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Two new agents based upon the structure of the clinically active prodrug laromustine were synthesized.
These agents, 2-(2-chloroethyl)-N-methyl-1,2-bis(methylsulfonyl)-N-nitrosohydrazinecarboxamide (1)
and N-(2-chloroethyl)-2-methyl-1,2-bis(methylsulfonyl)-N-nitrosohydrazinecarboxamide (2), were
designed to retain the potent chloroethylating and DNA cross-linking functions of laromustine, and gain
the ability to methylate DNA at the O-6 position of guanine, while lacking the carbamoylating activity of
laromustine. The methylating arm was introduced with the intent of depleting the DNA repair protein O6-
alkylguanine-DNA alkyltransferase (AGT). Compound 1 is markedly more cytotoxic than laromustine in
both AGT minus EMT6 mouse mammary carcinoma cells and high AGT expressing DU145 human pros-
tate carcinoma cells. DNA cross-linking studies indicated that its cross-linking efficiency is nearly iden-
tical to its predicted active decomposition product, 1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazine
(90CE), which is also produced by laromustine. AGT ablation studies in DU145 cells demonstrated that
1 can efficiently deplete AGT. Studies assaying methanol and 2-chloroethanol production as a conse-
quence of the methylation and chloroethylation of water by 1 and 2 confirmed their ability to function
as methylating and chloroethylating agents and provided insights into the superior activity of 1.

� 2013 Elsevier Ltd. All rights reserved.
This laboratory has worked to design and synthesize novel
alkylating agents that target the O-6 position of guanine in DNA.
These agents include the globally activated clinically active chlo-
roethylating prodrug, laromustine (also called onrigin, cloretazine,
101M and VNP40101M),1–5 the hypoxia targeted chloroethylator,
KS119,6–8 and the hypoxia targeted methylator, KS9009 (Fig. 1A).
The efficacy of these agents against tumors is impaired by the pres-
ence of the DNA repair protein O6-alkylguanine-DNA alkyltransfer-
ase (AGT, also abbreviated MGMT), which stoichiometrically
removes an alkyl group from the O-6 position of guanine by trans-
ferring it to cysteine 145 within the protein, inactivating itself in
the process.10–12 AGT is also the primary source of resistance to
the clinically used O-6 modifying anticancer drugs BCNU, temozol-
omide and dacarbazine.

Laromustine, which exhibited substantial efficacy against acute
myeloid leukemia (AML) in phase II clinical trials,4 is a dual func-
tion agent which both chloroethylates and carbamoylates cellular
nucleophiles. There is some evidence that carbamoylation can
marginally attenuate AGT activity,13,14 perhaps partially explaining
some of laromustine’s efficacy against AGT expressing cells com-
pared to agents lacking carbamoylating activity.2 We have also
developed another dual function alkylator, 1, based upon the struc-
ture of laromustine, that both chloroethylates and methylates the
O-6 position of guanine in DNA, with the intent of enhancing the
ability of this agent to kill tumor cells, by more efficiently impair-
ing AGT activity. Herein, we demonstrate that this agent is signif-
icantly more potent than laromustine and can ablate AGT in
cultured tumor cells. An analog of 1, compound 2, in which the
positions of the critical groups have been switched, was substan-
tially less cytotoxic than 1 (Fig. 1B and C).

The dual function agent 1, which is expected to both methylate
and chloroethylate DNA at the O-6 position of guanine, was tested
for cytotoxicity against EMT6 murine mammary carcinoma cells
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Figure 1. Panel A: Schematic representation of the compounds employed. Panel B: Synthesis scheme for key compounds.15 Panel C: Schematic of the proposed routes of
decomposition that result in the formation of therapeutic alkylating species for compound 1, and compound 2.
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that do not express AGT.14,16,17 Compound 1 was compared to the
clinically tested agent laromustine, which chloroethylates DNA at
the O-6 position of guanine and also produces methyl isocyanate,
a carbamoylating agent. As shown in Figure 2, compound 1 was
more cytotoxic (LC50 0.7 lM) over the entire concentration range
than laromustine alone (LC50 8.3 lM). This included both short
term (4 h; Fig. 2A) and long term (24 h; Fig. 2B) exposure of the
EMT6 cell line. Compound 1 is surprisingly toxic for this class of
agents, being�12-fold more cytotoxic than laromustine and nearly
equal to the intracellular targeted agent KS119 (0.5 lM), which
previous studies from our laboratory indicated could even kill cell
lines that grossly over-expressed the resistance protein AGT.8 In
contrast, 1,2-bis(methylsulfonyl)-1-methylhydrazine (KS90), an
agent possessing methylating only activity exhibited no cytotoxic-
ity at 50 lM against EMT6 cells (the maximum concentration
tested)9 and has an IC50 of �3000 lM (unpublished observation).
It should be noted that murine cells (i.e., EMT6) are relatively
insensitive to methylating agents, and human DU145 cells are mis-
match repair (MMR) deficient and so are also relatively methyla-
tion tolerant.18
In tests against DU145 human prostate carcinoma cells, which
naturally express high levels of AGT (42,000 molecules/cell),16 1
was >12-fold more cytotoxic (LC50 �6.3 lM) to AGT high express-
ing human DU145 cells than laromustine (LC50 >80 lM) at both 4 h
and 24 h exposure times (Fig. 3A and B), while the methylating
agent KS90 produced an LC50 value of �1600 lM.9 The high sensi-
tivity of DU145 cells to 1 despite the presence of high levels of pro-
tective AGT suggests that the resistance conferred by AGT was
strongly attenuated by exposure to compound 1. This high cytotox-
icity is likely the result of the ability of the methylating component
of 1 to ablate AGT activity, thereby sensitizing the cells to the more
cytotoxic chloroethylating DNA cross-linking component. While
DU145 and EMT6 are both relatively insensitive to methylating
agents given as single agents, it is still likely that the methylating
activity of 1 makes a contribution to the overall cytotoxicity of this
agent directly, (independent of any AGT ablating effect) at least in
some part.

The unique potency of 1 led us to synthesize a new agent (com-
pound 2) to determine if the cytotoxicity of 1 could be further en-
hanced. Compound 2 is identical to 1 except that the locations of



Table 1
Half-lives of 1,2-bis(methylsulfonyl)-1-(alkyl)hydrazines (50 lM)
at pH 7.4 and 37 �C in 1 mM potassium phosphate buffera

Compound T1/2
b (min)

90CE 0.55 ± 0.05
KS90 2.80 ± 0.08
1 10.04 ± 0.08
2 13.38 ± 0.13

a As previously described.19

b Values are the result of at least three independent
determinations ± SEM.

Figure 2. Cell survival experiments using AGT negative EMT6 cells treated with
laromustine or 1 under aerobic conditions for 4 h (panel A) or 24 h (panel B). EMT6
cells were exposed to incremental concentrations of laromustine (h), or compound
1 (j) and cell survival was determined using a clonogenic assay.17 The Y axis gives
cell survival in percent; the X axis gives the concentration of the agent employed.
All experimental points represent at least three independent determinations ± SEM.

Figure 3. DU145 AGT expressing cell survival following treatment with laromus-
tine or 1. DU145 cells were exposed to graded amounts of laromustine (h), or
compound 1 (j) for 4 h (panel A) or 24 h (panel B) and cell survival was measured
by a clonogenic assay.17 The Y axis indicates the percent survival; the X axis
indicates the concentration of the agent employed. All experimental points
represent at least three independent determinations ± SEM.
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the two alkylating moieties have been switched. In theory, if one
considers a single molecule, the change would result in a reversal
of the order in which the methylating and the chloroethylating
species are released. We therefore examined the half-lives of these
agents spectrophotometrically at pH 7.4 at 37 �C and those of the
key secondary alkylating agents they generate (Table 1).19 The half
lives of 1 and 2 under these conditions were relatively brief,
approximately 10 and 13 min, respectively, compared to laromus-
tine, which is approximately 1 h.20 The secondary alkylating com-
ponent released from compound 1 is the chloroethylating
component 90CE (T1/2 � 0.6 min), and from compound 2 is the
methylating component KS90 (T1/2 � 2.8 min), which are both
1,2-bis(sulfonyl)-1-alkylhydrazines with relatively short T1/2 val-
ues. In contrast, the primary alkylation reactions which accompany
the generation of 90CE from compound 1, and KS90 from com-
pound 2, are slower with T1/2 values of �10 and 13 min, respec-
tively and therefore represent the rate determining step. Thus, a
pronounced switch in the order of alkylation will not be seen with-
in a population of molecules. A mixture of chloroethylating and
methylating reactions will occur largely simultaneously with both
1 and 2. However, during the initial phase of decomposition the
primary alkylating species, derived from the moiety attached to
the hydrazine N-1, will transiently predominate. Compound 2
was tested using cytotoxicity assays against AGT expressing
DU145 cells. As shown in Figure 4, compound 2 was somewhat
more cytotoxic to DU145 cells than laromustine, but substantially
less active than 1. These studies suggest that the chemical architec-
ture of 1 may be optimal for the delivery of cytotoxic lesions to tu-
mor cells.

The capacity of 1, 2 and laromustine to cross-link DNA through
chloroethylation of guanine was tested using the H33258 fluores-
cent dye binding rapid renaturation assay20,21 and was compared
to that of 90CE (Fig. 1A). 90CE is the active chloroethylating prod-
uct responsible for the cross-linking activity of laromustine and is



Figure 4. DU145 cell survival following treatment with various agents. DU145 cells
were exposed to incremental amounts of laromustine (h), compound 2 (�) or
compound 1 (j) for 4 h prior to plating for clonogenic analysis.17 The Y axis
indicates the percent survival; the X axis indicates the concentration of the agent
employed. All experimental points represent at least three independent
determinations ± SEM.

Figure 5. Cross-linking levels were determined using the fluorescent H33258 dye
binding rapid DNA renaturation assay for various agents. Samples of L1210
leukemia cell DNA were treated with 90CE (s), the active cross-linking agent
produced by laromustine, laromustine (h), compound 1 (j) or compound 2 (�)
over a range of concentrations and given sufficient to time to fully react (at least
four times their respective half-life values). The level of cross-linking was then
determined as described.20,21 The Y axis indicates the percentage of DNA molecules
containing one or more cross-links per molecule. All experimental points represent
at least three independent determinations ± SEM.
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the anticipated chloroethylating/cross-linking agent generated
during the decomposition of 1. However, the chloroethylating
activity of 2, unlike that of compound 1, arises from the nitrosou-
rea-like primary alkylating moiety attached to the hydrazine N-1
and does not involve 90CE formation. The rank order of DNA
cross-linking activity under the test conditions employed was
found to be 90CE > laromustine P 1 > 2 (Fig. 5). At all of the con-
centrations tested, 1 cross-linked DNA almost as efficiently as the
equivalent 90CE or laromustine concentrations. This is of interest
because it suggests that the presence of the methylating compo-
nent in 1 contributes substantially to its potent cytotoxicity com-
pared to laromustine, presumably by ablation of the resistance
protein AGT.
Previous studies from this laboratory have demonstrated that
the chloroethylating agents 90CE and laromustine do not substan-
tially ablate AGT activity at normal cytotoxic concentrations com-
pared to methylating agents, even though AGT expression imparts
significant resistance to these agents.14 Possible reasons include a
lower reactivity (�0.18-fold) towards the DNA guanine O-6 posi-
tion compared to analogous methylating agents,14 a greater reac-
tivity with water, the substantially greater toxicity of a cross-link
which requires fewer lesions to kill, and the reduced preference
for O6-chloroethyl lesions by AGT itself.14,22 In contrast, methylat-
ing agents which alkylate the O-6 position of guanine in DNA, are
highly effective at ablating AGT activity.14,23

Compounds 1 and 2 were evaluated for their ability to ablate
AGT levels in DU145 prostate carcinoma cells. As shown in Figure 6
and 1 (80 lM) decreased AGT levels by over 80% in DU145 human
prostate carcinoma cells after 2 h of treatment and by over 90%
after 4 h of exposure. Compound 2, however, was almost fourfold
less effective at ablating AGT at 2 h than 1, although it did narrow
the gap in activity after 4 h of exposure. These differences in AGT
ablation are larger than expected but may be partially explained
by a number of important differences between 1 and 2. These in-
clude: (a) differences in the relative yields of both types of alkylat-
ing moiety between 1 and 2, in particular the lower yield of the
more efficiently AGT ablating methylating species with 2 (see be-
low); (b) potential differences in the guanine O-6 preference of
the methylating species produced; (c) the shorter T1/2 of 1 com-
pared to 2 (see later) together with the release sequence of the
alkylating moieties of 1 and 2, that is, the methylating species ini-
tially predominating with 1, while the chloroethylating species ini-
tially predominate with 2, with both predicting a more rapid initial
ablation of AGT by 1 than by 2. A more rapid and complete ablation
of protective AGT would be expected to cause greater sensitization
to the more toxic chloroethyl lesion.

Model studies were conducted using a novel assay developed in
this laboratory and to be published in detail elsewhere, to assess
both the chloroethylating and methylating capacities of 1, 2,
90CE and laromustine based upon their ability to alkylate water
to generate 2-chloroethanol and methanol.24,25 Water present at
a concentration of �55 M traps the vast majority of the reactive
alkylating electrophiles generated. Compound 1 generated greater
yields of methanol and 2-chloroethanol than 2, supporting the con-
cept that it produces considerable quantities of both methylating
and chloroethylating species (Table 2). The yield of 2-chloroetha-
nol from 1 was approximately twice that of 2, indicating that it
possessed substantially greater chloroethylating activity. The
yields of 2-chloroethanol corresponded well with the levels of
cross-linking determined for each of the four tested agents (Table 2
and Fig. 5). The smaller methanol yield of 2 compared to 1 would
be expected to result in a smaller potentiation of its lesser chloroe-
thylating activity (Table 2). The much greater cytotoxicity seen
with 1 compared to laromustine despite the fact that laromustine
generates somewhat greater quantities of 2-chloroethanol (result-
ing from the highly cytotoxic chloroethylating species) highlights
the cytotoxicity potentiating activity of co-methylation.

Laromustine and 1 were tested for increased cytotoxicity after
pretreatment with the known AGT inhibitor O6-BG in DU145 cells
expressing 42,000 AGT molecules per cell. Cells were treated with
high dose (100 lM) O6-BG for 2 h prior to exposure to graded con-
centrations of laromustine or 1. As shown in Figure 7A, pretreat-
ment with O6-BG sensitized DU145 cells to laromustine and also
to a lesser extent to compound 1. This finding is consistent with
the AGT ablation studies which indicated that 1 did not completely
deplete AGT in DU145 cells, leaving a window for O6-BG to exert an
effect. Compound 1 could transiently pre-ablate AGT activity to
some extent during the relatively short methylation predominance
phase of its decomposition, but this short-term advantage would



Figure 6. AGT ablation by 1 and 2. DU145 human prostate carcinoma cells were treated for 2 h or 4 h with 80 lM of 1, or 2 then the AGT levels were determined by binding to
[benzene-3H] O6-benzylguanine.16 The Y axis indicates the percent AGT remaining; the X axis indicates the agent employed. All experimental points represent at least 2–3
independent determinations ± SEM.

Table 2
2-Chloroethanol and methanol yieldsa

Compound 2-Chloroethanol (lM) Methanol (lM)

Methanol —b 100 ± 1.9
2-Chloroethanol 100 ± 1.7c —
Compound 1 62.8 ± 2.3 91.4 ± 2.6
Compound 2 33.3 ± 1.0 77.0 ± 1.8
90CE 88.3 ± 0.9 —
Laromustine 86.1 ± 1.4 —

a 2-Chloroethanol and methanol yields were determined as described.26

b Indicates none detected.
c Values are the result of at least three independent determinations ± SE.

Figure 7. O6-Benzylguanine sensitization studies in DU145 cells. DU145 human
prostate carcinoma cells which express a relatively high level of AGT (42,000
molecules/cell) were pretreated for 2 h with the potent AGT inhibitor O6-benzyl-
guanine then treated with the indicated agents. Following treatment, cells were
plated in six well plates to determine cell survival by a clonogenic assay.17 Panel A:
Laromustine alone (h); laromustine plus 100 lM O6-BG (r); compound 1 alone (j)
and compound 1 plus 100 lM O6-BG (�). Panel B: Laromustine alone (h);
laromustine plus 100 lM O6-BG (r); compound 2 alone (j); compound 2 plus
100 lM O6-BG (.). The Y axis indicates the percent survival; the X axis indicates the
concentration of the agent employed. All experimental points represent at least
three independent determinations ± SEM.
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not be expected to have a major contribution to the overall AGT
ablation effect. DU145 cells were sensitized to a greater extent to
2 by pretreatment with 100 lM O6-BG (Fig. 7B) than to 1; this is
consistent with the measured lower ability of 2 compared with 1
to ablate AGT activity leaving a larger margin for inhibitory
assistance.

Laromustine is a dual function agent in that it releases two clas-
ses of reactive intermediates, a series of chloroethylating species
and methyl isocyanate, a carbamoylating species.20 While the chlo-
roethylating species that alkylate the O-6 position of guanine result
in the formation of highly cytotoxic cross-links, the contribution of
the carbamoylating component to the anticancer activity of laro-
mustine is not well defined. There is some evidence that methyl
isocyanate can inactivate AGT,14 is involved in the inhibition of thi-
oredoxin reductase,27 and can inhibit the polymerase activity of Pol
b in in vitro assays.28 The inhibition of the polymerase activity of
Pol b is particularly interesting in that it has the potential to impact
base excision repair which is frequently involved in the repair of
DNA alkylation damage. A similar situation occurs with the chloro-
ethyl nitrosoureas which also produce a range of chloroethylating
species and a carbamoylating species (2-chloroethyl isocyanate in
the case of the nitrosourea BCNU). Some of the chloroethyl nitro-
sourea derived chloroethylating species are likely to be identical
to those generated by the chloroethylating sulfonylhydrazines,
but both classes are in addition capable of producing their own un-
ique chloroethylating species.20 Variation in the electrophilic spe-
cies generated, their relative yields, and their relative preferences
for the guanine O-6 position result in differences in the cross-link
yields between these two classes of agents. Typically, the chloroe-
thylating sulfonylhydrazines give higher yields of chloroethylation
reactions and cross-links, and cellular resistance to these agents
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has a higher AGT dependency than the chloroethyl
nitrosoureas.14,16,20

The nature and yield of the chloroethylating and methylating
species generated from 1 and 2 depend upon the location of the
chloroethyl and methyl groups and upon the mechanism of activa-
tion of each of these analogs. In 1, the chloroethylating species is
generated by base-catalyzed activation of 90CE; whereas, in 2,
the chloroethylating species results from the fragmentation of
the N-nitrosourea like moiety (Fig. 1). In contrast, the methylating
species results from the N-alkyl-N-nitroso component of 1, and
from the sulfonylhydrazine component of 2. These features inevi-
tably result in significant differences in the cytotoxic properties
of these agents. Of the analogs examined, 1 was the most cytotoxic,
displaying substantially greater toxicity in AGT expressing and
non-expressing cells than either laromustine or 2.

The cytotoxic effects of methylation and 2-chloroethylation at
guanine O-6 differ in important respects. O6-Methylguanine is rap-
idly titrated by AGT and O6-methylguanine lesions only persist and
result in cytotoxic actions if the number of methylations exceed
the number of AGT molecules.14 If unrepaired, methylation lethal-
ity appears to be due to the ‘mismatched repair machinery’, initiat-
ing apoptosis due to failed repair.29 In the absence of functional
mismatch repair the guanine O-6 methylations lead to point muta-
tions which require a substantial number to be lethal. In contrast,
the O6-chloroethylguanine lesion has a limited AGT window of re-
pair because it undergoes a spontaneous rearrangement to produce
the highly lethal cross-link which then cannot be repaired by
AGT.30 It is therefore likely that the efficient delivery of two differ-
ent DNA guanine O-6 alkyl lesions by 1 accounts for its superior
cytotoxicity compared to laromustine in AGT deficient cell lines.
If similar secondary non-AGT dependent repair mechanism(s) are
involved in the repair of both O-6 lesion types, competition for
these repair mechanism(s) may allow more time for O-6 chloroe-
thylations to progress to highly lethal cross-links. In cell lines with
high AGT activity, which are normally very resistant to agents such
as laromustine, the profoundly greater cytotoxicity seen with 1
compared to laromustine (Fig. 3) appears to be largely a conse-
quence of AGT ablation, as most if not all of the O6-methylguanine
lesions generated will rapidly eliminate protective AGT. Thus, the
addition of an efficient AGT titrating methylating component to
laromustine, while eliminating its weakly AGT attenuating carba-
moylating activity, markedly enhanced its cytotoxicity. Interest-
ingly, compound, 2, which also generated both a methylating and
chloroethylating species, while being more cytotoxic than laro-
mustine, was not comparably cytotoxic to 1, emphasizing the
importance of the relative locations of the alkylating groups. Ear-
lier work in our laboratory has clearly demonstrated that 90CE
gives a much higher yield of cross-links than the nitrosoureas
BCNU or CCNU.20 Therefore, we expected that the chloroethylating
species generated by 1 would give a higher yield of cross-links than
those from 2, in keeping with the relative preferences of these clas-
ses of chloroethylating agents for the guanine O-6 position. In addi-
tion, the greater absolute yields of methylating species in the case
of 1, as measured by methanol yield, should result in superior sen-
sitization by AGT ablation. AGT ablation studies support these con-
tentions since 1 showed greater depletion of AGT activity at 2 h
than 2. Furthermore, it is possible that the faster and early predom-
inant release of the methylating species in the case of 1 may more
efficiently sensitize cells to the more cytotoxic chloroethylating
species by depleting AGT without initially competing with the
chloroethyl lesions to the same extent, as would be in the case of
2. Thus, it is likely that all of these effects contribute to the cyto-
toxic superiority of 1 over 2. Cross-linking studies comparing 1
to laromustine indicate that the enhanced toxicity observed with
1 is not the result of a direct increase in the yield of cross-linking
species over that seen with laromustine and strongly support the
idea of toxicity enhancement as a consequence of a dual function
agent whose primary action sensitizes cells to its secondary action.

Although AGT protects tumor cells against chemotherapeutic
agents that alkylate the O-6 position of DNA guanine, it is also a po-
tential source of vulnerability if it can be selectively depleted in can-
cers while being spared in normal tissue. Current efforts to ablate
AGT have employed global depletion agents such as O6-BG, which
also deplete AGT in normal tissue, with the result being that little
net therapeutic benefit is realized in patients because normal tissue
is also sensitized to the alkylating agent.31–33 These findings under-
score the importance of therapeutically generating, or at least main-
taining, any pre-existing tumor AGT deficit with respect to normal
tissue. The selective sensitization/destruction of tumors through
AGT ablation and AGT deficit exploitation strategies34,35 would be
substantially enhanced by the availability of clinical agents that
selectively alkylate at the O-6 position of guanine, thereby reducing
non-specific and non-therapeutic toxicities. This preferential
destruction would be particularly efficacious if the O-6 position of
the guanine alkylating agent also exhibited tumor selectivity. Hence,
one of our long term goals is the development of highly cytotoxic
guanine O6 specific dual function agents, with short half lives such
as 1, that are incorporated into a targeted platform such as that em-
ployed by KS9009 and KS119.7,8 More optimal segregation/pre-re-
lease of the AGT ablating methylating activity can be engineered
into molecules by making the primary methylation event occur with
a significantly shorter half-life than the secondary chloroethylation
event. Highly cytotoxic dual function (methylating and chloroethy-
lating) agents, or combinations of single agents that emulate these
two functions, especially if sequentially delivered, may be highly
useful candidates as targeted prodrugs. The approximate 10-fold in-
crease in overall potency is likely to be a major advantage when
using tumor activated prodrugs since the quantity of agent selec-
tively delivered to the tumor is limited.
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