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Abstract: The development of prognostic indicators of breast cancer metastatic risk could
reduce the number of patients receiving chemotherapy for tumors with low metastatic
potential. Recent evidence points to a critical role for cell metabolism in driving breast cancer
metastasis. Endogenous fluorescence intensity of nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD) can provide a label-free method for assessing cell
metabolism. We report the optical redox ratio of FAD/(FAD + NADH) of four isogenic
triple-negative breast cancer cell lines with varying metastatic potential. Under normoxic
conditions, the redox ratio increases with increasing metastatic potential
(168FARN>4T(07>4T1), indicating a shift to more oxidative metabolism in cells capable of
metastasis. Reoxygenation following acute hypoxia increased the redox ratio by 43 + 9% and
33 + 4% in the 4T1 and 4T07 cells, respectively; in contrast, the redox ratio decreased 14 +
7% in the non-metastatic 67NR cell line. These results demonstrate that the optical redox
ratio is sensitive to the metabolic adaptability of breast cancer cells with high metastatic
potential and could potentially be used to measure dynamic functional changes that are
indicative of invasive or metastatic potential.
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1. Introduction

About 90% of breast cancer patients die due to metastatic spread and not due to the primary
tumor. Clinically established prognostic indicators of metastatic recurrence include lymph
node status, tumor stage, progesterone (PgR) and estrogen (ER) receptor status, human
epidermal growth factor (HER2/neu), and lymphovascular invasion [1]. Adjuvant
chemotherapy reduces the risk of metastatic recurrence by at least 30% [2], and can be of
significant benefit in patients classified as high risk based on the previously described
prognostic indicators. For early-stage breast cancers with good prognosis (<10% odds of
distant recurrence), adjuvant chemotherapy presents no significant benefits over surgery and
local radiation alone. However, the morbidity associated with the development of tumor
metastases has led to a majority of the 240,000 patients diagnosed annually with breast cancer
receiving adjuvant chemotherapy. To reduce the number of patients receiving chemotherapy
without significant benefit, American Society for Clinical Oncology (ASCO) guidelines
recommend consideration of the Oncotype DX recurrence score. Oncotype DX is a 21-gene
expression signature that is highly correlated with distant relapse in hormone receptor-
positive, HER2-negative, lymph-node negative breast cancer, and has been approved by the
Food and Drug Administration (FDA) [3]. However, the Oncotype DX test is expensive
($4,000/test) and not available at all clinical facilities. Therefore, there is a need to develop
cost-effective prognostic indicators that can reduce the number of patients receiving life-
altering chemotherapy for early-stage breast cancers with very low recurrence risk.
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One of the most important changes in the early tumor microenvironment that fuels tumor
growth is metabolic reprogramming. Otto Warburg discovered, nearly 80 years ago, that
cancer cells preferentially metabolize glucose to lactate even in the presence of oxygen, and
use glycolysis instead of oxidative phosphorylation to meet their energy needs [4]. This
phenomenon — aerobic glycolysis — has been shown to provide cancer cells with a significant
growth advantage by avoiding mitochondrial reactive oxygen species (ROS), generating
biomass for cell proliferation through the pentose phosphate pathway, and replenishing of
ROS scavengers to decrease ROS-induced cell death [5-7]. Recent studies have shown that
although this switch to aerobic glycolysis might be useful for rapid cell proliferation and
tumor growth, highly invasive and metastatic cancer cells may favor mitochondrial oxidative
metabolism to efficiently generate ATP and promote a migratory phenotype [8—10].
Furthermore, metastatic cancer cells were shown to utilize glycolysis or oxidative
phosphorylation depending on their site of metastasis [11]. These studies demonstrate that
knowledge of the specific metabolic pathway utilized by breast cancer cells could play an
important role in determining their invasive and migratory tendencies.

Optical imaging of the endogenous fluorescence of nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD) presents a non-destructive and label-free
method for assessing cell metabolism [12]. NADH and FAD are metabolic cofactors that play
a critical role in the generation of ATP through oxidative phosphorylation. Within the
mitochondria, oxidation of NADH to NAD" and FADH, to FAD at complexes I and II
(electron transport chain), respectively leads to the donation of electrons to molecular oxygen.
Because only the NADH and FAD forms are fluorescent, measuring the ratio of FAD/(FAD +
NADH) can be used to measure cell redox state (henceforth referred to as optical redox ratio)
[13]. Changes in the redox ratio of a cell can be interpreted as a relative change in the rate of
glucose catabolism to oxidative phosphorylation. During oxidative phosphorylation, NADH
fluorescence decreases due to conversion to non-fluorescent NAD", and FAD fluorescence
increases due to its generation from non-fluorescent FADH,, leading to an increase in the
redox ratio. The absence of oxygen or a need to increase glucose catabolism leads to a build-
up of NADH that does not get converted to NAD', causing an increase in NADH
fluorescence and a decrease in the redox ratio. The redox ratio is strongly associated with the
concentrations of NAD'/NADH [14], and has been used in vitro and in vivo to track
metabolic changes during cell differentiation [14, 15] and malignant transformation [16-20].
The optical redox ratio has been shown to be sensitive to ER status and HER2 expression in
breast cancer cells [21, 22] as well as therapy-induced changes in cellular metabolism [23—
25]. Although studies have identified significant differences in redox ratio of benign and
aggressive human breast cancer cells with different receptor status [21, 26], no study has
investigated changes in the optical redox ratio within a model of metastatic cancer
progression.

The goal of this study was to determine the sensitivity of the optical redox ratio to changes
in cellular metabolism in cell lines that occupy the complete spectrum of metastatic
progression. We measured the optical redox ratio in a panel of isogenic breast cancer lines —
4T1, 4T07, 168FARN, and 67NR — that were derived from a single spontaneous murine
breast tumor. The 4T1 panel of breast cancer cells presents a unique model of metastatic
cancer progression because each cell line is only capable of completing specific steps in the
metastatic process (primary tumor formation, invasion, intravasation, extravasation,
metastatic node formation) [11, 27, 28]. We initially determined the sensitivity of the optical
redox ratio to dynamic changes in oxygen consumption and validated these measurements
using a commercially available metabolic assay. The redox ratio of each cell line was
measured under normoxic conditions and upon reoxygenation following acute hypoxia. Our
results demonstrate significant differences in redox ratio between the different breast cancer
cell lines and cell line-specific changes in the metabolic response to acute hypoxia.
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2. Methods
2.1 Cell culture

The cell lines used in this study — 4T1, 4T07, 168FARN, and 67NR — were originally derived
from a spontaneous breast tumor growing in a Balb/c mouse [27], and were kindly provided
by Dr. Fred Miller (Karmanos Cancer Institute). All four cell lines are triple-negative (ER-,
HER2-, and PgR-). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
with the addition of 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 1% (v/v)
nonessential amino acids, and 1% (v/v) penicillin-streptomycin. The cells were cultured in a
humidified incubator set to 5% CO, and 37°C and passaged when they reached approximately
80% confluence. Cells were used within the first 10 passages for all experiments.

2.2 Exposure to acute hypoxia

A dual gas controller (Oxycycler C42, Biospherix, Parish, NY) connected to a modular sub-
chamber was used to control oxygen, nitrogen, and carbon dioxide levels. The sub-chamber
can hold several cell plates, and is placed within a regular incubator. The gas controller is
placed outside the incubator and communicates with the sub-chamber through an access port
in the door of the incubator. The gas controller was set to a constant level of 0.5% O, and 5%
CO, for a period of 60 minutes. The controller reaches the set point of 0.5% O, in
approximately 15-20 minutes. The hypoxic exposure of cells for 60 minutes commenced after
the chamber had reached the desired set point.

2.3 Seahorse metabolic flux assay

A Seahorse XFp extracellular flux analyzer (Seahorse Biosciences, Santa Clara, CA) was
used to establish the mitochondrial and glycolytic function of the cells under normoxic and
post-hypoxic conditions. Each XFp miniplate consists of 8 wells — 2 background and 6
sample. The size of each well is comparable to the well size in a 96-well plate. Cell densities
were optimized based on cell size to ensure that cells were not over-confluent after 24 hours.
4T1, 4T07, 168FARN, and 67NR were plated at a density of 7500, 10000, 12500, and 15000
cells per well, respectively. A separate 96-well plate with the same number of plated cells was
used to determine cell count at the time of the experiment for the purpose of normalizing the
data, as performed in previous studies [29]. Cell plates were placed in a CO, incubator and
allowed to grow for 24 hours. After 24 hours, the original media in the cell plates was
replaced with Seahorse assay media, and the cells were placed in a non-CO, incubator at
37°C for 60 minutes prior to the start of the assay. This is done to remove any CO, from
plates to ensure accurate pH measurements. To calculate oxygen consumption rate (OCR) and
proton production rate (PPR), three compounds are added sequentially to perturb
mitochondrial ~ respiration  [30]-oligomycin (0.2  uM), carbonylcyanide  p-
triflouromethoxyphenylhydrazone (FCCP; 0.2 uM), and rotenone/antimycin A mixture
(RAAM; 0.1 uM). For the hypoxic experiments, the cells were diluted with the assay media
immediately after the hypoxic exposure and placed in a non-CO, incubator to outgas the CO,
within the wells. The Seahorse data shown in Fig. 2 represent the basal OCR and PPR values
(prior to drug injection). Sequential injection of the drugs provides a host of other readouts
(maximal respiration, ATP production, spare respiratory capacity) that are not discussed in
this paper.

2.4 Multiphoton imaging of the optical redox ratio

Cells were plated on a glass slide at a density of 2.5 x 10° cells per well in a standard 6-well
plate on the day prior to the experiment. After 24 hours, the glass slide was removed, placed
in a heated chamber (37°C) and perfused with 2 ml of glucose-free media (for the normoxia
and post-hypoxia experiments shown in Fig. 2). However, these studies can also be performed
using regular medium. Given that imaging is performed within 5-10 minutes of removal from
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the incubator, we do not expect any changes in the redox ratio due to use of glucose-free
media. The mitochondrial perturbation experiments (Fig. 1) used the same media and
conditions as the Seahorse assay. Imaging was performed using a custom-built resonant-
scanning multiphoton microscope with a MaiTai ultrafast Ti:Sapphire tunable laser source
(Spectra-Physics, Santa Clara CA). The laser excitation source was tuned to 755 nm (NADH
fluorescence) or 860 nm (FAD fluorescence), and images were acquired via non-descanned
GaAsP photomultipler tubes (H7422-40, Hamamatsu) with 460/40 nm (NADH) or 525/40 nm
(FAD) bandpass filters, respectively. Images (512 x 512 pixels; 16-bit depth; 130 pm x 130
pm) were acquired using a 40x water immersion objective (NA = 0.8, working distance = 3.5
mm, diffraction-limited lateral resolution = 0.6 um). Rhodamine measurements were acquired
at the end of each experiment for calibration [31]. To assess the dynamic response of redox
ratio to changes in oxygen consumption, NADH and FAD fluorescence was measured
continuously with serial addition of drugs. A separate control plate was imaged to determine
non-specific changes in endogenous fluorescence over the same time interval. Image analysis
was performed using MATLAB.

Redox images were created by computing pixel-wise ratios of FAD/(NADH + FAD)
fluorescence. For statistical analysis and bar plot presentation, the average redox ratios of cell
plates were calculated by separately computing the average FAD and NADH intensities from
the respective images and taking the ratio of these values. For each cell line, 3 separate cell
plates were imaged at normoxia and after acute hypoxia. Within each cell plate, 3 fields of
view were acquired and 6 cells were randomly selected within each field of view. Two
independent runs of these experiments were performed.

2.5 Statistical analysis

A nested, two-way analysis of variance (ANOVA) was used to determine statistical
significant differences in the average redox ratio. Breast cancer cell line and the hypoxic
perturbation were considered fixed effects while the cell plates and fields of view nested
within each group were considered random effects. Interactions between all effects were also
considered. Post-hoc Tukey HSD tests were used to evaluate statistical significance between
specific cell groups.

3. Results
3.1 Optical redox ratio is sensitive to dynamic changes in oxygen consumption

To evaluate the ability of the optical redox ratio to report on dynamic changes in oxygen
consumption, we acquired images corresponding to the fluorescence emission channels of
NADH and FAD (Fig. 1(A)) from 4T1 breast cancer cells at baseline (no drug injection) and
after sequential addition of 3 mitochondrial inhibitors/uncouplers, similar to the Seahorse
metabolic flux assay. The actions of these drugs and their effect on NADH and FAD activity
within the mitochondria are illustrated in the Appendix (Fig. 4). Oligomycin inhibits
mitochondrial H'-ATP synthase and decreases cellular respiration. Subsequent addition of
FCCP drives mitochondrial consumption of NADH by uncoupling electron transport from
ATP generation. Finally, rotenone and antimycin A inhibit electron transport at complexes I
and III, respectively. We found that the changes in the average redox ratio in response to
these drugs (Fig. 1(B)) were consistent with the expected actions of these drugs and with
measurements of the normalized oxygen consumption rate (n-OCR). We calculated n-OCR as
the ratio of OCR/PPR. A control plate that received no drugs showed no change in the redox
ratio over the same time interval (data not shown). These results establish the sensitivity of
the optical redox ratio to dynamic changes in oxygen consumption, and are consistent with a
recent study that demonstrated the same using human breast cancer cells [32].
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Fig. 1. Optical redox ratio is sensitive to dynamic changes in oxygen consumption. A.
Representative images of NADH, FAD and the calculated optical redox ratio (FAD/FAD +
NADH) in response to the addition of mitochondrial inhibitors and uncouplers. All images
were acquired from different fields of view within the same cell plate over several minutes
after serial addition of each drug indicated above the figure panels. B. Quantification of the
dynamic changes in the optical redox ratio in response to serial drug additions. Oligomycin,
FCCP, and antimycin A/rotenone were injected at T = 30, 70, and 110 minutes, respectively.
C. Normalized oxygen consumption rate measured using the Seahorse XFp analyzer.
Oligomycin, FCCP, and antimycin A/rotenone were injected at T = 15, 35, and 55 minutes,
respectively. The error bars are a standard deviation of the mean plate value.

3.2 Optical redox ratio is significantly different in breast cancer cells of different
metastatic potential under normoxic conditions and following reoxygenation from
acute hypoxia

We determined the optical redox ratio of each cell line in the murine breast cancer panel
(Table 1). Only the 4T1 cell line is capable of completing all the steps necessary to form
efficient metastatic nodes in the liver, lung and brain. The 168FARN and 4T07 are considered
to be weakly metastatic whereas the 67NR is non-metastatic.
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Table 1. Invasion — metastasis cascade for Balb/c tumor-derived breast cancer cell lines

Cell line Invasion - Metastasis cascade Metastatic site
67NR Primary tumor formation only N/A
168FARN Primary tumor + local invasion + Lymph nodes
intravasation
4T07 + Extravasation Micrometastases in lung, lymph nodes
4T1 + Metastatic growth Lung, Liver, Bone

Under baseline, normoxic conditions (21% O,), the optical redox ratios of all four breast
cancer cell lines were significantly different from each other. (Fig. 2(A) and 2(B)).
Additionally, there was a trend towards lower redox ratio as we progressed from the highly
metastatic 4T1 to the poorly metastatic 168FARN cells (Fig. 2(B)). The non-metastatic 67NR
cells had the highest average redox ratio. Because acute hypoxia is capable of eliciting a pro-
migratory response [33], we investigated the optical redox ratio of these cell lines after 60
minutes of reoxygenation following acute hypoxia. The average redox ratio of the 4T1 and
4T07 cells (Fig. 2(B)) following reoxygenation was significantly higher compared with their
respective normoxic groups (p < 0.0001 for both cell lines). We observed a small but
statistically insignificant increase in the redox ratio of 168FARN cells (p = 0.82). On the
other hand, the 67NR showed a significant decrease in redox ratio (p = 0.008). The changes in
redox ratio after exposure to acute hypoxia within each cell line are consistent with n-OCR
data obtained using the Seahorse metabolic assay.
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Fig. 2. Optical redox ratio of breast cancer cells of different metastatic potential is significantly
different at normoxia and after exposure to acute hypoxia. A. Representative redox ratio
images for 4T1, 4T07, 168FARN, and 67NR breast cancer cells. The redox ratio was measured
at baseline normoxic conditions and 1 hour after exposure to acute hypoxia (60 minutes, 0.5%
0,). B. Quantification of redox ratio images illustrates significant differences in the redox ratio
between the different cell lines under normoxic conditions, and within each cell line after
exposure to acute hypoxia (except 168FARN). Error bars represent standard deviation of the
mean plate value. C. The normalized oxygen consumption rate (calculated as oxygen
consumption rate/proton production rate) for all four cell lines and the direction of change after
exposure to acute hypoxia are consistent with the optical redox ratio. Asterisks placed above
bars indicate statistical significance. *** denotes p <0.0001 and ** denotes p < 0.01.
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3.3 Reoxygenation following acute hypoxia leads to metastatic potential-dependent
changes in the optical redox ratio

To determine if the metabolic response of each cell line following reoxygenation from acute
hypoxia correlated with metastatic potential, we calculated the difference in redox ratio
between the post-hypoxia and normoxia groups for each cell line. The metastatic 4T1 cells
showed the largest increase in redox ratio following reoxygenation from acute hypoxia (Fig.
3). Statistical analysis using a two-factor nested ANOVA design showed that that the
interaction between the two fixed effects - cell line and hypoxic perturbation — was
statistically significant (p < 0.0001), demonstrating that reoxygenation from acute hypoxia
had a significant, cell line-specific effect on the redox ratio. Furthermore, our data indicate
that the cell line-specific changes showed a trend with metastatic potential.
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Fig. 3. Exposure to acute hypoxia leads to cell-line-dependent changes in redox ratio. Bar plots
represent the difference in the mean values of normoxia and post-hypoxia reoxygenation
groups. Error bars represent the standard deviation and were calculated as

follows: [ (sd, )2 +(sd, )2 , where sd; and sd, represent the normoxia and post-hypoxia

groups within each cell line.
4. Discussion

Recent investigations of the link between metabolism and metastasis have determined that
both oxidative phosphorylation and aerobic glycolysis play key roles at different stages of
tumor growth, invasion, and metastasis. Due to its ability to report on the relative
contributions of oxidative phosphorylation and glycolysis, the optical redox ratio presents a
powerful method for determining cell metabolism and investigating the link between
metabolism and metastasis. This preliminary study represents a first step towards determining
the sensitivity of the optical redox ratio to metastatic potential in a controlled model of
metastatic cancer progression.

To determine the sensitivity of the redox ratio to dynamic changes in oxygen
consumption, we subjected 4T1 cells to the same metabolic perturbations as a standard
Seahorse assay. Although the direction of change in the redox ratio in response to each drug
was consistent with the Seahorse data, there was greater variance in our data compared with
the Seahorse assay. This variance is likely due to experimenter error in drug delivery to the
cells while placed under the microscope objective, which may have affected the homogeneity
of distribution over the entire coverslip. On the other hand, drug injections and oxygen
sensing are optimized in the Seahorse instrument. Data shown in Fig. 2 represent single time
point measurements with no added drugs and show similar variance to the Seahorse results.
The advantage of multiphoton microscopy lies in is its ability to provide spatial information
that allows quantification of metabolic heterogeneity within cell populations and tumor
organoids [34, 35]. Furthermore, multiphoton microscopy provides the ability to image
deeper within tissue and investigate metabolic changes at different stages of the invasion-
metastasis cascade in pre-clinical models of breast cancer.
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In addition to significant differences in the redox ratios between cell lines, we observed a
trend towards higher redox ratio with increasing metastatic potential (168FARN<4T(07<4T1),
indicating a shift towards more mitochondrial oxidative metabolism. These data are consistent
with studies showing enhanced oxidative phosphorylation in highly metastatic cells [8, 10].
Other researchers have found a higher redox ratio in highly aggressive MDA-MB-231 cells
compared with the indolent MCF-7 cells [22, 26]. Ostrander et al. found that aggressive,
triple-negative breast cancer cells had higher redox ratios compared with ER + breast cancer
cells based on our definition of FAD/(FAD + NADH) [21]. Li and colleagues have shown a
linear correlation between the redox ratio and invasive potential of melanoma xenografts [36].

Contrary to the trend of lower redox ratio with decreasing metastatic potential, the 67NR
cells had a significantly higher redox ratio. Metabolomic analysis of the same panel of cell
lines has shown that both glycolysis and Krebs cycle metabolites were abundant in the
metastatic cell lines (4T07, 4T1, and 168FARN) whereas only glycolytic metabolites were
found to be abundant in the non-metastatic 67NR cell line [8]. Therefore, we would expect
the 67NR cells to have a lower redox ratio than the 168FARN cells. The increased redox ratio
can be explained by a recent report indicating that the 67NR cells have significantly lower
levels of succinate dehydrogenase (SDH) compared with 4T1 cells [29]. Lower levels of SDH
lead to an accumulation of succinate and restricted metabolite flux through the Krebs cycle.
Because FAD associated with succinate is not a significant contributor to overall FAD
fluorescence [37], the increased redox ratio is likely due to reduced NADH generation due to
restrictions in metabolite flux through the Krebs cycle. The increased redox ratio in the 67NR
cells is also consistent with Seahorse assay measurements. The Seahorse metric that we used
(n-OCR) represents the ratio of oxygen consumption rate (OCR) to proton production rate
(PPR). Analyzed individually, both the OCR and PPR of 4T1 cells were approximately 3
times greater than the 67NR cells, consistent with other reports [11, 29]. This likely led to the
n-OCR ratio being fairly similar between the two cell lines. The 67NR data seem to indicate,
based on a limited sample size, that the baseline redox ratio itself has limited utility as a
biomarker of metastatic potential. However, further studies using more breast cancer cell lines
will be necessary to identify the utility of the baseline redox ratio as compared to the redox
ratio in response to stress.

To elicit a further difference between these cell lines, and especially due to the similar
redox ratios of 4T1 and 67NR, we subjected the cells to a hypoxic ‘stress test’. We exposed
the cells to an acute hypoxia protocol — an hour of hypoxia (0.5% O,) followed by an hour of
reoxygenation. The oxygen gas levels used in our study are accepted values to create hypoxic
conditions in vitro [38]. The duration of hypoxia and reoxygenation was selected to mimic the
periodic variations in oxygen levels experienced by cells in vivo [39]. Acute hypoxia has been
attributed to irregular development of the tumor vasculature, leading to variations in red cell
flux through the vessels and hence fluctuations in oxygen availability to cells [40]. The
periodicity of such fluctuations has been measured to be on the order of minutes to days [40,
41]. Dai et al. demonstrated that a single exposure to 0.5, 1, or 2 hours of acute hypoxia
followed by reoxygenation increased clonogenic survival, cell motility and invasion in
pancreatic cancer cells [33], while chronic or a continuous period of hypoxia led to cell death
and did not increase cell motility. Exposure to repeated cycles of acute or perfusion-limited
hypoxia has been shown to increase the number of breast cancer stem cells [42], and lead to
increased metastatic burden in pre-clinical rodent models [43, 44]. Furthermore, a gene
signature based on cellular response to hypoxia-reoxygenation was found to have better
prognostic potential in breast cancers compared with other gene expression signatures
currently approved for use in the clinic [45].

The acute hypoxia stress caused a dramatic change in the redox ratio that was dependent
on metastatic potential. The redox ratio increased significantly in the 4T1 and 4T07 cells in
response to acute hypoxia. Previous investigations of myocardial ischemia and reperfusion
have found a significant increase in the redox ratio during reperfusion following ischemia that
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exceeded baseline redox values [46]. The increased redox ratio was attributed to
mitochondrial dysfunction and an inability to reduce FAD and NAD" during the Krebs cycle.
However, our Seahorse metabolic assay showed no impairment of mitochondrial activity in
the 4T1 or 4T07 cells after acute hypoxia. The increased redox ratio in the 4T1 cells likely
reflects metabolic adaptability to external stresses, such as hypoxia and glutamine deprivation
compared with 67NR cells [29]. Metabolic adaptability has been suggested as an important
hallmark of cells capable of successfully colonizing distant sites [47]. LeBleu et al. found that
invasive breast cancer cells, such as 4T1 and MDA-MB-231 showed a significant increase in
PGC-1a expression during reoxygenation from hypoxia, and that PGC-1a was responsible for
increasing invasive potential by increasing oxidative phosphorylation [10]. The redox ratio
decreased significantly in the 67NR cells during reoxygenation, a result that would typically
be expected during hypoxic exposure. These results could indicate an inability of the 67NR
cells to efficiently switch to oxidative phosphorylation during reoxygenation following acute
hypoxia, thereby indicating a lack of invasive capabilities. Further studies using gene
knockout models that eliminate cell migration and metastasis will be necessary to fully
characterize the relationships between redox state, hypoxia, and migration. Additional studies
to determine if non-metastatic 67NR tumors exposed to frequent episodes of acute hypoxia
are able to generate metastatic nodes would provide an excellent model to understand the role
of metabolism in driving tumor metastases.

In summary, we have identified metastatic potential-dependent differences in the redox
ratio in a panel of isogenic breast cancer cell lines. Subjecting these cells to a stress test
revealed greater metabolic adaptability in highly metastatic cells compared with non-
metastatic cells. Measuring metabolic adaptability using a stress protocol could potentially
reveal the metastatic capabilities of a cell. Because these results are based on triple-negative
breast cancer cells, further studies are necessary to identify whether these metastatic
potential-dependent changes are also seen in other types of cells, such as ER + and HER2 +
breast cancer cells. Additionally, these data will need to be compared to current FDA-
approved methods to determine risk of recurrence, such as Oncotype DX to enable clinical
translation.

5. Appendix: effect of mitochondrial inhibitors and uncouplers on redox ratio

The sensitivity of the redox ratio to dynamic changes in oxygen consumption was evaluated
using mitochondrial perturbations. The effects of these drugs on specific components of the
electron transport chain and hence the redox ratio are illustrated in greater detail in Fig. 4.
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Fig. 4. Effect of mitochondrial inhibitors and uncouplers on redox ratio. Initial addition of
oligomycin inhibits ATP synthase, which decreases mitochondrial respiration, increases
NADH that cannot be converted to NAD" and hence decreases the redox ratio. FCCP is a
mitochondrial uncoupler that causes protons to leak across the membrane, leading to a loss of
proton gradient and hence the ability to generate ATP. Because the cell tries to restore the
proton gradient, NADH is consumed, leading to increased redox ratio. Finally, Rotenone and
Antimycin inhibit complexes I and III, leading to a shutdown of mitochondrial respiration and
a decrease in the redox ratio.
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