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New antiproliferative compounds, dimethyHEpyrido[3,2-a]phenoxazin-5-ones1(6), tetrahydro-5i-
benzopyrido[2,3]phenoxazin-5-ones7-9), and 31-benzopyrido[3,2a]phenoxazin-5-oneslQ—12) were
synthesized and evaluated against representative human neoplastic cell lines. Dimethyl detivaiives
were more active against carcinoma than leukemia cell lines. The tetrahydrobenzo derivaSvesre
scarcely active, whereas the corresponding benzo derivdite$2 showed notable cytotoxicity against a
majority of the tested cell lines. Molecular modeling studies indicated that the high poted&yaofi11,

the most cytotoxic compounds of the whole series, could be due to the position of the condensed benzene
ring, which favorsz—s stacking interactions with purine and pyrimidine bases in the DNA active site.
Biological studies suggested thhd—12 have no effect on human topoisomerases | and Il and that they
induce arrest at the G2/M phase.

Introduction a new anticancer iminoquinone, and a series of its derivatives

Anticancer quinones are currently the focus of intensive thatare able to inhibit a large number of lymphoblastoid and
research because of their biological activity and their intricate SOlid tumor-derived cells at submicromolar concentrations.
modes of action. Anthracyclines, actinomycin D, streptonigrin, Molecular modeling studies and NMR investigations suggested
and mitomycin C, produced by different strains of streptomyces that the cytotoxic activity of PPH results from the intercalation
and synthetic epirubicin and mitoxantron are well-known @t the middle 5GC-3 base pairs of DNA, involving the
examples of quinones acting as antiproliferative dirgs. ~ formation of two strong hydrogen bonds between the hydrogen
Although these and other quinonoid compounds are effective Of the positively charged pyridine nitrogen of PPH and both
in the treatment of many different forms of cancer, their side the O4 atom in the deoxyribose ring of the cytosine CS residue
effects (the most severe being cumulative heart toxicity) limit @nd the O5atom of the phosphate backbone located between
their use®6 The antineoplastic activity of these drugs is the result € G4 and CS residues of a [d(GAAGCTTE)pctamer.
of strong interaction with DNA in the target cells, which causes Additional stability of the complex arises from—z stacking
degradation of the nucleic acid structure and, consequently,'nteraCt'O”S betv_veen the Fetracycllc pyridophenoxazinone system
terminates its biological functiohThe planar system of these ~and the aromatic bag,e rnngs. , ,
drugs can intercalate between the DNA base pairs, where major !N @ further study,” we considered the influence of single
contributions to binding arise from hydrogen bonding and/or Substituents on ring A of PPH and showed that electron-
electrostatic, van der Waals, and hydrophobic interactions. At Withdrawing groups increase antiproliferative potency, whereas
the same time, the quinone moiety of these agents can alscelectron-donating groups slightly decrease cytotoxicity. Nev-
undergo enzymatic reduction. In the presence of molecular ertheless, five cancer cell lines, three lymphoma/leukemia cells
oxygen, the resulting semiquinone and hydroguinone produce (Wil2-NS, MT-4 and CCRF-SB) and two carcinoma (ACHN
reactive oxygen species or RO&uperoxide radical anions and 5637) cells, were very sensitive to the antiproliferative effect
hydrogen peroxide, and hydroxyl radicals) in a process known of some monomethyl der|v§t|ves, suggestlng that the substltugnts
as redox cycling. ROS are detrimental to cellular macromol- M&y play different roles in cytotoxic potency as well as in
ecules in that they are capable of causing DNA strand scission,sPe_C'f'C_'ty- Therefore, to evaluate the mflu_ence of Ilpoph_mcny_,
protein oxidation, and other lesions. The production of semi- steric hindrance, and chromophore extension on antiproliferative
quinones and/or hydroquinones by enzymatic reduction is activity, we designed and synthes_lzed a series of disubstituted
strongly dependent on the presence of electron-withdrawing or derivatives of PPH (Chart 1), holding two methyl groups at all
electron-donating groups on the quinone system. free positions of ring A (compounds.—e), a cyclohexenyl ring

In a recent articlé,we described the synthesis and biological (compounds7—9), and a benzo ring (compounds)—12)

activity of 5H-pyrido[3,2a]phenoxazin-5-one (PPH, Chart 1), goglde’:;er‘.jn gt Athe 10,11-, 9,10-, and 8,9-double bond, respec-
ively, i .
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Scheme 1 1-amino-, 3-amino-naphthalen-2-ol, and 2-amino-naphthalen-

= 1-ol were also used. To enhance the yield of compounds, the
. | reactions were performed according to a previously reported
X’ NHz % N SN proceduré®, using Co(ll) acetate. The formation of the Co(ll)/
;I /:I quinolin-5,6-dione complex, which promotes a charge density
at the 6 position oQQ, pushes the reaction to form théls
pyridophenoxazinones of interest to us. Scheme 2 depicts the

o] mechanism of formation of compounds-12 via a multistep

~ R reaction involving two molecules of 2-aminophenol named X
' '. and Y, respectively. The reaction starts with a 1,4-Michael

p NH, 5 addition of the amino group of X at the 6 position of thg-
Qa unsatured system of quinolin-5,8-dione complexed with the

2N\

OH Co (CH5C00), cobalt ion. Quinone reduction takes place, and it is followed
Acetic Acid by reoxidation by oxygen or by the quinone present in situ.
Subsequently, an intramolecular attack of the hydroxyl group

. e of X to the carbonyl carbon in the 5 position gives rise to a
t NH hemiketal, which undergoes a substitution reaction by the amino
A 2 group of Y, yielding the corresponding iminoquinone compound.
@i Q[ The latter drives away the-aminophenol X, yielding the3-
‘ OH

pyrido[3,2a]phenoxazin-5-oned - 12), after rearrangement and
10-12 oxidation. Under these conditions, the formation of thé- 5

pyrido[2,3-@]phenoxazin-5-one isomer is disfavored because a
5-ones 10—12) (Scheme 1). The products were obtained in low charge density is present at the 7 position.
moderate yields because of the formation of intractable black All of the compounds were characterized on the basis of their
materials due to the oxidation efaminophenols. chemical and spectroscopic properties and by elemental analysis.

To synthesize compounds-9, suitable 3, 5-, 4,5-, 5,6-, 3,4-, The structural assignments were also accomplished through

3,6- and 4,6-dimethyl 2-aminophenols were employed.feé extensive 2D NMR spectroscopy, HMQC, and HMBC. In the
and 1-amino-5,6,7,8-tetrahydronaphthalen-2-ol, 3-amino-5,6,7,8-HMBC spectra ofl0, selected as a representative compound,
tetrahydro- and 2-amino-5,6,7,8-tetrahydronaphthalen-1-ol for the double-doublet assigned to the more deshielded H3 proton
7—9. To prepare the benzofuseld—12, the corresponding  atdy 9.15 shows a very significant strong correlation with the
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signals atdc 155.10 (C4a) and 134.8 (C1). The proton H1 at
On 8.71 correlates with the signalsdg 153.60 (C3) and 155.10
(C4a), whereas the double-doubletdat7.70, assigned to the
H2 proton correlates with the signal & 135.83 (C14b). The
quinonic proton H6, lying abdy 6.69, correlates with the signal
atoc 155.10 (C4a). This relation unambiguously validates the
attributions of signals that are typical of the quinolinquinonic
moiety of compound4—12. Figure 1 depicts HMBC relations
in 10.

Antiproliferative Activity. The antiproliferative activity of
the PPH alkyl derivatived—9 was evaluated against a panel
of 13 human cell lines representative of liquid and solid human
tumors, and the results are shown in Tables 1 and 2. Data fo

less active than PPH (mediansf>= 1.2 uM, range 0.2-2.7
uM). The IGso values obtained for dimethyl derivativds-6
clearly show that the position of substituents on phenyl ring A
greatly affects cytotoxic activity. The compound methylated on
the 10,11-positionsj showed low activity, whereas compounds
methylated on the 8,11- and 8,10-positioBs(d6) were only
moderately active. In contrast, substitution at the 9,10-positions
(2) was tolerated and substitution at the 9,11-positidjsvas
optimal. Moreover, the dimethyl derivativdsand?2 displayed

an enhanced specificity toward some tumor cell lines compared
with the corresponding monomethylated analogues previously
described® Compound? revealed a distinct specificity toward
rtwo lymphoma/leukemia cells, CD4acute T-lymphoblastic

the anticancer agents PPH, doxorubicin, and AMD are included leukemia (C8166) and acute B-lymphoblastic leukemia (CCRF-

for comparison.

Initial SAR studies were focused on the effects of the
dimethyl substitution on benzo-fused ring A of PPH. Com-
poundsl and 2, with two methyl groups at the 9,11- and 9,-
10-positions of ring A, were the most cytotoxic compounds with
median values of 0.4M (range 0.00+0.5 uM) and 0.3uM
(range 0.03-0.9 uM), respectively. Dimethyl derivative3, 5,
and6 were less active thah and2, with a median |G value
ranging between 0.5 and 0, and they were also 50-, 70-,
and 90-fold less active than PPH. Compounevhich has two
methyl groups at the 10,11-positions, was found to be 120-fold

SB) as well as two carcinoma cells, colon adenocarcinoma (HT-
29) and nasopharyngeal carcinoma (KB). Compdueghibited
specificity against 5637 carcinoma cells and MT-4 leukemia
cells. Finally, compounds displayed this behavior against
ACHN carcinoma cells. Taken together, these results suggest
that dimethyl derivatived—3 and5 display better specificity

as antiproliferative agents against the carcinoma cell lines than
against the leukemia cell lines. Moreover, a comparison between
the antiproliferative activities of the previously reported monom-
ethyls®and the dimethyl derivatives presented here still suggests
that some carcinoma cell lines, such as G361, ACHN, 5637,
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Table 1. Antitumor Activity of 1—12 and PPH against Leukemia/Lymphoma Cells

ICs0 (uM)?
leukemia/lymphoma

compd Wil2-NS MOLT-4 C8166 MT-4 CCRF-SB CCRF-CEM
1 0.07+ 0.003 0.5+ 0.02 0.2+ 0.03 0.04+ 0.001 0.02+ 0.002 0.1+ 0.02
2 0.4+ 0.02 0.3+ 0.01 0.04+ 0.04 0.1+ 0.02 0.04+ 0.004 0.15+ 0.02
3 1.8+0.2 3.0+ 0.2 0.5+ 0.01 0.3+ 0.01 0.1+ 0.02 6.0+ 0.2
4 2.0+0.2 2.7+0.1 1.1+ 0.1 0.3+ 0.2 1.2+0.3 0.2+ 0.01
5 11+0.1 1.6+ 0.2 8.0+ 0.3 0.08+ 0.003 0.4+ 0.02 0.7+ 0.03
6 0.9+ 0.02 1.2+0.2 0.5+ 0.03 0.1+ 0.01 0.3+ 0.03 0.15+ 0.02
7 4.0+0.3 3.2+ 0.2 2.0+ 0.1 1.3+ 0.1 1.0+ 0.1 1.3+ 0.02
8 1.2+0.2 1.8+ 0.1 1.0+ 0.1 1.5+ 0.2 2.0+0.2 1.1+ 0.1
9 21+03 1.9+01 1.0£0.1 15+0.1 14+0.1 1.9+0.2
10 0.005+ 0.0004 0.04+ 0.002 0.00%t 0.0001 0.0H-= 0.002 0.01+ 0.001 0.00H= 0.0002
11 0.01+ 0.001 0.01+ 0.003 0.02+ 0.001 0.05+ 0.002 0.01+ 0.002 0.004+ 0.0003
12 0.06+ 0.004 0.09+ 0.001 0.1+ 0.002 0.1+ 0.03 0.02+ 0.004 0.05+ 0.002
PPH 0.05 0.04 0.10 0.02 0.01 0.01
doxd 0.02 0.02 0.02 0.01 0.02 0.03
AMDP 0.003 0.001 0.0008 0.0009 0.002 0.001

aThe compound concentration required to reduce cell proliferation by 50%, as determined the MTT method, under conditions allowing untreated control
to undergo at least three consecutive rounds of multiplication. Data represgnté@n values for three independent determinatibrstandard error of the
ICs0 mean. Wil2-NS, human splenic B-lymphoblastoid cells; MOLT-4, human acute T-lymphoblastic leukemia; C8166 and MTt4h@ixh acute

T-lymphoblastic leukemia; CCRF-SB, human acute B-lymphoblastic leukemia; CCRF-CEM, human acute T-lymphoblastic |8(kesdaxo and AMD
compounds were used as controls.

Table 2. Antitumor Activity of 1—12 and PPH against Carcinoma Cells

ICs0 (uM)?
carcinoma

compd G361 HT-29 HelLa Hep-2 ACHN 5637 KB
1 0.001+ 0.0001 0.2+ 0.03 0.2+ 0.04 0.3+ 0.03 0.001+ 0.0004 0.005+ 0.0005 0.3+ 0.04
2 0.9+ 0.04 0.03+ 0.001 0.8+ 0.02 0.8+ 0.03 0.4+ 0.03 0.8+ 0.04 0.09+ 0.01
3 0.03+ 0.003 6.9+ 0.1 0.6+ 0.03 0.4+ 0.02 0.005+ 0.003 1.8+ 0.2 0.44+0.03
4 1.3+0.2 1.2+ 0.3 2.6+0.4 1.3+0.2 1.8+ 0.1 0.94+0.01 0.7+ 0.02
5 0.7+ 0.02 5.540.04 0.9+ 0.02 0.4+ 0.03 0.5+ 0.02 0.01+ 0.004 0.5+ 0.01
6 1.5+0.2 1.6+ 0.2 1.7+0.1 1.1+ 0.1 0.9+ 0.02 0.6+ 0.1 1.2+0.1
7 1.3+0.1 1.0+ 0.2 1.6+ 0.2 1.9+ 0.2 1.8+ 0.1 1.9+ 0.1 1.7+ 0.1
8 1.54+0.3 3.3+ 0.2 1.1+ 0.1 1.7+0.1 1.4+ 0.1 1.0+ 0.1 1.0+ 0.2
9 2.0+0.1 2.1+ 0.1 25+0.2 1.84+0.2 1.9+ 0.2 1.1+ 0.1 1.0+ 0.1
10 0.02+ 0.002 0.002+ 0.0003 0.001t 0.0004 0.04+ 0.004 0.01+ 0.003 0.01+ 0.001 0.014 0.003
11 0.01+ 0.004 0.03+ 0.004 0.05+0.01 0.05+ 0.002 0.02+ 0.003 0.02+ 0.002 0.02+ 0.002
12 0.05+ 0.005 0.3+ 0.03 0.2+ 0.01 0.06+ 0.003 0.5+ 0.04 0.1+ 0.02 0.1+ 0.02
PPH 0.01 0.20 0.20 0.04 0.01 0.01 0.1
doxd® 0.09 0.15 0.07 0.04 0.04 0.02 0.15
AMDP 0.001 0.006 0.04 0.004 0.005 0.003 0.001

aThe compound concentration required to reduce cell proliferation by 50%, as determined the MTT method, under conditions allowing untreated control
to undergo at least three consecutive rounds of multiplication. Data repreggnté@n values for three independent determinatibrsséandard error of the
ICs0 mean. G361, human skin melanoma; HT-29, human colon adenocarcinoma; Hela, cervix carcinoma; Hep-2, larynx carcinoma; ACHN, human renal
adenocarcinoma; 5637, human bladder carcinoma; KB, human nasopharyngeal cartifibendoxo and AMD compounds were used as controls.

Figure 1. Most significant structural relations in the quinolinquinonic

moiety of 10 by HMBC.

than the 10-monomethyl against C8166 and HT-29. Finally,
among3, 5, and6, compounds3 and5 were more active than
8-monomethyl against some cell lines (G361, ACHN3pand
(5637 forb).
The good antiproliferative activity and the specificity against
carcinoma cells showed by dimethyl derivatives could imply
that lipophilic and bulky substituents at ring A increase cytotoxic
potency. To test this hypothesis, we synthesized and evaluated

for cytotoxic activity the more lipophilic and hindered penta-
cyclic derivatives7—9 (Chart 1), characterized by having a

cyclohexenyl ring condensed at the 10,11-, 9,10-, and 8,9-

HT-29, seem to be more sensitive to the dimethyl derivatives POsitions of ring A, respectively. The data collected in Tables
than to monomethyl derivatives with the methyl group at the 1 and 2 show that these compounds have an antiproliferative

same position of one of two methyls. In particuléar2, and3,

CEM, G361, and ACHN for3). Also for 1 and 5, some
carcinoma cell lines were more sensitive (G361, HT-291for
and 5637 for5). Among 2, 4, and5, only 2 was more active

activity significantly lower than that exerted by the correspond-
when compared with the 9-monomethyl derivative, showed ing dimethyl derivatives}, 2, and3 in all of the examined cell
higher activity against some cell lines (G361, ACHN, 5637, lines. In particular,7, 8, and9 exhibited a median I& value
and HT-29 forl; HT-29, C8166, and ACHN fo2; and CCRF-

ranging between 1.4 and 1@/ and were equipotent t4. On

the contrary,2 and 3 were 1 order of magnitude more potent
than the corresponding cyclohexyl derivativ@sand 9. This
comparison suggests that the increasing of lipophilicity and steric
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hindrance is detrimental when the cyclohexyl occupies both the
6,7- and 8,9-positions, and does not affect the antiproliferative
activity when it is at 10,11-positions.

As regards the dimethyl derivatives, the high cytotoxicity of R
1—-3 could be due to oxidative DNA damage via a conversion
of oxygen into DNA-cleaving oxygen radicals. Numerous
studies on quinone and iminoquinone compounds indicated thatg,.
there is a quantitative linear relationship between their reduction
potentials and the rate at which they degrade DNA in Vitr8. sC R ND 1 25 5 10 20 50 Etp EtBr

In a previous article, we reported that the pyridophenoxazi- 100pM 10uM
none system of PPH undergoes enzymatic single-electronFigure 3. Agarose gel stained with ethidium bromide. Compoad
reduction to a free radical intermediate by reducing agents intercalates into DNA. Intercalation was monitored by conversion of

in the bioloaical Th f f1h : drelaxed plasmid DNA to supercoiled molecules. Control reactions were
present in the biological system. The transfer of the unpaireéd c5pieq out in the absence of topoisomerase | or the drug £SC

_electron to the oxygen yields the superoxide, which can causesupercoiled; R= Relaxed; ND= No Drug; Etp= Etoposide; EtBr=
intracellular macromolecular damage and cell death. This could Ethidium Bromide). A titration ofL0 (1—50 M) was carried out with
account for the cytotoxic activity of pyridophenoxazinoies, constant topoisomerase | concentration. Reactions containing Etp (100
which possess an iminoquinone function capable of involving #M) and EtBr (10uM) are included as examples of a nonintercalative

a one electron redox reaction. Of note is the fact that in a nd intercalative drug, respectively.

quinonoid system, the redox potential and the stability of the pNA, were studied by conventional optical spectroscopy.
corresponding radical are both related to the presence of compounds and8 did not exhibit hypochromic or bathochro-
substituent groups. Regarding the formation and stability of the mic effects on its UV spectrum in the presence of DNA, thus
phenoxy radical, it was reported that the effect of a substituent confirming the very weak interaction of these compound with
changes with the change in substituent position and that electronpn. Compoundsl and2 exhibited a bathochromic shift of 6
donating groups at the para position stabilize the radicll.  nm (from 454 to 460 nm and from 459 to 465 nm, respectively)
light of these arguments, the high cytotoxic activity exhibited anq a corresponding reduction in extinction coefficient of about
by 1—3 holding electron-donating methyl groups in para position 119, and 20% on binding, whereas compouriishowed a
to the heterocycle nitrogen, could be ascribed to an extra stabilitywave|ength shift of 16 nm (from 477 to 493 nm) accompanied
of the corresponding radicals. Figure 2 shows the resonancepy a hypochromicity of about 20%. Such perturbations, which
structures of the radical of compoufigwhich could contribute  gre characteristic of the stacking interactions involved in the
to its stability. intercalation process, seem to be in accordance with the above-
As stated previousl§jn the intercalation model of PPH, ring  mentioned cytotoxic trend. The presence of one isosbestic point
A plays a crucial role in the stabilization of the PPH/DNA  for 1 (581 nm) and two isosbestic points for bd@H{298 and
complex throughz—s stacking interactions. Therefore, to 572 nm) andLO (315 and 454 nm) indicates the existence of a
improve DNA intercalation, we extended the aromatic system single binding mode with DNA.
of PPH in all three directions of annulation by condensation of  To establish the intercalative nature of this series of com-
a benzene at the 10,11-, 9,10-, and 8,9-double bond of ring A pounds, a DNA unwinding assay was performed on the most
(10-12). The cytotoxicity of each of these compounds was active10. Because intercalative drugs locally unwind DNA, they
evaluated and is shown in Tables 1 and 2. In general, compoundsnduce compensatory unconstrained positive superhelical twists
10 and 11 exhibited the highest cytotoxic potency across the in distal regions of covalently closed circular DNATherefore,
panel of lymphoblastoid and carcinoma cell lines, with a median in the presence of an intercalative compound, a plasmid that is
ICso value of 0.01 and 0.0ZM, respectively. A significant  relaxed (i.e., contains no superhelical twists) becomes positively
inhibitory effect of 10 was observed on the proliferation of the  supercoiled. The treatment of dra®NA complexes with
limphobastoid cell lines, with the lowest dgvalues for Wil2- mammalian topoisomerase | removes the unconstrained positive
NS (IGsp = 0.005uM), C8166 and CCRF-CEM (I§ = 0.001 DNA superhelical twists that result from drug intercalatién.
uM). Carcinoma cells HT-29 and HeLa were also very sensitive Following this treatment, extraction of the compound allows
(ICso = 0.002 and 0.00LM, respectively). Among the tumor  the constrained local drug-induced unwinding to redistribute in
cell lines, the CCRF-CEM cells were the most prone to the a global manner and manifest itself as a net negative supercoiling
antiproliferative effect ofl1 (ICso = 0.004 uM). Compound of the plasmid. Thus, in the presence of an intercalative agent
12, holding the benzo-fused ring at 8,9 positions, resulted in a such as ethidium bromide, topoisomerase | treatment converts

notable decrease in potency with respect to that@®and 11 relaxed plasmids to negatively supercoiled molecules. Con-
and was almost equipotent to PPH. versely, when a nonintercalative drug such as etoposide is
DNA Binding Studies. A typical UV—visible titration included in reaction mixtures, no DNA supercoiling is observed

experiment was carried out to investigate the DNA-binding following treatment with the type | enzyme.

behavior ofl, 2, 7, 8, and10, representative members of each As seen in Figure 3, relaxed plasmid substrates were
group of the pyridophenoxazinone derivatives. Their spectro- converted to negatively supercoiled molecules by treatment with
scopic properties, in the presence and absence of calf thymugopoisomerase | in the presence ef30 xM of compound10.
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Figure 4. Intercalation site of thedO/[d(GAAGCTTC)]; (a), 1V[d(GAAGCTTC)L. (b), and12/[d(GAAGCTTC)L (c) complexes viewed in a
projection plane parallel (on the left) and orthogonal (on the right) to the helix axis.

The midpoint of the transition was approximately:! of the the O4 and O5 atoms of the octamer phosphate backbone.
drug and complete unwinding was observed at approximately However, 10 projects its naphthyl ring properly to form
20 uM. Taken together, these findings provide strong evidence s-stacking interactions with guanine G12 and cytosine C13,
that10binds to DNA in an intercalative manner, suggesting an whereas compoundl projects the same group near guanine
analogous behavior for the whole series. On the basis of theseG12 but beyond cytosine C13. On the contrary, the naphthyl
evidences, if one assumes that compoli@dccupies the same  ring of compoundl2 protrudes out of the DNA duplex, thus
position of PPH in the DNA intercalation site, the difference in reducing the interaction. These results seem to suggest that the
potency observed fdt0—12 could be ascribed to their different  different cytotoxicities observed fat0—12 can be related to
abilities to formz—x stacking interactions with purine and the different spatial orientation of the naphthyl ring with respect
pyrimidine bases in the DNA active site (GCG of opposite to the DNA base pairs.
strands). To analyze this aspect, we undertook a molecular To obtain more insight into the possible mechanism of action
modeling study. Insight into the mode of binding¥—12 to of compoundsl0—12, which manifested the most interesting
DNA was gained through molecular mechanics using the DNA antiproliferative activity, topoisomerase assays and cell cycle
octamer [d(GAAGCTTC) The sequence was selected accord- measurements were performed.
ing to the experimental binding preferences demonstrated by Effects of 10-12 on the Cell Cycle.Treatment of HT-29
some phenoxazinonéd’ human colon carcinoma cells with0O—12 for 24 h led to
The complexes were constructed by overlapping the structuresprofound changes of the cell cycle profiles (Figure 5).
of 10—12 to that of PPH in the previously published PPH/ The flow cytometry analysis of propidiumiodide-labeled cells
[d(GAAGCTTC)], complex modef. The pyridine nitrogen of indicates that the cytotoxic drud® and11 induce a block in
the ligands was taken as protonated, as suggested fronkthe p the G2/M phase, wheredk2 seems to provoke both a late
of their conjugated acid. The structure of PPH was then S-phase accumulation and a G2/M block.The G2 cell population
removed, and the energy of the resulting complexes wasincreases from 14.15% in the control to 48.66% idrand
minimized with SYBYL8 using the Tripos force fielé® During 55.01% forl1, whereas the GO/G1 and S-phase cell populations
energy minimization, the structure of the nucleic acid was gradually decrease from 47.74% and 38.11% to 27.93% and
frozen, while the ligands were allowed to move. 23.42% forlOand to 24.06% and 20.93% ftf. For compound
The DNA binding models 010, 11, and12 (Figure 4) display 12, both G2 and S-phase cell populations increase to 38.49%
the presence of two strong hydrogen bonds between theand 43.88%, respectively, whereas the GO/G1 phase decreases
hydrogen of the positively charged pyridine nitrogen and both to 17.63%. This latter occurrence may reflect an actiod 2f
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Figure 5. Effect of compound40—12 on the cell cycle of HT-29 cells. The cells were untreated (A) and treated with 1 mM concentration of
(B), 11 (C), and12 (D) for 24 h, fixed, and stained with propidium iodide to determine the nuclear DNA content. The percentage of cells in each
phase of the cell cycle was obtained by flow cytometric analysis.

on two different targets and/or the activation of two independent associated high cytotoxic activity. We also analyzed the effect
cell death pathways. The concentrations required to elicit theseof 10—12 on cell cycle progression by flow cytometric analysis.
effects on cell cycle are in agreement with the corresponding Compoundd.0andl11 arrested HT-29 human colon carcinoma
ICs0 values measured in the previous cytotoxic assays. cells at the G2/M phase, whereb3seemed to provoke both a
Because the cell cycle arrest at the G2/M boundary may be late S-phase accumulation and a G2/M block. None of the
associated with poisoning of topoisomerase actifitye studied analyzed compounds involved the poisoning of topoisomerases
the effects of compound40-12 on human DNA topo- in their mode of action. Clearly, these results provide a challenge
isomerases using a conventional DNA relaxation assay. for future studies on the mechanisms that contribute to the
Effects of 10-12 on TopoisomerasesSupercoiled DNAwas  cytotoxicity of the pyridophenoxazinones.
treated with either topoisomerase | or topoisomerase Il in the
presence of the test drugs at 10 or M, and the DNA
relaxation products were then resolved by agarose gel electro- Chemistry. Melting points were determined by a Kofler ap-
phoresis. The analyzed compounds were not able to promoteparatus and are uncorrected. The elemental analysis (C, H, and N)
DNA cleavage by topoisomerases (data not shown). The amountof reported compounds agrees with the calculated values and was
of nicked (for topol) or linear (for topoll) DNA species remains within 40.4% of theoretical values. Electron impact (El) mass
very weak in the presence of the tested drugs, in contrast tospectra were obtained at 70 eV on a ZAB 2F spectrometer. UV

i . pectra were recorded on Varian Cary 5000 -UXis—NIR
what was observed with the reference drugs camptothecin and;pectrophotometer. The purity of compounds was checked by

etoposide, Whlch produce a high level of single or douple strand ascending chromatography on silica gel Merck TLC F254 plates

breaks,_respecnvely. _ThereforﬁO—lZ cannot be considered (Art. no. 105715). NMR measurements (data reported)iwere

as topoisomerase poisons. performed on a Bruker AMX-500 spectrometer equipped with a
In conclusion, this study reports the synthesis and the SARs Bruker X-32 computer, using the UXNMR software package. NMR

of a series of dimethyl-1-6), tetrahydrobenzo-7(-9), and spectra were measured at 500 MHE)Y and 125 MHz 3C). The

benzopyridophenoxazin-5-one$0-12), analogues of PPH,  chemical shifts are referencedl_t’G:DCIg and CDC} solvent signals

exhibiting activity against leukemia and solid tumor cell lines &t 77.0 and 7.26 ppm, respectively. Standard pulse sequences were

at micromolar and submicromolar concentrations. Among the €mployed for magnitude COSY. HMQC and HMBC experiments

imi 1 = 2,3 =
dimethyl derivatives] and2 displayed high specificity toward ~ "“&'¢ optimized forlJe—y = 135 Hz and*¥e—y = 10 Hz,

: ) . respectively. MgSi was used as the internal reference. All reagents
some tumor cell lines compared with that of the corresponding  <aq in syntheses were commercial products: 2-amino-4,6-dim-

Experimental Section

monomethylated analogues previously descriletihe ben-  gthyiphenol (TLC Europe N. V., Belgium), 6-amino-2,3-dimethyl-
zopyridophenoxazinone0 and 11, characterized by an ex-  phenol (Aurora Fine Chemicals, Austria), 3-amino-5,6,7,8-tetrahy-
tended aromatic system, were found to exhibit enhanced dronaphthalen-2-ol (Aldrich, U.S.A.), 2-aminonaphthalen-1-ol (ABCR

stacking interactions with DNA bases, which explains the GmbH & Co. KG, Germany), 3-aminonaphthalen-2-ol (ABCR
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GmbH & Co. KG, Germany), 1-aminonaphthalen-2-ol (ABCR
GmbH & Co. KG, Germany), 3,5-dimethyl-2-nitrophenol (Aldrich,
USA), 3,4-dimethyl-2-nitrophenol (TLC Europe N. V., Belgium),
3,6-dimethyl-2-nitrophenol (Aurora Fine Chemicals, Austria), 4,5-
dimethyl-2-nitrophenol (Aurora Fine Chemicals, Austria), 5,6,7,8-
tetrahydro-2-nitronaphthalen-1-ol (Aldrich, U.S.A.), and 5,6,7,8-
tetrahydro-1-nitronaphthalen-2-ol (Aldrich, U.S.A.).

Reduction Reaction of Substituted Nitrophenols. General
Procedure. A solution of sodium borohydride (2.2 mmol) in 2 M
NaOH (20 mL) added with 10% carbet3% palladium was stirred
at 0 °C under argon for 20 min. Next, the yellow solution of
substituted nitrophenol (1 molhi2 M NaOH (5 mL) was added
dropwise to the reagent mixture, which was stirred &COuntil
the yellow color disappeared. The mixture (monitored by TLC)

Journal of Medicinal Chemistry, 2006, Vol. 49, No. 3717

TC)]. complexes. All of the atoms were then fixed according to
SYBYL atom types. Hydrogens were added and minimized using
the MMFF94s force field and MMFF94 charges. The structures of
the pyridophenoxazinone$0—12, constructed in SYBYL and
energy minimized with the Tripos force fiekland Gasteiger-
Huckel charges, were overlapped with the structure of PPH about
the common quinolinquinonic moiety, and the structure of PPH
was then removed. The resulting complexes were subsequently
subjected to energy minimization using the MMFF94s force field
with MMFF94 charges. During energy minimization, the structure
of the pyridophenoxazinones was allowed to move, while the
structure of the nucleic acid was frozen. The energy minimization
was carried out performing 300 cycles of steepest descent energy
minimization followed by conjugate gradient energy minimization

was then allowed to attain room temperature, quenched with 2 N until the energy difference was less than 0.05 kcal/mol A.

HCl at O°C, buffered with sodium acetate, and extracted with diethyl
ether (3x 25 mL). The ether layer was washed with brine and
dried over anhydrous N80O,. The solvent was evaporated, and
the crude product was used without further purification

Substituted 8H-Pyrido[3,2-a]phenoxazin-5-ones (+12). Sub-
stituted 2-aminophenols (0.01 mol) in methanol-acetic acid (50:
50; vv, 10 mL) were added dropwise to an equimolar mixture of
5.8-quinolinquinone (0.01 mol) and Co(ll) acetate (0.01 mol) in
acetic acid (50 mL), stirred, and gently warmed until the dark color
showed the complex formation. The reaction mixture refluxed for
2 h, was evaporated in vacuo, and acidified (6 N HCI) to break the
Co complex, and extracted by chloroform. The organic layer,
evaporated in vacuo and purified on silica gel column afforded
pyridophenoxazinones—12 as main products, which were crystal-
lized (EtOAC).

5H-Benzof]pyrido[2,3-j]phenoxazin-5-one (10)Mp 274-5
°C; UV (CHCl3) Amax (log €) nm: 377.3 (3.04), 488.9 (3.11H
NMR (CDCls) 9.15 (1H, dd;J = 4.3, 2,1 Hz), 8.71 (1H, dd] =
8.2,2.1 Hz), 8.21 (1H, dd] = 7.8, 2.0 Hz), 7.88 (1H, dj = 7.8,
2.0 Hz), 7.70 (1H, ddj) = 8.2, 4.3 Hz), 7.67 (1H, dt]) = 7.8,
2.0), 7.65 (1H, dtJ = 7.8, 2.0), 7.62 (1H, dJ = 8.2 Hz), 7.44
(1H, d; J = 8.2 Hz), 6.69 (1H, s)}C NMR (CDCk) 182.23 (s),

Biology. Compounds.Test compounds were dissolved in DMSO
at an initial concentration of 20@M and then were serially diluted
in culture medium.

Cells. Cell lines were from American Type Culture Collection
(ATCC). Leukemia- and lymphoma-derived cells were grown in
RPMI 1640 containing 10% fetal calf serum (FCS), 100 U/mL of
penicillin G, and 10Qug/mL of streptomycin. Solid-tumor derived
cells were grown in their specific media supplemented with 10%
FCS and antibiotics. Cell cultures were incubated at’G7in a
humidified 5% CQ atmosphere. Cell cultures were checked
periodically for the absence of mycoplasma contamination by the
Hoechst staining method.

Antiproliferative Essays. Exponentially growing leukemia and
lymphoma cells were resuspended at a density of 10° cells/

mL in RPMI containing serial dilutions of the test drugs. Cell
viability was determined after 96 h at 37T by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
method. Activity against solid-tumor derived cells was evaluated
in exponentially growing cultures seeded ak5.0* cells/mL and
allowed to adhere for 16 h to culture plates before the addition of
drugs. Cell viability was determined by the MTT method 4 days
later.

155.10 (s), 154.58 (s), 153.60 (d), 147.62 (s), 145.20 (s), 142.29 Linear Regression Analysis.Tumor cell growth at each drug
(s), 135.81 (s), 134.81 (d), 131.30 (s), 131.22 (s), 129.05 (d), 128.33concentration was expressed as a percentage of untreated controls,

(d), 127.21 (d), 126.15 (d), 123.82 (d), 115.07 (d), 111.21 (d),
106.05 (d); MS-Em/z 298 (M+). Yield 16%. Anal. (GgH10N202)
C, H, N.

5H-Benzof]pyrido[3,2-a]phenoxazin-5-one (11)Mp 279-5
°C; UV (CHCl) Amax (log €) nm: 375.2 (3.00), 411.9 (3.073H
NMR (CDCl) 9.11 (1H, dd;J = 4.3, 1.8 Hz), 9.09 (1H, ddj =
7.5, 1.8 Hz), 8.37 (1H, s), 8.02 (1H, dd;= 7.8, 2.1 Hz), 7.89
(1H, dd;J = 7.8, 2.1 Hz), 7.87 (1H, dt) = 7.8, 2.1 Hz), 7.75
(1H, dd;J = 7.5, 4.3 Hz), 7.70 (1H, s), 7.62 (1H, d;;= 7.8, 2.1
Hz), 6.67 (1H, s):3C NMR (CDCk) 182.30 (s), 153.52 (d), 152.81

and the concentration resulting in 50% £§ogrowth inhibition was
determined by linear regression analysis.

DNA Unwinding Assays.Negatively supercoiled pBR322 DNA
was prepared using the Plasmid mega Kit (Qiagen, Valencia, CA)
as described by the manufacturer. The relaxed pBR322 plasmid
DNA used in unwinding assays was generated by treating negatively
supercoiled pBR322 with calf thymus topoisomerase | (TopoGen,
Inc.) relaxation buffer (10 mM Tris-HCI (pH 7.5), 175 mM KClI,

5 mM MgCl,, 0.1 mM EDTA, and 2.5% glycerol) before the
addition of other reaction components. Assay mixtures contained

(s),174.22 (s), 146.31 (s), 144.15 (s), 139.70 (s), 133.71 (s), 133.335 nM relaxed pBR322 plasmid DNA, topoisomerase | (4.5 units),
(d), 131.31 (s), 131.15(s), 129.20 (d), 127.45 (d), 125.76 (d), 125.53 and the drug in 2@L of relaxation buffer. The drugs employed in

(d), 125.27(d), 112.36 (d), 109.81 (d), 106.78 (s); MSnitt 298
(NH’). Yield 20%. Anal. (QngoNzoz) C, H, N.
5H-Benzoh]pyrido[3,2-a]phenoxazin-5-one (12)Mp 280-5
°C: UV (CHCl3) Amax (Iog €) nm: 375.2 (3.19), 491.0 (3.173H
NMR (CDCls) 9.20 (1H, dd;J = 2,1, 4.4 Hz), 9.69 (1H, dd) =
8.1, 2,0 Hz), 8.50 (1H, dd] = 6.4, 3.2 Hz), 8.11 (1H, dj = 8.4,
Hz) 7.91 (1H, dd}) = 6.4, 3.2 Hz), 7.81 (1H, dj = 8.4 Hz), 7.73
(1H, dd;J = 8.0, 4.4 Hz), 7.70 (1H, ddj = 6.4, 3.2 Hz), 7.68
(1H, dd;J = 6.4, 3.2 Hz), 6.70 (1H, s}3C NMR (CDCl) 182.36

this study werel0 (1-50uM), 100uM etoposide (Sigma, St. Louis,
MO), ethidium bromide (1@M), or a DMSO control (final DMSO
concentration was adjusted to 1% in all samples). Reactions were
incubated for 30 min at 37C and stopped by extracting with an
equal volume of phenelchloroform. Aqueous samples (20.)

were removed from the reactions, andl3of stop solution (0.77%
SDS, 77 mM NaEDTA (pH 8.0)) followed by 2L of agarose gel
loading buffer (30% sucrose, in 10 mM Tris-HCI (pH 7.9)) were
added to each. The samples were subjected to electrophoresis in a

(s), 153.83 (d), 152.86 (s), 147.49 (s), 146.51 (s), 140.84 (s), 135.721% agarose gel in TBE buffer (100 mM Tris-borate, 2 mM EDTA).
(s), 134.67 (d), 129,90 (s), 129.68 (d), 129.23 (s), 128.42 (d), 127.85The DNA bands were stained withig/mL of ethidium bromide
(s), 127.67 (d), 127.09 (d), 126.67 (d), 125.92 (d), 122.50 (d), 106.71 and photographed under UV.

(S); MS-Elm/z 298 (NH‘) Yield 15%. Anal. (QngoNzoz) C, H,
N.

Molecular Modeling. Molecular modeling and graphical ma-
nipulations were performed using the SYBYL software packége,
running on a Silicon Graphics R12000 workstation. The previously
described model of PPH bound to the [d(GAAGCTTQ)¢tame?
was used as a template to build the molecular models of.€he
[d(GAAGCTTC)],, 1V[d(GAAGCTTC)],, and 12/[d(GAAGCT-

Cell Cycle Analysis.Control and treated HT-29 human colon
carcinoma cells were harvested by enzymatic treatment (trypsin/
EDTA 0.2%), washed in PBS w/o €aand Mg", and fixed in
70% ethanol for 24 h at 4CAfter a washing in PBSw/o Ca and
Mg?+, HT-29 cells were stained in 2 mL of propidium iodide (P1)
staining solution (25%g/mL of PI, 1 mg/mL of RNAse in PBS
w/o C&* and Mg* at pH 7.4) for 60 min at room temperature in
the dark. DNA-flow cytometry was performed in duplicate by a
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FACScan flow cytometer (Becton Dickinson, San Jose, CA)
coupled with a CICERO signals interface module (Cytomation, Fort
Collins, CO). Cell-cycle analysis was performed by ModFit LT

software (Verity Software House Inc., MA). FL2 area versus FL2
width gating was done to exclude doublets from the G2/M region.

For each sample, 15 000 events were stored in the list mode file.

Topoisomerase |- and IlI-Mediated DNA Cleavage Assays.
The assays were performed as reported in the literdtufe.
Supercoiled pBR322 DNA (0.Bg) was incubated with 4 units of
human topoisomerase | or Il (TopoGen, Inc.) at°&7for 30 min
in a relaxation buffer (50 mM Tris at pH 7.8, 50 mM KCI, 10 mM
MgCl,, 1 mM dithiothreitol, 1 mM EDTA, and ATP) in the

presence of varying concentrations of the drug under study.
Reactions were terminated by adding sodium dodecy! sulfate to

0.25% and proteinase K to 25@/mL. DNA samples were then

Bolognese et al.

(8) Lown, J. W.Anthracycline and Anthracenedione-based Anticancer
Agents Elsevier: Amsterdam, The Netherlands, 1988.

(9) Bolognese, A.; Correale, G.; Manfra, M.; Lavecchia, A.; Mazzoni,
O.; Novellino, E.; Barone, V.; La Colla, P.; Loddo, R.; Murgioni,
C.; Pani, A.; Serra, |.; Setzu, G. Antitumor Agents. 1. Synthesis,
Biological Evaluation and Molecular Modeling oHsPyrido[3,24a]-
phenoxazin-5-one, a New Compound with Potent Antiproliferative
Activity. J. Med. Chem2002 45, 5205-5216.

(10) Bolognese, A.; Correale, G.; Manfra, M.; Lavecchia, A.; Mazzoni,
O.; Novellino, E.; Barone, V.; La Colla, P.; Loddo, R. Antitumor
Agents. 2. Synthesis, StructurActivity Relationships and Biological
Evaluation of SubstitutedHs-Pyridophenoxazin-5-ones with Potent
Antiproliferative Activity. J. Med. Chem 2002 45, 5217-5223.

(11) Matsumoto, S. S.; Sidford, M. H.; Holden, J. A.; Barrows, L. R,;
Copp, B. R. Mechanism of Action Studies of Cytotoxic Marine
Alkaloids: Ascididemin Exhibits Thiol-Dependent Oxidative DNA
Cleavage Tetrahedron Lett200Q 41, 1667-1670.

added to the electrophoresis dye mixture (3 mL) and electrophoresed (12) Shaikh, I. A.; Johnson, F.; Groliman, A. P. Streptonigrin 1. Strueture

in a 1% agarose gel containing ethidium bromide (1 mg/mL) at
room temperature fo2 h at 120 V. Thegels were washed and
photographed under UV light.
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