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Summary

Fluorescence calcium imaging is still used today used as the common method, mainly due to its
cheaper costs for drug screening in pharmaceutical research encompassing both ion channels, and
part of G- Protein Coupled Receptors (GPCRs) in the major share of drug targets. Eukaryotic cell-free
protein translation overcomes several drawbacks that might occur for overexpression of these ion-
permeable proteins in the cells such as cell toxicity, poor protein expression, and deletion due to
modified protein domain and time-consuming cell line maintenance. Expressing ion channels in the
cell-free protein synthesis platform for future drug screening processes is still ongoing basic research
and so far, no calcium imaging technique for cell-free expressed ion channels is available. Taken
together, the novel application of the fluorescence calcium imaging method in eukaryotic cell-free
systems is a prerequisite for rapid pharmacological drug investigations, which are not feasible using
conventional call-based approaches. The aim of this thesis is to investigate the common calcium
signaling pathways relevant to drug research via ion channels and GPCRs in cell-based systems.
Thereby, the basic mechanism of the cell-based calcium imaging for chemical calcium indicators is
studied and then translate its principle to the cell-free protein synthesis platforms. In order to study
the cell-based calcium imaging and calcium pathways, two types of eye tumor cell-based models,
namely benign pterygial tumor cells and malign uveal melanoma 92.1 cells were used. Specifically,
the interplay between the natively expressed Transient Receptor Potential Channels (TRPs) like TRP-
Vanilloid 1 (TRPV1) (Capsaicin receptor) and TRP-Melastatin 8 (TRPMS8) (Menthol receptor) in these
tumor cells was investigated by application of various drugs and hormones. The second aim of this
thesis was to investigate the cell-based calcium mechanism of GPCRs. For this, overexpressed Mas, a
GPCR and Angiotensin-(1-7) hormone receptor, from the Renin Angiotensin Aldosterone System
(RAAS) in the Human Embryonic Kidney (HEK293) cells was used. Particularly, the activation of
classical GPCR pathways like Phospholipase C and Proteinkinase C via Ang-(1-7) through Mas and the
involvement of TRPs was proven in this study. The third aim of this thesis is to translate the cell-based
calcium imaging principle to cell-free systems. Cell-based calcium imaging for chemical calcium
indicators could be performed with all ease due to the presence of a large amount of cytosolic
carboxylesterase, the crucial enzyme which handles the chemical calcium dyes. But this enzyme is
absent in microsomes. Microsomes are used as a backbone membrane to integrate the synthesized
ion channels in a eukaryotic cell-free system. Cell-free synthesized carboxylesterase in Spodoptera
frugiperda (5f21) microsomes is established as a viable calcium imaging tool to study both natively
present ion permeable proteins and cell-free synthesized ion channels. The enzyme activity of the
carboxylesterase in microsomes was confirmed by esterase assays and fluorescent calcium dye Fluo-
5N Acetoxymethylester (Fluo-5N AM) loading assays. Fluorescent calcium imaging of natively present
SERCA (Sarco Endoplasmic Reticulum Calcium ATPase) and ryanodine channels in the microsomes and
cell-free expressed TRPV1 channel was demonstrated using Fluo-5N AM fluorescent dye in
carboxylesterase pre-synthesized microsomes. With adequate research in future, the established
method could be promisingly extended to study other cell-free expressed GPCRs or other ion
channels like potassium, sodium, and chloride ion channels.



Zusammenfassung

Die Fluoreszenz-Calcium-Imaging-Methode wird auch heute noch als gangige Methode verwendet,
vor allem wegen der geringeren Kosten fiir das Wirkstoffscreening in der pharmazeutischen
Forschung, wobei lonenkandle sowie einige der G-Protein gekoppelte Rezeptoren (GPCRs) die
Mehrzahl der Wirkstoffziele ansprechen. Die zellfreie Synthese eukaryotischer Proteine hat nicht die
Nachteile, die bei der Uberexpression dieser ionenpermeablen Proteine in Zellen auftreten kénnen,
wie z. B. Zelltoxizitat, geringere Proteinexpression und die Beseitigung der exprimierten Proteine
aufgrund verdanderter Domanen sowie die zeitaufwandige Pflege von Zelllinien. Die Synthese von
lonenkandlen in zellfreien Proteinsyntheseplattformen fir das kiinftige Wirkstoffscreening ist noch in
der Grundlagenforschung. Obwohl die Fluoreszenz-Calcium-Imaging-Methode in zellbasierten Assays
weit verbreitet ist, wurde diese Methode bisher noch nicht in zellfreien Proteinexpressionssystemen
verwendet. Insgesamt ist die neue Anwendung der Calcium-Imaging-Methode in eukaryontischen
zellfreien Systemen eine Voraussetzung fir die schnelle pharmakologische Analyse von Wirkstoffen.
Das erste Ziel dieser wissenschaftlichen Arbeit bestand darin, die grundlegenden Prinzipien der
Calcium-Imaging-Methode zur Untersuchung von lonenkandlen in zellbasierten Systemen zu
untersuchen. Hierfir wurden zwei Tumorzelllinien des Auges verwendet, und zwar benigne
Pterygiumzellen und maligne Aderhautmelanom 92.1 Zellen. In diesen Studien wurde die Interaktion
zwischen den nativ (berexprimierten transient-receptor-potential-lonenkanilen (TRPs) wie TRP
Vanilliod 1 (TRPV1) (Capsaicinrezeptor) und TRP Melastatin 8 (TRPMS8) (Mentholrezeptor) in diesen
Tumorzellen nach Zugabe von verschiedenen Medikamenten und Hormonen untersucht. Das zweite
Ziel dieser Arbeit war es, den Calcium-Mechanismus von GPCRs in den Zellen zu untersuchen. Zu
diesem Zweck wurde Mas, ein GPCR und Angiotensin (1-7) -Hormonrezeptor, aus dem renin-
angiotensin-aldosteron-system (RAAS) in der Human Embryonic Kidney-293 (HEK293) Zelllinie
Uberexprimiert. In dieser Studie wurden insbesondere die Aktivierung klassischer GPCR-Signalwege
wie Phospholipase C und Proteinkinase C durch Angiotensin-(1-7) (iber Mas und die Beteiligung von
TRP-Kandlen nachgewiesen. Die zellbasierte-Calcium-Imaging-Methode fiir chemische Calcium-
Indikatoren liel8 sich aufgrund der Anwesenheit einer groRen Menge cytosolischer Carboxylesterasen
gut anwenden. Carboxylesterase ist das wichtigste Enzym in der Calcium Imaging Methode, das die
Verarbeitung chemischen Calcium-Farbstoffe behandelt. Dieses Enzym fehlt jedoch in Mikrosomen,
die als Basismembran fiir die Integration synthetisierter lonenkandle in eukaryontischen zellfreien
Systemen verwendet werden. Das dritte Ziel dieser Forschungsarbeit war die Umsetzung der
zellbasierten Calcium-Imaging Methode und der Calcium-Signalwege in zellfreie Systeme. Hier wurde
die zellfrei synthetisierte Carboxylesterase in Mikrosomen von Spodoptera frugiperda (Sf21) als
praktikables Calcium-Imaging-Werkzeug etabliert, um sowohl native ionenpermeable Proteine als
auch zellfrei-synthetisierte lonenkandle zu untersuchen. Die Enzymaktivitat der zellfrei-
synthetisierten Carboxylesterase in Mikrosomen wurde durch Esterase-Assays und den Calcium-
Fluoreszenzfarbstoff Fluo-5N Acetoxymethylester (Fluo-5N AM) Belastungstests nachgewiesen. Das
Calcium-lmaging der nativ vorhandenen Ca?*-ATPase des sarkoplasmatischen/endoplasmatischen
Retikulums (SERCA) und der Ryanodin-Rezeptoren (RyR) in den Mikrosomen sowie der zell-frei
exprimierten TRP-lonenkandle wurden mit dem Fura-5N-AM- Fluoreszenzfarbstoff in mit
Carboxylesterase vorsynthetisierten Mikrosomen nachgewiesen.



Zusammenfassend lasst sich sagen, dass das Prinzip der zellbasierten Calcium-Imaging -Methode
vielversprechend an das eukaryotische zellfreie Sf21-System angepasst werden konnte, um
lonenkandle zu analysieren. Nach entsprechender Forschung kdnnte die etablierte Methode in Zukunft
auch auf andere Membranproteine ausgeweitet werden. Dies umfasst die Untersuchung anderer zell-
frei exprimierte GPCRs oder anderer lonenkanale wie Kalium-, Natrium- und Chlorid-lonenkanale.
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1. Einleitung

1.1. Grundlagen
1.1.1. Zell-basiertes Calcium-Imaging

Calcium (Ca*) ist ein wichtiger Botenstoff, der viele zelluldre Aktivititen reguliert, zum Beispiel,
Befruchtung, Sekretion, Neurotransmission und Zellmigration, Zellwachstum,
Hormonausschittungen, Zelldifferenzierung, Apoptose, Genexpression, Zellmotilitat, Zelladhasion.
Calcium ist allgegenwartig und ein &duRerst wichtiges intrazelluldres Signalmolekil. Die
Calciumsignalwege werden durch Calciumionen gesteuert. Ca2* kann aus intrazellulidren Speichern
freigesetzt werden oder lber Ca* permeable lonenkanile an der Plasmamembran in die Zelle
gelangen. Ca®* ist historisch als sekundirer Botenstoff beschrieben, weil seine Erhéhung in dem

Zytoplasma von den extrazellularen Signalen oder primaren Botenstoffen abhangig ist (Carofoli et
al., 2002).

Extracellular Ca™

Abbildung 1: Calcium als Sekundérbotenstoff in den Zellphysiologie, Song al., 2015 (mit Genehmigung von
Elsevier). Extrazellulares Ca?* wird durch transient-receptor-potential-lonenkanile (als TRPC in der Abbildung
bezeichnet), Spannung-gesteuerte lonen Kandle und zyklische Nukleotid-gesteuerte Kanale (als CNG
bezeichnet) und Purinerge Rezeptorionen Kanéle in den intrazelluldaren Raum gebracht. G-Protein gekoppelte
Rezeptoren (GPCRs) und Rezeptortyrosinkinasen (RTKs) kénnen auch, wenn sie durch ihre Aktivatoren
gesteuert werden, das intrazelluldre Calcium durch Freisetzung aus dem Endoplasmatisches-Retikulum
erhdhen.



Zu den Ca®*-permeablen Proteinen gehdren lonenkanile, Pumpen und Transporterproteine. Die
lonenkandle von der Plasmamembran sind die am haufigsten untersuchten ionendurchldssigen
Proteine (Abbildung 1). Die Ca**-permeablen lonenkanile werden je nach ihren Eigenschaften wie
lonenspezifitdt, Liganden Empfindlichkeit und Spannungsempfindlichkeit in verschiedene
Untergruppen eingeteilt. Nach lonenspezifitait werden lonenkandle als Natrium-lonenkanile,
Calcium-lonenkandle und Kalium-lonenkandle oder Chlorid-lonenkandle benannt. Transient-
receptor- potential-lonenkanale sind nicht-selektive Kationenkanéle. Diese sind fir Kaliumionen,
Natriumionen und Calciumionen permeabel.

Auch zwischen den GPCRs und den transient-receptor-potential (TRP)-lonenkanélen besteht eine
Wechselwirkung, die zur Erhéhung des intrazellularen Calciumspiegels fiihrt. Die Achse GPCR -TRP-
lonenkandle wurde auf dem Gebiet der Schmerz- und Entziindungsforschung eingehend
beschrieben. GPCRs kénnen die direkte Aktivierung oder Sensibilisierung von TRP-lonenkanalen
Uber verschiedene Proteinkinasen oder Phospholipase C (PLC) steuern (Veldhius et al., 2015).

fura-2 AM

cytosolic
carboxyl-
esterase

v
fura-2, 340/380 nm

e
uncleaved
fura-2 AM

uncle.z:/ed
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Abbildung 2: Vereinfachtes Schema einer Calciumindikator Beladung einer Zelle: Wahrend der fura-2 AM
Beladung wird die AM Gruppe von fura-2-AM durch zytologische Carboxylesterase gespaltet. Nach der
Spaltung bleibt die Calciumindikator in den Zellen, weil er die Zellmembran nicht durchqueren kann (mit
Biorender Software gezeichnet von Autorin)

Fluoreszenzfarbstoffe fiir das Calcium-Imaging wurden in den 1980er Jahren entwickelt und werden
seither verwendet (Zhou et al., 2021). Die Entdeckung einer neuen Reihe von Calciumindikatoren

auf Fluoreszenzbasis durch das Labor des Nobelpreistragers Roger Y. Tsien hat das Forschungsfeld
der Calciumregulation und der damit verbundenen Ca*-leitenden lonenkanile revolutioniert.
Seither ist Calcium-Imaging die am haufigsten verwendete Technik zur Messung von sehr kleiner
Messung vonsehr kleinen Calciumkonzentrationsanderungen in den Zellen (Grynkiewicz et al.,
1985) (Tsein et al., 1981).




Fiir das High-throughput Screening von Arzneimitteln fiir lonenkanadle und GPCRs ist die Calcium-
Imaging-Methode ein duBerst kosteneffizienter Funktionstest. Insbesondere wird das Mikroplatten-
basierte  Calcium-Imaging flr das Wirkstoffscreening im  GroBmaRstab eingesetzt.
Elektrophysiologische Methoden wie die planare Bilayer-Methode oder das planare Patch-Clamping
sind fir solche Anwendungen hingegen kostspieliger (Garcia und Kaczorowski et al., 2016). Spater

wurde das Fluoreszenz-lImaging auch fiir andere lonen wie Chlorid, Kalium und Natrium lonen
eingefiihrt. Zum Beispiel., Asante Natrium Grin-2 (ANG-2), ein Fluoreszenz-basierter
Natriumindikator (McManus et al., 2012). Es gibt zwei Hauptklassen von Calciumindikatoren:
Chemische Calciumindikatoren (Parades et al., 2008) und genetisch kodierte Calciumindikatoren
(Tang et al., 2020). Aufgrund der erforderlichen Transfektion-Schritte und Proteinexpression-
Schrittes von Calciumindikatoren in den Zellen sind die genetisch kodierten Calciumindikatoren
zeitaufwendig. Calcium-sensitive Fluoreszenzfarbstoffe sind fiir die Messung der intrazellularen

Calciumkonzentration wegen ihrer einfachen Anwendung gut geeignet. Die chemische
Calciumindikatoren wie Fura-2-AM hat zwei spezifische Absorptionswellenlangen (340 und 380
nm).

Beladung von Zellen mit Fluoreszenzfarbstoff (AM) Estern:

Chemische Calciumindikatoren allein kdnnen aufgrund ihrer polaren Eigenschaften die
Lipidmembran nicht durchqueren. Die meisten hydrophoben Calciumindikatoren tragen eine
Negativladung wegen der Carboxylgruppe. Eine chemische Veranderung mit der sogenannten
Acetoxymethylester-Gruppe (AM-Gruppe) ist erforderlich. Diese Negativladung in der
Carboxylgruppe wird durch AM-Ester maskiert. Mit der maskierten negativen Ladung kann der
Calcium-Indikator die Zellmembran ungehindert durchqueren. Daher werden anstelle des
Fluoreszenzfarbstoffsalzes ausschlieRlich Fluoreszenzfarbstoffester (mit der AM-Gruppe) fir Zellen
verwendet. Kommerziell erhaltliche Calciumindikatoren haben in der Regel die AM-Gruppe. (z.B.
fura-2/AM, Calcein/AM).

Die zytosolische Carboxylesterase spaltet die AM-Gruppe des Calciumindikators ab, wodurch der
Calciumindikator seine negative Ladung erhalt. Da der gespaltene Calcium-Indikator negativ geladen
ist, kann er nicht nach auflen in den extrazelluldaren Raum gelangen und bleibt daher im Zytosol. Auf
diese Weise werden die Calciumindikatoren in die Zellen eingebracht. Ein Schema dieses Prozesses
ist in der Abbildung 2 dargestellt.

Wahrend der Beladung von Calcium-Indikatoren ist eine vollstandige Hydrolyse der Acetoxylmethyl-
Estergruppe durch Carboxylesterase wichtig. Falls die Esterhydrolyse nicht vollstdndig
abgeschlossen ist, gibt es eine Mischung aus Calcium-Indikator ohne AM-Gruppe (frei und an
Calcium gebunden) und Calcium-Indikator mit AM-Gruppe (frei und calciumgebundene Formen).
Das Farbmittel mit AM- Gruppe kann allein bereits fluoreszierend sein. Zum Beispiel kann der
beladene Fluo-5N AM in den Mikrosomen auch fluoreszieren, weil er bereits calciumunempfindlich
ist. Bei einer unvollstandigen Hydrolyse des Calciumindikators kann das Calciumfluoreszenzsignal
wahrend der Messung schwéacher werden. Der Grund dafiir ist der Transport von den nicht
hydrolisierten Calciuminduktoren durch die Membran wahrend der Messung. Auch bei einer
vollstandigen Hydrolyse des Calciumindikators kann das Calciumfluoreszenzsignal wahrend der



Messung aus anderen Griinden, wie z.B. durch die Photobleichung abnehmen.

1.1.2. Zellfreie Proteinsynthese

Die zellfreie Proteinsynthese ist eine Technik, mit der man rekombinante Proteine synthetisieren
kann. Die Entdeckung und Erforschung der zellfreien Proteinsynthese begann in den 1960er Jahren.
Zellfreie Proteinsynthesen sind in zwei Arten unterteilt, und zwar in prokaryotische und
eukaryotische-zellfreie Proteinsynthese. Die prokaryotische zellfreie Proteinsynthese ist seit
mehreren Jahrzehnten weitgehend erforscht und gut fortgeschritten. Das am haufigsten verwendete
prokaryotische Lysat fir die zellfreie Proteinsynthese rekombinanter Proteine stammt aus dem
Escherichia coli-Stamm BL21 (DE3). Das E. coli BL21 (DE3)-Lysat wird bereits von mehreren
Unternehmen als zuverlassiges Proteinsyntheseprodukt auf dem Markt angeboten. Demgegeniber
ist die eukaryotische zellfreie Proteinsynthese noch in Forschung und Entwicklung. Die zellbasierte
Proteinproduktion hat mehrere Nachteile. Dazu gehéren die geringere Transfektionseffizienz, die
geringe Durchflihrbarkeit von Genverdanderungen und die daraus resultierende Toxizitdt in den
Zellen mit hoher Proteinexpression. Genveranderungen in den zellfreien Systemen sind im Vergleich
zu den zellbasierten Proteinexpressionsplattformen viel einfacher. Die zellbasierte Proteinsynthese
unterscheidet sich in vielerlei Hinsicht von der zellfreien Proteinsynthese, wobei letztere mehrere
Vorteile hat wie schnellere Proteinsynthese, Herstellbarkeit von Toxinen oder virusartigen Partikeln,
Herstellung von Membranproteinen ohne Zelltoxizitit und Nebenwirkungen, erleichterte
Einfllhrung von nicht- kanonischen Aminosduren sowie orthogonale Aminosaure-Modifikation der
synthetisierten Proteine und hdhere Flexibilitdt fiir genetische Veranderungen. (Khambati et al,
2019).

In der eukaryotischen zellfreien Proteinsynthese gibt es zwei verschiedene Synthesemethoden.
Diese sind folgende:

e Batchmodus
e Dialysemodus

Batch-Modus: Die Reaktion im Batch-Modus wird in 1,5-mL-ReaktionsgefdafSen durchgefiihrt. Diese
Form der Synthese benétigt durchschnittlich 30 bis 180 Minuten Inkubationszeit. Bei der
Proteinsynthese im Batch-Modus entstehen viele toxische Nebenprodukte. Diese Nebenprodukte
konnen die zellfreie Proteinsynthese hemmen. Daher ist die Batch-Synthese fiir eine kiirzere
Reaktionszeit geeignet. Der Batch-Modus bei der eukaryotischen zellfreien Proteinsynthese besteht
aus den folgenden Komponenten: Lysat eukaryotischer Zellen (aus lysierten Zellen ohne hochdichte
Membranphase, z. B. Zellkern, Mitochondrien und plasmatische Phase der Membranen), Template-
DNA fiir die Transkription, RNA-Nukleotide, proteinbildenden Aminosduren, Energiekomponenten,
wie., Adenosintriphosphat (ATP), Pufferkomponenten (z. B. HEPES-KOH), Mg (OAc), Spermidin
und andere zuséatzliche Komponenten. Diese sind z. B. Poly-G-Nukleotide (30 Aminosauren lang) in
Fallen, in denen die cricket-paralysis-virus-interne ribosomale Eintrittstelle (CrpV-IRES) die Protein-
Translation initiiert (Brodel et al., 2013). Um das Problem der geringen Proteinausbeute im Batch-

Modus zu I6sen, wird eine repetitive Batch-Synthese durchgefiihrt. Die repetitive Batch-Synthese
besteht aus dreimal wiederholten Batch-Syntheseschritten. Die Mikrosomen aus der ersten
Synthesereaktion werden in den nachsten Synthesereaktionsschritten weiterverwendet. Bei den



nachsten Synthesereaktionen wird nur der |6sliche Teil des neuen Lysats zugegeben. Auf diese
Weise werden die Mikrosomen mit synthetisierten Proteinen angereichert, um die Proteinausbeute
zu erhohen.

Dialyse-Modus: Der Dialyse-Modus beziehungsweise continuous-exchange-cell-free (CECF)-Modus
enthalt ein Zweikammersystem (Abbildung 3). In der kleineren Reaktionskammer wird die Synthese
der Proteine durchgefiihrt. In diese Kammer werden alle Reaktionskomponenten, die in der
Batchsynthese verwendet wurden, pipettiert. In der groBeren Kammer bzw. der Feedkammer
werden Energiekomponenten (ATP), Aminosduren und Pufferkomponenten pipettiert. Die beiden
Kammern sind durch eine Dialysemembran getrennt, die flr Proteine und Komponenten bis zu 10
kDA durchlassig ist. Diese Dialysemembran ist fiir die Energiekomponenten (ATP), Aminosauren aus
der Feedkammer und die giftigen Nebenprodukte aus der Reaktionskammer permeabel. Daher sind
die inhibierenden giftigen Nebenprodukte wahrend der zellfreien Synthese durch selektive Diffusion
von der Hauptreaktion entfernt.
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Abbildung 3: Schematische Darstellung vom Dialyse-Modus der eukaryotischen Proteinsynthese, (Thoring
et al.,, 2017): Oben wird der Dialyse-Modus in einem Reaktionsgefdl mit zwei Kammern dargestellt. Die
verschiedenen Reaktionskomponenten, die in den beiden Kammern zugegeben werden, sind unten
aufgelistet.

Die zellfreie Proteinsynthese wird als 24- bis 48-stliindige Inkubationsreaktion durchgefiihrt.
AulRerdem wird fiir jede eukaryotische zellfreie Proteinsynthese in beiden Kammern ein angepasster
Caspase- Inhibitor erganzt. Caspase-Inhibitoren kénnen die Ausbeute der synthetisierten Proteine
erh6hen, da sie vermutlich den Proteinabbau hemmen (Stech et al., 2014). Um das

Bakterienwachstum wahrend der langeren Inkubationszeiten zu hemmen, wurde Natriumazid in
beiden Kammern in einer Endkonzentration von 0,02 % zugesetzt.



1.2. Calcium-lmaging der transient-receptor-potential-
lonenkandle (TRPs) in den Augentumorzellen

Transient-receptor-potential-lonenkanale (TRPs) sind in eukaryotischen Zellen ubiquitar vorhanden.
Tumorzellen weisen im Vergleich zu gesunden Zellen eine hohere Expression von TRPs auf. Zum
Beipiel ist TRP-lonenkanal, Unterfamilie-Melastatin, Subtyp 8 (TRPMS8) in Prostatakarzinomen stark
erhoht. Und TRP-lonenkanal, Unterfamilie-Vanilloid Subtyp 1 (TRPV1) ist ein prognostischer Marker
fir Metastasen und Entziindungen bei verschiedenen Tumorerkrankungen. Daher ist es sinnvoll, zu
untersuchen, ob die oben genannten lonenkanale in Augentumorzellen funktionell hochreguliert
sind oder nicht.
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Abbildung 4: Vorgeschlagene Signaltransduktionswege zwischen VEGF und 3T;AM (Walcher und
Budde et al., 2017). VEGF-A aktiviert TRPV1 durch VEGF-Rezeptor-1/2 und 3-T1AM aktiviert TRPMS8 durch
Adrenozeptor. 3-TIAM hemmt die Erhéhung des intrazelluldaren Calciums, die durch VEGF-A verursacht wird.

Das Aderhautmelanom ist einer der haufigsten Augentumore. Ziel dieser Untersuchung ist es,
Interaktionsstudien von verschiedenen Hormonen und deren Auswirkung auf das Zusammenspiel
zwischen dem Thermorezeptor (TRPV1) und dem Kalterezeptor (TRPMS8) durchzufiihren (Abbildung
4). Die Aktivitdt des vaskuldren endothelialen Wachstumsfaktors (VEGF) ist bei primaren
Hautmelanomen hoher, was zu einer Angiogenese und damit zur Metastasierung fiihrt (Rajabi et al.,
2012). VEGF-A wurde in menschlichen Aderhautmelanomen durch Immunhistochemie
nachgewiesen (Kase et al., 2006). 3- lodthyronamin (3-T:AM) ist ein decarboxyliertes

Schilddriisenhormon und hat bei Nagetieren eine physiologisch kiihlende Wirkung (Cichero et al.,
2014). Es moduliert den trace-amine-associated-receptor-1, (TAAR-1) und den f8-Adrenorezeptoren
(Dinter_et al., 2015). Sowohl TRPV1 als auch TRPM8 wurden zuvor in Aderhautmelanomzellen
funktionell charakterisiert (Mergler et al., 2014). Insgesamt ist die Untersuchung des

Zusammenspiels zwischen dem vaskuldren endothelialen Wachstumsfaktor, VEGF und dem
Schilddriisenhormonderivat, 3-T:AM und ihrer konsekutiven Rolle bei der Calciumregulierung durch

den Thermorezeptor, TRPV1 und Kilterezeptor, TRPMS erforderlich. Wenn das Zusammenspiel von



VEGF und 3-T:AM gut verstanden wird, kénnte 3-T:AM als endogener Modulator fiir die Therapie
des Aderhautmelanoms vorgeschlagen werden.

Pterygiumzellen stammen aus dem benignen Tumor der humanen Bindehaut und werden fir
in- vitro- Studien immortalisiert. Das Pterygium ist eine haufige Zellwucherung mit hoher Inzidenz in
Lindern in Aquatornihe. Pterygium ist auch mit dem Syndrom des trockenen Auges verbunden
(Hashemi et al., 2014; Lee et al., 2004). VEGF und sein Rezeptor sind in den Pterygiumzellen
hochreguliert (Gebhardt et al., 2005; Khalfoui et al., 2011). Humane konjunktive Epithelzellen sind
die gesunde Version des benignen Tumors der Pterygium-Zellen. Das Vorhandensein von TRPV1 und

seine Funktionalitdt in den humanen konjunktiven Epithelzellen wurde bereits untersucht (Mergler
et al., 2012). Da TRPV1 in den meisten Tumorzellen hoch exprimiert ist, ist es sinnvoll, zu
untersuchen, ob TRPV1 auch in Pterygiumzellen funktionell aktiv und hoch exprimiert ist. Darlber
hinaus soll auch die Interaktion zwischen VEGF und TRPV1 weiter untersucht werden.

1.3. Calcium-Imaging im zellbasierten Uberexpressions-
system von Mas, ein Ang-(1-7) -Rezeptor

Angiotensin-(1-7) [Ang-(1-7)] ist der bekannte endogene Ligand von Mas, einem wichtigen G-
Protein- gekoppelten Rezeptor (GPCR) im renin-angiotensin-aldosteron-system (RAAS) (Santos et al.,
2018) (Bader et al., 2018). Das RAAS ist an der Regulierung des Blutdrucks und des
Flissigkeits-/Elektrolytgleichgewichts sowie an Herz-Kreislauf-Erkrankungen beteiligt. Ang-(1-7) ist

ein Heptapeptid-Hormon. Es spielt eine wichtige Rolle bei verschiedenen physiologischen
Stoffwechselwegen, zum Beispiel bei der Verringerung von Entziindungen, der Verbesserung der
Insulinsensitivitat und der Verringerung der Angiogenese in krebserregenden Tumoren. Es ist auch
fir die Hemmung der Fibrose und die Verbesserung der Lern- und Gedachtnisfunktionen im Gehirn
verantwortlich (Passos Silva DG et al., 2013). Aufgrund seiner zahlreichen positiven Auswirkungen

auf pathophysiologische Erkrankungen ist die Charakterisierung der Mas-Signalwege bei der
Entwicklung neuer Therapeutika besonders wichtig.

Das Calcium-Imaging ist ein wichtiges Werkzeug fiir das Arzneimittel-Screening bei GPCRs. Calcium
ist ein wichtiges Botenmolekiil, das auch durch die GPCR-Aktivitat aktiviert wird. Mas ist ebenfalls
ein GPCR. Bei Gg-aktivierten GPCRs fiihrt die Bindung eines Agonisten (iber die Aktivierung der
Phospholipase-C-IP3-Signalkaskade zu erhéhtem intrazellularem Calcium. Dieser beobachtete
Anstieg des intrazelluldaren Calciumspiegels wird durch die Freisetzung von Calcium aus dem
endoplasmatischen Retikulum verursacht, was mit dem Begriff, ,Speicherdepletion" bezeichnet
wird. (Kieselyov et al., 2003).

Ob Ang-(1-7) bei der Calciumregulation durch Aktivierung von Mas eine Rolle spielt, ist noch nicht
geklart. Mehrere Experimente in-vivo und in-vitro fihrten zu widersprichlichen Ergebnissen, und es
fehlte ein klares Bild. Tierversuche mit Ang-(1-7) haben gezeigt, dass Ang-(1-7) das zytosolische
Calcium nur in pathologischen Zustidnden erhéhen kann. Ang-(1-7) erhdhte den Einwarts-
Calciumstrom in herzinsuffizienten Rattenherzen um 21 % (Zhou et al. 2015). In den

Untersuchungen aus proximalen Tubuli von SHR (spontan-hypertensive-Ratten) erhéhte Ang-(1-7)
die intrazelluldaren Calciumspiegel im nM- und pM-Bereich (Mellow-Aires et al., 2017).

Im Gegensatz dazu zeigten die meisten in-vitro-Studien keinen nachweisbaren Anstieg des



intrazelluldren Calciumspiegels nach Anwendung von Ang-(1-7) unter gesunden Zustanden. Bei der
Anwendung von peptidischen Mas-Agonisten wie Ang-(1-7) und Angioprotectin und nicht-
peptidischen Mas-Agonisten wie cGEN856S und AVE0991 wurde kein Anstieg des intrazellularen
Calciumspiegels beobachtet. Hingegen wirken Neuropeptid FF (NPFF), ein Peptid-Agonist, und
AR234960, ein nicht- peptidischer Agonist, auf Mas und erhéhen das intrazelluldre Calcium lber den
klassischen Gg-Weg sowie durch Aktivierung der PLC-IP3-Signalkaskade (Santos et al., 2003, Pinheiro

et al., 2004). Nur eine Studie zeigte, dass Ang-(1-7) in der Lage war, intrazelluldres Calcium tber

Mas-Aktivierung durch Mikroperfusion in proximalen Tubuli von Ratten zu erhohen. Weitere
Signalkaskaden von Mas sind jedoch nicht untersucht worden (Castelo-Branco, Leite-Delova, and de
Mello-Aires 2013).

Da es sich bei Mas um einen GPCR handelt und bekannt ist, dass ein Teil des GPCRS das
intrazelluldre Calcium reguliert, ist es sehr interessant zu untersuchen, ob Ang-(1-7) das
intrazelluldre Calcium Uber die Aktivierung von Mas regulieren kdnnte. Ein zellbasiertes
Proteinexpressionsmodel, d.h., Human embryonic kidney 293 (HEK293) wurden fir die Mas
Uberexpression verwendet. Das Ziel dieser Studie ist es, herauszufinden, ob Ang-(1-7) das
intrazellulare Calcium in Mas-tberexprimierten HEK293-Zellen erhéhen kann und wenn ja, ob dieser
erhohte Calciumspiegel mit einem Mas-spezifischen Inhibitor gehemmt werden kann. Die nachste
Frage wére, welche Familie von lonenkanalen daran beteiligt ist. Weitere Signallbertragungswege,
z. B. Uber Phospholipase C oder Proteinkinase C (PKC), sollen ebenfalls untersucht werden, um die
Calciumregulation von Mas liber Ang-(1-7) zu verifizieren.

1.4. Calcium-Imaging-Methode im eukaryotischen zellfreien
Proteinsynthese-System

1.4.1. Grund der Etablierung der Methode

lonendurchldssige Proteine sind lonenkanale, Pumpen und lonentransporter. Etwa 30 % der fir den
therapeutischen Einsatz geeigneten Membranproteine sind lonenkandle (Santos et al., 2017).

Therapeutische Membranproteine werden in mehrere Gruppen unterteilt. Die erste Hauptgruppe
der therapeutischen Membranproteine gehort zu den G-Protein-gekoppelten Rezeptoren und die
zweite Hauptgruppe zu den lonenkandlen. Mutierte lonenkandle fiihren zu einer Stoérung der
lonenhomoostase und fiihren zu sogenannten Channelopathien (Kim et al., 2014). Viele Krankheiten

werden durch Mutationen von lonenkanalen verursacht. So werden zum Beispiel Tachykardie und
maligne Hyperthermie durch Mutationen der Ryanodin-Rezeptoren (RyR1 und RyR2) verursacht
(Hibner und Jentsch et al., 2002).

lonenkandle werden normalerweise in den Zellen Gberexprimiert und mit verschiedenen Techniken
untersucht, um ihre Rolle bei verschiedenen Krankheiten zu entziffern. Die Herstellung nativer und
funktionsfahiger ionendurchlassiger Proteine mit pharmakologischen Eigenschaften ist oft schwierig
und hangt von verschiedenen Faktoren ab. Einige Faktoren sind die effiziente Expression,
Lokalisierung und Orientierung der lonenkanal-Untereinheiten. Darliber hinaus haben die meisten
lonenkandle mehrere Transmembrandomanen. Wenn lonenkanéle in Zellen Gberexprimiert werden,
besteht daher ein enormes Potenzial fiir Fehlfaltungen und Fehlorientierungen. Zusatzlich zu den
Problemen bei der Faltung und dem Zusammenbau der Untereinheiten sind Uberexprimierte
lonenkanile hiufig instabil. Zum Beispiel entsteht bei der Uberexpression von calciumdurchléssigen



lonenkandlen haufig eine funktionelle Toxizitat, weil sie die Calciumhomdostase in der Wirtszelle
storen und dadurch zahlreiche schadliche Auswirkungen auf die Zellen haben kdénnen. Die
Uberexpression von lonenkandlen kann zu Maingeln bei der Verarbeitung essentieller
Wirtszellproteine fihren. Die Toxizitat wird durch die Anhdaufung der fehlgefalteten lonenkandle in
den Membranen der Wirtszelle verursacht. Die Toxizitdt kann auch durch {berexprimierte
Kanalproteine verursacht werden, die die Sekretionsmaschinerie der Wirtszelle pathologisch
beeinflussen (Eertmood et al., 2004). Wegen fehlgefalteter lonenkanale und Instabilitdt durch

hohere Proteinexpression kommt es zudem zu proteolytischen Aktivitaten. Instabile und
fehlgefaltete lonenkandle werden durch Proteasom in den Zellen abgebaut. Aus den oben
genannten Grinden ist die zellfreie Proteinsynthese fiir die Expression von lonenkanélen
notwendig.

Die Planare-Lipiddoppelschicht-Methode, radioaktive lonenfluss-Assays und Fluoreszenztechniken
(ionenempfindliche Farbstoffe) sind gdngige Methoden zur Untersuchung von lonenkanalen. Die
Planare-Lipiddoppelschicht-Methode der Elektrophysiologie ist bereits fiir zell-frei synthetisierte
lonenkandle etabliert. Radioaktive lonenfluss-Assays werden grundsatzlich vermieden, da nicht alle
Labore fiir die Arbeit mit radioaktivem Material ausgeriistet sind. Die Arbeit mit radioaktivem
Material erfordert aullerdem eine Sondergenehmigung der Aufsichtsbehorden. Auf
Fluoreszenzfarbstoffen basierende Methoden sind ein unverzichtbares Werkzeug, das eine Reihe von
Vorteilen mit sich bringt: einfache Anwendung fiir das high-throughput-screening (HTS) mit einem
Mikroplattenlesegerat, niedrige Kosten pro Datenpunkt, minimale Anforderungen an die
Instrumentierung, hohe raumliche Auflosung und eine relativ unkomplizierte Datenanalyse. Neben
der von uns in dieser Forschungsarbeit verwendeten Methode kénnen auch andere
Fluoreszenzmethoden eingesetzt werden, wie z.B. die Verwendung von membranundurchlassigen
Ca?*-Farbstoffen zur Messung des Calciums in der extra- mikrosomalen Lésung, wo die luminalen
Calciumspiegel nicht direkt Giberwacht werden kénnen (Dusza et al., 2018). Da die Mikrosomen bei

dieser Methode nicht auf der Mikroplatte/Kiivette fixiert sind, ist eine Live-Uberwachung von Ca?
wahrend des Austauschs von Aktivator und Inhibitor Losungen nicht moglich. In Anbetracht der
Nachteile der derzeitigen Methoden wird die Notwendigkeit der Entwicklung einer direkten
Calcium-Imaging-Methode in Mikrosomen fiir zell-frei synthetisierte lonenkanéle deutlich.

1.4.2. Hypothese der neuen Methode

Das vorliegende Vorhaben, Calcium-Imaging in der zellfreien Proteinsynthese zu etablieren, hat
Schnittstellen zu zwei verschiedenen Forschungsbereichen, der zellfreien Proteinsynthese und dem
Bereich der lonenkanale.

Fir die Entwicklung der Calcium-Imaging-Methode wurde die eukaryotische zellfreie
Proteinsynthese herangezogen. Prokaryotische zellfreie Synthese-Plattformen sind fiir diese
Verfahrensweise nicht geeignet, da in prokaryotischen Zellen keine membranreichen Organellen
wie das endoplasmatische Retikulum vorhanden sind. Wahrend der Lysat-Herstellung werden die
Mikrosomen aus dem endoplasmatischen Retikulum geformt. Die zell-frei synthetisierten
lonenkandle werden in die mikrosomalen Membranen des eukaryotischen Zell-Lysats integrieren.
Daher ist es sinnvoll, die Calcium-Imaging-Methode in eukaryotischen zellfreien Proteinsynthese-
Plattformen zu entwickeln.
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Abbildung 5: Darstellung auf zellfreie Proteinsynthese von Carboxylesterase Enzyme in Sf21
Mikrosomen: mCES2 wird in dem extra-mikrosomalen Raum durch zellfrei Reaktionskomponenten
synthetisiert und in die mikrosomalen Lumen mit Hilfe der Melittin-Signalpeptid durch SEC-Translokon
transportiert (Dhandapani et al., 2021).

Fir die Behandlung von AM -basierten Calciumindikatoren ist eine Carboxylesterase erforderlich.
Carboxylesterase ist in den meisten eukaryotischen Zellen endogen in grofen Mengen im
Zytoplasma vorhanden. Im endoplasmatischen Retikulum gibt es jedoch keine Carboxylesterase.
Einige Studien haben gezeigt, dass Calcium im endoplasmatischen Retikulum der Zellen messbar ist.
Fir eine solche Anwendung werden die Zellen erst mit Carboxylesterase im endoplasmatischen
Retikulum Gberexprimiert (Samtleben et al., 2013; Blum et al., 2010; Rehberg et al., 2008)

Wahrend der Herstellung von Lysaten konnte die endogen vorhandene zytosolische
Carboxylesterase auch in die zellfreien Lysate Ubertragen werden. Diese aus dem Zytosol
Ubertragene Carboxylesterase befindet sich jedoch auBerhalb der Mikrosomen. Fiir das Calcium-
Imaging des mikrosomalen Lumens sollte die Carboxylesterase im Lumen der Mikrosomen
exprimiert werden. Friihere Studien mit zellfreier Proteinsynthese haben gezeigt, dass die I6slichen
Proteine, die zell-frei synthetisiert werden, mit Hilfe des Melittin-Signalpeptids in die Mikrosomen
transportiert werden konnen (Wistenhagen et al.,2020; Thoring et al., 2019). Zusammen-

genommen lautet die begriindete Hypothese, dass die Carboxylesterase zell-frei synthetisiert und
mithilfe des Melittin-Signalpeptids in das Lumen der Mikrosomen transportiert wird (dargestellt in

Abbildung 5).
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Die Carboxylesterase mit Melittin-Signalpeptid wird in verfligbaren eukaryotischen Systemen
synthetisiert, z. B. im Sf21-basierten zellfreien Systemen. Als DNA-Template fiir die Proteinsynthese
wird ein Plasmid (Plasmid: pIX3.0-CrPV IRES-Mel Carboxylesterase) verwendet, das im N-Terminal
eine CRPV-IRES-Sequenz und eine Melittin-Signalpeptid-Kodierungssequenz enthalt. Ohne Melittin-
Signalpetid wird die Carboxylesterase auflerhalb der Mikrosomen synthetisiert und verbleibt dort, da
sie ein l6sliches Protein ist. Das SEC-Translokon hilft beim Transport der Polypetide durch eine
hydrophobe Phospholipid-Doppelschicht, z. B. die ER-Membran. Mit Melittin-Signalpeptid werden sie
durch das SEC-Translocon in das mikrosomale Lumen transportiert. Das Signalpeptid der
Carboxylesterase wird mit Hilfe der Signalpeptidase gespalten, die sich in den Mikrosomenmembranen
befindet (Zimmermann and Mollay et al., 1986) (Abbildung 5)
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Abbildung 6: Darstellung der Aufspaltung von Farbmittel durch Carboxylesterase in Mikrosomen,
Dhandapani et al., 2021.

Die in den Mikrosomen vorhandenen Chaperone falten die Carboxylesterase zu einem funktionellen
Enzym. Nachdem die Carboxylesterase gefaltet ist, ist sie bereit, die Calciumindikatoren mit der
funktionellen Acetoxymethylester-Gruppe (AM-Gruppe) zu verarbeiten. Die AM-Gruppe ermoglicht
den Calcium-Indikatoren, durch biologische Membranen zu gelangen. Nach der Abspaltung der AM-
Gruppe durch die Carboxylesterase wird die negative Polaritat des Calciumindikators enthillt und kann
nicht mehr durch biologische Membranen wandern. Einige Waschschritte mit Phosphatpuffer
ermoglichen die Entfernung der ungespaltenen Calciumindikatoren in den Mikrosomen. Auf diese
Weise konnen die Calciumindikatoren in hoher Konzentration in den Mikrosomen angereichert
werden. Der entsprechende Vorgang ist in der Abbildung 6 dargestellt.

Die Mikrosomen, die mit dem Calcium-Indikator angereichert sind, kénnen fir Calcium-Imaging
verwendet werden. Durch Calcium-Imaging kénnen nativ vorhandene ionenpermeable Proteine wie
Ryanodin-Rezeptoren, die SERCA-Pumpe oder IP3-Rezeptoren untersucht werden. Neben den nativ
vorhandenen ionenpermeablen Proteinen kénnen auch zell-frei exprimierte lonenkanale untersucht
werden, die fiir die Forschung nach neuen Medikamenten relevant sind. Fir die Untersuchung der
zell-frei synthetisierten lonenkandle wurden TRP-lonenkandle ausgewdhlt. Viele frihere Studien
haben nachgewiesen, dass TRP-lonenkandle im endoplasmatischen Retikulum vorhanden sind.
TRPV1 wird in Neuronen endogen im endoplasmatischen Retikulum exprimiert und steuert die

11



Calciumfreisetzung aus dem endoplasmatischen Retikulum, die hier also nicht durch
Inositoltriphosphat (IP3) vermittelt (Dong et al., 2010). Ein dhnlicher Mechanismus wurde auch in

anderen Studien beobachtet. Die Calcium-Imaging-Untersuchungen von Uberexprimiertem TRPV1-
lonenkanal im ER von S§f21- und HEK293-Zellen fiihrten ebenfalls zur Calcium-Freisetzung aus dem
endoplasmatischen Retikulum in das Zytosol, die ohne IP3-Vermittlung erfolgt (Wisnosky et al.,2003).

TRPV1 wird auch endogen im ER von nicht-erregbaren Zellen wie Myozyten und Krebszellen (Haustrate
et al. 2020) und in menschlichen Lungenzellen (Thomas et al., 2007) exprimiert. Diese Zelltypen zeigen

auch eine dhnliche Regulierung des Calciums im ER, wenn sie mit Aktivatoren angeregt werden. Es ist
daher zu erwarten, dass TRP-lonenkanale, wenn sie in einem zellfreien System in Mikrosomen
exprimiert werden, bei Anwendung von Aktivatoren zu einer Calciumfreisetzung aus dem Mikrosomen
flhren kénnen.

Basierend auf der oben beschriebenen Herangehensweise kann ein neuartiges Calcium-Imaging in
einem zellfreien System etabliert werden, um sowohl die nativ vorhandenen ionenpermeablen
Proteine als auch zell-frei synthetisierte TRP-lonenkandle in Mikrosomen zu untersuchen.
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Calcium imaging is an important functional tool for analysing ion channels, transporters and pumps for drug
screening in living cells. Depicted eukaryotic cell-free systems utilize microsomes, derived from the
endoplasmic incorporate the synthesized membrane proteins-like
Carboxylesterase is required to cleave the acetoxymethyl ester moiety of the chemical calcium
indicators in order to ensure its immobility across the endoplasmic reticulum membrane. Absence or an
inadequate amount of carboxylesterase in the endoplasmic reticulum of different eukaryotic cells poses
a hindrance to perform calcium imaging in microsomes. In this work, we try to overcome this drawback
and adapt the cell-based calcium imaging principle to a cell-free protein synthesis platform.
Carboxylesterase synthesized in a Spodoptera frugiperda Sf21 lysate translation system is established as
a viable calcium imaging tool in microsomes. Cell-free synthesized carboxylesterase inside microsomes
is validated with esterase and dye loading assays. Native proteins from the endoplasmic reticulum, such
as ryanodine channels and calcium ATPase, are analysed. Cell-free synthesized transient receptor
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1 Introduction

Ion permeable membrane proteins such as ion channels,
transporters and pumps contribute to the majority of eukaryotic
membrane proteins, serving as viable drug targets for several
pathological diseases next to the large family of G-protein
coupled receptors." Eukaryotic cell-free protein translation
overcomes several disadvantages that could be met for over-
expression of these ion permeable proteins in cells, such as cell-
toxicity, poor expression and deletion due to engineered protein
domains, and reduction of expression in permanent cell lines.?
Taken together, the development of functional assays targeting
ion channels in eukaryotic cell-free systems is a pre-requisite for
rapid pharmacological discoveries.

The planar bilayer, radioactive ion-flux assays and fluores-
cent techniques (ion-sensitive dyes) are common methods to
study ion channels. Eukaryotic cell-free systems use
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potential channels are used as model proteins to demonstrate the realization of this concept.

microsomes to integrate synthesized membrane proteins. A
handful of planar bilayer investigations in eukaryotic cell-free
systems have been previously reported.>* But the planar
bilayer method requires the solubility of ion channels using
detergents for subsequent evaluation. Notwithstanding the
temporal resolution given by electrophysiological techniques
like planar bilayer, fluorescent dye-based methods have been an
indispensable tool encompassing a plethora of advantages: ease
of applicability for High Throughput Screening (HTS) using
a microplate reader, low cost per data point, minimum instru-
mentation requirements, high spatial resolution and relatively
less sophisticated data analysis. Another method to analyse ion
permeable proteins in microsomes would be by employing
radioactive calcium. Intraluminal calcium is the prime regu-
lator for endoplasmic reticulum (ER) function>® and has been
analysed concomitantly in microsomes using *>Ca** to study
native ion channels and pumps.”** Apart from the undesirable
radioactivity, with a major drawback being an end-point based
method, it will also increase the material costs to study the
kinetics. Moreover, first the microsomes should be enriched
with *>Ca*" using Ca** ATPase (SERCA) for any kind of calcium-
efflux studies. Apart from the TED method which we utilize in
this work, also other fluorescent methods can be employed, for
instance, using membrane impermeable Ca>" dyes to measure
the calcium present in the extra-microsomal solution,'” where
luminal calcium levels cannot be monitored directly. As the
microsomes are not fixed on the microplate/cuvette in this

RSC Adv, 2021, 11, 16285-16296 | 16285
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Fig. 1 Unmasking polarity of the dye by carboxylesterase mCES2 in
microsomes.

method, live monitoring of Ca®* is impracticable while
exchanging activator and inhibitor solutions. Considering the
disadvantages of the present methods, the necessity to establish
direct calcium imaging to monitor the microsomal lumen for
ion channels expressed in eukaryotic cell-free platforms is
substantiated. The previously reported idea of targeted esterase-
induced dye (TED) loading of the endoplasmic reticulum (ER) in
mammalian cells,”"* augmented with the current knowledge of
eukaryotic cell-free systems>' led us to develop this new
method to address the aforementioned shortcomings and also
to explore new topics of research.

Eukaryotic cell-free protein synthesis platforms use micro-
somes in order to incorporate the membrane proteins. The
soluble proteins like carboxylesterases can be engineered with
signal peptide sequences to be delivered inside the microsomes
after synthesis. Carboxylesterase, ubiquitously present in the
cytoplasm of most of the eukaryotic cells, is the crucial enzyme
for cell-based calcium imaging using acetoxymethyl ester (AM)
based chemical dyes. The carboxylesterase enzyme aids in
cleaving the AM moiety of the chemical indicator, thereby
making the dye immobile across any biological membrane.
Immobility of the cleaved dye is caused due to the unmasking of
the polar negative charge of the dye. Absence or an inadequate
amount of carboxylesterase in the endoplasmic reticulum of
different eukaryotic cells, which is necessary to cleave the ace-
toxymethyl ester moiety of the chemical calcium indicators
effectuates the insufficiency of immobile dye formation inside
the microsomes. In this work, we try to overcome this drawback
and adapt the cell-based calcium imaging principle to a cell-free
protein synthesis platform as depicted in Fig. 1. Carboxylesterase
synthesized in the Sf21 lysate translation system which is tar-
geted to be delivered inside the microsomes is established as
a viable calcium imaging tool to investigate both native proteins
present in the ER and also cell-free synthesized ion channels.

2 Materials and methods
2.1. Continuous exchange cell-free (CECF) translation

Eukaryotic CECF translation of proteins was performed using
Sf21 lysates in a special dialysis chamber (SCIENOVA) contain-
ing two compartments separated by a 10 kDa cut off dialysis
membrane in between the reaction mixture and the feeding

16286 | RSC Adv, 2021, 11, 16285-16296
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mixture. A 50 pL standard reaction mixture of a Sf21 cell-free
synthesis reaction in the reaction chamber was composed of
40% lysate, 30 mM HEPES-KOH (Merck), 2.5 mM Mg(OAc),
(Merck), 75 mM KOAc (Merck), 0.25 mM spermidine (Roche),
100 pM each canonical amino acid (Merck), nucleoside
triphosphates (1.75 mM ATP, 0.30 mM CTP, 0.30 mM GTP, and
0.30 mM UTP) (Roche), 120 ng pL ™" plasmid DNA (Biocat), 1 U
mL~" T7 RNA-polymerase (Agilent), 20 pM PolyG (Iba Life
sciences), 30 pM caspase inhibitor - Z-VAD-FMK
(benzyloxycarbonyl-val-Ala-Asp(OMe)-fluoromethylketone)
(Promega), and 0.02% of sodium azide (Merck). 1 mL of the
feeding mixture contained all the above components except
plasmid, PolyG, T7 RNA polymerase and Sf21 lysate. Caspase
inhibitor was used for improving yields and avoiding protein
degradation during the incubation step for 24 h. No plasmid
was used in NTC (non-template control) samples. For expres-
sion of both the proteins, human transient receptor potential
channels, vanilloid receptor member 1, ”TRPV1 and mouse
carboxylesterase 2 (mCES2) were correspondingly sequentially
translated for 24 h each. As mCES2 and ATRPV1 contain disul-
phide bridges, prudently the translation is performed only
under non-reducing conditions. As the microsomes obtained
from the first translation were used in the second translation, it
may occur that the first translated protein is not present in all
the microsomes at the end of the second translation. To avoid
this issue, we have used only the vesicular fraction obtained
after the second translation for all our experiments that require
tandem protein translation.

Simultaneous translation is not preferred as evaluation of
the yields of individual proteins synthesized is not feasible with
the same radiolabel. **C-Labeled leucine (100 dpm per pmol)
(Perkin Elmer) was used for the detection of de novo synthesized
proteins. For functional analysis like assays and calcium
imaging, the proteins were synthesized in the absence of '*C-
leucine. Protein translation reactions based on S§f21 lysates
were incubated for 24 h at 30 °C, 600 rpm using a thermomixer
(Eppendorf). The translation mixture (TM) of cell-free reactions
was further fractionated for analysis. The fractionation was
realized by centrifugation at 16 000 x g for 10 min at 4 °C in
order to separate the ER-derived vesicular fraction (VF) of the
cell lysate from the supernatant (SN). The microsomal fraction
was suspended in PBS buffer without calcium and magnesium
ions for further analysis such as quantification of protein yields.
For storage, the total translation mix was snap frozen in liquid
nitrogen and stored at —80 °C.

2.2. Quantification of cell-free synthesized protein yields

Based on the incorporation of '*C-leucine in cell-free synthe-
sized proteins, the respective protein yield can be estimated by
scintillation measurement. Therefore, 5 pL aliquots of each
translation mixture were mixed with 3 mL of a 10% (v/v) tri-
chloroacetic acid-2% (v/v) casein hydrolysate (Carl Roth) solu-
tion in a glass tube and incubated at 80 °C for 15 min.
Afterwards, the samples were chilled on ice for 30 min and
retained on the surface of glass fiber filter papers using
a vacuum filtration system (Hoefer). Filter papers were washed

16 © 2021 The Author(s). Published by the Royal Society of Chemistry
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twice with 5% TCA and then vacuum dried with acetone (Carl
Roth). Dried filters were placed into a scintillation vial, 3 mL of
scintillation cocktail was added and vials were agitated on an
orbital shaker for at least 1 h. The scintillation signal was
determined using an LS6500 multi-purpose scintillation
counter (Beckman Coulter). The protein yields were identified
based on the obtained scintillation counts and protein specific
parameters including molecular mass and amount of leucine.

2.3. SDS-PAGE and autoradiography

The molecular size of radio-labelled, cell-free synthesized
protein was analysed using SDS-PAGE followed by autoradiog-
raphy. First, 5 puL of the respective fraction of a cell-free
synthesis reaction including the radio-labelled target protein
was subjected to ice-cold acetone. Precipitated protein was
separated by centrifugation (16 000 x g, 4 °C, 10 min) and then,
the protein pellet was dried for at least 30 min at 45 °C. The
dried protein pellet was dissolved in LDS sample loading buffer
with 50 mM dithiothreitol (DTT, Life Technologies) and loaded
on a pre-cast NUPAGE 10% Bis-Tris gel (Life Technologies). If
the sample is a soluble protein, then it was also heated at 95 °C
for 3 min prior to loading on the gel. The gel was run at 185 V for
35 min according to the manufacturer's protocol. Subsequently,
the gel was dried at 70 °C using a gel dryer (Uniequip) and then
placed on a phosphor screen for incubation for a minimum of
two days. The radioactively labelled proteins were visualized
using a Typhoon Trio + variable mode (GE Healthcare).

2.4. Esterase activity using 4-para-nitrophenol

First, nCES2 and NTC proteins were translated using Sf21 CECF
reaction as mentioned above. Prior to functional assessment,
intensive washing of microsomes was performed to remove the
cytosolic carboxylesterase which is carried over from cells to the
lysate. This cytosolic carboxylesterase is present outside the
microsomes. The esterase activity is preferably analysed for
a maximum of 1 h. 50 uL of total translation mix was first
centrifuged at 16 000 x g for 10 minutes at 4 °C. The micro-
somal pellet was again washed with Phosphate Buffer Saline
(PBS) with no Ca®* and Mg>* and centrifuged again to remove
the remaining cytosolic carboxylesterases. The pellet was dis-
solved in esterase assay buffer containing 20 mM Tris-HCI (pH
8.0) (Sigma Aldrich), 150 mM Nacl (Sigma Aldrich), and 0.01%
Triton X-100 (Sigma Aldrich). A fresh solution of 4-para-nitro-
phenylacetate (PNPA) (Sigma Aldrich) was used as the substrate.
250 pL of PNPA substrate solution of varying concentration
(mentioned in the figure legend of each experiment) was used to
initiate the reaction and the mixture was incubated at 37 °C for
1 hour (or less than 1 hour with varying time for time dependent
plot). For the substrate dependence plot, varied concentration
of PNPA was used. The para-nitro phenol formed after esterase
activity was measured using a Mithras Plate reader (Berthold
Technologies) at 410 nm. No protein was added for blank
reactions and the esterase activity was evaluated as the
percentage of NTC samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.5. Dye loading assays with Fluo-5N AM

First, mCES2 and NTC were translated using Sf21 CECF reaction
as mentioned above in the synthesis section. 50 uL of trans-
lation mix was first centrifuged at 16 000 x g for 10 minutes at
4 °C to obtain the microsomal pellet to remove the cytosolic
carboxylesterases present outside the microsomes. The micro-
somes were resuspended in ATP based calcium imaging buffer
to initiate the SERCA activity. The calcium imaging buffer was
composed of 75 mM KCl (Sigma Aldrich), 20 mM HEPES-KOH
(Merck), 5 mM NaN; (Merck) and 200 uM CacCl, (Sigma
Aldrich) with pH 7.4. To enhance the SERCA activity, 10 mM
adenosine 5'-triphosphate (ATP) (Roche), 1 mM MgCl, (Sigma
Aldrich), 0.5 mM dithiothreitol (DTT) (Life Technologies), 5 mM
phosphocreatine (PCr) (Sigma Aldrich), and 20 U mL ™" creatine
phosphokinase (CPK) (Sigma Aldrich) were used. SERCA activity
induced Ca®* loading was performed at 37 °C for varying time
(mentioned in the figure legend of each experiment) and then
stopped by centrifuging and removing the supernatant. The
pellet was suspended in 100 puL of Fluo-5N AM dye (Thermo
Fischer) of varying concentration (mentioned in the figure
legend of each experiment) and then incubated at 37 °C at
500 rpm. The reaction was stopped by centrifugation and
removal of the dye. Microsomes were further washed with 100
uL of PBS to purge the un-cleaved Fluo-5N AM at 37 °C for 20
minutes and centrifuged to obtain the microsomal pellet con-
taining only the cleaved dye. Then, the pellet was washed and
the fluorescence removed subsequently was measured in a plate
reader (Berthold Technologies) with Ex 488 and Em 515 nm
with the help of a black plate. The blank sample measurements
were subtracted and the data were analysed.

2.6. SERCA activity by fluorescence spectroscopy

50 pL of cell-free translation mix after the reaction was first
centrifuged at 16 000 x g for 10 minutes at 4 °C to obtain the
pellet containing the vesicular fraction. The pellet was suspended
in ATP based calcium imaging buffer to initiate the SERCA
activity. SERCA activity induced Ca®* loading was performed at
37 °C for 60 minutes and then stopped by centrifuging and
removing the supernatant. To see the effect of thapsigargin (TG)
on the SERCA activity, microsomes were also additionally incu-
bated with SERCA buffer in the presence of 100 nM TG, with and
without ATP. After the SERCA activity step, the pellet was sus-
pended in 100 pL of Fluo-5N AM dye of 5 pM concentration and
then incubated at 37 °C at 500 rpm. The reaction was stopped by
centrifugation and removal of the dye. Microsomes were further
washed with 100 pL of PBS to remove the uncleaved Fluo-5N AM
from the microsomes by incubation at 37 °C for 20 minutes and
centrifuged to obtain the microsomal pellet containing only the
cleaved dye. Then, the suspended pellet was measured using
a plate reader with Ex 488 and Em 515 nm. The blank values were
subtracted and data were analysed.

2.7. Calcium imaging using confocal laser microscopy

For all calcium measurements, the microsomes were seeded for
attachment on the coverslip coated with poly-p-lysine

RSC Adv, 2021, 11, 16285-16296 | 16287



Open Access Article. Published on 04 May 2021. Downloaded on 10/1/2021 9:19:45 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

RSC Advances

hydrobromide preferably with a high molecular weight for
microsomal membranes. The coverslips were autoclaved and
coated overnight with poly-p-lysine hydrobromide (0.1 mg
mL ") (Sigma Aldrich), dried and stored at room temperature.
The microsomes were seeded for 1 h at 37 °C and the coverslips
were washed with the calcium imaging buffer for the removal of
unsettled microsomes. Though 5 pM Fluo-5N AM was used for
dye loading experiments performed using a microplate reader, 2
uM Fluo-5N AM was enough for qualitative and quantitative
measurements of calcium with confocal microscopy without
any loading enhancers like Pluronic F-127, probenecid or
saponin. A flow chamber (Warner Instruments) fitted with
a coverslip at the bottom with the aid of a vacuum sealing agent
was used for all measurements. An argon laser with Alexa 488
with 3% intensity, maximum gain and 5-6 airy units was used
for all measurements using the LSM Meta 510 software (Carl
Zeiss) time series function with a frequency of one data point
per 30 s. A 40x oil immersion objective with a numerical
aperture of 1.3 was used. All data are represented as delta F/F,
where delta F represents the difference in fluorescence of
microsomes and the background. Different regions of interest
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were selected from each individual experiment from a frame of
512 uM X 512 uM to ensure whether an identical increase or
decrease in intensity is observable. The slope of bleaching was
drift corrected using the ‘peak and baseline correction protocol’
with the help of OriginPro 2015 software. For comparison of
individual experiments with activators and inhibitors, the
baseline fluorescence intensity was normalized to 100 a.u. and
then an increase or decrease in intensity was analysed. Plotting
graphs was performed using OriginPro and Microsoft Excel
software.

2.8. Statistical analysis

For all statistical analysis, GraphPad Prism Version 5.0 software
was used. The data used for statistical analysis were first
checked by the normality test (at least one of the tests such as KS
normality test, Shapiro-Wilk normality test or D'Agostino and
Pearson omnibus test should be passed to consider the data in
Gaussian distribution). When the data sets fall under Gaussian
distribution, student ¢ tests are performed for paired sample
data and unpaired student ¢ tests are performed for unpaired
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Fig.2 Cell-free protein synthesis of hTRPV1 and mCES2: (a) template design of mCES2 and hTRPV1; MEL — melittin signal sequence, T7 P - T7
promoter, T7 T — T7 terminator, and IRES - cricket paralysis virus Internal Ribosome Entry Site; (b) schematic representation of cell-free synthesis
of mCES2; (c) protein yields of mCES2 by scintillation counting via CECF reaction for 24 h at 30 °C in the $f21 system; (d) protein yields of h"TRPV1
by scintillation counting via CECF reaction for 24 h at 30 °C in the Sf21 system; (e) autoradiogram of proteins run on SDS MES gel.
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sample data. For datasets that don't fall in Gaussian distribu-
tion, non-parametric tests such as the Wilcoxon matched pairs
test are performed for paired sample data and the Mann-
Whitney test is performed for unpaired sample data. Welch
correction is applied when two data sets have non-equal vari-
ances. All the tests were performed to evaluate two-tailed p
values with a confidence level of 95% and statistical significance
is indicated by * or #.
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3 Results and discussion

3.1. Cellfree synthesis using the Sf21 system

In order to establish a vesicle-based calcium imaging tool, an
mCES2 cell-free construct was used to incorporate the carbox-
ylesterase inside the lumen as depicted in Fig. 2a and b. A CrPV
IRES translation system with a start codon as GCT, alanine,
instead of ATG, methionine in the Sf21 cell-free system was used
in the plasmid constructs to improve the translational turnover
as shown in Fig. 2a.” A melittin signal sequence upstream of
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*** p = 0.0003, unpaired t test, two tailed; (b) substrate concentration dependent esterase activity plot of mCES2, 37 °C, 60 min, 60 ng of
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(d) esterase activity performed with 200 ng of mCES2 each in 100 pL of 5 uM Fluo 5N-AM, 37 °C, 60 min, n = 5; *** p < 0.0001, unpaired t test,
two tailed; (e) Fluo 5N-AM concentration dependent activity with 100 ng of mCES2 protein each in 100 pL reaction, 60 minutes, 37 °C, n = 2; (f)
time dependent esterase activity with 100 ng of mCES2 each in 100 uL of 5 uM Fluo 5N-AM, 37 °C, n = 2.
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the gene was utilized in order to deliver the soluble protein cleaved by the signal peptidase present in the microsomal
inside the microsomal lumen as mentioned previously.”® The membrane as depicted in Fig. 2b. T7 promoter and T7 termi-
mCES2 with a melittin signal sequence is recruited inside the nator were used for mRNA transcription. No signal sequence
lumen through the SEC translocon and the signal sequence is was used for the ATRPV1 construct as ATRPV1 is a poly-
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Fig. 4 Direct calcium imaging using mCES2 microsomes: (a) K4 evaluation of Fluo 5N-AM in the Sf21 microsomes in the presence of 10 pM
ionomycin, n = 4; (b) calcium levels of ATP induced Ca®* loaded and non-loaded microsomes at 37 °C for 1 h, n = 5 each; the data are rep-
resented as a box plot with max and min, and *** indicates significant difference, p < 0.0001, Mann-Whitney test, two tailed; (c) SERCA pump
activity in microsomes with 10 mM ATP added at 3 min and measured for 30 min, RT, n = 5. The data before adding ATP are normalized to O; (d)
caffeine induced calcium release in mCES2 microsomes via ryanodine receptor (RyR2) activation, n = 6 each for 10 mM and 100 uM caffeine; *
indicates the significant difference of 100 uM caffeine sample data at 150 s and 600 s, p = 0.0313, Wilcoxon matched pair test, two tailed. #
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Il and 11l from different states of graph (f); (f) representative graph of calcium concentration determination using Ca* free + 5 mM EGTA and
10 mM Ca?" in the presence of 10 uM ionomycin. All data in (a), (c), (d), and (f) are presented as mean + S.E.M.

16290 | RSC Adv, 2021, 11, 16285-16296 20 © 2021 The Author(s). Published by the Royal Society of Chemistry



Open Access Article. Published on 04 May 2021. Downloaded on 10/1/2021 9:19:45 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Paper

transmembrane protein. For the cell-free synthesis of mCES2
and ATRPV1, we used the Continuous Exchange Cell-Free
(CECF) mode of our §f21 translation system.'*** This mode of
synthesis has mainly the amino acids and the energy compo-
nents in a larger compartment and the eukaryotic translation
mix in a smaller compartment separated by a dialysis
membrane of 9 kDa cut off. Caspase inhibitor was used for
improved yields and avoiding protein degradation during the
incubation step for 24 h. PolyG nucleotide (30 nucleotides) was
used to enhance the CrPV IRES mediated translation. As
ATRPV1 and mCES2 contain disulphide bridges, prudently the
translation is performed only under non-reducing conditions.
mCES2 and A”TRPV1 synthesized in CECF reaction in Fig. 2c and
d showed 181 ng puL ™' and 85 ng puL ' correspondingly. The
synthesized mCES2 and ATRPV1 showed a molecular weight of
58 kDa and 98 kDa monomer bands correspondingly in the SDS
gel-autoradiogram run under reducing conditions. No protein
band was observed in the NTC (Non-Template Control) samples
as shown in the autoradiogram in Fig. 2d.

3.2. Validation of synthesized mCES2 in the microsomal
lumen

Carboxylesterases ubiquitously present in the cytosol also result
in lysates but it will not aid in calcium imaging as they are
present outside the microsomes. The functionality of the
mCES2 synthesized inside the microsomes is assessed using the
most commonly used para-nitrophenyl acetate (PNPA)
method*"** (Fig. 3a—-c). The PNPA method is an inexpensive and
prompt method to assess the esterase activity. mCES2 micro-
somes showed higher activity relative to the NTC microsomes
for 1 h PNPA incubation (p value = 0.0003, *** unpaired ¢ test,
two tailed) as shown in Fig. 3a. mCES2 microsomes also showed
higher esterase activity relative to NTC microsomes in substrate
dependence (Fig. 3b), time dependence and dose dependence
(Fig. 3c, ESI Table 11) measurements. All the above-mentioned
plots showed esterase activity, which was linearly dependent on
the x-axis parameters.

For calcium dye loading experiments, Fluo-5N AM was used
due to its low binding affinity (90 uM in buffer) for Ca®*. The
masked negative charge of the dye by the acetoxymethyl ester
moiety is unveiled with the aid of mCES2 inside the micro-
somes. Dye loading experiments also reveal a similar pattern
shown by PNPA assay. mCES2 microsomes cleaved a signifi-
cantly higher amount of Fluo-5N AM dye compared to the NTC
microsomes when incubated at 5 uM concentration for 1 h as
shown in Fig. 3d (p value = <0.0001, *** unpaired ¢ test, two
tailed). The mCES2 overexpression inside the microsomes
significantly enhances the amount of dye loaded and reduces
the dye incubation time relative to NTC microsomes as
observed in Fig. 3d-f. Both time dependence plot and substrate
dependence plot showed a higher amount of dye loaded and
cleaved for the AM moiety by mCES2 microsomes relative to the
NTC microsomes, Fig. 3e and f. The dye concentration depen-
dence plot and the time dependence plot both show that the
AM-cleaving activity shows a linear profile with the x-axis
parameters even at 60 min, with 8 uM of the dye, which is
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coherent with the expected range of activity for calcium imaging
applications.

The activity observed in the NTC microsomes is probably due
to the unspecific activity of hydroxylase or a mono-oxygenase
class of cytochrome P450 enzymes present in the endoplasmic
reticulum.>*

3.3. Establishment of TED based calcium imaging in
microsomes

The Ky of Fluo-5N AM for Sf21 lysate microsomes was calculated
to be 265 uM (Fig. 4a). The experiment was performed by first
chelating resting calcium levels in the microsomes by 5 mM
EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetra-
acetic acid) and then sequentially increasing the concentra-
tion of Ca>* from 0 to 1 mM every step by 100 uM in the presence
of 10 pM ionomycin. The binding affinity, K4 of the dye for
calcium in the endoplasmic reticulum is usually higher than
phosphate buffer saline buffer 90 uM (ref. 25) and varies
congruently with expression levels of calcium binding proteins
such as calnexin and calreticulin.”® For example, SR vesicles
rabbit ventricular myocytes show a K4 of 400 uM (ref. 27) and
mouse skeletal muscle SR has a Ky of 133 uM.™ A change in
temperature alters the K4 with a change in the sensitivity range
and the fluorescence life time which in turn affects the
bleaching rate of the Fluo-5N AM.”® Ky and temperature are
inversely related. Hence, all measurements are preferably per-
formed at room temperature.

In order to study the native proteins in microsomes, exten-
sively investigated proteins such as sarcoplasmic reticulum
ATPase (SERCA) and ryanodine receptors were choice of
interest. In Sf21 microsomes, SERCA activity was previously
recorded with radiolabelled **Ca®>"®* The typical [Ca®‘]
concentration in the ER varies from few uM to mM.** Calcium
binding proteins like calreticulin, calnexin, Glucose Regulated
Protein 78 (GRP78), glucose regulated protein 94 (GRP9Y4),
Endoplasmic Reticulum Protein (ERp72), protein disulphide
isomerase, reticulocalbin, and Endoplasmic Reticulum
Calcium binding protein 55 (ERC55) act as buffers, causing
multiple orders of variation in the [Ca*'] of the ER due to
different individual binding affinities.*>** The free [Ca®"] in §f21
microsomes that undergo CECF translation was estimated to be
in the range of 100 to 1000 uM (Fig. 4b) which is coherent with
previously reported data in other eukaryotic cells. To avoid
artifacts caused by temperature, we preferred to evaluate the
increase in Ca®" levels in microsomes at room temperature after
treatment of microsomes at 37 °C with ATP. Microsomes treated
with 10 mM ATP, 1 mM Mg>* and 200 uM Ca** for 1 h at 37 °C
showed a 4-5 times higher range of luminal Ca*". The sensitivity
range of the dye varies from 0.1 to 100 x K4. Microsomes treated
for SERCA activity showed a median value of 2500 pM (Fig. 4b)
which is in accordance with the expected sensitivity range (10’
to 10> M Ca®" i.e., 0.1 to 100 x Ky) for fluorescent dyes. Exper-
iments with and without ATP shown in Fig. 4b alone can
substantiate the pumping of calcium due to SERCA. Further
experiments were performed to see the inhibitory function of
thapsigargin, a SERCA inhibitor. 100 nM thapsigargin was
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enough to inhibit SERCA activity. For data, refer to ESI Fig. 1.1
SERCA activity at room temperature was observed for about
30 min in the presence of 10 mM ATP with a slow increase in
microsomal Ca** (Fig. 4c).

Ryanodine receptors RYR1 and RyR2 perform a plethora of
functions in mammalian physiology, ranging from skeletal
muscle and cardiac muscle contraction to cognitive functions
such as learning and memory. Ryanodine channels that deplete
the calcium stores in response to ryanodine are ER resident leak
channels. RyRs respond to ryanodine at low concentrations and
caffeine. Ryanodine receptors have been extensively investi-
gated in eukaryotic cells.***” The graph in Fig. 4d presents the
calcium response of 100 uM and 10 mM caffeine. 10 mM
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caffeine induced a higher calcium efflux relative to 100 uM
caffeine. Dantrolene inhibited the calcium release induced by
caffeine. For inhibitory experiments using dantrolene, refer to
ESI Fig. 2.+

In order to estimate the amount of calcium present in the
microsomes, we have used 10 uM ionomycin + 5 mM EGTA for
Fmin and 10 pM ionomycin + 10 mM Ca®" for Fp,, in the
formula,

[Ca2+] = Ky x (F - Fmin)/(Fmax - F)

The representative graph for calcium concentration deter-
mination is shown in Fig. 4e and f. The sensitivity of the Fluo-5N
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Fig. 5 Functional assessment of cell-free synthesized hTRPV1: (a) illustration of calcium dynamics in microsomes expressed with hnTRPV1 and
mCES2; (b) capsazepine, CPZ (20 uM), mediated inhibition of calcium release caused by capsaicin, CAP, 200 nM, in hTRPV1-mCES2 micro-
somes, n = 6 each. # indicates the significant difference between two sample groups at 600 s, p = 0.0121, unpaired t test, two tailed. * indicates
the significant difference of data sets at 150 s and 600 s of 200 nM CAP stimulation, p = 0.0182, paired t test, two tailed. (c) Comparison plot of
hTRPV1-mCES2 and mCES2 microsomes for 10 uM CAP induced Ca?" release at 5 min from microsomes, n = 6 each. No Ca®* release was
observed in the mCES2 microsomes. ## indicates the significant difference between two sample groups at 600 s, p = 0.0043, Mann-Whitney
test, two tailed. *** indicates the significant difference of hTRPV1-mCES2 sample data at 150 s and 600 s, i.e., before and after CAP addition, p <
0.0001, paired t test, two tailed; all samples in (b), (c) and (d) were calcium loaded for 60 min at 37 °C using ATP before CAP and CPZ studies. All
data in (b) and (c) are presented as AF/F x 100 of the baseline before adding the stimulant; (d) dose dependent response of CAP in hTRPV1-
mCES2 microsomes presented as a ratio of area of the curve A/Amax, N = 4 to 7 per each data point.
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AM can be visually observed and is shown in Fig. 4e, presenting
I, II, and III experimental conditions of Fig. 4f. With the
depletion of Ca®" in microsomes, a decrease in fluorescence is
noted in I and when the buffer is completely exchanged to 10
uM ionomycin + 10 mM Ca®*, a increase in intensity is observed
in III as recorded in the ESI video file.t

Studying native ER proteins using our method has a couple
of advantages: (a) increased signal to noise ratio in micro-
somes relative to ER in intact cells. As the low affinity AM dyes
have to reach the endoplasmic reticulum through the cytosol
where the carboxylesterases are abundant, a significant
amount of fluorescent dye is cleaved and remains in the
cytosol. Despite using low affinity Ca** indicators, which
diminish the sensitivity to cytosolic Ca*" levels, it will still
contribute to the large noise relative to signal due to the high
amount of cleaved dye present in the cytosol. (b) The flexibility
to alter the calcium levels outside the microsomes, to reduce
the intrinsic calcium leakage due to the potentiation of Ca**
between the luminal and outer face of the microsomes.*® For
all calcium experiments, we used 200 pM calcium in the buffer
in order to reduce the spontaneous leakage from microsomes
as using 300 nM Ca”* in the buffer caused extensive leakage
relatively (ESI Fig. 37).

3.4. Analysis of the cell-free synthesized ”TRPV1 channel

In pursuance of calcium imaging with cell-free synthesized
channels, we have chosen a human Transient Receptor Poten-
tial Channel, Vanilloid Receptor member 1 (ATRPV1), as
a model protein and also bovine Transient Receptor Potential
Channel, Vanilloid receptor member 3, TRPV3 (ESI Fig. 47).
KhTRPV1 expressed in cells in the plasma membrane has been
studied for calcium entry into the cytoplasm using Fura 2-
AM.*** hTRPV1 is largely present in the plasma membrane with
alarge N terminal and the C terminal that stretches towards the
cytosol in cells.

As expected, in cell-free synthesis, the orientation of the
protein incorporated in the microsome is opposite to the native
plasma membrane orientation. Hence, the cytoplasmic side is
outside the microsomes and the extracellular domain is on the
side of the microsomal lumen. Both the N-terminal and the C-
terminal cytosolic domains of ATRPV1 are expected to be
expressed on the outside of the microsomes during cell-free
protein synthesis. Although most of the activators and inhibi-
tors for the TRP channel family are organic membrane perme-
able compounds, attention should be paid while working with
the non-polar activators or inhibitors. It has been reported that
TRPV1 expressed both endogenously and heterologously in the
ER causes Ca*" release. TRPV1 is expressed in neurons endog-
enously in the ER and mediates calcium release from the ER
which is not Inositol Triphosphate (IP;) mediated store
release.* Calcium imaging of TRPV1 overexpression in the ER
of $21 and HEK (Human Embryonic Kidney) 293 cells with the
KDEL sequence also showed Ca*' release into the cytosol
without the aid of IP3 mediation from the ER.*> TRPV1 is also
expressed endogenously in the ER of non-excitable cells such as
myocytes and cancer cells* and in human lung cells,** which
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also show calcium regulation similar to the overexpression
systems in the ER.

All experiments depicted in Fig. 5 are performed after
calcium loading into the microsomes for 1 h in order to ensure
uniform and higher [Ca®'] inside the microsomes. The
calcium homeostasis in microsomes along with cell-free
synthesized ion channels is depicted in Fig. 5a. Under the
above-mentioned experimental conditions, we have observed
that the activation of the ”-TRPV1 caused Ca*" release from
hTRPV1-mCES2 microsomes as shown in Fig. 5b and c. The
Ca”®" release by 200 nM CAP was abolished completely by 20
uM capsazepine (CPZ) (Fig. 5b). No Ca®" release was observed
in mCES2 samples even at 10 uM CAP (Fig. 5c). Saturation of
capsaicin induced Ca*" release was observed even with 200 nM
CAP in the h"TRPV1-mCES2 microsomes. The CAP activation
profile of cell-free synthesized #”TRPV1 (Fig. 5d) is coherent in
the molar range as the cell-based expression.*” Presence of
phosphatidylinositol 4,5-bisphosphate, (4,5)PIP,, for the acti-
vation of TRP channels has been debated by several
researchers.***® In our work, we have shown that without
external (4,5)PIP,, activation of TRPV1 was feasible. On the
other hand, the phenomenon we observe can be supported by
the presence of (4,5)PIP, in the endoplasmic reticulum and in
the cytosol.**°

4 Conclusion and outlook

In conclusion, our work is promising to enhance the following
areas of research: (a) to probe other ions such as Cl~, Mg>* and
K" using AM-based indicators, (b) to study native channels
present in the ER membrane by direct ion-sensitive dye imaging
of the lumen, (c) drug toxicity studies in microsomes - envi-
ronmental toxicologists and pharmacologists investigate
microsomal Ca®" levels to estimate the cell toxicity. Ca** release
by microsomes caused by drug or drug metabolites is the direct
indicator of cell toxicity succumbing to higher cytosolic Ca*"
that triggers apoptosis,”™>* (d) potentially it could be used
further to develop High Throughput Screening (HTS) for drugs
in CFPS platforms for ion permeable proteins that include
different families of ion channels, pumps and exchangers.
When converted into an HTS assay, the characteristics of the
assay will also be changed apparently. For example, it is ex-
pected that the spatial resolution of observed calcium or the
sensitivity of calcium dye which we observe in confocal
microscopy will be reduced in an HTS assay in the microplate.
But an HTS platform comes with other advantages such as
reduced imaging time and high turnover of measured samples
in a short time.* In summary, in order to cope up with the
sustenance needs of the above-mentioned areas, cell-free
synthesized carboxylesterases could be a viable calcium
imaging platform in microsomes, thereby overcoming the
conventional disadvantages of cell-based protein synthesis.
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SUPPLEMENTARY DATA:
mCES2 samples
30 ng 60 ng 120 ng
Time (sec) | average S.E.M average S.EM average S.EM

0 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000

10 | 0.025467 | 0.000720 | 0.051200 | 0.002265 | 0.097800 | 0.003859

20 | 0.043867 | 0.001785 | 0.093000 | 0.002868 | 0.167533 | 0.004907

30 | 0.062200 | 0.003559 | 0.120333 | 0.001785 | 0.211867 | 0.006706

40 | 0.082533 | 0.000720 | 0.145667 | 0.013411 | 0.289200 | 0.003266

50 | 0.102000 | 0.001633 | 0.171267 | 0.014350 | 0.329000 | 0.005354

60 | 0.101467 | 0.000544 | 0.201867 | 0.014631 | 0.340467 | 0.001361

NTC samples
30 ng 60 ng 120 ng
Time (sec) | average S.EM average S.EM average S.EM

0 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000

10 | 0.015133 | 0.002880 | 0.023467 | 0.005761 | 0.069133 | 0.001515

20 | 0.029200 | 0.001247 | 0.064200 | 0.003399 | 0.131867 | 0.004481

30 | 0.037867 | 0.003954 | 0.091533 | 0.001785 | 0.176867 | 0.003839

40 | 0.054867 | 0.004119 | 0.118867 | 0.004907 | 0.231533 | 0.003067

50 | 0.077333 | 0.003839 | 0.143667 | 0.004380 | 0.284333 | 0.002373

60 | 0.072800 | 0.000817 | 0.153467 | 0.005664 | 0.306467 | 0.003345

Table 1: Esterase activity of mCES2 (mouse Carboxyl ESterase 2) and NTC (Non-Template Control) samples using PNPA
method. Data table of Fig 3 ¢ representing time dependent and dose-dependent curve shown above as absorbance at

410 nm, n=3.

SERCA activity inhibition with 100 nM Thapsigargin,

26467

TG

23565.5

23596.5

OY’
é&

Figurel: SERCA activity measured by fluorescence spectroscopy: Fluorescence activity measured with the mCES2
microsomes pre-loaded with Ca?* under different experimental conditions. SERCA activity in the presence of ATP (SERCA
+ ATP), SERCA activity in the presence of TG and ATP (SERCA +TG+ATP) and SERCA activity measured in the presence of
100 nM TG without any ATP (SERCA+TG-ATP), n=2, 10 ug of mCES2 protein each well, data represented mean +/- S.E.M.
Clear inhibition of SERCA activity is observed with TG in samples with and without ATP.
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Figure 2: Inhibitory effects of dantrolene on caffeine induced calcium release via ryanodine receptor (RyR2) activation
in mCES2 microsomes, n=5 each. ** indicate significant difference of caffeine sample dataset before (150 s) and after
adding caffeine (600 sec) with p value = 0.002, paired t test, two tailed. # indicate the significant difference between
the two sample groups at 600 sec with p value = 0.0159, Mann Whitney test, two tailed. The fluorescence value is
represented as AF/F *100 of Fluo 5N-AM +/- S.E.M. All the samples were calcium loaded with ATP for 60 min, 37°C prior
to caffeine and dantrolene experiments. For caffeine experiments, 1 mM caffeine was used for activation of ryanodine
channel at 5 min. For inhibition experiments, the samples were pre-incubated with dantrolene minimum 20 min prior
to start of the experiments and also additionally maintained in the baseline buffer from time 0 to 5 min. No calcium
release induced by caffeine added at 5 min was observed in samples in the presence of dantrolene.
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Fig3: Gradual leakage caused due to change in the buffer from 200 pM to 300 nM Ca?*, n=5; data represented mean +/-
S.E.M.
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Fig 4: a) Protein yields of bTRPV3, bovine Transient Receptor Potential Channel Vanilloid Receptor member 3. by
scintillation counting via CECF reaction for 24 h, 27 °C in §f21 system; suspension and pellet correspond to translation
mix and vesicular fraction correspondingly. The plasmid construct was similar to h"TRPV1 construct as mentioned in this
work. Data is represented as mean+/- S.E.M, n = 3, TM- Translation mix, SN- Supernatant, VF- Vesicular fraction. b)
Autoradiogram of proteins run on SDS MES gel, no band was observed in Non-template Control microsomes and 91 kDa
protein was observed in bTRPV3 samples; c) Calcium imaging of mCES2 and bTRPV3-mCES2 cell-free synthesized
microsomes with menthol, 200 uM for activation of bTRPV3 functionality. Ca?* release was observed only in bTRPV3-
mCES2 microsomes, data is represented as deltaF/F *100 +/- S.E.M, of dye fluorescence, n=5 each. ### indicate the
significant difference between the mCES2 samples and bTRPV3-mCES2 samples at 600 s, p value < 0.0001, unpaired t
test, two tailed. *** indicate the significant difference of bTRPV3-mCES2 sample data at 150 s and 600 s, before and
after menthol addition, p < 0.0001, Paired t test, two tailed.
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The G protein-coupled receptor, MAS, is the receptor of the endogenous ligand, Angiotensin (Ang)-(1-7). Itis a
promising drug target since the Ang-(1—-7)/MAS axis is protective in the cardiovascular system. Therefore, a
characterization of MAS signalling is important for developing novel therapeutics for cardiovascular diseases. In
this paper, we show that Ang-(1—7) increases intracellular calcium in transiently MAS-transfected HEK293 cells.
The calcium influx induced by the activation of MAS is dependent on plasma membrane Ca®" channels, phos-

pholipase C, and protein kinase C. Specifically, we could demonstrate that MAS employs non-selective, transient
receptor potential channels (TRPs) for calcium entry.

1. Introduction

Angiotensin (Ang)-(1—7) is the known endogenous ligand of MAS, an
important G protein-coupled receptor (GPCR) in the renin angiotensin
aldosterone system (RAAS) [25,22,3]. The RAAS regulates blood pres-
sure, fluid/electrolyte balance, and is involved in the pathogenesis of
most cardiovascular diseases. In relevance to this context, the second
messenger calcium has been previously studied both in vitro and in vivo
in order to investigate the signalling pathways of MAS.

Chronic MAS deficiency causes impairment in calcium homeostasis.
MAS-deficient cardiomyocytes show lower expression levels of the
sarco/endoplasmatic reticulum calcium ATPase, SERCA, and no in-
crease in the intracellular calcium concentration after treatment with 10
nM of Ang-(1-7) [11]. In another study, Ang-(1—7) did not induce any
changes in intracellular calcium concentration in quiescent atrial myo-
cytes [23]. The crosstalk between Ang-(1—7) and aldosterone and its

consequence on calcium regulation was also investigated in car-
diomyocytes. Aldosterone increases intracellular calcium in car-
diomyocytes. Ang-(1—7) mediates calcium influx in cells pretreated
with aldosterone. However, Ang-(1—7) alone was unable to induce a
calcium influx [1]. In another previous study, it was observed that there
was no increase in calcium transients in isolated rat ventricular myo-
cytes at normal conditions. However, in myocytes after simulated
ischemic reperfusion, Ang-(1—7) significantly attenuated the increased
diastolic intracellular calcium during reperfusion and restored the
decreased peak calcium transients during ischemia. Ang-(1—7) also
reversed the decreased amplitude of calcium transients throughout the
ischemic reperfusion periods [30]. In cardiomyocytes from rats with
heart failure, the current induced by L-type voltage operated calcium
channels (VOCCs) was reduced compared to cells from normal rats.
Ang-(1-7) significantly increased this calcium current in car-
diomyocytes from rats with heart failure [35] [34]. Ang-(1—7) increased

Abbreviations: Ang-1-7, Angiotensin 1-7; AT1 Receptor, Angiotensin II Type 1 receptor; AT2 Receptor, Angiotensin II Type 2 receptor; GPCR, G-Protein coupled
Receptor; RAAS, Renin Angiotensin Aldosterone System; TRP, Transient receptor potential; PLC-B, Phospholipase C, isoenzyme B; PKC, Protein kinase C; HBSS,

Hank’s Balanced Salt Solution.
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calcium levels at nM and uM range in the proximal tubules of sponta-
neously hypertensive rats (SHR) [19]. Unambiguously from the
above-mentioned in vitro studies, the role of Ang-(1—7) on calcium
regulation was observed only in diseased conditions.

In contrast to what is known about calcium regulation in vivo, Ang-
(1-7) regulates intracellular calcium in vitro even in healthy conditions.
Ang-(1-7) increased calcium at higher concentrations from 20 to 50 uM
in Madin-Darby canine kidney (MDCK) renal tubular cells, but activated
only the Ang II (AT1) receptor. Ang-(1—7) action via AT1 was mediated
by store operated calcium channels (SOCCs) and the intracellular cal-
cium increase was abolished by La®t [17]. Ang-(1-7) increased intra-
cellular calcium at moderate levels, which was partially suppressed by
A779, a known MAS inhibitor, in the micro-perfused proximal tubule
isolated from rats [8]. In contrast, one study showed that the peptide
MAS agonist, Ang-(1-7) was not able to induce calcium influx in
MAS-transfected HEK293 cells. However, the peptide agonist, NPFF, and
the non-peptide agonist, AR234960, activated MAS and increased
intracellular calcium via the classical Gq and PLC - IP3 (Inositol tri-
sphosphate) signalling pathways [27].

These contradictory findings sparked our study, in which we have
performed fluorescence calcium imaging experiments in Mas-over-
expressing HEK293 cells to get a clear view whether Ang-(1-7) regu-
lates calcium influx and further calcium signalling cascades via MAS and
TRPs.

2. Materials and methods
2.1. Activators and inhibitors

Ang-(1-7), Ang II, A779 and Candesartan were bought from
Bachem, Bubendorf, Switzerland. Phospholipase C-8 (PLC-8) inhibitor,
U73122, was bought from Tocris Biosciences, Bristol, UK. Protein Kinase
C (PKQ) inhibitor Go697 was bought from Calbiochem, San Diego, USA.
Transient Receptor Potential Channels Inhibitor Lanthanum Chloride,
LaCls, from Sigma, Steinheim, Germany was used.

2.2. Cell culture

The human embryonic kidney cell line, HEK293, was used to express
human MAS. HEK293 cells were grown in Dulbecco Modified Eagle
Medium-low glucose with pyruvate (Gibco, Paisley, Scotland, UK),
supplemented with 10% FBS (Gibco, Paisley, Scotland, UK) and 1%
Penicillin/Streptomycin (Sigma, Steinheim, Germany) and incubated at
37 °C humidified 5% CO incubator. For transfection experiments,
around 1 million cells were seeded in 6 well plates with three 15 mm
glass coverslips precoated with poly-i-lysine (Sigma, Steinheim, Ger-
many) per well. After the cells reach 60-70% confluence, the medium
was changed to Optimem (Gibco, Paisley, Scotland, UK) for 2-6 hrs and
then the cells were transfected with a pcDNA3.1-hMAS plasmid using
Lipofectamine 2000 (ThermoFisher, Waltham, MA, USA) according to
the protocol of the manufacturer. 6 hrs after transfection, the medium
was changed to complete growth medium supplemented with G418
(600 ng/ml) (Invitrogen, California, USA) for further 2 days to increase
the number of MAS-expressing cells through selection.

2.3. Fluorescence calcium imaging

After the cells had reached 80 — 90% confluence on glass coverslips,
they were pre-incubated with serum- free culture medium containing
Fura-2/AM (2 uM) (Promokine, Heidelberg, Germany) for 15-45 min at
37 °C for calcium dye loading. The dye loading was stopped with a
Hank’s Balanced Salt Solution (HBSS) (all chemicals from Sigma
Aldrich, Steinheim, Germany) solution. HBSS solution with a composi-
tion of CaCl; (1.26 mM), KCl (5.33 mM), KHyPO4 (0.44 mM), MgCly-6
H30 (0.50 mM), MgSO4-7 Hy0O (0.41 mM), NaCl (138 mM), NaHCOg3
(4.0 mM), NapHPO4 (0.30 mM) and glucose (5.6 mM) with pH 7.4 and
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300 mOsMol was used for all calcium measurements.

Cells were then washed several times further with this solution and
placed in a chamber containing the aforementioned HBSS solution on
the stage of an inverted microscope (Olympus BW50WI, Olympus
Europa Holding GmbH, Hamburg, Germany) connected to a digital
imaging system (TILL Photonics, Munich, Germany). Fura-2/AM fluo-
rescence was alternately excited at 340 nm and 380 nm wavelength. The
emission was detected from cell clusters every 500 ms at 510 nm. If
stabilization had not occurred within the first 5 min, adaptation to room
temperature (=~ 22 °C) was prolonged until a stable baseline was
observed. Results are shown as mean traces of the F349 nm/F380 nm ratio
+ SEM with n-values indicating the number of experiments per data
point. The measurements lasted for 10 min. Drugs were dissolved in
dimethyl sulfoxide (DMSO) to obtain a stock solution and diluted to
obtain a working concentration that did not exceed 0.1% DMSO. In case
of inhibitor studies, the cells were also pretreated with the respective
inhibitor for 20 min before the calcium measurement in serum free cell-
culture medium.

2.4. Statistical analysis

Significance was determined using Student’s t-test for paired data (p-
values: two-tailed) provided they passed a normality test according to
Kolmogorov-Smirnov. If the normality test failed, non-parametric Wil-
coxon matched pairs were used. For non-paired data, Student’s t-test for
unpaired data were used, if a normality test was passed. If this was not
the case, non-parametric Mann-Whitney-U test was performed. Welch’s
correction was applied if data variance of the two groups were not at the
same level. p < 0.05 was considered to be significant. The number of
repeats is shown in each case in brackets, near the traces or bars. All
values are means + SEM. All plots were generated with SigmaPlot
software version 12.0 (Systat Software, San Jose, California, U.S.A.). Bar
charts were plotted with GraphPad Prism (version 5).

3. Results

3.1. Effect of Ang-(1—7) in Mas-transfected and non-transfected
HEK293 cells

Application of Ang-(1—7) increased intracellular calcium levels in
the MAS-expressing cells (Fig. 1a). The change in the batch solution was
carried out at the 4th min (240 s). The maximum of the peak was
observed around 100 s after the change of bath solution from HBSS to 1
uM Ang-(1-7) supplemented HBSS (p = 0.0078, Wilcoxon signed rank
test, two tailed, Fig. 1b). The basal calcium levels remained increased for
the whole duration of the experiment. As control experiment, the bath
solution was not changed from HBSS to Ang-(1—7) in HBSS solution for
10 min continuously. No change in calcium levels was observed in the
control experiments (calcium base line). In non-transfected HEK293
cells, no significant calcium response was recorded after Ang-(1-7)
treatment (Fig. 1c) confirming that MAS expression in the non-
transfected HEK293 cells is negligible. The calcium response of trans-
fected HEK293 cells was at clearly higher levels than of non-transfected
ones (p = 0.0062, two tailed Mann-Whitney test, Fig. 1d).

Another activator of MAS, e.g., AVE0991, was also checked for its
activity in the MAS-transfected HEK293 cells. 1 uM of AVE0991 was
able to increase the cytosolic calcium levels (Supplementary Fig. 1, a, b),
in accordance with previously reported data [16]. As positive control,
NPFF (Neuropeptide FF), a known peptide activator of MAS, was also
tested. Consistent with previous studies ([27]; [12]), 1 uM of NPFF also
increased intracellular calcium levels in MAS-transfected HEK293 cells
(Supplementary Fig. 2).
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Fig. 1. a) Effect of 1 uM Ang-(1—7) on MAS-transfected HEK293 cells (filled circles) compared to the baseline/control measurement without Ang-(1—7) (open
circles), b) Statistical analysis of Fig. 1a, c) Effect of Ang-(1—7) on MAS-transfected (filled circles) and non-transfected (open circles) HEK293 cells, d) Statistical
analysis of Fig. 1c. * *p < 0.01 vs control (200 s) for the same condition, paired test; ##p < 0.01 Ang-(1—7) vs baseline (b) or transfected vs non-transfected (d) for

the same time point, unpaired test.

3.2. Effect of inhibitors of the Renin Angiotensin Aldosterone System
(RAAS) on the Ang-(1—7) induced calcium influx in MAS-transfected
HEK293 cells

In the next set of experiments, we tested whether the observed cal-
cium influx caused by Ang-(1—7) was abolished by the specific MAS
antagonist, A779. For experiments with inhibitors, the cells were pre-
incubated with the inhibitor during the dye loading and washing steps.
When MAS-transfected cells were preincubated with 20 uM A779, the
calcium transient of 1 pM Ang-(1—7) was abolished (Fig. 2a). A779 was
added both in HBSS control solution and in the Ang-(1—7)-HBSS solu-
tion in order to ensure constant inhibition of the A779 throughout the
calcium measurements and statistically significant difference was
observed between A779 supplemented samples and A779 non-
supplemented samples (p = 0.0016, two tailed, Mann-Whitney test,
Fig. 2b).

Increased protein expression of AT1 in HEK293 cells overexpressing
MAS was previously reported [7]. When MAS-transfected cells were
pre-incubated with the AT1 antagonist, candesartan (CV-11974, 20 uM),
the 1 uM Ang-(1-7)-induced calcium influx was only partially sup-
pressed (Fig. 2c). Candesartan preincubated samples still showed the
increase in calcium influx caused by Ang-(1—-7) with statistical signifi-
cance (p = 0.0024, paired t test). At 330 s and 550 s, the candesartan
preincubated samples and non-treated samples did not show any
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statistical difference, when activated by Ang-(1—7) (Fig. 2d). To further
exclude the involvement of AT1 in the calcium influx caused by
Ang-(1-7) in MAS-transfected HEK293 cells, losartan was used as a
second AT1-blocker. With application of 20 uM losartan, no suppression
of the calcium influx caused by Ang-(1-7) in the MAS-transfected
HEK293 cells was observed (Supplementary Fig. 1 ¢, d).

3.3. The calcium influx induced by Ang-(1—7) is mediated through
plasma membrane ion channels and probably through transient receptor
potential channels

We next wanted to find out if the observed calcium influx induced by
Ang-(1-7) is mediated by ca®t permeable ion channels. To test this, a
calcium free HBSS was used in the experiments to ascertain whether
there is an internal Ca?* release or a Ca®* influx through Ca?* perme-
able ion channels. As a result, no calcium influx was observed when
1 uM Ang-(1-7) was added in calcium free HBSS supplemented with
5 mM EGTA, a calcium chelator (Fig. 3a). The reduction in calcium
influx induced by Ang-(1-7) in calcium-free conditions was highly
significant (p < 0.0007, unpaired, Mann-Whitney test, Fig. 3b).

The next question was which family of calcium channels might
contribute to this calcium influx. Lanthanum-(III) chloride, La3+, a
broad TRP channel blocker, was used to test whether any of TRPs are
involved in the calcium influx mediated by Ang-(1—7). 500 pM La®* was
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preincubated for 30 min and a significant (p = 0.0027, non-paired,
Mann-Whitney test) suppression of calcium influx was observed
(Fig. 3c, d). These data show that TRPs were involved in the Ang-(1-7)
mediated calcium entry via MAS activation.

3.4. Interplay of Phospholipase C and Protein Kinase C on activation of
MAS by Ang-(1-7)

As Phospholipase C (PLC) and Protein kinase C (PKC) are known to
be involved in the signalling cascade of GPCRs and TRPs, the next study
was performed using inhibitors of these two enzymes. The effect of 1 pM
Ang-(1-7) on calcium influx in MAS-transfected HEK293 cells was
completely abolished when the cells were preincubated with the non-
specific PLC-B inhibitor, 10 uM U73122 for 10-15 min, as shown in
Fig. 4a (p = 0.0006, non-paired, two tailed, Mann Whitney test, Fig. 4b).

Next, the MAS-transfected HEK293 cells were preincubated with
PKC inhibitor Go6976, 200 nM for 30 min, and then the effect of Ang-
(1-7) on calcium influx was recorded. The PKC inhibitor preincubation
resulted in a smaller calcium transient peak with 1 pM Ang-(1—7) and
also showed a biphasic effect with alterations in the baseline calcium
levels (p = 0.0127, two tailed, Mann-Whitney test, Fig. 4c, d).

4. Discussion

In summary, we have shown that Ang-(1-7) can increase
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intracellular calcium in MAS-expressing HEK293 cells. This transient
increase is mediated by an influx of calcium through Ca?* permeable ion
channels present in the plasma membrane, most possibly of the TRP
channel family since the broad-band Trp channel blocker La3t [15]
inhibited this effect. Furthermore, we were able to show that PLC-B and
PKC are also involved in this Ang-(1—7) induced calcium response via
MAS activation.

Previous investigations have shown that Ang-(1—7) can increase
intracellular calcium levels both via MAS and AT1 in the proximal tu-
bules of spontaneously hypertensive rats and can influence the Na+ /
H+ exchanger [9]. Another study has also seen similar effects in astro-
glia cells from brain sections of Wistar and spontaneously hypertensive
rats [14]. Additionally, it was shown that cytosolic Ang-(1—7) was able
to cause increased peak inward calcium currents and this peak inward
calcium currents were abolished by A779 [10]. However, it remained
unclear how the peptide could bind to MAS when approaching it from
the cytosolic side of the membrane, when the binding site is on the
extracellular side. In our experiments, we have expressed MAS in
HEK293 cells in plasma membrane and therefore expect to see only ef-
fects of extracellularly applied Ang-(1-7).

In our experiments we have used 1 uM of AVE0991, a non-peptide
agonist on MAS-overexpressing HEK293 cells and observed an in-
crease in intracellular calcium, which had different kinetics compared to
the peptide agonist Ang-(1—7) (Supplementary Fig. 1a, b). The phe-
nomenon, that non-peptide agonists have different kinetics in
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comparison to the peptide agonists of MAS was also observed by other
groups [27].

The concentration of Ang-(1—7) used in our experiments was 1 uM,
which is much higher compared to the amount of Ang-(1—-7) expected in
human serum [29]. However, earlier studies have also observed intra-
cellular calcium influx at micromolar range [9,14]. Ang-(1-7) also
binds to Ang Il receptor type 1 (AT1) and Ang Il receptor type (AT2) with
modest affinity [5]. Interestingly, the Ang-(1—7) induced intracellular
increase in calcium is negligible in the non-transfected HEK293 cells in
our experiments. This indicates a low expression of endogenous AT1
receptors in this cell line (Fig. 1¢). Moreover, we have used candesartan,
an AT1 blocker, to check whether the Ang-(1-7) induced calcium
response is mediated via MAS or through AT1 (Fig. 2¢, d). The con-
centration of candesartan inhibiting AT1 receptors is in the nanomolar
range [13] and for AT2, the inhibition starts at 1 uM [5]. In our exper-
iments, only a slight but not statistically significant effect was observed
between the candesartan pretreated and non-treated samples even at the
high concentration of 20 pM candesartan (Fig. 2c, d). This provides
further evidence that the observed Ang-(1—7) induced calcium influx is
primarily mediated via MAS. Moreover, previous investigations have
shown that Ang-(1-7) activates AT1 primarily via the B-arrestin
pathway and not through the Gq mediated signaling cascade [26]. The
slight effect of candesartan on Ang-(1—7) induced calcium influx may be
caused by a small cross-inhibitory effect on MAS, since the specific AT1
blocker losartan had no effect (Supplementary Fig. 1c, d).
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1, ###p < 0.001 with vs without compound for

The calcium influx induced by Ang-(1—7) is completely absent in
calcium free HBSS with 5 mM EGTA (Fig. 3a) showing that it is mediated
by Ca2* permeable ion channels present in the plasma membrane and
not through endo/sarcoplasmic reticulum via store depletion or chan-
nels in mitochondria or other organelles. The partial suppression of this
calcium influx by the universal TRP channel blocker lanthanum-III-
chloride (La®") suggests that TRPs are involved but also, that other
family of channels participate in this process (Fig. 3b).

Activation of MAS by NPFF, MPF7, CGEN-856S and AR234960
stimulates PLC-B via Gq signalling thereby inducing the cleavage of PIP,
(Phosphatidylinositol-4,5-bisphosphate) to DAG and IP3 (Inositol tri-
sphosphate) [4] [2]. In a previous study, Ang-(1—7) did however not
increase IP3 levels [27]. Since other cell types were used in these ex-
periments, the signalling pathways of MAS may be cell-type dependent.
In our experiments, calcium influx induced by Ang-(1—7) is completely
abolished by the PLC-B inhibitor, U73122 (Fig. 4a), indicating that
Ang-(1-7) can also initiate Gq signalling similar to NPFF and other
agonists. This result is supported by the previous evidence that
Ang-(1-7) mediated MAS activation employs the Akt/PLC-B signalling
pathway [32]. Activation of PLC-B can also cause store depletion
through IP3 receptor-mediated cytosolic calcium influx from the endo-
plasmic reticulum [20] [6]. Hence, active store depletion by Ang-(1—7)
might be a secondary source for cytosolic calcium influx, which is still
dependent on the calcium influx via plasma membrane channels.
However, this putative signalling pathway of MAS needs experimental
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verification.

The PKC inhibitor Go6976 also significantly reduced the Ang-(1-7)
induced Ca®* influx (Fig. 4c). A number of TRPs are activated through
phosphorylation via PKC which is activated downstream of PLC-8 [33]
and this signalling pathway may explain the known activation of TRPs
by other GPCRs [28]. Our study indicates that MAS belongs to this class
of GPCRs confirming the GPCR-TRP axis suggested by Veldhuis et al.
[28]. Therefore, we suggest that TRPs are involved in the
Ang-(1-7)-induced Ca®" increase via MAS. Indeed, it could be shown
that TRPs are involved in the signalling of other Mas-related G
protein-coupled receptors (MRGPRs). More specifically, mMRGPR-A3
activates TRPA1 (ankyrin family, memberl), TRPV1 (Vallinoid family,
memberl), TRPM8 (melastatin family, member 8) and TRPC3 (canoni-
cal family, member3). MRGPR-X1 exhibit TRPV1 mediated calcium
entry through PLC-8 and PKC activation [24] and has recently been
shown to also sensitize TRPA1 [18]. Moreover, TRPA1 has been
described as downstream signalling mediator of Mrgpr-D and
Mrgpr-C11 [31].

Taken together, we have shown that MAS stimulation by Ang-(1-7)
leads to calcium entry partially by TRPs in the plasma membrane, which
are activated by PLC-8 and PKC.
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5. Conclusion

A better understanding of MAS signalling is required in order to find
new agonists for MAS, which may be promising drugs for cardiovascular
and metabolic diseases [21]. Calcium imaging of cells expressing MAS
and probably specific TRPs in connection with MAS are interesting
targets, which may contribute to a possible adjuvant therapy of heart
failure. Further experiments using specific TRP channel modulators are
therefore warranted to uncover the role of TRPs involved in MAS
signaling.
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Supplementary Figure 1: a) Comparison plot of Mas agonists 1 uM AVE0991 vs 1 uM Ang-(1-7) on Mas
transfected HEK293 cells, b) Statistical analysis of Fig 1 a, increase in calcium influx with application of
1 uM AVE0991 at 550 s was observed with statistical significance, p=0.0313, Wilcoxon signed rank test,
two tailed, c) Effect of 1 uM Ang-(1- 7) on MAS-transfected HEK293 cells preincubated with 20 uM
losartan (CV-11974) (open circles) compared to 1 uM Ang-(1- 7) without preincubation (filled circles),
d) Statistical analysis of Fig. 2c, no statistical significance with and without losartan was observed for
Ang-(1-7) induced calcium increase through Mas.
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In human uveal melanoma (UM), tumor enlargement is associated with increases in
aqueous humor vascular endothelial growth factor-A (VEGF-A) content that induce
neovascularization. 3-lodothyronamine (3-T1AM), an endogenous thyroid hormone
metabolite, activates TRP melastatin 8 (TRPM8), which blunts TRP vanilloid 1 (TRPV1)
activation by capsaicin (CAP) in human corneal, conjunctival epithelial cells, and stromal
cells. We compare here the effects of TRPMS8 activation on VEGF-induced transactivation
of TRPV1 in an UM cell line (92.1) with those in normal primary porcine melanocytes
(PM) since TRPMS is upregulated in melanoma. Fluorescence Ca®t-imaging and planar
patch-clamping characterized functional channel activities. CAP (20 uM) induced Ca?*
transients and increased whole-cell currents in both the UM cell line and PM whereas
TRPM8 agonists, 100 wM menthol and 20 uwM icilin, blunted such responses in the UM
cells. VEGF (10 ng/ml) elicited Ca?* transients and augmented whole-cell currents, which
were blocked by capsazepine (CPZ; 20 wM) but not by a highly selective TRPM8 blocker,
AMTB (20 wM). The VEGF-induced current increases were not augmented by CAP.
Both 3-T1AM (1 wM) and menthol (100 wM) increased the whole-cell currents, whereas
20 uM AMTB blocked them. 3-T1AM exposure suppressed both VEGF-induced Ca2*
transients and increases in underlying whole-cell currents. Taken together, functional
TRPMS8 upregulation in UM 92.1 cells suggests that TRPM8 is a potential drug target
for suppressing VEGF induced increases in neovascularization and UM tumor growth
since TRPMB8 activation blocked VEGF transactivation of TRPV1.

Keywords: uveal melanoma, 3-iodothyronamine, vascular endothelial growth factor, Intracellular Ca2+, transient
receptor potential vanilloid 1 channel, transient receptor potential melastatin 8
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INTRODUCTION

Among all cancers of the eye, uveal melanoma (UM) is the most
frequent form in adults. Notably, UM is mostly found in the
choroid (65% of all cases) and in ciliary body (15%), but it rarely
occurs in the retina (1.4%; Singh et al., 2011). About 50% of the
patients with primary UM will finally develop distant metastases
predominantly in the liver (90%) (Spagnolo et al., 2012). To date,
the etiology of UM is not fully understood and neither metastatic
properties nor patient survival has significantly improved over
the last decades (Tran et al., 2013). Accordingly, there is a
pressing need for developing alternative approaches to treat
this disease especially since there are no FDA approved drugs
available for suppressing metastatic melanoma.

A preclinical approach targeting angiogenesis in combination
with irradiation has been reported using bevacizumab, a
monoclonal antibody binding and inhibiting vascular endothelial
growth factor (VEGF; Sudaka et al,, 2013). Nevertheless, the
advantage of this combination therapy is unclear because this
VEGF trap did not have a dramatic impact on any of the
functional activities in UM cell lines (Logan et al., 2013). As
a matter of fact, such treatment is reported to even promote
expansion of melanoma cells in vitro (Dithmer et al, 2017).
Furthermore, neoadjuvant intravitreous injection of this VEGF
trap failed to shrink large size melanoma and is even counter
indicated in these cases because it may instead even promote
melanoma growth (Francis et al., 2017).

Increases in VEGF receptor activity induce rises in
intracellular calcium levels [Ca?t]; in endothelial cells exposed
to serum-free conditioned medium of human malignant
gliomas (Criscuolo et al, 1989). The bioactive factor is an
angiogenic factor named vascular permeability factor (VPF)—
more recently characterized as VEGE which promotes various
diseases including eye tumor diseases (e.g., retinoblastoma)
(Jia et al., 2007). It stimulates angiogenesis through activating
non-voltage-gated Ca?* channels such as transient-receptor-
potential-channels (TRPs) namely the canonical receptor type
4 or 6 (TRPC4 or TRPC6) in human microvascular endothelial
cells (Qin et al,, 2016). Dysfunctional TRPs are implicated in
cancer formation (reviewed in Bodding, 2007; Prevarskaya et al.,
2007). Tumor and normal cells both express TRPs, but certain
TRPs are either upregulated or downregulated in a cancerous

Abbreviations: 3-T1AM, 3-Iodothyronamine (endogenous thyroid hormone
(TH)-derived metabolite) (Scanlan et al., 2004); 92.1, human uveal melanoma
cell line 92.1 (De Waard-Siebinga et al,, 1995); AMTB, N-(3-Aminopropyl)-
2-[(3-methylphenyl)methoxy]-N-(2-thienylmethyl)benzamide hydrochloride
[TRPMS blocker (Lashinger et al., 2008)]; BCTC, N-(4- tertiarybutyl-phenyl)-4-
(3-chloropyridin-2-yl) tetrahydropyrazine-1(2H)-carboxamide; CAP, Capsaicin
[TRPV1 agonist (Vriens et al, 2009)]; CBI, Cannabinoid receptor 1; CZP,
Capsazepine [TRPV1 antagonist (Vriens et al., 2009)]; EGFR, Epidermal growth
factor receptor; FDA, Food and Drug Administration; hTAAR1, Human trace
amine-associated receptor; PM, Porcine melanocytes; RPE, Retinal pigment
epithelium; TRPA, Transient receptor potential ankyrin; TRPC, Transient
receptor potential canonical; TRPM, Transient receptor potential melastatin;
TRPs, Transient receptor potential channels; TRPV, Transient receptor potential
vanilloid; UM, Uveal melanoma; VEGE Vascular endothelial growth factor;
VEGFR, Vascular endothelial growth factor receptor; VPE Vascular permeability
factor.

condition. For example, TRP vanilloid receptor type 1 (TRPV1;
capsaicin receptor) is overexpressed in some carcinomas (Miao
et al., 2008; Marincsdk et al., 2009) and neuroendocrine tumors
(Mergler et al., 2012b). In addition, the highly Ca?" selective
TRPV6 and TRP melastatin receptor type 8 (TRPMS8; menthol
receptor) are overexpressed in prostate tumor cells (Fixemer
et al., 2003; Bidaux et al., 2005; Bai et al., 2010; Gkika et al., 2010).
The functional relevance of TRPM8 upregulation in prostatic
cancer cells as a target for suppressing their proliferation was
documented by showing that inhibition of TRPMS8 upregulation
with highly specific blockers, AMTB, JNJ41876666, and RNAi
suppressed increased proliferation rates in all tumor cells but not
in non-tumor prostate cells (Valero et al., 2012). We found that
TRPMBS is also overexpressed in highly malignant retinoblastoma
and uveal melanoma along with TRPV1 compared to their levels
in healthy human uvea or retina (Mergler et al., 2012a, 2014).
Even in benign pterygial eye tumor cells, functional TRPV1
expression is upregulated (Garreis et al., 2016). Such increases
are associated with larger mitogenic responses to VEGF that are
induced by its cognate receptor, VEGEFR, transactivating TRPV1
(Garreis et al., 2016).

3-iodothyronamine (3-T{AM) is a decarboxylated thyroid
hormone (T3 and T4) metabolite, which activates G protein-
coupled receptors (GPCRs) especially the trace amine associated
receptor 1 (TAAR1). It also induces a dose-dependent reversible
10°C decrease in mice body temperature (Scanlan et al., 2004;
Braulke et al., 2008; Panas et al, 2010) and hypothermia in
rodents (Cichero et al., 2014; Hoefig et al., 2016). Likewise, 3-
T1AM is a multi-target ligand modulating p-adrenergic receptor
2 signaling in ocular epithelial cells (Dinter et al.,, 2015a). In
corneal epithelial and endothelial cells as well as thyroid cells,
3-T1AM acts as a selective TRPMS8 agonist (Khajavi et al,
2015, 2017; Lucius et al., 2016; Schanze et al., 2017). Since
blocking increases in VEGF levels suppress both angiogenesis
and expansion of tumorous pathology, it is relevant to identify
novel targets to inhibit endothelial cell proliferation. We
hypothesized that TRPMS8 is one such target because icilin-
induced TRPMS activation suppressed TRPV1 activity in cornea
and conjunctiva epithelial cells (Khajavi et al., 2015; Lucius et al.,
2016). The notion that TRPMS activation also inhibits VEGF-
induced TRPV1 activation required for increasing angiogenesis
was tenable because VEGF-induced activation of its cognate
receptor transactivates TRPV1 (Khajavi et al., 2015; Lucius et al.,
2016).

We show here that crosstalk between members of this receptor
triad affects Ca’* signaling responses induced by VEGFR
transactivation of TRPV1 in UM 92.1 melanoma cells. Therefore,
selective targeting of TRPMS control of TRPV1 responsiveness
to transactivation by VEGF may ultimately provide an alternative
approach to reduce tumor growth in a clinical setting.

MATERIALS AND METHODS

Materials

BCTC, AMTB, and fura-2AM were purchased from TOCRIS
Bioscience (Bristol, United Kingdom). CPZ and icilin were
procured from Cayman Chemical Company (Ann Arbor,
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Michigan, U.S.A.). Medium and supplements for cell culture
were ordered from Life Technologies Invitrogen (Karlsruhe,
Germany) or Biochrom AG (Berlin, Germany). Melanocyte
Growth Medium M2 was obtained from Promocell (Heidelberg,
Germany). Dispase II was ordered from Boehringer (Ingelheim,
Germany) and accutase was provided by PAA Laboratories
(Pasching, Austria). Unless otherwise stated, all other reagents
were procured from Sigma (Deisenhofen, Germany).

Cell Culture

Uveal melanoma cell line 92.1 (UM 92.1) was kindly provided
by Martine Jager and colleagues (Leiden University; Netherlands)
(De Waard-Siebinga et al., 1995). In brief, UM cells were grown
in RPMI-1640 supplemented with 10% fetal bovine serum (FBS),
4mM L-glutamine, penicillin/streptomycin at 37°C under 10%
CO; atmosphere and 80% humidity (Mergler et al., 2014).

Melanocyte Primary Cell Cultivation

PM were isolated from porcine eyes provided by a
slaughterhouse. The preparation and primary cell cultivation
were performed as described (Valtink and Engelmann, 2007).
In brief, eyeballs were cut into two pieces. The choroid with the
connected retinal pigment epithelium (RPE) layer was separated
from the sclera and incubated in collagenase IV for several hours
at 37°C in order to release RPE cells from melanocytes. After a
second treatment with dispase II, the choroids were put into a
shaking device in order to better isolate the cells from the tissue.
Finally, the cell suspension was passed through a cell strainer.
After centrifugation, cells were washed in RPMI medium and
seeded in tissue culture flasks. After 24h, the medium was
changed and cells were cultivated under the same conditions as
those described for the UM 92.1 cells (Mergler et al., 2014). To
avoid contamination with RPE cells or fibroblasts, the culture
medium was supplemented with geneticin for about 5-7 days
prior to subcultivation. Melanocyte cell cultivation was limited
to no longer than 2 weeks to avoid cell dedifferentiation.

Intracellular Calcium Fluorescence
Imaging

Semi confluent cells (*80%) were loaded with fura-2/AM (2 wM)
at 37°C. After about 40 min, the cells were washed with a Ringer-
like (control) solution containing (mM): 150 NaCl, 6 CsCl, 1
MgCly, 10 glucose, 10 HEPES, and 1.5 CaCl, at pH 7.4 and 317
mOsM (Mergler et al., 2014). KCI was replaced with CsCl to
characterize TRP channel activity (Voets et al., 2004). Following
dye loading, the cells were exposed to this solution on the
stage of an inverted microscope (Olympus BW50WI, Olympus
Europa Holding GmbH, Hamburg, Germany), connected with
a digital imaging system (TILL Photonics, Munich, Germany).
Fura-2/AM fluorescence was consecutively excited at 340 and
380 nm for different times (Grynkiewicz et al., 1985). The 510 nm
emission ratio (f340nm/f380nm) is an index of relative intracellular
Ca?t ([Ca®*];) levels (Grynkiewicz et al., 1985). The 340 and
380 nm response signals were continuously detectable and did
not distort the ratio. The changes in ratios were overall small
because of the presetting of the single fluorescence signals at
340 and 380nm, respectively. A control where TRPM8 was
heterologously expressed and activated by their agonists is

provided (Lucius et al, 2016). Before starting a measuring
session, baseline stability was established for 8-20min. All
experiments were performed at a constant room temperature
(~23°C). In addition, the fura-2-induced fluorescence signals
were alternatively evaluated in a bath chamber using a Life
Science fluorescence cell imaging software in conjunction with
a high-resolution digital camera (Olympus XM-10) (Figures 9-
11). Cutoff filters isolated alternative fluorescence excitation
at 340 and 380nm every 5s wavelengths provided by a LED
light source (LED-Hub by Omikron, Rodgau-Dudenhoven,
Germany). Fura-2 fluorescence was alternately excited at 340
and 380 nm and emission was detected at 510 nm (250 ms—3.8 s
exposure time). For image acquisition and data evaluation, the
Life Science imaging software cellSens was used (Olympus,
Hamburg, Germany). Results are shown as mean traces of the
f340nm/f380nm ratio == SEM (error bars in both directions) with
n-values indicating the number of experiments per data point.
The Ca?* data presented from many cells in several experiments
were normalized (control set to 1.2 and 0.2, respectively) and
averaged (with error bars). The time delay of 1-2 min in inducing
a Ca?* transient stems from exposing the cells to a stationary
bath rather than a flow through superfusion. When drugs were
solubilized in dimethyl sulfoxide (DMSO) solution, their working
concentration did not exceed 0.1%, which did not alter the Ca®*
base line.

Planar Patch-Clamp Recordings

Whole-cell currents were measured with a planar patch-clamp
setup (Port-a-Patch©; Nanion, Munich, Germany) in connection
with an EPC 10 patch-clamp amplifier (HEKA, Lamprecht,
Germany) and the PatchMaster software (Version 2.6; HEKA,
Lamprecht, Germany) (Mergler et al., 2012a, 2014; Garreis et al.,
2016). A standard intracellular solution containing (mM): 50
CsCl, 10 NaCl, 60 CsE, 20 EGTA, and 10 HEPES-acid at pH
A~ 7.2 and =~ 288 mOsM was applied to the microchip (both
provided by Port-a-Patch®, Nanion, Munich, Germany). The
external solution contained (mM): 140 NaCl, 4 KCl, 1 MgCl,,
2 CaClp, 5 D-glucose monohydrate and 10 HEPES, pH ~ 7.4,
and osmolarity &~ 298 mOsM. At first, 5-10 pl of a single
cell suspension were placed onto a microchip containing the
aforementioned external solution. A software-controlled pump
(Nanion) provided a connection between a single cell and the
electrical system (sealing). The mean membrane capacitance was
10 pF £ 1 pF (n = 88) and mean access resistance was 25 £ 3 MQ
(n = 88). Series resistances as well as fast and slow capacitative
transients were compensated by the PatchMaster software. The
liquid junction potential was calculated (*3.8 mV; Barry, 1994)
and offset by the software. Notably, current recordings were
all leak-subtracted and cells with leak currents above 100 pA
were excluded from analysis. All experiments were performed
at 21-23°C room temperature. The holding potential (HP) was
set to 0mV in order to eliminate any possible contribution of
voltage-dependent Ca>* channel activity. Cells were kept in the
whole-cell configuration for ~10 min for control recordings and
the compensation proceedings before starting the experiments
(Pusch and Neher, 1988). Whole-cell currents were recorded
over a voltage range of —60 to +130mV for 500ms each
and measured every 5s. The current densities (pA/pF) were
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FIGURE 1 | Larger functional TRPM8 expression in UM 92.1 than PM cells. Drug additions were made at the indicated time points (arrows). Data are mean £ SEM of
4-8 experiments. (A) CAP (20 uM) induced an irreversible CaZ* influx (n = 4) whereas non-treated control cells showed a constant Ca2* baseline (n = 4). (B) The
same effect could be observed in normal porcine melanocytes but with a time lag (n = 7; controls n = 11). (C) Summary of the experiments with CAP (n = 4-7). The
asterisks (*) show significant differences between control and CAP (n = 4; 350s; “p < 0.05; n = 7; 5905s; **p < 0.01; paired tested). The hashtag shows a significant
difference of the CAP effect at 350's between UM 92.1 cells and melanocytes (n = 4-7; 590s; #p < 0.05; unpaired tested). (D-F) Same experiments as shown in
(A-C), but with icilin (20 uM) (n = 4-8). The icilin effect was markedly reduced in porcine melanocytes. The asterisks (*) show significant differences between control
and icilin (n = 4; 350s; “p < 0.05; paired tested). The hashtags (#) shows a significant difference of the icilin effect at 350 s and 590 s between UM 92.1 cells and

melanocytes (n = 4-8; 350's; ###p < 0.005; 590's; ##p < 0.01; unpaired tested).

calculated by dividing the current (pA) by the cell membrane
capacitance (pF). For purposes of comparison, the currents were
normalized to control currents (set to 100%).

Statistical Analysis

The paired two-tailed Student’s ¢-test was applied in conjunction
with several normality tests (KS normality test, D’Agostino &
Pearson omnibus normality test, and Shapiro-Wilk normality
test). If these tests failed, non-parametric Wilcoxon matched
pairs were used. The Student’s ¢-test was also used for unpaired
data, if the data also passed the aforementioned normality
tests. If these tests failed, the non-parametric Mann-Whitney-
U test was performed. Welch’s correction was applied if data
variance of the two groups were too different. Probabilities of
p < 0.05 [indicated by asterisks (*) and hash tags (#)] were
considered to be significant. The number of repeats is shown
in each case in brackets, near the traces or bars. All values are

means = SEM (error bars in both directions). All plots were
generated with SigmaPlot software version 12.5 for Windows
(Systat Software, San Jose, California, United States) and with
GraphPad Prism version 5.00 for Windows (GraphPad Software,
San Diego California USA), respectively.

RESULTS

Functional TRPV1 Channel Expression in
UM 92.1 and Porcine Melanocytes

TRPV1 activity in all cases was documented based on the
magnitudes of the Ca?T transients induced by the highly selective
TRPV1 agonist, capsaicin (CAP; 20 wM; Caterina et al.,, 1997;
Pingle et al., 2007; Vriens et al., 2009) in PM. Figure 1B shows
that CAP increased f340nm/f380nm from a stable baseline value
of 1.200 %+ 0.001 to 1.215 £ 0.004 after 590s (n = 7, p <
0.05). Interestingly, CAP evoked a biphasic or delayed effect on
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FIGURE 2 | VEGF transactivates TRPV1 channels in UM 92.1 cells. VEGF (10 ng/ml) was added at the indicated time points (arrows). Data are mean 4+ SEM of 6-17
experiments. (A) Mean trace showing VEGF-induced Ca?t increase (n = 17). (B) Same experiment as shown in (A), but in the presence of CPZ (20 uM). CPZ clearly
suppressed the VEGF-induced Ca2* increase (n = 6). (C) Same experiment as shown in (A), but in the presence of BCTC (20 wM). BCTC partially suppressed the
VEGF-induced Ca?™ increase (n = 6). (D) Same experiment as shown in (A), but in the presence of AMTB (20 uM). AMTB had no effect on the VEGF-induced Ca2*
increase (n = 10). (E) Summary of the experiments with VEGF and the TRP channel blockers. The asterisks (*) show significant CaZ* increases with VEGF (h=17;

300s; **p < 0.005; 450s; *p < 0.05; paired tested). The hashtags (##) indicate statistically significant differences of fluorescence ratios between VEGF with and
without the TRP channel blockers CPZ and BCTC, resp. (n = 6-17; 300s; ##p < 0.01; unpaired tested). One hashtag (#) indicates a statistically significant
difference between CPZ and BCTC effect on VEGF-induced Ca2* increase at 300s (n=6; #p < 0.05).

intracellular Ca®" increase in PM, which was absent in UM 92.1
tumorous cells. In UM 92.1 cells, CAP instead increased the
£340nm/f380nm ratio more promptly but to the same level; namely,
from 1.199 =+ 0.001 (80s) to 1.215 = 0.002 after 590s (n = 4, p
< 0.01; Figures 1A,C). Overall, there is a difference in the Ca?t
response pattern. While in PM, there was a large data scatter and
a delayed [Ca®*]; transient (Figure 1B), this response was both
more reproducible and prompt in UM 92.1 cells (Figure 1A).

Functional TRPMS8 Channel Expression in
UM 92.1 Cells

Even though there was TRPMS8 gene and functional expression
in different UM cell lines including UM 92.1 cells, it was absent

in human uveas (Mergler et al., 2014). To confirm that lack of
TRPMS expression is indicative of normal tissue, we probed for
its presence in healthy PM. Icilin (20 wM), a mixed TRPM8/
TRPA1l-agonist (Andersson et al, 2004; Rawls et al., 2007)
induced a Ca?* transient in UM 92.1 cells (n = 4; p < 0.05;
Figures 1D,F) whereas such an effect did not occur in PM (n
= & p > 0.05; Figures 1E,F). Therefore, detectable functional
TRPMS8 and/or TRPA1 expression is a marker of UM cell line
malignancy.

VEGF-Transactivates TRPV1
VEGEF increased the f340nm/f380nm ratio from 1.2000 4 0.0004 to
1.209 £ 0.001 (t = 300s; n = 17; p < 0.01, Figures 2A,E). As
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AMTB and CPZ. The asterisks (***) indicate statistically significant differences
of in- and outward currents with VEGF without and with AMTB (n = 8-40;
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VEGF induced Ca®" transients through transactivating TRPV1
channels in corneal fibroblasts and conjunctival epithelial cells,
we determined if such an interaction occurs in UM 92.1 cell lines.
This was done by evaluating the individual effects of each of the
following inhibitors at 20 wM: (a) CPZ for TRPV1 (Vriens et al.,
2009); (b) BCTC for TRPMS8/TRPV1 (Behrendt et al., 2004; Weil
et al.,, 2005; Vriens et al., 2009; Benko et al., 2012; Liu et al.,
2016); and (c) AMTB for TRPMS (Lashinger et al., 2008). With
CPZ, the baseline ratio remained invariant at f340nm/f3800m ratio
= 1.2013 £ 0.0006 (n = 6; Figure 2B) whereas with AMTB
this ratio rose to 1.215 £ 0.005; p > 0.05; n = 10; Figure 2D.
This difference indicates that the VEGF-induced Ca’* transients
mediated by VEGEFR solely transactivate TRPV1. With BCTC,
the VEGF induced Ca?* transients were only partially inhibited
(Figure 2C). In this case, VEGF induced a transient reaching
1.2030 = 0.0005 (p < 0.01; n = 6 Figure 2C), which was larger
than the ratio induced by VEGF in the presence of CPZ (p < 0.05;
n = 6; Figures 2B,D). This difference is consistent with BCTC
being a mixed TRPM8/TRPV1 antagonist.

While AMTB did not influence the VEGF-induced increases
in whole-cell currents (20 uM; n = 12; Figures 3A,B,E), this
increase was suppressed by CPZ (20uM; n = 8 p < 0.005;
Figures 3C-E). In summary, the VEGF-induced increases in
Ca’* influx and whole-cell currents are mediated through
transactivation of TRPV1 by VEGFR.

Equivalent Activation of TRPV1 by VEGF
and CAP in UM 92.1 Cells

As VEGF induces downstream signaling through transactivating
TRPV1, we determined if CAP augmented VEGF induced
TRPV1 activation. The results shown in Figures 4A,B indicate
after application of VEGE the maximal inward— and outward
currents were —30 & 5 pA/pF and 164 = 17 pA/pF respectively (n
=7). Subsequently CAP failed to significantly enhance the whole-
cell currents, which stabilized at — 35 £ 7 pA/pF and 154 + 14
PA/pEF respectively (n = 4; p > 0.05; Figures 4A,C-E).

3-T1AM Activates TRPMS8 in UM 92.1 Cells

As a positive control, the effect of 100nM menthol, a
highly selective TRPMS agonist, was determined on whole-cell
currents since this concentration was previously used to validate
functional TRPMS expression (Knowlton et al., 2011; Hirata and
Oshinsky, 2012; Robbins et al., 2012; Mergler et al., 2013). As
shown in Figures 5A,B, menthol increased the inward currents
from —15 £ 3 pA/pF (control) to —36 £ 5 pA/pF (p < 0.01; n
= 8; Figure 5C) whereas 20 pM AMTB suppressed this rise to
—13 £ 4 pA/pF (p < 0.05; n = 8; Figure 5C). Similarly menthol
increased the currents from 166 £ 30 pA/pF (control) to 236 £ 46
pA/pE which AMTB suppressed to 175 £ 31 pA/pF (Figure 5C).
The results of current normalization shown in Figures 5D,E
(control set to 100%) affirm cell membrane delimited functional
TRPMS expression.

Irrespective of 3-T;AM ranging from 200nM to 10 M,
its effects were essentially the same as those obtained with
menthol (Figures 6A,B). The largest increases were obtained
over a range between 1 and 5uM (Lucius et al, 2016). In
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FIGURE 4 | CAP does not augment increases in whole-cell currents in VEGF treated UM 92.1 cells. (A) Time course recording showing the current peak induced by
10ng/ml VEGF and current peak after application of 20 wM CAP. (B) Original traces of VEGF- and CAP-induced current responses to voltage ramps. Current densities
are shown before application (labeled as A), during application of VEGF (labeled as B), and after addition of CAP (labeled as C). (C) Summary of patch-clamp
experiments with VEGF and CAP. The asterisks (**) indicate statistically significant increase with VEGF (n = 7; p < 0.01; paired tested) and unchanged magnitude of
currents in the presence of CAP (n = 4; p > 0.05; paired tested). (D) Maximal negative current amplitudes induced by a voltage step from 0 to —60 mV are depicted in
percent of control values before application of 10 ng/ml VEGF. VEGF-induced inward currents (n = 7; *p < 0.05) were not increased in the presence of 20 uM CAP (n
= 4; p > 0.05). (E) Maximal positive current amplitudes induced by a voltage step from 0 to +130mV are depicted in percent of control values before application of
10 ng/ml VEGF. VEGF-induced outwardly rectifying currents (n = 7; *p < 0.05) were not increased in the presence of 10 uM CAP (n = 4; p > 0.05).

UM 92.1 cells, 1M 3-T;AM increased the inward currents
from —8 £ 2 pA/pF (control) to —25 £+ 9 pA/pF (p < 0.01;
n = 9; Figure 6C) whereas 20 uM AMTB suppressed this rise
to —18 £ 10 pA/pF (p < 0.05; n = 7; Figure 6C). Similarly,
3-T{AM also increased the outward currents from 80 =+ 24
pA/pF (control) to 142 £ 40 pA/pE, which AMTB suppressed
to 112 £ 45 pA/pF (n = 7-9; p < 0.05) (Figure 6C). Similar
results were obtained following current normalization shown in
Figures 6D,E.

3-T1AM Suppresses VEGF-Induced Rises
in Whole-Cell Currents

In TRPMS transfected cells, 3-T{AM and BCTC increased and
inhibited CaZ*transients, respectively (Lucius et al., 2016). These
opposing effects were used to determine if TRPMS8 activation

suppresses CAP induced rises in TRPV1 activity whereas BCTC
reduces the inhibitory effect of 3-T{AM on these responses to
CAP. 3-T{AM (5 uM) induced a [Ca?*]; transient (p < 0.01; n
= 9; Figures 7A,C) whereas 20 uM BCTC inhibited this response
(p < 0.05; n = 4; Figures 7B,C). Even though BCTC is reportedly
as a mixed TRPM8/ TRPV1 antagonist in some cell types, it
did not alter Ca®" transients induced by a relatively high CAP
concentration in a heterologous expression system (Lucius et al.,
2016). 3-T{AM suppressed the 10 ng/ml VEGF-induced Ca?*
transient (Figures 7E,F). Another indication of suppression by
TRPMS8 of VEGF transactivation by TRPV1 is that 1 pnM 3-T;AM
suppressed VEGF-induced increases in the whole-cell currents
(n =7; p < 0.01; Figure 8), Mimicking of this inhibitory effect
by icilin validates that 3-T;AM is a selective TRPMS8 agonist
(Khajavi et al., 2015, 2017; Lucius et al.,, 2016; Schanze et al,,
2017).
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FIGURE 5 | AMTB suppresses menthol-induced rises in whole-cell currents in UM 92.1 cells. (A) Time course recording showing the current increases induced by
menthol (100 M) and reduction after application of 20 WM AMTB. (B) Original traces of menthol-induced current responses to voltage ramps. Current densities are
shown before application (labeled as A), during application of menthol (labeled as B), and after addition of AMTB (labeled as C). (C) Summary of the patch-clamp
experiments with menthol and AMTB. The asterisks (*) indicate statistically significant differences of in- and outward currents with menthol without AMTB (n = 8;
inward currents; **p < 0.01; outward currents; *p < 0.05; paired tested) and in the presence of AMTB (n = 8; in- and outward currents *p < 0.05; paired tested). (D)
Maximal negative current amplitudes induced by a voltage step from 0 to —60 mV are depicted in percent of control values before application of 100 uM menthol.
Menthol-induced inward currents (n = 8; **p < 0.01) were clearly suppressed in the presence of 20 uM AMTB (n = 8; **p < 0.01). (E) Maximal positive current
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Icilin and Menthol Mimic Suppression by 20 to 18°C (Figures 10A-C) and exposure to 200 M menthol

3-T1AM of VEGF Transactivation of TRPV1

As a positive control, the effects of CAP and VEGF were
determined using an alternative fluorescence Ca?* imaging data
acquisition method as described in the method section. As shown
in Figure 9A, a reduced CAP concentration (10 M) led to
an increase of f340nm/f380nm from 0.2021 =£ 0.0004 (100s) to
0.2094 £ 0.0013 (3005s) (n = 19; p < 0.005) whereas a washout
did not reduce the Ca** level. With 10 ng/mg VEGF instead
of CAP (Figure 9B), this ratio increased from to 0.2011 =+
0.0004 (100s) to 0.2331 = 0.0029 (300s) (n = 85; p < 0.005)
and a washout did not augment this response Ca*" transient
(Figures 9B,C). However, preincubation of the cells with icilin
suppressed the VEGF-induced increase to 0.2058 + 0.0023 at
300s (p < 0.005) and to 0.2187 = 0.0034 at 600 s (both n = 65; p
< 0.01) (Figures 9C,D). Menthol had the same inhibitory effect
as icilin. Functional TRPMS8 expression was validated based on a
correspondence between the transients induced by cooling from

(Figures 10B,C). Furthermore, as with icilin, preincubation of
the cells with menthol suppressed the VEGF-induced Ca’*
transient even at a higher VEGF concentration since 20 ng/ml
VEGEF increased the f330nm/f380nm ratio from 0.1991 £ 0.011
(100s) to 0.2212 = 0.0021 (250s) (n = 25; p < 0.005)
(Figure 10D). In contrast, 200 wM menthol completely blocked
this effect (e.g., f340nm/f380nm = 0.2009 £ 0.0007 at 250s; n = 32;
p < 0.005) (Figures 10E,F). In summary, the near equivalence
between the transients induced by either icilin, menthol, or 3-
T1AM and their inhibitory effects on VEGF-induced TRPV1
transactivation confirms that this thyroid hormone metabolite is
a selective TRPMS agonist.

Cannabinoid Receptor Type 1 Activity
Modulates Inhibition of TRPV1 by 3-T{AM

Since the G protein-coupled cannabinoid receptor 1 (CB1) is
expressed in uveal melanoma cells (Mergler et al., 2014), we
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FIGURE 6 | 3-T1AM elicits increases in whole-cell currents through TRPM8 channels in UM 92.1 cells. (A) Time course recording showing the current increases
induced by 3-T1AM and reduction after application of 20 uM AMTB. (B) Original traces of 3-T1AM -induced current responses to voltage ramps. Current densities are
shown before application (labeled as A), during application of 3-T41AM (labeled as B), and after addition of AMTB (labeled as C). (C) Summary of patch-clamp
experiments with 3-T1AM and AMTB. The asterisks (**) indicate statistically significant increase with 3-T1AM (n = 9; p < 0.05 at the minimum; paired tested) and
decreases in the presence of AMTB (n = 7; p < 0.05; paired tested).). (D) Maximal negative current amplitudes induced by a voltage step from 0 to —60mV are
depicted in percent of control values before application of 1 wM 3-T1AM. 3-T1AM-induced inward currents were clearly suppressed in the presence of 20 uM AMTB
(n = 4; *p < 0.05). (E) Maximal positive current amplitudes induced by a voltage step from 0 to +130mV are depicted in percent of control values before application
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determined if either this receptor or its coupled G-proteins affect
interactions between TRPM8 and TRPV1 in UM cells. To deal
with this question, the individual effects of the selective CB1
receptor antagonist, AM251, and a corresponding agonist, WIN
55,212-2 (both 10 uM) were characterized by measuring their
effects on [Ca%t]; in UM 92.1 cells. WIN 55,212-2 induced a Ca®*
transient at a different cell passage compared to our previous
studies (n = 27; p < 0.005). This validates CB1 involvement in
Ca** regulation in UM 92.1 cells (Figure 11A). Interestingly,
the WIN-induced Ca?" increase was at significant higher levels
under Ca™ free conditions (1 = 53; p < 0.005) (Figures 11B,C).
Similarly, 1 wM 3-T;AM also induced such a response. On the
other hand, preincubation of the cells with the CB1 blocker
AM251 (10 uM) augmented this rise induced by 3-T;AM. The
transient reached with 3-T; AM by itself was 0.2155 4 0.0014 (n
= 13) at 400 s only whereas with AM251 (10 wM) it rose to 0.2446

=+ 0.0037 at the same time (n = 46; p < 0.005) (Figures 11D,E,G).
In contrast, 3-T;AM failed to induce a transient under Ca?*
free conditions (n = 39) (Figures 11F-G). In summary, changes
in CBI activity and/or coupled G-protein activity modulate
interactions between TRPV1 and TRPMS.

DISCUSSION

We describe here TRPV1 and TRPMS8 functional activity and
their interactions in modulating VEGF-induced signaling in UM
cells. Even though a short-term UM cell culture (P < 20) was
used in this study, variations may occur in gene expression
profiles between UM primary tumors and their derived cell lines.
Nevertheless, there were only moderate modifications in the gene
products (Mouriaux et al., 2016). Accordingly, Mouriaux et al.
suggested that cell lines might represent useful tools in functional
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assays, as well as pharmacologic and genetic studies (Mouriaux
et al, 2016). The TRPV1 and TRPMS8 functional activity
identified in these UM cells is consistent with the correspondence
between the mRNA and protein expression patterns previously
described in several other UM cell-line types (Mergler et al.,
2014). Similarly, functional interaction between TRPMS8 and
TRPV1 is evident because TRPMS activation inhibited increases
in TRPV1 functional activity induced by CAP in both corneal
epithelial and endothelial cells (Khajavi et al., 2015; Lucius et al.,
2016). Furthermore, TRPMS activation blunts transactivation of
TRPV1 by VEGF in UM cells (Figures 7, 8). This modulation
of VEGF-induced increases in Ca*" influx mediated by TRPV1
activation shows that this receptor triad contributes through
crosstalk to the growth promoting effects of VEGF in UM cells

derived from malignant tumors. Such crosstalk is consistent with
other studies wherein TRPMS activation dampens CAP-induced
TRPV1 activation by VEGF (Millqvist, 2016; Takaishi et al.,
2016). This consistency in interactions among this receptor triad
in different cell types suggests that results obtained with one cell
type may be applicable to various cell types.

TRPV1 Functional Expression Evidence

Even though CPZ has limited selectivity as a TRPV1 antagonist
(Docherty et al., 1997; Liu and Simon, 1997; Oh et al., 2001; Ray
et al., 2003; Teng et al., 2004) and limited TRPMS8 selectivity
(Behrendt et al., 2004; Xing et al., 2007; Mergler et al., 2013),
its suppression of CAP-induced [Ca2t]; transients and whole-
cell currents in UM 92.1 cells are indicative of TRPV1 functional
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FIGURE 8 | 3-T1AM suppresses VEGF-induced rises in whole-cell currents in UM 92.1 cells. (A) Time course recording showing the current increases induced by
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depicted in percent of control values before application of 10 ng/ml VEGF. VEGF-induced inward currents (n = 7; **p < 0.01) were clearly suppressed in the presence
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activity (Figures 2, 3). Its functional expression was also clearly  resolving power of our measurements is that the effects of
detectable in both primary cultivated PM and healthy human  CAP and icilin especially in UM 92.1 cells were irreversible
uveas (Mergler et al., 2014). However, TRPV1 receptor density ~ and reached a steady state in most experiments. Similarly, this
was probably at lower levels because of more extensive data  irreversibility was described in other eye tumor cells (Mergler
scatter and a delayed response to CAP in most PM measurements et al., 2012a, 2014; Garreis et al.,, 2016) as well as healthy eye
(Figure 1B). Nevertheless, the maximal rises in Ca?t influx in  surface cells (Khajavi et al., 2015; Lucius et al., 2016).
normal PM cells closely correspond to those in UM 92.1 cells. . . .

The dynamic range of our Ca?* imaging system was limited Different TRPM8 Expression Levels in UM
to 0.20 for detecting increases in the fluorescence ratio because ~ 92.1 Cells and PM
the initial fluorescence responses of the two exciting wavelengths  In healthy human uveas, TRPM8 mRNA expression was not
were at a relatively high level, which compressed the dynamic  evident whereas the TRPA1 PCR signal was present at very high
range of our measurements due to mathematical reasons. levels (Mergler etal., 2014). On the other hand, icilin (Rawls et al.,
Therefore, even ratio changes of only 0.015 for CAP were  2007) increased Ca®t transients in UM 92.1 cells (Figure 1D)
significant and the measurements were clearly discernible and  whereas this effect was not evident in PM (Figures 1E,F). Even
reproducible (Figure 1A). Another indication of the adequate  though menthol activates TRPMS8 (Eccles, 1994; Galeotti et al.,
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FIGURE 9 | Icilin suppressed VEGF-induced Ca?t increase in UM 92.1 cells. Drugs were added at the indicated time points (arrows). Data are mean + SEM of
15-85 Ca2+ traces in each set of experiments. (A) CAP (10 uM) induced an irreversible Ca2™" increase (n =19). A washout did not reduce the Ca2™ levels.
Non-treated control cells showed a constant Ca2+ baseline (n = 15). (B) The similar Ca™ response pattern could be observed with 10 ng/ml VEGF instead of CAP (n
= 85). (C) Same experiment as shown in (B), but in the presence of icilin (10 wM) (n = 65). Icilin partially suppressed the VEGF-induced Ca2" increase (n = 65).
Non-treated control cells showed a constant Ca2™ baseline in the presence of icilin (1 = 36). (D) Summary of the experiments with CAP, VEGF and icilin. The asterisks
(***) show significant Ca?t increases with CAP and VEGF (n = 15-85; **p < 0.01 at the minimum; unpaired tested).

2002; Bautista et al., 2007; Pedretti et al., 2009), the magnitudes  the CAP-induced Ca* transients were comparable suggesting no
of these transients did not correlate with the TRPMS8 expression  difference in TRPV1 expression levels in these two different cell
levels in certain cancer cells indicating a TRPM8-independent  types (Figure 1B).

signaling pathway (Naziroglu et al., 2018). Irrespective of that,

menthol also activated TRPMS in the absence of extracellular ~Crosstalk Between VEGFR and TRPV1

Ca®*, whereas responses to icilin are Ca?" dependent (McKemy  VEGF transactivated TRPV1 through its interaction with
et al., 2002; Chuang et al., 2004). Therefore, icilin appears to ~ VEGFR since the Ca’" transients and their underlying
induce Ca?t transients by increasing Ca?t influx from the currents were both fully blocked during exposure to CPZ.
extracellular medium (McKemy et al., 2002; Andersson et al.,  Furthermore, the stimulation by VEGF of TRPV1 was maximal
2004; Behrendt et al., 2004). Nevertheless, TRPA1 involvement  since supplementation with CAP failed to augment the
cannot be excluded because icilin can also interact with TRPA1  increases in whole-cell currents induced by VEGF application
even though icilin was relatively ineffective at inducing Ca?t  (Figures 4,7, 8).

transients and there is no detectable TRPA1 mRNA expression in Unlike with CPZ, the TRPM8 blocker AMTB (Lashinger
this cell type (Mergler et al., 2014). Therefore, TRPMS activity in et al., 2008) failed to suppress these transients induced by VEGF
PM and human uveas is relatively low compared to higher levels ~ suggesting that VEGFR solely transactivates TRPV1 (Figure 2).
in malignant uveal cell types (Mergler et al., 2014). In contrast,  This agrees with what was described in a benign tumor (Garreis
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=17 - 40; **p < 0.005; paired tested). (D) The Mean trace showing VEGF-induced Ca?* increase (n = 25). (E) Same experiment as shown in (D), but in the
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menthol (n = 32; ###p < 0.005; unpaired tested).

et al,, 2016). The smaller inhibitory effects of BCTC on VEGF-
induced increases in Ca?* influx than those induced by CPZ are
supportive of the notion that BCTC is a mixed TRPV1/TRPMS8
antagonist (Behrendt et al., 2004; Weil et al., 2005; Vriens et al.,
2009; Benko et al., 2012; Liu et al., 2016). In contrast, AMTB
is a more selective TRPMS8 antagonist (Lashinger et al., 2008)
since it failed to block VEGF-induced transactivation of TRPV1
(Figures 2D, 3A,B). The limited specificity of BCTC as a TRPV1
blocker is supported by our finding that at a relatively high CAP
concentration (20 wM), BCTC was ineffective as a blocker of
TRPV1 activation in human corneal epithelial cells (Lucius et al.,
2016). The marked difference between the large inhibitory effect
of CPZ and the minimal effect of AMTB on increases in currents
induced by VEGF confirms that VEGF solely transactivates
TRPV1 (Figure 3). However, VEGFR is also known to regulate
multiple channels including TRPs (Garnier-Raveaud et al., 2001;
Hamdollah Zadeh et al., 2008; Thilo et al., 2012; Reichhart et al.,

2015; Wu et al.,, 2015; Qin et al., 2016). Specifically, McNaughton
et al. demonstrated that nerve growth factor (NGF) receptors
in HEK293 cells transfected with plasmids containing cDNAs
coding for TRPV1 and for the Tropomyosin receptor kinase A
(TrkA) receptor for NGF increased the expression level of TRPV1
but did not sensitize or activate the receptor (Zhang et al., 2005;
Vay et al., 2012). One explanation may be that NGF is different
from VEGF or that our study used non-excitable (tumor) cells.

TRPMB8 Activation Suppresses

VEGF-Induced Rises in Ca?* Influx

3-T{AM suppressed VEGFR transactivation of TRPV1
(Figures 7D-F, 8) was blocked by BCTC in TRPM8-transfected
cells, in corneal and conjunctival epithelial cells derived from
normal cells (Khajavi et al., 2015; Lucius et al., 2016) and in
UM 92.1 cells (Figures 7, 8) as well as in thyroid PCCL3 cells
(Schanze et al., 2017). These effects were similar to those induced

Frontiers in Pharmacology | www.frontiersin.org

65

13

November 2018 | Volume 9 | Article 1234



Walcher et al. TRPM8 Activation Blunts VEGF Effect

1 control
10 uM WIN 55,212-2

) sH4
0.26 110 M WIN 55,212-2 0.40 n=253 ik

Ca? free

0.24 1 ¢ . 0.30 10 uM 040 (53)
n= 0.24 ¢ WIN 55,212-2

022 ;

0.22 V
0.20 -
0.18 1
0.16 -
0.14 - Ca” free + 1 mM EGTA

0 200 400 600 0 200 400 600 800
time (s) time (s)

>
w
(9]

(=}
w
o

0.24

0.20 A 0.22

0.18 1
0.16 1

fluorescence ratio f,,/f;5,
fluorescence ratio f340/f380

fluorescence ratio f34¢/f3g9

0.14 -

T
S OO oo O

1 UM 3-T,AM
Ca® free | H#E
0.24 A \L 0.26 - (’Zg)
0.22 4 0.24 4
0.22
0.20
0.18 4
0.16
0.14
\“ca\) W N;o_‘o “\N\EGW

0x ‘ee
ot & "o

0267 1puMm 3-TAM 0267 1pM3-TAM 0.26 1

0.24 - ¢
022
020 W%

0.18 1

0.24 4
0.22 1

0.20 1 0.20 1

0.18 1
0.16 A

0.18 1

0.16 1 0.16 A

fluorescence ratio f,,¢/f55,
fluorescence ratio f,,/f.q,
fluorescence ratio f,,/f;5,

fluorescence ratio f54q /f3g9

0.14 | a4 1UEMAMEH 0441 Ca¥ free + 1 MM EGTA

r T T 1 r T T 1 r

0 200 400 600 0 200 400 600 0 200 400 600 800
time (s) time (s) time (s)

FIGURE 11 | 3-T4AM modulation of TRPV1 is associated with cannabinoid receptor type 1 activity. Drugs were added at the indicated time points (arrows). Data are
mean =+ SEM of 13-53 Ca?™ traces in each set of experiments. (A) WIN 55,212-2 (10 M) induced a Ca?t increase, (n = 27). Non-treated control cells showed a
constant Ca2t baseline (n = 34). (B) Ca2* free condition reduced the intracellular Ca?™ level (baseline) and extracellular application of WIN 55,212-2 (10 wM) strongly
increased the intracellular Ca2* level (n = 53). (C) Summary of the experiments with WIN 55,212-2 with and without external Ca?t. The asterisks (***) show
significant Ca?* increases with WIN 55,212-2 (n =27 - 53; **p < 0.005; paired tested). The hashtags (###) show significant stronger Ca?t increase under external
Ca2* free conditions (n = 53; ###p < 0.005; unpaired tested). (D) Mean trace showing 3-T1AM-induced Ca2* increase (n = 13) whereas non-treated control cells
showed a constant Ca2* baseline (n = 29). (E) Same experiment as shown in (D), but in the presence of AM251 (10 wM) (n = 46). The 3-T1AM-induced Ca2t
increase is at higher levels compared to the effect without the CB1 blocker. (F) Same experiment as shown in (B), but with 1 wM 3-T4AM instead of WIN 55,212-2.
3-T1AM did not change the intracellular Ca2t concentration. (G) Summary of the experiments with 3-T1AM with and without AM251 or external Ca?t. The asterisks
(***) show significant Ca?* increases with 3-T1AM (n = 13-46; **p < 0.005; paired tested). The hashtags (###) show significant difference of the 3-Ty AM-induced
CaZ*increase with and without AM251 (n = 13-46; ###p < 0.005; unpaired tested).

by AMTB, which is consistent with significant antagonism by  that may be attributable to different modes of action. With
BCTC of TRPMS (Figures 5, 6, 7A-C). 0.5 M 3-T1 AM, only whole-cell currents increased without any

The 3-T;AM mediated Ca?" transients as well as increases inhibitory effect on VEGF-induced rises in Ca*t influx (data not
in their underlying currents occurred at lower concentrations in ~ shown). However, with 1 uM 3-T;AM VEGF-induced rises in
UM 92.1 melanoma cells than those in healthy cells or thyroid ~ Ca?* influx also declined with a time course that was similar to
cells (Khajavi et al, 2017; Schanze et al,, 2017). Specifically,  that obtained with CPZ (Figures 2B, 7E, 11D). It is conceivable
3-T;AM was used over a concentration range from 0.2 to  that the effect of 0.5 M 3-T}AM is membrane delimited rather
10uM with 1-5uM having maximal stimulatory effects on  than causing release of Ca** from intracellular stores. Perhaps,
whole-cell currents, which agrees with previous studies using 1M 3-T;AM is at a high enough concentration for it to gain
corneal epithelial cells (Lucius et al., 2016). 3-T;AM had a  access to cytosolic intracellular TRPV1 binding sites with which
concentration dependent inhibitory effect on Ca’** transients =~ CPZ also binds? If this supposition is proven to be correct,

Frontiers in Pharmacology | www.frontiersin.org 14 November 2018 | Volume 9 | Article 1234

66



Walcher et al. TRPM8 Activation Blunts VEGF Effect

@ i D
\ capsaicin /—— n
heating menthol, icilin /

cooling
i c a2+ C a2+

c

o,, adrenergic
outside ‘ ‘ ‘ A receptor

) ©
> |5 s | =
o o o o
H ¢ | Y | o
= = = =

inside | | | ' ' ' ' ( aA

[ I,_y G, VB

\_/ ?

2 VALY
11

VEGFR-1/VEGFR-2

Ca” channels deactivated ¢ (o3
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Khajavi et al., 2017). Ca?*t channels such as TRPs of the TRPV1 subtype (capsaicin receptor) can be selectively activated by heat (>43°C) or capsaicin and blocked
by CPZ (Figure 1A) (Mergler et al., 2014). VEGF-A activating VEGFR-1/VEGFR-2 can also activate TRPV1 (Figures 2, 3). The TRPM8 subtype (menthol receptor) can
be selectively activated by cold (23-28°C), menthol, icilin or 3-T1AM and blocked by BCTC/AMTB (Figures 1D, Figures 5, 6) (Mergler et al., 2014; Khajavi et al.,
2017). Notably, a G-protein coupled receptor (GPCR) coupled to Gi/o proteins could be activated by 3-T1AM (Dinter et al., 2015a; Khajavi et al., 2017; Schanze et al.,
2017). 3-T1AM may also directly activate TRPM8 by a GPCR-independent mechanism (T[Ca2+]i]) (Khajavi et al., 2017). If TRPMS8 is activated by 3-T1AM, 3-T{AM
suppresses VEGRF via TRPV1 (Figures 7, 8). Notably, 3-T1AM may also directly suppress TRPV1 via VEGFR by a GPCR-independent mechanism (¢[Ca2+]‘])
(Figure 8) Menthol and icilin mimic the 3-T1AM effect and suppresses increases in TRPV1 activity by VEGF (Figures 9, 10).

3-T;AM may have dual effects that include activating TRPM8  that 3-T;AM may not be directly or solely targeting TRPMS8
and at higher concentrations also suppressing TRPV1 activation  (Figure 12).
induced by VEGF. As the effects of modulators of TRP channel

activity on Ca®" influx mirrored those on whole-cell currents . ..
(Figures 7, 8), this agreement supports the notion that 3-T{AM G Protein-Coupled Cannabinoid

has a relevant role in regulating VEGF-mediated Ca?* regulation Receptor-1 Modulates 3-T{AM
in tumor cells. In addition, we could demonstrate that TRPM8 ~ Suppression of TRPV1 Channels
activation by menthol or icilin mimic the 3-T1AM effect and is It has been suggested that 3-T; AM is a multitarget ligand (Zucchi
able to suppress increases in TRPV1 activity by VEGF (Figures 9, et al., 2014) interacting with different TRP channel subtypes
10). To the best of our knowledge, this report is the first one  including TRPMS (Khajavi et al., 2015, 2017; Lucius et al., 2016).
describing such control in both benign eye surface tumor cells  Since functional CB1 expression has been described in ocular
(Garreis et al., 2016) and now in metastatic UM 92.1 cells. On  tumor cells (Mergler et al., 2012a, 2014) and in healthy ocular
the other hand, the possible Ca®* signal transduction pathways  cells (Stumpff et al., 2005; Yang et al., 2010, 2013), we determined
activated by 3-T{AM as a specific activator of TRPM8 may  if 3-T; AM interacts also with the cannabinoid receptor 1 CBI.
be more complex as suggested in Figure 12 (Khajavi et al,  CBI activation by WIN 55,212-2 induced Ca?*transients, which
2017). were larger in a Ca%*t free conditions than with 2 mM external
There are numerous studies showing that 3-T{AM also  Ca’* (Figures 11A-C). On the other hand, 3-T;AM failed to
regulates beta-adrenergic receptors, trace amine-associated elicit a Ca’* transient in a Ca?" free medium (Figure 11F)
receptor 2, muscarinic receptors, and K+ channels (Scanlan etal.,  whereas in the presence of AM251 and external Ca%t in the
2004; Ghelardoni et al., 2009; Panas et al., 2010; Cichero et al,  medium 3-T;AM-induced Ca* transients that were larger in the
2014; Dinter et al., 2015b; Hoefig et al,, 2016). 3-T1AM has also  presence of the CB1 blocker than in its absence (Figures 11D,E).
been described as an antagonist of muscarinic type 3 receptor  Since CBI activation also suppresses TRPV1 activation (Yang
(Laurino et al,, 2016). Furthermore, beta-adrenergic receptors et al., 2013; Mergler et al., 2014), there may be an inverse
and muscarinic receptors are expressed in multiple melanoma  relationship between increases in TRPMS activity and declines
cells including primary uveal melanoma (92.1, Mel202) (Janik  in CBI activity. Overall, the mechanisms involved in 3-T;AM
et al, 2017). In addition, changes in K% channel activity = modulation of TRPV1 channels may also involves contributions
have been implicated in modulating progression of melanoma by other receptors such as CB1 and/or its coupled G-protein
(Oppitz et al., 2008; Luo et al,, 2017). These studies indicate  mediators.
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Clinical Relevance

3-T;1AM is a potential therapeutic agent for suppressing UM
expansion as already indicated in other studies demonstrating
that this thyroid hormone metabolite reduces cancer cell growth
and viability (Rogowski et al., 2017; Shinderman-Maman et al.,
2017). In UM cells, modulation of their metastatic activity
appears to include changes in TRPVI1 activity induced by
TRPMS and possibly CB1. The model for such control shown in
Figure 12 proposes that VEGF secreted by UM cells stimulates
intracellular Ca?* influx in endothelial cells, which is a requisite
for driving angiogenesis and promotes UM proliferation and
metastasis. Since TRPMS activation has an opposing effect on
TRPV1 activity, targeting TRPMS8 may provide an effective
alternative to suppress metastatic melanoma progression without
side effects. Such an approach appears to be tenable based on
the fact that functional TRPMS8 expression is only detectable
in the UM cells rather than PM cells. There is an urgent
need for further assessment of the validity of this option since
there are no measures currently available to reverse melanoma
metastasis.
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Purrosk. The heat-sensitive transient receptor potential vanilloid type-1 (TRPV1) channel (G.e.,
capsaicin [CAP] receptor) is upregulated in numerous cancers. This study determined if this
response occurs in fresh and cultured hyperplastic human pterygial epithelial tissues.

MEerHODS. Reverse transcriptase PCR and quantitative real-time PCR, along with immunohis-
tochemistry and Western blotting, characterized TRPV1 expression patterns in pterygial and
healthy conjunctival tissue, primary and immortalized pterygial cells (hPtEC), and primary
and immortalized conjunctival epithelial cells (HGjEC). Imaging of Ca*" and planar whole-cell
patch-clamping evaluated TRP channel activity. An MTS assay measured cell metabolic activity
and a cell growth assay monitored proliferation.

Resurts. Capsaicin (20 puM) and elevating bath temperature above 43°C activated Ca?*
transients more in hPtEC than HGJEC. Capsaicin induced corresponding changes in inward
currents that were inhibited by 20 uM capsazepine (CPZ). Vascular endothelial growth factor
(VEGF) also increased Ca**-influx and induced corresponding inward currents more in hPtEC
than in HGEC, whereas CPZ (20 pM), BCTC (20 uM), or La3™ (500 uM) reduced these
responses, respectively. Whereas epidermal growth factor (EGF) increased proliferation more
in hPtEC than in HGJEC, VEGF had no effect on this response. Capsazepine suppressed hPtEC
proliferation induced by EGF and VEGE whereas it was cytotoxic to HGEC.

Concrusions. Mitogenic responses to EGF and VEGF are mediated through TRPV1
transactivation. Only in hPtEC do the increases in proliferation induced by EGF exceed
those in HGJEC. Therefore, TRPV1 is a potential drug target whose clinical relevance in
treating pterygium warrants further assessment.

Keywords: pterygium, human conjunctival epithelium, transient receptor potential vanilloid 1
channel, VEGE EGE intracellular Ca?*, planar patch-clamp technique

terygium (conjunctivae) is a common ocular surface

hyperproliferative tumorous disorder. Its risk factors
include not only dust, wind, heat, dryness, and smoke, but
also chronic UV-B light exposure, which is the main risk factor.
In addition, viral infection and genetic factors contribute to
initiating and promoting this disease.!? Specifically, pterygium
incidence is greater in regions near the equator (pterygium
belt),"3-5> whereas in Europe it is substantially less.!-3-¢ Surgical
resection is the only option for reducing visual impairment
caused by a pterygium-related disturbance. Because of its high
recurrence rate (10%-70%), often repeated surgery may be
needed, which heightens the likelihood of regrowth, inflam-
mation, and scar formation.” Advanced pterygium frequently
leads to precorneal tear film dysfunction and dry eye disease
(DES). In the long term, it often results in reduced vision due to
astigmatism, tear film alterations, and movement restriction of

the bulbus.®

Vascular endothelial growth factor (VEGF) and its cognate
receptor are upregulated in pterygium tissue (PT).5-1° Reten-

iovs.arvojournals.org | ISSN: 1552-5783

tion of the pterygial cell phenotype appears to be location
specific, as this tissue does not infiltrate into the cornea,
suggesting that the corneal milieu is not supportive of this
process.?

Transient receptor potential (TRP) channels constitute a
superfamily of ligand-gated, nonselective cation channels
subdivided into seven subfamilies according to differences in
amino acid sequence homology (reviewed by Ramsey et al.l1).
The heat-sensitive TRP vanilloid receptor 1 (TRPV1, capsaicin
[CAP] receptor) channel is the most investigated TRP channel
and it is the only one whose three-dimensional structure was
determined.!?13 Besides being activated by heat (>43°C) and
CAP, exposure to acidity and hyperosmolarity can also induce
this response.'4-1¢ Furthermore, changes of TRPV1 expression
(in human skin) can be detected after UV irradiation.!”
Transient receptor potential V1 mediates heat shock-induced
matrix metalloproteinase-1 (MMP-1) expression in human
keratinocytes.'® However, diverse TRPV1 activation mecha-
nisms induced through various (physical) stimuli have not yet
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been elucidated. High-resolution analysis of TRPV1 structure
identified conformational changes in an outer pore domain and
lower gate domain through ligand-binding. Allosteric coupling
between both domains is responsible for a broad physiological
range of stimuli activating TRPV1 and other TRP channels.!?-2°
Ogawa et al.?! showed that the oxidative status of Cys residues
in the TRPV1 sequence modulated by reactive oxygen species
triggers TRPV1 activation through changes in the redox
environment. Additionally, TRP channels are mechanically
activated directly or by signaling cascades that alter lipid
composition, change conformation of plasma membrane and
open TRPs by mechanical force (reviewed in Liu and
Montell??). In Drosophila, photoreceptors and mammalian
photosensitive retinal ganglion cell phototransduction is
mediated by G protein-activated phospholipase C (PLC), which
generates a force in the lipid-bilayer opening TRP-Canonical
channels.?32%

Transient receptor potential V1 is expressed in human
conjunctival epithelial cells (HGJEC),?> human corneal endo-
thelial cells,?® corneal fibroblasts,?” and corneal epithelial cells
(HCEC)?®2? (reviewed in Ref.3?). Cellular constituent release
caused by a severe chemical injury also induces TRPV1
activation, followed by corneal opacification and chronic
dysregulated inflammation during wound healing.?7-2831:32 Ag
increases in cell proliferation in cancer are associated with
rises in functional TRPV1 expression and activity,333* we
hypothesized that this change is associated with conjunctival
hyperplasia in pterygium.

We show here that TRPV1 channel expression is upregu-
lated in human PT. This upregulation is associated with
dysfunctional Ca?* influx. Furthermore, the mitogenic respons-
es to EGF and VEGF are dependent on their respective cognate
receptors transactivating TRPV1, as suppression of TRPV1
activation by capsazepine (CPZ) inhibited the increases in
proliferation induced by these cytokines in human pterygial
cells (hPtECs).

MATERIALS AND METHODS

Materials

Capsazepine (CPZ) and icilin were obtained from Cayman
Chemical Company (Ann Arbor, MI, USA). N-(4-tert.butyl-
phenyD-4-(3-chloropyridin-2-yl) tetrahydro-pyrazine-1(2H)-car-
boxamide (BCTC) and fura-2/AM were obtained from TOCRIS
Bioscience (Bristol, UK). Vascular endothelial growth factor
was purchased from ThermoFisher Scientific (Waltham, MA,
USA). Medium and supplements for cell culture came from Life
Technologies Invitrogen (Karlsruhe, Germany) or Biochrom AG
(Berlin, Germany). All other reagents were purchased from
Sigma (Deisenhofen, Germany).

Tissue and Cell Preparation

Human PT was obtained after surgical removal from 21
patients with primary pterygium conjunctivae (no recurrent
lesions and no bilateral pterygia were included in the study) by
the Department of Ophthalmology, Charité University Medi-
cine Berlin, according to the tenets of the Declaration of
Helsinki. All patients provided written consent, which was
approved by the ethics committee of Charité, University
Medicine Berlin, Germany. For RT-PCR and Western blot
analysis, eight different PT samples were used and eight others
for immunohistochemistry analysis. For functional studies, PT
from another five patients was mechanically reduced to small
aggregates, incubated with 0.1 mg/mL collagenase type IV for 1
hour at 37°C, 5% CO,, 21% O,). After rinsing with 1X PBS,
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aggregates were incubated again with 0.01 mg/mL collagenase
IV for another 24 hours. Cells were rinsed again in 1X PBS and
isolated by centrifugation (5 minutes, 145 g). Afterward, cells
were transferred and cultivated in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham'’s F12 containing 10% fetal calf serum, 1
pg/mL insulin, 5 pg/mL hydrocortisone, and 100 U/mL
penicillin/streptomycin mix. After two to four passages, cells
were used for functional studies. In two of these cell
preparations, primary hPtEC underwent spontaneous immor-
talization after several cell passages. Primary conjunctival
epithelial cells obtained from healthy individuals were grown
under the same conditions only for two to four passages and
then discarded to avoid possible passage-dependent electro-
physiological changes. In addition, an immortalized HCJEC line,
was used and cultivated as previously reported.?>2° Further-
more, an SV40-immortalized human cornea epithelial cell line
(HCEC)?> was cultured according to our previous study.?>

Reverse Transcriptase PCR

Surgically removed PT was stored in RNAlater (Invitrogen,
Karlsruhe, Germany) at 4°C and later lysed in 1 mL peqGOLD
TriFast reagent (Peqlab, Erlangen, Germany) in an innuSPEED
Lysis Tube placed in a SpeedMill plus homogenizer (both
Analytik Jena AG, Jena, Germany). After centrifugation (10
minutes, 15,000 g), supernatants were used for RNA isolation.
Pterygium tissue DNA contamination was eliminated by
digestion with RNase-free DNase I (30 minutes, 37°C). DNase
was heat inactivated for 10 minutes at 65°C. Reverse
transcription of RNA samples to first-strand cDNA was
performed by RevertAidTM H Minus M-MulL V Reverse
Transcriptase Kit (Fermentas, St. Leon-Rot, Germany) accord-
ing to manufacturer’s protocol. Two micrograms total RNA and
10 pmol Oligo (dT) 18 primer (Fermentas) were used for each
reaction. Each PCR reaction contained 2 pL ¢cDNA in 2.5 pL
10X PCR buffer, 1 pL 50 mM MgCl,, 1 pL 10 mM dNTP mix
(Fermentas), 0.5 pL 10 pmol forward primer, 0.5 pL 10 pmol
reverse primer, 0.2 pL (5 U/pL) Taq DNA Polymerase
(Invitrogen) diluted with RNase-free diethylpyrocarbonate-
treated water. Polymerase chain reaction amplification under-
went an initial cycle at 95°C for 5 minutes followed by 35
cycles at 95°C for 30 seconds, primer-specific annealing
temperature for 30 seconds, 72°C for 30 seconds, and a final
elongation at 72°C for 5 minutes as well as a temperature hold
at 4°C. Gene-specific intron-spanning primer sequences,
annealing temperatures, cycle numbers, and product sizes
are shown in the Table. Primers were synthesized at Metabion
International AG (Steinkirchen, Germany). Polymerase chain
reaction products were resolved by electrophoresis in a 1.5 %
agarose gel and visualized via fluorescence. Base pair (bp)
values were compared with Genbank data. Reverse transcrip-
tase PCR product identity was confirmed by sequencing and
sequence alignment (data not shown). Genomic contamination
was prevented by omission of reverse transcriptase. House-
keeping B-actin gene expression assessed integrity and stability
of the reverse transcribed cDNA.

Real Time RT-PCR

Each reaction was performed in a final volume of 20 pL
containing 10 pL LightCycler 480 SYBR Green Mastermix
(Roche, Penzberg, Germany), 0.5 pL gene-specific primer mix
(10 pmol), 7.5 pL nuclease-free water, and 2 pL sample cDNA.
Each plate was run at 95°C for 2 minutes, followed by 45 cycles
at 95°C for 10 seconds, 60°C for 10 seconds, and 72°C for 10
seconds, and gene-specific transcript amplification was con-
firmed by obtaining a melting curve profile (60-95°C). The
cycle threshold (Ct) parameter was defined by second
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TaBLe. Gene-Specific Intron-Spanning Primer Sequences, Annealing Temperatures, Cycle Numbers, and Product Sizes of Biomarkers and TRPs

A, Size,

Gene Forward Primer Reverse Primer °C bp
RT-PCR
B-actin 5'-GATCCTCACCGAGCGCGGCTACA-3’ 5'-GCGGATGTCCACGTCACACTTCA-3’ 60 298
CK-3 5'-TGTACCAGACCAAGTTGGGG-3’ 5'-CGCCGTAACCTCCTCCATAG-3’ 58 456
CK-13 5'-CGGGATGCTGAGGAATGGT-3' 5'-GGGAAACCAATCATCTTGGCG-3’ 62 392
CK-15 5'-ACTGAGGAGCTGAACAAAGAGG-3’ 5'-CAAGCAGCATCTTGTACTCCT-3’ 58 280
Ki-67 5'-TATCAAAAGGAGCGGGGTCG-3’ 5'-TTGAGCTTTTCTCATCAGGGTCA-3’ 58 388
MMP7 5'-GTTTAGAAGCCAAACTCAAGG-3’ 5'-CTTTGACACTAATCGATCCAC-3’ 64 100
MUC5AC 5'-CCAAGGAGAACCTCCCATAT-3’ 5'-CCAAGCGTCATTCCTGAG-3’ 61 282
TRPV1 5'-CTCCTACAACAGCCTGTAC-3’ 5'-AAGGCCTTCCTCATGCACT-3’ 63 285
TRPV2 5'-CTCTGGTGGCTAGCCTGTCCTGACA-3’ 5'-TGGGATCCCGGAGCTTCTTCTCA-3’ 63 228
TRPV3 5'-GCTGAAGAAGCGCATCTTTGCA-3’ 5'-TCATAGGCCTCCTCTGTGTACT-3’ 65 288
TRPV4 5'-TACCTGTGTGCCATGGTCATCT-3’ 5'-TGCTATAGGTCCCCGTCAGCTT-3’ 60 379
TRPMS8 5'-CCTGTTCCTCTTTGCGGTGTGGAT-3’ 5'-TCCTCTGAGGTGTCGTTGGCTTT-3’ 65 621
Real-time RT-PCR

18S rRNA 5'-TGCCAGAGTCTCGTTCGTTA-3’ 5'-GGTGCATGGCCGTTCTTA-3’ 60 92
TRPMS8 5'-ACACTCAGTGAACAGCTCAACAG-3’ 5'-GCCAAAGTGAAGAACGACATC-3’ 60 93
TRPV1 5'-CCTGCAGGAGTCGGTTCA-3' 5'-CAGCAGCGAGACCCCTAA-3’ 60 65

derivative maximum analysis with LightCyler480 software v1.5
(Roche). To standardize mRNA concentration, transcript levels
of a reference gene in each sample, 18S rRNA was determined
in parallel and relative transcript levels were corrected by
normalization with the 18S Ct levels. All real-time RT-PCRs
were performed in triplicate and changes in gene expression
were calculated using the delta delta Ct method.3® Real-time
RT-PCR was performed using LightCycler 480 from Roche.

Immunohistochemistry

Surgically removed PT fixed in 4% formalin was embedded in
paraffin, sectioned (7 um) and deparaffinized. Immunohisto-
chemistry was performed with anti-TRPV1 (ACC-030; Alomone
Labs, Jerusalem, Israel), TRPM8 (HPA024117; Sigma Aldrich,
Munich, Germany), cytokeratin (CK)-13 (sc-57003; Santa Cruz
Biotechnology, Heidelberg, Germany), CK-15 (CBL1587417,;
Millipore, Darmstadt, Germany), and CK-19 (sc-53003; Santa
Cruz Biotechnology) antibodies, as previously described in
detail 2>37 Transient receptor potential V1 and -M8 antibody
specificity was confirmed based on elimination of antibody
reactivity by antibody preadsorption with 1 pg of a respective
blocking peptide per pg antibody. Furthermore, control
sections were incubated with nonimmune IgG to determine
possible nonspecific binding of IgG. The slides were examined
with a Keyence BZ 9000 microscope (Keyence Germany, Neu-
Isenburg, Germany).

Western Blot Analysis

Cells were lysed with 1% Triton X-100 for 30 minutes on ice
and centrifuged at 17,950 g for 5 minutes. Pterygium tissue
was lysed with peqGOLD TriFast reagent (Peqlab). Total
protein was isolated from phenol/chloroform phase as
described in the manufacturer’s protocol. Protein pellet was
dissolved in 10 M urea/50 mM dithiothreitol and sonicated
(HTU Sonil30; G. HEINEMANN, Schwibisch Gmiind, Ger-
many) for 3 seconds. Supernatant protein concentration was
determined with the Bradford assay. For Western blot analysis,
20 pg total protein was boiled for 5 minutes with a reducing
buffer containing f-mercaptoethanol and loaded onto 12% SDS-
PAGE, separated by electrophoresis and transferred to a
nitrocellulose membrane by blotting. Blots were blocked in
5% nonfat milk/TBST (1 mL Tween 20/1 L Tris-buffered saline)
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for 1 hour and probed with the primary antibody (1:100
dilution) overnight at 4°C. Washing with TBST was followed by
incubation with horseradish peroxidase-conjugated secondary
antibody (dilution 1:5000, 2 hours at room temperature).
Signal readout was determined by chemiluminescence with an
enhanced chemiluminescence substrate (Millipore) in Biorad
Universalhood II (Munich, Germany). Furthermore, every blot
was stripped with B-mercaptoethanol, 20% SDS, 1M Tris-HCl
pH 6.8 containing buffer at 70°C for 30 minutes. Afterward,
glyceraldehyde 3-phosphate dehydrogenase detection for
normalization was performed. Blots were analyzed and
quantified by Quantity One Software v4.6.9 (Biorad).

Proliferation Assay

Spontaneously immortalized hPtEC as well as HCJEC cells were
seeded at 10° cells/mL in 24-well cell culture plates. Cells were
cultivated under aforementioned standard conditions in 10%
fetal calf serum-containing DMEM/Ham’s F12 medium (Con-
trol). Cells were cultivated with 10 ng/mL epidermal growth
factor (EGF), 10 ng/mL VEGF in the presence and absence of
10 pM CAP and/or 10 pM capsazepine (CPZ). Medium with/
without additives was replaced every 48 hours. At the
indicated time points, cells were trypsinized and counted
under a phase-contrast microscope (Axiovert 40 CFL; Zeiss,
Oberkochen, Germany) using a Neubauer improved-hemocy-
tometer (BRAND, Wertheim, Germany). At every time point
and for each cell line, four different wells were counted.

Metabolic Cell Viability Assay

Using the CellTiter 96 AQueous MTS Assay System (Promega,
Mannheim, Germany) according to manufacturer’s protocol,
cells were cultured in serum-free medium supplemented with
either 10, 20, or 100 pM CAP as well as 10 or 20 pM CPZ,
respectively. Metabolic cell viability was measured after 24
hours by photometry in a plate reader (MWG, Ebersberg,
Germany) at 490 nm. Human pterygium epithelial cells and
HCJEC without additives were used as controls.

Fluorescence Calcium Imaging

Cells were seeded on sterile glass cover slips and loaded with
fura-2/AM (2 uM) for 20 to 50 minutes at 37°C. Loading was



Investigative Ophthalmology & Visual Science

Thermo-Sensitive TRP Upregulation in Pterygia

IOVS | May 2016 | Vol. 57 | No. 6 | 2567

A B 2 8 C  0OHcec
g & 31 M hPtEC *
&) -
i [ @ [¢] 3
O 0 & § v & =
I I £ =2 0 Z CK13 52kDa z
o 2
MMP7 100bp g
CK15 W 45kDa G *
>
et = — g
© 1
CK19 o +20a 8
MUC5AC 282bp g
GAPDH s s 37kDa ©
JN -
CK13 392bp
cras n eeive
e — i :
Fractn = 29809

FiGure 1.

Characterization of spontaneously immortalized hPtECs. (A) Reverse transcriptase PCR analysis revealed gene expression of MMP7, Ki-

67, Muc5AC, and CK-13, -15, and -3 in cultivated hPtEC as well as PT. Limbal stem cells (LSCs) as well as HCECs and HCJECs were used as controls
and show a similar expression profile. (B) Detection of CK-13, -15, and -19 proteins in cultivated HCJEC and hPtEC by Western blot analysis. (C)
Statistical analysis of Western blots shows increased CK-15 and -19 protein levels in cultivated hPtEC compared with HCJEC. Results presented as
mean * SEM of three independent experiments (12 = 3). *P < 0.05 (2-tailed Student’s #-test). (D) Localization (red staining) of CK-13, -15, and -19 in
formalin-embedded paraffin section of pterygia by immunohistochemistry. Pterygium epithelial cells (Ep), lamina propria (Lp), and blood vessels

(arrow) are marked. Nuclei (blue) counterstained with hemalaun.

stopped by replacing the dye containing culture medium with
a Ringer-like (control) solution optimized for TRP detection3®
whose composition was in mM: 150 NacCl, 6 CsCl, 1 MgCl,, 10
glucose, 10 HEPES, and 1.5 CaCl, at pH 7.4. Washed cover slips
were put into a bath chamber containing the aforementioned
Ringer-like solution on the stage of a microscope (Olympus
BW50WI; Olympus Europa Holding GmbH, Hamburg, Ger-
many) in conjunction with a digital imaging system having UV
excitation capability (TILL Photonics, Munich, Germany). Cells
were alternately excited at 340 and 380 nm and fluorescence
emission was detected from cell clusters every 500 ms at 510
nm. The ratio (f340nm/f380nm) 1S a relative index of intracellular
Ca?t ([Ca?'] levels.®® The 340- and 380-nm signals were
always detectable and did not distort the ratio. The measuring
field was adapted to the number of cells (TILL Photonics view-
finding system). Before the experiments, stable control
baseline levels were obtained for 8 to 10 minutes. The control
traces are designated with open circles in the figures. All
experiments were performed at a constant room temperature
(= 20°-23°C) because experiments performed at higher
temperatures led to increased Ca** levels due to increased
open probability of thermosensitive-TRPs in ocular surface
cells.?>2% Stock solutions of drugs were prepared in dimethyl
sulfoxide (DMSO). Dimethyl sulfoxide concentrations below
0.1% had no detectable effect on intracellular Ca®" regulation
(data not shown).37:40

Planar Patch-Clamping

The whole-cell mode (“Port-a-Patch”; Nanion, Munich, Ger-
many) was used in combination with an EPC 10 patch-clamp
amplifier (HEKA, Lamprecht, Germany) and PatchMaster
software (Version 2.4; HEKA).254° In brief, the standard
intracellular solution contained in mM: 50 CsCl, 10 NaCl, 60
CsE 20 EGTA, and 10 HEPES-acid at pH of approximately 7.2
and approximately 288 mOsM, which was applied to the inner
side of the microchip. The external solution contained in mM:
140 NaCl, 4 KClI, 1 MgCl,, 2 CaCl,, 5 D-glucose monohydrate,
and 10 HEPES (pH ~ 7.4 and osmolarity ~ 298 mOsM) was
present on the external side of the microchip (resistance of
2.5-3.0 MQ). A single cell was held in place in the aperture by
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applying negative pressure (software-controlled pump). The
mean membrane capacitance of HGJEC was 13 pF £ 1 pE
Mean access resistance was 11 = 1 MQ (both n = 26). For
hPtEC, the corresponding values were 9 pF = 1 pFand 37 *+ 4
MQ (both 1 = 26), respectively. Series resistances, and fast and
slow capacitance transients were compensated by the patch-
clamp amplifier. Current recordings were all leak-subtracted
and cells with leak currents above 100 pA were excluded from
analysis. The I-V response patterns were generated by
imposing voltages in 10 mV steps from —60 mV to +130
mV.4! The holding potential was set to 0 mV to eliminate any
possible contribution of voltage-dependent Ca®" channels.

Statistical Analysis

Student’s #test for paired data (P values: 2-tailed) was used if
the data passed a normality test. If this failed, the nonpara-
metric Wilcoxon matched pairs were used. For nonpaired data,
Student’s #test for unpaired data was used, after passing a
normality test. Alternatively, the nonparametric Mann-Whitney
U test was performed. Welch’s correction was applied if data
variance of the two groups was not at the same level.
Probabilities of P < 0.05 (indicated by asterisks [*] and
hashtags [#]) were considered to be significant. The number of
repeats is shown in each case in brackets, near the traces or
bars. All values are means = SEM. All plots were generated
with SigmaPlot software version 12.5 (Systat Software, San
Jose, CA, USA). Bar charts were plotted with GraphPad Prism
(version 5) (La Jolla, CA, USA).

REesuLTs
Validation of hPtEC Phenotype

Reverse transcriptase PCR documented biomarker gene
expression of pterygium (MMP7 and Ki-67) and conjunctiva
(MUCS5AC, CK-13 and -15)*2 in spontaneously immortalized
hPtECs and in PT (Fig. 1A). Western blot analysis shows
increased protein levels of CK-13, -15, and -19 in hPtEC
compared with HCJECs. In hPtECs, there was a 2.9-fold
increase in CK-13, 11.4-fold increase in CK-15 and 96.9-fold
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Gene and protein expression of temperature-sensitive TRP channels in pterygia. (A) Reverse transcriptase PCR analysis revealed gene

expression of TRPV1, 2, 3, and 4 and TRPMS in hPtECs and PT. Limbal stem cells, HCECs, and HGJECs show a similar thermo-TRP gene expression.
(B) Western blot analysis revealed increased TRPV1 protein expression in cultivated hPtEC (2-fold) as well as PT (4.8-fold) compared with HCJEC.
(O) Intracytoplasmic immunoreactivity (red staining) of TRPV1 and TRPMS antibody in formalin-embedded paraffin section of pterygia. Pterygium
Ep, Lp, and blood vessels (arrow) are marked. Nuclei (blue) counterstained with hemalaun. (D) Real-time RT-PCR revealed upregulation of TRPV1
gene expression in cultivated hPtEC compared with HCJEC. Results presented as mean = SEM of three independent experiments (1 = 3). *P < 0.05

(2-tailed Student’s #-test).

increase in CK-19 protein expression compared with HCJEC
(Figs. 1B, 1C). In formalin-fixed paraffin-embedded (FFPE)
sections of PT obtained from eight different patients, CK-13, -15,
and -19 expression were identified in hPtEC (Fig. 1D). There was
pronounced intracytoplasmic CK-13 reactivity in intermediary
and superficial pterygial epithelial cell layers, but no reactivity in
the basal cell layer. Weak CK-15 expression was evident in all the
pterygial epithelial layers along with CK-19 immunoreactivity in
the intermediate cell layer. In the superficial epithelial cells, CK-
19 expression was more intense. There were no significant
differences in CK expression in these different pterygial samples
irrespective of age or sex. Control sections with nonimmune
1gGs were negative (not shown).

Temperature-Sensitive TRP Channel Expression

In hPtEC, PT, immortalized HCEC, HGJEC, and limbal epithelial
cells, there was TRPV1, 2, 3, and 4 and TRPMS8 gene expression
(Fig. 2A). The TRP gene expression profiles were similar to one
another and the B-actin control PCR (298 bp) products were
invariant in all samples. Real-time RT-PCR analysis revealed
significant TRPV1 gene expression upregulation (P = 0.042) in
hPtEC compared with HGJEC. In the no template controls
(NTC), contaminating genomic DNA was absent. Transient
receptor potential V1 protein expression levels were approx-
imately 2-fold and 4.8-fold higher in hPtEC and PT, respectively,
than those in HCEC and HGJEC (Fig. 2B). In addition, there was
TRPV1 and TRPMS localized expression in FFPE sections of
pterygia (Fig. 2C). Transient receptor potential V1 and weaker
TRPMS intracytoplasmic reactivity was evident in pterygial
epithelial cells in all epithelial layers. Transient receptor
potential V1 immunoreactivity was also present in vascular
endothelial cells of the lamina propria. There was less intense
intracellular TRPM8 immunoreactivity in PT sections, but none
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was detected in the lamina propria. In all cases, no reactivity
was detected with each preadsorbed primary antibody.

Functional Heat-Sensitive TRPV1 Expression

In hPtEC expanded from five patients, the f340,m/f380nm ratio
irreversibly increased after heating (>43°C) from 1.197 =
0.004 to 1.556 = 0.045 (at 320 seconds; 7 = 22; **P < 0.005,
paired tested; Fig. 3A, left), but this response was partially
suppressed by the TRP channel blocker lanthanum-III-
chloride (La>*; 100 uM) (1.377 * 0.035; n = 18; **P < 0.01;
Fig. 3A, right). Similar results were obtained in HCJEC (Fig.
3B; 1.628 = 0.049; n=>5; **P < 0.01, paired tested) and HCEC
(Fig. 3C; 1.440 = 0.065; n = 10; **P < 0.01, paired tested),
which could also be suppressed by La3*t (Figs. 3B, 30).
However, there was a sustained increase in intracellular CaZt
after heat stimulation only in hPtEC. This was not obvious in
HCJEC and HCEC and the Ca?' transients were not
significantly different shortly after heat stimulation. Specifi-
cally, after heat stimulation for 4 minutes, the duration of the
TRPV1 response was longer in hPtEC than in HCJEC and
HCEC (Fig. 3D). Moreover, the transient decline was more
gradual in hPtEC than HCEC (Fig. 3A versus Fig. 3C). With
hPtEC at 320 seconds, the f340nm/f380nm ratio rose to 1.556 *
0.045; n =22 and fell slightly to 1.478 = 0.059; n = 22 at 480
seconds. On the other hand, with HCJEC, the f340nm /f380n0m
ratio rose less, from 1.200 = 0.001 to 1.370 = 0.022 (n=11;
P < 0.005, paired tested; Figs. 4A, 4B). Subsequent to
reaching a peak, it partially declined to 1.315 £ 0.012 in
HCGJEC (n = 11; *P < 0.05, paired tested). Although the Ca**
transient peaks were not different from one another in HGJEC
and hPtEC (Fig. 3), at 480 seconds intracellular Ca®* level
remained at a higher level in hPtEC (480 seconds; Fig. 3D).
Using instead primary freshly isolated hPtEC and comparing
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Ficure 5. Capsaicin-induced increases of whole-cell currents in immortalized HCJEC and in hPtEC. (A) Simplified scheme of whole-cell
configuration of the planar-patch clamp technique. (B) Voltage stimulation protocol. Holding potential was set to 0 mV to avoid any voltage-
dependent ion channel currents. (C) Whole-cell channel currents induced by depolarization from —60 mV to +130 mV after establishing the whole-
cell configuration (with leak current subtraction) under control conditions. (D) Whole-cell channel currents in the presence of 20 pM CAP. (E)
‘Whole-cell channel currents in the presence of 10 uM CPZ. (F) Effect of CAP and CPZ in HGJEC is shown in a current/voltage plot (I-V plot). For the
I-V plot, maximal peak current amplitudes were plotted against the voltage (mV) and normalized to cell membrane capacity (current density; pA/
pP). The upper trace (filled quadrangles) was obtained in the presence of 20 uM CAP and the trace below (bash marks) in the presence of 10 uM
CPZ. The third (lower) trace (open circles) was obtained under control conditions. (G) Same plot as shown in (F) but data are from hPtEC and taken
from (C), (D) and (E). () Comparison of whole-cell current densities of HCJEC and hPtEC from a patient with pterygium. The inward currents of
hPtEC were at higher levels compared with those of HGJEC. The asterisks (*) indicate significant differences between controls (Ca** base levels; n =
11-22) and CAP-induced whole-cell currents (12 = 11-22) (paired Student’s #-test). The bash marks (#) between the filled bars indicate significant
differences between HGJEC and hPtEC from a patient with pterygium (unpaired Student’s /test).

not significantly different from that in immortalized HCJECs (Fig.
5H). On the other hand, CAP increased inward currents in hPtEC
(=60 mV) from —12 *= 1 pA/pF up to —31 * 6 pA/pF (P < 0.01;
n = 16) (Figs. 5C, 5D), which was slightly larger than that
occurring in healthy HGJECs (—16 * 2 pA/pF; Figs. SF-H). The
TRPV1 channel blocker CPZ caused these currents in hPtEC to
fall by —15 £ 1 pA/pF more than in HCJEC. This difference more
definitively reflects larger functional TRPV1 activity in immor-
talized hPtEC than immortalized HGEC.

Heightened Functional TRPV1 Behavior in hPtEC

To validate that the difference in inward currents is account-
able for larger Ca*" influx in immortalized hPtEC than HGJEC,
we compared the magnitudes of the Ca?" transients induced by
CAP. Results shown in Figures 6D-F indicate that the CAP-
induced Ca*" transients were at higher levels in immortalized
hPtEC than in HGJEC. Specifically, the fs40nm/f380nm ratio
increased from 1.201 = 0.002 to 1.231 * 0.045 after CAP
application (20 uM) in immortalized hPtEC (n = 31; ™P <
0.005, paired tested; Fig. 6D), whereas in HGJEC, this ratio
increased less from 1.200 £ 0.0003 to 1.209 = 0.003 (7 =12;
##P < 0.01, unpaired tested; Figs. 6D, 6F). These increases
were smaller than those induced by heating to 43°C, as heating
is less specifically activating TRPV1 than CAP. A difference in
selectivity also is apparent between exposure to CAP and a
hypertonic stress because the latter condition induced larger
CPZ inhabitable intracellular Ca?* transients (Figs. 6A-C). This
difference among the effects of CAP, hypertonicity, and heating
are not attributable to baseline variations, because in the
absence of CAP, the baseline levels remained constant and
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were identical to one another in HCjEC and hPtEC (Figs. 6D-F;
n = 13-19; open circles). Taken together, these results suggest
that functional TRPV1 expression in hPtEC is at higher levels in
immortalized hPtEC than in HGJEC.

Dependence of VEGF-Induced Ca?' Influx on
TRPV1 Transactivation in hPtEC

As shown in Figure 7B, VEGF increased the f340nm/f380nm ratio
from 1.202 * 0.002 to 1.225 *= 0.006 ( = 480 seconds) in
hPtEC (7= 6; *P < 0.05, paired tested), whereas the VEGF effect
was smaller in HCJEC (Fig. 7A). On the other hand, in hPtEC, 20
uM CPZ as well as a mixed TRPV1/TRPMS8 antagonist, 20 pM
BCTC,*3 both caused the Ca?* transients to even fall below their
baseline (Figs. 7C, 7D). Corresponding effects of 10 ng/mL VEGF
on inward currents indicate that they increased from —18 * 2
pA/PF to =54 £ 11 pA/pF (n = 6-12; **P < 0.005; unpaired
tested in hPtEC; Fig. 8H), whereas rises in outward currents
were smaller (Figs. 8D, 8H). Notably, 20 pM CPZ inhibited the
inward currents (—20 *£ 4 pA/pF; n = 8; P < 0.01; unpaired
tested), whereas 500 pM La*" only partially decreased these
currents (Figs. 8A-D). This agreement between the suppressive
effects of CPZ on VEGF-induced rises in inward currents and
Ca?" transients supports the notion that the Ca®*' transients
induced by VEGF are mediated through TRPV1 transactivation.

Human Pterygium Epithelial Cells and HCJEC
Proliferation Behavior
As functional TRPV1 activity is larger in immortalized hPtEC

than in HCJEC, we hypothesized that hyperplastic hPtEC
activity is dependent on enhanced TRPV1 channel activity
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Ficure 6. Capsaicin and hypertonic challenge induce Ca?* entry in hPtEC. Data are mean = SEM of 6 to 31 experiments. (A) Hypertonic challenge
(450 mOsM) resulted in Ca?' elevation in hPtEC. Traces show intracellular Ca?* measurements with hypertonic challenge (1 = 6) and without
hypertonic challenge (12 = 10) (control Ca** baseline). (B) Similar experiments as shown in (A). The trace shows intracellular [Ca?]; measurements
with hypertonic challenge in the presence of CPZ (n =11). (C) Summary of the experiments with hypertonic challenge and CPZ. The hypertonic-
induced Ca?* increase could be clearly suppressed by CPZ. The asterisks (*) indicate significant differences between controls (Ca%* base levels; n =
6) and hypertonic stress-induced Ca?* increases on [Ca®']; (n = 11) (paired Student’s -test). The hash marks (#) between the filled bars indicate
significant differences of hypertonic stress-induced Ca?* response with and without CPZ (unpaired Student’s #test). (D) Application of 20 pM CAP
resulted in Ca®* elevation in HGJEC. Traces show intracellular Ca?* measurements with CAP (2 = 12) and without CAP (1 = 13) (control Ca*" base
line). (E) Similar experiments as shown in (A). Traces show intracellular [Ca?"]; measurements with CAP (12 =31) and without CAP (1 = 19) (control
Ca?* baseline). (F) Comparison of Ca?" entries in HCGEC and immortalized hPtEC. The Ca*" entry in hPtEC was at higher levels compared with those
of HCJEC. The asterisks (*) indicate significant differences between controls (Ca*' base levels; n = 12-31) and CAP-induced Ca?* increases on
[Ca?t]; (n = 12-31) (paired Student’s rtest). The bash marks (#) between the filled bars indicate significant differences between HGEC and
immortalized hPtEC (unpaired Student’s #test).

mediating larger Ca*" influx. To test this hypothesis, time-  Capsazepine Suppresses EGF-Induced Cell
dependent increases in cell proliferation were compared Proliferation in hPtEC

between spontaneously immortalized hPtEC and HCJEC. The

results shown in Figure 9A indicate that the number of  The mitogenic responses by hPtEC and HGEC to 10 ng/mL

cultivated hPtECs was significantly greater at all time points EGF were compared to determine if they corresponded with
examined (*Py4 < 0.05, *Psg < 0.01, ™Psy 540 < 0.00D). differences in TRPV1 channel activity between these cell types.
During the long exponential growth phase extending from 24 Epithelial growth factor-induced mitogenic responses were

to 168 hours, the population-doubling time of immortalized larger in hPtEC than in HCJEC. (Figs. 10A, 10C). After 96 hours,
hPtEC was 39.09 hours compared with 54.27 hours for HGJEC, cocultivation of hPtEC with EGF/CPZ cell amount was higher

which showed no exponential growth phase. compared with that with CPZ alone (**P < 0.01). This partial
Furthermore, we determined if this increase in immortal- inhibitory effect of CPZ suggests that other pathways besides
ized hPtEC proliferation was associated with rises in metabolic TRPV1 contribute to mediating a rise in Ca*" influx needed to

activity. In HGJEC 5 pM (*P < 0.05) and 100 uM (**P < 0.001) induce an increase in proliferation. Capsaicin (10 pM) did not
CAP significantly decreased metabolic cell activity after 24 affect proliferation in HCJEC until 96 hours when it began to
hours of cultivation (Fig. 9B). On the other hand, in instead inhibit this response (Fig. 10A). Similarly, CPZ inhibited
immortalized hPtEC, both 5 and 20 uM CAP (**P < 0.001) HCjEC cell proliferation and became cytotoxic (Figs. 10B, 10D;
increased metabolic activity. Cultivation with CPZ (10 uM) 7 Pyas96 < 0.001). After another 48 hours of exposure to CPZ,
maximally increased immortalized hPtEC metabolic cell there were no remaining viable HCJECs. Taken together, these
activity (**P < 0.01), because at 20 puM its effect was results suggest that larger functional TRPV1 activity in hPtEC
indistinguishable from that at the lower concentration. On than HCJEC is sufficient to induce hyperplastic pterygial
the other hand, it had no effect after 24 hours in HGJEC. epithelial cell behavior. Nevertheless, TRPV1 activation con-
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Figure 7. Vascular endothelial growth factor-induced increases of intracellular Ca®* in immortalized HCJEC and in hPtEC. Data are mean = SEM of
4 to 11 experiments. (A) Application of 10 ng/mL VEGF resulted in Ca?* elevation in HGJEC. Traces show intracellular Ca** measurements with
VEGEF (filled circles, n=11) and without VEGF (n=4) (control Ca?" baseline). (B) Similar experiments as shown in (A) but with hPtEC. Traces show
intracellular [Ca®*']; measurements with VEGF (filled circles, n = 6) and without VEGF (1 = 4) (control Ca?" baseline). (C) Similar experiments as
shown in (B) but in the presence of 20 uM CPZ (left) or 20 uM BCTC (right). The VEGF-induced Ca** entry was completely abolished in the
presence of CPZ or BCTC. (D) Comparison of Ca?" entries in HGEC and immortalized hPtEC. The Ca?" entry in hPtEC was at higher levels
compared with those of HCGJEC (480 seconds). The asterisks (*) indicate significant differences between controls (Ca®* base levels; 7 = 12) and
VEGF-induced Ca?" increases on [Ca*']; (n = 31) (paired Student’s ttest). The hash marks (#) between the filled bars indicate significant
differences between HGJEC and immortalized hPtEC and VEGF effect with and without CPZ/BCTC (unpaired Student’s ztests).
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Ficure 8. Vascular endothelial growth factor-induced increases of whole-cell currents in hPtEC. (A) Time course recording showing the current
increases by 10 ng/mL VEGF and current density levels after adding La>* (500 uM). (B) Original traces of VEGF-induced current responses to voltage
ramps. Current densities are shown before application (labeled as [A]), during application of VEGF (labeled as [B]) and after addition of La*
(labeled as [C]). Data were obtained from the data shown in (A). Notable, there was a partial decrease of VEGF-induced in- and outward currents in
the presence of La3*. (C) Maximal negative current density induced by a voltage step from 0 mV to —60 mV are depicted in percent of control values
before application of VEGF and La>* respectively (lef?). Vascular endothelial growth factor-induced inward currents could be partially suppressed in
the presence of La>* (500 uM). Same analyses are shown on the right, but of steps from 0 mV to 130 mV. (D) Summary of the experiments with
VEGF and La>". The asterisk (*) indicates a statistically significant difference of whole-cell inward currents with and without VEGF (n=5; *P < 0.05;
paired tested). (E) Similar recordings as shown in (A), but with CPZ (20 pM) from approximately 250 seconds. (F) Similar traces as shown in (B) but
with CPZ instead of La3>*. Notable, there was a clear decrease of VEGF-induced inward currents in the presence of CPZ (lower trace). (G) Similar
diagrams as shown in (C) but with CPZ instead of La>*. (H) Summary of the experiments with VEGF and CPZ. The asterisks (*) indicate statistically
significant differences of VEGF-induced increases of inward currents with and without CPZ (n = 6-8; **P < 0.01 at the minimum; unpaired tested).
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Ficure 9. Cell proliferation and metabolic cell activity in HCjEC and hPtEC. (A) Human pterygial cells showed an increased cell proliferation
compared with HCJEC. Total numbers of cells were counted at the indicated time points. Human conjunctival epithelial cells, as well as hPtECs,
were cultivated under standard conditions. All data presented as mean * SEM of four independent experiments (z = 4). For statistical evaluation of
cell counts, 2-way ANOVA and Bonferroni posttests were performed. (B) Metabolic cell activity is affected by TRPV1 agonist CAP in both cell lines,
whereas TRPV1 antagonist CPZ affected only hPtEC. Human conjunctival epithelial cells and hPtECs were incubated with 5, 20, and 100 uM CAP, as
well as 10 and 20 uM CPZ for 24 hours. Metabolic cell activity was colorimetric analyzed by MTS assay. Cells cultivated in standard medium
containing DMSO were used as controls and set to 100%. Values represent mean = SEM of eight independent experiments (z = 8). Statistical
significance was calculated by 1-way ANOVA and Dunnet’s posttests and indicated by asterisks (*P < 0.05; ™P < 0.01; **P < 0.001) and bhashtags

7P < 0.00D).

tributes to these mitogenic responses because CPZ always had
an inhibitory effect on cell proliferation in hPtEC.

DIscussiIoN

By comparing TRPV1 characteristics in clinical pterygial
samples and a spontaneously immortalized pterygial epithelial
cell line (hPtEC) with those in freshly isolated conjunctival
tissue and an immortalized HGJEC counterpart, our results
indicate that hyperplastic pterygial cell activity is associated
with heightened TRPV1 channel expression levels and
functional activity. This association suggests that larger TRPV1
activation may support an increased cell proliferation as a
consequence of increased Ca?' influx. Such an effect may
more fully activate the mitogen-activated protein kinase
(MAPK) signaling pathways mediating growth factor receptor
control of proliferation.?844

Functional TRPV1 activity was characterized in these
different tissue preparations by contrasting the effects of
raising the bath temperature above 43°C (specific for
TRPV1'41%) with those induced by CAP on Ca?" transients
and underlying ionic currents. The involvement of TRPV1 in
inducing these changes was validated by showing that these
responses were suppressed during exposure to either La>" or
CPZ. These TRPV1-mediated Ca*" transients and current
response patterns correspond to those described in many
studies using different cell types, including tumor
cells,26:27,38:40.45-48 Because TRPV1 expression and activity
are elevated in cancerous tissue, it is conceivable that TRPV1
and possible endogenous modulators may be a potential drug
target to suppress proliferation not only in malignant tumors
but also in benign hyperplastic tumors, such as pterygium
(reviewed by Santoni et al.*).

TRPV1 Expression and Functional Relevance

An association between increases in functional TRPV1 activity
and proliferation in immortalized hPtEC relative to that in
HCjEC is similar to what was described in retinoblastoma cells
and in various other tumorous tissues.“ Increased functional
TRPV1 expression in immortalized hPtEC (Figs. 4-6) suggests
that reducing its activity may resolve tumor progression if
increases in its activity precede or occur as a consequence of

Downloaded From: https://iovs.arvojournals.org/ on 08/27/2018

81

pterygial development. Dysregulated TRP channel activation
contributes to also triggering, aberrant differentiation, and
resistance to apoptotic cell death leading to uncontrolled
tumor invasion (spread) (reviewed by Santoni et al.%9).

Transient Receptor Potential V1 (also classically known as a
pain receptor>°-3?) is a nociceptor that is a potential drug
target for inhibiting cancer pain in bone metastases, pancreatic
cancer, and most likely in other cancers (reviewed in
Refs.3453). Additionally, TRPV1 is also expressed at a multitude
of nonneuronal sites, which is prompting many studies
probing for their possible involvement in disease progression.
Besides TRPV1, our RT-PCR results indicate that there is also
TRPV2 and TRPMS gene expression in PT. It is noteworthy that
TRPV2 mRNA level in PT appears to be higher than in HGEC
(Fig. 2). Similar to TRPV1, TRPV2 is also elevated in cancerous
cells compared with their healthy counterparts.>® Further-
more, TRPV2 expression may be relevant for supporting the
pterygial phenotype, because activation of TRPV2 is associated
with release of VEGF in RPE cells.*> Similarly, TRPMS
expression may contribute to the pterygial transition, as this
channel plays a role in cancer diseases concerning by
modulating proliferation and cell cycle progression.>> Notably,
TRPMS is functionally expressed at higher levels in hPtEC (data
not shown) compared with human corneal epithelial cells and
conjunctival epithelial cells,*">® whereas TRPMS8 mRNA
expression was not significantly different (Fig. 2). These
disconnects show that there is not always an association
between changes in TRP mRNA expression and their
functional expression.

TRPV1 Characteristics

Inducing TRPV1 activation by a thermal stress led to
continuous larger sustained intracellular Ca?* increases after
initiating heating in primary hPtEC (Fig. 3A) than in
immortalized HCJEC or HCEC (Figs. 3B, 3C). This difference
in the Ca®" response patterns suggests a possible Ca" signal
remodeling in tumorigenic from that in nontumorigenic
cells.>” More specifically, the time-dependent Ca** transient
recovery subsequent to reducing the bath temperature back to
22°C was different between hPtEC and HGJEC. In primary
hPtEC, there was no reversal, whereas in HCJEC, temperature
restoration to 22°C caused a partial recovery toward its
baseline level (Fig. 3B). This limited baseline restoration in



Investigative Ophthalmology & Visual Science

Thermo-Sensitive TRP Upregulation in Pterygia

A

1500

hPtEC

- EGF

=+ CPZ

-+ EGF+CPZ
-+ CAP

=
o
o
o

1 -+ Control

cells x10°

o
=]
i

48 72 96

hours

o

HCJEC
- EGF

= CPZ

~ EGF/CPZ

—~ CAP

- Control

100

80

60

cells x 10°

40

20

hours

hPtEC

2000 VEGF

= CPZ
+ VEGF/CPZ
- Control

1500

1000

cells x 10°

o
o
k=]

0 24 48 72 96
hours
HCJEC
3007 o vEGF
-+ CPZ
- VEGF/CPZ
-~ Control

cells x 10°

0

48
hours

72 96

IOVS | May 2016 | Vol. 57 | No. 6 | 2574

hPtEC 96h

1500

-
o
=3
=

cells x 10°

12
=3
=

cells x 10°
(=23
o

'
1)

cells x 10°

HCjEC 96h
ok

#iE xk

cells x 10°

& \cﬁil'
B
K4

Ficure 10. Cell proliferation in hPtEC and HCJEC with and without TRPV1 modulators as well as pterygium-associated growth factors.
Capsazepine (10 pM) suppressed EGF- but not VEGF-induced cell proliferation in hPtEC at long-term cultivation. Capsaicin (10 pM) did not affect
cell proliferation of hPtEC. Both TRPV1 modulators had a cytotoxic effect in HGGEC. (A—D) Cell proliferation assays. Human pterygial cells (A, C), as
well as HGJEC (B, D), were cocultivated with CAP (10 pM), CPZ (10 pM), EGF and VEGF (each 10 ng/mL), and CPZ together (EGF/CPZ and VEGF/
CPZ) as well as without additives (control) up to 96 hours. Total numbers of cells were counted every 24 hours. (E-H) Detailed statistical analysis of
cell proliferation in hPtEC (E, G) and HGJEC (F and H). All data are presented as mean = SEM of four independent experiments (1 = 4). For statistical
evaluation of cell counts, 1-way ANOVA and Bonferroni posttests were performed. Statistical significance is indicated by asterisks (P < 0.05; ™P <
0.01; **P < 0.001) and hashtags (*"P < 0.01; 7P < 0.001). n.d., no detectable cells.

HCJEC is somewhat similar to the complete recovery that
occurred in immortalized HCEC?® (Fig. 3C). Even though these
are immortalized cell lines, their similar recovery patterns
indicate that Ca** extrusion mechanism activation is sufficient
to offset Ca*" influx. In primary HGEC, the recovery pattern
was similar to that in immortalized HCJEC (Fig. 4A, open
circles). Another suggestion of Ca?" regulation remodeling in
hPtEC is that the intracellular Ca*" level was always higher in
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primary hPtEC than in normal tissues (Fig. 4A, filled circles).
Such remodeling may involve TRPV1 upregulation along with
overexpression. This suggestion of Ca?' signal remodeling is
based on similar differences in Ca?" transients between other
hyperproliferative cancerous and normal tissues.’”-5% For
example, Stewart et al.>” suggested, in their hypothetical
remodeling of Ca** signaling, that lack of recovery is linked
with a sustained increase in intracellular Ca?" tumorigenic
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cells. Notably, this indication of Ca** remodeling may account
for the lack of recovery in both immortalized pterygial cells
and in uveal melanoma cells.*” The more prolonged Ca%*
transient in tumor cells suggests that TRPV1 open probability
time is longer than in healthy controls. Another possibility for
the lack of recovery is that calcium extrusion mechanism
functional behavior (i.e., Nat/Ca?" exchanger and/or plasma
membrane calcium ATPase) may be reduced in pterygial cells.
The correspondence between the heatinduced Ca*"
transients and underlying ionic currents was validated by
showing that CAP and CPZ had similar modulatory effects on
TRPV1 activity. Another result reflective of TRPV1 involvement
is that the reversal potential was always near 0 mV, which is
consistent with behavior of a nonselective cation channel. On
the other hand, any possible contributions by CI~ channel
currents are unlikely because isosmotic substitution of NaCl
with Na-gluconate Ringers did not change whole-cell cur-
rents.?® The CAP-induced inward current densities were larger
in hPtEC than in HCJEC, whereas the outward current densities
were not significantly different from one another (Fig. 5). This
larger inward current indicates that Ca*" influx is greater in
hPtEC due to TRPV1 activation eliciting larger Ca®*" influx
along a favorable bath to cell electrochemical Ca*t gradient.
However, the outward currents involve other ions than Ca?",
which do not permeate against an unfavorable electrochemical
gradient from cell to bath. Such a difference between the
effects of CAP on the inward and outward currents supports
the notion that the larger inward currents in cultivated hPtEC
are attributable to greater functional TRPV1 activity in
hyperplastic immortalized pterygial cells than in HCJEC.

Differential Responses by Cell Types to TRPV1
Channel Modulators

Capsaicin induced larger Ca?* transients and whole-cell
currents in immortalized hPtEC than in HCJEC, which were
blocked by CPZ and BCTC (Figs. 7A-D, 8E-H). As this
difference may be associated with hyperplastic activity in
immortalized PT, we determined if mitogenic responses to EGF
were dependent on Ca?" influxes induced by TRPV1
activation. As CPZ had corresponding inhibitory effects on
increases in Ca®' influx and immortalized hPtEC proliferation,
EGF receptor activation transactivates TRPV1. Another indica-
tion that larger TRPV1 activity provides the needed Ca?* influx
to support immortalized hPtEC hyperplastic behavior is that
transient recovery in HCEC and HCJEC recovery was evident,
whereas in immortalized hPtEC it was delayed. The correspon-
dence between enhanced cell proliferation in fresh clinical
pterygial samples and hPtEC shows that results obtained with
immortalized hPtEC are relevant for gaining insight into the
pathogenesis of this disease.? Another indication of the
suitability of hPtEC as a model is that CAP increased metabolic
activity in this cell type, but it was cytotoxic in HGJEC (Fig. 10).
This difference may be attributable to differences in multidrug
efflux resistance (i.e., MDR) behavior between hyperplastic
pterygial cells and healthy cells. If there is functional MDR
activity in immortalized hPtEC, extrusion by this MDR
transporter of CAP may prevent it from accumulating to
cytotoxic levels, whereas in HGJEC, such a protective effect
may be diminished. On the other hand, CPZ increased
metabolic activity in immortalized hPtEC, suggesting that
suppressing TRPV1 activity improved cell viability. The lack
of an inhibitory effect by CPZ on proliferation in HGJEC may
indicate that functional TRPV1 activity is at a much lower level
than in immortalized hPtEC (Fig. 9B). Heparin-bound EGF as
well as EGF levels rise in pterygium during UV-B exposure? and
contribute to mediating increases in cell proliferation. Tran-
sient receptor potential V1 transactivation seems to be
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involved in inducing this response, as EGF-induced increases
in cell proliferation were suppressed in hPtEC after a 48-hour
exposure to 10 pM CPZ. In contrast, CAP (10 uM) had no effect
on hPtEC cell proliferation, suggesting that transient increases
in Ca®** are inadequate to induce an increase in cell
proliferation (Fig. 10).

Limitations of Current Therapeutic Options

In clinical studies, VEGF inhibitors have not consistently had a
therapeutic effect.>-¢! Although VEGF receptor activation
induces responses through TRPV1 transactivation, there are
many studies indicating that antineovascularizing agents, such
as bevacizumab, are ineffective in preventing recurrence of
pterygial outgrowths after surgery.®2-°5 In many cases, if it is at
all effective, it only delays recurrence.®?° This limitation may
be due to the short halflife of anti-VEGF agents at the ocular
surface and to the difficulty in determining the ideal dose and
treatment regimen to prevent pterygia over an extended
period. Moreover, Peng et al.®” showed that VEGF gene
polymorphism contributes to the variable effectiveness of
anti-VEGF agents, as their antibody complexation with VEGF
targets specific isoforms that are not expressed in all patient
populations. Transient receptor potential V1 inhibitors instead
may be an alternative approach to suppress VEGF-induced Ca?"
increases, which are at higher levels in pterygium cells (Fig. 7).
However, the efficacy and safety of TRPV1 inhibitors as
possible drugs for adjuvant pterygium therapy awaits clarifica-
tion. Another possibility for future studies may be to determine
if TRPV1 inhibition can be induced by targeting another
receptor besides VEGE whose control of neovascularization
elicits TRPV1 activation through transactivation. Such a
strategy is tenable, as TRPMS8 activation by a thyroid hormone
analogue (3-T;AM) inhibited through crosstalk CAP- and
hypertonic-induced increases in TRPV1 channel activity in
both HGJEC and HCEC.41-5¢

CONCLUSIONS

Both TRPV1 gene and protein expression and its functional
activity are at higher levels in hyperplastic immortalized hPtEC
than in normal HGJEC. This difference is associated with larger
mitogenic responses to EGF in the transdifferentiated hPtEC
than in the nontumorous parental control tissue. Such
differences in TRPV1 characteristics may contribute to the
hyperplastic behavior of hPtEC. This is tenable because growth
factor receptor control of proliferation is dependent on TRPV1
transactivation leading to increases in Ca®* influx and in turn
MAPK signaling activation.?"#* Furthermore, VEGF induced
larger Ca®*" increases in hPtEC than in HGJEC, which is
indicative of larger functional TRPV1 activity in hPtEC than in
HCJEC. On the other hand, the cause-and-effect relationship
between increases in functional TRPV1 activity and pterygium
pathogenesis is unclear. Finally, the feasibility of noninvasively
inhibiting pterygial cell proliferation in a clinical setting by
drug-targeting TRPV1 with eye drops awaits the outcome of
further studies.
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3. Diskussion
3.1. Calcium-Imaging der transient-receptor-potential -
(TRP) - lonenkanile in den Augentumorzellen

Fiir die Untersuchungen der transient-receptor-potential-lonenkandle wurden kultivierte

menschliche Aderhautmelanomzellen verwendet. Insbesondere wurden der Thermorezeptor, TRPV1
(Capsaicinrezeptor) und der Kélterezeptor, TRPM8 (Mentholrezeptor) charakterisiert. Das verwendete
Zellmodell, die Zelllinie 92.1 wurde im Jahr 1995 etabliert (De Waard — Sieblinga et al., 1995). Zur
Zellkultur wurden die 92.1-Zellen in RPM1 1640-Medium kultiviert, supplementiert mit 10% fetalem
Kalberserum, 4 mM L-Glutamin und Penicillin/Streptomycin. Fir die Calciummessungen wurden die

Zellen (ber Nacht auf Deckglasern ausgesat und Fura-2 AM, ein weithin bekannter
calciumempfindlicher Fluoreszenzfarbstoff, wurde verwendet. In den Untersuchungen an
Aderhautmelanomzellen erhéhte der vaskuldre endotheliale Wachstumsfaktor VEGF (10 ng/mL) den
zytosolischen Calciumspiegel in mit Fura-2/AM beladenen UV 92.1-Zellen. Es wurde auBerdem gezeigt,
dass der durch VEGF induzierte intrazellulare Calciumanstieg in Gegenwart des Schilddriisenhormon-
Derivats 3-T1AM (1 uM) gehemmt wurde (Figur 7 Manuskript 1l1). Es ist jedoch unklar, Gber welchen
Rezeptor 3-T1AM die Interaktionssignalkaskade aktivieren kénnte. Obwohl 3-T1AM der Ligand vom
trace-amine-associated-receptor-1 (TAAR1) ist, wird es auch von mehreren anderen Rezeptoren wie
beta-adrenergen Rezeptoren, Cannabinoid-Rezeptoren (CB1) und trace-amine-associated-receptor-2
(TAAR2) sowie von Muscarin-Rezeptoren gesteuert (Scanlan et al., 2004; Dinter et al., 2015; Hoefig et

al., 2016, Ghelardoni et al., 2009). Die endogene Expression von Muscarinrezeptoren und beta-

adrenergen Rezeptoren in der multiplen Melanomzelllinie Mel202 und dem Aderhautmelanom 92.1
wurde bereits nachgewiesen (Janik et al., 2017). Es missen daher weitere Experimente durchgefiihrt

werden, um zu beweisen, welcher Rezeptor an dieser 3-T1AM-Aktivierung in Aderhautmelanomzellen
beteiligt ist.

In einer weiteren Studie an benignen Augentumorzellen der Konjunktiva (Pterygium) wurde
anschlieRend geprift, ob VEGF (10 ng/mL) den intrazelluldren Calciumspiegel beeinflussen konnte. Zur
Kultivierung der benignen Tumorzellen, die durch spontane Immortalisierung aus Patientenproben
gewonnen wurden, wurde das Medium DMEM/Hams F12 supplementiert mit 10 % fetalem
Kilberserum, 4 mM L-Glutamin und Penicillin/Streptomycin verwendet. Die funktionelle TRPV1-
Expression wurde durch extrazellulare Anwendung von Capsaicin (CAP) (10 uM) nachgewiesen (Figur
7 Manuskript 1V). VEGF (10 ng/mL) erh6hte das intrazelluldre Calcium. Um zu testen, ob es eine
Interaktion zwischen VEGF und TRPV1 gibt, wurde auch der TRPV1-Blocker Capsazepin (CPZ) (20 uM)
verwendet (Vriens et al., 2009). Capsazepin hemmte den durch 10 ng/mL VEGF verursachten Anstieg

des intrazelluldren Calciums in den Pterygium Zellen (Figur 7 Manuskript V). Bei den meisten
bosartigen Tumoren gilt TRPV1 als potenzieller Wirkstoffs-Target fir die Therapie, da TRPV1 mit der
Proliferation von Tumorzellen assoziiert ist (Santoni et al., 2007). Daher wird vorgeschlagen, dass

TRPV1 ein potenzielles krebstherapeutisches Target sein kdnnte, um Entziindungen bei Pterygium-
Konjunktivitis zu reduzieren (Manuskript 1V).
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3.2. Calcium-lmaging im zellbasierten Uberexpressions-
system von Mas, ein Ang-(1-7) Rezeptor

Flr die Untersuchung der Calciumregulation von Ang-(1-7) iber Mas wurde ein zellbasiertes Protein-
Uberexpressionsmodell verwendet. Human embryonic kidney 293 (HEK293) -Zellen wurden mit dem
pcDNA 3.1(+) Mas Plasmid transfiziert und 48 Stunden lang weiter kultiviert. Nachdem die Zellen eine
Oberflachenkonfluenz von 80 % erreicht hatten, wurden Calcium-Imaging-Experimente durchgefihrt.

Der Ligand Ang-(1-7) (1 uM) aktivierte Mas und flihrte zu einem erhohten intrazelluldren
Calciumspiegel im Zytoplasma (Figur 1, Manuskript Il). Im Hinblick auf die Spezifitdit der Mas-
Aktivierung wurden verschiedene Wirkstoffe wie A779 (20 uM) und Candesartan (CV-11974) (20 uM)
getestet. A779, der spezifische Mas-Inhibitor, blockierte den Anstieg des zytoplasmatischen
Calciumspiegels durch Ang- (1-7) vollstandig (Figur 2, Manuskript Il). Friihere Studien haben gezeigt,
dass Ang-(1-7) den intrazellularen Calciumspiegel sowohl iber Mas als auch (iber den Angiotensin Il -
rezeptor Typ-l (AT1R) in den proximalen Tubuli von spontan hypertensiven Ratten erhéht (Castelo-
Branco, Leite-Delova, and de Mello-Aires 2013) und auch den Na+/H+-Austauscher beeinflusst

(Castelo-Branco et al., 2017). In einer anderen Studie wurde ein dhnlicher Effekt des Ang- (1-7)

induzierten zytosolischen Calciumanstiegs in Astrogliazellen aus Gehirnschnitten von Wistar- und
spontan hypertensiven Ratten beobachtet (Guo et al., 2010). Dariber hinaus wurde nachgewiesen,

dass zytosolisches Ang-(1-7) in der Lage ist, erh6hte Calciumeinwartsstrome zu verursachen, und diese
Spitzen-Calciumeinwartsstrome wurden durch A779 gehemmt (De Mello et al., 2015). Die oben
genannten Studien stimmen mit den Ergebnissen dieser Forschungsarbeit (iberein, dass Ang-(1-7) das
zytosolische Calcium durch Mas-Aktivierung erhoht.

Ang-(1-7) bindet auch an Ang-lI-Rezeptor Typ 1 (AT1-Rezeptor) und Ang-lI-Rezeptor Typ (AT2R) mit
maRiger Affinitdt (Bosnyak et al., 2011). Die extrazelluldre Verwendung von CV-(11974), einem

Inhibitor des Angiotensinrezeptors Typ-l (AT1-Rezeptor) und Angiotensin Il-Rezeptors Typ-Il (AT2-
Rrezeptor), hatte keinen Einfluss auf den beobachteten Anstieg des zytoplasmatischen
Calciumspiegels durch Ang-(1-7). Deshalb ist der beobachtete Anstieg des zytoplasmatischen
Calciumspiegels nur auf die Aktivierung von Mas zuriickzufiihren (Figur 2, Manuskript I1). Candesartan
hemmt den AT1-Rezeptor bei 1 nM (Gradman et al., 2002). Bei dem AT2-Rezeptor beginnt die
Hemmung bei 1 uM (Bosnyak et al., 2011). Selbst bei der hohen Konzentration von 20 puM

Candesartan wurde in dieser Forschungsarbeit nur ein geringer, aber unsignifikanter Effekt zwischen
den mit und ohne Candesartan vorbehandelten Proben beobachtet. Dies deutet darauf hin, dass der
Ang-(1-7) -induzierte zytosolische Calciumeinfluss hauptsadchlich durchMas vermittelt wird.

AuBerdem wurden die Auswirkungen von calciumfreier Lésung und Lanthan (lll)-chlorid (LA3*)
untersucht. In Gegenwart der Calcium-freien Losung (mit 5 mM EGTA (Ethylenglycol-
bis(aminoethylether)-N, N, N', N'-tetraessigsaure)) konnte keine Erhohung der zytoplasmatischen
Calciumkonzentration durch Ang-(1-7) beobachtet werden. Dies bedeutet, dass die durch Ang-(1-7)
induzierte Erhéhung des zytosolischen Calciumspiegels durch die Aktivierung von Mas (iber in der
Plasmamembran lokalisierte lonenkanale verursacht wird. Ware ein Anstieg des zytoplasmatischen
Calciumspiegels durch Ang-(1-7) in Gegenwart einer calciumfreien Losung noch feststellbar, wéare ein
lonenkanal beteiligt, der in den intrazelluldaren Speichern wie dem ER lokalisiert ist. Durch die
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Verwendung von Lanthan (lll)-chlorid (500 uM), einem bekannten unspezifischen TRP-lonenkanal-
Inhibitor, wurde der durch Ang-(1-7) induzierte Anstieg des zytoplasmatischen Calciumspiegels
deutlich reduziert. (Figur 3, Manuskript I1).

Da Mas ein GPCR ist und bei der Aktivierung von Mas durch Ang-(1-7) die TRP-lonenkaniale involviert
sind, wurde untersucht, ob andere Komponenten der klassischen GPCR-TRPs-Signalkaskade beteiligt
sind. Die Beteiligung des Enzyms Phospholipase C-B (PLC-R) und des Enzyms Proteinkinase C an der
Calciumregulation wurde in der Gegenwart von extrazellularem Calcium (1,26 mM) in HBSS
untersucht. Der Phospholipase-C-RB-Inhibitor U73122 (10 uM) blockierte den durch die Mas-
Aktivierung induzierten Calciumanstieg von Ang-(1-7) (Figur 4, Manuskript Il). Dies weist darauf hin,
dass Ang-(1-7) auch die Gg-Signalisierung dhnlich wie NPFF und andere Agonisten aktiviert. Die
beobachtete Tendenz wurde durch friithere Untersuchungen bestatigt, dass die durch Ang-(1-7)
vermittelte Mas-Aktivierung dem Akt/PLC-R-Signalweg folgt (Yang et al., 2021). Im Gegensatz zum PLC-
R-Inhibitor verursachte der Proteinkinase-C-Inhibitor Go6976 (200 nM) in Gegenwart von Ang-(1-7)
eine biphasische Kurve (Figur 4, Manuskript 11). Zunachst unterdriickt der PKC-Inhibitor in Gegenwart

von Ang-(1-7) den zytoplasmatischen Calciumspiegel unter den Basislinienwert und steigt dann spater
Uber den Basislinienwert an. Der beobachtete Mechanismus kann durch friihere Entdeckungen
gestltzt werden, wonach eine Reihe von TRP-Kandlen durch Phosphorylierung tGber PKC aktiviert
werden, die stromabwarts von PLC-R8 aktiviert wird (Yao, Kwan und Huang et al., 2005).

Aus den oben genannten Experimenten wird vorgeschlagen, dass die Calciumregulation von Ang-(1-
7) /Mas der klassischen GPCR-TRP-Signalachse folgt. Dieser Vorschlag wird durch mehrere fritheren
Untersuchungen gestiitzt. Mehrere Rezeptoren aus der Familie der Mas-verwandten G-Protein-
gekoppelten Rezeptoren (MRGPR) kdnnen TRP-lonenkandle aktivieren. Zum Beispiel aktiviert
MMRGPR-A3 die TRP-lonenkanile, Unterfamilie-Ankyrin, Typl (TRPA1), TRPV1, TRPMS8 und
Unterfamilie-kanonischer-Rezeptor, Typ 3 (TRPC3). MRGPR-X1 weist einen TRPV1-vermittelten
zytosolischen Calciumeintritt durch PLC-8- und PKC-Aktivierung auf (Solinski, Gudermann und Breit et
al., 2014). MRGPR-X1 aktivierte auch TRP-lonenkanal, Unterfamilie-Ankyrin, Typ 1 (TRPA1) (McMillan et
al., 2021). TRPA1 wurde als ein downstream-Signalvermittler von Mrgpr-D und Mrgpr-C11 identifiziert
(Wang et al., 2019) (Wilson et al., 2014).

Ein besseres Verstandnis der Mas-SignallUbertragung ist erforderlich, um neue Agonisten fiir Mas zu
finden, die vielversprechende Medikamente fiir kardiovaskulare und metabolische Erkrankungen sein
konnten (Santos et al., 2018). Es sind daher weitere Experimente erforderlich, um den oder die TRP-

lonenkanale aufzudecken, die an der Mas-Signalgebung beteiligt sind.

3.3. Etablierung der Calcium-Imaging-Methode in einem
zellfreien Proteinsynthese-System

Um die Idee zu verwirklichen, das Calcium-Imaging in einer zellfreien Proteinsyntheseplattform zu
etablieren, wurde das zellfreie System der Insektenzelllinie Spodoptera frugiperda Sf21 verwendet
(Kubick et al., 2003). Der CECF-Modus der zellfreien Synthese wurde verwendet, um eine bessere

Proteinausbeute zu erzielen. Wie in der Einleitung (Kapitel 1.4.2) vorgeschlagen, wurde die
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Carboxylesterase unter Verwendung des Melittin-Transport-Signalpeptids zellfrei synthetisiert und in
das Lumen der Mikrosomen transportiert. Alle Synthesen wurden fiir maximal 24 Stunden
durchgefiihrt, um einen Abbau der synthetisierten Proteine aufgrund der verlangerten Synthesezeit zu
vermeiden. Bei der zellfreien Synthese wurde Dithiothreitol (DTT) vermieden, da die synthetisierten
Proteine die Disulfid-bindungen in ihrer Struktur aufweisen. Die zellfrei synthetisierte Maus-
Carboxylesterase wurde mit einem Szintillationszahler ausgewertet und das radioaktive Protein wurde
ebenfalls in SDS-Gel mittels Autoradiogramm nachgewiesen. Eine 24-stiindige Synthese bei 30 °C unter
Verwendung von Sf21-Lysat ergab 85 ng/ul Protein im gesamten Lysat. Die mikrosomale
Proteinausbeute, die fir die Calcium-Imaging-Experimente entscheidend ist, betrug 25 ng/uL (50 pL =
1250 ng Protein insgesamt pro Synthese-Ansatz). Die mCES2-Proteinbande von 58 kDa war im
Autoradiogramm nachweisbar. Die Negativkontrollen ohne Template zeigten keine Ausbeute bei der
Szintillationszdhlung und auch keine Banden im SDS-Gel-Autoradiogramm (Abb. 2. Manuskript 1).

Die in den Mikrosomen exprimierte Maus-Carboxylesterase (mCES2) wurde mit einem
kolorimetrischen Para-Nitrophenolacetat (PNPA)-Test auf ihre Esterase-Aktivitat untersucht (Gilham
und Lehner et al., 2005). Die Esteraseaktivitdt in den mCES2-Mikrosomen war im Vergleich zur

Negativkontrolle in einer substratkonzentrationsabhangigen und einer zeitabhangigen Kurve héher. In
einem dosisabhangigen Diagramm zeigten Mikrosomen mit mCES2 im Bereich von 30 ng/uL bis
120 ng/pL eine hohere Esteraseaktivitat im Vergleich zu den Proben der Negativkontrolle. (Figur. 3
Manuskript ). Flir Farbstoffbeladungstests wurde Fluo-5N AM fir die Esterhydrolyse getestet. Die
Proben wurden mit einer Anregungswellenlange von 488 nM und einer Emissionswellenlange von 515
nM gemessen. Mit steigender Konzentration von bis zu 10 uM Fluo-5N AM waren die mCES2-
Mikrosomen in der Lage, den AM-Teil des Fluo-5N AM mit hoherer Esteraseaktivitat im Vergleich zu
den Proben der Negativkontrolle zu spalten. Eine zeitabhdngige Kurve zeigte auch eine dhnliche
Wirkungsweise bis zu einer Inkubationszeit von 60 Minuten (Figur 3 Manuskript 1).

Es wurden mehrere Experimente durchgefiihrt, um die Calcium-Imaging-Methode in den mCES2-
Mikrosomen zu etablieren. Zunachst wurde die Farbstoffdissoziationskonstante Kd fiir die Sf21-
Mikrosomen im zellfreien Lysat abgeschatzt, da die Menge der in den Mikrosomen vorhandenen
Calcium-bindenden Proteine je nach Zelltyp variiert. Calciumbindende Proteine wie Calreticulin und
Calnexin sind im endoplasmatischen Retikulum vorhanden (Caramello und Parodi et al., 2018). Diese

Calcium-bindenden Proteine werden auch in die Mikrosomen im zellfreien Lysat Ubertragen. Die
Calcium-bindenden Proteine kompetieren mit dem Calciumindikator und erhéhen dadurch den Kd-
Wert. Der Kp-Wert fir Fluo-5N fiir zellfreie Sf21-Lysat-Mikrosomen betrdagt 265 uM. Die
Empfindlichkeit des Calciumindikators auf Calcium in Mikrosomen wurde mit hohem und niedrigem
Calcium in Gegenwart des lonophors (lonomycin) getestet. 10 uM lonomycin wurde verwendet, um
die Mikrosomen durchldssig fur Calciumionen zu machen. Die mCES2-Mikrosomen haben
entsprechend auf die Zugabe von hohem Calcium (10 mM) und calciumfreiem Calcium (0 uM Calcium
+ 5mM EGTA) reagiert. Ubiquitdre native Proteine wie die sarkoplasmatische/endoplasmatische
Retikulum-Ca?*- ATPase (SERCA) und Ryanodin-Kanile wurden auf ihre Aktivitit getestet. Die mCES2-
Mikrosomen, die 1 Stunde lang bei 37 °C mit 10 mM ATP inkubiert wurden, wiesen im Vergleich zu
den mCES2- Mikrosomen 4- bis 5-fach hohere luminale Calciumspiegel auf (Figur 4 Manuskript |). Die
SERCA-Aktivitat war bei der Inkubation von 10 mM ATP in den mCES2-Mikrosomen gut nachweisbar
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(Figur 4 Manuskript 1). Fluoreszenzspektroskopische Messungen zeigten, dass 100 nM Thapsigargin in
der Lage war, die 10 uM ATP-induzierte Calciumbeladung zu hemmen, wenn es fir 1 Stunde bei 37 °C
inkubiert wurde (Supplementares-Manuskript I). Intrazelluldre Ryanodinrezeptor-lonenkandle wurden
mit Koffein in verschiedenen Konzentrationen wie 100 uM und 10 mM getestet (Figur 4 Manuskript [).
100 uM Dantrolen war in der Lage, die durch 1 mM Koffein induzierte Calciumfreisetzung in mCES2-
Mikrosomen zu hemmen (Supplementares, Manuskript ).

Es wurden einige TRP-lonenkanale getestet, um herauszufinden, ob ein Calcium-Imaging von zell-frei
synthetisierten lonenkanalen maoglich ist oder nicht. Getestet wurden der humane TRP-lonenkanal,
Unterfamilie-Vanilloid, Subtyp 1 (TRPV1), und der Bovine TRP-lonenkanal, Unterfamilie 3 (bTRPV3).
Durch Calcium-Imaging mit zell-frei synthetisierten ATRPV1-mCES2-Mikrosomen konnte die
Calciumfreisetzung bei Verwendung von 10 uM Capsaicin nachgewiesen werden. mCES2-Mikrosomen
(Kontrollproben) konnten die Capsaicin-induzierte Calciumfreisetzung nicht ermitteln. Die durch
Capsaicin 200 nM induzierte Calciumfreisetzung wurde auch durch eine Vorbehandlung von TRPV1-
mCES2-Mikrosomen mit 20 uM Capsazepin (CPZ), ein TRPV1 Inhibitor, gchemmt. Die dosisabhangige
Kurve von CAP wurde auch gegen die Flache/maximale Flache mit einer zunehmenden Capsaicin-
Konzentration vom nM- zum mM-Bereich aufgezeichnet. (Figur 5, Manuskript ). bTRPV3-mCES2-
Mikrosomen waren in der Lage, in Gegenwart von 200 uM Menthol eine Calciumfreisetzung zu zeigen.
mCES2-Mikrosomen wiesen keine Wirkung auf 200 uM Menthol auf (Supplementéares, Manuskript 1).
Insgesamt flihren zell-frei synthetisierte TRP-lonenkanale in den Mikrosomen bei Aktivierung zu einer
Calciumfreisetzung. Dies stimmt mit der Hypothese tberein (erldutert in Kapitel 1.4.2), weil TRP-
lonenkandle, die im endoplasmatischen Retikulum exprimiert werden, bei Aktivierung eine
Calciumfreisetzung verursachen (Dong et al., 2010), (Wisnosky et al.,2003).

Zusammenfassend lasst sich sagen, dass das auf chemischen Indikatoren basierende Calcium-Imaging
flir TRP-Kandle in eukaryontischen zellfreien Proteinen unter Verwendung von Carboxylesterase in
Mikrosomen entwickelt wurde. Nicht nur neu synthetisierte lonenkanidle, sondern auch die
vorhandenen Calcium-permeablen Kanalproteine kénnten mit dieser Methode untersucht werden.

Die etablierte Calcium-Imaging-Methode hat viele Vorteile gegenliber den vorhandenen Methoden zur
Analyse der lonenkandle in den Mikrosomen. Derzeit gibt es drei verschiedene Ansdtze, um die
ionenpermeablen Proteine in den Mikrosomen zu analysieren. Diese sind wie folgt:

l. lonenflussmethoden mit radioaktiven Materialien
Il. Elektrophysiologische Technik wie die Planare-Lipiddoppelschicht-Methode
M. Fluoreszenzmethoden mit ionenspezifischem Farbstoff — auf dem Prinzip der etablierten
Methode basierend.

Die lonenflussmethode besteht aus radioaktivem Calcium: In mehreren friheren Studien wurde
radioaktives Calcium fir die Untersuchung von lonenkanalen und lonenpumpen verwendet. So wurde
zum Beispiel eine Mikroplattenmethode zur Messung der Sarkoplasmatischen/Endoplasmatischen
Retikulum Ca?* ATPase (SERCA) unter Verwendung von radioaktivem #*Ca?* in Rattenhirn-Mikrosomen
entwickelt (Mc Mullen et al., 2012). In einer anderen Studie wurden die IP3-Rezeptoren mit *Ca* in

Cos7-Zellmikrosomen untersucht (Boehning et al., 2000). Mikrosomen aus glatten Muskelzellen der

90



Rattenaorta wurden mit radioaktivem #°Ca?* untersucht, um die Calciumfreisetzung im Auftrag von
zyklischer ADP-Ribose (cADPR), Nikotinsdaure-Adenin-Dinucleotid-Phosphat (NAADP) und [IP3-
Rezeptoren zu untersuchen (Yusufi et al., 2002). Rattenmikrosomen wurden auf die Beteiligung von

Translokon und anderen mutmaRlichen Freisetzungskanalen an der passiven Calciumfreisetzung unter
Verwendung von radioaktivem %°Ca®* untersucht (Giunti et al., 2007). Zum Beispiel wurden

Mikrosomen von roten Riiben und Blumenkohlpflanzenzellen mit #°*Ca?* auf die Calciumfreisetzung in
Gegenwart von Nikotinsdure-Adenin-Dinucleotid-Phosphat (NADP) untersucht (Navazio et al., 2000).

Unabhadngig von der Untersuchung zellfrei-synthetisierter lonenkandle oder nativ vorhandener
lonenkanile oder zellbasierter Gberexprimierter lonenkanéle in ERs, die zur Calciummessung in
Mikrosomen weiterverarbeitet werden, weisen **Ca?*-lonenfluss-Assays viele Nachteile auf.

e Diese Methode funktioniert als endpunktbasierte Methode. Endpunktbasierte Methoden
erlauben es uns, nur einen Datenpunkt pro Probe zu einem bestimmten Zeitpunkt wahrend
des Experiments aufzuzeichnen. lonenfluss-Assays mit “°Ca** sind eine endpunktbasierte
Methode. Ein typisches Experiment mit “*Ca%* im Mikrosomen umfasst die folgenden Schritte
wahrend der Datenmessung: Nachdem das mit “Ca?*" beladene Mikrosomen mit einem
Aktivator oder Inhibitor behandelt wurde, werden die Mikrosomen durch Filtration auf der
Nitrocellulosemembran zuriickgehalten. Die Nitrocellulosemembran, die die Mikrosomen mit
45Ca? enthilt, wird in der Szintillationsfliissigkeit aufgeldst und die Radioaktivitit von Ca?* in
den Mikrosomen wird mit einem Szintillationszahler gemessen. Bei dieser Methode wird fir
jede Probe nur ein Datenpunkt gemessen. Daher ist die Durchfiihrung kinetischer Studien mit
einer endpunktbasierten Methode nicht praktikabel. Im Gegensatz dazu kénnen mit einer
Live-Imaging-Methode wie der Calcium-Imaging mehrere Datenpunkte zu unterschiedlichen
Zeitpunkten pro Probe wahrend des Experiments aufgenommen werden.

e Nicht alle Labore sind fiir Experimente mit radioaktivem Material ausgeristet, da sie eine
Sondergenehmigung fiir die Arbeit mit radioaktivem Material benétigen. Aufgrund der
Radioaktivitat mlssen bei den Arbeiten hohe Sicherheitsstandards eingehalten werden.

e Dasich die zugegebenen radioaktiven lonen, z.B. **Ca?*, auRerhalb der Mikrosomen befinden,
fallt auf, dass sich diese Methoden fiir lonenmessungen in den Lumen des Mikrosomen nicht
eignen. Nur wenn die Mikrosomen durch die Sarkoplasmatisches/Endoplasmatisches
Retikulum Ca?* ATPase (SERCA) stark mit “*Ca?* angereichert sind, kann man diese Technik fir
Calciummessungen in den Lumen des Mikrosomen verwenden. Obwohl der Zufluss ohne
radioaktiv markierte Ca%*-Beladung messbar ist, ist der Abfluss nicht messbar.

e Weil die Mikrosomen nicht immobilisiert sind und aufgrund der mehrfachen Reinigung kann
es zu einer hohen Standardabweichung zwischen den Proben kommen.

Alle oben genannten Nachteile der Calciummessungen mit radioaktivem “*Ca?* werden vermieden,
wenn das Calcium-Imaging in Mikrosomen unter Verwendung der AM-basierten Calcium-spezifischen
Farbstoffe angewendet wird. Die in dieser Forschungsarbeit entwickelte Calcium-Imaging-Methode
kann zur kontinuierlichen Messung von Calcium in Mikrosomen verwendet werden. AuRerdem ist das
Calcium-Imaging kosteneffektiv, da es sich nicht um eine Endpunktmethode handelt. Im Gegensatz zu
der Methode mit radioaktivem #°Ca?* ist sie gut fiir kinetische Studien geeignet. AuBerdem ist es fiir
direkte Messungen von Calcium in den Mikrosomen nicht notwendig, die Mikrosomen vor den
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Messungen mit Calcium zu beladen. Dies setzt jedoch voraus, dass ausreichend Calcium in den
Mikrosomen vorhanden ist.

Die zweite Klasse von Methoden besteht aus elektrophysiologischen Messungen: Untersuchungen
von zellfrei synthetisierten lonenkanalproteinen und Pumpen wurden schon durch
elektrophysiologische Methoden wie die planare Lipiddoppelschicht-Methode nachgewiesen (Sachse
et al.,, 2014), (Dondapati et al., 2019). Bei der planaren Lipiddoppelschicht-Methode wird die
Stromintensitat aufgrund der kontinuierlichen lonenmobilitdt durch die Membran gemessen. Auch die
zeitliche Auflésung, d.h. die Anzahl der lonen, die die Membran pro Sekunde durchdringen, kann
gemessen werden. Obwohl diese Methode hoch entwickelt ist, hat sie einige Nachteile. Diese sind die

folgenden:

l. Bei dieser Methode werden die Proteine mit ionischen oder nichtionischen Detergenzien
solubilisiert. Die Detergenzien konnten die Proteine schadigen.
Il. Aullerdem ist fir die Durchfiihrung dieser Technik eine komplexe Ausriistung erforderlich.
Des Weiteren erfordert es besondere Fachkenntnisse und Fahigkeiten.
M. Die raumliche Auflésung der Calciumionen, z.B. die Anzahl der Calciumionen auf jeder Seite
der Membran, kann nicht gemessen werden.

Die oben genannten Nachteile werden durch die etablierte Calcium-Imaging-Methode tiberwunden.
Bei der etablierten Calcium-Imaging-Methode ist es nicht n

otwendig das synthetisierte Protein mit Detergenzien zu solubilisieren. Daher wird die Intaktheit der
mikrosomalen Membranen nicht gestort. Die zell-frei synthetisierten lonenkandle haben in den
Mikrosomen die folgende Orientierung. Die zytoplasmatische Domane des lonenkanals befindet sich
an der AulRenseite der Mikrosomen und die extrazellulare Domdne des lonenkanals befindet sich im
Lumen der Mikrosomen. Fir das Calcium- Imaging von Mikrosomen sind nur ein Fluoreszenz-
Mikroskop und eine Durchflusskammer erforderlich.

Die dritte Klasse besteht aus Fluoreszenzmethoden mit einem Fluoreszenzfarbstoff fiir bestimmte
lonen: Das AM-Farbstoff-basierte Calcium-Imaging hat gegeniliber oben genannter Methode Vorteile.
So beispielsweise,

l. Bei der Calcium-Imaging-Methode kdnnen lonen raumlich aufgelost werden.
Il. Calcium-Imaging ist eine kontinuierlich messbare Methode und keine endpunktbasierte
Methode wie ein radioaktiv markierter Assay.

TECHNISCHER VORTEILE DER ETABLIERTEN ZELL-FREIN CALCIUM-IMAGING-
METHODE GEGENUBER DER ZELLBASIERTEN CALCIUM-IMAGING-METHODE:

Im Zytoplasma ist die endogene Carboxylesterase stark exprimiert. Im endoplasmatischen Retikulum
gibt es keine endogen exprimierte Carboxylesterase. Einige Studien in Zellen haben gezeigt, dass
Calcium-lonen in Organellen wie dem endoplasmatischen Retikulum messbar sind. Die zielgerichtete
Expression von Carboxylesterase im endoplasmatischen Retikulum hat es ermdéglicht, Calcium in
dieser Organelle zu untersuchen (Samtleben et al., 2013; Blum et al., 2010; Rehberg et al., 2008). Auch
in intakteren Zellen, in denen die Carboxylesterase im endoplasmatischen Retikulum (berexprimiert

wird, kann es bei der Verwendung fir Calcium-lmaging-Experimente einige Nachteile mit sich
bringen. Um in das endoplasmatische Retikulum zu gelangen, muss der Calciumindikator das
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Zytoplasma durchqueren. Wahrend dieses Vorgangs wird eine betrdchtliche Menge des
Calciumindikators von der AM-Gruppe abgespalten. Die Menge der endogenen Carboxylesterase im
Zytoplasma ist im Durchschnitt hoher als die Menge der im endoplasmatischen Retikulum
Uberexprimierten Carboxylesterase. Dies flhrt zu einer hohen Menge an Calciumindikatoren mit
abgespaltener AM-Gruppe im Zytoplasma und kann schliefllich zu einem geringen Signal-Rausch-
Verhaltnis bei Calciummessungen im ER flhren.

Die Expression von in der Plasmamembran lokalisierten lonenkanalen in den Zellen hat schwere
Folgen. In zellbasierten Uberexpressionssystemen werden die neu synthetisierten lonenkanile in die
Plasmamembran integriert. Die Plasmamembran beherbergt auch mehrere endogen exprimierte
lonenkanile. Eine Uberexpression von lonenkanilen in den Zellen fiihrt zu Toxizitit und einer
zerstorten lonenhomoostase. Dies hat zur Folge, dass unsere gewiinschten lonenkandle nur in
geringem MaRe exprimiert werden. Eine arme Expression von gewlinschten lonenkanéalen und ein
grofler Hintergrund von endogen exprimierten lonenkanalen kann bei Calciummessungen zu einem
geringen Signal-Rausch-Verhaltnis fliihren. Im Gegensatz dazu werden die zell-frei synthetisierten
lonenkanalproteine in  mikrosomale Membranen integriert. Diese stammen aus dem
endoplasmatischen Retikulum, wo keine endogenen Plasmamembran-lonenkandle vorhanden sind.
AulRerdem werden die Plasmamembranen bei der Lysat-Herstellung entfernt. Daher entstehen bei
den zellfreien Proteinsyntheseplattformen wahrend der Calciummessungen keine stérenden
Interferenzendurch endogen exprimierte Plasmamembran-lonenkanile.

TECHNISCHE LIMITATIONEN DER ETABLIERTEN ZELL-FREIEN CALCIUM-
IMAGING-METHODE:

Die Calcium-Imaging-Methode fir zellfreie Systeme in dieser Dissertation hat ihre technischen
Grenzen. Diese sind wie folgt:

1. In der etablierten Calcium-Imaging-Methode wurde ein single-wavelength-Calciumindikator,
d.h. Fluo 5N-AM, verwendet. Fluoreszierende Calciumindikatoren kénnen in zwei Kategorien unterteilt
werden: Indikatoren mit einer Wellenlange oder ratiometrische Indikatoren. Single-wavelength-
Indikatoren werden fiir die qualitative Analyse empfohlen. Die single-wavelength-Calciumindikatoren
haben einen grofen dynamischen Bereich, wodurch sie selbst die kleinsten voriibergehenden
Veranderungen des Calciums messen konnen. Sie haben jedoch erhebliche Nachteile, wie z.B. eine
variierende Farbstoffbeladung und einen héheren aktiven Farbstoff-AusstoB. Die ratiometrischen
Calciumindikatoren sind flr quantitative Messungen am besten geeignet. Obwohl mehrere
ratiometrische Calciumfarbstoffe flr zytoplasmatische Calciummessungen gut entwickelt und im
Markt verfligbar sind, gibt es nicht viele Optionen fiir die Messung des Calciumspiegels im
endoplasmatischen Retikulum (Parades et al., 2008). Fluo-FF und Fluo 6F sind andere ratiometrische

Calciumindikatoren fiir das endoplasmatische Retikulum, aber mit niedrigeren Kd-Werten.
Verbesserte ratiometrische Calciumindikatoren fiir das endoplasmatische Retikulum missen noch
entwickelt werden.

2. Das etablierte zellfreie Calcium-Imaging wurde flir transient-receptor-potential-lonenkanéle
getestet. TRP-lonenkandle wurden in verschiedenen intrazellularen Membranen wie in den
Endosomen, Lysosomen und dem endoplasmatischen Retikulum nachgewiesen. Es wurde bereits von
mehreren Forschern nachgewiesen, dass TRPM8 und TRPV1 im endoplasmatischen Retikulum

93



endogen exprimiert werden (Dong et al., 2010). Ob die etablierte Calcium-Imaging-Methode auch fir

weitere lonenkanalfamilien geeignet ist, sollte in weiteren Untersuchungen geklart werden.
ERWEITERUNG DER ETABLIERTEN ZELL-FREIEN CALCIUM-IMAGING-
METHODE:

Es gibt mehrere Moglichkeiten, wie die etablierte Calcium-Imaging- Methode weiter fortentwickelt
werden kénnte.

i Entwicklung einer High-Throughput-Screening-Plattform fiir die etablierte zellfreie Calcium-
Imaging-Methode fiir TRP-lonenkandle:

Die Medikamentenentwicklung ist ein komplizierter und zeitaufwendiger Vorgang. Die
Wirkstoffidentifizierung ist der erste und entscheidende Schritt fur fast alle Wirkstofftargets. Die
Verfahren zum Wirkstoffscreening fiir lonenkandle sind in drei Stufen aufgeteilt: ein
fluoreszenzbasiertes Calcium-Imaging oder ein Ligandenbindungsassay fir das primdre Screening, eine
automatisierte Patch-Clamp-Validierung flir das sekundare Screening und eine manuelle Patch-
Charakterisierung der Interaktion zwischen lonenkanal und Wirkstoff flr das tertidre Screening (Yu et
al., 2015).

Zu den Parametern, die beim High-Throughput-Screening Ublicherweise bericksichtigt werden,
gehoéren Empfindlichkeit, Spezifitat, Durchsatz, zeitliche Auflosung, Robustheit, Flexibilitdt, Kosten
und physiologische Relevanz (Murray et al., 2016). In der Forschung und auch beim

pharmazeutischen Screening von lonenkandlen werden haufig Assays zur Messung intrazellularer
lonenkonzentrationen verwendet. Die Calcium-/andere lonen-spezifische-Imaging-Methode spielt
eine wichtige Rolle in der friihen Phase der Arzneimittelentwicklung. Es ist zu erwarten, dass je hdher
der Durchsatz der Assay-Screening-Plattformen ist, desto geringer ist die Auflésung der Imaging-
Technik (Martinez et al., 2005). Unter allen Testformaten fiir lonenkanéle kénnte die automatisierte

elektrophysiologische Technik die beste Wahl sein, da sie ein

e gute Datenqualitdt liefert und einen hoheren Durchsatz ermdglicht. Allerdings ist der
automatisierte elektrophysiologische Test wie die planare Lipiddoppelschicht-Methode aufgrund der
erforderlichen Zusatzmodule und Ausriistungen derzeit sehr kostspielig. Als Kompromiss kann die
mikroplattenbasierte Calcium-Imaging-Methode fir Arzneimittelscreening einfach umgesetzt werden.
Deshalb ist die Calcium-Imaging-Methode die am meisten bevorzugte Methode fir das
funktionsbasierte Wirkstoffscreening auf ionenkanalbasierten Krankheiten.

TRP-lonenkanile sind Wirkstofftargets fir Krankheiten wie kardiometabolische Erkrankungen,
Entziindungen, Krebs und Neuroerkrankungen (Fallah et al., 2022). Insgesamt besteht ein hohes

Potenzial mit wirtschaftlicher Bedeutung, wenn dieses etablierte Calcium-Imaging fir zellfrei
synthetisierte TRP-lonenkanale als High-Throughput-Screening-Plattform erweitert wird.

i. Erweiterung des Calcium-Imaging in zellfreier Proteinsynthese fiir andere physiologisch

relevante lonen:

Die Calcium-Imaging-Methode in der zellfreien Proteinsynthese-Plattform kann auch auf die
Untersuchung anderer Klassen von ionenpermeablen Proteinen wie Pumpen und Transportern
erweitert werden. Dariiber hinaus kann das Prinzip zur Untersuchung anderer lonen wie
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flir Magnesium-, Kalium-, Natrium- und Chlorid-Kandle mit einem geeigneten Indikator fir die
genannten lonen verwendet werden. Es wurden mehrere ionenspezifische Indikatoren entwickelt,
z. B. Calcium-Indikatoren (Fura-2, Fluo-3, Fluo-421,22), Kalium-Indikatoren (FluxOR23,24 und PBFI25)
und Natrium-Indikatoren (SBFI26).

FluoZin-2

Abbildung 7: Prinzip der lonen-Imaging fiir verschiedene lonen in Zellen, McManus et al., 2012

Fiir die Untersuchung eines Kaliumkanals ist der Thalium-Flux-Assay das am h&ufigsten verwendete
Assay-Format in den Zellen (Yu et al., 2015). Die Zellen werden zuvor mit dem Thalium-spezifischen
Fluoreszenzindikator beladen. Um die Offnung des Kanals auszuldsen, wird in der Regel eine Lésung
mit einer hohen K*-Konzentration verwendet, um das Membranpotenzial zu depolarisieren. Das
Thallium im Puffer dringt dann durch die gedffneten Kaliumkanale in die Zellen ein. Nach der Bindung
des zytosolischen Thalliums an den Farbstoff wird das Fluoreszenzsignal kinetisch erhoht. Dieser
Funktionsmechanismus ist in der Abbildung 7 dargestellt. Auf diese Weise werden Kaliumkanile
untersucht. Dieser Ansatz kann auch auf zellfrei synthetisierte Kaliumkanale in den Mikrosomen
erweitert werden.

ii. Erweiterung dieser Methode fiir GPCRs/Tyrosine-verwandte Rezeptoren in Verbindung mit
zellfreier Proteinsynthese:

Guanosintriphosphat-bindende-Protein(G-Protein) -gekoppelte Rezeptoren (GPCRs) sind die grofite
Familie von Membranproteinen, die fiir eine Vielzahl von Erkrankungen therapeutisch relevant sind.
Uber 30 % der vermarkteten Arzneimittel vermitteln ihre Wirkung durch GPCRs (Santos et al., 2017).
Molekulare Modulatoren von GPCRs haben breite therapeutische Anwendungen zu bieten, die

Agonisten, Antagonisten, inverse Agonisten und allosterische Modulatoren einschlieBen. Die
Aktivierung von GPCRs durch Liganden fiihrt zu verschiedenen Downstream-Signalwegen wie der Gs,
Gq, Gi oder Gi;-Signalkaskade. Bei den Gg-aktivierten GPCRs fiihrt die Bindung eines Agonisten zu
einem Anstieg des intrazellularen Calciums. GPCR-Rezeptoren, die Phospholipase-C-Enzyme (PLC-
Enzyme) aktivieren kdnnen, setzen Ca?* aus dem endoplasmatischen Retikulum frei (Kieselyov et al.,

2003). Zusammengenommen ist es Uberzeugend, die etablierte Calcium-Imaging-Methode auch auf
die zellfrei synthetisierten GPCRs zu erweitern.
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iii. Erweiterung dieser Methode fiir mikrosomale Calcium-Untersuchungen in der Toxikologie:

Umwelttoxikologen und Pharmakologen untersuchen den mikrosomalen Calciumspiegel, um die
Zelltoxizitat zu analysieren. Die Anwendung bestimmter Arzneimittel oder Arzneimittelmetaboliten
kann eine Freisetzung von Calcium durch Mikrosomen bewirken. Dies ist ein indirekter Indikator fir
die Zelltoxizitat, da die UbermaRige Menge an intrazelluldrem Calcium die Apoptose auslosen kann.
(Pentyala et al., 2010) (Stoyanovsky und Cederbaum, 1999) (Coburn et al., 2008), (Kodavanti und Ward,
2005). Fir alle diese Untersuchungen an Mikrosomen verwenden die Wissenschaftler radioaktives
Calcium. Radioaktives Calcium-basierte Untersuchungen sind normalerweise nicht erwiinscht.
Mikrosomen, die mit der zellfrei synthetisierten Carboxylesterase angereichert sind, kdnnten eine

optimale Calcium-Imaging-Plattform fiir die Analyse der Zelltoxizitat verschiedener Umwelt- und
Lebensmittelwirkstoffe sein.
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