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Hypoxia-inducible factor (HIF) is a transcription factor in-
duced by hypoxia and degraded by ubiquitin-dependent protea-
somes in normoxic conditions. HIF-1a regulates the transcrip-
tion of many genes involved in key aspects of cancer biology,
including various immortalizations, maintenance of stem cell
pools, cellular dedifferentiation, genetic instability, vascular-
ization, metabolic reprogramming, autocrine growth factor
signaling, invasion/metastasis, and treatment failure.' Hypoxic
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tumor cells are resistant to conventional chemotherapy and
radio-therapy.z'4 Consequently, the presence of hypoxia in tu-
mors plays a negative role in patient prognosis.

The importance of HIF-1a in the mediation of normal and
pathological processes has motivated considerable efforts to
identify HIF-1a inhibitors. Although a wealth of inhibitory
compounds are available, synthesizing HIF-1a inhibitors with
anovel small-molecule core skeleton fitting individual HIF-1a
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Figure 1. Structure of HIF-1a inhibitors (1-8) based on phenylimidazo[1,2-a]pyridine core skeleton identified in primary screen. Structure of

the compounds with no or little HIF-1a inhibitory activity (9-16).
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Figure 2. The reference compounds in the training set obtained from
prous.integrity.com site as HIF-1a inhibitors for the pharmacorphore
model.

has proven to be a challenge. Many reports exist describing the
development of anticancer agents targeting HIF-1a, but only
some anticancer agents, incorporating heterocyclic rings and
several aromatic core skeletons, have been identified as inhibi-
tors of HIF-1a activity.s'6 We therefore undertook an investiga-
tion aimed at developing novel and simple drug-like heterocyclic
derivatives as inhibitors of HIF-1c.” By using the bioisostere
concept based on benzene ring fused bicyclic HIF-1a inhibitors,
we have designed scaffolds that combine the pyridine moiety
found in phenylimidazo[1,2-a]pyridine ring system.

Herein, we report initial evidence showing that compounds
with a phenylimidazo[1,2-a]pyridine core skeleton are selec-
tive HIF-1a inhibitors, and have potential as anticancer agents
in treatment. The aim of this study was to investigate the bio-
chemical properties of HIF-1a and to identify new core skele-
ton inhibitors of HIF-1a. To identify small-molecule inhibitors
of HIF-1a, we screened 1,200 compounds using the HRE/
SW480 stable cell line containing HRE-luc[pHTS-9XHRE-
Luc]. Once HIF-1a was induced, the HRE (hypoxia response
element) promoter was activated by binding with HIF-1a, which
turns on the reporter gene, luciferase. Therefore, the compounds
can be tested for whether HIF-1a activation is inhibited using
this system. These 1,200 compounds represent structurally di-
verse and druggable 20,000-member heterocyclic compound
libraries, including imidazole, benzopyrans, oxazoles, thiazoles,
thiadiazoles, and pyridines.g'12

The primary screen identified several phenylimidazo[1,2-a]
pyridines (Figure 1, 1-8 compounds) as inhibitors of HIF-1a
cell activities (Figure 1). Despite their structural similarity to
the phenylimidazo[ 1,2-a]pyridine scaffold (Figure 1, 9-16 com-
pounds) from the library showed little or no HIF-1a inhibitory
activity in the primary screen. From preliminary structure-acti-
vity relationship studies of 1-16, it appears that the phenyl-
imidazo[1,2-a]pyridine moiety is critical to their HIF-1a in-
hibitory activities, as shown in Figure 1.

To clearly investigate the structure-activity relationship
studies of 1-16, we selected known 67 compounds from the
Prous site (http://prous.integrity.com) as HIF-la inhibitors.
After 3D structures of these compounds were generated using
CONCORD," they were minimized using Gasteiger-Huckel
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Figure 3. Pharmacophore mapping for reference compound R1, having
Fitvalue 4.0. The green sphere represents the hydrogen-bond acceptor
site, cyan the hydrophobic sites. All compounds in the training set
above have a Fitvalue of 2.9 or more.

Figure 4. Pharmacophore mapping for compound 2, having a Fitvalue
2.90.

charges and conjugated gradient methods. In order to consider
the structural redundancy of the subset, we carried out the
maximum dissimilarity study using the Extended Connectivity
Fingerprints (ECFP)."* We selected 5 reference compounds as
the training set, as shown in Figure 2. Based on the bioisostere
concept, we considered the selected references (especially
Figure 2, Rl-RSlS'lg) as having quite similar core skeletons
with our desired phenylimidazo[1,2-a]pyridine structure. Co-
mmon feature pharmacophores are generated using the HipHop
algorithm.”® Predefined pharmacophore features are used to
automatically create the pharmacophores hypothesis model.
The list of features of 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. Our
compounds showed a fit value range from 0.3 to 3.2.

The pharmacophore mapping for reference compound R1
having Fitvalue 4.0 is shown in Figure 3. The green sphere
represents the hydrogen-bond acceptor site, and cyan the hydro-
phobic sites. All compounds in the training set had a Fitvalue
of 2.9 or more. Our efforts were particularly focused on to
calculating pharmacophore mapping of the structure of Rl1,
since the conformation structures of our hit compounds had
similar R1’s. The pharmacophore mapping for compounds 2
and 6, which present the highest activity, having fit values of
2.90 and 3.23, respectively, are also shown in Figures 4 and 5.
The oxygen atom on the ester group of compounds 2 and 6
have hydrogen-bond acceptor roles like the nitrogen atom on
the pyridine ring of R1, as shown in Figures 3 and 4 (green
sphere represents the hydrogen-bond acceptor site). However,
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Figure S. Pharmacophore mapping for Compound 6, having a Fitvalue
of 3.23.

Figure 6. Pharmacophore mapping for Compound 16, having a fit-
value of 0.38. This compound did not match the hydrogen-bond accep-
tor site, resulting in decreased activity.

Table 1. The fit values for 16 compounds shown in Figure 1

Compounds % inhibition at 2.5 uM Fitvalue
1 81.1 1.00
2 110.3 2.90
3 126.7 2.73
4 117.2 2.93
5 53.9 2.93
6 95.9 3.23
7 22 2.98
8 71.5 1.98
9 “ 1.99
10 - 1.95
11 - 2.74
12 - 291
13 - 2.09
14 - 1.98
15 - 2.60
16 - 0.38

“Compounds with no or little HIF-1a inhibitory activity.

when the ether group instead of the ester group was introduced
on the benzene ring, compound 16 did not match the hydrogen-
bond acceptor site, and presented a very low fitvalue of 0.38,
resulting in decreased activity. The fit values of the other com-
pounds shown in Figure 1 are listed in Table 1.

In summary, we screened 1,200 heterocyclic small molecules,
and identified a novel hit core skeleton of phenylimidazo[ 1,2-a]
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pyridine, selected as a potential HIF-1 inhibitor and demon-
strated its effects in inhibiting HIF-1a, leading to inhibition of
hypoxia-induced responses in vitro and pharmacophore anal-
ysis. Further studies are currently underway to optimize the
potency and selectivity of phenylimidazo[ 1,2-a]pyridine ace-
tates (Figure 1, compound 2-6) and address their in vivo efficacy
and therapeutic potential. These molecules may serve as useful
mechanistic probes of the cellular function of HIF-1a and the
anticancer potential of biological mechanisms underlying com-
pulsive chronic cancer agents.

Experimental Procedure

General for synthesis. All chemicals were reagent grade
and used as purchased. Reactions were monitored by TLC
analysis using Merck silica gel 60 F-254 thin layer plates or
ATR-FTIR analysis using TravelIR™ (SensIR Technology).
Flash column chromatography was carried out on Merck silica
gel 60 (230 - 400 mesh). On solid-phase synthesis, reactions,
filtration, and washing were carried out on a MiniBlock (Boh-
dan) and solvent evaporation was performed on a GeneVac
Atlas HT-4 centrifugal vacuum evaporator. The crude products
were purified by parallel chromatography using Quad3™.'H
NMR and °C NMR spectra were recorded in § units relative
to deuterated solvent as an internal reference using a Bruker
500 MHz NMR instrument. LC-MS analysis was performed on
an ESI mass spectrometer with PDA detection. LC-MS area %
purities of all products were determined by LC peak area anal-
ysis (XTerraMS Cis column, 4.6 mm % 100 mm; PDA detector
at 200 - 400 nm; gradient, 5 - 95% CH3CN/H»0).

Representative synthesis of 2-{4-(2-fluorobenzyoxy ester)
phenyl} -6-methyl imidazo[1,2-a] pyridine (14): We prepared
2-(4-hoxyphenyl)-6-methylimidazo[1,2-a]pyridine as a pre-
cursor of the final products by a previously-reported method.”'
Then, to a mixture of 2-(4-hoxyphenyl)-6-methylimidazo
[1,2-a]pyridine (40.0 mg, 0.179 mM) in the mixture of tetra-
hydofuran (THF) and N,N-dimethylformamide (DMF) (4:1,
3 mL) solution at room temperature was added 2-fluoro-ben-
zoyl chloride (33.9 mg, 0.214 mM, 1.2 equiv.) and triethylamine
(27.1 mg, 0.268 mM, 1.5 equiv.) with 4-N,N-dimethylamino
pyridine (DMAP, cat. 0.1 equiv.), and the mixture was heated
at 50 °C for 3 h. Evaporation of the solvent gave a residue which
was purified by column chromatograph [ethylacetate/ hexane
1/4 (v/v) as eluent], and yielded the desired product 14 (32 mg,
51%). "H NMR (500 MHz, CDCl3)  8.15-8.12 (m, 1H), 8.00-
7.98 (m, 2H), 7.89 (s, 1H), 7.76 (s, 1H), 7.65-7.59 (m, 1H),
7.53(d, 1H,J=9.2 Hz), 7.31-7.29 (m, 3H), 7.28-7.26 (m, 1H),
7.03-7.02 (m, 1H). LC/MS (ESI) m/z 347 ((IM+H]").

Materials for screening. Cell culture medium, fetal bovine
serum (FBS), and horse serum were obtained from Invitrogen
(Gaithersburg, MD, USA). An 18-mer peptide [DLDLEAL-
APYIPADDFQ)] as the substrate of the PHD2 enzyme, was
synthesized by AnyGen Co. Ltd. (Kwangju, Korea). The 18-mer
peptide matches the amino acid residues 556 to 575 of HIF-1a.
To identify PHD activators, chemical compounds were obtained
from Korea Research Institute of Chemical Technology (Dae-
jeon, Korea). All of the other chemicals were purchased from
Sigma (St. Louis, MO, USA) and/or the same as described’
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unless otherwise indicated.

Inhibitory efficacy test of the compounds on cancer cell
proliferation. 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 DMED containing 10% FBS at 37 °C.

Cell culture. HCT116 cells cultured in T75 were transferred
to 96 well plates as follows. When cells reached a confluence,
the cells were trypsinized using trypsin-EDTA solution for 5
minutes after washing with PBS. Subsequently, 10 mL of cul-
ture 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 as 5,000 cells/
100 pL/well. The cells were incubated for 24 hours in a CO;
incubator.

Preparation of the testing material. The testing material stock
plate was prepared as a concentration of 0.1, 0.3, 1, 3, 10, and
30 mM in DMSO. 2 uL of stock solution was diluted in 248 pL.
of culture media as a 1/125 dilution. The cell culture media was
aspirated out, and 175 pL of fresh media was added. 25 pL of
the prepared stock solution was added to the media, which
gave concentrations of 0.1, 0.3, 1, 3, 10, and 30 uM. The treated
cells were incubated for 72 hours.

Measurement. After 72 hours of incubation, 20 pL 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-1a using an HRE/SW480 stable cell line containing
HRE-luc[pHTS-9XHRE-Luc]."”* Once HIF-1a was induced,
the HRE (hypoxia response element) promoter was activated
by binding with HIF-1a, which turns on the reporter gene, luci-
ferase. In this way, the compounds could be tested for whether
HIF-1a activation is inhibited.

Experimental method: To achieve hypoxic conditions, 100
uM of CoCl, 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 3D structures
of these compounds were generated using CONCORD, " they
were minimized using Gasteiger-Huckel charges and conju-
gated gradient methods. In order to consider the structural re-
dundancy of the subset, we carried out a maximum dissimilarity
study using Extended Connectivity Fingerprints (ECFP)."* We
selected 5 compounds as the training set, as shown in Figure 1.
Common feature pharmacophores were generated using the

Notes

HipHop algorithm.” The predefined pharmacophore features
were used to automatically create the pharmacophores hypo-
thesis model. The lists of feature of minimum and maximum
values are 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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