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Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that promotes tumor cell adaptation and survival under
hypoxic conditions. HIF-1 is currently recognized as an important molecular target for anticancer drug discovery. The
National Cancer Institute open repository of marine invertebrates and algae lipid extracts was evaluated using a T47D
breast tumor cell-based reporter assay for HIF-1 inhibitory activity. Bioassay-guided fractionation of an active extract
from a crinoid Comantheria rotula yielded seven benzo[g]chromen-4-one and benzo[/]chromen-4-one pigments (1-7).
The structures of the new benzo[g]chromenone dimer 9,9'-oxybis-neocomantherin (1) and another new natural pigment
5 were deduced from spectroscopic and spectrometric data. The crinoid pigments significantly inhibited both hypoxia-
induced and iron chelator-induced HIF-1 luciferase reporter activity in breast and prostate tumor cells. However, inhibition
of HIF-1 in the reporter assay did not translate into a significant decrease in the expression of the downstream HIF-1
target, secreted vascular endothelial growth factor (VEGF). Compound 1 was found to inhibit tumor cell growth in the
NCI 60-cell line panel (Glsy values of 1.6-18.2 uM), and compound 6 produced a unique pattern of tumor cell growth
suppression. Five cell lines from different organs were hypersensitive to 6 (Glso values of 0.29-0.62 uM), and three
others were moderately sensitive (Glsy values of 2.2-5.1 uM), while the GIsy values for most other cell lines ranged
from 20 to 47 uM. Crinoid benzo[g]chromenones were also found to scavenge radicals in a modified DPPH assay.

In solid tumors, hypoxic regions emerge when rapid tumor growth
tips the balance between oxygen supply and consumption, which results
in reduced oxygen levels. Clinical studies revealed that the prevalence
of tumor hypoxia is an indicator of advanced disease stage, treatment
resistance, and poor prognosis.' Currently, there is no approved drug
that selectively targets tumor hypoxia. First discovered as a hypoxia-
induced protein that upregulates the expression of erythropoietin,” the
transcription factor hypoxia-inducible factor-1 (HIF-1) has become an
important molecular target for the discovery of drugs that target tumor
hypoxia.® The availability and activity of the oxygen-regulated HIF-
la subunit plays a major regulatory role in the bioactivity of HIF-1,
relative to that of the constitutively expressed subunit HIF-1p.
Clinically, overexpression of the oxygen-regulated HIF-1a. subunit is
associated with advanced stage tumors and elevated metastasis.* In
animal models, inhibiting HIF-1 through genetic or small molecule-
based approaches suppresses tumor growth and improves the treatment
outcome in adjunct therapy with either radiation or chemotherapeutic
agents.”™"! Because HIF-1 is not activated in well-oxygenated normal
tissues, small molecule HIF-1 inhibitors have the potential to selectively
target tumor cells while sparing normal cells. As a result of intensive
research efforts to discover small molecule HIF-1 inhibitors, a number
of chemically diverse small molecules that target various cellular
pathways have been reported to inhibit HIF-1 function.>'*'* A large
percentage of known small molecule HIF-1 inhibitors are either natural
products or derived from natural products.

Our HIF-1 inhibitor discovery efforts have been focused on utilizing
the biochemical diversity afforded by natural products, in combination
with cell-based screening assays. The National Cancer Institute (NCI)
open repository of marine invertebrates and algae lipid extracts was
evaluated for HIF-1 inhibitory activity. The crude extract of a Papua
New Guinea collection of the crinoid Comantheria rotula A. H. Clark
(Comasteridae) inhibited hypoxia-induced HIF-1 activation (99%
inhibition at 5 g mL™" in a T47D human breast tumor cell-based
reporter assay). Bioassay-guided chromatographic separation of the
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Table 1. Compound 1 *C and 'H NMR Data®

position ¢ On
2/2' 168.3
3/3' 112.6 6.13s
4/4' 178.5
5/5' 160.2
6/6' 170.7
T 103.9 6.01s
8/8' 178.2
9/9' 134.4
10/10" 116.5 795s
11/11" 175.9
12/12' 123.4
13/13' 119.8
14/14' 159.5
15/15' 354 2.56 (t,7.2)
16/16' 19.8 1.73 m
17/17' 13.4 1.03 (t, 7.2)
5/5'-OCHj; 63.6 4.03s
6/6'-OCH3 57.2 3.90s

4 CDCls; 100 MHz for '3C; 400 MHz for 'H.

C. rotula extract produced seven 4H-benzo[g]chromen-4-one and 4H-
benzo[/]chromen-4-one pigments (1-7), which included five previously
reported crinoid metabolites. The structures of two new crinoid
pigments (1 and 5) were elucidated by analysis of spectroscopic and
spectrometric data. Herein, we describe the isolation, structure elucida-
tion, and biological characterization of these compounds.

Results and Discussion

The optically inactive compound 1 was obtained as a yellow
powder with the molecular formula C3sH340,,, as deduced from
analysis of high-resolution electrospray ionization mass spectrom-
etry (HRESIMS) data. The 'H nuclear magnetic resonance (NMR)
spectrum (Table 1) exhibitedthe presence of three methyl group
resonances at 0 1.03 ppm (t, J = 7.2 Hz), 3.90 ppm (s), 4.03 ppm
(s), and three aromatic methine resonances. The 3C NMR spectrum
of 1 (Table 1) showed resonances for 18 carbons, and the '*C DEPT
spectrum indicated the presence of 3 methyl, 2 methylene, 3
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methine, and 10 quaternary carbon atoms. However, this was only
half of the number of the carbon resonances expected from the
molecular formula. This indicated that the structure was that of a
symmetrically substituted dimer. The 2D NMR spectra ['H-'H
correlation spectroscopy (COSY), 'H-'3C heteronuclear multiple-
quantum coherence (HMQC), and 'H-'3C heteronuclear multiple-
bond correlation (HMBC)] of 1 were strikingly similar to those of
2, which was determined to be the known crinoid pigment
neocomantherin (8-hydroxy-5,6-dimethoxy-2-propyl-4H-benzo[g]-
chromen-4-one) by comparison with previously published 'H and
13C NMR data from the literature.'* This suggested that 1 was a
dimeric neocomantherin-like structure. The spectroscopic data from
1 were analyzed with respect to the location of the functional
hydroxy and methoxy groups and the connectivity patterns of the
two naphthalene systems. Analysis of the 'TH-'3C HMBC spectrum
of 1 (Figure 1) revealed the presence of long-range 'H-'3C
couplings between the following: C-2 to H-3, H-15, and H-16; C-5
to C-5-OCHs;; C-6 to H-7 and C-6-OCHs;; C-8 to H-7; C-9 to H-7
and H-10; C-11 to H-10; C-12 to H-3 and H-10; and C-13 to H-7
and H-10. Methylation of the C-8 hydroxy group was easily
performed by treatment of 1 with MeOH/H,SO, to afford 1a. The
downfield change in the "H chemical shift observed for the H-7
resonance from 6 6.01 (1) to 0 6.16 (1a) was consistent with the
proposed structure, in which the free hydroxy groups were located
at C-8. Thus, the structure of 1 was deduced to be 9,9'-oxybis(8-
hydroxy-5,6-dimethoxy-2-propyl-4H-benzo[ g]chromen-4-one and
assigned the trivial name 9,9'-oxybis-neocomantherin.
Compound 5 was obtained as a yellow powder with the molecular
formula C;9H,(Os, as deduced from analysis of the HRESIMS and
13C NMR spectroscopic data. The "H NMR spectrum (Table 2)
exhibited the presence of four methyl resonances, of which three
were oxygen-substituted singlets (6 3.91, 3.98, and 3.98) and one
was a triplet (0 1.04, t, J = 7.2 Hz). Four aromatic methine
resonances were observed. The 3C NMR spectrum of 5 (Table 2)
contained resonances for 19 carbons, and the '3C DEPT spectrum
indicated the presence of four methyl, two methylene, four methine,

0. 0.0

Figure 1. Selected HMBC (H — C) correlations of 1.

Table 2. Compound 5 '3C and '"H NMR Data“

position Oc On

2 167.2

3 109.8 6.01s

4 178.2

5 160.6

6 159.5

7 97.2 6.43 s

8 160.5

9 98.8 6.62s

10 108.4 7.37s

11 154.7

12 114.0

13 114.4

14 139.8

15 354 2.53(t,7.2)
16 19.8 1.76 m

17 134 1.04 (t, 7.2)
5-OCH3 63.6 3.98s
6-OCH3 57.2 391s
8-OCH; 554 3.98s

“ CDCl3; 100 MHz for 3C; 400 MHz for 'H.

and nine quaternary carbon atoms. The spectra of 5 were also similar
to those of neocomantherin (2). The main differences in the NMR
spectra of the two compounds were that the spectra of 5 contained
'H and 13C resonances (at ¢ 3.98 and 55.4 ppm, respectively) that
were consistent with the presence of an additional C-8 methoxyl
group substitution. This suggested that 5 was a new natural product
8-0-methylneocomantherin, which had been previously produced
only through synthetic efforts.'?

Three other previously reported benzo[g]chromenone-4-one
crinoid pigments comantherin (3),'* 5,8-dihydroxy-6-methoxy-2-
propyl-4H-benzo[g]chromen-4-one (4),'® and TMC-256A1 (6)'”
and the known benzo[/h]chromenone-4-one pigment comaparvin
(7)'° were also isolated and identified by a comparison of their 'H
and 13C NMR spectra with those reported in the literature.

The effects of 1-7 on HIF-1 activity were first examined in a
cell-based reporter assay.'® Compounds 1-7 significantly inhibited
both hypoxia-induced and iron-chelator-induced HIF-1 activation
(pHRE-TK-Luc) in T47D breast tumor cells (ICs, values of 1.7-7.3
uM for hypoxia-induced and 0.6-3.0 uM for 1,10-phenanthroline-
induced HIF-1 activation; Table 3). Compounds 1-4 and 6 also
inhibited hypoxia-induced HIF-1 activation (pHRE-TK-Luc) in
PC-3 prostate tumor cells (ICsy values of 1.0-10.0 uM; Table 3).
The ICsg values for 1, 2, 4, and 6 to inhibit 1,10-phenanthroline-
induced HIF-1 activation in PC-3 cells range from 0.8 to 3.9 uM
(Table 3). Unlike any of the natural product-based HIF-1 inhibitors
previously discovered through the use of this assay system,'®2?
compounds 1-6 show selectivity for iron chelator (1,10-phenan-
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Table 3. ICsy Values (uM) of 1-7 on Luciferase Expression
from the HIF-1-Regulated pHRE-TK-Luc and Control (pGL3-
Control) Constructs

T47D PC-3
pHRE-TK-Luc  pGL3-control =~ pHRE-TK-Luc  pGL3-control
1,10-phen hypoxia  hypoxia 1,10-phen hypoxia  hypoxia
1 0.8 7.3 7.5 3.9 10.0 >10.0
2 1.9 2.7 9.0 3.7 32 4.7
3 2.7 2.9 >10.0 >10.0 10.0 >10.0
4 0.6 1.7 7.0 0.8 1.0 2.8
5 2.0 39 >10.0 >10.0  >10.0 >10.0
6 0.9 3.4 >10.0 2.5 33 >10.0
7 3.0 3.0 >10.0 >10.0  >10.0 >10.0
p < 0.001 p <0.05
1.5 1

1.0 1

0.5 1

Secreted VEGF Protein
(pg per ug Cellular Protein)

V7%

0.0 -
Hypoxia (1% O2) — + + + + +
Compound (10uM) — — 1 2

Figure 2. Effects of 1-7 on hypoxic induction of secreted VEGF
protein(s) in T47D cells. Exponentially grown T47D cells were
exposed to hypoxic conditions (1% O,) in the presence of 1-7 (10
uM) for 16 h. Levels of secreted VEGF protein(s) in the conditioned
media were determined by ELISA and normalized to cellular protein
levels. Data shown are mean from one experiment performed in
triplicate, and bars represent standard deviation. The p values were
obtained using ANOVA analysis followed by Bonferroni’s multiple
comparison test (GraphPad Prism 4).

throline)-induced HIF-1 activation (mean ICsy of 1.7 uM; ICs range
of 0.6-3.0 uM) relative to hypoxia-induced HIF-1 activation (mean
ICsp of 3.6 uM; ICs( range of 1.7-7.3 uM) in this cell-based reporter
assay system.

Vascular endothelial growth factor (VEGF), a downstream gene
that is regulated by HIF-1, is perhaps the most potent angiogenic
factor known.>* Avastin, a therapeutic antibody that inhibits VEGF,
is the first Food and Drug Administration (FDA)-approved anti-
angiogenic drug for the treatment of cancer. Because secreted VEGF
protein(s) is the bioactive form and hypoxia is a major physiological
stimuli for VEGF production, the effects of 1-7 (10 M) on hypoxic
induction of secreted VEGF protein(s) were examined in T47D cells
(Figure 2). The benzo[h]chromenone-4-one pigment comaparvin
(7) decreased the hypoxic induction of secreted VEGF protein(s)
by 27% at the concentration of 10 M. None of the compounds
(1-7) inhibited the induction of secreted VEGF protein by 1,10-
phenanthroline in T47D cells (data not shown). Because only 7
partially suppressed hypoxic induction of secreted VEGF proteins,
compounds 1-6 were further evaluated for their specificity and the
possibility that these compounds may be “nuisance compounds”
that directly interfere with luciferase-based assay systems. As shown
in Table 3, compounds 1, 2, and 4 inhibited luciferase expression
from the control construct (pGL3-control). It is possible that
structurally similar yellow pigments may interfere with various
light-based high-throughput screening (HTS) methods but do not
exhibit activity in other forms of bioassays. For example, yellow-
colored phenolic compounds from a marine hydroid have recently
been demonstrated to inhibit the antitumor molecular target
indoleamine 2,3-dioxygenase (IDO) activity in a spectrophotomet-
ric-based in vitro HTS assay, but IDO inhibition could not be
demonstrated with these compounds in a yeast cell-based method.?*
To determine if benzo[g]chromenone-4-one and benzo[/]chrome-
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Figure 3. Effects of 1-7 on the activity of a luciferase standard.
The activity of QuantiLum recombinant luciferase was measured
in the presence and absence of compounds. Data were presented
as a percentage inhibition of the solvent (DMSO) control. This
experiment was performed in triplicate, and the standard deviation
for each data point was less than 5% (not shown).
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Figure 4. Radical scavenging activity of 1-7. A modified 96-well
plate-based DPPH assay was used to measure the radical scavenging
activity. Data obtained from one experiment performed in triplicate
were presented as relative antioxidant activity of the positive control
Trolox, and the bars represent standard deviation. The black solid
bars represent a compound/DPPH ratio of 1:1, and the gray solid
bars represent a compound/DPPH ratio of 1:3.

none-4-one pigments could directly inhibit the luciferase reaction
or directly interfere with the spectrophotometric measurement of
luciferase activity, a concentration—response curve was established
for each of the compounds using a purified luciferase standard (1-7;
Figure 3). Compound 1 was the most potent inhibitor of the
luciferase standard (ICs of 2.4 uM), followed by 2 and 4 that only
inhibited by 48% at the highest concentration (30 uM). The ICs
of 1 to inhibit the luciferase standard is within the range of effective
concentrations in the cell-based HIF-1 reporter assays (Table 3).
However, because the conditioned media that contained dissolved
1 were removed prior to the luciferase assay in the cell-based
system, interference with the luciferase reaction is unlikely to
account for more than a small portion of the observed inhibition in
the cell-based system. For the remaining compounds, weak inhibi-
tion of the luciferase standard (ICsy > 30 #M) does not seem potent
enough to explain the inhibition observed in the cell-based system
(Table 3). Further, crinoid pigments do not appear to inhibit cell-
based luciferase HTS assays by acting as nonspecific transcription
or translation inhibitors, because this would result in a suppression
of secreted VEGF protein(s) production.

Cellular oxygen sensing is commonly believed to be mediated
by mitochondrial reactive oxygen species (ROS).*>S Therefore,
certain radical scavengers may be able to inhibit HIF-1 signaling
but otherwise exert very little effect on cells grown in culture. To
test this hypothesis, compounds 1-7 were evaluated for their radical
scavenging ability using a modified 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical assay. The crinoid benzochromenones 1—4 and 6
were found to have about 40% of the DPPH radical scavenging
capacity of the standard radical scavenger Trolox (Figure 4).
Remarkably, compounds 1—4 and 6 were also the only crinoid
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pigments that significantly inhibited HIF-1 activity in PC-3 prostate
tumor cells (Table 3).

The effects of crinoid benzo[g]chromen-4-one pigments 1 and
3-6 on tumor cell proliferation and viability were examined in the
NCI 60-cell line panel. Compound 1 inhibited tumor cell growth
with a marginal level of selectivity (Glsy values of 1.6-18.2 uM;
Supporting Information). Moreover, crinoid pigment 6 produced a
unique pattern (0.54 Pearson correlation coefficient for the closest
compound by COMPARE analysis) of tumor cell growth suppres-
sion. Five cell lines from different organs were hypersensitive to 6
(Glsp values of 0.295-0.62 uM), while the Glsy values for most
other cell lines ranged from 20 to 47 uM (Supporting Information).

Because 1-6 inhibit HIF-1 reporter activity but do no decrease
the production of the HIF-1 target-secreted VEGF protein(s), these
pigments were not considered for further evaluation or development.

Experimental Section

General Experimental Procedures. The IR spectrum was obtained
using an AATI Mattson genesis Series Fourier transform infrared
spectroscopy (FTIR). The NMR spectra were recorded in CDCl; on a
Bruker AMX-NMR spectrometer operating at 400 MHz for 'H or 100
MHz for 3C. The NMR spectra were recorded running gradients and
using residual solvent peaks (6 7.27 for 'H) and (6 77.0 for *C) as
internal references. The HRESIMS spectra were measured using a
Bruker Daltonic micro-time of flight (TOF) with electrospray ionization.
Silica gel (200400 mesh) was used for CC. Thin-layer chromatogra-
phies (TLCs) were run on Merck SigoF2s4 or SigoRPisFas4 plates and
visualized under UV at 254 nm or by heating after spraying with a 1%
anisaldehyde solution in acetic acid/H>SO4 (50:1).

Crinoid Material. The crinoid material was obtained from the NCI
open repository program. C. rotula A. H. Clark (Comasteridae) samples
were collected at 8 m depth on October 13, 1991 (collection C007979)
from Papua New Guinea. The sample was collected by the Australian
Institute of Marine Science and identified by Dr. R. Alistair Birtles
(James Cook University, Townsville, Australia). It was frozen at —20
°C and ground in a meat grinder. A voucher specimen was placed on
file with the Department of Invertebrate Zoology, National Museum
of Natural History, Smithsonian Institution, Washington, D.C.

Extraction and Isolation. Ground C. rotula material was extracted
with water. The residual sample was then lyophilized and extracted
with CH,Cl,/MeOH (1:1); residual solvents were removed under
vacuum; and the crude extract was stored at —20 °C in the NCI
repository at the Frederick Cancer Research and Development Center
(Frederick, Maryland). The crude extract of the marine crinoid (4 g)
was separated into four fractions by Si gel CC (50 g), using a step
gradient of hexanes in EtOAc (85:15, 50:50, and 0:100). Active fraction
4 [250 mg, which was originally eluted with hexanes/EtOAc (1:1)]
was further separated by a second level of Si gel CC [hexanes/CH,Cl,/
EtOAc (1:1:2)] to give 1 (10 mg, 0.25% yield), 2 (50 mg, 1.25% yield),
and 3 (20 mg, 0.50% yield). Active fraction 3 [300 mg, which was
originally eluted with EtOAc in hexanes (50:50)] was subjected to Si
gel CC with EtOAc in hexanes (1:2) to give 4 (10 mg, 0.25% yield),
5 (20 mg, 0.50% yield), 6 (5.0 mg, 0.12% yield), 7 (30 mg, 0.75%
yield), and an additional quantity of 2 (100 mg, 3.25% total yield).

9,9'-Oxybis-neocomantherin.

9,9'-Oxybis(8-hydroxy-5,6-dimethoxy-2-propyl-4H-ben-
zo[g]chromen-4-one (1). Yellow powder. IR (KBr) vmax: 3375, 1661,
1580 cm™!. UV (CH30H) Amax (log €): 224 (4.42), 276 (4.61), 405
(3.81). 'H and '3C NMR data in Table 1. HRESIMS m/z: 665.1998 (M
+ Na*) (calcd for C36H34011, 6651997)
9,9'-Oxybis(5,6,8-trimethoxy-2-propyl-4H-benzo[g]chromen-4-
one) (1a). Compound 1 (2 mg) was dissolved in MeOH (1 mL), and
two drops of concentrated H,SO4 was added. The reaction mixture was
stirred for 5 h at ambient temperature. The mixture was washed
successively with diluted NaOH and water. The reaction product was
purified by preparative TLC to give 1a (1.5 mg). 'H NMR (CDCls,
400 MHz) o: 6.15 (s, H-3), 6.16 (s, H-7), 7.97 (s, H-10), 4.02 (s,
5-OCHz), 3.89 (s, 6-OCHs), 3.97 (s, 8-OCHzs), 1.03 (t, J = 7.2 Hz,
H-17), 1.76 (m, H-16), 2.57 (t, J = 7.2 Hz, H-15).
8-0-Methylneocomantherin.
5,6,8-Trimethoxy-2-propyl-4H-benzo[g]chromen-4-one (5). Yel-
low powder. IR (KBr) vma: 3370, 1660, 1475 cm™'. UV (CH;OH)
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Amax (log €): 253 (4.42), 276 (4.61), 405 (3.80). 'H and '*C NMR data
in Table 2. HRESIMS m/z: 328.1380 (calcd for Ci9H20Os, 328.1311).

Cell-Based Luciferase Assay. The T47D and PC-3 cells (ATCC)
were maintained in DMEM/F12 media with glutamine (Mediatech)
supplemented with 10% fetal calf serum [FCS, (v/v) Hyclone], 50 units
mL ! penicillin G sodium, and 50 ug mL~"! streptomycin (Biowhittaker)
in a humidified environment under 5% CO,/95% air at 37 °C.
Transfection, compound treatment, exposure to hypoxic conditions, a
hypoxia mimetic (10 4uM 1,10-phenanthroline), and measurement of
luciferase activity were performed as previously described.'® The ICs
values were determined using GraphPad Prism 4 software from
experiments performed in triplicate. Compounds were tested at half-
log concentrations, and the standard deviation values for over 95% of
the data points are less than 15%.

Enzyme-Linked Immunosorbent Assay (ELISA) for Secreted
VEGF Protein(s). Plating of T47D cells, compound treatment, hypoxic
exposure, and determination of secreted VEGF protein(s) level in the
conditioned media were the same as those previously described.'®:!
The only modification is that the cells were lysed with 250 uL of
M-PER mammalian protein extraction reagent (Pierce) after removal
of the conditioned media, and protein concentrations in the cell lysates
were determined using the Micro BCA protein assay kit (Pierce). The
amount of secreted VEGF protein(s) was normalized to the amount of
protein in the cellular lysates.

Luciferase Standard Assay. QuantiLum recombinat luciferase was
purchased from Promega (E1701). The enzyme stock (14.4 mg mL™})
was thawed on ice and diluted in assay buffer [1x passive lysis buffer
(Promega) supplemented with BSA (1 mg mL™!)]. For luciferase ac-
tivity determination, an equal volume of luciferase substrate (Promega,
E1501) was added to a mixture of QuantiLum recombinat luciferase
(46.8 ug mL™") and compound in the assay buffer. Light output was
measured on a BioTek Synergy HT plate reader. The data were
presented as a percentage inhibition of the solvent dimethylsulfoxide
(DMSO)-treated control.

DPPH Radical Scavenger Assay. Compounds were prepared as
stock solutions in DMSO (4 mM for 1-7 and 30 mM for Trolox) and
diluted with isopropanol to achieve the final concentration. A mixture
of compound and DPPH in isopropanol was added to 96-well plates in
a volume of 200 uL/well, and light absorbance at 515 nm (ODs;s5) was
measured on a BioTek Synergy HT plate reader. The following formula
was used to calculate the radical scavenging activity: [ 1 —ODs;s(compound)/
ODs;s(control)] x 100. The formula for relative radical scavenging
activity was [activity(compound)/activity(Trolox)] x 100. Test com-
pounds were evaluated at a final concentration of 10 uM and were
examined using two different concentrations of DPPH (10 and 30 uM).
Under experimental conditions, the solvent (DMSO) had no effect.
Trolox and DPPH were purchased from Sigma.
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