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Abstract

Mitochondria are signaling hubs in eukaryotic cells. Here, we showed that the mitochondrial
FUN14-domain-containing protein-1 (FUNDC1), an effector of Parkin-independent mitophagy,
also participates in cellular plasticity by sustaining oxidative bioenergetics, buffering ROS
production and supporting cell proliferation. Targeting this pathway in cancer cells suppressed
tumor growth but rendered transformed cells more motile and invasive in a manner dependent on
ROS-mediated mitochondrial dynamics and mitochondrial repositioning to the cortical

Correspondence: Dario C. Altieri, M.D., The Wistar Institute, 3601 Spruce Street, Philadelphia, PA 19104, USA, Tel. (215) 495-6970;
daltieri@wistar.org.
AUTHOR CONTRIBUTIONS
J.L. and D.C.A. conceived the project. J.L. performed experiments to measure tumor cell migration, tumor cell invasion, and
modulation of oxidative stress; in vivo studies of primary and metastatic tumor growth, and rescue studies with LonP1 cDNA. E.A.
performed experiments to measure FA dynamics, cellular chemotaxis, and intrasplenic liver metastasis. 1.B. performed mitochondrial
dynamics experiments. M.C.C. performed tumor cell invasion experiments. J.G. performed experiments to measure oxidative
metabolism and LonP1-directed proteolysis. J.H.S. analyzed mitochondrial protein folding quality control and complex V activity. H.-
Y.T., AR.G. and D.W.S. performed proteomics and metabolomics experiments. Q.L. reviewed statistical data analysis. A.V.K.
Eerformed bioinformatics analyses. J.L., L.R.L., D.W.S. and D.C.A. analyzed data and J.L. and D.C.A. wrote the paper.

These authors contributed equally to this work
COMPETING INTERESTS
The authors declare that they have no competing interests.
DATA AND MATERIALS AVAILABILITY
The mass spectrometry proteomics data have been deposited into the MassIVE and ProteomeXchange data repository with the
accession number MSV000084843 (https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=335ca74786d445a8bbe49e477aad0ee8)
and PXDO017295 (http://proteomecentral.proteomexchange.org/cgi/GetDataset?| D=PXD017295), respectively. All other data needed
to evaluate the conclusions in the paper are present in the paper or the Supplementary Materials.


https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=335ca74786d445a8bbe49e477aad0ee8
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD017295

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 2

cytoskeleton. Global metabolomics and proteomics profiling identified a FUNDC1 interactome at
the mitochondrial inner membrane, comprising the AAA+ protease, LonP1 and subunits of
oxidative phosphorylation, complex V (ATP synthase). Independently of its previously identified
role in mitophagy, FUNDC1 enabled LonP1 proteostasis, which in turn preserved complex V
function and decreased ROS generation. Therefore, mitochondrial reprogramming by a FUNDC1-
LonP1 axis controls tumor cell plasticity by switching between proliferative and invasive states in

INTRODUCTION

RESULTS

Mitochondrial functions in oxidative metabolism, redox balance and gene expression
maintain cellular homeostasis and tissue specialization (1). However, how these processes
participate in cellular adaptation or plasticity has not been clearly delineated (2). Tumors are
prime examples of cellular plasticity (3) because transformed cells must continuously titrate
cues from a rapidly changing and often unfavorable microenvironment (4) to thwart cell
death (5), sustain cell proliferation (6), and, in some cases, activate cell motility and invasion
to colonize distant organs during the process of metastasis (7).

The effectors of cellular plasticity in cancer (3), in particular those that control the balance
between cell proliferation and cell motility are still mostly elusive (8), and a potential role of
mitochondria in this process has only recently been hypothesized (9). On the other hand,
there is evidence that mitochondrial functions are broadly exploited in cancer (10).
Specifically, oxidative bioenergetics (11), ROS signaling (12), and mitochondrial dynamics,
an adaptive process that controls the size, shape and subcellular distribution of mitochondria
(13) have been implicated in key disease traits of therapy resistance (14), stemness (15) and
tumor growth in vivo (16).

Mechanistically, mitochondrial reprogramming in cancer (10) relies on an increase in
protein folding quality control (17). This buffers the risk of proteotoxic stress (18) and
globally maintains mitochondrial integrity through the complementary activities of
molecular chaperones, including Heat Shock Protein-90 (Hsp90) molecules in protein
folding (17) and AAA+ proteases ClpXP (19, 20) and LonP1 (21) in proteolytic disposal of
misfolded and aggregated proteins. These two arms of mitochondrial proteostasis are
invariably exploited in cancer and may provide a therapeutic target (22), but their
contribution to cellular plasticity and disease traits have not been fully elucidated. In this
study, we identified mitophagy effector FUN14-domain-containing protein-1 (FUNDCL1)
(23) as a regulator of mitochondrial proteostasis that controls the balance between cell
proliferation and cell motility states in cancer.

FUNDC1 regulates mitochondrial-directed cell motility.

In unpublished results, FUNDC1 (23) was identified in a short interfering RNA (shRNA)
screen as a candidate molecule required for inhibition of tumor cell invasion mediated by
mitochondrial proteotoxic stress (24). To explore this possibility, we characterized pooled
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small interfering RNA (siRNA) sequences that suppress FUNDCL1 protein levels in prostate
adenocarcinoma PC3 cells (fig. SLA). We also generated clones of PC3 cells stably
transduced with FUNDC1-directed shRNA, which suppressed endogenous FUNDC1
expression (fig. S1B). Consistent with the unpublished results of the sShRNA screen (24),
knockdown of FUNDC1 partially rescued the inhibition of tumor cell invasion mediated by
the mitochondrial-targeted Hsp90 inhibitor, Gamitrinib (fig. S1, C and D), which induces
mitochondrial proteotoxic stress. A control, non-targeting siRNA did not affect tumor cell
invasion (fig. S1, C and D).

We next asked if FUNDCL had a role in cell matility. Silencing of FUNDCL1 in PC3 cells
promoted focal adhesion (FA) dynamics (Fig. 1A, Movie S1 and S2), a prerequisite of cell
motility. Quantification of this response demonstrated that loss of FUNDCL increased the
rates of FA assembly and disassembly (Fig. 1B), promoted new FA formation, and
concomitantly decreased stable FA, compared to control cultures (fig. SLE). Consistent with
these results, FUNDC1 knockdown increased the 2D motility of PC3 cells (Fig. 1C),
prostate adenocarcinoma DU145 cells (fig. S1F) and glioblastoma LN229 (fig. S1G) cells,
compared to control siRNA transfectants. In these experiments, loss of FUNDC1 increased
both the speed of cell movements as well as the distance traveled by individual cells (Fig.
1D, fig. S1H). A control siRNA had no effect (Fig. 1, C and D, fig. S1, F-H). When
analyzed for directional chemotaxis, FUNDC1 silencing resulted in increased propensity for
random, in addition to directional tumor cell movements (Fig. 1E). Conversely, control
transfectants uniformly migrated directionally along a chemotactic gradient (Fig. 1E).
Finally, FUNDC1-targeted PC3 cells exhibited greater invasion across Matrigel-coated
inserts, compared to controls (Fig. 1F).

To test the specificity of this response, we next carried out reciprocal experiments in which
FUNDC1 was overexpressed in tumor cells. Here, forced expression of FUNDC1
suppressed 2D tumor cell migration (fig. S1I), reducing the speed of cell movements and the
distance traveled by individual cells compared to control transfectants (fig.S1J). Cells
overexpressing FUNDC1 showed reduced Matrigel invasion (Fig. 1G) and decreased
activating phosphorylation (Tyr92%) of the cell motility kinase FAK (Fig. 1, H and I).
Functionally, siRNA-mediated silencing of FAK reversed the increase in tumor cell invasion
induced by FUNDC1 depletion (Fig. 1J).

FUNDCI1 differentially affects cell motility and cell proliferation.

Bioinformatics analysis of public databases demonstrated that FUNDC1 copy number and
MRNA levels were heterogeneously expressed in disparate tumor types (fig. S2A), including
the Cancer Cell Line Encyclopedia (fig. S2B). Accordingly, FUNDC1 was present at
variable levels in cell lines representative of lung (H1299, A549 and H460) and breast
(MCF7, MDA231) adenocarcinoma (fig. S2C). Therefore, we next looked at how different
levels of FUNDC1 may affect tumor response(s). Consistent with the data above, forced
expression of FUNDCL inhibited Matrigel invasion of multiple prostate cancer cell types,
compared to control transfectants (Fig. 2A). However, under the same conditions, FUNDC1
overexpression significantly increased tumor cell proliferation (Fig. 2B). In reciprocal
experiments, FUNDC1 knockdown inhibited PC3 cell proliferation (fig. S2D) and reduced
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colony formation (Fig. 2, C and D), a marker of tumorigenicity. These effects were
accompanied by cell cycle arrest at S and G2/M phases (fig. S2E).

Next, we asked if potential opposing effects of FUNDCL1 in cell motility and cell
proliferation affected tumor growth. Engraftment of PC3 cells stably transduced with pLKO
vector onto the flanks of immunocompromised mice gave rise to exponentially growing
superficial tumors (Fig. 2E). In contrast, stable knockdown of FUNDC1 suppressed
xenograft tumor growth in immunocompromised mice (Fig. 2E). By immunohistochemistry,
FUNDC1-depleted tumors showed a statistically significant reduction in the number of
Ki67-positive cells, a marker of cell proliferation, compared to controls (Fig. 2F, fig. S2F).
Although impaired for primary tumor growth, PC3 cells lacking FUNDC1 gave rise to an
increased number of spontaneous metastases to the lungs, compared to pLKO-expressing
tumors (Fig. 2, G and H). To confirm this response, we used a second metastasis model in
which tumor cells are injected into the spleen of immunocompromised animals, and
metastatic foci to the liver are quantified histologically after 11 d. In this model, PC3 cells
depleted of FUNDC1 produced more metastatic foci in the liver, compared to pLKO-
transduced cells (Fig. S2G, Fig. 21). However, the surface areas of liver metastases did not
differ between animals injected with pLKO and shFUNDC1-transduced cells (fig. S2H).

Next, we looked at the impact of FUNDC1 in human samples. Inspection of RNA-seq
expression data of 33 cancer types in the TCGA database (fig. S2I) revealed that high levels
of FUNDC1 correlated with the expression of genes involved in ATP bioenergetics in most
tumor types (97/94/91% of samples with enrichment of at least >1/10/20%) (Fig. 2J, fig.
S21J). Conversely, low levels of FUNDCL1 correlated with the expression of genes involved in
ROS signaling (79/64/52%) and metastatic competence (cell motility/invasion) (Fig. 2K, fig.
S21J) in most cancers (85/85/79%). In this analysis, a high correlation (Pearson r=0.51)
between ATP and metastasis-enrichment signatures was observed across different cancer
types (fig. S2, I and J), and was the highest in lung cancer (both adenocarcinoma and
squamous cell carcinoma subtypes) (fig. S2J).

FUNDCL1 regulates mitochondrial dynamics and subcellular trafficking.

Because cell motility is regulated by changes in mitochondrial dynamics, especially fission
(24), we next investigated whether FUNDC1 signaling affected mitochondrial dynamics.
Knockdown of FUNDC1 in DU145 or LN229 cells increased the redistribution of
mitochondria from a perinuclear localization to the peripheral, or cortical cytoskeleton (Fig.
3, A and B). By time-lapse videomicroscopy, this redistribution reflected heightened
mitochondrial motility, with faster speed of organelle movements and greater distance
traveled by individual mitochondria, compared to control transfectants (Fig. 3C, fig. S3A).
In addition, FUNDC1-silenced cells exhibited increased mitochondrial association of Ser616
phosphorylated, and therefore active, dynamin-related protein-1 (Drpl) (fig. S3B, Fig. 3D),
which mediates mitochondrial fission. Consistent with these findings, FUNDCL1 loss induced
heightened mitochondrial dynamics compared to control transfectants, with increased
mitochondrial fission in both PC3 (Fig. 3, E and F, Movie S3 and Movie S4) and LN229
(fig. S3C, Fig. 3F, Movie S5 and Movie S6) cells. Accordingly, PC3 cells depleted in
FUNDC1 showed reduced mitochondrial mass, compared to control transfectants (Fig. 3, G
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and H). Functionally, targeting mitochondrial fission by silencing Drpl abrogated the
increase in PC3 cell invasion after FUNDC1 loss (Fig. 3I). In addition, knockdown of the
kinesin family protein, Kif5B, which mediates anterograde mitochondrial movements and is
important for tumor cell invasion (24), also abolished the increase in Matrigel invasion
induced by FUNDC1 knockdown (Fig. 3J). A control siRNA did not affect tumor cell
invasion (Fig. 3J).

FUNDCL1 has been implicated in Parkin-independent mitophagy (23), and a role of this
pathway in tumor cell motility was next investigated. Silencing of FUNDC1 in DU145 cells
had minimal effects on pH-sensitive fluorescence emissions from a mitochondrial Keima-
Red reporter, which monitors mitochondrial fusion with lysosomes during mitophagy (Fig.
3K). Similar results were obtained with a different cell line (PC3), where FUNDC1
knockdown only modestly increased mitochondrial Keima-Red fluorescence signals under
conditions of normoxia or hypoxia, compared to control siRNA transfectants (fig. S3D).
Conversely, forced expression of siRNA-resistant wild-type FUNDCL in PC3 (fig. S3E) or
DU145 (fig. S3F) cells increased mitophagy-associated mitochondrial Keima-Red
fluorescence, consistent with FUNDC1 regulation of mitophagy.

FUNDCI1 controls mitochondrial oxidative functions.

To elucidate how FUNDC1 affects mitochondrial activities, we next carried out a
metabolomics screen in control or FUNDC1-silenced PC3 cells. Loss of FUNDC1 caused
extensive defects in mitochondrial bioenergetics (Fig. 4A), characterized by reduced levels
of TCA cycle products, pyruvate, cis-aconitase, a-ketoglutarate, and succinate, and
increased oxidized glutathione and ROS, consistent with unbalanced mitochondrial
antioxidant mechanisms (Fig. 4B). Accordingly, silencing of FUNDCL by siRNA (Fig. 4C)
or shRNA (fig. S4A) decreased oxygen consumption rates (OCR) in tumor cells (Fig. 4C), a
marker of oxidative metabolism, affecting both basal and maximal respiration (fig. S4B).
Extracellular acidification rates (ECAR) were also lower after transient (fig. S4C) or stable
(fig. S4D) FUNDC1 knockdown. Consistent with impaired bioenergetics, FUNDC1-
depleted cells showed reduced rates of ATP production (fig. S4E) and markers of cellular
starvation, including AMPK phosphorylation on Thrl72 (fig. S4F) and punctate LC3
fluorescence staining (fig. S4, G and H), both of which suggested increased autophagy. In
contrast, treatment with pharmacologic inhibitors of autophagy, 3-methyladenine or
bafilomycin A, did not affect the increase in tumor cell invasion mediated by FUNDC1
silencing (fig. S41).

In line with the results of the metabolomics screen, knockdown of FUNDCL increased
mitochondrial ROS production and heightened mitochondrial inner membrane potential,
compared to control transfectants (Fig. 4D). In contrast, intracellular levels of H,O,
remained unchanged in control or FUNDC1 knockdown cells (fig. S4J). In rescue
experiments, treatment with the cell permeable superoxide dismutase mimetic, MnTBAP
reversed the increase in mitochondrial ROS after FUNDC1 silencing to levels of control
cells (Fig. 4E). Consistent with a role of ROS in mitochondrial dynamics, MnTBAP
treatment normalized the speed of mitochondrial movements and the distance traveled by
individual mitochondria in FUNDC1 knockdown cells (Fig. 4F). Accordingly, MnTBAP
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also reversed the increase in 2D cell motility associated with FUNDCL silencing, decreasing
the speed of cell migration and shortening the distance traveled by individual cells to levels
of control cultures (Fig. 4G). As a result, MNnTBAP reversed the dual phenotype of FUNDC1
depletion in tumor cells, inhibiting the increase in cell invasion (Fig. 4H) while restoring cell
proliferation comparably to that in control cultures (Fig. 41).

FUNDC1 is required for LonP1 proteostasis.

We next looked at the biochemical requirements of FUNDC1 regulation of mitochondrial
functions. Submitochondrial fractionation experiments revealed that endogenous or
recombinant FUNDCL1 existed in two separate pools in tumor mitochondria, localized to the
inner as well as outer mitochondrial membrane (Fig. 5A). No other submitochondrial
localizations of FUNDC1 were observed (Fig. 5A). Next, we carried out a global proteomics
screen to identify a FUNDCL1 interactome in mitochondria. In these experiments, 170
mitochondrial proteins were identified with at least a 2-fold increased association with
endogenous FUNDCL, compared to vector transfectants (fig. S5A). By bioinformatics
analysis, this FUNDCL interactome comprised regulators of mitochondrial ribosomal
function (MRPS2, MRPS15, MRPS27, MRPS23, PRPL19, MRPL10A, MRPL50,
MRSP18B, RPS18), tRNA transferases (TRMT61B, GARS, QTRT1, TARS2, TRMT1,
KARS), subunits of mitochondrial complex V/ATP synthase (ATP5F1D, ATP5PF,
ATP5F1C, ATP5PB, ATP5F1A, ATP5F1B) and AAA+ proteases involved in mitochondrial
protein quality control (LonP1, ClpB, ClpX, MAIP1) (Fig. 5B). Consistent with these data,
Flag-FUNDC1 co-immunoprecipitated with the endogenous complex V subunits ATP5C1,
ATP50 and ATP5B in PC3 cells, whereas immunoprecipitates of Flag-vector were
unreactive (Fig. 5C). Reciprocally, immune complexes of endogenous ATP5C1, but not 19G,
contained endogenous LonP1 as well as FUNDCL1 (Fig. 5D).

Based on these findings, we next asked if FUNDC1 affected mitochondrial complex V
activity. In cycloheximide block and release experiments, FUNDC1 depletion caused
accelerated degradation of complex V subunits ATP5C1, ATP50 and ATP5B, whereas
Hsp90 was not affected (fig. S5, B and C). As a result, FUNDC1 knockdown cells showed
reduced citrate synthase-normalized complex V activity, compared to control transfectants
(Fig. 5, E and F). This response was specific because reconstitution of knockdown cells with
recombinant FUNDCL1 restored complex V activity to levels of control cultures (Fig. 5, E
and F).

LonP1 maintains the integrity of certain complex V subunits, including ATP5A and ATP5B
(25), leading us to investigate whether FUNDCL1 has a role in this process. In a first series of
experiments, loss of FUNDC1 caused misfolding of LonP1, as well as the complex V
subunits APT5C1, ATP50, and ATP5B, compared to control transfectants (fig. S5, D and
E). In contrast, VDAC protein folding was not affected (fig. S5, D and E). Due to impaired
protein quality control, recombinant LonP1 expressed in FUNDCL1 knockdown cells showed
reduced catalytic activity compared to control cultures transduced with pLKO (Fig. 5G). To
validate the specificity of these findings, we next carried out reconstitution experiments with
recombinant LonP1. Here, expression of LonP1 restored the stability of the complex V
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subunits ATP5C1, ATP50 and ATP5B in FUNDC1 knockdown cells, comparably to that in
control siRNA transfectants (Fig. 5, Hand I).

A FUNDC1-LonP1 axis controls cellular plasticity.

We next asked if FUNDC1-enabled LonP1 activity was important for tumor cell responses.
In line with improved complex V activity, expression of LonP1 corrected the OCR defect in
FUNDC1 knockdown cells (Fig. 6A, fig. S6A), rescuing both basal and maximal respiration
to levels of control transfectants (Fig. 6B, fig. S6A). This rescue was associated with
improved ATP production (Fig. 6C, fig. S6A) and decreased ROS generation (Fig. 6D)
comparably to those in control cultures.

Functionally, this response was associated with normalized mitochondrial dynamics in
LonP1-reconstituted cells, with reduced phosphorylation of Ser616 in Drp1 (Fig. 6E), slower
speed mitochondrial movements and shorter distances traveled by individual mitochondria
(fig. S6, B and C). As a result, reconstitution with LonP1 corrected the increase in 2D tumor
cell motility induced by FUNDC1 loss (Fig. 6F), and reduced tumor cell invasion across
Matrigel-coated inserts to levels of control transfectants (Fig. 6G, fig. S6D). Reciprocally,
re-expression of LonP1 restored tumor cell proliferation after FUNDC1 knockdown,
indistinguishably from that in control cultures (Fig. 6H).

DISCUSSION

In this study, we showed that FUNDC1 reprogrammed mitochondrial dynamics, oxidative
bioenergetics, and redox balance in tumor cells. The underlying mechanism involved
interaction between FUNDC1 and the AAA+ protease LonP1, which enhanced proteostasis
and maintained the stability and function of complex V. This pathway was exploited by
cancer cells to control cellular plasticity, switching between cell proliferation and cell
motility states. High levels of FUNDC1 enabled oxidative bioenergetics and supported
tumor cell proliferation and growth, whereas decreased FUNDCL1 expression was a “stress”
signal that stimulated ROS-dependent mitochondrial dynamics and greater tumor cell
invasion and metastasis.

FUNDCL1 has been recognized to be a phosphorylation-regulated (26) receptor for LC3 in
Parkin-independent mitophagy, especially under hypoxic conditions (23), but a broader role
of this pathway in mitochondrial reprogramming has not been previously explored. Here,
forced expression of FUNDC1 increased mitophagy in tumor cells, in agreement with
previous observations (23). However, although FUNDC1 depletion impaired mitochondrial
bioenergetics, enhanced cell motility and reduced cell proliferation, it had negligible effects
on mitophagy, including in hypoxia. This suggests that FUNDC1 may have distinct and
potentially non-overlapping roles in regulating mitophagy and mitochondrial oxidative
metabolism, a possibility further reinforced by the identification of spatially separate pools
of FUNDC1 at the outer and inner mitochondrial membranes. How FUNDC1 is sorted to
different submitochondrial compartments, especially in tumor cells, remains to be
elucidated. However, the multiple transmembrane domains predicted by the FUNDC1
primary sequence suggest a potential mechanism for insertion at both mitochondrial
membranes.
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Distinct from a proposed role of FUNDC1 in mediating mitochondrial fission in cooperation
with calnexin and Drp1 (27), we found that depletion of FUNDC1 promoted the recruitment
of Ser616-phosphorylated Drp1 to mitochondria, resulting in greater organelle fission and
increased redistribution to the cortical cytoskeleton. Previously considered a unique trait of
axons to localize mitochondria at sites of high energy demand (28), we now know that both
normal (29) and tumor (30) cells exploit anterograde and retrograde mitochondrial
trafficking (24) to reposition mitochondria at the leading edge of migrating cells (31). In
turn, this mitochondrial repositioning fuels focal adhesion complex turnover and membrane
lamellipodia dynamics, culminating with heightened cell movements and invasion (24, 32,
33). How mitochondrial fission contributes to this process is still unclear (34), but smaller,
fragmented mitochondria travel faster and farther in tumor cells, which correlates with
greater invasion and metastatic dissemination in vivo (24). In FUNDC1-depleted cells, the
heightened mitochondrial trafficking was associated with altered cytoskeleton dynamics,
increasing the propensity of tumor cells (35) for non-polarized, random cell migration,
irrespective of a chemotactic gradient (36). This response is a feature of invasive and
metastatic cancer (35), and is reminiscent of the “stress-regulated” random tumor cell
migration paradoxically induced by exposure to molecular therapy, which also involves
greater mitochondrial dynamics and trafficking to the cortical cytoskeleton (32).

A key signal in FUNDC1-directed mitochondrial reprogramming was aberrant generation of
ROS. Whether emanating from a leaky TCA cycle and/or unbalance of mitochondrial
antioxidant systems, increased ROS supported mitochondrial movements, cell motility and
invasion under conditions of FUNDC1 depletion. The role of ROS in cancer continues to be
debated (37), with a spectrum of cell- and context-specific responses that range from
enhancement (38) to suppression (39) of primary and metastatic tumor growth. A similar
dichotomy may apply to how ROS dosage affects mitochondrial dynamics. Similar to the
findings presented here, non-toxic ROS produced after depletion of the mitochondrial
trafficking regulator syntaphilin (SNPH) stimulate mitochondrial fission, resulting in greater
organelle trafficking and cell motility (24). Conversely, more severe oxidative stress
following loss of LonP1 (21) impairs cell proliferation, suppresses xenograft tumor growth
and inhibits tumor cell movements (25). Together, these findings are consistent with other
data that non-toxic ROS stimulate cell motility (40), promote epithelial-to-mesenchymal
(EMT) transition and enable greater metastatic dissemination (41), whereas higher ROS
levels, in particular H,O,, suppress mitochondrial trafficking (42) and metastasis in vivo
(39).

The role of FUNDC1 in mitochondrial reprogramming involved regulation of oxidative
phosphorylation, and, specifically, complex V activity. Global metabolomics and proteomics
profiling demonstrated that multiple complex V constituents of the F1 (B, y and &) and
peripheral stalk (OSCP and F6) subunits, as well as LonP1 (21), associated with FUNDC1.
Here, knockdown of FUNDC1 destabilized LonP1 and reduced its proteolytic activity,
causing accumulation of misfolded/aggregated complex V subunits, impaired complex V
activity, bioenergetics defects, and suppression of tumor growth in vivo. How FUNDC1
maintains LonP1 stability and function remains to be elucidated. Similar to ClpXP-directed
proteostasis (20), it is possible that a LonP1-FUNDC1 complex may also contain molecular
chaperones that participate in protein (re)folding, potentially affecting oxidative
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phosphorylation subunits (17). Nonetheless, these data reaffirm an emerging role of LonP1
as a regulator of complex V protein quality control in cancer (25), enabling oxidative
bioenergetics (43), ROS buffering (44) and tumor growth (25). Other complex V regulators
participate in mitochondrial protein folding (45), as well as ROS signaling and tumor cell
invasion (46). In this context, a requirement of complex V in cancer may be context-specific:
Reduced levels of complex V are present in certain malignancies (47), whereas complex V
inhibition by oncometabolite(s) (48) or the tumoricidal protein, HAMLET (49) produces
growth arrest, tumor cell death and suppression of oncogenic signaling, including that
mediated by mTOR.

In terms of biological relevance, the FUNDC1 pathway described here enabled cellular
plasticity (3), controlling a cell proliferation versus cell motility balance in cancer. Also
called “phenotype switching”, the reversible transition from a proliferative to an invasive
state (4) is considered an adaptive response to changing environmental conditions,
influencing metabolism (50), EMT and acquisition of stem-like properties (51). The
similarity of the phenotype of FUNDC1 depletion (this study) with that observed after loss
of syntaphilin (SNPH) (52) suggests that mitochondrial reprogramming may function as a
general determinant of phenotype switching in cancer. What controls the heterogeneous
levels of FUNDC1 in tumor cells, and thus phenotype switching, is presently unknown. One
possibility is that, similar to SNPH, stress conditions of the tumor microenvironment, for
instance hypoxia, modulate FUNDCL1 expression and the transition from a proliferative to an
invasive state (52). This is consistent with a model that heightened cell motility and
metastatic propensity are responses to “microenvironment stress”, enabling tumor cells to
escape an unfavorable surrounding no longer suitable to sustain cell proliferation and local
expansion (53).

Finally, it is intriguing that mitochondria with decreased levels of SNPH (52) or FUNDC1
(this study), which fuel greater cell motility and invasion (24), have paradoxically lower ATP
output, elevated ROS and heightened fission, conditions that are all associated with
mitochondrial clearance and cell death (5, 9, 13). This conundrum remains to be explained,
but it is possible that mitochondrial reprogramming in cancer subverts mitophagy
mechanisms that would ordinarily eliminate such damaged or subpar mitochondria (9).
Although Parkin-dependent mitophagy is a recognized tumor suppressor in vivo (54), the
situation may be different for FUNDCI. In fact, high levels of FUNDCL1 have been
associated with worse patient outcome in breast cancer (55), and, accordingly, FUNDC1
supports tumor growth in vivo (this study). Therefore, it is plausible that in cancer, the
function of FUNDCL1 in mitochondrial reprogramming and cellular plasticity may become
dominant over a proposed role in mitophagy (23) that may potentially antagonize tumor
growth.

MATERIALS AND METHODS

Cells and cell culture.

Prostate adenocarcinoma PC3, DU145, C42B, glioblastoma LN229, lung adenocarcinoma
H1299, H460 and A549, breast adenocarcinoma MCF7 and MDA231, and mouse fibroblasts
NIH3T3 were obtained from the American Type Culture Collection (ATCC, Manassas, VA),
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and maintained in culture according to the supplier’s specifications. Cell passaging was
limited to <40 passages from receipt and cell lines were authenticated by STR profiling with
AmpFISTR ldentifiler PCR Amplification Kit (Life Technologies) at the Wistar Institute’s
Genomics facility. Mycoplasma-free cultures were confirmed at the beginning of the studies,
and every 2 months afterwards, by direct polymerase chain reaction (PCR) of cultures using
Bioo Scientific Mycoplasma Primer Sets (cat. #375501) and Hot Start polymerase
(QIAGEN). Conditioned media was prepared from exponentially growing cultures of
NIH3T3 cells in DMEM supplemented with 4.5 g/l D-glucose, sodium pyruvate, 10 mM
HEPES and 10% FBS for 48 h.

Antibodies and reagents.

Antibodies to FUNDCL1 (Aviva System Biology, diluted 1:500), Drpl (clone D6C7, Cell
Signaling cat. #8570 diluted 1:1000), Ser816-phosphorylated Drp1 (Cell Signaling cat.
#3455 diluted 1:1000), Drp1 (Cell Signaling cat. #5391 diluted 1:1000), Tyr92>-
phosphorylated FAK (Cell Signaling cat. #3284 diluted 1:1000), FAK (Cell Signaling cat. n.
#3285), FLAG (clone M-2, Sigma cat. #1804 diluted 1:5000) and pB-actin (clone AC-15,
Sigma cat. #A5441 diluted 1:100000) were used for Western blotting. Antibodies to F-Actin
(Invitrogen cat. #A12379, Phalloidin, diluted 1:300), Tom20 (FL-145 Santa Cruz, cat. #
sc-11415 diluted 1:250), and anti-mitochondria antibody (clone 113-1 Millipore cat. #
MAB1273 diluted 1:1000) were used for immunofluorescence. For immunofluorescence
experiments, Phalloidin Alexa488, MitoTracker Red CMH2XROS, MitoSOX Red
(Molecular Probes), mitochondrial superoxide dismutase mimetic MnTBAP and
cycloheximide (CHX) was from Sigma.

Plasmid and siRNA transfection.

Gene knockdown using small interfering RNA (siRNA) was carried out as previously
described (52). The following siRNA sequences were used: control ON-TARGETplus non-
targeting siRNA pool (Dharmacon cat. #D-001810), custom human FUNDC1-directed
siRNA (Dharmacon cat. #DC1_sc-91118;). The different cell types were transfected with the
individual siRNA at 40 nM in Lipofectamine RNAIMAX (Invitrogen) at a 1:1 ratio (20 uM
siRNA-Lipofectamine RNAIMAX [vol/vol]). After 72 h, transfected cells were validated for
target protein knockdown by Western blotting and processed for functional experiments. In
some experiments, cells were transfected with vector (pcDNA) or FUNDC1 cDNA,
confirmed for recombinant protein expression by Western blotting and further analyzed.

Mitochondrial isolation.

Mitochondrial fractions were prepared from PC3 cell homogenates, as described (52). For
submitochondrial fractionation experiments, mitochondrial extracts were centrifuged at
12,000 g for 10 min and further separated in fractions containing outer membrane (OM),
inner membrane (IM), intermembrane space (IMS), and matrix, as previously described
(52).
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Protein analysis.

Protein lysates prepared in 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0, plus EDTA-free protease and phosphatase inhibitor
cocktails (Roche) were separated by SDS gel electrophoresis, transferred to polyvinylidene
difluoride (PVDF) membranes, and incubated with primary antibodies of various
specificities. Protein bands were visualized by chemiluminescence.

Mitochondrial protein folding.

Changes in mitochondrial protein folding in siRNA-transfected PC3 cells were assessed at
increasing detergent (NP-40) concentrations (0-2%) as previously described (17).

Cellular respiration.

Oxygen consumption rates (OCR) or extracellular acidification rates (ECAR) were
quantified using an Agilent Seahorse XFe96 analyzer (Agilent Technologies, Wilmington,
DE) using siRNA-transfected PC3 cells, as previously described (56). Metabolic rates were
monitored under basal conditions and after addition of oligomycin (1 uM), FCCP (1 uM)
and antimycin (0.5 uM), all dissolved in XF base media. After sequential drug addition,
OCR/ECAR rates were measured using three cycles of mixing (150 sec), waiting (120 sec)
and measuring (210 sec). This cycle was repeated following each injection.

Mitochondrial complex V activity.

Extracts from PC3 cells transfected with siCtrl or siFND1 were analyzed for changes in
oxidative phosphorylation complex V activity using Abcam reagents (ab109907). Aliquots
of cell lysate (20 pg) were assayed in parallel for citrate synthase (CS) activity (ScienCell
Research Laboratories), and samples with comparable CS activity were used to quantify
complex V activity. Relative activity was calculated from changes in absorbance over time in
the linear range of the measurements.

Proteomics screening.

To identify a FUNDCL interactome in mitochondria, immune complexes of endogenous
FUNDCL1 or non-binding control 1gG were separated on an SDS-gel for approximately 5
mm followed by fixing and staining with colloidal Coomassie. The entire region of the gel-
containing proteins was excised and digested with trypsin. Tryptic peptides were analyzed
by LC-MS/MS on a Q Exactive HF mass spectrometer (Thermo Scientific) coupled with a
Nano-ACQUITY UPLC system (Waters). Samples were injected onto a UPLC Symmetry
trap column (180 pm i.d. x 2 cm packed with 5 pm C18 resin; Waters), and tryptic peptides
were separated by RP-HPLC on a BEH C18 nanocapillary analytical column (75 pm i.d. x
25 cm, 1.7 um particle size; Waters) using a 90-min gradient. Eluted peptides were analyzed
in data-dependent mode where the mass spectrometer obtained full MS scans from 400 to
2000 m/z at 60,000 resolution. Full scans were followed by MS/MS scans at 15,000
resolution on the 20 most abundant ions. Peptide match was set as preferred, the exclude
isotopes option and charge-state screening were enabled to reject singly and unassigned
charged ions. MS/MS spectra were searched using MaxQuant 1.6.1.0 (57) against the
UniProt human protein database (October 2017). MS/MS spectra were searched using full
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tryptic specificity with up to two missed cleavages, static carboxamidomethylation of Cys,
and variable oxidation of Met, protein N-terminal acetylation, and phosphorylation of Ser,
Thr and Tyr. Consensus identification lists were generated with false discovery rates of 1%
at protein, peptide and site levels. Protein quantitation and fold changes of FUNDC1-LonP1
vs FUNDC1-vector were determined from the iBAQ intensity.

Metabolomics screening.

ROS.

LC-MS analysis was performed on a ThermoFisher Scientific Q Exactive HF-X mass
spectrometer equipped with a HESI 11 probe and coupled to a ThermoFisher Scientific
Vanquish Horizon UHPLC system as described (56). Briefly, polar metabolites were
extracted using 80% methanol and separated at 0.2 ml/min by HILIC chromatography at
45°C on a ZIC-pHILIC 2.1-mm i.d x 150 mm column (EMD Millipore) using 20 mM
ammonium carbonate, 0.1% ammonium hydroxide, pH 9.2, (solvent A) and acetonitrile
(solvent B) with a gradient of: 0 min, 85% B; 2 min, 85% B; 17 min, 20% B; 17.1 min, 85%
B; and 26 min, 85% B. Samples were analyzed in a randomized order using full MS scans
with polarity switching for quantitation at: scan range 65 to 975 m/z; 120,000 resolution;
automated gain control (AGC) target of 1E6; and maximum injection time (max IT) of 100
ms. A sample pool (QC) was generated by combining equal volume of each sample and
analyzed using full MS scan at the beginning, middle and end of the run sequence. MS/MS
was also performed on the QC samples using separate runs for positive and negative mode
analysis as follows: a full MS scan was acquired as described above, followed by MS/MS of
the 10 most abundant ions at 15,000 resolution, AGC target of 5E4, max IT of 50 ms,
isolation width of 1.0 m/z, and stepped collision energy of 20, 40 and 60. Metabolite
identification (MS/MS data) and quantitation (MS only data) were performed using
Compound Discoverer 3.0 (Thermo Fisher Scientific). Metabolites were identified from a
mass list of 206 verified compounds (high confidence identifications) as well as by
searching the MS/MS data against the mzCloud database (www.mzcloud.org) with
identifications having scores of at least 50 assigned as tentative identifications.

PC3 cells (4x10°) transfected with various siRNA were stained with MitoSOX Red
mitochondrial superoxide indicator (Life Technologies, 5 uM) for 10 min in complete
medium, followed by washes in PBS pH 7.4, and analysis on a FACSCalibur flow cytometer.
In some experiments, H,O», levels were measured using an Intracellular Hydrogen Peroxide
assay kit (AAT Bioquest cat # 11505). Briefly, PC3 cells transfected with siCtrl and siFND1
were treated with OxiVision Blue peroxide sensor for 30 min, washed and analyzed by flow
analysis using a 405 nm laser and 450/40 filter. For both sets of experiments, intact cells
were gated in the FSC/SSC plot to exclude small debris.

LonP1 protease activity.

PC3 cells stably expressing control pLKO or FUNDC1-directed shRNA (shFND1) were
transfected with Flag-LonP1 cDNA, immunoprecipitated with an antibody to Flag and
immune complexes were eluted using a Flag peptide (Sigma-Aldrich, F4799). Affinity-
purified LonP1 was then incubated for 5 min at 37°C in a 100 pl reaction cocktail containing
25 mM Tris-HCI (pH 8.0) and 10 mM MgCl, with or without 2.5 mM ATP. Samples were
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further incubated with FITC-casein substrate (2 pg) for 1 h at 37°C, and proteolytic release
of free FITC molecules was monitored by increase in fluorescence emission with excitation
and emission wavelengths set at 485 nm and 535 nm, respectively.

Mitophagy assay.

Mitophagy was quantified using a FACS-based analysis of a mitochondrially targeted
Keima-Red fluorescence reporter (Addgene, cat. #56018). Briefly, PC3 cells stably
expressing mitochondrial Keima-Red or DU145 cells transiently transfected with
mitochondrial Keima-Red were further transfected with siCtrl or siFND1, or alternatively,
with vector or FUNDCL1 cDNA. Cells were detached with trypsin, washed and suspended in
PBS followed by analysis on an LSR 18 flow cytometer at 405 and 561 nm lasers and
610/20 filters. Intact cells were gated in the FSC/SSC plot to exclude small debris.

Immunofluorescence.

Cells were fixed in formalin/PBS (4% final concentration) for 15 min at 22°C,
permeabilized with 0.1% Triton X-100/PBS for 5 min, washed, and incubated with primary
antibodies to Tom20 (diluted 1:300) or phosphorylated Drp1 (Ser518; diluted 1:200) in 5%
NGS/0.3M glycine/PBS for 18 h at 4°C. After washes, secondary antibodies conjugated to
Alexa 488 or Alexa 568 (1:500 in 5% NGS/0.3M glycine/PBS) were added for 1 h at 22°C.
Where indicated, F-actin was stained with phalloidin Alexa488 (1:200 dilution) for 30 min
at 22°C. Slides were washed and mounted in 4,6-diamidino-2-phenylindole (DAPI)-
containing Prolong Gold mounting medium (Life Technologies). At least seven random
fields were analyzed by fluorescence microscopy on a Nikon i80 microscope.

Cortical mitochondrion quantification.

Mitochondria/F-actin composite images were analyzed in ImageJ as previously described
(52). For cortical mitochondrial quantification, a mask was manually created around the
periphery of the cell based on the F-actin channel and subsequently applied to the
mitochondrial channel to measure intensity at the cortical region. The intensity was
normalized to total mitochondrial intensity per cell and background subtracted. A minimum
of 20 cells was analyzed in each independent experiment to obtain mean values.

Focal Adhesion (FA) dynamics.

PC3 cells transfected with various siRNA on high-optical-quality 35-mm glass-bottom
plates were imaged by time-lapse videomicroscopy using a Leica TCS SP8 confocal laser
scanning microscope with an HCX PL APO CS 63, 1.40-NA oil UV objective. Acquisition
of live cells using integrated Leica LAS software was performed every 3 min per frame for a
total interval of 2 h. Sequences were imported into ImageJ for further analysis. The initial
and final frames were duplicated and assembled as composite images. FA were manually
counted and classified (according to the presence in some or all the time frames) into three
groups: decaying, new and stable (merged areas). An average of 7 cells (about 150 FA) was
analyzed per each condition in 2 independent time-lapse experiments using the LASX
software package. In other experiments, time-lapse videomicroscopy movies of Talin-RFP-
expressing PC3 cells transfected with siCtrl or siFND1 were analyzed using the Focal
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Adhesion Analysis Server (FAAS) (https://faas.bme.unc.edu/) and rates of FA assembly and
disassembly were calculated.

Mitochondria time-lapse videomicroscopy.

Cells (2x10%) growing on high optical-quality glass bottom 35-mm plates (MatTek
Corporation) were incubated with 100 nM Mitotracker Deep Red FM dye for 30 min and
imaged on a Leica TCS SP8 X inverted laser scanning confocal microscope using a 63X
1.40NA oil objective. Short duration time-lapse sequences were carried out using a Tokai Hit
incubation chamber equilibrated to 37°C and 5% CO,. Time lapse imaging was performed
for 2 min (3 sec per frame). Individual 12-bit images were acquired using a white-light
supercontinuum laser (0.2% at 645 nm) and HyD detectors at 5X digital zoom with a pixel
size of 70 nm x 70 nm. A pinhole setting of 1 Airy Units provided a section thickness of
0.896 um. Each time point was captured with a step size of 0.15 um. At least 7 cells under
each condition were collected for analysis. Initial postprocessing of 3D sequences was
carried out with Hyugens software to deconvolve the images, which were then imported into
LasX software to study fission and fusion events. A workflow capable of tracking time-
dependent changes in mitochondrial volume was designed on the LasX software platform.
For each cell, the volume of mitochondria over time was analyzed in 4 different areas (with
an average of 10 mitochondria per area) in 3D images. Variations in mitochondrial volume
were evaluated by fold-change over time: a fold-change >1.3 denoted a fusion event; a fold-
change <0.7 denoted a fission event. The average fission and fusion events in the 4 different
areas was used for each cell analyzed.

Two-dimensional (2D) cell motility.

Experiments were carried out essentially as described (32) using 2D chemotaxis chambers
(Ibidi) and a gradient setup with NIH3T3 conditioned medium. Videomicroscopy was
performed over 10 h, with a time-lapse interval of 10 min. Stacks were imported into ImageJ
and images were aligned according to subpixel intensity registration with the StackReg
plugin for ImageJ43. At least 30 cells were tracked using the Manual Tracking plugin for
ImageJ, and the tracking data from four independent time-lapse experiments were pooled
and exported into the Chemotaxis and Migration Tool v2.0 (Ibidi) to quantitatively calculate
the speed of cell movements and total distance traveled by individual cells. In some
experiments of cellular chemotaxis, a Forward Migration Index (FMI) and Rayleigh
distribution statistics were used to quantify directional compared to random cell movements.

Cell invasion.

Experiments were carried out essentially as described (24) using Growth Factor Reduced
Matrigel-coated 8 mm PET Transwell chambers (Corning) and NIH3T3 conditioned
medium placed in the lower chamber as chemoattractant. Cells were allowed to invade for
16-24 h, non-invading cells were scraped off the top side of the membranes, and the invaded
cells on the Transwell insert were fixed in methanol. Membranes were mounted in medium
containing DAPI (Vector Labs) and analyzed by fluorescence microscopy. Five random
fields at x20 magnification were collected for each membrane. Digital images were batch-
imported into ImageJ, thresholded and analyzed with the Analyze particles function.
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Cell proliferation and cell cycle analysis.

Cells transfected with various siRNA or stably transduced with pLKO or shFND1 were
labeled with propidium iodide (PI) and analyzed for differential cell cycle distribution by
flow cytometry. Alternatively, cell proliferation was assayed by a CellTiter 96 A Queous
One Solution Cell Proliferation Assay or by direct cell counting.

Animal studies.

Experiments were carried out in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health (NIH). Protocols
were approved by the Institutional Animal Care and Use Committee (IACUC) of The Wistar
Institute. Sample size was determined by power analysis. All animals were included in the
analysis. A liver metastasis model was performed essentially as previously described (52).
Surgical procedures were carried out in isoflurane-anesthetized animals following aseptic
technique inside a biosafety cabinet, and a slow release buprenorphine formulation was
administered for pain relief. For these experiments, PC3 cells stably transduced with pLKO
or shFND1 at 80% confluency were suspended in PBS, and 1x108 cells were injected (50 pl)
in the spleen of anesthetized 6-8 weeks old male NOD SCID y (NSG, NOD.Cg-Prkdcscid
112rgtm1Wijl/SzJ) mice (Jackson Laboratory). After 11 d, animals were sacrificed and the
number and surface areas of metastatic foci to the liver were quantified by morphometry. In
other experiments, PC3 stably transduced with pLKO or shFND1 were engrafted
subcutaneously on the flanks of NOD SCID y mice (10 animals/group) and tumor growth
was measured with a caliper throughout a 27-d interval. Excised tumors at the end of the
experiment were analyzed for Ki67-positive cells by immunohistochemistry. Lungs
collected from the various animal groups were analyzed for metastatic dissemination by
reactivity with an anti-human mitochondria antibody and immunohistochemistry.

Immunohistochemistry.

Four um-thick sections from tissue blocks of the various animal models were stained with
primary antibodies to human mitochondria (MAB1273, MilliporeSigma, Burlington, MA,
USA) or Ki67 (clone 30-9; Ventana Medical Systems, Roche Group, Tucson, AZ, USA)
using diaminobenzidine (DAB) as a chromogen. All slides were counterstained with
hematoxylin.

Proteomics analysis.

Proteomics intensity data were floored to the minimum detected signal (intensity of 10°) and
a total of 810 proteins with at least 2-fold enrichment detected with at least 2 MS2 spectra
counts were considered for further annotation analysis. Proteins were then annotated as
mitochondrial-related using MitoCarta 2.0 database (58) and Ingenuity Pathway Analysis
(IPA®, QIAGEN Redwood City, www.giagen.com/ingenuity). IPA was then used to identify
all known protein-protein interactions between the identified FUNDC1-associated
mitochondrial proteins.
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Metabolomics analysis.

Differences between siCtrl and siFUNDC1 groups were examined using Student’s t-test
with correction for multiple testing by the Benjamini-Hochberg procedure. Metabolites with
FDR <15% identified as single match (mass list match) or >90% for mzCloud best match
detected with no more than 4 missing ions were reported.

TCGA analysis.

CCLE.

The TCGA tumor expression data for FUNDCI mRNA (RNA seq values) were downloaded
from the cBioPortal for Cancer Genomics (http://www.cbioportal.org/). Genes whose
expression positively and negatively correlated (Spearman [r[>0.2, p<0.05) with FUNDC1
expression using RNA-seq expression data for 33 individual cancer types were considered.
For each cancer, genes positively or negatively associated with FUNDC1 were tested for
enrichment of ATP (GO:0046034 ATP metabolic process), ROS (GO:0000302 response to
reactive oxygen species) and metastasis (G0O:0048870 cell motility) functions.

For the Cancer Cell Line Encyclopedia (CCLE), mRNA expression for FUNDCI was
accessed through the cBioPortal and downloaded. Individual cancer cell lines were grouped
by primary tissue of origin according to the CCLE classification and plotted with GraphPad
software.

Statistical analysis.

Data are expressed as mean+SD of amalgamated results from a minimum of three
independent experiments. For some studies, results obtained from two independent
experiments are shown. Unpaired, two-tailed Student’s t test was used for two-group
comparative analyses. In some cases, correction for multiple testing by the Benjamini-
Hochberg procedure was obtained. For multiple-group comparisons, analysis of variance
(ANOVA) was used. Rayleigh distribution statistics were used for experiments of cellular
chemotaxis. All statistical analyses were performed using the GraphPad software package
(Prism 8.1) for Windows. A p value of <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. FUNDC1 regulatestumor cell movements.
(A) PC3 cells transfected with control non-targeting siRNA (siCtrl) or FUNDC1-directed

pooled siRNA (siFND1) were labeled with Talin-RFP and analyzed for focal adhesion (FA)
dynamics by time-lapse videomicroscopy. Representative images at 0 h and 2 h from 3
independent experiments are shown. (B) The rate (events/h) of FA assembly (top) or
disassembly (bottom) was quantified from the cells in (A). Each point corresponds to FA
events in an individual cell (11-14 cells per condition). Mean+SD (N=3 independent
experiments per group). *, p=0.02-0.04. (C and D) PC3 cells transfected with siCtrl or
siFND1 were analyzed for cell matility in 2D contour plots by time-lapse video microscopy
(C) with quantification of speed of cell movements (D, top) and distance traveled by
individual cells (D, bottom). Each tracing in (C) corresponds to the movements of an
individual cell (49 cells per condition) in a representative experiment. The cutoff velocities
for slow (blue, <0.6 um/min)- or fast (orange, >0.6 um/min)-moving cells are indicated.
MeanxSD (N=3 independent experiments per group). ***, p<0.0001. (E) PC3 cells
transfected with siCtrl or siFND1 were analyzed for 2D chemotaxis in a rose plot (top) with
quantification of the forward migration index (bottom). Arrows indicate the direction of the
chemotactic gradient. Each point corresponds to an individual cell (89 cells per condition;
N=3 independent experiments per group). (F) PC3 cells transfected with siCtrl or SiFND1
were analyzed for invasion across Matrigel-coated Transwell inserts. Each point corresponds
to an individual determination. Mean+SD (N=3 independent experiments per group). ***,
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p=0.0001. (G) The indicated prostate cancer cell lines were transfected with vector or FND1
cDNA and analyzed for Matrigel invasion. Mean+SD (N=3 independent experiments per
group). **, p=0.001; ***, p <0.0001 — 0.0005. (H and 1) PC3 cells transfected with vector or
FND1 cDNA were analyzed by Western blotting (H, representative blot of three independent
experiments) and the intensity of phosphorylated (p) FAK protein band was quantified by
densitometry (I). Mean£SD (N=3 independent experiments per group). ***, p=0.0008. (J)
PC3 cells transfected with siCtrl or siFND1 were analyzed for Matrigel invasion in the
presence or absence of FAK-directed siRNA (siFAK). Mean+SD (N=3 independent
experiments per group). ***, p<0.0001.
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Fig. 2. Dual regulation of primary and metastatic tumor growth by FUNDCL1.
(A and B) PC3 (top), C42B (middle) or DU145 (bottom) cells were transfected with vector

or FND1 cDNA and analyzed for Matrigel invasion (A) or cell proliferation by direct cell
counting (B). Mean+SD (N=3 or 5 independent experiments per condition). **, p=0.001;
*** n <0.0001-0.0005. (C and D) PC3 cells stably transduced with pLKO or FUNDC1-
directed ShRNA (shFND1) were analyzed for colony formation (C) and quantified after 14 d
(D). Mean£SD (N=3 independent experiments per group). ***, p<0.0001. (E) PC3 cells
transduced with pLKO or shFND1 were engrafted subcutaneously onto the flanks of
immunocompromised mice (N=10 animals/group) and tumor growth was quantified at the
indicated time intervals. Each line corresponds to an individual tumor. The mean£SD tumor
size (mm3) for each animal group harvested at day 27 is indicated, p<0.0001. (F)
Representative tumor samples from each animal group in (E) were excised at the end of the
experiment and analyzed for Ki67 staining by immunohistochemistry. Representative
images are shown. Scale bar, 100 um. (G and H) Representative lung samples isolated from
each animal group in (E) were stained with an antibody to human mitochondria by
immunohistochemistry (G, representative images) and the number of lung metastatic foci
was quantified (H). Scale bar, 100 um. Mean£SD (N=25 determinations per group). ***,
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p<0.0001. (1) PC3 cells stably transduced with pLKO or shFND1 were injected into the
spleen of immunocompromised mice (N=5 animals per group) and metastatic foci to the
liver were quantified after 11 days by histology. Mean£SD (N=8-10 determinations per
group). ***, p=0.0009. (J and K) RNA-seq expression data from 33 cancer types (TCGA)
for genes (Spearman r>0.2; p<0.05) positively (J, GO:0046034, ATP metabolism) or
negatively (K, GO:0000302, response to ROS; GO:0048870, cell motility; GO:0008283, cell
proliferation) correlated with FUNDC1 (FNDZ1) expression.
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Fig. 3. FUNDC1 controls mitochondrial dynamics.
(A and B) DU145 or LN229 cells transfected with siCtrl or siFND1 were imaged for

subcellular mitochondrial localization (A, representative images for LN229 cells) and
mitochondrial accumulation at the cortical cytoskeleton was quantified (B). Each point
corresponds to the percentage of cortical mitochondria in an individual cell. Scale bar, 20
um. MeanSD (N=3 independent experiments per group). ***, p<0.0001. (C) PC3 cells
transfected with siCtrl or siFND1 were analyzed for mitochondrial motility with
quantification of speed of mitochondrial movements (top) and distance traveled by
individual mitochondria (bottom). Each symbol corresponds to the tracked movement of an
individual mitochondrion. Data are representative of 3 independent experiments per group.
The mean+SD of mitochondrial speed (siCtrl compared to siFND1, p<0.0001) or distance
traveled (siCtrl compared to siFND1, p=0.0008) is indicated. (D) Co-localization of Ser516-
phosphorylated Drpl and MitoTracker was quantified in PC3 or LN229 cells transfected
with siCtrl or siFND1. Each point corresponds to an individual cell. PCC, Pearson
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Correlation Coefficient. Mean+SD (N=3 independent experiments per group). ***,
p<0.0001. (E) PC3 cells transfected with siCtrl or siFND1 were analyzed for changes in
mitochondrial (Mito) volume representative of mitochondrial fusion (>1.3-fold) or fission
(<0.7-fold) by time-lapse videomicroscopy. Each tracing corresponds to an individual cell (6
cells in a representative experiment). Data are representative of 3 independent experiments
per group. The cutoff lines are indicated. (F) Mitochondrial fusion or fission events for PC3
(top, 32-33 cells analyzed) or LN229 (bottom, 22—-23 cells analyzed) cells were quantified
over a 60-sec interval. Each point corresponds to the number of events per cell. Mean£SD
(N=3 independent experiments per group). **, p=0.008; ***, p=0.001. (G and H) PC3 cells
transfected with siCtrl or siFND1 were analyzed for mitochondrial mass by MitoTracker
staining and flow cytometry (G, tracings are from a representative experiment) and
quantified (H). Mean+SD (N=4 independent experiments per group). **, p=0.004. (1) PC3
cells transfected with siCtrl or siFND1 were analyzed for Matrigel invasion in the presence
or absence of siDrpl. Two independent experiments (Exp) are shown. Mean+SD of 15
technical replicates per experiment. (J) PC3 cells transfected with siCtrl or siFND1 were
analyzed for Matrigel invasion in the presence or absence of Kif5B-directed siRNA
(siKif5B). Mean=SD (N=3 independent experiments per group). ***, p<0.0001. (K) DU145
cells expressing mitochondrial Keima-Red fluorescence reporter were transfected with siCtrl
or siFND1 and analyzed by flow cytometry. The percentage of PE-Texas Red* cells in the
two upper quadrants corresponding to mitophagy are indicated. Two independent
experiments (Exp) are shown.
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Fig. 4. Control of mitochondrial bioenergetics and oxidative stress by FUNDCL1.
(A) Heatmap of changes in metabolite levels in PC3 cells transfected with siCtrl or siFND1.

Fold changes, p values and false discovery rate (FDR) are indicated. Data are from a
representative experiment (siCtrl) or two independent experiments in triplicate (siFND1, 1A-
C; 2A-C). (B) Schematic diagram of mitochondrial bioenergetics and ROS pathways
affected by FUNDC1 silencing as in (A). (C) PC3 cells transfected with siCtrl or
siFND1were analyzed for oxygen consumption rates (OCR) on a Seahorse XFe96
Bioenergetics Flux Analyzer. Tracings from two independent experiments (Exp) are shown.
Mean£SD of 3 technical replicates per experiment. (D) PC3 cells transfected with siCtrl or
siFND1were analyzed for MitoSox reactivity and mitochondrial membrane potential
(TMRE) by flow cytometry. Mean£SD (N=3-4 independent experiments per group). **,
p=0.001. (E) PC3 cells transfected with siCtrl or siFND1were analyzed for MitoSox
reactivity in the presence or absence of the superoxide scavenger, MnTBAP, by flow
cytometry. Mean=SD (N=3 independent experiments per group). **, p=0.005; *, p=0.03. (F)
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PC3 cells transfected with siCtrl or siFND1were analyzed for speed of mitochondrial
movements (top) or distance traveled by individual mitochondria (bottom) with or without
MnTBAP. Each symbol corresponds to the tracked movement of an individual
mitochondrion. Data are representative of 3 independent experiments. The mean+SD of
mitochondrial speed (siCtrl compared to siFND1, p<0.0001; siFND1 compared to
SiIFND1+MnTBAP, p=0.002) and distance traveled (siCtrl compared to siFND1, p=0.001;
siFND1 compared to siFND1+MnTBAP, p=0.0005) are indicated. (G) siCtrl- or SiFND1-
transfected PC3 cells were analyzed for cellular motility in 2D contour plots in the presence
or absence of MnTBAP. Each tracing corresponds to the movements of an individual cell.
The cut-off velocities for slow (<0.25 um/min)- or fast (>0.25 um/min)-moving cells are
indicated. Data are representative of 3 independent experiments per group. The speed (um/
min) of cell motility (siCtrl compared to siFND1, p<0.0001; siFND1 compared to
SiFND1+MnTBAP, p=0.006) and distance (um) traveled (siCtrl compared to siFND1,
p<0.0001; siFND1 compared to siFND1+MnTBAP, p=0.006) are indicated. (H) PC3 cells
transfected with siCtrl or siFND1 were analyzed for Matrigel invasion in the presence or
absence of MnTBAP. Mean=SD (N=3 independent experiments per group). ***, p<0.0001.
(I PC3 cells transfected with siCtrl or siFND1 were analyzed for cell proliferation in the
presence or absence of MnTBAP by direct cell counting. Mean+SD (N=4 independent
experiments per group). **, p=0.03.
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Fig. 5. A FUNDC1-L onP1 complex regulates mitochondrial complex V activity.

(A) PC3 cells were fractionated in submitochondrial compartments and analyzed by Western
blotting. MTE, mitochondrial extracts; OM, outer membrane; IM, inner membrane; IMS,
intermembrane space; Mat, matrix. Data are representative of 2 independent experiments.
(B) Ingenuity pathway analysis of a mitochondrial FUNDCL interactome identified by LC-
MS/MS proteomics (N=1 independent experiment). The fold-induction for FUNDC1-
associated proteins compared to Flag-vector are indicated with red color intensity. (C) PC3
cells transfected with Flag-vector or Flag-FND1 cDNA were immunoprecipitated (IP) with
an antibody to Flag and immune complexes were analyzed by Western blotting. Data are
representative of 2 independent experiments. WCE, whole cell extracts. (D) PC3 cells were
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immunoprecipitated with non-binding 1gG or an antibody to endogenous ATP5C1 and
immune complexes were analyzed by Western blotting. Data are representative of 2
independent experiments. WCE, whole cell extracts. (E) PC3 cells transfected with siCtrl or
siFND1 were reconstituted with FND1 cDNA and analyzed for complex V (C.V) activity.
Tracings from two independent experiments (Exp) are shown. Mean+SD of 3 technical
replicates per experiment. (F) Citrate synthase-normalized complex V (C.V) activity as in
(E) was quantified. Two independent experiments (Exp) are shown. Mean+SD of 3 technical
replicates per experiment. (G) PC3 cells stably transduced with pLKO or shFND1 were
reconstituted with Flag-LonP1 cDNA, and Flag-eluted LonP1 immune complexes (Elu) (top,
representative blot of 3 independent experiments) were analyzed for LonP1 proteolytic
activity (bottom). TCE, total cell extracts. Mean+SD (N=3 independent experiments per
group). (H and 1) PC3 cells transfected with siCtrl or siFND1 were reconstituted with LonP1
cDNA, extracted at increasing concentrations of NP-40 and detergent-insoluble protein
bands corresponding to complex V subunits, ATP5C1, ATP50 and ATP5B were analyzed by
Western blotting (H, representative blot of 2 independent experiments) and quantified by
densitometry (1). VDAC was a control. Two independent experiments (Exp) are shown (I).
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Fig. 6. A FUNDC1-L onP1 complex regulates tumor plasticity.
(A) PC3 cells transfected with siCtrl or siFND1 were reconstituted with LonP1 cDNA and

analyzed for oxygen consumption rates (OCR) on a Seahorse XFe96 Bioenergetics Flux
Analyzer. Tracings from two independent experiments (Exp) are shown. Mean+SD of 5
technical replicates per experiment. (B) PC3 cells reconstituted as in (A) were analyzed for
basal (left) and maximal (right) respiration. Two independent experiments (Exp) are shown.
Mean£SD of 5 technical replicates per experiment. (C and D) PC3 cells reconstituted as in
(A) were analyzed for rates of ATP production (C) or MitoSox reactivity (D). Two

independent experiments (Exp) per condition are shown. Mean+SD of 5 (C) or 2 (D)

(fold change)
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technical replicates per experiment. (E) PC3 cells reconstituted as in (A) were analyzed by
Western blotting. p, phosphorylated. Data are representative of 2 independent experiments.
(F) PC3 (top) or LN229 (bottom) cells transfected with siCtrl or siFND1 and reconstituted
with LonP1 cDNA were analyzed for cellular motility in 2D contour plots. Each tracing

corresponds to the movements of an individual cell. The cut-off velocities for slow (<0.4 or

<0.12 pm/min)- or fast (>0.4 or > 0.12 um/min)-moving cells are indicated. Data are

representative of 2 independent experiments. The mean+SD of speed of cell movements
(um/min) and distance traveled (um) are indicated. (G and H) siRNA-transfected PC3 cells
reconstituted with LonP1 cDNA were analyzed for Matrigel invasion (G, Mean+SD of 3

independent experiments per group.

* p=0.01; **, p=0.002; ***, p<0.0001) or cell

proliferation by direct cell counting (H, Mean=SD of 2 technical replicates per experiment).
Two independent experiments (Exp) are shown.
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