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Herpes Simplex Virus 1 UL41 Protein
Suppresses the IRE1/XBP1 Signal
Pathway of the Unfolded Protein
Response via Its RNase Activity
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ABSTRACT During viral infection, accumulation of viral proteins can cause stress in
the endoplasmic reticulum (ER) and trigger the unfolded protein response (UPR) to
restore ER homeostasis. The inositol-requiring enzyme 1 (IRE1)-dependent pathway is
the most conserved of the three UPR signal pathways. Upon activation, IRE1 splices
out an intron from the unspliced inactive form of X box binding protein 1 [XBP1(u)]
mRNA and produces a transcriptionally potent spliced form [XBP1(s)]. Previous stud-
ies have reported that the IRE1/XBP1 pathway is inhibited upon herpes simplex virus
1 (HSV-1) infection; however, the underlying molecular mechanism is still elusive.
Here, we uncovered a role of the HSV-1 UL41 protein in inhibiting the IRE1/XBP1
signal pathway. Ectopic expression of UL41 decreased the expression of XBP1 and
blocked XBP1 splicing activation induced by the ER stress inducer thapsigargin.
Wild-type (WT) HSV-1, but not the UL41-null mutant HSV-1 (R2621), decreased XBP1
mRNA induced by thapsigargin. Nevertheless, infection with both WT HSV-1 and
R2621 without drug pretreatment could reduce the mRNA and protein levels of
XBP1(s), and additional mechanisms might contribute to this inhibition of XBP1(s)
during R2621 infection. Taking these findings together, our results reveal XBP1 as a
novel target of UL41 and provide insights into the mechanism by which HSV-1 mod-
ulates the IRE1/XBP1 pathway.

IMPORTANCE During viral infection, viruses hijack the host translation apparatus to
produce large amounts of viral proteins, which leads to ER stress. To restore ER ho-
meostasis, cells initiate the UPR to alleviate the effects of ER stress. The IRE1/XBP1
pathway is the most conserved UPR branch, and it activates ER-associated protein
degradation (ERAD) to reduce the ER load. The IRE1/XBP1 branch is repressed during
HSV-1 infection, but little is known about the underlying molecular mechanism. Our
results show for the first time that UL41 suppresses the IRE1/XBP1 signal pathway
by reducing the accumulation of XBP1 mRNA, and characterization of the underlying
molecular mechanism provides new insight into the modulation of UPR by HSV-1.
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he endoplasmic reticulum (ER) is an important cellular organelle that controls

several critical aspects of cellular processes, such as biosynthesis, assembly, glyco-
sylation, folding, and transport of proteins. Under conditions such as lipid metabolism,
differentiation of secretory cells, DNA damage, and chemical insult, as well as viral
infection, some misfolded or unfolded proteins accumulate in the lumen of the ER and
cause ER stress (1). The ER plays a vital role in the process of viral replication. During
viral infection, massive amounts of viral proteins are transported into the ER to induce
ER stress. To reduce the protein load, cells activate the unfolded protein response (UPR)
signal pathways to restore the homeostasis of the ER (2, 3). The goal of the UPR is to
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increase the folding capacity and decrease the folding demand of the ER and finally
clear the misfolded or unfolded proteins (4). However, under unresolved or intense ER
stress, cells initiate the apoptotic pathway (5). The UPR is initiated by three ER
transmembrane receptors: pancreatic ER kinase (PKR)-like ER kinase (PERK), inositol-
requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) (6). In resting
cells, these three sensors are maintained in an inactive state and are suppressed by the
ER-resident chaperone glucose-regulated protein 78 (GRP78) (6, 7). Following the
accumulation of unfolded or misfolded proteins in the ER lumen, GRP78 is released
from the three sensors and then binds to unfolded proteins. Once GRP78 dissociates
from them, the three transducers trigger a complex cascade of signals resulting in
activation of the UPR (8, 9).

Under ER stress, PERK undergoes oligomerization and autophosphorylation to form
active PERK. Activation of PERK leads to phosphorylation of the subunit of eukaryotic
translation initiation factor 2« (elF2a), resulting in global attenuation of protein trans-
lation, and thus relieves the ER stress (10, 11). In response to ER stress, activated ATF6
translocates to the Golgi apparatus, where it is cleaved by site 1 and site 2 proteases
and liberates the active N-terminal DNA binding domain of ATF6 [ATF6(N)] (12). ATF6(N)
then translocates into the nucleus and induces the expression of genes that improve
the ER folding capacity, such as ER chaperones, protein disulfide isomerase (PDI), and
X box-binding protein 1 (XBP1) (13).

The IRE1/XBP1 pathway is the most conserved UPR branch in eukaryotic cells (14).
IRE1 is a dual-activity enzyme harboring a serine-threonine kinase domain and an
endoribonuclease domain (15, 16). Upon activation, IRE1 dimerizes and transphospho-
rylates itself, and activated IRET removes a 26-nucleotide (nt) intron from XBP1 mRNA
to form a spliced XBP1 [XBP1(s)], which is subsequently translated into a potent
transcription factor. Then, XBP1(s) translocates to the nucleus and induces the expres-
sion of genes that enhance the ER protein-folding capacity, phospholipid biosynthesis,
and ER-associated protein degradation (ERAD) (17, 18). If the ER stress is too severe to
eliminate, activated IRE1 induces apoptosis signal-regulating kinase 1 (ASK 1), c-Jun
N-terminal kinase (JNK), and mitogen-activated protein kinase (p38) (19). IRE1 by itself
can degrade ER-bound mRNAs, such as the viral mRNAs, through the regulated
IRE1-dependent decay pathway to reduce protein translation and release the unfolded
protein load in the ER (20).

Herpes simplex virus 1 (HSV-1) is a double-stranded linear DNA virus with a large
genome encoding over 80 proteins. During HSV-1 replication, the rapid production of
large quantities of viral proteins may induce the UPR, and HSV-1 selectively modulates
the UPR to benefit its replication. For example, HSV-1 glycoprotein B (gB) interacts with
the PERK luminal domain to resist PERK activation, and another late protein, y1 34.5,
promotes dephosphorylation of elF2« by recruiting the cellular phosphatase PP1a (21,
22). The IRE1/XBP1 branch is involved in many viral infections. Hepatitis C virus
suppresses the IRE1/XBP1 pathway, and influenza A virus induces the IRE1/XBP1
pathway (23, 24). The IRE1/XBP1 branch of the UPR is repressed during HSV-1 infection,
but its molecular mechanism remains to be elaborated (25). In this study, we show that
the HSV-1 tegument protein UL41, which contains an endoribonuclease activity, inhib-
its the expression of XBP1 by degrading its mRNA. These findings reveal a novel
mechanism for HSV-1 to modulate the IRE1/XBP1 branch of the UPR.

RESULTS

The HSV-1 tegument protein UL41 inhibits the ectopic expression of XBP1.
HSV-1 has been shown to repress the IRE1/XBP1 branch of the UPR. During HSV-1
infection, XBP1(s) mRNA was undetectable, and mRNA of the unspliced inactive form of
X box binding protein 1 [XBP1(u)] was rapidly degraded and undetectable in the late
stage of infection (25). In our previous study and others, it was reported that the HSV-1
tegument protein UL41 specifically degraded both viral and cellular mRNAs containing
an AU-rich element (ARE) in their 3'-untranslated regions, such as tetherin, zinc finger
antiviral protein, and cig5 mRNAs (26-34). Additionally, ICPO possesses the activity of E3
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FIG 1 HSV-1 tegument protein UL41 inhibited the ectopic expression of XBP1. (A and B) HEK293T cells
were cotransfected with XBP1(u)-HA (500 ng) or XBP1(s)-HA (500 ng) and UL41-HA (500 ng) or ICPO-flag
(500 ng) plasmids. At 24 h posttransfection, the cells were harvested and subjected to WB analysis with
antibodies against Flag, HA, or B-actin. The data represent the results of one of the triplicate experiments.

ubiquitin ligase and downregulates the expression of many cellular antiviral proteins,
including nuclear factor kB (NF-«B) subunit P50, through the ubiquitin-proteasome
pathway (35). To determine whether the tegument protein UL41 or the viral E3
ubiquitin ligase ICPO participated in reducing the expression of XBP1, HEK293T cells
were cotransfected with UL41-hemagglutinin (HA) or ICPO-Flag and XBP1-HA plasmids
for 24 h, and then the cells were harvested and subjected to Western blot (WB) analysis.
As shown in Fig. 1A and B, HSV-1 UL41, but not the immediate-early protein ICPO,
downregulated the ectopic expression of XBP1(u) and XBP1(s).

Ectopic expression of UL41 decreased the expression of endogenous XBP1 and
blocked XBP1 splicing activation induced by thapsigargin. To investigate whether
ectopic expression of UL41 would inhibit the expression of endogenous XBP1, HEK293T
cells were transfected with UL41-HA plasmid for 24 h. At 24 h posttransfection, the cells
were treated with 20 nM thapsigargin, an ER stress inducer that can disrupt calcium
homeostasis through inhibition of the ER Ca2*-ATPase pump. Cells were then har-
vested at 4 h after thapsigargin treatment and subjected to WB analysis to analyze the
XBP1 protein. Our data showed that ectopic expression of UL41 decreased the endog-
enous expression of XBP1(u) and XBP1(s) induced by thapsigargin in a dose-dependent
manner (Fig. 2A). In order to confirm the results, a reporter plasmid, pXBP1u-FLuc, was
applied to examine the XBP1 splicing activation (36). Firefly luciferase activity was
induced only after XBP1 splicing removed the 26-nt intron, and it simulated the XBP1
splicing-activated event under ER stress. HEK293T cells were cotransfected with
pXBP1u-FLuc, pRL-TK, and UL41-HA plasmids. At 24 h posttransfection, the cells were
treated with 20 nM thapsigargin for an additional 4 h and subjected to dual-luciferase
reporter (DLR) assays. The plasmid pRL-TK was used as an internal control to normalize
transfection efficiency. As a result, thapsigargin could successfully increase the lucifer-
ase reporter activity, and UL41 significantly inhibited the activity induced by thapsi-
gargin (Fig. 2B). Taken together, these data showed that UL41 decreased the expression
of endogenous XBP1 and blocked XBP1 splicing activation.

It was reported that UL41 is an endoribonuclease that selectively degrades viral and
cellular mRNAs (28, 34, 37). Therefore, it is very likely that UL41 decreases XBP1
expression via its RNase activity to degrade XBP1T mRNA. To confirm this hypothesis,
UL41-HA plasmid was transfected into HEK293T cells for 24 h, and the transfected cells
were treated with 20 nM thapsigargin for an additional 4 h; then, cells were harvested
and subjected to semiquantitative reverse transcription (RT)-PCR (Fig. 2C) and quanti-
tative RT (gRT)-PCR analysis (Fig. 2D and E). As a result, UL41 downregulated the
XBP1(u) and XBP1(s) mRNAs in a dose-dependent manner. Collectively, these results
demonstrated that the HSV-1 tegument protein UL41 reduced the expression of
endogenous XBP1 via its RNase activity to degrade XBP1T mRNA. To determine whether
UL41 specifically targeted XBP1, HEK293T cells were transfected with UL41-HA plasmid
for 24 h, and then the cells were harvested and subjected to WB and semiquantitative
RT-PCR analyses. As shown in Fig. 2F and G, UL41 failed to affect the expression of IRE1,
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FIG 2 Ectopic expression of UL41 decreased the expression of endogenous XBP1 and blocked XBP1
splicing activation induced by thapsigargin. (A, C, D, and E) HEK293T cells were transfected with UL41-HA
plasmid (300 ng [+] and 1,000 ng [++]) for 24 h, and then the transfected cells were treated with 20
nM thapsigargin. After 4 h of drug stimulation, cells were harvested and subjected to WB analysis with
antibodies against XBP1, HA, or B-actin (A), semiquantitative RT-PCR (C), or qRT-PCR (D and E) analysis.
(B) HEK293T cells were cotransfected with pXBP1u-FLuc reporter (250 ng), Renilla luciferase plasmid
PRL-TK (150 ng), and pCMV-HA control vector or UL41-HA plasmid. At 24 h posttransfection, the cells
were treated or not with 20 nM thapsigargin for an additional 4 h, followed by cell lysis. Firefly luciferase
activity was determined by a dual-luciferase assay. (F and G) HEK293T cells were transfected with
UL41-HA plasmid (300 ng [+] and 1000 ng [++]) for 24 h, and then the cells were harvested and
subjected to WB analysis with antibodies against IRE1, HA, or B-actin (F) or semiquantitative RT-PCR
analysis (G). The data represent the results of one of the triplicate experiments. The error bars represent
mean standard deviations (SD) of three independent experiments. Statistical analysis was performed
using Student’s t test. *, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001.

indicating that UL41 blocked XBP1 splicing activation by specifically repressing the
expression of XBP1, but not IRE1.

HSV-1 infection reduced the accumulation of XBP1 mRNA induced by thapsi-
gargin via UL41. The above-mentioned results demonstrated that HSV-1 UL41 protein
reduced the expression of XBP1 by degrading its mRNA. We wondered whether
XBP1(u) mRNA and XBP1(s) mRNA induced by thapsigargin were downregulated during
HSV-1 infection. The cells were treated with thapsigargin to promote high expression
of XBP1(s), and then the drug-induced XBP1 was examined to investigate the direct
effect of UL41 on XBP1 during HSV-1 infection. HelLa cells were treated with a high
concentration of thapsigargin (100 nM) for 4 h and then infected with either WT HSV-1
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FIG 3 HSV-1 infection reduced the accumulation of XBP1 mRNA induced by thapsigargin via UL41. (A, B, and C)
Hela cells were pretreated or not with 100 nM thapsigargin; after 4 h, the medium was removed and the cells were
mock infected or infected with WT HSV-1 or R2621 at MOI of 5 and 10. At 4 h postinfection, cells were harvested
and subjected to semiquantitative RT-PCR (A) or gRT-PCR (B and C) analysis. The data represent the results of one
of the triplicate experiments. The error bars indicate SD. **, 0.001 < P < 0.01; ***, P < 0.001.

or UL41-null mutant HSV-1 (R2621) at a multiplicity of infection (MOI) of 5 or 10. At 4
h postinfection, cells were harvested and subjected to semiquantitative RT-PCR (Fig. 3A)
and gRT-PCR (Fig. 3B and C) analyses to test the level of XBP1T mRNA. As shown in Fig.
3, we found that thapsigargin treatment resulted in a dramatic increase of XBP1(s)
mRNA. WT HSV-1, but not R2621, markedly reduced the accumulation of thapsigargin-
induced XBP1 mRNA. In conclusion, these results suggested UL41 reduced the accu-
mulation of XBP1T mRNA via its RNase activity.

HSV-1 infection suppressed the endogenous expression of XBP1(s). To investi-
gate whether XBP1 was downregulated during HSV-1 infection without drug stimula-
tion, Hela cells were infected with WT HSV-1 or R2621 at MOI of 5 and 10. Then, cells
were harvested at 10 h postinfection, and semiquantitative RT-PCR (Fig. 4A) and
gRT-PCR (Fig. 4B and C) were performed to analyze the XBP1 mRNA. As a result, the
MRNA levels of XBP1(u) and XBP1(s) were significantly decreased during WT HSV-1
infection. Interestingly, R2621 infection failed to degrade XBP1(u) mRNA but reduced
the accumulation of XBP1(s) mRNA at an MOI of 10. Similar results were obtained using
WB analysis. As shown in Fig. 4D, WT HSV-1 markedly abrogated the expressions of
XBP1(u) and XBP1(s), while R2621 decreased the expression of XBP1(s) but not XBP1(u).
In short, these results suggested that UL41 dampened the IRE1/XBP1 branch by
reducing XBPT mRNA accumulation. Surprisingly, we found that, unlike those of
XBP1(u), XBP1(s) mRNA and protein levels were decreased under R2621 infection,
indicating that additional mechanisms might contribute to the inhibition of XBP1
splicing activation. As the activation of XBP1(s) is mediated by the only enzyme of
activated IRE1, HSV-1 might express another protein to effect the activation of IRE1,
which results in the suppression of XBP1(s) during both WT HSV-1 and R2621 infections.

DISCUSSION

The ER is a cellular organelle that plays vital roles in viral replication and maturation.
Viruses must utilize the ER to complete efficient replication, including viral entry, viral
protein synthesis and modification, genome replication, and viral assembly (38, 39). There-
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FIG 4 HSV-1 infection suppressed the endogenous expression of XBP1(s). (A, B, and C) HelLa cells were
infected with WT-HSV-1 or R2621 at an MOI of 5 or 10. At 10 h postinfection, cells were harvested and
subjected to semiquantitative RT-PCR (A) or qRT-PCR (B and C) analysis. (D) HeLa cells were infected with
WT-HSV-1 or R2621 at an MOI of 5 or 10. At 20 h postinfection, cells were harvested and subjected to
WB analysis with antibodies against UL42, XBP1, or B-actin. The data represent the results of one of the
triplicate experiments. The error bars indicate SD. *, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001.

fore, virus infection causes ER stress and activation of the UPR. Previous studies have
revealed that HSV-1 could modulate the PERK arm of the UPR through gB and y1 34.5 (21,
40). Moreover, XBP1(s) is undetectable, and the expression level of XBP1(u) is downregu-
lated upon HSV-1 infection, but the underlying molecular mechanism is unclear (25). In the
present study, we focused on the IRE1/XBP1 branch of the UPR. We demonstrated for the
first time that XBP1 was a novel target of the HSV-1 tegument protein UL41 and that UL41
reduced the expression of XBP1 by reducing its mRNA accumulation. The virion host
shutoff protein UL41 is a broad-specificity endoribonuclease that triggers rapid degradation
of host mRNAs to facilitate viral replication (28, 37). UL41 associates with the cap-binding
initiation factor complex elF4F and cleaves mRNA in regions of translation initiation (41).
UL41 could cleave single-stranded RNA at the 3’ side of U and C residues in vitro and
specifically target the ribosome-associated mRNA in vivo (37, 42).

The IRE1/XBP1 pathway is the most conserved branch among the three UPR signal
pathways, and activated IRE1 could splice the XBP1(u) mRNA to form XBP1(s) under ER
stress. In the present study, we found that R2621 infection did not affect the accumu-
lation of XBP1(s) mRNA in Hela cells pretreated with thapsigargin, but the expression
of XBP1(s) was decreased under R2621 infection alone. HSV-1 might express another
viral protein that suppressed the activation of IRE1; therefore, R2621 infection alone
could also inhibit the expression of XBP1(s). In this study, cells pretreated with a high
concentration of thapsigargin expressed the abundance of XBP1(s), and subsequent
infection with WT HSV-1 or R2621 could reveal the direct effect of HSV-1 UL41 on the
expression of XBP1, avoiding interference of IRE1 in the signal pathway.

HSV-1 can avoid cellular responses that are likely detrimental to viral replication by
suppressing the IRE1/XBP1 pathway. The ERAD proteins that are encoded by XBP1(s)
target genes would degrade the viral proteins. XBP1(s) has also been reported to
enhance beta interferon production in dendritic cells (43). IRE1 could cleave viral mRNA
via its endoribonuclease activity into single-stranded fragments that lack markers of
self, activating the retinoic acid-inducible gene | (RIG-l) pathway and triggering an
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inflammatory response (44). These negative impacts provide good reasons for HSV-1 to
block the IRE1/XBP1 pathway.

In summary, we have shown here for the first time that the HSV-1 tegument protein

UL41 suppresses the IRE1/XBP1 signal pathway by reducing the accumulation of XBP1

mRNA, revealing a strategy by which HSV-1 modulates the UPR.

MATERIALS AND METHODS

Cell culture, viruses, antibodies, and reagents. Human embryonic kidney (HEK293T) and Hela cells

were cultured in Dulbecco’s modified minimal essential medium (DMEM) (Gibco-BRL) containing 10%
fetal bovine serum (FBS) (Gibco-BRL) in a humidified atmosphere containing 5% CO, at 37°C as described
previously (45). The WT HSV-1 (strain F) virus and UL41-null mutant virus (R2621) were propagated in
Vero cells, and the titers were determined as described previously (45). Mouse anti-HA and anti-Flag
monoclonal antibodies (MAbs), rabbit polyclonal anti-IRE1, rabbit polyclonal anti-XBP1, and mouse
anti-p-actin MAbs were purchased from Abmart (Shanghai, China), Beyotime Biotechnology (Shanghai,
China), Proteintech (Wuhan, China), and Santa Cruz Biotechnology (Santa Cruz, CA), respectively. Rabbit
polyclonal anti-UL42 was made by GL Biochem Ltd. (Shanghai, China). Thapsigargin was purchased from
Cayman Chemical (Ann Arbor, MI, USA).

Plasmid construction. All enzymes used for cloning procedures were purchased from Vazyme

(Nanjing, China). To construct UL41-HA and ICPO-Flag plasmids, the UL41 and ICPO genes were amplified
from the HSV-1 genome as described in our previous study (46) and cloned into the pCMV-HA or
pCMV-Flag vector (Beyotime, Shanghai, China). To construct XBP1(u)-HA and XBP1(s)-HA plasmids, the
XBP1(u) and XBP1(s) genes were cloned into the pCMV-HA vector (Beyotime, Shanghai, China). The
Renilla luciferase plasmid pRL-TK (expressing thymidine kinase [TK]) was purchased from Promega
(Madison, WI, USA). The pXBP1u-FLuc plasmid was a gift from Yi-Ling Lin (Institute of Biomedical
Sciences, Academia Sinica).

Transfection and DLR assay. HEK293T cells were transfected by standard calcium phosphate

precipitation, whereas Hela cells were transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturers’ recommendations. Luciferase assays were performed with a dual-specific luciferase
assay kit (Promega) as previously described (47, 48).

WB analysis. WB analysis was performed as previously described (35).
RNA isolation and qRT-PCR. Total RNA was extracted using TRIzol (Invitrogen, CA, USA) according

to the manufacturer's manual. Samples were digested with DNase | and subjected to reverse transcrip-
tion. The cDNA was used as a template for qRT-PCR to detect accumulation of the indicated mRNA, and
18S rRNA was used as an internal reference as previously described (48). The nucleotide sequences of the
primers are available on request.

differences were considered statistically significant at a P value of <0.05.
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