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ABSTRACT

Curcumin, a polyphenol, is the main bioactive compound in dietary spice turmeric curcuma longa. It possesses anti-inflammatory, anti-oxidant and anti-neoplastic
properties and shows potentials in treating or preventing particular diseases such as oxidative and inflammatory conditions, metabolic syndrome, arthritis, anxiety,
hyperlipidemia and cancers. The diverse range and potential health beneficial effects has generated enthusiasm leading to intensive investigation into the phyto-
chemical. However, a concern has been also raised if curcumin has a promiscuous bioassay profile and is a Pan-Assay INterference compound (PAINS). Here we
present evidence indicating that curcumin is not a PAINS, but an inhibitor to APE1 redox function that affects many genes and pathways. This discovery explains the
wide range of effects of curcumin on diverse human diseases and predicts a potential application in treatment of viral infection and virus-associated cancer. As a
proof-of-concept, we demonstrated that curcumin is able to efficiently block Kaposi's sarcoma-associated herpesvirus replication and inhibit the pathogenic processes

of angiogenesis and cell invasion.

1. Introduction

Curcumin is the main bioactive compound in turmeric, one of the
most effective nutritional supplements and traditional medicine
(Schraufstatter and Bernt, 1949). Studies demonstrated that curcumin
has anti-inflammatory, anti-oxidant and anti-neoplastic properties.
Previous literature has described potential roles of this phytochemical
in the treatment and prevention of particular diseases such as oxidative
and inflammatory conditions, metabolic syndrome, arthritis, anxiety,
hyperlipidemia and cancers (Gupta et al, 2013; Strimpakos and
Sharma, 2008). Turmeric is generally Recognized As Safe (GRAS) by the
US FDA and curcumin has been granted an acceptable daily intake
(ADI) level of 3 mg/kg-BW by the joint FAO and WHO Expert Com-
mittee on Food Additives in 1996 (Clinical Development Plan:
Curcumin, 1996).

Despite enthusiasm for the potential value of curcumin on human
health that has led to more than 120 clinical trial of curcuminoids,
efforts in curcumin-based drug development has been hampered by
certain obstacles including its poor bioavailability, which is primarily
due to poor absorption and metabolic instability, and enigmatic diverse
effects (or promiscuous bioassay profile) that leads to a speculation of
curcumin being a Pan-Assay INterference compound (PAINS) (Nelson
et al., 2017). The poor bioavailability issue has led to numerous efforts
with several strategies to improve the bioavailability such as modula-
tion of route and medium of curcumin administration, blocking of

metabolic pathways by concomitant administration with other agents,
and conjugation and structural modifications of curcumin (Prasad et al.,
2014). Since many human diseases including cancers result from mul-
tiple steps and involve multiple genes, the diverse effects of curcumin
may not be a drawback but an advantage by targeting multiple genes
simultaneously. However, the success in utilization of the multiple
targeting property of this phytochemical in drug design heavily relies
on thorough comprehension of the molecular mechanism underlying
curcumin action of each biological activity and its pharmacological
properties. Although many genes and several signaling pathways have
been reported to be affected by curcumin, the molecular targets and
biochemical mechanisms are largely unknown. To understand the di-
verse effect property of curcumin, we reviewed the spectrum of the
genes and pathways that were affected by curcumin and found these
curcumin-affected genes and pathways are largely overlapped with the
pathways controlled by the redox reaction of APE1 (Apurinic/apyr-
imidinic endonuclease 1). Therefore, we asked if curcumin is an APE1
inhibitor and inhibition of APE1 redox activity contributes to the di-
verse biological activities of curcumin.

APE1, also termed Redox factor-1 (Ref-1), is a multifunctional
protein. Its N-domain carries a redox activity controlling expression of
the genes for cell survival pathways and its C-domain has a DNA base
excision function acting as apurinic/apyrimidinic endonuclease (Tell
et al., 2009). The redox function of APE1 converts its substrate proteins
from oxidized inactive form to reduced active form and enhances their
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transcriptional activities. APE1 substrates include AP-1 (Xanthoudakis
and Curran, 1992), NF-«xB (Nishi et al., 2002), Egr-1 (Huang and
Adamson, 1993), HIF-1a (Huang et al., 1996), p53 (Gaiddon et al.,
1999), Pax protein (Tell et al., 1998) and COX-2 (Nagoya et al., 2014).
It was demonstrated that the redox function of APE1 is associated with
many malignancies, such as pancreatic cancer, ovarian cancer and
glioblastoma (Fishel et al., 2008, 2011), and inhibition of APE1 redox
function decreases cell proliferation, prevents the angiogenesis progress
(Bapat et al., 2010), and blocks the differentiation of endothelial pre-
cursor cells (Zou et al., 2009).

In the current study, we investigated the possibility of curcumin
being an APE1 redox inhibitor and results indicate that curcumin in-
deed inhibits enzymatic reaction of APE1l redox activity. Through
blocking APE1-mediated redox function, curcumin effectively inhibits
Kaposi's sarcoma-associated herpesvirus (KSHV) replication and virus-
associated pathogenic properties, suggesting that curcumin is an anti-
viral agent and has potential to be used in treatment of viral infection
and associated diseases.

2. Result
2.1. Curcumin is an inhibitor to APE1 redox function

In order to determine if curcumin is an APE1 redox inhibitor, an
APE1 redox enzymatic assay was established using AP-1 (c-jun/c-fos) as
a substrate. Based on the fact that the ability of AP-1 binding to its DNA
binding sites requires APE1l redox regulation (Xanthoudakis and
Curran, 1992), electrophoresis mobility shift assay (EMSA) was em-
ployed to assess APE1 redox activity by measuring the binding ability of
AP-1 to its DNA target sequence. Although the double-stranded DNA
fragment containing AP-1 binding motif could be shifted when in-
cubated with a nuclear extract, E. coli-expressed AP-1 protein complex
(c-jun/c-fos heterodimer) failed to bind to the DNA fragment in the
absence of APE1 (Fig. 1A). In accordance with redox regulation of
APE], the binding of AP-1 heterodimer to the double-stranded AP-1
oligonucleotides occurred only in the presence of the reduced form of
APE1 (Fig. 1A). Untreated APE1 (oxidized form) showed near un-
detectable activity to promote AP-1 DNA binding, verifying that the AP-
1 DNA binding activity correlates with the redox function of APE1 in
this system. With this assay system, we examined if curcumin can in-
hibit APE1 redox activity and, as a consequence, block AP-1 DNA
binding activity. The EMSA experiment was performed with increasing
concentrations of curcumin. As shown in Fig. 1B, a dose-dependent
inhibitory response by curcumin was established. This experiment
clearly demonstrated that curcumin is an inhibitor to APE1 redox
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2.2. Curcumin inhibits transcriptional activities by APE1 substrates AP-1
and NF-xB

The binding of AP-1 and other APE1-regulated transcriptional fac-
tors to their specific promoter DNA leads to activation of these pro-
moters. Therefore, we further examined the effect of curcumin on the
transcription activities governed by APE1 substrates, AP-1 and NF-«B.
We employed promoter-reporter assays to study the effects of curcumin
on the activation of the AP-1 and NF-kB-activated promoter by these
APE1-regulated transcriptional activators. 293 T cells were transfected
with the AP-1 and NF-xB promoter-luciferase reporter plasmids, re-
spectively. For the AP-1 promoter assay, cells were treated with TPA
24 h post-transfection to activate AP-1 signaling. Curcumin was added
into the culture media in varying concentrations. The activation of the
AP-1 promoter in the absence and presence of curcumin was measured
through luciferase activity 36 h post-induction. Result shows that cur-
cumin is able to block TPA-induced AP-1 promoter in a dose-dependent
manner (Fig. 2A). In the NF-kB promoter assay, NF-kB signaling was
activated by two means: treating cells with TPA and stimulating cells
with EBV LMP1. The effect of curcumin on NF-kB-mediated transcrip-
tional activities was examined using luciferase assays and results in-
dicate that curcumin blocks NF-kB-mediated transcriptional activities in
both systems (Fig. 2B and C).

2.3. Curcumin inhibits KSHV lytic replication

We reported previously that KSHV lytic replication is dependent on
the redox function of APE1 (Zhong et al., 2017). Therefore, we won-
dered if the APE1 inhibitor curcumin can block KSHYV lytic replication
and acts as an antiviral agent. KSHV, as well as other gamma-herpes-
viruses including EBV, establish latency by default. Latent KSHV can be
reactivated through certain signaling pathways that are under the
control of APE1 redox activity (Zhong et al., 2017). For example, KSHV
reactivation cascade can be initiated through activating protein kinase
C (PKC), leading to stimulation of the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) pathway. As a
consequence of the activation of the pathway, c-Fos is accumulated and
c-Jun is phosphorylated, leading to the formation of an active AP-1
complex and activation of KSHV immediate-early transcriptional acti-
vator RTA and the lytic cascade of KSHV (Reviewed in Aneja and Yuan,
2017). We first determined if curcumin is able to block the expression
of the KSHV switch gene RTA in a viral reactivation process as well as
RTA-mediated downstream gene transcription. KSHV-carrying primary
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Fig. 1. Curcumin inhibits the redox activity of APE1. (A) An EMSA-based assay for APE1 redox activity was established with purified AP-1 (c-Jun and c-Fos) and
APE-1 proteins. A double-stranded DNA carrying an AP-1 binding motif was mixed with either nuclear extract or purified c-jun/c-fos (1:1 ratio). Purified APE1 or
reduced APE1 (treated with 0.25 mM DTT) were added to the reaction. AP-1-DNA binding was examined by EMSA. Nuclear extract and reduced APE1 resulted in
shifted bands while oxidized APE1 (treated with H,0,) failed to support AP-1 DNA binding. (B) Increasing concentrations of curcumin were added into the reaction

and the effects of them on redox activities were measured through EMSA.
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Fig. 2. Curcumin blocks AP-1 and NF-kb-mediated transcription. 293 T
cells were transfected with AP-1 promoter-luciferase (A) or NF-xB promoter-
luciferase reporter plasmids (B), followed by induction with TPA. Curcumin in
increasing concentrations were added 6 h post-induction. The promoter activ-
ities were measured through luciferase assay after 24 h (C) 293 T cells were also
co-transfected with NF-kB promoter-luciferase reporter and EBV LMP1 ex-
pression vector. Curcumin in different concentrations were added 6h post-
transfection and luciferase assays were performed through luciferase assay after
24 h.

effusive lymphoma (PEL) BCBL-1 cells were treated with curcumin in a
wide range of concentration 3 h after induction with TPA. The effect of
curcumin on expression of RTA was analyzed using Western blot. Re-
sults showed that RTA expression in response to TPA was efficiently
blocked by curcumin in a dose-dependent manner (Fig. 3A). As a con-
sequence, the expression of delayed-early gene K8 was also inhibited in
the presence of curcumin (Fig. 3A).

Next, we analyzed the effect of curcumin on KSHV lytic DNA re-
plication and virion production. TPA-induced BCBL-1 cells were ex-
posed to curcumin in a wide range of concentrations. The changes of
intracellular viral genomic DNA in response to curcumin treatments
were determined 48 h post-induction using real-time PCR. KSHV virion
production was assessed by measuring encapsidated viral DNA in the
media 5 days post-induction. The half-maximal DNA replication in-
hibitory concentration (ICso) and half-maximal antiviral effective con-
centration (ECsp) of curcumin were determined from the dose-response
curves of the intracellular DNA and extracellular virion to be 8.76 and
6.68 UM, respectively (Fig. 3B). The cytotoxicity of curcumin was as-
sessed for BCBL-1 using trypan blue exclusion method for cell viability
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Fig. 3. Effect of Curcumin on KSHV lytic replication. BCBL-1 cells were
treated with a wide range of concentrations of Curcumin 3 h after being induced
by TPA for viral lytic replication. (A) Whole cell extracts were prepared 48 h
post-induction and subjected to Western blot analysis with anti-RTA and anti-
K8 monoclonal antibodies. (B) Total DNA was purified 48-h post-induction and
intracellular KSHV DNA replication was determined using real-time quantita-
tive PCR (blue). Five days post-induction, cell culture media were collected and
extracellular virions (green) were determined as described in Materials and
Methods (green). Uninduced BCBL-1 cells were treated with curcumin for 120 h
and cell cytotoxicity (Orange) were assessed by Trypan blue-staining procedure
using a Countstar instrument. The mean values from three independent ex-
periments and standard deviations are presented on the y-axis of dose-response
curves. IC50, EC50 and CC50 are calculated using GraphPad Prism software.

in 5 days exposure to the phytochemical and the 50% cytotoxic con-
centration (CCsg) was determined to be 23.56 uM. Based on these re-
sults, we conclude that APE-1 redox inhibitor curcumin blocks KSHV
lytic replication through inhibiting TPA-induced AP-1 pathway and
RTA expression.

2.4. The effect of curcumin on KSHV-mediated pathogenesis

Our previous study revealed that APE1 also plays a role in KSHV-
mediated oncogenesis and metastasis (Zhong et al., 2017). KS is an
angiogenic and invasive tumor and abnormal neovascular channel is a
pathological feature of KS. KSHV infection of mesenchymal stem cells
(MSCs) confers the cells with certain KS features including angiogenic,
invasive and transformation phenotypes (Zhong et al., 2017; Lee et al.,
2016). When human MSCs from periodontal ligament (PDLSC) were
infected with KSHYV, increased angiogenesis activity was shown in an in
vitro Matrigel tubulogenesis assay (Fig. 4B). We previously showed that
KSHV-mediated angiogenesis depends on the maintenance of the redox
status of AP-1, HIF-1a and their respective DNA binding activities, si-
lencing APE1 expression with a specific ShRNA efficiently reduced the
angiogenic activity of MSCs (Zhong et al., 2017). We reasoned that
curcumin, as an APE1 redox inhibitor, could inhibit KSHV-elaborated
neoangiogenesis. To this question, PDLSCs were infected with KSHV in
an MOI of 50 (KSHV genomic DNA equivalent) in the absence and
presence of curcumin and subjected to an in vitro Matrigel tube for-
mation assay. The presence of curcumin at 20 uM did not affect the
susceptibility of PDLSC to KSHV infection (Fig. 4A), but greatly reduced
the ability of KSHV-infected MSCs to form capillary-like tubules
(Fig. 4B).
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Fig. 4. Effect of Curcumin on KSHV-
mediated angiogenesis and cell invasion
of MSCs. (A) Periodontal ligament stem
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an MOI of 50 (viral genomic DNA equiva-
lent) in the absence and presence of cur-
cumin as indicated. Infectivity was shown
to be 92% and 97%, respectively by GFP
expression. (B) Uninfected and KSHV-in-
fected PDLSCs were applied on Matrigel to
examine the ability for tubule formation.
KSHV-infected PDLSCs were placed on
Matrigel in the presence of 20 uM curcumin.
Tubulogenesis was examined under a mi-
croscope and quantified by measuring the
total tube length using the Image J soft-
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Matrigel. Cells migrated to the lower
chamber were stained with crystal violet.
KSHV-infected PDLSCs were treated with
20 uM curcumin and effect of curcumin on
cell invasion were assessed by counting
migrated cells in the lower chamber.
Quantification of transwell-invasion assay
was performed by Image J software by
counting from multiple randomly selected
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Cell invasion is an important feature of KS and KSHV infection of
human primary endothelial cells was reported to promote cell migra-
tion and invasion (Qian et al., 2007; Dai et al., 2012). We have shown
that shRNA-mediated knock down of APE1 led to a significant decrease
in cell invasion ability of KSHV-infected MSCs (PDLSCs) and an APE1
redox inhibitor also reduced the invasiveness of the KSHV-infected cells
(Zhong et al., 2017). Using a Matrigel-Transwell assay, we tested if
curcumin can inhibit cell invasion of KSHV-infected MSCs. Cells were
stimulated for chemotaxis in a-MEM containing 10% FBS and seeded in
a Matrigel on the upper chamber of a Transwell containing a-MEM free
of FBS. The cells that migrated through the membrane were visualized
by crystal violet staining. KSHV-infected MSC showed increased mi-
gration and invasion activity. In the presence of 20 uM of curcumin, cell
invasion of KSHV-PDLSC was dramatically reduced (Fig. 4C), indicating
that APEL1 is required for KSHV-mediated cell invasion and APE1 redox
inhibitor curcumin can efficiently block this phenotype.

3. Discussion

In the current study, we found that the high profile phytochemical
curcumin is an APE1 redox inhibitor that efficiently inhibits KSHV re-
plication, virion production and viral pathogenicity. The salient fea-
tures of the results and their significance are as follows.

(i) The finding that curcumin serves as an APE1 redox inhibitor
provides explanation for the diverse-effect property of curcumin. APE1
is a multifunctional protein with DNA base excision activity in its C-
terminal region and redox activity in its N-terminal domain. Both
functions of APE1 have been intensively explored for therapeutic pur-
poses. Selective inhibitors against APE1 base excision repair activity
have been explored for application in combination with DNA-

uM Curcumin
Lt

1
microscopic visual fields.

)

interactive anticancer drug to enhance the efficacy of chemotherapy
(Fishel and Kelley, 2007; Wilson and Simeonov, 2010). The APE1 redox
regulation of a class of transcription factors affecting cancer survival
and growth makes the protein attractive to be used as a target for
cancer therapeutic strategy (Tell et al., 2009; Thakur et al., 2014).
Redox regulates gene expression by altering the DNA binding activity of
transcription factors (Bhakat et al., 2009). The transcription factors that
are affected by APE1 redox function include AP-1 (Xanthoudakis and
Curran, 1992), NF-kB (Nishi et al., 2002), Egr-1 (Huang and Adamson,
1993), HIF-1a (Huang et al., 1996), HLF (Ema et al., 1999), p53
(Gaiddon et al., 1999), Pax protein (Tell et al., 1998), ATF/CREB, Myb
(Xanthoudakis et al., 1992) and COX-2 (Nagoya et al., 2014). As con-
sequences, through its redox function, APE1 affects a number of sig-
naling pathways involved in modulating oxidative stress, cellular sur-
vival, inflammation, and cell proliferation in response to a variety of
mitogenic and nonmitogenic stimuli (Tell et al., 2009; O'Hara et al.,
2006).

Curcumin has been presumed to affect APE1 signaling (Bhakat
et al., 2009). It was reported that curcumin decreases APE1 levels in
cancer patients and treatment of follicular lymphoma patients with
curcumin, in combination with epigallocatechin gallate (EGCG) from
green tea, significantly lowered the levels of APE1 and substrate tran-
scription factors (Bassiouny et al., 2011). In the current study, we found
that curcumin can directly inhibit APE1 redox enzymatic activity and,
as a result, reduce the transcription activities of AP-1 and NF-kB.

As an inhibitor to APE1 redox function, curcumin is predicted to be
able to block APE1 redox activity in modulating pro-survival, pro-
proliferation pathways and oxidative stress. Indeed, curcumin has been
known to have a wide range of biological effects including anti-in-
flammatory, anti-oxidant and anti-neoplastic properties (Aggarwal and
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Harikumar, 2009). Therefore, it is possible that many of the curcumin
properties, if not all, may attribute to its APE1 redox inhibition. Fur-
thermore, clinical trials of curcumin in cancer patients revealed that
treatment with curcumin led to down-regulation of certain genes and
pathways, such as AP-1, NF-kB, COX-2, IL-1, IL-6, IL-8 and IL-10
(Dhillon et al., 2008; Vadhan-Raj et al., 2007). Interestingly many of
them are known to be substrates of APE1 redox enzyme or their
downstream genes (Tell et al., 2009; Thakur et al., 2014). Taken to-
gether, curcumin may not be a promiscuous compound, but an in-
tracellular signaling tool involved in modulating oxidative stress and
several cell functional changes by targeting one regulatory protein —
APEL. In consideration of the nature of cancers or other complex dis-
eases that always display multiple abnormalities and involve a sophis-
ticated network system, the multiple-effect property of curcumin may
not be a drawback but an advantage or even a virtue because it provides
health beneficial effects by balancing a biological network system ra-
ther than shutting down a single gene.

(ii) We have previously demonstrated that APE1 redox function has
critical roles in KSHV replication and pathogenic phenotypes (Zhong
et al., 2017). Thus, as an APE1 redox inhibitor, curcumin is expected to
possess an antiviral property against KSHV. We examined the effect of
curcumin on the KSHV lytic DNA replication and progeny virion pro-
duction, results showed that curcumin indeed efficiently inhibits KSHV
lytic replication and blocks virion production and release. In addition,
as APE1 also plays a critical role in KSHV oncogenesis including
neoangiogenesis and invasion (Zhong et al., 2017), curcumin has de-
monstrated its efficacy in inhibiting these KSHV-associated pathogenic
properties. Taken together, curcumin is a promising phytochemical
with potential human health benefits. Therefore, further investigation
to explore its therapeutic value and to improve its bioavailability is
warranted.

4. Experimental procedures
4.1. Cells and reagents

BCBL-1 cells (obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program), an effusion lymphoma cell
line that latently infected with KSHV, were grown in RPMI 1640
medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and penicillin-streptomycin (50 units/ml) and 100 mg/ml am-
photericin B sodium deoxycholate. Human embryonic kidney HEK293T
cells were purchased from American Type Culture Collection (ATCC)
and cultured in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% FBS and antibiotics. Periodontal ligament stem cells
(PDLSCs) were isolated from the periodontal ligament tissues (n = 5
referred to 5 independent cultures from different individuals) and
maintained in alpha minimal essential medium (a-MEM, GIBCO Life
Technologies) containing 10% FBS, 200 mM L-glutamine and anti-
biotics. Curcumin [(E,E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-1,6-hep-
tadiene-3,5-dione, Diferuloylmethane, Diferulylmethane, > 98% purity] is
purchased from Fisher Scientific.

4.2. Expression and purification of APE1, c-jun and c-fos proteins in E. coli

APE1 and c-fos cDNAs were cloned into the pET-28a vector with a
hexahistidine (6xHis) tagged at the N-terminus. c-jun was cloned into
PGEX-4T-1 vector with a GST tag. Roseta E. coli transformed with each
of the plasmids, were grown in LB media and induced with 1 mM iso-
propylb-D-thiogalactoside (IPTG) when the culture reached the density
of 0.6 OD. The bacterial culture grew at 37 °C for 4 h for APE1 and at
25°C for 4h for c-jun and c-fos. Pelleted cells were resuspended and
sonicated in lysis buffer containing PMSF with (for GST-tag) or without
DTT (for His-tag). His-tagged APE1 and c-fos were purified with Ni**-
NTA-resin and eluted with buffer containing imidazole. GST-tagged c-
jun was purified using glutathione beads and eluted with reduced
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glutathione. Protein concentrations were determined using the BCA
protein assay kit (Thermo Scientific).

4.3. Electrophoretic mobility shift assay (EMSA) for APE1 redox activity

An EMSA-based assay was established previously (Zhong et al.,
2017) and used to measure APE1 redox activity following the APE-1-
dependent AP-1 DNA binding ability. APE1 was reduced by incubating
in 0.25mM DTT over night at final concentration of 1 M. Reduced
APE1 (2L, the final concentration was 0.1 uM) were incubated with
purified c-jun/c-fos (1:1 ratio) in EMSA reaction buffer (10 mM Tris-
HCl pH 7.5, 50 mM NaCl, 5mM MgCl,) for 20 min at 37 °C. cy5.5-la-
belled double-stranded DNA was added and incubated for another
20 min. The samples were resolved on 5% nondenaturing poly-
acrylamide gels (TBE-PAGE) at 4°C, 100V for 1h and then scanned
with an Odyssey imager (LI-COR). Antibodies against c-jun and c-fos
(Abclone) were included in the EMSA for supershift of specific band.

4.4. Reporter plasmids and luciferase assay

The promoter-reporter plasmids pAP-1-luc and pNF-kB-luc were
provided by Dr. Ersheng Kuang at Sun Yat-sen University. Subconfluent
293 T cells grown in 48-well plates were co-transfected with 50 ng of
pAP1-luc or pNF-kB-luc and 5 ng of pRL-TK in aid of lipofectamine 2000
reagent (Life Technologies). Twenty-four hours after transfection, cells
were treated with 12-O-Tetradecanoyl-phorbol-13-acetate (TPA). The
PRL-TK plasmid expresses Renilla luciferase and was used as an internal
control. For LMP1 induced pNF-«kB promoter assay, 293 T cells were co-
transfected with pNF-kB -luc, pRL-TK and pCR3.1-LMP1. Thirty-six
hour post-induction, the luciferase assay was performed with Promega's
Dual-luciferase assay kit. Each sample was duplicated and each ex-
periment was repeated at least three times.

4.5. Analysis of intracellular and extracellular KSHV genomic DNA content
and chemical effects

BCBL-1 cells were treated with TPA to induce KSHV lytic replica-
tion. Three hour post-induction, curcumin in a wide range of con-
centration were added into the culture medium. Total DNA was purified
using a DNasey kit (Magen) 48 h post-induction. KSHV genomic DNA
copy number was quantified by real time PCR on an Applied Biosystems
QuantStudio 5 instrument with primers specified for LANA (ORF73)
and normalized to GAPDH. The half-maximal inhibitory concentration
(ICs0) values of the compound was determined from a dose-response
curve of KSHV DNA content values from TPA-induced and chemical-
treated cells. The viral DNA contents with those of uninduced cells
subtracted were divided by those of the control cells with no drug
treatment and then represented on the y-axes of dose-response curves:
y-axis value (TPAx — no TPAx)/(TPAy — no TPA,), where X is any
concentration of the drug and 0 represents nondrug treatment. The ICsq
on viral DNA synthesis for the compound was calculated using
GraphPad Prism software.

Extracellular virion numbers were estimated by determining en-
capsidated viral genomic DNA. Five days post-induction with TPA,
BCBL-1 culture media were collected and virion particles were cleared
by passing through 0.45-um filters. Virions were pelleted from the
medium supernatant. The virion preparations were treated with Turbo
DNase I (Takara) at 37 °C for 1h followed by proteinase K digestion.
Encapsidated viral DNA was extracted with phenol-chloroform.
Extracted DNA was precipitated with ice-cold ethanol, and the final
DNA pellet was dissolved in TE buffer. The KSHV genomic DNA in
virions was measured by real-time PCR with primers directed to LANA
as described above. Virion DNA copy numbers were calculated from a
standard curve established using rKSHV.219. KSHV virion numbers
were presented as the copy numbers of viral genomic DNA per milliliter
of culture supernatant.
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4.6. Cytotoxicity assay

BCBL-1 cells were treated with curcumin in a wide range of con-
centration for 5 days. The viability of cells was assessed by counting
Trypan blue-stained cells using a Countstar instrument. The half-max-
imal cytotoxic concentration (CCsg) was calculated from dose-response
curves with Graph-Pad Prism software.

4.7. In vitro tube formation assay

Forty eight-well plates were coated with Matrigel (100ul/well) and
incubated at 37 °C for 1 h to allow gelation to occur and avoid bubble.
PDLSC or KSHV-PDLSC were resuspended in 200 ul a-MEM without FBS
and placed on the top of the gel. The cells were incubated at 37 °C with
5% CO2 for 8 h, and images of tube formation were captured using a
ZEISS fluorescence microscope. The quantification of the tube was
using the software ImageJ to measure the total length of tube in the
image. The average value was used for the histogram.

4.8. Cell invasion assay

PDLSCs or KSHV-PDLSCs (1.5 x 10* cells/well) were seeded on the
top of the matrigel in the upper chamber of Transwell in serum-free a-
MEM. The lower chamber contained a-MEM containing 10% FBS which
was used as a stimulus for chemotaxis. Cells migrated through matrigel
to the lower chamber were stained with crystal violet. KSHV-infected
PDLSCs were treated with curcumin (20 uM) and assessed by Transwell
invasion assay. Quantification of transwell-invasion assay was per-
formed by Image J software by counting from multiple randomly se-
lected microscopic visual fields.
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