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ABSTRACT

Cells are constantly challenged by genotoxic
stresses that can lead to genome instability. The
integrity of the nuclear genome is preserved by
the DNA damage response (DDR) and repair. Addi-
tionally, these stresses can induce mitochondria to
transiently hyperfuse; however, it remains unclear
whether canonical DDR is linked to these mitochon-
drial morphological changes. Here, we report that the
abolition of mitochondrial fusion causes a substan-
tial defect in the ATM-mediated DDR signaling. This
deficiency is overcome by the restoration of mito-
chondria fusion. In cells with fragmented mitochon-
dria, genotoxic stress-induced activation of JNK and
its translocation to DNA lesion are lost. Importantly,
the mitochondrial fusion machinery of MFN1/MFN2
associates with Sab (SH3BP5) and JNK, and these
interactions are indispensable for the Sab-mediated
activation of JNK and the ATM-mediated DDR signal-
ing. Accordingly, the formation of BRCA1 and 53BP1
foci, as well as homology and end-joining repair are
impaired in cells with fragmented mitochondria. To-
gether, these data show that mitochondrial fusion-
dependent JNK signaling is essential for the DDR,
providing vital insight into the integration of nuclear
and cytoplasmic stress signals.

INTRODUCTION

Cells are continuously exposed to endogenous and ex-
ogenous DNA damaging sources and an elegant nuclear
machinery against DNA attack protects the genome by
operating the DNA damage response (DDR) and repair
pathways (1,2). In eukaryotes, an additional genome is

present in the mitochondria, and communication between
the nucleus and mitochondria is essential for the main-
tenance of genome integrity and cellular homeostasis. In
response to nuclear DNA double-strand breaks (DSBs),
ATM kinase is recruited to DSB sites via the sensor of
MREI11/RADS50/NBS1 (MRN) complex (3,4). The acti-
vated ATM kinase phosphorylates a histone H2A variant,
H2AX, at Ser139 to yield yH2AX, which triggers recruit-
ment of MDCI. The interplay among these proteins co-
operates to propagate yH2AX at DSB sites and to recruit
downstream DDR factors (5). DDR signaling requires fine
spatiotemporal regulation, which is achieved by specific his-
tone posttranslational modifications such as ubiquitination
and methylation (6,7) that can be recognized by 53BP1 and
BRCALI (8,9). In addition, ATM activates DNA damage
checkpoint proteins of Chk1 and Chk2, which regulate cell
cycle progression (10). Depending on the status of the cell-
cycle phase, 53BP1-RIF1 and BRCA1 drive two major DSB
repair pathways; non-homologous end joining (NHEJ) and
homologous recombination (HR) (11,12).

In response to various stresses, mitochondria morphol-
ogy can change rapidly. Mitochondria are highly motile
organelles, and the dynamic properties of mitochondrial
tubular networks are balanced by the flux of fusion and
fission events. Mitochondrial fission is driven by cytosolic
dynamin-related protein 1 (DRP1), which is recruited to the
mitochondrial surface by proteins such as MFF, Fisl and
MIEF1/2 (MiD51/49) anchored to the outer mitochon-
drial membrane (OMM) (13-16). Three further dynamin-
related GTPases control mitochondrial fusion: the mito-
fusins (MFN1 and MFN2) located within the OMM and
optic atrophy 1 (OPA1) located within the inner mito-
chondrial membrane (IMM) (17,18). These mitochondria-
shaping proteins drive morphological transition following
cellular stresses. A number of stress stimuli including UV
irradiation, nutrient deprivation, and the inhibition of pro-
tein synthesis can trigger transient mitochondrial hyperfu-
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sion (19,20). This stress-induced mitochondrial hyperfusion
(SIMH) is orchestrated by MFN1 and OPA1 together with
the IMM protein SLP2 (21). In general, SIMH mitigates
cellular stress (22,23) and is considered as a prosurvival re-
sponse. However, prolonged mitochondrial hyperfusion can
increase production of reactive oxygen species (ROS), lead-
ing to aneuploidy and cellular senescence (24,25). Mean-
while, stimuli that alter mitochondrial function can result
in fission of the organelle. In pancreatic beta cells, high glu-
cose concentrations can induce mitochondrial fragmenta-
tion (26,27), and excessive mitochondrial fission appears to
be a prerequisite for the induction of apoptosis (28). Mean-
while, accelerated mitochondrial division in cardiomyocytes
in response to sustained hypertension can compensate for
increased energy demand via mitophagy (29). Mitophagy
can remove defective mitochondria, preventing the accu-
mulation of dysfunctional mitochondria (30), and con-
tributing to cellular homeostasis. Thus, transient and rapid
mitochondrial morphological adaptation plays an impor-
tant role in the response to cellular stress, which is im-
portant for cell adaptation and the determination of cell
fate.

In addition to morphological transition, mitochondria
respond to stress by signaling to the nucleus, which mainly
contributes to the restoration of cellular homeostasis.
Among various retrograde signals, the response to cyto-
plasmic mitochondrial DNA (mDNA) has been well doc-
umented, as it contributes to the induction of genes re-
sponsible for nuclear DNA (nDNA) damage response and
repair. Mitochondria contain fewer DNA repair systems
than nucleus (31) and mDNA is rapidly degraded, especially
following mitochondrial DNA strand breaks (mtDSBs)
(32,33). Intriguingly, mDNA in Tfam*/~ cells is released
into the cytoplasm and activates the cGAS-STING im-
mune signaling pathway (34), while interferon-stimulated
genes (ISGs) including ISG15, DTX3L and PARP family
members (PARPY, 12 and 14) enhance the nDNA dam-
age response and HR repair (35-37). In addition, cyto-
plasmic mitochondrial RNAs in cells with mtDSBs also
stimulates expression of ISGs through the RIG-I-MAVS
signaling pathway. Thus, it appears that nucleus and mi-
tochondria tightly cooperate to deal with genomic dam-
ages to maintain cellular homeostasis. However, canoni-
cal DDR signaling may not directly recognize mtDSBs be-
cause p-ATM and yH2AX levels are not altered in cells
with mtDSBs generated by mitochondria-targeted TALEN
system (38).

In the present study, we examined whether canonical
DDR is linked to mitochondrial morphological changes.
We show that the mitochondria morphofunctional path-
way closely interacts with the nuclear DDR, and cells de-
ficient for mitochondrial fusion exhibit a substantial de-
fect in nuclear DDR signaling. Intriguingly, we find that
the MFN1/MFN2 mitochondrial fusion machinery estab-
lishes a signaling platform with Sab and the cytoplasmic
stress kinase JNK on the mitochondria, and this platform
is indispensable for JNK activation and subsequent ATM-
mediated DNA repair. We conclude that the nuclear DDR
integrates with cytoplasmic stress signals through the mito-
chondrial morphofunctional pathway following genotoxic
stress.

MATERIALS AND METHODS
Reagents

Detailed information about antibodies used in this study is
listed in Supplementary Table S2.

Biological resources

Human HEK293T, U20S and EKSV cells and mouse em-
bryonic fibroblasts (MEFs) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, WELGENE) with high
glucose. A549 cells were cultivated in RPMI and HeL a cells
were cultured in DMEM. All media were supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco
BRL, Invitrogen) and 1% penicillin-streptomycin. U20S-
2-6-5 cell line as well as the U20S cell lines stably ex-
pressing DR-GFP or EJ-GFP constructs were maintained
in the same medium condition with additional puromycin
(1 pg/ml). U20S-2-6-5 cells harbor a mCherry-Lacl-Fok1
nuclease fused to a destabilization domain (DD) and a mod-
ified estradiol receptor. Addition of Shieldl ligand and 4-
hydroxytamoxifen (4-OHT) induces Fok1 nuclease expres-
sion in these cells, generating single DSB. U20S cell lines
stably expressing DR-GFP or EJ-GFP constructs were used
to analyze HR or NHEJ repair, respectively. All cells were
incubated in 5% CO, at 37°C.

Establishment of cells expressing shRNA

Silencing of endogenous MFN1 was carried out using short
hairpin (sh)-activated gene silencing. Plasmids expressing
shRNAs were constructed by synthesizing and annealing
two ¢cDNA oligonucleotides bearing the target sequences,
a HindIII linker and a U6 terminator, which were ligated
into BseRI and BamHI sites of pSHAG-1 (Cold Spring
Harbor Laboratory, Cold Spring, NY). Then, the DNA re-
gion encoding the U6 promoter and shRNA in pSHAG-
1 was subcloned into Notl and BamHI sites of pREP4
(Invitrogen, Carlsbad, CA). Twenty-four hours after trans-
fection with pREP4 vector, cells were grown in DMEM
containing 300 wg/ml of hygromycin B for 2-3 weeks.
Hygromycin-resistant clones were obtained and maintained
in DMEM containing 50 wg/ml of hygromycin B for the
experiment.

RNA interference and plasmid transfection

Human-specific siRNAs for MFN1, SAB and JNK were
synthesized by Bioneer (Supplementary Table S1). U20S
and A549 cells were transfected with 100 nM of siR-
NAs using Lipofectamine™2000 (Invitrogen), according to
the manufacturer’s instructions and harvested 48 h post-
transfection. Plasmid transfections were performed using
polyethylenimine (PEI, Polysciences) and cells harvested 48
hr post-transfection.

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, cells were lysed with RIPA buffer
(50 mM Tris—=HCI [pH7.4], 150 mM NacCl, 1% NP-40,
0.1% SDS, 0.1% sodium deoxycholate, 5 mM EDTA and 5
mM EGTA) supplemented with protease and phosphatase



inhibitors and the resulting whole-cell lysates incubated
with 1 pg of the indicated antibodies at 4°C for 10-12
h with agitation. After further incubation with protein A-
sepharose beads (GE Healthcare Bio-Science AB) for 1
h 30 min, the bead-bound immunoprecipitants were washed
with RIPA buffer four times and eluted in 2x SDS sam-
ple buffer by boiling for 5 min. For immunoblot analysis,
cells were lysed in RIPA buffer and the resulting whole-
cell extracts resolved by SDS-PAGE. Proteins were trans-
ferred onto nitrocellulose membrane (Millipore) and im-
munoblots were visualized using ECL (Bio-Rad).

Immunofluorescence microscopy

U20S, MEF and HeLa cells were seeded onto coverslips
in six-well plates. To visualize mitochondria, cells were
stained with 125 nM of Mitotracker Red™ (Molecular
Probes) for 30 min before harvest. Cells were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min at room temperature. Fixed cells were permeabi-
lized with methanol for 20 min at —20°C. For immunofluo-
rescent staining, cells were blocked with 5% bovine serum
albumin in PBS for 1 h at room temperature, followed
by primary antibody incubation overnight at 4°C. Cells
were washed three times and incubated with a fluorescence-
conjugated secondary antibody for 1 h at room tempera-
ture. For image acquisition, Nikon A1R-A1 Confocal Mi-
croscope system with 60x 1.4 NA Plan-Apochromat ob-
jective (Nikon Instrument Inc.) or LSM710 with 63x 1.4
NA Plan-Apochromat objective (Carl Zeiss) were used at
the Three-dimensional immune system imaging core facil-
ity of Ajou University. Images were analyzed by the NIS
elements C program or the ZEN 2011 program and Im-
age processing and quantification were carried out with
Imagel.

DNA double-strand break repair assays

DR-GFP or EJ-GFP containing stable cell lines and the I-
Scel constructs were kindly provided by Dr Jeremy Stark
(City of Hope National Medical Center). DR-GFP 293T
cells are developed to measure HR-mediated DSB repair
efficiency. DR-GFP contains a modified GFP gene con-
taining an I-Scel site and in-frame termination codons,
and a nonfunctional internal GFP fragment (iGFP), which
can be used as a template for HR resulting in a produc-
tion of functional GFP gene (39). EJ-GFP cells are used
to measure NHEJ-mediated DSB repair. EJ5-GFP contains
a promoter that is separated from a GFP coding cassette
by a puromycin gene flanked by two I-Scel sites in the
same orientation. Once the puromycin gene is excised by
I-Scel-induced DSBs, NHEJ can lead to the joining of the
promoter to the GFP expression cassette, resulting in the
restoration of the GFP+ gene (40). DR-GFP or EJ-GFP
expressing cells were transfected with the indicated siRNAs
or a control (shLuc). Twenty-four hours post-transfection,
cells were further transfected with 10 wg of the pCBA-
I-Scel plasmid. Forty-eight hours post-transfection, cells
were collected and analyzed by flow cytometry. The fre-
quency of GFP+ cells was determined by FACS Canto II
cytometer.
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Alkaline comet assay

Cells were treated with 500 wM of H,O; for 30 min (RO)
and released after 4 h (R4), and Alkaline Comet Assay was
performed using reagents from Trevigen in accordance with
the manufacturer’s protocol. Imaging was performed with a
fluorescence microscope and Tail Moment determined us-
ing the OpenComet analysis software. Fifty or more comets
were analyzed for each experiment.

Mitochondrial fragmentation count (MCF)

Cells were stained with Mitotracker Red™ and imaged
with confocal microscopy to assess the mitochondrial net-
work structure. The acquired images were background sub-
tracted, filtered (median), thresholded, and binarized to
identify mitochondrial segments, using NIS Elements AR
microscope imaging software. Continuous mitochondrial
structures were counted with the particle counting subrou-
tine and normalized to the total mitochondrial area (in pix-
els) for each cell imaged.

e Mitochondrial fragmentation count (MCF): number of
particles x 10 000/total mitochondrial pixels.

Statistical analysis

All values in this study are reported as mean + SEM. The
average of at least three independent experiments is shown.
Two-sided unpaired Student’s t test was used to assess statis-
tical significance. In all figures, * P < 0.05, **P < 0.005 and
%P < 0.001 versus the control.

RESULTS

DNA damage response signaling is sensitive to mitochondrial
morphodynamics

Cells respond promptly to deleterious genotoxic stresses,
preserving the nuclear genome through the DDR (1,10).
Mitochondria also respond to cellular stresses; in particu-
lar, mitochondrial fusion can mitigate stress (20-23). How-
ever, it remains elusive whether the canonical DDR is linked
to morphodynamic changes of mitochondria. To assess
the connection between the DDR and mitochondrial dy-
namics, we disrupted mitochondrial fusion and examined
the DDR signaling after treatment with the radiomimetic
agent, phleomycin (Phleo). First, we examined whether mi-
tochondria undergo transient mitochondrial hyperfusion
against DNA damage. We traced the mitochondrial mor-
phological changes by measuring mitochondria fragmenta-
tion count (MFC), which determines acquired image of mi-
tochondria segment among total mitochondria area under
a time-lapse microscopy (41). Relatively mild DNA dam-
age was used to prevent mitochondrial damage or fragmen-
tation, leading to ROS generation and secondary nuclear
DNA damage (42). Following treatment with 100 wg/ml of
Phleo, MFC was reduced in 1 hr and further dropped in
2 h (Supplementary Figure S1A), suggesting that mitochon-
dria hyperfuse against DNA damage stress. Likewise, when
U20S cells were treated with 500 puM of H,O;, mitochon-
drial hyperfusion was observed in 30-60 min after treat-
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ment. This hyperfusion was resolved within 2 h (Supple-
mentary Figure S1B). Thus, all our experiments were set up
within 2 h. Next, mitochondria fusion was disrupted by de-
creasing MFNI1 expression using shRNA and assessed the
DDR signaling by monitoring the yH2AX level, a molecu-
lar marker for DSBs. A dose-dependent increase in yH2AX
was observed in U20S cells following Phleo treatment for
2 h; however, this was disrupted by MFN1 shRNA treat-
ment (Figure 1A). Quantification of immunoblots displayed
a significant reduction of yH2AX levels in MFN1 knock-
down (KD) cells after treatment with 50 or 100 ug/ml of
Phleo (Figure 1A, right panel). In these cells, mitochon-
dria fragmentation was significantly increased by MFN1
depletion (Figure 1B, Supplementary Figure S2A). Simi-
larly, a significant reduction of yH2AX levels was also ob-
served in cells treated with OPA1 shRNA along with in-
crease of mitochondrial fragmentation (Figure 1C, D). A
recent report by Yu et al. revealed that human Fisl (hFisl)
impairs pro-fusion activity by blocking the GTPase activ-
ity of mitofusins and OPA1 (43). When cells overexpressing
hFisl were exposed to Phleo, a considerable reduction in
vyH2AX and elevation in MFC were observed (Figure 1E,
F). Next, we overexpress the FLAG-tagged MFN in MFNI1
knockdown (KD) and examined whether restoration of mi-
tochondria fusion activity would restore the DDR signal-
ing. As expected, the substantial reduction in yH2AX ob-
served in MFN1 KD cells was reversed by the introduction
of FLAG-MFNI1 (Figure 1G), and mitochondrial elonga-
tion was restored (Supplementary Figure S2B). In addition,
we also observed that cells treated with other DNA damag-
ing agents including H,O, and the DNA alkylating agent,
MMS showed reduced yH2AX levels in MFNI1 knock-
out (KO) cells (Supplementary Figure S2C, D). Together,
these findings revealed that canonical DDR signaling on the
chromatin is tightly linked to mitochondria morphodynam-
ics.

The mitochondrial network undergoes fragmentation in
sustained high-glucose conditions through accelerated fis-
sion (26,27). Morphological homeostasis of mitochondria
is especially important in patients with hyperglycemia or
type 2 diabetes (44,45). Time-lapse fluorescence microscopy
revealed that in the presence of 50 mM of glucose, fragmen-
tation occurred after 5-6 h (Supplementary Figure S3A).
Therefore, we investigated whether DDR signaling is al-
tered in cells exposed to high-glucose conditions. U20S
cells were cultivated in the media with additional glucose
(25, 50 mM) for 5 h before Phleo was added for an addi-
tional 1 h. The accumulation of yH2AX foci and protein
decreased significantly in the presence of high glucose, while
MFC increased (Figure 1H, Supplementary Figure S3B).
Release from high-glucose stress into normal media led to
a recovery in yH2AX levels within 8 h (Figure 11, Supple-
mentary Figure S3C). Together, these data indicate that the
DDR signaling on the chromatin relies on the maintenance
of mitochondrial fusion.

JNK activation under genotoxic stress is impaired in cells har-
boring fragmented mitochondria

Cells activate several cytosolic kinases in response to geno-
toxic stress (46,47). To examine whether these kinases influ-

ence mitochondrial dynamics, we sought to identify cytoso-
lic stress-induced kinases with altered activity upon treat-
ment with MFN1 shRNA. Phleo-induced phosphorylation
of ¢c-JUN-N-terminal kinase (JNK) and mTOR was atten-
uated in MFNI1 depleted cells, while the phosphorylation
of Akt, AMPK, p70, and ERK1/2 remained unchanged
or was elevated (Figure 2A). The siRNA-mediated knock-
down of MFN1 in U20S cells consistently decreased the ac-
cumulation of JNK phosphorylation, accompanied by loss
of yH2AX accumulation (Figure 2B). Inversely, introduc-
tion of FLAG-MFNI into MFN1 KD cells restored INK
activity upon treatment with H,O, (Figure 2C). Overex-
pression of hFisl and silencing of OPA1 suppressed H,O;-
induced phosphorylation of JNK (Figure 2D, E). Simi-
larly, hyperglycemia-induced mitochondria fragmentation
significantly decreased the accumulation of p-JNK, result-
ing in inefficient yH2AX accumulation (Figure 2F). Ac-
tive JNK translocates from the cytoplasm to the nucleus,
where it phosphorylates target proteins (48). Therefore, we
next sought to determine whether nuclear accumulation
of phosphorylated JNK was defective in cells deficient for
mitochondrial fusion. To this end, we utilized AsiS1 cells
in which the Fokl endonuclease makes a single DSB site
upon tamoxifen treatment (49). These cells were treated
with H,O; to activate cytoplasmic JNK and examined the
accumulation of p-JNK at the DSB site by immunofluo-
rescence staining. Interestingly, nuclear accumulation of p-
JNK was dramatically reduced in MFN1 knockdown cells
(Figure 2G), and the p-JNK foci at the DSB site were al-
most completely lost in these cells (Figure 2G, right panel).
Together, these data indicate that mitochondrial fusion is a
critical for JNK activation and subsequent DDR signaling.

Deficiency in mitochondrial fusion disrupts the ATM-
mediated DNA damage response

Because both yH2AX accumulation and the p-JNK lev-
els were reduced in cells with deficient in mitochondrial fu-
sion, we investigated whether the DDR including yH2AX
accumulation is regulated by JNK activity. In response
to DNA damage, ATM kinase phosphorylates H2AX at
Ser139, generating yH2AX that propagates for mega-bases
around DNA lesions (5). In turn, yH2AX creates a plat-
form for propagating DDR signaling cascades by recruiting
mediator of DNA damage checkpoint protein 1 (MDC1),
breast cancer susceptibility 1 (BRCA1) and p53-binding
protein 1 (53BP1) along with the damage repair machin-
ery (8,9). In the non-canonical pathway, it has been shown
that activated JNK under severe DNA damage can directly
phosphorylate H2AX, triggering DNA fragmentation (50).
When we co-treated cells with Phleo and two concentrations
(25 or 50 M) of the JNK inhibitor SP600125, yH2AX
levels were suppressed in a dose-dependent manner (Fig-
ure 3A). This observation was confirmed by immunofluo-
rescence staining showing that formation of yH2AX foci
was significantly reduced by SP600125 treatment (Sup-
plementary Figure S4A). In addition, we noted that not
only yH2AX but also p-ATM levels were reduced by co-
treatment with the JNK inhibitor (Figure 3A, Supplemen-
tary Figure S4B) both in U202 and human lung adenocar-
cinoma EKVX cells (Supplementary Figure S4C). Indeed,
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Bars represent mean + SEM from three independent experiments. *** P < 0.001 versus control shRNA by two-sided unpaired Student’s z-test. (D) U20S
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were treated with Phleo for 2 h and subjected to immunoblotting with indicated antibodies. Quantification on the phospho-JNK levels was shown at the
lower panel. Bars represent mean + SEM from three independent experiments. *** P < 0.001 versus control siRNA by two-sided unpaired Student’s 7-test.
(C) Flag-MFNI1 plasmid was transfected into MFN1 depleted cells and treated with H>O» for 20 min, and cells were immunoblotted. Band intensities of
p-JNK level were determined by Imagel. Bars represent mean & SEM from three independent experiments. *** P < 0.001 versus control shRNA by two-
sided unpaired Student’s #-test. (D) U20S cells were transfected with OPA 1-targeting shRNA for 48 h and treated with H,O, for 20 min. The cell lysates
were processed for immunoblotting analysis using indicated antibodies and quantification of p-JNK level was determined by using Imagel. Bars represent
mean + SEM from three independent experiments. *** P < 0.001 versus control shRNA by two-sided unpaired Student’s #-test. (E) Myc-hFisl plasmid
was transfected into U20S cells and cells were obtained with H>O, treatment for 20 min. The lysates were immunoblotted with indicated antibodies and
expression levels of the phospho-JNK were quantified from western blot images. Bars represent mean = SEM from three independent experiments. ***
P < 0.001 versus control shRNA by two-sided unpaired Student’s 7-test. (F) U20S cells were treated with 50 mM of glucose for 5 hr and subjected to Phleo
for additional 2 hr before harvest, followed by immunoblotted with indicated antibodies. Quantification of p-JNK band intensities was measured using
imagelJ. Bars represent mean + SEM from three independent experiments. *** P < 0.001 versus control sShRNA by two-sided unpaired Student’s t-test.
(G) U208 2-6-5 cells were transfected with siRNA for MFN1 and DSB was induced by addition of 4-OHT and shield1 for 4 h. The cells were then treated
with H>O» for 20 min before harvest. The intensity of p-JNK level at DSB foci was shown as relative fluorescence mean intensity (RFMI). Bars represent
mean + SEM from three independent experiments; ngicy1 = 36, nsimpng = 42 cells. *** P < 0.001 by Student’s #-test. scale bars, 10 pm.
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Figure 3. Mitochondrial fusion modulates ATM-dependent DNA damage response signaling. (A) U20S cells were treated with a JNK inhibitor (SP600125,
25 uM or 50 wM) in the presence of Phleo for 2 h, followed by immunoblotting with the indicated antibodies. The p-ATM level was quantified by using
imagelJ. Bars represent mean + SEM from three independent experiments. *** P < 0.001 versus control sShRNA by two-sided unpaired Student’s -test.
(B) U20S cells were transfected with control or MFN1 siRNA and harvested after treatment with Phleo for 2 h. Cells were immunoblotted with indicated
antibodies and the phospho-ATM levels were quantified from western blot images. Bars represent mean + SEM from three independent experiments. ***
P < 0.001 versus control shRNA by two-sided unpaired Student’s #-test. (C) U20S cells were transfected with Myc-hFisl and treated with H,O; for 20 min.
Cells were immunoblotted with indicated antibodies. Expression levels of the p-ATM were measured from western blot images. Bars represent mean + SEM
from three independent experiments. *** P < 0.001 versus control shRNA by two-sided unpaired Student’s ¢-test. (D) Cells stably expressing the MFNI1
shRNA were treated with Phleo for 2 hr and subjected to immunostaining. Images were obtained from representative cells: p-ATM (green), MitoTracker
(red) and 4,6-diamidino-2-phenylindole (DAPI; blue). Cells were counted in three independent experiments; nghcy1 = 242, ngnmpni = 289 cells. scale bars,
10 pm. (E) MFEN1-depleted U20S cells were treated with Phleo for 2 h and subjected to immunostaining. Cells were analysed by immunofluorescence
staining: MDCI1 (green), MitoTracker (red) or DAPI (blue). Lower panels show the percentage of cells with >10 p-ATM foci per cell, or cells of >10
MDCI foci per cell in three independent experiments; gy = 262, nghmpn = 324 cells. scale bars, 10 pm. (F) U20S cells transfected with FLAG-ATM
vector and harvested after treatment with Phleo for 2 h. Cells were immunoprecipitated with anti-FLAG antibodies and immunobltted with the p-JNK
antibodies. (G) Endogenous JNK were immunoprecipitated with anti-JNK antibody, followed by immunoblotting with p-ATM antibodies. (H) Cells stably
expressing MFN1 shRNA were treated with Phleo for 2 h. The cell lysates were immunoprecipitated with anti-JNK antibody and immunoblotted with
anti-p-ATM antibodies. (I) U20S cells stably expressing the MFN1 shRNA were treated with H,O; for 20 min, followed by immunofluorescence staining
with anti-p-JNK (green), p-ATM (red) and DAPI (blue). The graphs represent mean + SEM from three independent experiments showing relative signal
intensity of p-JNK or p-ATM (siCtrl n = 33 and siMFNI1 n = 35) at the nucleus. *** P < 0.001 versus control siRNA by two-sided unpaired Student’s
t-test.
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p-ATM levels were reduced in MFN1-depleted cells (Fig-
ure 3B) and hFisl-overexpressing cells (Figure 3C) under
genotoxic stress. Likewise, the foci formation of p-ATM and
MDCI1 was significantly reduced in MFN1 KD cells (Figure
3D, E). Quantification on foci formation with 10 or more
foci per cells showed a significant difference between control
and MFN1 KD cells (Figure 3D, E bottom panels). Thus,
it appeared that failure in the DDR signaling in cells defec-
tive in mitochondria fusion is a consequence of low JNK
activity in these cells.

Next, we investigated the mechanism by which JNK
regulates ATM activation. The physical interaction be-
tween ATM and JNK was examined by immunoprecipi-
tation in 293T cells transfected with FLAG-tagged ATM
48 hr prior to DNA damage. We found that FLAG-
tagged ATM interacts with activated p-JNK under DNA
damaging condition (Figure 3F). Similar results were ob-
tained at endogenous levels showing that JNK binds effi-
ciently to p-ATM and yH2AX upon DNA damage (Fig-
ure 3G). On the other hand, the interaction between p-
ATM and JNK was severely damaged in MFN1 KD cells
(Figure 3H). Together, these data indicate that mitochon-
drial fusion is a critical for JNK activation and subse-
quent DDR signaling (Figure 31). Together, these data
show that mitochondrial fusion-mediated activation of
JNK is an essential modulator of ATM-dependent DDR
signaling.

The mitochondrial fusion machinery interacts with Sab and
JNK under genotoxic stress

Next, we sought to determine how a deficiency in mitochon-
drial fusion could affect JNK activation. The basal level
of p-JNK in control cells was very low and upon treat-
ment with 500 uM H,0O;, a dramatic increase of p-JNK
was observed in the nucleus as well as in mitochondria
(Figure 4A). Under these conditions, p-JNK partly colo-
calized with mitochondria; however, this was abolished by
the loss of MFN (Figure 4B). It was previously shown that
Sab/SH3BP5 (SH3-domain binding protein 5) anchored at
the outer mitochondria membrane directly interacts with
JNK and mediating JNK activation (51,52). To assess the
relationship between mitochondrial fusion and mitochon-
drial INK, we affinity-purified FLAG-tagged Sab expressed
in U20S cells. Co-IP revealed that Sab interacted with not
only JNK, but also mitochondrial shaping proteins includ-
ing MFN1, MFN2, and MFF; by contrast, we observed
weak or no interactions with OPA1, hFisl, Tom20 and
DRP1 (Figure 4C). This is the first indication of a func-
tional link between Sab, JNK, and the mitochondrial fu-
sion machinery. In cells overexpressing FLAG-Sab, we ob-
served stable interactions between Sab and JNK regardless
of the presence of H,O, (Figure 4D) At the endogenous
levels, JNK interacted with Sab in the cells exposed to Phleo
and this interaction was considerably reduced in MFNI1-
depleted cells (Figure 4E). Similar results were obtained in
cells exposed to high-glucose conditions: H,O, induced an
interaction of Sab with JNK and this interaction was atten-
uated in cells cultured in 50 mM of glucose for 5 h (Figure
4F). Given the important role of Sab in JNK activation,

we investigated whether silencing of Sab protein mediates
the DDR primarily through JNK activation. As shown in
Figure 4G, depletion of Sab by siRNA lessened the p-JNK
level, which caused a significant reduction in p-ATM and
v-H2AX levels (Figure 4G, H). Together, these results re-
veal a novel retrograde signaling pathway from mitochon-
dria to the nucleus, showing that the interaction of Sab with
the mitochondrial fusion machinery acts as an upstream
modulator of JNK activation, which in turn primes ATM-
dependent DDR signaling.

Mitochondrial fusion—dependent JNK signaling is crucial for
efficient DNA repair

Because p-ATM and y H2AX are much reduced in cells defi-
cient for mitochondrial fusion (Figure 3), we next examined
the activities of downstream DDR signaling and DNA re-
pair. Two mechanistically distinct pathways have evolved to
eliminate DSBs from the genome: NHEJ and HR repair,
both of which act to preserve genome integrity. Among the
factors recruited to DSB sites, BRCAL1 directs the repair
pathways to HR, whereas S3BP1-RIF1 at unresected DNA
ends drives NHEJ (11,12). We observed that the substan-
tial accumulation of BRCA1 and 53BP1 foci in response
to Phleo treatment was significantly reduced in cells defec-
tive in mitochondrial fusion (Figure 5A, B). Next, we exam-
ined repair of DSBs by HR and NHEJ using plasmid-based
GFP-reporters that contain I-Scel endonuclease recogni-
tion sites. A set of reporters require either access to ho-
mology (DR-GFP) or end joining (EJ-GFP) between dis-
tal DSB ends of two tandem I-Scel site (39,40). ATM in-
hibitor significantly lowered the efficiency of HR repair and
similarly, cells depleted of MFNT1 showed a significant re-
duction in HR. Likewise, either Sab or JNK by siRNAs
significantly reduced the HR efficiency (Figure 5C). Simi-
larly, NHEJ was much reduced in cells silenced for MFNI1,
OPAL, Sab or JNK (Figure SD) Consistent with this no-
tion, inhibition of JNK activation by siRNA-mediated sup-
pression of Sab and JNK significantly decreased NHEJ ef-
ficiency. Together, these results showed that mitochondrial
fusion defects or inhibition of mitochondrial JNK activa-
tion substantially decrease both HR and NHEJ. Finally, we
evaluated the repair efficiency of damaged chromatin using
Comet assay; the tail image was automatically analyzed us-
ing the OpenComet software, which provides the tail mo-
ment profile. When U20S cells were exposed to H,O; for 30
min, both indexes were significantly increased and 4 h after
wash-off (R4), suggesting that damaged chromatin was al-
most fully repaired (Figure 5E). By contrast, the damaged
chromatin in cells with MFN1 shRNA was only slightly re-
paired, and most of them still retained the tail. Importantly,
when we reintroduced FLAG-tagged MFN1 into MFNI1-
depleted cells, repair of the damaged chromatin was facil-
itated (Figure SF). Together, our data collectively demon-
strate that mitochondrial fusion—dependent JNK signaling
is essential for proper DDR signaling and DNA repair.
Our observations provide novel insight into the tight coop-
eration between DDR and mitochondrial fusion machin-
ery along with cytosolic stress signals on the mitochondrial
platform.
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Figure 4. Sab-mitofusins interaction serves as a platform on which JNK is activated. (A) U20S cells were immunostaind with anti-p-JNK (green) and
MitoTracker (red) in the presence or absence of HyO (500 wM) for 20 min and imaged under Nikon Al confocal microscopy. MitoTracker represents
mitochondria, and Pearson’s correlation between p-JNK and mitochondria markers was analyzed. scale bars, 10 wm. (B) U20S cells stably expressing
MFN1 shRNA were treated with H,O; treatment for 20 min. U20S cells were stained with anti-p-JNK (green), Mitotracker (red) and DAPI (blue). Bar
graphs represent mean + SEM from three independent experiments showing relative signal intensity of p-JNK (shCtrl n = 36 and shMFN1 n = 42) at the
mitochondria. *** P < 0.001 versus control shRNA by two-sided unpaired Student’s ¢-test. scale bars, 10 wm. (C) FLAG-Sab plasmid was transfected into
U20S cells and immunoprecipitated with anti-FLAG antibody, followed by immunoblotting with the indicated antibodies. (D) Control or MFN1 shRNA
expressing U20S cells were transfected with FLAG-Sab plasmid and treated with H,O, for 20 min. Cell lysates were followed by immunoprecipitation
using anti-FLAG and immunoblotted with the anti-JNK antibodies. (E) Control or MFN1 depleted U20S cells were treated with Phleo for 2 h. Cell
lysates were used for immunoprecipitation with anti-JNK antibody and followed by immunoblotting with anti-Sab antibodies. (F) U20S were transfected
with FLAG-Sab plasmid. Cells were subjected to H,O, for 20 min in presence of 50 mM glucose for 5 h. Cell lysates were immunoprecipitated with
FLAG antibody and immunoblotted with the anti-JNK antibodies. (G, H) U20S cells were transfected with siRINA against Sab and obtained after H;O»
treatment for 20 min. The p-JNK or p-ATM expression levels were quantified by using imagelJ. Bars represent mean + SEM from three independent
experiments. *** P < 0.001 versus control siRNA by two-sided unpaired Student’s -test.
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Figure 5. Mitochondrial morphodynamics affects DNA damage repair signaling. (A) MFN1-depleted cells were treated with Phleo for 2 h. U20S cells
were stained with anti-BRCAT (green), Mitotracker (red) and DAPI (blue). Bar graph represents quantification of >10 foci of BRCA1. Cells were counted
in three independent experiments (shCtrl n = 245 and shMFN1 n = 312). ***P < 0.001 vs control shRNA by two-sided unpaired Student’s z-test. Scale
bar, 10 pm. (B) MFNI1-depleted U20S cells were treated with Phleo for 2 h and immunostained with anti-53BP1 antibody. The percentage of > 10 foci of
53BP1 per cell was shown in three dependent experiments (shCtrl n = 352 and shMFN1 n = 279). ***P < 0.001 vers control shRNA by two-sided unpaired
Student’s z-test. scale bars, 10 pm. (C) U20S HR reporter cells were transfected with indicated siRNAs. After 24h, I-Scel nuclease-expressing vector was
transfected into reporter cells. After 48 h, GFP-positive cells were calculated by FACS. An ATM inhibitor (ATMi) was used as a HR positive control. Bars
represent mean + SEM from three independent experiments. *** P < 0.001 versus control siRNA by two-sided unpaired Student’s 7-test. (D) U20S NHEJ
reporter cells were transfected with MFN1, Sab and JNK1 siRNA or shOPA 1. Twenty-four hours after transfection, I-Scel nuclease-expressing vector was
transfected into reporter cells. After 48 h, the number of FACS-sorted GFP-positive cells indicate repair efficiency and is normalized to mock control. An
ATM inhibitor (ATMs) was used as an HR/ NHEJ positive control. Bars represent mean = SEM from three independent experiments. **P < 0.005, ***
P < 0.001 versus control shRNA by two-sided unpaired Student’s 7-test. (E) H,O»-induced DDR was examined by Alkaline comet assays. The control or
MFNI-depleted U20S cells were subjected to HyO; (500 wM) treatment for 20 min. Cells were released with fresh medium for 4 h after exposure of DNA
damage and proceeded to comet assay. scale bars, 10 wm. (F) Average tail moments of cells are shown in the comet assay. Bars represent mean + SEM
from three independent experiments. *P < 0.05 versus control shRNA by two-sided unpaired Student’s 7-test.
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Figure 6. A proposed model for the cross-talk between nuclear DDR and mitochondrial morphofunctional pathway. In our model, ATM-mediated nuclear
DDR relies on a mitochondrial morphofunctional pathway consisting of MFN1/MFN2, Sab (SH3BP5) and p-JNK.

DISCUSSION

In this study, we have revealed a key connection be-
tween nuclear DDR and the mitochondrial morpho-
functional pathway. ATM-mediated nuclear DDR re-
lies on a mitochondria-mediated signal consisting of
MFNI1/MFN2, Sab (SH3BP5), and JNK (Figure 6). These
components work together as follows: (i) the mitochondria
fusion machinery directly regulates JNK signaling; (i1) JINK
activation is important for ATM-dependent DDR and re-
pair, and (iii) cells efficiently integrate signals from vari-
ous organelles (nucleus, cytosol and mitochondria) to re-
spond to genotoxic stress. Thus, mitochondria indeed serve
as a signaling hub for the regulation of cellular homeostasis
and organismal functions beyond the regulation of bioener-
getics and metabolism. Our observations provide novel in-
sight into how cells efficiently integrate nuclear and cytoso-
lic stress signals.

In cells, mitochondrial populations undergo continuous
cycles of fission and fusion to maintain organelle integrity
and cellular homeostasis; however, the equilibrium between
fusion and fission can be disturbed by physiological cues as
well as pathological conditions (18-20). Transient forma-
tion of hyperfused tubular mitochondria appears to ame-
liorate cellular stress. Indeed, elongated mitochondria are
observed in cells exposed to starvation or hypoxia (19-22).
Likewise, when U20S cells were exposed to Phleo or H,O,,
we observed transiently hyperfused mitochondria that re-
turned to normal under fluorescence microscopy (Supple-
mentary Figure S1A, B). In these conditions, mitochondria
are capable of sensing stress and sending the morphofunc-
tional signal to the nucleus. In fact, MFN1 KO or KD cells

with impaired mitochondria fusion did not exhibit differ-
ences in mitochondrial membrane potential (MMP) or ROS
levels after treatment with Phleo (Supplementary Figure
S5). By contrast, when cells were continuously exposed to
high glucose for 5 h, the mitochondria underwent fragmen-
tation (Supplementary Figure S3A) and the cells did not
properly respond to the genotoxic stress. The importance
of mitochondria dynamics in DDR signaling cannot be
overemphasized, as cells released from high-glucose stress
recovered their yH2AX levels (Figure 11). Thus, retention
of the capacity to undergo mitochondrial fission and fu-
sion determines the mitochondrial morphofunctional sig-
nal. However, it is worthwhile mentioning that prolonged
exposure of cells to H,O, can increase mitochondrial frag-
mentation (53). In addition, although ATM is the represen-
tative master kinase in the DDR, ATR and DNA-PKcs also
reside at the apex of mammalian DDR and phosphorylate
overlapping downstream substrates (54). As time passes dif-
ferent types of DNA damage occur, which can trigger the
activation of ATR and DNA-PKcs.

JNK activation upon cellular stress plays a critical role in
modulating cell death. Sustained JNK activation is linked to
apoptotic DNA fragmentation (50,55) and the mitochon-
drial apoptotic pathways (56). The mitochondrial outer
membrane protein, Sab (SH3BPS5), provides a docking site
for JNK. In a liver injury model, knock-down of Sab re-
sults in the inhibition of sustained JNK activation as well
as JNK-mediated toxicity. Moreover, the JNK-Sab-ROS
activation loop forms an intramitochondrial signal trans-
duction pathway (57). Our findings here demonstrated that
formation of the binding station between JNK, Sab, and
MFNI1/MFN2 protein are crucial for JNK activity and
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ATM-mediated nuclear DNA damage signaling that con-
tributes to the maintenance of genomic integrity. Thus, the
Sab-JNK interaction is a double-edged sword, determin-
ing whether a cell undergoes programmed cell death or sur-
vives following DNA repair. In this regard, mitochondrial
dynamics machinery may play a set-point role because Sab
interacted with not only JNK, but also with MFN1 and
MFN2 (Figure 4C). Moreover, we observed a functional
link between Sab and JNK in cells defective in mitochon-
drial fusion. These findings provide critical insights linking
the vital roles of mitochondrial dynamics to the JNK ac-
tivation, and subsequently to the DNA damage response
and repair signaling. On the other hand, sustained depletion
of hFisl by itself almost completely disrupts mitochondrial
dynamics, leading to continuous mitochondrial elongation.
Prolonged mitochondrial elongation induced by hFisl de-
pletion becomes cellular stress, triggering nuclear accumu-
lation of yH2AX and cellular senescence (24). These were
accompanied by a significant transcriptional reduction in
cell cycle regulators (24,58). Likewise, another group also
showed that replication-initiated DNA damage signaling
was activated by DRP1 knockdown in an ATM- and ATR-
dependent manner (59). An improved understanding of
the modulation of DDR signaling mediated by mitochon-
dria morphofunction may facilitate the development of new
strategies with clinical implications for cancer patients who
receive genotoxic anticancer drugs.
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