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: Autophagy, the primary recycling pathway within cells, plays a critical role in mitochondrial quality
. control under normal growth conditions and in the cellular response to stress. Here we provide evidence
. that 53BP1, a DNA damage response protein, is involved in regulating mitochondrial clearance from the
. cell via a type of autophagy termed mitophagy. We found that when either human or mouse cells were
53BP1-deficient, there was an increase in mitochondrial abnormalities, as observed through staining
intensity, aggregation, and increased mass. Moreover, a 53BP1-depleted cell population included an
increased number of cells with a high mitochondrial membrane potential (A ¥m) relative to controls,
suggesting that the loss of 53BP1 prevents initiation of mitophagy thereby leading to the accumulation
. of damaged mitochondria. Indeed, both 53BP1 and the mitophagy-associated protein LC3 translocated
. tomitochondria in response to damage induced by the mitochondrial uncoupler carbonyl cyanide
m-chlorophenylhydrazone (CCCP). The recruitment of parkin, an E3-ubiquitin ligase, to mitochondria in
response to CCCP treatment was significantly decreased in 53BP1-deficient cells. And lastly, using p53-
deficient H1299 cells, we confirmed that the role of 53BP1 in mitophagy is independent of p53. These
data support a model in which 53BP1 plays an important role in modulating mitochondrial homeostasis
and in the clearance of damaged mitochondria.

Received: 05 October 2016

© Mitochondria are essential organelles involved in energy production, calcium homeostasis, Fe-S cluster biogene-
© sis, metabolic biosynthetic pathways, and cell health and survival' . Mitochondrial dysfunction, or the accumu-
. lation of damaged mitochondria, can trigger programmed cell death, and has been implicated in the pathology
. of numerous human diseases, such as neurodegenerative diseases, diabetes, obesity, myopathies, cancer and
aging®®. Dysfunctional mitochondria are specifically targeted for autophagy and are engulfed by autophago-
somes, which then fuse with lysosomes to form an autolysosome in which the mitochondria are degraded®!.
. The process by which damaged mitochondria are removed through autophagy, also known as mitophagy, is a
. potential target for therapeutic interventions in mitochondrial disease pathophysiology.
: Because genes located on both nuclear and mitochondrial DNA encode regulators of mitochondria, muta-
© tions in either DNA molecule may result in human disease!"'2. Mitochondrial disorders are caused by sponta-
neous or inherited mutations, or by exogenous factors. However, whether the DNA damage directly promotes
mitochondrial disorders or is simply a byproduct of the risk factors that promote mitochondrial disorders is
unknown. Recent reports have linked the loss of DNA repair enzymes to metabolic defects, mitochondrial bio-
genesis, and mitochondrial DNA content'?"!. During the process of ATP synthesis, mitochondria generates
reactive oxygen species (ROS) from electron transport chain'®>. Owing to the close proximity of mitochondrial
DNA to the electron transport chain, mitochondrial DNA is more oxidatively damaged than nuclear DNA!®17,
Because mutations in mitochondrial DNA induce chronic mitochondrial stress, which alters the expression of
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genes related mitochondrial function and structure!®-2, prevention and repair of mitochondrial DNA damage

would be expected to have a central role in the mitochondrial homeostasis.

53BP1 is an important component of the DNA damage response (DDR) that that rapidly forms nuclear foci
in response to DNA damage?'. This process is dependent on the ATM/ATR-induced phosphorylation of histone
H2AX (y-H2AX)?»®. In addition to forming DNA damage-dependent foci, 53BP1 plays a pivotal role in defining
the DNA double-strand break (DSB) repair pathway in the G1 and S/G2 phases of the cell cycle**?’. Interestingly,
it was reported previously that 53BP1 localizes to both the cytoplasm and the nucleus®?, suggesting that 53BP1
has a function in the cytoplasm. However, although the nuclear functions of 53BP1 in the DDR and in the choice
of DNA repair pathway are well established, the role of 53BP1 in the cytosol remains unknown. In the pres-
ent study, we used 53BP1 knockdown U208, HeLa, knockout H1299 p53-deficient cells, and 53BP1~/~ mouse
embryonic fibroblasts (MEF) to investigate the physiological importance of 53BP1 in mitochondrial homeostasis,
and we provide evidence that 53BP1 regulates the autophagic clearance of damaged mitochondria by promoting
parkin translocation to the mitochondria.

Results

Loss of 53BP1 leads to mitochondrial aggregation and an increased mitochondrial membrane
potential (A¥m). To investigate the function of 53BP1, we stably depleted U20S cells using two differ-
ent shRNAs specific for 53BP1 (Fig. 1A) and visualized the mitochondria of these cells using a mitochondri-
al-specific, non-cytotoxic dye that accumulates in mitochondria in a membrane potential-dependent manner
(Mitotracker Red CMXRos). In control shRNA-transfected cells, staining of the mitochondria was homogenous
and appeared to be evenly distributed within the cell, indicative of well-preserved and actively respiring mito-
chondria (Fig. 1B, left panel). In striking contrast, 53BP1-knockdown cells exhibited an increased intensity of
mitochondrial staining and the mitochondria were aggregated. One possible explanation for the differing staining
patterns of mitochondria is that the overall mitochondrial content might be different in 53BP1-depleted cells.
To test this possibility, we measured the overall mitochondrial mass in both the control and 53BP1-knockdown
cells using flow cytometry and found that the 53BP1-depleted cells did indeed have an increased mitochondrial
mass (Fig. 1C, left panel). Similar effects were observed when the experiments were repeated using both mouse
embryonic fibroblasts (MEFs) from 53BP1 KO mice (Fig. 1A-C, right panels).

The abnormal increase in mitochondrial mass observed in 53BP1-deficient cells could be due to increased
mitochondrial biogenesis, decreased clearance of abnormal mitochondria through mitophagy, or both. Several
genes involved in mitochondrial biogenesis®® were evaluated, but none were expressed at significantly higher
levels in 53BP1-deficient cells as compared to control cells (Supplementary Fig. S1), suggesting that mitochon-
drial biogenesis is not affected. To determine whether or not the rate of mitophagy was affected, we measured
mitochondrial membrane potential (A¥m), which drops significantly early in the process of mitophagy!'®3!.
Given that the retention of Mitotracker Red CMXRos by mitochondria depends upon membrane potential, we
suspected that a certain subpopulation of mitochondria in 53BP1-depleted cells may have a detectable mitochon-
drial membrane potential (AWm). To measure the level of A¥m depolarization, we stained cells with tetramethyl
rhodamine methyl ester (TMRM), which is a cell-permeable fluorescent dye that accumulates in mitochondria
in a manner directly proportional to the AUm?2. We observed that for the 53BP1-knockdown U20S cells and
the 53BP1~/~ MEFs, there was an increase in the number of cells with high membrane potentials relative to the
controls (Fig. 1D). Mitochondria are selectively engulfed by autophagosomes following a loss in AUm?, suggest-
ing that the mitochondrial membrane potential mediates this process. The marked difference in A¥m between
53BP1-deficient cells and control cells suggests that the lack of 53BP1 prevented the decline in AUm, thereby
preventing mitophagy and resulting in an accumulation of damaged mitochondria.

53BP1 regulates mitochondrial function in a p53-independent manner. The tumor suppressor
protein p53 plays an important role in mitochondrial homeostasis and inhibits mitophagy***. Because 53BP1
binds to p53 and enhances p53-mediated transcriptional activity, 53BP1-mediated regulation of mitochondrial
function might be required for p53 to function properly. To test this hypothesis, we generated 53BP1 knockout
(KO) cell lines in p53-deficient non-small-cell lung carcinoma H1299 cells. To generate the 53BP1 KO cell line,
we utilized site-directed genetic disruption with engineered TALE nucleases (TALENs)? that targeted exon 4 of
the 53BP1 gene (Fig. 2A). Sequencing analysis demonstrated that the loss of 53BP1 expression was due to 10bp
deletion occurring at the genome locus of 53BP1, all of which led to frame shifts and consequently the gene
knockout (Fig. 2B). Intact, wild type 53BP1 protein was completely absent in this clone, as measured by Western
blotting (Fig. 2C). We then evaluated mitochondrial aggregation in the 53BP1 KO by staining with Mitotracker
Red and observing staining intensity via fluorescence microscopy. As expected, there was a greater intensity of
MitoTracker Red staining in the 53BP1 KO cells, suggesting that mitochondria were aggregating (Fig. 2D). We
followed up by measuring both mitochondrial mass (Fig. 2E) and A¥m (Fig. 2F) and observed that both were
significantly higher in the 53BP1 KO cells. Similar effects were also observed when the experiments were repeated
using the p53-inactivated cervical cancer HeLa cell (Supplementary Fig. S2A,B and C). Taken together, these
experiments demonstrate that the role of 53BP1 in mitochondrial function appears to be independent of p53.

53BP1 depletion abrogates mitochondrial clearance by autophagy. Selective mitochondrial auto-
phagy, or mitophagy, is the central process by which mitochondrial quality and quantity are maintained*. To
determine whether or not 53BP1 plays a role in the clearance of damaged mitochondria, we induced mitochon-
drial damage by treating cells with the mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP), which is widely used to study mitophagy*”*, and we assessed the effects by staining for the presence of
the autophagosome marker protein LC3. As expected, CCCP treatment of U20S and HeLa cells resulted in an
increase in LC3 intensity as compared to DMSO-treated controls (Fig. 3A and Supplementary Fig. S3A). And
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Figure 1. Loss of 53BP1 induces mitochondrial aggregation and increases mitochondrial mass.

(A) Western blot analysis of 53BP1 from U20S and MEF cells. Wild type (53BP1+/*) and 53BP1 knockout
(53BP17/7) MEF cells were prepared from embryos. U20S cells were stably transfected with either non-targeted
shRNA or two different 53BP1-targeted shRNAs. 3-actin was included as an internal control. (B) Representative
cells were stained with MitoTracker Red CMXRos to visualize mitochondria, and fluorescence images were
obtained using confocal microscopy. Nuclei were visualized by DAPI staining. (C) Cells were incubated

with MitoTracker Red CMXRos and the fluorescence was analyzed using flow cytometry. The fluorescence
intensity was quantified and the percent change in mitochondrial mass was determined relative to control cells.
Histograms from a representative replicate experiment are shown in the right panels. Results are shown as
mean £ SD (n=3), **P < 0.01. (D) Cells were incubated with TMRM (Tetramethyl Rhodamine Methyl Ester)
for 15 min and intracellular fluorescence intensity was measured using flow cytometry. Fluorescence intensity
was then quantified and the percent change in A¥m was determined. Results are shown as mean £+ SD (n=3),
**P<0.01.
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Figure 2. p53 is not required for 53BP1-mediated mitochondrial function. (A) A diagram of the strategy for
knocking out 53BP1 using the transcription activator-like effector (TALE) endonuclease. Exon 4 of 53BP1 was
targeted in the region shown, and the two TALE nuclease binding sequences are underlined. (B) Sequencing of
the 53BP1 gene from the selected 53BP1 knockout H1299 clone. Dashes indicate deleted bases. The predicted
amino acid sequence is indicated based on the recommended description (see Materials and Methods).

(C) Immunoblot analysis of wild-type cells (WT) and 53BP1 deletion mutant clone (KO). 3-actin expression
was used as an internal control. (D) 53BP1 WT and KO H1299 clones were stained with MitoTracker
RedCMXRos and fluorescence images were obtained using confocal microscopy. Nuclei were visualized by
DAPI staining. (E) 53BP1 WT and KO H1299 clones were incubated with MitoTracker Red CMXRos and
mitochondrial mass determination was performed as described in Fig. 1C. Results are shown as mean & SD
(n=3),**P<0.01. (F) 53BP1 WT and KO H1299 clones were stained with TMRM for 15 min to determine
AW¥m (Mitochondrial membrane potential) as described in Fig. 1D. Results are shown as mean £ SD (n=3),
**P<0.01.

notably, there was only a marginal increase in CCCP-induced LC3 staining intensity in 53BP1-knockdown cells.
When the experiment was carried out in 53BP1 knockout cells, there was, again, a marked decrease in the number
of CCCP-treated autophagosomes as compared to 53BP1 wild-type cells (Fig. 3B and Supplementary Fig. S3B).

Thus, defective mitophagy in 53BP1-deficient cells appears to lead to an increase in the number of abnormal
mitochondria.
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Figure 3. 53BP1 plays a role in mitochondrial clearance. Control and 53BP1-deficient U20S cells

(A) and 53BP1 WT and KO H1299 cells (B) were treated with 20 pM CCCP (Carconyl Cyanide m-
Chlorophenylhydrazone) for 8 h, and immunostained using an anti-LC3 antibody (red) for autophagosomes
and DAPI (blue) for nuclei staining. Images were collected using confocal microscopy.

Removal of damaged mitochondria is impaired in 53BP1-deficient cells. To look more closely at
the role of 53BP1 in mitochondrial clearance via mitophagy, we performed flow cytometry on cells that had been
stained with Mitotracker Red CMXRos in the presence or absence of CCCP. As we showed earlier, 53BP1 knock-
down increased mitochondrial mass in U20S cells. The basal mitochondrial mass in control and 53BP1-deficient
U20S cells was 52.2% (£1.05%) and 83.4% (£3.5%), respectively (Fig. 4A,B). Importantly, the mitochondrial
mass in U20S control cells decreased from 52.2% (£1.05%) to 27.9% (4-2.07%) after treatment with CCCP. In
contrast, there was a high level of mitochondrial mass in both untreated and treated 53BP1-deficient cells, 83.4%
(£3.5%) and 83.2% (+2.9%) respectively, indicating that the clearance of abnormal mitochondria via mitophagy
is impaired.

53BP1 recruits parkin to damaged mitochondria in response to CCCP treatment. There is
evidence that parkin, an E3-ubiquitin ligase, is recruited to damaged mitochondria*”-*, and the induction of
mitophagy is dependent on the accumulation of parkin in mitochondria. To determine whether or not the loss
of 53BP1 impairs the behavior of parkin, we compared the proteins presented in mitochondrial extracts from
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Figure 4. The elimination of damaged mitochondria is impaired in 53BP1-deficient cells. (A) Control and
53BP1-deficient U20S cells were treated with 20 uM CCCP for 24 h and stained with MitoTracker Red CMXRos
followed by mitochondrial mass analysis by flow cytometry. Representative histograms of mitochondrial
fluorescence intensity are shown. (B) Fluorescence intensity of MitoTracker was quantified, and the percent
change in mitochondrial mass was determined relative to the control. Results are shown as mean 4 SD (n=3),
**P<0.01.

53BP1-knockdown U20S cells and 53BP1 KO H1299 cells using Western blotting. The presence of COX-1,
a mitochondrial specific protein, confirmed the specificity of the mitochondria fraction, and the presence of
LC3-II only after CCCP treatment confirmed that CCCP-induced mitochondrial damage results in autophagy
(Fig. 5A). CCCP treatment also led to increased amounts of parkin in the mitochondrial fraction (Fig. 5B) as had
been previously described®”*. However, the CCCP-induced LC3-II accumulation was impaired in both 53BP1
knockdown U20S cells and 53BP1-KO H1299 cells (Fig. 5A,B). Furthermore, treatment with CDDP resulted in
a downregulation in the level of the p62 protein, which represents a known target for autophagic degradation,
however, CDDP-induced downregulation of p62 was significantly suppressed by depletion of a 53BP1 gene, sup-
porting that 53BP1 loss suppresses the autophagic clearance of damaged mitochondria. More interestingly, the
lack of 53BP1 significantly suppressed CCCP-induced recruitment of parkin to mitochondria, further supporting
the involvement of 53BP1 in the mitophagy.

To further explore the role of 53BP1 in CCCP-induced mitophagy, we reconstituted the 53BP1 knockdown
U20S cells using shRNA-resistant 53BP1 expression vector and followed the effects of 53BP1 reconstitution
on the recruitment of parkin to mitochondria. First, we confirmed by immunoblotting that transfection of the
shRNA-resistant 53BP1 expression vector did indeed rescue 53BP1 levels (Fig. 5C). We then analyzed mito-
chondrial levels of both parkin and LC3-II with and without CCCP treatment. As shown in Fig. 5C, after CCCP
treatment, LC3-II levels were effectively restored when 53BP1 was present. Of note, the attenuated recruitment of
parkin to the mitochondria was almost completely rescued upon the reintroduction of 53BP1 as well, reinforcing
this important role for 53BP1 in parkin-mediated mitophagy.

Discussion

53BP1 protein is predominantly a nuclear protein that plays an important role in the DDR signaling pathway and
in DNA repair?*-?’. It has been also reported that 53BP1 is present in, or even restricted to, the cytoplasm of both
mouse embryo fibroblasts and COS-1 cells?®%. However, the role of the small fraction of 53BP1 that exists outside
of the nucleus remains largely undefined. In the present study, we provide the first evidence that 53BP1 plays an
important role in the autophagy-dependent clearance of dysfunctional mitochondria from the cytoplasm.
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Figure 5. 53BP1 affects parkin-mediated mitophagy. Control and 53BP1-deficient U20S cells (A) and 53BP1
WT and 53BP1 KO H1299 cells (B) were treated with CCCP for the indicated time points. Total cell extracts
and mitochondrial fractions were analyzed by Western blotting with antibodies against 53BP1, Parkin, LC3-II,
p62, COX-1, and B-actin as the control. (C) 53BP1 stably knockdown U20S cells were transiently transfected
with either the HA-tagged 53BP1 shRNA resistant vector or a control vector (HA-Control). Twenty-four hours
after transfection, cells were treated with CCCP for 6 h. Total cell extracts and mitochondrial fractions were then
analyzed using the indicated antibodies.

To directly address how mitochondrial function is affected in 53BP1-depleted cells, we first compared the
structural organization of mitochondria in control versus 53BP1 shRNA-transfected U20S cells, as well as
wild-type versus 53BP1~/~ MEF cells, using the mitochondrial-specific stain Mitotracker Red CMXRos and
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we found marked differences. Both strains lacking 53BP1 had darkly stained mitochondria that tended to be
aggregated. We suspected that the difference in staining between the control and 53BP1-deficient cells may have
resulted from an inability of the mutant strain to clear abnormal mitochondria. Indeed, 53BP1-deficient cells
contained a significantly larger mass of mitochondria. Changes in mitochondrial membrane potential are an
early marker of mitophagy*, and when we compared the mitochondrial membrane potential between control
and 53BP1-deficient cells using the fluorescence dye TMRM, we found that 53BP1-knockdown U20S cells and
53BP1~/~ MEF cells both had a higher potential than control cells, again suggesting that the loss of 53BP1 may
hinder mitophagy.

It is known that the p53 protein not only regulates apoptosis but also autophagy. There is evidence that p53
promotes mitochondrial dysfunction by inhibiting Parkin-mediated mitophagy®***. Because 53BP1 was identi-
fied as a p53 binding protein and enhances p53-mediated transcriptional activation**4!, it was possible that the
relationship between 53BP1 deficiency and mitochondrial dysfunction was associated with the status of p53.
However, in the present study, a disruption in 53BP1 expression in p53-deficient H1299 cells and p53-inactivated
HeLa cells still resulted in an induction of mitochondrial aggregation, increased mitochondrial mass, and
increased mitochondrial membrane potential, indicating that the effect of 53BP1 depletion on the number of
dysfunctional mitochondria was independent of p53.

Given the putative role of 53BP1 in mitophagy, a more detailed analysis of autophagosomes was neces-
sary. Using the uncoupler CCCP to induce damage to mitochondria, we demonstrated that LC3, a protein that
binds to mitochondria early in mitophagy, fails to accumulate in mitochondria to wild type levels in a 53BP1
knockdown-U20S cells and a 53BP1 knockout-H1299 cells. Typically the parkin protein translocates to depo-
larized mitochondrial membranes and induces mitophagy thereby maintaining mitochondrial homeostasis®”.
Our study showed that CCCP-induced translocation of parkin to mitochondria was inhibited by the depletion
of 53BP1 in U20S and H1299 cells. Furthermore, we show that the translocation of parkin to mitochondria is
independent of p53. Consistently, overexpression of 53BP1 in the deficient strains restored both LC3 accumula-
tion and parkin translocation to mitochondria. Together these findings support the hypothesis that 53BP1 plays
an important role in the the autophagic clearance of damaged mitochondria by promoting parkin translocation
to the mitochondria.

Although this is the first report demonstrating that 53BP1 contributes to mitophagy, several questions remain
regarding how mitophagy is actually regulated by the 53BP1. 53BP1 regulates DNA double-strand breaks repair
through its association with several proteins*2. Thus, it is possibility that cytosolic 53BP1 could bind directly to
one of the mitophagy-related proteins, resulting in the regulation of removal damaged mitochondria. It has also
been reported that 53BP1 enhance p53-mediated transcriptional activation*®*!. However, in this study, using
p53-deficient H1299 cells and p53-inactivated HeLa cells, we showed that the role of 53BP1 in mitophagy is inde-
pendent of p53. Therefore, 53BP1 may regulate mitophagy-related gene expression in a p53-independent manner.
Accordingly, studies aimed at determining the detailed mechanisms underlying 53BP1 regulation of mitophagy
are currently under way.

Methods

Cell lines. Wild-type (B6; 129]) and 53BP1-knockout mice (B6; 129-Trp53bp1™J</]) were purchased from
JAX® Mice (The Jackson Laboratory; Bar Harbor, ME, USA). Mouse embryonic fibroblasts (MEFs) were prepared
from embryonic day 13.5 embryos and maintained in Dulbecco’s modified Eagle medium (DMEM, Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100 units/ml of penicillin,
100 pg/ml of streptomycin (100 x Pen/Strep solution, Invitrogen) and nonessential amino acids (100 x NEAA
solution, Invitrogen). U20S cells were cultured in McCoys 5A (Invitrogen) containing 10% FBS and pen-
icillin-streptomycin. HeLa cells were maintained in DMEM with 10% FBS and penicillin-streptomycin. P53-
deficient human non-small lung carcinoma cell line H1299 cells were cultured in RPMI-1640 with 10% FBS and
penicillin-streptomycin. All cells were cultured in a humidified incubator with 5% CO2 at 37°C. All cell lines
were from the American Type Culture Collection (ATCC) and were grown according to standard protocols.

Ethics statement. The experimental protocol was approved by the Institution Animal Care and Use
Committee (IACUC) of Chosun University School of Medicine (IACUC No. CHOSUN- 2015-12-001) and com-
plied with the NIH Guide for “The Care and Use of Laboratory Animals”. The animals were housed in specific
pathogen-free (SPF) rooms with free access to food and water.

shRNA vector and 53BP1 knockdown cell line. 10 x 10° U20S cells were seeded in 60mm dishes
24 hours before transfection. The cells were transiently transfected 53BP1 siRNA or control siRNA using
Lipofectamine RNAiMax (Invitrogen) according to the manufacturer’s instructions. The sequences of the 53BP1
siRNAs were: GCC AGG TTC TAG AGG ATG A (53BP1 siRNA-#1) and GGA CAA GTC TCT CAGCTA T
(53BP1 siRNA-#2). These siRNAs and negative control siRNA were purchased from Bioneer (Daejeon, Korea).
The reduction of 53BP1 protein expression was analyzed by Western blotting. To generate stable 53BP1-depleted
cell lines, oligonucleotides were designed and synthesized as follows: 53BP1 top: 5'-GAT CCG GAC AAG TCT
CTC AGC TAT TTC AAG AGA ATA GCT GAG AGA CTT GTC CTT TTT TGG AAA-3/; bottom: 5'-AGC TTT
TCC AAA AAA GGA CAA GTCTCT CAG CTA TTC TCT TGA AAT AGC TGA GAG ACT TGT CCG-3'. The
oligonucleotides were annealed and ligated into the linearized pSilencer 2.1-U6 neo shRNA expression vector
(Ambion® Thermo Fisher Scientific, Waltham, MA, USA). 2 x 105 U20S and 2.5 x 10° HeLa cells were seeded in
35mm dishes 24 hours before transfection. The cells were transfected with pSilencer-53BP1 shRNA expression
vector or control shRNA expression vector using Lipofectamine 2000 (Invitrogen). All vectors contained the
neomycin resistance gene. After 48h, 0.5 mg/ml neomycin was added to the culture medium for selection of the
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transfected cells, and these culture conditions were used for 2-3 weeks. Cell lines that had stably silenced 53BP1
expression were confirmed by Western blot analysis.

Preparation of TALEN-mediated 53BP1 knockout cells. TALEN editing used to generate 53BP1
knockout cells. The TALEN-Human H27702 vector kit for 53BP1 targeting was purchased from ToolGen (Seoul,
Korea) and then 53BP1 knockout cells were prepared according to manufacturer’s instructions. The 53BP1 target
sequence is 5'-TGG ATT CTT CTA ACT TGG ACA CAT GTG GTT CCA TCA GTCAGG TCA TTG AGC
A-3'as described in Fig. 2A. The vector kit contains Human H27702-TALEN-L vector: expression plasmid with
TALEN pair left specific for the target site, 5'-TGG ATT CTT CTA ACT TGG AC-3/, Human H27702-TALEN-R
vector: expression plasmid with TALEN pair right for the target site, 5-TGC TCA ATG ACC TGA CTG AT-3’
and GFP-Reporter vector. Briefly, 2 x 10° H1299 cells were seeded in 35 mm dishes 24 hours before transfec-
tion. The cells were co-transfected with TALEN-L, TALEN-R and reporter vector using Lipofectamine 2000
(Invitrogen). 48 h after transfection, the twenty cells were seeded and cultured during 2-3 weeks, and then col-
onies were selected. In order to assess 53BP1 expression, genomic DNA was isolated to perform DNA sequenc-
ing, or protein extracts were lysed to perform Western blotting. TALEN-mediated mutations were confirmed by
sequencing. Clones lacking expression of 53BP1 were used for further experiments.

53BP1 shRNA resistant 53BP1 expression vector. The pCMH6K 53BP1 expression vector was
obtained from Kuniyoshi Iwabuchi (Kanazawa Medical University, Japan). To construct the shRNA-resistant
53BP1 expression vector, we performed mutagenesis using GeneArt Site-Directed Mutagenesis Kits (Invitrogen)
in accordance with the manufacturer’s instructions. We designed sequences for shRNA resistance: sense: 5'-CGC
ACA TCA AGT GGG ACT AGC CTG TCT GCT ATG CAC AGC AGT-3' and antisense: 5'-ACT GCT GTG CAT
AGC AGA CAG GCT AGT CCC ACT TGA TGT GCG-3'. Site-directed mutations of the 53BP1 shRNA-resistant
HA-53BP1 expression vector were confirmed by sequencing.

Mitochondrial morphology. The indicated cells (3 x 10° cells/well) were seeded in 6-well plate 24 hours
before stain. The cells were stained with 100 nM MitoTracker Red CMXRos (Invitrogen) for 15 min at 37°C on
coverslips, then fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min and washed three
times in PBS. The cells were mounted on glass slides by using fluorescent Mounting Medium with DAPI (GBI
Labs, Mukilteo, WA, USA). Images were acquired using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss,
Weimar, Germany) with a 63 x 1.4 oil objective analyzed with the Zeiss microscope image software ZEN (Carl
Zeiss).

Flow cytometry analysis for mitochondria. 3 x 10 cells were seeded in 6-well plate 24 hours before
staining. Mitochondrial mass was measured by fluorescence levels upon staining with 100 nM MitoTracker Red
CMZXRos (Invitrogen) for 15 min at 37 °C. Mitochondrial membrane potential (A¥m) was measured by staining
cells with 100nM TMRM (Invitrogen) for 15min at 37 °C. Cells were then washed with PBS solution, trypsinized
and re-suspended in PBS. Mitochondrial mass was analyzed by flow cytometry (FACSCalibur, BD Biosciences,
San Jose, CA, USA) using the FL2 detector. Log scale fluorescence histograms were analyzed for median relative
fluorescent unit (RFU) intensity using CellQuest Pro software. The data are depicted as the mean =+ s.d. value in
independent experiments.

Immunofluorescence confocal microscopy. Cells (3 x 10° cells/6-well plate) were cultured on cover
slips coated with poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA) and were treated with or without CCCP for
8h. Cells were washed in PBS, and fixed in methanol for 5min at room temperature, then incubated blocking
buffer (1% BSA in PBS). Incubation of rabbit polyclonal anti-LC3B antibody (1:500, Cell Signaling, Danvers, MA,
USA) was performed overnight at 4 °C. The cells were washed three times in PBS and incubated with secondary
antibody (Alexa Fluor 594 chicken anti-rabbit, 1:200, Invitrogen) in blocking buffer for 2 h. Cell were washed
three times in PBS and mounted in Fluorescent Mounting Medium with DAPI (GBI Labs). Images were acquired
on a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss) and analyzed with Zeiss microscope image software
ZEN (Carl Zeiss).

Protein extraction. For total protein extraction, cells (2-3 x 10°) were lysed in ice-cold NP-40 buffer
[50 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dode-
cyl sulfate, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, 10 pg/ml leupeptin and 10 ug/ml apro-
tinin] on ice for 10 min. For extraction of the mitochondrial fraction, 8-9 x 10° cells were suspended in cytosol
buffer [20 mM Hepes, 10 mM KCI, 1.5mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phenyl methane
sulfonyl fluoride, 10 ug/ml leupeptin, 10 pg/ml pepstatin A and 10 pg/ml aprotinin], and were lysed by passing
them through a 25-gauge needle 20 times. The lysate was centrifuged at 13,000 rpm for 10 min at 4 °C to remove
cell debris and nuclei. The supernatants were centrifuged at 80,000 rpm for 15 min at 4 °C. The pellet, correspond-
ing to the mitochondrial fraction, was lysed in ice cold NP-40 lysis buffer [50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, and 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM dithiothreitol, 1 mM
phenylmethanesulfonyl fluoride, 10 pg/ml leupeptin and 10 pg/ml aprotinin] on ice for 10 min. The mitochon-
dria fractions were sonicated twice for 2 s, and then centrifuged at 13,000 x g for 20 min. The protein amount was
determined using the Bradford protein assay (Bio-Rad, Hercules, CA, USA).

Western blotting. Each fraction was measured for protein concentration using a Bradford protein assay
(Bio-Rad, Hercules, CA, USA), and 20 pg of proteins was separated by 6-12% SDS-PAGE, and transferred to a
polyvinylidene difluoride membrane (PALL life sciences, Washington, NY, USA). The membrane was blocked

SCIENTIFIC REPORTS | 7:45290 | DOI: 10.1038/srep45290 9



www.nature.com/scientificreports/

for 1 h with blocking solution [5% skim milk in TBS-T (10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.1% Tween-
20] and then incubated with primary antibodies overnight at 4 °C. The following primary antibodies were used:
rabbit polyclonal anti-53BP1 (1:1000, Santa Cruz, Dallas, TX, USA), mouse monoclonal anti-Parkin (1:1000,
Santa Cruz), mouse monoclonal anti-3-actin (1:2000, Santa Cruz), goat polyclonal anti-COX-1 (1:1000, Santa
Cruz), mouse monoclonal anti-LC3 (1:1000, NanoTools, Munchen, germany), purified mouse anti-p62 lck ligand
(1:1000, BD Biosciences, San Jose, CA, USA). The membranes were washed three times in TBS-T buffer and
then incubated for 2 hours with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:4000, Jackson
Laboratory, West Grove, PA, USA). After rinsing three times, the membrane was treated with ECL detection rea-
gents (WEST-ZOL plus, iNtRON Biotechnology, Korea) and the specific bands were visualized on a luminescent
image analyzer LAS-4000mini (Fujifilm Life Science, Stamford, CT, USA).

Statistical analysis. Data in all experiments are presented as mean + standard deviation (SD) of three inde-
pendent results. Statistical comparisons were carried out using two-tailed paired Student t-test. We considered
P <0.01 (indicated as ** in Figures) as significant.
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