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ABSTRACT Protein acetylation plays an important role during virus infection. Thus,
it is not surprising that viruses always evolve elaborate mechanisms to regulate the
functions of histone deacetylases (HDACs), the essential transcriptional and epige-
netic regulators for deacetylation. Porcine deltacoronavirus (PDCoV), an emerging
enteropathogenic coronavirus, causes severe diarrhea in suckling piglets and has the
potential to infect humans. In this study, we found that PDCoV infection inhibited
cellular HDAC activity. By screening the expressions of different HDAC subfamilies af-
ter PDCoV infection, we unexpectedly found that HDAC2 was cleaved. Ectopic
expression of HDAC2 significantly inhibited PDCoV replication, while the reverse
effects could be observed after treatment with an HDAC2 inhibitor (CAY10683) or
the knockdown of HDAC2 expression by specific siRNA. Furthermore, we demon-
strated that PDCoV-encoded nonstructural protein 5 (nsp5), a 3C-like protease, was
responsible for HDAC2 cleavage through its protease activity. Detailed analyses
showed that PDCoV nsp5 cleaved HDAC2 at glutamine 261 (Q261), and the cleaved
fragments (amino acids 1 to 261 and 262 to 488) lost the ability to inhibit PDCoV
replication. Interestingly, the Q261 cleavage site is highly conserved in HDAC2
homologs from other mammalian species, and the nsp5s encoded by seven tested
mammalian coronaviruses also cleaved HDAC2, suggesting that cleaving HDAC2 may
be a common strategy used by different mammalian coronaviruses to antagonize
the antiviral role of HDAC2.

IMPORTANCE As an emerging porcine enteropathogenic coronavirus that possesses
the potential to infect humans, porcine deltacoronavirus (PDCoV) is receiving increas-
ing attention. In this work, we found that PDCoV infection downregulated cellular his-
tone deacetylase (HDAC) activity. Of particular interest, the viral 3C-like protease,
encoded by the PDCoV nonstructural protein 5 (nsp5), cleaved HDAC2, and this cleav-
age could be observed in the context of PDCoV infection. Furthermore, the cleavage
of HDAC2 appears to be a common strategy among mammalian coronaviruses, includ-
ing the emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), to
antagonize the antiviral role of HDAC2. To our knowledge, PDCoV nsp5 is the first
identified viral protein that can cleave cellular HDAC2. Results from our study provide
new targets to develop drugs combating coronavirus infection.

KEYWORDS 3C-like protease, antiviral activity, cleavage, porcine deltacoronavirus
(PDCoV), histone deacetylase 2 (HDAC2)

Porcine deltacoronavirus (PDCoV), which is an emerging porcine enteropathogenic
coronavirus (CoV) belonging to the genus Deltacoronavirus of the subfamily

Orthocoronavirinae within the family Coronaviridae, was first detected in pig rectal
swab samples for virological surveillance in wet markets in Hong Kong in 2012 (1).
However, its pathogenicity was not defined until 2014. The first outbreak of PDCoV
was reported in several pig farms with animals demonstrating acute diarrhea in Ohio
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in early 2014, with the virus then rapidly spreading throughout the United States and
globally (2, 3). To date, PDCoV has been reported in many countries and regions, includ-
ing China, South Korea, Thailand, Japan, Lao People’s Democratic Republic, Vietnam, and
Mexico (4–9). Although PDCoV mainly causes acute diarrhea, vomiting, and death in
suckling piglets, it also possesses cross-species transmission and zoonotic potential (10).
Accumulating evidence has demonstrated that PDCoV can infect chickens, mice, turkeys,
and cattle (11–14). More recently, Lednicky et al. reported for the first time that PDCoV
was detected in plasma samples of three Haitian children with acute undifferentiated
febrile illness (15), suggesting that PDCoV may have jumped from pigs to humans, high-
lighting the significant threat to human health posed by this emerging CoV and attract-
ing tremendous attention to the topic.

Acetylation is one of the most common posttranslational modifications of proteins.
It occurs in various nuclear and cytoplasmic proteins and plays a vital role in regulating
gene expression, the cell cycle, signal transduction, and innate immune responses (16–19).
Acetylation and deacetylation are reversible processes, controlled by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs), respectively. Histone acetylation by
HATs relaxes the chromatin structure to enhance gene expression, while HDAC-mediated
deacetylation results in chromatin condensation to suppress the interactions of transcrip-
tion factors with their target promoters (20, 21). Furthermore, HDACs are also responsible
for modifying the activity of diverse types of nonhistone proteins, including transcription
factors and signal transduction mediators (21–26). At least 18 HDACs have been identified
in mammals, and they can be divided into four subfamilies: class I (HDAC 1, 2, 3, and 8),
class II (HDAC 4, 5, 6, 7, 9, and 10), class III (sirtuins 1 to 7), and class IV (HDAC11) (27, 28).
Accumulating evidence has demonstrated that HDACs are frequently dysregulated during
viral infection and can even be hijacked by some viruses, which modulates viral replication
(29–31). For example, HDAC1 binds to the corepressor element 1 silencing transcription
factor/repressor element 1 silencing transcription factor (CoREST/REST) complex to inhibit
viral gene expression during herpes simplex virus 1 (HSV-1) infection (32). HDAC inhibitors
block hepatitis C virus (HCV) replication by modulating the expressions of liver-specific
antimicrobial peptide 1 (LEAP-1), osteopontin (OPN), and apoliprotein-A1 (Apo-A1) (33).
HDACs play an important role in the maintenance of human immunodeficiency virus (HIV)
latency, while HIV-encoded proteins also downregulate class I HDACs by proteasomal deg-
radation, thereby promoting viral promoter reactivation (34, 35). Transgenic pigs that con-
stitutively overexpress porcine HDAC6 demonstrate an enhanced resistance to porcine
reproductive and respiratory syndrome virus (PRRSV) infection in vivo (36). HDAC6 inhibits
influenza A virus (IAV) replication by deacetylating the viral RNA polymerase PA subunit,
thereby restricting IAV RNA transcription (37). HDAC2 has also been demonstrated to be a
component of the host’s innate antiviral response induced by IAV; HDAC2 can reduce the
IAV-induced phosphorylation of the signal transducer and activator of transcription 1
(STAT1) and interferon (IFN)-stimulated gene (ISG) expression to exert antiviral effects (38).
As for CoVs and HDACs, Xu et al. have reported that porcine epidemic diarrhea virus
(PEDV) inhibits HDAC1 expression to facilitate its replication via the binding of its nucleo-
capsid protein to host transcription factor Sp1 (39). Pitt et al. recently proposed that
valproic acid, an HDAC inhibitor, may have therapeutic potential to prevent severe corona-
virus disease 2019 (COVID-19) caused by the emerging severe acute respiratory syndrome
CoV 2 (SARS-CoV-2), and this is because valproic acid can reduce the expression of angio-
tensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) as
well as modulate the immune cellular and cytokine responses to SARS-CoV-2 infection,
thereby reducing organ damage (40). However, the relationship between PDCoV and
HDACs has not yet been reported.

In this study, we initially analyzed the activity of cellular deacetylases and the expres-
sion profiles of different HDAC subfamily members after PDCoV infection. We found that
PDCoV infection downregulated cellular deacetylase activity, and some HDACs, particu-
larly HDAC2, were downregulated. Although HDAC2 exhibited significant anti-PDCoV
effects, PDCoV nonstructural protein 5 (nsp5), a 3C-like protease, cleaved HDAC2 to
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antagonize its antiviral role. Furthermore, nsp5s of other mammalian CoVs also cleaved
HDAC2.

RESULTS
PDCoV infection inhibits cellular deacetylase activity and downregulates expres-

sion of some HDACs. Previous studies have suggested that cellular deacetylases are
involved in the replication of some viruses, while concurrently, viruses regulate cellular
deacetylase activity to benefit viral replication (30, 38, 41, 42). To investigate whether
PDCoV infection changes cellular deacetylase activity, LLC-PK1 (a porcine kidney cell
line) and IPI-FX (a porcine intestinal epithelial cell line) cells were infected with PDCoV
strain CHN-HN-2014 at various multiplicities of infection (MOI). At 24 h postinfection
(hpi), cellular deacetylase activity was detected. Compared with mock-infected con-
trols, PDCoV infection significantly decreased cellular deacetylase activity in both cell
lines in a dose-dependent manner (Fig. 1). To rule out the possibility that the decrease
of cellular deacetylase activity in infected cells is a side effect of virus-induced cytotox-
icity, we detected the cell viability after PDCoV infection. The results showed that the
cell viability was above 95% in PDCoV-infected LLC-PK1 and IPI-FX cells at all tested
infection doses (MOI = 0.5, 1.0, 2.0) (data not shown).

To further investigate the expression profiles of different HDAC subfamily members,
we analyzed the mRNA expression levels of different HDACs (HDAC1, HDAC2, HDAC3, and
HDAC8 of class I; HDAC4 of class II; Sirt1 and Sirt2 of class III; and HDAC11 of class IV) in
PDCoV-infected LLC-PK1 and IPI-FX cells. The results showed that PDCoV infection signifi-
cantly inhibited the mRNA expression of HDAC2, HDAC8, SIRT2, and HDAC11 in both cell
lines (Fig. 2A and B). Histone acetylation is reversible, and it is determined by competing
activities of HDACs and HATs (43, 44). Thus, we also analyzed the mRNA expression of
some representative HATs, including HAT1, EP300, CREBBP, and MYST2, in PDCoV-infected
LLC-PK1 and IPI-FX cells. As expected, PDCoV infection significantly upregulated mRNA
expression of these tested HATs (Fig. 2C and D).

We further detected the protein levels of some HDACs (HDAC2, HDAC8, SIRT2, and
HDAC11) in which mRNA expression was significantly decreased. HDAC1 and HDAC3,
in which mRNA expression was not significantly changed after PDCoV infection, were

FIG 1 PDCoV infection inhibits cellular deacetylase activity. LLC-PK1 (A) and IPI-FX (B) cells were mock-
infected or infected with PDCoV at different infectious doses (MOI 0.5, 1, or 2). At 24 h after infection
(hpi), the cells were collected for HDAC activity assay. The relative HDAC activity in PDCoV-infected cells
was normalized to that of mock-infected cells. All experiments were performed in triplicate, and the
data are presented as means 6 SD of three independent experiments. ***, P , 0.001.
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FIG 2 PDCoV infection downregulates expression of some HDACs and upregulates expression of tested HATs. (A–D) LLC-PK1cells (A, C) and IPI-FX cells (B,
D) were mock-infected or infected with PDCoV (MOI 1). At 24 hpi, the cells were collected for qRT-PCR to detect HDAC mRNA expression (A, B) and HATs
(C, D). Relative mRNA expressions in PDCoV-infected cells were normalized to those of mock-infected cells. All experiments were performed in triplicate,
and the data are presented as means 6 SD of three independent experiments (*, P , 0.05; **, P , 0.01; ***, P , 0.001). (E) LLC-PK1 cells were infected
with PDCoV at increasing infectious doses (MOI 0.25, 0.5, or 1). At 24 hpi, cells were collected for Western blotting with antibodies against HDAC1, HDAC2,
HDAC3, HDAC8, SIRT2, and HDAC11. Anti-N protein antibody was used to confirm PDCoV infection. (F) Density analysis of panel E represents the relative
HDACs expression levels compared to the control group. The analysis was performed with the ImageJ software package.
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used as controls. The results showed that the protein levels of HDAC2, HDAC8, SIRT2,
and HDAC11 were also decreased to various degrees (Fig. 2E and F), while no signifi-
cant change could be observed for HDAC1 and HDAC3. Interestingly, we found that for
HDAC2 in PDCoV-infected cells, there were two specific bands (Fig. 2E) which were not
present in mock-infected cells, indicating that HDAC2 may be cleaved during PDCoV
infection. Considering that early studies have demonstrated that HDAC2 plays a crucial
role in the modulation of cell signaling, innate immune responses, and expression of
genes involved in antiviral innate immunity (45–48), as well as the possible cleavage
observed in this study, we chose to focus our subsequent experiments on HDAC2.

HDAC2 negatively regulates PDCoV replication. HDAC2 is an important member
of the class I HDAC family, and previous studies have suggested that HDAC2 is
involved in antiviral innate immunity (15, 18, 28, 37). We initially investigated whether
HDAC2 affects PDCoV replication through three strategies: ectopic expression, chemi-
cal inhibition, and small interfering RNA (siRNA). To this end, increasing concentrations
of Flag-HDAC2 were overexpressed in LLC-PK1 cells, which were then infected with
PDCoV for 12 h. The results showed that the overexpression of HDAC2 inhibited the
replication of PDCoV, as evidenced by decreased viral mRNA expression (Fig. 3A), viral
titers (Fig. 3B), and viral protein expression (nucleocapsid protein, N) (Fig. 3C and D).
Notably, we also used the Flag antibody to detect the expression of Flag-HDAC2 and
found a specific protein band that migrated faster (Fig. 3C). Similar results could be
observed in IPI-FX cells (Fig. 3E and F), consistent with previous results in detecting en-
dogenous HDAC2 after PDCoV infection (Fig. 2E) and further demonstrating that
HDAC2 was cleaved during PDCoV infection.

Santacruzamate A (CAY10683), hereinafter referred to as CAY, is a potent and selec-
tive inhibitor of HDAC2. We first tested the inhibitory effect of CAY on HDAC2 in LLC-PK1
cells, and the results showed that CAY treatment had little effect on the total protein lev-
els of HDAC2 and histone H3. However, it significantly promoted the acetylation levels
of histone H3 in a dose-dependent manner (data not shown), indicating that CAY inhib-
its the activity of HDAC2 rather than its protein expression. To investigate whether CAY
affects PDCoV replication, LLC-PK1 cells were pretreated with different doses of CAY for
2 h with no detectable cytotoxicity (Fig. 3G) and then infected with PDCoV (MOI = 0.5).
The results showed that the inhibition of HDAC2 activity by CAY treatment resulted in
increased copies of viral genomic RNA (Fig. 3H), N protein expression (Fig. 3I and J), and
viral titers (Fig. 3K). To further confirm the anti-PDCoV function of HDAC2, specific siRNA
was used to knock down HDAC2 expression in LLC-PK1 cells, and then the cells were
infected with PDCoV. Compared with the control siRNA, HDAC2-specific siRNA notably
knocked down HDAC2 expression and promoted PDCoV replication, as demonstrated by
the results from quantitative reverse transcription polymerase chain reaction (RT-qPCR),
Western blotting, and TCID50 assay (Fig. 3L to O). Collectively, these findings indicated
that HDAC2 has anti-PDCoV effects.

PDCoV nsp5 cleaves HDAC2. The above results showed that both endogenous
(Fig. 2E) and overexpressed (Fig. 3C and E) HDAC2 may be cleaved, which prompted us
to investigate the mechanisms of HDAC2 cleavage after PDCoV infection. Because CoV
nsp5, also known as the main protease or 3C-like protease, possesses the ability to
cleave viral polyproteins and host proteins (49–51), we first investigated whether
PDCoV nsp5 cleaves HDAC2. To this end, HEK-293T cells were cotransfected with
pCAGGS-Flag-HDAC2 and increasing concentrations of pCAGGS-nsp5-HA, followed by
Western blot analyses with anti-Flag and anti-HA antibodies, respectively. As shown in
Fig. 4A, Flag-HDAC2 was cleaved by nsp5 in a dose-dependent manner. In addition, we
found that the overexpression of PDCoV nsp5 had no effect on the mRNA expression
of endogenous HDAC2 (data not shown). Furthermore, nsp5-mediated HDAC2 cleav-
age depended on its protease activity because no cleavage band could be observed in
cells coexpressing Flag-HDAC2 and nsp5 mutants (H41A or C144A), in both of which
the nsp5 protease activity was inactivated (Fig. 4B). To further confirm the cleavage of
HDAC2 by PDCoV nsp5, a recombinant expression plasmid, pCAGGS-Flag-HDAC2-Myc
with N-terminal Flag and C-terminal Myc tags, was constructed and cotransfected into

PDCoV nsp5 Cleaves HDAC2 Journal of Virology

August 2022 Volume 96 Issue 16 10.1128/jvi.01027-22 5

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01027-22


HEK-293T cells with pCAGGS-nsp5-HA for 28 h, followed by a Western blotting assay.
As shown in Fig. 4C, the molecular weights of the 59-products and the 39-products gen-
erated by the PDCoV nsp5 cleavage of HDAC2 are similar and are approximately
34 kDa, suggesting that the cleavage site is located in the middle of HDAC2.

Previous studies have shown that CoV nsp5 recognizes the glutamine (Q) residue at
the P1 position for substrate cleavage (52, 53). After analyzing the possible Q residues
in the middle of HDAC2, we selected five Q residues (Q240, Q254, Q261, Q354, and
Q365) and mutated these to alanine (A) (Fig. 4D). HEK-293T cells were cotransfected
with pCAGGS-nsp5-HA and the different point mutants: HDAC2-Q240A, -Q254A, -Q261A,
-Q354A, or -Q365A. Western blotting showed that HDAC2-Q261A was resistant to
PDCoV nsp5-mediated cleavage, while the cleavage of the other mutants did not change

FIG 3 HDAC2 negatively regulates PDCoV replication. (A–C) LLC-PK1 cells were transfected with increasing doses of
pCAGGS-Flag-HDAC2 or empty vector. At 24 h after transfection, the cells were infected with PDCoV (MOI 0.5) for 12 h.
Then, the cells were collected for qRT-PCR (A), TCID50 assay (B), and Western blotting (C). (D) Density analysis of panel C
represents the relative expression levels of PDCoV N protein compared to the control group. The analysis was performed
with the ImageJ software package. (E) IPI-FX cells were treated as described above, and Western blotting was performed
with antibodies against Flag or PDCoV N protein. (F) Density analysis of panel E represents the relative expression levels of
PDCoV N protein compared to the control group. The analysis was performed with the ImageJ software package. (G) The
cytotoxic effects of CAY on LLC-PK1 cells. LLC-PK1 cells were treated with increasing concentrations of CAY. At 24 h after
treatment, cell viability was measured by using a CCK-8 detection kit. (H–K) LLC-PK1 cells were pretreated with CAY (75
mM) for 2 h. Then, the cells were infected with PDCoV (MOI 0.5). At 12 hpi, cells were collected for qRT-PCR (H), Western
blotting (I), density analysis of panel I in the ImageJ software package (J), and TCID50 assay (K). (L–O) The effects of HDAC2
knockdown on PDCoV replication. LLC-PK1 cells were transfected with siRNA against HDAC2 or with control siRNA for 24
h. Then, the cells were infected with PDCoV (MOI 0.5) for 12 h. Cell samples were harvested and subjected to qRT-PCR (L,
N), Western blotting (M), and TCID50 assay (O) to determine relative HDAC2 mRNA, viral mRNA, and viral titers. The
presented results represent the means and standard deviations of data from three independent experiments. **, P , 0.01;
***, P , 0.001; ns, nonsignificant difference.
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(Fig. 4E). These results suggested that PDCoV nsp5 targets HDAC2 at Q261. To further
strengthen this conclusion, LLC-PK1 cells were transfected with pCAGGS-Flag-HDAC2,
pCAGGS-Flag-HDAC2-Q261A, or pCAGGS-Flag-HDAC2-Q254A followed by PDCoV infection
to detect whether HDAC2-Q261A is also resistant to cleavage in the context of a viral infec-
tion. As expected, HDAC2-Q261A was not cleaved, while the HDAC2-WT (wild-type) and

FIG 4 PDCoV nsp5 cleaves HDAC2. (A) HEK-293T cells were cotransfected with pCAGGS-Flag-HDAC2 and empty vector or increasing doses of pCAGGS-
nsp5-HA. After 28 h, the cells were lysed for Western blotting with antibodies against Flag and HA. (B) HEK-293T cells were cotransfected with pCAGGS-
Flag-HDAC2 and expression constructs encoding wild-type PDCoV nsp5 (nsp5-WT) or its protease-defective mutants (H41A or C144A). At 28 h after
cotransfection, cells were lysed for Western blotting. (C) HEK-293T cells were cotransfected with pCAGGS-Flag-HDAC2-Myc and pCAGGS-HA-nsp5 for 28 h,
followed by Western blotting for detecting the 59-products or the 39-products of HDAC2 cleavage using antibodies against Flag, Myc and HA, respectively.
(D) Schematic diagram of a single point mutant of HDAC2. (E) HEK-293T cells were cotransfected with pCAGGS-nsp5-HA and expression constructs
encoding HDAC2 WT or the indicated HDAC2 mutants. At 28 h after cotransfection, cells were collected for Western blotting. (F) LLC-PK1 cells were
transfected with pCAGGS-Flag-HDAC2, pCAGGS-Flag-HDAC2-Q261A, pCAGGS-Flag-HDAC2-Q254A, or empty vector, followed by PDCoV infection (MOI 0.5).
Cells were collected for Western blotting with antibodies against human HDAC2 or PDCoV N protein. (G) LLC-PK1 cells were mock-infected or infected with
PDCoV (MOI 0.5). At 24 hpi, cells were collected, and the nuclear and cytoplasmic fractions were extracted and subjected to Western blotting with anti-
HDAC2 antibody. The antibodies against HSP90 and LaminA1C were used to confirm the isolation of cytoplasmic and nuclear proteins, respectively. (H)
Density analysis of panel G represents the relative protein levels of total HDAC2 (nucleus and cytoplasm) that was normalized to the total protein levels of
LaminA1C and HSP90. The analysis was performed with the ImageJ software package, and the value of mock-infected control group was set to 1. The
presented results represent the means and standard deviations of data from three independent experiments. **, P , 0.01.
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mutant HDAC2-Q254A were cleaved successfully (Fig. 4F), consistent with the results
observed in nsp5-overexpressing cells and further demonstrating that Q261 is the cleav-
age site.

Previous studies have shown that class I HDACs, including HDAC2, are mainly
located in the nucleus (54). However, some studies have also suggested that HDAC2 is
localized to both the nucleus and the cytoplasm, particularly under pathological condi-
tions (55–57). Thus, we further analyzed the subcellular localization and cleavage of
HDAC2 after PDCoV infection. Because no commercial antibody against porcine
HDAC2 is available and because the antibody against human HADC2 does not work
well for immunofluorescence assays in LLC-PK1 and IPI-FX cells, we chose to perform
nucleocytoplasmic separation. As shown in Fig. 4G, HDAC2 was mainly expressed in
the nucleus, but it was also expressed in the cytoplasm of LLC-PK1 cells. After PDCoV
infection, nuclear HDAC2 was decreased, while cytoplasmic HDAC2 was increased, sug-
gesting that PDCoV infection promoted nuclear to cytoplasmic translocation of
HDAC2. Of particular interest, only cytoplasmic HDAC2 was cleaved by PDCoV, demon-
strating that the cleavage of HDAC2 occurred in the cytoplasm after PDCoV infection
(Fig. 4G and H).

Cleaved HDAC2 loses the ability to induce ISGs. Previous studies have demon-
strated that HDAC2 is required for type I IFN signaling (46, 58) because HDAC2 acts as a
critical positive coactivator for the transcriptional responses of the ISG factor 3 (ISGF3)
complex (STAT1/STAT2/IRF9) (46). The activated ISGF3 complex translocates into the nu-
cleus, where it binds to the IFN-sensitive response element (ISRE) sequence of ISG pro-
moters, leading to the expression of ISGs (59). Considering that HDAC2 was cleaved into
two fragments (amino acids 1 to 261 and 262 to 488) by PDCoV, we wanted to know
whether cleaved HDAC2 loses the ability to induce ISRE promoter activation and subse-
quent ISG expression. To this end, LLC-PK1 cells were cotransfected with an ISRE-lucifer-
ase (ISRE-Luc) reporter plasmid, pRL-TK (an internal control for the normalization of
transfection efficiency), and the expression plasmids for HDAC2-wild-type (WT), HDAC2-
D1-261, or HDAC2-D262-488. At 24 h after cotransfection, cells were stimulated with IFN-
a (1,000 U/mL) for 12 h, followed by luciferase activity assays. As shown in Fig. 5A, ISRE
promoter activities were induced after IFN-a stimulation in cells transfected with empty
vector, and overexpression of the full-length HDAC2 further enhanced ISRE promoter ac-
tivity. However, the induction was significantly reduced in cells expressing the two
cleaved HDAC2 products, HDAC2-D1-261 and HDAC2-D262-488, compared with HDAC2-
WT. Similar results were obtained in HEK-293T cells (Fig. 5B).

We also analyzed the mRNA expression of some ISGs, including ISG15 (Fig. 5C),
ISG54 (Fig. 5D), and ISG56 (Fig. 5E). The results showed that full-length HDAC2, but not
the cleaved products (HDAC2-D1-261 and HDAC2-D262-488), enhanced IFN-a-induced
ISG expression. To further confirm the regulatory role of HDAC2 for PDCoV-induced
ISG expression, we analyzed the mRNA expression of ISGs in cells treated with CAY and
then infected with PDCoV. As shown in Fig. 5F–H, the PDCoV-induced expression of
ISG15 (Fig. 5F), ISG54 (Fig. 5G), and ISG56 (Fig. 5H) was significantly decreased after
CAY treatment. Furthermore, we found that CAY treatment had no influence on Sendai
virus (SeV)-mediated IFN-b promoter activation, while it had a significant inhibitory
effect on IFN-a-induced ISRE promoter activities (data not shown), suggesting that
CAY does not affect IFN production but does inhibit IFN-a-induced ISG expressions.
Taken together, these results confirmed that HDAC2 can positively regulate type I IFN
signaling and that PDCoV-mediated cleavage impairs the ability of HDAC2 to induce
ISG production.

PDCoV-mediated cleavage damages HDAC2 antiviral activity. Because HDAC2
negatively regulated PDCoV replication and because the cleaved HDAC2 lost the ability
to induce ISGs, it is reasonable to speculate that PDCoV-mediated HDAC2 cleavage
damages its antiviral activity. To confirm this speculation, LLC-PK1 cells were trans-
fected with expression plasmids encoding HDAC2-WT, HDAC2-Q261A, HDAC2-D1-261,
HDAC2-D262-488, or empty vector for 24 h, followed by PDCoV infection. At 12 h after
infection, cells were collected to determine viral titers. As shown in Fig. 6, compared
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with HDAC2-WT, HDAC2-D1-261 and HDAC2-D262-488 did not inhibit PDCoV replica-
tion. However, a stronger inhibitory effect could be observed in cells transfected with
mutant HDAC2-Q261A compared with HDAC2-WT. These results suggested that the
cleavage of HDAC2 by PDCoV completely abrogates the ability to inhibit PDCoV repli-
cation and that the mutation of the cleavage site enhances the antiviral activity of
HDAC2.

HDAC2 is a common target of nsp5 in various coronaviruses. To further investi-
gate whether HDAC2 cleavage is species-restricted, we analyzed the diversity of HDAC2
homologs among different mammalian species. Multiple sequence alignment showed
that the amino acid sequences of HDAC2 from different mammalian species were highly
conserved. Particularly, the Q261 residue recognized by PDCoV nsp5 is identical among
HDAC2 of different mammalian species (Fig. 7A), suggesting that HDAC2 cleavage may
not be species-dependent. To support this view, we selected two alpha-CoVs, PEDV and
human coronavirus 229E (HCoV-229E), and four beta-CoVs, HCoV-HKU1, SARS-CoV,
Middle Eastern respiratory syndrome (MERS)-CoV, and SARS-CoV-2, to investigate
whether the nsp5 from these CoVs cleaves HDAC2. HEK-293T cells were cotransfected
with expression plasmids encoding Flag-tagged human HDAC2 (hHDAC2) or porcine
HDAC2 (pHDAC2) and the respective expression plasmids encoding HA-tagged nsp5
from PEDV, HCoV-229E, HCoV-HKU1, SARS-CoV, MERS-CoV, or SARS-CoV2. PDCoV nsp5
was used as a positive control. As shown in Fig. 7B and C, all nsp5s from the tested CoVs

FIG 5 Cleaved HDAC2 loses the ability to induce ISGs. LLC-PK1 cells (A) and HEK-293T cells (B) were
transfected with expression plasmids for WT HDAC2, HDAC2-D1-261, HDAC2-D262-488, or empty
vector along with ISRE-Luc plasmid and pRL-TK plasmid. After 24 h, cells were treated with 1,000 U/mL
of IFN-a for 12 h, followed by dual-luciferase assays. (C–E) LLC-PK1 cells were treated as described
above. At 12 h IFN-a stimulation, the cells were collected for qRT-PCR for the purpose of detecting
mRNA expression of ISG15 (C), ISG54 (D), and ISG56 (E). (F–H) LLC-PK1 cells were mock-treated or
pretreated with CAY (75 mM) for 2 h, followed by PDCoV infection (MOI 0.5). At 24 h after infection,
cells were collected for qRT-PCR for the purpose of detecting mRNA expression of ISG15 (F), ISG54 (G),
and ISG56 (H). All experiments were performed in triplicate, and the data are presented as means 6 SD
of three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant.
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successfully cleaved hHDAC2 and pHDAC2, suggesting that HDAC2 cleavage is a con-
served mechanism across CoVs to antagonize the antiviral activity of HDAC2.

DISCUSSION

Owing to the significance of HDACs during viral infection and their requirement for
essential host functions, it is not surprising that viruses always evolve finely tuned
mechanisms for targeting HDACs to either appropriate or inhibit their enzymatic activ-
ities. In this study, we found that PDCoV infection downregulated cellular deacetylase
activity and the expression of some HDACs. Of particular interest, PDCoV infection
cleaved HDAC2, and PDCoV-encoded 3C-like protease was associated with this pro-
cess. Although HDAC2 could function as a host restriction factor to inhibit viral replica-
tion, PDCoV-mediated cleavage almost completely abolished the antiviral activity of
HDAC2 by impairing, at least, its ability to induce ISGs. Thus, cleavage of HDAC2 is an
immune evasion strategy used by PDCoV.

In this study, our initial experiments showed that PDCoV infection downregulated
cellular HDAC activity, and the expression levels of HDAC2, HDAC8, HDAC11, and SIRT2
were significantly downregulated among the tested HDACs. Apart from HDAC2, which
was studied in detail in our present study, HDAC8, HDAC11, and SIRT2 have also been
reported to be involved in the replication of some viruses and to be associated with
innate immune regulation. For example, several studies have demonstrated that
HDAC8 regulates the replication of IAV and hepatitis C virus (60, 61). Overexpression of
HDAC11 exhibits stronger inhibitory effects on IAV and hepatitis B virus (HBV) by
inducing ISG expression; however, IAV antagonizes the antiviral activity of HDAC11 by
downregulating its expression in host cells (62, 63). AGK2, a SIRT2 inhibitor, signifi-
cantly inhibits HBV replication in vitro and in vivo (64). The roles and mechanisms of
HADC8, HDAC11, and SIRT2 in PDCoV infection need further investigation. In addition,
a recent study reported changes in the expression of some HDACs in cells infected
with PEDV, another alpha-CoV, and found that PEDV infection led to significant inhibi-
tion of HDAC1, HDAC3, HDAC4, HDAC11, and Sirt2 expression (39). However, no signifi-
cant changes in HADC1, HDAC3, or HDAC4 were observed in cells after PDCoV infection,
suggesting that different CoVs use different mechanisms to regulate cellular HDAC activ-
ities. In addition, we found that the expressions of all selected HATs were significantly
upregulated after PDCoV infection. Previous studies reported that lysine acetyltransfer-
ase 8 (KAT8) selectively inhibits antiviral immunity by acetylating IRF3 (65) and that
PDCoV infection inhibits host antiviral innate immune responses (50, 51). Whether the

FIG 6 PDCoV-mediated cleavage abrogates HDAC2 antiviral activity. LLC-PK1 cells were transfected
with expression plasmid encoding WT HDAC2, HDAC2-Q261A, HDAC2-D1-261, HDAC2-D262-488, or
empty vector. At 24 h after transfection, cells were infected with PDCoV (MOI 0.5). Viral titer was
detected by TCID50 assay. The experiments were performed in triplicate, and the data are presented
as means 6 SD of three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not
significant.
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upregulated HATs are associated with the immunosuppression induced by PDCoV
requires further study.

HDAC2 is a well-known member of the class I HDAC subfamily, and a plethora of
cellular proteins and physiological functions have been demonstrated to be influenced
by HDAC2. In addition to histones, nonhistone proteins, such as the IFN-inducible MHC
class II transactivator CIITA (66), tumor suppressor p53 (67), nuclear factor kB (NF-kB)
(68), steroid receptors, and STATs (58), are targets or substrates for HDAC2. Among
these nonhistone protein targets, the regulatory roles of HDACs for STAT-associated
signaling have been extensively investigated. Genin et al. reported that the treatment
of murine cells by trichostatin A (TSA), a deacetylase inhibitor, inhibits Newcastle dis-
ease virus (NDV)-induced ISG expression by impairing the nuclear accumulation of
STAT2 and ISGF3 complex formation (69). Chang and colleagues reported that TSA
treatment also inhibits IFN-a-induced ISG expressions (41); however, their results

FIG 7 HDAC2 is a common target of nsp5 of different CoVs. (A) Alignment of the amino acid sequences of porcine HDAC2 (GenBank accession number
XP_001925353.2), human HDAC2 (GenBank accession number NP_001518.3), rat HDAC2 (GenBank accession number NP_445899.1), bovine HDAC2
(GenBank accession number NP_001068614.1), horse HDAC2 (GenBank accession number XP_023506728.1), and mouse HDAC2 (GenBank accession number
NP_032255.2). The cleaved Q261 site is indicated with an pentagram. (B, C) HEK-293T cells were cotransfected with Flag-tagged human HDAC2 (hHDAC2)
or porcine HDAC2 (pHDAC2) and expression plasmids encoding nsp5 of PEDV, HCoV-229E, HCoV-HKU1, MERS-CoV, SARS-CoV, SARS-CoV-2, or PDCoV. At 28
h after cotransfection, cells were collected for Western blotting with anti-Flag and anti-HA antibodies.
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suggested that TSA does not affect the phosphorylation of STAT1/STAT2 or the nuclear
accumulation of ISGF3. Klampfer et al. demonstrated that HDAC inhibitors impede IFN-
g-induced phosphorylation of STAT1 to negatively regulate the expression of a subset
of IFN-responsive genes, and HDAC1, HDAC2, and HDAC3 are required for IFN-
g-induced STAT1-dependent transcription (58). Although these studies reported differ-
ent targets or action mechanisms of HDAC inhibitors, which might be due to different
stimuli, different cell lines, or different treatments (simultaneous treatment with HDAC
inhibitors and IFN or preincubation of cells with HDAC inhibitors prior to treatment
with IFN), all of these studies demonstrated that HDAC activity is required for STAT sig-
naling and for subsequent ISG expression. In this study, we found that the overexpres-
sion of HDAC2 significantly enhanced IFN-a-induced ISRE promoter activity and ISG
expression. Inhibiting the activity of HDAC2 with CAY increased the replication of
PDCoV, likely via the reduced expression of antiviral ISGs. We also found that PDCoV
infection decreased HDAC2 expression. Thus, it is reasonable to assume that downreg-
ulation of HDAC2 expression is an immune evasion mechanism used by PDCoV.
Certainly, PDCoV infection also downregulated the expression of HDAC8, HDAC11, and
SIRT2, which may be associated with PDCoV replication.

An interesting finding of this study is that PDCoV nsp5 cleaves HDAC2, and this cleav-
age could be detected in the context of PDCoV infection. Previous studies showed that
the expression and activity of HDAC2 are regulated at transcriptional, posttranscriptional,
and posttranslational levels under stimulus or virus infection (70–73). Furthermore,
HDAC2 can act as either a restriction or dependency factor for various viruses. For exam-
ple, Liao et al. reported that the Marek’s disease virus Meq oncoprotein interacts with
chicken HDAC1 and HDAC2 and mediates their degradation via the proteasome-de-
pendent pathway (42). IAV infection downregulates host HDAC2 expression, which
potentially occurs mainly at the protein level via proteasomal degradation (38). In this
study, we found that the HDAC2 transcription level was significantly downregulated by
PDCoV infection in both LLC-PK1 and IPI-FX cells, indicating that PDCoV restrains HDAC2
activity directly by regulating HDAC2 transcription. At the same time, we also found that
PDCoV infection cleaves HDAC2 and demonstrated that PDCoV nsp5 is associated with
this cleavage, although nsp5 does not affect the mRNA expression of endogenous
HDAC2. To our knowledge, PDCoV nsp5 is the first identified viral protein that can cleave
HDAC2. Considering that nsp5 is the main protease of CoVs and is responsible for cleav-
ing the viral polyprotein and host proteins, we focused on the cleavage mechanism and
its biological significance in this study. We and other groups have shown that CoV nsp5
can cleave many host proteins; however, the proteins cleaved by CoV nsp5 are mainly
located in the cytoplasm. Although early studies suggested that HDAC2 is predomi-
nantly located in the nucleus of the resting cell, some studies reported that HDAC2 can
be detected in both the nucleus and the cytoplasm (55–57, 74). Furthermore, HDAC2
can be translocated from the nucleus to the cytoplasm under stimulus or pathological
conditions. The translocation of HDAC2 is speculated to be required for interaction with
some necessary regulators (74). In this study, we found that PDCoV infection resulted in
translocation of HDAC2 from the nucleus to the cytoplasm, and nsp5 cleaved cytoplas-
mic HDAC2 rather than nuclear HDAC2, which will decrease HDAC2 expression and
impair its activity and ISGF3 assembly, thereby inhibiting the transcription of down-
stream ISGs. However, the mechanism by which PDCoV infection promotes the translo-
cation of HDAC2 from the nucleus to the cytoplasm needs further investigation. Taken
together, at least two kinds of mechanisms are utilized by PDCoV to inhibit HDAC2-
mediated ISGs expression: decreasing HDAC2 expression and cleaving HDAC2.

HDAC2 is highly conserved in different species. Our present study provided evidence
that nsp5s from different mammalian CoVs cleave HDAC2 at Q261 and that the cleaved
products lose the ability to induce ISG expression. Thus, cleaving HDAC2 may be a com-
mon strategy used by different mammalian CoVs to antagonize the antiviral role of
HDAC2. In addition, HDAC2 has been reported to negatively regulate inflammatory
responses, and decreased expression of HDAC2 is considered to contribute to disease
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severity in chronic obstructive pulmonary disease (COPD) (75). Intestinal inflammation
and lung inflammation are typically clinicopathological features for enteropathogenic
CoVs, such as PDCoV, and respiratory CoVs, such as SARS-CoV-2, respectively. Thus,
downregulating or cleaving HDAC2 may be associated with the inflammatory responses
to CoVs. Targeting HDAC2 may be a novel target for the development of broad anti-CoV
drugs, and this is worthy of further study.

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

(Wuhan, China). IPI-FX cells were derived from IPI-2I cells (porcine ileum epithelial cells) by subcloning
through limited serial dilution (76). LLC-PK1 cells were purchased from the American Type Culture
Collection (Manassas, VA; ATCC CL-101). All cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen, Madison, WI) supplemented with 10% fetal bovine serum at 37°C in 5% CO2. The 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 (77).

Plasmid construction. The full-length cDNA of porcine HDAC2 (GenBank accession number
XM_001925318.6) was amplified from LLC-PK1 cells and then cloned into a pCAGGS-Flag vector contain-
ing an N-terminal Flag tag or a pCAGGS-Flag-Myc vector with N-terminal Flag and C-terminal Myc tags,
generating the expression plasmids pCAGGS-Flag-HDAC2 and pCAGGS-Flag-HDAC2-Myc, respectively.
The human HDAC2 gene (GenBank accession number NM_001527.4) was amplified from the cDNA of
HEK-293T cells and cloned into the pCAGGS-Flag vector. The porcine HDAC2 mutants, including the sub-
stitution mutants HDAC2-Q240A, -Q254A, -Q261A, -Q354A, and -Q365A, as well as the truncated
mutants HDAC2-D1-261 and HDAC2-D262-488 were also cloned into a pCAGGS-Flag vector. The nsp5-
coding sequences of PDCoV strain CHN-HN-2014 and mutants were both amplified and cloned into
pCAGGS-HA-C with an HA tag in the C terminus.

RNA extraction and quantitative real-time RT-PCR. Cells in six-well plates were treated under vari-
ous experimental conditions, followed by PDCoV infection. At the indicated time points, total RNA was
extracted from the cells using TRIzol reagent (Invitrogen) and then reverse transcribed into cDNA by
avian myeloblastosis virus reverse transcriptase (TaKaRa, Kusatsu, Japan) with the indicated primers
(Table 1). Quantitative real-time PCR (qRT-PCR) experiments were performed in triplicate. mRNA expres-
sion levels were normalized to the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Western blotting. Experiments to determine HDAC2 cleavage were conducted in six-well plates. We
cotransfected 2.5 mg of HDAC2 or mutants with 0.5 mg of nsp5 or empty vector. Cells were collected in
lysis buffer (Beyotime, Shanghai, China), added to sample loading buffer (Beyotime), and boiled for
10 min. Subsequently, the same samples were separated in parallel on the different gels and transferred
to polyvinylidene difluoride membranes (Millipore, Burlington, MA). The anti-Flag antibody (Macgene,
Beijing, China) and anti-HA antibody (MBL, Nagoya, Japan) were used to detect the respective proteins.
The rabbit anti-HDAC11 and anti-SIRT2 monoclonal antibodies were purchased from Cell Signaling
Technology (Danvers, MA). The mouse anti-HDAC1, anti-HDAC2, anti-HDAC3, and anti-HDAC8 monoclo-
nal antibodies were purchased from Santa Cruz (Dallas, TX). The rabbit anti-b-actin antibody was pur-
chased from Abclonal (Wuhan, China). The mouse anti-PDCoV N protein monoclonal antibody used
herein was described previously (78).

Nuclear cytosol fractionation assay. To prepare the nuclear and cytoplasmic fractions, cells were
lysed using a nuclear and cytoplasmic protein extraction kit (Beyotime), following the manufacturer’s
instructions. The cytoplasmic and nuclear fractions were subjected to Western blotting. Successful isola-
tion was assessed using rabbit polyclonal antibodies against heat shock protein 90 and Lamin A1C
(Abclonal) as cytoplasmic and nuclear protein markers, respectively.

Cell infection and drug treatment. To determine the effects of the HDAC2 inhibitor on PDCoV infec-
tion, we used the inhibitor when cells were grown to 90% confluence. LLC-PK1 cells were pretreated for
2h with CAY10683 (Selleck, Radnor, PA) and then infected with PDCoV (MOI = 0.5) for 12 h. Cellular total
RNA was extracted using TRIzol reagent, followed by the measurement of viral genomic RNA by qRT-PCR.

Luciferase reporter assay. For luciferase reporter assays, cells were transfected with the reporter
plasmids ISRE-Luc and pRL-TK for 24 h. The cells were stimulated with IFN-a (catalog no. 11101-2; PBL
Assay Science) for 12 h at a final concentration of 1,000 U/mL. The lysed cells were prepared and sub-
jected to double luciferase analysis using a luciferase reporter assay system (Promega, Madison, WI).
Representative data from three independently conducted experiments are shown as the relative firefly
luciferase activities with normalization to the Renilla luciferase activities.

Cell viability analysis. The cytotoxic effects of the drugs on cells were measured using a CCK-8-based
cell viability assay (Beyotime).

Antiviral analysis of HDAC2. LLC-PK1 cells cultured in six-well plates were transfected with HDAC2
or empty vector (4 mg for each plasmid). At 24 h after transfection, the cells were infected with PDCoV
(MOI = 0.5) and then collected for qRT-PCR to detect viral genomic RNA copies, Western blotting was
used to detect viral protein expression, and a 50% tissue culture infectious dose (TCID50) assay was used
to determine viral titers. The TCID50 assay was performed as described previously (77).

HDAC activity assay. Cellular HDAC activity was detected using a fluorogenic HDAC activity assay
kit (AAT Bioquest, Sunnyvale, CA) as described previously (79). Briefly, extracts were transferred to a
black 96-well plate, and the fluorescence intensity at 490 ex/525 em was monitored using a multifunc-
tion microplate reader.
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Sequence alignment. The amino acid sequences of HDAC2 from different species, including porcine
HDAC2 (GenBank accession number XP_001925353.2), human HDAC2 (GenBank accession number
NP_001518.3), rat HDAC2 (GenBank accession number NP_445899.1), mouse HDAC2 (GenBank accession
number NP_032255.2), horse HDAC2 (GenBank accession number XP_023506728.1), and bovine HDAC2
(GenBank accession number NP_001068614.1), were collected. Multiple-sequence alignment was con-
ducted using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).

Statistical analysis. All experiments were performed in triplicate. Significant differences were deter-
mined using Student's t test. P values of,0.05 were considered to be indicative of statistical significance.
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