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Human gammaherpesviruses including Epstein–Barr virus (EBV) and Kaposi’s sarcoma-associated her-
pesvirus (KSHV) are important pathogens as they persist in the host and cause various malignancies.
However, few antiviral drugs are available to efficiently control gammaherpesvirus replication. Here
we identified the antiviral activity of angelicin against murine gammaherpesvirus 68 (MHV-68), geneti-
cally and biologically related to human gammaherpesviruses. Angelicin, a furocoumarin naturally occur-
ring tricyclic aromatic compound, efficiently inhibited lytic replication of MHV-68 in a dose-dependent
manner following the virus entry. The IC50 of angelicin antiviral activity was estimated to be
28.95 lM, while the CC50 of angelicin was higher than 2600 lM. Furthermore, incubation with angelicin
efficiently inhibited 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced lytic replication of human
gammaherpresviruses in both EBV- and KSHV-infected cells. Taken together, these results suggest that
MHV-68 can be a useful tool to screen novel antiviral agents against human gammaherepsviruses and
that angelicin may provide a lead structure for the development of antiviral drug against
gammaherpesviruses.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Gammaherpesviruses such as Epstein–Barr virus (EBV) and
Kaposi’s sarcoma-associated herpesvirus (KSHV) are important hu-
man pathogens as they are known to cause various kinds of malig-
nancies. EBV is related to Burkitt’s lymphoma, nasopharyngeal
carcinoma, posttranplantation lymphoproliferative disease, Hodg-
kin’s lymphoma, and non-Hodgkin’s lymphoma, and sporadic can-
cers of the gastrointestinal tract (Rickinson and Kieff, 2007), while
KSHV is associated with all forms of Kaposi’s sarcoma (KS), such as
classic, endemic, posttransplant, and AIDS-associated epidemic KS,
primary effusion lymphoma and multicentric Castleman’s disease
(Boshoff et al., 1997; Cesarman and Knowles, 1997; Moore et al.,
1996; Nador et al., 1996). Acute infection of EBV in adolescences
results in self-limiting infectious mononucleosis, although it may
also lead to severe and sometime fatal disease in immunocompro-
mised patients.

Like other herpesviruses, gammaherpesviruses exhibit two dis-
tinct phases of the life cycle: they undergo lytic replication in epi-
thelial cells and establish life-long latency in lymphocytes. Latently
infected lymphocytes periodically become permissive for virus
replication near an epithelium, nucleate a focus of epithelial repli-
cation, and enable the virus to complete its life cycle by dissemi-
nating the particles within or among the hosts (Pellett and
Roizman, 2007). Although latent infection is thought to be critical
for gammaherpesvirus-associated tumors, lytic replication is also
important for the development of the tumors as evidenced in cases
where a risk of KS was decreased in AIDS patients treated with
antiviral compounds (Glesby et al., 1996; Martin et al., 1999;
Mocroft et al., 1996).

Antiviral treatments for gammaherpesvirus infection are usu-
ally limited since commonly used antiviral drugs against herpesvi-
ruses, such as acyclovir or ganciclovir (GCV), are inefficient in
eliminating latent gammaherpesviruses from chronically infected
hosts. In recent years, there have been several reports to show that
induction of latently-infected gammaherpesviruses to lytic replica-
tion could be therapeutically beneficial for gammaherpesvirus-
associated tumors, especially in conjunction with antiviral drugs
(Daibata et al., 2005; Feng et al., 2004). However, due to the lack
of efficient virus replication system, the development of novel anti-
viral drugs against human gammaherpesviruses has been impeded.
Murine gammaherpesvirus-68 (MHV-68 or cHV-68) is considered
to be an important model system for the study of replication and
pathogenesis of human gammaherpesviruses (Simas and
Efstathiou, 1998; Virgin and Speck, 1999). Unlike human
gammaherpesviruses, a number of cell lines are available to sup-
port robust lytic replication of MHV-68 and a recombinant MHV-
68 expressing EGFP or firefly luciferase provides an amenable
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screening system for antiviral agents using diverse libraries of
chemicals or natural plant extracts (Cho et al., 2008 Hwang
et al.,. 2008; Kang et al., 2012; Wu et al., 2001). Thus, MHV-68 al-
lows us to examine the antiviral effects of screening hits on viral de
novo infection, while human gammaherpesviruses are used to test
their antiviral effects on reactivation or induced lytic replication
from latently infection. Despite many studies on antiviral com-
pounds from natural plant extracts (Arav-Boger, 2009; Curreli
et al., 2002; Nichols et al., 2011), there have been relatively few re-
ports on such compounds against gammaherpesviruses.

Angelicin is an angular furocoumarin that naturally occurs in
the seeds of Psoralea corylifolia, the roots of Angelica archangelica
and the family of Umbelliferae (or Apiaceae) plants, belonging to
the class of psoralens, photosensitizers used for the treatment of
various skin diseases together with long wavelength UV (UVA)
irradiation (Bordin et al., 1991; Viola et al., 2009). Angelicin was
shown to increase c-globin mRNA in human erythroid cells, so that
it can be used to treat thalassemia and sickle cell anemia (Bianchi
et al., 2009; Gambari and Fibach, 2007; Lampronti et al., 2009). In
this report, we screened a laboratory collection of 116 compounds
isolated from diverse natural products for their antiviral activity
against MHV-68 and showed that angelicin efficiently inhibited
replications of gammaherpesviruses including KSHV and EBV.
Structually related coumarin compounds also manifested antiviral
activity against gammaherpesviruses. Our results suggest that
MHV-68 can be a useful tool to identify novel antiviral agents
against human gammaherepsviruses in a highthroughput screen-
ing system. Angelicin may serve as a structural lead for antiviral
drugs against human gammaherpesviruses.
2. Materials and methods

2.1. Cell cultures and virus infection

BHK21 (baby hamster kidney fibroblast cell line) and Vero
(green monkey kidney cell line) cells were cultured in complete
Dulbesco’s modified Eagle’s medium containing 10% fetal bovine
serum (HyClone) and supplemented with penicillin and strepto-
mycin (10 units/ml, HyClone). BC-3 and BCBL-1 cells are KSHV-po-
sitive, EBV-negative cell lines, while B95.8 and Raji cells are EBV-
positive, KSHV-negative B cells. BC-3G, a reporter cell line derived
from BC-3 cells contains a strong RTA-responsive element driving
destabilized EGFP expression. These cells were cultured in com-
plete RPMI1640 medium containing 10% fetal bovine serum (Wel-
gene, Republic of Korea) and supplemented with penicillin and
streptomycin (10 units/ml, HyClone). MHV-68 virus was originally
obtained from the American Type Culture Collection (VR1465). A
reporter virus expressing the enhanced green fluorescence protein
(MHV-68/EGFP) was generated by conventional homologous
recombination as previously described (Wu et al., 2001). The
viruses were grown in BHK21 cells and tittered by plaque assays,
using Vero cells overlaid with 1% methylcellulose (Sigma) in nor-
mal growth media. After 5 days of infection, the cells were fixed
and stained with 0.2% crystal violet in 20% ethanol. Plaques were
then counted to determine the titers.
2.2. Chemicals

Angelicin and psoralen were originally isolated from Psoralea
corylifolia and angelicin was later purchased from Sigma. Two cou-
marin compounds, 7-hydroxycoumarin (7-HC), and 5,7-
dihydroxychromone (5,7-DHC), were isolated from Cudrania tricu-
spidata. The stock solution was prepared by dissolving the com-
pound in dimethyl sulfoxide (DMSO) and diluted to the
appropriate concentrations in culture medium. Ganciclovir (GCV)
purchased from Sigma was dissolved in 10 mM Tris–HCl, pH 7.5.

2.3. Cell-based antiviral screening

BHK21 cells (1 � 104/well) were seeded in 96-well plates, in-
fected with MHV-68/EGFP at a multiplicity of infection (MOI) of
0.05, and daily monitored for cytopathic effects (CPEs) and EGFP
expression up to 3–4 days. Tested compounds were added to the
cells at 3 h prior to virus infection as well as during 1 h of virus
adoption. After removal of virus inoculum, tested compounds were
newly added to the fresh medium for the indicated time. DMSO or
methanol was used as negative controls and GCV as a positive con-
trol. These antiviral screenings were independently repeated three
times with three concentrations (4, 20, and 100 lg/ml) of 116
tested compounds and the compounds only with consistent antivi-
ral activity and no cytotoxicity were identified as candidates with
antiviral activities.

2.4. Western blot analysis and antibodies

For western blot analysis, cells lysates were resolved by SDS–
PAGE and transferred to polyvynilidene fluoride membrane. The
membranes were probed with primary antibodies against MHV-
68 ORF45 (1:500), ORF65 (M9) (1:500), KSHV RTA (1:500), or
EBV EA-D (Novocastra Laboratories Ltd., 1:500) to detect virus lytic
replication. A monoclonal antibody to a-tubulin (Sigma, 1:2000)
was used to re-probed as a loading control. Goat anti-rabbit or goat
anti-mouse IgG conjugated with horseradish peroxide secondary
antibody (Santa Cruz) was detected by EPD Western blot detection
kit (ELPIS, Republic of Korea) and the signals were detected and
analyzed using LAS-4000, a chemiluminescent image analyzer
(Fujifilm).

2.5. Real-time quantitative PCR

Genomic DNAs including viral DNAs were isolated from the har-
vested cells by a standard method of phenol chloroform extraction
and ethanol precipitation (Lee et al., 2007). Real-time PCR of the
whole genomic DNA (100 ng) was performed in triplicate on iCy-
cler iQ multicolor real-time PCR detection system (Bio-Rad) as a
20 ll reaction mixture using ORF 56-specific primers with SYBR
green I (Invitrogen) (Song et al., 2005) to quantitate the copy num-
ber of MHV-68 viral genomic DNAs. To quantitate EBV genomic
DNAs, EBV OriLyt locus- and actin-specific primers were used
(Lin et al., 2008): EBV OriLyt (EBV OriLyt-F, 50-TCGCTTTCTTTTAT
CCTCTTTTTG-30, EBV OriLyt-R, 50-CCCAACGGGATAAAATGACA-30)
and actin (Actin-F, 50-ATTGCCGACAGGATGCAGAA-30; Actin-R, 50-
GCTGATCCACATCTGCTGGAA-30). For KSHV viral loads, ORF57 lo-
cus- and GAPDH-specific primers are used as previously reported
(Brown et al., 2005; Prichard et al., 2009): KSHV ORF57 (KSHV
ORF57-F, 50-TGGACATTATGAAGGGCATCCTA-30; KSHV ORF57-R,
50-CGGGTTCGGACAATTGCT-30) and GAPDH (GAPDH-F, 50-
GAAGGTGAAGGTCGGAGT-30; GAPDH-R, 50-GAAGATGGTGATGG-
GATTTC-30). These realtime PCRs of the KSHV or EBV genomic
DNAs (50 ng) were performed in triplicate on iCycler iQ multicolor
Real-time PCR detection system (Bio-Rad) and the results were
analyzed on Optical system software (Bio-Rad) using actin or GAP-
DH as an internal control. Real-time PCRs were run at 50 �C for
2 min and 45 cycles at 95 �C for 10 s, 58 �C for 15 s, and 72 �C for
20 s, followed by melting curve analysis.

2.6. RNA extraction and RT-Q-PCR analysis

Total RNAs were extracted from cultured cells using TRI re-
agents (Molecular Research Center) according to the manufac-
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turer’s instructions. The cDNAs were synthesized using a RevertAid
First strand cDNA synthesis (Fermentas, Republic of Korea) with
random hexamers. The synthesized cDNAs were subjected to RT-
Q-PCR analysis using viral transcript-specific primers including
RTA, ORF57, ORF29, and ORF73 or cellular b-actin specific primers
as described elsewhere (Lee et al., 2007). RT-Q-PCR analysis using
EBV transcript-specific primers including BMRF1 or cellular b-actin
specific primers is described elsewhere (Cho et al., 2008).
2.7. Promoter reporter analysis

For promoter activity analysis, 293T cells (1.2 � 105/well) were
seeded in 24-well plates 24 h before transfection. A total of 650 ng
of plasmid DNA per well was co-transfected using polyethyleni-
mine (Sigma), and treated with angelicin at 1 h post-transfection.
A luciferase reporter plasmid containing the upstream 210 bp-se-
quence of RTA cloned into pGL3-basic (pGL3-RTAp) was a kind gift
from Dr. Ebrahimi at Liverpool University, UK. The plasmid DNA
mixture included the luciferase reporter plasmid pGL3-RTAp
(50 ng), pCMV-b-gal (80 ng), and Flag-mRTA (0.04–10 ng). The
plasmid pCMV2-flag (260–269.96 ng) was added as a filler DNA
to make 650 ng of total DNA. The luciferase assay system (Prome-
ga) was used according to manufacturer’s instructions. The cells
were washed with 1 � PBS and lysed with the 1 � passive lysis
buffer 48 h after transfection. After one cycle of freeze–thaw, the
cells were centrifuged to separate cell debris. Cell lysates (20 ll)
were added to luciferase substrate buffer (40 ll) and luciferase
activities were measured by Victor 3 (Perkin Eimer). Cell lysates
(20 ll) were added to b-galactosidase substrate (30 ll) and incu-
bated for 20 min. The activities of b-galactosidase were measured
by PowerWave XS (Bio-Tek) and used as an internal control.
2.8. Plaque reduction assays

To determine IC50 for MHV-68 antiviral activity, plaque reduc-
tion assay using MHV-68 WT was performed as previously de-
scribed with minor modification (Harper, 2000). Briefly, Vero
cells were seeded at 5 � 104 cells/well in 12 well plates. Next
day, the cells were incubated with MHV-68 (�100 pfu/well) for
90 min and the overlay media of DMEM containing 10% FBS and
0.6% methylcellulose was added upon removal of the virus inocu-
lum. Tested compounds were diluted at the indicated concentra-
tions into the normal growth media for pre-treatment (3 h prior
to virus adoption) or the overlay media for post-treatment and
added into the cells. After 5 days of incubation, the cells were fixed
and stained with 0.2% crystal violet in 20% ethanol. Plaques were
then counted and IC50 value was determined as the quantity of
angelicin required to reduce the plaque number by 50% using
Prism 6 (GraphPad Software Inc.).
2.9. Cytotoxicity assays

The cytotoxicity of angelicin was assessed via the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as-
says, as previously described (Cho et al., 2008). Briefly, 104 cells
were seeded in 100 ll of complete medium into each well of 96-
well plates and incubated with various concentrations of angelicin
in a volume of 2 ll for 24 h. After treatment, 10 ll of MTT solution
(5 mg/ml in 1 � PBS) was added to each well and the mixtures
were incubated for an additional 3 h at 37 �C. The plates were then
centrifuged, the supernatants were discarded, and 100 ll of DMSO
was added to each well. After the crystals were dissolved, the
amount of reduced MTT was measured at 570 nm.
3. Results

3.1. Antiviral activity of angelicin against MHV-68

A laboratory collection of 116 compounds isolated from natural
products were screened at concentrations of 4, 20, and 100 lg/ml
for antiviral activity against MHV-68/EGFP at an MOI of 0.05 in
BHK21 cells. MHV-68/EGFP expresses the green fluorescence pro-
tein upon virus infection, serving as a reporter system to monitor
virus replication under a fluorescence microscope. Angelicin, a furo-
coumarin compound, was consistently identified with strong antivi-
ral activity from three independent screenings, and further
examined for its inhibitory effect on gammaherpesvirus replication
in this study. To confirm the antiviral effect of angelicin against
MHV-68, BHK21 cells were treated with various doses of angelicin
(3, 7.5, 15, and 30 lg/ml) before and after MHV-68/EGFP virus infec-
tion (MOI = 0.05) and analyzed for virus replication at 4 days post-
infection (Fig. 1). The infected cells treated with media alone (N.T.)
or DMSO were included as negative controls, while the infected cells
with ganciclovir (GCV) were used as a positive control. Consistent
with our screening results, angelicin treatment dose-dependently
reduced EGFP expression (Fig. 1A). When further examined for viral
protein expression, angelicin treatment exhibited inhibitory effects
on late gene protein expressions such as ORF45 (tegument protein)
and ORF65 (small capsid protein) (Fig. 1B). Angelicin also decreased
viral genome replication in a dose-dependent manner, as analyzed
by realtime PCR (Fig. 1C). In addition, angelicin treatment inhibited
the mRNA expression of RTA, an immediate early (IE) gene of
gammaherpesviruses in a dose-dependent fashion (Fig. 1D). These
results confirm dose-dependent antiviral activity of angelicin
against MHV-68 and indicate that our screening system was effec-
tive in identifying agents with antiviral activity.
3.2. Angelicin acts early in the MHV-68 replication cycle

To further investigate which stage of virus replication may be
inhibited by angelicin, Vero cells were incubated with angelicin
either before (pre-treatment) and/or after (post-treatment) virus
infection and analyzed using plaque reduction assays (Fig. 2A and
B). The same concentration of GCV (20 lg/ml) was used as a positive
control. A representative picture of plaque reduction assays is
shown in Fig. 2A. Plaque numbers in DMSO treatment were set as
100% and relative plaque formation (%) was calculated as shown in
Fig. 2B. Pre-treatment of angelicin exhibited no effect on plaque for-
mation of MHV-68, whereas post-treatment alone was as effective
as both pre- and post-treatments in reducing plaque formation. Gi-
ven that GCV showed similar patterns of inhibition, the results sug-
gest that angelicin may inhibit MHV-68 replication after virus entry.

Our previous results showed that angelicin treatment reduced
RTA IE gene expression at the transcript level (Fig. 1D). To test
whether this is due to a direct effect on RTA expression or a secondary
effect from reduced virus replication, we measured the RTA promoter
(pGL3/RTAp-211) activity when induced by the RTA expression plas-
mid (FLAG-mRTA) in the absence or presence of angelicin using lucif-
erase reporter assays (Fig. 2C). Angelicin treatment reduced
transactivation of the RTA promoter in a dose-dependent manner
when activated by RTA itself (autoactivation), suggesting that angel-
icin may directly affect RTA IE gene expression. Taken together, these
results suggest that angelicin may inhibit gammaherpesvirus repli-
cation at an early stage of virus infection following virus entry.
3.3. IC50 and CC50 of angelicin

To determine the antiviral efficacy of angelicin against gam-
maherpesviruses, we performed plaque reduction assays using



A

B

C

D

Mock DMSO

Angelicin

VCG.T.N

M
oc

k

G
C

V

D
M

SO

N
.T

. Angelicin

ORF45

ORF65

α-Tubulin

55

40

25

55

R
el

at
iv

e 
vi

ra
l g

en
om

e 
lo

ad
s 

(%
)

M
oc

k

D
M

SON
.T

.

G
C

V

R
el

at
iv

e 
R

TA
 m

R
N

A 
le

ve
l 

0

20

80

120

40

60

100

Angelicin

M
oc

k

D
M

SON
.T

.

G
C

V

0

20

80

120

40

60

100

Angelicin
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used as a loading control. (C) Effect of angelicin on viral genome replication. Total
genomic DNAs were extracted from the harvested cells and the copy numbers of
viral genome were measured by real-time PCR. Shown are the relative viral genome
loads in triplicate of genomic DNA (100 ng) when the viral genome copy number in
DMSO-treated cells was set as 100%. (D) Effect of angelicin on a viral transcript. The
total RNAs were extracted and subjected to RT-Q-PCR. The levels of an immediate
early gene, RTA were measured and normalized with those of the actin transcript.
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Fig. 2. Angelicin inhibits the early step of virus replication after virus entry. (A and
B) Effects of angelicin on MHV-68 plaque formation. Plaque reduction assays were
performed using WT MHV-68. A schematic diagram is shown for plaque reduction
assays (A). Vero cells were treated with angelicin (20 lg/ml) either before (pre-
treatment) or after (post-treatment) virus infection and the number of plaques was
counted at day 5. GCV (20 lg/ml) was used as a positive control. A representative
picture of plaque reduction assays is shown (B). The plaque numbers in DMSO
treated samples were set as 100% and relative plaque numbers (%) were calculated
in angelicin-treated samples (B). (C) Inhibition of the RTA promoter activity by
angelicin. The luciferase reporter plasmid containing the RTA promoter (pGL3-
RTAp) was co-transfected into 293T cells with the RTA expression plasmid (Flag-
mRTA). At 1 h post-transfection, the cells were incubated with increasing doses of
angelicin (0, 30, and 60 lg/ml). At 48 h post-transfection, the cells lysates were
assayed for luciferase activity. The b-gal activity was used to normalize the
luciferase activity as an internal control. Three independent experiments were
performed and similar results were obtained.
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wild-type MHV-68 at the concentrations of angelicin ranging from
0.1 to 90 lg/ml (0.54 to 483.3 lM) and determined the concentra-
tion required to inhibit MHV-68 replication by 50% (IC50). Plaque
numbers in DMSO treatment were set as 100% and relative plaque
formations were calculated and shown with standard deviation
(Fig. 3A). The IC50 of angelicin against MHV-68 was estimated to
be 5.39 lg/ml (28.95 lM) (Fig. 3A).

To evaluate the cytotoxicity of angelicin, the concentration of
the compound that decreased cell viability to 50% (CC50) of DMSO
control was determined in Vero cells by incubating with various
concentrations of angelicin ranging from 0.1 to 500 lg/ml (0.54
to 2685.86 lM). The relative cell viability was analyzed based on



Pl
aq

ue
 fo

rm
at

io
n 

(%
) A

B

R
el

at
iv

e 
ce

ll 
vi

ab
ilit

y 
(%

)

0

20

40

60

80

100

120

140

1 10,0001,000100100.1

1 10 100 1,000
Angelicin (µM)

0

50

100

150

Angelicin (µM)

Fig. 3. IC50 and CC50 of angelicin. (A) Determination of IC50 of angelicin. The
antiviral activity (IC50) of angelicin was determined by plaque reduction assays.
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90 lg/ml (0.54 to 483.3 lM) after MHV-68 infection. Plaque numbers of angelicin-
treated samples were measured in triplicate and compared with those of DMSO-
treated samples. Data are represented as mean ± standard deviation. (B) Determi-
nation of CC50 of angelicin. The cytotoxicity (CC50) of angelicin was determined by
MTT assay in Vero cells. The cells were incubated with various doses of angelicin
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H.-J. Cho et al. / Antiviral Research 100 (2013) 75–83 79
the DMSO control by the MTT assays (Fig. 3B). The results indicated
that angelicin did not show significant cytotoxicity in the tested
cells and CC50 could not be calculated since relative cell viability
did not reach 50% even at the highest concentration tested. The cell
viability at the maximal concentration of angelicin (500 lg/ml,
2685.86 lM) is 72.5% as shown in Fig. 3B.
3.4. Antiviral activity of angelicin against human gammaherpesviruses

MHV-68 (c2 herpesvirus) is genetically and biologically related
to human gammaherpesviruses such as EBV (c1 herpesvirus) and
KSHV (c2 herpesvirus). Next, we sought to examine the effects of
angelicin on virus replication of KSHV and EBV. Since KSHV and
EBV are latently infected in various tumor cells, we analyzed the
effects of angelicin on lytic reactivation of latently infected tumor
cells when induced by TPA. When Raji, a EBV positive Burkitt’s
lymphoma-derived tumor cell line or B95.8, an EBV producing B
cell line derived from a cotton-top tamarin (Saguinus oedipus)
was induced for lytic replication by TPA together with sodium
butyrate (NaB) or TPA alone, respectively, in the presence of angel-
icin, EA-D early gene expression was efficiently inhibited in both
cell lines as seen in western analysis (Fig. 4A and B). Inhibition of
EA-D expression by angelicin was also confirmed in immunofluo-
rescence assays and intracellular staining (Fig. 4C–E). Relative viral
genome loads were strongly inhibited by angelicin treatment in
B95.8 cells, although induction folds were relatively low due to
the short exposure time to TPA (Fig. 4F). The level of the BMRF1
early lytic transcript was also reduced in angelicin treated B95.8
and Raji cells in a dose-dependent manner (Fig. 4G and H), suggest-
ing that angelicin efficiently inhibits lytic replication of EBV.

The BC-3G cell line derived from KSHV-infected BC-3 cells for
its expression of potent lytic promoter-driven destabilized EGFP
upon RTA induction, has proven to be an efficient system for mon-
itoring KSHV reactivation and lytic replication in real time PCR
(Cho et al., 2008; Yu et al., 2007). When treated with angelicin,
the number of TPA-induced GFP-positive BC-3G cells was signifi-
cantly reduced in a dose-dependent manner, compared with that
in mock-treated cells (Fig. 5A). Consistent with this result, the
immediate early gene, RTA protein expression was significantly
inhibited by angelicin treatment in BC-3G cells (Fig. 5B). The inhib-
itory effects of angelicin were also confirmed in BCBL-1, another
KSHV-positive cell line (Fig. 5B). Although increase in viral genome
levels were relatively low in TPA alone treated cells at 24 h post-
induction, angelicin reduced relative viral genome loads in a
dose-dependent manner when compared with mock-treated BC-
3G cells (Fig. 5C), suggesting that angelicin exhibits the potent
antiviral activity against KSHV. Taken together, our results suggest
that angelicin of the potent antiviral activity against MHV-68 also
strongly inhibits lytic replication of human gammaherpesviruses.
3.5. Structure specificity of a coumarin ring in antiviral activity against
gammaherpesviruses

Since angelicin contains a coumarin ring structure, we exam-
ined the effects of other coumarin-containing structural homo-
logues isolated from natural products, such as psoralen (an
isomer of angelicin), 7-hydroxycoumarin (7-HC), and 5,7-
dihydroxychromone (5,7-DHC) (Fig. 6A). Although angelicin was
most potent in blocking MHV-68 in plaque reduction assays, psor-
alen, 7-HC, and 5,7-DHC also exhibited significant antiviral activity
against MHV-68 in a dose-dependent manner (Fig. 6B). Next, EBV-
or KSHV-infected cells were treated with angelicin, psoralen, and
7-HC upon reactivation and analyzed for virus lytic replication.
Due to the limited amount of 5,7-DHC, it was not included in the
following studies. In both B95.8 and Raji cells, psoralen and 7-HC
were as effective as angelicin, if not more, in inhibiting EBV lytic
replication (Fig. 6C). Similarly, antiviral activities of psoralen and
7-HC against KSHV were as potent as that of angelicin in BC-3G
cells (Fig. 6D). These results suggest the structural specificity of a
coumarin ring commonly found in these compounds in inhibiting
lytic replication of gammaherpesviruses.
4. Discussion

Although human gammaherpesviruses are important patho-
gens associated with various cancers, the development of novel
antiviral drugs against human gammaherpesviruses has been lim-
ited due to lack of efficient screening systems. In this study, we
performed cell-based antiviral screenings of over 100 compounds
isolated from natural products using MHV-68 closely related to hu-
man gammahrepsviruses and identified angelicin, a furocoumarin
compound of a strong antiviral activity against MHV-68 with little
cytotoxicity. The IC50 of angelicin against MHV-68 was determined
to be 28.95 lM, while the CC50 was estimated to be higher than
2,685 lM. Importantly, angelicin was also potent in inhibiting lytic
replication of both EBV and KSHV, human gammaherpesviruses
upon reactivation. Furthermore, other related compounds com-
monly containing the coumarin ring exhibited antiviral activity
against MHV-68, EBV, and KSHV in a dose-dependent manner. To
our knowledge, this is first to report that MHV-68 can provide a
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screening system to identify novel antiviral agents against human
gammaherpesviruses.

In addition to angelicin, resveratrol, a polyphenolic natural
product, was also identified among the compounds that consis-
tently showed antiviral activity with little cytotoxicity (data not
shown). Consistent with our finding, resveratrol has been reported
to inhibit replication of herpesviruses such as herpes simplex virus
1 (HSV-1), HSV-2, Varicella Zoster virus (VZV), and human cyto-
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megalovirus (HCMV) (Campagna and Rivas, 2010; Docherty et al.,
1999; Evers et al., 2004). Furthermore, resveratrol was recently re-
ported to inhibit EBV lytic cycle (Espinoza et al., 2012; De Leo et al.,
2011, 2012; Yiu et al., 2010) and KSHV reactivation (Dyson et al.,
2012), validating our antiviral screening system as a screening tool
to identify agents against human gammaherpesviruses. Besides,
identification of angelicin with antiviral activity against gam-
maherpesviruses led us to test other structurally related
compounds, including its structural isomer, psoralen. Our results
showed that psoralen and two other coumarin containing com-
pounds all showed significant antiviral activity against MHV-68
and that psoralen and 7-HC strongly inhibit the lytic cycle of hu-
man gammaheperpesviruses. Although not all antiviral hits from
screenings with MHV-68 are likely effective in both EBV and KSHV,
our results certainly provides an example that one can identify a
lead structure for the development of antiviral drug against gam-
maherpesviruses via taking advantage of efficient MHV-68 replica-
tion system. Since IC50 of angelicin was in a micromolar range and
relatively high to be a real candidate for clinical use as it is, further
studies on structure–activity relationship should be warranted
using angelicin as a structural lead to develop an optimized com-
pound with the potent antiviral activity and low cytotoxicity.

Angelicin belongs to furocoumarin compounds and is a struc-
tural isomer of psoralen. Furocoumarins are natural plant constit-
uents, bearing a coumarin ring structure attached to a furan ring.
They occur in various plant families such as Apicaceae and Umberl-
liferae, in Facabeae and in citrus plants such as Rutaceae (Wagstaff,
1991). These plants produce furocoumarins as their protectants
against microorganisms. Furocoumarins are tricyclic compounds
with photosensitizing properties. They can reversibly intercalate
into nucleic acids and, under UVA irradiation, form covalent C4-
cycloadducts with 5,6 double bond of pyrimidine bases, mainly
thymines (Bordin et al., 1991; Viola et al., 2009). The ability of fur-
ocoumarins to photoreact with nucleic acids has been applied in
photochemotherapy to treat skin hyperproliferative disorders, i.e.
psoriasis, vitiligo, and mycosis fungoides (Viola et al., 2009). In
addition, some furocoumarins are shown to inhibit drug metabo-
lism in a UV light-independent manner, known as a ‘grapefruit
juice effect’ (Guo and Yamazoe, 2004). However, angelicin is an
angular furocoumarin structurally distinct from planar furocouma-
rins and not found in grapefruit juice (Messer et al., 2012). Previ-
ously, furocoumarin compounds were reported to inactivate
some RNA and DNA viruses mainly under UVA (340–400 nm)
treatments that induced their covalent photobinding to viral and/
or host nucleic acids (Hanson et al., 1978; Coppey et al., 1979).
Since the photosensitizing ability of furocoumarins usually accom-
panies phototoxicity, treatment of angelicin or psoralen plus UVA
at higher concentrations often resulted in severe cytotoxicity, ren-
dering less viral infectivity against HSV-1 (Coppey et al., 1979). To
contrast, it is important to note that our results indicated strong
antiviral activity and yet little cytotoxicity of furocoumarin com-
pounds without irradiation (Fig. 3B). Similarly, a previous study
also reported no or little cytotoxicity of angelicin without or even
with UV irradiation (Raquet and Schrenk, 2009). We showed that
two other coumarin compounds such as 7-hydroxycoumarin and
5,7-dihydroxychromone, inhibited lytic replication of gam-
maherpesviruses without UV irradiation. Recently, a novel angeli-
cin derivative 6a was shown to inhibit influenza virus (H1N1)
induced cytopathic effect in Madin-Darby canine kidney cell cul-
ture in low micromolar range using a cell-based HTS without
UVA irradiation and a further optimized lead structure exhibited
IC50 to be in a nanomolar range (Yeh et al., 2010). Thus, the antivi-
ral effects of angelicin and other related compounds appear to be
independent of their photoreactivity.

Although detailed molecular mechanisms underlying antiviral
activity of angelicin need further study, our results showed that
angelicin pre-treatment had no effect, while post-treatment alone
was sufficient for antiviral effect against MHV-68. Angelicin treat-
ment inhibited autoactivation of the RTA promoter, suggesting that
angelicin may function during the early phase of virus infection
(Fig. 2). Angelicin also inhibited RTA protein expression of KSHV,
when co-treated with TPA in BC-3G and BCBL-1 cells (Fig. 5). These
results suggest that angelicin may have inhibitory effects on reac-
tivation in addition to those on lytic replication of
gammaherpesviruses. Whether or not angelicin shares common
viral or cellular targets to inhibit virus lytic replication of gam-
maherpesviruses remains to be elucidated.

Taken together, our data indicate that angelicin, a furocoumarin
compound isolated from natural plants is able to inhibit lytic rep-
lication of both murine and human gammaherpesviruses during
the early stage of de novo infection and/or reactivation. Angelicin
treatment down-regulates expression of viral gene transcripts as
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well as genome replication, leading to reduction of plaque forma-
tion. Antiviral effect of other related compounds may also provide
a molecular basis to further develop a potent antiviral agent
against gammaherpesviruses.
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