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In HeLa cells the combinatorial knockdown of Bcl-xL and Mcl-1 is sufficient to induce spontaneous apop-
tosis. Quinoxaline derivatives were screened for the induction of Mcl-1 dependent apoptosis using a cell
line without functional Bcl-xL. Quinoxaline urea analog 1h was able to specifically induce apoptosis in an
Mcl-1 dependent manner. We demonstrate that even small changes to 1h results in dramatic loss of
activity. In addition, 1h and ABT-737 synergistically inhibit cell growth and induce apoptosis. Our results
also suggest that 1h could have therapeutic potential against ABT-737 refractory cancer.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Benzopyrazine or commonly known as quinoxaline is a naph-
thalene isostere with carbon atoms 1 and 4 replaced with nitrogen
atoms. Quinoxalines are an important class of heterocycles found
in natural products. Examples include the cyclic peptide triostin
A and the recently isolated Izumiphenazines A–C ( Fig. 1).1 The
quinoxaline core is also found in several drugs currently on the
market. They include brimonidine used to treat glaucoma, quina-
cillin that has anti-bacterial properties and the smoking cessation
agent varenicline (Fig. 1).2 Several quinoxaline analogs are in pre-
clinical and clinical development against a variety of diseases.
Kinase inhibitors BMS345541 and NVP-BSK805 are being explored
as an anti-tumor agent and to treat polycythemia, respectively.3

R(+)XK469 is an example of a quinoxaline analog in clinics to treat
patients with advanced refractory solid tumors (Fig. 1).4 Addition-
ally compounds containing the quinoxaline core were identified as
hits from recent high throughput screening campaigns.5 We iden-
tified a quinoxaline urea analog (NCGC55879-01) as a BRCA1
inhibitor from a quantitative high throughput screen.6 These
ll rights reserved.
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studies show that the quinoxaline analogs act as ligands for a vari-
ety of biological targets and have activities against several diseases,
which fit definition of a privileged scaffold.1a This led to the syn-
thesis of focused libraries of quinoxaline analogs to further explore
the chemical space and structure–activity relationship studies.7

An intricate network of protein–protein interactions between
pro-apoptotic and pro-survival family proteins maintains a balance
between cell survival and cell death.8 There are three types of apop-
totic proteins, the anti-apoptotic (Bcl-xL, Bcl-2, Bcl-2 and Mcl-1), the
initial pro-apoptotic proteins (Bad, Bim, Puma and Noxa) and cell
death proteins (Bak and Bax). The pro-apoptotic proteins Bax and
Bak undergo oligomerization upon activation by apoptotic stimuli.9

This triggers permeabilization of the mitochondrial membrane, re-
lease of apoptotic factors such as cytochrome c,10 activation of effec-
tor caspases and cell death.11 The sequestration of pro-apoptotic
proteins by the pro-survival Bcl-2 family proteins suppresses mito-
chondrial damage and ensures cell survival.12 Increased levels of
pro-survival proteins (Bcl-2, Bcl-xL or Mcl-1) are associated with
maintenance of malignant diseases, resistance to chemotherapy
and poor clinical outcome.13 These observations triggered a
concerted effort to identify small molecule inhibitors and develop
strategies to perturb the levels of pro-survival Bcl-2 family of
proteins.

The most successful Bcl-2 inhibitors discovered to date are the
ABT series of compounds from the Abbott laboratories. The crystal
structure of Bcl-xL-BH3 peptide complex revealed the presence of a
hydrophobic core formed by the BH1-3 domains of Bcl-xL that
binds a a-helix peptide found in BH3 only proteins.14 A structure
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Figure 1. The BH3 mimetic ABT-737 and quinoxaline core containing natural products, drugs on the market, preclinical agents, a clinical compound and a hit from a high
throughput screen.
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guided fragment based design led to the development of
ABT-737 a small molecule BH3 mimetic.15 ABT-737 had nanomolar
binding affinities for Bcl-xL and Bcl-2 but did not bind Mcl-1.16 In
vitro preclinical studies showed that ABT-737 induced apoptosis in
multiple cancer cell lines at micromolar concentrations.17 Interest-
ingly, down regulation of Mcl-1 resulted in sensitization to
ABT-737 both in vitro and in vivo.18

A combination of knockdown and biochemical studies on the
entire collection of prosurvival protein and BH3 only proteins were
conducted to understand their roles in apoptosis.19 These studies
revealed that knock down of Mcl-1 or Bcl-xL did not induce apop-
tosis however the combinatorial knockdown of Mcl-1 and Bcl-xL
resulted in spontaneous apoptosis (without an external stimu-
lus).20 These are consistent with the sensitization of cells to ABT-
737 upon Mcl-1 knock down. They also highlight the emerging
functional importance of Mcl-1 and the need to develop inhibitors
that perturb Mcl-1 levels.21

A major challenge in directly targeting Mcl-1 is the complexity
associated with its regulation. Mcl-1 levels and its functions are
regulated rapidly through changes in transcription, a number of
posttranslational modifications that affect its localization, its sta-
bility and its ability to form a variety of protein–protein interac-
tions ( Fig. 2).22 On the other hand the various proteins that
regulate Mcl-1 levels are attractive targets for inhibitor develop-
ment.21 In the present study, we screened a focused quinoxaline li-
brary using a cell line without functional Bcl-xL, Bcl-2 and Bcl-w
(accomplished by the inducible expression of the BH3 only protein
Bad3SA). We identified a quinoxaline urea analog 1h as a Mcl-1
pathway inhibitor. Mechanism specific inhibition by 1h was estab-
lished using cell lines in which levels of functional Mcl-1 and Bcl-
xL was regulated by the inducible expression of BH3 only proteins
Noxa and Bad3SA, respectively. Structure–activity relationship re-
vealed the functional groups on 1h required for activity. Follow-up
studies showed that 1h reduced Mcl-1 levels in a dose- and time-
dependent manner. Compound 1h also sensitized cells to ABT-737
and the combination of 1h and ABT-737 resulted in rapid cleavage
of Poly (ADP-Ribose) Polymerase (PARP) a biochemical marker of
apoptosis. We are currently working on establishing the molecular
target of 1h, which will be reported in due course.
2. Results and discussion

2.1. Quinoxaline analogs screened for Mcl-1 depended
apoptosis

Recent reports have shown that quinoxaline analogs have
growth inhibitory and apoptotic activity against several cancer cell
lines.23,7b The quinoxaline analogs 1a–1o screened here for anti-
Mcl-1 activity were previously reported by us to have anti-prolifer-
ative activity.7b The emergence of Mcl-1 as a potential target led us
to screen quinoxaline analogs for Mcl-1 specific inhibitors. We
used a cell line (Dox-Bad3SA) that expressed Bad3SA (a BH3 only
protein that binds Bcl-xL) under doxycycline control. In the pres-
ence of doxycycline the Dox-Bad3SA cell line will express Bad3SA,
which will bind and inactivate Bcl-xL leaving functional Mcl-1 to
control cell survival.19,20 Therefore compounds that are Mcl-1
pathway specific inhibitors will show enhanced apoptosis in
Dox-Bad3SA cells only in the presence of doxycycline. For this
screen Dox-Bad3SA cells were incubated for 6 h with the inhibitors
(10 lM) in the presence and absence of doxycycline. Induction of
apoptosis was measured using caspase 3/7 activity assay (normal-
ized for cell number using alamarBlue).24 Camptothecin (50 lM)
and a Bayer IKKb inhibitor IKK2VII (10 lM)25 a compound with a
well characterized target were used as controls in this screen. Cam-
ptothecin increases the stability of Noxa protein which, competes
with the Mcl-1-Bak complex to release free bak and thereby induce
apoptosis.25c

The quinoxaline library is described in Table 1. The results from
the screen are summarized as a bar chart in Figure 3. The black bars
represent caspase activity in Dox-Bad3SA HeLa cells (�Dox) with
functional Bcl-xL and Mcl-1 while the grey bars represent the same
with only functional Mcl-1 (+Dox). As expected, camptothecin
shows increased caspase 3/7 activity in the cells with only func-
tional Mcl-1 when compared to cells with function Bcl-xL and
Mcl-1. On the other hand IKK2VII shows the opposite effect.
Quinoxaline analogs 1d, 1f, 1j, 1l and 1n show little to no effect
on Dox-Bad3SA both in the presence or absence of doxycycline
and are therefore classified as inactive. Compounds 1a, 1c, 1g,
and 1m show increased caspase activity in Dox-Bad3SA cells both



Figure 2. An overview of the modes of regulation of Mcl-1 function.

Table 1
Focused library of quinoxaline analogs

Entry R1 X R2

1a Methyl O –CH3

1b Methyl O –NH-phenyl
1c Methyl O –NH-(4-benzyl)-piperidine
1d 2-Furanyl O –CH3

1e 2-Furanyl O –NH-phenyl
1f 2-Furanyl S –NH-phenyl
1g 2-Furanyl O –NH-(4-fluoro)-Ph
1h 2-Furanyl O –NH-(4-bromo)-Ph
1i 2-Furanyl O –NH-4-biphenyl
1j 2-Furanyl S –NH-(4-nitro)-Ph
1k 2-Furanyl O –N-Pyrrolidine
1l 2-Furanyl O –N-Morpholine
1m 2-Furanyl O –NH-(4-benzyl)-piperidine
1n Phenyl S –NH-(4-nitro)-Ph
1o Phenyl O –N-Pyrrolidine

Figure 3. Induction of Mcl-1 dependent apoptosis by quinoxaline analogs. Dox-
Bad3SA cells were treated with indicated compounds in the absence (�Dox) and
presence (+Dox) of doxycycline. Caspase activity was measured 6 h after treatment.
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in the presence and absence of doxycycline and are therefore clas-
sified as non-specific inhibitors. Compounds 1b, 1e and 1i are
trending to be IKK2VII like suggesting that they have Mcl-1 agonist
like function. Compounds 1h, 1k and 1o show the desired Mcl-1
dependent caspase activation. It is interesting to note that going
from –H to –F to –Br in 1e to 1g to 1h, respectively resulted in a
systematic trending towards Mcl-1 dependent caspase activation.
Also, a comparison of caspase activation by compounds 1k and
1o suggests the need to explore the R1 position. Therefore, we
decided to generate a second set of quinoxaline analogs to explore
analog 1h further.

2.2. Synthesis and evaluation of quinoxaline urea 1h analogs

To explore the functional groups at the R1 position and the
positional effect of the bromine atom in 1h we generated a second
set of quinoxaline analogs. The quinoxaline core was generated by
condensation of symmetrical diones 2a–e with 4-nitrobenzene-
1,2-diamine (3). Reduction of the resulting nitro compounds
4a–e to the amine 5a–e followed by condensation with substituted
isocyanates yielded the quinoxaline urea analogs 1p–v (Scheme
1).7b

The compounds were screened as described in the previous sec-
tion. Except cell death was quantified after a 12 h incubation by
Hoechst staining. The results from this screen are summarized in
Figure 4. Replacing the furanyl rings at the R1 position with methyl
groups in analog 1p resulted in a complete loss of activity. Not sur-
prisingly removal of both the bromine atom at R4 and furanyl rings
at R1 in analog 1q also resulted in a complete loss of activity.
Replacing the oxygen atoms in the furanyl rings with sulfur atoms
in analog 1r resulted in a significant (>90%) loss of activity. On the
other hand, replacing the furanly rings with phenyl rings in analog
1s resulted in retention of activity. Interestingly replacing the phe-
nyl rings with pyridyl rings in analog 1t also resulted in a complete
loss of activity. A comparison of the activities of 1h, 1r, 1s and 1t
suggests that a chelation driven conformational change could be
responsible for the loss of activity in 1r and 1t. We next probed
the positional effects of the bromine atom in compounds 1u (meta)



Figure 5. Doxycycline inducible cell lines used to identify Mcl-1 specific modula-
tors. Doxycycline (Dox) treatment of cells leads to the induction of GFP, Noxa and
Bad3SA expression.

Figure 6. Compound 1h induces cell death in a Mcl-1 specific manner. Doxycycline
inducible cell lines were treated as indicated for 12 h and stained with Hoechst dye
to quantify number of dead cells. (See Fig. S2 for images).

Figure 7. Down regulation of Mcl-1 by 1h. (left) HeLa cells were incubated with the
indicated concentrations of compound 1h for 12 h. (right) HeLa cells that over-
express Bcl-xL were treated with compound 1h (10 lM) for the indicated time
points. Cells were then harvested and lysates were resolved on SDS–PAGE gels.
DMSO was used as a vehicle control. Actin was used as loading control.

Figure 4. Structure-activity relationship with quinoxaline analogs (1p–1v). Dox-
Bad3SA cells were treated with indicated compounds in the absence (�Dox) and
presence (+Dox) of doxycycline. Cell death was measured 12 h after treatment by
Hoechst staining. (See Fig. S1 for images).

Scheme 1. Synthesis of 1h analogs. Reagents and conditions: (i) Ethanol, reflux
(85–99%); (ii) H2/Pd-C, ethanol, 25–28 �C (85–96%); (iii) CH2Cl2, 25�28 �C (62–83%).
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and 1v (ortho). Moving the bromine atom to the meta position in
analog 1u did not alter the activity however moving it to the ortho
position in analog 1v resulted in >90% loss of activity. This suggests
that the –NH group in the urea could be involved in possible
hydrogen bonding interactions with the molecular target of 1h.

2.3. Follow-up studies to establish Mcl-1 dependent induction
of apoptosis by analog 1h

To demonstrate Mcl-1 dependent induction of apoptosis by 1h
we used two additional cell lines (Dox-GFP and Dox-Noxa).19,20

Figure 5 summarizes the functional prosurvival proteins present
in these inducible cell lines. The Dox-GFP control cell line ex-
presses GFP when treated with doxycycline and has functional
Bcl-xL and Mcl-1. The Dox-Noxa cell line expresses Noxa when
treated with doxycycline, which sequesters Mcl-1 and therefore
has only functional Bcl-xL. The Dox-Bad3SA cell line expresses
Bad3SA and has only functional Mcl-1.
The three cell lines, Dox-GFP, Dox-Noxa and Dox-Bad3SA were
treated with doxycycline (1 lg/mL) for 3 h to induce the expres-
sion of GFP, Noxa and Bad3SA, respectively. The cells were then
treated with DMSO, ABT-737 (1 lM) or 1h (10 lM) for an addi-
tional 12 h. Under the assay conditions neither ABT-737 nor 1h in-
duced cell death in Dox-GFP cells. This is because ABT-737 inhibits
only Bcl-xL allowing functional Mcl-1 to prevent cell death and 1h
inhibits only Mcl-1 allowing functional Bcl-xL to prevent cell
death. As expected, ABT-737 induced cell death in Dox-Noxa cells,
but not in Dox-Bad3SA cells. This is consistent with results re-
ported in the literature about the specificity of ABT-737 for Bcl-
2/Bcl-xL and not Mcl-1.15 Compound 1h induced cell death only



Figure 8. Synergism studies with 1h and ABT-737. (A) Matrix of combination treatment with 1h and ABT-737 in a cell growth assay. (B) Combination index (CI)
determination using matrix data. (C) Time dependent HeLa cell growth at CI = 0.84 concentrations.
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in Dox-Bad3SA cells, but not in Dox-Noxa cells demonstrating its
specificity for Mcl-1 dependent apoptosis (Fig. 6).

To determine if analog 1h perturbs Mcl-1 levels we conducted
dose response (1, 5 and 10 lM of 1h with a 12 h incubation) and
time course (3, 6 and 12 h incubation at 10 lM of 1h) studies.
The lysates were subjected to SDS–PAGE and probed for prosurviv-
al proteins (Mcl-1, Bcl-xL and Bcl-2) by Western blot analyses. We
observed a dose- and time-dependent decrease of Mcl-1 levels in
cells treated with 1h (Fig. 7). For the time dependent studies we
observed varying amounts of cell death in HeLa cells therefore
we used HeLa cells that over express Bcl-xL.

2.4. Synergism studies with 1h and ABT-737

Since 1h selectively perturbs Mcl-1 levels in cells we hypothe-
sized that 1h and ABT-737 will synergistically inhibit growth and
induce apoptosis. To test this hypothesis, we treated HeLa cells
with various concentration combinations of 1h and ABT-737 and
monitored cell growth (Fig. 8A). Data from this study was used
to determine combination indices (CI) for 1h and ABT-737
(Fig. 8B).26 CI < 1 indicates synergy; CI � 1 indicates additive effects
while CI > 1 indicates antagonism.26 CI values ranging from 0.24 to
0.84 were obtained when micromolar concentrations of both drugs
were used, however at lower concentrations CI values >1 were
Figure 9. Apoptosis studies with 1h and ABT-737. HeLa cells were treated as
indicated and cell death was measured by Hoechst staining or caspase activity assay
(inset). For the caspase assay 1 lM of ABT-737 and 10 lM of 1h and 1p were used.
(See Fig. S3 for images).
observed. At the present time we do not fully understand the ob-
served CI > 1. The growth inhibitory effects of the compounds
ABT-737 (12.5 lM) and 1h (10 lM) were monitored individually
and in combination (CI = 0.84) over a five-day period (Fig. 8C). An
inactive compound 1p was used as a control in this experiment.
The results showed a synergistic inhibition of cell growth only with
the combination of 1h and ABT-737.

We next explored if the synergistic growth inhibition extends to
the induction of apoptosis by 1h and ABT-737. Activation of casp-
ases is considered one of the hallmarks of apoptosis. The execu-
tioner caspases cleave multiple structural and repair proteins
resulting in programmed cell death.27 HeLa cells were treated with
either DMSO, 1h, 1p, ABT-737, 1h + ABT-737 or 1p + ABT-737 and
caspase 3/7 activity was measured after a six hour incubation (
Fig. 9 see inset). The compounds individually had very little effect
on the induction of caspases, however the combination of 1h and
ABT-737 resulted in �4-fold increase in caspase activity. No such
effect was observed with the 1p and ABT-737 combination. We
also measured cell death by Hoechst staining and found a dose-
dependent increase of cell death with the combination of 1h and
ABT-737 (Fig. 9). In summary we observed a synergistic induction
of apoptosis with 1h and ABT-737.

To further explore the role of 1h in the induction of Mcl-1
dependent apoptosis and the observed synergism with ABT-737,
we determined expression levels of apoptotic proteins. Activation
of caspases leads to the cleavage of specific proteins such as PARP,
a nuclear protein involved in DNA repair. PARP is one of the earliest
proteins targeted for cleavage by caspases.28 X-linked inhibitor of
apoptosis protein (XIAP) binds directly to caspase-3 and blocks ac-
cess to the substrates.29 Peptides derived from XIAP also bind to
the catalytic site of caspase-7, thereby inactivating its enzymatic
function.30 Therefore, we probed PARP and XIAP levels in cells
treated with DMSO, ABT-737, 1h, 1h + ABT-737 1p, 1p + ABT-737
Figure 10. PARP cleavage by 1h and ABT-737 and down regulation of XIAP in HeLa
cells by 1h evaluated by Western blotting. Tubulin was used as a loading control.
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by Western blot analysis (Fig. 10). PARP cleavage was seen only in
the combination of 1h and ABT-737 and we observed reduced XIAP
levels only in 1h treated cells. This suggests that inhibiting Bcl-xL
does not have any effect on XIAP levels and 1h could be perturbing
an upstream target that regulates both Mcl-1 and XIAP. Together
these studies show synergistic effects of 1h and ABT-737 in induc-
ing apoptosis in these cells.

2.5. Conclusion

In this report, we screened a small quinoxaline library for Mcl-1
dependent apoptosis. We identified compound 1h that had activi-
ties comparable to the positive control camptothecin which was
used at fivefold higher concentrations. We generated a second
set of compounds and identified the key functional groups on 1h
required for its activity. We found that small changes to 1h re-
sulted in significant loss of activity. Using doxycycline responsive
cell lines that express GFP, Noxa and Bad3SA, we established
mechanism specificity of compound 1h. HeLa cells treated with
1h showed a dose- and time-dependent decrease in Mcl-1 levels.
We also showed that 1h and ABT-737 synergistically inhibited cell
growth and induced apoptosis. Reduction of XIAP levels in cells
treated with 1h is consistent with activation of caspases and rapid
cleavage of PARP. In summary, we report the identification and
characterization of quinoxaline urea analog 1h that could have
therapeutic value against ABT-737 refractory cancers.

3. Experimental methods

3.1. Chemistry general methods

All reagents were purchased from commercial sources and were
used without further purification. Flash chromatography was car-
ried out on silica gel (200–400 mesh). Thin layer chromatography
(TLC) were run on pre-coated EMD silica gel 60F254 plates and ob-
served under UV light. 1H NMR (500 MHz) and 13C NMR (125 MHz)
spectra were recorded in chloroform-d or DMSO-d6 on a Varian-
500 spectrometer. LC–MS for the compounds were generated on
an Agilent 1200 series system with UV detector (214 nm and
254 nm) and an Agilent 6130 quadrupole mass detector. All the
compounds tested were >97% pure as determined by LC. Columns
and conditions used to determine purity of the compounds re-
ported are summarized below.

Solvent A: Acetonitrile with 0.01% TFA; Solvent B: Water with
0.01% TFA. Flow rate: 1 mL/min.

Column-condition A: Agilent Zorbax 300SB_C18, narrow bore,
2.1 � 150 mm, 5 lm. 15 min gradient: 2–95% of A.

Column-condition B: Agilent Zorbax Eclipse PAH rapid resolu-
tion, 4.6 � 150 mm, 3.5 lm. 10 min gradient: 5–95% of A.

The spectral characterization data for compounds 1a–1o and 1q
can be found in the Supplementary Data of Ref. 7b.

3.2. General procedure of quinoxalinylurea derivatives 6a–i

To a stirring solution of 5a–e (1.0 mmol) in dichloromethane
(20–30 ml) under nitrogen the corresponding phenylisocyanate
(1.2–1.3 mmol) was added. The mixture was maintained at room
temperature for 12–48 h and the reaction monitored for comple-
tion by TLC. The precipitated solid was filtered, dried and purified
by flash column chromatography to yield the desired compounds.

3.2.1. 1-(4-Bromophenyl)-3-(2,3-dimethylquinoxalin-6-yl)urea 1p
1H NMR (DMSO-d6, 500 MHz) d: 2.61(s, 3H), 2.63 (s, 3H), 7.46 (s,

4H), 7.67 (dd, J1 = 2.44 Hz, J2 = 8.78 Hz, 1H), 7.85 (d, J = 8.78 Hz,
1H), 8.13 (d, J = 2.44 Hz, 1H), 8.98 (s, 1H), 9.15 (s, 1H). 13C NMR
(DMSO-d6, 125 MHz) d: 23.1, 23.5, 114.1, 114.2, 120.9 121.0,
122.5, 129.1, 132.2, 132.3, 137.3, 139.6, 140.4, 142.0, 152.2,
153.0, 154.7 MS Calcd C17H15BrN4O, 370.0; Found ESI-MS m/z:
371.0 (M+1). Retention times, A: 6.9 min and B: 9.3 min.

3.2.2. 1-(4-Bromophenyl)-3-(2,3-di-(thiophen-2-yl)quinoxalin-
6-yl)urea 1r

1H NMR (DMSO-d6, 500 MHz) d: 7.10 (dd, J1 = 4.88 Hz,
J2 = 8.78 Hz, 2H), 7.16 (d, J = 2.93 Hz, 1H), 7.19 (d, J = 3.41 Hz, 1H),
7.48 (bs, 4H), 7.75 (m, 3H), 7.96 (d, J = 8.78 Hz, 1H), 8.28 (d,
J = 2.44 Hz, 1H), 9.08 (s, 1H), 9.34 (s, 1H). 13C NMR (DMSO-d6,
125 MHz) d: 113.4, 114.4, 120.9, 121.1, 124.6, 128.4, 128.5, 129.5,
129.6, 129.8, 130.5, 132.2, 132.3, 136.8, 139.4, 139.6, 141.6,
141.7, 141.9, 142.2, 144.4, 147.0, 152.9. MS Calcd C23H15BrN4OS2,

506.0; Found ESI-MS m/z: 507.0 (M+1). Retention times, A:
10.7 min and B: 11.4 min.

3.2.3. 1-(4-Bromophenyl)-3-(2,3-diphenylquinoxalin-6-yl)urea
1s

1H NMR (DMSO-d6, 500 MHz) d: 7.32–7.39 (m, 6H), 7.42–7.46
(m, 4H), 7.48 (bs, 4H), 7.82 (d, J = 8.78 Hz, 1H), 8.06 (d, J
=8.78 Hz, 1H), 8.35 (s, 1H), 9.07 (s, 1H), 9.35 (s, 1H). 13C NMR
(DMSO-d6, 125 MHz) d: 113.9, 114.4, 120.9, 121.1, 124.4, 128.7,
128.7, 129.2, 129.4, 130.0, 130.3, 130.4, 132.3, 137.5, 139.5,
139.6, 142.0, 142.2, 151.5, 153.0, 153.8. MS Calcd C27H19BrN4O,

494.1; Found ESI-MS m/z: 495.1 (M+1). Retention times, A:
10.4 min and B: 11.1 min.

3.2.4. 1-(4-Bromophenyl)-3-(2,3-di-(pyridin-2-yl)quinoxalin-6-
yl)urea 1t

1H NMR (DMSO-d6, 500 MHz) d: 7.32 (m, 2H), 7.49 (bs, 4H), 7.88
(dd, J = 8.78 Hz, 1H), 7.91–7.99 (m, 4H), 8.12 (d, J = 8.78 Hz, 1H),
8.25 (dd, J = 4.88 Hz, J2 = 5.37 Hz, 2H), 8.41 (s, 1H), 9.10 (s, 1H),
9.41 (s, 1H). 13C NMR (DMSO-d6, 125 MHz) d: 113.9, 114.4, 121.1,
123.7, 123.9, 124.4, 124.6, 125.0, 130.1, 132.3, 137.2, 137.4,
137.5, 139.4, 142.0, 142.4, 148.7, 150.8, 153.0, 153.3, 157.8,
157.9. MS Calcd C25H17BrN6O, 496.1; Found ESI-MS m/z: 497.1
(M+1). Retention times, A: 7.1 min and B: 8.5 min.

3.2.5. 1-(3-Bromophenyl)-3-(2,3-di-(furan-2-yl)quinoxalin-6-
yl)urea 1u

1H NMR (DMSO-d6, 500 MHz) d: 6.66–6.70 (m, 4H), 7.19 (d,
J = 7.81 Hz, 1H), 7.27 (t, J = 7.81 Hz, 1H), 7.38 (d, J = 8.78 Hz, 1H),
7.82 (dd, J = 2.44 Hz, J2 = 8.78 Hz, 1H), 7.83–7.88 (m, 3H), 8.01 (d,
J = 8.78 Hz, 1H), 8.30 (d, J = 2.44 Hz, 1H) 9.16 (s, 1H), 9.43 (s, 1H).
13C NMR (DMSO-d6, 125 MHz) d: 112.6, 112.7, 112.8, 113.4,
113.8, 118.0, 121.4, 122.4, 124.9, 125.5, 129.5, 129.9, 131.5,
136.9, 140.06, 141.7, 141.8, 142.3, 143.0, 145.1, 145.5, 151.2,
151.3, 152.9. MS Calcd C23H15BrN4O3, 474.0; Found ESI-MS m/z:
475.0 (M+1). Retention times, A: 9.2 min and B: 10.1 min.

3.2.6. 1-(2-Bromophenyl)-3-(2,3-di-(furan-2-yl)quinoxalin-6-
yl)urea 1v

1H NMR (DMSO-d6, 500 MHz) d: 6.66–6.70 (m, 4H), 7.02 (t,
J = 7.81 Hz, 1H), 7.39 (t, J = 8.3 Hz, 1H), 7.65 (d, J = 7.81 Hz, 1H),
7.77 (dd, J1 = 2.44 Hz, J2 = 9.28 Hz, 1H), 7.88 (d, J = 9.28 Hz, 2H),
8.03 (d, J = 8.78 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 8.36 (d,
J = 2.44 Hz, 1H), 8.38 (s, 1H), 10.05 (s, 1H). 13C NMR (DMSO-d6,
125 MHz) d: 112.7, 112.8, 112.9, 113.5, 113.7, 114.3, 123.4,
124.8, 125.4, 128.9, 130.1, 133.3, 137.0, 137.1, 140.7, 141.8,
142.3, 143.1, 145.2, 145.6, 151.2, 151.3, 152.8. MS Calcd
C23H15BrN4O3, 474.0; Found ESI-MS m/z: 475.1 (M+1). Retention
times, A: 9.0 min and B: 10.2 min.
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4. Biological activity

4.1. Cell death assays

Doxycyline inducible HeLa cell lines (Dox-GFP, Dox-Noxa, Dox-
BadS3A)19,20 were induced with doxycycline (Dox = 1 lg/mL) for
3 h. Cells were then treated as indicated for 12 h. Cells were fixed
and stained with Hoechst dye and the number of condensed nuclei
was counted for each treatment to determine percent cell death.

4.2. Cell growth inhibition assay

Human cervical tumor cells (HeLa) were cultured in RPMI-1640
medium containing 10% FBS and maintained in a 37 �C incubator
with 5% CO2. Cells were plated at 2000 cells/well in 96 well plates
and incubated overnight. The next day, cells were treated as indi-
cated. The treated cells were assayed for viability using the alamar-
Blue assay. Briefly, 10 lL reagent was added to each well and the
plate was returned to the incubator for 3 h after which fluorescence
at 544ex/590em was measured using a SpectraMax M5e (Molecular
Devices) plate reader. The alamarBlue assay was repeated each
day for 5 days. Growth is expressed as raw fluorescent units (RFU).

4.3. Caspase 3/7 activation

HeLa cells (2000 cells/well) were treated in 96 well plates as
indicated for 6 h. Caspase Glo reagent (Promega, Inc.) was added
and luminescence was measured using a SpectraMax M5 (Molecu-
lar Devices) plate reader after 1 h. Raw luminescence values (RLU)
were normalized to alamarBlue (RFU).

4.4. PARP cleavage

HeLa cells were treated as indicated for 6 h. Cells were har-
vested by collecting media, trypsinizing cells, and centrifuging to
obtain a combined cell pellet from all steps. Cells were lysed in
radio immuno precipitation assay (RIPA) buffer (150 mM NaCl,
1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 50 mM Tris, pH 8.0) and protein content was subjected to
SDS–PAGE. PARP cleavage was determined via Western blotting
using anti-PARP antibody (Calbiochem #AM30).

4.5. Apoptosis protein expression analysis

HeLa cells were treated as indicated for 24 h. Cells were har-
vested by collecting media, trypsinizing cells, and centrifuging to
obtain a combined cell pellet from all steps. Cells were lysed in
RIPA buffer and protein content was subjected to SDS–PAGE.
Mcl-1 and XIAP expression levels were determined via Western
blotting using anti-Mcl-1 antibody (Santa Cruz Biotechnology,
Inc. sc-819) and anti-XIAP antibody (Santa Cruz Biotechnology,
Inc. sc-58537). Anti-a-tubulin antibody (Cell Signaling Technology,
Inc. #3873) was used as a control.
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