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VP16 protein via ER stress-triggered selective autophagy
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ABSTRACT
Alphaherpesvirus infection results in severe health consequences in a wide range of hosts. USPs are 
the largest subfamily of deubiquitinating enzymes that play critical roles in immunity and other 
cellular functions. To investigate the role of USPs in alphaherpesvirus replication, we assessed 13 USP 
inhibitors for PRV replication. Our data showed that all the tested compounds inhibited PRV replica
tion, with the USP14 inhibitor b-AP15 exhibiting the most dramatic effect. Ablation of USP14 also 
influenced PRV replication, whereas replenishment of USP14 in USP14 null cells restored viral 
replication. Although inhibition of USP14 induced the K63-linked ubiquitination of PRV VP16 protein, 
its degradation was not dependent on the proteasome. USP14 directly bound to ubiquitin chains on 
VP16 through its UBL domain during the early stage of viral infection. Moreover, USP14 inactivation 
stimulated EIF2AK3/PERK- and ERN1/IRE1-mediated signaling pathways, which were responsible for 
VP16 degradation through SQSTM1/p62-mediated selective macroautophagy/autophagy. Ectopic 
expression of non-ubiquitinated VP16 fully rescued PRV replication. Challenge of mice with b-AP15 
activated ER stress and autophagy and inhibited PRV infection in vivo. Our results suggested that 
USP14 was a potential therapeutic target to treat alphaherpesvirus-induced infectious diseases.
Abbreviations ATF4: activating transcription factor 4; ATF6: activating transcription factor 6; ATG5: 
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Introduction

Herpesviruses are enveloped, double-stranded DNA 
viruses that encompass over 200 species and undergo 
latent and lytic replication [1]. They are divided into 
three subfamilies, alpha-, beta- and gammaherpesviruses, 
according to their distinct biological properties. The 
alphaherpesviruses include HSV-1, HSV-2, PRV, varicella 
zoster virus, bovine herpesvirus, and duck enteritis virus 
[2]. HSV-1 is ubiquitous and highly neurotropic, with

serious consequences in affected patients. Currently, 
more than 3.7 billion people (67%) under the age of 
50 years are infected with HSV-1 and 417 million people 
between the age of 17 and 49 years suffer from HSV-2 
infection [3]. Several clinical drugs are used to treat HSV 
infection, such as valacyclovir, famciclovir, phosphonofor
mate, iododeoxyuridine, and cidofovir [4]. PRV is the 
causative agent of pseudorabies, a disease of great eco
nomic and welfare importance in swine [5]. The tegument
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protein VP16 is conserved between Alphaherpesvirinae 
and it induces transcription of viral immediate-early 
genes that are critical for the viral life cycle [6].

Post-translational modification of proteins by ubiquitin is 
critical for protein quality control [7]. Ubiquitin can be cova
lently attached to proteins in a process termed ubiquitination 
that utilizes ubiquitin-activating, ubiquitin-conjugating, and 
ubiquitin ligase enzymes [8]. DUBs hydrolyze ubiquitin adducts 
and can be classified into five families based on their sequence 
and structural homology [9]. USPs represent the largest family of 
DUBs, and several studies have reported that DUBs are involved 
in immunity and infectious diseases [10]. Zebrafish USP5 acti
vates interferon resistance to spring viremia caused by carp virus 
by increasing the expression of Ddx58/retinoic acid-inducible 
gene I [11]. USP13 deconjugates polyubiquitin chains from the 
STING1 (stimulator of interferon response cGAMP interactor 1) 
and prevents the recruitment of TBK1 (TANK-binding kinase 1) 
to the signaling complex, thereby negatively regulating cellular 
antiviral responses [12]. USP15 participates in hepatitis C virus 
propagation through the regulation of viral RNA translation and 
lipid droplet formation [13]. USP29 maintains the stability of 
cGAS (cyclic GMP-AMP synthase) and promotes cellular anti
viral responses and autoimmunity [14].

Macroautophagy/autophagy is an essential cellular mechan
ism that controls intracellular homeostatic pathways [15]. ER 
stress is a common cellular stress response and is closely related 
to the activation of autophagy. Activation of ER stress triggers 
the activation of EIF2AK3/PERK, ERN1/IRE1 and ATF6 to 
buffer ER stress and orchestrate the recovery of ER function 
[16]. The activation of EIF2AK3 inhibits general protein transla
tion by EIF2A/eIF2α phosphorylation that subsequently upre
gulates transcription of the stress-inducible transcription factor 
ATF4 [17]. ER stress stimulates ERN1 oligomerization in ER 
membranes and auto-phosphorylation of ERN1’s cytosolic 
domain is required for Xbp1 mRNA processing [18]. ATF6 
translocates to the Golgi compartment upon ER stress and is a 
transcription factor specializing in the regulation of quality con
trol proteins in the endoplasmic reticulum [19]. ER stress signal
ing activates autophagy through inhibition of MTOR 
(mechanistic target of rapamycin kinase) complex 1, activation 
of adenosine 5′-monophosphate-activated protein kinase, and 
induction of Becn1/beclin-1 and Atg expression [20].

In this study, we investigated the effect of USP inhibitors on 
PRV proliferation. We demonstrated that a USP14 inhibitor, as 
well as USP14 deficiency, activated ER stress, and EIF2AK3- and 
ERN1-mediated autophagy induction. Inhibition of USP14 pro
moted the conjugation of K63-linked polyubiquitin chains on 
K168 in PRV VP16 and subsequent degradation of VP16 
through SQSTM1/p62-mediated selective autophagy. These 
findings provided insight into the mechanism by which inhibi
tion of USP14 prevented alphaherpesviruses infection.

Results

B-AP15 prevents PRV proliferation

The post-translational modification of proteins by ubiquiti
nation is involved in a number of infectious diseases [21]. 
To explore the roles of ubiquitination in alphaherpesvirus

proliferation, we assessed the effect of 13 USPs inhibitors 
on PRV proliferation, which was measured using our pre
viously established GFP reporter assay [22]. These inhibi
tors target USP1 (SJB3-019A, SJB2-043 and ML-323), USP2 
(PR-619), USP5 (Degrasyn), USP7 (USP7, USP47 inhibitor, 
USP7-IN-1, P22077 and P005091), USP8 (DUBs-IN-1, 
DUBs-IN-2 and DUBs-IN-3) and USP14 (b-AP15) (Fig. 
S1A). Interestingly, we found that all of the compounds 
could inhibit PRV proliferation in a dose-dependent man
ner (Fig. S1B–N). We focused our attention on the inhibi
tor of USP14, because among all the inhibitors, b-AP15 
showed the most dramatic effect on the inhibition of 
PRV-GFP proliferation (Fig. S1N).

We next verified whether b-AP15 indeed inhibited PRV 
proliferation in vitro. We treated PK-15 and 3D4/21 cells 
with b-AP15 (0–1 μM) for 24–48 h. Cell viability measure
ments, assessed by the CCK-8 cell counting assay, indicated 
that b-AP15 was harmless to both cells (Figure 1A). 
Fluorescence microscopy analysis found that b-AP15 could 
limit PRV-GFP proliferation in PK-15 and 3D4/21 cells 
(Figure 1B). Quantification of GFP-positive cells by flow 
cytometry proved that PRV-GFP replication was reduced 
upon b-AP15 treatment (Figure 1C a nd D). PRV gB (viral 
late protein) plays a central role in the induction of immu
nity and is involved in virus entry and virulence [23]. 
Treatment of PK-15 and 3D4/21 cells with b-AP15 inhib
ited PRV gB expression in a dose dependent manner 
(Figure 1E). We also detected the multiplication of PRV 
progeny virus in response to b-AP15 treatment using a viral 
titer assay. b-AP15 significantly inhibited the production of 
PRV progeny virus (Figure 1F a nd G). To gain further 
insight into the effect of b-AP15 on PRV infection, we 
monitored the growth kinetics of PRV. b-AP15 resulted in 
the decrease of viral titer starting at 2 h post infection 
(Figure 1H a nd I). The IC50 value for b-AP15 was 
4.081 μM on the basis of the viral titer in 3D4/21 cells 
measured by the TCID50 assay (Figure 1J). These data 
indicated that b-AP15 inhibited PRV proliferation in vitro.

USP14 deficiency restricts PRV proliferation

Because b-AP15 is a selective inhibitor of USP14 [24], we 
ablated USP14 to identify whether it was involved in PRV 
proliferation. CRISPR-Cas9 technology was employed to gen
erate USP14 knockout cell lines (Figure 2A). The CCK-8 cell 
counting assay indicated that USP14 deficiency did not result 
in a limitation of cell proliferation for 72 h (Figure 2B). We 
infected sgControl and sgUSP14 PK-15 cells with PRV-GFP 
and found that the rate of GFP-positive cells (Figure 2C a nd 
D) and the production of PRV progeny virus (Figure 2E) were 
significantly lower in sgUSP14 cells than in sgControl cells. 
USP14 deficiency decreased viral titer starting at 2 h post 
infection, which was similar to the observation from b-AP15 
treatment (Figure 2F).

To exclude off-target effects of sgRNA against USP14, we 
performed a rescue assay. Ectopic expression of USP14- 
FLAG in sgUSP14 PK-15 cells could restore PRV gB expres
sion to a level comparable to that seen in sgControl cells 
(Figure 2G). Moreover, fluorescent microscopy demonstrated
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that GFP fluorescence was enhanced in a USP14-FLAG 
dose-dependent manner at 36 h post PRV-GFP infection in 
sgUSP14 PK-15 cells (Figure 2H a nd I). A viral titer assay 
suggested that ectopic expression of USP14-FLAG in 
sgUSP14 PK-15 cells could rescue the multiplication of

PRV progeny virus (Figure 2J). However, the deubiquitinase 
activity mutant USP14S432A-FLAG [25] in sgUSP14 cells 
failed to bring viral titer to the level in sgControl cells 
(Figure 2K). These results demonstrated that USP14 played 
a bona fide role in PRV proliferation.

Figure 1. B-AP15 inhibits PRV infection in vitro. (A) PK-15 and 3D4/21 cells were treated with b-AP15 (0–1 μM) for 24–48 h. Cell viability was assessed using the CCK-8 
cell counting assay. (B) PK-15 and 3D4/21 cells were infected with PRV-GFP (MOI = 0.01) and simultaneously treated with b-AP15 (0–1 μM) for 36 h. The fluorescence 
of GFP was detected by fluorescent microscopy. Scale bar: 200 μm. (C and D) Quantification of the percentage of GFP-positive cells from B by flow cytometry. (E) PK- 
15 and 3D4/21 cells were infected with PRV-QXX (MOI = 0.1) and simultaneously treated with b-AP15 (0–1 μM) for 24 h. PRV gB was assessed by immunoblot 
analysis. (F and G) PK-15 (F) and 3D4/21 (G) cells were infected with PRV-QXX (MOI = 0.1) and simultaneously treated with b-AP15 (0–1 μM) for 24 h. Viral titers were 
assessed by a TCID50 assay. (H and I) PK-15 (H) and 3D4/21 (I) cells were infected with PRV-QXX (MOI = 0.01) and simultaneously treated with DMSO or b-AP15 (1 μM) 
for 0–48 h. One-step growth curves of PRV-QXX were assessed using a TCID50 assay of viral titers. hpi, hour post infection. (J) Determination of IC50 value of b-AP15 
from G. Data were shown as mean ± SD based on three independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 determined by two-tailed Student’s t-test. 
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Figure 2. Knockout of USP14 inhibits PRV infection. (A) USP14 in sgControl and sgUSP14 PK-15 cells was assessed by immunoblot analysis. (B) sgControl and 
sgUSP14 PK-15 cells were cultured for 0–72 h. Cell proliferation was assessed using the CCK-8 cell counting assay. (C) sgControl and sgUSP14 PK-15 cells 
were infected with PRV-GFP (MOI = 0.01) for 36 h. The fluorescence of GFP was detected by fluorescent microscopy. Scale bar: 400 μm. (D) Quantification 
of the percentage of GFP-positive cells from C by flow cytometry. (E) sgControl and sgUSP14 PK-15 cells were infected with PRV-QXX (MOI = 0.1 and 1) for 
24 h. Viral titers were assessed by the TCID50 assay. (F) sgControl and sgUSP14 PK-15 cells were infected with PRV-QXX (MOI = 0.01) for 0–48 h. One-step 
growth curves of PRV-QXX were assessed using a TCID50 assay of viral titers. hpi, hour post infection. (G) sgControl and sgUSP14 PK-15 cells were 
transfected with plasmid encoding USP14-FLAG (0–1.5 μg) as indicated for 24 h, and then infected with PRV-QXX (MOI = 0.1) for 24 h. PRV gB, USP14-FLAG 
and USP14 were assessed by immunoblot analysis. (H) sgControl and sgUSP14 PK-15 cells were transfected with plasmid encoding USP14-FLAG (0–1.5 μg) 
as indicated for 24 h, and then infected with PRV-GFP (MOI = 0.01) for 36 h. The fluorescence of GFP was detected by fluorescent microscopy. Scale bar: 
400 μm. (I) Quantification of the percentage of GFP-positive cells from H by flow cytometry. (J) sgControl and sgUSP14 PK-15 cells were transfected with 
plasmid encoding USP14-FLAG (0–1.5 μg) as indicated for 24 h, and then infected with PRV-QXX (MOI = 0.1 and 1) for 24 h. Viral titers were assessed by 
the TCID50 assay. (K) sgControl and sgUSP14 PK-15 cells were transfected with plasmid encoding USP14-FLAG (1.5 μg) and USP14S432A-FLAG (1.5 μg) as 
indicated for 24 h, and then infected with PRV-QXX (MOI = 0.1 and 1) for 24 h. Viral titers were assessed by the TCID50 assay. Data were shown as mean ± 
SD based on three independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 determined by two-tailed Student’s t-test. ns, no significance. 
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Figure 3. B-AP15 influences PRV replication. (A) PK-15 cells were incubated with PRV-QXX (MOI = 0.1 and 1) combined with b-AP15 (0–1 μM) for 1 h at 4°C. After 
washing with cold PBS 3 times, cells were cultured in DMEM with 2% FBS for 24 h at 37°C. An attachment assay was assessed using the TCID50 assay of viral titers. (B) 
PK-15 cells were incubated with PRV-QXX (MOI = 0.1 and 1) for 1 h at 4°C and then in DMEM with 10% FBS containing b-AP15 (0–1 μM) at 37°C. After 1 h to allow
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Inhibition of USP14 affects PRV replication

To characterize how b-AP15 inhibited PRV replication, we 
performed a time-of-drug-addition assay. We first performed 
a viral attachment assay. PK-15 cells were incubated with PRV 
and b-AP15 (0–1 μM) for 1 h at 4°C and shifted to 37°C for 
24 h. Viral titer assay indicated that the production of PRV 
progeny virus was almost the same in control and b-AP15- 
treated cells (Figure 3A). We next carried out an entry assay. 
Cells bound with PRV were treated with b-AP15 (0–1 μM) for
1 h at 37°C and then shifted to maintenance medium for 24 h. 
The result demonstrated that b-AP15 did not influence viral 
entry as indicated by TCID50 assay (Figure 3B). In the repli
cation assay, quantification of the PRV genome copy numbers 
by qRT-PCR indicated that b-AP15 treatment resulted in a 
decline in viral replication compared with DMSO treatment 
(Figure 3C). The viral titer assay also suggested that b-AP15 
inhibited viral replication (Figure 3D). In addition, we 
assessed the expression of viral genes in response to b-AP15 
treatment. The mRNA levels of PRV IE180 (immediate-early 
gene), EP0 (immediate-early gene), and UL9 (early gene) were 
decreased as early as 2 h post b-AP15 treatment (Figure 3E- 
G). Above all, our data suggested that inhibition of USP14 by 
b-AP15 disturbed PRV replication in vitro.

Inhibition of USP14 promotes the degradation of PRV 
VP16

We postulated that inhibition of USP14 might promote the 
degradation of PRV VP16, because VP16 regulates the tran
scription of the immediate early genes of alphaherpesviruses 
[26]. Our above results indicated that b-AP15 inhibited tran
scription of the PRV IE180 at 2 h post treatment (Figure 3E). 
In addition, we demonstrated that the mRNA levels of PRV 
IE180 and EP0 were downregulated as early as 10 min post b- 
AP15 treatment (Fig. S2A and B). We therefore assessed 
whether b-AP15 influenced VP16 expression by immunoblot 
analysis. b-AP15 treatment decreased the expressions of VP16 
in PRV-infected cells and FLAG-VP16 (Figure 4A and B). 
Compared to the sgControl, the expression of VP16 in 
sgUSP14 cells was declined and was in line with b-AP15 
treatment (Figure 4C and D).

Because USP14 belongs to a family of ubiquitin-specific 
proteases [27], we set out to determine whether inhibition of 
USP14 stimulated VP16 ubiquitination and proteasome- 
dependent degradation. We first determined the level of K48- 
or K63- linked ubiquitination of VP16. The plasmids encoding 
HA-UB, HA-UBK48, or HA-UBK63 were co-transfected with 
FLAG-VP16 into cells. The ubiquitination assay revealed that 
VP16 underwent K63-linked ubiquitination after challenge 
with b-AP15 and in sgUSP14 cells (Figure 4E and F).

Furthermore, we identified which lysine residue in VP16 was 
modified by ubiquitination. PRV VP16 harbors two lysine 
residues (K168 and K305), which were mutated to arginine 
(VP16 K168R and VP16K305R) respectively. Inhibition of 
USP14 by b-AP15 or by USP14 knockout did not result in 
ubiquitination of VP16K168R, whereas VP16 and VP16K305R 

showed enhanced ubiquitination, suggesting that VP16 K168 
was conjugated by ubiquitin chains (Figure 4G and H). VP16 
was ubiquitinated in sgUSP14 cells and sgUSP14 cells expres
sing USP14S432A-FLAG, but not in sgControl cells and sgUSP14 
cells expressing USP14-FLAG, which indicated that the deubi
quitinase activity of USP14 was responsible for VP16 de-ubi
quitination (Figure 4I).

We next treated cells with the proteasome inhibitor 
MG132 to determine if inhibition of USP14 induced protea
some-dependent degradation of VP16. Surprisingly, MG132 
did not prevent b-AP15-induced degradation of either VP16 
or FLAG-VP16 (Figure 4J and K). However, the autophagy 
inhibitor 3-MA suppressed VP16 degradation during b-AP15 
treatment (Figure 4J and K). VP16K168R was resistant to b- 
AP15 treatment compared with WT VP16 (Figure 4L). 
Replenishment of WT VP16 could partially rescue and 
VP16K168R was able to fully restore the production of PRV 
progeny virus after b-AP15 treatment (Figure 4M). All of the 
results illustrated that inhibition of USP14 promoted VP16 
degradation to prevent PRV replication.

USP14 binds to PRV VP16 at the early stage of viral 
infection

We hypothesized that USP14 interacted with PRV VP16 at 
the early stage of viral infection to stabilize VP16 for the 
transcription of viral immediate-early genes. To confirm 
this, we performed colocalization and co-IP assays of USP14 
with VP16. We noted that punctate VP16 colocalized with 
USP14 from 5 to 20 min post viral entry (Figure 5A and Fig. 
S3C), which was further verified by co-IP assay (Figure 5B). 
The degradation of VP16 occurred as early as 5 min post viral 
entry in sgUSP14 PK-15 cells (Figure 5C).

VP16 is the late tegument protein of alphaherpesviruses 
and is encoded by the UL48 gene [28]. We generated rPRV 
ΔUL48 using CRISPR-Cas9 technology through homology- 
directed recombination to determine whether USP14 inter
acted with ubiquitin chains on VP16 (Fig. S3A). PRV lacking 
the UL48 gene fails to produce infectious virions [6]; hence, 
we produced rPRV ΔUL48 in cells expressing FLAG-VP16 
(Fig. S3A). The infectivity of rPRV ΔUL48 rescued by FLAG- 
VP16, FLAG-VP16K168R, and FLAG-VP16K305R showed com
parable viral titers, although they were lower than that of their 
parental strain (Fig. S3B). First, rPRV ΔUL48 rescued by WT

viral entry, cells were cultured in DMEM with 2% FBS for 24 h at 37°C. An entry assay was assessed using a TCID50 of viral titers. (C) PK-15 cells were incubated with 
PRV-QXX (MOI = 0.1) combined with b-AP15 (1 μM) for 1 h at 4°C. After washing with cold PBS 3 times, cells were cultured in DMEM with 2% FBS combined with b- 
AP15 (1 μM) for 0–24 h at 37°C. PRV genome copy numbers were assessed by qRT-PCR analysis. (D) PK-15 cells were incubated with PRV-QXX (MOI = 0.1 and 1) at 4° 
C for 1 h and then in DMEM with 10% FBS at 37°C for 12 h. Cells were then cultured in DMEM with 2% FBS containing b-AP15 (1 μM) for 4–12 h at 37°C. A replication 
assay was assessed using the TCID50 assay of viral titers. (E–G) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and simultaneously treated with DMSO or b-AP15 
(1 μM) for 0–24 h. The mRNA levels of PRV IE180 (E), EP0 (F) and UL9 (G) were assessed by qRT-PCR analysis. hpi, hour post infection. Data were shown as mean ± SD 
based on three independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 determined by two-tailed Student’s t-test. 
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VP16 and VP16K168R was purified, and ubiquitination of 
VP16 in virions was assessed. WT VP16, but not VP16K168R, 
was ubiquitinated (Figure 5D). We then infected cells with 
rPRV (WT VP16) and rPRV (VP16K168R) for 10 min and 
performed colocalization of USP14 with VP16. Fluorescent 
microscopy revealed that WT VP16 colocalized with USP14 
and that VP16K168R failed to interact with USP14, suggesting 
that USP14 interacted with ubiquitin chains on VP16 (Figure 
5E and Fig. S3D).

To clarify whether USP14 directly bound to VP16, we 
purified GST-USP14 and ubiquitinated FLAG-VP16 (Fig. 
S3E and F) to conduct in vitro de-ubiquitination assays. 
Ubiquitination of VP16 gradually decreased with the increase 
in the amount of USP14, thus suggesting that USP14 directly 
de-ubiquitinated VP16 (Figure 5F). We further performed in 
vitro affinity-isolation assays with recombinant USP14 and 
VP16. We showed that USP14 bound to ubiquitinated 
FLAG-VP16 with its UBL domain (Figure 5G). FLAG- 
VP16K168R, unlike FLAG-VP16 and FLAG-VP16K305R, failed 
to be ubiquitinated and could not associate with USP14 
(Figure 5H). Taken together, all these results indicated that 
USP14 directly bound to VP16.

Inhibition of USP14 activates autophagy-dependent 
degradation of PRV VP16

Autophagy is another intracellular degradation system by 
which cytoplasmic materials are delivered to and degraded 
in the lysosome [15], so we examined whether autophagy was 
responsible for degradation of PRV VP16. We performed 
immunoblot analysis and observed that the expression levels 
of MAP1LC3B/LC3 (microtubule associated protein 1 light 
chain 3 beta)-II (the lipidated form), ATG5, ATG12 and 
BECN1 were increased (Figure 6A). Ubiquitin-tagged sub
strates can be sequestered into an autophagosome by using 
the selective autophagy receptor SQSTM1 to enable their 
degradation in the lysosome [29]. When cells were treated 
with b-AP15, SQSTM1 expression was decreased, indicating 
that autophagy was activated (Figure 6A). Similar phenomena 
were also observed in sgUSP14 PK-15 cells (Figure 6B). 
Cytoplasmic LC3 puncta are characteristic of autophagosomal 
membrane formation and we noticed that b-AP15 and USP14 
deficiency significantly induced LC3 puncta formation (Figure 
6C-E). Furthermore, cells treated with b-AP15 formed more 
autophagosomes than DMSO-treated cells, as determined by 
transmission electron microscope analysis (Figure 6F and G). 
To measure autophagic flux, we first used the GFP-RFP-LC3 
sensor [30]. We observed an increased RFP signal relative to 
the GFP signal in response to b-AP15 treatment, indicating 
that enhanced autophagic flux occurred after the inhibition of 
USP14 (Figure 6H and I). Furthermore, treatment of sgUSP14 
cells with bafilomycin A1 (an inhibitor of late-stage fusion 
between autophagosomes and lysosomes [31]) showed greater 
accumulation of LC3-II than that without treatment (Figure 
6J). These results indicated that inhibition of USP14 activated 
autophagy efflux.

ATG5 and BECN1 are two autophagy-related proteins that 
are necessary for the formation of autophagosomes [32]. To

determine whether autophagy was essential for b-AP15- 
induced degradation of PRV VP16, we ablated ATG5 and 
BECN1 using CRISPR-Cas9 (sgATG5 and sgBECN1, Figure 
6K and L) to analyze whether inhibition of autophagy could 
abolish VP16 degradation. ATG5 and BECN1 deficiency 
inhibited VP16 degradation upon b-AP15 treatment (Figure 
6M and N). We assessed the production of PRV progeny virus 
in sgControl, sgATG5 and sgBECN1 cells by the viral titer 
assay. As shown in (Figure 6O), ablation of either ATG5 or 
BECN1 enhanced viral titer and b-AP15 had no inhibitory 
effect on PRV replication in sgATG5 and sgBECN1 cells. 
These results suggested that inhibition of USP14 induced 
autophagy-mediated VP16 degradation.

Inhibition of USP14 activates ER stress response to trigger 
autophagy

ER stress is a potent trigger for autophagy [33], so we sought 
to determine whether inhibition of USP14 activated ER stress 
response to trigger autophagy. Three signal transducers 
located in the ER, EIF2AK3, ERN1 and ATF6, can be acti
vated by ER stress [34]. Using immunoblot analysis, we 
observed that the expression of HSPA5/BiP and ATF6 was 
unchanged by b-AP15 treatment (Figure 7A). However, the 
phosphorylation of EIF2AK3 and its downstream effector 
EIF2A were all upregulated in response to b-AP15 treatment 
or USP14 deficiency (Figure 7A and B). Furthermore, we 
found that inhibition of USP14 enhanced XBP1 expression 
and impeded FOXO1 expression, consistent with the previous 
finding that XBP1 is regulated by ERN1 and negatively reg
ulates FOXO1 expression [35] (Figure 7A and B). These data 
demonstrated that inhibition of USP14 induces ER stress and 
activates the EIF2AK3 and ERN1 signaling pathways. We 
further verified this finding by quantification of EIF2AK3 
and ERN1 target genes with qRT-PCR analysis. EIF2A gov
erns transcription of ATF4, PPP1R15A/GADD34 and DDIT3/ 
CHOP [36], and they were all upregulated after b-AP15 treat
ment (Fig. S4A). ERN1 processes XBP1 mRNA [37], and 
qRT-PCR analysis indicated that XBP1(s):XBP1(t) was 
increased due to b-AP15 treatment (Fig. S4B). Transcription 
of DNAJB9/ERdj4 was enhanced and FOXO1 mRNA was 
decreased when USP14 was inhibited by b-AP15, suggesting 
that ERN1 signaling was activated (Fig. S4B and C).

We next wanted to determine whether EIF2AK3 and ERN1 
signaling pathways were essential for b-AP15-induced auto
phagy. GSK2606414 is a selective EIF2AK3 inhibitor [38]. 
During USP14 inhibition, GSK2606414 inhibited expression 
of the active XBP1s protein and phosphorylation of EIF2AK3 
and EIF2A, but the expressions of HSPA5 and ATF6 were not 
affected (Figure 7C and D). Moreover, USP14 inhibition- 
induced autophagy was abolished by GSK2606414, as indi
cated by unaltered LC3-II, ATG5 and SQSTM1 expression 
(Figure 7C and D). PRV infection had no effect on the 
activation of ER stress and autophagy in sgControl cells 
(Figure 7E). Although inhibition of USP14 promoted VP16 
degradation, EIF2AK3 inhibition by GSK2606414 abrogated 
this effect (Figure 7F–H). Production of infectious progeny 
virus in cells treated with DMSO, GSK2606414 and 
GSK2606414 + b-AP15 was not significantly different
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Figure 4. Inhibition of USP14 induces PRV VP16 ubiquitination and degradation that is not dependent on the proteasome. (A) PK-15 cells were infected with PRV- 
QXX (MOI = 0.1) and treated with b-AP15 (0–1 μM) for 24 h. PRV VP16 was assessed by immunoblot analysis. (B) PK-15 cells were transfected with plasmid encoding 
FLAG-VP16 and treated with b-AP15 (0–1 μM) for 24 h. FLAG-VP16 was assessed by immunoblot analysis. (C) sgControl and sgUSP14 PK-15 cells were infected with 
PRV-QXX (MOI = 0.1) for 24 h. PRV VP16 was assessed by immunoblot analysis. (D) sgControl and sgUSP14 PK-15 cells were transfected with plasmid encoding FLAG- 
VP16 for 24 h. FLAG-VP16 was assessed by immunoblot analysis. (E) PK-15 cells were transfected with plasmids encoding FLAG-VP16, HA-UB, HA-UBK48 and HA-UBK63, 
and treated with b-AP15 (1 μM) as indicated for 24 h. Ubiquitination of FLAG-VP16 was assessed by the ubiquitination assay. (F) sgControl and sgUSP14 PK-15 cells 
were transfected with plasmids encoding FLAG-VP16, HA-UB, HA-UBK48 and HA-UBK63 as indicated for 24 h. Ubiquitination of FLAG-VP16 was assessed by the 
ubiquitination assay. (G) PK-15 cells were transfected with plasmids encoding FLAG-VP16, FLAG-VP16K168R, FLAG-VP16K305R, and HA-UB and treated with b-AP15 
(1 μM) as indicated for 24 h. Ubiquitination of FLAG-VP16 variants was assessed by the ubiquitination assay. (H) sgControl and sgUSP14 PK-15 cells were transfected 
with plasmids encoding FLAG-VP16, FLAG-VP16K168R and FLAG-VP16K305R as indicated for 24 h. Ubiquitination of FLAG-VP16 variants was assessed by the 
ubiquitination assay. (I) sgControl and sgUSP14 PK-15 cells were transfected with plasmid encoding USP14-FLAG and USP14-FLAGS432A as indicated for 24 h, and 
then infected with PRV-QXX (MOI = 0.1 and 1) for 24 h. Ubiquitination of VP16 was assessed by the ubiquitination assay. (J) PK-15 cells were infected with PRV-QXX 
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Figure 5. USP14 interacts with PRV VP16 at the early stage of viral infection. (A) PRV-QXX (MOI = 10) was incubated with PK-15 cells at 4°C for 1 h. After three times 
washing with ice-cold PBS, the cells were incubated at 37°C for 0–20 min. Colocalization of USP14 and VP16 was assessed by the immunofluorescence analysis. Scale 
bar: 10 μm. (B) Cells were treated as in A. The interaction of USP14 with VP16 was assessed by co-IP assay. (C) Cells were treated as in A. PRV VP16 was assessed by 
immunoblot analysis. (D) Ubiquitination of VP16 in rPRV ΔUL48 rescued by VP16 and VP16K168R was assessed by the ubiquitination assay. (E) rPRV (WT VP16, 
MOI = 10) and rPRV (VP16K168R, MOI = 10) were incubated with PK-15 cells at 4°C for 1 h. After three times washing with ice-cold PBS, the cells were incubated at 37° 
C for 10 min. The colocalization of USP14 and VP16 variants was assessed by the immunofluorescence analysis. Scale bar: 10 μm. (F) De-ubiquitination of FLAG-VP16 
by GST-USP14 was assessed by the in vitro de-ubiquitination assay. (G) The interactions of non-ubiquitinated and ubiquitinated FLAG-VP16 with GST-USP14 and GST- 
USP14ΔUBL were assessed by an in vitro affinity-isolation assay. (H) The interactions of non-ubiquitinated and ubiquitinated FLAG-VP16, FLAG-VP16K168R, and FLAG- 
VP16K305R with GST-USP14 were assessed by an in vitro affinity-isolation assay. 

(MOI = 0.1) and treated with b-AP15 (1 μM), MG132 (10 μM) and 3-MA (10 μM) as indicated for 24 h. PRV VP16 was assessed by immunoblot analysis. (K) PK-15 cells 
were transfected with plasmid encoding FLAG-VP16 and treated with b-AP15 (1 μM), MG132 (10 μM) and 3-MA (10 μM) as indicated for 24 h. FLAG-VP16 was 
assessed by immunoblot analysis. (L) PK-15 cells were transfected with plasmids encoding FLAG-VP16, FLAG-VP16K168R and treated with b-AP15 (1 μM) for 24 h. 
FLAG-VP16 and FLAG-VP16K168R were assessed by immunoblot analysis. (M) PK-15 cells were transfected with plasmids encoding FLAG-VP16 or FLAG-VP16K168R for 
24 h. Then, cells were infected with PRV-QXX (MOI = 0.1 and 1) and treated with b-AP15 (1 μM) as indicated for 24 h. Viral titers were assessed by the TCID50 assay. 
Data were shown as mean ± SD based on three independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 determined by two-tailed Student’s t-test. ns, no 
significance. 
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Figure 6. Inhibition of USP14 induces autophagy. (A) PK-15 cells were treated with b-AP15 (0–1 μM) for 24 h. LC3-I, LC3-II, SQSTM1, ATG5, ATG12 and BECN1 were 
assessed by immunoblot analysis. (B) LC3-I, LC3-II, SQSTM1, ATG5, and BECN1 were assessed by immunoblot analysis in sgControl and sgUSP14 PK-15 cells. (C) PK-15 
cells were transfected with plasmid encoding GFP-LC3 and treated with DMSO or b-AP15 (1 μM) for 24 h. The fluorescence of GFP-LC3 was detected by fluorescent 
microscopy. Scale bar: 10 μm. (D) sgControl and sgUSP14 PK-15 cells were transfected with plasmid encoding GFP-LC3 for 24 h. The fluorescence of GFP-LC3 was 
detected by fluorescent microscopy. Scale bar: 10 μm. (E) Quantification of GFP-LC3 puncta per cell from C and D using ImageJ software. (F) PK-15 cells were treated 
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(Figure 7I). Next, we utilized siRNA to knockdown EIF2A to 
further confirm whether EIF2AK3 signaling was responsible 
for b-AP15-induced autophagy (Figure 7J). Interference of 
EIF2A impeded autophagy, because expression levels of 
LC3-II, ATG5, and SQSTM1 were unchanged (Figure 7K). 
Knockdown of EIF2A also blocked b-AP15-induced VP16 
degradation and autophagy induction (Figure 7L). These 
data indicated that inhibition of USP14 activated ER stress 
to trigger autophagy.

Inhibition of USP14 stimulates the interaction of 
ubiquitinated VP16 with the selective autophagy receptor 
SQSTM1/p62

Because our data demonstrated that b-AP15 activated auto
phagy and induced VP16 ubiquitination and proteasome- 
independent degradation of VP16, we sought to examine 
whether VP16 was degraded by SQSTM1-mediated selective 
autophagy. SQSTM1 and ubiquitin colocalized with WT 
VP16, but not with VP16K168R, in response to b-AP15 treat
ment (Figure 8A and S5A). Co-IP assay indicated that 
SQSTM1 interacted with VP16 only in sgUSP14 cells (Figure 
8B). We verified that SQSTM1-EGFP interacted with FLAG- 
VP16, and that inhibition of autophagy by 3-MA or by
ablation of ATG5 abolished their interactions (Figure 8C 
and S5B). SQSTM1 interacts directly with ubiquitin on 
selected cargo through its C-terminal UBA domain [39], and 
we found that deletion of the SQSTM1 UBA domain pre
vented SQSTM1 from interacting with VP16 (Figure 8D). 
Furthermore, we purified SQSTM1 (Fig. S5C) and carried 
out in vitro affinity-isolation assays. SQSTM1 directly asso
ciated with ubiquitinated VP16 and VP16K305R, while 
VP16K168R that could not be modified by ubiquitination, 
failed to interact with SQSTM1 (Figure 8E). Meanwhile, the 
UBA domain of SQSTM1 was responsible for SQSTM1-VP16 
association, which required VP16 to be ubiquitinated (Figure 
8F). These results suggested that SQSTM1 bound to ubiquitin 
chains on VP16 through its UBA domain.

Cell fraction analysis by iodixanol density gradient centri
fugation detected that SQSTM1 and LC3-II were mainly 
located in the top fraction and VP16 was in fractions three– 
five, whereas b-AP15 treatment induced VP16 to shift to 
fraction eight, along with SQSTM1 and LC3-II (Figure 8G). 
Furthermore, significant FRET efficiency occurred between 
VP16-mCherry and SQSTM1-EGFP in cells treated with b- 
AP15 compared with that in cells treated with DMSO (Figure 
8H and I). Together, these data demonstrated that inhibition

of USP14 promoted degradation of VP16 through SQSTM1- 
mediated selective autophagy.

B-AP15 protects mice from PRV infection in vivo

On the basis of the above findings, we examined whether b- 
AP15 could be used as a potent antiviral against PRV in vivo. 
Mice were intraperitoneally injected with DMSO or b-AP15 
every two days, and ER stress and autophagy in the lung were 
assessed by immunoblot and qRT-PCR analysis (Fig. S6A). 
Consistent with our in vitro data, b-AP15 could induce ER 
stress, which was indicated by phosphorylation of EIF2AK3 
and EIF2A and upregulation of ATF4 and XBP1 (Fig. S6B). 
ERN1 and EIF2AK3 were activated in response to the b-AP15 
challenge, as demonstrated by an increase in the processing of 
Xbp1 mRNA and transcription of Dnajb9, Atf4, Ppp1r15a, 
and Ddit3 (Fig. S6C). Challenge of mice with b-AP15 
enhanced the expression of LC3-II, ATG5, and ATG12 and 
decreased SQSTM1 expression, suggesting that b-AP15 acti
vated autophagy in vivo (Fig. S6D). These data suggested b- 
AP15 activated ER stress and autophagy in vivo.

We then determined the protective effect of b-AP15 on 
PRV infection in vivo (Figure 9A). We found that the mor
tality of mice injected with b-AP15 was significantly lower 
than that of mice injected with DMSO (Figure 9B). PRV VP16 
was degraded in the lungs of b-AP15-treated mice (Figure 
9C). Transcription of PRV gE mRNA from lungs was signifi
cantly lower in b-AP15-injected mice than that in PRV- 
infected mice (Figure 9D). Results from qRT-PCR analysis 
indicated that PRV genome copy numbers were decreased 
due to b-AP15 treatment, suggesting that b-AP15 inhibited 
PRV replication in vivo (Figure 9E). Lung injury caused by 
PRV infection was greatly attenuated upon b-AP15 treatment, 
because less infiltration of inflammatory cells was detected in 
the lungs in b-AP15-treated mice than DMSO-treated mice 
(Figure 9F a nd G). In addition, we tested the therapeutic 
effect of b-AP15 on PRV infection (Figure 9H). The survival 
rate of mice injected with b-AP15 was significantly higher 
than that of mice injected with DMSO (Figure 9I). These 
results demonstrated that USP14 inhibitors might be used as 
a potent antiviral against alphaherpesvirus.

Discussion

The development of new strategies to treat alphaherpesvirus 
infection is important for public health security. In this study, 
we revealed the mechanism of how inhibition of USP14 
influenced alphaherpesvirus proliferation. USP14 directly

with DMSO or b-AP15 (1 μM) for 24 h. The autophagosome-like vesicles were detected by transmission electron microscope. Scale bar: 500 nm. (G) Quantification of 
autophagosome-like vesicles from F using ImageJ software. (H) PK-15 cells were transfected with plasmid encoding GFP-RFP-LC3 and treated with DMSO or b-AP15 
(1 μM) for 24 h. The fluorescence of GFP and RFP was detected by fluorescent microscopy. Scale bar: 10 μm. (I) Quantification of autophagosomes and autolysosomes 
from H using ImageJ software. (J) sgControl and sgUSP14 PK-15 cells were treated with bafilomycin A1 (10 μM) for 24 h. LC3-I, LC3-II and SQSTM1 were assessed by 
immunoblot analysis. (K) ATG5 in sgControl and sgATG5 PK-15 cells was assessed by immunoblot analysis. (L) BECN1 in sgControl and sgBECN1 PK-15 cells was 
assessed by immunoblot analysis. (M and N) sgControl, sgATG5 (M) and sgBECN1 (N) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and treated with b-AP15 
(1 μM) as indicated for 24 h. PRV VP16 was assessed by immunoblot analysis. (O) sgControl, sgATG5 and sgBECN1 PK-15 cells were infected with PRV-QXX (MOI = 0.1) 
and treated with DMSO or b-AP15 (1 μM) as indicated for 24 h. Viral titers were assessed by the TCID50 assay. Data were shown as mean ± SD based on three 
independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 determined by two-tailed Student’s t-test. ns, no significance. 
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Figure 7. Inhibition of USP14 induces ER stress. (A) PK-15 cells were treated with b-AP15 (0–1 μM) for 24 h. HSPA5, ATF6, p-EIF2AK3, EIF2AK3, p-EIF2A, EIF2A, ATF4, 
XBP1 and FOXO1 levels were assessed by immunoblot analysis. (B) XBP1, FOXO1, p-EIF2AK3, EIF2AK3, p-EIF2A and EIF2A levels were assessed by immunoblot analysis 
in sgControl and sgUSP14 PK-15 cells. (C) PK-15 cells were treated with b-AP15 (1 μM) and GSK2606414 (10 μM) as indicated for 24 h. HSPA5, ATF6, p-EIF2AK, 
EIF2AK3, p-EIF2A, EIF2A, XBP1, LC3-I, LC3-II, SQSTM1 and ATG5 were assessed by immunoblot analysis. (D) sgControl and sgUSP14 PK-15 cells were treated with 
GSK2606414 (10 μM) as indicated for 24 h. HSPA5, ATF6, p-EIF2AK3, EIF2AK3, p-EIF2A, EIF2A, XBP1, LC3-I, LC3-II, SQSTM1 and ATG5 and USP14 were assessed by 
immunoblot analysis. (E) sgControl and sgUSP14 PK-15 cells were mock infected or infected with PRV-QXX (MOI = 0.1) for 24 h. USP14, VP16, XBP1, FOXO1, p- 
EIF2AK3, EIF2AK3, p-EIF2A, EIF2A, SQSTM1, LC3-I and LC3-II were assessed by immunoblot analysis. (F) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and 
treated with b-AP15 (1 μM) and GSK2606414 (10 μM) as indicated for 24 h. PRV VP16 was assessed by immunoblot analysis. (G) PK-15 cells were transfected with 
plasmid encoding FLAG-VP16 and treated with b-AP15 (1 μM) and GSK2606414 (10 μM) as indicated for 24 h. FLAG-VP16 was assessed by immunoblot analysis. (H) 
sgControl and sgUSP14 PK-15 cells were infected with PRV-QXX (MOI = 0.1) and treated with GSK2606414 (10 μM) for 24 h. PRV VP16 was assessed by immunoblot 
analysis. (I) PK-15 cells were infected with PRV-QXX (MOI = 0.1 and 1) and treated with DMSO, b-AP15 (1 μM), GSK2606414 (10 μM) and b-AP15 (1 μM) + GSK2606414 
(10 μM) for 24 h. Viral titers were assessed by the TCID50 assay. (J) PK-15 cells were transfected with siControl, siEIF2A-1, siEIF2A-2 and siEIF2A-3 for 48 h. EIF2A was 
assessed by immunoblot analysis. (K) PK-15 cells were transfected with siControl or siEIF2A-1 and treated with b-AP15 (1 μM) as indicated for 48 h. p-EIF2A, EIF2A, 
LC3-I, LC3-II, SQSTM1 and ATG5 were assessed by immunoblot analysis. (L) PK-15 cells were transfected with siControl or siEIF2A-1 for 24 h. Then, cells were infected 
with PRV-QXX (MOI = 0.1) and treated with b-AP15 (1 μM) as indicated for 24 h. p-EIF2A, EIF2A, VP16, LC3-I, LC3-II, SQSTM1, and ATG5 were assessed by immunoblot 
analysis. Data were shown as mean ± SD based on three independent experiments. ** P < 0.01, *** P < 0.001 determined by two-tailed Student’s t-test. ns, no 
significance. 
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bound to K63-linked polyubiquitin chains on PRV VP16 
through its UBL domain at the early stage of viral infection. 
USP14 stabilized VP16 by de-ubiquitination of VP16 to facil
itate the transcription of PRV immediate-early genes that 
were critical for viral proliferation. In contrast, USP14 defi
ciency induced ER stress-triggered autophagy induction. The 
selective autophagy receptor SQSTM1 interacted with ubiqui
tinated VP16 through its UBA domain to sequestrate VP16 
into autolysosomes for subsequent degradation, which 
resulted in impaired viral replication (Figure 9J).

VP16 is essential for alphaherpesvirus replication. It not 
only regulates transcription of immediate early genes of 
alphaherpesviruses, but also participates in the assembly and 
maturation of nucleocapsids in the cytoplasm [6,40]. The 
assembly of a transcriptional regulatory complex, the VP16- 
induced complex, is critical for initiating the lytic program of 
alphaherpesviruses [26]. It has also been reported that VP16 
can antagonize innate immune responses to facilitate viral 
replication. VP16 of duck enteritis virus directly binds to 
IRF7 (interferon regulatory factor 7) and antagonizes inter
feron-β-mediated antiviral innate immunity [41]. HSV-1 
VP16 abrogates interferon-β production by inhibiting 
NFKB/NF-κB (nuclear factor kappa B) activation and block
ing IRF3 (interferon regulatory factor 3) to recruit its co- 
activator CBP [42]. Moreover, alphaherpesvirus VHS is
encoded by UL41 and it is able to degrade host cellular and 
viral mRNA [43]. However, VP16 negatively regulates VHS to 
inhibit its mRNA degradation activity and stimulate viral gene 
expression [44]. Intriguingly, our results indicated that inhibi
tion of USP14 influenced PRV proliferation by degrading viral 
VP16 protein via ER stress-triggered selective autophagy. 
Under b-AP15 treatment, VP16K168R was not degraded and 
it could fully rescue PRV proliferation. Thus, our data sug
gested that VP16 was a promising therapeutic target to treat 
alphaherpesviruses infection.

Xenophagy is a selective form of autophagy that utilizes the 
cargo capture receptors, SQSTM1 for example, to bind both 
ubiquitin and LC3 to facilitate sequestration of an invasive 
microorganism to autolysosomes [45]. The HECT-type E3 
ubiquitin ligase SMURF1 may be responsible for HSV-1 cap
sid ubiquitination, which is required for autophagic targeting 
[46]. We demonstrated that inhibition of USP14 enhanced 
VP16 ubiquitination and subsequent degradation by 
SQSTM1-mediated selective autophagy. Alphaherpesvirus, 
however, have evolved several mechanisms to modulate
autophagy. The PRV US3 tegument protein may reduce the 
level of autophagy by activating the AKT-MTOR pathways 
[47]. Varicella zoster virus inhibits autophagosome-lysosome 
fusion and the degradation stage of MTOR-mediated

autophagic flux [48]. Inhibition of ULK1 and BECN1 by the 
HSV-1 AKT like Ser/Thr kinase limits autophagy to stimulate 
virus replication [49]. An HSV-1 recombinant lacking the 
BECN1-binding domain of ICP34.5 is severely neuroattenu
ated and fails to inhibit xenophagy [50]. Therefore, augmen
tation of the autophagy-mediated degradation of essential 
proteins encoded by alphaherpesvirus could enable to develop 
a new class of antiviral therapies.

Previous studies have reported that alphaherpesviruses 
suppress ER stress to facilitate viral replication. The HSV-1 
VHS protein suppresses the ERN1/XBP1 signaling pathway of 
the UPR through its RNase activity [51]. The HSV-1 gB 
protein associates with EIF2AK3 to maintain ER homeostasis 
in infected cells [52]. Moreover, the HSV-1 ICP0 protein is 
used as a sensor to disarm the UPR in the early stages of 
infection [53]. Both HSV and PRV infections can inhibit ER 
stress through dephosphorylation of EIF2A [54,55]. HSV-1 
ICP34.5 binds to PPM1A (protein phosphatase 1A) to counter 
PKR-mediated phosphorylation of EIF2A to activate cellular 
transcription for viral replication and virulence [56]. Our 
study showed that inhibition of USP14 activated ER stress to 
trigger autophagy and VP16 degradation, which might explain 
why alphaherpesviruses suppressed ER stress to facilitate viral 
replication. Moreover, sustained, unresolved ER stress causes 
the UPR to switch from an adaptive response to a pro-apop
totic response [57]. Nonetheless, we showed that inhibition of 
USP14 had no inhibitory effect on cell proliferation, which 
suggested that USP14 inhibitors had limited side effects on 
cytotoxicity. It would be interesting to determine the role of 
ER stress induced by different stimuli in alphaherpesvirus 
replication.

Studies have shown that USP14 is involved in ER stress 
and autophagy. USP14 directly binds to ERN1 to inhibit ER- 
associated degradation [58]. Similar phenomena indicate that 
ER stress-mediated ERN1 activation is part of mutant hun
tingtin protein toxicity and that this is counteracted by USP14 
expression [59,60]. It is reported that inhibition of USP14 
significantly impairs cellular autophagic flux, especially at 
the autophagosome-lysosome fusion step [61]. Lee et al. also 
indicate that USP14 inhibition delays the fusion of autopha
gosomes with the lysosome [62]. However, other studies have 
demonstrated that USP14 regulates autophagy by negatively 
controlling K63 ubiquitination of BECN1 and inhibition of 
USP14 promotes autophagy in M1-like macrophages [63,64]. 
Our data showed that inhibition of USP14 enhanced autopha
gic flux. In addition, the USP14 inhibitor IU1 influences 
replication of several flaviviruses, possibly because of 
enhanced proteasome activity [65]. Our study indicated that 
the proteasome inhibitor MG132 could not suppress VP16
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Figure 9. B-AP15 antagonizes PRV infection in vivo. Preventive strategy for PRV-QXX challenge and b-AP15 treatment in mice. (B) Mice were intraperitoneally injected 
with DMSO or b-AP15 (8 mg/kg) on day −4 and day −2. On day 0, mice were intraperitoneally injected with DMSO or b-AP15 (8 mg/kg) and intranasally infected with 
PRV-QXX (5 × 103 TCID50 per mouse). The survival rate was monitored daily for 10 days (n = 12 per group). (C) Mice were treated as in B. On day 3, VP16, FOXO1, 
XBP1, p-EIF2AK3, EIF2AK3, p-EIF2A, EIF2A, SQSTM1, LC3-I and LC3-II levels in the lung were assessed by immunoblot analysis (n = 3). (D and E) Mice were treated as 
in B. On day 3, PRV gE mRNA (D) and PRV genome copy numbers (E) in the lung were assessed by the qRT-PCR analysis (n = 4). (F) Sections of mouse lungs from D 
were stained by hematoxylin-eosin staining. Scale bar: 100 μm. (G) Quantification of alveolar numbers from F by ImageJ software. (H) Therapeutic strategy for PRV- 
QXX challenge and b-AP15 treatment in mice. (I) On day 0, mice were intranasally infected with PRV-QXX (5 × 103 TCID50 per mouse). Mice were intraperitoneally 
injected with DMSO or b-AP15 (8 mg/kg) on day 1 and day 3. The survival rate was monitored daily for 10 days. (n = 12 per group). (J) A schematic model showing 
inhibition of USP14 influenced alphaherpesvirus proliferation. Data were shown as mean ± SD based on three independent experiments. ** P < 0.01, *** P < 0.001 
determined by two-tailed Student’s t-test. 

AUTOPHAGY 1815



degradation under b-AP15 treatment. The roles of USP14 in 
ER stress and autophagy were complicated in distinct context. 
The detailed mechanisms by which USP14 induced ER stress 
and autophagy needed further investigation in the future.

Materials and Methods

Mice

Experiments involving animals were approved by the 
Committee on the Ethics of Animal Care and Use of 
National Research Center for Veterinary Medicine. The 
study was conducted in accordance with the Guide for the 
Care and Use of Animals in Research of the People’s Republic 
of China.

Female 6- to 8-weeks old BALB/c mice were purchased 
from the Center of Experimental Animal of Zhengzhou 
University (Zhengzhou, China) and maintained in a specific 
pathogen free animal facility according to the guide for the 
care and use of laboratory animals and the related ethical 
regulations at Henan Agricultural University.

Cells and viruses

PK-15 (American Type Culture Collection, ATCC, CCL-33), 
3D4/21 (ATCC, CRL-2843), HEK293T (ATCC, CRL-11268), 
and Vero (ATCC, CL-81) were cultured in DMEM (Gibco, 
10,566–016) supplemented with 10% FBS (Gibco, 
10,099,141 C), 100 units/ml penicillin, and 100 mg/ml strep
tomycin sulfate (Sangon, B540732). All cells were grown in 
monolayers at 37°C in 5% CO2. PRV-QXX (virulent strain) 
and PRV-GFP (recombinant strain) was used as previously 
described [22].

Chemical reagents

SJB3-019A (HY-80012), SJB2-043 (HY-15757), ML-323 (HY- 
17543), PR-619 (HY-13814), USP7-USP47 inhibitor (HY- 
13487), USP7-IN-1 (HY-16709), P22077 (HY-13865), 
P005091 (HY-15667), DUBs-IN-1 (HY-50736), DUBs-IN-2 
(HY-50737A), DUBs-IN-3 (HY-50737), b-AP15 (HY-13989), 
degrasyn (HY-13264), MG-132 (HY-13259), bafilomycin A1 
(HY-100558) and 3-MA (HY-19312) were from 
MedChemExpress; and GSK2606414 (S7307) was from 
Selleck.

Antibodies

The antibodies anti-LC3 (12,741), anti-LC3-II (3868), anti- 
SQSTM1/p62 (5114), anti-ATG5 (12,994), anti-ATG12 
(4180), anti-BECN1/beclin-1 (3495), anti-p-EIF2AK3/PERK 
(3179) and anti-p-EIF2A/eIF2α (3398) were from Cell 
Signaling Technology; anti-USP14 (14,517-1-AP), anti- 
HSPA5/Bip (11,587-1-AP), anti-ATF6 (24,169-1-AP), anti- 
EIF2AK3/PERK (24,390-1-AP), anti-EIF2A/eIF2α (11,170-1- 
AP), anti-ATF4 (10,835-1-AP), anti-XBP1 (25,997-1-AP), 
anti-FOXO1 (18,592-1-AP) and anti-EGFP (50,430-2-AP) 
were from Proteintech; anti-FLAG (F1804) and anti-ACTB/ 
β-actin (A1978) were from Sigma-Aldrich; anti-His6 (A00186-

100), anti-GST (A00865-100), and anti-HA (A01244-100) 
were from Genscript; anti-UB (sc-8017) was from Santa 
Cruz Biotechnology; Alexa Fluor 488-conjugated goat anti- 
rabbit IgG (A-11034), Alexa Fluor 568-conjugated goat anti- 
mouse IgG (A-11004), and Alexa Fluor 633-conjugated goat 
anti-mouse IgG (A-21052) were from Thermo Fisher 
Scientific. Mouse monoclonal antibody against PRV VP16 
was a gift from Jing-Fei Wang (Harbin Veterinary Research 
Institute, Harbin, China). Anti-PRV gB was used as previously 
described [66].

Plasmids and transfection

The coding sequence of USP14 was amplified from the cDNA 
of PK-15 cells and cloned into p3 × FLAG-CMV-14 (Sigma- 
Aldrich, E4901). The coding sequence of PRV VP16 was 
amplified from the genomic DNA of PRV-QXX, and cloned 
into p3 × FLAG-CMV-10 (Sigma-Aldrich, E4401) and 
pmCherry-C1 (Clontech, 632,524) [67]. FLAG-VP16K168R, 
FLAG-VP16K305R, USP14S432A-FLAG and SQSTM1ΔUBA- 
EGFP were generated by site-directed mutagenesis, according 
to the manufacturer’s instructions (Stratagene, 200,519). 
SQSTM1-EGFP was a gift from Liang Ge (School of Life 
Sciences, Tsinghua University, China) [68]. HA-UB, HA- 
UBK48 and HA-UBK63 were gifts from Bo Zhong (College of 
Life Sciences, Wuhan University, China) [14,69]. GFP-LC3 
and GFP-RFP-LC3 were used as previously described [67]. 
All plasmids were transfected with Lipofectamine 3000 
(Invitrogen, L3000015) according to the manufacturer’s 
instructions.

Cell viability and proliferation assays

PK-15 and 3D4/21 cells were seeded at 1 × 104 per well in 96- 
well plates and cell viability and proliferation levels were 
determined using a CCK-8 cell counting assay (DingGuo, 
GK3607).

Flow cytometry assay

PK-15 cells were infected with PRV-GFP (multiplicity of 
infection [MOI] = 0.01) and treated with compounds at 
indicated concentrations for 36 h. Cells were digested with 
trypsin-EDTA (Gibco, 25,200,072), collected by centrifuga
tion, and re-suspended in PBS (Solarbio, P1010). The percen
tage of GFP-positive cells was measured by flow cytometry on 
a Beckman CytoFLEX instrument. All data were analyzed 
using the CytExpert software.

Immunoblot analysis

Cells were collected in lysis buffer (50 mM Tris-HCl [Solarbio, 
T8060], pH 8.0, 150 mM NaCl [Solarbio, S8210], 1% Triton 
X-100 [Solarbio, T8200], 1% sodium deoxycholate [Solarbio, 
ST9540], 0.1% SDS [Solarbio, S8010], 2 mM MgCl2 [Solarbio, 
M8161]) supplemented with protease and phosphatase inhi
bitor cocktail (MedChemExpress, HY-K0010 and HY-K0022). 
The protein concentrations of the lysates were quantified with 
a BCA Protein Assay Kit (DingGuo, BCA01). Protein samples
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were separated by SDS-PAGE (Genscript, M00660) and trans
ferred to membranes (Millipore, ISEQ00010), which were 
incubated in 5% nonfat milk (Sangon, A600669) for 1 h at 
room temperature. The membrane was incubated with the 
primary antibody overnight at 4°C and then incubated with 
horseradish-peroxidase-conjugated secondary antibody 
(Jackson ImmunoResearch Laboratories, 709–035-149 or 
715–035-150) for 1 h at room temperature. Immunoblot 
results were visualized with luminata crescendo western 
HRP substrate (Millipore, WBLUR0500) on a GE AI600 ima
ging system.

Immunofluorescence analysis

Cells grown on coverslips (Thermo Fisher Scientific, 12–545- 
80) were fixed with 4% paraformaldehyde (Sigma-Aldrich, 
158,127) for 30 min, permeabilized in 0.1% Triton X-100
(Solarbio, T8200), and incubated with PBS containing 10% 
FBS (10%FBS-PBS) with the primary antibody for 1 h at room 
temperature. The cells were washed three times with PBS and 
then labeled with 10%FBS-PBS containing the appropriate 
fluorescent secondary antibody for 1 h. The cells were finally 
washed in PBS and mounted in ProLong Diamond with DAPI 
(Invitrogen, P36971). Images were captured on a Zeiss LSM 
800 confocal microscope and processed in ImageJ software for 
quantitative image analysis.

Co-IP assay

Cells were transfected with the indicated plasmids for 24 h, 
harvested and lysed in 1 ml of lysis buffer (PBS, 1% NP-40 
[Solarbio, N8032], 5 mM EDTA [Solarbio, E8030], 5 mM 
EGTA [Solarbio, E8050]) and clarified by centrifugation at 
16,000 g for 10 min at 4°C. Next, 900 μl aliquots were incu
bated with 40 μl of a 1:1 slurry of sepharose conjugated with 
either IgG (GE Healthcare, 17–0969-01) or anti-FLAG mouse 
mAb (Sigma-Aldrich, A2220) for 4 h at 4°C. The beads were 
washed four times with lysis buffer and were eluted with SDS 
sample buffer (Solarbio, P1015) by boiling for 10 min before 
immunoblot analysis.

Ubiquitination assay

Cells were harvested and lysed in 1 ml of IP buffer (PBS, 1% 
NP-40 [Solarbio, N8032], 1% sodium deoxycholate [Solarbio, 
ST9540], 5 mM EDTA [Solarbio, E8030], 5 mM EGTA 
[Solarbio, E8050]) and clarified by centrifugation at 16,000 g 
for 10 min at 4°C. Next, 900 μl aliquots were incubated with 
40 μl of a 1:1 slurry of sepharose conjugated with either anti-
VP16 mouse mAb or anti-FLAG mouse mAb (Sigma-Aldrich, 
A2220) for 4 h at 4°C. The beads were washed four times with 
lysis buffer and eluted with SDS sample buffer by boiling for 
10 min before immunoblot analysis.

In vitro affinity isolation assay

GST-tagged recombinant proteins (pGEX-4 T-3; GE 
Healthcare, 28–9545-52) and His6-tagged recombinant pro
teins (pET-21b; Novagen, 69,741–3) were expressed in E. coli

BL21 and purified under non-denaturing conditions by using 
glutathione-Sepharose 4 Fast Flow (GE Healthcare, 
17,513,202) or Ni-NTA-agarose (Qiagen, 30,210) according 
to the manufacturer’s instructions. Non-ubiquitinated 
FLAG-VP16, FLAG-VP16K168R and FLAG-VP16K305R were 
expressed in HEK293T and ubiquitinated FLAG-VP16, 
FLAG-VP16K168R and FLAG-VP16K305R were expressed in b- 
AP15 treated HEK293T cells. FLAG-VP16 variants were affi
nity purified in IP buffer using sepharose conjugated with 
anti-FLAG mouse mAb (Sigma-Aldrich, A2220). The ubiqui
tination of FLAG-VP16 variants was analyzed by immonoblot 
analysis of UB.

Aliquots of FLAG beads (Sigma-Aldrich, A2220) contain
ing 1 nM of the recombinant FLAG-tagged proteins were 
mixed with 1 nM of each GST or His6 fusion protein in 
500 μl of binding buffer (PBS, pH 7.2, 1% Triton X-100 
[Solarbio, T8200]) and incubated for 45 min on a rotating 
platform at 4°C. The beads were collected by centrifugation at 
1000 g for 3 min. Supernatants were removed and the beads 
were washed five times with binding buffer. The proteins 
bound to beads were eluted with SDS sample buffer by boiling 
for 10 min before immunoblot analysis.

In vitro de-ubiquitination assay

Ubiquitinated FLAG–VP16 was purified from b-AP15-treated 
HEK293T cells by immunoprecipitation. The immunopreci
pitates were eluted using the FLAG peptide (0.5 mg/ml). GST- 
USP14 (0–8 μg) and FLAG–VP16 (1 μg) were incubated in a 
buffer containing 50 mM HEPES (Solarbio, H8090), pH 8.0, 
0.01% Brij-35 (Sigma-Aldrich, P1254), 3 mM DTT (Solarbio, 
D8220), and 1 μM ATP (Solarbio, A8270) and incubated at 
37°C for 2 h. Samples were prepared for immunoblot analysis 
as aforementioned.

Iodixanol density gradient centrifugation

Cells were homogenized in lysis buffer (5 mM MOPS 
[Solarbio, M8150], pH 7.5, 0.25 M sucrose [Solarbio, S8271], 
5 mM EDTA [Solarbio, E8030], 5 mM EGTA [Solarbio, 
E8050]). The cells were broken to release intracellular com
partments, organelles and proteins by 25 passages through a 
25 G1 needle (Shanghai Kindly Medical Instruments, 
60,016,674). After centrifugation at 1,500 g for 5 min, the 
post-nuclear supernatant was collected, and then mixed with 
2 ml PBS and loaded in the bottom, and then 2 ml of 50%, 
30%, 25%, 15%, 10% and 5% OptiPrep (Sigma-Aldrich, 
D1556) solutions were loaded. The separation of intracellular 
organelles was performed by ultracentrifugation for 5 h in an
MLS-50 rotor at 94,000 g. The fractions were collected and 
analyzed for the presence of the indicated proteins by immu
noblot analysis.

qRT-PCR

Total RNA was isolated with TRIzol Reagent (TaKaRa, 9108) 
and subjected to cDNA synthesis with a PrimeScript™ RT 
reagent Kit (TaKaRa, RR047A). qRT-PCR was performed in 
triplicate using SYBR Premix Ex Taq (TaKaRa, RR820A)
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according to the manufacturer’s instructions, and data were 
normalized to the level of ACTB/β-actin expression in each 
individual sample. Melting curve analysis indicated formation 
of a single product in all cases. The 2−ΔΔCt method was used 
to calculate relative expression changes. PRV genome copy 
numbers were quantified as previously described [22]. 
Primers used for qRT-PCR are as follows: PRV IE180-Fw: 
5′- CATCGTGCTGGACACCATCGAG-3′; PRV IE180-Rv: 
5′- ACGTAGACGTGGTAGTCCCCCA-3′; PRV EP0-Fw: 5′- 
GGGTGTGAACTATATCGACACGTC-3′; PRV EP0-Rv: 5′- 
TCAGAGTCAGAGTGTGCCTCG-3′; PRV UL9-Fw: 5′- 
CAAGTTCAAGCACCTGTTCGA-3′; PRV UL9-Rv: 5′- 
TGAGGCTGTCGTTGACGC-3′; PRV gH-Fw: 5′- 
CTCGCCATCGTCAGCAA-3-3′; PRV gH-Rv: 5′- 
GCTGCTCCTCCATGTCCTT-3′; PRV gE-Fw: 5′- 
GGCATCGCCAACTTCTTCC-3′; PRV gE-Rv: 5′- 
CCTCGTCCACGTCGTCCTC-3′; Porcine-ACTB-Fw: 5′- 
CTGAACCCCAAAGCCAACCGT-3′; Porcine-ACTB-Rv: 5′- 
TTCTCCTTGATGTCCCGCACG-3′; Porcine-ATF4-Fw: 5′- 
CCCTTTACGTTCTTGCAAACTC-3′; Porcine-ATF4-Rv: 5′- 
GCTTCCTATCTCCTTCCGAGA-3′; Porcine-PPP1R15A-Fw: 
5′-AAGAGCCTGGAGAGAGGAGAG-3′; Porcine- 
PPP1R15A-Rv: 5′-GTCCCCAGGTTTCCAAAAGCA-3′; 
Porcine-DDIT3-Fw: 5′-CTCAGG AGGAAGAGGAGGAAG- 
3′; Porcine-DDIT3-Rv: 5′-GCTAGCTGTGCCACTTTCCTT- 
3′; Porcine-XBP1(s)-Fw: 5′-GAGTCCGCAGCAGGTG-3′; 
Porcine-XBP1(s)-Rv: 5′-CCGTCAGAATCCATGGGG-3′; 
Porcine-XBP1(t)-Fw: 5′-TCCGCAGCACTCAGACTACGT- 
3′; Porcine-XBP1(t)-Rv: 5′- 
ATGCCCAAGAGGATATCAGACTC-3′; Porcine-DNAJB9- 
Fw: 5′-CAGAGAGATTGCAGAAGCATATGA-3′; Porcine- 
DNAJB9-Rv: 5′-GCTTCTTGGATCGAGTGTTTT-3′; 
Porcine-FOXO1-Fw: 5′-TTCACCAGGCACCATCAT-3′; 
Porcine-FOXO1-Rv: 5′-GGAGGAGAGTCGGAAGTAA-3′; 
Mouse-Actb-Fw: 5′- CCCCATTGAACATGGCATTG-3′; 
Mouse-Actb-Rv: 5′- ACGACCAGAGGCATACAGG-3′; 
Mouse-Atf4-Fw: 5′- ACAAGACAGCAGCCACTA-3′; 
Mouse-Atf4-Rv: 5′- CTTACGGACCTCTTCTATCAG-3′; 
Mouse-Ppp1r15a-Fw: 5′- CTCCAACTCTCCTTCTTCAG-3′; 
Mouse-Ppp1r15a-Rv: 5′-GTCCCCAGGTTTCCAAAAGCA- 
3′; Mouse-Ddit3-Fw: 5′-CTCAGGAGGAAGAGGAGGAAG- 
3′; Mouse-Ddit3-Rv: 5′-GCTAGCTGTGCCACTTTCCTT-3′; 
Mouse-Xbp1(s)-Fw: 5′- GAGTCCGCAGCAGGTG-3′; 
Mouse-Xbp1(s)-Rv: 5′- GTGTCAGAGTCCATGGGA-3′; 
Mouse-Xbp1(t)-Fw: 5′- TCCGCAGCACTCAGACTATGT-3′; 
Mouse-Xbp1(t)-Rv: 5′- AGCTTGGCTGATGAGGTC-3′; 
Mouse-Dnajb9-Fw: 5′- CAGGATGGTTCTAGTAGACAA-3′; 
Mouse-Dnajb9-Rv: 5′- CTCTTCGTTGAGTGACAGT-3′.

RNA interference

Cells were seeded in 60-mm dishes at a density of 4 × 105 cells 
per dish and were transfected with indicated siRNAs 
(GenePharma, Shanghai, China) at a final concentration of 
0.12 nM. Transfections were performed with Lipofectamine 
RNAiMAX Reagent (Invitrogen, 13,778,500) according to the 
manufacturer’s instructions in Opti-MEM reduced serum 
medium (Gibco, 31,985,062). The medium was replaced 
with DMEM containing 10% FBS at 8 h post-transfection.

The knockdown efficacy was assessed by immunoblot analysis 
at 48 h post-transfection. The siRNA sequences were as fol
lows: siControl: 5′-UUCUCCGAACGUGUCACGU-3′; 
siEIF2A-1: 5′-GGAAUACAACAACAUCGAAGG-3′; 
siEIF2A-2: 5′-GCAGAUAUUGAAGTGGCUUGU-3′; 
siEIF2A-3: 5′-CCCAAAGUGGUUACAGAUAC-3′.

FRET

Plasmids encoding SQSTM1-EGFP and VP16-mCherry were 
co-transfected into PK-15 cells for 24 h. Then, FRET between 
SQSTM1-EGFP (donor) and VP16-mCherry (acceptor) was 
measured by confocal microscopy (Zeiss LSM 800). FRET 
measurements were also made using a donor dequenching 
approach in which EGFP fluorescence was measured before 
and after photobleaching of VP16-mCherry. The FRET effi
ciency was calculated using ZEN black software (Zeiss).

Transmission electron microscope

PK-15 cells were treated with DMSO or b-AP15 (1 μM) for 
24 h. Cells were then fixed with 1% glutaraldehyde (Sigma- 
Aldrich, G5882) for 30 min, postfixed with 1% osmium tetr
oxide (Sigma-Aldrich, 209,104) for 1 h, washed with PBS, 
dehydrated, and embedded in Epoxy embedding medium 
(Sigma-Aldrich, 45,345). Ultrathin sections were cut and 
post-stained with aqueous uranyl acetate (Electron 
Microscopy China, GZ02625) and lead citrate (Electron 
Microscopy China, GZ02618). Images were taken on an FEI 
Tecnai G2 Spirit Transmission Electron Microscope operated 
at 120 kV.

Generation of gene knockout cell lines using CRISPR-Cas9

sgRNAs targeting porcine USP14, ATG5 and BECN1 were 
synthesized and cloned into the lentiCRISPR v2 vector 
(Addgene, 52,961; deposited by Feng Zhang from Broad 
Institute of MIT and Harvard). On day 0, HEK293T cells 
were seeded in 10-cm dishes at 4 × 106 per dish. On day 1, 
the cells were transfected with 2 μg/dish lentiCRISPR v2 
(Addgene, 52,961; deposited by Feng Zhang from Broad 
Institute of MIT and Harvard) with indicated sgRNAs, 
1.5 μg/dish psPAX2 (Addgene, 12,260; deposited by Didier 
Trono from École Polytechnique Fédérale de Lausanne), and 
0.5 μg/dish pMD2.G (Addgene, 12,259; deposited by Didier 
Trono from École Polytechnique Fédérale de Lausanne) using 
Lipofectamine 3000 (Invitrogen, L3000015). On day 3, the 
culture media containing the viruses were collected and 
were used for infection of PK-15 cells followed by selection
in culture medium containing puromycin (4 μg/ml; Solarbio, 
P8230) for another 7 days. Single clonal knockout cells were 
obtained by serial dilution and verified by Sanger sequencing 
and immunoblot analysis. sgRNAs are as follows: sgUSP14: 5′- 
CACCGGGGGAAAGGAGAAATTTGA-3′; sgATG5: 5′- 
CACCGAGAAGACATTAGTGAGATATGG-3′; sgBECN1: 
5′-CACCGACATCCAGCAGCACCATGCAGG-3′.
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Generation of rPRV ∆UL48 using CRISPR-Cas9 through 
homology-directed recombination

sgRNA targeting PRV UL48 (5′- 
CACCGCTGCACCTGTACGTGGCCA-3′) was synthesized 
and cloned into the lentiCRISPR v2 vector (Addgene, 
52,961; deposited by Feng Zhang from Broad Institute of 
MIT and Harvard). Lentivirus produced according to the 
aforementioned procedure was used to infect HEK293 cells. 
At 24 h post infection, cells were transfected with PRV-QXX 
genomic DNA, a donor plasmid containing the expression 
cassette of GFP [70], and FLAG-VP16. The recombinant 
virus was further purified by endpoint dilution in FLAG- 
VP16-transfected PK-15 cells.

TCID50 assay

On day 0, vero cells were seeded in a 96-well plate at 104 per 
well. On day 1, the cells were inoculated with serially diluted 
viruses (10−1–10−12 fold) for 1 h at 37°C. The excess virus
inoculum was removed by washing with PBS. Then, 200 μl 
maintenance medium (DMEM with 2% FBS) was added to 
each well and the cells were cultured for 3–5 days. The cells 
demonstrating the expected cytopathic effect were observed 
daily and the TCID50 value was calculated using the Reed– 
Muench method.

Plaque assay

Vero cells were cultured to confluency in six-well plates and 
inoculated with serially diluted viruses (10−1–10−7 fold) for 
1 h at 37°C. The excess viral inoculum was removed by 
washing with PBS. Next, 4 ml of DMEM-1%methylcellulose 
(Solarbio, M8070) was added to each well, and the cells were 
further cultured for 4–5 days. The cells were fixed with 4% 
paraformaldehyde (Sigma-Aldrich, 158,127) for 15 min and 
stained with 1% crystal violet (Sigma-Aldrich, C0775) for 
30 min before the plaques were counted.

Histological analysis

The lung tissues dissected from mice were fixed in 4% paraf
ormaldehyde (Sigma-Aldrich, 158,127) overnight, embedded 
in paraffin (Solarbio, YA0012), sectioned, and stained with 
hematoxylin (Sigma-Aldrich, MHS1) and eosin (Sigma- 
Aldrich, E4009) solution.

Statistical analysis

All data were analyzed in Prism 7 software (GraphPad 
Software) using a two-tailed Student’s t-test. P < 0.05 was
considered statistically significant. For mouse survival studies, 
Kaplan-Meier survival curves were generated and analyzed for 
statistical significance.
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