1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Nat Prod. Author manuscript; available in PMC 2019 January 08.

-, HHS Public Access
«

Published in final edited form as:
J Nat Prod. 2016 May 27; 79(5): 1267-1275. doi:10.1021/acs.jnatprod.5b00846.

Screening and Biological Effects of Marine Pyrroloiminoquinone
Alkaloids: Potential Inhibitors of the HIF-1a/p300 Interaction

Andrew K. L. Goey, Cindy H. ChauT, Tristan M. SissungT, Kristina M. Cook", David J.
Venzon*, Amaya Castro8, Tanya R. Ransom$, Curtis J. Henrich81, Tawnya C. McKee$,
James B. McMahon8, Tanja Grkovic!, Melissa M. Cadelis', Brent R. Copp', Kirk R.
Gustafson$, and William D. Figg™'

Clinical Pharmacology Program, National Cancer Institute, Bethesda, Maryland 20892, United
States *Biostatistics & Data Management Section, National Cancer Institute, Bethesda, Maryland
20892, United States SMolecular Targets Laboratory, Center for Cancer Research, National
Cancer Institute, Frederick, Maryland 21702-1201, United States ‘Basic Science Program,
Leidos Biomedical Research, Inc., Frederick National Laboratory for Cancer Research, Frederick,
Maryland 21702-1201, United States "School of Chemical Sciences, University of Auckland,
Auckland 1142, New Zealand

Abstract

Inhibition of the hypoxia-inducible factor 1a (HIF-1a) pathway by disrupting its association with
the transcriptional coactivator p300 inhibits angiogenesis and tumor development. Development of
HIF-1a/p300 inhibitors has been hampered by preclinical toxicity; therefore, we aimed to identify
novel HIF-1a/p300 inhibitors. Using a cell-free assay designed to test compounds that block
HIF-1a/p300 binding, 170 298 crude natural product extracts and prefractionated samples were
screened, identifying 25 active extracts. One of these extracts, originating from the marine sponge
Latrunculia sp., afforded six pyrroloiminoguinone alkaloids that were identified as positive hits
(ICsq values: 1-35 u4M). Luciferase assays confirmed inhibition of HIF-1a transcriptional activity
by discorhabdin B () and its dimer (2), 3-dihydrodiscorhabdin C (3), makaluvamine F (5),
discorhabdin H (8), discorhabdin L (9), and discorhabdin W (11) in HCT 116 colon cancer cells
(0.1-10 ¢, p < 0.05). Except for 11, all of these compounds also reduced HIF-1a transcriptional
activity in LNCaP prostate cancer cells (0.1-10 uM, p < 0.05). These effects occurred at
noncytotoxic concentrations (<50% cell death) under hypoxic conditions. At the downstream
HIF-1a target level, compound 8 (0.5 M) significantly decreased VEGF secretion in LNCaP cells
(0<0.05). In COLO 205 colon cancer cells no activity was shown in the luciferase or cytotoxicity
assays. Pyrroloiminoquinone alkaloids are a novel class of HIF-1a inhibitors, which interrupt the
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protein—protein interaction between HIF-1a and p300 and consequently reduce HIF-related
transcription.
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Hypoxia, a general feature of solid tumors, plays a critical role in various cellular processes
including angiogenesis, cancer development, and progression. Cellular responses to hypoxia
are orchestrated by activation of the heterodimeric transcription factor hypoxia-inducible
factor 1 (HIF-1). HIF-1 is composed of an O,-regulated HIF-1a subunit and a constitutively
expressed HIF-14 subunit. Upon stabilization by hypoxia, the HIF-1a subunit accumulates
and dimerizes with HIF-18. The HIF-1a/g complex binds to cognate hypoxia response
elements (HRESs) and activates transcription of many HIF-1 target genes, such as vascular
endothelial growth factor (VEGF), glucose transporter 1, enolase-1 (ENO1), and lactate
dehydrogenase A (LDHA).! In this process, the transcriptional coactivators p300 and
CREB-binding protein (CBP) bind to HIF-1a to stabilize the HIF-1a/8-HRE complex.

In many human tumors HIF-1a is overexpressed, including colon, breast, lung, and prostate
carcinomas.? In certain cancer types, including colon cancer,3 expression of HIF-1a is
associated with VEGF expression and microvessel density. Direct inhibition of HIF-1a,
e.g., by disrupting the binding between HIF-1a and p300, is therefore an interesting and
widely studied drug target in cancer research.>=9 Previously, our laboratory generated a high-
throughput screening (HTS) assay that can be used to identify small-molecule inhibitors of
HIF-1a through inhibiting the binding interaction between the C-terminal transactivation
domain (CTAD) of HIF-1a and the cysteine histidine-rich domain 1 (CH1) domain of
p300.° We subsequently showed that the natural compounds gliotoxin, chaetocin, and
chetomin (CTM), members of the epidithiodiketopiperazine (ETP) family, were able to
disrupt the HIF-1a/p300 complex in multiple cancer cell lines, downregulated the
expression of HIF-1a target genes, inhibited angiogenesis in vitro, and inhibited tumor
growth in vivo.52 However, clinical application of ETPs is limited by their toxicity.5

Therefore, our objective was to identify more specific and less toxic HIF-1a inhibitors by
using the HTS assay we developed to screen for compounds and natural product extracts that
can disrupt the HIF-1a/p300 complex. Our recently described HIF-1a/p300 assay1 enabled
us to perform a high-throughput screening of extracts from the National Cancer Institute’s
Natural Products Repository, which led to the discovery of pyrroloiminoquinone alkaloids
including discorhabdin and makaluvamine alkaloids originating from a Latrunculia sp.
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sponge as potential HIF-1a/p300 inhibitors. These natural products comprise a large and
well-studied family of marine-derived alkaloids that contain a tricyclic pyrroloiminoquinone
core structurel112 and have been reported to exhibit many potent biological activities,
including cytotoxic, antiviral, antimalarial, and immunomodulatory effects.12 However, the
molecular mechanisms or target of these compounds remain to be elucidated. Here we
describe the identification of pyrroloiminoguinone alkaloids as HIF-1a/p300 inhibitors,
followed by their biological effects in several cancer cell lines.

RESULTS AND DISCUSSION
HIF-1 a/p300 Screening Results.

A total of 170 298 crude natural product extracts and prefractionated extract samples were
screened in the HIF-1a/p300 assay at a concentration of 10 pg/mL. Reconfirmation studies
of the initial hits identified 25 extracts as potential projects for bioassay-guided natural
product isolation efforts. One of these extracts (NSC# C005119), sourced from an Australian
Latrunculia sp. marine sponge, exhibited robust activity in the screening assay, and it was
selected for a detailed chemical study. Fractionation of the extract by repeated
chromatography on diol, Sephadex LH-20, and C1g media ultimately led to the isolation of a
family of pyrroloiminoquinone alkaloids, namely, (+)-discorhabdin B (1),12 a (-)-
discorhabdin B dimer (2),14 3-dihydrodiscorhabdin C (3),15 (+)-discorhabdin G*/1 (4),16:17
and (-)-makaluvamine F (5).18 These compounds were all previously isolated from marine
sponges, with the exception of the dimeric compound 2, which was shown to form as a
consequence of long-term storage of discorhabdin B (1).14 Structural assignments and purity
of all of the isolated natural products were confirmed by LC-MS and by comparison of their
spectroscopic data (HRMS, H NMR, 13C NMR, ap), with the appropriate literature values.

To enlarge the panel of compounds for comparative testing, samples of (+)-discorhabdin A
(6), (-)-discorhabdin D (7), (-)-discorhabdin H (8), (-)-discorhabdin L (9), (-)-discorhabdin
N (10), and (-)-discorhabdin W (11), previously reported from New Zealand specimens of
Latrunculia sp.,1” were included in the study. Spectroscopic analysis of all the compounds
used in this study confirmed they were 295% pure (Supporting Information). Compounds 1,
2, 3,5, 8, and 9 were identified as the most potent HIF-1a/p300 inhibitors in the screening
assay (ICsq values shown in Table 1) and were evaluated further for biological activity in
cell-based assays. Discorhabdin W (11) showed no activity in the screening assay and was
therefore included as a negative control in subsequent experiments.
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Cytotoxicity in Human Cancer Cell Lines.

Our previous studies with inhibitors of HIF-1a/p300 demonstrated sensitivity in HCT 116
and prostatic carcinoma cell lines.8: Therefore, we tested the cytotoxicity of compounds 1,
2,3,5,8,9,and 11 in HCT 116 and LNCaP cells under hypoxic conditions (0.5-1% O5).
Tirapazamine (TPZ), previously shown to be an HIF-1a inhibitor,1% was used as a positive
control in all CCK-8 assays since TPZ increases chemosensitivity in many oxygen-deprived
human cancer cell lines.20 As shown in Table 2, most compounds were well tolerated in
HCT 116 cells at concentrations up to 10 xM (18 h) or 50 pM (48 h). Interestingly,
pyrroloiminoquinone alkaloids (including compounds 3 and 4) have previously been shown
to be highly cytotoxic in HCT 116 cells, with 1Csq values in the lower micromolar range.2!
Most likely, the difference in cytotoxicity is due to a longer treatment time (72 h) performed
under normoxic conditions in the study by Antunes et al.2! The hypoxic conditions in our
cytotoxicity experiments could also explain the difference in drug sensitivity, as certain
drugs are more cytotoxic in normoxia than in hypoxia.20 In fact, the observed limited
cytotoxicity under hypoxia suggests that oxygen could mediate the cytotoxicity of
pyrroloiminoquinone alkaloids, since their reduction potentials fall within biologically
relevant reduction ranges,18:22 suggesting that these compounds could couple with oxygen to
generate reactive oxygen species. In LNCaP cells discorhabdin and makaluvamine alkaloids
were also well tolerated (Table 2), as shown by minimal cytotoxicity at the maximum test
concentration of 10 4M. Also in colorectal COLO 205 cells the majority of the tested
compounds (2, 5, 8, 11) did not cause substantial cell death up to concentrations of 10 4/M
(Table 2).

Biological Activity I: Inhibition of HIF-1a Activity in an HIF Reporter Gene Assay.

A dual luciferase reporter assay was carried out to determine the inhibitory effects of
compounds 1,2, 3, 5, 8, 9, and 11 on the transcriptional activity of HIF-1a. Hereto HCT 116,
LNCaP, and COLO 205 cells were transfected with an HIF-1 reporter plasmid containing a
hypoxia response element that mediates HIF-1-dependent gene transcription. In HCT 116
cells, all compounds significantly decreased HIF-1a transcriptional activity at one or more
concentrations (Figure 1). As shown by the greatest effect at the lowest test concentration of
0.1 zM, compound 2 appeared to be the most potent at decreasing reporter activity.
Compounds 1, 2, 3, 8, 9, and 10 were active at concentrations that were not notably
cytotoxic (<50% cell death) in the cytotoxicity assay (Figure 1), indicating that the decrease
in the HRE-mediated reporter activity was not caused by nonspecific cell death.
Surprisingly, compound 11, which was inactive in the protein—protein assay, reduced HIF
reporter activity in HCT 116 cells. None of the tested alkaloids (0.1-10 xM) significantly
decreased the hypoxia-induced luciferase signal in COLO 205 cells (Supporting
Information). It has been shown previously that the hypoxic induction of HIF-1a is
differentially regulated in different colon cancer cells. As such, anti-VEGF antibodies that
significantly inhibited the hypoxic induction of HIF-1a in HCT 116 cells were not effective
in COLO 205 cells.?3 Indeed, in our studies HCT 116 cells were more sensitive to inhibition
of HIF-1a activity by pyrroloiminoquinone alkaloids. The differential effects of these
compounds on HIF-1a transcriptional activity in COLO 205 vs HCT 116 colon cancer cells
demonstrate that discorhabdin and makaluvamine alkaloids exhibit cell-type specificity
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similar to anti-VEGF antibodies. Most compounds also reduced luciferase activity at one or
more concentrations in LNCaP cells (Figure 2). In more detail, the following compounds
were effective at nontoxic concentrations (based on cytotoxicity results presented in Table
2):1 (1 M), 2 (1 M), 3 (1 M), 5 (0.1, 1 M), 8 (0.1 M), and 9 (1 zM). Compound 11 did
not show activity in LNCaP cells. The results of the HIF reporter assay in HCT 116 and
LNCaP cells are similar to previous reports that drugs inactive in cytotoxicity assays (e.g.,
thalidomide, lenalidomide) may still have clinical activity through mechanisms on the
immune system or on the tumor microenvironment that may not be detectable in a cytotoxic
cell line screen.24 Interestingly, in the HIF reporter assay several compounds (2 and 8 in
HCT 116 and LNCaP cells and 9 in HCT 116 cells) displayed a U-shaped dose-response:
their activity at lower concentrations was reduced at higher concentrations. U-shaped dose
—response curves are often observed with antiangiogenic agents,® as exemplified by the
effects of the angiogenesis inhibitor endostatin on HIF-1a gene expression in human
endothelial cells26 and on tumor growth in tumor-bearing mice.2”+28 In addition, other
angiogenesis inhibitors (e.g., interferon-a,29 rosiglitazone,30 angiostatin3l) exhibited similar
U-shaped dose—efficacy curves in vivo. Various other mechanisms of action have been
reported for pyrroloiminoquinone alkaloids. For example, the electrophilic activity of
compound 1 has been suggested to potentiate its cytotoxic effects.14 We, however, do not
expect that electrophilic reactivity is the underlying mechanism for disrupting the HIF-1a/
p300 binding, because of the presence of a positively charged zinc ion between the C-TAD
of HIF-1a and CH1 of p300.9 In fact, ejection of this zinc ion was shown to be the
mechanism of action of ETPs.® Whether pyrroloiminoquinone alkaloids share the same
mechanism of action has yet to be determined. Moreover, despite lacking the electrophilic
A2 unsaturation, compounds 8 and 9 still showed activity in our HIF reporter assay in both
HCT 116 and LNCaP cells. Furthermore, makaluvamines, such as compound 5, have been
shown to inhibit DNA topoisomerase 11,18 which is involved in the translation of HIF-1a.32
Clearly, these compounds may have multiple mechanisms of action, as shown by our
discovery of compound 5 as HIF-1a/p300 inhibitor. Wada et al. tested a range of
discorhabdin A (compound 6) analogues in a panel of cytotoxicity and mechanism-based
assays;33 however they could not conclude anything definitive regarding the molecular
mechanism or targets of these compounds. All of the assays were run under oxic conditions,
whereas the assays in our study were run under hypoxic conditions. As such, we
demonstrated the significance of oxygen in mediating the cytotoxic effects of discorhabdins.
Several discorhabdins have been tested for antitumor activity in vivo, but discorhabdin D
(compound 7) is the only reported discorhabdin with such activity.34 Despite showing
cytotoxicity to cancer cells in vitro, several discorhabdins (A, B, C,34 P, and discorhabdin
analogue 54a33) did not reduce tumor growth in xenograft models. This lack of activity is
likely due to instability of the compounds in vivo, since the latter two compounds either
were not detected or were barely detectable in blood after administration.33 On the other
hand, the iminoquinone structure of the active discorhabdin D has been reported to be more
stable due to cross-linking between the nitrogen atom of the iminoquinone and the a-carbon
of the spiroenone.32 On the basis of this finding, compounds 2, 8, and 9 also have stable
iminoquinone structures and are therefore most likely to be stable in vivo. Therefore, these
compounds were selected for further testing in downstream assays.
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Biological Activity Il: Effects on Downstream HIF-1a Target Gene.

Since VEGEF is one of the downstream targets of HIF-1a, we conducted VEGF ELISA
assays in LNCaP and HCT 116 cells under hypoxic conditions. LNCaP cells were treated for
18 h with compounds 2, 8, and 9 within the concentration range that significantly reduced
HIF-1 transcriptional activity in the HIF reporter gene assay (Figure 2). As shown in Figure
3A-C, a significant decrease of VEGF secretion was observed for compound 8 (0.5 uM),
while compound 9 caused a borderline significant decrease of VEGF concentrations (0.25-1
KUM). The effects of the test compounds were cell-type specific, as shown by the VEGF
ELISA results in HCT 116 cells. After 48 h treatment with compounds 2, 8, and 9 at
concentrations with activity in the HIF reporter assay, none of these compounds significantly
reduced hypoxia-induced VEGF secretion after comparison with the hypoxia control (Figure
3D,E; data not shown). However, we did observe a statistically nonsignificant trend in the
decrease of VEGF secretion by compound 2 (0.1-0.25 pM) after both 18 h (data not shown)
and 48 h treatments (Figure 3D). Discrepancies between HIF activity and effects on HIF
downstream targets have been previously reported for HIF inhibitors.3® In our experience,
HIF-1a/p300 inhibitors have been shown to have differential effects on downstream HIF
targets that are cell-type specific.® For example, gliotoxin lowered ENO1, VEGF, and
LDHA mRNA expression in PC3 prostate cancer cells but exhibited no effects in HCT 116
cells. Previous studies by McKee et al. on HIF-2 inhibitors with demonstrated HIF reporter
activity also produced variable results with affecting downstream VEGF protein levels as
well as other downstream targets that were cell-line-dependent.3® This suggests that direct
HIF inhibitors may exhibit more than one mechanism of action that would subsequently
affect downstream target genes, and these effects may be cell-type-specific. Considering the
differential effects of HIF-1a/p300 inhibitors on downstream HIF target genes, ongoing
and future studies will elucidate the effects of our compounds on the expression of other
HIF-1 downstream targets at the post-transcriptional and post-translational level.

In summary, for the first time we describe the novel role of pyrroloiminoquinone alkaloids
as potential HIF-1a/p300 inhibitors. Five discorhabdins and one makaluvamine alkaloid that
disrupted the HIF-1a/p300 interaction in a cell-free protein—protein assay were tested in
COLO 205, HCT 116, and LNCaP cell lines. The activity of the compounds was confirmed
in HCT 116 and LNCaP cells (but not in COLO 205 cells): the vast majority of the
compounds inhibited the transcriptional activity of HIF-1a (Table 3). Compounds 1, 2, 3, 5,
8, and 9 were active in both cell lines and are therefore the most interesting compounds for
further evaluation. Promisingly, results of the reporter gene assay were confirmed by
inhibitory activity on VEGF secretion by compound 8 and to a lesser extent by compound 9
in LNCaP cells. Future preclinical studies will characterize the molecular mechanism of
action of pyrroloiminoquinone alkaloids, their effects on angiogenesis and tumor growth,
and toxicity profile in order to determine their potential as novel HIF-1a/p300 inhibitors.

EXPERIMENTAL SECTION

General Experimental Procedures.

TPZ, CTM, and dimethyl sulfoxide (DMSO) originated from Sigma-Aldrich (St. Louis,
MO, USA). Fetal bovine serum (FBS) and charcoal/dextran-treated FBS were purchased
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from Atlanta Biologicals (Lawrenceville, GA, USA). Pen Strep (100 U/mL penicillin +100
pg/mL streptomycin), Opti-MEM, McCoy’s 5A medium, Lipofectamine 2000 and
Lipofectamine 3000 transfection reagent, and 0.25% trypsin-EDTA were purchased from
Life Technologies (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Dulbecco’s
phosphate-buffered saline (DPBS) was purchased from Lonza Ltd. (Basel, Switzerland).

HIF-1a/p300 Screening Assay.

The screening of potential HIF-1a/p300 inhibitors was carried out using a cell-free protein
—protein assay. The basic principle of this assay is to determine HIF-1a/p300 disruption by
measuring displacement of the HIF-1a binding domain of p300 (CH1) from the
p300binding domain of HIF-1a (C-TAD) that is immobilized on streptavidin-coated
multiwell plates.10:36 Details of this assay were as described previously.10

Isolation of Pyrroloiminoquinone Alkaloids.

Cell Lines.

A 2.0 g aliquot of the Latrunculia sp. extract (NSC# C005119) was dissolved in MeOH-
CH,0, (1:1), adsorbed onto4gof diol solid support (YMC Diol 120A, 5-50 mm) and then
placed on top of a prepacked column of diol media (17.1 g). The column was eluted with
120 mL volumes of hexane— CH,0, (9:1), CH,0,—EtOAc (20:1), 100% EtOAc, EtOAC
-MeOH (5:1), and 100% MeOH. The HIF-1a/p300 inhibitory activity was concentrated in
the fractions eluted with EtOAc—MeOH (198 mg) and MeOH (913 mg). These fractions
were combined and then chromatographed on Sephadex LH-20 elutedwith CH,Q,—MeOH
(1:1). A dark green band was collected (472 mg) from the LH-20 column, and after solvent
removal it was separated by Cqg reversed-phase chromatography using a step-gradient
elution with 100% H,0, Ho,O-MeOH (3:1), HoO-MeOH (1:1) H,O-MeOH (1:3), 100%
MeOH, MeOH-CH>Cl;, (1:1), and 100% CH,Cl,. The material eluted from C1g with H,O—
MeOH (1:1 and 1:3) was combined (60 mg) and rechromatographed on diol eluting with
EtOAc—MeOH + 0.05% TFA (5:1), EtOAc—MeOH + 0.05% TFA (3:1), EtOAc-MeOH
+0.05% TFA (1:1), 100% MeOH, and MeOH-CH,Cl5 (1:1). The active diol fractions were
purified by repeated C1g HPLC using a CH3CN-H,0 + 0.05% TFA gradient from 20%
CH3CN to 100% CH3CN over 40 min to provide 5.1 mg of (+)-discorhabdin B (1), 4.0 mg
of (-)-discorhabdin B dimer (2), 3.9 mg of 3-dihydrodiscorhabdin C (3), 2.3 mg of (+)-
discorhabdin G*/1 (4), and 7.8 mg of (-)-makaluvamine F (5).

COLO 205 cells (ATCC) were cultured in RPMI-1640 medium (ATCC), HCT 116 cells
(ATCC) were grown in McCoy’s 5A medium (Gibco), and phenol-free RPMI-1640 medium
(Gibco) was used for culturing of LNCaP cells (ATCC). Maintenance medium for each cell
line was supplemented with 10% FBS and 1% Pen Strep. Cells were cultured in 5% CO»,
and 95% air at 37 °C. For hypoxia experiments cells were placed in a hypoxia chamber
(BioSpherix) set at 0.5% O, for COLO 205 and HCT 116 cells or at 1% O2 for LNCaP cells
(37 °C).
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Cytotoxicity Assay.

Cells (in 100 pL of maintenance medium) were seeded into 96-well plates at a concentration
of 15 000 (COLO 205, LNCaP) or 10 000 (HCT 116) cells/well. Twenty-four hours later,
cells were treated with fresh medium containing either pyrroloiminoquinone alkaloid,
positive control TPZ, or DMSO (0.5%, v/v) followed by 18 h (HCT 116, LNCaP) or 48 h
(HCT 116, COLO 205) incubation under hypoxic conditions. Each concentration was tested
in quadruplicate, and experiments were performed in triplicate. The tested concentration
ranges were 0.001-10, 0.05-50, and 0.1 — 10 uM for COLO 205, HCT 116, and LNCaP
cells, respectively. The next morning 10 pL of CCK-8 (Dojindo Molecular Technologies,
Inc.) was added to each well. After incubation for 2 h at 37 °C, absorbance was read at 450
nm on a SpectraMax M2 fluorescence plate reader (Molecular Devices). The fluorescent
signal of each sample was normalized to the average signal of the DMSO-treated controls to
calculate percent cell viability.

HIF Reporter Assay.

In order to investigate inhibition of HIF-1a transcriptional activity by discorhabdin and
makaluvamine alkaloids, a dual luciferase reporter assay (Promega) was carried out. Hereto,
COLO 205 and HCT 116 cells were seeded into 96-well plates for 24 h at a concentration of
30 000 and 50 000 cells/well, respectively. Subsequently, cells were transiently cotransfected
with 100 ng of pGL4.42[luc2P/HRE/Hygro] plasmid (Promega) containing four copies of
the HRE sequence fused to a firefly luciferase reporter and 10 ng of pRL-TK (Renilla
control reporter) plasmid using Lipofect-amine 2000 according to the manufacturer’s
instructions. Twenty-four hours after transfection, cells were treated with medium containing
0.1% FBS with 100 pL of pyrroloiminoquinone alkaloids (0.01-10 puM) or the positive
controls CTM (0.5 puM) and TPZ (25 uM). Each concentration was tested in quadruplicate,
and experiments were performed in triplicate. Plates were then incubated under normoxic or
hypoxic (0.5% O») conditions for 18 h. Cells were lysed, and luminescence was measured
on a GloMax 96 microplate luminometer with dual injectors (Promega) according to the
Dual-Luciferase Reporter Assay System manual (Promega). Luciferase activity in each well
was analyzed by normalizing the HRE-luciferase signal to the pRL-TK luciferase signal.
Subsequently, the fold-induction of each sample was calculated by dividing its normalized
luciferase signal by the average HRE:TK ratio of the hypoxic controls (DMSO).

For LNCaPs, the seeding density was 15 000 cells/well and cells were cotransfected with
pRL-TK-HRE plasmid (10 ng of pGL4.42[luc2P/HRE/Hygro] plasmid, 1 ng of pRL-TK
plasmid), with Lipofectamine 3000 (0.3 pL/well) according to the manufacturer’s
instructions. Twenty-four hours after transfection, cells were treated with phenol-free
RPMI-1640 medium containing 0.1% charcoal-stripped FBS with pyrroloiminoquinone
alkaloids (0.1,1,10 pM) and incubated for 18 h in the hypoxia chamber (1% O,). Other
procedures in these cells were similar as described earlier for COLO 205 and HCT 116 cells.

VEGF ELISA.

HCT 116 cells were seeded into 96-well plates at a concentration of 25 000 and 15 000 cells/
well, respectively. After an overnight incubation at 37 °C, maintenance medium was
replaced with 100 of medium (5% charcoal-stripped FBS for HCT 116 cells; 0.1% charcoal-
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stripped FBS for LNCaP cells) containing pyrroloiminoquinone alkaloids (compound 2, 8,
or 9) or control (DMSO or CTM). HCT 116 cells were treated at the following drug
concentrations: 0.1, 0.25, and 0.5 uM for compound 2, 0.25, 0.5, and 1 uM for compound 8,
0.1, 0.25, and 0.5 pM for compound 9, and 0.5 pM for CTM. LNCaP cells were treated with
these compounds at 0.25, 0.5, and 1 uM, while CTM was added at 0.25 uM. After
incubation for 48 h at 0.5% O, (HCT 116) or 18 h at 1% O, (LNCaP), supernatant was
diluted 4-fold (HCT 116) or 2-fold (LNCaP), and 200 pL of sample was used for VEGF
quantification with the Quantikine VEGF ELISA kit (R&D Systems, Inc.). In addition, cell
viability was determined using the CCK-8 assay to calculate VEGF secretion per cell.

Statistical Analyses.

The exact Wilcoxon rank sum test was applied to each comparison of one concentration of a
compound vs the hypoxic control in the luciferase and VEGF ELISA (LNCaP) data. Results
of the VEGF ELISA experiments in HCT 116 cells were analyzed with the stratified
Wilcoxon rank sum test with experiment as the stratification factor to compare the effects of
a compound vs the hypoxic control. For both the luciferase and the VEGF ELISA data
Hochberg’s method was used for correcting the p values for the multiple concentrations
tested. Results were considered statistically significant if p < 0.05 after correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HIF reporter assay results of pyrroloiminoquinone alkaloids in HCT 116 cells after 18 h

treatment under hypoxic conditions (0.5% O5). Reporter activity values of
pyrroloiminoquinone alkaloids are hormalized to hypoxia control (control H) and are
expressed as the average of triplicate experiments £SEM (/7= 3 or 4). For the positive
control chetomin results are average values +SEM from 5 to 6 replicate experiments (7= 4).
Data were analyzed using the Wilcoxon rank sum test with Hochberg’s method for adjusting
p values for multiple comparisons (reference group: control H). *p < 0.05, **p < 0.01, ***p
<0.001, ****p< 0.0001. N = normoxia; H = hypoxia.
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Figure 2.
HIF reporter assay results of pyrroloiminoquinone alkaloids in LNCaP cells after 18 h

treatment under hypoxic conditions (1% O,). Reporter activity values of
pyrroloiminoquinone alkaloids are hormalized to hypoxia control (control H) and are
expressed as the average of triplicate experiments £SEM (/7= 3 or 4). For the positive
control chetomin results are average values +SEM from 5 to 6 replicate experiments (/7= 4).
Data were analyzed using the Wilcoxon rank sum test with Hochberg’s method for adjusting
p values for multiple comparisons (reference group: control H). *p < 0.05, **p< 0.01, ***p
<0.001, ****p< 0.0001. N = normoxia; H = hypoxia.
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Chetomin

VEGF ELISA results of compounds 2, 8, 9, and chetomin in LNCaP (A-C) and HCT 116
cells (D—F) after 18 h (LNCaP) or 48 h (HCT 116) treatment under hypoxic conditions
(0.5-1% 0O2). Results are expressed as VEGF concentration per cell (pg/mL) and are
expressed as the average of triplicate (LNCaP) or quadruplicate (HCT 116) experiments +
SEM (n=3). Data were analyzed using either the exact Wilcoxon rank sum test (LNCaP) or
the stratified Wilcoxon rank sum test (HCT 116) with Hochberg’s method for adjusting p
values for multiple comparisons (reference group: control H). *p < 0.05, **p < 0.01, ***p <

0.001, ****p< 0.0001. N = normoxia; H = hypoxia.
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Table 1.

ICsq Values of the Most Potent Compounds in the HIF-1a/p300 Screening Assay

compound 1Csq value (UM) £ SD
chetomin 1.9 + 0.5 (positive control)
37+18

2401

3S.2+1S.6

83+0.2

22+0.6

0.73+0.18

© 0 O W N

11 >100 (negative control)
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Concentrations of Pyrroloiminoguinone Alkaloids Causing Significant Inhibition of Luciferase Activity in

Table 3.

COLO 205, HCT 116, and LNCaP Cells (p< 0.05)

compound
1
2

11

COLO 205

no effect
no effect
no effect

no effect

no effect
no effect

no effect

HCT 116 LNCaP

0.1,0.2505,1,107 /M 1,109 M

0.1,0.25, 0.5, 1 4M 1M
10 1M 1,109 m
0.25, 1 M 0.1, 1,10 4M
05,1 /M 0.1 /M

0.1,0.25,05,1,10%M 1,109 M
0.1,0.25,0.5, 1, 10 xM no effect

a>50% cell death in CCK-8 assay.
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