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a b s t r a c t

Epstein–Barr virus (EBV) expresses two transcription factors, Rta and Zta, during the immediate-early
stage of the lytic cycle to activate the transcription of viral lytic genes. Our immunoblotting and flow
cytometry analyses find that moronic acid, found in galls of Rhus chinensis and Brazilian propolis, at 10 �M
inhibits the expression of Rta, Zta, and an EBV early protein, EA-D, after lytic induction with sodium
butyrate. This study also finds that moronic acids inhibits the capacity of Rta to activate a promoter that
eywords:
oronic acid

pstein–Barr virus
ytic cycle

contains an Rta-response element, indicating that moronic acid interferes with the function of Rta. On the
other hand, moronic acid does not appear to influence with the transactivation function of Zta. Therefore,
the lack of expression of Zta and EA-D after moronic acid treatment is attributable to the inhibition of the
transactivation functions of Rta. Because the expression of Zta, EA-D and many EBV lytic genes depends
on Rta, the treatment of P3HR1 cells with moronic acid substantially reduces the numbers of EBV particles

r lyti
men
produced by the cells afte
for anti-EBV drug develop

. Introduction

Epstein–Barr virus (EBV) is a human herpesvirus, which causes
nfectious mononucleosis and is associated with many malignant
iseases, including nasopharyngeal carcinoma, B-cell and T-cell

ymphomas (Henle and Henle, 1970; Jones et al., 1988; Wolf et al.,
973), and posttransplant lymphoproliferative diseases (Hopwood
t al., 2002; Schwarzmann et al., 1998). When EBV enters the lytic
ycle, the virus first expresses two transcription factors, Rta and
ta, which are encoded by BRLF1 and BZLF1, respectively (Biggin et
l., 1987) to activate the transcription of EBV lytic genes (Holley-
uthrie et al., 1990; Kenney et al., 1989a,b). Earlier studies found

hat in the absence of either protein, the virus cannot complete its
ytic cycle (Feederle et al., 2000; Chiu et al., 2007). As it is gen-
rally known, acyclovir and ganciclovir, two nucleotide analogs
hat inhibit the function of herpesvirus DNA polymerases, are

sed clinically to treat herpesvirus infections (Datta et al., 1980;
rnberg and Andersson, 1986). Our previous studies showed that
−)-epigallocatechin gallate (EGCG) from green tea and andro-
rapholide from A. paniculata also inhibit the EBV lytic cycle (Chang
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c induction. This study suggests that moronic acid is a new structural lead
t.

© 2009 Elsevier B.V. All rights reserved.

et al., 2003; Lin et al., 2008). Recently, Wang et al. (2009) demon-
strated that maribavir (MBV) is a potent and nontoxic drug that
inhibits EBV lytic DNA replication. The mechanism of action of MBV
may involve the inhibition of the transcription of EBV lytic genes.

Moronic acid, a triterpenoid keto acid (Fig. 1), is present abun-
dantly in Brazilian propolis (Ito et al., 2001) and plant origins (Cao
et al., 2004; Gu et al., 2007; Kurokawa et al., 1999; Rios et al.,
2001). Hostettmann-Kaldas and Nakanishi (1979) demonstrated
that moronic acid isolated from Ozoroa mucronata has antimicrobial
activity. Meanwhile, moronic acid had anti-herpes simplex virus
type 1 (HSV-1) activity in mice (Kurokawa et al., 1999). Our earlier
investigation showed that moronic acid has anti-human immunod-
eficiency virus (HIV) activity with EC50 < 0.1 �g/ml and TI > 186 in
H9 lymphocytes (Ito et al., 2001). Furthermore, one of the moronic
derivatives, compound 20, has potent anti-HIV activity with EC50
values of 0.0156 and 0.0085 �M and TI > 2500 (Yu et al., 2006).
So far, exactly how moronic acid inhibits HIV infection remains
unknown. This study finds that moronic acid inhibits the function
of Rta, thus blocking the progression of the EBV lytic cycle.

2. Materials and methods
2.1. Moronic acid

Moronic acid was isolated from galls of Rhus chinensis, which
were purchased from the I-Chen Chinese Medicine Drugstore,

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:changlk@ntu.edu.tw
dx.doi.org/10.1016/j.antiviral.2009.12.002
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Fig. 1. Structure of moronic acid.

aohsiung. The voucher specimens were deposited in the Grad-
ate Institute of Natural Products, Kaohsiung Medical University,
aiwan. The galls (1 kg) were extracted three times with 2 L of
ethanol. The extract (150 g, wet weight) was then dried with a

otary evaporator. Moronic acid (20 mg) was isolated after repeated
olumn chromatography procedures according to the method
escribed by Ito et al. (2001). The structure of purified compound
Fig. 1) was verified by spectroscopic methods and mass spectrom-
try analysis.

.2. Cell lines and induction of the EBV lytic cycle

An EBV-containing Burkitt’s lymphoma cell line, P3HR1, was
ultured in RPMI 1640 medium supplemented with 10% fetal calf
erum. An epithelial cell line from human kidney, 293T, was cul-
ured in DMEM medium that was supplemented with 10% fetal calf
erum. The EBV lytic cycle was induced by treating the cells with
mM sodium butyrate (SB) (Luka et al., 1979).

.3. Cytotoxicity test

Toxicity of moronic acid to P3HR1 cells was determined using
n LDH cytotoxicity detection kit (Clontech). P3HR1 cells (5 × 104)
ere seeded in wells of a 96-well plate and treated with different

oncentrations of moronic acid for 24 h. The cells were centrifuged
nd then 100 �l of cell-free supernatant was mixed with 100 �l of
ssay solution for 20 min at room temperature. LDH activity was
etermined spectrophotometrically at 490 nm. The reactions with
dded RPMI 1640 medium was used as a background control. The
mount of LDH released from cells cultured in RPMI 1640 medium
as used as a low control. The amount of LDH released from

ells what were treated with 1% Triton X-100 was used as a high
ontrol. The percent cytotoxicity was calculated according to the
nstruction provided by the manufacturer, using an equation, (trip-
icate absorbance − low control/high control − low control) × 100.
ll assays were repeated at least three times.

.4. Detecting EBV lytic proteins

Cell lysate was prepared from 3 × 106 P3HR1 cells with 100 �l
ysis buffer that contained 50 mM Tris–HCl, pH 7.8, 150 mM NaCl,
mM EDTA, 0.5% Triton X-100 and 0.5% NP40 according to a method
escribed elsewhere (Chang et al., 2004). Immunoblot analysis

as performed according to a method reported previously (Chang

t al., 2003) with monoclonal anti-Rta (Argene, Varilhes, France),
nti-Zta (Argene) and anti-EA-D (Advanced Biotechnologies) anti-
odies. Polyclonal anti-EBNA-1 antibody was provided by M. Chao,
hang-Gung University. Monoclonal anti-�-tubulin antibody was
urchased from Sigma (St. Louis, MO).
arch 85 (2010) 490–495 491

2.5. Flow cytometry analysis

P3HR1 cells (5 × 106) were treated with sodium butyrate and
moronic acid for 24 h and washed with phosphate-buffered saline
(PBS), followed by fixing with 4% paraformaldehyde for 30 min.
Cells were then treated with PBS containing 0.1% Triton X-100
for 5 min, washed with PBS, treated with 1% BSA in PBS for 1 h,
and incubated with 1:200-diluted monoclonal antibody anti-Rta
antibody, monoclonal anti-EA-D antibody, or polyclonal rabbit
anti-EBNA-1 antibody for 1 h at room temperature. Next, cells
were washed with 0.5% Tween 20 in PBS, and incubated with
1:200-diluted goat anti-mouse IgG (Alexa Fluor 594, Invitrogen)
to detect Rta and EA-D. Alternatively, cells were incubated with
1:200-diluted FITC-conjugated goat anti-rabbit immunoglobin G
(Alexa Fluor 488, Invitrogen) to detect EBNA-1. Finally, cells were
suspended in 1% paraformaldehyde and analyzed using a FACScan
cytofluorometer (Bacton-Dickinson, USA).

2.6. RNA analysis

RNA was isolated from cells with RNeasy mini kit (Qiagen)
according to the method recommended by the manufacturer.
Reverse transcription was performed with random hexamers and
M-MLV reverse transcriptase (Promega). PCR was performed by
using primers 5′-CCATACAGGACACAACACCTCA and 5′-ACTCCCG-
GCTGTAAATTCCT for the BRLF1–BZLF1 bicistronic mRNA; primers
5′-GAAGGTGAAGGTCGGAGT and 5′-GAAGATGGTGATGGGATTTC
for GAPDH. The PCR was performed for 28–32 cycles under the
conditions of 30 s at 94, 52 and 72 ◦C.

2.7. Plasmids

Plasmid pRRE, pCMV-3, pCMV-R and pCMV-Z were described
earlier (Chang et al., 2005, 1998). Plasmid pZRE was constructed by
inserting a PCR-amplified DNA fragment from the BHLF1 promoter
(EBV genome 52,769–52,931; GenBank accession no. V01555) into
the HindIII and XhoI sites in pGL2-Basic.

2.8. Transient transfection and luciferase assay

293T cells (1 × 104) were transfected with 0.2 �g of pRRE and
pCMV-R or pZRE and pCMV-Z with Lipofectamin 2000 (Invitro-
gen). Cells were harvested by centrifugation and were washed with
phosphate-buffered saline at 24 h after transfection. Cells were
then lysed in 30 �l of lysis buffer containing 25 mM Tris-phosphate
(pH 7.8), 2 mM dithiothreitol, 2 mM 1,2-diaminocyclohexane-
N,N,N′,N′-tetraacetic acid, 10% glycerol, and 1% Triton X-100. The
lysate was centrifuged with a microcentrifuge at 11,750 × g for
5 min at room temperature. The activity of luciferase in the super-
natant was determined using a luminometer (Orion II, Berthold)
according to a method described elsewhere (Chang et al., 1998).
Each transfection experiment was performed at least three times,
and each sample in the experiment was prepared in duplicate.

2.9. Determining the DNA replication of the EBV genome

Cells (1 × 105) were treated with sodium butyrate and moronic
acid at 5–15 �M for 48 h. EBV replication assay was performed
as described (Wiedmer et al., 2008). Real-time PCR by using

the StepOne real-time PCR system (Applied Biosystems) was
conducted with primers 5′-TCGCCTTCTTTTATCCTCTTTTTG and
5′-CCCAACGGGCTAAAATGACA that amplified the oriLyt region
in EBV. Actin DNA was amplified with primers 5′-ATTGCC-
GACAGGATGCAGAA and 5′-GCTGATCCACATCTGCTGGAA.
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Fig. 2. Toxicity of moronic acid to P3HR1 cells. Cell cytotoxicity was determined
using the LDH method. P3HR1 cells were treated with different concentrations of
moronic acid for 24 h and the viability of the cell was determined by LDH assay.
DMSO was used as a negative control. Low control (LC) is the LDH release from
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ntreated cells; high control (HC) is the maximum LDH activity that is exhibited
y the cells that are treated with 1% of Triton X-100. The data are presented as
ean ± S.D. from at least three independent experiments.

.10. Determining the copy number of the EBV genome

After lytic induction, P3HR1 cells were cultured for 5 days.
BV particles released into the culture medium were harvested by
ltracentrifugating at 25,000 × g for 2 h. The pellet was suspended

n TNE buffer (10 mM Tri–HCl pH 7.4, 100 mM NaCl and 1 mM
DTA), treated with DNase I and proteinase K before the lysate was
xtracted with phenol. EBV DNA in the aqueous fraction was pre-
ipitated with ethanol and the amount of EBV DNA was determined
y real-time PCR according to a method described previously (Chiu
t al., 2007). The copy number of the EBV genome was calculated
sing maxi-EBV DNA extracted from Escherichia coli as a reference.
he molecular weight of maxi-EBV is about 1.2 × 107 and 1 ng of
axi-EBV equals to 5.05 × 106 copies of the maxi-EBV genome.

.11. Statistical analysis

Data were analyzed statistically by one-way analysis of vari-
nce (ANOVA) using the SAS JMP 6.0 software package. Data are
resented as means ± S.D. and a p value of <0.05 was regarded
ignificant.

. Results
.1. Toxicity of moronic acid to P3HR1 cells

The toxicity of moronic acid to P3HR1 cells was determined by
sing the LDH cytotoxicity assay. Moronic acid at 15 and 20 �M
illed 6.5% and 11.8% of P3HR1 cells, respectively (Fig. 2). The CC50
gainst P3HR1 cells is 46.67 �M (Fig. 2).

ig. 3. Effect of moronic acid treatment on the expression of Rta, Zta, EA-D, and EBNA-1
ells were also untreated with SB but treated with moronic acid (B). Expression of Rta, Zt
mount of �-tubulin was used as a control.
arch 85 (2010) 490–495

3.2. Inhibition of the expression of EBV lytic proteins by moronic
acid

To investigate how moronic acid affected the EBV lytic cycle,
P3HR1 cells (1 × 106) were treated with sodium butyrate for
24 h. As expected, three EBV lytic proteins, Rta, Zta, and EA-D,
were expressed after induction and detectable by immunoblot-
ting (Fig. 3A and B, lane 2). Meanwhile, adding 1 and 5 �M of
moronic acid partially inhibited the expression of these three pro-
teins (Fig. 3A, lanes 3 and 4); the expression of Rta, Zta and EA-D was
substantially reduced by the treatment with 10 and 20 �M moronic
acid (Fig. 3A, lanes 5 and 6). On the other hand, the expression of
an EBV latent protein, EBNA-1, was unaffected by the treatment
(Fig. 3A). This study also showed that treating P3HR1 cells with
moronic acid alone did not result in the expression of Rta, Zta
and EA-D (Fig. 3B, lanes 3–6), indicating that moronic acid does
not lytically activate EBV. In addition, moronic acid inhibited Rta
expression in lytically induced-P3HR1 cells with an EC50 value of
3.153 �M and a TI value of 14.8.

3.3. Flow cytometry analysis of EBV proteins

The inhibitory effects of moronic acid on the expression of EBV
proteins were examined by quantitative flow cytometry analysis.
The population of P3HR1 cells that expressed Rta and EA-D was
17.6% and 13.7%, respectively, following sodium butyrate treat-
ment (Fig. 4). Adding 5 �M of moronic acid before lytic induction
decreased the population that expressed Rta and EA-D to 13.8% and
12.7%; adding 15 �M, 6.1% and 5.6%, respectively (Fig. 4). However,
the expression of EBNA-1 was unaffected if the cells were treated
with sodium butyrate or moronic acid (Fig. 4).

3.4. Inhibition of BRLF1 transcription by moronic acid

This study performed RT-PCR to examine if moronic acid affects
the transcription of bicistronic BRLF1–BZLF1 mRNA. P3HR1 cells
were treated with sodium butyrate for 24 h to induce the lytic
cycle. As expected, the BRLF1–BZLF1 mRNA was transcribed after
the treatment (Fig. 5, lane 2). However, treating the cells with
5–15 �M of moronic acid resulted in a decrease of the amount of
BRLF1–BZLF1 mRNA in the cell in a dose dependent manner (Fig. 5,
lanes 3–5). Expression of GAPDH was unaffected by the treatment
of moronic acid (Fig. 5).

3.5. Influence of the transactivation activity of Rta by moronic
acid
To elucidate the mechanism by which moronic acid inhibits the
EBV lytic cycle, pCMV-R and a reporter plasmid pRRE that contains
an Rta-response element (RRE) were cotransfected into 293T cells.
Assaying the luciferase activity exhibited by the cells revealed that

by EBV. P3HR1 cells were treated with moronic acid and sodium butyrate (SB) (A).
a, EA-D, and EBNA-1 was examined by immunoblotting at 24 h after the treatment.
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Fig. 4. Flow cytometry analysis of the expression of Rta, EA-D and EBNA-1. P3HR1 cells w
butyrate (SB). After culturing for 24 h, cells were incubated with monoclonal anti-Rta and
IgG-Texas Red-conjugated antibody. Cells were also incubated with polyclonal anti-EBN
antibody. M1 and M2 gate on uninduced- and induced-P3HR1 cells, respectively.

Fig. 5. Effect of moronic acid on the transcription of BRLF1–BZLF1 mRNA. P3HR1
cells (5 × 106) were treated with 5–15 �M of moronic acid before lytic induction of
sodium butyrate (SB). Total RNA was extracted and reversed transcribed into cDNA.
PCR was performed to examine the expression of bicistronic BRLF1–BZLF1 mRNA.
The expression of GAPDH was used as an internal control. Ct: PCR reactions without
r

F
i
t
d

everse transcriptases; M: 100 bp marker.

ig. 6. Influence of moronic acid on the transactivation activities of Rta and Zta. Plasmids
nto 293T cells in the presence of 5 �M (MA-5), 10 �M (MA-10), and 15 �M (MA-15) of mo
reatment. Each transfection experiment was repeated three times and each sample was
ifference from the value of the control group; RLU: relative light units.
ere treated with 5 �M (MA-5) or 15 �M (MA-15) moronic acid and 3 mM sodium
monoclonal anti-EA-D antibodies, and finally stained with secondary anti-mouse

A-1 antibody and finally stained with secondary anti-rabbit IgG-FITC-conjugated

adding 5, 10 and 15 �M of moronic acid decreased the capacity
of Rta to activate the promoter 17%, 32% and 59%, respectively
(Fig. 6A). On the other hand, moronic acid at these concentra-
tions affected little of Zta’s capacity to activate a reporter plasmid
that contains a Zta-response element (ZRE) (Fig. 6B). These results
showed that moronic acid inhibits the transactivation activity of
Rta but not Zta.

3.6. Inhibition of the lytic replication by moronic acid
P3HR1 cells were treated with sodium butyrate and 5–15 �M
of moronic acid to examine whether moronic acid influences viral
lytic DNA replication. The result showed that replication of viral
DNA decreased 16%, 47%, and 61% after the treatment with 5, 10,
and 15 �M of moronic acid, respectively (Fig. 7A).

pRRE (A) and pZRE (B) were cotransfected with pCMV-R and pCMV-Z, respectively,
ronic acid. Luciferase activity exhibited by the plasmids was monitored at 24 h after
prepared in duplicate in the experiment. *p < 0.05, which represents a significant
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Fig. 7. Effect of moronic acid on EBV lytic cycle. (A) P3HR1 cells were treated with sodium butyrate (SB) and 5–15 �M of moronic acid for 48 h. Cells were lysed and EBV
lytic DNA replication was assayed by real-time PCR analysis. The amount of EBV DNA was normalized with the amount of actin DNA that was determined in the same assay.
* p. (B)
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p < 0.05, which represents a significant difference from the value of the control grou
utyrate for five days. EBV DNA from viral particles that were released into the cultu
f EBV genome was calculated by using maxi-EBV that had been isolated from E. co

.7. Inhibition of the production of the EBV virion

EBV particles produced by P3HR1 cells were determined five
ays after lytic induction. As expected, treating P3HR1 cells with
odium butyrate caused the production of EBV particles (Fig. 7B).
reating the cells with 5, 10 and 15 �M of moronic acid reduced
he numbers of viral particles 62.6%, 72.8% and 82.7%, respectively,
ndicating that moronic acid inhibits the production of EBV particles
Fig. 7B).

. Discussion

Drugs that inhibit the function of herpesvirus-encoded
NA polymerase, including acyclic nucleoside analogues, acyclic
ucleotide analogues and pyrophosphate analogues, are commonly
sed for inhibiting the productive cycle of EBV (Gershburg and
agano, 2005). On the other hand, drugs that target proteins other
han DNA polymerases have also been demonstrated to be effective
n inhibiting the EBV lytic cycle. These drugs include maribavir,

hich inhibits the phosphorylation of EA-D, a DNA replication
ccessory protein that is needed for EBV lytic DNA replication
Gershburg and Pagano, 2002; Wang et al., 2009), indolocarbazole
K252a), which inhibits autophosphorylation of the EBV protein
inase (Gershburg et al., 2004). Additionally, EGCG and andro-
rapholide inhibit the expression of EBV immediate-early proteins
Chang et al., 2003; Lin et al., 2008).

Earlier studies demonstrated that moronic acid has an
C50 < 0.1 �g/ml, TI > 186 and inhibits HIV activity in H9 lym-
hocytes (Ito et al., 2001; Yu et al., 2006). This work finds that
oronic acid has cytotoxicity toward P3HR1 cells, with the val-

es of EC50 = 3.153 �M, TI = 14.8 (Fig. 2). Although the EC50 value
n P3HR1 cells is higher than that in H9 lymphocytes, the work-
ng concentrations of many anti-EBV drugs are higher than that of

oronic acid at the values of 50 �M for ACV and 20 �M for MBV
Wang et al., 2009).

This study performed immunoblotting and flow cytometry anal-
ses and verifies that the synthesis of three EBV lytic proteins, e.g.
ta, Zta and EA-D, is inhibited by moronic acid (Figs. 3 and 4). Addi-
ionally, this study examines the transcription of the BRLF1–BZLF1
icistronic mRNA to assess the inhibitory effects of moronic acid
n the expression of EBV lytic genes. The BRLF1–BZLF1 bicistronic
RNA is transcribed from the BRLF1 promoter and the transcrip-
ion is strongly activated by Rta (autoregulation) and Zta (Biggin
t al., 1987; Manet et al., 1989; Ragoczy and Miller, 2001; Sinclair
t al., 1991). The transcription of this mRNA species leads to the
xpression of Rta and Zta, which is critical to the activation and
xpression of EBV lytic genes (Holley-Guthrie et al., 1990; Kenney
P3HR1 cells were treated with 5–15 �M of moronic acid in the presence of sodium
dium was determined by real-time PCR after the DNA extraction. The copy number
standard.

et al., 1989a,b). The fact that moronic acid inhibits the transcrip-
tion of BRLF1–BZLF1 mRNA (Fig. 5) suggests that the compound
interferes with the immediate-early functions of EBV at the onset
of the lytic cycle. Moreover, the fact that the transactivation activity
of Rta is inhibited by moronic acid (Fig. 6) explains why the tran-
scription of BRLF1–BZLF1, which is activated by Rta, is inefficient
(Fig. 5), the level of EBV lytic DNA replication decreases (Fig. 7A),
and the production of the viral particles reduces (Fig. 7B). An ear-
lier study (Manet et al., 1993) showed that when binding to an RRE,
Rta directly interacts with TBP and TFIIB to activate transcription.
Moronic acid likely inhibits the function of Rta directly rather than
that of TBP or TFIIB because moronic acid has little effects on the
transcription promoted by Zta, which also interacts with basal tran-
scription factors (Lieberman, 1994). This study shows that moronic
acid has a mode-of-action differs from that of ACV and MBV to
inhibit the EBV lytic cycle.

The intensive use of nucleoside analogs to treat herpesvirus
infection will inevitably create virus resistant to these drugs (Field
and Biron, 1994; van der Horst et al., 1991). Thus, moronic acid,
which targets the function of an important EBV transcription factor,
Rta, is an alternative to nucleotide analogs for treating herpesvirus
infections.
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