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Abstract

The SARS-CoV-2 RNA vaccines are smartly designed to increase the synonymous codon usage by introducing multiple
U-to-C mutations. This design would elevate the translation efficiency of vaccine RNAs. However, we found evidence to
reason that the designed cytidines might be converted to uridines again by C-to-U RNA deamination in host cells. This
C-to-U mechanism might be a main factor that affects the efficacy and safety of RNA vaccines.
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Introduction

C-to-U RNA editing is a widespread mechanism in eukary-
otes that modifies the cellular RNA by changing cytidines to
uridines (Chu and Wei 2019b; Duan et al. 2023; Rajasekhar
and Mulligan 1993). It is believed that the editing enzymes
APOBEC:s are designed for restricting exogenous viruses
(Harris and Dudley 2015), but to what extent the viral RNA
is edited remains unclear.

Under this global COVID-19 pandemic, the emergence
of SARS-CoV-2 vaccines contributed a lot to reducing the
casualty and controlling the pandemic. One of the success-
ful vaccines is the RNA vaccine. Generally, the design of
SARS-CoV-2 RNA vaccines was to introduce multiple U-to-
C mutations to the viral sequence in order to increase the
synonymous codon usage and translation efficiency.

Synonymous codon usage is also a ubiquitous phenom-
enon existing in all living organisms (Chu and Wei 2021;
Yu et al. 2021; Zhou et al. 2016). C/G-ending codons are
generally favored by the hosts and have faster translation
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rates than the A/T(U)-ending codons (Chu and Wei 2019a;
Li et al. 2021). Therefore, the U-to-C transition in vaccine
sequences is a smart design that could elevate the translation
efficiency of vaccine RNAs.

In this study, we would first acknowledge the suc-
cess of the design of two RNA vaccines: mRNA1273 and
BNT162b2. Then, we reason that the designed cytidines
might be converted to uridines again by the cellular C-to-U
RNA deamination system. This C-to-U mechanism sheds
concerns on the efficacy and safety of RNA vaccines.

Results

The successful design of two SARS-CoV-2 RNA
vaccines

The efficacy and safety of two SARS-CoV-2 RNA vaccines
mRNA1273 (Baden et al. 2021) and BNT162b2 (Polack
et al. 2020) has been previously reported. In this brief piece,
we will first acknowledge the successful design of both RNA
vaccines and then raise a concern that might complicate the
efficacy and safety of RNA vaccines.

We obtained the two SARS-CoV-2 RNA vaccine
sequences via https://github.com/NAalytics/Assemblies-
of-putative-SARS-CoV2-spike-encoding-mRNA-seque
nces-for-vaccines-BNT-162b2-and-mRNA-1273/blob/
main/FigurelFigure2_ 032321 .fasta. Generally, when we
aligned the sequence of the reference S gene with the two
RNA vaccine sequences (Fig. 1A), we would obtain the
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“Reference-Vaccine” differences: which are the nucleotides
in vaccine sequences that are different from the reference S
gene sequence. By looking at these Reference-Vaccine dif-
ferences, we found that the design of the two vaccines has
the following merits.

(1) Most (1171/1325=288.4%) of the Reference-Vaccine
differences in CDS are synonymous substitutions
(Fig. 1B) so that the amino acid sequence of spike pro-
tein is largely maintained. Only a few necessary amino
acid changes are made

Most (1115/1171=95.2%) of the synonymous substi-
tutions increase or maintain the GC content (Fig. 1C).
That is to say, when one calculates the relative synony-
mous codon usage (RSCU) of the reference codon in
S gene and the codon in vaccines (Fig. 1D), one would
find that the codons in vaccine sequences are optimized
compared to the reference codons (Fig. 1E and F). This
ensures the high translation efficiency and protein pro-
ductivity of vaccine RNAs

2

Potential concerns caused by cellular RNA editing

However, despite the smart design of the vaccine sequences,
there are potential concerns that might complicate the effi-
cacy and safety of both vaccines. The concern comes from
a ubiquitous molecular mechanism called RNA editing or
RNA deamination that alters nucleotide sequence at RNA
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level. Although the accuracy of identifying RNA editing
sites in SARS-CoV-2 remains a challenging task (Di Giorgio
et al. 2020; Martignano et al. 2022; Zong et al. 2022), it is
almost widely accepted that RNA editing indeed exists in
the SARS-CoV-2 sequences (Liu et al. 2022; Picardi et al.
2021; Simmonds 2020; Song et al. 2022). There is even a
notion that “nothing in SARS-CoV-2 makes sense except in
the light of RNA deamination” (Zhao et al. 2022) because
the RNA editing mechanism participated in every aspect of
SARS-CoV-2 including sequence divergence and popula-
tion genetics (Li et al. 2020a, b; Zhang et al. 2021). As a
speculative support to the RNA editing in SARS-CoV-2,
we reproduced a result that the majority of the mutations in
millions of world-wide SARS-CoV-2 sequences (retrieved
from literature (Zhu et al. 2022)) are C > T sites (Fig. 2A),
representing the host-mediated C-to-U RNA editing. The
C-to-U editing is inevitable in host cells so that the vac-
cine RNAs like BNT162b2 and mRNA1273 might also be
subjected to this modification when transported into cells.
Notably, as most of the substitutions in vaccine design are
T > C sites (Fig. 1C); then, the rampant C-to-U editing might
reverse the Cs to Us, making the design futile.

Although this undesired situation (the C-to-U edit-
ing on the designed Cs in vaccine RNAs) has not been
directly observed, this possibility could be reflected from
another angle. In the millions of world-wide SARS-CoV-2
sequences, if one looks at the allele frequency (AF) on syn-
onymous sites, it turns out that the A> C AF is significantly
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Fig.2 Potential concerns on the two RNA vaccines. (A) Cumulated
allele frequency (AF) of polymorphic sites in millions of world-
wide SARS-CoV-2 strains. (B) Comparison between AF of A>C
and A>T synonymous mutations. P value from Wilcoxon rank sum
test. (C) Comparison between AF of G>C and G>T synonymous
mutations. P value from Wilcoxon rank sum test. (D) Point-to-point
demonstration of the AF of synonymous mutations in previous pan-

lower than the A>T AF (Fig. 2B), and similarly, the G>C
AF is significantly lower than the G>T AF (Fig. 2C). The
natural selection acting on synonymous mutations is much
weaker than the selection force acting on missense mutations
so that the AF of synonymous sites would more faithfully
mirror the mutation rate. A > C and A > T are both transver-
sions and should have similar occurrence rates. A plausible
explanation for the lower AF in A > C than A>T is that the
Cs is converted to Ts via C-to-U RNA editing. The same
goes for the difference between G > C and G > T (Fig. 2D).

Moreover, the mutation spectrum is dynamic. At a par-
ticular time-point, one could calculate the “delta N> T
— N> C” allele frequency to represent the discrepant AF
between A>T+ G> T mutations and A>C+ G > C muta-
tions (Fig. 2E). If C-to-U RNA editing converts Cs to Us
at these A>C or G> C sites (like secondary hit), then the
“delta N>T — N> C” value should be correlated with the
observed AF of C>T mutations (which represents the
strength of C-to-U editing). Strikingly, from August 2021
to February 2022, the “delta N>T — N> C” is highly corre-
lated with the AF of C> T mutations (Fig. 2F). This suggests

els. (E) Illustrating the definition of “delta N>T — N> C” allele fre-
quency. (F) The dynamic change of C>T allele frequency (red) and
the “delta N>T — N> C” allele frequency (blue) from August 2021
to February 2022. (G) Comparison between AF of A>C and A>T
missense mutations. P value from Wilcoxon rank sum test. (H) Com-
parison between AF of G>C and G> T missense mutations. P value
from Wilcoxon rank sum test

that C-to-U editing might have converted Cs to Us on the
already-mutated A > C and G > C sites.

Potential C-to-U editing on missense mutation sites
raises concerns on safety problems

Notably, we try to distinguish the two terminologies “effi-
cacy” and “safety”. “Efficacy” is commonly more related
to the gene expression ability or RNA translation efficiency
(and therefore related to codon usage). However, “safety”
should be connected to qualitative changes caused by mis-
sense mutations. Thus, we also looked at missense mutations
in SARS-CoV-2. AF of A > C sites was significantly lower
than AF of A>T sites (Fig. 2G); AF of G> C sites was
significantly lower than AF of G> T sites (Fig. 2H). These
patterns were similar to what we observed for synonymous
sites (although the AF of missense sites was globally lower
than AF of synonymous sites). Again, it is compelling evi-
dence suggesting that the Cs in the SARS-CoV-2 sequences
have been extensively converted to Ts (Us), presumably by
APOBEC-mediated C-to-U RNA editing.

@ Springer
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Discussion

We have listed two major facts: (1) the main design of BNT162b2
and mRNA1273 RNA vaccine is to change many Ts (Us) to Cs at
synonymous sites to facilitate RNA translation, (2) on the other
hand, C-to-U RNA editing by APOBECS is rampant and inevita-
ble for the SARS-CoV-2 RNAs in host cells. Based on these two
facts, it is intuitive to concern that the designed T > C changes in
vaccine RNAs might be reversed by C-to-U RNA editing.

The “restorative effect” of C-to-U editing not only makes
the vaccine design futile but also incurs a series of concerns on
the safety and efficacy of RNA vaccines. When BNT162b2 or
mRNA 1273 were transported into host cells, the sites subjected
to C-to-U editing are random and unpredictable. Stronger C-to-
U editing restores more T > C sites, weakening the effect of the
vaccines. If the protein produced from “intact vaccine RNA
sequence” is fully secure and efficient, then the final safety
and efficacy of vaccines depends on the APOBEC activity in
an individual or a particular cell. This largely complicates our
estimation on the effectiveness of vaccines. It is possible that
the variable responses of different individuals vaccinated by
mRNA1273 (Baden et al. 2021) and BNT162b2 (Polack et al.
2020) are partially due to the difference in APOBEC activity
and the extent of C-to-U RNA editing.

Indeed, the key statement of our article remains speculative as
we have not yet known the frequency of C-to-U editing in vac-
cinated cells. However, cellular (endogenous) mRNA editing by
APOBEC:sS, especially APOBEC3A, has been, so far, reported
by several studies (Sharma and Baysal 2017; Sharma et al. 2017,
2015). The C-to-U editing levels in human cells mostly ranged
between 5 and 40% (Sharma et al. 2015). If this editing percent-
age roughly reflects the editing status of vaccine RNAs, then the
efficacy of vaccines might be largely reduced. Fortunately, not
every C in an RNA is editable. For example, APOBEC3A typi-
cally edits a C in the CAUC* tetra-loop flanked by several palin-
dromic nucleotides (Sharma et al. 2015). This fact might reduce
the damage of RNA editing to the vaccine RNAs. Nevertheless,
as long as in vivo C-to-U RNA editing exists, its potential effect
on SARS-CoV-2 vaccines should not be ignored.

In summary, the efficacy and safety of SARS-CoV-2 vac-
cines mRNA1273 and BNT162b2 might be complicated by
rampant C-to-U RNA editing. This naturally occurring RNA
modification is inevitable and should not be ignored when
evaluating the RNA vaccines.

Materials and methods
Data acquisition

The vaccine sequences were downloaded from the follow-
ing link: https://github.com/NAalytics/Assemblies-of-putat
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ive-SARS-CoV2-spike-encoding-mRNA-sequences-for-
vaccines-BNT-162b2-and-mRNA-1273/blob/main/Figur
elFigure2_032321.fastaThe time-course SARS-CoV-2 pop-
ulation data were retrieved from literature (Zhu et al. 2022).

Statistical analysis

All statistics and graphical works were done in the R envi-
ronment (version 3.6.3).
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