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Abstract

Rationale—Acute pulmonary oxygen sensing is essential to avoid life-threatening hypoxemia via
hypoxic pulmonary vasoconstriction (HPV) which matches perfusion to ventilation. Hypoxia-
induced mitochondrial superoxide release has been suggested as critical step in the signaling
pathway underlying HPV. However, the identity of the primary oxygen sensor and mechanism of
superoxide release in acute hypoxia, as well as its relevance for chronic pulmonary oxygen sensing
remains unresolved.

Objectives—To investigate the role of the pulmonary specific isoform 2 of subunit 4 of
mitochondrial complex IV (Cox4i2) and the subsequent mediators superoxide and hydrogen
peroxide for pulmonary oxygen sensing and signaling.

Methods and Results—Isolated ventilated and perfused lungs from Cox4i27~ mice lacked
acute HPV. In parallel, pulmonary arterial smooth muscle cells (PASMCs) from Cox4i27~ mice
showed no hypoxia-induced increase of intracellular calcium. Hypoxia-induced superoxide release
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which was detected by electron spin resonance spectroscopy in wild type (WT) PASMCs was
absent in Cox4i2~/~ PASMCs and was dependent on cysteine residues of Cox4i2. HPV could be
inhibited by mitochondrial superoxide inhibitors proving functional relevance of superoxide
release for HPV. Mitochondrial hyperpolarization, which can promote mitochondrial superoxide
release, was detected during acute hypoxia in WT but not Cox4i2”~ PASMCs. Downstream
signaling determined by patch clamp measurements showed decreased hypoxia-induced cellular
membrane depolarization in Cox4i2”~ PASMCs compared to WT PASMCs, which could be
normalized by application of hydrogen peroxide. In contrast, chronic hypoxia-induced pulmonary
hypertension and pulmonary vascular remodeling were not or only slightly affected by Cox4i2
deficiency, respectively.

Conclusion—Cox4i2 is essential for acute but not chronic pulmonary oxygen sensing by
triggering mitochondrial hyperpolarization and release of mitochondrial superoxide which, after
conversion to hydrogen peroxide, contributes to cellular membrane depolarization and HPV. These
findings provide a new model for oxygen sensing processes in the lung and possibly also in other
organs.
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INTRODUCTION

Although oxygen sensing is essential for aerobic life, the molecular nature, particularly of
acute oxygen sensing processes in specific organs is not fully understood. One of the best
characterized systems for long-term adaptation at the transcriptional level is through
stabilization of HIF-1a (1). However, acute oxygen sensing mechanisms are less well
defined, such as in the pulmonary vasculature that reacts to alveolar hypoxia within seconds
by hypoxic pulmonary vasoconstriction (HPV) (2, 3). Acute HPV (occurring within seconds
to minutes) diverts blood from poorly to well oxygenated alveoli of the lung and thereby
prevents shunt flow and arterial hypoxemia on a breath-to-breath basis. This principle was
first described by von Euler and Liljestrand in 1946 (4). Exposure to prolonged hypoxia
results in sustained HPV (lasting minutes to hours) and leads to the activation of chronic
mechanisms resulting in pathologic remodeling of the pulmonary vasculature and
development of pulmonary hypertension (PH) (2, 3). Decreased HPV, e.g., during
anesthesia, pneumonia, the adult respiratory distress syndrome, septic events or liver failure
can result in shunting and life threatening hypoxemia, whereas exaggerated HPV in chronic
lung disease or at high altitude contributes to PH (2, 3), which can culminate in right
ventricular (RV) failure. In the newborn, prolonged HPV can also contribute to persistent
PH, a disease in which the postnatal vasodilatory mechanism, which usually results in low
pulmonary vascular resistance in adults, is disturbed (5).
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Since the systemic vasculature dilates in response to hypoxia, a unique oxygen sensing
mechanism has been suggested for the pulmonary vasculature. Acute and chronic oxygen
sensing mechanisms of HPV and PH have been shown to be located in pulmonary arterial
smooth muscle cells (PASMCs). PASMCs can react to acute hypoxic exposure by increasing
intracellular calcium concentrations following smooth muscle contraction, and by induction
of proliferation when exposed to chronic hypoxia, even when isolated. Despite decades of
research the acute oxygen sensor in the lung remains unknown. For acute HPV both
increased or decreased release of reactive oxygen species (ROS) originating from
mitochondrial electron transport chain (ETC) complexes | and/or 111 have been suggested to
initiate the oxygen sensing pathway. The change in ROS release is proposed to then activate
sarcoplasmic and/or plasmalemmal ion channels, leading to intracellular calcium increase in
PASMCs, triggering vasoconstriction (2, 3, 6). Evidence has accumulated in recent years
that triggering acute HPV results from increased superoxide concentration in PASMCs,
specifically released into the mitochondrial intermembrane space and originating from
complex I11 of the mitochondrial electron transport chain (ETC) (7, 8). However, the
mechanism for such an increase of superoxide production in hypoxia remains unclear. Given
the exponential relationship of the mitochondrial membrane potential (AY,,) and superoxide
production at the outer ubiquinol binding site of complex I11 (9, 10), which results in a
release of superoxide into the intermembrane space, an integrated model of HPV likely
involves AY, hyperpolarization as an early upstream signal followed by ROS production at
complex I11. Indeed, we and others previously showed that HPV is associated with increased
mitochondrial ROS production as well as AY ,, hyperpolarization (11, 12). Similar to acute
HPV, for chronic processes and development of PH either an increase (13) or decrease (14)
of mitochondrial ROS have been suggested to contribute to PASMC proliferation and
pulmonary vascular remodeling, e.g., by activation of transcription factors, such as HIF-1a
(13-16).

Although ROS are preferentially released from mitochondrial respiratory chain complexes |
and 111 (17), mitochondrial complex IV (or cytochrome ¢ oxidase, COX) catalyzes the final
step of the electron transport chain (ETC) and should be particularly susceptible to hypoxia
since it converts oxygen to water. The isoform 2 of COX subunit 4 (Cox4i2) was suggested
to increase COX activity (18, 19), thereby promoting ETC activity, A¥,, and ROS
production. Cox4i2 is preferentially expressed in the adult mammalian lung, specifically in
smooth muscle cells and to a lesser degree also in the fetal lung (20, 21). We show here that
Cox4i2 is an essential component in the oxygen sensing process of the pulmonary
vasculature by promoting AY ,, hyperpolarization and ROS production during hypoxia.

METHODS

Animals

Additional information is provided in Supplemental Methods.

All animal experiments were approved by the Institutional Animal Investigation Care and
Use Committee or appropiate governmental committee. Cox4/2”~ mice were generated as
described (18).
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Hemodynamic measurements in isolated, perfused, and ventilated mouse lungs

Lungs of either WT or Cox4i2~~ mice were isolated, perfused and ventilated as described
previously (22). For arterial pO, measurement and airway fluid load see Supplemental
Methods.

Mouse PASMC isolation and human PASMCs

Mouse PASMCs were isolated from precapillary pulmonary arterial vessels as described
previously (22). Human PASMCs were purchased from PromoCell (Heidelberg, Germany).

Calcium measurement

The fluorescent dye Fura 2-AM (Sigma-Aldrich, Munich, Germany) was used for detection
of changes in intracellular Ca%* concentration ([Ca2*];) in PASMCs (passage 0) isolated
from WT and Cox4/27~ mice. Hypoxia was induced by application of hypoxic (1% O,
balanced with N») HEPES buffer at minute 2. All gas concentrations in % are given for
normobaric conditions.

Lentivirus production and transduction of primary PASMCs

Full length Cox4i1, or wild type or mutated Cox4i2 were subcloned into the pWPXL
plasmid (Addgene, Boston, USA) and packaged with a second-generation lentivirus
transduction system with pMD2.G as the envelope and psPAX2 as a packing vector
(Addgene, Boston, USA).

Stable expression of Cox4i2 and Cox4il in CMT 167 cells

Mouse cDNA of Cox4il, wild-type, or of mutated Cox4i2 were subcloned in the pCl-neo
plasmid. CMT 167 (mouse lung carcinoma cell line) cells were transfected with the
corresponding plasmids using TurboFectin 8.0 transfection reagent.

Measurement of superoxide by electron spin resonance spectroscopy

Intracellular and extracellular ROS concentration was measured using an EMXmicro
Electron Spin Resonance (ESR) spectrometer (Bruker Biospin GmbH, Rheinstetten,
Germany) using 0.5 mM of the spin probe CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine; Noxygen, Elzach, Germany). The superoxide portion of ROS was
determined by subtracting the ESR signal of the sample with polyethylene-glycol conjugated
superoxide dismutase (pSOD) from the sample incubated for 90 min without 45 U/ml pSOD
in ESR-Krebs HEPES buffer (23, 24). Hypoxia was applied by incubating the cells in a
hypoxic chamber (1% O, 5min).

Patch clamp recordings of cellular membrane potential and Ky-channel currents

Membrane potential was recorded under current clamp conditions (I = 0) in whole cell
configuration using an EPC10 USB single amplifier (HEKA, Lambrecht, Germany),
whereas whole cell K,~currents were measured in voltage clamp mode using a standardized
depolarizing pulse protocol. Acute hypoxia was applied by switching from normoxic
(bubbled with a gas mixture of 21 % O,, 5.3 % CO,, rest N») to hypoxic (1 % O, 5.3 %
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COy, rest Ny) bath solution and the pO, near the cell was recorded by an optical needle-type
oxygen sensor (Firesting, Pyro Science, Aachen, Germany).

Mitochondrial membrane potential and cytosolic hydrogen peroxide

Mitochondrial membrane potential was investigated by fluorescent microscopy using JC-1
(5,5",6,6"-tetrachloro-1,1",3,3’ -tetraethylbenzimidazolylcarbocyanine iodide) as described
previously (11). Acute hypoxia was prompted by switching from normoxic perfusion buffer
to hypoxic buffer (1% O,). For intracellular H,O, detection, the cytosolic HyPer sensor
(Evrogen, Moscow, Russian Federation) subcloned into the pWPXL plasmid (distributed by
Addgene, Boston, USA) was used.

High resolution respirometry

Oxygen consumption rate was determined at 37°C using an Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria).

Quantification of hypoxia-induced pulmonary hypertension by in vivo hemodynamics,
right ventricular morphometry, vascular remodelling, and echocardiography

Statistics

RESULTS

Mice were exposed to normobaric hypoxia (10% O,) for 4 weeks. Quantification of
pulmonary hypertension was performed as described previously (22).

Measurement of transthoracic echocardiography was performed with the Vevo2100 high-
resolution imaging system equipped with a 40-MHz transducer (VisualSonics, Toronto,
Canada) (25).

Proliferation of PASMCs was determined by BrdU assay (cell proliferation ELISA, Roche,
Basel, Switzerland).

Normal distribution of the sample sets was determined by Shapiro Wilk normality test. For
sample sets with Gaussian distribution, student’s two-tailed #test or 2-way-ANOVA were
used. For the sample sets with a non-Gaussian distribution, Mann-Whitney-test or Kruskal-
Wallis-test was used. Multiple comparisons, using the same group in more than one analysis
or hypothesis, were adjusted using Bonferroni correction. All analyses were considered
statistically significant at p<0.05. Statistical analysis was performed using Prism 6
(GraphPad Software Inc., San Diego, USA).

Cox4i27/~ mice lack HPV and hypoxia-induced calcium increase in PASMCs

We generated Cox4i2 knockout (Cox4i27~) mice (18) and investigated HPV in isolated
ventilated and perfused mouse lungs from wildtype (WT) and Cox4i2™~ mice by measuring
the increase of pulmonary arterial pressure (APAP) during hypoxic ventilation (1% Oo, 5%
COy, 94% N, Figure 1A) Exposure of isolated lungs to acute hypoxia for 10 min resulted in
an increase of PAP in lungs from WT, but not Cox4i2~~ mice (Figure 1B, D). Under
normoxic ventilation the course of PAP did not differ between knockout and WT mice
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(Figure 1C). While acute HPV (10 min, 1% O,) was absent in Cox4i2~~ lungs, the hypoxia-
independent vasoconstriction artificially induced by application of potassium-chloride (KCI)
was unchanged (Figure 1D), indicating that the contractile apparatus of the lung vasculature
is intact in Cox4i2~~ lungs. These results show that Cox4i2 is essential for acute HPV.
Furthermore, the response to prolonged hypoxia was blunted in Cox4i27~ lungs (Figure
1B). Accordingly, the drop of the arterial pO, after an intratracheal fluid challenge of
anesthetized mice to induce local alveolar hypoventilation was higher in Cox4i2~/~ mice
compared to WT mice (Figure 1E), representing disturbed ventilation-perfusion matching in
Cox4i2™~ mice. Expression analysis showed that Cox4i2 protein is expressed in the
pulmonary artery, preferentially in PASMCs (Figure 1F). As PASMCs have been identified
as the sensor and effector site of HPV, (3) and Cox4i2 protein was found to be expressed
predominantly in this cell type (Figure 1F), we next investigated PASMCs isolated from
precapillary arteries. Cox4i2”~ PASMCs largely lacked the hypoxia-induced calcium
increase observed in WT PASMCs (Figure 1G). The lack of HPV did not affect the number
of offsprings per litter (Online Figure 1A) or baseline arterial oxygen concentration (Figure
1E). Lungs of Cox4i2~/~ mice aged 2-3 months did not show histological alterations
compared to WT mice (Online Figure IB).

Hypoxia-induced superoxide increase is absent in Cox4i2~/~ PASMCs and depends on
Cysteine 109 of Cox4i2

In order to address the underlying signaling mechanisms in more detail, we measured
superoxide release by ESR of PASMCs exposed to acute hypoxia (5 min, 1% O,) and
immediately frozen in the hypoxic atmosphere to avoid re-exposure to normoxia.
Superoxide concentration markedly increased in hypoxic WT PASMCs (Figure 2A, C). This
increase was absent in Cox4i2”~ PASMCs (Figure 2A, C) and similarly in PASMCs treated
with Cox4i2-specific siRNA (Figure 2B, S3A). Mitochondrial superoxide release during
hypoxia is necessary for HPV, as the mitochondrial superoxide dismutase (SOD) mimetic
MitoTempol, which converts superoxide to hydrogen peroxide, but has also been shown to
act as unspecific mitochondrial antioxidant (26), inhibited HPV in intact lungs (Figure 2D),
but 1) only partially inhibited KCI induced vasoconstriction (Figure 2E) and 2) did not affect
pulmonary vasoconstriction induced by the thromboxane mimetic U46619 (Online Figure
I1A). Moreover, the novel inhibitor of mitochondrial superoxide release from complex I11
(27), S3QELZ2, inhibited HPV (Figure 2F), but not KCI (Figure 2G) or U46619 induced
vasoconstriction (Online Figure 11B). Similarly the mitochondria-targeted antioxidant SkQ1
inhibited HPV, but not U46619-induced vasoconstriction (Online Figure 11C,D). The specific
role of Cox4i2 was shown by re-introduction of Cox4i2 in Cox4i2/~ PASMCs, which re-
established the hypoxia-induced superoxide increase, whereas Cox4il transfection was
ineffective (Figure 2H). In contrast to Cox4il, Cox4i2 contains several cysteine residues that
are proposed to form disulfide bonds and modulate allosteric ATP-inhibition of COX activity
(20); these may in turn affect A¥,, and thus subsequent ROS production. We thus
introduced a mutated Cox4i2 plasmid, in which the conserved cysteine residue 109 was
exchanged with serine (C109S) or alanine (C109A) into Cox4i2~~ cells. In contrast to WT
Cox4i2 overexpression, overexpression of such Cox4i2 mutants in Cox4i27~ PASMCs
showed little or no increase of superoxide after hypoxic exposure (Figure 2H), indicating
functional importance of the C109 residue. In order to exclude PASMC-specific hypoxia-
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induced signaling pathways upstream of Cox4i2, we expressed Cox4i2 in a completely
different cell type, choosing a mouse lung carcinoma cell line (CMT cells). We detected
increased superoxide production during hypoxia in Cox4i2 but not in Cox4il expressing
CMT cells (Figure 2I). Mutation of cysteine-109 (Figure 21) and the other cysteine residues
(Online Figure IVA) did abolish hypoxia-induced superoxide increase in CMT cells. Lack of
hypoxia-induced superoxide production was not due to failed expression or increased
degradation of proteins because Western blot analysis showed the mutated Cox4i2 was
expressed in the cells (Online Figure 111 B, C) or mitochondria of CMT cells (Online Figure
IV B) Superfusion of PASMCs with hypoxic medium caused an increase in cytosolic H,0,
concentration in WT PASMCs (Figure 2J), but not in Cox4i2~~ PASMCs (Figure 2K). In
order to investigate, if decreased activity of the SOD could cause a decrease in HyO2
concentration, we tested SOD expression and activity. Although mRNA expression of
SOD1, which is located in the mitochondrial intermembrane space and cytosol, was higher
in Cox4i2~/~ PASMCs (Online Figure VA), we could not detect differences in SOD1 protein
expression and SOD activity (Online Figure VB, C).

Hypoxia-induced cellular membrane depolarization is attenuated in Cox4i2~/~ PASMCs

In order to determine the downstream signaling effects of ROS in PASMC, we performed
patch clamp experiments to measure cellular membrane potential. We found that WT
PASMCs exhibited cellular membrane depolarization upon exposure to acute hypoxia
(Figure 3A, B), whereas this depolarization was blunted in Cox4i2~ PASMCs (Figure 3C,
D). In contrast to WT PASMCs, addition of H,O,, could further depolarize cellular
membrane potential in Cox4i2”~ PASMCs to the level reached in WT PASMCs under
hypoxia (Figure 3B, D; Online Figure VIA-E). Furthermore, basal membrane potential in
Cox4i2~/~ PASMCs was hyperpolarized compared WT PASMC (Figure 3C, D, Online
Figure IVF). Application of S3QEL?2 to inhibit mitochondrial superoxide release attenuated
the hypoxia-induced depolarization in WT PASMCs (Figure 3E—H). Next, we investigated
the effect of acute hypoxia on K,, channel closing, which has been shown to play an
important role in hypoxia-induced membrane depolarization in PASMCs (6). Hypoxia
caused an inhibition of K, channels in WT and to a lesser degree in Cox4i27/~ PASMCs
(Figure 3I-L). Application of H,0, decreased K, channel current density to the same level
as in WT PASMC:s (Figure 3I-L). Accordingly, application of H,0, caused K,, channel
inhibition and cellular membrane depolarization in WT PASMCs under normoxia (Figure
3M-P). Consequently, we could not find differences in K,, channel expression as an
underlying reason for the described differences (Online Figure VI).

Hypoxia-induced mitochondrial hyperpolarization is absent in Cox4i2~/~ PASMCs

As mitochondrial hyperpolarization was shown to increase mitochondrial ROS production
(9, 10), we next focused on AY ,, as a possible mechanism by which Cox4i2 causes
hypoxia-induced superoxide release. We confirmed the dependency of mitochondrial
superoxide release on AY¥, in PASMCs and showed that increasing A, with oligomycin
increased the superoxide concentration of PASMCs, whereas decreasing AY ,, by FCCP
decreased superoxide concentration (Online Figure VI118G). With regard to the hypoxic
response, we detected an increase in AY ,, in WT PASMCs when superfused with hypoxic
medium (Figure 4A, Online Figure VIIIA, D) that was absent in Cox4i2”~ PASMCs (Figure
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4B, Online Figure VIIIB, C). In presence of MitoTempol or S3QEL2 we could still detect
the hypoxia-induced increase of AY, in WT cells (Figure 4C, Online Figure VIIIF).
Furthermore, during acute hypoxia mitochondrial matrix pH was increased in WT, but not in
Cox4i2~'~ PASMCs, which indicates fewer protons on the matrix side of the inner
mitochondrial membrane thereby possibly promoting the ApH contributing to AY,, (Online
Figure VI118H). However, we could not detect significant differences in respiration when
comparing WT and Cox4i27~ PASMCs (Figure 4D, S9B). CMT cells overexpressing
Cox4i2 respired less when maximally stimulated with FCCP compared to Cox4il-
overexpressing cells (Online Figure XIA). In permeabilized PASMCs and CMT cells,
respiration under saturating conditions of different substrates was similar (Online Figure
XIB,C). When decreasing the pO, from normoxia (18% O5) to hypoxia (4% O5,), respiration
decreased in both WT and Cox4i2~~ PASMCs to a similar degree (Figure 4E). Moreover,
investigating the respiration at more severe hypoxia (02<3%) revealed a similar pO,-
dependent respiration in WT and Cox4i2~”~ PASMCs (Figure 4F).

Hypoxia-induced depolarization in human PASMCs is attenuated by Cox4i2 knockdown

To assess the relevance of our findings for the human system, we showed that Cox4i2
protein is expressed in lung homogenate and specifically pulmonary arterial vessels of
human lungs (Online Figure XA). We could also detect Cox4i2 mRNA specifically in the
media of human pulmonary arterial vessels and cultivated human PASMCs (Online Figure
XB). Downregulation of Cox4i2 by siRNA (Online Figure XC) decreased the hypoxia-
induced depolarization in human PASMCs (Figure 5).

Chronic hypoxia-induced PH is only slightly influenced by Cox4i2 deficiency

We investigated whether Cox4i2 is also essential for chronic pulmonary vascular oxygen
sensing. After chronic exposure of mice to a hypoxic atmosphere (10% O,, 4 weeks) both
WT and Cox4i27~ developed PH to a similar degree. Although right ventricular pressure
was higher in Cox4i2~~ mice, the hypoxia induced increase was not different between the
strains (Figure 6A). Both strains developed right heart hypertrophy (Figure 6B). Pulmonary
vascular remodeling was slightly lower in Cox4i2~~ mice, characterized by a higher portion
of non muscularized vessels after chronic hypoxic exposure (Figure 6C). Cardiac index was
decreased after hypoxic exposure, but not differently in the two strains (Figure 6D). In
parallel HIF-1a stabilization was increased to a similar level in PASMCs after exposure to
hypoxia (Figure 6E). PDGF-induced proliferation during hypoxia was similar in WT and
Cox4i2”/~ PASMCs, with a tendency for lower proliferation in Cox4i27~ PASMCs (Figure
6F). After exposure of mice to chronic hypoxia (4 weeks, 10%05), acute hypoxic response
was also absent in isolated lungs of Cox4i2”~ mice (Online Figure XI).

DISCUSSION

Our study reveals an essential mechanism for acute pulmonary oxygen sensing leading to
HPV and uncovers a novel component for hypoxia-induced mitochondrial superoxide
release in acute hypoxia. We found that the mitochondrial complex IV subunit 4 isoform 2
initiates acute HPV by mitochondrial hyperpolarization, which promotes the superoxide
release preferentially at complex 111 of the ETC, previously suggested as an essential step of
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HPV (8, 13). Subsequently, ROS lead to cellular membrane depolarization including
inhibition of K, channels, cellular calcium entry and HPV. Moreover, our data emphasize
that different signaling mechanisms underlie acute and chronic oxygen sensing. This
conclusion is based on the findings that 1) Cox4i27~ lungs lack acute HPV, and Cox4i2™~
PASMCs show no hypoxia-induced increase in intracellular calcium, superoxide and
mitochondrial membrane potential; 2) decreased hypoxia-induced cellular membrane
depolarization and K, channel inhibition in Cox4i2~ PASMCs can be enhanced to the WT
level by H,O5 application, while HPV can be inhibited by two different mitochondrial
superoxide scavengers; and 3) chronic hypoxia-induced PH is only slightly affected by
Cox4i2 deficiency and HIF1a stabilization is not different in the genotypes. Thus our data
suggests that complex IV acts as primary oxygen sensor and regulates downstream
superoxide release by complex Il11. The lung specific isoform 2 of subunit 4 is essential for
hypoxia-induced, ROS-dependent cellular membrane depolarization and HPV. Accordingly,
a lack of Cox4i2 results in a lower arterial oxygenation during induction of localized
hypoventilation, which is explained by ventilation-perfusion mismatch due to the lack of
HPV. These mechanisms may be relevant also in humans, as we showed that Cox4i2 is
relevant for hypoxia-induced cellular membrane depolarization in human PASMCs. Whereas
Cox4i2 activity may be involved in increased shunting under conditions of local
hypoventilation in the adult (e.g. pneumonia) or premature infants, physiological /in utero
vasoconstriction could presumably be maintained by a variety of Cox4i2-independent
mechanisms (28).

The search for the oxygen sensor and its sensing mechanism has been hampered in the past
by controversial findings with regard to whether an increase or decrease of ROS trigger
HPV. These discrepant findings may be attributed to localized and time-dependent regulation
of hypoxic ROS release, as well as by varying experimental protocols and limitations of
fluorescent sensors, which are prone to autoxidation (29). By using ESR measurements in
samples that were frozen in the hypoxic environment, we excluded possible artifacts due to
re-oxygenation and autoxidation of the probe. Doing so, we found increased release of
superoxide dependent on Cox4i2 during acute hypoxia in PASMCs. Cox4i2 triggered
superoxide release was independent of upstream components specific to PASMCs, as
increased hypoxia-induced superoxide production was detected in Cox4i2 but not in Cox4il
overexpressing CMT cells. Next, we sought to identify specific properties of Cox4i2
predisposing this subunit as oxygen sensor. The HPV oxygen sensor has to act quickly and
in a fully reversible manner. Cysteine residues are established redox sensitive residues,
which can adopt multiple reversible modifications (30), such as the formation of an inter- or
intra-molecular disulfide bond. We noticed that in contrast to Cox4il, which does not
contain any cysteines, mammalian Cox4i2 contains three such residues. One of them,
cysteine 109 (C109), is located in the inner mitochondrial membrane, at a position within
the highest oxygen gradient (20). Indeed, hypoxia-induced superoxide release was
dependent on the presence of C109, as overexpression of the WT form of Cox4i2 could
rescue superoxide release in Cox4i27~ PASMCs and CMT cells, but not variants of Cox4i2
in which C109 was mutated. However, mutation of the other two cysteines also abolished
superoxide release, suggesting a possible role in oxygen sensing. The latter two cysteines are
located in the matrix domain of COX subunit 4, near the key regulatory ADP/ATP binding
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site (20). Thus, given their unigue location, modification of any of the three cysteines could
lead to changes in COX function. As cysteine bond formation can either be achieved by
redox dependent modifications, or by oxygen-dependent enzymatic modifications shown to
occur in the endoplasmic reticulum during post-translational modifications (31), we
hypothesize that a decreased disulfide bond formation may occur during hypoxia, thereby
modifying the function of Cox4i2 and subsequently causing ROS production in PASMCs.
However, we cannot exclude that indirect effects, like decreased electron flux through COX
in hypoxia or alterations in the ATP/ADP ratio, act as a trigger for Cox4i2 dependent
hypoxic signaling. These hypotheses should be investigated in future experiments.

Next, we focused on downstream signaling mechanisms of increased mitochondrial
superoxide release. First, we demonstrated that mitochondrial superoxide release is essential
for HPV, as inhibition of mitochondrial superoxide with MitoTempo and
S3QEL2specifically inhibited HPV (although there was some minor effect of MitoTempo on
U46619- and potassium-induced vasoconstriction, suggesting some effects on hypoxia-
independent pathways). Although MitoTempo is used as a SOD mimetic, which should
decrease superoxide, and increase H,O, concentration, there is evidence that MitoTempo
rather acts as unspecific antioxidant, possibly decreasing both ROS types, as a decrease of
H,0, was measured during MitoTempo application and it has been shown that the similar
substance MitoTempol is intracellularly converted to MitoTempol-H, which has antioxidant
but not SOD-mimetic properties (26, 32). Thus, in order to confirm that indeed inhibition of
mitochondrial superoxide release and not increased H,O, mediates HPV, we applied
S3QEL, which has been shown to inhibit superoxide release from mitochondrial complex 111
(27). This agent inhibited HPV, again specifically compared to U46619-, and potassium-
induced vasoconstriction. Moreover, hypoxia induced an increase in cytosolic H,0,
concentration in WT, but not Cox4i2”~ PASMCs. Therefore, superoxide generated under
hypoxia can be converted to H,O, which is likely acting as the mediator for HPV instead of
the less diffusible and unstable superoxide molecule (29). Subsequently, H,O, or other ROS
can interact with ion channels that lead to a release of calcium from intracellular stores and
its influx through the plasma membrane by cellular membrane depolarization (3) that has
been shown to be essential for HPV (22). We found that Cox4i2”~ PASMCs showed
hyperpolarized basal cellular membrane potential and less hypoxia-induced depolarization
than WT PASMCs. Hypoxic membrane potential reached a value of -25+1 mV in WT
PASMCs, sufficient to activate voltage dependent calcium channels, such as L-type and T-
type calcium channels, which can cause intracellular calcium increases leading to HPV (6,
33). In contrast, the cellular membrane potential of Cox4i2~ PASMCs depolarized only up
to —39+2 mV not reaching the threshold for activation of voltage dependent calcium
channels, which has been shown to be at a membrane potential between —40 and —30 mV in
mouse PASMCs (34). However, after addition of H,0O, the cellular membrane potential in
Cox4i2~’~ PASMCs during hypoxia depolarized to the level of WT PASMCs under hypoxia.
These findings indicate that by substitution of the ROS portion, which is missing in the
Cox4i2”~ PASMCs, levels of membrane depolarization were reached that are sufficient to
activate cellular calcium inflow. Along these lines, hypoxia-induced K,, channel inhibition,
which plays an important role in HPV (3, 6) was decreased in Cox4i2”~ PASMCs and could
be restored to WT level by application of H,O,. Our data are in accordance with an
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investigation showing that application of a membrane-permeable form of H,0,, t-butyl
hydroperoxide, inhibited K,-currents and induced a contractile response in rat pulmonary
arteries (35). Moreover, in a study investigating oxygen sensing in the carotid body,
application of H,0, showed effects on potassium channel properties that mimicked hypoxia
(36). However, in contrast to our data it has been shown that antioxidants (e.g. DTT,
duroquinone) can inhibit K,-channels or potassium currents in PASMCs and that oxidants
(e.g. DTBNP, diamide) can activate them, leading to vasodilation (37—40). Such
discrepancies may be explained by different effects of oxidizing/reducing agents and H,O»
in the different studies as well as the site of the pulmonary vasculature (microvessels versus
larger vessels) from which the PASMCs were derived. Further studies are needed to clarify
these discrepancies.

Interestingly a portion of the hypoxia-induced K\, channel inhibition was independent of
Cox4i2. We thus conclude that Cox4i2 is an essential oxygen sensor for HPV induction and
that HPV is a multifactorial event which might be caused by a combination of 1) Cox4i2-
derived H,O5 generation, 2) primary oxygen sensing properties of the K, channel itself (41)
and/or 3) ROS originating from non-mitochondrial sources. Moreover, Cox4i2 presence
sensitizes PASMCs for the HPV response by normoxic inhibition of Ky channels and slight
depolarization of the cellular membrane potential. Speculatively, a different and very
localized superoxide release from mitochondria close to Ky, channels (42) might play a role,
as we could detect a tendency for decreased superoxide concentration in Cox4i2”~ PASMCs
under normoxia.

To address the mechanism by which Cox4i2 triggered superoxide release, we considered
that a subtle inhibition of mitochondrial respiration during hypoxia, when the terminal
substrate oxygen becomes limiting, could result in a shift toward higher reduction rates of
the upstream ETC components, resulting in increased lifetime of the ubisemiquinone radical
at the outer ubiquinol binding site of complex 111 (13). In line with this reasoning, inhibition
of complex 1V by cyanide or nitric oxide could increase mitochondrial ROS production at
complex I11 in non-pulmonary cells (43, 44). Indeed, a small inhibition of respiration could
be detected in the hypoxia sensitive range of PASMCs in the current study and in previous
investigations (11). However, it has been challenged whether inhibition of complex IV is
sufficient for ROS production at complex 11 (10, 45, 46). Nevertheless, ROS production at
complexes | and 111 can be promoted by increased AY y, (47), which we and others
previously found in PASMCs during perfusion with hypoxic medium (11, 12). Along these
lines, we now detected that the increase in A¥ ,, in WT PASMCs was absent in Cox4i27~
PASMC:s. In presence of the superoxide scavengers MitoTempol and S3QEL2 we could still
detect the hypoxia-induced increase of A, in WT cells, suggesting that alterations of Ay,
are independent and apparently not downstream of mitochondrial ROS release. Our findings
are in line with previous reports showing that Cox4i2 increases ROS production in astrocytes
(48, 49). To further investigate the underlying mechanism for the increase in AY,, we found
increased mitochondrial matrix pH, suggesting an increase of the proton gradient ApH
contributing to increased AY ,. Furthermore, alkalization of the mitochondrial matrix has
also been shown to promote superoxide release of complex 111 (50). In search for the
mechanism of increased AYy,, we tested, wether increased respiration, quantified by
measurement of oxygen consumption, caused mitochondrial hyperpolarization. In this
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regard, it was suggested by previous studies that Cox4i2 can enhance mitochondrial
respiration by increasing complex IV activity thereby increasing proton pumping of the
respiratory chain complexes and AY¥,, (18, 51). However, our own measurements showed
decreased respiration in mild hypoxia in both WT and Cox4i2”~ PASMCs. Moreover, we
could not detect increased respiration in WT PASMCs compared to Cox4i27~ PASMCs and
in Cox4i2 overexpressing CMT cells compared to Cox4il-overexpressing cells, neither in
normoxia nor in hypoxia. These data are consistent with our previous measurements,
showing similar respiration rates in Cox4i27~and WT mitochondria (18), and with a further
study employing Cox4i2 knockdown in cell lines when cultivated under normoxia (52).
Thus, increased complex 1V activity resulting in increased respiration and proton pumping
does not seem to cause mitochondrial hyperpolarization in acute hypoxia in WT PASMCs.
One alternative mechanism could be that Cox4i2 decreases the proton slip of complex 1V or
increases the proton pumping stoichiometry (53), mechanisms that are, however, not
generally accepted (17) and should be investigated further.

In contrast to the effect of Cox4i2 deficiency in acute hypoxia, we found only minor effects
on sustained and chronic hypoxic responses of the pulmonary vasculature. This could be
caused by the fact that for sustained HPV additional sensitizing effects of the endothelium
have been proposed (3), and in chronic hypoxia-induced vascular alterations oxygen-
dependent stabilization of HIF-1a might be a predominant signaling mechanism. This
hypothesis is in line with the finding that HIF-1a., a major driver of chronic hypoxia-induced
PH, was increased to a similar extent in WT and Cox4i2~~ mice, which is consistent with a
recent study showing that mitochondrial ROS production does not stabilize HIF-1a. (54).
Along these lines it has been suggested for the pulmonary vasculature that even a decrease
of H,0, can stabilize HIF in PASMCs (55). This is, however, in conflict with substantial
literature suggesting that specifically mitochondrial ROS can stabilize HIF-1a (27, 56, 57).
One explanation is, that different ROS sources exist in the pulmonary vasculature exerting
different effects. In this regard ROS derived from NADPH oxidases may contribute to
HIF-1a stabilization in hypoxia in PASMCs (58). We can only speculate that our model may
induced a counterregulation of different ROS sources in chronic hypoxia and thus maintain
ROS and HIF-1a stabilization in the Cox4i2~/~ PASMCs. However, further studies will be
necessary to address the above discrepancies. Moreover, our study does not exclude that
mitochondria regulate HIF-1a protein levels by ROS-independent mechanisms, e.g.
increased availability of Krebs cycle substrates (59). The tendency of reduced proliferation
in isolated PASMCs under PDGF-stimulation in hypoxia is in line with the only slightly
lesser degree of muscularization in vivo. In vivo other cell types than PASMCs, particularly
endothelial cells releasing vasoactive and proliferative factors, may influence vascular
remodeling and result in the observed in vivo differences of vascular remodeling. Moreover,
differences in shear stress due to different HPV may cause the observed alterations in WT
and Cox4i2~/~ mice in chronic hypoxia. Our study thus supports the concept that distinct
mechanisms underlie acute and chronic oxygen sensing and are in accordance with previous
studies showing that HPV and hypoxia-induced PH are mediated by different mechanisms
(22, 60).

In summary, our study revealed that the mitochondrial COX subunit 4i2 in mouse and
human PASMC:s is essential for acute oxygen sensing in the pulmonary vasculature. Our
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data indicate that in response to hypoxia, Cox4i2 is required to hyperpolarize mitochondria
of PASMCs with a subsequent superoxide increase, contributing to the cellular membrane
depolarization that eventually results in intracellular calcium increase and HPV (Figure 7).
Interestingly, chronic hypoxia-induced pulmonary vascular remodeling was only mildly
affected. These findings substantially expand the understanding of hypoxia sensing and
signaling in HPV, mechanisms with fundamental significance for lung biology and disease.
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Nonstandard Abbreviations and Acronyms

AV,
C

Ca2+
CMT
CO,
Cox4i2
ESR
ETC
H20;
HIF-1la
HPV
KCI

Ky channel

mitochondrial membrane potential
cysteine

calcium

carcinoma cell line

carbon dioxide

COX subunit 4

electron spin resonance

electron transport chain

hydrogen peroxide
Hypoxia—inducible factor 1-alpha
hypoxic pulmonary vasoconstriction
potassium—chloride

potassium channel

nitrogen

oxygen

pulmonary arterial pressure
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PASMCs pulmonary arterial smooth muscle cells

PDGF platelet-derived growth factor

PH pulmonary hypertension

ROS reactive oxygen species

S3QEL2 1-(3,4-Dimethylphenyl)-N,N-dipropyl-1H-pyrazolo[3,4-
d]pyrimidin-4-amine

SOD superoxide dismutase

TRPC transient receptor potential channel

WT wild type
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Vasoconstriction of precapillary vessels in response to alveolar hypoxia,
known as hypoxic pulmonary vasoconstriction (HPV), is unique for the
pulmonary circulation and essential to maintain arterial oxygenation.

. HPV is mediated by cellular membrane depolarization, which is caused by
inhibition of voltage gated potassium (K,)) channels, leading to an
intracellular calcium increase in pulmonary arterial smooth muscle cells
(PASMCs).

. Mitochondria are essential for acute HPV.
What New Information Does This Article Contribute?

. The hitherto incompletely clarified oxygen sensing and signaling mechanism
underlying HPV essentially depends on the isoform 2 of subunit 4 of the
cytochrome ¢ oxidase (Cox4i2) in mitochondrial complex IV.

. The main downstream mediator of HPV is superoxide which, after conversion
to hydrogen peroxide (H,05) inhibits Ky, channels.

. Chronic hypoxic pulmonary vascular responses are regulated differently than
those of acute hypoxia.

HPV controls lung gas exchange by adaptation of blood perfusion to local alveolar
ventilation. It was first described in 1946 by von-Euler and Liljestrand. A disturbance of
HPV (e.g. caused by pneumonia) can result in life-threatening hypoxemia. The
underlying oxygen sensing and signaling mechanisms are still not fully resolved.
Mitochondria have been proposed to trigger HPV by reactive oxygen species (ROS)
release. Previous studies provided conflicting data, suggesting either increased or
decreased release of ROS from mitochondrial complex I or |11 during hypoxia. Our study
now identified Cox4i2, a subunit of mitochondrial complex 1V, as a possible new oxygen
sensor for acute HPV. Cox4i2 is needed for induction of superoxide release during acute
hypoxia in PASMCs, the site of HPV. We propose that superoxide, after conversion to
H,0,, inhibits voltage-dependent potassium membrane channels, inducing PASMC
membrane depolarization and an increase in intracellular calcium concentration, known
to induce HPV. Thus, we now link previous evidence for an increase in ROS by
mitochondria to Cox4i2 of mitochondrial complex IV. These findings help to understand
the acute hypoxic signaling pathway and may facilitate the development of therapeutics
to re-activate disturbed HPV.
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Figure 1. Acute HPV is absent in Cox4i2-deficient (C0x4i2_/_) mice
(A) Schematic of isolated mouse lungs ventilated with normoxic or hypoxic gas. Hypoxic

ventilation results in pulmonary vasoconstriction detected as an increase in pulmonary
arterial pressure (PAP). (B) Time course of the strength of hypoxic pulmonary
vasoconstriction (HPV) in isolated, buffer-perfused, and ventilated mouse lungs during 180
min of hypoxic ventilation (1% O,). Changes in pulmonary arterial pressure (APAP) are
shown for lungs from WT (n=5) and Cox4i2”~ (n=6) mice. *p<0.05, **p<0.01, ***p<0.001
for comparison between WT and Cox4i2”~ mice: 3p<0.05, 388p<0.001 for comparison
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between hypoxic and normoxic experiments (data from Figure 1c), and #p<0.05, ##p<0.001
for comparison between hypoxic and normoxic ventilation at time point 0 min. Data were
analyzed by 2-way-ANOVA. (C) Time course of APAP during 180 min of normoxic
ventilation (n=4, each group). (D) Specificity of Cox4i2 for the hypoxia-induced
vasoconstrictor response. Lungs of WT and Cox4/27~ mice (n=5 each) were challenged
either with hypoxic ventilation (1% O, 10 min, acute hypoxia) or with infusion of
potassium chloride (KCI) into the pulmonary artery. **p<0.01 (by two-tailed Student’s t-
test). (E) Arterial pO, in anesthetized WT and Cox4i2~/~ mice after regional ventilatory
disturbance by tracheal instillation of 25 pl of saline at time point zero. *p<0.05 comparing
WT and Cox4i2”~ mice. Data are from 1= 4 mice per group (F) Expression of Cox4i2 in
mouse lung tissue. B-actin was used as a loading control. PAEC: pulmonary arterial
endothelial cell, PASMC: pulmonary arterial smooth muscle cell, Pulm.: pulmonary. (G)
Intracellular calcium increase in PASMCs upon exposure to hypoxic medium compared to
normoxic medium measured by the increase in fura-2 intensity. The horizontal bar indicates
presence of hypoxic medium. Data are from n=50 (WT) and n=52 (Cox4i27") cells, from 5
individual experiments per group isolated from 3 mice per group. * significant difference
(p<0.05) between WT and Cox4/27~ analyzed by two-tailed Mann-Whitney-test comparing
averaged values from minute 7 to 8.

All data are given as mean+SEM.
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Figure 2. Cox4i2 is required for hypoxia-induced ROS increase to trigger HPV
(A, B) Superoxide concentration in PASMC isolated from WT (n=7) and Cox4/27~ mice

(n=8) (A) or WT PASMC after transfection with scrambled (scr) siRNA (normoxia: n=9,
hypoxia: n=8) or siRNA against Cox4i2 (normoxia: n=8, hypoxia: n=9) (B) during exposure
to normoxia (room air) or hypoxia (1% O,, 5 min). Downregulation of Cox4i2 by sSiRNA
was confirmed by Western Blot (Online Figure 1A). AU: arbitrary units. *p<0.05, **p<0.01,
***n<0.001 determined by 2-way-ANOVA with Bonferroni posthoc test. Data are from 3
independent experiments from PASMC of one mouse per sample. (C) Representative ESR
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spectra of PASMC from WT and Cox4i27~ mice. Superoxide concentration (A, B) was
calculated as the portion of the 1-hydroxy-3-methoxycarbonyl-2,2,5, 5-
tetramethylpyrrolidine (CMH) signal that was inhibited by the pegylated superoxide-
dismutase (pSOD). (D-G) Strength of hypoxic pulmonary vasoconstriction (HPV, n=6
isolated lungs each group) (D,F) and potassium chloride (KCI) induced pulmonary
vasoconstriction (n=5/8 isolated lungs for the solvent/MitoTempo group, n=4/4 isolated
lungs for the solvent/S3QEL2 group) (E,G), determined as an increase of pulmonary arterial
pressure (APAP) in presence (MitoTempo/S3QEL2 group) and absence (solvent group) of
MitoTempo/S3QEL2 in WT mice. MitoTempo or S3QEL2 was applied in increasing
concentrations in the same lung 5 min before each repetitive maneuver of hypoxic
ventilation or KCI application, respectively, and compared to the respective increase of PAP
in presence of the solvent only. *p<0.05, **p<0.01 analyzed by two-tailed Mann-Whitney
test. (H) Intracellular superoxide concentration during normoxic and hypoxic exposure of
PASMCs isolated from WT and Cox4i27~ mice. COX4i2”~ cells were transfected with
different plasmids encoding Cox4il, Cox4i2, and Cox4i2 mutants in which the cysteine
residue at position 109 was replaced with alanine (C109A) or serine (C109S). WT none: n=7
per group, Cox4i2~/~ none: n=14 (normoxia)/n=15 (hypoxia), Cox4il plasmid: n=10 per
group, Cox4i2 plasmid: n=16 (normoxia)/n=15 (hypoxia), C109A plasmid: n=15
(normoxia)/n=14 (hypoxia), C109S plasmid: n=4 (normoxia)/n=5 (hypoxia). Data are from
2-3 independent experiments with PASMC from one mouse per sample. *p<0.05,
***n<0,001 comparing the normoxic and hypoxic groups, #p<0.05, ##p<0.001 compared to
the hypoxic Cox4i2 group (analysis by 2-way-ANOVA with Bonferroni posthoc test). (1)
Intracellular superoxide concentration during hypoxic exposure of a mouse lung carcinoma
cell line (CMT). CMT cells were transfected as stated in (F). n=10 per group for empty cells
(none), n=10 (normoxia) or 9 (hypoxia) for cells transfected with Cox4il, n=10 per group
for cells transfected with Cox4i2 and C109A, n=13 (normoxia) or 11 (hypoxia) for cells
transfected with C109S. Data are from 4 independent experiments with PASMC isolated
from one mouse per sample. ***p<0.001 comparing the normoxic and hypoxic group, #,
p<0.05, ##p<0.001 compared to the hypoxic Cox4i2 group, 3p<0.05 compared to the
normoxic Cox4i2 group (analysis by 2-way-ANOVA with Bonferroni posthoc test). Lack of
hypoxia-induced superoxide production was not due to failing expression or increased
degradation of proteins because Western blot analysis showed the mutated Cox4i2 was
expressed in the cells (Online Figure 1113B,C). (J, K) Cytosolic hydrogen peroxide
concentration determined as fluorescence intensity of the HyPer dye, given as percent (%) of
the normoxia in PASMCs from WT (A) or Cox4i27~ (B) mice. The horizontal bar indicates
the presence of hypoxic medium for the hypoxic group. Data are from n=24/23 cells
(hypoxia: WT/Cox4i2™~) or n=14/21 cells (normoxia: WT/Cox4i2~") from at least three
individual PASMC isolations. *, ** significant difference (p<0.05 or p<0.01) between
normoxia and hypoxia analyzed by two-tailed Mann-Whitney-test comparing values
averaged over one minute.

Data in A, B, D, E are given as mean+SEM. Data in F, G are presented as mean and
individual values.
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Figure 3. Hypoxia-induced cellular membrane depolarization is decreased in Cox4i2™/~ PASMCs
and dependent on reactive oxygen species

(A-D) Hypoxia-induced depolarization in WT (A, B) and Cox4i2”~ PASMCs (C, D).
Representative tracings of patch clamp measurements in whole-cell current clamp-mode to
determine the cellular (plasma) membrane potential during acute hypoxia in WT (A) and
Cox4i2”~ PASMCs (C). The gray tracings show the oxygen concentration in %, the blue
and red tracing the cellular membrane potential in WT (A) and Cox4i2~ PASMCs (C),
respectively. Summary of cellular membrane potential during normoxia (NOX), acute
hypoxia (HOX) and acute hypoxia after application of hydrogen peroxide (HOX+H,0,,
resulting in a concentration of 124 nM H,0, in the bath solution) in WT (B) and Cox4i2™/~
PASMCs (D). n=7 for WT, and n=6 for Cox4i2”~ PASMCs from 3 individual cell
isolations, respectively. *p<0.05, **p<0.01 compared to respective NOX value. #p<0.05,
##p<0.05 compared to WT. §8p<0.01 comparing the differences of hormoxic and hypoxic
measurements between the WT and Cox4i2~~ group. (E-H) Hypoxia-induced
depolarization in presence of the mitochondrial superoxide scavenger S3QEL?2 (E, F) and
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the control solvent DMSO (G, H) in WT PASMCs. Representative tracings of hypoxic
depolarization in presence of S3QEL2 (E) and DMSO (G). The gray tracings show the
oxygen concentration in %, the blue tracings the cellular membrane potential. (F, H) Cellular
membrane potential during normoxia (NOX) and acute hypoxia (HOX) in presence of
S3QEL2 (F) and DMSO (H). n=6 for S3QEL2, and n=5 for DMSO from 3 and 2 individual
cell isolations, respectively. *p<0.05 compared to respective NOX group, §p<0.05
comparing the differences of normoxic and hypoxic measurements between the S3QEL?2
and DMSO group. (I-L) Whole-cell K,, channel activity determined as K\, current density in
WT PASMC:s (1, J) and Cox4i2~/~ PASMCs (K, L) during normoxia (NOX) and after
exposure to hypoxia (HOX) in absence and presence of hydrogen peroxide (HOX+ H,0,,
resulting in a concentration of 124 nM H,05 in the measurement buffer). Currents were
evoked from a holding potential of =70 mV in incremental depolarizing 20-mV steps from
—-80 mV to + 80 mV and shown as raw data traces for the +80 mV step (I, K, traces
overlayed for comparison) and as averaged whole-cell I-V relationship (J, L) from n=8 for
WT and n=6 for Cox4i2~/~ PASMCs from at least 3 independent cell isolations. *p<0.05,
**p<0.01 compared to normoxia, #p<0.05, ##p<0.01 compared to WT hypoxia. §p<0.05
comparing the differences of normoxic and hypoxic measurements between the WT and
Cox4i2”~ group. (M-P) K, channel activity (M, O) and cellular membrane depolarization
(N, P) after application of H,O» (final concentration 124 pM) in WT PASMCs during
normoxia. n=5 PASMCs each group from 3 independent cell isolations, **p<0.01
determined by t-test. (I-L) K\, channel activity determined as Ky, current density in WT
PASMCs (1, K) and Cox4i27~ PASMCs (J, L) during normoxia (NOX) and hypoxia (HOX)
in absence and presence of hydrogen peroxide (HOX+ H,0,, resulting in a concentration of
124 nM H,0, in the measurement buffer). n=8 for WT and n=6 for Cox4i2”~ PASMCs
from at least 3 independent cell isolations. *p<0.05, **p<0.01 compared to normoxia,
#p<0.05, ##p<0.01 compared to WT hypoxia. §p<0.05 comparing the differences of
normoxic and hypoxic measurements between the WT and Cox4i2”~ group. (M-P) K,
channel activity (M, O) and cellular membrane depolarization (N, P) after application of
H,0, (final concentration 124 uM) in WT PASMCs during normoxia. n=5 PASMCs each
group from 3 independent cell isolations, **p<0.01 determined by t-test.
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Figure 4. Mitochondrial membrane potential, but not respiration is decreased in Cox4i2™=
PASMCs in acute hypoxia

(A-C) Mitochondrial membrane potential determined as fluorescence intensity of red/green
ratio of JC-1 staining, given as percent (%) of the normoxic value at minute 2 in PASMCs
from WT (A) or Cox4i2”~ (B) mice, and in WT PASMCs in absence and presence of
MitoTempo (C). The horizontal bar indicates the presence of hypoxic medium for the
hypoxic group. Data are from n=180/207 cells (hypoxia: WT/Cox4i2~~) or n=107/95 cells
(normoxia: WT/Cox4i2~~) from at least three individual PASMC isolations for Fig. A and B
and n=31 cells from one PASMC isolation for the MitoTempo group in Figure 3C. The
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normoxic group in Figure 3C is the same as in Figure 3A. *, *** significant difference
(p<0.05 or p<0.001) between normoxia and hypoxia analyzed by two-tailed Mann-Whitney-
test comparing values averaged over one minute. (D) Respiration rate of intact PASMCs
isolated from WT or Cox4i2~~ mice displayed as O, consumption in pmol/s per million
(Mio) cells under unstimulated conditions (basal) and in presence of oligomycin (oligo),
FCCP, and antimycin A (Anti A). Data are from n=6 (WT) or n=8 (Cox4i2") experiments
containing 100,000 to 300,000 cells isolated from one mouse per experiment.

(E) Respiration in intact PASMCs isolated from WT or Cox42~~ mice under unstimulated
conditions in normoxia (0,=18%) and hypoxia (O,=4%). Data are from n=9 each group
containing 100,000 to 300,000 cells isolated from one mouse per experiment. (F) Oxygen-
dependent respiration rate in intact PASMCs isolated from WT or Cox4i2~”~ mice,
expressed as percent (%) O, consumption at normoxia (O,=18%). Data are from n=7
experiments, each group containing 100,000 to 300,000 cells isolated from one mouse per
experiment.

All data are given as mean+SEM or —SEM.
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Figure 5. Hypoxia-induced cellular membrane depolarization in human PASMCs
A-C) Representative whole-cell tracings of patch clamp measurements to determine the

cellular membrane potential during acute hypoxia in human PASMCs (A), human PASMCs

transfected with unspecific SiRNA (Random siRNA, B), and human PASMCs transfected
with siRNA for Cox4i2 (C). The gray tracings show the oxygen concentration in %, the
blue, green and red tracing the cellular membrane potential. (D) Comparison of hypoxia-
induced cellular membrane depolarization in human PASMCs after downregulation of

Cox4i2.
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Figure 6. Hypoxia-induced pulmonary hypertension in WT and Cox4i2-deficient mice after
exposure to chronic normobaric hypoxia (10% O») for 28 days
(A) Right ventricular systolic pressure (RVSP) quantified in vivo in WT and Cox4i2~~ mice

after exposure to normoxia (n = 10 each group) and chronic hypoxia (WT, n=8, Cox4i2™",
n=6). RVSP was significantly increased after hypoxia and higher in Cox4i27~ mice
(*indicates significant difference [p<0.01] between genotypes), but the hypoxia-induced
increase was not higher in Cox4i2”~ mice compared to WT mice according to the
interaction analysis by 2-way-ANOVA. (B) Ratios of the right ventricle (RV) of the heart
and the left ventricle plus septum (LV+S). Data are from animals either exposed to normoxia
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(n=10, each group) or chronic hypoxia (WT, n=10, Cox4i2~~, n=9). (C) Cardiac index (CI)
quantified by echocardiography in WT and Cox4i27~ mice exposed to normoxia (WT,
n=10, Cox4i2~~, n=8) or chronic hypoxia (WT, n=10, Cox4i27~, n=9).

For statistical analysis of data from figure a, b, and ¢ 2-way-ANOVA with Bonferroni
posthoc test was used. *** indicates significant difference (p<0.001) between normoxic or
hypoxic treatment, while Bonferroni posthoc test indicated no significant differences
between single groups.

(D) Vascular remodeling quantified as the degree of muscularization of small (20-70 pm
diameter) pulmonary arterial vessels. Vessels were categorized as nonmuscularized, partially
muscularized, or fully muscularized after immunostaining against a-smooth-muscle actin
(purple) for detection of PASMC and von-Willebrand (brown) for discrimination of
endothelium. Eighty-five vessels from each individual lung (WT, n=8, normoxia, n=9,
hypoxia, Cox4i27~, n=6, hypoxia n=8) were analyzed. *** indicates significant difference
(p<0.001) between respective normoxic group. # indicate significant difference between WT
and Cox4i2~~. Data were analyzed by 2-way-ANOVA with Bonferroni posthoc test. (E)
HIF-1a expression in PASMCs isolated from WT and Cox4i2~~ normalized to B-actin
expression after exposure to normoxia or hypoxia (36 h, 1% O,). n=11 per group from 4
independent experiments and one mouse per sample. ** indicates significant difference
(p<0.01) between hypoxic and normoxic treatment. (F) Proliferation determined as EdU
incorporation, measured by fluorescence intensity of WT and Cox4i2”~ PASMCs in the
presence of hypoxia and platelet derived growth factor (PDGF). n=6-7 each group. *p<0.05,
comparing the respective starved and PDGF-treated group.

All data are given as mean+SEM.
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Figure 7. Proposed mechanism for oxygen sensing in HPV
The hypoxia-induced effects require Cox4i2 resulting in AY ,, hyperpolarization and

superoxide production preferentially at complex 111 of the ETC, thereby linking the hitherto
described mechanism of hypoxia-induced superoxide production at complex Il (Waypa et
al., 2013; Schumacker, 2011) and the novel oxygen sensing mechanism of Cox4i2.
Superoxide can be converted to hydrogen peroxide and interact with intracellular and plasma
membrane ion channels, e.g. TRPCS, directly or indirectly, and can inhibit K,-channels,
leading to cellular membrane depolarization and finally the intracellular calcium increase
resulting in HPV. Cl, CII, and CIII: mitochondrial complexes I, Il and I11; C109: cysteine
residue at position 109, Cox4i2: cytochrome ¢ oxidase subunit 4 isoform 2, 02~: superoxide
anion; H,0,: hydrogen peroxide; ER: endoplasmic reticulum; PASMC: pulmonary arterial
smooth muscle cell; HPV: hypoxia-induced pulmonary vasoconstriction; Ca2*: calcium,
AY,: mitochondrial membrane potential; K*: potassium, Ky voltage gated potassium
channels; Ep,: cellular membrane potential. Solid lines indicate pathways that have been
shown by the current investigation.
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