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ABSTRACT Herpes simplex virus 1 (HSV-1) infects mucosal epithelial cells and es-
tablishes lifelong infections in sensory neurons. Following reactivation, the virus is
transferred anterograde to the initial site of infection or to sites innervated by in-
fected neurons, causing vesicular lesions. Upon immunosuppression, frequent HSV-1
reactivation can cause severe diseases, such as blindness and encephalitis. Au-
tophagy is a process whereby cell components are recycled, but it also serves as
a defense mechanism against pathogens. HSV-1 is known to combat autophagy
through the functions of the �134.5 protein, which prevents formation of the au-
tophagophore by binding to Beclin 1, a key factor involved in the elongation of the
isolation membrane, and by redirecting the protein phosphatase 1� (PP1�) to de-
phosphorylate the translation initiation factor 2� (eIF2�) to prevent host transla-
tional shutoff. Other viral proteins that counteract innate immunity negatively im-
pact autophagy. Here, we present a novel strategy of HSV-1 to evade the host
through the downregulation of the autophagy adaptor protein sequestosome (p62/
SQSTM1) and of the mitophagy adaptor optineurin (OPTN). This down-modulation
occurs during the early steps of the infection. We also found that infected cell pro-
tein 0 (ICP0) of the virus mediates the down-modulation of the two autophagy
adaptors in a mechanism independent of its E3 ubiquitin ligase activity. Cells de-
pleted of either p62 or OPTN were able to mount greater antiviral responses,
whereas cells expressing exogenous p62 displayed decreased virus yields. We con-
clude that downregulation of p62/SQSTM1 and OPTN is a viral strategy to counter-
act the host.

IMPORTANCE Autophagy is a homeostatic mechanism of cells to recycle compo-
nents, as well as a defense mechanism to get rid of pathogens. Strategies that
HSV-1 has developed to counteract autophagy have been described and involve in-
hibition of autophagosome formation or indirect mechanisms. Here, we present a
novel mechanism that involves downregulation of two major autophagy adaptor pro-
teins, sequestosome 1 (p62/SQSTM1) and optineurin (OPTN). These findings generate
the question of why the virus targets two major autophagy adaptors if it has mech-
anisms to block autophagosome formation. P62/SQSTM1 and OPTN proteins have
pleiotropic functions, including regulation of innate immunity, inflammation, protein
sorting, and chromatin remodeling. The decrease in virus yields in the presence of
exogenous p62/SQSTM1 suggests that these adaptors have an antiviral function.
Thus, HSV-1 may have developed multiple strategies to incapacitate autophagy to
ensure replication. Alternatively, the virus may target another antiviral function of
these proteins.
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More than 80% of the human population is already latently infected by herpes
simplex virus 1 (HSV-1) (1). This virus infects primarily mucosal epithelial cells and

establishes a lifelong infection in sensory neurons (1). Following reactivation, HSV-1
most commonly causes the formation of painful, vesicular lesions in the oral-facial area
(1). Increased frequency of HSV-1 reactivation in elderly and immunocompromised
individuals can cause severe diseases, such as herpes encephalitis and blindness due to
keratitis (1).

To successfully colonize a host, HSV-1 must overcome the immune barriers of the
human body, and for this, it has evolved multiple strategies, including the ability to
block autophagy (2–7). Autophagy is a process for selective degradation of cellular
components that serves as a homeostatic mechanism of the cells (8–11). Three major
types of autophagy have been described: (i) macroautophagy, which involves the
delivery of autophagic cargo inside double-membrane vesicles, called autophago-
somes, to lysosomes; (ii) microautophagy, in which cytosolic materials reach the
lysosomal membrane, where they are internalized; and (iii) chaperone-mediated au-
tophagy, which involves cargo recognition by the heat shock cognate protein of 70 kDa
(hsc70) and internalization into the lysosomal lumen (9, 12–14). In addition, selective
macroautophagy is used by cells to maintain the integrity and number of organelles in
various environments. Such specialized types of autophagy include mitophagy (re-
moval of damaged or excess mitochondria), pexophagy (for peroxisome clearance),
reticulophagy (for degradation of portions of the endoplasmic reticulum [ER]), nu-
cleophagy (targeting portions of the nucleus), lysophagy (for lysosomes), ribophagy (for
ribosomes), aggrephagy (for protein aggregates), lipophagy (for lipid droplets), protea-
phagy (for inactive proteasomes), and others (9, 13, 15–18). In addition to having a role
in cellular homeostasis, autophagy is a host defense mechanism that facilitates removal
of pathogens. For example, autophagy removes bacteria that escape the phagosomal
compartment upon phagocytosis and damaged bacterium-containing phagosomes (9,
10, 19, 20). Virions in the cytoplasm of cells or viral components are removed via a
process called virophagy (4, 21–23).

The process of mammalian autophagy involves six principal steps: initiation, nucle-
ation, elongation, closure, maturation, and degradation or extrusion (13, 24). The
nascent membrane that is used for phagophore formation can originate from the Golgi
complex, endosomes, ER, mitochondria, or plasma membrane. An important factor for
phagophore elongation is Beclin 1, a Bcl-2 homology 3 (BH-3) domain protein that is a
component of the class III phosphoinositide 3-kinase (PI3K) complex. Beclin 1 is
enzymatically inert, but it regulates the generation of phosphatidylinositol 3-phosphate
[PtdIns(3)P] and recruits factors that orchestrate autophagosome formation (13, 24–28).
However, autophagy can be performed independently of Beclin 1 through diverse
processes. During phagophore elongation, adaptor proteins play an important role, as
they deliver ubiquitinated cargos to autophagosomes for degradation (24). Among
these adaptors, the best characterized is p62 (sequestosome 1 or SQSTM1). In its
inactive state, p62 homodimerizes through its ubiquitin-associated (UBA) domain, and
that prevents it from interacting with ubiquitin. Phosphorylation of p62 facilitates
transition from dimer to monomer and binding of p62 to ubiquitin chains, so it acquires
liquid-like properties. These phase-separated droplets allow the exchange of compo-
nents, including LC3 and ubiquitin, with their surrounding environment (29–33). An-
other adaptor that has received special attention is optineurin (OPTN). OPTN regulates
several cellular processes pertaining to protein trafficking and membrane cargo deliv-
ery from the trans-Golgi compartment to the plasma membrane (34). The OPTN gene
originated from gene duplication of the NF-�B regulator known as NF-�B essential
modulator (NEMO), and that may explain the contribution of OPTN to inflammation and
innate immunity (35–40). OPTN protein carries two nearby ubiquitin binding motifs;
therefore, it has preference for binding to longer poly-ubiquitin chains. As with p62,
OPTN has a role in delivering ubiquitinated cargo to autophagophores, but it is also
involved in clearance of damaged mitochondria (mitophagy) (35–40). Mutations of
OPTN have been linked to neurodegenerative disorders (amyotrophic lateral sclerosis
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[ALS] and dementia) and to normal-tension glaucoma (NTG), as well as juvenile
open-angle glaucoma, due to reduced survival of retinal ganglion cells (35–40).

An unequivocal mechanism of HSV-1 to counteract autophagy was discovered in
the early 1990s and involved the use of �134.5, a protein encoded by a “leaky late” gene
of the virus, to prevent the host translational shutoff, mediated by activated protein
kinase R (PKR), through dephosphorylation of the translation initiation factor e�F-2� (2,
3). The �134.5 protein has an essential role in HSV-1 replication in neurons but not in
other cell types (2, 3). An additional mechanism involving the �134.5 protein was later
described and included the interaction of �134.5 with Beclin 1, which inhibits au-
tophagophore formation (6, 7). A virus lacking the Beclin 1 binding domain of �134.5 failed
to counteract autophagy after intracranial injection of mice and displayed impaired
replication, but a minor phenotype was observed by this virus in nonneuronal cells in
vitro (6, 7). Other mechanisms of HSV-1 to combat autophagy have been proposed. For
example, expression of Us11, a late gene product, under an immediate early promoter
in the background of the Δ�134.5 virus precluded the host translational shutoff by
inhibiting PKR directly (41–44). Viral glycoprotein B suppresses the unfolded protein
response (UPR) by binding to protein kinase R-like endoplasmic reticulum kinase (PERK)
and preventing its activation and phosphorylation of eIF-2� (45). Finally, mechanisms
by which the virus blocks innate immune responses may indirectly inhibit autophagy,
as these two processes regulate one another.

Here, we discuss a novel mechanism that is used by HSV-1 to evade the functions
of the adaptor proteins p62 and OPTN. This mechanism involves the immediate early
gene product of the ICP0 virus that causes proteasome-dependent downregulation of
both adaptor proteins. Interestingly, the ICP0 E3 ubiquitin ligase activity does not
appear to be required for this process. This downregulation occurs early after infection,
it requires calcium, and it depends on a cytoplasmic function of ICP0. p62 and OPTN
depletion did not have an apparent effect on the infection by the wild-type virus, but
it did compromise mutant viruses unable to block innate immune responses by exacer-
bating host responses. Wild-type virus infection was compromised by the presence of
the p62 protein during the early stages of the infection, and a severe inhibition of viral
gene transcription was observed. In conclusion, we have uncovered a novel HSV-1
evasion mechanism that targets major autophagy adaptor proteins. In addition, we
describe a role of ICP0 for down-modulation of these adaptors that is independent of
its E3 ubiquitin ligase activity but is dependent on cytoplasmic localization and calcium
mobilization.

RESULTS
Down-modulation of p62/SQSTM1 and OPTN proteins during HSV-1 infection.

HSV-1 has developed multiple mechanisms to inhibit autophagy, and many studies
have been focused on the role of the �134.5 neurovirulence factor (3, 5–7). Our studies
aimed at identifying additional mechanisms that could facilitate autophagy inhibition
and immune evasion during HSV-1 infection. Using a targeted approach, we investi-
gated the impact of HSV-1 infection on the autophagy adaptor protein sequestosome
1 (p62/SQSTM1) (32, 38). For this, we infected the human embryonic lung fibroblasts
(HEL) and the human epithelial cells (HEp-2) with the HSV-1 F strain (F) (1 PFU/cell). The
cells were harvested at 3, 6, and 9 h postinfection, and equal amounts of proteins were
analyzed by immunoblot analysis using antibodies against the p62/SQSTM1 protein,
ICP0, and �-actin. As shown in Fig. 1A, the amount of p62/SQSTM1 protein was reduced
as soon as 3 h after infection of HEL cells with HSV-1(F) and by 6 h after infection of
HEp-2 cells. �-Actin served as a loading control and ICP0 as a control of infection. To
investigate whether the reduction of p62/SQSTM1 protein was cell type dependent, we
infected human microglia cell line 3 (HMC3) and the human monocyte cell line THP-1
with HSV-1(F) (3 PFU/cell). We found that the levels of p62/SQSTM1 protein were
decreased in HMC3 cells late during infection (Fig. 1B) but remained unaltered during
infection of THP-1 cells (Fig. 1C). Down-modulation of p62/SQSTM1 protein was also
noticed in the human glioblastoma cell line SK-N-SH, the human osteosarcoma cell line
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U2OS, and human embryonic kidney 293 (HEK-293) cells (data not shown). We also
investigated whether other autophagy adaptors were downregulated during HSV-1
infection. Optineurin (OPTN) is an adaptor protein that has been linked to mitophagy,
the autophagy of mitochondria (38). After infecting HEL cells with HSV-1(F) (3 PFU/cell),
we noticed OPTN down-modulation as soon as 3 h postinfection (Fig. 1D). Slower-
migrating bands of OPTN appearing after HSV-1 infection may represent posttransla-
tional modifications.

Overall, multiple autophagy adaptors appear to be downregulated during the early
stages of HSV-1 infection in various cell lines.

FIG 1 Downregulation of p62/SQSTM1 and OPTN during HSV-1 infection. (A) HEL or HEp-2 cells were infected with
HSV-1(F) (1 PFU/cell), and whole-cell lysates were collected at 3, 6, and 9 h postinfection. Equal amounts of protein
were analyzed by immunoblot analysis using an anti-p62 antibody. �-Actin served as a loading control, and ICP0
served as a positive control for infection. Values at the left are molecular masses (in kilodaltons). (B) HMC3 cells
were infected with HSV-1(F) (3 PFU/cell) for 24 h, and p62 protein was detected in equal amounts of cell lysates
as described for panel A. (C) THP-1 cells were infected with HSV-1(F) (3 PFU/cell), the cells were harvested at 3, 9,
and 24 h after infection, and p62 protein was monitored in equal amounts of cell lysates as described for panel A.
(D) HEL cells were infected with HSV-1(F) (3 PFU/cell), and whole-cell lysates were collected at 3, 9, and 24 h
postinfection and analyzed by immunoblot analysis, using an anti-OPTN antibody and an anti-ICP0 antibody.
�-Actin served as a loading control. All experiments were repeated at least two independent times, and representative
Western blots are presented.
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Viral gene expression is required for downregulation of p62/SQSTM1 and
OPTN. To determine the stage of the infection that could cause downregulation of the
autophagy adaptors, a series of four experiments were performed. First, we inactivated
the virus by UV exposure (1,200 �J/cm2 for 2, 5, or 15 min), which damages the viral
genome, and then used this virus to infect HEL cells. The cells were harvested at 24 h
postinfection, and the levels of p62/SQSTM1 were monitored in equal amounts of cell
lysates by immunoblot analysis. As shown in Fig. 2A, UV-inactivated virus did not cause
p62/SQSTM1 downregulation. As expected, ICP0 protein was undetectable since viral
gene expression could not occur from the UV-damaged genome. �-Actin was used as
a loading control. Second, we heat inactivated the virus to denature virion proteins by
incubation at 56°C for 5, 10, or 15 min and exposed HEL cells to this virus, as described
above. As shown in Fig. 2B, heat-inactivated virus did not cause down-modulation of
p62/SQSTM1, and ICP0 expression did not occur either. In the third experiment, we
either blocked transcription by treatment with actinomycin D (10 �g/ml) (Fig. 2C) or
blocked protein synthesis by treatment with cycloheximide (CHX) (100 �g/ml) (Fig. 2D).
The cells were harvested at 9 h postinfection (10 PFU/cell), and the levels of p62/
SQSTM1 protein were monitored as described above. As shown in Fig. 2D, treatment
with CHX down-modulated p62/SQSTM1 both in uninfected and in infected cells,
suggesting possible toxicity. In contrast, inhibition of transcription did not affect the
levels of p62/SQSTM1, suggesting that viral gene transcription is essential for p62/
SQSTM1 down-modulation (Fig. 2C). In the last experiment, we perturbed calcium levels
by treating HEL cells with either ionomycin (10 �M), a Ca2� ionophore that causes
calcium mobilization from intracellular stores, or the calcium chelator BAPTA-AM
[1,2-bis(o-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid; 10 �M]; these were added
to the cultures at 1 h postinfection with HSV-1(F) (10 PFU/cell). The cells were harvested
at 9 h postinfection, and the levels of p62/SQSTM1 were monitored as described above.
Treatment with ionomycin did not affect the ability of the virus to cause p62/SQSTM1
downregulation, whereas calcium chelation did (Fig. 2E).

Our data suggest that viral gene expression and calcium are important for down-
modulation of p62/SQSTM1 during HSV-1 infection.

ICP0-dependent down-modulation of p62/SQSTM1 and OPTN during HSV-1
infection. To identify viral genes involved in the downregulation of p62 and OPTN, we
used a panel of mutant viruses in a series of three experiments. First, we exposed HEL
cells to either the replication-deficient ΔICP8 virus or the wild-type virus (3 PFU/cell).
The cells were harvested at 3, 9, and 24 h postinfection, and the levels of p62/SQSTM1
were assessed in equal amounts of cell lysates by immunoblot analysis. As shown in Fig.
3A, infection with the ΔICP8 virus caused down-modulation of p62/SQSTM1, as with the
wild-type virus, as soon as 3 h postinfection. A similar down-modulation was observed
for the OPTN protein. ICP0 expression was used as a control of infection, ICP8 and VP16
expression indicated the replication-defective virus, and �-actin was used as a loading
control. These data suggest that virus replication is not required for downregulation of
major autophagy adaptors and suggest that earlier events trigger this process.

Second, we infected HEL cells with the ΔICP27 and ΔICP4 mutant viruses (5 and 50
PFU/cell), which lack the essential immediate early genes ICP27 and ICP4, respectively;
therefore, viral infection is arrested at transcription initiation. Infected cells were
harvested at 9 h postinfection, and the levels of p62/SQSTM1 were assessed in equal
amounts of cell lysates, as described above. As shown in Fig. 3B, infection with the
ΔICP4 virus caused p62/SQSTM1 protein down-modulation, whereas infection with the
ΔICP27 virus did not. Among the differences known for these viruses, ICP0 expression
is one. As shown in Fig. 3B, the ΔICP4 virus expressed high levels of ICP0 in order to
complement the absence of ICP4, whereas in ΔICP27 virus-infected cells, ICP0 expres-
sion was reduced. These data prompted us to investigate whether ICP0 has a role in the
down-modulation of p62/SQSTM1 because ICP0 is an E3 ubiquitin ligase that degrades
hostile host factors (46, 47). For this, we exposed HEL cells to two different doses (5 and
10 PFU/cell) of either HSV-1(F), an ICP0-null virus (ΔICP0), or an ICP0 E3 ubiquitin ligase
(RING finger [RF]) mutant (with the C116A and C156A mutations) (47). The cells were

HSV-1 ICP0 Downregulates Autophagy Adaptor Proteins Journal of Virology

November 2019 Volume 93 Issue 21 e01258-19 jvi.asm.org 5

https://jvi.asm.org


harvested at 24 h postinfection, and the levels of p62/SQSTM1 protein were assessed
in equal amounts of cell lysates, as described above. As shown in Fig. 3C, the ΔICP0
virus did not cause down-modulation of p62/SQSTM1.

To further assess the role of ICP0, we repeated the experiment using a mutant virus
in which ICP0 is retained in the nucleus due to a replacement of aspartic acid 199 with

FIG 2 Viral entry and transcription are required for down-modulation of p62 during HSV-1 infection. (A) HEL cells
were infected with HSV-1(F) (10 PFU/cell) that had been exposed to UV light (1,200 �J/cm2) for 0, 2, 5, or 15 min,
and whole-cell lysates were collected at 24 h postinfection. The levels of p62 protein were analyzed in equal
amounts of cell lysates using an anti-p62 antibody. ICP0 expression served as a positive control for infection.
�-Actin was used as a loading control. (B) HEL cells were infected with HSV-1(F) at 5 PFU/cell (lane 2) or 10 PFU/cell
(lane 3) or with viral stock (10 PFU/cell) that had been heated at 56°C for 5, 10, or 15 min (lanes 4 to 6). Whole-cell
lysates were collected at 24 h postinfection, and equal amounts of protein were analyzed by immunoblot analysis,
using antibodies against p62 and ICP0. �-Actin served as a loading control. (C) HEL cells were infected with HSV-1(F)
(10 PFU/cell) and were left untreated or treated with actinomycin D (ActD; 10 �g/ml) at 1 h postinfection.
Whole-cell lysates were collected at 9 h postinfection, and equal amounts of protein were analyzed by immunoblot
analysis, using antibodies against p62 or ICP0. �-Actin served as a loading control. (D) The experiment whose
results are shown was done as described for panel C except that the cells were treated with cycloheximide (CHX;
100 �g/ml), added at the moment of infection. The cells were harvested at 9 and 24 h postinfection, and equal
amounts of proteins were analyzed as described above. (E) HEL cells were infected with HSV-1(F) (10 PFU/cell) and
were left untreated or treated with ionomycin (10 �M) or BAPTA.AM (10 �M) at 1 h postinfection. Whole-cell lysates
were collected at 9 h after infection, and equal amounts of protein were analyzed by immunoblot analysis, using
antibodies against p62 or ICP0. �-Actin served as a loading control. All experiments were repeated three
independent times, and representative Western blots are presented.
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alanine (D199A mutant), in addition to the ΔICP0 virus, the ICP0 RF mutant, and the
wild-type virus (48). Infections were done using three different doses of these viruses
(5, 10, and 15 PFU/cell), the cells were harvested at 9 and 24 h postinfection, and the
amounts of p62/SQSTM1 were analyzed by Western blotting. As shown in Fig. 4A, both
the wild-type virus and the ICP0 RF mutant caused a down-modulation of p62/SQSTM1

FIG 3 Downregulation of p62 during HSV-1 infection is independent of viral replication but dependent on
immediate early gene expression. (A) HEL cells were infected with HSV-1(F) or the ΔICP8 virus (3 PFU/cell), and
whole-cell lysates were collected at 3, 9, and 24 h postinfection. Equal amounts of protein were loaded for
immunoblot analysis using antibodies against OPTN, p62, ICP0, and ICP8. ICP0 served as a control of infection,
whereas VP16 served as a control for viral-genome replication. �-Actin served as a loading control. (B) HEL cells
were infected with HSV-1(F) (5 PFU/cell), the ΔICP27 mutant (5 or 50 PFU/cell), or the ΔICP4 mutant (5 or 50
PFU/cell), and whole-cell lysates were collected at 9 h postinfection. Equal amounts of protein were analyzed by
immunoblot analysis using antibodies against p62 and ICP0. �-Actin served as a loading control. (C) HEL cells were
infected with HSV-1(F) or the RF or ΔICP0 mutant at 5 or 10 PFU/cell, and whole-cell lysates were collected at 9 h
postinfection. Equal amounts of protein were analyzed by immunoblot analysis, using antibodies against p62 and
ICP0. �-Actin served as a loading control. All experiments were repeated three independent times, and represen-
tative Western blots are presented.
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at both time points. In contrast, the Δ�CP0 virus did not affect p62/SQSTM1 even up to
24 h postinfection. ΔICP0 virus-infected cells accumulated amounts of ICP8 similar to
those in wild-type-virus-infected cells (Fig. 4B), suggesting that lack of p62/SQSTM1
down-modulation is not due to possible replication differences. In addition, the D199A

FIG 4 Down-modulation of p62 during HSV-1 infection is dependent on ICP0. (A) HEL cells were infected with
HSV-1(F) or the ΔICP0, D199A, or RF ICP0 mutant virus at 5, 10, or 15 PFU/cell. Whole-cell lysates were collected
at 9 and 24 h after infection, and equal amounts of protein were analyzed by immunoblot analysis, using antibodies
against p62 and ICP0. �-Actin served as a loading control. (B) HEL cells were infected with HSV-1(F) or the ΔICP0
virus at 5, 10, or 20 PFU/cell. The cells were harvested at 9 h postinfection, and proteins were analyzed as described
for panel A. (C) HEL cells were infected with HSV-1(F) or the Δ�134.5, ΔICP0, or D199A virus at 10 PFU/cell.
Whole-cell lysates were collected at 9 h after infection, and equal amounts of protein were analyzed by
immunoblot analysis, using an antibody against LC3-B. �-Actin served as a loading control. (D) HEK-293 cells were
either not transfected or transfected with an empty pcDNA vector, a plasmid expressing wild-type (wt) ICP0, or
plasmids expressing mutated forms of ICP0 lacking either the NLS (ICP0 mut1) or the NLS and a putative NLS (ICP0
mut2). Ionomycin (5 �M) was added in one set of replicate cultures at 32 h posttransfection for 16 h. The cells were
harvested at 48 h posttransfection, and the levels of p62 were determined in equal amounts of cell lysates by
immunoblot analysis. All experiments were repeated at least three independent times, and representative Western
blots are depicted.
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virus did not cause any reduction of the p62/SQSTM1 levels compared to those in the
wild-type virus. Autophagy can result in down-modulation of p62/SQSTM1; thus, we
assessed the levels of lipidated LC3-B after infection with either the wild type or the
ICP0 mutant viruses as an indication of autophagy activation. Infection with the
�134.5-null virus served as a positive control since this virus cannot counteract au-
tophagy. As shown in Fig. 4C, the ΔICP0 and D199A viruses resulted in higher ratios of
LC3-II to LC3-I than in uninfected or HSV-1-infected cells, which might be indicative of
autophagy activation. Thus, the small decrease of p62/SQSTM1 after infection with ICP0
mutants at late hours postinfection may be attributed to some degree of autophagy.

Next, we asked whether ICP0 outside the context of the infection could cause p62
down-modulation. For this, in addition to using the wild-type ICP0, we developed two
mutated forms that localize in the cytoplasm: one lacking the nuclear localization signal
(NLS) (deletion of amino acids 447 to 511) (ICP0 mut1) and a second one lacking the
NLS (deletion of amino acids 447 to 511) and a putative NLS (deletion of amino acids
244 to 277) (ICP0 mut2). ICP0 mut2 localizes quantitatively in the cytoplasm, unlike ICP0
mut1. We performed two sets of experiments. First, we transfected HEK-293 cells with
either an empty vector or a plasmid expressing wild-type ICP0, ICP0 mut1, or ICP0
mut2. Second, we treated the transfected cells with ionomycin (5 �M) for 16 h to trigger
calcium mobilization. The cells were harvested at 48 h posttransfection, and the levels
of p62 were assessed in equal amounts of total proteins by immunoblot analysis. As
shown in Fig. 4D, there was a significant down-modulation of p62 in the presence of
ICP0 mut2 when cells were treated with ionomycin. A smaller effect was noticed in the
cells with ICP0 mut1 in the presence of ionomycin. Interestingly, we noticed no effect
by these ICP0 forms in non-ionomycin-treated cells, suggesting that calcium mobiliza-
tion is important for ICP0-mediated p62 down-modulation.

Overall, downregulation of p62/SQSTM1 occurs prior to virus replication, and cyto-
plasmic ICP0 contributes to this process in an E3 ubiquitin ligase-independent manner.

Down-modulation of p62/SQSTM1 is proteasome dependent. To identify the

mechanism of downregulation of p62/SQSTM1 and OPTN during HSV-1 infection, we
performed a series of four experiments. First, we asked if the virion host shutoff (VHS),
the viral RNase, has any role in the down-modulation of p62/SQSTM1 and OPTN. For
this, HEL cells were exposed to HSV-1(F), a ΔVHS virus, or a ΔICP27 virus (3 PFU/cell). The
cells were harvested at 9 h postinfection, and equal amounts of cell lysates were
analyzed for p62/SQSTM1 and OPTN expression. As shown in Fig. 5A, infection with the
ΔVHS virus resulted in a down-modulation of p62/SQSTM1 and OPTN proteins similar
to that of the wild-type virus infection. Infection with the ΔICP27 virus served as a
control because this virus does not cause downregulation of the autophagy adaptors.

Second, to further support the supposition that the amounts of p62/SQSTM1 and
OPTN transcripts remain unaltered during infection, we exposed HEL cells to HSV-1(F)
(5 PFU/cell), the cells were harvested at 2, 5, and 8 h postinfection, and the amounts of
p62/SQSTM1 and OPTN transcripts in total RNA were determined by real-time PCR
analysis, using TaqMan probes for the above-mentioned transcripts. As shown in
Fig. 5B, both the p62/SQSTM1 and OPTN transcripts remained stable at least up to 8 h
postinfection, suggesting that the decrease in the amounts of both proteins was not
due to down-modulation of their transcripts.

Third, we investigated if proteasomes mediate downregulation of p62/SQSTM1 and
OPTN. HEL cells were uninfected or infected with the wild-type virus, and the protea-
some inhibitor MG132 (10 �M) was added in replicate cultures 1 h after the addition of
virus (3 PFU/cell). The cells were harvested at 3, 9, and 24 h postinfection for analysis
of p62/SQSTM1 or at 12 and 24 h postinfection for analysis of OPTN, and the amounts
of both proteins were determined in equal amounts of cell lysates. As shown in Fig. 5C,
MG132 prevented the down-modulation of p62/SQSTM1 protein. For OPTN, we noticed
that in the presence of MG132, a faster-migrating form accumulated, which appears to
originate from the slower-migrating form of the protein (Fig. 5D). Perhaps a posttrans-
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lational modification, such as proteolytic cleavage, occurs before degradation of OPTN
during HSV-1 infection.

In the last series of experiments, we investigated the role of �134.5 protein in the
down-modulation of p62/SQSTM1 by infecting HEL cells with the �134.5-null virus (3
PFU/cell). We observed that p62/SQSTM1 protein was down-modulated in Δ�134.5
virus-infected cells (Fig. 6A). However, the Δ�134.5 virus cannot block autophagy, which
may be the reason for p62/SQSTM1 down-modulation, whereas HSV-1 can (Fig. 4C) (2,
6). To address whether the mechanisms of downregulation of p62/SQSTM1 are different

FIG 5 Down-modulation of p62 and OPTN protein during infection occurs at the level of protein and not of
transcript. (A) HEL cells were infected with HSV-1(F) or the ΔICP27 or ΔVHS mutant (3 PFU/cell), and whole-cell
lysates were collected at 9 h postinfection. Equal amounts of protein were analyzed by immunoblot analysis using
antibodies against p62, OPTN, or ICP0. �-Actin served as a loading control. (B) HEL cells were not infected or
infected with HSV-1(F) (5 PFU/cell), and cells were harvested at 2, 5, and 8 h postinfection. OPTN and p62 transcript
levels were determined in the total amount of RNA by qPCR analysis using probes against p62 or OPTN transcripts.
Primers against 18S rRNA served as a normalization control. Results from three independent assays do not
demonstrate statistically significant differences. (C) HEL cells were infected with HSV-1(F) (3 PFU/cell) and were left
untreated or were treated with MG132 (10 �M) at 1 h postinfection. Whole-cell lysates were collected at 3, 9, and
24 h postinfection, and equal amounts of protein were analyzed by immunoblot analysis, using antibodies against
p62 and ICP0, which served as both a control for infection and a positive control for the effect of MG132 on ICP0
protein accumulation. �-Actin served as a loading control. (D) HEL cells were infected with HSV-1(F) (3 PFU/cell) and
were left untreated or treated with MG132 as described for panel C. Whole-cell lysates were collected at 12 and
24 h postinfection, and protein analysis was done as described for panel C. All experiments were repeated at least
three independent times, and representative Western blots are depicted.
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between the two viruses, we treated Δ�134.5 virus-infected cells with MG132. We found
that treatment with MG132 did not prevent the down-modulation of p62/SQSTM1 in
Δ�134.5 virus-infected cells (Fig. 6B) but that it did in HSV-1-infected cells (Fig. 5C).
Additional repeats of this assay demonstrated that MG132 may partially rescue p62/
SQSTM1 levels in Δ�134.5 virus-infected cells but that it fully rescued the levels of this
protein in wild-type-virus-infected cells.

Taken together, our data suggest that p62/SQSTM1 and OPTN are most likely
degraded via the proteasome pathway during infection by the wild-type virus.

FIG 6 Downregulation of p62 still occurs during infection with the Δ�134.5 virus but in a proteasome-
independent manner. (A) HEL cells were uninfected or infected with the Δ�134.5 virus (3 PFU/cell), and
whole-cell lysates were collected at 3, 6, 9, and 30 h after infection. Equal amounts of protein were
analyzed by immunoblot analysis using an anti-p62 antibody. �-Actin served as a loading control. (B) HEL
cells were uninfected or infected with the Δ�134.5 virus (5 PFU/cell) and were either untreated or treated
with MG132 (10 �M) at 1 h postinfection. Whole-cell lysates were collected at 3, 9, and 24 h after
infection. Equal amounts of protein were analyzed by immunoblot analysis using an anti-p62 antibody
and an anti-ICP0 antibody. �-Actin served as a loading control. All experiments were repeated two
independent times, and representative Western blots are depicted.
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P62/SQSTM1 KD and OPTN KD negatively impact �ICP0 but not wild-type virus
infection. Since wild-type virus downregulates p62/SQSTM1 and OPTN early after
infection, we were not expecting any benefit for the wild-type virus in cells depleted of
these proteins. However, it was unclear whether mutant viruses that cannot counteract
antiviral responses would be affected in cells depleted of these autophagy adaptors. To
assess this, we knocked down p62/SQSTM1 and OPTN in HEL cells using lentiviral
vectors carrying short hairpin RNAs (shRNAs) against their transcripts, and the efficiency
of knockdown is depicted in Fig. 7A. We then exposed these cell lines to either the
wild-type virus or the ΔICP0 virus (0.01 PFU/cell), harvested the cells at 3, 24, 48, and
72 h postinfection, and assessed progeny virus production by titration in Vero cells. As
expected, wild-type virus infection did not display any apparent benefit in the knock-
down cell lines (Fig. 7B), but the ΔICP0 virus displayed a decrease in virus yields by
almost 15-fold in both cell lines (Fig. 7B). The ΔICP0 virus has defects in activating
viral-gene transcription and blocking innate immune responses (46, 49–54). Thus, we
asked, “how does depletion of p62/SQSTM1 and OPTN proteins impact innate immune
responses to infections by defective viruses?” To assess this, we exposed HEL cells and
their p62/SQSTM1 knockdown (p62/SQSTM1 KD) or OPTN KD derivatives to different
mutant viruses (0.01 PFU/cell), and the cells were harvested at 12 h postinfection.
Quantification of the expression of interferon-stimulated gene 56 (ISG56), a type I
interferon-stimulated gene, was done by real-time PCR analysis. The mutant viruses
that we chose in this study included (i) the D199A ICP0 mutant, in which ICP0 localizes
to the nucleus and therefore the virus fails to block interferon regulatory factor 3 (IRF3)
activation; (ii) a Δ�134.5 virus, which fails to combat innate immune responses, includ-
ing autophagy; and (iii) a ΔUL46 virus, which fails to block type I interferon responses
(2, 48, 55). As shown in Fig. 7C, D, and E, ISG56 expression was increased in p62/SQSTM1
KD and OPTN KD cells compared to that in their parental HEL cells after infection with
the above-mentioned mutants. We also noticed increased basal levels of ISG56 expres-
sion in the uninfected knockdown cell lines compared to levels in their parental cells.

We conclude that p62/SQSTM1 and OPTN may negatively regulate innate immune
responses following exposure of cells to mutants of HSV-1 that fail to block type I
interferon responses, perhaps through regulation of autophagy.

Exogenous expression of p62/SQSTM1 negatively impacts HSV-1 virus yields.
To assess the effect of p62/SQSTM1 on HSV-1 infection, we utilized a system in which
HSV-1 could not effectively downregulate p62/SQSTM1. This system is an HEL cell line
which expresses exogenous p62/SQSTM1 and was established with the aid of lentiviral
vectors (Fig. 8A). To ensure that p62/SQSTM1 is not downregulated in this cell line, HEL
and HEL with p62 were infected with either the wild-type, Δ�134.5, D199�, or ΔICP0
virus (5 PFU/cell). The cells were harvested at 8 h postinfection, and the amounts of
p62/SQSTM1 were determined in equal amounts of cell lysates. As shown in Fig. 8B,
none of these viruses caused down-modulation of exogenous p62/SQSTM1, compared
to the down-modulation seen in the parental cells. Subsequently, we asked whether
exogenous p62/SQSTM1 affects virus yields. For this, HEL cells and their p62/SQSTM1-
expressing derivatives were exposed to either HSV-1(F) or the D199A virus (0.01
PFU/cell), the cells were harvested at 3, 24, and 48 h postinfection, and progeny virus
production was assessed by titration in Vero cells. As shown in Fig. 8C, exogenous
expression of p62/SQSTM1 caused at least a 10-fold reduction in wild-type virus yields
and at least a 15-fold reduction in D199A virus yields. Consistently, treatment with
trehalose, a known autophagy activator, caused a 10-fold decrease in wild-type virus
yields at 48 h postinfection. This decrease in virus yields may be attributed to a reduction
in all classes of viral gene transcription that was observed in HEL cells expressing
exogenous p62/SQSTM1 (Fig. 8D). Analysis of interferon-stimulated gene (ISG) tran-
scription following infection of HEL cells plus p62 with mutants that cannot counteract
innate immunity, compared to that after infections of their parental cells, indicated that
these cells did not accumulate ISG transcripts as highly and that they also had a
significantly lower baseline levels of ISGs (Fig. 8E). However, these cells were able to
mount robust innate immune responses in the presence of cyclic G(2’,5’)pA(3’,5’)p
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(2=3=-cGAMP), a ligand of the stimulator of interferon genes (STING) (Fig. 8E). This is a
component of innate immunity that senses foreign nucleic acids and combats patho-
gens, including HSV-1. Together, these data suggest that early downregulation of
p62/SQSTM1 is critical for HSV-1 infection.

FIG 7 Innate-immunity activation is higher upon infection of cells knocked down for p62 or OPTN. (A) Develop-
ment of p62 knockdown and OPTN knockdown HEL cells with the aid of lentiviral vectors. (B) HEL cells or the p62
knockdown or OPTN knockdown derivatives were infected with either HSV-1(F) or the ΔICP0 virus (0.01 PFU/cell),
and cells were collected at 3, 24, and 48 h after infection. Titration of progeny virus was then done in Vero cells
for the wild-type virus or in U2OS cells for the ΔICP0 virus. (C) HEL cells or their p62 knockdown derivatives were
uninfected or infected with the D199A virus (0.01 PFU/cell). Cells were harvested at 12 h postinfection, and qPCR
analysis was done using primer pairs against ISG56 or the 18S rRNA, which served as a normalization control. (D)
HEL cells or their p62 knockdown derivatives were uninfected or infected with the HSV-1 Δ�134.5 virus (0.01
PFU/cell). Quantification of ISG56 transcripts was done as described above. (E) HEL cells or their OPTN knockdown
derivatives were uninfected or infected with the HSV-1 D199A, Δ�134.5, or ΔUL46 mutant virus (0.01 PFU/cell). Cells
were harvested at 12 h postinfection, and qPCR analysis was done using primers against ISG56 transcripts or the
18S rRNA, as described above. All experiments were repeated three times, and representative results are depicted.
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FIG 8 Constitutive expression of p62 decreases viral yields. (A) Development of HEL cells constitutively expressing
p62 was done using lentiviral vectors carrying the gene for p62. Whole-cell lysates from HEL cells or their
derivatives overexpressing p62 were collected, and equal amounts of protein were analyzed by immunoblot
analysis using an anti-p62 antibody. �-Actin served as a loading control. (B) HEL cells or their derivatives
overexpressing p62 were uninfected or infected with HSV-1(F) or the Δ�134.5, ΔICP0, and D199A mutant viruses
(5 PFU/cell). Whole-cell lysates were collected at 8 h postinfection, and equal amounts of protein were analyzed by
immunoblot analysis using antibodies against p62 and OPTN. �-Actin served as a loading control. (C) HEL cells or
their derivatives exogenously expressing p62 were infected with HSV-1(F) (0.01 PFU/cell) or the D199A virus (0.01
PFU/cell), and cells were collected at 3, 24, and 48 h after infection. Titration of progeny virus was then done in Vero
cells for the wild-type virus or in U2OS cells for the D199A virus. In a parallel assay, HEL cells were infected with
HSV-1(F) (0.01 PFU/cell) and treated with trehalose (300 mM), which was added to the cultures at the moment of
infection. Viral yields were determined as described above. (D) HEL cells or their derivatives overexpressing p62
were uninfected or infected with HSV-1(F), the ΔUL46 mutant, or the Δ�134.5 mutant (0.5 PFU/cell). Cells were
harvested at 9 h postinfection, and qPCR analysis was done using primers against ICP27, TK1, and gI or 18S rRNA.
(E) HEL cells or their derivatives exogenously expressing p62 were uninfected, infected with HSV-1(F), the D199A
mutant, or the ΔUL46 mutant (0.5 PFU/cell), or treated with 2=3=-cGAMP (6 �M). Cells were harvested at 9 h
postinfection, and qPCR analysis was done using a primer against ISG56 or a probe against ISG15, while 18S rRNA
was analyzed to serve as a normalization control. All experiments were repeated at least three times, and
representative results are depicted.
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DISCUSSION

Autophagy is a homeostatic mechanism for self-component recycling, but it is also
used by cells to eat (phago-) an unknown (xenos) biological entity, including a patho-
gen, in a process known as xenophagy (56, 57). Consequently, pathogens, including
HSV-1, have evolved mechanisms to counteract autophagy and frequently hijack
autophagy-related factors to support their replication (4, 7, 58, 59).

A salient feature of our studies is that two major autophagy/mitophagy adaptor
proteins are downregulated during the early stages of HSV-1 infection. This phenom-
enon was observed in multiple human cell lines, including immortalized human
embryonic lung (HEL) cells, epithelial cells (HEp-2), neuroblastoma cells (SK-N-SH),
microglia cells (HMC3), human osteosarcoma cells (U2OS), and others. A common
characteristic of these cell lines is that HSV-1 does not display replication defects
because it can counteract antiviral responses efficiently. Of these cell lines, at least the
HEL cells have intact innate immunity pathways which the wild-type virus can block (55,
60). However, in the human monocytes (THP-1), in which the virus cannot counteract
antiviral responses as efficiently, we noticed that p62/SQSTM1 and OPTN were not
eliminated. Perhaps downregulation of the two autophagy adaptors depends on the
ability of the virus to evade the host.

We also found that the down-modulation of p62/SQSTM1 and OPTN is an early
event that does not require virus replication. Among host factors, we found that
calcium mobilization occurring upon entry of the virus into the cells was important,
since a calcium chelator added to the cultures 1 h postinfection prevented downregu-
lation of these autophagy adaptors (61, 62). Virus entry was not affected by this
treatment, since ICP0 expression was observed. Among the viral proteins, we found
that ICP0 had a role, since the levels of both the p62/SQSTM1 and OPTN proteins
remained unaltered upon infection with the ICP0-null virus. Interestingly, the ICP0 E3
ubiquitin ligase activity did not contribute to downregulation of p62/SQSTM1 and
OPTN, although both proteins were stabilized after treatment with the MG132 protea-
some inhibitor. These data imply that ICP0 is involved in proteasome-dependent
down-modulation of host proteins through a mechanism that does not involve its RING
finger domain. A virus in which ICP0 is retained in the nucleus (D199A mutant) only
minimally affected the levels of p62/SQSTM1 and OPTN proteins (48, 63). This may be
because cytoplasmic ICP0 is required for down-modulation of p62/SQSTM1 and OPTN.
The functions of ICP0 outside the nucleus remain unknown, but a few reports have
linked ICP0 to surface receptor endocytosis and protein sorting (64, 65). Here, we found
that a form of ICP0 that localizes in the cytoplasm may downregulate p62 outside the
context of the infection when calcium mobilization is triggered by ionomycin treat-
ment. The role of calcium on ICP0 function remains uncharacterized. Calcium may
trigger signaling pathways that augment ICP0 functions, or it may activate kinases that
phosphorylate ICP0. The small decrease in the amounts of p62/SQSTM1 and OPTN
proteins that we noticed occasionally during D199A mutant infection might have been
due to some degree of autophagy, as indicated by the ratio of LC3-II to LC3-I. Rarely,
we noticed down-modulation of both adaptors in ΔICP0 virus-infected cells at late
hours postinfection. This may correlate with the role of p62/SQSTM1 and OPTN in the
clearance of pathogens through autophagy, as the ΔICP0 virus cannot evade the host.

Another interesting observation was that in both wild-type virus and Δ�134.5
virus-infected cells, p62/SQSTM1 and OPTN were down-modulated. In Δ�134.5 virus-
infected cells, autophagy is activated, which may result in down-modulation of both
autophagy adaptors, whereas in HSV-1-infected cells, it is not. These data imply that the
mechanisms of downregulation of p62/SQSTM1 and OPTN after infection with these
two viruses may be different. In support of this, we found that the proteasome inhibitor
MG132 prevented down-modulation of both proteins in wild-type-virus-infected cells
but displayed a smaller effect in Δ�134.5 virus-infected cells. These two viruses also
display differences in their accumulations of the ICP0 protein. Δ�134.5 virus-infected
cells accumulated significantly smaller amounts of ICP0 than the wild-type virus at all
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time points tested. This is consistent with the results of other studies showing reduced
accumulations of ICP0 in Δ�134.5 virus-infected cells (5). These data indicate that the
Δ�134.5 virus has multiple defects that result in its failure to counteract host responses,
and for this reason, the mechanism of down-modulation of p62/SQSTM1 and OPTN
after infection with the Δ�134.5 virus may be more complex.

The role of autophagy during HSV-1 infection is to some degree controversial, as the
growth of the Δ�134.5 virus was not rescued in autophagy-deficient cells (6, 7, 56, 59,
66). This might also in part be because ICP0 does not accumulate in Δ�134.5 virus-
infected cells or because the �134.5 proteins exert their functions in neuronal cells
(5–7). However, induction of autophagy negatively impacted HSV-1 replication in vitro
(6, 7, 56, 59, 66). Also, autophagy appears to be important for antigen presentation and
activation of adaptive immune activation during HSV-1 infection (7, 56, 67). Consistently
with these studies, we found that wild-type virus growth was not affected in p62/
SQSTM1 or OPTN knockdown cells, perhaps because the virus has a mechanism to
down-modulate both adaptors early after infection. Interestingly, however, we found
that the ICP0-null virus displayed a growth defect in p62/SQSTM1 and OPTN KD cells,
and part of this defect may be attributed to the fact that these cell lines mount stronger
innate immune responses. These data suggest that these autophagy adaptors may
negatively regulate innate immune responses. In support of this, previous studies have
shown that in p62/SQSTM1 knockdown cells, the stimulator of interferon genes (STING)
was not downregulated, resulting in elevated interferon production (68). Also, p62/
SQSTM1 can prevent NOD-like receptor (NLR) oligomerization via direct binding (69). In
a reciprocal approach, we expressed exogenous p62/SQSTM1 in human fibroblasts so
that the virus could not eliminate the protein during the early stages of the infection,
and that resulted in a dramatic decrease in viral gene transcription that caused a
reduction in virus yields. We also noticed that cells expressing exogenous p62/SQSTM1
displayed significantly lower basal levels of ISGs, but the extent of induction of their
transcription was higher after infection with mutant viruses unable to counteract innate
immune responses or after exposure to 2=3=-cGAMP, a stimulus of STING. Treatment
with trehalose, a known autophagy modulator, resulted in a decrease in HSV-1 yields,
suggesting that autophagy can hinder HSV-1 infection.

The mechanism by which overexpressed p62/SQSTM1 restricts HSV-1 during the
early steps of the infection is unclear, and that generates another question: “why does
the virus down-modulate major autophagy adaptors if it already has other mechanisms
to block autophagy?” The role of �134.5 protein has been proposed for neuronal cells.
Thus, it is possible that the virus has employed multiple mechanisms to counteract
autophagy in different environments. Additionally, the virus may have employed
multiple strategies to target the same pathway if it inhibits the infection. Also, the
�134.5 protein inhibits mainly Beclin-dependent autophagy, but mechanisms of the
virus to inhibit Beclin-independent autophagy pathways remain unknown (6). It is also
possible that by degrading p62/SQSTM1 and OPTN, the virus targets a selective type of
autophagy. For example, both adaptor proteins have a role in mitophagy, a process of
clearance of damaged mitochondria, but the role of mitophagy during HSV-1 infection
remains unknown. Finally, via their downregulation, the virus may target the pleiotropic
functions of p62/SQSTM1 and OPTN. For example, p62/SQSTM1 can inhibit the NF-�B
pathway, and for this reason, its overexpression in tumors promotes their survival (70).
However, NF-�B is important for HSV-1 replication (71). In addition, p62 enables
transcription of antioxidant proteins and detoxifying enzymes through the Keap-Nrf2
pathway (32, 33, 72). However, these antioxidant factors may negatively impact HSV-1
infection. P62/SQSTM1 also has a multifaceted role in inflammasome regulation, as it is
essential for NLRP3 (NLR family pyrin domain containing 3) activation, but on the other
hand, it directly binds NLRs, inhibiting their self-oligomerization (69, 73–75). Finally,
p62/SQSTM1 has been found in the nucleus, where it appears to inhibit DNA damage
responses (76, 77). Thus, currently, it remains unclear whether downregulation of these
autophagy adaptors during HSV-1 infection is due to their role in autophagy or because
of other functions that they perform (31, 32). A model summarizing our current
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understanding of HSV-1 infection and the interplay with p62/SQSTM1 and OPTN is
summarized in Fig. 9. Perhaps by down-modulating p62/SQSTM1, the virus controls
anabolic and catabolic processes to ensure sufficient resources for its replication cycle,
while inhibiting unwanted cell responses. On the other hand, OPTN has a role in post-Golgi
vesicle trafficking, protein sorting, and regulating innate immune components, such as the
TBK1 kinase (34).

In conclusion, our studies have identified two novel targets of HSV-1, the autophagy
adaptor proteins p62/SQSTM1 and OPTN, whose downregulation may be a mechanism
by which the virus counteracts antiviral functions. The type of antiviral functions
activated by p62/SQSTM1 and OPTN during HSV-1 infection need to be investigated.

MATERIALS AND METHODS
Cell lines and virus. The HEL cells (immortalized human embryonic lung fibroblasts transformed

with human telomerase reverse transcriptase [hTERT]) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. Vero, HEK-293, HEp-2,
HMC3, THP-1, and SK-N-SH cells were obtained from the American Type Culture Collection (ATCC) and
were cultured according to the manufacturer’s instructions. HSV-1(F) is a limited-passage isolate de-
scribed before (78). The properties of the ΔICP0, R7914, ICP0 RING finger (RF), ΔICP27, d120 (ΔICP4),
ΔICP8, R2621 (ΔVHS), and R3616 mutant viruses were described elsewhere (48, 79–85).

Immunoblot analysis. The procedures for immunoblotting were described elsewhere (50, 86).
Briefly, cells were solubilized in triple-detergent buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.1% sodium
dodecyl sulfate, 1% Nonidet P-40, 0.5% sodium deoxycholate, 100 �g of phenylmethylsulfonyl fluoride
ml�1) supplemented with phosphatase inhibitors (10 mM NaF, 10 mM �-glycerophosphate, 0.1 mM
sodium vanadate) and protease inhibitor cocktail (Sigma) and briefly sonicated. The protein concentra-
tion was determined with the aid of the Bio-Rad protein assay (Bio-Rad Laboratories). Ten to forty
micrograms of total proteins per sample was subjected to further analysis. The mouse monoclonal
antibodies to ICP0 (Santa Cruz), UL42 (Santa Cruz), ICP8 (Santa Cruz), and �-actin (Sigma) were used in
a 1:1,000 dilution. The mouse monoclonal antibodies to p62/SQSTM1 (Cell Signaling) and OPTN (Santa

FIG 9 Model of p62 and OPTN during HSV-1 infection. P62/SQSTM1 and OPTN proteins have been
described to have various functions, including autophagy, modifying innate immunity signaling, inflam-
matory responses, antioxidant responses, and DNA damage responses. HSV-1 counteracts the host by
evading several of these pathways. This is due, at least in part, to degradation of p62/SQSTM1 and OPTN
through the proteasome, which has been described here to be dependent on ICP0 expression and Ca2�

mobilization.
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Cruz) were used in a 1:1,000 dilution. The rabbit polyclonal antibody against LC3-B (Novus Biological) was
used in a 1:2,000 dilution. Protein bands were visualized with 5-bromo-4-chloro-3-indolylphosphate
(BCIP)-nitroblue tetrazolium (VWR) or with enhanced-chemiluminescence (ECL) Western blotting detec-
tion reagents (Amersham Biosciences) according to the manufacturer’s instructions. Trehalose (Acros
Organics) was added to the cultures (300 mM) at the moment of infection.

Development of p62/SQSTM1 KD-, OPTN KD-, and p62/SQSTM1-expressing cell lines. The
procedures for developing the p62/SQSTM1 KD, OPTN KD, and p62/SQSTM1-expressing cell lines were
described elsewhere (60, 87). The PLKO.1 plasmid expressing the p62 ORF was developed by inserting
the EcoRI/NotI/Klenow fragment from a hemagglutinin (HA)-p62-expressing plasmid (HA-p62 was a gift
from Qing Zhong, Addgene catalog number 28027) into the BamHI/SalI/Klenow site of the PLKO.1 green
fluorescent protein (GFP) cytomegalovirus (CMV) Puro (Addgene number 658-5). PLKO.1 plasmids
carrying shRNAs against p62 or OPTN transcripts were purchased through Sigma-Aldrich. For the
development of the respective lentiviral vectors, HEK-293 cells seeded in a 25-cm2 flask at 60%
confluence were cotransfected with the PLKO.1 plasmids described above, the Gag-Pol-expressing
plasmid, and the vesicular stomatitis virus G (VSV-G)-expressing plasmid at a ratio of 7:7:1 (5 �g total
amount of DNA) using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. At
48 h after transfection, the supernatant from the cultures was collected, filtered through a 0.45-�m-
pore-size filter, and used to infect HEL cells. Puromycin selection initiated at 24 h after exposure of cells
to lentiviruses and continued until only resistant clones survived. The cells expressing exogenous p62 or
with the greater knockdown of p62 and OPTN were used for further experimentation.

Plasmids and transfection assays. The pBluescript plasmid containing the full-length ICP0 was
previously described (88). Standard cloning procedures were utilized to delete amino acids 447 to 511
of ICP0 (ICP0 mut1) or amino acids 447 to 511 and 244 to 277 of ICP0 (ICP0 mut2). Transfections of
HEK-293 cells, seeded in 6-well plates, were performed using Lipofectamine 3000 according to the
manufacturer’s instructions. Ionomycin (5 �M; Sigma) was added to transfected cells for 16 h. The cells
were harvested at 48 h posttransfection, and equal amounts of proteins were analyzed by immunoblot
analysis.

Real-time PCR analysis. Procedures for real-time PCR were as described before (87). Briefly, real-time
PCR analyses were performed using SYBR Green reagent (Invitrogen) or TaqMan (Applied Biosystems)
according to the manufacturer’s recommendations in a 7500 fast real-time PCR system (Applied
Biosystems). Predesigned probes (6-carboxyfluorescein [FAM]/MGB) for the human p62, OPTN, and ISG15
transcripts were obtained through Thermo Fisher Scientific. The 18S rRNA primers (universal primers;
Ambion) were used for normalization. Primer pairs for ISG56 and for the viral ICP27, thymidine kinase
(TK), and glycoprotein I (gI) genes have been described before (55, 87).

Statistical analysis. The Prism 7 software (GraphPad) was used for statistical analysis of the
NanoSight and quantitative PCR (qPCR) data. P values were calculated using a standard unpaired Student
t test. P values of �0.05 were considered significant. Asterisks are defined as follows: *, P � 0.05; **,
P � 0.01; and ***, P � 0.001. All statistical analyses were performed using biological replicates.
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