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Cholesterol 25-hydroxylase (CH25 H) is a key enzyme regulating cholesterol metabolism and also acts as a broad
antiviral host restriction factor. Porcine deltacoronavirus (PDCoV) is an emerging swine enteropathogenic
coronavirus that can cause vomiting, diarrhea, dehydration and even death in newborn piglets. In this study, we
found that PDCoV infection significantly upregulated the expression of CH25H in IPI-FX cells, a cell line of
porcine ileum epithelium. Overexpression of CH25H inhibited PDCoV replication, whereas CH25H silencing

using RNA interference promoted PDCoV infection. Treatment with 25-hydroxycholesterol (25HC), the cata-
lysate of cholesterol via CH25H, inhibited PDCoV proliferation by impairing viral invasion of IPI-FX cells.
Furthermore, a mutant CH25H (CH25H-M) lacking hydroxylase activity also inhibited PDCoV infection to a
lesser extent. Taken together, our data suggest that CH25H acts as a host restriction factor to inhibit the pro-
liferation of PDCoV but this inhibitory effect is not completely dependent on its enzymatic activity.

1. Introduction

Porcine deltacoronavirus (PDCoV) is a newly discovered porcine
coronavirus belonging to the genus Deltacoronavirus, family Corona-
viridea, and order Nidovirales (Chen et al., 2015; Ma et al., 2015; Woo
et al., 2009). PDCoV has a single-stranded positive-sense RNA genome
approximately 25.4 kb in length. Almost two-thirds of the genome
consists of two open reading frames (ORFs), ORFla and ORF1b, that
encode two viral replicase polyproteins, ppla and pplab; these are
cleaved into 15 mature non-structural proteins by viral proteases. The
other ORFs encode four structural proteins (spike [S], envelope [E],
membrane [M], and nucleocapsid [N]), and three accessory proteins
(NS6, NS7, and NS7a) (Fang et al., 2017, 2016). PDCoV was first iden-
tified from pig manure samples in 2009 (Woo et al., 2012) and the first
outbreak of PDCoV on a farm occurred in the United States in 2014
(Homwong et al., 2016; Hu et al., 2015; Marthaler et al., 2014; Wang
et al., 2014). Subsequently, PDCoV was reported in many other coun-
tries including China (Dong et al., 2015; Wang et al., 2015), Canada,
South Korea (Lee et al., 2016), the Lao People’s Democratic Republic,
Thailand and Vietnam (Janetanakit et al., 2016), causing severe

economic losses for the pig industry. Because PDCoV is an emerging
virus, little is known regarding its pathogenesis and virus-host in-
teractions, and there are no effective drugs or vaccines to control the
disease.

Cholesterol 25-hydroxylase (CH25 H) is a 31.6 kDa hydroxylase
found in the endoplasmic reticulum whose main function is to regulate
cholesterol metabolism in vivo (Lund et al., 1998). CH25H catalyzes the
conversion of excess cholesterol to 25-hydroxycholesterol (25HC); 25HC
can also negatively regulate cholesterol production, further inhibiting
the accumulation of cholesterol (Janowski et al., 1999; Kandutsch et al.,
1978). Cholesterol is an important component of cellular membranes
and is crucial for viral invasion. Recent studies have found that the
antiviral effects of CH25H are mediated by its product 25HC. 25HC can
inhibit the replication of many viruses including Zika virus (ZIKV) (Li
et al., 2017), human immunodeficiency virus (HIV) (Raleigh et al.,
2018), hepatitis C virus (HCV) (Anggakusuma Romero-Brey et al., 2015;
Chen et al., 2014; Xiang et al., 2015), Ebola virus (Liu et al., 2013),
Nipah virus (Liu et al., 2013), porcine epidemic diarrhea virus (PEDV)
(Zhang et al., 2019), porcine reproductive and respiratory syndrome
virus (PRRSV) (Ke et al., 2017; Song et al., 2019, 2017), and Lassa virus
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(Shrivastava-Ranjan et al., 2016). Remarkably, CH25H-M, a mutant
enzyme lacking hydroxylase activity, has antiviral effects against a va-
riety of viruses including HCV (Chen et al., 2014), PRRSV (Ke et al.,
2017), bovine parainfluenza virus type 3 (BPIV3) (Lv et al., 2019) and
PEDV (Zhang et al., 2019). However, the antiviral effects and mecha-
nisms of action of CH25H and 25HC against PDCoV remain unclear.

In this study, we investigated the expression and antiviral role of
CH25H during PDCoV infection. We found that CH25H plays a negative
role in the infection of PDCoV. Moreover, PDCoV infection significantly
upregulated CH25H expression. The product of CH25H enzymatic ac-
tivity, 25HC, inhibited PDCoV replication by blocking virus entry.
CH25H-M retained the ability to inhibit PDCoV infection although the
underlying mechanism remains unclear. These data may be helpful in
the search for novel anti-PDCoV drugs and vaccines.

2. Materials and methods
2.1. Cell culture and viruses

LLC-PK1 cells were purchased from the American Type Culture
Collection (ATCC CL-101) and maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) containing 10 %
fetal bovine serum (Invitrogen). IPI-FX cells were derived from IPI-2I
cells (porcine ileum epithelial cells) by sub-cloning through limited se-
rial dilution (Wang et al., 2019). The cells were incubated at 37 °C under
a humidified atmosphere containing 5 % CO2. PDCoV strain
CHN-HN-2014 (GenBank accession number KT336560) was isolated
from a piglet with severe diarrhea in China in 2014 and preserved in our
laboratory (Dong et al., 2016).

2.2. Plasmids and small interfering RNA (siRNA) silencing

The coding sequences of porcine CH25H CH25H-M were cloned into
PCAGGS-Flag. The mutant CH25H-M was engineered to lack catalytic
activity by site-directed mutagenesis of histidine residues 242 and 243
to glutamine. The pCAGGS-CH25H-Flag and pCAGGS-CH25H-M-Flag
plasmids were constructed and maintained in our laboratory (Ke et al.,
2017). The siRNAs targeting pCH25H were designed and synthesized by
GenScript (Ke et al., 2017). The primer sequences used were as follows:
5-GGCAUGUGCUGCAUCACAATT-3,
5-UUGUGAUGCAGCACAUGCCTT-3'.

2.3. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from treated cells using TRIzol reagent
(Invitrogen) and reverse transcribed into cDNA using the Transcriptor
First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland) according to
the manufacturer’s instructions. The following primers were used:
PDCoV N (F 5'-CGCTTAACTCCGCCATCAA-3’, R 5-TCTGGTGTAACG-
CAGCCAGTA-3); pCH25H (F 5'- CAGTGCAACAGAGTCATCGG-3/, R 5'-
GCCCTTCTTCCCAGTCTTCT-3'); and pGAPDH (F 5- ACATGGCCTC-
CAAGGAGTAAGA-3/, R 5-GATCGAGTTGGGGCTGTGACT-3"). qRT-PCR
was performed using SYBR green PCR mix (Applied Biosystems, Foster
City, CA, USA) and the ABI 7500 real-time PCR system (Applied Bio-
systems). Expression levels were normalized to those of glyceraldehyde
3-phosphate dehydrogenase. Absolute quantitative mRNA levels were
calculated using standard curves.

2.4. Indirect immunofluorescence assay (IFA)

Following treatments, IPI-FX cells were washed three times with
phosphate-buffered saline (PBS), then fixed with 4 % paraformaldehyde
for 15 min and permeabilized with pre-chilled —20 °C methanol for 10
min. After washing three times with PBS, the cells were blocked with 5
% bovine serum albumin for 1 h and then incubated with primary an-
tibodies for 1 h. The cells were washed with PBS and then incubated
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with Alexa Fluor-labeled secondary antibodies (Abbkine, Wuhan, China)
for 45 min at 37 °C. Thereafter, nuclei were stained with 0.01 % 4’,6-
diamidino-2-phenylindole (Beyotime, Shanghai, China) for 15 min.
Fluorescent images were acquired using a confocal laser scanning mi-
croscope (Olympus FluoView v3.1; Olympus, Tokyo, Japan).

2.5. Western blotting

Treated cells were washed twice with cold PBS and harvested with
lysis buffer (4 % sodium dodecyl sulfate, 3 % dithiothreitol, 0.065 mM
Tris-HCI, pH 6.8, and 30 % glycerin) supplemented with a protease in-
hibitor cocktail (Sigma, St. Louis, MO, USA). The samples were centri-
fuged at 12,000 rpm for 5 min to remove cell debris. Equal volumes of
samples were separated by 12 % SDS-PAGE and then proteins were
electroblotted onto a polyvinylidene difluoride membrane (Millipore,
Billerica, MA, USA). The membrane was blocked with Tris-buffered sa-
line containing 5 % nonfat milk and 0.1 % Tween-20 and then treated
with primary antibodies. The expression of CH25H was analyzed using a
specific anti-mouse CH25H antibody (H00009023-M01, Novus Bi-
ologicals, Littleton, CO, USA). A specific monoclonal antibody against
PDCoV N (diluted 1:1000) was used to detect the expression of N protein
as described previously (Zhu et al, 2018). An anti-rabbit-p-actin
monoclonal antibody (ABclonal, Wuhan, China) was used to assess the
expression of f-actin and to confirm equal loading of protein samples.

2.6. Plaque assay for PDCoV titers

LLC-PK1 cells were grown as a monolayer in six-well tissue culture
plates and infected for 1 h with 10-fold serial dilutions (1 mL each) of
PDCoV-containing samples. After washing three times with PBS, the
cells were covered with overlay medium (DMEM containing 1.8 % (w/v)
Bacto agar and 2.5 pg/mL trypsin), incubated at 37 °C for 1.5 days, and
examined using a plaque assay. The average plaque numbers and their
standard deviations were calculated from three independent experi-
ments. Viral titers were expressed as plaque-forming units/mL.

2.7. Statistical analysis

Differences between groups were assessed using two-tailed unpaired
t tests and differences among multiple groups were assessed using
analysis of variance. All statistical analyses were performed using
GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA). Values of P < 0.05
were considered statistically significant and indicated as follows in fig-
ures: *, P = 0.05; **, P = 0.01; ***, P = 0.001.

3. Results
3.1. PDCoV infection upregulates CH25H expression in IPI-FX cells

To assess the effects of PDCoV infection on the expression of CH25H,
IPI-FX cells were infected with different doses of PDCoV (multiplicity of
infection (MOI) 0.25, 0.5, and 1) for 12 h. CH25H mRNA and protein
levels were assessed by qRT-PCR (Fig. 1A) and western blotting
(Fig. 1B), respectively. Both mRNA and protein levels of CH25H were
significantly up-regulated in IPI-FX cells infected with PDCoV compared
with control cells. Subsequently, we assessed CH25H mRNA levels and
protein levels at different times (6, 12, and 18 h post-infection (hpi)) in
IPI-FX cells infected with PDCoV (MOI 1). There were no significant
changes in the mRNA and protein levels of CH25H at 6 hpi, while both
CH25H mRNA (Fig. 1C) and protein levels (Fig. 1D) were significantly
upregulated at 12 and 18 hpi. These results indicated that CH25H
expression was upregulated in IPI-FX cells infected with PDCoV in a
time- and dose-dependent manner.
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Fig. 1. PDCoV infection upregulates CH25H expression in IPI-FX cells. (A, B) IPI-FX cells were infected with different doses of PDCoV (MOI 0.25, 0.5, and 1).
Uninfected cells were used as a negative control. Samples were collected at 12 hpi and CH25H mRNA and protein levels were determined by qRT-PCR (A) and
western blotting (B), respectively. (C, D) IPI-FX cells were inoculated with PDCoV (MOI 1) and samples were collected at 6, 12, and 18 hpi. CH25H mRNA and
protein levels were assessed by qRT-PCR (C) and western blotting (D), respectively. PDCoV infection was verified by western blotting with an anti-PDCoV N protein
antibody. p-actin used as a sample loading control. All data were presented as the means + standard deviations of three independent experiments. *P < 0.05 and **P

< 0.01.

3.2. CH25H inhibits PDCoV replication, but inhibition does not
completely depend on its engymatic activity

The histidine and glutamate-rich region of CH25H uses oxygen and
diiron cofactors to catalyze the hydroxylation of cholesterol to yield
25HC. A previous study demonstrated that mutation of CH25H histi-
dines 242 and 243 resulted in a mutant enzyme (CH25H-M) incapable of
producing 25HC (Lund et al., 1998). To evaluate the effect of CH25H
and its enzyme-activity mutant (CH25H-M) on PDCoV proliferation,
IPI-FX cells were transiently transfected with the eukaryotic expression
plasmids pCAGGS-Flag-CH25H or pCAGGS-Flag-CH25H-H242Q/
H243Q (pCAGGS-Flag-CH25H-M). Subsequently, the cells were inocu-
lated with PDCoV (MOI 0.5) at 28 h post-transfection. A plaque assay
was performed to assess the inhibitory effect of CH25H and CH25H-M
on PDCoV in LLC-PK1 cells. The viral titers in cells overexpressing
CH25H or CH25H-M were significantly lower than those of control cells,
however, the inhibitory effect of CH25H-M was weaker than that of
CH25H (Fig. 2A), suggesting that the antiviral effect of CH25H is not
completely dependent on its enzymatic activity. Consistently, qRT-PCR
(Fig. 2B) and IFA (Fig. 2C, D) demonstrated that PDCoV titers were
suppressed in cells overexpressing CH25H or CH25H-M, with the
inhibitory effect of CH25H being more pronounced than that of
CH25H-M. These results showed that CH25H inhibited PDCoV prolif-
eration but that inhibition did not totally depend on its enzymatic
activity.

3.3. Silencing of CH25H promotes PDCoV proliferation
To further assess whether CH25H was a host restriction factor

against PDCoV infection, IPI-FX cells were transfected with specific
siRNAs targeting porcine CH25H to silence endogenous expression of

CH25H. At 36 h post-transfection, CH25H mRNA and protein levels
were assessed by qRT-PCR (Fig. 3A) and western blotting (Fig. 3B).
Treatment with siRNA had clear knockdown effects on CH25H expres-
sion (Fig. 3B). IPI-FX cells were transfected with the siRNA and infected
with PDCoV (MOI 0.5) at 36 h post-transfection. PDCoV titers and
PDCoV N gene copy number were determined by plaque assay and qRT-
PCR analysis, respectively. As shown in Fig. 3C, viral titers in cells
silenced for CH25H expression were significantly higher than those in
cells transfected with a negative-control siRNA. Consistently, qRT-PCR
demonstrated that PDCoV N mRNA levels were increased in conjunc-
tion with downregulation of CH25H expression (Fig. 3D). Based on the
results of overexpression and knockdown assays, we concluded that
CH25H was a host restriction factor against PDCoV infection.

3.4. 25HC inhibits PDCoV infection

Previous studies suggested that CH25H exerts its antiviral activity by
catalyzing the conversion of cholesterol to 25HC (Shawli et al., 2019;
Xie et al., 2019; Yuan et al., 2019). To further investigate the inhibitory
effect of 25HC on PDCoV infection, the cytotoxicity of 25HC was first
assessed in IPI-FX cells using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. To this end, IPI-FX cells were
cultured in 96-well plates and treated with various concentrations of
25HC (3.125, 6.25, 12.5, and 25 pM) or EtOH for 24 h. As shown in
Fig. 4A, treatment with 12.5 pM 25HC had no effect on cell viability.
Then, IPI-FX cells were pretreated with 25HC (12.5 pM) for 8 h, followed
infection with PDCoV (MOI 0.5). Viral titers were determined by plaque
assay in LLC-PK1 cells. The results showed that treatment with 25HC
significantly inhibited PDCoV production (Fig. 4B). As expected,
qRT-PCR and IFA also showed that treatment with 25HC reduced PDCoV
N mRNA levels and infection by PDCoV (Fig. 4C-E).
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Fig. 2. CH25H inhibits PDCoV replication and inhibition does not completely depend on enzymatic activity. (A, B) IPI-FX cells were transfected with CH25H and
CH25H-M expression vectors or empty vector. At 28 h post-transfection, cells were infected with PDCoV (MOI 0.5). After another 12 or 18 h, cells were harvested for
plaque assay (A) or qRT-PCR (B). (C, D) IPI-FX cells were transfected with CH25H and CH25H-M expression vectors or empty vector. At 28 h post-transfection, cells
were infected with PDCoV (MOI 0.5). After another 12 (C) or 18 h (D), IFAs were conducted to detect PDCoV infection using an anti-PDCoV N protein antibody. Scale
bar =50 pm. All data are presented as the means + standard deviations of three independent experiments. *P < 0.05 and **P < 0.01.

3.5. 25HC inhibits PDCoV invasion

To further investigate which stages (adsorption, invasion, replication
or release) were targeted by 25HC during the PDCoV replication cycle,
we first tested whether 25HC could directly inactivate PDCoV particles.
To this end, PDCoV was mixed with 25HC (12.5 pM) or EtOH and
incubated at 37 °C for 3 h. Viral titers were assessed by plaque assay in
LLC-PK1 cells. As shown in Fig. 5A, 25HC treatment did not have any
direct effect on PDCoV particles.

To assess the effect of 25HC on PDCoV adsorption, IPI-FX cells were
pretreated with 25HC (12.5 pM) or EtOH at 37 °C for 1 h. The cells were
then were prechilled at 4 °C for 1 h. The culture medium was replaced
with a mixture of 25HC (12.5 pM) or EtOH and PDCoV (MOI 0.5). After
incubation at 4 °C for another 1 h, the cells were washed with precooled
PBS and then PDCoV N mRNA levels were determined by qRT-PCR. As
shown in Fig. 5B, 25HC treatment did not block viral attachment to IPI-
FX cells.

To assess viral penetration, IPI-FX cells were prechilled at 4 °C for 1 h
and then incubated with PDCoV (MOI 0.5) at 4 °C for another 1 h. Next,
virus-containing medium was replaced with fresh medium containing
25HC (12.5 pM) or EtOH and incubated at 37 °C for 3 h. The cells were
washed with PBS, pH 3. Levels of PDCoV N mRNA was measured by
qRT-PCR. As shown in Fig. 5C, 25HC blocked PDCoV internalization.

To investigate whether 25HC affects PDCoV replication, IPI-FX cells
were incubated with PDCoV (MOI 0.5) for 8 h. The virus-containing
medium was replaced with fresh medium containing 25HC (12.5 pM)
or EtOH. At 9 and 10 hpi, the infected cells were collected and PDCoV
negative-sense RNA levels were assessed by qRT-PCR using primers
targeting the viral 5 untranslated region. As shown in Fig. 5D, 25HC

treatment did not perturb PDCoV RNA replication.

Finally, we investigated whether 25HC affects release of PDCoV
using a plaque assay. IPI-FX cells were infected with PDCoV (MOI 0.5).
Virus-containing medium was replaced with fresh medium containing
25HC (12.5 pM) or EtOH at 12 hpi. The cell supernatant was harvested
at 45 and 60 min after medium replacement for the plaque assay. As
shown in Fig. 5E, 25HC did not inhibit the release of PDCoV. Taken
together, these results indicated that 25HC inhibited PDCoV prolifera-
tion by blocking viral entry but had no effect on the adsorption, repli-
cation, or release stages of the viral life cycle. Moreover, 25HC did not
directly inactivate PDCoV in vitro.

4. Discussion

25HC has been described as having potent antiviral activity against a
panel of enveloped and nonenveloped viruses via multiple mechanisms
that depend on the virus-host context. As a cholesterol inhibitor, 25HC
may have multiple antiviral mechanisms including blockade of viral
entry by modifying cell membranes, disruption of viral replication via
membranous web formation, or interference with the circulation of
cholesterol between organelles. For instance, 25HC showed inhibitory
effects on PEDV (Zhang et al., 2019), rabies virus (Yuan et al., 2019),
ZIKV (Lietal., 2017), PRRSV (Ke et al., 2017; Song et al., 2019) and HIV
entry (Saulle et al., 2020); 25HC suppressed HCV proliferation by dis-
rupting membranous web formation (Anggakusuma Romero-Brey et al.,
2015); and 25HC inhibited human rotavirus infection by interfering
with recycling of cholesterol between the endoplasmic reticulum and
late endosomes, a process that is exploited by rotavirus to penetrate cells
(Civra et al., 2018). Recently, Jeon and Lee found that treatment of
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analyze PDCoV titers and mRNA levels by plaque assay (C) and qRT-PCR (D), respectively. All data are presented as the means + standard deviations of three
independent experiments. *P < 0.05 and **P < 0.01.
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deviations of three independent experiments. *P < 0.05 and **P < 0.01.

swine testicle cells or virions with methyl-p-cyclodextrin hindered
PDCoV entry, and that addition of exogenous cholesterol restored
PDCoV infectivity (Jeon and Lee, 2018). Furthermore, they also found
that cholesterol in both the target cell membrane and the viral envelope
was required for PDCoV entry (Jeon and Lee, 2018). In our present
study, treatment with 25HC did not affect the infectivity of PDCoV
particles, suggesting that 25HC does not remove cholesterol from vi-
rions. However, treating IPI-FX cells with 25HC significantly inhibited
PDCoV proliferation by blocking viral entry, indicating that 25HC
inhibited PDCoV replication by affecting the distribution of cholesterol
within cell membranes. We cannot rule out the possibility that the 25HC
and viral cholesterol competitively bind to a receptor to attenuate
PDCoV entry. The key functional receptor of PDCoV has not yet been
identified, and thus we could not determine its cholesterol dependence.
Cholesterol in the cellular membrane plays an important role in in-
teractions between the severe acute respiratory syndrome coronavirus
(SARS-CoV) spike protein and the cellular receptor angiotensin con-
verting enzyme 2 (ACE2) (Glende et al, 2008). Most molecules
described as receptors for dengue virus are present within
cholesterol-rich complexes (Cambi et al., 2004; Reyes-Del Valle et al.,
2005; Wan et al.,, 2012). Future studies should address whether
cholesterol promotes PDCoV entry through the interaction between viral
spike protein and cellular receptors. In addition, whether the expres-
sions of CH25H and its products 25HC are up-regulated in small intes-
tinal tissues of PDCoV-infected pigs needs further investigations.

There is limited information on the mechanism through which a
CH25H mutant (CH25H-M) lacking hydroxylase activity inhibits virus
production. However, several studies have shown that the antiviral ac-
tivity of CH25H does not entirely depend on its enzymatic activity.
CH25H-M interacts with HCV NS5A to disrupt the formation of the NS5A
dimer, which is necessary for HCV replication (Chen et al., 2014).

Similarly, CH25H-M inhibits PRRSV production by degrading PRRSV
nspla with diminished antiviral activity (Ke et al., 2017). CH25H-M also
restricted PEDV (Zhang et al., 2019) and BPIV3 (Lv et al., 2019) infec-
tion, although the underlying mechanisms are currently unclear. In the
present study, overexpression of CH25H-M also inhibited the prolifer-
ation of PDCoV in IPI-FX cells. The mechanism through which CH25H-M
inhibits PDCoV proliferation remains to be further studied. We speculate
that CH25H may interact with PDCoV proteins to affect replication and
assembly of PDCoV, and that CH25H-M retains this function.

In summary, we demonstrated for the first time that CH25H inhibits
PDCoV proliferation. We also showed that 25HC inhibits infection by
PDCoV, supporting the view that 25HC has broad antiviral activity. In
addition, we found that CH25H-M had some antiviral effect, suggesting
that the ability of CH25H to inhibit PDCoV proliferation did not abso-
lutely depend on its enzymatic activity. These findings may inform the
development of anti-PDCoV drugs.
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