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This study explores the possible use of reactive oxygen-activated DNA modifying agents against acute
myeloid leukemia (AML). A key amine on the lead agent was investigated via cytotoxicity assays and
was found necessary for potency. The two best compounds were screened via the NCI-60 cell panel. These
two compounds had potency between 200 and 800 nM against many of the leukemia cancer cell types.

Subsequent experiments explored activity against a transformed AML model that mimics the molecular
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signatures identified in primary AML patient samples. A lead compound had an ICso of 760 nM against
this AML cell line as well as a therapeutic index of 7.7 + 3 between the transformed AML model cell line
and non-cancerous human CD34+ blood stem/progenitor cells (UCB). The selectivity was much greater
than the mainstays of AML treatment: doxorubicin and cytarabine. This manuscript demonstrates that
this novel type of agent may be useful against AML.

© 2013 Elsevier Ltd. All rights reserved.

Anticancer agents that exert their mechanism of action through
DNA modification form a backbone of many anticancer therapies.
Leukemia is often treated with nucleoside analogs and/or DNA
intercalating agents.!” For example, acute myeloid leukemia
(AML) is treated with combination chemotherapy involving cytara-
bine, a nucleoside analog, and doxorubicin, a DNA intercalator.'
Among the various types of leukemia, AML has the poorest progno-
sis, with a 5-year survival rate of 5-60% depending on prognostic
factors.? Thus, there is a need for new, efficacious therapeutic
agents with high selectivity for AML. Previously, we described no-
vel agents that are activated by reactive oxygen species (ROS) to
become DNA-modifying agents.* Given the use of DNA-modifying
agents in leukemia, we sought to determine if these novel agents
could be useful against a leukemia with high levels of ROS.®

Elevated levels of ROS are thought to play a vital role in AML.
Excess ROS benefits malignant cells by upregulating redox-regu-
lated growth and survival factors.”~® Importantly, examples of ge-
netic changes that confer an elevated ROS phenotype are plentiful
within AML. The internal tandem duplication of the FLT3 gene, a
common AML genotype, leads to increased ROS.'®!! In addition,
permanent activation of RAS oncogenes causes the overexpression
of proteins that promote cancer cell proliferation as well as lower
the concentration of cellular antioxidant enzymes, thereby increas-
ing R0OS.12-14 Because of the strong relationship between ROS and
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AML, we hypothesized that ROS-activated agents would be useful
as treatment against AML.

In this manuscript we utilize a recently developed cellular mod-
el of AML whereby we express the leukemia-associated oncogene
MLL-AF9 in human blood stem/progenitor cells and use these cells
in vitro and in animal models to study the mechanisms associated
with transformation.!®> The molecular signatures associated with
these AML cells closely mimic those identified in primary AML pa-
tient samples.!> Thus, potency experiments between these novel
models and blood stem cells accurately reflect relative specificity
of our ROS-activated DNA modifying agents.

Chemists have begun to recognize elevated ROS in cancer cells as
a therapeutic design strategy.'®!” We should note that ROS-associ-
ated agents have been used for many years, as both arsenic trioxide
and doxorubicin generate ROS as part of their mechanisms of
action.'®-2° Initial strategies to utilize elevated ROS in cancer cells
focused on the inactivation of glutathione.?! Newer ROS-associated
approaches use pro-drugs that possess a hydrogen peroxide sensi-
tive boronic ester or agents that release toxic metabolites.?2~24 In
the approach described here, the agents were designed to have a
unique activation mechanism, which requires ROS (Fig. 1). These
agents induce a large and bulky phenol lesion which requires
DNA repair for cellular survival as part of their mechanism of
action.®

Here, we describe the evaluation of several ROS-activated DNA-
modifying agents. The agents were initially screened against HeLa
cells, which revealed the importance of a tethered aniline. Next, we
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Figure 1. The general structure of the molecules synthesized and examined. In the
presence of ROS, a potent electrophile is generated. These compounds transfer a
phenol (grey) to DNA to form a cytotoxic hydroxy-N2,3-benzetheno-2'-deoxygua-
nosine adduct.

investigated the potency of two lead compounds against a panel of
60 cell lines through the National Cancer Institute as well as on hu-
man AML cells. We found that one of the ROS-activated DNA-mod-
ifying agents had an ICsg of 760 nM against AML cells compared
with an eightfold lower potency against normal CD34+ blood
stem/progenitor cells. The selectivity of this agent was greater than
the DNA alkylating agents cisplatin and chlorambucil as well as
doxorubicin and cytarabine (ara-C), two agents which are main-
stays of AML treatment.

We previously published the structures of two novel ROS-acti-
vated DNA-modifying agents, compounds 3 and 5.*° We systemat-
ically modified the agents in order to assess the role of the amine
(Table 1). Synthesis of an aniline derivative which lacked an N-alkyl
group, compound 1, was accomplished. Compared to previously
published 3, in which the amine was an N-ethylaniline, 1 had a
modest reduction in cytotoxicity, down to 30+6 uM from
23 +5 pM. Potency was restored to 18 + 3 uM when the agent pos-
sessed an N-methylaniline, as seen in compound 2. Replacement of
the methyl with a much more bulky, isopropyl group at the aniline
nitrogen, as in 4, resulted in a threefold decrease in potency relative
to compound 2. The ICso of 4 was 53 +7 pM. When a second,
reactive hydroquinone moiety was added to the other alkyl posi-
tion, as in 5, potency doubled relative to compound 3. We further
investigated the effect of the carbon chain between the amine
and the hydroquinone ether, based on both 2 and 3. In 6, a com-
pound containing an N-ethylaniline and a three-carbon chain, the
ICs0 value was 14 + 3 pM. The N-methylaniline with a three-carbon
chain, 7, led to a change in ICso to 9 + 2 uM. Both 6 and 7 indicated
that increasing the carbon chain length was favorable. The chain

Table 1
Structures of novel agents and ICso values in HelLa cells

was further lengthened to four carbons for 8 and five carbons for
9, and ICsp values changed to 12 £3 and 13 + 2 puM, respectively.
Our results indicated a linker of three to five carbons yielded potent
compounds. When we investigated the aniline ring system, we
found that conversion to a benzylamine, 10, decreased potency to
33+3 uM from 18 + 3 uM. Furthermore, when the aniline amine
was changed to an amide, as in compound 11, anticancer cell activ-
ity was eliminated. When the aniline was completely removed, 12,
we found no potency, indicating that the presence of the amine is
required. Therefore, potency was strongly altered by direct inacti-
vation of the amine. Additional negative controls were synthesized.
In compound 13, exchanging the hydroquinone ether to a phenol
ether led to the complete loss of potency. Compound 13 is not oxi-
dizeable, which infers that anticancer activity requires oxidation.
Finally, compound 14, which lacked a hydroquinone moiety en-
tirely, demonstrated loss of potency. Compound 14 is a traditional
type of DNA alkylating agent, which infers that ROS-activated
agents utilize a new and innovative mechanism of action, which re-
quires an amine for potency.

ICsp values, in puM, are the mean of six replicates from two inde-
pendent experiments. All values normalized to 3.

In our previous work, a limited number of cell lines were as-
sessed via MTT cell viability assay.* The relationship was complex
with some cell lines being affected much more than others. We,
therefore, decided to assess compound toxicity on a larger panel
of cells. Compounds 5 and 7 were evaluated for effects on the
viability of the cell lines in the NCI-60 cell panel (Table 2). The
NCI panel screen has a few changes compared to an MTT assay.
First, viability is monitored using a Sulforhodamine B assay. The
Sulforhodamine B assay is used to measures total protein content,
and therefore, is a measure of cell number rather than metabolic
activity.?> We found little difference in the measured values via
the two methods. The second difference is that the data is reported
as Glsg rather than ICsq to reflect the change in cell counts relative
to the starting number of cells.

Compounds 5 and 7 showed selective potency against particular
cell lines in the sixty-cell panel. The median Gls, for 5 was 3.9 uM
and 3.0 uM for 7 (Table 2). Importantly, the distribution of Glsq val-
ues was large, with a range of 55-fold for 5 and 53-fold for 7. This
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IC50 values, in pM, are the mean of six replicates from two independent experiments. All values normalized to 3.
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Table 2
Potency of compounds 5 and 7 against the NCI-60 panel

Compound: 5 7
Cell Line Glsg (uM) Glsp (uM)
Leukemia
CCRF-CEM | 2.8 0.3
K-562 2.1 4.3
MOLT-4 1.3 2.0
RPMI-8226 3.8 1.2
SR 0.5 2.5
HL-60(TB) * 0.9
Lung e e
A549/ATCC * 2.2
EKVX 58 *
HOP-62 8.9 10.
HOP-92 37 0.5
NCI-H226 11.2 10.
NCI-H23 2.1 3.0
NCI-H322M 11.0 12.
NCI-H460 2.2 2.5
NCI-H522 2.0 2.8
Colon = e RS
COLO 205 20.0 13.8
HCC-2998 4.7 11.2
HCT-116 4.1 35
HCT-15 10.0 35
HT29 14.5 5.6
KM12 47 43
SW-620 10.0 13
CNS ...........................................
SF-268 3.2 2.2
SF-295 2.1 *
SF-539 2.8 0.6
SNB-19 11.2 7.9
SNB-75 53 3.0
U251 3.0 1.7
Me'anoma .....................................................
LOX IMVI 2.2 2.8
MALME-3M 2.2 *
M14 1.6 1.7
MDA-MB-435 | 2.6 6.6
SK-MEL-2 11.8 10.5
SK-MEL-28 14.8 12.3
SK-MEL-5 26 2.1
UACC-257 12.6 8.1
UACC-62 29 2.1
Ovarian .....................................................
IGROV1 3.6 41
OVCAR-3 4.2 4.0
OVCAR-4 10.5 11.7
OVCAR-5 11.5 7.8
OVCAR-8 2.1 1.5
ADR-RES 1.2 1.5
SK-OV-3 72 11.5
Rena| AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
786-0 3.6 1.9
A498 53 2.6
ACHN 04 0.3
CAKI-1 04 03
RXF 393 2.6 21
SN12C 4.7 3.1
TK-10 * 8.3
UO-31 15 0.4
Prostate ...........................................
PC-3 6.0 2.1 i
DU-145 3.2 2.8
Breast .....................................................
MCF7 2.2 2.6
MDA-MB-231 | 0.9 6.9
HS 578T 14.5 3.1
BT-549 6.6 1.7
T-47D 10.2 46
MDA-MB-468| 10.0 33
Range ——
r r 1
40 4 0.4 30 3 03

*Indicates line not tested.

data indicates that both 5 and 7 demonstrate high potency against
several cell types, while some cancer cells were less targeted. We
further analyzed the growth inhibition pattern induced by 5 and
7 based on the type of cancer. Table 2 shows all Glsq values among
the various cancer types relative to the median. The majority of

leukemia and renal cancer cell lines were above the median, indi-
cating enhanced sensitivity to ROS-activating compounds. In previ-
ous work, we had identified renal carcinoma as a potential target,
and the current results further substantiate this finding.> We ana-
lyzed the leukemia cancer cell lines to determine if leukemia cells
were attractive targets for ROS-activated DNA-modifying agents.
Leukemia cells demonstrated the highest median potency, with
all cell lines examined having Glso values below the median for 5
and five of the six below the median for 7. Compound 5 had a med-
ian Glsg of 2.1 uM in all the leukemia cell lines tested, whereas
compound 7 had a median Glsg value of 1.9 pM. A model for acute
lymphoblastic leukemia (ALL), SR-91, had Glsq values of 470 nM for
compound 5, and 2.5 uM for compound 7. Another ALL model line,
CCRF-CEM, had Glsq values of 263 nM for 7 and 2.8 uM for 5. The
final ALL model line tested, MOLT-4, had Glso values of 2.0 uM
for compound 7 and 1.3 puM for compound 5. In RPMI-8226, a plas-
macytoma and myeloma cell line, 7 had a Glso value of 1.2 pM and
5 gave a Glsg value of 3.8 nM. HL-60, a model of acute promyelo-
cytic leukemia, had a Glsg value of 900 nM for compound 7, but
was not tested for compound 5. Finally, K-562, a model for myelog-
enous leukemia, had Glso values corresponding to 4.3 uM and
2.1 puM for compounds 7 and 5, respectively.

We then focused on AML since it is the leukemia with the poor-
est prognosis. To fully assess the anticancer activity against AML,
we were interested in comparing transformed cells to closely
related, yet non-transformed counterparts. In the case of AML, the
generally accepted non-transformed cell of origin is the human
CD34+ blood stem/progenitor cell.2® Assessing potency against nor-
mal blood stem cells is important since, without proper selectivity,
a cytotoxic agent will yield reduced efficacy and therapeutic poten-
tial. One major limitation to current treatment is that many
anticancer agents do not selectively inhibit growth or cause cyto-
toxicity to cancer cells relative to healthy cells. Therefore, a compar-
ison of current agents and our ROS-activated chemotherapeutics
was necessary. Accordingly, we measured cytotoxicity of our com-
pounds on CD34+ blood stem/progenitor cells and on the MA9.3
AML cell line, which was derived from the transformation of human
CD34+ cells by introduction of the leukemia oncogene MLL-AF9.'”

Therapeutic indices for ROS-activated DNA-modifying agents
and known anticancer agents were determined (Fig. 2). The founda-
tions of AML treatment are the anticancer agents doxorubicin and
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Figure 2. Evaluation of therapeutic indices. Cytotoxicity of two ROS-activated
agents and several common anticancer agents were investigated in MA9.3 AML
cancer cells (black lines) and human CD34+ stem/progenitor cell (grey lines). (A)
Evaluation of agents 5 and 7. (B) Evaluation of doxorubicin, cytosine arabinoside
(ara-C), cisplatin, and chlorambucil (CLB).
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ara-C. Doxorubicin and ara-C showed strong potency against MA9.3
AML cells with ICsq values of 86 + 5 nM and 0.92 + 0.03 nM respec-
tively; these agents had ICsg values against CD34+ blood stem/pro-
genitor cells of 76 + 18 nM and 0.59 + 0.09 uM. These agents had
very limited selectivity. The therapeutic index for doxorubicin
was 0.9 + 0.2 and the index for ara-C was 0.6 £ 0.1. The negative in-
dex for ara-C was statistically significant but small. Thus, these two
agents showed low selectivity. We then determined if other com-
mercially available DNA-modifying agents were selective, as a base
of comparison for our ROS-activated DNA-modifying agents. We
chose cisplatin for its high therapeutic use and chlorambucil for
its utilization in chronic lymphocytic leukemia. The ICsq value for
cisplatin was 14+ 0.7 uM and for chlorambucil was 8.7 + 0.3 uM
against MA9.3 AML cells. Against CD34+ blood stem/progenitor
cells, the former had an ICsy value of 15+ 2 pM, while the latter
had an ICsq value of 11 £ 1 uM. The therapeutic index for cisplatin
was 1.0 £ 0.2, while the index for chlorambucil was 1.3 + 0.1. Chlor-
ambucil did, therefore, show some selectivity, although slight. Our
ROS-activated DNA-modifying agents were investigated; Com-
pound 5 had an ICsq value of 3.0 £ 0.2 uM and 7 had an ICs, value
of 0.7 £ 0.2 uM against MA9.3 cells. The ICsq values against normal
blood stem cells were 16 + 1 uM and 5.4 + 0.9 uM for 5 and 7, cor-
respondingly. The therapeutic indices were 5.3 + 0.5 and 7.7 £ 3 for
5 and 7, respectively. Consequently, ROS-activated DNA-modifying
agents have favorable therapeutic indices and statistically signifi-
cant selectivity against AML cancer cells.

The systematic syntheses in this manuscript have helped to
uncover important factors for potency of our ROS-activated DNA-
modifying agents. We have found that a tethered amine is
required. First, extreme changes like removal of the nucleophile,
conversion to an amide, or steric blocking severely reduced po-
tency. This manuscript identified a new lead compound, 7, which
has many favorable anticancer agent properties such as a high
therapeutic index and potency in the nM range against several leu-
kemia cell lines.

The ROS-activated DNA-modifying agents we investigated were
selective for AML over normal CD34+ blood stem/progenitor cells.
We should note than when testing these agents on normal blood
CD34+ cells, we found that 5 and 7 had a potency of 16 +1 uM
and 5.4 + 0.9 uM, respectively. Thus, many cancer cell lines were
selectively targeted to some extent. The most potent compound,
7, had a therapeutic index of 7.7 + 3 for the MA9.3 AML cell line.
The NCI panel allows for analysis by COMPARE, which is an algo-
rithm to correlate the cytotoxic profile with that of other agents.?’
Interestingly, no significant correlation to known anti-cancer
agents is observed for both 5 and 7. Therefore, ROS-activated
DNA-modifying agents are a novel class of chemotherapeutics with
distinct cellular mechanisms. In addition, this manuscript
highlights AML with its poor prognosis, are natural targets for
ROS-activated DNA-modifying agents as well as for the several
other medicinal chemistry teams that are pursuing ROS-based
agents.!6-23
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