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SUMMARY

Mitochondria produce reactive oxygen species (ROS), which function in signal
transduction. Mitochondrial dynamics, encompassing morphological shifts be-
tween fission and fusion, can directly impact ROS levels in cancer cells. In this
study, we identified an ROS-dependent mechanism for how enhanced mitochon-
drial fission inhibits triple negative breast cancer (TNBC) cell migration. We found
that enforcing mitochondrial fission in TNBC resulted in an increase in intracellular
ROS levels and reduced cell migration and the formation of actin-rich migratory
structures. Consistent with mitochondrial fission, increasing ROS levels in cells
inhibited cell migration. Conversely, reducing ROS levels with either a global
or mitochondrially targeted scavenger overcame the inhibitory effects of
mitochondrial fission. Mechanistically, we found that the ROS sensitive SHP-1/2
phosphatases partially regulate inhibitory effects of mitochondrial fission on
TNBC migration. Overall, our work reveals the inhibitory effects of ROS in
TNBC and supports mitochondrial dynamics as a potential therapeutic target
for cancer.

INTRODUCTION

Abnormal mitochondrial morphology, functions, and dynamics underlie malignant transformation and tu-
mor progression. More specifically, cancer cells reprogram mitochondrial energetic pathways to meet the
high energy demands of processes that facilitate metastasis, such as growth and migration.' By transition-
ing along a continuum of fissioned and fused states, mitochondrial morphology can regulate the metabolic
state of a cell. Dynamin related protein 1 (Drp1) and mitofusins (Mfn1/2) drive mitochondrial fission and
fusion, respectively, with fusion commonly leading to enhanced oxidative phosphorylation (OXPHOS).*"
In addition to directly impacting metabolism, mitochondrial morphology also directly influences levels
of metabolic signaling molecules, such as reactive oxygen species (ROS) and ATP.>° However, effects of

these metabolic signaling molecules on cell migration remain incompletely defined.

Although originally considered only as a byproduct of OXPHOS, ROS can act as secondary signaling mes-
sengers.”® Excessive ROS production by mitochondria can lead to oxidative damage or modification of
proteins, nucleic acids, lipids, membranes, and organelles, which drives activation of intracellular signaling
cascades. Initial work demonstrated increased ROS levels in cancer cells and that elevated ROS levels
promote tumor formation and progression.””'" Recent work contradicts these data and demonstrates
tumor-suppressive functions for ROS.'*"* This discordance not only suggests context-dependent effects
of ROS in cancer but also opens new avenues for further studying effects of ROS and their regulators in
tumor formation and metastasis.

Src homology region 2 domain-containing phosphatase 1 (SHP-1) and 2 (SHP-2) are non-transmembrane,
cytoplasmic members of the protein tyrosine phosphatase (PTP) superfamily of enzymes that control
signaling pathways underlying diverse physiological processes. Initial reports revealed that SHP-1/2
require ROS-dependent oxidation to activate and allow these PTPs to function.'*'® Subsequent
studies in solid cancers found that SHP-1/2 act as tumor suppressors, where expression inhibits growth, in-
vasion, and migra'cion.“”20 Moreover, recent studies also showed that SHP-1/2 can localize to the actin
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cytoskeleton.”’”” However, little is known about effects of SHP-1/2 on migration and the actin cytoskeleton
in breast cancer.

In our previous work we found that enhanced mitochondrial fission reduced migration and metastasis of
triple-negative breast cancer cells.”*?* Here, we build on this finding and investigate how mitochondrial
fission inhibits migration, a key process in metastasis. We discovered that cells with more mitochondrial
fission have enhanced levels of ROS compared to cells that display more mitochondrial fusion. Exogenous
addition of a mitochondrial-based ROS, H,O,, promoted mitochondrial fission and reduced cell migration.
Enhanced mitochondrial fission also drove actin reorganization leading to enhanced stress fiber density
and inhibition of the formation of actin-rich migratory structures, the actin-based protrusions at the leading
edge of the cell, in both cell culture and mouse animal models. Treatment with the global ROS scavenger,
N-acetyl cysteine (NAC), or a mitochondrially targeted ROS scavenger, MitoTEMPO, reversed these phe-
notypes on migration and actin reorganization. Mechanistically, we found that SHP-1/2 was activated in
cells that display enhanced mitochondrial fission, and inhibition of SHP-1/2 overcame inhibitory effects
of mitochondrial fission on migration. Together, these data demonstrate that enhanced mitochondrial
fission inhibits migration and metastasis at least partially by increasing ROS and activating SHP-1/2.

RESULTS
Enhanced mitochondrial fission inhibits cell migration

We previously showed that enforcing mitochondrial fission, through genetic (stable expression of
phosphatidylserine decarboxylase (PISD) or dynamin related protein 1 (Drp1) (Figure S1) or chemical
compounds (treatment with L-a-lysophosphatidylethanolamine (LPE)), reduced single-cell migration
in a microfluidics device.”**" As a complementary approach to drive mitochondrial fusion, we first
stably expressed MFN2 in both MDA-MB-231 and SUM159 triple-negative breast cancer (TNBC) cells
(Figures S1, S2A, and S2B). Stable expression of MFN2 had minimal effects on mitochondrial fission
and modestly increased mitochondrial fusion relative to wild-type (WT) cells in MDA-MB-231 cells
(Figures S2C and S2D). Consistent with MDA-MB-231 cells, stable expression of MFN2 had only modest
effects on mitochondrial fission compared to WT in SUM159 cells. However, stable expression of MFN2
significantly increased mitochondrial fusion compared to WT in SUM159 cells (Figures S2C and S2D).

Next, to investigate effects of enhanced mitochondrial fission on collective cell migration, we performed a
wound healing assay. Consistent with our recent findings on single-cell migration, we found that cells with
more mitochondrial fission closed the wound significantly less than cells that primarily displayed mitochon-
drial fusion in both MDA-MB-231 and SUM159 triple-negative breast cancer (TNBC) cells (Figure S3).

Enhanced mitochondrial fission drives actin cytoskeleton reorganization

Cells rely on the actin cytoskeleton for migration, and lamellipodia/membrane ruffles, filopodia, and stress
fibers are the most well-known and studied actin-based migratory structures. Lamellipodia/membrane ruf-
fles are sheet-like, actin-rich migratory structures found at the leading edge of the cell; filopodia are the
finger-like projections that commonly extend out of the lamellipodia; and stress fibers are contractile,
actomyosin bundles. Previous studies have demonstrated that the actin cytoskeleton can regulate
mitochondrial morphology and function.”> However, only limited information exists on mitochondrial
morphology-based regulation of the actin cytoskeleton. Phalloidin staining revealed dramatic reorganiza-
tion of the actin cytoskeleton in cells that display mitochondrial fission, where enhanced fission decreased
the formation of actin-rich migratory structures (lamellipodia/membrane ruffles) in both MDA-MB-231 (Fig-
ure 1A) and SUM159 (Figure S4) cells. Furthermore, cells that display enhanced mitochondrial fission also
had increased stress fiber density (stress fiber area divided by total cell area) in both MDA-MB-231 (Fig-
ure TA) and SUM159 (Figure S4) cells. Together, these data suggest that mitochondrial fission inhibits
cell migration through actin cytoskeleton reorganization. As cellular adhesion to the ECM and other cells
is critical to initiate signaling cascades and forces necessary for migration, we next tested to what extent
different mitochondrial morphologies regulate adhesion to human mammary fibroblasts (HMFs). We found
no differences in the ability of cells to adhere to HMFs (Figure S5).

To extend our studies to live cells in an in vivo setting, we stably expressed LifeAct-GFP, a 17-amino acid
peptide that binds to filamentous actin (F-actin, the form that underlies actin-based migratory structures)
and does not interfere with actin dynamics,zé’ in wild type (WT), PISD, Drp1, and MFN2 stably expressing
cells. We orthotopically implanted MDA-MB-231 WT, PISD, Drp1, or MFN2 cells stably expressing
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Figure 1. Mitochondrial fission promotes actin cytoskeletal reorganization and reduces actin-based migratory structures

(A) Representative overlaid and zoomed images of immunofluorescence staining of phalloidin (red) and nuclear DAPI (blue) of MDA-MB-231 WT cells, as well
as cells stably expressing PISD, Drp1, or MFN2. Arrows point to actin-rich migratory structures. Dashed box represents the area of the zoomed image. Scale
bar is 20 pm. Right. Graphs show average number (mean +/- SD) of actin-rich migratory structures per cell in an image (top, n = 6 images) and stress fiber
density in an image (bottom, n = 6 images) for each group. * = p<0.05. ** = p < 0.01. *** = p<0.001.

(B) Representative images of tumors (green) and collagen (gray) formed from MDA-MB-231 WT, PISD, Drp1, or MFN2 cells that express LifeAct-GFP. Scale
bar is 50 pm. The box in GFP panel denotes the origin of the inset. Arrows in the inset point to actin-rich migratory structures.

(C) Boxplot and whiskers for the aspect ratio (length/width) of cells in each group demonstrates more elongated morphology of WT and MFN2 cells (n > 103
cells per group). For boxplots and whiskers, the bottom and top of a box define the first and third quartiles, and the band inside the box marks the second
quartile (median). The ends of the whiskers represent the 10th and 90th percentiles, respectively. For boxplots and whiskers, the “+" within the box refers to
the mean. *** = p< 0.001.

(D) Frequency distribution of collagen alignment angle reveals greater alignment of collagen fibers perpendicular to margins of tumors from MFN2 cells.
Graphs show the orientation of the collagen fibers relative to the tumor (n > 2 tumors per group, n > 4 images per tumor).

LifeAct-GFP into the fourth mammary fat pad of NSG mice. Although mice injected with PISD and Drp1
TNBC cells had on average smaller tumors at experimental endpoint, we did not find any significant differ-
ences in growth kinetics (Figures S6A and S6B) or final tumor weight (Figure S6C). Consistent with phalloi-
din staining, we found that cells with greater mitochondrial fission had reduced actin-rich migratory struc-
tures than TNBC cells that displayed mitochondrial fusion (Figure 1B). In addition, we analyzed the aspect
ratio of cells within the tumor, where previous work has shown that a larger aspect ratio is indicative of an
invasive, motile phenotype.?”” We found that enhanced mitochondrial fission reduced the aspect ratio
(length/width) of cells within the orthotopic tumor (Figure 1C). In addition to imaging LifeAct-GFP in cells
of the primary tumor, we utilized second harmonic two-photon microscopy to also image the peri-tumoral
collagen architecture (Figure 1B). Previous work has demonstrated that collagen fiber alignment perpen-
dicular to the tumor margin defines a more invasive phenotype and a worse prognosis in breast cancer.”
Tumors formed from WT, PISD, or Drp1 cells showed similar collagen alignment (Figure 1D). However, tu-
mors formed from MFN2 stably expressing cells showed greater collagen alignment perpendicular to the
tumor margin (Figure 1D), which correlates with the pro-invasive phenotypes, such as enhanced migration,
aspectratio, increase in actin-rich migratory structures and reduction in stress fiber density, that MFN2 cells
display. We note that we found no differences in lung metastases (Figure S6A), actin-rich migratory struc-
tures or collagen alignment between groups in lung metastases (Figure S7).

Cells that display enhanced mitochondrial fission have greater ROS, and increased ROS

inhibits cell migration

ROS are byproducts of mitochondrial metabolism and can act as secondary signaling messengers,’®

driving activation of intracellular signaling cascades that can control cellular migration. To investigate to
what extent cells with fused versus fissioned mitochondrial morphologies contain different levels of
ROS, we stained cells with CellROX green dye. Cells with enhanced mitochondrial fission contained higher
levels of ROS than cells with mitochondrial fusion in both MDA-MB-231 (Figures 2A and S8) and SUM159
(Figures 3A and S8) cells. To investigate effects of altering ROS levels in cells, we treated cells with either
hydrogen peroxide (H,O, a key ROS produced by mitochondria) or the global ROS scavenger N-acetyl
cysteine (NAC) (Figure S9). We found no significant difference in cell growth by bioluminescence in cells
treated with H,O, or NAC compared to control cells (Figure S10). Treatment of cells with H,O; significantly
enforced mitochondrial fission in MDA-MB-231 (Figures 2B and S11A) and SUM159 (Figures 3B and S11B)
cells, resembling the morphology seen in cells that stably express PISD or Drp1. Conversely, treatment of
cells with NAC drove a more fused mitochondrial morphology in both MDA-MB-231 (Figure 2B) and
SUM159 (Figure 3B) cells, resembling the morphology seen in WT cells and cells that stably express
MFN2. Consistent with effects on mitochondrial morphology, we found that treating cells with H,O,
reduced, whereas treatment with NAC increased, the ability of cells to close a wound in MDA-MB-231
(Figures 2C and S12A, and Table S1) and SUM159 (Figures 3C and S12B, and Table S2) cells. Overall, these
data suggest that enhanced ROS reduces cell migration.

Increased ROS drive actin cytoskeleton reorganization

Having established that increased ROS inhibits cell migration, we next investigated effects on the actin
cytoskeleton. To directly link mitochondrial morphology, ROS, and the actin cytoskeleton, we stained
live TNBC cells that stably expressed LifeAct-GFP with MitoTracker Deep Red. Consistent with our phalloi-
din data, we found that cells with enhanced mitochondrial fission (PISD and Drp1) had reduced actin-rich
migratory structures compared to cells that display increased mitochondrial fusion (WT and MFN2) in
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Figure 2. Mitochondrial fission increases reactive oxygen species (ROS) in MDA-MB-231 TNBC cells

(A) Graphs show average amount of ROS (mean +/- SEM) using CellROX Green in MDA-MB-231WT and PISD, Drp1, or MFN2 stably expressing cells (n > 726
cells per group) from a representative biological replicate. *** = p< 0.001.

(B) Representative zoomed images of WT, PISD, Drp1, and MFNZ2 cells stably expressing a mitochondrial targeted BFP treated with either vehicle control,
hydrogen peroxide (H,O,, 100 uM), or N-acetyl cysteine (NAC, 1 mM). Scale bar is 10 um. Graphs show the mean fraction +SD of fissioned or fused
mitochondria after treatment with vehicle control, H,O,, or NAC (n = 8 images for each treatment group) in MDA-MB-231 WT, PISD, Drp1, and MFN2 cells.
* = p<0.05. ** = p<0.01. *** = p<0.001.

(C) Summary of wound closure of cells after treatment with vehicle control, H,O,, or NAC presented as mean +SD (n = 9) relative to the initial wound size (0 h).
Statistical analysis for this graph is in Table S1.

MDA-MB-231 (Figures 4A, 4B, and S13, and Table S3) and SUM159 (Figures 5A, 5B, and S14, and Table S4)
cells. Treatment of cells showing greater mitochondrial fusion with H,O, both drove mitochondrial fission
and reduced formation of actin-rich migratory structures. However, treatment of cells that already dis-
played enhanced mitochondrial fission with H,O, had little effect on the number of actin-rich migratory
structures in MDA-MB-231 (Figures 4A, 4B, and S13, and Table S3) and SUM159 (Figures 5A, 5B, and
S14, and Table S4) cells. Furthermore, treatment of cells that display enhanced mitochondrial fusion
with H,O, increased stress fiber density in both MDA-MB-231 (Figures 4C and S13, and Table S5) and
SUM159 (Figures 5C and S14, and Table Sé) cells. Consistent with these data, treatment of cells that already
displayed enhanced mitochondrial fusion with NAC had little effect on actin-rich migratory structures.
However, NAC treatment of cells with enhanced mitochondrial fission increased formation of actin-rich
migratory structures in MDA-MB-231 (Figures 4A, 4B, and S13, and Table S3) and SUM159 (Figures 5A,
5B, and S14, and Table S4) cells. Moreover, treatment of cells that display enhanced mitochondrial fission
with NAC reduced stress fiber density in both MDA-MB-231 (Figures 4C and S13, and Table S5) and
SUM159 (Figures 5C and S14, and Table Sé) cells.

Effects of ROS on actin cytoskeleton and migration are mitochondrial-dependent

As H,O, is a key ROS produced by mitochondria and NAC is a global ROS scavenger, we next investigated
direct effects of mitochondrial ROS on actin cytoskeleton reorganization. We treated cells with
MitoTEMPO, a mitochondrially targeted ROS scavenger,”’ or vehicle control and then visualized actin
with phalloidin staining. We found no significant difference in cell growth by bioluminescence in cells
treated with MitoTEMPO compared to control cells (Figure S15). In cells with increased mitochondrial
fusion, MitoTEMPO had little effect on the actin cytoskeleton in both MDA-MB-231 (Figures 6A-6C) and
SUM159 (Figures 7A-7C) cells. However, in cells showing enhanced mitochondrial fission, MitoTEMPO
drove actin cytoskeleton reorganization, promoted actin-rich migratory structures, and reduced stress fiber
density in both MDA-MB-231 (Figures 6A-6C) and SUM159 (Figures 7A-7C) cells.

As MitoTEMPO caused significant reorganization of the actin cytoskeleton, we next investigated effects of
mitochondrial ROS on cell migration. Consistent with phalloidin staining, we found that treatment with
MitoTEMPO increased wound closure by cells with greater mitochondrial fission in both MDA-MB-231
(Figures 6D and 6E) and SUM159 (Figures 7D and 7E) cells. Conversely, MitoTEMPO had modest effects
on the migratory capability of cells that displayed enhanced mitochondrial fusion.

Mitochondrial ROS inhibits cell migration by activating SHP-1/2

We next investigated a potential mechanism linking mitochondrial fission to suppression of TNBC cell
migration. Previous studies have shown that Src homology region 2 domain-containing phosphatases 1
(SHP-1) and 2 (SHP-2) require ROS-dependent oxidation to activate and can interact with the actin cytoskel-
eton.”"?? Moreover, high mRNA levels of both SHP-1 and -2 correlate with better distant metastasis-free
survival in TNBC patients (Figure S16). Therefore, we next identified whether SHP-1/2 are critical for the
inhibitory effect of mitochondrial fission on migration in TNBC. To first determine if SHP-1/2 are active
in cells with enhanced mitochondrial fission, we performed a Western blot for STAT3, a known downstream
target of these phosphatases.***" We found decreased STAT3 phosphorylation in cells that display primar-
ily mitochondrial fission and increased STAT3 phosphorylation in cells that display mitochondrial fusion
(Figure S17), demonstrating that SHP-1/2 are more active in cells that display enhanced mitochondrial
fission. To determine effects of active SHP-1/2 on TNBC migration, we next performed a wound healing
assay in the presence of NSC87877, a dual SHP-1/2 inhibitor, or vehicle control. We found no significant
difference in cell growth by bioluminescence in cells treated with NSC87877 compared to control cells (Fig-
ure S15). We found that in cells that display primarily mitochondrial fusion, inhibition of SHP-1/2 had no
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Figure 3. Mitochondrial fission increases reactive oxygen species (ROS) in SUM159 TNBC cells

(A) Graph show average amount of ROS (mean +/- SEM) using CellROX Green in SUM159 WT and PISD, Drp1, or MFN2 stably expressing cells (n > 4507 cells
per group) from a representative biological replicate. *** = p< 0.001.

(B) Representative zoomed images of WT, PISD, Drp1, and MFN2 cells stably expressing a mitochondrial targeted BFP treated with either vehicle control,
hydrogen peroxide (H,O,, 100 uM), or N-acetyl cysteine (NAC, 1 mM). Scale bar is 10 um. Graphs show the mean fraction +SD of fissioned or fused
mitochondria after treatment with vehicle control, HO,, or NAC (n = 8 images for each treatment group) in SUM159 WT, PISD, Drp1, and MFN2 cells. * =
p<0.05. ** = p<0.01.

(C) Summary of wound closure of cells after treatment with vehicle control, H,O,, or NAC presented as mean +SD (n = 9) relative to the initial wound size (0 h).
Statistical analysis for this graph is in Table S2.

significant effect on MDA-MB-231 (Figures 8A and 8B) and SUM159 (Figures 8C and 8D) migration. How-
ever, in cells with greater mitochondrial fission, inhibition of SHP-1/2 significantly increased the migratory
capability of these cells (Figures 8A-8D). Consistent with effects on migration, phalloidin staining after
treatment with NSC87877 revealed increased actin-rich migratory structures in both MDA-MB-231 (Fig-
ure S18) and SUM159 (Figure S19) cells. We did not identify any effects of NSC87877 on mitochondrial
morphology in either cell line (Figures S20 and S21). Together, these data suggest that enhanced mito-
chondrial fission reduces TNBC cell migration by activating SHP-1/2.

DISCUSSION

Here we provide evidence that mitochondrial fission inhibits TNBC cell migration through a ROS-SHP-1/2
mechanism. Using in vitro and in vivo studies, we demonstrate that enforcing mitochondrial fission not only
increases endogenous ROS but also drives actin cytoskeleton reorganization to a less migratory state by
reducing actin-rich migratory structures. Moreover, scavenging excess ROS in TNBC cells can reverse
many inhibitory effects of mitochondrial fission. We also found that inhibitory effects of mitochondrial
fission on migration and the actin cytoskeleton result in part from increased activation of the non-receptor
tyrosine phosphatases SHP-1/2, based on data showing that inhibition of SHP-1/2 partially recovered
effects on migration, formation of actin-rich migratory structures, and stress fiber density. These results
highlight the importance of mitochondrial dynamics in TNBC and suggest mitochondria as a central
node in regulation of the actin cytoskeleton.

The regulatory role of the actin cytoskeleton on mitochondrial function is well appreciated.”” However, only
limited information exists about the reciprocal regulation of the actin cytoskeleton by mitochondrial dy-
namics. Activation of signaling cascades leads to actin cytoskeleton reorganization and underlies cell
migration. Different levels of oxidative stress confer discordant outcomes in cancer cells; where mild
oxidative stress promotes activation of cell signaling cascades and high levels cause cell death.*” Our ob-
servations suggest that increased ROS levels lead to actin cytoskeleton reorganization and reduced cell
migration in TNBC cells. Here, we found that (1) cells with enhanced mitochondrial fission produced
increased levels of ROS; (2) exogenous treatment with ROS or enforcing mitochondrial fission promoted
actin cytoskeleton reorganization to a state that reduced formation of actin-rich migratory structures
and promoted stress fiber density; and (3) treatment with a mitochondrially targeted ROS scavenger pro-
moted formation of actin-rich migratory structures and cell migration, and reduced stress fiber density.
Although we recognize that mitochondria form multiple ROS species and we consider ROS a general
output from mitochondria for this manuscript, these observations, combined with others,** suggest a novel
ROS/actin-based mechanism by which mitochondrial dynamics controls TNBC cell migration.

Controversial reports exist on the function of ROS in cancer. Recent work demonstrated that increased
levels of ROS produced by targeting critical antioxidant pathways reduced tumor initiation, proliferation,
a stem-like phenotype, and metastasis.>~’ In support of these data, our current study demonstrates that
increased levels of ROS limit cell migration and characteristics that define breast tumor progression in
mice. Although we found that mitochondrial fission reduces actin-rich migratory structures and collagen
alignment in the primary tumor, we found no differences in actin-rich migratory structures, collagen align-
ment, or metastasis between groups that displayed more mitochondrial fission or fusion. This result may be
because we euthanized mice at a relatively early time point (3 weeks) after implantation to facilitate actin
and collagen imaging by two photon microscopy. However, we showed that scavenging ROS can over-
come the inhibitory effects of ROS on characteristics that define these processes in vitro. These data sup-
port an inhibitory function of ROS in TNBC and are consistent with the failure to identify patient benefit
after reducing ROS with antioxidants or targeting major contributors to ROS production.®**” Together,
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Figure 4. Enhanced ROS promotes actin reorganization and a less migratory phenotype in MDA-MB-231

TNBC cells

(A) Representative overlaid, zoomed images of immunofluorescence staining of mitochondria (pink) and the nucleus
(blue) in MDA-MB-231 WT, PISD, Drp1, and MFN2 cells stably expressing LifeAct-GFP (green) treated with vehicle control,
hydrogen peroxide (H,O,, 100 uM), or N-acetyl cysteine (NAC, 1 mM). Arrows point to actin-rich migratory structures.
Scale bar is 20 pm. Dot plots show number of actin-rich migratory structures per cell (B) or stress fiber density in each
image (C) for each group (n = 10 images per group). Lines depict mean + SD. Statistical analysis for this graph is in
Tables S3 and S4.
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Figure 5. Enhanced ROS promotes actin reorganization and a less migratory phenotype in SUM159 TNBC cells
(A) Representative overlaid, zoomed images of immunofluorescence staining of mitochondria (pink) and the nucleus

(blue) in MDA-MB-231 WT, PISD, Drp1, and MFN2 cells stably expressing LifeAct-GFP (green) treated with vehicle control,

hydrogen peroxide (H,O,, 100 uM), or N-acetyl cysteine (NAC, 1 mM). Arrows point to actin-rich migratory structures.
Scale bar is 20 pm. Dot plots show number of actin-rich migratory structures per cell (B) or stress fiber density in each
image (C) for each group (n = 10 images per group). Lines depict mean & SD. Statistical analysis for this graph is in
Tables S5 and Sé.
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Figure 6. Mitochondrial-generated ROS inhibits cell migration and actin-based migratory structures in MDA-MB-
231 TNBC cells

(A) Representative overlaid and zoomed images of immunofluorescence staining of phalloidin (red) and nuclear DAPI
(blue) of WT, PISD, Drp1, or MFN2 stably expressing cells treated with vehicle control or the mitochondrially targeted ROS
scavenger MitoTEMPO (50 uM). Arrows point to actin-rich migratory structures. Dot plots show number of actin-rich
migratory structures per cell (B) or stress fiber density in each image (C) for each group (n = 10 images per group). Lines
depict mean + SD. * = p < 0.05. ** = p < 0.01. *** = p < 0.001.

(D) Representative images of wound healing cell migration assay in MDA-MB-231 TNBC cells displaying different
mitochondrial morphologies after treatment with vehicle control or MitoTEMPO (50 pM) at the initial time (0 h) and 18 h
after the wound was made. Scale bar is 100 um.

(E) Summary of wound closure of cells after treatment with vehicle control or MitoTEMPO (50 pM) presented as mean +SD
(n = 9) relative to the initial wound size (0 h). *** = p < 0.001.
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Figure 7. Mitochondrial-generated ROS inhibits cell migration and actin-based migratory structures in SUM159
TNBC cells

(A) Representative overlaid and zoomed images of immunofluorescence staining of phalloidin (red) and nuclear DAPI
(blue) of WT, PISD, Drp1, or MFN2 stably expressing cells treated with vehicle control or the mitochondrially targeted ROS
scavenger MitoTEMPO (50 uM). Arrows point to actin-rich migratory structures. Dot plots show number of actin-rich
migratory structures per cell (B) or stress fiber density in each image (C) for each group (n = 10 images per group). Lines
depict mean + SD. * = p < 0.05. ** = p < 0.01.

(D) Representative images of wound healing cell migration assay in SUM159 TNBC cells displaying different
mitochondrial morphologies after treatment with vehicle control or MitoTEMPO (50 uM) at the initial time (0 h) and 18 h
after the wound was made. Scale bar is 100 pm.

(E) Summary of wound closure of cells after treatment with vehicle control or MitoTEMPO (50 pM) presented as mean +SD
(n = 9) relative to the initial wound size (0 h). *** = p < 0.001. (n = 10 images per group).
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Figure 8. Inhibition of SHP-1/2 promotes cell migration

Representative images of wound healing cell migration assay in MDA-MB-231 (A) and SUM159 (C) TNBC cells displaying
different mitochondrial morphologies after treatment with vehicle control or the SHP-1/2 inhibitor NSC87877 (25 uM) at
the initial time (0 h) and 18 h after the wound was made. Scale bar is 100 pm. Summary of wound closure of MDA-MB-231
(B) and SUM159 (D) cells after treatment with vehicle control or NSC87877 (25 uM) presented as mean +SD (n = 9) relative
to the initial wound size (0 h). * = p < 0.05. ** = p < 0.01. *** = p < 0.001.

these data not only suggest clinical caution when utilizing antioxidant therapy but also that methods to
enforce mitochondrial fission may be useful for TNBC.

We hypothesize that enhanced mitochondrial fission inhibits cell migration partially because of increased
ROS levels. Indeed, we found that cells showing enhanced mitochondrial fission contain increased levels of
ROS, which is consistent with previous studies.’%" Mechanistically, we found that the ROS-dependent
tyrosine phosphatases SHP-1/2 are important for this mitochondrial-dependent inhibition on migration.
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Intriguingly, SHP-1 and SHP-2 demonstrate discordant functions in cancer, where SHP-1 generally func-
tions as a tumor suppressor and SHP-2 typically promotes oncogenic phenotypes.’*** However, outcomes
data show that increased expression of SHP-1 and SHP-2 correlate with better distant metastasis-free sur-
vival. In support of this data, we found decreased STAT3 phosphorylation in cells that displayed increased
mitochondrial fission, suggesting increased SHP-1/2 activation in these cells. Furthermore, pharmacologic
inhibition of SHP-1/2 partially reversed mitochondrial fission-dependent inhibition of migration in TNBC.
Therefore, we propose that (i) an increase in oxidative stress promotes SHP-1/2 activation to inhibit cell
migration; and (i) elevated levels of SHP-1/2 might benefit TNBC patients. Our results support further
mechanistic and prognostic studies of SHP-1/2 in TNBC.

Our data support an inhibitory function for mitochondrial fission in TNBC, consistent with previous work
demonstrating that mitochondrial fusion promotes cell migration.**~*’ As mitochondrial fission correlates
with increased levels of ROS,"%*! we propose that mitochondrial fission inhibits tumorigenesis and tumor
progression by regulating redox signaling. More specifically, the increase in ROS induced by mitochondrial
fission activates SHP-1/2 to reduce the polymerization of actin-rich migratory structures. Therefore, data
from our study provide strong rational for increasing mitochondrial fission or ROS as a therapeutic
approach for TNBC. In summary, this study not only clarifies conflicting data on ROS but also suggest
the potential benefit of enforcing mitochondrial fission in TNBC.

Limitations of the study

Our study uncovers an ROS-based mechanism that regulates TNBC cell migration. In this study, we utilized
an immune-compromised mouse model to determine effects of ROS on actin-rich migratory structures in
primary tumors and metastases. Although this model is important in pre-clinical studies, the immune sys-
tem is important in cancer initiation and progression. Furthermore, other cell types of the microenviron-
ment, such as fibroblasts, are instrumental in cancer progression. Therefore, more studies focused on these
complex interactions are needed in the future to address the pathophysiological significance of ROS path-
ways in breast cancer.

In addition, here we investigated effects of genes that alter mitochondrial morphology within an overex-
pression context. To better understand the effects of mitochondria in TNBC cell migration and the actin
cytoskeleton, future studies will need to expand this work by investigating effects of these mitochondrial
morphology genes after knockdown or knockout and after rescue. These studies will further solidify mito-
chondrial morphology as a central node in the regulation of TNBC cell migration.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

PISD (OTI4G5) Mouse mAb

Drp1 (D6C7) Rabbit mAb

Phospho-Drp1 (Ser616) (D9A1) Rabbit mAb
MFN2-2 (D1E9) Rabbit mAb

Phospho-STAT3 (Tyr705) (D3A7) XP® Rabbit
mAb

STAT3 (79D7) Rabbit mAb
B-actin (D6A8) Rabbit mAb

ThermoFisher

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology

Cat# MAS5-26861;RRID:AB_2723486
Cat# 8570;RRID:AB_10950498

Cat# 4494;RRID:AB_11178659

Cat# 11925;RRID:AB_2750893

Cat# 9145;RRID:AB_2491009

Cat# 4904;RRID:AB_331269
Cat# 8457;RRID:AB_10950489

Chemicals, peptides, and recombinant proteins

Hydrogen Peroxide (30% in Water)
N-acetyl cysteine

NSC87877

MitoTracker Deep Red FM
Hoechst 33342

Texas Red-X Phalloidin

ProLong™ Gold with DAPI

L-a-lysophosphatidylethanolamine

Fisher BioReagents
Sigma-Aldrich
Cayman Chemical
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

Avanti Polar Lipids

Cat# BP2633500;CAS: 7722-84-1
Cat# A7250;CAS: 616-91-1

Cat# 14908;CAS: 56990-57-9
Cat# M22426

Cat# H1399

Cat# T7471

Cat# P36930

Cat# 860081;CAS: 97281-40-8

Leflunomide Cayman Chemical Cat# 14860;CAS: 75706-12-6
MitoTEMPO Cayman Chemical Cat# 16621;CAS: 1569257-94-8
CellTracker Green CMFDA ThermoFisher Cat# C2925

CellROX Green ThermoFisher Cat# C10444

D-luciferin, Potassium Salt Promega Cat# E1605

Polybrene Sigma-Aldrich Cat# TR-1003-G

Critical commercial assays

RNeasy Mini Kit QIAGEN Cat# 217004

QuantiTect Reverse Transcrition Kit QIAGEN Cat# 205311

QuantiTect SYBR Green PCR Kit QIAGEN Cati# 204143

Halt™ Protease Inhibitor Cocktail ThermoFisher Cat# 78429

Halt™ Phosphatase Inhibitor Single-Use ThermoFisher Cati# 78428

Immobilon®-P Transfer Membrane
NuPAGE MOPS SDS Running Buffer
Pierce™ BCA Protein Assay Kit

Millipore Sigma
Life Technologies

ThermoFisher

Cat# IPVH00010
Cat# NP0OOO1
Cat# 23225

Experimental models: Cell lines

MDA-MB-231
SUM159

ATCC
Gift from Dr. Stephen Ethier

Cat# CRM-HTB-26;RRID:CVCL_0062

N/A;
RRID:CVCL_5423

Experimental models: Organisms/strains

NOD. Cg-Prkdc*<@112rg"™"!/Sz) (NSG™) mice

The Jackson Laboratory

Cat# 005557;RRID:IMSR_JAX:005557
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

KiCqgStart® SYBR® Green Primers - PISD Millipore Sigma Cat# KSPQ12012; H_PISD_1

KiCqgStart® SYBR® Green Primers — Drp1 Millipore Sigma Cat# KSPQ12012; H_DNM1L_1

KiCqgStart® SYBR® Green Primers - MFN2 Millipore Sigma Cat# KSPQ12012; H_MFN2_1

KiCqgStart® SYBR® Green Primers — B-actin IDT Forward: 5'-TGT-ACG-TTG-CTA-TCC-AGG-
CTG-TGC-3';
Reverse: 5-CGG-TGA-GGA-TCT-TCA-TGA-
GGT-AGT-C-3'

Recombinant DNA

pLV.PGK.MFN2.P2A.hygromycin VectorBuilder NM_014874.4

pLenti.PGK LifeAct-GFP.W Addgene Cat# 51010;RRID:Addgene_51010

Software and algorithms

cellSens Olympus https://www.olympus-lifescience.com/en/
software/cellsens/

MATLAB MathWorks https://www.mathworks.com/products/
matlab.html

ImageJ NIH https://imagej.nih.gov/ij/

Graphpad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

Other

Fluorobrite DMEM

35mm glass bottom dish wih 20 mm micro-well

#1.5 cover glass

ThermoFisher

Cellvis

Cat# A1896701
Cat# D35-20-1.5-N

RESOURCE AVAILABILITY
Lead contact

Information and requests for resources should be directed to and be fulfilled by the Lead Contact, Gary D.

Luker (gluker@med.umich.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data has been included in main figures or supplemental information. All data reported in this paper
will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

We purchased MDA-MB-231 cells from the ATCC (Manassas, VA) and cultured cells in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (Pen/
Strep) (Thermo Fisher Scientific, Waltham, MA), and 1% GlutaMAX (Thermo Fisher Scientific, Waltham,
MA). We obtained SUM159 cells from Dr. Stephen Ethier and cultured cells in F-12 media supplemented
with 10% fetal bovine serum, 1% Pen/Strep, 1% glutamine, 5 pg/mL hydrocortisone, and 1 pg/mL insulin.
We authenticated all cells by analysis of short tandem repeats and characterized cells as free
ofMycoplasma at the initial passage, and cultured cells in an anti-mycoplasma prophylactic (2.5 mg/mL,
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Plasmocin, InvivoGen, San Diego, CA). We used all cells within 3 months after resuscitation and maintained
all cells at 37°C in a humidified incubator with 5% CO,.

Mouse studies

The University of Michigan IACUC approved all animal procedures (protocol 00008822). The animals used
in this study received humane care in compliance with the principles of laboratory animal care formulated
by the National Society for Medical Research and Guide for the Care and Use of Laboratory Animals pre-
pared by the National Academy of Sciences and published by the National Institute of Health (Publication
no NIH 85-23, revised 1996).

We established orthotopic tumor xenografts in the fourth inguinal mammary fat pads of 8-28-week-old fe-
male NSG mice (n = 20 mice total) as described previously,”® implanting 2 x 10> MDA-MB-231 wild type
(WT), PISD, Drp1, or MFN2 cells stably expressing LifeAct-GFP cells. All injected cells stably expressed click
beetle green (CBG) luciferase for bioluminescence imaging. We quantified tumor burden the day after (Day
1), 10 days (Day 11), and 20 days (Day 21) after implantation by bioluminescence imaging as previously
described.*” When tumors reached 5-6 mm in diameter (Day 24), we resected orthotopic tumors to allow
mice additional time to develop metastases. We weighed resected tumors and then immediately visualized
collagen and actin in orthotopic tumors ex vivo by two-photon microscopy. We used 880 nm excitation and
collected second harmonic signal from fibrillary collagen and emission from LifeAct-GFP with 410-460 nm
and 495-540 nm filters, respectively.”” We continued to monitor metastatic burden by bioluminescence im-
aging one and 10 days after resection. Eleven days after resection, we euthanized mice and then immedi-
ately visualized collagen and actin in lung metastases ex vivo by two-photon microscopy as described
above. We analyzed collagen alignment using custom MATLAB code as described previously.”™ To calcu-
late aspect ratios of cells in the primary tumor, we used Fluoview (Olympus) to analyze length and width of
individual cells within each plane of a Z-stack. Briefly, we drew perpendicular lines across each cell and,
based upon the line intensity profile, measured the long and short axis of the cells. For consistency, we
used the longer value as the length and the smaller as the width for each cell.

METHOD DETAILS

Vectors and cell lines

We used MDA-MB-231 and SUM159 cells stably expressing phosphatidylserine decarboxylase (PISD) or dy-
namin related protein 1 (Drp1) as well as mitochondrially-targeted BFP (Mito-BFP) to visualize mitochon-
drial morphology as used in our recent study.?* For stable expression of mitofusin 2 (MFN2), we designed
and purchased a MFN2 vector from VectorBuilder (Chicago, IL, USA). This pLV-based vector contains a hu-
man PGK promoter, and we added a hygromycin selection marker after the MFN2 open reading frame
(NM_014874.4) separated by a P2A sequence (MFN2-hygromycin). For direct visualization of the actin cyto-
skeleton, we used LifeAct-GFP as used in our previous study.”® We produced recombinant lentiviral vectors
for MFN2-hygromycin and LifeAct-GFP as previously described”’ and generated cells as we have done pre-
viously.”* Briefly, we produced stocks of lentivirus by transient transfection of HEK293T cells. MDA-MB-231
and SUM159 cells were transduced at a multiplicity of infection (MOI) of 2 in the presence of 8 ung/mL
polybrene.

Fluorescence microscopy

We visualized effects of ROS, ROS scavenging, SHP-1/2 inhibition on mitochondrial morphology, and mito-
chondrial morphology on actin cytoskeleton in live cells as described previously.”* Briefly, we seeded 2 x
10 cells onto 35-mm dishes with a 20-mm glass bottom insert (Cellvis, Mountain View, CA) in FluoroBrite
DMEM media (ThermoFisher Scientific), containing 10% FBS, 1% Pen/Strep, 1% GlutaMAX, and 1% Sodium
Pyruvate (ThermoFisher Scientific, Waltham, MA). We also added 5 pg/mL hydrocortisone and 1 pg/mL in-
sulin for the SUM159 cells. Two and three days after seeding, we changed media to FluoroBrite DMEM as
described above containing either hydrogen peroxide (H,O5; 100 uM) as a source of ROS, N-acetyl cysteine
(NAC; 1 mM) to globally scavenge ROS, or vehicle control. For SHP-1/SHP-2 inhibition, we added
NSC87877 (Cayman Chemical; 25 uM) or vehicle control 24 hours before visualization. We acquired all
images four days after seeding on an Olympus IX73 microscope with a DP80 CCD camera using cellSens
software (Olympus). For mitochondria and actin co-staining, on day four we co-stained dishes with
MitoTracker Deep Red FM (ThermoFisher Scientific) and Hoechst 33342 (ThermoFisher Scientific) for
30 mins in the incubator and acquired images as described above. We analyzed mitochondrial
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morphology, actin-rich migratory structures, and stress fiber density as described in our previous publica-
tions.”**" For mitochondrial morphological analysis we used MATLAB to skeletonize mitochondria and
measure total pixel area and major axis length for all mitochondria within an image. We separated mito-
chondria into fused or fissioned groups by area and major axis length using a user-defined cutoff that
we applied to every cell group analyzed in each experiment. We categorized an identified mitochondrion
that had total area/majoraxislength >2 as networked and did not include these mitochondria in the anal-
ysis.”" We counted actin-rich migratory structures by hand for each image using accepted visual presenta-
tions of these structures, and analyzed stress fiber density (stress fiber area divided by total cell size) with
our custorn MATLAB code as described in our previous publication.” Briefly, we identified stress fibers
through measuring connected ridges in the horizontal and vertical directions using a user-defined peak
height and size cutoff that we applied to every cell group analyzed in each experiment. We also identified
individual cells and, using the regionprops command, calculated stress fiber and total cell pixel area.

To visualize the actin cytoskeleton only, we seeded 2.0 x 10* cells on glass cover slips in the appropriate
FluoroBrite media within a 6-well plate. We changed media two and three days after seeding. Four days
after seeding we fixed cells with 4% formaldehyde for 15 minutes at room temperature (RT) and then
washed three times with PBS for 5 minutes each. We permeabilized cells with 0.1% Triton X-100 in PBS
for 3 minutes at RT, washed with PBS for 5 minutes, and blocked with 10% goat serum in 0.05% Triton
X-100 in PBS for 1 hour at RT. Next, we incubated cells with a Texas Red-X phalloidin (ThermoFisher Scien-
tific) for actin for 1 hour at RT in the dark. We washed the slides and mounted with medium containing an
anti-fade reagent and DAPI (ProLong™ Gold; ThermoFisher Scientific). We counted actin-rich migratory
structures by hand for each image using accepted visual presentations of these structures, and analyzed
stress fiber density (stress fiber area divided by total cell size) with our custom MATLAB code as described
in our previous publication.

Wound healing assays

We performed wound healing assays as previously described.” Briefly, we seeded 2 x 10% cells into 35 mm
plastic dishes in the appropriate medium described above. For initial effects of morphology on wound
healing, two and three days after seeding, we changed dishes to media containing either L-a-lysophospha-
tidylethanolamine (LPE; Avanti Polar Lipids Inc., Alabaster, AL, USA; 50 uM) to drive fragmentation, leflu-
nomide (Lef, Cayman Chemical Company, Ann Arbor, MI, USA; 50 pM) to drive fusion, or vehicle control
as described previously.?* For ROS-mediated effects on wound healing, both two and three days after
seeding, we changed dishes to media containing either hydrogen peroxide (H,O,, 100 uM), N-acetyl
cysteine (NAC, 1 mM), or vehicle control as described above. Once cells formed confluent monolayers
four days after seeding, we created a linear scratch with a 200 pl pipette tip. After the scratch, we washed
dishes once with phosphate-buffered saline (PBS), added fresh medium, and placed the plate into the incu-
bator. For MitoTEMPO (Cayman Chemical; 50 pM) and NSC87877 (Cayman Chemical; 25 uM) assays, we
added these compounds or vehicle controls 24 hours before and after we made the wound. We acquired
images on an Olympus 1X73 microscope with a DP80 CCD camera using cellSens software (Olympus) at the
time points indicated in the figure. We quantified wound healing results as:[1 — (wound width at 18 hours/
wound width at 0 hour)] x 100.

Growth and adhesion assays

We analyzed effects of H,O,, NAC, MitoTEMPO, and NSC87877 on cell growth for the length of time indi-
cated in the figures using bioluminescence imaging for CBG with medium binning and 30 second exposure
as previously described.”” Cells were incubated with 150 pg/mL luciferin for 5 minsat 37°C before biolumi-
nescence imaging.

For adhesion assays, we seeded 1 x 10° HMFs expressing mCherry into a 24-well plate 48 hours before
the assay as described previously.”® After 48 hours, we seeded 2.5 x 10°MDA-MB-231 and SUM159 wild
type (WT), PISD, Drp1, or MFN2 stably expressing cells, stained with CellTracker Green CMFDA
(ThermoFisher Scientific) following the manufacturers protocol, onto the HMFs and incubated at 37°C
for 15 minutes. We removed non-adherent cells with PBS and visualized adherent cancer cells by fluores-
cence imaging. We present data as the number of adherent cells to total number of cells seeded relative
to matched WT cells.
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Flow cytometry

To determine total amount of ROS in cells displaying different mitochondrial morphologies or in cells
treated with ROS or ROS scavenging compound, we stained cells with CellROX Green (ThermoFisher Sci-
entific) and analyzed cells following the manufacturers protocol, analyzing at least 10,000 total events for
each group.?

Western blotting

We lysed cells using RIPA buffer and detected amounts of target proteins in total cell lysates by western
blotting as described previously>® after seeding cells as described in the wound healing assays section.
For mitochondrial morphology proteins, we probed total cell lysates for PISD (ThermoFisher Scientific),
Drp1 (Cell Signaling Technology), pDrp1%° (
ogy), and B-actin (Cell Signaling Technology). For SHP1/2 activity, we probed total cell lysates for phos-
pho-STAT3 Tyr705 (Cell Signaling Technology) followed by total STAT3 (Cell Signaling Technology) as a
loading control. We quantified relative intensities of bands with ImageJ (National Institutes of Health,

Bethesda, MD, USA).

Cell Signaling Technology), MFN2 (Cell Signaling Technol-

QUANTIFICATION AND STATISTICAL ANALYSIS

Data represent experiments repeated independently three times. For experiments comparing multiple
groups, we used one-way ANOVA and Tukey's multiple comparisons test. We considered p < 0.05 as sta-
tistically significant (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). We prepared bar graphs (mean values +SD
or SEM as denoted in figure legends), dot plots, and boxplots and whiskers using GraphPad Prism 8. For
dot plot, bars denote the mean + SD as identified in the figure legends. For boxplots and whiskers, the
bottom and top of a box define the first and third quartiles, and the band inside the box marks the second
quartile (median). The ends of the whiskers represent the 10th and 90th percentiles, respectively. For box-
plots and whiskers, the “+" within the box refers to the mean.
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