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ABSTRACT: Harnessing the inherent biological relevance of
natural products requires a method for the recognition of
biological effects that may subsequently lead to the discovery of
particular targets. An unbiased multidimensional profiling
method was used to examine the activities of natural products
on primary cells derived from a Parkinson’s disease patient. The
biological signature of 482 natural products was examined using
multiparametric analysis to investigate known cellular pathways
and organelles implicated in Parkinson’s disease such as
mitochondria, lysosomes, endosomes, apoptosis, and autoph-
agy. By targeting several cell components simultaneously the
chance of finding a phenotype was increased. The phenotypes
were then clustered using an uncentered correlation. The
multidimensional phenotypic screening showed that all natural products, in our screening set, were biologically relevant
compounds as determined by an observed phenotypic effect. Multidimensional phenotypic screening can predict the cellular
function and subcellular site of activity of new compounds, while the cluster analysis provides correlation with compounds with
known mechanisms of action. This study reinforces the value of natural products as biologically relevant compounds.

As part of a research program aiming to address a grand
challenge in natural product chemistry to determine the

function of all natural products, a set of 482 natural products
was analyzed using a phenotypic screen. Natural products are
validated starting points for drug design, and compound
libraries based on natural product starting points have largely
succeeded.1−3 It has been proposed that the large compound
libraries used in high-throughput screening (HTS) may not
reflect the rich diversity of a smaller, purified compound natural
products library.4

Harnessing the inherent biological relevance of natural
products5 requires a method for the recognition of biological
function that may subsequently lead by correlation to the
discovery of particular targets. HTS assays developed for drug
discovery purposes can be either target- or cell-based.6 Focused
screening against a single target of interest requires a large
screening set and is frequently associated with a low validated
hit rate. Cell-based approaches facilitate investigation of an
entire pathway and can be used to investigate networks. Cell-
based assays are not a novel concept in drug discovery; however
they usually target a specific pathway or are restricted to one or
only a few organelles. In the past decade, several studies have
demonstrated the potential of cytological profiling to inter-
rogate the biological responses elicited by compound libraries.7

These cell-based screening methods have almost exclusively
been performed on immortalized cells such as HeLa cells8,9 or

U2OS cells.10 In addition, the fluorescent probes used targeted
specific proteins such as SC35, phospho-p38, anillin, c-Fos,9 or
only a few organelles.11 The study reported here differs from
these previous phenotypic profiling methods by investigating
six independent cellular compartments on a patient-derived cell
model in order to identify phenotypes. By targeting multiple
cellular compartments, such as mitochondria, lysosomes,
cytoskeleton, endosomes, autophagosomes, and nuclei, the
chances of finding a phenotypic response are increased. We
performed the method on a nontransformed/nonimmortalized
primary cell line as it might represent normal physiological
responses on a patient-derived model. Nontransformed and
nonimmortalized primary human olfactory neurosphere-
derived (hONS) cells with a normal karyotype, derived from
a patient with idiopathic Parkinson’s disease, model the
disease.12−14 This cell model displays a large cytoplasmic/
nuclear ratio, enhancing the sensitivity to alterations in the
shape, size, and localization of cytoplasmic organelles.
In previous research, iotrochotazine A (1) and jaspamycin

(2) exhibited different effects on lysosome and early endosome
parameters compared with vehicle, suggesting that these
compound have an activity on vesicular trafficking in patient-
derived hONS cells from a patient with idiopathic Parkinson’s
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disease.14,15 Herein, 482 natural products were screened on the
patient-derived cell model to identify compounds that induce a
unique profile, to cluster the phenotypes by their cytological
signature, and to determine if chemical similarity drives a
biological response.

■ RESULTS AND DISCUSSION
Fluorescent probes were used to simultaneously stain nuclei
and the microtubule-based cytoskeleton of hONS cells to
detect changes in overall cell morphology and cytoarchitecture
in addition to cellular pathways and organelles implicated in
Parkinson’s disease such as mitochondria, lysosomes, endo-
somes, and autophagy on a patient-derived cell model of
Parkinson’s disease.12,13 Compounds were distributed roboti-
cally to two separate 384-well plates, with each plate subjected
to a different set of dyes. Stain set 1 contained a DNA stain
(4′,6-diamidino-2-phenylindole, Dapi),16 an anti-early endo-
some antigen 1 (EEA1) antibody to mark early endosomes,17

LysoTracker Red DND-99, a fluorescent dye highly selective
for acidic organelles,18 particularly lysosomes, and CellMask to
stain the plasma membrane19 and hence report cell area. Stain
set 2 included Dapi, an anti-α-tubulin antibody to mark the
microtubules20 and reflect cell area, MitoTracker Orange
CMTMRos, a fluorescent dye, to stain mitochondria,21 and
an anti-microtubule-associated protein 1 light chain 3b (LC3b)
antibody to label autophagosomes.22 These two stain sets
examined six cellular components with Dapi used in both sets
to define the nuclei and to examine nuclear morphology.
Images were collected automatically on a high-content imaging
system using a 20× high numerical aperture objective lens to
capture high-resolution images from multiple cells per image.
Six images per well, for each fluorescent channel, were
collected, resulting in at least 100 cells analyzed for each
compound. Individual cells were segmented based on the Dapi
nuclear stain, using the “Find Nuclei” building block, and the
microtubules stain or CellMask, using the “Find Cytoplasm”
building block, in the Harmony High Content Imaging and
Analysis Software in order to quantify cellular parameters that
change after compound exposure (Figure 1).
From the combination of different fluorescent probes, 38

parameters, encompassing cellular, nuclear, and organelle
morphology, staining intensity, and texture throughout the
cell and in different subcellular regions, were generated
(Supporting Information, Table S1). Data were collected and
averaged from segmented images of individual cells and wells
(at least 100 cells were scored per treatment). To assess the
sensitivity and reproducibility of the assay, both of the imaging
and hONS cell response, a three-probe set of molecules,
including nocodazole,23 chloroquine,24 and rotenone,25 which
disrupt microtubules, lysosomes, and mitochondrial function,
respectively, was used in at least 10 technical replicates and four
biological replicates. These data confirmed this approach was

viable and robust for the identification of compounds with
biological activities (Figure 2).
The multidimensional screening platform was used to profile

the biological activity of 590 pure natural products including 45
new or novel compounds. The compounds were derived from
Nature Bank,26 a natural product library, which includes
biologically active small molecules, as well as new and novel
compounds. Tanimoto similarity scores27 showed that the
compound library contains chemically diverse compounds. At
Tanimoto constants (Tc) of 0.6, 0.5, and 0.4, the 590 natural
products were clustered into 419, 352, and 274 chemical
similarity clusters, respectively. Each of the 590 natural
products was profiled in four concentrations (1, 3, 10, and 30
μM) to assess a dose−response. On every plate, 24 wells

Figure 1. Large-scale multidimensional profiling strategy using stain
set 1. Compounds were distributed using an automated system in an
optically clear bottom CellCarrier 384-well plate. Parkinson’s disease
hONS cells were added to compounds for final concentrations of 1, 3,
10, and 30 μM (0.6% DMSO) and incubated for 24 h. Stain set 1
contained a DNA marker (Dapi in blue), a cytoskeletal marker
(CellMask in deep red), a lysosomal marker (LysoTracker Red DND-
99 in yellow), and an endosomal marker (anti-EEA1 antibody in
green). Automated fluorescence microscopy was carried out using the
high-content imaging system Operetta (PerkinElmer), and images
were acquired using a 20× objective. Six images per well for each
wavelength were collected. Representative images are shown with 50
μm size bars. Stain set 2 was used in a similar procedure to generate,
after individual cell segmentation, 38 parameters for each compound
treatment.
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contained dimethyl sulfoxide (DMSO) only, to provide data on
the normal biological variation in the cultured hONS cells
exposed to vehicle. The variation of control wells did not
exceed 13% for all parameters investigated. The low variability
between the 24 replicates confirmed the robustness of the
screening method. These data established the baseline for
evaluation of compound activity.
Following screening, highly cytotoxic natural products, which

prevented scoring of at least 100 cells, were excluded from the
data. The phenotypic changes were scored in several steps.
First, the normality of the distribution of all parameters was
checked and a log2 transformation was calculated in order to
obtain a normal distribution for outliers (Supporting
Information Figure S1a, b, and c). Significant phenotypic
perturbations following compound exposure when compared
with the negative control were identified by a t test. The
biological signature of natural products was determined by
calculating a z-score for each parameter, which compares each
compound to the mean of all natural products profiled. The z-
score was set at 0 when not significantly different from DMSO
(p > 0.05). The factor scores were clustered based on the
pairwise uncentered correlation coefficients using Cluster 3.0
and visualized as a dendrogram via Java Treeview. The
dendrogram contained 482 compounds and gave 13 prominent
bioclusters, containing at least 20 natural products, based on
the similarity of their biological profile (uncentered correlation
>0.7) (Figure 3a). The 13 bioclusters contained 459 natural
products, including 35 new or novel compounds (Supporting
Information Table S2). Colchicine,28 cytochalasin D,29 and
paclitaxel,30 compounds that have an effect on the cytoskeleton,
were representative of biocluster 8 (Figure 3c and d). The data
for each biocluster are shown in Supporting Information Table
S2. Biological signatures of protopine, also reported as an
antibacterial,31 ajmaline, an antiarrhythmic agent,32 and
gitoxigenin, an antineoplastic agent,33 at different concen-
trations, are shown in Figure 3b. Protopine was found in
biocluster 7 at 1, 3, and 10 μM, whereas protopine at 30 μM
was in cluster 8. Ajmaline had all its four concentrations in
cluster 8, and gitoxigenin was found in biocluster 7 at 1 μM,
whereas this compound was in cluster 8 from a concentration

of 3 μM (Figure 3b). Our results indicate that phenotypic
profile is linked to concentration.
We observed that 39% of the compounds had all four

concentrations in the same phenotypic cluster. Additionally,
89% of the natural products had at least three concentrations in
the same biocluster. For some natural products, a phenotype
was observed only at or above 3 μM; consequently, the 1 μM
concentration was clustered apart from the others. In some
cases, compounds exhibited a strong phenotype at 30 μM;
therefore this concentration did not cluster with 1, 3, and 10
μM. Our results show the importance of performing dose−
response assays to characterize in detail the biological activity of
compounds and also to determine the appropriate concen-
tration for further analysis.
Compounds in biocluster 1 and in biocluster 6 predom-

inantly exhibited a decrease in the intensity of the lysosomal
marker, LysoTracker. In contrast, an increase in the
LysoTracker intensity was predominant in bioclusters 7, 8, 9,
10, and 11 (Figure 4a). Carminic acid at 10 μM, which was
associated with biocluster 1, induced a negative deviation from
the mean in the intensity of the lysosomal marker, LysoTracker.
E6 berbamine at 1 μM was included in biocluster 7 and
exhibited a positive deviation from the mean in the intensity of
the LysoTracker (Figure 4b). Bioclusters 2, 8, 11, and 12
contained natural products exhibiting a marked effect on
cellular morphology. Natural products in biocluster 2 induced a
positive deviation from the mean in cell area, while natural
products associated with bioclusters 8, 11, and 12 induced a
decrease in cell area (Figure 4c). Tomatidine at 10 μM was
contained in biocluster 8 and exhibited a negative deviation
from the mean in cell area. Conversely, etoposide at 3 μM,
which was associated with biocluster 2, showed a positive
deviation from the mean in cell area (Figure 4d). Compounds
in bioclusters 3 and 4 shared a similar profile to biocluster 2 but
with a lesser effect and without changes in cell morphology.
Early endosomal features were a predominant alteration in
most of the bioclusters. Bioclusters 10 and 13 were associated
with natural products mainly inducing a negative deviation
from the mean in the number and intensity of EEA1-labeled
early endosomes. Conversely, small molecules included in
bioclusters 2, 7, 8, and 9 resulted in a positive deviation in the

Figure 2. Principal component analysis (PCA) plot for sensitivity and reproducibility assessment of the assay. (a) PCA of four biological replicates
after treatment with rotenone (20 μM, 0.6% DMSO), chloroquine (10 μM, 0.6% DMSO), nocodazole (10 μM, 0.6% DMSO), and the control (0.6%
DMSO). The first two principal components explained 66% of the variance. (b) PCA of at least 10 technical replicates after treatment with rotenone
(20 μM, 0.6% DMSO), chloroquine (10 μM, 0.6% DMSO), nocodazole (10 μM, 0.6% DMSO), and the control (0.6% DMSO). The first two
principal components explained 64% of the variance.
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Figure 3. Heatmap depicting the cytological profile of natural products, based on z-score calculations comparing each compound to the mean of all
natural products, with pertinent clusters highlighted. (a) Complete data set of 482 unique samples from Nature Bank. Compounds were
hierarchically clustered based on their pairwise uncentered correlation coefficients, and 13 clusters with an uncentered correlation coefficient superior
to 0.7 were defined from the dendrogram. Uncentered correlation coefficient/cluster: 0.767/1; 0.739/2; 0.730/3; 0.728/4; 0.761/5; 0.764/6; 0.715/
7; 0.775/8; 0.743/9; 0.731/10; 0.764/11; 0.729/12; and 0.756/13. Individual compounds are presented on the y-axis with individual features on the
x-axis. (b) View of biocluster 8 with the phenotypic signature of cytochalasin D, paclitaxel, and colchicine, at 1 μM (0.6% DMSO), highlighted. (c)
Representative images of Parkinson’s disease hONS cells treated with 0.6% DMSO, cytochalasin D, paclitaxel, and colchicine at 1 μM (0.6% DMSO)
for 24 h and stained for nuclei and α-tubulin (deep red). (d) Dose−response activities. Biological profiles of protopine, ajmaline, and gitoxigenin at 1,
3, 10, and 30 μM (0.6% DMSO) on 38 parameters.

Journal of Natural Products Article

DOI: 10.1021/acs.jnatprod.6b00258
J. Nat. Prod. 2016, 79, 1982−1989

1985

http://dx.doi.org/10.1021/acs.jnatprod.6b00258


intensity of EEA1 marker. Figure 4e and f present an example
of compounds showing an alteration of EEA1-labeled early
endosomes. Baicalein at 30 μM, which was associated with
biocluster 2, induced a decrease in the number of EEA1 marker
associated with a positive deviation from the mean in intensity
and texture of the EEA1 marker (Figure 4e). Cafestol acetate, at
10 μM, was included in biocluster 10 and showed a negative
deviation from the mean for all EEA1 features (Figure 4f).
Bioclusters 8, 11, and 12 were constituted of compounds, such
as antibiotic A-23187 at 1 μM (biocluster 8), showing a positive
deviation in the intensity of the LC3b marker (Figure 4g). In
contrast, natural products associated within biocluster 2
including forskolin at 10 μM exhibited a slight decrease in
the intensity of the LC3b marker (Figure 4h). Figure 4i and j
present an example of compounds inducing a modification in
the mitochondrial marker, MitoTracker. Bromocriptine mesy-
late at 1 μM was associated with biocluster 5 and exhibited a
slight negative deviation from the mean in MitoTracker
intensity (Figure 4i). Conversely, tomatidine at 10 μM was
associated with biocluster 8 and exhibited a positive deviation
from the mean in MitoTracker intensity (Figure 4j). Biocluster
5 was characterized by a decrease in Dapi intensity. In contrast,
bioclusters 11 and 12 contained compounds showing an
increase in Dapi intensity. However, natural products in
biocluster 11 induced a lesser effect than those in biocluster 12.
The chemical diversity within the 13 bioclusters was analyzed

for all compounds that had all four concentrations in the same
biocluster to avoid bias due to a dose−response activity. The
data for biocluster 1 were typical of all bioclusters. Compounds
in this phenotypic biocluster showed mainly a negative
deviation from the mean of all natural products tested for
lysosomal features. The similarity search was performed on the
22 compounds that had all four concentrations in this
phenotypic cluster. At a Tc of 0.6, only three compounds
were grouped together (Figure 5a), and a Tc of 0.5 and 0.4
revealed three chemical similarity groups (Figure 5b). At a Tc
of 0.3, 15 compounds were included in five chemical similarity
groups (Figure 5c) and seven natural products remained
singletons (Figure 5d). The results of the structure similarity
assessed using a Tc of 0.3 for bioclusters 1 to 13 are shown in
the Supporting Information Table S3. For eight bioclusters, no
structure similarity was observed with a Tc between 0.9 and 0.6.
Chemical similarity clearly does not drive the biological
response. Rather, the chemical similarity analysis showed that
several chemical classes were represented in each biocluster to
produce a similar phenotype. Compounds with different

Figure 4. Representative profiles and images of compounds affecting
different cellular markers. (a) Carminic acid at 10 μM exhibited a
negative deviation from the mean of all compounds in the intensity of
LysoTracker (Biocluster 1). (b) E6 berbamine at 1 μM exhibited a
positive deviation from the mean of all compounds in intensity of
LysoTracker (biocluster 7). (c) Tomatidine at 10 μM showed a
negative deviation from the mean of all compounds in cell area
(biocluster 8). (d) Etoposide at 3 μM exhibited a positive deviation
from the mean of all compounds in cell area (biocluster 2). (e)
Baicalein at 30 μM showed a decrease in number of EEA1 marker
associated with a positive deviation from the mean of all compounds in
intensity and texture of EEA1 marker (biocluster 2). (f) Cafestol

Figure 4. continued

acetate at 10 μM exhibited a negative deviation from the mean of all
compounds for all EEA1 features (biocluster 10). (g) Antibiotic A-
23187 at 1 μM showing an increase in intensity of LC3b marker
(biocluster 8). (h) Forskolin at 10 μM exhibited a negative deviation
from the mean of all compounds in LC3b marker intensity (biocluster
2). (i) Bromocriptine mesylate at 1 μM showed a slight negative
deviation from the mean of all compounds in MitoTracker intensity
(biocluster 5). (j) Tomatidine at 10 μM exhibited a positive deviation
from the mean of all compounds in MitoTracker intensity (biocluster
8). Black bars above biological signatures represent LysoTracker
intensity (a and b), cell area (c and d), EEA1 marker features (e and f),
LC3b marker intensity (g and h), and MitoTracker intensity (i and j).
Cells were seeded at 1350 cells/well in growth medium, treated for 24
h, and imaged with a 20× high numerical aperture objective on the
Operetta (PerkinElmer). Scale bars = 100 μm.
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structures might act on different targets in a similar pathway or
on different pathways leading to the same phenotype. Normal
strategies employed in drug discovery, such as scaffold-hopping,
would not identify these compounds. Valinomycin, in
biocluster 1, is known to affect the lysosomal membrane
pump.34 Rapamycin (Rapamune), also in biocluster 1, targets
mammalian target of rapamycin complex 1 (mTORC1) that is
activated directly on the surface of the lysosomes.35 Therefore,
perturbations in lysosomal function are consistent with
compounds contained in this biocluster. The alteration of
LysoTracker evident in multiple bioclusters may also reflect

unique characteristics of the Parkinson’s disease hONS cell line
screened. We have shown previously that hONS cells derived
form Parkinson’s disease patients recapitulate some cellular and
molecular aspects of the disease when compared to hONS cells
from matched healthy controls.12,13 Interestingly, mutations in
the vesicular trafficking protein VPS35 have been recently
associated with late-onset Parkinson’s disease.36,37 These
mutations impair the lysosomal degradation of alpha-synuclein,
which plays a central role in Parkinson’s disease and
neurotoxicity.38 The identification of compounds inducing
similar or opposite phenotypes in Parkinson’s disease patient-

Figure 5. Structure similarity analysis of biocluster 1 with chemical similarity clusters highlighted. The similarity was assessed by Tanimoto similarity
score using the extended connectivity fingerprint (ECFP) with bond diameter four (ECFP4) using Pipeline Pilot software (SciTegic/Accelrys). (a)
Chemical similarity clustering at a Tc of 0.6. (b) Chemical similarity clustering at a Tc of 0.5 and 0.4. (c) Chemical similarity clustering at a Tc of 0.3.
(d) Natural products remaining singletons at a Tc of 0.3.
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derived hONS cells might aid our understanding of vesicular
trafficking pathways in Parkinson’s disease.
All compounds profiled showed at least one phenotypic

response that differs from DMSO-treated cells on the cell
model. Phenotypic analysis showed that all the natural products
in the data set have organelle effects that may arise from
modulating human proteins or interactions with DNA or RNA.
This study provides evidence that natural products occupy
biologically relevant space, confirming that natural products are
privileged structures with respect to recognition of biological
space. The importance of profiling compounds in a dose−
response manner was found.
Primary cell models may present a more accurate picture of

the in vivo state than immortalized or transformed cell models,
as patient-derived cells preserve individual variability in RNA
expression and cell function.12,13 Consequently, even though
we observe overall similar biological profiles, we also expect to
detect differing biological response to natural products when
using cells from another patient/individual. We have shown
here that cytological profiling is a sensitive but robust platform.
As Parkinson’s disease is a multifactorial disease, with a range of
clinical presentations, this work ultimately aims to examine if
there is a correlation between clinical records and cellular
phenotypes in response to natural products. Comparing the
phenotype with normal healthy individuals facilitates the
possibility of a drug discovery approach using phenotypic
reversal.
Further evidence that natural products occupy biologically

relevant space has been provided by the observation of a
phenotype for all studied natural products. The observation of a
phenotype was improved by targeting multiple cellular
compartments. However, chemical similarity did not drive the
biological response. Unbiased multidimensional phenotypic
screening may be useful as a starting point for drug discovery,
by predicting the cellular function and subcellular site of activity
of new compounds or by studying phenotype reversal.

■ EXPERIMENTAL SECTION
Compound Library. A total of 590 pure natural products derived

from Nature Bank, a unique library established at the Eskitis Institute
for Drug Discovery, were screened and profiled. Nature Bank contains
a large diversity of known, new, and novel compounds isolated from
plant and marine sources. In all cases, compounds were stored
solubilized in DMSO at a stock concentration of 5 mM and were
determined by LC/MS and 1H NMR to be a least 90% pure.
Compound Transfer. Compounds (10, 30, 100, and 300 nL)

were robotically transferred into two optically clear bottom CellCarrier
384-well plates (PerkinElmer). hONS cells from the Parkinson’s
disease cell line C1 200 08 0013 were added to wells at a density of
1350 cells per well in 50 μL of growth medium (DMEM/F12, 10%
FBS), leading to a final concentration of 1, 3, 10, and 30 μM (0.6%
DMSO) for each compound. DMSO (0.6%) was used as negative
control. Rotenone (20 μM, 0.6% DMSO), chloroquine (10 μM, 0.6%
DMSO), and nocodazole (10 μM, 0.6% DMSO) were used in order to
investigate the sensitivity and reproducibility of the method. The cells
were incubated for 24 h at 37 °C under 5% CO2.
Cell Staining. After 24 h of incubation with compounds, one 384-

well plate was treated with MitoTracker Orange CMTMRos
(Invitrogen) (400 nM) for 30 min at 37 °C, 5% CO2. The second
384-well plate was treated with LysoTracker Red DND-99
(Invitrogen) (100 nM) for 1 h at 37 °C, 5% CO2. Cells were fixed
in 4% paraformaldehyde for 5 min at room temperature (rt). Cells
were washed twice with phosphate-buffered saline (PBS, Sigma-
Aldrich) and treated with 3% goat serum (Sigma-Aldrich) and 0.2%
Triton X-100 (Sigma-Aldrich) in PBS for 45 min at rt. Plates were

incubated with primary antibodies. Mouse anti-α-tubulin (Sigma-
Aldrich) and rabbit anti-LC3b (Sigma-Aldrich) were added to the
plate already treated with MitoTracker, and mouse anti-EEA1 (Sigma-
Aldrich) was added to the plate previously treated with LysoTracker.
Plates were incubated at rt for 1 h, then washed twice with PBS.
Secondary antibodies goat anti-mouse Alexa-647 1/500 (Invitrogen)
and goat anti-rabbit Alexa-488 1/500 (Invitrogen) were added to the
first plate, and goat anti-mouse Alexa-488 1/500 (Invitrogen) was
added to the second plate for 30 min at rt. Cells were washed twice
with PBS and stained with 4′,6′-diamidino-2-phenylindole 1/5000
(Dapi, Invitrogen) and with CellMask Deep Red 1/5000 (Invitrogen)
for the plate treated with LysoTracker and incubated for 10 min at rt.
Cells were washed twice with PBS, and plates were stored in the dark
at 4 °C with 25 μL of PBS/well.

Imaging and Image Analysis. Plates were imaged automatically
using Operetta (PerkinElmer), a high content imaging system using a
20× high numerical aperture objective lens. Six images per well for
each wavelength were collected. Individual cell segmentation was done
using the Harmony software, and measurements for each cell were
performed generating 38 parameters from six dyes: Dapi, α-tubulin
staining, MitoTracker Orange CMTMRos, LC3b staining, LysoTrack-
er Red DND-99, and EEA1 staining.

The normality of the data was checked for each parameter, and a
log2 transform was made when required in order to perform a t test.
Then, the measurements were converted to z-scores, clustered using
Cluster 3.0 software (uncentered correlation and centroid linkage),
and analyzed using Java TreeView and Pipeline Pilot software.

Structure Similarity Search. The similarity of structures in each
biocluster was assessed by Tanimoto similarity score using the
extended connectivity fingerprint (ECFP) with bond diameter four
(ECFP4) using Pipeline Pilot software (SciTegic/Accelrys). The
structure similarity search was performed on the compounds that had
all four concentrations in the same phenotypic cluster to avoid a bias
due to dose−response activity.
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