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Abstract

Kaposi's sarcoma-associated herpesvirus (KSHV) is the causative agent of Kaposi's sarcoma and certain lymphoproliferative disorders.
role of KSHYV lytic replication has been implicated in the tumor pathogenesis. A highly specific molecular complex formed by the KSHV DNA
polymerase (POL8) and processivity factor (PF8) is indispensable for lytic viral DNA synthesis and may serve as an excellent molecular anti-KS|
target. The majority of conventional nucleoside-based anti-herpetic DNA synthesis inhibitors require intracellular phosphorylation/befivadi
they can exert inhibitory activity as competitive substrates for viral DNA polymerases. Novel and more potent inhibitors of KSHV DNA synthesi
may be discovered through POL8/PF8-targeted high throughput screening (HTS) of small molecule chemical libraries. We developed a micropl
based KSHV POL8/PF8-mediated DNA synthesis inhibition assay suitable for HTS and screened the NCI Diversity Set that comprised 1¢
synthetic compounds. Twenty-eight compounds exhibited greater than 50% inhibition. The inhibitory activity was confirmed for 25 of the 26 h
compounds available for further testing, with the 50% inhibitory concentrations ranging front 0.0Z ..M (meantS.D.) to 10.83t 4.19uM.
Eighteen of the confirmed active compounds efficiently blocked KSHV processive DNA synthesis in vitro. One of the hit compounds, NSC 3739¢
a pyrimidoquinoline analog, was shown to dose-dependently reduce the levels of KSHYV virion production and KSHV DNA in lytically inducec
KSHV-infected BCBL-1 cells, suggesting that the compound blocked lytic KSHV DNA synthesis. HTS for KSHV POL8/PF8 inhibitors is feasible
and may lead to discovery of novel non-nucleoside KSHV DNA synthesis inhibitors.

Published by Elsevier B.V.
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1. Introduction cal cutaneous nodules, but can often involve internal organs in
immunocompromised hosts€mlich et al., 1987; Friedman-
Kaposi’'s sarcoma (KS) is a highly vascular malignant tumorKien and Saltzman, 1990; Farge, 1998s infectious etiology
of endothelial cell origin that typically manifests as multifo- had long been suspecte@ifaldo et al., 197Reven before the
epidemic form of KS was recognized in HIV-infected patients
R in the early 1980sHymes et al., 1981; MMWR, 1981The
* Corresponding author. Present address: Laboratory of Human TOXiCOIOgX’-hGI’pGSViI’US-'ike DNA sequences were first discovered in KS
& Pharmacology, Developmental Therapeutics Program,SAIC/NCI-FrederickI . btained f tient ith AIDS in 1998 t
Bldg. 439, P.O. Box B, Frederick, MD 21702, USA. Tel.: +1 301 846 1780; 'c>/0NS obtained from patients wi In Hang e
fax: +1 301 846 6067. al., 1999. The viral DNA was subsequently detected in the
E-mail address: sei@ncifcrf.gov (S. Sei). majority of KS lesions of all types of KS: classic, endemic, post-
1 Present address: Laboratory of Human Toxicology & Pharmacology, Develtransplant, and AIDS-associated epidemic KBproziak etal.,
opmental Therapeutics Program, SAIC/NCI-Frederick, Frederick, MD, USA. 1995 Boshoff et al.. 1995: Moore and Chang 1995 Schalling
2 present address: SuperArray Bioscience Corporation, Frederick, MD, USA.t | ’ 1995: Ch " i |' 1906 I . ’AIDS, lated
3 Presentaddress:WuhanInstituteofViroIogy,ChineseAcademyofScienceg, al., = ang et al., }3 S well as In . -relate .
Wuhan, PR China. body cavity-based B cell lymphoma, termed primary effusion

4 Present address: Southern Research Institute, Frederick, MD, USA. lymphoma Cesarman et al., 1995nd a subset of multicentric

0166-3542/$ — see front matter. Published by Elsevier B.V.
doi:10.1016/j.antiviral.2005.09.005



10 D. Dorjsuren et al. / Antiviral Research 69 (2006) 9-23

Castleman’s diseas8¢@ulier etal., 1996 The agenttermed KS- cific POL8/PF8 complex may be effectively targeted by small
associated herpesvirus (KSHYV, also called human herpesvirusrBolecule agents, which may inhibit POL8 enzymatic activ-
or HHV8) was shown to have sequence homologies with otheity, cooperative molecular interaction of POL8 and PF8, or
v-herpesviruses, including herpesvirus saimjgl), equine her-  function of PF8 itself, without undergoing intracellular acti-
pesvirus 2 42), and Epstein-Barr virus (EBV)y(Q), and was vation. For example, a small molecule inhibitor of herpes
classified as a new2-herpesvirus (genudiadinovirus) (Moore  simplex virus type 1 (HSV-1) DNA polymerase (HSV-1 Pol)
etal., 1996. and its processivity factor UL42 interaction has recently been

Further evidence to suggest KSHV as the causative agent adentified by a molecularly targeted screen using an HSV-
KS and other lymphoproliferative malignancies came from al Pol-derived peptide and UL42-based assBilgér et al.,
number of clinical studies that revealed a striking associatior2004). In the current study, we established a microplate-based
between higher KSHV viral load in peripheral blood mononu-POL8/PF8-mediated DNA synthesis inhibition assay suitable
clear cells and increased risk of KS in HIV-1-infected andfor high throughput screening (HTS) of small molecule chemi-
uninfected individuals\/hitby et al., 1995; Farge et al., 1999; cal libraries. Of the 28 hit compounds selected from the primary
Pellet et al., 2002; Engels et al., 200®thers also reported screen of the NCI Diversity Setitp://dtp.nci.nih.gov/branches/
that increasing KSHYV load was observed in patients with prodscb/diversityexplanation.htm)| one compound was shown to
gressive KS or symptomatic lymphoproliferative disorders inspecifically block KSHV DNA synthesis in KSHV-infected
HIV-infected individuals Campbell et al., 2000; Lallemand et cells. Our data provide proof-of-principle for a KSHV
al., 2000; Oksenhendler et al., 2000; Quinlivan et al., 2002 POL8/PF8 molecular targeting strategy and warrant future HTS
These findings implied that KSHV infection was a prerequi-campaigns of larger chemical libraries.
site for KSHV tumorigenesis and/or tumor progression, and that
anti-KSHV agents might provide therapeutic benefit. Soon afte2. Materials and methods
the discovery of KSHV, there were indeed reports that coinciden-
tally found a decreased risk of KS in AIDS patients treated with2.7. Compounds
anti-herpetic compounds for cytomegalovirus infectiGtesby
et al., 1996; Mocroft et al., 1996; Martin et al., 199%nti- CDV was kindly provided by Dr. M. Hitchcock (Gilead Sci-
KSHYV activities of licensed anti-herpetic compounds, includingences, Inc. Foster City, CA, USA). CDV-diphosphate (CDV-DP)
cidofovir (CDV) and ganciclovir (GCV), were also demon- was synthesized by TriLink BioTechnologies, Inc. (San Diego,
strated in KSHV-infected cells lytically induced by phorbol esterCA, USA). The NCI Training and Diversity Sets were obtained
(Kedes and Ganem, 1997; Medveczky et al., 1997; Neyts anfilom the Drug Synthesis and Chemistry Branch, Developmen-
De Clercq, 199Y. These observations have prompted furthertal Therapeutics Program, NChtfp://dtp.nci.nih.goy/. The
exploration of therapeutic utilities of anti-herpetic compoundsNCI Training Set contains 230 well-characterized anti-cancer
for KSHV-induced malignanciesobles et al., 1999; Mazzi et compounds covering major mechanistic modes of actions, fre-
al., 2001; Little et al., 2003; Casper et al., 2DC4owever, the quently used to validate the reproducibility of HTS assays
majority of existing anti-herpetic agents are nucleoside-basef(Ehoemaker et al., 2002The NCI Diversity Set comprises
compounds, which require intracellular conversion to phospho1992 synthetic compounds selected from nearly 140,000 com-
rylated active metabolites, often by virally encoded thymidinepounds available in sufficient quantity from the NCI DTP
kinases or phosphotransferases before they can exert viral DNRepository. These Diversity Set compounds were chosen based
synthesis inhibition Furman et al., 1979; Derse et al., 1981; on specific pharmacophores, as defined by the Chem-X pro-
Keller etal., 1981; Ashton et al., 1982; Frank et al., 19&tich  gram (Accelrys, San Diego, CA, USA), to represent diverse
a constraint may potentially give rise to varying antiviral effectsstructure subsets of the NCI libranht{p://dtp.nci.nih.gov/
due to differential metabolic profiles among treated individualsbranches/dscb/diversitgxplanation.htm)l
Itis possible that more potent non-nucleoside-based anti-KSHV
agents may be discovered through cell-free molecular-targetet2. Production of KSHV POLS and PF8 proteins
drug screening.

Lytic KSHV DNA synthesis is controlled by six virally In vitro-translated KSHV POL8 (ivt POL8) and PF8
encoded core DNA replication proteins: single stranded DNA<{ivtPF8) were synthesized from pTM1-Pol8 and pTM1-PF8,
binding protein (open reading frame 6, ORF6), polymeraseespectively in et al., 1998, using TNT T7 Quick Coupled
(POLB8) (ORF9), primase-associated factor (ORF40/41), heliTranscription/Translation System (Promega, Madison, WI,
case (ORF44), primase (ORF56), and polymerase processivitySA). Recombinant KSHV POL8 (rPOL8) was expressed
factor (PF8) (ORF59)(in et al., 1998; Wu et al., 2001KSHV  as previously describedDprjsuren et al., 2003and puri-
POL8 and PF8, both successfully cloned in 1988 (et al., fied using a fast protein liquid chromatography system
1999, are essential for viral DNA polymerization. KSHV PF8, (AKTATMFPLC™, GE Healthcare, formerly Amersham
the POLB8-specific accessory protein, interacts with POL8 an®iosciences, Piscataway, NJ, USA). Recombinant KSHV PF8
tethers it onto extending DNAGhen et al., 2004 PF8 also  (rPF8) was similarly produced by using a baculovirus vector
preferentially binds dsDNA over ssDNA, and its processivesystem. Briefly, the full-length KSHYf8-encoding gene insert
functionality is determined by both the POL8- and dsDNA-was prepared from the PF8-expression plasmid, pTM1-PF8
binding activities Chan and Chandran, 2000 his highly spe-  (Lin et al., 1998, and cloned into pFastBacHTb (Bac-to-Bac
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Baculovirus Expression System, Invitrogen, Carlsbad, CApresence of test compounds at°&7for 60 min, followed by
USA) to generate pFastBacHTb-PF8 donor plasmid. gfde  addition of a 5QuL stop solution consisting of 1% SDS, 10 mM
fragment from the donor plasmid was transposed in vivo intdEDTA, 10 mM Tris—Cl (pH 8), and 20Qg/mL of proteinase K.
bacmid DNA to produce the recombinant PF8-bacmid DNAAfter 60 min incubation, the radiolabeled DNA products were
(Bac-to-Ba® Baculovirus Expression System, Invitrogen). extracted by phenol—chloroform followed by ethanol precipita-
Sf9 cells were transfected with the PF8-bacmid DNA, andtion in the presence of 1 M ammonium acetate. The precipitated
infectious baculovirus expressing PF8 was harvested after 72 BNA products were fractionated on a 1.3% alkaline agarose gel.
KSHV rPF8 was purified from total cell extracts of Sf9 cells The dried gel was examined by autoradiography.
infected with the recombinant PF8-expressing baculovirus by
using AKTAT™MFPLC™Msystem (GE Healthcare). 2.5. BCBL-1 culture for evaluation of anti-KSHV activity of
hit compounds
2.3. Microplate-based POLS/PF8-mediated DNA synthesis
assay The anti-KSHV activity of selected hit compounds was evalu-
ated in KSHV-infected BCBL-1 cells by examining their effects

A rapid microplate-based DNA synthesis assay was carriedn KSHV DNA synthesis and newly released KSHV virions, fol-
out using KSHV POL8 and PF8 as previously describad ( lowing lytic induction Renne et al., 1996BCBL-1, a latently
and Ricciardi, 200pwith modifications. Briefly, a biotinylated KSHV-infected B cell line established from a primary effu-
DNA primer-template (P-T) was prepared by incubatingsion lymphoma, was obtained through the AIDS Research and
equimolar quantities of a 20-mer oligonucleotide primer (5 Reference Reagent Program, Division of AIDS, NIAID, NIH;
GCCAATGAATGACCGCTGAC-3) and a 5-biotinylated 100-  contributed by Drs. Michael McGrath and Don GandReline
mer oligonucleotide template (&CACTTATTGCATTCGC- et al., 1996. Briefly, exponentially growing BCBL-1 cells were
TAGTCCACCTTGGATCTCAGGCTATTCGTAGCGAGCTA- washed three times with phosphate-buffered saline (PBS) and
CGCGTACGTTAGCTTCGGTCATCCCGTCAGCGGTCAT- resuspended in serum free AIM-V w/BSA medium (Invitro-
TCATTGGC-3) (Bionexus, Inc., Oakland, CA, USA) at9C  gen) at 2x 10° cells/mL in the absence (unstimulated con-
for 5min, followed by a gradual cooling to room temperature.trol) or presence of 20 ng/mL phorbol 12-myristate 13-acetate
The annealed P-T solution was diluted to 1 pmal/with (PMA, also called 129-tetradecanoylphorbol 13-acetate, TPA)
PBS. Streptavidin-coated plates (StreptaWell plates) (RochgSigma-Aldrich, St. Louis, MO, USA). After 24 h, unstimulated
Applied Science, Indianapolis, IN, USA) were coated withand PMA-stimulated BCBL-1 were harvested, washed once
0.2 pmol/well of P-T at 4C overnight. The DNA synthesis with PBS and cultured in serum free AIM-V w/BSA medium
was carried out in the P-T coated plates, usingu.5each  at 2x 10° cells/mL without PMA in the absence or presence
of ivtPOL8 and ivtPF8, or 10ng each of rPOL8 and rPF8of the test compounds at varying concentrations. After 3 days,
in a reaction mixture containing 50 mM (NF»SQOy, 20mM  the cells were counted by the trypan blue dye exclusion method
Tris—HCI (pH 7.5), 3mM MgCG4, 0.1 mM EDTA, 0.5 mM DTT,  and centrifuged at 1500 rpm for 5 min. The supernatants were
2% glycerol, 4Qug/mL BSA, 0.625.M dNTPs, 0.125.M centrifuged at 3000 rpm for 10 min before subjected to virion-
digoxigenin-11-2-deoxyuridine-5triphosphate (DIG-dUTP) derived KSHV DNA extraction and quantitation (see below).
(Roche Applied Science) in the absence or presence of te$the cytotoxicity of the compounds was determined simulta-
compounds for 60 min at 3. The amounts of DIG-dUTP neously in unstimulated and PMA-stimulated BCBL-1 cells in
incorporated into DNA, which reflected the levels of total DNA 96-well microplates, using the XTT assay€islow etal., 1980
synthesis, were determined by DIG detection ELISA (ABTS)
kit (Roche Applied Science) according to the manufacturer'2.6. Measurements of cell- and virion-associated KSHV
instructions. DNA synthesis inhibitory activity was expressedDNA by PCR
as %[1— [ODgo5nm (test drug) ODsos5nm (buffer only

background)]/[ORos nm(no drug)— ODa4gs nm (background)]]. Low molecular weight (LMW) DNA was extracted from
the pelleted cells according to Hirt's methadit, 1967) and
2.4. Processive DNA synthesis assay 0.1p.g of LMW DNA was used for KSHV late lytic gene ORF65

PCR by a primer pair,/SACGGTTGTCCAATCGTTGCCTA-

To confirm the inhibitory activity of selected hit compounds 3' and 3-TCCAACTTTAAGGTGAGAGAC-3, generating a
against processive DNA synthesis mediated by KSHV POL&29 bp fragment. The ORF65 PCR reaction mixture, contain-
and PF8, in vitro processive DNA synthesis assay was caing 20 mM Tris—HCI (pH 8.4), 50 mM KClI, 2.5mM MgG]|
ried out using primed M13 template as describkih et al.,  200.M each dNTP, 0.25 U of PlatinufhZag DNA polymerase
1998; Dorjsuren et al., 2003Briefly, 10ng each of rPOL8 (Invitrogen), 200 nM of each primer and template DNA, was
and rPF8 were added to a final B0 reaction mixture, con- subjected to 25 cycles of PCR amplification at*@4for 60 s,
taining 100 mM (NH)2SOy4, 20 mM Tris—ClI (pH 7.5), 3mM 60°C for 60s and 72C for 60 s, followed by a final exten-
MgCl,, 0.1 mM EDTA, 0.5mM DTT, 4% glycerol, 4ag/mL  sion at 72C for 5min. In addition, the mitochondrial DNA
of BSA, 60uM (each) dATP, dGTP, and dTTP, i [a-  primer pair (3 TGGAGCCGGAGCACCCTATGTC-3and 3-
32p1dCTP (3000 Ci/mmol) (GE Healthcare), and 50 fmol of ATGGGCGGGGGTTGTATTGATG-3 was used as an internal
primed M13 ssDNA template, and incubated in the absence arontrol for each LMW DNA PCR sampleréng et al., 200p
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The amplified products were visualized by electrophoresis on BNA synthesis by ivtPOL8/ivtPF8 as well as by rPOL8/rPF8
1.8% agarose gel. (see below). The concentrations of dNTPs were adjusted to the
KSHYV virions were pelleted from 300L of BCBL-1 cul-  low micromolar range, as has been done in other DNA polymer-
ture supernatants by a microcentrifugation at 37,9Q0for ization assaysBaba et al., 1991; Campiani et al., 199 the
2h at 4°C (Sei et al., 200D The pelleted virions were resus- modified assay, CDV-DP consistently achieveaD% inhibition
pended in 15Q.L PBS and treated with 20 units of DNase | at 20pn.M.
(Promega) at 37C for 30 min to remove cellular DNA from Once the optimal assay condition was determined, the assay
the samples, followed by the incubation with stop solutionsuitability for HTS was examined by pilot screening of the NCI
(20mM EGTA) at 70°C for 5min. Virion-associated KSHV Training Set, a collection of 230 well-characterized compounds
DNA (vDNA) was then extracted by QlAamp DNA extrac- (Shoemaker et al., 2002The reproducibility of the optimized
tion kit (QIAGEN, Valencia, CA, USA) according to the man- assay was demonstrated by replicate testing of the Training Set
ufacturer’s instructions. One microliter of VDNA eluted in compounds, yielding correlation coefficient€)(of 0.92 and
100pL of elution buffer was subjected to real-time quanti- 0.90 when tested at 200 and 2M concentrations, respec-
tative PCR using a LightCycl8rinstrument (Roche Applied tively. At 200uM test concentration, we found that 25 of the
Science). The 2@L reaction mixture consisted of the LightCy- 37 DNA-interacting compounds (including those referred to
cler FastStart DNA Master SYBR Green | reagents mix (Roches topoisomerase |l poisonBdmmier et al., 200} and 34
Applied Science), 2.5 mM MgGland 500 nM each of KSHV of the remaining 193 compounds exhibited greater than 50%
ORF26 primer pair (5AGCCGAAAGGATTCCACCATT-3 inhibition of DNA synthesis Fig. 1). While the majority of
and 3-TCCGTGTTGTCTACGTCCAGA-3. Ten-fold serial the compounds with DNA-binding capacity were expected to
dilutions of the plasmid, pKS330Bam (obtained through theshow varying degrees of DNA synthesis inhibition regardless of
AIDS Research and Reference Reagent Program, Division dheir inhibitory activity against KSHV DNA polymerase, many
AIDS, NIAID, NIH: contributed by Drs. Yuan Chang and Patrick of the hit compounds from non-DNA-interacting compounds
Moore), which contains a 330 bp KSHV fragment encoding ain the Training Set may have represented “non-specific hits”
portion of the ORF26 gen&hang et al., 1994 were included due to the high test concentration employed. Indeed, when the
in each assay as external standards to represent 1&SIV  test concentration was lowered to 20, only 5 of the 193
DNA copies/tube. The number of KSHV vDNA in each super- non-DNA-binding compounds exhibited greater than 50% inhi-
natant sample was calculated by the LightCycler software vembition, while 17 of the 37 DNA-binding compounds remained
sion 3.5 (Roche Applied Science), adjusted by the cell counas hits Fig. 1). These data suggested that the prevalence of
(copies/16 cells) to reflect the level of virion release from an non-specific inhibition of DNA synthesis in the current assay
equal number of viable cells, and depicted as percent of no drugpuld be significantly reduced at the lower test concentra-

control. tion. Thus, we elected to initially screen the chemical libraries
at 20uM with 50% inhibition as a hit threshold. Inhibitors

3. Results of DNA polymerasea included in the Training Set (NSC
303812 and NSC 639829) did not show any inhibitory activity

3.1. Optimization of the microplate-based DNA synthesis at 20pM.

assay for HTS mode

3.2. Screening of the NCI Diversity Set by the microplate

The feasibility of a microplate-based KSHV POL8/PF8 assayussay and confirmation of the activity of hit compounds
had previously been demonstrated in principle by using ivtPOL8
and ivtPF8 [in and Ricciardi, 2000 One of the critical deter- To further explore feasibility of HTS campaigns using the
minants for successful molecular targeted screens is the useodified ivtPOL8/ivtPF8-DNA synthesis assay, we screened the
of lower test compound concentrations, as screening at high&Cl Diversity Set, which comprises 1992 synthetic compounds
concentrations can be associated with selection of “promiscuepresenting diverse structure subsets of the 140,000 compounds
ous inhibitors” of targeted moleculebi¢Govern et al., 2002  available from the NCI DTP chemical librargoemaker et al.,
To adapt the assay for HTS mode, we first attempted to opti2002. After the primary screen at 2(M, 28 compounds were
mize the POL8/PF8-mediated DNA synthesis assay conditioridentified as hits exhibiting=50% inhibition (1.4% hit rate)
wherein the DNA synthesis inhibitory activity could be demon-(Table 1. Screening window coefficientg;-factors Zhang et
strated at low micromolar concentrations of test compoundsal., 1999, ranged from 0.683 to 0.951 (median 0.845). These
Using CDV-DP as a reference inhibitory agent, we modified thedata suggested that the modified assay was well suited for HTS
ionic strength of the buffer solution as well as the concentraapplications. However, HTS campaigns for novel inhibitors of
tions of ANTPs, DIG-dUTP, and ivtPOL8/ivtPF8 proteins in the KSHV POL8/PF8 require large quantities of homogeneous and
reaction mixture. CDV-DP was selected as a reference inhibitopure POL8 and PF8 proteins. Therefore, we constructed the
because its precursor, CDV, had been shown to potently inhibiiecombinant baculovirus vectors, and successfully expressed
KSHV DNA synthesis and virion production in cell-based assaysand purified functionally active recombinant KSHV POL8 and
(Kedes and Ganem, 1997; Medveczky et al., 1997; Neyts anBF8 from the viral vector-infected Sf9 insect cellofjsuren
De Clercq, 199). The optimal concentration of (NHLSOy in et al.,, 2003 (Fig. 2). Functional integrities of the purified
the assay buffer was titrated to 50 mM for the most efficienrPOL8 and rPF8 were verified by their in vitro processive DNA
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Fig. 1. The inhibitory activities of the NCI Training Set compounds, identified by NSC nurhiter/(dtp.nci.nih.goy, were compared between DNA-interacting
(including topoisomerase Il inhibitors or Top Il inhibitors) and non-DNA-interacting compounds, defined based on known mechanisms of acebmotdenies
(Shoemaker et al., 20D2ested at 200 and 20M. The data shown are meanS.D. of two separate assays. The prevalence of DNA synthesis inhibition by non-DNA
binders was significantly reduced at;2D!.

synthesis activity, which was effectively blocked by CDV-DP in to those of ivtPOL8/ivtPF8-based assay (0.250.126 versus

a dose-dependent mannBxofjsuren et al., 2003The Training  0.7994 0.055: mear: S.D. of Z'-factors from three separate
Set compounds were screened ap®0in the microplate DNA  rPOL8/rPF8-based versus ivtPOL8/ivtPF8-based assays,
synthesis assay using rPOL8/rPF8 in place of ivtPOL8/ivtPF8tespectively).

Of the 225 compounds examined by both ivtPOL8/ivtPF8-based All but two (NSC 176328 and NSC 357756) of the 28 hit
and rPOLS8/rPF8-based DNA synthesis assays, all 21 positiveompounds identified from the NCI Diversity Set were avail-
hits (=50%inhibition) selected from the ivtPOLS8/ivtPF8 assay able in sufficient quantities for further testing. The activity was
also exhibited greater than 50% inhibition in rPOL8/rPF8-confirmed for 25 of the 26 compounds in the rPOL8/rPF8-
based assay, while all 198 inactive compounds identifiedhased microplate DNA synthesis inhibition assay, with the 50%
by rPOL8/rPF8-based assay were also deemed negative inhibitory concentrations (IC50s) ranging from 0£2.07uM
ivtPOL8/ivtPF8-based assay, resulting in the assay concordant@10.83+ 4.19uM (meant S.D. of three separate experiments,
of 97.3%.7'-factors for the rPOL8/rPF8-assay were comparableTable J).


http://dtp.nci.nih.gov/

14 D. Dorjsuren et al. / Antiviral Research 69 (2006) 9-23

Table 1

Structures and activities of the hit compounds identified from KSHV POL8/PF8-DNA synthesis inhibition screen of the NCI Diversity Set

NSC# Structure Primary screen tested @ rPOL8/rPF8 DNA synthesis assay
20M (percent inhibition) (IC50 (uM): meantS.D.)

5159 68.06 2.74-0.40
12155 80.81 1.59+0.17
45576 84.25 5.64£1.31
82892 68.61 4.14-1.19
86005 51.26 4.95-1.19
86372 57.88 3.86:1.01
95609 72.47 3.53t0.17

130813 79.54 1.9G£0.43
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Table 1 Continued)

15

NSC# Structure

Primary screen tested @
20uM (percent inhibition)

rPOL8/rPF8 DNA synthesis assay
(IC50 (uM): mean+S.D.)

NH,

143491

146109

o
)H(TOH
HO
146443 0

147744

156305

176327

176328

76.63

52.09

96.04

51.07

59.19

100.00

100.00

1.39£0.37

5.14-2.32

0.04:0.02

>20

2.8H0.63

0.12£0.07

N/D
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Table 1 Continued)

NSC# Structure Primary screen tested @ rPOL8/rPF8 DNA synthesis assay
20uM (percent inhibition) (IC50 (uM): mean+S.D.)

181486 73.23 10.83:4.19
270718 89.65 2.38£0.31
295558 68.28 2.63£0.54
306711 55.66 1.46+0.32

H
T
311152 Q AN 78.80 0.50+0.12

"
N | X
C A,
311153 Q AN 73.21 1.68£0.30

321206 96.54 1.28:0.16

322921 54.99 3.6H-0.09
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Table 1 Continued)

NSC# Structure Primary screen tested @ rPOL8/rPF8 DNA synthesis assay
20M (percent inhibition) (IC50 (uWM): meant=S.D.)

339585 74.39 9.05k2.97

NH
357756 <«\/ A\ { O 89.48 N/D

H /N\
0 HN\/
H
N AN
S g PPN,
359449 ) 71.61 2.03:0.13
O{
H
N/
373989 NN NN 52.55 9.75:1.98
|
PS
|
638432 49.89 3.240.40

HCI

rPOLS8: recombinant KSHV DNA polymerase; rPF8: recombinant KSHV polymerase processivity factor, IC50: inhibitory concentration to achievaediio¥h red
in DNA synthesis.

@ This polymer compound was tested atg/mL. The IC50 value shown is img/mL.

b Inhibitory activity not confirmed due to insufficient quantity, N/D: not done.

3.3. Inhibitory activity of hit compounds in the M13 176327, NSC 311152, NSC 311153, and NSC 359449), anthra-
nucleotide extension assay cycline derivatives (NSC 82892, NSC 86005, and NSC 143491)
and quinoline-containing derivatives (NSC 12155, NSC 86372,

In order to corroborate that primary hits identified by theand NSC 373989) examined exhibited highly potent inhibi-

current microplate assay comprised the agents inhibitory to fundion (Fig. 3). The remaining active compounds consisted of

tional activities of POL8 and/or PF8, the hit compounds from thean acridine-containing derivative (NSC 130813), a benzimida-

NCI Diversity Set were evaluated for inhibitory activity against zole DNA binder NSC 322921 (Hoe-33258) and compounds

POL8/PF8-mediated in vitro processive DNA synthesis, usingvith various other structures (NSC 95609, NSC 146443, NSC

the M13 nucleotide extension assayn(et al., 1998; Lin and 270718, NSC 306711, NSC 321206, and NSC 638&82,3).

Ricciardi, 2000, wherein POL8/PF8 can synthesize long-chain

DNA of up to 7249 nucleotides (nts) in length. As shown in 3.4. Anti-KSHYV activity of one of the hit compounds in

Fig. 3 18 of the 26 compounds blocked rPOL8/rPF8-mediatedyrically induced BCBL-1 cells

processive DNA synthesis at 20 (except for NSC 146443,

a polymer compound as shown Table 1 used at 4ug/mL). Lastly, we examined whether the active compounds selected

Most notably, all of ellipticine/ellipticinium derivatives (NSC from the current molecular targeted screen exerted inhibitory
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in order to determine their effects specifically on Iytic KSHV
DNA replication. Of the 18 compounds tested, 1 compound,
NSC 373989, dose-dependently inhibited KSHVY vDNA pro-
duction in PMA-stimulated BCBL-1 celld{g. 4A), with IC50
ranging from 1.4 to 2.4M in three independent experiments
(meant=S.D., 1.9+ 0.8uM). The reduction in KSHV vDNA
level was accompanied by a corresponding decrease in KSHV
DNA in the Hirt DNA without affecting control mitochondrial
DNA levels (Fig. 4B), suggesting that the compound specifically
blocked lytic KSHV DNA replication. However, NSC 373989
exerted cytotoxicity at relatively low concentrations (50% cyto-
- < toxic concentration, CC50, meanS.D. from three separate
experiments: 8.6 1.7uM). The remaining compounds did not
significantly inhibit KSHV DNA synthesis at non-cytotoxic con-
centrations (data not shown).

Uninfected Sf9
Whole cell lysate
Uninfected Sf9
Whole cell lysate

rPOL8
rPF8

(KDA) (KDA)

185

'
i

185 = |
%8 =

— <

98 ==

52 =
52 ==

31 = 9 -

19 = 19 =

1" = M=

4. Discussion

N _— The rapid advances in functional genomics, proteomics,

_ _ . _ combinatorial chemistry and bioinformatics have dramatically
Fig. 2. Expression and purification of recombinant KSHV POLS8 (rPOLS) andStreamlined the strateaic anproach to discovery and development
PF8 (rPF8) using a baculovirus vector systé&oifsuren et al., 2003Sf9 cells . g pP ’ y . p
were infected with the recombinant POLS- or PF8-expressing baculovirus an@f Novel therapeupcs for various human d|sea§es In recent years.
harvested at 72h post infection. KSHV rPOL8 and rPF8 were purified fromAs soon as exploitable molecular targets are identified and vali-
total cell extracts of infected Sf9 cells by using AKTAFPLC™'system (GE  dated for therapeutic intervention, small molecule inhibitors of
Healthcare). Shown are the whole cell lysates of uninfected and infected Sf?ne new targets can be discovered from vast collections of chem-

cells as well as the purified protein analyzed by SDS—-PAGE with Coomassie . . .
P P y y ical compounds (chemical libraries) through HTS at an unprece-

blue staining. Molecular weight markers are indicated on the left in kilodaltons i .
(kDa). dented rate. Although cell-free biochemical HTS assays do not
provide information on potential toxicity (unwanted effects),
toxicity evaluations may be integrated in the secondary screen-
activity on lytic KSHV DNA replication in KSHV-infected cells. ing once candidate compounds are identified. Such a rational,
In the BCBL-1 cell-based assay employed in our study, thenolecularly targeted approach can potentially lead to discovery
number of newly released KSHYV virion-associated DNA copiesof novel therapeutic agents that are highly specific and effec-
determined by quantitative PCR was consistently 10-50-foldive against the targeted diseases. The first critical step toward
increased in PMA-induced cells over uninduced control withsuccessful identification of new efficacious agents is to establish
a corresponding increase in the amount of KSHV DNA in theassay methodologies, which will selectively identify compounds
Hirt supernatant DNA (Hirt DNA)Fig. 4A and B, see PMA+{)  with desired activities. Once specific functional assays are devel-
and PMA+). The 18 hit compounds, which efficiently blocked oped, the assays should be applied to screening of diverse groups
in vitro processive DNA synthesis mediated by rPOL8/rPF8of chemical compounds in order to accelerate the discovery pro-
(Fig. 3), were added to the BCBL-1 culture at various concen-cess for potentially useful drug-like compounds. However, these
trations after the lytic cycle was fully induced by PMA for 24 h prototype assays are not necessarily optimized for screening
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Fig. 3. Inhibitory activity of the primary hit compounds from the NCI Diversity Set on in vitro processive DNA synthesis by KSHV rPOL8 and rPF8ivérocess
DNA synthesis assay was carried out using primed M13 templateet al., 1998; Dorjsuren et al., 20p8nd 10 ng each of KSHV rPOL8 and rPF8 in the absence

or presence of 2QM test compounds. The radiolabeled, synthesized DNA products were extracted and fractionated on a 1.3% alkaline agarose gel. Shown is a
autoradiogram of the dried gel. Note, compared to no drug control, which generated the full-length DNA strands, processive DNA synthesis esldonkeldt

by 18 compounds added at @M (except for NSC 146443, a polymer compound, usedag/M4nL). Twenty micromolars CDV-DP, the active form of CDV, was
included as a reference inhibitory agent. Numbers above each lane are NSC numbers identifying the compounds from the NCI DTP repository. Theearrow den

a full-length (7249 nts) DNA product synthesized from the M13 template. The smear below represents size-range of processively synthesizediNAg-cha
products.
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Fig. 4. Anti-KSHYV activity of one hit compound selected from the library screen. (A) The antiviral effects of the active compounds were evaluakestimBlisted
BCBL-1 cells, which typically produced over 10- to 50-fold higher levels of KSHV virions than unstimulated BCBL-1 (PWAQf the 18 compounds tested,

one compound, NSC 373989, dose-dependently decreased KSHYV virion production from lytically induced BCBL-1 cells. KSHV virion-associated BINA (vDN
was assayed by real time quantitative PCR. The levels of KSHV vDNA were adjusted by the cell count (cBpiigiland depicted as percent of no drug control.

The data shown are mearS.D. from three separate experiments. The dose-response effect of cidofovir (CDV) is included as a reference. (B) The amounts
KSHV DNA were examined by late gene ORF65 PCR, using low molecular weight (LMW) DNA. Dose-dependent decreases in KSHV DNA were demonstrated
PMA-stimulated BCBL-1 cells treated with CDV (left) or NSC 373989 (right). The mitochondrial DNA fragment is shown as an internal control for gdeh sam
The data shown are representative of three independent experiments. Lanes 1 and 6, no PMA/no drug control; lanes 2 and 7, PMA-stimulated/lolenes contr
3-5,CDV 0.3, 1, and M, respectively; lanes 8-11, NSC 373989 0.5, 1, 2, apiVi5respectively.

LMW DNA

of large chemical libraries constructed through combinatorial To further validate the assay’s suitability for future HTS
chemistry. The adaptation of original assays to high-throughputampaigns, the inhibitory activity of the primary hit com-
applications, therefore, has become a fundamental requiremepbunds from the Diversity Set was verified by secondary
for drug screening campaigns. testing: the microplate-based DNA synthesis assay per-
In the current study, we attempted to develop an HTS assaprmed in the absence or presence of serially diluted test
for identification of inhibitors of KSHV POL8/PF8-mediated compounds and in vitro processive DNA synthesis inhibition
processive DNA synthesis. We initially employed in vitro trans-assay. We confirmed that 25 of the 26 available compounds
lated proteins in the assay, while we vigorously attempted talose-dependently blocked DNA synthesis in the microplate
express and purify functionally active recombinant KSHV POL8assay, and that 18 of the 25 compounds efficiently blocked
and PF8 in large scal®0rjsuren et al., 2003We have shown in vitro processive DNA synthesis mediated by rPOL8/rPF8.
that the microplate-based DNA synthesis assay using two cd-urthermore, of the 18 active compounds examined, one
operatively functioning proteins, KSHV POL8 and PF8, pro-agent, NSC 373989 (5-((3-(dimethylamino)propyl)amino)-
duced preliminarily by in vitro translatioiLin et al., 1998 and  3,10-dimethylpyrimido[4,5-b]quinoline-2,4f810H)-dione),
subsequently by using a baculovirus vector systBrjsuren  was shown to specifically block lytic KSHV DNA replication
et al., 2003, could be optimized for an HTS mode with high in PMA-stimulated KSHV-infected BCBL-1 cells. These
assay reproducibility/€ > 0.9) and excellent levels of screen- data indicated that our primary microplate-based screening
ing window co-efficientZ’-factor Zhang et al., 1999 The hit  assay was optimally designed for identification of potential
threshold was set at 50% inhibition based on the preliminarynhibitors of processive KSHV DNA synthesis. Of note,
screening profile of the NCI Training Set, which indicated thatthe primary hit compounds selected from the Diversity Set
at low micromolar test concentrations non-specific inhibitorsincluded known DNA binders (NSC 5159 and NSC 321206)
would be less likely to be selected with this cut-off. Using the(Jorgenson et al., 1978; Uramoto et al., 1983; Rao and Lown,
hit threshold of>50% inhibition, we identified 28 active com- 1991; Barcelo et al.,, 2002and compounds with structures
pounds from the NCI Diversity Set, resulting in a primary hit similar to various classes of topoisomerase |l inhibitors, such
rate of 1.4%. as anthracycline derivatives (NSC 82892, NSC 86005, and
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NSC 143491), anthracene derivatives (NSC 146109 and NS@hibitors and may help develop more efficacious anti-KSHV
339585), acridine-containing derivatives (NSC 130813 andgents.
NSC 156305), and ellipticine/ellipticinium derivatives (NSC  Inthe current study, we found that one of the primary hit com-
176327, NSC 311152, NSC 311153, and NSC 359449). Othgrounds, NSC 373989 (5-((3-(dimethylamino)propyl)amino)-
topoisomerase Il inhibitors included in the NCI Training Set, 3,10-dimethylpyrimido[4,5-b]quinoline-2,4(810H)-dione),
actinomycins (NSC 3053 and NSC 87222), anthracyclines (NS@otently inhibited in vitro processive DNA synthesis mediated
82151 and NSC 123127), and anthracenedione (NSC 301739y KSHV rPOL8/rPF8 and significantly reduced lytic KSHV
also demonstrated potent inhibitory activity in the currentDNA replication in cells. For KSHV vDNA quantitation, the
study Fig. 1). Of these topoisomerase Il inhibitors, ellipticines number of KSHV vDNA copies was standardized by the cell
are generally recognized as potent DNA intercalators, whileount of each sample in order to compare the level of virion
anthracyclines, anthracenes, and acridines (e.g., amsacrirgrticles released from an equal number of viable cells. The
are known to possess mixed features of DNA intercalatoramounts of KSHV DNA were also evaluated in the equivalent
and groove bindersCQapranico and Binaschi, 1998ecause quantity of Hirt LMW DNA as controlled by the amounts
the current assay employs a primed DNA template for DNAof mitochondrial DNA. Therefore, the observed decreases in
synthesis, it is not surprising to observe various degrees of DNASHYV virion production and KSHV DNA in the Hirt DNA
synthesis inhibition by compounds that are expected to bind taost likely represented the inhibition of Iytic KSHV replication
DNA. When analyzing primary hit compounds selected fromby the compound. Antiviral properties of various quinoline
large chemical libraries, such presumed “non-specific” hitoor hydroxyquinoline (quinolone) derivatives have previously
can be readily recognized by structure seafelower, 1998; been demonstrated against various human viral pathogens,
Roberts et al., 200@nd excluded from further characterization including HSV-1, HSV-2, CMV, varicella-zoster virus, and
and development, unless they are a unique class of anti-canddiV-1 (Nasr et al., 1988; Althaus et al., 1993; McCormick et
agents such as topoisomerase Il inhibitors as discussead., 1996; Albin et al., 1997; Baba et al., 1997; Wentland et
below. al., 1997; Hagihara et al., 1999; Brideau et al., 2002; Oien et
Topoisomerase Il inhibitors are important anti-cancer theral., 2002; Parolin et al., 2003Although the mechanism of
apeutics widely used in clinic for a variety of cancers, includ-antiviral action by the majority of these quinoline compounds is
ing Kaposi’s sarcomadill et al., 1991; Hande, 1998; Newell still undefined, one of the 4-oxo-dihydroquinoline analogs has
et al.,, 1998; Evans et al., 2002t is interesting to note recently been shown to exert broad anti-herpetic activity against
that all of ellipticines and anthracycline analogs examined irHSV-1, HSV-2, CMV, VZV, EBV, and KSHV by inhibiting
the current study exhibited potent inhibitory activity againstviral DNA polymerasesThomsen et al., 2003NSC 373989, a
rPOL8/rPF8-mediated processive DNA synthesis in vitro. Aspyrimido-quinoline, does not possess a similar structure to any
expected, these compounds were highly toxic to KSHV-infectedof the previously reported antiviral quinolines. The compound
actively proliferating lymphoma cell line, BCBL-1. Our data may primarily target KSHV POLS8, PF8 and/or their cooperative
suggest that certain topoisomerase ll-targeting agents mamgteraction. Although this compound itself is not suited for
serve as dual inhibitors of human DNA topoisomerase |l agherapeutic development because of the narrow therapeutic
well as KSHV DNA synthesis, and potentially play a crit- index, further studies are warranted to elucidate the mechanism
ical role in the treatment of KSHV-induced malignancies.of anti-KSHV activity exhibited by NSC 373989, and to define
Antiviral activity of various topoisomerase Il inhibitors, includ- the key pharmacophores by structure activity relationship
ing DNA intercalators and catalytic inhibitors, has previ- studies. In summary, our current study demonstrates that KSHV
ously been reported against HSV-1, HSV-2, cytomegaloviru$®OL8/PF8 molecular targeting HTS is feasible and may lead
(CMV) and EBV (Nishiyama et al., 1987; Benson and Huang, to identification of novel non-nucleoside inhibitors of KSHV
1988; Huang et al., 1992; Kawanishi, 1993; Hammarsten eDNA synthesis.
al., 1996; Akanitapichat et al., 20P0It was initially spec-
ulated that host topoisomerase Il was required for efficienAcknowledgments
herpesvirus DNA replication in infected cells and that the inhi-
bition of the host enzyme activity hindered viral replication = We would like to thank Drs. David Covell, John Cardel-
(Ebert et al., 1990; Hammarsten et al., 1p98owever, it is  lina, Andrew Stephen, and Kai Lin for helpful discussions;
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block processive DNA synthesis of various herpesviruses, a¥hn Britt and Ms. Gina Moon for preparation of the test com-
has been demonstrated in our study. Whether the inhibitiopounds and chemical libraries. This work was supported, in part,
of viral DNA synthesis by these agents is primarily medi- by federal funds from the National Cancer Institute, National
ated by their tight binding to DNA or involves the forma- Institutes of Health (NIH), under contract number NO1-CO-
tion of the enzyme-drug-DNA complex, as seen in the inhi-12400 and NIH Research Grants CA80602 and DE16665 to
bition of topoisomerase IIBurden and Osheroff, 1998has R.P.R. The content of this publication does not necessarily
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