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SUMMARY

Oxidative stress is a ubiquitous cellular challenge implicated in aging, neurodegeneration, and cancer. By
studying pathogenic mutations in the tumor suppressor BRCA2, we identify a general mechanism by which
oxidative stress restricts mitochondrial (mt)DNA replication. BRCAZ2 inactivation induces R-loop accumula-
tion in the mtDNA regulatory region and diminishes mtDNA replication initiation. In BRCA2-deficient cells,
intracellular reactive oxygen species (ROS) are elevated, and ROS scavengers suppress the mtDNA defects.
Conversely, wild-type cells exposed to oxidative stress by pharmacologic or genetic manipulation pheno-
copy these defects. Mechanistically, we find that 8-oxoguanine accumulation in mtDNA caused by oxidative
stress suffices to impair recruitment of the mitochondrial enzyme RNaseH1 to sites of R-loop accrual, re-
stricting mtDNA replication initiation. Thus, oxidative stress impairs RNaseH1 function to cripple mtDNA
maintenance. Our findings highlight a molecular mechanism that links oxidative stress to mitochondrial

dysfunction and is elicited by the inactivation of genes implicated in neurodegeneration and cancer.

INTRODUCTION

Inherited germline mutations affecting a single allele of the
BRCA2 tumor suppressor predispose to cancers of the breast,
ovaries, pancreas, prostate, and other tissues (Breast Cancer
Linkage, 1999). BRCA2-deficient cells exhibit profound insta-
bility of the nuclear genome (reviewed in Venkitaraman, 2014),
which has been ascribed to the loss of essential BRCA2 func-
tions in the control of RAD51 activity during DNA repair by ho-
mologous recombination (Davies et al., 2001; Pellegrini et al.,
2002), the stabilization of stalled DNA replication forks (Lomono-
sov et al., 2003; Schlacher et al., 2011), or the accurate segrega-
tion of chromosomes during mitosis (Choi et al., 2012; Daniels
et al., 2004; Mondal et al., 2012). Recently, we and others have
shown that BRCA2-deficient cells accumulate unscheduled
RNA-DNA hybrids (R-loops) throughout the nuclear genome
(Bhatia et al., 2014; Shivji et al., 2018) via the loss of a function
for BRCA2 in promoting the release of RNA polymerase Il from
promoter-proximal pausing sites adjoining the transcription-
start sequences of actively transcribed genes (Shivji et al,
2018). R-loop formation has not only been implicated in the regu-
lation of transcription elongation and termination in the nuclear
genome (Crossley et al., 2019) but has also been detected in
the mitochondrial genome (Lee and Clayton, 1996; Wanrooij
etal., 2012), where its functional role is incompletely understood.

Gheck for
Updates

Transcription and replication in mitochondrial DNA (mtDNA)
(Anderson, 1981), an intron-free circle of 16.6 kb, are regulated
via sequence motifs located in non-coding region (NCR) (or
D-loop region). In this region, two heavy-strand promotors
(HSP1 and HSP2) and a light-strand promotor (LSP) control
mtDNA transcription (Gustafsson et al., 2016; Ojala et al.,
1981), whereas mtDNA replication initiates at the replication
origin of the heavy strand (OriH) adjacent to a guanine-rich,
conserved sequence block (CSB-)Il (Pham et al., 2006). mtDNA
replication initiation at the OriH by polymerase gamma (POLG)
(Holt et al., 2000; Yang et al., 2002; Yasukawa et al., 2006) is
primed by a small 7S RNA generated by the POLRMT enzyme
(Gustafsson et al., 2016), which may form an R-loop structure
with cognate mtDNA to regulate this process (Holt, 2019). Collec-
tively, these considerations prompted us to examine whether
BRCAZ2 deficiency perturbs mitochondrial genome maintenance.

Here, we report that BRCAZ2 inactivation induces R-loops in
the regulatory non-coding region of mtDNA, accompanied by
diminished mtDNA replication and mtDNA deletions typical of
human cancers. Strikingly, the exposure of wild-type cells to
oxidative stress suffices to phenocopy these mitochondrial
anomalies. Conversely, in BRCA2-deficient cells, intracellular
reactive oxygen species (ROS) are elevated and ROS scaven-
gers suppress mitochondrial defects. Our results identify a
mechanism underlying these events. We show that BRCA2
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Figure 1. R-loops accumulate in the D-loop region of mtDNA in cells lacking BRCA2
(A) Immunofluorescence detection of R-loops with S9.6 antibody in BRCA2-deficient EUFA423 cells or EUFA423-B2 controls complemented with wild-type
BRCAZ2. Plot shows the mean + SD from three independent experiments. At least 70 cells were counted in each condition. The two-tailed Student’s t test was

(legend continued on next page)
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deficiency as well as oxidative stress impair the recruitment of
the mitochondrial R-loop processing enzyme, RNaseH1, to sites
of R-loop formation in mtDNA. Together, our findings demon-
strate that oxidative stress cripples mitochondrial genome main-
tenance via unscheduled R-loop accrual.

Besides cancer, oxidative stress and mitochondrial defects
also accompany many human neurodegenerative disorders
(Islam, 2017). Indeed, we find that depletion of the RNA process-
ing factors SETX or PRPF8, which are mutated in amyotrophic
lateral sclerosis, ataxia-oculomotor apraxia, and retinitis pig-
mentosa (Moreira et al., 2004; Skourti-Stathaki et al., 2011; Xu
et al., 2018), is enough to induce mtDNA R-loop accumulation
and endogenous oxidative stress. Thus, our findings not only
reveal unrecognized cellular functions of BRCA2 relevant to
carcinogenesis but also highlight a mechanism that may be
implicated more widely in neurodegeneration and cancer.

RESULTS

BRCAZ2 inactivation induces R-loop accumulation in the
non-coding regulatory region of mtDNA

Recent evidence shows that BRCA2 deficiency causes unsched-
uled R-loop accumulation in the nuclear genome (Bhatia et al.,
2014; Shivji et al., 2018). Because R-loops have also been impli-
cated in mitochondrial genome maintenance, we tested in multi-
ple experimental models whether BRCA2 deficiency caused their
accumulation in mtDNA. R-loop accumulation detected by the
$9.6 antibody specific to R-loop structures (Ginno et al., 2012) in-
creases in cytosolic puncta reminiscent of mitochondria detected
in patient-derived, BRCA2-deficient EUFA423 cells, when
compared to their isogenic EUFA423-B2 counterparts reconsti-
tuted with full-length BRCA2 (Figure 1A). Cytosolic S9.6 staining
co-localizes with the MitoTracker dye, confirming that it deco-
rates mitochondria (Figures 1A and S1A), and is reduced by
treatment with RNaseH, an enzyme that specifically cleaves
RNA-DNA hybrids, but not with RNase Ill and T1 that cleaved
double-stranded and single-stranded RNA, respectively, con-
firming its specificity (Figure S1B). DNA-RNA immunoprecipita-
tion (DRIP) analyses using S9.6 antibody (Ginno et al., 2012) to
survey R-loop formation across the mitochondrial genome
demonstrate a specific increase at the D-loop region, which is
not evident in mitochondrial protein-coding genes (ND1) or within
the light-strand replication origin, OriL (Figure 1B). A similar in-
crease in R-loop formation occurs selectively in the D-loop region
of mtDNA derived from Hela cells depleted of BRCA2 using short
interfering (si)RNAs (Figures 1C-1E), when compared to isogenic
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controls. Three different Brca2-deficient cancer cell lines from a
genetically engineered murine model (GEMM) for familial pancre-
atic ductal adenocarcinoma (Skoulidis et al., 2010) exhibit similar
abnormalities (Figure S1C) when compared to pancreatic ductal
adenocarcinoma cell lines from an otherwise isogenic GEMM
bearing wild-type Brca2 (Skoulidis et al., 2010). Together, these
results confirm that BRCA2 inactivation by RNA interference or
gene targeting in human cells, as well as by cancer-causing mu-
tations in human or murine cells, selectively induces R-loop accu-
mulation in the non-coding D-loop region of mtDNA.

BRCAZ2 inactivation suppresses mtDNA replication

We detected a marked reduction in the incorporation of the
nucleotide analog, EdU, into mtDNA following the depletion of
BRCA2 from Hela cells using siRNA (Figure 2A) or in CRISPR-
Cas9-engineered BRCA2 nullizygous counterparts (Figures S2A
and 2B) compared to parental HeLa Kyoto cells, speaking to a
defect in mtDNA replication. We therefore tested the effect of
BRCA2 deficiency on mtDNA recovery after chronic treatment
with ethidium bromide (EtBr) for 4 days, which acutely diminishes
mtDNA copy number in both parental HeLa Kyoto cells and their
CRISPR-Cas9-engineered BRCA2 nullizygous counterparts (Fig-
ure 2C). In sharp contrast, however, the recovery of mtDNA copy
number after EtBr washout was significantly slower in BRCA2-
deficient cells than in wild-type controls (Figure 2C), confirming
that BRCAZ2 inactivation suppresses mtDNA replication.

Nascent transcripts from the non-coding LSP motif usually
serve as a primer for the initiation of mtDNA replication and accu-
mulate in the D-loop region when replication initiation fails (Jiang
et al., 2019). We therefore monitored their formation by a quan-
titative polymerase chain reaction (QPCR). In both Hela cells
depleted of BRCA2 using (s)RNA or in BRCA2-deficient
EUFA423 cells, there was a marked increase in nascent tran-
scripts in the mtDNA D-loop region when compared to controls
(Figure 2D). By contrast, BRCA2 deficiency caused a decrease in
the transcription of mitochondrially encoded genes, such as
COXor ND1 (Figures S2B and S2C), indicating that the accumu-
lation of nascent LSP-derived transcripts was not simply the
result of increased mtDNA gene transcription.

These results prompted us to test whether the mitochondrial
copy number was altered in BRCA2-deficient cells. Indeed, the
relative amount of mtDNA measured by gPCR decreased in all
three model systems, indicating a significant reduction in mtDNA
copy number (Figure 2E). Taken together, our observations sug-
gest that BRCA2 inactivation blocks the initiation of mtDNA repli-
cation to cripple mtDNA maintenance.

performed to determine statistical significance between the two groups. “p < 0.05. Scale bars, 10 um; DAPI (4,6-diamidino-2-phenylindole) stains DNA, Mito-
Tracker stains mitochondria. Magnification of one cell indicated by a yellow square is shown in Figure S1A.

(B) DRIP analysis with S9.6 antibody in EUFA423-B2 and EUFA423 cells. RNaseH1 treatment serves as a control for antibody specificity. Plots depict the mean +
SD from three independent experiments. The two-way ANOVA test was performed for all pairs to determine statistical significance. Statistically significant
differences are indicated by *p < 0.05.

(C) Western blot showing BRCA2 depletion using specific (si)RNA (siBRCA2) for 72 h, compared to control (siCtrl). B-actin is the loading control.

(D) Immunofluorescence detection of R-loops with S9.6 antibody in HeLa Kyoto cells treated either with siCtrl or sSiBRCA2. Plot shows the mean + SD from three
independent experiments. At least 70 cells were counted in each condition. The two-tailed Student’s t test was performed to determine statistical significance
between the two groups. *p < 0.05. Scale bars, 10 um.

(E) DRIP analysis in HeLa Kyoto cells transfected either with siCtrl or siBRCA2. DRIP was performed 72 h after transfection and depicted as described in the
preceding panels. Plots depict the mean + SD from three independent experiments. Statistically significant differences are indicated **p < 0.01.
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Figure 2. BRCA2 deficiency diminishes mtDNA replication

(A and B) Measurement of mtDNA replication by EdU incorporation and “click-it” chemistry. Magnified views of the boxed regions 1,2 are shown below in separate
panels. Hela cells transfected with the indicated siRNA (A) or BRCA2-KO cells and their parental counterpart (B) were incubated with 6 uM aphidicolin for 4 h prior
to incubation with EdU for 2 h. Plots show the mean + SD from three independent experiments. At least 50 cells were counted in each experiment. The two-tailed
Student’s t test was performed to determine statistical significance between the two groups. **p < 0.01. Scale bars, 10 um.

(C) mtDNA content recovery measured by gPCR in HeLa Kyoto cells or their CRISPR-Cas9-engineered BRCA2 nullizygous counterparts (B2-KO), after ethidium
bromide depletion for 4 days. The graph shows the mean + SD from three independent experiments. The two-tailed Student’s t test was performed to determine
statistical significance between the two groups at the latest time point. *p < 0.05.

(D) Fold change in the level of RNA transcripts emanating from the D-loop region measured by gPCR in HeLa Kyoto transfected with (si)RNA for BRCA2 or in
EUFA423 cells compared with EUFA423 B2 controls expressing wild-type BRCA2. Plots show the relative mean + SD from three independent experiments. The
two- tailed Student’s t test was performed to determine statistical significance between the two groups. *p < 0.05, **p < 0.01, and ***p < 0.001.

(E) mtDNA copy number variation in EUFA423 and its BRCA2-complemented counterpart, EUFA423_B2, in Hela cells transfected with the indicated siRNA or in
BRCA2 KO cells and the parental cell line. Copy number was assessed by gPCR and normalized using the nuclear gene GAPDH. Plots show the relative mean +
SD from three independent experiments. The two-tailed Student’s t test was performed to determine statistical significance between the two groups. “p < 0.05.
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Oxidative stress in wild-type cells phenocopies the
mitochondrial abnormalities provoked by BRCA2
deficiency

Oxidative stress has been implicated in both the genesis of
R-loops in nuclear DNA (Teng et al., 2018), as well as in defective
mtDNA replication (Pastukh et al., 2016). These connections
prompted us to examine whether wild-type cells exposed to
ROS accumulate mitochondrial R-loops. Indeed, treatment of
wild-type Hela cells with hydrogen peroxide (H,O,) increases
mitochondrial R-loop formation detected by immunofluores-
cence (Figure 3A) or by DRIP (Figure 3B). H>O»-induced R-loop
formation in wild-type cells is most marked in the D-loop region
of mtDNA —just as itis in BRCA2-deficient cells (Figure 3B). Simi-
larly, treatment of wild-type cells with etomoxir, a known inhibitor
of carnitine palmitoyltransferase 1A (CPT1x) that at a high con-
centration increases intracellular ROS (Figure 3C), also triggers
mtDNA R-loop accumulation (Figure 3D). Thus, oxidative stress
in wild-type cells phenocopies the mitochondrial abnormalities
provoked by BRCA2 deficiency, raising the possibility that
defective mtDNA maintenance in BRCA2-deficient cells may
arise from, or be exacerbated by, endogenous oxidative stress.

BRCA2 inactivation induces endogenous oxidative
stress to promote R-loop accumulation and cripple
mitDNA maintenance
Potential links between BRCA2 and the accumulation of ROS
have previously been reported. Partner and localizer of BRCA2
(PALB2), a protein that binds directly to BRCAZ2 to control its intra-
cellularlocalization (Xia et al., 2006), also engages Kelch-like ECH-
associated protein 1 (KEAP1), an oxidative stress sensor for the
master antioxidant transcription factor nuclear factor erythroid
2-related factor 2 (NRF2) (Ma et al., 2012). PALB2 depletion de-
creases the nuclear accumulation of NRF2, leading to an increase
in cellular ROS (Ma et al., 2012). Mutant forms of PALB2 that lack
binding to BRCA2 (or its partner, the breast cancer protein
BRCA1) are active in promoting NRF2-dependent transcription
(Ma et al., 2012). Nevertheless, BRCA1 is reported to regulate
the expression of ROS-induced antioxidant genes via NRF2
(Bae et al., 2004; Gorrini et al., 2013), and BRCA1 deletion in mu-
rine or human cells induces ROS accumulation (Cao et al., 2007;
Gorrini et al., 2013; Saha et al., 2009). By contrast, how BRCA2
deficiency affects cellular ROS accumulation remains unclear.
Interestingly, we observe that intracellular ROS formation de-
tected using the 2,7’ —dichlorofluorescin diacetate (DCF-DA)
probe, a fluorescent probe measuring hydroxyl or peroxyl radi-
cals and other ROS, is elevated in patient-derived, BRCA2
mutant EUFA423 cells when compared to their isogenic
EUFA423-B2 counterparts reconstituted with BRCA2 or in
Hela cells depleted of BRCA2 using siRNA (Figure 4A). Similar
results are obtained when ROS are measured with the MitoSOX
probe, which detects ROS produced by mitochondria (Fig-
ure 4B). Moreover, treatment of BRCA2 mutant EUFA423 cells
with the ROS scavenger N-acetyl cysteine (NAC) not only re-
duces intracellular ROS but also causes a decrease in the selec-
tive accumulation of R-loops in the non-coding D-loop region of
mtDNA detected by DRIP using the S9.6 antibody (Figure 4C).
NAC treatment causes a similar decrease in mtDNA R-loop for-
mation in HelLa cells depleted of BRCA2 using siRNA (Figures 4D
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and S3A). Thus, our findings confirm that R-loop accumulation in
mtDNA following BRCAZ2 inactivation may arise from, or be exac-
erbated by, endogenous oxidative stress.

Moreover, we find that endogenous oxidative stress also un-
derlies defective mtDNA replication in BRCA2-deficient cells.
Thus, NAC exposure almost completely reverses the observed
impairment of mtDNA replication in BRCA2-deficient cells after
EtBr treatment and wash-out (Figure 4E).

Oxidative stress is associated with a recurrent form of mito-
chondrial genome instability termed the “mitochondrial common
deletion” (Nie et al., 2016). We compared the relative level of
these deletions in BRCA2-deficient versus wild-type cells. It
should be emphasized that the high sensitivity of the nested
PCR method we used means that signals marking the deletion
may arise from just a few copies of mtDNA. Nevertheless, such
mtDNA deletions appear to occur more frequently in untreated
BRCA2-deficient EUFA423 cells compared to isogenic controls
(Figures S3B and S3C) and can be suppressed by NAC treat-
ment (Figures S3B and S3C).

BRCAZ2 inactivation impairs the recruitment of RNaseH1
to sites of R-loop formation in mtDNA

Multiple proteins may be involved in the processing of aberrant
R-loops in mtDNA (Silva et al., 2018). From among them, we
focused on the mitochondrial enzyme RNaseH1, which cleaves
R-loops formed as intermediates during transcription or replica-
tion in mtDNA (Suzuki et al., 2010). Interestingly, RNaseH1
recruitment to the D-loop region was diminished in HelLa cells
depleted of BRCA2 using siRNA, relative to controls (Figure 5A),
or in BRCA2 mutant EUFA423 cells compared to EUFA423-B2
controls (Figure 5B). Similar changes occur in CRISPR-Cas9-en-
gineered BRCA2 nullizygous cells (Figure S2A) compared to
parental HeLa Kyoto counterparts (Figure 5C), although total
RNaseH1 levels are unaffected (Figure S4). Importantly, NAC
treatment partially reverses the observed impairment in
RNaseH1 recruitment to the D-loop region of mtDNA (Figure 5C),
suggesting that it is caused by oxidative stress following BRCA2
deficiency. Indeed, consistent with this conclusion, exposure of
wild-type cells either to H,O, or etomoxir is also sufficient to
diminish RNaseH1 recruitment to the D-loop region (Figure 5D).
Thus, collectively, our results show that oxidative stress impairs
recruitment of the mitochondrial enzyme RNaseH1 to the regula-
tory region of mtDNA, suggesting a mechanism underlying
R-loop accumulation at these sites.

8-oxoguanine accumulation in mtDNA diminishes
RNaseH1 recruitment at sites of R-loop accrual
Oxidative stress induces DNA damage in the form of 8-oxogua-
nine base adducts (reviewed in Cadet et al., 2010), which are nor-
mally recognized by the 8-oxoguanine glycosylase (OGG1) for
base excision repair (Baiken et al., 2021; German et al., 2013).
8-oxoguanine accumulation has previously been reported to
inhibit the recruitment of DNA-binding proteins to the nuclear
and mitochondrial genomes (Ba and Boldogh, 2018). Accord-
ingly, we tested the hypothesis that oxidative stress might impair
RNaseH1 recruitment to mtDNA via 8-oxoguanine accumulation.
Consistent with this hypothesis, 8-oxoguanine is elevated
in the mitochondria of BRCA2-deficent cells, similar to cells
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Figure 3. Oxidative stress in wild-type cells phenocopies the mitochondrial abnormalities provoked by BRCA2 deficiency

(A) Immunofluorescence detection of R-loops with $9.6 antibody in HeLa Kyoto after treatment where indicated with 1mM H,O, for 16 h. The plot shows the mean
+ SD from three independent experiments. At least 80 cells were counted in each condition. Magnifications show details of selected cells as indicated. The two-
tailed Student’s t test was performed to determine statistical significance between the two groups. **p < 0.01. Scale bars, 10 um.

(B) DRIP analyses in HeLa Kyoto cells after treatment where indicated with 1 mM H,O, for 16 h. DRIP was performed and depicted as described in Figure 1. The
plot depicts the mean + SD from three independent experiments. Statistically significant differences are indicated. *p < 0.05 and ***p < 0.001.

(C) Bar graph showing relative ROS levels in HeLa Kyoto cells after 50 uM etomoxir treatment for 16 h. Intracellular ROS was measured using 5 uM of CM-
H2DCFDA probe, incubated for 15 min. The plot shows the mean + SD from three independent experiments. Magnifications show details of selected cells as
indicated. The two-tailed Student’s t test was performed to determine statistical significance between the two groups. **p < 0.001.

(D) Immunofluorescence detection of R-loops with S9.6 antibody in HeLa Kyoto after treatment where indicated with 50 M etomoxir for 16 h. Scale bars, 10 um.
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Figure 4. BRCA2 inactivation induces
endogenous oxidative stress to trigger R-
loop accumulation and diminish mtDNA
replication

(A and B) Bar graph showing relative ROS levels in
Hela Kyoto cells depleted of BRCA2 with (s)RNA
for 72 h (left) or in BRCA2-deficient EUFA423
cells compared to EUFA423-B2 controls com-
plemented with wild-type BRCA2 (right). Intracel-
lular ROS was measured either using 5 uM of CM-
H2DCFDA probe incubated for 15 min (A) or with
5 uM MitoSOX probe incubated for 10 min (B). The
plots show the mean + SD from three independent
experiments. The two-tailed Student’s t test was
performed to determine statistical significance
between the two groups. *p < 0.05, **p < 0.01, and
***p < 0.001.

(C and D) DRIP analysis of the D-loop region in
EUFA423 cells compared to EUFA423-B2 con-
trols (C) or in HeLa Kyoto treated with siBRCA2 (D).
R-loop digestion by RNaseH1 serves as a control
for antibody specificity. Cells were treated where
indicated with 2 mM of NAC for 16 h. Error bars
indicate the mean + SD from three independent
experiments. The two-way ANOVA test was per-
formed for all pairwise comparisons to determine
statistical significance. Statistically significant
differences are indicated. *p < 0.05.

(E) mtDNA content recovery, in the presence or
absence of NAC treatment for 4 days, measured
by gPCR in HelLa Kyoto cells or their CRISPR-

[ Jsicm
[l siBRCA2

fold change
P

fold change
>

e
3
1
s
o
1

oh &

Cas9-engineered BRCA2 nullizygous counter-
parts (B2-KO), after ethidium bromide (EtBr)
depletion for 4 days. The graph shows the mean +
SD from three independent experiments. The two-

0 i

o
o

unt NAC  unt NAC
-RNAseH

unt NAC unt NAC
-RNAseH

unt NAC unt NAC
+RNAseH

m

+EtBr recovery +/- NAC 1mM

0.5

—— Hela Kyoto
B2-KO
00— B2-KO + NAC
) 2 4 6 8
days of experiment

Relative Mt DNA copy number

lacking OGG1 (Figures 6A, S5A, and S5B). Moreover, OGG1
depletion leads to increased R-loop formation in mtDNA (Fig-
ures 6B and 6C), phenocopying similar defects in BRCA2-
deficient cells, even without elevating ROS (Figure 6D). Notably,
the recruitment of RNaseH1 to mtDNA regulatory regions is
reduced after OGG1 depletion (Figure 6E), recapitulating what
we observe in BRCA2-deficient cells or in wild-type cells
exposed to oxidative stress. Finally, OGG1 depletion reduces
mtDNA copy number (Figure 6F). Taken collectively, our find-
ings provide multiple lines of evidence to suggest that oxidative
stress restricts mtDNA maintenance via an unrecognized mo-
lecular mechanism wherein 8-oxoguanine accumulation im-
pairs the recruitment of RNaseH1 to the regulatory region of

unt NAC unt NAC
+RNAseH

tailed Student’s t test was performed to determine
statistical significance between the two groups at
the latest time point. *p < 0.05.

mtDNA, causing R-loop accrual and in-
hibiting mtDNA replication.

Depletion of SETX or PRPF8
suffices to trigger oxidative stress
and R-loop accumulation in mtDNA
Besides cancer, oxidative stress and
mitochondrial dysfunction have been
implicated in human neurodegenerative
disorders (Islam, 2017). Interestingly, it has been reported that
inactivation of human SETX, which encodes an RNA helicase
essential for genome-wide R-loop processing (Skourti-Stathaki
et al.,, 2011) that is mutated in amyotrophic lateral sclerosis
and ataxia-oculomotor apraxia (Moreira et al., 2004), causes a
spontaneous increase in oxidative damage to DNA (Suraweera
et al., 2007). Moreover, yeast strains bearing mutant forms of
the SETX homolog, SEN1p, exhibit elevated intracellular ROS
levels accompanied by mitochondrial depletion (Sariki et al.,
2016). Strikingly, we find that SETX depletion using RNAi in
Hela cells was sufficient not only to induce R-loop accumulation
in the regulatory region of mtDNA (Figure 7A), accompanied by
excess hascent transcription in the mtDNA D-loop region
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Figure 5. Impaired recruitment of RNaseH1
to sites of R-loop formation in mtDNA

(A-D) Chromatin immunoprecipitation (ChIP)
analysis with anti-RNaseH1 antibody of the mito-
chondrial D-loop region; OriL or ND1 gene
shows similar ChIP analyses in BRCA2-KO cells
compared to the parental HeLa Kyoto cells.

(B) Similar ChIP analyses in BRCA2-deficient
EUFA423 cells compared to EUFA423-B2 con-
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trols expressing wild-type BRCA2.

ND1 (A and C) HeLa Kyoto cells treated either with (si)
Ctrl (C) or (si)BRCA2 (A) and with 2 mM NAC for
16 h.

(D) Similar analysis of HeLa Kyto cells treated with
1 mM H202 or with 50 uM etomoxir for 16 h. The
fold change in ChIP signal relative to an immuno-

= ‘Untreated globulin G (IgG) isotype control is plotted. Plots
= (H202 show the mean + SD from three independent
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experiments. The two-way ANOVA test was per-
formed to determine statistical significance. *p <
0.05, **p < 0.01, and ***p < 0.001.
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reminiscent of impeded mtDNA replication (Figure 7B), but also
to increase intracellular ROS levels (Figure 7C). Thus, these find-
ings suggest that defective R-loop processing following SETX
inactivation may be a cause of oxidative stress and mitochon-
drial anomalies.

Defects in RNA splicing induced by mutations affecting com-
ponents of the pre-mRNA spliceosome have also been shown to
induce genome-wide R-loop formation (Nguyen et al., 2017),
which has been implicated in the pathogenesis of the pre-
neoplastic disorder, myelodysplastic syndrome (Nguyen et al.,
2018). We therefore tested the effects of depletion using (si)
RNA from Hela cells of PRPF8, which encodes a core compo-
nent of the RNA spliceosome (Luo et al., 1999), whose inactiva-
tion engenders genome-wide aberrations in mRNA splicing
(Wickramasinghe et al., 2015). Like SETX depletion, PRPF8 defi-
ciency causes R-loop accumulation in mtDNA (Figure 7A),
excess nascent transcription in the mtDNA D-loop region
reminiscent of impeded mtDNA replication (Figure 7B), and
increased intracellular ROS levels (Figure 7D). Collectively, our
findings raise the possibility that R-loop accrual in mtDNA
induced by oxidative stress may occur more widely in human
diseases, like cancer or neurodegeneration.

DISCUSSION

Pathogenic BRCA2 mutations impair mtDNA replication
via R-loop accrual

Here, we identify a previously unrecognized mechanism through
which pathogenic BRCA2 mutations trigger mitochondrial
anomalies typical of cancer and other diseases (Figure S6). We
find that BRCA2 inactivation causes unscheduled R-loop accu-
mulation in the regulatory region of mtDNA proximal to mito-
chondrial replication origins (Figures 1B and 1E), to the greatest
extent in patient-derived EUFA423 cells, compared to HelLa cells
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OriL ND1

depleted of BRCA2 by RNAI or genetic

engineering. In all cases, BRCA2 defi-

ciency reduces the recruitment of RNa-
seH1, an R-loop processing factor essential for mtDNA replica-
tion, to the replication-initiating D-loop region (Figures 5A-5C).
These events impede miDNA replication (Figures 2A-2C),
marked by the accumulation of sterile nascent transcripts that
normally serve as replication initiation primers (Figure 2D), culmi-
nating in mitochondrial genomic deletions (Figure S3) typical of
cancer and decreased mtDNA copy number (Figure 2E).

Endogenous oxidative stress and mitochondrial
dysfunction

We present converging lines of evidence that endogenous oxida-
tive stress triggers the mitochondrial defects that follow BRCA2
inactivation. Thus, the exposure of wild-type cells to oxidative
stress is enough to recapitulate mtDNA R-loop accumulation
and reduced RNaseH1 recruitment (Figure 3). Conversely, we
confirm that BRCA2-deficient cells experience elevated intracel-
lular ROS levels (Ma et al., 2012) and further demonstrate that
ROS scavengers suppress mitochondrial anomalies (Figure 4),
including mitochondrial genome deletions (Figure S3) and dimin-
ished mtDNA replication capacity (Figure 4).

BRCAZ2 has not been detected in the mitochondrial proteome
(Calvo et al., 2016) and does not carry a mitochondrial localiza-
tion signal. We therefore infer that excess ROS generation, or
impaired ROS clearance, in BRCA2-deficient cells most likely
originate from the loss of an extra-mitochondrial function of the
protein, whose nature is presently uncertain. Its partner proteins
BRCA1 and PALB2 are proposed to control ROS accumulation
by regulating antioxidant gene expression (Gorrini et al., 2013;
Ma et al., 2012), but the involvement of BRCA2 in this process
is uncertain. Thus, how BRCAZ2 inactivation may increase intra-
cellular ROS levels remains an open question.

A further clue to the link between BRCA2 deficiency and ROS
accumulation comes from our observation that depletion of the
R-loop helicase, SETX, or the spliceosome factor, PRPF8, also
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Figure 6. OGG1 deficiency induces mtDNA R-loops and impaired RNaseH1 recruitment

(A) Immunofluorescence staining for 8-oxoguanine (red) and MitoTracker (green) in HeLa Kyoto wild-type (WT) cells or in HeLa Kyoto cells engineered by CRISPR-
Cas9 to generate BRCA2 nullizygosity (BRCA2-KO). A lower magnification view is shown in Figure S5A. Scale bars, 10 um.

(B) Immunofluorescence detection of R-loops with S$9.6 antibody in HeLa Kyoto transfected with the indicated siRNA. Magnifications show details of selected
cells as indicated. Scale bars, 10 um; DAPI, MitoTracker stains mitochondria.

(C) DRIP analysis in HeLa Kyoto cells transfected either with siCtrl or siOGG1. DRIP was performed 72 h after transfection and depicted as described in the
preceding figures. Error bars indicate the mean + SD from three independent experiments. Statistically significant differences are indicated. **p < 0.01.

(legend continued on next page)
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Figure 7. SETX or PRPF8 depletion triggers
mtDNA R-loop accumulation and endoge-
nous oxidative stress

(A) DRIP analyses in HeLa Kyoto cells after (siRNA
against SETX or PRPF8 for 48 h. Plots depict the
mean + SD from three independent experiments.
The two-way ANOVA test was performed for all pairs
to determine statistical significance. Statistically
significant differences are indicated. *p < 0.05 and
***p < 0.001.

(B) Fold change of the RNA level measure by gPCR
with primers for D-loop region in HelLa Kyoto
transfected with (si)RNA for (si)SETX or (siPRPF8
compared with (si)Ctrl. Plots show the relative mean
+ SD from three independent experiments. The two-
tailed Student’s t test was performed to determine
statistical significance between the two groups. *p <
0.05 and **p < 0.01.

(C and D) Bar graph showing relative ROS levels
in HeLa Kyoto cells transfected for 72 h with
(s)SETX (C), (si)PRPF8 (D), or (si)Ctrl. Intracellular
ROS was measured as above using 5 pM of
CM-H2DCFDA probe. The plot shows the mean +
SD from three independent experiments. The
two-tailed Student’s t test was performed to
determine statistical significance between groups.
*p < 0.01.
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suffices toinduce endogenous oxidative stress and mitochondrial
defects (Figure 7). Like BRCA2, neither SETX nor PRPF8 is known
to localize in mitochondria (Calvo et al., 2016). Instead, inactiva-
tion of these RNA processing factors (Skourti-Stathaki et al.,
2011; Wickramasinghe et al., 2015)—like BRCA2 deficiency (Bha-
tiaetal., 2014; Shivji et al., 2018)—causes the widespread forma-
tion of unscheduled R-loops in the nuclear genome, albeit by
apparently distinct molecular mechanisms. These observations
raise the possibility that genome-wide R-loop accumulation
may in some way induce oxidative stress and, consequently,
the defects in mitochondrial genome maintenance that we report
inthis paper. Moreover, the reported induction of nuclear genomic
R-loops by ROS (Teng et al., 2018) suggests a mutually amplifying
connection between nuclear R-loop accumulation and oxidative
stress. But our work does not address either the relationship be-
tween nuclear and mitochondrial R-loop accumulation or the role
of unscheduled R-loops formation in oxidative stress induction;
both issues warrant further investigation.

siPRPF8

Oxidative stress restricts mtDNA replication by
impairing RNaseH1 recruitment

Notably, our observations suggest that oxidative stress provokes
aberrations in mtDNA maintenance through a previously unrec-
ognized molecular mechanism. We find that endogenous oxida-
tive stress impairs RNaseH1 recruitment to the regulatory region
of mtDNA in BRCA2-deficient cells, whereas exogenous oxida-
tive stress can induce a similar phenotype in wild-type cells (Fig-
ure 5). Consistent with our conclusion, RNaseH1 has been impli-
cated in mtDNA replication (Cerritelli et al., 2003), and inactivating
mutations in human RNaseH1 increase mtDNA R-loop accumu-
lation, diminish mtDNA replication, and cause adult-onset ence-
phalomyopathy (Reyes et al., 2015). Notably, in RNaseH1-defi-
cient cells, R-loops accumulate in the mtDNA D-loop region,
accompanied by an increase in RNA transcripts from LSP-OriH
(Akman et al., 2016; Holmes et al., 2015). These features pheno-
copy the abnormalities we observe in BRCA2-deficient cells
(Figure 2B), supporting our conclusion that BRCA2 deficiency

(D) Bar graph showing relative ROS levels in HeLa Kyoto cells transfected for 72 h with (s)OGG1 (F) or with (si)Ctrl. Intracellular ROS was measured as above using
5 uM of CM-H2DCFDA probe. The plot shows the mean + SD from three independent experiments. No statistical differences were detected by the two-tailed

Student’s t test.

(E) ChlIP analysis with anti-RNaseH1 antibody of the mitochondrial D-loop region, OriL, or ND1 gene in HeLa Kyoto cells treated either with (si)Ctrl or (s))OGG1. The
fold change in ChIP signal relative to an IgG isotype control is plotted. Plots show the mean + SD from three independent experiments. The two-way ANOVA test

was performed to determine statistical significance. *p < 0.05.

(F) mtDNA copy number variation in HeLa cells transfected with the indicated siRNA. Copy number was assessed by gPCR and normalized using the nuclear gene
GAPDH. Plots show the relative mean + SD from three independent experiments. The two-tailed Student’s t test was performed to determine statistical sig-

nificance between the two groups. **p < 0.01.
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cripples mtDNA maintenance by impairing RNaseH1. Similar
changes in RNA transcripts are also observed accompanying
oxidative stress induced by SETX or PRPF8 inactivation (Fig-
ure 7B), consistent with a similar mechanism wherein oxidative
stress restricts mtDNA maintenance via RNaseH1 impairment.

8-oxoguanine accumulation in mtDNA impairs RNaseH1
recruitment

Our findings provide several lines of evidence that oxidative
stress diminishes RNaseH1 recruitment to mtDNA by inducing
the accumulation of 8-oxoguanine base adducts. We find that
cells depleted of the 8-oxoguanine excising enzyme, OGG1,
increased mtDNA R-loop accumulation (Figures 6B and 6C)
even without detectable changes in ROS levels (Figure 6D),
accompanied by the accumulation of 8-oxoguanine in their mito-
chondria (Figure S4B). BRCA2 deficiency also increases mito-
chondrial 8-oxoguanine accumulation (Figures S4A and S4B).
Finally, OGG1 depletion and the consequent increase in
8-oxoguanine accumulation are accompanied by diminished
RNaseH1 recruitment to mtDNA (Figure 6E), phenocopying the
alterations we detect in BRCA2-deficient cells. Overall, the find-
ings we report in this paper suggest a previously unrecognized
mechanism (Figure S6) in which oxidative stress—regardless
of its origin—cripples mtDNA maintenance by increasing mtDNA
oxidation, which in turn compromises RNaseH1 recruitment to
the regulatory regions of mtDNA, impairing its essential functions
in mtDNA replication initiation. The general significance of the
proposed mechanism is enhanced by the ubiquity of oxidative
stress as a cellular challenge and its implication in several human
diseases. Whereas many deleterious effects of oxidative stress
have been identified, our findings represent a rare example
driven by a specific molecular mechanism.

Connections with inherited cancer mutations and
neurodegenerative syndromes
Our results also provide a first link between mitochondrial anom-
alies and the cellular functions of the BRCA2 tumor suppressor,
inherited mutations in which cause early-onset epithelial can-
cers. mtDNA instability and oxidative stress have both been
implicated in carcinogenesis (Lee and Wei, 2009), raising the
possibility that these anomalies also promote carcinogenesis in
BRCA2 mutation carriers. If so, differences in oxidative stress
between tissues lacking BRCA2 may contribute to the hitherto
unexplained tissue selectivity of carcinogenesis in mutation car-
riers. Moreover, mtDNA instability has also been mooted as a
marker of cancer progression (Lee and Wei, 2009), speaking to
its potential value in cancer monitoring and early detection.
Moreover, mutations affecting SETX have been linked to
neurodegenerative disorders, amyotrophic lateral sclerosis and
ataxia-oculomotor apraxia (Moreira et al., 2004; Skourti-Stathaki
et al., 2011). Similarly, PRPF8 mutations occur in an inherited
form of the neurodegenerative syndrome, retinitis pigmentosa,
in which the loss of retinal photoreceptor cells culminates in
blindness (Liu and Zack, 2013; Xu et al., 2018), as well as in
pre-neoplastic myelodysplasia (Nguyen et al., 2018). Our results
implicate the mitochondrial anomalies actuated by the inactiva-
tion of these disease genes—however engendered—in disease
pathogenesis.

¢? CellPress

OPEN ACCESS

Mitochondrial genomic deletions are frequently detected in
human cancers (Yusoff et al., 2019), but their causation is un-
clear. Our findings raise the possibility that such mitochondrial
genome alterations may be induced by endogenous oxidative
stress triggered by defects in RNA processing or the inactivation
of genes known to trigger R-loop accumulation in human can-
cers (Hatchi et al., 2015; Schwab et al., 2015). Moreover, defec-
tive R-loop processing also occurs in neurodegenerative disor-
ders (Moreira et al., 2004; Skourti-Stathaki et al., 2011), in
which mitochondrial dysfunction has also been implicated
(Koopman et al., 2013). Thus, our work highlights a previously
unrecognized mechanism that connects oxidative stress, mito-
chondrial genome maintenance, and human disease pathogen-
esis via defective R-loop processing through impaired RNaseH1
function.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

S9.6 Home-made N/A

BRCA2 Merck Millipore RRID:AB_2067762
Beta-Actin Sigma RRID:AB_476744
RNase H1 Santa Cruz Cat#: sc-292711

8-oxoguanine

Merck Millipore

RRID:AB_94925

Chemicals, peptides, and recombinant proteins

CM-H2DCFDA ThermoFisher Catt: C6827
MitoSOX red ThermoFisher Cat#: M36008
N-Acetyl cysteine Sigma Cat#: A9165
H>0, Sigma Cat#: H1009
Etomoxir Sigma Cati#: E1905
37% formaldehyde solution Sigma Cat#: F8775
RNase H NEB Cat#: M0297L
RNaselll NEB Cat#: M0245S
RNaseT1 ThermoScientific Cat#: EN0541
DAPI Sigma Cati#: D9542
cOmplete, EDTA-free Protease Inhibitor Cocktail Roche Cati#: 11873580001
Critical commercial assays
JetPRIME Transfection Reagent Polyplus Transfections Cat#: 114-07
Click-iT EdU Alexa Fluor® 488 Imaging Kit ThermokFisher Scientific Cat#: C10086
Experimental models: cell lines
Hela Kyoto From the laboratory of Jonathan Pines, N/A

Institute of Cancer Research, London
EUFA423 From the European Fanconi Anemia Registry, N/A

VU University Medical Center, Amsterdam,

the Netherlands
EUFA423 B2 Hattori et al., 2011 N/A
Pdx1Cre; Kras®'2P/+ ; Trp53R270H/+ . Broap Wyt Skoulidis et al., 2010 N/A
or Brca2™A1
Oligonucleotides
Negative Control (siiRNA QIAGEN Cat#: 1027310
BRCA2 (ON-TARGET plus SMARTpool) Dharmacon Cati#: L-003462-00
PRPF8 (ON-TARGET plus SMARTpool) Dharmacon Cati#: L-012252-00
SETX (si)RNA QIAGEN Cat#: SI05052236 and S104183942
OGG1 (ON-TARGET plus SMARTpool Dharmacon Cat#: L-005147-00
D-loop_Fwd CTTTCATGGGGAAGCAGATTTG Sigma N/A
D-loop_Rev GCATGGGGAGGGGGTTTTG Sigma N/A
ND1_Fwd TCTCCACCCTTATCACAACA Sigma N/A
ND1_Rev GACTAGTTCGGACTCCCCTT Sigma N/A
OriL_Fwd CCCACAAACACTTAGTTAACAGCT Sigma N/A
OriL_Rev GGCCTCTTTTTACCAGCTCC Sigma N/A
Mt-CD1_Fwd AACCACAGTTTCATGCCCATC Sigma N/A
Mt-CD1_Rev TGTTAGTAAGGGTGGGGAAGC Sigma N/A

el Cell Reports 36, 109478, August 3, 2021

(Continued on next page)



Cell Reports ¢? CellP’ress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mt-CD2_Fwd ACCCTATAGCACCCCCTCTAC Sigma N/A

Mt-CD2_Rev CTTGTCAGGGAGGTAGCGATG Sigma N/A

HPRT_Fwd TGACACTGGCAAAACAATGCA Sigma N/A

HPRT_Rev GGTCCTTTTCACCAGCAAGCT Sigma N/A

GAPDH_Fwd CTCCTGTTCGACAGTCAGC Sigma N/A

GAPDH_Rev TTCAGGCCGTCCCTAGC Sigma N/A

BRCA2 CRISPR/Cas9 KO (CTGTCTACCTG Santa Cruz Cat#: sc-400700

ACCAATCGA; ATGTAGCACGCATTCACATA;

CGATTACCTGTGTACCCTTT)

Software and algorithms

Prism version 5 GraphPad https://www.graphpad.com/
scientific-software/prism/

Fiji (https://fiji.sc/) N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ashok R.
Venkitaraman (arv22@nus.edu.sg).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agree-
ment as long as stocks remain available and reasonable compensation is provided by requestor to cover processing and shipment.

Data and code availability
This paper does not report original datasets. This paper does not report original code. Any additional information required to rean-
alyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HelLa Kyoto (Female) (Adey et al., 2013), EUFA423 (Female) (Howlett et al., 2002) and EUFA423 B2 (Hattori et al., 2011) (stably trans-
fected cell line with FLAG-BRCAZ2) and mouse PDAC cells (Skoulidis et al., 2010) (Pdx1Cre; Kras®'2P* ; Trp537270H/+ - Brea2WvWt or
Brca2™21") were maintained in culture in DMEM 10% FBS, 1% Penicillin/streptomycin. All cell lines were authenticated using STR
(Short Tandem Repeat) Profiling.

METHOD DETAILS

Treatments
N-Acetyl cysteine (Sigma) was added directly in the cell culture media at a final concentration of 2mM for 24hrs. H,O, (Sigma) was
diluted in PBS at a working concentration of 50mM and etomoxir (Sigma) was diluted in PBS at a working concentration of 60 mM and
further diluted directly into the media at indicated concentrations.

Ethidium Bromide (Sigma) was added at the concentration of 50ng/mL and replace every day in fresh media.

Generation of BRCA2 knock-out

HelLa BRCA2-KO were made form HeLa Kyoto. Cells were plated in a 12 well plate and co-transfected with BRCA2 CRISPR/Cas9 KO
Plasmid (h) (sc-400700, Santa Cruz Biotechnology) and BRCA2 HDR Plasmid (h) (sc-400700-HDR, Santa Cruz Biotechnology and
Table S1) using Lipofectamine 2000 reagent. Two days after transfection, cells were re-plated in a 14 cm dish and selected with pu-
romycin (1 ug/ml). Selected clones were expanded and screened by western blotting.

Plasmids (si)RNA transfection

JetPRIME transfection reagent (Polyplus) was used according to manufacturer’s instructions for transfecting (si)RNA or plasmid for
CRISPR/Cas9 cells generation. (si)RNAs used were Negative Control (siRNA (1027310 from QIAGEN), human BRCA2 (ON-TARGET
plus SMARTpool, L-003462-00 from Dharmacon), human PRPF8 (ON-TARGET plus SMARTpool, L-012252-00 from Dharmacon),
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human SETX (S105052236 and Sl04183942 from QIAGEN), human OGG1 (ON-TARGET plus SMARTpool, L-005147-00 from
Dharmacon.

ROS measurement and flow cytometry analysis

CM-H2DCFDA and MitoSOX red probes (ThermoFisher), dissolved in DMSO, was incorporated in DMEM without phenol red and
incubated for 15 minutes at 37°C (final concentration of 5 uM). Cells were subsequently rinsed with PBS, trypsinised, collected
and rinsed twice with PBS. Cells were analyzed using BD LSR-II cytometer with appropriate excitation and band pass filter.

Cell lysates, and western blotting
Whole cell extracts were prepared from HelLa Kyoto, EUFA423 and EUFA423 B2 cells using lysis buffer (50 mM Tris pH 7.5, 300 mM
NaCl, 1 mM MgClI2, 0.1% SDS supplemented with protease and phosphatase inhibitors (Roche) and 350 u/ml benzonase (Millipore)).
After 15 min of incubation at room temperature, the lysates were combined with 4 x LDS buffer containing DTT and denatured by
boiling. The proteins were separated by SDS-PAGE.

Proteins of interest were identified by western blotting on 4%-12% Bis-tris/MES SDS-PAGE or 3%-8% Tris-acetate on PVDF Im-
mobilon membranes. Blocking, 1° antibody (overnight 4°C) and 2° antibody in PBST-3% milk and detected with ECL or ECL prime
chemiluminescence.

RNA extraction, cDNA synthesis

RNA extraction was performed using RNeasy mini Kit (QIAGEN) following manufacturer’s instructions. 3 ug of RNA was then con-
verted to cDNA using FastGene Scriptase |l cDNA Kit (Geneflow) according manufacturer’s instruction. cDNA was subsequently
quantified and analyzed by gPCR with SYBR green mix (Roche).

DNA extraction and mitochondrial copy number assessment

DNA extraction was performed as described previously (Shivji et al., 2018). Briefly, cells were resuspended in gDNA extraction buffer
(TE supplemented with 100mM NaCl, 0,5% SDS, and 5uL of proteinase K (stock at 20mg/mL)) and incubated over-night at 55°C.
Then a phenol-chloroform purification followed by isopropanol precipitation was performed. The DNA pellet was washed with
70% ethanol and resuspended in an appropriate volume of TE buffer. MtDNA copy number was determined by amplification of a
nuclear DNA (GAPDH) and a mtDNA (ND1) fragment in a real-time PCR for all samples. The DNA input was 10 ng. All samples
were measured independently in triplicate. The PCR reaction was performed at 50°C for 2min, 95°C for 10min, followed by 40 cycles
of 95°C for 15 s and 60°C for 1min.

Finally, mtDNA copy number was calculated as the ratio of Ct values for the GAPDH and D-loop fragments.

ChiP

Cells were crosslinked in DMEM containing 1% formaldehyde (Sigma, F8775) at room temperature for 10 minutes with rotation. The
crosslinking reaction was stopped by adding glycine (Sigma, G8898) to a final concentration of 0.125 M for 5 minutes at room tem-
perature. After two washes with cold PBS, cells were collected in 5 mL of cold PBS and centrifuged at 1500 rpm for 5 minutes. Cell
pellets were lysed in 5 mM EDTA, 50 mM Tris-HCI (pH 8.0), 1% SDS supplemented with protease and phosphatase inhibitors. Total
cell lysates were sonicated (Bioruptor, Diagenode) to obtain chromatin fragments of an average length of 200-600 bp and then centri-
fuged at 10,000 rpm for 10 minutes at 4°C. 10ug of chromatin was diluted 10-fold with 5 mM EDTA, 50 mM Tris-HCI (pH 8.0), 0.5%
NP-40, 200 mM NaCl supplemented with protease and phosphatase inhibitors. Chromatin extracts were precleared with protein A/G
Dynabeads (ThermoFisher) for 40 minutes. The precleared chromatin was incubated over-night with gentle rotation, with antibodies
or control antibody. The following day, antibodies were captured by adding 20uL of beads and incubated at 4°C with rotation for
2 hours. Immunoprecipitates were washed with: 1X: 20 mM Tris-HCI pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton X-100 and
165 mM NaCl; 1X: 20 mM Tris-HCI pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton X-100 and 500 mM NaCl; 1X: 10 mM Tris-HCI pH 8,
1 mM EDTA, 1% NP-40, 1% Na-deoxycholate and 250 mM LiCl; 1X: 50 mM HEPES pH 7.6, 1 mM EDTA, 1% NP-40, 0.7% Na-
deoxycholate and 500 mM LiCl; 2X with TE (10 mM Tris.HCI pH7.5, 1 mM EDTA). After the final wash, DNA was eluted with
150 uL of 0.1 M sodium carbonate, 1% SDS at 65C for 30 minutes with 1200 rpm agitation. To reverse crosslink, 6 uL of 5 M
NaCl and 2uL proteinase K (20 mg/ml) were added and incubated at 65°C with gentle agitation for at least 3 h. DNA was purified using
a PCR purification kit (QIAGEN) and analyzed by gPCR using SyBr green Mix (Roche) with the primers of interest.

DRIP

Genomic DNA, extracted with a previously described phenol/chloroform procedure, was digested at 37°C with a cocktail of restric-
tion enzymes (20u/uL EcoRl, 20u/uL Hindlll, 20u/uL Xbal, 25u/uL SSPI, 10u/uL BsrGl) in buffer 2.1 (NEB) with or without RNase H
(5u/uL, NEB). Following a second DNA purification step with standard phenol/chloroform procedure, 10 ug of digested DNA
was diluted in 900 uL of TE buffer (5 mM EDTA, 50 mM Tris HCI, pH 8) and 100uL of 10X DRIP buffer (100 mM NaH2PO4, 1.4 M
NaCl, 0.5% Triton-X) was added. Chromatin was precleared with 20uL of protein G Dynabeads for 40 minutes at 4°C. Then 10ug
of S9.6 antibody was added to the supernatant and incubated at 4C overnight with gentle rotation. Antibody capture was
done with 20uL of beads and incubation at 4°C for 2h. Immunoprecipitates were washed twice with 1X DRIP buffer, and once in
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1x DRIP buffer + 330 mM NaCl. After the last wash, DNA was eluted by adding DRIP elution buffer (50 mM Tris-HCI, pH 8, 10 mM
EDTA, 0.5% SDS) and incubated at 65°C for 45 minutes. DNA was finally purified using PCR purification kit (QIAGEN) and analyzed by
gPCR with SYBR green mix (Roche).

Immunofluorescence for R-loop detection
Appropriate number of cells were plated on coverslips the day before transfection and after 72 h ((siRNA) or 24 h (plasmid) trans-
fection were stained with Mitotracker green FM (ThermoFisher — M7514) with a final concentration of 300 nM for 20 minutes, then
fixed in cold methanol for 10 minutes at —20°C, followed by incubation for 1 minute in cold acetone at room temperature. The cov-
erslips were then quickly washed in SSC 4X buffer thrice then incubated for 30 minutes in SSC 4X, 3% BSA to prevent non-specific
interactions. Primary antibody was incubated overnight at 4°C (S9.6 1/200, purified in house at concentration of 0.8 ug/uL). After three
washes with PBS-tween 0.05%, coverslips were incubated at room temperature with secondary antibodies Alexa Fluor 488 or Alexa
Fluor 568 (Molecular Probes, 1/500).

Enzymatic treatments with RNaseH1, RNaselll (NEB) or RNaseT1 (Thermo) were performed after methanol/acetone fixation for
30 minutes at 37C in PBS and then rinsed in SCC 4X twice before blocking.

Immunofluorescence for 8-oxoguanine detection

Appropriate number of cells were plated on coverslips the day before transfection and after 72 h ((sijRNA) or 24 h (plasmid) trans-
fection were stained with mitotracker green FM (ThermoFisher — M7514) with a final concentration of 300 nM for 20 minutes, then
fixed in PFA 4% for 15 minutes at room temperature, followed by three washes in PBS. The coverslips were then permeabilized
PBS-Triton-x 0,5% buffer and rinse thrice. And then incubated for 30 minutes in PBS-tween 0,05%, 3% BSA to prevent non-specific
interactions. Primary antibody was incubated for 1 hour. After three washes with PBS-tween 0.05%, coverslips were incubated at
room temperature with secondary antibodies Alexa Fluor 488 or Alexa Fluor 568 (Molecular Probes, 1/500).

EdU incorporation

In order to maximize EdU incorporation into the mtDNA, cells were incubated with 6 uM Aphidicolin (Sigma) for 4 hours followed by
2 hours incubation with the nucleotide analog 5-ethynyl-29-deoxyuridine (EdU). Click-iT chemistry (Life Technologies) was used to
detect incorporated EdU into mtDNA according to instructions.

Coverslips were mounted with DAKO mounting medium (S3023) supplemented with DAPI (Sigma D9542) after three additional
washes with PBS-tween 0.05%. Analysis. Stained cells were imaged on a Zeiss 880 confocal microscope. Maximum projections
of the Z stacks of each field were analyzed using Fiji software (https://fiji.sc/). Quantification of immunofluorescence in the mitochon-
dria compartment were done after removing the nuclear staining by using a DAPI mask. Then measurements in the mitochondria
compartment were done using the Mitotracker staining as a mask.

Mitochondrial 4977 bp common deletion measurement

DNA was extracted by phenol/chloroform purification and 150 ng was amplified by PCR (COX gene) or nested PCR (common dele-
tion, (PCR1 - 15 cycles with annealing temperature of 60°C; PCR2 - 30 cycles with annealing temperature of 62°C)) using AccuPrime
Pfx DNA polymerase (Thermo Fisher). The common deletion of 4977 bp was indicated by the appearance of a 358 bp band on 1.5%
agarose gel. Band intensity was quantified by densitometry analysis using Fiji software.

Primers
Primers used in this study including gRNA for CRISPR/Cas9 engineering are listed in Table S1.

Antibodies
Antibodies used in this study are listed in Table S2. S9.6 antibody, used to detect RNA-DNA hybrids, was purified as described pre-
viously (Shivji et al., 2018).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis and n number is indicated throughout in the figure legends. Data is represented as mean + standard. Statistical
significance was determined using a two-tailed Student’s t test for testing significance between groups. For ChIP and DRIP analysis,

statistical significances were performed using two-way analysis of variance (2-way ANOVA) followed by a Bonferroni correction. All
tests were performed using GraphPad Prism 5.0. Statistical details including p values can be found in the figure legends.
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Figure S1, related to Fig. 1. R-loops accumulate in the mitochondria of Brca2-
deficient cancers.

(A) Magnification of immunofluorescence detection of R-loops with S9.6 antibody
from Fig. 1A with intensity of fluorescence along the arrow indicated in the bottom
panel. (B) Immunofluorescence detection of R-loops with S9.6 antibody in
EUFA423 cells after treatment with the indicated enzymes for 30 minutes at 37°C
after fixation. Scale bars 10um (C) Immunofluorescence detection of R-loops with
S9.6 antibody in mouse pancreatic ductal adenocarcinoma cell lines from a
genetically-engineered autochthonous murine model for Brca2-deficient
pancreatic cancer (Skoulidis et al., 2010). KPCB cell lines carry KrasG12D,
p53R172H and bi-allelic inactivating mutations in Brca2. KPC cells carry only the
Kras and p53 mutations. Magnifications show details of selected cells as indicated.
Plot shows the mean + s.d from three different tumours experiments. At least 100
cells were counted for each tumour cell lines. The two-tailed Student's t- test was
performed to determine statistical significance between the two groups. **,
p<0.01. Scale bars 10um; DAPI (4,6-diamidino-2-phenylindole). Mitotracker stains

mitochondria.
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Figure S2, related to Figure 2

Figure S2, related to Fig. 2. Transcription of mtDNA-encoded ND1 and COX

genes is reduced in BRCA2-deficient cells.

(A) Western blot showing BRCA2 expression in HelLa Kyoto wild-type (WT) cells, or
in HeLa Kyoto cells engineered by CRISPR/Cas? to generate BRCA2 nullizygosity
(BRCA2-KO). * denotes a non-specific band detected by BRCA2 antibody (B-C)
Fold-change in the expression of RNA encoding the ND1 or COX genes in Hela
Kyoto cells transfected with, (si)BRCA2 (A) or (B) in EUFA423 cells compared with
EUFA423 B2 controls expressing wild-type BRCA2. Controls in each comparison
were assigned a value of 1. Plots show the mean = s.d from three independent
experiments. The two-tailed Student’s t-test was performed to determine statistical

significance between the two groups. *, p<0.05, **, p<0.01.
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Figure S3, related to Figure 4. Mitochondrial genome instability arises from

oxidative stress in BRCA2-deficient cells.

(A) Immunofluorescence detection of R-loops with $9.6 antibody in Hela Kyoto
transfected with the indicated siRNA in presence or not of NAC for 24hrs.
Magnifications show details of selected cells as indicated. Plots show the relative
mean = s.d from three independent experiments. At least 100 cells were counted
in each conditions. The two- tailed Student's t-test was performed to determine
statistical significance between the two groups. *, p<0.05 ; ***p<0,001. Scale bars
10pm; DAPI (4,6-diamidino-2-phenylindole), Mitotracker stains mitochondria. (B-
C) Mitochondrial common deletion measured by nested PCR in Hela Kyoto
transfected with (si)Ctrl (control) or (si)BRCA2, followed by treatment with 2mM
NAC for 16hrs (B); or in EUFA423 cells compared with EUFA423-B2 controls
expressing wild-type BRCA2 (C). Plots show the relative mean = s.d from three
independent experiments measured by densitometry analysis. The two-tailed
Student’s t-test was performed to determine statistical significance between the

two groups. *, p<0.05, ***, p<0.001.



Hela Kyoto
BRCA2 KO

Vinculine

Figure S4, related to Figure 5

Figure S4, related to Figure 5. RNAseH1 level in BRCA2 deficient cells

Western blot showing RNAseH1 expression in HelLa Kyoto wild-type (WT) cells, or
in HelLa Kyoto cells engineered by CRISPR/Cas9 to generate BRCA2 nullizygosity

(BRCA2-KO).
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Figure S5, related to Figure 6. 8-oxoguanine accumulates in the mitochondria

of BRCA2-deficient and OGG1-deficient cells.

(A-B) Immunofluorescence detection of 8-oxoguanine in HelLa Kyoto or in BRCA2
KO cells (A) or in HelLa Kyoto transfected with the indicated siRNAs (B).
Magnifications show details of selected cells as indicated. Scale bars 10pm; DAPI

(4,6-diamidino-2-phenylindole), Mitotracker stains mitochondria.
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Figure Sé6, related to Figure 1 to 7. Pathogenic BRCA2 mutations reveal an
unrecognized general mechanism wherein oxidative stress restricts mtDNA
replication via RNAseH1 impairment.

Normal mtDNA replication is portrayed in the grey panel. Ori-L and Ori-H indicate
mtDNA replication origins; LSP, transcription initiation site for 7S RNA; ND1,
NADPH1 gene locus; and the red dashed arrow represents transient RNA
formation. Our findings suggest a model wherein oxidative stress (orange panel)
causes accumulation of 8-oxoguanine in mtDNA, impairing the recruitment of
RNAseH1, an R-loop processing factor essential for mtDNA replication, to the
replication-initiating D-loop region. Impaired RNAseH1 recruitment leads to
unscheduled R-loop accumulation, depicted by the red arrow blocking mtDNA

replication, and reducing mtDNA copy number. BRCA2 deficiency triggers this



mechanism by generating endogenous oxidative stress, as does the depletion of
SETX or PRPF8 implicated in neurodegerative diseases. Similar events occur in
wild-type cells exposed to exogenous oxidative stress, speaking to the generality

of this mechanism.

Supplementary Tables

Supplemental Table S1, related to STAR methods. Primers used in this study.

Name sequence 5'-3'

D-loop_Fwd CTTTCATGGGGAAGCAGATTTG
D-loop_Rev GCATGGGGAGGGGGTTTTG
ND1_Fwd TCTCCACCCTTATCACAACA
ND1_Rev GACTAGTTCGGACTCCCCTT
OriL_Fwd CCCACAAACACTTAGTTAACAGCT
OriL_Rev GGCCTCTTTTTACCAGCTCC
Mt-CD1_Fwd AACCACAGTTTCATGCCCATC
Mt-CD1_Rev TGTTAGTAAGGGTGGGGAAGC
Mt-CD2_Fwd ACCCTATAGCACCCCCTCTAC
Mt-CD2_Rev CTTGTCAGGGAGGTAGCGATG
HPRT_Fwd TGACACTGGCAAAACAATGCA
HPRT_Rev GGTCCTTTTCACCAGCAAGCT
GAPDH_Fwd CTCCTGTTCGACAGTCAGC
GAPDH_Rev TTCAGGCCGTCCCTAGC
sc-400700: BRCA2 CRISPR/Cas9 KO pool of 3 different gRNA plasmids:
sc-400700 A: CTGTCTACCTGACCAATCGA
sc-400700 B: ATGTAGCACGCATTCACATA
sc-400700 C: CGATTACCTGTGTACCCTTT

Supplemental Table S2, related to STAR methods. Antibodies used in this

study.

Antibody | Species | Dilution | reference Supplier
S9.6 Mouse | IF1/100 N/A Our laboratory
BRCAZ2 Mouse | WB 1/500 | AB-1 OP95 | Merck Millipore
Beta-Actin Mouse | WB 1/2000 | A5441 Sigma
RNAse H1 Rabbit | ChIP 3ug sc-292711 | Santa Cruz
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