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ABSTRACT

Foreign and self-cytoplasmic DNA are recognized
by numerous DNA sensor molecules leading to the
production of type | interferons. Such DNA ago-
nists should be degraded otherwise cells would be
chronically stressed. Most human APOBECS3 cytidine
deaminases can initiate catabolism of cytoplasmic
mitochondrial DNA. Using the human myeloid cell
line THP-1 with an interferon inducible APOBEC3A
gene, we show that cytoplasmic DNA triggers inter-
feron a and B production through the RNA poly-
merase lll transcription/RIG-I pathway leading to
massive upregulation of APOBEC3A. By catalyzing
C—U editing in single stranded DNA fragments, the
enzyme prevents them from re-annealing so attenu-
ating the danger signal. The price to pay is chromo-
somal DNA damage in the form of CG— TA mutations
and double stranded DNA breaks which, in the con-
text of chronic inflammation, could drive cells down
the path toward cancer.

INTRODUCTION

The APOBEC3 (A3) locus consists of seven genes (A3A4-
A3C, A3DE, A3F-A3H) (A3) on chromosome 22 that en-
codes DNA cytidine deaminases (1). These enzymes pref-
erentially deaminate single strand DNA (ssDNA), leading
to a huge number of CG— TA transitions especially in the
context of 5TpC and 5CpC dinucleotides (2-5). The cel-
lular location of the A3A enzyme is both cytoplasmic and
nuclear while A3B is exclusively nuclear (6,7). Despite this,
A3A is the more active of the two enzymes (6,8,9). Their
role in cancer is highlighted by the fact that many cancer
genomes encode tens of thousands of C—T transitions fre-
quently in the 5TpC dinucleotide context, a hallmark of
A3A and A3B cytidine deamination (10-12).

Epidemiological studies have shown that a 29.5 kb A3B
deletion polymorphism, whereby all but the last exon of
A3B is deleted, is correlated with a higher odds ratio of
developing breast, ovarian and HBV-associated liver can-
cer (13,14). Breast cancer genomes from AA3B~/~ patients
harbor a higher mutation burden (15) while the chimeric
A3A transcript resulting from the A3B deletion leads to
greater intracellular steady state levels of A3A (6). In so
doing, these studies indicate that 434 alone can generate
human cancers, and show that the A43B lesion is a causal
cancer susceptibility marker (6,15).

Cancer emerges on a background of chronic inflamma-
tion (16), HBV, HCV, HPV, KSHV, HTLV-1, Merkel cell
polyomavirus or Helicobacter pylori being well-known eti-
ological agents. TLR9 recognizes CpG DNA resulting in
IFNa (Interferon) production in plasmacytoid dendritic
cells (17). Intracellular DNA can be captured by a myriad of
DNA sensor molecules leading to the triggering of potent
innate immune responses (18). The cytosolic DNA binding
protein LRRFIP1 interacts with B-catenin and promotes its
activation by phosphorylation (19). After binding to the C-
terminal domain of the transcription factor IRF-3, IFNB
production is initiated (19). Recently, it was shown that the
intracellular sensor cGAS can detect cytoplasmic DNA and
induce type I IFN responses (20). Equally, AT-rich DNA
can trigger type I IFN responses via intracytoplasmic tran-
scription of double stranded DNA (dsDNA) by RNA poly-
merase 11 to form dsRNA intermediates that are sensed by
RIG-I (21,22). Interestingly, these different pathways have
in common STING (STimulator of INterferon Gene) that
was shown to be pivotal for the production of type I IFNs
(23). STING itself interacts with both MAVS and RIG-I,
themselves crucial to interferon signaling (24).

As mitochondrial DNA fragments (mtDNA) resemble
bacterial DNA in possessing unmethylated CpG motifs,
they too can trigger cytoplasmic DNA sensor molecules
leading to inflammatory responses (25). Mitochondrial
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DNA can induce TLR9-mediated inflammatory responses
in cardiomyocytes and is even capable of inducing my-
ocarditis (26). Cellular disruption and necrosis can release
mtDNA into the circulation causing systemic inflammation
(27), while extracellular DNA can be taken up into endo-
somes and sensed by specific TLRs (17).

Despite the wealth of knowledge concerning cytoplas-
mic DNA signaling, there is much less data on the fate of
the DNA agonist, for the danger signal has to be coun-
tered, otherwise cells would be chronically stressed. This
is suggested by the fact that germ line mutations in some
endo- and exonuclease genes result in symptoms resembling
chronic inflammation (28,29). Cytoplasmic mitochondrial
DNA is deaminated by any of the six functional APOBEC3
enzymes. A34 and A3G are of special note as they are up-
regulated by IFNa (4,30-32), by contrast, A3B is not. As
the highly efficient enzyme uracil N-glycosylase and aba-
sic pyrimidine/purine endonucleases mobilize around A3A
edited DNA, the three enzymes effectively function as a cy-
tidine specific endonuclease reducing ssDNA to very small
fragments.

It is shown here for the human monocytic cell line THP-
1, that transfected dsDNA is sensed and transcribed by
RNA polymerase I1II leading to dSRNA intermediates that
were captured by RIG-I ultimately leading to type I in-
terferon production. In turn A3 cytidine deaminases were
induced, particularly A3A which resulted in deamination
and catabolism of the transfected DNA agonist. The data
highlight the A3 cytidine deaminases as anti-inflammatory
agents. The sting in the tail is A3A mediated chromosomal
DNA damage.

MATRIALS AND METHODS
Reagents

dUTP was from Sigma, RNA polymerase III inhibitor
(ML-60218) was from Merck Millipore, ANTP (Fermen-
tas), type I IFNa were from PBL Biomedical Laboratories,
CpG (Invitrogen), polylC and peptidoglycan (from Staphy-
lococcus aureus, InvivoGen), Taq Polymerase (BIOTAQ
DNA polymerase, Bioline), Pfu (Agilent Technologies),
cGAS siRNA (s5¢-95512), pol ITT RPC39 siRNA (sc-36292),
pol III RPC62 siRNA (sc-76188) were from Santa Cruz
Biotechnology, STING (antibody #3337), phospho-IRF-3
(Ser396) (4D4G, rabbit mAb #4947), IRF-3 (D6I4C, XP
rabbit mAb #11904), B-catenin antibody (amino-terminal
antigen, #9581), mouse anti-rabbit IgG (conformation spe-
cific, L27A9, mAb #3678), anti-rabbit IgG, HRP-linked
(antibody #7074), cGAS (D1D3G, mAb#15102) antibod-
ies were from Cell Signaling Technology. APOBEC3A an-
tibody (SAB4500753) was from Sigma Aldrich. RIG-I
(E-5, sc-376882), pol III RPC39 (C 39-2, sc-23913), pol
IIT RPC62 (I-18, sc-69534) antibodies were from Santa
Cruz Biotechnology, Inc. Anti-mouse I1gG, (HRP-linked
antibody #NA931V) was from GE Healthcare. Mono-
clonal anti-B-actin—peroxidase (antibody #A3854) was
from Sigma Aldrich. Human IFN«a (IgA, mba-hifna-3),
hIFNB (IgG, mbg-hifnB-3), hIFN+y (IgA, mba-hifny-3)
and Mouse [gG2a (mbg2a-ctrlm) antibodies used as con-
trol were from InVivogen.

Cell culture and transfection

THP-1 cells (ATCC® TIB-202") were maintained in RPMI
(Eurobio), supplemented with 50 U/ml penicillin and 50
wg/ml streptomycin, and 10% heat-inactivated fetal calf
serum. Cells were grown in 75 cm? cell culture flasks at 37°C
in a humidified atmosphere containing 5% CO,. For trans-
fection 1.5 x 10° THP-1 cells were seeded in 12-well tis-
sue culture plates and incubated for 24 h. DNA transfec-
tions were performed using jetPRIME (Polyplus transfec-
tion reagent). At 24 h post-transfection, supernatants were
harvested and IFNa (VeriKine™ Human IFN Alpha Multi-
subtype ELISA Kit) and IFNB (VeriKine™ Human IFN
Beta Multi-subtype ELISA Kit) were quantified and ana-
lyzed (PBL Assay Science). All DNAs were extracted using
the MasterPure Complete DNA and RNA purification kit
(Epicentre Biotechnologies).

2x10° THP-1 cells were plated in 6-well tissue culture
plate in 1 ml antibiotic-free growth medium supplemented
with fetal bovine serum (FBS). Cells were transfected ac-
cording to standard protocol (Santa Cruz Biotechnology)
with siRNA specific for RNA pol III; (sc-76188) and RNA
pol 111, (sc-36292), for cGAS (sc-95512) and control siRNA
(sc-37007), using siRNA transfection reagent (sc-29528)
and siRNA transfection medium (sc-36868). Six hours post-
transfection with siRNA, cells were transfected with 500 ng
of MT-COI DNA using jetPRIME. At 24 h, RNA was ex-
tracted, cDNA synthesized and A3A expression quantified
by real time polymerase chain reaction (PCR). Data were
normalized to the expression levels of the housekeeping ref-
erence gene RPLI3A.

Approximately 1.5 x 10° THP-1 cells were transfected
using jetPRIME (Polyplus transfection reagent) with 500
ng of MT-COI DNA in quintuplicate. At 24 h post-
transfection supernatants were grouped together and clari-
fied by centrifugation. One ml of supernatant was incubated
with 2 pg or 10 pg/ml of antibody against IFN«, or IFN,
or IFNy for 1 h and added to 1.5 x 10° fresh THP-1 cells.
At 24 h RNA was extracted, cDNA synthetized and A3A
expression quantified by real time PCR. Data were nor-
malized to the expression levels of the housekeeping refer-
ence gene RPLI3A. THP-1 cells were transfected using jet-
PRIME (Polyplus transfection reagent) with 500 ng of MT-
COI DNA or VIV2 DNA. Two hours post-transfection,
cells were incubated with RNA polymerase 111 inhibitor
(ML-60218) and were collected 22 h post-incubation. Total
RNA was extracted, cDNA synthetized and A3A expres-
sion quantified by real time PCR. Data were normalized
to the expression levels of the housekeeping reference gene
RPLI3A.

FACS analysis for DNA double stranded breaks

Twenty-four hours post-transfection, THP-1 cells were
washed with PBS, fixed in 2% ice-cold paraformaldehyde
(Electron Microscopy Sciences) for 15 min and permeabi-
lized in 90% ice-cold methanol (Sigma) for 30 min. After
two washes with PBS, cells were incubated for 1 h with
1:100 diluted Alexa Fluor 488-conjugated mouse mono-
clonal anti-y H2AX (N1-431) antibody (BD Pharmingen).
All incubation steps were performed on ice. Cells were an-
alyzed on MACSQuant Analyzer (Miltenyi Biotec) using



the MACsQuantify™ Software (Miltenyi Biotec) or FlowJo
software (Tree Star, Inc., version 8.7.1). For each sample 10
000 cells were counted.

PCR/3DPCR

For amplification of human MT7T-CYB, the first-round re-
action parameters were 95°C for 5 min, followed by 40 cy-
cles (95°C for 30 s, 60°C for 30 s and 72°C for 2 min) and
finally 10 min at 72°C. Second round 3DPCR were per-
formed using the equivalent of 1 wl of the first round re-
action as input. For second-round 3DPCR, the reaction
parameters were 75-85°C for 5 min, followed by 40 cy-
cles (75-85°C for 30 s, 60°C for 30 s and 72°C for 2 min)
and finally 10 min at 72°C. All amplifications were carried
out using 2.5 U Taq (Bioline) DNA polymerase per reac-
tion. MT-COI DNA (511 bp) and inMT-COI DNA (247
bp) corresponding to the mitochondrial cytochrome oxi-
dase gene were amplified. PCR conditions and primers were
described before (4,33). HIV-1 V1V2 region amplification
was already described (34). Upon migration on agarose gel
(1.5%), PCR products were purified using Nucleospin Gel
and PCR clean-up Kit (Macherey-Nagel), in MT-COIj .
(inMT-COI DNA without mutation) and inMT-COI3; yy.
(inMT-COI DNA with 32 G— A mutations) were selected
among the hypermutated inMT-COI DNA library.

Real-time PCR and SYBR Green quantitative PCR

Total RNA was extracted from THP-1 cells using RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s in-
structions. Synthesis of cDNA was performed with 1 pg
RNA using the Quantitec Reverse Transcription Kit (Qi-
agen). Quantitative PCR was performed using cDNA sam-
ples and TagMan Universal PCR Master Mix (Applied
Biosystems) for human A3A to A3H. Primers and PCR
condition were described before (35). Data were normalized
to the expression levels of the housekeeping reference gene
RPLI3A. For the real-time PCR based on SYBR Green,
quantitative PCR was performed using DNA samples. Con-
ditions were 10 min at 95°C then 20 s at 95°C, 20 s at 55°C
and 2 min at 68°C for 40 cycles.

Western blotting

Total protein was recovered 24 h post-transfection from
cells in a lysis buffer (20 mM Tris—-HCI pH 7.5, 150 mM
NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% Triton, 2.5
mM sodium pyrophosphate, | mM beta-glycerophosphate,
1 mM Na3VOy, 1 pg/ml leupeptin) (Cell Signaling, #9803)
in presence of protease inhibitor (Roche). Gels used were
NuPAGE 4-12% Bis-Tris Gel (Invitrogen). Western blot
analysis was carried out according to standard procedures
by using a mouse or rabbit monoclonal specific antibod-
ies. The immunoassay used a membrane made of nitrocellu-
lose (GE Healthcare Life science). After incubation with an
anti-mouse IgG horseradish peroxydase-coupled secondary
antibody (Amersham), the membrane was subjected to de-
tection by enhanced chemiluminescence (Pierce). B-Actin
was used as a loading control using 1/25000 diluted mouse
monoclonal antibody specific for B-actin (Sigma Aldrich).
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RNA protein co-immunoprecipitation and RT-PCR

Eight hours post-transfection of 500 ng of HIV-1 VIF2
DNA, 1.5 x 10° THP-1 transfected cells were incubated
with 37% formaldehyde (to a final concentration of 1%) for
15 min at room temperature under gentle shaking. Cross-
linking was stopped by adding 2 M glycine to a final con-
centration of 0.2 M for 5 min at room temperature. Cells
were then centrifuged at 1800 g for 5 min at 4°C and lysed in
cell lysis buffer (#9803, Cell Signaling) containing 40 U/ml
RNasin on ice for 5 min. Lysates were then sonicated on
ice three times for 5 s each. After centrifugation at 14 000
g for 10 min at 4°C, supernatants were transferred to new
tubes and incubated for 1 h at 4°C with 30 w1 of 50% protein
A agarose bead (#9863, Cell Signaling) under rotation. Af-
ter 10 min centrifugation at 14 000 g and 4°C, supernatants
were transferred to fresh tubes and incubated with 20 wl
of anti-RIG-I antibody (200 pwg/ml) under gentle shaking
overnight at 4°C. Thirty microliters of protein A agarose
beads were then added and incubated for 30 min at 4°C. Af-
ter centrifugation at 14 000 g for 10 min at 4°C, pellets were
washed five times with 500 wl of 1x cell lysis buffer (20 mM
Tris—HCI pH 7.5, 150 mM NaCl, | mM Na,EDTA, | mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 14 mM
beta-glycerophosphate, | mM Na3VOy, 1 pg/ml leupeptin)
(Cell Signaling, #9803) containing 40 U/ml R Nasin. Pellets
were resuspended with 50 pl of water and heated to 95°C
for 2 min. After centrifugation for 10 min at 4°C, 14 000 g
RT-PCR was performed on the supernatant.

RESULTS

Transfected M T-COI DNA upregulates type I interferon and
leads to A3A expression

THP-1 is an IFNa-inducible human acute monocytic
leukemia cell line that is one of the very few where all
A3 genes are either expressed or can be induced, notably
A3A. THP-1 cells were transfected by DNA amplified by
PCR, corresponding to the mitochondrial cytochrome ox-
idase gene (MT-COI, 511 bp). Supernatants were clari-
fied 24 h post-transfection and IFNa and IFNB produc-
tion measured by ELISA. As can be seen in Figure 1A,
500 ng generated strong IFNa and B responses compared
to the jetPRIME control. THP-1 cells incubated with 500
ng of MT-COI DNA (MT-COI*), but not transfected,
failed to induce IFNa or IFN, indicating that intracellu-
lar DNA constitutes the trigger. As THP-1 cells are insen-
sitive to unmethylated CpG and polylC, IFN induction is
not via TLR3 and TLR9 pathways (Figure 1A) (36). A tran-
scription study of APOBEC3 genes showed that MT-COlIr
DNA increased A3A4, A3F, A3G and A3H expression at 24
h in a dose-dependent manner, even at concentrations that
did not induce detectable IFNa or IFN levels in culture
supernatants (Figure 1B). 434 was by far the most sensi-
tive to transfected DNA being upregulated by almost four
orders of magnitude and confirmed by western blot (Figure
1C) showing the presence of the two A3A isoforms (pl and
p2) (37,38). By contrast, A3F, A3G and A3 H were upregu-
lated at most 10-fold (Figure 1B).
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Figure 1. Transfected MT-COI DNA upregulates type I interferon and A3A expression. (A) Interferon a and B production following transfection of
THP-1 cells by dT containing PCR DNA fragments. M 7-COI* indicates incubation with DNA but no transfection. (B) A POBEC3 transcription profiling
of transfected THP-1 cells. Data were normalized to the expression levels of RPLI3 A housekeeping reference gene. Profiling was performed in duplicate
and normalized to JetPRIME to facilitate comparison. (C) Western blot of A3A isoforms pl and p2 from transfected THP-1 and compared to B-actin.
Lanes 2, 3 and lanes 4, 5 represent duplicates. (D) Agarose gel of M7-COI PCR products (511 bp) amplified with 7ag or Pfu polymerase in the presence
of dTTP, dUTP, dTTP+dUTP. M, molecular weight markers. (E) Interferon o and B production following transfection of THP-1 cells by dU or 50:50
mixture dT+dU containing PCR DNA fragments. (F and G) Transcriptomes were established for DNA containing dU (F) or a 50:50 mixture of dT and
dU (G). Duplicates were normalized to the expression levels of RPLI3A4 housekeeping gene and normalized to JetPRIME to facilitate comparison.

Uracil in cytosolic DNA is not a danger signal

Given that hyperedited cytoplasmic mitochondrial DNA
(cymtDNA) bears non-canonical uridine residues, they
might constitute a novel danger signal. To explore this hy-
pothesis, MT-COI DNA was amplified using either dUTP,
an equimolar mix of dTTP and dUTP or just dTTP. To con-
trol for the incorporation of dUTP in the DNA, a second
round of PCR was performed with internal primers and
Pfu or Tag DNA polymerase. Like all archaeal DNA poly-
merases, Pfu is unable to amplify DNA templates bearing
dU (39). As expected Pfu PCR failed to recover DNA when
dUTP (MT-COIy) or mixed nucleotides dUTP+dTTP
(MT-COIyr) were incorporated, in contrast to Tag PCR
(Figure 1D). When transfected into THP-1 cells both M7-
COIy and MT-COIyr DNA resulted in induction of IFN«
and IFN in culture supernatants (Figure 1E) and upregu-
lation of the 434, A3F, A3G and A3H genes (Figure 1F and
G), although, once again, A3A was upregulated by approx-

imately four orders of magnitude. These data indicate that
uracil in DNA does not constitute a novel danger signal.

Interferon 3 exerts a paracrine effect on APOBEC3A ex-
pression

In order to demonstrate that upregulation of 434 by several
logs (Figure 1B, F and G) could be amplified by paracrine
IFNa/B induction via IFNAR (IFNa/B receptor), THP-1
cells were transfected with 500 ng of MT-COIy DNA. At 24
h post-transfection after clarification, cell supernatant was
incubated with 2 or 10 pg/ml of antibody against IFNa or
IFNB or IFNy and added to 1.5 x 10° fresh THP-1 cells
for 24 h. Interestingly, we observed that relative A3A ex-
pression was reduced in a dose-dependent manner by one—
two orders of magnitude when the supernatant was incu-
bated with anti-IFNB antibodies (Figure 2A). This exper-
iment suggests that A3A expression could be amplified by
the paracrine effect of IFN.
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editing per clone as a function of the quantity of DNA transfected.

We have previously shown that transfected DNA am-
plified by PCR can be deaminated by endogenous A3 en-
zymes (34). In order to see if the induction of 43 genes
by exogenous DNA could result in editing of endogenous
cymtDNA, THP-1 cells were transfected with MT-COI7
DNA and analyzed at 24 h. Cytochrome b mtDNA (M7~
CYB) was amplified by 3DPCR as previously described
(4). 3DPCR recovered DNA at denaturation temperatures
lower than for the jetPRIME control, indicative of in-
creased A3 editing (Figure 2B). 3DPCR products recov-
ered at 81.7°C were cloned and sequenced. The sequences
were peppered by C— T substitutions, the mean editing fre-
quency per sequence increasing with the quantity of trans-
fected DNA (Figure 2C).

Cytosolic dsDNA induces APOBEC3A leading to double-
stranded DNA breaks

In order to distinguish whether ssDNA or dsSDNA was the
IFN agonist, four pairs of complementary oligonucleotides
corresponding to a small region of MT-COI were synthe-
sized, WT 4, (43 bp, 51% GC) and WT3.4 (39 bp, 56% GC)
while oligos Hypi+2 (43 bp, 7% GC) and Hyps+4 (39 bp,
13% GC) correspond to hypermutated forms of WT;, and
WTj;.4 respectively (Supplementary Table S1). THP-1 cells
were transfected with DNA duplexes and IFNa induction
measured (Figure 3A). WTi 4, and WT344 (dsDNA) were
potent inducers of IFN«, and on a par with the 511 bp M T-
COI DNA fragment, whereas the mismatched pairs of oli-
gos, WT 3 or WT,4y4, effectively ssDNA, failed to induce
IFNa (Figure 3A). As the complementary oligonucleotides
Hypi+> and Hyps+s4 did not induce IFN expression, it is
probable that they did not form stable heteroduplexes at
37°C given their low GC content, only 7-13%.
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Figure 3. Transfected MT-COI DNA induces double-stranded DNA breaks. (A) Interferon a production following transfection of THP-1 cells by 500
ng MT-COIr or MT-COIy, 500 ng of WT+2, WT2+3, Hypi+2, Hyp3+4, WT 43 and WT244 (Supplementary Table S1). (B) FACS analysis of yH2AX-
positive THP-1 cells transfected with MT-COI. Means and standard deviation of yH2AX-positive cell frequencies for duplicate transfection. (C) FACS
analysis of yH2AX-positive DSBs in THP-1 transfected with WT34+2, WT340pam, WTi+2 and Wiiopam respectively. Means and standard deviation of
yH2AX-positive cell frequencies for duplicate transfection. (D) FACS analysis of yH2AX-positive DSBs in THP-1 transfected with cells gated on FAM-
positive cells after transfection with WT31opam and Wiopanm respectively. Means and standard deviation of y H2AX-positive cell frequencies for duplicate
transfection. (E) Transcription profiling of A3A in THP-1 transfected cells with WT142pam (dSDNA) or WT30pam (ssDNA) respectively, in presence or
absence of JetPRIME. “*’ indicates statistically significant difference between two observed percentages (P < 0.05, Student’s z-test).

MT-COI DNA transfection of THP-1 cells led to signif-
icantly increased DSBs (Figure 3B) as expected from 43 A4
upregulation (Figure 1B). To focus on the transfected cells
alone, THP-1 cells were transfected with pairs of oligonu-
cleotides one being labeled with the Fluorescein (FAM)-
fluorophore i.e. WTisopam (dSDNA) or WTsiopam (ss-
DNA). Twenty-four hours post-transfection, addition of
FAM to the DNA oligos did not induce DSBs (WT34, ver-
sus WTs4opam and WTy, versus WTi4opam, Figure 3C).
However, as FAM-fluorescence decreased over time, FAM+
positive cells were sorted 6 h post-transfection, cultured for
a further 18 h and fixed for DSB FACS analysis. WT+2pam
led to ~40% of yH2AX positive THP-1 cells (Figure 3D)
which was correlated with 434 upregulation (Figure 3E).

Cytosolic dsDNA is transcribed by RNA polymerase I1I im-
pacting RIG-I

Which of the cytosolic dSDNA sensing pathway is up-
stream of IFN induction? At 24 h post-transfection of THP-

1 cells by MT-COI DNA, western blot analysis showed
increased levels of the phosphorylated forms of TBKI1
(TBK1-P) and IRF3 (IRF3-P) as well as DNA dependent
increases in RIG-I and MDAS (Figure 4A). Steady state
levels of STING, IKKe, MAVS were unchanged. Dose de-
pendent increases of TBK1-P and IRF3-P, key regulators
of IFN production, suggest signaling via STING and/or
MAVS. As the RNA polymerase 111 and cGAS DNA sen-
sor molecules are upstream of STING we explored these
possibilities.

As RNA polymerase 111 has been implicated in the tran-
scription of cytosolic dsDNA (21,22), THP-1 cells were
transfected with MT-COI7 or MT-COIy DNA along with
ML-60218, an inhibitor of RNA polymerase 111 (40) (Fig-
ure 4B). There was an inverse correlation between IFNa
production and inhibitor concentration. To exclude drug
toxicity, 20 wg/ml of peptidoglycans (PGN) known to stim-
ulate IFN« via TLR2, was used with ML-60218. IFN pro-
duction was insensitive to all inhibitor concentrations used
(Figure 4B). The inhibitor abolished transfected MT-COIr
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Figure 4. Transfected dsDNA triggers the RIG-I pathway via RNA polymerase III. (A) Western blots of TBK1, TBK1-P (phosphorylated), IRF3, IRF3-
P (phosphorylated), RIG-I, MDAS, MAVS, STING, IKKe at 24 h post DNA transfection of THP-1 cells. (B) Interferon alpha production by DNA
transfected THP-1 cells along with RNA Polymerase III inhibitor (ML-60218). Peptidoglycans (PGN) were used as control. (C) A3-edited MT-CYB
DNA recovered by 3DPCR in presence or absence of 25-75 wuM of RNA polymerase III inhibitor. The white line indicates the threshold between edited
and unedited 3DPCR products. M: molecular weight markers. (D and E) Transcription profiling of A3A and quantification of V772 DNA upon VIV2
DNA transfected THP-1 cells along with RNA polymerase III inhibitor (ML-60218).

DNA induced A3 mediated hyperediting of endogenous cy-
toplasmic MT-CYB DNA (Figure 4C versus Figure 2B),
again something that treatment with PGN and ML-60218
alone or in combination failed to do (Figure 4C).

To correlate RNA polymerase 111 activity with A3A ex-
pression, 500 ng of V112 DNA were transfected in THP1
cells. Two hours post-transfection, cells were incubated with
different amounts of RNA polymerase 111 inhibitor (25, 50
or 75 M, or DMSO used as negative control). The level
of A3A mRNA was quantified by TagMan PCR (Figure
4D) and V1 V2 DNA by SYBR Green (Figure 4E). The in-
crease of V1 V2 quantification was inversely proportional to
the relative A3A expression. This experiment demonstrated
that A3A expression could not be detected when RNA poly-
merase III activity was inhibited (Figure 4D) leading to
maintain V1 V2 DNA (Figure 4E).

To confirm the implication of RNA polymerase I1I in the
transcription of cytosolic dSDNA knockdown experiments

were performed using siRNAs to each of the subunit tran-
scripts notably pol III; and pol III,. When compared to
control siRNA in THP-1 cells, the two RNA polymerase
IIT siRNAs knockdown restricted A3A relative expression
by ~4-5-fold (Figure 5A). Efficiency of ¢cGAS, and RNA
polymerases I11 siRNAs were confirmed by western blotting
(Figure 5B). When cGAS siRNA were used, we observed a
slight decrease of A3A expression but remained similar to
control siRNA (Figure 5A), suggesting that in THP-1 cells,
¢GAS played a minor role in interferon type I production.

If cymtDNA was signaling via the RIG-I pathway down-
stream of RNA polymerase III, it should be possible to
identify the pol III RNA transcripts. In the previous ex-
periments a strong background would come from endoge-
nous mtRNA transcripts. To overcome this, THP-1 cells
were transfected by PCR products corresponding to a seg-
ment of HIV-1 envelope (V1V2, 685 bp, 38% GC (34)).
THP-1 cells transfected with 500 ng of VIV2 DNA in-
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Figure 5. Cytoplasmic RNA synthesis by DNA-dependent RNA polymerase III binds to RIG-I. (A) THP-1 cells were transfected with control siRNA or 2
RNA polymerase III siRNA (siRNA pollIl; and siRNA pollll,) or cGAS siRNA. Six hours post-transfection with siRNA, cells were transfecte with 500
ng of MT-COIDNA. At 24 h post-transfection, total RNA was extracted and quantitative PCR was performed on A3A. (B) WB control of the experiment
performed in 5A, using cGAS, pol III; and pol III, antibodies. The B-actin loading controls are shown below. (C) Interferon alpha and beta production

by THP-1 following transfection by 500 ng V772 HIV-1 DNA. JetPRIME was

used as control. (D) A3A quantification by THP-1 following transfection

by 500 ng inMT-COIy my. and inMT-COI3; my. DNA. (E) VIV2 RNA transcripts from DNA transfected THP-1 cells. Total RNA was extracted at 24 h
and a cDNA corresponding to V1V2 was produced in presence or absence of RT and amplified by PCR. T1 and T2 refer to independent transfections.

(F) Immunoprecipitation with an anti-RIG-I monoclonal antibody performed

at 8 h along with an anti-HA as control. V1V2 specific RT-PCR products

were recovered only from anti-RIG-I immunoprecipitation. RT, T1 and T2 as for 5E. “*” indicates statistically significant difference between two observed

values (P < 0.05, Student’s z-test).

duced IFNa/B to a degree comparable to MT-COI7 (Fig-
ure 5C versus Figure 1A). When comparing a shorter re-
gion of MT-COI DNA, (inMT-COI DNA, 247 bp, 50%
GC), inMT-COIy . (inMT-COI DNA without mutation)
to inMT-COI35 e, (inMT-COI DNA with 32 mutations,
37% GC), it transpires that transfected dsDNA needed to be
thermodynamically stable to detect A3A expression (Figure
5D).

To show that cytoplasmic RNA synthesis by DNA-
dependent RNA polymerase III binds to RIG-I, total RNA
was extracted from two independent transfections (T1 and
T2), treated with DNase and RT-PCR performed. V1V2
RNA intermediates were recovered only when a reverse
transcriptase step was performed (Figure 5E). Cell lysates
were made and immunoprecipitation with an anti-RIG-I
monoclonal antibody was performed along with an anti-
HA as control. V1V2 specific RT-PCR products were recov-

ered only from the anti-RIG-I immunoprecipitates (Figure
SF).

DISCUSSION

The findings highlight a mechanism by which cytoplasmic
DNA induces IFNa/B which in turn induced A3A expres-
sion leading to catabolism of the DNA agonist. Cytoplas-
mic DNA can be exogenous or mtDNA presumably re-
leased from a stressed mitochondrial network (41). Double-
stranded DNA serves as a template for cytoplasmic RNA
synthesis by DNA-dependent RNA polymerase III. The
complementary strands anneal to yield dSRNA that is rec-
ognized by RIG-I, leading to phosphorylation of IRF3 by
TBK1, which upon dimerization and translocation to the
nucleus, activates transcription of IFN genes. Interferon
in turns activates several 43 genes leading to heightened
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catabolism of single stranded DNA generated by cytoplas-
mic exonucleases (Figure 6).

DNA heteroduplexes as small as 39 bp can be transcribed
for IFNa/B induction is almost as efficient as for the 511
bp MT-COI fragment (Figure 3A). By comparison, single
stranded DNA signaling was weak (Figure 3A). These find-
ings do not exclude other DNA signaling pathways in pri-
mary cells for THP-1 cells do not mount TLR3- and TLR9-
dependent responses. However, as the ML-60218 inhibitor
(Figure 4B, D and E) and RNA polymerase III siRNAs
knockdown (Figure 5A) completely blocks IFNa/B induc-
tion and A3A expression, RNA polymerase 111 is the ma-
jor DNA sensing pathway following transfection of THP-1
cells.

Although A3 enzymes catalyze oxidation of cytidine
to uracil in ssDNA, the uracil bases do not constitute a
novel danger signal per se (Figure 1F, G and E). How-
ever, as AU-rich edited DNA is thermodynamically less
stable, it represents a mechanism to prevent annealing of

complementary ssDNA fragments (Figures 3A and 5D).
This is particularly relevant for cymtDNA. If hundreds
of mtDNA genomes can leak out to the cytoplasm and
be processed by dsDNA-dependent endonucleases and ex-
onucleases, there is the possibility that complementary sin-
gle stranded mtDNA molecules could re-anneal to dsDNA
and re-signal danger via DNA sensor molecules. A re-
cent paper highlighted a parallel phenomenon concerning
ADARI editing of dsRNA. Edited molecules were ther-
modynamically less stable due to lower stacking energy of
inosine:thymine pairs—inosine is the product of adenine
deamination—and failed to trigger dSRINA sensors (42).
There could be two steps in the catabolism of cytoplasmic
ssDNA. A3C, A3F and A3G, which can edit cymtDNA,
are expressed in most cells (1,4) and presumably func-
tion as constitutive catabolic enzymes. By contrast, A3A
(nucleo-cytoplasmic) is massively upregulated by IFNa/B
as is A3G (cytoplasmic) albeit to a lesser extent (4,30-32).
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When THP-1 cells are triggered by high levels of cytoplas-
mic DNA, cymtDNA is more edited (Figure 2B and C).

The findings tie in well with the massive egress of mtDNA
to the cytosol resulting from a mitochondrial gene lesions
or stress following herpesvirus infection (20). Here, the sig-
naling pathway was the DNA sensor cGAS that promoted
STING-IRF3-dependent signaling resulting in IFN pro-
duction. The difference here is that finding pertains to the
mouse, which unusually for mammals, does not encode an
A3 A ortholog (43). Although different DNA sensors prob-
ably overlap and converge on induction of IFN and a vast
array of downstream effector molecules (44) catabolism of
the DNA agonist in the mouse may proceed by a different
mechanism for we were unable to detect cytosine deami-
nated mtDNA in mouse tissues (4).

There is a price to pay. Cancer genomes are character-
ized by tens of thousands to more than a hundred thou-
sand CG— TA transitions, frequently in the tell-tale STpC
signature, deamination of 5-methylcytosine residues and
large numbers of DNA rearrangements (10,12,34,45-48).
The A3A DNA mutator enzyme can reproduce these three
mutational hallmarks experimentally (34,37). The link be-
tween A3A and cancer has been established epidemiologi-
cally (9,10,47,49,50). While both A3A and A3B contribute
to mutation of chromosomal DNA (47,51-54), from an ex-
perimental setting, A3A is the more active of the two en-
zymes, A3B activity being greatly attenuated (6,8,9). The
major difference is that A3A is massively upregulated by
IFN« in hematopoietic cells while A3B is not (4,30-32) and
the emergence of cancer on a background of chronic inflam-
mation is well established (55).

Chronic inflammation, autoimmune diseases such as sys-
temic lupus erythematosus and interferonopathies are as-
sociated with an increased risk for cancer. All show type
I interferon signatures of which A3A is a part. While a
powerful catabolic enzyme in the cytoplasm, A3A can lo-
cate to the nucleus and mutate nuclear DNA setting up
mutation/selection competition between somatically edited
cells. Through the interferon paracrine effect, bystander
cells too could undergo somatic mutation. It would be inter-
esting to explore A3A-mediated genotoxic damage in other
inflammatory pathologies such as diabetes, atherosclerosis
and perhaps even ageing. In conclusion, these findings show
that the danger signal triggered by exogenous or endoge-
nous cytosolic DNA encodes a mechanism for catabolism
of the DNA agonist. A3A can be seen as anti-inflammatory
enzyme.
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