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INTRODUCTION: There has been an explosion
of interest in the role of cell death pathways and
damage-associated molecular pattern (DAMP)
signaling in shaping inflammatory and immune
responses. Mitochondria are central to the in-
trinsic apoptosis pathway, the classical form of
programmed cell death. Several mitochondrial
constituents have been implicated as DAMPs,
including mitochondrial DNA (mtDNA). Recent
work has shown that activation of intrinsic BAK
and BAX-mediated apoptosis results in mtDNA-
dependent triggering of the innate immune
¢GAS/STING pathway, resulting in type I inter-
feron production by dying cells. The apoptotic
caspase cascade normally functions to suppress
this mtDNA-induced c¢GAS/STING signaling,
rendering apoptosis “immunologically silent.”

RATIONALE: It is thought that during apop-
tosis, mtDNA is released into the cytoplasm.
In addition to apoptosis, loss of mtDNA from
the matrix has been associated with condi-
tions including HIV and dengue infection,
calcium overload, irradiation, or inflammatory
diseases such as systemic lupus erythematosus
or rheumatoid arthritis. However, mtDNA es-
cape from the mitochondria has not been docu-
mented in real time.

RESULTS: Using a combination of live-cell
lattice light-sheet microscopy, 3D structured
illumination microscopy, correlative light elec-
tron microscopy, and electron cryotomogra-
phy, we found that after BAK/BAX activation
and cytochrome c loss, the mitochondrial net-

work broke down and large BAK/BAX pores
appeared in the outer membrane. These BAK/
BAX macropores allowed the inner mem-
brane an outlet through which it herniated,
carrying with it mitochondrial matrix com-
ponents, including the mitochondrial genome.
A subset of the herniated inner membranes lost
their integrity, allowing mtDNA to be exposed
to the cytoplasm.

CONCLUSION: An extensive literature suggests
that mtDNA is found outside the mitochondria—
and, indeed, outside the cell—in a wide range
of circumstances. Our study provides a mech-
anistic description of its release from the
mitochondria. mtDNA release from mitochon-
dria during apoptosis occurs irrespective of
caspase activity, but in normal cells, caspases
attenuate the subsequent cGAS/STING-mediated

interferon response by
driving rapid cellular col-
Read the full article  1aPse and clearance. Mito-

at http://dx.doi. chondrial herniation might
org/10.1126/ represent a general mech-
science.aa06047 anism of mtDNA escape.

In addition to BAK and
BAX oligomerization, there may be alternative
triggers—for example, other pore-forming pro-
teins (host- or pathogen-derived) or mitochon-
drial stresses—that lead to the occurrence of
this phenomenon.
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Schematic of apoptotic mitochondrial herniation. Inset images show the key stages as captured by lattice light-sheet microscopy, structured
illumination microscopy, and correlative light and electron microscopy.

e Cytochrome c

N, MDNA + TFAM

©BAX (or BAK)

O Mitochondrial matrix

Large BAX/BAK pores
formin the outer
mitochondrial membrane.

Inner mitochondrial membrane
herniates through BAX/BAK pore,
carrying mtDNA and TFAM with it.

Elongated mitochondrial network at steady state.

McArthur et al., Science 359, 883 (2018) 23 February 2018

@ Intermembrane space
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either A) lose inner membrane integrity or B) form
single membrane bound vesicles.
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Mitochondrial apoptosis is mediated by BAK and BAX, two proteins that induce mitochondrial
outer membrane permeabilization, leading to cytochrome c release and activation of apoptotic
caspases. In the absence of active caspases, mitochondrial DNA (mtDNA) triggers the innate
immune cGAS/STING pathway, causing dying cells to secrete type | interferon. How cGAS gains
access to mtDNA remains unclear. We used live-cell lattice light-sheet microscopy to examine

the mitochondrial network in mouse embryonic fibroblasts. We found that after BAK/BAX
activation and cytochrome c loss, the mitochondrial network broke down and large BAK/BAX
pores appeared in the outer membrane. These BAK/BAX macropores allowed the inner
mitochondrial membrane to herniate into the cytosol, carrying with it mitochondrial matrix
components, including the mitochondrial genome. Apoptotic caspases did not prevent
herniation but dismantled the dying cell to suppress mtDNA-induced innate immune signaling.

he mitochondrial, or intrinsic, apoptosis

pathway is governed by the interplay among

members of the BCL-2 family of proteins,

which mediate mitochondrial integrity (Z, 2).

At steady state, pro-survival BCL-2 members
(e.g., MCL-1 and BCL-X;) restrain the activity of
pro-death BAK and BAX. In response to develop-
mental cues and stress signals, pro-survival ac-
tivity is overwhelmed, permitting BAK and BAX
activation. BAK and BAX oligomerize in the mito-
chondrial outer membrane, causing its perme-
abilization and the release of apoptogenic factors,
of which the best characterized is cytochrome c
(3, 4). Cytoplasmic cytochrome c¢ forms part of
the apoptosome complex, which successively
activates caspase-9 and the apoptotic effector
caspases, caspase-3 and caspase-7. Together,
these proteases efficiently cleave a multitude of
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substrates within the cell to accelerate its de-
mise (5).

Apoptosis, unlike other forms of cell death
such as necroptosis or pyroptosis, is generally
thought to be an immunologically silent pro-
cess, thereby providing a mechanism for cell
clearance and tissue homeostasis that does not
provoke a potentially damaging inflammatory
or immune response. Immunological silence re-
quires a functional apoptotic caspase cascade
(6, 7). Genetic ablation or pharmacological inhi-
bition of the caspase cascade during BAK/BAX-
mediated apoptosis results in the production of
the potent antiviral cytokine interferon-f§ (IFN-§).
This is the result of mitochondrial DNA (mtDNA)
triggering the activation of the ¢cGAS/STING
(cyclic guanosine monophosphate/adenosine
monophosphate synthase/stimulator of inter-
feron genes) signaling pathway, a cytosolic com-
ponent of the cell’s innate immune system
designed to detect pathogen-derived DNA. In
the absence of active caspases, mtDNA is recog-
nized as a damage-associated molecular pattern
(DAMP), and the dying cell behaves as if it were
virally infected.

How cGAS gains access to the mitochondrial
genome during apoptosis remains unknown, but
the fact that mtDNA is enriched in ¢GAS immu-
noprecipitates from cells undergoing caspase-
inhibited apoptosis suggests that the two do
interact (6). The simplest explanation is that
mtDNA is released into the cytoplasm. Multiple
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studies have found evidence of mtDNA release
from damaged mitochondria. mtDNA fragments
are seen in the cytoplasmic fractions of cells
induced to undergo death by calcium overload
or irradiation, which has been ascribed to open-
ing of the so-called mitochondrial permeability
transition pore (MPTP) (8, 9). Cytosolic mtDNA
fragments are also found in cells experiencing
mitochondrial stress (10) or inflammasome ac-
tivation (I7); however, the mechanism of mtDNA
release in these settings is not clear. It has been
postulated that apoptosis is a key upstream re-
quirement, because overexpression of BCL-2 at-
tenuated downstream mtDNA-induced NLRP3
activation (77). Despite this finding and those
in the earlier reports (6, 7), the notion that BAK
and BAX might directly mediate mtDNA efflux
remains controversial (72). Furthermore, although
it is generally accepted that mtDNA would ac-
tivate DNA sensors upon its release into the
cytoplasm, mtDNA release itself has not been
demonstrated in real time (13).

mtDNA is released from
apoptotic mitochondria

To establish whether mtDNA is released into
the cytosol during intrinsic apoptosis, we im-
aged immortalized mouse embryonic fibroblasts
(MEFs) with live-cell lattice light-sheet micros-
copy (LLSM) (14)). Wild-type MEFs are dependent
on the pro-survival proteins MCL-1 and BCL-Xj,
for survival. MEFs lacking MCL-1 undergo BAK/
BAX-dependent apoptosis in response to the
BH3 mimetic drug ABT-737, a potent inhibitor
of BCL-X;, and BCL-2 (15, 16) (Fig. 1A). To visu-
alize mitochondria, we stably transduced Mcll 7~
MEFs with a vector encoding the mitochondrial
outer-membrane protein TOMM20 bearing a
HaloTag (TOMM20-Halo), which fluoresces upon
addition of the cell-permeant HaloTag-specific
dye JaneliaFluor-646 (17). mtDNA was detected
by coexpression of the mtDNA-binding protein
TFAM (transcription factor A, mitochondrial),
which was tagged with the green fluorescent
protein (GFP) variant mNeonGreen (I18) (Fig.
1B). At steady state, mitochondria formed an
elaborate network, throughout which individ-
ual mtDNA nucleoids were evenly distributed
(Fig. 1C). Upon addition of ABT-737, this net-
work underwent an almost immediate disso-
lution, breaking down within several minutes of
the onset of apoptosis (Fig. 1D). Coincident with
this process, TFAM-positive nucleoids coalesced
within mitochondria. As mitochondria condensed
into discrete globular structures, we observed
nucleoids being released into the cytoplasm
(Movie 1). This phenomenon was remarkably
consistent in its form and Kkinetics. Moreover, it
occurred in both the presence and absence of
the pan-caspase inhibitor QVD-OPh (79). When
apoptotic cells were co-incubated with QVD-
OPh, they remained attached to the coverslip,
allowing continuous imaging for up to 1 hour.
In contrast, without caspase inhibition, cells rap-
idly contracted and detached from the coverslip
immediately after nucleoid release (Fig. 1E and
Movie 2).
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Fig. 1. mtDNA is released from apoptotic mitochondria. (A) Apoptotic
interferon production pathway. APAF1, apoptotic protease activating factor 1;
TBKL, TANK binding kinase 1; IRF3, interferon regulatory factor 3.

(B) Fluorescent fusion proteins used to visualize mitochondria (TOMM20-Halo)
and mtDNA (TFAM-mNeonGreen). TM, transmembrane domain; MLS,
mitochondrial localization sequence; DBD1 and DBD2, DNA binding domain—
1 and —2. (C) Typical staining of mitochondrial network in MclI™~ MEFs at
steady state, as imaged by LLSM, showing mitochondria (red, TOMM20-Halo)
and mtDNA (green, TFAM-mNeonGreen). (D) Still snapshots of nucleoid
efflux before and 20 min after ABT-737 (500 nM) + QVD-OPh (20 uM)
treatment, as imaged by LLSM (see Movie 1). (E) Snapshots from LLSM of

McArthur et al., Science 359, eaa06047 (2018) 23 February 2018

Mecll™~ MEFs undergoing apoptosis with active caspase cascades; elapsed
time after ABT-737 (500 nM) treatment is indicated (see Movie 2). The cell is
outlined by a dashed white line. Blue arrows highlight nucleoid externalization
events. (F) Multiple examples [(i) to (iv)] of single mitochondria undergoing
nucleoid efflux from LLSM movies in (D), displayed using 3D surface
reconstructions overlaid upon original data with Imaris software. (For 3D
surface reconstructions of the full time lapse, see Movie 3.) (G) 3D-SIM
imaging of nucleoid externalization under the same conditions as (D) (see
Movie 4). Insets show mitochondria during nucleoid efflux. Scale bars, 5 um
[(C) to (B)], 2 um (G). Data in (D), (E), and (G) are representative of at
least three independent experiments.
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Three-dimensional (3D) surface reconstruc-
tion revealed that nucleoid release occurred
from a single site on mitochondrial fragments.
TFAM-positive nucleoids formed barbell-shaped
structures during the release process, suggest-
ing physical constriction at the mitochondrial
surface (Fig. 1F and Movie 3). Intriguingly, nucle-
oids remained in close proximity to the mitochon-
dria from which they had exited. These patterns
of constriction through single exit points were
confirmed in more detail by live 3D structured
illumination microscopy (3D-SIM), which clear-
ly demonstrated nucleoid release from mitochon-

Movie 1. Lattice light-sheet imaging of
mitochondria (red, TOMMZ20-Halo) and mtDNA
(green, TFAM-mNeonGreen) from Mcll™~ MEFs
undergoing apoptosis induced by ABT-737 and
QVD-OPh. Images were captured at a rate of
one 3D volume every 8 s.

Movie 2. Lattice light-sheet imaging of
mitochondria (red, TOMMZ20-Halo) and mtDNA
(green, TFAM-mNeonGreen) from Mcl1™~ MEFs
undergoing apoptosis with active caspases
induced by ABT-737 treatment alone. Images were
captured at a rate of one 3D volume every 8 s.

McArthur et al., Science 359, eaao6047 (2018)

dria with a “cup-like” appearance (Fig. 1G and
Movie 4). Similar results were obtained in hu-
man HeLa cells incubated with a combination
of ABT-737 and the MCL-1 inhibitor S63845 (20)
(fig. S1A), or in MEFs when mtDNA was visu-
alized with the DNA dye PicoGreen (21) (fig. S1B).
Given the propensity of the latter to photobleach,
we focused on the TFAM mtDNA reporter sys-
tem for further investigation.

Cytochrome c loss precedes
mtDNA efflux

To understand the temporal relationship be-
tween mtDNA release and other events during
mitochondrial apoptosis, we used LLSM to im-
age MEFs coexpressing TOMM20-Halo, TFAM-
Tomato, and cytochrome c-GFP (Fig. 2A and
Movie 5). Upon treatment with ABT-737 and
QVD-OPh, cytochrome c loss from mitochondria
was clearly evident. Consistent with previous re-
ports (22-26), it occurred rapidly in a wave-like
fashion across the mitochondrial network, over
a period of 30 to 90 s. Cytochrome c efflux pre-
ceded mitochondrial network dissolution and
subsequent mtDNA release, the kinetics of which
were quantified using custom automated FIJI

Movie 3. 3D surface reconstruction generation
(red, mitochondria; green, mtDNA nucleoids)
using Imaris software, which highlights mtDNA
release events in Movie 1.

Movie 4. 3D SIM imaging of mitochondria (red,
TOMM20-Halo) and mtDNA (green, TFAM-

mNeonGreen) from MclI™~ MEFs undergoing

apoptosis induced by ABT-737 and QVD-OPh.
Images were captured at a rate of one 3D
volume every 60 s.

23 February 2018

(27) scripts (Fig. 2, B to D, and fig. S2, A and
B). This combination of visual and quantitative
analysis clearly identified BAK/BAX-mediated
cytochrome c release as the first event, with mito-
chondrial morphological rearrangement and
mtDNA efflux occurring consecutively there-
after. The relative timing of each event was re-
markably consistent between individual cells
and across independent experiments (Fig. 2E).
To further confirm that loss of cytochrome c
precedes nucleoid release, we conducted a Ki-
netic analysis in which cells were treated, frac-
tionated, and immunoblotted to observe the
timing of cytochrome ¢ and TFAM appearance
in the cytosol of apoptotic cells. Full release of
cytochrome ¢ was observed as early as 0.5 to
1 hour (Fig. 2F). TFAM was detected in the cy-
tosol after 4 and 6 hours [as was another matrix
component, dihydrolipoamide dehydrogenase
(DLD)]—time points at which IFN-B was present
in supernatants (Fig. 2G).

Mitochondrial dynamics and
mtDNA release

To maintain a healthy network, mitochondria
continuously undergo fission and fusion (28-31).

Movie 5. Lattice light-sheet imaging of
mitochondria (red, TOMMZ20-Halo), mtDNA
(green, TFAM-mNeonGreen), and cytochrome ¢
(blue) from Mcl1™~ MEFs undergoing apoptosis
induced by ABT-737 and QVD-OPh. Images were
captured at a rate of one 3D volume every 13 s.

Movie 6. Lattice light-sheet imaging of
mitochondria (red, TOMMZ20-Halo) and mtDNA
(green, TFAM-mNeonGreen) from DRP1-deficient
MEFs undergoing apoptosis induced by ABT-737
and QVD-OPh. Left: MclI®R'SPR~~DrpI ="~ MEFs

derived from Drpl knockout mice. Right: Mcll™~

DrpI®RSPR~"~ MEFs generated by CRISPR/Cas9
targeting of Drpl. Images were captured at a
rate of one 3D volume every 13 s.
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In mammals, the former is mediated by dynamin-
related protein-1 (DRP1) (32, 33), the latter by
optic atrophy protein-1 (OPA1) and mitofusin-1
and -2 (MFN1 and MFN2) (34, 35). Mitochon-
drial fragmentation during apoptosis has been
widely documented (36-39), and a large body
of evidence suggests that the response to var-
ious apoptotic stimuli is altered when fission or
fusion are inhibited (40-43) [reviewed in (44)].
However, the precise requirement for fission
(in particular) in mitochondrial apoptosis and
its temporal relationship to cytochrome c release
remains controversial (¢5-47).

To establish whether fission and/or fusion
facilitate apoptotic mtDNA release, we generated
DrpI™~ Mcll™~, Opal™~ Mcl1™~, and Mfnl ™~
Mfn2~~ Mcll”~ MEFs and imaged these cells
by LLSM. Consistent with their established role
in fusion (48-50), loss of either OPA1 or MFN1/

A TOMM20 + TFAM

12520

MFN2 resulted in hyperfragmented mitochon-
dria at steady state (fig. S3A). Opal ™~ Mcll ™~
and MfnI”~ Mfn2”~ Mcl1™~ cells exhibited a
modest increase in sensitivity to ABT-737, read-
ily undergoing cytochrome c release and nucle-
oid efflux in response to ABT-737 (Fig. 3, A to D,
and fig. S3, B to D). In contrast, and as previously
reported (51, 52), fission-deficient DrpI™~ cells
at steady state exhibited a hyperfused mitochon-
drial network (fig. S3A). The behavior of this
network, upon induction of BAK/BAX-mediated
apoptosis, was cell line-dependent. In MEFs de-
rived from knockout mice, marked mitochon-
drial rearrangement was observed, but it was
incomplete, with mitochondria exhibiting a “beads-
on-a-string” appearance and only a limited num-
ber releasing mtDNA (Fig. 3, E and F, fig. S3F,
and Movie 6). Strikingly, mtDNA release was
observed only from discrete globular mitochon-

dria, of which there were fewer in the absence
of DRP1. In contrast, when we induced apopto-
sis in independently derived CRISPR/Cas9 DrpI-
targeted MEF subclones (deletion confirmed
by imaging and immunoblot; fig. S3H), mito-
chondrial network breakdown was equivalent to
that seen in wild-type counterparts (Fig. 3E and
Movie 6). However, regardless of the disparities
in mitochondrial dynamics, in all DRP1-deficient
lines tested, we observed robust cGAS-dependent
IFN-B secretion during caspase-inhibited apopto-
sis (fig. S3, E and G). Thus, loss of DRP1 does not
prevent mtDNA-induced DAMP signaling.

mtDNA is released through BAK/BAX foci

We thus revisited the proposed involvement of
the MPTP in facilitating this process (8). The
exact nature and composition of the MPTP re-
mains controversial; currently, it is defined by the
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Fig. 2. Cytochrome c loss precedes mtDNA efflux. (A) Snapshots from
LLSM imaging of Mcl1™~ MEFs expressing TOMM20-Halo (stained with
JF-646) (red), TFAM-tdTomato (green), and cytochrome c-GFP (blue), with
cytochrome c loss and externalized nucleoids apparent 520 s and 780 s,
respectively, after ABT-737 (500 nM) + QVD-OPh (20 uM) treatment (see
Movie 5). Scale bars, 5 um. (B to D) Kinetic quantitation of LLSM imaging in
(A), representative of three independent experiments, depicting the relative
timing between mitochondrial fragmentation and cytochrome c loss (B),
mitochondrial fragmentation and nucleoid externalization (C), and cyto-
chrome c loss and nucleoid externalization (D). Dashed vertical lines
indicate the time at which each event begins, as determined visually from
time-lapse movies. Parameters used to quantitate events are mitochondrial
sphericity (reflective of morphology changes; values range between O = linear

McArthur et al., Science 359, eaa06047 (2018) 23 February 2018

and 1 = sphere), area of cytochrome c signal inside mitochondria (pixels)
relative to mitochondrial area (pixels) (reflective of cytochrome c loss to

the cytoplasm), and number of mtDNA nucleoids outside mitochondria.

(E) Graphical representation of relative timing between the initiation of each
event (cytochrome c loss, mitochondrial fragmentation, and externalized
nucleoids) across three separate imaging experiments. Data are means * SEM.
(F) Western blots of cytosolic (left) and membrane (right) fractions of
Mcl1™~ MEFs pretreated with QVD-OPh (50 uM) followed by ABT-737 (1 uM)
at the indicated times. DLD, dihydrolipoamide dehydrogenase (matrix
protein); VDAC], voltage-dependent anion-selective channel 1 (OMM protein).
(G) IFN-B in culture supernatants from Mcl1™~ MEFs in (F) collected
immediately before fractionation. Blots and data in (F) and (G) are repre-
sentative of two or three independent experiments. N.D, not detected.
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Fig. 3. Breakdown of mitochondrial network and mtDNA release during apoptosis does not
require DRP1 or the mitochondrial fusion machinery. (A and B) Apoptotic mtDNA release from
fusion-deficient Mcll™~ Opal™~ MEFs (A) and Mcll™~ Mfnl™~ Mfn2~”~ MEFs (B) 30 min after
ABT-737 (500 nM) + QVD-OPh (20 uM) treatment, as imaged by LLSM. (C and D) Kinetic quantitation
of (A) and (B), respectively. (E) Two examples of mitochondrial fragmentation during apoptosis in
MCL1/DRP1-deficient MEFs 20 min after ABT-737 (1 uM) + QVD-OPh (20 uM) treatment, as
imaged by LLSM. Top: Mcl1®F'SPR~"=Drp1~~ MEFs derived from Drpl knockout mice. Bottom: Mcll™~
DrpICRSPR~= MEFs generated by CRISPR/Cas9 targeting of Drpl. mtDNA release events are
highlighted by white arrows (see Movie 6). Scale bars in (A), (B), and (E), 5 um. (F) Kinetic
quantitation of apoptotic mtDNA release from fission-deficient MclI™~DRP1™~ MEFs, showing
the relative timing of mitochondrial fragmentation, cytochrome c loss, and nucleoid externalization.
All images and graphs are representative of three independent experiments.
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ability of the drug cyclosporin A (CsA) to block
its opening (563, 54). When we pretreated MEFs
with CsA and then induced apoptosis, we saw
identical patterns and amounts of nucleoid efflux
(fig. S4, A and B). This indicated that apoptotic
mtDNA efflux does not require MPTP opening. To
assess mitochondrial membrane potential during
herniation, we stained cells with the membrane
potential dye TMRM and imaged them via LLSM.
When treated with ABT-737 and QVD-OPh, all
mitochondria rapidly lost TMRM staining (fig.
S2, C and D). This occurred before mitochondrial
morphology rearrangement and mtDNA release.
In contrast, treatment of cells with the uncou-
pling agents actinomycin A and oligomycin A
(A/O) triggered a drastic loss of TMRM staining
but did not lead to mitochondrial morphology
changes or mtDNA release (fig. S2, C and D).
Accordingly, A/O treatment did not induce IFN-3
production from MEFs (fig. S2E). Thus, although
mitochondria lose membrane potential during
caspase-inhibited apoptosis, loss of potential in
itself does not trigger mtDNA release. We there-
fore considered the possibility that BAK and BAX
directly facilitate this process.

It is well established that activation of BAK and
BAX leads to their oligomerization in the outer
mitochondrial membrane (OMM) and its subse-
quent permeabilization (40, 55-58). However, they
are not thought to rupture the inner mitochon-
drial membrane (IMM) (59). We thus examined
the localization of BAK and BAX during mtDNA
release. LLSM imaging of Bak ™~ Bax™~ Mcll 7~
MEFs reconstituted with a tagged variant of BAK
(BAK-mRuby?2), in addition to TOMM20-Halo and
TFAM-mNeonGreen, revealed uniform BAK stain-
ing across the mitochondria. Upon induction of
apoptosis, BAK became concentrated in bright
foci in the OMM (Fig. 4A). In cells reconstituted
with a tagged variant of BAX (BAX-mRuby2), BAX
staining was ubiquitous at steady state, consistent
with its reported cytoplasmic location. In response
to ABT-737, BAX was very clearly recruited to, and
also formed bright foci in, fragmented mitochon-
dria (Fig. 4B and Movie 7). In both cases, these
large aggregates of BAK or BAX—which were
similar in scale and topology to those previously
described using stimulated emission depletion
microscopy or single-molecule localization mi-
croscopy (60, 61)—appeared 4 to 8 min after cy-
tochrome c loss (Fig. 4C, top), concurrent with
mitochondrial morphology changes and nucle-
oid release (Fig. 4D, middle and bottom). Given
that cytochrome c release precedes fragmenta-
tion and mtDNA efflux (Fig. 2), this suggests that
cytochrome ¢ must exit from BAK or BAX pores
too small to be resolved by LLSM. This idea is
consistent with a model (62) whereby only a small
amount of BAX is required for mitochondrial
outer membrane permeabilization (MOMP) and
the majority is recruited after cytochrome c release
has taken place. mtDNA release was observed
only after large BAK/BAX foci had appeared, and
these BAK/BAX foci were present at the same
location from which mtDNA was released (Fig. 4,
A and B, white arrows). 3D visualization clearly
showed BAK and BAX encircling the point of
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Fig. 4. mtDNA is released from BAK/
BAX foci. (A and B) Representative
snapshots from LLSM imaging of
Mcl1™~ Bak™~ Bax™”~ MEFs overex-
pressing TOMM20-Halo (red), TFAM-
mNeonGreen (green), and reexpressing
mRuby2-BAK (A) or mRuby2-BAX (B)
(blue), before and after mtDNA release
30 min after ABT-737 (10 um) +
QVD-OPh (20 uM) treatment (see
Movie 7). Scale bars, 5 um. (C) Kinetic
quantitation of the appearance of

BAX foci with respect to cytochrome ¢
release and fragmentation of mitochon-
dria events (mitochondrial sphericity c
measurement) from LLSM imaging of
Mcl1™~ Bak™~ Bax™’~ MEFs expressing
TOMM20-Halo, mRuby2-BAX, and
cytochrome ¢c-GFP. (D) Kinetic quanti-
tation of the appearance of BAX foci
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mtDNA constriction and exit from fragmented
mitochondria (Fig. 4, E and F, and fig. S4, C
and D). This was confirmed at higher resolution
by 3D-SIM (Fig. 4, G and H, and fig. S4E).

mtDNA release is the result
of IMM herniation

mtDNA nucleoids are located in the matrix of
the mitochondria, insulated from the cytosol
by two membranes, the inner and outer. Thus,
our data raised the question of how mtDNA

McArthur et al., Science 359, eaao6047 (2018)

might make its way from the matrix to the cy-
toplasm via an OMM pore. To address this, we
examined the behavior of a fluorophore tar-
geted to the space within the mitochondrial ma-
trix (MMX-Tomato) expressed in Mcl1 ~~ MEFs
(fig. S5A). Upon treatment with ABT-737, MMX-
Tomato exited the mitochondria in a manner
similar to that of mtDNA: It was constricted
during its release from a single discrete point,
after which it remained in close proximity to the
mitochondria, rather than dispersing throughout
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the cytoplasm as we had anticipated (fig. S5B).
This suggested the presence of an additional bar-
rier restricting its egress to the cytoplasm. The
obvious candidate for this was the IMM. We
thus fluorescently labeled the IMM protein Distal
Module Assembly Component-1 (63) (DMACI-
Tomato) and followed its localization during
mtDNA release. LLSM imaging revealed that the
majority of IMM remained localized with the
OMM signal after mtDNA release (i.e., remained
inside fragmented mitochondria) (fig. S5C).
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Given that the resolution of LLSM is diffraction-
limited (74), we again used higher-resolution
live 3D-SIM and imaged cells expressing DMACI-
Tomato and TOMM20-Halo [stained with JF-546
(17)] to visualize both mitochondrial membranes.
These studies revealed ultrathin DMACI-containing
“blisters” encapsulating mtDNA external to the
OMM (Fig. 5, A and B). This suggested that the
IMM herniates through macropores formed by
BAK and BAX. To examine this in more detail,
we conducted immunogold transmission electron
microscopy (TEM) and electron cryotomography
(ECT) studies of ABT-737-treated Mcl1”~ MEFs.
For TEM, mtDNA was visualized by the expres-
sion of GFP-tagged TFAM and immunogold la-

A OMM + IMM

’

McArthur et al., Science 359, eaao6047 (2018)

OMM + IMM + TFAM B

beling via an antibody to GFP. The TEM images
revealed multiple instances where the OMM had
peeled away from the IMM (Fig. 5C, ii), and
others where the OMM clearly terminated while
the IMM continued, ballooning out and encap-
sulating the mtDNA-TFAM signal (Fig. 5C, iii
and iv). ECT confirmed the mitochondrial her-
niation event (Fig. 5, D and E). The advantages
of ECT are enhanced resolution, elimination of
any potential for sectioning artifacts, and 3D vi-
sualization (Movie 8). Thus, these data indicate
that as a consequence of BAK/BAX OMM perme-
abilization, mitochondria fragment and larger
BAK/BAX foci assemble. The formation of these
BAK/BAX macropores elicits IMM herniation.

OMM

23 February 2018

OMM + TFAM

Immunoprecipitation of cGAS from apoptotic
cells enriches for mtDNA (6). In considering the
mechanism by which this interaction occurs, we
wondered whether cGAS might localize to her-
niated mitochondria, potentially translocating
across the IMM. To establish whether cGAS lo-
calizes to mitochondrial hernias, we initially con-
ducted LLSM studies of Mcl-17~ cGASCRISPR-/~
MEFs reconstituted with cGAS-GFP. At steady
state, cGAS staining was diffuse throughout the
cytoplasm. We added ABT-737 and imaged for
1 hour. Mitochondrial network breakdown and
herniation occurred, but no change in cGAS lo-
calization was observed. To establish whether
¢GAS might localize to hernias at later time

Fig. 5. mtDNA release occurs
via inner mitochondrial mem-
brane herniation. (A and

B) 3D-SIM imaging of Mcll™~
MEFs expressing TOMMZ20-
Halo (stained with JF-546) and
TFAM-mNeonGreen, with
additional DMAC1-Tomato

[(i) and (ii)], representative of
three independent experi-
ments. For ease of compari-
son, 3D-SIM images from

Fig. 1G (where only the OMM
and mtDNA were stained)
are included in (B). Joint IMM
and OMM staining [(i), or

red in (ii)] shows thin mem-
brane (yellow arrows) encap-
sulating mtDNA [TFAM, green,
(i)] that is not present when
OMM is stained alone [com-
pare with (iii) and (iv)].

Scale bars, 2 um. (C) Electron
microscopy imaging of un-
treated (i) or apoptotic
mitochondria [(ii), (iii), and
(iv)] immunogold-labeled for
anti—-GFP-TFAM to visualize
location of mtDNA (black
spots). Insets are annotated
with arrows to mark areas
where IMM (orange) and
OMM (red) are clearly shown
together [(i), untreated],
peeling away from one
another (ii), or during hernia-
tion where OMM clearly stops
[(iii) and (iv)]. Scale bars,
100 nm (main images), 50 nm
(insets). (D and E) ECT
images of apoptotic
mitochondria 90 min after
ABT-737 (1 uM) + QVD-OPh
(20 uM) treatment. Tomo-
graphic 10-nm slices

are shown; arrows mark
areas where OMM (red)
clearly stops while

IMM (orange) continues.
Scale bars, 250 nm.

See also Movie 8.
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points, we conducted a 6-hour time course and
imaged cells by confocal microscopy. At 4 and
6 hours after the induction of apoptosis, despite
the presence of IFN-B in supernatants (indica-
tive of cGAS activation), no discernible change
in the pattern of ¢cGAS staining was apparent
(fig. S6, A and B).

Given that cGAS did not appear within intact
hernias or accumulate at their surface, we pos-
tulated that a loss of IMM integrity might facil-
itate mtDNA access to ¢GAS or vice versa. We

used correlative light and electron microscopy
(CLEM) to enable the overlay of fluorescent sig-
nals and mitochondrial ultrastructure. Mcll ™7~
MEFs expressing TOMM20-Halo and TFAM-
mNeonGreen were fixed 90 min after ABT-737
and QVD-OPh treatment, a time at which the
majority of mitochondria had undergone herni-
ation. These cells were subjected to confocal and
electron microscopy, and the two images were
correlated after acquisition (Fig. 6, A and B, and
fig. S6D). Consistent with our immunogold TEM

Fig. 6. Correlative light and electron microscopy of apoptotic mitochondrial herniation.

(A) Confocal light microscopy imaging of Mcll™~ MEFs expressing TOMM20-Halo (stained with
JF-546) (red) and TFAM-mNeonGreen (green), fixed 90 min after ABT-737 (1 uM) + QVD-OPh

(20 uM) treatment. (B) TEM imaging of the same cells as in (A). Scale bars, 10 um. (C to F) Selected
examples from (A) and (B) at higher resolution, displaying a light microscopy image overlaid on

an aligned electron microscopy image. The example shown in (C) is representative of the majority of
herniation events observed; those in (D) and (E), where there is evidence of IMM breakdown, were
less frequent. The image in (F) is representative of the few observed examples of TFAM-positive,
single-membrane walled structures. Scale bars, 500 nm.

McArthur et al., Science 359, eaao6047 (2018)
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and ECT studies (Fig. 5, C to E, and fig. S6C), we
observed many instances where the OMM had
dissipated, with TFAM staining aligning to the
IMM-bound structures (Fig. 6C). CLEM revealed
instances where IMM integrity had been lost
(Fig. 6, D and E, black arrows), although this was
in a minority of mitochondrial hernias. The fact
that this was in the minority of mitochondria
is in line with the limited translocation of TFAM
to the cytosolic fraction of apoptotic cells that we
had observed by immunoblot (Fig. 2F). In rare
cases, TFAM-positive, single membrane-bound
structures were observed, some in close proximity
to herniated mitochondria (Fig. 6E, red arrow)
and some apparently isolated (Fig. 6F, red arrow).

Discussion

We have shown that BAK/BAX activation ini-
tiates a series of events that culminate in mtDNA
release. Breakdown of the mitochondrial net-
work follows BAK/BAX-mediated MOMP and
cytochrome c efflux, and coincides with the for-
mation of BAK/BAX foci large enough to be de-
tected by LLSM. These BAK/BAX macropores
allow the tightly packed IMM an outlet through
which it herniates, carrying with it mitochon-
drial matrix components, including the mito-
chondrial genome. Although the elegant nature
of the herniation event initially suggested a high-
ly regulated process, we postulate that it is

Movie 7. Lattice light-sheet imaging of
mitochondria (red, TOMMZ20-Halo), mtDNA
(green, TFAM-mNeonGreen), and BAX (blue)
from Mcll™~ Bak™~ Bax™’~ MEFs overexpressing
BAX-mRuby?2 and undergoing apoptosis induced
by ABT-737 and QVD-OPh. Images were captured
at a rate of one 3D volume every 13 s.

Movie 8. Reconstructed cryo-tomogram of
an apoptotic herniating mitochondria (from
Fig. BE) moving through the z axis.
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simply the physical result of massive holes form-
ing in the mitochondrial outer membrane (i.e.,
collateral damage). Upon exposure to the cyto-
plasm, IMM hernias lose integrity, facilitating
the recognition of mtDNA by cGAS. Dissipation
of the IMM appears to occur in a limited num-
ber of mitochondria, but enough mtDNA reaches
the cytosol to initiate a robust ¢cGAS/STING path-
way response. This is consistent with recent re-
ports highlighting the profound sensitivity of
¢GAS to cytosolic TFAM-bound DNA (64).

The requirement for mitochondrial fission
in apoptotic cell death is controversial. Several
studies suggest that it is essential, because DRP1
inhibition or deletion reportedly delays cyto-
chrome c release and cell death [reviewed in
(45, 65)]. In contrast, others have concluded that
because DRP1 inhibition does not confer a level
of protection equivalent to that of BCL-X;, over-
expression, fission and mitochondrial apoptosis
are independent processes (66). Our data sup-
port the latter view. The absence of DRP1 re-
sulted in mitochondrial network hyperfusion in
both the original knockout mouse-derived MEFs
and the newly generated CRISPR-targeted clones,
but it did not inhibit apoptotic mitochondrial
network breakdown and herniation in the CRISPR
lines. We suggest that, given the profound OMM
damage induced by BAK and BAX, apoptotic
breakdown is not a facsimile of normal mito-
chondrial fission. Recent work indicates that the
endoplasmic reticulum contacts mitochondria
near nucleoids engaged in replication, thereby
marking points of mitochondrial division (67, 68).
It will be interesting to see how these mechanisms
might influence mitochondrial collapse during
apoptosis. Even though the impairment of mito-
chondrial network breakdown that was apparent
during apoptosis in the DrpI knockout MEF cell
line is likely artifactual, this system does suggest
that in any setting where fragmentation is com-
promised, the frequency of mitochondrial her-
niation events will be correspondingly reduced.

Our work provides a mechanistic descrip-
tion of mtDNA release from mitochondria during
apoptosis. It occurs irrespective of caspase ac-
tivity, but in normal cells, caspases attenuate
the subsequent cGAS/STING-mediated antiviral
response by driving rapid cellular collapse and
clearance. Previous reports have shown that ge-
netic ablation of the apoptotic caspase cascade
in vivo—at least in the hematopoietic system—
results in mtDNA-dependent IFN production
(6, 7). We thus contend that IMM herniation is
a common event in normal physiology and that
it occurs in any cell whose homeostatic turnover
is governed by BAK and BAX. An extensive lit-
erature suggests that mtDNA is found outside
the mitochondria—and, indeed, outside the cell—
in a wide range of circumstances (13, 69). This
raises the question of whether BAK/BAX-mediated
mtDNA release represents a source of circulating
mtDNA at steady state, or in any of the conditions
where increased levels of extracellular mtDNA
have been implicated in disease pathology.

It is unclear whether IMM herniation repre-
sents a general mechanism of mtDNA escape.

McArthur et al., Science 359, eaa06047 (2018)

In addition to BAK and BAX oligomerization
there may be alternative triggers, for example,
other pore-forming proteins (host- or pathogen-
derived) or mitochondrial stresses. Indeed, whether
and how herniation may be triggered during HIV
or dengue infection, calcium overload, irradia-
tion, or during inflammatory diseases such as
systemic lupus erythematosus or rheumatoid
arthritis—all conditions that have been associated
with loss of mtDNA from the matrix (13, 69, 70)—
remains to be established. In some of these con-
ditions cytoplasmic mtDNA is thought to be the
pathological trigger, while in others, it is extra-
cellular mtDNA. Our findings demonstrate that
herniation is one route to the former. It may, in
some circumstances, also contribute to generation
of the latter (fig. S6E). The TFAM-positive single
membrane bound structures observed in the cyto-
plasm of apoptotic cells suggest that hernias may
bud off, and as such, represent an additional class
of mitochondrial-derived vesicles (77).

Materials and methods
Cell culture

MEFs were derived from mice on a C57BL/6 back-
ground or backcrossed for more than 10 gen-
erations and prepared from embryonic day 13-14:
embryos. After removal of the head, thoracic
cavity, and fetal liver, a single-cell suspension
was prepared in Dulbecco’s modified Eagle’s
(DME) medium (GIBCO, ThermoFisher 11965092)
supplemented with 4 mM r-glutamine, glucose
(4.5 g/liter), and 10% heat-inactivated fetal bo-
vine serum (FBS; Sigma 12003C) and cultured
at 37°C, 5% CO, on tissue culture plates coated
with 0.1% gelatin. Immortalization of MEFs was
performed by transfection (Amaxa Nucleofector)
of an expression plasmid encoding the SV40 T
antigen (gift from D. C. S. Huang). Immortalized
METF lines were routinely maintained at 37°C,
5% CO, in DME-KELSO medium [prepared in-
house from DMEM (GIBCO 31600083) sup-
plemented with 40 mM sodium bicarbonate,
1 mM HEPEs, 0.0135 mM folic acid, 0.24 mM
r-asparagine, 0.55 mM t-arginine, 1x Pen/Strep,
and 22.2 mM p-glucose] supplemented with 10%
heat-inactivated FBS, penicillin/streptomycin
(Pen/Strep) (Sigma P0781, 10 pl/ml), and 100 uM
1-asparagine (Sigma A4159). Hela cells were
maintained at 37°C, 5% CO, in DME medium
supplemented with 10% heat-inactivated FBS and
Pen/Strep. mtDNA depletion and assessment of
mtDNA content was carried out as described (6).
Drpl™", Opal™", and Mfnl”~ Mfn2 7~ MEF lines
were a gift from M. Ryan. To generate knockout
MEFs, we used transient CRISPR/Cas9-mediated
gene targeting. Targeting guide sequences were
designed using Benchling software, cloned into
the px458 vector (containing Cas9 and GFP marker)
[gift from F. Zhang (72): Addgene plasmid 48138]
and were transfected into MEFs using Fugene 6
(Roche) at a 3:1 ratio. GFP-positive cells were
sorted by flow cytometry (InFlux) and clones
derived from single cells were expanded. The
targeted gene locus was sequenced and clones
bearing indels predicted to disrupt gene func-
tion on both alleles were selected for further ex-
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perimentation. Additionally, Mcl1 ®'SPR~~ clones
were functionally tested by assessing their sen-
sitivity to ABT-737 and immunoblotted for protein
expression. DrpI™®SPR~~ clones were generated
as described (72) on a Mcll”~ Bak™~ Bax™~ back-
ground, reexpressing fluorescently tagged BAX,
and clones were selected based on mitochondrial
and peroxisomal morphology (assessed by confocal
imaging) and immunoblot of protein expression.
The targeting guide sequences were as follows:
Mcli#1, GATCATCTCGCGCTACTTGC; Mcl1#2, GG-
AGCAGGCGACCGGCTCCA; cGAS#1, GATTCTTG-
TAGCTCAATCCTG; cGAS#2, GAAATTCAAAAGA-
ATTCCACG; Drpl, GCAGGACGTCTTCAACACAG.

Constructs and reagents

Imaging constructs were generated using PCR
amplification of sequences encoding the fluo-
rescent proteins mNeonGreen (Allele Biotechnol-
ogy), pBabe (LTR)-cytochrome c-GFP [gift from
D. Green (25): Addgene plasmid 41183], pTRIP-
CMV-GFP-FLAG-cGAS [gift from N. Manel (73):
Addgene plasmid 86675], mRuby2-NT-C1 [gift
from M. Davidson (74): Addgene plasmid 54561],
pCytERM-mScarlet-N1 [gift from D. Gadella (75):
Addgene plasmid 85066] mCherry, tdTomato (gift
from D. C. S. Huang), or the HaloTag (Promega).
These were cloned into an MSCV-IRES-hygromycin
or MSCV-IRES-puromycin construct (a hygromycin/
puromycin selectable retroviral vector) such that
they were fused either N-terminally to BAK or BAX
(murine coding sequences, gifts from D. Huang)
or C-terminally to the matrix targeting sequence
from OTC, DMACI (gift from M. Ryan), TFAM
(OriGene NM_009360), or TOMM20 (GenScript
synthesis NM_014765.2) sequences. MEF lines
stably expressing fluorescent fusion proteins were
prepared as follows: Expression plasmids were
transiently transfected into Phoenix ecotropic
packaging cells using Fugene 6 (Roche). Viral su-
pernatants were collected 48 hours later and used
to infect MEFs by spin infection. Cell populations
expressing the fluorescent fusion proteins were
sorted by flow cytometry (InFlux). Drug treatments
used throughout the study include QVD-OPh
(MedKoo Biosciences 1135695-98-5, MP Biomed-
icals 030OPH109, or made in-house by R. Lessene),
ABT-737 (Active Biochemicals A-1002), S63845
(SYNthesis MedChem), cyclosporin A (Sigma
30024, antimycin A (Sigma A8674, CAS:1397-94-0),
and oligomycin A (Selleck S1478, CAS:579-13-5).

Viability assay

Cell viability was quantified by CellTiterGlo
(Promega G7570) or flow cytometric analysis of
cells excluding propidium iodide (Sigma P4864,
5 ug/ml).

ELISA

IFN-B protein was measured using the VeriKine-
HS Mouse Interferon Beta ELISA (PBL Assay Sci-
ence 42410) as per manufacturer’s instructions.

Subcellular fractionation
and immunoblotting

Cells were grown overnight in 10-cm dishes,
pretreated with QVD-OPh (50 uM) for 30 min,
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then treated with ABT-737 (1 uM) for times as
indicated. Culture supernatants were retrieved
for analysis of IFN- by ELISA, and cells were
trypsinized and fractionated into cytosol and
mitochondria-enriched heavy membrane frac-
tions by incubating in 0.025% w/v digitonin
(Biosynth) in 20 mM Hepes KOH pH 7.5, 93 mM
sucrose, 100 mM KCl, 2.5 mM MgCl, for 10 min
on ice. Cytosol and heavy membrane fractions
were separated by centrifugation at 13,000g for
5 min at 4°C, before analysis on reducing SDS-
PAGE, transfer to nitrocellulose membrane, and
immunoblotting for TFAM (ab131607, Abcam),
cytochrome c (556433, BD Biosciences), DLD [sc-
365977 (G-2), Santa Cruz Biotechnologies], and
VDACI (MABN504, Merck).

Confocal microscopy

For imaging of cells at steady state, cells were
plated in 8-well chamber slides (iBidi 80826)
and incubated with PicoGreen dye (InvivoGen,
3 ul/ml) in serum-free medium for 1 hour at 37°C,
and Mitotracker Red-FM dye (InvivoGen, 1 uM)
for 30 min (added halfway through PicoGreen
staining). For imaging of apoptotic cells, cells
were plated in 8-well chamber slides (iBidi 80826)
and incubated with drug treatments at 37°C for
indicated times, after which media was replaced
with 2% paraformaldehyde (Electron Microscopy
Sciences 15710). Cells were left to fix for 15 min,
before three washes in phosphate-buffered sa-
line (PBS), and incubated at room temperature
for 40 min in permeabilization/blocking buffer of
0.1% Tween (Sigma P1379), 3% goat serum (Life
Technologies 501972). Cells were then incubated
overnight at 4°C with primary antibodies anti-
TOMM20 (Santa Cruz Biotech sc-11415) and anti-
DNA (ProGen AC-30-10) in blocking buffer, washed
twice, then incubated for 1 hour in secondary
antibodies [goat anti-rabbit AF647 (Life Tech-
nologies A21245) and goat anti-mouse AF488 (Life
Technologies A11001)]. In both cases, wells were
then washed in PBS, before phenol red-free me-
dium was added and cells imaged on the Zeiss
LSM 780 confocal microscope using a 63x/1.4
Plan Apo objective. Images shown are maximum-
intensity projections from Z-stacks.

Lattice light-sheet microscopy

The lattice light-sheet microscopes used in these
experiments are housed in the Advanced Imaging
Center (AIC) at the Howard Hughes Medical In-
stitute Janelia Research Campus, or the Walter &
Eliza Hall Institute of Medical Research. The sys-
tems were configured and operated as described
(14). For all experiments, MEFs were grown on
5-mm round glass coverslips (Warner Instruments
CS-5R). All drug treatments were done after sam-
ple mounting in the imaging/media chamber,
with the exception of PicoGreen (Invitrogen,
ThermoFisher P7581) or TMRM (Sigma T5428)
staining and CsA pretreatments, which were
done 30 min before sample mounting. During
imaging, cells were maintained in Leibovitz’s
L-15 medium (GIBCO, ThermoFisher 21083027)
supplemented with 10% FBS, 25 mM HEPES
(GIBCO, ThermoFisher 15630080), Pen/Strep
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(Sigma P0781, 10 ul/ml), 100 uM r-asparagine
(Sigma A4159), and 20 uM TROLOX (Santa Cruz
53188-07-1). Samples were illuminated by lattice
light-sheet using 488-nm, 560-nm, or 641-nm
diode lasers (MPB Communications) through
an excitation objective (Special Optics, 0.65 NA,
3.74-mm WD) at 70 to 75%, 40 to 80%, and 60
to 100% AOTF transmittance (respectively) and
90 mW, 75 mW, and 100 mW initial box power
(respectively) for the Janelia system, or 10 to 25%,
15 to 35%, and 10 to 25% AOTF transmittance
(respectively) and 30 to 60 mW, 50 to 100 mW,
and 50 to 100 mW initial box power (respec-
tively) for the WEHI system. The lattice light-
sheet was illuminated at the back aperture of
the excitation objective through an annular mask
of 0.44: inner NA and 0.55 outer NA. Fluorescent
emission was collected by detection objective
(Nikon, CFI Apo LWD 25XW, 1.1 NA) and de-
tected by sCMOS cameras (Hamamatsu Orca
Flash 4.0 v2). Acquired data were deskewed as
described (74) and deconvolved using an itera-
tive Richardson-Lucy algorithm. Point-spread
functions for deconvolution were experimental-
ly measured using 200-nm TetraSpeck beads ad-
hered to 5-mm glass coverslips (Invitrogen T7280)
for each excitation wavelength.

Live 3D structure illumination microscopy

Live, two-color, 3D-SIM images were captured
on a custom-built structured illumination micro-
scope housed in the Advanced Imaging Center
(AIC) at the Howard Hughes Medical Institute,
Janelia Research Campus. This platform consists
of a Zeiss AxioObserver inverted microscope plat-
form with a motorized stage and Zeiss 100x/1.46
NA oil immersion objective. Laser excitation was
achieved with 488-nm and 561-nm lasers using
am acousto-optical modulator, which is synchro-
nized with a spatial light modulator for fast dual
color switching at each optical plane as described
(76). Cells were maintained at 37°C, 5% CO, in
Leibovitz’s L-15 medium (GIBCO, ThermoFisher
21083027) supplemented with 10% FBS, 25 mM
HEPES (GIBCO, ThermoFisher 15630080), Pen/
Strep (Sigma P0781, 10 pl/ml), 100 uM 1-asparagine
(Sigma A4159), and 20 uM TROLOX (Santa Cruz
53188-07-1). All drug treatments were done after
sample mounting in the imaging/media cham-
ber. 512 x 512 images of each channel were col-
lected serially on two separate SCMOS cameras
(Hamamatsu Flash 4.0) and camera exposures
were typically set at 10 or 20 ms. The step size
was set at 150 nm, and z-thicknesses of 1.35 to
2.85 um were captured at each time point. The
reconstruction of the data was performed using
a custom-written program and all chromatic
alignments were performed after acquisition.
Live, three-color, 3D-SIM imaging was per-
formed on the OMX-SR system (GE Health-
care). This platform consists of an Olympus 60x
142 NA oil immersion lens and three PCO.edge
sCMOS cameras. Laser excitation was achieved
with 488-nm, 561-nm, and 642-nm lasers. During
imaging, cells were maintained at 25°C, 5% CO, in
Fluorobrite DMEM medium (GIBCO, ThermoFisher
A1896701) supplemented with 10% FBS, 25 mM
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HEPES (GIBCO, ThermoFisher 15630080, Pen/
Strep (Sigma P0781, 10 ul/ml), 100 uM 1-asparagine
(Sigma A4159) and 20 uM TROLOX (Santa Cruz
53188-07-1). 512 x 512 images were captured with
camera exposures kept below 10 ms. The step
size was set at 125 nm, and volumes varied be-
tween 1.0 and 2.5 um for each time point. The
reconstruction and chromatic alignment of data
was performed using SoftWorx (GE Healthcare)
with a Wiener filter set at 0.005. For all experi-
ments, MEFs were grown on 23-mm round glass
coverslips (Warner Instruments). All SIM data,
including raw and reconstructed images, were
subjected to SIMcheck FIJI Plugin (77) to en-
sure that image quality was within acceptable
standards.

Immunogold transmission
electron microscopy

Fixation and embedding procedures were carried
out as described (78). Sections were cut on a Leica
FC7-UC7. Immunolabeling was done with goat
anti-GFP/biotin (Rockland 600-106-215) and rab-
bit anti-biotin (Rockland, 100-4198) followed by
incubation with protein-A-Gold 15 nm (Depart-
ment of Cell Biology, University Medical Cen-
ter, Utrecht). High-resolution EM images were
taken on a Hitachi H-7500 TEM and a FEI Tecnai
TI12 TEM.

Correlative light and electron microscopy

Melr”~ MEFs expressing TOMM20-Halo and TFAM-
mNeonGreen were grown overnight in a 35 mm
500-grid plastic-bottomed p-Dish (Ibidi, Germany).
After treatment with QVD-OPh (20 uM) and ABT-
737 (1 uM), cells were stained with CellMask Deep
Red Plasma Membrane stain (ThermoFisher,
2.5 ug/ml) and JaneliaFluor-646 HaloTag-specific
dye (17) (50 nm) for 30 min at 37°C and 5% CO,,
then fixed using prewarmed phosphate-buffered
4% paraformaldehyde at 37°C for 1 hour. The
fixed sample was imaged on an inverted Leica
SP8 confocal laser scanning microscope equipped
with an 40x/1.10 objective (water immersion, HC
PLAPO, CS2; Leica microsystems) using an HyD
Hybrid Detector (Leica Biosystems) through the
Leica Application Suite X (LASX v2.0.1). The op-
tical data (35 nm lateral pixel resolution; 200 nm
axial voxel resolution) was deconvolved for subse-
quent alignment (fast classic maximum likelihood
estimation; 10 signal-to-noise ratio; 40 iterations;
0.05 quality threshold) using Huygens Profes-
sional (v15.10; Scientific Volume Imaging). After
optical image acquisition, the sample was post-
fixed overnight with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer at 4°C, rinsed twice with
0.1 M sodium cacodylate, then osmicated with
ferricyanide-reduced osmium tetroxide (1% (w/v)
0504, 1.5% (w/v) K3[Fe(CN)s], 0.065 M cacodylate
buffer) for 2 hours at 4°C, and thoroughly rinsed
five times using MilliQ water. All subsequent
stages were microwave assisted using a BioWave
Pro microwave system (Pelco). The sample was
en bloc stained with 2% (w/v) aqueous uranyl
acetate using three microwave duty cycles (120 s
on, 120 s off) at 100 W under vacuum, then rinsed
five times with MilliQ water. Microwave-assisted
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dehydration was performed at atmospheric pres-
sure using 150 W for 40 s per stage of a graduated
series of ethanol (50%, 70%, 90%, 100%, 100%)
and propylene oxide (100%, 100%), and microwave-
assisted resin infiltration was performed under
vacuum at 250 W for 180 s per stage using a grad-
uated series of Procure-Araldite (25%, 50%, 75%,
100%, 100%) in propylene oxide, before resin polym-
erization at 60°C for 48 hours. The target depth
within the target cell was then relocated within
the resin block, using the procedure outlined in
(79). The resin block was trimmed, then sec-
tioned using Ultracut UCT ultramicrotome (Leica)
equipped with a 45° diamond knife (Diatome) to
cut serial sections (average thickness 78 nm) for
collection on nine separate 300-mesh hex thin-
bar copper grids. Grids containing the sections
closest to the target z-planes (1000 nm to 1600 nm
depth into resin block) were stained at room
temperature using 2% (w/v) aqueous uranyl ace-
tate (10 min) and Reynolds lead citrate (3 min). A
27-image TEM montage of the target cell was
manually acquired using a Tecnai T12 TEM op-
erated at 120 kV. The image montage was cor-
rected for EM lens distortion and stitched by
linear blending using the appropriate plugins
in FLJI (F1JI Is Just ImagelJ) (27, 80, 81).Within
GIMP (GNU Image Manipulation Program, ver-
sion 2.8.2), the distortion-corrected TEM mon-
tage was aligned with the deconvolved optical data
using filopodia, the nucleus, and other intrinsic
features as anchor points. All subsequent TEM
data were aligned directly to this canonical align-
ment. Correlated fluorescence data were obtained
by scaling and aligning TEM images to the TEM
montage, extracting the aligned region from the
fluorescence channels, then performing the re-
verse operations with bicubic interpolation.

Electron cryotomography

Cells were grown overnight on 200 mesh Quanti-
foil gold grids, stimulated for 90 min with ABT-737
(1 uM) + QVD-OPh (20 uM), and cryo-fixed in lig-
uid ethane using a Vitrobot Mark IV. Continuous
cryo-tomograms from -60° to 60° were recorded
on a Titan Krios at a magnification of 19,500 using
the Volta phase plate, an energy filter, and a K2
Summit camera at a dose of about 90 electrons
per angstrom. Reconstruction was done using the
IMOD Tomography package. Tomographic slices
of 10-nm thickness are shown.

Data analysis

All image data were analyzed using the FIJI
distribution of ImageJ (27). The segmentation of
mitochondria and TFAM signal was performed
using the WEKA Trainable Segmentation plug-
in. Segmentation was trained on representative
frames of five images from different data sets,
then applied to all frames of all data sets. All re-
sultant segmentation was then also validated vi-
sually. Mitochondrial morphology was measured
using FIJI’s in-built morphology measures. Cyto-
chrome c release was measured by calculating
the area (pixels) of signal above background,
within the segmented mitochondria signal, which
was set manually at a level that was consistent
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between all data sets and accurately matched
the behavior that was qualitatively observed.
This was then graphed relative to mitochondrial
area (i.e., cytochrome c area/mito area) to ensure
that changes in cytochrome c area were not ar-
tifacts of changing mitochondrial morphology.
For nucleoid release measurements, the TFAM
signal was segmented, thresholded, and masked
with the inverse of the segmented mitochondria
signal, thereby ensuring that only signal from
TFAM outside the mitochondria would be mea-
sured. BAX aggregation was quantified by seg-
menting and counting all regions of BAX signal
above a set size and intensity limit as they ap-
peared over time. For all manual adjustments,
threshold values were set using representative
frames and validated against additional frames
(from later time points) before application to the
entire time course. Once threshold values had
been set and validated, all measurements were
then automated across all independent experi-
ments and time points.

Code availability

Custom scripts automating the combinations of
FIJI in-built plugins/filters used for analysis are
available as supplementary files (code files S1
and S2).
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BAK/BAX macropores facilitate mitochondrial herniation and mtDNA efflux during apoptosis
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The great escape

Mitochondrial DNA (mtDNA) is a potent damage-associated molecular pattern that, if it reaches the cytoplasm or
extracellular milieu, triggers innate immune pathways. mtDNA signaling has been implicated in a wide range of diseases;
however, the mechanisms of mtDNA release are unclear, and the process has not been observed in real time thus far.
McArthur et al. used live-cell lattice light-sheet microscopy to look at mtDNA release during intrinsic apoptosis. Activation
of the pro-death proteins BAK and BAX resulted in the formation of large macro-pores in the mitochondrial outer
membrane. These massive holes caused the inner mitochondrial membrane to balloon out into the cytoplasm, resulting
in mitochondrial herniation. This process allowed the contents of the mitochondrial matrix, including mtDNA, to escape
into the cytoplasm.
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