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Background: Rta is a transcription factor encoded by Epstein-Barr virus (EBV) that activates the transcription of vial lytic
genes and promotes lytic development.
Results: RNF4 enhances the ubiquitination of Rta, thus decreasing lytic replication and virions production.
Conclusion: RNF4 targets SUMO-2-conjugated Rta and promotes Rta ubiquitination.
Significance: RNF4 is a SUMO-targeted ubiquitin ligase of Rta that modulates the amount of Rta during EBV lytic progression.

Epstein-Barr virus (EBV) encodes a transcription factor, Rta,
which is required to activate the transcription of EBV lytic
genes. This study demonstrates that treating P3HR1 cells with a
proteasome inhibitor, MG132, causes the accumulation of
SUMO-Rta and promotes the expression of EA-D. GST pull-
down and coimmunoprecipitation studies reveal that RNF4, a
RING-domain-containing ubiquitin E3 ligase, interacts with
Rta. RNF4 also targets SUMO-2-conjugated Rta and promotes
its ubiquitination in vitro. Additionally, SUMO interaction
motifs in RNF4 are important to the ubiquitination of Rta
because the RNF4 mutant with a mutation at the motifs elimi-
nates ubiquitination. The mutation of four lysine residues on
Rta that abrogated SUMO-3 conjugation to Rta also decreases
the enhancement of the ubiquitination of Rta by RNF4. This
finding demonstrates that RNF4 is a SUMO-targeted ubiquitin
E3 ligase of Rta. Finally, knockdown of RNF4 enhances the
expression of Rta and EA-D, subsequently promoting EBV lytic
replication and virions production. Results of this study signifi-
cantly contribute to efforts to elucidate a SUMO-targeted ubiq-
uitin E3 ligase that regulates Rta ubiquitination to influence the
lytic development of EBV.

As a reversible posttranslational modification process, ubiq-
uitination influences diverse biological functions (1, 2). Ubiqui-
tin (Ub)3 is covalently attached to protein substrates by a cas-
cade of enzymatic reactions mediated by activating enzymes
(E1), conjugating enzymes (E2), and ligases (E3). As is com-
monly known, ubiquitination leads to degradation of a target
protein by 26 S proteasome; the degradation is associated with

a polyUb chain that is linked through Lys-48 of Ub (3, 4). After
linking to a target protein, the process of polyubiquitination is
reversed by deubiquitinases (5). Similar to ubiquitin, a small
ubiquitin-likemodifier (SUMO) is covalently attached to lysine
residues of target proteins via an isopeptide bond by a mecha-
nism resembling that of ubiquitination (6). Eukaryotes express
three SUMO isoforms (SUMO-1, SUMO-2, and SUMO-3) of
which SUMO-2 and SUMO-3, which have internal consensus
modification sites, allow the formation of polySUMOchains on
target proteins (7, 8). SUMO-1, rather forming a SUMO chain
like SUMO-2 and SUMO-3, modifies a protein by linking a
single molecule to lysine residues or serves as a terminator of a
SUMO chain (8, 9). Sumoylation often affects protein func-
tions, including transcription, subcellular localization, DNA
repair, protein-protein interaction, and protein stability (10–
13). In addition to covalent SUMO modification, proteins also
interact noncovalently with SUMO via a region called SUMO-
interactingmotifs (SIMs) (14). SIM is critical to protein sumoy-
lation and mediating interaction with other SUMO-modified
proteins (15–19).
Schimmel et al. (20) found that treating cells with a 26 S

proteasome inhibitor, MG132, accumulates the proteins con-
jugated by SUMO-2 but not those conjugated by SUMO-1, sug-
gesting that ubiquitination depends on sumoylation by
SUMO-2 (11, 21, 22), and polySUMO chains formed by
SUMO-2 serves as an ubiquitination signal. The finding leads to
the discovery of a family of SUMO-targeted ubiquitin ligases
(STUbLs) that selectively ubiquitinate sumoylated proteins via
SIMs (16, 21, 23–25). These STUbLs are important to cellular
functions because the dysfunction of the gene in yeast causes
the accumulation of SUMO-conjugated proteins and genome
instability (23). Meanwhile, Ring-finger protein 4 (RNF4) is a
human protein of the STUbL family containing SIM and the
RING domain (16, 26) that promotes ubiquitination of SUMO-
2-conjugated PML (15, 27). RNF4 also promotes the ubiquiti-
nation of kinetochore protein CENP-I, hypoxia-inducible fac-
tor 2� (HIF2�), and Sp1 by the same mechanism (28–30). A
structural study indicated that dimeric RNF4 RING domains
facilitate ubiquitin transfer by binding to the E2-ubiquitin thio-
ester, thus promoting efficient transfer of ubiquitin to its sub-
strates (31). Furthermore, RNF4 interacts with DNA glycosy-
lase and apurinic/apyrimidinic site endonuclease to active
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demethylation (32) and is important to DNA damage response
and promotes DNA double-strand break repair (33–35). Addi-
tionally, Tax oncoprotein fromHTLV-1 is targeted by RNF4 to
relocalize from the nucleus to the cytoplasm (36).
Although normally maintained under latent conditions in B

lymphocytes, Epstein-Barr virus (EBV) must enter a lytic cycle
to produce infectious virions. During reactivation from latency,
EBV expresses two transcription factors, Rta and Zta, that are
encoded by BRLF1 and BZLF1, respectively, to activate the
transcription of lytic genes (37–43). Posttranslational modifi-
cations of Rta, including phosphorylation and sumoylation,
have been shown to be critical to regulate Rta functions (44–
50). Our previous studies demonstrated that Rta interacts with
SUMO E2 and E3 ligases, including PIAS1, PIASx�, and
PIASx�, and is conjugated to SUMO-1 (44–46). Additionally,
LF2 enhances Rta conjugation to SUMO-2/3 (47, 48), but the
SUMO modification of Rta does not involve LF2-mediated
repression of the functions of Rta (49). This study demonstrates
that Rta is ubiquitinated via the interaction with RNF4. More-
over, RNF4 targets SUMO-2-conjugated Rta to enhance Rta
ubiquitination, thus decreasing the stability of Rta and affecting
EBV lytic progression.

EXPERIMENTAL PROCEDURES

Cell Lines and EBV Lytic Induction—P3HR1 cells were cul-
tured in RPMI 1640 medium. 293T cells were cultured in Dul-
becco’s modified Eagle’s medium. The media were supple-
mentedwith 10% fetal calf serum.To induce the EBV lytic cycle,
P3HR1 cells were treated with 3 ng/ml 12-O-tetradecanoyl-
phobol-13-acetate (TPA) and 3mM sodium butyrate for 24–48
h (51, 52).
Plasmids—Plasmid pGEX-4T1, which expresses GST, was

purchased from Amersham Biosciences. Plasmids pHis-
UbcH5a, pGEX-RNF4, and pEGFP-RNF4 encodeHis-UbcH5a,
RNF4, and GFP-RNF4, respectively.4 Plasmids pBMLF1,
pCMV-R, pFLAG-Rta, and pET-Rta were described elsewhere
(41, 44, 46). Plasmid pFLAG-Ub, which expressed FLAG-
tagged ubiquitin, was constructed by inserting a PCR-amplified
DNA fragment that encoded ubiquitin into the EcoRI-HindIII
sites in pCMV-Tag2B (Stratagene). Plasmid pT-E1E2S2 con-
tains SUMO E1-, SUMO E2-, and SUMO-2-coding sequences
cloned downstream of a T7 promoter (53). Plasmids that
express FLAG-RNF4, an RNF4 RING finger mutant that con-
tains two point mutations, C136S and C139S (FLAG-RNF4-
CS1), and RNF4, in which all the SIMs were mutated (FLAG-
RNF4-mtSIM), were provided by Ronald T. Hay (15, 54).
Plasmid pEGFP-RNF4-CS1 was constructed by inserting an
RNF4-CS1 fragment amplified from FLAG-RNF4-CS1 into
XhoI-BamHI sites in pEGFP-C1 (Clontech). Plasmids pCR-
SUMO-1 and pCR-SUMO-2 that expressed FLAG-tagged
SUMO-1 and FLAG-tagged SUMO-2, respectively, were con-
structed by inserting a PCR-amplified SUMO-1 or SUMO-2
DNA fragment into pCR3.1 (Invitrogen) (44). Plasmids pHA-
Ub, pHA-SUMO-1, and pHA-SUMO-2were provided by Shih-

ChungChang. Plasmid pHA-Rta(4K-R) that contains lysine-to-
alanine substitutions at amino acid positions 426, 446, 517, and
530 in Rta was constructed by a PCRmutagenesis method (55).
Plasmids pHA-Rta and pHA-3K-R were described earlier (44).
Plasmid pEGFP-PML was generated by inserting a PML cDNA
fragment that was isolated from pcDNA3-myc-PML (56) into
pEGFP-C1.
Protein Expression and Purification—Escherichia coli

BL21(DE3)(pET-Rta, pT-E1E2S2) was treated with isopropyl
1-thio-�-D-galactopyranoside to induce the expression of His-
tagged polySUMO-2-Rta according to a method described ear-
lier (53). His-Rta andHis-UbcH5awere purified from theE. coli
BL21(DE3)(pET-Rta) and E. coli BL21(DE3)(pET-Ubc5a)
lysates, respectively, using Ni2�-NTA-Sepharose beads using
the method described elsewhere (44).
GST Pulldown Assay—GST, GST-RNF4, and His-Rta

were purified from E. coli BL21(DE3)(pGEX-4T1), E. coli
BL21(DE3)(pGEX-RNF4), and E. coli BL21(DE3)(pET-Rta),
respectively. GST pulldown was performed according to a
method described elsewhere (44).
Immunoprecipitation Assay—P3HR1 cells, which were

treated with TPA and sodium butyrate for 24 h, and 293T cells,
which had been transfected by plasmids for 24 h, were treated
with 5�MMG132 for 12 h. Lysates were prepared usingHEPES
buffer (12 mM HEPES and 0.5% Nonidet P-40) and centrifuged
at 13,800 � g for 5 min. Anti-Rta antibody (Argene) or anti-
RNF4 antibody (Sigma) was mixed with the supernatant at 4 °C
for 1 h. Protein-A- or protein-G-agarose beads (30 �l) (Onco-
gene, Boston, MA) were added to the lysate, and the mixture
was incubated under shaking for 1 h at 4 °C. The beads were
collected by centrifugation andwashed three timeswithHEPES
buffer. Proteins binding to the beads were eluted by adding 20
�l of 2� electrophoresis sample buffer and analyzed by immu-
noblotting using anti-Rta and anti-RNF4 antibodies. To detect
sumoylated or ubiquitinated proteins, cells were harvested and
washed with PBS containing 10 mM N-ethylmaleimide. Cells
were solubilized and sonicated in 100 �l of SUMO protective
buffer (44, 57) containing 1% SDS and then incubated at 95 °C
for 10 min. The supernatant was then diluted with 900 �l of
phosphate-buffered saline (PBS) containing 0.5%Nonidet P-40
and incubated with anti-FLAG antibody that was conjugated to
M2-agarose beads (Sigma), anti-HA antibody (Roche Applied
Science), or anti-Rta antibody to perform immunoprecipita-
tion. Cells were incubated for 24 h after transfection and then
treatedwithMG132 for an additional 12 h to detect sumoylated
or ubiquitinated proteins.
Immunofluorescence Analysis—P3HR1 cells were trans-

fected with pEGFP-C1 or pEGFP-RNF4 and then treated with
TPA and sodium butyrate to activate the EBV lytic cycle. After
culturing for 24 h, cells were treated with 5 �M MG132 for an
additional 12 h. Cells were harvested by centrifugation, plated
on poly-L-lysine (Sigma)-coated coverslips, and fixed with 4%
paraformaldehyde in PBS for 30min. Immunostainingwas per-
formed using anti-Rta monoclonal antibody and rabbit anti-
SUMO-2 monoclonal antibody (Cell Signaling). Cells were
then treated with Alexa Fluor 594-conjugated goat anti-mouse
IgG polyclonal antibody (Invitrogen), Alexa Fluor 488-conju-
gated goat anti-mouse IgG polyclonal antibody (Invitrogen),
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Alexa Fluor 594-conjugated goat anti-rabbit IgG polyclonal
antibody (Invitrogen), or Cy5-conjugated goat anti-mouse IgG
polyclonal antibody (Invitrogen). Nuclei were visualized by
staining using 5 �g/ml 4�-6-diamidino-2-phenylindole (DAPI).
Finally, cells were examined under a Zeiss confocal laser-scan-
ning microscope (Model LSM780) (Oberkochen, Germany).
In Vitro Ubiquitination Assay—The reactionmixture (20 �l)

contained 4.8 �g of bovine ubiquitin (Sigma), 56 ng of E1 pro-
tein (Boston Biochem), 160 ng of purified His-UbcH5a protein,
GST-RNF4-glutathione beads, and His-Rta or poly-SUMO-2-
conjugated His-Rta in a reaction buffer that contained 5 mM

MgCl2, 2 mM ATP, and 0.2% Triton X-100 in PBS. Reaction
mixtures were incubated for 1 h at 32 °C with shaking. Proteins
were separated by SDS-polyacrylamide gel electrophoresis and
detected by immunoblotting. Similar reaction mixtures con-
tained FLAG-ubiquitin (Sigma), E1, UbcH5a, GST-RNF4, and
His-Rta, or SUMO-2-Rta was added in 100 �l of SUMO-pro-
tective buffer containing 1% SDS and then boiled at 95 °C for 10
min. The mixtures were then diluted with 900 �l PBS contain-
ing 0.5% Nonidet P-40. Ub-Rta was immunoprecipitated using
anti-FLAG antibody and separated by SDS-polyacrylamide gel
electrophoresis and detected by immunoblotting using anti-
Rta antibody.
Transient Transfection and Luciferase Assay—P3HR1 cells

(5 � 106) were transfected with 5 �g of plasmids under the
conditions of 240V, 975microfarads by electroporation using a
BTXECM630 electroporator (BTX Instrument). PlasmidDNA
was transfected into 293T cells using Turbofect in vitro trans-
fection reagent (Fermentas). To examine promoter activities,
cells were harvested and washed with PBS, then lysed in 30 �l
lysis buffer containing 25 mM Tris phosphate (pH 7.8), 2 mM

dithiothreitol, 2 mM 1,2-diaminocyclohexane-N,N,N�,N�-tet-
raacetic acid, 10% glycerol, and 1% Triton X-100. Luciferase
activity was measured according to a method described earlier
using a luminometer (Orion II; Berthod, Bad Wildbad, Ger-
many) (58). Each transfection experiment was performed at
least three times, and each sample in the experiment was pre-
pared in duplicate.
Quantitative Reverse Transcription-PCR—Total RNA was

extracted from P3HR1 cells at 0–36 h after treatment with 1.25
�M MG132. cDNA was amplified using random hexamers and
Moloney murine leukemia virus reverse transcriptase (Pro-
mega). Real-time quantitative PCRwas performed according to
the method as described (41). Primers used for amplification of
BRLF1 and actin were described earlier (59).
Analysis of Protein Stability—293T cells were cotransfected

with pCMV-R and RNF4 shRNA or control shRNA and then
cultured for 40 h; thereafter, cells were treated with 100 �g/ml
cycloheximide (Sigma) to inhibit protein synthesis. Cells were
harvested at different time points after the treatment. The
amounts of RNF4, Rta, and �-tubulin were determined by
immunoblot analysis.
Knockdown of RNF4 Expression Using shRNA—RNF4

shRNAs and plasmids including pVSV-G, pCMVDR8.91, and
pLKO-shRNA were purchased from the National RNAi Core
Facility, Genomic Research Center, Academia Sinica, Taipei,
Taiwan. Two plasmids (300 ng) that express RNF4 shRNAs
(target sequences 5�-CGGGCTTCTGACTGCTCCATA and

5�-CATCTGCATGGACGGATACTC) were transfected into
293T cells using Turbofect in vitro transfection reagent (Fer-
mentas). Inhibition of RNF4 expression was examined by
immunoblotting using anti-RNF4 antibody at 48 h after trans-
fection. For lentiviral infection, RNF4 shRNAs were cotrans-
fected into HEK-293T cells with pVSV-G and helper plasmids
pCMVDR8.91 using Turbofect reagent. Plasmid pLKO-shRNA
was used as a negative control. The culture supernatants were
harvested and used to transduce P3HR1 cells to knockdown
endogenous RNF4 expression according to the method pro-
vided by the National RNAi Core Facility. Stable cell lines were
selected using 0.5 �g/ml puromycin.
Determination of DNA Replication and the Copy Number of

EBV Genome—P3HR1 cells that expressed RNF4-shRNA were
treated with TPA and sodium butyrate to induce the lytic cycle.

FIGURE 1. Accumulation of SUMO-modified Rta after MG132 treatment.
A, 293T cells were transfected with pCR-SUMO-1 (lanes 1 and 6), pCR-SUMO-2
(lanes 2 and 7), or pCMV-R (lanes 3 and 8) or cotransfected with pCMV-R and
pCR-SUMO-1 (lanes 4 and 9) or pCR-SUMO-2 (lanes 5 and 10) in the presence of
5 �M MG132 (lanes 6 –10) or DMSO (lanes 1–5). At 24 h after transfection, the
cells were washed with PBS containing 10 mM N-ethylmaleimide. B, 293T cells
were transfected with pHA-SUMO-1 (lanes 1 and 6), pHA-SUMO-2 (lanes 2 and
7), pFLAG-Rta (lanes 3 and 8) or cotransfected with pFLAG-Rta and pHA-
SUMO-1 (lanes 4 and 9) or pFLAG-Rta and pHA-SUMO-2 (lanes 5 and 10) and
then treated with MG132 (lanes 6 –10) or DMSO (lanes 1–5). In A, SUMO-Rta
was immunoprecipitated (IP) using anti-FLAG antibody and detected by
immunoblotting (IB) using anti-Rta antibody. In B, SUMO-Rta was immuno-
precipitated using anti-FLAG antibody and detected using anti-HA antibody.
Asterisks indicate bands detected nonspecifically. Rta* indicates where the
Rta band is supposed to locate.
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Viral replication was assayed by real-time PCR using primers
for the oriLyt DNA region then normalized to cellular actin
DNA as described earlier (60). To determine the copy number
of EBV, virus particles released into the culture medium were
harvested by ultracentrifugation at 25,000 � g for 2 h using
P3HR1 cells that had been treated with TPA and sodium buty-
rate for 5 days. qPCRwas conducted according to themethod as
described (61).

RESULTS

Stabilization of Sumoylated Rta (SUMO-Rta) by MG132—
293T cells were cotransfected with plasmids that express Rta
and SUMO-1 or Rta and SUMO-2 to investigate how MG132
treatment affected Rta sumoylation. Immunoblot analysis
using anti-Rta antibody revealed the presence of Rta in the
lysates from the cells transfected with pCMV-R (Fig. 1A, Input,
lanes 3–5 and 8–10). Meanwhile, a band that was larger than
Rta, which is likely SUMO-Rta, was detected in the lysates from
the cells thatwere cotransfectedwith pCMV-Ror pCMV-R and
pCR-SUMO-1 or pCR-SUMO-2 and treated with MG132 (Fig.
1A, Input, lanes 8–10). A control experiment showed that anti-
FLAG antibody did not immunoprecipitate Rta that was conju-
gated by FLAG-SUMO if the cells were not transfected with
pCR-SUMO-1 or pCR-SUMO-2 (Fig. 1A, IP, lanes 3 and 8).
This study also cotransfected cells with pCMV-R and pCR-
SUMO-1 or pCR-SUMO-2. Proteins were then immunopre-
cipitated using anti-FLAG antibody after denaturing proteins
in the lysates at 95 °C. Subsequent immunoblot analysis using
anti-Rta antibody revealed a SUMO-Rta band of 120 kDa (Fig.
1A, IP, lanes 4 and 5).Meanwhile, treating the cellswithMG132

after transfection caused the accumulation of 120-kDa SUMO-
Rta and the appearance of a 140-kDa SUMO-Rta band (Fig. 1A,
IP, lanes 9 and 10); the amounts of these two proteins were
considerably larger than the 120-kDa SUMO-Rta detected in
the cells untreated with MG132 (Fig. 1A, IP, lanes 4 and 5).
Notably, the 140-kDa SUMO-Rta co-migrated with a protein
that was detected nonspecifically under the experimental con-
ditions (Fig. 1A, IP, lanes 1–8). In fact, bands of 90 and 135 kDa,
which are not Rta and sumoylated Rta, respectively, are often
nonspecifically detected when an experiment involves immu-
noprecipitation using anti-FLAG antibody and immunoblot
analysis using anti-Rta antibody (46, 62, 63). This study also
cotransfected 293T cells with pFLAG-Rta and pHA-SUMO-1
or pFLAG-Rta and pHA-SUMO-2. Experimental results indi-
cated that FLAG-Rta was expressed after cotransfection (Fig.
1B, Input). Furthermore, HA-SUMO-Rta in the lysates was
immunoprecipitated using anti-FLAG antibody after the
proteins in the lysate were denatured by heat and then
immunoblotted using anti-HA antibody to reveal FLAG-Rta
that was conjugated by HA-SUMO-1 or HA-SUMO-2.
Those results further demonstrated that SUMO-Rta was
undetected in the lysates from the cells cotransfected with
pFLAG-Rta and pHA-SUMO-1 or pFLAG-Rta and pHA-
SUMO-2 (Fig. 1B, IP, lanes 4 and 5). However, SUMO-Rta
was detected if the cells were treated with MG132 after
cotransfection (Fig. 1B, IP, lanes 9 and 10), suggesting that
MG132 treatment stabilizes SUMO-Rta.
MG132 Treatment and EA-D Expression—This study inves-

tigated whether the stabilization of SUMO-Rta by MG132

FIGURE 2. Expression of EA-D after MG132 treatment. A, P3HR1 cells were treated with 1.25 �M MG132 for 36 h. Cells treated with sodium butyrate (SB) and
TPA (SB/TPA) for 24 h were used as a positive control. Proteins in the lysate were detected by immunoblotting (IB) using anti-Rta, anti-EA-D, and anti-�-tubulin
antibodies. B, indirect immunofluorescence analysis was performed using P3HR1 cells that were treated with MG132 for 36 h. Cells treated with SB/TPA or
DMSO for 24 h were used as a control. Cells were incubated with anti-Rta monoclonal antibody. DAPI staining revealed the nucleus. Cells were observed under
a confocal laser-scanning microscope. C, total RNA from P3HR1 cells that had been treated with MG132 was analyzed by qRT-PCR. The level of BRLF1-BZLF1
expression was normalized relative to those of actin. The data shown are the averages and S.D. of the results from two independent experiments, and each
sample in the experiment was prepared in duplicate.
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caused the expression of an EBV early protein, EA-D. Accord-
ingly, P3HR1 cells were treated with MG132 for 36 h without
lytic induction. Immunoblot analysis revealed that the amounts
of Rta and EA-D increased substantially at 36 h after the treat-
ment (Fig. 2A), indicating that the treatment with MG132
causes the expression of EA-D (Fig. 2A). Indirect immunofluo-
rescence analysis also revealed the presence of Rta as speckles in
the cells after 6 h of MG132 treatment (Fig. 2B). The number
and intensity of Rta dots increased over the 36-h incubation
period (Fig. 2B), verifying that MG132 stabilizes Rta. Mean-
while, qRT-PCR revealed thatMG132 treatment increased only
a slight amount of the BRLF1-BZLF1 transcript (Fig. 2C), pos-

sibly due to leaky transcription of the genes in P3HR1 cells (64).
Additionally, the amount of mRNA detected after MG132
treatment was about 1% or less than that after lytic induction
(Fig. 2C), implying that the enhanced EA-D and Rta expression
after MG132 treatment is probably not due to transcriptional
activation.
Ubiquitination of Rta in Vivo—MG132 is a proteasome

inhibitor that prevents the degradation of proteins that are con-
jugated to ubiquitin. The fact that MG132 stabilizes SUMO-
conjugated Rta implies that Rta is conjugated to ubiquitin
before its degradation. This study attempted to demonstrate
that Rta is ubiquitinated by cotransfecting 293T cells with

FIGURE 3. Ubiquitination of Rta in vivo. A, 293T cells were transfected with pCMV-R (lanes 1, 3, 5, and 7) or cotransfected with pCMV-R and pFLAG-Ub (lanes
2, 4, 6, and 8). Cells were treated (lanes 3, 4, 7, and 8) or untreated (lanes 1, 2, 5, and 6) with MG132 for 12 h after transfection for 24 h. Proteins in the cell lysate
was immunoprecipitated (IP) using anti-FLAG antibody (lanes 1– 4) or anti-Rta antibody (lanes 5– 8) after denaturing the proteins in the lysates at 95 °C. The
proteins were then detected by immunoblotting (IB) using anti-Rta antibody (lanes 1– 4) or anti-FLAG antibody (lanes 5– 8). B, P3HR1 cells were treated (lanes
5, 6, 7, and 8) or untreated (lanes 1, 2, 3, and 4) with sodium butyrate and TPA. After incubation for 24 h, cells were treated with MG132 (lanes 3, 4, 7, and 8) or
DMSO (lanes 1, 2, 5, and 6) for 12 h. Proteins in cell lysates were immunoprecipitated using anti-Rta antibody and detected by immunoblot analysis with
anti-SUMO-2/3 antibody, anti-ubiquitin (Ub), and anti-Rta antibody. Anti-IgG (lanes 1, 3, 5, and 7) was used in IP as a negative control. Asterisks indicate
nonspecific bands. Ub-Rta, ubiquitinated Rta; IgGH, the heavy chain of IgG; IgGL, the light chain of IgG.
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pCMV-R and pFLAG-Ub. At 24 h after transfection, ubiquiti-
nated proteins in the lysate were immunoprecipitated using
anti-FLAG antibody. Ubiquitinated Rta (Ub-Rta) was subse-
quently detected by immunoblotting using anti-Rta antibody.
The results indicated that cotransfecting the cells with both
plasmids was necessary for detecting Ub-Rta (Fig. 3A, IP, lanes
2 and 4); transfecting the cells with pCMV-R alone was insuffi-
cient for suchdetection (Fig. 3A, IP, lanes 1 and 3). Additionally,
the amount of Ub-Rta increased if the cells were treated with
MG132 after transfection (Fig. 3A, IP, lane 4). We also found
that after the cells were cotransfected with pCMV-R and
pFLAG-Ub, Ub-Rta was immunoprecipitated by anti-Rta anti-
body and detected by immunoblotting using anti-FLAG anti-
body (Fig. 3A, IP, lane 6); treating the cells withMG132 further
increased the amount of Ub-Rta (Fig. 3A, IP, lane 8). Further-
more, this study examined whether Rta was ubiquitinated in
P3HR1 cells. If the cells were untreated with TPA and sodium
butyrate, a trace amount of Ub-Rta was detected (Fig. 3B, IP,
lane 2). Also, treating the cells with MG132 increased the
amount of Ub-Rta (Fig. 3B, IP, lane 4). Meanwhile, after lytic
induction for 24 h, the presence of Ub-Rta displayed a weak
signal (Fig. 3B, IP, lane 6); treating the cells with MG132 after
lytic induction resulted in the detection of an abundant amount
of Ub-Rta (Fig. 3B, IP, lane 8). A control experiment involving
immunoprecipitation in which an anti-IgG antibody was used
did not allow for the detection of Ub-Rta (Fig. 3B, IP, lanes 1, 3,

5, and 7), demonstrating that Rta is conjugated to ubiquitin.
Furthermore, this study used the same lysate to demonstrate
that Rta was conjugated by SUMO-2/3. Accordingly, immuno-
blot analysis using anti-SUMO-2/3 antibody revealed that
SUMO-2/3-Rta was undetected if the cells were untreated with
TPA, sodiumbutyrate, andMG132 (Fig. 3B, IP, lane 2); treating
the cells with MG132 or TPA and sodium butyrate resulted in
the detection of a weak SUMO-2/3-Rta band (Fig. 3B, IP, lanes
4 and 6). Furthermore, treating the cells withMG132 after lytic
induction substantially increased the amount of SUMO-2/3-
Rta in the cells (Fig. 3B, IP, lane 8). A negative control showed
that SUMO-Rta was undetected if immunoprecipitation
involved anti-IgG antibody (Fig. 3B, IP, lanes 1, 3, 5, and 7).
These results indicated that Rta was conjugated by SUMO-2/3
and the treatment with MG132 causes the accumulation of
SUMO-2/3-Rta.
Interaction of RNF4 with Rta—Because RNF4 is known to

promote ubiquitination of SUMO-2-conjugated proteins (15,
16, 27), this study investigatedwhether Rta interacts with RNF4
in a GST pulldown study. Glutathione-Sepharose beads were
added to the lysate prepared fromE. coli transformedwith plas-
mids that express GST and GST-RNF4 (Fig. 4A, lanes 4 and 5).
After washing, the beads were added to a lysate from E. coli
BL21(DE3)(pET-Rta), which expresses His-Rta. Proteins that
were bound to the beads were eluted and analyzed by immuno-
blotting using anti-Rta antibody. The result revealed that Rta in

FIGURE 4. Interaction between Rta and RNF4. A, bacterially expressed GST and GST-RNF4 were bound to glutathione-Sepharose beads. The beads were then
mixed with a lysate from E. coli BL21(DE3)(pET-Rta). Proteins bound to GST-glutathione-Sepharose (lane 2) and GST-RNF4-glutathione-Sepharose (lane 3) beads
were analyzed by immunoblotting (IB) using anti-Rta antibody. Lane 1 was loaded with 1% of the cell lysate. GST proteins that were bound to the beads were
eluted and analyzed by immunoblot analysis using anti-GST antibody (lanes 4 and 5). B, P3HR1 cells were treated with TPA and sodium butyrate. Proteins in the
lysate were subsequently immunoprecipitated (IP) using anti-IgG (lanes 2 and 6), anti-Rta (lanes 4 and 7), or anti-RNF4 (lanes 3 and 8) antibodies. Immunoblot-
ting was performed using anti-Rta (lanes 1– 4) and anti-RNF4 (lanes 5– 8) antibodies. Input lanes were loaded with 1% of the lysates. IgGH, heavy chain of IgG;
IgGL, light chain of IgG. C, P3HR1 cells were transfected with pEGFP-C1 (a– d) or pEGFP-RNF4 (e–l) and then treated with 5 �M MG132, sodium butyrate, and TPA
for 24 h. Cells were incubated with anti-Rta monoclonal antibody. DAPI staining revealed the nucleus. Cells were observed under a confocal laser-scanning
microscope. d, h, and l are merged images.
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the lysate (Fig. 4A, lane 1) was retained by GST-RNF4-glutathi-
one-Sepharose beads (Fig. 4A, lane 3) but not by GST-glutathi-
one-Sepharose beads (Fig. 4A, lane 2), indicating that RNF4
binds to Rta directly. Thereafter, coimmunoprecipitation assay
was performed using P3HR1 cells that had been treated with
TPA and sodium butyrate for 24 h. Immunoblot analysis
revealed that Rta in the lysate (Fig. 4B, lane 1) was immunopre-
cipitated by anti-Rta antibody (Fig. 4B, lane 4) and coimmuno-
precipitatedwith RNF4 by anti-RNF4 antibody (Fig. 4B, lane 3).
However, Rta was not immunoprecipitated by anti-IgG anti-
body (Fig. 4B, lane 2). A parallel experiment revealed that RNF4
was present in the P3HR1 cell lysate (Fig. 4B, lane 5), immuno-
precipitated by anti-RNF4 antibody (Fig. 4B, lane 8), and coim-
munoprecipitated with Rta by anti-Rta antibody (Fig. 4B, lane
7). However, anti-IgG antibody did not immunoprecipitate
RNF4 (Fig. 4B, lane 6). Indirect immunofluorescence also
revealed that GFP-RNF4 colocalized with Rta and displayed a
punctate distribution in the nucleus in P3HR1 cells after the
cells were transfected with pEGFP-RNF4, treatment with TPA,
sodium butyrate, and MG132 (Fig. 4C, h). As is generally
known, lytic induction using TPA and sodium butyrate of EBV
in B lymphocyte cells is usually inefficient and does not cause
the expression of lytic proteins in all the cells (65–68), explain-
ing why only a subset of P3HR1 population was lytically acti-
vated and expressed Rta (Fig. 4C, g and h). The study also found
that GFP was diffused throughout the cells when the cells were
transfected with an empty vector (Fig. 4C, a–d).
Promotion of Rta Ubiquitination by RNF4 in Vitro—An in

vitro ubiquitination assay was performed using purified Rta,
ubiquitin E2 enzyme UbcH5a, GST-RNF4, and ubiquitin-acti-
vating E1 enzyme. Ub-Rta in the reaction mixture was then
detected by immunoblotting using anti-Rta antibody (Fig. 5A).
The results showed that His-Rta purified from E. coli
BL21(DE3)(pET-Rta) was not sumoylated (Fig. 5A, lane 1).
However, His-Rta was sumoylated by SUMO-2 in E. coli
BL21(DE3)(pT-E1E2S2) (53) (Fig. 5A, lane 2), although a large
amount of Rta was unsumoylated. The assay revealed that nei-
ther a blank, which contained only ubiquitin, E1, E2, and ATP
(Fig. 5A, lanes 3 and 4), nor addingHis-Rta to the blank reaction
mixture resulted in protein ubiquitination (Fig. 5A, lanes 5–7).
However, adding an Rta mixture that contained SUMO-2-His-
Rta to the reaction produced a band that was higher than that of
SUMO-2-His-Rta when GST-RNF4 was present, suggesting
that SUMO-2-His-Rta is ubiquitinated (Fig. 5A, lanes 9 and 10).
The results also demonstrated that ubiquitination of SUMO-2-
His-Rta required ATP (Fig. 5A, lanes 8 and 10). An in vitro
ubiquitination assaywas also conducted using FLAG-ubiquitin,
purified His-Rta, an Rta mixture that contained SUMO-2-His-
Rta, ubiquitin E2 enzyme UbcH5a, GST-RNF4, and ubiquitin-
activating E1 enzyme to verify that RNF4 promotes the ubiq-
uitination of SUMO-2-His-Rta. Ubiquitinated proteins were
then immunoprecipitated using anti-FLAG antibody and
detected by immunoblot analysis using anti-Rta antibody (Fig.
5B). The results revealed that SUMO-2-Rta was modified by
FLAG-ubiquitin only when the reaction included GST-RNF4
(Fig. 5B, lane 6). The results also revealed that the ubiquitina-
tion of Rta depended onATP (Fig. 5B, lanes 5 and 6). The above
results indicate that SUMO-2-His-Rta is a substrate for RNF4

in vitro and RNF4 targets SUMO-2-His-Rta to promote Rta
ubiquitination. The possibility that Rta influences the ubiquiti-
nation of RNF4 was excluded by a similar analysis. The results
confirmed that GST-RNF4 autoubiquitinated in the reaction
containing E1, E2,Ub, andATP (Fig. 5C, lane 4), resulting in the
detection of monoubiquitinated, diubiquitinated, and poly-
ubiquitinated RNF4 by immunoblotting using anti-GST anti-
body (Fig. 5C, lane 4). However, adding His-Rta or SUMO-2-
His-Rta did not increase the level of GST-RNF4 ubiquitination
(Fig. 5C, lanes 5–8), revealing that Rta does not affect the ubiq-
uitination of RNF4.

FIGURE 5. Enhancement of Rta ubiquitination by RNF4 in vitro. A, conju-
gation of ubiquitin to Rta was analyzed in vitro using purified Rta, an Rta
mixture that contains SUMO-2-conjugated Rta, and GST-RNF4 in the pres-
ence of ubiquitin (Ub), ubiquitin E1-activating enzyme, and ubiquitin E2
enzyme (UbcH5a). Ubiquitinated proteins were examined by immunoblot-
ting (IB) using anti-Rta antibody. B, similar in vitro Ub assay was conducted
using FLAG-ubiquitin (FLAG-Ub), purified Rta, SUMO-2-conjugated Rta, E1, E2,
and GST-RNF4. Thereafter, Ub-Rta was immunoprecipitated (IP) using anti-
FLAG antibody and then detected by immunoblotting using anti-Rta anti-
body. C, additionally, the ubiquitination of RNF4 was examined in vitro with
purified GST-RNF4, Rta, or SUMO-2-conjugated Rta in the reaction mixture
containing ubiquitin (Ub), ubiquitin E1-activating enzyme, UbcH5a, or ATP.
Ubiquitinated proteins including monoubiquitinated, diubiquitinated, and
polyubiquitinated GST-RNF4 were detected by immunoblot analysis using
anti-GST antibody. Asterisks indicate bands detected nonspecifically.
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Enhancement of Rta Ubiquitination by RNF4 in Vivo—After
demonstrating that RNF4 promotes ubiquitination of Rta in
vitro, this study verified the function of RNF4 as an STUbL of
Rta in vivo. Accordingly, 293T cells were cotransfected with
pCMV-R, pEGFP-RNF4, and pFLAG-Ub, and proteins in the
lysate were then immunoprecipitated by anti-FLAG antibody.
Immunoblotting using anti-Rta antibody revealed that ubiq-
uitinated Rta was undetected after cells were transfected with
pCMV-R or pFLAG-Ub (Fig. 6A, IP, lanes 1 and 2). However, a
little Ub-Rta was detected after cells were cotransfected with
plasmids that express Rta and FLAG-Ub (Fig. 6A, IP, lane 3).
Transfecting the plasmids expressing Rta, FLAG-Ub, and GFP-
RNF4 substantially increased the amount of Ub-Rta that was
detected by immunoblotting (Fig. 6A, IP, lane 4). Meanwhile,
GFP-RNF4 appeared to influence Rta ubiquitination in a dose-
dependent manner (Fig. 6A, IP, lanes 4 and 5). 293T cells were
also cotransfected with pFLAG-Rta, pEGFP-RNF4, and pHA-
Ub, and proteins in the cell lysate were immunoprecipitated
using anti-FLAG antibody and examined by immunoblotting
using anti-HA antibody. The results revealed that Ub-Rta was
detected when cells were cotransfected with pFLAG-Rta, pHA-
Ub, and pEGFP-RNF4 in a dose-dependentmanner (Fig. 6A, IP,
lanes 9 and 10) but not in the cells that were not transfected by
pEGFP-RNF4 (Fig. 6A, IP, lanes 6–8). A similar study also
attempted to determine how RNF4 shRNA affected Rta ubiq-

uitination. Our control experiment first demonstrated that
transfecting RNF4 shRNA caused the accumulation of GFP-
PML (data not shown), which is a known substrate of RNF4 (15,
27), to demonstrate that the transfected shRNA is functional.
Subsequently, 293T cellswere transfectedwithRNF4 shRNA to
determine whether RNF4 reduces Rta ubiquitination. In a con-
trol experiment, immunoblotting did not detect Ub-Rta in cells
that were transfected with only pCMV-R or pFLAG-Ub (Fig.
6B, IP, lanes 1 and 2). Ub-Rta was detected in cells that were
cotransfected with pCMV-R, pFLAG-Ub, and control shRNA
(Fig. 6B, IP, lane 3). However, introducing RNF4 shRNA
reduced the amount of Ub-Rta (Fig. 6B, IP, lane 4). A similar
transfection experiment was performed using the RING
mutant of RNF4 (FLAG-RNF4-CS1), which showed that
although FLAG-RNF4 promoted the ubiquitination of Rta (Fig.
6C, IP, lanes 3 and 4), FLAG-RNF4-CS1 did not influence the
ubiquitination of Rta (Fig. 6C, IP, lane 5). Furthermore, FLAG-
RNF4 with mutation at its SIM domains (FLAG-RNF4-
mSIM) also failed to promote the ubiquitination of Rta (Fig.
6D, IP, lane 5), suggesting that RNF4-mediated Rta ubiquiti-
nation depends on the SIM motifs of RNF4. This study also
examined the interaction of Rta with RNF4 mutants, includ-
ing RNF4-CS1 and RNF4-mSIM. Accordingly, 293T cells
were cotransfected with pEGFP-Rta and pFLAG-RNF4,
pFLAG-RNF4-CS1, or pFLAG-RNF4-mSIM. Proteins in the

FIGURE 6. RNF4 and the ubiquitination of Rta. A, 293T cells were cotransfected with pCMV-R, pEGFP-RNF4, and pFLAG-Ub (lanes 1–5). At 24 h after
transfection cells were treated with 5 �M MG132 for another 12 h. Proteins in the lysate were immunoprecipitated (IP) using anti-FLAG antibody. Proteins
bound to FLAG-M2 beads were analyzed by immunoblot analysis (IB) using anti-Rta and anti-GFP antibodies. Similarly, 293T cells were cotransfected with
plasmids that express FLAG-Rta, GFP-RNF4, and FLAG-Ub (lanes 6 –10). At 24 h after transfection, cells were treated with 5 �M MG132 for another 12 h. Proteins
in the lysate were immunoprecipitated using anti-FLAG antibody. Proteins bound to FLAG-M2 beads were analyzed by immunoblot analysis using anti-HA,
anti-Rta, and anti-GFP antibodies. B, shown is the effect of knockdown of RNF4 on the ubiquitination of Rta. 293T cells were cotransfected with plasmids that
express FLAG-Ub, Rta, and RNF4 shRNA or control shRNA (Ct-shRNA) and then treated with 5 �M MG132 for 12 h. Ubiquitinated Rta was immunoprecipitated
using anti-FLAG antibody and detected by immunoblotting using anti-Rta antibody. C, 293T cells were cotransfected with pHA-Ub, pCMV-R, and pFLAG-RNF4
or pFLAG-RNF4-CS1. At 24 h after transfection, cells were treated with 5 �M MG132 for another 12 h. Proteins in the cell lysate were immunoprecipitated using
anti-HA antibody. Immunoprecipitated proteins were detected by immunoblotting with anti-Rta antibody. D, a similar experiment as described in C was
conducted except that pFLAG-RNF4-CS1 was replaced with pFLAG-RNF4-mSIM. E, interaction of Rta with RNF4 mutants is shown. 293T cells were cotransfected
with pEGFP-Rta and plasmids that express FLAG-RNF4, FLAG-RNF4-CS1, or FLAG-RNF4-mSIM. A coimmunoprecipitation assay was performed using anti-FLAG
antibody, and immunoprecipitated proteins were detected by immunoblotting with anti-GFP antibody (lanes 6 –10). Asterisks indicate bands detected non-
specifically. Ub-Rta, ubiquitinated Rta.
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lysate were immunoprecipitated by anti-FLAG antibody and
detected by immunoblotting using anti-GFP antibody. Anal-
ysis results indicated that Rta interacted with FLAG-RNF4
and FLAG-RNF4-CS1 (Fig. 6E, lanes 8 and 9). Mutation of
SIM in RNF4 revealed a weak interaction with Rta (Fig. 6E,
lane 10) even though the expression level of FLAG-RNF4-
mSIM was higher (Fig. 6E, lane 5) than that of FLAG-RNF4-
CS1 and FLAG-RNF4 (Fig. 6E, lanes 3 and 4).
SUMO-dependent Ubiquitination of Rta by RNF4—An ear-

lier study indicated that mutation of Rta at lysine residues 426,
446, 517, and 530 eliminates SUMO-3 conjugation to Rta (49).
Our earlier investigation also demonstrated that Rta is conju-
gated to SUMO-1 via lysine residues 19, 213, and 517 (44).
Therefore, in this study, pHA-3K-R and pHA-4K-R, which
encodesmutant Rta withmutations of the three and four lysine
residues with which SUMO-1 and SUMO-2/3 conjugate,
respectively, are generated to examine how these mutations
affect Rta ubiquitination. Here, the transfection study revealed
that although overexpressing FLAG-Ub andGFP-RNF4 caused
the ubiquitination of Rta in 293T cells (Fig. 7A, IP, lane 4),
cotransfecting plasmids that encoded FLAG-Ub, HA-3K-R,
and GFP-RNF4 did not seem to affect Rta ubiquitination (Fig.
7A, IP, lane 8). However, the degree of Rta ubiquitination was

reduced further when pHA-4K-R rather than pHA-3K-R was
cotransfected (Fig. 7A, IP, lane 6), suggesting that sumoylation
of the 4K-R lysine residues that are conjugated by SUMO-2/3 is
important to Rta ubiquitination. Furthermore, this study exam-
ined whether Rta mutants interact with RNF4. 293T cells were
cotransfected with pFLAG-RNF4 and pHA-Rta, pHA-3K-R, or
pHA-4K-R. A coimmunoprecipitation assay revealed that
despite the weak interaction of HA-Rta and RNF4 (Fig. 7B,
IP, lane 8), mutation of the 3K-R lysine or the 4K-R lysine
residues in Rta did not change the interaction with RNF4
(Fig. 7B, IP, lanes 9 and 10), suggesting that the decrease in
the amount of Ub-Rta in HA-4K-R is irrelevant to the inter-
action of RNF4 and HA-4K-R. Moreover, the colocalization
among Rta, SUMO-2, and RNF4 was examined using indi-
rect immunofluorescence analysis. Correspondingly, P3HR1
cells were transfected with pEGFP-RNF4 followed by treat-
ment of the cells with TPA and sodium butyrate for 24 h. The
results revealed that Rta colocalized with SUMO-2 in the
nucleus as dots when cells were treated withMG132 (Fig. 7C,
h). Rta was also colocalized with SUMO-2 and RNF4 in the
nucleus after MG132 treatment (Fig. 7C, r), suggesting that
RNF4 targets SUMO-2-conjugated Rta to enhance its ubiq-
uitination after lytic induction.

FIGURE 7. SUMO-dependent ubiquitination of Rta by RNF4. A, 293T cells were cotransfected with pFLAG-Ub, pEGFP-RNF4, and pHA-Rta (lanes 2– 4),
pHA-4K-R (lanes 5 and 6), or pHA-3K-R (lanes 7 and 8). At 24 h after transfection, cells were treated with 5 �M MG132 for another 12 h. Proteins in the lysate were
immunoprecipitated (IP) using anti-FLAG antibody. Proteins were then detected by immunoblotting (IB) using anti-Rta and anti-GFP antibodies. B, interaction
of RNF4 with Rta is shown. 293T cells were cotransfected with pFLAG-RNF4 and plasmids that express HA-Rta, HA-3K-R, or HA-4K-R. A coimmunoprecipitation
assay was performed using anti-FLAG antibody, and immunoprecipitated proteins were detected by immunoblotting using anti-HA antibody. C, P3HR1 cells
were transfected with plasmids pEGFP-RNF4 (a–r), and then cells were treated with 5 �M MG132 or DMSO for 12 h after lytic induction by TPA and sodium
butyrate. Cells were incubated with anti-Rta monoclonal antibody and anti-SUMO-2 polyclonal antibody. DAPI staining revealed the nucleus. Thereafter, cells
were observed under a confocal laser-scanning microscope. d, h, m, and r are merged images.
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Effect of RNF4 on the Stability and the Transactivation Abil-
ity of Rta—Whether the expression of RNF4 shRNA influences
the stability of Rtawas investigated by cotransfecting 293T cells
with plasmids pCMV-Rta and RNF4 shRNA or control shRNA.
At 40 h after transfection, cells were treatedwith cycloheximide
(CHX) for 150 min to inhibit protein synthesis. The result
showed that the amount of Rta decreased �50% at 150 min if
cells were transfected with control shRNA (Fig. 8,A and B). Yet
the level of Rta was reduced 12% at 150 min in the presence of

RNF4 shRNA (Fig. 8, A and B), demonstrating that RNF4
reduces the stability of Rta. This study also examined whether
RNF4 affects the transactivation ability of Rta via ubiquitina-
tion by undertaking a transient transfection study in which
293T cells were cotransfected with pBMLF1, pCMV-R, and
pEGFP-RNF4. According to those results, overexpressing Rta
increased the promoter activity by 9.7-fold (Fig. 8C). RNF4
inhibited the transactivation activity of Rta in a dose-dependent
manner from 7.3- to 5.9-fold after transfection with 0.1–0.3 �g
of pEGFP-RNF4 (Fig. 8C). Notably, the promoter activity acti-
vated by Rta was not significantly reduced if cells were cotrans-
fected with the same amounts of an RNF4 mutant, RNF4-CS1
(Fig. 8C), indicating that RNF4 decreases the ability of Rta to
transactivate an EBV lytic promoter. Our results further dem-
onstrated using the RNF4-mSIM to compete the function of
RNF4 is ineffective (data not shown), likely due to its weak
interaction with Rta (Fig. 6E).
Role of RNF4 in EBV Lytic Development—The expression of

RNF4 in P3HR1 cells was attenuated using lentiviral-based
shRNA (Fig. 9A). Rta and EA-Dwere expressedwhen cells were
infectedwith lentiviral control shRNAafter lytic induction (Fig.
9A, lanes 1 and 2). Additionally, knockdown of RNF4 expres-
sion by RNF4 shRNA increased the expression of Rta and EA-D
(Fig. 9A, lanes 2 and 4). Moreover, lytic DNA replication was
examined by performing qPCR. The result revealed that the
inhibition of RNF4 expression using shRNA increased the level
of viral DNA replication by 5.5-fold after the cells were treated
with TPA and sodiumbutyrate (Fig. 9B). Finally, virion produc-
tion was examined using qPCR. According to those results,
knockdown of RNF4 expression also increased the production
of virions by 5-fold after lytic induction (Fig. 9C), demonstrat-
ing that RNF4 inhibits EBV lytic progression.

DISCUSSION

Rta is a transcription factor that activates viral early genes,
subsequently affecting lytic progression (48, 49, 59, 69–73).
Hence, the stability of Rta is essential to its ability to influence
the lytic cycle. Our results demonstrate for the first time that
Rta is a substrate of RNF4 that targets SUMO-2-conjugated Rta
and enhances the ubiquitination of Rta, ultimately inhibiting
EBV lytic progression.
Our earlier study established that RanBPM promotes Rta

sumoylation and enhances its transactivation activity (46).
According to those results, treating cells with 0.5 �M MG132
stabilizes sumoylated Rta in P3HR1 cells (46). Because MG132
inhibits the proteolytic activity of 26 S proteasome complex,
preventing the degradation of ubiquitinated proteins (74), the
fact that MG132 stabilizes sumoylated Rta (Fig. 1) implies that
Rta is conjugated by ubiquitin via polySUMO-2 chains. Based
on the result herein, MG132 indeed stabilizes SUMO-1 and
SUMO-2-conjugated Rta (Fig. 1, A and B, IP, lanes 9 and 10).
When cells were untreated with MG132, the sumoylated Rta
was relatively unstable even in the presence of N-ethylmaleim-
ide, which is a SUMO hydrolase inhibitor (Fig. 1, A and B, IP,
lanes 4 and 5). Moreover, because SUMO-1 acts as a chain
terminator by linking to the ends of polySUMO-2/3 chains (9),
distinguishing the SUMO-1 on the polySUMOchain frommul-
tiple monosumoylated Rta in vivo may be difficult. Therefore,

FIGURE 8. Effect of RNF4 on the stability and transactivation activity of
Rta. A, 293T cells were transfected with plasmids pCMV-R and control shRNA
(Ct-shRNA) or RNF4 shRNA. Cycloheximide (CHX) was added at 40 h after
transfection to inhibit protein synthesis. Whole cell lysate was prepared at 0,
30, 90, and 150 min after transfection. Proteins in the lysate were detected by
immunoblotting (IB) using anti-Rta, anti-�-tubulin, and anti-RNF4 antibodies.
B, a densitometric analysis of Rta level normalized to �-tubulin was plotted
using Image J software. Data are presented as the mean with S.D. and repre-
sent three independent experiments. The intensity corresponding to 50% of
the initial value is indicated by the horizontal line. C, 293T cells were cotrans-
fected with the reporter plasmid pBMLF1 and pCMV-R, pEGFP-RNF4, or
pEGFP-RNF4-CS1. Luciferase activities were monitored 24 h post-transfec-
tion. Each transfection experiment was performed three times, and each sam-
ple in the experiment was prepared in duplicate. The value from each exper-
iment was analyzed statistically with the least square means method. *, p �
0.05.
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MG132may protect Rta that is conjugated by both SUMO-1 or
SUMO-2/3 (Fig. 1). This study also finds thatMG132 treatment
does not substantially activate the transcription of BRLF1-
BZLF1 genes in P3HR1 cells (Fig. 2C) but accumulates endog-
enously expressed Rta, which are verifiable by immunoblot and
immunofluorescence analyses (Fig. 2, A and B), suggesting that
MG132 affects the stability rather than the transcriptional
functions of Rta.
This study demonstrates that Rta is a substrate of RNF4,

which is an STUbL that contains SIM and RING domains (15,
54), causing the ubiquitination of SUMO-2-conjugated PML
(15). According to our results, RNF4 enhances the ubiquitina-
tion of SUMO-2-conjugated Rta in an in vitro ubiquitination
assay (Fig. 5B). Earlier studies demonstrated that RNF4 inter-
acts with either the polySUMO-2 chain on PML or Sp1 directly
to promote ubiquitination (15, 27, 28), although whether RNF4
preferentially binds to SUMO-2-conjugated substrates remains
unknown (22, 75, 76). GST pulldown assays herein reveal that
Rta interacts with RNF4 (Fig. 4A), suggesting that the direct
interaction between the twoproteins or the interactionwith the
SUMO-2 chain on Rta is important to Rta ubiquitination. This
interaction is also verified by immunofluorescence analysis
(Fig. 4C). According to earlier studies, GFP-RNF4 is distributed
diffusely in the nucleus (36) but has a punctate distribution and
colocalizes with PML nuclear bodies after treatment with
arsenic (77). The present study reveals that GFP-RNF4 is dif-
fused in cells that are untreatedwithMG132.However,MG132
treatment causes the punctate distribution (Fig. 4C), possibly
becauseMG132 treatment changes the cellular distributions of
the proteasome and the proteins that are associated with the
PML nuclear bodies (78).
This study demonstrates that RNF4 enhances Rta ubiquiti-

nation (Figs. 5 and 6). The first piece of evidence is that an
abundant amount of ubiquitinated proteins is formed in vitro in
the reaction involving SUMO-2-Rta, GST-RNF4, ubiquitin, E1,
E2, and ATP (Fig. 5A, lane 10). Immunoprecipitation of these
ubiquitinated proteins reveals the formation of Ub-Rta, as
detected by immunoblotting using anti-Rta antibody (Fig. 5B),
suggesting that SUMO-2-conjugated Rta is a preferred sub-
strate for RNF4 in vitro (Fig. 5B, lane 6). However, demonstrat-
ing the occurrence of this phenomenon in vivo is relatively dif-
ficult. Moreover, although apparently not influencing the

ubiquitination of RNF4 (Fig. 5C, lanes 5–8), Rta likely does not
function as anE3 ligase despite the fact that the homologs of Rta
in KSHV and murine herpesvirus 68 have E3 ligase activity in
vitro (79–82). Additionally, introducing RNF4 shRNA to the
cell significantly reduced the level of ubiquitinatedRta (Fig. 6B),
indicating that RNF4 is critical to Rta ubiquitination. The fact
thatmutation of SIMs or a RINGdomain in RNF4 abolishes the
ubiquitination of Rta (Fig. 6, C and D) also supports the role of
RNF4 as an STUbL to promote Rta ubiquitination. Moreover,
mutations in the SIM domain in RNF4 decrease the interaction
of the protein with Rta (Fig. 6E) and abolish Rta ubiquitination
(Fig. 6D), demonstrating the importance of such an interaction.
The phenomenon in which ubiquitination of the 4K-R mutant
of Rta significantly reduces in vivo (Fig. 7A) also suggests that
SUMO-2modification at these four lysine residues is important
to Rta ubiquitination; RNF4 also functions as an STUbL of Rta
that promotes ubiquitination via polySUMO-2 chains. Further-
more, a previous study indicated that Rta is modified by
SUMO-3 (49). By using the SUMO-3-defective Rta mutant
(HA-4K-R), this study demonstrates that HA-4K-R is ubiq-
uitinated at a level significantly lower than that of HA-Rta
(Fig. 7A). HA-3K-R (44) has a similar ubiquitination pattern
to that of wild-type Rta (Fig. 7A), verifying that Rta is not
ubiquitinated by RNF4 via sumoylation by SUMO-1. This
finding is consistent with the fact that SUMO-2-Rta is a pre-
ferred substrate for RNF4 in vitro (Fig. 5B). This study also
demonstrates that MG132 treatment of P3HR1 cells leads to
the accumulation of SUMO-2-Rta and ubiquitinated Rta
simultaneously after lytic induction (Fig. 3B). This finding
verifies that Rta is ubiquitinated via SUMO-2 chains. Con-
focal microscopy analysis also reveals that Rta, SUMO-2, and
RNF4 colocalize in the nucleus if cells are treated with
MG132 (Fig. 7C). This finding demonstrates that RNF4
indeed binds to SUMO-2-Rta in vivo. In sum, results of this
demonstrate that RNF4 is an STUbL of Rta.
This study finds that RNF4 is a cellular STUbL that targets

Rta for ubiquitination (Figs. 5 and 6) to decrease the transacti-
vation ability and stability of Rta (Fig. 8). We also demonstrate
that inhibiting RNF4 expression enhances the expression of
EA-D (Fig. 9A) and promotes lytic DNA replication and virions
production (Fig. 9, B and C). Although the influence of Rta
ubiquitination on the EBV lytic cycle need to be verified further,

FIGURE 9. Role of RNF4 on EBV lytic development. A, P3HR1 cells were infected by the lentivirus that contains RNF4 shRNA (shRNF4) or control shRNA
(Ct-shRNA) under the selection of puromycin. Thereafter, cells were treated with sodium butyrate and TPA (SB/TPA) for 48 h, and proteins in the lysate were
examined by immunoblotting using anti-Rta, anti-EA-D, anti-RNF4, and anti-�-tubulin antibodies. B, moreover, cells that were harvested from A were lysed, and
EBV lytic DNA replication assay was assayed by qPCR. The amount of EBV DNA was normalized with the amount of actin DNA that was determined in the same
assay. C, the lentiviral-transduced P3HR1 cells were treated with TPA and sodium butyrate for 5 days. EBV DNA from viral particles that were released into the
culture medium was determined by qPCR after the DNA extraction. The copy number of EBV genome was calculated by using maxi-EBV that had been isolated
from E. coli as a standard.
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this study provides insight into the mechanism that modulates
the amount of Rta by the cell, which may be important to EBV
lytic development.
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