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ABSTRACT Porcine deltacoronavirus (PDCoV) is an emerging swine enteropathogenic
coronavirus that has the potential to infect humans. Histone deacetylase 6 (HDAC6) is a
unique type IIb cytoplasmic deacetylase with both deacetylase activity and ubiquitin E3
ligase activity, which mediates a variety of cellular processes by deacetylating histone and
nonhistone substrates. In this study, we found that ectopic expression of HDAC6 signifi-
cantly inhibited PDCoV replication, while the reverse effects could be observed after
treatment with an HDAC6-specific inhibitor (tubacin) or knockdown of HDAC6 expression
by specific small interfering RNA. Furthermore, we demonstrated that HDAC6 interacted
with viral nonstructural protein 8 (nsp8) in the context of PDCoV infection, resulting in its
proteasomal degradation, which was dependent on the deacetylation activity of HDAC6.
We further identified the key amino acid residues lysine 46 (K46) and K58 of nsp8 as acet-
ylation and ubiquitination sites, respectively, which were required for HDAC6-mediated
degradation. Through a PDCoV reverse genetics system, we confirmed that recombinant
PDCoV with a mutation at either K46 or K58 exhibited resistance to the antiviral activity
of HDAC6, thereby exhibiting higher replication compared with wild-type PDCoV.
Collectively, these findings contribute to a better understanding of the function of HDAC6
in regulating PDCoV infection and provide new strategies for the development of anti-
PDCoV drugs.

IMPORTANCE As an emerging enteropathogenic coronavirus with zoonotic potential,
porcine deltacoronavirus (PDCoV) has sparked tremendous attention. Histone deacetylase
6 (HDAC6) is a critical deacetylase with both deacetylase activity and ubiquitin E3 ligase
activity and is extensively involved in many important physiological processes. However,
little is known about the role of HDAC6 in the infection and pathogenesis of coronaviruses.
Our present study demonstrates that HDAC6 targets PDCoV-encoded nonstructural protein
8 (nsp8) for proteasomal degradation through the deacetylation at the lysine 46 (K46) and
the ubiquitination at K58, suppressing viral replication. Recombinant PDCoV with a mutation
at K46 and/or K58 of nsp8 displayed resistance to the antiviral activity of HDAC6. Our work
provides significant insights into the role of HDAC6 in regulating PDCoV infection, opening
avenues for the development of novel anti-PDCoV drugs.
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Porcine deltacoronavirus (PDCoV) is an emerging enteropathogenic coronavirus that
can cause acute watery diarrhea, vomiting, dehydration, and even death in nursing

piglets (1, 2). PDCoV was first detected from pig rectal swab samples for virological surveil-
lance in Hong Kong in 2012 (3); the initial outbreak of PDCoV was reported in several pig
farms with symptoms of acute diarrhea in Ohio in the United States in 2014. PDCoV spread
rapidly to many countries and regions, including China, South Korea, Thailand, Japan, Lao
People’s Democratic Republic, Vietnam, Mexico, and Peru, leading to significant economic
losses (4–8). Accumulating evidence has shown that in addition to pigs, PDCoV can infect
calves, turkeys, chickens, mice, and even humans, suggesting that it possesses cross-species
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transmission and zoonotic potential (1, 9–12). It was recently proposed that PDCoV can be
considered the eighth coronavirus infecting humans after human coronavirus 229E, human
coronavirus NL63, human coronavirus OC43, human coronavirus HKU1, severe acute respi-
ratory syndrome coronavirus (SARS-CoV), SARS-CoV-2, and Middle Eastern respiratory syn-
drome coronavirus (MERS-CoV) (13). The significant threat posed by PDCoV to human and
animal health has sparked tremendous attention.

PDCoV is a single-stranded, positive-sense RNA virus that belongs to the newly
identified genus Deltacoronavirus in the family Coronaviridae. Its genome is approxi-
mately 25.4 kb in length (3, 14), encoding two large polyproteins, polyprotein1a (pp1a)
and polyprotein 1ab (pp1ab), four structural proteins (spike [S], envelope [E], mem-
brane [M], and nucleocapsid [N]), and three accessory proteins (NS6, NS7, and NS7a).
The two polyproteins pp1a and pp1ab are cleaved proteolytically into 15 mature non-
structural proteins (nsp2 to nsp16) by the papain-like protease (PLpros) nsp3 and the
3C-like protease nsp5 (15, 16). Of them, nsp8 is a 189-amino-acid polypeptide that is
relatively conserved within the family Coronaviridae. It combines with nsp7 and nsp12
to form a viral replication and transcription complex (RTC) that is indispensable for viral
replication (17, 18). However, the detailed role of nsp8 in the infection and pathogene-
sis of coronaviruses remains largely unknown.

Lysine acetylation is a reversible posttranslational modification that affects many
cellular processes and modulates viral replication (19–22), which is competitively regulated
by two classes of enzymes, histone acetyltransferases (HATs) and histone deacetylases
(HDACs) (23). To date, at least 18 HDACs have been identified in mammals. Among them,
HDAC6 is a unique type IIb cytoplasmic deacetylase with two deacetylase structural domains
and a C-terminal zinc finger ubiquitin binding domain (BUZ) (24), which mediates a variety
of cellular processes by deacetylating nonhistone substrates, including heat shock protein
90, microtubulin, cortical agonist protein, and retinoic-acid-inducible gene-I (RIG-I) (25–27).
Increasing evidence has demonstrated that HDAC6 is involved in the regulation of viral
replication. For example, overexpression of HDAC6 inhibits the acetylation of a-tubulin
(Ac-a-tubulin) and remarkably suppresses human immunodeficiency virus type 1 (HIV-1)
envelope-dependent cell fusion and infection (28). HDAC6 downregulates the trafficking
of viral components to the plasma membrane, resulting in the suppression of influenza
A virus (IAV) release (15, 29). HDAC6 enzyme inhibitor treatment promotes the gene expres-
sion of human T-lymphocytic leukemia virus type 1 (HTLV-1) (30). HDAC6 depletion enhan-
ces the replication of vesicular stomatitis virus (VSV) by negatively regulating the production
of type I interferon (31). Overexpression of HDAC6 enhances resistance to porcine reproduc-
tive and respiratory syndrome virus (PRRSV) both in vitro and in vivo (32). Collectively, most
studies have shown that HDAC6 overexpression enhances the resistance of cells and trans-
genic mice/pigs to viral infection. However, whether HDAC6 is involved in the regulation of
PDCoV replication is unknown.

In this study, we identified HDAC6 as a novel negative regulator of PDCoV infection.
Mechanistically, HDAC6 interacted with nsp8, resulting in its deacetylation and ubiquitination
modification and subsequent proteasomal degradation. Furthermore, we demonstrated that
lysine 46 (K46) and K58 of nsp8 were required for its degradation by HDAC6. Importantly,
recombinant PDCoV, mutated at K46 and/or K58, displayed obvious resistance to the antiviral
activity of HDAC6.

RESULTS
PDCoV infection downregulates HDAC6 expression. To investigate the role of

HDAC6 in PDCoV infection, we first examined the dynamic changes in HDAC6 protein
expression after PDCoV infection in LLC-PK1 cells. As shown in Fig. 1A, PDCoV infection
significantly downregulated HDAC6 expression in a dose-dependent manner. A previous
study demonstrated that cellular microtubulin, a-tubulin, is a substrate of HDAC6 and
that the acetylation of a-tubulin, which represents the polymerization of microtubules, is
favorable for viral proliferation (26); thus, we also detected cellular acetylation level after
PDCoV infection and found that the acetylation of a-tubulin was gradually increased in
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PDCoV-infected cells (Fig. 1A). In addition, we detected the expression kinetics of HDAC6
at different time points after PDCoV infection. As shown in Fig. 1B, HDAC6 expression was
reduced in a time-dependent manner, especially in the late stages of PDCoV infection. These
results suggest that HDAC6 may play a regulatory role in PDCoV infection.

HDAC6 inhibits PDCoV infection. To determine the effect of HDAC6 on PDCoV
infection, experiments based on three strategies, namely, ectopic expression, chemical
inhibition, and small interfering RNA (siRNA), were performed. First, LLC-PK1 cells were
transfected with increasing amounts of expression plasmids encoding Flag-HDAC6,
which were then infected with PDCoV (multiplicity of infection [MOI] of 0.5) for 12 h.
The results showed that overexpression of HDAC6 inhibited PDCoV infection, as evi-
denced by decreased N protein expression (Fig. 2A), viral mRNA expression (Fig. 2B),
and viral titers (Fig. 2C). To clarify which stages of PDCoV infection are affected by
HDAC6 most, the experiments were performed to investigate the viral kinetics in the
context of HDAC6 overexpression. As shown in Fig. 2D, HDAC6 overexpression signifi-
cantly downregulated the acetylation of a-tubulin and PDCoV N protein expression,
but the inhibitory effects were weakened in a time-dependent manner, suggesting
that the early stages of PDCoV infection are most affected by HDAC6.

Tubacin, an HDAC6-specific selective inhibitor, was extensively used in previous stud-
ies (33). We first tested the HDAC6 protein expression after tubacin treatment. The results
showed that tubacin treatment alone increased the Ac-a-tubulin expression in a dose-
dependent manner but had little effect on HDAC6 and a-tubulin expression (Fig. 2E), in
agreement with a previous study that tubacin affects the activity of HDAC6 but not its
protein expression level (34). To test the effect of tubacin on PDCoV infection, LLC-PK1
cells were pretreated with different doses of tubacin for 2 h with no detectable cytotoxicity
and then infected with PDCoV. The results showed that tubacin treatment significantly
reduced the HDAC6 expression while increasing the acetylation of a-tubulin, N protein expres-
sion (Fig. 2F), viral mRNA expression (Fig. 2G), and viral titers (Fig. 2H) in a dose-dependent
manner, suggesting that the inhibition of HDAC6 activity promotes PDCoV infection. To fur-
ther confirm the anti-PDCoV function of HDAC6, LLC-PK1 cells were transfected with specific
siRNA to knock down HDAC6 expression and then infected with PDCoV. Compared with the
control siRNA, HDAC6-specific siRNA notably knocked down HDAC6 expression and pro-
moted the acetylation of a-tubulin and PDCoV infection, as demonstrated by the results of
Western blotting, quantitative real-time RT-PCR (RT-qPCR), and a 50% tissue culture infective
dose (TCID50) assay (Fig. 2I to K). Collectively, these findings indicate that HDAC6 exerts anti-
PDCoV effects.

HDAC6 interacts with nsp5 and nsp8 of PDCoV. Since HDAC6 negatively regulates
PDCoV infection, we next explored the mechanism by which this occurs. We speculated
that HDAC6 could function by interacting with viral protein(s) encoded by PDCoV. To
confirm this hypothesis, HEK-293T cells were cotransfected with pCAGGS-Flag-HDAC6
and HA-tagged expression plasmids encoding each individual PDCoV protein, followed

FIG 1 The dynamic changes in HDAC6 expression during PDCoV infection. (A) LLC-PK1 cells were infected
with PDCoV at an increasing multiplicity of infection (MOI = 0.1, 0.5, or 1). At 12 hpi, cells were collected
for Western blotting using antibodies against HDAC6, a-tubulin, Ac-a-tubulin, and PDCoV N protein. (B)
LLC-PK1 cells were infected with PDCoV (MOI = 0.5). At 6, 12, 18, and 24 hpi, cells were collected for
Western blotting assay to detect the expression of HDAC6, a-tubulin, Ac-a-tubulin, PDCoV N, and b-actin.
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by a coimmunoprecipitation (Co-IP) assay with anti-Flag antibodies. The results showed
that HDAC6 interacted with nsp5, nsp8, NS7, NS7a, and N protein (Fig. 3A and B; Fig. S1A in
the supplemental material). To further confirm the interactions between HDAC6 and these
viral proteins, a reverse Co-IP experiment was performed with anti-HA antibodies. The results

FIG 2 HDAC6 inhibits PDCoV infection. (A to C) The effect of HDAC6 overexpression on PDCoV infection. LLC-PK1
cells were transfected with increasing amounts of pCAGGS-Flag-HDAC6 or empty vector for 12 h and then infected
with PDCoV (MOI = 0.5). At 12 hpi, the cells were collected and subjected to Western blotting (A), RT-qPCR (B), and a
TCID50 assay (C). (D) LLC-PK1 cells were transfected with pCAGGS-Flag-HDAC6 or empty vector and then infected
with PDCoV (MOI = 0.5). Cells were collected at 6, 12, and 18 hpi and subjected to Western blotting assay for detecting
the expressions of Flag-HDAC6, a-tubulin, Ac-a-tubulin, PDCoV N, and b-actin. Density analysis for targeted proteins in
Western blotting pictures was performed via ImageJ software. The relative expression levels of Ac-a-tubulin and PDCoV
N compared to those of the control vector group were shown on the right side. (E and F) LLC-PK1 cells were pretreated
with tubacin and then untreated (E) or infected with PDCoV (MOI = 0.5) (F). At 12 hpi, cells were collected and
subjected to Western blotting assay for detecting the expressions of HDAC6, Ac-a-tubulin, a-tubulin, PDCoV N,
and b-actin. (G and H) The effect of an HDAC6-specific inhibitor tubacin on PDCoV infection. LLC-PK1 cells were
pretreated with tubacin for 2 h and then infected with PDCoV (MOI = 0.5). At 12 hpi, cells were collected and
subjected to RT-qPCR (G) and a TCID50 assay (H). (I to K) The effect of HDAC6 knockdown on PDCoV infection.
LLC-PK1 cells were transfected with siRNA against HDAC6 or with control siRNA and were then infected with PDCoV
(MOI = 0.5) for 12 h. Cell samples were harvested and subjected to Western blotting (I), RT-qPCR (J), and a TCID50

assay (K) to determine relative HDAC6 protein expression, viral mRNA levels, and viral titers, respectively. The
presented results represent the means and standard deviations of the data from three independent experiments.
*, P , 0.05; **, P , 0.01; ***, P , 0.001.
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showed that only nsp5 and nsp8 could be efficiently coimmunoprecipitated with HDAC6,
not NS7, NS7a, and N protein (Fig. 3C and D; Fig. S1B). Combining the results of forward and
reverse Co-IP experiments, we concluded that HDAC6 interacts with nsp5 and nsp8 of PDCoV
in an overexpression system. To further confirm the endogenous interaction in the context
of PDCoV infection, we expressed and purified the recombinant nsp5 and nsp8 proteins in
Escherichia coli to generate the corresponding rabbit polyclonal antibodies, respectively.
However, we only successfully obtained the antibody against nsp8. As shown in Fig. 3E
and F, the results from Co-IP assays confirmed that an interaction between PDCoV nsp8 and
endogenous HDAC6 was detected in PDCoV-infected cells. Interestingly, from the results in
Fig. 3B and D, we found that the expression level of nsp8 significantly decreased on coex-
pression with HDAC6. A previous study showed that HDAC6 possesses both deacetylase ac-
tivity and ubiquitin E3 ligase activity (35), which has the potential to affect protein stability.
We speculated that HDAC6 inhibited PDCoV replication by affecting the stability of nsp8.
Thus, we focused on the HDAC6-nsp8 interaction in subsequent studies.

HDAC6 degrades nsp8 via the ubiquitin-proteasome pathway. To further deter-
mine whether HDAC6 degrades nsp8, LLC-PK1 cells were cotransfected with fixed amounts
of pCAGGS-HA-nsp8 and increasing quantities of pCAGGS-Flag-HDAC6 for 28 h, followed by
a Western blotting assay. The results showed that the levels of both Ac-a-tubulin and nsp8
expression gradually decreased with increasing HDAC6 expression (Fig. 4A), demonstrating
that HDAC6 mediated the degradation of nsp8. We next investigated the degradation path-
ways by which this event occurred. As shown in Fig. 4, the results revealed that the HDAC6-
mediated degradation of nsp8 was reversed by treatment with the proteasome pathway
inhibitor MG132 but not the apoptosis pathway inhibitor Z-VAD or the autophagy path-
way inhibitor 3-MA (Fig. 4B to D). Taken together, these results suggest that HDAC6 mediates
the degradation of nsp8 via the ubiquitin proteasomal pathway.

HDAC6-mediated degradation of nsp8 is dependent on its deacetylase activity.
A previous study showed that N-terminal acetylated proteins can be stabilized by avoiding
the proteasome-dependent degradation pathways (36). To explore whether HDAC6-mediated
degradation of nsp8 is associated with its deacetylase activity, LLC-PK1 cells were cotransfected

FIG 3 HDAC6 interacts with nsp5 and nsp8 of PDCoV. (A to D) HEK-293T cells were cotransfected with
pCAGGS-Flag-HDAC6 and pCAGGS-HA-nsp5 (A and C) or pCAGGS-HA-nsp8 (B and D) for 28 h. The cells were lysed
and immunoprecipitated with anti-Flag (A and B) or anti-HA antibodies (C and D). (E and F) LLC-PK1 cells were infected
with PDCoV (MOI = 0.5) for 12 h. The cells were lysed and then subjected to Co-IP assay using anti-nsp8 (E) or anti-
HDAC6 (F) antibodies. Whole-cell lysates (WCL) and immunoprecipitation (IP) complexes were analyzed by Western
blotting with antibodies against Flag, HA, nsp8, HDAC6, or b-actin.
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with pCAGGS-HA-nsp8 and pCAGGS-Flag-HDAC6 and then, respectively, treated with tubacin
and the pan-HDAC inhibitor TSA, followed by a Western blotting assay. The results showed
that HDAC6 significantly suppressed the acetylation of a-tubulin and nsp8 expression; how-
ever, the inhibition was obviously restored by treatment with both tubacin and TSA (Fig. 5A
and B). To further confirm this result, three HDAC6 deacetylase dead mutants, namely,
HDAC6-H258A, HDAC6-H652A, and HDAC6-DM (-H258/652A), were constructed accord-
ing to a previous study (Fig. 5C) (37). As shown in Fig. 5D, HDAC6-WT notably reduced
nsp8 expression; however, the inhibition, to a large extent, was attenuated in cells
expressing HDAC6-DM and HDAC6-H652A, but not in cells expressing HDAC6-H258A, in
agreement with a previous report that HDAC6 H258 plays a minor role in its deacetylase
activity (38, 39). These results demonstrate that HDAC6 mediates the degradation of
nsp8 and that this is dependent on its deacetylase activity.

Identification of nsp8 acetylation sites at K37 and K46 and its ubiquitination
site at K58. To determine whether HDAC6-mediated deacetylation of nsp8 occurs, we
detected the acetylation level of nsp8 using two different methods defined as in vitro and
in vivo, respectively, as described in previous studies (40, 41). As shown in Fig. 6A and B,
the acetylation level of nsp8 was significantly higher after treatment with tubacin compared
with coexpression or coincubation with HDAC6, demonstrating that HDAC6 was able to
mediate deacetylation of nsp8. Because HDAC6 also mediated nsp8 degradation via the
ubiquitin-proteasome pathway (Fig. 4B) and HDAC6 possesses both deacetylase activity and
ubiquitin E3 ligase activity (35), we predicted the potential acetylation and ubiquitination
sites of nsp8 using online resources (www.biocuckoo.org and www.abcepta.com.cn). Based
on the obtained scores, lysine 37 (K37) and K150 in nsp8 were the most probable acetylation
sites, and ubiquitination sites were possibly located at K46 and K58. To confirm these possi-
ble acetylation and ubiquitination sites, four nsp8 mutants with a single point mutation of
lysine (K) to arginine (R) (nsp8-K37R, nsp8-K46R, nsp8-K58R, and nsp8-K150R) were con-
structed and overexpressed in HEK-293T cells, followed by in vitro and in vivo acetylation
assays. The results showed that the acetylation level of nsp8-K37R and -K46R mutants had
no reduction without tubacin treatment compared with that of wild-type HA-nsp8, which
inversely had a slight increase. However, the acetylation levels of mutants nsp8-K37R and
nsp8-K46R were significantly lower than that of wild-type nsp8 after tubacin treatment

FIG 4 HDAC6-mediated degradation of nsp8 is dependent on the ubiquitin proteasome pathway. (A)
LLC-PK1 cells were cotransfected with fixed amounts of pCAGGS-HA-nsp8 and increasing quantities of
pCAGGS-Flag-HDAC6 for 28 h, and then the cell lysates were analyzed by Western blotting with the indicated
antibodies. (B to D) HEK-293T cells were cotransfected with pCAGGS-HA-nsp8 and pCAGGS-Flag-HDAC6 or
empty vector and then treated by MG132 (20 mM) (B), Z-VAD (20 mM) (C), or 3-MA (5 mM) (D) for 8 h before
collecting cell samples were collected and Western blotting assay was performed.
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(Fig. 6C and D), demonstrating that HDAC6 mediates the deacetylation of nsp8 at the K37
and K46 sites.

We further investigated whether the acetylation status of nsp8 affects its stability. To
address this, two acetylation-mimicking nsp8 mutants (nsp8-K37Q and nsp8-K46Q) and
two acetylation-dead nsp8 mutants (nsp8-K37R and nsp8-K46R) were overexpressed in
HEK-293T cells and then treated by CHX, followed by a Western blotting assay. Tubacin
treatment served as a control. The results showed that the protein levels of wild-type
nsp8 gradually reduced in a time-dependent manner; however, the relative half-life of
nsp8 was significantly increased by tubacin treatment or acetylation mimicry and death
mutations (Fig. 6E and F). These results supported the notion that HDAC6-mediated
deacetylation of nsp8 promoted its proteasomal degradation. We further identified the
potential ubiquitination sites of nsp8 by in vitro and in vivo ubiquitination assays accord-
ing to the similar description in Fig. 6C and D. As shown in Fig. 6G and H, the ubiquitina-
tion level of HA-nsp8 mutants had no reduction without tubacin treatment compared
with that of wild-type HA-nsp8. However, the ubiquitination level of the nsp8-K58R mu-
tant was significantly reduced compared with that of wild-type nsp8 after tubacin treat-
ment. Taken together, we conclude that the acetylation sites of nsp8 are located at K37
and K46, and its ubiquitination site is located at K58.

Sites K46 and K58 of nsp8 are required for its degradation by HDAC6. To deter-
mine whether HA-nsp8-K37R, HA-nsp8-K46R, and HA-nsp8-K58R have resistance to the
degradation mediated by HDAC6, Flag-HDAC6 or the empty vector were, respectively,
coexpressed with HA-nsp8-K37R, HA-nsp8-K46R, and HA-nsp8-K58R in HEK-293T cells.
HA-nsp8 and HA-nsp8-K150R served as positive controls. The results showed that HA-nsp8
and HA-nsp8-K150R were significantly degraded by HDAC6 compared with the control group;
however, HA-nsp8-K46R and HA-nsp8-K58R displayed obvious resistance to HDAC6-mediated

FIG 5 HDAC6-mediated degradation of PDCoV nsp8 is dependent on its deacetylase activity. (A and B) LLC-PK1 cells were cotransfected with pCAGGS-HA-
nsp8 and pCAGGS-Flag-HDAC6 or empty vector, along with or without treatment with tubacin (5 mM) (A) or TSA (1 mM) (B) for 8 h. The cells were
collected and subjected to Western blotting for detecting HA-nsp8, Flag-HDAC6, Ac-a-tubulin, a-tubulin, and b-actin. (C) Schematic diagram of porcine
HDAC6 (pHDAC6) and pHDAC6 deacetylase dead mutants. (D) LLC-PK1 cells were cotransfected with pCAGGS-HA-nsp8 and expression plasmids encoding
HDAC6-WT, HDAC6-DM, HDAC6-H258A, HDAC6-H652A, or empty vector for 28 h. The cell lysates were subjected to a Western blotting assay.
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degradation (Fig. 7A). We further constructed expression plasmids encoding nsp8 mutants
with double mutations (HA-nsp8-K37/46R, HA-K37/58R, and HA-K46/58R) and triple mutations
(HA-nsp8-K37/46/58R) and found that the four nsp8 mutants tested, with either K46 or K58
mutations, exhibited distinct resistance to HDAC6-mediated degradation (Fig. 7B). Taken

FIG 6 Determination of nsp8 acetylation sites at K37 and K46, and its ubiquitination at K58. (A) HEK-293T cells were transfected with pCAGGS-HA-nsp8 and
pCAGGS-Flag-HDAC6 or empty vector, and then treated with DMSO or tubacin. The cell samples were collected and subjected to a Co-IP assay with anti-
HA antibodies and Western blotting for detecting the acetylation level of nsp8 in vivo. (B) The cell lysates with nsp8 expression were immunoprecipitated
with anti-HA antibodies and then the immunoprecipitation complexes were incubated with DMSO, tubacin, or the lysates of cell with HDAC6 expression or
empty vector transfection for 8 h in vitro, followed by treatment as described in panel A and Western blotting assay. (C) HEK-293T cells were transfected
with pCAGGS-HA-nsp8 or expression plasmids encoding nsp8 mutants and then treated with DMSO or tubacin for 8 h in vivo, followed by a Co-IP assay
with anti-HA antibodies and Western blotting as described in panel A. (D) The cell lysates with the expression of HA-nsp8 or HA-nsp8 mutants were
immunoprecipitated with anti-HA antibodies, and then the immunoprecipitation complexes were incubated with DMSO or tubacin for 8 h in vitro, followed
by treatment as described in panel A and Western blotting assay. (E) HEK-293T cells were transfected with pCAGGS-HA-nsp8 or expression plasmids
encoding each of nsp8 mutants and then left untreated or treated with tubacin, followed by treatment with CHX (10 mg/mL). The cells were collected at
different time points (0, 4, 8, 12, and 24 h) and subjected to a Western blotting assay. (F) Calculated relative half-lives of HA-nsp8 or HA-nsp8 mutants from
panel E. The relative intensity was plotted versus time. (G) HEK-293T cells were transfected with expression plasmids encoding HA-nsp8 or HA-nsp8
mutants and then treated with DMSO or tubacin for 8 h in vivo as described in panel A. The cell lysates were subjected to a Western blotting assay for
detecting the ubiquitination level of HA-nsp8 and its mutants. (H) The cell lysates with the expression of HA-nsp8 or HA-nsp8 mutants were
immunoprecipitated with anti-HA antibodies and then the immunoprecipitation complexes were incubated with DMSO or tubacin for 8 h in vitro, followed
by detection of the ubiquitination level of HA-nsp8 and its mutants via Western blotting as described in panel G.
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together, we conclude that the sites at both K46 and K58 of nsp8 are required for HDAC6-
mediated degradation.

Recombinant PDCoV with a mutation at K46 and/or K58 of nsp8 displays resist-
ance to the antiviral activity of HDAC6. To further confirm the contribution of K46
and K58 of nsp8 to resistance to the antiviral activity of HDAC6, we successfully constructed
recombinant PDCoV with a single point mutation of nsp8 at K37, K46, or K58 and with dou-
ble mutations at both K46 and K58, designated rPDCoV-nsp8-K37R, rPDCoV-nsp8-K46R,
rPDCoV-nsp8-K58R, and rPDCoV-nsp8-K46/58R, respectively. rPDCoV-nsp8-K37R served as a
positive control. As expected, the indirect immunofluorescence assay (IFA) results showed
that rPDCoV-WT and rPDCoV-nsp8-K37R exhibited similar fluorescence intensity, which was
significantly lower than that of the other three rPDCoVs tested, especially in the early stages
of viral infection (6 h postinfection [6 hpi]) (Fig. 8A and B). Consistent with the results from
the IFA, a TCID50 assay demonstrated that the titers of rPDCoV-WT or rPDCoV-nsp8-K37R
were significantly lower than those of the other three rPDCoVs tested at 6 and 12 hpi; how-
ever, no obvious difference was observed in the titers of all tested rPDCoVs at 18 and 24 hpi
(Fig. 8C). These results suggest that the mutation of K46 or K58 of nsp8 results in the promo-
tion of viral replication in the early stage of replication but not in the mid and late stages.

To further verify this result, LLC-PK1 cells were transfected with pCAGGS-Flag-HDAC6 or
empty vector for 12 h and then infected with rPDCoV, followed by RT-qPCR, Western blotting,
and a TCID50 assay. As shown in Fig. 8D to H, HDAC6 significantly suppressed the replication
of rPDCoV-WT and rPDCoV-nsp8-K37R; however, the inhibitory effects were obviously atte-
nuated in rPDCoV-nsp8-K46R-, rPDCoV-nsp8-K58R-, and rPDCoV-nsp8-K46/58R-infected cells.
Taken together, these results confirm that rPDCoV mutated at either K46 or K58 of nsp8 dis-
plays obvious resistance to the antiviral activity of HDAC6.

DISCUSSION

Accumulating evidence has established HDAC6 as a critical regulator of viral infection
either directly, via orchestrating different stages of the viral life cycle, or indirectly, via mod-
ulating the cytokine production of host cells, suggesting that this protein may represent
an antiviral target. However, little is known about the role of HDAC6 in the infection and
pathogenesis of coronaviruses. In this study, for the first time, we found that HDAC6 directly
targets nsp8 for degradation through deacetylation and ubiquitination, thereby inhibiting
PDCoV proliferation. Importantly, we confirmed that the K46 and K58 sites of nsp8 were,
respectively, targeted for acetylation and ubiquitination, which were indispensable for the
HDAC6-mediated degradation of nsp8. Recombinant PDCoV, with a mutation at either K46
or K58 of nsp8, showed obvious resistance to the antiviral activity of HDAC6.

Many studies have shown that HDAC6 plays important roles in a variety of biological
processes through the regulation of posttranslational modifications. For example, HDAC6

FIG 7 The sites at both K46 and K58 of nsp8 are required for HDAC6-mediated degradation. (A) HEK-293T cells
were transfected with expression plasmids encoding HA-nsp8 or its mutants with a single point mutation, along
with or without pCAGGS-Flag-HDAC6 for 28 h. The cells were collected and subjected to Western blotting with
antibodies against Flag and HA. (B) HEK-293T cells were transfected with expression plasmids encoding HA-nsp8
or its mutants with double or triple mutations, along with or without pCAGGS-Flag-HDAC6 for 28 h, followed by
Western blotting with antibodies against Flag and HA.
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deacetylates the transcriptional activator Tat protein, thereby preventing transcriptional acti-
vation of the HIV-1 promoter and inhibiting the formation of ribonucleoprotein complexes
(42). HDAC6-dependent regulation of Hsp90 deacetylation affects its affinity for most clients
and certain cochaperones, which in turn modulates viral replication (43). Of 18 identified
deacetylases, HDAC6 is the one most associated with ubiquitin. Previous studies indicated
that HDAC6 harbors a unique BUZ domain with the ability to bind to ubiquitin and ubiqui-
tinated proteins, as well as misfolded proteins, for proteasomal or autophagic degradation
(37, 44). This suggested that HDAC6 is involved in the ubiquitin-proteasome pathway and

FIG 8 Recombinant PDCoV with mutation at K46 and/or K58 of nsp8 displays resistance to the antiviral activity of HDAC6. (A and B) IFA of LLC-PK1 cells
infected with rPDCoV-WT, rPDCoV-nsp8-K37R, rPDCoV-nsp8-K46R, rPDCoV-nsp8-K58R, and rPDCoV-nsp8-K46/58R at 6 hpi (A) or 12 hpi (B) using an anti-
PDCoV N monoclonal antibody. Bar, 100 mm. (C) Multiple-step growth curves of rPDCoVs on LLC-PK cells. Cells were infected with rPDCoVs (MOI = 0.5) and
then collected at the different time points postinfection (6, 12, 18, 24 hpi) and subjected to a TCID50 assay. (D to H) LLC-PK1 cells were transfected with
pCAGGS-Flag-HDAC6 or empty vector for 12 h and then infected with rPDCoVs (MOI = 0.5) for 12 h. Cell samples were harvested and subjected to RT-
qPCR for the detection of viral genomic mRNA (D) and N subgenomic mRNA (E), Western blotting (F), including density analysis of panel F by ImageJ
software (G), and a TCID50 assay (H). The presented results represent the means and standard deviations of data from three independent experiments.
*, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, nonsignificant difference.
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lysosome-mediated degradation pathway. In this study, we confirmed that HDAC6
degraded nsp8 via the ubiquitin-proteasome pathway and that the deacetylase activity of
HDAC6 was required for the degradation of nsp8. We further detected the effects of the
ubiquitin-proteasome pathway, the apoptotic pathway, or the autophagic pathway on the
deacetylation of nsp8 by HDAC6, respectively, and found that the three host degradation
pathways had no significant effect on HDAC6-mediated deacetylation of nsp8 (data not
shown). These results further demonstrated that the ubiquitin-proteasome pathway is
involved in HDAC6-mediated nsp8 degradation, but does not affect its deacetylation.

Direct competition between lysine acetylation and ubiquitination is thought to be an im-
portant regulator for the degradation of ubiquitinated protein. For example, MDM2 could
recruit HDAC1 to mediate the deacetylation of the tumor suppressor p53, followed by
MDM2-dependent ubiquitylation at the same sites as deacetylation and subsequent protein
degradation (45). However, in this study, we found that the identified acetylation site at K46
of nsp8 was not the same as its ubiquitination site at K58, unlike previous studies reporting
that the same lysine of target proteins acts as both an acetylation and ubiquitination site
(35, 46). A previous study showed that E3 ubiquitin ligase E6AP promotes HDAC6-mediated
deacetylation of tumor suppressor FHL1 at K157, followed by its ubiquitination at K102,
resulting in the decreased expression of FHL1 (47). Thus, the mechanism of degradation of
different proteins mediated by deacetylation and ubiquitination is complex and may be dis-
tinct. Our results showed that K37 is also an acetylation site of nsp8 but is not required for
HDAC6 degradation. We speculated that the acetylation site at K37 of nsp8 may be regu-
lated by other components of the deacetylation family to function. In addition, one of them
may be the primary target of action in the presence of multiple acetylation sites. Indeed, a
previous study indicated that the effect of enzyme activity depends specifically on site-
specific acetylation whenmultiple acetylation sites are present (48). We experimentally verified
that K46 and K37 are the acetylation sites and K58 is the ubiquitination site. A total of 18
lysine residues are present in the PDCoV nsp8. Thus, we could not rule out the possibility
that other sites are involved in HDAC6-mediated modifications and degradations. In addition,
our results showed that nsp8-K46R, nsp8-K58R, and nsp8-K46/58R exhibited similar resistance
to HDAC6-mediated degradation. We speculated that HDAC6 interacted with nsp8 and regu-
lated the turnover of nsp8 via sequential deacetylation and ubiquitination. A previous study
indicated that HDAC6 enhances the polyubiquitination of Cdc20, dependent on its BUZ do-
main, rather than its deacetylase activity (49). Another study showed that the deacetylase ac-
tivity and E3 ligase activity of HDAC6 function in concert to ubiquitinate MSH2, leading to
the degradation of MSH2 (35). Our results from in vitro and in vivo ubiquitination assays sug-
gested that the ubiquitination of nsp8 may be dependent on the deacetylase activity of
HDAC6 (Fig. 6). However, whether HDAC6 directly ubiquitinates nsp8, whether its deacetylase
activity and E3 ligase activity work collaboratively, and whether HDAC6 recruits other ubiqui-
tin ligases to degrade nsp8 are interesting topics that deserve further investigation.

The cytoskeleton consists mainly of a protein fibril meshwork structure consisting of
microtubules, microfilaments, and intermediate fibers. A previous study showed that the
acetylation of lysine at position 40 of a-tubulin mediated by HDAC6 stabilizes microtu-
bules and facilitates transport and signaling (50). Viruses always hijack the transport system
of microtubule proteins to facilitate the intracellular transport, assembly, and release of viral
particles or viral genomes. Thus, HDAC6 has been considered a crossroad for viral fusion,
entry, nuclear shuttling, replication, assembly, and export, playing crucial roles in regulating vi-
ral infection, as demonstrated in the well-studied IAV (51, 52). Our results also showed that the
acetylation level of a-tubulin significantly increased after PDCoV infection. We further used
the inhibitor nocodazole to disrupt microtubule aggregation and demonstrated that nocoda-
zole treatment with no detectable cytotoxicity significantly suppressed the acetylation
level of a-tubulin and reduced N protein, viral mRNA expression, and viral titers in a dose-
dependent manner (Fig. S2). These results suggest that HDAC6 may also inhibit PDCoV
proliferation by reducing the acetylation of microtubulin and microtubule polymerization.

Previous studies suggested that HDAC6 can link the microtubule cytoskeleton to
immune synaptic tissues and limit viral transmission and pathogenicity by inducing an
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immune defense response in host cells through its deacetylase activity (31, 53). In addi-
tion, HDAC6 is able to deacetylate b-linked protein to induce the expression of the
transcription factor IRF3 (54) and directly deacetylate RIG-I at lysine 909, promoting
RIG-I oligomerization and resulting in the activation of downstream signals (MAVS-
IRF3-NF-kB). Thus, HDAC6 knockout mice, similar to IRF3 knockout mice, were highly
susceptible to RNA viruses, highlighting the important role of HDAC6 in triggering
innate antiviral immune signaling (25, 55, 56). In this study, we found that the inhibi-
tion of recombinant PDCoV with a mutation at either K46 or K58 by HDAC6 was not
completely eliminated compared with the control group. We speculated that in addi-
tion to directly targeting viral protein nsp8 for degradation, HDAC6 may modulate
innate antiviral immune signaling to inhibit PDCoV infection, such as enhancing the
RIG-I-mediated pathway or other antiviral signaling pathways. However, this hypothe-
sis needs to be further verified via additional experiments.

In this study, we found that in addition to nsp8, HDAC6 also interacted with the PDCoV
nsp5. This interaction of HDAC6 with nsp5 did not result in the significant degradation of
nsp5 but inhibited HDAC6 expression (Fig. 3). We raised several possibilities: (i) HDAC6
may regulate the acetylation modification of nsp5, thereby inhibiting its enzymatic activity.
Indeed, a previous study showed that HATs and HDACs could effectively modulate the
function of p65 but did not result in its degradation (57); (ii) PDCoV utilizes nsp5 to occupy
part of the HDAC6 protein, reducing the degradation of nsp8 by HDAC6 and antagonizing
the antiviral effect of HDAC6; and (iii) coronavirus nsp5, also called 3C-like protease, is re-
sponsible for processing viral polyprotein precursors in coronavirus replication. Some stud-
ies reported that coronaviruses nsp5 could inhibit the host’s antiviral innate immunity
through the cleavage of key host factors (58–61). PDCoV nsp5 may employ similar or
unknown mechanisms to reduce HDAC6 expression and impair the antiviral effects of
HDAC6. In addition, our results showed that rPDCoV with a mutation at either K46 or K58
possessed significantly higher replication ability than rPDCoV-WT during early infection
(Fig. 8C). Furthermore, PDCoV downregulated HDAC6 expression and exhibited an increased
resistance to HDAC6-mediated antiviral activity, especially at the late stage of infection (Fig.
1B and Fig. 2D). Thus, it is possible that endogenous HDAC6 contributes to the lower replica-
tion level of rPDCoV-WT compared with rPDCoV with a mutation at either K46 or K58, prior
to the expression of virus-encoded HDAC6 antagonists, such as PDCoV nsp5 during early
infection; however, the increased expression of nsp5 protein during the mid and late stages
of infection effectively inhibits the antiviral activity of HDAC6, resulting in insignificant differ-
ences in the replication level of all rPDCoVs (Fig. 8C).

Nsp8 is well conserved among the Coronaviridae family and is considered to be a second
RdRp encoded uniquely by coronaviruses (62). Coronavirus nsp8 possesses polymerizing
activity toward short RNA oligonucleotides, proposed to be used as primers for primer-
dependent nsp12 RdRp during RNA synthesis (17, 18, 62). It was previously shown that
numerous RNA viruses used primers for RNA synthesis through different strategies, such
as the recruitment of cellular mRNA and tRNA by influenza viruses and retroviruses (63, 64).
However, coronavirus may have evolved another strategy to produce primers by using nsp8
RdRp as the primase (62). As a primase, nsp8 is involved in the formation of RTC, playing a
relatively conserved role in coronavirus replication. Because HDAC6 could directly target
PDCoV nsp8, and the amino acid homology of the enzymatic activity region of HDAC6
among different species was relatively conserved, we speculated that HDAC6 has a broad-
spectrum antiviral effect on PDCoV infection in different host cells. We further detected the
effect of human HDAC6 on PDCoV infection in HeLa cells. As expected, overexpression of
human HDAC6 notably inhibited PDCoV infection in HeLa cells (data not shown). In addition,
we examined whether HDAC6 also inhibits other swine coronaviruses, like transmissible gas-
troenteritis virus (TGEV) and porcine epidemic diarrhea virus (PEDV). The results showed that
HDAC6 overexpression significantly inhibited the infection of TGEV and PEDV (data not
shown). A recent study showed that HDAC6 inhibitors have high therapeutic efficacy
because of their potential to reduce the morbidity associated with severe COVID-19 by act-
ing on the innate and adaptive immune system (65), but the detailed inhibitory mechanism
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has not been further investigated. Whether HDAC6-mediated nsp8 degradation through
deacetylation and ubiquitination is conserved across coronaviruses deserves further study.

In summary, our present study demonstrated that HDAC6 interacted with and degraded
nsp8 through deacetylation and ubiquitination at K46 and K58 of nsp8, respectively,
thereby inhibiting PDCoV replication. Our findings reveal a novel regulatory function of
HDAC6 on PDCoV infection, which deepens our understanding of the function of HDACs
and may direct us toward novel therapeutic targets.

MATERIALS ANDMETHODS
Cells, virus, and reagents. HEK-293T cells were obtained from the China Center for Type Culture

Collection (Wuhan, China). LLC-PK1 cells were purchased from the American Type Culture Collection (ATCC CL-
101; Manassas, VA, USA). All cells were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, Madison,
WI, USA) supplemented with 10% fetal bovine serum at 37°C in 5% CO2. PDCoV strain CHN-HN-2014 (GenBank
accession number KT336560) used in this study was isolated from a piglet with severe diarrhea in China in
2014 (66). Anti-Flag antibody and anti-HA antibody were purchased from Medical and Biological Laboratories
(MBL, Nagoya, Japan). Rabbit anti-HDAC6 monoclonal antibody was purchased from Huabio Technology
(Hangzhou, China). Mouse anti-Ac-a-tubulin and anti-ac-lysine were purchased from Santa Cruz (Dallas,
TX, USA). Rabbit anti-b-actin antibody was purchased from ABclonal (Wuhan, China). Rabbit anti-a-tubulin
antibody was purchased from PTM BioLab (Hangzhou, China). The mouse anti-PDCoV N protein monoclo-
nal antibody used herein was described previously (22). The rabbit polyclonal antibody against PDCoV
nsp8 was prepared by DIA-AN (Wuhan, China) using the purified recombinant fusion protein His-nsp8. 3-
MA and cycloheximide (CHX) were purchased from MedChemExpress (MCE, NJ, USA). MG132 and Z-VAD
were purchased from Beyotime (Shanghai, China). Tubacin and TSA were purchased from Selleck (Radnor,
PA, USA).

Plasmid construction and RNA interference. The full-length cDNA of porcine HDAC6 (GenBank
accession number XM_005673600.3) was amplified from LLC-PK1 cells and then cloned into pCAGGS-
Flag vector containing an N-terminal Flag tag, generating the expression plasmid pCAGGS-Flag-HDAC6.
The porcine HDAC6 deacetylase dead mutants, including the substitution mutants HDAC6-H258A, -H652A,
and -H258/652A (DM), were also cloned into pCAGGS-Flag vector. The nsp5 and nsp8-coding sequences of
PDCoV strain CHN-HN-2014 and mutants, including the substitution mutations nsp8-K37R, -K37Q, -K46R,
-K46Q, -K58R, and K150R, were all amplified and cloned into pCAGGS-HA-C with a HA tag at the C terminus.
All primers used are listed in Table S1. For RNA interference experiments, the siRNA sequences against HDAC6
(si-HDAC6-1: 59-GGAGGAGCUUAUGUUGGUUTT-39; si-HDAC6-2: 59-GCUACGAUCAUGGCACCUUTT-39) and a
nontarget control siRNA (si-Ctrl: 59-ACGUGACACGUUCGGAGAATT-39) were designed by Genepharma Co. Ltd.
(Shanghai, China). These siRNAs were transfected into LLC-PK1 cells using jetPRIME (Polyplus, Illkirch, France)
according to the manufacturer’s instructions.

RNA extraction and quantitative real-time RT-PCR. LLC-PK1 cells grown in six-well plates were
treated under various experimental conditions and then infected with PDCoV for the indicated time
points. Cellular total RNA was extracted using TRIzol reagent (Invitrogen) and then reverse transcribed
into cDNA by avian myeloblastosis virus reverse transcriptase (TaKaRa, Kusatsu, Japan). The above cDNA
was used as the template to perform RT-qPCR, repeated at least three times. Relative mRNA expression
levels were normalized to the expression of GAPDH. Absolute mRNA levels were calculated using stand-
ard curves. The primers used in these experiments are listed in Table S1.

Coimmunoprecipitation and Western blotting assay. HEK-293T cells were transfected with plas-
mids for the indicated time and then lysed with a lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1%
NP-40, 10% glycerin, 0.1% SDS, and 2 mM Na2EDTA). Cellular lysates were collected and centrifuged at
12,000 rpm at 4°C for 10 min. A portion of each supernatant from the lysed cells was used in the whole-cell
extract assay. The remaining portions of the supernatants from the lysed cells were immunoprecipitated with
the indicated antibodies overnight at 4°C and then added with protein A1G agarose beads (Beyotime,
Shanghai, China) for 4 h at 4°C. The beads containing the immunoprecipitation complex were washed three
times with 1 mL of lysis buffer. Whole-cell lysates and the immunoprecipitation complex were resuspended in
SDS-PAGE loading buffer, boiled for 10 min, and then subjected to Western blotting.

For Western blotting, the protein samples separated by SDS-PAGE were transferred onto polyvinyli-
dene difluoride membranes (Millipore, Darmstadt, Germany). The membranes were blocked with 5%
nonfat milk in phosphate-buffered solution with 0.1% polysorbate-20 for 3 h and then incubated with
the indicated primary antibodies. After three washes, the membranes were incubated with horseradish
peroxidase-conjugated goat anti-rabbit antibody or goat anti-mouse antibody (Beyotime, Shanghai,
China) for 45 min. Finally, the membranes were washed three times and then visualized using enhanced
chemiluminescence reagents (Bio-Rad, CA, USA).

Indirect immunofluorescence assay. LLC-PK1 cells seeded in 24-well plates were infected with
PDCoV for the indicated time. Cells were fixed with 4% paraformaldehyde and then permeabilized with cold
methyl alcohol. The cells were then blocked with 5% bovine serum albumin and incubated with primary and
secondary antibodies, consecutively. Subsequently, cells were incubated with 49,6-diamidino-2-phenylindole for
15 min and then visualized by confocal laser scanning microscopy (Fluoviewver.3.1; Olympus, Tokyo, Japan).

Generation of recombinant viruses. Recombinant PDCoV with a single point mutation (K37R,
K46R, or K58R) or double mutations (K46/58R) of nsp8 was constructed based on CRISPR/Cas9 technol-
ogy, as described previously (67). Briefly, two specific primers (sgPDCoV-1 and sgPDCoV-2) targeting the
upstream and downstream sequences of the fragment of interest were designed and synthesized for
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generating sgRNA-1 and sgRNA-2. pBAC-CHN-HN-2014 was then cleaved into the linearized BAC vector
by the in vitro addition of Cas9, sgRNA-1, and sgRNA-2. At the same time, fragments containing each of
the nsp8 gene sequences with the indicated mutation were generated through overlapping PCR using
the indicated primers (Table S1) and then were, respectively, ligated into the purified linearized BAC vec-
tor via homologous recombination, generating the recombinant BAC plasmids (pBAC-CHN-HN-2014-
nsp8-K37R, -K46R, -K58R, or -K46/58R). These recombinant plasmids were, respectively, transfected into
LLC-PK1 cells seeded in 6-well plates with 80% confluence using jetPRIME for 4 h. The cells were washed
twice and then added to DMEM containing 7.5 mg/mL of trypsin (Sigma) and incubated at 37°C and 5%
CO2. Daily observations were made.

Cell viability assay. The cytotoxic effects of the drugs on cells were measured using a CCK-8-based
cell viability assay (Beyotime) according to the manufacturer’s instructions.

Statistical analysis. Statistical differences were determined by one-way ANOVA or a Student’s t test
performed using GraphPad Prism 5.0 software (GraphPad Software, CA, USA). Differences were consid-
ered to be statistically significant when the corresponding P values were,0.05.
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