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ABSTRACT: Hypoxia is a hallmark of solid tumors, is
associated with local invasion, metastatic spread, resistance to
chemo- and radiotherapy, and is an independent, negative
prognostic factor for a diverse range of malignant neoplasms.
The cellular response to hypoxia is primarily mediated by a
family of transcription factors, among which hypoxia-inducible
factor 1 (HIF1) plays a major role. Under normoxia, the
oxygen-sensitive α subunit of HIF1 is rapidly and constitutively
degraded but is stabilized and accumulates under hypoxia.
Upon nuclear translocation, HIF1 controls the expression of
over 100 genes involved in angiogenesis, altered energy metabolism, antiapoptotic, and pro-proliferative mechanisms that
promote tumor growth. A designed transcriptional antagonist, dimeric epidithiodiketopiperazine (ETP 2), selectively disrupts the
interaction of HIF1α with p300/CBP coactivators and downregulates the expression of hypoxia-inducible genes. ETP 2 was
synthesized via a novel homo-oxidative coupling of the aliphatic primary carbons of the dithioacetal precursor. It effectively
inhibits HIF1-induced activation of VEGFA, LOX, Glut1, and c-Met genes in a panel of cell lines representing breast and lung
cancers. We observed an outstanding antitumor efficacy of both (±)-ETP 2 and meso-ETP 2 in a fully established breast
carcinoma model by intravital microscopy. Treatment with either form of ETP 2 (1 mg/kg) resulted in a rapid regression of
tumor growth that lasted for up to 14 days. These results suggest that inhibition of HIF1 transcriptional activity by designed
dimeric ETPs could offer an innovative approach to cancer therapy with the potential to overcome hypoxia-induced tumor
growth and resistance.

■ INTRODUCTION

Epidithiodiketopiperazines (ETPs) represent a novel class of
designed protein ligands that target the hypoxia-inducible
transcription factor complex. Their design is inspired by the
naturally occurring dimeric ETP chetomin (CTM, Figure 1a),
which is produced by certain strains of filamentous fungi, such
as Chaetomium cocliodes and Chaetomium seminudum.1,2

Chetomin disrupts hypoxia-inducible factor 1 (HIF1) activity
through direct targeting of the interactions between its α
subunit and p300 coactivator or its orthologue, CREB-binding
protein (CBP), thereby blocking transactivation of the hypoxia-
inducible gene expression (Figure 1b).3,4 Intracellular HIF1α
levels are regulated by the oxygen-dependent pathway that
involves oxidation of prolines P564 and P402 by prolyl
hydroxylase, such as PHD2, polyubiquitination by pVHL, a part
of the E3 ubiquitin ligase complex, and subsequent proteasomal
degradation (Figure 1c).5−8 Under hypoxic conditions or upon
chemical inactivation of PHD2, HIF1α is stabilized and

accumulates, primarily due to the diminished rate of oxygen-
dependent hydroxylation. It is then translocated into the
nucleus where it binds with its partner HIF1β/ARNT to the
hypoxia response element (HRE, Figure 1c) and transactivates
more than 100 hypoxia-inducible genes,9,10 including genes
involved in tumor angiogenesis, metastasis, proliferation, and
altered energy metabolism.11−15 For example, c-Met, a key
proto-oncogene involved in metastasis,16 has several putative
HREs, and its expression is upregulated in tumor cells under
hypoxic conditions.17−19 In solid tumors, where mutations in
RAS, SRC, and HER2/Neu/ErbB2 genes are frequently found,
high levels of HIF1α have been detected even under well-
oxygenated conditions.20 Direct targeting of the hypoxia-
inducible transcription factor−coactivator complex with small
molecules that modulate its activity21 could become a powerful
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strategy for the suppression of tumor angiogenesis and
simultaneous downregulation of the expression of genes
involved in invasion and metastasis. Both angiogenesis and
invasion are the two key hallmarks22,23 of the malignant
phenotype, responsible for aggressiveness, poor prognosis, and
the eventual lethality of the neoplastic disease. An effective
antimetastatic strategy can significantly augment conventional
antiangiogenic therapies where direct targeting of vascular
endothelial growth factor A (VEGFA), platelet-derived growth
factor (PDGF), and their receptors often promotes accelerated
metastasis.16,24,25

Our previous investigation has established the utility of
dimeric ETPs in downregulation of the activity of the hypoxia-
inducible transcription factor complex.28 Naturally occurring
dimeric ETP chetomin 1 binds the cysteine- and histidine-rich
1 (CH1) domain of p300 and disrupts its recruitment by the
HIF1α C-terminal transactivation domain (C-TAD). The main
mechanism of the action of ETP is thought to involve zinc
ejection from the cysteine-rich sites within the CH1 domain of
p300/CBP.2,28,29 Despite the promising therapeutic potential of
naturally occurring ETPs, their use and structural modification
still remain elusive due to the challenges faced in their
synthesis. Although a number of monomeric ETPs were
prepared by Fukuyama and Kishi30−33 as well as by the
others,29,34−37 the total synthesis of dimeric ETPs has remained
elusive until the recent reports of the synthesis of
dideoxyverticillin A38 and chaetocin.39,40

The proposed application of designed dimeric ETPs as
transcriptional antagonists prompted us to further evaluate their
biophysical properties, genome-wide effects in vitro, and

therapeutic efficacy in vivo, especially their ability to suppress
growth of solid tumors. The dimerization of the two ETP rings
through the aromatic linker creates a high-affinity divalent
ligand that can interact with the target protein complex by
several mechanisms, such as binding to two Zn2+ centers within
the p300 CH1 region in a true divalent fashion, increase in the
effective molarity of the ETP moiety, and the concomitant
increase of the efficiency of Zn2+ ion ejection, or by the subsite
effect, where the second ETP ring could interact noncovalently
with the neighboring residues of the CH1 region. Herein, we
present design, synthesis, in vitro, and in vivo studies of a
structurally optimized dimeric ETP targeting the HIF1-
inducible transcription factor complex. We also report a facile
synthesis of dimeric ETP via a novel convergent synthetic route
that involves homo-oxidative coupling of the primary aliphatic
carbon centers, study of its interaction with the CH1 region of
p300 protein, disruption of the hypoxia-inducible transcription
factor complex, downregulation of the levels of the hypoxia-
inducible genes, gene expression profiling, and in vivo
assessment of the efficacy of dimeric ETP in arresting tumor
growth and neovascularization.

■ RESULTS

Preparation of Dimeric ETP 2. Our synthetic route
involved four key transformations, as shown in Scheme 1: (1)
protection of the disulfide bridge in the form of a cyclic
dithioacetal, (2) functionalization of the C-3 and C-6 positions
of the dithioacetal ring via carbanion chemistry, (3) homo-
oxidative coupling of the monomer to form the dimeric
precursor, and (4) regeneration of the disulfide bridges of the

Figure 1. (a) Structures of a dimeric ETP natural product chetomin, CTM (1), designed dimeric ETP 2, and monomeric ETP 3. (b) Schematic
representation of the complex between C-TAD of HIF1α (red) and CH1 region of the p300/CBP coactivator (green), derived from the high-
resolution NMR structure (PDB id: 1L3E).26,27 The three Zn2+ ions within the CH1 domain of p300 are represented by cyan spheres. (c) Dimeric
ETP prevents recruitment of the p300/CBP coactivator, thereby blocking overexpression of the hypoxia-inducible genes.
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dimeric precursor to obtain ETP 2. The starting material in the
synthesis of ETP 2 was dithioacetal 4, which was prepared as
previously described.28 Lithium bis(trimethylsilyl)amide was
used to deprotonate the C-6 position of dithioacetal 4, and the
resulting carbanion readily reacted with α,α′-dibromo-p-xylene
to yield the intermediate 5. Our attempts to achieve
homocoupling of 5 using, among others, indium or
transition-metal-based chemistries were unsuccessful. However,
upon addition of n-BuLi in THF at −78 °C, compound 5 was
readily converted into the dimeric products (±)-6 and meso-6
in a rapid homo-oxidative coupling step. Although mechanistic
details of this reaction await further investigation, we
hypothesize that the traces of molecular oxygen or n-butyl
bromide formed in the course of Li−halogen exchange could
promote such a process. Oxidative homo- and heterocoupling
processes that involve benzyl anions and 1,2-dibromoethane,

TEMPO, cerium ammonium nitrate, or I2 as oxidants have
been recently described;41 however, to our knowledge, this is a
rare example of such homo-oxidative coupling for a relatively
complex benzyl halide fragment that requires only added n-
BuLi as a reactant. Removal of the benzyl protecting groups
from meso-6 and (±)-6 was accomplished with boron
trichloride to afford meso-7 and (±)-7, which were separated
by column chromatography. The final step involved removal of
dithioacetal groups and closing of the disulfide bridges in both
ETP rings by oxidation with m-chloroperbenzoic acid followed
by the treatment with trifluoroacetic acid. The crude meso-ETP
2 and (±)-ETP 2 were purified by preparative reverse-phase
high-performance liquid chromatography (HPLC; see the
Supporting Information, Figure S1).
The individual enantiomers of ETP 2 were obtained through

esterification of the racemate (±)-7 with (1S)-(-)-camphanic
chloride to afford the two diastereomers 8, which could be
separated by column chromatography. Hydrolysis of the
separated products dst1-8 and dst2-8 with saturated sodium
bicarbonate in methanol yielded enantiomeric diols ent1-7 and
ent2-7 and their enantiomeric relationship was confirmed by
circular dichroism (CD) spectra (see the Supporting
Information). We chose to sidestep the determination of
their individual signs of optical rotation and absolute
configurations by X-ray crystallography due to the limited
quantity of each compound on hand. Each diol was then
converted into the corresponding enantiomer ent1-ETP 2 and
ent2-ETP 2. Both ETP 2 enantiomers were purified by reverse-
phase HPLC (see the Supporting Information, Figure S2), and
their enantiomeric relationship was confirmed by CD spectra.

ETP 2 Targets p300 CH1 Domain. In order to
characterize direct binding of the (±)-ETP 2 to its target, the
CH1 domain of p300, surface plasmon resonance (SPR)
experiments were carried out. We used a chimera of glutathione
S-transferase (GST) with the CH1 domain of human p300
(amino acid (aa) residues 323−423) immobilized onto a CM5
chip (carboxymethylated dextran covalently attached to a gold
surface) and a buffer with DTT in order to mimic the reducing
environment that is found in the hypoxic regions of the tumors.
The SPR sensorgrams indicate that dimeric (±)-ETP 2 binds
directly to the p300 CH1 domain with low micromolar affinity
(see the Supporting Information, Figure S3). The measured KD
value for (±)-ETP 2 was 3.62 × 10−6 M, the on-rate (Ka) was
4.25 × 103 M−1 s−1, and the off-rate (Kd) was 1.54 × 10−2 s−1.
On the basis of these data, (±)-ETP 2 reversibly binds to p300-
CH1−GST protein and exhibits a rapid association and a slow
dissociation from the protein immobilized on the chip surface.

ETP 2 Disrupts HIF1α−p300 Complex in Vitro.We used
previously described fluorescence polarization (FP) competi-
tion assays to measure the extent of disruption of the HIF1α−
p300 CH1 complex by each of the stereoisomers and a
racemate of ETP 2.42 The assays consisted of the GST fusion of
the p300 CH1 domain and the fluorescein-labeled C-TAD
domain of human HIF1α (aa residues 786−826). The racemate
(±)-ETP 2, meso-ETP 2, and two enantiomers ent1-ETP 2 and
ent2-ETP 2 were tested for their ability to inhibit the
association of HIF1α C-TAD with p300-CH1−GST. On the
basis of saturation binding data between p300-CH1−GST and
C-TAD HIF1α (see the Supporting Information, Figure S3),
the appropriate aliquots of p300-CH1−GST and fluorescein-
labeled HIF1α C-TAD were incubated with ETP 2 at different
concentrations (see the Experimental Section). Analysis of
competition binding has shown that the four samples of ETP 2

Scheme 1. Synthesis of Dimeric ETP 2
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disrupt the complex with HIF1α peptide and CH1 p300 with

similar IC50 values (0.6−0.7 μM, P > 0.05, t test, see overlay in

Figure 2a). This data supports our prior finding that

stereoisomers of dimeric ETPs have similar activity toward

the p300−HIF1α complex.

All Stereoisomers of ETP 2 Show Equal Efficacy in
Downregulation of Hypoxia-Inducible Promoter Activ-
ity. A comparative assessment of the activity of each
stereoisomer of ETP 2 was carried out using luciferase reporter
assays in the MDA-MB-231-HRE-Luc cell line. These cells have
five tandem repeats of HRE sequences in the luciferase
promoter. For three stereoisomers of ETP 2 and a racemate,
each added at a concentration of 200 nM, a similar inhibitory
activity (>95% downregulation of the promoter activation levels
at hypoxia) was observed (Figure 2b). Because all three
stereroisomers and (±)-ETP 2 showed remarkable similarity in
binding affinity and in cell-based activity in luciferase assays, all
subsequent cell-based experiments were performed using more
synthetically readily accessible racemate, (±)-ETP 2, hence-
forth referred to as ETP 2.

Comparison of the Efficacies of CTM, ETP 2, and ETP 3
in Luciferase-Based Hypoxia-Inducible Promoter Activ-
ity Assays. The HIF1-inducible promoter in the MDA-MB-
231-HRE-Luc cell line showed a dose-dependent decrease in
activity by 90% and 95% at 200 nM and 600 nM concentrations
upon treatment with ETP 2. Treatment with CTM at 200 nM
concentration resulted in 95% inhibition of luciferase promoter
activity, while treatment with monomeric ETP 3 resulted in a
less than 40% inhibition at 600 nM concentration (Figure 2c),
highlighting the higher efficacy of CTM and dimeric ETP 2 in
downregulating the hypoxia-inducible promoter activity.

ETP 2 Is Less Toxic Than Chetomin. In order to establish
the window of viable concentrations for CTM and ETP 2 in
MCF7 breast carcinoma and A549 lung adenocarcinoma cells,
cytotoxicity assays with ETP 2 and CTM were carried out
(Figure 3). In both cell lines, ETP 2 was shown to be less

cytotoxic as compared to CTM. Interestingly, both CTM and
ETP 2 were found to be more cytotoxic in MCF7 cells as
compared to A549 cells. For instance, in MCF7 cells, an EC50
of 0.2 μM was determined for CTM, while ETP 2 gave an EC50
of 0.55 μM. In contrast, in A549 cells, CTM has an EC50 of 0.9
μM, and ETP 2 has an EC50 of 2.8 μM.

ETP 2 Inhibits Transcription of Endogenous Hypoxia-
Inducible Genes and Levels of VEGFA and Met Proteins.

Figure 2. ETP 2 stereoisomers and a racemate show similar activity
toward the HIF1α−p300 complex in FP competition assays and in cell
culture. (a) FP competition assays for each of the three stereoisomers
of ETP 2 and a racemate show similar IC50 values toward the p300
CH1−HIF1α C-TAD complex. The IC50 values obtained for the
isomers are 650 ± 44 nM for meso-ETP 2, 655 ± 46 nM for (±)-ETP
2, 664 ± 48 nM for ent1-ETP 2, and 646 ± 47 nM for ent2-ETP 2. (b)
Results from the luciferase reporter assays in the MDA-MB-231-HRE-
Luc cell line, showing comparable activity and effective down-
regulation of promoter activity (95%) by meso-ETP 2 (Meso),
(±)-ETP 2 (Rac), enantiomer 1 (ent1-ETP 2), and enantiomer 2
(ent2-ETP 2). (c) Results from the luciferase reporter assays showing
inhibition of hypoxia-inducible promoter activity by CTM, dimeric
ETP 2, and monomeric ETP 3 in the MDA-MB-231-HRE-Luc cell
line. Error bars are ± standard error of the mean (SEM) of
experiments performed in triplicate. *** P < 0.001, ** P < 0.01, * P <
0.05, t-test.

Figure 3. Dimeric ETP 2 shows lower cytotoxicity than CTM in
MCF7 and A549 cell lines, as measured by the MTT assay. MCF7
cells were treated with different concentrations of CTM and ETP 2 for
24 h. A549 cells were treated with different concentrations of CTM
and ETP 2 for 48 h. Error bars are ± SEM of experiments performed
in triplicate.
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To investigate the effect of ETP 2 on transcriptional activity of
VEGFA, an endogenous hypoxia-inducible gene, mRNA levels
for that gene were measured in the MCF7 cell line. The cells
were treated with CTM at 150 nM concentration as well as
with ETP 2 and ETP 3 at 200 and 400 nM concentrations.
Hypoxia was mimicked with CoCl2 (100 μM). Treatment with
ETP 2 resulted in a dose-dependent downregulation of VEGFA
mRNA levels by 40% at 200 nM and by 50% at 400 nM (Figure
4a). ETP 3 showed significantly lower activity for VEGFA: 25%
and 35% inhibition at 200 and 400 nM concentrations,
respectively. The cells showed a higher level of stress upon
treatment with ETP 3, as observed by the change in their

morphology; hence, we at least in part attribute the observed
downregulation in expression by ETP 3 to its nonspecific
effects on transcriptional machinery. CTM at 150 nM
concentration reduced the expression of VEGFA mRNA
below the basal levels. The results from luciferase promoter
activity assays and measurement of VEGFA mRNA levels
demonstrated significantly reduced efficacy of the monomeric
ETP 3 as compared to the dimeric ETP 2.
The c-Met proto-oncogene is induced and transactivated in

metastatic breast tumors under hypoxia conditions. In order to
evaluate the efficacy of ETP 2 in the c-Met transcription
inhibition assays, the triple-negative breast cancer cell line

Figure 4. Dimeric ETP 2 downregulates hypoxia-induced transcription of VEGFA and c-Met genes in cell culture. (a) ETP 2 at 200 and 400 nM
concentrations inhibited VEGFA expression in a dose-dependent manner in MCF7 cells under hypoxia conditions as measured by real-time qRT-
PCR. Hypoxia was mimicked with CoCl2 (100 μM). Monomeric ETP 3 has reduced inhibitory activity at the same concentrations (26% at 200 nM
and 35% at 400 nM). CTM at a concentration of 150 nM was used as a positive control. (b) ETP 2 effectively downregulates transcription of
endogenous c-Met gene in the MDA-MB-231 cell line. MDA-MB-231 cells were treated with ETP 2 at concentrations of 50, 200, and 400 nM in the
medium supplemented with 10% serum for 24 h. Hypoxia was mimicked with CoCl2 (100 μM). A dose-dependent downregulation of c-Met mRNA
levels was observed with ETP 2. (c) c-Met expression levels in MCF7 cells treated with ETP 2 (100 nM) for 24 h in the serum-free RPMI medium.
Hypoxia was mimicked with 300 μM DFO. Error bars are ± SEM of experiments performed in triplicate. *** P < 0.001, ** P < 0.01, * P < 0.05, t-
test.
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MDA-MB-231 was used. ETP 2 showed a dose-dependent
downregulation of c-Met levels with 30%, 35%, and 55%
inhibition at 50, 200, and 400 nM concentrations, respectively
(Figure 4b). CTM downregulated c-Met levels by 35% at a
concentration of 150 nM. In the MCF7 cell line, the c-Met
induction under hypoxia was not very pronounced in the media
containing 10% serum; therefore, serum-free conditions were
used, and hypoxia was mimicked with desferrioxamine mesylate
(DFO, 300 μM). Under these conditions, ETP 2 at 100 nM
concentration downregulated the c-Met mRNA levels by 35%
(Figure 4c).
The non-small cell lung adenocarcinoma cell line A549 under

hypoxia and serum starvation conditions shows robust
overexpression of HIF1-inducible genes VEGFA, c-Met, Glut1,
LOX, and CXCR4 (see the Supporting Information, Figure S4).
In this assay, hypoxia was mimicked with 300 μM DFO, and
serum-free F-12K media was used. Under these conditions, the
levels of all five HIF1-inducible genes were significantly
downregulated by ETP 2 at a concentration of 400 nM, as
measured by real-time quantitative reverse transcription
polymerase chain reaction (qRT-PCR). For instance, the
expression levels of the VEGFA gene were inhibited by 50%;
the levels of c-Met were also strongly affected by ETP 2, with
more than 70% observed downregulation in expression. The
Glut1 gene, which is also overexpressed in hypoxic cells, was
downregulated by 60%. The expression levels of LOX and
CXCR4 genes are downregulated 50% and 40%, respectively
(Supporting Information, Figure S4).
To exclude the possibility that the observed downregulation

in the expression of hypoxia-inducible genes was due to a
change in the levels of HIF1α protein itself, western blot
analysis of HIF1α was performed in hypoxic cells that were
treated with ETP 2. In this assay, A549 cells were treated with
ETP 2 in serum-free F-12K media, and hypoxia was mimicked
with 300 μM DFO. As expected, HIF1α protein was not
detectable under normoxia but is strongly induced upon
treatment with DFO with the levels of induced HIF1α protein
being unaffected by the treatment with ETP 2 (see the
Supporting Information, Figure S5).
In order to investigate dose response, cells were treated with

ETP 2 at 100, 400, and 1600 nM concentrations. The
expression levels of VEGFA, c-Met, and Glut1 showed well-

defined decrease in mRNA levels upon treatment with ETP 2 at
increased concentration. For instance, the VEGFA gene was
downregulated by 1.4-, 1.6-, and 2.0-fold, respectively, at these
three concentrations (Figure 5a), whereas c-Met was down-
regulated by 1.2-, 1.7-, and 3.0-fold (Figure 5b). The expression
levels of the Glut1 gene were reduced by 1.4-, 1.8-, and 2.8-fold,
respectively (Figure 5c).
In order to correlate the observed efficacy in transcriptional

blockade of VEGFA and c-Met genes with decreased levels of its
protein products, we performed quantitative western blot
analysis of the levels of these proteins under our conditions of
compound treatment. To measure VEGFA protein levels,
MCF7 cells were treated with CTM, ETP 2, and ETP 3.
Western blot analysis shows significant downregulation of
VEGFA protein levels with ETP 2, whereas ETP 3 was having
much lower efficacy (Figure 6a). Similarly, in the MDA-MB-
231 cell line, c-Met protein levels were essentially unaffected by
ETP 3 but significantly downregulated by both CTM and ETP
2 (Figure 6b). This suggests that compensatory cellular stress
response mechanisms that could affect internal ribosome entry
sites or mechanisms enhancing protein translation do not
override the observed downregulation in the mRNA expression.

Gene Expression Profiling with Oligonucleotide
Microarrays. The target proteins p300 and CBP are
pleiotropic coactivators, and hence, their CH1 domains are
known to interact with multiple transcription factors. One
potential limitation of the use of ETPs for gene regulation is
specificity, because inhibiting the interaction between p300/
CBP and transcription factors other than HIF1 could disrupt
multiple signaling pathways, leading to a large number of
affected genes. To probe the genome-wide specificity of ETPs,
the global effects of ETP treatment on hypoxia-induced gene
expression were evaluated with Affymetrix Human Gene ST 1.0
arrays containing oligonucleotide sequences representing 28
869 transcripts. Gene expression levels were normalized to
hypoxic cells as controls.
In order to interrogate the genome for global effects, MCF7

cells treated with ETP 2 at 400 nM and DFO at 300 μM
concentrations were used. Clustering analysis was performed to
identify similarities in the expression profiles between the
different treatments (Figure 7a). The gene expression profile of
cells treated with ETP 2 and DFO (+ETP 2/+DFO) is

Figure 5. ETP 2 inhibits hypoxia-inducible transcription of (a) VEGFA, (b) c-Met, and (c) Glut1 genes in a dose-dependent manner in A549 cells as
measured by real-time qRT-PCR. Cells were incubated with ETP 2 at three different concentrations (100, 400, and 1600 nM) in serum-free F-12K
medium for 48 h. Hypoxia was mimicked with DFO (300 μM). For each concentration of ETP 2, a normoxic control sample was also measured.
Error bars are ± SEM of experiments performed in triplicate. *** P < 0.001, ** P < 0.01, * P < 0.05, # P < 0.1, t-test.
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significantly different from the profile of cells treated with DFO
alone (−ETP 2/+DFO) but shows clear regions of similarity
with the profile of cells under normoxia conditions (−ETP 2/−
DFO). The profile of normoxic control cells (−ETP 2/−DFO)
and normoxic cells treated with ETP 2 (+ETP 2/−DFO) also
show greater similarities, as expected for ETP having a
diminished effect due to the absence of its direct target,
HIF1α under normoxia. Treatment of cells with ETP 2 at a
concentration of 400 nM under hypoxia (300 μM DFO)
affected the expression of only 178 genes by greater than or
equal to 2.0-fold (Figure 7b). By comparison, treatment with
DFO alone changed expression levels of 329 genes over 2.0-
fold. Of these, 88 genes were downregulated by over 2.0-fold,
and 90 genes were upregulated by over 2.0-fold.

The results suggest that treatment with ETP 2 reduces the
hypoxia mimetic effect of DFO on certain group of genes, as
expected for the transcriptional inhibitor that affects the
hypoxia-inducible pathway. The results also demonstrate high
specificity of ETP 2 in its blockage of hypoxia-inducible
signaling pathway. To more closely examine the effects of ETP
2 on genes induced directly by HIF1, a limited set of 20
transcripts was selected (Figure 7c), consisting of previously
identified direct targets of the hypoxia-inducible factor complex
that were upregulated by at least 1.5-fold (P < 0.01) under
conditions of DFO treatment. In all cases, ETP 2 reduced
expression of these transcripts and in most cases the expression
levels were approaching the levels observed in normoxic cells.
We also examined the effect of ETP 2 on the two limited sets of
genes implicated in promoting tumor angiogenesis and
metastasis (Figure 7d). These interrogated genes also showed
reduction in the expression levels, despite that only a subset of
them (VEGFA, VEGFC, Met) is known to be direct targets of
HIF1-inducible transcription. Since oncogenic signaling path-
ways are tightly interconnected, it is not entirely surprising that
blockade of the hypoxia-induced transcription results in a
concurrent downregulation of the levels of other tumor-
promoting genes, as the levels of secreted cytokines that are
direct targets of HIF1-induced transcription and drive over-
expression of these tumor-promoting genes are also being
reduced.

In Vivo Efficacy of ETP 2 in Arresting Tumor Growth:
Intravital Microscopy Imaging of Mouse Tumor Xeno-
grafts.We chose intravital microscopy (IVM) imaging in order
to evaluate the effect on ETP 2 on tumor growth in vivo,
because it offers an unparalleled view into tumor development,
allowing rapid, high-resolution in vivo imaging of molecular and
cellular events.43−45 IVM is especially powerful for imaging
dynamic changes in growing tumors, such as extent and
patterns of neovascularization, tumor endocytosis, changes in
blood flow, and tumor responses to therapeutic agents.44,46−50

As described previously,48 nude mice were fitted with dorsal
skinfold window chambers with subcutaneously implanted
tumor spheroids that consisted of N202 cells (murine
mammary carcinoma) stably expressing recombinant green
fluorescent protein fused to histone H2B. Tumors were allowed
to vascularize for 10−14 days after which mice were injected
with 1 mg/kg of meso-ETP 2 via tail vein on days 0, 8, 10, and
12. The representative images clearly show that the tumor
vasculature and tumor growth are significantly suppressed in
the mice injected with meso-ETP 2 as compared to the mice
injected with the vehicle (Figure 8a). High-resolution images
show significant decrease in the density of tumor vasculature
after 14 days (Figure 8b). Quantification of the fluorescent
signals from tumor cells obtained from the IVM images of six
mice indicates tumor growth arrest in all animals (Figure 8c).
Similar results were obtained in mice treated with (±)-ETP 2
(see the Supporting Information, Figure S6). In the course of
these experiments, both racemic and meso-ETP 2 showed very
low toxicity to mice, as confirmed by observation of the
behavior of the animals and monitoring of their body weights.
In our study, all mice treated with ETP 2 survived the 14 day
treatment and did not show any signs of local necrosis at the
site of intravenous injection or acute toxicity. This establishes
the in vivo efficacy of ETP 2 in suppressing tumor growth in a
mouse xenograft model.

Figure 6. ETP 2 reduces the levels of (a) VEGFA protein in MCF7
cells and (b) c-Met protein in MDA-MB-231 cells under conditions of
HIF1α induction. Western blot analysis under normoxia and hypoxia-
mimetic conditions upon treatment with CTM, ETP 2, and ETP 3.
CTM was at 200 nM and ETP 2 and ETP 3 were at 400 nM. Hypoxia
was mimicked with (a) 300 μM DFO or (b) 150 μM CoCl2. Error
bars are ± SEM of experiments performed in triplicate. *P < 0.05, #P
< 0.1, t-test.
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■ DISCUSSION

Oncogenic transcription factors are the points of convergence
of multiple signaling pathways leading to tumor proliferation
and metastasis.51 Activated by primary genetic events (trans-
location, amplification) or upstream signaling pathways, they
mediate and maintain the aggressiveness and neoplastic
phenotype in cancer. Due to the fact that a much smaller set
of oncogenic transcription factors are overactive in cancers than
signaling proteins,51 the ability to directly modulate activity of
oncogenic transcription factors with synthetic small molecules
in diseases that are characterized by multiple activations of
signaling networks upstream of these factors opens an intriguing
possibility for therapeutic intervention. In addition, small
molecules can serve as precise molecular-level tools for
dissection of the fundamental mechanisms of transcription,52,53

such as decoding the delicate balance between interactions of a
common coactivator protein and several transcription factors
and modulating the ability of two distinct classes of activators
to form a complex with the coactivator without affecting other
related complexes.54

Designed ligands that target DNA, transcription factors, or
coactivators with high affinity and specificity could lead to
promoter-selective destabilization of the multiprotein assembly
responsible for the recruitment of RNA polymerase II, resulting
in downregulation of gene expression.51,52,55,56 To that end,
small molecules often circumvent the need for delivery
strategies, and a number of natural and synthetic compounds
have been explored for their ability to regulate gene expression
in vitro and in cell culture.57 Such molecules, capable of
allosterically targeting activator−coactivator interactions, repre-
sent a molecular-level toolkit that is complementary to
programmable DNA minor groove binding oligomers,24 such
as pyrrole−imidazole polyamides,58 in their ability to allosteri-
cally target DNA.59 The success of the design and application
of small molecule DNA ligands targeting a predetermined
sequence in regulating gene expression60−68 and the recent
advances in achieving efficient cell uptake,69−73 studies of
pharmacokinetics,74,75 as well as specificity in the genome-sized
sequence space76 suggest that direct targeting of transcription

Figure 7. Results from gene expression profiling experiments in MCF7 cells treated with ETP 2. Global effects on gene expression in the MCF7 cell
line treated with ETP 2 at 400 nM concentration interrogated with Affymetrix Human Gene ST 1.0 arrays. (a) Hierarchical agglomerative clustering
of all measured transcripts (ANOVA, P < 0.01) under the four indicated conditions (left to right: ETP 2 + DFO, vehicle at normoxia, ETP 2 at
normoxia, and vehicle + DFO). Colors indicate relative transcription levels. (b) Venn diagrams indicating the overlap of the transcripts affected more
than 2-fold under hypoxia conditions and two specified treatments: vehicle (+DFO vs −DFO) and ETP 2 (ETP 2 + DFO vs ETP 2 at normoxia).
(c) Effect of the treatment with ETP 2 on the panel of genes, previously characterized as direct targets of hypoxia-inducible gene expression that
were also induced by at least 1.5-fold with DFO. (d) Select group of genes associated with tumor metastasis and angiogenesis that are affected by the
treatment with ETP 2.
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factor complexes could become a powerful strategy in
regulation of cancer cell signaling and gene expression.
Our dimeric ETP 2 disrupts function of the hypoxia-

inducible factor complex and modulates the transcriptional
activity caused by elevated levels of HIF1α under conditions of
chronic hypoxia found in solid tumors. This approach offers
numerous advantages over targeting of proangiogenic cytokines
and their receptors, as an HIF1-inducible transcription system
provides a unique opportunity for direct blockade of genes
involved in angiogenesis and other accompanying processes,
such as extracellular matrix remodeling and cell invasion. The
end point of such a targeting could not only diminish blood
supply to growing tumors but also block the escape of
tumorigenic cells leading to metastasis. The design of ETP 2
was inspired by natural product chetomin (CTM, 1). It targets
the CH1 domain of p300 in complex with HIF1α C-TAD with
submicromolar affinity and downregulates hypoxia-inducible
gene expression, while being significantly less toxic to cells and
synthetically accessible. In contrast to our previously reported
first-generation dimeric ETP 9 that mimics distance between
the bridging disulfides in CTM,28 ETP 2 was designed to
maintain the conformationally averaged distance between the
bridging disulfides of ∼20 Å, matching the distance between the
two neighboring Zn2+ ions within the structures of the p300/
CBP CH1 domain. As in the case of ETP 9, we found that all
stereoisomers and the racemic mixture of ETP 2 disrupt
binding between HIF1α CTAD and the p300 CH1 region with
similar IC50 values (0.6 μM), as measured by FP competition
assays. This 2.5-fold increase in IC50 of ETP 2 as compared to
our first-generation ETP 9 (1.5 μM)28 suggests that structural
optimization has a favorable impact on its affinity despite the
dynamic, ductile nature of the CH1 region of the target protein.
Furthermore, a comparative study of ETP 2 and ETP 9 in
luciferase-based, hypoxia-inducible promoter activity assays and
analysis of the levels of secreted VEGF protein in cells treated
with these compounds also clearly show superior efficacy of the

second-generation dimeric ETP 2 in these cell-based assays (P
< 0.01, t-test, Supporting Information, Figure S7). A detailed
investigation of the structure−activity relationship of the
dimeric ETPs is currently ongoing.
Prior to undertaking rigorous cell-based studies, we first

compared the cytotoxicities of ETP 2 and CTM in breast
cancer MCF7 and metastatic nonsmall cell lung carcinoma
A549 cell lines. ETP 2 showed lower cytotoxicity as compared
to CTM (Figure 3) that has been known for its off-target effects
in vivo.2 The submicromolar affinity of ETP 2 toward its target,
the CH1 region of human p300 coactivator, was demonstrated
in our binding assays, and its ability to downregulate hypoxia-
inducible gene expression was confirmed in assays that included
MDA-MB-231-HRE-Luc, MCF7, and A549 cell lines. In cell
culture, the five HIF1-inducible genes that were interrogated
(VEGFA, c-Met, Glut1, LOX, and CXCR4) showed significant
downregulation in the expression levels upon treatment with
ETP 2 at submicromolar concentrations. These five genes are
involved in angiogenesis, metastasis, glucose metabolism,
extracellular matrix (ECM) remodeling, and chemotaxis,
suggesting that ETP 2 could suppress tumor growth by several
different mechanisms. In comparison, control monomeric ETP
3 has significantly lower reported affinity (>100 μM) toward
the HIF1α CTAD−p300 CH1 complex,77 and it consistently
showed significantly lower efficacy in cell culture assays, such as
luciferase (Figure 2c), and in its ability to downregulate VEGF
and Met protein levels (Figure 6 a,b).
Analysis of genome-wide effects in MCF7 cells treated with

ETP 2 under HIF1α induction shows downregulation of the
expression levels of multiple hypoxia-inducible genes linked to
tumor angiogenesis and metastasis. Aside from the hypoxia-
inducible group, transcription levels of only 39 additional genes
have been affected more than 2-fold. These results underscore
high efficacy of ETP 2 in achieving a blockade of hypoxia-
inducible gene expression and indicate a high degree of
specificity of ETP 2 in a context of the entire transcriptome.
The tumors developed in nude mice showed complete

growth arrest for at least 14 days after treatment with ETP 2, as
monitored by IVM. This makes ETP 2 comparable in efficacy
to such therapeutic agents as doxorubicin, docetaxel, and
cisplatin in the comparable animal models.78 All mice showed
no side effects after treatment with ETP 2 for the entire
duration of the study. IVM images revealed significant, steady
decrease in the vascularization of tumors upon treatment with
ETP 2, which is consistent with the suggested mechanism for
transcriptional blockade of hypoxia-inducible proangiogenic
cytokines. The success of intravenously injected ETP 2 in
arresting tumor growth also suggests its ability to rapidly gain
entry into the tumor tissue and its sufficient retention within
tumors and systemic stability.

■ CONCLUSION
We designed and synthesized a novel dimeric epidithiodiketo-
piperazine, ETP 2, that targets pleiotropic coactivators p300/
CBP, disrupts HIF1α−p300/CBP complex in vitro, and
effectively downregulates hypoxia-inducible signaling and gene
expression. In our in vivo IVM models of breast cancer, four
intravenous injections of meso-ETP 2 at a dose of 1 mg/kg at
days 0, 8, 10, and 12 arrested tumor growth for at least 14 days
(the entire duration of the study). Designed dimeric ETP 2 was
shown to be an efficacious and nontoxic transcription-based
antagonist as compared to the natural product CTM. These
results suggest that dimeric epidithiodiketopiperazines could be

Figure 8. Effect of ETP 2 on tumor growth. IVM images illustrating
the effect of a HIF1α inhibitor ETP 2 on the rate of tumor growth. (a)
Fluorescence IVM images of tumors taken on days indicated post-
treatment. (b) Effect of treatment on tumor vasculature after 14 days.
(c) Comparison of the relative tumor sizes for treated and control
groups obtained by the quantification of the tumor fluorescence. *** P
< 0.001, ** P < 0.01, t-test.
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promising leads for future development as therapeutic agents
for treatment of solid tumors. The aim of the future work will
be to elucidate the mechanism of tumor growth arrest by ETP
2 in vivo and to study its effect on chemotaxis of tumorigenic
cells. The high efficacy in suppression of tumor growth in our
experiments suggests that ETP 2 might have an additional
effect on differentiation of cancer stem cells and progenitor
cells. Further investigation of the efficacy of ETP 2 in a variety
of preclinical tumor models and its pharmacokinetic and
pharmacodynamic profiling are currently underway.

■ EXPERIMENTAL SECTION
Plasmids. The DNA sequence of human p300 CH1 domain (aa

residues 323−423) was designed as an insert and subcloned into a
pUC57 plasmid (Genscript, Inc.). After transformation of the plasmid
in JM109 bacteria (Promega), the DNA sequence was directionally
subcloned into a pGEX 4T-2 expression vector (Amersham) with
BamHI and EcoRI (New England Biolabs).
Protein Expression. The pGEX 4T-2-p300 fusion vector was

transformed into BL21 DE3 pLys competent Escherichia coli
(Novagen). Production of the desired p300-CH1−GST fusion
product was carried out in LB media supplemented with 0.1 mM
ZnCl2 and verified by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and by sequencing. Bacteria were
harvested and resuspended in a lysis buffer that consisted of 50 mM
Tris (Sigma), 150 mM NaCl (Fisher), 100 μM ZnCl2 (Sigma), 1 mM
EDTA (Fisher), 10 mM MgCl2 (Fisher), 1 mM DTT (RPI
corporation), and 0.1% NP-40 (Tergitol, 70% solution, Sigma) at
pH 8.0. Protease inhibitor cocktail (Sigma) at 10 μL per 1 mL of
resuspended pellet was added, and bacteria samples were frozen.
Thawed pellets were then lysed by sonication and centrifuged at 4 °C
and 15 000g for 45 min. Fusion protein was collected from the
bacterial supernatant and purified by affinity chromatography using
glutathione Sepharose 4B beads (Amersham) prepared according to
the manufacturer’s directions. The packed column was washed two
times with phosphate-buffered saline (PBS) followed by three washes
with protein buffer containing 50 mM Tris (RPI Corporation) and
150 mM NaCl (RPI Corporation), 0.1% NP-40 (Tergitol, 70%
solution, Sigma), 1 mM DTT (RPI corporation), and 100 μM ZnCl2
(Sigma) at pH 8.0. Two washes with 10 mM 1,10-phenanthroline
(Sigma) in protein buffer was given to the beads to remove any heavy
metal ions. Next, the protein buffer mentioned above was augmented
with zinc chloride (100 μM) and was used to wash the beads four
times to reconstitute zinc in the protein. An elution gradient was run
using increasing concentrations of glutathione (Sigma) ranging from
2.5 to 10 mM in the protein buffer mentioned above. Collected
fractions were pooled and dialyzed against the protein buffer
mentioned above supplemented with 10% glycerol. Dialysis was
done in dialysis tubing (7 kDa cutoff, Spectrum) with three buffer
changes to remove glutathione from the protein buffer solution. Purity
was confirmed by SDS-PAGE, and concentration was determined by
Bradford assay.
Fluorescence Polarization Competition Experiments. The

relative binding affinity of each compound for p300-CH1−GST was
determined using a FP-based competitive binding assay with a
fluorescein-labeled C-terminal fragment of HIF1α (C-TAD, aa
residues 786−826). Anisotropy experiments were performed with a
Synergy 2 multi-mode microplate reader (BioTek) at 25 °C, with
excitation and emission wavelengths of 485 and 525 nm, respectively.
All samples were prepared in opaque 96-well plates (Greiner BioOne)
in FP buffer of 50 mM Tris, 150 mM NaCl, 10% glycerol (v/v), 1 mM
DTT, 100 μM ZnCl2, pH 8.0, with 0.1% pluronic F-68 (Sigma) and
2% DMSO.
Determination of the Binding Affinity of HIF1α C-TAD

toward the p300 CH1 Region. Prior to the competition
experiments, the affinity of fluorescein-labeled HIF1α C-TAD for
p300 CH1 was determined by monitoring polarization of the
fluorescent probe upon addition of p300-CH1−GST. Saturation

binding curves were obtained by addition of an increasing amount of
p300-CH1−GST (0−1600 nM final concentration) to a 15 nM
solution of fluorescein-labeled HIF1α CTAD in FP buffer (mentioned
above) at 25 °C. The dissociation constant (KD) value for the
fluorescein-labeled HIF1α CTAD and p300-CH1−GST complex was
determined as the concentration of p300-CH1−GST where 50% of
HIF1α CTAD is bound to it (see the Supporting Information).

Determination of ETP 2 Binding Affinity in Competition
Assays. A solution of 75 nM p300-CH1−GST and 15 nM
fluorescein-labeled HIF1α peptide, corresponding to more than 50%
saturation of protein with the fluorescent probe, was incubated at 25
°C. After 1 h, ETP 2 was added with final concentrations ranging from
1 nM to 12 μM; the total volume of the solution was 120 μL. After 1 h,
the amount of dissociated fluorescent probe was determined by the
Synergy 2 multi-mode microplate reader (BioTek). The IC50 values
were determined for the compound ETP 2 by fitting the averages of
three individual measurements to a sigmoidal four-parameter curve
using nonlinear regression model with SigmaPlot version 11.0 software
(Systat Software, Inc.).

Cell Lines. Human breast carcinoma (MCF7 and MDA-MB-231)
and human epithelial lung carcinoma (A549) cell lines were obtained
from ATCC (accession numbers CCL-2 and HTB-22). An aggressive
human breast carcinoma stably transfected with an HRE luciferase
construct (MDA-MB-231-HRE-Luc) was a gift of Dr. Robert Gillies.

Cell Culture. MCF7 cells were maintained in RPMI 1640 media
(Sigma) supplemented with 10% fetal bovine serum, penicillin (50 U/
mL), and streptomycin (50 μg/mL). MDA-MB-231-HRE-Luc cells
were grown in high glucose DMEM (Sigma) supplemented with 10%
fetal bovine serum (Irvine Scientific) and 0.4 g/L Geneticin (RPI).
A549 cells were grown in F-12K medium (ATCC) supplemented with
10% fetal bovine serum, penicillin (50 U/mL), and streptomycin (50
μg/mL). All cells were incubated at 37 °C in a humidified atmosphere
with 5% CO2. Cell growth and morphology were monitored by phase-
contrast microscopy.

Luciferase Assays. MDA-MB-231-HRE-Luc cells were plated in
24-well dishes (BD Falcon) at a density of 6.5 × 104 cells/mL. After
attachment, cells were treated with 1 mL of fresh media containing
CTM (150 nM, EMD Biosciences), ETP 2, and ETP 3 at 200 and 600
nM concentrations, or with the four stereoisomers of ETP 2 (meso,
racemate, ent1, and ent2) at 200 nM concentrations. All samples
contained a final concentration of 0.1% DMSO; vehicle samples were
treated with cell culture media containing 0.1% DMSO. Cells were
incubated for 6 h, hypoxia was mimicked with desferrioxamine
mesylate (DFO, 300 μM, Sigma), and cells were incubated for another
18 h. The whole cell lysate was isolated by washing the cells twice with
ice-cold PBS and then adding 150 μL of CCLR reagent from the
Luciferase assay kit (Promega). Further steps were carried out
according to the manufacturer’s instructions. Relative light intensity
was measured using a Turner TD-20e luminometer, and the results
were normalized to total protein content determined by the BCA assay
(Thermo Scientific).

Cell Viability Assays. MCF7 cells were plated in 96-well plates
(Greiner BioOne) at a density of 10 000 cells/well in 200 μL of RPMI
medium supplemented with 10% fetal bovine serum. A549 cells were
transferred into 96-well plates at a density of 5000 cells/well in 200 μL
of serum-free F-12K. Both MCF7 and A549 cell lines were grown to
70% confluence and were treated with 100 μL of fresh media
containing CTM or ETP 2 at concentrations ranging from 0 to 1.5 μM
and from 0 to 7 μM for CTM in MCF7 and A549 cells, respectively,
and for ETP 2 from 0 to 10 μM and from 0 to 12 μM in MCF7 and
A549 cells, respectively. All samples contained a final concentration of
0.1−0.5% DMSO. Vehicle samples were treated with cell culture
media containing 0.1% DMSO. MCF7 cells were incubated with
compounds for a total of 24 h. Once the incubation was complete, 11
μL of MTT (Promega) stock solution (5 mg/mL in PBS) was added
to each well, and the plates were incubated at 37 °C and 5% CO2 for
3.5 h. The 110 μL of media was removed, and 100 μL of DMSO was
added to each well. Plates were incubated at 37 °C for 5 min to
dissolve the formazan crystals. Absorbance for the plate was measured
at 570 nm, and a reference absorbance was at 690 nm. A Synergy 2
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multi-mode microplate reader (BioTek) was used to read the plate.
The GI50 curves were plotted using SigmaPlot version 11.0 from Systat
Software, Inc.
Isolation of mRNA. MCF7 cells were plated in 6-well plates (BD

Falcon) in 2 mL of media at a density of 0.75 × 105 cells/mL. After 48
h, the attached cells were at 80% confluency. Cells were treated with
fresh media containing CTM, ETP 2, or ETP 3 at desired
concentrations. All samples contained a final concentration of 0.1%
DMSO; vehicle samples were treated with cell culture media
containing 0.1% DMSO. After 6 h, hypoxia was mimicked with cobalt
chloride to a final concentration of 100 μM, and cells were incubated
for another 18 h. Cells were washed with ice-cold PBS. Total RNA was
isolated with an RNeasy kit (Qiagen) according to the manufacturer’s
instructions and quantified by UV absorbance. The RNA was further
treated with DNase I (Ambion, DNAf ree kit) to remove any remaining
genomic DNA. Reverse transcription was performed with SuperScript
III reverse transcriptase (Invitrogen) as recommended by the
manufacturer.
MDA-MB-231 cells were plated in 6-well plates in 2 mL of DMEM

media supplemented with 10% fetal bovine serum at a density of 1.25
× 105 cells/mL. Cells were treated with fresh media containing CTM
or ETP 2 at desired concentrations. Further steps were carried out as
described for the MCF7 cells.
A549 cells were grown in low serum F-12K containing 2% fetal

bovine serum, penicillin (50 U/mL), and streptomycin (50 μg/mL)
for 1 week. A549 cells were plated in 6-well plates in 2 mL of serum-
free media (0.2% fetal bovine serum) at a density of 1.25 × 105 cells/
mL. Cells were treated with fresh serum-free media containing ETP 2
at desired concentrations. After 6 h, hypoxia was mimicked by adding
DFO to a final concentration of 300 μM. Further steps were carried
out as described for the MCF7 cells.
Analysis of Gene Expression Levels. Real-time qRT-PCR was

used to determine the effect of ETPs on VEGFA, c-Met, Glut1, LOX,
and CXCR4 genes in the MCF7, MDA-MB-231, and A549 cell lines.
Primers were synthesized by Integrated DNA Technologies (IDT,
Coralville, IA). Compounds were examined under both normoxic and
hypoxic conditions. For VEGFA, the forward primer 5′-AGG CCA
GCA CAT AGG AGA GA-3′ and reverse primer 5′-TTT CCC TTT
CCT CGA ACT GA-3′ were used to amplify a 104 bp fragment from
the 3′-translated region of the gene. For the c-Met gene, the following
primer pair was used: forward 5′-GGA AGA GGG CAT TTT GGT
TG-3′, reverse 5′-TTG GGA AAC TTC TCC TAT GTC A-3′ to yield
a product of 117 bp. For the Glut1 (SLC2A1) gene, the following
primers were used: forward 5′-AGT ATG TGG AGC AAC TGT
GTG G-3′, reverse 5′-CGG CCT TTA GTC TCA GGA AC-3′ to
yield a product of 106 bp. For LOX, we employed the following primer
pair: forward 5′-ATG AGT TTA GCC ACT ATG ACC TGC TT-3′
and reverse 5′-AAA CTT GCT TTG TGG CCT TCA- 3′ to amplify a
73 bp product. For CXCR4, the following primer pair was used:
forward 5′- GAA GCT GTT GGC TGA AAA GG-3′, reverse 5′-CTC
ACT GAC GTT GGC AAA GA-3′ to yield a product of 94 bp. RNA
levels were standardized by quantification of β-glucuronidase as the
housekeeping gene with forward primer 5′-CTC ATT TGG AAT
TTT GCC GAT T-3′ and reverse primer 5′-CCG AGT GAA GAT
CCC CTT TTT A-3′. The experiments were performed with Applied
Biosystems SYBR Green RT-PCR master mix. Temperature cycling
and detection of the SYBR green emission were performed with an
ABI 7900HT fast real-time PCR system. Data were analyzed with the
Applied Biosystems sequence detection system, version 2.4.
Western Blot Analysis of VEGFA and c-Met Protein Levels.

MCF7 and MDA-MB-231 cells were plated in 60 mm diameter cell
culture dishes (BD Falcon) to a density of 1.0 × 106 cells/mL. After
attachment, they were treated with media containing CTM (200 nM),
ETP 2, and ETP 3 (400 nM). All samples contained a final
concentration 0.1−0.2% v/v of DMSO. After a 6 h incubation period,
hypoxia was induced with 300 μM DFO in MCF7 or with 150 μM
CoCl2 in MDA-MB-231 cells. Samples were incubated for an
additional 18 h. Total cellular proteins were extracted from the cells
using cell lysis buffer according to the manufacturer’s protocol (Cell
Signaling). Protein concentrations were measured with the BCA

protein assay kit (Pierce/Thermo Scientific). Equal amounts of protein
samples were subjected to SDS-PAGE and electroblotted to PVDF
membrane (Bio-Rad). These were probed first with an anti-VEGFA
mouse monoclonal (sc-57496, Santa Cruz Biotechnology) or anti-c-
Met rabbit polyclonal antibodies (sc-10, Santa Cruz Biotechnology),
stripped with Restore western blot stripping buffer (Pierce/Thermo
Scientific), and reprobed with a rabbit polyclonal anti-β-actin antibody
(4867, Cell Signaling).

After washing with Tris-buffered saline, Tween 20 (TBST) solution,
the membranes were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Santa Cruz Biotechnology). Signals
were detected by using the SuperSignal chemiluminescent kit (Pierce/
Thermo Scientific).

Western Blot Analysis of HIF1α Levels. A549 cells were plated
in T75 cell culture flasks (BD Falcon) to a density of 2.0 × 105 cells/
mL. After the cells were 80% confluent, they were treated with media
containing ETP 2 (1600 nM). All samples contained a final
concentration 0.1% v/v of DMSO. After a 6 h incubation period,
hypoxia was induced with 300 μM DFO. Samples were incubated for
an additional 42 h. Cells were washed twice with ice-cold PBS buffer.
Total cellular proteins were extracted from the cells using 0.5 mL of
RIPA cell lysis buffer (Promega) per T75 flask. Protein concentrations
were measured with the BCA protein assay kit. Equal amounts of
protein samples were subjected to SDS-PAGE and electroblotted to
PVDF membrane. These were probed first with a monoclonal mouse
antihuman HIF1α antibody (BD Biosciences), stripped with Restore
western blot stripping buffer, and probed with a goat polyclonal anti-
Lamin A/C antibody (sc-6215, Santa Cruz Biotechnology). After
washing with TBST solution, the membrane was incubated with HRP-
conjugated secondary antibody. Signals were detected by using the
SuperSignal chemiluminescent kit.

Animal Use. Animal experiments were done in accordance with
federal guidelines following review and approval by the Proteoge-
nomics Research Institute for Systems Medicine Institutional Animal
Care and Use Committee (PRISM IACUC). Athymic nude mice were
8−9 weeks old and purchased from Harlan, Inc.

Fluorescent Tumor Cell Lines. N202 (a gift from Joseph
Lustgarten, Mayo Clinic, Scottsdale, AZ) were maintained in DMEM
high glucose supplemented with L-glutamine (2 mM), penicillin (100
U/ml), streptomycin (100 U/ml), sodium pyruvate (1 mM)
(Invitrogen, Carlsbad, CA), and 10% heat inactivated fetal bovine
serum (Omega Scientific, Tarzana, CA) at 37 °C in 5% CO2 in air.
The histone H2B−GFP was subcloned into the SalI/HpaI sites in the
LXRN vector (Clontech, Inc., Palo Alto, CA) using SalI and blunted
NotI sites from the BOSH2BGFPN1 vector. N202 cells were
transduced with the viable virus to stably incorporate the H2B−GFP
gene. The transduced cells were sorted twice using a fluorescence-
activated cell sorter to ensure that 100% of the cells stably expressed
the H2B−GFP protein.

Tumor Models. We used the classic IVM tumor model79 with
minor modifications. The athymic nude mice (25−30 g of body
weight) were anesthetized (7.3 mg of ketamine hydrochloride and 2.3
mg of xylazine per 100 g of body weight, intraperitoneal injection) and
placed on a heating pad. A titanium frame was placed onto the dorsal
skinfold of the mice to sandwich the extended double layer of skin. A
15 mm diameter full-thickness circular layer of skin was then excised.
The superficial fascia on top of the remaining skin is carefully removed
to expose the underlying muscle and subcutaneous tissue that is then
covered with another titanium frame with a glass coverslip to form the
window chamber. After a recovery period of 1−2 days, the animals
were prepared for the procedure of implanting of tumor spheroids.

Tumor spheroids were formed by plating 50 000 N202 cells onto
1% agar-coated 96-well nontissue culture treated flat bottom dishes
(20 μL of cells in 100 μL of medium) and centrifuging 4 times at 2000
rpm for 15 min, rotating the dish after every centrifugation. The cells
were incubated an additional 3−7 days (depending on cell type) at 37
°C in 5% CO2 in air to form tight tumor spheroids.

The spheroids were implanted directly onto the dorsal skin in the
window chamber alone. Tumors were allowed to vascularize over 10−
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14 days before the injection of 1 mg/kg of either meso-ETP 2 or
(±)-ETP 2 on day 0, followed by the injections on days 8, 10, and 12.
Tumor Growth. Tumors were imaged via intravital fluorescence

microscopy, as described in the literature.48 Tumor growth was
analyzed from the recorded grayscale 0-to-256 levels of gray images
using Image-Pro Plus (Media Cybernetics, Bethesda, MD). Tumor
growth was determined by quantifying the cumulative fluorescence
signal for the tumor over time. The cumulative fluorescence signal
from each tumor was measured by signal summation of all pixels.
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