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Abstract: Unsymmetrical bifunctional antitumor agent WMC79 was
further optimized to generate compound7b that not only inhibited the
growth of many tumor cell lines, but caused rapid apoptosis. Unlike
the parent compound,7b is toxic to both p53 positive and negative
cancer cells. It has potent in vivo activity against xenografts of human
colon and pancreatic tumors in athymic mice.

Many currently used anticancer drugs have multiple molecular
targets.1 Multitargeting may carry a significant advantage in
cancer therapy because tumor growth is caused by multiple
mutations.2 Frequently, activation of more than one signaling
pathway defines cancerous cell phenotype. DNA-binding com-
pounds present a class of multipotent antitumor agents. Com-
plexity and heterogeneity of DNA structure in the cells defines
significantly different effects of different DNA-binding com-
pounds on cellular events.

We have been working on a class of molecules that contain
two different DNA-binding moieties linked together with a
linker that can also facilitate binding to DNA.3-7 Even slight
variations in the structure of these compounds tend to lead to
significant changes in their biological properties. Here we report
optimization of a previously reported compound1 (WMC79;
Chart 1)5,8 into a highly potent agent with remarkable and
selective antitumor activity. Cell toxicity of1 is p53-dependent
and, thus, it has lower potency against p53-negative cells. The
compound is also poorly soluble. We focused our structure
optimization efforts on modifications in the positions 7 and 8
of the imidazoacridone ring as well as on substitutions in the
1,8-naphthalimide moiety. The general synthetic routes for the
new compounds are presented in Scheme 1. The fluorinated
acridone 3a was obtained in an analogous manner from
4-fluoroaniline, as described previously for3b-d9. Condensa-
tion of 2,6-dichloro-3-nitrobenzoic acid and 4-fluoroaniline led
to the acid4, which upon acylation resulted in the fluorinated
acridone3a. Heating the acridones3 with excess of 1,4-bis(3-
aminopropyl)piperazine, as described earlier,8 in either dimeth-
ylformamide (DMFa) or dimethylsulfoxide (DMSO) gave the
nitroacridones5, which were cyclized to the imidazoacridones
6a-d. The unsubstituted compound6e has been reported
recently.8 Imidazoacridones6 were then condensed with equimo-

lar amounts of appropriate naphthalic anhydrides, resulting in
compounds7a-h. Compound7a was further transformed to
the amino derivative7i by reduction of the nitro group with
stannous chloride.
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Chart 1. Structures of1 and New Derivatives (2)

Scheme 1.Synthesis of Derivatives of1a

a Reagents and conditions: (a) EtOH, reflux; (b) POCl3, CHCl3, reflux;
(c)1,4-bis(3-aminopropyl)piperazine, DMF (for5a) or DMSO (for5b-d);
(d) for 6a, Ra-Ni/H2, HCO2H; then HCl, reflux; for6b-d, SnCl2, HCO2H,
HCl, reflux; (e) naphthalic anhydride, DMF, 80°C; (f) SnCl2, HCO2H,
HCl, reflux.

5557J. Med. Chem.2007,50, 5557-5560

10.1021/jm7009777 CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/16/2007



For biological testing, all new compounds (7) were trans-
formed into their tri(methanesulfonate) salts, that were suf-
ficiently soluble in water and in dilute buffers. All of the
compounds reported are very stable in the solid state, especially
in the methanesulfonate form, but suffer photochemical degra-
dation when dilute solutions are exposed to ambient light for
prolonged periods of time. The compounds are easily adsorbed
on glass and quartz surfaces, which affect the concentrations
of dilute solutions significantly. These solutions were not
affected by polyethylene or polycarbonate surfaces.

All new derivatives had comparable growth inhibitory activi-
ties in p53-positive HCT116 colon tumor cell line (Table 1).
However, the activity in the ability to kill cancer cells differed
significantly. The nitro group in position 5 of the naphthalimide
ring was essential for the cell-killing activity of the compounds.
Eliminating it (as in7f) resulted in about a 10-fold reduction in
LC50. Reduction of the nitro group into an amino group (7i)
caused a slight increase in LC50. Compounds with a nitro group
in position 6 rather than 5 (7g and7h) had significantly lower
cell-killing activity. Position 8 of the imidazoacridone ring is
known to undergo metabolic hydroxylation that may have a
negative effect on the in vivo activity of the compounds. In an
attempt to improve the metabolic stability of the compounds,
we have evaluated derivatives with a fluorine atom in position
8 (7a and 7i). The compounds were equal in activity to the
unsubstituted parent compound,1; however, they turned out to
be much less soluble. Similarly, methyl derivatives (7cand7d)
had significantly reduced solubility. On the contrary, methoxy
derivatives were more soluble than unsubstituted counterparts
and had much improved antitumor activity.

The unsubstituted naphthalimide ring gave rise to the least
active of the compounds (7e; Table 1). A comparison of
antitumor potency of1 and7b in the NCI 60 human tumor cell
line screen, which is based on a short 48 h continuous drug
exposure, showed about 30-fold higher cell killing activity of
7b (median LC50 ) 0.67 µM compared to 19.9µM for 1).
Because killing of tumor cells by a drug can be a slow process

frequently requiring much more than 48 h, we evaluated the
cytotoxic effects in a 5 day assay. Table 2 presents results from
this experiment for selected cell lines that differ in the status of
p53. The growth inhibition effect (GI50) of both compounds was
very similar (1-5 nM) for all tested cell lines regardless of the
status of p53. In contrast, there was a significant difference
between the two compounds in their cell killing ability. For1,
the LC50 is clearly about 10-fold higher for cell lines with
mutated or null p53, while the LC50 values for7b were superior
in all tested cell lines.

Time course analysis of HCT116 cells exposed to1 and7b
performed at different concentrations indicated that7b needed
much shorter incubation time to exhibit cytotoxic activity (Figure
1). Treatment of HCT116 cells with7b at 50 nM caused visible
cell killing already after 48 h, whereas1 required much longer
exposure to achieve similar effect. The cell-killing effects were
confirmed by cell cycle analysis (Figure 2). A 72 h treatment
of HCT116 cells with 50 nM of either drug resulted in the
appearance of sub-G1 population corresponding to dead cells
that represented 15.5% and 48.0%, respectively, for1 and7b.
At the same time, there was a significant accumulation of cells
in the G2/M phase (45.0% and 27.1% compared to 13% in
control cells), decrease in the G1 phase (from 65.9% in untreated
cells to 37.9% and 22.6%, respectively), and almost total
depletion of cells in the S-phase.

Pilot pharmacokinetic studies conducted in CD2F1 mice after
i.v. injection of1 or 7b showed that the total plasma clearance

Table 1. In Vitro Activity of 1 and Derivatives7 against Selected
Human Cancer Cell Linesa

tumor cell lines

HCT116 HT29 Hep3B

cmpd R X Y
GI50

(nM)
LC50

(nM)
GI50

(nM)
LC50

(nM)
GI50

(nM)
LC50

(nM)

7a 8-F NO2 H 1 40 2 600 4 400
7b 8-OMe NO2 H 1 30 1 80 2.5 50
7c 8-Me NO2 H 3.5 30 NTb NTb

7d 7-Me NO2 H 3 30 NTb NTb

7e H H H 15 1000 11 1000 22 1000
7f 8-OMe H H 3.5 70 3 1000 3.5 330
7g H H NO2 5.5 >1000 15 1000 18 1000
7h 8-OMe H NO2 3 350 4 1000 5 800
7i 8-F NH2 H 2.2 80 8 750 NTb

1 H NO2 H 1 40 2 550 4 380

a Measured by a 5 day MTT assay. The obtained data was used to
calculate GI50, TGI, and LC50 values presented. Values shown are means
( SD of at least three independent experiments. The coefficients of variation
were between 10 and 20%.b NT, not tested.

Table 2. In Vitro Activity of 1 and7b against Selected Human Tumor
Cell Linesa

LC50 (nM)

cell line cmpd1 cmpd7b

HCT116 (wild-type p53) 40 30
RKO (wild-type p53) 40 25
Colo205 (mutated p53) 500 80
HT29 (mutated p53) 550 80
ASPC-1 (p53 null) 350 70
10.05 (mutated p53) 300 90
PC3 (mutated p53) >1000 45

a Determined by a 5 day MTT assay.

Figure 1. Time-dependent cytotoxicity of1 and7b, measured by MTT
assay in HCT116 colon cancer cells.

Figure 2. Effects of1 and7b on cell-cycle distribution in HCT116
cells exposed to compounds for 72 h.
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rate of7b was 35% lower than that of1 (238 vs 323 mL/min/
kg, respectively). Because of the more favorable pharmacoki-
netic and biological features of7b compared to1, more
comprehensive evaluations of7b were performed. In both nu/
nu mice and F344 rats, disposition of7b following i.v. injection
at a dose of 20 mg/kg was typified by a rapid initial “distribu-
tion” phase (6 and 2 min, respectively) and a long terminal
“elimination” phase (4 and 8 h, respectively, Figure 3).

The terminal disposition phases accounted for a high propor-
tion (70% in mice, and 82% in rats) of the total areas under the
plasma concentration versus time curves. Initial (3 min) plasma
concentrations were 4.1µM and 1.6 µM in mice and rats,
respectively. Plasma levels of7b were 70 nM after 8 h in mice
and 90 nM after 4 h in rats. In both species, the apparent
volumes of distribution of7b were very high relative to its
apparent volumes of the central (plasma) compartments (57 vs
5 L/kg, respectively, in mice and 138 vs 6 L/kg, respectively,
in rats), suggesting that7b is highly distributed into the tissues
in these species.

In both mice and rats,7b was not detected in the plasma
(l.o.d ) 50 nM) when it was given by the i.p. or p.o. routes,
strongly suggesting that7b is rapidly metabolized and eliminated
by the liver after being absorbed into the hepatic portal
circulation. Also,7b was not detected in plasma samples when
it was administered s.c. to nude mice, demonstrating that i.v.
injection offers the most promising route of administration for
in vivo efficacy studies with7b. When given i.v. in a single
well-tolerated dose, plasma levels of7b exceeded concentrations
required for in vitro efficacy for up to 8 h in mice and 4 h in
rats.

Compound7b dose-dependently inhibited growth of HCT116
xenografts in vivo, with a maximum TGI of 59% (Figure 4).
This compound significantly inhibited growth of PaCa-2
pancreatic xenografts, which has mutated p53, in vivo with
maximum growth inhibition of 53.5% at 15 mg/kg and
significantly outperformed gemcitabine, a standard agent for the
treatment of pancreatic tumors (TGI) 85.3%). The combination
of 7b and gemcitabine performed better than both single agents
and induced regression over days 11 through 18 (Figure 5). No
toxicity was detected for7b at the doses tested.

In conclusion, structure optimization of1 revealed that
introduction of the methoxy group in position 8 of the
imidazoacridone ring improved in vitro and in vivo potency of
the parent compound. Based on its enhanced overall profile,
compound7b (HKH40a, RTA502) was chosen for IND filing
and further clinical development.
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