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Abstract

Oxidative stress arises from an imbalance between the production of reactive oxygen species
(ROS) and their removal by cellular antioxidant systems. Especially under pathological
conditions, mitochondria constitute a relevant source of cellular ROS. These organelles
harbor the electron transport chain, bringing electrons in close vicinity to molecular oxygen.
Although a full understanding is still lacking, intracellular ROS generation and mitochondrial
function are also linked to changes in mitochondrial morphology. To study the intricate
relationships between the different factors that govern cellular redox balance in living cells,
we have developed a high-content microscopy-based strategy for simultaneous quantification
of intracellular ROS levels and mitochondrial morphofunction. Here, we summarize the
principles of intracellular ROS generation and removal, and we explain the major
considerations for performing quantitative microscopy analyses of ROS and mitochondrial
morphofunction in living cells. Next, we describe our workflow and finally, we illustrate that
a multiparametric readout enables the unambiguous classification of chemically perturbed
cells as well as laminopathy patient cells.

! Cell Systems and Tmaging Research Group (CSI), Department of Molecular Biotechnology, Ghent University, Ghent, Belgium
2 Laboratory of Cell Biology and Histology, Department of Veterinary Sciences, University of Antwerp, Antwerp, Belgium

3 Department of Biochemistry (286), Radboud University Medical Centre (RUMC), Radboud Institute for Molecular Life
Sciences (RIMLS), Nijmegen, The Netherlands.



1. Principles of intracellular ROS generation and removal

Reactive oxygen species (ROS) are small, short-lived derivatives of molecular oxygen (O5)
of radical and non-radical nature (Halliwell and Gutteridge 2007). Radical ROS variants
include: superoxide (O,"), hydroperoxyl (HO,"), hydroxyl (‘OH), peroxyl (RO,"), alkoxyl
(RO"), carbonate (COs™), carbon dioxide (CO,"), and singlet oxygen (O, Y'g"). Non-radical
variants include: hydrogen peroxide (H,0,), hypobromous acid (HOBr), hypochlorous acid
(HOCI), ozone (Os), singlet oxygen (O,'Ag), organic peroxides (ROOH), peroxynitrite
(ONOO"), peroxynitrate (O,NOO’), nitrosoperoxycarbonate = (ONOOCO,;) and
peroximonocarbonate (HOOCQO;") (Halliwell and Gutteridge 2007). Of these ROS, ONOO"
and O;NOO" are also reactive nitrogen species (RNS). RNS further include nitric oxide
(NO"), nitrogen dioxide (NO,"), nitrate radical (NO3’) and many other nitrogen derivatives.
ROS were originally described as molecular constituents of the defense system of phagocytic
cells, but it has become clear that besides their damaging properties, they also function as
signaling molecules and mediate a variety of other cellular responses including cell
proliferation, differentiation, gene expression and migration (Lambeth 2004; Bartz and
Piantadosi 2010).

Intracellular ROS metabolism

ROS can be generated at various sites in the cell (Fig. 1A). This can be either deliberately,
e.g. by NADPH oxidases (NOX), or as a byproduct, e.g. during normal cellular respiration in
mitochondria (Babior 1999; Turrens 2003; Murphy 2009). The NOX family of NADPH
oxidases (NOX1, NOX2, NOX3, NOX4, NOXS5, DUOX1 and DUOX2) are proteins that
transport electrons (e) from NADPH across biological membranes (plasma or
endomembranes) (Bedard and Krause 2007; Dupre-Crochet et al. 2013). The activation
mechanisms and tissue distribution of the isoforms differ but they all use O, as e’-acceptor,
producing O,”. Through ROS generation, they play a role in many cellular processes
including host defense, regulation of gene expression and cell differentiation (Bedard and
Krause 2007). Despite their sometimes significant contribution to the global ROS pools,
NOX are not the predominant source of intracellular ROS. Mitochondria are considered the
major culprit, in particular under pathological conditions. Mitochondrial ROS are generated
as a byproduct of the oxidative phosphorylation (OXPHOS, cf. below).

Irrespective of its source, ROS production generally starts with the reduction of O, to O,",
which is the precursor of most other ROS (Fig. 2A). Either spontaneously or, more likely,
catalyzed by a superoxide dismutase (SOD), O, is converted into H,O, at a rate close to the
diffusion limit (k=2-10° M''s™" at pH 7.4) (Weisiger and Fridovich 1973; Boveris and Chance
1973; Loschen et al. 1974; Auchére and Rusnak 2002). In turn, H,O; can be converted into
water (H,O) by several enzymes including peroxiredoxins, catalase (CAT) and glutathione
peroxidases (GPX) (Gupta et al. 2012). Proper function of these systems further requires the
action of glutathione reductase (GR), thioredoxin (TRX), thioredoxin reductase (TRXR),
glutaredoxin (GRX), peroxiredoxin (PRX), sulfiredoxin (SRX), the glutathione (GSH)-
synthesizing enzymes glutathione synthase (GS), glutamate cysteine ligase (GCL) and
ceruloplasmin (Gupta et al. 2012). In addition to enzymatic systems, cells and tissues also
contain antioxidants of non-enzymatic nature including glutathione (GSH), thioredoxin
(TRX), phytochemicals, vitamins (A,C,E), ceruloplasmin and taurine (Gupta et al. 2012). The
cofactor NADPH (the reduced form of nicotinamide adenine dinucleotide phosphate) is
central to cellular ROS removal through the GSH and TRX/PRX systems (Fig. 2A). In
mitochondria, NADPH is mainly produced via: (i) NADP'-dependent isocitrate
dehydrogenase and malic enzyme, and (ii) nicotinamide nucleotide transhydrogenase (Nnt).
The latter enzyme utilizes the proton motive force (PMF) to generate NADPH from NADH



and NADP" (Lopert and Patel 2014). Besides the conversion into H,O,, O, can also react
with nitric oxide (NO"), produced in a two-step reaction from L-arginine (L-arg), catalyzed
by nitric oxide synthases (NOS). This gives rise to the production of reactive nitrogen
species (RNS) peroxynitrite (ONOQO") and peroxynitrous acid (ONOOH). Various other
reactions downstream of ONOO' lead to formation of ‘OH, CO3~ and NO,’ (Fig. 2A) (Radi et
al. 2002; Szabo et al. 2007). In the presence of ferric iron (Fe*") the O, anion is converted
into O, and ferrous iron (Fe*"), which can further react with H,O, to reform Fe®*, hydroxide
(OH") and the highly reactive "OH (Fig. 2A)(Thomas et al. 2009). "OH is one of the strongest
oxidants in nature and is extremely damaging to biomolecules like DNA, proteins and lipids
(Franco et al. 2008; Marchi et al. 2012). It can initiate formation of lipid (L") and lipid
peroxyl (LOO") radicals (lipid peroxidation), which is counterbalanced by the action of
various antioxidant systems including vitamin E/a-tocopherol (a-TOH), vitamin C/ascorbate
(AscH), NADPH/NADP', GSH, GPX/GST and GR (Fig. 2A). Ultimately, sustained
stimulation of lipid peroxidation will lead to formation of pentane and the reactive aldehydes
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). When generated at low levels, 4-
HNE can interact with signaling targets, including JNK, P38 MAPK, cell cycle regulators,
PKCR, and PKC9, leading to numerous cellular responses, ranging from increased expression
of the antioxidant enzyme TRXRI1 to irreversible cytotoxic injuries and cell death (Chen et al.
2005; Riahi et al. 2010). Mitochondrial aldehyde dehydrogenase 2 (ALDH2) can protect
against oxidative stress by detoxification of these cytotoxic aldehydes (Chiu et al. 2015).
ROS can react covalently with certain atomic elements in biological macromolecules (Fig.
2B) (Nathan and Cunningham-Bussel 2013). At low ROS levels, these modifications are
usually reversible, whereas at high ROS levels, they are not. Reversibility is also confined to
specific atoms: reversible modifications occur on selenium (Se; in seleno-Cys) and sulfur (S;
in certain Cys and Met), whereas iron-sulfur (Fe-S) clusters and carbon (C) atoms (Arg, Lys,
Pro, Thr and nucleosides) are irreversibly modified. Reactions of primary ROS with proteins
include reversible oxidative formation of methionine sulfoxide (by ‘OH) and irreversible
formation of 2-oxo-histidine (by H,0,/Fe”"), chlorotyrosine (by HOCI) and protein carbonyls
(by ‘OH) (Dickinson and Chang 2011). When protein thiol (SH) groups (pKa ~ 8.5) are
within a basic environment (such as the mitochondrial matrix) or have their pKa lowered by
proximity to positively charged amino acids they deprotonate and are present in their thiolate
(S°) form (Fig. 2B) (Mailloux et al. 2013). Protein thiolate groups reversibly react with ROS
(H20,, HOCI) to form protein sulfinic acid (SOH). In the presence of high H,O, levels, the
SOH form is subsequently and irreversibly converted into sulfinic acid (SO,H) and sulfonic
acid (SOs;H) forms. The thiolate form can also react with: (i) glutathione disulfide (GSSG) to
form S-glutathionylated (SSG) proteins and (ii)) RNS to form S-nitrosated/S-nitrosylated
(SNO) proteins (Benhar et al. 2009; Grek et al. 2013). Starting from the SOH form, the
reaction of protein thiols with GSH also leads to formation of S-glutathionylated proteins. By
reacting with other SH groups, the SOH form can induce inter- or intra-molecular disulfide
bond formation (Fig. 2B). The SH groups in the SSG, SNO and disulfide proteins can be
reformed via various reactions involving GRX, TRX, TRXR and NADPH (Fig. 2B),
allowing redox-dependent cell signaling events (Benhar et al. 2009; Nakamura and Lipton
2011; Murphy 2012; Groitl and Jakob 2014).

There is a subtle balance between the production and removal of the different ROS molecules
to maintain their intracellular concentration at a physiological level. Any perturbation to this
fragile steady-state that increases intracellular ROS provokes oxidative stress, a phenomenon
associated with the natural aging process, as well as various multispectrum diseases including
cancer and laminopathies (Harman 1956; Naderi et al. 2006; Moylan and Reid 2007; Caron et
al. 2007; Salmon et al. 2010; Sieprath et al. 2012).



Range of action of ROS

A surplus of ROS is highly unwanted as it allows them to interact with various cellular
constituents. However, to react with biomolecules, ROS need to be able to reach them. Once
generated, the range-of-action of individual ROS differs substantially. For instance, in the
presence of GSH (2 mM), values of 50 pm and 1.5 mm were computed for ONOO™ and
H,0,, respectively (Winterbourn 2008). The same study reported that the range-of-action for
H,0, dropped to < 7 pm, in the presence of 20 uM PRX2 (the main H,O,-removing enzyme)
and was even lower for ‘OH (0.35 um). In aqueous solution the average 3D diffusion distance
or “Kuramoto length” (Ax) was calculated to be < 0.16 um for O,” and between 0.23-0.46
um for H,O, (Koopman et al. 2010). Using the Einstein-Smoluchowski equation (1),
diffusion distances of 50 pm (O,", in the absence of SOD), 0.4 um (O,", in the presence of
SOD), 3000 pm (H,0,), 0.005 um ("OH, in aqueous solution), 0.07 pm (CO;3"), 0.13 um
(NO,") and 0.07 um (O,") were predicted (Cardoso et al. 2012).
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(D = diffusion constant; kg = Boltzann’s constant; T = absolute temperature; 7 = dynamic
viscosity; r = radius of the spherical particle)

Importantly, several ROS, including O,", are charged molecules, which prevents their
passive transmembrane permeation. When generated in the mitochondrial matrix, O, is
highly unlikely to leave this compartment unless facilitated. Currently there are no reports of
superoxide permeation of the inner membrane. However, it has been proposed that the
voltage-dependent anion channel (VDAC) in the mitochondrial outer membrane could
mediate O, release from mitochondria (Han et al. 2003). Taken together, due to their
physicochemical properties and the action of (non)enzymatic conversion cascades, various
ROS types display different ranges of action within cells and subcellular compartments
including mitochondria. This strongly suggests that both ROS-induced damage and signaling
are affected by restricted diffusion and compartmentalization (Winterbourn 2008). In this
respect, it appears that mitochondria-generated O, acts locally, whereas H,O, and NO',
owing to their membrane permeability and relative stability, can function as both a cytosolic
and extracellular messenger (t;, for H,O, is 10” ms and for NO' between 1-30 s, compared
to 10~ ms and 10 ms for O,” and ‘OH) (Radi et al. 2002; Boveris et al. 2006; Giorgio et al.
2007; Hamanaka and Chandel 2010). The diffusion properties of H,O, likely depend on its
site of generation and (local) conversion, since cytoplasmic microdomains of elevated H,O,
levels were demonstrated in cells stimulated with growth factors, suggesting that this type of
ROS does not freely diffuse through the cytoplasm (Rhee et al. 2012; Mishina et al. 2012).

Mitochondria are prime sources and targets of ROS

In total, mitochondria account for 90% to 95% of the cellular oxygen consumption and up to
3% of that pool can be converted into O,", depending on the mitochondrial functional state or
‘mitochondrial health’ (Marchi et al. 2012). A widely used indicator of mitochondrial health
is the magnitude of the membrane potential (Ayy,) across the mitochondrial inner membrane.
This potential is central to virtually all major (bioenergetic) functions of the mitochondrion,
as it reflects the proton motive force that drives OXPHOS and mitochondrial Ca*" uptake
(Turrens 2003). Ay, is sustained by the action of the four complexes (complex I-1V) of the
electron transport chain (ETC), located on the inner mitochondrial membrane, and the
adjoined export of protons into the intermembrane space (Fig. 1B). Proton backflow through
the F,F;-ATPase (complex V) is then used to drive the production of ATP production in the



mitochondrial matrix. ROS can be produced at many locations inside the mitochondrion (Fig.
1B), but it generally results from electron leakage at complex I of the electron transport chain
(ETC) when Ay, is highly negative. However, both de- and hyperpolarization have been
associated with increased ROS production (Korshunov et al. 1997; Miwa and Brand 2003;
Verkaart et al. 2007; Murphy 2009; Lebiedzinska et al. 2010). Various mitochondrial proteins
are susceptible to reversible and irreversible redox modifications, allowing local regulation of
their function and/or affecting pathological processes. For instance, reversible S-nitrosylation
of Complex I at Cys39 of the ND3 subunit decreased ROS production, oxidative damage and
tissue necrosis and thereby protected against injury during cardiac ischemia-reperfusion in
vivo (Chouchani et al. 2013).

Although a full understanding is still lacking, net mitochondrial morphology, a result of
continuous fusion and fission events, appears to be linked to mitochondrial function, ROS
generation and redox state as well (Willems 2015). An accumulating body of evidence points
to direct involvement of ROS (and RNS) in the short-term regulation of mitochondrial
morphology and function via non-transcriptional pathways, i.e., through reversible and non-
reversible redox modifications (S-nitrosylation, disulfide bond formation) on/in proteins
involved in the fission-fusion machinery of mitochondria (Willems 2015). Fragmentation
appears correlated with increased ROS production and apoptosis (Koopman et al. 2007,
Archer 2013), while a more filamentous phenotype has been linked to nutrient starvation and
protection against mitophagy (Rambold et al. 2011).

Given their close relationship, intracellular ROS levels and mitochondrial morphofunction
should be studied together in living cells so as to better understand their interconnection
during normal and pathological conditions. This is why we have developed a quantitative
high-content assay for simultaneous quantification of intracellular ROS, mitochondrial
morphology and Ay,,. Before we explain the workflow in detail, we describe some general
considerations required for live cell ROS and mitochondrial imaging.



2. Considerations for quantifying redox biology and mitochondrial function in
living cells using fluorescence microscopy

Microplate readers are regularly used to measure fluorescence intensities, but the readout is
highly prone to confounding factors, such as variable cell density and autofluorescence.
Although flow cytometry measures all cells individually, which greatly increases sensitivity
and accuracy, this technique does not provide spatiotemporal information (e.g. no subcellular
localization, no time-dependent kinetics) and imposes an operational stress factor (cell
detachment) when working with adherent cell cultures. These disadvantages are avoided
when using fluorescence microscopy. Microscopy allows gauging redox biology and
mitochondrial function in individual adherent cells through time at subcellular resolution and
with high sensitivity, both pre- and post-stimulus, i.e., in fluxo. However, to enable robust
and accurate measurements of intracellular ROS and individual mitochondria, all aspects of
the imaging pipeline, from sample preparation to image analysis, have to be thoroughly
standardized. In this part, we highlight some of the major considerations.

Cell culture conditions

Culture conditions prior to the measurements have to be meticulously controlled in order to
obtain robust and reproducible results. For instance, the composition of the culture medium
as well as the imaging buffer can greatly affect mitochondrial morphology and function.
Nutrient starvation generally leads to a more filamentous mitochondrial phenotype (Rambold
et al. 2011; Gomes et al. 2011), while high glucose concentrations have been linked to
increased ROS production and mitochondrial fission (Yu et al. 2006; Trudeau et al. 2011).
Cells should be seeded at least 24h before actual measurements, at fixed splitting ratios so as
to obtain a sub-confluent culture of 70%-80% (substrate occupation) at the time point of
measurement. This guarantees optimal performance of downstream image analyses (in
particular cell segmentation). Furthermore, imaging buffer/medium should be devoid of
potential autofluorescent components, such as phenol-red, riboflavin or tryptophan, in order
to reduce non-specific background intensity (Frigault et al. 2009). Also, to minimize the
influence of plate effects, sample distribution should be homogenized or randomized across
the plate and the outer wells should not be used for measurements since they are prone to
edge effects (they can however be used to take background images for a downstream flatfield
correction).

Sensors

A second point of attention pertains to the selection of the appropriate reporter (Table 1). As
most ROS molecules tend to have a short lifetime (nanoseconds to seconds), fluorescent
detection of intracellular redox changes demands sensitive reporter dyes with fast and
reversible binding kinetics, and high dynamic range (Dikalov and Harrison 2014). Ideally,
they also show little or no photobleaching or (photo)toxicity and loading is quick and easy.
Currently available ROS probes can be subdivided into two categories: synthetic small
molecule dyes and genetically encoded fluorescent proteins. The most commonly used small
molecule ROS probes are dihydroethidium (DHE), mitochondrial targeted DHE (MitoSOX)
and the chemically reduced and acetylated forms of 2',7'-di- chlorofluorescein (DCF) (Wang
et al. 2013). CM-H,DCFDA (5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein
diacetate, acetyl ester) is a widely used chloromethyl derivative of H,DCFDA that is used to
measure general intracellular ROS levels. It diffuses passively into the cell where its acetate
groups are cleaved by intracellular esterases, decreasing its capacity to traverse the cell
membrane, and thereby trapping it inside the cell. Its thiol-reactive chloromethyl group
allows for covalent binding to intracellular components, increasing retention of the dye even



further. Following oxidation, highly fluorescent DCF is formed. With an excitation maximum
of 502 nm and an emission peak of 523 nm, DCF fluorescence can be readily monitored
using standard filter combinations for GFP or FITC (Tarpey et al. 2004; Gomes et al. 2005;
Koopman et al. 2006). Other general small molecule ROS probes include Thioltracker” and
the CellROX® family of indicators (Life Technologies®). Dyes that are more specific to
certain types of ROS exist as well. DHE is generally used as a probe for O,” (Zhao et al.
2003). The reaction between DHE and O," generates highly red fluorescent 2-
hydroxyethidium (2-OH-E'; ex. 518 nm, em. 605 nm). Reaction with other oxidants,
however, can produce ethidium (E"), which strongly binds DNA, is also red fluorescent (ex.
525 nm, em. 616 nm) and is often present at a much higher concentration (Zielonka and
Kalyanaraman 2010). Discrimination between these two is still be possible, however, due to
an extra excitation band between 350 and 400 nm for 2-OH-E" (Robinson et al. 2006).
However, as the ratio E'/2-OH-E" is often 10 or more, contribution of E* might still be
significant (Zielonka and Kalyanaraman 2010). MitoSOX is a DHE derivative coupled to a
positively charged triphenylphosphonium group (TPP"), enabling efficient targeting to the
mitochondria for selective detection of mitochondrial O,” (Robinson et al. 2008). The
recently described HKSOX1 family of probes is also specific for *O, (Hu et al. 2015) and a
family of boronate-based sensors (peroxy family e.g. PF1, PF3, PG1, PO1, PY1, MitoPY1...)
targeting to the cytosol or the mitochondria is used for the detection of H,O, (Chang et al.
2004; Miller et al. 2007; Dickinson et al. 2010a; Dickinson et al. 2010b). H,O,-mediated
removal of a boronate group greatly increases fluorescence of these sensors. They also
display a range of fluorescent wavelengths, making them useful for multicolor experiments.
For a more extensive overview of small molecule fluorescent probes for ROS the reader is
referred to Gomes et al. (Gomes et al. 2005). Next to small molecule fluorescent probes, ROS
can also be monitored using genetically encoded fluorescent protein based probes. While
labeling is more complex, usually involving liposome- or virus-based transfection
procedures, selectivity of these dyes is generally higher. Moreover, genetic reporters can
easily be targeted to a variety of intracellular destinations and they are maintained for
prolonged periods of time allowing long-term and transgeneration follow-up. They either are
ROS-sensitive fluorophores or standard fluorophores fused to ROS-sensing domains
borrowed from other proteins like SoxR and OxyR, i.e., transcription factors found in E.coli
that become activated by oxidation with O,” or HyO,, respectively (Zheng et al. 1998;
Fujikawa et al. 2012). In SoxR the regulatory domain contains a 2Fe-2S cluster, while that of
OxyR has several redox active cysteine residues. Both of them undergo a significant
conformational change upon activation. In order to translate this into a quantifiable change in
fluorescence, these domains are linked to circularly permuted (cp) versions of fluorescent
proteins (Topell et al. 1999; Baird et al. 1999). The HyPer family of fluorescent probes was
created by inserting a cpYFP in the regulatory domain of OxyR (Belousov et al. 2006;
Markvicheva et al. 2011; Bilan et al. 2013). HyPer acts as a ratiometric HyO, probe with 2
excitation maxima (420 and 500 nm) corresponding to the protonated and anionic forms of
the protein, respectively, and one emission maximum (516 nm). Upon oxidation, a disulfide
bond is formed between Cys 199 and Cys 208, resulting in a decrease of the 420 nm
excitation peak and a proportional increase of the 500 nm excitation peak. This ratiometric
determination greatly reduces the influence of expression level differences between
individual cells. Unfortunately, HyPer is partially sensitive to pH changes. Acidification of
the cellular environment leads to protonation, thus mimicking reduction of the probe;
alkalization on the other hand mimics oxidation (Belousov et al. 2006). SypHer, a H,O,-
insensitive HyPer variant (C199S) is a pH sensor and can be used as a control (Poburko et al.
2011). Another family of fluorescent protein based redox-sensitive probes are the roGFPs,
which were created by introducing oxidizable cysteine residues on the outside of the B-barrel



structure of GFP near the location of the chromophore. They can be used to ratiometrically
measure intracellular redox balance (GSH/GSSG-ratio). roGFPs, just like HyPer, have 2
excitation peaks, which correspond to their oxidized and reduced states, but in contrast to
HyPer they are considered insensitive to pH (Lukyanov and Belousov 2014). One of the
drawbacks of roGFP reporters is their slow kinetics. A fusion between roGFP and
glutaredoxin 1 (Grx1-roGFP) resulted in a probe with faster kinetics (Gutscher et al. 2008).
However, it still takes minutes or longer to equilibrate with cellular redox potential changes,
which is still too slow to detect fast transient events (Meyer and Dick 2010). Another variant
is Orpl-roGFP, a fusion between roGFP and the yeast peroxidase Orpl, which functions as
an intracellular, ratiometric, pH-stable H,O, probe (Gutscher et al. 2009). Its response to
H,0, is similar to that observed with HyPer, although oxidation is slower (Gutscher et al.
2009). Next to direct ROS probes, one could also use probes that assess ROS indirectly by
measuring the downstream damage such as lipid peroxidation. C11-BODIPY>*"*' for
example, is a ratiometric sensor for lipid peroxidation (Drummen et al. 2002), while
MitoPeroX (a mitochondria targeted derivative of C11- BODIPY**"*°!) is a ratiometric probe
for the specific assessment of mitochondrial phospholipid peroxidation (Prime et al. 2012).
Several fluorescent dyes have also been developed for measuring mitochondrial morphology
and Ay,,. They all are cell-permeant and become readily sequestered by active mitochondria
in a Ayy-dependent manner (lannetti et al. 2015). Of these, the red-orange fluorescent
tetramethylrhodamine methyl ester (TMRM) is one of the most efficient because it
equilibrates fastest across membranes, is least toxic and demonstrates the lowest aspecific
binding (Nicholls 2012). With its excitation and emission maxima being 550nm and 576nm,
respectively, it is also compatible with many probes that are fluorescent in the GFP region,
like the HyPers and roGFPs, or CM-H,DCFDA. MitoTracker” dyes (MTRs) should only be
used for morphological analysis. Although they are also sequestered to the mitochondria
based on Ay, they are retained there as a result of reaction with mitochondrial biomolecules,
making it impossible to measure dynamic changes of Ay, (Dong et al. 2013).

Table 1: Characteristics and usage of common ROS, redox and mitochondrial probes

Type Name Indicator for Ex/Em Remarks References
(nm)
0" Excitation between (Zielonka and
350-400 nm to Kalyanaraman
DHE 518/605  differentiate 2-OH- 2010),
E’ from E (Robinson et al.
2006)
. Mitochondrial ~ 518/605 (Robinson et al.
MISOX - 0, 2008), (Forkink
et al. 2015)
CM- General ROS 502/523 glég%)m(asn et at
Chemical , (Sieprat
H.DCFDA et al. 2015)
Cl1- Lipid 490/520; oxidized product: (Drummen et al.

BODIPY  peroxidation 580/590  490/520; reduced 2002)
Mitochondrial ~ 490/520; product: 580/590; (Prime et al

MitoPerOx lipid 580/590 also 490/520 and 2012)
peroxidation 590 can be used
Mitochondrial ~ 550/576 (Nicholls 2012),
TMRM morphology (Koopman et al.
and Ay, 2008)




Mitochondrial - Multiple MTRs (Chazotte 2011)
MTRs morphology with different
ex/em
492/515 These probes are (Dickinson et al.
PF3 H0; all sensitive for 2010a)
460/510 H,O, but they (Miller et al
PGI H0; exhibit  different 2007)
540/565  fluorescence (Dickinson et al.
POI H:0, ex/em, making 2010a)
519/548 them compatible (Dickinson et al.
PY1 H0; with other probes 2010a)
. Mitochondrial ~ 510/528 (Dickinson et al.
MitoPY'1 H,0, 2013)
HyPer 1 .0 420 and Hyper 2: better (Belousov et al.
2 500/516  dynamic range, 20006)
HyPer 2 .0 420 and slower kinetics; (Markvicheva et
2 500/516 Hyper 3: better al.2011)
HyPer 3 0.0 420 and dynamic range and (Bilan et al
2 500/516 _better kinetics 2013)
Protein roGFP1 GSH redox 400 and roGFP2: superior (Hanson et al.
potential 475/509  to roGFP1; Grxl- 2004)
roGFP2 GSH redox 400 and roGFP2: faster (Dooley et al.
potential 490/509  kinetics 2004)
Grx1- GSH redox 400 and (equilibration time (Gutscher et al.
roGFP2 potential 490/509  : minutes) 2008)
Orpl- H,0, 400 and (Gutscher et al.
roGFP2 490/509 2009)
Microscopy

When performing live cell imaging, optimal cellular health condition is crucial to ensure that
the physiological and biological processes under investigation are not altered in any way. For
mammalian cells, the temperature must ideally be kept stable at 37°C, pH should be at a
physiological level (~pH=7.2-7.4) and changes in osmolarity have to be avoided by
minimizing evaporation (Frigault et al. 2009). However, to reduce externalization and
vacuolization of internalized dyes, measurements are often performed at lower temperatures
(Staljanssens et al. 2012). Temperature control can be achieved by means of a large incubator
enclosing the whole microscope, or a stagetop incubator in combination with objective
heaters. To minimize thermally induced focus drift along the z-axis, samples should be
allowed to equilibrate on the microscope before imaging. When using bicarbonate-based
culture medium, a CO, incubation chamber or HEPES-based buffer has to be used to keep
pH at a physiological level (Casey 2006). To avoid evaporation of the medium and the
resulting changes in osmolarity, relative humidity needs to be kept at nearly 100%. Typically,
CO; gas is bubbled through a water container to humidify the incubator (Frigault et al. 2009).
As fluorescence excitation induces ROS production (photodamage), it is quintessential to
minimize light exposure, especially when aiming at quantification of intracellular ROS and
redox-related processes (Dixit and Cyr 2003; Pattison and Davies 2006; Zhao et al. 2008).
The most straightforward way to mitigate photodamage is to reduce the illumination load.
This can be achieved by limiting the total imaging duration, but this goes at the expense of
the signal-to-noise ratio. Hence, the efficiency of light collection should be optimized as well.



This can be done using hard-coated filters, high numerical aperture (NA) lenses and detectors
with high quantum efficiency, such as EM-CCD cameras (Frigault et al. 2009). When scaling
a microscopy assay up to a multi-well format, variations in focus levels within and between
wells impose another level of complexity. Images need to be perfectly focused to measure
morphological and intensity metrics accurately (Koopman et al. 2008). Stage movements and
time-resolved revisiting of regions of interest therefore call for accurate autofocusing
methods. Hardware-based autofocusing methods, which rely on laser or LED deflection on
the substrate, allow for continuous, real-time correction of the distance drifts between
objective and substrate caused by plate imperfections and thermal fluctuations, while
software-based methods correct for biological focus variations such as cell and organelle (e.g.
mitochondria) positioning by calculating a sharpness or contrast metric in a series of axial
recordings (Rabut and Ellenberg 2004; Frigault et al. 2009). Software-based autofocus
methods are not recommended for redox biology imaging, because they require multiple
exposures, but sometimes they are crucial to fine-tune hardware-driven axial positioning. To
minimize phototoxicity, software-based autofocusing should be done using low intensity
transmitted light. Another consideration when scaling up to a multi-well format is the time
needed for the acquisition of all wells. The measured signal should be stable from the
measurement of the first well to the last, but the total acquisition time increases linearly with
the number of wells and the number of individual images recorded in each well. The
available time window is dependent on several variables, including the dynamics of the
process under investigation and the used staining method (for instance, transient staining with
a small molecule dye versus stable expression of a genetic marker).
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3. Method for simultaneous quantification of ROS levels and mitochondrial
morphofunction

Taking into account the considerations for microscopic assessment of redox biology, we have
established a method for the simultaneous quantification of ROS levels and mitochondrial
features in living cells using automated wide-field fluorescence microscopy and automated
image analyses. The method is optimal for primary human dermal fibroblasts, which, due to
their extremely flat morphology and relatively large size are well suited for analysis by
widefield (non-confocal) fluorescence microscopy (Koopman et al. 2006). Nevertheless, the
method should be applicable to a wide variety of adherent cell types. As proof-of-principle,
we have chosen two generic and easily applicable fluorescent indicators, namely CM-
H,DCFDA for measuring general intracellular ROS levels and TMRM for mitochondrial

morphology and Ay,. An overview of the workflow is given in figure 3.

Sample preparation and image acquisition

To make the assay amenable to medium- to high-throughput screens, we have optimized a
workflow for 96-well plates. To minimize artifacts, cells are seeded at least 24 hours in
advance and they are allowed to grow and equilibrate in conditioned medium. When using
different conditions (e.g. controls and perturbations), seeding locations are homogeneously
distributed so as to minimize plate effects. The outer wells are filled with medium, but are not
imaged, as they are highly prone to edge effects. To avoid scattering and crosstalk (of
excitation and emission) between adjacent wells, we make use of black polystyrene plates
with a thin continuous polystyrene film bottom (190 pm +/- 20 um; Greiner™). A staining
protocol was optimized that uses the/a? minimal amount of reporter dyes as overloading may
affect cellular health status and cause non-linear effects due to quenching (Invitrogen 2006).
Image acquisition is performed with an automated wide-field microscope using a 20x air
plane?-corrected objective (NA = 0.75). The first well is sacrificed for determination of the
optimal focus plane. As this procedure induces an increase in DCF signal intensity, this well
is excluded from further analysis. Next, an acquisition protocol is initialized, using hardware
based autofocus that captures a set of 4 fields per channel in the center of each well. With our
setup, the plate acquisition time of this protocol is approximately 10 minutes. This has proven
to be sufficiently short so as to not cause any significant differences between the first and last
wells due to the transient nature of the staining or the dynamics of the processes under
investigation. Optimization experiments revealed that both the DCFDA and TMRM signals
remain stable from 7 to at least 50 minutes after loading (coefficient of variation < 2%),
allowing for a possible upscaling of the assay to 384-well plates.

After the acquisition protocol is completed, a stimulus/perturbation can be given, using an
on- or off-stage automated micropipette or multichannel pipette. We make use of the oxidant
tert-butyl peroxide (TBHP), as an internal positive control for the CM-H,DCFDA staining,
and as a means to measure induced ROS levels. At a fixed time span after TBHP addition
(minimum 3 minutes to allow equilibration), the acquisition protocol is repeated. A
maximum of 10 different treatments is used per plate. Then each plate contains 6 technical
replicates with 4 images per replicate. In addition, a minimum of 3 identical plates is
measured, increasing the number of images per treatment to a minimum of 72. This
guarantees sufficient statistical power to detect even small differences.

Image processing and data analysis

After acquisition, raw image data sets are directly backed up to a server, with remote access.
A virtual desktop application or command shell interface can be used to organize and analyze
image data sets. All image processing is performed in FIJI (http://fiji.sc), a packaged version
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of ImageJ freeware (W.S. Rasband et al., National Institutes of Health, Bethesda, Maryland,
USA, http://rsb.info.nih.gov/ij/, 1997-2015), which runs directly on the server. We have
conceived a dedicated script for automated analysis of intracellular and mitochondrial signals
and morphological characteristics (RedoxMetrics.ijm), which is available upon request. The
image analysis pipeline can be divided into 4 major blocks, which can be adapted to the
specific image quality and cell type, namely 1) preprocessing, 2) object enhancement, 3)
segmentation, and 4) analysis (Fig 4).

1) Preprocessing is generic to all channels and involves a flatfield correction (FF) to correct
for spatiotemporal illumination heterogeneity, which arises from imperfections of the
acquisition system. The flat field image is usually acquired separately in a separate (usually
outer) well with no cells, but with dyes. Alternatively, a pseudo-flatfield image is generated
by means of an anisotropic 3D median filter, across all images of a well plate. Obviously this
procedure only works well when there are sufficient images to average across (min. 50).

2) After preprocessing, the objects of interest will be selectively enhanced. Depending on the
object, cells (CMDCFDA stains the entire cell) or mitochondria, different enhancement
procedures are followed. For cell segmentation, a combination of local background
subtraction (rolling ball, RB), noise reduction (in the form of a Gaussian blur operation, GB),
and local contrast enhancement (CE) (Zuiderveld 1994) is used. The kernel sizes for these
operators are tunable parameters, which are automatically set to optimized values based on
the image calibration (pixel size), retrieved from the metadata. In case of mitochondria, a
normalized Laplace of Gaussian operator (LG) is applied, for which the optimal scale is
automatically selected based on the most salient features in scale space (De Vos et al. 2010).
3) Automatic segmentation demands implementation of a robust thresholding method. A
variety of auto-threshold methods have been conceived (Sahoo et al. 1988; Glasbey 1993),
and we have found Huang’s algorithm (Huang and Wang 1995), which minimizes image
fuzziness (the difference between the original image and its binary version), to work
particularly well for both object types. However, an inherent caveat of auto-threshold
methods is that they adjust the cut-off values based on the intensity distribution within the
image. This introduces an unwanted bias when aiming at comparative quantifications, which
is why we calculate threshold values using intensity information from the entire image data
set. Alternatively, the threshold value can be set manually. Before proceeding to image
analysis, a binary size filter (SF) is applied so as to exclude objects that fall out of the
realistic size range.

4) Once generated, regions of Interest (ROIs) are used for extracting intensity, texture and
morphological (size and shape) parameters on the flatfield corrected images. Both ROI sets
are used to analyze signals in both channels, enabling spatial discrimination of intensity
fluctuations.

Data analysis and visualization

Data analysis and visualization is done with R statistical freeware (http://www.r-project.org).
Raw output from the image analysis is read in, together with the plate layout information, and
is automatically organized and visualized. Intuitive heat maps, projected onto the original
well-plate layout, allow for facile recognition of expected (e.g. dose-response) or unwanted
(gradient) patterns and outliers (Fig. 3). The latter are usually automatically discarded (cf.
gray wells in Fig. 3), based on quality criteria including minimal cell density or maximum
intensity levels. Finally, intensity from the complete experiment is summarized and
statistically compared.

Validation
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To validate the described workflow, several control experiments have been conducted (Fig.
5). To verify the correlation between intracellular ROS levels and DCF fluorescence, and to
determine its dynamic range, human fibroblasts were treated for 15 minutes with increasing
concentrations of TBHP before being measured. Within a dose range of 10-160uM TBHP, a
linear correlation between ROS level and fluorescent signal was observed (Fig 5C). The
same experimental setup was used for TMRM. Fibroblasts were treated for 30 minutes with
increasing concentrations of oligomycin, which induces Ay, hyperpolarization, before being
measured. This approach equally resulted in a linear increase of the measured signal within
the 1-10pg/pl dose range (Fig SA). Conversely, when fibroblasts were treated with
valinomycin in fluxo, a gradual, quantifiable decrease of TMRM fluorescence was measured,
corresponding to an expected Ay, depolarization(Fig 5B). We also compared the
microscopy-based method with spectrophotometry and flow cytometry (Fig. SD). Flow
cytometry showed a higher dynamic range (as measured after treatment with 20uM TBHP),
but also a much larger variability in measurements (also note that this method requires the
cells to be in suspension and does not allow for spatiotemporal analysis). Spectrophotometry
showed a comparable dynamic range and variability. However, this method, just like flow
cytometry, cannot discern morphological details nor is it capable of detecting confounding
factors such as abnormal cell density or autofluorescent contaminants in individual wells.
Finally, we validated the generic character of the methodology by replacing the dye
combinations CM-H,DCFDA/TMRM for Calcein/MitoSOX. Here, Calcein (1uM) was used
to generate cell masks and to exclude dead cells from the analysis, MitoSOX (5uM) served to
measure mitochondrial O, levels. After staining, primary human fibroblasts were imaged at
1 frame each 6s. Addition of 500 uM TBHP resulted in a clear increase of the MitoSOX
signal, when measured per cellular pixel and even more pronounced when expressed per
mitochondrial pixel (Fig. 6).

Biological Applications

After optimization and validation, we have performed a number of experiments to illustrate
the performance of the high-content microscopy methodology. HIV protease inhibitors (HIV
PI) have been shown to induce increased basal ROS levels (Chandra et al. 2009; Touzet and
Philips 2010), and lowered antioxidant defenses (represented by lowered expression of SOD2
(Xiang et al. 2015)). Independently, other reports have linked HIV PI to changed
mitochondrial morphofunction (Estaquier et al. 2002; Matarrese et al. 2003; Roumier et al.
2006; Bociaga-Jasik et al. 2013; Xiang et al. 2015). As a case study, we have used the
established workflow to assess the effect of HIV PI on both parameters. To this end, primary
human fibroblast cells were treated for 72h with 20 uM of the HIV PI Saquinavir (SQV —
experiment performed in biological triplicate). Subsequently, intracellular basal ROS levels,
induced ROS levels, mitochondrial morphology and Ay, were measured. Basal ROS levels
were significantly higher compared to control cells treated with DMSO (Fig. 7A). Also the
induced ROS levels were increased, pointing to lowered antioxidant defenses (Fig. 7B). With
respect to the mitochondria, SQV treatment induced a highly fragmented phenotype when
compared to control cells, illustrated by a higher circularity and lower average size of the
individual mitochondria (Fig. 7D). Awy,, measured as average TMRM signal per
mitochondrial pixel, was not significantly altered (not shown). Using the dye combination
Calcein/MitoSOX, we also quantified mitochondrial O, levels. When applied to fibroblasts,
treated for 72h with 10 pM of SQV, we measured a significant increase in mitochondrial O,
levels compared to control cells treated with DMSO (Fig. 7C). A specific increase in this
localized ROS variant aligns well with earlier findings showing that SQV induces lower
expression of the mitochondrial enzyme SOD2 (Xiang et al. 2015).
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Our multiparametric analysis yielded a feature set describing both morphological and
intensity characteristics. When performing a principal component analysis (PCA) using a
subset of 5 parameters, namely basal and induced ROS levels, average mitochondrial size,
average mitochondrial circularity and Ay, we could unambiguously separate the two
conditions (control and SQV-treated) independently in three biological replicates with just
the first two principal components, explaining 81.4% of the total variance in the data (Fig.
8A). This demonstrates the robustness of our workflow and suggests that the combined
readout may serve as a sensitive predictor of cellular health condition. To test this hypothesis
we ran a similar analysis on a group of laminopathy patient cells, for which we have
previously shown differential ROS levels and mitochondrial dysfunction (Sieprath et al.
2015). Specifically, we compared fibroblasts from a healthy patient, with those from a patient
suffering from Hutchinson-Gilford Progeria (G608G/+) (Verstracten et al. 2006) and
fibroblasts from a patient with a lethal laminopathy phenotype due to a nonsense Y259X
homozygous mutation in the LMNA gene (Y259X/Y259X) (Muchir et al. 2003). Again,
using only 5 variables and 2 PCs, all three cell types could be readily separated (Fig. 8B).
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4, Discussion

In this work, we have described and benchmarked a workflow for simultaneous
quantification of intracellular ROS levels and mitochondrial morphofunction. As proof-of-
principle, we showed that SQV induces a significant rise in basal as well as induced ROS
levels in human fibroblasts, and that this is accompanied by distinct mitochondrial
fragmentation as well as increased mitochondrial O, levels. These findings support earlier
evidence in the literature where increased ROS levels or mitochondrial dysfunction were also
observed individually upon treatment with type 1 HIV protease inhibitors (Estaquier et al.
2002; Matarrese et al. 2003; Roumier et al. 2006; Chandra et al. 2009; Touzet and Philips
2010; Bociaga-Jasik et al. 2013; Xiang et al. 2015), but it is the first time these parameters
were measured simultaneously. The major advantage is that an unambiguous determination
of both factors together in space and time allows pinpointing causal relationships. For
instance, by including compounds that promote or reduce mitochondrial function (ETC) or
dynamics (fusion/fission), one could now directly assess the impact on intracellular ROS
levels and vice versa. Another advantage of our method lies in its generic character in a sense
that virtually any combination of spectrally compatible fluorescent probes for ROS and
mitochondria can be used (as demonstrated by the use of MitoSOX to measure mitochondrial
0O," levels). It is becoming increasingly clear that, besides the general cell-wide effects of
ROS, fast, transient and highly localized production of low doses of specific intracellular
ROS species plays an important role in cellular signal transduction and mitochondrial
morphofunction. We have previously used the Calcein/MitoSOX approach to study
(mitochondrial) O, levels in human fibroblast cells with LMNA and ZMPSTE24
knockdowns (Sieprath et al. 2015). However, any targetable ROS probe that has fast
equilibration kinetics could be used. It is in this field that great progress is conceivable. As
yet, not many such sensors exist. HyPer and (Orpl)roGFP2 would be good candidates, but
their kinetics would still have to be improved to be able to really measure quick transient
changes. In extensu, the workflow is easily amenable to the analysis of other organelles (e.g.
the ER) and while the method was originally conceived for cell-based assays, it has already
been adapted to cater for measurements of redox metabolism and mitochondrial morphology
or density in C. elegans (Back et al. 2012; Castelein et al. 2014; de Boer et al. 2015; Smith et
al. 2015). Despite proven performance in 2D, a challenge resides in the 3D nature of the
imaged tissue, demanding confocal instead of widefield acquisition and more complex 3D
segmentation procedures.

While being measured simultaneously, processing and analysis of the redox and
mitochondrial parameters is usually done separately to gain unbiased insight into the
fundamental underlying processes. However, integration of all the information using data
mining techniques allows the calculation of more sensitive fingerprints. In line with this, we
have shown that both chemically (SQV) treated cells and laminopathy patient cells could
become effectively discriminated using a combination of 5 different metrics. Such a redox
fingerprint may become a valuable tool for classification of cells from different pathological
conditions or could lead to novel cell-based screening methods for diagnostic purposes. It has
been shown that the combination of multiple morphological parameters of the mitochondrial
network permits robust classification of different phenotypes using unsupervised as well as
supervised data mining strategies (de Boer et al. 2015; Blanchet et al. 2015). Indeed,
hierarchical clustering has allowed for stratifying antiretroviral drug treatments based on
mitochondrial morphology fingerprints (de Boer et al. 2015). Likewise, learning methods
(logistic regression and support vector machines learning) have been successfully used to
discriminate between primary fibroblasts of a healthy individual and a Leigh Syndrome
patient and to identify potential therapeutic compounds based on their mitochondrial morpho-
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functional phenotype (Blanchet et al. 2015). These examples demonstrate the potential of
integrated image-based redox profiling.

In conclusion, we believe that our method will contribute to a better understanding of the
relationship between mitochondrial function and intracellular ROS signaling. This, in turn,
will provide invaluable information regarding a wide variety of human pathologies in which
mitochondrial function and redox homeostasis are disturbed.
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Figure 1: Cellular sources of reactive oxygen species. (A) Non-mitochondrial sources of
reactive oxygen species. (B) Mitochondrial sources of O, and H,O,. The scheme depicts the
five complexes of the mitochondrial oxidative phosphorylation system involved in ATP
production (CI-CV; blue) and other mitochondrial ROS-generating proteins (grey boxes).
Once formed, the anionic O, cannot move across membranes, whereas H,O, can more freely
diffuse. Abbreviations: CytbSred, cytochrome b5 reductase; DHOH, dihydroorotate
dehydrogenase; Ervlp/Mia40p, redox system that forms disulfide bridges on proteins to be
imported by mitochondria; ETF:QO, electron transfer flavoprotein-ubiquinone
oxidoreductase; KGDHC, a-ketoglutarate dehydrogenase complex; MAQ, monoamine
oxidase; mGPDH, mitochondrial glycerol-3-phosphate dehydrogenase; p66shc, 66-kDa src
collagen homologue (shc) adaptor protein; PDHG, pyruvate dehydrogenase complex;
VDAC, voltage-dependent anion channel. The data for this figure was compiled from:
(Giustarini et al. 2009; Koopman et al. 2010; Marchi et al. 2012; Brown and Borutaite 2012;
Nathan and Cunningham-Bussel 2013; Woolley et al. 2013; Mailloux et al. 2013)

17



NADPH TRX SS- TP‘(XP)\ SS-PRX GSH X“L::;”
NAT)P 2TRX-SH 2PRX-SH GSSG NADP*

P 1.0 > °
L /\!QTY TY v . /.—' «TO
l a-TOH
:;.:_f-'_-“ C <€
e e oe="CO; + NJ - *
ancdst - 4-HNE

=P MDA
Upid ccoion g (314 4. mo_(—omow X X { i
- e — [HA || —e

s

Se-GPX A Rhor ‘ A
P ik NADPH : - ) S
T e NADP* GSH \',.
S

B - x ) x\;&w”
‘ GSsG ©3 GRX-SSG 355G NADP*
Protein-SNO Protein-S 5 2: Protein-SSG
(S-nitrosylated) l‘ (Thiolate) S-glutathionylated
T l GssG Gt

Protein-SS-protein Protein-SOH

OR Protein-SS S 1;.,« Ay
(Disulfide) u c/
Protein-SH i

(Thiol)

ROS generation

NO generation

10010

RNS generation

Lipid peroxidation
Protein-SO,H
(Sulfinic Aad)

v

Protein-SO.H
(Sulfonic Acid)

CI

Antioxidant systems

Figure 2: Redox homeostasis in mammalian cells. (A) Formation of ROS and NO/RNS, their
removal by antioxidant systems and role in lipid peroxidation. (B) Reactions of protein thiol
(protein-SH) groups leading to reversible S-nitrosilation (protein-SNO), intra or inter-protein
disulfide bond formation (SS) or S-glutationylation (protein-SSG). Abbreviations: 4-HNE,
4-hydroxynonenal; a-TOH, o-tocopherol; a-TO’, o-tocopherol radical; Asc™, ascorbyl
radical; AscH', ascorbate; CAT, catalase; GCL, glutamate cysteine ligase; GPX, glutathione
peroxidase; GR, glutathione reductase; GS, glutathione synthase; GSH, glutathione;
GSNOR, S-nitrosoglutathione reductase; GSSG, oxidized glutathione; MDA,
malondialdehyde; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NOS,
nitric oxide synthase; NOHLA, Nw-hydroxy-L-arginine; PRX, peroxiredoxin; RNS, reactive
nitrogen species; ROS, reactive oxygen species; SOD, superoxide dismutase; TRX,
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thioredoxin; TRXR, thioredoxin reductase. The data for this figure was compiled from:
(Auchere and Rusnak 2002; Szabo et al. 2007; Sachdev and Davies 2008; Benhar et al. 2009;
Rasmussen et al. 2010; Finkel 2011; Traber and Stevens 2011; Pastore and Piemonte 2012;
Mari et al. 2013; Nathan and Cunningham-Bussel 2013; Saaranen and Ruddock 2013; Conte
and Carroll 2013; Cremers and Jakob 2013; Stangherlin and Reddy 2013; Mailloux et al.
2013; Groitl and Jakob 2014)
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Figure 3: General overview of the high-content method for simultaneous measurement of
intracellular basal and induced ROS levels and mitochondrial morphofunction. (A) Schematic
representation of the major operational blocks and subtasks. (B) Illustrated example: Cells are
seeded in multiple identical 96-well plates. The numbers in the wells represent different
treatments, homogeneously distributed along the plate. After staining, 4 images are taken per
channel in the center of each well, both pre and post in fluxo treatment. The image analysis
workflow is described in more detail in figure 4. Intuitive representation of the intensity
results in a 96-well layout permits rapid detection of plate effects (plate-wide gradient
patterns — as seen in the DCF basal image) or aberrant wells. After curation of complete

experimental data sets, data analysis is performed.
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Figure 4: Overview of the image analysis workflow. (A) Schematic representation of the
entire image analysis process. Abbreviations: FF — Flatfield correction, RB — Rolling ball
background subtraction, GB - Gaussian blur, CE — Local Contrast enhancement, LG -
Laplace of Gaussian, T — Thresholding, SF — Size filter, ROI — Region of interest. (B)
Ilustrated example. The top row represents the analysis of DCF images, the bottom row the
analysis of TMRM images.
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Figure 5: Validation of the CM-H,DCFDA/TMRM-based high content microscopy method.
All experiments were conducted in primary human fibroblasts. (A) Normalized Ay as
measured by mitochondrial TMRM signal after treatment with increasing concentrations of
oligomycin for 30 minutes. (B) Live cell imaging of Ay in cells stained with TMRM and
treated with 5 ng/mL valinomycin after 85s. (C) Normalized levels of intracellular ROS
measured as intracellular CM-H,DCFDA signal after treatment with increasing
concentrations of TBHP for 15 minutes. (D) Comparison of microscopic, flow cytometric

and spectrophotometric (plate reader) measurement of basal intracellular ROS levels using
CM-H,DCFDA in control cells (CTR) versus cells treated with 20 uM TBHP.
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Figure 6: Compatibility of the HC assay with MitoSOX measurements. (A) response of cells
stained with 5uM MitoSOX towards acute addition of 500 uM TBHP. (B) Masks used to
measure fluorescence intensity in different parts of the image. (C) Normalized mean
fluorescence in function of time as measured through the different masks shown in (B). (The
bump observed after approx. 160s is due to a floating fluorescent particle (probably a
detached cell) passing, out of focus, through the field of view inducing a weak increase in
signal in the affected images.)
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Figure 7: Effect of Saquinavir (SQV; HIV-1 protease inhibitor) on primary human
fibroblasts (control is DMSO). (A) Normalized basal levels of intracellular ROS as measured
by CM-H,DCFDA and (B) response towards induced ROS, measured as relative gain in
intensity after 20 mM TBHP addition at different time points after treatment with 20uM of
SQV. (C) Normalized O, level as measured by average MitoSOX signal per mitochondrial
pixel after treatment with 10uM SQV. (D) SQV treatment (20uM) causes mitochondrial
fragmentation as illustrated by (E) a scatterplot of mitochondrial circularity and
mitochondrial area (D) (* = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001; the
range of the Y-axes has been adjusted to optimally display the differences)
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Figure 8: Principal component analysis (PCA) distinguishes chemically perturbed cells and
patient cells from healthy controls. (A) 2D scatterplot of the first 2 principal components
(PCs) from a PCA analysis on 5 variables (basal and induced ROS levels, average
mitochondrial size, circularity and Awy,) from the SQV dataset described in fig. 7.
Independent replicates are plotted with a different color. The brown arrows represent the
directions of the original 5 variables with respect to the principal components. (B) 2D
scatterplot of the first 2 principal components (PCs) from a PCA analysis on the same 5
variables measured in 2 different laminopathy patient cell lines and healthy primary human
fibroblasts.
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