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ABSTRACT Small molecules are important not only as therapeutics to treat dis-
ease but also as chemical tools to probe complex biological processes. The dis-
covery of novel bioactive small molecules has largely been catalyzed by screen-
ing diverse chemical libraries for alterations in specific activities in pure proteins
assays or in generating cell-based phenotypes. New approaches are needed to
close the vast gap between the ability to study either single proteins or whole cel-
lular processes. This Review focuses on the growing number of studies aimed at
understanding in more detail how small molecules perturb particular signaling
pathways and larger networks to yield distinct cellular phenotypes. This type of
pathway-level analysis and phenotypic profiling provides valuable insight into
mechanistic action of small molecules and can reveal off-target effects and im-
prove our understanding of how proteins within a pathway regulate signaling.
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mall molecules are essential as drugs in mod-

emn medicine and are valuable as probes of bio-

logical mechanism in chemical biology. Signifi-
cant screening efforts to date have focused on the
discovery of small molecules that target specific pro-
teins or that confer interesting cellular phenotypes
(Figure 1). Between these two spectra, there is a critical
need to expand mechanistic studies into how small mol-
ecules modulate signaling pathways and larger net-
works to generate complex phenotypes (Figure 1). Re-
cent advances in high-content screening methods have
greatly enhanced the ability to rapidly acquire large vol-
umes of phenotypic data following the treatment of cells
with bioactive small molecules, making it possible to
maximize this emerging capability (Figure 1). In this re-
view, we discuss how pathway-level screening and
analysis methods have expanded the number of path-
ways that can be probed with small molecules and that
have allowed for a deeper understanding of how com-
pounds alter cellular processes controlled by multiple
pathways. This information has provided valuable in-
sight into how small molecules perturb larger signaling
networks and has enabled more thorough investiga-
tions into mechanisms of action, which is critical for
both for drug discovery and chemical probe
development.

As probes, small molecules are useful and versatile
tools to study complex cellular processes requiring inte-
grated inputs from multiple pathways. Small molecules
act quickly and often reversibly upon washout, allowing
a high degree of spatial and temporal modulation over
protein function. Many compounds have been used suc-
cessfully to probe basic cellular functions. In a historic
example, the natural product cytochalasin was shown to
disrupt actin filaments, and it has long been used to
study the role of actin in different processes of the cell
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Figure 1. Small molecule probes of pathways and networks. Although small molecules
can be discovered in and can target different levels of complexity, they have been mostly
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used in “bottom-up” approaches starting at the protein level or in “top-down” ap-

proaches starting at the phenotype level. This Review focuses on the effects of small mol-
ecules on cellular pathways and networks. Pathway/network analyses are important be-
cause they offer mechanistic insight into how small molecules perturb proteins in signal-
ing pathways and how disruption of those pathways affects whole networks to yield
complex observable phenotypes. The network image was generated using the String

database (http://string.embl.de/).

including migration, ruffling, and division (Z, 2). Given
their therapeutic potential and possible utility as re-
search tools, it is important to develop methods to char-
acterize in more detail the mechanism of action of exist-
ing compounds and to discover new bioactive small

molecules.

Active small molecules
can be discovered by
screening chemical librar-
ies for alterations of spe-
cific activities in pure pro-
tein assays or for desired
phenotypes in cell-based
assays. Many excellent
studies have been directed
toward developing bio-
chemical screening assays
using purified proteins to
identify small molecule in-
hibitors. Although these in
vitro assays can be ex-
tremely useful in identify-
ing potent and selective
compounds, their limits in-
clude the following: (i)
they primarily target very
specific and measurable
functions of a protein or
complex of proteins, either
particular enzymatic activi-
ties or particular functional
interactions between de-
fined proteins; (ii) potent
and selective in vitro activ-
ity is not necessarily pre-
dictive of actual activity in
cells, for example, due to
poor cell permeability; and
(iii) the scope of off-target
cellular effects due to, for
example, similarities be-
tween related proteins,
e.g., kinases, as well as
toxicity is not readily
discemible.

In contrast, small mol-
ecules discovered in phe-
notypic screens can target

any protein, regardless of any measurable activity, and
must display some specificity to cause a specific pheno-
type (3). The potential of phenotypic screens for the dis-
covery of useful compounds is high, but challenges re-
main because cellular phenotypes that serve as

readouts in phenotypic screens often involve intricate

www.acschemicalbiology.org

VOL.6 NO.1

¢ 86-94 « 2011

87



88

¢ 86-94 « 2011

A Cells with impaired division,
sensitized by Rho RNAI

l

small molecule I|brary

o

suppress no effect enhance

Figure 2. A pathway screen results in small molecules that target the Rho pathway in cytokinesis. (A) A small molecule/
RNAi modifier screen. Cells with two nuclei are a consequence of failed cytokinesis and the readout in the screen. (Whole
cells are cartooned in green, DNA in orange). (B) Small molecules from the screen inhibit the accumulation of phospho-
myosin at the cleavage furrow, a key function of the Rho pathway. Inmunofluorescence images show Drosophila Kc;¢;
cells where phospho-myosin (red), tubulin (green), and DNA (blue) have been visualized. Note the decrease of phospho-
myosin at the furrow in compound-treated cells. Adapted from ref 7.

biological processes coordinated by multiple signaling
pathways. This level of complexity can present signifi-
cant challenges when performing follow-up secondary
assays and target identification, creating a bottleneck,
which slows the rate of discovery of useful compounds.

Pathway-Directed Small Molecule Screening. To cir-
cumvent many of the challenges associated with tradi-
tional pure protein or phenotypic screens, several
groups have recently developed novel strategies to iden-
tify compounds that target specific biological path-
ways. Pathway-directed screening approaches can sim-
plify target identification and generate a toolbox of small
molecules to systematically interrogate a given signal-
ing pathway and to identify potential “druggable”
targets.

Screening strategies that combine genetic with
chemical methods have been successfully implemented
in several model systems, including bacteria, yeast, Dic-
tyostelium, and Drosophila. We will see below how
some progress has been made in screens in different
human cells lines, especially in cancer cells. Most of the
new developments in pathway screening strategies,
however, have taken advantage of model systems. Rea-
sons for this include more straightforward methods for
genetic manipulations and less complex, and less re-
dundant, signaling pathways. For example, as dis-
cussed below, we performed a screen in Drosophila
cells because only one isoform of our target protein/
pathway, Rho, exists, whereas there are three isoforms
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in humans, and all three need to be depleted to achieve
our desired phenotype (4).

Using a screening approach in bacteria that utilized
both small molecules and antisense RNA technologies,
scientists at Merck discovered the antibiotic platensimy-
cin, a selective inhibitor of FabF, a key enzyme involved
in bacterial fatty acid synthesis and thus critical for cell
viability (5, 6). The authors screened over 250,000 natu-
ral product extracts looking for compounds that selec-
tively inhibited the growth of a bacterial strain geneti-
cally engineered to express fabF antisense RNA. The
antisense RNA-sensitized strain, because of its already
reduced FabF levels, became more susceptible to killing
by FabF inhibitors, providing a powerful system to
screen for novel antibiotics.

Our lab developed a phenotypic screening approach
to discover compounds that specifically target the Rho
pathway in cytokinesis (7). Inspired by classical genetic
experiments and the Merck study, we developed a
screening strategy analogous to a genetic modifier
screen but perturbed cells by small molecules and RNAi
instead of genetic mutations. We sensitized Drosophila
cells by RNAi treatment, reducing Rho function, and
screened for small molecules that modify a Rho-specific
RNAi phenotype. We decided to target the pathway
rather than Rho GTPase itself because, despite serious
efforts by many laboratories, especially with the onco-
genic GTPase Ras, small molecules that inhibit small
GTPases have been elusive. GTP affinity in GTPases is
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much higher than ATP affinity in kinases, making it en-
ergetically unfavorable for a small molecule to displace
GTP (8). We modestly impaired cytokinesis using partial
RNAi depletion of Rho, added small molecules, and
identified compounds that suppressed RNAi-induced
cytokinesis defects or aggravated them. We expected
to find enhancers and suppressors because the path-
way is positively and negatively regulated. An initial
analysis resulted in nine compounds that increased
the level of binucleated cells in a Rho RNAi background,
which we named Rhodblock 1a/b-8. We confirmed that
the Rhodblocks truly target the Rho pathway by showing
that 8/9 compounds inhibit the phosphorylation of
myosin light chain, a key function of the Rho pathway
(Figure 2), and identified Rhodblock 6 as an inhibitor of
Rho kinase, a key downstream Rho pathway effector.
Rhodblocks will be useful tools to dissect Rho signal-
ing and to study cytokinesis regulation.

An important prerequisite for this screening strategy
involves identifying proteins in the candidate pathway
that, when perturbed by RNAi or small molecule inhibi-
tion, yield robust and measurable phenotypes that can
be adapted to high-throughput screening and auto-
mated analysis. One can imagine many potential pheno-
types amenable to this analysis, and therefore our
screening strategy should be widely applicable to gener-
ate small molecule modulators to dissect other dy-
namic signaling pathways.

In the previous examples, we describe screening
strategies that use amplifications of genetic pheno-
types by small molecules as a readout. One can also
imagine a reverse approach, i.e., using genetic meth-
ods to overcome a small molecule phenotype, which
would be especially valuable in small molecule target
identification. To study how the mitotic spindle coordi-
nates changes in the cell cortex during cytokinesis in
Dictyostelium and to identify potential regulatory path-
ways, Zhou et al. screened a cDNA library for genetic
suppressors of nocodazole-induced growth defects,
and identified protein 14-3-3 as a hit in their screen
(9). In subsequent follow-up work, the authors dis-
sected the role of 14-3-3 in coordinating the activities
of microtubules, RacE, and myosin Il to modulate cor-
tical remodeling and shape changes during cytokine-
sis. This work is important because it provides mecha-
nistic insight into how signals emanating from the
mitotic spindle initiate cortical changes necessary for
cytokinesis.
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The work described above largely focuses on how
single small molecules in the context of specific genetic
perturbations can alter cellular pathways. Combining
small molecule treatments to determine synergistic/an-
tagonistic effects can be useful in dissecting connectivity
of targets in a given pathway and understanding func-
tional interactions between pathways in disease states
(17). For example, Owens et al. systematically combined
inhibitors of the sterol biosynthesis pathway and mea-
sured effects on hepatitis C viral replication. The authors
determined that sterol biosynthesis inhibitors adminis-
tered in combination showed synergistic disruptions in
HCV viral replication, highlighting the utility/therapeutic
potential of combining drug treatments (18).

In addition to using combined genetic and small mol-
ecule perturbations to identify pathway-specific small
molecules, an alternate approach involves measuring
to what extent small molecules disrupt downstream sig-

naling events of a given path-
way, such as transcriptional
activation or phosphorylation
state changes. For example,
several groups have used a
Wnt/B-catenin-mediated lucif-
erase reporter assay to screen
for modulators of Wnt signal-
ing (19, 20). The Wnt pathway
represents an important thera-
peutic target because it is mis-
regulated in many cancers.
Huang et al. identified a small
molecule inhibitor of Wnt sig-
naling (XAV939) that stabi-
lized axin and promoted
B-catenin degradation. The tar-
gets of XAV939 were discov-
ered by three-channel iTRAQ
quantitative chemical pro-
teomics as the poly-ADP-
ribosylating enzymes
tankyrase 1 and 2. This study
identified tankyrases as new
therapeutic targets in Wnt sig-
naling. XAV939 is an impor-
tant chemical tool to study
how tankyrases regulate axin
homeostasis and 3-catenin
degradation.

KEYWORDS
Cytokinesis: The last step in the cell cycle, where

daughter cells separate.

High content screening: High throughput

screening method where cells are treated with
small molecules in a multi-well format and
phenotypes induced by small molecule
perturbations are visualized by imaging. This
approach is called high content screening
because imaging allows detection of a wide
range of different phenotypes. Also called
phenotypic or cell-based screening.

Network: More complex organizational structure

in which proteins interact to achieve
biological outcomes. Usually multiple
pathways cooperate to form a network.

Pathway: A signaling cascade in which different

proteins interact with each other to achieve
specific outcomes. Often key signaling
proteins such as kinases or GTPases lie at the
center of a pathway.

Profiling: Summarizing combinations of different

features that lead to unique identifiers. We
discuss phenotypic (which phenotypic
features are changed), transcriptional (which
mRNA transcripts are changed), and
behavioral (which animal behaviors are
changed) profiling.

Rho pathway: The Rho pathway is a signaling

pathway that centers on the small GTPase
Rho. It regulates many functions of the
cytoskeleton, including cell division,
morphology, migration, contraction, and
adhesion.

Small molecule probes: Small molecules that are

used to study biological pathways or
mechanisms.
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Recent work by Hoffman et al. developed a cell-
based screening assay to identify small molecule modu-
lators of mTORC1 signaling, which is known to be al-
tered in several disease states including many cancers
(21). The authors utilized a novel in cell Western tech-
nique to monitor the activation state of the mTORC1 sig-
naling pathway by quantifying the phosphorylation sta-
tus of a downstream substrate, ribosomal protein Sé.
The assay is currently being used to screen libraries of
small molecules and siRNAs in parallel to enable direct
phenotypic comparisons (22), which will provide valu-
able insights into target protein identification of promis-
ing small molecules.

Systems Chemical Biology and Chemical Profiling.
The work described above largely focused on discover-
ing small molecules that target single pathways. Recently,
several groups have undertaken broader systems-type
analyses to determine mechanism of action, where mul-
tiple pathways are profiled after small molecule treat-
ment. Using diverse profiling approaches, different types
of phenotypic compendia can be created, which are use-
ful both as guides for comparative target identification ap-
proaches and to better understand the mechanistic con-
text of small molecule perturbations.

Gene expression profiling is commonly used to as-
sess effects of cellular perturbations. Hughes et al. con-
ducted gene expression profiling to functionally charac-
terize 300 genetic mutations and small molecules in
yeast (23). Lamb et al. extended this work to mamma-
lian cells and constructed a “Connectivity Map” based
on gene-expression profiles and pattern-matching analy-
sis following small molecule treatment. The Connectivity
Map promises to be a useful resource to group drugs with
common mechanisms of action, discover novel mecha-
nisms for uncharacterized compounds, and find small
molecules that mimic or suppress a disease state (24).

In yeast, the drug-induced haploinsufficiency profiling
method (HIP) has been an important tool for drug discov-
ery and target identification. In HIP, approximately 6,000
heterozygous deletion strains exhibit a partial reduction
in gene dosage and can be screened in parallel. Strains
that show a decrease in growth/fitness in the presence of
a small molecule represent functionally interacting genes
(10, 11). Giaever et al. and Baetz et al. used the HIP ap-
proach to screen diverse small molecules against the en-
tire genome-wide collection of heterozygous deletions
strains to determine which cellular pathways are per-
turbed by a given small molecule, providing insight into
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drug mechanism of action (11, 12). The authors vali-
dated the HIP approach by identifying previously known
targets of several compounds, including methotrexate
and statins, while also uncovering new interactions and
mechanisms. For example, Baetz et al. tested dihydromo-
tuporamine C, an anticancer compound with uncharacter-
ized targets, and discovered that it disrupted key steps
in sphingolipid metabolism.

Like HIP, the HOP (homozygous profiling) approach
uses homozygous (or haploid) deletion strains (13). Par-
sons et al. used HOP to generate chemical-genetic fitness
profiles to characterize approximately 80 compounds
and natural product extracts (14). Through clustering
analysis, the authors discovered that the breast cancer
drug tamoxifen disrupts calcium homeostasis. Several
studies have used multicopy suppression profiling to con-
firm a drug target (15, 16). Using this approach, overex-
pression of the target protein should confer resistance to
the small molecule inhibitor. Hoon ef al. combined the
utility of HIP, HOP, and multicopy suppresssion ap-
proaches into a systems-level integrated platform to
study drug mechanism of action using eight reference
compounds and 188 compounds of unknown activity
(16). The authors validated the platform by identifying
the known molecular targets of the phosphatase
inhibitors cantharidin and calyculin A and further char-
acterizing their cellular affects and also demonstrated
its utility in finding novel interactions/potential
targets.

To group known compounds of similar mechanisms
of action and to suggest targets/mechanisms for new
drugs, Perlman et al. developed a high-throughput and
quantitative phenotypic profiling method in Hela cells
(25). Using automated fluorescence microscopy and 11
distinct biological probes, the method allowed the extrac-
tion of multidimensional phenotypic information at the
single-cell level for many compounds (100) over a range
of doses (13 3-fold dilutions) where a set of 93 descrip-
tors (i.e., measures of size, shape, intensity, and ratios of
intensities) are measured for nuclear, cytoplasmic, and
probe regions. Similarly, Tanaka et al. conducted a pheno-
typic screen of 107 small molecules where changes in
cell and organelle morphology were systematically pro-
filed to identify novel bioactive small molecules that gen-
erated unique signatures in cancer cell lines (26). From
the screen and subsequent affinity-chromatography ex-
periments, the authors identified a hydroxyl-substituted
analogue of the Src-family kinase inhibitor PP2 as an in-
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hibitor of carbonyl reductase | and showed that it can be
used to enhance the effectiveness of established antican-
cer drugs. These two studies highlight the utility of using
multidimensional phenotypic profiling to discover and
characterize interesting new compounds.

While the work discussed above provided useful snap-
shots of the effects of different small molecule treat-
ments, it would be very helpful to have an opportunity to
observe if functional interactions in cells have been per-
turbed. MacDonald et al. utilized a method to probe the
effects of over 100 compounds on multiple signaling
pathways simultaneously in living cells by imaging of
protein-fragment complementation assays (PCAs) (27).
PCA technology involves fragments of inactive reporter
polypetides fused to proteins that are known to interact
upon activation of a signaling pathway. When these path-
way proteins interact and come into close proximity with
each other, the reporter fragments are able to complex
into an active reporter to generate a fluorescent signal at
the site of interaction. In this study, PCAs served as sen-
sors of specific protein—protein interactions in a given
pathway and thus reported on dynamic changes occur-
ring in that pathway in response to a compound. Forty-
nine PCAs acted as readouts for pathway activation or in-
hibition and reported on the status of multiple pathways
involved in cell division, apoptosis, inflammation, DNA
damage responses, and nuclear hormone receptor signal-
ing. From these data, the authors assembled a multipath-
way signature profile after compound treatment. These
profiles were predictive and provided insight into a drug’s
mechanism of action and highlighted previously unchar-
acterized off-target phenotypes. PCAs have also been
used to probe more specifically for modulators of Rho
family GTPases (Ras) and MAPK signaling pathways (28).

Cancer Cell Profiling. The studies described above
highlight the utility of image-based phenotypic and gene-
expression profiling to make informed predictions about
a drug’s mechanism of action and to make previously uni-
dentified connections between groups of compounds.
Other profiling approaches have been developed to dis-
cover compounds that specifically kill cancer cells.

For example, Dolma et al. performed a high-throughput
synthetic lethal screen to look for compounds that kill ge-
netically engineered tumor cell lines (primary fibroblasts
expressing hTERT and oncogenic proteins Large T, Small
T, and HRAS) but not the isogenic parent cell line (29). The
readout in the screen utilized calcein AM dye, which is
cleaved in living cells by esterases and remains trapped
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in cells and exhibits green fluorescence. The authors
identified nine compounds including five previously
known anticancer drugs (doxorubicin, daunorubicin, mi-
toxantrone, camptothecin, and echinomycin). They exam-
ined the killing potential of the nine hit compounds in
their full complement of engineered tumor cell lines (14
cell lines total) to tease apart the killing mechanism and
identified which genetic elements were important for
compound activity. They identified three groups of com-
pounds: (i) compounds that killed the engineered tumor
cells indiscriminately, (ii) compounds that killed only tu-
mor cells expressing hTERT and inactive RB, and (jii) com-
pounds that required oncogenic RAS and ST expression.
This is interesting because it enables insight into which
compounds might be more effective against specific can-
cers depending on their particular genetic expression
profile.

Cancer stem cells (as well as most other stem cells)
have been difficult to screen with small molecules be-
cause they exist in low numbers in tumors and are chal-
lenging to maintain in culture. Gupta et al. used hTERT-
immortalized mammary epithelial cells treated with
E-cadherin RNAI to induce a cancer stem cell-like state
(30). The authors used their enriched cells to perform a
high-throughput screen to look for compounds that selec-
tively kill E-cadherin RNAi-induced cancer stem cells but
not control cells. They identified salinomycin as a com-
pound that selectively killed cells with breast cancer stem
cell-like properties. This is important because cancer
stem cells drive cancer progression and contribute to re-
lapse following treatment, so targeting these cells specif-
ically is a promising potential therapy for breast cancer.

To identify new inhibitors of Bcr-abl kinase for chronic
myeloid leukemia (CML) treatment, Adrian et al. utilized
a cytotoxicity screen to look for compounds that selec-
tively killed Bcr-abl transformed cells but not nontrans-
formed cells (31). Their screen identified the non-ATP-
competitive inhibitor GNF-2. GNF-2 was shown to be
effective against imatinib-resistant Bcr-abl mutants.
Zhang et al. extended these studies to show that combin-
ing GNF-5, a more potent analogue of GNF-2, with ima-
tinib had additive inhibitory effects in cell-based assays
and suppressed imatinib resistance emergence in vitro
and in vivo (32). These studies were important because
they demonstrated the therapeutic potential of combin-
ing allosteric and ATP-competitive kinase inhibitors to
suppress resistance to either compound alone.
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Whole Organism/in Vivo Chemical Screening. As dis-
cussed in the above papers, profiling in established cell
lines has been very informative in identifying cellular
pathways affected by small molecules. Many diseases,
however, are caused by problems in three-dimensional
structures that involve connected cells (e.g., an organ)
and can therefore not be studied in a cultured cell model.
For this reason, whole organism high content chemical
screening is becoming an important resource for expand-
ing drug discovery and target identification efforts.

Because C. elegans was one of the first organisms
where RNAi was possible, much insight has been gained
into biological signaling networks using this model organ-
ism. As we have seen above, combinations of small mol-
ecule and RNAi experiments are appealing, and there-
fore C. elegans would have been a natural model for
whole organism screening (33). Despite some promising
screens having been performed in C. elegans (34, 35), it
appears that the general consensus now is that small
molecule screens in C. elegans are difficult because small
molecules typically do not accumulate in the worms due
to significant physical barriers and powerful xenobiotic
defenses (36).

A number of chemical screens have been conducted
in zebrafish to probe a diverse array of biological pro-
cesses. Zebrafish are readily adaptable to screening be-
cause the embryo, unlike C. elegans, readily absorbs
small molecules. This quality makes zebrafish a nice sys-
tem to study early development, a highly dynamic pro-
cess involving the coordinate regulation of multiple sig-
naling cascades. Because the embryo is quite
transparent, phenotypes can be visualized in detail. For
example, Peterson et al. screened for chemical suppres-
sors of a genetic mutation disrupting aortic blood flow in
zebrafish (gridlock mutation) (37). The compound
GS4012 rescued the gridlock phenotype and restored
blood flow by activating the VEGF pathway. Mathew et al.
utilized chemical screening in zebrafish to identify modu-

lators of tissue regeneration (38). The authors identified
glucocorticoids as inhibitors of caudal fin regeneration.

Many screens involve measuring changes in visual
phenotypes in response to small molecule treatment. In
an exciting new study, Rihel et al. extended these ap-
proaches by monitoring animal behavior as a readout for
active compounds (39). The authors profiled dynamic
changes in zebrafish locomotion during rest and wake pe-
riods. Behavioral profiling allowed the authors to cluster
drugs of known mechanism of action with less character-
ized drugs and allowed them to make meaningful predic-
tions as to the targets and mechanisms of these un-
known drugs.

Outlook. In this review, we discussed recent work uti-
lizing pathway-level screening and analysis methods.
These approaches have (i) expanded the number of path-
ways that can be probed with small molecules, (ii) al-
lowed for a more comprehensive understanding of how
compounds alter larger networks of pathways by generat-
ing phenotypic profiles based on these changes, and (i)
enabled compound clustering to shed light on new mech-
anisms of action, including identifying the target proteins
of previously uncharacterized compounds.

Although much progress has been made in the effort
to discover and develop small molecules as therapeutics
and probes, a host of significant challenges remain:
Which model systems are best to utilize for chemical
screening? How do we determine which pathways/
processes are best to profile? How do we integrate large
profile data sets with secondary assays to make informed
choices as to which leads/hits to follow up for detailed
studies? As the field of small molecule discovery moves
to address these questions, we expect that significant in-
roads will be made. A major advance will be a better un-
derstanding of what constitutes the “druggable genome”.
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