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Abstract

Mitophagy is a peculiar form of organelle-specific autophagy that targets mitochondria.
This process ensures cellular homeostasis, as it fosters the disposal of aged and dam-
aged mitochondria that otherwise would be prone to produce reactive oxygen species
and hence endanger genomic stability. Similarly, autophagic clearance of depolarized
mitochondria plays a fundamental role in organismal homeostasis as exemplified by the
link between Parkinson disease and impaired function of themitophagy-mediating pro-
teins PINK1 and Parkin. Here, we detail an image-based approach for the quantification
of mitochondrial Parkin translocation, which is mechanistically important for the initia-
tion of mitophagy.
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1. INTRODUCTION

Autophagy constitutes a phylogenetically conserved adaptive stress

response that allows cells to safeguard viability in response to homeostatic

perturbations such as malnutrition, shear stress, or chemical cues. This adap-

tive stress response allows for liberating energy resources on demand and

hence safeguards homeostasis via targeted degradation of superfluous, old,

or damaged (and hence potentially dangerous) cellular structures (Galluzzi

et al., 2015; Galluzzi, Pietrocola, Levine, & Kroemer, 2014; Madeo,

Eisenberg, & Kroemer, 2009; Marino, Madeo, & Kroemer, 2011; Sica

et al., 2015). The autophagic process involves the formation of double-

membraned autophagosomes that engulf cellular material and serve as con-

tainment for its lysosomal degradation before metabolic recycling of the

autophagic products (Feng, He, Yao, & Klionsky, 2014; Klionsky et al.,

2011; Youle & Narendra, 2011).

Mitophagy is a peculiar form of autophagy that culminates in the selec-

tive autophagic clearance of damaged mitochondria in response to various

mitochondrial stressors leading to the depolarization and/or malfunctioning

of the organelle. Similar to macroautophagy, this process involves the

sequestration of substrates by double-membraned structures, their closure,

and final fusion with lysosomes. The resulting lysosomal acidification and

the activation of lysosomal hydrolases drives the cleavage and final recycling

of the substrates (Codogno, Mehrpour, & Proikas-Cezanne, 2012; Lamb,

Yoshimori, & Tooze, 2013). The recessive Parkinson’s disease-linked genes

coding for PTEN-induced kinase 1 (PINK1) and PARK2 (better known as

Parkin) are functionally important for the clearance of malfunctioning mito-

chondria. Thus, mutations affecting either PINK1 or Parkin have been

found in hereditary forms of Parkinson’s disease that are accompanied by

the accumulation of dysfunctional mitochondria. PINK1 is continuously

imported into healthy mitochondria via the TOMM complex and then

degraded. In response to mitochondrial dysfunction and depolarization,

PINK1 becomes stabilized and hence more abundant in the outer membrane

of mitochondria. PINK1 then recruits the cytoplasmic E3 ubiquitin ligase

Parkin to the damaged organelle (Amadoro et al., 2014; Narendra, Tanaka,

Suen, & Youle, 2008; Narendra & Youle, 2011) Parkin-dependent

ubiquitination of various outer mitochondrial membrane proteins drives the

selective targetingofmitochondria byLC3-containining isolationmembranes.

The engulfment of targetedmitochondria is facilitated bymitochondrial fission
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(Buhlman et al., 2014; Twig et al., 2008) that can be reversed by promoting

fusion in some models (Deng, Dodson, Huang, & Guo, 2008; Poole et al.,

2008).Mitophagosomes fusewith lysosomes to formmitophagolysosomes that

specifically localize inperinuclear regions (Eid, Ito,Maemura,&Otsuki, 2013).

Lysosomal degradation finally liberates catabolic substrates to counteract cellu-

lar stress and reestablish homeostasis.

Here, we detail an exemplary workflow for the microscopic quantitation

of mitophagy in Parkin-expressing biosensor cells that mount an adaptive

response to mitochondrial depolarization.We applied an R-based algorithm

tomeasure the onset of mitophagy bymonitoring the translocation of Parkin

to mitochondria. The colocalization of the biosensor with chemically sta-

ined mitochondrial structures was accurately quantified based on the global

correlation of pixels. This assay may be readily used for the high-throughput

assessment of mitophagy in vitro.

2. CELL CULTURE AND TREATMENTS

1. Human osteosarcoma U-2 OS cells stably expressing mCherry-Parkin

(Narendra et al., 2008; Zhou et al., 2016), display optimal adherent

growth in McCoys medium supplemented with nonessential amino

acids, and 10% fetal calf serum (FCS) (see Note 1). Cells are routinely

cultured in standard cell culture conditions (37°C, 5% CO2) in conven-

tional 75 or 175 cm2 cell culture vessels (see Note 2).

2. Before the monolayer becomes confluent, cells are detached with 0.25%

trypsin/EDTA (see Notes 3–9) and seeded in μclear 96-well microplates

(Greiner bio-one, Kremsm€unster, Austria) (see Notes 10 and 11) in

100 μL of supplemented culture medium. Cells are then allowed to adapt

for 24 h.

3. A staining mix is prepared by diluting MitoTracker Green FM (MTG;

Molecular Probes, Eugene, OR, USA) in complete medium to a final

concentration of 150 nM.

4. Cell supernatants are discarded and the cells are incubated with the

MitoTracker dye for 20 min at 37°C. Following the cells are rinsed

twice with prewarmed complete medium.

5. Cell supernatants are discarded and replaced with 100 μL media

supplemented or not with 10 μM or 100 μM carbonyl cyanide

m-chlorophenylhydrazone (CCCP; Sigma-Aldrich, St. Louis, MO,
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USA) or 5 μM rapamycin (RAPA, R&D Biosystems, Minneapolis,

MN, USA).

6. Cells are transferred into an ImageXpress Micro XL automated micro-

scope (Molecular Devices, Sunnyvale, CA, USA) equipped with envi-

ronmental control (that maintains a humidified atmosphere containing

5% CO2 at a temperature of 37°C) (see Note 12). All preselected wells

are imaged with a 20 min interval for a total of 12 h.

3. ACQUISITION PROCEDURE

1. Perform the imaging using a 20� objective (see Note 13) and acquire a

minimum of four view fields per well (see Note 14).

2. MTG is monitored using a GFP filter set (see Note 15). Adjust the expo-

sure time to achieve an optimal signal-to-noise ratio while avoiding

saturated signals.

3. The mCherry-Parkin fusion protein is imaged using a TexasRed filter

set (see Note 16). Adjust the acquisition parameters as detailed earlier.

4. Adjust the focal plane for both fluorescences to the same value (see

Note 17).

5. The interval for live cell acquisition is set to 20 min (see Note 18) and the

acquisition is launched (representative images in Fig. 1A).

4. ASSESSMENT OF COLOCALIZATION: PRINCIPLES

The colocalization of two fluorophores, employed to label different

molecules, can be assessed based on two different methods:

(i) cooccurrence and (ii) correlation. The first approach consists in quanti-

fying the degree of spatial cooccurrence by enumerating overlapping pixels

on the images obtained from one specimen with different optical filters sets,

regardless of variations in pixel intensity, whereas the latter assesses the

degree of correlation by quantifying the degree of similarity in intensity var-

iations between the fluorescence channels. Results from both methods have

to be interpreted with care as cooccurrence is extremely sensitive to image

segmentation and can simply reflect close physicochemical properties (e.g.,

hydrophobic molecules that would attach to membranes), while correlation

is very sensitive to background and noise, specifically when the signal-to-

noise ratio is low or decreases with time (Adler & Parmryd, 2010).

There are certain limitations to most currently employed methods, i.e.,

colocalization studies often are performed on a single cell or, in the best case
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scenario, multiple cells in a single image. In both cases, results can hardly be

validated independently due to the statistical insignificant number of sam-

ples. Furthermore, methods utilized thus far are largely incompatible with

the analysis of image-based high-throughput screening- (HTS) and

Fig. 1 Quantitative assessment of Parkin translocation in live cell imaging. Mitochondria
of human osteosarcoma U-2 OS cells stably expressing Parkin-mCherry were counter-
stained with MitoTracker green. Thereafter, cells were treated with the mTOR inhibitor
rapamycin or the protonophore CCCP at the indicated concentrations. The translocation
of Parkin was monitored by live cell microscopy by means of an automated widefield
imager at an interval of 20 min for 12 h. Please note that there is an offset in time due to
technicalities. Following acquisition, images were analyzed using a custom-built algo-
rithm and different coefficients were calculated. (A) A series of representative images
are depicted for each treatment at 0, 3, 6, 9, and 12 h after treatment (size bar equals
10 μm). In panel (B), time-dependent changes in the Pearson correlation coefficient
(PCC), Manders overlay coefficient (MOC), intensity correlation quotient (ICQ), and
the percent of colocalization in the UNION compartment for mCherry-Parkin and
MitoTracker green are reported (mean�SD, n¼16).
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time-lapse videomicroscopic approaches, due to the extensive number of

images generated in both approaches. In addition, the signal-to-noise ratio

of many widefield imaging systems is not compatible with most of the

colocalization software available today.

In order to adapt colocalization studies to widefield image-based HTS, we

decided todevelopanalgorithm(coded inR) that allows for theefficient assess-

ment of both correlation and cooccurrence in a large set of images acquired on

anautomatedwidefield imager.Using the algorithm thatwas designed formul-

tithreading, thousands of images obtained from videomicroscopic acquisition

were analyzed within only few hours (see Note 19).

5. THE R ENVIRONMENT

1. Create the necessary programming environment by installing the free

open-source R programming language on your computer (see Notes

20–22).
2. Install the free open-source integrated development interface RStudio

(see Notes 23 and 24).

3. Several libraries are necessary to execute the colocalization algorithm.

The following libraries can be downloaded and installed within RStudio

as packages available from cran.r-project.org : tiff; natural sort; parallel;

foreach; doParallel; iterators; reshape. The library EBImage can be

downloaded and installed from bioconductor.org by executing the code

provided on the website.

4. The source code of the colocalization algorithm is available for

download at https://github.com/kroemerlab/HTSColoc. The code

has to be executed in the R-environment described earlier, according

to the instructions given in the readme.md file retrievable on the

website.

6. ASSESSMENT OF COLOCALIZATION: PROTOCOL

1. The database, that contains the image location, together with an unique

identifier for the database entry, which in our case was the plate we

imaged from on a widefield HTS microscope, are entered as arguments

into the algorithm (see Notes 25 and 26). If the analysis computer has

no database connection, or the acquired images are not managed by any
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database structure, the path to the folder, which contains the images to

be analyzed can be furnished instead.

2. Storage location and identifier are loaded into the R environment.

3. For each image a log operator is applied to the original pixel matrix

(ORI), and the pixel intensities are then normalized and ranged

between 0 and 1 (LOG).

4. Extreme intensity values from ORI are removed so that the distribu-

tion of pixel intensities in ORI is adjusted to 0.1–99.9% meaning that

only 99.8% of pixels intensities compose the resulting image (NORM).

5. Following a Gaussian filter with a standard deviation of 50 is applied to

NORM (GAUSS).

6. GAUSS is subtracted from ORI, while negative pixels are set to 0, and

the image is normalized between 0 and 1. (CLEAN).

7. ATopHat filter, using a structural element defined as a 29-pixels diam-

eter disk, is applied to LOG. Negative pixels are set to 0, and the image

is normalized between 0 and 1 (TOP).

8. TOP is binarized using a threshold determined with Otsu’s Method.

Background pixels are set to 0 and object pixels are set to 1. Single-

pixels (connexity 8) are removed from the obtained image (SEG).

9. The Boolean operation OR is applied to SEGs derived from the two

channels between which colocalization has to be quantified (UNION).

10. The equivalent operation is realized by using the Boolean operator

AND (INTER).

11. Numeric elements from NORM (for the two compared images) are

taken where UNION equals 1, and Pearson correlation coefficient

(PCC), intensity correlation quotient (ICQ), and Manders overlap

coefficient (MOC) are calculated (Fig. 1B).

12. The same operation is realized with INTER, and the overlapping coef-

ficients are calculated (Fig. 1B) (see Notes 27 and 28).

7. CONCLUDING REMARKS

The method presented earlier provides an automated and reliable

approach for quantifyingmitophagic events bymeans ofmonitoring the trans-

location of Parkin to the mitochondrial membrane in cultured cells

responding to chemical or biological cues. The PINK1-dependent aggrega-

tion of Parkin at themitochondrial membrane is one of the initial, functionally

important steps of mitophagy. At the next step, the organelle is included by

LC3-containining isolation membranes that form a reaction compartment for
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the lysosome dependent dissociation of the cargo (Narendra & Youle, 2012).

This process is sensitive to the blockage of autophagic degradation by lyso-

somal fusion inhibitors such as bafilomycin A1 (Yamamoto et al., 1998). Thus

in order to underpin the importance ofmitophagy and to validate potential hit

compounds from HTS campaigns, the decrease in mitochondrial mass that

mandatorily follows an increase in mitophagy should be assessed (Narendra

et al., 2008). The decrease in mitochondrial mass reflects a direct consequence

of lysosomal activity and can therefore be interfered with by lysosomal fusion

inhibitors like bafilomycin A1 (Klionsky et al., 2016). The sum of this addi-

tional validation steps hence allows for the final interpretations of results

obtained from primary screening campaigns. Irrespective of this second line

experiments, the described method is suitable to identify chemicals or biolog-

icals with mitophagy-modulatory potential within large libraries and/or with

a high temporal resolution.

8. NOTES

1. Optimal cell culture conditions (i.e., culture medium, supplements,

and detachment method) for other cell lines might differ from the ones

described here. Please refer to your provider.

2. According to the number of experimental conditions and adapting to

the given space for maintaining cells, the dimensions of the vessels for

cell culture can differ from the ones described here. The ATCC

(American tissue type culture collection) recommends T-75 flasks

yet to our experience others vessel work equally well.

3. The highest efficacy of trypsin is achieved by minimizing serum con-

tent. Rinsing the cells with either PBS or trypsin solution ameliorates

detachment in response to trypsin/EDTA.

4. The enzymatic reaction of trypsin works optimal at 37°C and should

yield results within 1–3 min. It should be taken care to avoid extended

exposure to trypsin in order to minimize cellular stress as it might affect

several membrane-related processes.

5. Detachment should be visualized via light microscopy and might vary

considerably with cell type and confluency.

6. According to the recommendations of the ATCCU-2 OS cells should

be passaged at a ratio of 1:3 to 1:6 with a medium renewal 2–3 times per

week to achieve optimal growth (see Note 7).
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7. Cells should be kept under exponential growth conditions throughout

their culture. Underconfluence should be avoided to circumvent clonal

outgrowth (see Note 8). Similarly, overconfluence could lead to oxi-

dative or metabolic stress and has to be avoided.

8. The passage number from an initial stock should not exceed a relatively

low, predefined number of passages. New subcultures should be

launched from another aliquot of the initial stock to avoid genetic drifts

in the cellular population.

9. Maintenance cultures of U-2OS cell stably expressingmCherry-Parkin

were kept under minimal selection pressure by means of geneticin in

order to maintain homogenous expression in the cellular population.

10. Five thousand U-2 OS cell stably expressing Parkin fused to mCherry

were seeded in μclear 96-well microplates (Greiner bio-one,

Kremsm€unster, Austria). Geneticin was withdrawn from the culture

media to avoid overlapping cellular effects evoked by selection and

experiment-specific treatments.

11. The cell culture support might differ from the μclear microplates

employed here. The utilized μclear plates are flatbottom plates with

physical surface treatment, lid with condensation rings. They are sterile

and display a plate bottom thickness of 190 μm (with a batch dependent

variation of maximal 10 μm) and plate bottom flatness variation max.

0.6 μm.Using plates with higher plate bottom thickness will necessarily

require changing toward a long working distance objective and would

therefore influence the properties of the acquired image.

12. The environmental control should be launched well ahead of the start

of the experiment to allow the machine to adapt to 37°C. A change in

temperature during the imaging process might cause a drift in the

z-dimension and has to be avoided.

13. The objective employed in our study was a CFI PlanApo Lambda

objective (Nikon, Tokio, Japan) with a numerical aperture of 0.75.

14. The number of view fields should be adapted to the confluence of cells

at the time of imaging. Thus, a number of view fields that allows for a

statistical evaluation should be chosen.

15. In our case the GFP filter set that was used for the acquisition was the

GFP-3035D-NTE-ZERO filter set (Semrock, Rochester, NY, USA;

472/30 nm BrightLine single-band bandpass excitation filter/

520/35 nm BrightLine single-band bandpass emission filter and a

495 nm edge BrightLine single-edge dichroic beamsplitter).
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16. Here, we used the TxRed-4040C-NTE-ZERO filter set (Semrock,

Rochester, NY, USA; 562/40–25 nm BrightLine single-band ban-

dpass excitation filter/624/40–25 nm BrightLine single-band bandpass

emission filter and a 593 nm edge BrightLine single-edge dichroic

beam splitter).

17. In the present set up the focus was automatically determined for each

acquisition using a laser autofocus that determines the bottom of the

well based on the diffraction that causes reflections when the beam pas-

ses from gaseous to solid and solid to liquid phase. An additional z-offset

in order to identify the focal plane with the highest signal-to-noise ratio

was defined based on visual inspection and remains unalter during the

timeframe of the experiment.

18. The interval for image acquisition has to be chosen based on several

considerations: temporal resolution of the observed phenotype, photo-

toxicity, and fluorochrome exhaustion. Pilot experiments on a limited

number of control conditions should yield reproducible results before

considering full-blown live cell screening.

19. The software is using multithreading meaning that the number of cores

available to the computing unit determines the speed of analysis. In our

case a computer equipped with two Intel Xeon E5-2630v2 processors

(Santa Clara, CA, USA) each having 6 cores (24 threads) and accessing

to 32 GB of RAMwas routinely used for the study and allowed to con-

duct the colocalization analysis within few hours.

20. The R source code can be downloaded at https://www.r-project.org.

21. In our case we used R version 3.3.1 for Windows (Microsoft, Red-

mond, WA, USA)

22. R precompiled binary versions are provided for various operating

systems.

23. Depending on the platform other IDEs are available.

24. In our case we used the RStudio version 0.98.90 for Windows

25. Most modern image-based HTS systems like the one from Molecular

Devices employed for this study are furnished together with a dedicated

database and database management system. The database requests are

designed to work with a SQL database (Microsoft, Redmond, CA,

USA) but might be adapted by an experienced user to a given database

structure.

26. The algorithm is optimized and has extensively been tested using a 20�
PlanApo objective.
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27. Optimal assessment of colocalization depends on several properties of

the raw images. Results thus have to be validated by visual inspection

prior to HTS approaches.

28. Please consult the documentation available at the download platform

for details on the utilized algorithm.
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