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Abstract Herpes simplex virus 1 (HSV-1) is the arche-

typal member of the alphaherpesvirus with a large genome

encoding over 80 viral proteins, many of which are

involved in virus–host interactions and show immune

modulatory capabilities. In this study, we demonstrated

that the HSV-1 UL42 protein, a DNA polymerase proces-

sivity factor, was a novel antagonism of the canonical NF-

jB signaling pathway. UL42 was shown to significantly

suppress TNF-a mediated NF-jB activation. Co-immuno-

precipitation experiment revealed that UL42 bound to the

NF-jB subunits p65 and p50. Fluorescence microscopy

demonstrated that UL42 abolished nuclear translocation of

p65 and p50 upon TNF-a-stimulation. But the inhibiting

capacity of UL42 2R/2A (R279A, R280A) and UL42 3R/

3A (R113A, R279A and R280A) mutants were less than

wild type UL42. Also UL42 bound to the Rel homology

domain of the NF-jB subunit p65 and p50. Notably, the

N-terminal of UL42 was sufficient to interact with p65 and

p50 and abolished NF-jB reporter gene activity. Thus, it

was first time we demonstrated that HSV-1 UL42 appeared

to prevent NF-jB-dependent gene expression by retaining

p65 and p50 in the cytoplasm, and UL42-dependent

transcriptional activation were inherently coupled to pro-

mote HSV-1 lytic replication, which also may contribute to

immune evasion and pathogenesis of HSV-1.
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Introduction

The innate immune responses to viruses involve activation

of pattern recognition receptors (PRRs) [1–3] and tran-

scriptional induction of type I interferons (IFNs) and pro-

inflammatory cytokines [4]. The transcription factor NF-

jB plays a pivotal role in many cellular events, such as

innate and adaptive immunity, inflammation [5–8].

Tumor necrosis factor-alpha (TNF-a) is a multifunc-

tional cytokine that plays a key role in innate immunity by

inducing the expression of a variety of genes that are

involved in inflammatory responses. TNF-a binds to its

receptor TNF-R1 resulting in recruitment of the adaptor

protein TNF receptor death domain (TRADD), and then

TRADD recruits TNFR-associated factor 2 (TRAF2), and

receptor-interacting protein 1 (RIP1) to the receptor com-

plex, TRAF2 mediates K63-linked poly-ubiquitination of

RIP1. Ubiquitinated RIP1 further recruits TGF-b-activated

kinase 1 (TAK1) and subsequently activates the IjB kinase

(IKK) complex, leading to the phosphorylation and deg-

radation of IjBa, at last, activation of NF-jB [9].

The mammalian NF-jB family comprises five members:

p65/RelA, RelB, p50/NF-jB1, p52/NF-jB2 and c-Rel. All

family members share a structurally conserved N-terminal

region, named Rel homology domain (RHD), which is

critical for protein dimerization, DNA binding, interaction

with IjB (inhibitor of NF-jB) and nuclear translocation
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[10, 11]. Rel proteins (p65/RelA, RelB, and c-Rel) contain

a C-terminal transactivation domain, which is lacking in

p50 and p52. The predominant form of NF-jB is a het-

erodimer of p65 and p50 subunits [12, 13]. There exist two

major NF-jB-activating signaling pathways: the canonical

NF-jB pathway and the noncanonical NF-jB pathway.

HSV-1 is a large DNA virus known to encode several gene

products that enable viral evasion of the host innate immune

response [14, 15]. Several studies have shown that HSV-1

encodes proteins to disturb NF-jB pathway. ICP0, an imme-

diate-early gene product of HSV-1, antagonizes TLR-driven

inflammatory cytokine response following viral infection [16,

17]. HSV-encoded late gene product c134.5 protein inhibits

activation of NF-jB in CD8? Dendritic Cells (DCs) [18]. Vhs,

a tegument protein, which is carried in the virion and delivered

into DCs blocks the early replication-independent activation

of NF-jB during HSV-1 infection [19].

HSV-1 UL42 is one of seven proteins that are required

for the replication of the HSV-1 genome is found in a 1:1

complex with the HSV-1 DNA polymerase UL30, and

UL42 increases the processivity of the polymerase along

the DNA template during replication [20, 21]. Previous

studies identified four conserved arginines (113, 182, 279,

and 280) on a basic surface of UL42 and postulate that

DNA binding by UL42 is mediated by this surface, and

substitution of any of these arginines with alanines results

in reduced DNA binding ability of UL42 and also impaired

for viral replication and DNA synthesis [22–24].

We hypothesized that HSV-1 might evolve strategies to

interfere with TNF-a-induced NF-jB activation to evade the

immune responses of the host. To test this hypothesis, we

examined whether TNF-a-induced NF-jB activation could

be modulated by HSV-1. In the current study, we demon-

strate the ability of HSV-1 UL42 protein to inhibit TNF-a-

mediated NF-jB activation. Further study indicates that p65

and p50 highly likely serves as the target for UL42 protein.

Materials and methods

Cells, antibodies and cytokines

HEK 293T cells and Vero cells were grown in Dulbecco’s

modified Eagle medium (DMEM) (Gibco-BRL) supple-

mented with 10 % fetal bovine serum (FBS) and 100 U/ml

of penicillin and streptomycin. HeLa cells were maintained

in Eagle’s minimum essential medium (MEM) (Gibco-

BRL) supplemented with 10 % FBS. The wild-type (WT)

HSV-1 F strain was propagated in Vero cells and titrated as

described previously [35].

Mouse anti-Myc (isotype IgG1), anti-Flag (isotype IgG2b)

and anti-hemagglutinin (HA) (isotype IgG2b) monoclonal

antibodies (mAbs) were purchased from ABmart (Shanghai,

China). Mouse monoclonal IgG1 and IgG2b isotype control

antibodies were purchased from eBioscience Inc. (San Diego,

CA). Rabbit anti-p65 polyclonal antibody (pAb) and Rabbit

anti-p50 polyclonal antibody (pAb) were purchased from

Proteintech (Wuhan, China). Rabbit anti-UL42 polyclonal

antibody (pAb) was purchased from GL Biochem, and mouse

anti-b-actin mAb was purchased from Santa Cruz Biotech-

nology (Santa Cruz, CA). Recombinant human TNF-a was

purchased from Biovision (San Francisco, CA).

Fig. 1 HSV-1 UL42 inhibits TNF-a mediated NF-jB activation.

HEK 293T cells were transfected with 500 ng of NF-jB promoter

reporter plasmid NF-jB-luc (a), together with Renilla luciferase

plasmid pRL-TK (50 ng) and pCMV-HA empty vector or plasmids

encoding the indicated viral proteins (500 ng). At 24 h post-

transfection, cells were treated with or without 10 ng/ml recombinant

human TNF-a and incubated for an additional 6 h, followed by cell

lysis. NF-jB-driven luciferase activity was determined by a dual-

luciferase assay. (b) As in (a), except an increase amount of UL42-

HA expression plasmid as indicated was used. The expression of

UL42 was analyzed by WB using anti-HA and anti-b-actin (as a

control) mAbs. The data represent means plus standard deviations for

three replicates. Statistical analysis was performed using Student’s

t test. **P \ 0.01

314 Med Microbiol Immunol (2013) 202:313–325

123



Fig. 2 The three arginine residues (113, 279, and 280) of UL42 is

important for its inhibition of TNF-a-mediated NF-jB activation.

a Schematic representation of wild type, arginine residues substitution

mutants of UL42 and the N-terminal 390 aa of UL42. b HEK 293T

cells were co-transfected with pRL-TK plasmid and NF-jB-Luc

reporter plasmid along with empty vector or plasmids encoding UL42

WT, UL42(1-241aa),UL42 2R/2A mutant or UL42 3R/3A mutant. At

24 h post-transfection, cells were treated with or mock treated with

recombinant human TNF-a (10 ng/ml), and luciferase activity was

analyzed as described in Fig. 1a. (c, d and e) As in (b), except an

increase amount of UL42(1-390aa) and UL42 2R/2A mutant or UL42

3R/3A mutant expression plasmids as indicated were used. The

expression of UL42, UL42(1-390aa), UL42 2R/2A mutant and UL42

3R/3A mutant were analyzed by WB using anti-HA, anti-Flag, anti-

Myc and anti-b-actin (as a control) mAbs. The data represent means

plus standard deviations for three replicates. Statistical analysis was

performed using Student’s t test. **P \ 0.01; *P \ 0.05
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Plasmid construction

All enzymes, except for T4 DNA ligase (New England

BioLabs, MA), used for cloning procedures were pur-

chased from Takara (Dalian, China). To construct UL42-

HA, the ORF of UL42 was amplified from plasmid UL42-

EYFP as previously described [25] and cloned into the

BamHI and EcoRI sites of the pCMV-HA vector (Beyo-

time, Shanghai, China). Commercial reporter plasmids

include NF-jB-Luc (Stratagene, La Jolla, CA) and pRL-

TK plasmid (Promega). Gift plasmids include the follow-

ing: pcDNA3-NIK [26], pFlag-p65 [27], pFlag-p50 [28],

pFlag-IKKb [29], pHA-IKKa [30], pGL3-pIL-6-Luc and

pXP2-pIL-8-Luc [31].

Transfection and dual-luciferase reporter (DLR) assay

HEK 293T cells were co-transfected with 1,000 ng

expression plasmid, 500 ng NF-jB-Luc reporter plasmid

and 50 ng of pRL-TK Renilla luciferase reporter plasmid

to normalize transfection efficiency, as indicated by stan-

dard calcium phosphate precipitation [32, 33]. At 24 h

post-transfection, cells were mock treated or treated with

recombinant human TNF-a (10 ng/ml) for 6 h, and then

luciferase assays were performed as previously described

[34] with a luciferase assay kit (Promega, Madison, WI).

Western blot analysis

Western blot (WB) analysis was performed as previously

described [35]. Briefly, whole-cell extracts were subjected

to 10 % SDS-PAGE and transferred to PVDF membranes,

followed by blocking with 5 % nonfat milk in Tris-buf-

fered saline-Tween (TBST) and probed with the indicated

primary antibodies at 37 �C for 2 h. After washing with

TBST, the membrane was incubated with alkaline phos-

phatase (AP)-conjugated goat anti-rabbit IgG or goat anti-

mouse IgG. Protein bands specific to the antibody were

developed by 5-bromo-4-chloro-3-indolylphosphate

(BCIP)-nitroblue tetrazolium (NBT) and terminated by

distilled water.

Co-immunoprecipitation assay

Co-immunoprecipitation (co-IP) assays were performed as

previously described [35]. Briefly, HEK 293T cells

(*5 9 106) were co-transfected with 5 lg of each of the

indicated expression plasmids carrying Flag, Myc or HA

tags. Transfected cells were harvested at 36 h post-trans-

fection and lysed on ice with 700 ll of lysis buffer. For

each immunoprecipitation (IP), a 0.5 ml aliquot of lysate

was incubated with 0.5 lg of the anti-HA mAb, anti-Myc

mAb or anti-Flag mAb or nonspecific mouse monoclonal

antibody (IgG1 isotype matched with anti-Myc mAb;

IgG2b isotype matched with anti-HA and anti-Flag mAbs)

and 30 ll of a 1:1 slurry of Protein A/G Plus-agarose

(Santa Cruz, CA) for at least 4 h or overnight at 4 �C. The

beads were washed four times with 1 ml of lysis buffer

containing 500 mM NaCl and then subjected to WB

analysis. All co-IP assays were repeated at least two times,

similar data were obtained, and a typical blot was shown.

Immunofluorescence assay

Immunofluorescence assays were performed as described

previously [36]. In brief, HeLa cells were transfected with

indicated plasmids for 24 h and then fixed in 4 % para-

formaldehyde. Cells were incubated with rabbit anti-p65

pAb (diluted 1:50) or rabbit anti-p50 pAb (diluted 1:50)

with mouse anti-HA mAb and anti-Myc mAb (diluted

1:2,000), followed by incubation with tetramethyl rhoda-

mine isocyanate (TRITC)-conjugated goat anti-rabbit IgG

(Pierce) and fluorescein isothiocyanate (FITC)-conjugated

goat anti-mouse IgG (Sigma-Aldrich). After each

Fig. 3 UL42 inhibits the NF-jB-mediated innate cytokines expres-

sion. HEK 293T cells were co-transfected with pcDNA empty vector

and UL42-HA or UL42(1-390aa)-Flag or UL42 2R/2A mutant or

UL42 3R/3A mutant expression plasmid and px-Luc (where x is IL-6

or IL-8, as indicated) along with pRL-TK as an internal control. At

24 h post-transfection, the cells were treated with recombinant human

TNF-a (10 ng/ml) for 4 h and luciferase activity was measured. The

data represent means plus standard deviations for three replicates.

Statistical analysis was performed using Student’s t test. **P \ 0.01.

*P \ 0.05
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incubation step, cells were washed extensively with PBS.

Samples were analyzed with fluorescence microscopy

(Zeiss, Germany).

Results

Suppression of TNF-a-mediated NF-jB activation

by HSV-1 UL42

The canonical NF-jB activation pathway can be initi-

ated by various stimuli, including TNF-a, a key

cytokine regulating immune functions as well as

inflammatory responses. In order to verify whether

UL42 protein affected NF-jB activity, we performed

dual-luciferase reporter gene assays with cells treated

with TNF-a. HA-tagged UL42 was co-expressed in

HEK 293T cells in the presence of NF-jB-Luc reporter

genes. TNF-a treatment resulted in strong induction of

NF-jB activity (Fig. 1a). In contrast, ectopic expression

of UL42 significantly inhibited TNF-a-mediated acti-

vation of NF-jB promoter activity (Fig. 1a). Addition-

ally, UL42 inhibited NF-jB promoter activity in a dose-

dependent manner (Fig. 1b).

Fig. 4 UL42 targets p65 and p50 to inhibit NF-jB signaling. The

HEK 293T cells were co-transfected with NF-jB-Luc, pRL-TK and

TRADD (a), TAK1 (b), IKKb (c), p65 and (d) expression plasmids

along with indicated amount of UL42 expression plasmid. Luciferase

activity was analyzed as described in Fig. 1a. Cell lysates were

analyzed by immunoblotting (IB) with tag-specific Abs (bottom

panels) to detect the expression of Myc-TRADD, Flag-TAK1, Flag-

IKKb and Flag-p65. The UL42 expression was detected by anti-HA

mAb. IB of b-actin was used to verify equal loading of protein in each

lane. The data represent means plus standard deviations for three

replicates. Statistical analysis was performed using Student’s t test.

**P \ 0.01
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The three arginine residues (113, 279, and 280)

of UL42 is important for the inhibition of TNF-a-

mediated NF-jB activation

The order of UL42 four arginine mutants’ effects on long-

chain DNA synthesis (R280A[ R279A % R113A[
R182A) were identical to the order of their effects on DNA

binding [22]. To determine whether the arginine residues

were also responsible for UL42 inhibiting TNF-a-mediated

activation of NF-jB, UL42 arginine residue mutants (UL42

2R/2A, UL42 3R/3A) expression plasmids were generated by

substitution of alanine for 279R and 280R residues or 113R,

279R and 280R residues (Fig. 2a), we also constructed the

UL42(1-390aa) expression plasmid, which encompassed

these three arginine residues (Fig. 2a).

The three plasmids were transfected into HEK 293T

cells and examined for their ability to inhibit TNF-a-

induced NF-jB activation, respectively. In agreement with

Fig. 1, WT UL42 and the UL42(1-390aa) strongly inhib-

ited TNF-a-induced NF-jB activation. However, UL42

2R/2A and UL42 3R/3A inhibited TNF-a-induced NF-jB

activity were less than WT UL42 and the UL42(1-390aa)

(Fig. 2b). Additionally, UL42(1-390aa) inhibited NF-jB

promoter activity in a dose-dependent manner (Fig. 2c),

but increased amount of UL42 2R/2A and UL42 3R/3A

expression plasmids have a certain influence on NF-jB

promoter activity (Fig. 2d, e). Taken together, the results

suggested that three arginine residues (113, 279, 280),

which resided on the positively charged surface of UL42,

might play a significant role in inhibiting TNF-a-induced

NF-jB activation.

UL42 prevents the production of NF-jB-regulated

innate cytokines

To determine whether UL42 was required to downregulate

NF-jB-regulated cytokines, we performed IL-6 and IL-8

reporter assays using a reporter with an IL-6 or IL-8 pro-

moter driving the expression of a luciferase gene. HEK

293T cells were treated with TNF-a, the luciferase activi-

ties in both pIL-6-Luc- and pIL-8-Luc-transfected cells

were unaffected by the empty vector control, however,

UL42 and UL42(1-390aa) significantly inhibited IL-6 and

IL-8 luciferase activity, UL42 2R/2A and UL42 3R/3A

have little influence on IL-6 luciferase activity (Fig. 3a).

But UL42 2R/2A and UL42 3R/3A have a certain influence

on IL-8 luciferase activity (Fig. 3b). These results sug-

gested that the three arginine residues (113, 279, and 280)

of UL42 have an important role to inhibit NF-jB-targeted

innate immune genes expression.

UL42 inhibits NF-jB signaling pathway at p65 and p50

level

To determine at what level in the pathway UL42

blocked NF-jB activity, increasing amounts of HA-

tagged UL42 expressing plasmid and expression plas-

mids of the canonical NF-jB signaling pathway com-

ponents including TRADD, TAK1, IKKb, and p65

were co-transfected into HEK 293T cells. All expres-

sion constructs resulted in a 10–100 fold induction of

the NF-jB-Luc reporter activity (Fig. 4a–h). NF-jB

promoter activation driven by all of the expression

constructs was inhibited by UL42 in a dose-dependent

manner (Fig. 4a–d). The activation driven by TRADD,

TAK1, and IKKb was inhibited more than 95 %

(Fig. 4a–c) and the activation driven by p65 was

inhibited up to 75 % (Fig. 4d). UL42 also inhibited the

TRAF2, RIP1, NIK, IKKa induced NF-jB-Luc repor-

ter activity (Fig. S1). These results indicated that UL42

inhibited the NF-jB signaling at or downstream of

p65. Indeed, p65 is a crucial transcription factor in NF-

jB signaling pathway, and the heterdimeric of p65/p50

is a hallmark of the early activation of the antiviral

response [5].

Fig. 5 UL42 interacts with p65 and p50. The HEK 293T cells were

co-transfected with UL42-HA and Flag-p65 expression plasmids (a),

UL42-HA and Flag-p50 expression plasmids (d). At 36 h after

transfection, Cells were harvested and lysed, the samples were then

subjected to immunoprecipitation assays using anti-HA mAb (IP:

HA) or nonspecific mouse monoclonal antibody (IgG2b). Immuno-

precipitated samples (IP) were separated by 10 % SDS-PAGE, and

proteins were transferred onto a PVDF membrane. IB were probed

with the indicated Ab. (b, c, e, f) HEK 293T cells were transfected

with UL42-HA expression plasmid. At 24 h post-transfection, cells

were mock treated (b, e) or treated with (c, f) recombinant human

TNF-a(10 ng/ml) and incubated for an additional 8 h, cells harvested

and lysed, the samples were then subjected to immunoprecipitation

assays using anti-HA mAb (IP: HA) or nonspecific mouse monoclo-

nal antibody (IgG2b). Immunoprecipitated samples (IP) were sepa-

rated by 10 % SDS-PAGE, and proteins were transferred onto a

PVDF membrane. IB was probed with the indicated Ab. (g, h) UL42

interacts with endogenous p65 and p50 in HSV-1-infected cells.

HEK293T cells were infected with WT HSV-1 at an MOI of 10 for

16 h. The cells were then lysed, and the extracts were subjected to

immunoprecipitation using anti-p65 pAb (IP: p65), anti-p50 pAb (IP:

p50) or control IgG. Precipitates were analyzed by Western blotting

(i, j). The HEK 293T cells were co-transfected with UL42-HA and

p65 RHD-Flag expression plasmids (i), UL42-HA and p50 RHD-Flag

expression plasmids (j). At 36 h after transfection, Cells were

harvested and lysed, the samples were then subjected to immunopre-

cipitation assays using anti-Flag mAb (IP: Flag) or nonspecific mouse

monoclonal antibody (IgG2b). Immunoprecipitated samples (IP) were

separated by 10 % SDS-PAGE, and proteins were transferred onto a

PVDF membrane. IB was probed with the indicated Ab

c
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UL42 interacts with endogenous p65 and p50

The aforementioned results demonstrated that UL42

inhibited NF-jB signaling pathway at p65/p50 level. In

order to clarify the molecular mechanism of UL42 to

suppress NF-jB activation, we analyzed the NF-jB sub-

units p65 and p50 for their potential interaction with viral

protein UL42 in co-IP experiments. UL42-HA and either
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Flag-p65 or Flag-p50 expression plasmids were co-trans-

fected into HEK 293T cells, and co-IP/WB analysis was

performed with anti-HA and anti-Flag mAbs. Both

ectopically expressed p65 and p50 were efficiently co-IP

with UL42 by anti-HA mAb (Fig. 5a, d). We further

investigated the interaction between UL42 and endoge-

nous p65 or p50, UL42-HA expression plasmid was

transfected into HEK 293T cells and at 24 h post-trans-

fection, and the cells treated with or without 10 ng/ml

TNF-a for 8 h. Co-IP/WB analysis was performed with

anti-HA and antibodies against p65 or p50, both endog-

enous p65 and p50 proteins were efficiently co-IP with

UL42 by anti-HA mAb (Fig. 5b, c, e, f) in the presence of

TNF-a or not. To determine whether UL42 interacts with

p65 and p50 under physiological conditions, we per-

formed co-IP experiments using endogenous proteins. In

WT HSV-1-infected cells, the UL42 protein was easily

immunoprecipitated by p65 or p50 using anti-p65 or anti-

p50 pAbs (Fig. 5g, h), respectively, but not by control

antibody IgG (Fig. 5g, h). These results demonstrated that

UL42 interacts with endogenous p65 and p50 under

physiological conditions.

To determine if UL42 protein bound to the N-terminal

RHD of p65 or p50, which is responsible for dimeriza-

tion, DNA binding and nuclear import [37], we con-

structed the fragment of p65 spanning amino acid

21–186 (p65 RHD) and the fragment of p50 spanning

amino acid 44–242 (p50 RHD), UL42-HA and either

Flag-p65 RHD or Flag-p50 RHD expression plasmids

were co-transfected into HEK 293T cells, and co-IP/WB

analysis was performed with anti-Flag and anti-HA

mAbs. UL42 was efficiently co-IP with p65 RHD or p50

RHD by anti-Flag mAb (Fig. 5i, j). Considering these

things together, we observed that UL42 bound with the

RHD of p65 and p50.

UL42 prevents nuclear translocation of p65 and p50

Nuclear translocation of p65/p50 is crucial for the tran-

scription of NF-jB. Immunofluorescence was carried out

to investigate whether UL42 prevented the nuclear trans-

location of p65 and p50 (Fig. 6). In mock-treated Hela

cells, p65 or p50 localized exclusively to the cytoplasm,

however, p65 or p50 translocated into the nucleus in the

TNF-a-stimulated cells. Ectopic expression of UL42 pre-

vented the nuclear translocation of p65 or p50 induced by

TNF-a, whereas UL42 2R/2A and UL42 3R/3A mutants

did not (Fig. 6a, b). These results demonstrated that UL42

bound to RHD of p65 and p50 were sufficient to prevent

the nuclear accumulation of NF-jB and thereby precluded

its transcriptional activity.

The N-terminus of UL42 is required and sufficient

for p65 and p50 binding and suppression of p65/p50-

mediated NF-jB activation

As the three arginine residues (113, 279, and 280) in the

N-terminus of UL42 played an important role in inhibiting

TNF-a-mediated NF-jB activity, we reasoned that p65 and

p50 might interact with the N-terminus of UL42. To verify

this, HEK 293T cells were transfected with UL42(1-

390aa)-Flag expression plasmid, at 24 h post-transfection,

the cells treated with or without 10 ng/ml TNF-a for 8 h.

As results, UL42(1-390aa) was efficiently co-IP with

endogenous p65/p50 (Fig. 7a–d). To determine whether

UL42(1-390aa) really interacted with p65 and p50, we

performed co-IP experiments using endogenous proteins.

In UL42(1-390aa)-Flag transfected cells, the UL42(1-

390aa) protein was easily immunoprecipitated by p65 or

p50 using anti-p65 or anti-p50 pAbs, respectively (Fig. S2),

but not by control antibody IgG (Fig. S2). These results

demonstrated that UL42(1-390aa) interacted with endoge-

nous p65 and p50.

To clarify whether binding of the UL42(1-390aa) is also

sufficient for inhibition of NF-jB transcriptional activity,

p65 and p50 were overexpressed in HEK 293T cells along

with UL42-HA, UL42(1-390aa)-Flag, UL42 2R/2A-Myc

or UL42 3R/3A-myc. A dose-dependent reduction of NF-

jB-luc activity confirmed that binding of UL42(1-390aa)

was sufficient for its inhibition (Fig. 7e). In contrast,

expression of the UL42 2R/2A and UL42 3R/3A mutants

had a certain effect on p65/p50-mediated luciferase activ-

ity. But the inhibiting capacity was less than WT UL 42

and UL42(1-390aa). In summary, the N-terminus of UL42

was sufficient for binding to p65 and p50, and also the three

arginine residues (113, 279, 280) of the UL42 protein

played an significant role in inhibiting p65/p50-mediated

NF-jB activation.

Discussion

HSV-1 infection can cause proinflammatory cytokine

expression with elevate levels of proinflammatory and

inflammatory cytokines, including TNF-a [38, 39].

TNF-a activates the NF-jB signaling pathway that

regulates expression of many cellular factors playing

important roles in innate immune responses and

inflammation in infected hosts [40]. In this study, we

report that HSV-1 UL42 protein can directly interact

with p65 and p50 by inhibiting p65/p50 nuclear trans-

location and thus inhibits TNF-a-induced NF-jB

activation.
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Fig. 6 UL42 blocks TNF-a-

induced p65 and p50 nuclear

translocation. HeLa cells were

transfected with empty vector,

HA-tagged UL42 WT, Myc-

tagged UL42 2R/2A mutant or

Myc-tagged UL42 3R/3A

mutant expression plasmid. At

24 h post-transfection, cells

were treated with recombinant

human TNF-a (10 ng/ml) or

mock treated for 30 min as

indicated. Cells were stained

with mouse anti-HA or mouse

anti-Myc mAb and rabbit anti-

p65 pAb or anti-p50 pAb. FITC-

conjugated goat anti-rabbit

(green) and TRITC-conjugated

goat anti-mouse (red) were used

as the secondary antibody. Cell

nuclei (blue) were stained with

Hoechst 33258. The images

were obtained by fluorescence

microscopy using a 940

objective (color figure online)

Med Microbiol Immunol (2013) 202:313–325 321

123



Fig. 7 The N-terminus of UL42 is required and sufficient for p65/p50

binding and suppression of p65/p50-mediated NF-jB Activation. The

HEK 293T cells were transfected with UL42(1-390aa)-Flag expres-

sion plasmid. At 24 h after transfection, cells were mock treated (a,

c) or treated with (b, d) recombinant human TNF-a (10 ng/ml) and

incubated for an additional 8 h, cells harvested and lysed, the samples

were then subjected to immunoprecipitation assays using anti-Flag

mAb (IP: Flag) or nonspecific mouse monoclonal antibody (IgG2b).

Immunoprecipitated samples (IP) were separated by 10 % SDS-

PAGE, and proteins were transferred onto a PVDF membrane. IB

were probed with the indicated Ab. e The HEK 293T cells were co-

transfected with NF-jB-Luc, pRL-TK, Flag-p65 and Flag-p50

expression plasmids along with indicated amount of UL42-HA,

UL42(1-390aa)-Flag, UL42 2R/2A-Myc or UL42 3R/3A-Myc expres-

sion plasmids. Luciferase activity was analyzed as described in

Fig. 1a. Cell lysates were analyzed by IB with tag-specific Abs

(bottom panels) to detect the expression of Flag-p65, Flag-p50, UL42-

HA, UL42(1-390aa)-Flag, UL42 2R/2A-Myc and UL42 3R/3A-Myc.

IB of b-actin was used to verify equal loading of protein in each lane.

The data represent means plus standard deviations for three replicates.

Statistical analysis was performed using Student’s t test. **P \ 0.01;

*P \ 0.05
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We found that UL42 could inhibit TRADD, TRAF2,

TAK1, RIP1, NIK, IKKa, IKKb or p65-mediated activa-

tion of NF-jB-Luc promoter activity, implying that UL42

might act at or downstream of the p65/p50 level. We

therefore hypothesized that UL42 may interact with p65 or

p50 to inhibit NF-jB promoter activity. To validate our

hypothesis, co-IP analysis was employed to determine

whether UL42 could directly interact with p65 or p50

under physiological conditions. As expected, UL42 inter-

acted with both p65 and p50. Thus, HSV-1 UL42 could

inhibit the canonical NF-jB signaling pathway by inter-

acting with p65 and p50. We also found that UL42 could

inhibit NIK and IKKa induced NF-jB promoter activity,

suggesting that UL42 might be an antagonism of the

noncanonical NF-jB signaling pathway.

Intriguingly, when we substituted alanine for R113,

R279 and R280, the mutants UL42 2R/2A and UL42 3R/

3A had a certain influence on TNF-a and p65/p50 stimu-

lated NF-jB promoter activity, but inhibiting capacity was

less than WT UL42 and UL42(1-390aa). The N-terminal of

UL42 was sufficient for the specific binding of UL42 to the

p65/p50 and the inhibition of canonical NF-jB activation.

And also UL42 3R/3A had little influence on p65 and p50

nuclear translocation, so we speculated that arginine resi-

dues of UL42 were crucial for UL42 binding to NF-jB

promoter and inhibited p65 and p50 bound to NF-jB

promoter. Thus, these arginine residues of UL42 not only

had an important role in HSV-1 lytic infection, but also

were significant for HSV-1 to inhibit host cytokine

production.

The relationship between HSV-1 infection and the host

NF-jB innate immune response is quite complex, it is well

known that the classical NF-jB pathway is significantly

activated upon HSV-1 infections [41, 42] and is shown to

be involved in up-regulation of several host genes [43], as

well as in promoting the progression of the virus replica-

tion cycle [42, 44]. However, NF-jB signaling also pro-

motes inflammatory cytokine expression to reduce viral

infection. How could HSV-1 selectively promote sufficient

NF-jB activity to promote its propagation and avoid the

robust innate cytokine response driven by the same NF-jB

activity? This apparent contradiction is reconciled by the

fact that HSV-1 activates NF-jB through multiple signal-

ing pathways. The early wave involves the UL31 and UL37

virion tegument protein [45, 46] and possibly virion gly-

coprotein D, glycoprotein B, glycoprotein H and glyco-

protein L [47, 48]. UL37 activates NF-jB signaling

through interaction with TRAF6, glycoprotein D activates

the TNF superfamily receptor HVEM to drive both the

canonical and alternative NF-jB pathway; glycoprotein B,

glycoprotein H and glycoprotein L are ligands to TLR2,

they initiate a signaling cascade which induce NF-jB

activation. Thus, HSV-1 may transiently activate NF-jB to

start its infection optimally and then inhibit the major part

of the innate response using viral gene products expressed

during infection. UL42 might be a pivotal regulator in

maintaining the balance between suppressing an antiviral

response at a tolerable limit and keeping the sufficient

activation of NF-jB for viral replication, and consequently

contribute to viral virulence.

HSV-1 UL42, as an antagonism of TNF-a-induced NF-

jB pathway, may be one of several strategies used by

HSV-1 to interrupt the innate immune system. However,

more work should be done to reveal the comprehensive

tricks by HSV-1 to subvert the host immune response. In

conclusion, this is the first study to demonstrate that the

UL42 protein suppresses NF-jB-mediated antiviral

response via interactions with both RHD domain of p65

and p50. This function of UL42 may benefit the regulation

of the delicate balance between the replication process and

host defense programs induced by the NF-jB pathway.
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