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APOBEC3A catalyzes mutation and drives

carcinogenesis in vivo

Emily K. Law'?3**@®, Rena Levin-Klein>>**®, Matthew C. Jarvis>>**®, Hyoung Kim>®, Prokopios P. Argyris?>>46@®, Michael A. Carpenter?34@®,
Gabriel J. Starrett>>*’@, Nuri A. Temiz28@®, Lindsay K. Larson?>*@®, Cameron Durfee?>*®, Michael B. Burns?>*°®, Rachel |. Vogel>1°®,
Spyridon Stavrou>'@®, Alexya N. Aguilera!®, Sandra Wagner??®, David A. Largaespada®2@, Timothy K. Starr>1°®, Susan R. Ross>'@®, and

Reuben S. Harris?34®

The APOBEC3 family of antiviral DNA cytosine deaminases is implicated as the second largest source of mutation in cancer.
This mutational process may be a causal driver or inconsequential passenger to the overall tumor phenotype. We show that
human APOBEC3A expression in murine colon and liver tissues increases tumorigenesis. All other APOBEC3 family members,
including APOBEC3B, fail to promote liver tumor formation. Tumor DNA sequences from APOBEC3A-expressing animals
display hallmark APOBEC signature mutations in TCA/T motifs. Bioinformatic comparisons of the observed APOBEC3A mutation
signature in murine tumors, previously reported APOBEC3A and APOBEC3B mutation signatures in yeast, and reanalyzed
APOBEC mutation signatures in human tumor datasets support cause-and-effect relationships for APOBEC3A-catalyzed
deamination and mutagenesis in driving multiple human cancers.

Introduction

DNA damage and mutation are fundamental hallmarks of cancer
(Hanahan and Weinberg, 2011). Most tumor types show phe-
notypic and genotypic heterogeneity attributable in large part to
different mutational events accumulating throughout the exis-
tence of each tumor. The tumor mutation landscape is due to a
combination of endogenous and exogenous sources with marked
differences between cancer types. Knowledge of the intrinsic
(bio)chemical preferences of mutagens, together with more re-
cent advances in DNA sequencing and bioinformatics, has made
it possible to break complex mutation landscapes into simpler
individual components (reviewed by Helleday et al., 2014;
Roberts and Gordenin, 2014; Venkatesan et al., 2018). In some
cases, cause-and-effect relationships may be inferred because a
given mutation spectrum or signature is only attributable to a
single mutagen. The mutation landscape of melanoma, for in-
stance, is often dominated by a UV light mutation signature,
C-to-T mutations in dipyrimidine motifs due to UV-induced
nucleobase cross-linking, and adenine insertion opposite cross-
linked lesions during DNA replication. In comparison, cytosine-

to-thymine (C-to-T) mutations in CG dinucleotide motifs in
many different cancer types are attributable to water-mediated
deamination of methylated cytosines followed by DNA replica-
tion. The former process is avoidable and only accrues with UV
light exposure, whereas the latter is unavoidable and accumu-
lates stochastically over time (thus associated with biological age
and referred to as an aging signature; Alexandrov et al., 2015).
Another large source of C-to-T mutations in the genomes of
many different tumor types is apolipoprotein B mRNA editing
catalytic subunit-like (APOBEC3 [A3])-catalyzed DNA cytosine
deamination (Alexandrov et al., 2013; Burns et al., 2013a, 2013b;
Nik-Zainal et al., 2012; Roberts et al., 2013). Human cells have
the potential to express up to seven different A3 family DNA
cytosine deaminases (A3A-A3D and A3F-A3H). These enzymes
function normally as an integral arm of the innate immune re-
sponse to viral infections (reviewed by Harris and Dudley, 2015;
Simon et al., 2015). However, A3-mediated deamination of ge-
nomic cytosines to uracils (C-to-U) can lead directly through
DNA replication or indirectly through uracil excision repair and

Howard Hughes Medical Institute, University of Minnesota, Minneapolis, MN; 2Masonic Cancer Center, University of Minnesota, Minneapolis, MN; 3Institute for
Molecular Virology, University of Minnesota, Minneapolis, MN; “Department of Biochemistry, Molecular Biology and Biophysics, University of Minnesota, Minneapolis,
MN; >Department of Microbiology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA; ®Division of Oral and Maxillofacial Pathology, School of
Dentistry, University of Minnesota, Minneapolis, MN; “Laboratory of Cellular Oncology, National Cancer Institute, National Institutes of Health, Bethesda, MD; &Institute
for Health Informatics, University of Minnesota, Minneapolis, MN; °Department of Biology, Loyola University, Chicago, IL; °Department of Obstetrics, Gynecology, and
Women'’s Health, University of Minnesota, Minneapolis, MN; Department of Microbiology and Immunology, College of Medicine, University of Illinois at Chicago, Chicago,
IL; '?Department of Pediatrics, University of Minnesota, Minneapolis, MN.

*E.K. Law, R. Levin-Klein, and M.C. Jarvis contributed equally to this paper; Correspondence to Reuben S. Harris: rsh@umn.edu; Susan R. Ross: srross@uic.edu.
© 2020 Law et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the

publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Exp. Med. 2020 Vol. 217 No. 12 20200261

https://doi.org/10.1084/jem.20200261

W) Check for updates

10f18


https://orcid.org/0000-0001-8867-7486
https://orcid.org/0000-0001-7067-2185
https://orcid.org/0000-0002-8644-4117
https://orcid.org/0000-0002-9975-8545
https://orcid.org/0000-0002-5965-6181
https://orcid.org/0000-0001-9524-5323
https://orcid.org/0000-0001-5871-5306
https://orcid.org/0000-0003-1416-3639
https://orcid.org/0000-0003-0842-2964
https://orcid.org/0000-0002-8130-4270
https://orcid.org/0000-0001-9791-4359
https://orcid.org/0000-0003-0149-8464
https://orcid.org/0000-0002-3962-8917
https://orcid.org/0000-0002-1255-855X
https://orcid.org/0000-0002-5428-9335
https://orcid.org/0000-0002-3183-0491
https://orcid.org/0000-0002-6308-3451
https://orcid.org/0000-0002-3094-3769
https://orcid.org/0000-0002-9034-9112
mailto:rsh@umn.edu
mailto:srross@uic.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20200261
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20200261&domain=pdf

DNA replication to C-to-T mutations. In comparison to the
aforementioned signatures, the primary APOBEC mutation sig-
nature is defined by C-to-T mutations in TC dinucleotides fol-
lowed by adenine or thymine nucleobases to distinguish it from
the aging signature (i.e., TCA and TCT motifs). A secondary
APOBEC mutation signature is cytosine-to-guanine (C-to-G)
transversion in the same trinucleotide motifs, which is likely
due to REVI1-catalyzed cytosine insertion opposite abasic lesions
created by the combined action of cytosine deamination and
uracil excision (Chan et al., 2013). The primary and secondary
APOBEC mutation signatures are also called SBS2 and SBS13,
respectively (Alexandrov et al., 2013). The overall APOBEC
mutation signature is evident in over half of all cancer types and,
importantly, often dominates the mutation landscape of cervical,
bladder, breast, head/neck, and lung tumors (reviewed by
Helleday et al., 2014; Roberts and Gordenin, 2014; Venkatesan
et al., 2018).

A major factor hindering broad appreciation of the APOBEC
mutation process and efforts for clinical translation is a clear
mechanistic determination of whether it is a causal driver or an
inconsequential passenger in the overall tumor phenotype
(drivers being potentially actionable and passengers being bio-
markers at best). In support of a driver mechanism, first, indi-
vidual A3 enzymes as well as the overall APOBEC mutation
signature have been associated with poor clinical outcomes,
including drug resistance and metastasis (Cescon et al., 2015;
Chen et al., 2017; Glaser et al., 2017; Law et al., 2016; Sieuwerts
et al.,, 2014, 2017; Walker et al., 2015; Xu et al., 2015; Yan et al.,
2016). Second, a handful of bona fide driver mutations occur in
APOBEC signature motifs, most prominently TCA to TTA mu-
tations resulting in E542K and E545K changes in PIK3CA (Angus
et al., 2019; Bertucci et al., 2019; Cannataro et al., 2019; Faden
et al., 2017; Gillison et al., 2019; Henderson et al., 2014; Lefebvre
et al,, 2016). Third, high-risk human papillomavirus (HPV) in-
fections cause up-regulation of A3A and A3B gene expression,
and HPV-positive tumors have stronger APOBEC mutation sig-
natures than virus-negative tumors (Henderson et al., 2014;
Mori et al., 2015, 2017; Vieira et al., 2014; Warren et al., 2015). In
contrast and in support of a passenger model, first, A3A-
mediated deamination of the single-stranded loop region of
stem-loop structures (a mesoscale genomic feature) almost ex-
clusively occurs in passenger genes (Buisson et al., 2019). Sec-
ond, tumor genomes can contain hundreds to thousands of
APOBEC signature mutations, and almost all are unique to dif-
ferent patients, implying little or no selective advantage (Angus
et al., 2019; Bertucci et al., 2019; Nik-Zainal et al., 2016). Third,
A3A and A3B expression is induced by interferon and inflam-
matory signals, respectively, suggesting up-regulation may be a
consequence (not a cause) of other events in the overall tumor
microenvironment (Koning et al., 2011; Leonard et al., 2015;
Lucifora et al., 2014; Maruyama et al., 2016; Refsland et al., 2010;
Siriwardena et al., 2018; Stenglein et al., 2010; Thielen et al.,
2010). Fourth, the driver versus passenger question is compli-
cated by the likelihood that these need not be mutually exclusive
processes such that driver mutations could be rare and/or in-
dividually weakly penetrant and therefore difficult to distin-
guish from large excesses of passenger mutations. Additionally,
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there are challenges assigning cause-and-effect relationships for
which an A3 enzyme or enzymes is the causal source of the
APOBEC mutation signature in human cancer, with A3A, A3B,
and A3H as leading candidates (e.g., Buisson et al., 2019; Burns
et al,, 2013a, 2013b; Caval et al., 2014, 2015; Chan et al., 2015;
Cortez et al., 2019; de Bruin et al., 2014; Middlebrooks et al.,
2016; Nik-Zainal et al., 2014; Petljak et al., 2019; Serebrenik
et al., 2019; Starrett et al., 2016; Yamazaki et al., 2019).

Here, two different models for tumorigenesis in mice are
used to distinguish between driver and passenger roles for A3-
catalyzed genomic DNA deamination in cancer. In the first
system, the adenomatous polyposis coli multiple intestinal ne-
oplasia (Apc™?) model for colorectal carcinogenesis (Moser
et al., 1990; Munteanu and Mastalier, 2014), transgenic expres-
sion of human A3A, but not A3G, causes elevated frequencies of
polyp formation and inflicts C-to-T mutations in APOBEC sig-
nature trinucleotide motifs. In the second system, the fumaryl-
acetoacetate hydrolase (Fah) model for hepatocellular carcinoma
(Keng et al., 2009; Wangensteen et al., 2008), all seven human
A3 enzymes are tested individually, including A3A, A3B, and
A3H. However, only human A3A is able to significantly elevate
hepatocellular tumor frequencies above control levels. In addi-
tion, A3A inflicts both primary (C-to-T) and secondary (C-to-G)
single-base substitution (SBS) mutations in APOBEC signature
trinucleotide motifs, indicating Revl functionality in hep-
atocytes during the transformation process. Additional bio-
informatic analyses strongly indicate that the A3A mutation
signature induced in these murine cancer models closely re-
sembles the overall APOBEC mutation signature in several dif-
ferent human tumors. These studies combine to demonstrate
that A3A is capable of catalyzing mutation and actively driving
carcinogenesis in vivo and that a significant proportion of the
overall APOBEC mutation signature in human cancer is attrib-
utable to this enzyme.

Results
Human A3-expressing mice
In contrast to humans with seven different A3 enzymes, mice
encode only a single orthologous APOBEC3 protein that mani-
fests lower catalytic activity and localizes to the cytoplasmic
compartment (MacMillan et al., 2013). Accordingly, APOBEC
signature mutations have not been reported in any murine
cancer model. Two strategies were used to create animals ca-
pable of expressing human APOBEC enzymes. The first was
conditional expression of A3B from a multicopy transgene (Fig.
S1, A and B). This approach appeared to work initially, as evi-
denced by at least two generations of pups visibly expressing a
linked DsRed marker (Fig. S1 C). However, both A3B function-
ality and DsRed expression were lost within three generations,
potentially due to leaky deaminase expression from the trans-
gene itself. Molecular analyses revealed that the A3B minigene
was truncated and functionally inactivated and the linked DsRed
cassette had accumulated 13 de novo base substitution mutations
(Fig. S1, D and E).

The second approach was standard transgenesis, as reported
initially in the context of antiviral studies (Stavrou et al., 2014).
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Figure 1. A3A expression and activity in vivo. (A) Transgene schematic with A3A in red and myc epitope in black. (B) Quantitative RT-PCR of A34 mRNA
levels relative to those of the housekeeping gene Thp (mean + SD for three technical replicates; Co, colon; Lu, lung; Pa, pancreas; S, small intestine; Sp, spleen).
(C) Agarose gel image of full-length A3A cDNA amplified by RT-PCR from the indicated tissues. Parallel reactions excluding RT show minimal genomic DNA
contamination (only pancreas). (D) Deamination activity in A3A(-) and A3A(+) spleen and intestine extracts. Negative control is substrate oligo alone. Positive
controlis A3A(-) lysate spiked with 1nM recombinant (r)A3A. (E) A3A mRNA levels in polyps from A3Alo¥ (A10) ApcMi™ animals are within the range reported for
human tumors (gray dots represent data from individual TCGA tumors or A3A1% (A10) Apc™ polyps; a small number of outlying TCGA data points, where A3A/

TBP values were higher than three, were omitted for clarity; mean + SD shown by red dots and error bars, respectively). Kbp, kilo basepairs.

After 10 blastocyst injections and transgenesis attempts with
a CMV immediate enhancer/B-actin (CAG) promoter-driven
A3A cDNA expression construct, two independent A3A lines
were established: A3AMEP with high levels of expression and
A3AlPY with lower levels (Fig. 1 A; Stavrou et al., 2014).
However, similar to what occurred with the A3B transgenic
mice, after multiple generations of breeding, we discovered
through RNA sequencing that the A3AP&h strain lost the
C-terminal half of the A3A gene (Fig. S1 F). Sanger sequencing
of cDNA generated from the A3AMgh line revealed a deletion
that fused A3A in-frame to the endogenous Nglyl gene (Fig.
S1 G). The encoded chimeric protein is unlikely to be a
functional DNA deaminase due to loss of essential A3A
structural elements (Bohn et al., 2015; Kouno et al., 2017; Shi
etal., 2017). In contrast, A3A expression in the A3A°" animals
was confirmed in multiple tissues, including the small in-
testine and colon by RT-PCR and quantitative RT-PCR, as well
as by enzymatic activity in spleen and colon extracts using a
modified single-stranded DNA deamination assay (Fig. 1,
B-D). To compare A3A°" expression levels in mice to those
in humans, mRNA expression was normalized to the house-
keeping gene encoding TATA-binding protein and shown to
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be within the range observed across human cancers (Fig. 1 E).
However, despite clear mRNA expression, the A3Al°% protein
did not accumulate to high enough levels to detect by im-
munoblotting or immunohistochemistry (IHC) using a custom
mAb and validated protocols (Brown et al., 2019). A3Alw-
expressing animals showed no overt cancer or other disease
phenotypes, normal life spans, and normal Mendelian inheri-
tance in three different animal facilities. These observations
indicated that low levels of A3A are alone insufficient for
tumorigenesis.

Human A3A promotes intestinal tumor formation

At least one initial predisposing event is likely to be required for
the APOBEC3 mutagenesis program to become active and in-
fluence tumor evolution (Olson et al., 2018; Siriwardena et al.,
2016; Swanton et al., 2015; Venkatesan et al., 2018). Standard
breeding was therefore done to combine A3A°Y (hereafter A3A)
with ApcMi®, which is a well-established model for intestinal
tumor development (Fig. 2 A; Moser et al., 1990; Munteanu and
Mastalier, 2014). This system was chosen due to high penetrance
(all animals develop polyps), the quantifiable nature of polyp
formation (dozens per animal), and a clearly defined analysis
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Figure 2. Human A3A promotes tumorigenesis in
ApcMin mice. (A) Breeding schematic and analysis time-
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endpoint (sacrifice at 4 mo of age before inevitable intestinal
tract blockage and death). Polyp formation in A3A Apc™M® and
ApcMin littermates derived from the same crosses was analyzed
at 4 mo, alongside tissues from A3A and WT animals as controls.
In one series of experimental crosses, two of the A3A ApcMin
animals died due to intestinal blockage before the 4-mo end-
point. However, the remaining 12 animals made it to the end-
point for detailed histological and molecular analyses. The
impact of A3A was immediately apparent, with a 50% increase
in the median number of visible polyps in comparison to animals
with ApcMi alone (Fig. 2, B and C). Polyp formation was dis-
tributed unevenly through the intestinal tract, with the greatest
difference observed in the ileum (Fig. 2 D). Histopathologic ex-
amination of H&E-stained polyps in the colon and small intes-
tine revealed multiple, exophytic, pedunculated, or sessile
growths exhibiting adenomatous features; neoplastic cells were
characterized by columnar or cuboidal shape and ovoid, occa-
sionally hyperchromatic nuclei, and they formed tubular
structures (Fig. 2, E and F). High-grade cytological atypia with
nuclear pleomorphism, increased mitotic figures (2-5 per high-
power field) and tubular necrosis were observed in adenomas of
both groups. The average size of the lesions did not differ sig-
nificantly between A3A Apc™i® and Apc™i® mice. No polyps
were evident in A3A or WT littermates analyzed in parallel
(Fig. 2, B and C). A second series of crosses at a different animal
facility yielded similar A3A-dependent increases in polyp for-
mation and histological features (Fig. S2, A and B). Parallel
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experiments with an A3G transgenic yielded no increases in
polyp formation, which helped to rule-out indirect explanations
for the A3A tumor phenotype (Fig. S2 A).

Base substitution mutation signatures in human A3A
expressing intestinal tumors

A3A mRNA expression was confirmed in individual polyps by
RT-PCR and A3A protein expression by DNA deaminase ac-
tivity assays (Fig. S3, A and B). Genomic DNA from polyps of
A3A ApcMin and ApcMi® animals was subjected to whole-
exome sequencing (WES), together with matched normal
tail DNA. SBS mutations present in the polyp exome profile
but absent in the matched normal DNA were considered
lesion-specific events. Interestingly, more mutations were
detected on average in A3A-expressing tumors (Fig. 3 A).
Analysis of the different SBS mutation types showed that this
increase in A3A-expressing tumors is due largely to an ele-
vated contribution of C-to-T mutations in non-CG motifs
(Fig. 3 B). Evaluation of the local nucleobase contexts revealed
that A3A-expressing polyps have increased C-to-T mutations
within TC motifs (Fig. 3, C and D).

The trinucleotide mutational spectra of each tumor were
assigned in relation to the current list of mutational signatures
(Alexandrov et al., 2020). Strikingly, each of the A3A-expressing
tumors showed clear evidence for SBS2 (APOBEC), ranging from
5-19% of total mutations, though no SBS13 was observed (Fig. 3,
E and F). Control tumors lacked both SBS2 and SBS13. Enrichment
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Figure 3. APOBEC signature mutations in polyps from human A3A-expressing animals. (A) Dot plot of total base substitution mutations per tumor
exome in ApcMn versus A3A ApcMin animals (n = 4 and n = 5, respectively; mean shown by horizontal line; *, P < 0.05 by one-sided two-sample t test). (B) Bar
plot showing the percentage of each type of base substitution mutation in the tumors from A (mean = SD). C-to-T transitions are further partitioned as shown.
(C) Sequence logos for all C-to-T mutations in Apc™i" versus A3A ApcMi™ tumors (n = 4 and n = 5, respectively). (D) Trinucleotide mutation profiles for all base
substitutions in Apc™i™ versus A3A Apc™™ tumors (n = 4 and n = 5, respectively). Dashed box highlights the trinucleotide motifs that define the APOBEC
mutation signature (SBS2). (E and F) Heatmap and pie charts summarizing the relative contribution of each mutation signature to the overall landscape of
mutations in ApcMin versus A3A ApcMin tumors (n = 4 and n = 5, respectively). SBS2 (APOBEC) is only evident in A3A-expressing tumors. (G) Scatterplot of
APOBEC signature contribution to TCW motif enrichment score (Pearson’s correlation = 0.94, P = 0.015). COSMIC, catalogue of somatic mutations in cancer.

scores for mutations within TCW motifs were elevated signifi-
cantly in A3A-expressing tumors in relation to control tumors (t =
-2.73, P = 0.043, two-sided two-sample t test) and also associated
strongly with APOBEC signature contribution (Fig. 3 G). The aging
signature (SBS1) was weak in polyps, likely due to the relatively
young age of the animals. In further support of APOBEC signature
exclusivity in A3A Apc™i® tumors, a de novo deconstruction of the
trinucleotide mutation data using nonnegative matrix factoriza-
tion (Alexandrov et al., 2013) also led to a pattern strongly re-
sembling SBS2 (APOBEC) in the A3A Apc™i® tumors, but not the
ApcMi® tumors (data not shown). An even stronger SBS2 (APO-
BEC) emerged from analyses of whole-genome sequences
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generated using the same polyp genomic DNA, and again no SBS13
was detected (Fig. 4).

As additional controls, polyp RNA-sequencing data were used
to evaluate expression levels of endogenous Apobec family
members, as well as RNA editing levels for reported Apobecl
target sites (Blanc et al., 2014). Endogenous Apobec family
member mRNA levels were similar between A3A-expressing
and nonexpressing polyps (Fig. S3 C), making it unlikely that
one of these enzymes is responsible for the exclusivity of SBS2 in
A3A-expressing polyps. Moreover, Apobecl-catalyzed mRNA
editing frequencies were also similar between Apc™i® and A3A
ApcMin polyps, indicating that the transgenic expression of
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1079).

human A3A is unlikely to be interfering with murine Apobecl
functionality (Fig. S3 D).

Mutational events including Apc loss of heterozygosity (LOH)
in polyp formation

Additional mutation analyses showed that 21-30% of point
mutations in each tumor were nonsynonymous. Whereas a va-
riety of different genes were mutated, known intestinal adeno-
carcinoma drivers (Munteanu and Mastalier, 2014) such as Tp53,
Pten, K-Ras, Tgfbr2, and Smad4 were unchanged. This is consis-
tent with the pathological classification of the polyps as adeno-
mas that have yet to undergo invasive transformation. However,
all of the sequenced tumors for both Apc™i® and A3A ApcMin
showed LOH for the WT Apc allele (i.e., the thymine-to-adenine
[T-to-A] base substitution mutation that defines the Min allele
became homozygous; Fig. S4, A and B). Additional single-
nucleotide polymorphism analyses demonstrated coincident
LOH for large contiguous sections of chromosome 18 (Fig. S4 A).
Apc inactivation is therefore likely to be essential for polyp
formation in this system, consistent with a prior report (Starr
et al., 2011). The only other recurrently mutated genes in A3A
ApcMin polyps were Eif4h, Plxndl, Rasa4, Sipall3, Sugpl, and Tin
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(heterozygous base substitution mutations in each gene in two
out of five polyps), which are not canonical intestinal cancer
driver genes or part of a unified pathway. Increased polyp
numbers in A3A Apc™i® animals may be due therefore to a
subset of A3A-catalyzed uracil lesions being processed into DNA
breaks that contribute to gene conversion or break-induced
replication, but additional studies will be needed to unambigu-
ously establish mechanism (see Discussion).

Human A3A promotes liver carcinogenesis

We next turned to the Fah model for liver regeneration and
hepatocellular carcinoma (Grompe et al., 1998; Keng et al., 2009;
Wangensteen et al., 2008), which offered the distinct advantage
of enabling parallel tests of all seven human A3 enzymes. Fah-
null animals are defective in tyrosine metabolism, and liver
failure results from the toxic buildup of the primary Fah sub-
strate fumaryl-acetoacetate and its precursor maleyl-acetoacetate.
However, if supplemented with the drug 2-(2-nitro-4-tri-
fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), which in-
hibits an enzyme upstream in the same anabolic pathway, these
toxic metabolites fail to accumulate, and the liver functions
normally. The essential nature of the Fah enzyme and the
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regenerative capacity of the liver enables genetic complemen-
tation of the deficiency upon delivery of a functional Fah
transgene and withdrawal of NTBC to select for liver re-
population by complemented cells (Grompe et al., 1998). We
therefore leveraged these properties and constructed a set of Fah
complementation vectors for delivery by hydrodynamic transfer
and heritable transmission by Sleeping Beauty (SB)-catalyzed
integration into genomic DNA (schematics in Fig. 5 A). The
primary SB payload has a PGK promoter driving Fah expression
and a CAG promoter for direct expression of individual human
A3 family members and IRES-mediated expression of luciferase.
A secondary SB payload expresses a short hairpin RNA against
Tp53, which promotes tumor development (Keng et al., 2009;
Wangensteen et al., 2008). These genetic payloads are delive-
red simultaneously to the genomes of hepatocytes through
SBll-mediated transposition (Keng et al., 2009; Wangensteen
et al.,, 2008).

Law et al.
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Fah-null SBI1 animals were enrolled at birth and supple-
mented with NTBC drinking water and then, at 2 mo, provided
with normal drinking water and randomized for hydrodynamic
injections with the shTp53 vector and a control Fah vector (no
A3) or an A3-expressing Fah vector (workflow in Fig. 5 B).
Representative animals expressed luciferase in liver tissues in
comparison to noninjected Fah-null SB11 animals (Fig. 5 C). At 8
mo of age (6 mo after hydrodynamic delivery), the entire cohort
was sacrificed for comprehensive pathological and molecular
analyses. The most visually striking result was uniformly higher
tumor numbers in the livers of A3A-expressing animals (P <
0.0001 by one-way ANOVA; Fig. 5, D and E). The control (non-
A3) and all other A3-expressing groups had statistically indis-
tinguishable numbers of tumors (P value range = 0.18-0.99 by
one-way ANOVA). Accordingly, livers in A3A-expressing group
were an average of nearly 100% larger than those from the
control or other A3-expressing groups (average liver mass of 12%
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body weight versus a range of 6-7% in other groups; P = 0.013 by
one-way ANOVA; Fig. 5 F). The heritable integration and in-
tegrity of all A3 and shTp53 expression constructs was confirmed
by diagnostic PCR assays of liver tissue genomic DNA (Fig. S5 A).
Quantitative RT-PCR assays confirmed expression of the various
A3 constructs at the RNA level (Fig. S5 B), and immunoblots were
used to show expression of A3A, A3B, A3C, A3G, and A3H hap-
lotypes I and II at the protein level (Fig. S5 C). Furthermore,
single-stranded DNA deaminase activity assays were used to
demonstrate activity of A3A and A3B in liver whole-cell extracts
(Fig. S5 D). These results combined to indicate that only human
AB3A has the capacity to drive tumor formation in this system.
Fah tumor pathology and immunohistology were also infor-
mative. First, H&E-stained liver sections from A3A-expressing
animals revealed tumorous growths with lobular architecture
and marked histological heterogeneity in the neoplastic cell
population. The cancer cells primarily featured a solid and/or
trabecular growth pattern and showed size and shape variation,
pronounced cytological atypia, nuclear pleomorphism, hyper-
chromatism, and increased numbers of mitotic figures. In ad-
dition, focal areas of necrosis, intracellular edema, apoptotic
phenomena, and mild-to-moderate lymphocytic inflammation
were seen (Fig. 5 G). Second, attempts to detect A3A at the
protein level using a custom mAb and a validated IHC assay
(Brown et al., 2019) revealed an additional layer of heteroge-
neity. In most instances, the bulk of the tumor itself showed
limited/no evidence for A3A protein expression, whereas re-
sidual, adjacent to the tumor, nonneoplastic liver parenchyma
often displayed aggregates of hepatocytes with moderate to
strong nuclear and cytoplasmic staining (Fig. 5 H). Reconstruc-
tion experiments showed strong cell-wide A3A protein expres-
sion and elevated y-H2AX staining in >5% of hepatocytes 48 h
after hydrodynamic delivery (Fig. S5, E and F). These results are
consistent with prior reports of both A3A localization in heter-
ologous cell types (Caval et al., 2015; Chen et al., 2006; Hultquist
et al.,, 2011; Land et al., 2013) and its capacity to exert DNA
damage responses leading to cytotoxicity (Buisson et al., 2017;
Caval et al., 2015; Landry et al., 2011; Stenglein et al., 2010). Thus,
this remarkable heterogeneity suggests that, despite a strong
positive selective pressure for Fah function, an even stronger
selection against ABA may be occurring during liver tumori-
genesis that results in A3A inactivation (see Discussion).

Base substitution mutation signatures in liver tumors
attributable to A3A

WES was done for 17 A3A shTp53 liver tumors from eight sep-
arate animals, as well as normal tissue (tail) from each animal to
enable unambiguous mutation calls. Exomes from two inde-
pendent shTp53 tumors and matching tail DNA were also se-
quenced for comparison. Mutation numbers ranged widely,
even between tumors from the same animal, consistent with
independent transformation events (n = 127-4,082; Fig. 6 A). The
majority of base substitution mutations were C-to-T transitions
in TC motifs preceded by a C or T at the -2 position and followed
by an A or T at the +1 position (Fig. 6, B-D). As expected, many
A3A shTp53 tumors showed a strong SBS2 (range = 0-46%).
Tumors with no detectable SBS2 may have had the A3A minigene
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inactivated at early stages of tumor development (even before
tumorigenesis). However, unlike the A3A Apc™i® tumors above,
several liver tumors also showed a clear SBSI3 (range = 0-13%;
Fig. 6, E-H; see Discussion). In contrast, liver tumors with
shTp53 contained fewer mutations (n = 77, n = 179) and did not
show evidence for SBS2 or SBS13 (Fig. 6). Finally, both SBS2 and
SBS13 correlated positively with enrichment scores for cytosine
mutation at TCW (Spearman’s rank correlation = 0.94, P = 2.49-
09; and Spearman’s rank correlation = 0.91, P = 6.38e-08, re-
spectively; Fig. 6, G and H). These results demonstrated that A3A
is capable of causing both APOBEC mutation signatures, SBS2
and SBS13, in vivo.

Murine and human tumor APOBEC mutation

signature comparisons

To compare the APOBEC mutation signatures observed in mu-
rine A3A tumor models and those occurring in human cancers,
an unbiased Euclidean distance dendrogram was generated us-
ing the nucleobases surrounding the mutated cytosines in our
murine colon and liver tumor datasets (above), The Cancer
Genome Atlas (TCGA) human cancer datasets (Weinstein et al.,
2013), and previously reported data for A3A and A3B mutation in
yeast (Fig. 7; Chan et al., 2015). To minimize overlapping signals
from other mutational processes, these analyses focused exclu-
sively on TC-to-TT mutations in NTC (A/C/T) tetranucleotide
motifs (i.e., CG motifs were excluded to avoid counting age-
related spontaneous methyl-C deamination events). First, the
A3A-induced signature in both the Apc™® and Fah tumors was
YTCW, and these clustered tightly together at the top of the tree.
Second, the A3A-induced signature in Apc™i® and Fah tumors
clustered adjacent to the tetranucleotide TC-to-TT mutation
signatures of the largest APOBEC signature cancer types in hu-
mans (cervical, bladder, HPV-positive head/neck, and lung ad-
enocarcinoma). Third, the tetranucleotide TC-to-TT mutation
signatures from A3B-null breast cancers and A3A-expressing
yeast clustered closely and as an outgroup of the aforemen-
tioned signatures. Fourth, the tetranucleotide TC-to-TT muta-
tion signatures from A3B-expressing yeast clustered closely to
those of human kidney and adrenocortical tumors but still
within the APOBEC signature dominated half of the dendro-
gram. Last, the tetranucleotide TC-to-TT mutation signatures
from all other human tumor types clustered in various ways in
the other half of the dendrogram (largely non-APOBEC). These
analyses provided further support to the idea that A3A is a
driver of mutation in multiple human tumor types, including
breast, cervix, bladder, HPV-positive head/neck, and lung.

Discussion

The studies described here were performed with the goal of
determining whether the APOBEC3 mutation process is a driver
or a passenger in the overall tumorigenesis process. Prior to this,
several lines of evidence have supported both models and, im-
portantly, none have been definitive (see Introduction). Here,
we showed that human A3A is able to drive tumorigenesis in
two different murine systems. Low, constitutive levels of A3A
from a stable transgene promoted polyp formation in the ApcMi»
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Figure 6. APOBEC signature mutations in liver tumors from A3A Fah mice. (A) Dot plot of total base substitution mutations in shTp53 and A3A shTp53 liver
tumor exomes (n = 2 and n = 17, respectively; mean values indicated by horizontal lines). (B) Bar plot showing the percentage of each type of base substitution
mutation in the tumor groups from panel A (mean + SD). C-to-T transitions are further partitioned as shown. (C) Logo representation of C-to-T mutation
context in the tumor groups from A. (D) Composite trinucleotide mutation profiles in the tumor groups from A. Dashed boxes highlight the trinucleotide motifs
that define the primary and secondary APOBEC mutation signatures (SBS2 and SBS13, respectively). (E and F) Heatmap and pie charts summarizing the
relative contribution of each mutation signature to the overall landscape of mutations in the tumor groups from A. SBS2 and SBS13 (APOBEC) predominate
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correlation = 0.96, P = 0.0002; Pearson’s correlation = 0.91, P = 0.002).

model for colorectal cancer. Higher, likely transient levels of
A3A from hydrodynamic delivery of a SB-transposable element
caused hepatocellular carcinogenesis in a Tp53-depleted Fah
liver regeneration system. In both systems, A3A inflicted a
hallmark APOBEC3 mutation signature in the genomes of tu-
mors. These studies are therefore the first cause-and-effect
demonstrations in vivo that human A3A catalyzes mutagenesis
and promotes tumorigenesis. The strong similarity of the A3A
mutation signature in these murine tumor models and the
overall APOBEC mutation signature in breast, cervical, bladder,
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HPV-positive head/neck, and lung cancers provided additional
evidence for an active role of this DNA deaminase in human
tumor development and evolution.

The results here combined support a model in which low/
ongoing or high/transient levels of A3A-catalyzed genomic DNA
deamination are procarcinogenic. A direct DNA deamination
mechanism is favored over indirect mechanisms, because A3A
caused clear tumor phenotypes in two different murine systems,
single-stranded DNA cytosine deamination is the principle ac-
tivity of this enzyme, and related DNA deaminases failed to
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Figure 7. APOBEC mutation signature comparisons for murine and hu-
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tionships between TC-to-TT mutation signatures of human A3A in mouse
tumors, human A3A and A3B in yeast, and the indicated human cancers. Each
TC-focused tetranucleotide signature is shown next to the relevant branch tip
along with the number of mutations contributing to each analysis. See text
for additional details.

promote carcinogenesis (A3G in the Apc™i® system and A3B-D/
F-H in the Fah system; discussed further below). However, like
many human cancers with strong APOBEC3 signature muta-
tions, no recurring driver mutations were evident in A3A-
preferred TCW motifs in either tumor system. The only recur-
rent driver event that may have been triggered by A3A is Apc
LOH, but, as reported in prior studies, similar LOH events were
found in the control Apc™® group. An analysis of larger num-
bers of whole-tumor genomes may be necessary to reveal ad-
ditional causal events. The integration position of the human
A3A transgene is unlikely to contribute to the elevated ApcMir
tumor burden, because it is a single-copy insertion on chro-
mosome 9 located over 20 kb pairs from the nearest murine
gene. Future studies should also be done to compare WT A3A
and a catalytic mutant to formally demonstrate a requirement
for deaminase activity and rule-out indirect models such as
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dysregulation of an endogenous murine DNA deaminase. How-
ever, the latter possibility is unlikely because murine Apobecl
expression and editing activity were not altered by human A3A
expression in polyps. Future studies should also consider the
possibility that part of the tumor phenotype may be epigenetic
through A3A-catalyzed RNA C-to-U editing (though levels were
too low to quantify here) and/or DNA methyl-C-to-T deami-
nation (Carpenter et al., 2012; Schutsky et al., 2017; Sharma
et al., 2015; Suspéne et al., 2013). However, it should be noted
that these alternative mechanisms are constrained biochemi-
cally, because the catalytic rates for RNA C and DNA methyl-C
deamination are much lower than those for normal C-to-U ed-
iting in single-stranded DNA (Carpenter et al., 2012; Ito et al.,
2017; Schutsky et al., 2017).

None of the other human A3 enzymes, including A3B,
showed an ability to accelerate tumor development in the
Tp53-depleted Fah liver regeneration system. A3G also tested
negative in the ApcMi® system but assessing the entire A3
family was not possible due to a lack of transgenics. There are
several possible, potentially interconnected explanations for
these negative results. One factor may be the relatively short
6-mo timeframe from hydrodynamic delivery to analysis. A
second consideration is the fact that A3A is more active bio-
chemically than the next most potent human A3 enzymes A3B
and A3H (Adolph et al., 2017; Buisson et al., 2019; Ito et al.,
2017). A third consideration is expression levels. Even though
each A3 cDNA was expressed using the same CAG promoter
and enforced by a strong selection for Fah functionality, con-
siderable variation in A3 mRNA levels was seen in recovered
liver tissues (Fig. S5). A fourth consideration could be negative
interference by an as-yet-unidentified factor. For instance,
both intra-/inter-A3 oligomerization and RNA binding are
known to inhibit the activity of multiple A3 family DNA de-
aminases, including A3B and A3H (Cortez et al., 2019; Shaban
et al., 2018). However, these considerations are tempered by
the fact that our original human A3B transgenic line was lost
early in these studies likely due to the enzyme exerting a
negative selective pressure and catalyzing self-inactivation. A
fifth consideration is the possibility of anti-human A3 immune
responses, which may be lower for A3A in comparison to other
family members.

Indeed, it will be very important to address the potential role
of immune responses in future studies. The majority of liver
tumors in the Fah regeneration model showed A3A mutation
signatures but little to no detectable intratumor A3A staining by
IHC. For instance, the tumor with the highest mutation load in
Fig. 6 A (4,082 exomic base substitutions) stained IHC negative
for A3A in Fig. 5 (G and H), despite adjacent hepatocellular pa-
renchyma showing A3A protein expression cell-wide. This ap-
parent incongruity strongly suggests a dynamic interplay
between positive selection for restoration of Fah function, neg-
ative selection against high A3A as a genotoxic and potentially
cytotoxic stress (further complicated by tight linkage of A3A and
Fah on the same transposable element), and additional negative
selective pressure by immune responses against the foreign
proteins encoded by the transposon constructs. Another related
possibility is immune responses against foreign antigens
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(neoantigens) created by A3A-catalyzed mutation. Although
reconstruction experiments demonstrated cell-wide A3A pro-
tein expression and an elevated DNA damage response in hep-
atocytes shortly after hydrodynamic delivery (Fig. S5, E and F),
additional studies are still warranted to deconvolute these
competing pressures and expand the utility of the systems de-
scribed here for studying and ultimately treating the APOBEC3
mutation program in cancer.

It is curious that the A3A Apc™i® colon tumors only manifest
C-to-T transitions in TCA/T motifs (SBS2), whereas the A3A Fah
liver tumors additionally show C-to-G and to a lesser extent
C-to-A transversions in the same motifs (SBS13). This is not
simply due to the lower mutation loads observed in Apc™i® tu-
mor exomes because the absence of SBS13 became even more
stark upon analysis of whole-tumor genomes (Fig. 4). We
therefore propose that the absence of SBS13 may be due to lower
rates of uracil excision in intestinal crypt cells that ultimately
give rise to polyps in the Apc™i® model. Alternatively, these
differences in mutation signature may be due to low (or no) Revl
translesion DNA synthesis in colon tissue, as Revl is the only
DNA polymerase known to insert a cytosine nucleobase opposite
an abasic site (Lawrence, 2002). In support of the latter possi-
bility, Revl overexpression was necessary to stimulate polyp
formation and enhance mutagenesis in a chemical mutagen
(N-methyl-N-nitrosourea)-dependent murine intestinal ade-
noma model (Sasatani et al., 2017). It is additionally interesting
that structure-associated APOBEC mutagenesis events were rare
in both the ApcMi® and Fah systems. Specifically, strand-
coordinated mutation clusters (kataegis; Nik-Zainal et al.,
2012) and loop-region mutations in stem-loop (palindrome)
structures (Buisson et al., 2019) were not evident in tumor
exome or WGS datasets. Multiple explanations for this are
possible, including differential DNA repair capabilities and/or
substrate availability. An additional possibility may be that A3A
is responsible for dispersed, replication-associated mutations
and another A3 enzyme catalyzes kataegis and stem-loop mu-
tagenesis (e.g., A3B in kataegis; Maciejowski et al, 2019
Preprint).

Classic studies overexpressed related deaminases in vivo (rat
Apobecl, murine Aicda [activation-induced cytidine deaminase],
and murine Apobec2) and reported hepatocellular carcinomas,
T cell lymphomas and lung adenomas, and hepatocellular car-
cinomas and lung adenomas/adenocarcinomas, respectively
(Okazaki et al., 2003; Okuyama et al., 2012; Yamanaka et al.,
1995). The liver tumors induced by rat Apobecl were attrib-
uted originally to dysregulated RNA editing, and, as far as we
are aware, chromosomal DNA mutations were not considered.
Segments of select genes, TCRS and c-myc, were sequenced in a
subset of Aicda lymphomas, and a bias toward C/G-to-T/A
mutations was reported. Aicda transgenic animals also dis-
played shorter life spans with increasing generation times,
perhaps by germline mechanisms related to the loss of the A3B
and A3APeh transgenics described here. Similarly, human
AICDA (more commonly called AID) is implicated in carcino-
genesis in specific human tissues, notably B cell and myeloid
cell lymphomas and gastric cancers (reviewed by Marusawa
and Chiba, 2010; Robbiani and Nussenzweig, 2013). The
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murine Apobec2 transgenic line had tumors in liver and lung
tissues but no evidence for DNA editing (Okuyama et al., 2012).
However, unlike these deaminase family members, human
A3A has been implicated much more broadly in carcinogenesis
and, together with at least one other A3 enzyme, is arguably the
second largest source of mutation across cancer (Alexandrov
et al., 2020). Thus, the A3A tumor models described here
provide long-awaited in vivo demonstrations that this human
DNA deaminase can indeed drive mutation formation and tu-
mor development and is not simply a passenger process. It is
not clear why low levels of A3A are alone aphenotypic and,
therefore, additional work will be needed to identify factors
that make cells permissive for APOBEC mutagenesis and gen-
erate additional murine models for the most common APOBEC-
mutated tumor types in humans (breast, cervix, bladder, head/
neck, and lung).

It should be noted that mutational processes such as A3A/
AID-catalyzed DNA cytosine deamination do not precisely fit the
classical cancer definitions of “oncoprotein” and “driver”. These
definitions may need to be expanded to include subclasses of
tumor-promoting processes, exemplified by “enablers” such as
A3A/AID, that provide major sources of mutational fuel for tu-
mor development and evolution but are not themselves directly
driving tumor formation. Although many exogenous and en-
dogenous mutational processes contribute to the overall muta-
tion landscape in human cancer, only a small number of
processes such as A3A/AID are likely to be large and dominant
enough to mediate measurable changes in rates of tumorigenesis
and trajectories of tumor development. Such enablers have the
potential to provide large proportions of the mutational fuel for
many different tumor types, which, coupled with selective
pressures for/against tumor development, result in the massive
heterogeneity reported in the genomic DNA sequences of dif-
ferent human tumor types (as well as between individual tu-
mors within single tumor types). It is therefore important to
determine in vivo, as here for A3A, whether a particular source
of mutation is strong enough to be defined as both a source of
mutation and a driver of tumorigenesis. Such information will
be critical to be able to fully investigate future diagnostic,
prognostic, and therapeutic options for tumors driven by APO-
BEC mutagenesis.

Materials and methods

Animal care

Mice were housed at the University of Minnesota Twin Cities,
University of Pennsylvania, and University of Illinois at Chicago
animal facilities under specific pathogen-free conditions. All
studies were performed in accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The experiments
performed with mice in this study were approved by the Uni-
versity of Pennsylvania Institutional Animal Care and Use
Committee (protocol 805690), University of Illinois at Chicago
Animal Care Committee (protocol 18-168), and University of
Minnesota Institutional Animal Care and Use Committee (pro-
tocols 1901-36652A, 1602-33523A, and 1808A36277).
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A3A and A3G ApcMin experiments

A3Alw, A3Abigh and A3G transgenic mice have been described
(Stavrou et al., 2014). A3A°% and A3G transgenic females were
bred with ApcMi™ males (002020; Jackson Laboratory). Experi-
mental animals resulting from this cross were euthanized by
CO, administration at the age of 4 mo, and intestinal tissue was
analyzed for polyp formation without knowledge of genotype
information (i.e., blinded). The ApcM, A3G ApcMi®, and A3A
ApcMin mice shown in Fig. S2 were additionally heterozygous for
a deletion in mouse APOBEC3. The A3A°Y transgene conferred
no selective disadvantage as evidenced by near-Mendelian ratios
in crosses (e.g., A3Al°"/~ x ABA~/~ =70 A3A!°"/~ and 59 A3A~/~ at
University of Minnesota and 152 A3A°"/~ and 185 A3A~/~ at
University of Chicago at Illinois.

A3B transgenesis

pTraffic was modified by replacing IRES-GFP with IRES-Firefly-
luciferase using Xhol and Bsu36l cut sites. A3Bi (A3B cDNA
containing L1 intron) was then amplified from pCDNA3.1-A3Bi
(Hultquist et al., 2011) using primers A3B_Asc]_F 5'-NNNNGG
CGCGCCACCATGAATCCACAGATC-3’ and A3B_Nhel R 5'-NNN
NGCTAGCTCAGTTTCCCTGATTCTGGAGAATGG-3', digested with
Ascl and Nhel, and inserted into pTraffic-IRES-FLuciferase. Cre-
dependent expression of A3B was verified by immunoblot of
HEK-293T cells transfected with pTraffic-IRES-FLuciferase-Ascl-
A3Bi-Nhel with or without cotransfection of a Cre expressing
plasmid (antibodies: B-actin [4970; CST], luciferase [NB600-307;
Novus], DsRed [632392; Clontech], and A3B; Brown et al., 2019).
A3B-DsRed transgenic mice were prepared by pronuclear injec-
tion of pTraffic-IRES-FLuciferase-Ascl-A3Bi-Nhel plasmid into a
C57BL/6 background. DsRed fluorescence was visualized in tail
snips on a Leica DMIL microscope. A3B-NTD, A3B-CTD, and
DsRed DNA fragments were amplified with the following primer
sets: NTD_F 5'-CCACAGATCAGAAATCCGATGGA-3', NTD_R 5'-
CTCGAGACTAAAGGCAACAGTGCTG-3'; CTD_F 5'-GCCAGTGAC
TAGTGCTGCAAG-3', CTD_R 5'-GTTTCCCTGATTCTGGAGAAT
GG-3'; DsRed_F 5'-CCCATGGTCTTCTTCTGCAT-3', DsRed_R 5'-
AAGGTGTACGTGAAGCACCC-3'. A3B-NTD primers were used
for genotyping. The DsRed PCR fragment was cloned using Clo-
neJET PCR Cloning Kit (Thermo Fisher Scientific) and Sanger
sequenced.

A3 Fah experiments

Fah-deficient mice expressing SB11 (Fah~/~; Rosa26-SB11T&/WT)
were generated and maintained with drinking water con-
taining 7.5 pg/ml NTBC (Sigma Aldrich) as described previ-
ously (Keng et al, 2011) until introduction of transposon
vectors by hydrodynamic tail vein injections at 8-10 wk of
age. Intron-containing human A3 cDNAs were ordered as
gBlocks (IDT) and cloned into the pENTR entry vector (In-
vitrogen) using NotI-Ncol (A3Ai, A3Bi, A3Ci, and A3Gi), Mfel-
NotI (A3Di and A3Fi), or KpnI-NotI (A3Hi). The final Gateway
destination plasmid coexpressing Fah, GFP, and luciferase
(Keng et al., 2013) was combined with pENTR-A3 vectors
using Gateway LR clonase mix (11791-020; Thermo Fisher
Scientific) to generate pT2/GD-A3 delivery plasmids. The
transposon vector expressing an shRNA against Tp53 (shTp53)
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and its validation in vivo have been described previously
(Wangensteen et al., 2008).

Immediately before hydrodynamic delivery, 8-10-wk-old
Fah-null SB11 mice were anesthetized by administrating 25 pl
anesthetic cocktail (8 mg/ml" ketamine HCl, 0.1 mg/ml
acepromazine maleate, and 0.01 mg/ml~! butorphanol tartrate)
i.p. Each animal was injected with 20 pg of each transposon
plasmid (PureLink HiPure Plasmid Filter Maxiprep kit; In-
vitrogen) diluted in lactated Ringer’s solution (Thermo Fisher
Scientific) to an injection volume based on the weight of the
mouse (10% vol/wt). Immediately following injection, animals
were placed on normal drinking water to promote liver re-
population with Fah-A3 transgenic cells. Luciferase expression
in repopulated transgenic livers was monitored using the
Xenogen IVIS 100 (Perkin Elmer) as described previously
(Wilber et al., 2005). Briefly, animals were injected with
93-150 mg luciferin/kg body weight (Xenogen) i.p. 10-15 min
before imaging. Mice were anesthetized using 1-1.5% isoflurane
and O,/N,0 via nose cone, positioned in a custom-built cradle,
and imaged for 1-5 min.

6 mo after injection, mice were euthanized and weighed, and
liver tissues were harvested and weighed. Liver mass was re-
corded and all visible distinct nodules (>2 mm in diameter) were
counted and carefully isolated from neighboring tumor-free
tissue. All nodules >2 mm from were halved for DNA and RNA
isolation. Genomic DNA isolations were performed using either
AllPrep DNA/RNA kit or DNeasy Blood & Tissue kit per manu-
facturer protocols (Qiagen). RNA isolations were conducted with
either the AllPrep DNA/RNA kit or RNeasy Mini Kit following
manufacture protocols (Qiagen).

Protein lysates were obtained through vortex-mediated ho-
mogenization with stainless steel beads (Qiagen) for 2 min at 4°C
in protein lysis buffer (50 mM Tris-Cl, pH 7.4, 250 mM NaCl,
and 0.5% Igepal NP-40) at 10-20x vol/wt tissue. Homogenized
lysates were cleared of debris through centrifugation (maximum
speed for 20 min at 4°C) and quantified with a NanoDrop
(Thermo Fisher Scientific). Samples were treated with RNaseA
(1.67 pug/pl) for 10 min at room temperature and then combined
1:1 with SDS-PAGE loading buffer (62.5 mM Tris-Cl, pH 6.8, 20%
glycerol, 7.5% SDS, 5% 2-mercaptoethanol, and 250 mM DTT).
Proteins were separated by a 12.5% SDS-PAGE gel and trans-
ferred to polyvinylidene Immobilon-FL membranes (Millipore).
Membranes were blocked in blocking solution (5% milk + PBS
supplemented with 0.1% Tween20) and then incubated with
primary antibody diluted in blocking solution. Primary immu-
noblotting antibodies were mouse a-tubulin (T5168; Sigma Al-
drich), rabbit a-human A3A/B/G mAb (mAb 5210-87-13; Brown
etal., 2019), rabbit a-human A3C pAb (10591-1-AP; Proteintech),
rabbit a-human A3H pAb (Novus NBP1-91682), and rabbit
a-firefly luciferase pAb (Abcam ab21176). Secondary antibodies
were diluted in blocking solution supplemented with 0.02%
SDS. Secondary antibodies used for detection were a-rabbit
800CW (827-08365; LI-COR), a-mouse 680LT (925-68020; LI-
COR), a-rabbit HRP (7074P2; Cell Signaling Technology), and
o-mouse HRP (7076P2; Cell Signaling Technology). Membranes
were imaged with an Odyssey Classic scanner and Odyssey Fc
imager (LI-COR).
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A3ANigh transgene characterization

RNA from the intestinal polyps of ApcMi», A3Ahigh ApcMin, and
A3AYW ApcMin animals was extracted, and RNA-sequencing li-
braries were prepared and sequenced on a HiSeq 2500 125 x
2 bp. Reads were mapped to the mouse genome with human A3A
cDNA appended as an additional chromosome using tophat.
Read coverage plots suggested a 3’ truncation.

For further mapping of the 3’ truncation, spleens were harvested
from 3-mo-old mice. Splenic DNA was isolated using the DNeasy
Blood and Tissue Kit (Qiagen). RNA was isolated with the use of
Trizol (Invitrogen) and further processed according to the Qiagen
RNA cleanup protocol (treated with DNasel to eliminate any con-
taminating genomic DNA). Purified RNA was converted to cDNA
using the SuperScript III First Strand Synthesis System for RT-PCR
using 50 uM oligo(dT)20 as the primer (Invitrogen). Full-length
cDNA was obtained by rapid amplification of cDNA ends (RACE)
using A3A transgene forward primer 5'-TGGACCTGGTTCCTTCTTT-
3', with the poly(A) tail functioning as the 3’ end tag. Bands were
excised, and the fragments were cloned into pCR2.1-TOPO vector as
specified by the manufacturer (Invitrogen). Additionally, the
transgene DNA was amplified using primers CAG promoter 5'-GGG
CGGGGTTCGGCTTCTGGCGTGTGAC-3' and CAG poly(A) tail 5'-
CAGGGCATTGGCCACACCAGCCACCACC-3'. Both the cloned cDNA
and amplified genomic DNA were Sanger sequenced.

RT-PCR and quantitative PCR

RNA was extracted from mouse tissues (Fah and ApcM™) with
RNeasy Mini Kit (Qiagen) and from polyps with AllPrep DNA/
RNA mini kit (Qiagen). cDNA was prepared using Transcriptor
reverse transcription (Roche) with random hexamer priming.
Full-length A3A transcript was amplified with the following
primers: A3A_full length-F 5'-ATGGAAGCCAGCCCAGCATC-3';
A3A_full length-R 5'-GTTTCCCTGATTCTGGAGAATGG-3'. Rel-
ative transcript levels were measured by quantitative PCR with
LightCycler 480 Probes Master mix (Roche) on a LightCycler
480 instrument (Roche) and the following primers: A3A (in
conjunction with UPL probe 97; Roche) A3A_qPCR_F 5'-CCACAC
ATATTCACTTCCAACT-3', A3A_gqPCR_R 5'-TGTGCTGGTCCA
TCTTGA-3'; Thp (in conjunction with UPL probe 97; Roche)
mouse_Tbp_F 5'-GGGGAGCTGTGATGTGAAGT-3', mouse_Tbp_R
5'-CCAGGAAATAATTCTGGCTCA-3'. APOBEC3 mRNA was
quantified with previously described primers (A3B, A3D, A3F, A3G,
and TBP) or A3A (forward 5'-CGGTCAAGATGGACCAGCAC-3;
reverse 5'-GAAGGAACGCACGCACTTC-3'), A3C (forward 5'-
AGCCAACGATCGGAACGAAA-3'; reverse 5 -AGGGCTCCAAGA
TGTGTACC-3'), A3H (forward 5'-TCAGAAGGCCTTACTACC
CG-3’; reverse 5'-ATGAAGTCAACCAGCTCCCAG-3') using
SsoFast EvaGreen Supermix (Bio-Rad) per the manufacturer’s
protocols. Luciferase mRNA was quantified using LightCycler
480 Probes Master Mix (Roche) with primers forward 5'-TCC
ATCTTGCTCCAACACCC-3’ and reverse 5'-TCGTCTTTCCGTGCT
CCAAA-3' along with UPL 70. All mRNA quantification was ob-
tained using a LightCycler 480 instrument (Roche).

Deaminase activity assays
Spleens and colons from 4-mo-old A3A" mice were homoge-
nized and lysed in HED buffer (25 mM Hepes, 5 mM EDTA, 10%
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glycerol, 1 mM DTT, and 1x protease inhibitor [cOmplete;
Roche]). Lysates were sonicated for 20 min in a water bath
sonicator and cleared by centrifugation, and spleen lysates were
further concentrated using Amicon Ultra 0.5 ml centrifugal fil-
ters with a molecular weight cutoff of 10 kD with two washes of
400 pl buffer (25 mM Hepes, pH 7.4, 15 mM EDTA, cOmplete
EDTA-free protease inhibitors, and 10% glycerol). Protein con-
centration in lysates was quantified by Bradford assay (Zor and
Selinger, 1996). Oligo NUP93 (6-FAM)-GCAAGCTGTTCAGCTTG
CTGA (Buisson et al., 2019) was allowed to form a hairpin by
heating a 10 uM stock in 1 mM Tris-Cl and 0.1 mM EDTA to 65°C
for 5 min and then allowing the DNA to cool to room tempera-
ture. 75 pg of spleen and 17 pg of colon protein lysates were
incubated with 800 nM NUP93 hairpin oligo at 37°C with
100 pg/ml RNase A for 24 h. 0.1 U uracil DNA glycosylase (NEB)
was added to each reaction and incubated for 10 min at 37°C.
NaOH was added to a final concentration of 100 mM, and
samples were heated to 95°C for 10 min to cause breakage of
abasic sites caused by deamination and subsequent uracil re-
moval. Samples were separated by 15% TBE-Urea PAGE to re-
solve product and imaged on a Typhoon FLA 7000 biomolecular
imager (GE Healthcare Life Sciences). A3A-mycHis purified
from HEK-293T cells was used at 1 nM as a positive control for
deamination activity (Shi et al., 2017). APOBEC3 activity in Fah
liver samples was detected similarly using lysates obtained as
described above.

Handling of intestinal tissue

Intestines from 4-mo-old Apc™® and A3A*"/Apc™i® mice were
removed from duodenum to colon and placed on PBS-soaked
Bibulous paper. Intestines were divided into sections and then
carefully sliced lengthwise, cleaned, and spread with lumen side
upward. Select large polyps from the distal colon were excised
and flash frozen for future molecular analysis. Intestines were
fixed overnight in 10% buffered formalin solution. Polyp num-
bers were counted (blinded to mouse genotype) using a Leica S8
APO stereo microscope (at University of Minnesota) or a Nikon
SMZ1500 (at University of Pennsylvania). Statistical differences
between ApcMi® and A3Al°W/ApcMi® animals were determined
by two-sided Wilcoxon rank sum test using Prism 6 software.

Histology

The small intestine and colon of ApcMi™ and A3A!°%/ApcMi® mice
were isolated and fixed in 10% neutral formalin. The flattened
segments of intestinal tissues were rolled lengthwise into “Swiss
rolls” (Moolenbeek and Ruitenberg, 1981) and embedded in
paraffin (FFPE). In addition, normal livers and liver tumors
generated with the A3A Fah model were collected and fixed as
above. H&E staining of the FFPE specimens was performed as
follows. Tissues were sectioned at 4 pm, mounted on positively
charged adhesive slides, and allowed to air-dry for at least 24 h
before staining. To deparaffinize and rehydrate the samples,
slides were baked in a 60-62°C oven for 20 min, washed three
times with xylene for 5 min each, soaked in graded alcohols
(100% x 2, 95% and 80% for 3 min each), and then rinsed in
running water for 5 min. The tissues were stained with hema-
toxylin for 5 min and rinsed in running water for 30 s, followed

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20200261

13 0f 18


https://doi.org/10.1084/jem.20200261

by two dips in acid solution and 30-90 s in ammonia water
(bluing solution). After a 10-min water rinse, the slides were
transferred in 80% ethanol for 1 min, counterstained with eosin
for 1 min, dehydrated in graded alcohols and xylene, and cover-
slipped using Permount mounting media. The H&E-stained
slides were subsequently scanned at 40x magnification and vi-
sualized using the Aperio ScanScope XT system (Leica Bio-
systems) as described previously (Brown et al., 2019).

IHC

4-pm-thick sections of FFPE intestinal and liver tissues were
mounted on positively charged, adhesive slides and allowed to
air-dry for at least 24 h. To deparaffinize and rehydrate the
samples, slides were baked in a 65°C oven for 20 min, washed
three times with CitriSolv (1601; Decon Labs) or xylene for 5 min
each, soaked in graded alcohols (100% x 2, 95% and 80% for
3 min/each), and then rinsed in running water for at least 5 min.
Epitope retrieval was performed using Reveal Decloaker
(RV1000M; BioCare Medical) in a steamer for 35 min, followed
by a 20-min “cool-down” period. Then, slides were rinsed with
running tap water for 5 min and transferred to Tris-buffered
saline with 0.1% Tween20 (TBST) for 5 min. Endogenous per-
oxidase activity was quenched by placing the slides in 3% H,0,
in TBST for 10 min at room temperature, followed by a 5-min
rinse under running water. To block nonspecific binding of
primary antibody, sections were covered with Rodent Block M
(RBM961; BioCare Medical) for 15 min at room temperature.
After blocking, sections of each specimen were incubated
overnight at 4°C with a rabbit a-human A3A/B/G mAb (5210-87-
13; Brown et al., 2019) diluted 1:350 or a rabbit a-y-H2AX mAb
(9718; Cell Signaling Technology) diluted 1:200 in 10% Rodent
Block M in TBST.

Following overnight incubation with primary antibody, sec-
tions were rinsed in TBST for 5 min and completely covered
with anti-rabbit poly-HRP-IgG (Novolink Polymer, RE7260-K;
Leica Biosystems) for 30 min at room temperature. The reaction
product was developed using the Novolink DAB substrate kit
(RE7230-K; Leica Biosystems) at room temperature for 3 min,
rinsed in tap water for 5 min, counterstained in Mayer’s he-
matoxylin solution (26252-01; Electron Microscopy Sciences)
for 5 min, dehydrated in graded alcohols and CitriSolv, and
cover-slipped using Permount mounting media. Nuclear and
cytoplasmic A3A and nuclear y-H2AX immunoreactivities were
visualized and quantified using the Aperio ScanScope XT (Leica
Biosystems). Approximately 100,000 cells were analyzed from
each specimen for quantification of the positively stained
population.

Genomic DNA sequencing and analysis of mutational patterns

Genomic DNA was prepared from frozen colon polyp tissue
using AllPrep DNA/RNA mini kit (Qiagen). Matched normal
DNA was extracted from tail snips following the Gentra Pure-
gene Tissue DNA isolation protocols (Qiagen). DNA was sheared
and adapters added using SureSelectQXT Library Prep kit
(Agilent), and exonic DNA fragments were captured using
SureSelectXT Mouse All Exon kit (Agilent). ApcMi® exome li-
braries were sequenced 75 x 2 bp on a NextSeq 550 instrument
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(Mlumina) to a target depth of 75x coverage for tumor samples
and 30x coverage for matched normal. Apc™i® whole-genome
libraries were sequenced 150 x 2 bp on a NovaSeq 6000 (Illu-
mina) to a target read depth of 30x coverage for both tumor and
matched normal samples. Fah exome libraries were sequenced
150 x 2 bp on a NovaSeq 6000 (Illumina) to a read depth similar
to the ApcMi® exome libraries. Resulting sequences were aligned
to the mouse genome (mm10) using Burrows-Wheeler Aligner
(BWA; version 0.7.17). For whole-genome analysis, reads were
aligned to the mm10 reference genome using SpeedSeq (Chiang
et al., 2015), which utilizes BWA. PCR duplicates were removed
using Picard (version 2.18.16). Reads were locally realigned
around indels using GATK3 (version 3.6.0) tools Realign-
erTargetCreator to create intervals, followed by IndelRealigner
on the aligned bam files. The exome-sequencing alignments
from the normal tail tissues were used to create a “panel of
normals” background set using MuTect2 from GATK3 (version
3.6.0) in artifact detection mode. Mutations were called from the
polyp samples compared with the matched normal, including
the “panel of normals” as background using MuTect2 from
GATK3. Single-nucleotide variants that passed the internal
GATKS3 filter were used for downstream analysis. Mutational
patterns were analyzed in R (version 3.6.0) using the “Muta-
tionalPatterns” package (Blokzijl et al., 2018). No panel of nor-
mals was used for Apc™i® whole-genome samples, and filters of a
minimum read depth of 20x and 0.05 variant allele frequency
were applied. Mouse 59 failed quality control for WES library
construction (for unknown reasons) and the same DNA passed
quality control for WGS. Aligned WES reads are available at the
NCBI Sequence Read Archive through BioProject accession no.
PRJNA655491.

SBS mutation signatures (v3, May 2019; https://cancer.
sanger.ac.uk/cosmic/signatures/SBS/) were obtained from
https://www.synapse.org/#!Synapse:synll738319. De novo
nonnegative matrix factorization of mutational signatures was
performed with the “extract_signature” command, with a rank
of 2 and 10 iterations. TCW mutation enrichment score was
calculated as described previously (Chan et al., 2015; Jarvis et al.,
2018). Sequence logos of -2 to +2 sequence surrounding C-to-T
mutations was created using “ggseqlogo” package in R. Predic-
tion of mutation effect on protein sequence was done with
SnpEff (version 4.3t) using the SnpEff mmlO database. LOH
of chromosome 18 was calculated by comparing tumor to
matched normal alignments using Varscan (version 2.3.9) in
somatic mode.

WGS reads were trimmed using TrimGalore with default
settings. Trimmed reads were then aligned against mm10 using
BWA. Alignments were sorted and marked for duplicates using
sambamba. Somatic copy number variants from WGS align-
ments were determined using GATK4 CNV for each tumor-
normal pair. Structural variants were determined using Break-
Dancer (Fan et al., 2014) and structural variants less than two
times as frequent in the tumor versus the normal normalized for
coverage were excluded. The integration site of the A3A°™ (A10)
transgene was determined using oncovirus_tools get_int.pl us-
ing the vector sequence as the input bait and the bam alignment
from a representative A3A Apc™® whole-genome sequence
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(https://github.com/gstarrett/oncovirus_tools; Starrett et al.,
2020).

RNA library sequencing and analysis

RNA was prepared from frozen colon polyp tissue using the
AllPrep DNA/RNA mini kit (Qiagen) simultaneously with ge-
nomic DNA. Sequencing libraries were prepared using Illumina
Truseq Stranded mRNA kit (Illumina) and sequenced 2 x 150 bp
on a NovaSeq 6000 instrument ([llumina). Sequencing results
were aligned to the mml0O mouse genome with human A3A
cDNA sequence appended as an additional chromosome using
tophat (version 2.0.13). FPKM levels of various genes were ex-
tracted using cufflinks (version 2.2.1). RNA editing levels at
Apobecl target sites were extracted from aligned reads using the
mpileup command.

TCGA variant and Euclidean distance analysis

All WES variant information from TCGA was downloaded from
the Broad GDAC firehose database (https://gdac.broadinstitute.
org/). Variant information from the A3A and A3B yeast models
of mutagenesis were downloaded from previous published ma-
terial (Chan et al., 2015). Only samples with >300 C-to-T mu-
tations were included in the Euclidean distance and sequencing
logo analyses. Single-nucleotide variants that were used in these
analyses included only C-to-T variants in a TC dinucleotide,
excluding all mutations as CG motifs. All C-to-T variants from
the ApcMir, A3A yeast model, and A3B yeast model were used in
this analysis. A matrix comprised of the number of mutations
within a tetranucleotide across all samples within a cancer type
was generated, and counts were normalized to frequency within
each cancer type. This matrix was converted to a hierarchical
distance matrix using the hclust function in R, which was then
plotted as dendrograms. All sequences logos were again gener-
ated and visualized using “ggseqlogo” package in R. Total mu-
tation counts per cancer type were generated by simple counting
of all C-to-T mutations at TC dinucleotide, excluding all muta-
tions as CG motifs.

Statistical analyses

GraphPad Prism (version 6) was used for statistical analyses,
including Wilcoxon rank sum tests (Fig. 2, C and D; Fig. 3 A; and
Fig. S2) and one-way ANOVA tests (Fig. 5, E and F). R was used
to calculate Pearson’s correlations (Fig. 3 G, Fig. 4 D, and Fig. 6, G
and H). Additional statistics involved Student’s t test compar-
isons of mean values with SDs. P values < 0.05 were considered
significant.

Online supplemental material

Fig. Sl is a summary of data from human A3B and A3A trans-
genics that were lost potentially due to self-inactivation. Fig.
S2 provides an independent demonstration of elevated polyp
formation in A3A ApcMi® animals. Fig. S3 provides further
support that human A3A is expressed and active in A3A
ApcMin polyps and also not affecting the mRNA expression
levels or RNA editing functions of endogenous murine de-
aminases. Fig. S4 provides a visual summary of the LOH ob-
served for murine chromosome 18, which invariably includes
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the Apc gene. Fig. S5 shows control experiments for the Fah
liver tumor system.
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Figure S1. Cautionary tales from a conditional A3B transgenic line and an independent constitutive A3A transgenic line (A9). (A) Schematic of A38
transgene. A floxed DsRed gene is under the control of the CAG promoter and blocks transcription of an A3B minigene. Cre expression excises DsRed and allows
expression of both A3B and firefly luciferase. Arrows and dotted lines indicate locations of primers used in D and E. (B) Immunoblots from HEK-293T cells
either untransfected or transfected with the transgene plasmid described in A, with or without the addition of a Cre expression plasmid. (C) Representative
images of DsRed expression in tail tips of transgenic mice compared with no fluorescence in nontransgenic mice (scale bars = 0.5 mm). (D) Genotyping PCR
results for representative third generation animals. Mouse F3(+) was PCR positive for the 5" end of A3B (encoding the N-terminal domain) and negative for the
3’ end of A3B (encoding the C-terminal domain). This animal also failed to show fluorescence and the DsRed cassette was later found to harbor 13-point
mutations (E). Mouse F3(-) was a transgene-negative littermate. Transgene vector DNA diluted in HEK-293T genomic DNA was used as a positive control for
PCR amplification. (E) Mutations detected in DsRed fragment in F3(+) mouse described in D. These 13-point mutations are predicted to change six amino acids
(blue). (F) Read coverage across A3A cDNA from RNA sequencing of polyps from representative A3A% (A10) Apc™i", A3AMigh (A9) ApcMin, and Apc™™ mice. (G)
Predicted protein encoded by A3A-Ngly1 fusion in A3AMgh (A9) transgenic animals. Amino acid prediction based upon results of 3’ RACE and Sanger sequencing.
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Figure S2. A3A Apc™ mice develop more tumors than Apc™i" mice. (A) Numbers of intestinal polyps in Apc™i" mice with no transgene, the A3AloW
transgene, or an A3G transgene. No polyps were evident in WT animals (not shown). These experiments were performed in mouse facilities at the University of
Pennsylvania independently of studies presented in Fig. 2 (**, P < 0.01 by Wilcoxon rank sum test). (B) Representative images of H&E-stained sections of small
intestine from ApcM™ and A3A% ApcMin mice from the cohort in A. Arrowheads point to polyps. Scale bars = 400 pm.
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Figure S3. RNA expression and editing in polyps from Apc™i" and A3A Apc™i™ mice. (A) Agarose gel image of full-length A3A cDNA amplified from polyp
mRNA from A3A ApcM mice, but not from Apc™i" animals. The smaller nonspecific (ns) bands indicate similar levels of RNA in each RT-PCR reaction. Neither
the A3A-specific band nor the two smaller nonspecific bands were detected in reactions without RT (indicating no genomic DNA contamination). (B) De-
amination activity in A3A(-) and A3A(+) intestinal polyps. Negative control is substrate oligo alone. Positive control is A3A(-) lysate spiked with 1 nM re-
combinant (r)A3A. (C) Expression levels of murine Apobecl, Apobec2, Apobec3, Apobec4, and Aicda (AID) in polyps derived from Apc™™ and A3A ApcMi" mice, as
determined by quantifying RNA-sequencing data (n = 5 per group; mean + SD FPKM relative to the housekeeping gene Tbp). (D) RNA C-to-U editing of the
indicated mRNA sites in ApcMi™ and A3A ApcMi" polyps, as measured by quantification of RNA-sequencing data (n = 5 per group except for ApoB). The percent
editing for individual tumors is shown as colored dots and mean values are indicated by horizontal lines (no significant differences were detected). ApoB is
expressed poorly in polyps and, consequently, the canonical Apobecl-catalyzed editing event in this mRNA could only be quantified in three polyps.
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Figure S4. Apc LOH in colorectal tumors. (A) Schematic of mouse chromosome 18 highlighting the Apc gene and the ApcMi™ mutation. Blue and red tracts
below indicate continuous regions of homozygosity (LOH) based on single-nucleotide polymorphism analysis. These tracts all include the Apc™" mutation.
Mbp, mega basepair. (B) Dot plot showing the ApcMi allele frequency (chr18:34312601 T>A) in normal tail and tumor genomic DNA from Apc™n and A3A
ApcMin mice. Horizontal bars represent mean values. The residual ApcT signal in tumors is likely due to contamination by normal cells.
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Figure S5. A3 transposon integration and expression in livers of injected Fah-/~ mice. (A) PCR amplicons from genomic DNA extracted from livers of mice
hydrodynamically injected with the indicated A3 minigene constructs. This PCR assay uses common primers flanking each differently sized A3 minigene. (B)
Quantitative RT-PCR results for Luciferase mRNA (identical primers for all inserts) or specific A3 mRNAs relative to those of the housekeeping gene Thp in livers
from hydrodynamically injected animals (mean + SD across all mice injected with the control [Ctrl] or indicated A3 minigene construct). The control construct is
identical apart from lacking an A3 minigene. See main text for additional details. (C) Representative immunoblots of liver protein extracts from animals of mice
hydrodynamically injected with the indicated control or A3 minigene constructs. See main text for additional details. (D) Single-stranded DNA cytosine de-
amination activity of liver protein extracts from animals hydrodynamically injected with the indicated control or A3 minigene constructs. Deamination substrate
oligo with no extract or with 1 nM purified recombinant (r)A3A are controls. A3A shows clear activity, and A3B shows weaker but still detectable activity. (E)
H&E and A3A IHC staining of hepatocytes 48 h after hydrodynamic injection. A3A protein signal is cell-wide in ~8.5% of cells (images and quantification are
representative of two animals). H&E scale bars = 100 pm; A3A IHC image scale bars: left = 100 um, right = 20 pm; A3A Apc™ image scale bars: left = 2 mm,
right = 100 um. (F) IHC staining of y-H2AX in sections adjacent to those shown in E. The percentage of nuclei with positive staining is shown to the right
(images and quantification are representative of two animals). Scale bars: left = 100 um, right = 20 pm.
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