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ABSTRACT Flavivirus RNA cap-methylation plays
an important role in viral infection, proliferation, and
escape from innate immunity. The methyltransferase
(MTase) of the flavivirus NS5 protein catalyzes viral
RNA methylation. The E218 amino acid of the NS5 pro-
tein MTase domain is one of the active sites of flavivirus
methyltransferase. In flaviviruses, the E218A mutation
abolished 2’-O methylation activity and significantly
reduced N-7 methylation activity. Tembusu virus
(TMUV, genus Flavivirus) was a pathogen that caused
neurological symptoms in ducklings and decreased egg
production in laying ducks. In this study, we focused on
a comprehensive understanding of the effects of the
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E218A mutation on TMUV characteristics and the host
immune response. E218A mutation reduced TMUV rep-
lication and proliferation, but did not affect viral adsorp-
tion and entry. Based on a TMUV replicon system, we
found that the E218A mutation impaired viral transla-
tion. In addition, E218A mutant virus might be more
readily recognized by RIG-I-like receptors to activate
the corresponding antiviral immune signaling than WT
virus. Together, our data suggest that the E218A muta-
tion of TMUV MTase domain impairs viral replication
and translation and may activates RIG-I-like receptor
signaling, ultimately leading to a reduction in viral
proliferation.
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INTRODUCTION

Tembusu virus (TMUV) is a new member of the
genus Flavivirus in the family Flaviviridae that mainly
causes neurological symptoms in ducklings and
decreased egg production in laying ducks and has zoo-
notic potential (Liu et al., 2013; Tang et al., 2013b).
TMUV was first isolated from Culex tritaeniorhynchus
mosquitoes in Malaysia in 1955 (Zhang et al., 2017). It
was not until 2010 that the first outbreak of egg drop
syndrome and neuroinflammation caused by TMUV in
duck farms of southeast China attracted the attention of
researchers, which has developed into one of the major
pathogens in China duck farming, affecting the duck
farming industry and causing huge economic losses (Cao
et al., 2011). Studies have shown that TMUV can infect
a wide variety of avian species, such as chickens (Liu
et al., 2012a), geese (Huang et al., 2013; Ti et al., 2015),
sparrows (Tang et al., 2013a), and pigeons, and repli-
cates efficiently in a wide range of mammalian cells and
mosquito cells (Yu et al., 2018). Although no human dis-
ease has been reported due to TMUV, antibodies against
TMUV were detected in more than 70% of serum sam-
ples from duck industry workers, and about 50% of oral
swab samples were positive for TMUV (Tang et al.,
2013b). Recent study has reported that some people
without the history of contact with ducks displayed high
neutralizing antibody titers to TMUV (Pulmanausaha-
kul et al., 2021). The host spectrum of the virus is
expanding and there is a potential threat to public
health, requiring strict biosecurity measures or polyva-
lent vaccines to control its spread.
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Similar to other flaviviruses, including Japanese
Encephalitis virus (JEV) and West Nile virus (WNV),
TMUV has an approximately 11-kb single-stranded pos-
itive-sense RNA genome with a 5’ type I cap structure
(Zhu et al., 2015). The genome encodes a unique large
precursor polyprotein that is cleaved by viral and host
proteases into three structural proteins (capsid [C], pre-
membrane [prM], and envelope [E]) and seven non-struc-
tural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) (Liu et al., 2012b; Bai et al., 2013). The struc-
tural proteins mainly participate in receptor binding,
membrane fusion, and virion assembly, while NS pro-
teins are involved in viral RNA replication and innate
immune evasion (Wang et al., 2016; Wu et al., 2019; Hu
et al., 2021).

Flavivirus infection of host cells is a multistep and
continuous process (Cruz-Oliveira et al., 2015; Yang
et al., 2017). The first step of the life cycle is virus
adsorption and entry. Flaviviruses enter cells through
the receptor-mediated endocytosis at low pH and induce
fusion with the endosome membrane. Then, flaviviruses
release and translate their genomic RNA in the endo-
plasmic reticulum (ER). Viral RNA replication occurs
in the virus-induced replication complex (RC) within a
vesicle composed of endoplasmic reticulum (Gillespie
et al., 2010; Garcia-Blanco et al., 2016). Following RNA
synthesis, the nascent positive-strand RNA is capped
and methylated by NS5 methyltransferase (MTase) to
form a type I cap structure at the 5’ end. The newly cop-
ied mature positive-stranded RNAs and the translated
structural proteins are assembled in the lumen of the ER
into immature virions, in which prM/E heterodimers
form trimeric spikes with icosahedral symmetry (Klema
et al., 2015; Mohd Ropidi et al., 2020). Subsequently,
the prM protein is processed to mature M by host furin
protease during the transit through the Golgi network.
The immature noninfectious virions become mature
infectious viruses and are released by exocytosis.

The TMUV NS5 protein, similar to that of other flavi-
viruses, is a highly structurally conserved enzyme pro-
tein with diverse functions. The C-terminus of NS5
protein contains an RNA-dependent RNA polymerase
(RdRp) domain that synthesizes viral RNA by de novo
synthesis (Ackermann and Padmanabhan, 2001; Calm-
els et al., 2017). The N-terminus of NS5 protein contains
a MTase domain that catalyzes N-7 and 2’-O methyla-
tions in the formation of the 5’ -end cap of the genome
(Ray et al., 2006; Dong et al., 2014). The N-7 and 2’-O
methylation processes of flaviviruses have been exten-
sively studied (Zhou et al., 2007; Dong et al., 2010; Bra-
drick, 2017). Four conserved sites in the MTase domain
of flavivirus NS5 protein constitute a catalytic tetrad
(K61-D146-K182-E218) that plays an important regula-
tory role in N-7 and 2’-O methylations (Zhou et al.,
2007). Previous studies have shown that the K61-D146-
K182-E218 catalytic tetrad of flavivirus is essential for
2’-O methylation, while N-7 methylation requires only
D146 (Wu et al., 2021). The cap structure of flavivirus
plays an important role in virus cap-dependent transla-
tion and immune escape. Therefore, K-D-K-E catalytic
tetrad may regulate viral translation and host immune
response. Previous studies have shown that human and
mouse coronavirus mutants lacking 2’-O MTase activity
induced higher expression of type I interferon (IFN)
that was dependent on the cytoplasmic RNA sensor
MDA5 (Z€ust et al., 2011). 2’-O methylation of the viral
RNA evades host restriction of IFIT family members
(Daffis et al., 2010). It has also been shown that yellow
fever virus (YFV) used 2’-O methylation to suppress
type I IFN induction by impairing RIG-I recognition
(Schuberth-Wagner et al., 2015). In addition, Dengue
virus (DENV) 2’-O MTase mutants are highly attenu-
ated and immunogenic in mice and macaques (Z€ust
et al., 2013), and JEV E218A mutant is highly attenu-
ated in mice due to enhanced sensitivity to IFN and
IFITs (Li et al., 2013). These RNA viruses lacking 2’-O
MTase activity all showed some degree of attenuation in
virulence or proliferation, but the causes were different.
So how does TMUV lacking 2’-O MTase activity affects
the biological characteristics of the virus and the host
immune response? To explore this problem, we studied
the proliferation, biological characteristics and effect on
the host immune response of the E218A mutant virus.
We found that the E218A mutation reduced TMUV
proliferation by inhibiting viral replication and transla-
tion and possibly triggering host RIG-I-like receptor
signaling.
MATERIALS AND METHODS

Cells and Viruses

Baby hamster kidney (BHK-21) cells were cultured
in DMEM supplemented with 10% fetal bovine serum
(FBS) at 37°C with 5% CO2. Duck embryo fibroblast
(DEF) cells isolated from 9-day-old healthy duck
embryo were cultured in DMEM supplemented with
10% new-born calf serum (NBCS) at 37°C with 5%
CO2. The wild-type (WT) and E218A mutant viruses
were rescued by our laboratory through the TMUV
reverse genetics system (Wu et al., 2021).
Growth Curves of Recombinant TMUV

Growth curves of recombinant TMUV in DEF cells
were analyzed. Briefly, cells were seeded into 12-well
plates and then infected with 0.01 MOI WT and E218A
viruses. After 1 h of incubation, the inoculum was
removed, and DMEM containing 2% NBCS was added
to the plates. Culture supernatant and cells were har-
vested at 24, 36, 60 h post-infection (hpi). The culture
supernatant was used to determine the viral titer by the
Fluorescence Formative Unit (FFU) assays. Total RNA
was extracted from cells using RNAiso Plus (TaKaRa,
Da lian, China), and the number of genome-containing
particles was determined by absolute quantitative PCR
(qPCR) that detected E gene according to the TB
Green Premix Ex Taq II (TaKaRa) instructions.



THE EFFECT OF E218A MUTATION ON TMUV 3
RNA Extraction and Quantitative Reverse
Transcription PCR

Total RNA was isolated from cells using RNAiso Plus
(TaKaRa) and then reversely transcribed into cDNA
using PrimeScript RT reagent Kit with gDNA Eraser
(TaKaRa). The mRNA levels of cytokines and viral
RNA copies were determined by qPCR following the TB
Green Premix Ex Taq II (TaKaRa) instructions. The
cycle threshold (ct) values were normalized with the
mRNA level of the housekeeping gene GAPDH. The
qPCR primers were listed in Table 1.
Virus Adsorption and Entry Assay

For the virus adsorption assay, DEF cells were
infected with 0.01 MOI of WT or E218A virus at 4°C for
1 h. At this temperature, virus could bind to the cell sur-
face without entry. At 1 hpi, cells were washed with pre-
cooled PBS three times to remove unbound viruses.
Total RNA was extracted from cells to quantify viral
RNA binding to the cell membrane by absolute qPCR
Table 1. Sequences of primers used in this study.

Primers Sequences

E218A-F CGCGTAATTCAACGCAT
E218A-R GGCATGCGTTGAATTAC
EcoRv-F AGACCTCCCTGTCTGGA

CGCTGAAGCTGG
SbfI-R CATAACCCTAGCTGTTC

TGGGGCTTTGGTAT
TMUV-E-qF AATGGCTGTGGCTTGTT
TMUV-E-qR GGGCGTTATCACGAATC
TMUV-NS3-qF TAAAGAGGGAGCATACT
TMUV-NS3-qR GCAGGGTCTGTGAAGTG
duRIG-I-qF TGAGCTGCAAGGGAGAC
duRIG-I-qR TCCAATTCAGCTGACAG
duMDA5-qF GCTACAGAAGATAGAAG
duMDA5-qR CAGGATCAGATCTGGTT
duLGP2-qF CGTTTACTTCTACTGCG
duLGP2-qR GTTGATGTTCACGTGGT
duIFITM1-qF CCCTGCTGCTCAACATC
duIFITM1-qR GCTGATGGTGGAGCAGG
duIRF1-qF GAACTCCCTGCCTGACA
duIRF1-qR CTCTTGCTCCTGCTTCT
duIFNb-qF TCTACAGAGCCTTGCCT
duIFNb-qR TGTCGGTGTCCAAAAGG
duIFIT5-qF AAGCTACCTTCAAACGG
duIFIT5-qR TCCTCCTTCAGCAAAGT
duIFI35-qF GGATACAACAGGTGAAG
duIFI35-qR ACTGGAGGGATTGGATT
duMHC-I-qF GAAGGAAGAGACTTCAT
duMHC-I-qR TCTCCTCTCCAGTACGT
duIFITM2-qF TCTCTGGTCCCTCTTCA
duIFITM2-qR GGCCTTGATGGAGAAGA
duIRF7-qF CGCCACCCGCCTGAAGA
duIRF7-qR CTGCCCGAAGCAGAGGA
duSTAT1-qF AAGGGAAACGGCTACAT
duSTAT1-qR CATGGGCAGCAGATTTT
duTRIM25-qF GAGAGGAGCTTTTGCAG
duTRIM25-qR GACAGACATCTTGGTGT
duVIPERIN-qF TCCAGTTCTGCAAGGAG
duVIPERIN-qR TTCTTGAACCACCGCTC
duPKR-qF AATTCCTTGCCTTTTCA
duPKR-qR TTTGTTTTGTGCCATAG
duMX-qF TGCTGTCCTTCATGACT
duMX-qR GCTTTGCTGAGCCGATT
duGAPDH-qF TGCTAAGCGTGTCATCA
duGAPDH-qR AGTGGTCATAAGACCCT
that detected E gene. Further incubation at 37°C initial-
ized viral entry. After 1 h of incubation at 37°C, cells
were thoroughly washed with PBS and alkaline high-
salt solution to remove viruses on the cell surface. The
alkaline high-salt solution can wash away viruses that
has not been endocytosed on the cell surface (Yang
et al., 2017). Total RNA was extracted from cells to
quantify intracellular viral RNA by absolute qPCR that
detected E gene.
Construction and Characterization of Mutant
Replicon

E218A mutant replicon was constructed based on a
negative control TMUV replicon with CMV promoter
(pCMV-Replicon-NLuc-GDD/AAA; Wang et al., 2020)
and an infectious cDNA clone of TMUV (pACYC-
TMUV) (Chen et al., 2018). The replicon harbors a
GDD-to-AAA mutation in the active site of the NS5
RNA polymerase that is conserved among flaviviruses.
This mutation results in a loss of RNA polymerase
(5’-3’) Purpose

GCCATGTACTGGG Mutagenesis
GCGAGAGTGGCAC
TATCGTACAAGGT One-step cloning

CTGCAGGTGGTTC

TGG qPCR
TA
GG
A
AAG
GGC
TGTCA
CAG
TCAACTG
GCAT
TTC
TT
TCG
TGCTT
GCAT
ATGT
GTA
CCA
AAC
AG
TGCCTT
CCTTCC
ACGT
TGAG
AGT
AGAT
CAAG
CTG
TATGC
ATCTCTCAGA
GAG
TCT
TCCAA
CTTGG
TCG
AAC
TCT
CCA
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activity and blocks RNA synthesis of the replicon, gener-
ally serving as a negative control group (Xie et al., 2016;
He et al., 2019). A subclone, pBlueScript-P4-6, contain-
ing the EcoRv-SbfI fragment of pACYC-TMUV (nucleo-
tides 6229−8765 of the viral genome containing
mutation site), was used to engineer mutation (pBlue-
Script-P4-6-E218A) using a Fast sitedirected Mutagene-
sis System (TransGen, China). The primers used for
mutagenesis were listed in Table 1. PCR fragments con-
taining the E218A substitution were amplified using
pBlueScript-P4-6-E218A as template with primers listed
in Table 1. Meanwhile, pCMV-Replicon-NLuc-GDD/
AAA was digested by restriction enzymes EcoRv and
SbfI (NEB). The amplified DNA fragments were fused
with linearized pCMV-Replicon-NLuc-GDD/AAA by
homologous recombination method to obtain pCMV-
Replicon-NLuc-GDD/AAA-E218A. All plasmids were
verified by DNA sequencing. To characterize the mutant
replicon, BHK-21 cells seeded in 24-well plates were
transfected with equal amounts of GDD/AAA and
GDD/AAA+E218A replicons using Lipo3000. At 48 h
post-transfection, cells were harvested, and a Nano-Glo
Luciferase Assay System (Promega, Beijing, China) was
used to detect luciferase activity of cells. At the same
time, a parallel experiment was performed. Total RNA
was extracted from cells using RNAiso Plus (TaKaRa).
The copy number of replicon was quantified by absolute
qPCR that detected NS3 gene.
Sample Preparation and Transcriptome
Sequencing (RNA-Seq)

DEF cells preseeded into 6-well plates were infected
with WT and E218A viruses at a MOI of 0.01. At 24 h
post-infection, the cells were harvested quickly, frozen in
liquid nitrogen for 5 min, and then stored at �80°C for
later use. Total RNA was extracted from cells using the
mirVana miRNA Isolation Kit (Ambion, Shanghai,
China). The Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Beijing, China) was used to evaluate RNA integ-
rity. The samples with RNA Integrity Number (RIN) ≥
7 were subjected to the subsequent analysis. The TruSeq
Stranded mRNA LTSample Prep Kit (Illumina, Shang-
hai, China) was used to construct cDNA Library. Then,
these libraries were sequenced on the Illumina sequenc-
ing platform (HiSeqTM 2500 or Illumina HiSeq X Ten)
and 125 bp/150 bp paired-end reads were generated.
Finally, we obtained the original transcriptome data
and submitted it to NCBI (Accession number:
PRJNA792214).
Transcriptome Data Analysis

Bowtie2 (Langmead and Salzberg, 2012) and eXpress
(Roberts and Pachter, 2013) were used to calculate
FPKM (Kim et al., 2015) and read counts value of each
transcript (protein coding). DEGs (q-value < 0.05 and
fold Change > 2 or fold Change < 0.5) were identified
using the DESeq functions estimateSizeFactors and
nbinomTest. The expression patterns of transcripts
were investigated by hierarchical clustering analysis of
DEGs. GO enrichment and KEGG (Kanehisa et al.,
2008) pathway enrichment analysis were respectively
performed using R based on the hypergeometric distri-
bution to determine the biological function or pathway
affected by the differential transcript.
Dual-Luciferase Reporter Assay

DEF cells were cultured in 24-well plates to 80% con-
fluence. Cells were co-transfected with 400 ng/well of
IFNb-Luc or IRF7-Luc and 100 ng/well of the Renilla
luciferase-expressing construct TK-Luc. 24 h later, cells
were infected with 0.01 MOI of WT and E218A viruses.
After 24 h of infection, cells were harvested for luciferase
activity detection following the Dual-Luciferase
Reporter Assay System (Promega) instructions. The
data are represented as the ratio of firefly to Renilla
luciferase activity.
Statistical Analysis

The significance of the observed differences was
assessed using unpaired Student’s t test and two-way
ANOVA test with GraphPad Prism 8.0. Differences
were considered significant when P-values < 0.05. Data
are expressed as mean § standard deviation (SD).
RESULTS

E218A Mutation Reduces the Replication and
Proliferation of TMUV

To better evaluate the replication and proliferation of
the mutant virus, we measured the growth curves of
WT and E218A viruses in DEF cells. The E218A
mutant group showed lower genomic copy numbers and
viral titers in DEF cells than the WT group (Figures 1A
and 1B). In detail, the viral titers of E218A virus showed
approximately 1-log lower than that of WT virus at 24,
36, and 60 hpi (Figure 1A), and the copy numbers of
E218A virus were also >0.5-log lower than that of WT
virus at 24 and 60 hpi (Figure 1B). Overall, these results
indicate that E218A mutation significantly reduces viral
replication and proliferation.
E218A Mutation Does Not Affect Viral
Adsorption and Entry

A complete life cycle of flavivirus involves virion
adsorption, entry, disassembly, genome replication, trans-
lation, and virus particle assembly, maturation and
release. To investigate whether the E218A mutation
affects viral adsorption and entry, we exploited absolute
qPCR that detected E gene to measure the viral genomic
RNA in the cells infected with WT and E218A viruses.
Figure 2A depicts the experimental flowchart. First, DEF
cells were infected with 0.01 MOI of WT and E218A



Figure 1. E218A mutation reduces the replication and proliferation of TMUV. (A, B) Growth kinetics of WT and E218A mutant viruses in
DEF cells. Cells were infected with WT and E218A viruses at a MOI of 0.01. Viral titers (A) and RNA copy numbers (B) were measured at indicated
times using fluorescence formative unit (FFU) and absolute qPCR assays. Each of these was conducted with three parallel replicates. Bars show
means § SDs. ***, P ˂ 0.001; **, P ˂ 0.01; *, P ˂ 0.05 (two-way ANOVA).
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viruses. For the viral adsorption assay (Hu et al., 2021),
cells infected with the virus were incubated at 4°C for 1 h.
At this temperature, viruses could bind to the cell surface
without entry. The unbound viruses were removed by
Figure 2. E218A mutation does not affect viral adsorption and entry.
Determination of virus adsorption (B) and entry (C). DEF cells were infecte
points, intracellular viral RNAs were quantified by absolute qPCR. Each of
SDs (Student’s t test).
washing with precooled PBS. Then, we measured the
amount of viral genomic RNA bound to the cell mem-
brane. As shown in Figure 2B, E218A and WT viruses
bound to DEF cells with equal efficiency, indicating that
(A) Schematic diagram for the viral adsorption and entry assay. (B, C)
d with equal amounts of WT and E218A mutant viruses. At given time
these was conducted with three parallel replicates. Bars show means §
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E218A mutation does not affect viral adsorption process.
Further incubation at 37°C initialized virus entry. After 1
h of incubation, DEF cells were thoroughly washed with
PBS and alkaline high-salt solution to remove viruses on
the cell surface. The alkaline high-salt solution can wash
away viruses that has not been endocytosed on the cell
surface (Yang et al., 2017). Intracellular viral genomic
RNA was quantified by qPCR. E218A virus showed no
significant difference in entry ability from WT virus
(Figure 2C). The result suggested that E218A mutation
did not affect viral entry process. Taken together, these
data demonstrate that E218A mutation does not inter-
fere with viral adsorption and entry.
E218A Mutation Impairs Viral Translation

Since the MTase activity of NS5 protein is closely
related to the formation of the 5’ -end cap of the viral
Figure 3. E218A mutation impairs viral translation. (A) Schematic dia
AAA+E218A replicons. The GDD/AAA+E218A replicon was constructed
fected with equal amounts of GDD/AAA and GDD/AAA+E218A replicon
and qPCR assays. (B) NLuc activity assay. Each of these was conducted wi
of replicons were determined by absolute qPCR. Each of these was conduc
(Student’s t test).
genome, which in turn is related to viral translation, we
suspected whether the E218A mutation in the MTase
region of NS5 protein affects the translation efficiency of
the virus. To investigate the effect of the E218A muta-
tion on viral translation, we developed a novel transla-
tion assay using a replicon that is incapable of RNA
replication. The replicon harbors a GDD-to-AAA muta-
tion in the active site of the NS5 RNA polymerase that
is conserved among flaviviruses. This mutation results in
a loss of RNA polymerase activity and blocks RNA syn-
thesis of the replicon (Xie et al., 2016; He et al., 2019).
As shown in Figure 3A, we introduced the E218A muta-
tion into the GDD/AAA replicon to verify the effect of
the E218A mutation on viral translation. The efficiency
of viral translation was reflected by the Nano-Glo lucif-
erase (NLuc) activity of replicon. The GDD/AAA
+E218A replicon produced lower levels of NLuc activity
than GDD/AAA replicon (Figure 3B), indicating that
gram presentation and determination process of GDD/AAA and GDD/
with GDD/AAA replicon as the backbone. BHK-21 cells were trans-
s. At 48 h post-transfection, the cells were collected for NLuc activity
th three parallel replicates. Bars show means § SDs. (C) Copy numbers
ted with three parallel replicates. Bars show means § SDs. *, P ˂ 0.05



Table 2. Sequencing data generated by an Illumina HiSeqTM 2500 sequencer.

Sample Raw reads Clean reads Valid bases Q30 Total mapped percentage

E218A1 47.85M 46.53M 94.50% 92.64% 81.77%
E218A2 48.91M 47.64M 94.77% 92.77% 82.15%
E218A3 43.32M 42.14M 94.69% 92.65% 82.02%
WT1 44.86M 43.69M 94.88% 92.75% 81.83%
WT2 49.93M 48.60M 94.20% 92.74% 82.15%
WT3 43.34M 42.14M 94.56% 92.66% 80.33%
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the translation efficiency of GDD/AAA+E218A repli-
con was significantly reduced. To exclude the influence
of replicon transfection differences, the copy number of
replicon was detected by qPCR. The results showed
that there was no statistically significant difference in
copy number between GDD/AAA and GDD/AAA
+E218A replicons (Figure 3C), indicating that the
amounts of the 2 replicons transfected were almost
equal. Overall, these data demonstrate that E218A
mutation impairs viral translation.
Identification of Differentially Expressed
Genes

To deeply and comprehensively understand the effect
of E218A mutation on the TMUV-induced innate
immune response of the host, we determined transcrip-
tional profiling of DEF cells infected with the WT or
E218A virus. As shown in Table 2, the raw reads, clean
reads, valid bases, Q30, and total mapped percentage of
each sample were recorded for each library. An average
of 6.58 Gbp clean bases was generated from each of the 6
samples. For all libraries, the valid bases, Q30, and total
mapped ratio were >94%, >92%, and >80%, respec-
tively. These results illustrated the high quality of the
sequencing data and ensured their suitability for the
next step of the analysis. A total of 88 differentially
expressed genes (DEGs) was detected in E218A group
compared to the WT group (q-value < 0.05 and fold
change > 2 or fold Change < 0.5), composed of 87 up-
regulated genes and 1 down-regulated gene (Figure 4A).
The expression of these DEGs in each sample and the
significance of the differences were clearly visualized
through the clustering of the samples by differential
treatment and the construction of the volcano plot of
DEGs (Figures 4B and 4C).
Expression Changes Mediated by E218A
Mutant Virus

To comprehensively gain biological insight into the
transcriptome data, the differentially expressed genes
were analyzed for biological functions using Gene Ontol-
ogy (GO) analysis. GO classification of the DEGs was
annotated using 33 GO annotation, including 20 biologi-
cal processes, 7 molecular functions and 6 cellular com-
ponents (Figure 5A). For biological process annotation,
the identified genes were mainly involved in cellular pro-
cess (15.76%), biological regulation (13.65%), regulation
of biological process (13.18%), metabolic process
(10.82%), response to stimulus (10.35%), and immune
system process (5.88%) (Figure 5B). As shown in
Figure 5C, the molecular function categories for regu-
lated genes mainly included binding genes (58.06%), cat-
alytic genes (29.03%), enzyme regulator genes (3.23%),
molecular transduction genes (3.23%), and receptor reg-
ulatory genes (3.23%). Of note, TOP 30 GO enrichment
analysis indicated that the functional classification of
DEGs in biological processes was reflected in the defense
response to virus, innate immune response, negative reg-
ulation of viral genome replication, and positive regula-
tion of type I interferon signaling pathway (Figure 5D).
All biological processes were mainly manifested in the
significant activation of the host antiviral immune
response, which is important for the host to resist viral
infection. In addition, TOP 30 GO enrichment analysis
indicated that the functional classification of DEGs in
molecular function was mainly reflected in the double-
stranded RNA binding, single-stranded RNA binding,
STAT family protein binding, ubiquitin-like protein
ligase binding, all of which were related to the activation
of host innate immune response (Figure 5D). GO enrich-
ment analysis showed that E218A mutant virus was
more likely to activate the innate immune response than
WT virus.
To further understand the functional changes regu-

lated by E218A virus, KEGG enrichment analysis was
conducted. KEGG pathway classification for up-regu-
lated DEGs mainly included immune system (20%), sig-
naling molecules and interaction (12%), cell growth and
death (12%), transport and catabolism (12%), signal
transduction (8%), and folding, sorting and degradation
(8%) (Figure 6A). KEGG enrichment TOP 20 analysis
found that 2 important immune signaling pathways
were activated during E218A virus infection, namely
RIG-I-like receptor signaling pathway and NOD-like
receptor signaling pathway (Figure 6B). Notably, RIG-
I-like receptor signaling pathway enriched more genes
and acquired a higher enrichment score than NOD-like
receptor signaling pathway (Figure 6B). By tracking the
genes involved in KEGG enrichment TOP 20
(Figure 6C), we found that many genes associated with
the RIG-I-like receptor signaling pathway were signifi-
cantly up-regulated, such as RIG-I, MDA5, LGP2,
TRIM25, and IRF7, as well as downstream antiviral
genes STAT1, MX, PKR, and MHC-I. Overall, E218A
TMUV may be more readily recognized by host immune
receptors to activate antiviral immune response com-
pared to WT virus.



Figure 4. Analysis of differentially expressed genes (DEGs) of the WT and E218A groups. (A) Statistic of differentially expressed genes. (B) A
heatmap was used to classify the gene expression patterns. The x-axis represents the experimental conditions. (C) Volcano plot of DEGs between
the WT and E218A groups. The y-axis indicates the negative logarithm of the q-value; the x-axis indicates the base 2 logarithm of fold change.
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The E218A Mutant Virus May Triggers RIG-I-
Like Receptor Signaling

To verify the authenticity of the transcriptome data,
representative 16 critical DEGs (these genes are associ-
ated with RIG-I-like receptor signaling) were subjected
to RT-qPCR analysis. Compared with WT group, the
expression of these genes was significantly up-regulated
in the E218A group (Figure 7A). Importantly, the genes
identified by RT-qPCR exhibited similar expression lev-
els as those detected via transcriptomic analysis
(Figure 7B). Furthermore, we determined the expression
levels of IFNb and IRF7, key genes involved in RIG-I-
like receptor signaling, by a dual-luciferase reporter
assay. As expected, E218A virus stimulated higher
IFNb and IRF7 production compared to WT virus
(Figure 7C). Transcriptomic data, qPCR, and dual-
luciferase reporter assay showed consistent results,
suggesting that the E218A mutant TMUV may induces
RIG-I-like receptor signaling.
DISCUSSION

In this study, we measured the effect of a conserved
amino acid E218 mutation of the methyltransferase
region of TMUV NS5 protein on viral characteristics
and host immune response, thus reflect the role of meth-
ylation at the 5’ end of the viral genome in the virus life
cycle and virus-host interaction. First, we found that
E218A mutation did not affect viral adsorption and
entry, but significantly impaired viral replication and
translation. Furthermore, we found that E218A mutant
TMUV may be more readily recognized by host immune
receptors to activate antiviral immune responses.



Figure 5. Gene ontology (GO) enrichment analysis of DEGs. (A) GO classification analysis of DEGs between the WT and E218A groups. The
areas of the displayed histograms are proportional to the number of genes assigned to the term, and the colors correspond to the categories. (B, C)
DEGs were classified according to biological processes (B) and molecular function (C). (D) TOP 30 GO enrichment analysis of DEGs. The colors cor-
respond to the categories.
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Ultimately, these effects lead to a reduction in the prolif-
eration capacity of the E218A mutant.

5’ end cap-methylation of the flavivirus genome is a
necessary structural modification that ensures efficient
expression of virus proteins (Zhao et al., 2015), blocks
RNA degradation by 5’-3’ exoribonucleases, and hides
the viral genome from recognition by host immune
receptors (Z€ust et al., 2011; Devarkar et al., 2016; Abbas



Figure 6. KEGG enrichment analysis of DEGs. (A) KEGG pathway classification of up-regulated DEGs. (B) KEGG enrichment TOP 20 anal-
ysis of up-regulated DEGs. (C) A heatmap of the genes involved in KEGG enrichment TOP 20 was constructed. The yellow highlighted genes are
involved in RIG-I-like receptor signaling.
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et al., 2017). E218A mutation abolishes 2’-O methyla-
tion of flavivirus genome and significantly reduces N-7
methylation activity (Dong et al., 2014). Incomplete
methylation of the 5’ cap may be the reason why TMUV
E218A mutation impairs viral translation and induces
antiviral innate immune response. In other flaviviruses,
WNV-E218A is more sensitive to the antiviral actions of
IFN-induced proteins with tetratricopeptide repeats
(IFIT) genes (Daffis et al., 2010). YFV-E218A reached
the same virus titers in RIG-I-deficient A549 cells as the
WT virus (Schuberth-Wagner et al., 2015). DENV1-
E216A activated an earlier innate immune response in
A549 cells, as compared to infection with WT DENV1,
in this subset of genes including RIG-I and MDA5
(Chang et al., 2016). Human and mouse coronavirus
mutants lacking 2’-O MTase activity induced higher
expression of type I interferon that was dependent on
the cytoplasmic RNA sensor MDA5 (Z€ust et al., 2011).
The immune evasion of virus replication provides a rea-
sonable explanation for the conservation of 2’-O



Figure 7. Validation of differentially expressed genes by RT-qPCR and dual-luciferase reporter assays. (A) Gene expression levels were mea-
sured by the 2�DDCt method with relative quantification. DEF cells were infected with WT or E218A virus (MOI = 0.01) and were harvested at 24
hpi. Intracellular mRNAs were extracted for RT-qPCR to measure the transcription levels of DEGs. Each of these was conducted with three parallel
replicates. Bars show means § SDs. ****, P ˂ 0.0001; ***, P ˂ 0.001; **, P ˂ 0.01 (Student’s t test). (B) The genes identified by RT-qPCR exhibited
similar expression levels as those detected via transcriptomic analysis. (C) The productions of IFNb and IRF-7 induced by WT and E218A viruses
were determined by dual-luciferase reporter assay. DEF cells were co-transfected with 400 ng/well of IFNb-Luc or IRF7-Luc and 100 ng/well of the
Renilla luciferase-expressing construct TK-Luc. 24 h later, the cells were infected with 0.01 MOI of WT and E218A viruses. After 24 h of infection,
cells were harvested for luciferase activity detection. Each of these was conducted with three parallel replicates. Bars show means § SDs. ***, P ˂
0.001 (Student’s t test).
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methyltransferases in many RNA viruses that replicate
in the cytoplasm of higher eukaryotes.

The translation mechanisms of flavivirus have been
extensively studied, including cap-dependent and cap-
independent translation mechanisms (Edgil et al.,
2006). Cap-dependent translation mechanism is mainly
mediated by m7G structure (Wang et al., 2020), which
is modified by N-7 methylation. Decreased N-7 methyla-
tion activity may lead to translation inhibition of
E218A mutant TMUV. There are very few studies on
the correlation between flavivirus methylation and viral
translation, most of which focus on viral genomic meth-
ylation and immune escape, and our study just makes
up for this neglected link. However, our relevant
research is superficial, and further research is needed to
clarify the mechanism involved. Some studies have
shown that murine IFIT1 inhibits replication of MTase-
defective JEV or mouse hepatitis virus (MHV) by
inhibiting mRNA translation through direct binding to
5’ capped 2’-O unmethylated RNA (Habjan et al., 2013;
Kimura et al., 2013). The specific and stable interaction
between IFIT1 and Cap 0-mRNA may be the reason
why it inhibits translation and thus impairs replication
of specific viruses (Kumar et al., 2014). Human IFIT5
has comparable affinity for RNAs with the monophos-
phate, triphosphate, cap 0 at the 5’-end, excluding the
higher eukaryotic mRNA cap (cap I) (Katibah et al.,
2014). Although birds only have IFIT5, it is possible
that IFIT5 binds to the 2’-O unmethylated RNA of the
Tembusu virus to inhibit viral translation and thereby
inhibit viral replication and proliferation. Transcrip-
tome data analysis showed that the expression of IFIT5
was significantly up-regulated, which just indicated that
IFIT5 might play a role in translation inhibition of
E218A mutant virus. This precisely links the host innate
immune response to viral translation. But further
research is needed to identify this possibility.

MTase has become an attractive target for the devel-
opment of live attenuated vaccine and antiviral drug.
Previous studies have shown that DENV-E217A mutant
was highly attenuated and immunogenic in mice and
macaques (Z€ust et al., 2013). JEV-E218A mutant was
attenuated and protected the mice against lethal chal-
lenge with virulent virus strains (Li et al., 2013). WNVs
deficient in 2’-O methylation were attenuated and could
protect mice from later wild-type virus challenge (Zhou
et al., 2007). MHV deficient in N-7 MTase activity
induced both humoral and cellular immune responses,
which could protect mice against the challenge of a
lethal-dose of MHV-A59 (Zhang et al., 2021). In addi-
tion, some adenine dinucleosides SAM analogs or nucleo-
side analogues selectively inhibit RNA virus
methyltransferases (Chen et al., 2013; Ahmed-Belkacem
et al., 2020). The combination of our study and previous
studies provides a direction for the development of live
attenuated vaccine and antiviral inhibitor against
TMUV by targeting MTase.

In conclusion, our data suggest that the E218A muta-
tion of TMUV MTase domain impairs viral replication
and translation and may activates RIG-I-like receptor
signaling, ultimately leading to a reduction in viral pro-
liferation. This study provides scientific theoretical basis
for further development of live attenuated vaccine and
antiviral inhibitor against TMUV by targeting MTase.
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