
Detection of Intracellular Granularity Induction in Prostate
Cancer Cell Lines by Small Molecules Using the HyperCyt® High-
Throughput Flow Cytometry System

MARK K. HAYNES1,2, J. JACOB STROUSE1,2, ANNA WALLER1,2, ANDREI LEITAO1,3,
RAMONA F. CURPAN1,3, CRISTIAN BOLOGA1,3, TUDOR I. OPREA1,3, ERIC R.
PROSSNITZ1,2,4, BRUCE S. EDWARDS1,2,5, LARRY A. SKLAR1,2,5, and TODD A.
THOMPSON6

1University of New Mexico Center for Molecular Discovery, Albuquerque, New Mexico
2University of New Mexico Cancer Center, Albuquerque, New Mexico
3Division of Biocomputing, Department of Biochemistry and Molecular Biology, University of New
Mexico Health Sciences Center, Albuquerque, New Mexico
4Department of Cellular Biology and Physiology, University of New Mexico Health Sciences
Center, Albuquerque, New Mexico
5Department of Pathology, University of New Mexico Health Sciences Center, Albuquerque, New
Mexico
6College of Pharmacy, University of New Mexico Health Sciences Center, Albuquerque, New
Mexico

Abstract
Prostate cancer is a leading cause of death among men due to the limited number of treatment
strategies available for advanced disease. Discovery of effective chemotherapeutics involves the
identification of agents that inhibit cancer cell growth. Increases in intracellular granularity have
been observed during physiological processes that include senescence, apoptosis, and autophagy,
making this phenotypic change a useful marker for identifying small molecules that induce
cellular growth arrest or death. In this regard, epithelial-derived cancer cell lines appear uniquely
susceptible to increased intracellular granularity following exposure to chemotherapeutics. We
have established a novel flow cytometry approach that detects increases in side light scatter in
response to morphological changes associated with intracellular granularity in the androgen-
sensitive LNCaP and androgen-independent PC3 human prostate cancer cell lines. A cell-based
assay was developed to screen for small molecule inducers of intracellular granularity using the
HyperCyt® high-throughput flow cytometry platform. Validation was performed using the
Prestwick Chemical Library, where known modulators of LNCaP intracellular granularity, such as
testosterone, were identified. Nonandrogenic inducers of granularity were also detected. A further
screen of ~25,000 small molecules led to the identification of a class of aryl-oxazoles that
increased intracellular granularity in both cell lines, often leading to cell death. The most potent
agents exhibited submicromolar efficacy in LNCaP and PC3 cells.
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Prostate cancer contributes significantly to cancer-related deaths in the United States. With
the exception of skin cancer, prostate cancer is the most common malignancy in men, and its
incidence has almost doubled over the last 3 decades.1 While many of these identified
neoplasms occur in elderly men and have a long doubling time, younger individuals often
experience a more aggressive and life-threatening disease.2 Prostatectomy and radiation
therapy are useful treatment modalities for localized prostate cancer but are not effective for
metastatic disease.3,4 Recurrent metastatic prostate cancers are initially treated with
androgen ablation therapy. These treatments, which arose from the discovery that prostate
cancer, at least in its initial stages, depends on androgen, consist of gonadotropin-releasing
hormone agonists and direct androgen receptor antagonism.5 Unfortunately, as prostate
cancer progresses, it invariably becomes refractory to androgen deprivation. Treatment
options at this stage are severely limited and include chemotherapies, such as mitoxantrone
or docetaxel, that only marginally increase lifespan. Clearly, new targets and drug screening
methods are needed to facilitate the identification of novel therapeutic agents distinct from
those associated with androgen ablation.

Increases in intracellular granularity are associated with cellular endpoints, such as terminal
growth arrest and cell death, that are critical for the action of cancer chemotherapies,
providing a useful marker to screen for novel cancer therapeutic agents. The nature of
cellular changes leading to increases in intracellular granularity is dependent on the agent
and cell type under investigation. For example, growth arrest associated with increases in
intracellular granularity may be produced by agents that induce cellular differentiation as
observed with corticotropin-releasing hormone-induced keratinocyte differentiation.6

Growth arrest associated with increased intracellular granularity is also a significant
endpoint in terminal replicative senescence,7 which is being exploited for breast cancer
chemo-prevention with tamoxifen, vorozole, 4-(hydroxyl-phenyl)retinamide, and 9-cis-
retinoic acid.8 Similarly, treatment of DU145 prostate cancer cells with boric acid results in
increased intracellular granularity and decreased proliferation, mimicking a senescent
phenotype.9 Cell death pathways, such as apoptosis, may also be associated with alterations
in cellular granularity.10 Recently, cell death through autophagy has been promoted as a
target for cancer therapeutics,11 and an important facet of autophagy is the production of
autophagic vacuoles.12 The anti-estrogens tamoxifen, OH-tamoxifen, and ICI 164 384 cause
extensive accumulations of autophagic vacuoles in MCF-7 cells that correlate with cell
death.13 Similar accumulations of autophagy-associated acidic vacuoles occurring prior to
cell death have been observed following exposure of breast and prostate cancer cell lines to
irradiation14 and experimental chemotherapeutics.15–17 Thus, both irradiation and
chemotherapeutic exposure are associated with increased intracellular granularity in cell
lines derived from human cancers and in chemically induced rat mammary tumors. An
interesting commonality associated with these studies is the epithelial derivation of the cell
lines, and there is an emerging consensus that solid tumors derived from glandular
epithelium are unique in their response to therapeutic intervention.18 Whereas blood cell–
derived tumors often die via apoptosis following chemotherapy, adenocarcinomas are more
likely to succumb to type II cell death that is associated with increased autophagy.19 These
studies support the notion that high-throughput analysis of intracellular granularity in cell
lines derived from epithelial-derived cancers may provide a simple and rapid screening tool
for agents that exhibit favorable qualities as cancer therapeutic agents.
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Numerous human prostate cancer cell lines have been characterized20 that could be useful
for high-throughput phenotypic screening of small molecules. These include the extensively
characterized androgen-sensitive LNCaP human prostate cancer cell line21 as well as the
androgen-independent PC3 human prostate cancer cell line.22 The LNCaP cell line was
derived from a prostate cancer lymph node metastasis,21 and these cells are stimulated by
androgens to modulate their proliferative activity.21,23 Androgen receptor activation in
LNCaP cells occurs from a number of ligands,24 which may be the result of a mutation in
the ligand-binding domain of the androgen receptor.25 We have observed a change in the
LNCaP cellular differentiation state and an increase in intracellular granularity after
exposure to high, physiological concentrations of androgen.23,26 In contrast, PC3 cells were
derived from a bone metastasis, and androgen treatment is not known to affect their
proliferative or secretory functions.22 For the purposes of this study, both the LNCaP and
PC3 human prostate cancer cell lines were used to develop high-throughput flow cytometry
screens for small molecules that induce intracellular granularity because both cell lines
exhibit increased accumulations of vesicles following exposure to potential chemical
therapeutics.16,17

Modern drug discovery strategies involve high-throughput screening (HTS), where libraries
of chemical compounds are tested against a battery of relevant cell and molecular targets.
Flow cytometry is an inherently high-content methodology capable of simultaneous analysis
of multiple markers associated with physiological and biochemical cellular responses.
HyperCyt® (IntelliCyt, Albuquerque, NM) is a recently developed high-throughput flow
cytometry (HTFC) system, where individual microplate wells are sampled and acquired in a
time-resolved manner; sample volumes of 1 to 2 μL per well are typical. This allows for the
efficient utilization of scarce reagents while maintaining accurate quantitative
measurements. This system has been validated using cell-based, high-throughput endpoint
assays for ligand binding, surface antigen expression, and immunophenotyping.27,28 Here
we report modifications to the LNCaP assay that make it amenable to HyperCyt® HTFC.
Miniaturization was demonstrated by a successful screening of a collection of off-patent,
marketed drugs with known safety and bioavailability in humans. This was followed by a
screening of an early iteration of the National Institutes of Health Molecular Libraries Small
Molecule Repository (NIH MLSMR) that contained approximately 25,000 compounds.
Small molecules that significantly increased intracellular granularity in both androgen-
sensitive and androgen-insensitive human prostate cancer cells in a dose-dependent manner
were identified, offering useful tools for the evaluation of granularity induction in prostate
cancer cells.

MATERIALS AND METHODS
Cell culture and reagents

Cell culture reagents were obtained from Invitrogen (Carlsbad, CA). Disposable tissue
culture plasticware was from Griener (Monroe, NC). DMSO, dextran, and activated charcoal
were obtained from Sigma (St. Louis, MO). Phosphate buffered saline (PBS) was from
Mediatech Inc. (Manassas, VA). The LNCaP and PC3 human prostate cancer cell lines were
obtained from the American Type Culture Collection (Manassas, VA). Cultures were kept in
a humidified, 5% CO2 atmosphere and were maintained in DMEM/low glucose,
supplemented with 5% heat-inactivated FBS, 1000 U/mL penicillin, 1 mg/mL streptomycin,
25 μg/mL amphotericin-B, and 4 mM L-glutamine. Culture medium used during screening
contained 4% charcoal-stripped FBS and 1% whole FBS (DMEM/CSS). The steroid R1881
(methyltrienolone) was from PerkinElmer/New England Nuclear Life Science Products
(Boston, MA), and stock solutions in DMSO (5 mM) were kept at −20°C. Two molecular
libraries were screened. The Prestwick Chemical Library (Illkirch, France) is a broad
spectrum collection of 880 compounds that includes numerous off-patent, marketed drugs
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with known safety and bioavailability in humans. The NIH MLSMR was curated by
BioFocus/DPI (South San Francisco, CA) and contains 24,718 structurally diverse
compounds. Stock solutions of each library were solubilized in DMSO at 2 mg/mL and 10
mM, respectively. Charcoal-stripped FBS was prepared by mixing 0.1 g dextran and 1 g of
activated charcoal with 100 mL of heat-inactivated FBS for 30 minutes at 4°C. The FBS was
collected by centrifugation (8000g, 15 minutes), and the procedure was repeated before
sterile filtration through a 0.22-μm filter.

Granularity assay
Increased granularity in LNCaP cells was induced with the synthetic androgen R1881. A
total of 7.5 × 105 LNCaP cells were resuspended in DMEM/CSS, placed into T-25 tissue
culture flasks overnight, and were then either untreated, treated with 10 nM R1881, or
treated with 1% DMSO (vehicle control). Four days after exposure to R1881, media were
removed; the monolayer was rinsed with PBS, after which the LNCaP cells were exposed to
a 0.05% Trypsin/EDTA solution. Cells were then collected, washed by centrifugation, and
resuspended in medium, and the light scatter properties of the harvested populations were
assessed by flow cytometry using a Beckman Coulter Cyan-ADP cytometer equipped with a
488-nM laser (Fort Collins, CO). Untreated populations were used to set an analysis gate for
viable cells. Dose-response validation was performed in 24-well tissue culture plates as
follows: LNCaP cells were resuspended in DMEM/CSS (5 × 104/mL) and seeded at 1.5 mL
per well. Following overnight incubation, a range of R1881 concentrations was added to
individual wells. Negative controls consisted of no treatment or vehicle treatment with 1%
DMSO. The LNCaP cells were harvested, collected, and analyzed as described above.

High-throughput screening
The LNCaP cells were resuspended in DMEM/CSS (1 × 105/mL), and 99 μL was added to a
384-well microtiter plate. Following overnight incubation, library compounds and controls
were added as follows: column 1, cells incubated with 1% DMSO (vehicle control); column
2, medium alone; columns 3 to 22, cells incubated with library compounds; column 23, cells
incubated with 10 nM R1881 (positive control); and column 24, medium alone. Compound
plates were sampled (i.e., 1 μL) using a Biomek NX/MC liquid handling system (Beckman
Coulter Inc., Fullerton, CA). This resulted in a final concentration of 2 ug/mL for the
Prestwick Chemical Library and 10 μM for the NIH MLSMR. Assay plates were harvested
on day 4 as follows: medium was wicked away, 30 μL of 0.25% Trypsin/EDTA was added,
and the plates were mixed and incubated at 37°C for 15 minutes. Trypsinization was
terminated by adding 10 μL of PBS containing 20% FBS. Individual wells were
immediately sampled using the HyperCyt® HTFC platform. The androgen-induced response
range was defined by replicate control wells containing 10 nM R1881 or 1% DMSO. Signal
to noise (S/N), signal to background (S/B), and Z′ values were calculated as described in
Zhang et al.29 Assays using PC3 cells were performed as described above except that PC3
cells were seeded at 7500 cells per well. Compounds selected from the NIH MLSMR for
dose-response analysis were tested in quadruplicate. Compounds were serially diluted 1:3
six times starting at 30 μM, resulting in a concentration range of 30 μM to 41.2 nM. The
resultant data points were fitted by Prism® software (GraphPad Software Inc., San Diego,
CA) using nonlinear least-squares regression in a sigmoidal dose-response model with
variable slope, also known as the 4-parameter logistic equation. Curve fit statistics were
used to determine the concentration of test compound that resulted in 50% of the maximal
effect (EC50), the confidence interval of the EC50 estimate, the Hill slope, and the
correlation coefficient.
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HyperCyt® high-throughput flow cytometry
The HyperCyt® system interfaces a flow cytometer and an autosampler. While the sampling
probe moves from well to well, a peristaltic pump sequentially aspirates a small volume
from each well. A bubble of air, created by the continuously running pump, separates
samples collected from individual wells. The air bubble–separated samples are delivered to a
cytometer, and the data accumulate as a single, time-resolved file with divisions
corresponding to the bubbles of air. The acquired flow cytometry data file, including time,
forward light scatter, and side light scatter, is partially analyzed with specialized software
that divides the data stream into 384 separate clusters. Individual data clusters are delineated
by rectangular bins. Data from replicate negative control wells are pooled and used to set a
split gate that defines granularity in vehicle-treated cells as a population where 10% of the
cells exhibit increased granularity. This gate is used to evaluate each data cluster, and these
values are automatically exported to a Microsoft Excel (Redmond, WA) spreadsheet
template that tabulates the positive percentage side scatter (SSC) corresponding to individual
wells.

RESULTS
R1881 increases granularity of LNCaP cells

Increased intracellular granularity of LNCaP cells after exposure to the synthetic androgen
R1881 was measured by flow cytometry as shown in Figure 1. Overnight cultures of LNCaP
cells were treated with 1% DMSO or R1881. After 4 days in culture, cells were collected by
trypsinization, and their light-scattering properties were examined. Forward light scatter
(FSC) versus side light scatter (SSC) dot plots are shown in Figure 1A and 1B. Vehicle-
treated LNCaP cultures (Fig. 1A) exhibited a median SSC value of 18,165, whereas the
median SSC of cultures treated with 10 nM R1881 increased to 28,900 (Fig. 1B). Another
way to assess these data is to measure the percentage of cells in the treated populations with
increased SSC. For this measurement, SSC is plotted as a function of cell number (event
count), and a split gate is set that defines the negative control population as one in which
10% of the cells exhibit increased SSC (Fig. 1C). When this gate was applied to R1881-
treated populations, the percentage of cells that exhibited increased SSC was 39.8% (Fig.
1D).

Dose-response analyses were performed to more specifically characterize the magnitude and
range of this response. Overnight cultures of LNCaP cells (75,000/well) were incubated with
1% DMSO or with R1881 concentrations ranging from 1 pM to 10 nM before harvesting
and evaluation by flow cytometry. A graphical representation of the collected data is shown
in Figure 2. As expected, increasing concentrations of R1881 resulted in an increased
percentage of LNCaP cells exhibiting increased SSC. Moreover, a time course study, where
R1881-treated cells were harvested on days 2, 3, and 4, determined that the maximal percent
SSC developed after 4 days of exposure to androgen (data not shown). The median SSC of
treated LNCaP populations ranged from 16,059 when cells were exposed to 1 pM of R1881
to 23,558 when exposed to 10 nM R1881. The median SSC value when LNCaP populations
were exposed to 1% DMSO was 14,005. When the SSC gate of the DMSO control was set
at 10%, the percentage of SSC positive of the treated populations ranged from 13.5% in the
presence of 1 pM R1881 to 37.6% in the presence of 10 nM R1881. The calculated EC50s
for these data were 514 pM (median SSC v. R1881) and 122 pM (% SSC positive v. R1881)
of R1881, respectively.

HyperCyt® high-throughput flow cytometry
The relative ease of flow cytometry, where 10,000 cells can be analyzed in seconds, offers a
quantitative approach for screening compound libraries. Not unexpectedly, developing a
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miniaturized, flow cytometry–based, high-throughput assay from the model system
described above presented challenges, the first being the adherent property of LNCaP cells.
Previous studies with the HyperCyt® platform used analyte-bound, microfluidic beads27 or
suspension cultures28 set up in 96- and 384-well microtiter plates, neither of which required
trypsinization. Flask cultures of prostate cancer cells are typically passaged with a 0.05%
trypsin solution; however, this concentration proved unworkable in this homogeneous, no-
wash, 384-well system because it resulted in clumps of LNCaP cells that regularly clogged
the autosampler tubing, leading to unacceptably low event counts per well. A range of cell
numbers per well (2000–20,000) and trypsin conditions (10–30 μL of 0.25% trypsin; 5–15
minutes at 37°C) were tested before a standard treatment protocol was achieved (30 μL of
0.25% trypsin; 15 minutes at 37°C). When a 384-well microtiter plate was seeded with
10,000 cells per well and incubated for 5 days, an event count where column averages
ranged from 503 to 783 events per well was observed during sampling (1.2 s/sip). Of the
352 wells that contained cells, only 3 samplings resulted in an event count of less than 100,
and there were no wells where less than 30 cells were sampled. During HTS, wells where
less than 30 events were recorded were labeled “missing” and were flagged by the analysis
program. Cell carryover from well to well was assessed in columns 2 and 24 where no cells
were seeded. These wells contained approximately 7% of the previous well contents. For
example, an event count of 813 from column 1 was followed by an event count of 53 from
column 2 where no cells were seeded.

Dose-response analyses were used to validate the miniaturized, plate-based assay. A
representative experiment is shown in Figures 3 and 4. Replicate (n = 8) microplate wells
containing 10,000 LNCaP cells were exposed to 2-fold serial dilutions of R1881 ranging
from 100 nM to 0.4 pM. Figure 3A and 3B show the single-file data stream as a scatter plot
and a histogram, respectively. The 384 time-resolved data clusters acquired during the 1.2-
second samplings are shown in Figure 3C, and one row of sampled wells is shown in Figure
3D. Negative control wells (n = 8) were selected and displayed (Fig. 3E), and a split gate
was set at 10% (Fig. 3F). This gate was then applied to individual sample wells containing
the varying concentrations of R1881. One dose-response set of treated samples is displayed
in Figure 3G. Data from replicate samples were then used to construct the dose-response
curve seen in Figure 4. The calculated EC50 was somewhat higher than that observed for the
“bulk” analysis shown in Figure 2 (182 pM v. 122 pM).

Prestwick Chemical Library Screening
The Prestwick Chemical Library is comprised of 880 high-purity small molecules of which
85% are off-patent drugs. These include a number of steroids and alkaloids that cover a
broad range of therapeutic uses. The Prestwick Library was screened at a final concentration
ranging from 2 to 10 μM (1:1000 dilutions of compound stocks). The LNCaP cells were
placed in columns 1 and 3 to 23 of a 384-well microtiter plate at 10,000 cells per well. Cells
in column 1 were exposed to 1% DMSO, cells in columns 3 to 22 were exposed to test
compounds, and cells in column 23 were exposed to 10 nM R1881; columns 2 and 24 did
not contain cells and bracketed the negative control column. This pattern was chosen to limit
the carryover of cells to and from the negative control wells because data pooled from
LNCaP cells treated with 1% DMSO were used as the reference to set the 10% split gate as
shown in Figure 3. Thus, treatment responses are evaluated based on comparison to the
negative control samples. The Prestwick Library was screened a total of 5 times, and data
from a representative screen and the statistical analysis of the data are given in Table 1.
Negative and positive control wells (n = 16) were pooled and used to calculate Z′ values.
One characteristic of LNCaP cells is their variable response to R1881,30 and the
representative data shown in Table 1 reflect this variable response where plate averages
ranged from 38.1% to 53.4% SSC positive in response to 10 nM R1881. This variability is
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also reflected in the relatively low S/N and S/B ratios as well as the suboptimal Z′ values
(see discussion of assay reliability). Phenotypic assays are inherently variable, and their use
in HTS has been associated with increased false negatives and positives.31,32 In this
instance, the Prestwick Library contains a nominal internal standard, testosterone, where a
positive signal might be anticipated. In 4 of the 5 screens, exposure to testosterone resulted
in a 30% SSC positive rate (31% ± 3%). This response rate was used to define a primary
screen “hit” as any compound that resulted in >30% SSC positivity. The total number of
compounds identified in the Prestwick Chemical Library that satisfied this hit selection
criteria was 140, corresponding to a hit rate of 16%. This hit rate is similar to a recent
image-based screen of the ICCB BIOMOL library that was designed to identify positive
regulators of autophagy; 15% of the 480 compounds tested were identified as hits.33

NIH MLSMR screening
The primary screen of the NIH MLSMR was performed essentially as described above for
screening LNCaP cells against the Prestwick Chemical Library. The initial screen was
carried out at 10 μM. Results of the primary screen of 24,718 compounds identified 134
compounds (0.5%) that satisfied the hit selection criteria (>30% SSC positive) regarding
increased LNCaP granularity. Similar to the Z′ values calculated for the third Prestwick
Library plate, most of the calculated Z′ values approached zero. As mentioned above, the
low Z′ values were likely attributable to the variable response of high-passage LNCaP cells
to R188130,34 and it was this response that was used to define the assay’s dynamic range.

A majority of the active compounds shared a common structural motif, most often
consisting of an aromatic heterocyclic moiety that was separated from a basic tertiary amine
by an aliphatic amide. A portion of the 134 actives were assigned to 1 of 5 chemotype
families based on substructure analysis shown in Table 2. Family 1 was clustered around the
1-[[2-phenyl-5-methyl-4-oxazolyl] methyl]-piperidinecarboxamide having both 1,3- and
1,4-substituted piperidine region-isomers (1,4-shown). The 3-phenyl-1-methyl-1H-
Thieno[2,3-c]pyrazole-5-carboxamide substructure of family 2 defines a similar steric space
as does family 1. Family 3 was clustered around a 2-piperazinyl-quinoline carboxamide,
family 4 around a 1, 3-dialkyl, 2-aminobenzimidazole, and family 5 around a comparatively
simple N-aryl piperidine subgroup. A number of the singleton actives were morphologically
similar to the clustered families, but they yielded little biological or structure-activity
information. These 134 compounds were selected for follow-up analysis as were 177
structurally related compounds. An additional 119 compounds were designated as “missing”
based on a well event count that was less than 30. In rare instances, a “missing” well results
from a mechanical sampling error. More common were those instances where a significantly
reduced event count was the result of compound toxicity that either killed LNCaP cells or
resulted in a loss of adherence (data not shown). Because cell death or senescence has been
related to intracellular granularity,8–17 these 119 compounds were also chosen for follow-up.
Another reason for expanding our initial selection was our concern regarding an increased
rate of false negatives because testosterone was not reproducibly detected as an active
compound.

Three additional single-point screens were performed on LNCaP cells using these 430
compounds, 1 at 100 μM and 2 at 10 μM. The results of the primary and secondary single-
point screens have been deposited into the PubChem database (http://
www.ncbi.nlm.nih.gov; AID 795, 1069, 1076). Outcome data from both the primary single-
point screen and the second set of single-point screens were used to identify 95 compounds
of interest: 72 designated as “actives,” and 23 designated as “missing.” These 95 compounds
were tested in a dose-response format where compounds were tested in quadruplicate at 7
different concentrations ranging from 30 μM to 100 nM. In order to delineate potential
androgenic from nonandrogenic responses, both LNCaP cells and PC3 cells were tested.
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Compounds were considered “hits” if the estimated EC50 for SSC positivity was less than 10
μM. The best responder from each of the 5 chemotype families is depicted in Table 2, and
the corresponding dose-response data for these compounds are shown in Figure 5. Figure 5
also includes a composite histogram where the mean event count for the 3 highest
concentrations is shown. Significantly reduced event counts were typically observed when
either cell line was exposed to the 30 μM concentration.

Table 2 also provides biological activity profiles of the most active family members
available from the PubChem database. A database substructure search of families 1 to 4
revealed commonalities among the activities of these families. The most common involved
potential cytotoxicity measured using viability staining techniques. Families 2, 3, and 4 were
similarly associated with reduced activation of a mitogen-activated kinase essential for cell
growth and survival. These data complement our observations regarding event count and
this assay’s endpoint of increased granularity because a significantly lowered event count is
likely indicative of a compound’s toxicity and increased granularity is possibly the result of
accumulations of intracellular membranous organelles associated with autophagy.11–17

While there were also unique activities associated with each substructure, these assays were
most often counterscreens designed to exclude nonspecific compounds or chemical profiling
assays that identified compound fluorescence or insolubility. The substructure search of
family 5 identified over 10,000 substances limiting its utility vis-a-vis scaffold-based
promiscuity profiling. Similar promiscuity searches using the best-in-class compound from
each family revealed a strikingly specific profile. The best overall compound, CID 3240581
from family 1, was only confirmed as an active in this screening effort, and the only
compound that demonstrated any real promiscuity, CID 5308376, from family 2, was a
confirmed active in viability screens (i.e., potential toxic compound).

Each family was also evaluated on its overall activity while taking scaffold promiscuity and
tractability into consideration. Families 3 and 4 were effectively dismissed from further
consideration early in the confirmatory screening process. Together, these 2 families
contained 23 members, and the 6 actives demonstrated limited activity when screened
against PC3 cells. This pattern is exemplified by the most active family 3 compound, CID
3240925. While the EC50 with PC3 cells (2.21 μM) was better than what was seen with
LNCaP cells (3.45 μM), the maximal effect in PC3 cells was less than 30% (Fig. 5C). In
contrast, the best active from family 4 (CID 2858099) exhibited an EC50 of 0.99 μM when
tested against LNCaP cells, and a 10 μM treatment of PC3 cells resulted in greater than 50%
of the population exhibiting increased SSC (Fig. 5D).

Table 3 illustrates the activity of key members of families 1, 2, and 5, with their rankings
dependent on their activity against LNCaP cells. The scaffold is depicted in the table header,
and modifications are noted by regions 1 (R1) and 2 (R2) that represent variability at the
amine and the heterocyclic moiety, respectively. Family 1 contained the most members and
most potent actives. Both 1,3- and 1,4-piperidine–substituted compounds were screened
with a 1,4-substitution demonstrating greater overall activity. Although there was no
obvious trend in SAR around R2, 4-chloro and 2-methyl analogs predominated in the
actives. While a variety of R2 substituents were screened including alkyl, heteroalkyl, aryl,
and heteroaryl groups, alkyl-linked tertiary amines (compounds 1–7) exhibited the best
activity. The simple alkyl amines 1, 2, and 3 were the most active compounds, and
compound 1 demonstrated submicromolar potency. This compound was significantly more
active in LNCaP cells than PC3 cells (EC50 of 768 nM v. 6.5 uM) (Fig. 5A), contrasting the
activities of compounds 2 and 3. Two additional simple alkyl amines (4 and 6) were less
active as was the morpholino-containing compound 5. Moderate activity was observed with
2 other morpholine analogs.
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Although family 2 is represented by fewer members, its chemotype could be considered an
extension of family 1. Regarding its isosteric counterparts in family 1, 4-chloro, R1

substituents predominate in family 2 actives. Furthermore, family 2 inactives share an
almost identical R2 substituent profile with family 1, including alkyl, aryl, heteroaryl,
carbonyl-containing, and di-substituted ring-fused groups. Although the activity is generally
lower than family 1, alkyl amines in R2 predominate (compounds 8–14). In contrast to
family 1 actives, family 2 actives exhibited lower EC50 values when tested against PC3
cells. The most active compound (CID 5308376) had an EC50 of 3.35 μM against LNCaP
cells and an EC50 of 1.46 μM against PC3 cells (Fig. 5B). Family 5 was the most
structurally varied due to the simple scaffold used for substructure clustering. Overall this is
a low activity family, and compounds 15 to 18 are representative of the actives. Figure 5E
shows the dose-response analysis of the most active compound, and while its EC50 was
below 2 μM, it exhibited the smallest maximal effect against LNCaP cells.

DISCUSSION
We have developed a phenotypic assay based on our original findings regarding androgen-
induced increases in intracellular granularity in the LNCaP prostate cancer cell line26 and on
significant findings regarding increases in the acidic vacuolar compartment of
adenocarcinoma-derived human cell lines following exposure to irradiation or novel small
molecules.8,9,13–17 The miniaturized, 384-well microtiter plate assay was developed and
optimized using the HyperCyt® HTFC platform. Validation consisted of a screen of the
Prestwick Chemical Library that contains a number of steroids and alkaloids covering a
broad therapeutic range. In 4 of 5 screens, testosterone exposure was identified as a hit, and
this response (~30% SSC positive) was used to define an active response to library
compounds. The Prestwick screen also identified compounds that are known to increase the
accumulation of autophagic vacuoles.33 This was followed by a screen of 24,718 small
molecules that identified 134 actives corresponding to a hit rate of 0.5%. Confirmation
analysis entailed a rescreening of 430 compounds, resulting in the identification of 95
compounds of interest. Dose-response analysis utilizing the HTFC platform identified aryl
oxazoles as being the most active. The effects of active compounds on prostate cancer cell
lines shown in Table 3 are expected to follow a predictable pattern. Increased secretory
activity can be further evaluated by measuring changes in mitochondrial content and the
secretion of PSA.23,26 Compounds that lack differentiative activity can be further assessed
using standard techniques associated with an analysis of autophagy.33,35 These include
staining treated cells with acridine orange and lysotracker green as well as by following the
expression of the lysosome-associated protein LC3 II.15,33 There would be value in testing
active compounds from the identified chemotypes on other cells lines derived from both
epithelial and nonepithelial cancers where these compounds could serve as chemical probes
for pathway analysis of intracellular granularity leading to the development of novel
strategies for prostate cancer therapy. Experiments following resynthesis of compound
3240581 confirmed our results with the MLSMR-derived compound regarding granularity
induction in LNCaP and PC3 cells.

Assay reliability
The Z′ value is a measure of screening assay quality that reflects both the dynamic range of
an assay as well as an assay’s data variation. Zhang et al. defined excellent assays as those
where the Z′ value was greater than 0.5.29 Assays where the Z′ value approached zero were
termed yes/no assays. Cell-based, phenotypic assays such as the one described here present a
particular problem for Z′ calculations because they often have a narrow dynamic range and
are inherently variable due to cellular heterogeneity and the complex nature of phenotypic
responses that involve multiple interacting molecular pathways.31,32 These caveats are

HAYNES et al. Page 9

J Biomol Screen. Author manuscript; available in PMC 2013 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reflected by the relatively low S/N and S/B ratios as well as by the suboptimal Z′ values
shown in Table 1. This is especially true for the third plate of the Prestwick Library, where a
negative Z′ value was calculated due a response to R1881 that ranged from 15% to 54%
SSC positive. Variable responses of LNCaP cells have been reported previously; genetic
heterogeneity of the parental LNCaP cell line is thought to cause increased resistance to
growth inhibition and the concomitant promotion of secretory functions induced by 10 nM
R1881, and it is possible that the variable response seen here reflects this genetic
heterogeneity.30,34

That being the case, the Prestwick Chemical Library, because it contains testosterone as well
as other steroids with potential androgenic activity, offered a useful test case. We reasoned
that the utility of this assay would be reflected by its ability to detect increased granularity
following treatment of LNCaP cells with testosterone, a compound with well-characterized
activity. We screened LNCaP cells on 5 separate occasions, and in 4 of the 5 screens,
testosterone exposure resulted in a ~30% SSC positive (31% ± 3%). Exposure to the
steroidal compounds ethisterone and nor-ethisterone, 17α-ethynyl analogs of testosterone,
resulted in average SSC positive populations of 59.5% ± 9.8% and 34% ± 14%,
respectively. The LNCaP cells carry a point mutation in the ligand-binding domain of the
androgen receptor that affects steroid-binding characteristics leading to enhanced affinity
for, and activation by, estrogenic and progestogenic steroids,24,25 which may explain the
observed response to the 17α-ethynyl analogs of testosterone as both are known ligands for
estrogen and progesterone receptors. This contrasted with a single screen using the androgen
nonresponsive PC3 prostate cancer cells where the SSC positive populations were 15%,
10%, and 10%, following exposure to testosterone, ethisterone, and nor-ethisterone,
respectively. With regards to false negatives, while the responses of LNCaP cells to
testosterone analogs could not have been predicted, a response to testosterone was
anticipated, and these data support the notion that this phenotypic assay may be prone to
false-negative identification.

A second test case was offered by other small molecules contained in the Prestwick Library.
As mentioned above, tamoxifen induces the accumulation of autophagic vacuoles in MCF-7
cells,13 and tamoxifen as well as 2 other compounds from the Prestwick Library, namely
trifluoperazine and amio-darone, have recently been identified as regulators of autophagy
due to their ability to increase the extent and localization of the microtubule-associated
protein LC3 to intracellular autophagic vacuoles.33 All 3 compounds induced positive SSC
populations in LNCaP cells with averages that ranged from 32% for tamoxifen to 56% for
trifluoperazine. However, in each instance, there was a sample value that did not achieve the
hit rate of 30%, again confirming our experience regarding false negatives. Trifluoperazine
was the most potent inducer of the 3 compounds. In 3 of the 5 screens, trifluoperazine
induced a SSC positive population that exceeded 60%, and a similar screen using PC3 cells
resulted in SSC positivity of 64%. When a dose-response analysis of trifluoperazine was
performed on LNCaP cells, we observed an EC50 of 3.3 μM (data not shown). These data
strongly suggested that the HTS assay could accurately detect increased granularity in
LNCaP cells after exposure to androgens and in both responsive and nonresponsive prostate
cell lines after exposure to positive regulators of autophagy that modulate intracellular
autophagosomes.33

Two additional considerations regarding assay performance deserve attention. The first is
the issue of low event counts. While our initial studies indicated that a sufficient number of
cells were sampled at 1.2 s/sip, these studies did not consider potential toxic effects of
compounds that could result in reduced cell counts. In fact, any compound effect that results
in a cell becoming nonadherent would reduce the number of events because medium is
removed before trypsin treatment and non-adherent cells would be lost during this step.
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Therefore, wells where less than 30 events were sampled were scored as “missing,” and the
compounds were considered potentially toxic. Secondly, as mentioned above, a select group
of nonsteroidal compounds consistently resulted in increased granularity in both LNCaP and
PC3 cells. Because the biomolecular pathways that result in granularity are not exclusive to
the increases observed when LNCaP cells are stimulated with androgens,26 whether these
nonsteroidal compounds act on other cellular processes that affect granularity is unknown.
For instance, increased mitochondria would necessarily result in increased granularity, and
as mentioned above, cellular senescence,7–9 terminal differentiation,6 and autophagy11–17

have been associated with increases in granularity.

In retrospect, based on the variable response of LNCaP cells to R1881 over time, it might
have made sense to seek an alternate positive control for the MLSMR screen, which would
have meant restarting the screen. Unfortunately, when the positive control failed altogether,
the Z′ scores for some plates were considerably below zero, even though the negative
control was highly reproducible. However, when the Prestwick screen was performed on the
PC3 cells, which were more readily resuspended, and using metergoline as a positive
control, the 3 plates yielded Z′ scores of 0.5, 0.28, and 0.05, respectively. Thus, while the Z′
values for individual plates were suboptimal in the initial LNCaP screen, we were confident
that by rescreening individual compounds and related family members as well as
questionable plates (31/88) and missing wells against both LNCaP and PC3 targets, we
would identify active compounds. Moreover, the improvement in assay performance for the
PC3 cells suggests that the approach can be extended to other cell lines.
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FIG. 1.
The synthetic androgen R1881 causes increased intracellular granularity in LNCaP cells.
Flask cultures of LNCaP cells were treated with 10 nM R1881 or 1% DMSO for 4 days
followed by flow cytometric analysis. Plots of forward light scatter (FSC) versus side light
scatter (SSC) (A, B) and SSC versus cell number (C, D) is shown. The 10 nM R1881
treatment (B, D) increased the mean SSC of the LNCaP population (28,900 v. 18,165) as
well as the number of cells that exhibited increased SSC (10.2% v. 39.8%) when compared
to 1% DMSO (A, C).
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FIG. 2.
Concentration response of LNCaP cells to R1881 treatment. A total of 75,000 cells per well
were incubated for 4 days with 1% DMSO or varying concentrations of R1881 followed by
flow cytometric analysis. The R1881 EC50 was 122 pM. SSC, side scatter.
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FIG. 3.
HyperCyt® high-throughput flow cytometry. Individual wells of a 384-well microtiter plate
were seeded at 10,000 LNCaP cells per well. Following overnight incubation, 2-fold serial
dilutions of R1881 in DMSO were added to replicate wells (n = 8). Negative control wells (n
= 8) contained 1% DMSO. Plots of forward light scatter (FSC) versus side light scatter
(SSC) (A) and SSC versus cell number (B) represent the entire data set as a single file. The
time-resolved format of the entire data set and one dose-response set of “binned” sample
wells are shown in C and D, respectively. Pooled negative control samples (E, F) are used to
set a 10% SSC split gate that is applied to the treated samples; the “binned” set shown in D
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is represented in G, where decreasing concentrations of R1881 (filled arrow) result in a
decreased percentage of LNCaP cells exhibiting heightened SSC.
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FIG. 4.
HyperCyt® analysis of the concentration response of LNCaP cells to R1881. Individual
wells of a 384-well microtiter plate were seeded at 10,000 LNCaP cells per well. Following
overnight incubation, 2-fold serial dilutions of R1881 in DMSO were added to replicate
wells (n = 8). Negative control wells (n = 8) contained 1% DMSO. The R1881 EC50 was
182 pM. SSC, side scatter.
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FIG. 5.
Dose-response curves of the best representative compounds from the 5 families discussed in
Table 2. LNCaP (closed squares); PC3 (closed triangles). Methods were essentially as
described for Figure 4 except that PC3 cells were seeded at 7500 cells per well. (A) LNCaP
EC50 was 0.77 μM, and PC-3 EC50 was 6.5 μM. (B) LNCaP EC50 was 3.35 μM, and PC3
EC50 was 1.46 μM. (C) LNCaP EC50 was 3.45 μM, and PC3 EC50 was 2.21 μM. (D)
LNCaP EC50 was 0.99 μM, and PC-3 EC50 was 2.21 μM. (E) LNCaP EC50 was 1.87 μM,
and PC3 EC50 was 11.14 μM. (F) A composite graph indicating the event count observed
when the cells were exposed to 3, 10, and 30 μM of the 5 compounds depicted in the graphs.
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Table 1

Statistical Analysis of the Single-Point Screen of the Prestwick Chemical Library

PCL Plate 1 PCL Plate 2 PCL Plate 3

Mean % SSC positive NC ± SD 9.2 ± 2.3 10.2 ± 5.1 10.3 ± 3.4

Mean % SSC positive PC ± SD 39.1 ± 6.3 53.4 ± 7.3 38.1 ± 12.2

S/N, S/B 13.0, 4.3 8.5, 5.2 8.2, 3.7

Z′ 0.13 0.14 −0.68

The Prestwick Chemical Library (PCL) was screened as described in the Materials and Methods section using LNCaP human prostate cancer cells.
SSC, side light scatter; NC, pooled negative control; PC, pooled positive control; SD, standard deviation; S/N, signal to noise ratio (PC mean − NC
mean/NC SD); S/B, signal to background ratio (PC mean/NC mean); Z′ = 1 − (3SD PC + 3SD NC)/(PC mean − NC mean). Mean % SSC was
derived as follows: data from replicate negative control wells were pooled and were used to set a split gate that defined base-line granularity in
DMSO-treated cells as a population where 10% of the cells exhibit increased granularity. This gate was applied to all of the treated samples.
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