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Aedes aegypti (Ae. aegypti) is a major vector of dengue virus (DENV) and Zika virus (ZIKV). Understanding the
complex interaction mechanisms between mosquito vectors and arboviruses is essential to interrupt virus trans-
mission. This study constructed CYP4C21 knockout (KO) Aag2 cells (Ae. aegypti cells) and confirmed that
CYP4C21 KO reduced DENV2 and ZIKV copies in Aag2 cells, which suggests that CYP4C21 may play an impor-
tant role in mosquito infection with arboviruses. Furthermore, it is the first report of the CYP4 family related to
viral infection, which lays the foundation for exploring the role of the CYP4C21 in the interaction of Ae. aegypti
and arbovirus and provides novel insights into the function of cytochrome family proteins.
© 2023 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aedes aegypti (Ae. aegypti) is the most common endemic mosquito
vector in tropical and subtropical regions, transmitting multiple
viruses, such as dengue virus (DENV), Zika virus (ZIKV), yellow fever
virus (YFV), and chikungunya virus (CHIKV) [1]. Ae. aegypti mosquito-
transmitted DENV is the most widespread arbovirus in the world, with
more than 100 dengue-endemic countries and approximately 390 mil-
lion people infected annually [2]. ZIKV infection has the potential to
cause Guillain-Barré syndrome in adults [3] or microcephaly in infants
[4]. Due to the antibody-dependent enhancement effect of DENV and
ZIKV infection [5], there is no widely used or approved vaccine to pre-
vent infection by these viruses [6].

CYP4C21 may be involved in Ae. aegypti infection with DENV2
according to a previous study of transcriptome analysis (unpublished
data). CYP4C21 is a member of the cytochrome P4 family of the cyto-
chrome P450 (CYP450) family. CYP450 participates in the synthesiz-
ing or catabolizing of exogenous and endogenous physiological
substances (pheromones, ecdysteroids, juvenile hormones) [7,8]. The
CYP4 family contains numerous cytochrome P450 genes, which have
been reported in many species. Most CYP4 family genes are associated
with the catabolism and detoxification of exogenous compounds
[9,10]. CYP4C21 genes have been reported in the German cockroach,
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Blattella germanica [11], Ae. aegypti, Ae. albopictus, Culex quinquefascia-
tus, and Cx. pipiens pallens. The expression of CYP4C21 was induced
after Haedoxan A treating in the transcriptome analysis of Ae. albopic-
tus larvae, which indicates the response of Ae. albopictus CYP4C21 to
exogenous metabolism [12]. A potential relationship between
CYP4C21 gene expression and insecticide resistance was also identi-
fied by transcriptome analysis in Ae. aegypti [13]. CYP4C21 is
expressed in the antennae of Cx. quinquefasciatus and Cx. pipiens
pallens, and transcriptomic results suggest that this gene may play a
specific role in insecticide resistance differences between mosquito
species [14]. Most studies to date on CYP4C21 are associated with
insecticide resistance, and there are no studies on this gene and
arbovirus infection or innate immunity.

In recent years, genetically modified mosquitoes by CRISPR/Cas9
system is emerging as a new technique for mosquito control [15]. In
addition, CRISPR/Cas9 technology is often used for gene function
research. Rozen-Gagnon et al. constructed plasmids for AGO1 editing
in Aag2 cells (Ae. aegypti cells), enabling efficient editing, and
immunocompetent mosquito cell lines used widely in arbovirus
research [16].

To investigate the function and mechanism of the CYP4C21 gene in
response to DENV2 in Aag2 cells in detail, CYP4C21 knockout (KO)
Aag? cells were constructed. Extracellular viral RNA copies were used
to evaluate viral replication because viral particles were released into
the extracellular after replication and assembly. The KO of CYP4C21
resulted in the decrease of extracellular DENV2 copies by comparing
the difference in extracellular DENV2 or ZIKV RNA copies between
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HIGHLIGHTS

Scientific question

The CYP4C21 gene was found to be potentially involved in
the interaction of Aedes aegypti (Ae. aegypti) and dengue virus
(DENV). This study’s main scientific issue is to verify the
correlation between the CYP4C21 gene and the process
of DENV and Zika virus (ZIKV) infection.

Evidence before this study

Cytochrome P450 is involved in the metabolism of
endogenous or exogenous substances. Mosquito CYP
family members are mostly associated with insecticide
metabolism, however, there are no published research
associated with mosquito CYP family member and
arboviral infections.

New findings

CYP4C21 gene expression was decreased in both Ae.
aegypti and Aag2 cells following infection with DENV2.
Moreover, the CYP4C21 knockout Aag2 cell lines were suc-
cessfully constructed by CRISPR/Cas9 system, which
revealed the CYP4C21 deletion reduced the replication of
DENV and ZIKV in Ae. aegypti cells.

Significance of the study

This study shows that CYP4C21 is involved in the mos-
quito vector response to arboviruses, and lays the founda-
tion for subsequent exploration of the role of the CYP4C21
gene in arbovirus infection in Ae. aegypti but also provides
novel insights into the function of cytochrome family
proteins.

CYP4C21 KO and wild-type (WT) Aag2 cells. This study contributes to
a better understanding of the complicated biological interactions of
mosquitoes and arbovirus, as well as establishes the foundation for
the further development of novel mosquito control techniques.

2. Methods
2.1. Virus, cells, and mosquito

The DENV2 Guangdong strain was provided by Guangdong Provin-
cial Centers for Disease Control and Prevention, China [17]. ZIKV
strain SZ01 (GenBank: KU866423) is stored in the microbial culture
collection center of the Institute of Microbiology and Epidemiology
in Beijing. Ae. aegypti Aag2 cells were cultured in Schneider’s Droso-
phila Medium (SDM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco) at 28 °C with 5% CO,. C6/36 cells were used to
amplify DENV2 and ZIKV by culturing in RPMI Medium 1640 basic
(RPMI 1640, Gibco) containing 10% FBS, at 28 °C and 5% COs,.
BHK-21 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing 10% FBS at 37 °C with 5% CO, for DENV2
and ZIKV titers determination. Ae. aegypti (the Hainan strain) was fed
with 8% sugar water at a temperature of 28 °C, relative humidity of
80%, and a photoperiod of 14:10.

2.2. Oral infection of Ae. aegypti with DENV2 and mosquito dissection

After emergence, 4- to 6-day-old mosquitoes were deprived of
sucrose solution for twenty-four hours before being offered the infec-
tious blood meal. The blood meal was prepared by mixing the DENV2

suspension with fresh mouse blood at a ratio of 1:1. At the same time,
DMEM replaced the DENV2 suspension in the controls. The virus blood
meal was retained at 37 °C by a multifunctional insect blood supply
device (Hemotek, PS6A Power Unit) and supplied to the mosquitoes
for two hours in the dark. Fully engorged females were then trans-
ferred to an 8% sugar solution. The female mosquitoes to be dissected
were anesthetized with CO, and then placed in a dish maintained at a
low temperature. The mosquitoes were placed in phosphate-
buffered saline (PBS) in the middle of the slides before the salivary
glands and midgut tissue were dissected under the microscope. These
tissues were rinsed three times with PBS and transferred to electropol-
ished (EP) tubes. Mosquito tissue RNA was extracted using TRIzol
(TAKARA).

2.3. Design and synthesis of sgRNA targets

The DNA sequence of the Ae. aegypti CYP4C21 gene (Gene ID:
23687556) was obtained from the NCBI database (https://www.
ncbi.nlm.nih.gov/), and sgRNA guide sequences were designed on
the first two exons through the benching website (https://bench-
ing.com/): sgRNA1 target sequence, 5'-TGCCGACATGCTCAACCATC-
3, sgRNA2 target sequence, 5-GTGCCCAAAATCTAGTCAAG-3'.
sgRNA sequences were synthesized by GenScript Biotech.

2.4. Construction of CYP4C21 KO Aag2 cells

Chemically synthesized sgRNA and Cas9 proteins (Invitrogen) are
delivered into the cell by electrotransfer. Ribonucleoprotein (RNP)
complexes are formed by sgRNA and Cas9 protein combined
in vitro. The collected Aag2 cells were resuspended in a mixture of
RNP complex and electrotransfer buffer (Lonza), subsequently trans-
ferred to the electrotransfer cup. The electro transformer (Lonza)
was run in the K562 program for five minutes. Cells were resuspended
in SDM medium containing 10% fetal bovine serum (FBS) after
electro-transformation and incubated at 28 °C. Individual cell clones
were subsequently selected under a microscope and placed in 96-
well plates.

2.5. CYP4C21 KO cells detection at the DNA level

After growing to a specific quantity, cell DNA was extracted (Insect
DNA Extraction Kit, Shanghai Enlighten Biotech) and amplified by
polymerase chain reaction (PCR) with the designed primer sequences
(forward primer: 5'-CGGTTAGTTCCGATACGGTC-3' and reverse pri-
mer: 5'-TCAACTACTAGCCACCTCGT-3'), then the amplified products
were subjected to agarose gel electrophoresis and sequencing. The
PCR system included the following: 2 X EasyTaq® PCR SuperMix
(TransGen Biotech), 12.5 pl, forward primer (PCR system:
2 x EasyTag® PCR SuperMix, 12.5 pl, forward primer (10 puM),
0.5 pl, reverse primer (10 pM), 0.5 pl, DNA template, 2 pl, nuclease-
free water, replenished to 25 pl. The reaction procedure was as fol-
lows: 94 °C for 10 min, 35 cycles of 94 °C for 30 s, 60 °C for 30 s,
72 °C for 1 min 15 s, and 72 °C for 10 min. The PCR product was sub-
jected to agarose gel electrophoresis, and the PCR products were sub-
mitted to Tianyi Huiyuan Company for sequencing.

2.6. qRT-PCR detection of CYP4C21 expression in Ae. aegypti and Aag2
cells

KO Aag?2 cells, WT Aag?2 cells (including DENV2-infected and non-
infected cells), and midgut and salivary gland RNA were extracted
with TRIzol, and TransScript® Green One-Step qRT-PCR SuperMix
(TransGen Biotech, Beijing) was used for
quantitative reverse transcription PCR (qRT-PCR) detection with
RNA as the template. The qRT-PCR primer sequences used were for-
ward primer (5-GCCAAGCTGTTTCAAATACGAATG-3') and reverse
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primer (5-TACAAGAAAGGTTTCTCAAGGCACT-3'). The reaction sys-
tem included 2 x PerfectStartTM Green One-Step qPCR SuperMix,
10 pl, TransScript® Green One-Step RT/RI Enzyme Mix, 0.4 pl, For-
ward Primer (10 uM), 0.4 pl, Reverse Primer (10 pM), 0.4 pl, Passive
Reference Dye (50 X ), 0.4 pl, RNA template, 2 pl, nuclease-free water,
filled to 20 pl. The reaction procedure was as follows: 45 °C for 5 min,
40 cycles of 94 °C for 30 s, 94 °C for 5 s and 60 °C for 30 s. Ribosomal
protein S6 (RPS6) was used as the reference gene, and the relative
expression level was calculated using the 24T method[17]. The ref-
erence gene sequences were forward primer (5-CGTCGTCAGGAACG
TATCC-3') and reverse primer (5-TTCTTGGCAGCCTTAGCAG-3').

2.7. Viral infection of KO and WT Aag2 cells

Five milliliters of Aag?2 cell suspension witha 1 X 10° cells/ml den-
sity were inoculated into 25-cm? cell culture bottles. After incubation
for twelve hours, DENV2 was diluted to an appropriate proportion in
an SDM medium containing 5% FBS, and the multiplicity of infection
(MOI) was 0.01. Next, one milliliter of the diluted virus was added to
each cell vial and cultured in a cell incubator at 5% CO, and 28 °C.
After infection, 200 pl of the cell supernatant was taken daily and
stored at —80 °C until the 7th day after infection for viral RNA copy
detection. The experiment was designed in two groups, with four bio-
logical replicates: the KO group (KO Aag2 cells + DENV2) and the WT
group (WT Aag2 cells + DENV2). First, ZIKV was diluted to the appro-
priate proportions in an SDM medium containing 5% FBS to obtain an
MOI of 0.001. Other operations were similar to those for DENV2. The
supernatant was taken from cells at 1, 2, 3, 4, 5, 6, and 7 days post-
infection and stored at —80 °C.

2.8. Detection of extracellular viral copies in the cell supernatant

Extracellular DENV2 RNA copies were detected using the DENV2
nucleic acid-free detection kit (Beijing Merabo Medical Technology).
The reaction system included 2 X DENV2 amplification solution,
10 pl, DENV2 primer and probe mixture, 1 pl, reverse transcription
PCR (RT-PCR) enzyme mixture, 1 pl, cell supernatant, 4 pl, and
nuclease-free water to 20 pl. The reaction conditions were as follows:
50 °C for 10 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 s and
60 °C for 30 s. DENV2 primers and the probe sequence were as follows:
forward primer (5-AATTAGAGAGCAGATCTCTGATGAA-3') and
reverse primer (5-AGCATTCCAAGTGAGAATCTCTTTGT-3'), DENV2
primers and probe (5-AGCATTCCAAGTGAGAATCTCTTTGTCA-3').
Extracellular ZIKV RNA copies were detected using a ZIKV nucleic
acid-free detection kit (Beijing Meilaibo Medical Technology). The
ZIKV primers and probe sequence were as follows: forward primer
(5'-CGCTGCCCAACACAAGGT-3'), reverse primer (5'-CCAC
TAACGTTCTTTTGCAGACA-3'), and ZIKV probe (5-AGCCTACCTTGA
CAAGCAGTCAGA-3). The reaction system and conditions were the
same as described above for DENV2 amplification.

2.9. Statistical methods

All data were presented as means + standard deviation (SD). Excel
2019 was used to process the data, GraphPad Prism 8.0 software was
used for mapping, and SPSS software was used to conduct an indepen-
dent sample T-test for target gene expression levels and extracellular
viral RNA copies in KO and WT cells.

3. Results
3.1. The CYP4C21 gene was downregulated after the DENV2 infection

DENV2 infection and control group relative CYP4C21 expression
fold change (FC) were detected in Ae. aegypti midgut and salivary

Table 1
CYP4C21 gene Expression in different tissues after dengue virus 2 (DENV2)
infection.

Tissue Fold change (DENV2 infected/noninfected) P value
Salivary gland 0.606 0.003
Midgut 0.232 0.001
Aag2 0.381 0.012

glands of. The FCs of the salivary gland and midgut were 0.606 and
0.232, respectively (Table 1), suggesting that the CYP4C21 was down-
regulated after DENV2 infection in Ae. aegypti. To verify the presence
of this phenomenon in Aag2 cells, this study confirmed that the
CYP4C21 gene was downregulated in Aag?2 cells infected with DENV2
(P < 0.05), consistent with the results observed in Ae. aegypti.

3.2. CYP4C21-KO cells construction by CRISPR/Cas9 system

This study constructed CYP4C21 KO cell lines by CRISPR/Cas9 sys-
tem. Ribonucleoprotein (RNP) complexes are formed by chemically
synthesized sgRNA and Cas9 protein combined in vitro, which
increases the stability of sgRNA and decreases the off-target effect
[18]. The construction process of CYP4C21 KO cell lines is shown in
Fig. 1A, and a total of 85 cell lines were obtained. According to the
agarose gel electrophoresis According to the agarose gel electrophore-
sis of monoclonal Aag2 cell CYP4C21 DNA amplification products
(Fig. 1B), seven of the 85 strains selected showed no results, 19 were
polyclonal, and 59 were monoclonal. Together with the product
sequencing results, 15 of the 59 monoclonal cell strains exhibited
sequence alignments compatible with WT Aag2 cells. The CYP4C21
gene was mutated in the remaining 44 cell lines. Compared with WT
Aag2 cells, 42 cells were successfully knocked out (the length of the
deleted fragment was not a multiple of three). The KO rate (number
of monoclonal KO cells/total number of cells) was approximately
49.41%.

3.3. Detection of CYP4C21 gene expression in Aag2 KO cells

CRISPR/Cas9 gene editing strategy is shown in Fig. 2A, where two
pairs of sgRNAs were designed at positions 268-290 bp in exon 1 and
589-611 bp in exon 2. There were two main types of deletions in these
42 cell lines. In some of these cells, gene KO was only caused by delet-
ing gene fragments. For example, cell line 44 (the successor is called
KO1) carried a deletion of 327 bp at position 279-605 bp of the
CYP4C21 DNA fragment. Deleting 263 bp in the coding region success-
fully caused a frameshift mutation. The sequence of deleted fragments
is shown for KO1 in Fig. 2A. In some cell lines, fragments were deleted
and caused code-switching mutations by fragment insertion. For exam-
ple, in cell line 36 (the successor is called KO2), a 120 bp fragment was
inserted, and a 321 bp fragment was replaced at 284-604 bp. 257 bp
was deleted at the position of the coding region, and a sequence of
120 bp in length was inserted, as shown in KO2 in Fig. 2A. Both KO
cell lines caused frameshift mutations at the DNA level. Sequencing
peaks of the two KO cell lines with the WT cell line are depicted in
Fig. 2B. The red box shows the sequence sites that have changed,
and the cell peak map indicates that the KO cell lines are monoclonal
cells.

To further verify the deletion at the mRNA level, the expression
levels of CYP4C21 mRNA in KO cells were measured by qRT-PCR.
We designed primers at the sites of codeletion in two KO cell lines,
and the pairing of primers and CYP4C21 mRNA is shown in Fig. 2A.
The detection results are shown in Fig. 3A and 3B. The KO and WT
groups had three replicates per group. As illustrated, CYP4C21 mRNA
was usually expressed in WT Aag2 cells, whereas it was hardly
expressed in KO Aag2 cells. The relative CYP4C21 gene expression
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Fig. 1. Construction of CYP4C21-knockout (KO) Aag2 cells. A) The construction process of CYP4C21 gene-KO Aag2 cells. B) The results of agarose gel
electrophoresis of CYP4C21 gene amplification in single cells. M indicates the 2,000 bp marker, WT is the CYP4C21 gene of WT Aag2 cells 1,134 bp in length, and

N indicates the blank control. The selected monoclonal cells were named cell lines 1-85. Abbreviations: WT, wild-type; RNP, ribonucleoprotein.

level in KO Aag?2 cells was significantly decreased. There was a signif- 3.4. Effect of CYP4C21 gene KO on virus replication in Aag2 cells

icant difference in the relative expression of the CYP4C21 gene

between WT and KO Aag?2 cells. In conclusion, CYP4C21 was success- To verify the influence of the CYP4C21 gene on virus replication,
fully knocked out in our two KO cell lines at both the DNA and mRNA extracellular viral RNA copies were detected on days 1, 2, 3, 4, 5, 6,
levels. and 7 post-DENV2 infections in KO and WT Aag2 cells. The DENV2
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Fig. 2. CYP4C21 deletion in knockout (KO) cells. A) CYP4C21 KO strategy. Two pairs of sgRNAs were designed in the first two exons, and the sgRNA sequences
and sites are shown in the figure. KO1 KO cells deleted 263 bp in the CYP4C21 coding region, causing a frameshift mutation. The blue part of the exon 1 deletion
sequence is the primer sequence for quantitative reverse transcription polymerase chain reaction (QRT-PCR) detection. KO2 KO cells successfully generated a
frameshift mutation by inserting a 120 bp sequence into the CYP4C21 coding region and deleting 257 bp. B) Comparison of peak maps between two KO cell lines
and wild-type(WT) cells. The sequence sites that started to change are in the red box, and the cell peak plot indicates that the screened cell line is monoclonal.
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Fig. 3. Quantitative reverse transcription polymerase chain reaction
(qQRT-PCR) detection of CYP4C21 mRNA expression level in knockout (KO)
Aag2 cell lines. A) qRT-PCR primers were used for the CYP4C21 mRNA
binding region. The original sequence was jointly deleted in the two KO cell
lines. B) CYP4C21 mRNA expression level in KO1 cell lines. The expression of
CYP4C21 mRNA in WT Aag?2 cells was used as a control, and the ribosomal
protein S6 was used as the reference gene. The 2-AAC method was used to
determine relative expression. Independent sample T-tests were employed,
with three biological replicates per group. Data represent means + standard
deviations (SDs), ** P < 0.01. Abbreviation: WT, wild-type.

infection results are provided in Fig. 4A and 4C. In general, extracellu-
lar viral RNA copies accumulated as the duration of infection
increased, with the extracellular viral RNA copies of the KO cell lines
being lower than those of the WT cell line. There was a significant dif-
ference in DENV2 RNA copies between KO1 and WT at all observation
time points except 3 dpi (Fig. 4A). Although there was a significant dif-
ference between KO2 and WT only on days 1, 2, and 7 dpi (P < 0.01),
the extracellular DENV2 RNA copies of KO2 were consistently lower
than those of WT during infection (Fig. 4C), which was consistent with
the results of KO1. Extracellular ZIKV RNA copies of KO and WT Aag2
cell lines were analyzed on days 1, 2, 3, 4, 5, 6, and 7 post-ZIKV infec-

tions to investigate whether the gene has a similar effect on other
viruses of the Flavivirus genus. As with DENV2, extracellular ZIKV
RNA copies increased with increasing duration of infection. The extra-
cellular ZIKV RNA copies of the KO1 cells were significantly lower
than those of the WT cells (Fig. 4B), with the most significant differ-
ence observed at 6 dpi (P < 0.001). Cell numbers were counted at
the same time points to exclude the effect of cell growth. The growth
curves of KO1, KO2, and WT cells are shown in Fig. 4D. The growth
rates of different cells were slightly different: KO1 cells grew margin-
ally slower than WT cells, and KO2 cells grew appreciably faster than
WT cells. However, the DENV2 copies in KO cell lines were lower than
those in WT cell lines. Therefore, CYP4C21 KO reduced DENV2 repli-
cation in Aag?2 cells and had the same effect on ZIKV.

4, Discussion

In summary, this study found a decrease in Ae. aegypti CYP4C21
expression in response to DENV2 infection, with similar results
observed in Aag2 cells, suggesting that CYP4C21 is downregulated
after DENV2 infection in Ae. aegypti and Aag2 cells. Subsequently, to
investigate the role of CYP4C21 in the infection of Ae. aegypti with
DENV2, CYP4C21 KO cell lines were constructed by CRISPR/Cas9 sys-
tem, and the deletion of CYP4C21 was identified at the DNA and RNA
levels. CYP4C21 KO reduces DENV2 and ZIKV replication, by detect-
ing viral RNA copies and growth rates in KO and WT cells at different
time points. Despite the different growth rates, the viral copies of the
two KO cell lines were lower than those of the WT cells. This study
hypothesizes that this phenomenon may be caused by activating the
innate immune response of mosquitoes.

Ae. aegypti mosquitoes acquire the virus by feeding on the blood of
an infected individual. The virus first infects the midgut, breaks
through the midgut barrier, infects other tissues after replicating in
the midgut to some degree, and finally reaches the salivary glands of
mosquitoes for transmission [19]. This replication cycle means the
virus must infect and replicate in multiple types of mosquito cells,
impacting multiple molecules and pathways [20]. DENV infection
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type; DEMV2, dengue virus 2; ZIKV, Zika virus.; KO, knockout cell.

induces innate immunity in mosquitoes, and the mosquito innate
immune response is a crucial determinant for successful virus trans-
mission [21,22]. Mosquito innate immunity mainly includes activation
of signaling pathways and immune effector responses of hemocytes,
leading to the synthesis and secretion of soluble molecules such as
antimicrobial peptides (AMPs), reactive oxygen species (ROS), and
components of the phenoloxidase cascade [23-25]. Genes encoding
antimicrobial peptides are transcribed after activation of the Toll sig-
naling pathway, JAK-STAT signaling pathway [26], and immunodefi-
ciency signaling (IMD) pathway [27,28].

Although mosquito infection with DENV usually leads to the activa-
tion of innate immunity, producing a strong immune response and pro-
moting the expression of some immune genes, virus replication also
leads to the downregulation of some immune responses in mosquito
tissues. For example, studies have reported that most differentially
expressed genes in the midgut, body, and salivary glands of Ae. aegypti
are downregulated in the late stage of DENV infection [24,29]. Similar
findings in the Aag2 cell line with immune competence were found,
whereby the expression levels of many immune signaling molecules
and antimicrobial peptides (AMPs) were downregulated after DENV
infection [30].

Furthermore, Li et al. found that the infection rate of dengue virus
decreased after the KO of C-type lectin, the immune pathways of mos-

quitoes, such as JAK/STAT, IMD, and Toll, were activated, and antimi-
crobial peptides were increased, further indicating that our conjecture
is possible [31]. These studies suggest that many genes associated with
innate immunity are downregulated in the mosquito response to
DENV. In our study, CYP4C21 was also downregulated in Ae. aegypti
and Aag?2 cells in response to DENV2 infection. These results suggest
that innate immunity may also be activated after CYP4C21 KO and
indirectly reduce viral copies.

The CYP4C21 gene belongs to the CYP4 family. Many genes in this
family are involved in arachidonic acid metabolism, retinol metabo-
lism, the PPAR signaling pathway, fatty acid degradation, and other
metabolic pathways. In the serotonergic synapse, insect hormone
biosynthesis (JH) and regulation of inflammatory mediators of TRP
channels. For example, CYP4A and CYP4F8 participate in the metabo-
lism of arachidonic acid. CYP4A is also involved in retinol metabolism,
fatty acid metabolism, the PPAR signaling pathway, and inflammatory
mediator regulation of TRP channels. In addition, CYP4X is related to
the serotonergic synapse, and CYP4C?7 is related to insect hormone
biosynthesis.

Among the above pathways, the PPAR signaling pathway and fatty
acid degradation are all related to mosquito innate immunity. Peroxi-
some proliferator-activated receptors (PPARs) are nuclear hormone
receptors activated by fatty acids and their derivatives [32], they play
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an important role in lipid oxidation and cell proliferation, promoting
adipocyte differentiation and enhancing blood glucose absorption
[33]. The PPAR signaling pathway regulates fatty acid oxidation and
promotes fatty acid metabolism [34,35]. In mosquitoes, fatty acids
play an important role in innate immunity [36]. After the Japanese
encephalitis virus infection, genes related to the PPAR signaling and
fatty acid metabolism pathways were found to be downregulated in
dendritic cells (DCs) [37]. In studies on the isolation and identification
of human fatty acid homologs in Ae. aegypti (AaFAS1), the replication
of DENV was significantly inhibited in the midgut of Ae. aegypti and in
Aag2 cells and after AaFAS1 knockdown [38]. Insect juvenile
hormone-binding protein is essential for mosquito innate immunity
[39], and a mutant phenotype characterized by immunosuppression
at both humoral and cellular levels were identified by constructing
insect juvenile hormone-binding protein-deficient mosquito strains.
Interestingly, injection of recombinant WT juvenile hormone-binding
protein into adult female mosquitoes three days before infection was
sufficient to restore normal immune function. Another study showed
that the KO of the methoprene-tolerant (Met) gene encoding a juvenile
hormone receptor in insects resulted in a black larval phenotype at the
L3 and L4 stages and death before pupation [40].

According to the above studies on the function of CYP4 family
genes, they are primarily involved in the metabolism and synthesis
of substances and participate in the innate immune response of mos-
quitoes through substance metabolism. Therefore, we hypothesize that
the CYP4C21 gene may be involved in metabolism and indirectly par-
ticipate in innate immunity, thereby regulating the response to arbo-
virus infection in Ae. aegypti.

In summary, the CYP4 subfamily members identified thus far are
primarily involved in the metabolism of arachidonic acid, retinol, fatty
acids, and insect juvenile hormone synthesis. These factors are also
associated with mosquitoes’ innate immunity and endostatin environ-
ment. However, no study has demonstrated the relationship between
viral infection and CYP4 family members. Here, we propose for the
first time that CYP4C21 KO reduces the replication of DENV2 and
ZIKV in Aag2 cells suggesting that the CYP4C21 gene plays a vital role
in the response of Ae. aegypti to mosquito-borne viruses and provides
new clues for the function of the CYP4C21 gene. However, the specific
mechanism of the CYP4C21 gene in this process needs to be further
investigated.

Acknowledgements

This work was supported by the Young Talents Project 2019
(2019BJRCO5).

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Author contributions

Xiaoxue Xie: Conceptualization, Data curation, Formal analysis,
Visualization, Writing — original draft. Di Wang: Investigation, Data
curation, Formal analysis. Bo Li: Investigation, Data curation. Manjin
Li: Investigation, Formal analysis. Dan Xing: Investigation, Validation.
Teng Zhao: Data curation, Methodology, Validation. Xinyu Zhou:
Data curation, Supervision, Writing — review & editing. Chunxiao
Li: Data curation, Project administration, Supervision, Writing —
review & editing.

References

[1] P. Sun, K. Nie, Y. Zhu, Y. Liu, P. Wy, Z. Liu, S. Du, H. Fan, C.H. Chen, R. Zhang, P.
Wang, G. Cheng, A mosquito salivary protein promotes flavivirus transmission by

[2

[t

[3]

[4

=

[5]

[6

—

[71

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

activation of autophagy, Nat. Commun. 11 (1) (2020) 260, https://doi.org/
10.1038/541467-019-14115-z.

S. Bhatt, P.W. Gething, O.J. Brady, J.P. Messina, A.W. Farlow, C.L. Moyes, J.M.
Drake, J.S. Brownstein, A.G. Hoen, et al., The global distribution and burden of
dengue, Nature 496 (7446) (2013) 504-507, https://doi.org/
10.1038/nature12060.

E. Oehler, L. Watrin, P. Larre, 1. Leparc-Goffart, S. Lastere, F. Valour, L. Baudouin,
H. Mallet, D. Musso, F. Ghawche, Zika virus infection complicated by
Guillain-Barre syndrome-case report, French Polynesia, December 2013, Euro.
Surveill. 19 (9) (2014) 20720, https://doi.org/10.2807/1560-7917.es2014.
19.9.20720.

P. Brasil, J.P. Pereira Jr., M.E. Moreira, R.M. Ribeiro Nogueira, L. Damasceno, M.
Wakimoto, R.S. Rabello, S.G. Valderramos, A.M. Bispo de Filippis,
K. Nielsen-Saines, et al., Zika Virus Infection in Pregnant Women in Rio de
Janeiro, N. Engl. J. Med. 375 (24) (2016) 2321-2334, https://doi.org/10.1056/
NEJMoal602412.

E.X. Pérez-Guzman, P. Pantoja, C. Serrano-Collazo, M.A. Hassert, A. Ortiz-Rosa, L.V.
Rodriguez, L. Giavedoni, V. Hodara, L. Parodi, L. Cruz, et al., Time elapsed between
Zika and dengue virus infections affects antibody and T cell responses, Nat.
Commun. 10 (1) (2019) 4316, https://doi.org/10.1038/541467-019-12295-2.

1. Bosch, H. de Puig, M. Hiley, M. Carré-Camps, F. Perdomo-Celis, C.F. Narvéez, D.
M. Salgado, D. Senthoor, K. Hamad-Schifferli, L. Gehrke, et al., Rapid antigen tests
for dengue virus serotypes and Zika virus in patient serum, Sci. Transl. Med. 9
(409) (2017) eaan1589, http://dx.doi.org/10.1126/scitranslmed.aan1589.

T.L. Chiu, Z. Wen, S.G. Rupasinghe, M.A. Schuler, Comparative molecular
modeling of Anopheles gambiae CYP6Z1, a mosquito P450 capable of
metabolizing DDT, Proc. Natl. Acad. Sci. U. S. A. 105 (26) (2008) 8855-8860,
https://doi.org/10.1073/pnas.0709249105.

L. Zhang, X. Xu, S. Badawy, A. Ihsan, Z. Liu, C. Xie, X. Wang, Y. Tao, A. Review,
Effects of macrolides on CYP450 enzymes, Curr. Drug. Metab. 21 (12) (2020)
928-937, https://doi.org/10.2174/1389200221666200817113920.

B. Li, H. Zhang, M. Ni, B.B. Wang, F.C. Li, K.Z. Xu, W.D. Shen, Q.Y. Xia, P. Zhao,
Identification and characterization of six cytochrome P450 genes belonging to
CYP4 and CYP6 gene families in the silkworm, Bombyx mori, Mol. Biol. Rep. 41 (8)
(2014) 5135-5146, https://doi.org/10.1007/5s11033-014-3379-z.

L. Dai, C. Wang, X. Zhang, J. Yu, R. Zhang, H. Chen, Two CYP4 genes of the
Chinese white pine beetle, Dendroctonus armandi (Curculionidae: Scolytinae), and
their transcript levels under different development stages and treatments, Insect
Mol. Biol. 23 (5) (2014) 598-610, https://doi.org/10.1111/imb.12108.

Z. Wen, C.E. Horak, J.G. Scott, CYP9E2, CYP4C21 and related pseudogenes from
German cockroaches, Blattella germanica: implications for molecular evolution,
expression studies and nomenclature of P450s, Gene 272 (1-2) (2001) 257-266,
https://doi.org/10.1016/s0378-1119(01)00529-7.

H. Hao, Y. Zuo, J. Fang, A. Sun, A.A.A. Aioub, Z. Hu, Transcriptome analysis of
Aedes albopictus (Diptera: Culicidae) larvae exposed with a sublethal dose of
haedoxan A, J. Med. Entomol. 58 (6) (2021) 2284-2291, https://doi.org/
10.1093/jme/tjab089.

N.T.K. Lien, N.T.H. Ngoc, N.N. Lan, N.T. Hien, N.V. Tung, N.T.T. Ngan, N.H.
Hoang, N.T.H. Binh, Transcriptome sequencing and analysis of changes associated
with insecticide resistance in the dengue mosquito (Aedes aegypti) in Vietnam, Am.
J. Trop. Med. Hyg. 100 (5) (2019) 1240-1248, https://doi.org/10.4269/ajtmh.18-
0607.

H. Gao, Z. Gu, D. Xing, Q. Yang, J. Li, X. Zhou, T. Zhao, C. Li, Identification of
differentially expressed genes based on antennae RNA-seq analyses in Culex
quinquefasciatus and Culex pipiens molestus, Parasit. Vectors. 15 (1) (2022) 353,
https://doi.org/10.1186/513071-022-05482-6.

A. Hammond, R. Galizi, K. Kyrou, A. Simoni, C. Siniscalchi, D. Katsanos, M.
Gribble, D. Baker, E. Marois, S. Russell, A. Burt, N. Windbichler, A. Crisanti, T.
Nolan, A CRISPR-Cas9 gene drive system targeting female reproduction in the
malaria mosquito vector Anopheles gambiae, Nat. Biotechnol. 34 (1) (2016)
78-83, https://doi.org/10.1038/nbt.3439.

K. Rozen-Gagnon, S. Yi, E. Jacobson, S. Novack, C.M. Rice, A selectable, plasmid-
based system to generate CRISPR/Cas9 gene edited and knock-in mosquito cell
lines, Sci. Rep. 11 (1) (2021) 736, https://doi.org/10.1038/s41598-020-80436-5.
M.J. Li, C.J. Lan, H.T. Gao, D. Xing, Z.Y. Gu, D. Su, T.Y. Zhao, H.Y. Yang, C.X. Li,
Transcriptome analysis of Aedes aegypti Aag2 cells in response to dengue virus-2
infection, Parasit. Vectors. 13 (1) (2020) 421, https://doi.org/10.1186/s13071-
020-04294-w.

A. Burger, H. Lindsay, A. Felker, C. Hess, C. Anders, E. Chiavacci, J. Zaugg, L.M.
Weber, R. Catena, M. Jinek, M.D. Robinson, C. Mosimann, Maximizing
mutagenesis with solubilized CRISPR-Cas9 ribonucleoprotein complexes,
Development 143 (11) (2016) 2025-2037, https://doi.org/10.1242/dev.134809.
M.G. Guzman, D.J. Gubler, A. Izquierdo, E. Martinez, S.B. Halstead, Dengue
infection, Nat. Rev. Dis. Primers. 2 (2016) 16055, https://doi.org/10.1038/
nrdp.2016.55.

M. Castillo-Méndez, V. Valverde-Garduio, Aedes aegypti immune response and its
potential impact on dengue virus transmission, Viral Immunol. 33 (1) (2020)
38-47, https://doi.org/10.1089/vim.2019.0051.

J.C. Castillo, A.E. Robertson, M.R. Strand, Characterization of hemocytes from the
mosquitoes Anopheles gambiae and Aedes aegypti, Insect Biochem. Mol. Biol. 36 (12)
(2006) 891-903, https://doi.org/10.1016/j.ibmb.2006.08.010.

J.F. Hillyer, M.R. Strand, Mosquito hemocyte-mediated immune responses, Curr.
Opin. Insect Sci. 3 (2014) 14-21, https://doi.org/10.1016/j.c0is.2014.07.002.
V.V. Satyavathi, A. Minz, J. Nagaraju, Nodulation: an unexplored cellular defense
mechanism in insects, Cell Signal. 26 (8) (2014) 1753-1763, https://doi.org/
10.1016/j.cellsig.2014.02.024.


https://doi.org/10.1038/s41467-019-14115-z
https://doi.org/10.1038/s41467-019-14115-z
https://doi.org/10.1038/nature12060
https://doi.org/10.1038/nature12060
https://doi.org/10.2807/1560-7917.es2014.19.9.20720
https://doi.org/10.2807/1560-7917.es2014.19.9.20720
https://doi.org/10.1056/NEJMoa1602412
https://doi.org/10.1056/NEJMoa1602412
https://doi.org/10.1038/s41467-019-12295-2
http://dx.doi.org/10.1126/scitranslmed.aan1589
https://doi.org/10.1073/pnas.0709249105
https://doi.org/10.2174/1389200221666200817113920
https://doi.org/10.1007/s11033-014-3379-z
https://doi.org/10.1111/imb.12108
https://doi.org/10.1016/s0378-1119(01)00529-7
https://doi.org/10.1093/jme/tjab089
https://doi.org/10.1093/jme/tjab089
https://doi.org/10.4269/ajtmh.18-0607
https://doi.org/10.4269/ajtmh.18-0607
https://doi.org/10.1186/s13071-022-05482-6
https://doi.org/10.1038/nbt.3439
https://doi.org/10.1038/s41598-020-80436-5
https://doi.org/10.1186/s13071-020-04294-w
https://doi.org/10.1186/s13071-020-04294-w
https://doi.org/10.1242/dev.134809
https://doi.org/10.1038/nrdp.2016.55
https://doi.org/10.1038/nrdp.2016.55
https://doi.org/10.1089/vim.2019.0051
https://doi.org/10.1016/j.ibmb.2006.08.010
https://doi.org/10.1016/j.cois.2014.07.002
https://doi.org/10.1016/j.cellsig.2014.02.024
https://doi.org/10.1016/j.cellsig.2014.02.024

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

X. Xie et al. / Biosafety and Health 5 (2023) 144-151

Z. Xi, J.L. Ramirez, G. Dimopoulos, The Aedes aegypti toll pathway controls dengue
virus infection, PLoS Pathog. 4 (7) (2008) e1000098, https://doi.org/10.1371/
journal.ppat.1000098.

J.L. Ramirez, G. Dimopoulos, The Toll immune signaling pathway control
conserved anti-dengue defenses across diverse Ae. aegypti strains and against
multiple dengue virus serotypes, Dev. Comp. Immunol. 34 (6) (2010) 625-629,
https://doi.org/10.1016/j.dci.2010.01.006.

Y.I. Angler6-Rodriguez, H.J. MacLeod, S. Kang, J.S. Carlson, N. Jupatanakul, G.
Dimopoulos, Aedes aegypti molecular responses to Zika virus: modulation of
infection by the toll and Jak/Stat immune pathways and virus host factors, Front.
Microbiol. 8 (2017) 2050, https://doi.org/10.3389/fmicb.2017.02050.

J.L. Ramirez, E.J. Muturi, A.B.F. Barletta, A.P. Rooney, The Aedes aegypti
IMD pathway is a critical component of the mosquito antifungal immune
response, Dev. Comp. Immunol. 95 (2019) 1-9, https://doi.org/10.1016/j.
dci.2018.12.010.

T.A. Russell, A. Ayaz, A.D. Davidson, A. Fernandez-Sesma, K. Maringer, Imd
pathway-specific immune assays reveal NF-kB stimulation by viral RNA PAMPs in
Aedes aegypti Aag2 cells, PLoS Negl. Trop. Dis. 15 (2) (2021) e0008524,
https://doi.org/10.1038/541598-020-75203-5..

M. Bonizzoni, W.A. Dunn, C.L. Campbell, K.E. Olson, O. Marinotti, A.A. James,
Complex modulation of the Aedes aegypti transcriptome in response to dengue
virus infection, PLoS One. 7 (11) (2012) e50512, doi: 10.1371/journal.
pone.0050512..

S. Sim, G. Dimopoulos, Dengue virus inhibits immune responses in Aedes aegypti cells,
PLoS One 5 (5) (2010) e10678, https://doi.org/10.1371/journal.pone.0010678.
H.H. Li, Y. Cai, J.C. Li, M.P. Su, W.L. Liu, L. Cheng, S.J. Chou, G.Y. Yu, H.D. Wang,
C.H. Chen, C-type lectins link immunological and reproductive processes in Aedes
aegypti, iScience 23 (9) (2020) 101486, https://doi.org/10.1016/j.
isci.2020.101486.

H. Fujii, PPARs-mediated intracellular signal transduction, Nihon Rinsho. 63 (4)
(2005) 565-571.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

151

N. Takahashi, T. Goto, T. Kusudo, T. Moriyama, T. Kawada, The structures and
functions of peroxisome proliferator-activated receptors (PPARs), Nihon Rinsho.
63 (4) (2005) 557-564.

M. Lehrke, M.A. Lazar, The many faces of PPARgamma, Cell 123 (6) (2005)
993-999, https://doi.org/10.1016/j.cell.2005.11.026.

V.R. Parekh, R.W. Traxler, J.M. Sobek, N-Alkane oxidation enzymes of a
pseudomonad, Appl. Environ. Microbiol. 33 (4) (1977) 881-884, https://doi.
org/10.1128/aem.33.4.881-884.1977.

R. Ziegler, M.M. Ibrahim, Formation of lipid reserves in fat body and eggs of the
yellow fever mosquito, Aedes aegypti, J. Insect Physiol. 47 (6) (2001) 623-627,
https://doi.org/10.1016/s0022-1910(00)00158-x.

S. Chauhan, D.K. Rathore, S. Sachan, S. Lacroix-Desmazes, N. Gupta, A. Awasthi, S.
Vrati, M. Kalia, Japanese encephalitis virus infected human monocyte-derived
dendritic cells activate a transcriptional network leading to an antiviral
inflammatory response, Front Immunol. 12 (2021) 638694, https://doi.org/
10.3389/fimmu.2021.638694.

N. Chotiwan, C.A. Brito-Sierra, G. Ramirez, E. Lian, J.M. Grabowski, B. Graham, C.
A. Hill, R. Perera, Expression of fatty acid synthase genes and their role in
development and arboviral infection of Aedes aegypti, Parasit. Vectors. 15 (1)
(2022) 233, https://doi.org/10.1186/s13071-022-05336-1.

L.H. Kim, J.C. Castillo, A. Aryan, I. Martin-Martin, M. Nouzova, F.G. Noriega, A.B.F.
Barletta, E. Calvo, Z.N. Adelman, J.M.C. Ribeiro, J.F. Andersen, A mosquito
juvenile hormone binding protein (mJHBP) regulates the activation of innate
immune defenses and hemocyte development, PLoS Pathog. 16 (1) (2020)
1008288, https://doi.org/10.1371/journal.ppat.1008288.

G.H. Zhu, Y. Jiao, S. Chereddy, M.Y. Noh, S.R. Palli, Knockout of juvenile hormone
receptor, Methoprene-tolerant, induces black larval phenotype in the yellow fever
mosquito, Aedes aegypti, Proc. Natl. Acad. Sci. U. S. A. 116 (43) (2019)
21501-21507, https://doi.org/10.1073/pnas.1905729116.


https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1016/j.dci.2010.01.006
https://doi.org/10.3389/fmicb.2017.02050
https://doi.org/10.1016/j.dci.2018.12.010
https://doi.org/10.1016/j.dci.2018.12.010
https://doi.org/10.1038/s41598-020-75203-5
https://doi.org/10.1371/journal.pone.0010678
https://doi.org/10.1016/j.isci.2020.101486
https://doi.org/10.1016/j.isci.2020.101486
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0160
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0160
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0160
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0165
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0165
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0165
http://refhub.elsevier.com/S2590-0536(23)00049-6/h0165
https://doi.org/10.1016/j.cell.2005.11.026
https://doi.org/10.1128/aem.33.4.881-884.1977
https://doi.org/10.1128/aem.33.4.881-884.1977
https://doi.org/10.1016/s0022-1910(00)00158-x
https://doi.org/10.3389/fimmu.2021.638694
https://doi.org/10.3389/fimmu.2021.638694
https://doi.org/10.1186/s13071-022-05336-1
https://doi.org/10.1371/journal.ppat.1008288
https://doi.org/10.1073/pnas.1905729116

	Mosquito CYP4C21 knockout reduces dengue virus and Zika virus replication in Aedes aegypti cells
	1 Introduction
	2 Methods
	2.1 Virus, cells, and mosquito
	2.2 Oral infection of Ae. aegypti with DENV2 and mosquito dissection
	2.3 Design and synthesis of sgRNA targets
	2.4 Construction of CYP4C21 KO Aag2 cells
	2.5 CYP4C21 KO cells detection at the DNA level
	2.6 qRT-PCR detection of CYP4C21 expression in Ae. aegypti and Aag2 cells
	2.7 Viral infection of KO and WT Aag2 cells
	2.8 Detection of extracellular viral copies in the cell supernatant
	2.9 Statistical methods

	3 Results
	3.1 The CYP4C21 gene was downregulated after the DENV2 infection
	3.2 CYP4C21-KO cells construction by CRISPR/Cas9 system
	3.3 Detection of CYP4C21 gene expression in Aag2 KO cells
	3.4 Effect of CYP4C21 gene KO on virus replication in Aag2 cells

	4 Discussion
	Acknowledgements
	Conflict of interest statement
	Author contributions
	References


