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R loops are nucleic acid structures comprising an DNA-RNA hybrid
and a displaced single-stranded DNA. These structures may occur
transiently during transcription, playing essential biological func-
tions. However, persistent R loops may become pathological as
they are important drivers of genome instability and have been asso-
ciated with human diseases. The mitochondrial degradosome is a func-
tionally conserved complex from bacteria to human mitochondria. It is
composed of the ATP-dependent RNA and DNA helicase SUV3 and the
PNPase ribonuclease, playing a central role in mitochondrial RNA sur-
veillance and degradation. Here we describe a new role for the
mitochondrial degradosome in preventing the accumulation of
pathological R loops in the mitochondrial DNA, in addition to prevent-
ing dsRNA accumulation. Our data indicate that, similar to the molec-
ular mechanisms acting in the nucleus, RNA surveillance mechanisms
in the mitochondria are crucial to maintain its genome integrity
by counteracting pathological R-loop accumulation.

genome instability | mitochondrial degradosome | R loops |
RNA metabolism | transcription-replication conflicts

Very-short DNA-RNA hybrids occur during both replication
and transcription, serving specific purposes in DNA or RNA
metabolism, such as priming lagging-strand DNA synthesis or
extending the nascent RNA inside the active pocket of RNA
polymerases. R loops, on the other hand, are a distinct class of
nucleic acid structures, comprising an DNA-RNA hybrid and a
displaced single-stranded DNA (1). These structures also occur
naturally, mostly in a cotranscriptional manner and have been
shown to play essential biological functions in different organ-
isms. Namely, R loops are essential for Escherichia coli plasmid
replication, mitochondrial DNA replication, and human Ig class
switch recombination, and evidence accumulates supporting
their involvement in DNA damage repair, transcription regula-
tion, and chromatin states in human cells and other organisms
(2-5). Indeed, the presence of R loops in genomes has proven to
be more frequently detected than initially anticipated, as shown
by the growing number of whole-genome sequencing studies
mapping the genomic locations where these structures arise.
These studies dissecting the nature and distribution of R loops
have helped establish common features aiding R-loop formation
and stabilization, showing that negative supercoiling, GC con-
tent, repetitive sequences, and the occurrence of nicks or breaks
on the DNA molecule are major contributing factors (6-10).
Despite the specific cellular functions of certain R loops, these
can alter the surrounding chromatin landscape and become an
obstacle on the DNA molecule that can stall the replication
machinery and, subsequently, lead to DNA breaks, representing
an important source of DNA damage and a driver of genome
instability (11, 12). To regulate the accumulation of R loops,
cells have developed different mechanisms that avoid or remove
them. As an initial measure to avoid R-loop formation, RNA-
binding proteins (RBPs) that associate with the transcription
machinery, such as the THO complex, bind the nascent RNA
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and reduce its ability to hybridize with the negatively supercoiled
DNA template behind the traveling RNA polymerase (13, 14).
Indeed, other factors involved in the RNA packing into messenger
ribonucleoprotein complexes (mRNPs), splicing and export of the
mature mRNA can lead to the accumulation of harmful R loops,
indicating that RNA biogenesis and export in general contribute
to prevent R-loop accumulation (15, 16). Additionally, cells have
also developed means to deal with R loops once they form. These
include a growing number of RNA and DNA helicases, such as
Senataxin and DDX23, which unwind the RNA hybridized from
the DNA molecule, with yet unknown genomic locus specificity, if
any (5, 17). The best-studied R-loop-removing factors, and likely
most important, are the RNase H endonucleases, which are pre-
sent in most organisms and specifically target and degrade the
RNA moiety within the DNA-RNA hybrids (18). RNase H1, in
particular, has been proven central for proper DNA replication in
the nucleus, removing Okazaki fragments, and in the mitochon-
dria, where replication initiation relies on a persistent R loop used
as a primer for the replicative DNA polymerase (19). In addition,
well-established genome guardians from the DNA damage re-
sponse and repair pathways have also been implicated in reducing
harmful R loops associated with replication fork stalling, such as
BRCA1, BRCA2, and Fanconi anemia factors, which likely deal
with persistent and unresolved R loops in cells entering the S-G2
phase of the cell cycle (20, 21). This is in favor of persistent R
loops threatening genome integrity by impairing replication fork
progression and/or causing DNA breaks, making the contribution
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of replication-associated DNA repair pathways in eliminating
them of paramount importance.

The human mitochondrial DNA (mtDNA) is a small 16.6-kb
circular double-stranded DNA (dsDNA) molecule, containing 37
genes encoding essential components of the mitochondrial re-
spiratory chain and specific tRNAs and rRNAs. Within each
mitochondrion, several hundreds of mtDNA copies are present
and organized in mtDNA-protein complexes termed nucleoids
(22). mtDNA has a C-rich light (L) strand and a complementary
G-rich heavy (H) strand, with one large noncoding region (NCR)
where most of the regulatory elements locate, including the H
strand origin of replication (Og), and the L and H strand pro-
moters (LSPs and HSPs, respectively). The NCR, or control region,
of many mtDNA molecules presents a three-stranded complex
structure that contains a D loop formed by the 7S DNA, where
replication is initiated from the Oy. Also at the control region, a
stable R loop is found at high frequency, formed by a small RNA
transcribed from the LSP by the mitochondrial RNA poly-
merase (POLRMT) (23). This plays a critical role in mtDNA
replication serving as a primer for leading-strand synthesis by
the mitochondrial DNA polymerase Poly from Oy, after pro-
cessing by RNase H1 (19, 24). Both the D loop and R loop have
been implicated not only in replication of the mtDNA, but also
in the organization and distribution of the mitochondrial ge-
nome (25, 26). Transcription of the mtDNA by POLRMT is
initiated from the HSPs and LSPs, producing long polycistronic
transcripts from both strands that undergo nucleolytic pro-
cessing to yield the mitochondrial mRNA, rRNA, and tRNA
species (27, 28). Posttranscriptional processing of mtRNAs and
assembly of mitochondrial ribosomes has been shown to occur
in specialized centers adjacent to nucleoids, termed RNA
granules (29, 30).

The mitochondrial degradosome (mtEXO) is a functionally
conserved complex from bacteria to humans, specifically involved
in maintaining mitochondrial integrity in eukaryotes mostly by its
function in RNA surveillance and degradation (31). It is com-
posed of the ATP-dependent RNA and DNA helicase SUV3
(SUV3 or SUPV3LI) and PNPase (PNPT1), which has poly(A)
polymerase (PAP) and exoribonuclease activities. Both are enco-
ded in the nuclear genome and imported to the mitochondria to
exert their functions (32, 33). It has been shown in vitro that pu-
rified SUV3 has the ability to unwind double-stranded RNA
(dsRNA), DNA-RNA, or dsDNA, and its helicase activity is en-
hanced when in complex with PNPase, which then promotes 3'-5’
degradation of the RNA molecules (34-36). In yeast, the mtEXO
complex also shows severe mitochondrial RNA turnover defects
and leads to loss of mitochondrial genome, rendering the cells
“petite” (37, 38). In mammalian cells, in addition to their well-
established role in RNA turnover as part of the mtEXO, SUV3
and PNPase have been implicated in other processes related to
mitochondrial integrity and correct cellular function. In particular,
SUV3 and PNPT1 homozygous KO mice are embryonic lethal (39,
40), and SUV3 heterozygous mice show increased tumor devel-
opment and premature aging phenotypes (40), serving the idea
that it might act as a tumor suppressor gene. Still, the causes
of these phenotypes and their relation with the known mtEXO
function are unclear.

Here we show that the loss of SUV3-PNPase activity, in addition
to disrupting mtRNA turnover, favors the accumulation of dsSRNA
and leads to the accumulation of R loops in the mitochondrial
genome in HeLLa and U20S cells, generating problems in replica-
tion and mitochondrial genome integrity. Our findings suggest a
role for the mitochondrial degradosome in counteracting deleteri-
ous R loops at specific hybrid-prone regions in the mitochondrial
genome. In addition to a role in preventing R loops at mitochon-
drial genes, which can impair replication progression, we propose
that the mtEXO might have a particularly relevant role at the
control region, modulating the abundance of the RNA species used
for priming replication from Oy. Ultimately, our results suggest that
RNA surveillance mechanisms in the mitochondria, similar to the
molecular mechanisms acting in the nucleus, are crucial in avoiding
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genomic instability by counteracting pathological R-loop accumu-
lation and preventing replication—transcription conflicts, supporting
the notion that this is a general mechanism for genome integrity.

Results

Loss of mtEXO Leads to Accumulation of DNA-RNA Hybrids and
dsRNA in Mitochondria. A number of nuclear-encoded proteins
involved in various aspects of DNA and RNA metabolism in-
cluding nuclear RNA surveillance, have been implicated in nu-
clear R-loop prevention and R-loop-associated genome instability
(11). To address whether these processes are conserved in non-
nuclear genomes, we analyzed whether mitochondrial RNA sur-
veillance, in particular the mitochondrial degradosome (mtEXO),
has any role in mitochondrial R-loop homeostasis and genome
integrity. To visualize and establish R-loop detection we relied on
immunofluorescence (IF) with the S9.6 anti-DNA-RNA hybrid
antibody and RNase H1 overexpression and/or in vitro treatment,
previously demonstrated to be bona fide readouts of R-loop
presence (6, 14, 15, 41). We found that silencing the mtEXO
exoribonuclease-encoding gene PNPT! using siRNA (siPNPT1)
produced an unexpected punctate S9.6 staining pattern in the
cytoplasm. Importantly, depletion of the other mtEXO subunit,
the SUV3 helicase by siRNA (siSUV3), conferred the same
punctate S9.6 staining pattern. To test whether the S9.6 signal was
confined or in the soluble cytoplasmic fraction, we assessed
colocalization with the mitochondria using Mitotracker. Confocal
microscopy analysis of SUV3- and PNPase-depleted cells showed
that the S9.6 signal colocalized within the mitochondria in ag-
gregates (henceforth referred to as granules), compared with the
generally diffuse S9.6 signal observed in control cells (Fig. 14).
Since mtEXO is involved in mtRNA degradation and turnover,
and loss of mtEXO function leads to the accumulation of pro-
cessing intermediates and decay RNA species (32, 33, 42), we also
tested the levels of dsRNA in both mtEXO-depleted cells us-
ing the J2 antibody, which recognizes dsRNA molecules (43).
mtEXO-depleted cells showed a J2 granular pattern similar to the
S9.6 staining, localizing within the mitochondrial network, evi-
dencing the defective RNA turnover and degradation caused by
mtEXO loss (Fig. 1B). The same S9.6 and J2 staining phenotypes
were confirmed in U20S cells (Fig. 1C).

We next analyzed the dependency of these granules on active
transcription. For this, we treated cells with low doses of ethidium
bromide (EtBr), which have been shown to effectively inhibit
mtDNA transcription (44, 45), or cordycepin (3’ deoxyadenosine),
an RNA chain elongation inhibitor shown to effectively inhibit
both nuclear (46) and mitochondrial RNA synthesis without af-
fecting RNA stability (47). A marked decrease in the number and
intensity of S9.6 granules was observed in SUV3-depleted cells
when transcription was inhibited with either drug (Fig. 1 D-F),
confirming that the signals detected were cotranscriptional.

The IF data indicated that mtEXO-depleted cells accumulate
both dsRNA and DNA-RNA hybrid molecules in mitochondria.
However, the high dsRNA signal observed in mtEXO-depleted
cells led us question whether high dsRNA levels could interfere
with the S9.6 antibody, despite the high specificity of S9.6 for
DNA-RNA hybrids (48, 49). To shed light on the nature of the
structures lighted up by the antibodies, we performed IF with the
S9.6 and J2 antibodies in samples treated in vitro with RNases H
and III, (Fig. 24). First, we confirmed that the two enzymes had
substrate specificity for DNA-RNA hybrids and dsRNA in vitro,
respectively (SI Appendix, Fig. S14), as expected (45, 50). Im-
portantly, we found mtEXO-depleted HeLa cells treated with
RNase H showed a small reduction of S9.6 granules and a sig-
nificant reduction in their intensity (Fig. 2 B and C and SI Ap-
pendix, Fig. S1B), which was further reduced when treated with
RNase III or both ribonucleases simultaneously. In contrast,
RNase H did not affect the number or intensity of J2 granules
(Fig. 2 D and E and SI Appendix, Fig. S1C). However, RNase III
removed the granular staining of both S9.6 and J2 (Fig. 2 B and
D). These results indicate that the granular structures observed by
IF demark local accumulation of both dsSRNA and DNA-RNA
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Fig. 1. Accumulation of transcription-dependent DNA-RNA hybrids and
dsRNA in mitochondria of HelLa and U20S cells depleted of SUV3 and
PNPase. (A) IF of DNA-RNA hybrids using the $9.6 antibody and (B) dsRNA
using the J2 antibody in Hela cells transfected with siC (control), siSUV3, and
siPNPT1. Mitochondria are stained with MitoTracker. (C) IF with MitoTracker
and S9.6 and J2 antibodies in siC, siSUV3, and siPNPT1 in U20S cells. (D)
Effect of transcription-blocking agents in the formation of $9.6 granules in
Hela cells seen by IF. Cells were treated with 50 ng/mL EtBr for 5 h or 100 uM
cordycepin for 2 h before fixation. Nuclei were stained with DAPI. (Scale bar,
10 um.) (E) Box plots represent the median and quartile levels of total $9.6
granules per cell or (F) granule intensity obtained from three independent
experiments. ****P < 0.0001; *P < 0.05 according to Mann-Whitney U test.
AU, arbitrary units.

hybrids, DNA-RNA hybrids being a smaller but significant frac-
tion of the retrieved IF signal.

We also analyzed the effect of transient in vivo overexpression
of human RNase H1 on the S9.6 staining of mtEXO-depleted
cells and observed a decrease in the number of S9.6 granules (S/
Appendix, Fig. S1 D and E), further confirming the accumulation
of hybrids in the mitochondria of SUV3-deficient cells. The same
sensitivity of the S9.6 and J2 signals to both RNase H and RNase
III treatment was observed in mtEXO-depleted U20S cells (Fig.
3 and SI Appendix, Fig. S2). Since the same results were obtained
with siSUV3 and siPNPT1, further analyses were mostly focused
on SUV3-depleted cells, since depletion of the SUV3 protein
was more efficient than PNPase (SI Appendix, Fig. S3 A-D).

Finally, we could also observe changes in mitochondrial
morphology of mtEXO-deficient cells with respect to the con-
trol. Using the MiNa script for mitochondrial network analysis in
mammalian cells in Fiji software (51, 52), we could see a shift
from the normal tubular mitochondrial network to a bulkier
granular morphology (SI Appendix, Fig. S4), confirming previous
observations in SUV3-depleted cells (53).

Loss of mtEXO Leads to Increased R Loops in the Mitochondrial Genome.
To confirm at the molecular level that mtEXO-deficient cells ac-
cumulate DNA-RNA hybrids in the mitochondrial genome, we
performed DNA-RNA immunoprecipitation (DRIP). Apart from
the stable R loop formed at the control region between the LSP and
Oy, which can be readily detected by DRIP analysis using the
primer pair RB31-3B (54), R loops have been identified to occur
naturally and consistently in several discrete regions around the
mitochondrial genome (8). Based on the available DRIP-seq data
(accession no. GSE68953), we designed different sets of primers
coinciding either with R-loop peak regions or not, to analyze the
accumulation of hybrids at different mitochondrial loci and allowing

11026 | www.phas.org/cgi/doi/10.1073/pnas. 1807258115

us to distinguish between previously described (native) or new
(nonnative) hybrid-accumulating regions (Fig. 44). Loss of mtEXO
function by depletion of either SUV3 or PNPase led to a significant
increase in hybrids found at the control region (RB31-3B) and at
the native R-loop—forming sites that we studied (RNR2 and CYTB),
which could no longer be detected when samples were treated with
RNase H in vitro before immunoprecipitation (Fig. 4B). Con-
versely, we did not observe, at levels detectable by this technique, a
significant increase in hybrids either at nuclear control genes
(RPLI3A and APOE) or at sites in the mitochondrial genome
where no R loops tend to occur naturally (ND4, CYTB out,
COX2) (Fig. 4B). This result is consistent with an increase in the
number of mitochondrial DNA molecules with hybrids detected in
mtEXO-depleted cells, in support of the IF data.

To investigate whether we could see any striking difference in
transcript levels in mtEXO-deficient cells, we analyzed the accu-
mulation of different RNA species by RT-qPCR. ¢cDNA was syn-
thesized from whole RNA extracts without any denaturation step,
allowing us to analyze directly nascent, processed, or unprocessed
single-stranded mtRNA molecules without accounting for signal
deriving from dsRNA molecules. The only readily noticeable
change we found was in the abundance of the RNA species forming
the R loop at the control region (RB31-R3), which was consistently
increased when silencing SUV3 or PNPTI in all experiments (S/
Appendix, Fig. S5 A and B). Our analysis could not discriminate,
however, whether this highly abundant species corresponded to the
short RNA species of the natural primer occurring between the LSP
and CBSII sites or to alternative longer RNA species such as those
formed at high frequency in mouse mtDNA (26). This result opens
the possibility that the mtEXO might be involved in regulating
DNA-RNA hybrids at the control region, whether by assisting
RNase H1 or by recognizing and degrading an excess of nascent
RNA species, thus maintaining the steady-state levels available for
R-loop formation.

Loss of mtEXO Impairs mtDNA Replication Causing Mitochondrial
Genomic Instability. Next, we investigated how the increase of R
loops in the mitochondrial genome was affecting mtDNA
maintenance. To assay possible defects in mitochondrial repli-
cation, we measured 5-ethynyl-2’-deoxyuridine (EdU) incorpo-
ration into newly synthesized mtDNA and visualized replicating
nucleoids by microscopy analysis (Fig. 54). Cells were treated
with aphidicolin before the EdU incubation, which inhibits the
nuclear replicative DNA polymerases but not the mtDNA
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Fig. 2. IF analysis of DNA-RNA hybrids and dsRNA in mitochondria of
mtEXO-depleted Hela cells. (A) Representative IF of $S9.6 (hybrids) and J2
(dsRNA) granules in siSUV3 Hela cells in control conditions [buffer only,
untreated (utr)] or treated in vitro with RNase H (RH), RNase Il (R3), or both.
Nuclei were stained with DAPI. (B) Quantification of $9.6 granules per cell
and (C) intensity. (D) Quantification of J2 granules per cell and (E) intensity.
***%Pp < 0.0001 according to Mann-Whitney U test.
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Fig. 3.
mtEXO-depleted U20S cells. (A) Representative IF of $9.6 (hybrids) and J2
(dsRNA) granules in siSUV3 U20S cells treated in vitro as in Fig. 2. (B)
Quantification of $S9.6 granules per cell and (C) intensity. (D) Quantification
of J2 granules per cell and (E) intensity. ****P < 0.0001; *P < 0.05 according
to Mann-Whitney U test.

IF analysis of DNA-RNA hybrids and dsRNA in mitochondria of

polymerase y (55, 56), to have a clean measure of replicating
mtDNA without the interfering signal from nuclei. In control
cells, we could observe a high number of nucleoids engaged in
new mtDNA synthesis that showed EdU incorporation colocal-
izing within the mitochondrial network (SI Appendix, Fig. S6A4),
while in SUV3-depleted cells, there was a decrease in mtDNA
replication ability, with fewer and dimmer EdU granules (Fig. 5
B and C), representing impaired replication and overall loss of
replication-competent nucleoids per cell. Together with mito-
chondrial aggregation and loss of replication-competent nucle-
oids, we also observed loss of mitochondrial DNA content (Fig.
5D), as expected from the failure to replicate and in agreement
with previously published data for cells lacking SUV3 (40, 53).
We could not, however, rescue the replication defect in SUV3-
depleted cells by overexpression of RNase H1 in vivo (SI Ap-
pendix, Fig. S6 B-D). The increased levels of RNase H1 led, in the
same extent in control and SUV3-depleted cells, to a major loss of
replicative ability, consistent with the described role of RNase H1
in primer removal of the leading strand at Oy and at other sites of
the lagging strand (19, 26). Hence, RNase H1 overexpression is
most likely removing the natural RNA primers impeding mtDNA
replication and, therefore, masking the impact it might have in
mitigating R-loop accumulation in SUV3-depleted cells.

Finally, we assessed the levels of nuclear DNA damage that
could result from mitochondrial dysfunction derived from
mtEXO deficiency. By measuring the levels of 53BP1 foci in the
nucleus, we found a significant increase in damage in SUV3-
depleted cells (SI Appendix, Fig. S7), in agreement with pre-
vious data showing increased levels of yH2AX in stable SUV3-
knockdown cells (53).

Discussion

Mitochondria are essential as the powerhouses of eukaryotic
cells and there is growing evidence of their contribution to nu-
merous human pathologies, such as neurodegenerative disorders
and cancer. The mitochondrial degradosome formed by SUV3
and PNPase, plays an essential role in mitochondrial RNA
turnover, contributing to mitochondrial homeostasis and overall
cellular function. Here we provide evidence that the human
mtEXO has an additional function in preventing harmful R-loop
accumulation in the mitochondrial genome as a way to warrant
mtDNA integrity. Our results show that HeLLa and U20S cells
lacking a functional mtEXO, apart from accumulating dsRNA, a
result consistent with a recent concomitant report (57), accu-
mulate high levels of cotranscriptional R loops (Fig. 1), detected
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by immunofluorescence using the S9.6 antibody. The results
were validated by showing that RNase H treatment in vitro and
overexpression in vivo significantly reduced the S9.6 signal (Figs.
2 and 3). The presence of RNase H-sensitive R loops in the
mitochondrial genome of SUV3- and PNPase-depleted cells was
also confirmed by DRIP analysis (Fig. 4). The accumulation of
hybrids seems to be mostly restricted to naturally hybrid-forming
regions of the human mitochondrial genome. We could see a
significant DNA-RNA hybrid increase in mtDNA regions pre-
viously identified to form R loops in undisturbed cycling cells (8),
but not at other regions of the mitochondrial genome. This R-
loop enrichment at specific mtDNA sites suggests a nonarbitrary
occurrence of these structures, made even more striking when
the general RNA metabolism is disrupted, even though we
cannot discard that R loops might also form at other regions at
levels undetectable by the available methodology. Optimization
of whole genome-based approaches to identify R-loop—forming
sequences, such as DRIP-seq and DRIPc-seq that allows strand-
specific RNA-seq, will provide relevant information about the
nature of these hybrid-prone sequences (10, 58).

Importantly, loss of mtEXO function leads to defective human
mtDNA replication, loss of mtDNA content, and mtDNA in-
stability (Fig. 5 A-D). Consistent with previous observations in the
eukaryotic nuclear genome and in bacteria (2), this loss of mtDNA
replication ability may be a consequence of the increase of un-
scheduled R loops, which are known to stall replication fork pro-
gression, even though it cannot be discarded at this point that the
mtEXO could also exert other functions more directly associated
with replication. The changes in mitochondrial morphology, dsSRNA
accumulation, and mtDNA instability phenotypes generated by loss
of mtEXO function are expected to lead to metabolic dysfunction
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Fig. 4. Analysis of R-loop accumulation in the mitochondrial genome by
DRIP-gPCR in Hela cells depleted of SUV3 and PNPase. (A) Diagram of the
human mtDNA showing features relevant for this study. Outermost red peak
profile represents the alignment of R-loop accumulating sequences along
the mitochondrial genome. Inner red dashes represent the location of pri-
mers used for DRIP experiments; blue dashes, primers used for mtRNA ex-
pression levels; and yellow dashes, primers used for quantifying mtDNA
relative to nuclear DNA content. Diagram in the center details the position
of the primers targeting the stable R loop present at the NCR, downstream
of the LSP (RB31-R3). (B) DRIP analysis showing the percentage of recovered
input from $9.6 IP as mean value + SD from at least four independent ex-
periments for each region of interest. Nuclear genes included as controls
(RPL13A and APOE). Differences were analyzed using t test (*P < 0.05).

PNAS | October 23,2018 | vol. 115 | no.43 | 11027

www.manaraa.com

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807258115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807258115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807258115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807258115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807258115/-/DCSupplemental

o
&
S
&
o
&
8
a
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
<
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

B: 600 C®S1500

3 EESN
' 400] G > 1000] 8% e
oo On Y
W= 200 500

= 20

s DE !

o 0 w= .

0
siC siSUV3 siC siSUV3

R loop
mMtEXO processing

Relative
mt/nDNA c_c‘)ntentU
S

o

0

siC siSUV3

Fig. 5. R-loop-mediated mitochondrial genomic instability caused by
mtEXO depletion. (A) Visualization of mtDNA replication by EdU in-
corporation. Cells were incubated with 6 pM aphidicolin for 4 h before in-
cubation with EdU. Nuclei were stained with DAPI. (Scale bar, 10 um.) (B)
Quantification of total EdU granules per cell. (C) Quantification of EdU
granule intensities. Red bar represents the mean value for at least three
independent experiments for each condition. ****P < 0.0001; **P < 0.01
according to Mann-Whitney U test. AU, arbitrary units. (D) Changes in
mtDNA content relative to nuclear DNA (nDNA) in total DNA extracts. Mean
value + SD obtained from at least four independent experiments are rep-
resented. (E) Proposed model for the contribution of mtEXO to R-loop ho-
meostasis in mitochondria.

and increased levels of reactive oxygen species, with concomitant
increase in nuclear DNA damage (SI Appendix, Fig. S7) (53).
However, human SUV3 also localizes to the nucleus where it
interacts with several DNA repair factors likely playing a role in
nuclear DNA metabolism (59-61). It would be interesting to
investigate whether SUV3 is also involved in DNA-RNA hybrid
metabolism in the nucleus, even though our IF and DRIP anal-
ysis did not detect a significant increase of nuclear R loops. Nev-
ertheless, we cannot discard that SUV3 might play a subtle role in
R-loop metabolism outside the context of mitochondria. The in-
teractions of SUV3 with nuclear DNA repair factors may be a
consequence of an encounter between replication and transcription
mediated by the nascent RNA molecule that would need to be
investigated further to understand its physiological meaning.
Although it is well established that abrogating mtEXO func-
tion leads to deregulation of transcription and translation pro-
cesses derived from defective RNA metabolism, we could not
observe major changes in the steady-state levels of transcripts
that we analyzed, with exception of the RNA molecule forming
the R loop at the control region (SI Appendix, Fig. S5 A and B).
This is not surprising, given the multiple mitochondrial genomes
per cell can buffer minor changes in transcript levels in the pu-
tatively small proportion of mitochondrial genomes affected per
cell. The long polycistronic transcript from HSPs contains most
of the coding ORFs of the human mitochondrial genome while
LSPs produce an equally large polycistronic RNA molecule that
harbors only ND6 and eight tRNAs. This means that the RNA
processing responsible for yielding mature transcripts also gen-
erates large antisense intergenic transcripts, termed “mirror”
RNAs. Normally, these transcripts are highly unstable and rap-
idly degraded by the mtEXO (32, 62). In the absence of proper
RNA surveillance, these lingering mirror RNAs can hybridize to
the mtRNAs, resulting in the elevated dsRNA levels observed in
mtEXO-depleted cells (Figs. 1-3). Nevertheless, we could greatly
reduce the occurrence of the $9.6 granules by blocking transcription
in mtEXO-deficient cells using ethidium bromide and cordycepin
(Fig. 1 D-F). This result together with the observation that R loops
are detected at the same discrete regions around the mitochondrial
genome as in cells with undisturbed RNA turnover suggests that
most R loops are formed cotranscriptionally in cis, similarly to nu-
clear R loops (11). We cannot discard, however, that in the absence
of mtEXO, antisense RNAs could hybridize cotranscriptionally in

11028 | www.phas.org/cgi/doi/10.1073/pnas. 1807258115

trans, taking advantage of the local negative supercoiling transiently
accumulated upstream of an active RNA polymerase.

In the nucleus, loss of factors that bind and process newly
formed RNA is critical to prevent the formation of harmful R
loops that can pose a major blockage to the moving replication
and transcription machineries, leading to stalling and collapse of
replication forks and further deregulation of the transcriptional
process with considerable effects in genome stability (2, 12, 13).
It has been shown, both in yeast and human cells, that loss of
exosome function in the nucleus leads to disturbances in RNA
processing with R-loop-associated genomic instability. In par-
ticular, yeast cells with the deletion of the exosome cofactor #rf4
were shown to accumulate DNA-RNA hybrids and an R-loop-
dependent hyperrecombinant phenotype (63). In human cells the
RNA exosome also plays critical roles in R-loop metabolism,
modulating the levels of sense and antisense RNA at divergent
enhancer loci and acting as a cofactor of R-loop-targeted de-
aminases, such as AID acting on V(D)J exons during IgH class
switch recombination (64, 65).

Altogether, our results evidence the mtEXO as an important
factor in mitochondrial R-loop processing and regulation, acting
as a guardian of mitochondrial genome integrity. This concept is
supported by the fact that the normal levels of RNase H1 present
in the mitochondria cannot counteract the excess accumulation
of hybrids forming in mtEXO-deficient cells. One way the
SUV3-PNPase complex could exert its role would be by pre-
venting the formation of R loops, binding and processing new
transcripts, thus avoiding their hybridization back to the DNA
molecule. Alternatively, it could play a more active role, re-
moving R loops as a complementary mechanism to RNase H1, in
which the SUV3 helicase would unwind the hybridized RNA
moiety, allowing its immediate degradation by PNPase (Fig. 5E).
This model resembles the mechanisms acting in the nuclear ge-
nome, where a number of processing factors are involved in
preventing and/or removing R loops that would compromise
genome integrity by interfering with DNA replication (11). In
support of our model, yeast suv3 mutants become petite as a
consequence of mtDNA loss (38). As an alternative to the pre-
viously proposed direct function of Suv3 in yeast mtDNA repli-
cation to explain mtDNA loss in suv3A cells (38), our results
open the possibility that excess of unscheduled R loops accu-
mulating in mtEXO mutants is a major contributing factor
impacting replication. The unique replication and expression
requirements of mtDNA and the importance of their successful
completion for the overall integrity of the cell, may demand a
multilevel regulatory network in which factors with functions
bridging replication and transcription would provide an effective
way to overcome conflicts between both processes. The conser-
vation of the functional relevance of nuclear and mitochondrial
RNA processing and surveillance machineries in counteracting
R loops reveals the universal threat that cotranscriptional
DNA-RNA hybrids pose to genome integrity, regardless of or-
ganism and organelles, and the need to adapt the RNA metab-
olism machinery to a double role in RNA and DNA integrity.

Materials and Methods

Full methods are described in S/ Appendix. Cell culture, siRNA, plasmid
transfections, quantitative PCR, and molecular biology techniques were
performed using standard procedures. Mitochondrial morphology was an-
alyzed using the macro MiNa in Fiji software (51, 52). DRIP was performed as
previously described (46). mtDNA replication was analyzed in cells incubated
with EdU in the presence of aphidicolin. Changes in mtDNA and RNA levels
were analyzed by quantitative PCR.
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