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Background: Mitochondrial dynamics is important for regulating cellular physiological function.

Results: Depletion of DAP3 impairs mitochondrial-encoded protein synthesis and leads to mitochondrial fission.
Conclusion: DAP3 is essential for maintaining mitochondrial function.

Significance: DAP3 is the first mitochondrial ribosomal protein to be characterized that regulates mitochondrial dynamics.

Mitochondrial morphologies change over time and are tightly
regulated by dynamic machinery proteins such as dynamin-re-
lated protein 1 (Drpl), mitofusion 1/2, and optic atrophy 1
(OPA1). However, the detailed mechanisms of how these mole-
cules cooperate to mediate fission and fusion remain elusive.
DAP3 is a mitochondrial ribosomal protein that involves in apo-
ptosis, but its biological function has not been well character-
ized. Here, we demonstrate that DAP3 specifically localizes in
the mitochondrial matrix. Knockdown of DAP3 in mitochon-
dria leads to defects in mitochondrial-encoded protein synthe-
sis and abnormal mitochondrial dynamics. Moreover, depletion
of DAP3 dramatically decreases the phosphorylation of Drp1 at
Ser-637 on mitochondria, enhancing the retention time of Drp1
puncta on mitochondria during the fission process. Further-
more, autophagy is inhibited in the DAP3-depleted cells, which
sensitizes cells to different types of death stimuli. Together, our
results suggest that DAP3 plays important roles in mitochon-
drial function and dynamics, providing new insights into the
mechanism of a mitochondrial ribosomal protein function in
cell death.

Mitochondria are highly important organelles in the life and
death of eukaryotic cells. They provide energy in the form of
ATP via oxidative phosphorylation, which is critical for cellular
metabolism and biosynthesis. Mitochondrial dynamics refers
to the opposing fusion and fission processes that enable cells to
respond and adapt to their ever changing physiological condi-
tions (1, 2). Such processes are known to be controlled by sev-
eral machinery proteins that are highly evolutionarily con-
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served (1, 3-5). However, the exact mechanisms responsible for
their activity remain elusive. The fusion of mitochondria
involves the merging of both outer and inner mitochondrial
membranes of two or more mitochondria, which is controlled
by three large GTPases. Specifically, they are outer mitochon-
drial membrane proteins Mfn1? and Mfn2 (6, 7) and the inner
mitochondrial membrane anchored protein OPA1 (6, 8). In
contrast, mitochondrial fission is highly controlled by another
large dynamin-related GTPase Drpl, in which the mode of
action has been intensively studied (9, 10). Drp1 exists as olig-
omers and mainly presents in the cytoplasm, but there is still a
small portion of Drp1 located on the mitochondria in the form
of foci (5). In the current model, cytosolic Drpl is recruited
onto mitochondria and forms spirals, resulting in the constric-
tion and division of both outer and inner membranes (11).
The regulation of Drp1 fission activity involves several post-
translational modifications such as ubiquitination (12-14),
sumoylation (15), and phosphorylation (16-19), among
which the phosphorylation of Drpl has been studied most
intensively. For example, the phosphorylation status of Drpl
at Ser-637 is highly dynamic and reversibly regulated by
cyclic AMP-dependent kinase (PKA) and calcineurin, a Ca>*
and calmodulin-dependent phosphatase (16-19). More
recently, a novel mitochondrial phosphatase PAGM5 was
reported to dephosphorylate Drpl at Ser-637 and mediate
mitochondrial fission during necrosis (20).

Autophagy is a highly conserved process for self-degradation
of cellular components including long-lived proteins, damaged
organelles and pathogens (21). When autophagy occurs, double
membrane vesicles termed phagophore are initiated, and they
expand to engulf cytosolic content to form the so-called

2The abbreviations used are: Mfn1, mitofusin 1; Mfn2, mitofusin 2; Drp1,
dynamin-related protein 1; OPA1, optic atrophy 1; CCCP, carbonyl cyanide
m-chlorophenyl hydrazone; FRAP, fluorescence recovery after photo-
bleaching; PMSF, phenylmethylsulfonyl fluoride; AHA, L-azidohomoala-
nine; Aym, mitochondrial membrane potential; Bis-Tris, 2-[bis(2-hydro-
xyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; DMSO, dimethyl
sulfoxide; EBSS, Earle’s balanced salt solution.
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autophagosomes (22). The autophagosomal outer membrane
docks and fuses with the lysosomal membrane and the cargo is
subsequently degraded by the lysosomal hydrolases (21). Not
only can the organelles be removed by selective autophagy, but
they can also contribute to the process of autophagy. For exam-
ple, mitochondria can supply a membrane source (23, 24), gen-
erate ROS to induce autophagy (25), and tether endoplasmic
reticulum to provide docking sites for autophagosome forma-
tion (23, 26, 27). However, at the molecular level, the underlying
mechanism of the cross-talk between mitochondria and
autophagy remains to be further elucidated.

DAP3 is a pro-apoptosis protein that involves in various
types of stimuli-induced apoptosis, such as interferon (IFN)-,
tumor necrosis factor (TNF)-a, and TNF-related apopto-
sis-inducing ligand (28, 29). However, due to its subcellular
localization, its precise role in cell death has been challenged
(30, 31). Loss of DAP3 in mice leads to lethal embryonic muta-
tions at E9.5, suggesting that it is essential to embryonic devel-
opment (32). More importantly, the mitochondria in embryos
lacking DAP3 contain swollen cristae and shrunken morphol-
ogies, indicating that DAP3 may play a role in regulating mito-
chondrial function (32). Furthermore, overexpression of DAP3
leads to an obvious increase in the rate of mitochondrial fission
(33). However, the role of DAP3 in regulating mitochondrial
fission or fusion has not yet been well studied. Here, we show
that DAP3 is critical for maintaining mitochondrial fusion and
fission homeostasis via regulating the phosphorylation of Drpl
at Ser-637 and is required for mitochondrial-encoded protein
synthesis. In addition, autophagy is shown to be inhibited by
DAP3 depletion, which subsequently sensitizes cells to intrinsic
death stimuli. Our results reveal that DAP3 plays a key role in
regulating mitochondrial function, providing new insights into
a role of the mitochondrial ribosomal protein function in cell
death.

Experimental Procedures

Reagents—DRP1 cDNA was kindly provided by Dr. Victor
Chun-Kong Yu (National University of Singapore, Singapore).
Mito-RFP (mitochrondrial targeted red fluorescent protein)
plasmid was kindly provided by Dr. Quan Chen (Chinese Acad-
emy of Sciences, China). DAP3 gene was amplified from a
c¢DNA library extracted from HEK-293T cells was inserted into
an EGFP-N1 vector (Clontech) to fuse with a GFP tag at the C
terminus of DAP3. The antibodies used in this study were as
follows: anti-DAP3 (BD BioScience, 610662), anti-Tom20
(Santa Cruz, sc-17764), anti-cytochrome ¢ (BD Bioscience,
556433), anti-Tim23 (BD BioScience, 611222), anti-VDAC1
(Santa Cruz, sc-8828), anti-Hsp60 (Santa Cruz, sc-1052), anti-
Drpl (BD BioScience, 611112), anti-Phospho-Drp15¢~¢37
(Cell Signaling, 4867), anti-Phospho-Drp15¢"¢® (Cell Signal-
ing, 3455), anti-Mff (Abcam, 139026), anti-Fisl (Enzo, ALX-
210-1037-0100), anti-OPA1 (BD BioScience, 612606), anti-
Minl (Santa Cruz, sc-50330), anti-Mfn2 (Abcam, ab50838),
anti-LC3-II (Cell Signaling, 3868 and MBL, PMO036), anti-MT-
ND5 (Abcam, ab92624), anti-cytochrome c oxidize subunit II
(Abcam, ab79393), anti-tubulin (Sigma, T5168), anti-FLAG
(Sigma, F3165) and anti-GAPDH (Santa Cruz, sc-47724).
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Cell Culturing and Treatment—HeLa, HEK-293T, and
mouse embryo fibroblast cells were from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone), supplemented with 10% (v/v) fetal bovine serum
(FBS) (Gibco) and 10 units/ml of penicillin-streptomycin
(Hyclone) unless otherwise noted. SH-SY5Y cells were main-
tained in a 1:1 mixture of Eagle’s minimum essential medium
(Hyclone) with non-essential amino acid and Ham’s F-12
medium supplemented with 10% fetal bovine serum. All cul-
tures were maintained at 37 °C, 5% CO.,,

Plasmid and siRNA Transfection—For HeLa cells, Ef-
fectene™ (Qiagen) was used to transfect plasmids. At 70 —80%
confluence, cells were washed by 1X PBS and transfected with
the indicated plasmids according to the manufacturer’s instruc-
tions. The transfection of siRNA into HeLa or SH-SY5Y cells
using Oligofectamine™ (Invitrogen) or RNAimax (Invitrogen)
was performed according to the manufacturer’s protocols. Oli-
gonucleotides for siRNA were synthesized by Invitrogen and
the sequences were as follows: DAP3 siRNA#1, 5'-AGGC-
UUCAACCUGGCUGAAGAAUUU-3'; DAP3 siRNA#2, 5'-
CCUAGUGGCCGUGGAUGGAAUCAAU-3'; and DAP3
siRNA#3, 5'-GGCUUAUCUCUAGGAUCCAUAAGUU-3;
MffsiRNA, 5'-AACGCUGACCUGAACAAGGA-3'; and Drpl
siRNA, 5'-AGAAGCAGAAGAAUGGGGUAAAUUU-3'. The
control siRNA sequence was: 5'-UUCUCCGAACGUGUC-
ACGUTT-3".

Subcellular Fractionation—HEK-293T, HeLa, or mouse
embryo fibroblast cells cultured in 10-cm dishes were washed
with 1X PBS before being harvested with a pre-cold mitochon-
drial extraction buffer (220 mm mannitol, 70 mm sucrose, 20
mM Hepes-KOH, pH 7.5, 1 mm EDTA, 0.5 mm PMSF, and 2
mg/ml of BSA) and supplemented with protease inhibitors
including 10 pg/ml of aprotinin, 1 mm PMSF, 1 uM pepstatin,
and 10 uM leupeptin. The cells were scraped down and trans-
ferred to a new 1.5-ml tube, then passed through a 25-gauge
syringe (BD) 10 times on ice. The homogenized cells were cen-
trifuged with a speed of 1000 X g for 15 min at 4 °C. The super-
natant was then transferred into a new tube followed by another
20-min centrifugation at 4 °C, 10,000 X g, to pellet the mito-
chondria. The supernatant fraction was the cytosolic fraction.

For the mitochondrial membrane analysis, the mitochondria
of HeLa cells were pelleted using the method described previ-
ously. The mitochondrial samples were then resuspended in
freshly prepared 0.1 m Na,COj, pH 11.5, and incubated on ice
for 30 min with vortexing every 10 min. After the incubation,
the membranes were centrifuged down to a pellet at 100,000 X
gfor 30 min at 4 °C, and the supernatant was collected as inter-
mitochondrial membrane space and matrix proteins. For the
proteinase K digestion assay, the isolated mitochondria were
resuspended in a mitochondria-isolation buffer and incubated
with different proteinase K concentrations on ice for 30 min.
PMSF was added to stop the digestion and the samples were
precipitated by TCA. The pellets were resuspended in RIPA
buffer (20 mm Tris-Cl, pH 8.0, 125 mm NaCl, 0.5% Nonidet
P-40, 5% glycerol) with phosphatases inhibitors including 20
mM NaF, 0.2 mm NazVO,, protease inhibitors and 2 mm EDTA
for 30 min and subjected to SDS-PAGE and Western blotting.
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Immunofluorescence—For immunofluorescence, cells were
seeded on sterilized glass coverslips in 12-well plates for 24 h
before transfection with the indicated plasmids or siRNAs.
After transfection, the cells were cultured for the indicated time
and fixed by freshly prepared 4% paraformaldehyde for 15 min
at room temperature. Paraformaldehyde was removed after fix-
ation, followed by a 2 times wash with PBS and the coverslips
were then incubated with 3% BSA + 0.1-0.5% Triton X-100 in
PBS for 30 min at room temperature for blocking and permea-
bilization. After the incubation, the coverslips underwent a 3
times wash by PBS, followed by incubation with primary anti-
bodies diluted in 3% BSA for 1 h at room temperature. After the
primary antibody incubation, the coverslips were washed again
and incubated with fluorescence-conjugated secondary anti-
bodies for 45 min at room temperature. After incubation, the
coverslips were washed twice by PBS and the fluorescent dye
Hoechst 33342 was applied to stain DNA (Invitrogen) for 15
min at room temperature. Cells stained by the various dyes
were mounted onto glass slides using FluorSave™ reagent
(Calbiochem) and preserved at 4 °C for further analysis.

Live Cell Imaging and Fluorescence Recovery After Photo-
bleaching (FRAP)—For live cell imaging, HeLa cells were seeded
in a 35-mm glass-bottom dish with different treatments and
incubated at 37 °C, 5% CO, in a chamber equipped with a
microscope. Time-lapse imaging was conducted using an
Ultraview Vox spinning disc confocal system (PerkinElmer).
Volocity™ (PerkinElmer Life Sciences) was used to control all
of the parameters used for image acquisition.

For FRAP analysis, HeLa cells stably expressing mito-RFP
were treated by different siRNAs until the indicated time. The
cells were monitored on the live-cell imaging system as
described above, and a laser line of 561 nm was used to bleach a
2 X 2-um? area placed on the mitochondrial network fiber.
Twenty s of recovery time for each bleaching was used to make
sure the recovery had reached the plateau. Thirty FRAP curves
for each siRNA transfection experiment were analyzed by mea-
suring the intensities of mito-RFP fluorescence in the photo-
bleached area. Mobile fraction and turnover half-life (¢,) for
mito-RFP were calculated by fitting a normalized recovery
curve into a constrained exponential formula (34).

Metabolic Labeling of Mitochondrial Translation Products
Using AHA—The pulse labeling of mitochondrial translation
products in the control and siRNA-treated HeLa cells was
performed as a reported protocol with modifications (35). Spe-
cifically, cells at 80% confluence were incubated with 30 um
AHA in DMEM and lack methionine and cysteine containing
100 ug/ml of cytosolic translation inhibitor emetine for 3 h.
After AHA labeling, the cells were lysed and a “click” reaction
was performed by incubating the cell lysates with fluorescent
dye-conjugated TAMRA for 2 h at room temperature. The pro-
teins were precipitated by ice-cold acetone and air-dried before
being subjected to NuPAGE® Novex® 4—12% Bis-Tris Protein
Gel (Invitrogen) separation. The gel was visualized using a
Typhoon 9410 laser scanner (GE HealthCare) and the images
were analyzed by ImageQuant™ software (GE HealthCare).

Immunoblotting and Immunoprecipitation—Immunoblot-
ting was performed as previously described (36). For immuno-
precipitation, a total of 5 ul of FLAG M2 beads (Sigma) were
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equilibrated in 1 ml of mammalian cell lysis buffer (50 mm Tris-
HCl, pH 7.4, 10% glycerol, 1% Triton X-100, 100 mm NaCl, and
0.5 mm MgCl, supplemented with protease inhibitors, includ-
ing 10 pg/ml of aprotinin, 1 mm PMSF, 1 uMm pepstatin, and 10
uM leupeptin). The equilibrated FLAG M2 beads were added
into the cleared cytosol fraction and resolved in a mitochon-
drial fraction harvested from two 10-cm cell culture dishes and
incubated for 3—5 h at 4 °C. After incubation, the immunocom-
plexes were washed 3—4 times in mammalian cell lysis buffer
and the bead-conjugated proteins were denatured by incuba-
tion with 2X SDS loading buffer for 15 min at 95 °C. Protein
samples were then separated by polyacrylamide gel electropho-
resis and detected by Western blotting.

ATP Production Assay—ATP production was measured
using an ATP determination kit (Molecular Probes) according
to the manufacturer’s instructions. In brief, HeLa cells trans-
fected with control- or DAP3-siRNAs were washed with PBS
and harvested using ice-cold ATP buffer (20 mm Tris-HCI,
PH7.5, 0.5% Nonidet P-40, 25 mm NaCl, and 2.5 mm EDTA) for
5 min. The lysates were then centrifuged at 13,000 X g for 30
min at 4 °C, and the supernatants were collected and protein
concentrations were measured using the Bradford Protein
Assay reagent (Bio-Rad). The ATP levels were determined
using 0.5 ug of proteins for each reaction and every sample was
measured in triplicate.

Biochemical Assays—To inhibit ATP synthase activity, 10
pg/ml of oligomycin was used to treat HeLa cells for 3 h. To
inhibit calcineurin activity or stimulate PKA activity, SH-SY5Y
cells were treated with 200 nm FK506 (InvivoGen; dissolved in
DMSO) or 20 uMm forskolin (Enzo; dissolved in DMSO) for 2 h,
respectively. To investigate the autophagy process, EBSS (min-
imum essential medium) was used to treat HeLa cells for 2h. To
induce intrinsic and extrinsic cell death, 20 ng/ml of TNF-«
(Sigma; dissolved in DMSO) plus 3 pg/ml of cycloheximide
(Sigma; dissolved in DMSO), 20 um CCCP (Sigma; dissolved in
DMSO), and 100 nM staurosporine (Sigma; dissolved in DMSO)
were applied for 24 h, respectively.

Flow Cytometry Analysis—HeLa cells transfected with DAP3
siRNAs for 48 h were trypsinized and washed twice by PBS.
JC-1 dye (Invitrogen) for measuring mitochondrial membrane
potential (AWm) was diluted in medium at 1 pg/ml to resus-
pend and stain the cells. The resuspended cells were put in a cell
culture incubator for 15 min for the staining, after which the
JC-1 medium was replaced by fresh medium. The labeled sam-
ples were then analyzed using Dako flow cytometry (Dako) and
the results were analyzed using Summit™ 4.3. Ten thousand
events were recorded for each experiment.

HeLa cells transfected with DAP3 siRNAs for 48 h were
treated with 20 ng/ml of TNF-« + 3 ug/ml of cycloheximide, 20
uM CCCP, 100 nM staurosporine or EBSS as indicated for 24 h.
Immediately after the treatment, the cells were harvested to a
15-ml Falcon tube (including floating cells). The cells were pel-
leted by centrifugation at (200 X g, 5 min) and the supernatant
was discarded. The propidium iodide (10 wg/ml, Sigma) for
staining dead cells was diluted in medium at 10 ng/ml to resus-
pend and stain the cells. Five min later, the labeled samples were
analyzed using Dako flow cytometry (Dako) and the results
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were analyzed using summit 4.3. Ten thousand events were
recorded for each experiment.

Results

DAP3 Localizes Inside Mitochondria—Previous studies sug-
gest that DAP3 has a function in promoting cell death (28, 37),
but the subcellular location of DAP3 remains controversial. A
report indicated that DAP3 is located in mitochondria (29),
whereas the other argued that there is also a cytosolic pool of
DAP3 (30). To address this, we conducted immunostaining for
endogenous DAP3 and Western blots to examine its subcellular
location. Our result showed that endogenous DAP3 co-local-
ized well with mitochondria when treated with 0.5% Triton
X-100 (Fig. 1, A and B, upper panel). In contrast, the DAP3
signal was significantly decreased on mitochondria if treated
with 0.1% Triton X-100 (Fig. 1, A and B, lower panel), suggest-
ing that DAP3 was probably located inside of the mitochondria.
Consistently, endogenous levels of DAP3 in different cell lines
(HeLa, HEK-293T, and mouse embryo fibroblasts) were also
detected in the mitochondrial fraction, but not in the cytosolic
fraction (Fig. 1C). To further determine the submitochondrial
location of DAP3, proteinase K protection assay was per-
formed. As shown in Fig. 1D, proteinase K treatment resulted in
the disappearance of the outer membrane protein Tom20 and
the inner membrane protein Tim23 gradually with the protein-
ase K concentration going up. In contrast, DAP3 and Hsp60, a
mitochondrial matrix protein, were protected from the prote-
olysis by proteinase K, unless Triton X-100 was added (Fig. 1D).
In addition, the mitochondrial fraction applied to alkaline
extraction suggested that DAP3, like cytochrome ¢, was pre-
dominantly retained in the supernatant fraction, whereas the
membrane-integrated proteins Tom20 and Tim23 were mainly
found in the mitochondrial membrane pellet (Fig. 1, E and F).
Taken together, our data indicate that DAP3 mainly localizes in
the matrix of mitochondria.

DAP3 Depletion Results in Mitochondrial Fragmentation—It
has been reported that DAP3 is essential for embryonic devel-
opment and mitochondrial function in the mouse (32). Mito-
chondria were shrunken and cristae were swollen in DAP3
knock-out mouse embryos (32). To investigate whether the
developmental deficiency and abnormal mitochondrial mor-
phology were related to mitochondrial dynamics, we designed
three siRNAs to knockdown the endogenous DAP3 in HeLa
cells and assessed mitochondrial morphology by immuno-
staining using Tom20. Knockdown levels of DAP3 were con-
firmed by immunostaining and Western blot analysis (Fig. 2, A
and C). Depletion of DAP3 led to a significant increase of cells
with fragmented mitochondria to around 70%, compared with
about 10% in control cells (Fig. 2, A and D). On the contrary,
mitochondrial morphology was not significantly changed upon
overexpression of DAP3-GFP (Fig. 2, B and D). In addition,
when DAP3-GFP was re-introduced back to DAP3-depleted
cells, the fragmented mitochondria were rescued back to a
tubular structure (Fig. 2, B and D), indicating the specific effect
of DAP3 knockdown. To further examine the extent of fission
induced by DAP3 depletion, a quantitative FRAP assay was
conducted to measure the interconnectivity of mitochondria.
The mitochondrial fluorescence recovery levels were lower and

24964 JOURNAL OF BIOLOGICAL CHEMISTRY

the recovery rate was slower in the DAP3-depleted cells than
that in control cells (Fig. 2, E and F). Specifically, the average
mobile fraction was ~0.8 in control cells, whereas the average
mobile fraction was decreased to around 0.6 in DAP3-depleted
cells (Fig. 2G). Furthermore, the average recovery half-time (t.,)
of the DAP3-depleted cells was 1.34 s, which was much slower
than that of 0.94 s in control cells (Fig. 2H). Taken together,
these results indicate that DAP3 is essential for maintaining the
network of mitochondria.

DAP3 Depletion Impairs Mitochondrial Protein Synthesis
and Function—Because DAP3 is known as a mitochondrial
ribosomal protein (31), to assess whether it plays a role in syn-
thesizing mitochondrial proteins, we performed a metabolic
pulse labeling assay using the methionine surrogate AHA in the
presence of emetine, which can inhibit cytosolic protein syn-
thesis. Our result showed that upon knockdown of DAP3, the
translation of mitochondrial-encoded proteins was globally
decreased compared with that in control cells (Fig. 34). Fur-
thermore, the steady-state levels of mitochondrial-encoded
proteins, the complex I subunit ND5, and the complex IV sub-
unit COX II were also attenuated in DAP3-depleted cells (Fig.
3B). These data suggest that as a mitochondrial ribosomal pro-
tein, DAP3 is essential for the de novo mitochondrial-encoded
protein synthesis. Because all 13 of the polypeptides are com-
ponents of the mitochondrial respiratory chain, we further
examined whether DAP3 affected ATP production. Knock-
down of DAP3 decreased cellular ATP production to about
50%, compared with that in control cells (Fig. 3C). Moreover,
blocking the ATP synthase activity by oligomycin further dis-
rupted the ATP level in DAP3-depleted cells to less than 20%
compared with 60% in control cells (Fig. 3C), suggesting that
the knockdown of DAP3 may also affect other respiratory chain
complexes in addition to ATP synthase. It is known that mito-
chondrial ribosome intactness is important for AYm (38), we
then investigated the AWm using a cationic dye, JC-1. Our
quantitative analysis by FACS showed that upon DAP3 deple-
tion Aym decreased significantly (Fig. 3D). Taken together, our
results indicate that DAP3 is required for maintaining the phys-
iological function of mitochondria.

To test whether the inhibition of mitochondrial protein syn-
thesis is responsible for mitochondrial fragmentation, chlor-
amphenicol was used to block the translation of the mitochon-
drial-encoded proteins and examine mitochondrial dynamics.
There was no marked difference on mitochondrial fusion or
fission observed between the vehicle and chloramphenicol (Fig.
3, E and F). The inhibition effect of chloramphenicol was eval-
uated by immunoblotting with mitochondrial-encoded ND5
and COXII (Fig. 3G).

DAP3-induced Mitochondrial Fragmentation Is Dependent
on Mff-Drp1 Activity—To understand the mechanism of DAP3
in regulating mitochondrial fragmentation, we next examined
the effect of DAP3 knockdown on mitochondrial fission
machinery. Mitochondrial fission is known to be controlled by
Drpl and its receptor Mff (39); knockdown of either Drpl or
Mff yielded more than 70% of cells with elongated mitochon-
dria (Fig. 4, A and B). To further test whether the effect of DAP3
on mitochondrial morphology was associated with the function
of Drpl and Mff, we co-depleted DAP3 with Drpl or Mff and
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FIGURE 3. Knockdown of DAP3 impairs mitochondrial function. A, pulse labeling mitochondrial translation assay for control- or DAP3-siRNA-transfected
HelLa cells by AHA. B, steady-state levels of mitochondrial respiratory components from the mitochondrial translation products were subjected to SDS-PAGE
and immunoblotted (/B) with antibodies against ND5, COX Il, DAP3, and Tubulin, respectively. C, HelLa cells were transfected with control- or DAP3-siRNA for
48 h. Immediately, the cells were treated with DMSO or 10 ng/ml of oligomycin for 3 h, respectively. ATP levels were measured by luciferin-luciferase
bioluminescence assay. The bar chart represents the fold-changes in normalized ATP values to the control cells. Each treatment was measured in triplicates.
Statistical significance was calculated using Student’s t test. *, p < 0.05. Error bars represent mean = S.D. D, quantitative analysis of the A¥Ym using JC-1 dye in
control- or DAP3-siRNA transfected Hela cells was performed using FACS by three independent experiments. Statistical significance was calculated using
Student’s t test. *, p < 0.05. Error bars represent mean =* S.E. E, Hela cells were treated with vehicle (EtOh, ethanol) or chloramphenicol for 48 h. Immediately,
cells were fixed and immunostained by Tom20 antibody. The insets show enlarged views of the boxed regions. Scale bar, 10 um. F, the bar chart represents the
percentage of different types of mitochondrial morphology of cells as treated in E (n = 100 cells quantified from three independent experiments). Statistical
significance was calculated using Student’s t test. NS indicated not significant (p > 0.05). Error bars represent mean = S.D. Scale bar, 10 um. G, whole cell lysates
of Hela cells treated as in E were collected and subjected to immunoblotting using indicated antibodies.

found that the number of fragmented mitochondria decreased ent siRNA-depleted cells and found that the fluorescence
drastically from about 60% in the DAP3-depleted cells to recovery levels as indicated by the mobile fraction were much
~5-10% in the Mff + DAP3 or Drpl + DAP3 co-depleted cells more elevated in the DAP3 + Mff or DAP3 + Drpl co-depleted
(Fig. 4, A and B). Moreover, to quantitate fusion and fission cells (Fig. 4, Cand D). The depletion effectiveness of various siRNA
status, we utilized a FRAP assay to monitor the effect of differ- was confirmed by Western blot analysis (Fig. 4E). Collectively,

FIGURE 2. Depletion of DAP3 results in mitochondrial fragmentation. A, Hela cells transfected with control or DAP3-siRNA were stained with Tom20 (red)
and DAP3 (green) antibodies. Scale bar, 10 um. B, wild-type (WT) and DAP3-siRNA treated Hela cells were transfected with DAP3-GFP and immunostained with
Tom?20. Scale bar, 10 um. C, whole cell lysates of Hela cells treated with control- or DAP3-siRNA for 48 h were collected and subjected to SDS-PAGE. The
knockdown levels of DAP3 were detected using an anti-DAP3 antibody. D, the bar chart represents the percentage of different types of mitochondrial
morphology of cells as treated in Aand B (n = 100 cells quantified from three independent experiments). Statistical significance was calculated using Student’s
ttest. **, p < 0.01; ***, p < 0.001; NS indicates not significant (p > 0.05). Error bars represent mean = S.D. E, Hela cells stably expressing mito-RFP treated as
indicated were applied to FRAP analysis. The images were acquired in 0.5-s intervals. A 2 X 2-um? square region of interest (ROI) was placed on the mitochon-
drial fiber and photobleached with a 561-nm laser. Scale bar, 10 wm. F, normalized recovery curves of FRAP assay in E. The data were collected from 30 ROIs in
20 cells in 3 independent experiments. Error bars represent mean =+ S.E. G and H, bar charts represent the mobile fraction and the recovery half-life (t:,,) of
mito-RFP fluorescent signal in the photobleached area. Statistical significance was calculated using Student’s t test. *, p < 0.05. Error bars represent mean = S.E.

OCTOBER 9, 2015 +VOLUME 290+ NUMBER 41 §ASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 24967



DAP3 Regulates Mitochondrial Function

Fragmented

M Elongated ™ Tubular

o
=1
-

g 88 8 ° B

sal8ojoydiow |elspuoyd0yiw

Merge

Anti-Drpl mito-RFP

Hoechst

<

YUM s]|3 Jo a8ejuadiad

~DAP3/Drp1 siRNA

-DAP3 siRNA
—Drp1 siRNA

-+Ctrl siRNA
Mff siRNA
—DAP3/Mff siRNA

A o @~ oo un
o © o o o

(1enur jo uonoesy)
20U33s2J0N|) PIYOUIN dA1IRIRY

11

[~

18

13

-2

-

(a]

@ @ o~ @ ow v %
o o o o o o
uonoel4 3IqON

siRNA

n N ~ o o
&7
%Q\m,o‘? :
&\\MM\Q - . —
=2l
M«o M ()
w 4R
&
ool
2 f .
2 &£ 2 8 £
w &% & F 3
-

VNUY!s 111D

VNuU!s €dva

VNU!s HIN

VNY!s Tdag

VNUY!S HIN/Edva

VNY!s Tdia/sdva

VOLUME 290-NUMBER 41-OCTOBER 9, 2015

SBMB

&
I~ :A

24968 JOURNAL OF BIOLOGICAL CHEMISTRY



these data suggest that depletion of DAP3-mediated mitochon-
drial fragmentation is dependent on Mff-Drp1 fission activity.

It has been reported that the cytosolic Drpl1 is recruited onto
mitochondria, forming puncta to execute mitochondrial divi-
sion (11). To further explore the regulatory mechanism of
DAP3 on Drpl function, the localization of endogenous Drpl
was examined by immunostaining (Fig. 4A4). We observed that
Drpl was presented in puncta structures on each fragmented
mitochondria in the DAP3-depleted cells, whereas Drpl
puncta in the control cells were located on mitochondrial fibers
(Fig. 4A). Interestingly, the co-depletion of DAP3 with Mff or
Drpl could either remove Drpl from the mitochondria or
eliminate Drpl, resulting in mitochondrial elongation (Fig.
4A), further confirming that Drpl activity, especially the
puncta form, is required for DAP3 depletion-induced mito-
chondrial fragmentation.

Knockdown of DAP3 Affects Drpl Phosphorylation—To fur-
ther monitor Drpl puncta movement on mitochondria, a live-
cell imaging approach was utilized. Our results showed that in
the control cells, GFP-Drp1 puncta were formed on mitochon-
drial fibers and mediated fission with an average lifetime of 51 s
(Fig. 5, A and B, and supplemental Movie S1). Conversely, in the
DAP3-depleted cells, GFP-Drpl puncta remained on mito-
chondria for ~129 s and could not be disassembled in a short
time (Fig. 5, A and B, and supplemental Movie S2), suggesting
that DAP3 might regulate Drpl puncta dynamics. However,
there is no significant change of the protein levels of Drpl in
either mitochondrial or cytosol fractions in DAP3-depleted
cells compared with that in control cells (Fig. 5C). Because the
localization of Drp1 on mitochondria is tightly regulated by its
phosphorylation (16, 18, 40, 41), to further investigate whether
the longer lifetime of Drpl puncta on mitochondria in the
DAP3-depleted cells is due to the regulation of Drp1 phosphor-
ylation, immunoblotting assays were performed by using anti-
bodies that specifically recognize phosphorylated Drpl at Ser-
637 or at Ser-616. Surprisingly, we found that phosphorylation
of Drpl at Ser-637 was significantly decreased in DAP3-de-
pleted cells in both mitochondrial and cytosol fractions (Fig. 5,
D and E), whereas the phosphorylation status of Drp1 at Ser-
616 was not significantly changed (Fig. 5, F and G). In addition,
the protein levels of other mitochondrial machinery proteins
such as Fis1, Mfn1, Mfn2, and OPA1 had no significant change
(Fig. 5C), suggesting that DAP3 may specifically regulate Drpl
function by mediating its phosphorylation at Ser-637.

The phosphorylation of Drpl at Ser-637 was reversibly reg-
ulated by PKA kinase and calcineurin phosphatase (16, 41), we
hypothesized that the markedly reduced phosphorylation of
Drpl at Ser-637 in DAP3-depleted cells is related to the PKA-
calcineurin pathway. To verify this, PKA was activated by treat-
ing with forskolin, or the activity of calcineurin was inhibited by
adding FK506 in control and DAP3-depleted cells. Both agents

DAP3 Regulates Mitochondrial Function

could effectively rescue fragmented mitochondria to tubular
fibers (Fig. 5, H and I). Taken together, these results suggest that
DAP3 depletion attenuates the phosphorylation of Drp1 at Ser-
637 via altering the antagonistic effect of PKA-calcineurin
pathway on mitochondrial biogenesis, resulting in mitochon-
drial fragmentation.

Loss of DAP3 Function Inhibits Autophagy and Sensitizes Cell
to Death—Accumulated evidence has suggested that mito-
chondria play a critical role in the autophagy process (19, 23).
To investigate insights into the biological function of DAP3, the
effect of DAP3 knockdown was examined on autophagic activ-
ity. Our results showed that starvation by EBSS treatment
caused a marked increase of GFP-LC3 puncta in control cells,
whereas depletion of DAP3 significantly reduced the number of
GFP-LC3 puncta (Fig. 6, A and B). Consistently, we observed
similar results that DAP3 depletion could significantly reduce
the LC3 puncta under starvation conditions by using an anti-
LC3 antibody (Fig. 6, C and D). Moreover, the basal and starva-
tion-induced expression levels of LC3-1I were lower in DAP3-
depleted cells (Fig. 6E). All these results reveal that loss of DAP3
might inhibit starvation-induced autophagy.

As mitochondrial dynamics is important in regulating cell
death (42), DAP3 is reported to mediate apoptosis via an extrin-
sic pathway (28, 29), we examined whether DAP3 knockdown
influenced cell death. As shown in Fig. 6F, the reduction of
endogenous DAP3 yielded about 15% dead cells, signifi-
cantly more than the 4% in control cells, suggesting that
DAP3 depletion is able to induce cell death. Moreover, more
cell death in the DAP3-depleted cells was markedly observed
in response to intrinsic stress agents such as staurosporine (a
pan-kinase inhibitor), mitochondrial uncoupler CCCP, and
EBSS starvation. Specifically, DAP3-depleted cells exhibited
cell death at about 77, 50, and 46%, in response to staurospo-
rine, CCCP, or EBSS treatments, respectively, compared
with ~20% in control cells (Fig. 6F). In contrast, both DAP3-
depleted and control cells displayed a similar rate of cell
death to TNF-« treatment (Fig. 6F), indicating that DAP3
may not contribute to the extrinsic stimuli induced cell
death. Taken together, these results demonstrate that the
loss of DAP3 function sensitizes cells to the intrinsic mito-
chondrial mediated death pathway but not extrinsic death
receptor-mediated cell death.

Discussion

Previous studies identified DAP3 as an apoptosis-promoting
protein but raised a controversial issue on its localization of the
cytosol or mitochondria (28, 29, 33, 37)? In this study, we used
both imaging and biochemical fractionation approaches to
show that DAP3 localizes not only to mitochondria, but also
inside of mitochondria (Fig. 1), consistent with the report that
DAP3 is a component of the mitochondrial ribosomal small

FIGURE 4. DAP3-depletion-induced mitochondrial fission is dependent on Drp1. A, representative images of mitochondrial morphology in Hela cells
treated as indicated are shown. Scale bar, 10 um. Endogenous Drp1 was stained with anti-Drp1 antibody. The DNA was stained with Hoechst 33342. Mito-
chondria are indicated by mito-RFP. The lower panel is an enlargement of the boxed inset of the corresponding panel above. Scale bar, 10 um; inset scale bar, 5
um. B, the bar chart represents the percentage of different types of mitochondrial morphology for HeLa cells treated asin A (n = 100 cells quantified from three
independent experiments). C, normalized recovery curves of FRAP assay as described in the legend to Fig. 2F. Cells were treated as indicated. D, a bar chart
represents the mobile fraction of mito-RFP fluorescent signal from the curves in C. E, whole cell lysates of HeLa cells treated as in A were collected and subjected
to immunoblotting. The knockdown levels of DAP3, Mff, and Drp1 were detected using the indicated antibodies. Hsp60 and Tubulin are loading controls.
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FIGURE 5. Knockdown of DAP3 affects Drp1 phosphorylation. A, representative kymographs of GFP-Drp1 and mito-RFP dynamics. Kymographs of the
selected 30 X 18 pixel square area from HelLa cells treated as indicated. B, a bar chart represents the time for Drp1 foci disassembling. Statistical significance was
calculated using Student’s t test. ***, p < 0.001. Error bars represent mean * S.E. C, Hela cells treated as indicated were fractionated and analyzed by
immunoblotting using antibodies against the indicated proteins. C, cytosol; M, mitochondria. D, Hela cells transfected with control or DAP3-siRNA for 48 h
were transfected with FLAG-Drp1 for another 24 h. After the treatment, cells were fractionated to cytosol and mitochondria. Both fractions from the same batch
of cells were immunoprecipitated (IP) by FLAG-M2 beads. Lysate and beads were subjected toimmunoblotting using antibodies against the indicated proteins.
E, the bar chart represents the normalized phosphor-Drp1(Ser-637) protein levels in cells treated as in D. F, HeLa cells transfected with control or DAP3-siRNA
for 48 h were fractionated to cytosol and mitochondria. Both fractions from the same batch of cells were subjected to immunoblotting using antibodies against
the indicated proteins. G, the bar chart represents the normalized phosphor-Drp1(Ser-616) protein levels in cells treated as in F. H, SH-SY5Y cells transfected
with control or DAP3-siRNA were treated with DMSO, 20 um forskolin, and 200 nm FK506 for 2 h, respectively. Mitochondrial morphology was highlighted by
Tom20. Scale bar, 10 um. |, the bar chart represents the percentage of different types of mitochondrial morphology for SH-SY5Y cells treated as in H (n = 100
cells quantified from 3 independent experiments). Error bars represent mean = S.D.
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Ctrl siRNA

subunit (31). In addition, we show that knockdown of DAP3
leads to mitochondrial protein synthesis defects and mitochon-
drial dissipation, which may alter the antagonistic activities of
PKA and calcineurin on mitochondria (41, 43), resulting in the
dephosphorylation of Drp1 at Ser-637 and mitochondrial frag-
mentation. It has been reported that ectopic overexpression of
DAP3 caused mitochondrial fragmentation (33). Conversely, to
our surprise, we observed that DAP3-GFP-expressing cells
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behaved with little or no difference from control cells on mito-
chondrial dynamics (Fig. 2, B and D). We could not explain the
discrepancy between our findings from the previous report.
The possible speculation is that it could be due to the different
overexpression level of DAP3-GFP. As a physiological conse-
quence of mitochondrial dysfunction, autophagy is inhibited,
leading to sensitization to cell death induced by the intrinsic
apoptotic pathway.
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Mitochondrial ribosomes have been reported to associate
with the inner mitochondrial membrane, linked by prohibitins
(44). The depletion of prohibitins leads to mitochondrial frag-
mentation (45), indicating that an interaction between mito-
chondrial ribosomes and the inner membrane may play arole in
regulating mitochondrial dynamics. As a component of mito-
chondrial ribosomes, DAP3 could interact with the inner mem-
brane protein hNOA1, a binding partner for complex I of the
respiratory chain (46), suggesting that DAP3 may exert a simi-
lar function as that of prohibitins to bridge mitochondrial ribo-
somes and inner membranes. Therefore, it is possible that
DAP3 depletion-induced mitochondrial fission is due to dis-
rupting the association between mitochondrial ribosomes and
mitochondrial inner membranes. Our data also suggest that, in
contrast to DAP3 knockdown, pharmacologically blocking the
mitochondrial protein synthesis using chloramphenicol may
not affect the mitochondrial dynamics, which is consistent with
the result reported previously (38). On the other hand, disrupt-
ing the mitochondrial ribosome intact by actinonin can signif-
icantly induce mitochondrial fragmentation (38). This notion is
in good agreement with our experimental results; because
DAP3itselfis a mitochondrial ribosomal component; depletion
of DAP3 might directly disrupt the mitochondrial ribosomal
structure or function as the effect of actinonin, resulting in
mitochondrial fragmentation.

As mitochondrial homeostasis is carefully balanced and inte-
grated by the fusion and fission processes (2), it is reasonable for
us to hypothesize that the loss of DAP3-induced mitochondrial
fission could be due to enhanced fission, reduced fusion, or
both. Multiple lines of evidence have indicated that during
mitochondrial fission, Drpl translocates from the cytosol to
mitochondria, assembling to oligomers and mediating mito-
chondprial division (2, 10, 47). We show that under normal con-
ditions, Drpl puncta moves rapidly on mitochondria, mediat-
ing division at marked sites and disappearing (supplemental
Movie S1). This notion provides a dynamic lifetime for Drpl
and supports the current model, in which only puncta forms of
Drpl exist on mitochondria (15, 47). DAP3 depletion largely
disrupted the dynamic function cycle of Drp1l puncta, resulting
in relatively stable Drp1 foci associated with fragmented mito-
chondria after division (supplemental Movie S2), suggesting
that the stabilization of Drp1 foci was stuck on mitochondria
block mitochondrial fusion.

Recent studies suggest that the phosphorylation of Drpl at
Ser-637 is critical in regulating mitochondrial dynamics (16,
41). It has also been speculated that phosphorylated Drpl at
Ser-637 cannot stay on mitochondria and consequently leads
mitochondria toward elongation (19, 48). However, other
groups have reported that there is an inactive form of Drpl on
mitochondria that, in contrast to mediating fission, induces
mitochondrial hyperfusion (49 —-51). Accordingly, our data in
this study suggest that the inactive form of Drp1 on mitochon-
dria might be the phosphorylated Drp1 at Ser-637, as the loss of
DAP3 dramatically decreases phosphorylated Drpl at Ser-637
not only in the cytosol, but also on mitochondria, accompanied
by mitochondrial fragmentation (Fig. 5). Because Drp1l phos-
phorylation at Ser-637 is reversibly regulated by the cyclic
AMP-dependent protein kinase PKA and phosphatase cal-
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cineurin (16, 41), we examined the effects of specific pharma-
cologic agents (the PKA activator forskolin and calcineurin
inhibitor FK506) on rescuing mitochondrial phenotypes
induced by DAP3 depletion. Indeed, the fragmented mito-
chondria could be reversed to a tubular structure. Our findings
provide, in part, the molecular mechanism for the effect of
DAP3 on the regulation of mitochondrial dynamics.

Unbalanced mitochondrial fission and fusion confers cells to
an enhanced or reduced sensitivity to cell death (11, 42). In this
study, we demonstrated for the first time that the loss of the
mitochondrial matrix protein DAP3 promotes mitochondrial
fission and facilitates cell death; specifically, increases the sen-
sitivity to the intrinsic death agents (Fig. 6F). Further studies are
required to clarify the molecular mechanisms of effects of
DAP3 in different cell death pathways. In addition to cell death,
a growing number of reports have demonstrated that mito-
chondria are recognized as a core regulator of autophagy (23,
52-54). We found that DAP3, as a mitochondrial protein, is
essential to autophagy induction. As a cell protective process,
autophagy is important in maintaining cell function and viabil-
ity under stress (55, 56), thus, reduced autophagy activity makes
cells more susceptible to various types of stimuli. This scenario
may contribute to the mechanisms of the enhanced cell death in
DAP3 knockdown cells when treated with intrinsic agents.
Accordingly, forced starvation led to more cell death in DAP3-
depleted cells, further demonstrating the inhibitory effect on
autophagy in DAP3-depleted cells.

Taken together, our results show that DAP3, as a mitochon-
drial ribosomal component, is critical for regulating mitochon-
drial dynamics and function by affecting the mitochondrial
protein synthesis and phosphorylation status of Drp1. In addi-
tion, we demonstrate that loss of DAP3 function leads to the
inhibition of starvation-induced autophagy and increases sus-
ceptibility to the intrinsic death agents. Our findings delineate
broader questions about the mutual regulation among mito-
chondrial dynamics, autophagy, and cell death, which allow us
to understand the role of DAP3 in broader aspects of patholo-
gies, including neurodegenerative diseases, tumorigenesis, and
diabetes.
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