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A B S T R A C T   

Cellular cholesterol plays an important role in the life cycles of enveloped viruses. Previous studies by our group 
and other groups have demonstrated that the depletion of cellular cholesterol by methyl-β-cyclodextrin (MβCD) 
reduces the proliferation of porcine reproductive and respiratory syndrome virus (PRRSV), a porcine Arterivirus 
that has been devastating the swine industry worldwide for over two decades. However, how PRRSV infection 
regulates cholesterol synthesis is not fully understood. In this study, we showed that PRRSV infection upregu-
lated the activity of protein phosphatase 2 (PP2A), which subsequently activated 3-hydroxy-3-methylglutaryl 
coenzyme A reductase (HMGCR), the rate-limiting enzyme in the cholesterol synthesis pathway, to increase 
the levels of cellular cholesterol. By screening the PRRSV-encoded proteins, we showed that nsp4 dominated the 
upregulation of cellular cholesterol, independently of the 3C-like protease activity of nsp4. A mutation analysis 
showed that domain I (amino acids 1–80) of PRRSV nsp4 interacted with PR65 alpha (PR65α), the structural 
subunit, and PP2Ac, the catalytic subunit, of PP2A. Importantly, domain I of nsp4 inhibited Sendai virus-induced 
interferon β production, and this inhibitory effect was eliminated by Lovastatin, an HMGCR inhibitor, indicating 
that the upregulation of cellular cholesterol by nsp4 is a strategy used by PRRSV to suppress the antiviral innate 
immunity of its host. Collectively, we here demonstrated the mechanism by which PRRSV regulates cellular 
cholesterol synthesis and reported a novel strategy by which PRRSV evades its host’s antiviral innate immune 
response.   

1. Introduction 

Since it was first reported in the 1980s, porcine reproductive and 
respiratory syndrome (PRRS) has been one of the most economically 
significant swine diseases worldwide [1,2]. The causative agent, porcine 
reproductive and respiratory syndrome virus (PRRSV), is an enveloped 
virus with a single-stranded, positive-sense RNA genome of nearly 15 kb, 
belonging to the order Nidovirales in the family Arteriviridae [3–6]. 
During PRRSV infection, two viral replicase polyproteins, pp1a and 
pplab, encoded by open reading frame 1a (ORF1a) and ORF1b, respec-
tively, are cleaved into 14 mature nonstructural proteins (nsps) by viral 
proteases (nsp1α, nsp1β, nsp2, and nsp4) [7–9]. The other ORFs encode 

eight structural proteins, including glycoprotein (GP) 2, envelope (E) 
protein, GP3, GP4, GP5, ORF5a protein, membrane (M) protein, and 
nucleocapsid (N) protein [10–12], and two nsps, including nsp2TF and 
nsp2N [13,14]. PRRSV is an evolutionarily successful virus that uses 
elaborate strategies to evade the antiviral immune responses of its host. 
One is the inhibition of interferon (IFN) response, which is mediated by 
multiple viral proteins, particularly nsp4. Nsp4 is the viral main prote-
ase, and uses a 3C-like protease (3CLP) activity to cleave the viral pol-
yproteins and host factors involved in the innate immune responses 
[15–19]. PRRSV also regulates the host’s metabolism, for example, 
disturbing the biosynthesis of lipids [20,21] and polyamine [22], to 
establish a chronic persistent infection. 
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Cholesterol is an important component of cellular membrane and 
plays an important role in the proliferation of viruses that require bio-
logical membranes to establish their infection. Replication complexes 
(RCs), which act as platforms for viral replication and the production of 
progeny virions, are partially isolated compartments that form from the 
endoplasmic reticulum membrane during the infection processes of 
many viruses [23,24]. Cholesterol helps to maintain the stability and 
fluidity of biological membranes, so it is required for the formation of 
RCs, explaining the involvement of cholesterol in the infection processes 
of these viruses. Moreover, the receptors that mediate the absorption 
and invasion processes of many viruses occur in lipid rafts, the 
cholesterol-rich microdomains in the plasma membrane [25,26], sup-
porting the association between viral infection and cholesterol homeo-
stasis. Therefore, it is not surprising that viruses have developed 
different strategies to regulate cholesterol metabolism. Because the 
enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) is 
the rate-limiting enzyme in the synthesis of cholesterol [27], a number 
of viruses modulate cholesterol synthesis by targeting HMGCR through 
various mechanisms, such as Kaposi’s sarcoma-associated herpesvirus 
[28], Hepatitis B virus (HBV) [29], Flaviviruses [30], and Human 
cytomegalovirus [31]. The activity of HMGCR is mainly regulated 
through its phosphorylation, predominantly by two upstream mole-
cules, adenosine 5′-monophosphate-activated protein kinase (AMPK) 
and protein phosphatase 2A (PP2A). AMPK phosphorylates HMGCR 
(inactive form) and PP2A dephosphorylates it (active form) [32,33]. 
Thus, the activity of AMPK is also altered by some viruses to provide a 
favorable lipid environment for their proliferation, such as Porcine cir-
covirus type 2 (PCV2) [34,35], and Dengue virus (DENV) [36,37]. 
However, there have been few studies regarding the role of PP2A in 
virus-regulated cholesterol metabolism. 

Emerging evidences support a close relationship between the innate 
immune system and cholesterol metabolism [38,39]. The reduction of 
cholesterol synthesis in macrophages is accompanied by the activation 
of the STING–TBK1–IRF3 pathway, which induces the production of 
type I IFN (IFN-I) [40], suggesting that the inhibition of cholesterol 
synthesis activates the IFN-I response. Cholesterol-25-hydroxylase 
(CH25H), the expression of which is induced by IFN treatment, con-
verts cholesterol to 25-hydroxycholesterol (25HC), causing a reduction 
in intracellular cholesterol. Notably, 25HC is a recently identified 
naturally occurring oxysterol, which exerts antiviral activity against a 
broad range of viruses. These findings indicate that IFN inhibits viral 
infection by reducing cholesterol levels. IFN-induced transmembrane 
proteins 3 has been shown to antagonize PRRSV membrane fusion by 
disturbing intracellular cholesterol homeostasis [41]. However, the 
regulatory mechanisms and possible relationship between cellular 
cholesterol and the innate immune response during PRRSV infection 
remain unclear. 

In this study, we demonstrated that PRRSV infection upregulated the 
activity of HMGCR by targeting PP2A, thus inducing the synthesis of 
cholesterol. Mechanistically, PRRSV nsp4 interacted with PP2A, 
resulting in the reduction of PP2A phosphorylation (inactive form), 
which up-regulated cholesterol levels through decreasing HMGCR 
phosphorylation. Significantly, nsp4-induced cholesterol biosynthesis 
upregulation partly accounted for nsp4-mediated IFN-β inhibition. 

2. Materials and methods 

2.1. Materials 

Primary porcine alveolar macrophages (PAMs), the main target cells 
of PRRSV in vivo, were isolated from the lungs of 30-day-old healthy 
piglets and cultured in RPMI-1640 (Sigma-Aldrich, USA). PK-15CD163 

cells, a pig kidney cell line stably expressing the PRRSV receptor CD163, 
and HEK-293T cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen, USA). All cells were cultured in medium 
supplemented with 10% fetal bovine serum (FBS; Gibco, USA) at 37 ◦C 

under a humidified atmosphere containing 5% CO2. PRRSV strain 
WUH3 is a highly pathogenic type 2 (North American) virus isolated in 
2006 from the brains of pigs suffering from “high-fever syndrome” in 
China [42]. PRRSV was amplified and titered in PK-15CD163 cells and 
PAMs. 

Mouse or rabbit monoclonal antibodies (mAbs) directed against Flag, 
HA, GFP, and β-actin were purchased from Medical and Biological 
Laboratories (MBL, Japan). Rabbit polyclonal antibodies (pAbs) directed 
against p-AMPK and AMPK were purchased from Cell Signaling Tech-
nology (CST, USA). Rabbit pAbs directed against p-HMGCR and HMGCR 
were purchased from Abcam (UK) and Abmart (China), respectively. 
Rabbit pAbs directed against PR65α, PP2Ac, and p-PP2Ac were pur-
chased from ABclonal (China). Mouse mAbs directed against PRRSV 
nsp4 and N protein have been described previously [18]. 

The HMGCR inhibitor Lovastatin and nuclear dye propidium iodide 
(red) were purchased from MedChemExpress (MCE, USA). The choles-
terol dye filipin was purchased from Sigma-Aldrich (USA). 

2.2. Plasmid construction 

The eukaryotic expression plasmids (HA-tag) encoding PRRSV 
nonstructural proteins (nsps) [43] and the nsp4 protease mutants 
(H39A, D64A, and S118A) have been described previously [44]. PRRSV 
nsp4, nsp4 domain I (amino acids 1–80), nsp4 domain II (amino acids 
60–156) and nsp4 domain III (amino acids 157–204) were generated 
with PCR amplification from pCAGGS-HA-nsp4 encoding full-length 
nsp4 and cloned into expression vector pEGFP-C1. The expression 
plasmids encoding Flag-tagged PR65α and PP2Ac were constructed from 
fragments amplified with PCR from the cDNA of PK-15CD163 cells, which 
were then cloned into the pCAGGS-Flag vector. All constructs were 
confirmed with DNA sequencing. 

2.3. Cellular cholesterol content measurement 

PAMs and PK-15CD163 cells were seeded into 6-well plates, and then 
infected with PRRSV at a multiplicity of infection (MOI) of 1.0 or 
transfected with nsp4, nsp4 domain I, nsp4 domain II, or nsp4 domain III 
for 12, 24, and 36 h. Next, the cells were harvested using 0.25% trypsin- 
EDTA. The concentrations of cholesterol in the collected cells were 
determined with a commercial cholesterol analysis kit (Amplex™ Red 
Cholesterol Assay Kit) manufactured by Thermo Fisher Scientific (USA). 
Similarly, the cholesterol content in PK-15CD163 cells pretreated with 
Lovastatin for 8 h and then mock-infected or infected with PRRSV (1.0 
MOI) for 24 h was also analyzed. 

2.4. Filipin staining 

Cholesterol accumulation was assessed using filipin (Sigma-Aldrich, 
USA). PAMs and PK-15CD163 cells infected with PRRSV (MOI = 1.0) or 
transfected with nsp4 for 12, 24, and 36 h were fixed with 4% para-
formaldehyde for 15 min, and then permeabilized with methanol for 10 
min before the addition of filipin dye for 1 h at room temperature. The 
cells were washed with phosphate-buffered saline (PBS), and then 
incubated with the nuclear dye propidium iodide (MCE, USA) for 15 
min. Fluorescent images were acquired with a confocal laser scanning 
microscope (Olympus Fluoviewer. 3.1, Japan). 

2.5. Protein extraction and western blotting 

Proteins were extracted with lysis buffer (Beyotime, China). The 
extracted proteins were separated with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to poly-
vinylidene difluoride (PVDF) membranes (Millipore, USA). After 
blocking with 5% (w/v) skim milk, the membranes were separately 
probed with the antibody against HMGCR, p-HMGCR, AMPK, p-AMPK, 
PP2Ac, p-PP2Ac, PR65α, PRRSV-N, PRRSV-nsp4, HA, Flag, GFP or 
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β-actin, and subsequent horseradish peroxidase-conjugated anti-mouse 
IgG or horseradish peroxidase-conjugated anti-rabbit IgG (Beyotime, 
China). The antibodies were diluted with PBS containing 0.1% Tween 
20. The signals were visualized using Clarity Western ECL Substrate 
(Bio-Rad, USA) and band intensities were analyzed using the Image J2x 
software (Germany). 

2.6. Coimmunoprecipitation assay 

HEK-293T cells were co-transfected with expression plasmids 
encoding Flag-tagged PR65α/PP2Ac and HA-tagged nsp4, or expression 
plasmids encoding Flag-tagged PR65α/PP2Ac and EGFP-tagged nsp4/ 
nsp4 domain I/nsp4 domain II/nsp4 domain III. At 36 h post trans-
fection, the cells were collected and lysed by resuspension in 50 mM 
Tris–HCl (pH 8.0) containing 150 mM NaCl and 1% Triton X-100, 1% 
sodium deoxycholate, 0.1% SDS, 20 nM PMSF, and PhosSTOP phos-
phatase inhibitor (Sigma, USA). For immunoprecipitation, the lysates 
were incubated with the antibody against Flag, HA or GFP (MBL, Japan) 
for 12 h at 4 ◦C, and then precipitated with protein A/G agarose beads 
(Beyotime, China). After three washes with lysis buffer to remove non- 
adherent proteins, the captured proteins were analyzed by 
immunoblotting. 

To further demonstrate the potential interactions between nsp4 and 
PR65α/PP2Ac under PRRSV infection, PK-15CD163 cells were infected 
with PRRSV (MOI = 1.0) for 36 h, then the cells were collected and lysed 
as described above, followed by the immunoprecipitation with nsp4- 
specific antibody and mouse normal IgG antibody, respectively. 

2.7. Cytotoxicity analysis of Lovastatin 

PK-15CD163 cells were treated with different concentrations (0, 2.5, 5, 
10, 20 μM) of Lovastatin (MCE, USA) for 36 h, and then the number of 
nonviable cells was determined with the commercial CytoTox-ONE™ 
Homogeneous Membrane Integrity Assay, manufactured by Promega 
(USA). 

2.8. RNA isolation and quantitative reverse transcription PCR (RT-qPCR) 

The mRNA levels of IFN-β in PK-15CD163 cells transfected with nsp4 
and its three truncations, or infected with PRRSV (1.0 MOI) for 24 h 
were analyzed. The IFN-β mRNA levels in PK-15CD163 cells pretreated 
with Lovastatin for 8 h and then transfected with nsp4 and its three 
truncations or infected with PRRSV (1.0 MOI) for 24 h were also 
analyzed. RNA was extracted with TRIzol Reagent (Invitrogen, USA), 
and then reverse transcribed into cDNA with the Transcriptor First 
Strand cDNA Synthesis Kit (Roche, Switzerland), according to the 
manufacturer’s instructions. The quantitative PCR (qPCR) was per-
formed using ABI 4367659Power SYBR Green Master Mix (USA) and 
ViiA™7 Real-Time PCR system (ABI, USA). The mRNA expression levels 
were normalized by β-actin. The following primers were used for qPCR: 
porcine IFN-β (F: 5′-GCTAACAAGTGCATCCTCCAAA 3′, R: 5′-AGCA-
CATCATAGCTCATGGAAAGA-3′); porcine β-actin (F: 5′-TGAGAA-
CAGCTGCATCCACTT-3′, R: 5′- CGAAGGCAGCTCGGAGTT-3′). 

The virus RNA copies were also determined by RT-qPCR. PK-15CD163 

cells pretreated with Lovastatin for 8 h were infected with PRRSV (1.0 
MOI) for 24 h. RNA was isolated and reverse transcribed, then qPCR was 
performed as described above. Especially, the expression plasmid 
encoding HA-tagged nsp9 was used as a standard plasmid. The PRRSV 
nsp9-specific primers used for qPCR are as follows: (F: 5′-ACCCTAG-
GACCTGTGAAC-3′, R: 5′-GGCGAGTAACTTAGGAGATG-3′). 

2.9. Detection of virus titer via plaque assay 

PK-15CD163 cells were incubated with various concentrations of 
Lovastatin (2.5, 5, or 10 μM) for 8 h, and then infected with PRRSV 
(MOI = 1.0) for 24 h. The samples were collected through repeated 

freezing–thawing and centrifugation for virus titer determination. PK- 
15CD163 cells were cultured in six-well plates, chilled at 4 ◦C for 1 h, and 
the culture medium was replaced with serial 10-fold dilutions of sam-
ples. After incubation at 4 ◦C for another 2 h, the cells were washed with 
prechilled PBS, covered with overlay medium (DMEM containing 0.9% 
[w/v] low melting-point agarose), and incubated at 37 ◦C for a further 
~72 h. The cells were stained with neutral red dye (0.05 mg/mL), and 
the number of plaques was counted to estimate the titer of PRRSV. 

2.10. Statistical analysis 

GraphPad Prism 5 (GraphPad Software) was used for all data anal-
ysis. Differences between groups were evaluated with a two-tailed un-
paired t-test, and involved three groups or more were evaluated with 
ANOVA test, and were considered statistically significant when the p 
value was less than 0.05. 

3. Results 

3.1. PRRSV infection upregulates cellular cholesterol 

To investigate the effects of PRRSV infection on cellular cholesterol 
levels, PAMs and PK-15CD163 cells were infected with PRRSV (MOI =
1.0). The cellular cholesterol contents were determined with the 
Amplex™ Red Cholesterol Assay Kit at 12, 24, and 36 h post infection 
(hpi). The levels of cellular cholesterol were significantly upregulated in 
both PAMs and PK-15CD163 cells as PRRSV infection progressed (Fig. 1A 
and B). To optically quantify the accumulation of intracellular choles-
terol, cholesterol was classically stained with filipin to visualize the 
cholesterol fluctuations in PAMs and PK-15CD163 cells infected with 
PRRSV (MOI = 1.0). As shown in Fig. 1C and D, PRRSV infection 
increased the intracellular cholesterol concentration. 

3.2. PRRSV infection upregulates HMGCR activity through the PP2A 
pathway 

Cholesterol synthesis is a process catalyzed by various enzymes, and 
HMGCR is the key rate-limiting enzyme [27]. It has been demonstrated 
that HMGCR phosphorylation is associated with AMPK and PP2A, in-
sofar as PP2A dephosphorylates HMGCR to activate it and AMPK 
phosphorylates HMGCR to reduce its activity (Fig. 2A) [36]. To inves-
tigate whether PRRSV infection upregulates the activity of HMGCR, the 
levels of HMGCR phosphorylated at Ser-872 (inactive form) were 
determined in PAMs and PK-15CD163 cells infected with PRRSV (MOI =
1.0) at different time points (12, 24, and 36 hpi) with western blotting. 
Compared with the control cells, the ratio of phosphorylated HMGCR to 
total HMGCR (p-HMGCR/HMGCR) was significantly lower in the cells 
infected with PRRSV than in the uninfected cells, indicating enhanced 
HMGCR activity, as shown in Fig. 2B. To assess the contribution of 
AMPK to HMGCR activation during PRRSV infection, the protein levels 
of AMPK phosphorylated at Thr172 and total AMPK were measured in 
PAMs and PK-15CD163 cells infected with PRRSV (MOI = 1.0). An in-
crease in AMPK phosphorylation (active form) was observed in 
PRRSV-infected cells at 24 and 36 hpi (Fig. 2C). Theoretically, increased 
AMPK phosphorylation should reduce the activity of HMGCR, which is 
inconsistent with the finding that PRRSV infection upregulates HMGCR 
activity. Therefore, AMPK signaling may not be involved in the 
PRRSV-mediated activation of HMGCR. We then analyzed the change in 
the level of phosphorylated PP2A (p-PP2Ac; inactive form) in response 
to PRRSV infection in PAMs and PK-15CD163 cells at 12, 24, and 36 hpi. 
The results presented in Fig. 2D showed that the level of p-PP2Ac 
decreased significantly after PRRSV infection, which corresponded to 
the fluctuation in p-HMGCR. The specificities of antibodies against 
p-HMGCR, p-AMPK and p-PP2Ac were demonstrated (Supplementary 
Fig. 1). Based on these results, we concluded that PRRSV upregulated 
HMGCR activity mainly through PP2A, and not through AMPK. 
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3.3. PRRSV nsp4 upregulates cellular cholesterol levels independently of 
its protease activity 

To screen which protein encoded by PRRSV is involved in the acti-
vation of HMGCR, we then transfected PK-15CD163 cells with expression 
vectors encoding hemagglutinin (HA)-tagged PRRSV proteins (except 
nsp2TF, nsp2N, nsp6, nsp8 and ORF5a) and used western blotting to 
detect the expression of p-HMGCR. As shown in Fig. 3A, PRRSV nsp4 
significantly impeded HMGCR phosphorylation, whereas the other viral 
proteins had little effect. To confirm this result, PK-15CD163 cells were 
transfected with different amounts of plasmid encoding HA-tagged nsp4, 
and the expression levels of p-HMGCR and p-PP2Ac were assessed with 
western blotting at 36 h post transfection. The results showed that 
PRRSV nsp4 activated HMGCR activity in a dose-dependent manner, 
and a similar pattern of p-PP2Ac expression was also observed (Fig. 3B). 

It is well known that PRRSV nsp4 is a 3C-like protease (3CLP) 
responsible for most of the cleavages of viral polyproteins. His39 (H39), 
Asp64 (D64), and Ser118 (S118) of nsp4 are essential for its 3CLP ac-
tivity, and any mutation at these three sites abrogates its protease ac-
tivity [45]. To examine whether the 3CLP activity of nsp4 participates in 
the process by which nsp4 regulates PP2A activity, we measured the 
PP2A phosphorylation levels in PK-15CD163 cells transfected with con-
structs expressing nsp4 or one of three mutant forms (H39A, D64A, or 

S118A). As shown in Fig. 3C, there existed no difference in phosphor-
ylated PP2A levels, indicating that nsp4 regulating PP2A phosphoryla-
tion was not associated with its 3CLP activity. 

We then examined whether PRRSV nsp4 is involved in the PRRSV- 
induced upregulation of cholesterol. The cholesterol levels in PK- 
15CD163 cells transfected with plasmid expressing HA-tagged nsp4 were 
detected. The levels of cholesterol in the PK-15CD163 cells expressing 
nsp4 were significantly higher than those in the control cells (Fig. 3D 
and E). Based on these results, we concluded that PRRSV nsp4 modu-
lated HMGCR activity to upregulate cellular cholesterol levels (mainly 
through PP2A), independently of its protease activity. 

3.4. PRRSV nsp4 interacts with PP2A 

PP2A is composed of a 65-kDa structural subunit (PR65α; A subunit), 
a regulatory B subunit, and a 35-kDa catalytic subunit (PP2Ac; C sub-
unit), and the core enzyme of PP2A consists of PR65α and PP2Ac [46] 
(Fig. 4A). To further investigate the mechanism by which PRRSV nsp4 
activated PP2A, we studied the interactions between PR65α or PP2Ac 
and PRRSV nsp4. We founded that nsp4 interacted with both PR65α and 
PP2Ac (Fig. 4B). In the reverse Co-IP experiments, nsp4 and PR65α or 
PP2Ac proteins were also efficiently coimmunoprecipitated with an 
anti-HA antibody (Fig. 4C). We also investigated whether the association 

Fig. 1. Cellular cholesterol is upregulated in PRRSV-infected cells. PAMs or PK-15CD163 cells were infected with PRRSV (MOI = 1.0). At the indicated time points 
after infection, the cells were harvested for the quantitation of cholesterol with the Amplex™ Red Cholesterol Assay Kit (A, B), or the cells were fixed to detect the 
cholesterol content with the cholesterol dye filipin (blue) (C, D). The nuclei were counterstained with propidium iodide (red). Fluorescent images were acquired with 
a confocal laser scanning microscope. The presented results represent the means and standard deviations of data from three independent experiments (*p ≤ 0.05; **p 
≤ 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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between nsp4 and the PR65α or PP2Ac proteins occurs during PRRSV 
infection. The results showed that nsp4 interacted with the endogenous 
PR65α and PP2Ac proteins in PRRSV-infected PK-15CD163 cells (Fig. 4D). 

3.5. PRRSV nsp4 domain I interacts with PP2A 

Having confirmed the interaction between nsp4 and the PR65α and 
PP2Ac subunits of PP2A, we mapped the region(s) of nsp4 that inter-
acted with PP2A. Based on previous studies and the structure of PRRSV 
nsp4, three truncations containing amino acids 1–80 (domain I), 60–156 

(domain II), or 157–204 (domain III) were generated and fused to the 
enhanced green fluorescent protein (EGFP) gene [45] (Fig. 5A). 
HEK-293T cells co-transfected with nsp4/domain I/domain II/domain 
III and PR65α/PP2Ac were lysed and then immunoprecipitated with an 
anti-Flag antibody. Domain I, but not domain II or III, of nsp4 interacted 
with PR65α and PP2Ac (Fig. 5B and D), indicating that PP2A is specif-
ically targeted by domain I of nsp4. In a reverse Co-IP experiment, an 
anti-GFP antibody efficiently coimmunoprecipitated nsp4 domain I and 
PR65α or PP2Ac (Fig. 5C and E). These results indicated that domain I of 
nsp4 interacted with both subunits of PP2A: PR65α and PP2Ac. 

3.6. Lovastatin abolishes the inhibition of IFN-β mediated by nsp4 domain 
I 

To verify whether nsp4 domain I is involved in the regulation of 
cholesterol, the cholesterol content of PK-15CD163 cells transfected with 
nsp4 and its three truncations were analyzed. The results showed that 
nsp4 and domain I up-regulated intracellular cholesterol, while nsp4 
domain II and nsp4 domain III had a weak effect (Fig. 6A). A previous 
study reported that the restriction of cholesterol synthesis spontaneously 
induces the IFN-I response [40]. Because PRRSV nsp4 is a well-known 
IFN-I antagonist and also increases cellular cholesterol levels, we spec-
ulated that PRRSV nsp4 may inhibit IFN-β production by upregulating 
cellular HMGCR activity and cholesterol levels. To test this hypothesis, 
the antagonistic activities of nsp4 and its three truncations against IFN-β 
were analyzed. Quantitative reverse transcription PCR (RT-qPCR) 
showed that nsp4 domains I and II reduced the IFN-β mRNA levels 
induced by Sendai virus (Fig. 6B). Because nsp4 domain I significantly 
up-regulated intracellular cholesterol, suggesting the possibility that 
cholesterol was involved in the antagonism of IFN-β production by 
PRRSV nsp4 domain I. Then we used Lovastatin, an HMGCR inhibitor, to 
reduce cellular cholesterol and then detected type I IFN levels. Only low 
cytotoxicity of Lovastatin was detected in PK-15CD163 cells at the con-
centrations ≤10 μM (Fig. 6C). We also measured the cholesterol levels in 
PK-15CD163 cells after treatment with Lovastatin, and the results showed 
that 10 μM Lovastatin effectively reduced cellular cholesterol to a very 
low level (Fig. 6D). The antagonistic activity of IFN-β by PRRSV nsp4 in 
PK-15CD163 cells pretreated with Lovastatin was detected. The results 
showed that Lovastatin pretreatment impaired the inhibitory effect of 
nsp4 on IFN-β production to some degree. It almost completely abol-
ished the inhibitory effect of nsp4 domain I, but had no effect on the 
inhibition of IFN-β production mediated by nsp4 domain II (Fig. 6E). 
These results suggested that the inhibition of IFN-β mediated by PRRSV 
nsp4 domain I depended upon the upregulation of cellular HMGCR ac-
tivity and cholesterol levels. 

3.7. Lovastatin inhibits PRRSV proliferation 

To measure whether the change of cholesterol during PRRSV infec-
tion is synchronized with IFN-β, the cholesterol and IFN-β levels in PK- 
15CD163 cells pretreated with Lovastatin during PRRSV infection were 
analyzed. The results showed that Lovastatin inhibited the production of 
cholesterol induced by PRRSV infection (Fig. 7A) and weakened the 
inhibitory effect of PRRSV on IFN-β (Fig. 7B). These data displayed that 
PRRSV could inhibit the production of IFN-β by targeting cholesterol. 
Considering Lovastatin treatment partly eliminated the inhibitory ef-
fects of PRRSV on type I IFN production, we investigated whether 
Lovastatin treatment affects PRRSV multiplication. The results indicated 
that Lovastatin significantly suppressed PRRSV proliferation in a dose- 
dependent manner, as demonstrated by the viral titers (Fig. 7C), viral 
genome copies (Fig. 7D) and viral protein expression levels (Fig. 7E). 

4. Discussion 

Growing evidences indicate an intimate relationship between intra-
cellular pathogens and the host’s cholesterol metabolism. Cholesterol is 

Fig. 2. PRRSV infection activates the PP2A–HMGCR pathway. (A) Model of 
cholesterol synthesis via the AMPK–HMGCR and PP2A–HMGCR pathways. 
Level of p-HMGCR (inactive form) was enhanced by AMPK, resulting in the 
downregulation of cholesterol synthesis, but reduced by PP2A, resulting in the 
upregulation of cholesterol synthesis. (B–D) PAMs or PK-15CD163 cells infected 
with PRRSV (MOI = 1.0) were harvested at 12, 24, and 36 hpi. The expression 
levels of total HMGCR and phosphorylated HMGCR (p-HMGCR) (B), total 
AMPK and p-AMPK (C), or total PP2Ac and p-PP2Ac (D) were analyzed with 
western blotting. PRRSV infection was verified by detecting the expression of 
viral N protein with anti-N antibody. The β-actin was used as the protein 
loading control. 
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Fig. 3. PRRSV nsp4 plays a major role in upregulating cellular cholesterol independently of its protease activity. (A) PK-15CD163 cells were transfected with 
expression vectors encoding HA-tagged PRRSV-encoded proteins. The levels of HMGCR and p-HMGCR were determined with western blotting at 36 h post trans-
fection. (B) PK-15CD163 cells were transfected with different doses of plasmids encoding HA-tagged PRRSV nsp4. The cell lysates were harvested and the expression 
levels of HMGCR, p-HMGCR, PP2Ac and p-PP2Ac were analyzed with western blotting. (C) PK-15CD163 cells were transfected with expression vectors encoding HA- 
tagged nsp4 or nsp4 mutant (H39A, D64A, or S118A). At 36 h post transfection, the cells were harvested to analyze PP2Ac and p-PP2Ac levels with western blotting. 
(D) PK-15CD163 cells were transfected with an expression vector encoding HA-tagged nsp4. At 12, 24, and 36 h post transfection, cells were fixed to determine the 
cholesterol content using the cholesterol dye filipin (blue). The nuclei were counterstained with propidium iodide (red). Fluorescent images were acquired with a 
confocal laser scanning microscope. (E) PK-15CD163 cells were transfected with an expression vector encoding HA-tagged nsp4. The cells were harvested for the 
quantitation of cholesterol with the Amplex™ Red Cholesterol Assay Kit at 12, 24, and 36 h post transfection. The results presented are the means and standard 
deviations of data from three independent experiments (*p ≤ 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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essential for the entry, replication complex (RC) formation, assembly, 
and egress of many viruses, especially the enveloped RNA viruses. 
Cholesterol depletion studies using MβCD have suggested that mem-
brane cholesterol is required for infections by such viruses as Human 
respiratory syncytial virus (RSV) [47], Porcine delta coronavirus 
(PDCoV) [48], Foot-and-mouth disease virus (FMDV) [49], Caprine 
parainfluenza virus type 3 (CPIV3) [50], Porcine rotavirus (PRoV) [51], 
Caprine herpesvirus type 1 (CpHV.1) [52], Newcastle disease virus 

(NDV) [53], and Hepatitis C virus (HCV) [54]. Therefore, many viruses 
modulate the cholesterol metabolism of cells to allow viral replication. 
Previous studies have shown that viruses mainly regulate intracellular 
cholesterol levels by reducing cholesterol efflux or promoting the de 
novo synthesis of cholesterol. For example, DENV increases cholesterol 
synthesis by increasing HMGCR activity through the reduction of AMPK 
phosphorylation [36], and prevents cholesterol efflux by reducing the 
expression of low-density lipoprotein receptor-related protein 1 (LRP1), 
thus increasing intracellular cholesterol level [55]. Previously, our 
group reported that MβCD inhibits the release and entry processes of 
PRRSV, implying that cholesterol is essential for PRRSV infection [56]. 
However, the effect of PRRSV infection on the cellular cholesterol con-
tent and the molecular mechanisms involved had not been studied. In 
this study, we demonstrated that the increased de novo synthesis of 
cholesterol during PRRSV infection was mediated by the upregulation of 
HMGCR activity via the dephosphorylation of PP2A. 

The increase in HMGCR activity stimulates the cholesterol synthesis 
required for PRRSV infection. This was confirmed by the treatment of 
infected cells with Lovastatin, an HMGCR inhibitor, which inhibited the 
proliferation of PRRSV. However, the specific stage of PRRSV infection 
targeted by Lovastatin has not been identified. Because PRRSV is an 
enveloped virus, the invasion and release stages of PRRSV infection 
require the participation of the cytomembrane. The reduction of 
cholesterol, a key component of membrane lipids, disrupts the cyto-
membrane lipid microdomains involved in the invasion and release of 
PRRSV. The consumption of cholesterol may also affect the binding of 
PRRSV to its core receptor, CD163, a membrane protein, when the 
membrane fluidity is disturbed, thereby affecting the PRRSV invasion 
process mediated by CD163. Therefore, we speculate that Lovastatin, 
which reduces the level of cholesterol and destroys the cytomembrane 
structure, antagonizes PRRSV infection by targeting its invasion and 
release processes. Our previous studies have shown that the cholesterol 
chelator, MβCD, inhibits the invasion and release of PRRSV during 
infection, and that 25HC, a negative regulator of cholesterol biosyn-
thesis [57,58], prevents PRRSV infection by inhibiting PRRSV invasion 
[59–61]. Interestingly, the synthesis of PRRSV RNA depends on a 
remodeled intracellular membrane structure, which acts as a platform 
for the efficient and correct assembly of RTC [62,63]. This suggests that 
Lovastatin is also likely to interfere with the replication of the PRRSV 
genomic RNA. The mechanism(s) by which Lovastatin restricts PRRSV 
infection requires further research. 

As well as its roles in various intracellular physiological processes, 
PP2A, a type 2 protein phosphatase, is utilized by many viruses in 
distinct ways to facilitate viral infection. Several viral proteins have 
been shown to interact directly with PP2A. For example, the interaction 
of Human T-cell leukemia virus type-1 (HTLV-1) integrase and the PP2A 
B56γ subunit leads to the formation of a higher-order nucleoprotein 
assembly (intasome) that mediates HTLV-1 integration [64]. The small T 
antigen of Simian virus 40 (SV40) interacts with the A subunit of PP2A, 
downregulating PP2A activity, and resulting in cell transformation and 
tumorigenesis [65]. The Human papilloma virus E7 protein binds to 
both A and C subunits of PP2A, inhibiting the dephosphorylation of 
PP2A and maintaining the PI3K–AKT transforming pathway [66]. The 
Ebola virus nucleoprotein recruits the host PP2A-B56 phosphatase to 
activate viral transcription factor VP30, promoting viral replication 
[67]. In plants, the glutamate at position 142 of the protein phosphatase 
PP2C and the serine residue at position 89 of the PYL protein form a 
hydrogen bond, which affects the binding of PP2C to Mg2+ and Mn2+, 
thereby inhibiting the enzyme activity of PP2C. In addition, the serine at 
position 89 of PYL2 can also bind to the glycine on the active site of PP2C 
to form a hydrogen bond, preventing the substrate protein from entering 
the catalytic active center of PP2C, thereby directly inhibiting the ac-
tivity of PP2C phosphatase [68]. In this study, PRRSV nsp4 was shown to 
interact with the A and C subunits of PP2A, thereby reducing the 
phosphorylation of PP2Ac. However, how PRRSV nsp4 affects the ac-
tivity of PP2A still needs further research. PP2A possesses three 

Fig. 4. PRRSV nsp4 interacts with PP2A. (A) PP2A consists of three subunits, 
including a structural subunit (scaffolding subunit; A subunit, PR65α), a regu-
latory subunit (B subunit), and a catalytic subunit (PP2Ac, C subunit). (B, C) 
HEK-293T cells were cotransfected with expression vector encoding Flag- 
tagged PR65α or PP2Ac and vector encoding HA-tagged PRRSV nsp4. The 
cells were lysed at 36 h post transfection and immunoprecipitated with anti- 
Flag (B) or anti-HA (C) antibody. Whole-cell lysates (WCLs) and immunopre-
cipitation (IP) complexes were analyzed with immunoblotting using anti-Flag, 
anti-HA, or anti-β-actin antibody. (D) PK-15CD163 cells were infected with 
PRRSV (MOI = 1.0). The cells were lysed at 36 hpi and immunoprecipitated 
with anti-nsp4 antibody. WCLs and IP complexes were analyzed with immu-
noblotting using anti-nsp4, anti-PR65α, anti-PP2Ac, or anti-β-actin antibody. 
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phosphorylation sites (S303, T268, and S314) in A subunit, and two 
phosphorylation sites (T304 and Y307) in C subunit [69,70], with the 
phosphorylation at Y307 widely regarded as a marker of PP2A inacti-
vation. Thus, the binding site of nsp4 may overlap with the phosphor-
ylation sites of PP2A, which may affect the binding of PP2A to metal ions 
[71–73], or prevent the substrate protein from entering the active center 
of PP2A, and then inhibit PP2A phosphorylation. Numerous viruses also 
disturb various host signaling pathways through PP2A. The 

HCV-induced upregulated expression of PP2Ac contributes to hep-
atocarcinogenesis via the dysregulation of epigenetic histone modifica-
tions [74]. The HBV X protein impairs IFN-α signaling by upregulating 
PP2A expression [75]. Cellular SP1 and NF-κB, two transcription factors 
regulated by PP2A signaling [76,77], are essential modulators of many 
viruses, including Human immunodeficiency virus 1 (HIV-1), Cyto-
megalovirus, Herpes simplex type 1, Epstein-Barr virus, and Papillo-
mavirus [78]. Thus, PP2A offers a potent therapeutic target for many 

Fig. 5. PRRSV nsp4 domain I (amino acids 1–80) interacts with the structural subunit (PR65α) and catalytic subunit (PP2Ac) of PP2A. (A) Schematic diagram of nsp4 
truncations. (B–E) HEK-293T cells were co-transfected with expression vectors encoding Flag-tagged PR65α or PP2Ac and EGFP-tagged nsp4, nsp4 domain I, nsp4 
domain II, or nsp4 domain III. The cells were lysed at 36 h post transfection and immunoprecipitated with an anti-Flag antibody (B, D) or an anti-GFP antibody (C, 
E). The WCLs and IP complexes were analyzed with immunoblotting using anti-Flag, anti-EGFP, or anti-β-actin antibody. 
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Fig. 6. Lovastatin eliminates the IFN-β inhibitory effect mediated by PRRSV nsp4 domain I. (A) PK-15CD163 cells were transfected with expression vector encoding 
EGFP-tagged nsp4 or its truncation (domain I, domain II, or domain III), and then the cellular cholesterol levels were determined with the Amplex™ Red Cholesterol 
Assay Kit. (B) PK-15CD163 cells were transfected with expression vector encoding EGFP-tagged nsp4 or its truncation (domain I, domain II, or domain III), and then 
stimulated with Sendai virus (SeV) for 12 h. The total cellular RNAs were extracted to determine the IFN-β mRNA levels with RT–qPCR. (C) PK-15CD163 cells were 
incubated with the indicated concentrations of Lovastatin for 36 h and cytotoxicity was detected with the CytoTox-ONE™ Homogeneous Membrane Integrity Assay. 
(D) PK-15CD163 cells were incubated with various concentrations (2.5, 5, or 10 μМ) of Lovastatin, and the cellular cholesterol levels were then determined with the 
Amplex™ Red Cholesterol Assay Kit. (E) PK-15CD163 cells were pretreated with Lovastatin (Lv; 10 μМ) for 8 h, and then transfected with an expression vector 
encoding EGFP-tagged nsp4 or its truncation (domain I, domain II, or domain III), followed by stimulation with SeV for 12 h. The total cellular RNAs were extracted 
to determine the IFN-β mRNA levels with RT–qPCR. The results presented are ANOVA of data from three independent experiments (**p ≤ 0.01; ***p ≤ 0.001). 

W. Ke et al.                                                                                                                                                                                                                                      



Redox Biology 49 (2022) 102207

10

viruses in the future. 
The IFN response constitutes the first line of defense in the early 

control of viral infection. Consequently, viruses have developed a vari-
ety of defensive strategies to inhibit IFN production. PRRSV nsp4, a 
3CLP responsible for processing most PRRSV nonstructural proteins, 
plays an important role in subverting the host’s innate immune 
response. Previous studies have shown that the 3CLP activity of PRRSV 
nsp4 not only cleaves IFN-β promoter stimulator 1 (IPS-1) [17] and ki-
nase NF-κB essential modulator (NEMO) [44], two key adapter mole-
cules in the IFN-I synthesis pathway, but also interferon-stimulated 
genes (ISGs) such as zinc finger antiviral protein (ZAP) [19] and 
decapping mRNA 1A (DCP1A) [18], to dampen the host’s antiviral 
innate immune responses. PRRSV nsp4 also induces the proteolytic 
cleavage of the mitochondrial inner membrane protein cytochrome c1 
(CYC1) and the cleavage of the N-terminal fragment of CYC1 results in 
apoptotic cell death [79]. PRRSV nsp4 also facilitates the cleavage of 
procaspase 9 by activating B-cell lymphoma 2 (BCL2) interacting 
mediator of cell death and induces the degradation of B-cell 
lymphoma-extra-large (BCL-XL), an anti-apoptotic protein [80]. Thus, 
PRRSV nsp4 is a multifunctional protein. In the present study, we 
observed that nsp4 increased the activity of HMGCR to upregulate the 

production of cholesterol in a protease activity-independent manner, 
which subsequently decreased the levels of type I IFN (IFN-I). This is a 
novel feature of PRRSV nsp4, and extends our knowledge of its func-
tions. Interestingly, both domain I and domain II of nsp4 exhibited 
inhibitory effects on IFN-I production, while only domain I significantly 
promoted cholesterol synthesis, suggesting that nsp4 domain II might 
suppress IFN-I through a cholesterol-independent mechanism, such as 
usage of its 3CLP activity. Previous study reveals that the PRRSV nsp4 
truncation lacking domain II represses IFN-I response, and the inhibitory 
effect is independent of the 3CLP activity of nsp4 [15]. However, as 
described above, the 3CLP activity is also implicated in the 
nsp4-mediated reduction of IFN-I production, suggesting that nsp4 
domain II, but not domain I and domain III, may exert inhibitory effects 
on IFN-I response depending on the protease activity of nsp4, which is 
coincident with our hypothesis. 

In summary, we have shown that PRRSV infection reduces PP2A 
phosphorylation to activate HMGCR, resulting in an increase in cellular 
cholesterol, and that the viral protease nsp4 plays an important role in 
this process. We have also demonstrated that PRRSV nsp4 inhibits IFN-I 
production by regulating the cellular cholesterol metabolism, indepen-
dently its protease activity. This is a novel mechanism, differing from the 

Fig. 7. Lovastatin inhibits PRRSV infection. (A) 
PK-15CD163 cells were pretreated with 10 μМ 
Lovastatin for 8 h before PRRSV infection (MOI 
= 1.0), and then the cellular cholesterol levels 
were determined with the Amplex™ Red 
Cholesterol Assay Kit. (B) PK-15CD163 cells were 
pretreated with 10 μМ Lovastatin for 8 h before 
PRRSV infection (MOI = 1.0), and then stimu-
lated with SeV for 12 h. The total cellular RNAs 
were extracted to determine the IFN-β mRNA 
levels with RT–qPCR. (C–E) PK-15CD163 cells 
were pretreated with different concentrations of 
Lovastatin for 8 h before PRRSV infection (MOI 
= 1.0). Infected cells were cultured in the pres-
ence of the indicated concentrations of Lova-
statin and harvested at 24 hpi for a plaque assay 
(C), RT–qPCR (D), and western blotting (E). The 
results presented are ANOVA of data from three 
independent experiments (*p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001).   
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previously known role of PRRSV nsp4 in proteolytically cleaving the 
host’s antiviral innate immune molecules. These findings highlight the 
complexity of the strategies used by PRRSV to evade its host’s innate 
immune response. 
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