Another important aspect of molecular dysfunction in PAH is the apparent endothelial nitric oxide
synthase (eNOS)-nitric oxide (NO)-soluble guanylate cyclase (sGC)-protein kinase G (PKG)
pathway dysbalance (33—35) and when additionally connected to oxidative stress the rise of
detrimental reactive nitrogen species (RNS), specifically peroxynitrite (ONOO-) (36,37). IPAH
patients have disrupted eNOS pathways. (38—45) Persistent eNOS activation induces PH in mice
and humans through PKG nitration causing the vasodilation defect (35). Moreover, hypoxic mice
and monocrotaline rat models of PH have impaired ACh-mediated vasorelaxation (46).
Interestingly, to some extent underlying BMPRII and eNOS pathways, is reduced caveolin-1 in
PAH patients (30,35,47). Caveolin-1 is a membrane protein localized in caveolae, where it
regulates eNOS activation on the one hand (48) and has a role in BMPRII membrane localization
on the other (49). A decrease in caveolin-1 is present in remodelled PAs of PAH patients (30),
causing persistent eNOS activity and PKG dysfunction by extension in PAECs (35) and reduced
BMP-dependent Smad signalling in PASMCs (49,50).

1.2. lon channels and ion homeostasis in endothelial cells

Vascular endothelium is a multifunctional system capable of different responses to mechanical,
chemical and neuronal signals coming from the luminal or abluminal side (51,52). All of the
vascular endothelial functions together with their capability of sensing and rapidly responding

relies extensively on the ion-channel landscape of these cells and their activity patterns. The role
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of ion channels in the transduction of these signals is either (i) in managing quick cellular
responses, e.g. synthesis or release of different factors in response to a variety of transmitters
and on the other hand (ii) in managing slower cellular responses, e.g. the expression of several
surface and adhesion molecules, cytoskeletal changes, remodelling and angiogenesis (51). This
signal transduction is impaired during vessel disease and injury, inflammation, and hemodynamic

disturbances, e.g. hypertension (51,53).

lon-channelome represents a finely tuned network within a functioning entity with vast differences
among not only different cell types but also within the same, e.g. endothelial cells of different
organs systems or based on their localization in the vessel tree. The complexity is further extended
by the ions they preferably bind, their electrophysiological properties and by the factors that are
able to modulate their activity. This staggering diversity acts as a coordinated mechanism, defining
cell physiological state, dynamically adapting to the surrounding cues and when dysbalanced,
provides the basis for a pathological development (51,53). The contribution of a dysfunctional
endothelium to the pathophysiological progression of different diseases is being more and more
apparent, ranging from cardiovascular diseases, diabetes and hypercholesterolemia. The basis of
a dysfunctional endothelial cell can be connected to their ion channelome interconnected with
abnormal resting membrane potential (RMP) dynamics (51). The membrane potential of
endothelial cells is tightly connected to the activity of its ion channel activity. Resting membrane
depolarization results in a steep rise in intracellular concentration of Ca?*, an essential second
messenger regulating all key systems that are defining cell identity (54). The main ion species
maintaining the RMP are K*, Na* and CI- through a variety of functionally diverse ion-channels
(565-57), i.e. Ca?*-activated K* channels, inwardly rectifying K* channels and voltage-dependent
K* channels, volume-regulated anion channel (VRAC), Ca?*-activated CI- channels (CaCC) and

possibly cystic fibrosis transmembrane conductance regulator (CFTR) channel.

The main determinant of RMP in endothelial cells is the activity of K* channels. However, the
expression of these channels has been reported to vary among different types and states of
endothelial cells (51). Consequently, a bimodal distribution of RMP has been defined; the first
group have a RMP between -70 and -60 mV, controlled mainly by K*, and the second between -
40 to -10 mV controlled by CI- (56,58). The relative contributions of K*, Na* and CI- to RMP are 27
to 95 %, 3 to 30 % and 9 to 35 % respectively (51). In rats, small PAECs gain an additional
expression of a Cl- conductance in the first few weeks of postnatal development moving away

from predominantly K*-determined RMP of -70 mV to -45 mV. The increase in CI- conductance
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was proposed to be associated with increase in pulmonary blood flow, cell depolarization, Ca?*
influx and resulting NO production (59). Moreover the RMP of rat (60,61) and bovine (56,62)
PAECs was likewise determined at -38,3+2,2 or -35+1.52 and -2613 or -56+3,5 mV respectively,
with the reduction of extracellular Cl- concentration further depolarizing the membrane potential
thus confirming the efflux of CI-. Furthermore, the described current was blocked by an inhibitor of
CaCC 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB) (56,63). All these reports indicate that
the CI- conductance significantly influences the RMP of PAECs and consequently determines its
function. While the RMP of PAH PASMC is well defined and shown to be depolarized (57,64), it
is not well described for PAECs. IPAH PAECs have an upregulation of the calcium-activated
chloride channel TMEM16A (65) and increased TMEM16A activity causes the cell membrane
depolarization (57,66). It is possible that IPAH PAECs are similarly depolarized, as in the case of

PAEC:s isolated from monocrotaline rat model of PH (61).

1.2.1. Calcium

Cytosolic Ca?* is one of the most important second messengers, regulating from gene expression
and cellular secretion to contraction and cellular metabolism in practically every electrically
excitable and non-excitable cell. The distinct patterns of Ca?* dynamics can be achieved by a
plethora of different pathways that fine-tune the ability of agonists to modulate Ca?* any by doing
so define the observed endothelial cell heterogeneity (67). Most of the EC intracellular Ca?* is
sequestered within the ER, with estimations as high as 75 %, while the rest 25 % represents the
mitochondrial pool (68). In general ER contains large amounts of Ca?*-binding proteins, e.g. GRP
94 and 78, RP 60 and calreticulin and together they sequester enough Ca?* for it to reach a
milimolar range (69). On the other hand, mitochondria likewise sequester Ca?*, yet their role is not
in holding Ca?* upon impending overload but they rather display a capability of conveying Ca?*
signals of their own (70). Mitochondria appear in close proximity to IPsR-enriched parts of ER and
mitochondrial Ca?* uptake sites face multiple IPsR. In this manner the mitochondrial Ca2*-activated
Ca?* release, secondary to IPs-activated ER release, can enhance the primarily ER emptying Ca?*
signal. On the other hand, the mitochondrial Ca?* uptake could suppress the local positive
feedback of Ca?* on IP3R. Mitochondrial Ca?* activity is therefore critical in the overall Ca?*
oscillation patterns (71,72) and together with ER enables subcellular hubs of differential Ca?*

dynamics based on IP3R sensitivity and excitability (73,74). The cooperation between the ER and



Introduction

the mitochondria is further emphasized by a trans-mitochondria flux enabling refilling of the Ca?*
in the presence of IP3-generating agonist (75). Both ER and mitochondria cooperate in creating
the intracellular Ca?* landscape, e.g. ER stress is tightly connected to the metabolic changes
resulting from disturbed ER-mitochondria communication in PAH PASMCs and PAECs (76,77).
ER-mediated Ca?* leak leads to increased mitochondrial sequestration, promoting energy

production in the early stages but inducing apoptosis chronically (78).

1.2.1.1. Calcium dynamics

Ca?* dynamics is tightly connected to the activity of different types of ion-channels, thus having an
important functional consequence. Depending on the concentration of a Ca?* rise-inducing
agonists, two different types of Ca?* behaviour constitute a typical response; the first are Ca?*
oscillations presumably caused by frequent discharges of intracellular calcium stores, while the
second represents a biphasic increase with a fast rise followed by a long-lasting plateau (51,79).
While the fast transient peak consists of IPs-sensitive release from Ca?* stores, the plateau
represents extracellular Ca?* entry, activated by store depletion. The latter is significantly modified
not only by channels active in plasma membrane but also by the buffering of cytosolic Ca?* by
mitochondria and ER (79).

In response to various hormonal and chemical substances, as well as physical stimuli endothelial
cells respond with elevation in cytosolic Ca?* concentration. There are multiple pathways of
intracellular Ca?* modulation: (i) entry through voltage-dependent Ca?* channels, receptor-
operated and store-operated Ca?* channels (ROC and SOC respectively); (i) Ca?* release and
uptake from the ER or mitochondria; (iii) activity of Ca?*-Mg?* ATPase pumps or Na*-Ca?*
exchangers, (iv) release and uptake from other intracellular Ca?* stores (e.g. nicotinic acid-
adenine dinucleotide phosphate (NAADP)-sensitive lysosome-like acidic compartments) (80,81).
The mobilized Ca?* gets quickly removed either by plasma membrane Ca?* ATPases (PMCA) and
Na*-Ca?* exchangers or by sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) extruding Ca?*
into the extracellular space or the ER respectively (82).

Moreover, there is a continuous leak of ER Ca?* into the cytosol. While the process itself does
not affect the overall homeostasis under healthy conditions, it usually manifests whenever other
Ca?*-modulating mechanisms are pathologically defective. Even though the molecular entities
responsible for the leak have yet to be identified, ER Ca?* sensors STIM1 and STIM2 (83,84) have
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been implicated in SOCE-associated Ca?* disruptions across different conditions, including IPAH
(85-87). With ER stress being an important part of PAH endothelial dysfunction (77,88) and Ca?*
leak being an essential part of ER stress (89), STIM1 and 2 could be of interest in delineating

mechanism of IPAH endothelial dysfunction (90).

1.2.1.2. Mechanisms of intracellular calcium rise
Endogenous calcium release

The most commonly referred mechanism of intracellular Ca?* release begins with the activation of
guanine nucleotide-binding protein-coupled receptors (GPCRs). Ligand-binding to the a subunit
of a G protein g subtype (Gqq) causes a switch from GDP-bound to a GTP-bound state and a Ggq
disassociates from a Gg, activating phosphoinositide phospholipase C (PLC)-8 in the process (91—
93). In this way ligands such as bradykinin, angiotensin Il, serotonin and acetylcholine all cause a
series of events ultimately hydrolysing phosphatidylinositol-4,5-bisphosphate (PIP2) to yield IP3
and diacylglycerol (DAG) (94). Furthermore, binding of VEGF, PDGF or EGF to tyrosine kinase-
linked receptors (RTKs) (95,96) or mechanical stimuli (97) can likewise result in increased levels
of IP3. Diffused IP3 binds to the ER IP3R and triggers the release of Ca?* store (94,98). Alternatively
Ca?* release can be enhanced via activation of ryanodine receptors (RyRs) through a process
known as Ca?*-induced Ca?* release (CICR) (99,100). The depletion of Ca?* stores on the other
hand activates the replenishment by oligomerization of ER-transmembrane protein stromal
interaction molecule 1 (STIM1), redistribution towards the interface between the ER and cell
membrane. This activates membrane store-operated Ca?* channels, including Orai1 and TRP
channels triggering the capacitive Ca?* entry (51,101-103). Both capacitive and Ca?*-induced
Ca?* release maintain an increase in intracellular Ca?* concentration. While lower to moderate
concentrations of Ca?* ranging from 50-200 nmol/L and 1-10 umol/L activate IP; and RyR
receptors respectively, higher concentrations inhibit their activation via an inhibitory feedback
mechanism. In this way increased amounts of Ca?* are taken up by the SR Ca?* ATP-ase and
mitochondrial Ca?* uniporter. The uptake in the latter activates the Na*/Ca?* exchanger causing
oscillatory Ca?* release with the effect of more controlled Ca?* activation of eNOS on the one hand

and further activation of IP; and RyR receptors on the other, spreading the Ca?* signal (72).
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Voltage-gated calcium channels (VGCC)

Voltage-gated Ca?* channels (VGCC) are responsible for sensing the electrical state of the cell
and mediate depolarisation-based extracellular Ca?* influx. Based on their physiological and
pharmacological characteristics, there are 10 groups of VGCC based on subunit composition
grouped into 5 larger groups based on characteristics of Ca?* current; L, N, P/Q, R and T-type
VGCC (104). Among the Ca?* channels that are present in the lung vasculature, L-type and in
recent years T-type channels are most commonly described. L-type VGCC can be found in conduit
and resistance PAs, yet their density is as twice large in the PASMCs of resistance PAs (105). On
the other hand vascular endothelial cells have long been considered electrically non-excitable, yet
besides voltage-gated Na* and K* channels, they nevertheless express also T-type Ca?* channels
(106-108). T-type VGCC have lower conductance and deactivate faster (109) and recent reports
hint there might a spatial component to endothelial distribution of these channel as well (110).
Moreover, during a long-lasting depolarization, R-type VGCC could be responsible for a sustained
Ca?*influx (111).

Transient receptor potential (TRP) channels

TRP channels are voltage-independent non-selective cation channels, permeable to Na*, K*, Cs*,
Li*, Ca?* and Mg?*. There are more than 30 channels stratified into several families and subfamilies
based on functional and structural similarities. Of these TRPC have been shown especially
important for maintaining endothelial cell and smooth muscle cell homeostasis on the one hand
and driving pathophysiological changes on the other (112—-115). All TRPC members are activated
by stimulation of GPCRs or RTKs leading to PLCB or y activation respectively, and to PIP>
hydrolysis (116). The following increase in cytosolic DAG and IPs either activates some members
of TRPC family directly, while others activate after Ca2* store emptying caused by IP3 binding to
ER IPsR. TRPC channels therefore represent vascular representatives of receptor-operated
channels (ROC) and store-operated channels (SOC) respectively (116). It has been shown that
all of the members, i.e. TRPC1-7 are expressed in healthy lung tissue and within vasculature,
specifically PAs and PAECs (114,115). In a healthy lung TRPC1, 4 and 6 are especially enriched,
while PASMCs express high levels of TRPC1, 4 and especially 6 with low levels of TRPC5 and 7,
PAECs express high levels of TRPC1, 3 and 4 with low levels of TRPC5, 6 and 7 (114). ROC
TRPC6 seems to be a predominant isoform in PASMCs, while SOC TRPC4 is predominantly
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present in the vascular endothelium, where it mediates various physiological effects including the
lung microvascular permeability (117) and vasodilatory effect of acetylcholine on isolated mouse
aortic rings (118). TRPC1 and 6 on the other hand are thought of being the main components of
agonist- and hypoxia-induced vasoconstriction of pulmonary arteries (119,120). TRPC channels
therefore establish marked differences between cell types given that (i) cells have different TRPC
composition, (ii) TRPC channels have different pathways of activation and that (iii) some TRPC

channels additionally form heteromultimers of different characteristics (121).

TRPC have been strongly implicated in the pathogenesis of PH. TRPC3 and 6 are upregulated in
PASMCs of IPAH patients (114), TRPC1 and 6 are both increased in PASMCs maintained in
sustained hypoxia (119), and in PASMCs of mouse and rat models of PH (122). Manipulation of
these two channels decreases SOCE and PASMCs proliferation (114,123). On the other hand,
TRPC1 and 4 seem to be important determinants of PAEC physiology affecting SOCE and barrier
integrity (117,124-126).

1.2.1.3. The functional role of calcium in endothelium

Ca?* dynamics regulates several crucial endothelial functions, including (i) the release of
vasoactive and growth factors, cytokines and coagulation factors, (ii) the barrier maintenance and

(iii) angiogenesis (127).

Secretion

Endothelial cells are key players in the synthesis and secretions of different molecules acting
locally and systemically. Additionally to vasoactive compounds, also compounds important for
haemostasis and thrombolysis, growth modulators and inflammatory agents are being produced
and secreted as a response to different cues. The former and the latter both are regulated by
changes in the intracellular Ca?* dynamics, mediated by the release of Ca?* stores via activation

of IP3R and the extracellular Ca?* influx (51).

The effect of an increase in intracellular Ca2* concentration favours the release of pro-vasodilatory
factors, such as NO, EDHF and prostacyclins (20,51,128). The production of the latter also
includes the activation of ERK1/2, which phosphorylates phospholipase A2, a step needed for the
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synthesis of PGl> (129). Vasoconstrictor responses of endothelial cells are mostly mediated by
endothelin-1, yet the reports on its Ca?*-mediated release are contradictory, e.g. thrombin and
bradykinin both increase intracellular Ca?* concentration, yet only thrombin causes increased
secretion of Et-1 (51,130). In contrast, the effect of endothelial cell Ca?* concentration increase is
unclear on balance between haemostasis and thrombolysis. While the Ca?* increase favours the
production and release of procoagulants, e.g. platelet activator factor, vVWF, it also promotes the

release of activators of fibrinolysis and thrombolysis, e.g. tPA, TFPI, PAI-1 and protein S (51).

Even though the most important role of NO is promoting vasodilation, it can also act as an
anticoagulant, EC growth and inflammatory inhibitor. However, in the case of the increased
ONOO- transformation, it can act oppositely. A similar ambiguity can be shown for PGl,. It seems
likely that the overall effect of all these factors combined is either reflective of an additional
regulation of their secretion and/or by the balance of their activity when combined. The latter is
especially important, since these factors have different potencies and their activity is usually

limited to the locality of their secretion.

Permeability

Increase in intracellular Ca?* concentration by different agonists enhances the permeability of
microvessels allowing the exchange across blood and tissue. The increased permeability goes
hand in hand with changes in intracellular junctions, cytoskeletal reorganization and cellular
contraction (131). An important aspect of microvascular permeability is also its contact with the
underlying extracellular matrix, where Ca?* influx is needed for the endothelial cell spreading and
contact with basement membrane (132). On the other hand a Ca?* increase in larger vessels is
more complex and dependant on the agonist, e.g. ionomycin-mediated increases and a

comparable ATP-mediated Ca?* rise reduces the permeability (133).

An important determinant of endothelial cell permeability is the endothelial cell-specific myosin
light-chain kinase (MLCK) activity. The increase of Ca?* influx and binding of Ca?*/CaM complex,
MLCK interacts with myosin and actin causing cell shrinkage, increased permeability and
transendothelial leukocyte migration (134). Since the induced increase of intracellular Ca?* levels
not only increases cell permeability (135) but also upregulates endothelial adhesion molecules,

Ca?* dynamics importantly regulates also inflammatory response (136).

10
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Growth and angiogenesis

Aerobic glycolysis is the predominant bioenergetic pathway in endothelial cells generating up to
85 % of total cellular ATP (137-140). Though highly inefficient, aerobic glycolysis represents a
mechanism of fast ATP production thus supporting rapidly changing sprouting behavior and
vascularization into oxygen-deprived tissues. Moreover, glycolysis represents an important
biosynthetic pathway of macromolecules supporting e.g. mass duplication before cell-division
(139,141). Thus, manipulating glycolysis severely disrupts several processes supporting
angiogenesis, while manipulation of respiration has no effect (139), establishing mitochondria of

endothelial cells function more as signaling hubs (142).

A rise in endothelial Ca?*is an important pro-angiogenic event (90). In response to several growth
factors and chemokines the Ca?* change stimulates endothelial cell proliferation, migration,
adhesion and tube formation in vitro and in vivo (143). Ca?* signals are mediated mainly by
endogenous IP3R-stimulated Ca?* release and extracellular Ca?* influx mediated by SOCE, mostly
through STIM1, Orai1 and TRPC1, 4 and 6 (90,144). Furthermore, the role of anion channels was
likewise established in angiogenic processes. Their inhibition disturbs the tube formation in vitro,
ex vivo and in vivo making them therapeutically interesting targets in conditions with pathological

angiogenesis (51,145).

The VEGF superfamily of growth factors in connection to VEGFR are master regulators of
angiogenesis (146). In the vascular endothelium mainly VEGFR1 and 2 are mainly expressed,
however angiogenic signalling runs primarily through VEGF-A-VEGFR2, even though VEGF-A
displays higher binding affinity for VEGFR1. Consequently, it is assumed that in some cases
VEGFR1 functions as a decoy receptor in regulating VEGF-A signalling, though in others VEGFR1
seems to play a unique role in tissue-specific release of growth factors (146). Following the
dimerization and auto/trans phosphorylation of the VEGFR2, the receptor affects downstream
pathways important for regulating angiogenesis; (i) PLCy1 and RAS/RAF/ERK/MAPK promoting
the vascular development and arteriogenesis, (ii) eNOS stimulating proliferation and migration,
(iif) SRC and small GTPases regulating endothelial junctions, permeability, shape, migration and
polarization (146—150). A crucial part of the VEGF-stimulated proliferation, migration and tube-
formation is the increase in intracellular Ca?* (147,151). Typically VEGF-A-mediated Ca?*
response is biphasic, consisting of IPs-dependent ER release followed by a prolonged extracellular

SOCE-mediated influx, however some reports show an additional level of regulation through the
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type of Ca?* signalling patterns triggered by exposure to different concentrations of VEGF-A (151—
154). Other growth factors are tightly connected to angiogenic processes as well; FGF-1 and -2,
IGF-I, EGF and PDGEF all play a part in promoting angiogenesis through regulation of intracellular
Ca?* concentration, whether it is through stimulation of endogenous store release or influx of

extracellular Ca?* (90).

Several pathways connect the Ca?* signal to its angiogenic effect, among other ERK1/2 (155—
158), PI3K/Akt (81,159) and eNOS (81,160) pathways. A rise in intracellular Ca?* concentration is
a known MAPK activator, including the ERK1/2 pathway (156—-158). ERK1/2 represents one of
the main signalling pathways promoting endothelial cell proliferation, migration, survival and
angiogenesis (147,150,161-166). It is an important mediator connecting endothelial cell
metabolism with growth factor signalling (161-166). VEGF-associated IP3-mediated Ca?* release
and Ca?* influx through TRPC3-4 and the SOCE maintain its activity (90,155,167). Some reports
also hint at VEGF-stimulated endothelial cells boost of glycolysis goes through ERK1/2
stabilization of a transcription factor MYC, a known driver of cell growth, proliferation and anabolic
metabolism (139,141,168—170). Moreover, ERK1/2 is also an essential part of eNOS activation,
another important regulator of angiogenesis (156,171-178). eNOS activity together with NO
production is an essential pro-angiogenic factor, stimulating proliferation, migration and tube
formation (179,180). eNOS activity is connected to cell Ca?* levels. Besides CaM/Ca?*-mediated
activation through association and substituting the inhibitory cav-1. Additionally, Ca?*-associated
activation of eNOS goes also through kinase activity phosphorylating Ser615, Ser633 and
Ser1177 located within the inhibitory reductase domain preventing the activation of eNOS in the
absence of Ca?* rise (156,176,181). IPs-mediated ER emptying is assumed as the main pathway

responsible for eNOS activation, yet the activation can also go through SOCE (160,176).

1.2.2. Chloride

Traditionally, the expression of K* channels have been shown to importantly influence the RMP
and by extension the cell physiology. More recently, chloride channels have been established as
important contributors in the maintenance of a polarized cell membrane (54,57,59,182,183),
hinting at important roles for volume-regulated anion channel (VRAC), cystic fibrosis
transmembrane conductance regulator (CFTR) and Ca?*-activated CI- channels (CaCC). CI-

channels are distributed throughout the cell and can be found in the plasma membrane, ER, Golgi
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apparatus, mitochondria, nucleus, endosomes, lysosomes and cell vesicles (184—186). Therefore
they do not only affect the cell membrane potential but are also emerging as important signalling
effectors, regulating various cell functions from gene and protein expression, post-translational
modifications to cell volume, cycle, proliferation, differentiation, ROS levels in spatio-temporal
manner (184). CI- is capable of regulating the activity of ion channels (187,188) and enzymes
(184,189,190).

CI- anion plays an important role in regulating cell cycle and proliferation (184,191-193). Reports
suggest that CaCC TMEM16A can promote and decrease cell proliferation. Though it is not yet
exactly known what contributes to the opposite effects, some reports show that its effect could be
supported by the additional activity of cell-specific factors (194,195). TMEM16A activity is directly
connected to the activation of ERK1/2 and cyclin D1, possibly through CI- level modulation, thus
promoting cell proliferation (196). On the other hand, cell shrinkage from CI- efflux is an important
apoptotic event. TMEM16 proteins are known to affect the cell death pathways through still
unresolved means. It is possible that in these cases, Cl- assumes the role of a signalling effector
(184). TMEM16A was recently implied to promote apoptosis of rat lung microvascular EC through

increased in mitochondrial ROS and p38 activation (65).

1.2.2.1. Volume-regulated anion channel (VRAC)

VRAC is partially activated in a resting non-stimulated endothelial cell, suggesting that its activity
contributes to the setting of the RMP. Its inhibition causes a general hyperpolarization of
depolarized PAECs because of a dominating inward-rectifier potassium current and the same is
true vice-versa (197). While a decrease in the intracellular ionic strength and not an increase in
the cell volume has been mainly shown to activate the channel’s outward conductance, other less
obvious pathways have been pointed out in recent years (198). VRAC conductance is mainly
carried by CI-, yet also amino acids and organic osmolytes cross the pore; the anion permeability
sequence for VRAC is SCN-> |- > NOs > Br > CI- > HCOz3 > F- > gluconate > glycine > taurine >
aspartate, glutamate (198-200).
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1.2.2.2. Cystic fibrosis transmembrane conductance regulator (CFTR)

CFTR is low-conductance, cAMP-activated outward rectifying channel (201). Most commonly the
channel is referred to as a major determinant of epithelial cell homeostasis and its driving role in
the development of cystic fibrosis (202), yet its expression and importance is of equal importance
in the endothelium (201,203,204). Interestingly, in epithelium there seems to be a need of both
TMEM16A and CFTR expression in order for a functional CFTR (205,206), hinting at a possible
communication between the two. Furthermore, an increased activation of CFTR has been
connected to the downregulation of VRAC as well as CaCC channels (207,208). It seems that
TMEM16A can also be functionally suppressed by CFTR (209), and CFTR on the other hand can
be suppressed by HIF-1a (210,211), thus hypoxia possibly enhancing Ca?*-activated CI- secretion
(212). Itis therefore possible that hypoxia and the stabilization of HIF-1a with suppression of CFTR

might lead to a shift from cAMP-dependent towards Ca?*-activated Cl- secretion (213).

1.2.2.3. Calcium-activated chloride channels (CaCC)

The first observation of the Ca?*-activated CI- current has been in the 1980s (214), yet it took until
2008 for the identification of the TMEM16 protein family and its most prominent member
TMEM16A determined as a key molecular part of the Ca?*-activated CI- conductance (215-217).
TMEM16A is activated by an increase in intracellular Ca?* concentration in combination with RMP
depolarization (218,219). Its current demonstrates voltage-dependent activation, strong outward
rectification and a deactivating tail current on depolarization (220). Half-maximal intracellular Ca?*
concentration for activation is voltage-dependent; 2,6 yM at -60 mV, 0.3 pM at +60 mV and the
anion permeability ratio is NOs™ (2.20) > I (1.85) > Br (1.74) > CI- (1.0) > F- (0.43) (217). The
activity of TMEM16A was reported to be regulated by calmodulin, cholesterol, phosphoinositides
and by various stimuli, e.g. thermal and mechanical (221). Moreover, TMEM16A also tethers ER
to plasma membrane. It interacts with IP3R type 1 and is activated by IP;R-mediated Ca?* store
release, yet not by extracellular Ca?* influx (222). TMEM16A activation has further been connected
to ORAI1-mediated SOCE (223), TRPC6 (224) and CFTR as well (209).

The functional channel is a homodimer with each monomer consisting of 10 transmembrane
domains. Each monomer contains one pore and two Ca?*-binding sites (225). When only one site

is occupied, the channel remains closed until depolarization causes it to open. On the other hand,
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with both sites occupied, TMEM16A opens in a voltage-independent manner followed by a
channel rundown (226). The voltage and Ca?* gating of TMEM16A is conferred by a series of
acidic amino acid residues in the first intracellular loop (227) and two intracellularly-facing
glutamates E702 and E705 that mediate an additional level of Ca?* sensitivity (228).

Alternative splicing of TMEM16A seems to be extensive and it contributes to the structural and
functional diversity of the channel (216,229,230). At first, different combinations of four variants
were described, termed a-d, corresponding to alternative transcription start sites, exons 6b, 13
and 15; segments a and b are located in the N-terminus while segments ¢ and d in the first
intracellular loop (216,227,229). Later, variant 0 was described (231), then a variant lacking a
dimerization domain (232), a variant with lacking exons 1-2 and a part of exon 3 (233). Additionally
the region between exons 6-16 undergoes extensive alternative splicing (230). All mentioned
variants represent functional TMEM16A channels, yet (i) demonstrate different activity
characteristics, (ii) are localizing to specific tissues or (iii) are hallmarking pathological states. In
any case, this highlights the heterogeneity of CI- current and its importance in the homeostasis of

healthy tissues on the one hand and in the pathogenesis of diseased on the other.

TMEM16A has been shown to be a key part in maintaining homeostasis of several cellular
systems, including the gut (234,235), airway epithelium (235-237), kidney (238) and brain (239).
On the other hand its dysfunction has been undoubtedly placed in the pathophysiology of several
heterogenous diseases such as cancer, hypertension, gastrointestinal motility disorders and cystic
fibrosis (233,240-242). In addition, TMEM16A regulates the functionality of systemic and
pulmonary vascular network, indicating the important contribution of CI- current in maintaining the
electrophysiological homeostasis of the vascular cells, including PASMCs and PAECs (57,65).
Indeed, the RMP of vascular endothelial cells being closer to the CI- equilibrium indicates the
important contribution of CI- channels in maintaining its RMP and that small changes in the activity
of these channels could potentially have important downstream repercussions (51,56,59-62).
Consequently, TMEM16A has been established in several vasculopathies in different tissue and
organ systems, emphasizing its role in the regulation of vascular tone and remodelling (57,65,243—
245).

15



Introduction

1.3. Endothelial NO synthase (eNOS)

Endothelial cells are an important source of nitric oxide (NO) as a regulator of vascular tone (246—
250). Endothelial NOS (eNOS) is a predominant source of NO in the pulmonary blood vessels,
since the knockout of eNOS but not the inducible NOS impairs endothelium-dependent
vasorelaxation and promotes increased pulmonary artery pressure and hypoxic vasoconstriction
(251,252). NO has a short half-life; within seconds, its reaction with superoxide anions, oxygen or
thiol groups (acting as a storage pool) removes NO from the locality with the biotransformation of
NO and its N-oxides taking place within different metabolic routes of the body (253). As complex
as the activation of eNOS as complex the possibilities causing its dysfunction. If the ability of
endothelial cells to produce NO is blunted, the onset of vascular dysfunction paves the way to

cardiovascular disease (254).

Since the half-life of produced NO is short, the subcellular localization of eNOS is relevant for its
physiological effects (255). Within the microvascular endothelial cells, the majority of eNOS is
localized to plasma membrane, where it is targeted to cholesterol-rich calveolae, together with a
few other eNOS regulatory proteins (256,257). In addition, eNOS can also be localized in the
membrane of the Golgi apparatus (GA), mitochondria, perinuclear regions and the actin
cytoskeleton but the majority of NO is being produced by the eNOS in the outer cell membrane
and the membrane of the GA (255,258,259). GA-associated and caveolae-associated eNOS have
different mechanisms of activation, where the former is more sensitive to Akt phosphorylation, the
latter is to Ca?* influx (255). Moreover, subcellular localization of eNOS achieves spreading of its
functionality with plasma membrane-associated having an important role in NO production, while

the GA-associated in the S-nitrosylation of proteins (260,261).

Having eNOS localized in caveolae keeps the enzyme in close proximity to a milieu of different
signalling molecules, e.g. GPCRs, ion channels, protein kinases and RTKs therefore keeping it in
an optimal position for activation. Allosteric inhibitor caveolin-1 (Cav1) keeps eNOS inactive until
sufficient increase in intracellular Ca?*. Ca?*/calmodulin (CaM) complex displaces Cav1 and eNOS
translocates to the cytosol where further cofactors and substrate are in sufficient quantity to enable
its activation (262—-264).

The binding and processing of L-arginine into NO requires the combination of eNOS dimerization
with binding of several cofactors. The N-terminal haeme-binding oxygenase domain of the enzyme

contains binding sites for BH4, heme, L-arginine and Zn?*, while the C-terminal cytochrome P450-
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binding reductase domain binds flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD),
NADPH and contains an autoinhibitory domain. The domains are linked by a region binding
Ca?*/CaM and the catalytic activity of eNOS depends on the rate of electron transfer from the
reductase to the oxygenase domain, oxidizing L-arginine to produce NO in the process (265). The
role of the autoinhibitory domain is in regulation of the electron transfer between the domains
ultimately regulating eNOS activity (266). In the case of eNOS dysregulation where the ability of
dimerization is affected, the oxygenase domain takes over with generating superoxide anions
(267,268). The catalytic activity of eNOS is regulated by numerous posttranscriptional and
posttranslational modifications, protein-protein interactions as well as inter- and intra- domain

electron transfer mechanisms within eNOS (269-272).

1.3.1. Calcium-dependent activation

The activation of eNOS can be both Ca?*-dependent as well as -independent. Ca?* dynamics
within the cell is a potent regulator of eNOS activity. Not only the increase but also the frequency,
amplitude, duration and the spread of Ca?* ions affects its activity (273). The activation pathway
starts from the respective membrane receptor and travels downstream via coupling with G proteins
(91-93). The following activation of PLC, production of IP3 ultimately activates ER IP3R causing
Ca?* release (94,98). Moreover, the increased intracellular Ca?* is taken up by the SERCA and
the mitochondrial Ca?* uniporter. Mitochondria mediate oscillatory Ca?* release achieving a more
controlled Ca?* activation of eNOS (72). While the basal activity of eNOS is caused by Ca?* leak
from the ER and mitochondria, the exaggeration of Ca?* oscillations leads to an ineffective

activation of eNOS altogether.

SOCE is responsible for a steady increase in intracellular Ca?* concentration of approximately 250
nM. Even with the comparable increase with direct extracellular influx of Ca2* achieved with
ionomycin, the SOCE-mediated increase causes 10-times greater NO production than ionomycin.
This demonstrates SOCE as an essential part of eNOS activation (274). Optimally,
phosphorylated eNOS requires above 80-100 nM of intracellular Ca?* concentration for activation
and up to 200 nM for maximal activation (275). The absence of sustained synchronous intracellular
Ca?* concentration bursting of this range results in decreased NO output even when eNOS itself
remains functional (276). Even though sustained-phase Ca?* response is important for eNOS

activation (274), if constant Ca?* bursting fails to reach the threshold or the time above the
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threshold needed to maintain periodic eNOS activation, the resulting reduction in NO output will
cause endothelial dysfunction (275). Thus, the rise in NO production is sustained over a longer
period in healthy endothelial cells, while the rise in dysfunctional endothelial cells is slower and

quicker to plateau back to baseline (276).

1.3.2. Post-translational modulation of eNOS activity

An important aspect of eNOS activation are also posttranslational modifications that follow the
early Ca?'/CaM-dependent activation. Thiopalmitoylation, myristoilation, S-nitrosylation,
acetylation, glycosylation and others lead the enzyme through a complex activation dynamics,
(277-281), yet most potent one by far is eNOS phosphorylation. The activity of Ca2*-dependent
or -independent CaMKII, PKC, Akt, PKA, AMPK and ERK1/2 determines the state of numerous
activatory and inhibitory eNOS sites. While some of these sites are kinase-specific, others can be
promiscuous (264,282—285).

Of all the sites, the best characterized are the activatory Ser1177 (or Ser1179 depending on the
species) and inhibitory Thr495 sites. Ser1177 is a common target of PKA, Akt, AMPK, Ca?*/CaM-
dependent PK Il and ERK1/2, the complexity of each pathway further layered by the staggering
amount of different stimuli activating these effectors through different mechanisms. Thr495 is a
target of Rho-kinase, PKC and by some reports also ERK1/2. Activation of eNOS by
phosphorylation of Ser1177 usually goes hand in hand with simultaneous dephosphorylation of
Thr495. Other reported sites are activatory Tyr81, Ser615, Ser633, Ser1177, and inhibitory
Ser114, Thr495 and Tyr657 (286). Other reported ERK1/2 target sites are also Ser114, Ser602
(287) and Ser635 (156). Interestingly phosphorylation of Ser635 (bovine) could be responsible for
the prolonged activation of eNOS that persists beyond peak activation at approximately 5 minutes
after stimulation (288). Ser615 and 633 are located in the putative CaM autoinhibitory sequence
within the FMN binding domain of eNOS; phosphorylation of Ser617 makes eNOS more
susceptible to activation by Ca?/CaM and subsequent Ser637 phosphorylation increases its

maximal activity to the level of Ser1179 phosphorylation in BAEC (288).
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1.3.3. Autoinhibitory domain

Phosphorylation sites Ser615, Ser633 and Ser1177 all lie within two autoinhibitory domains (289).
The first two sites lie within a 43-45 amino acid long section in the FMN-binding domain which
prevents the binding of CaM and therefore the activation of eNOS (290). The third lies within a 14
amino acid autoinhibitory domain located in a C-terminal tail interacting with flavin domain and in
doing so interferes with Ca?* sensitivity. Deletion of the first leads to an increase in CaM-
dependence, deletion of the second improves Ca?* sensitivity, while the enzyme with both
domains deleted results in a constant Ca?*-insensitive eNOS. A third, less described, peptide
sequence has also been reported to interfere with CaM binding (289,291). It has been postulated
that the autoinhibitory domain interacts with FMN-binding domain, ultimately regulating the
electron flow. There are contradicting reports showing that various synthetic fragments of
autoinhibitory domain, including an 11 amino acid potent fragment AAF, diminished the activity of
eNOS in isolated samples, while on the other hand it activated it in intact PAECs, PAs and whole
lung (266,292). It is therefore possible that the mechanism of action depends on the structural

integrity of eNOS as well as the accessibility of other binding factors.

1.3.4. The role of NO in vascular homeostasis

1.3.4.1. NO and vascular tone

Even though the production of NO affects several different processes e.g. inhibition of platelet
aggregation and endothelial surface adhesion molecules, biogenesis of mitochondria, ultimately
it remains a powerful regulator of the vascular tone by (i) activating the sGC-cGMP-PKG pathway
and (ii) by modulation of other endothelium-derived hyperpolarizing factors (EDHF) and

vasoconstrictors (293).

Endothelial-derived NO targets sGC in the smooth muscle cell layer. The consequent production
of cGMP leads to the activation of cGMP-dependent protein kinase (protein kinase G; PKG). PKG-
mediated cellular effects include (i) inhibition of the ER Ca?* release by IP3R phosphorylation, (ii)
inhibition of extracellular Ca?* influx by large-conductance Ca?*-activated potassium channels-
mediated (BKCa), (iii) plasma membrane hyperpolarization preventing L-type Ca?* channels from

opening, (iv) indirect promotion of SERCA-mediated Ca?* uptake and (v) stimulation of PMCA-
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mediated Ca?* extrusion. All these effects combined achieve the reduction in intracellular Ca2*
level rendering the MLCK (294-298).

Moreover, NO interacts and modulates other endothelium-derived relaxing factors (EDRF),
namely prostacyclin and endothelial-derived hyperpolarisation factors (EDHF), where the
physiological balance between both maintains cardiovascular homeostasis distinct of the the
vessel size (299-301). Furthermore NO prevents the production and action of endothelium-
derived contracting factors (EDCF) and endothelin-1 (293,302).

1.3.4.2. NO in angiogenesis

Angiogenesis is a coordinated multi-step process that includes degradation of the basement
membrane, endothelial cell proliferation and migration, ultimately leading to organization into a
network, supporting tube-formation, fusion and pruning with pericyte stabilization (141).
Modulation of NOS-derived NO regulates organization of endothelial cells into capillary-like
structures, meaning NO represents an essential part of vessel homeostasis and new vessel
formation in vitro (179,303,304), ex vivo (305) and in vivo (306—308). Even though it is not clear
how NO promotes angiogenesis, it has been shown that it inhibits apoptosis on the one hand (309)
and enhances proliferation and migration on the other (304,310). Pathways implicated in these
processes range from expression levels of growth factors (311,312), to regulation of podokinesis
(313), integrin expression (314), extracellular matrix dissolution (311) and production of
angiostatin, an endogenous antagonist of endothelial cell angiogenesis (315). Since eNOS-
deficient mice exhibit abnormal lung morphological and vascular development and failure to
upregulate several key pro-angiogenic genes, such as VEGF/Flk1, Ang-1/TIE2, FGF2/FGF-R and
TGFB1/2, it has been suggested that NO may additionally modulate HIF1a and HIF2a activity
(316). NO production is severely impaired in IPAH PAECs (45). Together with defective tube
formation (21) this indicates that NO dysregulation is at the base of defined IPAH vascular

malformations.
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1.3.5. Dysfunction of endothelial NO production

Disturbances in eNOS function can be found across different diseases connected to aging,
deleterious environmental factors, obesity, endocrinologic disorders, atherosclerosis and
hypertension (176). The observed reduction in NO-dependent relaxation can result from a
dysfunction of numerous limiting factors: (i) decreased eNOS activation, (ii) limiting substrate
availability, (iii) reduced bioavailability of NO, disturbed (iv) eNOS dimerization, (v) arginase
activity, (vi) cofactor and endogenous inhibitor levels, (viii) eNOS coupling and (ix) the transfer of

vasodilatory cues to smooth muscle cell layer (176).

The concentrations of L-arginine or its de novo synthetisation substrate L-citruline in the human
body are rarely a limiting factor (317,318). On the other hand the substrate competition can be
responsible for limiting eNOS activation. Increased activity of iINOS due to inflammation or
increased arginase activity can successfully compete for the same substrate that eNOS needs to
produce NO (319,320). With age or with the development of diseases, e.g. hypertension, the
activity of arginases within the vascular endothelium increases due to the negative effect of ROS
and Rho-kinase stimulating its expression, translocation and activity (319,320). On the other hand
increased and continuous production of NO by iNOS also promotes S-nitrosylation of the cysteine
residues important for the dimerization of eNOS (321) thus its inactivation (322). Interestingly, in
the same manner iNOS is also capable of reducing the activity of arginase (323). Furthermore,
the oxidative stress importantly affects NO homeostasis; dysbalanced ROS can lower the
bioavailability of NO, the activity of eNOS and by extension also modulate various signalling
pathways across many different cell types. Moreover, ROS together with other mechanisms can
render the transfer of NO-mediated vasodilatory cues to the smooth muscle layer ineffective by

reducing sGC responsiveness (176,324).

1.3.5.1. Dimerization

The dimerization of eNOS is necessary for the enzyme to bind BH4 and L-arginine needed to
produce NO. With age, diabetes mellitus, increased ROS or hypoxia the process can be disrupted
increasing the monomerization of the enzyme. While reduced L-arginine or BH4 levels significantly

affect the enzyme activity (325,326), the dimeric structure can be further destabilized by increased
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NO levels, INOS-mediated S-nitrosylation and ROS, as well as decreased levels of Hsp90 and
Caveolin-1 (176).

1.3.5.2. Oxidative stress and bioavailability

The effect of oxidative stress and H20, on eNOS activation is hard to predict; H.O» can act as a
secondary messenger (327) and can inhibit (328) or stimulate (329-331) eNOS. The effect of
H.0O, seems to be concentration dependant, whereas low levels stimulate the activitiy by Ser1177
phosphorylation and high levels disrupt the dimerization of the protein via destabilizing ZnS4
(321,332,333). The increase in oxidative stress affects ZnS, cluster which is higly sensitive to NO,
ONOO- and H20z and its oxidation results not only in the monomerization of the enzyme but also,
owing to the close proximity to the catalytic centre, in the inhibition of the catalytic activity by
translocation of the flexible arm to block the substrate accessing the catalytic site (289). With this,
the flexible arm prevents the access of haeme to molecular oxygen, thus enhanced superoxide
generation that ZnS, cluster would otherwise produce. Since the oxidation of Zn is reversible,
when the physiological redox levels are restored, the ZnS, is restored to its normal state and the

flexible arm regains its open conformation (289).

Moreover increased presence of superoxide anions additionally favours the formation of a highly
reactive ONOO- which represents a significant way of NO bioavailability reduction (334-336). Not
only that ONOO- decreases the vasodilatory activity of NO but acts as a signalling molecule in its
own right, impacting various different signalling pathways across a plethora of different cell types
(324). ONOO is a strong oxidant that reacts with haeme- or thiol- containing proteins, lipids and
nucleic acids. Furthermore, nitrogen dioxide can nitrate tyrosine residues of proteins. Together
the effects of dysbalanced nitrogen oxidative species production, oxidative and nitrative, in excess

can disrupt several different pathways ultimately leading to dysfunction and apoptosis (324,337).

There are several possibilities of oxidative species increase in endothelial cells: (i) increased
endogenous substances capable of increasing ROS to pathophysiological levels, e.g.
aldosterone, angiotensin I, hydrogen sulphide, leptin, resistin, testosterone and (ii) varied
expression of antioxidant enzymes, e.g. SOD, catalase and HO-1, dysregulation in NOX and
cyclooxygenase-2 on the one hand and (iii) endothelial enzymes capable of producing superoxide

anions, e.g. NOX, xanthine oxidase, cyclooxygenases, members of the mitochondrial electron
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transport chain and eNOS itself on the other. Dysbalanced ROS and consequently NO
homeostasis has been described in several conditions and diseases, from smoking, intoxications
with arsenic and mercury, exposure to air pollution but also in obesity, diabetes mellitus and
hypertension, including PAH demonstrating increased ROS, decreased ROS-neutralizing

mechanisms and tyrosine nitration (36,37,324).

An additional level of eNOS modulation by ROS is via its endogenous inhibitor asymmetrical
dimethyl arginine (ADMA), which can be increased by oxidative stress (338,339). The production
of ADMA can be reduced by SIRT1 (340). PAH patients have increased ADMA and decreased
activation of SIRT1 (341-343).

1.3.5.3. Reduced vasodilatory response

The reduction of NO-mediated vascular relaxation can be a direct result of a reduced sGC
responsiveness as a consequence of (i) differential expression of sGC subunits and disturbed
dimerization or desensitization by e.g. oxidative stress and ONOO- targeted mostly at the NO-
binding sGC subunit § and (ii) differential expression or activity of sGC modulating proteins, such
as HO-1, phosphodiesterases or BKCa on the other (344,345). Hypoxia prevents the dimerization
of the subunits ameliorating NO-meditated vasorelaxation (346). Since up to 40 % of adult patients
with PH do not respond to therapy with inhaled NO and the responders further complicated by the
short duration of NO-mediated vasorelaxation and even rebound pulmonary vasoconstriction,
most likely the underlying cause is either the altered sGC expression or alteration in the
dimerization of the enzyme affecting its activity. Since sGC levels are elevated in IPAH patients,
the discrepancies in the dimerization are the likely cause with an extension of elevated PDES5 as
seen in PAH (33,34,347,348). Furthermore, IPAH patients have disrupted eNOS pathways with
different reports on the protein level of eNOS, yet a decreased exhaled NO (38—45). It is assumed
that eNOS is dysregulated either by disruption in post-translational modification or increased
formation of ROS, namely ONOO- (349). Moreover, persistent eNOS activation induces pulmonary
hypertension in mice and humans through PKG nitration causing the vasodilatory defect (35) and
hypoxic mice and monocrotaline rat models of PH have impaired ACh-mediated vasorelaxation
(46).

23



Hypothesis and Aims

2. Hypothesis and Aims

PAECs isolated from patients with IPAH express higher level of Ca?*-activated CI- channel
TMEM16A, yet the functional consequences have been lacking. Since the physiology of vascular
endothelium is importantly shaped by the activity of CI- channels, | hypothesized that increased
TMEM16A-associated ion conductivity in pulmonary endothelium provides basis for

endothelial dysfunction as defined in IPAH endothelial phenotype.

To connect how increased TMEM16A activity would lead to endothelial dysfunction my aims were:
To establish the role of endothelial TMEM16A in pulmonary arterial tone.
To define electrophysiological characteristics of IPAH PAECs as defined by TMEM16A
conductivity.
To look into TMEM16A overexpression-associated PAEC phenotype and establish the
importance of previously reported MAPK in TMEM16A-primed PAECs.
To investigate acetylcholine responsiveness of TMEM16A-overexpressing endothelium

especially in connection to nitric oxide production.
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3. Materials and Methods

3.1. Human lung samples

Human lung tissue samples were obtained from patients with IPAH who underwent lung
transplantation at the Department of Surgery, Division of Thoracic Surgery, Medical University of
Vienna, Austria. The protocol and tissue usage were approved by the institutional ethics
committee (976/2010) and patient consent was obtained before lung transplantation. The patient
characteristics included: age at the time of transplantation, weight, height, sex, mean pulmonary
arterial pressure (mPAP) measured by right heart catheterization, pulmonary function test, as well
as oxygen and medication before transplantation. The chest computed tomography (CT) scans
were reviewed and the diagnoses were verified by an independent board including experienced
pathologists, radiologists, and pulmonologists. Healthy donor lung tissue was obtained from the

same source. Detailed patient characteristics can be found in Table S1.

3.2. Cell isolation and culture

Donor and IPAH PAECs:

For the isolation of donor and IPAH pulmonary artery endothelial cells (PAECs), pulmonary
arteries (< 2 mm in diameter) were isolated and the endothelium incubated with an enzymatic
mixture of collagenase, DNAse and dispaze in HBSS at room temperature (RT). Cell suspension
was collected, resuspended in VascuLife Complete SMC Medium and cultured in gelatine-coated
T25 flasks at 37 °C and 5 % CO,. After reaching 70-80 % confluency, cells were trypsinized,
enriched by 3 consecutive steps of CD31-selective magnetic-activated cell sorting technology and
verified via morphological and marker confirmation (smooth muscle actin, fibronectin, vimentin,
von Willebrand Factor, smooth muscle myosin heavy chain and CD31). Surplus PAECs were
frozen (endothelial cell complete medium containing 12 % FCS and 10 % DMSO) and stored in

liquid nitrogen until further use. Passages 3-9 were used for the experiments.

Human PAECs purchased (Lonza, Switzerland) or isolated as described above, were cultured in
gelatine (0.1 % gelatine solution in PBS) coated cell culture flasks in Lonza endothelial cell growth

medium (EBM™-2 supplemented with EGM™-2 containing growth factors, cytokines and other
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supplements, with final 2 % FCS concentration), here referred to as complete medium. Whenever
the starvation medium was used, EBM™-2 was supplemented with 0.5 % FCS and 0.2 %
antibiotics. Detailed patient characteristics of isolated and purchased PAECs can be found in

Table S1 Table S2respectively.

PASMCs:

The isolation and culture of human PASMC has been performed according to Stulnig et al (350).
After the removal of the endothelial cell layer, the media was peeled away from the underlying
adventitial layer and cut into approximately 1-2 mm? sections, centrifuged and resuspended in
VascuLife Complete SMC Medium supplemented with 20 % FCS and 0.2 % antibiotics, then
transferred to T75 flasks and cultured at 37 °C and 5 % CO,. After a confluent monolayer of
PASMC had formed, the cells were trypsinized and either cultured in VasculLife Complete SMC
medium supplemented with 10 % FCS and 0.2 % antibotics, or frozen (VascuLife Complete SMC
Medium containing 15 % FCS and 10 % DMSO) and stored in liquid nitrogen until further use.
Passages 4-8 were used for the experiments. Detailed patient characteristics of isolated PASMCs

can be found in Table S1.

3.3. Precision-cut lung slices (PCLS)

Donor lung cuts were filled with 3 % low melting agarose and let to solidify at 4 °C for 15 min.
Cylindrical cores of 8 mm in diameter were cut and sliced in cutting solution to sections of 250 um
thickness using a Krumdieck live tissue microtome. Freshly cut slices were then transferred to the
incubation medium and kept at 37 °C and 5 % CO; in the incubator. Incubation medium was
changed 4 times separated by 30 min wash steps and finally left overnight. On the following day
the slices were either fixed in 4 % formaldehyde for 1 h or kept for further use in culture. Further

information regarding solutions and materials can be found in Table S5 and Table S6 respectively.
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3.4. Overexpression of TMEM16A

Cells:

For TMEM16A overexpression, human PAECs or PASMCs were seeded on gelatine-coated
chamber slides or in 6-well plates and left to settle in fully supplemented medium overnight. On
the next day the medium was replaced by fresh complete medium containing either TMEM16A-
encoding adenoviruses Ano14¢ or control Ctrl*d (Cyagen Biosciences, USA) at multiplicity of
infection 50 (MOI 50). After 24 h the medium was replaced by fresh complete medium. For further

assays, cells were collected either 48 or 72 h after the start of infection.

Measurements of Ani9 efficacy were performed by our collaborators at the group of Prof. Dr. Péter
Enyedi, Semmelweis University, Budapest. HEK293T cells were seeded at a density of 20.000-
50.000 cells per 35 mm dish 48 h prior to transfection in complete DMEM. The vector used was
constructed at the University of Minster, by cloning the TMEM16A gene from a human podocyte
cDNA library into a pQCXIP expression plasmid. Cells were transfected using LipofectAMINE2000
transfection reagent and UltraMEM Reduced Serum Medium according to the manufacturer’'s
instructions (2 pL Lipofectamine2000 in 1 mL medium per 35 mm dish). Cells were transfected
with 0.8 yg TMEM16A-overexpressing and 0.2 ug CD8-overexpressing plasmid per 35 mm dish
and used for experiments 24-48 h after transfection. Transfected cells were identified by using

anti-CD8 magnetic beads.

Isolated pulmonary arteries and precision-cut lung slices (PCLS):

In the case of isolated human pulmonary arteries or PCLS, the vessels or PCLS slices were
incubated with the adenovirus in basal VascuLife Medium for 24 h followed by exchange of the
viral solution and incubation for further 24 h. After 48 h the vessels were either used for isometric
tension measurements, immunofluorescence imaging or collected for protein assessment

followed by western blot.

Further information regarding solutions and materials can be found in Table S5 and Table S6

respectively.
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3.5. Immunofluorescence staining

Human lung sections

Formalin-fixed paraffin-embedded human lung tissue blocks were cut to 3.5 um thick slices.
Sections were deparaffinised at 60 °C overnight and antigen retrieval was performed with Dako
Target Retrieval Solution pH 9.0 at 95 °C. Lung sections were blocked with 10 % BSA for 1 h at
RT and immunolabelled with antibodies against Von Willebrand factor (VWWF) and TMEM16A at
4 °C overnight. On the following day, the sections were washed, then labelled with Alexa Fluor
555 a-rabbit and Alexa Fluor 647 a-mouse secondary antibodies for 1 h at RT. Finally, the slides
were preserved using a mounting medium containing 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) and imaged with Zeiss LSM 510 META laser scanning confocal system.
Duplicates were processed either without the primary antibody or with the primary antibody against

TMEM16A pre-incubated with the immunogen peptide as negative controls.

Precision-cut lung slices (PCLS)

Formalin-fixed pieces were blocked at 4 °C overnight in PBS containing 5 % BSA and 0.5 %
Triton X-100. On the next day, the slices were transferred to primary antibodies against vVWF and
TMEM16A prepared in the same solution and incubated for 24 h at4 °C. On the following day, the
pieces were washed, then labelled with a mixture of AlexaFluor 555 a-rabbit secondary antibody
and DAPI prepared in PBS with 3 % BSA and incubated for another 24 h at 4 °C. The pieces were
preserved using a DAKO mounting medium and imaged with Nikon’s A1+ confocal laser

microscope system.

In the case of TMEM16A overexpression, the staining procedure was similar to the one described
above; the pieces were incubated with a mixture of AlexaFluor 488 a-rabbit secondary antibody
and DAPI.

vWF antibodies were labelled with Mix-n-Stain™ CF™ 633 Antibody Labeling Kit according to the

manufacturer’s instructions.
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Human PAECs

Cells were seeded onto gelatine-coated chamber slides and formalin-fixed. After blocking with
5 % BSA, the cells were incubated overnight at 4 °C with antibodies against Von Willebrand factor
and TMEM16A. On the following day, the cells were washed, then labelled with Alexa Fluor 555
a-rabbit and Alexa Fluor 647 a-mouse secondary antibodies for 1 h at RT. Finally, the slides were
preserved using a mounting medium containing DAPI and imaged with Nikon’s A1+ confocal laser
microscope system. Duplicates were processed either without the primary antibody or with the
primary antibody against TMEM16A pre-incubated with the immunogen peptide as negative

controls.

For the labelling of TMEM16A-overexpressing human PAECs, cells were infected with a MOI 50
as described above. 72 h after adenoviral infection, the cells were fixed with 4 %
paraformaldehyde. The following staining protocol was similar as described above; the slides were
incubated with Alexa Fluor 647 a-rabbit secondary antibody and imaged with Nikon’s A1+ confocal

laser microscope system.

Further information regarding antibodies and materials can be found in Table S4 and Table S6

respectively.

3.6. Analysis of protein expression

For the analysis of total protein, cells were lysed in CHAPS[2] buffer and analysed with Western
blot. Alternatively, pieces of healthy human lung tissue were collected in CHAPS[2] buffer followed
by homogenization with beads and MagNA Lyser instrument or sonication respectively. After
centrifugation (13.000 g, 10 min), the protein concentration of the supernatant was determined
with Pierce BCA Protein Assay Kit according to the manufacturer’s instruction. A specific amount
of protein from each sample was mixed with 10x Loading buffer and run on 8 or 15 % SDS-
polyacrylamide gels, followed by electro transfer to a nitrocellulose membrane. After blocking the
membrane with 5 % BSA in TBS-T, the membrane was probed with one of the following
antibodies: TMEM16A, pp38, p38, pERK, ERK, pAkt,, pAkt, tAKT, pSAPK/INK, SAPK/JNK,
PCNA, Cl. PARP, Cyclin D1, eNOS, LC3B, pSer1177 eNOS or pThr495 eNOS. Afterwards the
membrane was incubated with horseradish peroxidase conjugated secondary antibody and the

final detection of the proteins was performed using a SuperSignal West Femto, ECL prime or ECL
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Start Kit and a ChemiDocTM Touch Imaging System. As housekeeping genes B-Actin or Vinculin

were used.

For testing the effect of TMEM16A-overexpression on eNOS phosphorylation, 48 h after
adenoviral infection, the cells were 2 h serum-starved and stimulated with 5 yM acetylcholine

(ACh). Protein was collected at 0, 5, 15, 30 and 60 min post stimulation.

For testing the effect of reduced CI- on eNOS phosphorylation, the cells were incubated for 24 h
with either Ringer’s solution containing physiological [CI] or solution with KCl and NaCl exchanged
with potassium and sodium gluconate to half the amount respectively (([CI7] was reduced from
129.5 to 67.25 mM). After 2 h serum starvation, the rest of the protocol was performed as

described above.

Further information regarding used antibodies, solutions and materials can be found in Table
S4Table S5Table S6 respectively.

3.7. Measurement of whole-cell Ca?*-activated CI- current (lcica)

Whole cell Ca?*-activated CI- current was measured as reported previously. (57) Briefly, donor or
IPAH PAECs grown on gelatine-coated dishes were harvested with StemPro Accutase,
centrifuged (300 g, 10 min), resuspended in complete medium and incubated at 37 °C for 15 min
to allow them to attach before measurements. In the case of adenoviral manipulation of TMEM16A
expression, cells were incubated with Ano14¢ or its control CtrlAd at MOI 50 as described above
(see Overexpression of TMEM16A) and used after 48 h.

The cells were incubated in bath solution | until the formation of whole-cell configuration. Once the
amplitude of TMEM16A current was stable, the cells were perfused with bath solution Il, containing
TEA-CI to minimize K* current contamination, and vehicle or benzbromarone (Bbr). In order to
measure lcica, the command potential was stepped from a 0 mV holding potential to -40, 0, +40,
+80 and +120 mV for 1.5 s, allowing 0.5 s recovery time at the holding potential between each
step. The average current measured between 1000 and 1500 ms of each voltage step was plotted
against the holding potential. Due to the almost symmetrical Cl- concentration of the bath and

pipette solutions, the reversal potential (Erv) for Cl- was expected to be around zero.
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Measurements of Ani9 efficacy were performed by our collaborators at the group of Prof. Dr. Péter
Enyedi, Semmelweis University, Budapest. HEK293T cells were kept at a holding potential of -
60 mV. TMEM16A currents were measured at the end of 600 ms voltage steps (applied every 4 s)
to -100, -60, -20, +20, +60 and +100 mV. Once the amplitude of the TMEM16A current was stable
(the TMEM16A current gradually increased after the whole cell configuration was achieved due to
the diffusion of the calcium from the pipette solution to the cytoplasm), 1 yM Ani9 was applied to

bath solution.

Patch pipettes were pulled from thick-walled borosilicate glass by a P-87 puller (Sutter Instrument
Co., Novato, CA, USA) and fire polished. Pipettes were filled with pipette solution (pipette
resistance was between 3-5 MQ) and connected to the headstage of an Axopatch-1D patch clamp
amplifier (Axon Instruments, Inc., Foster City, CA, USA). Cut-off frequency of the eight-pole Bessel
filter was adjusted to 200 Hz, data were acquired at 2 kHz. Experiments were carried out at RT
(21 °C). Solutions were applied using a gravity-driven perfusion system. Data were digitally

sampled by Digidata 1550B (Axon Instruments, Inc.) and analysed by pCLAMP 10 software.

Further information regarding used solutions and materials can be found in Tables Table S5 and

Table S6 respectively.

3.8. Live cell Ca?" imaging

Live cell Ca?*-imaging was done as previously reported (351). Human PAECs or PASMCs were
seeded on 25 mm glass coverslips and infected with a viral solution of Ano14¢ or CtrlAd at MOI 50.
48 h after adenoviral infection, the cells were loaded with 2 yM Fura-2-acetoxymethyl ester (Fura-
2AM) for 45 min at 37 °C. The single glass cover slip was mounted on the stage of a Zeiss 200 M
inverted epifluorescence microscope coupled to a PolyChrome V monochromator (Till Photonics,
Germany) light source in a sealed temperature-controlled RC-21B imaging chamber (Warner
Instruments, USA). Fluorescence images were obtained every 3 s with alternate excitation at 340
and 380 nm and the emitted light collected at 510 nm by an air-cooled Andor Ixon camera (Andor
Technology, Ireland). Background fluorescence was recorded from each cover slip and subtracted
before calculation. The acquired images were stored and processed offline with TillVision software

(Till Photonics, Germany).
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All solutions were prewarmed to 30 °C and cells were stimulated with a 15 uM selective SERCA
blocker 2,5-Di-t-butyl-1,4-benzohydroquinone (BHQ) in the presence and absence of extracellular
Ca?*. Maximal and minimal ratio values were determined at the end of each experiment by treating
the cells with 5 uM ionomycin (maximal ratio) followed by 20 mM EGTA-mediated chelation of all
free Ca?* (minimal ratio). Cells that did not respond to ionomycin were discarded. The basal Ca?*
levels were determined as an average of initial 50 s and [Ca?*]; was calculated as previously
described (352). BHQ-induced Ca?* peak and Ca?* response following Ca?* readmission were

calculated as the maximal peak height subtracting the baseline.

Further information regarding solutions and materials can be found in Table S5 and Table S6

respectively.

3.9. DAF-DM mediated nitric oxide measurement

PAECs were seeded in gelatine-coated dark 96-well plates and treated either with TMEM16A-

overexpressing adenovirus or Ringer’s solution with reduced CI-.

In the case of adenovirus, following infection at MOI 50 and 48 h of overexpression, the cells were
starved for 2 h with Ringer’s solution and loaded with 10 yM 4-Amino-5-Methylamino-2',7'-
Difluorofluorescein Diacetate (DAF-FM) for 30 min at 37 °C. The cells were stimulated with 5 yM
ACh for 20 min followed by measurement on CLARIOstar Plus (BMG Labtech, Germany) at
Ex/Em = 495/515 nm. All the assays were performed in quadruplicate and normalized to protein

content.

Further information regarding solutions and materials can be found in Table S5 and Table S6

respectively.

3.10. Wound healing assay

Human PAECs or PASMCs were seeded in 2 well culture-inserts (lbidi, Germany) and infected
with either Ano14d or CtrliAd at MOI 50. Following overnight starvation and altogether 48 h of
TMEM16A overexpression, the inserts were removed to create a gap of approximately 500 ym

and the cells were immersed in a complete medium. The closing gaps were photographed at 4x
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magnification (Olympus CKX41) at 0, 12, 24, 36 and 48 h after removal of the inserts and the
photos quantitatively assessed comparing the initial gap with the area of the healing wound using

image analysing software (ImagedJ 1.46r).

Further information regarding solutions and materials can be found in Table S6.

3.11. Pulmonary arterial isometric tension measurements

All animal studies were approved by the Austrian Ministry of Education, Science and Culture under
the license number BMWFW-66.010/0043-WF/V/3b/2016. 10-12 week-old wild-type male mice
were sacrificed by cervical dislocation and lungs collected for pulmonary artery (PA) isolation.
Using stereo zoom microscope SZX7 (Olympus, Tokyo, Japan) second order PAs of 4 mm in
length were isolated and cut in half. One half was always used for a vehicle control. Alternatively,
human PAs (4 mm), isolated from human lung tissue obtained from Vienna (976/2010), were
isolated, cut in half and incubated with either Ano14¢ or CtrlAd for 24 h, after which the solution was
exchanged for VascuLife SMC medium without any growth factors or FCS (LifeLine Cell

Technology) for a further 24 h.

In both cases the isolated PAs were mounted on the wire myography system (Danish Myo
Technology 620M, Aarhus, Denmark) with the help of tungsten wires. Afterwards the PAs were
equilibrated for 30 min in physiological salt solution (PSS; pH 7.4, 100 % oxygen, 37 °C) followed
by an increase of basal tension to 2 mN and stabilization for further 30 min. The vessel viability
was tested with 3 sequential steps of depolarization, PSS with 120 mM KCI (KPSS; isotonic
replacement of NaCl by KCI) each lasting 15 min. The vessels with mean KPSS response below
2 mN were discarded. The effect of vasoactive agents (high potassium chloride, thromboxane
analog U44619 (300 nM), L-NAME (300 pM), benzbromarone Bbr (0.1-30 pM) or
acetylcholineACh (0.1-30 uM)) was tested by directly adding the agents into the chamber and the
differences were measured between the vessels incubated with the substances or vehicle, or in
the case of human PAs between TMEM16A-overexpressing Ano1Ad or CtrlAd expressing

vessels.

The myography chambers were connected to force transducer units for isometric measurements
(PowerLab, ADInstrument, Oxford, UK). The vasorelaxation was calculated as percentage (%
relaxation) of the contraction induced by 300 nM U46619.
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Further information regarding solutions and materials can be found in Tables Table S5 and Table

S6 respectively.

3.12. Measuring cell metabolic state

The Agilent Seahorse XFp setup (Agilent, USA) was used to assess the mitochondrial and
glycolytic function of primary human PAECs or PASMCs. 20.000 cells were seeded into 8-well
plates and infected with either Ano”? or CtrlAd and incubated for 24 h. 48 h after adenoviral
infection, Seahorse XFp Cell Mito Stress and Glycolysis Stress Test Kits were used according to
the manufacturer’s instructions. Briefly, with the use of Oligomycin, Rotenone and
Rotenone/Antimycin A, the mitochondrial state can be assessed. Altermatively, with the use of
Glucose, Oligomycin and 2-Deoxy-D-glucose glycolytic function can be assessed. All the assays

were performed in triplicate and normalized to protein content.

Further information regarding materials can be found in Table S6.

3.13. Matrigel tube-formation assay

To test endothelial cell angiogenic potential, Matrigel tube formation assay was used (Merck
Millipore). 200.000 cells were seeded in a gelatine-covered 6-well plate and infected with either
Ano14d or CtrlIAd at MOI 50 and incubated for 24 h. Following overnight starvation and 48 h after
adenoviral infection, the cells were trypsinized, counted and 50.000 cells per 96-well plate were
seeded onto prepared matrigel in triplicate according to the manufacturer’s instructions. After 6 h
of incubation period at 37 °C, the tubular networks were photographed at 4x magnification
(Olympus CKX41) and photos quantitatively assessed comparing the number of branching points

using image analysing software (ImageJ 1.46r).

Further information regarding materials can be found in Table S6.
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3.14. Assessment of cell proliferation in vitro

To study the influence of TMEM16A on human PAEC proliferation, 10.000 cells per well were
seeded in 96-well plates and infected with either Ano1A9 or CtrlAd at MOI 50. After 24 h the medium
was replaced by fresh complete medium and the cells serum-starved overnight. On the following
day the cell medium was replaced by fresh starvation medium with added 3H-thymidine. The
proliferation was determined after 24 h [*H]-thymidine incorporation (BIOTREND Chemikalien
GmbH, Cologne, Germany) and altogether 72 h after adenoviral infection as an index of DNA
synthesis, and detected with a scintillation counter (Wallac 1450 MicroBeta TriLux Liquid
Scintillation Counter & Luminometer, PerkinElmer, Waltham MA, USA). Each independent

experiment was performed in quintuplicate.

Further information regarding materials can be found in Table S6.

3.15. Assessment of cell resting membrane potential in vitro

To study the influence of TMEM16A on human PAEC resting membrane potential, 80.000 cells
per well in a 6-well plate were seeded and transfected with either CtrlA4 or Ano1A9 at MOI 50. After
24 h the medium was replaced by fresh complete medium and the cells were serum-starved
overnight. 48 h after adenoviral infection, the medium was replaced with starvation medium
supplemented with 10 yM DiBAC4(3) dye for 30 min at 37 °C after which the cells were collected
with cell-scratcher in PSS. Fluorescence Signal Intensity was measured on CytoFLEX S flow
cytometer (Beckman Coulter, USA) at ExX’Em=490/516 nm.

Further information regarding solutions and materials can be found in Table S5 and Table S6

respectively.

3.16. Assessment of cell Cas3/Cas7 activation in vitro

To study the influence of TMEM16A on Cas3/Cas7 activation, we seeded 150.000 PAECs or
PASMCs per well in a 6-well plate and transfected the next day with either Ctrl*d or Ano144 at MOI
50. After 24 h the medium was replaced by fresh complete medium and the cells serum-starved

overnight. The next day the medium was exchanged by fresh starvation medium. As a positive
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control, we incubated the cells with 10 yM Staurosporin (STS) for 24 h. 72 h after adenoviral
infection, CellEvent™ Caspase-3/7 Green Detection Reagent was used according to the
manufacturer’s instruction. The fluorescent signal shift was measured with CytoFLEX S flow
cytometer (Beckman Coulter, USA) at EX/Em = 503/530 nm.

Further information regarding solutions and materials can be found in Table S6.

3.17. Cell-cycle analysis

To study the effect of TMEM16A overexpression on cell cycle progression of primary human
PAECs or PASMCs we seeded 200.000 cells per well in a 6-well plate and transfected with either
CtrlAd or Ano1Ad at MOI 50. After 24 h the medium was replaced by fresh complete medium and
the cells serum-starved overnight. The next day the medium was exchanged by fresh starvation
medium for further 24 h. 72 h after adenoviral infection, the cells were trypsinized, resuspended
in PBS, then transferred into cold EtOH under continuous vortexing and incubated at 4 °C for at
least 30 min. After washing using PBS supplemented with 0,5 % FCS, the cell pellet was
resuspended in a solution containing 1 pg/mL DAPI and 0,1 % Triton x-100 in PBS and incubated
at RT for 10 min, then transferred on ice until measurements were done. Fluorescence Signal
Intensity was measured on CytoFLEX LX flow cytometer (Beckman Coulter, USA) at EX/Em = 3
55/461 (bandpass filter 450/45). The data was analysed using ModFit software.

Further information regarding solutions and materials can be found in Table S6.

3.18. gRT-PCR

gRT-PCR was performed as described previously. (57) Briefly, PAECs were grown until
confluence and serum-starved overnight. RNA was collected using the PeqGOLD Total RNA kit
(PeqLab, Erlangen, Germany) and transcribed into cDNA with the iScript reagent mix (Bio-Rad,
Hercules CA, USA). To assess ANO17 expression, exon-exon junction spanning primers targeting
the boundaries of exons 1 and 2 were acquired from Eurofins, Graz, Austria (see supplementary
table S3). The primers covered the region without reported alternative splicing, therefore they

amplified all splice variants. qRT-PCR was performed using Blue S'Green gPCR Kit.
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Further information regarding primer sequences and materials can be found in Table S3 and Table

S6 respectively.

3.19. Isolated perfused and ventilated rat lung (IPL)

Male Sprague-Dewley rats weighing 200-300 g were anesthetized with intraperitoneal injection of
Ketamine/Xylazine followed by 600 uL of a 5000 U/mL heparin stock 5 min after narcosis. A
tracheotomy was performed and mechanical ventilation was applied at a tidal volume of
approximatey 12.4 ml/kg b.w., an end-expiratory pressure of -2 cm H20 and a respiratory rate of
60 breaths/min. Hyperinflation (-20 cmH20) was performed at 1 min intervals. After a sternotomy,
right ventricle was used to catheterize the pulmonary artery and another catheter was inserted
into the left atrium through the left ventricle and both fixed with a ligature. The lungs were perfused
with 37 °C sterile Krebs-Henseleit buffer supplemented with 2 % bovine serum albumin and mean
pulmonary arterial pressure (PAP) was continuously monitored and expressed in cmH20. After
an initial steady-state of 20 min with the flow of 10 mL/min, we preconstricted the pulmonary
vasculature with 20 nM U46619, followed by the increasing concentrations of Ani9. Results were
summarized as % vasorelaxation compared to the baseline obtained after U46619 pre-

constriction.

Further information regarding primer sequences and materials can be found in Table S6.

3.20. Statistical analysis

Data is shown either as individual data plots with median, as mean + s.e.m or as floating bars plot
(min-to-max). In all cases, n numbers are representing number of replicates, N numbers are
representing number of patients. Numbers are given in the corresponding figure legend. Statistical
analyses were performed using Prism 8.0 (GraphPad Software, La Jolla, CA, USA) and are
identified in the corresponding figure legend. All datasets met the assumptions of the statistical

test used, statistical analyses were two-sided and p values < 0.05 were considered significant.
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4, Results

41. TMEM16A maintains pulmonary endothelial homeostasis

To understand how CI- conductivity would be placed in the pathological cascade defining IPAH
endothelium, | aimed to look at Ca?*-activated Cl-channel TMEM16A in the pulmonary arteries. As
a first step | investigated TMEM16A levels in various pulmonary compartments, i.e. in human lung
homogenate (hLH), primary human pulmonary arterial endothelial cells (PAECs) and primary
human pulmonary arterial smooth muscle cells (PASMCs). By using western blot analysis, | could
show that TMEM16A is expressed in the human lung tissue and is enriched in the pulmonary
vascular bed (Figure 1a). Similarly | used quantitative PCR to look at mRNA level of TMEM16A
in PAECs and PASMCs and could show an enrichment in PAECs (Figure 1b).
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Figure 1. TMEM16A expression in donor PAECs, PASMCs and human lung homogenate.
(a) Western blot showing TMEM16A expression in donor PAECs, pulmonary arterial smooth
muscle cells (PASMCs) and human lung homogenate (hLH) (N = 2-3 patients). Vinculin served
as loading control. (b) Gene expression of ANO1 in donor PAECs and PASMCs. (Reproduced
from (1) in accordance with the MDPI and the CC BY 4.0 license).

In continuation, | looked for a specific TMEM16A inhibitor that would enable me to specify
TMEM16A-associated Icica and its effect on physiology. Several inhibitors of TMEM16A have been
described before. Among others, Ani9 was reported as a selective TMEM16A inhibitor of
submicromolar potency with no modulation of intracellular Ca?* signalling nor CFTR activity. |
introduced Ani9 was implemented into several investigations assessing its efficacy in inhibiting
TMEM16A-associated Ca?*-activated CI- current, mitigating vasodilation of ex vivo mouse
pulmonary arteries (PAs) and by following its effect on mPAP of ex vivo isolated and perfused rat
lung (IPL). First, to investigate the inhibitory potential of Ani9, TMEM16A-overexpressing plasmid
was introduced into HEK293T cells and highly increased Ca?*-activated CI- current (lcica) was
observed. Ani9 successfully reduced the current by approximately 87 % showing much promise

for the following investigations (Figure 2).
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Figure 2. The efficacy of Ani9 in inhibition of TMEM16A-associated Icica. Representative
whole-cell Ca?*-activated CI- current (lcica) traces (left) and normalized current-voltage (I-V)
relationships measured with voltage clamp in TMEM16A-overexpressing HEK293T cells
showing the effect of 1 uM Ani9 (right). Figure was generated with n = 5 cells. (The patch-clamp
investigations were carried out with the support from the group of Prof. Péter Enyedi,

Semmelweis University, Budapest).

To explore the physiological relevance of Ani9 ex vivo, | used two separate models (Figure 3a-
b). First, using isometric tone measurements the effect of Ani9 was investigated. Increasing dose
of Ani9 led to a step step-wise relaxation of U46619 pre-constricted rat PAs up to approximately
40 % (Figure 3a). In the ex vivo rat IPL model, increasing dose of Ani9 resulted in a step-wise
mPAP reduction in U46619 pre-constricted lung up to approximately 50 % (Figure 3b). Even
though Ani9 proved to be a potent inhibitor of Icica, it ultimately did not reach the ex vivo efficacy

of another previously reported other strong inhibitor of TMEM16A benzbromarone (Bbr).
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Figure 3. Ani9-mediated vasorelaxation. (a) Ani9-induced vasorelaxation of U46619 pre-

constricted rat pulmonary arteries. Figure was generated with 5-9 vessels in each group taken
from 3 rats. ** p < 0.01, *** p < 0.001, two-way ANOVA with Bonferroni post-hoc test. (b)

Representative graph showing the effect of Ani9 on mPAP of isolated and perfused rat lung

preconstricted with U46619 (left) and the quantification plotted as % of relaxation (right). Figure

was generated with n = 3 rats in the groups perfused with Ani9 and n = 1 in the group perfused

with vehicle (DMSO). ((a) was performed by Neha Sharma, Medical University of Graz)
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Thus, in continuation of the project | used Bbr as a tool in dissecting TMEM16A-conducted Icica.
By employing whole-cell voltage clamp, | isolated Ca?*-activated CI- current in primary human
PAECs and primary human PASMCs (Figure 4a-b). In PAECs | could define higher Icica which
was further supported by significantly increased Bbr-mediated inhibition (Figure 4c). These data
suggests that TMEM16A activity is bigger in pulmonary vascular endothelium in comparison to
the vascular smooth muscle cell layer and that Bbr is a potent inhibitor of TMEM16A in the
pulmonary vascular compartment.

PAECs
Veh
20
_ 15 Veh
Euj |
Bbr % 8 Bbr
! 0 s
|400 PA T
'13 L ; T T 1
— -40 0 40 80 120
200 ms Em [mV]
(@)
PASMC
Veh Bbr-sensitive current
15
7 PAEC
_ Veh = 101
'S 5] Bbr <
: Zs
Bbr = S PASMC
S0 L 0]
400 pA
5 - t T T 1 -5 t T T 1
— -40 0 40 80 120 -40 0 40 80 120
200 ms Em [mV] Em [mV]
(b) (c)

42



Results

Figure 4. TMEM16A defines calcium-activated chloride current in pulmonary arterial
endothelial cells. (a-b) Representative whole-cell Ca?*-activated CI- current (lcica) traces (left)
and normalized current-voltage (I-V) relationships measured with voltage clamp in PAECs (a)
and PASMCs (b) showing the effect of benzbromarone (Bbr) (right). ¢) Calculated Bbr-sensitive
current in donor PAECs and PASMCs. Figures were generated with n = 5-13 cells from healthy

donors. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

To further establish the importance of endothelial TMEM16A in maintaining vascular tone,
isometric tension measurements of isolated mouse PAs were used and the effect of Bbr on the
vascular tone ex vivo was investigated. In comparison to Ani9, Bbr mediated step-wise relaxation
of U46619 pre-constricted PAs up to approximately 87 % (Figure 5a-b). Upon deliberate removal
of the endothelial layer, | could observe a slight yet significant shift in the relaxation (Figure 5a),
demonstrating that PA endothelium might play a role in mediating TMEM16A-associated
relaxation through Bbr activity. Furthermore, by incubating PAs in Nw-Nitro-L-arginine methyl
ester hydrochloride (L-NAME), a potent and specific inhibitor of eNOS, the measured relaxation
of PAs was shifted even further (Figure 5b), demonstrating that TMEM16A modulation of
pulmonary vascular tone goes, at least to some degree, through eNOS and therefore endothelial

NO production.
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Figure 5. The role of endothelium in Bbr-mediated vasorelaxation. (a-b) Representative
isometric tension measurements of Bbr-mediated vasorelaxation of U46619 pre-constricted
mouse pulmonary arteries (left) showing endothelial contribution of Bbr effectiveness (right)
with either endothelium removed (no EC; a) or incubation with L-NAME (b) (n = 4-7). ** p <
0.01, *™* p < 0.001, **** p < 0.0001, two-way ANOVA with Bonferroni post-hoc test. (Obtained
with the help from Neha Sharma, Medical University of Graz; reproduced from (1) in accordance
with the MDPI and the CC BY 4.0 license).

4.2. IPAH PAECs are hallmarked by increased TMEM16A activity

CI- channels are prominent mediators of EC homeostasis. Their activity influences not only the
electrophysiological properties of EC but ClI- anions function as an important second messengers
as well. TMEM16A represents the most recognized Ca?*-activated CI- channel. | have
demonstrated that its pharmacological inhibition affects the endothelial homeostasis and it has
been shown before that its expression in idiopathic pulmonary arterial hypertension (IPAH) PAECs
is increased. Therefore in the continuation of the project | studied the link between established
IPAH endothelial dysfunction and the role of TMEM16A in this cascade. First, the localization of

TMEM16A expression was investigated (Figure 6a-c and Figure 7a-d) in 3D precision-cut lung
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slices (Figure 6a), lung sections (Figure 6b) and PAECs (Figure 6¢) isolated from donor and
IPAH patients. | could confirm the presence of TMEM16A in vWF* cells, a marker of endothelium.

PCLS Lung sections PAECs

DONOR DONOR IPAH DONOR IPAH
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(b) (c)
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Figure 6. Localization of TMEM16A in the lung. Immunofluorescence staining of (a) 3D
precision cut lung slices (PCLS), (b) lung sections and (c) PAECs obtained from healthy donor
lungs and patients suffering from IPAH (BP=antibody blocking peptide, scale bar = 50 ym for
PCLS, 50 ym for PAECs and 50 um for lung sections). (PCLS results were obtained with the
support from Diana Zabini, PhD, Medical University of Graz; reproduced from (1) in accordance

with the MDPI and the CC BY 4.0 license).
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Figure 7. Control immunofluorescence staining of TMEM16A in PAECs. Control staining
for detection of TMEM16A in PAECs. Immunofluorescence staining of 3D precision cut lung
slices. (a) PCLS, (b) lung sections and (c) PAECs obtained from healthy donor lungs and (d)
patients suffering from IPAH (BP=antibody blocking peptide, scale bar = 50 ym for PCLS, 50
pum for PAECs and 50 pm for lung sections). (PCLS staining and imaging was performed by dr.
Diana Zabini, Medical University of Graz; reproduced from (1) in accordance with the MDPI and
the CC BY 4.0 license).

Additionally | performed western blot analysis of donor and IPAH PAECs and showed that while

in whole-cell protein, the level of TMEM16A at 114 kDa remains unchanged, there seems to be a

staggering increase at approximately 80 kDa (Figure 8).
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Figure 8. The expression of TMEM16A in PAECs isolated from IPAH patients. Western
blot comparing TMEM16A expression in donor and IPAH PAECs. Figure was generated with
N = 3 samples for both groups. (Reproduced from (1) in accordance with the MDPI and the CC
BY 4.0 license).

It is possible that the product of 80 kDa belongs to an isoform of TMEM16A, since an isoform of
this size was confirmed before in mouse and rat samples and was additionally predicted to be
expressed in human as well. Thus the detected isoform could represent an IPAH-associated
pathologically-relevant isoform. Finally, using whole-cell voltage clamp | was able to confirm
increased Icica corresponding to TMEM16A in IPAH PAECs (Figure 9a) supported by increased
Bbr-mediated inhibition in these cells (Figure 9b).

Increased activity of TMEM16A could therefore represent the basis for endothelial dysfunction

described in IPAH PAECs.
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Figure 9. Increased Icica in PAECs isolated from IPAH patients. (a) The effect of Bbr on
representative whole-cell Icica traces (left) and normalized current-voltage relationships (right)
measured with voltage-clamp in donor and IPAH PAECs (Veh/Bbr,= IPAH PAECs perfused
with vehicle or Bbr; Vehp/Bbrp = donor PAECs perfused with vehicle or Bbr). (b) Comparison of
the Ca?*-activated CI- current density of donor and IPAH PAECs at 120 mV. Figures were
generated with n = 12-13 cells from at least N = 4 patient samples. # p < 0.01, *** p < 0.0001,
ANOVA with Bonferroni post-hoc test. (Reproduced from (1) in accordance with the MDPI and
the CC BY 4.0 license).

43. TMEM16A overexpression-associated model of IPAH

demonstrates endothelial dysfunction

To delineate the nature of endothelial dysfunction TMEM16A overactivity could cause, | acquired
adenoviral vectors overexpressing full length TMEM16A (Figure 10a) and its control (Figure 10b).
| infected human primary PAECs and followed the efficacy of infection by measuring mCherry
fluorescence (Figure 11a). Using FACS analysis | tested different conditions of infection and could
set the proper conditions of multiplicity of infection (MOI) to 50 and 72 h after adenoviral infection

more than 90 % of the cells were mCherry* (Figure 11b).
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Figure 10. TMEM16A-overexpressing adenovirus and control. Two adenoviruses were
acquired from Vectorbuilder Inc. (a) Ano149 and (b) CtrlAd expressing either mCherry connected
to Ano1 via a self-cleaving peptide P2A or only mCherry respectively. (Reproduced from (1) in
accordance with the MDPI and the CC BY 4.0 license).
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Figure 11. Adenoviral infection was followed by mCherry fluorescence. mCherry was

chosen for the possibility of tracing the efficiency of the infection, seen here as (a) bright field

(BF) and mCherry fluorescence pictures of primary PAECs 72 h after adenoviral infection (scale
bar = 200 um). (b) 72 h after adenoviral infection more than 90 % of the CtrlAd- and Ano1Ad-

infected cells were mCherry*. (Reproduced from (1) in accordance with the MDPI and the CC

BY 4.0 license).

By performing western blot analysis and immunofluorescence staining of TMEM16A
overexpressing PAECs, the increase in channel expression on protein level was confirmed

(Figure 12 and Figure 13).

50



TMEM16A

B-actin

PAEC PASMC
A C A C

N .

Results

135 kDa

45 kDa

Ad
C=Ctrl

Ad
A =Anol

Figure 12. Overexpression of TMEM16A in primary vascular cells. Western blot displaying
adenovirally-mediated TMEM16A expression in donor PAECs and PASMCs. (Reproduced
from (1) in accordance with the MDPI and the CC BY 4.0 license).
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Figure 13. Immunofluorescence staining of TMEM16A-overexpressing PAECs. Primary
PAECs were infected either with Ctrl*d or Ano1A< and stained for TMEM16A expression (scale

bar = 20 ym). (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

In order to determine that the increase in channel expression correlates with an increase in Icica, |
used whole-cell voltage clamp in the subsequent measurements. TMEM16A-overexpressing
PAECs demonstrated approximately 5-fold increase in lcica compared to control virus-infected
PAECs (Figure 14a-b) and further supported by more than 5-fold increase in Bbr-sensitive current
(Figure 14c). These results indicate that the adenoviral overexpression led to a production of a

functional ion channel located in the outer cell membrane.
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Figure 14. Adenoviral infection of primary PAECs results in increased Icica. (a-b)
Representative whole-cell Icica traces (left) and normalized current-voltage relationships (right)
measured with voltage-clamp showing the effect of Bbr in donor PAECs transfected with either
CtriAd (a) or TMEM16A-overexpressing Ano1A? (b). (c) Calculated Bbr-sensitive current
comparing primary PAECs infected with Ctrl*¢ or Ano1A9. Figures were generated with 8-13
cells from N = 2 healthy donors. (Reproduced from (1) in accordance with the MDPI and the

CC BY 4.0 license).

As CI- channels represent an important mechanism of cell membrane potential (En) regulation, |
looked into possible electrophysiological consequences of increased TMEM16A activity.
Adenoviral overexpression of TMEM16A caused significant increase in mean fluorescence

intensity indicating Em depolarization in primary PAECs (Figure 15).
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Figure 15. TMEM16A-mediated changes in resting membrane potential of human PAECs.
Fluorometric measurements indicating a shift in relative resting membrane potential (En) of
donor PAECs infected with CtrlAd or Ano149 using DiBAC4(3) dye. Figure was generated from 4
separate experiments. * p < 0.05, paired t-test. (Reproduced from (1) in accordance with the
MDPI and the CC BY 4.0 license).

Since En, fluctuation in turn is tightly interconnected with cell Ca2?* dynamics, a protocol enabling
us to distinguish between divergent Ca?* dynamics of cell Ca?* stores and extracellular Ca?* influx
was implemented (Figure 16a). Increase in TMEM16A activity elevated the cytosolic Ca?*

concentration of PAECs (Figure 16b). Upon closer look, the extracellular Ca?* influx was
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decreased (Figure 16¢c) and could not be responsible for the observed rise in cytosolic Ca?*
concentration, however the store depletion step highlighted increased store Ca?* content in

TMEM16A-overexpressing PAECs (Figure 16d).
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Figure 16. TMEM16A disrupts Ca?* dynamics of human PAECs. (a) Representative traces
depicting changes in intracellular Ca?* of PAECs transfected either with CtrlAd or Ano149. (b-d)
The effect of TMEM16A overexpression on cytosolic baseline Ca?* concentration (b), store
depletion (c) and Ca?* influx (d) of donor PAECs. (BHQ = butylhydroquinone). Figures were
generated with 80-116 cells from N = 3 healthy donors. * p < 0.05, unpaired t-tests. (The results
were obtained with the support from Diana Zabini, PhD, Medical University of Graz; reproduced

from (1) in accordance with the MDPI and the CC BY 4.0 license).
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Since Ca?* signalling changes are an essential part of IPAH PASMC pathological changes, |
additionally investigated the effect of TMEM16A on the electrophysiological and Ca?* dynamics of
primary PASMCs (Figure 17). PASMCs had a tendency to be depolarized upon TMEM16A
overexpression (Figure 17a), however changes on the Ca?* landscape revealed different
strategies of intracellular Ca?* regulation between the cell types (Figure 17b). Similar to PAECs,
cytosolic Ca?* concentration was increased upon TMEM16A modulation (Figure 17c) with the
exception of extracellular Ca?* influx highly increased and Ca?* store content decreased (Figure
17d-e).
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Figure 17. TMEM16A-mediated membrane depolarization disrupts Ca?* dynamics of
human PASMCs. TMEM16A-mediated membrane depolarization disrupts Ca?* dynamics of

human PASMCs. (a) Fluorometric measurements indicating relative resting membrane potential
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(Em) shift of donor PASMCs infected with CtrlA® or Ano1A? using DIiBAC4(3) dye. (b)
Representative traces depict changes in intracellular Ca?* measured in PASMCs transfected
with CtrlAd or Ano14d. (c-e) The effect of TMEM16A overexpression on cytosolic baseline Ca?*
concentration ([Ca?'];), store depletion and Ca?* influx using Fura-2 in donor PASMCs infected
with CtrlAd or Ano149. (BHQ = butylhydroquinone). Figures were generated with 44-72 cells from
N = 3 healthy donors. * p < 0.05, *** p < 0.001, unpaired t-tests. (Reproduced from (1) in
accordance with the MDPI and the CC BY 4.0 license).

Taken together, TMEM16A causes significant changes to cell En and Ca?* landscape, both

important components of overall cell homeostasis.

44. TMEM16A-primed PAECs selectively suppress ERK1/2 pathway

TMEM16A activity was reported previously to affect the signalling of mitogen-activated protein
kinases (MAPK), yet in sometime opposing ways. In the case of TMEM16A-primed primary
PAECs, the activity of Akt and most MAPK remained unaffected (Figure 18), yet | could show a
significant decrease in the ERK1/2 signalling pathway (Figure 19).
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Figure 18. Elevated TMEM16A activity retains Akt, p38 and JNK signalling. Western blots
showing protein levels of p38, Akt and SAPK/JNK obtained from PAECs infected with either
Ano144 or control CtrlA?. Figures were generated from 6 separate experiments. (Reproduced
from (1) in accordance with the MDPI and the CC BY 4.0 license).
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Figure 19. Elevated TMEM16A activity alters ERK1/2 signalling. Western blots showing
ERK1/2 pathway activation in PAECs infected with either Ano149 or CtrlAd with quantification.
Figures were generated with 6 samples. ** p < 0.01, ratio-paired t-test. (Reproduced from (1)
in accordance with the MDPI and the CC BY 4.0 license).

ERK1/2 is a prominent endothelial cell regulator of angiogenesis, proliferation and wound-healing,
which prompted me to look further into how tuning down of ERK1/2 signalling affects these
functions. TMEM16A overexpression reduced the capability of PAECs to form tubular structures
(Figure 20).
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Figure 20. Increased TMEM16A activity causes angiogenic dysfunction. Matrigel tube-
formation assay with representative bright-field (BF) and mCherry fluorescence pictures of
Ano1Ad or CtrlAd-infected PAECs (scale bar = 200um). Quantification showing the number of
branching points in comparison to CtrlA?. Figures were generated with 4 separate sets of
experiments with triplicates in each group. * p < 0.05, paired t-test. (Reproduced from (1) in
accordance with the MDPI and the CC BY 4.0 license).
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| further supported hindered angiogenic ability with disrupted wound-healing potential (Figure 21)
and a prominent decrease in their proliferative potential by measuring *H-thymidine incorporation
(Figure 22).
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Figure 21. Increased TMEM16A activity disrupts wound-healing. Representative pictures
of PAECs wound healing assay, expressing either Ano14 or control CtrlA9, taken after 24, 36
and 48 h and quantification (scale bar = 200 ym). Figure was generated with 4 separate sets of
experiments. ** p < 0.01, *** p < 0.001, ANOVA with Bonferroni post-hoc test. (Reproduced from
(1) in accordance with the MDPI and the CC BY 4.0 license).
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Figure 22. TMEM16A causes a reduction in PAEC proliferative potential. Proliferation of
human PAECs overexpressing TMEM16A measured with 3H-thymidine incorporation (n = 5).
Changes are expressed as percentage compared to the PAECs treated with CtrlAd, * p < 0.05,
paired t-test. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

On the other hand, Cas3/Cas7 activity and cell cycle analysis revealed no changes thus confirming
that apoptotic and cell cycle disruptions were not responsible for the observed change in cell

numbers (Figure 23 and Figure 24).
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Figure 23. Cas3/Cas7 activity upon TMEM16A modulation. Cas3/Cas7 apoptosis assay of
human PAECs overexpressing TMEM16A. Results are presented as percentage of parent cells.
(Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).
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Figure 24. Cell-cycle analysis of TMEM16A-overexpressing PAECs. Cell-cycle analysis of
human PAECs overexpressing TMEM16A. Results are presented as percentage of cells.
(Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

These findings were further supported by western blot analysis showing unchanged PCNA and

cyclin D1 levels, however cleavage of PARP seemed to be slightly reduced (Figure 25).
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Figure 25. Processing of proliferation, apoptosis and cell-cycle markers upon TMEM16A
modulation in PAECs. Western blots of PAECs infected with TMEM16A-overexpressing
Ano144 or control with quantifications of PCNA, cleaved PARP/PARP and Cyclin D1. Figures
were generated with 13 separate sets of experiments. * p < 0.05, paired t-test. (Reproduced

from (1) in accordance with the MDPI and the CC BY 4.0 license).

Moreover, there were no changes in the processing of autophagy-associated microtubule-
associated protein 1A/1B-light chain 3 (LC3) (Figure 26). These data suggest that tuning down
ERK1/2 severely disrupts the vessel formation capability of primary PAECs. Seeing prominent
changes in endothelial cell ability to proliferate and form tubules, | looked further into their

metabolic footprint (Figure 27 and Figure 28).
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Figure 26. TMEM16A-overexpressing PAECs retain autophagy intact. Western blot of
PAECs infected with TMEM16A-overexpressing Ano144 and control Ctrl*d showing the
processing of autophagy-associated microtubule-associated protein 1A/1B-light chain 3 (LC3).
Figures were generated with n = 7 samples from 3 different donors. (Reproduced from (1) in
accordance with the MDPI and the CC BY 4.0 license).

Aerobic glycolysis is the predominant bioenergetic pathway in endothelial cells. | implemented
SeaHorse Cell Mito Stress Test and Glycolysis Stress Test to assess the bioenergetic pathways
in TMEM16A-overexpressing cells. While glycolysis remained unaffected in primary PAECs, the
cells demonstrated a shift to oxidative phosphorylation upon TMEM16A modulation, as shown by
ratio of oxygen consumption rate to extracellular acidification rate (OCR/ECAR) (Figure 27a-b

and Figure 28).
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Figure 27. Mitochondrial metabolic footprint of TMEM16A-overexpressing PAECs. (a)
SeaHorse Cell Mito Stress experiment showing the effect of TMEM16A overexpression on ratio
of oxygen consumption rate to extracellular acidification rate (OCR/ECAR) in donor PAECs. (b)
The effect of TMEM16A overexpression on OCR, ECAR, non-mitochondiral respiration, basal
respiration, maximum respiration, proton leak, ATP production, spare respiratory capacity and
coupling efficiency in donor PAECs. The figures were generated from 5 separate experiments
performed in triplicate and normalized to protein content. * p < 0.05, paired t-test. (Reproduced
from (1) in accordance with the MDPI and the CC BY 4.0 license).
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Figure 28. Glycolytic metabolic footprint of TMEM16A-overexpressing PAECs. SeaHorse
Glycolysis Stress experiment showing the effect of TMEM16A overexpression in donor PAECs
on glycolysis, glycolytic reserve, glycolytic capacity, ECAR and non-glycolytic acidification. The
figures were generated from 5 separate experiments performed in triplicate and normalized to

protein content.

On the other hand it has been shown before that adenoviral increase in TMEM16A expression
stimulates proliferation of primary PASMCs, possibly through increased intracellular Ca?*
concentration (57). | have additionally supported this finding with unchanged Cas3/Cas7 activity
(Figure 29) and cell-cycle modulation (Figure 30).
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Figure 29. Cas3/Cas7 activity in

CtrIAd AnolAd STS

PASMCs upon TMEM16A modulation. Cas3/Cas7

apoptosis assay of human PASMCs overexpressing TMEM16A. Results are presented as

percentage of parent cells (STS = staurosporin; un = unstained control).
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Figure 30. Cell-cycle analysis of TMEM16A-overexpressing PASMCs. Cell-cycle analysis

of human PASMCs overexpressing TMEM16A. Results are presented as percentage of cells.

By performing western blot analysis | could support the observed phenotype by increased PCNA

levels and unchanged cleavage of PARP, however Cyclin D1 levels were increased (Figure 31).
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Figure 31. Processing of proliferation, apoptosis and cell-cycle markers upon TMEM16A
modulation in PASMCs. Western blots of PASMCs infected with TMEM16A-overexpressing
Ano144 or control with quantifications of PCNA, cleaved PARP/PARP and Cyclin D1. Figures

were generated with 6 separate sets of experiments. * p < 0.05, paired t-test.
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Moreover, TMEM16A-associated rise in intracellular Ca2* concentration did not affect the wound-

healing capability (Figure 32) nor oxidative phosphorylation or glycolysis pathways of primary

PASMCs, with the exception of glycolytic capacity (Figure 33 and Figure 34).
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Figure 32. Wound healing of TMEM16A-overexpressing PASMCs. Representative pictures

of PASMCs wound healing assay infected with either control or TMEM16A-overexpressing

adenovirus. Figure was generated with 5 separate sets of experiments.
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Figure 33. Mitochondrial metabolic footprint of TMEM16A-overexpressing PASMCs. (a)
SeaHorse Cell Mito Stress experiment showing the effect of TMEM16A overexpression on ratio
of oxygen consumption rate to extracellular acidification rate (OCR/ECAR) in donor PASMCs.
(b) The effect of TMEM16A overexpression on OCR, ECAR, non-mitochondiral respiration,
basal respiration, maximum respiration, proton leak, ATP production, spare respiratory capacity
and coupling efficiency in donor PASMCs. The figures were generated from 5 separate

experiments performed in triplicate and normalized to protein content. Paired t-test.
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Figure 34. Glycolytic metabolic footprint of TMEM16A-overexpressing PASMCs.
SeaHorse Glycolysis Stress experiment showing the effect of TMEM16A overexpression in
donor PASMCs on glycolysis, glycolytic reserve, glycolytic capacity, ECAR and non-glycolytic
acidification. The figures were generated from 4 separate experiments performed in triplicate

and normalized to protein content. * p < 0.05, paired t-test.

TMEM16A modulation therefore affects the metabolic footprint of PAECs making them more
dependent on oxidative phosphorylation. This further confirms TMEM16A as a modulator of

endothelial homeostasis affecting the basic processes defining endothelial cell identity.

4.5. Disrupted eNOS activity underlining endothelial dysfunction

The reduction in ERK1/2 activity on the one hand affected the proliferation, wound-healing and
angiogenesis of PAECs, yet ERK1/2 signalling is commonly associated with eNOS activity as well
(176). NO production represents one of the most fundamental functions of endothelial cells and
defines the healthy endothelium. Using a fluorescence NO-monitoring dye, | measured NO
production in healthy, control adenovirus-infected PAECs on the one hand and TMEM16A-

overexpressing PAECs on the other. Measurement of basal non-induced NO production did not
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distinguish between the groups (Figure 35a), yet upon acetylcholine (ACh) stimulation, the control
PAECs greatly increased NO production, while the levels in TMEM16A-overexpressing group

remained low (Figure 35b).
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Figure 35. Elevated TMEM16A disturbs acetylcholine-induced nitric oxide production. (a)
Non-induced nitric oxide levels and (b) acetylcholine-induced nitric oxide production of control
and TMEM16A-overexpressing (Ano149) human PAECs. Figures were generated with 8 sets of
experiments with quadruplicate in each group and normalized to protein content. * p < 0.05,
ratio-paired t-test. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0

license).

The predominant source of NO production in endothelium is endothelial nitric oxide synthase
(eNOS). eNOS is activated by Ca?* on the one hand and by posttranslational modifications on the
other. Two of the phosphorylation sites are especially important in its activity, the activatory
Ser1177 and inhibitory Thr495. In order to explain changes in NO production, | defined activated
state of eNOS by increased Ser1177 and decreased Thr495 phosphorylation. | stimulated control
and TMEM16A-overexpressing PAECs with ACh in a time-dependent manner in order to follow

the activation dynamics of eNOS (Figure 36).
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Figure 36. Increased TMEM16A activity disturbs eNOS activation. Western blots showing
ACh-induced changes of CtrlA? and Ano1A%infected donor PAECs with quantification following
the dynamic of total eNOS as well as its phosphorylation pattern at activatory Ser1177 and
inhibitory Thr495 sites. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0

license).

| could show that at non-stimulated baseline, TMEM16A-overexpressing PAECs demonstrate
emphasized activated state of eNOS with increased Ser1177 and decreased Thr495
phosphorylation (Figure 37a). After 15 min of ACh stimulation, the activatory Ser1177
phosphorylation persisted in TMEM16A-overexpressing cells and in control cells the
phosphorylation of Thr495 decreased with time almost leveling with TMEM16A-overexpressing
cells (Figure 37b).
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Figure 37. TMEM16A-associated changes in eNOS activity. Quantification of western blots
from Figure 25 showing basal, non-induced level of eNOS phosphorylation at Ser1177 and
Thr495 (a) and after 15 min of ACh stimulation (b). Figures were generated with 6 samples. *
p <0.05, ** p <0.01, ratio-paired t-test. (Reproduced from (1) in accordance with the MDPI and
the CC BY 4.0 license).

In a separate set of experiments, | incubated primary PAECs in a Ringer’s solution containing
physiological concentration of CI- (N) or in a Cl-reduced solution (M) for 24 h in order to simulate
chronic intracellular CI- concentration decrease as caused by increased TMEM16A activity (Figure
38, Figure 39 and Figure 40). Following 24 h of incubation, primary PAECs retained

morphological features (Figure 38).
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Figure 38. Donor PAECs retain morphology after isosmotic CI- reduction. Bright-field
pictures of donor PAECs incubated in either Ringer’s (N) or Cl-reduced (M) solution for 24 h
before collecting the protein for further analysis (scale bar = 50um). (Reproduced from (1) in
accordance with the MDPI and the CC BY 4.0 license).

| stimulated both groups of cells with ACh in a time-dependent manner in order to follow the

activation dynamics of eNOS (Figure 39).
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Figure 39. Chronic CI" reduction disturbs eNOS activation. Western blots showing ACh-
induced changes following N and M-incubated donor PAECs with quantification following the
dynamic of total eNOS as well as its phosphorylation pattern at activatory Ser1177 and
inhibitory Thr495 sites. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0

license).

| could show that at non-stimulated baseline and after 15 min of ACh stimulation, M-incubated
PAECs show tendency of higher Ser1177 phosphorylation, while Thr495 phosphorylation remains
unchanged between the groups (Figure 40a-b). Incubation of primary PAECs in solution M
caused tendency of PAECs to decrease ERK1/2 signalling (Figure 40c).

Taken together, increased TMEM16A represents a severe disturbance of endothelial cell

homeostasis and is responsible for the development of endothelial dysfunction.
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Figure 40. Chronic CI reduction-associated changes in eNOS activity. Quantification of
western blots from Figure 28 showing basal, non-induced level of eNOS phosphorylation at
Ser1177 and Thr495 (a) and after 15 min of ACh stimulation (b). (c) Quantification of western
blots from Figure 28 showing changes in ERK1/2 signalling pathway upon incubation of PAECs
in N or M. Figures were generated with 4 samples. Ratio-paired t-test. (Reproduced from (1) in
accordance with the MDPI and the CC BY 4.0 license).

4.6. TMEM16A-associated endothelial dysfunction leads to a

malfunctioned pulmonary arterial vasodilation

Increased TMEM16A proved to be disruptive for eNOS productivity, significantly lowering the
production of NO, the main endothelium-derived vasodilatory factor. Therefore, | looked further
into the possible functional consequences on a larger, more complex system. Freshly-isolated
human PAs were incubated with control or TMEM16A-overexpressing adenovirus and left in
culture for 48 h to achieve sufficient increase in TMEM16A level. | confirmed this with a western

blot analysis showing a rise in TMEM16A expression after 48 h (Figure 41).

Alternatively, using the same protocol lead to the overexpression in donor PCLS. By
immunofluorescence staining | could show that TMEM16A is localized to VWF* compartment
(Figure 42).
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Figure 41. Overexpression of TMEM16A in donor pulmonary arteries. Western blot of
healthy donor pulmonary artery infected with either Ctrl*d or Ano1A¢ with quantification of

TMEM16A overexpression (right). (Reproduced from (1) in accordance with the MDPI and the

CC BY 4.0 license).
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Figure 42. Immunofluorescence staining of adenovirus-infected precision-cut lung
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slices. Immunofluorescence staining of donor 3D precision-cut lung slices (PCLSs) infected
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either with CtrlAd or Ano14¢ (scale bar = 100 um). (PCLS processing was performed by dr. Diana

Zabini, Medical University of Graz).

Having established TMEM16A overexpression in isolated donor PAs, | implemented isometric
tension measurements to address if differences in NO production result in changes in vascular
dilation ex vivo (Figure 43a). By using increasing concentrations of ACh | observed relaxation in
both groups of vessels, yet the TMEM16A-overexpressing group demonstrated tendency for

blunted ACh-mediated vasorelaxation (Figure 43b).

Taken together, this data suggests that TMEM16A overexpression causes disruption in ACh-

mediated vasorelaxation with possibly other factors ultimately affecting the overall effect on the

vessel tone.
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Figure 43. Acetylcholine-induced vasodilation of TMEM16A-overexpressing donor
pulmonary arteries. (a) Representative isometric tension measurements of ACh-mediated
vasorelaxation in pulmonary arteries (PAs) infected with either CtrlAd or Ano144. (b) The effect
of TMEM16A overexpression on 30 uM ACh-induced vasorelaxation of U46619 pre-constricted
healthy donor pulmonary arteries. Figure was generated with 7 pairs of vessels taken from N =
3 donors. Unpaired t-test. (Obtained with the support from Neha Sharma, Medical University of
Graz; reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).
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5. Discussion

TMEM16A determines (patho)physiological characteristics of PAECs

Pulmonary arterial endothelial cells (PAECs) are an important source of factors maintaining
homeostasis within the pulmonary vascular compartment. However, when dysfunctional they are
also perfectly-positioned driver of pathological development. lon-channelome represents an
essential part in this balancing act, regulating all the aspects of maintaining endothelial cell identity

and their progression towards endothelial dysfunction (3,53).

CI- channels have only recently gained importance, with their significance extending beyond the
electrophysiological effects to reports of Cl- anions acting as secondary signalling molecules (184).
Even so, their contribution to the resting membrane potential (En) should not be underestimated.
Although CI- channels have small open probability at negative potentials, they are partially active
at En in endothelial cells. Thus, small changes in the activity of these channels in non-stimulated
endothelial cells could significantly affect their homeostasis (51,56,59—62). An important part of
CI- conductivity is the Ca?*-activated CI- current (CaCC), which is mainly mediated by TMEM16A,
first described in 2008 (215,216,237). Since then, its activity has been connected to the
maintenance of different physiological processes in healthy organ systems. Likewise, its
pathological footprint has been highlighted in several pathologies, including of systemic and
pulmonary vasculature (57,65,243,245,353).

Within the vasculature, TMEM16A has been mostly studied in its effect on smooth muscle cells.
We have previously shown, that TMEM16A regulates CaCC of PASMCs (57). Owing to the
essential communication of vascular cells on the one hand and the strategical position of PAECs
as regulators in the vessel lumen on the other, we hypothesized that TMEM16A plays an important
regulatory role in the homeostasis of PAECs and thus homeostasis of the vasculature. In the
current study, we have investigated TMEM16A expression in different compartments of the lung
(PASMCs, PAECs and lung homogenate) and detected high protein level of the channel in
PAECs. Using whole-cell voltage clamp studies and TMEM16A-specific inhibitor benzbromarone
(Bbr) we not only demonstrated higher CaCC in PAECs but also attributed the observed CaCC to
the activity of TMEM16A. In relation, we are the first to show the presence of a functional

TMEM16A in the plasma membrane of primary human PAECs.

79



Discussion

We have chosen Bbr for TMEM16A inhibition because it proved to be the most effective. There
are multiple inhibitors of TMEM16A on the market showing different levels of potency but their
specificity has been questioned, since these inhibitors sometimes demonstrate an additional effect
on a highly similar TMEM16B on the one hand, CFTR on the other or interact with intracellular
Ca?* signalling (354—-356). A new potent inhibitor Ani9 has been reported to be highly specific, not
affecting TMEM16B or intracellular Ca?* signalling (357). We confirmed its potency with patch-
clamp studies and its potential as a therapeutic agent with isometric tension measurements of
preconstricted mouse PAs on the one hand and in isolated and perfused rat lung studies on the
other. Even though Ani9 elicited up to 50 % vasorelaxation effect, Bbr proved to be a better
vasorelaxation-eliciting pharmacological agent (57). In isometric tension measurements of
preconstricted mouse PAs Bbr caused up to 90 % vasorelaxation and though this effect was
mostly mediated by its action on PASMCs, we could nevertheless show that the effect is partly
mediated by TMEM16A localized in pulmonary endothelium. Furthermore, using eNOS inhibitor
L-NAME, we could provide valuable insight into the mechanism of Bbr connecting TMEM16A and

eNOS further emphasizing the importance of a healthy, balanced endothelium.

IPAH is pathologically determined by TMEM16A dysbalance

Idiopathic pulmonary arterial hypertension (IPAH) is a progressive disease hallmarked by
dysbalanced ion-channelome and endothelial dysfunction. Traditionally potassium channels were
featured in understanding the detrimental role of dysbalanced ion conductance (64). More
recently, CI- channels have proven to be another pathologically-relevant factor and an intriguing
target (57). Targeting TMEM16A alleviated established pathophysiological and
pathomorphological developments in hypoxic mouse and monocrotaline rat models of pulmonary
hypertension (57). On the other hand, TMEM16A has been shown elevated in PAECs isolated
from IPAH (65), yet its role in driving the endothelial dysfunction has remained underrepresented.
Our western blot analysis of whole cell lysate could not demonstrate an increase of TMEM16A
expression in PAECs isolated from IPAH patients at the expected 114 kDa size. However, we
could detect a prominent increase at the size of approximately 70-80 kDa. It is known that
TMEM16A gene Ano1 goes through several different alternative splicing events producing several
isoforms that can (i) demonstrate different activity characteristics, (ii) localize to specific tissues or

(iii) are themselves hallmarking pathological states (230). This highlights the heterogeneity of CI-
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current and its importance in the homeostasis of healthy tissue on the one hand and in the
pathogenesis of diseased tissue on the other. While further investigation would be needed to
delineate the specifics of the detected isoform in IPAH PAECs, isoforms of this size have been
reported before (230). In murine portal vein, guinea pig brain and colon cells a band of similar size
was detected (358,359). In the former, they speculated the band cannot be an isoform omitting a,
b, ¢ and d parts of the protein since the size difference is too big. They hypothesize that the
differences in TMEM16A size are either due to a new, previously not shown alternative splicing
and/or posttranslational modification processes (358). On the other hand, a A3'exon 21 tandem
splice site, reported conserved in human, would shift the protein out of frame at the amino acid
M702 (mouse TMEM16A; NP_848757) resulting in a truncated TMEM16A with an altered C-
terminus and a size of approximately 84 kDa (230). Since the previous report of increased
TMEM16A in IPAH PAECs does not report its size (65), it is plausible we have confirmed their
finding at the level of whole-cell protein or found an additional mechanism of dysfunctional CI-
conductance in IPAH PAECs. It would be interesting to determine, whether the isolation and
western blot analysis of outer cell membrane protein fraction would change the relative levels of
any specific TMEM16A isoforms. Moreover, further investigations would be needed if an isoform
of approximately 70-80 kDa represents TMEM16A and to determine its electrophysiological
characteristics. If confirmed, it could potentially represent an IPAH-specific TMEM16A in PAECs;
otherwise not expressed but increased levels can be detected in the pathological environment of
PAECs isolated from IPAH patients. Even so, we could show for the first time increased
TMEM16A-associated Icica in PAECs isolated from IPAH patients, emphasized by Icica correlating
with Bbr-mediated inhibition.

IPAH-mimicking TMEM16A increase leads to endothelial dysfunction

To mimic increased TMEM16A activity as determined in IPAH PAECs, we developed a model
using healthy donor PAECs in combination with adenoviral overexpression of TMEM16A. With the
use of this model, we determined increased TMEM16A protein level going in hand with increased
activity in the outer cell membrane. TMEM16A-overexpressing PAECs and PASMCs were
chronically depolarized and demonstrated aberrancies in Ca?* dynamics; we defined these as
changes in (i) basal Ca?* concentration, (ii) extracellular Ca2* influx and (iii) endoplasmic reticulum-

(ER) allocated Ca?* level.
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While TMEM16A overexpression caused an increase in cytosolic Ca?* concentration of PAECs
and PASMCs, it had opposite effects on extracellular Ca?* influx and store Ca?* levels further
emphasizing key differences between the cell types. We suggest that observed TMEM16A-
mediated intracellular Ca?* increase might be a consequence of VGCC activity in PASMCs,
whereas in PAECs the mechanisms of store-operated Ca?* entry (SOCE) are more likely. By
emptying the ER with the help of 2,5-Di-t-butyl-1,4-benzohydroquinone (BHQ), we could define
that the Ca?* store of TMEM16A-overexpressing PAECs, as opposed to PASMCs, holds higher
amount of Ca?*. On the other hand, after the removal and reintroduction of extracellular Ca?*, the
influx in PAECs is lower as opposed to PASMCs, suggesting that the extracellular influx is
probably not responsible for the cytosolic nor store-related Ca?* rise via increased sequestration
of cytosolic Ca?*. This opposite effect could represent key cell-type-specific differences in ion
channelome signature, e.g. voltage-gated Ca?* channels (VGCC) and transient receptor potential
(TRP) channels. In contrast to PAECs (106—108), PASMCs express L-type Ca?* channels, which
represent the main voltage-sensitive Ca?* entry pathway. Their absence in PAECs might explain
the decreased Ca?* influx, since resident T-type VGCC have lower conductivity and deactivate
faster thus seem unlikely to link chronic membrane depolarization to the observed Ca?* disruptions
(109). Moreover, TRP channels, specifically TRPC, are important for the ion homeostasis of both
cell types, having been implicated in the pathogenesis of different diseases (112-114). In
TMEM16A-overexpressing PASMCs, TRP channels could be responsible for the voltage-
independent increase in Ca?* influx, thus account for the rise in cytosolic concentration (114).
Finally, R-type Ca?* channels could be responsible for a sustained Ca?* influx during long-lasting

depolarization (111).

We propose that TMEM16A-overexpressing PAECs develop an ER leak and hypothesize that this
could represent either (i) a dysfunctional store-operated Ca?* entrance (SOCE) whereas higher
activation of SOCE would cause continuous ER leak or (ii) dysfunctional ER leak continuously
emptying the store thus repeatedly activating SOCE. In connection, ER Ca?* sensors STIM1 and
STIM2 (83,84) have been implicated in SOCE-associated Ca?* disruptions across different
conditions, including IPAH albeit in PASMCs (85-87). With ER stress being an important part of
PAH endothelial dysfunction (77,88) and Ca?* leak being an essential part of ER stress (89),
STIM1 and 2 could be of interest in further delineating mechanisms of endothelial dysfunction in
IPAH (90). In relation, the discrepancies in the activation of apoptotic pathways reported here and

shown by Allawzi et al. (65) could likewise be attributed to Ca?* dynamics. ER leak-associated
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increase in cytosolic and mitochondrial Ca?* concentrations promotes oxidative phosphorylation
in the early stages (360), yet chronically it activates apoptotic pathways (78). An imbalanced rate
of basal Ca?* flux out of the ER would therefore be a plausible option, since there is a precedence
in Alzheimers disease, where these changes have been associated with observed changes in
Ca?* homeostasis (361,362). Furthermore, changes in basal Ca?* homeostasis have been
connected to endothelial dysfunction in general and various diseases, ranging from
neurodegenerative to cardiac and kidney disease (87). Moreover, there seems to be a
communication between numerous ER leak channels and SERCA pumps keeping the balance in
the ER and cytosol Ca?* levels. Besides leak channels, these cells could alternatively have either

a SERCA dysregulation or a prevalence of a different isomer.

TMEM16A-ERK1/2 axis could be connected to vascular and eNOS homeostasis

Ca?* dynamics represents one of the most important cellular signalling pathways. An increase in
Ca?* levels of PAECs should be an important signal for proliferation, wound-healing, angiogenesis
and NO production (127). Even though TMEM16A-primed PAECs develop increased cytosolic
Ca?* concentration, we identified many of these processes lacking the Ca?*-associated response.
The connection between TMEM16A and the activation of Akt or MAPK has been explored before
in the field of cancer (194,196,363—-366), and it was similarly established that Akt and MAPK
ERK1/2, JNK and p38 respond to intracellular Cl- concentration (367-371). Furthermore, it has
been shown before that TMEM16A is able to modulate intracellular CI- concentration leading to
En depolarization and Ca?* increase (66), yet its activity affects downstream pathways in
sometimes opposing ways (194,195,243,244,372,373), implying that there are other factors
determining its influence on cell physiology. We hypothesized that TMEM16A-mediated chronic
Cl- decrease would, apart from En and Ca?* dynamics, affect other pathways necessary to
maintain endothelial cell identity. We could show that increased TMEM16A activity in primary
human PAECs leaves Akt and MAPK signalling intact, except for ERK1/2. ERK1/2 is a positive
regulator of endothelial cell proliferation and angiogenesis and interestingly its deletion does not
affect apoptosis (161-166). Furthermore, ERK1/2 silencing could be a part of the observed
metabolic change shifting PAECs from angiogenesis- and migration-favoured glycolytic to
oxidative metabolism (141). To this end, we are the first to demonstrate the tendency of ERK1/2

pathway deactivation by chronic intracellular CI- reduction of primary human PAECs, which in
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healthy vascular endothelial cells positively responds to brief increases in intracellular Ca?*
concentration (156-158). We propose that TMEM16A-ERK1/2 axis represents a novel

mechanism of angiogenic dysfunction in pulmonary endothelium.

Our results suggest that TMEM16A affects NO production. ERK1/2 has been connected to eNOS
activation and NO production before, yet its eNOS target sites have been somewhat controversial
(156,171-178). During our experimental setup, we have looked into the phosphorylation of two
main target sites, activatory Ser1177 and inhibitory Thr495. Other ERK1/2 target sites have been
reported but were not the focus of this study (176). In the absence of other reported eNOS-
manipulating pathways, we assumed that complex ERK1/2 signalling could prove to mediate
eNOS dysfunction. Since TMEM16A-primed PAECs demonstrated downregulated ERK1/2
pathway and counterintuitively increased Ser1177 eNOS phosphorylation, the role of ERK1/2
would be difficult to define without further investigations. In this manner, the effect of implementing
ERK1/2 inhibitor or activator would be interesting. On another hand ERK1/2 has been reported
responsible for continuous phosphorylation of the inhibitory site Thr495, meaning a decrease in
ERK1/2 activity could explain an increase in the background activity of eNOS upon TMEM16A
overexpression (178,374). Since background eNOS activity and stable production of NO is an
essential part of maintaining low vascular tone in normoxic conditions (4), this could make
TMEM16A-primed PAECs mediator of a dysfunctional background eNOS activity thus affecting

the vascular tone in normoxic conditions.

On a similar note, we demonstrated increased TMEM16A-associated activation of eNOS. The
pathway remained intact, supported by responding to ACh stimulation with even further
intensification of the activated state. However, the measured NO level was significantly lower.
Several mechanism could contribute to the reduction of detected NO; on the one hand eNOS
activation may not be complete, mediated by the uncoupling of the enzyme, dimer disruption or
cofactor BH4 depletion (176,349,375,376). On the other hand, the reduced NO might correlate
with its reduced bioavailability, i.e. produced NO could be scavenged by reactive oxygen species
producing reactive nitrogen species likewise detrimental to the vascular homeostasis in PAH
(349).

Alterations in angiogenic (21,32,377), eNOS (38—45) and ERK1/2 (378) pathways observed in our
and previous IPAH studies emphasizes their role in the development of the disease. We could
show that our TMEM16A-primed PAEC model of IPAH causes a decrease in ERK1/2
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phosphorylation. In contrast, IPAH studies could observe an activation of the ERK1/2 pathway
(378). This may indicate that the high presence of growth factors in IPAH patients (379-383)
strongly activate ERK1/2 (141,384,385), while increased TMEM16A is meant to counteract this
effect, seemingly unsuccessful at a late stage of the disease. On the other hand, our study reveals
several important roles of TMEM16A in PAECs. On the one hand TMEM16A-mediated CaCC
maintains En, and thus defines the Ca?* landscape of healthy cells, on the other it maintains the
diseased PAEC phenotype, thus becoming a part of the IPAH-PAEC signature. In IPAH patients
(38—45) as well as in animal models of pulmonary hypertension (PH) (386—-389), disrupted eNOS
pathway has been shown. Hypoxic mice and monocrotaline rat models of PH have impaired ACh-
mediated vasorelaxation (46) and persistent eNOS activation induces PH in mice and humans
with the vasodilation defect (35). In our study we could show the influence of increased TMEM16A

on the weakening of ACh-mediated vasorelaxation, further emphasizing the role of TMEM16A.

Our study has some limitations. (i) Concerning the NO pathway, we have shown lower NO levels
going together with higher eNOS activation. We have not looked at the level of any eNOS
cofactors, eNOS localization nor if there is less NO production or is the existing being siphoned
into peroxynitrite. Many of existing questions could be addressed with either live-cell NO or
peroxynitrite imaging following NO dynamics within TMEM16A-overexpressing PAECs.
Furthermore, even though ERK1/2 modulates eNOS activation, we have not been able to connect
it via the observed phosphorylating sites. On the other hand it is possible that lack of ERK1/2
prevents the complete eNOS activation, resulting in lower NO output. We could start addressing

the question by systematically looking at all of the ERK1/2 target eNOS sites.

(ii) Concerning the TMEM16A / reduced [CI] - ERK1/2 axis: we have no direct evidence of ERK1/2
involvement in the pathogenesis of endothelial dysfunction. Further studies involving
pharmacological modulation of ERK1/2 would be useful in addressing if manipulation of the

pathway could either reproduce or save the observed phenotype.

(iii) Concerning the IPAH PAECs: we cannot exclude changes in the biophysical properties of the
TMEM16A channel in IPAH PAECs including its activation or Ca?*-binding properties.
Furthermore, we have shown an increase in TMEM16A level in IPAH PAECs but at a size that
could belong to a different isoform. Even though we show higher whole-cell Ca?*-activated CI-

current as well as the Bbr-responsive current, we cannot be sure whether the observed is a
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TMEM16A isoform nor of its activation properties. These could be investigated by systematically
isolating and biophysically characterizing the observed protein. Moreover, we did not investigate
other readouts in IPAH PAECs besides patch-clamp. Therefore, we cannot provide direct
evidence that silencing of TMEM16A would normalize the IPAH phenotype. Especially useful
would be the contribution of an endothelial cell-specific TMEM16A overexpression or knock-out

mouse model.

(iv) While TMEM16A-mediated changes in PAEC phenotype described here are consistent with
ERK1/2 deactivation, the effects could possibly be traced back to the efficacy of growth factor
signalling, e.g. VEGFR2 (390), otherwise essentially interconnected with ERK1/2 and eNOS (90).
In this manner the ultimate effect of TMEM16A-mediated chronic intracellular Cl- decrease could

interference with growth factor pathways indirectly disturbing ERK1/2 signalling.
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6. Conclusion

Within the scope of this work we were able to extend the pathological footprint of TMEM16A
beyond its effect on smooth muscle cell physiology and show its role in the fundamental disruption
of downstream signalling pathways otherwise essential to the identity of an endothelial cell.
Increased Ca?* levels of PAECs should promote proliferation, angiogenesis and nitric oxide
production, however increased TMEM16A activity weakens the Ca?* responsiveness of these
processes. We traced these detrimental effects to ERK1/2 inactivation, a pathway essentially
interconnected with all the crucial endothelial-defining processes. As a result, we have established
that disease-associated TMEM16A activity pathologically primes healthy pulmonary arteries and

ultimately causes severe deficiencies resembling of that found in PAH.
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8. Supplementary Tables

Table S1. Patient characteristics *

LungID | Age (yr) | Sex (M/F) | mPAP (Hgmm) | Material used
Donor 1 16 M PASMCs
Donor 2 47 M PASMCs
Donor 3 50 F PASMC
Donor 4 22 M PASMCs
Donor 5 22 M PASMCs
Donor 6 42 F LT
Donor 7 58 M LT
Donor 8 30 M PASMCs
Donor 9 55 F PASMCs
Donor 10 32 M PASMCs
Donor 11 23 M PASMCs
Donor 12 56 F PASMCs
Donor 13 31 F PASMCs
Donor 14 76 F PASMCs
Donor 15 68 F PASMCs
Donor 16 59 F PAs, PAECs
Donor 17 48 F PAs
Donor 18 45 M PAs
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Donor 19 54 M LT
IPAH 1 25 F 69 LT
IPAH 2 13 M 56 PAECs
IPAH 3 41 F 71 PAECs
IPAH 4 21 M 90 PAECs
IPAH 5 38 F 39 PAECs

*Age, sex and mean pulmonary arterial pressure (MPAP) of healthy lung transplant donors and

recipient IPAH patients. The materials used from each lung (PAECs: pulmonary arterial

endothelial cells; PASMCs: pulmonary arterial smooth muscle cells, LT: lung tissue) are shown.
(Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

Table S2. Cells acquired from Lonza *

Cell ID Age (yr) Sex (M/F)
28032 51 M
28074 67 F
21292 21 M
21304 45 F
28343 52 F
28627 57 M
18664 63 M
15685 45 M
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33756 34 F
27930 21 M
33941 48 M
35049 33 F

*Age and sex of donor PAECs acquired from Lonza. (Reproduced from (1) in accordance with

Table S3. Primer sequences *

the MDPI and the CC BY 4.0 license).

Gene Acc. Number

Forward primer

Reverse primer

Product length (bp)

ANO1

1

XM_011545121.

CACGATGAGGGTCAACGA

GA

ATAAGGAGTTCAGCAGCGT

G

128

*Exon-exon junction spanning primer sequences multiplying all splice variants of human
TMEM16A. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

Table S4. Antibodies used in western blot (WB) and immunofluorescence staining (IF) *

Antibody Company Catalogue number Experiment Dilution
marker confirmation
Fibronectin #ab23750 1:200
(isolated PAECs)
Abcam,
Smooth
muscle UK marker confirmation
. #ab53219 1:200
myosin (isolated PAECs)
heavy chain
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WB (PAECs,, PASMCs,

TMEM16A #ab53212 human lung homogenate, 1:1000
human pulmonary arteries)
Alomone Labs, IF (PCLS, lung cuts,
TMEM16A #ACL-011 1:100
Israel PAECs)
eNOS #610296 WB (PAECs) 1:1000
BD Biosciences,
marker confirmation
CD31 USA #550274 1:200
(isolated PAECs)

Cyclin D1 #2978S WB (PAECs) 1:1000
ERK1/2 #9102S WB (PAECs) 1:1000
HRP-linked 1:1000 —

#7076S WB
a-mouse 1:5000
LC3B #2775S WB (PAECSs) 1:1000
p38 #9212S WB (PAECs) 1:1000
pAkt (S473) #4058S WB (PAECSs) 1:1000

Cell Signaling,
pAkt (T308) #9275S WB (PAECs) 1:1000
USA

PARP #9542S WB (PAECSs) 1:500
pERK1/2

#9101S WB (PAECSs) 1:1000
(T202/Y204)
pp38 #9211S WB (PAECSs) 1:1000
pSAPK/JNK

#9251L WB (PAECSs) 1:1000
(T183/Y185)
pSer1177

#9571S WB (PAECs) 1:1000
eNOS

130




Supplementary Tables

pThr495
#9574S WB (PAECs) 1:1000
eNOS
SAPK/JNK #9252S WB (PAECs) 1:1000
tAKT #92728S WB (PAECs) 1:1000
marker confirmation
Vimentin #3932 1:200
(isolated PAECs)
Von
Willebrand MO0616 IF (lung cuts, PAECs) 1:100
factor
Dako,
IF (PCLS);
Von USA 1100
Willebrand A0082 marker confirmation
1:500
fact
actor (isolated PAECs)
Beta-Actin SC-47778 WB (PAECs, PASMCs) 1:2000
PCNA Santa Cruz, SC-7907 WB (PAECs) 1:1000
USA WB (PAECs, PASMCs,
Vinculin SC-25336 human lung homogenate, 1:1000
human pulmonary arteries)
Smooth Sigma-Aldrich marker confirmation
’ #A2547 1:300
muscle actin Germany (isolated PAECs)
Alexa Fluor
ThermoFisher #A31572 IF (Lung sections, PAECs) 1:500
555 a-rabbit
Scientific,
Alexa Fluor
USA #A31571 Lung sections, PAECs 1:500

647 a-mouse
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AlexaFluor
_ #A21206 IF (PCLS) 1:500
488 a-rabbit
HRP-linked
#31460 WB 1:1000
a-rabbit

*Antibodies used for western blot and immunofluorescence staining analysis with corresponding

dilutions. (Reproduced from (1) in accordance with the MDPI and the CC BY 4.0 license).

Table S5. Solutions *

Solution

Abbreviation

Ingredients (mM)

Used

Ringer’s

solution

KCI (5.5), NaCl (119),
CaClz (1.5), MgCl2 (1),
Glucose (20), NaHCO3
(26), HEPES (10),
NazHPO; (0.5), KH2PO4
(0.5)

0,5 or 2 % fetal bovine serum

pH adjusted to 7.4;
0.2 um-filtered;

supplemented with 0,2 %

penicillin/streptomycin and

(Osmolality: ~307
mOsm/kg-H20)

Nitric oxide

measurements,

Western blot

Cl-reduced
Ringer’s

solution

KCI (2.75), NaCl (59.5),
potassium gluconate
(2.75), sodium gluconate

(59.5), CaCl. (1.5),
MgCl> (1), Glucose (20),
NaHCOs (26), HEPES
(10), NazHPO4 (0.5),
KH2PO4 (0.5)

pH adjusted to 7.4 using
NaOH;

0.2 um-filtered;
supplemented with

0,2 % penicillin/streptomycin

and

Nitric oxide

measurements,

Western blot

0,5/2 % fetal bovine serum
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(Osmolality: ~302
mOsm/kg-H20)

KCI (5.5), NaCl (140.5),

Phvsioloaical CacCl; (1.5), MgCl (1), H adusted to 7.4 usi Wire
siologica adjusted to 7.4 usin
yRITe9 PSS Glucose (10), HEPES priad J Myography,
salt solution NaOH
(10), NazHPO4 (0.5), Ca?* imaging
KH2PO4 (0.5)
Physiological KCI (120), NaCl (120),
salt solution CaCl (1.5), MgClz (1), H adiusted to 7.4 usi Wire
adjusted to 7.4 usin
with isotonic KPSS Glucose (10), HEPES P : NaOH 9 Myography
a
replacement of (10), Na:HPO4 (0.5),
NaCl by KCI KH2PO4 (0.5)
KCI (5.5), NaCl (140.5),
_ MgCl. (1), Glucose (10), _ _
PSS without pH adjusted to 7.4 using ) .
HEPES (10), NazHPO4 Ca?* imaging
Ca?* NaOH
(0.5), KH2PO4 (0.5),
EGTA (1)
NaCl (500), Tris-Hcl pH
7.5 (50), 5 % glycerol,
Lvsis buff CHAPS[2] Supplemented with protease- Protein
sis buffer :
y 2% CHAPS, 2% sodium | = 4 phosphatase inhibitors collection
deoxycholate, 1 %
sodium dodecyl sulfate
Tris-HCI (5), NaCl (150),
TBS-T TBS-T pH adjusted to 7.5 Western blot

0.4 % Tween 20

Bath solution |

NaCl (150), CaClz (1),

MgClz (1), glucose (10),
HEPES (10)

pH adjusted to 7.4 using
NaOH

Patch-Clamp
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Bath solution |l

NaCl (140), CaClz (1),
MgCl. (1), TEA-CI (10),
glucose (10), HEPES
(10)

pH adjusted to 7.4 using
NaOH

Patch-Clamp

Pipette

solution

CsCl (110), TEA-CI (20),

CaCl, (4.68), MgCl, (1),

HEPES (10), EGTA (5),
Na:ATP (1)

pH adjusted to 7.2 using
NaOH;

free Ca?* concentration was 2

MM (MaxChelator software)

Patch-Clamp

Cutting

solution

CaCl; (1.8), MgSO4
(0.8), KCI (5.4), NaCl
(116.4), NaH,PO4 (1.2),
glucose (16.7), NaHCO3
(26.1), HEPES (25.2)

pH adjusted to 7.2 using
NaOH

PCLS

Incubation

solution

CaCl; (1.8), MgSO4
(0.8), KClI (5.4), NaCl
(116.4), NaH2PO4 (1.2),
glucose (16.7), NaHCO3
(26.1), HEPES (25.2),
sodium pyruvate (0.5),
MEM-amino acid mixture
(1:50), MEM-vitamins
mixture (1:100),

L-glutamine (1)

pH adjusted to 7.2 using
NaOH;

penicillin (100 U/mL) /
streptomycin (100 pg/mL)

PCLS

*Solutions developed in the course of this study. (Reproduced from (1) in accordance with the

MDPI and the CC BY 4.0 license).
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Material Company Catalogue number
Seahorse XFp Cell Mito Stress Test Kit Agilent technologies 103010-100
DMSO AppliChem A3672,0250
Low melting agarose Bio-Rad, USA 1613111
BIOTREND
[*H]-thymidine Chemikalien, ART-0178A-1/A306756
Germany
FCS Biowest, France S1810-500
384 Well PCR Platte 711225X
Biozym, Germany
Blue S'Green qPCR Kit 331416XL
CaCl2 5239.2
NaCl 3957.2
Carl-Roth, Germany
HEPES HN78.2
Bis-Acrylamid, 30 %, Rotiphorese-Gel 3029.1
Dispase Corning, USA 354235

Adenoviruses Ctrl*d and Ano1Ad

Cyagen Biosciences,

hAno1 acc-number: NM_018043.5

USA
Dako Target Retrieval Solution pH 9.0 S236784
Dako, Denmark
Dako Fluorescent mounting medium S3023
Formaldehyde Donauchem, Austria A191483
Enzo Life Sciences,
U-44619 BML-PG023-0001

USA

135




Supplementary Tables

Na-dodecylsulfat (SDS) 10 % Gatt-Koller, Germany 403030722
Sodium pyruvate S8636
ECL Start Western Blotting Detection

RPN3243
Reagent

GE Healthcare, USA

ECL Prime Western Blotting Detection

RPN2232
Reagent
Filter Unit 0,2um FP30/0 B285849
L-glutamine 8051103
MEM-amino acid mixture Gibco, USA 11140035
MEM-vitamins mixture 11120037
2-well culture-inserts Ibidi, Germany 80209
Fura-2AM Invitrogen F-1221
Ethanol 70 % Lactan, German T9132
CellEvent™ Caspase-3/7 Green Flow | _

) Life Technologies, USA C10427
Cytometry Assay Kit
VasculLife Basal Medium LifeLine Cell LM-0002
VascuLife SMC Medium Complete Kit Technology, USA LL-0014
Trypsin-EDTA CC-5012
TNS CC-5002
Lonza, Switzerland
EBM-2 LONCC-3156
EGM-2 LONCC-3162
In Vitro Angiogenesis Assay Kit ECM625
Merck, Germany

Gelatine 9000-70-8
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Novagen BCA Protein Assay Kit A270811
Methanol 8395713

PAA Laboratories,
HBSS H15-009

Austria
DPBS Pan Biotech, Germany P04-36500
UniFilter-96 GF/C, White 96-well Barex
Microplate with 1.2 ym poresize GF/C 6005174
filter Perkin Elmer, USA
TopSeal-A PLUS, Clear adhesive seal
6050185
for microplates
Roche Applied Science,

Collagenase A 10103586

Germany

Reanal Laborvegyszer,

CsCl 07020-0-01-25
Hungary
T25 flasks Sarstedt, Germany 83.3910.302
DNAse Serva, Germany 18535.01
benzbromarone B5774-1G
KCI P9333
NaH2PO4 S3139-250G
D-(+)-glucose G8270-1KG
Sigma-Aldrich, Germany
NaHCOs3 S5761-1KG
Acetylcholine A6625.25G
Bovine Serum Albumin A6003-10G

Triton X-100

T8787-100ML
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Tris-HCI

Glycine

C4706-2G

Glycerol

G7126-5KG

Sodium deoxycholate

G5516-100ML

Sodium bicarbonate

D6750-25G

Sodiumphosphate monobasic

monohydrate

S5761

Potassium D-gluconate

71507

TEA-CI

G4500-1KG

NaATP

T2265

Magnesium Sulfate Heptahydrate

A7699

D-Gluconic acid sodium salt

M5921

Western blotting membranes,

nitrocellulose, pore size 0.45 um

G9005-1KG

TEMED

GE10600008

Ammonium persulfate (APS)

T9281

Tween 20

A3678-25G

EGTA

P7949

lonomycin calcium salt

E4378-100G

L-NAME

13909

Nunc-Immuno™ MicroWell™ 96 well

polystyrene plates BLACK

N5751-10G

DIBAC4(3)

137101

D8189-256MG
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Cell scrapers

Mix-n-Stain™ CF™ 633 Antibody
Labeling Kit

8536585

MX633S50-1KT

T75 flasks CC7682-4875
Dynabeads® CD31 Endothelial Cell 11155D
Penicillin/Streptomycin (P/S) 15140-122
Pierce protease inhibitor tablets A32953
Pierce phosphatase inhibitor tablets A32957
SuperSignal West Femto
34095
Chemiluminescent Substrate ThermoFisher Scientific,
L USA
Restore Plus Western Blot Stripping
A323654
Buffer
StemPro Accutase Cell Dissociation
11599686
Reagent
DAF-DM D23842
8-well chambered cell culture slides 10162861
CHAPS Tocris Bioscience, UK 3172
Vectashield mounting medium with
Vector Laboratories, UK H-1200
DAPI
Thick-walled borosilicate glass
World Precision
(Standard Glass Capillaries, 4 in., 1.2/ 1B120F-4

0.68 OD/ID, Filament/Fire Polished)

Instruments, USA

*Information regarding all the materials used during the course of this study. (Reproduced from
(1) in accordance with the MDPI and the CC BY 4.0 license).
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