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Cancer Cell Proliferation with Suitable in Vitro Pharmacokinetics
Liwei Li,™* Jing Li,” May Khanna," Inha Jo," Jason P. Baird,” and Samy O. Meroueh*:*3
"Department of Biochemistry and Molecular Biology, "Center for Computational Biology and Bioinformatics, Indiana University

School of Medicine, Indiana University, Indianapolis, Indiana 46202-5126, and *Department of Chemistry and Chemical
Biology, Indiana University Purdue University Indianapolis, Indiana 46202

ABSTRACT In an effort to develop a rational approach to identify anticancer
agents with selective polypharmacology, we mined millions of docked protein—
ligand complexes involving more than a thousand cancer targets from multiple
signaling pathways to identify new structural templates for proven pharmaco-
phores. Our method combines support vector machine-based scoring to enrich the
initial library of 1592 molecules, with a fingerprint-based search for molecules that
have the same binding profile as the EGFR kinase inhibitor erlotinib. Twelve new
compounds were identified. In vitro activity assays revealed three inhibited EGFR
with ICsq values ranging from 250 nM to 200 uM. Additional in vitro studies with
hERG, CYP450, DNA, and cell culture-based assays further compared their proper-
ties to erlotinib. One compound combined suitable pharmacokinetic properties
while closely mimicking the binding profile of erlotinib. The compound also
inhibited H1299 and H460 tumor cell proliferation. The other two compounds
shared some of the binding profile of erlotinib, and one gave the most potent
inhibition of tumor cell growth. Interestingly, among the compounds that had not
shown inhibition of EGFR, four blocked H1299 and H460 proliferation, one
potently with ICso values near 1 uM. This compound was from the menogaril
family, which reached phase II clinical trials for the treatment of lymphomas. This
suggests that our computational approach comparing binding profiles may have
favored molecules with anticancer properties like erlotinib.
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systems biology

the description of cancer as a systems biology

disease.' This is especially true for lung cancer,” often
the result of years of chemical insults that lead to multiple
mutations. Effective therapy for such cancers may require
the design of small molecules that target multiple proteins
across several signaling pathways.” It has been argued that
the effectiveness of anticancer drugs such as Gleevec is likely
enhanced by off-target effects. In fact, clinically used antic-
ancer drugs have been found to possess a greater degree of
promiscuity than other FDA-approved drugs. Approaches to
search for molecules that mimic the properties of existing
anticancer drugs are highly desirable. It is reasonable to
assume that molecules that bind to the same proteins across
the human proteome as existing cancer drugs are likely
going to possess a similar efficacy and pharmacokinetic (PK)
profile.

Toward this end, we have followed a unique approach
whereby we define a binding profile of molecules and drugs
that are docked to a large number of structures within the
human proteome.* In a previous effort, thousands of com-

The large number of mutations in cancer cells supports
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pounds originating from the National Cancer Institute (NCI)
diversity set were docked to structures collected from the
human proteome, resulting in a large database of protein—
ligand complexes known as the Docked Protein Interaction
Network (DOPIN).* Here, we extend this effort to dock the
more than 1000 FDA-approved drug molecules to the human
proteome. The resulting millions of protein—small molecule
complexes can be used to identify compounds that specifi-
cally target proteins within DOPIN or to find small molecules
that simultaneously bind and inhibit multiple targets across
multiple signaling pathways. Such multitargeted agents may
result in more effective cancer agents for the treatment of
lung cancer.

Here, we attempt to shift the standard paradigm for
screening of compounds by searching for molecules that
mimic the “binding profile” of an FDA-approved drug,
erlotinib. The binding profile is defined by predicted
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off-targets of the drug, which span multiple signaling path-
ways. We postulate that capturing the binding profile across
a large set of targets will lead to molecules that are more
likely to possess more drug-like rather than hit-like proper-
ties. The search for compounds is conducted by mining the
DOPIN database that consists of millions of protein—small
molecule complexes that were obtained from docking thou-
sands of compounds and FDA-approved drugs to thousands
of proteins from the human proteome. The database can be
fourld at the following Web site: http://www.biodrugscreen.
org.

Because epidermal growth factor receptor (EGFR) is
known to be the principal target of erlotinib,” our search
began by training a support vector machine (SVM) algorithm
to enrich our initial library toward molecules likely to target
EGFR. We report a mechanism for generating a SVM model
tailored to a specific target using pair potentials from know-
ledge-based scoring functions. The training of a machine
learning algorithm is performed using a set of positive and
negative descriptors. In our approach, the positive descrip-
tors consisted of pair potentials obtained from three-dimen-
sional structures of protein—ligand complexes from the
PDB. The negative descriptors were pair potentials com-
puted from protein—ligand complexes that were obtained
by docking a randomly selected set of 10000 molecules to
EGFR. Once the training of the SVM model was completed, it
was applied to identify active molecules from among the
1592 compounds of the NCI diversity set capable of binding
to EGFR. Unlike existing scoring functions, the SVM algo-
rithm classifies molecules as either “active” or “inactive”.
From the NCI diversity set, 168 compounds were identified
as “active”.

The next step in the search for compounds that mimic
erlotinib was to compare the binding profiles of these 168
compounds to that of erlotinib. The binding profile is defined
by the collection of computed binding affinities of the
compounds across a large number of cancer targets from
the HCPIN database known as “pathway” proteins; these
targets originate from multiple signaling pathways.® To
compare the binding profile of compounds to that of erloti-
nib, a fingerprint is defined for each molecule as a string of
bits with length equal to the total number of targets for each
molecule. These strings are compared to each other using a
Tanimoto coefficient as described in the Supporting Infor-
mation.”® Because there are more than a thousand struc-
tures in our collection of the human proteome, it was felt that
fingerprints containing a large number of bits would dilute
the effects of the off-targets of each molecule. Instead, a
select number of targets were used to define a fingerprint
using predicted off-targets of erlotinib. These targets were
identified by searching for those complexes that possess a
computed score that was better than that of erlotinib bound
to EGFR. The score used in this effort was a consensus score
consisting of the average value of CHEMSCORE and GOLD. It
was found that for erlotinib, 10 targets met that criterion.
Including EGFR, the resulting 11 targets are listed in Table S1
of the Supporting Information. Six of the targets are kinases.
This is very interesting since erlotinib is a kinase inhibitor.
These findings add confidence in the simple consensus
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Figure 1. (A) Concentration-dependent inhibition of EGFR
kinase activity. (B) Chemical structure of erlotinib and EGFR
inhibitors.

approach that was used to identify the off-targets. The
kinases span several signaling pathways including MAPK,
cell cycle, apoptosis, JAK, and TLR. Among the other targets,
there were two GTPases, namely, Rap1A and Rac1. Analysis
of the docked structure of erlotinib to these proteins revealed
that the drug was occupying the substrate binding site. These
GTPases affect the MAPK and TLR signaling pathways.
Finally, Mad2 protein, p300, and activin receptor type 1B
were also identified as potential off-targets. These proteins
span multiple signaling pathways including cell cycle, JAK,
and TGE

For each compound within DOPIN, a fingerprint consist-
ing of 11 bits was defined. A bit of 1 is assigned if the
computed affinity of the compound to one of the 11 targets
is greater than that of erlotinib to EGFR. The fingerprint of all
compounds within DOPIN was compared to that of erlotinib.
The 12 molecules that shared the greatest binding pro-
file similarity to erlotinib were selected and are shown in
Table S1 of the Supporting Information. These compounds
were acquired from the NCI.

Compounds 1—12 were tested for inhibition of EGFR
kinase activity at a concentration of 50 uM, using a fluores-
cence-based coupled-enzyme assay. Three of the twelve
compounds were active (25, 30, and 90% inhibition). A
concentration-dependent study of these three compounds is
shown in Figure 1 A. Compounds 3, 7, and 12 inhibited EGFR
with IC5q values of 115, 200, and 0.25 uM, respectively. The
structures of the three compounds are shown in Figure 1B.
As expected, erlotinib inhibited potently, with an estimated
ICSO of 2 nM.
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Figure 2. Stereoviews of the three-dimensional structures of (A)
erlotinib, (B) compound 7, and (C) compound 12 in complex with
EGFR. The structure of the EGFR—erlotinib complex was obtained
from the PDB databank (accession code: 1M17). The protein is
depicted in ribbon representation colored in cyan. The binding
pocket was rendered as a Connolly surface representation color-
coded by its electrostatic potential. Compounds are shown in
capped stick representation (yellow for carbon, red for oxygen,
and blue for nitrogen).

An attempt to understand the structural basis for inhibi-
tion of EGFR by compounds 7 and 12 was carried out. The
binding mode of erlotinib and these compounds to the EGFR
active site is shown in Figure 2. Like erlotinib, both com-
pounds exploit a deep cavity within the ATP binding pocket
of EGFR. Erlotinib binds to this pocket through its acetylene
and anilino ring. Compounds 7 and 12 bind to this pocket
through a bromoaniline and six-membered pyran substitu-
ent, respectively. Erlotinib also occupies a long tunnel-like
solvent-exposed region of the cavity through its quinazoline
and ether linkages. This cavity is not exploited by com-
pounds 7 and 12.

To test whether there exist any alternative binding sites for
compounds 7 and 12, we docked these compounds to
cavities on the structure of EGFR that were located using
the program SiteMap from the Schrodinger Inc. package.
Among the five sites that were identified, the score for
compound 12 bound to the ATP binding site was the most
favorable by nearly 2 kcal/mol when compared to the next
most favorable site. For compound 7, however, it appears
that the score for binding to the ATP site was slightly less
favorable in energy than the most favorable binding site by a
negligible 0.2 kcal/mol. We resorted to another approach
to establish the binding site for this compound by using a
blind docking procedure such that the molecule was docked
onto the entire protein surface. Out of the 10 docking runs,
eight resulted in compound 7 binding to the ATP site,
strongly suggesting that the ATP site is favored over the other
site.

Finally, it is worth mentioning that EGFR may not be the
only kinase target for compounds 3, 7, and 12. To provide
insight into other potential kinase off-targets for compounds
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Figure 3. Percent inhibition of hERG K' channels and CYP2C9
isozyme, with E-4031 and sulfaphenazole used as controls,
respectively. All experiments were performed at 6 uM con-
centration.

7 and 12, we searched the DOPIN database (http://fwww.
biodrugscreen.org). We found a number of kinases that
exhibited scores that were better than those of 7 and 12
bound to EGFR, providing additional evidence that these
compounds target multiple signaling pathways. The kinase
potential off-targets are listed in Table S2 of the Supporting
Information.

It is encouraging that the combined SVM scoring and
multi-target approach led to molecules that inhibit the
known target of erlotinib EGFR. However, our main objective
in this work is to find molecules that share some of the
efficacy and suitable PK properties of erlotinib. To further
assess the similarities between these compounds and erlo-
tinib, in vitro evaluation of three PK properties, namely,
human ether-a-go-go related gene (hERG) K* channel bind-
ing, cytochrome p450 CYP2C9 inhibition, and DNA binding,
was performed. The hERG K* channel is a cardiac ion chan-
nel whose inhibition is a major risk factor for arrhythmia.’
CYPs detoxify harmful compounds and catalyze key reac-
tions in the biosynthesis of endogenous hormones,'® thus
making their inhibition highly undesirable. Finally, DNA
binding serves as an indicator of specificity and may suggest
the potential for toxicity.

Data in Figure 3 reveal that at a 6 uM concentration,
erlotinib does not block the hERG K* channel, as should be
expected for an approved drug. E-4031, a known hERG K"
channel blocker, shows complete inhibition. At this same
concentration, compounds 3 and 12 exhibited significant
blockage, while compound 7 showed little effect. Among the
compounds that did not inhibit EGFR activity but showed
inhibition of tumor cell proliferation (see below), a range of
properties was observed. Compound 2 and 10 significantly
inhibited CYP2C9, while 8 and 11 showed milder inhibition
at 30 and 40 %, respectively. hERG blockage was observed
for 2 and 8, while 10 and 11 showed a less significant effect
(see Figure S1 for chemical structures). Erlotinib also shows
little inhibition of the CYP2C9 isozyme (Figure 3), while
compound 12 showed significant inhibition of this enzyme,
suggesting its potential for unfavorable effects with respect
to metabolism. DNA binding assays revealed that compounds
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Figure 4. Concentration at 50% inhibition (ICs¢) of H460 and
H1299 lung tumor cell growth by compounds and erlotinib.

did not have a high affinity to DNA, suggesting that their
effect is likely due to binding and inhibition of a protein
target (Figure 3B).

Cell culture-based proliferation assays compared the anti-
cancer properties of compounds 1—12 to erlotinib. In two
non-small cell lung cancer cell lines (H1299 and H460),
erlotinib inhibited the growth of both cell lines with 1C5q
values in the 10 uM range (Figure 4 and Figure S3 of the
Supporting Information). Among the three compounds that
inhibited EGFR activity, only 7 and 12 showed tumor cell
inhibition. Compound 7 inhibited H460 and H1299 prolif-
eration with 1C5 values of 20 and 40 uM, respectively. This
6-(halogen-substituted aniline)pyrimidine compound was
synthesized several decades ago." It was found not to
possess any biological activity against leukemia and Walker
carcinosarcoma tumors. Compound 12, which inhibited
EGFR at a nanomolar level, exhibited potent inhibition with
an ICsq nearing 1 uM in the H1299 cell line. The antitumor
activities of compound 12, a natural product also known as
chaetochromin A, have been known for several decades.'?
Chaetochromin A is a mycotoxin that was first isolated from
Chaetochromin thielavioideum.'” It has shown efficacy in
breast, ovarian, and lymphatic leukemia. To the best of our
knowledge, this is the first study that documents its effec-
tiveness blocking the growth of lung tumor cells.

It was interesting that among the compounds that did not
inhibit EGFR kinase activity, four blocked cell proliferation of
H1299 and H460 tumor cells, namely, compounds 2, 8, 10,
and 11 (Figure 4). Compound 2, which inhibited cell growth
with an ICsq of 20 and 40 uM for H460 and H1299 tumor
cells, is a disubstituted pvrazolopyrimidine compound that
was found to have anticancer properties several decades
ago.'* It is believed that its anticancer properties arise from
the isomeric relationship to purines. Compound 8, an N-sub-
stituted indole, showed inhibition at the 30 uM level. A
search at the PubChem Web site did not reveal any bioassays
for these compounds, although derivatives have been shown
to possess antiparasitic effects. The coumarin-based com-
pound 10 exhibited more significant inhibition of tumor cell
proliferation (ICso about 10 uM for both cell lines), exceeding
the potency of erlotinib. The Pubchem Web site does not
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report that this compound was heretofore tested in any type
of bioassay. To the best of our knowledge, this is the first
study that documents anticancer properties of compounds 2
and 10. Finally, compound 11 belongs to the menogaril
family of compounds, which are well-known to be potent
anticancer agents.'” This is reflected by the nearly 1 order of
magnitude greater potency of this compound over erlotinib.
The high level of efficacy and favorable PK properties of the
menogaril compounds has led to studies in humans for the
treatment of stomach and breast cancer.' A phase I clinical
study for the treatment of non-Hodgkin's lymphomas was
also carried out.'®

The discovery that the compounds with anticancer proper-
ties have been previously known to possess anticancer
properties is highly encouraging, particularly considering the
fact that one molecule has made it to clinical trials. Two
molecules, namely, 2 and 10, have never been previously
known to possess anticancer properties. These results sug-
gest that we have achieved our main objective toward
identifying anticancer agents by exploiting a large number
of targets from the human proteome across multiple signal-
ing pathways. No less important was the fact that we arrived
at these molecules by targeting multiple proteins that were
identified by using the FDA-approved drug erlotinib. This
drug was particularly helpful in limiting the number of
targets that were considered in the search. Future studies
will have to identify other mechanisms to select these targets
for the design of molecules with limited polypharmacology.
Another significant aspect of this work was the fact that
some of these molecules shared similar PK properties to that
of erlotinib, suggesting that by targeting multiple proteins
that are predicted to bind to the drug, we may have captured
some of the favorable PK properties of the drug, such as
compound 7. While compound 12 was a potent inhibitor of
EGFR, the high level of inhibition of CYP2C9 and hERG
suggests that this molecule may possess excessive toxicity
in vivo and may not be worth pursuing. Both compounds 7
and 12 could serve as chemical probes to study the role of
EGFR and other kinases in cancer, although future efforts will
have to improve the potency of compound 7 toward EGFR.
Ultimately, animal studies will establish whether these mole-
cules are viable leads for the development of cancer ther-
apeutics.

It is also worth mentioning the innovations in the compu-
tational search. To our knowledge, machine learning has
never been to date used to successfully score receptor—
ligand complexes in structure-based virtual screening. We
expect that the success of this approach, as evidenced by the
discovery of three molecules that inhibited EGFR, will spawn
additional efforts toward using this method for the ranking of
receptor—ligand complexes in virtual screening. We antici-
pate a series of studies from our own laboratory probing this
method in more detail and comparing its performance to
other existing scoring functions.

We performed a computational search that combines
machine learning scoring with a fingerprint analysis to
search for molecules that mimic the binding profile of
erlotinib, an FDA-approved oncology drug used in the clinic
to treat lung cancer. It was encouraging that among 12
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molecules that were selected from an original set of 1592,
three showed inhibition of EGFR kinase activity. Further
comparison of in vitro binding PK properties as well as
tumor cell proliferation assays reveals that the compounds
shared similar binding profiles to erlotinib. Compound 7, in
particular, exhibited a nearly identical profile to erlotinib
except for its weaker potency in inhibiting EGFR kinase
activity. Compound 12, on the other hand, was a potent
inhibitor of EGFR and, like erlotinib, inhibited tumor cell
growth and did not bind DNA. However, the compound
displayed greater promiscuity by strongly binding to hERG
and CYP2CO. Interestingly, four compounds (2, 8, 10, and
11) showed little inhibition of EGFR and exhibited in some
cases strong inhibition of H1299 and H460 tumor cells
growth, suggesting that these compounds may potentially
share off-targets with erlotinib and may also provide a basis
for the development of cancer therapeutics. These results
suggest that a search based on a binding profile could be a
viable approach to identify molecules that mimic the proper-
ties of existing drugs.

SUPPORTING INFORMATION AVAILABLE Supporting In-
formation contains experimental and computational procedures as
well as chemical structures of all compounds discussed in the text.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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