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Summary

Summary

Transient receptor potential (TRP) cation channel-mediated signaling constitutes important pathways
for ion homeostasis in mammalian cells. The only member of the ankyrin family of TRP channels,
TRPA1, harbors a high number of ankyrin repeat domains (ARDSs) in its N-terminus. We showed in
paper | that this channel is highly expressed in primary human lung fibroblasts (HLFs) and prevented
transforming growth factor beta 1 (TGF-B1)-induced fibroblast to myofibroblast differentiation (FMD) in
these cells. FMD is a hallmark in the progression of pulmonary fibrosis (PF) in human patients. TRPA1
mRNA expression was markedly reduced in myofibroblasts and knockdown (KD) of the channel resulted
in increased expression of fibrosis markers (e.g. collagen 1A1 (COL1A1), fibronectin 1 (FN1), alpha
smooth muscle actin (a-SMA) and plasminogen activator inhibitor 1 (PAI-1)). TRPA1-mediated inhibition
of expressed myofibroblast specific proteins was orchestrated by a tight regulation of extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) and SMAD2-linker phosphorylation and depended on the availability
of extracellular calcium ions (Ca2*). As one of the major second messengers, Ca2* concentrations in
cells underlie a rigid control to ensure the specificity of signals and avoid Ca2*-mediated toxicity. Ca2*
influx into cells occurs either through receptor-operated calcium entry (ROCE) or through store-operated
calcium entry (SOCE). Whereas some groups suggested involvement of canonical TRP channels 1 and
6 (TRPC1/6) in SOCE, paper Il showed that TRPC1/6 in primary murine lung fibroblasts (pmLFs) con-
tribute exclusively to ROCE and not to SOCE. TRP melastatin 7 (TRPM7) channels differ from TRPA1
and TRPC1/6 in that they exhibit higher selectivity for magnesium ions (Mg2+) than for Ca?+. Activation
of TRPM7 channels supported the development of cardiac fibrosis by enhancing TGF-B1-triggered syn-
thesis of extracellular matrix (ECM). Paper 1l showed that inhibition of TRPM7 in HLFs increased plas-
min activity and reduced fibrosis marker expression. Therefore, the results of paper | and Ill suggest
that activation of TRPA1 and blocking of TRPM7 channels may be promising therapeutic strategies in
patients suffering from pulmonary fibrosis.



Zusammenfassung

Zusammenfassung

Die Signaltransduktion durch “Transient receptor potential” (TRP) Kationen Kanale ist fiir die Aufrecht-
erhaltung des lonengleichgewichts in Sdugerzellen duf3erst wichtig. Das einzige Mitglied der ,Ankyrin“-
Familie von TRP-Kanélen, TRPA1, exprimiert eine groBe Zahl an ,Ankyrin Repeat®* Domanen (ARDs)
im N-Terminus. Wir konnten in ,Paper I“ zeigen, dass der aktive Kanal in primaren humanen Lungen
Fibroblasten (HLF) stark exprimiert ist und in diesen Zellen die durch den transformierenden Wachs-
tumsfaktor beta 1 (TGF-1) ausgeldste Fibroblasten-zu-Myofibroblasten-Differenzierung als essentiel-
len Schritt fur die Entwicklung einer Lungenfibrose in Patienten verhindern kann. Die Produktion von
TRPA1 mRNS war in Myofibroblasten deutlich reduziert und eine verminderte Produktion des Kanals
fihrte zu einer verstarken Expression von Fibrose Markern (z.B.: Kollagen, Fibronektin, alpha glattes
Muskelaktin und ,plasminogen activator inhibitor 1%). Die TRPA1-vermittelte Inhibition der Expression
Myofibroblastenspezifischer Proteine wurde durch eine direkte Regulation der ERK1/2- und SMAD2/3-
Linker-Phosphorylierung induziert und hing von der Verflgbarkeit von extrazellularem Kalzium lonen
(Ca?*) ab. Als einer der wichtigsten sekundaren Botenstoffe unterliegt die Ca?*-Konzentration in den
Zellen einer strengen Kontrolle, um die Spezifitat der Signale zu gewahrleisten und um eine Ca?*-ver-
mittelte Toxizitdt zu vermeiden. Die Erhéhung der intrazellularen Ca?+-Konzentration erfolgt entweder
durch einen rezeptorgesteuerten Einstrom von Kalzium lonen (,receptor-operated Ca2* entry, ROCE")
oder durch den Ausstrom von Ca? aus den internen Ca?*-Speichern (,store-operated Ca?+ entry,
SOCE"). Wahrend einige Gruppen eine Beteiligung der kanonischen TRP-Kanale 1 und 6 (TRPC1/6)
am SOCE vorschlugen, zeigte Paper Il, dass TRPC1/6 Kanéle in primaren murinen Lungenfibroblasten
(pmLFs) ausschlieBlich zum ,ROCE" und nicht zum ,SOCE" beitragen. TRP-Melastatin 7 (TRPM7) Ka-
néle unterscheiden sich von TRPA1 und TRPC1/6 Proteinen durch ihre héhere Selektivitat fir Magne-
sium lonen (Mg?+) im Vergleich zu Ca?*. Eine Aktivierung von TRPM7-Kanélen forderte die Entwicklung
einer Herzfibrose und verstarkte die durch TGF-B1 ausgeldste Synthese der extrazelluldaren Matrix
(ECM). Paper Il zeigte, dass die Hemmung von TRPM7 in HLFs die Plasminaktivitat erhéhte und die
Expression von Fibrosemarkern reduzierte. Die Ergebnisse von Paper | und Ill zeigen also, dass eine
Aktivierung von TRPA1- und eine Blockade von TRPM7-Kanélen vielversprechende therapeutische
Strategien fir Patienten darstellen, die an einer pulmonalen Fibrose leiden.
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1.1 Contribution to paper |

Fibroblast to myofibroblast differentiation (FMD) is assumed to crucially contribute to the development
of pulmonary fibrosis (PF). A former Ph.D. student (Katharina Hofmann) of our research group showed
that transforming growth factor beta 1 (TGF-B1) treatment of wild type (WT) primary murine lung fibro-
blasts (pmLFs) led not only to myofibroblast differentiation of the cells, but also induced an upregulation
of classical transient receptor potential 6 (TRPC6) mRNA and protein expression [4]. Furthermore,
TRPC6 knockout (KO) in mice ameliorated bleomycin-induced lung fibrosis compared to WT mice. Now,
we set out to analyze the role of TRP channels in FMD in a more translational approach. To obtain a
detailed overview on the effects of TGF-B1-treatment on primary human lung fibroblasts (HLFs) and
more specifically on TRP channel expression, | prepared HLF samples of three healthy donors either
treated with TGF-B1 or solvent for RNA sequencing (RNAseq). | performed a preliminary analysis of the
RNAseq data and noticed a clear trend towards a TGF-B1-mediated downregulation of mRNA expres-
sion from the transient receptor potential A1 (TRPA1) gene in HLFs. After verification of the TGF-B1-
induced reduction of TRPA1 on mRNA level using quantitative reverse transcription PCR (qRT-PCR), |
started investigating the role of the channel in HLFs more closely. As all tested TRPA1 antibodies failed
to detect endogenous levels of the protein in HLFs, | verified the TGF-B1- and small interfering RNA
(siRNA)-mediated reduction of TRPA1 channels on a functional level in Ca%*-imaging experiments.
While gRT-PCRs as well as immunoblotting, immunofluorescence staining or a plasmin activity assay
confirmed TGF-B1-mediated upregulation of fibrosis markers (e.g. ACTA2/a-SMA, FN1, COL1A1 and
SERPINE1/PAI-1), activation of TRPA1 channels by the specific agonists AITC or JTO10 counteracted
this TGF-B1-mediated upregulation of myofibroblast markers. Moreover, knockdown (KD) of TRPA1
mRNA by siRNAs led to increased levels of the above mentioned fibrosis markers. With the use of
antibodies recognizing phosphorylated proteins and a luciferase reporter assay, | was able to demon-
strate an involvement of the phosphorylated Extracellular signal-regulated kinase1/2 (ERK1/2) and
SMAD2/3 in TRPA1 signaling in HLFs as KD and inhibition of TRPA1 diminished phosphorylation levels.
Moreover, ERK1/2 and SMAD2-linker phosphorylation strongly depended on the availability of extracel-
lular Ca?+ as its depletion dampened the phosphorylation levels.

Additional to my role in designing and conducting all laboratory work as well as the statistical analysis
of the experiments using GraphPad PRISM (Version 9.4) (except the thorough analysis of the RNAseq
data), | also took part in drafting and revising the manuscript of paper I.

1.2 Contribution to paper Il

Ca?+ signaling plays an essential role in multiple cellular functions. Two mechanistically distinct pro-
cesses can mediate Ca?* entry in cells — receptor operated Ca?+ entry (ROCE) and store operated Ca?+
entry (SOCE). TRPC channels are known to be involved in ROCE. However, there is a dispute in the
scientific community if — in addition to STIM and ORAI proteins — TRPCs also contribute to SOCE. In
this publication, we aimed to assess the role of TRPC1/6 to SOCE in pmLFs.

My contribution to paper Il included a thorough revision and critical discussion of the manuscript as well
as the clarification of the effect of TRPC1/6-KO in pmLFs on STIM1/2 (protein and mRNA) and Orai1-3
(mRNA) expression levels. During the peer-review process of the manuscript, one of the reviewers
pointed out the need to reevaluate STIM1/2 protein levels in TRPC1/67 pmLFs compared to WT cells.
Additional to already analyzed samples, | used cell lysates from freshly isolated pmLFs of WT and
TRPC1/67- C57BL/6 mice (three of each genotype) for immunoblots. These results confirmed that KO

1



Contribution to the publications

of TRPC1/6 does not alter STIM1/2 protein expression levels in pmLFs. Quantitative RT-PCR revealed
a slightly reduced Stim1/2 gene expression in TRPC1/6-deficient mice compared to WT mice, while
Orai1-3 mRNA expression was not affected by the TRPC1/6 KO.

1.3 Contribution to paper lll

Inhibition of transient receptor potential melastatin 7 (TRPM7) signaling reduced TGF-B1-mediated pro-
duction of collagen and a-SMA in MRC5 cells [5]. My colleague Sarah Zeitimayr from the lab of Dr.
Andreas Breit was able to demonstrate in this publication that application of TRPM7 antagonists result
in decreased expression of myofibroblast markers as well as plasminogen activator inhibitor-1 (PAI-1).
| contributed to this research by transferring our methods for the isolation and handling of murine and
human primary fibroblasts and helped to draft and revise the manuscript.
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2. Introduction

2.1 Transient Receptor Potential Cation Channels

In 2021, the Nobel Prize award for two transient receptor potential (TRP) researchers David Julius and
Ardem Patapoutian underlined the importance of TRP cation channels. The first Trp gene was cloned
in drosophila [6], but the channels are also highly expressed in mammalian cells, where they serve a
plethora of biological functions (reviewed in [7]). The 28 mammalian TRP channels are grouped into six
subfamilies: TRPC (for canonical or classical), TRPM (for melastatin), TRPV (for vanilloid), TRPA (for
ankyrin), TRPML (for mucolipin) und TRPP (for polycystin) (see Fig. 1A) [7]. The human TRPCZ2 gene,
however, contains a premature stop codon and as a pseudogene does not code for a functional protein

[8].

TRPA1
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Figure 1: The Superfamily of TRP channels. A: Phylogenetic tree of the 28 mammalian members of TRP channels in six
families: C for canonical, V for vanilloid, M for melastatin, A for ankyrin, P for polycystin and ML for mucolipin (created with
BioRender, modified from [9]). B: Schematic view of the TRP subunit structure. The structure includes N-terminal: ankyrin repeat
domains (ARDs) and a coiled-coil (CC) motif (not present in all TRP channels); six transmembrane segments, a pore loop through
which mostly cations (e.g. Ca?*, Na*, Mg?*) enter; and C-terminal: a TRP-(L) box and a CC motif (not present in all TRP channels)
(created with BioRender, adapted from [10]).

Although mammalian TRP channels share merely 20 % sequence homology [11], the general structures
of TRP channels are similar (see Fig. 1B). TRP channels possess six transmembrane-spanning do-
mains, with the fifth (§5) and sixth (S6) segment forming a cation permeable pore. Typical structural
characteristics for the intracellular N- and C-termini of TRPs include ankyrin repeat domains (ARDs) and
a TRP box domain, respectively (reviewed in [12]). The TRP box is highly conserved and consists of a
proline-rich 24 amino acid (AA) motif [12] that might be pivotal for TRP channel gating [13, 14].
Depending on the protein, the homo- or heterotetrameric TRP channels are localized either in the
plasma membrane or intracellularly in lysosomal membranes. Activation occurs through a wide variety
of stimuli such as diacylglycerol (DAG), temperature, reactive oxygen species (ROS) or chemicals [7].
Lanthanoids, such as La®+ and Gd3+, inhibit most TRP channels [15, 16]. Most TRP channels are non-
selective cation channels with permeability for calcium ions (Ca2*) (reviewed in [17]), which serve as
ubiquitous second messengers. Only TRPM4 [18] and TRPM5 [19] are impermeable for Ca?+, while
TRPV5[20] and TRPV6 [21] show the highest selectivity for Ca2+. Although TRP channels are expressed
throughout the entire organism [7], the work presented here investigates the role of TRP channels in
human and murine primary lung fibroblasts.

2.1.1 Transient Receptor Potential Ankyrin 1 Channel

The only member of the ankyrin family of TRP channels, TRPAT1, received its name from the high num-
ber of ankyrin repeats (ARs) located at the N-terminus of the protein. In humans, the ANKTM71 gene is

3



Introduction

localized on chromosome (Chr) 8g21.11 and contains 29 exons [22]. In mice, the gene with 27 exons is
found on Chr1 [23]. The two orthologues share 79 % sequence identity [24]. TRPAT1 is a non-selective
cation channel [25] with high permeability for Ca2+ [26, 27] and expressed throughout the entire body.
The TRPA1 cDNA was first cloned from cultured human lung fibroblasts (HLFs) [28]. The channel, how-
ever, is not expressed in primary murine lung fibroblasts (pmLFs) of C57BL/6 mice (unpublished result
from our RNA-Seq. data). Most research focuses on TRPAT1 function in sensory neurons, where its
expression is relatively high and often occurs in combination with TRPV1 [29-31]. As a noxious sensor,
TRPA1 plays a role in airway diseases (e.g. cough [32] and smoking related responses [33]), itch [34,
35], pain sensation and inflammatory pain ([36-38], reviewed in [31, 39]).

The first high resolution (~ 4 A) cryo-electron microscopy (EM) structure of the 1119 AA-long human
TRPA1 cation channel by Paulsen et al. in 2015 confirmed the homo-tetrameric assembly of the channel
[40, 41]. In contrast to previous assumptions, the TRPA1 C-terminus contains a TRP-like domain, which
can function as a site for allosteric modulation of the protein and is involved in channel gating [39, 40,
42]. In the recent cryo-EM structures, only the last five ARs could be resolved sufficiently and the pres-
ence of eleven additional N-terminal ARs is predicted. The ARs might enhance interactions between the
four TRPA1 subunits [40] and communicate with the pore region [43, 44] (see Fig. 2A).
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Figure 2: TRPA1 channel structure and electrophilic activation. A: Protein structure of a TRPA1 channel monomer. The
protein structure can be subdivided into three parts: The transmembrane domain (TMD), the coupling domain (CD) and the ankyrin
repeat domain (ARD). The TMD contains a voltage-sensor-like domain (VSLD), which comprises the first four transmembrane
segments (S1-S4), and a pore domain (S5, S6 including the pore helices P1 and P2), which are connected via domain-swapping
interactions. An ARD contains ARs (N-terminal) and the C-terminal coiled-coil motif (CC). The CD serves as connection for the
TMD and the ARD. Reactive cysteine residues C621, C641 and C665 [45], which serve as putative binding sites for TRPA1
agonists, are located in the CD [46]. B: Binding of the TRPA1 channel agonists JT010 and AITC to reactive cysteine residues of
TRPA1 (adapted from the supplementary information of [46]).

The protein structures furthered our understanding of the electrophilic activation and Ca2*-selectivity of
TRPAA1. It is activated by a variety of electrophiles, including allyl isothiocyanate (AITC) in wasabi [29],
garlic [47] and cinnamaldehyde [48], which covalently modify N-terminal cysteine residues [45, 49, 50]
in both reversible (Thiol-Michael adduct formation e.g. by AITC) and irreversible reactions (SN2 reaction,
e.g. by JTO10) (see Fig. 2B) [45, 46]. Many studies have identified AA residue C621 [40, 46, 49, 50] as
a hotspot for rapid, electrophilic activation of TRPA1. lon conduction through the TRPA1 pore occurs
via two gates. The lower gate is formed by AA 1957 and V961 [42, 46], which form a hydrophobic seal
to prevent permeation of rehydrated cations [40]. The upper gate/ selectivity filter is formed by AA G914
and D915, whereby the latter determines Ca?* selectivity due to its negative charge [26, 40].

Patients suffering from Familial Episodic Pain Syndrome (FEPS), currently the only known TRPA1-re-
lated so called “channelopathy”, carry the gain-of-function missense mutation N855S located in the S4
TMD which disturbs the Ca2+*-mediated activation of TRPA1 [51, 52]. In fact, Ca?* plays a crucial role for
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Introduction

TRPA1 modulation. While extracellular Ca?+ is not a prerequisite for TRPA1 activation, its presence
potentiates activation of the channel [29, 30] and also leads to desensitization. Both potentiation and
deactivation by extracellular Ca2+ require Ca2* entry into the cell [26]. Yet, the mechanisms occur inde-
pendently from each other and a much lower intracellular Ca2+ concentration ([Ca2+])) is sufficient for
activation ([Ca?*]i< 1mM [53, 54]) than for inactivation ([Ca?*]i> 1 mM [26]). This mechanism ensures
that desensitization does not precede potentiation [26]. Two studies, using TRPA1 overexpressing sys-
tems, identified the channel as a sensor for noxious cold [25, 48]. However, this was soon disputed in a
TRPA1- mouse model in which the animals did not display alterations in their sensitivity to cold [38].
The role of hnTRPAT1 in noxious cold sensation is particularly difficult to assess, as there might be func-
tional changes depending on the native environment of the channel [55-57]. A recent study performed
patch-clamp bilayer recordings with truncated hTRPA1 proteins [58]. A form of the hTRPA1 protein
lacking the N-terminal ARD (A1-688) exhibited an increased sensitivity to cold (< 15 °C) and heat (> 30
°C) compared to the full-length protein. nTRPA1 also lacking the VSLD (A1-854) was more sensitive to
cold, but showed decreased sensitivity to high temperatures [58]. Although there are some data availa-
ble that TRPA1 acts as a mechanosensory transducer in nociceptive sensory neurons [59-61], its mech-
anosensitivity is still a matter of dispute and requires further experimental investigations (discussed in
[39, 57)).

The S5 TMD contains a small tilt, whose movement upon channel pore opening alters the conformation
of the selectivity filter and thereby allows communication of the two gates [42]. Interestingly, the highly
selective TRPA1 antagonist A-967079 binds in close proximity to this bend and the pore helices [40,
42]. HC-030031, another TRPA1 antagonist, does not bind to the same domain, as investigated by
mutagenesis studies [40], but its exact binding site remains unknown. Therefore, electrophilic TRPA1
agonists appear to function in a similar manner, while blocking of TRPA1 can occur through different
mechanisms.

2.1.2 Transient Receptor Potential Canonical 1 and 6 Channels

The family of classical or canonical TRP channels comprises seven members, wherein TRPC3/6/7 and
TRPC4/5 form subgroups due to their sequence homology and corresponding functions [62, 63]. TRPC
channels assemble as homo- or hetero-tetramers, the latter form mostly within the TRPC subgroups
[62]. The existence of functional, homo-tetrameric TRPC1 channels is not conclusively clarified [64].
TRPC1 mostly forms hetero-tetramers with TRPC4/5, but TRPC1/3, TRPC1/6 and TRPC1/7 complexes
have also been reported [62, 65]. TRPC1 was the first mammalian TRPC channel to be identified in
1995 [8, 66]. Two years later, the mTrpc6 gene was cloned from mouse brain [67] and the hTRPC6
gene from human placenta in 1999 [68]. The hTRPC1 gene is localized on Chr3q13, mTrpc1 on Chr9
and the genes are comprised of 16 [69] and 15 exons [70], respectively. While the existence of five
murine and four human splice variants of TRPC1 was reported, only the a-, 8-, and e-variant were shown
to be functional (reviewed in [71]). TRPC1 mRNA expression was detected in many tissues, including
lungs, kidney, liver and brain [72]. Structurally, TRPC1 is predicted to have a similar molecular makeup
to the other TRP channels [73], however, no structure of the channel is available.

The hTRPCE6 gene [68] is located on Chr11g21-g22 and contains 13 exons [74]. Human and murine
TRPCB6 (on Chr 9) share 93 % sequence identity [67] and comprise 931 and 930 AAs, respectively [75].
Single cell RNAseq detected high hTRPC6 expression levels in inhibitory neurons and smooth muscle
cells [76]. In mice, Trpc6 is found in the lungs and the brain [67] and the human channel is highly ex-
pressed in lungs, spleen, ovary, placenta [77] and also in kidneys [78].

The N-terminus of TRPC6 contains four ARs and a CC. These domains interact with a second CC,
localized in the C-terminus of the protein [75, 79], to stabilize the channel structure [80]. The C-terminus
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includes the conserved TRP box and a Calmodulin and IP3-receptor binding site (CIRB) [75, 79]. TRPC6
has, in contrast to other TRPC channels like TRPC3, a low basal activity due to two extracellular glyco-
sylation sites at AA N473 and N561 [81], and shows a five times higher ion permeability for Ca2+ than
for Na+ [68]. The selectivity filter of TRPC6 contains a negatively charged E687 on the extracellular site
[80], which might be responsible for the gating of divalent cations [80, 82]. The lower gate is formed by
the polar residues N728 and Q732 as well as the hydrophobic residue 1724 [80]. A tightly controlled
extracellular Ca?+ concentration ([Ca?]e) is pivotal for TRPC6 channel function, as full depletion of
[Ca?]e abolished cation currents in smooth muscle cells, but an increase of [Ca?*]e to 2 mM also dimin-
ished the currents [83]. [Ca?*]e ranging from 50 to 200 uM facilitated maximal potentiation of TRPC6
currents [83] in a voltage independent manner [84]. [Ca?*]i<200 nM increased and [Ca?*]i >200 nM
decreased TRPC6 current densities, implying that [Ca?*]i might also regulate TRPC6 activity [84]. DAG
and its membrane permeable analog OAG activate TRPC6, as well as TRPC3 and 7 [68]. The binding
site of OAG/DAG is not yet identified, but TRPC6 binds another agonist, AM-0883, between S6 of one
channel monomer and the pore helix of the neighboring subunit [85]. Binding sites for two TRPC6 an-
tagonists (BTMD and AM-1473) were also identified [80, 85]. BTMD binds to the channel between the
S5-S6 pore domain and the S1-S4 TMD, which blocked channel opening [80] and AM-1473 binding was
observed within a pocket in the S1-S4 TMD [85].

2.1.3 Transient Receptor Potential Melastatin 7 Channel

Sequence analysis allows subdivision of TRPM channels into two groups: TRPMZ2/4/5/8 and
TRPM1/3/6/7 [15]. TRPM2, TRPM6 and TRPM7 are the only mammalian TRP channels that harbor an
enzymatically active kinase moiety [86-93]. The hTRPM?7 gene with 43 exons is located on Chr15g21.2
[94] and its murine ortholog on Chr2 with 42 exons [95]. TRPM7 mRNA is ubiquitously expressed
throughout the human body with overall higher expression levels than the other TRPM family members
[96]. Single cell RNAseq analysis revealed high expression in excitatory and inhibitory neurons as well
as in astrocytes and oligodendrocytes [97]. TRPM7 protein expression is pivotal for murine embryonal
development [98, 99]. In adult tissue, TRPM7 function is essential for cell viability, migration, apoptosis,
proliferation [89, 100-102] and maintaining magnesium ion (Mg2+) homeostasis [103, 104]. Divalent cat-
ions, mainly Mg?+ and Ca?+ [89], but also trace metals [105] can flow through the pore of TRPM7 with
the following permeation profile: Zn?+ = Ni?+ >> Ba?* > Co?* > Mg?* = Mn2+ 2 Sr2+ 2 Cd?* = Ca?* [105]. In
murine TRPM7 channels, ion selectivity is determined by the presence of two conserved AA residues:
the negatively charged E1047 and Y1049. Cryo-EM structures of murine TRPM7 channel domain in its
closed state were released in 2018 [14]. Overall, the channel possesses the predicted fourfold symmetry
with six TMDs, domain-swapping features, one N-terminal ARD, the conserved C-terminal TRP box and
a CC known from other TRP channel structures [14]. The CC mediates channel subunit multimerization
and trafficking of the channel [106].

Low levels of intracellular Mg?*+ [89] and ROS [100, 107] potentiated TRPM7 currents. Naltriben was
identified as potent, selective TRPM7 activator whose action did not depend on prior depletion of intra-
cellular Mg?+[108]. Reversible inhibition of the constitutively active TRPM7 channel [101] involves two
distinct binding sites for intercellular Mg?+ and Mg-ATP [89, 102, 103, 109-111]. The Mg?*-regulated
inhibition appeared to rely on a decreased number of active channels and not on a diminished single-
channel conductance [102, 110]. Further mechanisms of TRPM7 channel inhibition include low cytosolic
pH [111], divalent cations (e.g. Ba?*, Sr2+, Zn?>* and Mn?*) [112] and hydrolysis of membrane bound
phosphatidylinositol-4,5-biphosphate (PIP2) by phospholipase C (PLC) [113].

The a-kinase domain is located at the C-terminal side of TRPM7 and comprises about 300 AA residues
[90]. Cleaving of TRPM7 at AA D1510 generates both the functional ion channel with increased activity
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and the self-assembling kinase with phosphotransferase activity [114, 115]. The enzyme contains one
ATP-, one Zn?+- and two Mg?+-binding sites [102]. Several autophosphorylation sites lay in the C-termi-
nus [116, 117] and within the serine/threonine rich N-terminal domain of the kinase moiety [118]. The
serine/threonine containing sequence enhances Mg?*-dependent phosphorylation [119] of the sub-
strates of the kinase (e.g. annexin A1 [120], myosin Il heavy chain [121], PLCy2 [122] and SMAD2 [123])
by facilitating their interaction [118]. Interestingly, mutations of some of the autophosphorylation sites
(81511 and S1567) did not affect the channel properties. While the channel activity is blocked by Mg?+,
the serine/threonine kinase function is enhanced by Mg?+, unaltered by Ca?+ and blocked by Zn?+ [116].

2.2 Ca?*'-the ubiquitous secondary messenger

Activation of TRP channels can lead to elevation of [Ca?*]i in the cell, where it serves as an important
second messenger for a variety of processes [124]. Elevation of cytoplasmatic Ca?* levels induces cel-
lular responses which range from cell proliferation and growth to cell death by apoptosis [125] and also
include exocytosis and muscle contraction [124, 126].

2.2.1 Calcium Signaling and its Regulation

The physiological cytoplasmic [Ca?] is around 100 nM and upon stimulation increases to up to 1 uM
[124]. Ca?* entry to the cytoplasm occurs either from the extracellular space, where [Ca?] is in the
millimolar range, or from the endo/sarcoplasmic reticulum (ER/SR) with a [Ca?*] of 100 — 500 uM [124].
As continuous high cytoplasmic Ca?* levels are toxic [124, 127], the second messenger is removed
rapidly from the cytoplasm by Ca?*-ATPases, Na*/Ca?+* exchangers [128] and Ca?* binding proteins for
buffering of Ca2* [129] in order to maintain Ca?* homeostasis. This leads to an oscillation of Ca?* levels
[127, 129], which carry additional information, such as amplitude and frequency, to achieve more spe-
cific cellular responses [130]. To ensure that the universal second messenger evokes the correct signal
in the cell, formation of microdomains restrict the signal spatially. Rapid changes in Ca?+ also prevent
desensitization [130]. As mentioned in section 2.1.1 and 2.1.2, Ca?* also has a dual effect on TRPA1
and TRPCB, as their channel activity is dependent on the intra- and/or extracellular [Ca2*] [83, 84].

2.2.2 Receptor- and Store-Operated Calcium Entry

Receptor-operated Ca2+ entry (ROCE) depends on agonist-induced activation of G protein-coupled re-
ceptors (GPCR) and the subsequent activation of PLC [77]. PLC hydrolyzes PIP2 to generate DAG [131]
and inositol triphosphate (IPs) [132, 133]. As mentioned in section 2.1.2, DAG can serve as a direct
activator of TRPC6 [131] to induce Ca?* influx into the cells.

IP3, the second product generated by PLC-mediated cleaving of PIP2, is a key player in the initiation of
store-operated Ca?* entry (SOCE) [134, 135]. SOCE is a major pathway for Ca?* influx in non-excitable
cells [136] and was first described as capacitive Ca?* entry by Putney in 1986 [135]. IP3 binds to its
receptor located in the ER membrane [134, 137] triggering release of Ca?+ from the intracellular Ca?+
stores [132, 133, 138], which is followed by influx of Ca?*into the cytosol from the extracellular space.
Ca?* release-activated Ca?* currents (lcrac), which are non-voltage dependent and selective [139], were
identified as specific for SOCE [140]. Stromal interaction molecule 1 (STIM1) proteins sense the deple-
tion of the [Ca?*] in the ER [141, 142], either in response to IP3-mediated Ca?* release or after application
of Thapsigargin (Tg). Tg acts as a blocker of SR/ER Ca?* ATPase pumps (SERCA) which are respon-
sible for the refilling of ER Ca?* levels [143]. The dissociation of Ca?* from STIM1 causes a conforma-
tional change of the protein, which enables the STIM1 dimers to form oligomers and migrate towards
the plasma membrane, where they form puncta [142, 144, 145] and recruit as well as interact with
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plasma membrane-bound Orai channels through which the calcium entry occurs [146-148]. The for-
mation of STIM1 puncta at ER-plasma membrane junctions is reversible and the STIM1 aggregates are
dissolved after refilling of the ER Ca?* stores [149]. Furthermore, a Ca2+*-dependent inactivation of SOCE
can be observed after CRAC channel opening and Ca?* influx [150]. SOCE contributes to a number of
important cellular functions such as proliferation, apoptosis and transcription [139], e.g. by activation of
nuclear factor of activated T cells (NFAT) [151]. Only Ca?*-bound calmodulin is capable of activating
calcineurin, which activates NFAT by cleaving N-terminal phosphates of its cytoplasmic region. This
mechanism allows the transcription factor to translocate to the nucleus [152].

Prior to the discovery of Orai channels [146-148], TRPC channels were assumed to mediate Ca?* entry
after store depletion [66] and the discussion regarding the function of TRP channels in SOCE has yet
to be resolved. Although TRP channels failed to match the electrophysical properties of Icrac currents
[153-155], a contribution of TRPC channels to SOCE through interaction with STIM1/2 [156-158] and/or
Orai1-3 proteins [159-162] was observed in several studies. Evidence pointing to an involvement of
TRPA1 and TRPM7 channels in SOCE is sparse. TRPA1 was found to interact with STIM1, Oraif,
TRPC1 and TRPC6 in co-immunoprecipitation experiments. TRPA1 inhibition strengthened STIM1-
Orai1 association indicating that TRPA1 might be a negative regulator of SOCE [163]. TRPM7 kinase
activity was shown to positively modulate SOCE [164-166].

2.3 Physiology, pathophysiology and TRP expression in the
Respiratory Tract

The lungs are in constant contact with the environment facilitating gas exchange. Additional functions
of the respiratory system include maintenance of the pH by releasing CO2 from the body and host de-
fense [167]. Airborne particles, microorganisms and toxins can cause tremendous damage in the lung.
Due to their high expression in the lung, TRP channels might be druggable targets for treatment of lung
diseases. The recent global SARS-COV-2 pandemic has highlighted the urgent need for lung research.
TRPA1 is known to be a noxious sensor and can drive lung inflammation and cough [31, 39] and TRPA1
as well as TRPV1 signaling were proposed to contribute to the severity of COVID-19 symptoms. De-
sensitization of TRPA1 by consumption of TRPA1-activating aliments, such as broccoli and ginger, re-
duced the inflammation-induced symptoms [168]. The expression pattern of TRPC6 was altered in pa-
tients suffering from COVID-19-induced pneumonia [169] and the occurrence of pulmonary fibrosis is
predicted to rise during COVID-19-triggered acute respiratory distress syndrome [170-172]. TRPM7 sig-
naling is reported to be profibrotic (see chapter 2.3.3).

2.3.1 Structure and Cell Types of the Respiratory Tract

Anatomically, the respiratory system can be subdivided into the upper and the lower tract. The former
includes the nasal cavity, the pharynx and the larynx. The latter consists of the trachea and the bronchial
tree of the lungs [173]. The trachea branches into the two primary bronchi, which continue to separate
into the lobar bronchi, the segmental bronchi, the bronchioles, the terminal bronchioles, the respiratory
bronchioles and the alveolar ducts until they terminate in the alveolar sacs [174]. Functionally, there is
a distinction between conducting and respiratory airways (see Fig. 3). The latter start within the respir-
atory bronchioles and the majority of the gas exchange occurs in the alveoli [175]. A mucous membrane
lining the trachea and the bronchi captures and clears inhaled pathogens [173]. The pseudostratified
epithelium contains mostly goblet cells, which secrete mucus, and ciliated cells, which move the mucus
upwards. Further down in the bronchial tree, the mucous membrane transitions from a cuboidal epithe-
lium to a simple squamous epithelium in the alveoli [173]. Long stretched alveolar epithelial type 1 (AT1)
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cells, through which gas exchange occurs, cover 95 % of the alveolar surface [176]. AT2 cells are more
numerous [177] and are responsible for surfactant protein secretion [178]. The only 0.2 — 0.5 um thick
barrier between alveolar space and capillaries enables efficient gas exchange [179]. Differences be-
tween the human and the murine respiratory tract include a reduced number of goblet cells and the lack
of respiratory bronchioles in mice [174].
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Figure 3: Schematic depiction of the anatomy of the human respiratory tract. Division of the human respiratory tract in
conducting and respiratory tracts (created with BioRender after [180]).
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2.3.2 Pulmonary Fibroblasts and the Extracellular Matrix

A major part of the lungs is comprised of connective tissue in between the airways. This interstitial space
is mainly populated by fibroblasts, which secrete extracellular matrix (ECM) and interact with ECM con-
stituents to maintain the integrity of the organ [175]. These mesenchymal cells are critical for embryonal
development (reviewed in [181]), wound healing and tissue repair due to their various functions (e.g.
secretion, maintenance and polarization of ECM components, wound contraction and migration) (re-
viewed in [182]). Pulmonary fibroblasts aid AT2 cells in proliferation, surfactant synthesis [183] and dif-
ferentiation to AT1 cells [181]. Furthermore, fibroblasts also influence the innate immune system by
macrophage polarization and cytokine synthesis, regulate the metabolism with production of lactate,
pyruvate and lipids and are important for the maintenance of the mesenchymal lineage. Contraction of
pulmonary fibroblasts supports breathing by stretching and recoiling the tissue [182].

In mammals, the entity of the ECM, termed “matrisome”, comprises around 300 core ECM proteins and
a number of associated factors, such as enzymes, growth-factors and interacting proteins [184, 185].
The large ECM proteins form an insoluble matrix, often with cross-links between the components [184,
185], thereby providing spatial information for the surrounding cells [186] (see Fig. 4). ECM proteins in
the lung are found in the parenchyma and in the basement membranes, which are thin layers of ECM
localized underneath epithelial and endothelial cell structures [186, 187]. ECM assembly and cell adhe-
sion are mediated by glycoproteins. The integrity of the structural matrices is maintained by collagens
[184], which are the most abundant molecules in the ECM [188]. Collagen | is responsible for tensile
strength and collagen Il provides lung flexibility [189]. Two important glycoprotein groups which mediate
cell adhesion to the ECM via receptors (e.g. integrins) are laminin and fibronectin [184, 190, 191]. Fi-
bronectin regulates cell migration (e.g. of fibroblasts towards an injury) and differentiation during devel-
opment [192-194]. Laminins, in combination with additional ECM proteins, such as collagen 1V, are part
of the basement membranes [184, 195, 196]. Other ECM glycoproteins include elastin, tenascins and
fibrinogen [184].
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Proteoglycans are glycoproteins coupled to additional glycosaminoglycans, which are repeating disac-
charide polymers containing negatively charged carboxyl and sulfate groups. By embedding water and
divalent cations (e.g. Ca?*) into the matrix, proteoglycans provide elasticity. Moreover, glycoproteins
confer signals to proteoglycans allowing them to bind growth factors [197], which can be released from
the ECM by proteolysis, rendering the ECM a kind of growth factor storage [198]. Matrix metalloprotein-
ases (MMPs) contribute to ECM remodeling by degrading the connective tissue and are themselves
inhibited by tissue inhibitors of metalloproteinases [189]. Plasma membrane bound plasminogen [199]
is converted to plasmin by either urokinase or tissue plasminogen activator (u/tPA) [200, 201] and once
activated, the serine protease can degrade fibronectin, collagen and fibrin [201-203]. Plasminogen ac-
tivator inhibitor-1 (PAI-1), another factor released by myofibroblasts, acts as a major inhibitor of this
fibrinolytic system by suppressing the u/tPAs [204].
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Figure 4: Schematic overview of the ECM. Collagens have a higher proportional expression in the lung than other ECM com-
ponents [188, 205]. Integrins mediate ECM-cell-interactions via fibronectin and transfer mechanical stimuli from the ECM to the
actin filaments in the cytoskeleton (Created with BioRender after [206]).

Homeostasis of ECM is important to maintain lung elasticity and alterations affect fibroblast behavior
regarding tissue repair [186]. Following initial inflammation, resident fibroblasts [207] and bone marrow
derived peripheral blood fibrocytes [208] invade wounded tissue in response to production of chemo
attractants, such as platelet-derived growth factor (PDGF) and CXCL12, by epithelial and immune cells
[207]. After adhesion to the injured site via integrins, the fibroblasts start proliferating and clear the
wound from degraded proteins by secreting MMPs to prepare for new tissue formation [209, 210]. Other
important secreted factors are TGF-p1, 2, 3 [211-213], with TGF-B1 as the key player in fibroblast to
myofibroblast differentiation (FMD) [214-216]. Myofibroblasts express alpha smooth muscle actin (a-
SMA) and actin stress fibers, which both contribute to cell contractility, and are important for wound
closing and migration [217-220]. Furthermore, cell-cell and cell-matrix adherins can be found in myofi-
broblasts [221, 222] and myofibroblasts have an elevated turnover of ECM proteins compared to normal
fibroblasts. After wound closure, myofibroblasts return to pre-injury levels by apoptosis [223, 224].

2.3.3 Pulmonary Fibrosis and TRP Channels

Pulmonary fibrosis (PF) can develop during acute lung injury, after radiation therapy (e.g. as cancer
treatment) or due to unknown factors (idiopathic PF) [225]. It is widely accepted that PF develops in
response to chronic microinjuries in the alveolar epithelium, which causes inflammatory responses, such
as secretion of TGF-B1 from AT2 cells and alveolar macrophages. TGF-B1 signaling initiates fibroblast
migration to the site of injury, proliferation of the cells as well as FMD (see Fig. 5). This process of wound
healing becomes dysregulated due to unknown factors and myofibroblasts fail to undergo apoptosis in
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PF. This leads to an exorbitant deposition of ECM and formation of myofibroblast foci within the lung
parenchyma. The progression of the disease eventually leads to tissue stiffening and impaired gas ex-
change as the barrier between alveoli and capillaries thickens [226-230]. Hence, PF therapy remains a
great challenge and patients rely on lung transplantation to ensure survival. Currently, two drugs,
pirfenidone [231, 232] and nintedanib [233, 234], are approved for the treatment of PF and act to improve
the patients’ quality of live. Yet, both medications fail to cure the disease [235, 236]. However, taking all
players known to be involved in fibrosis development into account would be far outside the scope of this
work. Therefore, this section will focus on the role of TRP channels, pulmonary fibroblasts and Ca?* in

fibrosis.
; ; Alveolar M@

Alveolar Type 2
{(;&2 Cells
Alveolar
Type 1 (AT1)
Cells l
Transforming
growth factor-81
(TGF-B1)

=

Actin stress fibers
a-SMA

Primary
resident lung Myofibroblast
fibroblast focus

o‘-.'-b.Q ..’o'..“’.“f .,.. -_".Q'fQ %

Figure 5: Schematic representation of accumulation of fibroblasts in the interstitial space during the development of PF.
Myofibroblast clusters develop in response to TGF-31-mediated signaling. Secretion of CXCL12 by injured alveolar epithelial cells
leads to chemoattraction of CXCR4* fibrocytes. PDGF release by activated alveolar epithelial cells induces local migration and
proliferation of resident fibroblasts (Created with BioRender after [207]). See text and reference for more details.

The canonical TGF-f signaling pathway is considered to be pivotal for the pathophysiology of PF as it
contributes to FMD and deposition of ECM [227, 228]. TGF-B1 binds to its receptor and induces phos-
phorylation of the C-terminal mad homology 2 (MH2) domain of SMADZ2/3 [237]. This initiates SMAD2/3
translocation to the nucleus where these factors coordinate transcription of profibrotic genes such as
PAI-1, collagens or fibronectin [238, 239].
Ca?+ influx was reported to be essential for the onset of lung fibrosis [240, 241] and fibroblast differenti-
ation [242, 243]. TRPV4-mediated elevation of [Ca2*]i crucially contributed to TGF-B1-triggered FMD
and TRPV4+ mice were protected from developing PF [240].
TRPC67 mice showed prolonged survival rates after exposure to bleomycin compared to WT mice.
Moreover, TRPC6 is upregulated by TGF-B1 treatment in pulmonary, cardiac and dermal fibroblasts
and also in vascular smooth muscle cells [4, 243, 244]. Although the function of TRPC6-calcineurin-
NFAT signaling in pulmonary fibrosis is not well established, TRPC6 inhibition could be a promising
strategy for the therapy of cardiac and renal fibrosis [245]. A large number of studies showed that inhi-
bition or knockdown of TRPC6 ameliorated fibrotic remodeling in the kidneys [246-251] and the heart
[245], while TRPC6 activation was shown to contribute to disease onset in kidneys [252, 253], the in-
testine [253, 254] and in the heart [255, 256]. So far, no connection between TRPC1 and pulmonary
fibrosis has been reported. A possible involvement of TRPC1 in FMD was proposed because TRPC1
expression was upregulated in NIH/3T3 cells, a murine embryonic fibroblast cell line, after TGF-B1 treat-
ment and KD or inhibition of the channel reduced TGF-B1-triggered fibroblast marker expression [257].
TRPM?7 signaling also seems to drive fibrosis progression. Expression of this channel was upregu-
lated in response to TGF-B1 in several cell types, including a fetal human lung fibroblast cell line (MRC5)
[5], cardiac fibroblasts [242, 258, 259] and hepatic stellate cells [260, 261]. Furthermore, blocking or KD
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of TRPM7 diminished TGF-B1-triggered activation and proliferation of cells as well as the upregulation
of fibrosis markers, such as a-SMA, COL, FN1 and MMP-9, in cardiac fibroblasts and hepatic stellate
cells [5, 242, 258, 259, 261, 262]. This interaction of TRPM7 and TGF-f1 is mediated via SMAD signal-
ing and results in a synergism as the TRPM7 a-kinase moiety can phosphorylate SMAD2/3 proteins
[258, 261]. Moreover, suppression of TRPM7 reduced development of cardiac fibrosis in rodent models
[258, 263]. In addition to the canonical SMAD pathway, mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase/ protein kinase B (PI3K/Akt) signaling were linked to TRPM7 function in
fibrosis [5, 260, 262, 264]. In MRC5 cells, TGF-B1 simulation led to increased phosphorylation of Akt
which was blocked by application of Gd3+ and 2-Aminoethoxydiphenylborane (2-APB), two TRPM7 an-
tagonists [5]. H202-induced cardiac fibrosis was ameliorated by TRPM7 silencing, which also reduced
Extracellular signal-regulated kinase (ERK1/2) activation [264]. Application of the non-specific TRPM7
antagonist carvacrol ameliorated the development of liver fibrosis by blocking the MAPK pathway as
seen by reduced phosphorylation levels of ERK1/2, MAPK p38 and JNK1/2 [262]. siRNA-mediated si-
lencing of TRPM7 decreased phosphorylation levels of ERK1/2 and Akt in hepatic stellate cells [261].
These results indicate that ERK1/2 phosphorylation might promote fibrosis progression.

However, several publications report a possible role of ERK1/2 proteins in the suppression of fibrosis
progression. Inhibition of ERK1/2 and JNK in dermal fibroblasts was able to support FMD [265]. ERK1/2
signaling is necessary for the production of the anti-fibrotic cytokine IL-10 in immune cells [266] and
ERK1/2 inhibition diminished the expression of IL-10 ([253], reviewed in [267]). Moreover, activation of
TRPA1, which is reported to inhibit fibrosis development [268-272], led to ERK1/2 phosphorylation in
HEK-293 cells as well as in small cell lung carcinoma cells [273]. Pirfenidone and steroids activated
TRPAT1, which led to attenuation of intestinal fibrosis [269]. TRPA17 mice showed elevated levels of
inflammation and fibrotic changes in a trinitrobenzene sulfonic acid (TNBS)-induced model of chronic
colitis compared to WT animals. Administration of pirfenidone and steroids as well as of the herbal
extract Daikenchuto reduced the effects of TNBS in WT but not in TRPA1- mice [269, 271]. Li et al.
showed in a rat model of cardiac fibrosis that activation of TRPA1 by cinnamaldehyde ameliorated the
disease phenotype. In this model, TRPA1 acts by elevating autocrine calcitonin gene-related peptide,
which in turn diminishes nuclear factor 'kappa-light-chain-enhancer’ of activated B-cells (NFkB) signaling
and thus fibroblast activation [270]. Recently, the protective effect of TRPA1 was also demonstrated in
age-related cardiac fibrosis. TRPA1-- mice exhibited accelerated development of fibrotic changes com-
pared to WT control mice [272]. In contrast, inhibition of TRPA1 reduced development of interstitial
cardiac fibrosis in mice after transverse aortic constriction surgery [274].

2.4 Aim of the thesis

As outlined above, much is already known about multiple roles of TRP channels in primary lung fibro-
blasts and their involvement in the progression of pulmonary fibrosis. However, a few questions, for
which my thesis aims to provide answers, remain:
(1) Does activation of TRPA1 channels in HLFs suppress TGF- B1-induced FMD and the progres-
sion of pulmonary fibrosis? Which signal transduction cascade is responsible for this inhibition?
(2) Do murine TRPC1/67 pmLFs show any changes in the expression patterns of STIM1/2 proteins
and Oria1-3 channels?
(3) Are TRPM7 channels in HLFs involved in the progression of FMD and pulmonary fibrosis?

Along these lines, all three questions (paper 1 — 3) were answered in the following three publications
with myself as co-author and first author.
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primary murine lung fibroblasts is
independent of classical transient
receptor potential (TRPC) channels
and contributes to cell migration

Larissa Bendiks?, Fabienne Geiger!, Thomas Gudermann?, Stefan Feske? &
Alexander Dietrich'™

Stromal interaction molecules (STIM1, 2) are acting as sensors for Ca>* in intracellular stores and
activate Orai channels at the plasma membrane for store-operated Ca?* entry (SOCE), while classical
transient receptor potential (TRPC) channel mediate receptor-operated Ca?* entry (ROCE). Several
reports, however, indicate a role for TRPC in SOCE in certain cell types. Here, we analyzed Ca?* influx
and cell function in TRPC1/6-deficient (TRPC1/6 /) and STIM1/2- deficient (STIM1/24P™F) primary
murine lung fibroblasts (pmLF). As expected, SOCE was decreased in STIM1/2- deficient pmLF and
ROCE was decreased in TRPC1/6 ~/~ pmLF compared to control cells. By contrast, SOCE was not
significantly different in TRPC1/6~/~ pmLF and ROCE was similar in STIM1/2-deficient pmLF compared
to Wt cells. Most interestingly, cell proliferation, migration and nuclear localization of nuclear factor
of activated T-cells (NFATc1 and c3) were decreased after ablation of STIM1/2 proteins in pmLF. In
conclusion, TRPC1/6 channels are not involved in SOCE and STIM1/2 deficiency resulted in decreased
cell proliferation and migration in pmLF.

Store-operated Ca?* entry (SOCE) also named capacitive Ca>* entry (CCE) was first described by J.W. Putney
Jr. more than 30 years ago as depletion of intracellular Ca?* stores which induces the opening of plasma mem-
brane (PM) Ca?* channels'. Since then, candidate proteins like classical transient receptor potential (TRPC)
channels? and mechanisms, e.g. coupling of TRPC proteins to inositol 1-4-5 trisphosphate (IP3) receptor chan-
nels in the endoplasmic reticulum®* for SOCE, were intensively discussed in the scientific community. In 2005
however, stromal interaction molecules (Stim in Drosophila and STIM1, STIM2 in humans) were identified as
Ca*" sensors in the ER directly regulating SOCE in two different large-scale screening approaches™. One year
later, Ca2* selective channels at the plasma membrane (Orai) were discovered’-®, which were responsible for
Ca?* release activated Ca** (CRAC) currents originally described in mast cells'®. A molecular model was devel-
oped to support the concept that upon ER Ca** depletion STIM proteins homo-multimerize and translocate to
ER-PM junctions!!'?, where they recruit and gate Orai channels via direct interaction'®. Ca** influx through Orai
channels is important for cellular remodeling, e.g. in cardiovascular diseases'?, and mutations in these channels
are responsible for multiple channelopathies'®. Irrespective of these events, TRP channels trigger Ca*" influx in
response to extracellular stimuli or receptor activation (receptor-operated Ca?" influx, ROCE) independently of
STIM and Orai'®. Some labs, however, reported that TRPC channels also interact with STIM proteins'” and/or
Orai channels'®. Along these lines, TRPC channels like TRPC1 were invoked in SOCE in certain cells of salivary
glands' and pancreatic acini?’, while in vascular smooth muscle cells TRPC1 channels work independently of
SOCE?!. The role of TRPCI1 is even more confusing as the molecular architecture of native TRPC1 channels is
still a matter of debate??. While all mammalian TRPC channels form homotetramers, the translocation of TRPC1
homotetramers to the plasma membrane and homomeric TRPC1 currents in native tissues were questioned®.

IWalther Straub Institute of Pharmacology and Toxicology, Member of the German Center for Lung Research
(DZL), Medical Faculty, LMU-Munich, Munich, Germany. 2Department of Pathology, New York University School of
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In heteromeric TRPC channels TRPC1 appears to work as an ion channel regulator rather than an ion channel
per se, because it modifies currents of homotetrameric TRPC5?* and reduces Ca?" permeation of TRPC4/5/6/7
channels®. Therefore, the exact function of TRPC channels for SOCE or ROCE needs to be analyzed in each cell
type independently.

In here, we set out to study the role of SOCE in primary murine lung fibroblasts (pmLF) using TRPC1/6-
and STIM1/2-deficient fibroblasts in comparison to Wt control cells. SOCE was independent from TRPC1 and
TRPC6 expression in pmLF but clearly dependent on STIM1/2 proteins. STIM1/2-deficiency reduced cell pro-
liferation and migration as well as decreased nuclear levels of nuclear factor of activated T cells (NFATc1 and
NFATc3) compared to control cells. Our data suggest an essential role of TRPC-independent SOCE in pmLF
survival and cell migration.

Materials and Methods

Animals.  Stim1/2/f** mice were bred as previously described?. Trpc1/6~/~ mice were generated by crossing
TrpcI~'=' and TRPC6~/~ %" mice. Stim1/2/** were crossed with Trpcl/6~'~ animals to gain Stim1/2/ox/flex/
Trpcl/6~'~ mice. All mice were on a C57BL/6] background. All animal experiments were approved by the gov-
ernmental authorities and guidelines of the European Union (EU) were followed for the care and use of animals.

Isolation and culture of primary murine lung fibroblasts. Primary murine lung fibroblasts (pmLF)
were isolated as previously described for human lung fibroblasts®. Briefly, lungs of C57BL/6 mice were flushed
through the right heart with sterile, cold PBS and excised. The lungs were dissected into pieces of 1-2 cm? in size
and digested by 1 mg/ml of Collagenase I (Biochrom, Cambridge, UK) at 37 °C for 2 h. Digested lung pieces were
filtered through a nylon filter (pore size 70 pm; BD Falcon, Franklin Lakes, NJ, USA) and centrifuged for 5 min.
Subsequently, the pellet was re-suspended in DMEM/F12 fibroblast culture medium (Lonza, Basel, Switzerland)
supplemented with 20% fetal bovine serum (Invitrogen, Carlsbad, USA) as well as penicillin/streptomycin
(Lonza, Basel, Switzerland) and normocin (InvivoGen, San Diego, USA) before finally plated on 10 cm cell culture
dishes. Medium was changed after 2 days and cells were split after reaching a confluence of 80-90%. Only pmLF
from passage 3—4 were used for the studies.

Lentiviral infection of pmLF.  PmLF from Stim1/2/>*/l* mice were infected by lentiviruses expressing
Cre recombinase to obtain STIM1/2- deficient fibroblasts. Lentiviruses were produced as previously described®
based on the protocol for the amplification of second generation lentiviruses from the Tronolab (tronolab.epfl.ch).
Lenti-X 293T cells (Clontec/Takara, Mountain View, USA) grown in DMEM medium (Lonza, Basel, Switzerland)
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, USA) as well as penicillin/streptomycin
(Lonza, Basel, Switzerland) were transfected with pWPXL (carrying the gene of interest), pMD2G (encoding
VSV G envelope protein) and pSPAX (encoding HIV-1 Gag, Pol, Tat and Revprotein) by calcium phosphate trans-
fection. Supernatant containing virus was collected for two days. Virus solution was concentrated by using Peg-it
solution (SBI, Mountain View, USA) and the pellet was re-suspended in cold PBS, aliquoted and stored at —80 °C.
Successful virus production was verified by LentiX Go-stix (Clontec/Takara, Mountain View, USA). PmLF of the
second passage were seeded at 1.5 x 10° cells per well of a 6-well plate and infected by lentiviruses expressing Cre
recombinase on the next day. Medium was changed the next morning and infected pmLF were used for experi-
ments after 4-5 days. Excision of exons from Stim1 and Stim2 genes was monitored by genomic PCR.

Genomic PCR.  Genotyping of Trpcl/6~'~ and Stim1/2"/** mice as well as STIM1/24P™LF fibroblasts was
done as described*?%7.

Ca’* imaging of intracellular Ca?*.  STIM1/2%P™'F, TRPC1/6~'~, and TRPC1/6~/~ STIM1/24P™F as well
as control cells (Wt and Wt infected Cre recombinase expressing lentiviruses) were grown on 25 mm covers-
lips and loaded with Fura-2-AM (2 puM, Sigma, Taufkirchen, Germany) in 0.1% BSA in HEPES/HBSS buffer at
37°C for 30 min. Coverslips were washed with HEPES/HBSS buffer and placed on a microscope in a low-volume
recording chamber. To measure receptor-operated Ca*" entry (ROCE) endothelin-1 (4 uM, Merck, Darmstadt,
Germany) was applied in HBSS buffer with (2mM) Ca*" or in nominal Ca** free (0.5 mM EGTA) buffer after
adding Ca?" (2mM). Store-operated Ca** entry (SOCE) was analyzed after depletion of internal Ca>" stores
by 1M thapsigargin (Sigma, Taufkirchen, Germany) in Ca?* free HBSS solution containing 0.5mM EGTA by
adding extracellular Ca** (2mM)™. An increase in intracellular Ca?* ([Ca?*];) was recorded using a Polychrome
V monochromator (Till Photonics, Martinsried, Germany) and a 14-bit EMCCD camera (iXON3 885, Andor,
Belfast, UK) coupled to an inverted microscope (IX71with an UPlanSApo 20x/0.85 oil immersion objective,
Olympus, Hamburg, Germany) at 340 and 380 nm as described™®.

Quantitative reverse transcription (QRT)-PCR analysis. Total RNA from primary lung fibroblasts
was isolated using the Invitrap Spin Universal RNA Mini Kit (Stratec, Berlin, Germany) according to the manu-
facturer’s protocol. First-strand cDNA was synthesized from the isolated total RNA using RevertAid RT contain-
ing reverse transcription polymerase (ThermoScientific, St. Leon-Rot, Germany) and random primer. MRNA
expression of targeted genes in pmLF was analyzed by real time PCR as previously described™. Briefly, 10 pmol
of each primer pair and 2 ul from the first strand synthesis were added to the reaction mixture consisting of 2x
ABsolute QPCR SYBR Green Mix (ThermoScientific, St. Leon-Rot, Germany) and water. PCR was carried out in
a light-cycler apparatus (Roche, Mannheim, Germany) using the following conditions: 15 min initial activation
and 45 cycles of 12s at 94°C, 30s at 50 °C, 30s at 72 °C. Primer pairs (see Table 1) were used for the amplification
of specific DNA-fragments from the first strand synthesis. Fluorescence intensities were recorded after an exten-
sion step at 72 °C after each cycle. Samples containing primer dimers were excluded by melting curve analysis
and identification of the products were done by agarose gel electrophoresis. Crossing points were determined by

SCIENTIFICREPORTS |

(2020) 10:6812 | https://doi.org/10.1038/s41598-020-63677-2

15




Paper Il

www.nature.com/scientificreports/

Target Species Forward primer (5-3') Reverse primer (5'-3")

STIM1 mouse AAG CTT ATC AGC GTG GAG GA CCT CAT CCA CAG TCC AGT TGT
STIM2 mouse GAG GGC GCA GAG TGT GAG TTT AGA GCC ATG CGGACCT
Orail mouse TAC TTA AGC CGC GCC AAG ACT TCC ACCATC GCT ACCA
Orai2 mouse GGA CCT CAG CCCTCCTGT GGG TACTGG TACTTG GTC TCC A
Orai3 mouse CACATCTGCTCT GCT GTCG GGT GGG TAT TCATGATCGTTCT
TRPC1 mouse TGA ACT TAG TGC TGA CTT AAA GGA AC CGG GCT AGCTCT TCA TAATCA
TRPC3 mouse TGG ATT GCA CCT TGT AGC AG ACC CAG AAA GAT GAT GAAGGA G
TRPC4 mouse GAT GAT ATT ACCGTG GGT CCT G GAT TCC ACC AGT CAT GGA TGT
TRPC5 mouse CTC TAC GCC ATC CGC AAG TCA TCA GCG TGG GAA CCT
TRPC6 mouse GCA GCT GTT CAG GAT GAA AAC TTC AGC CCA TAT CAT GCC TA
TRPC7 mouse AAT GGC GAT GTG AACTTGC CAG TTA GGG TGA GCA ACG AAC
f-actin mouse CTA AGG CCA ACCGTG AAA AG ACC AGA GGC ATA CAG GGA CA

Table 1. Primer pairs used for amplification of quantitative RT-PCR fragments.

the software program provided by the manufacturer. Relative gene expression was quantified using the formula:
(2e(Crossing point reference gene — Crossing point X)) x 100 = % of the reference gene expression of the house-
keeping gene (3-actin).

Western blot analysis. Protein expression levels for STIM1 and STIM2 were determined by Western Blot
analysis as previously described®. PmLF from cell culture dishes of 20 cm diameter were washed two times with
cold PBS before 250 pl of lysis buffer (20 mM Tris-HCL, pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium
deoxycholate, 1% SDS, 5mM EDTA) containing phosphatase und protease inhibitors (Roche, Mannheim,
Germany) was applied for 60 min on ice. After centrifugation of the protein lysates at 5500 x g for 30 min at 4°C
protein concentration was quantified using a BCA-Assay (Pierce, Thermo Fisher, Schwerte, Germany) accord-
ing to the manufacturer’s instructions. 6 x Laemmli buffer (375 mM 4 x Tris/SDS buffer, pH 6.8, 48% glycerin,
6% SDS, 0,03% bromophenol blue and 9% (3-mercaptoethanol) was added, the mixture incubated at 90 °C for
10 min and sonicated for 15s. 10 pg protein of each sample was loaded on a 10% SDS gel. Protein separation
was performed at room temperature using a current of 20 mA for 3-4h. To transfer the proteins to a PVDF
membrane a current of 20 mA was applied for 20 h at 4°C. After transfer, the membrane was rinsed with 10 ml
TBST for 5min at room temperature. Transfer was checked using Ponceau solution (A2935 0500, AppliChem,
Darmstadt, Germany). Blocking was performed for 1h at room temperature using 10 ml blocking buffer (5% low
fat milk in TBST). Each primary antibody was diluted in TBST containing 5% of blocking solution and applied
over night at 4°C. After washing with TBST three times for 10 min each, HRP-conjugated secondary antibody
was applied for 2h at room temperature. The membrane was washed with TBST three times, for 10 min each
and incubated in SuperSignal West Femto chemiluminescent substrate (Thermo Scientific, Waltham, MA, USA).
Chemiluminescence was detected by exposure of the filter in an Odyssey-Fc-unit (Licor, Lincoln, NE, USA).
Used antibodies and dilutions: HRP-conjugated anti-3-actin antibody (Sigma A3854HRP, 1:10,000), anti-STIM1
(CellSignaling, #4916S, 1:1000), anti-STIM2 (CellSignaling, #4917S, 1:1000) and secondary anti-rabbit IgG per-
oxidase (POX)-antibody (Sigma A6154, 1:10000).

Viability assay. Viability assays were performed by using the WST-1 Reagent (Roche, Mannheim, Germany)
according to the manufacturer’s instructions. Tetrazolium salts like WST-1 are cleaved to colored formazan in
viable cells, which can be measured by spectrophotometry. Cells were plated at a density of 2 x 10* cells per ml
per well of a 24-well plate and incubated at 37 °C and 5% CO, overnight. WST-1 reagent was diluted 1:10 in pmLF
medium before it was added to each well. After 3hours of incubation absorbance of formazan was measured at a
wavelength of 450 nm by spectrophotometry (Tecan, Switzerland). Cell free wells containing pmLF Medium plus
WST-1 reagent served as background values.

Proliferation assay. DNA synthesis of lung fibroblasts was assessed using the Click-iT 5-ethynyl-
2'-deoxyuridine (EdU) Imaging Kit (ThermoScientific, St. Leon-Rot, Germany). In brief, 1.5 x 10° pmLF per
well of a 6 well plate were plated on coverslips overnight and were treated with 10 uM EdU for 3 hours on the
next day. After washing cells with PBS and fixation in 3.7% formaldehyde for 10 min pmLF were treated accord-
ing to the manufacturer’s protocol as previously described®. EAU is a thymidine analogue which gets incorpo-
rated into DNA during active DNA synthesis, if added to the culture medium?!. After incorporation the ethynyl
group of EAU covalently couples to a small fluorescent azide in a copper-dependent click reaction, which can be
detected under a fluorescence microscope. To detect all cell nuclei, an additional staining with Hoechst 33342
(Life Technologies, Darmstadt, Germany) was performed. Stained cells were visualized by confocal imaging (LSM
880, Carl Zeiss) and stained nuclei were analyzed by the Image] software.

Migration assay. Approximately 1.5 x 10 cells per insert were seeded on a 3 well silicone insert with a
500 um cell-free gap (ibidi GmbH, Martinsried, Germany) and grown at 37 °C and 5% CO, overnight. Insert
detachment created a defined cell-free gap. Images were taken 0, 4, 8, 12 and 24 h after releasing inserts. Migration
was analyzed by measuring the remaining gap width by the Image] software in 3 pictures per time point and
replicate.
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Figure 1. Representative images of PCR fragments obtained from genomic DNA of primary murine fibroblasts
(pmLF) using gene specific primers separated by agarose gel electrophoresis (a,b). Wild-type (Wt), Stim1/2/¥
flox (Stim 1", Stim2") as well as Stim1/2/°Mx fibroblasts infected with lentiviruses expressing Cre recombinase
(Stim /e, Stim 2+ Cr¢) were analyzed. (a) DNA fragments amplified from Wt (Wt), Stim 17o¥/x (Stim 1) or
deleted Stim1 (Stim1°) alleles are marked. (b) DNA fragments amplified from Wt (Wt), Stim2/e/e* (Stim2") or
deleted Stim2 (Stim2) alleles are marked.
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Figure 2. Quantification of STIM, Orai and TRPC mRNAs in primary murine lung fibroblasts (pmLF).
Relative mRNA expression of STIM1 and STIM2 as well as Orail-3 (a) or TRPC channels 1, 3-7 (b) in wild-
type (Wt) pmLE, Wt cells infected with Cre recombinase expressing lentiviruses (Wt Cre), STIM1/2"/ fibroblasts
infected with Cre recombinase expressing lentiviruses (STIM1/24P™F) and TRPC1/6- (TRPC1/6~'~) deficient
pmLF analyzed by quantitative RT-PCR. Columns show means +/— SEM (n > 3 mice, *P < 0.05, **P < 0.01,
##%P < 0.001).

Isolation of nuclear fractions. Isolation of nuclear protein extracts from pmLF was performed with a
Nuclear Extract Kit according to the manufacturer’s instructions (Active Motif, 40010, La Hulpe, Belgium) as
described. In brief, cells were first washed with PBS containing phosphatase inhibitors. Cytoplasmic protein
fractions were collected by adding hypotonic lysis buffer and detergent, causing leakage of cytoplasmic pro-
teins into the supernatant. After centrifugation (14.000 x g for 30s) nuclear protein fractions were obtained by
re-suspending pellets in detergent-free lysis buffer containing protease inhibitors. NFAT proteins were analyzed
by Western Blotting as described above with the following modifications: 20 pl of each protein sample was loaded
on a 7.5% SDS gel. Transfer of proteins to PVDF membrane was performed by an applied current of 360 mA at
4°C for 1 hand 15min. Unspecific binding sites were blocked in 5%BSA in TBST for one hour prior to incubation
with the first antibody incubation overnight. All other steps were performed as described before. Antibodies
used: Anti NFATcl (mouse, SantaCruz Biotechnology, sc-7294, 1:500), anti-NFATc3 (mouse, SantaCruz
Biotechnology, sc-7294, 1:500), anti-mouse IgG HRP- linked antibody (CellSignaling, #7076, Danvers, USA)
as secondary antibody. Anti Lamin B1 (rabbit, ThermoScientific, PA5-19468, 1:5000) and secondary anti-rabbit
IgG peroxidase-linked antibodies (goat, Sigma A6154, 1:10000) served as loading control. Protein bands were
normalized to loading controls and quantified by an Odyssey-Fc unit (Licor, Lincoln, USA).

Statistics. All statistical tests were performed using GraphPad Prism 7 (GraphPad Software, San Diego,
USA). All Data were first tested for Gaussian distribution using the Shapiro-Wilk test. Gaussian distributed data
were analyzed by t-tests or ordinary one-way ANOVA test. If Gaussian distribution was not assumed, nonpara-
metric tests (Wilcoxon matched-pairs signed-rank test, Mann-Whitney U test or Kruskal-Wallis test) were used.
Data are shown in means & SEM. Significant differences are indicated by asterisks for P < 0.05 (*), 0.01 (**),
0.001 (***) and 0.0001 (****),
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Figure 3. Quantification of STIM1 (a) and STIM2 (b) protein expression in cell lysates of of wildtype (Wt),
TRPC1/6-deficient (TRPC1/6~/~), and STIM1/2-deficient (STIM1/22P™LF) primary murine lung fibroblasts
(pmLF). Expression of 3-actin was used as loading control. Signals were normalized and quantified by using
the LICOR software. Columns show means +/— SEM (n = 3 mice). Representative images from STIM1 and
STIM2 immunoblots. Asterisks mark significant differences (****P < 0.0001).

Results
Cre recombinase induced excision of exons in Stim1 and Stim2 genes in primary murine fibro-
blasts (pmLF) and resulting changes in mRNA and protein levels. To investigate the role of SOCE
in pmLF we set out to delete exons in genes, which might be essential for SOCE. We first bred mice deficient for
TRPC1 and TRPC6 to obtain Trpcl/6~'~ -double- deficient mice after a crossing over event on chromosome 9,
where both genes are located. These mice are viable, fertile and have a normal life span. In clear contrast, STIM1/2
deficient mice die within a few weeks after birth*®. To examine the effect of STIM deficiency in primary murine
lung fibroblasts (pmLF), we therefore isolated these cells from mice with loxP flanked Stim1 and Stim2 genes* and
infected them with recombinant lentiviruses expressing Cre-recombinase. By genomic PCR, we detected DNA
fragments corresponding to the deleted Stim1 and Stim2 genes after lentiviral infection, respectively (Fig. 1a,b).

To test for any compensatory up- or down-regulation of STIM, Orai and TRPC1/6 mRNAs we quanti-
fied mRNA levels in STIM1/2 (STIM1/224PF) and TRPC1/6-deficient (TRPC1/6~/~) fibroblasts in compar-
ison to wild-type (Wt) and Wt cells infected with recombinant lentiviruses expressing Cre recombinase (Wt
Cre). No up-regulation but significantly lower levels of STIM1-2 as well as Orail-3 mRNAs were observed in
STIM1/22P™LF fibroblasts (Fig. 2a,b). In TRPC1/6-deficient pmLE, we detected significantly decreased levels of
TRPC1 and TRPC6 mRNA as expected. TRPC5 mRNA levels, although very low, were also significantly reduced
in TRPC1/6—/— pmLF (Fig. S1 in Supplementary Information).

In Western Blots STIM1 and STIM2 proteins were not detectable in STIM1/24P™LF, but expressed in similar
amounts in TRPC1/6~'~ pmLF as in Wt cells (Fig. 3a,b).

Receptor-operated Ca?* entry (ROCE) is decreased in TRPC1/6-deficient, but not significant dif-
ferentin STIM1/2-deficient fibroblasts. To quantify ROCE in primary murine lung fibroblasts (pmLF),
endothelin 1 (Et-1) was used to activate Gq protein-coupled endothelin receptors. Stimulation of Phospholipases
C-B by Gay-subunits resulted in cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) and generation of dia-
cylglycerol (DAG), which activates TRPC6 channels®>. ROCE was quantified by analyzing Ca?" transients meas-
ured fluorometrically at wavelengths of 340 and 380 nm (Fig. 4a,b) and calculating areas under the curve (AUC)
(Fig. 4c) after adding Et-1 to pmLE. Both values were significantly decreased in TRPC1/6-deficient but not in
STIM1/2-deficient pmLF compared to control cells (Fig. 4a—c). We also performed recalcification experiments
after application of Et-1 in Ca?" free buffer (Fig. S2 in Supplementary Information). While there is no difference
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Figure 4. Receptor-operated Ca** entry (ROCE) induced by application of endothelin-1 (Et-1) in TRPC1/6-
(TRPC1/67'7) (a,c), STIM1/2— (STIM1/24P™LF) (b,c) and STIM1/2—TRPC1/6— (TRPC1/6~/~ STIM1/24pmLF)
deficient primary murine lung fibroblasts (pmLF) (a,c). Wild-type pmLF infected with recombinant lentiviruses
expressing Cre recombinase (Wt Cre) served as controls. Fura-2-loaded pmLF were stimulated with 4 uM Et-1
in Ca?* containing buffer to generate ROCE. Intracellular Ca** levels ([Ca?"];) were quantified by analysis of
fluorescence ratios at excitation wavelengths of 340 and 380 nm (ratio 340/380 nm) and normalized to initial
values. Lines represent calculated means and light grey areas indicate standard error of the mean (SEM) of more
than three independent experiments of at least three mice. Calculation of the areas under the curves (AUC)

in Fig. 4a,b was used to quantify ROCE (c). One single dot represents the mean of at least 20 cells from one

cell isolation. Asterisks mark significant differences from left to right (n >3 mice, **P < 0.01, ***P < 0.001,
##HFP < 0,0001) between ratios of deficient cells compared to control cells.

in cytoplasmic Ca?* levels after the release of Ca** from the internal stores following IP; production, Ca** influx
from the extracellular medium is reduced in TRPC1/6~/~ fibroblasts compared to Wt cells.

Store-operated Ca?* entry (SOCE) is reduced in STIM1/2-deficient, but not in TRPC1/6-deficient
primary murine lung fibroblasts (pmLF). SOCE was induced in pmLF by emptying internal Ca>* stores
after application of thapsigargin in Ca** free buffer containing the Ca** chelator EGTA and subsequent readdition
of extracellular Ca?*. While TRPC1/6-deficient fibroblasts showed no differences, SOCE in STIM1/2-deficient
cells was significantly reduced comparing peak levels and areas under the curve (AUC) (Fig. 5a—c). Ablation of
all four proteins STIM1/2 and TRPC1/6 did not further reduce SOCE. Therefore, SOCE is exclusively regulated
by STIM1/2 proteins and Orai channels in primary murine fibroblasts and not dependent on TRPC1 and TRPC6.

STIM1/2 deficiency reduces cell proliferation, migration and nuclear localization of NFAT
transcription factors in fibroblasts. To understand the general role of SOCE in cell function of pmLF,
we quantified cell viability using a WST assay in STIM1/2- deficient fibroblasts in comparison to control cells.
Cell viability was not impaired by STIM1/2 deficiency 5 to 8 days after infection with recombinant lentiviruses
expressing Cre recombinase in comparison to infected and non-infected Wt pmLF (Fig. 6a). In contrast to these
results. DNA synthesis as a measure of cell proliferation was significantly reduced in STIM1/2- deficient fibro-
blasts in comparison to Wt cells infected with recombinant lentiviruses expressing Cre recombinase (Fig. 6b,c).

To analyze SOCE on a molecular level in pmLF, we quantified nuclear levels of the Ca*"-dependent tran-
scription factor nuclear factor of activated T cells (NFAT). Both isoforms NFATc1 and NFATc3 were significantly
reduced in nuclear extracts of STIM1/2- deficient pmLF compared to Wt pmLF infected with recombinant lenti-
viruses expressing Cre recombinase as control cells (Fig. 7).

An important function during repair processes by pmLF is cell migration. To ask whether SOCE may have a
role in migration of pmLE, we quantified gap closure times of migrating STIM1/2- deficient and control pmLF.
It took STIM1/2- deficient pmLF significantly longer to close a defined gap in a confluent cell layer compared to
control cells (Wt and Wt Cre) (Fig. 8).
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Figure 5. Store-operated Ca** entry (SOCE) induced by application of thapsigargin in Ca**-free buffer and
subsequent readdition of extracellular Ca* in TRPC1/6— (TRPC1/67'") (a,c), STIM1/2— (STIM1/24PmLF)
(b,c) and STIM1/2—TRPC1/6— (TRPC1/6~/~ STIM1/24P™LF) deficient primary murine pulmonary fibroblasts
(pmLF) (a,c). (a,b) Wild-type fibroblasts infected with recombinant lentiviruses expressing Cre recombinase
(Wt Cre) served as controls. Internal Ca?* stores of fura-2-loaded pmLF were emptied by application of
thapsigargin followed by recalcification. Intracellular Ca?* levels ([Ca?"];) were quantified by analysis of
fluorescence ratios at excitation wavelengths of 340 and 380 nm (ratio 340/380 nm) and normalized to initial
values. Lines represent calculated means and light grey areas indicate standard error of the mean (SEM) of
more than three independent experiments of at least three mice. Calculation of the areas under the curves
(AUC) in Fig. 6a,b was used to quantify SOCE (c). One single dot represents the mean of at least 20 cells from
one cell isolation. Asterisks mark from left to right significant differences (*P < 0.05, **P < 0.01, ***P < 0.001,
##HFP < 0,0001) between ratios of deficient cells compared to control cells.
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Figure 6. Cell viability (a) and DNA synthesis (b,c) quantified in STIM1/2- deficient primary murine lung
fibroblasts (pmLF) compared to control cells. (a) Viability was analyzed in wild type pmLF infected with
recombinant lentiviruses expressing Cre recombinase (Wt Cre) as well as STIM1/2- deficient pmLF using a
WST-assay 5-8 days after infection. (b) Wild type pmLF infected with recombinant lentiviruses expressing
Cre recombinase (Wt Cre) as well as STIM1/2- deficient pmLF were incubated with EAU (5-ethynyl-2'-
deoxyuridine) for 4hours and fixed cells were stained with cross- linked fluorescent azide. Nuclei staining was
performed by Hoechst dye. (c) Individual values and means +/— SEM of EdU/Hoechst ratios were plotted .
Asterisks mark significant differences (n >3 mice, **P < 0.01) between ratios of STIM1/2-deficient cells
compared to control cells.
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extracts from STIM1/22P™LF and Wt Cre cells. Summary of quantitative analysis of nuclear NFAT levels of

the c1 (upper bar graph) and ¢3 (lower bar graph) isoforms. Columns show calculated means +/— SEM.
Asterisks mark significant differences (n > 3 mice, *P < 0.05, **P < 0.001) between ratios of STIM1/22P™LF cells
compared to Wt Cre control cells.
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with recombinant lentiviruses expressing Cre recombinase (Wt Cre) after removing inserts. (b) Summary of
remaining gap values normalized to initial values quantified in migration assays of STIM1/2- deficient pmLF
compared to Wt cells infected with recombinant lentiviruses expressing Cre recombinase (Wt Cre) after
removing inserts at 0, 4, 8, 12 and 24 h. Data represent means + SEM from 3 independent cell preparations

of 5 mice each. Asterisks mark significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
between ratios of STIM1/2-deficient cells compared to control cells.
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Discussion

To dissect the molecular correlate of ROCE and SOCE in pmLF we deleted essential genes involved in one or pre-
sumably both processes in pmLE. In a former publication, we identified TRPC1 as the predominantly expressed
TRPC channel in pmLE while TRPC6 is up-regulated in TGF-31 induced fibroblast to myofibroblast differenti-
ation®. Three members of this TRPC family namely TRPC3, TRPC6 and TRPC? are activated by diacylglycerol
(DAG), which is produced after ligand binding to G protein-coupled receptors (GPCR) and subsequent cleavage
of phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase-C isozymes®>**. These so called DAG-sensitive
channels are mainly expressed in brain, endothelial and smooth muscle cells of the vasculature and mediate
ROCE (reviewed in**). Recent findings indicate that Na*/H " exchanger regulatory factors dynamically determine
the DAG sensitivity of TRPC4 and TRPC5 channels* and that TRPCI proteins work as channel regulators in
heteromeric complexes with all other six channels of the TRPC family?. Therefore, all TRPC channels are respon-
sible for ROCE and global ablation of TRPC1 and TRPC6 proteins is sufficient to reduce intracellular Ca®" levels
during ROCE in pmLF from TRPC1/6- deficient mice (Fig. 4).

Activation of ubiquitously expressed Orai channels in the plasma membrane is exclusively dependent on
the multimerization of the ER Ca?* sensors STIM1 and 2 after detecting reduced Ca?" levels after store deple-
tion (summarized in*). As global deletion of STIM1 and 2 proteins induces early death in the corresponding
gene-deficient mouse models®, we choose a different approach and isolated pmLF from STIM1/2 floxed mouse
models, which carry loxP sites downstream and upstream of exons essential for protein function. Infection of
these cells with recombinant lentiviruses expressing Cre recombinase efficiently deletes floxed exons in both
genes (Fig. 1) resulting in an almost complete absence of both proteins (Fig. 3). No compensatory up-regulation
of mRNAs for Orai and TRPC channels (Fig. 2) was detected. On a protein level, TRPC1/6- deficient pmLF
expressed similar amounts of STIM1/2 proteins (Fig. 3) in comparison to Wt cells and no changes in SOCE were
observed (Fig. 5a). In contrast, complete ablation of STIM1/2 proteins in STIM1/24P™!F significantly reduced
SOCE (Fig. 5b), but had no significant effect on ROCE induced by activation of endothelin receptors by endothe-
lin 1 (Et-1) (Fig. 4b). ROCE, however, was significantly reduced in TRPC1/6- deficient cells (Fig. 4a) confirming
the hypothesis that TRPC1 and -6 channels are responsible for receptor-dependent Ca?* influx in these cells.

Several reports indicate TRPC3-mediated SOCE in pancreatic acini*’ and TRPC1-mediated SOCE in salivary
gland cells', which may be due to STIM1/2'7%%% or Orail/2/3'%44! interactions with TRPC channels in these
cells (reviewed in*>*). In pmLF however, we were not able to detect any difference in SOCE in TRPC1/6- defi-
cient cells compared to control cells (Fig. 5a,c), while STIM1/2- deficient pmLF showed significantly decreased
levels (Fig. 5b,c). Therefore, we conclude that SOCE and ROCE in pmLF are mediated by different entirely inde-
pendent molecular correlates in pmLF as already described in transiently transfected HEK293 cells'®.

Next, we analyzed the role of SOCE in basal cell functions of pmLE. While metabolic activity indicative of cell
viability was not changed in STIM1/2- deficient compared to lentivirus infected Wt cells (Fig. 6a), quantification
of DNA synthesis as a marker for cell proliferation was decreased in STIM1/2- deficient cells compared to Wt
cells infected with lentiviruses (Fig. 6b,c). The role of SOCE in cell proliferation has already been demonstrated
in many other cell types (reviewed in*!) and especially in cancer cells*. The nuclear translocation of NFATc tran-
scription factors depends on increases in the intracellular Ca®* concentration, which makes NFATc a preferred
target for SOCE induced changes in cell function*®. Accordingly, we identified lower levels of nuclear NFATc1 and
3 levels in STIM1/2- deficient pmLF compared to lentivirus infected Wt control cells emphasizing an important
role of SOCE in Ca?**-induced mRNA transcription of pmLF (Fig. 7). Similar results were obtained for NFATc3
in arterial smooth muscle cells*”. We also quantified cell migration as an essential function of pmLF during repair
processes in the lung and detected significant longer gap closure times in STIM1/2- deficient pmLF compared to
lentivirus infected control cells (Fig. 8). The role of SOCE in cell migration was intensively studied in cancer cells
(reviewed in*®), where intracellular Ca*" influx through STIM-Orai interaction affects focal adhesion turnover as
a critical step in the migration mechanism®. A similar mechanism may be important in migration of pmLF and
needs to be further analyzed.

In summary, we were able to show for the first time that SOCE, which is exclusively induced by STIM1/2
proteins in the ER of pmLE, is not dependent on TRPC1 and TRPC6, the predominantly expressed TRP channels
in pmLE. Therefore, an interaction of STIM proteins and/or Orai channels with TRPC channels in these cells to
mediate SOCE is unlikely. SOCE contributes to cell proliferation and migration as well as nuclear localization of
nuclear factor of activated T-cells (NFATc1 and c3) in pmLE. Therefore, TRPC6 channels, which are also impor-
tant for cellular functions of pmLF when differentiated to myofibroblasts by TGF-31°, work independently of
STIM1/2 proteins and Orai channels in this cell type.

Received: 26 November 2019; Accepted: 16 March 2020;
Published online: 22 April 2020

References
1. Putney, J. W. Jr. A model for receptor-regulated calcium entry. Cell Calcium 7, 1-12, https://doi.org/10.1016/0143-4160(86)90026-6
(1986).

2. Zhu, X. et al. trp, a novel mammalian gene family essential for agonist-activated capacitative Ca2+ entry. Cell 85, 661-671 (1996).
Kiselyov, K. et al. Functional interaction between InsP3 receptors and store-operated Htrp3 channels. Nature 396, 478-482 (1998).
Boulay, G. et al. Modulation of Ca(2+) entry by polypeptides of the inositol 1,4,5-trisphosphate receptor (IP3R) that bind transient
receptor potential (TRP): evidence for roles of TRP and IP3R in store depletion-activated Ca(2+) entry. Proc Natl Acad Sci USA 96,
14955-14960 (1999).

Liou, J. et al. STIM is a Ca2+ sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr Biol 15, 1235-1241 (2005).
Roos, J. et al. STIMI, an essential and conserved component of store-operated Ca2+ channel function. J Cell Biol 169, 435-445,
https://doi.org/10.1083/jcb.200502019 (2005).

Ll

v

SCIENTIFICREPORTS |

(2020) 10:6812 | https://doi.org/10.1038/s41598-020-63677-2

22




Paper Il

www.nature.com/scientificreports/

Al

©

©

S}

2]

2.

2.

2.

G

26.

2

2

3

2!

3

3

32.
33.

3.

3

36.
37.

3

4

S

4

=

42.

4

o

44.

4

N~

@

el

N

e

=4

L

“©

°

@

Feske, S. et al. A mutation in Orail causes immune deficiency by abrogating CRAC channel function. Nature 441, 179-185, https://
doi.org/10.1038/nature04702 (2006).

. Vig, M. et al. CRACMI1 is a plasma membrane protein essential for store-operated Ca2+- entry. Science 312, 12201223, https://doi.

org/10.1126/science.1127883 (2006).

. Yeromin, A. V. et al. Molecular identification of the CRAC channel by altered ion selectivity in a mutant of Orai. Nature 443,

226-229, https://doi.org/10.1038/nature05108 (2006).

. Hoth, M. & Penner, R. Depletion of intracellular calcium stores activates a calcium current in mast cells. Nature 355, 353-356,

https://doi.org/10.1038/355353a0 (1992).

. Liou, J., Fivaz, M., Inoue, T. & Meyer, T. Live-cell imaging reveals sequential oligomerization and local plasma membrane targeting

of stromal interaction molecule 1 after Ca2+- store depletion. Proc Natl Acad Sci USA 104, 9301-9306, https://doi.org/10.1073/
Ppnas.0702866104 (2007).

. Barr, V. A. et al. Dynamic movement of the calcium sensor STIM1 and the calcium channel Orail in activated T-cells: puncta and

distal caps. Molecular biology of the cell 19, 2802-2817, https://doi.org/10.1091/mbc.E08-02-0146 (2008).

. Luik, R. M., Wu, M. M., Buchanan, ]. & Lewis, R. S. The elementary unit of store-operated Ca2+ entry: local activation of CRAC

channels by STIM1 at ER-plasma membrane junctions. J Cell Biol 174, 815-825, https://doi.org/10.1083/jcb.200604015 (2006).
Johnson, M. & Trebak, M. ORAI channels in cellular remodeling of cardiorespiratory disease. Cell Calcium 79, 1-10, https://doi.
0rg/10.1016/j.ceca.2019.01.005 (2019).

. Feske, S. CRAC channels and disease - From human CRAC channelopathies and animal models to novel drugs. Cell Calcium 80,

112-116, https://doi.org/10.1016/j.ceca.2019.03.004 (2019).

DeHaven, W.1. et al. TRPC channels function independently of STIM1 and Orail. J Physiol 587, 22752298, https://doi.org/10.1113/
jphysiol.2009.170431 (2009).

Yuan, J. P, Zeng, W., Huang, G. N., Worley, P. E. & Muallem, S. STIM1 heteromultimerizes TRPC channels to determine their
function as store-operated channels. Nat Cell Biol 9, 636-645, https://doi.org/10.1038/ncb1590 (2007).

. Liao, Y. ef al. Orai proteins interact with TRPC channels and confer responsiveness to store depletion. Proc Natl Acad Sci USA 104,

4682-4687, https://doi.org/10.1073/pnas.0611692104 (2007).

. Liu, X. et al. Attenuation of store-operated Ca2+ current impairs salivary gland fluid secretion in TRPC1(—/—) mice. Proc Natl Acad

Sci USA 104, 17542-17547, https://doi.org/10.1073/pnas.0701254104 (2007).
Kim, M. S. et al. Native Store-operated Ca2+ Influx Requires the Channel Function of Orail and TRPC1. ] Biol Chem 284,
9733-9741, https://doi.org/10.1074/jbc.M808097200 (2009).

. Dietrich, A. et al. Pressure-induced and store-operated cation influx in vascular smooth muscle cells is independent of TRPC1.

Pflugers Arch 455, 465-477, https://doi.org/10.1007/s00424-007-0314-3 (2007).

Dietrich, A., Fahlbusch, M. & Gudermann, T. Classical Transient Receptor Potential 1 (TRPC1): Channel or Channel Regulator?
Cells 3, 939-962, https://doi.org/10.3390/cells3040939 (2014).

Hofmann, T, Schaefer, M., Schultz, G. & Gudermann, T. Subunit composition of mammalian transient receptor potential channels
in living cells. Proc Natl Acad Sci USA 99, 7461-7466 (2002).

Strubing, C., Krapivinsky, G., Krapivinsky, L. & Clapham, D. E. TRPC1 and TRPC5 form a novel cation channel in mammalian
brain. Neuron 29, 645-655 (2001).

. Storch, U,, Forst, A. L., Philipp, M., Gudermann, T. & Mederos y Schnitzler, M. Transient receptor potential channel 1 (TRPC1)

reduces calcium permeability in heteromeric channel complexes. ] Biol Chem 287, 3530-3540, https://doi.org/10.1074/jbc.
M111.283218 (2012).

Oh-Hora, M. et al. Dual functions for the endoplasmic reticulum calcium sensors STIM1 and STIM2 in T cell activation and
tolerance. Nat Immunol 9, 432-443, https://doi.org/10.1038/ni1574 (2008).

Dietrich, A. et al. Increased vascular smooth muscle contractility in TRPC6—/— mice. Mol Cell Biol 25, 6980-6989, https://doi.
0rg/10.1128/MCB.25.16.6980-6989.2005 (2005).

. Staab-Weijnitz, C. A. et al. FK506-Binding Protein 10, a Potential Novel Drug Target for Idiopathic Pulmonary Fibrosis. American

journal of respiratory and critical care medicine 192, 455-467, https://doi.org/10.1164/rccm.201412-22330C (2015).

Kalwa, H. et al. Phospholipase C epsilon (PLCepsilon) induced TRPC6 activation: a common but redundant mechanism in primary
podocytes. ] Cell Physiol 230, 1389-1399, https://doi.org/10.1002/jcp.24883 (2015).

Hofmann, K. et al. Classical transient receptor potential 6 (TRPC6) channels support myofibroblast differentiation and development
of experimental pulmonary fibrosis. Biochim Biophys Acta 1863, 560-568, https://doi.org/10.1016/j.bbadis.2016.12.002 (2017).

. Buck, S. B. et al. Detection of S-phase cell cycle progression using 5-ethynyl-2/-deoxyuridine incorporation with click chemistry, an

alternative to using 5-bromo-2'-deoxyuridine antibodies. Bio Techniques 44, 927-929, https://doi.org/10.2144/000112812 (2008).
Hofmann, T. et al. Direct activation of human TRPC6 and TRPC3 channels by diacylglycerol. Nature 397, 259-263 (1999).

Okada, T. et al. Molecular and functional characterization of a novel mouse transient receptor potential protein homologue TRP7.
Ca(2+)-permeable cation channel that is constitutively activated and enhanced by stimulation of G protein-coupled receptor. J Biol
Chem 274, 27359-27370 (1999).

Dietrich, A., Kalwa, H., Rost, B. R. & Gudermann, T. The diacylgylcerol-sensitive TRPC3/6/7 subfamily of cation channels:
functional characterization and physiological relevance. Pflugers Arch 451, 72-80 (2005).

Storch, U. et al. Dynamic NHERF interaction with TRPC4/5 proteins is required for channel gating by diacylglycerol. Proc Natl Acad
Sci USA 114, E37-E46, https://doi.org/10.1073/pnas.1612263114 (2017).

Cahalan, M. D. STIMulating store-operated Ca(2+) entry. Nat Cell Biol 11, 669-677, https://doi.org/10.1038/ncb0609-669 (2009).
Kim, M. S. et al. Deletion of TRPC3 in mice reduces store-operated Ca2+ influx and the severity of acute pancreatitis.
Gastroenterology 137, 1509-1517, https://doi.org/10.1053/j.gastro.2009.07.042 (2009).

. Lee, K. P. et al. An endoplasmic reticulum/plasma membrane junction: STIM1/Orail/TRPCs. Febs Letters 584, 2022-2027, https://

doi.org/10.1016/j.febslet.2009.11.078 (2010).

Lee, K. P, Yuan, J. P, So, I, Worley, P. F. & Muallem, S. STIM1-dependent and STIM1-independent Function of Transient Receptor
Potential Canonical (TRPC) Channels Tunes Their Store-operated Mode. Journal of Biological Chemistry 285, 3866638673, https://
doi.org/10.1074/jbc.M110.155036 (2010).

. Liao, Y. et al. Functional interactions among Orail, TRPCs, and STIM1 suggest a STIM-regulated heteromeric Orai/TRPC model

for SOCE/Icrac channels. Proc Natl Acad Sci USA 105, 2895-2900, https://doi.org/10.1073/pnas.0712288105 (2008).

. Cheng, K. T, Liu, X, Ong, H. L. & Ambudkar, I. S. Functional requirement for Orail in store-operated TRPC1-STIM1 channels. J

Biol Chem 283, 12935-12940, https://doi.org/10.1074/jbc.C800008200 (2008).
Choi, S. et al. The TRPCs-STIM1-Orai interaction. Handb Exp Pharmacol 223, 1035-1054, https://doi.org/10.1007/978-3-319-
05161-1_13 (2014).

. Liao, Y., Abramowitz, J. & Birnbaumer, L. The TRPC family of TRP channels: roles inferred (mostly) from knockout mice and

relationship to ORAI proteins. Handb Exp Pharmacol 223, 1055-1075, https://doi.org/10.1007/978-3-319-05161-1_14 (2014).
Pinto, M. C. et al. Calcium signaling and cell proliferation. Cell Signal 27, 2139-2149, https://doi.org/10.1016/j.cellsig.2015.08.006
(2015).

Shuba, Y. M. Ca(2+) channel-forming ORAI proteins: cancer foes or cancer allies? Exp Oncol 41, 200-206, https://doi.org/10.32471/
exp-oncology.2312-8852.vol-41-no-3.13473 (2019).

SCIENTIFICREPORTS |

(2020) 10:6812 | https://doi.org/10.1038/s41598-020-63677-2

23




Paper Il

www.nature.com/scientificreports/

46. Kar, P. et al. Dynamic assembly of a membrane signaling complex enables selective activation of NFAT by Orail. Curr Biol 24,
1361-1368, https://doi.org/10.1016/j.cub.2014.04.046 (2014).

47. Mancarella, S. et al. Targeted STIM deletion impairs calcium homeostasis, NFAT activation, and growth of smooth muscle. FASEB
] 27, 893-906, https://doi.org/10.1096/1).12-215293 (2013).

48. Chen, Y. F, Lin, P. C,, Yeh, Y. M., Chen, L. H. & Shen, M. R. Store-Operated Ca(2+) Entry in Tumor Progression: From Molecular

Mechanisms to Clinical Implications. Cancers (Basel) 11, https://doi.org/10.3390/cancers11070899 (2019).

Yang, S., Zhang, J. ]. & Huang, X. Y. Orail and STIM1 are critical for breast tumor cell migration and metastasis. Cancer Cell 15,

124-134, https://doi.org/10.1016/j.ccr.2008.12.019 (2009).

4

o

Acknowledgements

The authors thank Bettina Braun, Astrid Bauer and Isabel Miiller for excellent technical assistance. This research
was funded by the Deutsche Forschungsgemeinschaft (TRR 152 project 16 and the Deutsches Zentrum fir
Lungenforschung (DZL) (PH-4.4) and by NTH grant AI097302 (SF).

Author contributions
L.B., EG. and A.D. performed the study and wrote the manuscript, S.E and T.G. contributed to data interpretation;
S.E. provided essential tools. All authors read and approved the final manuscript.

Competing interests
S.F. is a scientific cofounder of Calcimedica; the other authors declare no conflict of interest.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/541598-020-63677-2.

Correspondence and requests for materials should be addressed to A.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
HE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS |

(2020) 10:6812 | https://doi.org/10.1038/s41598-020-63677-2

24




Paper Il

Store-operated Ca?* entry in primary murine lung
fibroblasts is independent of classical transient
receptor channels and contributes to cell migration

Larissa Bendiks'!, Thomas Gudermann?', Stefan Feske? & Alexander Dietrich!

" Walther Straub Institute of Pharmacology and Toxicology, Member of the German
Center for Lung Research (DZL), Medical Faculty, LMU-Munich, Munich Germany

2 Department of Pathology, New York University School of Medicine, New York, NY,
10016, USA.

* email: alexander.dietrich@Irz.uni-muenchen.de

Supplementary Information
Contents

Figure S1: : Relative mRNA amounts of TRPC channels (TRPC1, 3-6) in
WT and TRPC6-/- PMLFs analyzed by quantitative RT-PCR

Figure S2: Receptor-operated Ca?* entry (ROCE) induced by application
of endothelin-1 (Et-1) in Ca?* free medium and after recalcification in
TRPC1/6- (TRPC1/67) deficient primary murine lung fibroblasts (pmLF).

25




Paper Il

0.25- xwxx - Wt

=

5 m= TRPC1/67

S 0.20

[7]

(4

g 0.15+

x

[

c .

£ 0.10- —

(3]

?

. 0.05-]

® =

0.00-

™~ [vd < n ©o
o o 3] o o
- o o o o
o o o ['4 o
= = = = =

Supplementary Figure 1: Relative mRNA amounts of TRPC channels (TRPC1, 3-6) in WT and
TRPC6-/- PMLFs analyzed by quantitative RT-PCR (WT, n = 5 mice; TRPC6-/- n = 5 mice).
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Supplementary Figure 2: Receptor-operated Ca?* entry (ROCE) induced by application of endothelin-1 (Et-1) in Ca?* free medium and after recalcification in TRPC1/6-
(TRPC1/67) deficient primary murine lung fibroblasts (pmLF). Wild-type (Wt) pmLF served as controls. Fura-2-loaded pmLF were stimulated with 4 uM Et-1 in Ca 2* free,
EGTA (1.5 mM) containing buffer to empty ER Ca?* stores and Ca?* (2mM) was added to generate ROCE (a). Intracellular Ca 2+ levels ([Ca2+]i) were quantified by analysis of
fluorescence ratios at excitation wavelengths of 340 and 380 nm (ratio 340/380 nm) and normalized to initial values. Lines represent calculated means and light grey areas
indicate standard error of the mean (SEM) of more than three independent experiments of at least three mice. Calculation of the areas under the curves (AUC) in a was used to
quantify ROCE (c). One single dot represents the mean of at least 20 cells from one cell isolation. Asterisks mark significant differences from left to right (n = 5 mice,

** P < 0.01) between ratios of deficient cells compared to control cells.
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Abstract

Sustained exposure of the lung to various environmental or occupational toxins may eventually lead to pulmonary fibrosis,
a devastating disease with no cure. Pulmonary fibrosis is characterized by excessive deposition of extracellular matrix
(ECM) proteins such as fibronectin and collagens. The peptidase plasmin degrades the ECM, but protein levels of the
plasmin activator inhibitor-1 (PAI-1) are increased in fibrotic lung tissue, thereby dampening plasmin activity. Transform-
ing growth factor-f1 (TGF-p1)-induced activation of SMAD transcription factors promotes ECM deposition by enhanc-
ing collagen, fibronectin and PAI-1 levels in pulmonary fibroblasts. Hence, counteracting TGF-B1-induced signaling is a
promising approach for the therapy of pulmonary fibrosis. Transient receptor potential cation channel subfamily M Member
7 (TRPM?7) supports TGF-p1-promoted SMAD signaling in T-lymphocytes and the progression of fibrosis in kidney and
heart. Thus, we investigated possible effects of TRPM?7 on plasmin activity, ECM levels and TGF-f1 signaling in primary
human pulmonary fibroblasts (pHPF). We found that two structurally unrelated TRPM?7 blockers enhanced plasmin activity
and reduced fibronectin or PAI-1 protein levels in pHPF under basal conditions. Further, TRPM?7 blockade strongly inhibited
fibronectin and collagen deposition induced by sustained TGF-f1 stimulation. In line with these data, inhibition of TRPM7
activity diminished TGF-p1-triggered phosphorylation of SMAD-2, SMAD-3/4-dependent reporter activation and PAI-1
mRNA levels. Overall, we uncover TRPM7 as a novel supporter of TGF-f1 signaling in pHPF and propose TRPM7 blockers
as new candidates to control excessive ECM levels under pathophysiological conditions conducive to pulmonary fibrosis.

Keywords Pulmonary fibrosis - Primary human lung fibroblasts - TGF-B1 - TRPM7 - Plasmin

Abbreviations PAI-1 Plasminogen activator inhibitor-1
ECM Extracellular matrix pHPF Primary human lung fibroblasts
FMT Fibroblast-to-myofibroblast transition a-SMA  a-Smooth muscle actin
Plg Plasminogen SRB Sulforhodamine B
PA Plasminogen activator TGF-p1 Transforming growth factor-f1
TRP Transient receptor potential
TRPM7 Transient receptor potential cation channel
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transplantation is available yet, prognoses for individuals
diagnosed with pulmonary fibrosis is poor and the median
survival of patients with idiopathic pulmonary fibrosis is
only 3-5 years. Estimated mortality rates are 64.3 deaths
per million in men and 58.4 deaths per million in women
(Ryerson and Kolb 2018). A wide range of environmental
and occupational inhalation hazards like beryllium, nylon
flock, polyvinyl chloride, carbon nanotubes, asbestos or sil-
ica are known to engender pulmonary fibrosis (Boag et al.
1999; Cordasco et al. 1980; Dong and Ma 2016; Mossman
and Churg 1998; Newman et al. 1996; Vehmas et al. 2012;
Yoshida et al. 2011). Likewise cigarette smoke and cancer
chemo- or radiotherapy have also been linked to this dev-
astating disease (Giuranno et al. 2019; Morse and Rosas
2014; Sleijfer 2001). Noteworthy, in light of the ongoing
Covid-19 pandemic, it is a matter of debate as to whether
pulmonary fibrosis treatment might ameliorate the develop-
ment of severe Covid-19 cases and that pulmonary fibrosis
might occur as a long-term consequence of the Covid-19
acute respiratory distress syndrome (George et al. 2020; Ojo
et al. 2020; Vasarmidi et al. 2020). Therefore, the incidence
of pulmonary fibrosis is expected to further increase in the
years to come and thus, the demand for effective therapy
options will continue to rise.

Pulmonary fibroblasts are recognized as the major source
of extracellular ECM proteins like collagens and fibronectin
(Pardo and Selman 2016; Peyser et al. 2019). Innate immune
cells such as macrophages and platelets release TGF-f1
and thereby induce migration of activated fibroblasts to the
injured lung epithelium (Jiang et al. 2014). Initially, this pro-
cess leads to beneficial ECM secretion and wound healing
(Wilson and Wynn 2009). However, sustained activation of
fibroblasts by TGF-B1 results in fibroblast-to-myofibroblast
transition (FMT) characterized by expression of a-smooth
muscle actin (a-SMA) and overproduction of collagens and
fibronectin (Habiel and Hogaboam 2017; Lekkerkerker et al.
2012). Hence, TGF-p1-promoted FMT is key in the devel-
opment and progression of pulmonary fibrosis and cellu-
lar mechanisms that regulate ECM production or secretion
from fibroblasts became the focus of pulmonary research
(Lin et al. 2020).

The fibrinolytic system is a major regulator of the ECM
and composed of the proteolytic enzyme plasmin, its pre-
cursor plasminogen (Plg) and plasminogen activators (PA)
(Deryugina and Quigley 2012). There are two types of PA:
urokinase (uPA) and tissue type PA. In wounded tissues
plasmin is primarily generated by uPA (Andreasen et al.
2000). Most components of the plasmin system are secreted
proteins that act extracellularly. Plg and uPA, however, are
bound to the plasma membrane by cognate receptors: PIgR
and uPAR (Felez et al. 1991; Miles et al. 1991; Plow et al.
1986, 2012). Thus, active plasmin can be generated either
in the extracellular fluid or in close association to the cell
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membrane (Deryugina and Quigley 2012; Irigoyen et al.
1999). Plasmin has been shown to degrade major compo-
nents of the ECM such as collagens and fibronectin, sug-
gesting that stimulation of plasmin activity is a promising
strategy for the treatment of pulmonary fibrosis (Deryu-
gina and Quigley 2012; Papp et al. 1987; Pins et al. 2000).
Activity of PAs is counterbalanced by the product of the
SERPINE] gene: the plasminogen activator inhibitor type 1
(PAI-1). PAI-1 is also secreted from pHPF and reported to
inhibit soluble and cell-associated PA activity (Bharadwaj
et al. 2021). Overexpression of SERPINE! and concomi-
tant decreased plasmin activity is strongly associated with
pulmonary fibrosis (Ghosh and Vaughan 2012; Huang et al.
2012; Lin et al. 2020; Shioya et al. 2018; Zhang et al. 2012).
TGF-f1 activates transmembrane receptors of the ser-
ine/threonine kinase receptor family, which phosphoryl-
ate SMAD proteins and trigger their translocation into the
nucleus where they induce SMAD-responsive genes in
pulmonary fibroblasts (Heldin and Moustakas 2016). This
process enhances ECM deposition via two pathways. First,
SMAD:s directly induce transcription of fibronectin/colla-
gens and thus promote ECM production (Vindevoghel et al.
1998; Zhao et al. 2002). Second, SMADs inhibit ECM deg-
radation by activation of the SERPINE! gene and concomi-
tant reduction of plasmin activity (Hua et al. 1999; Song
et al. 1998). Thus, TGF-B1 is a key player in the propagation
of pulmonary fibrosis and inhibition of TGF-f1 signaling
in pulmonary fibroblasts is a promising therapeutic strat-
egy (Fernandez and Eickelberg 2012; Gu et al. 2007; Phan
et al. 2005; Saito et al. 2018a, b; Song et al. 1998; Walker
et al. 2019). Of note, mitigating TGF-B1-dependent ECM
production may be useful to prevent fibrosis or progression
at early stages. Additionally, increasing plasmin activity may
degrade preformed ECM and thus eventually lead to tissue
repair at late stages of the disease (Staab-Weijnitz 2021).
The superfamily of mammalian transient receptor poten-
tial (TRP) channels represents a multifunctional group
of proteins that consists of 27 members in humans (Wu
et al. 2010). In recent years, TRP proteins have attracted
much interest as potential drug targets for a wide range of
pathological conditions (Koivisto et al. 2022). TRPM7 is
a bifunctional protein comprising a cation channel and a
serine/threonine kinase moiety which are covalently linked
(Monteilh-Zoller et al. 2003; Nadler et al. 2001; Nadolni
and Zierler 2018; Ryazanova et al. 2004). TRPM?7 is ubiq-
uitously expressed and involved in fundamental cellular
processes such as cell survival, proliferation, apoptosis and
migration (Fleig and Chubanov 2014; Paravicini et al. 2012).
In MRCS cells, a fetal human lung fibroblast cell line, down-
regulation of the TRPM7 protein was shown to decrease
TGF-B1-induced collagen and a-SMA synthesis (Yu et al.
2013). However, the molecular and cellular underpinnings
of these effects have remained elusive and possible effects
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of TRPM?7 activity on the plasmin system have not been
addressed yet. Likewise, it is still unknown whether TRPM7
blockers are able to decrease ECM and/or a-SMA protein
levels in pHPF. Interestingly, TRPM?7 kinase directly phos-
phorylates SMAD-2 and enhances acute TGF-f1-induced
SMAD-2 activation in isolated T-lymphocytes, offering a
potential explanation for the positive effects of TRPM7 on
TGF-p1-induced collagen expression observed in MRC5
cells (Romagnani et al. 2017). Furthermore, TRPM?7 pro-
motes the development of heart and kidney fibrosis, pointing
to a possible role of TRPM7 in signaling pathways leading
to fibrotic processes (Du et al. 2010; Rios et al. 2020; Suzuki
et al. 2020).

Based on the current literature, we postulated that small-
molecule TRPM?7 blockers may represent new pulmonary
fibrosis therapeutics. To this end, we aimed at identifying
a mechanistic link between TRPM7, TGF-p1 and the plas-
min system in pHPF. We directly measured plasmin activ-
ity using a specific fluorogenic substrate for plasmin and
analyzed the effects of two unrelated TRPM?7 blockers on
untreated and TGF-f1-treated pHPF. We determined protein
levels of PAI-1, a-SMA, collagen and fibronectin by West-
ern-blot analysis and Sircol™ assays under identical condi-
tions. Finally, we monitored the effects of TRPM7 block-
ade on TGF-B1-induced SMAD signaling and SERPINE],
fibronectin (FNI) and alpha-1 type I collagen (CollAl)
mRNA expression.

Materials and methods
Chemicals and antibodies

N-[(1R)-1,2,3,4-Tetrahydro-1-naphthalenyl]-1H-benzimi-
dazol-2-amine hydrochloride (NS-8593), apamin, human
transforming growth factor (TGF-f1; T7039), plasmino-
gen, o2-antiplasmin and D-Val-Leu-Lys-7-amido-4-methyl-
coumarin were all from SigmaAldrich. Waixenicin A was
isolated as described previously (Zierler et al. 2011). For
protein detection specific antibodies against PAI-1 (abcam,
ab66705), fibronectin (abcam, ab2413), smooth muscle actin
(abcam, ab5694), collagen-1 (abcam, ab34710), p-SMAD-2
(cell signaling, clone 138D4, #3108), SMAD-3 (cell signal-
ing, clone C67H9, #9523), SMAD-2 (cell signaling, clone
D43B4, #5339), SDHA (abcam, ab14715) and histone H3
(abcam, ab1791) were used.

Cell culture

pHPF were purchased from PromoCell (C-12360) and cul-
tured using fibroblast growth medium II provided by the
manufacturer. Data obtained with cells from two different
donors were combined (a 79 and a 44-year-old female).

Cells were used between passage 2 and 10. In Fig. 2d and
Suppl. Fig. S1, data obtained with pHPF from Lonza (CC-
2512) are shown. These cells were also cultured in fibro-
blast growth medium II provided by the manufacturer and
derived from a male donor 37 years of age.

Stimulation procedure

Data shown in Figs. 1-5 were obtained after stimula-
tion of the cells for 24 h in the presence of 5% FCS. In
Figs. 6-10, cells were stimulated for 48 h with 0.5% FCS.
TGF-B1 treatment of pHPF for 48 h with reduced FCS
levels has been established to induce FMT (Malmstrom
et al. 2004; Staab-Weijnitz et al. 2015; Thannickal et al.
2003). NS-8593 was dissolved in DMSO (50 mM final),
waixenicin A (1 mM) in ethanol and plasminogen (25 mg/
ml final) in glycerol. Thus, in each experiment appropri-
ate carrier controls were used. Apamin and TGF-B1 were
dissolved in water.

Plasmin activity

D-Val-Leu-Lys-7-amido-4-methylcoumarin (D-Val-Leu-Lys-
AMC) was used as a plasmin substrate (Gyzander and Teger-
Nilsson 1980; Kato et al. 1980; Li et al. 2018; Schuliga et al.
2011; Wu et al. 2019). D-Val-Leu-Lys-AMC is a selective
fluorogenic substrate for plasmin and enzymatic activity is
quantified by release of the free AMC fluorophore, which
is excited at 360-380 nm and emits light at 440-460 nm.
In detail, ~ 5,000 pHPF were seeded per cavity of a 96-well
plate 24 h before the experiment. Cells were stimulated or
not with 50 ul medium for the indicated periods of time.
Because active plasmin remains first associated to the cell
surface and is then subsequently secreted (Deryugina and
Quigley 2012), we measured plasmin activity in two cell
fractions. To detect secreted plasmin activity, 10 ul of the
supernatant was transferred to a new 96-well plate and added
to 90 ul Tris/HC1 (20 mM, pH 7.4) containing 55 uM of
D-Val-Leu-Lys-AMC. For detection of cell and cell-associ-
ated plasmin activity, the remaining cell culture medium was
aspirated and 50 pL Tris/HCI (20 mM, pH 7.4) with 50 uM
D-Val-Leu-Lys-AMC directly added to the cells. After 3 h
incubation at 37 °C, fluorescence was measured using a
FLUOstar® Omega plate reader. To normalize fluorescence
signals to the total protein amount, a second 96-well plate
was prepared, treated equally and protein amount monitored
by sulforhodamine B (SRB) colorimetric assay (Vichai and
Kirtikara 2006). SRB signals were calibrated to the cell
number. Plasmin activity was determined as the ratio of the
RLU values of the D-Val-Leu-Lys-AMC detection and the
OD values of the SRB measurement.
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Fig. 1 Detection of plasmin activity in living pHPF by D-Val-Leu-Lys-AMC. a
D-Val-Leu-Lys-AMC (50 uM) was incubated with unstimulated pHPF, without
any cells or with fresh medium for 3 h at 37 °C and secreted and cell-associ-
ated fluorescence measured. Bars represent SEM of RLU, n=10. b secreted
and c cell-associated plasmin activity was measured after incubating the cells
with Plg (5 or 25 pg/ml) for 24 h at 37 °C. ,-antiplasmin (500 nM) was co-
administrated with D-Val-Leu-Lys-AMC. Bars represent SEM of RLU, n=4.
d Plasmin activity was measured after stimulation of the cells with TGF-$1
(2 ng/ml) for 24 h. Bars represent SEM of x-fold of basal values, n=10. Sta-
tistical analysis was performed using one-way ANOVA (a—c) followed by Tuk-
ey’s post-test or one- and two-sample 7 test (in ¢) using the GraphPad prism
software 9.1. Asterisks indicate in a significant differences to “no cells”, in b
and c to basal and in d between the cellular fractions. Hash signs indicate sig-
nificant differences to 1.0
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Fig.2 Detection of plasmin activity in living pHPF. a pHPF were
stimulated with NS-8593 (25 or 50 uM), with waixenicin A (10 pM)
or apamin (100 nM) for 24 h and cell numbers determined using
SRB. For NS-8593 corresponding DMSO and for waixenicin A
ethanol controls were used. Bars represent SEM of x-fold of basal
(DMSO or ethanol) values, n=4-6. b pHPF were stimulated with
NS-8593 (25 or 50 uM), with waixenicin A (10 uM) or apamin
(100 nM) for 24 h and cell-associated and secreted plasmin activity
determined. For NS-8593 corresponding DMSO and for waixenicin
A ethanol control were used. Bars represent SEM of x-fold of basal
values, n=4-6. ¢ Cell-associated plasmin activity was measured after
stimulation of the cells with TGF-B1 (2 ng/ml) or NS-8593 (25 uM)
for 24 h. Bars represent SEM of x-fold of basal values, n=4. In b,
data obtained with two distinct donors provided from PromoCell
(C-12360) and in ¢, from one donor provided by Lonza (CC-2512)
are shown. Statistical analysis was performed using one-sample ¢ test
or one-way ANOVA followed by Tukey’s post-test using the Graph-
Pad prism software 9.1. Asterisks indicate in b significant differences
between the cellular fractions and in a and ¢ to 1.0. In b hash signs
indicate significant differences to 1.0

TRPM7 down-regulation with siRNA

To down-regulate TRPM?7 expression, two pre-designed siR-
NAs from Ambion (AM16708: ID103360 and ID104677)
were incorporated into pHPF by Lipofectamine RNAIMAX
Transfection Reagent (#13778100, Thermo Fisher), and
data compared to cells transfected with a control siRNA
(AM4611). For each cavity of a 96-well plate, 1 pmol siRNA
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was mixed with 0.3 pl lipofectamine in Opti-MEM medium
(#31985062, Thermo Fisher). After 30 min at RT, 10 pl were
added to the bottom of the well. ~ 10,000 cells were added to
the siRNA/lipofectamine mixture in growth medium (90 pl).
After 3 days in culture, cells were stimulated and plasmin
activity measured as described above. As a control, 100,000
cells were seeded on one cavity of a 6-well plate and total
RNA extracted after 3 days. TRPM7 mRNA was analyzed
as described under mRNA detection by gRT-PCR.

Protein detection by Western blotting

Cells were seeded on 6-well plates (~ 100,000/well), cul-
tured for one day and stimulated for the indicated periods
of time. To detect expression of secreted proteins, superna-
tants were transferred to fresh tubes and lysed with Laemmli
buffer (fourfold). The corresponding cell fraction was lysed
by directly adding Laemmli buffer (onefold) to the 6-well
plates. Lysates were subjected to SDS-PAGE (10%) and
proteins transferred to nitrocellulose (Amersham Protran™
0.45 pm, #10600002) by western blotting. After adding the
primary antibody over night at 4 °C, blots were washed and
incubated with the corresponding HRP-conjugated second-
ary antibody (anti-rabbit 1:4000, anti-mouse 1:2000) for
1 h at RT. After intensive washing immune reactivity was
detected by monitoring the ECL-dependent light emission
with a chemiluminescence detection system (Peqlab, Ger-
many). Resulting signals were quantified by densitometry
(Imagel) and ratios of the protein of interest and the loading
control calculated.

Detection of soluble collagen

~500,000 cells were seeded on 10-cm dishes 24 h before
stimulation of the cells. Afterwards collagen levels were
determined using the Sircol™ soluble collagen assay from
biocolor in accordance with the manufacturer’s protocol.

Firefly luciferase reporter gene assay

To monitor SMAD activation, the pPCAGA-luc reporter con-
struct containing the SMAD-3/4 sensitive part of the human
SERPINE] promotor was used (Dennler et al. 1998). Activa-
tion of YAP/TAZ was monitored by the 8xGTIIC-luciferase
plasmid (#34615) obtained from addgene (Dupont et al.
2011). Plasmids were transfected into pHPF via electropo-
ration using the Neon® transfection system from Invitrogen
according to the manufacturer’s protocol. Briefly, for each
electroporation step, ~250,000 cells together with 5 ug of the
corresponding plasmid cDNA were challenged 3 times with
1650 V for 10 ms. Cells were immediately placed on 96-well
plates (~20,000 cell per well) and cultured for 24 h. After
stimulation, cells were lysed in 50 pl of lysis buffer (25 mM

Tris/HC1 pH 7.4, 4 mM EGTA, 8 mM MgCl,, 1 mM DTT
and 1% Triton-X-100) and a volume of 40 pl transferred
to white-bottomed, 96-well plates. Luciferase activity was
measured after automatically injecting a luciferase substrate
(20 pl) from Promega (E1500) using a FLUOstar® Omega
plate reader.

mRNA detection by qRT-PCR

~ 150,000 cells were seeded per cavity of a 6-well plate.
After 24 h cells were stimulated or not for the time indi-
cated and stimulation terminated by rapid cooling on ice.
Total RNA was isolated using the Trizol® reagent (Invitro-
gen, Darmstadt, Germany) according to the manufacturer’s
instructions. First strand synthesis was carried out with
oligo(dT),g primer using 1 pg of total RNA and the Rever-
tAid™ H Minus First Strand ¢cDNA Synthesis Kit (Fer-
mentas, Sankt-Leon Roth, Germany). qRT-PCR was done
using the LightCycler® 480 SybrGreen I Master Mix kappa
(Roche, Mannheim, Germany). Exon-spanning primer pairs
were used at a final concentration of 1 uM each. Final assay
volume was 20 ul and first strand synthesis reaction was
diluted 1:20 or 1:50. A LightCycler® 480 II (Roche) was
used with the following conditions: initial denaturation for
2 min at 94 °C, 55 cycles of 94 °C for 10 s, 55 °C for 10 s
and 72 °C for 10 s. Primer design was performed using the
ProbeFinder (version 2.53) provided on the website of Roche
Life Science. Crossing points (Cp) were determined by the
software supplied with the LightCycler® 480 and data ana-
lysed by the AACp method (27 ATE, 0 o eon rNa
~ (eene-ACTE)) - Jeontrol siRNA)- Primer sequences were as fol-
lows: SERPIN-forward: 5'-AAGGCACCTCT-GAGAAC
TTCA-3', SERPINI-reverse: 5'-CCCAGGACTAGGCAG
GTG-3', ACTB-forward: 5'-CTAAGGCCAACCGTGAAA
AG-3', ACTB-reverse: 5'-ACCAGAGGCATACAGGGA
CA-3', TRPM7-forward: 5'-TTGACATTGCCAAAAATC
ATGT-3', TRPM7-reverse: 5'-CTTGTCCAAGG-ATCCAA
CC-3', FNI-forward: 5'-CCGACCAGAAGTTTGGGT
TCT-3', FNI-reverse: 5'-CAATGC-GGTACATGACCC
CT-3', COL1AI-forward: 5'"-TACAGAACGGCCTCAGGT
ACAA-3', COLIAI-reverse: 5'-ACAGATCACGTCATC
GCACA-AC-3".

Quantification and statistical analysis

Values represent the mean + SEM of three to eight independ-
ent experiments. Statistical analysis was performed using
one- or two-sample student’s ¢ test, one-way or two-way
ANOVA followed by Tukey’s post-test using the GraphPad
prism software 9.1. Shapiro—Wilk tests were performed to
ensure normal distribution of the data sets. One symbol indi-
cates a p-value of <0.05, two of <0.01 and three of <0.001.
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Results

TRPM7 blockers enhance constitutive plasmin
activity of pHPF

Despite the importance of the plasmin system for the
development of pulmonary fibrosis, plasmin activity has
not been systematically investigated directly in pHPF.
Hence, we first aimed at establishing a protocol that allows
reliable measurements of plasmin activity in cultured
pHPF. We used D-Val-Leu-Lys-AMC as a plasmin sub-
strate (Gyzander and Teger-Nilsson 1980; Kato et al. 1980;
Li et al. 2018; Wu et al. 2019). D-Val-Leu-Lys-AMC is a
selective fluorogenic substrate for plasmin, and enzymatic
activity is quantified by the release of the free AMC fluoro-
phore. Indeed, when D-Val-Leu-Lys-AMC was incubated
either with an aliquot of pHPF supernatant (secreted) or
directly with cells (cell-associated), fluorescence signals
were profoundly increased compared to the same amount
of substrate, which had not been in contact with any cell
fraction (Fig. 1a). Further, medium, which had never been
in contact with cells, showed no significant fluorescence
increase, indicating that plasmin activity in the secreted
fraction was indeed produced by pHPF (Fig. 1a). To test
whether this increase in fluorescence could be attributed to
plasmin activity, we analyzed effects of the plasmin inhibi-
tor a2-antiplasmin or the plasmin precursor Plg (Moroi
and Aoki 1976). As indicated in Fig. 1b, c, the plasmin
inhibitor significantly decreased fluorescence signals gen-
erated by D-Val-Leu-Lys-AMC and Plg enhanced these
signals in the secreted and the cell-associated fraction.
Thus, in both fractions there was a clear-cut correlation
between D-Val-Leu-Lys-AMC-based fluorescence and
plasmin activity. Based on the enhancing effects of TGF-
p1 on PAI-1 protein levels, it is expected that TGF-p1
decreases plasmin activity (Horowitz et al. 2008; Schuliga
et al. 2011; Song et al. 1998). Thus, to finally validate
whether this assay would be able to monitor the dynamic
regulation of plasmin activity in pHPF, we treated cells
for 24 h with TGF-B1. In previous studies using airway
smooth muscle cells or IMR-90 fibroblasts, exogenous Plg
was added to increase basal plasmin activity and thus to
detect the inhibitory effects of TGF-pf1 (Horowitz et al.
2008; Schuliga et al. 2011). As we found very robust basal
signals without adding exogenous Plg to pHPF (Fig. 1a),
we did not use additional Plg. As expected, TGF-p1
reduced D-Val-Leu-Lys-AMC-dependent fluorescence to
0.48 +0.04 fold of basal in the secreted and to 0.7 +0.05
in the cell-associated fraction (Fig. 1d), indicating that this
protocol reliably monitors plasmin activity of living pHPF.

NS-8593 has been identified as a small-molecule
TRPM?7 blocker (Chubanov and Gudermann 2020). Due
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to the fundamental role of TRPM?7 in cell homeostasis,
prolonged inhibition of TRPM7 activity has been pro-
posed to induce some cell death under certain circum-
stances (Chubanov et al. 2012). Thus, we first tested
how pHPF treatment with 25 or 50 uM of NS-8593 for
24 h affects cell numbers. As shown in Fig. 2a, 25 uM
of the TRPM7 blocker reduced the number of pHPF to
0.94 +0.02 fold of basal and 50 uM to 0.85 +0.04. Thus,
overall cytotoxicity of NS-8593 was rather moderate.
Next, we asked whether there is a possible link between
TRPM7 and plasmin activity. To this end, we treated
cells with both NS-8593 concentrations for 24 h, meas-
ured plasmin activity in both fractions and normalized the
data to the cell number. An increase in plasmin activity
of 2.1 +0.6 fold of basal was found in the cell-associated
and of 1.3 +0.6 in the secreted fraction for 50 uM and of
1.6 +0.3 and 1.2 +0.2, respectively, for 25 uM NS-8593
(Fig. 2b). NS-8593 blocks TRPM7 but also SK potassium
(KCa2.1-2.3) channels (Chubanov et al. 2012). There-
fore, we used the selective KCa2.1-2.3 blocker apamin
as a control (Lamy et al. 2010). Apamin had no effects at
all on plasmin activity (Fig. 2b), strongly suggesting that
TRPM7 and not KCa2.1-2.3 channels affect the plasmin
system in pHPF. To support this notion, we used a second
structurally unrelated TRPM?7 blocker. Waixenicin A, a
xenicane diterpenoid from the Hawaiian soft coral Sarco-
thelia edmondsoni has also been reported to block TRPM7
activity (Zierler et al. 2011). 10 uM waixenicin A reduced
the number of pHPF to 0.56 +0.03 fold of basal, indicating
significant higher cytotoxicity of waixenicin A compared
to NS-8593 (Fig. 2a). However, Waixenicin A increased,
when normalized to the cell number, cell-associated plas-
min activity to 2.2 +0.1 and secreted activity to 1.5+0.2
fold of basal (Fig. 2b). Thus, it appeared that TRPM7
activity restrains plasmin activity in pHPF. Accordingly,
two structurally unrelated TRPM7 blockers reverse this
process and enhance plasmin activity.

Data presented so far were obtained using pHPF derived
from two distinct donors provided by the same supplier. We
next used cells from a third donor and an independent second
provider, to clarify whether the observed effects of TRPM7
blockade represent a common feature of cultured pHPF. As
shown in Fig. 2c, a significant increase in plasmin activity
(1.5+0.1 of basal) induced by NS-8593 (25 uM) was also
detectable with cells from the third donor, indicating that the
functional link between TRPM?7 blockers and plasmin activ-
ity is not dependent on the origin of fibroblasts. In line with
this notion, TGF-p1-induced reduction in plasmin activity
was also very similar in all cell pools (Figs. 1a, 2c). Finally,
we aimed at defining the target of NS-8593 in pHPF. To
this end, we introduced human TRPM?7-specific siRNAs
into pHPF and compared resulting cell numbers and TRPM7
mRNA levels to cells transfected with a control siRNA. As
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Fig.3 Detection of plasmin activity in living pHPF. pHPF were
transfected with a pool of two distinct siRNAs against TRPM7 or a
random control siRNA. In a 72 h post transfection of TRPM7 specific
or control siRNAs cell numbers were determined using SRB (left
y-axes) or TRPM7 mRNA detected by qRT-PCR (right y-axes). In b
plasmin activity of unstimulated cells was determined. Bars represent
SEM of x-fold of the control siRNA, n=4. ¢ 48 h post transfection
pHPF were stimulated with TGF-p (2 ng/ml) or NS-8593 (25 uM)
for 24 h and secreted (TGF-1) or cell-associated (NS-8593) plasmin
activity determined. Bars represent SEM of x-fold of basal values,
n=4. Statistical analysis was performed using one-sample ¢ test or
one-way ANOVA followed by Tukey s post-test using the GraphPad
prism software 9.1. Asterisks indicate in a and b significant differ-
ences to 1.0 and in ¢ between control and TRPM7 siRNA

shown in Fig. 3a, TRPM7 siRNAs did not significantly affect
cell numbers of pHPF but decreased TRPM7 mRNA levels
to 0.53 +0.05 fold of basal TRPM7 levels detected in the
presence of the control siRNA. TRPM7 siRNA-induced
reduction of TRPM7 mRNA was accompanied with slightly
increased basal plasmin activity (Fig. 3b), further substan-
tiating the notion that TRPM?7 restrains plasmin activity in
pHPF. Furthermore, effects of NS-8593 but not of TGF-p1
on plasmin activity were significantly reduced in cells trans-
fected with TRPM7 specific siRNAs (Fig. 3c), reinforcing
the concept that the TRPM7 protein is the cellular target that
links NS-8593 to the plasmin system.

TRPM?7 blockers decrease PAI-1 and fibronectin
protein levels in pHPF

Dynamic regulation of the SERPINE] gene leads to altered
PAI-1 protein levels and is a common plasmin activity reg-
ulating mechanism in pHPF (Ghosh and Vaughan 2012).
Thus, we postulated that enhanced plasmin activity follow-
ing TRPM?7 blockade might be associated with reduced
PAI-1 protein levels. Western-blot data shown in Fig. 4
clearly indicate that incubation of pHPF with NS-8593
(25 uM) or waixenicin A (10 pM) for 24 h inhibited basal
PAI-1 levels in the cell-associated and secreted fraction.
Next, we tested whether levels of fibrosis-relevant ECM pro-
teins such as fibronectin correlate with the observed increase
in plasmin activity ensuing TRPM?7 blockade. Both blockers
significantly reduced fibronectin levels in the cell-associated
fraction (Fig. 5a, b). Hence, we identified TRPM7 block-
ers as new experimental tools for the regulation of plasmin
activity and fibronectin levels of untreated, inactive pHPF.

TRPM7 blockade inhibits TGF-B1-induced
fibroblast-to-myofibroblast transition

TGF-p1-treated, activated pHPF undergo a transition to
myofibroblasts characterized by increased protein levels
of a-SMA and PAI-1. Further, myofibroblasts secrete high
amounts of ECM proteins such as collagens and fibronec-
tin (Habiel and Hogaboam 2017; Lekkerkerker et al. 2012).
‘When cultured pHPF were stimulated with TGF-f1 for 48 h
under reduced serum concentrations (0.5%), the entire set
of FMT markers was detectable. a-SMA levels increased
within the cells (Fig. 6a) and the amount of PAI-1, fibronec-
tin and collagen-1 proteins robustly rose in the cell-associ-
ated and secreted fraction (Fig. 6b—d). Next, we wondered
whether TRPM7 blockade would counteract FMT. Thus,
we left pHPF untreated or challenged them with NS-8593
(25 uM) or TGF-f1 alone or with both ligands for 48 h.
The TRPM7 blocker significantly reduced a-SMA levels in
untreated and TGF-f1-treated cells (Fig. 7a), suggesting that
TRPM?7 inhibition prevents FMT. In line with this notion,
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Fig.4 Detection of PAI-1 protein levels in pHPF. a cells were stimu-
lated with NS-8593 (25 uM) and b with waixenicin A (10 uM) for
24 h and protein amount of PAI-1 or SDHA (loading control) deter-
mined. SDHA control of the cellular fraction was also used for the
secreted fraction. Blots of the cellular fraction were cut in half and
the upper part used for detection of PAI-1 and the lower part for
SDHA. Resulting signals were quantified by densitometry and AUC
ratios between PAI-1 and SDHA calculated. One set of representa-
tive blots is shown. Bars represent SEM of % AUC ratios, n=4. Sta-
tistical analysis was performed using one-way ANOVA followed by
Tukey’s post-test using the GraphPad prism software 9.1. Asterisks
indicate significant differences between basal (DMSO or EtOH) and
the TRPM7 blocker

NS-8593 reduced basal and TGF-f1-promoted fibronectin
levels in the cell-associated fraction (Fig. 7b) and strongly
reduced the amount of collagen-1 in both fractions under
basal conditions (Fig. 7c). However, in TGF-f1-treated cells
no significant effect of NS-8593 on collagen-1 secretion was
observed, despite a strong tendency of the TRPM7 blocker
to inhibit TGF-p1-induced collagen-1 levels in the superna-
tant. Hence, we used a second approach (Sircol™ soluble
collagen assay) to detect collagens in pHPF cultures. Data
obtained with the Sircol™ assay revealed highly signifi-
cant inhibition of TGF-B1-induced collagen secretion after
TRPM7 blockade (Fig. 7d). Next, we analyzed whether the
effects of NS-8593 on TGF-$1 might also occur on the level
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Fig.5 Detection of fibronectin (FN) protein levels in pHPF. a cells
were stimulated with NS-8593 (25 uM) and b with waixenicin A
(10 uM) for 24 h and protein amount of FN or SDHA (loading con-
trol) determined. SDHA control of the cellular fraction was also used
for the secreted fraction. Blots of the cellular fraction were cut in half
and the upper part used for detection of FN and the lower part for
SDHA. Resulting signals were quantified by densitometry and AUC
ratios between FN and SDHA calculated. One set of representative
blots is shown. Bars represent SEM of % AUC ratios, n=3. Statis-
tical analysis was performed using one-way ANOVA followed by
Tukey’s post-test using the GraphPad prism software 9.1. Asterisks
indicate significant differences between basal (DMSO or EtOH) and
the TRPM7 blocker

of the plasmin system. When basal SERPINE] expression
was analyzed in the cell-associated and secreted fraction
by Western blot, no secreted PAI-1 protein was detectable
(Fig. 8a). Cell-associated basal PAI-1 levels were signifi-
cantly inhibited after TRPM7 blockade by ~70% (Fig. 8a).
TGF-p1-treatment increased PAI-1 levels in the cell-asso-
ciated and the secreted fraction and co-administration of
NS-8593 significantly reduced the amount of PAI-1 protein
in the secreted fraction (Fig. 8a). When plasmin activity was
monitored, NS-8593 alone enhanced cell-associated enzy-
matic activity to 2.5 +0.2 fold of basal and secreted activity
to 1.3 +0.1 fold (Fig. 8b). Co-application of NS-8593 ele-
vated TGF-f1-mediated inhibition of plasmin activity in the
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Fig.6 Detection of FMT
markers in pHPF treated with
TGF-p1. pHPF were stimulated
with TGF-B1 (2 ng/ml) for 48 h.
Protein amount of a-SMA in

a, of PAI-1in b, of FN in ¢

and of collagen-1 (Coll-1) in

d was determined in the cell-
associated and secreted fraction
by western blotting. SDHA
control of the cellular fraction
was also used for the secreted
fraction. Blots of the cellular 1.
fraction were cut in half and the
upper part used for detection of
a-SMA, PAI-1, FN or Coll-1
and the lower part for SDHA.
Resulting signals were quanti-
fied by densitometry and AUC
ratios of a-SMA, PAI-1, FN or
Coll-1 and SDHA calculated.
One set of representative blots
is shown. Bars represent SEM
of % AUC ratios, n=3-5.
Statistical analysis was per-
formed using one-way ANOVA
followed by Tukey’s post-test
using the GraphPad prism
software 9.1. Asterisks indicate
significant differences between
basal and TGF-f1

levels [AUC ratio]

0-SMA vs SDHA

SDHA
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secreted fraction from 0.15+0.03 fold of basal to 0.32+0.06
(Fig. 8c). Thus, TRPM7 blockade also affected the plasmin
system in TGF-B1-treated, activated pHPF.

TRPM7 blockade inhibits TGF-B1-induced SMAD
signaling in pHPF

Phosphorylation of the transcription factor SMAD-2 is cru-
cial for TGF-p1-promoted FMT (Kawarada et al. 2016).
Accordingly, treatment of pHPF with TGF-p1 for 48 h
induced SMAD-2 phosphorylation (Fig. 9a). In line with its
inhibitory effects on TGF-p1-induced FMT, NS-8593 almost
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completely abolished TGF-B1-promoted phosphorylation of
SMAD-2 (Fig. 9a), whereas total SMAD-2 protein levels
were unaffected (Fig. 9b). Previous studies revealed that
sustained stimulation of MRCS5 cells or pHPF with TGF-
B1 reduced total protein levels of SMAD-3 (Breton et al.
2018; Staab-Weijnitz et al. 2015). Accordingly, we observed
a profound reduction of SMAD-3 levels after TGF-p1 stimu-
lation of pHPF (Fig. 9c). Interestingly, NS-8593 also signifi-
cantly diminished SMAD-3 levels (Fig. 9¢), indicative of
hitherto unappreciated positive effects of TRPM7 activity
on total SMAD-3 protein levels. Overall, these data indi-
cate functional interactions between TRPM7 activity and
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Fig.7 Detection of FMT markers in pHPF co-treated with TGF-f »
and NS-8593. pHPF were stimulated with TGF-pl (2 ng/ml) or
NS-8593 (25 uM) for 48 h alone or together with both ligands. Pro-
tein amount of a-SMA in a, of FN in b and of collagen-1 (Coll-1)
in ¢ was determined in the cell-associated and secreted fraction by
western blotting. SDHA control of the cellular fraction was also used
for the secreted fraction. Blots of the cellular fraction were cut in
half and the upper part used for detection of a-SMA, FN or Coll-1
and the lower part for SDHA. Resulting signals were quantified by
densitometry and AUC ratios of a-SMA, FN or Coll-1 and SDHA
calculated. One set of representative blots is shown. Bars represent
SEM of % AUC ratios (NS-8593) or x-fold of basal values (TGF-p1),
n=3-5. In d, pHPF were stimulated with TGF-B1 (2 ng/ml) alone or
together with NS-8593 (25 uM) for 48 h and secreted collagen lev-
els determined by Sircol™ soluble collagen assay. Bars represent
SEM of OD;s5 values, n=5. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post-test using the GraphPad
prism software 9.1. Asterisks indicate significant differences between
DMSO and NS-8593

TGF-p1-induced SMAD signaling in pHPF. To analyze
whether these interactions affect expression of the SER-
PINE] gene, we took advantage of a previously established
reporter gene construct containing the SMAD-3/4 sensi-
tive part of the SERPINEI promotor (Dennler et al. 1998).
As shown in Fig. 9d, NS-8593 strongly inhibited TGF-p1-
induced SMAD-dependent reporter activation. TGF-p1 does
not only signal via SMAD proteins but also via SMAD-inde-
pendent activation of transcription factors of the YAP/TAZ
family (Miranda et al. 2017). Of note, inhibitory actions of
TRPM?7 blockade on TGF-f1 signaling were not observed
when TGF-p1-induced activation of a YAP/TAZ sensi-
tive reporter was analyzed (Fig. 9e). Finally, we analyzed
whether NS-8593-mediated blockade of TGF-p1-induced
SMAD signaling is sufficient to inhibit promoter activity
of SMAD-dependent genes by monitoring mRNA expres-
sion of the FNI, the COLIAI and the SERPINE] gene after
24 and 48 h. TGF-p1 induced expression of all three genes
at both time points, but whereas FNI and COLIAI mRNA
levels rose linearly, SERPINEI expression peaked after 24 h
and sunk afterwards (Fig. 10). Of note, co-treatment with
NS-8593 significantly inhibited TGF-p1-induced SERPINE]
expression at both time points (Fig. 10a) but had no inhibi-
tory effect on FNI or COLIAI expression (Fig. 10b, ¢),
indicating that absence of TRPM7 activity weakened rather
selectively TGF-p1-promoted activation of the SERPINE1
gene.

Discussion

Excessive ECM deposition in the lung eventually leads
to pulmonary fibrosis and death. TGF-p1-induced SMAD
activation enhances ECM deposition by increasing its
production and reducing its degradation (Fernandez and
Eickelberg 2012; Gu et al. 2007; Phan et al. 2005; Saito
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et al. 2018a, b; Song et al. 1998; Walker et al. 2019). This
process is beneficial for wound healing, but prolonga-
tion eventually leads to pathophysiological conditions
such as pulmonary fibrosis. Here, we report that activity
of the TRPM7 protein supports TGF-f1-promoted ECM
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Fig. 8 Detection of PAI-1 protein levels and plasmin activity in pHPF
co-treated with TGF-B1 and NS-8593. a pHPF were stimulated with
TGF-p1 (2 ng/ml) or NS-8593 (25 uM) for 48 h alone or together
with both ligands. Protein amount of PAI-1 in the cell-associated and
secreted fraction was determined by western blotting. SDHA con-
trol of the cellular fraction was also used for the secreted fraction.
Blots of the cellular fraction were cut in half and the upper part used
for detection of PAI-1 and the lower part for SDHA. Resulting sig-
nals were quantified by densitometry and AUC ratios of PAI-1 and
SDHA calculated. One set of representative blots is shown. Bars
represent SEM of PAI-1/SDHA expression ratios, n=3-5. Aster-
isks indicate significant differences between DMSO and NS-8593,

deposition on the level of SMAD dependent transcription,
SERPINE-1 expression, plasmin activation and ECM pro-
duction in pHPF. To the best of our knowledge, this is the
first report of a TRP channel involved in the modulation
of plasmin activity. Hence, we propose TRPM7 blockers
as new tools to modify plasmin activity in pHPF.

hash signs between basal and TGF-f1. In b, pHPF were stimulated
with NS-8593 (25 uM) alone and in ¢ only with TGF-B1 (2 ng/ml) or
together with NS-8593 (25 uM) for 48 h and plasmin activity deter-
mined. In b, bars represent SEM of x-fold of basal (DMSO), n=5.
In ¢, bars represent SEM of x-fold of basal values, n=5. Statistical
analysis was performed using one-sample ¢ test or one-way ANOVA
followed by Tukey’s post-test using the GraphPad prism software
9.1. In a, asterisks indicate significant differences between DMSO
and NS-8593 in the absence of TGF-p and hash signs in the pres-
ence of TGF-. In b, hash signs indicate significant differences to 1.0.
In ¢, asterisks indicate significant differences between DMSO and
NS-8593

Plg and PA act in solution or cell associated when bound
to their cognate cell surface receptors (Deryugina and Quig-
ley 2012; Hoyer-Hansen and Lund 2007; Hu et al. 2007;
Milenkovic et al. 2017). Therefore, we analyzed the plas-
min system in the cell associated and secreted fraction of
pHPF. The total amount of secreted basal plasmin activity
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Fig.9 NS-8593 inhibits TGF-p1l-induced SMAD activation in pHPF.
pHPF were stimulated with TGF-p1 (2 ng/ml) or NS-8593 (25 uM)
for 48 h alone or together with both ligands. In a, the amount of
pSMAD-2, in b of total SMAD-2 and in ¢ of total SMAD-3 was
determined by western blotting. Histone detection served as a loading
control. Blots were cut in half and the upper part used for detection
of pSMAD-2, SMAD-2 or SMAD-3 and the lower part for histone.
Resulting signals were quantified by densitometry and AUC ratios
of pSMAD-2, SMAD-2 or SMAD-3 and histone calculated. One

was ~ 20 times higher compared to the cell-associated frac-
tion. However, it should be noted that the volume of the
supernatant (50 pl) by far exceeds the volume of the cellular
fraction (~0.05-0.1 ul). Hence, when plasmin is released
into the supernatant there is a strong dilution effect and the
actual plasmin concentration might be even higher in the
cell-associated fraction. Despite the outstanding role of
TGF-p1-mediated inhibition of plasmin activity for ECM
deposition, to the best of our knowledge, direct effects of
TGF-B1 on plasmin activity in pHPF have not yet been
analyzed. As expected, we found that TGF-p1 decreased
plasmin activity in both fractions of pHPF, but stronger in
the secreted fraction. Strong effects of TGF-p on secreted
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set of representative blots is shown. Bars represent SEM of % AUC
ratios, n=3-8. In d, pHPF were electroporated with the pCAGA-luc
reporter and in e with the 8xGTIIC-luciferase plasmid. After 24 h,
cells were stimulated with TGF-p1 (2 ng/ml) alone or together with
NS-8593 (25 uM) for 48 h and then luciferase activity determined.
Bars represent SEM of x-fold over basal values, n=>5. Statistical
analysis was performed using one-way ANOVA followed by Tukey’s
post-test using the GraphPad prism software 9.1. Asterisks indicate
significant differences to DMSO

plasmin activity are in line with previous studies using other
cell models (Horowitz et al. 2008; Schuliga et al. 2011). In
contrast to these studies, no exogenous Plg was required to
assess the effects of TGF-B1 on plasmin in pHPF, suggest-
ing rather high endogenous Plg levels in these cells. Under
these conditions, two unrelated TRPM?7 blockers enhanced
plasmin activity of pHPF, indicating that TRPM7 activity
restrains plasmin activity in pulmonary fibroblasts. In con-
trast to TGF-P1, NS-8593 elevated plasmin activity largely
in the cell-associated fraction. One obvious explanation for
this phenomenon could be that activation and inhibition of
the plasmin system follows distinct kinetics. Further, effects
of NS-8593 on plasmin activity most likely depend on basal
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Fig. 10 NS-8593 inhibits TGF-pl-induced SERPINEI but not FNI
or CollIAl mRNA expression in pHPF. pHPF were stimulated with
TGF-p1 (2 ng/ml) for 24 or 48 h alone or together with NS-8593
(25 uM). In a, SERPINEI, in b FNI and in ¢ CollAl mRNA was
determined by qRT-PCR. Data are represented as SEM of x-fold of
basal values, n=4. Statistical analysis was performed using two-way
ANOVA followed by Tukey’s post-test using the GraphPad prism
software 9.1. Asterisks indicate significant differences to DMSO,
hash signs to time point zero

PAI-1 levels. As basal cell-associated PAI-1 levels in pHPF
were significantly higher than those secreted, it appears rea-
sonable that inhibitory actions on basal PAI-1 levels affected
cell-associated plasmin activity stronger than secreted.
Finally, the enhancing effects of TGF-1 on PAI-1 levels
were much stronger than the oppressive effects of NS-8593.
Smaller changes of basal PAI-1 levels by NS-8593 might not
affect PA activity in the supernatant due to the abovemen-
tioned dilution effects. However, despite these differential
actions, NS-8593 clearly affected TGF-B1-promoted inhibi-
tion of the plasmin system. Of note, PAI-1 proteins that are
induced and secreted by TGF-B1 have to be produced first

in the cell-associated fraction. Hence, inhibitory actions of
NS-8593 on the cellular pool of PAI-1 proteins, should con-
sequently lead to reduced TGF-p1-induced PAI-1 secretion.
In line with this notion, co-administration of NS-8593 and
TGF-p1 significantly reduced cell-associated and secreted
PAI-1 levels and enhanced secreted plasmin activity. Fur-
thermore, NS-8593 counteracted TGF-B1-induced produc-
tion of fibronectin and collagens. Hence, TRPM7 blockade
not only has the potential to enhance plasmin activity and
thus to degrade ECM in native pHPF, but also in fibroblasts
continuously exposed to TGF-f1.

‘We found a causal relationship between TRPM7 and plas-
min activity after 24 and 48 h of channel blockade. Inhibi-
tion of TRPM7 activity for 4 h did not affect plasmin activity
(data not shown), indicating that acute TRPM?7 inhibition is
not linked to the plasmin system. Thus, we favor the hypoth-
esis that TRPM7 activity affects plasmin indirectly via mod-
ulating gene expression in pHPF. Because TRPM7 blockade
decreased TGF-p1-induced SMAD but not YAP/TAZ activa-
tion, it is reasonable to assume that SMAD-dependent genes
are involved. The SERPINE] gene is a SMAD-dependent
gene of utmost importance for pulmonary fibrosis (Hua et al.
1999; Song et al. 1998). TRPM7 blockade reduced TGF-
p1-induced SMAD-2 phosphorylation, SMAD-3/4 reporter
activation and SERPINE]I expression on the mRNA and pro-
tein level. Hence, we provide a substantial body of evidence
indicating that TRPM7 supports the SMAD pathway and
thereby affects plasmin activity and thus ECM levels via
regulation of PAI-1 protein levels. Of note, collagens and
fibronectin are also encoded by SMAD-dependent genes
(Vindevoghel et al. 1998; Zhao et al. 2002). Thus, lower
ECM levels after TRPM7 blockade could also be caused
by reduced transcription of these genes. However, TRPM7
blocker did not reduce TGF-B1-induced FNI or CollAl
mRNA levels. Hence, TRPM7 supports TGF-p1-promoted
ECM deposition most likely by depressing plasmin-medi-
ated degradation. These actions might be relevant in late
stages of pulmonary fibrosis. Enhanced plasmin activity due
to TRPM7 blockade might degrade already deposited ECM,
eventually leading to tissue repair or even restoration. Of
note, NS-8593 application to mice prevented and amelio-
rated kidney fibrosis, indicating the effectiveness of TRPM7
blocker in vivo (Suzuki et al. 2020).

At this point, we can only speculate about possible mech-
anism leading to rather selective effects of TRPM7 on TGF-
B1-induced SERPINEI1 expression. It appeared that TGF-f1
elevated SERPINE1 mRNA levels with different kinetics
compared to FNI and CollAl, indicative for distinct mode
of actions by the cytokine on SMAD-dependent promoters.
Although all three promoters have a regulatory binding site
for SMADs in common, they also differ in binding sites for
other transcription factors. In line with this notion, TRPM7
blockade selectively affected TGF-p1 signaling leading to
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SMAD but not to YAP/TAZ activation. Such fine-tuned
effects of TRPM7 on TGF-f1 could lead to selective reduc-
tion of SERPINE-1 mRNA by TRPM?7 blockers. However, it
will be an interesting task for future studies to decipher why
inhibition of TGF-p1-promoted SMAD activity by TRPM7
blocker affects the SERPINE]I but not the FNI or CollAl
promoter.

TRPM?7 is a bifunctional protein with an ion channel moi-
ety and a kinase function. The TRPM?7 pore is permeable for
Mg?*, Ca** and Zn** ions and the a-kinase domain phos-
phorylates serine/threonine residues of the TRPM7 protein
itself or of other cellular substrates (Koivisto et al. 2022;
Monteilh-Zoller et al. 2003; Nadler et al. 2001; Nadolni and
Zierler 2018; Ryazanova et al. 2004). Both TRPM?7 func-
tions could potentially affect SMAD-dependent gene expres-
sion. As no specific TRPM7 blocker is available that would
target either the channel or the kinase activity independently
from each other, we cannot discriminate between both activi-
ties by employing pharmacological tools. Lysine at posi-
tion 1646 is essential for TRPM?7 kinase activity but not for
ion channel function (Kaitsuka et al. 2014; Ryazanova et al.
2014). Thus, genetically modified mice models (TRPM7-
K1646R mice) have been introduced, in which the TRPM7
wild-type protein was replaced by a lysine 1646 arginine
point mutant (Kaitsuka et al. 2014; Romagnani et al. 2017).
TRPM7-K1646R mice appeared as useful tools to dis-
criminate TRPM?7 kinase from ion channel function in vivo
and in vitro. Noteworthy, SMAD-2 is a direct substrate of
the TRPM7 kinase and after 10 min of TGF-f1 stimula-
tion SMAD-2 phosphorylation was reduced in isolated
T-lymphocytes from TRPM7-K1646R mice compared to
wild-type littermates, indicating that TRPM?7 kinase activ-
ity supports TGF-B1-induced SMAD stimulation in these
cells (Romagnani et al. 2017). Hence, we aimed at using
isolated pulmonary fibroblasts from TRPM7-K1646R mice,
in to analyze a role of the TRPM?7 kinase in the regulation of
SMAD and plasmin activity in lung fibroblasts. In this pro-
cess, we soon realized that TRPM7 blockade did not affect
TGF-B-induced SMAD-3/4-dependent reporter activation in
wild-type mouse fibroblasts (Fig. S1a), indicating species-
specific differences in the functional interactions between
TRPM7 and the TGF- system in lung fibroblasts. Further-
more, in contrast to the data obtained with pHPF, TGF-f} did
not decrease SMAD-3 expression in lung fibroblasts from
mice (Fig. S1b), indicating species-specific differences of
the TGF-p system independent from TRPM7. Because of
these significant species-specific differences of the TGF-f
system in pulmonary fibroblasts, we refrained to use mice
models to analyze interactions between TRPM7 and TGF-f.
Thus, although we provide significant evidence that TRPM7
blockade affects TGF-f signaling at multiple levels in pHPF,
at this point, due to the lack of suitable tools, it remains
unclear which TRPM7 function is involved.

@ Springer

Conclusion

The peptidase plasmin plays a central role in the pathophysi-
ology of pulmonary fibrosis, a fatal disease with essentially
no treatment. Plasmin activity elevating processes in pHPF
very likely ameliorate pulmonary fibrosis. We report that
TRPM7 blockers enhance plasmin activity in untreated and
TGF-B-treated pHPF. Further, TRPM?7 blockade limited
SMAD activation and reduced PAI-1, collagen and fibronec-
tin levels. Thus, we identify a so far unappreciated role for
the TRPM?7 as a positive modulator of the plasmin system in
pulmonary fibroblasts and propose TRPM7 blockers as new
promising tools to treat pulmonary fibrosis.
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tary material available at https://doi.org/10.1007/s00204-022-03342-x.
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Suppl. Fig. S1 TGF-f signaling in primary pulmonary mouse fibroblasts is distinct from pHPF.
Primary pulmonary mouse fibroblasts were isolated as previously described (Staab-Weijnitz et
la., Am J Respir Crit Care Med. 2015 Aug 15; 192 (4): 455-67) and electroporated with the
pCAGA-luc reporter. After 24 h, cells were stimulated with TGF (2 ng/ml) alone or together
with NS-8593 (25 uM) for 48 h and then luciferase activity was determined. Bars represent
SEM of x-fold over basal values, n = 3. In b, the amount of total SMAD-3 was determined by
western-blotting. Histone detection served as a loading control. Blots were cut in half and the
upper part used for detection of SMAD-3 and the lower part for histone. Resulting signals were
quantified by densitometry and AUC ratios of SMAD-3 and histone calculated. One set of

representative blots is shown. Bars represent SEM of % AUC ratios, n = 10.
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