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APOBECS3A is an antiviral DNA deaminase often induced by
virus infection. APOBEC3A is also a source of cancer mutation
in viral and nonviral tumor types. It is therefore critical to
identify factors responsible for APOBEC3A upregulation. Here,
we test the hypothesis that leaked mitochondrial (mt) double-
stranded (ds)RNA is recognized as foreign nucleic acid,
which triggers innate immune signaling, APOBEC3A up-
regulation, and DNA damage. Knockdown of an enzyme
responsible for degrading mtdsRNA, the exoribonuclease
polynucleotide phosphorylase, results in mtdsRNA leakage into
the cytosol and induction of APOBEC3A expression. APO-
BEC3A upregulation by cytoplasmic mtdsRNA requires RIG-I,
MAVS, and STAT2 and is likely part of a broader type I
interferon response. Importantly, although mtdsRNA-induced
APOBEC3A appears cytoplasmic by subcellular fractionation
experiments, its induction triggers an overt DNA damage
response characterized by elevated nuclear y-H2AX staining.
Thus, mtdsRNA dysregulation may induce APOBEC3A and
contribute to observed genomic instability and mutation sig-
natures in cancer.

The apolipoprotein B mRNA editing catalytic polypeptide-
like 3 (APOBEC3 or A3) family of proteins comprises seven
members in humans (1). As single-stranded (ss)DNA cytosine
deaminases, these enzymes normally function as antiviral
factors capable of inhibiting virus replication, suppressing
infectivity, and blocking pathogenesis (2). However, this potent
DNA editing activity can also be directed at the human
genome in cancer and cause mutations in chromosomal DNA
(3-5). A3-catalyzed genomic C-to-U deamination events
become immortalized as C-to-T transition and C-to-G trans-
version mutations, most frequently in TCA and TCT trinu-
cleotide motifs. Collectively, these single base substitution
(SBS) mutation patterns in cancer are known as SBS2 and
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SBS13 or, more simply, as the “APOBEC mutation signature.”
The APOBEC mutation signature is found in over 70% of
cancers and can be the largest fraction of somatic variation in
many individual tumors and tumor types (6, 7).

APOBEC3A (A3A) and APOBEC3B (A3B) are the most
likely sources of APOBEC signature mutations in cancer (most
recently addressed by (8, 9)). Both enzymes are potent ssDNA
cytosine deaminases that intrinsically prefer TC motifs due to
identical loop regions that engage the thymine nucleobase
immediately upstream of a target cytosine (10, 11). Ectopic
expression of both enzymes inflicts APOBEC signature mu-
tations in model bacteria and yeast systems, the chicken cell
line DT40, and the human cell line HAP1 (3, 9, 12-16).
Recently, CRISPR knockout studies have shown that both
enzymes contribute to ongoing mutagenesis in human cancer
cell lines, with A3A accounting for a larger fraction of the
overall APOBEC signature (8). Importantly, each of these
human enzymes is capable of catalyzing mutagenesis and
promoting tumor formation in mice, which demonstrates that
this mutational process is capable of uniquely driving carci-
nogenesis (and is not simply a passenger phenomenon despite
the fact that most APOBEC signature mutations are likely to
be aphenotypic) (17-21).

A3A expression is suppressed in most normal human tissues
(22—-24). However, consistent with its function as an antiviral
innate immune factor, its transcription can be induced by viral
infection (25-27). For instance, human papillomavirus infec-
tion of normal immortalized keratinocytes or human tonsillar
epithelial cells, human polyomavirus infection of human uro-
thelium, and human cytomegalovirus infection of decidual
tissues are all reported to trigger increased expression of A3A
(26, 28-30). Furthermore, consistent with antiviral function,
A3A is induced by type I interferons (IFNs) in multiple cell
types including monocytes, macrophages, and dendritic cells
(22, 31-34). This pathway is initiated by IFN binding to its cell
surface receptor, JAK/STAT signal transduction, and STAT2
binding the A3A promoter and transcriptional activation (25).
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APOBEC3A upregulation by mitochondrial dsRNA

However, it is important to note that infection by other viruses
such as the lentivirus HIV-1 and the herpesvirus Epstein—Barr
virus fails to induce A3A expression (35, 36). Moreover, most
cancer types with an APOBEC signature SBS2 and SBS13 and
A3A expression lack viral etiologies (7, 23, 24, 37-39). It is
therefore of considerable interest to understand nonviral
mechanisms of A3A upregulation.

Extrinsic nucleic acids from dead cells and intrinsic nucleic
acids from chromosome missegregation (micronuclei) and
aberrant endogenous virus and transposon activity can, like viral
nucleic acids, activate nucleic acid sensors and trigger strong
IEN responses including A3A upregulation (31, 40—42). Mito-
chondria are another potential source of endogenous immu-
nostimulatory nucleic acids (43-45). For instance, bidirectional
transcription of mitochondrial genes can result in double-
stranded (ds)RNA, which is normally recycled by a degrado-
some comprising the exoribonuclease polynucleotide phos-
phorylase (PNPase) and the ATP-dependent RNA helicase
SUPV3L1 (46-50). Knockdown of either component of this
complex results in accumulation of mitochondrial dsRNA
(mtdsRNA) (45, 51). Moreover, PNPase depletion additionally
allows mtdsRNA to escape into the cytosol (45, 52). Cytosolic
mtdsRNA is then free to engage the RNA sensors RIG-I and
MDAS5 and potentiate an IFN response (45). Therefore, a
combination of genetic, biochemistry, and cell biology ap-
proaches is used here to test the hypothesis that mtdsRNA can
be mistaken as foreign and trigger a virus-like innate immune
response that leads to A3A induction and nuclear DNA damage.

Results
Mitochondrial and nuclear dsRNA trigger A3A upregulation

To test the hypothesis that mtdsRNA leads to an induction
of A3A expression, the breast epithelial cell line MCF10A was
transfected with siRNAs to deplete the mitochondrial exori-
bonuclease PNPase and the RNA helicase SUPV3L1 and
immunofluorescent microscopy was used to quantify dsRNA.
Strong cytoplasmic staining with the dsRNA-specific mono-
clonal antibody J2 was observed in PNPase- and SUPV3L1-
depleted cells after membrane permeabilization with 0.2%
triton-X100 (45) (Fig. 1A). A stringent 0.2% digitonin per-
meabilization protocol yielded similar results (Fig. S1A). The
majority of the dsRNA signal in these conditions appeared
coincident with mitochondria as indicated by overlapping
staining with MitoTracker (Red CMXRos). Interestingly, a
milder 0.02% digitonin protocol, which permeabilizes only the
plasma membrane (and not mitochondrial or nuclear mem-
branes (53)), indicated that only PNPase depletion selectively
triggers cytosolic dsRNA accumulation (Fig. 1B; additional
images in Fig. S1B). In comparison, when using the same
0.02% digitonin treatment to preferentially permeabilize the
cytoplasmic membrane, SUPV3L1 depletion did not lead to
significant mtdsRNA leakage into the cytosol (Fig. 1B; addi-
tional images in Fig. S1B). As a negative control, non-
digitonin-permeabilized cells showed little ]2 staining
(images in Fig. S1C). Quantification of imaging results from
the 0.2% and 0.02% digitonin experiments confirmed
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significant overlap between dsRNA and MitoTracker staining
(Fig. S1D) and significant numbers of dsRNA foci accumu-
lating in PNPase-depleted cells (Fig. S1E).

To assess if knockdown of PNPase and subsequent release
of dsRNA into the cytosol causes an IFN response in
MCF10A cells, the expression of the interferon-stimulated
gene ISG15 was measured as an indicator of a type I IFN
production. PNPase knockdown, but not SUPV3L1 knock-
down, resulted in strong upregulation of both ISG15 and A3A
(Fig. 1, C and D). The two isoforms of A3A beginning at Met1
and Met13 are both evident, consistent with a transcriptional
induction mechanism. Indeed, A3A mRNA levels increased
15- to 20-fold through PNPase knockdown in comparison with
a nontargeting siRNA (Fig. 1D). A3B mRNA levels were also
induced significantly, but other A3 mRNAs appeared un-
changed (Fig. 1D; quantification of all A3 mRNAs in Fig. S2A).
Similar results for A3A and A3B were obtained in the lung
carcinoma epithelial cell line A549 but not in HeLa cells,
which are defective in interferon synthesis (Fig. S2, B and C).
Taken together, these data indicated that leakage of mito-
chondrial dsRNA into the cytosol leads to a strong upregula-
tion of A3A and a weaker but still significant induction of A3B.

To determine if dsSRNA of a nonmitochondrial origin might
also lead to A3A induction, the RNA regulatory protein TAR
DNA-binding protein 43 (TDP-43) was knocked down, which
is known to result in cytoplasmic RNA polymerase III tran-
script accumulation (54, 55). Thus, TDP-43 was depleted from
MCF10A cells and, as anticipated from this prior literature,
this knockdown caused an accumulation of dsRNA puncta in
the cytoplasm (Fig. 1, A and B). Importantly, this dsRNA signal
showed little overlap with mitochondrial staining by Mito-
Tracker Red CMXRos. However, similar to depletion of
PNPase above, immunoblot and reverse transcription-quanti-
tative PCR (RT-qPCR) experiments showed a >10-fold in-
crease in A3A levels following TDP-43 depletion (Fig. 1, C and
D). It is not clear why TDP-43 depletion results in higher A3A
protein levels in comparison with PNPase depletion, despite
similar fold-induction at the mRNA level and similarly high
IFN responses as assessed by ISG15 levels. Nevertheless,
despite this additional protein-level curiosity, these results
combined to demonstrate that an accumulation of cytosolic
dsRNA from mitochondrial or nuclear origins leads to a robust
induction of A3A expression.

Cytosolic sensing of mitochondrial dsRNA requires the RNA
sensor RIG-I

To determine the RNA sensor responsible for A3A upre-
gulation in response to mtdsRNA accumulation in the cyto-
plasm, MCF10A cells were codepleted of PNPase and
candidate RNA sensors and then A3A levels were quantified as
above. In comparison with the induction of A3A observed in
cells depleted for PNPase, codepletion of PNPase and the
cytosolic RNA sensor RIG-I prevented A3A upregulation. In
contrast, treatment with siRNAs against MDA5 had no sig-
nificant effect (Fig. 2, A and B). To further substantiate these
knockdown results, MCF10A cells engineered by CRISPR-
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Figure 1. Leaked mitochondrial dsRNA triggers A3A upregulation. A and B, immunofluorescence microscopy images of MCF10A cells treated with siCtrl,
siPNPase, siSUPV3L1, or siTDP-43 for 72 h and permeabilized with (A) 0.2% Triton X-100 or (B) 0.02% digitonin after which they were stained with the dsRNA-
binding antibody J2. Mitochondria were stained with MitoTracker, and nuclei were stained with Hoechst (the scale bar represents 10 um). C, immunoblot
analysis of the indicated proteins expressed in MCF10A cells treated with siCtrl, siPNPase, siSUPV3L1, or siTDP-43 for 72 h. Tubulin was used as a loading
control. All subpanels are from the same representative blot. D, Reverse transcription-quantitative PCR analysis of A3 mRNA levels in MCF10A cells after
treatment with siCtrl, siPNPase, siSUPV3L1, or siTDP-43 for 72 h. Expression refers to A3 mRNA fold change relative to the negative control (set to 1)
normalized to TBP. Mean values + SEM of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test and not shown if

insignificant).

Cas9 to lack RIG-I also demonstrated that this sensor is
required for A3A induction by cytoplasmic dsRNA (Fig. 2, C
and D). As anticipated from prior work (55), RIG-I null
MCF10A cells also failed to induce A3A following TDP-43
depletion (Fig. 2E).

MAVS is an adaptor in RNA sensing that typically functions
downstream of RIG-I (56, 57). To further test whether A3A

SASBMB

induction is dependent on the sensing of dsRNA, RNAi ex-
periments were done to investigate the involvement of MAVS.
As above for RIG-I experiments, codepletion of PNPase and
MAVS reduced A3A expression to uninduced levels and
MAVS-null clones showed a complete abrogation of A3A
induction following knockdown of PNPase (Fig. 2, A, B, F and
G). These results combined to further demonstrate that A3A is
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Figure 2. The RIG-I/MAVS axis is required for upregulating A3A in response to endogenous mitochondrial dsRNA. A, RT-gPCR analysis of A3A after
treatment with siCtrl, siPNPase, and codepletions of siPNPase with siCtrl, siRIG-I, siiDA5, and siMAVS for 72 h in MCF10A cells. Expression refers to mRNA
fold change relative to the negative control (which was set to 1) and was normalized to TBP. Mean values + SEM of three independent experiments (*p <
0.05 by Student’s t test and not shown if insignificant). B, immunoblot analysis of A3A in MCF10A cells treated with siCtrl, siPNPase, and codepletions of
siPNPase with siCtrl, siRIG-I, siMDA5, and siMAVS. Tubulin was used as a loading control. C and D, RT-gPCR and immunoblot analysis of A3A mRNA and
protein levels, respectively, in control or RIG-I KO MCF10A cells following siCtrl or siPNPase treatment. Expression refers to mRNA fold change relative to the
negative control (which was set to 1) and was normalized to TBP. Mean values + SEM of three independent experiments (***p < 0.001 by Student’s t test and
not shown if insignificant). £, RT-qPCR analysis of A3A mRNA levels, respectively, in control or RIG-I KO MCF10A cells following siCtrl or siTDP-43 treatment.
Expression refers to mRNA fold change relative to the negative control (which was set to 1) and was normalized to TBP. Mean values + SEM of three
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upregulated through the sensing of cytosolic mtdsRNA by the
RIG-I/MAVS pathway.

A3A upregulation by cytosolic mtdsRNA requires STAT2

Accumulation of immunostimulatory dsSRNA can trigger a
wide array of cellular responses, and therefore a set of IFN-
responsive genes was analyzed to determine whether the ca-
nonical IFN pathway is involved. We found that five canonical
IFN-stimulated genes (ISG15, IFI44, DDX60, MX1, and OASI
(58)) were all significantly upregulated following siPNPase
treatment (Fig. 3A). Genes encoding the inflammatory cyto-
kines tumor necrosis factor alpha and interleukin 6 were also
induced by PNPase knockdown (Fig. S4). The expression of
specific IFN genes was not examined, but several are also bona
fide 1SGs and induction is anticipated based on prior reports
(e.g., IFN-P in ref. (45)). To confirm that A3A is upregulated
through a type I IFN response, knockdown of the IFN-o/f
receptor in siPNPase-treated cells effectively reduced A3A
expression levels to those of the control (Fig. 3, B and C).
IFNARI depletion was confirmed by RT-qPCR in these ex-
periments because available commercial antibodies did not
work in our hands (Fig. 3D). These results indicated that,
following activation of RIG-I and MAVS, A3A induction oc-
curs through a type-I IFN-dependent signaling pathway.

The most likely mediators of a type-I IFN-dependent
response based on the prior literature (25, 59, 60) are the IFN-
inducible transcription factors STAT1 and STAT2. These
factors were therefore depleted from MCF10A cells with
siRNA, and the effect of PNPase knockdown was examined as
described above. Interestingly, only STAT2 (and not STATI)
depletion was able to block A3A induction by PNPase
knockdown (Fig. 3, B and C; independent STATI knockdown
results in Fig. S3). This important result was confirmed using
STAT2-knockout MCF10A clones, where A3A is no longer
inducible by PNPase knockdown (Fig. 3, E and F).

We also extended these results to another cell line using a
completely orthologous approach. A549 cells were transfected
with vectors expressing the Zika virus proteins NS2A and
NS4B as tools to block the JAK-STAT signaling cascade that
occurs following IFN induction. NS2A mediates the degrada-
tion of STAT1 and STAT2, and NS4B suppresses the phos-
phorylation of STAT1 (61, 62). A549 cells were transfected
concurrently with siPNPase and plasmids encoding FLAG-
tagged NS2A and NS4B (Fig. 3G). A3A upregulation was
eliminated by the addition of NS2A. In contrast, transfection
of NS4B into the cells had little effect with A3A levels still
rising 15- to 20-fold after PNPase knockdown. As NS2A (but
not NS4B) interferes with STAT2 activation, these data sup-
port the knockdown and knockout results above showing that
A3A induction requires STAT2. Thus, activation of RIG-I/
MAVS by endogenous dsRNA causes a type I IFN response
that induces A3A via STAT2.

APOBEC3A upregulation by mitochondrial dsRNA

A3A induction by mtdsRNA triggers a DNA damage response

To investigate the kinetics of A3A induction by mtdsRNA
leakage, A3A, A3B, and PNPase mRNA expression levels were
analyzed every 24 h over a 4-day period following PNPase
depletion (Fig. 4A). This analysis revealed that A3A expression
peaks, approximately 15-fold, at around 72 h after siRNA
transfection and quickly recovers to 2-fold induction by 96 h.
A3B mRNA levels peak with similar kinetics, although only
around 3-fold, roughly plateauing between 48 and 72 h post
transfection, and A3B mRNA levels may also persist slightly
longer. In the same time course, PNPase mRNA levels are
depleted maximally by 72 h post transfection and begin to
recover by 96 h (Fig. 44). These results indicate that A3A (and
A3B) mRNA levels correlate inversely with PNPase levels (and
thereby also with cytosolic mtdsRNA levels) and are likely to
be transient in nature.

To determine where mtdsRNA-induced A3A protein ac-
cumulates within cells, PNPase was depleted from MCF10A,
subcellular fractionation was used to separate nuclear and
cytoplasmic components, and immunoblots were done to
detect relevant proteins. Phorbol 12-myristate 13-acetate was
used as a positive control to induce A3A and A3B, as shown
previously (63-65). This biochemical approach showed that
the majority of mtdsRNA-inducible A3A is localized to the
cytoplasm, with tubulin as a positive control (Fig. 4B). In
comparison, the majority of A3B localizes to nuclear fractions,
with histone H3 as a positive control (Fig. 4B). Cytosolic
localization of IFNa-induced endogenous A3A has been re-
ported for another cell line (THP1), and nuclear localization of
endogenous A3B has been reported for MCF10A and a
multitude of cell lines by many groups (63, 66—68).

Last, we asked whether the A3A protein induced under
these conditions of PNPase depletion/cytosolic mtdsRNA
accumulation is capable of inflicting nuclear DNA damage.
This was done by depleting PNPase as above from
MCF10A cells and then using immunofluorescence micro-
scopy to visualize and quantify the DNA damage marker y-
H2AX. Interestingly, PNPase depletion causes strong increases
in both pan-nuclear and focused y-H2AX staining including a
doubling of the number of y-H2AX foci (Fig. 4, C and D;
quantification in Fig. S5). An independent experiment with
doxorubicin as a positive control confirmed this result and
suggested that the overall level of DNA damage inflicted by
A3A is less than that caused by this chemotherapeutic
(Fig. S5). Importantly, MCF10A cells engineered by CRISPR to
lack endogenous A3A demonstrated that the majority of these
nuclear y-H2AX foci are dependent upon this enzyme (Fig. 4,
C and D), despite the majority of protein localizing to the
cytosol as described above. A3A knockout was confirmed by
immunoblot and by sequencing the gRNA-binding site where
each allele has multiple mutations including a frameshift
mutation (Fig. 4, E and F). These experiments combined to

independent experiments (***p < 0.001 by Student’s t test and not shown if insignificant). F and G, RT-qPCR and immunoblot analysis of A3A mRNA and
protein levels, respectively, in control or MAVS KO MCF10A cells following siCtrl or siPNPase treatment. Expression refers to mRNA fold change relative to the
negative control (which was set to 1) and was normalized to TBP. Mean values + SEM of three independent experiments (**p < 0.01 by Student’s t test and

not shown if insignificant). RT-qPCR, reverse transcription-quantitative PCR.
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Figure 3. A3A is upregulated via a STAT2-dependent interferon response. A, RT-gPCR analysis of a panel of interferon-responsive genes (ISG15, IFl44,
DDX60, MX1, OAST) after siPNPase treatment of MCF10A cells. Expression refers to mRNA log; fold change relative to the negative control (which was set to
0) and was normalized to TBP. Mean values + SEM of three independent experiments (*p < 0.05, **p < 0.01 by Student's t test and not shown if insignificant).
B, RT-gPCR analysis of A3A in MCF10A cells treated with siCtrl, siPNPase, and siPNPase in combination with siCtrl, silFNAR1, siSTAT1, and siSTAT2 (*p < 0.05
by Student’s t test and not shown if insignificant). C, immunoblot analysis of MCF10A cells treated with siCtrl, siPNPase, and codepletions of siPNPase in
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SEM of three independent experiments (**p < 0.01 by Student’s t test). E and F, RT-qPCR and immunoblot analysis of A3A mRNA and protein levels,
respectively, in control or STAT2 KO MCF10A cells following siCtrl or siPNPase treatment. Expression refers to mRNA fold change relative to the negative
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indicate that cytosolic mtdsRNA accumulation leads to a
strong A3A-dependent DNA damage response.

Discussion

Here, we report that the cytoplasmic accumulation of
endogenous dsRNA of mitochondrial origin triggers a strong
increase in the expression of A3A and a slight increase in the
expression of A3B. While it has been previously reported that
foreign and synthetic nucleic acids are able to trigger the in-
duction of A3A through a type-I IEN response (22, 25, 31, 33,
69, 70), our results are the first to examine how dysregulation
of endogenous dsRNA may act as a natural source of immu-
nostimulatory nucleic acids and lead to strong upregulation of
A3A. We show that the upregulation of A3A by endogenous
dsRNA is dependent on the RIG-I/MAVS signaling axis and
proceeds through a type I IFN response in a STAT2-
dependent manner. Moreover, upregulated A3A, although
almost entirely cytoplasmic, is also able to cause chromosomal
DNA damage as evidenced by elevated y-H2AX staining.
Taken together, these results support a model in which a
breach in mitochondrial integrity can leak dsRNA into the
cytosol, which triggers RIG-I/MAVS/STAT2-dependent
upregulation of the IFN response including A3A expression
and, importantly, DNA damage (Fig. 5). This pathway could be
directly relevant to cells with mitochondrial dsRNA leakage as
well as to bystander cells due to the auto/paracrine nature of
the IEN response. These observations may help explain the
periodic (also called episodic) occurrence of APOBEC3
signature mutations in cancer cell lines, which were shown
recently to involve A3A (8, 71).

The chromosomal DNA damage observed following
knockdown of PNPase and accumulation of mtdsRNA is
surprising given that the bulk of induced A3A protein is
cytoplasmic. In fact, our subcellular fractionation experiments
indicate no detectable A3A in the nucleus of PNPase-depleted
cells. This observation is consistent with a prior report of
endogenous A3A localization to the cytoplasm following IFN-
a treatment of the cell line THP1 (67). However, given the
strong genetic dependence of y-H2AX accumulation here on
A3A following PNPase knockdown and cytoplasmic mtdsRNA
accumulation, we hypothesize that a low level of induced A3A
is able to diffuse through nuclear pores (due to its small size),
deaminate single-stranded regions of chromosomal DNA, and
trigger DNA breaks as evidenced by elevated levels of nuclear
y-H2AX foci.

In addition to the robust A3A upregulation observed upon
knockdown of PNPase, A3B was also significantly induced,
although to a much lower extent. A3B has also been found to
deaminate genomic DNA, and it is also a major source of
mutations in cancer and is found at much higher levels in the
nuclear compartment of a wide range of tumors and cancer
cell lines (22-24, 63, 66). Although the majority of DNA
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damage observed here following PNPase depletion is depen-
dent on A3A, A3B is predominantly nuclear with direct access
to chromosomal DNA and, thus, also able to contribute to the
overall landscape of APOBEC signature mutations observed in
cancer.

Here, we propose that sporadic induction of A3A caused by
mitochondrial stress and cytoplasmic dsRNA accumulation
over the course of human lifetime may contribute to the
overall burden of DNA damage and mutation accumulation in
cancer. To investigate the volatility of A3A upregulation due to
mitochondrial dysfunction, the kinetics of A3A induction
following the depletion of PNPase were investigated. The in-
duction of A3A is transient in nature with A3A peaking at 72 h
after knockdown of PNPase and returning from a 15-fold to a
2-fold induction after an additional 24 h. Thus, the transient
induction of A3A by the dysregulation of endogenous nucleic
acids could be responsible for some of the proposed episodic
bursts of A3A mutagenesis observed in cancer (8, 71).

In the context of both A3A and A3B, episodic mutagenesis
by A3A may cause “mutational flares” and A3B may contribute
to a continuous “mutational smolder,” which together account
for the overall landscape of APOBEC signature mutations in
cancer. Because of its potent deaminase activity and capacity to
damage the genome, A3A is tightly regulated and only induced
in response to infection, inflammation, and other stresses to
the cell including mitochondrial dysfunction as shown here.
Thus, the transient upregulation of A3A during these condi-
tions could lead to nuclear DNA damage and mutation
accumulation. However, A3B, which is nuclear and often
expressed at much higher levels in tumors, may result in a
continuous but slower accumulation of APOBEC3 signature
mutations to the nuclear genome over time. Thus, A3A and
A3B can together explain the bulk of the overall APOBEC
mutation signature across cancer and the mechanism
described here through endogenous dsRNA may be particu-
larly relevant to tumor types with nonviral, nonchronic, or
otherwise unclear etiologies.

Experimental procedures
Cell culture

MCF10A cells were cultured in Dulbecco’s modified Eagle’s
medium/F12 (Thermo Fisher Scientific #11320033) supple-
mented with 5% horse serum (Sigma-Aldrich #H1270), 20 ng/
ml EGF (Peprotech #AF-100-15), 0.5 pg/ml hydrocortisone
(Sigma #HO0888), 100 ng/ml cholera toxin (Sigma #C8052),
10 pg/ml insulin (Sigma #91077C), and 1% penicillin/strep-
tomycin (Thermo Fisher Scientific #15140122). HeLa and
A549 cells were cultured in Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific #SH30022FS) supple-
mented with 10% fetal bovine serum (Life Technologies
#1043702) and 1% penicillin/streptomycin (Thermo Fisher
Scientific #15140122). Cells were maintained at 37 °C and 5%

control (which was set to 1) and was normalized to TBP. Mean values + SEM of three independent experiments (**p < 0.01 by Student’s t test and not shown
if insignificant). G, RT-qPCR analysis of A3A in A549 cells treated with siCtrl/siPNPase and transfected with plasmids encoding NS2A, NS4B, or GFP. Expression
refers to mRNA fold change relative to the negative control (which was set to 1) and was normalized to TBP. Mean values + SEM of two independent
experiments (*p < 0.05, **p < 0.01 by Student’s t test and not shown if insignificant). RT-qPCR, reverse transcription-quantitative PCR.
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Figure 4. DNA damage induced by the upregulation of PNPase is A3A dependent. A, Reverse transcription-quantitative PCR analysis of A3A, A3B, and
PNPase in MCF10A cells treated with siCtrl/siPNPase after 24, 48, 72, and 96 h (mean * SEM of three independent experiments). B, immunoblot analysis of
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sequence of the CRISPR-disrupted A3A alleles in MCF10A cells (5/10 sequenced plasmids had allele 1 and 5/10 allele 2). Frameshift-induced premature stop

codons are highlighted in yellow, and insertions, deletions, and substitutions are shown in red. DMSO, dimethyl sulfoxide; PMA, phorbol 12-myristate 13-
acetate.
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CO,. MCFI10A cells were purchased from Horizon, and
A549 cells, HeLa cells, and 293T cell lines were obtained from
the American Type Culture Collection (ATCC).

RNA interference

See Table S1 for all oligonucleotide sequences including
siRNA sequences. Duplex siRNAs (IDTDNA) were resus-
pended at 20 pM in nuclease-free duplex buffer (IDTDNA
#11-01-03-01), and cells were treated at a final concentration
of 10 nM. siRNAs were reverse transfected using Lipofect-
amine RNAiIMAX (Thermo Fischer Scientific #13778150) in
OptiMEM (Thermo Fischer Scientific #31985062). RNAIMAX
was used at a ratio of 5 pl to 1 pl of 20 uM siRNA. To transfect
plasmid DNA and siRNAs concurrently, TransIT-X2 (Mirus
#MIR6000) was used to transfect the plasmid DNA and
RNAIMAX was used to transfect the siRNA 24 h later.
Transfections of siRNAs were completed in antibiotic-free
medium for 72 h before harvesting. siRNA transfection effi-
ciency was assessed using TYE 563 (IDTDNA #51-01-20-19),
and knockdown of desired proteins was evaluated via immu-
noblot and RT-qPCR analysis.

CRISPR knockout cells

MCF10A cells engineered by CRISPR to lack MAVS and
STAT?2 were described recently (25, 72). See Table S1 for all
oligonucleotide sequences including gRNAs. The construct
encoding the gRNA was created by cloning the gRNA into the
LentiCRISPR1000 (73) plasmid via Golden Gate cloning using
the Esp3I sites. Virus was created using HEK-293T cells
(ATCC) transfected with LentiCRISPR1000 plasmids encoding
the gRNA, gag, and VSVG. The gRNA for the RIG-I knockouts
was 5- GCGCCTGGACAATGGCACCT-3, and the gRNA
for the A3A knockouts was 5- GAAAAACAACAAGG
GCCCAA-3. MCF10As were then transduced and selected

SASBMB

with puromycin (1 pg/ml) (Gold Biotechnology #P-600-500)
after 24 h. Surviving cells were single cell cloned in a 96-well
plate and grown until 80% confluent. Cells were maintained
in 1 pg/ml puromycin for all subsequent passages. Knockout of
the target gene was verified by immunoblot and pJet
sequencing (Thermo Fisher Scientific #K1231) of the target
region. After harvesting genomic DNA from the cells, primers
were used to amplify 200 bp surrounding the target sequence
on each end (5-GATGCTCGGTGTGGTAGGAG-3' and
5'-CCCTGAGTCCTCAGATCCCA-3' for A3A), which was
then cloned into a pJet vector using the CloneJet PCR Kit
(Thermo Fisher Scientific #K1231). Ten different plasmids
were confirmed using Sanger DNA sequencing (GeneWiz) for
each gene.

Quantitative reverse-transcription PCR

See Table S1 for all oligonucleotide sequences including
PCR primers. Total RNA was extracted from cells using the
High Pure RNA Isolation Kit (Roche Life Science
#11828665001) per the manufacturer’s instructions. The
total RNA was transcribed into ¢cDNA in a 20-pl reaction
using 50 pM random hexamer primers (5'-NNNNNN-3')
(IDTDNA), 1 mM dNTPs (Millipore Sigma #DNTP-RO), 20 U
transcriptor reverse transcriptase (Roche Life Science
#3531317001), and 20 U protector RNase inhibitor (Roche Life
Science #3335399001). Quantitative PCR was carried out on a
LightCycler 480 II (Roche Life Science) in technical triplicate
using SsoFast Eva Green Supermix (Bio-Rad #1725200).

Immunofluorescence microscopy

See Table S2 for information on all primary and secondary
antibodies. Cells were fixed in 4% formaldehyde (Thermo
Fisher Scientific #28906) for 15 min and permeabilized using
PBS containing 0.2% Triton X-100 (Sigma-Aldrich #T8787).
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Cells were blocked in immunofluorescence microscopy
blocking solution (2.8 pM KH,PO,, 7.2 uM K,;HPO,, 5% goat
serum, 5% glycerol, 1% gelatin from cold water fish, 0.04%
sodium azide, pH 7.2) with 0.1% Triton X-100 for 1 h at room
temperature. Cells were incubated overnight at 4 °C in primary
antibody, which was diluted in immunofluorescence blocking
buffer. Incubation of cells with fluorophore-conjugated sec-
ondary antibody diluted in immunofluorescence blocking
buffer was completed for 2 h at room temperature, and nuclei
were stained with Hoechst 33342 (1 pg/ml) (Thermo Fisher
Scientific #P162249). Images were collected at 20x magnifica-
tion (or 10x magnification for Fig. 1B) using a Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek) or an EVOS FL Cell
Imaging System (Thermo Fisher Scientific). For the y-H2AX
images, a Cytation 5 Cell Imaging Multi-Mode Reader was
used to image five slices that were 2 M apart, which were then
combined using a maximum intensity projection to create the
final image.

Immunofluorescence microscopy with differential
permeabilization

Immunofluorescence microscopy with differential per-
meabilization was conducted in a manner similar to the
immunofluorescence microscopy protocol listed above. How-
ever, instead of permeabilizing the cells with PBS containing
0.2% Triton X-100, cells were permeabilized with 0.2% digi-
tonin (Sigma-Aldrich #D141) to ensure permeabilization of all
membranes, or 0.02% digitonin to permeabilize only the
plasma membranes, or 0% digitonin to permeabilize none of
the membranes. Blocking was completed in the same immu-
nofluorescence microscopy blocking solution but without the
added 0.1% Triton X-100. The rest of the immunofluorescence
microscopy is the same as the immunofluorescence micro-
scopy protocol for the permeabilization of all membranes with
Triton X-100.

Immunoblotting

See Table S2 for information on all primary and secondary
antibodies. Cells were lysed in 2.5x RSB (125 mM Tris HCl,
20% glycerol, 7.5% SDS, 5% B-mercaptoethanol, 250 mM DTT,
0.05% Orange G, pH 6.8) and boiled for 10 min. Lysates were
run on a 4 to 20% gradient SDS-PAGE gel (Bio-Rad #3450033)
and then transferred to a PVDF membrane (Millipore
#IPFL00010). Membranes were blocked in 5% milk in PBS for
1 h at room temperature. Primary antibody was diluted in 5%
milk in PBS and applied overnight at 4 °C. Blots were then
incubated in secondary antibody in 5% milk in PBS
supplemented with 0.1% Tween 20 (Thermo Fisher Scientific
#BP337-500) and 0.02% SDS (Thermo Fisher Scientific
#419530010) for 1 h at room temperature. Blots using the
antibody 5210-87-13 (66) for A3A and A3B, as well as anti-
bodies against MAVS, STAT2, ISG15, and SUPV3L1, utilized
an HRP-labeled anti-rabbit secondary antibody (Jackson
ImmunoResearch #111-035-144), which was visualized using
SuperSignal West Femto Maximum Sensitivity Substrate
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(Thermo Fisher Scientific #P134095). Blots were imaged on the
LI-COR Odyssey Fc imaging system (LI-COR Biosciences).

Subcellular fractionation

Approximately 10° cells were pelleted for 2 min at 3000
RPM and then washed in 150 ul cold PBS. Cells were pelleted
again at 3000 RPM for 2 min. The supernatant was then
decanted, and the pellet was resuspended in 90 pl ice-cold
0.1% IGEPAL CA-630 (Sigma-Aldrich #18896). This resus-
pension was the whole-cell fraction, and a portion (30 pl) of
the resuspension was removed and treated with RSB. The
remaining resuspension was pelleted at 3000 RPM for 5 min at
4 °C. The supernatant was the cytosolic fraction, and a portion
(30 pl) of the resuspension was removed and treated with RSB.
The pellet was then washed in 80 pl ice-cold 0.1% IGEPAL
CA-630 (Sigma-Aldrich #18896) and spun again at 3000 RPM
for 5 min. The supernatant was discarded, and the pellet was
resuspended in 10 pl HED buffer (25 mM Hepes, 15 mM
EDTA, 1 mM DTT, 10% glycerol, pH 7.4). This resuspension
was the nuclear fraction and was subsequently treated with
RSB.

Chemicals and inhibitors

Cells were treated with MitoTracker CMXRos (Thermo
Fisher Scientific #M7512) for 30 min at a concentration of
500 nM in order to stain the mitochondria prior to fixation.
3p-hpRNA/LyoVec (Invivogen #tlrl-hprnalv) was used at 1 pg/
ml for 16 h to stimulate and screen for RIG-I in the control
and RIG-I knockout cells. PMA (Sigma-Aldrich #P1585), a
known inducer of A3A and A3B (63-65), was used at 25 ng/ml
over 24 h. Doxorubicin (Sigma-Aldrich #D1515) was used as a
positive control for DNA damage response by treating cells for
24 h at a concentration of 1 pM.

Data availability

All relevant data are contained within the main article or
supplemental information. Please email rsh@uthscsa.edu with
requests for raw data or reagents.

Supporting article  contains

information.

information—This supporting

Acknowledgments—We thank Harris laboratory members for
helpful feedback during these studies.

Author contributions—C. W., S. A. M., ]. T. B,, R. S. H. conceptu-
alization; S. A. M,, J. T. B, E. E,, S. O,, E. B,, R. B. methodology; C.
W.,S. A. M,, J. T. B. formal analysis; C. W. investigation; E. F., S. O,
E. B, R. B. resources; C. W, R. S. H. writing — original draft; C. W,
S.A.M, ].T.B,E. F,S. O, E. B, R B, R S. H. writing — review &
editing; S. A. M., J. T. B,, R. S. H. supervision; R. B,, R. S. H. funding
acquisition.

Funding and additional information—These studies were supported
by NCI, National Institutes of Health P01 CA234228 (to R. S. H.),
NIAID, National Institutes of Health R37 AI064046 (to R. S. H.),
NCI, National Institutes of Health R37 CA252081 (to R. B.), and

SASBMB


mailto:rsh@uthscsa.edu

a Recruitment of Established Investigators Award from the Cancer
Prevention and Research Institute of Texas (CPRIT RR220053 to R.
S. H.). J. T. B. received partial salary support from the National
Institute for Allergy and Infectious Diseases (F32-AI147813). C. W.
received part-time support from the University of Minnesota
Undergraduate Research Opportunities Program (UROP). C. W. is
the Marvin and Christine Ballard Scholar, the Leon Snyder Scholar,
and the Harold Paul Morris Memorial Scholarship holder. S. O. is a
Dr Lorna Calin Scholar and was supported by the Faculty Mentor
Program from the University of California, Irvine. R. S. H. is the
Ewing Halsell President’s Council Distinguished Chair at University
of Texas San Antonio and an Investigator of the Howard Hughes
Medical Institute. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: APOBEC3, apolipo-
protein B mRNA editing catalytic polypeptide-like 3; IFN, inter-
feron; ISG, IFN-stimulated gene; PNPase, polynucleotide
phosphorylase; SBS, single base substitution.

References

1. Salter, J. D., Bennett, R. P., and Smith, H. C. (2017) The APOBEC protein
family: United by structure, divergent in function. Trends Biochem. Sci.
41, 578-59%4

2. Refsland, E. W, and Harris, R. S. (2013) The APOBEC3 family of retro-
element restriction factors. Curr. Top. Microbiol. Immunol. 371, 1-27

3. Green, A. M., Landry, S., Budagyan, K., Avgousti, D. C., Shalhout, S,,
Bhagwat, A. S., et al. (2016) APOBEC3A damages the cellular genome
during DNA replication. Cell Cycle 15, 998-1008

4. Hoopes, J. L, Cortez, L. M., Mertz, T. M., Malc, E. P., Mieczkowski, P. A.,
and Roberts, S. A. (2016) APOBEC3A and APOBEC3B preferentially
deaminate the lagging strand template during DNA replication. Cell Rep.
14, 1273-1282

5. Cervantes-Gracia, K., Gramalla-Schmitz, A., Weischedel, J., and Chah-
wan, R. (2021) APOBECs orchestrate genomic and epigenomic editing
across health and disease. Trends Genet. 37, 1028—1043

6. Bergstrom, E. N., Luebeck, J., Petljak, M., Khandekar, A., Barnes, M.,
Zhang, T., et al. (2022) Mapping clustered mutations in cancer reveals
APOBEC3 mutagenesis of ecDNA. Nature 602, 510-517

7. Alexandrov, L. B,, Kim, J., Haradhvala, N. J., Huang, M. N, Tian Ng, A.
W., Wu, Y., et al. (2020) The repertoire of mutational signatures in hu-
man cancer. Nature 578, 94—101

8. Petljak, M., Dananberg, A., Chu, K., Bergstrom, E. N., Striepen, J., von
Morgen, P., et al. (2022) Mechanisms of APOBEC3 mutagenesis in hu-
man cancer cells. Nature 607, 799-807

9. [preprint] Jarvis, M., Carpenter, M. A, Temiz, N. A, Brown, M.,
Richards, K. A., Argyris, P. P., et al. (2022) Mutational impact of APO-
BEC3B and APOBEC3A in a human cell line. bioRxiv. https://doi.org/10.
1101/2022.04.26.489523

10. Shi, K., Carpenter, M. A., Banerjee, S., Shaban, N. M., Kurahashi, K,
Salamango, D. J., et al. (2017) Structural basis for targeted DNA cytosine
deamination and mutagenesis by APOBEC3A and APOBEC3B. Nat.
Struct. Mol. Biol. 24, 131-139

11. Kouno, T, Silvas, T. V., Hilbert, B. J., Shandilya, S. M. D., Bohn, M. F,,
Kelch, B. A, et al. (2017) Crystal structure of APOBEC3A bound to
single-stranded DNA reveals structural basis for cytidine deamination
and specificity. Nat. Commun. 8, 15024

12. Harris, R. S., Petersen-Mahrt, S. K., and Neuberger, M. S. (2002) RNA
editing enzyme APOBECI and some of its homologs can act as DNA
mutators. Mol. Cell. 10, 1247-1253

SASBMB

APOBEC3A upregulation by mitochondrial dsRNA

13. DeWeerd, R. A, Németh, E., Péti, A., Petryk, N., Chen, C.-L., Hyrien, O.,
et al. (2022) Prospectively defined patterns of APOBEC3A mutagenesis
are prevalent in human cancers. Cell Rep. 38, 110555

14. Roberts, S. A,, Sterling, J., Thompson, C., Harris, S., Mav, D., Shah, R,
et al. (2012) Clustered mutations in yeast and in human cancers can arise
from damaged long single-strand DNA regions. Mol. Cell. 46, 424—435

15. Carpenter, M. A,, Li, M., Rathore, A., Lackey, L., Law, E. K, Land, A. M.,
et al. (2012) Methylcytosine and normal cytosine deamination by the
foreign DNA restriction enzyme APOBEC3A. J Biol. Chem. 287,
34801-34808

16. Langenbucher, A., Bowen, D., Sakhtemani, R., Bournique, E., Wise, J. F.,,
Zou, L., et al. (2021) An extended APOBEC3A mutation signature in
cancer. Nat. Commun. 12, 1602

17. Law, E. K,, Levin-Klein, R., Jarvis, M. C., Kim, H., Argyris, P. P., Car-
penter, M. A, et al. (2020) APOBEC3A catalyzes mutation and drives
carcinogenesis in vivo. J. Exp. Med. 217, ¢20200261

18. Law, E. K, Sieuwerts, A. M., LaPara, K, Leonard, B., Starrett, G. J.,
Molan, A. M., et al. (2016) The DNA cytosine deaminase APOBEC3B
promotes tamoxifen resistance in ER-positive breast cancer. Sci. Adv. 2,
e1601737

19. [preprint] Caswell, D. R., Mayekar, M. K., Gui, P., Law, E. K., Vokes, N. L,
Ruiz, C. M,, et al. (2022) The role of APOBEC3B in lung tumour evo-
lution and targeted therapy resistance. bioRxiv. https://doi.org/10.1101/
2020.12.18.423280

20. Boumelha, J., de Carné Trécesson, S., Law, E. K, Romero-Clavijo, P.,
Coelho, M. A, Ng, K. W, et al. (2022) An immunogenic model of KRAS-
mutant lung cancer enables evaluation of targeted therapy and immu-
notherapy combinations. Cancer Res. 82, 3435-3448

21. [preprint] Durfee, C., Temiz, N. A., Argyris, P. P., Alsoe, L., Carracedo
Huroz, S., Alonso de la Vega, A., et al. (2022) APOBEC3B-driven tumors
in vivo manifest signature mutations, heterogeneity, and evidence for
metastases. bioRxiv. https://doi.org/10.1101/2022.04.26.489523

22. Refsland, E. W., Stenglein, M. D., Shindo, K., Albin, J. S., Brown, W. L.,
and Harris, R. S. (2010) Quantitative profiling of the full APOBEC3
mRNA repertoire in lymphocytes and tissues: implications for HIV-1
restriction. Nucl. Acids Res. 38, 4274—4284

23. Burns, M. B., Lackey, L., Carpenter, M. A., Rathore, A, Land, A. M,,
Leonard, B, et al. (2013) APOBEC3B is an enzymatic source of mutation
in breast cancer. Nature 494, 366—370

24. Burns, M. B., Temiz, N. A., and Harris, R. S. (2013) Evidence for APO-
BEC3B mutagenesis in multiple human cancers. Nat. Genet. 45, 977-983

25. Oh, S., Bournique, E., Bowen, D, Jalili, P., Sanchez, A., Ward, L., et al.
(2021) Genotoxic stress and viral infection induce transient expression of
APOBEC3A and pro-inflammatory genes through two distinct pathways.
Nat. Commun. 12, 4917

26. Weisblum, Y., Oiknine-Djian, E., Zakay-Rones, Z., Vorontsov, O., Hai-
mov-Kochman, R., Nevo, Y., et al. (2017) APOBEC3A is upregulated by
human cytomegalovirus (HCMYV) in the maternal-fetal interface, acting
as an innate anti-HCMV effector. /. Virol. https://doi.org/10.1128/JVI.
01296-17

27. Milewska, A., Kindler, E., Vkovski, P., Zeglen, S., Ochman, M., Thiel, V.,
et al. (2018) APOBEC3-mediated restriction of RNA virus replication. Sci.
Rep. 8, 5960

28. Warren, C.J., Xu, T., Guo, K., Griffin, L. M., Westrich, J. A, Lee, D., et al.
(2015) APOBEC3A functions as a restriction factor of human papillo-
mavirus. /. Virol. 89, 688—702

29. Warren, C.J., Westrich, J. A., Doorslaer, K. V., and Pyeon, D. (2017) Roles
of APOBEC3A and APOBEC3B in human papillomavirus infection and
disease progression. Viruses. https://doi.org/10.3390/v9080233

30. Baker, S. C., Mason, A. S, Slip, R. G., Skinner, K. T., Macdonald, A.,
Masood, O., et al. (2022) Induction of APOBEC3-mediated genomic
damage in urothelium implicates BK polyomavirus (BKPyV) as a hit-and-
run driver for bladder cancer. Oncogene 41, 2139-2151

31. Stenglein, M. D., Burns, M. B, Li, M., Lengyel, J., and Harris, R. S. (2010)
APOBECS3 proteins mediate the clearance of foreign DNA from human
cells. Nat. Struct. Mol. Biol. 17, 222-229

32. Zhe, W., Kousho, W., Kouichi, K., Satoru, A., Guangyan, L., Miki, K,
et al. (2014) APOBEC3 deaminases induce hypermutation in human

J. Biol. Chem. (2023) 299(9) 105073 11


http://refhub.elsevier.com/S0021-9258(23)02101-4/sref1
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref1
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref1
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref2
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref2
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref3
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref3
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref3
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref4
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref4
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref4
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref4
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref5
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref5
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref5
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref6
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref6
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref6
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref7
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref7
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref7
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref8
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref8
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref8
https://doi.org/10.1101/2022.04.26.489523
https://doi.org/10.1101/2022.04.26.489523
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref10
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref10
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref10
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref10
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref11
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref11
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref11
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref11
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref12
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref12
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref12
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref13
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref13
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref13
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref14
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref14
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref14
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref15
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref15
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref15
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref15
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref16
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref16
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref16
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref17
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref17
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref17
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref18
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref18
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref18
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref18
https://doi.org/10.1101/2020.12.18.423280
https://doi.org/10.1101/2020.12.18.423280
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref20
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref20
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref20
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref20
https://doi.org/10.1101/2022.04.26.489523
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref22
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref22
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref22
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref22
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref23
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref23
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref23
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref24
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref24
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref25
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref25
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref25
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref25
https://doi.org/10.1128/JVI.01296-17
https://doi.org/10.1128/JVI.01296-17
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref27
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref27
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref27
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref28
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref28
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref28
https://doi.org/10.3390/v9080233
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref30
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref30
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref30
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref30
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref31
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref31
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref31
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref32
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref32

APOBEC3A upregulation by mitochondrial dsRNA

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

papillomavirus 16 DNA upon beta-interferon stimulation. J. Virol. 88,
1308-1317

Koning, F. A.,, Newman, E. N. C,, Kim, E.-Y., Kunstman, K. J., Wolinsky,
S. M., and Malim, M. H. (2009) Defining APOBEC3 expression patterns
in human tissues and hematopoietic cell subsets. /. Virol. 83, 9474-9485
Peng, G., Lei, K. ], Jin, W., Greenwell-Wild, T., and Wahl, S. M. (2006)
Induction of APOBEC3 family proteins, a defensive maneuver underlying
interferon-induced anti-HIV-1 activity. J. Exp. Med. 203, 41-46

Cheng, A. Z., Yockteng-Melgar, J., Jarvis, M. C., Malik-Soni, N., Borozan,
I, Carpenter, M. A,, et al. (2019) Epstein-Barr virus BORF2 inhibits
cellular APOBECS3B to preserve viral genome integrity. Nat. Microbiol. 4,
78-88

Hultquist, J. F., Lengyel, J. A., Refsland, E. W., LaRue, R. S., Lackey, L.,
Brown, W. L., et al. (2011) Human and rhesus APOBEC3D, APOBEC3EF,
APOBEC3G, and APOBEC3H demonstrate a conserved capacity to
restrict Vif-deficient HIV-1. J. Virol. 85, 11220-11234

Alexandrov, L. B., Nik-Zainal, S., Wedge, D. C., Aparicio, S. A. J. R,
Behjati, S., Biankin, A. V., et al. (2013) Signatures of mutational processes
in human cancer. Nature 500, 415-421

Nik-Zainal, S., Alexandrov, L. B., Wedge, D. C., Van Loo, P., Greenman,
C. D., Raine, K,, et al. (2012) Mutational processes molding the genomes
of 21 breast cancers. Cell 149, 979-993

Roberts, S. A., Lawrence, M. S., Klimczak, L. J., Grimm, S. A., Fargo, D.,
Stojanov, P., et al. (2013) An APOBEC cytidine deaminase mutagenesis
pattern is widespread in human cancers. Nat. Genet. 45, 970-976
Bartsch, K., Knittler, K., Borowski, C., Rudnik, S., Damme, M., Aden, K.,
et al. (2017) Absence of RNase H2 triggers generation of immunogenic
micronuclei removed by autophagy. Hum. Mol. Genet. 26, 3960—3972
Lovgren, T., Eloranta, M.-L., Bave, U,, Alm, G. V., and Rénnblom, L.
(2004) Induction of interferon-a production in plasmacytoid dendritic
cells by immune complexes containing nucleic acid released by necrotic
or late apoptotic cells and lupus IgG. Arthritis Rheum. 50, 1861-1872
Gazquez-gutiérrez, A. N. A., Witteveldt, J., Heras, S. R., and Macias, S.
(2021) Sensing of transposable elements by the antiviral innate immune
system. RNA. https://doi.org/10.1261/rna.078721.121

Guo, Y., Gu, R, Gan, D., Hu, F,, Li, G., and Xu, G. (2020) Mitochondrial
DNA drives noncanonical inflammation activation via cGAS-STING
signaling pathway in retinal microvascular endothelial cells. Cell Com-
mun. Signal. 18, 172

West, A. P., Khoury-Hanold, W., Staron, M., Tal, M. C,, Pineda, C. M.,
Lang, S. M., et al. (2015) Mitochondrial DNA stress primes the antiviral
innate immune response. Nature 520, 553—-557

Dhir, A, Dhir, S., Borowski, L. S., Jimenez, L., Teitell, M., Rotig, A., et al.
(2018) Mitochondrial double-stranded RNA triggers antiviral signalling in
humans. Nature 560, 238—242

Dressaire, C., Pobre, V., Laguerre, S., Girbal, L., Arraiano, C. M., and
Cocaign-Bousquet, M. (2018) PNPase is involved in the coordination of
mRNA degradation and expression in stationary phase cells of Escher-
ichia coli. BMC Genomics 19, 848

Wang, D. D.-H., Shu, Z, Lieser, S. A., Chen, P.-L., and Lee, W.-H. (2009)
Human mitochondrial SUV3 and polynucleotide phosphorylase form a
330-kDa heteropentamer to cooperatively degrade double-stranded RNA
with a 3’-to-5" directionality. /. Biol. Chem. 284, 20812—-20821

Nagaike, T., Suzuki, T., Katoh, T., and Ueda, T. (2005) Human mito-
chondrial mRNAs are stabilized with polyadenylation regulated by
mitochondria-specific poly(A) polymerase and polynucleotide phos-
phorylase. J. Biol. Chem. 280, 19721-19727

Borowski, L. S., Dziembowski, A., Hejnowicz, M. S., Stepien, P. P., and
Szczesny, R. J. (2013) Human mitochondrial RNA decay mediated by
PNPase-hSuv3 complex takes place in distinct foci. Nucl. Acids Res. 41,
1223-1240

Szczesny, R. ], Borowski, L. S., Brzezniak, L. K, Dmochowska, A.,
Gewartowski, K., Bartnik, E., et al. (2010) Human mitochondrial RNA
turnover caught in flagranti: involvement of hSuv3p helicase in RNA
surveillance. Nucl. Acids Res. 38, 279-298

Pajak, A., Laine, I, Clemente, P., El-Fissi, N., Schober, F. A., Maffez-
zini, C., et al. (2019) Defects of mitochondrial RNA turnover lead to

12 J Biol. Chem. (2023) 299(9) 105073

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

the accumulation of double-stranded RNA in vivo. PLoS Genet. 15,
€1008240

Wang, G., Chen, H.-W., Oktay, Y., Zhang, J., Allen, E. L., Smith, G. M.,
et al. (2010) PNPASE regulates RNA import into mitochondria. Cell 142,
456-467

Niklas, J., Melnyk, A., Yuan, Y., and Heinzle, E. (2011) Selective per-
meabilization for the high-throughput measurement of compartmented
enzyme activities in mammalian cells. Anal. Biochem. 416, 218-227

Yu, C.-H., Davidson, S., Harapas, C. R., Hilton, J. B., Mlodzianoski, M. J.,
Laohamonthonkul, P., et al. (2020) TDP-43 triggers mitochondrial DNA
release via mPTP to activate cGAS/STING in ALS. Cell 183, 636—649.e18
Dunker, W., Ye, X., Zhao, Y., Liu, L., Richardson, A., and Karijolich, J.
(2021) TDP-43 prevents endogenous RNAs from triggering a lethal RIG-
I-dependent interferon response. Cell Rep. 35, 108976

Ishikawa, H., Ma, Z., and Barber, G. N. (2009) STING regulates intra-
cellular DNA-mediated, type I interferon-dependent innate immunity.
Nature 461, 788-792

Ishikawa, H., and Barber, G. N. (2008) STING is an endoplasmic retic-
ulum adaptor that facilitates innate immune signalling. Nature 455,
674—678

Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y., Jones, C. T,
Bieniasz, P., et al. (2011) A diverse range of gene products are effectors of
the type I interferon antiviral response. Nature 472, 481-485

Darnell, J. E. ., Kerr, I. M., and Stark, G. R. (1994) Jak-STAT pathways
and transcriptional activation in response to IFNs and other extracellular
signaling proteins. Science 264, 1415-1421

Stark, G. R, and Darnell, J. E. J. (2012) The JAK-STAT pathway at twenty.
Immunity 36, 503—-514

Fanunza, E., Grandi, N., Quartu, M., Carletti, F., Ermellino, L., Milia, J.,
et al. (2021) INMI1 Zika virus NS4B antagonizes the interferon signaling
by suppressing STAT1 Phosphorylation. Viruses. https://doi.org/10.3390/
v13122448

Fanunza, E., Carletti, F., Quartu, M., Grandi, N., Ermellino, L., Milia, J.,
et al. (2021) Zika virus NS2A inhibits interferon signaling by degradation
of STAT1 and STAT?2. Virulence 12, 1580-1596

Leonard, B., McCann, J. L, Starrett, G. J., Kosyakovsky, L., Luengas, E. M.,
Molan, A. M., et al. (2015) The PKC/NF-«B signaling pathway induces
APOBEC3B expression in multiple human cancers. Cancer Res. 75,
4538-4547

Roelofs, P. A., Goh, C. Y., Chua, B. H, Jarvis, M. C,, Stewart, T. A,,
McCann, J. L., et al. (2020) Characterization of the mechanism by which
the RB/E2F pathway controls expression of the cancer genomic DNA
deaminase APOBEC3B. Elife. https://doi.org/10.7554/eLife.61287
Siriwardena, S. U., Perera, M. L. W., Senevirathne, V., Stewart, J., and
Bhagwat, A. S. (2019) A tumor-promoting phorbol ester causes a large
increase in APOBEC3A expression and a moderate increase in APO-
BEC3B expression in a normal human keratinocyte cell line without
increasing genomic uracils. Mol. Cell. Biol. https://doi.org/10.1128/MCB.
00238-18

Brown, W. L., Law, E. K, Argyris, P. P., Carpenter, M. A., Levin-Klein, R.,
Ranum, A. N, et al. (2019) A rabbit monoclonal antibody against the
antiviral and cancer genomic dna mutating enzyme APOBEC3B. Anti-
bodies. https://doi.org/10.3390/antib8030047. Basel, Switzerland

Land, A. M., Law, E. K,, Carpenter, M. A., Lackey, L., Brown, W. L., and
Harris, R. S. (2013) Endogenous APOBEC3A DNA cytosine deaminase is
cytoplasmic and nongenotoxic. J. Biol. Chem. 288, 17253—17260
Manjunath, L., Oh, S, Ortega, P., Bouin, A., Bournique, E., Sanchez, A.,
et al. (2023) APOBEC3B drives PKR-mediated translation shutdown and
protects stress granules in response to viral infection. Nat. Commun. 14,
820

Stopak, K. S., Chiu, Y.-L., Kropp, J., Grant, R. M., and Greene, W. C.
(2007) Distinct patterns of cytokine regulation of APOBEC3G expression
and activity in primary lymphocytes, macrophages, and dendritic cells. J.
Biol. Chem. 282, 3539-3546

Peng, G., Greenwell-Wild, T., Nares, S., Jin, W., Lei, K. J., Rangel, Z. G.,
et al. (2007) Myeloid differentiation and susceptibility to HIV-1 are linked
to APOBEC3 expression. Blood 110, 393—-400

SASBMB


http://refhub.elsevier.com/S0021-9258(23)02101-4/sref32
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref32
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref33
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref33
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref33
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref34
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref34
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref34
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref35
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref35
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref35
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref35
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref36
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref36
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref36
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref36
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref37
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref37
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref37
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref38
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref38
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref38
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref39
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref39
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref39
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref40
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref40
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref40
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref41
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref41
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref41
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref41
https://doi.org/10.1261/rna.078721.121
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref43
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref43
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref43
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref43
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref44
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref44
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref44
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref45
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref45
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref45
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref46
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref46
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref46
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref46
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref47
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref47
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref47
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref47
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref48
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref48
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref48
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref48
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref49
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref49
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref49
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref49
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref50
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref50
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref50
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref50
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref51
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref51
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref51
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref51
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref52
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref52
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref52
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref53
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref53
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref53
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref54
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref54
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref54
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref55
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref55
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref55
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref56
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref56
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref56
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref57
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref57
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref57
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref58
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref58
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref58
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref59
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref59
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref59
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref60
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref60
https://doi.org/10.3390/v13122448
https://doi.org/10.3390/v13122448
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref62
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref62
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref62
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref63
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref63
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref63
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref63
https://doi.org/10.7554/eLife.61287
https://doi.org/10.1128/MCB.00238-18
https://doi.org/10.1128/MCB.00238-18
https://doi.org/10.3390/antib8030047
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref67
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref67
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref67
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref68
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref68
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref68
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref68
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref69
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref69
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref69
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref69
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref70
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref70
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref70

APOBEC3A upregulation by mitochondrial dsRNA

71. Petljak, M., Alexandrov, L. B, Brammeld, J. S., Price, S., Wedge, D. C,, response via cytosolic nucleic acid-sensing pathways. EMBO J. 39,
Grossmann, S., et al. (2019) Characterizing mutational signatures in 104036
human cancer cell lines reveals episodic APOBEC mutagenesis. Cell 176, ~ 73. Carpenter, M. A., Law, E. K, Serebrenik, A., Brown, W. L. and
1282-1294.20 Harris, R. S. (2019) A lentivirus-based system for Cas9/gRNA
72. Feng, X., Tubbs, A., Zhang, C., Tang, M., Sridharan, S., Wang, C., et al. expression and subsequent removal by Cre-mediated recombination.
(2020) ATR inhibition potentiates ionizing radiation-induced interferon Methods 156, 79-84

SASBMB J. Biol. Chem. (2023) 299(9) 105073 13


http://refhub.elsevier.com/S0021-9258(23)02101-4/sref71
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref71
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref71
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref71
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref72
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref72
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref72
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref72
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref73
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref73
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref73
http://refhub.elsevier.com/S0021-9258(23)02101-4/sref73

	Mitochondrial double-stranded RNA triggers induction of the antiviral DNA deaminase APOBEC3A and nuclear DNA damage
	Results
	Mitochondrial and nuclear dsRNA trigger A3A upregulation
	Cytosolic sensing of mitochondrial dsRNA requires the RNA sensor RIG-I
	A3A upregulation by cytosolic mtdsRNA requires STAT2
	A3A induction by mtdsRNA triggers a DNA damage response

	Discussion
	Experimental procedures
	Cell culture
	RNA interference
	CRISPR knockout cells
	Quantitative reverse-transcription PCR
	Immunofluorescence microscopy
	Immunofluorescence microscopy with differential permeabilization
	Immunoblotting
	Subcellular fractionation
	Chemicals and inhibitors

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References




