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Abstract

Solid tumors are commonly subject to hypoxia. Hypoxic cancer cells have undesirable properties
such as a high tendency to metastasize and resistance to chemotherapy and radiotherapy.
Hypoxia-inducible factors (HIFs) respond to the changes in oxygen levels, orchestrating the
transcription of many proteins that are vital for the survival of hypoxic cancer cells. With their
parent drug SN-38 as an inhibitor of both topoisomerase 1 and HIF-1, hypoxia-activated SN-38s
may have a dual inhibitory effect on hypoxic tumor cells due to hypoxia-targeting and HIF-1

inhibition.

To develop hypoxia-activated prodrugs of SN-38; 2-, 3-, and 4-nitrobenzyl SN-38s have been
synthesized with good yields (78%, 67% and 68%, respectively). Topoisomerase 1 inhibitory
assay on 2- and 4-nitrobenzyl SN-38s and cell viability assay on 2-, 3- and 4-nitrobenzyl SN-38s
have been performed. All three derivatives showed less toxicity on K562 cells, which meets the
principle of prodrug design. Cyclic voltammetry results suggest that the reduction potentials of
these three derivatives may be not high enough for these compounds to be activated. The manner
of reduction of three nitrobenzyl SN-38s is quasi-reversible under the testing condition, not
against the proposed mechanism of activation. Two new derivatives of SN-38 have been
designed to elevate reduction potential and further reduce toxicity. They are to be synthesized

and tested for future work.
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Progress towards Hypoxia-Activated SN-38: The

Potential to Target Hypoxic Tumors

Dinghua Liang
Supervisor: Dr. Geoff Tranmer
College of Pharmacy, Rady Faculty of Health Sciences

University of Manitoba

1 Introduction and Literature Review

Please be advised that part of this literature review has been revised and published as Liang, D.;
Miller, G. H.; Tranmer, G. K., Hypoxia Activated Prodrugs: Factors Influencing Design and

Development. Curr. Med. Chem. 2015, 22 (37), 4313-4325.

1.1 Hypoxia in Tumors

Hypoxia is an oxygen-deficient state resulting in functional change of involved cells ™. In solid
tumors, hypoxia exists in certain areas of tumors due to inadequate oxygen supply caused by
abnormal vasculature and irregular blood perfusion ?. A universal standard for hypoxia has not
been established because the critical oxygen concentration at which functional changes occur
varies with respect to the changes of interest, with tissue O, partial pressure ranging from 35

mmHg (for emerging hypoxia-induced resistance to immunotherapy) to 0.02 mmHg (for



changing oxidation state of cytochromes) ™. Although a standard for defining hypoxia has not
been unanimously accepted, the metastatic aggressiveness, multi-therapeutic resistance and

inferior prognosis of hypoxic tumor environments have been widely acknowledged.

Bolstered metastasis can be viewed as an adaptation of tumor cells towards the hostile hypoxic
environment which lacks adequate supply of oxygen and nutrients, but accumulates metabolic
wastes due to the inadequate blood flow. In fact, metastatic cancer cells are only one of the three
phenotypes that result from the offspring of tumor cells facing the hypoxia-exerted clonal
selection, with the other two being quiescent and apoptotic types ™ “. Nevertheless, the
malicious metastatic phenotype is clinically the most important, and the mechanism of its ability
to metastasize is worthy of consideration. Behind the unusual and undesirable behaviors of
tumor cells, hypoxia-inducible factors (HIFs) respond to the changes in oxygen levels,
orchestrating the transcription of many proteins that are vital for hypoxic cell’s survival. Among
the several prerequisites for tumor invasion, destruction of the cell-cell adhesion is one essential
procedure ) and provides a window where we can see how HIFs function. As its name suggests,
hypoxia-inducible factor is activated under hypoxia, and among a myriad of its physiological
functions is the extensive enhancement of expression of the lysyl oxidase that decreases the
degradation of Snail (SNAI1) family proteins. The elevated level of Snail protein then
suppresses the expression of E-cadherin, consequently repressing E-cadherin’s function in
maintaining cancer cell adhesion, and as a result, tumor invasion is facilitated ™. Another
established role of HIF is promoting angiogenesis as an attempt to ameliorate the oxygen-
deficient state suffered by tumor cells. HIF encourages the expressions of two key modulators

for the formation of new blood vessels, that is, angiopoietin-2 [ and vascular epithelial growth



factor-A (VEGF-A) Il Angiopoietin-2 destabilizes the mature and dormant capillaries by
antagonizing the vasculature-stabilizing factor angiopoietin-1, thus awakening the blood vessels
from the otherwise VEGF-A-deaf state. VGEG-A then coaxes the neonatal capillaries into
growing towards oxygen-deficient areas in the tumor 5] Promoting many surviving mechanisms

of hypoxic tumor cells, HIF presents itself as a desired target for anticancer therapies.

Hypoxic cancer cells not only adopt aggressive adaptations, they display resistance to many
anticancer treatments as well. Systemic delivery of chemotherapy drugs can have a reduced
impact on tumors, as blood-borne drugs commonly have difficulty in reaching hypoxic areas due
to the abnormal vasculature and irregular blood-flowing pattern in solid tumor tissues. The
therapeutic effects of radiotherapy are also compromised because of the hypoxic environment, as
achieving the maximum therapeutic effects of radiotherapy requires sufficient amounts of
oxygen to induce the formation of oxygen free radicals that are highly toxic to tumor cells, an
effect called “oxygen enhancement effect” . Without the cytotoxicity of oxygen free radicals,
three times higher doses of radiation are required to produce the same therapeutic effect as is

needed for normoxic cancer cells [,

As a result of the aforementioned malignant nature and multi-therapeutic resistance of hypoxic
cancers, the oxygenation state of tumors has been shown as the strongest independent prognostic
factor, at least for cervical cancer ™8, These facts suggest that there is an urgent necessity for a

therapeutic strategy that specifically targets hypoxic tumors.



1.2 Fundamentals of Hypoxia-Activated Prodrugs

Hypoxia-activated prodrugs (HAP, also referred to as bioreductive prodrugs) are stable analogs
of drugs with reduced cytotoxicity in normally oxygenated cells, but become activated and
generate cytotoxins in oxygen deficient tumor cells . The most extensively explored strategy
for activating prodrugs under hypoxia is to utilize the chemically reducing environment in
hypoxic tumor tissues % . According to their chemical structures, bioreductive prodrugs can
be categorized into four chemical classes (Figure 1-1) I': nitroaromatic compounds (e.g. PR-104,
TH-302 and KS119), aromatic N-oxides (e.g. tirapazamine), aliphatic N-oxides (e.g. AQ4N) and
quinones (e.g. apaziquone). The strategy utilizing nitroaromatic compounds is the most popular
approach and will be highlighted in this review. An archetypical HAP consists of two or three
functional components (Figure 1-2), namely, a trigger, linker (optional) and effector 121 n the
case of nitroaromatic HAPSs, the trigger is a nitroaromatic group, the effector is a warhead to be
activated or drug to be discharged, and the linker connects the two, and is sometimes omitted.
The activating mechanism of nitroaromatics involves the phenomenon that the electron density
on the aromatic moiety increases dramatically when a strongly electron-withdrawing nitro group
is reduced to a weakly electron-donating group, such as a hydroxylamine, by certain reductases
(vide infra). Itis this elevation of electron density that results in the activation or detachment of
the effector. In this activating process, the inversion of the electron-withdrawing to electron-

donating effects is aptly termed “electronic switch> %41,
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Figure 1-2 Functional components shown in three nitroaromatic HAP examples

Describing the mechanism of HAP’s selectivity towards hypoxic cells, however, requires more
details of the activating process. In hypoxic environments, certain reductases, such as
NADPH:cytochrome P450 oxidoreductase, reduce a nitro HAP in a one-electron manner to
produce a radical anion (Figure 1-3). With the help of protons, the radical anion can be
converted to a nitroso compound ** **! and then undergoes further reductions to form a

hydroxylamine or amine ©**!. In normoxic tumor cells, however, the drug reduced by these



enzymes are readily oxidized back to its parent prodrug by oxygen ™, thus forming a process

» 1 Of note, during this futile redox cycle, oxygen molecules are

called “futile redox cycle
reduced to superoxide, which is a free radical that damages cells ! and can cause background
toxicity. Fortunately, superoxide can be detoxified by the ubiquitous enzyme superoxide

dismutase 18,
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Figure 1-3 Simplified process of activation
Ar, substituted aromatic ring

1.3 Factors Influencing Design and Development of HAP

Many efforts have been made to pin down the key parameters for developing a successful HAP.
These efforts have revealed that one-electron reduction potential (E*) affects the selectivity
between hypoxic and normoxic cells and hence the cytotoxicity; both the prodrug and active
drug’s stability and diffusibility play important roles in governing a HAP’s efficacy. A rational

design for an effective HAP should include these properties into considerations.



1.3.1 One-Electron Reduction Potential

An appropriate one-electron reduction potential (E) is vital for a HAP to be not only efficiently
activated by reductases and exert therapeutic effects in hypoxic cells but also readily reoxidized
by oxygen to prevent undesirable toxicity in normal cells. Reduction potentials cited in this
section are all values vs. normal hydrogen electrode (NHE), unless indicated otherwise. The first
step of reduction in which nitroaromatics are reduced to nitroso compounds is believed to be the
rate-limiting step *°!. The following reductions in which nitroso aromatic compounds are
reduced to hydroxylamines is considered as a facile process because reduction potentials of

nitroso aromatics are markedly higher than that of their nitro counterparts ™

. For example,
reduction potentials of nitrobenzenes fall within the range of -0.58 ~ -0.81 V, whereas the range
of nitrosobenzenes is +0.04 ~ +0.25 V %, Therefore, the nitroaromatics’ one-electron reduction
potentials determine the rate of the first reduction step, and determine the entire activating
process as well. Too low a reduction potential of a HAP, especially when significantly lower
than that of reductases (E* = -220 ~ -310 mV, see below for details), hinders the activation;
however, too high a reduction potential makes the reducing process too fast and thus out of the
harness by oxygen (the effective E* (O,) is -155 mV, a value of a nonstandard state of 1
mole/dm?; the standard state of O is 1 atmosphere, which is inappropriate for comparison with
drugs in solutions ). A multiple linear regression analysis of 35 nitroaromatics indicates that
an increase of 100 mV in reduction potentials enhances the potency approximately by 10 folds,
but the aerobic toxicity also increases correspondingly ?. Therefore, an empirical range of
reduction potentials for HAPs is usually suggested as -400 to -200 mV * %% or as a lower and

narrower window between -450 and -300 mV 126221 some tissues such as bone marrow 23231

esophagus % retina " and skin 8 are mildly hypoxic under normal physiological conditions



and therefore susceptible to HAPs. To circumvent the potential toxicity to these physiologically
hypoxic tissues, the therapeutic strategy targeting severe hypoxia can be adopted by modifying

reduction potentials of HAPs to fall within the lower window.

The one-electron reduction potential of mono-nitro-substituted phenyl compounds could be too
low (e.g. nitrobenzene, E* = -486 mV %) to be used as the trigger. To elevate the reduction
potentials of nitroaromatic compounds, two methods are usually used. The most straightforward
method is to introduce additional electron-withdrawing substituents into the mono-nitro-benzene
trigger, which is the strategy adopted in designing the PR-104 that carries three electron-
withdrawing moieties: two nitro and an aminocarbonyl groups. Although there is no available
value of PR-104’s reduction potential, the datum of a structurally similar compound 3,5-
dinitrobenzoic acid (E* = -344 mV 1) can be considered for rough reference. Another strategy
is substituting nitrobenzene with nitroheterocycles that have intrinsically higher reduction
potentials (e.g. 2-methyl-5-nitrofuran, E* = -330 mV and 1-methyl-2-nitro-1H-imidazole, E* = -
389 mV; ). TH-302 is an excellent example of nitroheterocyclic HAPs with an appropriate

one-electron reduction potential E* = -407 mv B

1.3.2 Diffusibility and Stability of the Prodrug
The characteristic abnormal vascularization in hypoxic regions raises the problem of transporting
HAPs to hypoxic cells. Amounts of HAP delivered to hypoxic regions depend on two major

factors: the diffusibility and stability of prodrug .

Once a prodrug is carried by the blood flow to the end of vasculature, passive diffusion becomes

the major form of drug transportation. Therefore, the prodrug molecule’s ability to diffuse plays

8



a crucial role in shaping the front line of the battle against hypoxic tumors. The HAP’s
diffusibility depends on its diffusion coefficient that is primarily a function of the compound’s
lipophilicity (log P, octanol/water partition coefficient) and is secondarily influenced by the
number of hydrogen bond donors and accepters in the structure, molecular weight of the prodrug,
and density of the cell layer through which the prodrug diffuses Y. For the aromatic N-oxide
HAP, tirapazamine, the function between diffusion coefficient and log P can be mapped as a
sigmoidal curve, in which the diffusion coefficient surges with the increase of lipophilicity
between log P values -2 ~ 2 but changes very little out of this range. At a given log P value,
addition of both hydrogen bond donors and acceptors into the structure impairs the diffusibility,
with the installation of hydrogen bond donors producing more profound decreasing effects.
Larger molecules have weaker ability to diffuse; however, the influence of molecular weight is
insignificant, at least in the range between 200 to 500 daltons. Diffusions in cell lines with
higher packing density are more readily subject to the impact of lipophilicity, perhaps because in
these cell lines, drugs diffuse almost exclusively through lipophilic membranes, whereas in
loosely packed cell layers both lipo- and hydrophilic molecules can permeate alternatively via

the route of paracellular flux.

An appropriate level of stability is also a necessary property for a successful HAP. If the
prodrug’s structure is too robust, it may remain inactive even in hypoxic conditions. However, a
too readily metabolized HAP may dissipate considerably along its march to the target cells or

even be activated prematurely.



1.3.3 Stability and Diffusibility of the Active Drug

Even after a prodrug has been activated, stability and diffusibility of the active drug still
influence its efficacy, by determining the extent of a phenomenon called “bystander effect”. In
the setting of targeting hypoxia, the term “bystander effect” refers to “the killing of adjacent cells
that lack prodrug-activating ability through local diffusion of the active drug” . When
exploited effectively in designing severe-hypoxia-targeting HAPs, bystander effect can expand
these HAPs’ antitumor effects beyond just severely hypoxic tumor cells and include moderately
or mildly hypoxic tumor cells as well. In fact, it is estimated that nearly half (30% in SiHa
cervical cancer cells and 50% in HCT116 colon cancer cells) of the therapeutic activity of PR-

104 is credited to bystander effects®?.

Stability of the active drug is the prerequisite for bystander effects to exist, as active drugs must
survive the diffusion journey before they can wield their warheads towards normoxic cells.
Stable drugs are more likely to reach less hypoxic regions than are the highly reactive ones. For
example, the relatively stable bromo-isophosphoramide mustard (Br-IPM) (Figure 1-5) as the
active drug of TH-302 allows this HAP to possess an intermediate level of bystander effect ©°!.
By contrast, the active metabolites of the aromatic N-oxide HAP, tirapazamine, which are
believed to be highly reactive free radical species such as hydroxyl radical %! and benzotriazinyl

radical ¥, lead to nearly no bystander effects being found B°!. Structural features affecting the

diffusibility of active drugs are expected to be similar to those of prodrugs.

10



1.4 Select Examples of Nitroaromatic HAPs

The electronic switch effect on nitroaromatic moieties changes HAPs’ physiochemical property
and physiological activity by two mechanisms: either by modifying the structure directly on the
parent compound or by separating the prodrug molecule into several parts containing the active
drug. The latter fragmenting mechanism is more attractive at least in principle, because the more
dramatic change in structures is expected to be associated with more distinguishable differences
in cytotoxicity or pharmacokinetic properties from those of the prodrug. Among the following
examples of nitroaromatic HAPs, PR-104 is activated by the direct-modifying mechanism,

whereas TH-302 and KS-119/KS-119W fragment to discharge active warheads in hypoxic cells.

1.4.1 PR-104

PR-104 is a water-soluble phosphate ester of a non-symmetric dinitrobenzamide mustard,
characteristically carrying a bromide and mesylate substituents as active leaving groups (Figure
1-4). PR-104 exerts cytotoxicity as a DNA cross-linking agent and has ca. 10- to 100-fold
potency differentials towards different cancer cell lines . PR-104 functions as a preprodrug on
which its solubility-enhancing phosphate moiety is rapidly hydrolyzed (ti, ca. 3 min after i.v. in
mice 1 to the prodrug PR-104A which is a less water-soluble alcohol. PR-104A is then
activated in hypoxic cells by a group of possible reductases including POR B MTRR B¥ iNOS
381 NDOR1 *® and FOXRED2 % (vide infra). Of note, the activation of PR-104A by another
reductase AKR1C3 (aldo-keto reductase 1C3) ¥ is hypoxia-independent because of the nature
of 2-electron reduction, which presumably enfeebles the hypoxic selectivity “%. The major
reduced and active metabolite is the para-hydroxylamine PR-104H, which in turn undergoes a
series of nucleophilic substitutions and generates a family of metabolites, among which the

halogenated compounds 1, 2 and further reduced amine 3 (Figure 1-4) are even more potent than

11



their parent molecule PR-104H B°!. Moreover, compounds 1, 2 and 3 are more lipophilic and
concentrated in extracellular distribution than is PR-104H and therefore are believed to be the
major contributors for the bystander effects that accounts for about half of PR-104’s cytotoxic
effects *%. Although PR-104 is a promising nitroaromatic HAP, currently its progress is halted

in four phase 2 clinical trials due in large part to poor tolerance. (www.clinicaltrials.gov

identifiers: NCT00862082, NCT00544674, NCT00862134 and NCT01037556)
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Figure 1-4 Structures of PR-104 and important metabolites

1.4.2 TH-302

TH-302 (evofosfamide) is a nitroimidazole-triggered phosphoramidate mustard, with two
bromoethyl-monosubstituted nitrogen atoms joined with a phosphoryl group (Figure 1-5). Itis
currently the most advanced nitroaromatic HAP in terms of progress in clinical trials. It has
completed two phase 3 clinical trials in combination with gemcitabine for treating pancreatic

adenocarcinoma and with doxorubicin for soft tissue sarcoma (www.clinicaltrials.gov identifier:
12



http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/

NCTO01746979 and NCT01440088, respectively). Unfortunately, TH-302 did not meet primary

overall survival endpoints in these two phase 3 clinical trials *!].

Carrying a 2-nitroimidazole as the trigger and liberating a phosphoramide as the warhead, TH-
302 is a HAP exploiting a nitroheterocycle-triggering and fragment-killing strategy. One-
electron reduction caused by radiolysis leads to the detection of the warhead bromo-
isophosphoramide mustard (Br-IPM), “trigger-H” and “trigger-dimer” as the fragments (Figure
1-5), suggesting that the activating mechanism probably involves the formation of a “benzyl-type
radical” derived from a radical anion that is the initial one-electron-reduced intermediate %,
Metabolism study on rats confirmed that Br-IPM was among the metabolites . Further studies
revealed the DNA cross-linking effect as the major cytotoxic mechanism of Br-IPM 2% in
agreement with the previous expectation derived from TH-302’s bifunctionalized structure !,
The bystander effect is also believed to participate in the therapeutic action, supported by the
findings from tests in multicellular layer % and mice 4. TH-302 has an excellent hypoxic
selectivity with hypoxia cytotoxicity ratio (HCR) of more than 200 towards certain tested cancer
cells such as H460 and HT29 cells *1. This favorable hypoxic selectivity probably originates
from TH-302’s relatively low one-electron reduction potential (E* = -407 mV B%), which
stringently confines its activating region to severe hypoxic cell clusters. Although POR is

believed to be the main activating enzyme %% evidence also suggests FOXRED2 1** and

MTRR ¥ may be involved in this HAP’s activation.
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Figure 1-5 The process of activation of TH-302

Finally, it is worthy of reviewing the structure-activity relationship of compounds around TH-
302. Interestingly, both higher potency and selectivity are biased toward the 2-nitroimidazole
triggered TH-302 than its 5-nitroimidazole triggered isomer ¥, presumably because 5-
nitroimidazole is difficult to be activated as a result of its unfavorably lower one-electron
reduction potential (cf. -483 mV for N-methyl-5-nitroimidazole methanol and -421 mV for N-
methyl-2-nitroimidazole methanol “®). With two bromine atoms as better leaving groups, TH-
302 is 10-fold more potent than its dichloro-substituted cousin ). Monosubstitution on each
nitrogen atom is essential for stability, because further alkylated compounds are susceptible to
oxidation by microsomal cytochrome P450 enzymes, probably due to enhanced microsomal

uptake facilitated by improved lipophilicity of the further alkylated compounds 13!,

1.4.3 KS119/KS119W
KS119 is a nitrobenzyloxycarbonyl derivative of a hydrazine alkylator 90CE (Figure 1-6),
whereas KS119W is a water-solubility-enhanced version of KS119, with a hydrophilic phosphate

group installed on the benzene ring "1 All the three functional components of HAP are
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conspicuously shown on KS119/KS119W (Figure 1-6): a nitrobenzyl trigger, a carbamate linker
and an alkylating warhead 8. With POR, NADH:cytochrome b5 reductase and xanthine
oxidase as possible activating enzymes 49 KS119is postulated to be reduced to a
hydroxylamine, subsequently decomposing to three parts: hydroxyl imine, carbon dioxide and
the substituted hydrazine 90CE (Figure 1-7) ). The unstable 90CE then rapidly undergoes
elimination to generate a series of reactive ethylating species that cause guanosine-cytosine
cross-links . As a result of this rapid metabolism, 90CE is short-lived (ty, = ca. 30 seconds, at
pH 7.4 and 37 °C*!) and therefore unlikely to exhibit bystander effect, which might be a
drawback in consideration of its activation under severe hypoxia resulted from the relatively low
reduction potential (half-wave reduction potential E;, = -415 and -575 mV, measured on a
racemic mixture ¥, However, KS119 differentiates itself from the other DNA cross-linking
agents because it shows strong toxicity to cancer cells with alkylator resistance mediated by O°-
alkylguanine-DNA alkyltransferase, despite the fact that only 40% of KS119 is activated in

cancer cells under experiment-induced hypoxia .
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Figure 1-6 Structures of KS119 and KS119W
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Figure 1-7 The process of activation of KS119

Another example of KS119’s uniqueness among HAPs is that it has a pair of atropisomers that
act as separate chemical species, as they have different conformations that cannot convert into
each other on the timescale of cellular exposure because of hindered bond rotation 8. This
hindered bond rotation is believed to originate from the expulsion between the carbonyl group
and methyl moiety at the benzyl carbon atom (Figure 1-8), wherein the methyl group is installed
to obstruct the undesired activation by thiolysis of glutathione via an Sy2 process catalyzed by
glutathione S-transferase 2. These two atropisomers show 14% difference in their values of
partition coefficient, which are different enough for them to be separated via HPLC equipped
with a C18 reverse-phase column. Most importantly, when exposed to an equilibrium mixture of
the atropisomers, the examined EMT®6 cell line responds diversely to the cytotoxic effects of
individual atropisomer, with 7-fold stronger sensitivity to the more lipophilic conformation that
IS supposed to be more readily to be taken up and metabolized. The atropisomers’ corresponding
conformations have been postulated as an “open form” with larger lipophilicity and stronger

cytotoxicity and a “closed form” with the opposite properties (Figure 1-8).
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Figure 1-8 Structures of KS119 showing the steric expulsion between the methyl and
carbonyl groups, and the pair of atropisomers

1.5 HAP-Activating Enzymes

Free radicals (compounds with unpaired electron(s)) are usually very unstable and therefore
highly reactive. This high reactivity is the pushing force for one-electron-reduced HAP to be
readily reoxidized by oxygen in normoxic cells, resulting in the origin of HAPs’ hypoxic
selectivity. Paradoxically, this highly unstable stage in the HAP-activating process also means
the pivotal radical intermediates are difficult to form. In principle, more readily achieved two-
electron reductions can compete with, and may even win out over, the desired one-electron
reductions. This is evidenced by the compromised hypoxic selectivity of PR-104 because of the
competitive two-electron reduction catalyzed by the enzyme AKR1C3 1Y, Knowledge of HAP
activating enzymes is therefore crucial to HAP design. For example, understanding of the
enzymes’ electron-acceptor-binding domain will form a firm foundation for improving the
prodrugs’ affinity to one-electron reductases, allowing for the possibility of highly hypoxia-
selective HAPs. In spite of this very promising vista, however, currently very few questions
about these enzymes have been answered satisfactorily, although at least four one-electron
reductases (POR ) MTRR ¥ NDOR B! and iNOS 4, see individual descriptions below for
details) have exhibited possible involvement in the HAP-activating process. Whereas POR is

anchored on endoplasmic reticulum membrane, the other enzymes can all be found in cytoplasm,
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indicating that these four reductases are readily accessible to bioreductive drugs. With the ability
to reduce nearly all studied bioreductive prodrugs !, POR had normally been regarded as the
major HAP reductase. However, its importance was recently challenged by the interrogation of a

new research method using POR-knockout strategy 1,

All the four relevant one-electron reductases belong to a family of enzymes called diflavin
reductases that characteristically utilize two flavin cofactors, a flavin adenine dinucleotide (FAD)
and flavin mononucleotide (FMN), in tandem to transfer the electronic flux flowing from
NAD(P)H to the electron acceptors ** that are bioreductive prodrugs in our context. The
principle of the reduction mechanism of these four reductases is the same and can be depicted in
a general view. Within the active site of these enzymes, a pair of electrons donated by NAD(P)H
in form of hydride is accepted by the FAD where one electron of the pair is then held in the
FAD’s isoalloxazine ring, and the other electron jumps to the adjacent FMN where this electron
is finally transferred to bioreductive drugs ®*. The cooperation between the two flavin cofactors
is essential for carrying out the reduction in a one-electron manner. Although these diflavin
reductases share a same catalyzing mechanism, their other properties diverge in terms of
reduction potentials of the catalytic sites and catalyzing efficiency. As a result of the FMN
group being the site directly delivering an electron to bioreductive prodrugs, the reduction
potentials of the FMN group in these reductases are the most pertinent parameters for the
activation of bioreductive prodrugs. Reduction potentials of FMN group [semiquinone/
hydroquinone] of NDOR1 P%, POR B iNOS P® and MTRR % are -305, -269, -245 and -227
mV, respectively. At first sight, these reduction potentials may appear to be too high for these

enzymes to reduce HAPs, as reduction potentials for HAP design are suggested as the ranges of
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-400 ~ -200 mV 243 or -450 ~ -300 mV 122 However, it has been postulated that for
reductions that have been designed to take place within tumor cells, many other factors intervene
to offset this impotence, such as abundant NAD(P)H or a driving force (e.g. product diffusion).
In fact, despite possessing the lowest FMN reduction potential among the four enzymes, NDOR1
is not the most effective one-electron reductase. POR is the most active catalyst in this group,
with ca. 100-fold higher catalyzing efficiency than the three remainders % ¢ 63 Other
information about these enzymes, such as physiological functions and metabolizing importance
to HAPs, will be reviewed individually for POR, MTRR, NDORL1 and iNOS. Two other HAP-

reduction-relevant enzymes, FOXRED2 and AKR1C3, will also be discussed.

1.5.1 NADPH:Cytochrome P450 Oxidoreductase (POR)

NADPH:cytochrome P450 oxidoreductase (POR, also CPR or CYPOR), which is the first
discovered diflavin reductase, is able to deliver an electron from NADPH to a variety of
acceptors /. As a cofactor for a variety of other enzymes, POR donates an electron to
cytochrome P450 enzymes (hence its name) that metabolize drugs, to cytochrome bs that
supports the function of fatty acid desaturase and elongase, to heme oxygenase that degrades
hemes, to squalene monooxygenase that synthesizes sterols, and directly to several HAPs that are
activated in this electron-transferring process *%. POR is the best-studied reductase among
HAP-activation-related enzymes. With the highest catalytic activity among the four diflavin
reductases, POR was supposed to be the major activating enzyme for many HAPs, and
overexpression of POR in different cell lines indeed shown to be corresponding to enhanced
activations of many structurally diverse HAPs including benzotriazine N-oxides (e.g. TPZ [¢%)
and nitroaromatics ( e.g. PR-104A B TH-302 B and KS119 %), Nearly half of PR-104A’s

reduction was estimated to be catalyzed by POR B7. However, further attempts to quantify
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POR’s contribution to HAP reduction cast doubts on its importance. In a recent study, only two
of nine examined POR-reducible HAPs exhibited that their activations were strongly dependent
on POR’s activity; other HAPs, including PR-104A and TH-302, showed only modest
differences in levels of activation between POR-knockout and -intact cells 1. In addition,
POR’s role in HAP activation is complicated further if the divergent levels of POR expression
among different cancer cells are taken into consideration. Surgical tumor samples usually show
low levels of POR expression, with exceptions that relatively high levels of POR expression are
found in ovarian and liver cancer cells 8. Furthermore, it is difficult to extrapolate the
metabolism pattern to structurally related compounds, as indicated by the distinct responses of
structurally similar dinitrobenzamides, CB1954 and PR-104A, to POR knockout (Figure 1-9), in
which reductive metabolism dropped markedly for CB1954 but altered only slightly for PR-
104A 31,

NO
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Figure 1-9 Structures of CB1954 and PR-104A

1.5.2 Methionine Synthase Reductase (MTRR)

Methionine synthase reductase (MTRR, also MSR) is in charge of reductive activation of
mammalian methionine synthase that methylates homocysteine to methionine with the
supernucleophilic cob(l)alamin as a transporter for methyl group Y. The electron-rich nature of

cob(l)alamin makes methionine synthase subject to oxidation and necessitates the reductive
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activation by MTRR. In addition to possessing this major physiological function, MTRR is also
able to activate certain HAPs such as PH-104A B and perhaps TH-302 B! and therefore a
possible contributor to HAP activation. However, this possibility is enfeebled by MTRR’s poor
expression in a panel of 23 examined cancer cells, although expression of its corresponding

mMRNA can be detected in a wide spectrum of human tumor cells 2.

1.5.3 NADPH Dependent Diflavin Oxidoreductase 1 (NDOR1)

NADPH dependent diflavin oxidoreductase 1 (NDOR1) was initially named novel reductase 1
(NR1) by its discoverers !, The physiological function of NDOR1 is unclear, except for some
evidences implying that its function may overlap with that of MTRR in activating methionine
synthase [°!. Interestingly, its discoverers predicted that NDOR1 would possibly be an activating
enzyme for bioreductive prodrugs because it expressed widely in human cancer cells . Indeed,
NDORL1 has been demonstrated to be able to activate PR-104A. Similar to the case of MTRR in
the same study, however, evidence of NDOR1’s expression in the 23 tested cells is faint, and

only under unusually intensified experimental condition can any sign of its expression be seen

[38]

1.5.4 Inducible Nitric Oxide Synthase (iNOS)

Nitric oxide synthases (NOS) are three isoforms of enzymes that catalyze the formation of nitric
oxide. The three isozymes are inducible NOS (iNOS, also NOS2A), endothelial NOS (eNOS)
and neuronal NOS (nNOS) founded in macrophage, endothelium and neurons, respectively ¢!,
What makes iNOS distinct from the other two members is that some properties support iNOS to
be a stable contributor to HAP activation because it maintains high activity once it is generated,
whereas the activities of eNOS and nNOS are subject to the regulation of calcium or calmodulin

581 " In addition, high levels of iNOS expression have been found in breast " and bladder [*®!
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cancer cells. PR-104A B8 cB1954 1] and tirapazamine ¥ have been suggested as possible
substrates of INOS, although in the case of PR-104A, no signs of iNOS native expression were

detected in the 23 cancer cell lines in which activations of PR-104A were tested %,

1.5.5 FAD-Dependent Oxidoreductase Domain Containing 2 (FOXRED2)
FAD-dependent oxidoreductase domain containing 2 (FOXRED?2) is a recently discovered
flavoprotein, also known as endoplasmic reticulum flavoprotein associated with degradation
(ERFAD) ™. Located in the endoplasmic reticulum lumen, FOXRED? is supposed to be
involved in facilitating the degradation of ill-synthesized proteins. Unfolding these unqualified
proteins is believed to be a necessary pretreatment for performing further degradations. Opening
the protein bends necessitates the help of a reductase to reduce the disulfide bonds between the
folded peptide chains, allowing the reductase FOXRED2 to perform its role [’ 2. Whereas
FOXRED?2 is not a diflavin reductase, evidence supports that it can activate HAPs, including PR-
104A and TH-302, by one-electron reduction B, Of note, TH-302’s cytotoxicity increases more
significantly in normoxic than hypoxic conditions. This suggests that FOXRED2 might
contribute very little, if any, to TH-302’s hypoxic selectivity 2. Although high levels of
expression were found in cancer cells in lung, colon, breast and pancreas %, the fact that
FOXRED? is buried deeply in the endoplasmic reticulum lumen presumably implies that only
HAPs with apparent bystander effect, such as PR-104A and TH-302, can benefit from
FOXRED?2’s activation %, and generate a strong bystander effect, as these drugs can readily

diffuse out of the endoplasmic reticulum and reach their targets of action after being activated.

1.5.6 Aldo-Keto Reductase 1C3 (AKR1C3)
Competitive two-electron reduction of HAP is one major unwanted shunt of HAP activation, as

this reduction process is refractory to reoxidation in normoxic cells, which is the origin of
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hypoxic selectivity. Aldo-keto reductase 1C3 (AKR1C3) is an example of two-electron
reductases that may compromise hypoxic selectivity. AKR1C3 is a member of a superfamily of
NAD(P)H-linked oxidoreductases called aldo-keto reductases (AKRs) that reduce ketones or
aldehydes to alcohols ["!. Specifically, AKR1C3 is in charge of reducing 17-ketosteroid to 17f-
hydroxysteroid and synthesizing prostaglandin F ["*!. No nitroaromatic compounds have been
confirmed as its substrates until the emergence of evidences showing that AKR1C3 activates the
dinitrobenzamide HAP, PR-104 14!, Interestingly, no other nitroaromatic HAPs, including TH-
302, have been proved to be substrates of this reductase. In normal tissues, high levels of
expression of AKR1C3 have been found in the intestine and kidney; other important tissues that
express AKR1C3 are liver and bone marrow [*”!. Perhaps this relatively wide distribution in vital
organs is the cause of the poor tolerance of PR-104, which led to the termination of this
prodrug’s clinical trials in phase 2 stage (see above). However, this drawback may be
accompanied by opportunities as well. AKR1C3-related PR-104 sensitivity under aerobic
conditions has been found in five cancer cell lines (A549, H460, SiHa, 22Rv1, and HT29) 1%,
suggesting that PR-104 may still have chemotherapeutic benefit if administrated locally to these

tumors.

1.6 Camptothecins: Mechanisms of Action

Camptothecins (Figure 1-10) are a family of compounds structurally related to the natural
alkaloid camptothecin. Camptothecin was initially extracted from the tree Camptotheca
acuminata native to Southern China, but its promise of clinical application was precluded by its
poor water-solubility. Many efforts therefore have exerted to overcome this limitation and

eventually resulted two clinically approved and widely prescribed camptothecin derivatives,
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topotecan (Hycamtin) and irinotecan (Camptosar) [, Topotecan has been approved for treating

ovarian cancer and small-cell lung cancer, whereas irinotecan is a second-line agent for advanced

[74]

colorectal cancer refractory to fluorouracil ***. In terms of pharmacological mechanism,

camptothecins are inhibitors of topoisomerase 1 [, but evidence also suggests that they can

inhibit the expression of hypoxia-inducible factor 1 ['® "]

. The following sections will provide a
brief description of camptothecins’ anticancer mechanism and discuss the strategy for

developing hypoxia-activated camptothecin prodrugs.

camptothecin topotecan irinotecan SN-38

Figure 1-10 Structures of relevant camptothecins

1.6.1 Inhibition of Topoisomerase 1

During DNA replication, a twisted DNA double stand becomes unwound and opens to separate
strands, in order to allow a single strand to serve as a template for DNA synthesis. However, a
torsional stress can build up ahead of the replication fork as a result of the movement of the DNA
polymerase along the DNA double strand (Figure 1-11) I"*!. Accumulation of this torsional stress
will eventually discontinue the DNA synthesis. Topoisomerase 1 resolves this problem by
cutting a nick on one DNA strand; and the torsional stress can then be released by an ATP-
independent rotation of the broken DNA around the remaining unbroken strand. The formation
of the single-strand nick is the consequence of the nucleophilic attack by a phenyl hydroxyl

group of tyrosine residue (Y723) of human topoisomerase 1 on a phosphoryl group that links two
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deoxynucleotides, resulting a phosphotyrosine covalent enzyme-DNA complex with a free 5°-
hyroxyl group at the 3” side of the DNA break (Figure 1-12) ["> "®1.In spite of the covalently
bonded nature, this complex is readily destroyed and the intact DNA double strand restores
because of the much more favored reattack from the neighboring 5’-hydroxyl group. This binary
enzyme-DNA complex can be stabilized by camptothecins. Camptothecins can form hydrogen
bonds with the topoisomerase 1 and n-x stacking interactions with the base pairs in the DNA
double strand ["!. As a result of the binding, the distance between the two base pairs beside the
single-strand nick increases from 3.6 A to 7.2 A to accommodate the intercalated camptothecin
[75]: moreover, the twist angle between these two base pairs decreases from 39° to 10° (tending to
be parallel) to achieve maximal overlap with the drug ["®). The combined effect of increase in
distance and decrease in twist angle elongates the distance between the 5’-hydroxyl group and
the 3’-phosphotyrosine from 3.5 A to 11.5 A (Figure 1-13), significantly lowering the possibility
of the reattack by 5’-hydroxyl group ["!. This enzyme-drug-DNA ternary complex eventually

collides with the replication fork, causing a double-strand cleavage which is lethal to cancer cells

[74,79]

Direction of DNA synthesis
d

\

Torsional stress builds up
ahead the replication fork

Replication fork

Figure 1-11 A schematic diagram showing the accumulation of torsional stress during DNA
replication
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Examination of X-ray crystal structure of the drug-stabilized ternary complex has revealed
several key positions on the chemical structures of camptothecin and its derivatives. These
positions are crucial to establishing strong interactions with both the DNA and enzyme. The
overall planar structure of camptothecins is essential for the intercalation into DNA base pairs,
and the N-1 on ring B, carbonyl at position 17 on ring D, and 20(S)-hydroxyl group on ring E are
key moieties for the formation of hydrogen bonds with amino acid residues R364, N722 and
D533 in human topoisomerase 1, respectively (Figure 1-14) ["®. The space accommodating the

ring E is rather limited and therefore major structural modifications at positions around this ring

q 7578

are unlikely to be tolerate

o)
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Figure 1-14 Hydrogen-bond network between topotecan and human topoisomerase 1
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1.6.2 Inhibition of Hypoxia-Inducible Factor 1a

Hypoxia-inducible factors (HIFs) respond to the changes in oxygen levels, orchestrating the
transcription of many proteins that are vital for the survival of hypoxic cancer cells BI In
addition to the established topoisomerase inhibition, evidences also suggest that there is an
additional mechanism of camptothecins’ anticancer actions. Inhibition of hypoxia-inducible
factor 1a (HIF-10) has emerged as another component of camptothecins’ antitumor mechanism.
About a decade ago, three camptothecin analogues, including topotecan, were suggested as
inhibitors of HIF-1 ["®!; irinotecan also exhibited inhibitory effects on HIF-1a on nude mice
implanted with colon cancer cells 8% The affirmed HIF-1a inhibiting effects spurred
researchers to resolve the mechanism of camptothecin-associated HIF-1a inhibition, and some

results have been achieved recently.

Exerting the physiological function of HIF requires the formation of an HIF heterodimer by
joining an HIF-1p subunit and HIF-a subunit. HIF-1B subunits are stably expressed in normal
tissues; the expression rate of HIF-a subunits, however, is maintained low and accelerated only
under oxygen-deficient state . There are three isoforms of HIF-o subunits such as HIF-1q,
HIF-2a and HIF-3a; only the accumulation of HIF-1a is mentioned to be reduced by
camptothecins. The ternary complex of topoisomerase 1, camptothecin and DNA has displayed
ability to elevate the amount of several microRNAs (miRNA), among which miR-17-5p and

miR-155 are relevant to the translation of HIF-1¢ [""]

. miRNA can bind with the messenger
RNA (mRNA) and repress the translation from mRNA to corresponding proteins. Details about
this process are unclear yet; hypothetical mechanisms include: inducing mRNA degradation,

shortening mRNA’s poly(A) tail, or impeding the movement of ribosomes .
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1.6.3 Developing Hypoxia-Activated Camptothecins

Topotecan and SN-38, the active metabolite of irinotecan, were selected as parent drugs for
hypoxia-activated camptothecins (Figure 1-15). Topotecan and irinotecan were both approved by
the U.S. Food and Drug Administration in 1996 ["*!. Experience in prescribing and studying these
two camptothecins has accrued for nearly 20 years. With abundant clinical and academic data
available, it is safe and rational to develop their hypoxia-activated versions. Furthermore, a dual
cytotoxic effect on hypoxic tumor cells is expected to be exerted by topotecan and SN-38 due to
their anti-HIF profile. As for the design of their hypoxia-activated versions, the fragmentation-
activating strategy is preferred, as it generates approved drugs that are well-studied.
Modifications on 10-positions should be able to effectively inactivate topotecan and SN-38. For
example the installation of a bipiperidine-carboxylate group in irinotecan makes this prodrug

1,000-fold less active than its non-substituted metabolite SN-38 4],

topotecan SN-38

Figure 1-15 Structures of topotecan and SN-38
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2 Arming SN-38 with Hypoxia-Activating Triggers

Three different nitrobenzyl groups (2-, 3-, and 4-substituted) were selected as triggers for
hypoxia-activated topotecan and SN-38. Reactions exploiting a variety of alkylating agents such
as mesylates, bromides and alkylating method such as Mitsunobu condition were conducted to
synthesize these prodrugs. Unfortunately, despite all the attempts made, derivatives of topotecan
could not be synthesized. Three nitrobenzyl SN-38 have been successfully obtained with good

yields (Figure 2-1).

3-nitrobenzyl SN38,

Figure 2-1 Structures of derivatives of SN-38
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2.1 Syntheses and Characterizations

2.1.1 General Information

'H and **C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 MHz
spectrometer (400 and 101 MHz, respectively) using DMSO-ds (Merck KGaA, Germany) as
solvent with tetramethylsilane (TMS) as an internal standard. Liquid chromatography-mass
spectrometry (LC-MS) analyses were performed on a Shimadzu LC-MS spectrometer. SN-38 (7-
ethyl-10-hydroxylcamptothecin, purity 95%-+) was purchased from Ark Pharm, Inc., USA. 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU); 2-, 3- and 4-nitrobenzyl bromides were purchased from
Sigma-Aldrich. Organic solvents were ordered from BDH, VWR Analytical unless specified

otherwise. All chemicals were used without further purification unless otherwise indicated.

2.1.2 Characterization of SN-38

'H NMR (400 MHz, DMSO) 5 10.28 (s, 1H), 8.02 (d, J = 8.9 Hz, 1H), 7.47 — 7.34 (m, 2H), 7.25
(s, 1H), 6.47 (s, 1H), 5.51 — 5.34 (s, 2H), 5.26 (s, 2H), 3.08 (q, J = 7.5 Hz, 2H), 1.94 — 1.75 (m,
2H), 1.30 (t, J = 7.6 Hz, 3H), 0.88 (t, J = 7.3 Hz, 3H). *C NMR (101 MHz, DMSO) 5 172.98,
157.32, 157.19, 150.53, 149.32, 146.91, 144.12, 143.21, 132.02, 128.66, 128.45, 122.84, 118.47,
105.25, 96.24, 72.87, 65.73, 49.91, 30.75, 22.74, 13.80, 8.21. ESI-MS(+) m/z (% relative

intensity, [ion]): 393.20 (100, [M + H]*), 434.25 (58.64, [M + H + CH3CN]").
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2.1.3 Synthesis and Characterization of 2-Nitrobenzyl SN-38

DBU, 2.2 equiv.
DMF, room temp.

SN-38 (0.0941 g, 0.24 mmol) was added into a round bottom flask (10 mL) with a magnetic
stirring bar. Dimethylformamide (DMF, 2.0 mL, anhydrous, Sigma-Aldrich) and DBU (80 pL,
0.54 mmol) were then added, and the mixture was sonicated until SN-38 was dissolved. The
dissolved SN-38 was then stirred on a stirring plate and purged with argon flow for 20 min. 2-
Nitrobenzyl bromide (0.1149 g, 0.53 mmol) was dissolved in 0.75 mL anhydrous DMF and then
added slowly (over 30 min) into SN-38 with a syringe. The mixture was allowed to stir at room
temperature (22 °C) for 6 hours. The resulted yellow solid was separated by centrifuging and
washed with acetone (2 mL x 5). Residual acetone was then evaporated under vacuum to give 2-
nitrobenzyl SN-38 as a yellow powder (0.0986 g, 78%). 'H NMR (400 MHz, DMSO) & 8.21 —
8.06 (m, 2H), 7.89 (d, J = 7.5 Hz, 1H), 7.81 (t, J = 7.3 Hz, 1H), 7.66 (t, J = 7.4 Hz, 1H), 7.59 (d,
J=7.7Hz, 2H), 7.28 (s, 1H), 6.52 (s, 1H), 5.72 (s, 2H), 5.43 (s, 2H), 5.31 (s, 2H), 3.17 (q, J =
7.4 Hz, 2H), 1.87 (m, J = 14.2, 6.9 Hz, 2H), 1.23 (t, J =7.5 Hz, 3H), 0.88 (t, J = 7.3 Hz, 3H). *°C
NMR (101 MHz, DMSO) 6 173.00, 157.31, 157.14, 150.53, 150.44, 148.31, 146.70, 145.10,
144.48, 134.41, 132.14, 130.25, 129.92, 129.00, 128.19, 125.34, 122.73, 118.84, 104.64, 99.98,
96.56, 72.86, 67.32, 65.71, 50.02, 30.68, 22.67, 13.86, 8.23. ESI-MS(+) m/z (% relative intensity,

[ion]): 528.20 (100, [M + H]*), 569,25 (57.55, [M + H + CHsCN]").
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2.1.4 Synthesis and Characterization of 3-Nitrobenzyl SN-38

/@\/Br

3 equiv.

DBU, 4 equiv.
dry DCM
microwave

This synthesis was conducted on a microwave synthesizer (Discover®SP W/Activent, CEM,
USA). To a microwave reaction vessel (10 mL) were added SN-38 (0.0241 g, 0.061 mmol), dry
dichloromethane (DCM, 4 mL, dried over molecular sieves overnight), DBU (36 pL, 0.24 mmol)
and 3-nitrobenzyl bromide (0.0375 g, 0.17 mmol). The reaction vessel was then sealed and
placed in the microwave synthesizer. The reaction was conducted under dynamic mode, 66 °C,
PowerMax mode (simultaneous air cooling, model of microwave synthesizer: Discover®SP
W/Activent, CEM, USA), max power 200 W, max pressure 300 psi, for 10 min. The reaction
mixture was then purified with silica gel column chromatography on a CombiFlash® Rf 200
purification system, Teledyne Isco, USA, with ethyl acetate in hexane from 0% to 100% (3-
nitrobenzyl SN-38 was eluted out with 100% ethyl acetate). Residual solvent was evaporated
under vacuum to give 3-nitrobenzyl SN-38 as a yellow powder (0.0216 g, 67%). *H NMR (400
MHz, DMSO) & 8.46 (s, 1H), 8.24 (dd, J = 8.2, 1.5 Hz, 1H), 8.17 — 8.08 (m, 1H), 8.04 (d, J = 7.8
Hz, 1H), 7.75 (t, J = 7.9 Hz, 1H), 7.64 (dd, J = 6.7, 3.1 Hz, 2H), 7.28 (s, 1H), 6.53 (s, 1H), 5.55
(s, 2H), 5.43 (s, 2H), 5.31 (s, 2H), 3.20 (g, J = 7.3 Hz, 2H), 1.96 — 1.77 (m, 2H), 1.24 (t, J = 7.6
Hz, 3H), 0.88 (t, J = 7.3 Hz, 3H). 3¢ NMR (101 MHz, DMSO) ¢ 173.00, 157.27, 157.19,
150.50, 150.27, 148.33, 146.67, 145.00, 144.40, 139.54, 134.75, 132.05, 130.66, 128.89, 128.15,

123.37, 122.96, 122.79, 118.78, 104.35, 96.54, 72.86, 68.88, 65.71, 49.97, 30.69, 22.67, 13.85,
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8.23. ESI-MS(+) m/z (% relative intensity, [ion]): 528.20 (100, [M + H]"), 569,30 (69.21, [M +

H + CH3CN]Y.

2.1.5 Synthesis and Characterization of 4-Nitrobenzyl SN-38

OZN 02N
\Q\/Br \Q\/O

2 equiv.

DBU, 2.2 equiv.
DMF, room temp.

o
>

SN-38 (0.0936 g, 0.24 mmol) was added into a round bottom flask (10 mL) with a magnetic
stirring bar. Dimethylformamide (DMF, 2.0 mL, anhydrous, Sigma-Aldrich) and DBU (80 pL,
0.54 mmol) were then added, and the mixture was sonicated until SN-38 was dissolved. The
dissolved SN-38 was then stirred on a stirring plate and purged with argon flow for 20 min. 4-
Nitrobenzyl bromide (0.1187 g, 0.55 mmol) was dissolved in 0.75 mL anhydrous DMF and then
added slowly (over 30 min) into SN-38 with a syringe. The mixture was allowed to stir at room
temperature (22 °C) for 6 hours. The resulted yellow solid was separated by centrifuging and
washed with acetone (2 mL x 5). Residual acetone was then evaporated under vacuum to give 4-
nitrobenzyl SN-38 as a yellow powder (0.0864 g, 68%). 'H NMR (400 MHz, DMSO) & 8.35 —
8.26 (m, 2H), 8.13 (d, J = 9.1 Hz, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.63 (dt, J = 5.7, 2.6 Hz, 2H),
7.28 (s, 1H), 6.53 (s, 1H), 5.56 (s, 2H), 5.43 (s, 2H), 5.31 (s, 2H), 3.18 (q, J = 7.4 Hz, 2H), 1.87
(m, J=14.0, 7.1 Hz, 2H), 1.25 (t, J = 7.6 Hz, 3H), 0.88 (t, J = 7.3 Hz, 3H). **C NMR (101 MHz,
DMSO0) 6 172.98, 157.33, 157.25, 150.54, 150.39, 147.61, 146.72, 145.10, 145.08, 144.49,

132.12, 128.98, 128.23, 124.16, 122.94, 118.84, 104.55, 96.56, 72.87, 71.45, 69.07, 65.74, 50.00,
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30.76, 22.68, 13.89, 8.21. ESI-MS(+) m/z (% relative intensity, [ion]): 528.25 (100, [M + H]"),

569,30 (92.39, [M + H + CHsCN]").
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Mass Spectrum
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Figure 2-2 "H NMR, °C NMR, and MS spectra of SN-38
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Figure 2-3 'H NMR, *C NMR, and MS spectra of 2-nitrobenzyl SN-38

37



LUy

r1500
1000
r500

il

88" 0—
bTT
EHI‘¢
ﬁm.mluL
o —
£r'S =
55'5
£s' <
gzt
£9¢—
SeL-
£08~__ F
L p—1

[ u
' B——

=10e

F0oT'e

Forz

66T

16T
ooz
Aoz

60T

=007

26T
AorT
10T
pO'T
A0t
=007

90 85 80 75 70 65 60 5.5‘ (5.[) ‘4.5 40 35 3.0 25 20 15 10 05 00 -05

9.5

3000

2000

1000

r-1000

2000

r-3000

-4000

5000

- EZ'B
— SB'ET

— {922

— B9'0E

— £6'6F

— T&£59
— 8889
- 98'CL

— b5'96

“aEERE
6LECT
96221
[E'ETT
ST'82T

%mm,mmﬁ

499087

—s0eET

~-SLUPET

—bG'6ET

_Ob'BbT

Woc,mﬁ

£9'9FT
/hm,om.ﬁ
05'05T
/ma.hm.ﬁ
LTLST

—O0'ELT

-10

20 10

170 150 130 110 90 80 70 60 50 30
f1 (ppm)

190

210

38



Mass Spectrum
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Figure 2-4 "H NMR, °C NMR, and MS spectra of 3-nitrobenzyl SN-38
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Figure 2-5 'H NMR, *C NMR, and MS spectra of 4-nitrobenzyl SN-38

2.2 Topoisomerase I Inhibitory Assay and Cell Viability Assay

The obtained 2-nitrobenzyl SN-38 and 4-nitrobenzyl SN-38 have been tested in topoisomerase 1

inhibitory assay and cell viability assay to investigate their manner of action. The majority of
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operations of topoisomerase 1 inhibitory assay and cell viability assay were kindly performed by

Mr. Xing Wu with methods established by Dr. Brian B. Hasinoff’s group #2831,

2.2.1 Experimental Section

Topoisomerase 1 Inhibitory Assay: The recombinant human topoisomerase 1, pBR322 DNA,
and assay buffer were from TopoGEN, Inc. Each 20 pL of assay mixture contained 50 ng of
pBR322 DNA, 0.5 units of topoisomerase 1 (except the mixture for the control lane “no top1”)
and tested drugs of indicated final concentrations. The order of addition was assay buffer, DNA,
drug, and then topoisomerase 1. After incubation at 37°C in assay buffer for 30 min, the reaction
was terminated with 0.5% (v/v) SDS and 25 mM Na;EDTA. Electrophoresis was carried out at 8
V/cm for 1 h on a plate of agarose gel (1.2%, w/v). The gel plate was then stained with ethidium
bromide for 20 min and immersed in water for 24 h to elute the drugs (SN-38 and its derivatives
emit strong fluorescence under UV light, impairing the quality of image). The gel plate was then
visualized by UV light, and the emitted fluorescence was recorded on an Alpha Innotech (San
Leandro, CA) Fluorochem 8900 imaging system equipped with a 365-nm UV illuminator and a

charge-coupled device camera.

Cell Viability Assay: Human leukemia K562 cells were obtained from the American Type
Culture Collection and maintained as suspension cultures in Dulbecco's modified Eagle's
medium (Invitrogen) containing 4 mM L-glutamine and supplemented with 20 mM HEPES
(Sigma-Aldrich, St. Louis, MO), 10% fetal calf serum (Invitrogen), 100 units/mL penicillin G,
and 100 pg/mL streptomycin in an atmosphere of 5% CO, and 95% air at 37°C, pH 7.4. Cells in

exponential growth were harvested and seeded with 1150 cells/well in 96-well microtiter plates
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(100 pL/well). Tested drugs were dissolved in dimethyl sulfoxide (Fisher Scientific) with 11
different concentrations to construct the dose-response curves and were added to give a final
volume of 200 pL/well. Each drug was tested in two adjacent lanes of wells. The final
concentration of dimethyl sulfoxide did not exceed 0.5% (v/v), and it was an amount that had no
detectable effect on cell growth. The cells were incubated with tested drugs for 48 h and then
assayed with MTS on a spectrophotometer (SpectraMax 190, Molecular Devices). Values of half
maximal inhibitory concentrations (1Cso) were obtained by fitting the average absorbance-
concentration data of two lanes to a four-parameter logistic equation (SigmaPlot, Jandel, San

Rafael CA).

2.2.2 Results

Topoisomerase 1 Inhibitory Assay: Effects of SN-38, 2-nitrobenzyl SN-38 and 4-nitrobenzyl
SN-38 on the ability of topoisomerase 1 to relax pBR322 DNA are shown on the color-reversed
fluorescent image of a plate of gel stained with ethidium bromide (Figure 2-6). In this gel the
supercoiled DNA (SC) was located below the relaxed DNA (RLX). The relaxed DNA was not
well resolved from the nicked circular DNA (NC). All lanes except the lane “no topl” contained
topoisomerase 1. No drug was added to the lane “Ctr”. The known topoisomerase 1 inhibitor SN-
38 (20 and 100 pM) inhibited the DNA-supercoil-relaxing activity of topoisomerase 1; 2-
nitrobenzyl SN-38 did not show inhibitory effect at tested concentrations (5 and 20 uM);
whereas 4-nitrobenzyl SN-38 did not show inhibitory effect at 5 UM but did so at the higher

concentration (20 uM).
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Figure 2-6 Effects of SN-38, 2-nitrobenzyl SN-38 and 4-nitrobenzyl SN-38 on the ability of
topoisomerase 1 to relax pBR322 DNA

NC, nicked circular DNA; RLX, relaxed DNA; SC, supercoiled DNA; “sn38”, “2-nitro-"" and “4-
nitro-” denote the tested drugs SN-38, 2-nitrobenzyl SN-38 and 4-nitrobenzyl SN-38,
respectively; numbers indicate the final concentration [uUM] of tested drug in the assay mixture
applied to the lanes above; all lanes except the lane “no top1” contained topoisomerase 1; no
drug was added to the lane “Ctr”

Cell Viability Assay: SN-38 and three nitrobenzyl derivatives of SN-38 were tested on human
leukemia K562 cells to evaluate their effects on cell growth. The half maximal inhibitory
concentrations (ICsp) of SN-38, 2-, 3- and 4-nitrobenzyl SN-38 were 3.0, 25.9, 12.2 and 58.0 nM,
respectively (Figure 2-7). All nitrobenzyl derivatives of SN-38 appeared to be less toxic to K562

cells than SN-38, by around 8, 4 and 19 folds, respectively.
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Figure 2-7 Dose response curves and values of 1Cso/nM of SN-38, 2-nitrobenzyl SN-38, 3-
nitrobenzyl SN-38 and 4-nitrobenzyl SN-38

2.2.3 Discussion

The result of cell viability tests suggests that these three nitrobenzyl derivatives of SN-38 have
less toxicity to K562 cells. This property meets the principle of prodrug design that requires a
prodrug to be less toxic than its parent drug. This result has also supported the hypothesis that a
bulky trigger installed on the 10-OH can reduce the anticancer activity/toxicity of SN-38. The
most effective deactivating trigger shown in this result is the 4-nitrobenzyl group, which leads to
a compound 19-fold less toxic than SN-38. However, these triggers are much less effective in
deactivating SN-38 than the dipiperidine group of irinotecan, which lowers down the activity of
SN-38 by 1000 fold [, Bulkier triggers need to be designed to reduce the toxicity further (see

the section “Directions of Future Work™ below).

An interesting observation has been noticed when comparing the Top1 inhibitory assay with cell
viability assay. 2-Nitrobenzyl SN-38 did not show Top1 inhibitory effect at concentration 20 pM

but the 4-nitro version did; however, the 2-nitro version appeared to be more toxic to K562 cells
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than 4-nitrobenzyl SN-38 (ICs of 2- and 4-nitrobenzyl SN-38 are 25.9 and 58.0 nM,
respectively). A possible explanation to this observation is that 2-nitrobenzyl may be more
effective than 4-nitrobenzyl SN-38 in certain Topl-inhibition-independent cytotoxic mechanisms,

such as HIF-1 inhibition. Further study is warranted to validate this speculation.

2.3 Cyclic Voltammetry
The electrochemical properties of 2-, 3-, and 4-nitrobenzyl SN38s have been measured by cyclic

voltammetry. Dr. David Herbert kindly offered help with cyclic voltammetry measurements.

2.3.1 Experimental Section

Cyclic voltammetry was performed on dimethyl sulfoxide (DMSO, Fisher Scientific) solutions
of 1 mM SN-38 derivatives with 0.1 M lithium perchlorate (LiCIO, battery grade, dry, 99.99%
trace metals basis, Sigma-Aldrich) as supporting electrolyte. Argon was bubbled through DMSO
for at least 10 min to remove residual oxygen in solvent before taking measurements.
Measurements were taken with a CHI760C electrochemical workstation connected with a three-
electrode cell (a platinum wire as an auxiliary electrode, an Ag/Ag" electrode as a reference
electrode and a glass working electrode). Ferrocene (1 mM, Sigma-Aldrich) was used as an

internal standard reference of reduction potential. The scan rate of each test shown was 250 mV/s.

2.3.2 Results
Important parameters of a cyclic voltammogram were collected in Table 1, wherein EpaAg (EpcAg)

is anodic (cathodic) peak potential of derivatives of SN-38 against Ag/Ag” electrode; ipa (ipc) is
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anodic (cathodic) peak current of SN-38 derivatives; ipa/ipc is peak current ratio; Ey, 9(Fc)
[Exc 9(Fc)] is the anodic [cathodic] peak potential of the internal standard ferrocene against

Ag/Ag" electrode.

The half-wave potential (Ey,) (also known as formal reduction potential, E® or Ey) is:

Epa+E
Byjp = 20 )

E1,"9 [E1"9(Fc)] is the half-wave potential of SN-38 derivatives [ferrocene] against Ag/Ag”
electrode. E1,™° is the half-wave potential of SN-38 derivatives against the internal standard

ferrocene/ferrocenium (Fc /Fc*) redox couple:

A A
E1F/C2 = E1/gz - E1/gz(FC) (2)

NHE

Eip - is the value against normal hydrogen electrode (NHE) for the convenience of comparing

data with those in literature, which is converted via:

ENSE = Eff, +450 mV + 250 mV ©)

where the +450 mV/®4 is to relate a potential to saturated calomel electrode (SCE) and the +250
mV® is to convert a value against SCE to a value against NHE. {Please note: despite the

author’s best effort, exact reference potentials for conversions could not be found. Therefore, Ej/»
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(450 mV4) of ferrocene in DMSO with 0.1 M tetrabutylammonium perchlorate as supporting

electrolyte vs SCE (E1, © DMSO/[NBu,][CIO4]) was used for conversion of Eyj, ™

DMSOI/LICIO4 (1 M lithium perchlorate as supporting electrolyte). For the same reason, the

conversion constant between SCE and NHE in acetonitrile (250 mV ) was used for converting

data acquired in DMSO}

Table 1: Results of cyclic voltammetry of SN-38 derivatives

Epa MV ip/UA  EpImV i UA  Ep9(Fc)/mV  Ep9(Fc)/mV
2-Nitrobenzyl SN38 -948 581 -1033  -9.86 427 514
3-Nitrobenzyl SN38 929 555 -1043  -10.14 405 509
4-Nitrobenzyl SN38 -882 417 -1055  -11.97 427 504
Cont'd  ipalipe E12"%(FC)/mV  Ep"9mV  Ep™/ImV  Eppo/mV
0.589 471 -991 -1461 -761
0.548 457 -986 -1443 -743
0.348 466 -969 -1434 -734

2.3.3 Discussion

The validity of reduction potentials obtained in this work was checked by comparing the values

with cyclic voltammetry data of similar compounds in literature. The reported values of Ey,™ of
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nitrobenzene and 4-nitrotoluene are -1492 mV and —1547 mV/[®, respectively, which are
comparable to the values (-1434 ~-1461 mV) obtained in this work. However, care should be
taken when drawing conclusions by comparing values measured by a different method such as

pulse radiolysis, as there seems to be an inconsistency between the values. For example, the

NHE
Eip

mV vs. NHE) measured by pulse radiolysis®.

As hypoxia-activated prodrugs (HAPS) are to be reduced by one-electron reductases, the redox
properties of these enzymes are important references when consider the suitability of designed
compounds as HAPs. Previous studies have revealed four possibly involved one-electron
reductases such as NADPH:cytochrome P450 oxidoreductase (POR)™*), methionine synthase
reductase (MTRR)®®!, NADPH dependent diflavin oxidoreductase 1 (NDOR)™® and inducible
nitric oxide synthase (iNOS)®*. Substrates of these enzymes can receive an electron from a
catalytic site containing flavin mononucleotide (FMN)™®. Reduction potentials of the FMN
group [semiquinone/hydroquinone] of NDOR1P®!, PORE iNOSP® and MTRRE! are -305,
-269, -245 and -227 mV, respectively. (vs. NHE, measured by potentiometric titration) These
values are considerably higher than the E1,""'= (-761 ~ -734 mV) of three nitrobenzyl SN-38s.
One might think these reductases could experience difficulty in reducing these compounds, if
reduction potentials of enzymes and substrates are the only factor to consider. However, in
physiological conditions, these reductases do not work at the standard state but with NAD(P)H
as an electron donor®. In fact, the reduction potential (-407 mV) of the most advanced HAP,
TH-302, is also lower than that of these enzymes. Further examination of these SN-38

derivatives in hypoxic tumor cells is warranted to investigate the process of activation.

of nitrobenzene (-792 mV) converted from Ey,™ with eq. 3 does not match the E* (-486
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Previous studies have suggested an empirical range of one-electron reduction potentials (E*) for
hypoxia-activated prodrugs as -400 to -200 mV™* **! or as a lower and narrower window
between -450 and -300 mV!® # (vs. NHE). However, very few data of reduction potentials are
available for individual HAPs that are currently being studied. Browsing through publications
has only resulted data of two nitroaromatic HAPs, TH-302 and KS119 (Figure 2-8). The one-
electron reduction potentials E* of the currently most advanced prodrug TH-302 is -407 mV vs.
NHE (obtained by pulse radiolysis)!*®!. The half-wave reduction potential E1,"? of KS119 is -415
and -575 mV vs. Ag/Ag* (measured on a racemic mixture by differential pulse polarography)“®:
authors of the reference did not provide an explanation of the origin of the two different values.
Half-wave reduction potentials of the three tested SN-38 derivatives (E1," = -761 ~ -734 mV,
E1"?-991 ~ -969 mV) appear to lower than that of TH-302 and KS119. However, as mentioned
before, whether comparison can be drawn across values obtained by different methods is unclear
yet. Assuming that these data are comparable, the higher reduction potential of TH-302 probably
originates from the more electronegative nitrogen heteroatoms in the ring system. Some
researchers also suggest the protonation on the unsubstituted nitrogen of imidazole as an
important origin of further elevated potential in physiological conditions®®®. As for KS119, the
unexpected high reduction potential is probably derived from the electron-withdrawing effect of
the carbamyl on benzylic carbon. These potential-elevating features can be included in the design
of next generation of hypoxia-activated SN-38, if activating tests in hypoxic tumor cells suggests

reduction potentials of SN-38 derivatives are not high enough.
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Figure 2-8 Structures of TH-302 and KS119

Finally, the reversibility of the initial one-electron reduction of the HAP-activating process, i.e.
the inter-transition between a nitro prodrug and its radical anion in the presence of normal level
of oxygen, is a key element in the formation of the futile cycle under normoxic conditions,
imparting the hypoxic selectivity to HAPs (Figure 2-9). The peak current ratio ipa/ipc Can provide
some information on the extent of reversibility. The closer to 1 the ratio, the more reversible
under the testing condition the reaction is. The peak current ratio of 2-, 3-, and 4-nitrobenzyl SN-
38s are 0.589, 0.548 and 0.348, respectively, indicating the reductions are quasi-reversible under
the testing condition. There may be an inverse relationship between iy./iyc and the distance from
the nitro substituent to the benzylic carbon atom, i.e. from ortho- to para- substitution, as the
para-nitro group is supposed to be the most “exposed” and therefore the most subject to the
influence of external factors. External factors such as type of solvent, rate of scan, amount of

water in solvent can also influence the value of ipa/iyc.

50



o- reoxidation

O. O.
superoxided, Py Oz 2

Futile Redox

O,N Cycle o
\©\/ OZN\@\/ il
O\
o)
SN38 “sN3s
hypoxia-activated \\/ radical
SN-38 (inactive i
( ) anion ON
1-electron
reduction by (O
SN38

reductase

nitrosocompound

e |
HO 10
HO/H..)
S ° : ; (‘O\
trigger SN-38 Y g',ffggrg'"g ST
(active) hydroxylamine

Figure 2-9 Proposed mechanism of activation of hypoxia-activated SN-38

3 Directions of Future Work

As discussed in previous sections, the next generation of hypoxia-activated SN-38s requires
elevation in reduction potential and further decrease in toxicity. To fulfill these requirements,
two new derivatives have been designed and their synthetic methods have been suggested. The
first design is a modification of the nitroimidazole trigger of TH-302 (Figure 3-1). Although TH-
302 did not meet its endpoints in two phase 3 clinical trials, it did leave its nitroimidazole group
as a legacy of excellent hypoxia-activated trigger. Nitroimidazole has an intrinsically higher
reduction potential than a nitrobenzene, probably due to the stronger electronegativity of

o1



nitrogen atoms in an imidazole than that of carbon atoms in a benzene ring. Some researchers
also suggest the protonation on the unsubstituted nitrogen of imidazole as an important origin of
further elevated potential in physiological conditions®®®. The bulky benzyl group on

nitroimidazole trigger for SN-38 can potentially be made by modifying methods from references

[87, 88]

Br

N i
J s o
O,N T HNI \/\
TH-302 \\\

Br

NBS oM N —
See text f PPh SN-38
re?.eofx o THF3 BBUDCM Nitroimidazole- o)
synthesis ry triggered SN-38

Figure 3-1 Structures of TH-302 and nitroimidazole-triggered SN-38 with synthetic route

Another way to elevate reduction potential is using triggers with multiple electron-withdrawing
groups, which is the strategy adopted by the second design. A substituted dinitrobenzene is
selected as the trigger (Figure 3-2). In the suggested synthesis, the commercially available 2,4-
dinitro-3-bromotoluene can be coupled with styrene via Heck reaction, resulting a rigid

substituted stilbene. The rigidity of stilbene may be beneficial for effective deactivation of SN-38.
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Figure 3-2 Structure and synthetic route of dinitrobenzene-triggered SN-38

4 Conclusion

2-, 3-, And 4-nitrobenzyl derivatives of SN-38 have been successfully synthesized with good
yields (78%, 67% and 68%, respectively). Topoisomerase 1 inhibitory assay on 2- and 4-
nitrobenzyl SN-38s and cell viability assay on 2-, 3- and 4-nitrobenzyl SN-38s have been
performed. All three derivatives showed less toxicity on K562 cells, which meets the principle of
prodrug design. However, bulkier triggers need to be designed and synthesized to further reduce
the toxicity of prodrugs. The results of cyclic voltammetry suggest that the reduction of three
nitrobenzyl SN-38s is partly reversible under the testing condition. This manner of reduction is
not against the proposed mechanism of activation. Provided reduction potentials are comparable
across methods of measurements, the values of these SN-38 derivatives appear to be lower than
the reported values of other HAPs. Further examination of these SN-38 derivatives in hypoxic

tumor cells is warranted to investigate the process of activation. If activating tests in hypoxic
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tumor cells suggests that reduction potentials of SN-38 derivatives are not high enough, some

potential-elevating features can be included in the design of next generation of hypoxia-activated

SN-38s. Two examples of the next generation of SN-38 prodrugs with bulkier and more

electron-withdrawing triggers have been suggested. As an inhibitor of both topoisomerase 1 and

HIF-1, SN-38 has a completely different anticancer mechanism than the DNA-alkylator TH-302,

which did not meet endpoints in two phase 3 clinical trials. We hope our hypoxia-activated SN-

38 with its different mechanism of action and the expected dual inhibitory effect on hypoxic

tumor cells can bring a bright future to hypoxia-activated prodrugs.
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