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The hypoxia-inducible factor (HIF) is a transcription factor 
induced by hypoxia that is degraded by ubiquitin-dependent 
proteasomes in normoxic conditions. HIF-1α regulates the tran-
scription of many genes involved in key aspects of cancer bio-
logy, including various immortalizations, maintenance of stem 
cell pools, cellular dedifferentiation, genetic instability, vascul-
arization, metabolic reprogramming, autocrine growth factor 
signaling, invasion/metastasis, and treatment failure.1 As hy-
poxic tumor cells are resistant to conventional chemotherapy 
and radio-therapy, their presence exacerbates patient progno-
sis.2-4

The importance of HIF-1α in the mediation of normal and 
pathological processes has motivated considerable efforts to 
identify HIF-1α inhibitors. Although a wealth of inhibitory com-
pounds is available, synthesizing HIF-1α inhibitors with a novel 
small-molecule core skeleton fitting individual HIF-1α has 
proven to be a challenge. Many reports have described the de-
velopment of anticancer agents targeting HIF-1α, but only a few 
anticancer agents, incorporating heterocyclic rings and several 
aromatic core skeletons, have been identified as inhibitors of 
HIF-1α.5-6 We therefore attempted to develop novel and simple, 
drug-like, heterocyclic derivatives as inhibitors of HIF-1α.7 By 
using the bioisostere concept based on benzene ring-fused, 
bicyclic HIF-1α inhibitors, we designed scaffolds that combine 
the pyridine moiety found in the 3-phenylethynyl-2-yl-oxy qui-
noxaline ring system.8

Herein, we report initial evidence showing that compounds 
with a 3-phenylethynyl-2-yl-oxy quinoxaline core skeleton are 
selective HIF-1α inhibitors, and therefore have potential to be 
anticancer agents. The aim of this study was to investigate the 
biochemical properties of HIF-1α and identify new core skele-
ton inhibitors of HIF-1α. To identify such small-molecule in-
hibitors of HIF-1α, we screened 163 substituted quinoxaline 
derivatives using the HRE/SW480 stable cell line containing 
HRE-luc[pHTS-9XHRE-Luc]. Once HIF-1α was induced, the 
hypoxia response element (HRE) promoter was activated by 
binding with HIF-1α, which in turn activated the reporter gene, 
luciferase. Therefore, the compounds can be tested for whe-
ther HIF-1α activation is inhibited using this system. The 163 
screened quinoxaline compounds represent 4,000 structurally 
diverse and druggable derivatives.9-11

The efficacy of the 163 compounds in inhibiting Hif-RGA 
cell proliferation was screened at a compound concentration of 
5 μM and the compounds that reproducibly inhibited growth 
by over 80% were selected. In the first round of screening, 18 
compounds reproducibly exhibited an IC50 value below 2.5 μM. 
We found structural similarity for the 3-position of the substi-
tuted phenylethynyl group and the 2-position of yl-oxy group 
on the quinoxaline as hit compounds of HIF-1α cell activities. 
Among them, the 2 hit compounds selected for further screen-
ing had the following structures: 6-amino-3-substituted phenyl-
ethynyl-2-yl-oxy quinoxaline (Figure 1, compound 3892) and 
5-methoxy-3-phenylethynyl-2-yl-oxy quinoxaline (Figure 1, 
compound 3909). Preliminary structure-activity relationship 
studies of the 18 hit compounds indicated that the 3-phenyl-
ethynyl-2-yl-oxy quinoxaline moiety is critical to their HIF-1
α inhibitory activities, as shown in Figure 1.

As shown Figure 1, compounds 3819, 3892, 3909, and 3913 
which have hydrophilic functional group at 5- or 6- position of 
benzene ring, were showed higher activities compared to pro-
ton or chloride or fluoride substituent at the same position. To 
clearly investigate the structure-activity relationship studies of 
the 18 compounds of the 3-phenylethynyl-2-yl-oxy quinoxaline 
hit compounds, we selected 5 known compounds (R1 ~ R5) 
from the Prous site (http://prous.integrity.com)8,12-15 as HIF-1α 
inhibitors and used them in the training set, as shown in Figure 2. 
After the 3D structures of these compounds were generated 
using CONCORD,16 they were minimized using Gasteiger- 
Huckel charges and conjugated gradient methods. The common 
pharmacophores were generated using the HipHop algorithm.17 
Predefined pharmacophore features were used to automatically 
create the pharmacophore hypothesis model. The list of fea-
tures of the minimum and maximum values was as follows: 
H-bond acceptor (Hba) 0 and 5, H-bond donor (Hbd) 0 and 5, 
Hydrophobic (Hy) 0 and 5. The compounds in the training set 
showed fit values ranging from 2.9 to 4.0. We have previously 
reported this model.18

The pharmacophore mapping for reference compound R1 
having fit value of 4.0 is shown in Figure 3. The green and 
cyan spheres represent the hydrogen-bond acceptor site and the 
hydrophobic sites, respectively. All compounds in the training 
set had a fit value of 2.9 or more. We focused on calculating the 
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Figure 3. Pharmacophore mapping for reference compound R1, having
fit value of 4.0. The green and cyan spheres represent the hydrogen- 
bond acceptor site and the hydrophobic sites, respectively. All com-
pounds in the training set above have a fit value of 2.9 or more.
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Figure 2. The reference compounds in the training set obtained from 
prous.integrity.com site as HIF-1α inhibitors for building the pharma-
cophore model.
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Figure 1. Structure of HIF-1α inhibitors based on 3-substituted phenylethynyl-2-yl-oxy quinoxaline core skeleton identified in primary 
screening.

pharmacophore mapping of the structure of R1, since the con-
formation structures of our hit compounds were similarity to 
those of R1, as aforementioned. The pharmacophore mapping 
for compound 3909, which presented the highest activity with 

a fit value of 2.92, is shown in Figures 4. The pharmacophore 
mapping for compound 3909, the 5-methoxy group and the 
2-ethoxy group on the aniline group of compound 3909 had 
hydrophobic center roles, similar to the 4-NH2 group in com-
pounds 3892 and 3891. The N atom of the pyridine ring of com-
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Figure 4. Pharmacophore mapping for compound 3909, having a fit 
value of 2.92.

Table 1. The fit values for the selected compounds shown in Figure 1.

Compounds Percentage inhibition 
at 2.5 uM

IC50SD
(uM) fit value

3892 87.62 0.25 2.32
3909 86.25 0.23 2.92

pound 3909 also played a hydrogen-bond acceptor role, like 
that of the nitrogen atom on the pyridine ring of R1, as shown in 
Figure 4 (the green sphere represents the hydrogen-bond accep-
tor site). The hydrogen-bond acceptor site seemed to be very 
important for sustaining the inhibitory activity against HIF-1α.

In summary, we screened 163 substituted quinoxaline small 
molecules, identified a novel hit core skeleton of 3-phenylethy-
nyl-2-yl-oxy quinoxaline as a potential HIF-1 inhibitor, and 
demonstrated its effects in inhibiting HIF-1α, thereby inhibiting 
in the hypoxia-induced responses in vitro. Further studies are 
currently underway to optimize the potency and selectivity of 
3-phenylethynyl-2-yl-oxy quinoxaline (Figure 1, compound 
3909) and address their in vivo efficacy and therapeutic poten-
tial. These molecules may serve as useful mechanistic probes of 
the cellular function of HIF-1α and the anticancer potential of 
biological mechanisms underlying compulsive chronic cancer 
agents.

Experimental Procedure

Synthetic procedures for the preparation of 5-methoxy-3- 
phenylethynyl-2-(2-(pyridine-2-yl)ethoxy)quinoxaline (3909).
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Synthesis of 3-methoxybenzene-1,2-diamine (2): A solution 
of 3-methoxy-4-nitro aniline (1) (10.0 g, 59.5 mmol) and 10% 
Pd/C (~1.0 g) in dichloromethane (CH2Cl2, 250 mL) was stirred 
under H2 gas (~20 psi) condition for 6 hours. The resulting 
mixture was filtered and then concentrated in vacuo to remove 
the solvent. The desired product 2, 3-methoxybenzene-1,2-di-
amine, was obtained in good yield (95%, 7.8 g). 1H NMR (500 
MHz, CDCl3) δ 7.01 (t, J = 8.1 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H), 
6.69 (d, J = 8.1 Hz, 1H), 3.80 (s, 3H), 3.48 (br s, 4H).

Synthesis of 5-methoxy-1,4-dihydroquinoxaline-2,3-dione 
(3): A solution of 3-methoxybenzene-1,2-diamine (2) (5.0 g, 
36.2 mmol) and oxalic acid (3.3 g, 36.2 mmol) in 3 N aq. HCl 

(100 mL) was stirred at reflux condition for 24 hours. The re-
sulting mixture was filtered and then washed with cold water 
and dried in vacuum oven at 50 oC. The desired product 3, 4- 
methoxy-1,4-dihydroquinoxaline-2,3-dione, was obtained in 
good yield (89%, 6.7 g). 1H NMR (300 MHz, DMSO-d6) δ 11.87 
(br s, 1H), 11.23 (br s, 1H), 7.04 (t, J = 8.1 Hz, 1H), 6.79 (d, J = 
8.1 Hz, 1H), 6.73 (d, J = 8.1 Hz, 1H).

Synthesis of 5-methoxy-2,3-dichloroquinoxaline (4): To a 
stirred solution of 4-methoxy-1,4-dihydroquinoxaline-2,3-di-
one (3) (5.0 g, 26.0 mmol) in chloroform (CHCl3, 100 mL) was 
added thionyl chloride (9.3 g, 78.0 mmol) and N,N-dimethyl-
formamide (DMF, 0.5 mL) at reflux condition for 24 hours. The 
resulting mixture was concentrated in vacuo to remove the 
solvent and then water was added. The desired product was 
filtered and washed with water and dried in a vacuum oven at 
50 oC. The desired product 4, 4-methoxy-2,3-dichloroquinox-
aline, was obtained in good yield (78%, 4.8 g). 1H NMR (300 
MHz, CDCl3) δ 7.73 (t, 1H), 7.62-7.59 (m, 1H), 7.17-7.14 (m, 
1H).

Synthesis of 2-chloro-5-methoxy-3-phenyl ethynyl quinox-
aline (5): To a stirred solution of 4-methoxy-2,3-dichloroqui-
noxaline (4) (4.27 g, 18.5 mmol) in dimethylsulfoxide (DMSO, 
2 mL) solution was added phenylacetylene (2.3 mL, 21.3 mmol), 
triethylamine (18.0 mL, 129.6 mmol), palladium(II) acetate 
(290 mg, 1.3 mmol), copper(I) iodide (437 mg, 1.7 mmol) and 
triphenylphosphine (388 mg, 2.0 mmol) at 80 oC for 2 hours. 
The resulting mixture was concentrated in vacuo to remove the 
solvent and then water was added. The mixture was extracted 
with ethylacetate and the organic layer was washed with water 
and dried over MgSO4. After removal of solvent in vacuo, the 
residue was purified by SiO2 column chromatography (CH2Cl2: 
n-hexane = 3:2) to yield the desired compound 5, 2-chloro-5- 
methoxy-3-phenylethynylquinoxaline (83%, 4.6 g). 1H NMR 
(300 MHz, CDCl3) δ 7.54-7.45 (m, 5H), 7.43 (m, 2H), 7.23 (d, 
1H), 4.05 (s, 3H).

Synthesis of 5-methoxy-3-(phenylethynyl-2-(2-pyridine-2- 
yl) ethoxy) quinoxaline (Hit compound, 3909): To a stirred 
solution of 2-(pyridin-2-yl)ethanol (1.43 g, 11.6 mmol) in tetra-
hydrofuran (THF; 10 mL) solution was added sodium hydride 
dispersion (60%) in mineral oil (743 mg, 18.6 mmol) at room 
temperature for 20 minutes, after which THF (10 mL) solution 
of the prepared compound 5, 2-chloro-5-methoxy-3-phenyl-
ethynylquinoxaline (2.75 g, 9.3 mmol), was dropped for 1 hour. 
Stirring was continued at room temperature for 8 hours. The 
resulting mixture was concentrated in vacuo to remove the 
solvent and then water was added. The mixture was extracted 
with ethylacetate and the organic layer was washed with water 
and dried over MgSO4. After removal of solvent in vacuo, the 
residue was purified by SiO2 column chromatography (CH2Cl2: 
Ethanol = 9:1) to yield the desired compound 3909, 5-me-
thoxy-3-(phenylethynyl-2-(2-pyridine-2-yl) ethoxy) quinox-
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aline (79%, 2.84 g). 1H NMR (500 MHz, CDCl3) δ 8.56 (d, J = 
4.8 Hz, 1H), 7.60-7.62 (m, 3H), 7.51-7.54 (m, 3H), 7.48 (t, J = 
8.1 Hz, 1H), 7.37-7.43 (m, 4H), 7.11-7.14 (m, 1H), 7.06 (d, J = 
7.9 Hz, 1H), 4.99 (t, J = 6.5 Hz, 2H), 4.05 (s, 3H), 3.42 (t, J = 
6.5 Hz, 2H); MS (ESI) m/z 382 ([M + H]+).

Materials for screening: Cell culture medium, fetal bovine 
serum (FBS), and horse serum were obtained from Invitrogen 
(Gaithersburg, MD, USA). As the substrate of the prolyl hy-
droxylase domain (PHD2) enzyme, an 18-mer peptide [DLD-
LEALAPYIPADDFQ], was synthesized by AnyGen Co. Ltd. 
(Kwangju, Korea). The 18-mer peptide matches the amino acid 
residues 556 to 575 of HIF-1α. To identify the PHD activators, 
chemical compounds were obtained from the Korea Research 
Institute of Chemical Technology (Daejeon, Korea). All other 
chemicals were purchased from Sigma (St. Louis, MO, USA) 
and/or were the same as described.7

Inhibitory efficacy test of the compounds on cancer cell pro-
liferation: To evaluate the anti-cancer effect of the synthetic 
compounds, the colon cancer cell line HCT116 was used to test 
the inhibitory effect on cancer cell proliferation. HCT116 was 
cultured with Dulbecco's Modified Eagle Medium (DMED) 
containing 10% FBS at 37 oC.

Cell culture: HCT116 cells cultured in T75 were transferred 
to 96-well plates as follows. When cells reached a confluence, 
they were trypsinized using trypsin-EDTA solution for 5 mi-
nutes after washing with phosphate-buffered saline (PBS). Sub-
sequently, 10 mL of culture media was added and the mixture 
was centrifuged at 1,500 rpm for 3 minutes. The supernatant 
was aspirated out and the cell pellet was resolved in 10 mL of 
culture media. The cells were counted and transferred to a 96- 
well plate at 5,000 cells/100 μL/well. The cells were incubated 
for 24 hours in a CO2 incubator.

Measurement: After 72 hours of incubation, 20 μL of MTS 
solution (CellTiter 96 Aqueous one solution cell proliferation 
assay) was added and incubated for 1 hour. The reaction was 
measured using a Thermo-MAX microplate reader (Molecular 
Devices) at 490 nm.

Inhibitory efficacy test of compounds on HIF binding using 
reporter assay system. 

Principle of experiment: Hypoxic conditions were induced 
to HIF-1α using an HRE/SW480 stable cell line containing 
HRE-luc[pHTS-9XHRE-Luc].1,20 Once HIF-1α was induced, 
the HRE promoter was activated by binding with HIF-1α, which 
in turn activated the reporter gene, luciferase. In this way, the 
compounds could be tested for the inhibition of HIF-1α acti-
vation.

Experimental method: To achieve hypoxic conditions, 100 
μM of CoCl2 was treated on a [pHTS-9XHRE-Luc] SW480 cell 
line for 24 hours. After compound treatment with a series of 
concentrations for 20 hours, luciferase activity was measured 
using Bright-glo (promega).

Computational method: We selected 67 compounds from 
prous.integrity.com site as HIF-1 inhibitors. After the 3D struc-
tures of these compounds were generated using CONCORD,16 
they were minimized using Gasteiger-Huckel charges and con-
jugated gradient methods. In order to consider the structural 

redundancy of the subset, we carried out a maximum dissimil-
arity study using Extended Connectivity Fingerprints (ECFP).19 
We selected 5 compounds as the training set, as shown in 
Figure 1. The pharmacophores with common features were 
generated using the HipHop algorithm.17 Predefined pharma-
cophore features were used to automatically create the pharma-
cophore hypothesis model. The list of features of the minimum 
and maximum values was as follows: H-bond acceptor (Hba) 0 
and 5, H-bond donor (Hbd) 0 and 5, Hydrophobic (Hy) 0 and 5.
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