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Abstract

Apoptosis is a critical host antiviral defense mechanism. But many viruses have evolved
multiple strategies to manipulate apoptosis and escape host antiviral immune responses.
Herpesvirus infection regulated apoptosis; however, the underlying molecular mechanisms
have not yet been fully elucidated. Hence, the present study aimed to study the relationship
between herpesvirus infection and apoptosis in vitro and in vivo using the pseudorabies
virus (PRV) as the model virus. We found that mitochondria-dependent apoptosis was
induced by PRV gM, a late protein encoded by PRV UL 10, a virulence-related gene involved
in enhancing PRV pathogenicity. Mechanistically, gM competitively combines with BCL-XL
to disrupt the BCL-XL-BAK complex, resulting in BCL-2-antagonistic killer (BAK) oligomeri-
zation and BCL-2-associated X (BAX) activation, which destroys the mitochondrial mem-
brane potential and activates caspase-3/7 to trigger apoptosis. Interestingly, similar
apoptotic mechanisms were observed in other herpesviruses (Herpes Simplex Virus-1
[HSV-1], human cytomegalovirus [HCMV], Equine herpesvirus-1 [EHV-1], and varicella-
zoster virus [VZV]) driven by PRV gM homologs. Compared with their parental viruses, the
pathogenicity of PRV-AUL10 or HSV-1-AUL10 in mice was reduced with lower apoptosis
and viral replication, illustrating that UL 10is a key virulence-related gene in PRV and HSV-
1. Consistently, caspase-3 deletion also diminished the replication and pathogenicity of
PRV and HSV-1 in vitro and in mice, suggesting that caspase-3-mediated apoptosis is
closely related to the replication and pathogenicity of PRV and HSV-1. Overall, our findings
firstly reveal the mechanism by which PRV gM and its homologs in several herpesviruses
regulate apoptosis to enhance the viral replication and pathogenicity, and the relationship
between gM-mediated apoptosis and herpesvirus pathogenicity suggests a promising
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Author summary

Apoptosis plays a crucial role in eliminating virus-infected cells and maintaining tissue
homeostasis. Herpesviruses have evolved numerous strategies for manipulating apoptosis.
However, the molecular mechanisms by which herpesvirus infection induces apoptosis
are not fully unclear. In this study, PRV was used as a model virus to elucidate the rela-
tionship between herpesvirus infection and apoptosis. We reported that PRV gM induced
mitochondria-dependent apoptosis by competitively binding to the anti-apoptosis protein
BCL-XL and activating the apoptosis effectors caspase-3/7/9 to enhance the viral replica-
tion and pathogenicity in vitro and in mice. Importantly, we found that the PRV gM
homologs of herpesviruses (HSV-1, HCMV, EHV-1, and VZV) shared the same mecha-
nism to promote apoptosis. Additionally, the reduced pathogenicity of PRV and HSV-1 in
caspase-3*/" mice suggested that caspase-3-mediated apoptosis driven by gM protein was
a key regulator to the replication and pathogenicity of PRV and HSV-1. Our study firstly
reveals the molecular mechanism by which PRV gM and its homologs in several herpesvi-
ruses regulate apoptosis to enhance the viral replication and pathogenicity. These findings
provide novel insights for developing new vaccine candidates and antiviral drugs. Based
on these findings, inhibiting apoptosis is a promising therapeutic strategy for treating her-
pesvirus-related diseases.

Introduction

Herpesviruses are a large family of enveloped DNA viruses including the following three
major subfamilies: o, B, and y herpesvirus [1]. Herpes simplex virus 1 (HSV-1), pseudorabies
virus (PRV), equine herpesvirus 1 (EHV-1), and varicella-zoster virus (VZV) belong to o her-
pesvirus, while human cytomegalovirus (HCMV) belongs to B herpesvirus. HSV-1 and PRV
are closely related functionally with other herpesviruses; therefore, they are widely used as
model viruses to study viral protein functions [2,3]. In addition to its natural host, pigs, PRV
also infects other livestock, rodents, and wild animals, resulting in huge economic losses.
Recently, the emergence of virulent PRV isolates and an increasing number of PRV-infected
patients have indicated that PRV poses a potential threat to public health [4]. The PRV genome
consists of approximately 150 kb linear double-stranded DNA, which encodes approximately
70 specific proteins, including 11 glycoproteins: glycoprotein B (gB), gC, gD, gE, gG, gH, gI,
gK, gL, gM, and gN [5]. Similar to HSV-1, PRV ULI10 gene-encoded gM protein contains eight
transmembrane domains and an N-glycosylated component [5]. In contrast, the gM homologs
in HCMV, EHV-1, and VZV are encoded by UL100, ORF52, and ORF50, respectively. Inter-
estingly, the PRV gM protein and its homologs in other herpesviruses are conserved through-
out Herpesviridae, suggesting their significant role in the viral life cycle [1]. For example, PRV
gM plays an essential role in virion assembly during viral infection, and UL10 deletion reduces
viral titers by 10- to 100-fold in HSV-1 and PRV [6]. gM homologs have also been identified in
HCMYV and EHV-1, which are major structural proteins in the virions [7,8]. Furthermore, gM
proteins of PRV and HSV-1 prevent syncytium formation mediated by gB, gD, and gH/gL and
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are involved in viral invasion [9,10]. Thus, gM is a multifunctional protein involved in the her-
pesvirus life cycle.

Apoptosis, also known as programmed cell death, plays a crucial role in eliminating virus-
infected cells and maintaining tissue homeostasis. The two main apoptotic signaling pathways
are the extrinsic (death receptor) and intrinsic (mitochondria) pathways. Mitochondria play a
central role in regulating intrinsic apoptosis [11]. The intrinsic pathway is triggered by intra-
cellular stress signals, such as virus infection and DNA damage, resulting in conformational
changes of pro-apoptotic effectors BAX and BAK. Then, BAX and BAK translocate, oligomer-
ize, and form large pores on the mitochondrial membrane [12,13], altering mitochondrial
outer membrane permeabilization and releasing cytochrome C (Cyto C) and apoptosis induc-
ing factor (AIF). The apoptosome, a complex containing Cyto C, apoptotic protease activating
factor-1, and pro-caspase-9, is assembled in the cytosol, and the released AIF is transferred
into the nucleus to induce DNA fragmentation [14]. The activation of initiator caspases,
including caspase-9, results in the activation of effector caspases, such as caspase-3/7, which
selectively process their substrates, such as poly (ADP-ribose)-polymerase 1 (PARP1), leading
to apoptosis [11].

Herpesviruses, including HSV-1, PRV, and VZV, have evolved numerous strategies to
manipulate apoptosis [15]. For example, HSV-1 renders infected cells resistant to apoptosis
induced by cytotoxic T lymphocytes in vitro to enhance viral replication [16]. Additionally,
HSV-1-infected neurons are resistant to apoptosis and form latent infections in rabbit [17].
However, HSV-1-infected human immature dendritic cells undergo apoptosis [18]. These
studies revealed the various mechanisms of apoptosis involved in HSV-1 infection. With ubiq-
uitous tissue tropism, PRV can infect almost all organs and tissues, including the liver, spleen,
lung, kidney, tonsil, and nervous system, resulting in extensive tissue necrosis [19]. PRV infec-
tion induces host cell apoptosis during the late stage of viral infection [20,21], and cell death is
the main way that PRV passes through the basement membrane and releases viral particles
[22]. The inhibition of apoptosis by phosphonoformate sodium decreases DNA copy numbers
and gE, gG, and gD protein levels of PRV [23]. These studies suggest that PRV-induced apo-
ptosis is correlated with viral replication. Moreover, PRV-infected pigs demonstrate altered
expression levels and ratios of apoptosis-related proteins, such as BCL-2 and BAX, and PRV-
infected immune cells, including lymphocytes and macrophages, exhibit morphological char-
acteristics of apoptosis, such as cell shrinkage, nuclear fragmentation, and apoptotic body for-
mation [24,25], suggesting that PRV-induced apoptosis may be closely related to viral
pathogenicity. Thus, exploring the mechanism of PRV infection-induced apoptosis can pro-
vide a foundation for elucidating the pathogenic mechanisms and pathogenicity of PRV. How-
ever, the molecular mechanisms by which PRV induces apoptosis, and the role of apoptosis in
PRV infection are still unclear.

The present study aimed to study the relationship between herpesvirus infection and apo-
ptosis in vitro and in vivo using PRV as the model virus. Our results revealed that the gM pro-
teins of PRV and HSV-1 are key virulence-related proteins involved in inducing
mitochondria-mediated apoptosis, and that caspase-3-mediated apoptosis is closely linked to
the replication and pathogenicity of PRV and HSV-1; these findings provide novel insights for
the development of new attenuated live vaccine candidates and antiviral drugs.

Results
PRV gM protein induces apoptosis

To characterize the pathogenicity and cell death induced by PRV infection in vivo, three spe-
cific pathogen-free (SPF) piglets (6-week-old) were intranasally infected with 10° TCIDs, (50%
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tissue infective dose)/mL of PRV (1 mL/piglet), and two piglets treated with phosphate buft-
ered saline (PBS) were used as controls. At 8 days post-infection (dpi), all piglets incubated
with PRV died, and more copies of PRV genomic DNA were detected in the brain, lung,
spleen, and tonsil than those in the PBS-treated group (S1A and S1B Fig). Furthermore, obvi-
ous cell death was observed after hematoxylin and eosin (H&E) staining and terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining in the tissues of
PRV-treated group. PRV infection induced piamater necrosis and neuroglial cell death in the
brain. Extensive inflammatory cell infiltration and congestion as well as bronchiolar epithelial
cell degeneration and necrosis were observed in the lung. The tonsil presented lymphopenia,
nuclear pyknosis, and focal necrosis (black arrowhead) (S1C Fig). Moreover, the tonsil and
brain of PRV-infected piglets presented more TUNEL-labeled apoptotic cells (red) than those
in PBS-treated piglets (S1D and S1E Fig). These results indicate that PRV infection induces
severe apoptosis in piglets.

To further visualize PRV-induced apoptosis, the morphological changes in PRV-GFP-
infected HeLa cells were observed using a living cell imaging system. PRV-GFP-infected cells
gradually became rounder and smaller until they collapsed (black arrowhead) (S1 Video and
S2A Fig). Infection of primary porcine alveolar macrophages (PAMs) and HeLa cells with
PRV followed by TUNEL labelling revealed typical morphological characteristics of apoptotic
cells, such as cell shrinkage, rounding, and DNA fragmentation (TUNEL-labeled, yellow) until
cell death (red arrowhead) (S2B and S2C Fig). Additionally, PRV infection-induced extensive
apoptosis in PAMs, MPK, IPEC-]2, and 3D4/21 cells was confirmed using flow cytometry
after Annexin V-FITC/propidium iodide (PI) staining (S2D-S2G Fig). In summary, these
observations clearly demonstrate that PRV infection induces significant apoptosis in vitro and
in vivo.

Further, to identify the viral proteins involved in PRV infection-mediated apoptosis, 56
recombinant plasmids expressing PRV-encoded proteins were individually transfected into
HEK293T cells, and cell viability was determined by evaluating cellular ATPase activity at 36 h
post-transfection. Interestingly, similar to the pro-apoptotic protein BAK, UL56, UL43, UL20,
UL50, and UL10 gene-encoded proteins markedly decreased cell viability (Fig 1A). Under a
microscopy, we observed that HEK293T cells overexpressing UL10 gene-encoded PRV gM
protein exhibited apoptotic cell morphology. Moreover, overexpression of the PRV gM protein
decreased HEK293T cell viability dose-dependently, as determined by quantifying lactate
dehydrogenase (LDH) levels in the supernatants and cellular ATPase activity (Fig 1B and 1C).
Similar to the pro-apoptotic protein GFP-BAK, PRV gM-induced DNA fragmentation
(TUNEL-labeled, yellow) was observed in HeLa cells (Fig 1D). To further validate our findings,
we tracked the dynamic changes in HeLa cells after GFP-gM overexpression using a living cell
imaging microscopy. The gM protein formed aggresomes, which were single, large, juxtanuc-
lear structures, and HeLa cells gradually shrunk and became rounder and smaller until they
collapsed (S2 Video and Fig 1E). Using transmission electron microscopy, condensed chroma-
tin appeared as fragmented electron-dense masses (red C) and was marginalized to the periph-
ery of the nucleus (red N) in the Flag-gM-overexpressing HeLa cells, similar to Flag-BAK. In
addition, vacuolated endoplasmic reticulum (yellow arrowhead), apoptotic bodies (red arrow-
head), and swollen mitochondria, commonly associated with apoptosis, were also observed in
Flag-gM-overexpressing HeLa cells (Fig 1F). Thus, these results indicate that the PRV gM pro-
tein triggers apoptosis.

It has been reported that PRV gM is a late envelope glycoprotein [5]. We observed that
PRV gM protein formed an aggresome, a large juxtanuclear structure that appears to impinge
upon and distort the contour of the nuclear envelope. To better characterize the expression
cycle of gM protein during PRV infection, we tracked UL10 transcription and expression levels
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Fig 1. Pseudorabies virus (PRV) gM protein causes apoptosis. (A) Screening for PRV genes involved in cell death in vitro.
Plasmids expressing Flag-Vec. and Flag-BAK were used as negative and positive controls, respectively. (B-C) PRV gM protein
caused cell death in a dose-dependent manner. HEK293T cells transfected with plasmids expressing Flag-gM were analyzed for
lactate dehydrogenase (LDH) levels in the supernatants (B) and cellular ATP enzymatic activity (C). The Flag-Vec. and Flag-BAK
plasmids were used as negative and positive controls, respectively. (D) PRV gM protein induced DNA damage in the HeLa cells.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012146  April 26, 2024

5/32


https://doi.org/10.1371/journal.ppat.1012146

PLOS PATHOGENS

Pseudorabies virus gM protein induces apoptosis

Apoptotic cells were detected using TUNEL staining and analyzed using laser confocal microscopy. GFP-Vec. and GFP-BAK
plasmids were used as the negative and positive controls, respectively. (E) Morphological images of HeLa cells overexpressing GFP-
gM. Hela cells transfected with a plasmid expressing GFP-gM were monitored for morphological changes under a 63x oil objective
using a real-time confocal microscope. White number in top-left corner indicates relative time. (F) Observation of apoptosis in
HeLa cells transfected with plasmids expressing Flag-gM using transmission electron microscopy. The Flag-Vec. and Flag-BAK
plasmids were used as negative and positive controls, respectively. Red N, nucleus; red C, cytoplasm; red arrowhead, apoptotic
body; yellow arrowhead, vacuolated endoplasmic reticulum. Scale bars, 4 um. (G-H) Detection of gM transcription and expression
levels during PRV infection. HeLa cells (G) or porcine alveolar macrophages (PAMs) (H) were infected with PRV at a multiplicity
of infection (MOI) of 1 for 36 h. UL10 mRNA and gM protein levels were detected using quantitative polymerase chain reaction
(qPCR) and western blotting, respectively. Results shown are representative of three independent experiments (mean + standard
deviation [SD]) or of three independent experiments with similar results (one-way analysis of variance [ANOVA] in panels B-C).
R P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.g001

in HeLa cells and PAMs during PRV infection and detected gM protein at 24 h post infection
(Fig 1G and 1H). Notably, the molecular weight of PRV gM protein was >180 kDa when the
protein samples were boiled at 100°C for 10 min. A possible reason for this discrepancy is that
PRV gM is a hydrophobic membrane protein, and heat treatment induces membrane proteins
to aggregate and form polymers or undergo conformational changes. Interestingly, we overex-
pressed a plasmid expressing GFP-gM in human glioma cells (Ln229 cells) for 24 h and moni-
tored cellular morphological changes for the next 72 h. We observed the cytoplasmic
enrichment of gM protein in Ln229 cells, similar to that observed in HeLa and HEK293T cells.
However, gM aggresomes did not affect Ln229 cell division, wherein the gM aggresomes gradu-
ally decomposed into small particles and disappeared, rather than leading to cell shrinkage and
death (S3 Video), suggesting that PRV gM protein fair to induced apoptosis in the Ln229 cells.

PRV gM protein facilitates mitochondria-mediated apoptosis

Mitochondria play an important role in activating apoptosis in mammalian cells. Considering
the transmission electron microscopy findings of many swollen mitochondria in gM-overex-
pressing HeLa cells, we investigated whether mitochondria were involved in PRV gM-induced
apoptosis. HeLa cells were transfected with plasmids expressing GFP-gM and Mito-DsRed,
which was used to label the mitochondria. A real-time confocal assay was conducted to moni-
tor the dynamic changes in the mitochondria using a living cell imaging microscopy. Initially,
GFP-gM protein (green) was uniformly expressed in the cytoplasm, and mitochondria pre-
sented a normal rod shape and were divided into a network along the cytoplasm (S4 Video
and Fig 2A). Notably, the co-localization of PRV gM and mitochondria was absent. Subse-
quently, with PRV gM overexpression, the mitochondria shrank, aggregated, and fragmented
until cell death, while gM and mitochondria colocalized (S4 Video and Fig 2A). Meanwhile,
the mitochondrial potential was significantly reduced in gM-overexpressing HeLa cells

(Fig 2B). The central component of apoptosis is the proteolytic system, which involves a family
of proteases called apoptotic caspases. These enzymes participate in a cascade by cleaving a set
of proteins, such as PARP1, to trigger apoptosis, resulting in cell disassembly [26]. Western
blotting of the lysates from HEK293T cells transfected with a Flag-gM-expressing plasmid
revealed that PRV gM overexpression activated the apoptotic effectors caspase-3/7 and cleaved
the apoptotic substrate PARP1 (Fig 2C), resulting in the nuclear transport of AIF (Fig 2D) and
the release of Cyto C from the mitochondria (Fig 2E), thus inducing mitochondrial damage.
To further validate our findings, HEK293T cells were pretreated with a general caspase inhibi-
tor (Z-VAD), caspase-3/7 inhibitor (Z-DEVD), or caspase-9 inhibitor (Z-LEHD), and cells
viability (cellular ATPase activity) was evaluated. Consequently, LDH levels in the superna-
tants were reduced and cells viability was partially rescued (Fig 2F and 2G). Collectively, these
results illustrate that PRV gM induces mitochondria-mediated apoptosis.
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Fig 2. PRV gM protein triggers mitochondria damage. (A) Representative morphological images of HeLa cells co-expressing GFP-gM (green) and Mito-
DsRed (red). White number in top-left corner indicates relative time. (B) Detection of the mitochondrial membrane potential. HeLa cells transfected with a
plasmid expressing Flag-gM were harvested, stained with JC-1, and 10,000 cells were analyzed using flow cytometry. (C) PRV gM activated caspase-3 and
caspase-7 to promote poly (ADP-ribose)-polymerase 1 (PARP1) cleavage. HeLa cells were transfected with the plasmid expressing Flag-gM for 36 h. Activation
of caspase-3 and caspase-7 in the cell lysates was determined using western blotting. (D) Detection of the nuclear transport of apoptosis inducing factor (AIF).
Cell lysates from HeLa cells transfected with the plasmid expressing Flag-gM were used for cytoplasmic and nuclear separation and were analyzed using
western blotting with the indicated antibodies. (E) PRV gM induced Cyto C translocation. Cell lysates from HeLa cells transfected with the plasmid expressing
Flag-gM were used for cytoplasmic and mitochondrial separation and analyzed using western blotting. Cells treated with Staurosporine (Stau.) were used as a
positive control. COX IV and GAPDH were used as internal controls for mitochondrial and cytosolic fractions, respectively. (F-G) Detection of LDH levels and
ATP enzyme activity. HeLa cells pre-treated with Z-VAD, Z-DEVD, or Z-LEHD were transfected with a plasmid expressing Flag-gM. LDH levels in cell
supernatants (F) and cellular ATP enzymatic activity (G) were measured. The cells treated with Stau. were used as a positive control. Results shown are
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representative of three independent experiments (mean + SD) or of three independent experiments with similar results (one-way ANOVA in panels B, F-G).
** P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.9002

Consistently, we observed reduced mitochondrial potential, released Cyto C, and nuclear
transport of AIF in PRV-infected HeLa cells (Fig 3A-3C). Furthermore, PRV infection also
induced the activation of caspase-3/7/9 in PAMs (Fig 3D and 3E). In agreement with these
results, western blotting showed that PRV infection also activated caspase-3/7, resulting in
PARPI cleavage in HeLa cells (Fig 3F and 3G). To further investigate whether gM is required
for PRV-induced apoptosis, a recombinant mutant PRV strain lacking 146 bp of the UL10
gene (PRV-AUL10) was generated from the highly pathogenic PRV-TJ strain. As shown in
S3A-S3D Fig and S1 Table, the 146 bp deletion completely disrupted the PRV UL10 gene
(S1 Appendix), leading to complete silencing of the PRV gM protein in PRV-AUL10-infected
Vero cells. And PRV-AUL10 was further verified through whole genome sequencing (52
Appendix). After comparison, we found that there was only 146 bp deletion inside of ULI0
gene and no second site mutation in PRV genomic DNA (81357 bp-81502 bp, S3 Appendix).
In addition, the replication efficiency of PRV-AUL10 in Vero cells was significantly lower than
that of its parental virus (S3E Fig). Moreover, PRV-AULI0 infection could not activate cas-
pase-3/7 and cleave PARPI in HeLa cells (Fig 3H). Consistently, compared with wild-type
PRV (PRV-WT), PRV-AULI10 infection failed to activate caspase-3/7/9 (Fig 3I), remarkably
decreasing apoptosis (Fig 3]) and DNA fragmentation (TUNEL-labeled) (Fig 3K) in PAMs. To
further verify our results, other porcine cell lines, including MPK, IPEC-]2, and 3D4/21 were
infected with PRV-WT or PRV-AULLI0, and the apoptotic cells were analyzed using flow
cytometry. As shown in Fig 3L-3N, PRV-AULLI0 infection failed to induce apoptosis in these
cells, compared with PRV-WT. Thus, PRV infection induces mitochondria-dependent apo-
ptosis by activating the apoptotic effector caspase-3/7, which is mainly dependent on the gM
protein.

PRV gM targets BCL-XL

Mitochondrial outer membrane permeability and mitochondria-dependent apoptosis are reg-
ulated by members of the BCL-2 family [27]; they are subdivided into the following three sub-
groups based on their structure and function: anti-apoptotic members (such as BCL-2,
BCL-XL, BCL-W, and MCL-1), pro-apoptotic effectors (BAK and BAX), and pro-apoptotic
BH3-only members (such as NOXA, BIM, PUMA, and BID) [28,29]. Co-immunoprecipita-
tion (Co-IP) was performed to determine whether members of the BCL-2 family are involved
in gM-induced apoptosis. HEK293T cells were transfected with a plasmid expressing Flag-gM
and a plasmid expressing different members of the three subgroups. The results revealed that
PRV gM interacted with the anti-apoptotic members BCL-XL and BCL-W, but not with the
pro-apoptotic members BAK, BAX, BAD, and BID (Fig 4A and 4B), which was further con-
firmed using the GST-pulldown assay and laser confocal microscopy (Fig 4C and 4D). In addi-
tion, Myc-PRV gM overexpression blocked the interaction between BCL-XL and BAX

(Fig 4E). Furthermore, Co-IP and laser confocal microscopy revealed an association between
endogenous BCL-XL and the physiological levels of PRV gM in PRV-infected HeLa cells

(Fig 4F and 4G). BAX activation and BAK homo-oligomerization essentially initiate mito-
chondria-mediated apoptosis [29]. Hence, HEK293T cells were treated with the apoptosis
inducer, staurosporine (Stau.), or were transfected with a plasmid expressing Flag-gM.
BAX-NT levels and BAK homo-oligomerization were observed in the mitochondria of Flag-
gM-overexpressed HEK293T cells (Fig 4H and 4I), suggesting the induction of apoptosis, simi-
lar to Stau.-treated cells. Notably, transfection with a plasmid expressing HA-BCL-XL
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Fig 3. PRV infection-mediated mitochondria-related apoptosis is dependent on the gM protein. (A) Detection of the
mitochondrial membrane potential. HeLa cells infected with PRV at an MOI of 1 were harvested and stained with JC-1,
and 10,000 cells were analyzed using flow cytometry. (B) PRV infection induced Cyto C translocation. Lysates of HeLa
cells infected with PRV at an MOI of 1 were used for cytoplasmic and mitochondrial separation and analyzed using
western blotting with the indicated antibodies. The cells treated with Stau. were used as the positive control. COX IV and
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GAPDH were used as internal controls for the mitochondrial and cytosolic fractions, respectively. (C) Detection of the
nuclear transportation of AIF. Following the method described in (B), HeLa cell lysates were subjected to cytoplasmic and
nuclear separation. The resulting cytoplasmic and nuclear fractions were analyzed using western blotting. (D-E) Detection
of activated caspase-3/7 and caspase-9 in PRV-infected PAMs. (F-G) Activation of caspase-3/7 in PRV-infected HeLa
cells. HeLa cells were mock-infected or infected with PRV at an MOI of 0.5 or 1 for 24 h or at an MOI of 1 for 12, 24, or 36
h. Cell lysates were harvested to detect the indicated proteins using western blotting. (H) PRV-AULI10 failed to activate
caspase-3/7. HeLa cells were infected with PRV-WT or PRV-AUL10 at an MOI of 1 for 24 h. Cell lysates were harvested
for western blotting analysis. (I-K) PRV-AUL10 could not induce apoptosis in PAMs. PAMs were infected with PRV-WT
or PRV-AUL10 at an MOI of 5 for 36 h, and then cellular activities of caspase-3/7/9 were detected (I). Or the cells were
stained with propidium iodide (PI)/Annexin V and the percentage of labeled cells was quantified using flow cytometry (J).
Or cells were stained with TUNEL and visualized under a laser confocal microscope (K). (L-N) PRV-AULIO0 failed to
induce apoptosis in various cell lines. MPK (L), IPEC-J2 (M), and 3D4/21 (N) cells were infected with PRV-WT or PRV-
AUL10 at an MOT of 1 for 24 h. The cells were stained with PI/Annexin V and the percentage of labeled cells were
quantified using flow cytometry. Both PI and Annexin V double-stained cells showed later-stage apoptosis, and only
Annexin V-labeled cells showed early-stage apoptosis. Results shown are representative of three independent experiments
(mean + SD) or of three independent experiments with similar results (one-way ANOVA in panel A, K; two-way ANOVA
in panels D-E, I-], L-N). *, P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.9003

significantly reversed PRV gM-induced apoptosis in HEK293T cells (Fig 4]). Together, PRV
gM targets the anti-apoptotic protein BCL-XL to activate BAK and BAX, thereby enhancing
mitochondria-dependent apoptosis.

To identify the gM domain responsible for PRV gM-induced apoptosis, the transmembrane
domains of gM were analyzed using the TMHMM website and a series of plasmids expressing
progressively truncated gM mutants were constructed (S4A Fig). HEK293T cells were individ-
ually transfected with these plasmids and visualized using laser confocal microscopy. Like
intact PRV gM (gM 303), M1 204> M1 268> M 106.393> and gM3s 303 also formed aggresomes,
whereas gM 18, M 155, 8M105 393, M 125 393, and gM 75 393 did not, suggesting that the
fourth transmembrane domain (aal56-177) was primarily responsible for gM aggresomes for-
mation. Consistently, deletion of the fourth transmembrane domain (Flag-gMais¢_177) caused
diffuse cytoplasmic distribution of gM (S4B Fig) and partially reversed the reduced cells viabil-
ity (ATPase activity) induced by PRV gM in the HEK293T cells (S4C Fig). Flow cytometry
analysis also showed that transfection of Flag-gM;s6_177 in the HEK293T cells induced a
weaker apoptosis than that of Flag-gM (S4D Fig). Together, these results illustrate that the
transmembrane regions, particularly the fourth transmembrane region (aal56-177) of gM, are
required for its subcellular localization and apoptosis.

PRV gM homologs in other herpesviruses induce apoptosis

PRV gM and its homologs in herpesviruses share amino acid sequence similarities between
17.5-37.6% (S5A Fig). Next, we determined if these homologs were functionally conserved to
induce apoptosis. A series of plasmids, including Flag-HSV-1-UL10, Flag-EHV-1-ORF52,
Flag-VZV-ORF50, and Flag-HCMV-UL100, expressing PRV gM homologs in other herpesvi-
ruses, were constructed and individually transfected into HEK293T cells. Similar to the PRV
gM protein, PRV gM homologs in other herpesviruses also formed aggresomes with large jux-
tanuclear structures (S5B Fig). Furthermore, the overexpression of these PRV gM homologs
activated caspase-3/7 and induced PARPI cleavage (Fig 5A), leading to increased LDH in the
supernatants (Fig 5B), decreased cells viability (cellular ATPase activity) (Fig 5C), and
increased apoptotic cells (PI staining) (Fig 5D) in HEK293T cells.

Then, HSV-1 was selected as a model virus to further verify whether these PRV gM homo-
logs were required for herpesvirus-induced apoptosis at the physiological level. Thus, a recom-
binant HSV-1-AUL10 mutant was generated from the HSV-1-WT strain using CRISPR-Cas9;
it contained an extra nucleotide insertion after 127 bp within the UL10 gene, which caused
frame shift of the UL10 coding sequence and total disruption of the ULI0 gene (S6A and S6B
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Fig 4. PRV gM interacts with BCL-XL to activate BAX and BAK. (A-B) Interactions between pro-apoptotic or anti-apoptotic
proteins and Flag-gM. HEK293T cells were transfected and the lysates were subjected to co-immunoprecipitation (Co-IP) analysis.
(C) The direct interaction between Flag-gM and BCL-XL was detected using a GST-pulldown. (D) Colocalization of Flag-gM
(green) and HA-BCL-XL (red) was observed using laser confocal microscopy. The colocalization between gM and BCL-XL was
analyzed using the ZEISS software. (E) PRV gM competed with BAX to bind to BCL-XL in HEK293T cells. (F-G) PRV gM
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interacted and colocalized with endogenous BCL-XL in PRV-infected HeLa cells. HeLa cells were mock-infected or infected with
PRV at an MOI of 1 for 24 h and cell lysates were subjected to Co-IP analysis using an anti-gM antibody (F). Or the cells were
incubated with anti-gM (green) and anti-BCL-XL (red) antibodies and observed using laser confocal microscopy. The colocalization
between gM and BCL-XL was analyzed using the ZEISS software (G). (H-I) PRV gM activated both BAX and BAK. The
mitochondrial and cytosolic fractions of Flag-gM-transfected HEK293T cells were isolated to detect BAX activation using western
blotting (H). In addition, the isolated mitochondrial fraction was cross-linked with Bismaleimidohexane (BMH) to analyze BAK
homo-oligomerization (I). The cells treated with Stau. were used as the positive control. COX IV and GAPDH were used as internal
controls for the mitochondrial and cytosolic fractions, respectively. (J) BCL-XL relieved gM-induced apoptosis. Transfected
HEK293T cells were used to analyze ATP enzymatic activities. Results shown are representative of three independent experiments
(mean * SD) or of three independent experiments with similar results (one-way ANOVA in panel J). ***, P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.9004

Fig and S1 Table and S4 Appendix). And HSV-1-AUL10 was further verified through whole
genome sequencing (S5 Appendix). After comparison, we found that there was only an extra
nucleotide insertion inside of ULI0 gene and no second site mutation in HSV-1 genomic
DNA (between 23255 bp and 23256 bp, S6 Appendix). Compared with HSV-1-WT strain, the
replication kinetics of the HSV-1-AUL10 mutant was obviously reduced in Vero cells (S6C
Fig). Additionally, HSV-1 infection also activated caspase-3/7 and cleaved PARP1 in HeLa
cells (Fig 5E), as well as induced caspase-3/7/9 activation in THP-1 cells (Fig 5F), while HSV-
1-AULI0 infection could not. Consistently, flow cytometry analysis showed that HSV-1 infec-
tion led to extensive apoptosis (Annexin V-FITC/PI-labeled) in THP-1 cells in a time- and
dose-dependent manner, while HSV-1-AUL10 infection could not induce a similar effect

(Fig 5G and 5H), suggesting that gM protein is required for HSV-1 infection-induced apopto-
sis. In general, PRV gM homologs in other herpesviruses are functionally conserved and
induce apoptosis by activating the effector caspase-3/7.

UL10 is a key virulence gene of PRV and HSV-1

The role of PRV gM in the pathogenicity of PRV was further confirmed in vivo by challenging
SPF C57BL6] mice with PRV-WT or PRV-AUL10. As shown in Fig 6A, all mice (n = 12) chal-
lenged with PRV-WT died within 6 dpi, while only 2 mice died (n = 12) in the group chal-
lenged with PRV-AULI10 during the 15 dpi observation period. Consistently, the PRV
genomic DNA copy numbers in the brain, lung, kidney, duodenum, liver, and spleen in mice
challenged with PRV-WT were considerably higher than those in the PRV-AUL10-challenged
group (Fig 6B). We observed robust cell apoptosis (TUNEL-labeled) in the PRV-WT-infected
mouse lung, but not in the PRV-AULI10-infected mouse lung (Fig 6C). Compared with the
control group, the PRV-WT infection group demonstrated severe tissue damage, including
edema and blood vessel congestion, widening of the lung alveolar diaphragm, significant pro-
liferation of glial cells and extensive degeneration of neuronal cells as well as the neurophilic
phenomena in the brain, extensive vacuolar degeneration of liver cells, broad nuclear pyknosis
and degenerating renal tubular epithelial cells, and considerable necrosis and shedding of duo-
denal villi. In contrast, these pathological lesions were negligible in the PRV-AULI10 infection
group (Fig 6D). Overall, we conclude that the PRV ULI0 gene is a virulence-related gene and
that UL10-encoded gM is a determining factor in PRV pathogenicity.

In addition, 83% (10/12) of the HSV-1-WT-infected mice died within 15 days of observa-
tion, while no mice (0/12) died in the HSV-1-AULI0 infection group (Fig 7A). The relative lev-
els of HSV-1 genomic DNA (gDNA) in the tissues from brain, lung, kidney, duodenum, liver,
and spleen of mice challenged with the HSV-1-WT were also higher than those in mice chal-
lenged with HSV-1-AUL10 (Fig 7B). Consistently, robust cell apoptosis (TUNEL-labeled) was
observed in the HSV-1-WT-infected mouse spleen tissue, which was significantly reduced in
the HSV-1-AUL10-infected mouse spleen (Fig 7C). Compared with the control group, the
HSV-1-WT-infected mice showed noticeable tissue damages, including extensive
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induced apoptosis. HEK293T cells transfected with plasmids expressing PRV gM homologs in HSV-1, HCMV, EHV-1, or VZV were collected, and protein
levels were detected using western blotting (A). LDH released in the supernatants (B) and cellular ATP enzymatic activity (C) were also detected. Or the
cells were stained with PI and subsequently analyzed using fluorescence microscopy (D). (E-F) HSV-1-mediated activation of caspase-3/7 was dependent
on gM. HelLa cells lysates infected with HSV-1-WT or HSV-1-AUL10 at an MOI of 1 were harvested for western blotting analysis (E). THP-1 cells infected
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with HSV-1-WT or HSV-1-AUL10 at an MOI of 5 were collected to analyze caspase-3/7 and caspase-9 activity (F). (G-H) Detection of apoptotic cells.
THP-1 cells were infected with HSV-1-WT or HSV-1-AULI10 as indicated, and stained with PI/Annexin V for flow cytometry analysis. The percentage of
PI- and Annexin V-labeled cells was quantified. Results shown are representative of three independent experiments (mean + SD) or of three independent
experiments with similar results (one-way ANOVA in panels B-D, F; two-way ANOVA in panels G-H). *, P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.9005
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Fig 6. UL10 gene deletion reduces PRV infection-induced apoptosis and viral pathogenicity in vivo. (A) Survival rate. Mice were challenged
intraperitoneally with PRV-WT or PRV-AULI10 at a dosage of 2,000 PFU per mouse (n = 4 in PBS group, n = 12 in PRV-WT challenge group, n = 12 in PRV-
AULI0 challenge group) and their survival was recorded for 15 days. Statistical significance was determined using the log-rank test. (B) qPCR analysis of PRV
genomic DNA copies in tissues from mice challenged with PRV-WT or PRV-AULI0. (C) Pathological lesions in the mouse lungs (TUNEL staining). (D)
Pathological lesions in the tissues from mice challenged with PRV-WT or PRV-AUL10 (hematoxylin and eosin (H&E) staining). Scale bars, 100 um for the
lung, brain, liver, and kidney; 200 um for the duodenum. Results shown are representative of three independent experiments (mean + SD) or of three
independent experiments with similar results (one-way ANOVA in panel B). ***, P < 0.001.
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P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.9007

neurodegeneration and vacuolization in the hippocampus area of the brain, hepatocellular

degeneration, lymphocyte enrichment in the white pulp of the spleen undergo necrosis and

apoptosis, and extensive degeneration and necrosis in renal tubular epithelial cells and in small

intestinal mucosal epithelial cells. In contrast, these pathological findings were negligible in
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HSV-1-AUL10-infected mice (Fig 7D). In summary, these results suggest that ULI0 is a key
virulence gene of HSV-1.

Deletion of caspase-3 attenuates the replication and pathogenicity of PRV
and HSV-1

To investigate whether gM protein-induced apoptosis was linked to PRV replication, HeLa
cells were pretreated with Z-VAD or Z-DEVD to block mitochondria-mediated apoptosis, and
then infected with PRV at an MOI of 1 for 24 h. We found that treatment with Z-VAD or
Z-DEVD reduced LDH levels in the supernatants and partially rescued cells viability (ATPase
activity) in HeLa cells (Fig 8A and 8B). Furthermore, treatment with these apoptosis inhibitors
reduced the DNA copy numbers in the cells and viral titers in the supernatants of PRV (Fig 8C
and 8D). Flow cytometry analysis of PRV-infected HeLa-WT and HeLa-caspase-3"" cells
revealed that PRV infection caused low levels of apoptosis in HeLa-caspase-3”" cells than those
in HeLa-WT cells (Fig 8E). Consistently, deletion of caspase-3 in HeLa cells significantly
impaired the DNA copy numbers of PRV (Fig 8F and 8G) and reduced the expression of the
PRV-encoded protein UL42 (Fig 8H), as well as viral titers in the supernatants (Fig 8I and 8J).
Similar results were obtained for HSV-1-infected HeLa-caspase-3"" cells, including low levels
of apoptotic cells (Fig 8K), decreased genomic DNA levels and viral titers of HSV-1 (Fig 8L-
80). Thus, PRV and HSV-1 infections activate caspase-3 to induce apoptosis and promote
their replication in vitro.

Eskandari E et al. reported altered cell differentiation and viability in caspase-3"" mice, thus
hindering the growth and development of mice [30]. Moreover, we observed that caspase-3""
mice displayed a small body size, poor growth state, and even death, whereas caspase-3""" mice
presented a normal growth state. To investigate whether gM-induced caspase-3-dependent
apoptosis was related with the pathogenicity of herpesvirus in vivo, WT and caspase-3*" mice
were challenged intraperitoneally with PRV or HSV-1. Western blotting analysis of the iso-
lated mouse peritoneal macrophages revealed lower caspase-3 expression in caspase-3"" mice
than that in WT mice (Fig 9A). Moreover, 100% (10/10) of the PRV-infected WT mice died
within 6 dpi, while 20% (2/10) of the caspase-3*" mice survived during the 15-dpi observation
period (Fig 9B). Consistently, the PRV DNA copy numbers were considerably lower in the
liver, spleen, lung, kidney, duodenum, and brain of caspase-3*" mice than those in WT mice
(Fig 9C). Similar to PRV, the knockdown of caspase-3 in vivo increased the survival rate of
mice by approximately 30% (Fig 9D) and reduced HSV-1 replication in tissues (Fig 9E). Addi-
tionally, reduction of lymphocytes in the white pulp of the spleen, nuclear pyknosis, cell frag-
mentation, and apoptosis (TUNEL-labeled) were observed in the PRV- or HSV-1-infected
WT mouse. In contrast, these pathological findings were negligible in spleen of PRV- or HSV-
1-infected caspase-3*"" mice (Fig 9F and 9G). These results suggest that caspase-3-mediated
apoptosis is closely associated with the pathogenicity of PRV and HSV-1.

To verify that the activation of caspase-3 to enhance the replication and pathogenicity of
PRV and HSV-1 is closely related to gM, HeLa-WT and HeLa-caspase-3"" were infected with
PRV-AUL10 or HSV-1-AULI0 for 24 h. We found that the deletion of caspase-3 did not affect
the DNA copy numbers in the cells and viral titers in the supernatants of PRV-AUL10 (S7A
and S7B Fig) and HSV-1-AUL10 (S7C and S7D Fig). Furthermore, the same survival rates
were observed in WT and caspase-3* mice after PRV-AUL10 (S7E Fig). Similar to PRV, the
knockdown of caspase-3 in vivo did not affect the pathogenicity of HSV-1-AUL10 to mice
(S7F Fig). These results suggest that, at the late stage of PRV or HSV-1 infection, the activation
of caspase-3 to enhance the replication and pathogenicity of PRV and HSV-1 is specifically
dependent on gM protein.
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Fig 8. Deletion of caspase-3 impairs PRV and HSV-1 replication in vitro. (A-B) Detection of cells viability. HeLa cells pretreated with
Z-VAD or Z-DEVD, followed by PRV infection at an MOI of 1 for 24 h, were analyzed for the LDH released in the supernatants (A) and
cellular ATP enzymatic activity (B). (C-D) Caspase-3 inhibitors reduced PRV replication. HeLa cells were pretreated with Z-VAD or
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HeLa-caspase-3" cells infected with PRV were stained with PI/Annexin V for flow cytometry. The percentage of PI- and Annexin V-labeled
cells was quantified. (F-J) Deletion of caspase-3 gene impaired PRV replication. The pellets of PRV-infected HeLa-WT and HeLa-caspase-3""
cells were used for detecting PRV DNA copy numbers using qPCR (F-G) or PRV-encoded UL42 protein levels using western blotting (H).
The cell supernatants were collected for the TCIDs, assay in Vero cells (I-]). (K) Deletion of caspase-3 eliminated HSV-1 infection-mediated
apoptosis. HeLa-WT and HeLa-caspase-3" cells infected with HSV-1 were stained with PI/Annexin V for flow cytometry. The percentage of
PI- and Annexin V-labeled cells was quantified. (L-O) Deletion of caspase-3 diminished HSV-1 replication. The pellets of HSV-1-infected
HeLa-WT and HeLa-caspase-37 cells were used for HSV-1 genomic DNA detection using qPCR, and the cell supernatants were collected for
TCIDs assay in Vero cells. Results shown are representative of three independent experiments (mean + SD) or of three independent
experiments with similar results (one-way ANOVA in panels A-D; two-way ANOVA in panels E-G, I-O). *, P < 0.05; **,0.001 < P < 0.01;
R P < 0.001.

https://doi.org/10.1371/journal.ppat.1012146.9008

Discussion

Apoptosis is a critical cellular defense mechanism against invading pathogens. As a counter-
measure, viruses have evolved multiple strategies to manipulate apoptosis for immune evasion
and viral replication. PRV infection induces apoptosis by activating p38 MAPK and JNK/
SAPK signaling [31]. Additionally, caspase-3 activation is a consequence of HSV-1 infection-
induced apoptosis [32]. However, the viral proteins involved in PRV-induced apoptosis and
their underlying molecular mechanisms remain unknown. In this study, we report that PRV
gM, a late envelope glycoprotein, competitively combines with BCL-XL to disrupt the
BCL-XL-BAK complex, resulting in the oligomerization of BAK and activation of BAX. Subse-
quently, the mitochondrial membrane potential is destroyed to promote the release of Cyto C
and AIF nuclear transportation, leading to caspase-3/7 activation and DNA fragmentation,
which triggers mitochondrial-dependent apoptosis. Notably, PRV gM homologs in other her-
pesviruses, including HSV-1, HCMV, EHV-1, and VZV, had similar functions in inducing
apoptosis (Fig 10). Furthermore, ULI0 gene of PRV and HSV-1 was identified as a key viru-
lence-determining gene, which significantly reduced PRV and HSV-1 pathogenicity in mice.
Consistently, caspase-3 deficiency impaired the replication and pathogenicity of PRV and
HSV-1 in vitro and in vivo, suggesting that caspase-3-mediated apoptosis is a key regulator of
replication and pathogenicity in these viruses. Unfortunately, we could not obtain HCMV,
EHV-1, or VZV to verify the function of PRV gM homologs at the physiological level.
Apoptosis plays a critical role in the herpesvirus life cycle. In the early stage of viral infection,
apoptosis disrupts virion assembly and limits viral replication, thus protecting the surrounding
cells from viral infection. However, herpesviruses have evolved anti-apoptotic mechanisms to
block the premature death of host cells; therefore, the propagation of progeny viruses or establish-
ment of persistent infection can be maintained. For example, mouse cytomegalovirus-infected
macrophages secrete soluble factors that induce apoptosis to inhibit viral replication, whereas
mouse cytomegalovirus M36 blocks host apoptosis to sustain replication [33]. Interestingly, apo-
ptosis appears to be a double-edged phenomenon. Herpesvirus infection or virus-encoded pro-
teins induce apoptosis at the late stage of viral infection, which promotes the efficient
dissemination of progeny viruses to neighboring cells [34]. It was reported that the immediate-
early gene-encoded proteins, including ICP0, ICP4, ICP22, and ICP27, regulated late gene
expression, which is required for HSV-1-induced apoptosis in human epithelial cells [35]. For
example, HSV-1-encoded ICP27 induces apoptosis by promoting BAX translocation to the mito-
chondria by interacting with 14-3-36 [36]. Moreover, HSV-1 infection leads to apoptosis, which
destroys the blood-brain barrier, resulting in a high mortality rate and severe neurological
sequelae. This is an important pathological basis for the development of HSV-1-mediated
encephalitis [37]. Additionally, PRV infection also induced apoptosis, and low-dose Houttuynia
cordata Thunb or emodin can effectively inhibit PRV-induced apoptosis to reduce the replication
of PRV and increase the survival rate of mice [38,39]. Thus, PRV and HSV-1 infection-induced
apoptosis is required for viral pathogenicity. The inhibition of apoptotic signaling at the late stage
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Fig 9. Deletion of caspase-3 reduced the replication and pathogenicity of PRV and HSV-1 in mice. (A) Detection of caspase-3
protein levels. Mouse peritoneal macrophages were isolated from WT and caspase-3* mice, and the expression levels of caspase-3 were
detected using western blotting. (B) Survival rate. WT and caspase-3"~ mice were challenged intraperitoneally with PBS or PRV at a
dosage of 2,000 PFU per mouse (n = 4 in the PBS group, n = 10 in the PRV-injected WT mice group, and n = 10 in the PRV-injected
caspase-3""" mice group) and their survival was recorded for 15 days. (C) qPCR analysis of PRV genomic DNA copy number in tissues
from WT and caspase-3"" mice challenged with PRV. (D) Survival rate. WT and caspase-3*" mice were challenged intraperitoneally
with PBS or HSV-1 at a dosage of 0.5x10” PFU per mouse (n = 4 in the PBS group, n = 10 in the HSV-1-injected WT mice group,

n = 10 in the HSV-1-injected caspase-3"~ mice group) and their survival was recorded for 15 days. (E) qPCR analysis of HSV-1
genomic DNA in tissues from WT and caspase-3*"~ mice challenged with HSV-1. (F-G) Pathological lesions in the spleen of mice using
H&E staining (F) and TUNEL staining (G). Scale bars, 100 um. Results shown are representative of three independent experiments
(mean * SD) or of three independent experiments with similar results (two-way ANOVA in panels C, E). **, 0.001 < P < 0.01; ***,

P < 0.001; ns., not significant.

https://doi.org/10.1371/journal.ppat.1012146.9009
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Fig 10. Schematic representation of herpesvirus-induced apoptosis at the late stage of viral infection. In the steady state, the pro-apoptotic protein, BAK,
and the anti-apoptotic protein, BCL-XL, form dimers residing in the mitochondria, while BAX is dispersed in the cytoplasm. At the late stage of herpesvirus
infection, herpesvirus-encoded gM competitively binds to BCL-XL and disrupts the BCL-XL-BAK complex, resulting in the oligomerization of BAK and
activation of BAX. Subsequently, the mitochondrial membrane is damaged, leading to Cyto C release and AIF nuclear transportation, which promotes the
formation of apoptotic bodies and DNA fragmentation. Ultimately, the apoptotic effectors caspase-3/7 are activated, and the infected cells undergo apoptosis,
which is beneficial for herpesviruses to establish persistent infection and enhance their pathogenicity.

https://doi.org/10.1371/journal.ppat.1012146.9010

of viral infection is a promising therapeutic strategy for herpesvirus-related diseases. Consistent
with previous reports showing that ULI0 deletion significantly reduces PRV plaque size, penetra-
tion kinetics [5, 40] and pathogenicity [41], this study elucidates the detailed molecular mecha-
nism by which PRV gM induces apoptosis at the late stage of infection to enhance the replication
and pathogenicity of PRV in vitro and in vivo, providing an important target for the development
of vaccines and treatment of herpesvirus infection-related diseases.

Previous studies indicated that HSV-1 infection induced caspase-3-mediated apoptosis in a cas-
pase-8-dependent manner [42]. In this study, we found that caspases 3/7/9 were activated in HSV-
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1- and PRV-infected HeLa cells; caspase inhibitor treatment partially reversed PRV infection-
mediated apoptosis. Moreover, we also found that PRV and HSV-1 infections modestly activated
caspase-8 in PAMs and THP-1 cells. Therefore, we speculate that caspase-8 may also be involved
in herpesvirus-induced apoptosis. Additionally, PRV infection induces RIPK3-dependent necrop-
tosis in PK-15 cells [43]. The activation of p38 MAPK and JNK/SAPK signaling, oxidative stress,
and free radical formation have also been observed in PRV-induced apoptosis [44,45], suggesting
that multiple signaling molecules participate in regulating PRV-induced apoptosis. Notably, in
addition to PRV gM, several other PRV-encoded viral proteins, including UL56 and UL43, are
involved in cell death. The involvement of these viral proteins in regulating PRV-induced cells
damage and their molecular mechanisms for triggering cell damage require further investigation.

During PRV infection, apoptosis is prominent among infiltrating immune cells surrounding
PRV-infected neurons, whereas majority of the PRV-infected neurons do not show morpholog-
ical or histochemical evidence of apoptosis, including neurons surrounded by inflammatory
cells exhibiting profound pathological changes [46]. Moreover, the PRV-infected trigeminal
ganglionic neurons did not undergo apoptosis and maintained latent infection [46,47], suggest-
ing that apoptosis was blocked in PRV-infected neurons. In addition, herpesviruses can estab-
lish a latent infection in the neurons of the peripheral nervous system, which establishes a high-
density viral reservoir and evades host antiviral defense [48,49]. In our study, PRV gM formed
aggresomes in the cytoplasmic, which induced apoptosis in HeLa and HEK293T cells. However,
despite cytoplasmic aggresomes formation in Ln229 cells, the gM aggresomes gradually decom-
posed into small particles and disappeared in the cells after 72 h without inducing cell apoptosis.
Thus, either the gM protein may be degraded by an unknown signal or gM-induced apoptosis
was inhibited in Ln229 cells. Blocking apoptosis in PRV-infected neurons plays a pivotal role in
the establishment, maintenance, and reactivation of herpesvirus latent infections. In latently
infected neurons, the latency-associated transcript (LAT) is the only abundantly expressed gene
that can silence lytic gene caspase-3 expression and DNA laddering to block apoptosis [17,50].
LAT has anti-apoptotic activity and is involved in HSV-1 reactivation [17,50]. However,
whether LAT inhibits PRV gM expression and antagonizes gM-induced apoptosis in the latent
herpesvirus infection process remains unclear. Moreover, it is reported that the initiation of
host cell apoptosis and activation of caspase-3 are necessary and sufficient for the reactivation of
latent herpesvirus [32,51]. Whether gM is involved in the reactivation of herpesvirus with latent
infection remains unclear. Interestingly, a potential cellular candidate, Brn-3a, is highly
expressed in trigeminal ganglionic neurons and dorsal root ganglion neurons, and protects
them from o-herpesvirus infection-induced apoptosis [47]. Whether Brn-3a antagonizes gM-
induced apoptosis in herpesvirus-infected neurons requires further investigation.

In conclusion, this study highlighted a novel role and key molecular mechanism for PRV
gM and its homologous herpesvirus proteins in triggering mitochondria-dependent apoptosis
by competitively interacting with BCL-XL to promote BAK oligomerization and activate the
apoptosis effector caspase-3/7. Thus, gM is an important virulence-related factor of PRV and
HSV-1, and caspase-3-mediated apoptosis driven by gM is closely related to their replication
and pathogenicity, which suggests a potential approach for developing attenuated live vaccines
and curing herpesvirus-related diseases.

Materials and methods
Ethics statement

All animal experiments were performed according to the animal protocols approved by the
Subcommittee on Research Animal Care at the HVRI and were carried out in strict accordance
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with the recommendations of the Guide for the Care and Use of Laboratory Animals of the
Ministry of Science and Technology of the People’s Republic of China.

Cell lines and viruses

PAMs isolated from 30-day-old male SPF pigs. THP-1 and 3D4/21 cells were purchased from
the American Type Culture Collection (Virginia, USA) and cultured in Roswell Park Memo-
rial Institute 1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 mg/mL streptomycin at 37°C with 5% CO,. HeLa, HEK293T, Vero, MPK, and
IPEC-]2 cells were purchased from the American Type Culture Collection (Virginia, USA)
and cultured in Dulbecco’s Modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO,. HeLa-cas-
pase-3"" cells were kindly provided by Professor Zhengfan Jiang (Peking University, China).
The PRV-TJ strain was provided by Prof. Tongqing An (HVRI, China). The PRV-GFP strain
was obtained from Prof. Ming Liu (HVRI, China). The HSV-1 strain was provided by Prof.
Chunfu Zheng (Fujian Medical University, China).

Antibodies and chemical reagents

Anti-caspase-3 (9662S), anti-cleaved-caspase-3 (D175) (9661S), anti-caspase-7 (9492S), anti-
cl-caspase-7 (D198) (9491S), anti-cytochrome C (11940S), anti-COX IV (3E11) (4850S), anti-
PARPI (46D11) (9532S), and anti-HA-tagged rabbit monoclonal antibody (3724S) were pur-
chased from Cell Signaling Technology (Massachusetts, USA). Anti-Flag-tagged rabbit mono-
clonal antibody (SAB4301135-100UL), anti-BAK (ab3237), and anti-AIF (ab32516), and DAPI
(D9542) were purchased from Sigma-Aldrich. Anti-PRV-UL42 mouse monoclonal antibody
was kindly provided by Prof. Changming Liu (HVRI, China). The anti-PRV-gM rabbit poly-
clonal antibody was prepared in the laboratory. Alexa Fluor 488-labeled goat anti-rabbit IgG
and Alexa Fluor 594-labeled goat anti-mouse IgG were purchased from Thermo Fisher Scien-
tific (Massachusetts, USA). Anti-GAPDH (60004-1-Ig), anti-BAX-NT (50599-2-Ig), anti-
lamin B1 (12987-1-AP), and anti-BCL-XL (10783-1-AP) antibodies were purchased from Pro-
teintech (Wuhan, China). Z-VAD (S7073), Z-LEHD (S§7313), and Z-DETD (S7312) were pur-
chased from Selleck Chemicals (Texas, USA).

Plasmids

To establish eukaryotic expression plasmids, cDNA of the PRV-T] ULI0 gene was amplified
and cloned into pEGFP-N1, pCAGGS-Flag, and pCAGGS-HA vectors, and named pEGF-
P-UL10, pCAGGS-Flag-UL10 (Flag-UL10), and pCAGGS-HA-UL10 (HA-UL10), respectively.
All the constructs were validated using DNA sequencing. Primers used in this study are pre-
sented in Table 1. Other eukaryotic plasmids expressing the gM homologs of HSV-1, HCMYV,
EHV-1, and VZV were synthesized by Jilin Kumei Biotechnology Co., Ltd. (Jilin, China). Plas-
mids containing pro-apoptotic proteins (BAX, BAK, BID, and BAD) and anti-apoptotic pro-
teins (BCL-XL and BCL-W) were constructed and stored in our research laboratory.

Cells viability assay

LDH and cellular ATPase activity were measured to determine cells viability. HEK293T or
HelLa cells were seeded in 48-well plates at a density of 1 x 10* cells per well for 12 h and trans-
fected with the indicated plasmids for 36 h. Cell supernatants were harvested and cleared by
centrifugation at 2,000 xg for 5 min, and 50 pL was used to perform the LDH assay using the
CytoTox 96@® Non-Radioactive Cytotoxicity Assay kit (Promega, Madison, WI, USA),
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Table 1. The primer sequences used in the study.

Plasmids
Flag-UL10-F
Flag-UL10-R
HA-UL10-F
HA-UL10-R
pEGFP-C1-UL10-F
pEGFP-C1-UL10-R
Flag-UL10-1-118-F
Flag-UL10-1-118-R
Flag-UL10-1-155-F
Flag-UL10-1-155-R
Flag-UL10-1-204-F
Flag-UL10-1-204-R
Flag-UL10-1-268-F
Flag-UL10-1-268-R
Flag-UL10-292-393-F
Flag-UL10-292-393-R
Flag-UL10-228-393-F
Flag-UL10-228-393-R
Flag-UL10-178-393-F
Flag-UL10-178-393-R
Flag-UL10-106-393-F
Flag-UL10-106-393-R
Flag-UL10-35-393-F
Flag-UL10-35-393-R

https://doi.org/10.1371/journal.ppat.1012146.t001

Primers (5'-3')
GATGACGACGATAAGGAATTCATGTCCGGGCCGCGCAAC
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT
GTTCCAGATTACGCTGAATTCATGTCCGGGCCGCGCAAC
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT
AAGTCCGGACTCAGATCTCGAGCAATGTCCGGGCCGCGCAAC
TTATCTAGATCCGGTGGATCCTTATTCAAAGCCGAGGTT
GATGACGACGATAAGGAATTCATGTCCGGGCCGCGCAAC
ATTAAGATCTGCTAGCTCGAGTCAGCTGGGCTGGAACGCCAG
GATGACGACGATAAGGAATTCATGTCCGGGCCGCGCAAC
ATTAAGATCTGCTAGCTCGAGCGCCTGCTTGTGGGCCAT
GATGACGACGATAAGGAATTCATGTCCGGGCCGCGCAAC
ATTAAGATCTGCTAGCTCGAGTCAGACGGCGCGCGCGTG
GATGACGACGATAAGGAATTCATGTCCGGGCCGCGCAAC
ATTAAGATCTGCTAGCTCGAGTCACACCTGCACGTAGCC
GATGACGACGATAAGGAATTCATGGCCAAGTTCAGCGAGGCC
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT
GATGACGACGATAAGGAATTCATGCTGGCCAACAGCTTCCAC
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT
GATGACGACGATAAGGAATTCAAGGGCGCGGGTGAC
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT
GATGACGACGATAAGGAATTCCGGCGCGAGGCCGGC
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT
GATGACGACGATAAGGAATTCATGTTCGCCTCGCTCCCG
ATTAAGATCTGCTAGCTCGAGTTATTCAAAGCCGAGGTT

according to the manufacturer’s instructions. Cell lysates were harvested and cellular ATPase
activities were detected using the Cell Titer-Glo Luminescent Cells Viability Assay (Promega,
Madison, WI, USA), according to the manufacturer’s instructions.

Apoptosis assay and flow cytometry

Cells were infected with viruses at an indicated MO], collected, and stained with PI (1 pg/mL)
alone or together with Annexin V-FITC (0.1 g/mL) using the Annexin V-FITC/PI assay kit
(BD Pharmingen, USA), according to the manufacturer’s instructions. Subsequently, 10,000
cells were analyzed and apoptotic cells were identified using a Cytomics FC 500 flow cytometer
(Beckman Coulter Inc., USA) on the FL-1 and FL-3 channels.

TUNEL assay

PRV-infected tissues from mice or PAMs, HeLa and HEK293T cells transfected with the indi-
cated plasmids were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.3% Tri-
ton X-100 in 1 x PBS, and then stained with TUNEL reagent according to the manufacturer’s
instructions using the One Step TUNEL Apoptosis Assay kit (Beyotime, Shanghai, China).

Caspase activity and inhibitor assays

Caspase-3/7 and caspase-9 activities in PAMs and HeLa cells were measured using Caspase-
Glo® 3/7 Assay Kits (Promega, Madison, WI, USA) and Caspase-Glo®) 9 Assay Kits
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(Promega, Madison, WI, USA) according to the manufacturer’s protocols. PAMs were
infected with PRV-WT or PRV-AULI10 at an MOI of 1, 5 or 10 for 24 h, or at an MOI of 5 for
12, 24, or 36 h. Alternatively, HeLa cells were transfected with plasmids expressing Flag-gM
for 36 h. Cells were collected and detected according to the manufacturer’s instructions. For
the inhibitor assay, cells were pre-treated with 50 uM caspase-3/7 inhibitor (Z-DEVD) or cas-
pase-9 inhibitor (Z-LEHD) for 1 h. The cells were infected with PRV at an MOI of 1 for 24 h
or transfected with plasmids expressing Flag-gM for 36 h; caspase-3/7 and caspase-9 activation
were then detected.

GST-pulldown assay

GST or GST-BCL-XL was expressed in Escherichia coli (BL21), and Flag-Vec. or Flag-gM was
expressed in HEK293T cells for 36 h. Then, HEK293T cell lysates were harvested and incu-
bated with purified GST or GST-BCL-XL proteins along with the Glutathione Resin (Gen-
Script, USA) at 4°C for 12 h on a roller. The pellets were washed five times with cell lysis buffer
and analyzed using western blotting.

Co-IP and western blotting analysis

For Co-IP, cells were collected and lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 5 mM MgCl,, 1 mM EDTA, 1% Triton X-100, and 10% glycerol) containing 1 mM phe-
nylmethylsulfonyl fluoride and a 1x protease inhibitor cocktail (Roche, Basel, Switzerland).
Subsequently, the cell lysates were incubated with anti-Flag agarose or protein G plus agarose
immunoprecipitation reagent (Santa Cruz Biotechnology, Santa Cruz, CA, USA) along with 1
ug of the corresponding antibodies at 4°C for 12 h on a roller. The pellets were washed five
times with cell lysis buffer. For western blotting analysis, cell lysates and immunoprecipitants
were boiled at 100°C for 10 min, resolved using 10-12% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and then transferred to a polyvinylidene difluoride membrane
(Millipore, Darmstadt, Germany). After incubation with the indicated primary and secondary
antibodies, the membranes were visualized using an Odyssey 2-color infrared fluorescence
imaging system (LI-COR, USA).

Confocal microscopy analysis

The cells were fixed for 30 min in 4% paraformaldehyde diluted in 1x PBS (pH 7.4). The fixed
cells were permeabilized for 20 min with 0.3% Triton X-100 in 1 x PBS and then blocked with
10% fetal bovine serum in 1 x PBS for 60 min. The cells were incubated with the indicated
antibodies and stained with an Alexa Fluor 488-labeled goat anti-rabbit IgG or Alexa Fluor
594-labeled goat anti-mouse IgG antibody. The expression and subcellular localization of the
target proteins were visualized using a Zeiss LSM-980 laser scanning fluorescence microscope
(Carl Zeiss AG, Oberkochen, Germany) equipped with a 63x oil objective. Zeiss processing
system software was used to determine the positive rate (%).

JC-1 staining to determine mitochondrial membrane permeabilization

HeLa cells were infected with PRV as indicated, or transfected with Flag-gM for 36 h. Cells
were then harvested and washed with 1x PBS. According to the manufacturer’s instructions of
the MitoProbe Assay Kit (Invitrogen, Massachusetts, USA), the cells were stained with 2 nM
JC-1 (5,5,6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimi-dazolylcarbocyanine iodide, Cayman
Chemical, USA) and incubated in a 5% CO, incubator at 37°C for 30 min in the dark; follow-
ing this, 10,000 cells were analyzed using Cytomics FC 500 flow cytometer (Beckman Coulter
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Table 2. Primers and TagMan probe sequences.

Primers
PRV-gB-probe-F:
PRV-gB-probe-R:
PRV-gB-TagMan-probe:
HSV-1-gD-F:
HSV-1-¢gD-R:
Human-Actin-F:
Human-Actin-R:
Mouse-Gapdh-F:
Mouse-Gapdh-R:
https://doi.org/10.1371/journal.ppat.1012146.t002

Sequence (5'-3')

ACGGCACGGGCGTGATC
ACTCGCGGTCCTCGAGCA
FAM-CTCGCGCGACCTCATCGAGCCCTGCAC-MGB
TACAACCTGACCATCGCTTG
GCCCCCAGAGACTTGTTGTA
CCTTCCTGGGCATGGAGTCCTG
GGAGCAATGATCTTGATCTTC
TGGCCTTCCGTGTTCCTAC
GAGTTGCTGTTGAAGTCGCA

incorporated, USA) with appropriate excitation using emission at 529 nm (green) and 590 nm
(red). The mitochondrial membrane potential energy was calculated as the ratio of red fluores-
cence intensity to green fluorescence intensity.

DNA extraction and quantitative polymerase chain reaction

To detect the PRV genome copies, gB-specific absolutely quantitative polymerase chain reac-
tion (QPCR) was performed as previously described [52]. Briefly, PRV genomic DNA was
extracted from cells, or tissues using the Universal Genomic DNA Kit (AXYGEN, Silicon Val-
ley, USA) and used for gB-specific absolute qPCR to precisely detect PRV genome copies. The
primer and TagMan probe sequences are listed in Table 2. The final PRV genome copy num-
bers were calculated based on a standard curve established using the recombinant pCAGGS-
Flag-¢B plasmid as a template. HSV-1 copies were detected using the primers listed in Table 2,
and the DNA levels of HSV-1 gD were detected and normalized to those of Gapdh or Actin.

Generation of UL10 gene-deleted PRV and HSV-1

Recombinant PRV with UL10 gene deletion (PRV-AUL10) was generated by homologous
recombination in HEK293T cells transfected with a recombination transfer vector and then
infected with PRV as described previously [41]. The following specific gene-targeted small
guide RNA (sgRNAs) were designed (https://wwws.blueheronbio.com/external/tools/
gRNASrc.jsp) and used to knock out the UL10 gene in PRV and HSV-1, respectively: PRV-
sgRNA-UL10, 5'-CACCGGCAACGCCGAGGCCGTGAGC-3' and HSV-1-sgRNA-UL10, 5'-
CACCGCGCGGACGGCGTGGTG GGTC-3'.

HEK293T cells were seeded in 6-well plates and transiently transfected with the
sgRNA-UL10-CRISPR/Cas9 plasmid for 24 h. Cells were then infected with PRV or HSV-1 at
200 TCIDs, for another 24 h. Supernatants were collected for plaque purification. Purified
PRV-AUL10 and HSV-1-AUL10 were identified using PCR and sequencing (S1 Table), illu-
mina whole-genome sequencing, and western blotting. The PCR primers for sequencing were
as follows: PRV-UL10-F: 5'-AAGAAGCTGGTCACGGTGGG-3; PRV-UL10-R: 5-AGCTG
CGCGTTGATCGTGGC -3'. HSV-1-UL10-F: CGTTGGGGAAGGTGACGGGTCCGTG
CTGCTG; HSV-1-UL10- R: AAACCAAAACAATGTTCTGTATACGGTCGCA.

Experiments in mice

Caspase-3 knockout mice were kindly provided by Zhengfan Jiang (Peking University, China).
The genotypes of these mice were confirmed through sequencing using the primers listed in
Table 3 and western blotting. Knockout mice and their WT littermates (6-8-week-old) were
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Table 3. PCR primers used to identify the genotypes of mice.

Genotype Primers (5'-3')

caspase-3 F: GGTGATTGGGATCAAACCCA
R: CAGGGCTTCTCTACTTTGCC

https://doi.org/10.1371/journal.ppat.1012146.t003

used in all experiments. All mice were housed in SPF barrier facilities at the HVRI of the Chi-
nese Academy of Agricultural Sciences (CAAS) (Harbin, China). All animal experiments were
performed according to animal protocols approved by the Subcommittee on Research Animal
Care at HVRL

For infecting mice, 6-8-week-old and sex-matched SPF C57BL6] WT mice were intraperi-
toneally injected with sterile 1 x PBS (n = 4, 200 uL/mouse), PRV-WT (n = 12), or PRV-
AUL10 (n = 12) (2,000 plaque forming units (PFU)/mouse, 200 uL/mouse). Similar to PRV,
SPF C57BL6] WT mice were intraperitoneally injected with sterile 1 x PBS (n = 4, 200 uL/
mouse), HSV-1-WT (n = 12) or HSV-1-AULI10 (n = 12) (1x10” PEU/mouse, 200 uL/mouse).
In addition, 6-8-week-old and sex-matched SPF C57BL6] WT mice and caspase-3+/ " mice
were intraperitoneally injected with sterile 1 x PBS (n = 4, 200 pL/mouse), PRV-WT (n = 10)
or PRV-AULL10 (n = 10) (2,000 PFU/mouse, 200 uL/mouse). Similar to PRV, WT and caspase-
3" mice were intraperitoneally injected with sterile 1 x PBS (n = 4, 200 uL/mouse), HSV-
1-WT (n = 10), or HSV-1-AUL10 (n = 10) (0.5x10” PFU/mouse, 200 uL/mouse). Survival rate
of all the mice was monitored daily until 15 dpi. The mice were euthanized and blood and tis-
sues (liver, spleen, lung, kidney, duodenum, and brain) from the infected mice were collected
for qPCR, viral genome copies, or histological analysis.

Histological analysis

The tissues of PRV-infected mice were fixed overnight in 10% formalin neutral buffer solution.
Histological analysis of tissue damage was performed using standard H&E staining or TUNEL
staining, and the results were analyzed using a light microscope.

Statistical analyses

All data were analyzed using the Prism software (GraphPad, version 8.0). Statistical analysis
was performed using unpaired, two-tailed Student’s t-test for two-group comparisons, log-
rank test for survival experiments, one-way analysis of variance (ANOVA) of Dunnett’s multi-
ple comparisons test for comparisons of more than two groups, and two-way ANOVA for
comparisons of more than two groups with two or more time points. P values < 0.05 were
considered to be statistically significant. *, P < 0.05; **, 0.001< P < 0.01; ***, P < 0.001; ns.
was considered statistically non-significant.

Supporting information

S1 Fig. PRV infection induces tissue damage and cell death in piglets. Five specific pathogen
free (SPF) piglets were mock-infected intranasally with PBS (n = 2, 1 mL/each) or infected
intranasally with PRV (n =3, 10° TCIDs,/1 mL/each). (A) Survival rate. (B) PRV DNA copy
number in tissues were analyzed using qPCR. (C) Pathological lesions (H&E staining) in the
brain, lung, and tonsil. Scale bar, 50 um. (D) Detection of dead cells in the tonsil and brain of
piglets using TUNEL staining. (E) The percentages of TUNEL-labeled cells in (D) were quanti-
fied. Results shown are representative of three independent experiments (mean + SD) or of
three independent experiments with similar results (one-way ANOVA in panel E). ***,
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P < 0.001.
(TIF)

S2 Fig. PRV infection induces apoptosis in vitro. (A) Representative morphological images of
HeLa cells infected with PRV-GFP. HeLa cells infected with PRV-GFP at an MOI of 1 were
monitored under a 63x oil objective using real-time confocal microscopy for 36 h. The black
arrowhead indicates apoptotic cells. White number in top-left corner indicates relative time.
(B-C) Representative images of cytopathic effects and TUNEL staining of PAMs (B) and HeLa
cells (C) after PRV infection. PAMs and HeLa cells were mock-infected or infected with PRV at
MOI of 5 or 1, respectively, for 36 h. Cells were fixed, stained with TUNEL (yellow), and visual-
ized under a microscope. Apoptotic cells were detected and quantified using TUNEL staining.
(D-G) Detection of apoptosis induced by PRV infection in various cell lines. PAMs (D), MPK
(E), IPEC-J2 (F), and 3D4/21 (G) cells were either mock-infected or infected with PRV. Cells
were harvested, stained with propidium iodide (PI) and Annexin V, and analyzed using flow
cytometry. The percentages of PI- and Annexin V-labeled cells were quantified. Both PI- and
Annexin V-stained cells showed later-stage apoptosis, and only Annexin V-labeled cells showed
early-stage apoptosis. Results shown are representative of three independent experiments
(mean + SD) or of three independent experiments with similar results (one-way ANOVA in
panels B-C, two-way ANOVA in panels D-G). *, P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001.
(TIF)

$3 Fig. Generation of PRV-AUL10 recombinant virus. (A) The construction strategy of
PRV-AUL10 recombinant virus. (B-D) Identification of PRV-AUL10 recombinant virus using
gene sequencing (B), PCR amplification (C), and western blotting (D). (E) Growth curve anal-
ysis of PRV-WT and PRV-AULI0. Vero cells were infected with PRV-WT or PRV-AULI10 at
MOI of 0.1 and PRV genomic DNA copy numbers were detected using qPCR. Results shown
are representative of three independent experiments (mean * SD) or of three independent
experiments with similar results. **,0.001 < P < 0.01; ***, P < 0.001.

(TIF)

$4 Fig. The fourth transmembrane region (aal56-177) of PRV gM is mainly required for
its subcellular localization and apoptosis. (A-B) PRV gM and its truncation mutants (A) as
well as subcellular localization in HEK293T cells under laser confocal microscopy (B). (C)
Detection of ATP enzymatic activities in HEK293T cells after the transient expression of Flag-
gM or its truncation mutant with deletion of the fourth transmembrane region (Flag-gMa ;56
177). Transfection of plasmids expressing Flag-Vec. and Flag-BAK were used as negative and
positive controls, respectively. (D) Apoptotic cell detection. Transfected HEK293T cells were
harvested, stained with PI and Annexin V, and analyzed using flow cytometry. The percent-
ages of PI- and Annexin V-labeled cells were quantified. Results shown are representative of
three independent experiments (mean + SD) or of three independent experiments with similar
results (one-way ANOVA in panel C; two-way ANOVA in panel D). ***, P < 0.001.

(TIF)

S5 Fig. Homology comparison and subcellular localization analysis between PRV gM and
its homologs in the indicated herpesviruses. (A) Homologous comparison of the amino acid
sequences from different herpesviruses. (B) Subcellular localization of PRV gM and its homo-
logs from different herpesviruses in HEK293T cells.

(TIF)

S6 Fig. Generation of HSV-1-AUL10 recombinant virus. (A) The construction strategy of
HSV-1-AULI10 recombinant virus. (B) Identification of HSV-1-AUL10 recombinant virus
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using gene sequencing. (C) Growth curve analysis of HSV-1-WT and HSV-1-AUL10. Vero
cells were infected with HSV-1-WT or HSV-1-AUL10 at an MOI of 0.1 and HSV-1 genomic
DNA were detected using qPCR. Results shown are representative of three independent exper-
iments (mean * SD) or of three independent experiments with similar results. ***, P < 0.001.
(TTF)

S7 Fig. Deletion of caspase-3 does not affect the replication and pathogenicity of PRV-
AUL10 and HSV-1-AUL10. (A-D) Deletion of caspase-3 did not affect PRV-AUL10 (A-B)
and HSV-1-AUL10 (C-D) replication. The pellets of PRV-AUL10- or HSV-1-AUL10-infected
HeLa-WT and HeLa-caspase-3" cells were used for PRV DNA copy numbers or HSV-1 geno-
mic DNA detection using qPCR, and the cell supernatants were collected for TCIDs, assay in
Vero cells. (E) Survival rate. WT and caspase-3*"" mice were challenged intraperitoneally with
PBS or PRV-AULIO0 at a dosage of 2,000 PFU per mouse (n = 4 in the PBS group, n = 10 in the
PRV-AULI10-injected WT mice group, and n = 10 in the PRV-AUL10-injected caspase-3*"~
mice group) and their survival was recorded for 15 days. (F) Survival rate. WT and caspase-3""
mice were challenged intraperitoneally with PBS or HSV-1-AULIO0 at a dosage of 1x10” PFU
per mouse (n = 4 in the PBS group, n = 10 in the HSV-1-AUL10-injected WT mice group, and
n = 10 in the HSV-1-AUL10-injected caspase-3*" mice group) and their survival was recorded
for 15 days. Results shown are representative of three independent experiments (mean + SD)
or of three independent experiments with similar results (two-way ANOVA in panels A-D).
ns., not significant.

(TIF)

S1 Video. PRV infection induces apoptosis. Morphological changes in HeLa cells infected
with PRV-GFP at an MOI of 1 were monitored under a 63x oil objective using real-time con-
focal microscopy for 36 h. Scale bar: 20 pm. White number in top-left corner indicates relative
time. Black arrowhead indicates apoptotic cells. White number in top-left corner indicates rel-
ative time.

(AVI)

S2 Video. PRV gM induces apoptosis in HeLa cells. Morphological changes in HeLa cells
transfected with a plasmid expressing the PRV GFP-gM were monitored under a 63x oil objec-
tive using real-time confocal microscopy for 36 h. Scale bar: 20 pm. White number in top-left
corner indicates relative time.

(AVI)

$3 Video. PRV gM fails to induce apoptosis in Ln229 cells. Morphological changes in Ln229
cells transfected with a plasmid expressing the PRV GFP-gM were monitored under a 63x oil
objective using real-time confocal microscopy for 36 h. Scale bar: 50 pm. White number in
top-left corner indicates relative time.

(AVI)

$4 Video. PRV gM induces mitochondrial damage. Morphological changes in HeLa cells
transiently transfected with plasmids expressing PRV-GFP-gM (green) and Mito-DsRed (red).
were monitored under a 63x oil objective using real-time confocal microscopy for 36 h. Scale
bar: 50 um. White number in top-left corner indicates relative time.

(AVI)

S1 Table. The DNA sequences covering the recombinant region of PRV and HSV-1.
(DOCX)
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S1 Appendix. Comparison of UL10 gene sequences between PRV-WT and PRV-AUL10.
(JPG)

$2 Appendix. The whole genomic DNA sequence of PRV-AUL10.
(DOC)

S$3 Appendix. Comparison of the whole genomic DNA sequences between PRV-WT and
PRV-AUL10.
(HTM)

S$4 Appendix. Comparison of UL10 gene sequences between HSV-1-WT and HSV-1-
AUL10.
(JPG)

S5 Appendix. The whole genomic DNA sequence of HSV-1-AUL10.
(DOC)

S6 Appendix. Comparison of the whole genomic DNA sequences between HSV-1-WT and
HSV-1-AUL10.
(HTM)
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