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Cellular APOBEC3A deaminase drives mutations in
the SARS-CoV-2 genome
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Al o a F oA L R JEYLSE (COVID-19: coronavirus diseases 2019) @O Jf K T&H 5
SARS-CoV-2 (Severe acute respiratory syndrome coronavirus 2) (% 2019 4K (2 7 [E & B i
T TRPEE DR ONY | T OBEHIC MR ~EYEN LK L7z, SARS-CoV-2 1%
7 A )V AH 3 — KT 2% nspld (non-structural protein 14) 2% &, - exoribonuclease #F P12 &
STHO RNA WAL AL LTH ) AOERREEL(E>T WS, Ll [y
BREOWMBRTHRAIZT ) ARSNCERENERE L, B2 )7 FRHBE L T 5,

—J5. SARS-CoV-2 DKL KHIH (2020 FDHIH:) D 7 A VAT AELF & 7=
DFTEFFRICZELD, Y O0b 7730 U) ~OER(C>UER) B oZ
HLEWREZEL WL EnNREINT, C>U BERGEHOBIORKFHEN»L, v A
WA ) D~DERE N F VBT 2 JLEEHRRETH D APOBEC 7 7 2 U — 4
X7 (LLF APOBEC) G L TWA D Tk PSR, L., EEMN
2 ANVAFIIRGEIX W EZ /e S TE 53, APOBEC 78 SARS-CoV-2 77/ A RNA
NEBRBANTEDINEDICOVWTEAHOEETH -7, &2 TARFIETIX, SARS-
CoV-2 %7 ) ADOERIZxT 5% FE APOBEC OB AL MNCT 5 L% HICHER
HIRREE 21T > 7=,
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2022 4 7 A 24 HIZ GISAID (Global Initiative on Sharing All Influenza Data) EpiCoV
database 7> 5 HUfF L 72 SARS-CoV-2 %7/ A4 K4 (529,000 HiFE[nt]) 225, [F Uik
GAFRMN 2 R BRI, L TWVD Z LMD LU 2,051,393 BLAI A HlH L
7o MAT EpiCoV &V, TN HLEINOMAERIMAED A X T =2 b HoETREL
7oo ZHUHELHI A Wuhan Bk DS RECH] & bolie U, 28 8 oo FifE & AT B & b L 72,

AERE N TO APOBEC DL fifHT+ 272912, & ; Angiotensin-converting enzyme
2(ACE2) & " Transmembrane protease, serine 2 (TMPRSS2) 23MEH HIIZHE L7z & M
R MM H >k 293T (293AT) Ml i, 7 fED> APOBEC3 (A3) 38 L U, Activation-Induced
Deaminase (AID) , APOBECI(AD) Z XN EN b T U AT =7 v a VEICKVWEALL,
WRFEBL S E /2%, SARS-CoV-2 &S H7z, 24 RFMBRIC VA VA ZEIL, 7 A
JV A7 I RNA EL%I % Illumina MiSeq (Next generation sequencing: NGS) (2 & U fi#z# L
Teo HEINTZY T IVNFEBEOER LR Lic, BESROBE®MN DS, 1%DHE %
BIfE & L7z, RIS, SARS-CoV-2 DIEGLDFER) & 70 5 50H , Sl 7e & QUi Bk D B
REEFEMA RS L ORI EMIC S LT A MU A k> TR L7ZBR D A3
® mRNA 8l & % reverse transcription —droplet digital PCR (RT —ddPCR) {52 X D & &
Lo WIEEMED A3 ICKR D UANADY ) AEFI~DEEIZONWTIE, 7 A L AREY
AT OERRIC A3 28 L, EAESNTIZ VA NADT ) LS Z NGS (2 L0 fi#fr L
7. & BIZ, CRISPR/Cas9 (2 L %7/ L sk THESZ L 72 A3 Knock Out (KO) #flfig (220
TH PR & RER DM 24TV, WH & ik L,
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2019 4 12 AR S 2022 4F 6 AR E TO 2.5 FEMICHE S LMK D SARS-CoV-2
7/ I RNA il %% EpiCoV LW HG L, ZNHEZXMRBIIANA T A T+ ~T 4 7 AT
KD BARNT A FEH U 7o, BRRERIH & BRI O EF#E S AR ITH U T 26.9 nt per
year(nt/yr) TEM L CE /I &R ENTc, BEOTTEH, APOBEC DL B HE X
5D C>UZERIZ102ntyr TH Y | 28 &g LT, 3.3 580 EZ < okl
%i LTWZ &R SN (Figure 1), 2D Z & 275, APOBEC D WAL A3 0

KL SARS-CoV-2 7/ L RNA IZAERZE AL TE LalgetEiRmmge s vy,

WIZ, % APOBEC % i %5 Bl & 7= 293AT #fdiZ, SARS-CoV-2 Z & X+, ¥
A NVAT ) I RNA R 72 COU B BN EF T2 00 % ZBRICKREE L 7=, g L
72 APOBEC O 1T, A3A Z# 3Bl L 7= 293AT 76 pEA S #u72 SARS-CoV-2 D7/ AR
5 #1Z APOBEC3 signature TH 5 C>U EENHEIZEL < B BTz (Figure 2A),
— 07, BERIEHER KB TH D ASAET2Q B L VAID, Al 25 NI A3 77 I U —
BHRELLT 293AT DHEAINTZUANVATIE C>U BROEFMIBD LR
oo TNHOREFNS, A3A 2L Y SARS-CoV-2 7/ . RNA G’%Eﬁiﬁﬂéhé -l
EDRIB I T, £T2. 293AT MifIC A3A Z IR EIHBL S L BICRO T VANV AT )
L RNA 1D C>U EBERDOAFE v b ARy b2 RNA O kA EICFEH 5 0% LT
WD DMENT LTz, BE#H T selective 2°-hydroxyl acylation analysed by primer extension
(SHAPE) {£1Z & » TIRE S 7z SARS-CoV-2 @ RNA O " REERERIC~ v 7 Lk
B hairpin loop & 5 WM X bulge & VW o 7z — AREfEL DO T T 0 - v k2 (UC)
dinucleotide BLAIZAR >y NAR Yy "3dH 5 Z LN -7 (Figure2B), 2 b A v b A
Ay N OFIE, A3A M 4FA T DNA IZAERE A 5 signature R L TH YD . A3A N
RNA T% DNA & [AlEk D signature Z if A CERE AT L Z ERRB I NT,

2T, A& —7 xnu Vi1 (Interferon [IFN] stimulated genes; ISGs) D O &
DTH D AZA BIFRERR EEA THRIEL TWDLnEfl7, Calu-3 21X LH LT 5
K FENE L %5 % O b R AR = IC s L C, T IFN T& % IFN-B & 5%
SE K - (Tumor Necrosis Factor-o: TNF-a) {2 & > CIRIKEHIFE T 5 & A3A @ mRNA ¥ H L
UL 30~1,120 £ BA L, REERBRE F Tl S SICTHMRRBE L~ L0 |74
ERRD B (Figure3), 2O Z &b, MRIRROMAIZIB VDT, 7 A L ARG
72 8@ IFN FFERFIZ A3A WFIEL D D 2 ENRBEE Tz, & 5HIZ, Calu-3 Alad N
TEPED A3A ITXk - T CU BENFEINDL A7, IFN-B+TNF-a THIF L 7=
Calu-3 i@ (2 SARS-CoV-2 Z &Y S EAINTZ VANV ADY ) AEH| & BlE LT,
ZTOfER, COUZLRODEREMNPRD ONTZN, 7 A L R &Y% 1Z IFN-B+TNF-o Tl
L7256 Tk U EZBROFERITR O biv7e - 7= (Figure 4A), S 512, A3A KO Calu-3
I CIX w7 A L A JE YT IFN-B+TNF-o THIK L CH ., BIE CRO LN C>U AR
DERITBE SN2 o7z (Figure 4B), ZHHD Z &b, MR RMHKIZIH N T
A3A DB E S, &Y L7- SARS-CoV-2 D7/ LA RNAIZ C>UERNEREL Y D &
DRE S FL72,
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SARS-CoV-2 DJEGEIE R W O 7y 7 FHIBLHIIRAT 22 6 C>U &y 5 Ry 70 28 5
DEMPROOLND EVIHBEIZEY APOBEC 77 XU —4 U X7 B0 508 T4
INTWie, LaL, EENR YA NVAFEMRIELIN TWR2o T, KA TIE
(1)2022 fﬁkio“@b\ Wrie Y 7e C>U BEDOEFMN VANV AT /7 5 RNA AL T
%5 Z &, (2)APOBEC OHTH ., A3A » SARS-CoV-2 %7/ 2 RNA (ZxF L THEIZHR W
C>U ZFE AREA H U | hairpinloop £® UC>UU RNefA THEL S Z &, 317 IFN 72

DRIEZRDORIPLIC L0 | PRI SR EREARIC T ASA BNFE SN, FEZICEELE
SARS-CoV-2 D%/ A RNAIC C>UEREZHEATELHZ &, #H LT LT,

A3A ZiRFEFE B S 72 293AT Ml W TR C>U BE O /XX — 2 & SARS-
CoV-2 Oy FEZHEFIFEHR CHE IS U ZROHEETIRSII-HTIHHL0
TlE R olc, ZTOAR—FIZEAL TE, EEICBIT H2HREEFEOIR &ODEPTOD&HR
N, BELLLELHEboTWAbLDEEZ NS,
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AWFGEIZ K o T, MR ER R BRI CIERIERORKIZ LV ASA BFFE I, HE
H3E D A3A 12X % RNA editing 12X Y SARS-CoV-2 7/ LD C>U ZEIHEM L,
SARS-CoV-2 DB ZHEMEDILRICH G L TWDH Z ERW BN LR o7,



A
e | | ==
G
U
] ] 2 60
S
4 B =3
C — | £
g | Ol—
e iy b I . = a 0 1 2
. . v F* Years

Figure 1. Chronological nucleotide changes observed in SARS-CoV-2 genome sequences in the GISAID database.
Chronological changes in the numbers of mononucleotide substitutions per genome were analysed for each SARS-
CoV-2 sequence (n = 2,051,393) relative to the Wuhan reference strain. The number was plotted against the sample
collection date corresponding to the sequence in the GISAID database. The red lines represent linear regression lines.
The years “0”, “1” and “2” on the x-axis represent 2020, 2021 and 2022, respectively.
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Figure 2. Exogenous A3A expression induces C-to-U mutations in the SARS-CoV-2 viral RNA (VRNA) genome,
preferentially in single-stranded RNA (ssRNA) regions. (A) The number of positions with C-to-U substitutions in the
viral genome was determined. AID, A3 (A-G, or H haplotype II [hapII]), Al and A1 E63A proteins were transiently
expressed in 293AT cells. Empty vector (Vector) was used as the negative control for the absence of deaminase
expression. Thirty-six hours after transfection, the cells were infected with SARS-CoV-2 (B.1.1) (MOI = 0.5) and
incubated for another 24 h. Viral genomes were sequenced on the [llumina MiSeq system. The graph shows the number
of positions with C-to-U mutations in the dinucleotide context (UC-to-UU, VC-to-VU (V= not U), and others), with a
prevalence of >1.0% throughout the viral genome. The data are representative of three independent experiments. (B)
The prevalence of mutations detected at each position in the viral genome is indicated in two bar graphs, along with a
schematic diagram of the viral genomic structure. The upper and lower graphs represent the mutation prevalence (%)
in the viruses produced from 293AT cells transfected with empty vector (Vector) or the A3A plasmid (A3A),
respectively. The ten major positions of A3A-induced editing are labelled I-X. Secondary RNA structures around the
edited positions (red arrows) were extracted from the results of a previous SHAPE study and are drawn in this figure.
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Figure 3. A3A mRNA expression in human airway and lung cells. The A3A mRNA level in each cell line was
quantified by RT-ddPCR 18 h after treatment without (control) or with IFN- and/or TNF-0 under normoxic conditions
(N). A549, Calu-3, SAE, AT2, and LBE cells and HNEpCs were also cultured under hypoxic conditions (H). The mean
mRNA copy numbers of A3A relative to those of the housekeeping gene RPP40 are shown (n=3).
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Figure 4. A3A expression induced by IFN- and TNF-a in Calu-3 cells increases UC-to-UU mutations in the SARS-
CoV-2 genome. (A and B) Effects of IFN- and TNF-a treatment on C-to-U mutations in the SARS-CoV-2 genome
were analysed using Calu-3 cells and A3A-KO Calu-3 cells (clone #15). The cells were left untreated (control) or
pretreated (Pretreated) with IFN- and TNF-a. Seventy-two hours post-infection with SARS-CoV-2 (B.1.1), the culture
supernatants were harvested. The infected cells were treated with IFN- and TNF-a (Posttreated), and the supernatants
were collected. The position and prevalence of the mutations in the genome at passage (P1) were analysed and are
shown in bar graphs. The closed circles indicate mutations with a prevalence of >1%.
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