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Glucocorticoid steroids affect almost every tissue-type and thus are widely used to treat a variety
of human pathologies. However, the severity of numerous side-effects limits the frequency and
duration of glucocorticoid treatments. Of the numerous approaches to control off-target responses to glucocorticoids, small molecules and pharmaceuticals offer several advantages. Here
we describe a new, extended high throughput screen in intact cells to identify small molecule
modulators of dexamethasone-induced glucocorticoid receptor (GR) transcriptional activity. The
novelty of this assay is that it monitors changes in both GR maximal activity (Amax) and EC50, or the
position of the dexamethasone dose-response curve. Upon screening 1280 chemicals, ten with the
greatest change in the absolute value of Amax or EC50 were selected for further examination.
Qualitatively identical behaviors for 60 –90% of the chemicals were observed in a completely
different system, suggesting that other systems will be similarly affected by these chemicals.
Additional analysis of the ten chemicals in a recently described competition assay determined
their kinetically-defined mechanism and site of action. Some chemicals had similar mechanisms of
action despite divergent effects on the level of GR-induced product. These combined assays offer
a straightforward method of identifying numerous new pharmaceuticals that can alter GR transactivation in ways that could be clinically useful.

G

lucocorticoid steroids are essential for normal human functioning and impact virtually every tissue in
the body. This broad tissue sensitivity to glucocorticoids
has led to glucocorticoids being prescribed for a variety of
human pathologies including inflammation, cancer, and
cardiovascular disease (1). Conversely, the same widespread tissue response to glucocorticoids leads to numerous consequences other than the desired one, otherwise
considered as side effects. Some side effects, such as bone
and muscle atrophy, stunted growth, and increased incidence of diabetes (2), can severely limit the applications of
glucocorticoids. In most cases, the effects of glucocorticoids are thought to be expressed via a sequence of events

starting with entry of the steroid into the target (and offtarget) cell, followed by binding to the intracellular cognate receptor (glucocorticoid receptor [GR]), activation
or transformation to a form of the receptor-steroid complex that migrates into the nucleus and associates with
both biologically active and inactive DNA sequences with
increased affinity (3). After a series of mostly poorly defined steps, both in number and biochemical reaction, the
physiological responses are observed, usually over several
hours. At the level of gene expression, these responses are
about equally divided between gene induction and gene
repression (4 – 6). Gene induction usually proceeds via
direct binding to DNA of GR-steroid complexes. Gene
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repression is most frequently characterized by GR complexes associating with, or tethering to, other transcription factors that are already DNA-bound (7).
A major impediment to the more frequent usage of
glucocorticoids in endocrine therapies has been the difficulty in making the final responses more selective and
thus reducing the number of unwanted side effects (8).
Several approaches have been pursued over the years,
including modifications in the structure of agonist steroids to alter bioavailability, body clearance half-life, metabolism, affinity for receptor, and selectivity of nuclear
binding sites. The discovery of selective receptor modulators, which are steroids with less than full agonist activity
in a manner that varies with the gene examined, appears
to be an additional promising avenue (5, 9). These steroids thus have varying amounts of antisteroid activity,
depending on the gene. The most useful have been the
antiestrogens, tamoxifen and raloxifen, which are effective in reducing the growth of estrogen-dependent breast
tumors while preserving near normal estrogenic responses in several other tissues. X-ray crystallographic
determinations of the structure of ligands bound to the
highly organized C-terminal ligand binding domain
(LBD) of GRs has been an additional approach to designing new ligands (10).
Unfortunately, none of the above avenues have yielded
the increased specificity needed to widely expand the clinical applications of glucocorticoids. One reason is that the
LBD, both of GRs and other steroid receptors, is much
more malleable than expected and thus is physically disabled to accommodate ligands that initially were not expected to fit (11–13). Other reasons include the increased
awareness that numerous additional influences of GR
gene expression exist. These include chromatin conformation and DNA accessibility, DNA sequence (14, 15),
cofactor interactions (6), and the role of the intrinsically
disordered N-terminal domain of all steroid receptors,
which also contains an activation function domain (AF1)
that is usually the most transcriptionally active region in
the receptor (8, 16). Finally, there are over 350 cofactors
that have been found to alter the maximal amount of
steroid receptor-induced activity (Amax) (17).
The first cofactors were found to interact with the activation function present in the LBD, ie, AF2. However,
interactions with both the AF1 and AF2 domains, or just
AF1, have also been reported (18 –21). Interestingly, most
of the cofactors that have been examined modulate not
only the Amax but also the concentration of steroid required for half-maximal activity (EC50). Depending upon
the concentration of circulating ligand in an organism,
changes in EC50 can have as much or greater consequence
than changes in Amax (22–26). For example, changes in
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the EC50 of target genes are responsible for the ordered
expression of developmental genes by ecdysone during
Drosophila postembryonic development (27). This modulation is not a binary on/off mode but rather is like a
rheostat in that the magnitude of change in Amax and
EC50 is sensitive to changes in the concentration of cofactors (6, 23). Finally, the interactions of cofactors with the
intrinsically disordered AF1 domain appear to be directly
involved in the variations in Amax and EC50 of GR transactivation and perhaps transrepression (21, 28, 29).
Given the abundant influences that have not been investigated for increasing the selectivity of GR-regulated
gene expression, there is still reason for optimism that
such control might eventually be achieved. One particularly attractive approach is to regulate the interactions of
specific cofactors with either the AF1 or AF2 regions of
GRs. The interactions with AF1 are a particularly fertile
field given the numerous induced conformational changes
in AF1 that appear to result from the binding of various
cofactors (8, 16). Such interactions with estrogen receptor
alpha have been disrupted by assorted peptides in a tissuespecific manner (30, 31). Even more promising are small
organic molecules because of their ease of synthesis, handling, administration, and intracellular accessibility. Due
to the lack of known binding sites for such chemicals,
though, the number of agents that disrupt cofactor binding to receptors is relatively small. However, research in
this area has increased and shown that such inhibitors do
exist for androgen, estrogen, and thyroid receptors (32–
37). These advances have been greatly accelerated by the
use of high-throughput screening (33, 34, 38 – 40). These
results suggest that such small molecule modulators of
GR transactivation might also exist.
The purpose of this study was to use a high-throughput
screening approach to identify small molecules with the
potential to perturb GR transactivation. We used the
LOPAC1280 (Library of Pharmacologically Active Compounds) compound library, which is a well-validated collection of small molecules and approved drugs with
known activity, covering many major drug target classes.
In addition, it has been extensively used and published on
as a tool for high-throughput screen validation, so there is
a variety of activity data available for these compounds.
The library has considerable coverage of the glucocorticoid receptor signaling pathway, as well as those of other
GPCRs, and so provides a useful tool for interrogating
modulation of the GR response in cells. Two major modifications to this approach were made in the present study,
both to increase the scope of the screening and to rapidly
characterize the initial hits. First, virtually all screens to
date examine only changes in Amax. As was described
above, many factors also alter the EC50 of GR transacti-
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vation. Therefore, we have developed a high-throughput
screen that examines both Amax and EC50. Second, we
have linked the screen with a recently described competition assay that allows one to readily determine not only
the site but also the kinetically-defined mode of action of
any factor that alters GR transactivation properties (41–
44). With these two procedural modifications, we have
identified and characterized 10 chemicals that modify
various steps in GR transactivation. This approach can
thus be used to rapidly identify many more chemicals for
all steroid receptors, some of which may prove to be clinically useful.

Materials and Methods
Unless otherwise indicated, all cell growth was at 37°C and all
other operations were performed at room temperature.
Chemicals and plasmids. Dexamethasone (Dex) and the
LOPAC1280 library are from Sigma-Aldrich (St. Louis, MO).
Renilla-TS reporter, rat GR (pSG5-GR), and GREtkLUC have
been previously described (45).
Preparation of GREtkLucGREtkAcGFP1–1 reporter. PCR of
GRE1, GRE2 and tk to clone into AcGFP1–1 Vector - Oligonucleotides were used to generate a SmaI site (CGGCCCGGGCTAGAACATCCTGTACAGGATCCGTAG) in the
5⬘ end and an AgeI site (CGGACCGGTACCAACAGTACCGGAATGCCAAGCTTCG) in the 3⬘ end of the GREtkLUC from
bp 437 to 684 containing the GRE1 and GRE2 glucocorticoid
receptor binding elements and the tk promoter from the GREtkLUC reporter using a Fast Start PCR Master Mix (ROCHE,
12–140 –314 – 001). PCR was performed at 95°C for 4 minutes,
then 30 cycles of 95°C for 30 seconds plus 65°C for 30 seconds
and 73°C for 30 seconds, then 72°C for 7 minutes and held at
4°C. The PCR product was confirmed on a 2% agarose gel and
purified with a Qiaquick gel extraction kit (Qiagen, 28704).
Cloning GREtkGFP with GREtk PCR fragments into
AcGFP1–1 Vector - The GREtk PCR product and promotorless
vector pAcGFP1–1 (Clontech, 632497) were sequentially digested with AgeI (Fermentas, FD1464) and SmaI (Fermentas,
FD0664) at 37°C for one hour each. The vector was purified
with a QIAprep spin miniprep kit (Qiagen, 27104). The PCR
product was purified with a Qiaquick gel extraction kit (Qiagen,
28704). The digested and purified GREtk PCR product and
vector were ligated with T4 DNA ligase (Fermentas, EL0014) at
16°C overnight and then transformed into subcloning efficiency
DH5␣ (Invitrogen, 18265– 017). Clones were screened by PCR
and confirmed by sequencing. GREtk-GFP Dex dependent expression was confirmed in transiently transfected U2OS.rGR
cells by fluorescent microscopy and qRTPCR with the following
primers: AcGFP 5⬘-TTGCCATCCTCCTTGAAATC and
AcGFP 3⬘-CACATGAAGCAGCACGACTT, GREtkLUC 5⬘AAT CTG ACG CAG GCA GTT CT and GREtkLUC 3⬘-CCA
GGG ATT TCA GTC GAT GT (JB23–20&21).
Cloning GREtkLuc or tkLuc into GREtkAcGFP1–1 - GREtkLuc reporter and tkLuc reporter were digested with SmaI, SalI
and ScaI (Fermentas Fast Digest) and the corresponding frag-
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ments were separated on a 1% TAE gel and purified with a
Qiaquick gel extraction kit (Qiagen, 28704). The GREtkAcGFP1–1 reporter was digested with SmaI and SalI (Fermentas Fast Digest) and purified with a QIAprep spin miniprep kit
(Qiagen, 27104). The digested and purified GREtkLuc or tkLuc
PCR products and vector were ligated with T4 DNA ligase
(Fermentas, EL0014) at 16°C overnight and then transformed
into subcloning efficiency DH5␣ (Invitrogen, 18265– 017) and
the insert confirmed by digesting with SmaI and SalI (Fermentas
Fast Digest).
Creation of stably transfected 293 cells. 293 cells were seeded at
2 ⫻ 105 cells/well in a 24 well plate in 10% fetal bovine serum
in high glucose DMEM. The next day they were transfected with
2 g GR/pCMVneo plus 2 g of reporter and either GREtkLucGREtkAcGFP1–1 or tkLucGREtkAcGFP1–1 using 4 l/4 g
DNA Lipofectamine 2000 (Invitrogen). The following day fresh
media was added. Twenty four hours later the cells were plated
into 150 mm dishes and allowed to establish individual colonies
in the presence of 0.5 mg/ml G418 (GIBCO, Geneticin, 11811–
031) for one week. The colonies were then treated with 1 mM
Dex for 20 hours. Cells were then trypsinized and resuspended
at 1 ⫻ 106 cells/ml. They were then filtered through a BD Falcon
40 M cell strainer and triturated to disperse with added EDTA
to 5 mM and placed on ice. Cells were sorted by fluorescenceactivated cell sorting (FACS) in a FACSAriaII using FACSDiva
Version 6.1.3 software. Cells expressing medium and high levels
of GFP fluorescence were sorted and seeded in a 24 well plate
with G418 selective media and expanded to 100 mm dishes.
Cells were then trypsinized and resuspended at 0.5 cell/well
in 100l media containing 0.5 mg/ml G418 and seeded into 96
well plates. Colonies were allowed to grow and then examined
under a fluorescent microscope. All autofluorescing colonies
were eliminated. Colonies were then treated with 1 M Dex
without G418. Positive Dex dependent fluorescent colonies, as
compared to EtOH vehicle treatment, were transferred to 24
well plates and expanded into 100 mm dishes. Clones were then
analyzed for Dex dose responsiveness. Those clones displaying
the greatest fold induction of luciferase activity with Dex
(GREtkLucGREtkAcGFP1–1 clone (DR41) and tkLucGREtkAcGFP1–1 clone (tk90)) were then further sorted by FACS to
select for higher Dex induced GFP expression. qRTPCR was
used to confirm that the clones were expressing both Luciferase
and GFP as appropriate for the reporter.
GR modulation qHTS assay. A stepwise description of the
1536-well GR modulation assay is shown in Table 1. Briefly,
cells were plated using a Multidrop Combi dispenser (Thermo
Fisher Scientific, Inc., Waltham, MA) into sterile, 1536-well,
white tissue culture plates (Greiner Bio-One, Germany). Dex
stocks were prepared in DMSO, diluted in media and added to
plates to yield final concentrations of 0 (DMSO only), 0.1, 1, 10
and 100 nM Dex. Plates were sealed with gasketed stainless steel
lids with holes for gas exchange (Wako USA, San Diego, CA).
Following cell attachment, library compounds were transferred
by pintool (Wako USA) using 10 nl slotted pins. The
LOPAC1280 library (Sigma-Aldrich, St. Louis, MO) was serially
diluted in DMSO, and was added to plates to yield final concentrations of 0 (DMSO only), 0.37, 1.84, and 9.2 M library
compound. Following an 18 hour incubation, media was aspirated from each well using a Kalypsys 1536-well aspiration
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Table 1.
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GR modulation qHTS assay protocol

Sequence
1
2
3
4

Parameter
Reagent
Reagent
Time
Compound

Value
4 l
1 l
2h
23 nL

5
6
7
8
9
10

Time
Aspiration
Reagent
Time
Reagent
Detection

18 h
4 l
1 l
15 min
5 l
Luminescence

Description
Cell dispense: 2500 DR-B cells/well in media
Agonist dispense: Dexamethasone in media
Incubation: 37 C, 5% humidified CO2
Pintool dispense: LOPAC compound library (in
DMSO)
Incubation: 37 C, 5% humidified CO2
Vacuum aspiration: 4 l (1 l remaining)
Dispense: Lysis buffer
Incubation: Room temperature
Dispense: Luciferase assay system reagent
Detection: ViewLux read, Luminescence, 10 sec
exposure

A stepwise protocol for the GR modulation qHTS assay is shown.

manifold (Wako USA), leaving 1 l remaining, and Passive Lysis
buffer (Promega, Madison, WI) was added to gently lyse cells.
Luciferase Assay System I reagent (Promega) was rapidly dispensed using a BioRAPTR Flying Reagent Dispenser (Beckman
Coulter, Brea, CA), and plates were immediately read using a
ViewLux microplate imager (PerkinElmer, Waltham, MA) to
detect luminescence. Each plate contained negative and positive
control wells (DMSO and 2 M Dex-treated cells, respectively),
which were used to normalize signal for each plate. Screening
data was corrected and normalized (see file labeled “GRE
LOPAC data.txt”, which is Table S1 in Supplemental Material,
for these data), and concentration-effect relationships were derived using publicly available curve fitting algorithms developed
within the NIH Chemical Genomics Center (http://tripod.nih.gov/curvefit/). For follow-up validation, potential hits were selected and reordered from fresh powder stocks.
Two-factor competition assay. The underlying theory and practical application of the competition assay has most recently been
described by Zhu et al (44). Briefly, factors effecting GR transactivation are classified mechanistically as either accelerators or
one of six types of decelerators acting at some step in the overall
reaction sequence that is before, at, or after a unique step, called
the concentration limiting step (CLS) (43). The CLS is that step
in the sequence beyond which the concentrations of bound factors are negligible with respect to their free concentrations. In
these reactions with varying concentrations of two factors, a
formula (parametric statistical model) can be constructed for
each combination of factor type and location with respect to
each other and the CLS. The individual parametric models are
associated with defined graphical behaviors that were initially
described in Table S1 (42) and have been updated in a different
Table S1 (44). These graphs can be compared directly to those
constructed from the experimental data to make conclusions
regarding the actions of the two factors, as described in the flow
chart of Fig. S1 (44).
More specifically, the effect of four concentrations of each of
two factors (chemical and reporter gene; total ⫽ 16 combinations) on the maximum induced activity (Amax) and EC50 is
determined from triplicate samples of U2OS cells that are seeded
into 24-well plates at 25,000 cells per well and transiently transfected the following day with GREtkLUC reporter and
pSG5/GR (0.5 ng) plasmids by using 0.7 l Lipofectamine (Invitrogen) per well according to the manufacturer’s instructions.

Renilla-TS (10 ng/well of a 24-well plate) was included as an
internal control. The total transfected DNA is adjusted to 300
ng/well of a 24-well plate with pBluescriptII SK⫹ (Stratagene).
After transfection (24 hours), cells were treated with fresh medium containing appropriate dilutions of Dexamethasone
(Dex) ⫾ chemical. Four Dex concentrations (0, 1x, 5x, and 25x,
where 5x is approximately the EC50 of the system) in EtOH and
four concentrations of chemical (concentration and spacing is
determined empirically for each compound) in EtOH or DMSO
are used, with the final concentration of EtOH (total) and
DMSO being 0.1%–1% and ⱕ 0.25% respectively (total samples ⫽ 192). The cells were lysed 20 hours later in passive lysis
buffer and assayed for reporter gene activity using dual luciferase assay reagents according to the manufacturer’s instructions (Promega, Madison, WI). Luciferase activity was measured by a GloMax® 96 Microplate Luminometer (Promega,
Madison, WI). The data were normalized to Renilla TS luciferase activity and expressed as a percentage of the maximal
response with Dex before being plotted as average ⫾ standard
error of the mean, unless otherwise noted. Direct fitting a Michaelis-Menten curve to the average dose-response data by KaleidaGraph (Synergy Software, Reading, PA) yields Amax and
EC50 values, which are used to prepare graphs of 1/EC50 and
Amax/EC50 (and EC50/Amax when the plot of Amax/EC50 is decreasing) vs. the concentration of one cofactor at each of the
concentrations of the second factor. Representative data and a
spread sheet showing how the data are manipulated for graphing are given as Table S2 in the Supplemental Material. When an
experiment uses n concentrations of each cofactor, then there
are a total of four to six graphs, each with n separate curves. The
shape of the curves and how they change with the other cofactor
are then compared to Table S1 (44) to determine the kinetically
defined mechanism of action and site of action, relative to each
other and to the CLS.
Statistical Analysis. Unless otherwise noted, all experiments
were performed in triplicate multiple times, except the high
throughput screening that was performed once. KaleidaGraph
3.5 (Synergy Software, Reading, PA) was used to determine a
least-squares best fit (R2 was almost always ⬎ 0.95) of the
experimental data to the theoretical dose-response curve, which
is given by the equation derived from Michaelis-Menten kinetics
of y ⫽ [free steroid]/[free steroid ⫹ dissociation constant (Kd)]
(where the concentration of total steroid is approximately equal

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 27 May 2014. at 11:18 For personal use only. No other uses without permission. . All rights reserved.

doi: 10.1210/me.2014-1069

mend.endojournals.org

to the concentration of free steroid because only a small portion
is bound), to yield a single EC50 value. The values of n independent experiments were then analyzed for statistical significance
by the two-tailed Student’s t test using InStat 2.03 for Macintosh
(GraphPad Software, San Diego, CA). The Mann-Whitney test
or the Alternate Welch t test is used when the difference between
the S.D. values of two populations is statistically significant.

Results
Bioassay of GREtkLucGREtkAcGFP1–1. The dual-reporter plasmid GREtkLucGREtkAcGFP1–1, and the
control plasmid tkLucGREtkAcGFP1–1, were prepared
so that induction of green fluorescent protein (GFP) by
the synthetic glucocorticoid dexamethasone (Dex) could
be demonstrated to occur through the immediately upstream GRE as opposed to a cryptic enhancer in the plasmid backbone. Induction of GFP from both plasmids but
luciferase (LUC) from only GREtkLucGREtkAcGFP1–1
was taken as evidence that GFP expression was under the
control of the immediately upstream GRE sequence. The
induction of LUC from GREtkLucGREtkAcGFP1–1 was
similar to that previously seen from the simpler GREtkLuc reporter upon Dex induction after transient cotransfection with TIF2 in U2OS cells (42, 43, 46, 47). In contrast, the tkLucGREtkAcGFP1–1 reporter failed to
induce LUC activity (data not shown). Dex-dependent
induction of GFP in the GREtkLucGREtkAcGFP1–1 and
tkLucGREtkAcGFP1–1 was confirmed with fluorescent
microscopy (data not shown).
These two GFP plasmids were stably transfected into
293 cells as described in the Materials and Methods.
FACS was employed to select those cells transfected with

A

B

5

GREtkLucGREtkAcGFP1–1 that gave the highest fold
increase in GFP signal with added Dex (85-fold by qRTPCR). Clonal cell lines were then produced from the
FACS-selected cells and that clone with the highest foldinduction of GFP was used in the below high-throughput
studies.
Optimization of high-throughput screen. Prior to actual
screening, the GR induction assay was optimized in 1536well robotics format to provide a robust and highthroughput amenable assay for screening. The assay plating density was titrated to determine the ideal cell
concentration for robust Dex-mediated signals, and was
optimized with respect to signal-to-background and Z’
values. Several luciferase detection reagents were tested to
measure GR-mediated luminescence signal, and the sensitivity of the Luciferase Assay System (LAS) reagent appeared best suited for this particular assay. Though the
luminescent signal produced with LAS has a considerably
shorter half-life than other luciferase kits, the timing of
the assay remained high-throughput amenable. However,
the short timeline of this optimized protocol prevented
the parallel control assay of GFP with tkLucGREtkAcGFP1–1 to determine background induction from a
cryptic promoter in the vector. This issue was therefore
addressed later in the study. Using these optimized conditions, a Dex dose-response curve was determined (Figure 1A). Good fold induction and an excellent first-order
Hill plot were obtained. This demonstrates that Michaelis-Menten kinetics is being obeyed in this assay. The system was further validated with titrations of known GR
ligands (Dex, aldosterone, cortisol, and Dex-21-mesylate), all of which gave dose-dependent responses with
appropriate EC50s and maximal responses (Figure 1B). Based on the
Dex dose-response curve, the concentrations of Dex chosen to be used
with each of the chemicals in the
high throughput assay spanned the
entire curve (0.1 to 100 nM) to provide a broad window for shifts in
either EC50 or Amax.

FIGURE 1. Optimization of GR transactivation in high throughput assay. A) Dose-response
curve for GR-mediated induction of luciferase by Dex. Assay was conducted as described in
Materials and Methods. Data are plotted as percent of maximal response. Curve represents the
best fit to a Michaelis-Menten plot. Dashed lines indicate Dex concentrations required for 10%
and 90% of full induction. B) Relative dose-response curves for four known GR ligands: Dex,
dexamethasone-21-mesylate (Dex-21-Mes), cortisol, and aldosterone. Assays were conducted as
in panel A. Data were plotted as relative luciferase activity (⫾ S.D.) and best fit to a MichaelisMenten plot.

High-throughput
screening
of
1280
LOPAC
library and analysis.
The protocol for the high-throughput screen is outlined in Table 1. The
LOPAC1280 library was screened at
four distinct concentrations (0,
0.37, 1.84 and 9.20 M) in the presence of 5 different concentrations of
Dex (0, 0.1, 1, 10 and 100 nM) in a
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single batch of 20 plates (Figure 2). Once all plates were
read, the data were normalized to negative and positive
controls on each plate (DMSO solvent and 2 M Dex,
respectively), and curve fits (using the Hill equation) were
performed for each Dex titration at each of the four concentrations of LOPAC compounds. The curve-fitting was
performed using the publically available software at “tripod.nih.gov/curvefit/”. These curves were then manually
compared to identify compounds that significantly
shifted either the EC50 or Amax of Dex. The assay itself
was found to be sufficiently robust for screening purposes, with an average signal-to-background ratio of
12.1, a % coefficient of variation (%CV) of 9.80%, and a
Z’ of 0.59, as determined using the positive and negative
controls on each screening plate.
The several steroids in the LOPAC1280 library acted as
positive controls (see Supplemental Material). Beclomethasone, betamethasone, corticosterone, cortisol, and
triamcinolone all were full agonists, as reported for the
induction of tyrosine aminotransferase in HTC cells (48,
49). Estradiol was inactive and RU486 was a potent antiglucocorticoid. Cortexolone, progesterone, and cortisone all displayed more partial agonist activity (relative to
Dex) than seen for tyrosine aminotransferase induction
(48, 49). However, the present results are consistent with
the ability of partial agonists to display higher amounts of
activity with synthetic reporter genes under various conditions (50, 51). We conclude that the correct classifica-
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tion of known steroids is validation of the accuracy of this
high throughput assay.

Comparison of modulatory chemicals in 293 and U2OS
cells. Ten compounds displaying the largest changes in
absolute value (both positive and negative) for Amax
and/or EC50 were selected for further confirmation and
more detailed investigation in a different system, ie, induction of a transiently transfected reporter (GREtkLUC)
by exogenous GR in U2OS cells (Table 2). The fact that
one of the compounds selected, camptothecin, had been
previously demonstrated to affect the Amax and EC50 of
GR-mediated transactivation under similar conditions in
yet another cell line (CV-1) (52) is additional support for
the consistency of the high throughput assay. Of the ten
compounds from the high throughput assay in 293 cells
(HT in Table 2), two caused no significant change in Amax
(baclofen and stattic), two decreased the Amax (AC93253
and camptothecin), and three displayed biphasic changes
in Amax with an increase at the lowest concentrations of
chemical followed by a decrease at higher concentrations
(emetine, phenanthroline, and sanguinarine). An increase
in basal activity was seen just with high concentrations of
baclofen. The remaining three compounds increased the
Amax at all concentrations examined (Table 2). Only one
compound (nocodazole) shifted the EC50 of the dose-response curve to the left to lower Dex concentrations. All
of the other chemicals caused a right-shift of the doseresponse curve by up to 11-fold (Table 2).
The high-throughput assay was
conducted in 293 cells with endogenous GR and stably transfected reporter. For determination of the induction properties of the chemicals
of Table 2 in the well-characterized
competition assay (41– 44, 46, 47),
we shifted to U2OS cells with transiently transfected plasmids of both
GR and a different reporter, GREtkLUC for three reasons: (a) to examine the chemicals in a different environment, (b) because the response
with GREtkLUC gives an even
higher fold increase with Dex,
thereby facilitating analysis of the
data, and (c) to permit studies with
varying amounts of GR. Gratifyingly, the properties of the ten chemicals were very similar in the two difFIGURE 2. Layout of GR modulation qHTS assay. The dosing array for the GR modulation
ferent assays. As shown in Table 2,
screen is shown, with final dexamethasone concentrations along the left, and compound library
the qualitative changes in EC50 in
concentrations along the top.
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Comparison of High Throughput (HT) Screening (293 cells) vs. Competition Assay (U2OS cells)

Compound
AC93253

mend.endojournals.org

HT

0.3–10

⫺95 DownSame

0.1

Absolute change in
EC50
Competitio Compar
n.
e
RS
Same

0.5–12.5

⬇0# ⬇0

1.1

RS

Same

C

0.5–3

⫺50 DownSame

0.7

RS

Same

C

1– 6

107

Up Same

0.5

RS

Same

A

0.01– 0.16

BP

BP

0.6

⬇RS

Same

C

3.4 –34

69

Up Same

⫺0.2 LS

Same

A

2.5–25

110

Up Same

0.1

⬇RS

Same

A

2–10

BP

Up *

0.7

⬇0

0.1–2

BP

⬇0 †

1.1

RS

Same

C

1–10

⬇0

Down

1.0

RS

Same

C

Conc. Used (M)
Competition

0.379.2
Baclofen
0.379.2
Camptothecin
0.379.2
Dihydroouabain 0.379.2
Emetine
0.379.2
Nocodazole
0.379.2
NU6027
0.379.2
Phenanthroline 0.379.2
Sanguinarine
0.379.2
Stattic
0.379.2
Agreement
between assays:

Percent change in
Amax
HT
Competition.
Compare HT

Same

ⱖ60%

Mechanism
C

A

90%

Results from high throughput (HT) screen (n ⫽ 1) and competition (Comp.) assays (n ⫽ 3–9) are given for concentration range of compound in
each assay, percent change in Amax from that with 100 nM Dex and no added compound, and absolute change in EC50 of dose-response curve for
either no added compound or lowest concentration of compound used (a positive number means a shift to higher concentrations of compound).
Precise numbers are given for HT results while qualitative changes are listed for the competition assay because of the varying concentration ranges
used, which are usually different from those for HT. Whether the two assays give qualitatively the same results is listed under “Compare”. The
kinetically-determined mechanism (from Table 3) is given under “Mechanism”. Abbreviations: BP ⫽ biphasic (increase above no compound and
then decrease with higher concentrations of compound), RS ⫽ right shift to higher concentrations of compound, ⬇RS ⫽ right shift observed most
of the time, LS ⫽ Left shift to lower concentrations of compound, C ⫽ competitive decelerator, A ⫽ accelerator. #Activity with no Dex ⫽ 70% of
maximal, with 100 nM Dex ⫽ 0 –15% below maximal, or 100 – 85% maximal. * Response in HT is small and biphasic: up 20% at 0.37 and 1.84
M and then down 30% at 9.2 M to 10% less than control. † Response in HT is biphasic: goes up from 100% at 0.37 M to 325% at 1.84 M,
with 1.1 increase in EC50, and then down to zero at 9.2 M.

the two systems are the same for 90% of the chemicals.
With Amax, the agreement is at least 60%. Similar results
are seen with high concentrations of baclofen but the
increase in basal activity obtained in the high throughput
screen was not observed in the competition assay. U2OS
cells also gave a biphasic response in Amax with emetine,
such that increasing concentrations of compound first
increased and then decreased the Amax, but not with
phenanthroline or sanguinarine. It has been reported
(PubChem Assay ID 411 at http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid ⫽ 411) that sanguinarine can
block luciferase enzyme activity. However, in U2OS cells
with the relatively low concentrations of sanguinarine in
Table 2, no obvious inhibition of luciferase activity was
noted. Therefore, in this concentration range, it appears
that sanguinarine has other effects than simply inactivating luciferase enzyme. More extensive studies are required to determine whether each biphasic response
would also occur in the competition assay but at different
concentrations. Thus, it is possible that up to 90% of the

chemicals could also have qualitatively identical Amax
properties in the two assays. In summary, the effects of the
10 chemicals on Amax and EC50 in the two assays are very
similar despite being in different cell lines with slightly
different reporters. Notwithstanding some possible quantitative differences between the two systems, every chemical identified as a modulator in the high throughput assay
also modulated GR transactivation in the competition
assay. It should be noted that sequencing of the two reporters (GREtkLUC and GREtkLucGREtkAcGFP1–1)
revealed very little overlap except for the sequences of
GREtkLUC and SV40 poly A (data not shown). This argues that the responses of both plasmids are mediated by
the common GRE enhancer upstream of tkLUC and not
the GRE before tkGFP or some cryptic enhancer/promoter in one of the plasmids. The combined data also
suggest that the effects of the 10 chemicals will be similar
in other cell systems.
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Characterization of prioritized compounds by competition assays. The data from the competition assay for
1/EC50, Amax/EC50, and EC50/Amax were then analyzed
graphically (41– 44, 46, 47), as described in Materials and
Methods, to determine the relative site and kineticallydefined mechanism of action of each compound (Table
3).
Three chemicals (AC93253, sanguinarine, and stattic)
illustrate how factors can have the same kinetically-defined mechanism of action while producing qualitatively
different changes in the parameters of GR-regulated gene
transactivation. First, though, it should be noted that all
three chemicals give graphs of 1/EC50 vs. GREtkLUC reporter that have essentially zero slope (Table 3). As previously described (42, 43), this is diagnostic of the reporter acting as an accelerator at the concentration
limiting step (CLS) in all situations. We define an accelerator a factor that increases the output of the local reaction independent of the observed final response (43). This
conclusion regarding reporter action is confirmed by the
graphs of Amax/EC50 vs. GREtkLUC, which all show linear plots with positive slopes that intersect at the origin
(Figure 3A-C). Furthermore, each of the plots of Amax/
EC50 vs. GREtkLUC reveal that increasing amounts of
chemical cause the position of the plots to decrease (ie, to
have a smaller slope). This indicates that each chemical is
acting as a decelerator. The type of decelerator is defined
by the graphs of EC50/Amax vs. chemical, each of which is
linear and decreases in position with added GREtkLUC
reporter (Figure 4A-C). Collectively, these graphs (and
others not shown) identify each chemical as being a competitive decelerator acting before or at the CLS, which is
where GREtkLUC is acting as an accelerator (Table 3). It
should be noted that while AC93253, sanguinarine, and
stattic all act as competitive decelerators before or at the
CLS, that does not mean that they all act at the same step
before or at the CLS. In fact, the different consequences of
each chemical for Amax strongly argue that each chemical
acts at a different step, thereby yielding unequal final
responses. Some of the chemicals cause qualitatively similar, but quantitatively different, responses (eg, AC93253
vs. camptothecin). It is possible that these chemicals do
act at the same site and differ only in potency.
Three compounds (dihydroouabain, nocodazole, and
NU6027) produce qualitatively different changes in EC50
(Table 2) but are each characterized as being accelerators
acting after the CLS, with the GREtkLUC reporter again
acting as an accelerator at the CLS (Table 3). The distinguishing features of these types of factors are exemplified
by the graphs for nocodazole (Figure 5). Linear graphs of
1/EC50 vs. GREtkLUC with zero slope (Figure 5A) and
Amax/EC50 vs. GREtkLUC with positive slope intersecting

Mol Endocrinol

at the origin (Figure 5B) restrict GREtkLUC to being an
accelerator acting at the CLS. When the graph of Amax/
EC50 vs. chemical is linear with positive slopes that intersect at an x-axis value that is less that when the total
amount of factor in the cells is zero (which is zero in the
present case but when exogenous factor is present, zero
total factor corresponds to a negative number) (Figure
5C), then the factor acts as an accelerator after the CLS
(42, 44).

Discussion
This study describes the use of a new high-throughput
assay to identify compounds that modulate the induction
properties of glucocorticoid receptors in cells stably transfected with a synthetic reporter gene. The novelty of this
assay is that it simultaneously determines both the Amax
and the EC50 for steroid-regulated reporter gene induction. To the best of our knowledge, only the Amax has
been determined in high-throughput assays up to now
(33, 34, 38 – 40). However, as we have previously documented, the inclusion of EC50 measurements of steroid
receptor mediated transactivation captures more active
factors, and affords much more information, than is possible from just Amax measurements (25, 41, 42). In some
instances, the changes in EC50 are more dramatic that
those in Amax, in which case the activity of the compound
might have been missed if only Amax was monitored (Table 2 and refs (22–26). Furthermore, simple examination
of a first-order dose response curve reveals that relatively
small changes in EC50 can result in dramatic changes in
the amount of final product. For example, if the concentration of steroid is 1 nM, simply shifting the EC50 of the
dose-response curve from 2 nM to 0.5 nM causes a 200%
increase final product. Thus a high throughput assay that
monitors both Amax and EC50 will detect more biologically relevant modulators.
Of the numerous chemicals in the LOPAC1280 collection of compounds that do affect Amax and/or EC50 of
GR-induced reporter gene expression, ten were further
characterized in a different cell line (U2OS vs. 293 cells)
under significantly different conditions (transient transfection of GR and reporter vs. simply adding each chemical). Importantly, the changes in Amax in the two different cell lines are qualitatively identical in 60% of the cases
and possibly as high as 90%. The agreement is increased
to 90% when the modulation of EC50 is monitored. Likewise, camptothecin causes qualitatively identical changes
in Amax and EC50 in CV-1 cells with high amounts of
transfected GR and exogenous GREtkLUC reporter (52).
Collectively, these results suggest that the current high-
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Table 3. Critical Graphs from Competition Assays in U2OS cells with GR Induction of GREtkLUC Reporter
(GREtkLUC ⫽ factor F1 in all entries)
Chemical (F2)

1/EC50 vs.

AC93253

F1
slope ⫽ 0

Baclofen

(-0.000046
⫾
0.010,
SD,
n ⫽ 20, 5
exper.),
y-axis
intercept ⬍
with F2
slope ⫽ 0
(-0.00075
⫾
0.0105,
SD,
n ⫽ 12, 3
exper.)

Camptothecin

slope ⫽ 0
(-0.0044
⫾
0.0070,
SD,
n ⫽ 12, 3
exper.),

Dihydroouabain

slope ⫽ 0
(-0.0017
⫾
0.016,
SD,
n ⫽ 24, 6
exper.),

Emetine

y-axis
intercept ⬍
with F2
slope ⫽ 0
(-0.0012
⫾
0.0074,
SD,
n ⫽ 16, 4
exper.),

F2

Amax/EC50 vs.
F1
F2
lines
intersect
at origin,
slope

F1

EC50/Amax vs.
F2
linear,
slope
⬍with
F1

Mechanism
GREtkLUC is
A ⫽ CLS
AC93253 is C
ⱕ CLS,

⬍with
F2
lines
intersect
at origin,
slope

linear,
slope
⬍with
F1

ⱕ

C ⱕ CLS

with F2
lines
intersect
at origin,
slope

⬍with
F2
lines
intersect
at origin,
slope

⬎ with
F2

GREtkLUC is
A ⫽ CLS
Baclofen is a
weak

linear,
slope
⬍with
F1

GREtkLUC is
A ⫽ CLS
Camptothecin
is

C ⱕ CLS
lines
intersect
at F2 ⬍
0,
slope

GREtkLUC is
A ⫽ CLS
Dihydroouabain
is

⬎ with
F1

A ⬎ CLS

lines
intersect
at origin,
slope

plots
curve up,
position
⬍

GREtkLUC is
A ⫽ CLS
Emetine is C at

⬍with
F2

with F1

2 sites ⱕ
CLS
(Continued )
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Table 3. Continued
Chemical (F2)
Nocodazole

1/EC50 vs.
slope ⫽ 0
(0.0054
⫾
0.020,
SD,
n ⫽ 12, 3
exper.),
y-axis
intercept
⬎ with
F2
slope ⫽ 0

NU6027

(-0.0023
⫾
0.015,
SD,
n ⫽ 12, 3
exper.),
Phenanthroline

slope ⫽ 0
(-0.011
⫾
0.026,
SD,
n ⫽ 20, 5
exper.),

Sanguinarine

slope ⫽ 0
(0.00026
⫾
0.0060,
SD,
n ⫽ 34, 9
exper.),

Stattic

y-axis
intercept ⬍
with F2
slope ⫽ 0
(0.0021
⫾
0.000196,
SD,
n ⫽ 16, 4
exper.),

Amax/EC50 vs.
lines
lines
intersect
intersect
at origin,
at F2 ⬍
slope
0,
slope

EC50/Amax vs.

Mechanism
GREtkLUC is
A ⫽ CLS
Nocodazole is

⬎ with
F2

⬎ with
F1

A ⬎ CLS

lines
intersect
at origin,
slope

lines
intersect
at F2 ⬍
0,
slope

GREtkLUC is
A ⫽ CLS
NU6027 is A
⬎ CLS,

⬎ with
F2
lines
intersect
at origin,
slope

⬎ with
F1
lines
intersect
at F2 ⬍
0,
slope

⬎ with
F2
lines
intersect
at origin,
slope

⬎ with
F1

GREtkLUC is
A ⫽ CLS
Phenanthroline
is

A ⬎ CLS
linear,
slope
⬍with
F1

⬍with
F2

lines
intersect
at origin,
slope

GREtkLUC is
A ⫽ CLS
Sanguinarine is

C ⱕ CLS

linear,
slope
⬍with
F1

GREtkLUC is
A ⫽ CLS
Stattic is C
ⱕ CLS

(Continued )
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Table 3. Continued
Chemical (F2)

1/EC50 vs.

Amax/EC50 vs.
⬍with
F2

EC50/Amax vs.

Mechanism

y-axis
intercept ⬍
with F2
The three types of graphs (1/EC50, Amax/EC50, and EC50/Amax) vs. each factor are listed at the top, with the characteristics of the most informative
graphs vs. F1 (GREtkLUC), or vs. F2 (chemical), listed below the relevant factor. In these columns, “⬎” and “⬍” mean “increases” and
“decreases” respectively. The unique mechanistic conclusion for each pair is listed at the far right under “Mechanism”. In this column, “ ⫽ ”,
“⬍”, and “ⱕ” mean “at”, “before”, and “before or at” respectively. Other abbreviations are as follow: A ⫽ accelerator, C ⫽ competitive
decelerator, CLS ⫽ concentration limiting step (see text for explanations).

throughput assay has identified chemicals that will be
similarly active in a variety of cell lines and will be of great
use in identifying additional chemicals that modulate GR
induction properties. It will also be interesting to see if
these identified chemicals can modify the induction properties of other steroid receptors and general transcriptional inducers such as CREB, NFkappa-B, and G-protein
coupled receptors.
The major limitation to the characterization in the
competition assay of those chemicals identified by the
high throughput assay is that that dose-response curves
must always be first-order Hill plots. This requirement

has been met in the current studies, as indicated by the
close fit of a first-order plot to the experimental data (R2
⫽ 0.996 ⫾ 0.008 [S.D., n ⫽ 320; median ⫽ 0.9985] for 2
randomly selected experiments for each chemical for a
total of 20 experiments, each of 16 dose-response curves).
Other important, but less frequent limitations are that the
theory assumes mass action, which is only valid in the
limit of many molecules in a well mixed medium. Therefore, the theory is not valid if the number of molecules is
low and if spatial segregation of the molecules and genes
matter. Because the theory is an average measure over
many genes, it also will not predict what happens at a
single gene.
The standard classification of facA
B
C
tor action is based upon the resulting
changes in Amax. By this convention,
the data of Table 2 indicate that stattic and sanguinarine would be inactive or unclassifiable. As we have
previously discussed (41– 44, 46,
47), defining factor activity on the
basis of changes in Amax not only is
FIGURE 3. GREtkLUC acts as an accelerator at the CLS. Values of Amax and EC50 from
often deceiving but also will miss
competition assays of the indicated amounts of GREtkLUC, (A) AC93253, (B) sanguinarine, and
factors that do not significantly alter
(C) stattic were determined and plotted as described in Materials and Methods. Similar results
the Amax but do modulate the EC50,
were obtained in 4, 8, and 3 additional independent experiments respectively.
such as stattic in the high-throughput screen (Table 2). More imporA
B
C
tantly, the direction of change in
Amax with added factor does not
yield any information regarding the
mechanism of action of the factor.
Instead, we have described how a
more precise and quantitative approach to determining the mechanism of factor action during GR-regulated transactivation is provided by
FIGURE 4. Chemicals acting as a competitive decelerator at or before the CLS. Values of Amax
and EC50 from competition assays of the indicated concentrations of GREtkLUC, (A) AC93253,
the quotients of Amax/EC50 and
(B) sanguinarine, and (C) stattic were determined and plotted as described in Materials and
EC50/Amax (42– 44, 46, 47).
Methods. Similar results were obtained in 4, 8, and 3 additional independent experiments
It is well known from enzyme kirespectively.
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netics that an inhibitor of a reaction step can cause an
increase in the amount of observed product and vice versa
(41, 53, 54). For this reason, we have introduced a different classification, based on kinetically-defined properties
and characterized by the competition assay, of accelerator
and several types of decelerators (43). The specific mechanism of a given factor is readily uncovered by the competition assay of the present study. With this assay,
AC93253, camptothecin, sanguinarine, and stattic are all
competitive decelerators, despite causing quantitatively
different changes in Amax (Table 2), and nocodazole is an
accelerator (Table 3). This kinetically-defined mechanism
of action has the frequent additional value of mechanistic
simplicity. For example, if a factor raises final level of
GR-regulated gene A, and reduces the level of GR-regulated gene B, current classifications of the factor activity
as coactivator or corepressor (respectively) suggest that
different treatments would be required to modify factor
activity with both gene A and gene B. However, if analysis
by the competition assays indicates that the factor acts by
the same kinetically-defined mechanism in GR-modified
expression of genes A and B, it is likely that reversal of the
factor’s ability to increase gene A levels will simultaneously diminish the reduction of gene B levels. In fact, we
have recently found that two of the chemicals examined
here (NU6027 and phenanthroline) plus the p160 coactivator TIF2 all retain the same mechanism of action in
GR-controlled gene induction and gene repression (Chow
et al, in preparation). This suggests that factor action in
GR-modulated gene expression could be independent of
both the gene and the direction of change in final product.
A final benefit of the competition assay is that it specifies where in the present poorly defined series of steps in
gene induction the factor acts, both with regard to other
factors and to the position-invariant CLS, where the reporter gene acts as an accelerator (43). Molecules that act

A

B

Mol Endocrinol

downstream of the CLS, and thus closer to the observed
final response are expected to have fewer side effects than
molecules acting before the CLS, simply because there are
fewer reaction steps that can be altered by the chemical.
How each chemical would affect the activity of selected
glucocorticoids with synthetic reporters and endogenous
genes is an important question requiring additional studies that are beyond the scope of this study. An additional
application of the present results would be for those genes
where the position of the dose-response curve is unequally
positioned and/or differentially shifted by the presence of
a factor like TIF2 (55). In these cases, an even greater
separation of the dose-response curves would be expected
in the presence of one of the chemical accelerators of the
current study, which means that yet lower concentrations
of glucocorticoid would be needed to induce those genes
with the lower EC50s. Conversely, the lower steroid levels
would result in diminished induction of those genes with
higher EC50s. This has exciting clinical possibilities for
reducing the unwanted consequences that currently restrict the frequency and duration of glucocorticoid therapy (2, 8).
Of the ten modulatory chemicals that have been characterized in this paper, we are aware of published reports
for just four that influence GR transactivation: camptothecin, nocodazole, phenanthroline, and sanguinarine.
Camptothecin is the only compound previously shown to
affect the EC50 of transactivation. Camptothecin reduced
Amax and had even more robust effects on EC50 in the
presence of the coactivator Ubc9 (52). Nocodazole was
reported to decrease GR transactivation, presumably via
disruption of microtubule-mediated nuclear transport of
GRs (56). However, another disrupter of microtubule
function, vincristine, was found to have negligible effects
on either Amax or EC50 in our high-throughput assay (see
Supplemental Material). This suggests that nocodazole is

C

FIGURE 5. GREtkLUC acts as an accelerator at the CLS in assay with nocodazole acting as an accelerator after the CLS. Values of Amax and EC50
from competition assays of the indicated amounts of GREtkLUC and nocodazole were determined and plotted as (A) 1/EC50 vs. GREtkLUC, (B)
Amax/EC50 vs. GREtkLUC, and (C) Amax/EC50 vs. nocodazole as described in Materials and Methods. Similar results were obtained in 2 additional
independent experiments.
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acting via a pathway that is independent of microtubule
formation. It has been known for many years that
phenanthroline inhibits DNA binding of activated GR
complexes (57). We see phenanthroline decreasing Amax
(Table 2) but the competition assay defines phenanthroline as an accelerator acting after the CLS and after the
GREtkLUC reporter. This indicates a different mode of
action of phenanthroline in our system. Sanguinarine increased the nuclear localization of Dex-bound GR complexes but had no effect on GR transactivation (58). It is
difficult to compare this report to the current study because of our observation of a biphasic dose-response
curve, which would dramatically alter the response depending on the concentration examined. It is true that
that several of the ten modulatory chemicals are known to
induce toxicity in certain cell lines. However, we did not
see any evidence of toxicity in our 18 hours competition
assay. Thus, it is reasonable to conclude both that the
effects that we report are GR-mediated and that derivatives can be made that will preserve, or even increase,
potency while reducing toxicity.
The high-throughput assay described in this paper has
identified numerous modulatory small molecules. The ten
most active, as defined by producing the largest changes
in Amax and/or EC50, have been further characterized by
the competition assay and confirmed as modulatory
agents of GR transactivation, yielding a positive discovery rate of 0.78%. Therefore, it is not unreasonable to
expect that the current high throughput assay will identify
numerous other small molecules that can modulate GR
activities in other larger libraries. In addition, given additional chemically tractable lead molecules, further structure-activity work should yield more potent analogs that
are active in the submicromolar range and could be clinically useful. Such small molecules have numerous advantages over cofactors that are also known to modulate GR
transactivation properties, such as TIF2, CBP, SMRT,
PA1, NELF-A, NELF-B, Cdk9, and ELL (42– 44, 46, 47).
From a therapeutic standpoint, small molecules often
have fewer hurdles in terms of production and administration, and in the case of repurposed drugs, may already
have pre-existing data on toxicity and side effects, all of
which would accelerate bench-to-bedside applications.
Given the greater mechanistic information that can now
be obtained, renewed investigation of small molecules as
modulators of GR transactivation appears both timely
and warranted.
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