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Abstract

The APOBECS3 family of human cytidine deaminases is involved in various cellular processes,
including the innate and acquired immune system, mostly through inducing C-to-U in single-
stranded DNA and/or RNA mutations. Although recent studies have examined RNA editing by
APOBEC3A (A3A), its intracellular target specificity are not fully characterized. To address
this gap, we performed in-depth analysis of cellular RNA editing using our recently developed
sensitive cell-based fluorescence assay. Our findings demonstrate that A3A and an A3A-loop1-
containing APOBEC3B (A3B) chimera are capable of RNA editing. We observed that A3A
prefers to edit specific RNA substrates which are not efficiently deaminated by other APOBEC
members. The editing efficiency of A3A is influenced by the RNA sequence contexts and distinct
stem-loop secondary structures. Based on the identified RNA specificity features, we predicted
potential A3A-editing targets in the encoding region of cellular mMRNAs and discovered novel
RNA transcripts that are extensively edited by A3A. Furthermore, we found a trend of increased
synonymous mutations at the sites for more efficient A3A-editing, indicating evolutionary
adaptation to the higher editing rate by A3A. Our results shed light on the intracellular RNA
editing properties of A3A and provide insights into new RNA targets and potential impact of
A3A-mediated RNA editing.
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INTRODUCTION

RNA editing by deamination is a crucial event that alters a single nucleotide of a transcript,
resulting in the diversification and regulation of the transcriptome [1-3]. The human RNA
deaminases consist of two classes of enzymes: the APOBEC protein family and ADARs.
APOBEC proteins (apolipoprotein-B (ApoB) mRNA editing enzyme, catalytic polypeptide-
like) convert cytosine to uracil (C-to-U) in single-stranded RNA [4, 5], while ADARs
(adenosine deaminases acting on RNA) modify adenosine to inosine (A-to-1) in double-
stranded RNA. The A-to-I RNA editing mechanism of ADARs and the related physiological
functions are relatively well studied [6-8].

The C-to-U RNA editing enzyme was first discovered when researchers found a truncated
version of APOB protein, resulting from catalytic deamination (C-to-U editing) of ApoB
mRNA by a novel enzyme, as a way of regulating APOB’s role in lipid metabolism
[9-11]. This enzyme was termed “ApoB mRNA editing enzyme, catalytic polypeptide

1” or APOBEC1 (A1), and the rest of the APOBEC protein members were named after
this founding member [4]. The human APOBEC proteins are composed of a total of 11
members, each with a different biological role, playing various physiological functions [12—
14]. Initially, only Al was considered to have single-stranded RNA editing activity [15].
But recent papers have reported RNA editing activities mediated by A3A in specific cell
types [16—-18]. Moreover, (A3G)-mediated RNA editing functions have been described in
HEK?293T cells [19], and the role of wide spread A3G-induced RNA editing in response
to mitochondrial hypoxic stress in natural killer cells [20]. More recently, APOBECS are
shown to edit RNA genomes of viral pathogens [21, 22]. These findings suggest that
other APOBEC enzymes, apart from Al, may engage in RNA editing to fulfill biological
functions.

A3A is reported to restrict foreign DNA from pathogens such as though C-to-U deamination
[23-26]. The abnormal overexpression and/or malfunction of A3A may also be associated
with genomic DNA mutation and cancer [27, 28]. Furthermore, analysis of mesoscale
genomic features has demonstrated that A3A-induced mutations occur in specific “ssDNA
hairpin” structures that can lead to the development of oncogenic mutation hotspots [29].
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The advancement of next-generation sequencing technology has allowed the identification
of A3A-mediated RNA editing sites, which exhibit a similar preference for stem-loop
structures as observed in A3A-mediated sSDNA deamination [17, 18, 29, 30]. However,
despite the general understanding of A3A’s stem-loop RNA substrates, the specific RNA
sequences of such stem-loop substrates preferred by A3A have not been fully characterized.

Given the strong correlation between high expression of A3A and INF-y related immune
responses [31, 32], as well as the potential involvement of A3A in the development of
cancer [27, 28, 33, 34], and A3A-related evolution and infection of RNA viruses [21,

22, 35], it is important to examine the relationship between RNA substrate features and

the A3A editing efficiency. With the help of various methods developed for measuring
C-to-U RNA editing activity, including traditional techniques such as Sanger sequencing,
Poisoned primer extension in vitro [36], the latest NGS high-throughput sequencing [17], in
vivo cytofluorimetric analysis [37, 38], cell-based subcellular localization assay [39], and a
digital PCR-based RNA editing quantification [40], these advancements have enhanced the
accuracy and versatility of C-to-U RNA editing measurements. This study aims to examine
the enzyme-substrate features of A3A-induced RNA editing using a sensitive cell-based
fluorescence assay, and to predict new RNA targets for A3A editing in human cells.

Confirmation of A3A RNA editing with a sensitive cell-based fluorescence assay

We used a cell-based fluorescence assay [39] to investigate A3A RNA editing, which
involved the expression of an A3A and mCherry-containing editor construct and a reporter
construct containing the target RNA in HEK293T cells (Figure 1(A)). The reporter construct
expressed eGFP RNA followed by target RNA substrates of 48 nucleotides and an RNA
encoding for a strong nuclear export signal (NES, MAPKK) as a single open reading frame.
This resulted in the reporter GFP fluorescence localization primarily in the cytoplasm due
to the C-terminal NES (Figure 1(A)). However, when APOBEC deaminates the target from
C-to-U, the reporter mRNA formed an early stop codon prior to the NES, allowing a shift
of the reporter GFP signal to the nucleus [39]. An AAV intron was added in the middle

of eGFP that can be useful to identify only the spliced mature mMRNA sequences by using

an exon-exon junction primer for cONA preparation [21] (Figure 1(A)), which made it
possible to avoid amplifying the DNA sequence but only amplify the RNA sequences for
analysis. Six target RNA candidates reported by Sharma et al. [17, 18] were initially chosen,
including ASCCZ, EVIZB, ICAMS3, PPAZ, SDHB, and SETX, for the initial test of editing
because they were shown to have relatively high levels of C-to-U editing in the RNA-seq
data and the sequences could create a stop codon following the C-to-U RNA editing.

The results showed significant A3A editing on all but one (SE7.X) RNA targets, as
determined by a ratio between averaged cytosolic and nuclear fluorescence signals (Figure
1(B-C)). Among them, EV/2B and SDHB showed much higher level of A3A editing than
the other three targets (ASCC2, ICAM3, and PRA2). To further verify editing of the six
target RNA substrates, the reporter DNA and mRNA were extracted respectively from the
cell lysates for Sanger sequencing. The sequence result confirmed that £V/2B and SDHB
had the highest edited level by A3A, with an RNA editing rate of 41.4% and 37.6%,
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respectively (Figure 1(D) and Figure S1(A)). ASCCZ, ICAMS3, and PPAZ showed modest
RNA editing activity with an RNA editing rates of 16.3%, 12.8%, and 11.5%, respectively.
Finally, SETX showed a marginal editing rate of 3.0% with statistically insignificant
compared to that of the control (1.7%) (Figure 1(D) and Figure S1(A)). The A3A editing
levels estimated by the fluorescent reporter assay correlated well with results obtained

by the /n vitro RNA sequencing approach, with a correlation coefficient RZ = 0.9000,
suggesting that this fluorescence reporter assay is appropriate for evaluating A3A-mediated
RNA editing activity (Figure S1(B)).

To investigate the relative level of A3A editing on the endogenous DNA and RNA in

cells, we selected the cellular SDHB gene, which is known to have high endogenous
expression in HEK293T cells (Figure S2(A)). We prepared both genomic SDHB DNA and
mRNA from HEK293T cells for Sanger sequencing and found no detectible editing on the
SDHB genomic DNA target site, even with the use of a uracil glycosylase inhibitor (UGI)
to suppress uracil-DNA glycosylase, which is responsible for repairing DNA mismatches
caused by C-to-U DNA mutations by APOBEC [41] (Figure S2(B)). However, we observed
high levels of editing on the SODHB mRNA target C site in both the absence and presence
of UGI treatments (% of U at C site: 34.0% and 32.9%, respectively) (Figure S2(B)). These
finding suggests that A3A efficiently edit SDHB mRNA rather than its DNA at this site
within cells. This may be due to the fact that, unlike mMRNA, genomic DNA is mostly in a
double-stranded DNA state, which means that it is relatively less likely to be edited by A3A.

A3A targeted RNA substrates are not sufficiently edited by other APOBECs

The APOBEC family of proteins in humans consists of a total of 11 members that share

a conserved cytidine deaminase motif and have significantly homologous sequences, as
well as a similar core structure consisting of a five beta-stranded sheet surrounded by six
helices (Figure S3(A)) [12, 42] Given these similarities, it was possible that other APOBEC
members might also be capable of editing the specific RNA. To examine this, RNA editing
capabilities of all 11 APOBECs were examined using a reporter based on £V/2B in our
cell-based assay, as £V/2B showed the highest editing levels by A3A (Figure 1).

The results indicated that only A3A exhibited significant fluorescence shifts from the
cytoplasm to the nucleus, with an average intensity of 0.661 as ratio of nuclear to cytosolic
fluorescence (0: cytosol - 1: whole cell), whereas all other APOBEC proteins displayed no
differences compared to the control group (Figure 2(A)). This finding was further confirmed
by Sanger sequencing analysis of the £V/2B reporter transcripts, which revealed that, except
for A3A (which exhibited a C-to-U editing rate at 43.4 %), none of the other APOBEC
members were able to edit the £V/2B site (Figure 2(B)). Western blot analysis confirmed
the expression of 10 out of 11 APOBEC proteins, except for APOBEC4 [43].The differential
expression levels of the APOBEC proteins observed may be attributed to the genotoxicity

of some of them in HEK293T cells (Figure S3(B)). The RNA substrates employed in our
cell-based fluorescent assay were specifically chosen for A3A editing, and as a result, these
RNAs may not serve as preferred substrates for editing by other APOBEC proteins due to
differences in sequence and/or structural conformations.
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A3A performs most of its RNA editing in the cytoplasm

Overexpression A3A was shown to be localized in both nucleus and cytoplasm [44, 45],

but endogenous A3A was shown to be present mostly in the cytoplasm in monocytic cells
[46]. In contrast, A3B is predominantly localized in the nucleus due to its unique N-terminal
domain surfaces, specifically the first 30 amino acids of A3B or loop 5/a-helix 3 of A3B
[47]. We hypothesized that these subcellular localizations may affect A3A-mediated RNA
editing activity, and that A3B localized in the nucleus may not perform RNA editing activity
even if its C-terminal A3B-CD2 domain shares about 92% identical amino acids with A3A
[12, 14]. To investigate this hypothesis, we evaluated RNA editing activity with constructs
that fused a strong nuclear export signal (NES) or nuclear localization signal (NLS) at the
C-terminus of either A3A or A3B, respectively.

We found that A3A-NES was capable of inducing RNA editing of the EVI2B site when
predominantly localized in the cytoplasm, with editing levels comparable to A3SA-WT
both in the reporter assay (average ratios, WT : NES = 0.622:0.619) and the cDNA
sequencing results (C-to-U editing levels, WT : NES = 42.2% : 40.1%) (Figure 3(A-C)).
However, when A3A-NLS was predominantly in the nucleus, its RNA editing activity was
significantly reduced, with an average ratio of 0.332 (P value = 0.011 vs. Ctrl) in the
reporter assay (Figure 3(B)) and C-to-U RNA editing rates of 6.6% in the sequencing
analysis (Figure 3(C)). This implies that A3A works more favorably for RNA editing in
the cytoplasmic environment (Figure 3(A-C)). It may explain why the programmable target
cytidine-specific RNA editor by A3A constructed with a strong 4x NLS has lower editing
levels and the smallest total number of off-target editing sites[48].

Contrary to our hypothesis for A3B, we were unable to detect specific RNA editing
activities by A3B when expressed either in the cytoplasm or more strongly localized only
in the nucleus (Figure 3(A-D)). This suggests that the approximately 8% different residues
of A3A and A3B-CD2 catalytic domain may play an important role in specific RNA editing
activity, or that about 3 times lower expression levels of A3B than A3A in HEK293T cells
may result in an undetectable RNA editing activity (Figure 3(E)).

A3B chimeras containing an N-terminal A3A region gain RNA editing activity

We were prompted by a fascinating question about the potential importance of specific
sequences/regions unique to A3A in determining A3A-mediated RNA editing. To investigate
this, we created A3B chimeras in which the C-terminal A3B-CD2 domain contains different
A3A fragments in order to see if any RNA editing activity can be transferred from A3A

to the A3B chimeras. Because A3B-CD?2 is highly homologous to A3A sequence, only the
two N-terminal regions (Region-1 and Region-2) with major sequence differences between
the two proteins are switched (Figure 4(A)). Three A3B chimeras were generated, Region-1,
Region-2, and Region-1&?2. In chimera Region-1 (R1), a1/loop-1 residues of A3B-CD2 are
replaced with those of A3A (A3B residues 192-214 to A3A residues 16-30); In chimera
Region-2 (R2), the B-2 residues of A3B-CD?2 are changed to those of A3A (A3B residues
227-242 to A3A residues 45-58); and chimera Region-1&2 (R1&2) combines both R1 and
R2 chimeras (Figure 4(A) and Figure S4(A)). We then tested the RNA editing activity
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of theses A3B chimeras on the efficient RNA substrates for A3A, EV/2B and SDHB,
respectively.

Interestingly, we found that R-1 showed a gain-of-function for RNA editing on both
substrates, but R-2 had no significant RNA editing (Figure 4(B-D)). However, R-1&2
showed markedly improved RNA editing levels compared to the R-1 in both the reporter
assay (Figure 4(C)) and cDNA (RNA) sequencing results (Figure 4(D)), suggesting R1
exerts a critical influence on its RNA deamination activity and that R2 has synergistic effects
to enhance R1’s RNA editing. Unlike the results for A3A-WT shown in Fig. 1, R-1 and
R-1&2 chimeras deaminated SDHB mRNA more strongly than £/V2B (Figure 4(B-D) and
Figure S4(B)), indicating that the double-domain A3B R1&2 chimera may have a slightly
different module in targeting specific RNA substrates compared to the single-domain A3A.

It is worth noting that our previous studies have shown that residues around their a1/loop-1
of A3A and A3B-CD2 are important in regulating overall DNA deaminase activity and mC
selectivity [49, 50]. In this study, we found that the a1/loop-1 residues of A3A also played

a crucial role in performing the specific A3A-mediated RNA editing activity. When the R1
region was further narrowed down, the GIGRHK (A3A residues 24-29) of A3A, which is the
loop 1 region, were identified as the most critical residues (Figure 4(C)).

When an NES peptide was fused to the C-terminus of these A3B chimera constructs, we
found that their RNA editing levels increased by about 5-20%, possibly a result of the

shift of localization from nucleus to the cytoplasmic environment (Figure S4(C)). These
results indicate that the gain of RNA editing activity by these A3B chimeras is not due to
subcellular localization, nor due to protein expression levels as they all showed comparable
expression level in the cells (Figure 4(D)). Interestingly, when the loopl region of A3A is
replaced with that of A3B-CD?2 (replacing A3A-GIGRHK with A3B-DPLVLRRRQ), this
A3A chimera behaved similarly to the inactive A3A-E72A mutant in showing no detectible
specific RNA editing activity (Figure S5), further confirming the critical role of loop1 region
of A3A for RNA editing activity.

Unexpectedly, the subcellular localization of R-1&2 (mCherry signals) was significantly
shifted from nucleus to the cytoplasm, exhibiting more pronounced changes in subcellular
localization than R-1 and R-2 alone. (Figure 4(B) and 4(E)). This finding suggests that

in addition to the nuclear localization signals present in A3B-CD1 [47], A3B subcellular
localization can be regulated by the CD2 R1 and R2 regions.

Structural and sequence context of RNA substrates for optimal A3A editing

Several previous studies reported that the A3A targets specific RNA substrates with certain
stem-loop secondary structures and sequence specificities [17, 18, 21, 30, 51]. However,
due to limitations in the design of RNA/transcripts substrates, it was difficult to thoroughly
understand the detailed characteristics of these targets for the varying editing efficiency by
A3A. Even for ssDNA deamination by A3A, a DNA stem-loop secondary structure was
shown to be the preferred substrate, which was hypothesized as the reason for hotspot
mutations in cancer mutations driven by APOBEC mutational signatures [29]. To better
understand the properties of RNA substrates for A3A editing, we scrutinized the effect
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of different parts of an RNA stem-loop structure on A3A editing using the cell-based
fluorescence reporter assay.

We compared the editing activity on the £V/2B RNA after adjusting the lengths of its loop
(LP) and stem (ST). The original £V/2B RNA target has a predicted loop length of 5 nt
(LP5) with the sequence CAUCA, where the target C is underlined. We found that the
change to LP4 (LP4, CAUC) from LP5 showed a dramatic increase of RNA editing activity
by A3A (Figure 5(A) and Figure S6(A)). Interestingly, the editing activity of the original
E/VZB LP5 was at intermediate levels between LP4 and LP3, possibly due to C-A+ wobble
base pairing in RNA stem region (CAUCA, possible C-A+ wobble base pairing underlined)
[52] (Figure 5(A)).

To investigate the effect of stem length on A3A-mediated RNA editing, we modified the
EVI2B target RNA stem length from the original 4 bp (ST4) to a range between 3 and 7 bp
(ST3-ST7). Our results showed that when the stem was shortened from ST4 to ST3, RNA
editing activity was sharply decreased to only about 30% of the ST4 level, and RNA editing
levels increased as the stem lengthened to ST7. These findings suggest that the longer stems
may form a more stable hairpin structure, and a more stable hairpin may present itself to
A3A more chance for editing (Figure 5(A)). Therefore, we conclude that an RNA hairpin
structure with a longer stem up to ST7, a loop size of 4 nt (SP4), and the target C site at the
3’ end of the LP4 show higher editing efficiency by A3A. These results are consistent with
the previous report [30].

We further examine the sequence context around the target C site on the loop for A3A
editing. The loop sequence of the original £V/2B RNA target was modified with different
nucleotides. Specifically, if the target C position is set to 0 in the LP5 sequence, we
investigated the effect of the sequences at positions -3, -2, -1, and +1 sites (Figure 5(B—C)).
Our results showed that the presence of U at the —1 position is the most crucial sequence
context for A3A targeting (Figure 5(B—C) and Figure S6(B)), which is not surprising as
A3A is known to target TC motif (target C underlined) in sSDNA [25, 53]. A recent

study reported that A3A prefers DNA substrate YTCA motif with the —2 position Y being
pyrimidine, and thus the -2 position favors C/T [27]. In our RNA editing system, however,
the -2 position shows a strong preference for A at —2 position, with the order of preference
of A>U > G > C (Figure 5(B-C) and Figure S6(B)). Although it showed that —3 position
prefers a pyrimidine () and the +1 position prefers a purine (R) (Figure 5(B)), certain
sequences at the —3 and +1 positions at both ends of the LP5 allow base-pair formation to
increase the RNA stem length by one bp (i.e. ST4 to ST5) and reduce the loop size by 2 nt
(i.e. LP5 to LP3), making it difficult to evaluate the effect of the sequence context at these
two positions in the original £V/2B RNA substrate (Figure 5(B—C) and Figure S6(B)).

To identify the most preferred RNA substrate for A3A editing, the sequences on the
modified £/V2B RNA hairpin stem (ST5) and loop (LP4) were systematically altered and
tested for A3A editing efficiency. For the stem base-pair, we find that the sequence of the
first stem base-pair adjoint to the loop matters. A CG pair showed the highest A3A editing
efficiency than other base pairs, with the order of preference of CG > UA > GC > AU
(Figure 5(D)). For the RNA loop, the —3 position no longer can form a base pair with +1 ina
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4 nt loop (LP4), and our findings indicate that the nt preference at —3 for A3A RNA editing
was in the order of C > U > G > A. The -2 position nt preference was shown to be A > U >
G > C (Figure 5(D)).

Based on the above findings on preferred substrate features for A3A editing, we made a
few hairpin RNAs containing LP4 and ST5 containing various combination of the 4 nt loop
sequences and compare the editing efficiencies on these RNAs by A3A. The results showed
a clear ranking of editing efficiency of these RNA substrates (Figure 5(D-E) and Figure
S6(C)). The preferred loop sequence was CAUC > CUUC > UAUC > UUUC (target C
sites are underlined). Additionally, the first stem base pair CG exhibits approximately 30%
higher than the UA pair (Figure 5(E)). The ranking of the six stem-loop RNA sequences as
preferred substrates for A3A editing is shown in Figure 5(F).

Prediction and validation of potential RNA targets for A3A editing

We attempted to predict potential RNA targets for A3A editing based on the RNA sequence
and structural features identified as the favored substrates for A3A editing (Figure 5(E-F)).
By searching the RNA database by inputting the 12 nt RNA sequences in the six RNA
groups (group 1-6) depicted in Fig. 5F, we identified a total of 1162 sites in the coding
region of human Refseq RNA using the NCBI Blast tool (Figure 6(A), Table S1, and

See Methods). Further analysis of these 1162 RNA target sites revealed 175 of these sites
overlap with previously reported sites [17, 18, 51], and 987 of these sites are not identified
before (Figure 6(B), Figure S7, and Table S1).

To validate the prediction of A3A editing at the predicted sites of cellular RNAs, we
selected a total of 30 cellular RNA transcripts with predicted stop-gain or non-synonymous
codon changes, including 22 novel RNAs and 8 previously reported RNAs, for examining
the endogenous RNA editing levels by sequencing analysis (Figure 6(C) and Table S2).
Our results confirmed that all 30 selected sites displayed A3A RNA editing (Figure 6(C)
and Figure S8). Consistent with our prediction, the analysis of the results showed that

the average level of A3A-induced RNA editing on the tetra-loop (LP4) sites follows the
order: CAUC > CUUC > UAUC (target C underlined)) (Table S2). Furthermore, the overall
RNA editing efficiency was higher in the presence of CG pairing in the first stem base-
pair than the UA pairing (Table S2). Additionally, the increased stability of the hairpin
structure, which arises from longer stem lengths, has a significant impact on the elevated
level of RNA editing activity. (Table S2 and Figure S9(A)). Therefore, multiple factors,
including sequence context and RNA secondary structure, are involved in determining the
A3A-mediated RNA editing activity.

Based on the known target RNA sequences for A3A as shown in the 6 RNA groups
(Figure 5(F) and Figure 6(A)), we evaluated the synonymous, nonsynonymous, or stop
codon changes following C-to-U editing by A3A in the human mRNAs that contain the
sequences of the RNA groups 1-6. Interestingly, we found that the highest proportion of
codon mutations were synonymous (approximately 80% of the codon mutations) for the
sites containing the sequence group exhibiting the highest A3A editing activity (Group-1).
The percentage of synonymous codon mutations of these mRNAs generally decreased for
less efficiently edited sites (from Group-2 to Group-6) after A3A editing (Figure 6(D)).
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On the other hand, the proportion of nonsynonymous plus the stop codon mutations of

the MRNA increased for the mRNA sequences from Group-1 to Group-6 with lower A3A
editing-efficiency (Figure 6(D)). There was an obvious positive correlation between the ratio
of synonymous codon changes and the observed relative editing efficiency among these
sequence contexts (Figure 6(E)).

DISCUSSION

DNA mutation by APOBEC deamination, if not repaired, is permanent and changes the
entire corresponding RNA transcript, which can lead to various genetic diseases, whereas
RNA editing by APOBEC is a transient event that only affects the partially edited RNA
transcript. A better understanding of RNA editing by A3A and other APOBECS is necessary
for understanding their biological functions and for developing strategies for programmable
targeted RNA editing for potential therapy [48, 54]. In this report, we characterized the
detailed features of RNA substrates for A3A editing and used that information to predict and
validate new cellular RNA targets for A3A.

It has been reported that RNA editing activity by Al plus its cofactors is generally
suppressed in the cytoplasm and occurs within the nucleus in a temporal and spatial
framework after pre-mRNA splicing and before mMRNA nuclear export [55-57]. We found
that changing A3A subcellular localization by fusion of A3A with a nuclear localization
signal (NLS) led to a significant decrease in RNA editing activity (Figure 3). This result
suggests that the primary subcellular location for A3A-mediated RNA editing is the
cytoplasm, which is contrary to that of Al plus its cofactors. However, despite the close
sequence similarities between A3A and A3B-CD2 (92% identity) [12, 14], re-localizing
A3B from nucleus to cytoplasm did not show any RNA editing activity on the £V/2B and
SDHB RNAs that are known substrates for A3A (Figure 3).

Nonetheless, an A3B chimera with its CD2 domain DPLVLRRQ peptide replaced with
GIGRHK peptide from A3A showed editing on both A3A substrates in cytosolic and
nuclear localized versions of the A3B chimeras (Figure 4(A) and Figure S4). These findings
suggest that the small sequence difference between A3A and A3B-CD2 determines RNA
editing on specific RNA targets, and that other features of A3B, such as A3B-CD1, may
influence its ability to edit RNAs in both the cytosol and nucleus of the same RNA targets,
contrary to A3A and Al in that RNA editing appears to occur primarily in the cytoplasm
or nucleus, respectively. These results also imply that A3B may also possess intrinsic RNA
editing activity on other substrates, which is consistent with a prior report of potential
association of breast cancer with RNA editing by A3B [58] and a recent BioRxiv report
describing RNA editing events by overexpression of human A3B in a mouse model [59].

Previous studies showed that A3A-mediated RNA editing prefers a stem-loop structure with
the target C at the 3’-end of the loop [17, 18, 21, 30, 51]. We performed comprehensive
analysis of the effect of the stem-loop structures and sequence context on A3A-induced
RNA editing using our cell based fluorescent assay system. Besides confirming previous
findings, we found that the first stem base-pair type and particular sequence of the loop also
had significant impact on A3A editing efficiency (Figure 5). The investigation on optimal
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single-stranded DNA sequences for interaction with A3A [27] and the latest NMR structures
of the A3A-DNA complex [60] have underscored the importance of T at —1 and A at +1 for
positioning the target C at 0. Considering the specific characteristics of our RNA sequences,
which include U at -1 and a preference for purine (G/A) at +1, it is plausible to propose that
the interaction between A3A and RNA may resemble the A3A-ssDNA interaction within the
catalytic active region. However, for a more precise analysis, it is crucial to elucidate the
A3A-RNA structure using appropriate RNA sequences.

Based on the findings on the impact on A3A editing by the sequence context of the RNA
stem-loop, we were able to predict potential cellular RNA substrates (Figure 5(F)), by
entering query sequences showing optimal RNA editing activity to search for mRNAS in

the NCBI blast tool. Our sequence-based prediction results have been validated from two
angles. First, a good fraction of the predicted RNA targets for A3A overlaps with previously
reported targets [17, 18, 51], with 987 targets that were not identified before. Second,
sanger sequencing of 30 randomly selected predicted mRNA candidates extracted from cells
over-expressing A3A all showed A3A-editing at the expected sites (Figure 6(C) and Table
S2). These results demonstrated that our prediction system is useful for identifying A3A’s
RNA targets that have not been discovered due to technical limitations of RNA sequencing
and/or limited expression of transcriptomes in certain cell types. However, as the prediction
system may deviate from the expected RNA secondary structure, especially when RNA
molecules dynamically interact and fold with their own or other RNAs /n vivo [61], it is
imperative to establish an additional system that considers the overall dynamics of global
RNA folding to achieve a more accurate prediction system. Further studies are needed to
understand the biological consequences of the RNA editing by A3A.

The analysis of potential mMRNA target sites for A3A editing showed that sequences for
higher A3A-editing groups were associated with a higher frequency of synonymous codon
changes by the C-to-U mutation (Figure 6(D-E)). Despite a high percentage of synonymous
codon changes (702 sites, 60.4%) following C-to-U mutation in these high A3A-editing
groups, there are still many sites of non-synonymous (294 sites, 25.3%) or stop-gain (166
sites, 14.3%) codon changes by A3A editing (Figure 6(D)). These findings suggest that,
while A3A specific RNA editing is used for certain biological functions, cells have evolved
a mechanism to minimize the potentially negative impact of too much mutation on the
MRNA carrying the sequences that can be efficiently edited by A3A. We performed gene
ontology analysis on a set of 460 predicted sites that exhibited codon changes to analyze
their potential biological functions or cellular pathways (Figure S9(B)). This analysis
enables the investigation of potential indirect functions of A3A through the A3A-mediated
RNA editing, such as protein de-ubiquitination or vesicular cargo loading (Figure S9(B)).
Furthermore, we utilized the NCBI ClinVar tool to analyze whether our predicted sites are
reported as mutations in patients with diseases. Out of the total 59 identified sites, most

of them exhibited likely benign or potentially clinical variations. However, three genes
(ASPM, ATM, and SDHB) were found to have pathogenic significance associated with
these mutations (Table S3). Despite showing synonymous codon changes and having a
likely benign variation of clinical significance, DDOST mRNA displayed the highest C-to-U
RNA editing in cancer patients with high endogenous A3A expression (Table S3) [51]. Our
A3A RNA editing prediction system successfully identified the DDOST mRNA site within
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Group 1, characterized by the highest editing rate (Table S1). These findings underscore
the potential of our prediction system in enhancing the understanding of RNA editing sites
associated with A3A-related diseases, including cancer.

MATERIALS AND METHODS

Transfection

The experimental methods utilized for this study involved culturing HEK 293T cells in
DMEM media supplemented with 10% FBS, streptomycin (100ug/mL), and penicillin
(100U/mL) and incubated at 37°C with 5% CO2. To achieve transfection, 8-well glass
slides (CellVis) were first coated with 0.1 mg/mL poly-D-lysine (Sigma). The cells were
then diluted to a concentration of 250,000 cells/mL to ensure a clean monolayer for
visualization during experimentation. Subsequently, 250 pL of the diluted cell suspension
was added to each well. After 24 hours of initial adherence and growth, the cells were
transfected using Lipofectamine 3000 Transfection Reagent (Thermo Fisher) and a mixture
of APOBEC editor (500ng) and substrate reporter vector (50ng) in 25uL volumes, following
the manufacturer’s recommended instructions. The plasmids used in this study have been
provided in Table S4. The mixture was allowed to sit at room temperature for 30 minutes
before 15 L was added dropwise to each well. Expression was then allowed to occur for 48
hours.

Confocal fluorescence microscopy

For live cell microscopy in these experiments, an inverted Zeiss LSM-700 confocal
microscope with a 40x water-immersion objective was utilized to provide optimal
visualization for analysis and maximum cell countability per image. Prior to imaging, cells
were washed with phosphate-buffered saline (PBS) and stained with a 5 pg/mL solution

of Hoechst 33342 nuclear stain in PBS for 15 minutes. The cells were then rinsed twice
with PBS and stored in imaging buffer (140 mM NaCl, 2.5 mM KCI, 1.8 mM CaCl,,

1.0 mM MgCly, 20 mM Hepes 7.4, 5 mM glucose). Imaging was conducted at a higher
laser intensity (15-20%) and lower gain (500-600 units) to enhance signal-to-noise ratio.
Excitation wavelengths for Hoechst 33342, eGFP, and mCherry were 405, 488, and 555 nm,
respectively, and the emission band-pass filters were set to 400-480 nm, 490-555 nm, and
555-700 nm, respectively. Approximately 3-5 images were captured for each well, and a
total of 30 cells were quantified. All image analysis was performed using the LSM Toolbox
plugin incorporated within the F1JI distribution of ImageJ2 Software. [62].

RNA/DNA extraction for Sanger Sequencing

To extract RNA, the cells were harvested and Trizol reagent (Thermo Fisher) was added
directly to the wells to lyse the cells. The manufacturer’s protocol for Trizol was followed,
with the addition of 50 uL of chloroform and the extraction of approximately 40 L of

the aqueous phase. Total RNA was then reverse transcribed into single-stranded cDNA
using ProtoScript 11 reverse transcriptase (NEB) and a specific primer designed to anneal
downstream of substrate reporter segments. The reaction was conducted in a 20 uL volume,
which contained 1 pg of total RNA, 100 uM of reverse primer, 10 mM dNTP, 0.1 M DTT,
8 U RNase inhibitor, and 0.2 pL of ProtoScript 11 reverse transcriptase (NEB), at 42°C for
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1 hour. The cDNA was amplified with Phusion® High-Fidelity DNA Polymerase (NEB) for
30 cycles (98°C: 2.5 min - (98°C: 20s, 71.7°C: 20s, 72°C: 30s)x30 - 72°C: 5 min) using a
forward primer that anneals to the junction region where the AAV intron was spliced out.
To extract DNA, harvested cells were treated with approximately 100 uL of QuickExtract™
DNA Extraction Solution (Lucigen), vortexed, and incubated at 65 °C for 15 minutes,
followed by 2 minutes at 98°C and cooled to 4°C. 1 uL of the extracted DNA was used in

a PCR reaction with Phusion® High-Fidelity DNA Polymerase (NEB) and a forward primer
that targets a region containing the AAV intron. The PCR reaction was performed using the
same cycle as the cDNA amplification. The final PCR products were purified using a spin
column PCR cleanup kit (Thermo Fisher) and submitted to Genwiz for Sanger sequencing.

Western blot and antibodies

To assess the expression levels of FLAG-tagged APOBECs in cells, Western blot analysis
was performed. Cells were lysed using 1x RIPA buffer (Sigma) to prepare lysates. The
Western blot analysis was carried out from two independent transfections, and a-Tubulin
was used as an internal loading control. Primary antibodies used in this analysis included
anti-FLAG M2 mAb (F3165, Sigma) diluted 1:3,000 and anti-a.-tubulin mAb from mouse
(GT114, GeneTex) diluted 1:5,000. A secondary antibody, Cy3-labelled goat-anti-mouse
mAb (PA43009, GE Healthcare) was subsequently used. The Cy3 signals were detected and
visualized using the Typhoon RGB Biomolecular Imager (GE Healthcare).

Prediction of potential target RNA candidates for A3A editing

A Python script was utilized to generate stem-loop sequence queries using the arrangements
package, as detailed in Figure S10. Briefly, a sequence corresponding to N x N x N was
determined for each group, and the complementary sequence was automatically assigned

to obtain the opposite stem (e.g., A-U, C-G, G-C, and U-A), resulting in 64 queries per
group (4 x 4 x 4 = 64). A total of 384 queries (64 x 6 groups = 384) were generated

for the six groups. These queries were utilized to search for Refseq RNA sites with a

100% match on NCBI Blastn (https://blast.nchi.nlm.nih.gov/Blast.cgi). The parameters used
were as follows: “Blastn -db refseq_rna_db/refseq_rna -query stem_size 4.fa -strand ‘plus’
-evalue 1000-word_size 7 -taxids 9606 -perc_identity 100 -qcov_hsp_perc 100 -outfmt “6
delim = gaccver stitle saccver pident length sstart send’ -out stem_size_4 -num_threads

4”. To obtain the data presented in Table S1 (or the results in Figure 6(A)), we extracted

the coding sequence (CDS) features of mMRNA from the search results and subsequently
removed any overlapping sites.

Analysis tools

In this experiment, all graphs were generated using GraphPad Prism 9, and statistical
significance was evaluated using a two-tailed Student’s t-test implemented in GraphPad
Prism 9. To predict the RNA secondary structures for the local RNA region, we employed
the RNAstructure software [63, 64]. Gene ontology analysis was conducted on http://
geneontology.org/. Analysis of mutation-related diseases was performed by inputting all
predicted sites into NCBI ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) for verification
(Table S3).
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Highlights

. APOBEC3A exhibits unique and specific RNA editing activity distinct from
the other APOBEC family members, and this activity primarily takes place in
the cytoplasm.

. APOBEC3B chimeras containing APOBEC3A-loop1 region are capable of
RNA editing activity on APOBEC3A’s RNA substrates.

. Specific RNA sequence contexts in stem-loop structures significantly affect
APOBEC3A-mediated RNA editing efficiency, and this knowledge can be
used to predict and validate novel RNA targets.

. The observed trend of increased synonymous mutations at sites with higher
APOBEC3A-induced RNA editing efficiency suggests the potential impact on
evolutionary adaptation.

J Mol Biol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

A

Editor | e | APOBEC |

Page 18

Localization-based reporter

—
Reporter | eGFP |-
AAV Intron +—REV
JUNC
48nt APOBEC | RNA EDITING
Protein |G RLHRSVFLIFLRD&-\

RNA (ASCC2) Transcript AAG CGC CUC CAU CGA AGU GUU UUU cuc

Deaminated RNA Transcript AAG CGC CUC CAU UGA AGU GUU UUU CUC

Editor

E
@
£
Qo
E

C n=30

ASCC2 EVI2ZB  ICAM3 PPA2 SDHE SETX

Mean: 0248 0.362 0.228 0612 0234 0329 0250 0328 0228 0459 0.229 0266

1.2+

1.0

Ratio of Nuclear to
Cytosolic Fluorescence

EEE R * ¥ R ns

s r— 1 r—1 r—1 11 [

% of Reads at Target Site

ICAM3 PPA2

EVI2B SDHB SETX

100 = ™
80+ ;

m
60— |

404

20+

B
\s‘vy Sl &‘y B RaFdar o Dafadar b oSaFadap
CROY WO R RO RGO
Pk ¥ ¥ ¥ ¥
SHEE SFEE ST ST T oHE

Figure 1. A sensitive cell-based fluorescence analysis and sequencing method confirms A3A-

mediated specific RNA editing.

(A) Design of specific RNA editing by APOBEC proteins using a sensitive cell-based
fluorescence assay. The editing vector contains APOBEC protein (A3A in this case) and
mCherry protein for transfection validation at the C-terminus following the self-cleaved
T2A peptides. The reporter vector is labeled with eGFP containing 48 nt target RNA,
and the expressed reporter protein is localized in the cytoplasm by a strong MAPKK
NES signal. When the target RNA is generated with an early stop codon due to C-to-U
deamination by the editor (A3A), the reporter eGFP can be localized throughout the cell,
including the nucleus (right panel). (B) Confocal microscopy images show eGFP and
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mCherry signals by co-transfection of the editor vector (A3A in this case) and each reporter
vector. (Scale bar: 10um). (C) Quantification of eGFP nuclear/cytoplasmic fluorescence
ratio change indicates A3A-mediated target C-to-U editing levels. Statistical significance
was calculated by unpaired two-tailed student’s t-test with P-values represented as: P >

0.05 = not signifcant; ns, ** P < 0.01, *** P < 0.001, and **** P < 0.0001. (D) Sanger
sequencing data of the nucleotides % ratio at the target C site analyzed from DNA and RNA,
respectively. The nucleotide percentage was quantified by the area of each nucleotide in the
sequencing chromatogram.
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Figure 2. C-to-U RNA Editing on EVI2B RNA substrate by all APOBEC family members.
(A) Quantification of EVI2B RNA editing by all other APOBEC proteins using the eGFP

nuclear/cytosolic ratio change assay. Data are represented as mean values + SD indicated
by dots (n=30 cells). Statistical significance was calculated between control (Ctrl) and each
APOBEC protein by unpaired two-tailed student’s t-test with P-values represented as: P

> 0.05 = not significant; ns, and **** P < 0.0001. (B) Quantification of the nucleotide
distribution at £V/2B target C site analyzed by RNA (cDNA) sequencing. Only A3A, but
not other APOBEC proteins, edits the £V/2B target C site.
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Figure 3. A3A-mediated RNA editing primarily occurs in the cytoplasm.
(A) Representative fluorescence images of HEK293T cells co-transfected with the editor

vectors (A3A-WT, A3A-NES, A3A-NLS, A3B-WT, A3B-NES, and A3B-NLS) labeled
with mCherry and the EVI2B reporter vector labeled with eGFP. The reporter protein
localization indicates RNA editing activity, and the nuclear periphery is stained with
Hoechst 33342 (scale bar: 10 um). The reporter and editor vectors are described in the
cartoons above the image panel. (B) Quantification of the subcellular localization of the
eGFP reporter (Nuclear/Cytosolic ratio). Statistical significance was indicated without a
scale for comparison with Ctrl, and comparison with each wild type was indicated with
scales. (C) Nucleotide sequencing distribution on the target £V/2B C site to analyze C-to-U
editing levels. (D) Quantification of subcellular localization of each mCherry-labeled editor.
(E) Western blot showing ectopic transient expression of A3A/B in HEK293T cells. Relative
expression intensities were quantified as mean values + SD in duplicate independent
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experiments (n = 2) and normalized to Tubulin endogenous loading control. Statistical
significances in (B) and (D) were calculated by unpaired two-tailed student’s t-test with
P-values represented as: P > 0.05 = not significant; ns, * 0.01 < P < 0.05, and **** P <
0.0001.
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Figure 4. Specific RNA editing activity of A3B chimeras containing short A3A N-terminal
peptide sequences.

(A) Schematic descriptions of A3B chimera editor vectors (right panel, A3B-A3A-R1/-R2/-
R1&2) and RNA secondary structures of the reporter substrates (left panel, £V/2B and
SDHB, marked red as target C site). (B) Cell fluorescence images showing the subcellular
localization of eGFP indicating RNA editing activity of the EVI2B and SDHB reporters and
each editor’s localization labeled with mCherry. Nuclear periphery is stained with Hoechst
33342 to distinguish nuclear and cytoplasmic regions (scale bar: 10 um). (C) Quantification
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of the subcellular localization of the eGFP reporter (Nuclear/Cytosolic ratio). Data are
represented as mean values + SD indicated by dots (n=30 cells). (D) Nucleotide sequencing
distributions on the target C site on £V/2B and SDHB to measure C-to-U editing levels.
(E) Quantification of subcellular localization of each mCherry-labeled editor (A3B-WT,
A3B-A3A-R1/-R2/-R1&2). Data are represented as mean values = SD indicated by dots
(n=30 cells). Statistical significances in (C) and (E) were calculated by unpaired two-tailed
student’s t-test with P-values represented as: P > 0.05 = not significant; ns, * 0.01 <P <
0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.
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Figure 5. Structural and sequence features for optimal A3A-mediated RNA editing events.
(A) Relative A3A-mediated RNA editing activity with the C-to-U editing level of £/V2B

set to 100% according to change in loop length and stem length, respectively. The predicted
secondary structure is shown as schematic diagrams in the upper panel, with target C shown
in red and the modified sequence in blue, respectively. The predicted Gibbs free energy
was calculated when forming the secondary structure of the 48nt substrates and indicated

in kcal/mol value. (B) Relative editing levels shown as heatmaps according to sequence
modifications around target C (-4, -3, -2, -1, and +1) of EVI2B substrate. Predicted RNA
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secondary structures are indicated on the left, lines indicate RNA double-helix and dotted
line indicates possible C-A+ wobble base pairing. (C) Quantification of RNA editing level
by A3A due to sequence variations surrounding target C region of £V/2B. The editing
levels were represented by the ratio of U distribution at the C site quantified by Sanger
sequencing results. (D) Measurement of RNA editing in response to sequence variations
around target C in the modified tetraloop and stem 5 of £V/2Band (E) by combining the
sequences of the top two preferred targets at each position. The relative editing efficiencies
were represented in bar graphs, and the quantified editing levels of target C were indicated
by heat maps. The sequence changes were represented by blue shading, and target C was
depicted in red shading. (F) Groups and cartoon depictions of preferred sequences at each
position surrounding target C.

J Mol Biol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Group-1: NNNC(CAUC)GNNN
Group-2: NNNC(CUUC)GNNN

Group-3: NNNU(CAUC)ANNN  RefSeqRNA  Number of
Group-4: NNNC(UAUC)GNNN (Coding region”.

Group-5: NNNU(CUUC)ANNN

Page 27

B RNA editing in coding sites
n=1162
Prediction through sequence blast ypoxia ge
Stem Loop Stem This study Sharma et al. (2015)

NCBI Human
sites in CDS
by CDS feature) 1162

n=47 n=2787

Group-6: NNNU(UAUQ}ANNN Cancer HEK293T
12t High-A3A A3A overexpression

Jalili et al. (2020) Sharma et al. (2017)

60~ Sequencing results from RT-PCR obtained HEK293T-Ctrl
E from endogenous transcripts in HEK293T cells . HEK293T-A3A
50~ {

30+

RNA editing (% of U at Target C site)

20+ E E E } i E ] }
R ng 'y
10+ i i .
i LN |
c L | ] ) ‘\l. I I I 1 ) L] I. ) ) 1 ) L] I. ] L L] I L] L) 1 L] I ] L L] I .i
LR - 2 * RN D0 o QD > Sy i) N A R R0
F o SN A FAOD® NSO PFTHILS o NI LI N 2
FEEFDFLORS ST T LTS 7g R LT SO E P&
¢ Tse R «z‘gg T e‘go:&-“qys Q&O \}:: ¥ &o§§‘§‘° P SO &
) <
L | | | | |
Y(CAUC)R Y(CUUC)R Y(UAUC)R
e - - o
n=3 & 5 g § & ¢ E
8 > 100] A*=0.5490 _
£ @ g0 ..3‘“”“"
E 3 ] CICUUCHE
. PP
H e UCU.UC% U(CAUCH.
§ E 40 LYUALIC: __.r:(u&i.lcﬁ
5 o *
= o 204
ag p
Qosﬁ" g T O sy
& & % <& 0 20 40 60 80 100
o\dr o \'.95’9 c}-‘)?o 0@9" Q\J Relative editing level (%, set C(CAUC)G at 100%)

Editing activity: High Low

Figure 6. Prediction and validation of novel RNA editing sites on cellular mRNA.
(A) Identification of A3A-mediated RNA editing candidates in human transcripts

corresponding to six optimized sequence groups. Inputting query sequences corresponding
to each sequence group using the NCBI Blast tool to predict potential editing sites by A3A
in coding regions. (B) Venn diagram showing the comparison between previous studies and
the candidate group of this study [17, 18, 51]. The regions corresponding to each study are
indicated in different colors. (C) Quantification of A3A-mediated RNA editing efficiency
of 30 predicted sites in endogenous transcripts from HEK 293T cells. Overlap sites with
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the previous studies indicated in gene names from Sharma et a/. (2015) Nature comms.t
[17] and Sharma et a/. (2017) RNA Biology™* [18]. (D) The rate of codon changes at sites
corresponding to each sequence group by C-to-U editing. The number of sites retrieved in
each group is indicated above the bar graph, with synonymous in blue, nonsynonymous in
orange, and stopgain in red. (E) Correlation of the ratio of synonymous codon variants in
each sequence group to the relative RNA editing level measured in Figure 5(E).
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