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ABSTRACT: The increased resistance of hypoxic cells to all forms of cancer therapy presents a major barrier to the successful
treatment of most solid tumors. Inhibition of the essential kinase Checkpoint kinase 1 (Chk1) has been described as a promising
cancer therapy for tumors with high levels of hypoxia-induced replication stress. However, as inhibition of Chk1 affects normal
replication and induces DNA damage, these agents also have the potential to induce genomic instability and contribute to
tumorigenesis. To overcome this problem, we have developed a bioreductive prodrug, which functions as a Chkl/Aurora A
inhibitor specifically in hypoxic conditions. To achieve this activity, a key functionality on the Chkl inhibitor (CH-01) is masked
by a bioreductive group, rendering the compound inactive as a Chkl/Aurora A inhibitor. Reduction of the bioreductive group
nitro moiety, under hypoxic conditions, reveals an electron-donating substituent that leads to fragmentation of the molecule,
affording the active inhibitor. Most importantly, we show a significant loss of viability in cancer cell lines exposed to hypoxia in
the presence of CH-01. This novel approach targets the most aggressive and therapy-resistant tumor fraction while protecting
normal tissue from therapy-induced genomic instability.

t is clear that the identification and exploitation of the chemotherapeutics have shown some success in combination
differences between cancer and normal cells is essential for with, for example, gemcitabine, irinotecan, and paclitaxel. 1516
the design of effective therapeutics. The replicative stress Recently, studies demonstrating that cancer cells with high
response (RSR), which is characterized by Ataxia telangiectasia levels of oncogene-mediated replication stress or inherent DNA
mutated rad3 related kinase-Checkpoint kinase 1 (ATR-Chkl1) damage show increased sensitivity to Chkl inhibition have
signaling, is elevated in numerous cancer cell types.l Targeting raised the possibility of using Chk1 inhibitors as single agents
ATR/Chk1 has been proposed to sensitize cancer cells to DNA The enthusiasm for inhibiting kinases with roles in the cell cycle
damage and to be particularly effective in those that have lost is somewhat tempered due to their roles in normal,
pS3-mediated control of the G, checkpoint.* Recently, targeting unperturbed, replication.'” It cannot be forgotten, for example,
the RSR through inhibition of the ATR-Chkl pathway was that Chkl is an essential gene, the loss of which leads to
proposed as an effective means of treating tumors with high embryonic lethality and which perhaps more significantly has
levels of oncogene-mediated replication stress.”* For example, been found to be altered in human cancers.' Indeed, a recent
tumors with elevated MYC levels have been shown to be study demonstrated that while significant suppression of ATR
sensitive to ATR/Chk1 inhibition.>>™® Both ATR and Chkl
inhibitors have been developed, although ATR inhibition has Received: September 3, 2012
yet to be evaluated in the clinic.”"'* Clinical studies using Chk1 Accepted: April 18, 2013
inhibitors in combination with standard DNA damaging Published: April 18, 2013
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Figure 1. Targeting Chk1/Aurora A inhibition to hypoxic cells. (a) Chkl is phosphorylated and active in hypoxic conditions. RKO cells were
exposed to hypoxia (<0.02% O,) for the times indicated, and Western blotting was carried out. (b) Increasing exposure time to G66976 (100 nM)
led to an accumulation of cells with >6 nuclear S3BP1 foci in WI38 cells. The inset shows an example of the S3BP1 foci observed. (c) RKO cells
were treated with the Aurora A kinase inhibitor MLN8237 at the concentrations indicated in either normoxic or hypoxic (<0.02% O,) conditions for

16 h. A colony survival assay is shown.

activity led to loss of cell viability, ATR-haploinsufficiency
promoted tumorigenesis.4

In addition to tolerating high levels of oncogene-mediated
replication stress, tumors exist and thrive in conditions of low
oxygen concentration (hypoxia). The degree of tumor hypoxia
correlates well with resistance to therapy including radio/
chemotheragz and surgery as well as an increased likelihood of
metastasis.'”*° In conditions of severe hypoxia (<0.1% O,) a
unique DNA damage response (DDR) occurs, which is
characterized by both ATR and Ataxia telangiectasia mutated
kinase (ATM) activity in the absence of detectable DNA
damage.*"** In response to these conditions the levels of
nucleotides rapidly fall, and this correlates with a complete
replication arrest. The RSR initiated in severe hypoxia includes
Chkl, and loss/inhibition of Chkl has been demonstrated to
sensitize cells to hypoxia/reoxygenation.>®

An elegant approach to exploiting the low levels of
oxygenation in tumors is through the use of agents that are
activated by these conditions, commonly known as bioreductive
prodrugs or hypoxic cytotoxins (recently reviewed in ref 24).
These compounds contain functional groups that are
susceptible to in vivo reduction under conditions of low oxygen
concentration. Although there are five chemical moieties that
have been demonstrated to undergo metabolism in hypoxia, the
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most common approach employs nitroaromatic derivatives,
such as the 4-nitrobenzyl, 4-nitrofuryl, and 2-nitroimidazole
groups.”* The nitro group undergoes nitroreductase-mediated
one electron reduction to a radical anion in vivo, which is
rapidly oxidized by molecular oxygen under normoxic
conditions, forming superoxide and rendering this pathway
unproductive. Under hypoxic conditions, the radical anion is
not reoxidized but undergoes further reduction to form a
nitroso group, hydroxylamine, or an amine. While the nitro
group has no available lone pair and is mesomerically and
inductively electron-withdrawing, the nitroso group, the
hydroxylamine, and the amine groups have an available lone
pair and hence are mesomerically electron-donating. This
reversal in reactivity has been harnessed to activate compounds
selectively under hypoxic conditions. The majority of these
compounds are based on increasing the electrophilicity of
alkylating agents that then confer general toxicity in the hypoxic
region. A number of these agents have been described,
including tirapazamine (TPZ), AQ4N, PR-104A, CEN-209,
RH-1, and TH-302.27%® TPZ has been tested in a number of
clinical trials including a recent large randomized multicenter
phase III trial combined with radiotherapy for head and neck
cancers. This trial reported no benefit, although there were
major deficiencies in the treatment of a subset of patients that

dx.doi.org/10.1021/cb4001537 | ACS Chem. Biol. 2013, 8, 1451—1459
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Figure 2. The concept of the hypoxia-activated Chk1 inhibitor CH-01 and its synthesis. (a) Attachment of the 4-nitrobenzyl group to the terminal
hydroxyl group renders the Chkl inhibitor 6 inactive. Under hypoxic conditions, the nitro group is reduced forming an electron-donating
substituent, which ejects the active Chk1 inhibitor 6. (b) Reagents and conditions: (a) malononitrile, Et,NH, dioxane, reflux, 16 h, 75%; (b) acetic
formic anhydride, 85 °C, 6 h; (c) neat, 220 °C, 30 min, 51% over two steps; (d) POCI,, S5 °C, 2 h, 81%; (e) Et;N, DMF, 80 °C, 6 h, 93%.

could be responsible for this.*>** Subsequently, analogues of

TPZ have been described, one of which, CEN-209, is likely to
be tested clinically in the near future.* More recently, TH-302
has undergone extensive preclinical testing and has been tested
in a phase II trial for advanced pancreatic cancer and a phase III
soft-tissue sarcoma trial.*> Several factors are critical to the
future success of bioreductive prodrugs, including the
challenges of delivering such agents to hypoxic tumor cells
and the need to identify biomarkers, which predict those
tumors most likely to respond.

The majority of the bioreductive prodrugs described to date
are designed to release a DNA damaging cytotoxin and
therefore, once activated, act similarly to conventional chemo-
therapeutic agents. This approach raises the possibility of
overlapping toxicities when these agents are combined with
standard therapies. An alternative application of a hypoxia-
activated group is to mask a drug, which acts as a protein ligand,
to prevent binding to its target. This would render the
compound inactive until the bioreductive group is removed
under hypoxic conditions. Given that this strategy potentially
allows targeting of promising cancer therapies to hypoxic
tumors, it is surprising that it has not been more widely
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employed, although there are a few reports in the literature.
Zhang et al. applied this strategy to the synthesis of three
hypoxia-activated derivatives of 20(S)-camptothecin.*® They
demonstrated that a 4-nitrobenzyl derivative conferred some
selectivity for hypoxic cells over normal cells. Granchi et al.
described nitrobenzyl and nitrofuryl bioreductive prodrugs that
release an inhibitor of the lysyl oxidase (LOX) protein in
hypoxia.>* In this instance the approach was beneficial as the
released compound, BAPN, is a relatively nonselective LOX
inhibitor with multiple biological interactions. Zhu et al.
synthesized 4-nitrobenzyl derivatives of O°benzylguanine,
which is an inhibitor of the resistance protein O%alkylguanine
alkyltransferase (AGT).*® It was demonstrated that the gem-
dimethyl-4-nitrobenzyl analogue was effective in sensitizing
laromustine-resistant DU145 human prostate carcinoma cells
to laromustine under hypoxic conditions. Here, we describe
CH-01, which is a proof-of-concept compound that we propose
is activated as a Chkl and Aurora kinase A inhibitor after the
hypoxia-promoted loss of the 4-nitrobenzyl group. Clonogenic
survival assays demonstrate that CH-01 (1) had little or no
effect on cells in normal oxygen conditions; conversely, hypoxic
cells were extremely sensitive to CH-01. Of the tumor cell lines

dx.doi.org/10.1021/cb4001537 | ACS Chem. Biol. 2013, 8, 1451—1459



ACS Chemical Biology

a Integral Ratios (Inhibitor : Amine)
I 24h (8.1:1)

N 75h(27:1)

I 1h (20:1)

Iy 05h(1.2:1)

b oh (1.1:1)
IS
c
S
24h

Q
[0 75h
[&]
% 2h
Ke)
—
[e]
n 05h
Q
< Inhibitor (6) ; Amine (§) ~ - 0h

25 30 35 40 45

Time [min]

b 1

A

1
1
1

Peak Area (Fluorescence

8000

[o2]

o

o

o
L

4000 - )
mamine (5)
2000 -
Oinhibitor

0000 - ()
8000 -
6000 -
4000 -

2000 -

. - : .
4 10.5 24
Time [hours]

2 48

Figure 3. CH-01 is reduced and fragments in hypoxic conditions. CH-01 was subjected to different reduction conditions, and the resulting
metabolites were analyzed by HPLC. A combination of photodiode array spectrophotometer, mass spectrometer, and fluorescence
spectrophotometer (4., 320 nm, A, 380 nm) was used to detect and characterize the metabolites. (a) CH-01 was subjected to zinc reduction
for 1 h, and this solution was injected into potassium phosphate buffer pH 7.4. Incubation at 37 °C and analysis of the supernatant reveal loss of the
amine § and formation of the active inhibitor 6. (b) Bactosomal human NADPH-CYP reductase reduces CH-01 (1) to the amine $ under hypoxic
conditions (<0.02% O,). Over 24 h amine § accumulates and fragments to release the active inhibitor 6.

tested, the sensitivity to CH-01 correlated with the baseline
levels of DNA damage/replication stress. Therefore this
strategy allows us to concentrate Chkl/Aurora kinase A
inhibition in hypoxic cells, targeting the most aggressive tumor
fraction, while protecting normal tissue.

B RESULTS AND DISCUSSION

We have shown that depletion or inhibition of Chk1 sensitizes
cells to hypoxia/reoxygenation.”>*® The biological reasons
behind this observation include our finding that Chk1 has a role
to play in reoxygenation-induced replication restart, as well as
normal replication.”> In order to further validate Chkl as a
molecular target in hypoxic conditions, we have considered its
autophosphorylation site serine 296 and the ATR-mediated
phosphorylations on serine residues 317 and 345 as well as the
total levels of Chkl. Chkl was rapidly phosphorylated at all
tested residues (Figure 1a). To verify that the hypoxia-mediated
phosphorylation of Chkl correlated with Chkl activity, the
levels of the Chk1 target Tousled-like kinase 1 (TLK1) are also
shown.*” As described previously, the total levels of Chkl
decrease during increasing exposure to hypoxia.*® It is clear
caution is warranted when considering the inhibition of
essential genes such as Chkl. To demonstrate this point we
exposed nontransformed human fetal lung fibroblasts (WI38)
to a well-characterized Chk1 inhibitor, G66976, in the absence
of additional stress. Increasing exposure to G66976 led to a
significant accumulation of cells with more than six 53 binding
protein 1 (S3BP1) foci indicating that prolonged exposure to a
Chk1 inhibitor leads to accumulation of DNA damage, which
could in turn affect genome stability (Figure 1b). In order to
target Chk1 kinase inhibition to the hypoxic regions of tumors,
we synthesized a bioreductive Chk1 inhibitor, CH-01 (1). CH-
01 is based on the Chkl inhibitor 6 (Figure 2a) reported by
Foloppe et al.>® During the course of this work, compound 6
was also shown to inhibit Aurora kinase A.*” Inhibitors of
Aurora kinases have been tested clinically and show some
promise; however, these agents have not been tested specifically
in hypoxic conditions.* In order to investigate the potential
benefit of Aurora A inhibition in hypoxic cells, we incubated
RKO cells with the known selective Aurora A inhibitor
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MLNB8237 in both normoxic and hypoxic conditions. The
colony survival assay shown demonstrates that cells in both
normoxia and hypoxia are sensitive to inhibition of Aurora A
(Figure 1c).

Synthesis of a Bioreductive Chk1/Aurora A Inhibitor.
Compound 6 was selected for its chemical simplicity and the
well-defined Chkl structure—activity relationships (SAR)
reported around this scaffold. Compound 6 inhibits Chkl
kinase in an ATP competitive manner with a reported ICs,
value of 20.9 uM, and the SAR showed that addition of a large
substituent in place of the hydroxyl group resulted in a
significant reduction in Chk1 affinity. Examination of an X-ray
crystal structure of 6 bound to the ATP binding site of Chkl
reveals that the hydroxyl group binds oriented into a pocket,
which is too small to accommodate a substituent such as the 4-
nitrobenzyl group. This observation was corroborated by
docking studies (see Supplementary Figure S1). Consequently
we designed compound 1, which we predicted to be inactive as
a Chk1 inhibitor until the 4-nitrobenzyl group is removed in
hypoxia (Figure 2a). Structure—activity studies have shown that
compound 6 inhibits Aurora kinase A with an ICg, value of 309
nM.” In addition, these studies showed that larger groups,
including 4-aminophenyl derivatives, were tolerated in place of
the hydroxyl group. To predict whether addition of a 4-
nitrobenzyl group would reduce the compound’s affinity for
Aurora kinase A, we undertook docking studies. These studies
suggested that although both compound 1 and compound §
would bind to Aurora kinase A with a reduced affinity
compared to that of compound 6, they could potentially still
be accommodated in the ATP-binding site (see Supplementary
Figure S2A and B). Compound 1 was synthesized using
conditions similar to those reported by Foloppe (Figure 2b).
Benzoin (7) was condensed with malononitrile to give 2-
aminofuran 8. Reaction with acetic formic anhydride afforded
the formamide 9, which cyclized to give 10 upon heating.
Treatment of 10 with phosphorus oxychloride furnished the
chloride 11, which underwent facile reaction with O-(4-
nitrobenyl)ethanolamine (12) to give the final product (1).
Analysis of compound 1 in a radioactive (**P-ATP) filter-
binding assay revealed no activity against either Chk1 or Aurora
kinase A at concentrations up to 100 yM (Supplementary

dx.doi.org/10.1021/cb4001537 | ACS Chem. Biol. 2013, 8, 1451—1459
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Figure 4. CH-01 induces DNA damage and is toxic in hypoxic conditions. (a) RKO cells were exposed to normoxia or hypoxia (<0.02% O,) for 6 h
in the presence or absence of 25 uM CH-01 (1). Western blots for yH2AX and actin are shown. (b) RKO cells were exposed to normoxia or hypoxia
(<0.02% O,) for 6 h and hypoxia followed by 18 h of reoxygenation + 1 (25 uM). The graph shows the percentage of cells with >6 nuclear S3BP1
foci. Significance values: * p < 0.05; **p < 0.0001. (c) RKO cells were exposed to hypoxia for the time periods indicated with either 1 (25 M),
MLN8237 (500 nM) or, as a control, DMSO. The levels of phosphorylated histone 3 (pH3 Ser10) were determined by Western blotting. Histone 3
(H3) is shown as loading control. (d) Clonogenic assays were carried out on RKO cells exposed to the oxygen tensions indicated for 24 h in the

presence of 25 uM 1 or DMSO.

Figure S3). Conversely, compound 6 showed ICy, values of
1.75 and 0.81 M against Chkl and Aurora kinase A,
respectively.

Mechanism of CH-01 Action. To determine whether 1
fragmented under reducing conditions as predicted, we carried
out two reductions in progressively more biologically relevant
conditions. Shigenaga et al. have previously employed zinc in
aqueous ammonium chloride to reduce a 4-nitrobenzyl group
to a 4-aminobenzyl group and hence demonstrate hypoxic
activation of a peptide.*' Using similar conditions of zinc and
ammonium chloride in N,N-dimethylformamide (DMF), we
demonstrated that 1 was reduced to give the nitroso compound
4 (confirmed by mass spectrometry) and the amine § after a
period of 60 min (Supplementary Figure S4a). Upon exposure
to aqueous conditions (potassium phosphate buffer, pH 7.4),
HPLC analysis indicated that compounds 4 and § fragmented
to give the active kinase inhibitor 6 (Figure 3a and
Supplementary Figure S4b). Encouraged that we had proved
reduction of 1 could induce fragmentation in buffer, we treated
1 with bactosomal human NADPH-CYP reductase in
potassium phosphate buffer with the exclusion of oxygen.
Under these conditions reduction of the 4-nitrobenzyl group of
1 to the 4-aminobenzyl derivative 5 was observed and
fragmentation to the active inhibitor 6 occurred. When this
experiment was repeated in the presence of oxygen, no
reduction or production of compound 6 was observed (Figure
3b and data not shown). These results indicate that the
nitrobenzyl group is reduced under purely chemical conditions
and by reductase enzymes in hypoxic conditions. The reduced
products fragment to give the active kinase inhibitor 6 in a
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manner consistent with the proposed in vitro mode of
activation for compound 1.

In Hypoxic Conditions CH-01 Leads to Loss of Cell
Viability. Loss or inhibition of Chk1 has been shown to induce
DNA damage due to impaired replisome stability and DNA
repair.*> Therefore, we investigated whether CH-01 (1)
induced DNA damage in normoxia, hypoxia, and after
reoxygenation. Initially, we carried out Western blotting for
yH2AX and determined that the presence of 1 in hypoxic
conditions led to an increase in the hypoxia-induced yH2AX
signal (Figure 4a). As the robust induction of yH2AX by
hypoxia alone makes this signal difficult to quantify we used the
formation of 53BP1 foci as an alternative measure of DNA
damage. As shown previously, hypoxia alone did not induce an
accumulation of 53BP1 foci, although subsequent reoxygena-
tion did cause DNA damage.21 In contrast, exposure to 1 in
hypoxia alone led to the accumulation of 53BP1 foci in over
50% of the cells (Figure 4b). These data indicate that CH-01
leads to the accumulation of DNA damage only in hypoxic
conditions.

To confirm that 6 inhibits Aurora A/B, we treated RKO cells
with CH-01 (1) in hypoxic conditions and then carried out
Western blotting for histone-3 phosphorylated at serine 10,
which is a characterized target of Aurora A/B.*> Treatment of
RKO cells in normoxia with MLN8237 demonstrated that
phosphorylation of pH3 at serl0 can be inhibited through
Aurora A inhibition. In contrast, 1 has no effect on this signal in
normoxic conditions, indicating that this compound does not
inhibit Aurora A/B. In response to hypoxia the pH3 serl0
signal decreased, and this decrease was exacerbated in the
presence of 1. After subsequent reoxygenation a clear and

dx.doi.org/10.1021/cb4001537 | ACS Chem. Biol. 2013, 8, 1451—1459
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significant reduction of pH3 Serl0 was observed when RKO
cells were incubated with 1 during hypoxia prior to
reoxygenation (Figure 4c). These data suggest that 1 is
reduced and fragmented to give 6, which inhibits both Chkl
and Aurora A/B. This dual inhibition is beneficial as both Chk1
and Aurora A are involved in cell cycle progression and are
therapeutic targets. Next, we exposed RKO cells to 1 and
incubated the cells in oxygen concentrations ranging from 20%
to <0.02% O, (Figure 4d). A colony survival assay was carried
out at each of the oxygen tensions indicated and demonstrates a
significant oxygen-dependent loss of viability. Most impor-
tantly, at oxygen levels associated with normal tissues (3% O,
and above) there was little or no effect on cell viability.

It was important to determine that the biological effects
observed were due to the release of 6 and not the bioreductive
cage. Cells were exposed to the nonbioreductive inhibitor 6,
compound 13, which releases EtOH under hypoxic conditions,
and CH-01 (1, Figure Sab). As expected, RKO cells were
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Figure 5. The biological activity of CH-01 is not associated with the
bioreductive group. (a) Clonogenic assays were carried out using RKO
cells exposed to DMSO, 25 uM inhibitor 6, 25 uM CH-EtOH 13 or
25 uM CH-01 1 for 24 h in either normoxia or hypoxia (<0.02% O,).
(b) The structure of compound 13, which ejects EtOH under hypoxic
conditions.

sensitive to Chk1 inhibitor 6 ,and this sensitivity was increased
in hypoxic conditions as previously reported. In contrast, 1 had
no significant effect on the normoxic cells but significantly
increased the sensitivity to hypoxia/reoxygenation. Importantly,
compound 13 did not decrease cell viability, suggesting that the
release of the reduced nitrobenzyl group side product alone is
not cytotoxic.

Up to this point our studies had been restricted to the RKO
cell line. However, we proposed that different cells lines would
show varying degrees of sensitivity to 1. To investigate this
hypothesis further we used three lung cancer cell lines (A549,
H1299, and H1975) to determine the effect of 1 in normoxia
and hypoxia. Recent, reports suggest that the baseline levels of
DNA damage and/or replication stress contribute to the
relative sensitivity to Chkl inhibitors. We proposed that this
might also be the case for inhibitors of alternative kinases
involved in the cell cycle and so might predict sensitivity to
inhibition of Chkl and Aurora A by 1. Therefore, before testing
the effect of 1 on cell viability in hypoxic conditions, we
measured the basal levels of DNA damage and replication stress
in these 3 cell lines. This measurement was achieved by staining
for both S3BP1 and yH2AX, which are markers of DNA
damage and/or replication stress (Figure 6a,b). In each cell line
a significant proportion of the cells were found to be positive
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for these markers, although both the H1299 and H1975 cell
line had higher levels of 53BP1/yH2AX positive cells than the
AS49s. Interestingly, large nuclear bodies were seen in the
H1299 cell line, which were reminiscent of the recently
described Oct-1, PTF, transcription (OPT) domains.* These
data suggest that the A549 cell line should show the least
sensitivity to 1 in hypoxic conditions. To test this hypothesis,
the cell lines were exposed to 1 for 24 h in either normoxia or
hypoxia (£0.02% O,). As predicted all three-cell lines were
sensitive to 1 in hypoxic conditions, and of the three the A549
cells were the least sensitive. However, despite the relatively
similar levels of DNA damage seen in the H1299 and H1975
cell lines, the latter were significantly more sensitive to 1. Our
data demonstrate that all four of the cell lines tested show
increased sensitivity to 1 in hypoxia and that the degree of
sensitivity can, in part, be determined by the basal levels of
DNA damage/replication stress. In order to use an agent such
as 1 most effectively, the degree of tumor hgpoxia would have
to be determined prior to treatment.*™* It is clear that
nonhypoxic tumors would not respond and the more hypoxic
the greater the predicted response (Figure 4d). However, the
sensitivity to 1 is also determined by additional factors
including the levels of DNA damage/replication arrest. We
propose that 1 and derivatives would be effective against
tumors with high levels of hypoxia or oncogene-mediated
replication stress. In mildly hypoxic tumors, which are less
susceptible to Chk1 inhibition due to low levels of replication
stress for example, we predict that combining 1 with standard
therapies would be effective.

Conclusions. We confirm earlier findings that inhibition of
Chk1 is a valid approach to target hypoxic cancer cells. In
addition, we have demonstrated that hypoxic cells show similar
levels of sensitivity to inhibition of the Aurora A kinase as cells
in normoxia. Here, we describe a bioreductive Chkl/Aurora A
inhibitor, CH-01 (1), which selectively inhibits Chk1/Aurora A
in hypoxic conditions and leads to significant loss of viability in
the cancer cell lines tested. Although a proof-of-concept
compound, the selective activity demonstrated by 1 suggests
the potential for the bioreductive release of targeted therapies
and demonstrates this approach as a promising strategy for the
targeted application of cancer chemotherapeutics.

B METHODS

Cell Lines. RKO (colorectal), AS49, H1299, and H1975 (lung)
cancer cell lines were cultured in DMEM medium containing 10%
FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL). WI38
nontransformed human fetal lung fibroblasts were grown in DMEM
medium with 15% FBS. All cell lines were originally obtained from the
ATCC and routinely mycoplasma tested and found to be negative.
With the exception of colony survival experiments all others were
carried out with cells at 75% confluence.

Chemical Synthesis. Details of the chemical synthesis and
analytical data for the compounds described are available in the
Supporting Information. G66976 was obtained from Sigma-Aldrich
and MLN8237 from Selleckchem.

Hypoxia Treatment. Hypoxia treatments were carried out in a
Bactron II (Shell laboratories), In vivo 400 (Ruskinn), or Heracell
mixed gas incubator (Fisher Scientific) depending on the level of
hypoxia required.

Clonogenic Assay. Colonies (>50 cells) were left to form for 10
days and visualized with methylene blue stain (70% methanol in PBS,
1% methylene blue (Fisher BioReagents)).

Western Blotting. Cells were lysed in UTB (9 M urea, 75 mM
Tris-HCl pH 7.5 and 0.15 M p-mercaptoethanol) and sonicated
briefly. Antibodies used were Chk1-S296, Chk1-S317, Chk1-S34S,

dx.doi.org/10.1021/cb4001537 | ACS Chem. Biol. 2013, 8, 1451—1459
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Figure 6. The sensitivity of cell lines to CH-01 correlates with levels of DNA damage and replication stress. (a) Endogenous DNA damage for each
cell line was determined in the absence of additional stress by staining for the presence of 53BP1 (green) and yH2AX (red). (b) Graph represents
the quantification of the percentage of cells with more than 6 S3BP1 foci (black) or the presence of yH2AX foci positive staining (white) for the
three cell lines. The three lung cancer cell lines AS49 (c), H1299 (d), and H1975 (e) were exposed to DMSO or 25 uM CH-01 for 24 h in normoxia

or hypoxia (<0.02% O,), and colony survival assays were carried out.

HIF1la (BD Biosciences), Chkl, yH2AX (Upstate-Millipore), H3-S10,
TLK-S695 (Cell Signaling), and GAPDH (Fitzgerald Industries). The
Odyssey infrared system was used for imaging (LI-COR Biosciences).

Zinc Reduction of 1. To a solution of 1 (1 mg, 0.0021 mmol) in
DMF (2 mL) were added aqueous ammonium chloride (20 uL, 10%
w/v) and zinc powder (S mg, 0.0765 mmol, 36 equiv). The resulting
mixture was stirred at ambient temperature for 16 h. Aliquots (200
uL) were taken at designated times (where T = 0 refers to before the
addition of zinc powder), and the mixture was analyzed by HPLC.

Buffer Treatment of 5. For every time point of interest, S uL of
the T = 1 h aliquot from the zinc reduction was injected into 95 uL of
potassium phosphate buffer solution (pH 7.4), and the resulting
suspensions were incubated at 37 °C. At designated times the
suspensions were centrifuged. The supernatant was collected, and the
precipitates were dissolved in acetonitrile. Both fractions were analyzed
by HPLC.

Reductase Assay. Bactosomal human NADPH-CYP reductase
(Cypex, 12.7 mg/mL, 13900 nmol/min/mL) was used in combination
with an NADPH-regenerating system (BD Biosciences), and the assay
was carried out according to the manufacturer’s protocol (BD
Biosciences application note 467) at a CH-01 concentration of 250
nM. Vials were deoxygenated by bubbling nitrogen prior to PS40
addition and then transferred into a Bactron II (Shell laboratories).
Samples were taken at different time points and analyzed by HPLC.

Immunofluorescence. Staining for S3BP1 (Novus Biologicals)
and yH2AX foci was carried out as previously described.>' Due to the
presence of 1—2 S3BP1 foci in the nuclei of unstressed cells, induction
of DNA damage was quantified by counting cells with more than 6
foci. Cells were visualized using a Nikon 90i microscope.

HPLC Analysis. HPLC (Waters 2695 system) comprised an RPB
column (100 mm X 3.2 mm, 35 °C). Separation was achieved at a flow
rate of 0.5 mL/min with a gradient of 60—95% acetonitrile in 10 mM
formic acid over 6 min. Detection used a photodiode array
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spectrophotometer (Waters 2996), a mass spectrometer (Waters
Micromass ZQ mass spectrometer), and a fluorescence spectropho-
tometer (Waters 474) with A, 320 nm, A, 380 nm. Injections of 10
uL were made.

Statistical Analysis. Statistical significance of differences between
means of at least n = 3 experiments was determined using Student’s ¢
test (P-values indicated accordingly in figure legend or main text).
Error bars represent + SEM.
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Hypoxia, regions of low oxygen, occurs in a range of biological environments, and is involved in human
diseases, most notably solid tumours. Exploiting the physiological differences arising from low oxygen
conditions provides an opportunity for development of targeted therapies, through the use of bioreduc-
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Hypoxia, an inadequate supply of oxygen, is found in many
biological contexts, including bacterial biofilms," plant root
nodules,>* and human disease - most notably solid malignant
tumours.”® Tumour hypoxia arises from the high metabolic
demands of the solid tumour, which results in a disorganised
vasculature, and poor oxygen supply to regions of the tumour.
The presence of hypoxia in solid tumours correlates with an
increased likelihood of tumour metastasis, resistance to all
modalities of treatment, and consequently a poor patient prog-
nosis.® Hypoxic cells are resistant to radiotherapy because radi-
ation-induced DNA damage relies on the generation of reactive
oxygen species, and thus occurs in an oxygen-dependent
manner. The disruption in tumour vasculature also results in
poor delivery of chemotherapeutic agents, reducing the effec-
tiveness of such drugs. Consequently, the hypoxic tumour
volume comprises the most aggressive tumour fraction, which
is also therapy resistant.® Therefore, overcoming the challenge
of effectively targeting these cells is critical to the successful
treatment of solid tumours, and improvement in patient
prognosis.

Despite these complications, the reduced oxygen levels
present an opportunity to exploit the chemical difference
in physiological conditions within regions of hypoxia. Bio-
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tive prodrugs, which are selectively activated in hypoxia. Herein, we describe an improved method for
synthesising the most widely used bioreductive group, 2-nitroimidazole. The improved method is applied
to an efficient synthesis of the anti-cancer drug Evofosfamide (TH-302), which is currently in Phase Il
clinical trials for treatment of a range of cancers.

reductive prodrugs can be used to target therapeutic com-
pounds to regions of hypoxia, affording enhanced precision in
therapeutic compound delivery.” A number of chemical func-
tionalities, which are selectively reduced under hypoxic con-
ditions via enzymatic metabolism, have been employed in
these prodrugs. The moieties used in such prodrugs include
nitroaryl groups, quinones and N-oxides.”

The nitroimidazole group has been widely used in the
development of bioreductive prodrugs and imaging agents. It
has found application in anaerobic antibacterial treatments
including metronidazole,">'* in anti-parasitic drug candi-
dates,"” and also in anti-cancer agents. A notable anti-cancer
therapeutic that utilises this bioreductive principle is Evofosfa-
mide (TH-302, Fig. 1)."® Under conditions of normal oxygen

enzymatic \

o \ o) a
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Fig. 1 The 2-nitroimidazole-containing bioreductive prodrug Evofosfa-
mide (TH-302) is activated under hypoxic conditions. Under conditions
of normal oxygen concentration (normoxia) the nitro group undergoes a
process of futile cycling. Under hypoxia, the nitro group is reduced
resulting in fragmentation to release the active drug, which crosslinks
DNA.
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concentration (normoxia) the nitro group undergoes a process
of futile cycling. In hypoxic conditions the nitro group is
reduced, resulting in fragmentation to release the active drug.
Consequently, increased DNA crosslinking occurs selectively in
hypoxia. TH-302 is in advanced Phase II clinical trials for a
variety of cancers (ClinicalTrials.gov Identifiers: NCT02093962;
NCT01403610; NCT02402062; NCT00742963). It has also
recently entered Phase III trials, in combination with other
therapeutics, for treatment of metastatic pancreatic cancer and
metastatic soft tissue sarcoma (ClinicalTrials.gov Identifiers:
NCT01746979; NCT01440088).

Despite the frequent use of 2-nitroimidazole derivatives as
bioreductive prodrugs, existing literature procedures'” for the
synthesis of this group are capricious, time intensive, and
afford low yields in our hands. There is, consequently, a need
for a reliable, time efficient and higher-yielding synthesis of
the key synthetic intermediates that can be used for the syn-
thesis of bioreductive prodrugs. Here, we report a time
efficient and repeatable synthesis of the aminoimidazole-
based ester 4 in yields of 48-54% over three steps. This com-
pound can readily be converted to the nitroimidazole 7.
Methods to transform the ester (7) into a range of useful syn-
thetic handles are described. Finally, the alcohol 8 is employed
to complete an efficient synthesis of the bioreductive prodrug
TH-302.

To synthesise the key 2-aminoimidazole intermediate 4, we
initially investigated the procedure of Cavalleri et al.,'® but we
were not successful in synthesising the N-methyl-$,p-diethoxy-
alanine ethyl ester required for this route. We therefore investi-
gated a one-pot procedure developed by Matteucci et al., which
was disclosed in the patent literature (Scheme 1A)."” Formyla-
tion of sarcosine methyl ester (1), at both the a-carbon and the
secondary amine, was achieved by treatment with sodium
hydride and ethyl formate to afford 2. The unwanted formyl
group on the secondary amine was removed by heating under
reflux in acidic EtOH to give the presumed intermediate 3.
Subsequent treatment with cyanamide wunder reflux in
aqueous acetate-buffered conditions furnished the desired
2-aminoimidazole (4) in yields that typically ranged from

A. Original synthesis
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steps
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Scheme 1 The original and optimised synthetic routes for the 2-ami-
noimidazole ester 4. A. Reagents and conditions: a. EEOCHO, NaH, 16 h;
b. EtOH, conc. HCl, 90 °C, 2 h; c. AcOH (aqg.), NaOAc, NH,CN, 100 °C,
15 h; 10-25% over three steps (n = 5). B. Reagents and conditions:
d. EtOCHO, THF, NaH, 3 h; e. EtOH, conc. HCL, 90 °C, 2 h; f. EtOH, H,0,
NH,CN, pH 3, 100 °C, 1.5 h; 48-54% over three steps (n = 5).

B. Improved synthesis
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48-! 54“/
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steps
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10-25%, over five repeats of the reaction (n = 5). It should be
noted that this procedure was reported on an 82 g scale, and is
perhaps less suitable for the scale of 2-3 g, which we
employed. Our investigations into an alternative reported syn-
thesis'® were equally variable in the yield of the key intermedi-
ate (4).

When seeking to develop a more robust synthesis we identi-
fied the first step, in which the diformylated product (2) is
furnished, as being especially capricious. In particular, the
solubility of sarcosine methyl ester hydrochloride (1) in ethyl
formate is moderate, and this step often failed to proceed,
even when the starting material (1) was ground to a powder in
an attempt to improve its solubility. We, therefore, hypoth-
esised that the low yield of this reaction was linked to the poor
solubility of 1 under the reaction conditions. To address this
issue, THF was employed as co-solvent along with ethyl
formate (1:1) to improve the solubility of the reactants. These
modified conditions led to an improvement in the overall yield
of the 2-aminoimidazole (4), ranging from 30-35%, over three
steps (n = 3). In addition, THF as a co-solvent provided greater
temperature control of the highly exothermic reaction, presum-
ably resulting from improved heat transfer, and dilution of
the reactants. A further improvement in yield was achieve by
employing sarcosine ethyl ester hydrochloride (5) as the start-
ing material (Scheme 1B), as this compound has improved
solubility under the reaction conditions, compared to 1. We
also noted that the initial formylation step was time intensive,
requiring at least 16 h for completion. As the sarcosine ethyl
ester (5) is more soluble than the methyl ester (1), we hypoth-
esised that this would increase the reaction rate. This proved
to be the case, and after a substantially shorter time period, of
3 h (on a 2 g scale), a milky yellow suspension formed
suggesting the presence of the desired N-formylated enolate
(6). Given the advantages of using the sarcosine ethyl ester
hydrochloride (5), we proceeded with the synthesis using this
starting material.

To further improve the synthesis, we speculated that the
conditions previously employed to form 2-aminoimidazole 4,
which involved heating under reflux in aqueous acetate-
buffered conditions, would likely result in ethyl ester hydro-
lysis, depreciating the overall reaction yield. In addition, we
speculated that a large excess of cyanamide would force the
equilibrium towards the desired product. Therefore, the con-
ditions for formation of the 2-aminoimidazole (4) were modi-
fied, such that intermediate (3) was treated with excess
cyanamide under reflux in 70% aqueous EtOH (v/v). To mini-
mise ester hydrolysis, the reaction solution was adjusted to pH
3-4 using 2 M aqueous NaOH. The product (4) was isolated by
concentration in vacuo followed by adjustment of the pH to
8-9 with solid K,COs;, and filtration of the precipitate
(Scheme 1B). This method resulted in reproducible yields of
48-54% (n = 5) for compound 4, representing a yield of
approximately 80% per step, and an improvement on the pre-
viously employed methods, which gave yields of 10-25%.

With the key 2-aminoimidazole intermediate (4) in hand,
we sought to introduce the nitro functionality via diazotisation
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Scheme 2 Diazotisation and nitration of 4. Reagents and conditions:
AcOH, NaNO; (aq), rt, 4 h, 72%.
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Scheme 3 The introduction of versatile synthetic handles on to the
2-nitroimidazole ring. Reagents and conditions: a. NaBH,4, THF, MeOH,
0 °C - rt, 2 h, 66%; b. NaOH (aq.), rt, 2 h, 95%; c. SOCl,, pyridine,
CH,Cl,, 0 °C - rt, 2 h, 66%; d. MnO,, acetone, CH,Cl,, 3 d, 52%.

of the amino group (Scheme 2). Using the procedure reported
by Matteucci et al.,'” which employed a 4.8 M aqueous solu-
tion of NaNO,, we found yields of the 2-nitroimidazole
product (7) were typically 10-20% lower than the reported
value of 62%. This procedure was reported on a 37 g scale, and
the conditions used seem to be less suitable for more moder-
ate scales of 2-5 g. To minimise the volume of water in the
reaction, we used a saturated aqueous solution of NaNO,, and
increased the volume of AcOH in the reaction mixture
from 50% to 66% (v/v). These modified conditions reliably
afforded compound 7 in a yield of 72% (n = 3), and seem
optimal for the introduction of the nitro group on a moderate
scale.

The 2-nitroimidazole ester 7 represents a versatile synthetic
intermediate, which can be transformed into a number of
useful compounds that possess suitable chemical handles for
attachment to a range of complementary functionalities. Here
we include procedures for synthesis of the alcohol (8), carboxyl
(9), chloride (10), and carbaldehyde (11) derivatives
(Scheme 3)."®%° Each of these intermediates is a useful syn-
thetic substrate for the development of bioreductive prodrugs
or dyes.

To demonstrate the utility of our improved synthetic route,
we applied it to the synthesis of the Phase III clinical candi-
date, and bioreductive prodrug, Evofosfamide (TH-302,
Scheme 4).

The bromoisophosphoramide mustard intermediate (Br-
IPM, 13), was synthesised from the corresponding 2-bromo-
ethylamine hydrobromide salt (12), employing the method
reported by Duan et al.'® Subsequent treatment of (13) with
the 2-nitroimidazole alcohol (8) under Mitsunobu con-
ditions,*" afforded Evofosfamide (TH-302) in 62% yield, which

1028 | Org. Chem. Front, 2015, 2, 1026-1029

View Article Online

Organic Chemistry Frontiers

o] \ o
& @ 8 a I H b QA N I H
B B - MR N~ - oh( fo—F;—N\/\Br
HN o HN
~"p ° N ~"p
12 13 Evofosfamide (TH-302)

Scheme 4 Synthesis of Evofosfamide (TH-302). Reagents and con-
ditions: a POCls, EtzN, CH,Cl,, —10 °C; b. PPh3, DIAD, 8, THF, 0 °C — rt,
3 h, 62%.

compares well with the previously reported synthesis (48%
yield)."*®

In conclusion, we have developed a high yielding, rapid and
reliable synthesis of the 2-aminoimidazole ester 4, which is a
key intermediate in the synthesis of many bioreductive pro-
drugs. We have optimised the nitration conditions for this
compound, and demonstrated that the 2-nitroimidazole-based
ester 7 can be transformed into a range of synthetically useful
derivatives. This work represents a comprehensive and opti-
mised set of synthetic procedures for the synthesis of 2-nitro-
imidazole derivatives, which are essential components for
developing bioreductive prodrugs and dyes. We have demon-
strated the utility of our new methodology by applying it in
the efficient synthesis of the bioreductive prodrug clinical
candidate Evofosfamide (TH-302).
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