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The COVID-19 pandemic is a global health crisis. Moreover,
emerging mutated virus strains present an even greater challenge
for existing vaccines and medications. One possible solution is to
design drugs based on the properties of the virus epigenome.

As a Food and Drug Administration (FDA)-approved drug for
myelodysplastic syndrome [1], 5-Azacytidine (5Aza) is a structural
analog of cytidine (Fig. S1 online), and has been established as a
potent inhibitor of DNA methylation, both in preclinical models
and in cancer patients [2]. Besides, due to substitution from carbon
to nitrogen in cytidine, 5Aza can inhibit cytosine methylation at
the C5 position (m5C) within RNA by sequestrating m5C RNA
methyltransferases (m5C-RMT) [3,4]. It exhibits antiviral effects
against several viruses [5,6]. However, whether 5Aza inhibits
SARS-CoV-2 infection by targeting m5C RNA methylation is
unknown.

We first examined the anti-SARS-CoV-2 activity of 5Aza in Vero
E6 and Calu-3 cells. The results showed that the half maximal inhi-
bition concentration (IC50) and half cytotoxic concentration (CC50)
values of 5Aza in Vero E6 cells were 6.99 and 142.70 lmol/L,
respectively, with the selectivity index (SI) of 20.41 (Fig. 1a). In
Calu-3 cells, the IC50 and CC50 values of 5Aza were 2.63 and
25.40 lmol/L, respectively (SI = 9.66) (Fig. 1b). The data suggests
that the IC50 values of 5Aza are higher than those of Remdesivir
(IC50 = 1.70 and 2.28 lmol/L in Vero E6 and Calu-3 cells, respec-
tively; Fig. S2 online), a known anti-SARS-CoV-2 drug. 5Aza antivi-
ral activity was further confirmed by indirect immunofluorescence
assay (IFA), with Remdesivir as a positive control (Fig. S3 online).
To define the specific step of virus infection inhibited by 5Aza, a
time-of-addition assay was performed (Fig. S4a online), which
showed that 5Aza functioned after virus entry (Fig. S4b–d online).

We then evaluated the antiviral effect of 5Aza in BALB/c mice,
using a mouse-adapted SARS-CoV-2 (MA-SARS-CoV-2) [7]. Mice
were intranasally challenged with MA-SARS-CoV-2, followed by
intraperitoneal administration of 5Aza at 2 mg/kg body weight at
1 d post-infection (dpi), once daily for 7 consecutive doses. Remde-
sivir (25 mg/kg, once daily for 7 consecutive doses) was used as a
positive control. As shown in Fig. 1c, at 2 and 3 dpi, mice in the
5Aza-treated group lost less weight than the control- and Remde-
sivir-treated infection groups. Mice in the 5Aza- and Remdesivir-
treated infection groups started to regain body weight at 8 and 7
dpi, respectively, and recovered to more than 90% of initial body
weight at 14 dpi. Besides, at 4 dpi, 4 mice died in the control infec-
tion group, and 2 mice became moribund (defined as 30% loss of
body mass). Comparatively, only 1 mouse died and 1 was mori-
bund in the 5Aza- (5 dpi and 10 dpi, respectively) and Remdesivir-
(4 dpi and 5 dpi, respectively) treated groups. The data indicated
that 66.7% of mice survived in the 5Aza- and Remdesivir-treated
groups, while none survived in the control infection group
(Fig. 1d). The viral RNA copy number in the lungs of virus-infected
mice was significantly decreased in 5Aza- and Remdesivir-treated
groups (Fig. 1e). Moreover, histological examination revealed
remarkable amelioration of lung damage at 4 dpi in the 5Aza-
and Remdesivir-treated infection groups compared with that in
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Fig. 1. Azacytidine targets SARS-CoV-2 RNA to inhibit virus infection. Vero E6 and Calu-3 cells were infected with SARS-CoV-2 at a multiplicity of infection (moi) of 0.2 in the
presence of different doses of azacytidine. At 24 h post-infection, cell supernatants were collected. (a, b) IC50 and CC50 were calculated by detecting viral RNA with
quantitative real-time PCR (qRT-PCR) and CCK-8 assay, respectively. (c–e) The anti-SARS-CoV-2 effect of azacytidine in vivo. 8 weeks old female BALB/c mice were randomly
divided into 3 groups with 10 mice per group. Mice were intranasally challenged with 4� 103 plaque forming unit (PFU) MA-SARS-CoV-2 in 50 lL Dulbecco’s modified Eagle’s
medium (DMEM) or equal DMEM. At 1 dpi, mice were intraperitoneally injected with either 2 mg/kg 5Aza, 25 mg/kg Remdesivir, or an equivalent volume of sterile saline,
once daily for seven consecutive doses. (c) Body weight was measured daily for 14 d; mice with 30% body weight loss were considered moribund and euthanized. (d) The
survival rates of mice (n = 6). (e) At 4 dpi, 4 mice per group were euthanized to detect viral RNA copy numbers in lungs, and data are presented as values relative to the
control. (f) The pseudo m5C locations indicated incorporated azacytidine. Vero E6 cells were infected with 1 moi SARS-CoV-2 in the presence of 10 lmol/L 5Aza or saline. After
12 h, total RNA was isolated and a comparison of 5Aza-treated viral RNA with the control using bisulfite sequencing was performed; the non-overlapping points are pseudo
m5C locations that indicate where 5Aza was incorporated. (g) RNA-BSseq identified m5C locations in the SARS-CoV-2 genome. There were at least 5 methylation-supporting
reads per point. Data are averaged from 3 technological repeats. (h) RNAs of cells infected with SARS-CoV-2 (treated with 5Aza or untreated) were subjected to nanopore
direct RNA sequencing. (i) Vero E6 cells were transiently overexpressed with DNMT2, NSUN2, or GFP; 24 h later, cells were infected with 0.1 moi SARS-CoV-2. After 24 h, the
supernatant was collected for viral RNA detection by qRT-PCR, and cells were lysed and subjected to western blotting. (j) Vero E6 cells were transfected with 100 lmol/L
siRNA targeting NSUN2, DNMT2, or negative control siRNA; 48 h later, cells were infected with 0.1 moi SARS-CoV-2. After 30 h, viral RNA in the supernatant was detected by
RT-PCR, and cells were lysed for western blotting. (k) Vero E6 cells transiently overexpressing DNMT2, NSUN2, or GFP with a hemagglutinin (HA) tag were infected with 0.2
moi SARS-CoV-2 for 20 h, either in the presence of 16 lmol/L 5Aza or not. Lysates were prepared and split for incubation with mouse anti-HA antibody. Co-precipitated RNA
was analyzed by qRT-PCR. The level of viral RNA amplicon was determined as the percentage of input (1% of lysate) (left); the expression of indicated protein and products of
immunoprecipitation (IP) was validated by western blotting (right). Data are presented as mean ± standard deviation and analyzed using Student’s t-test or one-way analysis
of variance (body weight change); Log-rank test was used to analyze the significance of survival differences. * P < 0.05, ** P < 0.01, *** P < 0.001.
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the control infection group (Fig. S5 online). Pieces of evidence from
previous studies have shown that cytokine storm may be one of
the important factors in SARS-CoV-2 pathogenicity. Compared
with the control group, 5Aza treatment reduced expression of sev-
eral pro-inflammatory factors induced by SARS-CoV-2, such as
interleukin (IL)-6, tumor necrosis factor (TNF)-a, interferon (IFN)-
c, and IL-1b, all reported to be closely related to severe SARS-
CoV-2 infection (Fig. S6 online). However, certain antiviral genes,
such as IFN-b, ISG15, ISG56, and RSAD2, were not remarkably
altered by 5Aza treatment. Reduced pro-inflammatory response
may be one of the important reasons why 5Aza treatment can pro-
tect mice from a lethal SARS-CoV-2 attack. In clinical trials, hema-
tological toxicity (anemia, neutropenia, and thrombocytopenia)
was the most commonly occurring adverse event in azacytidine
recipients. However, in the present study, these adverse events
were not observed (Fig. S7 online). This may be due to the shorter
duration of drug treatment (tested in 4 dpi and 14 dpi) than that in
clinical settings (7 d of treatment for each 28-d treatment cycle, for
multiple cycles). According to the above results, 5Aza could inhibit
SARS-CoV-2 infection both in vitro and in vivo, and a lower dose of
5Aza (2 mg/kg) might achieve the same therapeutic effect as a
higher dose of Remdesivir (25 mg/kg).

Once 5Aza is introduced into the cells, it becomes enzymatically
phosphorylated into 5Aza triphosphate (5Aza-CTP), which is ran-
domly incorporated in the place of cytosine in nascent RNA, as
RNA polymerases do not discriminate CTP from 5Aza-CTP [8]. Here,
through high-resolution mass spectrometry analysis, RNA incorpo-
rated with 5Aza was found to be steadily increased around 40-fold
with a short-period 5Aza treatment (Fig. S8 online). We then
addressed whether 5Aza could be incorporated into viral RNA. Tak-
ing advantage of the fact that 5Aza is unable to be converted to
uracil under bisulfide, we developed a new method named 5Aza-
BSseq that identifies the location where 5Aza is incorporated
(Fig. S9 online). By comparing the 5Aza-treated viral RNA with
the non-treated control, the observed different pattern suggested
efficient incorporation of 5Aza into SARS-CoV-2 RNA (Fig. 1f). It
has been reported that 5Aza can lead to lethal mutagenesis to inhi-
bit influenza virus replication. However, we found consistent
mutations and comparable mutation rates in the viral RNA propa-
gated in 5Aza-treated or control cells (Supplementary Table 1
online), excluding the role of 5Aza-induced lethal mutagenesis in
anti-SARS-CoV-2.

As RNAs containing 5Aza at the precise target sites of specific
m5C-RMTs will inhibit m5C RNA methylation, it was interesting
to determine if 5Aza incorporation would influence m5C methyla-
tion of viral RNA. We first explored whether m5C methylation of
viral RNA exists. However, it is difficult to reliably measure the
m5C sites due to the mismatch errors induced by random priming
in methodologies such as RNA bisulfite sequencing. We sought to
develop an optimized approach to avoid the random primer inser-
tion into the sequenced fragments, minimizing the false positive
rate (Fig. S10a online). The results show that fluctuating GCTA dis-
tributes before and after a smooth distribution line, indicating few
artifactual C in the modified bisulfite sequencing (Fig. S10b online).
We detected more than 555 high confident m5C methylation sites
in the SARS-CoV-2 genome (false positive 0.006, bisulfite conver-
sion rate 97.37%) (Fig. 1g and Fig. S11 online), with high methyla-
tion levels detected in ORF6, 7a, 7b, and 8 (Fig. 1g, red square).
High-confidence m5C methylation sites were also found in a delta
variant of the SARS-CoV-2 virus (Fig. S12 online). Then, to investi-
gate whether the 5Aza incorporation affects viral RNA methylation,
we utilized the nanopore direct RNA sequencing to avoid the false-
positive methylation sites caused by the unconverted azacytidine
in bisulfite sequencing. The results showed that 26 and 16 high-
confidence m5C sites were identified in control and azacytidine-
1024
treated viral RNAs, respectively, which indicated that 5Aza
decreased the m5C methylation rate of viral RNA by 40% (Fig. 1h).

The primary writers for m5C on mRNAs have been proposed to
be NSUN2 and DNMT2, which are demonstrated to contribute to
m5C methylation of HIV-1 RNA and thus facilitate virus infection
[9,10]. Here, we found that overexpression of DNMT2 and NSUN2
significantly promoted the SARS-CoV-2 replication (Fig. 1i); knock-
down of DNMT2 and NSUN2 resulted in about 2-fold and 20%
reduction of viral RNA, respectively (Fig. 1j). The data suggest that
DNMT2 plays a more important role in SARS-CoV-2 replication. To
investigate the possible link between these two host factors and
SARS-CoV-2 RNA, we performed immunoprecipitation (IP) assay,
which showed that DNMT2 and NSUN2 could bind to SARS-CoV-
2 RNA (Fig. 1k). Notably, DNMT2 binds more RNAs in the presence
of 5Aza. 5Aza is a suicide mechanism-based inhibitor of m5C-RMTs
[11], and therefore RNAs containing 5Aza at the precise target site
will sequester the m5C-RMT by generating RNA-m5C-RMT adducts,
which will result in the decreased level of active endogenous
enzymes [3,4,12]. Consistent with this theory, we observed an
obvious decrease in DNMT2, rather than in NSUN2 protein, upon
5Aza treatment in SARS-CoV-2 infected cells (Fig. S13 online).
However, how m5C RNA methylation affects SARS-CoV-2 infection
is still unknown. The high m5C methylation region contains ORF6,
7, and 8, which were reported to mediate immune escape by block-
ing IFN signaling [13]. Besides, ORF7 and 8 may contribute to the
pro-inflammatory response; ORF6 can block the cellular nucleocy-
toplasmic transport system by hijacking Nup98-Rae1, thus render-
ing host cells incapable of responding to SARS-CoV-2 infection [14].
It is likely that a reduction of m5C methylation in the high methy-
lation region might influence viral RNA stability, the splicing of
viral RNA, translation [9,10,15], or virus-host interaction. Further
investigation should focus on the mechanism of m5C methylation
and how this modification regulates SARS-CoV-2 infection.

In summary, we demonstrated that 5Aza can incorporate into
SARS-CoV-2 RNA and disturb m5C RNA methylation, potentially
contributing to 5Aza’s anti-SARS-CoV-2 activity. Although hemato-
logical toxicity was the most commonly occurring adverse event in
azacytidine recipients for myelodysplastic syndrome/acute myelo-
cytic leukemia treatment, this can be managed by dose reduction,
dose delay, or combined therapy. Therefore, 5Aza might be a
promising candidate for combating COVID-19. This study also
introduced the possibility of targeting viral epigenomes as a novel
antiviral strategy.
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