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DYRK1A is a multifunctional host factor that regulates
coronavirus replication in a kinase-independent manner
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ABSTRACT Coronaviruses (CoVs) pose a major threat to human and animal health
worldwide, which complete viral replication by hijacking host factors. Identifying host
factors essential for the viral life cycle can deepen our understanding of the mechanisms
of virus—host interactions. Based on our previous genome-wide CRISPR screen of a-CoV
transmissible gastroenteritis virus (TGEV), we identified the host factor dual-specificity
tyrosine phosphorylation-regulated kinase 1A (DYRK1A), but not DYRK1B, as a critical
factor in TGEV replication. Rescue assays and kinase inhibitor experiments revealed
that the effect of DYRKTA on viral replication is independent of its kinase activity.
Nuclear localization signal modification experiments showed that nuclear DYRK1A
facilitated virus replication. Furthermore, DYRK1A knockout significantly downregulated
the expression of the TGEV receptor aminopeptidase N (ANPEP) and inhibited viral entry.
Notably, we also demonstrated that DYRK1A is essential for the early stage of TGEV
replication. Transmission electron microscopy results indicated that DYRKTA contributes
to the formation of double-membrane vesicles in a kinase-independent manner. Finally,
we validated that DYRKTA is also a proviral factor for mouse hepatitis virus, porcine
deltacoronavirus, and porcine sapelovirus. In conclusion, our work demonstrated that
DYRK1A is an essential host factor for the replication of multiple viruses, providing new
insights into the mechanism of virus-host interactions and facilitating the development
of new broad-spectrum antiviral drugs.

IMPORTANCE Coronaviruses, like other positive-sense RNA viruses, can remodel

the host membrane to form double-membrane vesicles (DMVs) as their replication

organelles. Currently, host factors involved in DMV formation are not well defined.

In this study, we used transmissible gastroenteritis virus (TGEV) as a virus model to

investigate the regulatory mechanism of dual-specificity tyrosine phosphorylation-regu-

lated kinase 1A (DYRK1A) on coronavirus. Results showed that DYRK1A significantly

inhibited TGEV replication in a kinase-independent manner. DYRKTA knockout (KO) can

regulate the expression of receptor aminopeptidase N (ANPEP) and endocytic-related

genes to inhibit virus entry. More importantly, our results revealed that DYRK1A KO Editor Tom Gallagher, Loyola University Chicago -
notably inhibited the formation of DMV to regulate the virus replication. Further data Health Sciences Campus, Maywood, lllinois, USA
proved that DYRK1A is also essential in the replication of mouse hepatitis virus, porcine e e nETeSun,
deltacoronavirus, and porcine sapelovirus. Taken together, our findings demonstrated Sunlimeng@webmail.hzau.edu.cn, or Guiging Peng,
that DYRKTA is a conserved factor for positive-sense RNA viruses and provided new penggg@mail.hzau.edu.cn.
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viruses that can cause respiratory and intestinal diseases in both humans and a
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variety of animals and can be divided into four genera: q, B, y, and & (1-3). Currently,
seven coronaviruses that can infect humans have been identified (4). Severe acute
respiratory coronavirus 2 (SARS-CoV-2), which belongs to the betacoronavirus genus, is
currently receiving the most attention and poses a major threat to global public health
(5, 6). In addition, porcine transmissible gastroenteritis virus (TGEV), which belongs to
the alphacoronavirus genus, can cause highly contagious intestinal infections in pigs of
different ages and breeds (7). TGEV is particularly harmful to newborn piglets within 2
weeks of birth, causing a mortality rate of up to 100% (8). The high mutability of RNA
viruses and the wide range of coronavirus hosts complicate the prevention and control
of coronaviruses.

Studies based on CRISPR screening have bridged the research gap in determining
mechanisms of virus—host interactions and successfully identified host genes required
for multiple viruses (9-14). For example, mucins are identified as a prominent viral
restriction network that inhibits SARS-CoV-2 and diverse respiratory viruses (14). mLST8
is reported to regulate autophagy through the mTORC1 pathway and affect double-
membrane vesicle (DMV) formation to regulate coronavirus replication (15). It has also
been reported that host kinases play pivotal roles in viral replication. For instance,
glycogen synthase kinase-3 is critical for CoV nucleocapsid (N) protein phosphorylation
and function in the virus life cycle (16). Receptor for activated protein C kinase 1 is a
host factor required for Zika virus (ZIKV) replication and is involved in the formation
of viral replication factories (17). These findings suggest that the investigation of virus-
host interaction mechanisms responsible for virus replication may contribute to the
development of potential host-targeted antiviral therapeutics.

DYRK1A encodes dual-specificity tyrosine phosphorylation-regulated kinase 1A, a
member of the CMGC kinase group (18), which possesses serine and threonine
phosphorylation activity as well as autophosphorylation activity at tyrosine residues (19,
20). DYRK1A has been reported to contain a nuclear localization signal (NLS) sequence, a
protein kinase domain, a highly conserved 13-consecutive-histidine repeat, and a repeat
of serine/threonine residues (21, 22). Since its discovery, DYRK1A has been considered
a molecule associated with the pathogenesis of Down syndrome (23). With further
research into the function of DYRK1A, it has been found to play important roles in the
cell cycle (24), cell differentiation (25), apoptosis (26, 27), splicing regulation (28), and
tumorigenesis (29). Many recent studies have identified it as a potential target for the
treatment of neurodegenerative diseases and cancer (30, 31).

In the present study, we used TGEV as a model virus and identified DYRK1A as a
critical host factor for coronavirus replication. We found that knocking out DYRK1A
significantly inhibited virus replication in a kinase-independent manner and that the
nuclear distribution of DYRK1A was essential for this process. DYRK1A knockout (KO)
significantly reduced the expression of aminopeptidase N (ANPEP), the known functional
receptor of TGEV (32, 33), and inhibited virus entry. Further experiments showed that
DYRK1A knockout also strongly affected the replication stage of the virus, and DMV
formation in DYRK1A KO cells was significantly reduced, as determined by transmission
electron microscopy (TEM) experiments. We further illustrated that DYRK1A KO also
exhibits an inhibitory effect against mouse hepatitis virus (MHV), porcine deltacorona-
virus (PDCoV), and porcine sapelovirus (PSV). In conclusion, our study suggests that
DYRKTA represents a promising broad-spectrum target against positive-sense virus
infection.

RESULTS
DYRK1A, but not DYRK1B, is a host factor required for TGEV replication

We identified DYRK1A as a critical host factor for TGEV based on a genome-wide CRISPR/
Cas9 screen in porcine kidney-15 cells (PK-15 cells). To validate the potential effect of
DYRK1A on TGEV replication, we generated a DYRKTA KO PK-15 cell line using the
CRISPR/Cas9 gene editing system. Sanger sequencing (Fig. STA) and western blotting
(Fig. 1A) confirmed the successful construction of the DYRK1A KO cell line. In addition,
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FIG 1

DYRK1A, but not DYRK1B, is a host factor essential for TGEV replication. (A) Western blot analysis validated the protein expression level of endogenous

DYRK1A in DYRK1A KO cells and WT cells. GAPDH was used as an internal control gene. (B) Western blot assay to detect the TGEV N protein expressed in DYRKTA
KO and WT cells following infection with TGEV [multiplicity of infection (MOI) = 0.1], at 12 and 24 hours post-infection (hpi). GAPDH was used as an internal

(Continued on next page)
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FIG 1 (Continued)

control gene. (C) Multiple step viral growth assay. The viral titers in DYRKTA KO and WT cells infected with TGEV (MOI = 0.1) were monitored at different time
points (12, 24, 36, and 48 h). (D and E) DYRK1A KO and WT cells were infected with TGEV at different MOIs (0.01, 0.1, and 1). Immunofluorescence assays (D) were
used to detect the TGEV N protein expression following infection with TGEV at 24 hpi. Scale bar, 400 um. TGEV titers (E) were tested at 24 hpi. (F) Rescue assays
for WT, DYRK1A KO, and DYRK1A KO-rescue cells infected with TGEV (MOI = 0.1) at 24 hpi. The TGEV N copy number was assessed by quantitative real-time PCR.
(G) Overexpression of DYRK1A in PK-15 control cells following infection with TGEV (MOI = 0.01) at 24 hpi. RT-qPCR assay for determination of the absolute mRNA
level of the TGEV N gene. WT, transfection of the pcDNA3.1 empty vector in PK-15 cells; WT-overexpression, transfection of the pcDNA3.1-DYRK1A vector in PK-15
cells. (H and I) DYRK1B KO and WT cells were infected with TGEV (MOI = 0.01). Immunofluorescence assays (H) were used to detect TGEV N protein expression
following infection with TGEV at 24 hpi. Scale bar, 400 um. TGEV titers (I) were tested at 24 hpi. (J) PK-15 cells were incubated in advance with the DYRK1B
inhibitor AZ191 at different concentrations (12.5, 6.25, 3.125, and 1.5625 uM) for 2 h, and the cells treated with the inhibitor were infected with TGEV (MOl = 0.01).
The TGEV titers were tested at 24 hpi. The means and SDs of the results from three independent experiments are shown. ns, not significant; 'P<0.05 "P<001;

"P <0.001. P-values were determined by two-tailed unpaired Student’s t-tests.

the proliferation of clonal DYRK1A KO cells and wild-type (WT) cells was measured, and
no significant differences were detected by cell proliferation assays (MTS) (Fig. S1B).

We performed a western blot assay and found that the TGEV-encoded N protein was
undetectable or weakly expressed in DYRKTA KO cells compared with WT cells at a MOI
of 0.1 at 12 and 24 hpi (Fig. 1B). Further results showed that viral titers were reduced
in the DYRK1A KO cells after TGEV infection, at 12, 24, 36, and 48 hpi, respectively (Fig.
1C). Meanwhile, immunofluorescence analysis (Fig. 1D) showed that DYRK1A KO cells
possessed significantly diminished levels of TGEV N protein after infection with MOIs of
0.01, 0.1, and 1. Consistent with the immunofluorescence assay, the results of viral titer
assays (Fig. 1E) at different MOls showed significantly lower viral loads in DYRK1A KO cells
than that in WT cells. These results revealed that the knockout of DYRK1A significantly
inhibited TGEV replication. To further determine whether DYRK1A is required for TGEV
infection, we constructed a CRISPR-resistant DYRK1A KO-rescue cell line, which stably
expressed the DYRK1A gene on its KO cells, and its successful construction was verified
by RT-gPCR (Fig. S1D) and western blot assay (Fig. S1F). As shown in Fig. 1F; Fig. S1C,
the complementation of DYRK1A in DYRK1A KO cells fully restored TGEV replication. The
overexpression of DYRK1A in WT cells also facilitated TGEV replication (Fig. 1G; Fig. S1E).
Collectively, these results suggest that DYRK1A is a critical factor for TGEV infection.

Since DYRK1B is an important homologous protein of DYRKTA (34) and shares high
similarity in structure as shown in Fig. STH, we investigated whether DYRK1B plays a role
in TGEV infection. A clonal DYRK1B KO cell line was generated through the CRISPR/Cas9
gene editing system, and Sanger sequencing (Fig. S11) confirmed its successful construc-
tion. In contrast to DYRKTA KO cells, DYRK1B KO cells did not inhibit TGEV infection, as
shown by immunofluorescence (Fig. 1TH) and viral titer (Fig. 11) assays. A highly selective
inhibitor of DYRK1B, AZ191 (35), was used to further validate the effects of DYRK1B on
TGEV. The results of the viral titer assay showed that it has no inhibitory effect on TGEV
replication at tolerated concentrations (Fig. 1J; Fig. S1G). Therefore, our data indicate that
DYRK1A, but not DYRK1B, is an essential factor for TGEV replication.

DYRK1A promotes TGEV replication in a kinase-independent manner

DYRK1A kinase has been reported to phosphorylate both nuclear and cytoplasmic
proteins that are associated with multiple pathways (28, 36-40). To investigate whether
DYRK1A kinase activity is related to the regulation of TGEV replication, we stably
expressed full-length DYRKTA and the DYRK1A-K188R kinase-dead mutant (19) by
lentiviral transduction in DYRK1A KO cells. Western blot results showed the successful
complementation of DYRK1A and DYRK1A-K188R mutant in DYRK1A KO cells (Fig. 2A).
Virus titer results revealed that the complementation of DYRK1A-K188R kinase-dead
mutant restored viral infection to an extent similar to that with DYRK1A (Fig. 2B). To
further validate whether the kinase activity of DYRKTA is essential to virus infection,
Harmine (41) and INDY (42), two kinase inhibitors targeting DYRK1A, were applied at
tolerated concentrations. Cell proliferation was not affected after treatment of certain
concentrations of inhibitors as determined by the MTS assay (Fig. 2C and E). Consistent
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FIG 2 DYRKI1A regulates TGEV replication independent of its kinase activity. (A) Western blot analysis validated the protein expression level of DYRK1A in
WT, DYRK1A KO, DYRK1A KO-rescue, and DYRK1A KO-rescue-K188R cells. GAPDH was used as an internal control gene. (B) Rescue assays for WT, DYRK1A KO,
DYRK1A KO-rescue, and DYRK1A KO-rescue-K188R cells infected with TGEV (MOl = 0.01). Viral titers were tested at 24 hpi. (C and E) PK-15 cells were treated
with or without INDY (C) and Harmine (E) for 48 h, and cell viability was measured by the MTS assay. (D) PK-15 cells were incubated in advance with different
concentrations (25, 12.5, 6.25, 3.125, and 1.5625 uM) of INDY for 2 h, and cells treated with the inhibitor were infected with TGEV (MOI = 0.01). The TGEV titers
were tested at 24 hpi. (F and G) PK-15 cells were incubated in advance with different concentrations (12.5, 6.25, 3.125, and 1.5625 uM) of Harmine for 2 h,
and cells treated with the inhibitor were infected with TGEV (MOI = 0.01). The TGEV titers (F) were tested at 24 hpi. The TGEV N protein was detected by the
immunofluorescence assay (G). Scale bar, 400 um. The means and SD of the results from three independent experiments are shown. P < 0.05; "P < 0.01; P <
0.0001. P-values were determined by two-tailed unpaired Student’s t-tests.

with the rescue assay, these kinase inhibitors exhibited no antiviral effect on TGEV as
determined by virus titers (Fig. 2D and F) and immunofluorescence assays (Fig. 2G).
Overall, these results highlight that DYRK1A regulates TGEV replication in a kinase-inde-
pendent manner.
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Nuclear DYRK1A facilitates TGEV replication

DYRK1A is predominantly nucleus-localized, but its cytoplasmic distribution has also
been reported (43, 44). The wide distribution in the nucleoplasm may be related to
the various physiological functions of DYRK1A. Our confocal microscopy results showed
that DYRK1A in PK-15 cells is distributed in the nucleus, with a partial distribution in
the cytoplasm (Fig. 3A). In the viral infection process, we found that DYRK1A is mostly
concentrated in the nucleus after viral infection, with little cytoplasmic distribution (Fig.
3A). We then investigated whether the nucleoplasmic localization of DYRK1A is essential
for virus replication. A nuclear localization mutant DYRK1A-ANLS was constructed as
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FIG 3 Nucleus-located DYRK1A facilitates TGEV replication. (A) Confocal fluorescence microscopy analysis of the subcellular

localization of TGEV N (indicated in green) and ectopic expression of DYRK1A-FLAG (indicated in red) in WT cells mock-infec-
ted (above) or infected with TGEV (MOl = 1), at 12 hpi (middle) and 24 hpi (bottom). Scale bar, 10 pm. (B) Schematic
representation of the construction of full-length DYRKTA (above) and DYRKTA-ANLS mutant (DYRKTA with deletion of the
nuclear localization motif) (bottom). (C) Assessment of the subcellular location of ectopically expressed full-length DYRKTA

(above) and DYRK1TA-ANLS (bottom) (indicated in green) in WT cells via confocal fluorescence microscopy. Scale bar, 5 pm.
(D) Overexpression of full-length DYRK1A and DYRK1A-ANLS in PK-15 control cells following infection with TGEV (MOl = 0.01).
TGEV titers were tested at 24 hpi. The means and SD of the results from three independent experiments are shown. P < 0.05;

“P <0.01. P-values were determined by two-tailed unpaired Student’s t-tests.
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indicated in Fig. 3B, and confocal experiments showed the distinct distribution of
full-length DYRKTA and the DYRKTA-ANLS mutant (Fig. 3C). The viral titer assay showed
that the overexpression of full-length DYRKTA promoted TGEV replication in WT cells
(Fig. 3D). However, the ability to promote TGEV replication was reduced when DYRK1A-
ANLS was overexpressed in WT cells compared with full-length DYRK1A. Taken together,
these data indicate that nuclear DYRK1A can promote viral replication.

DYRK1A KO inhibits TGEV entry by downregulating the expression of ANPEP

Considering its strong effect on TGEV infection, we sought to explore which stage of
the virus infection cycle is affected in DYRK1A KO cells. The attachment assay (Fig.
4A) and internalization assay (Fig. 4B) showed that DYRK1A KO suppressed virus entry.
Membrane fusion assays (Fig. 4C) indicated that the ability of the TGEV spike protein
to fuse to the TGEV receptor ANPEP was significantly reduced in DYRK1A KO cells
compared to WT cells. Further RNA sequencing (RNA-Seq) analysis (Fig. 4D; Table S1)
and RT-gPCR validation results (Fig. 4E) revealed a notable decline in the mRNA transcript
level of ANPEP in the absence of DYRK1A, which may explain the viral entry impairment.
The rescue assay showed that the ANPEP mRNA level was restored to the WT level
upon reintroduction of DYRK1A and the DYRK1A-K188R mutant. Moreover, analysis of
differentially expressed genes (DEGs) and RT-qPCR assays also revealed that loss of
DYRK1A resulted in lower mRNA expression levels of endocytosis-related genes, such as
CPED1, DAB2, EGF, THRB, AMPH, and MAP2K&6 (Fig. 4F).

To further verify whether the antiviral effect of DYRK1A KO is mediated exclusively
by the downregulation of the receptor ANPEP, we constructed ANPEP-overexpressing
DYRK1A KO cells. RT-qPCR results showed the successful overexpression of ANPEP on
DYRK1A KO cells (Fig. 4G). Further validation determined by attachment and internaliza-
tion experiments showed that the impaired virus entry was completely restored up to
WT levels by the overexpression of ANPEP in DYRKTA KO cells (Fig. 4H and I). We then
tested the TGEV replication, and the viral titer assay showed that the viral replication in
ANPEP-overexpressing DYRK1A KO cells, though slightly higher than DYRK1A KO cells,
was still impaired compared with WT cells (Fig. 4)). The above data suggest that DYRK1A
KO inhibits TGEV entry by downregulating ANPEP expression, but the effect of DYRKTA
on the virus is not restricted to the entry phase.

Overall, DYRKTA may intricately regulate transcription and gene expression to
support viral entry independent of its kinase activity, and further research on the
mechanism of how DYRK1A regulates gene expression may also be of appreciable
importance.

DYRK1A KO inhibits the viral RNA synthesis in TGEV replication stage by
suppressing DMV formation

A TEM experiment was performed to directly observe the assembly of virus particles and
further investigate the mechanism by which DYRKTA knockout inhibits viral replication.
Numerous vesicle-wrapped virus-like particles were detected in WT cells, whereas virions
were rarely observed in DYRKTA KO cells after virus infection, suggesting that virion
production was significantly impaired in the cells lacking DYRK1A (Fig. 5A). Subsequently,
the release assay (Fig. 5B) showed that the extracellular and intracellular viral titers
of DYRK1A KO cells were approximately equal, and both were lower than those of
WT cells, indicating that DYRKTA KO does not affect TGEV release. We then wanted
to investigate the effects of knocking out DYRKTA on viral genome replication. The
confocal microscopy assay was performed to assess early replication, and the results
showed that double-stranded RNA (dsRNA) replication intermediates were greatly
decreased in abundance in DYRK1A KO cells compared to WT cells at 3 hpi (Fig. 5C).
Moreover, strand-specific quantitative real-time PCR (RT-qPCR) was performed to detect
the synthesis of positive-strand and negative-strand viral RNA (+vRNA and —VvRNA,
respectively) at different time points after viral infection. The level of positive-strand
and negative-strand RNA synthesis was significantly lower in DYRK1A KO cells than that
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FIG 4 Knockout of DYRKTA inhibits TGEV entry by downregulating the expression of ANPEP. (A) DYRK1A
KO and WT cells were infected with TGEV (MOI = 50) at 4°C for 1 h and assessed for TGEV adsorption. The
cells were harvested, and viral RNA was extracted to determine virion attachment at the cell surface.
(Continued on next page)
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FIG 4 (Continued)

(B) DYRKTA KO and WT cells were infected with TGEV (MOI = 50) at 4°C for 1 h, followed by incubation
at 37°C for 30 min. The internalization of TGEV in DYRK1A KO and WT cells was evaluated by absolute
quantitative real-time PCR. (C) Membrane fusion assay assessed the fusion ability of the TGEV spike
protein in WT cells and DYRK1A KO cells. (D) Volcano plot of differentially expressed genes in WT and
DYRK1A KO PK-15 cells. The expression of ANPEP, ACE2, and DPP4 was strongly reduced in the absence
of DYRK1A. (E) RT-gPCR assay for determination of relative mRNA levels of ANPEP in WT, DYRK1A KO,
DYRK1A KO-rescue, and DYRKTA KO-rescue-K188R cells. (F) RT-qPCR validation of mRNA expression of
endocytic pathway genes enriched according to RNA-seq. (G) RT-gPCR assay for determination of relative
mMRNA levels of ANPEP in WT, DYRK1A KO, and ANPEP-overexpressing DYRK1A KO cells. (H) WT, DYRK1A
KO, and ANPEP-overexpressing DYRK1A KO cells were infected with TGEV (MOI = 50) at 4°C for 1 h and
assessed for TGEV adsorption by RT-qPCR assay. (I) WT, DYRK1A KO, and ANPEP-overexpressing DYRK1A
KO cells were infected with TGEV (MOI = 50) at 4°C for 1 h, followed by incubation at 37°C for 30 min.
The internalization of TGEV was evaluated by absolute quantitative real-time PCR. (J) WT, DYRK1A KO, and
ANPEP-overexpressing DYRK1A KO cells were infected with TGEV (MOI = 0.01). Viral titers were tested at
24 hpi. The means and SD of the results from three independent experiments are shown. P < 0.05; P <

0.01; 7P <0.001; P < 0.0001. P-values were determined by two-tailed unpaired Student's t-tests.

in WT cells from 4 hpi onward (Fig. 5D). Furthermore, to bypass the viral entry stage,
TGEV-bacterial artificial chromosome (BAC) was transfected into DYRK1A KO and WT
cells to assess the difference in viral replication. RT-gPCR results showed that the RNA
synthesis of TGEV was significantly lower in DYRK1A KO cells than that in WT cells, and
this effect could be rescued to WT levels by the stable supplementation of DYRK1A and
DYRK1A-K188R mutant in DYRKTA KO cells (Fig. 5E). These findings indicated that RNA
synthesis was severely impaired in the absence of DYRK1A, confirming that DYRK1A is
necessary for viral RNA replication.

Coronavirus can reshape host cell membranes to form its replication organelle DMV
and provide a propitious environment for viral RNA synthesis (45, 46). TEM results
showed that numerous typical DMVs (150-300 nm in diameter) were readily observed
in infected WT cells (Fig. 5F), which were irregular in shape and often contained fibrous
contents (47). In contrast with typical DMVs found in infected WT cells, the number of
DMV was severely reduced in DYRK1A KO cells (Fig. 5F and G). Instead, a large number of
monolayered vesicles of varying morphology and size were observed in DYRK1A KO cells
after virus infection. TEM experiments also showed that even in ANPEP-overexpressing
DYRK1A KO cells, DMV formation was impaired, and the number of DMV was still reduced
compared to WT cells. Remarkably, DMV formation was readily observed in DYRK1A KO
cells complemented with both DYRK1A and the DYRK1A-K188R kinase-dead mutant (Fig.
5F and G), suggesting that DYRK1A plays a crucial role in DMV formation in a kinase-inde-
pendent manner. Taken together, these results indicate that DYRK1A KO can inhibit the
early replication of TGEV by suppressing DMV formation and viral RNA synthesis.

DYRK1A is a host factor for the replication of multiple viruses

Given that DYRK1A is highly conserved in eukaryotic cells and has important physiolog-
ical functions (48), we speculated that DYRK1A may be a broad-spectrum host factor
during infection for multiple viruses. DYRK1A KO clones in murine fibroblast cell line
(L929) were generated to test whether DYRK1A can regulate betacoronavirus mouse
hepatitis virus A-59 infection. Sanger sequencing confirmed the successful knockout of
DYRK1A in L929 cells (Fig. S2A). The loss of DYRK1A did not affect cell viability in L929
cells as measured by the MTS assay (Fig. S2B). Further RT-qPCR assay (Fig. S2C) and
western blotting assay (Fig. S2D) revealed that the expression of the functional receptor
of MHV, carcinoembryonic antigen-related cellular adhesion molecule 1 (CEACAM1) (49,
50), was notably reduced in DYRK1A KO L929 cells compared with WT cells. Compared
with that in WT L929 cells, the viral titer was significantly decreased in DYRKTA KO cells
(Fig. 6A). We further examined the necessity of DYRK1A for PDCoV and found that the
virus titer in DYRK1A KO cell cultures was significantly reduced compared with that in
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FIG 5 DYRK1A KO inhibits viral RNA synthesis of TGEV by suppressing DMV formation. (A) Evaluation of the effects of DYRK1A KO on virus particle assembly by
TEM experiment. Compared with numerous virions (yellow arrows) found in WT cells, few virus-like particles wrapped in vesicles of varying sizes were found in
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FIG 5 (Continued)

release stage in DYRK1A KO and WT cells infected with TGEV (MOI = 0.1). Intracellular and extracellular viral titers were evaluated by virus median tissue culture
infectious dose (TCIDsg) assays at 24 hpi. (C) Confocal microscopy to evaluate early-stage TGEV replication by detecting dsRNA formation in WT and DYRK1A
KO cells infected with TGEV (MOI = 5) at 3 hpi. Scale bars, 10 um. (D) DYRK1A KO and WT cells were infected with TGEV at an MOI of 0.01. Positive (+VRNA)
or negative (—vRNA) viral RNA was quantified by RT-qPCR. (E) Infectious TGEV-BAC plasmids were transfected into WT, DYRK1A KO, DYRK1A KO-rescue, and
DYRK1A KO-rescue-K188R cells. After 8 h, they were incubated with an anti-TGEV S protein antibody, and after 48 h, the cells were collected and subjected
to RT-qPCR. (F) Evaluation of DMV formation in WT, DYRK1A KO, ANPEP-overexpressing DYRK1A KO, DYRK1A KO-rescue, and DYRK1A KO-rescue-K188R cells
by transmission electron microscopy. Numerous typical DMVs (diameter 150-300 nm) were observed in TGEV-infected PK-15 cells, DYRKTA KO-rescue cells,
and DYRK1A KO-rescue-K188R cells (MOI = 1, 12 hpi) (red arrows). TGEV-infected DYRKTA KO and ANPEP-overexpressing DYRK1A KO cells contained several
monolayer vesicles. Scale bar, 1 pm or 500 nm as indicated. (G) Quantification of DMV numbers per cell is shown as the mean + SD (n = 20). The means and SD
of the results from three independent experiments are shown. P < 0.05; P < 0.01; P < 0.001; " P < 0.0001. P-values were determined by two-tailed unpaired
Student’s t-tests.

WT cell cultures (Fig. 6B). In addition, we validated that DYRK1A KO significantly reduced
the replication ability of PSV, another positive-sense RNA virus, as measured by the virus
titer assay (Fig. 6C). Moreover, we also tested whether DYRK1A affects the replication of
vesicular stomatitis virus (VSV), which is a negative-sense RNA virus, and found that the
virus titers in the supernatant of DYRK1A KO cells showed no difference from those in
WT cells (Fig. 6D). Furthermore, the results of the virus titer assay revealed that DYRK1A
KO had no resistant effect on pseudorabies virus (PRV) (Fig. 6E), a member of DNA virus.
These results suggested that DYRK1A may be a host factor broadly required for the
replication of positive-sense RNA viruses. In summary, during replication, viruses may
utilize DYRK1A to regulate the expression of virus entry-related genes to facilitate virus
entry through its transcriptional regulatory activity. DYRK1A also plays an important role
in DMV formation and thus affects viral RNA synthesis. Overall, as shown in diagram
Fig. 6F, we indicated that DYRK1A KO inhibits the entry and replication stage of the
coronavirus life cycle.

DISCUSSION

Coronaviruses pose a severe threat to human and animal health worldwide. Relevant
studies to elucidate CoV-host interactions and develop new drug targets against
emerging infectious diseases are urgently needed. Our CRISPR screen modeled on TGEV
identified DYRK1A as a top-ranked host factor (51). In the present study, we validated
that DYRK1A participates in the replication of a-, -, and §-group CoVs. Several independ-
ent CRISPR screens have also revealed that DYRK1A is a host factor required for human
CoVs, such as SARS-CoV-2 (12-14), MERS-CoV (13), HCoV-229E, and HCoV-NL63 (10),
suggesting that DYRK1A plays an important conserved role in the infection of viruses
throughout the coronavirus family and is valuable for mechanistic studies.

Our experimental results demonstrated that DYRK1A, but not DYRK1B, is required
for TGEV infection. DYRK1A and DYRK1B belong to the class | DYRK1 family, with 85%
homology in the kinase active region, while there are major differences outside the
catalytic domain (21), which may explain their different effects on viral replication.
For instance, DYRK1A has a unique polyhistidine repeat sequence at its C-terminus,
which is absent in DYRK1B. The histidine repeats of DYRKTA were reported to act as a
speckle-targeting signal, and DYRK1A overexpression can induce speckle disassembly
to further regulate transcription (44, 52, 53). DYRK1A has been reported to regulate
transcription activity that is not entirely dependent on its kinase activity. Specifically,
protein interactions and promoter regulation are also important in the transcriptional
regulation by DYRK1A, particularly under conditions where kinase activity is not essential
(54, 55). Our rescue experiments and inhibitor treatment assays showed that viral
replication is not dependent on the kinase activity of DYRK1A, which is consistent
with a previous report (56). Nuclear cytoplasmic trafficking has been reported to be
an important mechanism to modulate transcription factor function (57). Our nucleocy-
toplasmic migration and localization experiments demonstrated the importance and
necessity of DYRK1A nuclear localization for viral replication. Therefore, it is reasonable to
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FIG 6 (Continued)

were infected with (D) VSV (MOI = 0.01, 24 hpi) and (E) PRV (MOI = 0.01, 36 hpi). Viral titers were measured by TCIDgq assays.
(F) A model illustrating the roles of DYRK1A in the CoV replication cycle. In WT cells, CoV binds to its receptor and enters the
cell through clathrin- and caveolin-mediated endocytosis and then releases its genome into the cytoplasm after membrane
fusion in the early/late endosome. In DYRK1A KO cells, the expression of receptor and endocytic-related genes was reduced,
resulting in impaired viral entry. Moreover, DMV formation in DYRK1A KO cells was suppressed, leading to the inhibition of
virus replication. Data are representative of at least three independent experiments. P < 0.001; ~ P < 0.0001. P-values were
determined by two-tailed unpaired Student’s t-tests.

hypothesize that DYRK1A's transcriptional regulation, independent of its kinase activity,
is responsible for the effects on viral replication. However, the exact mechanisms still
need further exploration.

A previous study indicated that DYRKTA can regulate ACE2 and DPP4 transcription in
primate cells by altering chromatin accessibility in a kinase-independent manner (56).
In the present study, we revealed that DYRK1A can positively regulate the expression of
ANPEP to affect TGEV entry in PK-15 cells independent of kinase activity. Notably, we also
observed a significant reduction in the expression of coronavirus entry-related receptor
genes such as ACE2 and DPP4 in PK-15 cells lacking DYRK1A, supporting a conserved
transcriptional regulation role for DYRK1A. ANPEP has been identified as a co-receptor
facilitating PDCoV infection (58-61), suggesting a possible mechanism by which DYRK1A
could influence PDCoV entry. The expression of CEACAM1, a functional receptor for MHV,
was found notably reduced in DYRKTA KO L929 cells, indicating a role of DYRK1A for MHV
entry regulation. As for porcine sapelovirus, it is known to recognize a2, 3-linked sialic
acid on GD1a ganglioside as its receptor (62). However, whether DYRK1A regulates this
interaction remains unclear. We hypothesize that DYRK1A could regulate the expression
of CoV receptors to influence virus entry.

Coronaviruses are positive single-strand RNA viruses that replicate in the cytoplasm
by reshaping host cell membranes to induce DMVs as replication organelles (45, 63).
Our study revealed that DYRKTA KO can inhibit viral RNA synthesis by suppressing DMV
formation independent of its catalytic activity, which has not yet been reported. DYRK1A
primarily localizes in the nucleus, yet it acts as a potent host factor with wide-ranging
transcriptional regulatory effects, capable of modulating proteins in both the nucleus
and cytoplasm (54-56, 64-67). Our RNA sequencing also demonstrated that DYRK1A
influences a diverse array of host factors that are involved in multiple pathways (Table
S1). We hypothesize that DYRK1A may indirectly regulate DMV biogenesis through the
transcriptional regulation of host factors required for DMV formation and, therefore,
influence virus replication. Considering that positive-strand RNA viruses require the
hijacking of host membranes to form DMVs as their replication organelles (45, 68, 69),
we propose that DYRKTA may act as a conserved host factor in the replication of these
viruses (Fig. 6A through C). The exact regulation by which this occurs is not particularly
clear, and further study is required to elucidate the specific mechanisms.

In summary, we have proposed a hypothetical model to illustrate the role of DYRK1A
in the virus life cycle. As shown in Fig. 6F, DYRK1A KO downregulated the expression
of viral entry-related genes, resulting in impaired virus entry. In addition, the formation
of DMV was also severely impaired, and viral RNA synthesis was markedly reduced in
the absence of DYRK1TA. Taken together, our findings suggest that DYRK1A exhibits a
broad spectrum of antiviral effects against positive-strand RNA viruses and provide new
insights into its transcriptional regulatory activity, revealing its potential as a candidate
therapeutic strategy against various emerging and re-emerging viruses.
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MATERIALS AND METHODS
Plasmid construction

To construct the lentivirus sgRNA expression vector, the lenti-sgRNA-EGFP vector was
digested by the Bbsl restriction enzyme (NEB), and the lentiCRISPR-v2 vector was
digested by the BsmBI restriction enzyme (NEB). Individual sgRNAs were cloned into
the lenti-sgRNA-EGFP vector and lentiCRISPR-v2 vector for validation in PK-15 cells and
L929 cells, respectively. For rescue and overexpression experiments, to exclude the role
of sgRNA and Cas9 in DYRK1A KO cells, DYRKTA was mutated at a specific base in the
protospacer adjacent motif sequence, which did not alter the encoded amino acid. A
point mutation was induced in the sequence of DYRK1A, and the mutant sequence
was cloned into the pLVX-T2A-mCherry-Puro vector (Clontech), which was digested with
Xhol and BamHlI. The sequences of amino acid site (K188R) mutated in DYRK1A were
cloned into a pLVX-T2A-mCherry-Puro vector to construct DYRK1A kinase-dead mutant
for restoration experiments. Sanger sequencing (Tsingke) was performed to confirm all
plasmids. All primer sequences are listed in Table S2.

Cell culture and viruses

The PK-15 and HEK293T cell lines were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The L929 (CCL-1) line was purchased from
ATCC (USA). All cell lines were then subjected to mycoplasma detection. For cell culture
experiments in the present study, all cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicil-
lin, and 100 pg/mL streptomycin and maintained at 37°C with 5% CO,. The following
viruses were used: TGEV WH-1 strain (GenBank accession no. HQ462571.1), PDCoV
strain CHN-HN-2014 (GenBank accession no. KT336560), and MHV A59 strain (GenBank
accession no. MF618253.1). VSV and PRV were provided by Prof. Gang Cao at Huazhong
Agricultural University. TGEV, PDCoV, PSV, VSV, and PRV were propagated in PK-15 cells.
MHV was propagated in L929 cells.

Viral titers

Candidate gene KO cells and WT cells were inoculated with virus in 24-well plates
in triplicate. Cells were harvested at the indicated time points, and viral titers were
determined on the basis of TCID5q using corresponding sensitive cells.

Transfection and infection

All cell transfections were performed with the jetPRIME (Polyplus) reagent according to
the manufacturer’s instructions. For viral infections, WT and gene KO PK-15 cells were
grown to approximately 80% confluency in a 12-well plate and incubated with TGEV at
37°C for 1 h. After adsorption, the cells were washed with phosphate-buffered saline
(PBS), which was replaced with fresh medium supplemented with 2% FBS, followed
by incubation at 37°C in 5% CO, for the indicated times. Infection was subsequently
monitored by immunofluorescence assays and RT-qPCR assays.

Construction of candidate gene KO and stable gene rescue cell lines

The sgRNA lentivirus corresponding to each candidate gene was transduced into
PK-15-Cas9 cells. After 72 h of transfection, cells with green fluorescent protein
expression were enriched by fluorescence-activated cell sorting. To generate rescue cell
lines, DYRK1A KO cells were transfected with lentivirus containing full-length DYRK1A
with site-specific mutations. After 72 h of transfection, cells with mCherry expression
were identified by fluorescence-activated cell sorting. The expression of the add-back
DYRK1A gene was confirmed by western blot.
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Western blotting and antibodies

Cells were lysed in cell lysis buffer containing 1x protease inhibitor (Beyotime) for 30
minutes at 4°C, and cellular debris was removed via centrifugation (12,000 x g for
15 minutes at 4°C). The lysed cells were denatured with SDS by heating at 95°C for
10 minutes, followed by incubation on ice for 5 minutes. Proteins were separated by
SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. Membranes were
blocked with 5% milk in TBST for at least 3 h and incubated with primary antibody at
4°C overnight in 5% milk TBST. Membranes were washed 3x with TBST and incubated
with secondary antibodies for 1 h at room temperature. Primary antibodies used for
western blot include DYRKTA (Santa Cruz Biotechnology, sc-100376, 1:1,000) and GAPDH
(Beyotime, no. AF5009, 1:5,000). Secondary antibodies include anti-mouse (Abbkine, no.
A21010) and anti-rabbit (Abbkine, no. A21020) and were applied at 1:5,000 and 1:10,000
dilutions, respectively, in TBST for 1 h at room temperature. Proteins were detected with
ECL Prime western blot detection reagents (GE Healthcare, United Kingdom).

RT-qPCR

Total RNA was extracted from cells with the TRIzol reagent (Invitrogen). Complemen-
tary DNAs (cDNAs) were synthesized using the PrimeScript RT Reagent Kit with gDNA
Eraser (TaKaRa) in a total volume of 10 pL. Each RT-gPCR reaction was carried out with
100 ng of cDNA and 5 nM primer pairs by using SYBR Green Mix (Bio-Rad, USA). The
results were monitored using a CFX96 Real-Time PCR Detection System (Bio-Rad, USA)
programmed for one cycle of 15 minutes at 95°C, followed by 39 cycles of 10 seconds
at 95°C and 30 seconds at 60°C. The relative expression levels were calculated using the
2722 method. The Bbeta-actin gene was used as a normalization control. For absolute
RT-qPCR, approximately 1 L of viral RNAs was used as the template to synthesize cDNAs.
Absolute RT-gPCR assays were performed using SYBR Green Mix and primers specific for
the N gene of TGEV in a final reaction volume of 10 pL. The TGEV N protein-coding cDNA
sequence from GenBank (accession number: ADY39745.1) was cloned into the pcDNA3.1
vector and used as an internal reference for the quantification of TGEV copy numbers. All
primers used in quantitative PCR are listed in Table S2.

Immunofluorescence assay

The protein expression levels of TGEV N protein in candidate gene KO cells and control
cells were determined via the immunofluorescence assay. Cells were infected with TGEV
at different MOI values. Then, the cells were washed with PBS at 24 hpi. Subsequently,
the cells were fixed with 4% paraformaldehyde for 30 minutes at room temperature,
permeabilized with 0.3% Triton X-100 in PBS for 10 minutes, and then washed three
times with 1x PBS. The permeabilized cells were blocked for 30 minutes with PBS
containing 5% bovine serum albumin. Cells were incubated with TGEV N antibody
(the rabbit anti-TGEV N protein polyclonal antibody was prepared in our laboratory) or
anti-dsRNA antibody (SCICONS, no. 10010200, 1:1,000) at 37°C for 2 h. Before incuba-
tion with the secondary antibody, the cells were washed three times with PBS for 10
minutes each. The secondary antibodies were Alexa Fluor 594 goat anti-mouse IgG
(H + L) (Invitrogen, no. A-11005, 1:1,000) and Alexa Fluor 594 anti-rabbit IgG (H + L)
(Invitrogen, no. A-11012, 1:1,000), and the cells were incubated at 37°C for 1 h. Finally,
the samples were washed three times with PBS, and the cell nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, no. D9542) at room temperature for 2
minutes. The incubation with secondary antibodies and DAPI was carried out in the dark.
Cell samples were observed and imaged with a fluorescence microscope (Thermo Fisher
Scientific EVOS FL Auto).

MTS assay

To assess cell viability and cell proliferation, MTS proliferation assays were performed.
The MTS assay was performed using the MTS assay kit (Abcam, no. ab197010). Cells were
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seeded into 96-well plates and incubated for 12 h. The culture medium was replaced
with the fresh medium that contained the compounds at different concentrations and
incubated continuously for 48 h. Afterward, 10 pL of the MTS reagent was directly added
to each well and incubated for 2 h in standard culture conditions. The absorbance values
of the cells at 490 nm were measured to determine cell viability.

TEM assay

Cells were infected with TGEV at an MOI of 1 for 12 h. The cells were washed three times
with precooled PBS and fixed by adding 3 mL of 2.5% glutaraldehyde (Servicebio) at
room temperature for 2 h. After fixation, cells were transferred to a 2 mL centrifuge tube.
TEM samples were performed by Servicebio Company, and images were taken using an
HZAU TEM platform (HITACHI, no. H-7650).

RNA sequencing and transcriptome analysis

For high-throughput RNA-seq, RNA libraries were created from each group, such as
DYRKTA KO cells (i.e, DYRKTA_KO_MOCK and DYRK1A_KO_TGEV) and WT cells (i.e.,
WT_MOCK and WT_TGEV). Three replicates were conducted for each sample. Poly(A) +
RNA isolation, library construction, and sequencing were performed using BMKCloud
(www.biocloud.net). lllumina NovaSeq 6000 was used to sequence the constructed
library. Raw data (raw reads) of FASTQ format were processed through in-house perl
scripts. All the downstream analyses were based on clean data with high quality. These
clean reads were then mapped to the reference genome sequence. Hisat2 tools soft were
used to map with the reference genome. DEGs were obtained by DESeq2 (v1.30.1) with a
P-value cutoff <0.05 and an absolute fold change of >1.5.

Drug treatment assay

Harmine (cat. no. HY-N0O737A), INDY (cat. no. HY-108476), and AZ191 (cat. no. HY-12277)
were purchased from MedChemExpress and dissolved in dimethyl sulfoxide at a stock
concentration of 10 mM and then frozen in aliquots at —80°C. Cells were incubated with
the specified concentration of inhibitor for 2 h and then infected with TGEV at an MOI
of 0.01. Then, the cells were prepared for immunofluorescence assays at 24 hpi, and the
supernatants were collected for viral titer assays.

Virion attachment and internalization assay

WT and DYRK1A KO cells were infected with TGEV (MOI = 50) and incubated at 4°C for
1 h. For the virus attachment assay, cells were washed three times with cold PBS (at 4°C)
to remove unbound viral particles and harvested to extract viral RNA. The amount of
viral RNA was determined by RT-qPCR. For the internalization assay, the infected cells
described above were further cultured with prewarmed DMEM at 37°C for another 1 h.
Subsequently, the cells were treated with acidic PBS-HCI (pH 3.0) to remove the attached
but uninternalized viral particles. After washing three times, the cells were lysed with the
TRIzol reagent to extract total RNA, and the viral RNA was quantified by RT-qPCR.

Membrane fusion assay

A luciferase-based quantitative assay was used to measure the efficiency of cell-cell
fusion mediated by TGEV S protein on WT and DYRK1A KO cells as previously described
(70). The effector cells, 293T cells, were co-transfected with the plasmids expressing TGEV
S proteins and the plasmids encoding the fusion protein with the GAL4 DNA binding
domain and the NF-kB transcription activation domain. The target cells, WT and DYRK1A
KO cells, were transfected with the plasmids encoding a luciferase reporter gene under
the control of a synthetic promoter with five tandem repeats of the yeast GAL4 binding
sites. At 24 h post-transfection, effector and target cells were cocultured at a 1:1 ratio for
24 h. The cell-cell fusion activity was expressed as the relative activity of firefly luciferase.
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Confocal microscopy

To observe the endocytosis of the TGEV in host cells, the same amount of DYRK1A KO
cells and control cells were cultured in 35 mm Petri dishes overnight. An equivalent
dose of TGEV (MOI = 5) was added to each well and incubated at 4°C for 60 minutes
for complete adsorption and then transferred to 37°C and incubated for 30 minutes
for endocytosis. Immunofluorescence assays were performed as described above, while
the images were acquired using a laser scanning confocal microscope (Nikon). The
subcellular localization of DYRKTA in DYRK1A KO cells and control cells transfected
with DYRKTA-FLAG-pcDNA3.1 plasmid was observed after 24 h. Afterward, TGEV (MOI
= 1) was added into these cells, incubated for 24 h, immunolabeled with a FLAG-tag
antibody (Proteintech, no. 20543-1-AP; MBL, no. PM020) and dsRNA antibody (SCICONS,
no. 10010200, 1:1,000), and imaged to identify double-fluorescent positive cells.

Statistical analysis

Statistical significance values were assessed using GraphPad Prism 8.0. Two-tailed
unpaired t-tests were used for data analysis. Unless otherwise stated, the data represent
the mean * standard deviation of experiments performed, at least, in triplicate.
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