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Abstract: The viral enzyme integrase i1s essential {or the replication
of human immunodeticiency virus type 1 (HIV-1) and represents a
remaining target for antiretroviral drugs. Here, we describe the
modification of a quinolone antibiotic to produce the novel integrase
inhibitor JTK-303 (GS 9137) that blocks strand transfer by the viral
enzyme. It shares the core structure of quinolone antibiotics, exhibits
an ICsp of 7.2 nM in the strand transfer assay, and shows an ECsg of
0.9 nM in an acute HIV-1 infection assay.

Human immunodeficiency virus type | (HIV-1) integrase,
along with HIV-1 reverse transcriptase and HIV-1 protease, is
an essential enzyme for retroviral replication and represents an
important target for interrupting the viral replication cycle.!
HIV-1 integrase first catalyzes removal of the tenminal dinucle-
otide from each 3’-end of viral DNA (3’-processing) and
subsequently mediates joining of the 3’-end of the viral DNA
10 host DNA (strand transfer).? Reverse transcriptase inhibitors
and protease inhibitors have already made significant advances
in antiretroviral therapy but cannot achieve complete suppression
and risk producing resistant HIV-1.34 On the other hand, despite
numerous attempts to develop integrase inhibitors, only the
diketo acid class of compounds is at an advanced stage of
development and no integrase inhibitors have yet been approved
for therapeutic use.'*~7 Here, we report that the core structure
of quinclone antibiotics can be used as an alternative to the
diketo acid class of HIV-1 integrase inhibitors and how this
tfinding led to a novel quinolone integrase inhibitor, JTK-303
(GS 9137).

The diketo acid moiety (y-ketone, enolizable a-ketone, and
carboxytlic acid) was believed to be essential for the inhibitory
activity of this series of integrase inhibitors,® and the structures
of diketotriazole 2.° diketotetrazole 3,° diketopyridine 4,'° and
7-carbonyl-8-hydroxy-(1,6)-naphthyridine 5 7!! were reported
to be bioisosters of the diketo acid pharmacophore (Figure 1).
The carboxylic acid could be replaced with not only acidic
bioisosters, such as tetrazole and triazole, but also by a basic
heterocycle bearing a lone pair donor atom, such as a pyridine
ring. It has been reported that the heteroaromatic nitrogen in
the pyridine ring mimics the corresponding carboxyl oxygen
in the diketo acid as a Lewis base equivalent.'' The enolizable
ketone at the a-position of diketo acids can be replaced with a
phenolic hydroxy! group. indicating that the a-enol form of each
diketo acid is its biologically active coplanar conformation.'!
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Figure 1. Stuctures of the diketo acid family and its new bioisoster.

All bioisosters of the diketo acid motif have the three
functional groups that mimic a ketone, enolizable ketone, and
carboxy! oxygen and can have a coplanar conformation (Figure
1). Therefore, we designed the structure of 4-quinolone-3-
glyoxylic acid 6 as a new scaffold that maintained the copla-
narity of diketo acid functional groups (Figure 1). Interestingly,
not the 4-quinotone-3-glyoxlic acid 6 but its precursor 4-qui-
nolone-3-carboxylic acid 7 showed integrase inhibitory activity.
The 4-quinolone-3-carboxylic acid 7 only had two functional
groups, a S-ketone and a carboxylic acid, which were coplanar.
This result showed that the coplanar monoketo acid motif in
4-quinolone-3-carboxylic acid 7 could be an aiternative to the
diketo acid motif and provided novel insight into the structural
requirements and the binding mode of this type of inhibitor.
Quinolone 7 had an 1Csg of 1.6 M in the strand transfer assay,
and structural modification of 7 led to a far more potent integrase
inhibitor 12 with stronger antiviral activity (Table 1). Introduc-
tion of 2-fluoro and 3-chloro substituents into the distal benzene
ring of 7 (8) led to a significant improvement of its inhibition
of strand transfer (ICso = 44 nM) and to the appearance of
antiviral activity (ECso = 0.81 uM). Compound 9, bearing a
hydroxyethyl group at the 1-position of the quinolone ring, was
1.8-fold more potent at inhibiting strand transfer (ICsp = 24
nM) and displayed about 11-fold stronger antiviral activity (ECso
= 76 nM) than 8. Introduction of a methoxy group at the
7-position of the guinolone ring of 9 (10) led to a significant
improvement of its inhibition of strand transfer (ICsy = 9.1 nM)
and of antiviral activity (ECso = 17.1 nM). Compound 11,
bearing an isopropyl group at the 1S-position of the hydroxyethy!
moiety, was about 3-fold more potent at inhibiting strand transfer
(ICso = 8.2 nM) and about 10-fold stronger at inhibiting HIV
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Table 1. Summary of the Structural Optimization Process for
Quinolone Integrase Inhibitors®

compd Inhibition of Antiviral Cytotoxicity
Steand Transfer® Actishy? (M)
ICy; (M) ECq (nM)
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@ The strand transfer assay was performed according to the method of
Hazuda'® with some modifications.!* # Antiviral activity was mecasured by
the acute HIV-1 infection assay'¢ with some moditications.'” ¢ Prepared
according to the reported method."® 4 Available from Wako Pure Chemical
¢ Data are given as the mean £ SD (n = 3).

replication (ECsp = 7.5 nM) than 9, although introduction of
an isopropyl group at the 1R-position of the hydroxyethyl moiety
could not enhance inhibitory acitivity. Introduction of both a
methoxy group at the 7-position of the quinolone ring and an
isopropy! group at the 1S-position of the hydroxyethyl moiety
of 9 (12) led to a synergistic improvement of antiviral acitivity
(ECso = 0.9 nM). but there was no additive or synergistic
improvement in the inhibition of HIV-1 integrase (ICso = 7.2
nM). This may be due to the condition of the strand transfer
assay using 5 nM of target DNA that influences potencies of
inhibitors.

Preparation of the quinolone analogues (7—12) is shown in
Scheme 1. Palladium-catalyzed coupling of 3-chloro-2-fluo-
robenzylzinc bromide 13, which was derived from the corre-
sponding benzylbromide. with 1-iodo-4-nitrobenzene or 1-iodo-
2-methoxy-4-nitrobenzene (Negishi coupling) and subsequent
reduction of the nitro group gave the aniline 15 or I6.
Condensation of 15, 16. or commerciatly available 14 with
diethyl ethoxymethylenemalonate and subsequent thermal cy-
clization of the aminoacrylate products in diphenyl ether led to
the quinolone esters 17, 18 and 19.' Hydrolysis of 17 and 18
gave 7 and 8, respectively. N-Alkylation of 18 or 19 with the
tert-butyldimethylsilyl (TBS) ether of 2-hydroxyethylbromide
and subsequent hydrolysis of the ethyl ester and TBS ether
resulted in 9 or 10. After 5-iodonation of 2-fluorobenzoic acids
20 and 21, the acid chlorides of 20 and 21 were coupled with
ethy1 3-(dimethylamino)acrylate to produce the acrylates 22 and
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Scheme 1°

e ] ab = | R3 NH;
‘ ZnBr —> :
R; Ry N
R R,

13 (Ry =F.R, = Cl) 14 (Ry=Ry=Ry=H)
15 (Ry = F,Ry = Cl, Ry = H)

16 (Ry = F. R = Cl. Ry = OMe)

R4
eos 21O
N NP ]
Ry Y
R, O OR;

e[:17(R1=R2=R3=R4=H,R5=El)
7{Ry=R=Ry=R,=Rs=H)

18 (R1 =F, Ry = Cl, Ry = R¢ = H, Rs = Et)
eEB(R1=F.Rz ClLR3=Ry =Rs =H)
L+ 8(R, =F.Ry = Cl, Ry = Rg = H, Ry = CH,CH,0H)
fge[-—->19(R1=F,R2-CI Ry = OMe, Ry = H, Rs = Et)

10(R, = F, Rz = Cl, R; = OMe, Ry = CHCH,0H, Rs = H)

20 (Rg=H)
21 (Rs = F)

fge

F ,N\

22(R5=H,R7—El)
23 (Rg =F, Ry = Et)

Rt,o/\T"“k R.,o’\?"“k

Rg N
| Q0
O o = W

0 OR; O ORr

24 (Rg = H, Ry = Et. Rg = TBS) l:zs (R = H, Ry = Et, Rg = TBS)
25 (R = F, Ry = E1, Rg = TBS) 11 (Rg =Ry =Rg = H)

27 (Rg = F, Ry = Et, Rg = TBS)

°-P|: 12 (Rg = OMe, Ry = Rg = H)

@ Reagents and conditions: (a) 1-iodo-4-nitrobenzene, PACI(Ph;P),, THF,
reflux; (b) Zn, AcOH,; (c) diethy! ethoxymethylenemalonate, toluene, reflux;
(d) PhyO, 250 °C; (e) NaOH, EtOH/H,0, reflux; (f) TBSOCH,CH,Br,
K2COs, DMF, 80 °C; (g) TBAF, THF; (h) NIS, H,SOy; (i) SOCh,, DMF,
toluene, reflux; (j) ethyl 3-(dimethylamino)acrylate, THF, 50 °C; (k) (S}
valinol, THF; (1) K,CO;, DMF, 70 °C; (m) TBSCI, imidazole, DMF; (n)
13, Pd(dba),, trifurylphosphine, THF, reflux; (0) NaOH, i-PrOH/H,0, reflux;
(p) NaOMe, MeOH, reflux.

23, respectively. Substitution with (8)-valinol and subsequent
cyclization with potassium carbonate and protection of the
alcohol with TBS ether gave the quinolones 24 and 25,
respectively.?? Negishi coupling of 24 and 25 with 13 led to
the quinolone esters 26 and 27, respectively. Hydrolysis of 26
gave 11. Hydrolysis of 27 and subsequent methoxylation with
sodium methoxide produced 12.

In summary, modification of quinolone antibiotics. which did
not show HIV-1 integrase inhibitory activity (Table 1), led to
discovery of the coplanar monoketo acid motif in their scaffold,
4-quinolone-3-carboxylic acid, as an alternative to the diketo
acid motif. These novel quinolone integrase inhibitors were
structurally optimized in the highly potent 12, which had little
antibacterial activity although it still retained the core structure
of quinolone antibiotics. Compound 12 was much more potent
at inhibiting integrase-catalyzed strand transfer processes than
3"-processing reactions, as previously reported for compounds
of the diketo acid class.'>!> This indicates that it probably
inhibits HIV-1 integrase via a mechanism similar to that of
diketo acids, although there is no direct evidence (such as
cocrystal data) that the coplanar monoketo acid motif shows
the same mode of binding to the cnzyme as the diketo acid
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motif. Clinical studies of the novel quinolone integrase inhibitor
12 (GS 9137) are currently being conducted by Gilead Sciences.
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Abstract

Transcriptional silencing of tumor suppressor genes by
aberrant DNA methylation is a characteristic frequently
observed in cancer cells. Therefore, reversing this process is a
therapeutic target against cancer. In this study, we established
a screening system for silencing inhibitors with cell lines
transfected by a retroviral vector containing a luciferase gene.
More than 100 nucleosides were tested for antisilencing activity
with a selected clone in which the silenced expression of
luciferase could be recovered by 5-aza-2’-deoxycytidine.
A group of halogenated thymidine analogues was found to
reactivate transcription of not only the reporter retrovirus
vector but also endogenous glutathione-S-transferase 1 gene,
without influence to DNA hypermethylation. Gel mobility shift
assay showed that 5-bromo-2'-deoxyuridine (BrdUrd) or
5-iodo-2'-deoxyuridine incorporation did not affect the bind-
ing of the methyl-CpG binding protein motif to methylated
DNA. Finally, in the retroviral promoter, BrdUrd treatment
increased the acetylated histone H3 level and decreased
methylation of histone H3 Lys® in accordance with recovered
transcription. This study shows that halogenated thymidines
have an antisilencing effect without changing DNA methylation
status by interfering with step(s) between DNA methylation
and histone acetylation. (Cancer Res 2005; 65(15): 6927-33)

Introduction

CpG methylation, which is established and maintained by DNA
methyltransferases, is a common modification in vertebrate
genome and is associated with development, differentiation, and
transcriptional suppression (1). Aberrant DNA methylation in the
promoter region and the subsequent silencing of tumor suppressor
genes is frequently observed in various tumors, indicating that
DNA methylation plays an important role in tumorigenesis (2-5).
Such epigenetic changes in tumors suggest the idea that reversing
aberrant hypermethylation and reactivating abnormally silenced
tumor suppressor genes should be effective against tumors; this has
now been designated as epigenetic therapy (5). Methylation
inhibitors, which demethylate and reactivate silenced tumor
suppressor genes, have shown their antitumor effects both
experimentally and clinically (6). Evidence from either knockout
mice or siRNA-based knockdown experiments have shown that a
defect in methyl-CpG binding protein 2 (MBD2), a member of the
methyl-CpG binding domain proteins that specifically bind with

Requests for reprints: Masao Matsuoka, Laboratory of Virus Immunology,
Institute for Virus Research, Kyoto University, 53 Shogoin Kawahara-cho, Sakyo-ku,
Kyoto 606-8507, Japan. Phone: 81-75-751-4048; Fax: 81-75-751-4049; E-mail:
mmatsuok@virus.kyoto-u.ac.jp.

©2005 American Association for Cancer Research.

methylated DNA (1, 7), protected tumor-prone mice from
developing tumors (8, 9). This observation implies that processes
downstream of DNA methylation toward gene silencing could also
be good targets for epigenetic therapy.

5-Aza-2'-deoxycytidine (5-aza-dC), first synthesized in 1964, is
one of the best known methylation inhibitors (10). 5-Aza-dC is a
potent inhibitor of DNA methyltransferases, and is incorporated
into DNA by substituting physiologic deoxycytidine during DNA
replication and functions by forming covalent complexes with
DNA methyltransferases (5). To date, 5-aza-dC has been shown to
be clinically effective in treatment of several human tumors
(6, 11). Some other nucleoside analogues with demethylation
activity have also been developed, including azacytidine, fazar-
abine, DHAC, and MG98 (12). More recently, another nucleoside
analogue, zebularine, that demethylates and reactivates the
silenced genes, was identified. Although the mechanism of
zebularine is similar to that of 5-aza-dC (13), a characteristic of
zebularine is that it can be p.o. administered because of its
stability in an aqueous solution (14). In addition, the sequential
treatment with 5-aza-dC followed by zebularine has been shown
to prevent remethylation, a common obstacle in antimethylation
treatments (15).

In this study, we established a screening system for compounds
with antisilencing activity using a Moloney murine leukemia virus
(MLV)-based retroviral vector, and identified a group of haloge-
nated thymidine analogues that could recover gene expression
without influence on DNA methylation.

Materials and Methods

Retroviral vector construction and viral particle production. The
MLV-based retroviral vector, pRCV, was constructed by replacement of
the neomycin phosphotransferase gene and the SV40 promoter of pLNSX
with an oligonucleotide containing a multicloning site. A DNA fragment
that has a luciferase gene connected with a neomycin phosphotransferase
gene by an internal ribosomal entry site (IRES) was inserted into the
blunted Hindlll site in pRCV, yielding the retroviral vector pRCV/LIG
(Fig. 14).

The recombinant viral particles were produced by cotransfection of equal
amounts of pRCV/LIG plasmids and pcDNA-VSV-G (generous gift from
Hiroyuki Miyoshi, RIKEN, Tsukuba, Japan), which encodes vesicular
stomatitis virus envelope glycoprotein, into a gag-pol-expressing packaging
cell line, GP293 (Clontech, Palo Alto, CA) using Fugene reagent (Roche,
Indianapolis, IN). Culture supernatants were harvested, aliquoted 48 hours
later, and then stored at -80°C.

Cell culture and compounds. A human myeloid leukemia cell line,
K562, was grown in RPMI 1640 (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin,
100 pg/mL streptomycin, and 2 mmol/L L-glutamine at 37°C under a 5%
CQ, atmosphere. The human breast cancer cell line MCF7 was grown in
DMEM (Sigma) supplemented with 10% FBS, 100 units/mL penicillin,
100 pg/mL streptomycin, and 2 mmol/L L-glutamine.
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Figure 1. Establishment of a compound screening system. A, schematic
diagram of the retroviral vector pRCV/LIG used to establish a compound
screening system. B and C, response of silenced clones to 5-aza-dC and/or
TSA. Silenced K562 (8) or MCF7 (C) clones were treated with S-aza-dC for 3
days or 0.4 pmol/L. TSA for 1 day, or 5-aza-dC for 2 days followed by a
combination of 5-aza-dC and 0.4 pmol/L TSA for a further 1 day. The dose of
5-aza-dC used for K562 cells was 1 pmol/L. Single-tube luciferase assay was
done after drug treatment. Results are described as relative light units (RLU)
relative to the positive line of each clone. Columns, mean from three
independent luciferase assays, bars, SD. D, optimized compound screening
system tested with 5-aza-dC. On a 96-well plate, 10° K5 cells were exposed to
graded concentrations of 5-aza-dC in a total volume of 100 ul for 5 days followed
by MTT assay (feft) or 96-well luciferase assay. Luciferase activities were
normatized to the MTT values of corresponding wells and plotied against drug
concentration (right).

5-Aza-dC, 5-azacytidine (5-aza-C), 5-bromo-2-deoxyuridine (BrdUrd),
5-chloro-2’-deoxyuridine {CldU), 5-chloro-2-doxycytidine (CldC), 5-iodo-2'-
deoxyuridine (IdU), and trichostatin A (TSA) were purchased from Sigma.

Establishment of clones with a reporter gene. K562 and MCF7 cells
were infected with the virus stock for 48 hours in the presence of 8 pg/mL
polybrene. Forty-eight hours later, G418 (Nacalai Tesuque, Kyoto, Japan) was
added for positive selection (0.4 mg/mL for K562 and 0.8 mg/mL for MCF7).

After selection with G418 (~2 weeks), transfected clones were isolated by
limiting dilution. Then, each clone was cultured under two conditions; one
was cultured in medium with G418 (selection medium) and the other one in
medium without G418 (nonselection medium).

Luciferase assays. Two systems, single-tube luciferase assay and 96-well
plate luciferase assay, were used in this study. Single-tube luciferase assay
was carried out using Luciferase Assay System (Promega, Madison, WI)
according to the manufacturer’s protocol. Briefly, 2 X 10° cells were
collected and lysed, and then luciferase activity was detected by mixing the
cell lysate and luciferase assay reagent in a luminometer tube and measured
with a LB 9507 luminometer (Berthold, Bad Wildbad, Germany). For the
96-well plate luciferase assay, the Steady-Glo Luciferase Assay System
(Promega) was used. Steady-Glo Reagent (100 uL) was added directly to
cells growing in 100 uL of medium on a 96-well plate. Luciferase activity was
measured using a Wallac 1450 MicroBeta Jet Luminometer (Perkin-Elmer,
Wellesley, MA). In this study, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetra-
zolium bromide (MTT) assay was also done to normalize the results of
luciferase assay as described previously (16).

Synergistic effects of compounds. Dose-effect assays were done as
reported (17). Brielly, cells were seeded onto 96-well plates and exposed to
serial dilutions of each compound individually and concomitantly to both
5-aza-dC and BrdUrd or CldU at a fixed ratio (a ratio of 5-aza-dC to BrdUrd
or CldU is 1:100) of doses for 3 days followed by 96-well plate luciferase
assay. Doses used for 5-aza-dC were 0.05, 0.1, 0.2, 0.4, and 0.8 pmol/L; doses
used for BrdUrd or CldU were 5, 10, 20, 40, and 80 pmol/L. A combination
index (CI} value was calculated by the computer-based software Calcusyn
developed by Chou et al. (18).

Bisulfite genomic sequencing. Sodium bisulfite treatment of genomic
DNA was done as described previously (19). DNA regions were amplified
using bisulfite-treated genomic DNA by nested PCR. Tuo amplify 5'-long
terminal repeat (5'-LTR) promoter region of RCV/LIG, primers used in the
first PCR were 5-TAGGATATTTGTGGTAAGTAGTTTTTGTT-3' and 5'-
CATAACATCAAACATAAACACTAAACAATC-3'. Primers for the second
PCR were 5-GGTTTAGGGTTAAGAATAGATGGTTTTTAG-3 and 5'-CACAA-
ATAAATTACTAACCAACTTACCTCC-3'. Primer sets target the promoter
region of glutathione-S-transferase 1 (GSTP1) gene were as follows: For first
PCR, the primer set was: 5-TGAGAGGTGGAGGTTGTAGT-3' and 5'-TCCTA-
AATCCCCTAAACCCC-3'. Primer sets used in second PCR were 5-TGTG-
AAG(T/C)GGGTGTGTAAGT-3' and 5-CTAAAAACTCTAAACCCCATCC-3'.
PCR products were purified, cloned into pGEM-T Easy vector (Promega),
and sequenced using the ABI PRISM DyeDeoxy terminator cycle sequencing
kit (Applied Biosystems, Foster City, CA).

Quantitative real-time reverse transcription-PCR. Total RNA was
isolated from MCF?7 cells using Trizol reagent (Invitrogen, Carlsbad, CA).
RNA was treated with DNase I (Invitrogen) to eliminate the genomic DNA.
Reverse transcription was done using random hexamer and SuperScript 111
reverse transcriptase (Invitrogen). cDNA product was analyzed by real-time
PCR using the Tagman Universal PCR Master Mix and ABI Prism 7700 (PE
Applied Biosystems, Foster City, CA) sequence detector according to the
manufacturer’s instruction. Specific primers and Tagman probes for GSTP1
gene and for 18S internal control gene were used as described previously
(20). PCRs were carried out in triplicate. Data was analyzed by comparative
C, method according to manufacturer’s protocols (PE Applied Biosystems).
The lowest detectable GSTPI expression that has been induced in MCF7
cells after compound treatment was set arbitrarily as 1.0, as untreated
MCF?7 cells are null for GSTP! gene expression.

Quantitative chromatin immunoprecipitation assay. Chromatin
immunoprecipitation (ChIP} assay was done according to the protocol
recommended by Upstate Biotechnology (Lake Placid, NY). Cells (1.5 x 10%)
were fixed with 1% formaldehyde for 10 minutes at room temperature,
washed twice with ice-cold PBS, treated with SDS-lysis buffer [1% SDS,
50 mmol/L EDTA and 200 mmol/L Tris-HCl] for 10 minutes on ice and then
sonicated. Thereafter, the DNA/protein complexes were immunoprecipi-
tated with antibodies specific for acetylated-Histone H3 or anti-dimethyl-
Histone H3 (Lys”) antibodies (Upstate Biotechnology) overnight at 4°C.
Immune complexes were collected with salmon sperm DNA-protein A and
G Sepharose slurry, washed, and eluted with freshly prepared elution buffer
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(1% SDS, 100 mmol/L NaHCOj). Protein-DNA complexes were de-cross-
linked at 65°C for 4 hours. DNA was purified and subjected to real-time
PCR amplification.

ChiP DNA samples were quantified by Tagman real-time PCR assay
according to the method described by Mutskov et al. (21). Briefly, primers and
TagMan probe were designed to specifically target the RCV 5'-LTR retroviral
promoter. Sequences for the primer set were 5 -CCTGTGCCTTATTT-
GAACTA-3 and 5-TCTCCAAATCCCGGACG-3. Sequence for the FAM-
labeled TaqMan probe was §-CAGTTCGCTTCTCGCTTCTGTTCGCGC-3'.
Individual PCRs were done in triplicate to control for PCR variation and
mean C, values were collected. Fold difference of the antibody bound frac-
tion (JP) versus a fixed amount of input (/n) was calculated as

3¢ S G U

Pln=2"" =2

Then, the fold difference value for a target antibody (¢) was subtracted by the
nonspecific value derived from rabbit 1gG (t,):

(IP/In) — (IP/In)".

Finally, the fold difference value from the positive control cell line (K5/+) was
arbitrarily set as 1.0 and relative abundance of the analyzed protein from
untreated or compound treated K5/— cells was subsequently calculated.

Purification of recombinant proteins used in gel mobility shift
assay. Vectors that express the GST-tagged methyl-CpG binding domain of
MBDI [pGEX-2TH-MBD (1-84 amino acids)] or only GST (pGEX-2TH) as
control were constructed as described previously (22). Escherichia coli BL21
with expression vectors were cultured overnight at 20°C, and then
expression of recombinant proteins was induced by isopropyl-$-p-
thiogalactopyranoside (a final concentration of 0.4 mmol/L), following
further 6-hour incubation. Cells were harvested and resuspended in ice-cold
PBS followed by sonication. Recombinant proteins were purified with
ReadiPack GST Purification Modules (Amersham, Buckinghamshire,
England), aliquoted into small fractions and stored at —20°C.

Gel mobility shift assay. Probes for mobility shift assay are shown in
Fig. 54. Probes (20 finol) labeled with [v-**P]dATP were mixed with 0.4 pg
purified recombinant protein in EMSA binding buffer (10 mmol/L Tris-HCl
(pH 8.0), 3 mmol/L MgCl,, 50 mmol/L NaCl, 0.1 mmol/L EDTA. 0.1% NP40, 2
mmol/L DTT, 5% glycerol, and 0.4 mg/mL bovine serum albumin; ref. 23] at
room temperature for 30 minutes. For the competition assay, unlabeled
probe DNA was added into the reaction mixture at a concentration of 10,
100, or 1,000 fold relative to the [y-*P]dATP-labeled probe. The reaction
mixture (3 pL) was loaded on 8% polyacrylamide gel and run in 0.5% Tris-
borate EDTA buffer. Gel was dried and exposed to Medical X-ray film
(Kodak, Rochester, NY) overnight at —80°C.

Results

Establishment of a screening system for compounds with
antisilencing activity. To establish a screening system for
compounds with antisilencing activity, we used an MLV-based
retroviral vector to monitor the silencing and recovery of reporter
gene expression (24). For this purpose, an MLV-based retroviral
vector pRCV/LIG was constructed, which carried a luciferase
reporter cassette under the control of the retroviral &-LTR
promoter (Fig. 14). A neomycin-resistant gene was included in
this vector for positive selection of transduced cells. K562 and
MCF7 cell lines were infected with recombinant RCV/LIG,
subcloned in the presence of G418, and tested for luciferase
expression by single-tube luciferase assay. Each clone with
detectable luciferase activity was cultured in the presence (positive)
or the absence of G418 (negative). Luciferase activity could be
maintained in cells cultured with G418, so these cells could be used
as a control when the degree of silencing was judged in “negative”
cells.

Time-dependent diminishing of luciferase activity was observed
at various rates and degrees among the different clones after the
removal of G418. Cells with a luciferase activity lower than 30%
relative to their “positive” counterpart were arbitrarily considered
as being silenced. Then, the silenced clones were tested about
responsiveness to 5-aza-dC and TSA, an inhibitor of histone
deacetylases (HDAC; Fig. 1B and C; ref. 25). Among isolated clones,
the clone 5 derived from K562 (K5) showed the most’ prominent
responsiveness to 5-aza-dC (Fig. 1B), whereas it did not respond to
TSA. The 5-LTR promoter region in this clone was hyper-
methylated although it was demethylated after exposure to 5-aza-
dC (see below), indicating that promoter hypermethylation was
directly associated with silencing in K5 cells. Therefore, we selected
this clone for further analyses to identify antisilencing compounds.
To establish a screening system with K5 cells, data from 96-well
luciferase assay was normalized by values from MTT assay as
parameters of the cell number (Fig. 1D).

On the other hand, MCF7 clones with a silenced luciferase gene
could not respond to 5-aza-dC, but expressed luciferase after
treatment by TSA (Fig. 1C). Among these clones, 5-LTR was not
methylated, indicating that silencing of the reporter gene promoter
in MCF7 cells was not associated with DNA methylation (data not
shown).

Halogenated thymidine analogues exhibit antisilencing
activity. With this system, we screened >100 ribonucleoside
analogues provided by Yamasa Corporation (Choshi, Japan) or
purchased from Sigma, and identified a group of halogenated
thymidines that could reactivate the transcription of luciferase
gene in K5 cells (Fig. 24 and B). The identified thymidines were
similar in their chemical structures (i.e., halogenated at position 5
of the pyrimidine ring; Fig. 24). Among identified compounds, the
effect of BrdUrd and CldU was prominent (Fig. 2B). In addition to
thymidine analogues, CldC also showed antisilencing activity.
Because CldC showed a weak antisilencing activity, it is possible
that CldC is deaminated, resulting in incorporation into DNA as
CIdU. On the other hand, it was shown that this system successfully
evaluated the antisilencing activities of the two control com-
pounds, 5-aza-dC and 5-aza-C (Fig. 2B), indicating that our system
was applicable for screening of antisilencing compounds.

By performing single-tube luciferase assay, we confirmed that
these compounds reactivated the silenced retroviral promoter in
K5 cells in a dose-dependent manner (Fig. 2C). Halogenated
deoxyuridines substitute thymidine during incorporating into DNA,
whereas 5-aza-dC is incorporated instead of deoxycytidine.
Therefore, we concurrently exposed K5 cells to 5-aza-dC and
either BrdUrd or CldU in various ratios and found that these
compounds significantly enhanced the effect of each other
(Fig. 2C). Luciferase activity peaked when a suboptimal dose of
5-aza-dC was paired with a high dose of BrdUrd or CldU (data not
shown). Dose effect analysis was done using the method developed
by Chou and Talalay (17), showing that combinations of 5-aza-dC
and either BrdUrd or CldU exhibited strong synergism with the CI
value decreasing dose dependently (Fig. 2D). These findings
suggested that halogenated thymidines and 5-aza-dC exerted their
antisilencing effects by different mechanisms.

Effect of 5-bromo-2’-deoxyuridine on the expression of
silenced endogenous genes. Because halogenated thymidines
showed antisilencing activity on hypermethylated reporter gene,
we analyzed the antisilencing activity of BrdUrd on endogenous
genes that are silenced through promoter DNA methylation. It has
been reported that endogenous GSTPI gene is silenced in breast
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cancer cells by DNA methylation (26). As shown in Fig. 3, BrdUrd
restored GSTPI gene expression in a dose-dependent manner. The
combination of BrdUrd and 5-aza-dC significantly increased the
expression level of this gene. These results showed that BrdUrd
could reactivate the silenced transcription of not only retroviral
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promoter in K5 cells, but also endogenous GSTPI gene in MCF7
cells that has been silenced by DNA methylation.

Antisilencing activity of halogenated thymidines is not
associated with DNA demethylation. To clarify the mechanisms
of antisilencing activities observed in halogenated thymidines,
DNA methylation in the promoter region of reporter gene and
GSTP] gene was examined by bisulfite genomic sequencing.
The retroviral 5'-ETR promoter region in K5 cells cultured without
G418 (K5/—) was hypermethylated (77%), whereas almost no
methylation was detected in K5 cells cultured with G418 (K5/+;
Fig. 44). 5-Aza-dC significantly decreased the numbers of methyl-
CpG to 34%, which was directly associated with the up-regulated
luciferase activity. In contrast, BrdUrd and CldC did not
demethylate hypermethylated retroviral promoter although they
restored the silenced luciferase gene transcription (Fig. 44).
Similarly, BrdUrd did not influence the methylation status of
the endogenous GSTPI promoter (Fig. 4B), whereas 5-aza-dC
decreased DNA methylation. Our results showed that halogenated
thymidines could activate a hypermethylated promoter by target-
ing processes other than DNA methylation.

Lffect of halogenated thymidines on binding of methyl-CpG
binding domain to methylated DNA. It is generally thought that
promoter DNA methylation is translated to transcriptional
silencing by a family of methyl-CpG binding domain proteins,
which bind to methylated DNA through the evolutionarily
conserved methyl-CpG binding domain (1). It is possible that
incorporated halogenated thymidines disturb the binding of MBD
to methyl-CpG sites, resulting in the antisilencing effect. The effect
of halogenated thymidines on binding of MBD with methylated
DNA was analyzed by gel shift assay using an artificially designed
20 bp double-stranded oligonucleotide probe containing two
symmetrically methylated CpG sites with all thymidines replaced
by BrdUrd (Fig. 54). BrdUrd incorporation did not affect its binding
to a recombinant MBD (Fig. 5B). Similar results were obtained
when all thymidines were substituted with IdU in gel shift assay
(data not shown). It is unlikely that BrdUrd disturbs MBD binding
before incorporation into DNA because addition of the mono-
phosphate or triphosphate form of BrdUrd into the protein-DNA
binding reaction mixture did not influence the results in our gel
shift experiment (data not shown). Taken together, BrdUrd did not
disturb the binding of the methyl-CpG binding domain of MBD1
protein with methylated DNA in vitro.

Effect of 5-bromo-2'-deoxyuridine on histone modification.
DNA methylation is usually associated with changes in the
modifications of histone tails, which establish and maintain an
inactive chromatin structure (27, 28). To clarify the antisilencing
mechanism of BrdUrd, we did quantitative ChIP assay to detect
changes in histone modification after BrdUrd treatment. Because
acetylation of histone lysine tail is generally associated with

Figure 2. ldentification of a group of thymidine analogues as silencing inhibitors.
A, chemical structures of deoxycytidine, deoxyuridine, and their analogues.
dR, deoxyribose. B, antisilencing activity of the identified compounds unraveled
by the method described in Fig. 1D. C, combination effect of 5-aza-dC and
halogenated deoxyuridines. K5 cells were cultured in the presence of a single
dose or a combination of compounds for 3 days followed by single-tube
luciferase assay. Columns, mean from triplicate wells; bars, SD. D, dose effect
analysis. K5 cells were concomitantly exposed to 5-aza-dC and BrdUrd or CidU
for 3 days. Luciferase activity was measured by 96-well plate luciferase assay.
The Cl was determined by the method based on the computer software
Calcusyn. Data plotted are Cl values at 50%, 75%, and 90% fractions of
luciferase induction (ED). Ci < 1, Ci = 1, and Cl > 1 indicate synergism, additive
effect, and antagonism, respectively.
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Figure 3. Reactivation of endogenous GSTP1 gene transcription in MCF7
cells by BrdUrd. MCF7 cells were cultured in medium containing increasing
amount of 5-aza-dC or BrdUrd or a combination of both drugs for 3 days.
Expression of GSTP1 gene was analyzed by quantitative real-time PCR assay.

transcriptional active chromatin (29), histone H3 acetylation of the
retroviral promoter was studied. K5 cells maintained in G418
selection medium (K5/+) were used as a control, in which
retroviral promoter sustained an active transcription state during
long-term culture. As shown in Fig. 64, K5/~ cells exhibited
decreased level of histone H3 acetylation in the retroviral promoter
region compared with K5/+ cells, suggesting histone deacetylation
in the proviral silencing. By exposing K5/— cells to BrdUrd for 3
days, histone H3 acetylation of the retroviral promoter recovered to
a level comparative to that in K5/+ cells (Fig. 64). On the other

hand, the close linkage between methylation of histone H3 Lys’
(H3K9) and transcriptional silencing has been reported (30, 31). In
silenced K5/— cells, H3K9 in the retroviral promoter has been
methylated (Fig. 6B). Treatment with 5-aza-dC or BrdUrd
diminished this methylation. Thus, BrdUrd increased acetylation
of histone H3 and decreased methylation of H3K9 along with intact
DNA methylation.

Discussion

In this study, an MLV-based retroviral vector was used to
establish a screening system for antisilencing compounds. This
system successfully identified compounds with antisilencing
activity. Although it has been reported that silenced retroviral
vector becomes resistant to antisilencing agents during passage
(32), the responsiveness of K5 cells to 5-aza-dC persisted for >6
months (data not shown). It is noteworthy that clones derived from
MCF?7 cells respond to TSA, but not to 5-aza-dC, which indicates
that silencing of the retroviral promoter in these clones is not
associated with DNA methylation, but is correlated with histone
deacetylation. Indeed, the promoter region of the reporter gene in a
MCF?7 clone was not methylated at all (data not shown). This clone
will be useful to screen compounds with antisilencing activity that
is not associated with DNA methylation.

With this system, a group of halogenated thymidine analogues
was identified as silencing inhibitors, which could activate the
transcription of silenced genes without DNA demethylation. This is
in agreement with the previous observation that BrdUrd-containing
genome, even at very high substitution level, had no change in the
content of 5-methylcytosine (33). In addition, BrdUrd has been
shown to induce the expression from silenced endogenous
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retrovirus without effect on DNA methylation (34), which was also
consistent with our findings. However, DNA methylation has not
been studied regarding endogenous genes after treatment with
BrdUrd. This study first showed that these halogenated thymidines
reactivated the transcription of not only retrovirus, but also a
heavily methylated endogenous gene. In addition, halogenated
thymidines could not reactivate the transcription from the viral
promoter in MCF7 clones (data not shown), which could respond to
TSA but not to 5-aza-dC, suggesting that the antisilencing effects of
halogenated thymidines are closely linked with DNA methylation.
This finding coincides with the observation that BrdUrd could
reactivate the transcription of endogenous GSTPI gene silenced by
DNA hypermethylation in MCF7 cells, implicating that halogenated
thymidines interfere with cellular protein(s) that function between
methylated CpG and HDACs.

Several lines of evidence have indicated that DNA demethylation is
not a prerequisite for the reactivation of heavily methylated loci. In
helper T cells, GATA3 seems to activate interleukin4 expression
from a hypermethylated promoter by interfering with MBD2 binding

to its target CpG sites without altering DNA methylation (35).
Similarly, Lembo et al. (36) recently reported that MBDin, a
regulatory factor of MBD2, reversed MBD2-mediated transcriptional
repression from a methylated promoter by binding with the COOH-
terminal region of MBD2. Another example of antisilencing without
DNA demethylation has been shown in plants (37). MOM is an
Arabidapsis gene that has been found to be important in maintaining
gene silencing in a methylation-independent fashion. Suppression of
its expression by siRNA reactivated the transcription of the genes,
which existed in several densely methylated loci. It has been reported
that BrdUrd-substituted DNA has changed its interaction with some
chromatin and nonchromatin proteins (38), showing the possibility
that incorporated halogenated thymidines activate transcription by
interfering with the function of cellular proteins that are associated
with DNA methylation-mediated gene silencing.

The synergistic effects of halogenated thymidines with 5-aza-dC
also indicate that the mechanism of halogenated thymidines differs
from that of 5-aza-dC. In spite of retained DNA methylation, the
level of histone H3 acetylation was increased when treated by

14 H3 Acetylation H3 K9 Methylation
- 7
1.2 6 Figure 6. Quantitative ChIP assay for histone acetylation
o ° and methylation status of the retroviral promoter in K5
g 1 Q 5 cells. K5 cells cultured in either G418 selection
o S medium (K5/+) or nonselection medium (K5/-) were
o 0.8 5 4 subjected to ChIP assay after exposure to 5-aza-dC or
£ = BrdUrd for 3 days using antiacetylated histone H3
0 0.6 o 3 antiserum (A) or antidimethy! histone H3 Lys® (8). The
k=) o presented diagram shows the fold difference of acetylated
o 04 S 2 or methylated histone H3, where the data from K5/+ cells
L w was arbitrarily set as 1.0. Three independent ChIP
0.2 1 experiments have been done and a representative data is
shown.
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