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ABSTRACT

Autophagy is an intracellular degradation pathway that provides a host defense mechanism against intracellular pathogens.
However, many viruses exploit this mechanism to promote their replication. This study shows that lytic induction of Epstein-
Barr virus (EBV) increases the membrane-bound form of LC3 (LC3-II) and LC3-containing punctate structures in EBV-positive
cells. Transfecting 293T cells with a plasmid that expresses Rta also induces autophagy, revealing that Rta is responsible for au-
tophagic activation. The activation involves Atg5, a key component of autophagy, but not the mTOR pathway. The expression of
Rta also activates the transcription of the genes that participate in the formation of autophagosomes, including LC3A, LC3B, and
ATG9B genes, as well as those that are involved in the regulation of autophagy, including the genes TNF, IRGM, and TRAIL. Ad-
ditionally, treatment with U0126 inhibits the Rta-induced autophagy and the expression of autophagy genes, indicating that the
autophagic activation is caused by the activation of extracellular signal-regulated kinase (ERK) signaling by Rta. Finally, the in-
hibition of autophagic activity by an autophagy inhibitor, 3-methyladenine, or Atg5 small interfering RNA, reduces the expres-
sion of EBV lytic proteins and the production of viral particles, revealing that autophagy is critical to EBV lytic progression. This
investigation reveals how an EBV-encoded transcription factor promotes autophagy to affect viral lytic development.

IMPORTANCE

Autophagy is a cellular process that degrades and recycles nutrients under stress conditions to promote cell survival. Although
autophagy commonly serves as a defense mechanism against viral infection, many viruses exploit this mechanism to promote
their replication. This study finds that a transcription factor that is encoded by Epstein-Barr virus (EBV), Rta, activates au-
tophagy, and the inhibition of autophagy reduces the ability of the virus to express viral lytic proteins and to generate progeny.
Unlike other virus-encoded proteins that modulate autophagy by interacting with proteins that are involved in the autophagic
pathway, Rta activates the transcription of the autophagy-related genes via the ERK pathway. The results of this study reveal how
the virus manipulates autophagy to promote its lytic development.

Epstein-Barr virus (EBV) is the etiological agent of infectious
mononucleosis and is associated with Burkitt’s lymphoma,

nasopharyngeal carcinoma, Hodgkin’s lymphoma, and gastric
cancer (1–4). Following infection, EBV is usually maintained un-
der latent conditions. However, EBV enters a lytic cycle to gener-
ate progeny after cells that have been latently infected by EBV are
exposed to 12-O-tetradecanoylphorbol-13-acetate (TPA), so-
dium butyrate (SB), calcium ionophores, transforming growth
factor �1 (TGF-�1), or anti-IgG (5–7). The lytic activation of EBV
is closely related to the expression of two EBV-encoded transcrip-
tion factors, Rta and Zta (8, 9), which act either alone or synergis-
tically to transcribe lytic genes on which viral lytic progression
depends (10–12).

Rta often binds to Rta response elements (RRE) to activate the
transcription of EBV and cellular genes, including BALF2,
BMRF1, BMLF1, and cellular Decoy receptor 3 (13–16). However,
transactivation by Rta also involves mechanisms that are indepen-
dent of RRE binding. For example, Rta forms a complex with Sp1
through an adaptor protein, MCAF1, to autoregulate the tran-
scription of its own gene (17, 18). It also activates the transcription
of the Zta gene, BZLF1, by activating phosphatidylinositol 3-ki-
nase and mitogen-activated protein kinase pathways (19–21). Ad-

ditionally, Rta induces cell cycle arrest in the G1 phase and initiates
a cellular senescence program in epithelial cells (22).

Autophagy, which is an evolutionarily conserved cellular deg-
radation process, is responsible for the degradation of long-lived
proteins and damaged organelles. Autophagy proceeds at a basal
level in cells under normal conditions but is stimulated by starva-
tion, oxidative stress, and the accumulation of misfolded proteins
(23). Upon the induction of autophagy, two-layered membrane
structures, called autophagosomes, which contain cytoplasmic
materials and damaged organelles, are formed. The autophago-
somes then mature by fusion with lysosomes to form autolyso-
somes to degrade their content, liberating amino acids and fatty
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acids that can be metabolized or recycled to improve cell survival
(24, 25). This intracellular degradation system is tightly controlled
by the coordinated action of proteins that are encoded by au-
tophagy-related genes (Atg) (26).

Autophagy is a cellular defense mechanism by which invading
pathogens, including viruses, are removed by encapsulation and
degradation by autophagic vesicles (27–29). Autophagy also elim-
inates viruses by promoting the presentation of viral antigens that
are processed in autolysosomes that are loaded onto major histo-
compatibility complex class II (MHC-II) antigen and presented to
CD4� T cells (30). Autophagy has a deleterious effect on the
pathogenesis of the neurotropic Sindbis virus and limits the rep-
lication of the tobacco mosaic virus (31, 32). However, various
viruses exploit the autophagic machinery of the host for their own
survival and replication. For example, the stimulation of au-
tophagy increases the yields of poliovirus, hepatitis C virus
(HCV), Dengue virus, and coxsackie B virus (33–35). Addition-
ally, HIV activates autophagy, which promotes the process of Gag
and prevents the degradation of virions in the autolysosomes, in-
creasing virion yield (36). Several herpesviruses are known to reg-
ulate autophagy negatively. The herpes simplex virus type 1
(HSV-1) protein ICP34.5 suppresses autophagy via dephosphor-
ylation of the �-subunit of eukaryotic initiation factor 2 (eIF2�)
and the binding of ICP34.5 to Beclin-1 (37, 38). Kaposi’s sarcoma-
associated herpesvirus (KSHV) encodes vFLIP, a homolog of cel-
lular FLICE-like inhibitor protein (cFLIP), and binds to Atg3,
preventing it from binding to LC3 (39). On the other hand, au-
tophagy is essential to the lytic reactivation of KSHV, since inhi-
bition of autophagy reduces RTA-mediated lytic gene expression
and KSHV replication (40). In EBV, latent membrane protein 1
(LMP1) activates the autophagic machinery to regulate its own
turnover (41). Furthermore, autophagy affects MHC class II-
EBNA1 presentation in EBV-immortalized lymphoblastoid cells
by delivering EBNA1 to the lysosomal compartment (30, 42).
However, the interplay between autophagy and the lytic produc-
tion cycle of EBV is unknown. This investigation reveals that the
lytic cycle of EBV activates autophagic activity. The activation is
associated with EBV-encoded transcription factor Rta via the ex-
tracellular signal-regulated kinase (ERK) signaling pathway and
affects viral lytic development.

MATERIALS AND METHODS
Cell cultures and reagents. 293T cells, a human embryonic kidney cell
line, were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). P3HR1, Akata, and Raji cells
were cultured in RPMI 1640 containing 10% FBS. 293EBV(2089) cells,
which are stably transfected with Maxi-EBV plasmid p2089 (43), were
maintained in DMEM containing 100 �g/ml hygromycin. EBV in P3HR1
cells was lytically activated by treating the cells with 20 ng/ml 12-O-tetra-
decanoylphorbol-13-acetate (TPA; Sigma-Aldrich) and 3 mM sodium
butyrate (SB; Sigma-Aldrich). Akata cells were activated by treating cells
with anti-IgG (MP Biomedicals). 3-Methyladenine (3-MA), bafilomycin,
rapamycin, and hydroxycholoquine (CQ) were purchased from Sigma-
Aldrich. U0126 was purchased from Cell Signaling.

Plasmids. Plasmids pCMV-Rta and pCMV-Zta were used to express
Rta and Zta as described elsewhere (14). Plasmids pR550 and pRtaF600/
605A carry Rta mutated genes for R550 and RtaF600/605A (44). Plasmid
pGFP-LC3 has been described elsewhere (45).

Transfection and electroporation. 293T and 293EBV(2089) cells
were transfected using Lipofectamine 2000 (Invitrogen), following the
instructions of the manufacturer. P3HR1 cells were transfected by elec-
troporation using an Amaxa Nucleofector. A total of 5 � 106 cells were

electroporated with 10 �g DNA in Ingenio electroporation solution (Mi-
rus) using the program C-009. Transfection efficiency was estimated to be
62% by flow cytometry of the red fluorescence of P3HR1 cells that had
been transfected with 10 �g mRFP DNA for 48 h.

Immunofluorescence staining. Cells were fixed using 4% parafor-
maldehyde and processed for immunofluorescence staining with a pri-
mary antibody against Rta (Argene), gp350/220 (72A1 clone; ATCC HB-
168), or LC3B (Sigma). Following incubation with fluorescence-labeled
secondary antibodies (Invitrogen), cells were observed under a Nikon
E600 or a Leica SP5 fluorescence microscope.

Immunoblot analysis. Cells were lysed in PBS that contained 1% Tri-
ton X-100 and protease inhibitor cocktail (Sigma). The lysates were then
centrifuged at 12,000 � g at 4°C for 15 min. The proteins in the lysate were
separated by SDS-PAGE, transferred to a polyvinylidene difluoride mem-
brane and detected by immunoblotting. Anti-Rta and anti-Zta antibodies
were purchased from Argene; anti-EA-D antibody was obtained from
Millipore; anti-tubulin and anti-Atg5 antibodies came from Sigma-Al-
drich; anti-mTOR, anti-pS2448-mTOR, anti-p70S6K, anti-pT371-
p70S6K, anti-4EBP1, anti-pT37/46 – 4EBP1, anti-p44/42 ERK1/2, and an-
ti-ERK1/2 antibodies were obtained from Cell Signaling; and anti-LC3
antibodies came from MBL. Anti-BBLF1 antibody was generated in rab-
bits by our laboratory.

siRNA and shRNA knockdown. Double-stranded small interfering
RNA (siRNA) against Atg5 was purchased from Santa Cruz Biotechnol-
ogy. 293T cells were transfected with 200 to 400 pmol siRNAs by using
RNAiMax (Invitrogen). Lentiviral vectors that expressed Atg5 shRNA and
control shRNA (TRCN0000330394 and TRCN0000072224) were pur-
chased from the National RNAi Core Facility, Academia Sinica, Taiwan.
Recombinant lentiviruses were generated by cotransfecting 293T cells with
plasmids pLKO.1 Atg5 shRNA or pLKO.1 lacZ shRNA, pCMVDR8.2, and
pMD.G, using Lipofectamine 2000. Culture medium was collected at 48
and 72 h posttransfection. P3HR1 cells were infected with lentiviruses by
mixing cells with the culture supernatant in the presence of 8 �g/ml
Polybrene and then centrifuging the mixture at 450 � g for 2 h. The cells
that were infected by lentiviruses were selected in the medium that con-
tained 0.5 �g/ml puromycin for 5 to 7 days.

Reverse transcription-quantitative PCR (RT-qPCR). Total RNA was
isolated using an RNAeasy minikit (Qiagen), according to the method
that was recommended by the manufacturer. Reverse transcription was
performed using the SuperScript III first-strand synthesis supermix (In-
vitrogen). An equal amount of cDNA product was used in PCR that was
performed using a Bio-Rad CFX apparatus. PCR amplification was con-
ducted using the following primers; MAP1LC3A F, 5=-CGCTACAAGGG
TGAGAAGCA; MAP1LC3A R, 5=-AGAAGCCGAAGGTTTCCTGG;
MAP1LC3B F, 5-GCGAGTCACCTGACCAGGCTG; MAP1LC3B R, 5-G
CGAGTCACCTGACCAGGCTG; ATG9B F, 5=-GGACTCTCCTGGGCT
GCGGGTAG; ATG9B R, 5=-GCAGGCAAAGCCATTCCGCTGGTGG;
TNF F, 5=-GGCAGGCGCCACCACGCTCTTC; TNF R, 5=-GCATTGGC
CCGGCGGTTCAGC; IRGM F, 5=-GCAGATGGGAACTTGCCAGA;
IRGM R, 5=-AGGCCTTACCCTCATGTCCT; TNFSF10 F, 5=-TTGGGA
CCCCAATGACGAAG; TNFSF10 R, 5=-TGGTCCCAGTTATGTGAG
CTG; ACTB F, 5=-GGACTTCGAGCAAGAGATGG; ACTB R, 5=-AGCA
CTGTGTTGGCGTACAG.

Enumeration of virus particles. The amount of encapsidated viral
DNA was determined following a method that was described elsewhere
(46). Following lytic induction for 4 days, cells were collected by centrif-
ugation. The supernatant fraction contained viral particles that were re-
leased into the medium. The viral particles within the cells were also re-
leased from the cell pellets by three rounds of freezing and thawing. DNA
from broken cells was removed by treatment with DNase I. Next, SDS and
proteinase K were added to remove the viral envelope and capsid. EBV
DNA was extracted using phenol-chloroform, precipitated with isopro-
panol, and then recovered by centrifugation. The DNA pellet was washed
with 70% ethanol and suspended in Tris-EDTA buffer. The amount of
EBV DNA was analyzed by real-time PCR using an iCycler iQ multicolor
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real-time PCR detection system (Bio-Rad) with primers and a probe that
were specific to BKRF1 (47).

Infection of cells by EBV. Culture supernatant was collected from
293EBV(2089) cells 4 days after transfection. Raji cells were then infected
by the virus in the culture supernatant. Cells were then treated with TPA
(20 mg/ml) and butyrate (3 mM) at day 2 postinfection to enhance ex-
pression of the green fluorescent protein (GFP) gene. The expression of
GFP from EBV(2098) was observed 3 days postinfection. The percentage
of cells that expressed GFP was determined by flow cytometry.

Fluorescence-activated cell sorting (FACS). At 48 h after lytic induc-
tion, P3HR1 cells were washed in phosphate-buffered saline (PBS) and
incubated with anti-gp350/220 antibody for 1 h at 4°C and then incubated
with fluorescein isothiocyanate (FITC)-labeled secondary antibody. Cells
that were labeled with FITC fluorescence were separated from unlabeled
cells by using a FACSAria cell sorter (BD Biosciences). Labeled and unla-
beled cells were collected and analyzed by immunoblotting.

TEM analysis. 293T cells that had been transfected with pCMV3 or
pCMV-Rta for 48 h were prepared for transmission electron microscopic
(TEM) analysis, as described elsewhere (48). Briefly, cells were fixed in a
solution that contained 2% paraformaldehyde and 2.5% glutaradehyde
for 30 min at 4°C. Cells were washed and postfixed in 1% osmium tetrox-
ide for 15 min and then stained with 1% uranyl acetate for 1 h at room
temperature. Samples were dehydrated using increasing concentrations
of ethanol from 50 to 100% and then embedded in Spurr resin. Embedded
samples were sliced into thin sections and stained with uranyl acetate and
lead citrate. Images of the samples were obtained using a JEOL JEM-1200
transmission electron microscope.

Statistics. Data are presented as means � standard deviations (SD).
Student’s t test was performed on these means; a P value less than 0.05 was
considered significant.

RESULTS
EBV lytic activation and formation of autophagosomes. P3HR1
cells were transfected with pCMV-Zta to activate the lytic cycle of
EBV and to study how the activation affected autophagy. The
induction of autophagy was monitored by observing the translo-
cation of the autophagosome protein LC3 from the cytosol to the
membrane of the newly formed autophagosomes. The transloca-
tion converts the diffused cytosolically distributed LC3, LC3-I, to
membrane-bound LC3, LC3-II, which appears as cytoplasmic
puncta (49). As expected, the virus expressed EBV lytic proteins,
including Rta, Zta, EA-D, and BBLF1, after lytic induction (Fig.
1A, lanes 2 and 3). The expression of LC3-II was also detected by
immunoblotting (Fig. 1A, lanes 2 and 3). A parallel experiment
showed that transfecting the cells with an empty vector did not
result in the expression of LC3-II (Fig. 1A, lane 1), suggesting that
activation of the EBV lytic cycle by Zta promotes the synthesis of
autophagosomes. We also sorted P3HR1 cells by FACS, based on
the presence of an EBV lytic marker, gp350/220, after lytic induc-
tion using TPA and sodium butyrate. Immunoblot analysis re-
vealed that P3HR1 cells with gp350/220 on their surfaces ex-
pressed Zta, Rta, EA-D, BBLF1, and LC3-II (Fig. 1B, lane 2).
However, the population that did not express gp350/220 ex-
pressed LC3-II at a level lower than in cells expressing gp350/220
(Fig. 1B, lane 1), showing a correlation between EBV lytic activa-
tion and autophagy. Similar results were also detected in Akata
and 293EBV(2089) cells (Fig. 1C and D). Notably, the amount of
LC3-II that was expressed after lytic induction by TPA and so-
dium butyrate (Fig. 1B, lane 2) exceeded that expressed after
transfection using pCMV-Zta (Fig. 1A, lanes 2 and 3), which is
likely attributable to the fact that TPA itself activates autophagy
(50) and to the low transfection efficiency of B cells. Additionally,
confocal laser scanning microscopy revealed that after P3HR1

cells were transfected with pGFP-LC3 and pCMV3, the cells ex-
hibited a weak GFP-LC3 signal in the cytosol (Fig. 1E). However,
after they were transfected with pCMV-Zta, those cells that ex-
pressed Rta or gp350/220 also exhibited punctate GFP-LC3 fluo-
rescence (Fig. 1E), confirming that EBV lytic activation promotes
the formation of autophagosomes.

Activation of autophagy by Rta. Since EBV lytic activation
induces autophagy, this study further examined whether the in-
duction is associated with the expression of Zta and Rta. Our
immunoblot study revealed that transfecting 293T cells with con-
trol plasmid or pCMV-Zta did not increase the expression of
LC3-II (Fig. 2A, lanes 1 and 2). However, transfecting the cells
with pCMV-Rta increased LC3-II expression (Fig. 2A, lane 3),
whereas Beclin 1 remained at the same level of expression. Mea-
suring the band intensity revealed that the amount of LC3-II ex-
pressed by the cells that were transfected with pCMV-Rta was
about 2.6 times higher than that expressed by the cells transfected
with pCMV3 or pCMV-Zta (Fig. 2A, lanes 1 to 3, and B), indicat-
ing that Rta increases the formation of autophagosomes. Since the
increase in the amount of LC3-II could be interpreted as being
caused by an increase in the amount of generated autophago-
somes or an inhibition of autophagosome maturation, cells were
further treated with bafilomycin A1, which is an inhibitor of au-
tophagosomal maturation. As expected, the treatment increased
intracellular levels of LC3-II (Fig. 2A, lanes 4 to 6). However, the
amount of LC3-II in 293T(pCMV-Rta) cells (Fig. 2A, lane 6) re-
mained higher than that in 293T(pCMV-Zta) and 293(pCMV3)
cells (Fig. 2A, lanes 4 and 5), indicating that the increase in the
amount of LC3-II after the expression of Rta is attributable to an
increase in the formation of autophagosomes rather than an inhi-
bition of autophagosome maturation. To verify this finding, the
formation of autophagosomes was studied under a fluorescence
microscope. We cotransfected 293T cells with plasmids that ex-
pressed LC3-GFP and also Rta or Zta. LC3-GFP punctate struc-
tures were observed in the cells that expressed Rta but not in those
that expressed Zta (Fig. 2C), confirming that Rta induces the for-
mation of autophagosomes. In addition, we examined the forma-
tion of autophagosomes under starvation conditions and found
that when cells were cultured in Earle’s balanced salt solution
(EBSS) that contained hydroxycholoquine (CQ), endogenous
LC3B, an isoform of LC3, was present as punctate structures in
cells with or without Rta expression (Fig. 2D, panels d, e and f).
However, when the cells were cultured in a nutrient-rich medium,
DMEM, LC3B punctate structures were observed only in the cells
that expressed Rta (Fig. 2C, arrow, panels a, b, and c), suggesting
that Rta induces autophagic activation under nutrient-rich con-
ditions. Under an electron microscope, vesicular structures were
observed in the cells that had been transfected by pCMV-Rta (Fig.
2E). At a magnification of �35,000, double-layered membranes
that contained undigested cytoplasmic contents, which are typical
of autophagosomes (49), were observed (Fig. 2E, panel a). Autoly-
sosomes, which have a single-membrane cytoplasmic structure at
various stages of the degradation process, were also observed in
Rta-transfected cells (Fig. 2E, panels a and b). These results re-
vealed that Rta induces autophagy, including the formation of
autophagosomes and their maturation into autolysosomes. After
24 h of transfection and lytic induction, 293T(pCMV-Rta) (lane
1) was found to have produced less Rta than did the P3HR1 cells
following lytic induction (lane 2), indicating that the induction of
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autophagy in 293T cells is not attributable to the expression of
excessive Rta.

Involvement of Atg5 in Rta-induced autophagy. Atg5 partic-
ipates in the formation of autophagosomes and is conjugated to an
ubiquitin-like protein, Atg12 (51). Therefore, we reduced the ex-
pression of Atg5 by siRNA knockdown to examine whether the
reduction influenced Rta-induced autophagy. Immunoblotting
revealed that Atg5 siRNA, but not control siRNA (scramble [scr]),
reduced the level of Atg5-Atg12 in 293T cells (Fig. 3A, lanes 3 and
4). Meanwhile, Atg5 siRNA reduced the amount of LC3-II that
was induced by Rta (Fig. 3A, lanes 2 and 4), indicating that Atg5 is
involved in Rta-induced autophagic activity. Furthermore, au-
tophagosomes were examined by immunofluorescence using an-
ti-LC3B antibody. The results showed that among 400 cells exam-

ined, about 30% of the cell population that expressed Rta (shown
in red) exhibited autophagic vesicles (green dots) (Fig. 3B and C).
However, after introducing Atg5 siRNA, the percentage dropped
to 12% (Fig. 3B and C). These results revealed that Atg5 is in-
volved in Rta-induced autophagy.

Rta-induced autophagy and mTOR signaling. mTOR is a ser-
ine-threonine protein kinase that regulates autophagy in response
to nutrient starvation (23). To determine whether Rta induces
autophagy through the mTOR pathway, the activity of mTOR and
its downstream targets, p70S6K and 4E-BP1, was studied by im-
munoblot analysis with phospho-specific antibodies. Rapamycin,
an inhibitor of mTOR, inhibits the activity of mTOR and phos-
phorylation of its downstream targets, p70S6K and 4E-BP1, which
leads to activation of autophagy, as identified by the increased

FIG 1 EBV lytic cycle and autophagy activation. (A) P3HR1 cells were transfected with control plasmid pCMV3 (Crt) or pCMV-Zta (Zta) to activate the lytic
cycle. Cell lysates were prepared 24 h (lane 2) and 48 h (lane 1 and lane 3) after transfection and analyzed by immunoblotting using antibodies against the
indicated proteins. (B) P3HR1 cells that were treated with TPA and SB for 48 h were incubated with anti-gp350/220 antibody and then labeled with fluorescence-
conjugated secondary antibody. The cells that expressed gp350/220 (lane 2) were separated from those did not (lane 1) by using a cell sorter. Cell lysates were
prepared and analyzed by immunoblotting. (C) Akata cells were treated with anti-IgG for 24 and 48 h. Cell lysates were prepared and analyzed by immunoblot-
ting using antibodies against the indicated proteins. (D) 293EBV(2089) cells were transfected with control plasmid pCMV3 (Crt; lanes 1 and 3) or pCMV-Zta (Z;
lanes 2 and 4). Cell lysates were prepared at 48 and 72 h after transfection and analyzed by immunoblotting. GAPDH, glyceraldehyde 3-phosphate dehydroge-
nase. (E) P3HR1 cells were cotransfected with pGFP-LC3 and pCMV3 or pCMV-Zta to induce the lytic cycle. Cells were fixed and adhered to poly-L-lysine-coated
coverslips and then stained using anti-Rta or anti-gp350/220 antibodies. 4=,6-Diamidino-2-phenyldole staining revealed the nucleus. The images of fluorescence
were captured under a Leica SP5 confocal laser scanning microscope. z-stacks with 20 planes were acquired in each experiment. Compressed images of multiple
z-stacks are shown. Bar, 5 �m.
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amount of LC3-II (Fig. 4, lanes 1 and 2). In contrast, the expres-
sion of Rta did not change the amounts of phospho-mTOR, phos-
pho-p70S6K, and phospho-4E-BP1 (Fig. 4, lanes 3 and 4), sug-
gesting that Rta-induced autophagy is independent of mTOR
signaling.

Correlation between autopahgic and transactivation func-
tions of Rta. To determine whether autophagic activation de-
pends on the transactivational activity of Rta, two mutants, R600/
605A and R550 (Fig. 5A), were used to study how Rta affects
autophagy. Mutant R550 contains a deletion in the transactivation

FIG 2 Expression of Rta and autophagic activation. (A) 293T cells were transfected with an empty vector pCMV3 (Ctr), pCMV-Zta (Z), and pCMV-Rta (R). Cells were
treated with 100 nM bafilomycin A1 for 2 h, and lysates were prepared at 48 h after transfection. Proteins were separated by SDS-PAGE and analyzed by immunoblot
analysis using antibodies against the indicated proteins. (B) The intensity of the LC3-II band from the cells that were transfected with pCMV-Zta or pCMV-Rta was
compared to that from cells that were transfected with an empty vector. The intensity of LC3-II was measured using ImageJ software and normalized to the band intensity
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) based on three blots. (C) 293T cells were cotransfected with both pLC3-GFP and pCMV-Zta or pCMV-Rta.
(D) 293T cells were transfected with pCMV-Rta and cultured in various media as indicated. Cells were fixed at 48 h after transfection. Indirect immunofluorescence
staining was performed using anti-Zta or anti-Rta (C) and anti-LC3B and anti-Rta (D). 4=,6-Diamidino-2-phenylindole staining revealed the nucleus. z-stacks of 20
planes were acquired in each experiment. Compressed images of multiple z-stacks are presented. Bar, 10 �m; white arrow, Rta-expressing cell. (E) Electron micrographs
of 293T cells transfected with pCMV3 and pCMV-Rta. Two boxed regions in the image were enlarged (a and b). The black arrow indicates an autophagosome; the blue
arrow indicates an autolysosome. (F) Lysates were prepared from P3HR1 cells that had been treated with TPA and sodium butyrate and from 293T cells that had been
transfected with pCMV-R. Rta and tubulin (Tub) in the lysates were analyzed by immunoblotting.
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domain, which eliminates Rta’s transactivation activity; mutant
F600/605A, while binding strongly to RRE, exhibits lower trans-
activation activity than does the wild-type Rta (44). The ability of
Rta and its mutants to activate the BZLF1 promoter was con-
firmed in a transient-reporter assay (Fig. 5B). An immunoblot
study revealed that the amount of LC3-II that was expressed by the
cells correlated with Rta’s transactivation activity, as the expres-
sion of R550 in 293T cells did not increase the level of LC3-II
whereas that of F600/605A increased the amount of LC3-II, al-
though to a level lower than that achieved using Rta (Fig. 5C and
D). LC3B punctate structures that were induced by Rta and its
mutants were also studied by indirect immunofluorescence (Fig.
5E). The percentage of cells with autophagic punctate vesicles that
expressed Rta or its mutants was determined (Fig. 5E and F): 38%
of the Rta-expressing cells contained LC3B punctate structures, of
which hardly any were detected in those cells that expressed R550.
The corresponding fraction of cells that expressed F600/605A was

11% (Fig. 5E and F). These results indicate that autophagic acti-
vation by Rta correlates with the ability of the transactivation ac-
tivity of Rta.

Dependence of Rta-induced autophagic activity on ERK ac-
tivity. Since ERK signaling crucially influences autophagy (52)
and Rta is known to transactivate the transcription of the Zta gene
through ERK signaling (21), this study examined whether Rta
affects autophagy through the ERK pathway. As expected, immu-
noblotting with phospho-specific ERK antibody revealed that the
expression of Rta activated ERK activity and the phosphorylation
of ERK induced by Rta was prevented by the presence of U0126, an
inhibitor of MEK (Fig. 6A). Additionally, U0126 treatment re-
duced the amount of LC3-II (Fig. 6A, lanes 2 and 3) and of Rta-
induced LC3B punctate structures (Fig. 6B). Counting the au-
tophagic punctate vesicles in Rta-expressing cells revealed that
adding U0126 reduced the fraction of the cells that contained
autophagic vesicles from 48% to 15% (Fig. 6C). Not only was the

FIG 3 Involvement of Atg5 in Rta-induced autophagy activation. (A) 293T cells were cotransfected with control siRNA (scr) or Atg5 siRNA (100 pmol) and
pCMV3 (Crt) or pCMV-Rta (R), as indicated. The lysates were prepared at 48 h following transfection and analyzed by immunoblotting using antibodies against
the indicated proteins. (B) 293T cells were cotransfected with control siRNA (scr) or Atg5 siRNA (100 pmol), and pCMV-Rta, and examined by indirect
immunofluorescence using anti-Rta and anti-LC3B antibodies. 4=,6-Diamidino-2-phenylindole staining revealed the nucleus. Bar, 10 �m. (C) The percentages
of Rta expressing cells (red) containing autophagic punctate vesicles (green dots) was determined by counting the numbers of cells that exhibited autophagic
vesicles (green dots) in approximately 400 Rta-expressing cells (red).
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percentage of the cell population that exhibited autophagic punc-
tate vesicles reduced, but also the average number and size of the
autophagic punctate structures within each cell decreased (Fig.
6B), indicating that Rta affects autophagy via ERK signaling.

Activation of genes that are involved in autophagosomal for-
mation by Rta. An autophagy RT-qPCR array (SABiosciences)
was utilized to determine whether Rta transcriptionally acti-
vates the expression of autophagy-related genes (data not
shown). The autophagy-related genes whose transcription was
activated by Rta were selected, and their transcription was ver-
ified further by RT-qPCR. A transient-transfection study re-
vealed that the expression of Rta, but not that of R550, in-
creased the transcription of genes that are involved in the
formation of autophagosomes, including LC3A, LC3B, and
ATG9B, by factors of 16, 2.5, and 27, respectively (Fig. 7A, B,
and C). The expression of Rta, but not that of R550, also in-
creased the transcription of the genes that are involved in the
regulation of autophagosome formation, including TNF,
IRGM, and TNFSF10 (TRAIL), by factors of 3.8, 22.5, and 3.5,
respectively (Fig. 7D, E, and F). U0126 also inhibited the tran-
scriptional activity (Fig. 7A to F). These results revealed that
Rta induces autophagy mediated by transcriptional activation
of the genes that are involved in the formation or regulation of

autophagosomal formation and influences the auotphagy pro-
cess.

Autophagy and EBV lytic progression. P3HR1 cells were
treated with 3-MA, an autophagy inhibitor, after lytic induc-
tion to study how autophagy affected the lytic cycle of EBV. The
treatment decreased the expression of LC3-II and the expres-
sion of Zta, Rta, EA-D, and BBLF1 (Fig. 8A, lanes 2 and 3),
indicating that 3-MA inhibits the lytic cycle of EBV. The treat-
ment also reduced the numbers of virus particles released into
culture medium by about 90% (Fig. 8B). The viral particles
retained within cells were also reduced by 60% (Fig. 8B), sug-
gesting that autophagy may affect EBV maturation (Fig. 8B).
We observed that TPA and sodium butyrate treatment was
toxic to P3HR1 cells; however, adding 3-MA did not increase
cell death further (Fig. 8C), suggesting that the effect of 3-MA
on the lytic cycle of EBV is probably not associated with its
toxicity. To elucidate further the effects of autophagy on the
lytic cycle of EBV, the autophagy pathway was attenuated by
using Atg5 shRNA in P3HR1 cells by lentiviral infection. The
expression of Atg5 was significantly reduced after infection,
and this lowering was accompanied by a reduction in the level
of LC3-II following lytic induction (Fig. 8D, lanes 2, 4, and 6).
Meanwhile, expression of Rta, Zta, EA-D, and BBLF1 de-
creased in Atg5 knockdown cells compared with the control
cells (Fig. 8D, lanes 3 to 6); the production of EBV virions was
also reduced by 80% (Fig. 8E). The knockdown of Atg5 did not
seem to influence cell viability in the latent phase (Fig. 8F). The
knockdown of Atg5 in 293EBV(2098) cells reduced the expres-
sion of EBV lytic proteins EA-D and BBLF1 (Fig. 8G) and re-
duced the production of viral particles by 60% (Fig. 8H). Since
293EBV(2089) cells harbor recombinant EBV carrying a GFP
gene, the relative virion infectivity could be measured by in-
fecting Raji cells and determining the percentage of cells that
were green by flow cytometry. Although the Atg5 siRNA treat-
ment of cells reduced the production of virus particles by 60%,
viral infectivity was 9 times that of the cells that were trans-
fected with control siRNA (Fig. 8I). These results suggest that
autophagy activation promotes lytic reactivation but reduces
viral infectivity.

DISCUSSION

Autophagy is a cell defense mechanism against viral infections
(27). To combat this antiviral response, viruses have developed
ways to subvert or manipulate this cellular pathway to facilitate
viral propagation (53). This study demonstrates that EBV induces
autophagy during lytic reactivation and that the EBV-encoded
transcription factor, Rta, participates in autophagic activation via
mechanisms that involve transcriptional activation and ERK sig-
naling. The activation of autophagy promotes lytic progression
but reduces viral infectivity.

EBV is typically maintained under latent conditions follow-
ing infection. However, the virus must enter the lytic cycle to
generate viral progeny. During EBV latency, LMP1 activates
autophagy via the unfolded protein response to regulate
LMP1’s own synthesis and degradation, modulating LMP1-
mediated signaling (41). In this study, EBV induced the forma-
tion of autophagosomes in P3HR1, Akata, and 293EBV(2098)
cells (Fig. 1) after the virus entered the lytic cycle, suggesting
that EBV lytic reactivation induces autophagy. KSHV also ac-
tivates autophagy after lytic reactivation (40), revealing that

FIG 4 Rta-induced autophagy is independent of the mTOR signaling path-
way. 293T cells were cultured for 24 h, and lysates were prepared after 1 h
treatment with dimethyl sulfoxide (lane 1) or rapamycin (Rap; 100 mM)
(lane 2). 293T cells were transfected with control plasmid (C, lane 3) or
pCMV-Rta (R, lane 4) and lysates were prepared at 48 h after transfection.
Lysates from cells treated with rapamycin or transfected with plasmids
were analyzed by immunoblotting using antibodies against the indicated
proteins.
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autophagic activation in the lytic cycle may be common among
gammaherperviruses. Autophagic activation is also observed in
cells that are lytically infected by murine gammaherpesvirus 68
(�MV68) (54), varicella-zoster virus (55), and HSV-1 and hu-
man cytomegalovirus (HCMV) (56). After infection, HSV-1
activates double-stranded RNA-activated protein kinase
(PKR), which induces autophagy (57). Although the role of
PKR in autophagy activation during the lytic cycle in gamma-
herpesviruses is unknown, EBV and KHSV are known to en-
code viral proteins to activate autophagy (40).

Like KSHV (40), EBV encodes the transcription factor Rta,
which participates in autophagic activation (Fig. 2). The present
study demonstrates that autophagic induction by Rta depends on
Atg5 in 293T cells (Fig. 3). Rta is known to activate the transcrip-
tion of EBV lytic genes and cellular genes (13–16, 18, 19). In this
study, Rta and its mutants were utilized to demonstrate that the
capacity of Rta to transactivate Zp correlates with its ability to

induce autophagy (Fig. 5). Rta is known to active Zp indirectly by
activating mitogen-activated kinases, resulting in the activation of
ATF2, which targets the ZII element of Zp (19, 58). This study re-
vealed that Rta increases the expression of autophagy-related genes
involves ERK-mediated transcriptional activation (Fig. 5, 6, and 7),
suggesting that Rta may regulate autophagy at the transcriptional
level. Although autophagy is regarded as a cellular process that is
regulated largely at the posttranscriptional level (23, 59), several stud-
ies have revealed that autophagic activation is also regulated at the
transcriptional level (59). For instance, transcription factors such as
FoxO3, HIF-1, TFEB, and ZKSAN3 activate autophagy by the tran-
scriptional activation of autophagy-related genes in response to
stresses (60–63). Our RT-qPCR array and transient-transfection
studies indicated that Rta transactivates Map1lc3a, Map1LC3b,
Atg9B, TNF, TNFSF10, and IRGM, which are crucially involved in the
formation of autophagosomes (26, 64) and the induction of au-
tophagy (65, 66). Therefore, this study suggests that the Rta-activated

FIG 5 Mutations in Rta and autophagy activation. (A) Schematic diagram of the structure of Rta and its mutant derivatives. Dimerization, DNA binding,
transactivation domain, and mutations in Rta are indicated. (B) The reporter plasmid pZpluc was cotransfected with pCMV3 (Crt), pCMV-Rta (Rta), pCMV-
R550, or pCMV-Rta F600/605. Luciferase activity was measured at 24 h after transfection. (C) 293T cells were transfected with pCMV3, a control plasmid (Crt),
pCMV-Rta (Rta), or plasmids that expressed Rta mutants, as indicated. The lysates were prepared 48 h after transfection and analyzed by immunoblotting using
antibodies against the indicated proteins. (D) Quantification of LC3-II levels shown in panel C. The amount of LC3-II was measured using ImageJ software and
normalized using that of the internal control, tubulin. (E) 293T cells were transfected with pCMV-Rta (Rta) or plasmids that expressed Rta mutants. At 48 h after
transfection, cells were fixed and stained with anti-Rta and anti-LC3B antibodies. 4=,6-Diamidino-2-phenylindole reveals the nucleus. Bar, 20 �m. (F) The
percentage of the cells in the population that had autophagic punctate vesicles in panel E was determined by counting the numbers of cells that exhibited
autophagic vesicles (red dot) in approximately total 400 Rta-expressing cells (green).
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expression of genes that are essential to autophagy is important to the
induction of autophagy activation.

Although an increasing number of studies suggest that ERK is
involved in modulating autophagy, the roles of ERK in autophagy
are diverse (67). ERK signaling regulates the expression of au-
tophagy and lysosomal genes by regulating the nuclear localiza-
tion of transcription factor EB (TFEB) (63). ERK8 has been shown
to stimulate autophagy by interacting with LC3 (68). Exactly how
ERK affects Rta-induced autophagic activation remains un-
known. Whether the activation of downstream targets of ERK
signaling by Rta, such as ATF2 (19), activates the transcription of
the genes that are associated with autophagy is yet to be con-
firmed. A recent study revealed that a noncanonical AMPK-MEK/
ERK-TSC signaling pathway regulates autophagic activation by
increasing the expression of Beclin-1 (52). However, an increase
in the amount of Beclin-1 in cells that express Rta was not ob-
served (Fig. 2), suggesting that Rta activates autophagy indepen-
dently of this pathway.

The mTOR pathway is a key regulator of autophagy in re-
sponse to nutrients. Abundant nutrients, including growth fac-
tors, glucose, and amino acids, activate mTOR and suppress au-
tophagy, whereas nutrient deprivation suppresses mTOR, leading
to the activation of autophagy (23, 24). Rta does not influence
autophagic activation under nutrient starvation conditions (Fig.
2D). Additionally, the expression of Rta does not appear to affect
the mTOR signaling pathway (Fig. 4), suggesting that Rta induces
autophagy by a mechanism that is independent of mTOR.

Autophagic activation in the lytic cycle of herpesviruses is
common, but its effects on viral growth and pathogenesis vary
among the viruses. In alphaherpesvirus, HSV-1 encodes
ICP34.5 to suppress PKR-mediated autophagy activation dur-
ing lytic infection, increasing its replication and pathogenesis

FIG 6 Involvement of ERK activity in Rta-induced autophagy activation. (A)
293T cells that had been transfected with pCMV-Rta (R) and cells were treated
with U0126 (10 �M) after 6 h transfection. The lysates were harvested after 48
h of transfection and analyzed by immunoblotting using antibodies against the
indicated proteins. (B) Cells were fixed and stained with anti-Rta and anti-
LC3B antibodies. 4=,6-Diamidino-2-phenylindole stain reveals the nucleus.
Bar, 10 �m. (C) The number of cells that had autophagic punctate vesicles
(green) in a total population of about 400 Rta-expressing cells (red) was
counted and the percentages were calculated.

FIG 7 Rta activates transcription of autophagy-related genes. The expression levels of LC3A (A), LC3B (B), ATG9B (C), TNF (D), IRGM (E) and TNFSF10 (F)
in control (C) and Rta- (R) and R550-expressing cells that were treated (�) or were not treated (	) with U0126 were determined by RT-qPCR. The control (C)
or Rta-expressing cells were treated with U0126 (10 �M) at 6 h after transfection. The relative expression of each gene was normalized to the amount of actin and
expressed as the fold change relative to that in control cells. *, P 
 0.05; **, P 
 0.01 (determined with Student’s t test).
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(37, 57). Other herpesviruses also encode proteins that sup-
press autophagy, including TRS1 of HCMV (69), a viral ho-
molog of Bcl-2 that is encoded by KSHV and �MV68 (70), and
vFLIP of KSHV (39), suggesting that autophagy maybe nega-

tively affects these herpesviruses. In contrast, the present study
and others (40) revealed that EBV and KSHV each encode a
lytic transcription factor, Rta and RTA, respectively, that acti-
vates autophagy. The activation of autophagy appears to favor

FIG 8 Relationship between autophagy and EBV lytic development. (A) P3HR1 cells were pretreated with 10 mM 3-MA for 1 h and then treated with TPA and
SB to activate the EBV lytic cycle. Lysates were prepared at 48 or 24 h (for LC3) after lytic induction and analyzed by immunoblotting using antibodies to the
indicated proteins. (B) Viral particles in the cell (intracellular) or in the culture medium (extracellular) were analyzed by qPCR after 4 days of lytic induction. (C)
The numbers for P3HR1 cells that had been treated with 3-MA or/and TPA and SB were determined at different times. (D) P3HR1 cells that were infected with
lentiviruses expressing �-galactosidase (lacZ) or Atg5 shRNA and were treated with TPA and SB. The lysates were prepared 48 h after infection and analyzed by
immunoblotting using antibodies against the indicated proteins. (E) The production of viral particles after 4 days of lytic induction was analyzed by qPCR. (F)
The numbers of latent P3HR1 cells that were infected with lentiviruses that expressed lacZ or Atg5 shRNA were determined at different times. (G) 293EBV(2089)
cells were first transfected with control siRNA (scr) (lanes 1 and 2) or Atg5 siRNA (lanes 3 and 4) and then transfected with control plasmid (Crt) or pCMV-Zta
(Z) a day later. Proteins in cell lysates were harvested 48 h after transfection and were analyzed by immunblotting using antibodies against the indicated proteins.
(H) The production of viral particles after 4 days of lytic induction was analyzed by qPCR. The numbers of virus particles as percentages of those detected from
cells treated with control siRNA are presented. (I) Raji cells were infected with virus particles that were harvested from cells treated with control siRNA or Atg5
siRNA following lytic induction. After 3 days, the percentage of Raji cells that were GFP positive was determined by FACS analysis. The relative infectivity of EBV
virions is presented as the fold change of virion infectivity from 293EBV(2089) treated with control siRNA after normalization for virus particles.
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viral progression, since the inhibition of autophagy reduces
lytic gene expression and viral replication following the lytic
activation of EBV and KSHV. This phenomenon is unique to
gammaherpesviruses, which are typically maintained under la-
tency after infection. We hypothesize that autophagy is impor-
tant and beneficial during the lytic switch from latency but is
harmful after the lytic program has begun. Viruses may encode
proteins, such as vFLIP and vBcL-2, to suppress autophagy and
thereby counteract this cellular defense pathway. Accordingly,
the functions of autophagy in herpesviruses are complex and
depend on the stage of the lytic cycle. How autophagy influ-
ences the expression of lytic genes following reactivation in
EBV and KSHV remains unclear. The autophagy machinery
probably degrades cellular or viral factors that repress EBV lytic
reactivation. Additionally, the induction of the EBV lytic cycle
causes endoplasmic reticulum and oxidative stresses (71), and
autophagic induction may prevent stress-induced cell death,
eventually favoring lytic development. This study also found
that 3-MA, an inhibitor of autophagy, led to viral particles
being retained within cells (Fig. 8B), suggesting that autophagy
may also influence viral egress, although the possibility that
3-MA inhibits protein trafficking events and thereby affects
viral egress indirectly cannot be excluded. Interestingly, al-
though the production of viral particles is lowered in au-
tophagic-defective cells after EBV lytic reactivation, increased
infectivity of the virions was observed, suggesting that au-
tophagy reduces EBV infectivity. This study reveals that au-
tophagy critically affects EBV lytic development.
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