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High-content fluorescence imaging with the
metabolic flux assay reveals insights into
mitochondrial properties and functions

Andrew Charles Little® 27, llya Kovalenko3®’, Laura Elaine Goo'?, Hanna Sungok Hong?3,

Samuel Andrew Kerk® 23, Joel Anthony Yates 12 \/inee Purohit 2'3, David Benner Lombard2'4,

Sofia Diana Merajver'? & Costas Andreas Lyssiotis@® 23>

Metabolic flux technology with the Seahorse bioanalyzer has emerged as a standard tech-
nique in cellular metabolism studies, allowing for simultaneous kinetic measurements of
respiration and glycolysis. Methods to extend the utility and versatility of the metabolic flux
assay would undoubtedly have immediate and wide-reaching impacts. Herein, we describe a
platform that couples the metabolic flux assay with high-content fluorescence imaging to
simultaneously provide means for normalization of respiration data with cell number; analyze
cell cycle distribution; and quantify mitochondrial content, fragmentation state, membrane
potential, and mitochondrial reactive oxygen species. Integration of fluorescent dyes directly
into the metabolic flux assay generates a more complete data set of mitochondrial features in
a single assay. Moreover, application of this integrated strategy revealed insights into
mitochondrial function following PGCla and PRC1 inhibition in pancreatic cancer and
demonstrated how the Rho-GTPases impact mitochondrial dynamics in breast cancer.
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in the form of adenosine triphosphate (ATP). The major

bioenergetic pathways that generate ATP in a cell are
glycolysis and mitochondrial respiration’2. Production of ATP
from the mitochondria is coupled to the generation of reducing
power in the tricarboxylic acid (TCA) cycle, and the respiration-
dependent formation of a proton gradient by the electron
transport chain (ETC).

While ATP generation is the most well-described role of the
mitochondria, this multi-purpose organelle performs several
additional important cellular functions3~7. Metabolic outputs of
mitochondrial metabolism directly regulate signal transduction,
gene expression, and cell death. Indeed, it is now established that
mitochondrial metabolism impacts numerous physiological and
pathophysiological states, including development, cancer,
immune recognition and surveillance, and blood glucose control,
to name a few®3-12, The widespread influence of mitochondria in
health and disease underscores the importance of continued
development of strategies to fully characterize mitochondrial
metabolism and function.

While recent emerging technologies have permitted more
precise examination of mitochondrial functions and properties,
each of these techniques are typically performed
independently!314. This is problematic in the sense that mito-
chondria are rapidly undergoing (bio)chemical, morphological,
physiochemical, thermodynamic, and other changes at any given
time; making experiment-to-experiment comparisons challen-
ging. Therefore, capturing bioenergetic and functional data in a
single multifunctional assay has the potential to yield greater,
more controlled, and more precise mitochondrial information.
Here, we describe an integrated platform that utilizes bioenergetic
profiling technology alongside imaging of mitochondrial func-
tions and properties to obtain a richer data set from a single
experiment.

Metabolic flux technology using the Seahorse Bioanalyzer has
emerged as an industry standard to assess the bioenergetic state of
cells in vitro/ex vivo. It simultaneously measures pericellular pH
and oxygen concentration in media as a function of time. These
measurements provide a baseline surrogate for (1) glycolytic
activity, which can be calculated from the extracellular acid-
ification rate (ECAR), a readout of media pH reflecting lactic acid
and bicarbonate accumulation, and (2) mitochondrial respiration
or oxygen consumption rate (OCR), as determined by the
extracellular oxygen level'>!6. In addition, metabolic flux tech-
nology can also provide information on the bioenergetic prop-
erties and functional status of mitochondria. For example,
mitochondrial poisons can be used to infer the bioenergetic
flexibility of a cell, activity of ETC complexes, and maximal
respiration capacity. Indeed, the simplicity, convenience, robust-
ness, and sensitivity of the metabolic flux assay has made it a
technology of choice for many laboratories!”-21.

Despite the widespread use of the Seahorse Bioanalyzer tech-
nology, acquisition of reliable data requires effective normal-
ization strategies to correct for cell density. Multiple
normalization methodologies have been used with varying
degrees of acceptance by the research community. Examples
include normalization to post-assay protein harvest or post-assay
cell counting, normalization to pre-assay cell counting??, or
normalization via one of a variety of chemical colorimetric or
fluorometric readouts (e.g., MTT, ATPGlo, WST-1). Specifically
in a recent study employing small-interfering RNA (siRNA)/
short-hairpin RNA (shRNA) screening, Hoechst nuclei staining
coupled with automated nuclei count was demonstrated to have
better performance than other normalization methods?3. Indeed,
this strategy has been recently incorporated into the Seahorse
pipeline to more adequately control for cell number with the

Q primary output of cellular metabolism is chemical energy

merger of BioTek Cytation5 and Seahorse XF assay platforms?4.
Herein, we optimize and extend this previous work, as nuclei
staining can also be applied to determine «cell cycle
distribution22%; an important cellular characteristic that affects
bioenergetics. Importantly, mitochondrial bioenergetics have
been previously shown to coordinate with cell cycle
dynamics?7-28, further supporting the use of nuclei counter-
staining in conjunction with the metabolic flux assay.

The use of nuclear stains can be valuable not only for cell
counting, but also for more robust image focusing and calculation
of regions of interests in a distance constrained fashion (e.g., 10
pm from nuclei mask); allowing quantification of secondary
fluorescent signals at single-cell resolution. For instance, we have
applied fluorescent staining of mitochondria via the MitoTracker
Red cell dye and use proximity to the nucleus to quantify mito-
chondrial content. MitoTracker Red is actively sequestered and
retained in mitochondria?, a process that is initially dependent
on an intact mitochondrial membrane potential?%31. In addition
to basic identification and quantification of mitochondria, we
utilize MitoTracker dye in combination with high-content ima-
ging to analyze mitochondrial fragmentation as an added feature
integrated into our analysis pipeline3132,

Additional fluorescence-based dyes are similarly available to
measure discrete mitochondrial parameters, including inner
mitochondrial membrane potential (Ay,,) and mitochondrial
reactive oxygen species (mtROS). Ay, is generated by the proton
pumping complexes of the ETC. The energy “stored” in the Ay,
is ultimately used to drive ATP production by complex V. While
moderate fluctuations in the Ay, can reflect normal functioning
of mitochondria, sustained increases or drops can lead to mito-
chondrial pathology and/or target mitochondria for degradation.
To build in the detection of Ay, into our imaging platform, we
utilized the fluorescent dye tetramethylrhodamine ethyl ester
(TMRE). TMRE is sequestered in the matrix of active mito-
chondria based on the positive charge of the dye33-3°. Depletion
of the Ay, leads to loss of polarity and thus loss of dye seques-
tration and signal.

Mitochondria are one of the primary sources of reactive oxygen
species (ROS), which have been characterized to play important
roles in physiological and pathophysiological processes3®=38. The
partial reduction of oxygen by the ETC leads to the formation of
superoxide, a potent mitochondrial ROS (mtROS). MitoSOX is a
mitochondrially targeted fluorescent dyel® that is oxidized spe-
cifically by superoxide to ethidium. The ethidium then inter-
calates into mitochondrial DNA and thus produces fluorescence
proportional to mtROS?.

In this report, we describe a method that integrates the analysis
of mitochondrial bioenergetics with mitochondrial properties, by
implementing a variety of chemical fluorescent stains and high-
content imaging into the Seahorse metabolic flux assay. This
includes image analysis for cell number normalization and cell
cycle distribution, along with mitochondria quantity, localization,
fragmentation, membrane potential, and mtROS (Fig. 1). We
established the utility of this novel methodology in human breast
and pancreatic cancer cell lines using a variety of pharmacological
probes, including those that perturb nuclear content and mito-
chondrial functions, and respiration deficient pancreatic cancer
cells. Then, we further extended the utility of our platform by
interrogating mitochondrial content and function following
genetic knockdown of the mitochondrial master regulatory pro-
teins PGCla and PRCI. Finally, application of this strategy
yielded insights into the role of Rho-GTPases in mitochondrial
dynamics in breast cancer. While the roles of the Rho-like family
of Rho-GTPases in breast cancer progression were well char-
acterized, to our knowledge, our study is the first to determine
their role in the regulation of mitochondrial content,
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Fig. 1 Platform to integrate the metabolic flux assay with high-content imaging. Schematic overview of the integration of the metabolic flux assay with
high-content fluorescent imaging and data analysis workflow. At the instrument level, cells are processed using the Seahorse metabolic flux assay and
immediately stained with a variety of nuclear and mitochondrial dyes, which is completely integrated in the Seahorse bioanalyzer assay. The plates are then
abstracted and imaged on a Cytation5 Automated Imager for downstream image analysis and interpretation. At the biochemical level, the metabolic flux
assay provides OCR and ECAR data and information on other mitochondrial bioenergetic properties (by Mito Stress Test). The cells are then stained with
nuclear and mitochondrial dyes that provide information on the cellular properties noted.

fragmentation, and respiratory capacity?0-43, Collectively, this
study enhances the utility of the metabolic flux assay and provides
a more complete platform to study mitochondrial biology from
multiple dimensions, simultaneously.

Results

Integration of nuclear imaging with the metabolic flux assay.
Normalization of cell number: The Seahorse metabolic flux assay is
a rapid and robust methodology to measure OCR and ECAR of
living cells in culture. Owing to the sensitivity of the Seahorse XF
analyzer to measure small changes in OCR and ECAR, it is critical
that data are adjusted to account for well to well variability in cell
number. To this end, we set forth to develop a high-content
fluorescent imaging-based strategy using nuclear staining to
quantify cell number directly after the metabolic flux assay (Fig. 1).
In this iteration of our platform, we first run the Seahorse Mito
Stress Test assay, in which OCR is measured at baseline and then
following sequential administration of mitochondrial poisons from
the instrument ports. After completion of the assay, we deliver the
nuclear staining Hoechst dye via the fourth, and otherwise empty,
port to live cells. The plate is then washed, and nuclei are counted
on a Cytation5 Cell Imaging Multi-Mode Reader.

Initially, to compare the accuracy of our nuclei identified
through image analysis versus cell seeding densities at plating, we
seeded serial diluted T3M4 pancreatic cancer cells (from 1500 to
50,000 cells/well) in XF96-well plates for Seahorse analysis, nuclei
counterstaining, and fluorescent imaging. As expected, we
observe increases in raw OCR and ECAR values with increasing
cells seeded (Fig. 2a Supplementary Fig. 2A, B). When normal-
izing OCR values according to cells seeded, we observe
appreciable variation (Fig. 2b). Additionally, we aimed to
determine if this strategy would be permittable for cells in

suspension cultures and implemented our pipeline on CD4 + T-
cells. Nuclei or mitochondrial unit-based normalization strategies
were not shown to impact OCR normalization versus standard
cell counting strategies (Supplementary Fig. 2B). This is
potentially due to ineffective nuclei and/or mitochondrial
identification as fluorescent imaging of suspension cultures is
inherently challenging to obtain single-cell resolution. Additional
experimental approaches would be required to ascertain the
utility of our approach in suspension-based cell systems. In
contrast, cell normalization using fluorescently labeled nuclei
offered more consistent OCR values in the 3000 to 50,000 cell-
seeded range for adherent cells (Fig. 2c). We do not observe
variation in normalized ECAR values between the cell counting
and nuclei labeling strategies with increasing cell densities
(Supplementary Fig. 2C, D).

Furthermore, when plotting OCR values per nuclei relative to
the plate column, we noted discrepancies in data acquired from
wells at the edge of the XF96-well plate (Fig. 2d). We
hypothesized that this resulted from unequal distribution of cells
within the well, and in particular, near to the center of the well
where the Seahorse microchamber measures oxygen concentra-
tion (Supplementary Fig. 3A). Indeed, we found that cells in the
wells at the perimeter of the plate are more likely to accumulate at
the edge of the wells during the centrifugation process, thus
artifactually lowering OCR values. As we were unable to correct
for this artifact using nuclei counting, we employ the interior
columns/rows of the Seahorse plate for experimentation.
Similarly, for assay well normalization by nuclei counting, we
utilize the cells in the center of the well (schematically represented
in Supplementary Fig. 3B).

Cell cycle analysis: Nuclei staining intensity can be used to infer
the stage of the cell cycle?>26. Therefore, we sought to determine
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Fig. 2 Integration of fluorescent-based nuclear imaging with the Seahorse metabolic flux assay. a T3M4 cells were seeded in increasing densities in the
Seahorse XF plate and processed through the XF assay for OCR and plotted. n = 8-10 biologically independent samples. b OCR values were corrected for
and plotted against manually counted cell seeding densities. Statistical significance determined by one-way ANOVA; *p =0.038, **p=0.001. n=7-10
biologically independent samples. € OCR measurements were corrected for fluorescently counted nuclei (i.e., Hoechst+ object) and plotted against seeded
cell densities. n =8 to 10 biologically independent samples. d OCR data (empty circle) extrapolated from individual columns of the XF plate display
significant variation at the edge columns (i.e., columns 2 and 11), while no changes are observed in nuclei distribution (gray circle). Statistical significance
determined by two-way ANOVA; **p = 0.008, ***p = 0.000013, ***p =5 x10~7. n = 8 biologically independent samples. e Cell cycle analysis distribution
of taxol treated cells, identified through nuclei fluorescent imaging (e.g., Hoechst+ object). Statistical significance determined by one-way ANOVA, ***p <
0.001 (complete p-values can be seen in Supplementary Table 3). Data presented as the average + /— s.d. of n =10 biologically independent samples.
f Post hoc distribution analysis of cells treated with increasing concentrations of taxol and their respective nuclei staining intensity (A.U. arbitrary
fluorescent units) n =10 biologically independent samples. g Image analysis of nuclei size via fluorescently labeled nuclei post taxol treatment; n =20
biologically independent samples. h OCR values corrected for fluorescently identified nuclei are increased post taxol treatment; n =14 to 16 biologically
independent samples. Statistical significance in g, h determined by Student's t-test; g ***p = 10—14; h ***p = 4 x 10~°. All experiments were the result of >2

independent experiments. All measurements were obtained from distinct samples.

if we could integrate this analysis to the XF-Cytation5 platform.
To this end, we treated T3M4 pancreatic cancer cells across a
dose range of taxol, an FDA approved chemotherapeutic (e.g.,
Paclitaxel), which arrests cells in G2/M phase of the cell cycle due
to its microtubule polymerization inhibiting properties*+#>. Of
note, at the doses examined taxol exhibited cell cycle arrest
without toxicity (Supplemental Fig. 4A, B). Nuclear staining
intensity was then collected and used to demonstrate that taxol
induces a dose-dependent accumulation of cells in the G2/M
phase of the cell cycle (Fig. 2e, f). Similarly, at the highest dose
examined, we also observed an increase in nuclear size (Fig. 2h),
demonstrating another utility for our imaging platform. Finally,
we observed increased OCR in T3M4 cells that have been treated
with taxol, a previously described feature of taxol administra-
tion?> (Fig. 2g). These data support the utility of nuclei
counterstaining and imaging to assess cell cycle and nuclear size
post metabolic flux assay.

Integration of mitochondria imaging with metabolic flux
assay. OCR data provide a readout for total respiration of the cells
within a well. This is impacted by both the number and activity of
the mitochondria in the cells. The latter is related in part to the
structural properties of the mitochondria, where fused mito-
chondrial networks tend to be more respiratory than fissed
mitochondria#®47. The location of mitochondria within a cell has

also been reported to impact their function*$4°, Furthermore,
heterogeneity in mitochondrial density, structure, location, and
function also exists on a cell to cell basis within a population of
cells in a well. Therefore, we hypothesized that a more complete
understanding of this information would provide considerable
utility in accurately characterizing mitochondrial function and
OCR output from the metabolic flux assay. We therefore adapted
our high-throughput imaging platform to capture these para-
meters by incorporating a series of mitochondrial dyes, delivered
in a manner akin to the delivery of the nuclear dye described
above, followed by image analysis.

Normalization of OCR data to mitochondrial content: We set
forth to image mitochondrial content and localization and to
evaluate the relationship between these parameters and OCR. To
this end, we empirically tested a panel of Mitotracker dyes with
T3M4 pancreatic cancer cells plated in the Seahorse 96XF cell
plate. Mitotracker Deep Red was identified as the most consistent
and robust probe to visualize mitochondria, as it readily retained
bright fluorescence in live cell formats, as well as post fixation
(Supplementary Fig. 5). Specifically, it exhibited the highest
signal/background ratio in the Seahorse XF cell plate, was fixable,
and readily integrates into our Seahorse workflow.

To demonstrate the utility of this approach, we generated a
RhoO (p0) S2-013 pancreatic cancer cell line (52-013-p0) with
severely depleted mitochondrial DNA resulting from prolonged
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culture in ethidium bromide®®>l. Depletion of mitochondrial
DNA results in the loss of a functional ETC and thus the ability of
mitochondria to maintain their Ay, or respire. As expected, S2-
013-p0 cells completely lack a respiratory profile (Fig. 3a) and
have greatly diminished Mitotracker Deep-Red staining (Fig. 3b
and Supplementary Fig. 6A), the latter of which requires Ay, to
be retained in the mitochondria. No changes in ECAR were
detected in S2-013 WT vs. p0 cells (Supplementary Fig. 6B).
These results, using an artificial system of mitochondrial
depletion, illustrate the utility our imaging platform to capture
information on mitochondrial content, as well as function.

To extend our imaging platform to a system with a less extreme
mitochondrial defect, we employed a genetic approach to deplete
mitochondria in a confined timeframe. Protein regulator of
cytokinesis 1 (PRC1) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-la) are master
regulators of mitochondrial biogenesis®>>>. We generated
PRC1 and PGC-la knockdown T3M4 cells using shRNA (see
qPCR results of gene knockdown in Supplementary Fig. 7A, B).
Loss of PRCI or PGC-1a resulted in fewer overall mitochondria,
as determined by Mitotracker fluorescent staining and quantifica-
tion (Supplementary Fig. 7C). We then assayed PRC1 and PGC-
la knockdown cells for basal levels of OCR and normalized the
data to nuclei number, followed the XF assay with Mitotracker

p=0.00007. All experiments were the result of >2 independent experiments. All measurements were obtained from distinct samples.

staining and quantification. Using the nuclei normalization
strategy, we observed lower overall OCR values in PRCI1 and
PGC-1a knockdown cells as compared to their WT counterparts
(Fig. 3¢). In addition, we find fewer overall mitochondria in the
PRC1 and PGC-1a knockdown cells, as expected (Fig. 3c).

In contrast, if we normalize our OCR data to mitochondrial
content, which we define as MitoUnit, the normalized data
reflects no changes in overall mitochondrial function in PGC-1a
knockdown cells and increased OCR in PRC1 knockdown cells
(Fig. 3d). Mitochondrial normalization is achieved by utilizing
Mitotracker-based fluorescence imaging, rather than fluorescently
imaged nuclei. This is useful when implementing studies to
examine mitochondrial functionality in systems where mitochon-
drial counts may be impacted. In this example, our PRC1 and
PGC-1a knockdown cells harbor functional, albeit fewer,
mitochondria. Results such as these have the capacity to be
easily misinterpreted if using standard normalization techniques.
These data strongly support the utilization of mitochondrial
quantification as a parallel normalization technique for OCR data
in the metabolic flux assay, as the two normalization parameters
provide different and important outputs.

Mitochondrial fragmentation analysis: Next, we sought to explore
the use of Mitotracker staining as a method to evaluate
mitochondrial fragmentation patterns. Mitochondrial fragmentation
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has been observed in many settings, including apoptosis,
responses to oxidative stress, neurodegeneration, among various
others, and is an important feature of mitochondrial biology>0~>°.
As a positive control, we treated MIA PaCa-2 pancreatic cancer
cells with the ETC complex III inhibitor Antimycin A to induce
fragmentation, a previously described feature of its administra-
tion®0, As expected, we observed a decrease in OCR levels in a
dose-dependent fashion post Antimycin A treatment (Fig. 3e).
Using Mitotracker staining/imaging and the BioTek Gen5 spot
analysis tool (see BioTek application notes for further detail), we
were able to quantify decreases in granulated mitochondria and
increases in fragmented mitochondria following Antimycin A
treatment (Fig. 3f). These results confirmed the utility of
mitochondrial image analysis using Mitotracker fluorescent dye
for this purpose.

The Rho-like family of Rho-GTPases have been well
characterized for their participation in the progression of breast
cancer0-43 and the alteration of metabolic phenotype??. There-
fore, we next applied our imaging and analysis strategy to explore
the potential for fragmented mitochondria in breast cancer cells
that lack either the Rho-like family of Rho-GTPases RhoA or
RhoC via CRISPR/Cas9 knockout (WT, RhoA KO, RhoC KO)
(Supplementary Fig. 8A). First, we examined basal OCR values in
the breast cancer patient-derived cell model VARI068°! and
followed with Mitotracker staining directly into the XF assay. Our
data revealed elevated basal OCR levels in the RhoA KO cell line
and lower OCR levels in the RhoC KO cell line (Fig. 3g). No
changes in mitochondrial fragmentation/elongation were
observed in the more respiratory RhoA KO cells; in contrast,
greater levels of fragmented mitochondria were observed in the
RhoC KO cells (Fig. 3h). We confirmed that changes in
fragmentation were not due to altered overall levels of
mitochondria (Supplementary Fig. 8B). These data illustrate that
quantification of mitochondrial fragmentation via Mitotracker
imaging is a robust and useful method that can be readily
integrated into the metabolic flux assay to enrich the overall data
set regarding mitochondrial features.

Fluorescence staining for mitochondrial membrane potential: To
build detection of Ay, into our imaging platform, we utilized the
fluorescent dye TMRE. First, we demonstrated that TMRE dye
fluorescence correlated with increased OCR values, indicative of
active mitochondria (Fig. 4a). Uncouplers of Ay, such as FCCP,
dissipate the proton gradient. At low concentrations of FCCP, the
ETC competes to maintain a proton gradient and induce maximal
respiration. At higher concentrations of FCCP, dissipation of the
proton gradient outpaces the capacity of the ETC to maintain a
gradient, poisoning the mitochondria, and thereby impairing
respiration and Ay, Treatment of T3M4 cells with FCCP in a
dose-dependent fashion demonstrated this expected rise and fall
in OCR (Fig. 4b and Supplementary Fig. 9A). Similarly, loss of
OCR correlated with a loss of TMRE uptake by mitochondria, as
reflected by decreased TMRE intensity quantified from fluor-
escent imagine analysis (Fig. 4c); suggesting impaired mitochon-
drial function.

Mitochondrial reactive oxygen species fluorescence imaging:
Under physiological conditions, the biogenesis and quenching of
ROS regulate various cellular processes and are tightly con-
trolled®?. Excessive ROS production, on the other hand, is
implicated in numerous pathologies, including aging and cancer.
Superoxide is the ROS produced from the mitochondria by
incomplete oxidation of oxygen during respiration. Therefore, we
sought to include detection of mitochondrial superoxide along-
side the metabolic flux assay. To measure mitochondrial super-
oxide, we used the mitochondrially targeted MitoSOX dye. To
induce mitochondrial superoxide production, we treated the
pancreatic cancer cell line PA-TU-8902 with the membrane-

targeted radical initiator ditertbutyl peroxide (DTBP) or hydro-
gen peroxide (H,O,). We then monitored OCR levels, integrated
MitoSOX dyes into the metabolic flux assay, and observed
mitochondrial superoxide via MitoSOX fluorescence. We
observed that both H,0, and DTBP treatment had a dose-
dependent inhibitory effect on OCR levels (Fig. 4d). These data
are consistent with prior literature demonstrating that oxidative
stress can lead to diminished basal OCR values®>%4. Following
DTBP or H,O, stimulation, expectedly we quantified a marked
increase in MitoSOX fluorescence (Fig. 4e) (representative images
can be seen in Supplemental Fig. 9B). Data corrected for overall
changes in OCR versus increases in MitoSOX fluorescence can be
observed in Fig. 4f. Collectively, these data confirm the utility of
MitoSOX dye incorporation into the XF assay, providing robust
quantifiable data regarding mitochondrial respiration and the
generation of ROS.

Discussion

Here, we present a robust strategy to integrate high-content, high-
throughput fluorescent imaging into the Seahorse metabolic flux
assay. This integrated approach aims to build upon prior efforts
to utilize fluorescence-based counterstains for normalization of
bioenergetic data®, rather than relying on rudimentary cell
number correction strategies. Our pipeline enables the evaluation
of select features in one complete experiment on a single XF96
well plate, increasing the utility and output of a single experiment
while minimizing the potential for plate-to-plate variability. We
initiated this strategy to address observed well to well incon-
sistencies in the OCR bioenergetic parameter, as similarly
reported by others?4%0. While classic approaches to normalize
mitochondrial bioenergetic data with total cellular input or
quantified cellular protein may be a quick and efficient, we found
these to be inconsistent across experiments and cell lines. Fur-
thermore, as we detail in Fig. 2, the location of cells in a well of a
Seahorse plate impacts OCR. By accounting for both the number
of cells (based on nuclear staining), and more specifically, the
number of nuclei in proximity to the sensors, our normalization
method reduces variability across columns and wells. Further-
more, we employed nuclear size and staining intensity to provide
information into cell cycle dynamics.

Extension of OCR normalization to total mitochondria pro-
vides further resolution and more granular information about
mitochondrial capacity, as illustrated in Fig. 3. Staining for total
mitochondria is easily achieved through the inclusion of Mito-
tracker dyes or biosensors into the metabolic flux assay workflow.
We consider this an important experimental control, as a wide
array of experimental conditions may impact mitochondrial
biogenesis or mitochondrial content, which we have demon-
strated affect OCR results. Correction of metabolic flux data using
this method provides additional information alongside nuclei-
based cell counting. However, the use of Mitotracker dyes in this
pipeline are not limited to their use as a normalization tool for
metabolic flux data. We also found that the Mitotracker staining
patterns readily allow for the identification and quantification of
fragmented mitochondria (Fig. 3f, h). Indeed, Mitotracker stain-
ing could be further amended to quantitatively describe sub-
cellular mitochondrial localization, organelle or molecular co-
localization, fission-fusion dynamics, mitochondrial shape (e.g.,
sphericity), among others.

We then applied this platform in two targeted studies. First, we
demonstrated that, while knockdown of two master regulators of
mitochondrial biogenesis PGCla and PRC1°%->° did result in less
cellular respiration, this was the result of fewer mitochondria, not
less active mitochondria (Fig. 3¢, d). This illustrates the utility of
building in a mitochondrial normalization strategy into the
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metabolic flux assay workflow. We then examined how the Rho-
like family of Rho-GTPases impact mitochondrial fragmentation,
based on their known role in regulating cytoskeletal dynamics,
and, more specifically, our previous work, which found that
inhibition of RhoC impairs the metabolic properties of inflam-
matory breast cancer cells?2, Application of the MitoTracker
strategy downstream of the metabolic flux assay revealed that
RhoC deletion increases the number of fragmented mitochondria
in inflammatory breast cancer cells, which we hypothesize con-
tributes to the depleted OCR levels (Fig. 3g, h). Future studies are
required to fully characterize the Rho-like Rho-GTPases and their
regulation of mitochondrial dynamics.

The decision to utilize TMRE and MitoSOX dyes were based
on the idea of synthesizing a broad data set of mitochondrial
features that can be analyzed downstream of mitochondrial
respiration on the same cells in the same well. A limitation of the
TMRE stain is the requirement for live cell imaging. Subsequent
to this, the cells can be stained with MitoTracker, MitoSOX and
Hoechst, fixed, and entered into the downstream normalization
and analysis workflow. Indeed, we selected a series of dyes with
non-overlapping wavelengths (Supplementary Fig. 1) so that this
suite of parameters can be simultaneously analyzed on a limited
number of wells. As noted, MitoTracker, MitoSOX and nuclear
staining with Hoechst are amenable to fixation and retain their
subcellular localization, and we have had success storing plates for
analysis months later. Accordingly, Seahorse plates can be imaged
immediately after analysis (post dye addition) or stored for
downstream analysis if large numbers of plates are being prepared
for high-throughput screening. It is also important to note that

cells imaged for MitoTracker, TMRE, and MitoSOX cannot be
the same cells on which the Mito Stress Test is performed.
Requisite for the Mito Stress Test analysis is the use mitochon-
drial poisons that impact respiration, membrane potential, oxi-
dative stress, among others. Thus, the staining and analysis
protocols need to be performed in parallel wells.

We also anticipate that the use of dyes to monitor cellular
events beyond those described herein could be readily appended
to this workflow. For example, dyes are available to analyze
lysosomal labeling (e.g., LysoTracker), mitochondrial calcium
signaling (e.g., Fura-2, Fluo-3), and/or other oxidative stress
parameters (e.g., CelROX)®’. Similarly, genetically encoded sen-
sors exist to monitor changes in pH, ATP, redox cofactors (e.g.,
NADH, NADPH), and oxidative stress®3-72, and these could be
applied to this workflow. Indeed, the Cytation5 imaging system
permits the use of various filter cube sets allowing visualization of
many different fluorescent channels. Finally, this platform also
has the potential to be used for drug screening, as approaches to
disrupt mitochondrial metabolism for cancer therapy, to facilitate
mitochondrial function in aging and other mitochondrial disease,
or to promote the turnover of damaged mitochondria in degen-
erative conditions remain focal points in the development on
novel therapeutics”3-7°.

In addition to those noted above, there are other limitations
associated with the experimental platform described. Our
approach utilizes an array of fluorometric reporter dyes. If not
properly controlled, such dyes harbor the potential to provide
artifactual data. This is especially noted for the use of TMRE,
where high concentrations of the dye can yield false positives; i.e.,
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TMRE directly impacts mitochondrial membrane potential.
Potential artifacts can be observed with Mitotracker (i.e., based on
cellular sulthydryl redox status) or MitoSOX (ie., cellular pH
fluctuations). We provide examples, and encourage the inclusion,
of positive and negative controls for each of these dyes. Similarly,
it is recommended that dye concentration be empirically deter-
mined on an experimental platform basis.

Furthermore, the use of alternate methods to support data
acquired from fluorescent reporters should also be considered
when designing these types of experiments for verification
of results. As an example, a western blot analysis of total mito-
chondrial content provides a suitable verification of the
Mitotracker mitochondrial content analysis. The use of high-
resolution microscopy (e.g., confocal microscopy) is an appro-
priate orthogonal approach to better characterize mitochondrial
morphology to support findings from our pipeline described
herein. In other words, our platform was designed to provide the
user a high-throughput pipeline to examine various mitochon-
drial features in a single experiment. It should not replace more
thorough evaluations of mitochondrial characteristics, and we
strongly suggest that users perform additional experimentation to
confirm findings gleaned using our assay.

In total, our platform provides high-resolution normalization
strategies for Seahorse data that encompass nuclei and mito-
chondrial based fluorescent imaging and quantification. We
define the inclusion of additional mitochondrial stains to generate
a robust data set, in one high-throughput experiment, char-
acterizing mitochondrial biology in a continuous kinetic fashion.
This is imperative in studying mitochondria, as they can rapidly
change phenotypes in response to their environment. Thus,
capturing the greatest amount of data in a continuous, rapid
manner will provide more consistent results and may reveal
additional mitochondrial characteristics otherwise not captured
in single experiment formats.

Methods

Cell culture. MIA PaCa-2 were obtained from ATCC. Pa-Tu-8902 cells were
obtained from DSMZ. S2-103 and T3M4 cells were generously provided by
Anguraj Sadanandam (ICR, UK). VARI068 cells were generated from a patient-
derived xenograft in the Merajver laboratory. PA-TU-8902, MIA PaCa2, S2-013,
and T3M4 pancreatic cancer cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS. $2-013 p? cells were
supplied additionally with 10 ug/ml EtBr, 100 ug/ml pyruvate and 50 pg/ml uridine.
The VARI068 breast cancer cell line was maintained in RPMI1640 supplied with
10% FBS. Cell lines were STR profiled and routinely tested for mycoplasma.

Chemicals and probes. FCCP, oligomycin, rotenone, antimycin A, TBH70X, tert-
Butyl hydroperoxide solution (Luperox), taxol, and Poly-L-Lysine (mol wt
70,000-150,000, 0.01%) were obtained from Sigma. Hoechst 33342, Mitotracker
DeepRed, MitoSOX, and SYTOX Green were from ThermoFisher Scientific. TMRE
was from Abcam. All compounds were stored at —20 °C except Taxol and Hoechst
(4°C). Dyes were stored protected from light. FCCP, Rotenone, Antimycin A,
Hoechst, MitoTracker DeepRed, and SYTOX were stored at —20 °C, TMRE was
pre-diluted at 10 uM in media (10x) and aliquoted for single use. MitoSOX was
likewise aliquoted for single use30.

shRNA constructs and viral transduction. pLKO lentiviral vectors were ordered
as bacterial glycerol stocks from Sigma, MISSION® shRNA Bacterial Glycerol
Stock, cat# SHCLNG-NM_013261. The shNT sequence was subcloned into pLKO
backbone vector. The references for the sequences are provided in Supplementary
Table 1. Viral particles were produced by the University of Michigan Vector Core.
T3M4 cells were transduced with the addition of polybrene (Sigma) to 8 uM final
concentration. Cells were selected with 1 pg/ml puromycin (Sigma) for 3 days.
Following selection, transduced T3M4 cells were seeded at 20,000 cells/well for the
metabolic flux-imaging assay as described below. Remaining cells were processed
for qPCR.

RNA isolation and gPCR. 10° cells were lysed and RNA isolated using the
RNAeasy kit (Qiagen) according to the manufacturer’s instructions. One micro-
gram of total RNA was added for cDNA synthesis using the iScript cDNA
Synthesis Kit (Bio-Rad) following the manufacturer’s protocols. For qPCR, Fast

SYBR Green Master Mix (ThermoFisher Scientific) was used, and amplification
was detected with an Applied Biosystems QuantStudio3 Real-Time PCR System.
The sequences of the primers used for the amplification are provided in the
Supplementary Table 2.

Metabolic flux assays. Adherent cells were seeded at 2 x 104 cells/well in normal
growth media (cell line specific) in a Seahorse XF96 Cell Culture Microplate. To
achieve an even distribution of cells within wells, plates were rocked at 25 °C for
20-40 min. For each staining group, one extra well on the outer perimeter of the
plate was seeded to calibrate image acquisition parameters. The plate was then
incubated at 37 °C overnight to allow the cells to adhere. The following day, growth
media was exchanged with Seahorse Phenol Red-free DMEM and either basal OCR
was measured (for wells that were to be imaged with mitochondrial dyes, see
Imaging section below) or an XF Cell Mito stress test (Agilent) was performed
according the manufacturer’s instructions. In both cases, the last injection port was
used for cell stain/dye injection. Upon completion of the Seahorse assay, cells were
washed three times with pre-warmed phenol-free DMEM media (no FBS) and
transferred to the Cytation5 for imaging.

For cells grown in suspension, 10> cells/well were added to a poly-lysine coated
Seahorse XF96 Cell Culture Microplate in Phenol Red-free DMEM-based assay
media. The plate then was centrifuged at 300 x g for 30 min with gentle acceleration
and deceleration. The plate is then rotated 180° and the centrifugation repeated.
Immediately following completion of the centrifugation, OCR was measured or an
XF Cell Mito stress test was performed followed by imaging in the Cytation5 as
above; schematic of assay workflow can be visualized in Supplemental Fig. 1A.

High-content imaging. Imaging was carried out using a Cytation5 Cell Imaging
Multi-Mode Reader (BioTek, VT, USA). The environment was controlled at 5%
CO, and 37 °C. Hoechst (1 ug/ml final concentration) was imaged using a 365 nm
LED in combination with an EX 377/50 EM 447/60 filter cube. SyTOX Green was
imaged using a 465 nm LED in combination with an EX 469/35 EM 525/39 filter
cube. TMRE (1 puM final concentration) and MitoSOX Red (5 uM final con-
centration) were imaged using a 523 nm LED in combination with an EX 531/40
EM 593/40 filter cube. MitoTracker DeepRed (200 nM final concentration) was
imaged using a 623 nm LED in combination with an EX 628/40 EM 685/40 filter
cube. Dyes were delivered at the end of the XF Cell Mito stress test from Port D at
10x to the entire plate. Cytation5 image excitation/emissions spectra utilized for
imaging of various fluorescent stains are depicted in Supplemental Fig. 1B. Image
analysis was completed using Gen5 software (BioTek). Example of Gen5 nuclei
masking and secondary fluorescent signal masking algorithms can be observed in
Supplemental Fig. 1C.

Statistics and reproducibility. For each independent experiment, methods of
statistical analysis are defined in the representative figure legend. For each analysis,
a minimum of two biological replicates (independent experiments; new passage of
cells) were performed, with each harboring >3 technical replicates; please see figure
legend for specifics. For all analyses, dependent on multivariable correction or lack
thereof, one/two-way analysis of variance (ANOVA) or standard Student’s ¢-test
was applied to evaluate statistical significance.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Primary data is readily available upon request from corresponding author, C.A.L. Data
storage is redundantly archived on local and network-based applications. Primary data is
accessible via the cloud-based University of Michigan storage systems at any time per
reasonable request. Data for figures is present as Supplementary Data for figures.

Code availability

No specialized or custom code was utilized in capturing data for this study. Algorithms
used to analyze imaging data are publicly available and built into the BioTek Gen5 image
analysis software.

Received: 17 February 2020; Accepted: 29 April 2020;
Published online: 29 May 2020

References

1. Gatenby, R. A. & Gillies, R. J. Why do cancers have high aerobic glycolysis?
Nat. Rev. Cancer 4, 891 (2004).

2. Lunt, S. Y. & Heiden, M. G. V. Aerobic glycolysis: meeting the metabolic
requirements of cell proliferation. Annu. Rev. Cell Developmental Biol. 27,
441-464 (2011).

8 COMMUNICATIONS BIOLOGY | (2020)3:271| https://doi.org/10.1038/s42003-020-0988-z | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-0988-z

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chandel, N. S. Mitochondria as signaling organelles. BMC Biol. 12, 34 (2014).
Chandel, N. S. Evolution of mitochondria as signaling organelles. Cell Metab.
22, 204-206 (2015).

Weinberg, S. E. & Chandel, N. S. Targeting mitochondria metabolism for
cancer therapy. Nat. Chem. Biol. 11, 9 (2014).

Weinberg, S. E., Sena, L. A. & Chandel, N. S. Mitochondria in the regulation of
innate and adaptive immunity. Immunity 42, 406-417 (2015).

Buttgereit, F. & Brand, M. D. A hierarchy of ATP-consuming processes in
mammalian cells. Biochem. J. 312, 163-167 (1995). (Pt 1).

Nunnari, J. & Suomalainen, A. Mitochondria: in sickness and in health. Cell
148, 1145-1159 (2012).

Pieczenik, S. R. & Neustadt, J. Mitochondrial dysfunction and molecular
pathways of disease. Exp. Mol. Pathol. 83, 84-92 (2007).

Suomalainen, A. & Battersby, B. J. Mitochondrial diseases: the contribution
oforganelle stress responses to pathology. Nat. Rev. Mol. Cell Biol. 19, 77 (2017)
Wallace, D. C. Mitochondria and cancer. Nat. Rev. Cancer 12, 685 (2012).
Brand, M. D. & Nicholls, D. G. Assessing mitochondrial dysfunction in cells.
Biochem. ]. 435, 297-312 (2011).

Kuznetsov, A. V. et al. Mitochondrial ROS production under cellular stress:
comparison of different detection methods. Anal. Bioanal. Chem. 400,
2383-2390 (2011).

Cottet-Rousselle, C., Ronot, X., Leverve, X. & Mayol, J.-F. Cytometric
assessment of mitochondria using fluorescent probes. Cytom. Part A 79A,
405-425 (2011).

Mookerjee, S. A., Goncalves, R. L. S., Gerencser, A. A., Nicholls, D. G. &
Brand, M. D. The contributions of respiration and glycolysis to extracellular
acid production. Biochim. Biophys. Acta 1847, 171-181 (2015).

Mookerjee, S. A., Gerencser, A. A, Nicholls, D. G. & Brand, M. D. Quantifying
intracellular rates of glycolytic and oxidative ATP production and
consumption using extracellular flux measurements. J. Biol. Chem. 292,
7189-7207 (2017).

Zhang, J. & Zhang, Q. Using SEahorse Machine to Measure OCR and ECAR
in cancer cells. Methods Mol. Biol. (Clifton, N. J.) 1928, 353-363 (2019).
Traba, J., Miozzo, P., Akkaya, B., Pierce, S. K. & Akkaya, M. An optimized
protocol to analyze glycolysis and mitochondrial respiration in lymphocytes.
JoVE, 54918, https://doi.org/10.3791/54918 (2016).

Sciacovelli, M. et al. Fumarate is an epigenetic modifier that elicits epithelial-
to-mesenchymal transition. Nature 537, 544-547 (2016).

Blagih, J. et al. The energy sensor AMPK regulates T cell metabolic adaptation
and effector responses in vivo. Immunity 42, 41-54 (2015).

Ahler, E. et al. Doxycycline alters metabolism and proliferation of human cell
lines. PLoS ONE 8, e64561 (2013).

Wynn, M. L. et al. RhoC GTPase is a potent regulator of glutamine
metabolism and N-acetylaspartate production in inflammatory breast cancer
cells. J. Biol. Chem. 291, 13715-13729 (2016).

Kovalenko, I. et al. Identification of KCa3.1 channel as a novel regulator of
oxidative phosphorylation in a subset of pancreatic carcinoma cell lines. PLoS
ONE 11, 0160658 (2016).

Yookseok Kam, N. J., Clayton, J., Held, P. & Dranka, B. P. Normalization of
agilent seahorse XF data by in-situ cell counting using a BioTek cytation 5.
(Agilent Application Notes, 2017).

Ferro, A. et al. Blue intensity matters for cell cycle profiling in fluorescence
DAPI-stained images. Lab. Invest. 97, 615-625, 2017.

Roukos, V., Pegoraro, G., Voss, T. C. & Misteli, T. Cell cycle staging of
individual cells by fluorescence microscopy. Nat. Protoc. 10, 334-348 (2015).
Finkel, T. & Hwang, P. M. The Krebs cycle meets the cell cycle: mitochondria
and the G,-S transition. Proc. Natl Acad. Sci. 106, 11825 (2009).

Schieke, S. M., McCoy, J. P. Jr. & Finkel, T. Coordination of mitochondrial
bioenergetics with G1 phase cell cycle progression. Cell Cycle 7, 1782-1787
(2008).

Gautam, N., Sankaran, S., Yason, J. A., Tan, K. S. W. & Gascoigne, N. R. J. A
high content imaging flow cytometry approach to study mitochondria in

T cells: MitoTracker Green FM dye concentration optimization. Methods 134-
135, 11-19 (2018).

Xiao, B., Deng, X., Zhou, W. & Tan, E. -K. Flow cytometry-based assessment
of mitophagy using mitotracker. Front. Cell. Neurosci. 10, https://doi.org/
10.3389/fncel.2016.00076 (2016).

Westrate, L. M., Drocco, J. A., Martin, K. R., Hlavacek, W. S. & MacKeigan, J.
P. Mitochondrial morphological features are associated with fission and fusion
events. PLoS ONE 9, €95265-€95265 (2014).

Mitra, K. & Lippincott-Schwartz, J. Analysis of mitochondrial dynamics and
functions using imaging approaches. Curr. Protoc. Cell Biol. Chapter 4, Unit-
42521 (2010).

Crowley, L. C., Christensen, M. E. & Waterhouse, N. J. Measuring
mitochondrial transmembrane potential by TMRE staining. Cold Spring Harb.
Protocols 2016, https://doi.org/10.1101/pdb.prot087361 (2016).

Nicholls, D. G. & Ward, M. W. Mitochondrial membrane potential and
neuronal glutamate excitotoxicity: mortality and millivolts. Trends Neurosci.
23, 166-174 (2000).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Scaduto, R. C. & Grotyohann, L. W. Measurement of mitochondrial
membrane potential using fluorescent rhodamine derivatives. Biophysical J.
76, 469-477 (1999).

Murphy, M. P. & Siegel, R. M. Mitochondrial ROS fire up T cell activation.
Immunity 38, 201-202 (2013).

Collins, Y. et al. Mitochondrial redox signalling at a glance. J. Cell Sci. 125,
801-806 (2012).

Murphy, M. P. How mitochondria produce reactive oxygen species. Biochem.
J. 417, 1-13 (2009).

Kauffman, M. E. et al. MitoSOX-based flow cytometry for detecting
mitochondrial ROS. React. Oxyg. Species (Apex) 2, 361-370 (2016).

Little, A. C. et al. IL-4/IL-13 stimulated macrophages enhance breast cancer
invasion Via Rho-GTPase regulation of synergistic VEGF/CCL-18 signaling.
Front. Oncol. 9, https://doi.org/10.3389/fonc.2019.00456 (2019).

Allen, S. G. et al. Macrophages enhance migration in inflammatory breast
cancer cells via RhoC GTPase signaling. Sci. Rep. 6, 39190 https://www.nature.
com/articles/srep39190#supplementary-information (2016).

Wu, M., Wu, Z.-f, Rosenthal, D. T., Rhee, E. M. & Merajver, S. D.
Characterization of the roles of RHOC and RHOA GTPases in invasion,
motility, and matrix adhesion in inflammatory and aggressive breast cancers.
Cancer 116, 2768-2782 (2010).

Merajver, S. D. & Usmani, S. Z. Multifaceted role of Rho proteins in
angiogenesis. J. Mammary Gland Biol. Neoplasia 10, 291-298 (2005).
Horwitz, S. B. Taxol (paclitaxel): mechanisms of action. Ann. Oncol.: Off. J.
Eur. Soc. Med. Oncol. 5 Suppl 6, S3-S6 (1994).

Rowinsky, E. K. & Donehower, R. C. Paclitaxel (Taxol). N. Engl. J. Med. 332,
1004-1014 (1995).

Westermann, B. Bioenergetic role of mitochondrial fusion and fission.
Biochim. Biophys. Acta 1817, 1833-1838 (2012).

Westermann, B. Mitochondrial fusion and fission in cell life and death. Nat.
Rev. Mol. Cell Biol. 11, 872 (2010).

Detmer, S. A. & Chan, D. C. Functions and dysfunctions of mitochondrial
dynamics. Nat. Rev. Mol. Cell Biol. 8, 870 (2007).

Huang, X. et al. Sequences flanking the transmembrane segments facilitate
mitochondrial localization and membrane fusion by mitofusin. Proc. Natl
Acad. Sci. 114, E9863-E9872 (2017).

Chandel, N. S. & Schumacker, P. T. Cells depleted of mitochondrial DNA
(rho0) yield insight into physiological mechanisms. FEBS Lett. 454, 173-176
(1999).

Kukat, A. et al. Generation of rho0 cells utilizing a mitochondrially targeted
restriction endonuclease and comparative analyses. Nucleic Acids Res. 36, e44
(2008).

LeBleu, V. S. et al. PGC-lalpha mediates mitochondrial biogenesis and
oxidative phosphorylation in cancer cells to promote metastasis. Nat. Cell Biol.
16, 1001-1015 (2014). 992-1003.

Scarpulla, R. C., Vega, R. B. & Kelly, D. P. Transcriptional integration of
mitochondrial biogenesis. Trends Endocrinol. Metab. 23, 459-466 (2012).
Gilkerson, R. et al. The mitochondrial nucleoid: integrating mitochondrial
DNA into cellular homeostasis. Cold Spring Harb. Perspect. Biol. 5, a011080
(2013).

Jornayvaz, F. R. & Shulman, G. I. Regulation of mitochondrial biogenesis.
Essays Biochem 47, 69-84 (2010).

Arnoult, D. Mitochondrial fragmentation in apoptosis. Trends Cell Biol. 17,
6-12 (2007).

Knott, A. B., Perkins, G., Schwarzenbacher, R. & Bossy-Wetzel, E.
Mitochondrial fragmentation in neurodegeneration. Nat. Rev. Neurosci. 9, 505
(2008).

Suen, D. F.,, Norris, K. L. & Youle, R. J. Mitochondrial dynamics and
apoptosis. Genes Dev. 22, 1577-1590 (2008).

Toyama, E. Q. et al. Metabolism. AMP-activated protein kinase mediates
mitochondrial fission in response to energy stress. Science 351, 275-281
(2016).

Wang, J.-B. et al. Targeting mitochondrial glutaminase activity inhibits
oncogenic transformation. Cancer Cell 18, 207-219 (2010).

Gilani, R. A. et al. UM-164: a potent c-Src/p38 kinase inhibitor with in vivo
activity against triple-negative breast cancer. Clin. Cancer Res.: Off. J. Am.
Assoc. Cancer Res. 22, 5087-5096 (2016).

Purohit, V., Simeone, D. M. & Lyssiotis, C. A. Metabolic regulation of redox
balance in cancer. Cancers (Basel) 11, https://doi.org/10.3390/
cancers11070955 (2019).

Armstrong, J. A. et al. Oxidative stress alters mitochondrial bioenergetics and
modifies pancreatic cell death independently of cyclophilin D, resulting in an
apoptosis-to-necrosis shift. J. Biol. Chem. 293, 8032-8047 (2018).

Yin, J. et al. Toxicity assessment of hydrogen peroxide on Toll-like receptor
system, apoptosis, and mitochondrial respiration in piglets and IPEC-J2 cells.
Oncotarget 8, 3124-3131 (2016).

Gerencser, A. A. Metabolic activation-driven mitochondrial hyperpolarization
predicts insulin secretion in human pancreatic beta-cells. Biochim. Biophys.
Acta 1859, 817-828 (2018).

COMMUNICATIONS BIOLOGY | (2020)3:271| https://doi.org/10.1038/s42003-020-0988-z | www.nature.com/commsbio 9


https://doi.org/10.3791/54918
https://doi.org/10.3389/fncel.2016.00076
https://doi.org/10.3389/fncel.2016.00076
https://doi.org/10.1101/pdb.prot087361
https://doi.org/10.3389/fonc.2019.00456
https://www.nature.com/articles/srep39190#supplementary-information
https://www.nature.com/articles/srep39190#supplementary-information
https://doi.org/10.3390/cancers11070955
https://doi.org/10.3390/cancers11070955
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-0988-z

66. Gerencser, A. A. et al. Quantitative microplate-based respirometry with
correction for oxygen diffusion. Anal. Chem. 81, 6868-6878 (2009).

67. Bassett, J. J. & Monteith, G. R. Genetically encoded calcium indicators as
probes to assess the role of calcium channels in disease and for high-
throughput drug discovery. Adv. Pharm. 79, 141-171 (2017).

68. Hung, Y. P. & Yellen, G. Live-cell imaging of cytosolic NADH-NAD+ redox
state using a genetically encoded fluorescent biosensor. Methods Mol. Biol.
1071, 83-95 (2014).

69. Zhao, Y. et al. SoNar, a highly responsive NAD+/NADH sensor, allows high-
throughput metabolic screening of anti-tumor agents. Cell Metab. 21, 777-789
(2015).

70. Tao, R. et al. Genetically encoded fluorescent sensors reveal dynamic
regulation of NADPH metabolism. Nat. Methods 14, 720-728 (2017).

71. Lobas, M. A. et al. A genetically encoded single-wavelength sensor for imaging
cytosolic and cell surface ATP. Nat. Commun. 10, 711 (2019).

72. De Michele, R., Carimi, F. & Frommer, W. B. Mitochondrial biosensors. Int. J.
Biochem. Cell Biol. 48, 39-44 (2014).

73. Weinberg, S. E. & Chandel, N. S. Targeting mitochondria metabolism for
cancer therapy. Nat. Chem. Biol. 11, 9-15 (2015).

74. Porporato, P. E., Filigheddu, N., Pedro, ]. M. B.-S., Kroemer, G. & Galluzzi, L.
Mitochondrial metabolism and cancer. Cell Res. 28, 265 (2017).

75. Jang, J. Y., Blum, A, Liu, J. & Finkel, T. The role of mitochondria in aging. J.
Clin. Investig. 128, 3662-3670 (2018).

76. Sun, N, Youle, R. J. & Finkel, T. The Mitochondrial basis of aging. Mol. Cell
61, 654-666 (2016).

Acknowledgements

We would like to thank Dr. John Dishinger of BioTek for his assistance with designing
imaging and image analysis protocols. We wish to thank Prof. Youle RJ for providing the
YFP-Parkin plasmid and Dr. Stefan Prechtl and Dr. Sven Christian for initial proof-of-
concept experiments. Fig. 1 and Supplementary Figure 1 were created using BioRender.
com. C.A.L. was supported by a Pancreatic Cancer Action Network/AACR Pathway to
Leadership award (13-70-25-LYSS); Junior Scholar Award from The V Foundation for
Cancer Research (V2016-009); Kimmel Scholar Award from the Sidney Kimmel Foun-
dation for Cancer Research (SKF-16-005); a 2017 AACR NextGen Grant for Transfor-
mative Cancer Research (17-20-01-LYSS); an ACS Research Scholar Grant (RSG-18-186-
01); NIH-R37-CA237421 and NIH-R01-CA248160. D.L. was supported by
R01GM101171. A.C.L. and S.D.M. were supported by the Breast Cancer Research
Foundation. C.A.L. and S.D.M. were supported by the Rogel Cancer Center core grant
NIH-P30-CA046592-29.

Author contributions

Conceptualization: A.CL., LK., C.A.L; methodology: A.C.L., LK., ].A.Y; investigation:
ACL,IK,LEG,HSH,SAK,]J.AY., V.P; visualization: A.C.L., LK; formal analysis:
A.CL., LK; manuscript and figure preparation: A.C.L., LK, J.A.Y., C.A.L; resources:
D.L, SD.M,, C.A.L,; supervision: S.D.M., CAL,; funding acquisition: S.D.M., C.A.L.

Competing interests

At the time of manuscript preparation I.K. owned stock in Agilent Technologies
(manufacturer of Seahorse and Cytation instruments) and was employed by Sartorius
North America, the manufacturer of IncuCyte imaging instruments. LK. and C.A.L. are
holders of a patent describing the method in this manuscript. I.K. and C.A.L. declare no
involvement of their financial interests in design or interpretation of the results of this
study. All additional authors declare no financial and non-financial interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
020-0988-z.

Correspondence and requests for materials should be addressed to C.A.L.
Reprints and permission information is available at http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
32

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

© The Author(s) 2020

10 COMMUNICATIONS BIOLOGY | (2020)3:271| https://doi.org/10.1038/s42003-020-0988-z | www.nature.com/commsbio


https://doi.org/10.1038/s42003-020-0988-z
https://doi.org/10.1038/s42003-020-0988-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	High-content fluorescence imaging with the metabolic flux assay reveals insights into mitochondrial properties and functions
	Results
	Integration of nuclear imaging with the metabolic flux assay
	Integration of mitochondria imaging with metabolic flux assay

	Discussion
	Methods
	Cell culture
	Chemicals and probes
	shRNA constructs and viral transduction
	RNA isolation and qPCR
	Metabolic flux assays
	High-content imaging
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




