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Abstract

To discover novel drugs for neuroblastoma treatment, we have previously screened a panel of
drugs and identified 30 active agents against neuroblastoma cells. Here we performed microarray
gene expression analysis to monitor the impact of these agents on a neuroblastoma cell line and
used the connectivity map (cMAP) to explore putative mechanism of action of unknown drugs.
We first compared the expression profiles of ten compounds shared in both our dataset and cMAP
database and observed the high connectivity scores for 7 of 10 matched drugs regardless of the
differences of cell lines utilized. The screen of cMAP for uncharacterized drugs indicated the
signature of Epoxy anthraquinone derivative (EAD) matched the profiles of multiple known DNA
targeted agents (topoisomerase /11 inhibitors, DNA intercalators, and DNA alkylation agents) as
predicted by its structure. Similar result was obtained by querying against our internal NB-cMAP
(http://pob.abcc.nciferf.gov/cgi-bin/cMAP), a database containing the profiles of 30 active drugs.
These results suggest that Epoxy anthraquinone derivative may inhibit neuroblastoma cells by
targeting DNA replication inhibition. Experimental data also demonstrate that Epoxy
anthraquinone derivative indeed induces DNA double-strand breaks through DNA alkylation and
inhibition of topoisomerase activity. Our study indicates that Epoxy anthraquinone derivative may
be a novel DNA topoisomerase inhibitor that can be potentially used for treatment of
neuroblastoma or other cancer patients.
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1. Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor of childhood. It is highly
heterogeneous with diverse clinical behavior [1]. Patients with low-risk disease are
essentially curable. However more than half of neuroblastoma patients have high-risk
disease. The high risk group comprises patients over one year of age, with stage 4 disease,
and MYCN amplification. Current multimodal therapies for high-risk neuroblastoma include
surgery, intensive chemotherapy with stem cell rescue, radiation therapy, monoclonal
antibody and treatment with a differentiating agent [1,2]. The drugs such as etoposide,
doxorubicin, cisplatin, carboplatin, vincristine, topotecan, cyclophosphamide, and 13-cis-
retinoic acid are frequently used. However, the disease often returns and only ~30-40% of
patients survive despite aggressive therapy. With a better understanding of tumor biology
and molecular events governing tumorigenesis, new therapeutics is being developed for
neuroblastoma treatment. Recent results of phase 11 clinical trial show that an antibody-
based immunotherapy (anti-GD2 mAb combination therapy) increased event-free survival of
patients with high-risk neuroblastoma by 20% [3,4]. Due to a small prevalence of pediatric
tumors, novel drug development for pediatric tumors has been very limited especially
compared with the number of studies in adult cancers. Therefore there is an urgent need for
novel drug development for neuroblastoma treatment.

The connectivity map (c(MAP) is a database containing genome-wide transcriptional
expression data from cultured human cells treated with bioactive small molecules that
enable the discovery of functional connections between drugs, genes, and diseases through
the transitory feature of common gene-expression change [5]. Studies have utilized this tool
to identify drugs affecting the same molecular pathways and explore putative mechanism of
action of unknown drugs [6-8]. The current version of cMAP (build 02) contains more than
7,000 expression profiles representing 1,309 agents (http://www.broadinstitute.org/cmap/).

To identify active agents against neuroblastoma, we have previously screened a panel of
drugs with diverse mechanisms of action in neuroblastoma cell lines and identified 30 active
agents [9]. In this study we profiled mMRNA expression for each of these 30 agents in a
neuroblastoma cell line and analyzed the gene expression signatures associated with each
drug using the cMAP database and the internal NB-cMAP database (http://
pob.abcc.nciferf.gov/cgi-bin/cMAP) containing gene expression profiles of the NB cell line
for the 30 active drugs. This gene expression profiling-based approach identified an epoxy
anthraquinone derivative (EAD) as a potential DNA topoisomerase inhibitor, which was
validated by experiments in neuroblastoma cells.

2. Materials and Methods

2.1. Cell culture and microarray experiments

A neuroblastoma cell line SK-N-AS obtained from the American Type Culture Collection
(ATCC) was used for microarray analysis. Cells were grown in RPMI 1640 media and other
conditions of cell culture were the same as described previously [9]. 600,000 SK-N-AS cells
were seeded in each well of 6-well plates. Twenty-four hours after seeding, cells were
treated with each of the 30 drugs at two doses as described in Supplemental Table 1. Cells
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were harvested using Trizole® reagent (Invitrogen, Carlsbad, CA) 6 hours after the drug
treatment. Total RNA was purified using Qiagen miRNesay® mini kit on Qiagen Qiacube
following manufacture’s protocol (Qiagen, Valencia, CA). For DNA microarray experiment,
biotinlyated cRNA was synthesized and hybridized on Affymetrix GeneChip® Human
Genome U133 plus 2.0 arrays (Affymetrix, Santa Clara, CA) according to Affymetrix’s
protocol.

2.2. Data processing and cMAP analysis

The .CEL files were exported from Affymetrix GCOS software and normalized using the
Affymetrix PLIER algorithm with mismatch probe adjustment (Affymetrix Power Tool,
Affymetrix, Santa Clara, CA). Values smaller than 4 were replaced with 4. Relative
expression values were calculated by dividing with the geometric mean of the corresponding
values from the two vehicle control samples with no drug treatment. Each instance was then
rank-normalized by sorting the probes and replacing expression values with the rank. For
probesets having both ‘treatment’ value and ‘no treatment’ replaced with 4, thus having
equal ratios, we determined the order with respect to the ratio of the original values. For
cMAP analysis, we used the current version of cMAP (build 02) which contains more than
7,000 expression profiles representing 1,309 drugs. The query signature for each sample was
generated using 500 probesets with highest expression and lowest expression, from which
the probesets overlapped with Affymetrix HG-U133A were used for querying the cMAP
database. In the query result, any mechanism of action represented by two or more instances
ranking at the top 20 is shown in the tables.

2.3. NB-cMAP database

The dataset used for our NB-cMAP (http://pob.abcc.ncifcrf.gov/cgi-bin/cMAP) database is
composed of MRNA expression data for 30 active agents at two different concentrations and
2 corresponding vehicle controls applied to human neuroblastoma cell line SK-N-AS for 6
hours. The data processing is described as above and the details of the dataset are available
in Supplemental Table 1. The metric based on the Kolmogorov-Smirnov statistics and
scoring system were used to build NB-cMAP as described by Lamb et al. [5]. Enrichment of
both up- and down-regulated genes from a given signature in the profiles of each treatment
instance were estimated with the Kolmogorov-Smirnov statistic and combined to produce an
enrichment score as described [5].

2.4. Cell viability and caspase-Glo 3/7 assay

Five neuroblastoma cell lines (SK-N-AS, SH-SY5Y, NBEB, IMR5 and IMR32) were used
in cell viability and caspase-Glo 3/7 assay. The cells were seeded in each well on 96-well
plates; 24 hours after seeding, cells were treated with drugs which are diluted with the cell
culture medium and DMSO to achieve the desired final drug concentration and 0.1% final
concentration of DMSO. We evaluated the efficacy of each compound using the CellTiter
Blue® cell viability assay (Promega Corporation, Madison, W1) at 24 after drug treatment as
prescribed by the manufacturer’s protocol. Apoptosis was measured by Caspase-Glo 3/7®
assay (Promega Corporation, Madison, WI) at 24 hours after the drug treatment. The
percentage of cell viability or caspase activity was calculated by normalizing the
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measurement of drug treatment to control (dose of 0 nM). The data shown is a mean
representative of the three independent measurements.

2.5. y-H2AX Western Blotting

SK-N-AS cells were treated with EAD at doses of 0.5, 2, and 5 uM. Positive controls
included cells treated with 1 pM camptothecin (CPT) and 10 uM etoposide. Four hours post-
treatment, cells were lysed in a buffer containing 1% SDS (sodium dodecyl sulfate), 10 mM
Tris-HCI (pH 7.4), 1 mM sodium orthovanadate supplemented with protease inhibitors
(Roche Applied Science, Indianapolis, IN) and phosphatase inhibitors (Sigma Chemical Co.,
St. Louis, MO). Protein concentrations were determined using the BioRad DC Protein
Assay. Equal amounts of protein were fractionated on a 4-20% SDS—polyacrylamide gel,
transferred to nitrocellulose, and immunoblotted using anti-phospho-H2AX (Upstate, Lake
Placid, NY) and anti-GAPDH (Cell Signaling, Beverly, MA) primary antibodies.

2.6. Topoisomerase I/ll -Mediated DNA Cleavage Assay

Human recombinant Topl was purified from baculovirus as previously described [10] and
human recombinant Top2a was a generous gift from Dr. Neil Osheroff (Vanderbilt
University). DNA cleavage reactions were prepared as previously reported with the
exception of the DNA substrate [11]. For topoisomerase I-mediated DNA cleavage assay, a
117-bp DNA oligonucleotide (Integrated DNA Technologies, Coralville, IA) containing a
single 5’-cytosine overhang was 3’-end labeled by fill-in reaction with [a-32P]-dGTP in
React 2 buffer (50 mM Tris-HCI, pH 8.0, 100 mM MgCl,, 50 mM NaCl) with 0.5 units of
DNA polymerase | (Klenow fragment, New England BioLabs, Ipswich, MA). For
topoisomerase II-mediated DNA cleavage assay, the recessed strand from the 117-bp DNA
oligonucleotide was 5'-labeled using T4 polynucleotide kinase and [y-32P] ATP. The 5'-
labeled single-stranded oligonucleotide were then annealed with its complementary strand to
the double-stranded 117-bp oligonucleotide by heating for 5 min at 95°C and slowly cooling
to room temperature. Approximately 2 nM of radiolabeled DNA substrate was incubated
with or without recombinant Topl or Top2a in 20 pL of reaction buffer (10 mM Tris-HCI
(pH 7.5), 50 mM KCI, 5 mM MgCl,, 0.1 mM EDTA, and 15 pg/ml BSA) at 25°C for 20
min in the presence of various concentrations of drugs. The reactions were terminated by
adding SDS (0.5% final concentration) followed by the addition of two volumes of loading
dye (80% formamide, 10 mM sodium hydroxide, 1 mM sodium EDTA, 0.1% xylene cyanol,
and 0.1% bromphenol blue).

2.7. DNA Alkylation Assay

A 5-end labelled 60-bp DNA oligonucleotide (1 nM) was incubated with different doses of
EAD for 1 hr at 30 °C in reaction buffer containing 25 mM TEOA (triethanolamine) and 1
mM EDTA. The reaction was quenched by the addition of 5 pg of calf thymus DNA. After
ethanol precipitation, the DNA was resuspended in 1 M piperidine and incubated for 15 min
at 95 °C. The solution was lyophilized, and the pellet dissolved in formamide loading dye.
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2.8. Gel Electrophoresis

Aliquots of each reaction from topoisomerase I-mediated DNA cleavage assay and DNA
alkylation assay were subjected to 20% denaturing PAGE. Gels were dried and visualized
by using Phosphoimager and ImageQuant software (Molecular Dynamics).

3. Results

3.1. Gene expression profiling of active drugs in neuroblastoma cells

We have previously screened a panel of 96 compounds with diverse mechanisms of action
in neuroblastoma (NB) cell lines and identified 30 compounds that are active against NB
cell lines at concentrations < 10 uM. The details of the screen are described elsewhere [9].
To elucidate the mechanism of action underlying the biological responses of neuroblastoma
cells to these active agents, we profiled the gene expression of human neuroblastoma cell
line SK-N-AS, a stage 4 MYCN-not-amplified NB cell line, for each of these active
compounds using Affymetrix human genome U133plus 2.0 arrays. Our data set includes
profiles for 30 different drugs at two different concentrations (a total of 60 gene expression
profiles). The details of the dataset are described in Supplemental Table 1. In order to obtain
signatures related to direct mechanism of action, we used a relatively early time point (6
hours after compound addition) as described previously [5].

Among 30 active compounds only 10 were also present in the Broad Institute’s connectivity
map (cMAP), (http://www.broadinstitute.org/cmap) [5]. Thus we compared expression
profiles for these 10 compounds in neuroblastoma cell with those in other cancer cell lines
existing in the cMAP database. The query signature for each drug was generated using 500
most up-regulated and 500 most down-regulated probe sets derived from NB cells and
searched against the cMAP database. At higher concentration, 7 out of 10 drugs
(alsterpaullone, 5-azacytidine, camptothecin, colchicine, doxorubicin, mitoxantrone, and
tetrandrine) have high cMAP enrichment scores (p < 0.05), five of them ranking at or near
the top despite the differences in cells (NB cells vs. MCF7 and PC3 cells) used to generate
the query signature and reference profiles (Table 1). At lower concentration, alsterpaullone,
5- azacytidine, camptothecin, colchicine, and daunorubicin showed high enrichment scores
(p < 0.05). There is no profile similarity for the rest of drugs (Table 1). It is plausible that the
drugs with dissimilar expression profiles at both low and high concentration could be cell
context-dependent.

3.2. NB-cMAP: a database of drug-associated neuroblastoma gene expression profiles

Since 20 active drugs in NB cell lines were not present in the cMAP database and the
current Broad cMAP database were mostly generated from carcinoma cell lines (breast
cancer and prostate cancer; MCF7 and PC3 respectively), we postulated that the action of
some drugs might be cell-context dependent. We therefore developed a web-based database
NB-cMAP (http://pob.abcc.ncifcrf.gov/cgi-bin/cMAP) containing 60 neuroblastoma mRNA
expression profiles representing 30 active agents as described above with the same structure
and algorithm as cMAP [5].
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3.3. Identification of Epoxy Anthraguinone Derivative as a potential DNA replication

inhibitor

Among 30 active drugs against NB cell lines, most of them have proposed mechanism of
action. However, epoxy anthraquinone derivative (EAD), perezone, and helenalin, have not
been rigorously evaluated especially in the context of their promising activity in NB
treatment. In order to understand the mechanisms of these 3 drugs, we used the connectivity
maps to generate hypotheses about the mechanism of action for each of these drugs. We first
generated signatures from the gene expression profiles of these drugs in NB cells at higher
concentration and queried the cMAP database. For perezone, high connectivity scores were
found for multiple instances of three alkylating agents: lomustine, semustine and 15-delta
prostaglandin J, (Supplemental Figure 1A). Comparison of the chemical structures between
perezone and these three drugs indicated that they all have a potential alkylating functional
group in their structures (Supplemental Figure 1B). The query for helenalin yielded high
enrichment scores for multiple topoisomerase /11 inhibitors: camptothecin, daunorubicin,
irinotecan, and ellipticine (Supplemental Figure 2), suggesting that helenalin has a mode of
action through topoisomerase inhibition.

We next studied the effects of EAD using cMAP analysis and found that 7 out of 10 highest
scoring instances were topoisomerase I/11 inhibitors and DNA intercalators: irinotecan,
camptothecin, hycanthone and daunorubicin (Table 2). High connectivity score was also
found for ellipticine, another topoisomerase Il inhibitor. The analysis of EAD structure
along with the structures of these topoisomerase I/1l inhibitors and DNA intercalators
showed that EAD with its tricyclic fused ring system shares a common pharmacophore
displayed with the rest of the DNA intercalators (Supplemental Figure 3). Thus the cMAP
analysis suggested the function of EAD as predicted by its structure. In addition, we
observed high scores of phenoxybenzamine (alkylating agent) and trichostatin A (HDAC
inhibitor) (Table 2). The activity of EAD could be attributed to the presence of an epoxide
ring that can easily modify associated enzymes and the ability of the epoxide group to
covalently modify its targets; a similar alkylating mode of action can be proposed for
phenoxybenzamine (Supplemental Figure 3) containing an active terminal chloro-group.
Furthermore, we queried the EAD signature against NB-cMAP to determine whether a
similar result could be obtained. As shown in Table 3, within top 10 matches with the
highest connectivity scores, EAD at lower concentration is one of them as anticipated, all
other 9 matches were known to be DNA replication inhibitors (topoisomerase I/11 inhibitors
and DNA intercalators) representing 7 drugs: echinomycin, daunorubicin, doxorubicin,
mitoxantrone, camptothecin, teniposide, and amonafide. Four drugs (echinomycin,
mitoxantrone, teniposide and amonafide) from NB-cMAP query were not present in the
cMAP database; their chemical structures suggested their capability of DNA intercalation
similar to EAD (Supplemental Figure 4). These results further strengthened our hypothesis
that EAD inhibits neuroblastoma cell growth through DNA interaction.

3.4. Epoxy Anthraquinone Derivative inhibits DNA replication and alkylation in
neuroblastoma cells

We further examined the cell growth inhibition and pro-apoptotic activity of EAD using
multiple doses in a larger panel of NB cell lines including two MY CN-amplified cell lines
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(IMR32 and IMR5) and three MY CN-not-amplified cell lines (SK-N-AS, SH-SY5Y and
NBEB). The inhibition of cell growth was observed for all tested cell lines in a dose-
dependent manner (Figure 1A), and the induction of apoptosis started at a dose of 10 nM
except SK-N-AS cells which exhibited the induction at 1000 nM (1 uM) (Figure 1B). The
induction of apoptosis dropped at a higher concentration after reaching the peak induction,
which is probably due to very few viable cells left for the caspase assay.

The cMAP analysis on the Broad and NCI database as well as the structure analysis
indicated that that EAD functions as DNA replication inhibitor; we therefore next sought to
validate this hypothesis experimentally. DNA double-stranded breaks (DSBs) resulting from
DNA replication arrest are generally detected by their ability to trigger phosphorylation of
histone H2AX (y-H2AX) [12]. To test whether EAD induces DNA double-stranded breaks,
we treated SK-N-AS cells with EAD and measured y-H2AX levels using Western blot
analysis. As predicted, EAD increased y-H2AX levels in a dose-dependent manner (Figure
2).

We then tested whether EAD inhibit Topoisomerase I/l activities using a topoisomerase-
mediated DNA cleavage assays [13]. These assays allow comparison of the effectiveness of
the topoisomerase inhibitors in stabilizing topoisomerase-DNA cleavage complex. The
formation of topoisomerase I- DNA complexes by EAD is only observed by the weakly
increased intensity of the DNA cleavage bands at a high dose of 100 uM; the stabilizing
effect of EAD is much less effective than camptothecin (CPT), a known topoisomerase |
inhibitor (Figure 3A). However, we observed the induction of topoisomerase 1I-DNA
complexes by EAD at higher concentrations, although weaker than etoposide, a
topoisomerase Il inhibitor (Figure 3B). Interestingly, EAD retards the mobility of the DNA
substrate either in the presence or absence of topoisomerase I/1l enzymes, indicating that
EAD may bind covalently to the DNA probably as a result of the reactive epoxide group. In
addition, we observed that EAD has a strong connectivity with phenoxybenzamine, further
evidence of covalent modification mechanism of action common for EAD and
phenoxybenzamine. Therefore we conducted piperidine cleavage assay to confirm the
alkylating ability of EAD a, in which the specific breaks at sites of N”-guanine alkylation
are created by piperidine [14]. As shown in Figure 4, the resulting cleavages by EAD were
in a dose-dependent manner, proving the N’-guanine alkylation by EAD. Therefore, these
experiments proofed that EAD is a strong DNA alkylating agent, and a weak topoisomerase
inhibitor.

4. Discussion

High-risk neuroblastoma remains largely incurable despite intensive multimodality therapies
[1,2], which include cytostatic and cytotoxic agents. Many of them are alkylating drugs
targeting at a broad range of DNA and proteins, which belong to the earliest class of
anticancer therapies that still play an important role in the treatment of pediatric
malignancies [15]. Unfortunately there is also a significant toxicity associated with these
drugs due to non-selective effects in healthy tissue. Therefore there is a pressing need to
identify effective drugs with the least side effects. We have previously screened a panel of
agents and identified 30 active drugs against neuroblastoma cells (Supplemental Table 1);
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most of them have well-characterized mechanisms of action. In order to elucidate the
mechanism of action of uncharacterized drugs, we used a gene expression-based chemical
genomic approach that has been proven to be effective [5-8]. Among the drugs tested, EAD
has been identified to induce significant cell death in neuroblastoma cell lines in our
previous study [9], it has also been reported that EAD inhibits angiogenesis [16]. Both
cMAP database from Broad Institute and the internal NB-cMAP database as well as its
structure analysis demonstrated that EAD may inhibit neuroblastoma cells through DNA
alkylation, DNA intercalation, and topoisomerase I/1l inhibition. We validated these results
experimentally to show that EAD induced DNA double-strand breaks, DNA alkylation and
inhibited topoisomerase Il activity (Figure 2—4); however the inhibition of toposomerase I is
only weakly observed at a high dose of EAD. Topoisomerase | and Il (Topl and Top2) are
well established molecular targets of anticancer drugs and have been the focus for the
treatment of various cancers [17-19], and inhibition of these critical enzymes will result in
DNA strand breaks which cause arrest in the cell cycle [17-19]. Among the well established
Top1 inhibitors, camptothecin and its water-soluble derivative irinotecan were shown to
have similar expression profiles with EAD. Irinotecan is approved by the FDA for colorectal
tumors and is under clinical trial in treating children with refractory solid tumors including
neuroblastoma. Multiple Top2 inhibitors including daunorubicin, doxorubicin,
mitoxantrone, ellipticine, amonafide and teniposide were found to have a strong connectivity
with EAD. Teniposide is a non-intercalating Top2 inhibitor and all other 5 drugs are
intercalating Top2 inhibitors. All these drugs have been shown to have anticancer activity
[18]. Daunorubicin, doxorubicin, mitoxantrone and teniposide are FDA-approved, but
amonafide and ellipticine are not currently in clinical use [18]. In addition, EAD was shown
to have a strong connectivity with phenoxybenzamine and trichostatin A.
Phenoxybenzamine is a a2 adrenoceptor agonist and its molecular mode of action is
proposed to be through alkylation of the receptor. Trichostatin A, a histone deacetylase
inhibitor, is proposed to block the catalytic reaction by chelating a zinc ion in the active-site
pocket through its hydroxamic acid group [20]. It has been reported to induce cell growth
arrest, apoptosis and differentiation in tumor cells [20]. It is important to note that EAD
apart from its alkylating characteristics, can also act by chelating Zn?* ions through the
planar 1,3-carbonyl groups and probably share similar mode of action with trichostatin A.
These important findings suggest that EAD can act through multiple modes of action which
may increase the potency of the anti-cancer effect; therefore it may be developed into an
effective drug against neuroblastoma and other cancers. Although this study was done in
neuroblastoma but it is likely that this novel drug may act on all dividing cells given their
nature of action, further study is warranted to investigate the effect of EAD in other tumor
cells.

In this study we also revealed the drug action mechanism for another two uncharacterized
drugs, perezone and helenalin, which have been identified as cytotoxic agents against
neuroblastoma cells based on our previous study [9]. Perezone is a sesquiterpenoic
benzoquinone isolated from the roots of Perezia adnata [21], and its anti-cancer mechanism
is unknown. cMAP analysis has shown that three high scored matches for perezone
expression profile are the alkylation agents: lomustine, semustine and 15-delta prostaglandin
J2, suggesting that perezone might act as an alkylating agent. Perezone is also a redox active
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compound that can possibly involved in cellular redox processes. Helenalin is a naturally
occurring sesquiterpene lactone extracted from Arnica montana and Arnica chamissonis ssp.
foliosa. It has been reported that Helenalin and its analogs exert their anti-cancer and anti-
inflammatory effects via inhibiting NF-xB and telomerase activity, and impairing protein
and DNA synthesis [22—24]. However, our gene expression-based chemical genomic
analysis demonstrated similar expression profile changes of helenalin as those of
camptothecin, irinotecan, daunorubicin and ellipticine, which are topoisomerase 1/11
inhibitors. Four topoisomerase /11 inhibitors contain fused aromatic rings capable of DNA
intercalation via m-stacking (Supplemental 2B), however helenalin with its active a,p—
unsaturated terpenoid ring system can exert its topoisomerase inhibition by alkylating any of
the DNA repairing enzymes or damaged DNA itself. Helenalin also has a strong
connectivity with GW-8510, a relatively selective CDK2 inhibitor that shows antitumor
activity by inhibition of cell growth and induction of apoptosis [25]. Even though a direct
chemical structural comparison seems not evident, the fact that the GW-8510 possesses
extended aromatic ring systems as well as the exocyclic lactam ring may possibly contribute
to its biological activity (Supplemental 2B). Common pharmacophores that were identified
for these drugs and the similarity in their gene expression profiles warrants further
experimental validation and this information could be useful in the rational design of the
next generation of specific and selective topoisomerase inhibitors. Validation of these two
compounds will be the subject of future studies.

The connectivity Map (cMAP) developed by the Broad Institute is a robust approach for
compound activity prediction that uses gene expression signature enrichment analysis to
identify compounds which act with similar mode of action. We used this tool to identify the
putative mechanisms for three uncharacterized drugs and validated the mechanism of EAD
action by our internal NB-cMAP, the structure analysis and experimental data. NB-cCMAP,
created with same structure and algorithm as cMAP, uses the dataset of neuroblastoma gene
expression data for 60 instances representing 30 active agents. There are 10 common drugs
existing in both cMAP and NB-cMAP. Thus we used the gene expression signatures of these
10 drugs in the NB-cMAP dataset to query cMAP and test if all 10 drugs could be retrieved
from cMAP with high connectivity scores. Seven drugs at higher concentration and five at
lower concentration returned with high connectivity scores for the same drugs. For those
drugs with no connectivity, they may induce a set of context specific genes in neuroblastoma
cells different from leukemia, breast, and prostate cancer cell lines used in the cMAP
dataset. This context dependency was also observed in the previous study [5]. Therefore
NB-cMAP dataset, generated in neuroblastoma cell line and included 20 drugs not existing
in cMAP, might provide useful information in addition to cMAP. Despite the cell context
dependency for some agents, the majority of the agents appear to be cell line independent as
shown in this study and the previous study [5].

In conclusion, we have used a gene expression-based chemical genomic approach combined
with structure analysis to identify the putative mechanism of action for three uncharacterized
drugs that are cytotoxic against neuroblastoma cells. Our study demonstrated that EAD
inhibits DNA replication in neuroblastoma cells through DNA alkylation, DNA
intercalation, and topoisomerase inhibition. EAD may prove to be a good candidate for the
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potential treatment of high-risk neuroblastoma as well as other cancer patients, but further
studies are warranted to evaluate its in vivo therapeutic potential and possible side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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igure 1. EAD inhibits cell growth and induces apoptosis in multiple neuroblastoma cell lines
ive NB cell lines including three MY CN-not-amplified (SK-N-AS, NBEB, and SH-SY5Y)

and two MYCN-amplified cell lines (IMR5 and IMR32) were used in this experiment; the
cells were treated with EAD at 1, 10, 100 and 1000 nM. The cell viability (A) and caspase-
Glo 3/7 activities (B) were measured at 24 hours after the drug treatment. The percentage of
cell viability or caspase activity was calculated by normalizing the measurement of drug
treatment to no treatment (dose of 0 nM). The data shown is a mean representative of the
three independent measurements. SK-N-AS, ¢; NBEB, ®; SH-SY5Y, X; IMR5, x; IMR32,

A,
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Figure 2. EAD increases the level of yH2AX at a dose-dependent manner
The level of yH2AX protein was measured after SK-N-AS cells were treated with different

drugs for 4 hours. Doses of drugs: camptothecin (CPT) at 1 uM; etoposide at 10 uM; EAD at
0.5, 2, and 5 pM.
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Figure 3. EAD induces Topoisomerase I/11-mediated DNA cleaving activity
A. The induction of topoisomerase | (Top 1)DNA complexes by EAD was measured using

DNA cleavage assays as described in Materials and Methods. Doses of drugs: camptothecin
(CPT) at 1 uM; EAD at 1, 10, and 100 uM. B. The induction of topoisomerase Il (Top2)-
DNA complexes by EAD was measured using DNA cleavage assays as described in
Materials and Methods. Doses of drugs: etoposide at 0.1, 1, 10, and 100 uM; EAD at 0.1, 1,
10, and 100 uM.
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Figure 4. EAD induces DNA alkylation
The guanine-alkylating ability of EAD was examined using a piperidine cleavage assay at

doses of 0.1, 1, 10, and 100 uM as described in Materials and Methods.
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List of compounds showing high connectivity with EAD in query against internal NB-cMAP database

Table 3

Rank Drug name Dose  Score Mechanism of action
1 Echinomycin 5nM 1 DNA Intercalation
2 Daunorubicin 1uM 0.94  DNA intercalation/Top2 inhibition
3 Doxorubicin 1um 0.91  DNA intercalation/Top2 inhibition
4 Mitoxantrone 1uM 0.9 DNA intercalation/Top2 inhibition
5 Camptothecin 1 uM 0.86 Topl inhibition
6 Echinomycin  0.5nM  0.81 DNA Intercalation
7 Teniposide 10 uM 0.77 Top2 inhibition
8 EAD 05puM  0.74 Unknown
9 Amonafide 10uM  0.71  DNA intercalation/Top2 inhibition
10 Daunorubicin 10 uM 0.7 DNA intercalation/Top2 inhibition
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