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M O L E C U L A R  B I O L O G Y

MRE11-dependent instability in mitochondrial  
DNA fork protection activates a cGAS immune  
signaling pathway
Jessica W. Luzwick1, Eszter Dombi1, Rebecca A. Boisvert1, Sunetra Roy1, Soyoung Park1, 
Selvi Kunnimalaiyaan1, Steffi Goffart2, Detlev Schindler3, Katharina Schlacher1*

Mitochondrial DNA (mtDNA) instability activates cGAS-dependent innate immune signaling by unknown mecha-
nisms. Here, we find that Fanconi anemia suppressor genes are acting in the mitochondria to protect mtDNA 
replication forks from instability. Specifically, Fanconi anemia patient cells show a loss of nascent mtDNA through 
MRE11 nuclease degradation. In contrast to DNA replication fork stability, which requires pathway activation by 
FANCD2-FANCI monoubiquitination and upstream FANC core complex genes, mitochondrial replication fork pro-
tection does not, revealing a mechanistic and genetic separation between mitochondrial and nuclear genome 
stability pathways. The degraded mtDNA causes hyperactivation of cGAS-dependent immune signaling resem-
bling the unphosphorylated ISG3 response. Chemical inhibition of MRE11 suppresses this innate immune signaling, 
identifying MRE11 as a nuclease responsible for activating the mtDNA-dependent cGAS/STING response. Collective 
results establish a previously unknown molecular pathway for mtDNA replication stability and reveal a molecular 
handle to control mtDNA-dependent cGAS activation by inhibiting MRE11 nuclease.

INTRODUCTION
Mitochondria, the organelle best known for functioning in cellular 
bioenergetics, are key signaling hubs for intracellular communica-
tion (1). A given cell contains 2 to 1000 mitochondria, with each 
harboring one or multiple circular ~16-kb genomes (2). Autono-
mously from nuclear DNA, mitochondrial DNA (mtDNA) is replicated 
by the DNA polymerase POL but involves many other factors in-
cluding TFAM, a multifunctional high-mobility group protein that 
bends and compacts DNA, and assists transcription and RNA 
priming during replication (3). Mutations in mitochondrial replisome 
components cause mitochondrial disease, and mtDNA instability 
causes diverse physiological manifestations including premature aging, 
abnormal cellular energetics, and developmental abnormalities (3). 
More recently, mtDNA has emerged as a prominent inducer of 
inflammation as a damage-associated molecular pattern (DAMP), 
which can activate, so far, three known inflammatory signaling path-
ways (4): the endosomal Toll-like receptor–dependent response; 
the inflammasome, which is activated by aberrant mitophagy and 
increased newly synthesized mtDNA (5, 6); and the cyclic guanosine 
monophosphate–adenosine monophosphate synthase/stimulator of 
interferon response cGAMP interactor 1 (cGAS/STING) pathway, 
which activates type I interferon–stimulated gene (ISG) expression 
with (7) or without activating interferons themselves, such as seen 
with TFAM heterozygosity (8, 9).

Many of the mitochondrial disease–linked phenotypes are over-
lapping with those in Fanconi anemia (FA), a genetically diverse 
disorder that leads to bone marrow failure, strong cancer suscepti-
bility, accelerated aging, congenital deformations, abnormal glucose 
metabolism, and chronically activated inflammation. The FA pathway 

consists of 23 FA suppressor genes (FANC) genes identified to date 
that promote nuclear genome stability by DNA interstrand cross-link 
repair involving homologous recombination (10). FANC genes 
including BRCA2/FANCD1 and RAD51C/FANCO also promote 
DNA replication fork protection, which is a more recently identified 
genome stability pathway that suppresses nascent DNA degradation 
by MRE11 (11–13). Pathway activation requires monoubiquitination 
of FANCD2-FANCI by FANC core complex proteins, which is a 
pivotal key step essential to both nuclear DNA repair and replica-
tion fork protection (10, 12).

Substantial evidence links FANC to unresolved oxidative stress 
response functions critical to the protection against bone marrow 
failure and cancer (14, 15). Because mitochondria are the site of aerobic 
respiration, mtDNA is prone to oxidative DNA damage, and the 
presence of FANC and other FANC pathway–associated proteins 
including MRE11 in the mitochondria and on mtDNA is established 
(6, 16–22). However, in contrast to the nucleus, DNA repair path-
way employment aside from base excision repair in the mitochondria 
is controversial (23, 24). mtDNA stability is additionally regulated 
at the level of mtDNA replication with the exonuclease activity 
of POL polymerase and MGME1 nuclease degrading damaged 
mtDNA rather than by repair pathways mending it. Defects in mito-
chondrial genome maintenance exonuclease 1 (MGME1) promote 
recombination that causes deletion mutations (25). Thus, in mito-
chondria, canonical nuclear DNA repair pathways such as homologous 
recombination can also cause instability rather than suppressing it, 
rendering the presence and molecular role of FANC proteins in 
mitochondria enigmatic.

In investigating FANC gene functions during mtDNA replication, 
we here show that these genes are critical for the protection of 
nascent mtDNA replication forks upon oxidative damage, unveiling 
an unanticipated molecular mechanism for mitochondrial genome 
stability. We achieved this by developing single-cell replication as-
says for detecting mtDNA replication reactions that allow quantitative 
in situ molecular studies of mtDNA replication. Without FANC 
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mtDNA fork protection, newly replicated mtDNA fragmentation 
caused by MRE11 nuclease activates cGAS-dependent innate immune 
signaling, thus uncovering MRE11 as a major nuclease responsible 
for mitochondria-dependent cGAS activation of ISGs.

RESULTS
Mitochondrial replication assay detects nascent 
mtDNA in situ
RAD51C is present within mitochondria, associates with replicating 
mtDNA, and controls mitochondrial genome copy number by 
unknown mechanisms (20, 26, 27). We therefore sought to better 
understand RAD51C functions during nascent mtDNA replication 
using FANCO/RAD51C patient–derived mutant skin fibroblasts 
(SH2038; which contain inactivating, biallelic RAD51C R258H 
mutations) and SH2038 cells stably complemented with wild-type 
RAD51C (RAD51C+) (28). mtDNA is replicated primarily by POL 
within ~1 to 2 hours (29, 30). Both 5′-bromo-2′-deoxyuridine 
(BrdU) and 5′-ethynyl-2′-deoxyuridine (EdU) are used to label 
mtDNA, traditionally using prolonged exposure. However, incor-
poration of these nucleoside analogs for 1 hour, which is a suffi-
ciently short label time to monitor nascent mtDNA replication, does 
not produce signals suited for efficient and accurate quantitative 
analysis (fig. S1, A and B).

We therefore sought to develop an unambiguously quantifiable 
yet sensitive nascent in situ mtDNA replication assay (MIRA; Fig. 1A). 
By taking advantage of proximity ligation assay [PLA (31, 32)] be-
tween biotinylated EdU moieties for signal amplification (Fig. 1A), 
EdU signals with 1-hour labeling are visible outside the nucleus by 
conventional fluorescence microscopy (fig. S1C). Similar to con-
ventional EdU and BrdU labeling, this method also visualizes nu-
clear DNA. However, only cytoplasmic signals are considered for 
the MIRA analysis, which are present irrespective of the cell cycle 
state and do not form without EdU (fig. S1, D and E).

mtDNA localizes near mitochondrial membrane proteins as seen 
by the membrane signals overlapping with those of fluorescence in 
situ hybridization (FISH) probes against mtDNA (Fig. 1B), similar 
to the cytoplasmic EdU-PLA signals (Fig.  1C and fig. S1F). Note 
that fluorescent signals of costains are fainter when overlapping 
with MIRA signals, consistent with the increased space occupancy 
of the PLA-DNA rolling circle amplifications. Using superresolution 
Airyscan imaging, MIRA signals further overlap with cytoplasmic 
double-stranded DNA (dsDNA) markers, which detect mitochon-
drial nucleoids, and with TFAM, the mitochondrial transcrip-
tion factor (Fig. 1, D to G), consistent with the MIRA detecting 
nascent mtDNA.

Dideoxycytidine (ddC) or low concentrations of ethidium 
bromide (EtBr), either of which inhibit mtDNA replication but not 
nuclear DNA replication (33, 34), added 30 min before and during 
EdU incorporation markedly reduces the MIRA signals, suggest-
ing that MIRA detects active EdU incorporation into mtDNA 
(Fig. 1, H and I, and fig. S1, G and H). No appreciable MIRA signals 
are produced in SH2038 cells fully depleted of mtDNA (rho zero) 
similar to omitting EdU (Fig. 1, J and K). Cytoplasmic MIRA signals 
are furthermore significantly increased in S-phase cells compared 
to non–S-phase SH2038 cells (Fig. 1L), consistent with increased 
mtDNA replication reported to occur during the S phase of the cell 
cycle (35). Collectively, these data confirm the suitability for MIRA 
to detect newly replicating mtDNA.

Nascent mtDNA is lost in FA cells with mtDNA 
replication stress
Mitochondria are the location for oxidative phosphorylation and 
therefore are exposed to high oxidative stress and damage, which 
potently stalls POL and mtDNA replication forks (36). To exoge-
nously induce this lesion in mtDNA, we made use of mtOX, a small 
molecule targeted exclusively to the mitochondria that induces oxi-
dative damage after light activation (fig. S2, A and B) (37). We 
labeled cells with EdU for 1 hour before activating mtOX and im-
mediately replaced the medium after mtOX activation to remove 
the EdU (Fig. 2B, sketch). Thereby, only the nascent mtDNA that 
was replicated before stalling with mtOX is labeled and not the 
mtDNA synthesized during or after damage induction. In RAD51C+ 
cells, the number of mitochondrial MIRA signals remains unchanged 
3 hours after mtOX activation comparable to undamaged cells 
(Fig. 2, A and B). In stark contrast, in FANCO/RAD51C-defective 
SH2038 cells, MIRA signals decrease significantly after mtOX damage 
activation, suggesting a loss of nascent mtDNA with oxidative damage 
in the patient cells. These results hold true for both S-phase and 
non–S-phase SH2038 cells (Fig. 2C), confirming that the MIRA sig-
nal changes are independent of nuclear DNA replication. In addi-
tion, EdU incorporation in the nucleus is not reduced with mtOX 
(fig. S2C) in both cell types, further supporting mitochondria-specific 
targeting of mtOX. Moreover, MIRA signals are unchanged with 
exposure to aphidicolin (APH), a chemical inhibitor of nuclear POL/
primase, which is absent in the mitochondria and causes nuclear 
but not mtDNA replication stalling (38), confirming that the observed 
replication phenotypes are independent of nuclear replication stress 
(Fig. 2, A and B, and fig. S2, D and E). As an alternative to mtOX, we 
used the reagent MitoPQ with similar results (Fig. 2D), another 
agent specifically targeted to mitochondria that interacts with mito-
chondrial complex I (39) and, so, causes oxidative damage without 
the need for light activation. EdU in these MIRA reactions solely 
marks the nascent DNA before mtDNA replication stalling, and it is 
not possible to measure replication restart or replication stalling 
using this labeling scheme. Thus, the data show that RAD51C-
deficient FA patient cells exhibit a loss of nascent mtDNA that 
was replicated just before the exposure to oxidative stress in the 
mitochondria. To assess whether parental mtDNA is lost, we mea-
sured total mtDNA copy numbers. We found that, while statistical-
ly insignificant, SH2038 cells showed a consistently increased rather 
than decreased number of mtDNA copies after treatment with 
mtOX (Fig. 2E). We reasoned that whether mtDNA replicated 
before the damage is lost and mtDNA copy numbers increase, the 
nascent mtDNA loss may be compensated for by increased mtDNA 
synthesis after the damage. Consistently, labeling mtDNA replica-
tion with EdU after mtOX treatment resulted in increased MIRA 
signals in SH2038, but not with aphidicolin and/or in RAD51C+ 
cells (Fig. 2F).

MRE11 causes degradation of mtDNA
In the nucleus, RAD51C is canonically involved in DNA break re-
pair. However, there is no measurable linearization of the mtDNA 
with mtOX, indicative of breaks that could cause the mtDNA loss 
(fig. S3, A to C). RAD51C, as do other FANC proteins, also stabilizes 
stalled replication forks to protect them from nucleolytic degrada-
tion by MRE11 (11, 12, 40, 41), a nuclease that localizes to mito-
chondria and mtDNA (17, 18). We therefore tested MRE11 activity 
in the MIRA (Fig. 3, A and B) and found that the addition of a 
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Fig. 1. MIRA detects nascent mtDNA. (A) Schematic of MIRA. Incorporated EdU (green) is detected by PLA amplification (pink circles). Ab, antibody. (B) Representative 
image of wild-type RAD51C-complemented FA patient cells (RAD51C+) cells with antibody stain against mitochondria (mt-protein) and mito-FISH probes. (C) Represent
ative images of MIRA signals in RAD51C+ cells with antibody stain against mitochondria (mt-protein). (D) Airyscan superresolution image of MIRA signals in RAD51C+ cells 
with antibody stain against double-stranded DNA (dsDNA). (E) Quantification of (D) MIRA signals overlapping (black bar) or not overlapping (gray bar) with dsDNA. 
(F) Airyscan superresolution image of MIRA signals in RAD51C+ cells with antibody stain against TFAM. (G) Quantification of (F) MIRA signals overlapping (black) or not 
(gray) with TFAM. (H) Representative images of MIRA in RAD51C+ cells with and without ethidium bromide (EtBr; 50 ng/ml) before and during EdU labeling. NT, no treatment. 
(I) Quantification of (H). Top: Experimental scheme. (J) Representative images of MIRA (red) in rho zero SH2038 cells with PicoGreen DNA stain (green). (K) Quantification 
of (J). (L) Quantification of MIRA signals in SH2038 S-phase cells (green) and non–S-phase cells (gray). Bars represent the mean of compiled data from biological repeats. 
P values are derived using the Mann-Whitney test. ****P < 0.0001.
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chemical inhibitor of MRE11, mirin, restores the nascent MIRA signals 
in SH2038 cells. We confirmed these results with an additional, spe-
cific MRE11 inhibitor, PFM39 (Fig. 3C and fig. S4A) (42), suggest-
ing that RAD51C protects nascent mitochondrial replication forks 
from MRE11-dependent degradation.

Similar to mtOX exposure, the nascent mtDNA MIRA signals 
are reduced in the SH2038 patient cells but not RAD51C+ cells when 
ddC is added after the EdU labeling to stall replication (Fig. 3, D and E). 
ddC selectively stalls mtDNA replication (34), suggesting nascent 
mtDNA loss with mitochondrial replication stalling induced also by 
other stresses than oxidative damage. Note that, in this experimen-
tal setup, ddC is added solely after but not before or during EdU 
incorporation. Thus, changes in MIRA signals measure the poten-
tial loss of nascent mtDNA that was synthesized before stalling but 
not replication stalling or inhibition of EdU incorporation with or 
after addition of ddC. The observed loss in MIRA signals is rescued 
when MRE11 is chemically inhibited by mirin or by knockdown of 
MRE11 with small interfering RNA (siRNA) (Fig. 3, D to F). In con-
trast, the nascent DNA in the nucleus is not reduced with ddC (fig. 
S4B), confirming mitochondrial specificity of the agent and MRE11 
nuclease activity as the cause for the reduction in nascent mtDNA.  
A similar trend in loss of mtDNA signals with ddC replication stall-
ing is observed when labeling nascent mtDNA with BrdU (fig. S4, 
C and D) or EdU directly attached to Oregon Green azide by click 
chemistry and anti–Oregon Green antibodies (fig. S4, E and F) as an 
alternative signal amplification to PLA. While confirming the re-
sults observed by MIRA, these alternative methods show high signal 

background and are cumbersome to analyze in comparison to 
MIRA. Last, BJ fibroblast cells with RAD51C knockdown, but not 
with control siRNA, show a significant loss of mtDNA upon rep-
lication stalling with ddC that is rescued by inhibition of MRE11 
(Fig. 3, G and H), confirming that the requirement of mtDNA fork 
protection is not restricted to FANC cells. Collectively, the data 
establish that RAD51C is necessary to protect mtDNA forks from 
excessive MRE11 processing.

mitoSIRF detects proteins bound to nascent mtDNA
We further sought to test whether these otherwise nuclear proteins 
directly bind to and act at the level of nascent mtDNA replication 
forks. We expanded from our recently described SIRF (in situ anal-
ysis of protein interactions at DNA replication forks) method for 
single-cell protein interactions with nascent replication forks (43) 
and adapted it for nascent mtDNA (mitoSIRF; Fig. 4). Briefly, protein 
interactions with nascent mtDNA are detected by PLA with primary 
antibodies against the biotinylated EdU and the protein of interest, 
so that a productive PLA signal is produced only when the protein 
is localized within 40 nm of the nascent mtDNA.

MRE11 previously has been reported to localize to mitochondria 
and nucleoids (17,  18,  44). Using PLA antibodies against human 
MRE11 and EdU-biotin, we readily detected MRE11-mitoSIRF signals 
outside the nucleus that overlap with immunofluorescence signals 
of mitochondrial protein in SH2038 cells (Fig. 4A), similar to what 
is observed for the mitochondrial protein TFAM-mitoSIRF (Fig. 4B). 
In addition, superresolution images showed that the MRE11-mitoSIRF 

Fig. 2. Replication stress causes loss of nascent mtDNA in FANCO/RAD51C patient cells. (A) Representative images of MIRA with EdU label incorporated immediately 
before treatment with mtOX (4 M), aphidicolin (APH; 7 M), or no treatment. (B) Scatterplot quantification of (A). Top: Experimental sketch. (C) Scatterplot quantification 
of MIRA signals in S-phase cells and non–S phase in SH2038 cells following the experimental schemes in (B). (D) Scatterplot quantification of MIRA with or without treat-
ment with MitoPQ (10 M) for 3 hours after EdU incubation. Top: Experimental sketch. (E) mtDNA copy numbers measured by quantitative polymerase chain reaction 
(qPCR) without treatment, with mtOX, or with aphidicolin. (F) Scatter dot plot quantification MIRA with EdU labeled incorporated 3 hours after treatment with mtOX or 
aphidicolin, respectively. Top: Experimental sketch. Bars represent the mean of compiled data from biological repeats. P values for scatter dot blots are derived using the 
Mann-Whitney test and, for bar graph (mtDNA content), by Student’s t test. n.s., not significant; ****P < 0.0001, ***P < 0.001, and **P < 0.01.
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signals overlapped with staining against dsDNA, a commonly used 
marker for mitochondrial nucleoids, in both SH2038 cells and BJ 
fibroblasts as an independently tested cell line (Fig. 4, C to F), but 
not when EdU is omitted in the reactions with antibodies against 
MRE11 (fig. S5, A to D). Collectively, the data suggest that MRE11 
binds to nascent mtDNA. To further validate the mitoSIRF method, we 
performed mitoSIRF assays against the nuclear protein replication 

protein A (RPA). While there were strong PLA signals in the nucleus 
of S-phase cells, RPA-mitoSIRF signals outside the nucleus were 
negligible (Fig. 4, G and H). In contrast, mitoSIRF against the mito-
chondrial TFAM protein resulted in strong signals outside the 
nucleus irrespective of cell cycle status and increased robustly with 
time of EdU incorporation (Fig. 4, G and H), validating that mito-
SIRF detects protein interactions with mtDNA.

Fig. 3. MRE11 nuclease causes mtDNA degradation in FANCO/RAD51C patient cells. (A) Representative images of MIRA with and without with mtOX (4 M) and 
chemical inhibition of MRE11 nuclease with mirin (50 M). Top: Experimental sketch. (B) Scatter dot plot quantification of (A), MIRA signals. (C) Scatter dot plot quantifi-
cation of MIRA with and without mtOX and inhibition of MRE11 nuclease with PFM39 (100 M), following the experimental schemes in (B). (D) Representative images of 
a MIRA with and without mitochondrial replication stalling with ddC (20 M) in the presence or absence of mirin (50 M). Top: Experimental sketch. (E) Scatter dot plot 
quantification of (D). (F) Scatter dot plot quantification of MIRA signals in SH2038 cells with MRE11 small interfering RNA (siRNA) knockdown (siMRE11) or control siRNA 
(siCtrl). Top: Experimental sketch. Inset: Western blot analysis of the MRE11 knockdown. GAPDH, glyceraldehyde phosphate dehydrogenase. (G) Representative images 
of a MIRA in BJ fibroblast with siRNA knockdown of RAD51C (siRAD51C) or siCtrl. Top: Experimental sketch. (H) Scatter dot plot quantification of (G). Inset: Western blot 
analysis of the RAD51C knockdown. Bars represent the mean of compiled data from biological repeats. P values are derived using the Mann-Whitney test. ****P < 0.0001, 
***P < 0.001, and *P < 0.05.
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We observed significantly more MRE11-mitoSIRF signals with 
mtOX replication stalling in the RAD51C+ cells compared to without 
mtOX, suggesting increased MRE11 recruitment to damaged mtDNA 
(Fig. 4, I and J). Overall, there were more MRE11-mitoSIRF signals 
in the FANCO/RAD51C patient variant cells SH2038 with and 

without mtOX compared to RAD51C+ cells. The fact that the MIRA 
shows an MRE11-dependent decrease in nascent DNA in SH2038 
cells with mtOX (compare to Fig. 2B for the amount of EdU present) 
suggests that the number of MRE11-mitoSIRF signals with mtOX in 
these cells could be an underestimation as the EdU necessary for signal 

Fig. 4. mitoSIRF detects proteins bound to nascent mtDNA. (A and B) Representative images of MRE11-mitoSIRF assay or TFAM-mitoSIRF assay (sketch to the left) in 
SH2038 cells with antibody stain against mitochondria (mt-protein). Only cytoplasmic signals are considered. Note that fluorescent signals of costains are fainter when 
overlapping with MIRA signals, consistent with spatial co-occupancy. (C) Airyscan superresolution image of SH2038 cells with immunofluorescent stain against dsDNA 
and MRE11-mitoSIRF signals. (D) Quantification of MRE11-mitoSIRF signals overlapping (black) or not overlapping (gray) with dsDNA signals. (E) Airyscan superresolution 
image of MRE11-mitoSIRF in BJ fibroblasts with antibody stain against dsDNA. (F) Quantification of (E) MRE11-mitoSIRF signals overlapping (black) or not (gray) with 
dsDNA. (G) Representative images of RPA-mitoSIRF and TFAM mitoSIRF with 1 or 3 hours of EdU. (H) Quantification of (G). (I) Representative images of a MRE11-mitoSIRF 
3 hours after mtOX (4 M) treatment. Mirin (50 M) was present throughout the experiment where indicated. (J) Quantification of (I). (K) Airyscan superresolution image 
of RAD51C-mitoSIRF in BJ fibroblasts with antibody stain against dsDNA. (L) Quantification of (K) RAD51C-mitoSIRF signals overlapping (black) or not (gray) with 
dsDNA. Bars represent the mean of compiled data from biological repeats. P values are derived using the Mann-Whitney test. ****P < 0.0001.
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formation may have been lost or, alternatively, MRE11 may have 
already dissociated. In both cell types, the signals are decreased with 
mirin, which chemically inhibits MRE11 binding to DNA (42, 45). Together, 
the data suggest that MRE11 functionally interacts with and is recruited 
to nascent mtDNA replication forks, whereby MRE11 is more abundantly 
associated with stalled mitochondrial replication forks or when RAD51C 
is defective, e.g., in the presence of patient FA mutant protein.

RAD51C has recently been reported to associate with stalled mtDNA 
forks (27). Consistently, we detect elevated RAD51C-mitoSIRF signals 
in RAD51C+ cells after mtOX treatment (fig. S5, E to G). To con-
firm nascent mtDNA localization in cells with endogenous RAD51C 
expression, we analyzed BJ cells and find RAD51C-mitoSIRF signals 
overlapping with dsDNA (Fig. 4, K and L). No RAD51C-mitoSIRF 
signals are observed without EdU (fig. S5H). Together, the data 
confirm the physical interaction of otherwise nuclear proteins with 

nascent mtDNA, including MRE11 and RAD51C, suggesting a di-
rect protein action in the mitochondria.

Mitochondrial replication fork protection is genetically 
separable from nuclear DNA fork protection
Aside from RAD51C, other FANC proteins have been reported to 
localize to mitochondria, including BRCA2/FANCD1, RAD51/FANCR, 
FANCD2, FANCM, FANCG, and FANCC (6, 16, 17, 20–22). We 
therefore tested additional FA patient cell lines using the MIRA to 
test whether mitochondrial fork protection requires the FANC path-
way. Central to this pathway is its activation by FANCD2 mono
ubiquitination, which requires FANC core complex proteins and 
is essential for both nuclear fork protection and nuclear DNA repair 
(Fig. 5A). It further involves components downstream of FANCD2 
including RAD51C/FANCO and BRCA2/FANCD1, as well as 

Fig. 5. FANCD2 monoubiquitination is dispensable for mtDNA fork protection. (A) Schematic of FA pathway; core complex gene products (green), required for 
monoubiquitination (red, “Ub”) of FANCD2/FANCI (blue); and downstream gene products (purple). (B) Quantification of MIRA signals with and without ddC (20 M) in 
BRCA2-defective VU423 patient fibroblasts. (C) Quantification of MIRA signals with and without ddC in SLX4-defective OEFX patient fibroblasts. (D) Quantification of MIRA 
signals with and without ddC in the presence or absence of mirin (50 M) in FANCD2-defective PD20 patient fibroblasts and PD20 cells complemented with wild-type 
FANCD2 (PD20 + FANCD2). (E) Quantification of MIRA signals with and without ddC in the presence or absence of mirin (50 M) in FANCA-defective GM6914 patient 
fibroblasts and GM6914 cells complemented with wild-type FANCA (GM6914 + FANCA). (F) Quantification of MIRA signals with and without ddC in FANCC-defective ALAI 
patient fibroblasts. (G) Quantification of MIRA signals with and without ddC in FANCG-defective EUFA326 patient fibroblasts. (H) Quantification of MIRA signals with and 
without ddC in FANCD2-defective PD20 patient fibroblasts and PD20 cells complemented with monoubiquitination defective mutant FANCD2 (PD20 + FANCD2 K561R). 
Bars represent the mean of compiled data. P values are derived using the Mann-Whitney test. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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SLX4/FANCP. Similar to RAD51C/FANCO, BRCA2/FANCD1-
defective FA patient cells (VU423) show a significant reduction in 
MIRA signals when mtDNA forks are stalled by ddC (Fig. 5B; treatment 
scheme as in Fig. 3F, sketch). Likewise, patient cells defective for the 
downstream FA pathway member SLX4/FANCP exhibit a significant 
mitochondrial fork protection defect tested independently in three 
separate patient-derived cell lines (OEFX, OERN, and OELA cells; 
Fig. 5C and fig. S6, A and B). FANCD2 is also required, whereby 
MRE11 inhibition with mirin can rescue the loss of MIRA signals 
in FANCD2-defective PD20 patient cells, while there is no loss in 
PD20 cells complemented with wild-type FANCD2 (Fig. 5D).

Unexpectedly and in stark contrast to nuclear fork protection (12), 
FANCA-defective patient cells do not exhibit nascent mtDNA degra-
dation upon mitochondrial fork stalling, similar to wild-type FANCA-
complemented cells (GM6914 cells; Fig. 5E). Moreover, cells derived 
from patients with defects in other FANC core complex components 
including FANCC (ALAI and ALDH cells; Fig. 5F and fig. S6C) and 
FANCG (EUFA326 cells; Fig. 5G) did not result in a mitochondrial 
fork protection defect, suggesting that FANC core complex proteins 
are dispensable in this process in the mitochondria.

To directly test whether FANCD2 monoubiquitination is re-
quired in mitochondrial fork protection, we tested FANCD2-
deficient PD20 patient cells and PD20 cells expressing mutant 

FANCD2 K561R, which cannot be ubiquitinated (46). The data 
uncover that, while FANCD2-defective cells are incapable of pro-
tecting the nascent mtDNA from degradation upon mitochon-
drial replication stalling, expression of the ubiquitination mutant 
FANCD2 K561R rescues this phenotype (Fig. 5H), similar to the 
expression of wild-type FANCD2 (Fig. 5D). Together, the data 
show that, while FANCD2 and downstream FANC factors in-
cluding BRCA2, RAD51C, and SLX4 are essential for mitochon-
drial fork protection, FANC core complex proteins and FANCD2 
monoubiquitination are not. These results are in stark contrast to 
nuclear fork protection, which requires FANC core complex pro-
teins and FANCD2 monoubiquitination for the protection of nu-
clear nascent DNA. Thus, the data reveal a functional separation of 
nuclear and mitochondrial fork protection.

mtDNA fork protection does not cause apparent 
physiological change but promotes cell proliferation
Nascent mtDNA previously has been shown to activate an inflam-
masome response in macrophages (5), and FANC core complex 
components suppress inflammasome reactions by promoting mito-
phagy (6). We therefore measured the expression of autophagy 
marker LC3, which remains unchanged in SH2038 and RAD51C+ 
cells with and without mtOX (Fig. 6A). There is furthermore no 

Fig. 6. Mitochondria remain normal with replication fork degradation. (A) Western blot of mitochondrial respiratory proteins and autophagy marker LC3 with or 
without mtOX for 3 or 24 hours and MRE11 inhibition by mirin. (B) Electron microscope images of SH2038 and RAD51C+ cells with and without mtOX treatment. (C) Bar 
graph quantification of mitochondrial membrane potential as measured by MitoTracker CMXRos 3 hours after treatment with mtOX (4 M) or carbonyl cyanide 
m-chlorophenyl hydrazine (CCCP), used as a positive control. Error bars represent SD. a.u., arbitrary units. (D) Clonogenic survival of SH2038 FANCO patient cells and 
RAD51C+ cells with and without mtDNA replication stalling by mtOX, normalized to RAD51C+ without treatment. Error bars represent SEM. (E) Representative images of 
(C). Bars represent the mean of compiled data from biological repeats, and P values are derived using Student’s t test. ****P < 0.0001, ***P < 0.001, and **P < 0.01.
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significant change in mitochondrial membrane structure lengths 
indicative of mitochondrial fragmentation (47) in either SH2038 or 
RAD51C+ cells with this low-dose mtOX replication stalling (fig. 
S7, A and B). Similarly, protein levels of members of the mitochon-
drial respiratory chain as another measure for mitochondrial 
membrane integrity remain unchanged (Fig. 6A), and electron 
microscope images of mitochondria with and without mtOX ap-
peared normal in both SH2038 and RAD51C+ cells (Fig. 6B). More-
over, the mitochondrial membrane potential as an indicator of 
mitochondrial functional integrity was unchanged with mtOX (Fig. 6C). 
We detected a small but measurable increase in cellular survival 
with mtOX treatment (Fig. 6, D and E), consistent with an increased 
number of SH2038 cells in S phase after mtOX exposure (fig. S7C). 
Collectively, we find no evidence for mitochondrial abnormalities 
under the conditions measured.

MRE11 causes cGAS-dependent ISG activation
mtDNA stress can cause innate immune signaling via cytosolic 
mtDNA release that activates a cGAS/STING-dependent type I ISG 
expression via signal transducers and activators of transcription 1 
(STAT1). Signaling by STAT1 is also known to promote cell prolif-
eration (48), consistent with the increased cell survival and prolif-
eration seen in SH2038 after mtOX (Fig. 6, D and E, and fig. S7C). 
We therefore measured STAT1 mRNA transcripts, which are sig-
nificantly increased in SH2038 cells compared to RAD51C+ cells 
with replication stalling after mtOX treatment (Fig. 7A), correlating 
with the loss of nascent mtDNA in these cells. For more compre-
hensive testing, we used RNA sequencing (RNA-seq) analysis, 
which confirmed a strong increase in type I interferon pathway gene 
transcripts in FANCO/RAD51C-mutant SH2038 patient cells with 
mtOX exposure (Fig. 7B). Inhibition of MRE11 nuclease strongly 
suppresses both the induction of STAT1 and the induced ISG 
expression in the FA patient cells (Fig. 7, A and B), suggesting 
that the response greatly depends on nascent mtDNA degraded by 
MRE11 nuclease.

To test an involvement of cGAS/STING in the observed STAT1 
induction, we used a dominant-negative approach as previously re-
ported (49) and expressed either wild-type, a DNA-binding cGAS 
mutant (DBM; C396A/C397A), or an enzymatically inactive cGAS 
mutant protein (NTM; G212A/S213A) to suppress cGAS activity. 
In SH2038 cells, RNA levels of STAT1 transcripts increase in the 
presence of wild-type cGAS upon mtOX treatment but not in the 
presence of mutant cGAS proteins (Fig. 7C). Similar results are ob-
tained when using mtPQ as an alternative mitochondria-specific 
oxidative damaging agent. Moreover, STING is phosphorylated in 
SH2038 cells that can be suppressed by inhibition of MRE11 nuclease 
(fig. S8A), further correlating mtDNA fork protection defects with 
a cGAS-dependent innate immune signaling.

cGAS is activated by foreign DNA, nuclear DNA, and mtDNA.  
Western blot analysis of mtOX-treated SH2038 cells expressing 
RAD51C R366Q, a RAD51C separation of function mutant protein 
that is defective in nuclear but not mitochondrial localization (27), 
too, significantly lowered STAT1 protein levels (Fig. 7D and fig. 
S8B). This confirms that mitochondrial localization of RAD51C 
suppresses the observed STAT1 expression. Moreover, STAT1 
protein expression levels are significantly lower in rho zero cells 
(Fig. 7D), suggesting that mtDNA is driving STAT1 protein expres-
sion in SH2038 cells. To directly test the involvement of nascent 
mtDNA in the observed cGAS activation, we measured the association 

of cGAS to nascently labeled mtDNA by a modified mitoSIRF assay 
(Fig. 7, E and F), assessing cGAS-mtDNA association 24 hours after 
EdU labeling and mtOX activation. We found a greater number of 
cGAS–nascent mtDNA signals in the SH2038 patient cells compared 
to RAD51C+ cells. cGAS–nascent mtDNA signals are decreased by 
rescuing mtDNA fork protection with inhibition of MRE11 by mirin 
(Fig. 7, E and F), suggesting that MRE11-excised nascent mtDNA is 
required for the observed interaction. The cGAS–nascent mtDNA 
signals are reduced when mtDNA replication is inhibited during the 
EdU labeling (low-dose EtBr; Fig. 7, E and F), confirming that the 
cGAS-DNA signals involve nascent mtDNA. As a second test for 
mtDNA dependence, we find the same cGAS-DNA signal pattern in 
both S-phase and non–S-phase cells (fig. S8C), suggesting an involve-
ment of mtDNA because there is no nuclear EdU-labeled DNA in 
non–S-phase cells. Collectively, the data demonstrate that cGAS 
associates with mtDNA processed by MRE11 in mtDNA fork protec-
tion–defective FA patient cells.

Nuclear DNA instability via fork instability or via micronuclei for-
mation also has been shown to activate cGAS (50–52). In contrast to 
nuclear replication stalling by hydroxyurea, neither mtOX nor ddC 
causes nuclear replication instability via degradation of DNA when 
measured by single-molecule DNA fiber spreading (fig. S8D). More-
over, the numbers of micronuclei remain unchanged in both FANCO/
RAD51C-deficient and FANCO/RAD51C-complemented cells with 
the mitochondrially targeted treatments (fig. S8E). Together, the data 
render a significant contribution of nuclear DNA replication instability 
to the observed inflammation phenotypes reported here unlikely.

Canonical cGAS activation leads to the expression of type I in-
terferons (4). Unlike the nuclear DNA-cGAS response, which leads 
to the phosphorylated form of STAT1 (P-STAT1) and results in in-
duction of interferons (51, 52), mtDNA resulting from TFAM hetero-
zygosity can stimulate an unphosphorylated ISGF3 (U-ISGF3) 
pathway that is controlled by total STAT1 protein amounts rather 
than its phosphorylated form and consequently does not induce 
the nuclear factor B (NFB) pathway or sustained interferons by the 
JAK/STAT (Janus kinase/STAT) pathways. This also distinguishes 
it from the mitochondrial MAV/RIG1 inflammation pathway that 
is activated by RNA, but not by mtDNA. Comparing the RNA-seq 
signatures, we find that the transcripts induced in SH2038 mutant 
cells closely follow the previously reported cGAS inflammation sig-
nature for mtDNA (fig. S8F) (8). Western blot analysis of SH2038 
further reveals that total STAT1 protein levels notably increase with 
mtOX and are suppressed when mtDNA fork protection is restored 
by inhibition of the DNA nuclease MRE11. P-STAT1, on the other 
hand, solely trails with the total protein levels (Fig. 7G), suggesting 
low-level but unsustained INF-dependent processes, collectively 
consistent with the profile of an U-ISGF3 response in SH2038 cells. 
A similar pattern in STAT1 protein is observed in FANCD2-defective 
PD20 patient cells (Fig. 7H), suggesting that suppression of this type 
of immune signaling involves downstream FANC pathway members 
in addition to RAD51C. We further analyzed the expression of 
all U-ISGF3 pathway members in the FANCO/RAD51C-defective 
SH2038 cells and found that ~80% of them are significantly up-
regulated in the mutant FA cells 24 hours after mtOX exposure, 
which are greatly reduced with mirin (Fig. 7, I and J). Notably, there 
is a lack of induction of interferons and NFB target genes at this time 
point, characteristic of the U-ISGF3 pathway that is activated by 
mtDNA instability (Fig. 7K). Collectively, the data show that FANC 
deficiency results in activation of cGAS-dependent innate immune 
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Fig. 7. MRE11 activates mtDNA-dependent cGAS immune signaling. (A) qPCR of STAT1-mRNA in SH2038 and RAD51C+ with mtOX (4 M) and mirin (50 M). (B) Heatmap 
of type I interferon pathway gene expression in SH2038 and RAD51C+ with indicated treatments. (C) qPCR of STAT1-mRNA in SH2038 cells expressing wild-type, DNA-binding 
defective (C396A/C397A; “DBM”), or enzymatically inactive cGAS (G212A/S213A; “NTM”) with mtOX or MitoPQ (10 M). (D) STAT1 Western blot in SH2038 with mtOX, expressing 
RAD51C R366Q protein, or depleted of mtDNA (rho zero). (E) Representative images of cGAS-mitoSIRF. (F) Quantification of (D). EtBr (50 ng/ml). (G) STAT1 and phosphorylated 
form of STAT1 (P-STAT1) Western blots in SH2038 and RAD51C+. (H) STAT1 and P-STAT1 Western blot in FANCD2-defective PD20. (I) Pie chart of unphosphorylated ISG3 (U-ISG3) 
pathway genes, statistically significantly up-regulated in SH2038 with mtOX (salmon). (J) RNA-seq data heatmap of (H). (K) RNA-seq data heatmap of ISG3 pathway (salmon), 
type I interferon (black), and NFB pathway targets (turquoise) in SH2038 and RAD51C+ cells with or without mtOX and mirin. Error bars in (A) and (C) represent SEM, and P values 
are derived using the Student’s t test. Bars in (E) represent the mean, and P values are derived using the Mann-Whitney test. ****P < 0.0001, ***P < 0.001, and **P < 0.01.
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signaling that predominantly overlaps with the U-ISGF3 response. 
Importantly, this response is repressed by inhibition of MRE11 
(Fig. 7, J and K). Together, the data uncover that MRE11 nuclease 
mediates mtDNA-induced cGAS activation.

DISCUSSION
mtDNA is being recognized as a prominent DAMP that stimulates 
innate immune signaling. Pioneering work established that mtDNA 
instability caused by TFAM heterozygosity activates the cGAS-
mediated induction of ISGs (8, 9). The collective data presented here 
establish a previously unappreciated mtDNA stability pathway in 
mtDNA fork protection. DNA fork protection is evolutionarily 
conserved in Escherichia coli, where the BRCA functional homologues 
RecFOR protect stalled replication forks (53). The data presented 
here support the concept of endosymbiotic DNA replication fork 
protection of mtDNA, whereby nuclear fork protection genes func-
tion in the mitochondria to substitute for the lost ancestral bacte-
rial genes in the protection of the mtDNA genome. Endosymbiotic 
DNA replication fork protection reconciles the previously re-
ported mtDNA instability of FA cells and localization of DNA 
repair/replication proteins to mitochondria, although DNA break and 
cross-link repair are likely undesirable in human mitochondria 
(6, 16, 17, 20, 54).

mtDNA fork protection is mechanistically, genetically, and physio-
logically separable from nuclear fork protection and DNA cross-link 
repair, whereby FANC core complex components and FANCD2 
monoubiquitination are essential in the nucleus but dispensable for 
mitochondrial mtDNA stability. Lower eukaryotes and invertebrates 
are devoid of FANC core complex proteins (55), suggesting that the 
necessity of the evolution of the full FANC pathway could, in part, 
relate to the size of the genome, with larger genomes requiring ad-
ditional DNA stabilization that remained unnecessary for smaller 
genomes including that of the mitochondria. Alternatively, mtDNA 
genome stability may require distinct structural support by FANC 
proteins or use different posttranslational modification signals in-
cluding phosphorylation. The distinct genetic requirements for fork 
protection in the mitochondria nevertheless can feasibly contribute 
to the pleiotropic phenotypes typifying patients with FA and may 
account for the more recently recognized genotypic differences as-
sociated with neuroinflammation in FA. Patients with mutations in 
FANCD2 and downstream pathway genes also often exhibit more 
severe congenital abnormalities compared to those with FANC core 
complex mutations (56), a phenotype that is also associated with 
diseases caused by mitochondrial dysfunction (57), suggesting that 
mitochondrial fork protection could play a role during development.

The data uncover a molecular mechanism for mitochondrial rep-
lication stress-dependent innate immune signaling identifying MRE11 
as the nuclease responsible for mtDNA-mediated cGAS activation. 
MRE11 also plays an important role in viral recognition and defense 
of cytosolic viral DNA, which promotes cGAS pathway activation 
(58, 59). Over recent years, it has become evident that mitochondrial 
mtDNA extrusion is a major source for induction of the cGAS innate 
immune signaling (8, 9, 60, 61). As rare disease mechanisms including 
FA provide a magnifying view of fundamental biological processes 
that have gone awry, MRE11 feasibly may also contribute to mtDNA-
mediated cGAS activation outside the context of FA. In support of 
this possibility, the expression profile of ISGs remarkably overlaps 
with the U-ISGF3 response, typifying the chronic cGAS-dependent 

innate immune signaling found with TFAM heterozygosity (8, 9). This 
response does not result in a sustained type I interferon response but 
result in STAT1 protein increase and an expression of a distinct sub-
set of ISGs. While INFb can initiate this U-ISG3 response (62, 63) 
and low INFb levels difficult to detect by current methods may suffice 
to activate it (9), STAT1 is phosphorylated only during the initial 
phase (62) or at steady low levels (9). This is consistent with our data 
revealing low levels of P-STAT1 that, while detectable even in un-
challenged cells, does not increase beyond total STAT1 protein levels 
otherwise expected from a canonical type I interferon response. In 
contrast, STAT1 protein substantially increases, which is entirely 
suppressed by inhibition of MRE11 nuclease. Given that no inter-
ferons are induced, it will be interesting to determine whether the 
U-ISG3 response results in inflammation to stimulate type I interferon–
dependent immune reactions in future studies or perhaps even could 
suppress it. MRE11 also may not be the only nuclease capable of 
processing mtDNA for cGAS, and it may act in concert with other 
nucleases, as it does in the nucleus. In this context, DNA2, a nuclease 
downstream of MRE11 during replication stress, has also been re-
ported to localize to the mitochondria, similar to MRE11 itself (64).

FANC genes, including FANC core complex genes, promote 
mitophagy for suppression of the inflammasome (6). mtDNA also 
activates the NLRP3-dependent inflammasome and interleukin-1 
production in B cells and macrophages, which is dependent on newly 
synthesized DNA (5). While our data show that the mtDNA, which 
was synthesized just before exposure to the mtDNA damage, is de-
graded, mtDNA replication after the damage is increased, which, in 
principle, could stimulate inflammasome responses. Thus, it is pos-
sible that aberrant mtDNA fork protection reactions may also pro-
mote inflammasome responses in B cells and macrophages.

Our data here identifying mtDNA-dependent cGAS activation 
reveal that FANC genes control diverse and distinct mitochondrial 
innate immune signaling. The observed response also physiologi-
cally distinguishes mtDNA instability elicited by fork protection de-
fects from nuclear genome instability, whereby the latter but not 
the former results in the induction of interferons. In contrast to 
nuclear cGAS-dependent reactions, mitochondrial fork protection 
defects do not elicit cell death nor elicit interferon induction as 
seen for acute responses to viral infection or nuclear DNA damage 
(51, 52). Instead, it follows a distinct U-ISGF3 response by cGAS 
that promotes proliferation and increases cellular viability, which 
may be protective. This type of cGAS response has previously been 
reported for chronic mtDNA instability seen with TFAM hetero-
zygosity, which promotes resistance against chemotherapeutics 
(8, 9). It is well established that patients with FA exhibit chron-
ically abnormally increased inflammation markers, yet their source 
is, so far, not fully understood (65–70). Because inflammation-
induced proliferation rather than cell death causes hematopoietic 
stem cell exhaustion and anemia (71, 72), mtDNA-induced innate 
immune signaling reported here may ultimately contribute to bone 
marrow failure in patients with FA. Conversely, during tumori-
genesis, promotion of cell proliferation aids tumor expansion, 
consistent with the role of chronic inflammation in tumorigenesis. 
The results presented here increase our knowledge on how nuclear 
genome instability suppressor genes cause diverse hallmarks 
of cancer including innate immune signaling (73) and identify 
MRE11 as a potential therapeutic target to offset mtDNA-specific 
reactions caused by cGAS activation and potentially chemotherapy 
resistance.
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MATERIALS AND METHODS
Cell lines, siRNA, and reagents
RAD51C+ and SH2038 cells, previously described (28), were grown 
in Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies) 
supplemented with 10% fetal bovine serum (FBS) (Gemini Bio 
Products) and penicillin-streptomycin (100 U/ml) (Life Technologies). 
BJ cells were purchased from the American Type Culture Collection 
and grown in Eagle’s minimum essential medium with 15% FBS. OEFX, 
OERN, and OELA (mutant SLX4); GM6914 (mutant FANCA); PD20 
(mutant FANCD2); EUFA326 (mutant FANCG); VU423 (mutant 
BRCA2); and ALAI and ALDH (mutant FANCC) were previously 
described (46, 74–80) and grown in DMEM with 15% FBS (74). All 
cell lines have been tested for mycoplasma contamination. All cells 
are grown at 37°C and 5% CO2. SH2038 cells were transfected with 
X-tremeGENE (Roche) and wild-type or mutant cGAS DNA con-
structs previously described (49) or with a RAD51C R366Q construct 
(pCMV2B backbone, provided by K. Bernstein laboratory) subse-
quently selected with neomycin (200 g/ml) for 7 days. mtOX (37) 
and PFM39 (42) were synthesized at the MDACC Pharmaceutical 
Chemistry core facility. Mirin, hydroxyurea (HU), aphidicolin, BrdU, 
ddC, 5-iodo-2′-deoxyuridine (IdU), 5-chloro-2′-deoxyuridine 
thymidine (CldU), MitoTEMPO, and Duolink PLA reagents were 
purchased from Sigma-Aldrich. EdU and biotin azide were from Life 
Technologies; 4′,6-diamidino-2-phenylindole (DAPI) was from 
Thermo Fisher Scientific; ProLong Gold, PicoGreen, SYBR Green, 
and MitoSOX were from Invitrogen; MitoPQ was from Abcam; 
rotenone was from EMD Millipore; Puregene Core kit was from 
Qiagen; the Aurum total RNA mini kit and SYBR Green Master Mix 
were from Bio-Rad; and EtBr was from AMRESCO. siRNA against 
MRE11 and RAD51C were purchased from Dharmacon and trans-
fected into cells using RNAiMAX (Invitrogen) according to the 
manufacturer’s protocol.

Antibodies
Antibodies used in MIRA, immunofluorescence, and Western blot 
assays are as follows: mouse anti-biotin (Sigma-Aldrich, BN-34), 
rabbit anti-biotin (1:200; Cell Signaling Technology, D5A7), rabbit 
anti-TFAM (Abcam, ab131607), mouse anti-MRE11 (Abcam, ab214), 
rabbit anti-cGAS (Novus, NBP1-86761), mouse anti-mitochondria 
(Abcam, ab3298), pY701 STAT1 (Cell Signaling Technology, 9167), 
STAT1 (Cell Signaling Technology, 9176, 14995), mouse anti-DNA 
(EMD Millipore, CBL186), rabbit anti-LC3A/B (Cell Signaling Tech-
nology, D3U4C), mouse anti-oxphos (Abcam, ab3601), mouse 
anti-BrdU (BD Pharmingen, 555627), rabbit anti-pS366 STING (Cell 
Signaling Technology, 50907), rabbit anti-TMEM173 (STING; Abcam, 
ab227704), and mouse anti-RAD51C (Abnova, H00005889-M01).

MIRA assay
Cells were seeded the day before treatment. FANC patient cells were 
plated with 20 M MitoTEMPO. Cells were labeled with 20 M 
EdU for 1 hour in the presence or absence of mtOX (4 M), 
mirin (50 M), or PFM39 (100 M), followed by incubation in am-
bient light to allow for mtOX activation (37). Cells were washed in 
phosphate-buffered saline (PBS; pH 7.5) and allowed to recover in 
medium as indicated in the figures. Alternatively, after EdU label-
ing, cells were treated with ddC (20 M) or MitoPQ (10 M) for 
3 hours. mtDNA replication was inhibited with EtBr (50 ng/ml), and 
nuclear replication was inhibited with aphidicolin (7 M) where in-
dicated. Cells were fixed in 2% paraformaldehyde, permeabilized 

with 0.25% Triton X-100/PBS, and blocked with 10% goat serum/
PBS/0.1% Triton X-100, and a Click-iT reaction was performed 
using biotin azide (Life Technologies) following the manufacturer’s 
protocol. Where indicated to visualize colocalization of MIRA signal 
in the mitochondria, slides were incubated with anti-DNA (EMD 
Millipore), anti-mitochondria (Abcam), or anti-TFAM (Abcam) 
for 1 hour at 37°C in blocking solution, followed by the appropriate 
secondary antibody containing either Alexa Fluor 488 or Alexa 
Fluor 647. Slides were incubated overnight with mouse anti-biotin 
(Sigma-Aldrich) and rabbit anti-biotin (Cell Signaling Technology) 
in blocking solution, and a Duolink PLA was performed following 
the manufacturer’s protocol. Microscope slides were counterstained 
with DAPI (100 g/ml) before mounting in ProLong Gold (Invitrogen).

mitoSIRF (mtDNA-protein PLA)
Assay conditions were adapted from SIRF (43) and followed the ex-
perimental conditions of the MIRA as indicated in the figures. Briefly, 
cells were labeled with 20 M EdU for 1 to 3 hours and, where indi-
cated, exposed to mtOX before fixation, Click-iT, incubation with 
primary antibodies against biotin, and MRE11, RAD51C, TFAM, 
RPA, or cGAS overnight as above. Duolink PLA was performed fol-
lowing the manufacturer’s protocol. Microscope slides were coun-
terstained with DAPI (100 g/ml) before mounting in ProLong 
Gold (Invitrogen).

Immunofluorescence
Cells were fixed with 2% paraformaldehyde/PBS for 15 min, perme-
abilized with 0.25% Triton X-100/PBS for 15 min, and blocked with 
10% goat serum/0.1% Triton X-100 for 1 hour. For immunofluores-
cent visualization of mtDNA by BrdU or EdU, cells were labeled 
with EdU (20 M) or BrdU (20 M) for the indicated times. EdU 
was visualized by a Click-iT reaction with Alexa Fluor 488 azide 
following the manufacturer’s protocol. For BrdU reactions, before 
blocking, the cells were incubated for in 2  N HCl/0.5% Triton 
X-100/PBS and neutralized in 0.1 M Na borate (pH 8.5) before in-
cubation with primary and secondary antibodies. Primary antibodies 
used include mouse anti-mitochondria (Abcam, ab3298) and mouse 
anti-BrdU (BD Biosciences, 555627). Cells were then counterstained 
with DAPI and mounted in ProLong Gold (Invitrogen). For mito-
chondrial fission immunofluorescence, cell lines were seeded in mi-
croscope eight-chamber slides and allowed to adhere overnight 
before incubation in Hank’s balanced salt solution (Life Technologies) 
for 24 hours before treatment. Cells were fixed as described above, 
3 hours after treatment with mtOX (4 M). Immunofluorescence 
was performed as described above using the anti-mitochondria 
(Abcam) primary antibody.

EdU and Oregon Green antibody amplification
Cells were cultured in eight-chamber slides overnight and then in-
cubated with 20 M EdU for 1 hour, washed with PBS, and treated 
with 20 M ddC and 100 M PFM39 where indicated. Three hours 
later, cells were fixed in 2% paraformaldehyde/PBS for 15 min at 
room temperature and permeabilized with 0.25% Triton X-100/
PBS for 15 min at room temperature. EdU was detected using click 
chemistry reaction mix (2 mM CuSO4, 100 mM sodium ascorbate, 
and PBS) with 10 M Oregon Green 488 azide (Thermo Fisher 
Scientific). The mixture was added to cells for 1 hour at room tem-
perature, followed by three washes in PBS. Cells were then blocked 
with 10% goat serum/0.1% Triton X-100/PBS for 1 hour at 37°C 
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and then incubated with rabbit Alexa Fluor 488–conjugated anti-
bodies against Oregon Green (A-11090, Thermo Fisher Scientific) 
and mouse antibodies against mitochondria (Abcam) for 1 hour at 
37°C. Cells were washed three times with PBS and incubated with 
goat Alexa Fluor 488 anti-rabbit and goat Alexa Fluor 555 anti-mouse. 
Microscope slides were counterstained with DAPI (100 g/ml) be-
fore mounting in ProLong Gold (Invitrogen).

Mitochondrial FISH
Mitochondrial FISH (mito-FISH) was performed as previously de-
scribed (81). Probes used were previously described and purchased 
from MYcroarray (82).

DNA fiber analysis
DNA fiber experiments were performed as previously described 
(11). Briefly, replication tracts of log-phase cells were pulse-labeled 
with 50 M IdU and CldU before or after exposure to 4 mM HU, 
4 M mtOX, or 20 M ddC, respectively, as indicated in the sketches. 
Cells were harvested, lysed, and spread to obtain single DNA mole-
cules on microscope slides before standard immunofluorescence with 
antibodies against IdU and CldU (Novus Biologicals, BD Biosciences).

Imaging and statistical analyses
For MIRA, cGAS-mtDNA SIRF, DNA fibers, and immunofluores-
cence assays, slides were imaged using an Eclipse Ti-U inverted 
microscope with an Andor Zyla sCMOS camera or a Zeiss Airyscan 
LSM 800 microscope with a Hamamatsu C13440 camera. Images 
were analyzed using the Nikon NIS Elements or Zen2 software ver-
sion 2.3. For ease of viewing, a black bar was placed over the scale 
bars of select images. Statistical analysis was performed using GraphPad 
Prism 7 software. Four to eight image fields were acquired for each 
condition, and the data from two to four biological replicates were 
compiled. For both MIRA and mitoSIRF assays, the cytoplasmic sig-
nals were counted irrespective of cell cycle status. P values were cal-
culated using the Mann-Whitney test (GraphPad Prism 7 software).

Analysis of mtDNA topology and 7S DNA levels
The topological state of mtDNA was analyzed in total cellular 
nucleic acid extracts by one-dimensional agarose gels and Southern 
blotting essentially as described (83). For conformational studies, 1 g 
of DNA was digested with Bgl II that does not cut mtDNA and sep-
arated over a 0.4% agarose gel in tris-borate EDTA without EtBr. 
Gels were blotted and hybridized with 32P-labeled DNA probes con-
taining nucleotides 35 to 611. The signal was quantified using a 
phosphorimager (Molecular Imager FX, Bio-Rad).

Colony formation assay
RAD51C+ and SH2038 cells were plated in triplicate in six-well 
plates. Cells were left untreated or treated with 4 M mtOX. Colo-
nies were fixed with acetic acid/methanol, stained with 1.0% crystal 
violet in methanol, and hand counted. Data were combined from 
three biological repeats. P values were calculated using the Student’s 
t test (GraphPad Prism 7 software).

Mitochondrial membrane potential
Cells were cultured in a black-welled 96-well plate and incubated 
with either control medium or 4 M mtOX for 1 hour before activa-
tion in ambient light for 5 min. The cells were allowed to recover for 
3 hours. Medium was removed and replaced with 500 nM MitoTracker 

CMXRos diluted in warm culture medium with or without 80 M 
CCCP (carbonyl cyanide m-chlorophenyl hydrazine) for 30  min. 
MitoTracker CMXRos fluorescent intensity was measured on a BioTek 
Gen5 microplate reader. Fluorescent intensity was normalized to 
protein content in each well measured by DC protein assay. The 
assay was performed with two biological repeats and five technical 
replicates each. P values were calculated using the Student’s t test 
(GraphPad Prism 7 software).

STAT1 quantitative polymerase chain reaction
Total RNA was isolated using an Aurum total RNA mini kit (Bio-Rad) 
according to the manufacturer’s protocols. cDNA was synthesized 
using random hexamers and oligo-dT primers (New England Bio-
labs), and quantitative polymerase chain reaction (qPCR) was per-
formed using the SYBR Green Master Mix (Bio-Rad). The following 
primers were used: STAT1, CAGCTTGACTCAAAATTCCTGGA 
(forward) and TGAAGATTACGCTTGCTTTTCCT (reverse); TBP, 
CCCATGACTCCCATGACC (forward) and TTTACAAC-
CAAGATTCACTGTGG (reverse). Expression values were normal-
ized against TATA box–binding protein (TBP), and the relative 
expression level was calculated using standard methods (2 − Ct) 
and combined from three to five biological and multiple technical 
repeats. P values were calculated using the Student’s t test (Graph-
Pad Prism 7 software).

mtDNA copy number assay by qPCR
Cells were seeded the day before the treatment. mtOX (20 M) was 
added 1 hour before light activation. Total DNA was isolated using 
a PureGene Core kit (Qiagen) following the manufacturer’s instruc-
tions. mtDNA copy number was determined by real-time PCR as 
previously described (84) on an LightCycler 96 system (Roche) using 
the SYBR Green Master Mix (Bio-Rad). The following primers were 
used: tRNA-Leu, 5′-CACCCAAGAACAGGGTTTGT-3′ (forward) and 
5′-TGGCCATGGGTATGTTGTTA-3′ (reverse); B2M, 5′-TGCT-
GTCTCCATGTTTGATGTATCT-3′ (forward) and 5′-TCTCT-
GCTCCCCACCTCTAAGT-3′ (reverse). Results were analyzed 
with LightCycler 96 software 1.1 (Roche). The fold change was cal-
culated and combined from three biological with multiple technical 
repeats. P values were calculated using the Student’s t test (GraphPad 
Prism 7 software).

RNA-seq and analysis
Cells were treated for 24 hours as indicated and RNA-purified using 
the Aurum total RNA mini kit (Bio-Rad). RNA samples were sequenced 
and analyzed by Novogene. Raw data (fpkm values) are given in 
tables S1 to S4. Gene ontology enrichment analysis was done using 
ToppGene (85), and interferon and cytokine pathway proteins were 
identified according to the Reactome database (86) and according 
to (9). Heatmaps were generated using GraphPad Prism 7. Heatmaps 
for comparison between treatment conditions were generated by 
scaling by row, and heatmaps for comparison between interferon 
pathway groups (Fig.  7) were generated by scaling based on the 
population mean (87, 88).

Western blots
After indicated treatments, cells were lysed in 1% NP-40, 200 mM 
NaCl, and 50 mM tris-HCl (pH 7.4) containing protease (cOmplete 
Mini, Roche) and phosphatase (PhosSTOP, Roche) inhibitors. Ly-
sates were cleared, and SDS–polyacrylamide gel electrophoresis was 
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performed. Proteins were transferred to a nitrocellulose membrane, 
blocked in 5% milk/TBST (tris-buffered saline with Tween 20), in-
cubated with the indicated primary antibodies for 1 hour, and visu-
alized by enhanced chemiluminesence.

Electron microscopy
Cells were treated as indicated and fixed with a solution containing 
3% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate 
buffer (pH 7.3), then washed in 0.1 M sodium cacodylate buffer and 
treated with 0.1% Millipore-filtered cacodylate-buffered tannic acid, 
postfixed with 1% buffered osmium, and stained en bloc with 1% 
Millipore-filtered uranylacetate. The samples were dehydrated in 
increasing concentrations of ethanol, infiltrated, and embedded in 
LX-112 medium. The samples were polymerized in a 60°C oven for 
approximately 3 days. Ultrathin sections were cut in a Leica Ultra-
cut microtome (Leica, Deerfield, IL), stained with uranylacetate and 
lead citrate in a Leica EM stainer, and examined in a JEM 1010 
transmission electron microscope (JEOL, USA Inc., Peabody, MA) 
at an accelerating voltage of 80 kV. Digital images were obtained 
using AMT Imaging System (Advanced Microscopy Techniques 
Corp., Danvers, MA) at the High Resolution Electron Microscopy 
Facility at the University of Texas MD Anderson Cancer Center.

Rho zero cells
Rho zero cells were created by growing SH2038 cells in medium 
containing EtBr (50 ng/ml) or 100 M ddC with 1 mM sodium py-
ruvate and uridine (50 ng/ml) for 1 to 4 weeks. mtDNA depletion 
was confirmed by PicoGreen live cell imaging.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf9441

View/request a protocol for this paper from Bio-protocol.
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