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Abstract

This application note describes a cell-based assay for quantitative, noninvasive,

and continuous monitoring of cellular responses to chemicals of interest, using an
Agilent XCELLigence real-time cell analysis (RTCA) instrument. Three mammalian
cell lines, each responsive to modulators of ER, AR, or TR, were analyzed for their
real-time responses to reference agonists and antagonists. The unique specificity
and sensitivity of each cell line were then used as standards for evaluating unknown
compounds. The validity of this assay was confirmed using molecular and cell
biology techniques.



Introduction

Endocrine-disrupting chemicals (EDCs)
are substances that interfere with

the ability of endogenous hormones

to regulate homeostasis through

their cognate nuclear receptors.’ By
either mimicking ligands (agonists)

or inhibiting ligand binding activity
(antagonists),** EDCs produce adverse
reproductive, neurological, proliferative,
and immunological disorders.> EDC
exposure can occur directly through

the use of consumer products.
Alternatively, because many constituents
of consumer products, pesticides, and
pharmaceuticals biodegrade poorly, they
accumulate in the environment® and can
cause EDC exposure through dermal,
inhalation, embryonic, and oral routes? in
both humans and wildlife.

EDC-laden wastewater causing intersex
characteristics in fish and the correlation
between breast cancer and bisphenol

A are just two examples that highlight
the severity of the EDC problem.

There is a necessity to develop more
efficient means of identifying these
compounds before they are included in
consumer products or used openly in the
environment.
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The estrogen, androgen, and thyroid
hormone systems are primary regulators
of a broad array of critical physiological
functions and are targets of numerous
EDCs. Historically, various in vivo and in
vitro assays have been used to detect
EDCs that interact with the estrogen
receptor (ER), androgen receptor (AR), or
thyroid hormone receptor (TR). Among
these approaches, cell-based assays are
especially powerful because:

+  Thereceptor targets are presented
within their normal biochemical
milieu (maximizing physiological
relevance).

+ The hormone receptor targets
remain linked with their downstream
responses (including transcriptional
activation, cell cycle regulation, and
proliferation*1%1%), providing multiple
readouts of EDC activity.

However, a major limitation of traditional
in vitro cell-based assays is that they only
generate end-point data — representing
mere snapshots in the dynamic
continuum of a cell's response to a
treatment/exposure. Working with such
a limited data set can lead to spurious
conclusions and poor estimations of
how a compound will behave in vivo.

Impeded current flow

Addition
of cells

Using celluar impedance to
study endocrine disruptors

The functional unit of the Agilent
XCELLigence RTCA impedance assay
is a set of gold biosensors fused to

the bottom surface of a microplate

well (Agilent E-Plate, Figure 1). When
submersed in an electrically conductive
solution (such as buffer or growth
medium), the application of a weak
electric potential across these electrodes
causes electric current to flow between
them. Because this phenomenon
depends on the electrodes interacting
with bulk solution, the presence of
adherent cells at the electrode-solution
interface impedes current flow. The
magnitude of this impedance is
dependent on the number of cells, the
size of the cells, and the cell-substrate
attachment quality. Significantly,
numerous studies have demonstrated
that cell health and behavior are not
affected by the gold biosensor surfaces,
nor the electric potential (22 mV
applied intermittently, at a user-defined
frequency).

Figure 1. Overview of cellular impedance apparatus. (A) A side view of a single well from an Agilent xCELLigence electronic microplate (E-Plate) is shown before
and after cells have been added. (Biosensors and cells are not to scale.) In the absence of cells, electric current flows freely through culture medium, completing
the circuit between the biosensors. As cells adhere to and proliferate on the biosensors, current flow is impeded, providing a sensitive readout of cell number, cell
size, and cell-substrate attachment quality. (B) Photograph looking down into a single well of an Agilent E-Plate. In contrast to the simplified scheme in part A, the
electrodes are actually an interdigitated array that covers >70% of the well bottom. Though cells can also be seen on the gold biosensor surfaces, the biosensor-
free region in the middle of the well facilitates microscopic imaging.



Because the estrogen, androgen, and
thyroid hormone signaling axes each
control many of biochemical pathways
that have an impact on cell number,

cell size, or cell-substrate attachment
quality, compounds that interfere with
these axes can readily be detected and
characterized using cellular impedance.

Protocol

xCELLigence instrument and data
plotting

All impedance experiments in this

study were conducted using Agilent
XxCELLigence 96-well electronic
microplates (E-Plate 96) on an
XCELLigence real-time cell analysis
(RTCA) multiple plates (MP) instrument.
The instrument was housed in a
standard tissue culture incubator,

set to maintain 37 °C and a 5% CO,
atmosphere. All tests were performed in
biological duplicate, and were repeated
in at least two independent experiments.
Impedance values recorded by the

XCELLigence instrument were reported
using the unitless parameter Cell Index
(CI), which is defined as (Z -Z,)/15, where
Z_and Z, are the impedance values

in the presence and absence of cells,
respectively. Data were typically plotted
as the Normalized Cell Index (NCI),
where NCI = (Cl,)/(Cl,), where A = at time
point of interest and B = at time point
immediately before compound addition.
All EC,, values were calculated using the
RTCA 2.0 software.

Cells, media, and assay details

T-47D cells were maintained in RPMI
1640 with 10% regular FBS. Four days
before conducting an assay these cells
were preconditioned in phenol red-free
RPMI 1640 with charcoal stripped 10%
FBS. This estrogen-free media was used
in all assays.

LNCAP cells were maintained in RPMI
1640 with 10% regular FBS. The media
used for assays was phenol red-free
RPMI 1640 with charcoal stripped 10%
FBS.

GH3 cells were maintained in F12k
containing 2.5% FBS and 15% horse
serum. The media used for assays was
DMEM, containing charcoal stripped
4% FBS.

For all cell types, after overnight growth
in E-Plates, cells were treated and
responses were monitored using the
XCELLigence instrument every hour for a
total of 120 hours.

For shRNA knockdown of the ERa gene,
lentiviral transduction particles were
used. Cells were seeded in growth media
on E-Plates, allowed to grow overnight,
and the next day virus particles were
added directly to the cells. E-plates were
immediately placed in the xCELLigence
instrument for monitoring cell growth
throughout the entire experiment,
including treatment and monitoring of
the knockdown mediated response. At
the end of the experiment, cells were
harvested to check for knockdown
efficiency through gPCR.



Results and discussion

Time-dependent response of cell
panel to reference compounds
Three mammalian cell lines derived
from different tissues were exposed
to reference agonist against the ER,
AR, and TR (Figure 2). Rat pituitary
GH3 cells, which express TR, and have
been used extensively to study thyroid
system function,’”'® were sensitive not
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only to the thyroid hormone T3, but

also to the ER agonist, E2, and the AR
agonist, R1881 (Figure 2, Panel A). The
stimulated proliferation of E2 and R1881
is consistent with previous reports

of ER and AR signaling in rat pituitary
cells. 221 T-47D is a human mammary
gland epithelial cell line, which expresses
both ER and AR.™ Consistent with this,
T-47D cells displayed sensitivity to both
E2 and R1881. The impedance profiles
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in the presence of these ligands were
dramatically different (Figure 2, panel B).
Similar to GH3 cells, proliferation of the
human prostate cancer cell line LNCaP
was stimulated by all three agonists
(Figure 2, panel C). While prostate
cancer cell sensitivity to E2 and R1881 is
expected, sensitivity to T3 is less intuitive
but is consistent with the fact that TR
expression has been demonstrated in
LNCaP cells.??
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Figure 2. Time-dependent cellular responses to different agonists of the estrogen, androgen, and thyroid receptors. GH3 (panel A), T-47D (panel B), and LNCaP
cells (panel C) were cultured in Agilent E-Plates overnight, followed by treatment with representative agonists of the estrogen receptor (BPA), androgen receptor
(testosterone or DHT), or thyroid receptor (T3). Cl was then monitored for 96 hours and normalized against the Cl at the time of treatment (indicated by the arrow).
Cells without compound treatment were used as a negative control. Note the different scales in each graph.



If RTCA traces are to be useful for
identifying EDCs and characterizing their
mechanism of action, the stimulation

of a single receptor by different ligands
should produce similar impedance traces
(for example, "unknowns" should behave
similarly to the reference compound). To
assess this, additional well-characterized
compounds were tested in GH3, T-47D,
and LNCaP cell lines. Figure 3 shows
that, in all three cell lines, the stimulation
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of ER by the plastic-associated toxin BPA
results in impedance traces very similar
to those produced by E2 stimulation

in Figure 2. Similarly, testosterone or
dihydrotestosterone (DHT) treatment
gives rise to curve shapes similar to
R1881 treatment, and T4 treatment
recapitulates the curves shapes induced
by T3 treatment (Figures 2 and 3).
Collectively, the data suggests that

the dynamic impedance response
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of reference cell lines to reference
endocrine receptor agonists can serve
as standards for identifying endocrine
disrupting activity in "unknown" samples,
and determining which nuclear receptor
they target.

Beyond their distinctive impedance curve
shapes, the different sensitivity that each

Thyroid receptor

— Neg. control Agonist:
— 4nM T4
64— 800pM
160 pM

Normalized Cell Index

0 T T T T T )
0 20 40 60 80 100 120
Time (hours)

27 — Neg. control Agonist:
X — 500 nM T4
2 — 100 nM
o
(@]
o 1
ks i
©
£
S
z

0 T T T T T )

0 20 40 60 80 100 120
Time (hours)
57 — Neg. control Agonist:
— 100 nM T4
4/ — 20nM
4nM

Normalized Cell Index

0 20 40 60 8 100 120

Time (hours)

Figure 3. Time-dependent cellular responses to different agonists of the estrogen, androgen, and thyroid receptors. GH3 (panel A), T-47D (panel B), and LNCaP
cells (panel C) were cultured in Agilent E-Plates overnight, followed by treatment with representative agonists of the estrogen receptor (BPA), androgen receptor
(testosterone or DHT), or thyroid receptor (T4). Cl was continuously monitored for 96 hours and normalized against the Cl at the time of treatment (indicated by
the arrow). Cells without compound treatment were used as a negative control. Note the different scales in each graph.



cell line displays for a given class of
agonist (Table 1) provides an extra point
of differentiation for identifying which
endocrine receptor an EDC is acting

on. For example, the androgen receptor
agonists R1881, testosterone, and DHT
each stimulate proliferation in all three
cell lines, but their potency in each cell
line varies dramatically. For all three of
these agonists the relative sensitivity
displayed by the cell lines is LNCaP >
T-47D > GH3, where LNCaP is 1 to 2
orders of magnitude more sensitive
than T-47D, and T-47D is 1 to 2 orders

of magnitude more sensitive than GH3.
Combining this type of relative sensitivity
data with the distinctive impedance
curve shapes provides a more rigorous
means of deciphering which receptor an
EDC is stimulating.

Receptor specificity of the
cell panel-based RTCA
assay

The receptor responses observed in the
assays discussed are consistent with
previous reports.'”1821.22 But confirmation
was needed that the distinctive features
of impedance traces recorded by RTCA
correlate with specific receptor-ligand
interactions. To this end, antagonists
that targeted the different hormone
receptors were used. Figure 4 shows that
T-47D cells exhibit specific proliferative
responses to ER and AR agonists, which
can only be inhibited by each receptor's
respective antagonist. Specifically, the
proliferation that is stimulated by E2

is abolished by the ER antagonist ICI
182,780% (Figure 4A), but not by the
anti-androgen compound bicalutamide
(Figure 4B). Similarly, the proliferation
that is stimulated by the androgen DHT is
effectively blocked by bicalutamide, but
not by ICI 182,780 (Figure 4C and D).
Further testing with additional hormone
receptor-specific antagonists, such as
the ER antagonist tamoxifen and the AR

antagonist vinclozolin (data not shown),
confirmed that the impedance readouts
of the xCELLigence assay are specific
to which hormone receptor is being
stimulated or blocked.

How specific RTCA impedance
responses are to stimulation of a
particular receptor was further probed

using shRNA-mediated knockdown of
estrogen receptor alpha (ERa).

T-47D cells grown on E-Plates were
infected with lentivirus expressing either

Table 1. Cell panel sensitivity to agonist derivatives in RTCA assays. Reference compounds were tested
for agonistic effects on GH3, T-47D, and LNCaP cells. EC50 was calculated using NCI values 72 hours post
compound addition. nd = not determined since the compound did not have a proliferative effect. The cell
line that shows the most sensitive response to each category of agonist is highlighted in pink.

Receptor Type Reference Compound GH3 EC50 (M) T-47D EC50 (M) | LNCaP EC50 (M)
E2 5.9x1072 2.8x 10712 3.7x107
Estrogen receptor
BPA 1.7%x107 1.9x107 nd
Testosterone 6.8x 1077 29x10° 1.3x107°
Androgen receptor R1881 1.3x10°¢ 1.1x10° 1.2x10"
DHT 3.9x107 2.9%x10° 4.5x10™"
T3 2.0x10™" nd 2.6x1070
Thyroid receptor
T4 6.3x 1071 nd 2.7x10°¢
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Figure 4. Time-dependent cellular responses of T-47D cells to specific agonist and antagonist
combinations. T-47D cells were cultured in Agilent E-Plates overnight. Following treatment with the ER
antagonist ICI 182,780 (A and C) or AR antagonist bicalutamide (B and D), cells were immediately treated
with E2 or DHT. Cl was continuously monitored for 96 hours and normalized against the Cl at the time of
treatment (indicated by the arrow). Cells without compound treatment or treated with antagonists alone
were used as a control and cells treated with E2 alone or DHT alone were used as a reference for the level

of inhibition by the antagonist.



a nontargeting control (NTC) shRNA
or an ERa-specific shRNA (Figure
5A), followed by treatment with E2.
While E2 induced cellular proliferation
in the NTC shRNA cells (Figure 5B),
this was abolished in ERa knockdown
cells (Figure 5D). In contrast, the

efficacy of using T-47D cells to determine
whether a compound is acting as an EDC
by binding ER versus AR.

proliferation profile induced by R1881
was not affected by ERa knockdown
(Figure 5C and 5E). These data suggest
the unique kinetic response profiles
elicited by estrogen-active compounds
are a consequence of ER activation. This
knockdown study also demonstrates the
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Figure 5. Probing the receptor specificity of RTCA proliferation profiles using shRNA-mediated knockdown of estrogen receptor alpha (ERa). T-47D cells growing
on Agilent E-Plates were infected with lentivirus expressing either ERa-specific shRNA or NTC shRNA. Infected cells were treated with E2 or R1881 and growth
was monitored by impedance. (A) ERa knockdown efficiency. Growth profiles of NTC shRNA infected cells treated with E2 (B) or R1881 (C). Growth profiles of ERa
shRNA infected cells treated with E2 (D) or R1881 (E). All graphs are normalized to NTC shRNA values, set to NCI = 1.



Conclusion

There is a steady increase in the
number of synthetic chemicals that are
being used in products ranging from
cosmetics and sunscreens to food
additives and building materials. With
this, there is a growing need for assays
that can efficiently evaluate whether

a compound has EDC activity. Using
XxCELLigence RTCA, such an assay has
been developed. The workflow, shown
in Figure 6, involves growing three
different cell lines (GH3, T-47D, and
LNCaP) in E-Plates for 24 hours, adding
reference compounds, which have
known activity against either the ER,
AR, or TR, and tracking the proliferation
response for three to five days using
continuous impedance recording. The
resulting growth curves have distinctive
shapes that are specific to the cell

line being used and the receptor being
stimulated. These data can then be
used as the standard by which the data
from "unknown/test" compounds are
compared. Beyond the impedance curve
shape, the relative sensitivity of each
cell line to the test compound helps

to elucidate which of the endocrine
receptors is being stimulated. If no
agonistic activity is observed for a

test compound, it can subsequently

be evaluated for antagonistic activity
(Figure 6).

As well as the efficiency gained from
identifying EDC activity and target
receptor identity in a single assay,
other benefits of the RTCA approach
include: (1) The ability to detect low EDC
activity with late onset. For example,
when LNCaP cells were exposed to
1.28 pM R1881, a proliferative effect
was only observed after 90 hours of
exposure (Figure 2C). Using traditional
in vitro assays that lack real-time
kinetic data would lead to subtle and
delayed effects going undetected.

(2) The ability to differentiate cytotoxicity
from EDC activity. A drawback of
traditional cell-based assays is that,
because cytotoxicity can interfere with
EDC activity, a separate cytotoxicity
experiment has to be carried out in
parallel. With RTCA assays, cytotoxic
effects are readily identified by
impedance (Cl) values dropping lower
than the values displayed by negative
controls.

The use of three cell lines in our assay
provides a multifaceted view of how a
test compound behaves, increasing the
sensitivity and predictivity of the assay.
The inclusion of extra cell lines from
different tissues or different species
could help elucidate tissue-specific
effects. The approach shown for
endocrine receptors can just as easily
be applied to other families of receptors,
with one caveat being that, to be
observable by RTCA, the activity of a

receptor needs to have an impact on
cell number, cell size, or cell-substrate
attachment quality over time. Because
most receptors have an impact on at
least one of these three parameters, the
breadth of applications/targets that are
accessible through RTCA is substantial.

In addition to enabling the rapid and
facile identification of EDC activity in
previously uncharacterized compounds,
this method allows elucidation of

the identity of the endocrine receptor
being agonized or antagonized. Use of
the RTCA approach with multiple cell
lines provides a multifaceted view of a
potential EDC, improving the predictive
value of the assay. This approach can
be expanded to study other types of
nuclear receptor activation, given that
the downstream effects involve changes
in cell proliferation, morphology, or cell
attachment quality.
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Figure 6. Workflow for EDC identification and characterization using Agilent xCELLigence real-time cell

analysis. See text for details.
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