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ABSTRACT Enterovirus 71 (EV71) is deemed a reemergent pathogen, with recent out-
breaks worldwide. EV71 infection causes hand, foot, and mouth disease (HFMD) and has
been associated with severe cardiac and central nervous system complications and even
death. Viruses need host factors to complete their life cycle; therefore, the identification
of the host factors for EV71 infection is pivotal to new antiviral research. Emerging evi-
dence has highlighted the importance of protein acetylation during infection by various
human viruses. The endoplasmic reticulum (ER), as the prominent organelle of EV71 rep-
lication, also has a unique acetylation regulation mechanism. However, the pathogenesis
of EV71 and its relationship with the ER-based acetylation machinery are not fully under-
stood. In this study, we demonstrated for the first time that the ER-resident acetyltrans-
ferase N-acetyltransferase 8 (NAT8) is a host factor for EV71 infection. Inhibiting NAT8
with CRISPR or a small compound significantly suppressed EV71 infection in SK-N-SH
cells. NAT8 promoted EV71 replication in an acetyltransferase-activity-dependent man-
ner. Additionally, we found that NAT8 facilitates EV71 infection by interacting with EV71
2B, 3AB, and 3C proteins and increasing the stability of these proteins. These results
uncovered a novel function of NAT8 and elucidated a new mechanism underlying the
regulation of EV71 replication.

IMPORTANCE EV71 is one of the most common pathogens causing HFMD in young
children, and some patients experience severe or fatal neurological consequences.
To ensure efficient replication, the virus must hijack multiple host factors for its own
benefit. Here, we show that the ER-resident acetyltransferase NAT8 is a host factor
for EV71 infection. EV71 fails to complete its infection in various cells in the absence
of NAT8. We further show that NAT8 benefits EV71 replication in an acetyltransfer-
ase-activity-dependent manner. Finally, we show that NAT8 facilitates EV71 infection
by interacting with EV71 2B, 3AB, and 3C proteins and increasing the stability of
these proteins. These results uncovered a novel function of NAT8 in EV71 infection
and elucidated a new mechanism underlying the regulation of EV71 replication.
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P2, and P3 regions, which are subsequently cleaved into four structural proteins (VP1
to VP4) and seven nonstructural (NS) proteins (2A, 2B, 2C, 3A, 3B, 3C, and 3D) (4, 6).

It is widely accepted that viruses utilize host factors to complete their life cycles (7),
and protein posttranslational modification (PTM) has also been shown to play impor-
tant roles during virus infection (8-10). N-terminal acetylation is one of the most com-
mon protein modifications; it mainly occurs in the mitochondria, cytosol, and nucleus,
but recent studies demonstrated that it can also happen in the endoplasmic reticulum
(ER) (11, 12). The process of N-terminal acetylation in the lumen of the ER requires a
membrane transporter, AT-1 (SLC33A1), which translocates acetyl-coenzyme A (CoA)
from the cytoplasm to the ER lumen, and two specific ER-based acetyltransferases (N-
acetyltransferase 8 [NAT8] and NAT8B), which transfer the acetyl group from the donor
(acetyl-CoA) to the acceptor (the lysine residue) (13). NAT8 (ATase2) and NAT8B
(ATase1) are single-pass type Il membrane proteins whose C-terminal catalytic domain
faces the lumen of the organelle, where the reaction of lysine acetylation occurs (14).
The ER acetylation machinery has been shown to play important roles in maintaining
protein homeostasis and regulating autophagy within the secretory pathway (12).

In this study, we identified NAT8 as a host factor for EV71 infection with genome-
wide CRISPR/Cas9 screening and demonstrated that interfering with NAT8 in SK-N-SH
cells significantly decreased EV71 infection. Further investigation revealed that NAT8
promotes EV71 propagation by benefiting viral replication, which is dependent on its
acetyltransferase activity. In addition, we found that NAT8 interacted with 2B, 3AB, and
3C proteins of EV71, which eventually resulted in increased stability of those proteins.
Moreover, the NATS8 inhibitor can suppress the infection of EV71 in various host cells,
which indicates that NAT8 is a very important host factor for EV71 infection in various
human organs. These results revealed a new mechanism underlying the regulation of
EV71 replication mediated by NATS8, and they suggested that NAT8 might function as a
potential target for the prevention and treatment of the diseases caused by EV71
infection.

RESULTS

NATS is a vital host factor for EV71 infection in SK-N-SH cells. To identify the
mechanisms by which EV71 hijacks the cellular machinery to promote replication and
spread, we performed genome-wide CRISPR/Cas9 screening in SK-N-SH cells (Fig. 1A).
Using the MAGeCK algorithm, we found strong enrichment of guide RNAs (gRNAs) tar-
geting known host factors, including entry receptor SCARB2 and replication host factor
ATG4B, suggesting that the screening was robust. Among the screened genes (see
Table S1 in the supplemental material), the NAT8 gene attracted our interest for its
special function and localization. NAT8 is an acetyltransferase located in the ER, where
the enterovirus replication organelles form (12, 15). To verify the role of NAT8 in EV71
infection, we designed three single guide RNAs (sgRNAs) targeting NAT8. Immunoblotting
results showed that all three sgRNAs could target NAT8 efficiently (Fig. 1B). When control
and NAT8 knockout (KO) SK-N-SH cells were infected with EV71, cytopathic effect (CPE)
was observed in control cells at 24 h postinfection (hpi), whereas it was undetectable in
NAT8 KO cells (Fig. 1C). In consonance with this, cell viability of NAT8 KO cells was signifi-
cantly higher than that of control cells after infection (Fig. 1D), indicating that NATS is
required for EV71-induced cell death. Viral RNA and VP1 expression were also dramatically
reduced in NAT8 KO cells (Fig. 1E and F), suggesting that NAT8 is essential for EV71
propagation.

In order to confirm the specificity of the KO cell lines, sgRNA-resistant NAT8 was
introduced back into KO cell lines to restore NAT8 expression (Fig. 1G). Exogenous
expression of NAT8 also restored VP1 expression (Fig. 1G) and reduced cell viability sig-
nificantly when cells were infected with EV71, as expected (Fig. TH). All of these results
suggested that NAT8 is an essential host factor required for EV71 infection.

NATS8 is required for EV71 replication. To gain more mechanistic insight into
NATS8, we sought to determine at which stage of the viral life cycle NAT8 functions. For
this purpose, we infected wild-type and NAT8 KO cells with a full-length virus with a
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FIG 1 CRISPR screening identified NAT8 as a vital host factor for EV71 infection in SK-N-SH cells. (A) Schematic diagram of the genome-
wide CRISPR/Cas9 screening. A library of CRISPR/Cas9 KO SK-N-SH cells were infected with EV71, and cells resistant to viral infection
were selected. Genes enriched were then compared with those from uninfected cells. (B) SK-N-SH cells stably transduced with lentivirus
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NanoLuc (NL) luciferase reporter (NL-EV71) (16), and luciferase activity was measured
at various time points postinfection. Comparable luciferase activity was observed at
4 hpi, while the luciferase activity was significantly lower in NAT8 KO cells at 8 hpi (Fig.
2A), suggesting that NAT8 functions at a later stage of viral infection (viral replication,
virus assembly, or virus release). To confirm this, we tested whether NAT8 could influ-
ence virus attachment and internalization. Figure 2B shows that comparable amounts
of virus were attached to control and NAT8 KO cells, and similar results were obtained
in virus internalization assays (Fig. 2C), suggesting that NAT8 is not required for virus
entry. To test the role of NAT8 in virus replication, we employed a subgenomic replicon
system (SGR) containing a Renilla luciferase reporter that bypassed the virus entry pro-
cess (16). When cells were transfected with this SGR RNA, NAT8 KO cells generated lu-
ciferase amounts comparable to those of control cells at 4 h posttransfection.
However, when luciferase levels were determined at 8 h posttransfection or beyond,
dramatic decreases were observed for NAT8 KO cells, suggesting that NAT8 is impor-
tant for viral genome replication (Fig. 2D).

Because NAT8 mainly localizes to the ER, where EV71 replication occurs, we then eval-
uated the subcellular localization of NAT8 during EV71 infection. SK-N-SH cells overexpress-
ing NAT8-Flag were immunolabeled with anti-double-stranded RNA (dsRNA) antibody for
viral RNA and anti-Flag antibody for NAT8. Figure 2E shows that NAT8 protein colocalized
with EV71 dsRNA in the cytoplasm, suggesting that NAT8 functions at the places of viral
replication. All of these results revealed that NAT8 mainly participated in viral replication
during EV71 infection.

Acetyltransferase activity is required for NAT8 to support EV71 infection. NAT8
is a specific ER-based acetyltransferase, which transfers the acetyl group from the do-
nor to the acceptor. To test whether the acetyltransferase activity of NAT8 is required
for viral infection, we made a catalytically dead mutant of NAT8. A previous study
reported that a mutation affecting a conserved residue (R149K) abolished the enzy-
matic activity of NAT8 while barely interfering with the expression of the recombinant
protein (17). We then tested whether the impaired infection caused by NAT8 deficiency
could be rescued by complementation with NAT8/R149K. Our results showed that,
while wild-type NAT8 could rescue EV71 infection and cause cell death, NAT8/R149K
failed to support EV71 infection (Fig. 3A and B). These results suggest that the catalytic
activity of NAT8 is required to support EV71 infection.

To further prove that the enzymatic activity of NAT8 is required for EV71 infection,
we treated NL-EV71-infected SK-N-SH cells with a specific NAT8 inhibitor, i.e., com-
pound 9, which has been reported to inhibit NAT8 acetyltransferase activity in vitro
and in vivo (18). The results showed that the luciferase activity decreased in a dose-de-
pendent manner, while cell viability was largely not affected (Fig. 3C). Consistent with
this, viral RNA was decreased in a dose-dependent manner while NAT8 mRNA was
unaffected when virus-infected cells were treated with compound 9 (Fig. 3D).
However, when infected cells were tested for VP1 expression, we found both VP1 pro-
tein and NAT8 protein were inhibited after compound 9 treatment (Fig. 3E). The dis-
crepancy between NAT8 mRNA and protein levels after compound 9 treatment was
suggested by a previous report (18). Overall, these results suggest that compound 9
could inhibit EV71 infection by both inhibiting NAT8 acetyltransferase activity and
downregulating its expression.

FIG 1 Legend (Continued)

encoding Cas9 and a sgRNA targeting the indicated gene were immunoblotted for the indicated proteins. (C) SK-N-SH cell pools as
described in panel B were infected with EV71 at an MOI of 5, and CPE was examined by light microscopy at 24 hpi. Bar, 100 um. (D)
SK-N-SH cell pools as described in panel B were infected with EV71, and cell viability was determined with the CellTiter-Glo assay at
24 hpi. *, P < 0.05, compared to control sgRNA. (E) SK-N-SH cell pools as described in panel B were infected with EV71, and viral RNA
was determined with RT-qPCR at 24 hpi. **, P < 0.01, compared to control sgRNA. (F) SK-N-SH cell pools as described in panel B were
infected with EV71, and cells were then immunoblotted for VP1 and p-actin. (G) Control cells, NAT8 KO cells, and NAT8 KO cells
transduced with sgRNA-resistant NAT8 were infected with EV71 and immunoblotted with the indicated antibodies. (H) Stably transduced
cells as described in panel G were infected with EV71, and cell viability was determined 24 h later. **, P < 0.01 for NAT8 rescue,

compared to no rescue.
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FIG 2 NATS is required for EV71 replication. (A) Control or NAT8 KO cells were infected with NL-EV71 reporter virus, and luciferase activity was measured
at the indicated time points postinfection. **, P < 0.01, compared to control sgRNA; NS, not significant. (B) NAT8 does not affect EV71 binding to the host
cells. Viral RNA from the indicated SK-N-SH cells incubated with EV71 (MOI of 5) at 4°C for 1 h was determined by RT-qPCR. (C) NAT8 does not affect EV71
internalization. Viral RNA from the indicated SK-N-SH cells incubated with EV71 (MOI of 5) at 4°C for 1 h followed by 37°C for another 1 h was determined
by RT-qPCR. (D) Control or NAT8 KO cells were transfected with EV71 SGR RNA, and luciferase activity was measured at the indicated time points
postinfection. *, P < 0.05; **, P < 0.01, compared to control. (E) SK-N-SH cells infected with EV71 for 24 h were immunostained for dsRNA (red) and NAT8
(green). Nuclei were counterstained with DAPI (blue). Bar, 10 um.
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FIG 3 Acetyltransferase activity is required for NAT8 to support EV71 infection. (A) Control or NAT8 KO cells transduced with lentiviral vectors expressing
wild-type or R149K mutant NAT8 were infected with EV71, and cell viability was determined at 24 hpi. **, P < 0.01 for NAT8 rescue, compared to no
rescue; NS, not significant for R149K mutant rescue, compared to no rescue. (B) Cells as described in panel A were infected with EV71, and then they were
immunoblotted with the indicated antibodies. (C) SK-N-SH cells infected with NL-EV71 were treated with the indicated concentration of compound 9 (C9),
and luciferase activity was determined at 24 hpi. Cell viability was determined with the CellTiter-Glo assay. *, P < 0.05, compared to control; NS, not
significant. (D) SK-N-SH cells infected with EV71 were treated with indicated concentrations of compound 9, and NAT8 and viral RNA were determined by
RT-qPCR. *, P < 0.05, compared to control; NS, not significant. (E) Cells were treated as in panel D, and VP1 and NAT8 protein were determined by

immunoblotting.

NATS8 is required for EV71 infection in different cell lines. EV71 has been
reported to infect different cell lines from various tissue origins (19), and we next
tested whether NAT8 is required for EV71 infection in different cell lines. When SH-
SY5Y, HUVEC, Vero, RD, 293T, Caco2, or HepG2 cells were infected with NL-EV71 and
treated with compound 9, dose-dependent inhibition was observed for all cell lines
tested (Fig. 4A to G, upper). Similarly, when these cells were infected with EV71 and
VP1 expression was examined, compound 9 could inhibit VP1 expression in a dose-de-
pendent manner (Fig. 4A to G, lower), suggesting NAT8 might play important roles in
different cell lines with EV71 infection.

NAT8B and AT-1 are also required for EV71 infection. NAT8 forms homodimers
or heterodimers with another acetyltransferase, NAT8B, and also requires the acetyl-
CoA transporter AT-1 to exert this N-lysine acetylation activity (12, 20). We next wanted
to test whether these two proteins are also required for EV71 infection. Since NAT8
and NAT8B are paralogs and have a high level of sequence similarity, we first tested
whether the sgRNAs we used to generate KO cells had off-target effects. Figure 5A
shows that NAT8 sgRNAs inhibit only NAT8 expression, without affecting NAT8B
expression. Similarly, NAT8B sgRNAs KO only NAT8B expression, suggesting that the
specificity of the sgRNAs we use is robust. Next, when NAT8B KO or AT-1 KO SK-N-SH
cells were infected with EV71, viral VP1 protein was dramatically reduced (Fig. 5B). In
addition, compared to control cells, CPE was undetectable in NAT8B or AT-1 KO cells
(Fig. 5C), and cell viability was significantly increased when these cells were infected
with EV71 (Fig. 5D). These results suggested that NAT8B and AT-1 are also important
for EV71 infection.

NATS8 interacts with viral NS proteins. Because NAT8 resides mainly on ER and is
colocalized with viral dsRNA, we speculated that NAT8 might interact with NS proteins
of EV71 to promote viral replication. To test this hypothesis, we first cotransfected
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FIG 4 Compound 9 (C9) inhibits EV71 infection in different cell lines. (A to G) Upper, SH-SY5Y, HUVEC, Vero, RD, 293T, Caco2, and HepG2 cells were
infected with NL-EV71 at an MOI of 1, 1, 1, 0.05, 0.1, 5, and 5, respectively; 4 h later, cells were treated with the indicated amount of compound 9. NL
luciferase was determined at 24 hpi. Cell viability was measured with uninfected cells to indicate the cytotoxicity of compound 9. Lower, SH-SY5Y, HUVEC,
Vero, RD, 293T, Caco2, and HepG2 cells were infected with EV71 at an MOI of 1, 1, 1, 0.05, 0.1, 5, and 5, respectively; 4 h later, cells were treated with the
indicated amount of compound 9. VP1 expression was determined by immunoblotting at 24 hpi. *, P < 0.05; **, P < 0.01; ***, P < 0.001, compared to

control; NS, not significant.

293T cells with the plasmid expressing NAT8-Flag and plasmids expressing green fluo-
rescent protein (GFP)-tagged EV71 NS proteins 2B, 2C, 3AB, 3C, or 3D. OST48, which
has been reported to interact with NAT8 (20), was used as a positive control. Figure 6A
shows that NS proteins 2B, 3AB, and 3C and OST48 coimmunoprecipitated with NAT8-
Flag, while 2C and 3D did not, indicating that NAT8 could interact with EV71 2B, 3AB,
and 3C proteins. To test whether NAT8 interacts with NS proteins during EV71 infec-
tion, SK-N-SH cells expressing NAT8-Flag were infected with EV71. Figure 6B shows
that NS protein 3AB or 3C coimmunoprecipitated with NAT8. NS protein 2B was not
tested due to the lack of suitable antibody. These results suggest that NAT8 interacts

with viral NS proteins during EV71 infection.
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FIG 5 NAT8B and AT-1 are required for EV71 infection. (A) SK-N-SH cells stably transduced with lentivirus encoding Cas9 and a
sgRNA targeting the indicated gene were immunoblotted for the indicated proteins. (B) SK-N-SH cells stably transduced with
lentivirus encoding Cas9 and a sgRNA targeting the indicated gene were infected with EV71 and then immunoblotted for the
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light microscopy at 24 hpi. Bar, 100 um. (D) SK-N-SH cell pools as described in panel B were infected with EV71, and cell viability

was examined at 24 hpi. *, P < 0.05, compared to control sgRNA.

March 2022 Volume 96 Issue 6 e00119-22

Journal of Virology

jviasm.org 8


https://jvi.asm.org

NAT8 Promotes EV71 Infection Journal of Virology

Input P
A NAT8 + + + + + + + + + + o+ + B
NS 2B 2C 3AB 3C 3D OST482B 2C 3AB 3C 3D OST48 Input P Input P

EV71 - + - + EV71 = + - *

- NAT8-Flag  + + + + NAT8-Flag  + + + +
1B:GFP| . - 3B ’ -‘ | E - ’»12KD 3 - .—12KD

® - - —
o Flag | S s - o Flag . - . 250
IP:Fla " y

0| ———— — M B-actin L L_43kD B-actin .. |_43xD

B-actin'..--- -H ‘

NAT8-Flag
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were immunoprecipitated (IP) with anti-Flag antibody, and interactions between NAT8 and viral proteins were detected by Western blotting (immunoblot
[IB]) analyses using anti-GFP antibody. (B) SK-N-SH cells overexpressing NAT8-Flag were infected with EV71 and immunoprecipitated with anti-Flag
antibody, and interactions between NAT8 and 3AB or 3C protein were analyzed. (C) Colocalization of NAT8 and 2B, 3AB, and 3C in 293T cells. 293T cells
cotransfected with NAT8-Flag and GFP-tagged 2B, 3AB, or 3C were immunostained with anti-Flag (red) and anti-GFP (green). Nuclei were counterstained
with DAPI (blue). Bar, 10 um. (D) Colocalization of NAT8 and 3AB or 3C in EV71-infected SK-N-SH cells. SK-N-SH cells overexpressing NAT8-Flag were
infected with EV71 and immunostained with anti-Flag (green) and anti-3AB (upper, red) or anti-3C (lower, red). Nuclei were counterstained with DAPI
(blue). Bar, 10 wm.

We then immunostained NAT8 with 2B, 3AB, or 3C proteins in cotransfected 293T
cells and found that they were perfectly colocalized (Pearson correlation coefficients
of 0.89, 0.94, and 0.92, respectively) (Fig. 6C). Furthermore, colocalization of NAT8 with
3AB or 3C was also observed in NAT8-Flag-expressing SK-N-SH cells infected with EV71
(Pearson correlation coefficients of 0.83 and 0.72, respectively) (Fig. 6D), further sug-
gesting that NAT8 could interact with EV71 NS proteins.

NAT8 enhances the stability of NS proteins. To test the effect of NAT8 on NS pro-
tein expression, 293T cells were transfected with expression vectors for GFP-NS pro-
teins with or without NAT8 coexpression, and then the GFP-NS protein expression level
was examined. Figure 7A shows that the expression of 2B, 3AB, and 3C proteins was
upregulated in the presence of NAT8 proteins. On the other hand, when 293T cells
transfected with expression vectors for GFP-NS proteins were treated with compound
9, which inhibited NAT8 function, the GFP-NS protein expression level was decreased
in a dose-dependent manner (Fig. 7B), suggesting that NAT8 could upregulate NS pro-
tein expression.

Previous studies reported that CD133 protein expression is positively regulated by
NATS8 via increased stability (21), and we then wanted to test whether NAT8 increased
the expression of 2B, 3AB, and 3C by enhancing the protein stability. To test this
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FIG 7 NATB8 regulates viral NS protein expression. (A) 293T cells were transfected with GFP-tagged 2B, 3AB, or 3C
with increasing amounts of NAT8 expression vectors (0, 0.5, or 1 ug), and then the protein mount of NS proteins
was examined by immunoblotting using an anti-GFP antibody. (B) 293T cells transfected with expression plasmids
for GFP-tagged 2B, 3AB, or 3C were incubated in the presence of the NAT8 inhibitor compound 9 (C9) (0, 10, or
20 uM) for 24 h. The cell lysates were then immunoblotted with anti-GFP antibody.

possibility, the amounts of 2B, 3AB, and 3C were determined in the presence of the
protein synthesis inhibitor cycloheximide with or without NAT8 coexpression in 293T
cells. In control cells, the amounts of 2B, 3AB, and 3C decreased significantly over 8 h
of cycloheximide treatment (Fig. 8A); in contrast, proteins maintained similar amounts
in the presence of NAT8 expression (Fig. 8A), suggesting that NAT8 could enhance 2B,
3AB, or 3C stability. Similar results were obtained when EV71-infected SK-N-SH cells
were treated with cycloheximide; overexpression of NAT8 significantly increased viral
3AB and 3C stability, compared to control cells (Fig. 8B). On the other hand, when
EV71-infected SK-N-SH cells were treated with compound 9 (10 wM) in the presence of
cycloheximide, accelerated degradation of 3AB or 3C was observed, compared to con-
trol cells (Fig. 8C), Taken together, these results indicated that NAT8 increased the pro-
tein stability of viral NS proteins.

NAT8 stabilizes NS proteins by inhibiting autophagy-lysosome degradation.
The ubiquitin-proteasome system and autophagy-lysosome degradation are the two
major intracellular protein degradation pathways in eukaryotes (22, 23). Proteins
degraded by proteasomes are modified by ubiquitin chains, and this pathway could be
blocked by MG132 treatment, whereas autophagy-mediated protein degradation relies
on fusion with lysosomes and thus can be blocked by bafilomycin A1 (BafA1) treat-
ment (Fig. 9A). To test which pathway was involved in NS protein degradation during
NATS inhibition, 293T cells were transfected with 2B-, 3AB-, or 3C-expressing construct
and then treated with compound 9 in the presence of MG132 or BafA1. We found that
BafAlantagonized the protein degradation by compound 9 treatment, while MG132
did not (Fig. 9B to D), suggesting that NAT8 increased the stability of 2B, 3AB, and 3C
proteins by inhibiting autophagy-lysosome pathway-dependent degradation.

DISCUSSION

Since EV71 was first described during an outbreak in California, its infection has
emerged as a serious hazard that threatens the health of children and causes tremen-
dous damage to both families and society (24). It is important to understand the
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FIG 8 NAT8 enhances the stability of NS proteins. (A) 293T cells transfected with a GFP-tagged 2B, 3AB, or 3C construct with or without NAT8-Flag
coexpression were treated with cycloheximide (125 wM), and the amount of NS protein expression was determined with anti-GFP antibody at the indicated
time points. (B) Control or NAT8-Flag-overexpressing SK-N-SH cells were infected with EV71; 24 h later, cells were treated with 125 uM cycloheximide, and
the amounts of 3AB (left) or 3C (right) protein expression were determined at the indicated time points. (C) SK-N-SH cells were infected with EV71 for 4 h
before they were treated with 0 or 10 uM compound 9; 24 h later, cells were treated with 125 uM cycloheximide, and the amounts of 3AB (left) or 3C

(right) protein expression were determined at the indicated time points.

mechanisms underlying viral infection and replication in order to prevent and control
this disease. In this study, we investigated the mechanisms involved in the regulation
of EV71 replication. We identify the ER-based acetyltransferase NAT8 as a pivotal host
factor for EV71infection. We initially demonstrated that NAT8 KO SK-N-SH cells dis-
played a severe defect in EV71 infection. Further, we confirmed that NAT8 mainly tar-
gets viral RNA replication, whereas viral entry and initial translation are undisturbed.

As an important NAT on ER, NAT8 acts as an integral component of ER quality control
and regulates the proteostasis of the secretory pathway (12). It is known that EV71 replica-
tion occurs in the cytoplasm, and its membranous vesicles are closely associated with the
ER (15). We hypothesized that NAT8 interacted with viral NS proteins and regulated their
function. Consistent with this, we showed that NAT8 could interact with 2B, 3AB, and 3C
proteins and regulated their stability in transfected 293T cells. The 2A expression plasmid
we constructed fail to express, possibly due to its concomitant restriction of its own

March 2022 Volume 96 Issue 6 e00119-22

jviasm.org 11


https://jvi.asm.org

Zhao et al.

Journal of Virology

MG132
A B
»:i« BafA1 = = = = = = = + +
> " Ubiquitin-proteasome
o N pathway MG132 - - - -+ + - - -
Ubiquitinated (e
Protein Y
Cc9(uM) 0O 10 20 O 10 20 0 10 20
26S Proteasome
Relative protein level 0.9 0.7 04 10 0.7 06 1.2 09 0.7
2B-GFP s
Protein e . - - .‘ -
BafA1
Lysosome
Autophagy lysosome Bractin| - w- - *Teo e - e
pathway
Autophagosome Autolysosome
C
BafA1 - - - - - - -+ + BafA1 = - == = i i
MG132 - - - - + + - - - mMG132 - - - - + + - - -
couM) 0 10 20 O 10 20 O 10 20 c9uM) 0 10 20 O 10 20 O 10 20
Relative protein level 1.09 0.59 0.48 1.05 0.59 0.65 1.26 1.59 1.57  Relative protein level 1.47 1.23 0.77 1.31 0.96 0.72 1.150.99 1.16
SABGFP g I & = -'“ SC-CFP () S v D 4 o 0 &9 =
-acti - - W e e . - ot

BaCtln+ - B-actin| . LT Sp—

FIG 9 NAT8 stabilizes NS proteins by inhibiting autophagy-lysosome degradation. (A) Diagram of proteasome-mediated (upper) and autophagy-mediated
(lower) protein degradation. The specific inhibitor (MG132 or BafA1) targeting each pathway is indicated. (B to D) 293T cells were transfected with
expression plasmids for GFP-tagged 2B (B), 3AB (C), or 3C (D) and were incubated in the presence of the NAT8 inhibitor compound 9 (C9) (0, 10, or 20 wM)
with MG132 (10 uM) or BafA1 (10 nM) treatment for 24 h. The cell lysates were then immunoblotted with anti-GFP antibody.

expression, as reported previously (25). Furthermore, we showed that, in EV71-infected
cells, NAT8 also interacted with NS proteins 3AB and 3C and enhanced their stability.
These results suggest that NAT8 helps to protect viral NS proteins from degradation during
viral replication and thus enhances EV71 infection.

NAT8 and NATS8B are acetyltransferases that are responsible for N-terminal acetyla-
tion in the lumen of the ER. Pehar et al. reported that a total of 143 ER-resident or ER-
transiting proteins were acetylated in the ER lumen in human neuroglioma cells (26),
suggesting that N-terminal acetylation in the ER lumen could display diverse biochemi-
cal functions. Therefore, NAT8 inhibition with Crispr/Cas9 or compound 9 would have
a broad effect on the function of ER, and we cannot rule out the possibility that acety-
lation of cell host proteins could also have an effect on EV71 infection. Further research
is needed to prove this.

Another important function of NATS is regulating the induction of autophagy (12).
It was shown that ATG9A was a substrate of NAT8 and increased acetylation of this
protein acted as an inhibitory signal to induce autophagy (27, 28). On the other hand,
several studies showed that EV71 infection induced autophagy, which would be bene-
ficial to viral replication (29-31). Therefore, how the virus manipulates NAT8 to regulate
autophagy for its own replication during EV71 infection requires further elucidation.

In conclusion, the finding that an acetyltransferase acts as a proviral host factor for the
pathogenesis of EV71 provides interesting insight into how EV71 benefits from acetyltrans-
ferase for viral replication. In addition, NAT8 may serve as an attractive host-directed antiviral
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target to combat EV71 infection, and the specific inhibitor compound 9 could be a prospec-
tive antiviral drug.

MATERIALS AND METHODS

Cells and reagents. SK-N-SH and SH-SY5Y cells were maintained at 37°C in modified Eagle’s medium
(MEM) (Gibco) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 1 wg/mL streptomycin,
in the presence of 5% CO,. 293T, RD, Caco2, HepG2, and Vero cells were maintained at 37°C in Dulbecco'’s
MEM (DMEM) (Gibco) supplemented with 10% FBS, 100 U/mL penicillin, and 1 wg/mL streptomycin, in the
presence of 5% CO,. HUVEC cells were maintained at 37°C in endothelial cell medium (ECM) (ScienCell)
containing 10% FBS, 100 U/mL penicillin, and 1 pwg/mL streptomycin, in the presence of 5% CO,. The fol-
lowing antibodies were used in this study: NAT8 (ABclonal), NAT8B (Bioss), SLC33A1 (Bioss), B-actin
(ABclonal, Woburn, MA), GFP (Thermo Fisher scientific), and Flag (Origene) antibodies. EV71 VP1, 3AB, and
3C antibodies were purchased from GeneTex. dsRNA antibody (J2) was from English and Scientific
Consulting (Hungary). 4',6-Diamidino-2-phenylindole (DAPI)- or Alexa Fluor-conjugated secondary anti-
bodies were purchased from Thermo Fisher Scientific. Compound 9 was kindly provided by Luigi Puglielli
(University of Wisconsin-Madison).

Viruses, reporter viruses, and infectious clones. The EV71 strain and the full-length EV71 with a lu-
ciferase reporter (NL-EV71) and subgenomic replicon SGR-EV71 were described previously (16). They
were propagated and titrated on RD cells.

Constructs. The cDNA encoding human NAT8 was obtained by reverse transcription (RT) of total
RNA from SK-N-SH cells, followed by PCR using the specific primers listed in Table S2 in the supplemen-
tal material. The cDNAs were subcloned into a lentiviral expression vector (pHW200) with a C-terminal
Flag tag with Mlul and Bsiwl sites. NAT8sg3Mut and NAT8R149K mutant were obtained with overlap
extension PCR amplification using the primers listed in Table S2 and then cloned were into the same
vector between the Mlul and Bsiwl sites. To construct plasmids expressing 2B, 2C, 3AB, 3C, and 3D, the
fragments were amplified from EV71 cDNA and then cloned into the lentiviral expression vector with a
C-terminal GFP tag with Mlul and Bsiwl sites; the primers are listed in Table S2. All constructs were con-
firmed by sequencing.

Lentiviral packaging and transduction. Lentivirus stock was prepared as described previously (32).
Briefly, 293T cells were cotransfected with psPAX2, pMD2.G, and pLentiCrispr (for KO) or lentiviral
expression vector (for overexpression). The sgRNA sequences used are listed in Table S3. Forty-eight
hours posttransfection, lentivirus was harvested from the supernatant, filtered through a 0.45-um filter,
and used for transduction. Lentiviral transduction was performed on designated cell lines, and stable
cell lines were generated with puromycin or blastcidin S (InVivoGen) selection.

Genome-scale CRISPR/Cas9 KO screens. The pooled CRISPR screening was conducted as described
previously (33). Briefly, the human GeCKOv2 plasmid library from Addgene was first prepared as lentivi-
ral pools, as described above. SK-N-SH cells transduced with a lentiviral pool at a multiplicity of infection
(MOI) of 0.3 were then selected with T wg/mL puromycin for stable cell lines. Cells were then infected
with EV71 at an MOI of 0.1 for 2 weeks. Genomic DNA from surviving cells was prepared with the Quick-
gDNA midikit (Zymo Research, Irvine, CA), and the integrated sgRNAs were amplified using PCR. Next-
generation sequencing was performed at Oebiotech (Shanghai, China) on a MiSeq instrument (lllumina,
CA), and data were analyzed with the MAGeCK algorithm (34).

Western blotting. Cells with proper treatment were harvested with LDS sample buffer (Thermo
Fisher Scientific), followed by separation on a 10% SDS-PAGE gel. Proteins were transferred onto a poly-
vinylidene difluoride (PVDF) membrane before they were incubated with primary antibodies. Following
a Tris-buffered saline with Tween20 (20mM Tris-Cl [pH 7.5], 150mM NaCl, 0.05% Tween20) (TBST) wash,
corresponding secondary antibodies were added and bands were visualized with SuperSignal West
Femto maximum sensitivity substrate (Thermo Fisher Scientific).

RNA extraction and RT-qPCR. Different cells with or without infection were harvested, and total cel-
lular RNA was isolated with the GeneJET RNA purification kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. cDNA was synthesized using a high-capacity ¢cDNA RT kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. cDNA was diluted 1:20 and used directly for
quantitative PCR (qPCR) analysis using specific primers and the iTag universal SYBR green master mix
(Bio-Rad). Primer sequences are listed in Table S4.

Luciferase assay. Cells infected with NL-EV71 were harvested at 24 hpi, and luciferase signals were
determined with the Nano-Glo luciferase assay system (Promega Corp.) according to the manufacturer’s
instructions. For cells transfected with SGR-EV71, viral RNA was in vitro transcribed as described previ-
ously (16) and was transfected into SK-N-SH cells or NAT8 KO SK-N-SH cells using the TransIT-mRNA
transfection reagent (Mirus Bio) according to the manufacturer’s instructions. Renilla luciferase was
measured using a Renilla luciferase assay system (Promega Corp.) at the indicated time points. All lucifer-
ase was measured with a BioTek Neo2 microplate reader.

Viral binding and internalization assays. Control or NAT8 KO SK-N-SH cells were incubated with
EV71 (MOI of 5) at 4°C for 1 h (binding assay) or incubated at 4°C for 1 h followed by 1 h of incubation at
37°C (internalization assay). Cell media were then removed, and cells were washed five times with cold
phosphate-buffered saline (PBS). Total RNA was extracted, and viral RNA was determined by qPCR as
described above.

Compound 9 treatment assay. Cells were seeded on a 24-well plate 1 day before they were
infected with EV71 or NL-EV71. Four hours later, the cells were treated with compound 9 at the indicated
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concentrations. Cells were harvested for immunoblotting, RT-qPCR, or the luciferase assay as described
above.

Protein degradation assay. 293T cells were transfected with EV71 NS-GFP proteins, and compound
9, MG132 (10 wM), or BafA1 (10 nM) was added at 12 h posttransfection and maintained for 24 h. Cells
were harvested for immunoblotting as described above. For EV71-infected cells, SK-N-SH cells were ei-
ther treated with 10 uM compound 9 or overexpressed NAT8-Flag. Twenty-four hours after EV71 infec-
tion, cells were treated with 125 uM cycloheximide and harvested at 0, 4, or 8 h for immunoblotting.

Coimmunoprecipitation. For 293T cells, cells were first cotransfected with NAT8-Flag- and EV71 NS-
GFP-encoding plasmids. For SK-N-SH/NAT8-Flag cells, cells were infected with EV71 at an MOI of 5.
Twenty-four hours later, the cells were harvested and washed twice with cold PBS, followed by disrup-
tion with immunoprecipitation buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS) at
4°C for 15 min. Cell lysates were clarified by centrifugation at 1,000 x g for 5 min at 4°C. Anti-Flag anti-
body was mixed with the supernatant and incubated at 4°C for 1 h; the precleared beads with protein
A/G were then added to the mixture and incubated at 4°C for 1 h on a roller. The reaction mixtures were
then washed four times with cold wash buffer (0.05% Triton X-100) and subsequently analyzed by im-
munoblotting with the indicated antibodies.

Confocal microscopy. Immunofluorescence staining was carried out as described previously (16).
Briefly, cells were seeded on coverslips coated with poly-p-lysine 1 day before they were infected with
EV71 (MOI of 5) and incubated for another 24 h. Cells were then fixed with ice-cold methanol for 10 min,
followed by blocking with 2% FBS for 1 h. Cells were then stained with the corresponding antibodies.

Journal of Virology

The images were acquired with a Nikon C2 confocal microscope.
Statistics. Unless otherwise indicated, all values are means =+ standard deviations and represent the
results of a minimum of three independent experiments. The two-tailed Student's t test was used to
compare the means of control and experimental groups.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 1.5 MB.
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