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ABSTRACT

Advances in our understanding of cellular function and signal transduction have resulted
in ever increasing number of therapeutical targets and, consequently, underscored a
demand for simple and universally applicable markers to monitor activity of the
biological system. Gene expression-based screening is based on the assumption that
introduction of a compound into biological system would affect directly or indirectly the
gene expression, initiating an elaborate expression response to the disturbance of the
system. In my thesis work I investigated new strategies to create a limited expression
signature accurately representing the activation state of a biological system and to
decrease redundancy in the complex expression pattern. To test the validity of our
approach, I generated an expression signature for PDGF activation of ERK pathway in
human fibroblasts and used this signature to screen a chemical compound library for an
inhibitor of PDGFR/ERK pathway. As a result of the screen, I identified
aurintricarboxylic acid, ATA, as a new inhibitor of PDGF receptor. The success of this
study suggests that endogenous mRNA expression signature is an effective tool to
monitor activation state of a cell signaling pathway and can be broadly used to identify
compounds modulating condition of a biological system.

Thesis Supervisors: Eric S. Lander; Todd R. Golub
Titles: Director of the Broad Institute; Director of Cancer Program, Broad Institute at
MIT
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INTRODUCTION

Endogenous gene expression based approach for HTS.

High-throughput screening (HTS) involves systematic testing thousands of diverse
chemical structures against disease targets to find candidates for lead optimization. HTS
is characterized by its simplicity, rapidness, low cost, and high efficiency. Currently,
HTS primarily involves exposure of purified proteins to arrayed collections of small
molecules ([1], [2]). More complex cell-based or whole-organism assays are typically
developed for specific systems and pathways, require expression vectors or reporters, or
rely on monitoring a particular phenotype ([3], [4]). While cell- and organism-based
assays have increasingly been used as a primary screening platform for annotating small
molecules, there is a need to develop simple, phenotype and reagent-independent

methods that can be easily adopted for different biological systems.

Small organic molecules have been widely used to study gene product function in a
cellular or organismal context ([5], [6]). By binding to their protein targets, these
exogenous ligands can act like either gain-of-function or loss-of-function mutations to
activate or inhibit the function of their target proteins. Thus for a particular phenotype of
interest, it is possible to identify new reagents that act as conditional mutations ([7], [8]).
A comparison of the characteristic gene expression patterns induced by deletions of
various genes in yeast to the expression patterns resulting from treatment with known

inhibitors seems to indicate that there exists a common pattern of gene expression, or



gene expression signature [9]. Gene expression signature has been successfully used as a
surrogate of cellular states in screening a compound library for compounds inducing
myeloid differentiation [10]. Taken together, these results suggest that it is possible to
select a set of marker genes predicting the ability of a compound to modulate a particular
biological pathway. Once identified, this gene set can be used to screen novel compounds

for activity related to this specific pathway.

Gene expression based screening approach utilizes endogenous expression of genes to
infer activation state of the system. Introduction of a compound affecting the system
should detectably change expression of genes in the signature. Thus, if a library is
screened for inhibitors of a pathway, and a signature is defined by comparison of
activated state (with a ligand) and inactive state (without a ligand), introduction of an
inhibitor of a pathway in the presence of a ligand should return the expression of a
signature genes to inactive (without a ligand) state. Monitoring the expression of
signature genes thus would provide accurate, though indirect, method to find inhibitors of

biochemical pathways.

Advantages of the endogenous gene expression-based approach.

There are a number of advantages to screening approach based on expression of
endogenous genes. First, the method is generic. It can be easily adapted to almost any
pathway, as long as pathway perturbation results in some changes in expression of

downstream genes, and the half-life of the transcripts is long enough to allow mRNA



isolation and detection in a high throughput setting. As no additional reagents, such as
reporters and expression vectors, are required, the method is suitable for potentially
unstable biological systems, where introduction of overexpressed or modified
components could shift the equilibrium in the system complicating subsequent analysis of
results. In addition, using endogenous RNA to monitor activation of a system is
especially beneficial for novel pathways, where there is paucity of tools to probe the

pathway status.

Another considerable advantage of an expression-based screening method is that no
obvious morphological phenotypic change is required to be observed in the pathway of
interest in response to disturbance or pathway activation. This not only makes monitoring
activation of the pathway less laborious but also broadens the specter of the observed

changes to include transient signaling events.

Signature selection criteria.

As the success of the library screen depends on the expression signature one chooses to
monitor activation state of the pathway, a special attention has to be paid to signature
selection. The signature has to reflect activation state of the pathway. Preferably, the
signature should contain both genes that increase their expression and genes which
expression is decreased in response to stimulus. This helps eliminate false positive wells,
where total expression is much different from the average well expression on the plate.

Uneven total gene expression on the plate is not uncommon for high throughput
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screening, when it is hard to obtain comparable total gene expression in each and every

one of some thousands wells.

The robustness of the signature is especially important in a high throughput context. All
the genes in the signature should have stable expression during the time it takes to isolate
RNA in a high throughput setting in numerous plates and replicas. The expression levels
of the signature genes have to be high enough to withstand possible variations of cell
number, and, consequently, total gene expression, resulting from irregular loading or

toxicity of some screened compounds.

The irregularity of cell count, and thus total amount of mRNA, becomes more and more
of an issue as one uses plates with smaller and smaller wells in order to boost number of
compounds screened. One way to address this issue is introduction of control genes into
the signature. These genes maintain a stable level of expression regardless of the
activation status of the system. Another purpose of the control genes is to weed out false
positives coming from compounds that nonspecifically affect RNA expression, such as

DNA intercalators or polymerase inhibitors.

Signature adaptation for the high throughput setting.

After defining the signature that would accurately and robustly reflect activation state of

a pathway, the next step is adapting this signature to a high throughput setting. In my
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thesis, [ discuss two possible approaches to detection of a gene expression signature in a

high throughput screen.

Microarray-based approach to signature detection.

First approach is to adapt oligonucleotide microarrays for a high throughput setting.
Microarrays are suitable to simultaneously query hundreds and thousands of genes, thus
microarrays enable one to survey global changes in gene expression and regulation upon
introduction of compounds. Microarrays allow monitoring extensive complex signatures
with multiple genes. This is especially beneficial for unstable systems and pathways with
small and transient expression changes, as signature redundancy contributes to robustness
and accuracy of the method. Additionally, one can envision creating combination
signatures that would reflect activation status of multiple pathways and would include
genes selectively changing their expression in response to activation of one pathway (or a
group of pathways), but not others. These complex multi-pathway signatures would
enable one to screen for compounds that simultaneously inhibit a group of pathways, or
to just speed up screening of one library for inhibitors of multiple pathways. The high
number of genes in the signature could also allow performing a statistically significant

clustering of the hits from a screen, facilitating further analysis of the screen results.

While the benefits of using microarrays for screening compound libraries are
overwhelming, this technology is still laborious and expensive, which makes it not
practical for monitoring expression of genes in thousands of reactions. The challenge is to

design simpler and cheaper oligonucleotide arrays, which could be subsequently used in a
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high throughput screen. In the first chapter of my thesis I describe one possible solution,
reducing complexity of high-density oligonucleotide arrays so that microarrays become
affordable and applicable for a high-throughput setting [11]. The chapter focuses on
designing and testing oligonucleotide arrays that utilize only 5% of probes (and thus 5%
of resources) of the original oligonucleotide arrays, but still provide comparable accuracy

in monitoring global gene expression.

Decreasing array size brings another advantage, as smaller volumes of reagents can be
used with smaller arrays, further decreasing the costs of the screen. Still, while
significant, the twenty-fold reduction of the probe space appeared not sufficient to make
microarrays practical for screening applications. The current array hybridization and
detection procedures, being laborious and slow, need to be streamlined for microarrays to
be suitable for a high throughput setting and a new automated platform has to be

developed to allow fast and easy detection of RNA expression with microarrays.

Monitoring expression of a small signature.

As microarrays appeared to be unpractical for a high throughput setting, another
approach had to be used, one that relied on monitoring a limited signature of a single
pathway. This expression signature had to fulfill an additional set of requirements. The
number of genes in the signature had to be high enough to make the signature robust and
reliably detectable in thousands of reactions. At the same time, the number of genes in
the signature had to be reasonably low so that detection of the signature was feasible and

affordable in a high throughput setting.

13



Measuring gene expression of a small set of candidate genes provides a number of
advantages in a high throughput setting. Limiting number of genes in the signature
facilitates adaptation of the signature to various detection methods and allows screening
large chemical libraries. The challenge of the approach though, is to attain an accurate
and robust signature with a small number of genes. The development and application of
this strategy for identification of a novel inhibitor of a PDGFR/ERK pathway are

described in the second chapter of my thesis.
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CHAPTER 1. A STRATEGY FOR OLIGONUCLEOTIDE MICROARRAY PROBE

REDUCTION.
Abstract
Background:

One of the factors limiting the number of genes analyzable on high density
oligonucleotide arrays is that each transcript is probed by multiple oligonucleotide probes
of distinct sequence in order to magnify the sensitivity and specificity of detection. Over
the years, the number of probes per gene has decreased, but still no single array for the
entire human genome has been reported. To reduce the number of probes required for
each gene, a robust systematic approach for choosing the most representative probes is
needed. Here, we introduce a generalizable empiric method for reducing the number of

probes per gene while maximizing the fidelity to the original array design.
Results:

The methodology has been tested on a dataset comprised of 317 Affymetrix HuGeneFL
GeneChips. The performance of the original and reduced probe sets was compared in
four cancer classification problems. The results of these comparisons demonstrate that the
reduction of the probe set by 95% does not dramatically affect performance, and thus
illustrate the feasibility of substantially reducing probe numbers without significantly

compromising sensitivity and specificity of detection.
Conclusions:

The strategy described here is potentially useful for designing small, limited-probe

genome-wide arrays for screening applications.
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Background

DNA microarrays have become commonplace for the genome-wide measurement of
mRNA expression levels. The first described microarray for this purpose, the cDNA
microarray, involves the mechanical deposition of cDNA clones on glass slides [12].
While this strategy has proven to be highly effective, it has two limitations: 1) cross-
hybridization can occur between mRNAs and non-unique or repetitive portions of the
cDNA clone, and 2) the maintenance and quality control of large, arrayed cDNA libraries
can be challenging. For these reasons, oligonucleotide microarrays have at least
theoretical advantages. Short probes (25 nucleotides or longer) can be selected based on
their sequence specificity, and either synthesized in situ (by photolithography or inkjet
technology) on a solid surface or conventionally synthesized and then robotically

deposited.

The first oligonucleotide microarrays contained hundreds of distinct probes per gene in
order to maximize sensitivity and specificity of detection [13]. Over the past several
years, the number of probes per gene has decreased as increasing amounts of sequence
information has become available, probe selection algorithms have improved, feature
sizes have decreased and researcher desires to maximize the number of genes assayable
on a single microarray have risen. Nevertheless, no single array representing the entire
human genome has been described. Furthermore, to date, no systematic high—throughput
method has been published that can be used for reducing the number of probes per gene

while maximizing the sensitivity and specificity of these reduced probe sets.
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Several strategies for probe reduction could be considered. Probes could be selected at
random, but given that different probes can have dramatically different hybridization
properties, this random method would likely result in failure at least for some genes.
Alternatively, one could assess the fidelity of candidate probes by comparison to a gold
standard of gene expression measurement such as real-time quantitative PCR or Northern
blotting. Such approaches, however, are not feasible at a genome-wide scale. We report
here a generalizable, empiric strategy for probe reduction that eliminates 95% of probes,

yet maximizes fidelity to the original microarray design.
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Results and Discussion

The experiments described here are based on HuGeneFL GeneChips commercially
available from Affymetrix, Inc. These arrays contain approximately 282,000 25-mer
oligonucleotide probes corresponding to 6817 human genes and ESTs (a total of 7129
probe sets). On average, each gene is represented by 40 probes: 20 ‘perfect match’
probes that are complementary to the mRNA sequence of interest, and 20 ‘mismatch’
probes that differ only by a single nucleotide at the central (13™) base. We refer to the
perfect match/mismatch pair as a ‘probe pair.” Each gene is thus represented by 20 probe
pairs. Normally, these 20 probe pairs are consolidated into a single expression level
(known as ‘Average Difference’) for each gene using GeneChip software (Affymetrix,
Inc.) which calculates a trimmed mean of the perfect match minus mismatch differences
in order to incorporate some measure of non-specific cross-hybridization to mismatch
probes [13]. Alternative methods for estimating message abundance have also been

reported ([14], [15]).

In order to reduce the number of probes per gene, we sought to identify the single probe
pair for each gene that best approximated the Average Difference, a value that is based on
all 20 probe pairs. To accomplish this, we first defined a training set of expression data
derived from 141 human tumor samples of diverse cellular origins [16]. For each gene
on the array, we generated a vector corresponding to the normalized Average Difference
value across the 141 samples. Next, we calculated the perfect match minus mismatch

value for each of the 20 individual probe pairs for each gene on the array (referred to
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hereafter as delta (A). In the final step, the 20 normalized As for each gene were ranked
according to their degree of correlation with the Average Difference vector across the
141 training samples using Euclidean distance as the metric. The highest-ranking A (Ay)
was chosen for further evaluation in an independent test set. A schematic for this

procedure is shown in Figure 1.

The independent test set consisted of expression data derived from 176 tumor samples
that were entirely non-overlapping with the training set. We determined the ability of the
training set-derived Ay, values to approximate the Average Difference values in the
independent test set, compared to randomly selected As. As shown in Figure 2, 79.3%
(+/- 3.0%) of Ay values were within 2-fold of their respective Average Difference value,
as compared to 57.8% (+/- 5.1%) for randomly selected As. The relative error of the
estimates was 0.8 (+/- 0.1) for Ay values and 2.7 (+/- 0.7) for randomly selected As.
Overall, the distribution of Ay, accuracies was distinct from randomly selected As (p < 10
* chi-squared test). This result indicates that the empirical selection of Ay is a better

strategy for reducing probe numbers compared to random probe selection.

We next determined whether training-set-derived Ay values would be sufficient for
pattern recognition and classification of the independent test set of samples. The 176 test
samples fall into four binary classification problems: 1) acute myeloid leukemia, AML,
vs. acute lymphoblastic leukemia, ALL, (Leukemia Set A; n=35), 2) T-cell ALL vs. B-

cell ALL (Leukemia Set B; n=23), 3) diffuse large B-cell lymphoma survival prediction
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(n=58), and 4) medulloblastoma brain tumor survival prediction (n=60), as has been
described previously ([17], [18], [19]). We used a k-Nearest Neighbors (k-NN)
prediction algorithm [20] and applied it to these four classification problems using either
the Average Difference values or the A; values as the starting point. As shown in Table
1, classification accuracy based on A, was nearly identical to that obtained using Average
Difference values, despite the fact that 95% fewer probes were utilized. It should be
noted that while A, values more accurately approximated the Average Difference
compared to random As (Figure 2), the random As also performed relatively well in these
classification problems. It is possible, however, that classification performance would
deteriorate when applied to more subtle classification problems, or when applied to
samples of different tissue types. These results, taken together, demonstrate the feasibility

of substantially reducing probe numbers without dramatically affecting performance.
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Conclusions

In conclusion, the empirical approach to probe reduction presented here allows a
systematic optimization of individual probe sets. Our studies specifically reinforce the
notion that careful selection of probe pairs based on their hybridization behavior is a
promising strategy for future chip design. Nevertheless, it remains likely that the use of
multiple probes per gene will generate the most accurate and robust detectors.
Particularly for diagnostic applications, probe redundancy may significantly improve
performance. For screening applications, however, the availability of small, limited-

probe, genome-wide arrays could be potentially useful.
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Materials and methods

Datasets

The raw data analyzed here has been previously reported([17],[18],[19]) and is available

at [16].

Approximation of Average Difference

To estimate the percentage of genes with A values within 2-fold of the Average
Difference, for each gene we compared the value of A, with the Average Difference for
this probe set. The percentage of genes within 2-fold of the Average Difference was then
averaged over the 176 chips of the training set. To evaluate random probe selection, for
each genea A wés chosen randomly and the percentage of genes within 2-fold of the
Average Difference was similarly calculated. This process was repeated 20 times and
then averaged. Values of both Average Difference and selected As were normalized and
thresholded at 100 units. Relative error for the estimates for A, and randomly selected A

values was calculated as |A - Average Difference|/ Average Difference.

Rescaling

To account for minor variation in overall chip intensities, Average Difference values

were scaled as previously described [19]. For Ay, values, scaling was adjusted by a slope
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and intercept obtained from a least squares linear fit of the Ay, values for each chip

compared to a randomly selected reference chip.

Classification

Average Difference and A values were clipped to minimum 20 and maximum 16,000
units. A variation filter was applied that excluded genes that did not vary at least 3-fold
and 100 units across the entire dataset. To compare the classification accuracy for As and
Average Difference, we applied a k-Nearest Neighbors (k-NN) [20] binary classifier,
implemented in the software package GeneCluster 2.0 and available at [21], to each of
the four classification problems as previously described [19], Average Difference or A

feature selection was performed with the signal-to-noise metric [8], (Mclass O - Hclass
/(o class 0 *+ Oclass 1), where p and ¢ represent the mean and standard deviation

within each class, respectively, and the top ranking features were fed into the k-NN
algorithm. Performance was evaluated by leave-one-out cross-validation, whereby for
each sample a prediction was made with a model trained on the remaining samples in the
problem set, and the number of classification errors was tallied. Classifiers with variable
numbers of features (1-100) and nearest neighbors (k = 3 or k = 5) were tested. The best

performing classification results are reported.
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Figure Legends

Figure 1. Schema for selection and evaluation of the single probe pair (A;) that best
approximates the Average Difference value derived from all 20 probe pairs. PM indicates

Perfect Match. MM indicates Mismatch. A = PM — MM.

Figure 2. Comparison of Average Difference values with A and randomly selected As.
For each of the datasets shown, the proportion of genes whose A, value is within 2-fold of
the Average Difference is shown by the black bars. The same comparison is shown for
random As (gray bars). Error bars indicate standard deviation. Standard deviation shown
reflects variations in the percentage of genes within 2-fold of the Average Difference
between the 176 chips of the training set. Note that the Ays better approximate the

Average Difference compared to randomly selected As.
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PM, perfect match; MM, mismatch; AML, acute myeloid leukemia; ALL, acute

lymphoblastic leukemia; k-NN, k-Nearest Neighbors.
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Dataset

Leukemia (Set A)
Leukemia (Set B)
Lymphoma

Medulloblastoma

1>

35

23

58

60

Classification problem

ALL vs. AML

T-ALL vs. B-ALL

Cured vs. Fatal

Cured vs. Fatal

3%

0%

26%

18%

Error Rate

Random
As

2 (+-1) %
0 (+-1)%
29 (+/- 5) %

26 (+/- 4) %

Average

Difference

3%

0%

24%

24%

Table 1. Classification accuracy using Average Difference, randomly selected As, and

Ay, values.
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CHAPTER 2. GENE EXPRESSION-BASED SCREENING OF INHIBITORS OF

SIGNAL TRANSDUCTION.

Abstract

Recent advances in our understanding of cellular function and signal transduction have
resulted in ever increasing number of drug targets and, consequently, underscored a
demand for simple and universally applicable markers to monitor activity of the
biological system. Here we demonstrate that endogenous mRNA expression signature of
a cell signaling pathway can be successfully used to monitor short-term activation, and in
particular, transient phosphorylation states of a biochemical pathway. As a proof of
concept experiment, we utilized an expression signature of a PDGF-activated ERK
pathway to infer the phosphorylation status of the cascade in a cell-based high throughput
screen for PDGFR/ERK pathway inhibitors. A novel micromolar inhibitor of PDGFR,
Aurintricarboxylic Acid (ATA), was found in screening of 1,739 compounds. These
results demonstrate that expression signature alone can be sufficient to find modulators of
molecular pathways, and thus argue that endogenous mRNA expression can be used as an

accurate, though indirect, read-out for an activation state of a biochemical pathway.
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Introduction

High throughput screening of combinatorial libraries and small-molecule collections is a
well-established and highly productive tool for identification of chemical compounds
targeted at a particular protein or biological activity in a living cell. Traditionally, the
high throughput screening for mod'ulators of molecular pathways involves biochemical
assays, or highly specialized cell-based assays [22]. However, there are situations where
alternative approach is beneficial, especially if the targets are poorly characterized and
direct measurement of activity of biological pathway is not feasible. Here we demonstrate
that it is possible to use only endogenous mRNA expression as a read-out to infer activity

of a biochemical pathway, rather than measure this activity directly.

Endogenous mRNA expression has been previously successfully used as a surrogate of
cellular states in a high-throughput screening for compounds inducing differentiation of
acute myeloid leukemia cells [10]. The expression signature was developed to correlate
with established phenotype 72 hours after introduction of compounds to cells. For a fast
signaling pathway, the activation signature has to reflect transient changes that occur in

the biological system within minutes, not hours.

To establish that endogenous mRNA expression signature can accurately describe an
activation of a fast biochemical pathway, three major issues had to be addressed. First,
we had to define a robust signature for a particular biochemical system. Next, this

signature was used as a read out in a high-throughput screen aimed at finding inhibitors
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of the pathway. And finally, we had to validate the hits from the screen in terms of their

selectivity and specificity.

We chose the ERK pathway (also known as the p42/p44 MAP kinase pathway) as a
target pathway for the screen. ERK pathway plays a major role in the control of cell
growth, cell differentiation and cell survival ([23], [24], [25]). The protein kinase cascade
Raf>MEK>ERK, also referred to as the mitogen activated protein (MAP) kinase module,
is activated in mammalian cells through receptor tyrosine kinases (RTKs), G-protein
coupled receptors and integrins ([26]). Activated ERKs can translocate into the nucleus
where they phosphorylate transcription factors ([27]; [28]; [29]). ERK pathway is often
upregulated in human tumors [30], and as such is an attractive target for anticancer
therapy. Furthermore, because the pathway has been extensively studied in the last two
decades, one could take advantage of the copious array of tools developed to probe the

System.
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Results

Identification of expression signature of PDGFR/ERK pathway.

In gene expression-based high throughput screening the expression signature is used as a
surrogate of activation state of a system. The expression of genes in the signature should
reflect the changes in the system induced by addition of a ligand and should return to a

base, “inactive”, state upon introduction of inhibitors of the pathway.

To monitor activation status of the ERK pathway we had to select markers that changed
their expression upon introduction of a ligand. We chose PDGF-BB as an activator of a
pathway in fibroblast and neuroblastoma cells expressing PDGF receptor beta. The
activation state of the members of pathway can be traced by increase in their
phosphorylation levels shortly after introduction of the growth factor [31]. In particular,
ERK phosphorylation peaks at about 15-20 minutes after induction, and then decreases to

background levels some 20-30 minutes later ([32], [33]).

In order to select expression markers of activated ERK pathway, we compared serum
starved cells incubated with and without PDGF. PDGF-BB can stimulate a number of
pathways through SH2-containing proteins binding multiple tyrosine-phosphorylated
sites expressed on the activated PDGF receptors beta [34]. To select against compounds
that do not inhibit ERK pathway, but affect other PDGF-BB induced pathways, we used

known ERK pathway inhibitors, U0126 and PD98059, to refine expression signature
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([35], [36]). We compared total expression signatures in cells without PDGF (plus
carrier), with PDGF (plus carrier), with PDGF and U0126, and with PDGF and PD98059.
For expression signature, we selected only genes which were either highly expressed in
cells with PDGF only and low in cells without PDGF or when inhibitors were present, or
the genes that were low in cells with PDGF and high in cells without PDGF or when
inhibitors were present. To select markers with maximum expression in activated state,
and minimum expression without stimulation, we developed and applied rank-pairwise-

comparison algorithm as described in Methods.

Top three markers selected were c-fos, early growth response 1 (EGR1), and activity-
regulated cytoskeleton-associated protein (ARC). All three genes were previously shown
to be upregulated by activation of ERK. ([37], [38], [39]). Two additional genes,
ribosomal protein L23a mRNA and ATP synthase were selected as internal controls,
because their expression did not depend upon introduction of PDGF-BB or ERK pathway
inhibitors U126 and PD98059. The expected pattern of expression of marker and control

genes was confirmed by RT-PCR analysis (Figurel).

High-throughput screening to find inhibitors of PDGFR/ERK pathway.

To prove that expression signature of activated PDGFR/ERK pathway can accurately
describe the activation status of the system we used the mRNA expression of signature
genes to infer a phosphorylation state of PDGFR/ERK pathway in a cell-based screen of

a compound library. In this screen we were looking for inhibitors of PDGFR/ERK
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pathway, i.e. the compounds that would abate phosphorylation of members of
PDGFR/ERK pathway, thus decreasing expression levels of endogenous mRNA of

signature genes.

The screen was performed as follows. Adherent cells were serum-starved overnight and
compounds were added to the media in the morning (one compound in DMSO per well).
After half-hour incubation with compounds, PDGF-BB was added to cells. 45 minutes
after addition of growth factor, medium was discarded, cells were lysed, RNA extracted,
RT-PCR was performed for the gene expression signatures, and PCR amplicons were
quantified by SBE (Figure 1). The library of compounds was prepared in 384 well plates;
each plate had 6 replicas in the screen, 3 with average concentration of compounds
10um, and 3 with average concentration of compounds 50uM. We postulated that
compound inhibited the signature if the expression of two marker genes normalized by
expression of control genes was significantly (more than one standard deviation) lower
than average expression in all wells on a replica plate. Compounds that inhibited
signature of activated PDGFR/ERK pathway in 4 out of 6 replicas in primary screen were

selected as hits.

Validation of hit compounds.

The three hit compounds selected in the screen were Aurintricarboxylic Acid (Free acid),

Aurintricarboxylic Acid triammonium salt (Aluminon), and Quinacrine dihydrochloride

(Mepacrine) (Figure 2A).
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Western analysis of total cell lysates treated with these compounds along with

PDGF demonstrated, that both Aurintricarboxylic Acid and its salt, but not Quinacrine
dihydrochloride, abrogated phosphorylation of ERK (Figure 2B). Members of ERK
pathway are phosphorylated in response to activation of the pathway [40], thus disruption
of phosphorylation proves that Aurintricarboxylic Acid (ATA) is an inhibitor of ERK

pathway.

The third hit compound, Quinacrine dihydrochloride, did not inhibit ERK
phosphorylation, but it has been previously shown to be a non-specific inhibitor of
Phospho Lipase A(2) (PLA(2))( [41], [42]). Activated ERK phosphorylates PLA(2) [43],

and as a result stimulate translation of c-fos and EGR1 genes [44].

Disruption of phosphorylation of ERK by ATA was an indication that ATA inhibited
PDGFR/ERK pathway upstream of ERK. Subsequent analysis has shown that
phosphorylation of both MEK (Figure 3A) and PDGF receptor (Figure 3B) was
abrogated in response to ATA, thus pointing to the PDGF receptor as a possible ATA
target. PDGFR inhibition was shown in both human and mouse fibroblasts, and in

neuroblastoma cell line.

ATA withdrawal from cells before introduction of PDGF has not substantially affected

inhibition of PDGFR. Figure 4 represents the results of an experiment where TIP5 cells

were first incubated with ATA for 30min, then ATA was removed and cells were washed
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with ATA-free medium. When PDGF was added to cells, PDGFR phosphorylation was

still inhibited, despite the fact that ATA was added to cells prior to washing.

To localize a receptor domain necessary and sufficient for ATA inhibition, we used three
chimeras. First chimera, EK-R, consists of the extracellular domain of EGFR and the
transmembrane and cytoplasmic domains of c-kit. [45]. Second, TEL/PDGFR-beta
protein is a fusion of amino terminus of TEL, containing the helix-loop-helix (HLH)
domain, to the transmembrane and cytoplasmic domain of the PDGFR-beta [46]. Third
chimera, PER, is comprised of the ectodomain of PDGFR in-frame with the
transmembrane and cytoplasmic domains of EGF receptor [47]. ATA did not inhibit
phosphorylation of c-kit kinase domain in activated EK-R protein (Figure 5A) and
phosphorylation of PDGFR kinase domain in TEL/PDGFR-beta (Figure 5B). These
results suggest that extracellular domain of c-kit and PDGFR is necessary for ATA
inhibition of the receptors. Moreover, ATA inhibited phosphorylation of PDGF-activated
PER chimera in TIP5 cells (Figure 5C), demonstrating that extracellular domain of
PDGFR is sufficient for ATA inhibition. On the other hand, PER construct constitutively
activated in SO1IMEL cells was not inhibited by ATA, indicating that ATA did not inhibit
dimerization of PDGF receptor (results not shown). Taken together, these results suggest
that ATA blocks ligand binding site of PDGFR, preventing binding PDGF to the

receptor.

To estimate specificity and selectivity of ATA inhibition, we choose one receptor from

PDGFR kinase family, c-Kit, and two tyrosine kinase receptors from other kinase
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families, EGFR and IGF-1R [48]. While EGFR and IGF-1R phosphorylation does not
seem to be affected by ATA, c-Kit was inhibited almost as strongly as PDGFR (Figure

6).

The selectivity exhibited by ATA parallels sequence similarities between receptors. The
alignment of protein sequences of extracellular domains of PDGFR-beta and c-Kit
showed that 26% of the residues were identical and 41% highly similar. No significant
similarity was found between extracellular domains of PDGFR and EGFR, c¢-Kit and
EGFR, PDGEFR and IGFR, c-Kit and IGFR, and EGFR and IGFR. Reciprocally, the
scores of sequence identity and similarity between kinase domains of PDGFR and c-Kit,
51% and 66% respectively, were higher than scores for all other tested receptor pairs

(Table 1).

Structure-activity relationships in the series of ATA analogues.

To determine whether the inhibitory properties of ATA were unique, the inhibitory
activity of ATA was compared with that of a series of ATA analogues. Searching ACD,
we identified a diverse set of ATA structural analogs (Figure 7) to test three hypotheses
on structure activity relationship in the series. First three compounds,
Methylenedisalicylic acid, Salicylic acid and 3-Methylsalicylic acid (Figure 7A), were
chosen to examine if the number of rings in the compound affects the inhibitory strengths
of ATA. Second group of compounds, Uranine K, Phenolphthalein Sodium Salt, and

Aurin (Figure 7B), was used to evaluate importance of ATA carboxyl and hydroxyl
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groups. The remaining compounds were utilized to test if group substitutions and ring
modifications would change ATA inhibitory properties. No compounds in the series
inhibited PDGFR at low micromolar concentration. In the first group,
Methylenedisalicylic Acid (Figure 7D), but not Methylsalicylic or Salicylic acids
inhibited PDGFR phosphorylation at 50microM, thus suggesting that increasing the
number of rings from one to three boosts inhibitory properties. The positions and number
of carboxyl and hydroxyl groups were essential for PDGFR inhibition, as indicated by the
fact that no compounds in the second group inhibited PDGFR at 100 microM
concentration. These results corroborate earlier reports that both Aurin triphenyl methane

ring system and the carboxylic acid groups are necessary for ATA inhibitory properties

([49],. [50], [51], [52]).

In the third group, Basic Violet 3, Ethyl Violet and Victoria Pure Blue BO inhibited
PDGFR in 5-10 microM range (Figure 7E). Interestingly, these three compounds
exhibited less specific pattern of receptor inhibition than ATA, inhibiting not only c-Kit
(Figure 7F), but also EGFR (Figure 7G) and IGFR at 10-100 microM (Figure 7H).
Moreover, different from ATA, Ethyl Violet and Victoria Pure Blue were readily
translocating across cell membrane, as indicated by their inhibition of cytoplasmic
TEL/PDGEFR in Ba/F3 cells at 10 microM (Figure 71). Taken together, these results
suggest that Basic Violet 3, Ethyl Violet and Victoria Pure Blue BO inhibitory

mechanism is different from a mechanism of receptor inhibition of ATA.
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Discussion

ATA inhibits interactions on cell surface in vivo.

Aurintricarboxylic acid (ATA), a polymeric carboxylated triphenylmethane derivate with
a molecular weight range of 422-6,500 ([53], [54]), has displayed a wide range of

biological activity.

In vitro, probably because polyanionic structure of ATA contributes to ATA’s
nonspecific inhibition of enzymes in cell-free system [55], ATA has been reported to
inhibit multiplicity of proteins. ATA has been shown to inhibit enzymes dependent on
protein-nucleic acid interactions ([56], [57]), such as DNA and RNA polymerases ([58],
[59]), reverse transcriptase ([58], [60] , [61], [62]), nucleases ([63], [64], [65]), primases
([58]), topoisomerases ([66], [67]), ribonucleotide reductases [68], aminoacyl-tRNA
synthetase [69], NFkappaB [70] and HIV-1 integration protein [71]. A number of
proteins that do not bind nucleic acids has been shown to be inhibited by ATA in vitro,
for example phosphatases ([72], [73]), NAD(H)/NADP(H)-requiring enzymes [74],
aminopropyltransferases [75], mu- and m-calpain [76], delta aminolevulinic acid
dehydratase [77], glucose-6-phosphate dehydrogenase [78], phenylalanine:tRNA ligase
[79] and kinases, such as phosphofructokinase [80], ERK, p38 MAPK, IKK [81], IP3Ks
and [PMK [82]. In addition, ATA has been reported to inhibit protein synthesis in vitro

([83], [84], [85]).
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In vivo, on the other hand, ATA has exhibited a more limited range of activity. ATA has
been reported to affect activity of receptors, most in the 10 microM and higher range.
ATA blocked binding of gp120, the HIV coat protein, to its receptor, CD4, at 3-10
microM ([51], [86]), obviated binding of interferon-alpha to its receptor in a dose-
dependent manner in 12-50 microM range [86], and prevented von Willebrand factor
binding to platelet receptor glycoprotein Ib (GPIb) ([87], [88], [54]). ATA was shown to
be a N-methyl-D-aspartate (NMDA) receptor antagonist with IC50 of 26.9 microM [89]
and was reported to antagonize excitotoxicity at both NMDA and non-NMDA glutamate
receptors in 50-100microM range [90]. ATA inhibited projesterone receptor at 100-
500microM [91], estradiol receptor at 100-200 microM [92], and glucocorticoid receptor
complex at 50-200microM [93]. ATA also was reported to activate IGF-1R (25-100

microM) ([94], [95]) and erbB4 (10 microM ) [96].

At 0.5-2.5 micrograms/ml (approximately 1.2-6 microM) ATA was reported to reverse
transformed phenotype of cells transfected with basic fibroblast growth factor (bFGF)
fused to a signal peptide sequence (spbFGF cells) [97]. It was suggested, on the basis of
ATA fluorescence studies, that ATA binds to acidic fibroblast growth factor, altering its
physicochemical properties and decreasing its mitogenic activity [98], although these

results were not confirmed by more direct biochemical methods.

All the interactions described above take place on the cell surface, which is consistent

with the observations that ATA does not readily penetrate cellular membrane.

Radioactive ATA was reported not to be taken up by HeLa cells, green monkey kidney
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cells, rabbit reticulocytes, or a variety of bacterial cells [99] and ATA did not inhibit
proteins in cells at concentrations hundreds of times higher than concentrations sufficient
for inhibition in vitro [90]. At high concentration, though, Cho and coworkers report that
ATA fluorescence was detected inside the nuclei of cells treated with 500 microM ATA

[73].

Here we report that ATA inhibits PDGFR receptor at 1microM and a member of the
same RTK family, c-Kit, at 2-5microM, and does not inhibit IGF-R1 and EGFR at
comparable concentrations. At concentrations up to 100 microM we did not detect any
activation effect of ATA on IGF-1R. As shown in Figure 4, ATA still inhibited PDGF
receptor even when the cells were washed to remove compound before introduction of
PDGF, indicating that ATA did not inhibit PDGF itself. The washing step, however, has
somewhat increased ATA concentration required to inhibit PDGFR phosphorylation,
which is consistent with ATA binding extracellular domain of PDGF receptor. Data on
inhibition of chimera receptors, presented in Figure 5, shows that extracellular domain of
PDGF was necessary and sufficient for ATA inhibition of receptor, and ATA did not
inhibit constitutively active PER chimera. Taken together, these results suggest that ATA
blocks ligand-binding site of PDGF receptor. As this interaction takes place on the cell
surface, ATA does not need to translocate across the cell membrane and a low

micromolar concentration of ATA is sufficient to inhibit receptor activation.

As ATA inhibits PDGFR and c-Kit, it is possible that inhibition of other receptors of this

family is responsible for previously reported inhibition of members of Januse kinase
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(JAK)/STAT pathway in RAW 263.7 cells [100]. Lin and coworkers reported that in
RAW 264.7 cells ATA inhibited a number of members of STAT signaling pathways,
namely STAT1, STAT3, STATS, STAT6, Jakl at 30microM and higher, and Jak2 at 3
microM pathway [100], as well as some cytosolic kinases, namely ERK, p38 MAPK, and
IKK at 100 microM [81]. PDGFR, KIT/SCFR, CSF-1R and FLK2/FLT3 are closely
related receptor tyrosine kinases, belonging to the same RTK family [48]. GM-CSF and
M-CSF receptors in RAW 264.7 macrophages ([101], [102]) have been reported to signal
through the JAK/STAT pathway ([103], [104]). By inhibiting these receptors, ATA could
affect the downstream members of the JAK/STAT pathway, as well as members of the
other common intermediate cascade initiating from cytokine receptors,

Ras/Raf/MEK/ERK (MAPK) [105].

Applications of endogenous gene expression-based methods for HTS.

ATA identification as an inhibitor of PDGF receptor, an upstream member of
PDGFR/ERK pathway, provides evidence that assay based on endogenous gene
expression can be successfully used to find inhibitors of signal transduction cascades in a
high throughput screening of compound libraries. The results of this study suggest that in
a high throughput setting gene expression signature can be utilized as a reliable, though
indirect, read-out of activation status of a pathway, and, moreover, it is possible to select
a set of marker genes whose endogenous expression pattern could successfully predict the

ability of a compound to modulate a fast biochemical pathway.
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This expression-based screening method can be easily adopted for any pathway as long
as modulation of the pathway results in some expression changes and the half-life of the
transcripts allows mRNA isolation in a high throughput setting. Investigating
PDGFR/ERK pathway, we took advantage of the existing commercially available
inhibitors of ERK cascade to refine the signature. However, this step is not necessary and
can be omitted if no such reagents exist for a pathway of interest. For a novel unexplored
pathway one could define activation signature by comparing expression before and after
activation of the pathway with the caveat that this method could produce an extra amount

of false positives.

Another advantage of the method, that can be especially beneficial for a not very well
investigated pathways, is that by utilizing expression of the genes downstream of the
pathway as a read-out, we are not limiting ourselves to finding inhibitors to a particular
member of the pathway, but to the pathway as a whole, thus maximizing effectiveness of
the screen. The downside of the approach, though, is that an additional effort is required
for identification of the target of the newly discovered hits, but this is a common problem

for cell-based screening methods.

Utilizing endogenous expression of the pathway genes as a read-out can also be
advantageous for very unstable systems, where introduction of a reporter or
overexpression of proteins of interest might disturb the equilibrium in the system and

thus complicate the interpretation of the results of the screen.
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The major limitation of the screen as it stands now is a limited sensitivity and resolution
of SBE, the current method utilized for detection of gene expression signature in a high
throughput setting. To be reliably detected by SBE, the signature has to have a small
number of transcripts, thus limiting the signature to only a handful of genes. Moreover,
the mRNA has to be amplified by RT-PCR, thus complicating detection by decreasing
signal to noise ratio. While, as demonstrated in this study, in its current form gene
expression based high throughput screening can still be successfully used for finding
inhibitors of fast biochemical pathways, in the future this method will benefit from
developing a more sensitive and reliable detection technique that could allow tracing
subtle changes in endogenous mRNA expression by utilizing more complex and diverse

signatures.
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Conclusions

With a rapid progress in finding new distinct proteins and their splice variants, there is a
growing need for developing reliable and universally adaptable high throughput
biological assays. Here we describe a high throughput gene expression-based screening
assay that employs a limited endogenous mRNA expression signature to monitor an
activation state of a signal transduction pathway. This flexible and reproducible method
is demonstrated by identifying a novel low-micromolar inhibitor of PDGF receptor in a

screening of a small chemical compound library.

The results of this study suggest that it is possible to find modulators of pathways by
inferring activation state of a biological system through monitoring its endogenous
mRNA expression signature, and not measuring the activity of the pathway directly.
This can be especially beneficial for finding modulators of novel molecular targets with
unknown mechanism of action. Currently, before a protein can be used as a drug target,
some sort of function has to be attributed to it. This is often done by assigning the protein
of interest to a protein class by sequence homology with known members of that class
[106]. Using mRNA expression signature as a read-out in a cell-based assay may help
circumvent this step and directly proceed to finding modulators for the novel proteins.
Additionally, using internal reference, such as mRNA expression, as a read-out,
eliminates necessity for overexpressing target of interest, co-expression of multiple

proteins, or expression of “reporter” genes, typical for high-throughput cell-based assays

[107].
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In conclusion, the versatility and adaptability of assays based on monitoring a limited
endogenous mRNA expression signature suggest that these assays should find
widespread use in experiments directed toward identification of novel modulators of
signaling pathways and will prove a powerful tool in drug discovery and in basic

research.
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Materials and Methods.

Reagents.

EK-R construct was kindly provided by Dr. Ullrich. PER chimera was a gift of Dr. Tyson

and Dr. Bradshaw.

Chemical compounds Apigenin, U0126, Quinacrine Dihydrochloride and
Aurintricarboxylic Acid were obtained from Calbiochem (http://www.calbiochem.com);
Methyl Violet B base, Rhodamine 6 G tetrafluoroborate, Sulforhodamine, Ethyl Violet,
Victoria Pure Blue BO, Rhodamine B, Lissamine Green B, Methyl violet 2B, Rhodamine
6G, (L-Asp)2Rhodamine 110 TFA, Rhodamine 110 chloride, Eosin B, Rhodamine 123
hydrate, Rhodamine 19 perchlorate, Acid Fuchsin calcium salt, p-Rosolic acid, Basic
Violet2, Gentian Violet , Pararosaniline hydrochloride, Salicylic acid were purchased
from Sigma (http://www.sigmaaldrich.com); and 3-Methylsalicylic acid , 5,5'-
Methylenedisalicylic acid, Phenolphthalein sodium salt, and Uranine K were obtained
from ABCR (http://www.abcr.de).

Growth factors PDGF, EGF, and SCF were obtained from Cell Signaling
(http://www.cellsignal.com), R’IGF from Sigma, and IL3 from R@D Systems
(http://www.rndsystems.com).

Cell culture reagents RPMI 1640, DMEM, HAM’s F-10 were purchased from Mediatech
(http://cellgro.com), penicillin, streptomycin from Invitrogen (http://invitrogen.com),

fetal bovine serum (FBS) from Sigma (http:// www.sigmaaldrich.com).
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p44/42 MAP Kinase, Phospho-p44/42 MAP Kinase (Thr202/Tyr204), MEK1/2,
Phospho-MEK1/2 (Ser217/221), PDGF-BB, Phospho-PDGFR-beta (Tyr751), Phospho-
EGFR (Tyr1068), c-Kit, Phospho-c-Kit (Tyr719), IGF-IaR, and Phospho-IGF-IR
(Tyr1131)/Insulin Receptor (Tyr1146) antibodies were obtained from Cell Signaling.

EGFR antibodies were purchased from Santa Cruz Biotechnology (http://scbt.com).

Cells.

SH-SYSY neuroblastoma cells were purchased from American Type Culture Collection
(http://www.atcc.org). The IL3-dependent pro-B lymphoid cell line Ba/F3 and Ba/F3
cells expressing TEL/PDGFR-beta [46]were obtained from D. Gary Gilliland. TIPS
primary fibroblasts [108] were a gift from Stephen Lessnick. We thank Dr. Ruth Halaban
for 501 MELI human melanoma cells. SH-SYSY, BaF3, and BaF3 cells expressing
TEL/PDGFR-beta were maintained in RPMI 1640 medium, TIPS cells were cultured in
DMEM, and 501 MEL cells were grown in Ham’s 10 medium. Medium for IL3
dependent Baf3 cells was supplemented with 0.05 ng/mL IL3. Media for all cell lines
contained 10% fetal bovine serum, 10 U/ml penicillin, and 10 pg/ml streptomycin. All

cells were grown at 37°C in 5% CO,.

Characterization of activation signature for ERK/PDGFR pathway.
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SH-SYS5Y cells were grown to confluence and starved overnight in serum-free medium in
order to silence any sustained effects from growth factor signaling. Prior to induction
with 50ng/mL PDGF, cells were treated with pathway inhibitors 74 microM Apigenin or
50 microM U0126, or with DMSO (carrier) for 60 minutes. Total RNA was isolated 30
minutes after PDGF addition. Each sample was done twice. The RNA was processed and

hybridized with Affymetrix U133 A GeneChips as described in [18].

To define ERK/PDGFR activation signature, a pair-ranking algorithm was used. Genes
were ranked according to their raw expression values on each chip. Ten genes with
maximum change in ranking were selected for each one of three pairs of conditions: cells
with PDGF versus cells without PDGF, cells with PDGF versus cells with PDGF and
Apigenin, and cells with PDGF versus cells with PDGF and U0126. Three genes
common for all three conditions were selected as signature of activated ERK/PDGFR
pathway.

These genes were early growth response 1 (EGR1), c-fos, and activity-regulated
cytoskeleton associated protein (APC). Control genes independent of PDGF induction
were selected among the genes with minimum change in ranking through all conditions.
The genes chosen were ATP synthase, nuclear gene encoding mitochondrial protein, and

ribosomal protein L.23a.

In a high throughput setting the signature of activated ERK/PDGFR pathway was

trimmed from three to two genes based on their relative strength of expression in TIPS

cells.
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Screening methods.

TIPS cells were grown to confluence and starved overnight with 20 microL serum-free
medium per well of 384-well plates. 20 microL of compounds diluted in media were
added so that final concentration of compounds would be approximately 10 microM in
three out of six replicas, and 50 microL in three remaining replicas. After 30 minutes of
compound treatment, cells were induced with 40 microL of PDGF diluted in media (final
PDGF concentration 40ng/mL). After 40 minutes of PDGF induction, media was
discarded, cells were lysed and RNA was extracted and quantified as described in [10].
The primers used for multiplex PCR reaction are as follows. Early growth response 1
(EGR1): 5'- AGC GGA TAA CAC CTC ATA CCC ATC CCC TGT -3'and 5'- AGC
GGA TAA CTG TCC TGG GAG AAA AGG TTG -3', c-fos: 5'- AGC GGA TAA CGC
TTC CCT TGA TCT GAC TGG -3'and 5'- AGC GGA TAA CAT GAT GCT GGG
AAC AGG AAG -3', ATP synthase: 5'- AGC GGA TAA CCA AAG CCC ATG GTG
GTT ACT -3'and 5'- AGC GGA TAA CGC CCA ATA ATG CAG ACA CCT -3', L23a:
5'- AGC GGA TAA CAA GAA GAA GAT CCG CAC GTC -3'and 5'- AGC GGA TAA

CCG AAT CAG GGT GTT GAC CTT -3".

The following primers were used for SBE reaction. EGR1: 5'- TTC CCC CTG CTT TCC

CG -3', c-fos: 5'- TGC CTC TCC TCA ATG ACC CT -3, ATP synthase: 5'- GAC TGT

GGC TGA ATA CTT CA -3',L23a: 5'- GTC TGC CAT GAA GAA GAT AGA A -3'.
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To select compounds that inhibited expression of pathway signature the following
procedure was performed. For each compound on each plate four ratios were determined:
expression of EGRI1 vs. expression of ATP synthase (VeGri/ATP synthase), EGR1 vs. L23a
(VEGR1/L23a), C-fOs vs. ATP synthase (V. fos/aTP synthase), and c-fos vs. L23a (Ve fos/123a). For
each plate a median (p) and standard deviation (o) were determined for each of four
ratios. A compound was considered a plate hit if each of the four ratios for compounds

were at least one standard deviation smaller than median (V < (u-o), or (Vegri/aTe

synthase<IL EGRI/ATP synthase “OEGRI/ATP synthase)&(V EGR1/123a<HEGR1/L23a-OEGR1/1232)&(Vc-fos/A TP

synthase <MHc-fos/ATP synthase~Oc-fos/ATP synthase)&(vc»fos/L23a< Hc-fos/u3a'0c-fos/L23a))- Compounds that

were plate hits in four out of six replicas were selected for further consideration.

Western blotting.

If cells had to be transfected with expression construct, 501 MEL cells of TIP5 cells were
grown overnight to 50% confluence and transfected using Fugene 6 transfection reagent
(roche.com) as recommended by manufacturer. 24 hours after transfection, medium was

exchanged for a serum free one, and cells were serum starved overnight.

Otherwise, adherent cells (TIP5, MEL 501) were grown to confluence, serum starved
overnight, and treated with compounds and growth factors as indicated. Cells growing in
suspension (BaF3 cells and BaF3 cells expressing TEL/PDGEFR protein), were grown to
10° cells/mL and treated with compounds as indicated. After treatment media was

removed, adherent cells were scraped with sample buffer from cell signaling, suspension
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cells were pelleted and resuspended in sample buffer. The resulting lysates of
approximately 1x10° cells were boiled, chilled, run on 4-15% gradient gels from BioRad
(biorad.com), transferred to the polyvinylidene difluoride membrane from Millipore
(http://millipore.com), blocked, probed and visualized as recommended by antibody

manufacturers.

Sequences alignment.

Comparative sequence analysis between PDGF (UniProtKB/Swiss-Prot entry P09619), c-
Kit (UniProtKB/Swiss-Prot entry P10721), EGFR (UniProtKB/Swiss-Prot entry P00533),
and IGFR (UniProtKB/Swiss-Prot entry P08069) was performed with BLAST 2

SEQUENCES ([109], [110]).
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Figure Legends.

Figure 1. A. Genes (in rows) sorted by their expression in samples (columns) with or
without U0126, Apigenin, and PDGF. Red indicates high relative expression, blue low
expression. B. Screening schema overview. B. RT-PCR of signature genes in 4 sample

wells.

Figure 2. A. Hit compounds identified in the screen. B. Western analysis of total TIP5
cell lysates. Cells were serum starved overnight and treated with ATA, Aluminon, and

Quinacrine Dihydrochloride in presence of PDGF.

Figure 3. A. Western analysis of total TIPS cell lysates. Cells were serum starved
overnight and treated with ATA and PDGF probed with MEK1/2 antibody. B. Western
analysis of total TIP5 cell lysates. Cells were serum starved overnight and treated with

ATA and PDGF.

Figure 4. Western analysis of total TIPS cell lysates.. Cells were serum starved overnight
and then incubated with ATA. After ATA was removed by washing, cells were induced

with PDGF.

Figure 5. A. Western analysis of total TIP5 cell lysates. Cells were transfected with EK-R
plasmid, serum-starved overnight and treated with ATA, EGF and PDGF. B. Western

analysis of total lysates of Ba/F3 cells expressing TEL/PDGFR-beta fusion protein. Cells
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were treated with ATA.C. Western analysis of total TIPS cell lysates. Cells were

transfected with PER plasmid, serum-starved overnight and treated with ATA and PDGF.

Figure 6. A. Western analysis of total MEL501 cell lysates. Cells were serum starved

overnight and treated with ATA and SCF. B. Western analysis of total TIPS cell lysates.
Cells were serum starved overnight and treated with ATA and EGF. C. Western analysis
of total TIPS cell lysates. Cells were serum starved overnight and treated with ATA and

IGF.

Figure 7. A.B.C. ATA analogs. D. E. Western analysis of total TIP5 cell lysates. Cells
were serum starved overnight and treated with 5,5'-Methylenedisalicylic acid
(abbreviated MSD in D), Ethyl Violet, Victoria Pure Blue BO and Basic Violet 3
(abbreviated EV, VPB, and BV3, respectively, in E) and PDGF. F. Western analysis of
total MELS501 cell lysates. Cells were serum starved overnight and treated with Ethyl
Violet, Victoria Pure Blue BO, and Basic Violet 3 and SCF. G. Western analysis of total
TIPS cell lysates. Cells were serum starved overnight and treated with Ethyl Violet,
Victoria Pure Blue BO, and Basic Violet 3 and EGF. H. Western analysis of total TIP5
cell lysates. Cells were serum starved overnight and treated with Ethyl Violet, Victoria
Pure Blue BO, and Basic Violet 3 and IGF. I. Western analysis of total lysates of Ba/F3
cells expressing TEL/PDGFR-beta fusion protein. Cells were treated with Ethyl Violet

and Victoria Pure Blue BO.
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Abbreviations

PDGF, platelet derived growth factor; EGF, epidermal growth factor; IGF, insulin-like
growth factor; ERK, extracellular regulated kinase; MEK, mitogen/extracellular signal-
regulated kinase; MAP, mitogen activated protein; RTK, receptor tyrosine kinases; ATA,
Aurintricarboxylic Acid; EGR1, early growth response 1; ARC, activity-regulated
cytoskeleton-associated protein; PLA(2), Phospho Lipase A(2); HTS, high throughput

screen.
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Figure 3
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Figure 4.
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Figure S.
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Figure 6.
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Table 1.

Extracellular domain Identities Positives
PDGFR-beta vs. cKit 26% 41%
PDGFR-beta vs. EGFR No significant similarity was found
PDGFR-beta vs. IGFR No significant similarity was found

cKit vs. EGFR No significant similarity was found
cKit vs. IGFR No significant similarity was found
EGFR vs. IGFR No significant similarity was found
Kinase domain Identities Positives
PDGFR-beta vs. cKit 51% 66%
PDGFR-beta vs. EGFR 40% 62%
PDGFR-beta vs. IGFR 29% 44%

cKit vs. EGFR 38% 59%

cKit vs. IGFR 28% 46%
EGFR vs. IGFR 36% 54%
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CONCLUSIONS

Strategies for monitoring endogenous gene expression in a high throughput setting.

Finding small molecules that modulate protein function is of primary importance in drug
development and in basic research. In this thesis I describe developing endogenous gene
expression-based methods aimed to facilitate the identification of such molecules for cell

signaling pathways.

The first approach, described in the first chapter of the thesis, resulted in developing a
strategy that reduced array probe redundancy. This allowed us to design and test smaller,
but still sufficiently accurate oligonucleotide arrays, which could be used in screening
applications. Unfortunately, even in the modified version, the oligonucleotide arrays were
still too expensive and laborious for screening compound libraries for modulators of the
pathways, as this required thousands of chips. However, the methods and strategies
developed to decrease probe redundancy in oligonucleotide arrays can be useful in
designing new generations of small, limited-probe, genome-wide arrays for screening

applications.

As monitoring a genome-wide gene expression signature appeared impractical for a high-
throughput setting, another strategy was used to make expression based high-throughput
screening for modulators of signaling pathways possible. A small signature consisting of

five genes was developed to monitor activation status of PDGFR/ERK pathway. The
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signature was used to screen some 1800 biologically active compounds for inhibitors of
the pathway. The screen resulted in identifying novel PDGFR inhibitor,
aurintricarboxylic acid (ATA). The mode of action of ATA was investigated to determine

that ATA inhibits PDGFR by blocking ligand binding to the receptor.

The success of the proof of concept experiment, which resulted in finding novel inhibitor
of a pathway of interest, suggest, that endogenous gene expression-based methods are a
viable addition to the toolbox that currently exists to identify modulators of signaling
pathways. The flexibility and adaptability of the endogenous expression based methods
make them especially attractive to use in finding modulators of novel pathways,
pathways that are not well suitable to screening by conventional methods due to absence
of reagents such as reporters or overexpressed targets, or novel targets of well-

investigated pathways.

Challenges in adaptation of endogenous gene expression signature to a high throughput

setting.

While the procedure for defining the signature of the pathway is straightforward and

easily adaptable for any pathway that changes cellular expression in response to stimulus,

a number of challenges were discovered along the way.

PDGFR/ERK pathway is activated by phosphorylation of proteins in the cascade. If

members of the pathway are not constitutively activated, their activation and subsequent
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return to inactive state is a relatively fast process, thus making timing of every screening
procedure crucial for success of the screen. The time constrains of the biological system
should be taken into account while screening libraries with high number of compounds,

as the screening should proceed in batches, ensuring that cells in all wells are exposed to

compounds, and, more important, to growth factors, for similar amounts of time.

The importance if the timing in endogenous gene expression based screening of a

signaling pathway can be illustrated by the following example.

The signature for the screen was defined using SH-SYSY cells, which were initially
selected for the screen. The cell grew well in a high throughput setting, were suitable for
existing RNA-isolation protocol, and the PDGFR/ERK pathway was reliably induced in
the cells upon introduction of PDGF. To define the signature of activated PDGFR/ERK
pathway, growth factor-induced changes in total gene expression in the cells were
monitored with oligonucleotide microarrays, and then five genes were selected as a

signature suitable for high-throughput screening.

As the project progressed, the protocols and methodology evolved, which resulted in
changes in cell-handling procedure. The new protocols became incompatible with the
initially selected SH-SYSY cells, thus dictating a move to a different cell system. TIPS
cells were chosen for the high-throughput screening, being more suitable for the new
protocols. The signature, developed for SH-SY5Y cells, was tested for TIP5 cells. The

signature appeared to be readily transferable to a different cell type with one exception.
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In TIPS cells one of the three previously synchronized markers had maximum expression
at least 20 minutes later than the other two, thus severely limiting optimal detection time.
This timing appeared to be unsustainable in a high-throughput setting and for the most

part only two out of three markers were effectively detected.

Another unforeseen complication was encountered while defining the signature of the
pathway. Total RNA was sampled and gene expression was monitored with
oligonucleotide microarrays at 0.5, 1, 2, 3, 4 hours after introduction of PDGF. As
subsequent analysis has shown, there was an apparent absence of genes with expression
decreasing during the first four hours after activation of the pathway. As a result, all the
markers in the signature had increased expression upon activation of the pathway, and

introduction of inhibitor of the pathway abolished the expression of the markers.

In this situation I had to rely on stable expression of control genes to weed out false
positive wells, such as wells with very low total expression due to lower cell count or
toxicity of compounds, and wells with compounds affecting RNA synthesis, such as
polymerase inhibitors and DNA/RNA intercalators. Ideally, the signature should contain
both genes that increase and decrease their expression upon introduction of modulators of
pathway of interest, thus reducing the number of false positives and increasing signal to
noise ratio. Still, even with the “one-sided” signature, the screening can be productive, as

demonstrated in this study by finding a novel inhibitor of PDGFR/ERK pathway.
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Future directions.

While the endogenous gene expression based screening method for cell signaling proved
to be robust and practical for a high-throughput setting, in the future the method can
benefit from improving the transcript detection system used to monitor expression of the
signature gene transcripts. The current method, SBE mass-spectroscopy, due to its limited
sensitivity and resolution, currently puts a set of restrictions on the gene signature.

To be reliably detected by SBE, the signature has to have a small number of transcripts,
thus limiting the signature to only a handful of genes. Moreover, the mRNA has to be
amplified by RT-PCR, thus complicating detection by decreasing signal to noise ratio.
Developing a more sensitive and reliable detection technique will allow tracing subtle
changes in endogenous mRNA expression by utilizing more complex and diverse

signatures.

Summary.

To summarize, in this thesis I describe development and subsequent testing of
endogenous expression-based methods for high-throughput screening applications.

The results of this study suggest that it is possible to find modulators of pathways by
inferring activation state of a biological system through monitoring its endogenous
mRNA expression signature, and not measuring the activity of the pathway directly. The
strategy is validated by a high throughput gene expression-based screening assay that

employs a limited endogenous mRNA expression signature to monitor an activation state
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of a signal transduction pathway. A novel low-micromolar inhibitor of PDGF receptor is
identified in screening a small chemical compound library, demonstrating the utility and
applicability of this flexible and reproducible approach for finding modulators of cell-

signaling pathways.

Taken together, these results demonstrate the versatility and adaptability of assays based
on monitoring endogenous mRNA expression signature. In the future these simple,
economical and reliable assays should find widespread use in experiments directed
toward 1dentification of novel modulators of signaling pathways and will prove a

powerful tool in drug discovery and in basic research.
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