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SUMMARY

Although the role of NF-kB-inducing kinase (NIK) in
immunity is well established, its relevance in cancer
is just emerging. Here we describe novel functions
for NIK in regulating mitochondrial dynamics and
motility to promote cell invasion. We show that NIK
is localized to mitochondria in cancer cell lines,
ex vivo tumor tissue, and mouse embryonic fibro-
blasts (MEFs). NIK promotes mitochondrial fission,
velocity, and directional migration, resulting in sub-
cellular distribution of mitochondria to the periphery
of migrating cells. Moreover, NIK is required for
recruitment of Drp1 to mitochondria, forms a com-
plex with Drp1, and regulates Drp1 phosphorylation
at Ser-616 and dephosphorylation at Ser-637.
Consistent with a role for NIK in regulating mito-
chondrial dynamics, we demonstrate that Drp1 is
required for NIK-dependent, cytokine-induced inva-
sion. Importantly, using MEFs, we demonstrate that
the established downstream mediators of NIK
signaling, IkB kinase o/B (IKKa/B) and NF-kB, are
not required for NIK to regulate cell invasion, Drp1
mitochondrial localization, or mitochondrial fission.
Our results establish a new paradigm for IKK-inde-
pendent NIK signaling and significantly expand the
current dogma that NIK is predominantly cytosolic
and exclusively regulates NF-«kB activity. Overall,
these findings highlight the importance of NIK in
tumor pathogenesis and invite new therapeutic
strategies that attenuate mitochondrial dysfunction
through inhibition of NIK and Drp1.

INTRODUCTION

NF-kB-inducing kinase (NIK; also known as MAP3K14), the
central activator of the noncanonical NF-xkB pathway, has
been shown to promote tumorigenesis through its ability
to regulate cell proliferation and survival [1, 2]. However, the
molecular mechanisms by which NIK stimulates tumor growth
have not been fully elucidated. Our previous work demon-
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strated that noncanonical NF-«kB signaling is significantly
increased in highly invasive glioma tumor lines compared to
less invasive glioma lines [3, 4]. More recently, we have shown
that the ability of NIK to promote glioma invasiveness is asso-
ciated with the formation of extensive cell-membrane protru-
sions, termed pseudopodia or invadopodia [5], a subcellular
region requiring high energy due to extensive cytoskeletal
and focal adhesion remodeling during cell movement [6].
Consistent with a need to meet the energy demands of inva-
sion, mitochondria have been observed to move to invadopo-
dia at the leading edge of cancer cells [7, 8]. Moreover, tumor
cell migration and invasion have been linked to regulation of
mitochondrial dynamics, and more specifically to alterations
in the balance between mitochondrial fission and fusion
[9-11]. Indeed, cancer cells often exhibit a fragmented mito-
chondrial phenotype [12]. Consistent with these observations,
the mitochondria-associated fission protein dynamin-related
protein 1 (Drp1) has been shown to promote tumor migration
and pathogenesis [10, 13].

Regulation of NIK, a constitutively active kinase [14], occurs
primarily at the post-translational level. In unstimulated cells,
NIK is rendered inactive through its association with a trans-
locon associated protein complex (TRAF)-cellular inhibitor of
apoptosis (clAP) complex that catalyzes its ubiquitination and
continuous proteasome-dependent degradation in the cytosol
[15]. Activation of NIK is achieved through disassembly of the
degradation complex, resulting in stabilization and accumulation
of NIK protein [16]. Once stabilized, NIK phosphorylates and
activates IKKa, which in turn phosphorylates p100, triggering
proteolytic processing to p52 and nuclear translocation of p52-
RelB noncanonical NF-«kB transcription factors [16, 17]. The
predominant, physiological function of NIK is to activate IKKa
and noncanonical NF-kB signaling, but NIK can also induce
IKKB-dependent, canonical NF-kB signaling, particularly when
NIK is overexpressed or aberrantly stabilized [18-20]. Here we
describe novel roles for NIK in regulating mitochondrial dy-
namics to promote tumor cell invasion.

RESULTS

NIK Alters Mitochondrial Subcellular Distribution and Is
Localized to Mitochondria in Cancer Cells

Proteomics analysis has revealed an enrichment of mitochon-
drial proteins in invadopodia [21], and recent cell-biological
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Figure 1. NIK Alters Mitochondrial Subcellular Distribution and Is Localized to Mitochondria in Cancer Cells

(A) gRT-PCR analysis of human and mouse NIK expression in human glioma cells: BT25 control, BT25-sgNIK, and BT25-sgNIK cells expressing mouse NIK
(sgNIK+rescue). For this and all subsequent experiments, representative data from at least three independent experiments are shown. The graph shows mean
values + SD (n = 3). Different letters indicate statistically significant differences: for A versus B, p < 0.001; for A/B versus C, p < 0.0001.

(B) NIK expression correlates with invasive potential in 3D collagen invasion assays. Relative invasion reflects the numbers of invading cells normalized to control,
and data are represented as mean + SD. **p < 0.001 for sgNIK versus control and sgNIK versus sgNIK+rescue, one-way ANOVA.

(legend continued on next page)
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studies have shown a re-distribution of mitochondria to the
leading edge of cells during migration [7, 8]. These observa-
tions suggest that mitochondria move to distal cell protru-
sions and sites of active cell invasion. In light of our recent
findings that NIK promotes invasion of glioma cells and
induces cell-shape changes, including pseudopodia/invadopo-
dia formation [5], we sought to determine whether NIK plays a
role in these processes using a highly invasive (BT25) and a
minimally invasive (BT114) glioma cell line that express high
and low levels of NIK, respectively (Figures S1A and S1B) [4].
We first investigated NIK’s role in BT25 cells and employed
small guide (sg)RNAs in combination with CRISPR-Cas9
genome editing to generate BT25 tumor cells lacking a func-
tional NIK gene (BT25-sgNIK) [5]. Loss of NIK significantly
attenuates invasion in 3D collagen matrices compared with
control cells, and invasion was restored with expression of
the highly conserved murine NIK (BT25-sgNIK+rescue) (Figures
1A and 1B).

To visualize mitochondria, we transfected BT25 control, BT25-
sgNIK, and BT25-sgNIK+rescue cells with the mitochondrial
marker CellLight Mitochondria-RFP (Mito-RFP) [22]. Confocal
fluorescence microscopy revealed that mitochondria extended
throughout the cell body to sites distal from the nucleus
(Figure 1C). However, Mito-RFP staining appeared collapsed
around the nucleus of BT25-sgNIK cells, which had
minimal cytoplasmic processes (Figure 1D), whereas BT25-
sgNIK+rescue cells exhibited mitochondrial staining similar
to control cells (Figure 1E). Interestingly, when we performed
NIK immunostaining to confirm alterations in NIK expression,
we observed a striking co-localization of NIK with Mito-RFP
in untreated BT25 control cells (Figures 1C and 1F). Minimal
NIK immunostaining was observed in BT25-sgNIK cells,
demonstrating specificity of the antibody (Figure 1D), and re-
expression of murine NIK (BT25-sgNIK+rescue cells) restored
NIK mitochondrial staining (Figures 1E and 1F). For detection
of endogenous NIK protein by immunoblotting, cells were
treated with tumor necrosis factor-like weak inducer of
apoptosis (TWEAK) (to induce NIK/noncanonical NF-«xB
signaling) [4] and the proteasome inhibitor MG132 (to stabilize
NIK protein). NIK protein was present in both mitochondria-
enriched (M) and cytosolic (C) cell fractions of TWEAK/

MG132-treated BT25 control cells and BT25-sgNIK+rescue
cells (Figure 1G). However, mitochondrial, but not cytosolic,
NIK was readily detected by immunostaining (see Figures 1C
and 1E), suggesting that antibody epitope availability differs
in the cytosolic and mitochondrial compartments. NIK protein
was not detected by immunoblotting in either fraction from
BT25-sgNIK cells, confirming NIK knockout, as well as anti-
body specificity (Figure 1G).

We next confirmed NIK’s function in mitochondria using gain-
of-function studies in BT114 glioma cells. Interestingly, BT114
control cells displayed a mitochondrial phenotype that resem-
bled BT25-sgNIK cells, with a concentration of perinuclear
Mito-RFP signal (compare Figure 1J to Figure 1D). Overexpres-
sion of human NIK (BT114-hNIK) robustly increased invasion
compared to BT114 control cells (Figures 1H and 1l). Further-
more, BT114-hNIK cells exhibited increased Mito-RFP staining
throughout distal regions of the cell (Figures 1K and 1L).
Although much weaker than BT25 cells, NIK immunostaining
signal similarly co-localized with Mito-RFP in BT114 control cells
(Figure 1J). We were unable to detect any NIK in untreated BT114
cells (without TWEAK/MG132) by immunoblotting (Figure 1M).
However, ectopically expressed NIK protein was observed in
both mitochondrial and cytosolic fractions of BT114-hNIK cells
(Figure 1M).

Given the close association of mitochondria with other organ-
elles, particularly the endoplasmic reticulum (ER), as well as a
recent report describing localization of a small fraction of NIK
to endosomes in endothelial cells [23], we examined NIK subcel-
lular localization in more detail in BT25 glioma cells. Triple-immu-
nostaining experiments showed that NIK expression overlapped
extensively with mitochondrial cytochrome C oxidase subunit 4
(CoxIV), but not the ER protein calnexin (Figure 2A). Consistent
with this observation, NIK showed extensive co-localization
with the protein translocase of outer mitochrondrial mem-
brane 20 (Tom20) but not the ER protein Sec61 (Figures 2B
and 2C) or the endosomal Ras-related protein Rab-5 (Rab5)
(Figure 2D).

To test whether mitochondrial localization of NIK, as well
as its effect on mitochondrial intracellular distribution, was
restricted to glioma cells, we performed immunostaining and in-
vasion assays in MDA-MB231 breast cancer cells and Panc1

(C-E) Immunofluorescence images of BT25 control (C), BT25-sgNIK (D), and BT25-sgNIK+rescue cells (E) transfected with Mito-RFP (red) and immunostained for
NIK (green) and DAPI (blue). Images marked with white squares are amplified and shown at the bottom. Scale bars, 10 pm.

(F) Bar graph showing Manders’ coefficients (fraction of NIK in co-localization with Mito-RFP) for co-localization of NIK and mitochondria (C-E). Data are rep-
resented as mean + SD (n = 12). **p < 0.01 for sgNIK versus control and sgNIK versus sgNIK+rescue, one-way ANOVA.

(G) Immunoblot analysis of mitochondria-enriched (M) and cytosolic (C) fractions prepared from BT25 control, BT25-sgNIK, and BT25-sgNIK+rescue cells pre-
treated with TWEAK (10 ng/mL) and MG132 (5 uM) to stabilize NIK for facile detection and to confirm the loss of protein in sgNIK cells. Four times the volume
equivalent of mitochondria-enriched fraction versus cytosolic fraction was loaded (mitochondria-enriched/cytosol 4:1). Blots were probed with the indicated
antibodies.

(H) gPCR analysis of NIK expression in BT114 control and BT114-hNIK cells. Data are represented as mean + SD. ****p < 0.0001, unpaired t test.

(I) Quantification of 3D collagen invasion assays comparing BT114 control and BT114-hNIK cells. Data are represented as mean + SEM. ***p < 0.001, unpaired
t test.

(J and K) Representative confocal immunofluorescence images are shown of BT114 control (J) and BT114-hNIK cells (K) transfected with Mito-RFP and then
immunostained for NIK (green) and DAPI (blue).

(L) Bar graph showing results from measurements of mean fluorescence intensity of NIK staining in BT114 control (J) and BT114-hNIK cells (K) normalized to
control and represented as mean + SEM (n = 30). ***p < 0.001, unpaired t test.

(M) Immunoblot analysis of cell fractions prepared from untreated BT114 control and BT114-hNIK cells using the indicated antibodies (mitochondria-enriched/
cytosol 4:1 in volume equivalents).

See also Figure S1.
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pancreatic cancer cells. As with glioma cell lines, we observed
co-localization of NIK and Mito-RFP in MDA-MB231 and
Panc1 cells (Figures S1C and S1D, upper panels), and NIK
immunostaining was lost in CRISPR-Cas9-mediated NIK
knockout cells (Figures S1C and S1D, lower panels), similar
to BT25 knockout cells. Moreover, loss of NIK in MDA-
MB231-sgNIK and Panc1-sgNIK cells resulted in condensed,
perinuclear Mito-RFP staining and significantly diminished inva-
sive potential (Figures S1C-S1E). Together, these data identify a
previously unknown pool of NIK protein that localizes to mito-
chondria in several different cancer cells and demonstrate a
strong correlation between mitochondrial NIK expression and
cell invasion.

NIK Regulates Mitochondrial Subcellular Localization,
Motility, and Morphology

To analyze NIK’s role in mitochondrial clustering in more detail,
we quantified intracellular mitochondrial distribution in migrating
BT25, BT25-sgNIK, and BT25-sgNIK+rescue cells. Fluores-
cence intensity plots demonstrated that mitochondria in BT25
control cells extended from the nucleus to the distal edge of cells
(Figure 3A). Mitochondria in cells lacking NIK extended less than
half the distance of those organelles in control cells, and re-
mained collapsed in the perinuclear region (Figure 3A). As ex-

Figure 2. NIK Co-localization with Different
Organelle Markers in Glioma Cells

(A) Representative confocal immunofluorescence
images of BT25 cells sequentially triple-stained
with antibodies specific for the mitochondrial
marker CoxIV (AF564), endoplasmic reticulum
marker calnexin (AF647), and polyclonal NIK
(ab7204; Abcam). NIK-specific antibody was pre-
labeled with AF488. Left: merged overlay (yellow-
orange) of NIK (green) and CoxlIV (red). Right: the
same cell with a merged overlay of NIK (green) and
calnexin (pseudo-colored red). Scale bars, 10 um.
(B) Representative confocal immunofluorescence
images of BT25 glioma cells immunostained
for NIK (green) and a pre-labeled antibody specific
for Tom20-AF647 (pseudo-colored red, upper
panels). Images marked with white squares are
amplified and shown on the right. Scale bars,
10 pum.

(C) Representative confocal immunofluorescence
images of BT25 glioma cells immunostained for
NIK (AF564; pseudo-colored green) and a pre-
labeled antibody specific for Sec61A-AF488
(pseudo-colored red) and DAPI (blue). Images
marked with white squares are amplified and
shown on the right. Scale bars, 10 um.

(D) Representative immunofluorescence confocal
microscopy images of BT25 cells transfected with
dsRed-Rab5 and then fixed and stained with an
antibody specific to NIK (green). Images marked
with white squares are amplified and shown on the
right. Scale bars, 10 pm.

For (B)-(D), the NIK-specific antibody ab191591
(Abcam) was used. See also Figure S1 and Movies
S1, S2, S8, S4, and S5.

pected, NIK overexpression (BT25-sgNIK+rescue cells) restored
the presence of mitochondria from the nucleus to the distal
edge, similar to control cells (Figure 3A). To determine whether
the accumulation of perinuclear mitochondria was associated
with decreased mitochondrial motility during cell migration, we
performed time-lapse imaging and particle-tracking analysis
of Mito-RFP-labeled mitochondria. Results from these experi-
ments revealed that the velocity and overall distance traveled
by mitochondria was significantly compromised in BT25-sgNIK
cells, and these defects were restored by re-expression of NIK
(BT25-sgNIK+rescue cells; Figures 3B and 3C; Movies S1, S2,
and S3). Moreover, mitochondria in BT25 control and BT25-
sgNIK+rescue cells exhibited predominantly anterograde move-
ment and directional migration toward the cell periphery,
whereas mitochondria in BT25-sgNIK cells exhibited seemingly
random patterns of both anterograde and retrograde movement
(Figure 3D; Movies S1, S2, and S3).

We next performed superresolution-structured illumination
microscopy of Mito-RFP-labeled BT25 cells. Results from these
experiments demonstrated that mitochondria in BT25 control
cells were fragmented, forming elongated tracks throughout
the cytoplasm that extended toward the cell periphery (Fig-
ure 3E). In BT25-sgNIK cells, however, mitochondria were
more tangled, fused, and condensed around the nucleus
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(Figure 3F), a phenotype that was reversed by murine NIK (mNIK)
overexpression (Figure 3G). Particle analysis of Mito-RFP stain-
ing using Imaged software revealed that, whereas the number of
mitochondria was significantly decreased in cells lacking NIK
(BT25-sgNIK cells) compared to corresponding control cells,
mitochondrial size increased (Figure 3H). Conversely, NIK over-
expression (BT114-hNIK cells) was associated with increased
number and decreased size of mitochondria (Figure S2A).

Last, to determine whether the increased mitochondrial size
in BT25-sgNIK cells reflected altered mitochondrial dynamics,
we examined mitochondrial fusion in live cells using a mitochon-
drial matrix-targeted photoactivatable green fluorescent protein
(mito-PAGFP)-based assay [24]. Fluorescence intensity in spe-
cific regions of interest had very similar rates of dissipation
in BT25 control and BT25-sgNIK cells (Figures S2B and S2C),
demonstrating that mitochondrial fusion is not significantly
impaired in the absence of NIK. These results strongly suggested
a role for NIK in promoting mitochondrial fission and trafficking.

NIK Recruits Drp1 to Mitochondria and Regulates Drp1
Phosphorylation

The GTPase dynamin-related protein 1 (Drp1) is a cytosolic fac-
tor that is recruited to mitochondria, where it promotes mito-
chondrial fission [25]. Accordingly, we observed punctate Drp1
immunostaining in the cytosol with some Mito-RFP co-localiza-
tion (Figure 4A). No Drp1 staining was observed in BT25 cells
expressing sgRNAs for CRISPR-Cas9-mediated knockout of
Drp1 (BT25-sgDrp1 cells; Figures S3A and S3B), verifying anti-
body specificity. Intriguingly, Drp1 association with Mito-RFP
was significantly diminished in BT25-sgNIK cells but was
restored in BT25-sgNIK+rescue cells (Figures 4B-4D). A second
Drp1 antibody, whose specificity was also verified, primarily
recognized mitochondrial but not cytosolic Drp1, and also
showed loss of Drp1 mitochondrial co-localization in BT25-
sgNIK cells (Figure S3C).

Biochemical fractionation and immunoblot analyses confirmed
that Drp1 was present in both cytosolic and mitochondria-
enriched fractions of BT25 control cells (Figure 4E). In contrast,
BT25-sgNIK cells exhibited diminished Drp1 protein levels
specifically in the mitochondria-enriched fraction (Figure 4E).
Again, mitochondrial Drp1 expression was restored in BT25-
sgNIK+rescue cells (Figure 4E), demonstrating that the observed
effects in BT25-sgNIK cells are mediated by NIK. The expression
of other mitochondrial proteins, including mitochondrial fission
factor (Mff), mitochondrial fission protein 1 (Fis1), optic atrophy

1 (Opal), and mitofusin-1/2 (Mfn1/2), was not significantly altered
in BT25-sgNIK or BT114-NIK cells compared with their respec-
tive controls (Figure S4). Similarly, Tom20 levels were not
affected in mitochondrial fractions of BT25-sgNIK cells (Fig-
ure 4E), suggesting that mitochondrial membrane protein topol-
ogy is not grossly altered and that NIK specifically regulates
Drp1 mitochondrial localization.

Drp1 is regulated by post-translational modification, including
phosphorylation at serine 616 (Drp1-P616), which is associated
with enhanced mitochondrial fission, and serine 637 (Drp1-
P637), which is associated with loss of fission [26, 27]. Compared
to BT25 control cells, BT25-sgNIK cells exhibited decreased
Drp1-P616 levels, with a concomitant increase in Drp1-P637
(Figures 4F and 4G), suggesting that NIK enhances the fission-
promoting activity of Drp1. Similar to cells lacking Drp1, loss of
NIK also exhibited differences in other mitochondrial functions,
including a decrease in production of reactive oxygen species
(ROS) and oxygen consumption (Figure S5). These results indi-
cate that NIK regulates Drp1 mitochondrial recruitment and
phosphorylation to promote mitochondrial fission.

Drp1 Interacts with NIK, but Not IKK«

To examine the subcellular distribution of NIK and Drp1, we per-
formed co-immunostaining experiments in BT25 glioma cells.
Drp1 immunoreactivity co-localized with that of NIK (Figures
5A and 5C) but did not significantly overlap with IKKa, the pri-
mary direct downstream target of NIK (Figures 5B and 5C). Simi-
larly, we observed that NIK, but not IKKa, co-localized with Drp1
in patient-derived, ex vivo glioma tissue (Figures 5D and 5E).
These data show that mitochondrial localization of NIK is an
intrinsic property of primary human cancer cells, and not simply
a phenotype observed in cancer cell lines in vitro. To determine
whether the co-localization of Drp1 and NIK immunostaining re-
flected a direct interaction, we performed immunoprecipitation
experiments in BT114 control and BT114-NIK-overexpressing
cells. Results from these experiments indeed demonstrated
that Drp1 exists in a complex with NIK but not IKKa (Figure 5F).

NIK Requires Drp1 to Promote TWEAK-Induced Invasion

We have previously demonstrated that low, endogenous con-
centrations of the tumor-inducing cytokine TWEAK (10 ng/mL)
induce NIK expression and promote NIK-dependent invasion
[4, 5]. Indeed, TWEAK treatment increases invasion of BT25 con-
trol cells to a similar extent as BT25 cells overexpressing NIK,
whose invasive potential is also further potentiated by TWEAK

Figure 3. NIK Regulates Mitochondrial Morphology

(A) Fluorescence intensity profile plot of BT25 control, BT25-sgNIK, and BT25-sgNIK+rescue cells. Graphs show the immunofluorescence intensity, expressed in
arbitrary units (a.u.), of Mito-RFP (red), DAPI (blue), and phalloidin (green) along the line arrows in the lower images. Scale bars, 5 um. Right: the bar graph shows
the quantification of the distance from the nucleus to mitochondria. Data are represented as mean + SD (n > 10). **p < 0.01 for sgNIK versus control and sgNIK
versus sgNIK+rescue, one-way ANOVA.

(B) Plot of the run length of mobile mitochondria and velocity in cells expressing Mito-RFP as in Movie S1. Data are represented as mean + SD of randomly
selected mitochondria shown in different colors (n > 10 cells, respectively). “*p < 0.01.

(C and D) Vector paths of single mitochondria observed during live-cell imaging representing the tracks (C) and direction (D) of mitochondrial movement. The
intersection point of the x and y axes is the starting point of each mitochondrion.

(E-G) Superresolution structured illumination microscopy was performed with the following cells expressing Mito-RFP: BT25 control (E), BT25-sgNIK (F), and (G)
BT25-sgNIK+rescue (G). Images marked with white squares are magnified and shown as insets. Scale bars, 10 um.

(H) Mitochondrial number and size in BT25 control, BT25-sgNIK, and BT25-sgNIK+rescue cells were quantified using the Analyze Particles function in ImageJ
software. Data are represented as mean + SD. **p < 0.01 for sgNIK versus control and sgNIK versus sgNIK+rescue, one-way ANOVA (n > 100, respectively).
See also Figure S2.
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Figure 4. NIK Regulates Drp1 Recruitment to Mitochondria

(A-C) BT25 control (A), BT25-sgNIK (B), and sgNIK+rescue cells (C) were transfected with Mito-RFP to visualize mitochondria (red) and then immunostained for
Drp1 (green) and DAPI (blue). Areas within the white squares are amplified and shown on the right. Scale bars, 10 um.

(D) Bar graph showing Manders’ coefficients for co-localization of Drp1 and Mito-RFP (A-C). Data are represented as mean + SD (n > 8). **p < 0.01 for sgNIK
versus control and sgNIK versus sgNIK+rescue, one-way ANOVA.

(E) Immunoblot analysis of mitochondria-enriched (M) and cytosolic (C) fractions prepared from BT25 control, BT25-sgNIK, and BT25-sgNIK+rescue cells was
performed with the indicated antibodies. Results are representative of five separate experiments. Right: the bar graph shows quantification of the ratio of Drp1in
cytosolic and mitochondria-enriched heavy membrane fractions. Data are represented as mean + SD. **p < 0.01 for sgNIK versus control and sgNIK versus
sgNIK+rescue, one-way ANOVA.

(F and G) Flow cytometric histogram measuring levels of Drp1-PS616 (F) and Drp1-PS637 (G) in BT25 control (green) and sgNIK cells (red). Isotype control is
shown in gray. Right: the bar graphs show mean fluorescence intensity (MFI) values for control and sgNIK cells. Data are represented as mean + SEM. ***p <
0.0001, unpaired t test.

See also Figures S3-S5.

(Figure 6A). As expected, loss of NIK (sgNIK) almost completely  (sgNIK+NIK) (Figure 6A). To assess whether NIK acts through
abrogates both basal and TWEAK-induced invasion [5], and this  Drp1, we measured invasion of TWEAK-treated BT25-sgDrp1
invasion defect was completely rescued by NIK overexpression cells. Indeed, these cells displayed strongly attenuated invasion,
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Figure 5. Drp1 Interacts with NIK but Not IKKa

(A) BT25 control cells were immunostained for NIK (green), Drp1 (red), and DAPI (blue). The image marked with a white square is amplified and shown on the right.
Scale bar, 10 pm.

(B) BT25 control cells were immunostained for IKKa. (green), Drp1 (red), and DAPI (blue). The image marked with a white square is amplified and shown on the
right. Scale bar, 10 um.

(C) Bar graph showing Manders’ coefficients for co-localization of Drp1 and NIK or IKKa (A and B). Data are represented as mean + SEM (n = 9). ***p < 0.001,
unpaired t test.

(D) Human glioma patient tumor sections were stained for NIK (green), Drp1 (red), and DAPI (blue). Representative images from one of four patient samples are
shown. The image marked with a white square is amplified and shown on the right. Scale bars, 10 um.

(legend continued on next page)
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Figure 6. NIK Requires Drp1 to Promote
TWEAK-Induced Invasion

(A) Quantification of 3D collagen invasion assays.
The indicated cells were allowed to invade 3D
collagen matrices in the absence or presence of
TWEAK (10 ng/mL). Data are represented as mean +
SD (n = 3). Different letters represent statistically
significant differences (for A versus B, p < 0.001; for
A/B versus D, A versus B, and C versus E, p <
0.0001; for D versus E, p < 0.05; two-way ANOVA).
(B and C) Representative immunofluorescence im-
ages of BT25 control (B) and BT25-sgDrp1 cells (C)
in the absence or presence of TWEAK (10 ng/mL)
transfected with Mito-RFP (red) and stained with
DAPI (blue) and phalloidin (purple). Scale bars,
10 um.

(D) Mitochondrial number and size in BT25 control
and BT25-sgDrp1 cells were quantified using the
Analyze Particles function in ImagedJ software. Data
are represented as mean + SD (n = 14). Different
letters represent statistically significant differences
(for D versus F, p < 0.05; for A versus B and D
versus E, p < 0.01; for A/B versus C and E versus F,
p < 0.001; one-way ANOVA).

tigate whether NIK regulates invasion and
mitochondrial functions independent of
IKK. We took advantage of mouse embry-
onic fibroblasts (MEFs), which are able
to invade 3D collagen matrices, similar to
glioma cells [5, 28]. Additionally, MEFs
derived from IKKo/B null mice [29] (referred
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similar to BT25-sgNIK cells (Figure 6A). TWEAK was still able to
increase invasion in BT25-sgDrp1 cells, but to significantly lower
levels than BT25 control (Figure 6A). More importantly, unlike
control and BT25-sgNIK cells, NIK overexpression in BT25-
sgDrp1 cells had no effect on TWEAK-induced invasion (Fig-
ure 6A). Visualization and quantification of Mito-RFP-labeled
mitochondria revealed that whereas TWEAK increased the num-
ber of small, punctate mitochondria in BT25 control cells (Figures
6B and 6D), it had no effect on BT25-sgDrp1 cells, which also ex-
hibited collapsed, fused mitochondria, similar to BT25-sgNIK
cells (Figures 6C and 6D). These results suggest that Drp1 activ-
ity and mitochondrial fission are important downstream media-
tors of NIK-dependent, TWEAK-induced cancer cell invasion.

NIK Enhances the Invasive Potential of Mouse
Embryonic Fibroblasts in the Absence of IKK/NF-«xB
Signaling

Lack of significant co-localization or interaction between IKKa
and Drp1 in glioma cells (Figures 5B, 5E, and 5F) led us to inves-

to as AIKK MEFs) provide a genetic tool to
assess NIK function in the absence of IKK
and downstream NF-kB signaling. Immu-
nofluorescence experiments in MEFs revealed that NIK broadly
co-localized with Mito-RFP and Tom20 (Figure 7A; Figure S6A)
and had minimal overlap with the ER protein Sec61 (Figure S6B),
similar to glioma cells. As expected, MEFs in which NIK was
knocked out using sgRNA-mediated CRISPR-Cas9 genome ed-
iting (sgNIK MEFs) lacked any NIK protein, both by immunostain-
ing and immunoblot analyses (Figures 7A and 7B). NIK was
observed in mitochondria-enriched MEF cell fractions (Fig-
ure 7B), and did not co-localize with IKKe. (Figures S6C and S6D).

Compared to WT MEFs, sgNIK MEFs exhibited substantially
diminished invasion in collagen, and overexpression of human
NIK increased invasion (Figures S7A and S7B). AIKK MEFs
were somewhat less invasive compared to WT (Figure 7C).
Similar to WT, deletion of NIK in AIKK MEFs (sgNIK-AIKK
MEFs) further attenuated invasion (Figure 7D), whereas overex-
pression of hNIK (AIKK MEFs+hNIK) increased invasion (Fig-
ure 7E). Importantly, hNIK overexpression in AIKK MEFs did
not activate downstream NF-kB signaling, assessed by the
lack of any increased p100 processing to p52, p65 (S536)

BT25 sgDrp1

(E) Adjacent tumor sections from (D) were stained with IKKa (green), Drp1 (red), and DAPI (blue). The image marked with a white square is amplified and shown on

the right. Scale bars, 10 um.

(F) BT114 control and BT114-hNIK cell lysates were subjected to immunoprecipitation (IP) with control immunoglobulin G (IgG) or a Drp1 antibody against
endogenous Drp1. The immunoprecipitates were analyzed by immunoblotting with the indicated antibodies.
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phosphorylation, or nuclear accumulation of p65, RelB, or p52
(Figure S7C). Furthermore, unlike WT MEFs, AIKK MEFs overex-
pressing NIK did not exhibit increased expression of the NF-kB
target gene MMP9 (Figures S7D and S7E) [30-32]. These data
clearly show that the NIK-dependent invasive potential of
MEFs is uncoupled from IKK/NF-kB signaling.

Finally, loss of NIK in WT and AIKK MEFs resulted in collapsed,
perinuclear Mito-RFP staining (Figure 7F; Figure S7F), similar to
BT25-sgNIK, Panc1-sgNIK, and MDA-MB231-sgNIK cells (Fig-
ure 1D; Figures S1C and S1D). Moreover, overexpression of
NIK in both WT and AIKK MEFs increased the appearance of
punctate mitochondria dispersed throughout the cytoplasm
(Figure 7F; Figure S7G). Particle analysis of Mito-RFP staining re-
vealed that although the number of mitochondria was signifi-
cantly decreased in AIKK MEFs compared to corresponding
WT MEFs, mitochondrial size was increased (Figure 7G).
Conversely, NIK overexpression in AIKK MEFs (AIKK+hNIK)
was associated with increased number and decreased size of
mitochondria (Figure 7G). Similar to BT25 cells, AIKK MEFs
also exhibited co-localization of Drp1 with Mito-RFP, which
was significantly diminished in sgNIK-AIKK MEFs (Figure 7H).
Biochemical fractionation and immunoblot analyses confirmed
loss of Drp1 protein specifically in the mitochondria-enriched
fraction of sgNIK-AIKK MEFs (Figure 71). Taken together, these
data demonstrate that NIK regulates Drp1 mitochondrial locali-
zation and promotes cell invasion independent of IKK/NF-«kB.

DISCUSSION

The present study establishes several novel features of NIK in
cancer cells. We identify a previously unrecognized pool of NIK
protein in mitochondria. Moreover, we demonstrate that NIK reg-
ulates the phosphorylation and subcellular localization of the
master fission protein Drp1 to control mitochondrial dynamics,
velocity, and directional migration to the periphery of migrating
cells. We find that NIK regulation of mitochondrial functions
and cell invasion does not require the known NIK targets IKKa.

and IKKB, and hence is very likely independent of NF-xB
signaling.

Based on biochemical cell-fractionation and immunofluores-
cence staining experiments, we propose that NIK exists in at
least two protein pools: a proteasome-associated cytosolic
pool primarily mediating IKK/NF-«B signaling, and a mitochon-
drial pool regulating Drp1 recruitment and mitochondrial dy-
namics (Figure 7). The discovery of a discrete mitochondria-
associated fraction of NIK was unexpected, given that NIK has
been described primarily as a cytosolic protein that is constitu-
tively degraded in the absence of stimuli [15]. Indeed, this prop-
erty renders endogenous NIK difficult to detect by immunoblot-
ting under basal conditions and in the absence of proteasome
inhibition (see Figure 1M and Figure S7B). Regardless, distinct
NIK immunostaining is observed in mitochondria under unstimu-
lated conditions in different cancer cell lines and immortalized
MEFs. NIK mitochondrial localization was observed in MEFs
and all cancer cells examined using two different antibodies
(see Figure 2), and their specificity was verified by loss of signal
in NIK knockout cells. Most importantly, both the mitochondrial
defects and NIK mitochondrial localization in NIK knockout cells
were rescued by expression of mNIK. We surmise that the
discrepancy between immunoblot analysis, which detects both
cytosolic and mitochondrial NIK, and immunofluorescence,
which detects only mitochondrial NIK, may be due to differences
in the ability of the antibodies to interact with the NIK epitope in
its native conformation in different cellular compartments. For
example, factors present in the cytosol, but absent in mitochon-
dria, might associate with NIK, and either alter its conformation
or sequester its epitope. In support of this interpretation, we
found a Drp1-specific antibody that recognizes mitochondria-
associated, but not cytosolic, Drp1 (Figure S3). Alternatively,
the majority of soluble, cytosolic NIK may be lost during the im-
munostaining procedure, and/or NIK detection in the mitochon-
dria by immunofluorescence may be enhanced by its oligomer-
ization at this site. Similar to Drp1, whose oligomerization is
critical for its fission-promoting activity [33], NIK is capable of

Figure 7. NIK Enhances the Invasive Potential of MEFs in the Absence of IKK/NF-«kB Signaling

(A) Representative immunofluorescence confocal images of WT and NIK knockouts (sgNIK MEFs) that were transfected with Mito-RFP (red) to visualize mito-
chondria and then fixed and immunostained for NIK (green), DAPI (blue), and phalloidin (purple). Scale bars, 10 um.

(B) Immunoblot analysis of mitochondria-enriched (M) and cytosolic (C) fractions prepared from WT and sgNIK MEFs pre-treated with TWEAK (10 ng/mL) and
MG132 (5 uM) to stabilize NIK for facile detection and to confirm the loss of NIK in sgNIK MEFs. Blots were probed with the indicated antibodies (mitochondria-
enriched/cytosol 4:1 in volume equivalents).

(C) Left: immunoblot analysis of whole-cell lysates prepared from untreated WT MEFs and AIKK MEFs probed with the indicated antibodies. Right: quantification
of 3D collagen invasion assays comparing WT MEFs and AIKK MEFs. **p < 0.01, unpaired t test.

(D) Left: immunoblot analysis of whole-cell lysates prepared from AIKK MEFs expressing vector (control) or NIK knockout (sgNIK-AIKK MEFs) probed with the
indicated antibodies. Cells were pre-treated with TWEAK and MG132. Right: quantification of 3D collagen invasion assays comparing AIKK MEFs and sgNIK-
AIKK MEFs; ***p < 0.0001, unpaired t test.

(E) Left: immunoblot analysis of whole-cell lysates from untreated AIKK MEFs expressing vector (control) or hNIK performed with the indicated antibodies. Right:
quantification of 3D collagen invasion assays comparing AIKK MEFs expressing vector control or hNIK; **p < 0.01, unpaired t test.

(F) Representative immunofluorescence confocal images of AIKK MEFs, AIKK MEFs+vector, sgNIK-AIKK MEFs, and AIKK MEFs+hNIK that were transfected
with Mito-RFP (grayscale) to visualize mitochondria. Images marked with white squares are amplified and shown on the right. Scale bars, 10 um.

(G) Mitochondrial number and size in WT MEFs, AIKK MEFs, AIKK MEFs+hNIK, and sgNIK-AIKK MEFs were quantified using the Analyze Particles function in
ImageJ software. Data are represented as mean + SD (n > 16). *p < 0.05, **p < 0.01, ***p < 0.0001, one-way ANOVA.

(H) AIKK MEFs and sgNIK-AIKK MEFs were transfected with Mito-RFP to visualize mitochondria (red) and immunostained for Drp1 (green) and DAPI (blue).
Images marked with white squares are amplified and shown on the right. Scale bars, 10 um. Right: the bar graph shows Manders’ coefficients (fraction of Drp1in
co-localization with Mito-RFP) for co-localization of Drp1 and mitochondria. Data are represented as mean + SEM (n > 14). **p < 0.01, unpaired t test.

() Immunoblot analysis of mitochondria-enriched (M) and cytosolic (C) fractions from AIKK MEFs and sgNIK-AIKK MEFs was performed with the indicated
antibodies.

See also Figures S6 and S7.
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forming homotypic oligomers [34], for which a biological function
has not yet been established. Although our studies have unam-
biguously identified a pool of NIK in mitochondria, we cannot
rule out the possibility that some NIK protein may localize with
other organelles, such as peroxisomes, the ER, mitochondria-
associated membrane [35], or mitochondria-derived vesicles
[36]. In this context, we note that a relatively small fraction of
NIK was reported to co-localize with Rab5* endosomes in hu-
man endothelial cells [23]. However, in cancer cells, NIK does
not co-localize with Rab5 or ER markers (Figure 2). Thus, it is
possible that NIK has distinct roles and subcellular localizations
in different cell types.

Because NIK lacks a mitochondrial targeting sequence (MTS),
it is most likely recruited to, and retained in, the mitochondria
through interactions with a protein containing an MTS [37]. Po-
tential candidates include the mitochondrial heat shock protein
90 (Hsp90), which is not only a known chaperone of NIK [38],
but was also found to deliver proteins to mitochondrial import re-
ceptors [39, 40]. Alternatively, mitochondrial localization of NIK
may involve localized, co-translational mitochondrial import
[41], which could potentially facilitate its protection from being
immediately ubiquitinated and degraded. Localization of NIK to
mitochondria, its presence in a complex with Drp1, and its regu-
latory role in Drp1 phosphorylation and mitochondrial localiza-
tion suggest that NIK functions as a novel fission “sensor.”
Thus, it will be interesting to determine whether the association
of NIK with mitochondria is dynamic, and possibly induced by
specific signals known to promote fission [26, 42-44].

Our imaging studies have identified a role for NIK in regulating
the velocity and anterograde movement of mitochondria toward
the periphery of migrating cells, suggesting that increased
fission, mitochondrial motility, and cell invasion are functionally
linked. This hypothesis is supported by the striking phenotype
of diverse cancer cells and MEFs lacking NIK, which exhibit
less fragmented mitochondria that are concentrated in the peri-
nuclear region (Figures 1C, 3F, 4B, and 7F; Figure S7F). It remains
to be investigated whether NIK regulates the motor proteins on
the mitochondrial surface, such as kinesin and Miro [45]. Addi-
tionally, in light of recent findings demonstrating a critical role
for ER-associated actin in regulating mitochondrial fission [33,
48], future studies are necessary to address whether NIK partic-
ipates in establishing contacts between mitochondria and the ER
at sites of fission, or in regulating calcium flux, which was recently
demonstrated to be required for cancer cell migration [47].

Although we found that NIK forms a complex with Drp1, its
regulation of Drp1 phosphorylation may be mediated indirectly.
It was recently reported that Erk2 promotes tumorigenesis
through phosphorylation of Drp1-serine 616, resulting in
increased mitochondrial fission activity [48]. Thus, NIK may
regulate Drp1 phosphorylation indirectly through its ability to
phosphorylate Erk [49]. Additionally, the increase of Drp1-P637
observed in BT25-sgNIK cells suggests that NIK may regulate
a phosphatase that dephosphorylates Drp1. Indeed, a recent
study of the NIK interactome identified several mitochondrial
membrane proteins, including phosphoglycerate mutase family
member 5 (PGAMS), a Drp1-P637 phosphatase [50]. Alterna-
tively, NIK may regulate Drp1 at other steps, such as oligomeric
maturation [33] or GTP hydrolysis [51]. Future studies are needed
to clarify these molecular mechanisms.

The recruitment of Drp1 to mitochondria is mediated by
several mitochondrial outer-membrane proteins, including Mff
and Fis1 [52-54]. Mff null and Fis1 null cells appear intercon-
nected yet elongated [55], whereas mitochondria in cells lacking
NIK appear tangled and collapsed within the perinuclear region,
similar to Drp1 null cells (compare Figure 1D to Figure 6C). We
also note the presence of circularized mitochondria in glioma
cells lacking NIK (Figure 3F), which is indicative of mitochondrial
damage and stress [56]. These results suggest that NIK may
regulate other mitochondrial functions, and indeed we have
observed that loss of NIK decreases ROS and oxygen consump-
tion, similar to cells lacking Drp1 (Figure S5). Regardless, our
data support a model in which NIK is a regulatory component
of the mitochondrial fission machinery that plays a central role
in cancer cell invasion.

Lastly, we propose that NIK’s function in mitochondria is
independent of IKK/NF-«kB signaling because it supports an
expansive mitochondrial network, promotes Drp1 mitochondrial
recruitment, and enhances invasive potential in the absence of
IKKa or IKKB (Figure 7). To our knowledge, this is the first report
of IKK-independent functions for NIK in cancer. However, our
data do not exclude the possibility that other mitochondrial func-
tions of NIK may involve regulation by the IKK/NF-kB axis, partic-
ularly in light of studies identifying other NF-«B proteins localized
to mitochondria [57], NF-kB-dependent control of mitochondrial
biogenesis [58, 59], IKKa-dependent regulation of the fusion pro-
tein Opa1l [60], and NIK-IKKa association with mitochondrial
antiviral signaling in response to viral infection [61].

In conclusion, we have uncovered new roles for NIK in regu-
lating mitochondrial dynamics and tumor cell invasion, high-
lighting the emerging importance of NIK signaling in cancer.

EXPERIMENTAL PROCEDURES

Reagents

Antibodies for immunostaining were NIK (ab191591), IKKa (ab32041), and
Drp1 (ab56788) from Abcam. Antibodies for immunoblotting were IKKa
(CST2682), IKK (CST2684), NIK (CST4994), Drp1 (CST8570), and Tom20
(CST42406) from Cell Signaling Technology and GAPDH (sc137179) and
B-actin (sc69879) from Santa Cruz Biotechnology. Antibodies for flow cytom-
etry were Drp-P637 (CST4867S) and Drp-P616 (CST3455S) from Cell
Signaling Technology. CellLight Mitochondria-RFP, BacMam 2.0 (Mito-RFP;
C10601) was from Life Technologies. MG132 (2194S) was from Cell Signaling
Technology. Collagen type | (354249) was purchased from Corning. Recombi-
nant human (rh)TWEAK (310-06) was obtained from PeproTech.

Cell Lines

BT25 and BT114 cell lines were obtained from human glioma patients as
previously described [62]. These cell lines were maintained as spheroids in
neural stem cell medium containing DMEM/F-12, 1x B-27 supplement minus
vitamin A, 1x GlutaMAX, 25 ng/mL EGF, 25 ng/mL basic fibroblast growth fac-
tor (bFGF), and 1x penicillin/streptomycin (Life Technologies). 293T cells were
obtained from ATCC. AIKK MEFs were a kind gift from Al Baldwin. MEFs and
HEK293T cells were cultured in DMEM with 10% FBS and 1x penicillin/strep-
tomycin. MDA-MB231 and Panc1 were from ATCC and cultured in RPMI me-
dium with 10% FBS and 1x penicillin/streptomycin. All cells were cultured at
37°C with 95% humidity and 5% CO,.

CRISPR-Cas9 Gene Knockout

NIK

Oligomers encoding sgRNAs for human NIK (sgNIK-1, 5-GCUCCUUCGG
AGAGGUGCAC-3'; sgNIK-2, 5'-GAAAGCGUCGCAGCAAAGCC-3'; sgNIK-3,
5'-AGUACCGAGAAGAAGUCCAC-3') and sgRNAs for mouse NIK (sgNIK-4,
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5'-AGGAUGGGGCAUUCCGCUGU-3'; sgNIK-5, 5'-UGGAGCGCAUGCACCA
GGUA-3'; sgNIK-6, 5-AGUAUCGAGAAGAGGUCCAC-3') were cloned into
lentiCRISPR v2 (Addgene). WT and AIKK MEFs and BT25, Panc1, and MDA-
MB231 cells were transduced with a mixture of lentiviruses carrying the three
mouse or human sgRNAs. Loss of NIK expression was confirmed by immuno-
blotting, gPCR, and/or immunofluorescence microscopy analysis of puromy-
cin-resistant cells. BT25-sgNIK cells and sgNIK MEFs, single-colony cells
were isolated by serial dilution, and experiments were repeated with at least
two clones. Panc1-sgNIK and MDA-MB231-sgNIK cells were analyzed as
mixed clones. For controls, cells were transduced with empty lentiCRISPR v2.
Drp1

Oligomers encoding sgRNAs for human Drp1 (sgDrp-1, 5-GUUCCCACUAC
GACGAUUUG-3'; sgDrp1-2, 5-GCUGCCUCAAAUCGUCGUAG-3'; sgDrp1-3,
5-GUGACAAUUCCAGUACCUCU-3') were cloned into lentiCRISPR v2. BT25
cells were transduced with a mixture of three lentiviruses carrying the human
sgRNAs, selected against puromycin, and then subjected to clonal Drp1
knockout screening. Experiments were repeated with at least two clones.

Immunofluorescence Staining

Cells (2 x 10% were seeded on eight-well chamber slides (Ibidi; 80827) or on
coverslips in the presence of 0.5% FBS and allowed to adhere for 4 hr. Cells
were transfected with Mito-RFP (for mitochondrial labeling; Invitrogen;
C10508) for 16 hr, fixed with 4% paraformaldehyde, permeabilized for
20 min with 0.3% Triton X-100 in PBS, and blocked for 30 min at room temper-
ature with 5% serum corresponding to the secondary antibody host. Cells
were incubated overnight in 0.1% Triton X-100, 1% BSA in PBS at 4°C with
primary antibody. Cells were then incubated in 1% BSA for 1 hr at room tem-
perature with secondary antibody Alexa Fluor 488 (A11008) or Alexa Fluor 594
(A11005) from Life Technologies. Dual and triple immunostaining were per-
formed sequentially; cells were incubated with the first primary antibody in
1% BSA overnight at 4°C, washed with PBS, and incubated with the corre-
sponding secondary antibody in 1% BSA for 1 hr at room temperature in the
dark. After washing with PBS, cells were blocked for a second time with the
corresponding host serum (5%) for 30 min at room temperature, and incu-
bated with the second primary antibody from a different species followed by
the appropriate secondary antibody. For immunostaining with two rabbit anti-
bodies (see Figure 2A), commercially pre-labeled antibodies or custom-
labeled antibodies generated with an antibody labeling kit (Invitrogen;
A20181) were used, and the pre-labeled antibody was used last. Cells were
counterstained with the nuclear stain DAPI (Invitrogen; P36931) and phalloidin
(Invitrogen; A22287) as indicated.

Human Glioma Ex Vivo Tissue Staining

The use of de-identified human glioblastoma tissue samples was approved by
the Institutional Review Boards (IRBs) of both St. Joseph Regional Health Cen-
ter (IRB2012-001) and Texas A&M University (IRB2014-0318D). Ex vivo tissue
was immediately snap frozen in OCT on dry ice. Sections of human glioma bi-
opsy samples were fixed with 4% paraformaldehyde and immunostained with
antibodies specific for NIK, IKKa, and Drp1 (see Immunofluorescence Staining
above).

Image Acquisition

Images were acquired with a Nikon Tl A1R inverted confocal microscope with
a CFI60 Plan Apochromat Lambda 60x oil-immersion objective lens. The
Zeiss ELYRA S.1 superresolution microscope with a Plan Apochromat 63 x
objective/1.4 NA oil objective was used for superresolution microscopy.
Images were acquired with the following scan parameters: a “frame” scan
mode of 1,024 x 1,024 pixels with a 16-bit depth and a grating of three rota-
tions. Forimaging the mitochondria, 561-nm excitation was used and emission
was collected with a BP 570- to 620-nm filter. Fluorescence intensity was
collected using an sCMOS pco.edge electron multiplying charge coupled
device (EMCCD) camera with exposure time set to 100 ms.

Quantification of Mitochondrial Number, Size, and Motility

All Mito-RFP images were taken on a Nikon Tl A1R inverted confocal micro-
scope or Nikon Eclipse Ti microscope with similar contrast and at the same
magpnification. Each particle in individual cells was outlined and measured
for mitochondrial number and average size utilizing the Analyze Particles func-
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tion in Imaged (NIH) [63]. BT25 cells were plated on eight-well chamber slides
with a glass bottom and incubated with CellLight Mitochondria-RFP BacMam
reagent (C10601). After 18 hr, time-lapse imaging was performed every 10 s for
5 min, and movies of mitochondria were acquired at a rate of 5.2 frames per s
using a Nikon TI A1R inverted confocal microscope with 60x Plan Apochromat
lenses and stage-top incubator system. NIS Elements software (Nikon) with
tracking module was used to track and analyze the movement of single
mitochondria.

Additional experimental procedures can be found in the Supplemental
Information.
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