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White Spot Syndrome Virus IE1 and WSV056 Modulate the G,/S
Transition by Binding to the Host Retinoblastoma Protein

Xiaozhuo Ran,*P Xiaofang Bian,>® Yongchang Ji,*? Xiumin Yan,® Feng Yang,? Fang Li®

State Key Laboratory Breeding Base of Marine Genetic Resources, Key Laboratory of Marine Genetic Resources of State Oceanic Administration, Third Institute of
Oceanography, Xiamen, People’s Republic of China® School of Life Science, Xiamen University, Xiamen, People’s Republic of China®; Institute of Biochemistry and Cell

Biology, Chinese Academy of Science, Shanghai, People’s Republic of China“

DNA viruses often target cellular proteins to modulate host cell cycles and facilitate viral genome replication. However, whether
proliferation of white spot syndrome virus (WSSV) requires regulation of the host cell cycle remains unclear. In the present
study, we show that two WSSV paralogs, IE1 and WSV056, can interact with Litopenaeus vannamei retinoblastoma (Rb)-like
protein (Iv-RBL) through the conserved LxCxE motif. Further investigation revealed that IE1 and WSV056 could also bind to
Drosophila retinoblastoma family protein 1 (RBF1) in a manner similar to how they bind to Iv-RBL. Using the Drosophila RBF-
E2F pathway as a model system, we demonstrated that both IE1 and WSV056 could sequester RBF1 from Drosophila E2F tran-
scription factor 1 (E2F1) and subsequently activate E2F1 to stimulate the G,/S transition. Our findings provide the first evidence
that WSSV may regulate cell cycle progression by targeting the Rb-E2F pathway.

hite spot syndrome virus (WSSV), the only species of the

genus Whispovirus, family Nimaviridae, is a major pathogen
of shrimp. It is a large double-stranded DNA virus with a broad
host range among crustaceans (1). Although WSSV was first dis-
covered 20 years ago, the mechanism by which this virus modu-
lates cellular pathways during infection remains to be explored.

The immediate early (IE) genes of DNA viruses encode regu-
latory proteins critical for the initiation of primary infection and
the switch from latent to lytic infection (2). Twenty-one IE genes
have been identified from WSSV so far (3-5). IE1 is the most
studied WSSV IE protein. It has been found to exhibit transacti-
vation and DNA-binding activities (6), suggesting that it has a role
as a transcription factor. Based on detailed mapping of IE1 pro-
moters, progress has been made in understanding the cellular reg-
ulation of IE1 expression. Several transcription factors have been
found to affect IE transcription, including shrimp homologs of
STAT (7,8), NF-kB (9, 10), and a TATA box binding protein (11).
JAK-STAT and NF-kB pathways are believed to be critical for
antiviral defense (12, 13); therefore, the findings for WSSV indi-
cate that this virus takes advantage of the host immune system to
assist its own proliferation. The biological significance of IE1 dur-
ing WSSV infection was demonstrated by RNA interference ex-
periments which revealed that depletion of IE1 strongly inhibits
the replication of WSSV (11). A recent report showed that the
shrimp thioredoxin PmTrx can bind to IE1 and restore its DNA-
binding activity under oxidizing conditions, indicating a role for
IE1 in WSSV pathogenicity (14). However, since little is known
about the targets (proteins or genes) of IE1, how this viral protein
functions during infection remains unknown.

Interestingly, a new member of the WSSV IE proteins,
WSV056 (5), is highly homologous to IE1 in its amino acid se-
quence, implying a potential similarity in function. Further anal-
ysis showed that both of the proteins contain a conserved LxCxE
motif at the C terminus, which is characteristic of proteins that
bind to proteins in the retinoblastoma (Rb) family (15). Rb pro-
teins are central regulators of the cell cycle and are best known for
controlling the G,/S transition, through dynamic interaction with
E2F transcription factors (16). Because of their pivotal roles, the
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Rb proteins have become popular targets for both DNA and RNA
viruses which need to generate an intracellular environment suit-
able for the proliferation and maturation of progeny virions. Ad-
enovirus E1A, human papillomavirus E7, and polyomavirus large
T antigen are three well-studied DNA oncoproteins that repress
the function of Rb proteins either by impairing the interaction
between Rb and E2F or by inducing Rb degradation (17-19). In
addition, proteins encoded by RNA viruses, such as hepatitis C
virus NS5B (20, 21) and coronavirus Nsp15 (22), were also found
to downregulate pRB and to enhance cell cycle progression. Com-
pared with the work done on vertebrate viruses, the interaction
between invertebrate viruses and the Rb family proteins is less
known.

In the present study, we demonstrate that the WSSV proteins
IE1 and WSVO056 are both linked to the Rb-E2F pathway and can
affect the cell cycle by interacting with a Drosophila Rb family
protein.

MATERIALS AND METHODS

Cloning of the retinoblastoma-like protein from Litopenaeus van-
namei. Total RNA was extracted from the hepatopancreas of Litopenaeus
vannamei and reverse transcribed into cDNA by use of an oligo(dT)
primer. To clone the Rb homolog from Litopenaeus vannamei, three pairs
of primers (orf-1 forward plus orf-1 reverse, orf-2 forward plus orf-2 re-
verse, and middle forward plus middle reverse) (Table 1) were designed
according to the sequences of two shrimp cDNA fragments similar to
those for an Rb family protein, provided by Lingwei Ruan. Full-length
cDNA of the retinoblastoma-like protein from Litopenaeus vannamei (Iv-
RBL) was obtained using a SMARTer RACE cDNA amplification kit
(Clontech) with the 5'-race and 3'-race primers (Table 1). The amino acid
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TABLE 1 Primers used in this study

Primer

RBL-HA forward

Sequence (5'-3")
TGAAGCTTTACCCATACGATGTTCCAGATT
ACGCTATGAGTGACACTGATCTAGGCTC
ATGCTCGAGCTAAGGTTGCTCTGGTGGGA
ATGGGATCCATGGACTACAAGGATGACG

RBL-HA reverse
WSV056 C217G-FLAG

forward ATGACAAGG

WSV056 C217G-FLAG  ATGGGATCCTTATTGTACCAAAAACTCA
reverse GAAATCTCATCTCCTGA

1IE1 C217G-FLAG ATGGGATCCATGGACTACAAGGATGACG
forward ATGACAA

1IE1 C216G-FLAG ATGGGATCCTTATACAAAGAATCCAGAAA
reverse TCTCATCTCCTGT

hRIuc forward ATGGGATCCGCTTCCAAGGTGTACGACCC

hRluc reverse ATGCTCGAGCTGCTCGTTCTTCAGCACGC

EGFP forward ATGAAGCTTGTGAGCAAGGGCGAGGA

EGFP reverse ATGCTCGAGTTACTTGTACAGCTCGTCCATG

WSV056-EGFP forward
WSV056-EGFP reverse

ATGGGATCCCGCCTCAGTCTTTGAAGACCC
ATGGGTACCTTGTACCAAAAACTCAGAA

ATCTC
IE1-EGFP forward ATGGGATCCCGCCTTTAATTTTGAAGAC
TCTACA
IE1-EGFP reverse ATGGGTACCTACAAAGAATCCAGAAATC
TCATC
WSV056 C217G-EGFP  ATGGGATCCCGCCTCAGTCTTTGAAGACCC
forward
WSV056 C217G-EGFP ATGGGTACCTTGTACCAAAAACTCAGAA
reverse ATCTC
IE1 C216G-EGFP ATGGGATCCC GCCTTTAATTTTGAAGAC
forward TCTACA
IE1 C216G-EGFP ATGGGTACCTACAAAGAATCCAGAAATCT
reverse CATC

AATTACGAGAACATCCAGCTGA
GAATCTTTCTGAGATCGTTGAA
GAATTGATGCGAGACCGTCA
TGTGGCAGAGAGCCTATCCC
ATTTGCCAAGTTAAGATTACAAA
GCTGGTTCCTATAGTGCTTCATA
ACAGCTGACAAGATCCTGAGGAATACAT
TCTTTCTCCATTGCCAGTAGTACGTCAC

orf-1 forward
orf-1 reverse
orf-2 forward
orf-2 reverse
middle forward
middle reverse
5'-race primer
3'-race primer

sequence of Iv-RBL was analyzed by NCBI BLAST software, and the po-
tential functional domains were predicted.

Plasmid construction. The open reading frame (ORF) of Iv-RBL was
cloned into the pIEx-4 vector (Novagen), with a hemagglutinin (HA) tag
fused to the N terminus. WSV056, the WSV056C217G mutant (cysteine
in the LxCxE motif replaced by glycine), IE1, and the IE1C216G mutant
(cysteine in the LxCxE motif replaced by glycine) were cloned into the
pIEx-4 vector, with a FLAG tag fused to the N terminus or enhanced green
fluorescent protein (EGFP) fused to the C terminus. The Renilla luciferase
gene (hRluc) was cloned into pIEx-4 to generate the control plasmid pIE-
hRluc for the dual-luciferase assay. Primers used for plasmid construction
are listed in Table 1. Plasmids pIE-RBF1 (expressing HA-tagged Drosoph-
ila retinoblastoma family protein 1 [RBF1]) and pIE-E2F1 (expressing
c-myc-tagged Drosophila E2F transcription factor 1 [E2F1]) were kindly
provided by Nicholas Dyson (23), and the PCNA-luc reporter (a firefly
luciferase reporter gene containing the Drosophila proliferating cell nu-
clear antigen [PCNA] gene promoter) was provided by Masamitsu Yama-
guchi (24).

Cell culture and transfection. Trichoplusia ni High Five cells (BTI-
TN-5B1-4) were maintained in SFX medium (HyClone) at 27°C. Dro-
sophila melanogaster S2 cells were grown in Sf-900 II SFM medium (Life
Technology) supplied with 10% fetal bovine serum (Life Technology),
100 U/ml penicillin, and 100 pg/ml streptomycin at 27°C.
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High Five cells were transfected with Cellfectin II reagent (Life Tech-
nology), and S2 cells were transfected with Effectene transfection reagent
(Qiagen) according to the manufacturers’ instructions.

Western blotting. The protein samples were separated in SDS-PAGE
gels, transferred to nitrocellulose membranes, and detected with appro-
priate antibodies. The primary antibodies (monoclonal anti-FLAG M2
antibody, monoclonal anti-c-myc antibody, monoclonal anti-HA anti-
body, and anti-a-tubulin antibody) were purchased from Sigma. Horse-
radish peroxidase (HRP)- or alkaline phosphatase (AP)-conjugated sec-
ondary antibodies were purchased from Pierce.

Coimmunoprecipitation. High Five cells (cultured in 100-mm
plates) were harvested at 48 h posttransfection (p.t.) and lysed with 1 ml
lysis buffer (1% NP-40, 500 mM NaCl, 50 mM HEPES-KOH, pH 7.8, 5
mM EDTA, 3 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl
fluoride [PMSF], 50 mM NaF) for 10 min on ice. After centrifugation at
12,000 X g for 10 min at 4°C, the supernatant was incubated with 30 pl
anti-FLAG M2 affinity gel (Sigma) overnight at 4°C with gentle rotation.
The beads were washed sequentially with lysis buffer and washing buffer
(20 mM HEPES, pH 7.8, 15% glycerol, 250 mM KCIl, 0.2 mM EDTA, 0.1%
NP-40, 1 mM DTT, 0.5 mM PMSF). The FLAG-tagged proteins were then
eluted with FLAG peptide (1 mg/ml) in a total volume of 30 p.l.

Dual-luciferase assay. The dual-luciferase assay was performed with a
dual-luciferase reporter assay system (Promega). At 48 h p.t., S2 cells were
lysed with the passive lysis buffer supplied in the kit. The activities of firefly
(Photinus pyralis) and Renilla (Renilla reniformis) luciferases were mea-
sured sequentially for each sample. The activity of the firefly luciferase
reporter was correlated with the effect of specific experimental conditions,
while the activity of the Renilla luciferase reporter was provided as an
internal control. The relative luciferase activity was calculated with the
following formula: relative luciferase activity = firefly luciferase activity/
Renilla luciferase activity. The experiment was repeated three times, and
the standard deviations were calculated.

Competitive binding assay. Plasmids pIE-RBF1 and pIE-E2F1 were
cotransfected with pIE-WSV056 or pIE-IE1 into High Five cells. The vec-
tor pIEx-4 was used to normalize the amount of DNA in each transfection
mixture. At 48 h p.t., cells were lysed with lysis buffer, the HA-tagged
protein was immunoprecipitated with anti-HA affinity gel (Sigma), and
the amount of each component was analyzed by Western blotting.

Flow cytometry analysis. S2 cells were harvested at 24 h p.t., washed
once with phosphate-buffered saline (PBS), and fixed with 70% ethanol at
—20°C for 1 h. After fixation, the cells were washed once with PBS, fol-
lowed by RNase A (0.5 mg/ml in PBS) treatment for 20 min at 37°C, and
then were stained with 40 pg/ml propidium iodide (PI) solution for 15
min. The cellular DNA content was determined with a BD FACSCalibur
flow cytometer. Ten thousand events in the EGFP-positive gate were read
for each sample. Mofit LT software (Verity Software House) was used to
determine the distribution of cells in each phase of the cell cycle (G,/G,, S,
and G,/M). The experiment was repeated three times, and the standard
deviations were calculated.

Nucleotide sequence accession number. The lv-RBL gene was depos-
ited in GenBank under accession number KC181921.

RESULTS

IE1 and WSV056 interact with the shrimp Rb homolog through
the LxCxE motif. WSSV immediate early proteins IEl and
WSV056 share ~56% identity in their amino acid sequences (Fig.
1). A search for motifs within these two proteins identified the
LxCxE motif, which is characteristic for proteins that bind to the
Rb family proteins (15) (Fig. 1, boxed area). To test if these two
proteins do bind to host Rb family proteins, a shrimp Rb homolog
was cloned from Litopenaeus vannamei (GenBank accession num-
ber KC181921). The shrimp Rb homolog comprises 1,080 amino
acids (aa) and contains a pocket domain formed by domain A (aa
393 to 588) and domain B (aa 766 to 923). These A and B domains
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FIG 1 Alignment of the amino acid sequences of IE1 and WSV056. The amino
acid sequences of IE1 and WSV056 were aligned using DNAMAN software
(Lynnon Biosoft). The LxCxE motif is boxed. The C2H2 zinc finger motif is
marked with asterisks. /\, residue C55, which is required for DNA binding.

each represent a single cyclin fold, and the LxCxE Rb binding
motif is presented in domain B. A domain of unknown function
(DUF3452; aa 64 to 208) that is conserved in Rb family proteins of
humans and Drosophila is also present in the N terminus of Iv-RBL
(Fig. 2A). Sequence analysis showed that this protein is more
closely related to mammalian Rb-like proteins p107 and p130
than to pRB (data not shown). Therefore, we named it Litopenaeus
vannamei Rb-like protein (Iv-RBL). To investigate the interaction
between IE1, WSV056, and Iv-RBL, HA-tagged 1Iv-RBL was coex-
pressed with FLAG-tagged IE1 or WSV056 in High Five cells. The
FLAG-tagged proteins were immunoprecipitated at 48 h post-
transfection, and the protein complex was probed for HA-tagged
lv-RBL. The results showed that both IE1 and WSV056 were phys-
ically associated with Iv-RBL (Fig. 2B, lanes 3 and 5). To examine
whether this interaction depends on the conserved LxCxE motif,
the cysteine of the LxCxE motifs of IE1 and WSV056 was replaced
by glycine to generate the WSV056C217G and IE1C216G mu-
tants. Immunoprecipitation analysis revealed that these two mu-
tants no longer bound to lv-RBL (Fig. 2B, lanes 2 and 4), demon-
strating that IE1 and WSV056 interact with Iv-RBL through their
LxCxE motif.

IE1 and WSV 056 modulate the Rb-E2F pathway. Rb binding
proteins encoded by mammalian viruses are known to regulate Rb
functions in different ways to support viral replication. We asked
if WSSV IE1 and WSV056 could affect the host Rb-E2F pathway as
well. However, it is difficult to analyze the functions of WSSV IE1
and WSV056 in the natural hosts of WSSV because of the limited
knowledge of the Rb-E2F pathway in crustaceans and the lack of
cell lines for in vitro analysis. Therefore, Drosophila RBF1 and
E2F1 and a reporter gene containing the PCNA promoter were
used instead to investigate the relationship between IE1, WSV056,
and the Rb-E2F pathway.

We first tested if IE1 and WSV056 could bind to RBFI. As
shown in Fig. 3, RBF1 was coimmunoprecipitated with IE1 (lane
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FIG 2 Interaction between IE1, WSV056, and 1v-RBL. (A) Structure of the
shrimp Rb homolog Iv-RBL. The conserved domains in lv-RBL were predicted
by NCBI BLAST. Domains A and B of the pocket domain and a domain of
unknown function (DUF3452) conserved in Rb family proteins are shaded.
(B) Coimmunoprecipitation of IE1, WSV056, and Iv-RBL. HA-Iv-RBL was
coexpressed in High-Five cells with FLAG-IE1, FLAG-IE1C216G, FLAG-
WSV056, or FLAG-WSV056C217G, separately. The pIEx-4 vector was used as
a negative control. Cells were harvested, the FLAG-tagged proteins were im-
munoprecipitated (IP) with anti-FLAG M2 affinity gel, and then the immu-
noprecipitated complexes were analyzed by Western blotting with anti-HA
antibody and anti-FLAG antibody, as indicated.

3) and WSVO056 (lane 1) but not with the IE1C216G (lane 4) or
WSV056C217G (lane 2) mutant, which indicated that WSSV IE1
and WSV056 could physically interact with Drosophila RBF1 in a
way similar to how they bind to lv-RBL. Rb proteins are well
known to regulate cell cycle progression by binding to E2F tran-
scription factors and repressing their function. Here we showed
that overexpression of IE1 and WSV056 could promote the activ-
ity of Drosophila E2F1. Different amounts of IE1 and WSV056 (0
to 1.0 g/well of a 24-well plate) were cotransfected with RBF1
into Drosophila S2 cells, while the pIEx-4 vector was used to nor-
malize the amount of DNA in each transfection mixture. The ac-
tivity of E2F1 was measured using a firefly luciferase reporter con-
struct containing the Drosophila PCNA promoter that can be
activated by E2F1 and repressed by RBF1 (23). The relative lucif-
erase activity was indicated by the ratio of firefly luciferase activity
to control Renilla luciferase activity. As shown in Fig. 4, overex-
pression of both IE1 (Fig. 4A) and WSV056 (Fig. 4B) increased
firefly luciferase levels in a dose-dependent manner, which means
that IE1 and WSV056 stimulated E2F1 activity in the cells and
strongly induced the transcription driven by the PCNA promoter.
In contrast, no significant increase of the reporter activity was
observed in the cells overexpressing IE1C216G (Fig. 4A) or
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FIG 3 Interaction between IE1, WSV056, and Drosophila RBF1. HA-RBF1
was coexpressed in High Five cells with FLAG-IE1, FLAG-IE1C216G, FLAG-
WSV056, or FLAG-WSV056C217G, separately. The pIEx-4 vector was used as
a negative control. Cells were lysed, the FLAG-tagged proteins were immuno-
precipitated with anti-FLAG M2 affinity gel, and then the immunoprecipitated
complexes were analyzed by Western blotting with anti-HA antibody and
anti-FLAG antibody.

WSV056C217G (Fig. 4B), even when the mutant constructs were
transfected into the cells at the highest dose (1 g/well of a 24-well
plate). These results suggest that IE1 and WSV056 alter E2F1 ac-
tivity through their interaction with RBF1.

Some viral Rb binding proteins are known to repress Rb func-
tion by targeting it for degradation (19), but no obvious reduction
of the amount of RBF1 was observed in the cells expressing IE1 or
WSV056 (Fig. 3). Hence, we proposed that instead of degrading
RBF1, IE1 and WSV056 might repress RBF1 by disrupting its in-
teraction with E2F1. An in vivo competition assay was carried out
to answer this question. Briefly, RBF1 and E2F1 were cotrans-
fected with IE1 or WSV056 into High Five cells. RBF1 was immu-
noprecipitated, and the amount of each component incorporated
into the protein complex was evaluated by Western blotting. We
found that with the increase of the levels of IE1 and WSV056 in the
cells, more IE1 and WSV056 but less E2F1 was coimmunoprecipi-
tated with similar amounts of RBF1 (Fig. 4C), suggesting that
E2F1 was readily displaced from the RBF1-E2F complex by the
introduction of IE1 and WSV056, in a dose-dependent manner.
These findings indicate that binding of IE1 and WSV056 to RBF1
may activate E2F1 by releasing it from the Rb-E2F complex.

IE1 and WSV 056 modulate cell cycle progression via binding
to Rb protein. To investigate whether the interaction between the
WSV056, IE1, and Rb proteins can affect the cell cycle, EGFP-IE1
and EGFP-WSV056 were overexpressed in S2 cells, and the DNA
content in the cells with green fluorescence was examined by flow
cytometry. As shown in Fig. 5, both IE1 and WSV056 expression
caused a significant increase in the percentage of cells in S phase at
24 h p.t. Cells expressing IE1 exhibited an ~1.5-fold increase in
the percentage of S-phase cells compared to the control cells ex-
pressing EGFP alone (43% versus 27%, respectively). Correlated
with the increase in S-phase cells, there was an obvious decrease in
the percentage of G,/G; cells following IE1 expression (33% ver-
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sus43%). Similar phenomena were observed in WSV056-express-
ing cells, which contained 31% G,/G,, 44% S-phase, and 24%
G,/M cells, in comparison with the control group, which con-
tained 43% G,/G;, cells, 27% S-phase cells, and 29% G,/M cells.
Notably, mutation in the LxCxE binding motif hampered (but did
not fully eliminate) the ability of IE1 and WSV056 to induce ac-
cumulation of S-phase cells, indicating that IE1 and WSV056
modulated cell cycle progression by binding to a cellular Rb pro-
tein(s).

DISCUSSION

Viruses are tiny intracellular parasites that rely on the host ma-
chinery to complete their replication cycle. Many of them can
interact with the host cell cycle in order to achieve high replication
efficiencies and virus yields. The Rb-E2F pathway plays a central
role in cell cycle progression out of G, through G, and into S
phase (16), which makes it a popular target for viruses (25, 26).
Research on mammalian DNA viruses has revealed that small
DNA viruses such as adenovirus, papillomavirus, and polyomavi-
rus encode no or very few proteins required for DNA replication.
As an alternative, they code for oncoproteins that can stimulate
G,/S transition of the host cells by repressing Rb family proteins
and can activate the cellular DNA replication machinery (17-19,
25). In contrast, large DNA viruses belonging to the alpha- or
gammaherpesvirus family encode many more enzymes required
for DNA replication, nucleotide biosynthesis, and metabolism
than those of the small viruses. Thus, they depend more on viral
machinery for DNA replication. Instead of inducing early S-phase
entry, some of the herpesviruses tend to retain the activated state
of RDb proteins and arrest cells in G, G, phase, or at the G,/S
boundary to prevent host DNA replication during viral lytic in-
fection. Examples include (but are not limited to) herpes simplex
virus, Epstein-Barr virus, and Kaposi’s sarcoma-associated her-
pesvirus (27-29).

WSSV is a large double-stranded DNA virus with a genome of
about 300 kb which encodes several proteins related to DNA rep-
lication (30, 31), including DNA polymerase (32), thymidine ki-
nase (33), thymidylate synthase (34), ribonucleotide reductase
large and small subunits (35), dUTPase (36), helicase (30), nu-
clease (37), and a homologous region binding protein that inter-
acts with the potential WSSV replication origin (38). Hence, one
may expect WSSV to depend less on the host’s cellular apparatus
for viral genome replication, like the large mammalian DNA vi-
ruses mentioned above. However, in this study, we found that two
IE proteins of WSSV, IE1 and WSV056, could interact with a
shrimp Rb homolog, Iv-RBL, through the conserved LxCxE Rb
binding motif (Fig. 2), which is similar to the case for oncopro-
teins encoded by small DNA tumor viruses (25). Therefore, it
would be interesting to investigate how WSSV IE1 and WSV056
affect the function of host Rb family proteins.

Using the Drosophila RB-E2F pathway as a model system, we
found that both IE1 and WSV056 bound to Drosophila RBF1 (Fig.
3) and enhanced the transcription of the E2F1 target promoter
(Fig. 4A and B). Knowledge from mammalian viruses indicates
that viral oncoproteins can repress Rb proteins by either targeting
them for degradation or directly abolishing the Rb-E2F interac-
tion (25). In our experiments, no obvious reduction of the
amount of RBF1 was observed in IE1/WSV056-expressing cells
(Fig. 3). Instead, E2F1 was found to be released from the RBF1-
E2F1 complex by either IE1 or WSV056, in a dose-dependent
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FIG 4 IE1 and WSV 056 regulate the Rb-E2F pathway in Drosophila cells. (A and B) Dual-luciferase assays. S2 cells were cotransfected with pIE-RBF1 (500 ng/well
of a 24-well plate), the reporter plasmid PCNA-luc (500 ng/well of a 24-well plate), and different amounts of pIE-IE1 (FLAG tagged) (A) or pIE-WSV056 (FLAG
tagged) (B), as indicated. The mutant constructs, pIE-IE1C216G and pIE-WSV056C217G, served as controls, and the pIEx-4 vector was used to normalize the
amount of DNA in each transfection mixture. The Renilla luciferase reporter plasmid pIE-hRIuc (100 ng/well of a 24-well plate) was introduced into each
transfection mixture to correct the transfection efficiency. At 48 h p.t., the luciferase activity in each well was measured by use of the Promega dual-luciferase
reporter assay system. The relative luciferase activity was calculated with the following formula: relative luciferase activity = firefly luciferase activity/Renilla
luciferase activity. The experiment was repeated three times, and the standard deviations were calculated. Western blot analysis (WB) was carried out to measure
expression of RBF1, IE1 (A, lower panel), and WSV056 (B, lower panel) in each experiment. a-Tubulin was used as a loading control. (C) IE1 and WSV056 release
E2F1 from the RBF1-E2F1 complex. pIE-RBF1 and pIE-E2F1 were cotransfected into High Five cells with pIE-WSV056 or pIE-IE1. The vector pIEx-4 was used
to normalize the amount of DNA in each transfection mixture. At 48 h p.t., cells were harvested, the HA-tagged protein was immunoprecipitated with anti-HA
affinity gel, and then the amount of each component was analyzed by Western blotting.
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WSSV IET and WSV056 Modulate the G,/S Transition
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FIG 5 IE1 and WSV056 modulate cell cycle progression by binding to RBFI. S2 cells were harvested 24 h after transfection with EGFP, IE1-EGFP, IE1C216G-
EGFP, WSV056-EGFP, or WSV056C217G-EGFP. After fixation with 70% ethanol, cells were treated with RNase A and then stained with 40 pg/ml PI solution.
(A) The cellular DNA content was determined with a BD FACSCalibur flow cytometer. Ten thousand events in the EGFP-positive gate were read for each sample.
Mofit LT software was used to determine the distribution of cells in each phase of the cell cycle (G,/G,, S, and G,/M). (B) Percentages (means and standard
deviations) of cells in G,/G;, S, and G,/M phases in three independent experiments.

manner (Fig. 4C). Thus, we deduce that IE1 and WSV056 may
activate E2F1 by sequestering RbF1 from E2F1. Furthermore, by
binding to RBF1, IE1 or WSV056 substantially increased the por-
tion of S-phase cells among the S2 cells, which correlated with a
significant decrease in the number of cells in G,/G, phase (Fig. 5).
Together with the fact that no obvious reduction of cell numbers
was observed in cells transfected with IE1 or WSV056, we assumed
that the increase of S-phase cells was due to promotion of the G,/S
transition. Taking these data together, we reason that WSSV en-
codes some but not all proteins required for viral DNA replica-
tion. Therefore, it expresses IE1 and WSV056 to target the host Rb
protein(s), which will help to create an S-phase or pseudo-S-phase
environment in the host cell to support successful replication of
the viral genome. At present, we have no direct evidence that bind-
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ing of IE1 and WSV056 to the Rb protein(s) can lead to cell cycle
modulation in the natural host of WSSV, as they do in S2 cells.
However, considering the conserved role of the Rb-E2F pathway
from yeasts to mammals, it is likely that IE1 and WSV056 actin a
similar way during WSSV infection.

Interestingly, IE1 and WSV056 are highly homologous both in
their amino acid sequences (~56% identity) (Fig. 1) and in their
nucleic acid sequences (~68.05% identity) (data not shown), sug-
gesting that they may be paralogs that were generated via WSSV
genome duplication. Both IE1 and WSV056 are IE proteins ex-
pressed at the very beginning of viral infection (4, 5), and they
behave similarly in repressing Rb function and modulating cell
cycle progression. Thus, the question of why WSSV needs to ex-
press two proteins with similar functions at the same time can be
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raised. One possible explanation is that manipulation of the Rb-
E2F pathway is essential to WSSV replication and that the virus
adopts aredundancy strategy to guarantee the repression of the Rb
protein(s). Moreover, despite their similarity in modulating the
Rb-E2F pathway, IE1 and WSV056 may have additional (perhaps
different) functions in the replication cycle of WSSV. Indeed,
WSSV IE1 has already been found to exhibit DNA-binding and
transactivation activities, indicating that it has a role as a tran-
scription factor (6). Although the C55 residue and the C2H2 zinc
finger motif important for DNA binding (14) are conserved be-
tween these two proteins (Fig. 1), whether WSV056 has a similar
transcriptional regulation function remains to be explored.
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