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ABSTRACT

Mitochondria are supplying the cell with adenosine triphosphate (ATP) and are
essential for cell differentiation, cell cycle, and intracellular signaling. The transfer
of the ubiquitous second messenger Ca?* into the matrix of mitochondria is an
important process that substantially contributes to these cellular functions. Recent
studies demonstrated that mitochondrial Ca®* uptake is achieved by a
macromolecular complex, which basically consists of the pore-forming
mitochondrial Ca®* uniporter (MCU) protein, the essential MCU regulator (EMRE)
and the mitochondrial Ca?* uptake 1 (MICU1). MICU1 is a Ca®" sensing protein,
which interacts with MCU in order to prevent mitochondrial Ca®** overload
potentially leading to cell stress and death. Before characterization of these
proteins, uncoupling proteins 2 and 3 (UCP2/3) have been demonstrated to be
crucial for mitochondrial Ca®* uptake. Nevertheless, the mechanism how UCP2/3
contribute to mitochondrial Ca®** uptake remained controversial. To clarify this
issue we screened different cell types regarding the role of UCP2/3 in
mitochondrial Ca®* uptake by using genetically encoded fluorescent Ca®* probes
as well as fluorescent dyes. While modulation of UCP2/3 expression strongly
affected mitochondrial Ca®* uptake in HeLa and Ea.hy926, an UCP2/3-insensitive
mitochondrial Ca®* uptake could be identified in human umbilical vein endothelial
cells (HUVECs) as well as in porcine aortic endothelial cells (PAECs). Western
blots revealed a strongly increased asymmetric arginine dimethylation state of
UCP2/3-dependent HeLa and Ea.hy926 in comparison to UCP2/3-independent
HUVECs and PAECs. Forster resonance energy transfer (FRET)-based
mitochondrial Ca®* measurements and proteomic analyses demonstrated that
protein arginine methyl transferase 1 (PRMT1) modulates mitochondrial
Ca®?* uptake by asymmetrical methylation of MICU1. Methylation of MICU1
resulted in a decrease of its Ca?® sensitivity leading to attenuated mitochondrial
Ca?* uptake. It could be shown, that UCP2/3 normalized Ca** sensitivity of MICU1
and, thus, restored mitochondrial Ca** uptake in case of elevated PRMT1 activity.
Since PRMT1 activity was reported to be highly elevated in certain types of
cancer, these data not just provide novel insights in the complex regulation of the
mitochondrial Ca®* uptake, but also unveil possible targets for cancer

treatments in the future.



ZUSAMMENFASSUNG

Mitochondrien versorgen die Zelle mit Adenosintriphosphat (ATP) und sind mafdgeblich
an Zelldifferenzierung, Regulation des Zellzyklus sowie an der intrazellularen
Signalweitergabe beteiligt. Die Aufnahme des sekundéren Botenstoffes Ca®" in die
mitochondrielle Matrix tragt entscheidend zu den genannten Prozessen bei. Kurzlich
veroffentlichte  Arbeiten zeigten, dass ein makromolekularer Komplex die
mitochondrielle Ca?* Aufnahme sicherstellt. Wesentliche Bestandteile dieses
Komplexes sind der Poren bildende mitochondrielle Ca®* Uniporter (MCU), der
essentielle MCU Regulator (EMRE) und der mitochondrielle Ca?* Uptake 1 (MICU1).
Das Protein MICU1 agiert als Ca*" Sensor, welcher mit MCU interagiert, um eine
Ubersteigerte mitochondrielle Ca®" Aufnahme, die zu zelluldarem Stress und letztlich
zum Zelltod fuhren kann, zu verhindern. Vor der Charakterisierung genannter Proteine,
konnte bereits gezeigt werden, dass die Uncoupling Proteine 2 und 3 (UCP2/3)
entscheidend in der mitochondriellen Ca®* Aufnahme sind. Allerdings blieb umstritten,
wie UCP2/3 an der mitochondriellen Ca®* Aufnahmen beteiligt sind. Um dies zu klaren,
wurden verschiedene Zelltypen hinsichtlich der Rolle von UCP2/3 in der
mitochondriellen Ca?* Aufnahme mithilfe von genetisch kodierten, fluoreszierenden
Ca®* Sensoren sowie Farbstoffen untersucht. Wahrend die Modulation der UCP2/3
Expression einen starken Effekt auf die mitochondrielle Ca** Aufnahme in HelLa und
Ea.hy926 Zellen zeigte, wurde eine UCP2/3-unabhingige mitochondrielle Ca®*
Aufnahme in humanen Nabelschnurendothelzellen (HUVECSs) sowie in Endothelzellen
von Schweineaorten (PAECs) gefunden. Mithilfe von Western Blots wurden, im
Vergleich zu den UCP2/3-unabhangigen HUVECs und PAECs, stark erhohte Spiegel
an asymmetrischen Arginin Dimethylierungen in den UCP2/3-abhangigen HelLa und
Ea.hy926 Zellen nachgewiesen. Weiters zeigten Forster-Resonanzenergietransfer
(FRET)-basierte mitochondrielle Ca®* Messungen sowie proteomische Analysen, dass
die Protein Arginine Methyltransferase 1 (PRMT1) den mitochondrielle Ca®* Aufnahme
uber die asymmetrische Methylierungen von MICU1 kontrolliert. Methylierung von
MICU1 fiihrt zu verringerter Ca®* Sensitivitat und daraus folgend zu einer schwacheren
mitochondriellen Ca®* Aufnahme. Bei erhdhter PRMT1 Aktivitit normalisierten UCP2/3
aber die Ca** Sensitvitét von MICU1 und sicherten auf diese Weise die mitochondrielle
Ca®* Aufnahme. Da in verschiedenen Krebsarten eine erhdhte PRMT1 Aktivitat
vorliegt, zeigen diese Daten nicht nur eine neuartige Regulation der mitochondriellen
Ca®* Aufnahme auf, sondern enthilllen auch Angriffspunkte fiir Krebstherapien
der Zukunft.
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1 INTRODUCTION

1.1 Mitochondria’s origin and structure

Mitochondria (Figure 1.1) are ancient, worm-like and dynamic compartments of
eukaryotic cells, which occurred about two billion years ago most likely by
incorporation of an a-proteobacterium into an ancestor of the modern eukaryotic
cell (1). While mitochondria’'s double-membrane as well as the ability for
adenosine triphosphate (ATP) production were preserved, the structure developed
and additional functions were gained. Although the majority of the a-
proteobacterial genomic material got lost, a circular genome in the size of
approximately 16 kilobases remained, including genetical information for 13
proteins of the mitochondrial respiratory complexes (2). Since mammalian
mitochondria consist of more than 1500 proteins, except from 13 proteins encoded
by the nuclear genome and synthesized in the cytosol, these organelles strongly
rely on actively imported mitochondrial proteins derived from nucleus and other
cellular compartments (3). Due to their supposed origin mitochondria are enclosed
by two functionally distinct membranes composed of phospholipid bilayers and
proteins. The outer mitochondrial membrane (OMM), barrier between cytosol and
intermembrane space (IMS), exhibits a large number of pores, such as the
voltage-dependent anion channel VDAC (4). These pores allow a concentration
gradient driven diffusion of molecules such as adenine nucleotides or cations up to
approximately 6 kDa (5). If this size is exceeded, proteins can be actively
transported through the membrane by high-molecular-weight complexes, so called
translocases, which recognize specific signaling sequences at the proteins
N-terminus (6). The OMM also ensures the interplay between mitochondria and
the cellular environment. While the OMM is the barrier between cytosol and IMS,
the inner mitochondrial membrane (IMM) separates the IMS from the
mitochondrial matrix, exhibiting an extraordinary high protein to phospholipid ratio
due to essential processes happening there. Since the IMM is impermeable to all
molecules, specific transport systems and channel-forming proteins are necessary
for the molecules’ entry into the mitochondrial matrix (7, 8). The mitochondrial

respiration chain, the most essential function of mitochondria, is embedded in



the IMM. Numerous infoldings, stretching deeply into the mitochondrial matrix,
greatly increase the surface area of the IMM and, therefore, enhance the
mitochondria’s ATP production, the essential energy ,currency“ of the cell. The
mitochondrial matrix is crucial for ATP production, because of its high pH, which is
a driving force for the electrochemical gradient. Besides, it houses numerous

enzymes as well as mitochondrial desoxyribonucleic acid (DNA) and is the site of

the citric acid cycle (4).
outer membrane

intermembrane space  cristae
Figure 1.1: Scheme of mitochondrial structure. [adopted from Servier medical art]
Mitochondria change their morphological appearance rapidly according to their
environment and their demand (Figure 1.2). Different GTPases are responsible for
mitochondrial fusion, including mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) in the
OMM as well as optic atrophy 1 (OPA1) in the IMM, and fission, as, for instance,
dynamin-related protein 1 (Drp1) (9). With the help of these proteins, mitochondria
continuously undergo fission and fusion to ensure cell survival and adaptation to

occurring conditions as, for instance, cell growth, division or differentiation.

Figure 1.2: Fusion and fission of mitochondria. Images showing intact mitochondria (left panel) and
mitochondria after histamine-induced fission (right panel). Mitochondria were stained with MitoTrackerRed®
CMXRos and recorded on a Nikon-structured illumination microscope by my colleague Benjamin Gottschalk.



1.2 Mitochondrial function

The central tasks of mitochondria are ATP production through oxidative
phosphorylation (OXPHOS) (Figure 1.3) and control of cellular metabolism (10, 11).
In addition to energy supply, mitochondria play a key role in the calcium
sequestration (12, 13) and numerous physiological processes including cell
differentiation (14-16), cell cycle control (17, 18), and intracellular signaling (19).
Therefore, they are also involved in various pathological conditions, such as cancer
(20, 21), cardiovascular dysfunction (22, 23), and neurodegenerative
diseases (24-26).

1.2.1 Energy supply

An average adult human requires approximately 420 kJ per hour at resting
condition, which corresponds with the production of roughly 65 kg of ATP per day,
representing a Herculean task to mitochondria (27). Mitochondria have a main role
in the energy metabolism (Figure 1.3). While carbohydrate cleavage via glycolysis,
taking place in the cytosol, yields just small amounts of ATP, oxidation of
glycolysis derived pyruvate and nicotinamide adenine dinucleotide (NADH) by
mitochondria generates about 15 times more ATP (28). Acetyl coenzyme A
(Acetyl-CoA), derived from oxidative decarboxylation of pyruvate or beta-oxidation
in the mitochondrial matrix, fuels the tricarboxylic acid (TCA) cycle to produce
NADH and flavin adenine dinucleotide (FADH,), which are then used as electron
donors for the electron transport chain (ETC). The mechanism of ATP generation
by mitochondria remained elusive until Peter D. Mitchell presented his

groundbreaking chemiosmotic theory in 1961.

T

B-oxidation

acetyl-CoA

L

<€— acetyl-CoA

NADH

Figure 1.3: Scheme of mitochondrial metabolism. [adopted from Servier medical art]



The machinery of OXPHOS is built up by the ETC, consisting of NADH
dehydrogenase (complex ), succinate dehydrogenase (complex Il), ubiquinone,
cytochrome bc1 complex (complex Ill), as well as cytochrome ¢ and cytochrome ¢
oxidase (complex 1V). After transfer of electrons, derived from the NADH and
FADH, as hydrogen molecules, to the ETC via complex | and Il, the electron
transport through complex | to complex IV is coupled to proton pumping from the
mitochondrial matrix into the IMS. This process causes a negative charge in the
matrix and a positive charge in the IMS resulting in an electrochemical gradient,
used for the proton transport back from the IMS into the mitochondrial matrix
through ATP synthase (complex V). The released energy is, finally, utilized by ATP
synthase to gain the cellular current, ATP, by phosphorylation of
adenosine diphosphate (ADP) (11).

1.2.2 Calcium sequestration

Mitochondrial Ca®* buffering is either linked to the capacitive Ca®* influx through
the plasma membrane (29) or to the Ca®" release from the main internal Ca*
store, the endoplasmic reticulum (ER) (30). While voltage-gated Ca®* channels in
the plasma membrane are predominantly involved in cellular Ca®* influx in
excitable cells, Ca®* entry in non-excitable cells occurs mostly through ligand-
gated, receptor-operated, second messenger-operated, store-operated or stretch-
operated channels (31). In order to regulate cytosolic Ca®* level after Ca** entry
and to control Ca** homeostasis, the Na‘/Ca?* exchanger (NCX) as well as
plasma membrane Ca** ATPase (PMCA) ensure the extrusion of Ca®* from the
cell (32) and an intensive interplay between plasma membrane and ER as well as
plasma membrane and mitochondria takes place. The close contact between
plasma membrane and ER can be demonstrated by a process known as store-
operated Ca®* entry (SOCE). In this process low Ca?* levels in the ER cause
oligomerization and, finally, a conformational change of the Ca** sensing stromal
interaction molecule-1 (STIM1), which then activates the plasma membrane Ca?*
channel ORAI1 by protein-protein interaction causing Ca?* entry (33). The Ca**
interplay between mitochondria and ER occurs mainly in regions of mitochondrial
ER-associated membranes (MAMs), where ER tubules are closely tethered to
mitochondria (34, 35) by linking proteins like glucose-regulated protein 75 (grp75)

(36) and mitofusin 2 (37) in order to allow lipid transfer and to create a Ca®* hub.



Within these regions, a sophisticated toolkit ensures transport and control of Ca*
ions (Figure 1.4). The sarco/endoplasmic reticulum Ca?* ATPase (SERCA)
transfers Ca®" from the cytosol into the lumen of the ER, from where Ca®" is
released by activation of inositol trisphosphate receptor (IP3R) (38). Once
released into the cytosol, Ca®* has to be rapidly removed again in order to restore
resting conditions. This is partly achieved by SERCA pumping back Ca?" into the
ER, but mainly by mitochondria taking up Ca®" rapidly through the VDAC in the
OMM and a mitochondrial Ca®* uptake complex in the IMM. In mitochondria
accumulated Ca?* is released into the cytosol through the mitochondrial Na*/Ca®*
exchanger (NCLX) (39). The transfer of the ubiquitous second messenger Ca*
into the mitochondrial matrix is an important signaling process that substantially

contributes to physiological and pathophysiological pathways (Figure 1.4).

Ca? apoptotic insult
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Figure 1.4: Life and death pathways triggered by mitochondrial Ca® accumulation.
[modified and adopted from Hung et. al., 2010, (40)]

For instance, metabolic activity is strongly influenced by Ca**-dependent
mitochondrial enzymes of the TCA cycle like pyruvate dehydrogenase (41),
isocitrate dehydrogenase (42), and alpha-ketoglutarate dehydrogenase (43).
Furthermore, mitochondrial Ca?* import, which is not accompanied by any other

ion exchange, causes changes in mitochondrial membrane potential (44).



Mitochondria also buffer cytosolic calcium overload and therefore regulate Ca?*
concentration in cellular microdomains. Among other things, this causes
alterations in the activity of cytosolic Ca2+-dependent enzymes like calcium-
calmodulin dependent protein kinases (45). On the other hand mitochondrial Ca®*
accumulation can have a harmful effect, as it may lead to the opening of
mitochondrial permeability transition pore (PTP) (46), which causes the release of
mitochondrial apoptotic  factors into the cytosol and, finally,

apoptosis (47).
1.3 Mitochondrial Ca** uptake machinery

1.3.1 A historical overview

Despite its importance the nature of mitochondrial Ca?* homeostasis remained a
mystery over more than 50 years and was subject of intensive research
(Figure 1.5). Experiments in the 1950s had already unveiled Ca?**-induced
mitochondrial swelling, which was related to non-osmotic reasons (48, 49). The
mere ability of isolated mitochondria to take up Ca*" from the medium and to
accumulate it in the mitochondrial matrix in an energy-driven process was, finally,
unveiled 1961 by an indirect measurement of extra-mitochondrial Ca?* level
reduction (50). Moreover, in parallel to the acceptance of the chemiosmotic
hypothesis, the membrane potential of the inner mitochondrial membrane was
found to be the main driving force for Ca?* accumulation (11). The discovery of a
specific inhibitor of the mitochondrial Ca?* uptake process, ruthenium red,
additionally facilitated the search for a hypothetical uniporter (51, 52).
Nevertheless, it was a long matter of debate, if one or two positive charges are
transported across the membrane by either a H*/Ca?* antiporter (53) or by a Ca**-
carrying mitochondrial Ca®* uniporter, MCU (54), respectively. After the scientific
community agreed on an MCU-mediated mitochondrial Ca”* uptake, the striking
finding that the affinity of MCU for Ca®* was in a non-physiological, very low range
with a KD value of 20-30 uM came up (55). Therefore, MCU-mediated Ca?* uptake
was dismissed as non-physiological and mitochondria were believed to be just
passive Ca?* sinks (56). Finally, at the beginning of the 1990s new insights

regarding mitochondrial Ca?* uptake were gained by the usage of genetically



encoded chemiluminescent and later fluorescent indicators targeted to
mitochondria, which allowed life cell imaging. Studies with the Ca®* probe aequorin
revealed an enormous increase in mitochondrial matrix Ca®" levels, exceeding the
Ca”* level of cytoplasm up to two orders of magnitude, as well as an active
contribution of mitochondria in the cell’'s Ca®* homeostasis (57, 58). The
unexpected highly efficient mitochondrial Ca?* uptake was explained by cytosolic
microdomains with high levels of Ca?*, occurring in the area between ER and
mitochondria during stimulation (59). These high level Ca*" regions were also
expected to dissipate rapidly in order to prevent mitochondrial Ca*" overload and
the initiation of the apoptotic process via opening PTP (60). Although the nature of
mitochondrial Ca®* uptake was intensively studied over centuries, the components
of the uptake machinery remained elusive. MCU was demonstrated to be an
inward rectifying, highly selective Ca?* ion channel not earlier than 2004 by patch-
clamp data (61). In 2007, uncoupling proteins 2 (UCP2) and 3 (UCP3) were
identified as essential components of the MCU-mediated Ca?* uptake by Trenker
et. al. (62). Two years later, leucine zipper-EF-hand containing transmembrane
protein 1 (Letm1) was demonstrated to function as H*/Ca*" antiporter and was
suggested to enable mitochondrial Ca?* uptake at low cytosolic levels, while MCU
is the key player in the case of higher Ca?* levels (63, 64). In 2010, Vamsi Mootha
and his group achieved a fundamental step forward by identifying the 54 kDa
mitochondrial Ca** uptake 1 (MICU1), containing two EF-hand Ca** binding
domains, as an essential regulator of MCU (65). Then, finally, the 35 kDa coiled-
coil domain-containing protein CCDC109A could be identified as MCU by two
different groups in parallel and was shown to possess two transmembrane
domains, possibly forming a channel via oligomerization (66, 67). In 2012,
mitochondrial calcium uniporter regulator 1 (MCUR1) was demonstrated to bind to
MCU and to regulate ruthenium-red-sensitive MCU-dependent mitochondrial Ca?*
uptake (68). A dominant negative form of MCU, mitochondrial calcium uniporter b
(MCUDb), was characerized in 2013. This protein, which reduces the agonist
stimulated mitochondrial Ca?* increase, was demonstrated to have 50% sequence
similarity with MCU as well as two predicted transmembrane domains (69). In
2013, a paralog of MICU1, mitochondrial calcium uptake 2 (MICU2), was observed
to be a component of the MCU-MICU1 complex, showing an additive impairment

in calcium handling with MICU1 (70). In this year, also the essential MCU regulator



(EMRE), a 10 kDa protein with a single transmembrane domain, was shown to be
required for the interaction of MCU with MICU1 and MICU2 (71). In 2014,
SLC25A23 was characterized as EF-hand domain containing mitochondrial
protein, which possibly regulates mitochondrial Ca®* uptake (72). It is still elusive,
how all of these recently identified proteins interact with each other, but it could be
demonstrated that Ca®* is taken up by mitochondria via different Ca®* uptake
routes. It has been shown, for instance, that modification of cytosolic Ca®" levels
by inhibition of SERCA switches mitochondrial Ca* uptake from a UCP2/3- and
MCU-dependent to a Letm1- and MCU-dependent uptake (73).

MICUZ isa
component
MCUR1 is a of the MCU
Ca?* is taken up UCP2 and UCP3 MICU1 isan regulator of comgiex
by isolated are essential for essential regulator mitochondrial
mitochondria mitochondrial Ca2* uptake of MCU Ca?* uptake MCUD is the
-dominant negative
-|- // -|_ —|— -|_ form of MCU
MCU is an inward Letm1 works CCDC109A EMRE is required
rectifying, selective as H*/Ca?* identified as for interaction
Ca?*ion channel antiporter MCU between MCU and
MICUA

Figure 1.5: Timeline depicting the investigation process of mitochondrial Ca®* uptake.

1.3.2 UCP2/3: fine-tuners of mitochondrial Ca** uptake

Uncoupling proteins are members of the large family of mitochondrial ion
transporters. They function as anion carriers across the IMM by promoting H” flux
into the mitochondrial matrix. Via that mechanism UCP1, also known as
thermogenin, functions as uncoupler in brown adipocytes by dissipating the proton
gradient before it can be used for OXPHOS (74), which results in physiologically
important heat production. The role of the other four homologs of UCP1 remained
elusive for a long time and is still partly undiscovered. While UCP2 is ubiquitously
expressed, UCP3 is mainly found in skeletal muscle and the heart, and UCP4 as
well as UCPS5, also known as brain mitochondrial carrier protein-1 (BMCP1),
occurred to be brain-specific (75). Although UCP2 and UCP3 are known to
transport back protons into the matrix of isolated mitochondria, the evidence for
heat production is still lacking (76). Moreover, these two proteins are also
abundant in organisms not requiring thermogenesis such as ectothermic fish and

plants. The contribution in several cellular processes was discussed in the last



years, including the possible regulation of hormone secretion (77) as well as the
inhibition of inflammation and cell death by UCP2 (78) and the role of UCP3 in
glucose and fatty acid transport and metabolism (79, 80). In 2007, overexpression
and knockdown of UCP2 and UCP3 proteins clearly demonstrated that these
proteins are essentially involved in mitochondrial Ca®* uptake in response to cell
stimulation. This hypothesis was further strengthened by the observation that
UCP2-/- mice were lacking ruthenium red-sensitive Ca?* uptake (62).
Nevertheless, some groups failed to find an evidence for UCP2/3’s engagement in
mitochondrial Ca®* uptake (81, 82). Several studies by our group (64, 83, 84) or by
others (85, 86) described in detail the role of UCP2 and UCP3 in order to specify
the conditions under which UCP2/3 are engaged in mitochondrial Ca?* uptake.
The study of Waldeck-Weiermair et. al demonstrated that modification of cytosolic
Ca?* levels by inhibition of SERCA switches mitochondrial Ca®* uptake from a
UCP2/3- and MCU-dependent to a Letm1- and MCU-dependent uptake (73).
Moreover, intermembrane loop 2 (IML2) of UCP2 and UCP3 was highlighted to be
absolutely essential for the engagement of UCP2/3 in mitochondrial Ca®* uptake
(62, 84). A recent study described that UCP2 selectively regulates a MCU-
dependent extra-large mitochondrial Ca* current (xI-MCC) in HeLa cells (87) and,
once again, highlightend the crucial role of UCP2/3 in mitochondrial Ca** uptake.
Molecular mechanisms controlling the function of UCP2 such as gene mutations,
protein turn-over regulation or posttranslational modifications are still under
intensive debate and investigation (88, 89). These findings are of special interest,
since UCP2 was reported to be overexpressed in cancerous tissues and to be

linked to tumor growth, state of metastasis and chemoresistance (90, 91).



1.3.3 MICU1: the Ca* sensing protein
In 2010, by coupling integrative genomics, physiology, and ribonucleic acid (RNA)

interference screen the gene CBARA1, afterwards called MICU1, was identified as
key regulator of mitochondrial ca* uptake. It was shown that the two highly
conserved Ca®" sensing EF-hands at the C-terminal end are crucial for the role of
the IMM protein MICU1 in high-capacity mitochondrial calcium uptake upon IP3-
mediated depletion of ER Ca?* stores. The data demonstrated MICU1’s importance
in coupling cytosolic Ca*" transients and mitochondrial energy metabolism, whereas
the mitochondrial membrane potential was unaltered in cells with silenced
MICU1 (65). In 2012 it was reported that MICU1 functions as a gatekeeper for MCU
by preventing mitochondrial Ca®* uptake at low cytosolic calcium levels (< 3 pM)
(92), whereas MICU1 facilitates MCU-mediated mitochondrial Ca®* uptake upon
higher cytosolic calcium levels. Consequently, MICU1 prevents constitutive
mitochondrial Ca®* accumulation under resting conditions leading to mitochondrial
Ca®" overload and associated cellular stress. The reported Ca?* affinity of 15-20 uM
of MICU1 is in concordance with the proposed model of mitochondria-ER interplay,
since these cytosolic Ca®* levels are reached in regions of MAMs after depletion of
internal Ca?" stores. Moreover, it was demonstrated that the Ca®* binding EF-hands
of MICU1 are required for the regulation of MCU highlighting their essential role in
the Ca®* sensing mechanism (92-94). The importance of MICU1 in regulating MCU
under conditions with elevated risk of Ca®* overload, was shown by accelerated
Ca**-overload induced mitochondrial PTP opening in MICU1-deficient hepatocytes
(95). The determination of the crystal structure of MICU1 in 2014 revealed that the
EF-hand containing C-terminal part of MICU1 extends into the intermembrane
space and helps to stabilize MICU1 as oligomer. While MICU1 occurs as hexamer
under Ca®* free conditions, binding of Ca®** to the two EF-hands results in
disaggregation into dimers. Furthermore, this elegant study showed that two Ca**
ions can bind per each MICU1 molecule (96, 97). A study by our group about
MICU1 rearrangement based on a live-cell imaging approach demonstrated that
cytosolic/intermembrane Ca?* elevations initiate reassembly of MICU1 multimers
independently from the mitochondrial matrix Ca*" level, mitochondrial membrane
potential and the level of the expression of MCU or EMRE (98).
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1.3.4 MCU: the pore-forming protein

In 2004, a previously unknown, inwardly rectifying, Ca?* selective ion channel,
located in the IMM, was identified by patch-clamp experiments (61). By
investigating possible interaction partners of the back then newly discovered
MICU1, the transmembrane protein CCDC109A was identified as the pore-
forming, ruthenium-red-sensitive mitochondrial Ca®* uniporter MCU. It was
demonstrated that the genes of MICU1 and MCU share striking similarities in
evolution, are adjacent to each other and have the same bidirectional promotor.
Moreover, data indicated that the two transmembrane domains (TMDs) containing
35 kDa protein MCU is located in the IMM with both N- and C-termini facing into
the mitochondrial matrix and a linker between the two TMDs extending into the
IMS. Acidic residues, forming the so called “DIME” motif, within this linker are
crucial for MCU's full function (66, 67). MCU is ubiquitously expressed among
different human tissues like heart (99), pancreatic beta-cells (100) and neurons
(101) and also among organisms, with just few exceptions (102). In 2013, a MCU
(-/-) mouse model was presented. Mitochondria of MCU (-/-) mice are not efficient
in taking up Ca2+, which does not affect the basal metabolism, but causes
impairment in handling strenuous work (103). It has been shown that the pore-
forming MCU occurs as an oligomer with itself and with its paralog MCUD, yet the
stoichiometry is still unknown. MCUb works as the dominant negative form of MCU
and is one of the components within the MCU complex, besides MICU1 (65),
EMRE (71) and MCUR1 (68), fine tuning the mitochondrial Ca** signal (69).

1.3.5 MCUb: the dominant negative paralog of MCU
In 2013, sequence analysis of MCU revealed a related gene, CCDC109B, called

mitochondrial calcium uniporter b (MCUb), whose encoded protein, located in the
IMM, shows about 50% similarity with the pore-forming MCU possessing two
predicted TMDs, separated by a short loop. A critical amino-acid substitution in the
pore-region as well as the lacking ability to form a calcium-permeable channel in
planar lipid bilayers were reported. Insertation of MCUb into oligomers caused a
dominant-negative effect leading to reduced mitochondrial Ca?* uptake after
agonist stimulation. In line with that, the mitochondrial Ca®* uptake rate in MCUb-/-

cells as well as the susceptibility to mitochondrial Ca®" overload was shown to be
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increased. These results strengthen the hypothesis of a regulatory function of
MCUb on mitochondrial Ca?* uptake by negatively modulating the
uniporter activity (69).

1.3.6 MICU2: the fine-tuning Ca** sensing protein

Bioinformatics revealed additional paralogs of MICU1, the two EF-hand containing
mitochondrial calcium uniport 2 and 3 (MICU2 and MICU2) localized to the IMS.
While the RNA expression of MICU1, MICU2 and MCU is strongly correlating
across different tissues, MICU3 is mostly abundant in the CNS. It was shown that
MICU1 and MICU2 are able to stabilize each other’s protein expression and that
they physically interact with one another (70). Another study of the same group
showed that cells lacking MICU1 and MICU2 lose a normal threshold for
mitochondrial Ca?* uptake. Expression of MICU1 and MICU2 mutants without
functional Ca** binding sites anticipated Ca?* uptake providing evidence that
MICU1 and MICU2 are able to disinhibit the channel after reaching a certain
threshold. Furthermore, it was shown that MICU2 is dependent on MICU1 for its
activity and function (104). In line with studies showing that MICU1 prevents
mitochondrial Ca?* uptake at low resting conditions, but facilitates mitochondrial
Ca®* uptake after reaching a certain threshold (92, 93), it was demonstrated that at
low Ca?* levels MICU2 inhibits MCU activity, while the stimulatory effect of MICU1
on MCU activity overwhelms at higher Ca®* concentrations allowing the accurate
response of mitochondria to cytosolic Ca?* elevations. Moreover, the physical
interaction between MICU1 and MICU2 by forming heterodimers via a disulfide
bond was reported. All these results identified MICU2 as a genuine gatekeeper of
MCU and revealed the reason for the sigmoidal mitochondrial Ca** uptake

response (105).
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1.3.7 EMRE: the linker between MICU1 and MCU

Analysis of the uniporter holocomplex by mass spectrometry revealed, besides
MCU, MICU1 and MICUZ2, a metazoan-specific 10 kDa protein with a single TMD
as component. This protein was called essential MCU regulator (EMRE), since it is
necessary for the uniporter channel activity and its depletion causes severe
defects in mitochondrial Ca®" uptake. It was proposed that EMRE interacts with
MICU1 and MICUZ2 in the IMS and with MCU oligomers in the IMM building a
bridge between pore-forming MCU with Ca®* sensing MICU1 and MICU2 (71). In
another study EMRE-dependent regulation was described to require MICU1,
MICU2 as well as cytoplasmic Ca®*" and to regulate MCU channel activity by
sensing matrix Ca®* concentration in order to protect mitochondria from Ca*

depletion or overload (106).

1.3.8 MCUR1: a fine-tuner of mitochondrial Ca** uptake
In 2012, CCDC90A, called mitochondrial calcium uniporter regulator 1 (MCUR1),

was described to be an essential component for MCU-dependent mitochondrial
Ca’* uptake. MCUR1 is an approximately 40 kDa protein of the IMM containing
2-TMD with N- and C-termini extending into the IMS and a connecting loop in the
matrix. MCUR1's binding to MCU as well as the regulation of ruthenium red-
sensitive MCU-dependent mitochondrial Ca®* uptake was demonstrated. MCUR1
knockdown inhibits mitochondrial Ca®* uptake and disrupts the mitochondrial
respiration (68). The hypothesis of MCUR1 being a component of the MCU
complex was challenged by a study showing that a lack of MCUR1 caused a
decrease in the mitochondrial membrane potential pointing to a more indirect
involvement of MCUR1 in mitochondrial Ca®* uptake, but not to a direct effect on
MCU (107). In contrast to that study, MCUR1 was shown to bind not just to MCU
but also to EMRE and to work as a scaffold factor for the formation of the MCU
complex (108). Another function of MCUR1 in mammalian cells seems to be the
elevation of the Ca** threshold for the induction of PTP opening and therefore the

prevention of cell death caused by mitochondrial Ca®* overload (109).
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1.3.9 Others proteins involved in mitochondrial Ca®>* uptake

Besides the components and regulators of the uniporter complex various, other
proteins have been described to participate in several types of mitochondrial Ca**
uptake. Since downregulation of MCU does not completely abolish mitochondrial
Ca”* uptake (66, 67), the existence of other mitochondrial Ca* uptake routes is

further investigated.

Leucine zipper EF hand-containing transmembrane protein 1 (Letm1) was
identified as Ca?*/H* exchanger of the IMM (63, 110). Letm1 was described to be
involved in mitochondrial Ca?* uptake upon external Ca®* elevation, but not in
mitochondrial Ca®* uptake after agonist stimulated ER Ca** depletion (73).
Silencing of Letm1 was, furthermore, shown to cause impaired basal mitochondrial
oxygen consumption, increased reactive oxygen species production, AMPK

activation, autophagy and cell cycle arrest (111).

Other studies demonstrated that the canonical transient receptor potential cation 3
(TRPC3) channel, located in the plasma membrane as well as in the IMM, is
interacting with various mitochondrial proteins (112) and contributes to
mitochondrial Ca®** uptake, whenever the extramitochondrial Ca*" level
is high (113).

Another candidate possibly facilitating an alternative mitochondrial Ca®* uptake
route is the mitochondrial ryanodine receptor 1 (mRyR1), located in the IMM, in
cardiac cells (114, 115). Reconstitution of mRyR1 into lipid bilayers caused a Ca®*
sensitive, large conductance (500-800 pS) channel (116) and in response to
cytosolic  Ca®*  elevations, mRyR1 accumulated Ca®* into the

mitochondrial matrix (114).

Another mode of Ca®" uptake is performed by the rapid mode of Ca®" uptake
(RaM), sequestering Ca?* rapidly at the beginning of Ca* pulses or
transients (117, 118).

In 2009, mitochondrial Ca®* current type 1 and 2 (mCal and mCa2) were
characterized as voltage-gated mitochondrial Ca?* channels with low
sensitivity (119).

In 2014, the EF-hand domain containing solute carrier SLC25A23 was shown to

play an important role in mitochondrial Ca®* uptake (72).
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1.4 Post translational modifications (PTMs) of
mitochondria

After successful translation of messenger RNA (mMRNA) codes into polypeptides
by ribosomes, proteins may undergo various PTMs to reach full functionality and
maturity. While gene sequence changes occur during evolution, but not during
organismal development, covalent and enzymatic modifications of proteins, so
called PTMs, allow fast adaptions and changes of proteins depending on recently
emerging requirements (120). Developments in mass spectrometry (MS) methods
allowed to identify numerous types of modifications including glycosylation,
acetylation, succinylation, phosphorylation, ubiquitylation, and methylation (121).
Mitochondrial proteins, predominantly encoded by the nuclear genome, except for
13 essential proteins of the mitochondrial respiratory complex, are synthesized
and may also be post translationally modified in the cytosol, before they are
imported into mitochondria. The finding of post translational modifications at
mitochondrial DNA (mtDNA) encoded proteins, furthermore, demonstrates that
PTMs may also take place directly in mitochondria (122). Chemical modifications
on specific amino acid residues have recently emerged as powerful regulators of
mitochondrial processes and mitochondria linked pathways. Numerous of these
PTMs take place in mitochondria in order to ensure a sophisticated regulation of
cellular processes and are, therefore, also linked to diseases. About 30% of
mitochondrial proteins were demonstrated, for instance, to be acetylated, and
mitochondrial hyperacetylation was linked to cardiac hypertrophy and cancer
(123). Moreover, addition of acetylglucosamines to serine or threonine residues of
proteins of the ETC was reported to be associated with diabetes (124). Another
frequently occurring PTM of components of the ETC and enzymes involved in
metabolic pathways is phosphorylation (125). Also succinylation of, besides
others, isocitrate dehydrogenase, which takes part in a rate-limiting step in the
TCA cycle, was demonstrated to occur (126). In addition, PTMs were also shown
to regulate mitochondrial dynamics as well as apoptosis via, for instance,
phosphorylation (127). These examples highlight the important role of PTMs on
mitochondrial pathways. Nevertheless, intensive research with the help of recent

developments in, for instance, MS is needed to understand their function in detail.
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1.4.1 Protein arginine methyltransferases

Arginine methylation, carried out by protein arginine methyltransferases (PRMTs),
is a very commonly found PTM and known to be involved in, among others, signal
transduction and gene transcription (128). The methylation of arginines can
sterically alter the binding possibilities of neighbouring proteins. Moreover, arginine
methylations are recognized by methylarginine-binding domains, so called tudor
domains, a conserved protein structural motif based on 50 amino acids, and are,
therefore, possible binding sites. The amino acid arginine is especially favorable
for interactions as its guanidino group contains five potential hydrogen bond
donors (129). The various types of arginine methylation include
monomethylarginine (MMA), asymmetric dimethylarginine (ADMA) and symmetric
dimethylarginine (SDMA), and are achieved by nine different PRMTs (128),
classified as either type | (PRMT1-4, -6, and -8) or type Il (PRMT5, -7, and -9)
according to whether they promote ADMA (type 1) or SDMA (type II)
after MMA (Figure 1.6).
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> “NH, NH PRMT7
PRMT9
Type i HoNo ® CH;
Type I+ / SDMA >—"N\
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PRMT6
Type | PRMTS8
ADMA

Figure 1.6: Different types of protein arginine methylation.
[modified and adopted from Yang et.al., 2013, (128)].

PRMT1, localized in nucleus and cytoplasma (130), accomplishes more than 85%
of asymmetric arginine methylations and its activity is mainly linked to interactions

between proteins in signal transduction pathways and cell growth (131),
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but has also a key role in pathways associated with mitochondria by transferring
methyl groups to arginine side chains. It was shown that PRMT1 specifically binds
and methylates two arginines of B-cell ymphoma 2 (Bcl-2) antagonist of cell death
(BAD) and, thereby, also modulates apoptotic processes (132). Interestingly, in
was shown, that small interfering RNA (siRNA)-mediated knockdown of PRMT1
significantly decreased growth of bladder and lung cancer cells (133). In general,
expression levels of PRMT1 were reported to be significantly higher in several
cancer types including colon cancer (134, 135), breast cancer (136), prostate
cancer (128), and lung cancer (137). Recent observations, furthermore, suggest
that increased expression or activity of PRMT1 can be involved in carcinogenesis,

metastasis (128) and may promote cancer cell proliferation (138).
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2 OBJECTIVES OF THE STUDY

UCP2 and UCP3 were identified as crucially involved proteins in ruthenium-red-
sensitive, MCU-dependent mitochondrial ca? uptake in response to cell

stimulation by our group in 2007.

This first findings were strengthened by further observations including the
essential role of IML2 of UCP2 and UCP3 in the engagement of UCP2/3 in
mitochondrial Ca®* uptake (139) as well as the shift of mitochondrial Ca®" uptake
route from a UCP2/3- and MCU-dependent to a UCP2/3-independent, but MCU-
and Letm1-dependent uptake via modulation of cytosolic Ca®" levels by SERCA
inhibition (73). Recently UCP2 was described to selectively regulate a MCU-

dependent extra-large mitochondrial Ca®* current (x-MCC) in HeLa cells (87).

Nevertheless, some groups could not find any evidence for the engagement of
UCP2/3 in mitochondrial Ca®* uptake (81, 82).

The main aim of this study was to solve that controversy.

e First we looked for cells lacking UCP2/3-dependency in mitochondrial
Ca’* uptake. This type of mitochondrial Ca®" uptake could be found in
freshly-isolated human and porcine endothelial cells.

e Second we carefully analyzed these UCP2/3-insensitive cells in comparison
to HeLa and Ea.hy926 cells, in which modulation of UCP2/3 expression
strongly affects mitochondrial Ca®* uptake, in order to understand, what

causes UCP2/3 engagement in mitochondrial Ca** uptake.
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3 MATERIALS AND METHODS

3.1 Chemicals and reagents

Cell culture materials and reagents were purchased from Greiner Bio One

(Kremsmunster, Austria), chemicals for buffers and solutions from

Carl Roth (Karlsruhe, Germany). Reagents and chemicals obtained from other

companies are listed in Table 3.1.

Table 3.1: Supplier of reagents and chemicals.

Reagents and chemicals

Name

Company

Agarose gel 1.5%

Peqglab (Erlangen, Germany)

BacMam 4mtD3cpv virus

LifeTechnologies (Vienna, Austria)

Bovine serum albumin

Sigma-Aldrich (Vienna, Austria)

Dulbecco’s modified eagle medium

Sigma-Aldrich (Vienna, Austria)

EGTA

Sigma-Aldrich (Vienna, Austria)

Endothelial cell growth medium D5523

Lonza (Basel, Switzerland)

FCCP

Abcam (Cambridge, UK)

Fura-2/AM

TEFLabs (Austin, TX, USA)

Glutamine

LifeTechnologies (Vienna, Austria)

GoTag® Green Master Mix

Promega (Mannheim, Germany)

High-capacity cDNA reverse transcription
kit

Applied Biosystems
(Foster City, CA, USA)

Histamine

Sigma-Aldrich (Vienna, Austria)

Human GAPDH

Qiagen (Hilden, Germany)

Fetal bovine serum

Lifetechnologies (Vienna, Austria)

lonomycin

Abcam (Cambridge, UK)

Laemmli sample buffer (6x)

BioRad (Vienna, Austria)

Mini-PROTEAN TGX precast gels

BioRad (Vienna, Austria)

MitoTracker® Red CMXRos

Fisher Scientific (Vienna, Austria)

NuPAGE LDS sample buffer

Fisher Scientific (Vienna, Austria)

NuPAGE Sample Reducing Agent

Fisher Scientific (Vienna, Austria)

PageRulerTM Plus Prestained Protein
Ladder

Fisher Scientific (Vienna, Austria)

Poly L-Lysin

Sigma-Aldrich (Vienna, Austria)
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PEQLAB total RNA isolation kit Peqglab (Erlangen, Germany)

Pierce BCA Protein Assay Kit Fisher Scientific (Vienna, Austria)

Protease Inhibitor Cocktail Sigma-Aldrich (Vienna, Austria)

Santa Cruz Biotechnology

Protein A/G plus agarose beads (Heidelberg, Germany)

QuantiFast SYBR Green RT-PCR kit Qiagen (Hilden, Germany)
Rnasin® Plus Rnase inhibitor Peqlab (Erlangen, Germany)
siRNA (different types) Microsynth (Balgach, Switzerland)

Super signal west pico luminol/enhancer

: : Fisher Scientific (Vienna, Austria)
developing solution

TransFast™ transfection reagent Promega (Mannheim, Germany)

3.2 Cell culture

3.2.1 Cell harvesting and culture

HeLa and EA.hy926 cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and
100 pg/ml streptomycin, as well as 2 mM glutamine, further on denoted as full
DMEM. Porcine aortic endothelial cells (PAECs) were harvested by scraping cells
from aortas of 3 month old piglets, kindly provided by Les Laboratoires Servier
(Suresnes, France), and cultured in full DMEM. Human umbilical vein endothelial
cells (HUVECs) were isolated from umbilical veins by scraping and afterwards
cultured in endothelial cell growth medium (EGM-2). Freshly isolated HUVECs
were kindly provided by Dr. Nicole A. Hofmann (Institute of Experimental and
Clinical Pharmacology, Medical University of Graz) and Prof. Dr. Dirk Strunk
(Institute of Experimental and Clinical Cell Therapy, Paracelsus Medical University
Salzburg). For imaging experiments, HeLa or Ea.hy926 cells at passage 50 - 70
as well as PAECs or HUVECs at passage 1 were plated on glass coverslips
(@ = 30 mm) in 6-well plates. For other experiments, cells were grown on 10 cm

cell culture dishes.
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3.2.2 Ethics statement

Prior to experiments, approval was obtained for human cell and tissue sample
collection from the Institutional Review Board of the Medical University of Graz
(protocols 19-252 ex 07/08, 18-243 ex 06/07, 21.060 ex 09/10). Umbilical cord
samples were collected after written informed consent by the mothers after

full-term pregnancies in accordance with the Declaration of Helsinki.

3.2.3 Transfection procedure

Cells were transfected at a confluence between 60 — 80%, 24 h after seeding of
cells on glass coverslips in 6-well plates or on 10 cm dishes. HeLa and Ea.hy926
were transfected with 1.5 ug plasmid DNA encoding the appropriate sensor alone
or with 100 uM of appropriate small interfering RNA (siRNA, Table 3.2) using 2.5
ul of TransFast™ transfection reagent in 1 ml of serum- and antibiotic-free DMEM.
After adding all the components the transfection mixture was briefly vortexed and
incubated for 20 min at room temperature to allow cationic liposome formation.
Cells were washed twice with phosphate-buffered saline (PBS) solution
(Table 3.3), before transfection mixture was added. After 6 hours of incubation in a
humidified incubator (37°C, 5% CO,, 95% air) the transfection mixture was
replaced by full DMEM. All experiments were performed 48 hours after

transfection.

Table 3.2: Sequences of different siRNAs.

siRNA sequences

Type Sequence

human UCP2 5" GCA CCG UCA AUG CCU ACAAdTdAT &
human UCP3 5" GGA ACU UUG CCC AAC AUC AdTdT 3
human PRMT1 5 CGU CAA AGC CAACAAGUU ACTAT &
human MCU-1 5" GCC AGA GAC AGA CAAUAC U dTdT 3’
human MCU-2 5" GGA AAG GGA GCU UAU UGA AdTdT &
sus UCP2 5" UGU CGC UCG UAA UGC CAU U dTdT 3’

For imaging experiments HUVECs and PAECs were seeded on Poly-L-Lysine
coated glass coverslips in 6-well plates. These cells were transiently transfected
with 100 uM of appropriate siRNA (Table 3.2) and/or 1.5 ug plasmid using 2.5 pl of

TransFast™ transfection reagent according to the protocol described above.
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For Ca* imaging experiments, BacMam 4mtD3cpv virus was added to full DMEM,
used to replace the transfection mixture after 6 h of incubation. The amount of

BacMam 4mtD3cpv virus was calculated according to the following formula:

number of cells * 30
Viml= 1+10°8

All experiments were performed 48 hours after transfection and infection.

Table 3.3: Composition of PBS buffer.

PBS buffer
Components Conc. [mM]
NaCl 137
KCI 2.7
Na;HPO4 10
KH2PO4 1.8

3.3 Life cell imaging

3.3.1 Measurements of mitochondrial Ca?* and ER Ca**

Dynamic changes of [Ca®*]ni, and [Ca®‘]er were followed in cells expressing
genetically encoded calcium indicators (GECIs) as described in (100, 140, 141).
These biosensors allow a specific targeting within living cells, a long-term
expression and low toxicity. Another advantage is, that these probes are
ratiometric and, therefore, the result is independent of the expression level of the
sensor (142, 143). Forster resonance energy transfer (FRET) is a mechanism
based on energy transfer from a donor to an acceptor chromophore, as soon as
they are close enough to each other. FRET based Ca** sensors used in this study
are built up by two fluorescent proteins (FPs) which are separated by calmodulin
(CaM) and M13, its interacting protein from the myosine light chain kinase. Binding
of Ca** to CaM initiates interaction between CaM and M13 domain causing a
higher proximity between the two FPs and allowing absorbance from the emission
wavelength of the donor by the acceptor (144). In our experiments 4mtD3cpv,
based on cyan fluorescent protein (CFP) and circularly permuted Venus (D-cpv),
as well as D1ER, built up by CFP and citrine, were used to follow dynamic
changes of mitochondrial and ER Ca?* levels, respectively. 48 h after transfection,
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full DMEM was removed and cells were kept at room temperature in loading buffer
(Table 3.4) until the measurement. During the experiments cells were perfused,

according to the indicated protocol, with a Ca®'-containing or with a Ca*free

buffer (Table 3.5).

Table 3.4: Composition of loading buffer.

Loading buffer
Components Conc. [mM]
CaCl; 2
NaCl 135
MgCl, 1
KCI 5
Hepes 10
NaHCO; 2.6
KH2PO4 0.44
Na;HPO4 0.34
Glucose x 1H,0 10
L-Glutamine 2
Amino acids 0.2%
Vitamins 0.1%
Penicillin/Streptomycin 1%
pH (adjusted with NaOH or HCI) 7.4

Table 3.5: Composition of Ca**-containing and Ca** free buffer.

Buffer: Ca?*-containing Ca**-free
Components Conc. [mM]

CaCl, 2

NaCl 138 138
MgCl, 1 1

KCI 5 5

Hepes 10 10
Glucose x 1H20 10 10

EGTA 0.1

pH (adjusted with NaOH or HCI) | 7.4 7.4
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Life cell imaging of individual cells was done on a Zeiss AxioVert inverted
microscope (Zeiss; Gottingen, Germany) equipped with a polychromator
illumination system (VisiChrome, Visitron Systems; Puchheim, Germany) and a
thermoelectric-cooled CCD camera (Photometrics CoolSNAP HQ, Visitron
Systems). Cells expressing the fluorescent Ca®* biosensors were imaged with a
40x oil-immersion objective (Zeiss). Excitation of the fluorophores was at
440 £ 10 nm (440AF21, Omega Optical; Brattleboro, VT, USA), and emission was
recorded at 480 and 535 nm using emission filters (480AF30 and 535AF26,
Omega Optical) mounted on a Ludl filterwheel. Devices were controlled and data
were acquired by VisiView 2.0.3 (Visitron Systems) software and analyzed with
GraphPad Prism version 5.00 for Windows (GraphPad Software; San Diego, CA,
USA). Results of FRET measurements are shown as (R; — Background) + [(R; —
Background) - (Ro - Background)] (where Ry is the basal ratio) to correct for

photobleaching and/or photochromism.

3.3.2 FRET-based measurements of MICU1 rearrangement

The interaction between CFP and citrine, a yellow fluorescent protein (YFP), was
used to study the oligomerization of MICU1 by measuring the dynamic FRET
change between MICU1-CFP and MICU1-citrine following the protocol as
described by Waldeck-Weiermair et. al. (98). These measurements were
performed on an inverted microscope (Axio Observer.A1, Zeiss) equipped with a
polychromator illumination system (VisiChrome, Visitron Systems) and a
thermoelectric-cooled CCD camera (Photometrics CoolSNAP HQ, Visitron
Systems). MICU1-CFP and MICU1-citrine co-expressing HelLa cells were excited
at 440 £ 10 nm (440AF21, Omega Optical), and emission was recorded at 480 and
535 nm using emission filters (480AF30 and 535AF26, Omega Optical) mounted
on a Ludl filterwheel. Dissociation constants (kDs) of MICU1-MICU1 FRET
reassembly were determined by the addition of various Ca®* concentrations
[0.1 to 1000 pM] in cells with knockdown or overexpression of certain proteins.
Results of FRET measurements are presented as the ratio of Feret/Fcrp Or as
(Frret/Fcrp)/Ro (Whereas Ry is the basal ratio) to correct for photobleaching

and/or photochromism.
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3.3.3 Cytosolic Ca’* measurements

To follow dynamical cytosolic Cca? changes, cells were incubated with the
synthetic fluorescent Ca®" indicator 2 uM Fura-2 acetoxymethyl ester (Fura-2/AM)
in loading buffer for 30 min. After diffusion of Fura-2AM across the cell membrane,
the acetoxymethyl groups are hydrolyzed by esterases and, therefore, the dye is
trapped as Fura-2 in the cytosol of the cell (145). After incubation cells were
washed twice with loading buffer (Table 3.4) and were then alternately illuminated
at 340 and 380 nm, while fluorescence emission was recorded at 510 nm as
previously described (146) on a Zeiss AxioVert inverted microscope equipped with
a polychromator illumination system (VisiChrome, Visitron Systems) and a
thermoelectric-cooled CCD camera (Photometrics CoolSNAP HQ, Visitron

Systems). Results of Fura-2/AM measurements are shown as the ratio of F3go/F340.

3.4 Molecular biology methods

3.4.1 RNA isolation and cDNA synthesis

Total RNA was isolated using the PEQLAB total RNA isolation kit according to the
manufacturer’s protocol. After washing cells twice with PBS, cells were lysed with
cell lysis buffer. Cell lysates were applied on columns to remove genomic DNA.
After a centrifugation step, 70% ethanol was added to the flow through and this
mixture was transferred to a RNA binding column. After several centrifugation and
washing steps, RNA was eluted from the column with 50 ul of nuclease-free water
and the concentration of RNA was measured by using a spectrophotometer
(UviLine 9400, SCHOTT Instruments; Mainz, Germany).

Reverse transcription of mRNA was performed in a thermal cycler (Peqglab) using
a High-capacity cDNA reverse transcription kit from Applied Biosystems following
the instructions of the manufacturer. Rnasin® Plus Rnase inhibitor was added to
avoid RNA degradation. The protocol of the thermal cycler was 10 min at 25°C,
120 min at 37°C, 5 min at 85°C and in the end the temperature was kept at 4°C.
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3.4.2 qRT-PCR

To control transfection efficiency or to examine the mRNA expression level of
target genes under certain conditions, quantitative real-time polymerase chain
reaction (QRT-PCR) was performed using QuantiFast SYBR Green RT-PCR kit on
a LightCycler 480 (Roche Diagnostics; Vienna, Austria) running the following
thermal cycling protocol: After initial heat activation for 5 min at 95°C, denaturation
for 10 sec at 95°C, annealing as well as extension for 30 sec at 60°C (40 cycles).
Data were analyzed by the REST Software (Qiagen) and relative expression of
target genes was normalized to human (Table 3.1) or porcine (Table 3.6)
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), respectively, as a
housekeeping gene. Primers, listed in Table 3.6, were designed using MS Dos
Program primer designer version 2.0 and obtained from Invitrogen.

Table 3.6: Sequences of primer pairs used for qRT-PCR. h = human, s = swine

Application | Gene Primer pair
forward: 5'-TCGCTGGCTAGTATTGGCAC-3'
hEMRE
reverse: 5-GGAGAAGGCCGAAGGACATT-3'
forward: 5-CAGGTTCAGAGCATCATTCG-3'
hMICU1
reverse: 5-GAACACAAGCCAGACTTGAG-3'
hMCU forward: 5'-AGAGATAGGCTTGAGTGTGAAC-3'
reverse: 5-TTCCTGGCAGAATTTGGGAG-3'
hMCUb forward: 5'-TATAGTACCGTGGTGCCACCTGATG-3'
reverse: 5-TTGTAGGTCCTGAAGGAATGAACCA-3'
(14
&) forward: 5'-GCAGGAGAGAGCTAAGCTTG-3'
o hMCUR1
[ reverse: 5-GGCATGAGTGTCGAAGTAGA-3'
(14
forward: 5'-TGCTCAACACCGTGCTCTATGC-3'
hPRMTA1
reverse: 5'-TCCTCGATGGCCGTCACATACA-3'
forward: 5'-TCCTGAAAGCCAACCTCATG-3'
hUCP2
reverse: 5'-GGCAGAGTTCATGTATCTCGTC-3'
forward: 5'-AGAAAATACAGCGGGACTATGG-3'
hUCP3
reverse: 5-CTTGAGGATGTCGTAGGTCAC-3'
forward: 5'-TGGTGAAGGTCGGAGTGAAC-3'
sGAPDH
reverse: 5-TGACTGTGCCGTGGAACTTG-3'
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sMCU forward: 5'-GATAGACCTCCTTCTCCTTGACGAC-3'
reverse: 5-GTGTATAGCTGCTGGACCAGTGTCT-3'
forward: 5'-TATAGTACCGTGGTGCCACCTGATG-3
sMCUb
reverse: 5'-TTGTAGGTCCTGAAGGAATGAACCA-3'
forward: 5'-GTCTGCCTTGGTCAAGATCACAGAG-3'
sMCUR1
reverse: 5'-TAACTGCTGAAGCGTGATCTCCTGC-3'
forward: 5'-GGAGATGGAGAAGTAGACATGGAGG-3'
sMICU1
reverse: 5-CAAGCCAGACTTGAGGGTGTTACC-3'
forward: 5'-CACTGTCGACGCCTACAAGACCATC-3'
sUCP2
reverse: 5-GTCATAGGTCACCAGCTCAGCACAG-3'

3.5 Proteomics

3.5.1 Cloning

For engineering MICU1 mutants (MICU1-K, MICU1-F) an already existing MICU1
plasmid was amplified with the great help of my colleague Christiane Klec via PCR
with primers containing the respective mutation sequence. For both mutants the
forward primer 5-ACGGATCCATGTTTCGTCTGAACTCAC-3' with a BamHI
restriction site was used. Since the mutations are very close to the end of MICU1
we decided to take a long reverse primer with an EcoRI restriction site and the

following sequence:

5-AAGAATTC-CTGTTTGGGTAAAGCGAAGTCCCAGGCAGTTTCCTGTGCACA

TTTCCACATGGCCTGCATGAGXXXAGTGAAACCCAT-3', whereas XXX for
mutant R455K is TTT and for mutant R455F AAA. The PCR fragment was cloned
into a pcDNA3.1 (+) vector via BamHI| and EcoRI sites already C-terminally
containing the sequence coding for the red fluorescent protein mCherry. MICU1-
CFP and MICU1-YFP were constructed following the protocol as described by
Waldeck-Weiermair et. al. (98).
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3.5.2 Protein isolation and quantification

48 hours after transfection cells were washed twice with PBS, scraped from 10 cm
dishes, lysed with radioimmunoprecipitation assay (RIPA) buffer (Table 3.7)
supplemented with Protease Inhibitor Cocktail (20 ul of Protease Inhibitor Cocktail
per 1 ml RIPA buffer) and transferred into pre-cooled tubes. Cell lysates were
shock frozen in liquid nitrogen for 10 sec, put on ice for 10 min and vortexed for 10
sec. This procedure was repeated 5 times. Afterwards cell lysates were
centrifuged at 4000 g for 8 min at 4°C. Supernatant was collected for protein
quantification. The Pierce BCA Protein Assay Kit was used according to the
manufacturer’s protocol. Proteins reduce Cu®* to Cu'* in an alkaline medium. This
kit selectively detects cuprous cations by bicinchoninic acid, which results in a
purple-colored reaction product. Absorbance was finally measured on a
spectrophotometer (UviLine 9400, SCHOTT Instruments).

Table 3.7: Composition of RIPA buffer.

RIPA buffer
Components Conc. [mM]
Tris-HCI pH 7.6 25
NaCl 150
EDTA 5
NP-40 1%
Triton X-100 1%
Sodium deoxycholate 1%
SDS 0.1%

3.5.3 Immunoprecipitation

Protein A/G plus agarose beads (Santa Cruz) were washed with
immunoprecipitation (IP)-washing buffer (Table 3.8) and incubated with 1 ug
anti-flag antibody to detect flag-tagged proteins (Table 3.12) for 2 h at 4°C. Protein
lysates were added and incubated with coated beads overnight at 4°C on a
shaker. After three washing cycles with IP-washing buffer, NUPAGE LDS sample
buffer, 1 ul of NUPAGE Sample Reducing Agent was added to the beads-lysate
mix, heated for 10 min at 70°C, centrifuged with 4000 g and afterwards directly
loaded onto an SDS-Page gel.



Table 3.8: Composition of IP washing buffer.

IP washing buffer
Component Conc. [mM]
Tris 10
EDTA 1
EGTA 1
NaCl 150
NazVO, 0.2
Triton X-100 1%

3.5.4 Western blot

Samples were heat denatured in Laemmli sample buffer and a maximum of 40 ug
for total protein lysates and 10 — 30 pl for IP samples as well as PageRulerTM
Plus Prestained Protein Ladder as standard for protein size were loaded on a Mini-
PROTEAN TGX precast gels, put in an electrophoresis chamber (120 V, 60 min)
filled with electrophoresis buffer (100 ml of electrophoresis buffer (10x), Table 3.9,
+ 900 ml HyO) and connected to the power supply Power Pack P25
(120 V, 60 min) from Biometra (Gottingen, Germany).

Table 3.9: Composition of electrophoresis buffer (10x).

Electrophoresis buffer (10x)
Component Quantity [g]
Tris base 30
Glycin 144
SDS 10
H.O Ad 11

Afterwards, gel was put in a pool filled with transfer buffer (100 ml of Tris-glycin
buffer (10x), Table 3.10, + 200 ml Methanol + 700 ml H,0) and a sandwich out of a
sponge, filter paper, gel, PVDF-membrane, filter paper and another sponge was

made within a transfer cassette.
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Table 3.9: Composition of Tris-glycin buffer (10x).

Tris-glycin buffer (10x)
Component Quantity [g]
Tris base 30.3
Glycin 144 .1
20% SDS solution 5 mi
H.O Ad 1000 ml

The cassette was placed into the transfer chamber, filled with transfer buffer, and
the chamber was connected to power supplier (400 mA, 90 min). After the transfer
of proteins from the gel onto the membrane, the membrane was washed with
TBS-T buffer (100 ml of TBS buffer (10x), Table 3.11, + 1 ml Tween-20 + 900 ml
H,O) and put into 5% bovine serum albumin (BSA) supplemented TBS-T buffer for
one hour on a shaker.

Table 3.10: Composition of TBS buffer (10x).

TBS buffer (10x)
Component Quantity [g]
Tris base 30.3
Glycin 144.1
SDS 20% solution 5ml
H.O Ad 1000 ml

This step was followed by incubation with primary antibody (Table 3.11) in TBS-T
buffer overnight at 4°C. On the next day, membranes were washed one time with
TBS-T buffer and were incubated twice with BSA-supplemented TBS-T buffer for
15 min. The secondary antibody (Table 3.12) was added to BSA-supplemented
TBS-T buffer and the membrane was incubated for 1 hour at room temperature.
After 3 washing steps with TBS-T buffer, lasting each time for 15 min, proteins
were detected using super signal west pico luminol/enhancer developing solution
(Fisher Scientific). Membranes were covered with detection solution, containing
the substrate for the color reaction with horse radish peroxidase (HRP) labeled
secondary antibodies, for 5 min and afterwards put into an envelope. Specific

protein bands were visualized on a ChemiDoc MP system (BioRad).
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Table 3.11: List of primary antibodies used in this study.

Primary antibodies

Target Number Company Dilution | Source
Santa Cruz Biotechnology )
MICU1 sc-160210 (Heidelberg, Germany) 1:200 goat
New England Biolabs _ :
MICU1 #12524 (Frankfurt, Germany) 1:1000 | rabbit
New England Biolabs _ :
MCU #14997 (Frankfurt, Germany) 1:1000 | rabbit
UCP2 ab67241 Abcam (Cambridge, UK) 1:1000 | mouse
Sigma-Aldrich )
Flag F1804 (Vienna, Austria) 1:5000 | mouse
o ) Santa Cruz Biotechnology )
B-actin sc-47778 (Heidelberg, Germany) 1:500 mouse
New England Biolabs _ :
ADMA #13522 (Frankfurt, Germany) 1:1000 | rabbit
MDMA ab412 Abcam (Cambridge, UK) 1:1000 mouse
Table 3.12: List of secondary antibodies used in this study.
Secondary antibodies
Target Number Company Dilution | Source
: Vector Laboratories .
anti-mouse | P1-2000 (Burlingame, CA, USA) 1:1000 | horse
. . Vector Laboratories )
anti-rabbit | PI-1000 (Burlingame, CA, USA) 1:1000 | goat
. Santa Cruz Biotechnology .
anti-goat sc-2020 (Heidelberg, Germany) 1:4000 | donkey
VeriBlot ab131366 | Abcam (Cambridge, UK) 1:250 synthetic
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3.6 Statistics

All experiments were performed at least three times with Ea.hy926 and HelLa. For
experiments with primary cells, HUVECs and PAECs, not less than three different
donors were used. For life cell imaging, numbers indicate the numbers of

cells/independent repeats.

Data were processed in Microsoft Excel 2010® (Microsoft Corporation;
Albuquerque, NM, USA) and statistical analyses were performed with GraphPad
Prism version 5.00 for Windows (GraphPad Software; San Diego, CA, USA) by
using the unpaired Student's t-test, and p<0.05 was considered to be significant.

Data shown represent the mean £ SEM.
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4 RESULTS

4.1 Cell type specific role of UCP2/3 in mitochondrial Ca*
uptake

While knockdown of UCP2/3 resulted in significantly reduced mitochondrial Ca**
uptake upon IP3-generating agonist stimulation in cervical cancer derived HelLa
cells (Figure 4.1A) (147) and Ea.hy926 cells (Figure 4.1B), established by fusing a
human umbilical vein endothelial cell with a clone of human lung carcinoma (148),
the mitochondrial Ca®* uptake of short-term cultured human umbilical vein

endothelial cells (HUVECs) (Figure 4.1C) as well as porcine aortic endothelial

cells (PAECs) (Figure 4.1D) was not affected by the expression level of UCP2/3.
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Figure 4.1: Effect of UCP2/3 knockdown on mitochondrial ca® uptake of different cell types. Left
panels: Representative mitochondrial Ca®' ratio signals over time of 4mtD3cpv-expressing (A) HelLa, (B)
Ea.hy926, (C) HUVEC, and (D) PAEC cells in response to IP3-generating agonists measured in Ca®'-free
solution in control cells (black curves) or cells depleted of UCP2/3 (red curves). ER Ca”' release was achieved
by 100 uM histamine (His) in HeLa and Ea.hy926 cells, whereas 100 uM ATP was applied as an agonist in
HUVEC and PAEC cells. Right panels: Bars show an average of maximal A ratio signals (mean + SEM) after
agonist stimulation of control cells (white columns; HelLa: n=35/13, Ea.hy926: n=29/13, HUVEC: n=37/15, and
PAEC: n=17/10) and cells with UCP2/3 knockdown (red columns; HelLa: n=26/12, Ea.hy926: n=30/13,
HUVEC: n=26/12, and PAEC: n=18/10). n = number of cells/number of measurements.
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]
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Notably, the transfection was successful in all four cell lines (Figure 4.2).
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Figure 4.2: Transfection efficiency in different cell types. Bars represent an average of relative mRNA
expression levels (mean + SEM) in (A) HelLa, (B) Ea.hy926, (C) HUVEC, and (D) PAEC cells treated with
siRNA against UCP2 (n=3) or UCP3 (n=3), respectively, and are normalized to mRNA expression levels of
cells transfected with control siRNA (n=3). UCP3 mRNA was not detectable in PAEC cells.
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]

In contrast to UCP2/3, depletion of MCU by siRNA caused a strongly decreased

mitochondrial Ca®* uptake upon ER Ca?* depletion in all four cell lines (Figure 4.3).
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Figure 4.3: Effect of MCU knockdown on mitochondrial ca® uptake in different cell types. Bars
represent an average of maximal A ratio values of control cells or cells depleted of MCU after cell stimulation
with histamine in (A) HeLa and (B) Ea.hy926 or with ATP in (C) HUVEC and (D) PAEC cells. Data was
calculated as percentage of maximal A ratio values of the corresponding control (white columns; Control:
HelLa: n=32/15, Ea.hy926: n= 16/8, HUVEC: n=19/5, PAEC: n=18/11; violet columns; siMCU: HeLa: 37/15,
Ea.hy926: 19/7, HUVEC: 24/6, PAEC: 17/10). [Madreiter-Sokolowski CT et.al., Nature Communications (2016,
in press)]

Our previous papers, already, demonstrated that UCP2/3’s effect is independent
from SERCA activity, mitochondrial membrane potential and the activity of
NCLX (62), pointing to a direct impact of UCP2/3 on the mitochondrial Ca** uptake
machinery in HeLa and Ea.hy926.

Since the expression pattern of the core components of the MCU complex was
comparable between all four cell lines (Figure 4.4), we assumed that PTMs of one
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of the involved proteins might be the reason for the differences in the UCP2/3

dependency of mitochondrial Ca?* uptake.
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Figure 4.4: mRNA expression levels of core constituents of the MCU complex. The mRNA expression of
known constituents of the MCU complex including MICU1, UCP2, UCP3, MCUb, EMRE and MCUR1 in
(A) HelLa, (B) Ea.hy926, (C) HUVEC, and (D) PAEC cells, calculated as percentage of MCU mRNA
expression level (n=3). Bar charts indicate mean + SEM. [Madreiter-Sokolowski CT et.al., Nature
Communications (2016, in press)]

4.2 PRMT1-driven methylation engages UCP2/3 in

mitochondrial Ca** uptake

Because protein arginine methylation was described to be crucially involved in the
regulation of numerous protein functions as well as in cell signaling pathways
associated with mitochondria, we started to investigate the impact of protein
arginine methylations on UCP2/3-dependency of mitochondrial Ca®* uptake. Since
most of the PRMTs (PRMT1-4, PRMT6, and PRMT8) are responsible for
asymmetric protein dimethylation, the asymmetric arginine dimethylation state of
HeLa and Ea.hy926 as well as of HUVEC and PAEC cells was analyzed by

Western blot with the great help of my colleague Christiane Klec using an antibody
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against asymmetric protein arginine methylation [aDMA]. The level of asymmetric
protein dimethylation was remarkably higher in the immortalized HUVEC cell line

Ea.hy926 than in HUVECSs, the corresponding primary cells (Figure 4.5).
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Figure 4.5: Overall asymmetric arginine dimethylation in different cell types. (A) Percentage of aDMA in
HUVECs normalized to aDMA state of Ea.hy926 (n=3) as well as percentage of aDMA of PAECs normalized
to aDMA state of HelLa (n=4), respectively. (B) Representative image of Western blot showing aDMA status of
different cells by using an specific antibody against aDMA motif [aDMA] and B-actin as housekeeping gene.
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]

Like Ea.hy926, also Hela cells, which are strongly dependent on UCP2/3 in
mitochondrial Ca®* uptake, showed a high overall state of asymmetric protein
dimethylation, while the dimethylation level was significantly lower in UCP2/3-
independent PAEC cells (Figure 4.5). These results gave a first hint that there is
an existing correlation between the level of asymmetric protein arginine
dimethylation and the UCP2/3-dependency in mitochondrial Ca®" uptake. To test
this hypothesis, we applied the indirect methylation inhibitor adenosine-2',3'-
dialdehyde (AdOx) and the direct PRMT inhibitor arginine n-methyltransferase
inhibitor-1 (AMI-1) for 72 h, respectively, on those cell types, that had shown a
clear effect in mitochondrial Ca®* uptake upon UCP2/3 knockdown. AdOx is an
indirect methylation inhibitor working via the inhibition of S-adenosylhomocysteine
(AdoHcy) hydrolase resulting in the accumulation of intracellular AdoHcy levels
(149). This causes a feedback inhibition of methylation reactions, since AdoHcy is
a strong product inhibitor of S-adenosylmethionine [AdoMet], which is used by
PRMTs as methyl donor (150). In contrast to the indirect methylation inhibitor
AdOx, AMI-1 works as direct inhibitor of PRMT1, the most abundant PRMT (151).
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Pharmacological inhibition of overall protein methylation by AdOx as well as
inhibition of PRMT1-mediated protein methylation by AMI-1 were both effective
(Figure 4.6A,B) and obliterated the effect of UCP2/3-knockdown on mitochondrial

Ca”* uptake from Hela cells (Figure 4.6C,D), which had shown an initially
UCP2/3-sensitive mitochondrial Ca?* uptake.
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Figure 4.6: Effects of AdOx and AMI-1 on asymmetric arginine dimethylation and mitochondrial Ca**
uptake. (A) Percentage of aDMA state of HelLa cells treated with 40 yM AdOx (n=7) or 5 uM AMI-1 (n=5)
normalized to aDMA state of untreated HelLa cells. (B) Representative Western blot revealing the aDMA state
by specific aDMA antibody [aDMA] and the level of housekeeping protein B-actin level of untreated HelLa or
HelLa after AdOx or AMI-1 treatment. (C) Bars show maximal A ratio values in response to 100 pM histamine
in Ca*-free conditions of 4mtD3cpv expressing Hela cells treated with control siRNA (white columns: Control:
n=82/15), siRNA against UCP2/3 (red columns; siUCP2/3: n=80/15), or after 72 h incubation of PRMT1
inhibitors, either 40 uM AdOx (light green columns; AdOx: n=33/7) or (D) 5 uM AMI-1 (light green columns;
AMI-1: n=66/8), or a combination of UCP2/3 knockdown and methylation inhibitors (light blue columns; AdOx:
n=37/8, AMI-1: n=92/25). Data was calculated as percentage of maximal A ratio values of HelLa cells with
control siRNA (mean + SEM). [Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]
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Next, we tested the effect of siRNA-mediated knockdown PRMTs, achieving
asymmetric dimethyl arginine methylation, on the UCP2/3-dependency of
mitochondrial Ca®" uptake. Since PRMTS8 is solely expressed in tissues of the
brain, this PRMT was not tested for its effect in HeLa cells (128). While knockdown
of PRMT2 (Figure 4.7C), PRMT3 (Figure 4.7D), PRMT4 (Figure 4.7E) and PRMT6
(Figure 4.7F) did not abolish the impact of UCP2/3 knockdown on mitochondrial
Ca®* uptake from Hela cells (Figure 4.7A), PRMT1 depletion caused an UCP2/3-
insensitive mitochondrial Ca®* uptake in HelLa cells (Figure 4.7B) as well as in
Ea.hy926 cells (Figure 4.8A).
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Figure 4.7: UCP2/3-dependency of mitochondrial Ca®* uptake in cells depleted of different PRMTs. Bars
show an average of maximal A ratio values in response to 100 uM histamine in Ca*'-free solution of 4mtD3cpv
expressing control HeLa cells or HelLa cells treated with siRNA against (A) PRMT1, (B) PRMT2, (C) PRMTS3,
(D) PRMT4, or (E) PRMT®6, respectively, with or without a knockdown of UCP2/3. Data was calculated as
percentage of maximal A ratio values of the corresponding control (white columns; Control: n=48/6, siPRMT1:
n=73/11, siPRMT2: n=86/13, siPRMT3: n=69/10, siPRMT4: n=38/11, siPRMT6: n=72/8; red columns;
SiUCP2/3: n=48/5, siPRMT1 + siUCP2/3: n=56/10, siPRMT2 + siUCP2/3: n=78/13, siPRMT3 + siUCP2/3:
n=52/8, siPRMT4 + siUCP2/3: n=28/10, siPRMT6 + siUCP2/3: n=47/8). [Madreiter-Sokolowski CT et.al.,
Nature Communications (2016, in press)]
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The hypothesis, that PRMT1-mediated methylation engages UCP2/3 in
mitochondrial Ca®* uptake, was further tested by transient overexpression of
PRMT1 in HUVEC cells, which exhibited no effect of UCP2/3 knockdown on
mitochondrial Ca®* uptake. PRMT1 overexpression, indeed, engaged UCP2/3 in
mitochondrial Ca®* uptake upon ER Ca?* depletion in this initailly
UCP2/3-insensitive cell type (Figure 4.8B).
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Figure 4.8: Effect of PRMT1 expression modulation on mitochondrial Ca®* uptake. (A) Left panels:
Representative curves show mitochondrial Ca®" ratio signals over time of Ea.hy926 cells expressing
4mtD3cpv upon stimulation with 100 uM histamine (His) under Ca®'-free conditions of control (black curves),
siRNA against UCP2/3 (red curves) or PRMT1 (light green curves) or a combination of both (light blue
curves). Right panels: Bars represent an average of maximal A ratio signals after exposure with an IP3
generating agonist in cells treated with control siRNA (white columns; n=29/13), siUCP2/3 (red columns; n=
30/13), siPRMT1 (light green columns; n=31/12) or an combination of siUCP2/3 and siPRMT1 (light blue
columns; n=24/13). (B) Left panel: Representative curves indicate mitochondrial Ca® ratio signals over time in
response to 100 uM ATP in Ca®"-free solution in HUVEC cells with control siRNA (dark curve), siRNA against
UCP2/3 (red curve), overexpression of PRMT1 (dark green curve) or a combination of both (dark blue curve).
Right panel: Bars represent an average of maximal A ratio signals of IP3 agonist stimulated response of
control cells (white column; n=37/15), cells overexpressing PRMT1 (dark green column; n=30/12), cells
depleted of UCP2/3 (red column; n=26/12) or a combination of both (dark blue column; n=38/13).
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]
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Neither overexpression nor knockdown of PRMT1 altered cytosolic Ca?* signals

(Figure 4.9A), ER Ca?* content (Figure 4.9B), or basal mitochondrial
Ca®* concentration (Figure 4.9C).
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Figure 4.9: Effects of PRMT1 expression modulation on cytosolic, ER, and basal mitochondrial ca®
levels. (A) Left fanel: Representative curves of cytosolic Ca?' ratio signals over time in response to 100 uM
histamine in Ca“*-free solution of Fura-2/AM loaded Hela cells treated with control siRNA (black curve), with
siRNA against PRMT1 (light green curve) or Hela cells overexpressing PRMT1 (dark green curve).
Right panel: Bars represent an average of maximal A ratio signals of IP3 generating agonist treatment of
control HeLa cells (white column: n=71/9), cells depleted of PRMT1 (light green column: n=92/9) or
overexpressing PRMT1 (dark green column: n=66/3). (B) Left panel: Representative curves of ERCa*" ratio
signals over time, measured by D1ER in HelLa cells upon stimulation with 100 uM histamine, of control HeLa
cells (black curve), with either siRNA against PRMT1 (light green curve) or overexpression of PRMT1 (dark
green curve). Right panel:Bars represent an average of maximal A ratio signals of IP3 generating agonist
treatment of control HelLa cells (white column: n=25/7), with either siRNA against PRMT1 (light green column:
n=26/8) or overexpression of PRMT1 (dark green column: n=12/4). (C) Basal mitochondrial Ca”" levels of
HelLa (left panel) and Ea.hy926 (middle panel) cells with (light green columns; HelLa: n=26/9, Ea.hy926:
n=31/12) or without knockdown of PRMT1 (white columns; HelLa: n=35/13, Ea.hy926: n=29/13). Right panel:
Basal mtCa®" levels in control HUVEC cells (white column: n=37/15) or cells with PRMT1 overexpression

(dark green column: n=30/12). Bar charts indicate mean + SEM. [Madreiter-Sokolowski CT et.al., Nature
Communications (2016, in press)]
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We also analyzed the effects of PRMT1 knockdown (Figure 4.10A) or
overexpression (Figure 4.10B) on the mRNA expression of core constituents of the
MCU complex. Only the expression of UCP3 was altered by the modulation of
PRMT1 expression. Since the expression of UCP2 is 250-fold higher than of
UCP3, we assume that UCP3 plays just a minor role in that

cell type (Figure 4.10C).
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Figure 4.10: Effects of PRMT1 expression modulation on mRNA expression levels of constituents of
MCU complex in HeLa cells. (A) Ratio of mMRNA expression of constituents of the MCU complex including
MCU, MCUb, MICU1, MCUR1, UCP2, UCP3 and EMRE in cells with knockdown of PRMT1 or (B) cells
overexpressing PRMT1 in comparison to control cells. (C) Bars represent mRNA expression of UCP2 and
UCP3 normalized to GAPDH as a house keeping gene (n=3, each). [Madreiter-Sokolowski CT et.al., Nature
Communications (2016, in press)]
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In summary, all these results fit to the hypothesis, that PRMT1-mediated
methylation engages UCP2/3 as fundamental regulators of MCU-dependent

mitochondrial Ca®* uptake.
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4.3 UCP2/3 enhance Ca®" sensitivity of the mitochondrial

Ca?* uptake machinery in case of PRMT1 activity

To understand how UCP2/3 get involved by methylation in mitochondrial Ca*
uptake, the impact of PRMT1-mediated protein arginine methylation and UCP2/3
on Ca®" sensitivity of mitochondrial Ca®* uptake was investigated with the help of
my colleagues Markus Waldeck-Weiermair and Warisara Parichatikanond in
permeabilized Hela cells with knockdown of either PRMT1 or UCP2/3 or a
combined knockdown of both (Figure 4.11). The Ca?* ionophore ionomycin was
used to permeabilize cells and adjust different extracellular Ca?* concentrations
from 0 to 1000 uM. The results revealed that UCP2/3 knockdown caused a drastic
loss in mitochondrial Ca* uptake sensitivity (Kd) of PRMT1-active HelLa cells from
5.3 (4.1-7.6) yM Ca?* in controls to 14.1 (12.0-16.5) uM Ca®" in cells depleted of
UCP2/3. In contrast, siRNA against UCP2/3 did not alter Ca?* sensitivity of
mitochondrial Ca®* sequestration in HeLa with PRMT1 knockdown (with UCP2/3:
ECso = 5.3 (4.1-6.8) uM Ca®, without UCP2/3: EC50 = 4.7 (3.5-6.3) uM Ca®").
These results point to an enhancing function of UCP2/3 on mitochondrial Ca?*

machinery in case of PRMT1 activity.
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Figure 4.11: The contribution of UCP2/3 in ca® sensitivity of mitochondrial ca® uptake machinery.
(A) Concentration response curves reflect mitochondrial ca® uptake in HelLa cells with (red curve; n=42/7) or
without (black curve; n=16/4) UCP2/3 knockdown treated with 3 yM of ionomycin and as indicated with
different concentrations of Ca®". (B) Concentration response curves of mitochondrial ca® uptake in HelLa
cells with depletion of PRMT1 (light green curve; n=28/6) or combined depletion of PRMT1 and UCP2/3 (light
blue curve; n=24/6) treated with 3 uM ionomycin and as indicated with different concentrations of Ca®".
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]
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4.4 Position 455 of MICU1 is PRMT1’s methylation target

The next step was to identify the methylation target of PRMT1 responsible for the
changes in UCP2/3-sensitivity in mitochondrial Ca?* uptake. Computational
sequence analyses revealed potential methylation sites in MICU1, MCU, UCP2
and EMRE. Since the predicted methylation site of EMRE is in close proximity to
the transmembrane domain, just MCU, MICU1 and UCP2 were used for further
testing. Western blots using antibodies against mono- and dimethyl [MDMA]
methyl as well as against asymmetric dimethyl [ADMA] protein arginine
methylation, respectively, were performed. Knockdown or overexpression of
PRMT1 did not affect the methylation level of MCU (Figure 4.12A) or
UCP2 (Figure 4.12B), but had a strong impact on the methylation state of MICU1

(Figure 4.12C) giving a hint that MICU1 might be a target of PRMT1.
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Figure 4.12: Western blots revealing methylation target of PRMT1. Left panels: Representative Western
blots showing arginine methylation status of (A) MCU, (B) UCP2 or (C) MICU1, after immunoprecipitation of
flag-tagged proteins, by using an antibody against mono- and dimethyl arginines [MDMA] or asymmetric
dimethyl arginines [aDMA] and normalized to the intensities of detected MCU, UCP2 or Flag bands,
respectively. For (A) and (B) [MDMA] antibody was used and bands were normalized to MCU or UCP2
content, respectively. For (C) [aDMA] antibody was used and bands were normalized to the intensity of the
Flag bands. Right panels: Bars represent the percentage of arginine methylation of flag-tagged proteins of
cells with knockdown or overexpression of PRMT1 calculated as percentage of (A, B) mono- and dimethyl or
(C) asymmetric dimethyl arginine methylation of flag-tagged proteins of control cells. [Madreiter-Sokolowski
CT et.al., Nature Communications (2016, in press)]
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Arginine methylation at position 455 was identified as a promising candidate taking
in account structural accessibility, localization in regulatory regions and sequence
conservation. Position 455 is located at the C-terminus of MICU1, which is
extending into the IMS and was identified to stabilize MICU1 hexamers (96).
Based on hypothesis that MICU1 is methylated at position 455, a methylation
mimicking MICU1 mutant, in which arginine was exchanged by a phenylalanine
(MICU1-F), as well as a non-methylable MICU1, where arginine was replaced by a
lysine (MICU1-K), were cloned (152). To pinpoint position 455 as methylation
target of PRMT1, Western blots with wild type MICU1 and with the arginine (at
position 455) lacking mutant (MICU1-K) were performed. Indeed, in contrast to
wild type MICU1, the MICU1-K mutant could not be methylated by PRMT1
(Figure 4.13), showing that position 455 is the main methylation target.
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Figure 4.13: Methylation of wild type MICU1 and MICU1-K mutant. (A) Bars show aDMA status of flag-
tagged wild type MICU1 or MICU1-K proteins of control cells or cells with either overexpression of knockdown
of PRMT1 normalized to intensities of anti-flag bands (n=3). The statistically significant different aDMA status
between wild type MICU1 and MICU1+PRMT1 was marked with a star and the statistically significant
difference between wild type MICU1 and MICU1+siPRMT1 with a hash. (B) Representative Western blot
revealing aDMA status by using [aDMA] antibody and level of anti-flag bands using a specific antibody.
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]

MICU-F and MICU-K mutants were also tested functionally. Therefore, MICU-K
was transiently overexpressed in Hela cells, which are exhibiting a high
methylation state. In this specific cell type MICU-K mutant overexpression
abolished the effect of UCP2/3-knockdown on mitochondrial Ca®" uptake
(Figure 4.14A). In contrast, overexpression of MICU1-F mutant in PAEC cells with
low intrinsic methylation levels resulted in an UCP2/3-sensitive mitochondrial
Ca?* uptake (Figure 4.14B).
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All these results highlight the crucial role of PRMT1-driven methylation at position
455 of MICU1 in the engagement of UCP2/3 in mitochondrial Ca?" uptake.
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Figure 4.14: Effects of MICU1 mutants on mitochondrial Ca** uptake. (A) Left panel: Representative
curves show mitochondrial Ca?" ratio signals over time in response to 100 uM histamine in Ca*'-free solution
in 4mtD3cpv expressing HelLa cells overexpressing wild type MICU1 with (red curve) or without (black curve)
siRNA against UCP2/3 or overexpression of MICU1-K mutant with (light blue curve) or without (light green
curve) siRNA against UCP2/3. Right panel: Bars represent an average of maximal A ratio signals (mean +
SEM) of IP3 generating agonist treatment of HeLa cells with overexpression of MICU1-WT (white column:
n=68/16), overexpression of MICU1-WT and knockdown of UCP2/3 (red column: n=56/18), overexpression of
MICU1-K (light green column: n=39/16), and combined overexpression of MICU1-K and knockdown of
UCP2/3 (light blue column: n=37/16). (B) Left panel: Representative curves reflect mitochondrial Ca** ratio
signals, measured by 4mtD3cpv, over time in response to 100 yM ATP under Ca?'-free conditions of PAEC
cells overexpressing wild type MICU1 treated with (red curve) or without siRNA against UCP2/3 (black curve)
or PAEC cells overexpressing MICU1-F mutant with (dark blue curve) or without (dark green curve) UCP2/3.
Right panel: Bars represent an average maximal A ratio signals (mean + SEM ) of IP3 generating agonist
treatment of PAEC cells overexpressing MICU1-WT (white column: n=10/8), overexpressing MICU1-WT and
treated with siRNA against UCP2/3 (red column: n=8/7), overexpressing MICU1-F (dark green column:
n=13/6) or overexpression of MICU1-F in combination with knockdown of UCP2/3 (dark blue column: n=15/9).
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]
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4.5 MICU1’s ability for Ca*'mediated re-arrangement is

reduced by methylation and recovered by UCP2

To understand the impact of MICU1 methylation of the protein's ability to
rearrange, we performed FRET-based interaction studies in HeLa cells expressing
MICU1-CFP and MICU1-YFP as previously described (98). After permeabilization
with ionomycin, the concentration-response curves for Ca** mediated reassembly
of MICU1 oligomers were performed with the help of my colleague
Markus Waldeck-Weiermair. While knockdown of PRMT1 did not affect Ca?*
sensitivity of MICU1 (Figure 4.15A), silencing of UCP2/3 caused a strong
reduction in the Ca** sensitivity of MICU1 (Figure 4.15B). Remarkably, in PRMT1
depleted cells, UCP2/3 knockdown did not result in any change of MICU1’s Ca?*
sensitivity (Figure 4.15C). Moreover, UCP2/3 knockdown was also without any

effect in HelLa cells overexpressing MICU1-K mutant (Figure 4.15D).
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Figure 4.15: Ca” sensitivity of wild type MICU1 and MICU1-K mutant. (A) Concentration response curves
of the Ca?*-induced reduction of the MICU1-FRET ratio in HelLa cells treated with either control siRNA (black
curve; n=20/20) or in combination with siRNA against PRMT1 (light green curve n=17/17). Cells were treated
with 3 yM ionomycin for 5 min and titrated with dlfferent concentrations of Ca*. Data express as mean + SEM.
(B) Concentration response curves of the Ca®*-induced reduction of the MICU1 FRET ratio signal in HelLa
cells with (red curve; n=17/17) depletion of UCP2/3 or (C) combined depletion of PRMT1 and UCP2/3 (light
blue curve; n=7/7) in comparison to control SIRNA (black curve; n=20/20). Cells were treated with 3 uM
ionomycin and different concentrations of ca®' . (D) Concentration response curves of Ca*"-induced reduction
of MICU1-FRET ratio signal in HeLa cells overexpressing MICU1-K mutant with (light blue curve; n=6/6) or
without (light green curve; n=6/6) depletion of UCP2/3. [Madreiter-Sokolowski CT et.al., Nature
Communications (2016, in press)]

These results prove that PRMT1-driven methylation of MICU1 at position 455
results in a decreased Ca®* sensitivity of MICU1 and, consequently, disturbs
activation of MCU. Furthermore it was demonstrated, that UCP2/3 are able to re-
establish the normal activity of mitochondrial Ca* uptake machinery by increasing
the Ca?* sensitivity of methylated MICU1.
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4.6 Potential pathophysiological role of PRMT1 and UCP2

in cancer cells

While the mitochondrial Ca®* uptake of somatic cells was independent of UCP2/3,
a strong UCP2/3-dependency was observed in the mitochondrial Ca?* uptake of
the cancer cell lines HeLa and Ea.hy926 (Figure 4.1). In line with these results,
also the mitochondrial Ca?* uptake of the MCF-7 cells, the most studied human
breast cancer cell line (153), is significantly decreased by UCP2/3 knockdown
(Figure 4.16) pointing to an essential role of these proteins in the mitochondrial
Ca?* uptake, which may possibly ensure the energy supply in cancer cells with
eleavated levels of PRMT1.
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Figure 4.16: Mitochondrial ca® uptake in MCF-7 cells. Left panel: Representative curves showing mtCa®"
ratio signals over time in response to 100 uM ATP in Ca®'-free solution in MCF-7 cells with (red curve) or
without (black curve) siRNA against UCP2/3. Right panel: Bars show maximal A ratio signals of IP3 generating
agonist stimulation of control cells (white column: n=23/7) or cells depleted of UCP2/3 (red column: n=26/8).
[Madreiter-Sokolowski CT et.al., Nature Communications (2016, in press)]

Expression levels of PRMT1 were reported to be significantly higher in various
cancer types including colon cancer (134, 135), breast cancer (136), prostate
cancer (128), and lung cancer (137). Remarkably, also elevated expression levels
of UCP2 were detected in several cancer types, such as breast cancer (154),
colon cancer (155), pancreatic cancer, and prostate cancer (156). Similar as
PRMT1, also upregulation of UCP2 was shown to be linked to tumor grade and to
worse prognosis regarding the overall survival in breast cancer patients (90).
To investigate that issue further, a preliminary analysis of data from The Cancer
Genom Atlas (TCGA) was done with the great help of Armin Sokolowski

(Department of Dentistry and Maxillofacial Surgery, Medical University of Graz).
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TCGA offers comprehensive genomic profiles for selected cancer types by
analyzing and sharing the data of tumor and normal tissues from hundreds
of patients. The huge amount of data collected at TCGA was used to investigate
the mRNA expression levels of genes coding for UCP2 and PRMT1 in breast
invasive cancer, thyroid carcinoma, lung adenocarcinoma, bladder urothelial
carcinoma, liver hepatocellular carcinoma, and colon adenocarcinoma tissues in
comparison to corresponding adjacent healthy tissues of the same patient.
Data were presented as percentage of mRNA expression and normalized to the
MRNA expression of non-cancerous tissue of the same patient. TCGA analysis
revealed an increase in the mRNA expression of PRMT1 as well as UCP2 in the

cancer types listed in (Table 4.1).

Table 4.1: TCGA analysis of PRMT1 as well as UCP2 mRNA expression levels in different cancer types.
Expression levels are presented as percentage and normalized to expression levels of non-cancerous tissues.

Cancer type :;lfu :::eeg PRMT1 expr. [%] | UCP2 expr. [%]
Breast invasive cancer 104 131.5+£5.2 236.4 £29.2
Thyroid carcinoma 59 128.5+5.0 259.5 £ 23.7
Lung adenocarcinoma 54 134.3+6.8 152.6 £+ 20.4
Bladder urothelial carcinoma | 18 136.9£10.8 359.3 + 115.1
Liver hepatocellular 50 137.0 £ 8.1 116.5 £ 32.0
carcinoma

Colorectal adenocarcinoma | 26 198.5 £ 27.2 123.4 £ 22.8
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5 DISCUSSION

In 2007, UCP2 and UCP3 have been demonstrated to be essentially involved in
MCU-dependent mitochondrial Ca?* uptake and to be independent from
mitochondrial membrane potential and the activity of NCLX (62). These first
findings were strengthened by showing the crucial role of UCP2/3’'s IML2 for the
engagement of UCP2/3 in mitochondrial Ca®" uptake (139). Moreover, a shift in
the mitochondrial Ca®* uptake route from a UCP2/3- and MCU-dependent to a
UCP2/3-independent, but MCU- and Letm1-dependent uptake via modulation of
cytosolic Ca®* levels by SERCA inhibition could be detected (73). Notably, many
studies focused on UCP2, since this isoform is widely expressed in the whole
body, whereas UCP3 is mainly found in skeletal muscle (157), which was also
confirmed by our results (Figure 4.10C). Recently, UCP2 was described to
selectively regulate the open probability of the MCU-dependent xI-MCC in HelLa
cells pointing to a regulator role of UCP2 in mitochondrial Ca?* uptake (87). The
important role of UCP2 in mitochondrial Ca®* uptake was also confirmed by results
of other groups. It was, for instance, shown that mitoplasts, which are
mitochondria with an intact IMM, but missing OMM, isolated from cells of UCP2
knockout mice showed a reduced single-channel activity (158). Others revealed a
crucial role of UCP2 in neurotoxicitiy by the modulation of mitochondrial Ca®*
levels via interaction of UCP2/3 with N-methyl-D-aspartate receptor (NMDAR) (85,
159). Notably, UCP2, which was for a long time proposed to work as moderate
uncoupler of the respiratory chain similar as its well-known isoform in the brown
adipose tissue, UCP1, was also clearly shown be essential for the respiratory
chain without affecting reactive oxygen species (ROS) production or uncoupling
(160). Nevertheless, some groups could not find any evidence for a direct
engagement of UCP2/3 in mitochondrial Ca®" uptake (81, 82). In this study, as
depicted in Figure 5.1, we could demonstrate that PRMT1-driven methylation of
MICU1 at position 455 yields reduced Ca?* sensitivity of mitochondrial Ca?* uptake
machinery (Figure 4.11) resulting in attenuated MICU1 reassembly (Figure 4.15),
which was reported to be crucial for the activity of MCU (98). In short, the PTM of
MICU1 by PRMT1 causes reduced mitochondrial Ca?* uptake. Under this
condition the essential role of UCP2/3 could be unveiled. Our data clearly showed
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that UCP2/3 works as a regulator of mitochondrial Ca?* uptake in case of high
PRMT1 activity by re-capturing the Ca®* sensitivity of MICU1 (Figure 4.15).
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Figure 5.1: Scheme of regulatory effect of UCP2/3 in case of high PRMT1 -acitivity. Left panel: If UCP2/3
are lacking, methylation of MICU1 at position 455 caused decreased Ca®* sensitivity of MICU1 and, therefore,
reduced mitochondrial Ca®* uptake. Right panel: UCP2/3 get engaged in mltochondrlal Ca®* uptake in case of
PRMT1-driven methylation of MICU1 and ensure proper mitochondrial ca®' uptake by increasing ca®
sensitivity of methylated MICU1.

That PRMT1-driven methylation is essential for the engagement of UCP2/3 in
mitochondrial Ca®* uptake was highlighted by the finding that pharmacological
inhibition of overall methylation by AdOx as well as of PRMT1-mediated
methylation by AMI-1 (Figure 4.6) as well as selective knockdown of PRMT1 by
siRNA could prevent an effect of UCP2/3 knockdown on mitochondrial Ca**
uptake of HelLa (Figure 4.7) and Ea.hy926 (Figure 4.8) cells. The knockdown of
other asymmetric dimethylating PRMTs did not affect the UCP2/3-dependency of
HelLa (Figure 4.7) showing that PRMT1-mediated methylation is crucial for the
effect on mitochondrial Ca?* uptake. This is in line with literature, since PRMT1
was described as the most abundant PRMT, which accomplishes more than 90%

of arginine methylations in mammalian cells. In contrast, PRMT2, PRMTS3,
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PRMT4, and PRMT6 were shown to be more target-specific and PRMT8 was
solely found in the central nervous system (128). Our initial finding was further
strengthened by gaining UCP2/3-dependency of mitochondrial Ca®" uptake in
HUVECs and PAECs via overexpression of PRMT1 (Figure 4.8). Western blot
results revealed that methylation of MICU1 at position 455 by PRMT1 is the key
for the engagement of UCP2/3 in mitochondrial Ca?* uptake, while other
components of the mitochondrial Ca®* uptake machinery, namely UCP2 and MCU
(Figure 4.12), were not affected by PRMT1-driven methylation. Nevertheless, we
can neither exclude other targets of PRMT1 within the uptake machinery nor other
PTMs, which are possibly affecting the mitochondrial Ca?* uptake. FRET-based
Ca?* measurements showed that PRMT1-mediated protein methylation caused a
loss in the Ca®' sensitivity of mitochondrial Ca®* uptake machinery, while this
effect could not be detected in cells depleted of UCP2 (Figure 4.11). Results of
isothermal titration calorimetry (ITC), in press at Nature Communications (2016),
confirmed these findings and revealed that methylation of MICU1 causes a
reduction in the Ca** sensitivity from a dissociation constant (Kq) of 5.4 + 0.7 uM
for non-methylated MICU1 to 14.0 + 1.5 uM binding of Ca®* to methylated MICU1.
To avoid improper folding of UCP2, the IML2, previously demonstrated as
essential for the effect of UCP2 on mitochondrial Ca®* uptake (139), was used for
studying its impact on the Ca®* sensitivity of purified non-methylated or methylated
MICU1. Notably, IML2 was shown to solely bind to methylated MICU1 with a K4 of
24.6 £ 17.7 uM, but not to non-methylated MICU1. Moreover, IML2 shifted the
Ca?* sensitivity of methylated MICU1 (17.1 + 9.9) towards that of the non-
methylated MICU1 (15.4 + 1.2) pointing to a Ca®" sensitivity increasing effect of
the interaction between UCP2, via IML2, and MICU1. In summary, all these data
gained from different methods support the hypothesis that PRMT1-driven
methylation engages UCP2/3 in order the re-establish Ca®" sensitivity of
methylated MICU1 and, therefore, proper mitochondrial Ca?* uptake. At the
beginning of this study, it was shown that the primary cells HUVECs and PAECs
have an UCP2/3-independent mitochondrial Ca?* uptake, while modulation of
UCP2/3 expression had a strong effect in the cell lines HeLa and Ea.hy926
(Figure 4.1) as well as in MCF-7 cells (Figure 4.16). Moreover, Western blots
directly compared HUVECs with Ea.hy926 cells, derived by fusing HUVECs with
the permanent human lung adenocarcinoma cell line A549 (148), regarding the
overall methylation state, which was significantly higher in Ea.hy926 than in
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HUVECs (Figure 4.5). Interestingly, PRMT1 expression levels were reported to be
significantly elevated in numerous cancer types including colon cancer (134, 135),
breast cancer (136), prostate cancer (128), and lung cancer (137). Besides that
also our TCGA analyses supported these findings (Table 4.1). Moreover, data of
breast cancer patients revealed a better prognosis regarding the relapse free
survival in case of low PRMT1 expression pattern (136). Nevertheless, the
function of PRMT1 and the reason for its higher expression level in cancerous
tissues is under intensive investigation and several mechanisms are
discussed (128). PRMT1, for instance, was shown to crucially regulate via histone
methylation the epithelial-mesenchymal transition, a process by which cell-cell
adhesion of epithelial cells gets lost, which results in migration of cancer
cells (161). Although more than 100 distinct types of cancer are known, cancer
cells share molecular characteristics including morphological changes like
disorganized arrangement and variation of size and shape as well as loss of cell
cycle control resulting in limitless replication potential, tissue invasion and
metastasis (162). All of these processes are linked to an increased energy
demand, which is preferentially met by energy generation via glycolysis as long as
glucose is available. If the availability of glucose is not assured anymore, cancer
cells start to rely on alternative substrates like glutamine and mitochondria get
crucially engaged in energy supply, since OXPHOS is then required to gain ATP
(163). Since mitochondrial Ca®* accumulation is absolutely essential for OXPHOS
due to the Ca®* dependency of several enzymes (164), PRMT1-driven methylation
of MICU1 resulting in reduced mitochondrial Ca?* uptake would strongly
counteract the elevated energy demand of cancer cells. Therefore, cancer cells
probably engage UCP2/3 to restore mitochondrial Ca®* uptake and to ensure
sufficient energy supply in cancer cells. In summary, this study helps to
understand the complex role of UCP2/3 in mitochondrial Ca?* uptake. It shows that
UCP2/3 is absolutely essential to re-establish proper mitochondrial Ca®* uptake in
cells with high PRMT1 activity, which results in methylation of PRMT1 at position
455, by counteracting the attenuated Ca®" sensitivity of methylated MICU1 and,
therefore, normalizing mitochondrial Ca”* uptake. These data unveil a novel
regulation mechanism of the highyl complex mitochondrial Ca?* uptake machinery.
Since PRMT1 expression is increased in numerous cancer types, this study,

furthermore, uncovered possible targets for novel cancer treatments.
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