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ABSTRACT Human adenoviruses (HAdVs) are a large family of DNA viruses that
include more than 100 genotypes divided into seven species (A to G) and induce respi-
ratory tract infections, gastroenteritis, and conjunctivitis. Genetically modified adenovi-
ruses are also used as vaccines, gene therapies, and anticancer treatments. The
APOBEC3s are a family of cytidine deaminases that restrict viruses by introducing
mutations in their genomes. Viruses developed different strategies to cope with the
APOBEC3 selection pressure, but nothing is known on the interplay between
the APOBEC3s and the HAdVs. In this study, we focused on three HAdV strains: the B3
and C2 strains, as they are very frequent, and the A12 strain, which is less common but
is oncogenic in animal models. We demonstrated that the three HAdV strains induce a
similar APOBEC3B upregulation at the transcriptional level. At the protein level, however,
APOBEC3B is abundantly expressed during HAdV-A12 and -C2 infection and shows a nu-
clear distribution. On the contrary, APOBEC3B is barely detectable in HAdV-B3-infected
cells. APOBEC3B deaminase activity is detected in total protein extracts upon HAdV-A12
and -C2 infection. Bioinformatic analysis demonstrates that the HAdV-A12 genome bears
a stronger APOBEC3 evolutionary footprint than that of the HAdV-C2 and HAdV-B3
genomes. Our results show that HAdV infection triggers the transcriptional upregulation
of the antiviral innate effector APOBEC3B. The discrepancies between the APOBEC3B
mRNA and protein levels might reflect the ability of some HAdV strains to antagonize
the APOBEC3B protein. These findings point toward an involvement of APOBEC3B in
HAdV restriction and evolution.

IMPORTANCE The APOBEC3 family of cytosine deaminases has important roles in
antiviral innate immunity and cancer. Notably, APOBEC3A and APOBEC3B are actively
upregulated by several DNA tumor viruses and contribute to transformation by intro-
ducing mutations in the cellular genome. Human adenoviruses (HAdVs) are a large
family of DNA viruses that cause generally asymptomatic infections in immunocom-
petent adults. HAdVs encode several oncogenes, and some HAdV strains, like HAdV-
A12, induce tumors in hamsters and mice. Here, we show that HAdV infection specif-
ically promotes the expression of the APOBEC3B gene. We report that infection with
the A12 strain induces a strong expression of an enzymatically active APOBEC3B pro-
tein in bronchial epithelial cells. We provide bioinformatic evidence that HAdVs'
genomes and notably the A12 genome are under APOBEC3 selection pressure. Thus,
APOBEC3B might contribute to adenoviral restriction, diversification, and oncogenic
potential of particular strains.

KEYWORDS HAdV-A12, HAdV-B3, HAdV-C2, adenoviruses, APOBEC3, APOBEC3B,
cytidine deaminase, innate immunity

uman adenoviruses (HAdVs) are nonenveloped double-stranded DNA viruses that
replicate their ~35-kb-long linear genome in the nucleus. HAdVs belong to the
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genus Mastadenovirus in the Adenoviridae family. HAdVs are very diverse, currently
counting 103 genotypes divided into 7 species (A to G) (according to the HAdV
Working Group, July, 2019 update, http://hadvwg.gmu.edu/) (1). HAdVs were discov-
ered in 1953 by Rowe and colleagues from human adenoids surgically removed from
children (2). Serologically related viruses were subsequently identified in nasopharyn-
geal and conjunctival secretions and feces of patients with undifferentiated respiratory
diseases. These viruses were first named “adenoidal-pharyngeal-conjunctival”
and finally adenoviruses (3, 4). HAdVs cause self-limiting upper and lower respiratory
tract, ocular, urinary tract, and gastrointestinal infections (5, 6). In the United States,
HAdV-C2, -C5, and -B3 are the most commonly reported genotypes (7). Although
mostly asymptomatic or paucisymptomatic in adults, HAdVs can lead to acute and le-
thal infection in early childhood and in immunocompromised people (8). HAdV-associ-
ated complications are frequent in transplant recipients where infection can be
acquired de novo, or through reactivation of a latent infection of the recipient or from
the transplanted organ (9). Indeed, after primary infection of mucosal epithelial cells,
HAdVs can establish persistent infection and reactivation in lymphoid cells (10-14).
Long-term persistence can be achieved in lymphoid cells by maintenance of the viral
genome as episomes (15). Adenoviruses are also used as vectors for gene therapy,
cancer therapy, and vaccination (16). Remarkably, the first gene therapy attempted in
human used an adenoviral vector to deliver the CFTR gene in bronchial cells of a cystic
fibrosis patient (17). Even so, the use of adenoviral vectors for gene therapy has so far
been limited by their high immunogenicity; this could prove to be an advantage
regarding their vaccinal applications. Indeed, several high-profile vaccine candidates
against severe acute respiratory syndrome coronavirus (SARS-CoV-2) infection are
adenoviral vectors (18).

HAdV infections are controlled by innate and adaptive immune responses. Notably,
HAdVs are well known to activate innate immunity sensors upon entry in the cell
through their capsid proteins and genomic DNA, leading notably to the production of
interferons (IFNs) and inflammatory cytokines (19, 20). Among innate immune effec-
tors, the APOBEC3 enzymes (apolipoprotein B mRNA editing enzyme catalytic polypep-
tide-like 3 or A3s) are potent antiviral weapons. The human genome encodes seven A3
genes (namely, A3A, B, C, DE, F, G, and H), with several spliced transcripts and allelic
variants for each. The A3s are IFN-inducible cytidine deaminases that convert cytosine
to uracil on single-stranded DNA or RNA. Thus, they restrict viruses by introducing
mutations in their genomes. Cytidine deamination occurs through a characteristic zinc-
coordinating catalytic motif (His-X-Glu-X,;_,5-Pro-Cys-X,_,-Cys) (21). Some A3 enzymes
encode one single deaminase domain (A3A, A3C, and A3H), whereas others encode
two domains (A3B, A3DE, A3F, A3G). In those latter cases, only the C-terminal domain
has a functional deaminase activity. The A3 proteins also exert an antiviral activity
through deaminase-independent mechanisms by blocking the synthesis of the vira
genome (reviewed in references 21-23). The seven A3 genes originate from gene
duplications and rearrangements that have occurred during mammalian evolution
(24, 25). The extension of the A3 repertoire allows some specialization of the different
A3s. The A3 proteins notably differ by their subcellular localization allowing restriction
of the viral replication at different levels of the viral cycle. The A3A member is cell-
wide, A3B is strictly nuclear, A3C is mainly cytoplasmic, A3D, A3F, and A3G are strictly
cytoplasmic, and A3H is present in the cytoplasm and the nucleolus (26). Thereby, A3s
act against a large diversity of viruses. They notably restrict the reverse transcribing
viruses HIV-1 (human immunodeficiency virus-1), HTLV-1 (human T-lymphotropic
virus-1), and HBV (hepatitis B virus), the double-stranded DNA viruses EBV (Epstein-Barr
virus), HSV-1 (herpes simplex virus-1), a-HPVs (alpha-human papillomaviruses), and BK
polyomavirus, the single-stranded DNA viruses AAVs (adeno-associated virus) and TT
virus (Teno Torque virus), and also the single-stranded RNA viruses HCV (hepatitis C vi-
rus), RSV (respiratory syncytial virus), the coronavirus HCoV-NL63, and mumps and
measles viruses (27-39). Even though the A3 enzymes are valuable effectors protecting
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the host against viral infections, it has recently turned out that A3s can also accidently
mutate the cellular genome. A3-induced mutations are found in many cancer types
such as bladder, bone, cervical, breast, lung, and head and neck cancer (40-44). These
mutations appear to be mostly introduced by the A3A and/or A3B members (45, 46).

A3s generally deaminate cytosine in a 5’-TC motif with the exception of A3G that
favors editing of cytidine when preceded by another cytidine (i.e., in a 5’-CC motif)
(40, 47). Thus, A3s leave on the genome of numerous viruses an evolutionary footprint
characterized by the depletion of the 5'-TC motif (48-51). Importantly, we recently
reported the presence of an A3 footprint on adenoviruses (51).

In this study, we set out to determine the relationship between HAdV infections
and the regulation of A3 family members. We selected three HAdV genotypes from
three different species, namely, A12, B3, and C2. The B3 and C2 strains were chosen
based on their high incidence, and the A12 was chosen for its particular ability to
induce tumors in animal models (52-54). The percentage of genetic identity (percent-
age of bases that are identical) is 56% between the A12 and B3 strains, 54% between
A12 and C2, and 58% between B3 and C2 (values obtained using ClustalOmega align-
ment between the respective reference genomes). Using a relevant primary cell culture
system, we demonstrated a strain-specific regulation of A3B. We also reported a link
between the A3B protein upregulation and the intensity of the A3 evolutionary foot-
print: the HAdV-A12 genotype being particularly prone to induce A3B and harboring a
genome with a strong depletion for A3-favored motifs.

RESULTS

Adenovirus A12, B3, and C2 strains upregulate A3B and downregulate A3C
transcripts. We sourced the HAdV-A12 strain from the ATCC. The HAdV-B3 and -C2
were two clinical isolates, and their identities were first verified by genotyping and
sequencing. HAdV-C2 and -B3 viral stocks were subjected to PCR using pan-adenovirus
primers, B-type-targeting primers, C2-targeting primers, and B3-targeting primers
(Fig. 1A). Figure 1A, lanes 1 and 2 show isolates C2 and B3 PCR-amplified using pan-ad-
enovirus primers (HXL1F/HXL1R, targeting the loop 1 region of the hexon gene). A
1,127-bp-long product was expected for a C2 strain and a 1,070-bp-long product was
expected for a B3 strain. The observed PCR bands matched with the expected product
sizes. Figure 1A, lanes 3 and 4 show isolates C2 and B3 PCR-amplified using B-type-tar-
geting primers (BL/BR, targeting the loop 2 region of the hexon gene of B-type adeno-
viruses). As expected, no PCR band was observed from the C2 isolate and a PCR band
of the correct size (expected size: 606 bp) was observed from the B3 isolate. Figure 1A,
lane 5 shows isolate C2 PCR-amplified using C2-type-targeting primers (FiCL/FiCR2, tar-
geting the fiber gene of C2 adenoviruses). A PCR band of the correct size (expected
size: 1,121 bp) was observed. Figure 1A, lane 6 shows isolate B3 PCR-amplified using
B3-type-targeting primers (FiBL/FiBR, targeting the fiber gene of B3 adenoviruses) and
producing a product of the expected size (988 bp). The different PCR products (hexon
and fiber sequences) were Sanger-sequenced and subjected to a BLAST search. The
sequences subjected to a BLAST search confirmed the identities of the clinical isolates
as HAdV-C2 and HAdV-B3.

Using the three different HAdV genotypes (A12, B3, and C2) and an established
primary bronchial epithelial cell culture system, we determined whether adenovirus
infections alter the expression of the A3 genes. Normal immortalized human bron-
chial epithelial cells (HBEC3-KT) were infected with HAdV-A12, B3, or C2 at a multi-
plicity of infection (MOI) of 1 infectious particle per cell. At 4 h and 1, 2, and 4 days
postinfection, total DNA was extracted and the numbers of HAdV genome copies
were quantified by quantitative PCR (qPCR). We observed a strong replication of
the three adenoviruses at 2 days postinfection (dpi) and onwards (Fig. 1B). At 2 or 4
dpi, total RNA was extracted and the seven A3 mRNAs were quantified by reverse
transcription-quantitative PCR (RT-gPCR). The abundances of the A3A, A3DE, A3G,
and A3H transcripts were below the quantification levels of our assay. By compari-
son with that of uninfected control cells, A3B expression was upregulated at 2 dpi
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FIG 1 HAdV-A12, -B3, and -C2 infections upregulate A3B and downregulate A3C transcripts. (A) Confirmation of
the C2 and B3 clinical isolates’ identities by genotyping. The genomic DNA of HAdV-C2 and HAdV-B3 viral
stocks were subjected to PCR and migrated on agarose gel. Generic pan-adenovirus primers were used to
amplify the loop 1 region of the hexon gene (lanes 1 and 2). B-type-targeting primers were used to amplify
the loop 2 region of the hexon gene (lanes 3 and 4). C2-targeting primers and B3-targeting primers were used
to amplify a region of the fiber gene (lanes 5 and 6). (B to E) HBEC3-KT cells were infected with HAdV-A12, -B3,
-C2, or mock control. DNA was extracted at 4 h postinfection (hpi) and at 1, 2, and 4 days postinfection (dpi).
(B) The abundances of the HAdV genome copies were measured by qPCR in three independent assays and
expressed per nanogram of DNA. (C to E) RNA was extracted at 2 and 4 days postinfection (dpi).
The abundances of the A3 transcripts were measured by RT-qPCR in three independent experiments. The
histograms report A3B (C), A3C (D), and A3F (E) mean mRNA levels expressed relatively to the three
housekeeping genes (HKGs) HPRT, TBP, and GAPDH. Error bars show standard deviations, and Student's t test
was used to assess significance (NS, nonsignificant, *, P<0.05, **, P<<0.01). A3A, A3DE, A3G, and A3H mRNAs
were not detected.

and even further at 4 dpi (Fig. 1C). Conversely, A3C expression was downregulated
at 2 and 4 dpi (Fig. 1D), and no significant variation was observed for A3F (Fig. 1E).
Unlike the B3 strain, A12 and C2 adenoviruses upregulate A3B protein level.
We then wondered whether A3B upregulation also occurs at the protein level. At 2
and 4 dpi, proteins were extracted and A3B, A3C, A3F, and HSP90 proteins were
detected by immunoblotting (Fig. 2). HSP90 was used as loading control. Although the
three adenovirus strains induced A3B mRNA at similar levels (Fig. 1C), this does not
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FIG 2 HAdV-A12 and -C2 infections upregulate A3B protein level, whereas HAdV-B3 infection does
not change the abundance of the A3B protein. HBEC3-KT cells were infected with HAdV-A12, -B3, -C2,
or mock control. Total protein extractions were done at 2 and 4 days postinfection (dpi). A3B, A3C,
and A3F protein levels were assessed by Western blotting and quantified by densitometry. HSP90
was used as loading control. Error bars show standard deviations, and t test was used to assess
significance (NS, nonsignificant, *, P<0.05). The experiment was replicated at least 3 times and
representative images are shown.

translate into the same amount of A3B protein. By comparison with that of uninfected
control cells, A3B expression was significantly upregulated by the A12 and C2 strains at
2 and 4dpi. Very surprisingly, no change of A3B protein level was observed in B3-
infected cells. We observed a decrease, albeit not a significant one, of A3C protein level
at 4dpi and no change in A3F protein level.

The A3B-201 isoform is the sole isoform expressed in both mock- and HAdV-
infected cells. As A3B protein upregulation appeared to be strain-specific, we won-
dered whether the different strains promote the upregulation of different A3B splice
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FIG 3 HAdV-A12, -B3, and -C2 infections do not modify A3B mRNA splicing. (A) The four A3B mRNA isoforms
are depicted and named according to EMBL-EBI Ensembl nomenclature (A3B-201 to 204). Green arrows
represent forward primers and red arrows represent reverse primers that were used to discriminate the A3B
isoforms by RT-PCR. The sizes of the PCR products are indicated for each isoform. (B) HBEC3-KT cells were
infected with HAdV-A12, -B3, -C2 or mock control. Two and four days postinfection (dpi), mRNA was extracted
and A3B isoform discrimination was assessed by RT-PCR using the primer pairs Ex4_F/Ex6_R (top gel) and
Ex7_F/Ex8_R (bottom gel). The experiment was replicated at least 3 times and representative images are

shown.

variants. Indeed, several splice variants can be produced from the A3B gene. The four
A3B isoforms named according to EMBL-EBI Ensembl nomenclature (A3B-201 to 204)
are represented in Fig. 3A. The A3B-201 isoform is the most prevalent transcript and is
therefore considered to be the canonical sequence. The A3B-202 isoform does not
retain exon 5, presumably leading to nonsense-mediated decay. The A3B-203 isoform
retains intron 7 and encodes an A3B protein with functional deaminase activity (55,
56). The A3B-204 isoform encodes a protein lacking the zinc-coordinating residues of
the C-terminal deaminase domain and is therefore most probably devoid of deaminase
activity. To determine which are the A3B isoforms expressed in uninfected control and
in HAdV-infected cells, 2 regions of the A3B mRNA were amplified by reverse transcrip-
tion PCR (RT-PCR). The first region spans from exon 4 to exon 6; the second spans from
exon 7 to exon 8. When amplifying the first region (using primers Ex4_F and Ex6_R),
we detected only a 327-bp-long PCR product from both control and infected cells
(Fig. 3B, upper gel). When using the second primer pair (Ex7_F and Ex8_R), we also
detected a unique 234-bp-long PCR product from both control and infected cells
(Fig. 3B, lower gel). Because the potential 515-bp-long product would have been at a
disadvantage in competition with the shorter 234-bp amplicon, we cannot formally
exclude the total absence of the A3B-203 isoform. Taken together, these results
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FIG 4 The deaminase activity is upregulated in HAdV-A12- and HAdV-C2-infected cells. (A) HBEC3-KT
cells were infected with HAdV-A12, -B3, -C2, or mock control, and A3B expression was assessed by
Western blotting at 4 dpi. A diluted protein extract from HBEC-A3B cells was used as positive control
in lane 5. (B and C) Four days postinfection, total proteins were extracted in a nondenaturing buffer
and mixed with the substrate of the deamination assay. Deaminase activity, if present in the cell
lysate, will allow the conversion of substrates into shorter products. (C) No product was detected in
cell lysates from mock- or B3-infected cells. Deaminase activity can be observed from A12- and C2-
infected cells. HBEC-A3B cells were used as positive control and showed efficient conversion of the
substrate into the product. Error bars show standard deviations, and t test was used to assess
significance (NS, nonsignificant, *, P < 0.05, **, P<0.01). The experiment was replicated at least three
times and a representative image is shown.

showed no change in A3B isoform upon HAdV infection. The A3B-201 isoform
appeared to be the sole isoform expressed in both mock- and HAdV-infected cells.

The intracellular deaminase activity is upregulated in HAdV-A12- and HAdV-
C2-infected cells. We wondered whether the A3B protein produced upon A12 and C2
infection is enzymatically active. Figure 4A illustrates the levels of A3B at 4dpi in
HBEC3-KT mock-, A12-, B3-, and C2-infected cells. As positive control, we established
by lentiviral transduction HBEC3-KT cells constitutively expressing a hemagglutinin
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(HA)-tagged A3B protein (named HBEC-A3B thereafter). Figure 4A, lane 5 displays the
level of A3B in a protein extract from HBEC-A3B diluted 15 times by proteins from unin-
fected wild-type HBEC cells.

We then performed a DNA deaminase activity assay on 4-dpi whole-cell protein
extract supplemented with a single-stranded DNA probe containing a unique 5'-TC tar-
get motif (57). All A3 members, except A3G, prefer this dinucleotide as deamination
target. Of note, A3G mRNA levels in mock- and HAdV-infected cells were very low and
hardly detectable. C to U deamination, uracil excision, and alkaline treatment were
combined to cleave the substrate probe into a shorter product (Fig. 4B). The positive
controls, HBEC-A3B and HBEC-A3B protein extract diluted 15 times, converted respec-
tively 95% and 11% of the substrate (Fig. 4C, last two wells). No product was observed
in mock-infected or in HAdV-B3-infected cells. About 3% of the substrate has been
converted to product in the protein extracts from HAdV-A12- and HAdV-C2-infected
cells (Fig. 4Q).

Knockdown of A3B suppresses deaminase activity during HAdV infection. To
assert that the A3B protein is indeed responsible for the measured deaminase activity,
we tested whether specific knockdown of A3B could prevent deaminase activity in
HAdV-infected cells. Knockdown of A3B was achieved by the stable expression of lenti-
virus-delivered short hairpin RNAs (shRNAs). Those cells are referred to as “A3B
shRNAs” in Fig. 5. Wild-type HBEC3-KT cells (“no shRNA") and HBEC3-KT cells trans-
duced with nontarget shRNA vector (“NTC shRNA”) were used as controls. We first veri-
fied that knockdown of A3B was specific and did not affect other APOBEC3 transcripts.
Figure 5A shows that A3B mRNA was significantly decreased by the A3B shRNAs com-
pared to that of wild-type cells (no shRNA), whereas the other A3 mRNAs (A3C, A3F,
and A3G) were not modified.

The three different HBEC3-KT cell lines were infected with HAdV-A12, -B3, or -C2 at
an MOI of 1. At 4dpi, the A3B transcriptional levels (Fig. 5B), protein levels (Fig. 5C),
and intracellular deaminase activities (Fig. 5D) were assessed. We observed that the
A3B-targeting shRNAs significantly decreased the amount of A3B transcript in HAdV-
infected cells (Fig. 5B). The infection of HBEC3-KT no shRNA with HAdV-A12 and -C2
promoted A3B expression (Fig. 5C). Interestingly, infection of the HBEC3-KT NTC shRNA
cells with the same viruses induced an even larger production of A3B protein (Fig. 5C).
Indeed, double-stranded shRNAs can be sensed by RNA-activated protein kinase (PKR)
and favor the expression of IFN-inducible genes (58). We speculate that HBEC3-KT NTC
shRNA cells are primed by the overexpression of the NTC shRNAs and are therefore
more readily prone to produce high levels of IFN-inducible proteins like the A3s.
Importantly, the infection of HBEC3-KT A3B shRNAs cells with the HAdV-A12 and -C2
viruses does show a reduction of A3B protein expression (Fig. 5C) and a disappearance
of any detectable deaminase activity (Fig. 5D). We concluded that the deaminase activ-
ity observed in HAdV-A12- or HAdV-C2-infected cells was down to the A3B protein.

Nuclear localization of A3B in HAdV-A12- and HAdV-C2-infected cells. To assess
the localization of A3B in HAdV-infected cells, we performed an immunofluorescence
microscopy analysis on A3B and hexon proteins at 4 dpi (Fig. 6). The A3B upregulation
was evident in HAdV-A12- and HAdV-C2-infected cells. The induced A3B protein local-
ized in the nucleus. Only background levels of A3B were observed in mock- and B3-
infected cells. HBEC-A3B cells were used as positive control and showed a strong A3B
expression in the nucleus. These observations confirmed our results obtained by
Western blotting and demonstrated that the induced A3B protein localizes in the nu-
cleus of A12- and C2-infected cells.

HAdV-A12 genome bears the stronger A3 evolutionary footprint. We already
reported the presence of an A3 evolutionary footprint on human adenoviruses (51). In
this study, A3B regulation appeared to be strain-specific with no change upon HAdV-
B3 infection but increased upon infection with the A12 or C2 strains. Therefore, we spe-
cifically looked for the A3 footprint on those three strains wondering whether it could
correlate with our in vitro observations. Because A3 proteins favor deamination of C
when preceded by a T (so called 5’-TC motif), the A3s will turn 5’-TC motifs into 5'-TU
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FIG 5 Knockdown of A3B suppresses deaminase activity during HAdV infection. (A) A3B shRNAs target only
A3B expression. mRNA from HBEC3-KT cells stably expressing A3B-targeting shRNAs (A3B shRNAs) or a
nontargeting control shRNA (NTC shRNA) or wild-type HBEC3-KT cells (no shRNA) was extracted. The histogram
reports A3B, A3C, A3F, and A3G mean mRNA levels expressed relatively to the three housekeeping genes
(HKGs). (B to D) HBEC3-KT cells stably expressing A3B-targeting shRNAs or a nontargeting control shRNA or
wild-type HBEC3-KT cells were infected with HAdV-A12, -B3, -C2, or mock control. Four days postinfection, A3B
mRNA level (B), A3B protein abundance (C), and deaminase activity (D) were assessed. (B) The histogram
reports A3B mean mRNA levels, quantified by RT-qPCR and expressed relatively to three housekeeping genes
(HKGs). (C) A3B protein levels were assessed by Western blotting and quantified by densitometry. HSP90 was
used as loading control. (D) Whole-cell protein extracts were subjected to deamination activity assay. HBEC-A3B
was used as positive control (last two lanes). Error bars show standard deviations, and Student’s t test was
used to assess significance (NS, nonsignificant, *, P < 0.05, **, P<0.01.). The experiment was replicated at least
3 times and representative images are shown.
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FIG 6 A3B protein upregulated in A12- and C2-infected cells is nuclear. HBEC3-KT cells were infected with
HAdV-A12, -B3, -C2, or mock control. A3B (in green) and hexon protein (in red) expressions were assessed by
fluorescence microscopy at 4dpi. HBEC-A3B was used as positive control and displayed a strong A3B
expression with a nuclear distribution. A3B protein levels in mock- and B3-infected cells were similar to
background. Strong and moderate A3B signals, respectively, were observed in the nucleus of cells infected with
the A12 and C2 strains.

dinucleotides in the genome of exposed viruses. Depending on the position of the
mutated C within the codon, the mutation can be synonymous or nonsynonymous.
When the mutated C is at the third position of the codon, deamination of the C will
turn the NTC codon into an NTT codon. This mutation will always be synonymous
(symbolized by an “S” in Fig. 7A). When A3-related deamination intervenes on a C
located at the first position of a codon, the NNTCNN motif will be converted into an
NNTUNN motif and will produce a nonsynonymous mutation (symbolized by an “NS”
in Fig. 7A). Similarly, deamination of a C located at the second position of the codon
will convert a TCN codon into a TUN codon and most likely introduce a nonsynony-
mous mutation (Fig. 7A). Because a synonymous mutation will more likely be con-
served than a nonsynonymous mutation, the A3-driven natural selection should more
intensively deplete NTC codons than TCN or NNTCNN motifs (as in those cases the C to
U mutation will affect the encoded amino acid). Thus, we defined the A3 footprint as
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FIG 7 HAdV-A12 genome bears a strong A3 evolutionary footprint. (A) A3s induce C to U
deamination preferentially in a 5'-TC dinucleotide context. After viral replication the mutation is
conserved in the viral genome as a C to T transition (in red). Depending on the position of the TC
motif in codon, the mutation is synonymous (S) or nonsynonymous (NS). Since synonymous
mutations are more likely to be conserved, the A3 footprint is defined as the depletion of the NTC
codons. (B) The observed/expected ratios of TC dinucleotide at various codon positions (i.e.,, NNTCNN,
TCN, NTC) were calculated for the HAdV-A12, -B3, and -C2 full-length genomes. Median and quartile
are depicted by a boxplot. P values were calculated by Student’s unpaired, two-tailed t test (NS, not
significant, *, P < 0.05, **, P < 0.01, ***, P < 0.001. (C) NTC observed/expected ratios were calculated
for the different genes of HAdV-A12, -B3, and -C2. Genes' location, orientation, and length are
represented by black arrows.

an under-representation of NTC codons because A3s favor 5'-TC motifs and because a
C to U mutation in the third position of a codon is likely to be retained (Fig. 7A).

After analysis of HAdV-A12 genomic sequences, we observed no depletion of the
NNTCNN motif, a moderate depletion of the TCN codons, and a strong depletion of
NTC codons (Fig. 7B). These observations point toward a genome-wide A3 footprint on
the A12 strain. On the contrary, no general NTC depletion was observed for the B3 and
C2 strains (Fig. 7B). By looking at the gene level, we observed for the three strains a
stronger NTC depletion for the E1, L5, and E4 genes compared to that of the other
genes (Fig. 7C). The A3 footprint concentrated on the extremities of the viral genome.
The intensity of the A3 footprint on the different strains appeared to correlate with
their potency to promote A3B expression and activity.

DISCUSSION

In this study, we first reported similar upregulations of the A3B transcript in HAdV-
infected cells, independent of the strain used. Various stimuli have been shown to trig-
ger transcriptional upregulation of A3B, including IFNs, agonists of the lymphotoxin
beta receptor, DNA damaging agents, the PKC/NF-kB-activator PMA (phorbol 12-myris-
tate 13-acetate), and viral infections (37, 57, 59-62). Thus, A3B transcription can be
induced by the NF-kB pathway whereas its repression can be triggered by p53 activa-
tion and mediated by the repressive complexes E2F4/DREAM (DP, RB-like, E2F4, and
MuvB) and E2F6/PRC1.6 (polycomb repressing complex) (63-66). A3B transcriptional
induction in HAdV-infected cells could be the consequence of the intracellular innate
immune response. Indeed, adenoviruses can be sensed by numerous innate immune
sensors, leading to the transcription of IFNs, ISGs (IFN-stimulated genes), and NF-kB-de-
pendent genes (19, 20). A3B transcription has also been shown to be induced by the
viral proteins E6 and E7 from high-risk HPVs (human papillomaviruses) and by the large
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TAg (T antigen) from the BK polyomavirus (37, 57, 67-69). The mechanisms of action
are not fully elucidated but appear to involve the dissociation of the repressive E2F
complexes (66, 70-74). Interestingly, the adenovirus E1A protein directly interacts with
the DP-1 transcription factor (E2F dimerization partner 1), a protein that binds E2F4 or
E2F6 in the DREAM or PRC1.6 complexes, respectively (75). Moreover, E1A can be
recruited on E2F promoters when these promoters are bound by p130 (retinoblas-
toma-like 2) and E2F4, thereby modifying the chromatin structure to promote gene
expression (76). Finally, E1B-55K and E4orf6 are also well known to promote p53 degra-
dation (77, 78). Overall, it would be interesting to test whether the E1A, E1B, and/or
E4orfé6 proteins can favor A3B transcription though p53 degradation and/or destabili-
zation of E2F repressive complexes.

Although infection by the three strains induces a similar upregulation at the tran-
scriptional level, the regulation at protein level is highly variable. Indeed, A3B protein
is upregulated upon HAdV-A12 and -C2 infections whereas A3B protein amount did
not increase in HAdV-B3-infected cells. We showed that the A3B-201 mRNA isoform is
the sole transcript variant expressed, and therefore alternative splicing cannot explain
the differences of A3B protein amount. The regulation of the A3 proteins by viruses is
a complex matter; some viruses have evolved mechanisms to counteract A3s, whereas
others promote their expression and stability.

An active degradation of the A3B protein in HAdV-B3-infected cells could explain
the discrepancy between mRNA and protein levels. For example, HIV-1 (human immu-
nodeficiency virus 1) evades A3G restriction thanks to its Vif protein. Vif binds A3G and
recruits A3G to a Cullin5-based E3 ubiquitin ligase complex leading to A3G degrada-
tion (79). Interestingly, the HAdV-C5 proteins E1B-55K and E4orf6 promote the degra-
dation of several cellular proteins (notably p53) through the recruiting of the same
Cullin5, Elongins B and C, and Rbx1 complex (77, 78). One might wonder whether the
A3B protein can be one of the targets of the HAdV-B3 E1B-55K and E4orf6 proteins.
The very low level of A3B protein despite an elevated transcript observed in HAdV-B3-
infected cells could also be the result of translational inhibition. For instance, the A3B
protein level can be downregulated posttranscriptionally by the binding of mir-138-5p
to the 3’ untranslated region (3'UTR) of the A3B transcript (S. Faure-Dupuy, T. Ried|,
and M. Heikenwaélder, submitted for publication). On the contrary to those infected
with the B3 strain, the HAdV-A12- and HAdV-C2-infected cells displayed an enzymati-
cally active A3B protein. If the strong expression of the A3B protein can simply be due
to the increase of its transcript, we should nevertheless mention that some viral pro-
tein can promote A3 stability. Indeed, E7 from HPV16 has been shown to stabilize A3A
protein by inhibiting Cul2-dependent protein degradation (69). Because the E1B-55k
and E4orfé from the HAdV-A12 use the Cul2- rather than the Cul5-based ubiquitin
ligase complex (80), one might wonder whether a similar stabilization of the A3B pro-
tein can be operating in HAdV-A12-infected cells.

Whatever causes A3B induction, it remains to be tested how much the A3B protein
affects adenoviral replication and evolution. A3-induced mutations in HPV16 genome
on one hand contribute to viral clearance and on the other hand also drive HPV evolu-
tion (67, 81). Upregulation of A3B in HBV-infected hepatocytes inhibits HBV replication
(59). At the same time, A3-related mutations on the negative strand of the C and pre-C
region of the HBV genome can positively participate in immune escape (51, 82).
Similarly, A3-related mutations in the major capsid gene of BK polyomavirus confer re-
sistance to neutralizing antibodies (38). These observations suggest that A3s can play
an ambivalent role during viral infection, effectively restricting viral replication but also
favoring viral diversification and immune escape. The detection of a functional A3B
protein in HAdV-A12- and HAdV-C2-infected cells, its localization in the nucleus, and
the presence of an A3 evolutionary footprint on the adenoviruses genome strongly
suggest that A3B interferes with the adenoviral replication cycle. Hence, we are cur-
rently investigating how much A3B can influence adenoviral replication kinetics and
introduce mutations in the newly replicated genomes. We also wonder whether A3B
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editing could promote DNA breaks in the viral genome as it does in cancer cells and
subsequently allow homologous recombination between strains. For example, the ma-
jority of HAdV types belong to species D and homologous recombination between
capsid genes is the main factor contributing to their diversity (83, 84).

Although the mechanisms of A3B induction must be further studied in the settings
of HAdV natural infections, one might wonder whether such dysregulation can also
occur upon adenoviral vectors production and/or infection, particularly if A3B expres-
sion is driven by viral genes. For example, the ChAdOx1 vector (from which a promi-
nent SARS-CoV-2 vaccine is based) is a modified chimpanzee E-type adenovirus that
has been deleted for E1 and E3 and with which the E4 gene has been recombined to
carry the E40rf4 and E40rf6/7 from HAdV-C5 (85). As replication-defective adenoviral
vectors are not cytolytic and have been shown to persist at low levels in a transcrip-
tionally active form for an extended period of time (86), it would be worth testing
whether the remaining viral genes can dysregulate A3 proteins.

To summarize, we report for the first time the involvement of the A3 innate
immune effectors during HAdV infections. We demonstrate that three HAdV strains,
namely, A12, B3, and C2, differently regulate the A3B member. The three HAdV strains
induce a similar A3B upregulation at the transcriptional level, although only the infec-
tion by the HAdV-A12 and -C2 strains promotes the production of an enzymatically
active A3B protein. Bioinformatics analysis of the viral genomic sequences showed that
adenoviruses are under A3 selective pressure, with a stronger A3 evolutionary footprint
measured on the HAdV-A12 genome. Further experiments will be required to test
whether innate immune sensors and/or viral protein promote the transcription of the
A3B gene and to assess the consequences of A3B activity on long-term infected cells
and on viral diversification.

MATERIALS AND METHODS

Cell lines. HBEC3-KT cells are normal human bronchial epithelial cells immortalized with the human
TERT and mouse Cdk4 genes. HBEC3-KT cells were kindly provided by Jerry W. Shay (UT Southwestern,
Dallas, TX, USA) (87). HBEC3-KT cells were cultured in keratinocyte serum free medium (SFM) supple-
mented with bovine pituitary extract (50 ug/ml) and human recombinant epidermal growth factor
(5 ng/ml) (Gibco) on gelatin-coated flasks. HBEC3-KT knockdown cells for A3B were established by trans-
duction with lentiviral vectors encoding A3B-targeting shRNAs (pSicoR-MS2 plasmids, kindly provided
by Warner C. Greene, University of California, San Francisco, CA, USA) (88). Briefly, HBEC3-KT cells were
transduced with nontargeting shRNA expressing lentivirus (NTC shRNA) or with three A3B-targeting
shRNA expressing lentiviruses (A3B shRNAs) as described in reference 88. HBEC3-KT cells constitutively
expressing A3B (HBEC-A3B) were established by transduction with a lentiviral vector encoding an A3B
HA-tagged protein (pLenti4-A3B kindly provided by Reuben Harris) (89). Of note, the puromycin markers
originally present in the pSicoR-M2 plasmid and in the pLenti4-A3B had been replaced by a blasticidin
marker prior to HBEC3-KT transduction. Blasticidin was used to select for a polyclonal population of
effectively transduced cells. The human lung carcinoma cell line A549 (American Type Culture
Collection) and PKR-deficient A549 cell line were cultured in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal calf serum (Gibco) and 10 mM L-glutamine. PKR-deficient A549
cells were kindly provided by Cheng Huang and Slobodan Paessler (UTMB, Galveston, TX, USA) (90). All
cell lines were incubated at 37°C and 5% CO,.

Virus preparation and infection procedure. Handling of human adenoviruses was done in a bio-
safety level 2 laboratory. Adenovirus A12 (HAdV-12, ATCC VR-863) was purchased at the American Type
Culture Collection. Adenoviruses B3 and C2 were kindly provided by Lieve Naesens (KULeuven, Leuven,
Belgium) and strain identity was verified by genotyping and sequencing using primers described in ref-
erence 91. HAdV-B3 and -C2 viral stocks were produced in A549 cells and HAdV-A12 viral stock was pro-
duced in PKR-deficient A549 cells. During viral stock production, A549 cells and PKR-deficient A549 cells
were cultured in Opti-MEM | reduced-serum medium without phenol red (ThermoFisher Scientific).
When 80% of the cells showed cytopathic effects, cells were scraped, collected with the culture medium,
and centrifuged at 3,500 x g for 15 min. The supernatant was collected and set aside. The cell pellet was
resuspended in 2 ml of culture medium, submitted to 3 freeze/thaw cycles, and centrifuged at 3,500 x g
for 15 min. The supernatant was collected, pooled with the previous supernatant, and treated with the
endonuclease Benzonase (1 unit/ml) (Sigma-Aldrich) at 37°C for 30 min to degrade the unpackaged
nucleic acids. Supernatant was then filtered on a 0.22-um Steriflip filter (Merck Millipore) to remove re-
sidual cell debris. Elute was collected and further filtered through Amicon Ultra-15 centrifugal filter unit
100 kDa (Merck Millipore). Virions were retained on the filter, resuspended in phosphate-buffered saline
(PBS), and conserved at —80°C. Titration of the viral stocks was done by 50% tissue culture infective
dose (TCID,,) assay and by qPCR quantification of genome copies (details below). HBEC3-KT cells were
infected with the HAdV-A12, -B3, or -C2 strain at a multiplicity of infection (MOI) of 1 in keratinocyte SFM
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supplemented with bovine pituitary extract (50 ug/ml) and human recombinant epidermal growth fac-
tor (5 ng/ml) (Gibco) on gelatin-coated flasks.

Viral copies quantification by qPCR. DNA was extracted from infected cells and subjected to PCR.
A fragment of the penton gene was amplified using FastStart Universal SYBR green master mix (Roche) and
Eco real-time PCR system (lllumina). HAdV-A12 genomic DNA was amplified using the primers A12_penton_F
(GCCCTTACAGATCACGGGACQ) and A12_penton_R (CAGTGCTTTGTAAACGTAGG). HAdV-B3 and -C2 genomic
DNA were amplified using the primers B3+C2_penton_F (GCTCTCACAGATCACGGGAC) and B3+C2_penton_R
(CAGGGCCTTGTAAACGTAGG). Serial dilutions of plasmids containing the target sequences were used as
calibration curves. Titer was expressed as number of viral copies per nanogram of DNA.

A3 mRNA quantification by RT-qPCR. Two or four days postinfection, cells were collected and
washed in PBS. RNA was extracted using ReliaPrep miRNA cell and tissue miniprep system (Promega) fol-
lowing the manufacturer’s instructions. cDNA was obtained by reverse transcription of 1 g of mRNA
using iScript cDNA synthesis kit (Bio-Rad) following the manufacturer’s instructions. The transcripts of
the seven A3 genes and of three housekeeping genes (HPRT, GAPDH, and TBP) were quantified using
FastStart Universal SYBR green master (Roche) and Eco real-time PCR system (lllumina). The primers
used to titrate the A3s were designed by Refsland et al. (92). The A3 mRNA levels were expressed relative
to the geometric mean of the abundance of the HPRT, GAPDH, and TBP transcripts.

A3 protein detection by immunoblotting. Four days postinfection, cells were collected and
washed in PBS. Cells were resuspended in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl,
5mM EDTA, 50 mM Tris-HCI [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100)
supplemented by 1 mM phenylmethylsulfonyl fluoride (PMSF) and cOmplete protease inhibitor cocktail
(Roche). Cells were then incubated for 30 min on ice and sonicated 5 cycles 30 sec on/30 sec off using a
Bioruptor Pico device (Diagenode) at 4°C. Cell lysates were spun down at 14,000 rpm for 15 min to
remove cell debris. Proteins were quantified using Pierce BCA protein assay kit (ThermoFisher Scientific).
Twenty-five ug of proteins was loaded on a 10% SDS-PAGE gel and transferred actively to polyvinyli-
dene difluoride (PVDF) membrane (GE Healthcare Life Sciences). Membrane was blocked in TBS (Tris-buf-
fered saline) supplemented with 0.1% Tween 20 and 5% bovine serum albumin (BSA). A3B protein was
detected with anti-human APOBEC3B monoclonal antibody (5210-87-13, catalog number 12397, from
Reuben Harris and obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH [63])
used at a dilution of 1:1,000 in TBS supplemented with 0.1% Tween 20 and 5% BSA. A3C protein was
detected with anti-human APOBEC3C monoclonal antibody (Proteintech) used at a dilution of 1:1,000 in
TBS with 0.1% Tween 20 and 4% milk. A3F protein was detected with anti-human APOBEC3F monoclo-
nal antibody (5206-235-07, catalog number 12399, from Reuben Harris and obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH) used at a dilution of 1:1,000 in TBS with 0.1%
Tween 20 and 5% BSA. Hsp90 was used as loading control and was detected with an anti-HSP90AB1
antibody (Sigma-Aldrich) at a dilution of 1:1,000 in TBS supplemented with 0.1% Tween 20 and 5% BSA.
A horseradish peroxidase (HRP)-coupled anti-rabbit IgG secondary antibody (Dako) was used at a dilu-
tion of 1:2,000 in TBS with 0.1% Tween 20 and 5% BSA or 4% milk. Membranes were incubated with the
chemiluminescent SuperSignal West Femto maximun sensitivity substrate (ThermoFisher Scientific) and
chemiluminescence was read using an ImageQuant LAS4000 (GE Healthcare Life Sciences).

Deamination assay. Four days postinfection, cells were collected and washed in PBS. Cells were
resuspended in HED buffer (20 mM HEPES [pH 7.4], 5mM EDTA, 1 mM dithiothreitol [DTT], 10% glycerol)
supplemented with cOmplete protease inhibitor cocktail (Roche). Cells were then submitted to one
freeze/thaw cycle and sonicated for 15 cycles of 30sec on/30sec off using Bioruptor Pico device
(Diagenode) at 4°C. Cell lysates were spun down at 14,000 rpm for 15 min to remove cell debris. Proteins
were quantified using Pierce BCA protein assay kit (ThermoFisher Scientific). One hundred wg of proteins
was incubated overnight at 37°C with 1pmol of a fluorescent oligonucleotide substrate (5'-
ATTATTATTATTCAAATGGATTTATTTATTTATTTATTTATTT-Cy5-3'), 1 mM ZnCl,, 0.025 units uracil DNA gly-
cosylase (NEB), 2ul 10x uracil DNA glycosylase (UDG) buffer (NEB), and 100ug/ml RNase A
(ThermoFisher Scientific). Reaction mixture was treated with 50 mM NaOH and heated to 95°C for 10 min
to cleave DNA probes at the abasic site. Reaction mixture was then neutralized with 50 mM HCl and
mixed with 1.25x formamide buffer. Substrates (43 bases long) from products (30 bases long) were sep-
arated on a 15% Tris-borate-EDTA (TBE)-urea gel. The Cy5-labeled substrates and deamination products
were detected using ImageQuant LAS4000 mini (GE Healthcare Life Sciences).

Immunofluorescence microscopy. Four days postinfection, cells were fixed and permeabilized
using the eBiosciences Foxp3/transcription factor staining buffer set (Invitrogen) according to the manu-
facturer’s instructions. Cells were then incubated overnight at 4°C with anti-human APOBEC3B monoclo-
nal antibody (5210-87-13, catalog number 12397) used at a dilution of 1:250 or an anti-hexon antibody
(MAB 8051, Merck Millipore) used at a dilution of 1:200 in permeabilization buffer supplemented with
2% goat serum (Gibco). After 3 washes in permeabilization buffer supplemented with goat serum, cells
were incubated 1h with an anti-rabbit Alexa Fluor 488 and an anti-mouse Alexa Fluor 633 (Invitrogen).
Cells were washed 3 times with permeabilization buffer supplemented with 2% goat serum. Finally,
slides were mounted in Mowiol (Sigma-Aldrich) and imaged using Leica SP5 microscope.

A3 evolutionary footprint by bioinformatic analysis. Complete HAdV genomes were downloaded
from the NCBI Nucleotides database. GenBank accession IDs used are the following: KX868289.2,
AY599834.1, AC_000007.1, X73487.1, AY599836.1, J01917.1, NC_001460.1, DQ086466.1, MF044052.1,
KX384958.1, KX384959.1, JN860679.1, and MN513342.1. Calculation of the k-mer representation was
done as described in Poulain et al. (51). Briefly, a k-mer includes the ATC, CTC, GTC, and TTC sequences.
In addition, as we limit our analysis to coding sequences, we force our k-mers to be in the reading frame
and therefore to correspond to codons. For example, the NTC k-mer actually includes the ATC, CTC, GTC,
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and TTC codons. Following the same logic, the NNTCNN k-mer comprises the 256 pairs of codons that
have a T at the end of the first codon and a C to start the second codon. Each coding sequence has
been randomly shuffled 1,000 times, retaining only the nucleotide composition. The expected count of
a given k-mer is calculated as the average of the occurrences of this k-mer over the 1,000 iterations. The
k-mer ratio is given as the log, ratio of the observed occurrence of this k-mer to the expected occur-
rence. To calculate the ratio of a given k-mer for an entire viral genome, a “synthetic coding genome”
was generated by concatenating the different coding sequences. The synthetic coding sequence is then
randomly shuffled 1,000 times and k-mer ratio calculated as above. A k-mer ratio less than 0 indicates k-
mer under-representation, and a k-mer ratio equal to zero means that no representation bias is
observed.
Statistical analysis. Student’s t test has been used where appropriate. The results were considered
statistically significant at a P value of <0.05.
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