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ABSTRACT

A toxicity pathway approach was taken to develop an in vitro assay using human uterine epithelial adenocarcinoma
(Ishikawa) cells as a replacement for measuring an in vivo uterotrophic response to estrogens. The Ishikawa cell was
determined to be fit for the purpose of recapitulating in vivo uterine response by verifying fidelity of the biological pathway
components and the dose-response predictions to women of child-bearing age. Expression of the suite of estrogen
receptors that control uterine proliferation (ERu66, ERu46, ERx36, ERB, G-protein coupled estrogen receptor (GPER)) were
confirmed across passages and treatment conditions. Phenotypic responses to ethinyl estradiol (EE) from transcriptional
activation of ER-mediated genes, to ALP enzyme induction and cellular proliferation occurred at concentrations consistent
with estrogenic activity in adult women (low picomolar). To confirm utility of this model to predict concentration-response
for uterine proliferation with xenobiotics, we tested the concentration-response for compounds with known uterine
estrogenic activity in humans and compared the results to assays from the ToxCast and Tox21 suite of estrogen assays. The
Ishikawa proliferation assay was consistent with in vivo responses and was a more sensitive measure of uterine response.
Because this assay was constructed by first mapping the key molecular events for cellular response, and then ensuring that
the assay incorporated these events, the resulting cellular assay should be a reliable tool for identifying estrogenic
compounds and may provide improved quantitation of chemical concentration response for in vitro-based safety
assessments.
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INTRODUCTION be carefully designed to be fit for the purpose of predicting hu-
The National Research Council report “Toxicity Testing in the man response. Validation of these assays should ensure utility
21st Century” defines the need to develop human cell-based as- for the intended purpose, as well as define any limitations with
says for assessing chemical safety (Krewski et al, 2010). respect to the in vivo outcome of concern. Existing initiatives, in-
However, to use in vitro assays for risk assessment, they must cluding ToxCast, Tox21 and EDSP integrate high-throughput
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and tiered testing approaches for chemical prioritization
(Attene-Ramos et al., 2013; Browne et al., 2015; Huang et al., 2014;
Judson et al., 2010; Knudsen et al., 2011; Reif et al., 2010). These
programs use a suite of assays to support a weight-of-evidence
approach to prioritize chemicals for further testing, and are
likely to include in vivo studies (Attene-Ramos et al., 2013;
Browne et al, 2015; Huang et al., 2014; Judson et al., 2010;
Knudsen et al., 2011; Reif et al., 2010). Our goal, however, is to de-
velop human cell-based assays sufficient for in vitro-only risk
assessments where results can define regions of safety for hu-
man exposure without requiring animal testing.

During the female estrous cycle, uterine tissue undergoes syn-
chronized changes in response to alterations in 17f-estradiol (E2)
with proliferation of the epithelial lining occurring in response to
increased E2 prior to the secretory phase (Bondesson et al., 2014;
Maruyama and Yoshimura, 2008). Many chemicals mimic estro-
gen and induce uterine proliferation in the human and in animal
models. In the context of chemical risk assessment, proliferative
pressure on the cell is a risk factor for carcinogenicity. Potential
for chemical-induced uterotrophic response is currently moni-
tored under OECD guideline 440: rodent uterotrophic assay
(OECD, 2003). We developed a human uterine epithelial cell
(Ishikawa)-based assay with the intention of replacing the utero-
trophic assay for screening compounds and, more importantly,
as a means of providing realistic estimates of concentration-
response for human uterine effects in vivo.

We took a toxicity pathway approach to assay develop-
ment—first outlining the key events in the uterine proliferative
response, then designing a model system that accounts for key
signaling events from molecular initiating event (ER binding) to
phenotypic outcome, i.e., proliferation (Fig. 1). This stepwise
process is similar to defining the molecular and cellular events
in an Adverse Outcome Pathway (AOP), but stops short of defin-
ing tissue, organism and population effects. Molecular events
leading to increased proliferation have traditionally been attrib-
uted to transcriptional activity after estrogen binds classical
ERs—ERa66 or ERf—and the majority of current HTS assays for
screening focus on measuring ERu66 or ERB ligand binding and
transactivation (Browne et al., 2015; Rotroff et al., 2013, 2014).
The toxicity pathway these efforts portray is a significant sim-
plification of E2-mediated signaling (Fig. 1A). A current under-
standing of estrogen signaling incorporates the more complete
regulatory network for estrogen-mediated tissue responses, in-
cluding feedback and feed-forward interactions between addi-
tional ERs (Fig. 1B), that serve as the key determinants of
chemical concentration-response.

In addition to ERB and full-length ERa (ERa66), two shorter
isoforms of ERoa (ER046, ERo36) and the G-protein Estrogen
Receptor (GPER) are key mediators of estrogen-induced prolifer-
ation (Filardo et al., 2000; Penot et al., 2005; Wang et al., 2006).
These receptors all bind estrogen, but differences in binding do-
mains lead to large variations in affinity for native ligands and
exogenous chemicals (Li et al., 2003; Lin et al., 2013; Tamrazi
et al., 2002; Zhao et al.,, 2009). Current literature supports pro-
proliferative effects of ERu66, GPER and ER«36 (Filardo et al.,
2000; Tong et al., 2010; Wang et al., 2006), and anti-proliferative
effects of ERp and ERo46 (Klinge et al.,, 2010; Lin et al., 2007;
Omoto et al.,, 2003). The inherent feedback in the pathway en-
sures tight regulatory control of estrogen-mediated events.
Further, the relative expression of the ER isoforms, differential
affinity for ligands, and regulatory feedback signals between the
receptors will influence the shape of chemical-specific dose-re-
sponse curves and, subsequently, estimated points of departure
(PoDs). For these reasons, we considered all key ERs and down-
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FIG. 1. Developing a framework for the estrogen receptor signaling network.
A. A simplified schematic for estrogen receptor activity relying on only two of
the suite of ERs. B. Regulatory network driving concentration-response with the
fuller suite of estrogen receptors.
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stream cellular responses in the toxicity pathway when select-
ing the appropriate cell model and developing in vitro assays in-
tended for safety assessment applications (Fig. 1B).

Using a toxicity pathway approach to assay design can in-
crease the likelihood that the assay will provide biological- and
dose-relevant information. Here, we have used this approach to
develop a model of uterine proliferation. The ultimate goal is to
recommend an in vitro assay in human cells that moves beyond
screening and prioritization to reliably predict concentrations at
which estrogenic activity can be expected in humans.

MATERIALS AND METHODS
Ishikawa Cells

The cell line used for assay development (Ishikawa) is of human
uterine adenocarcinoma origin. It is commercially available
through the European Collection of Authenticated Cell Cultures
(ECACC) and has been genotyped for confirmation of cell type.

Chemicals and Reagents

17B-estradiol (E2; CAS #50-28-2) and 17a-ethinyl estradiol (EE; CAS
#57-63-6) were purchased from Tocris Bioscience (Bristol, UK); ta-
moxifen (TAM; CAS #10540-29-1) and 4-Hydroxytamoxifen
(OHT; CAS #68392-35-8) from Sigma (St. Louis, MO); HEPES 1 M
solution, L-Glutamine 200mM solution, Trypsin 2.5%, Penicillin—
Streptomycin solution, phenol red-free DMEM/F-12 (1:1) and DPBS/
Modified from Hyclone Laboratories, Inc. (Logan, Utah); MEM
NEAA (100x) from Gibco® by Life Technologies (Grand Island, NY).
Fetal bovine serum (FBS) and charcoal stripped FBS (CSS) were
from Atlanta Biologicals (Flowery Branch, GA).

Cell Culture

Ishikawa cells were maintained in phenol red-free 1:1 DMEM/
F12 medium supplemented with 1% L-Glutamine (100X), 1%
penicillin/streptomycin (10,000 U/ml penicillin, 10,000 pg/ml
streptomycin), 1% HEPES (1M), 1% non-essential amino acids
(100X), 0.1% ITS Premix (insulin, human transferrin, selenium
supplement, 10X), and 10% FBS. Prior to gene analysis, protein
analysis, enzyme activity or proliferation assays, Ishikawa cells
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were passaged into 150 mm cell culture plates at a density of
2x10° cells per plate in 10% CSS supplemented media and al-
lowed to grow for 72 hours. Cells were then plated according to
assay format requirements in 5% CSS supplemented media.
After 48 hours, media was replaced with 5% CSS supplemented
media containing various concentrations of EE, E2, TAM, OHT or
ethanol (EtOH; vehicle control). EtOH concentrations in media
were 0.1% v/v. For the remainder of the experiment, half of the
treatment media in each well was replaced daily with fresh 5%
CSS media containing appropriate concentrations of EE, E2,
TAM, OHT or vehicle (EtOH).

Western Blotting

Ishikawa cells were lysed in ice cold protein lysis buffer (IM
Tris-HCL, 0.5M EDTA, 5M NaCl, 10% SDS, 10% sarkosyl diluted in
distilled H,O (dH,O)to 100ml final volume) containing freshly
added protease and phosphatase inhibitors (Pierce
Biotechnology; Rockford, IL). Samples were stored at -80°C until
further use. To begin western blot analysis, samples were
thawed on ice and sonicated 3-5 times for 5seconds. Protein
concentrations were determined via BCA Protein assay (Pierce
Biotechnology) and the LDS sample buffer was added directly to
lysates at a 1:4 dilution (NUPAGE LDS Sample Buffer, Life
Technologies; Carlsbad, CA). Samples were heated at 90°C for
3minutes, cooled on ice, and approximately 20-40 pg of total
protein per well was loaded into 10% Novex® Tris-Glycine gels
(Life Technologies). SDS-PAGE was run in 1X Tris/Glycine/SDS
running buffer (Bio-Rad, Hercules, CA) at 125V constant for
2hours. Separated protein samples were transferred from gels
to PVDF membranes for 7 minutes at 20V (iBlot® Transfer Stack
PVDF, Life Technologies) using the iBlot® Gel Transfer Device
(Invitrogen, Carlsbad, CA). Membranes were rinsed with dH,0
(or d-H,0 depending on choice above) and blocked for 2 hours at
25°C with Odyssey® Blocking buffer (LI-COR Biosciences;
Lincoln, NE). Following blocking, primary antibody incubation
was performed overnight at 4°C in Odyssey” blocking buffer
with the following anti-human antibodies from Santa Cruz
Biotechnology (Dallas, TX): ERu66 and ERv46 (F10), ERa36 (G20),
ERB (H150), or GPER (N15). Anti-human GAPDH (14C10) was used
when applicable (Cell Signaling, Beverly, MA). Membranes were
subsequently washed 3X in PBS+0.5% Tween-20 (Sigma-
Aldrich, St. Louis, MO) for 15 minutes per wash and secondary
fluorescently-tagged antibodies (IRDye® Infrared Dyes, LI-COR
Biosciences) were added in PBS+0.5% Tween-20 for 1hour at
25°C protected from light. Membranes were washed again three
times in PBS +0.5% Tween-20 for 15 minutes per wash and im-
aged on the Odyssey” Classic Infrared Imaging System (LI-COR
Biosciences). Densitometry analysis was performed using
Image Studio 4.0 software (LI-COR Biosciences).

Real-Time PCR

RNA was extracted using the QIAxtractor” (Qiagen; Maryland,
USA) with VX reagent pack according to manufacturer’s instruc-
tions. Reverse transcription was performed with 300ng RNA input
using a High Capacity cDNA reverse transcription kit as per manu-
facturer’s instructions (Applied Biosystems® Life Technologies;
Grand Island, NY) for a total reaction volume of 20ul. PCR reactions
were performed using a 7900HT Sequence Detection System
(Applied Biosystems® Life Technologies; Grand Island, NY) in a to-
tal reaction volume of 20ul using TagMan Fast Universal
PCR Master Mix (2x). TagMan probes for PGR (Hs01556702_m1),
ALPP  (Hs03046558 s1), GREB1 (Hs00536409_m1), and B2M

(Hs00984230_m1) were used as per manufacturer’s instructions.
For all reactions B2M was used as the internal housekeeping gene
and assays were performed in technical and experimental tripli-
cate. Values were calculated using the AAC(t) method and ex-
pressed as a ratio of gene of interest to a reference gene
normalized to experimental culture condition.

Alkaline Phosphatase (ALP) Activity

Ishikawa cells were cultured as described in the cell culture pro-
cedure and plated into 96-well plates at 2x10° cells per well in
200 pl of 5% CSS media. Following treatments, the media was
removed and the cells were washed with 100l of PBS. PBS was
aspirated and the plates were incubated for 20-30 minutes at -
80°C to lyse the cells. 100u] of One-Step PNPP reagent (Thermo
Fisher Scientific Inc.; Rockford, IL) was added to each well and
plates were incubated at room temperature in the dark.
Absorbance at 405 nm was measured after 30, 60, or 90 minutes.

MTS Proliferation Assay

Following the outlined culture procedure, cells were plated in
24-well plates at a density of 7x10> cells per well in 0.5 ml of me-
dia containing 5% CSS for 48 hours prior to treatment. Medium
was then removed and the cells were rinsed twice with 1ml
PBS. 80ul of trypsin (0.25%) was added and the plate was incu-
bated at 37 °C for 5 min. Each well was then treated with 320ul of
5% CSS and 80ul of CellTiter 96® AQueous One Solution (Promega;
Madison, WI) and incubated at 37°C. After 20, 40 and 60 min-
utes, the plate was read on a spectrophotometer using a wave-
length of 490 nm. Results were expressed as relative fluorescent
units (RFU) and fold changes were calculated as the change
from vehicle control.

CellTrace Proliferation Assay

Cells that had been in 10% CSS for 72 hours were labeled with
CellTrace™ Far Red Cell Proliferation Dye according to manu-
facturer’s instructions (Molecular Probes® Life Technologies,
Grand Island, NY) and plated into 24-well plates at 10x10° cells
per well in 0.5ml of 5% CSS supplemented media containing
treatment. Following treatment, cells were analyzed on the
FACS Canto™ II flow cytometer, BD Biosciences (Mountain
View, CA). Proliferation Index was calculated for each sample
using ModFit LT (Verity Software House).

Hoechst Proliferation Assay

Following 72 hours of growth in 10% CSS supplemented media,
Ishikawa cells were passaged into 96 well plates at a density of
4x10° cells per well in 150l of 5% CSS supplemented media and
allowed to grow for 48 hours. Cells were then treated with various
concentrations of EE or vehicle control for 3 days. At the end of
the assay, cells were fixed with 4% paraformaldehyde containing
2ug/ml of Hoechst-33342 nuclear stain from Thermo Fisher
Scientific Inc. (Rockford, IL). Plates were analyzed on a Molecular
Devices FlexStation plate reader using a 9-point scan per well.
Total fluorescence was averaged for each well and used to calcu-
late a fold change in cell number as a measure of proliferation.

RESULTS

Confirming Biological Relevance of the In vitro Assay

Based on a comprehensive review of the current understanding
of estrogen-mediated cellular responses, we developed an AOP-
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like (toxicity pathway) diagram to guide assay development
(Fig. 1B). This schematic includes key events from estrogen
binding to transcriptional activation, enzyme induction and
phenotypic response. To ensure that the model incorporated
the appropriate biology for predicting uterine response, we eval-
uated whether the cells contained the appropriate receptors
and were capable of recapitulating key responses to estrogenic
stimulus, including transcription of ERE-mediated genes, ALP
enzyme induction, and proliferation.

Expression of Estrogen Receptors in Ishikawa Cells

Five distinct ERs are expressed in human tissues that bind es-
trogen and have unique signaling contributions to estrogen-
mediated cellular responses: three ERa isoforms (ERu66, ER046,
and ERa36), ERpB, and GPER. We evaluated mRNA and protein ex-
pression of each isoform. mRNA profiles are described in the
supplementary data (Supplementary Fig. 1). Because ERs are
post-transcriptionally regulated (Ishii et al., 2013; Saceda et al.,
1991), we performed extensive evaluations of the protein ex-
pression of each of these receptors using western blotting.
ERa66, ERa46, and ERa36 mRNAs are transcribed from the same
open reading frame of the ERa gene and are therefore translated
into proteins with homologous amino acid sequences. ERx46 is
a truncated version of ERu66, missing the first domain on the
N terminus (Flouriot et al., 2000). ERx36 is truncated at both the
C and N terminus but contains an additional unique region on
the C terminal end (Wang et al., 2005). The majority of commer-
cially available antibodies for ERa are directed at full length
ERa66 and it is unknown whether they distinguish between the
three ERa isoforms. For this reason, we developed a positive
control for protein detection of each isoform by overexpressing
GFP-fused ERa isoform constructs in HEK293T cells that do not
express ERq (Filardo and Thomas, 2012; Kahlert et al., 2000; Zhao
et al., 2009). The specific immunogen used to develop each avail-
able antibody as listed on the company product sheet was used
to predict isoform recognition.

Of the antibodies tested, two from Santa Cruz Biotechnology
consistently detected each ERa. ERu66 and ERa46 were detected
by clone F10, which targets the C-terminal end of the protein
that is present only in these two isoforms and provides specific
detection as confirmed with the GFP-fusion controls (Fig. 2A).
ER036 was best detected using the Santa Cruz ERo antibody
clone G20 which recognizes the central hinge domain of the
protein, an epitope present in all 3 isoforms (Fig. 2A). G20 pro-
duced a number of nonspecific bands at higher molecular
weights, preventing its use for detecting the two larger isoforms
(Supplementary Fig. 2). For each primary antibody, no protein
bands were detected in the WT HEK negative control lysate and
the appropriate GFP-tagged ERa isoform was detected in the
transfected HEK lysate (Fig. 2A). Additional western blots were
run with F10 or G20 then stripped and re-probed with anti-GFP
to confirm the correct band for fusion proteins (Supplementary
Fig. 3). F10 and G20 were then used to probe for each ERx iso-
form in Ishikawa cells grown in either maintenance media (10%
FBS) or in media supplemented with CSS. In all conditions, each
of the three isoforms was present (Fig. 2B). Antibodies against
ERB and GPER identified specific bands at expected molecular
weights for each protein, confirming the expression of these
other estrogen receptors (Fig. 2C).

To evaluate the stability of the test system, we examined
protein expression in Ishikawa cells under each experimental
condition outlined in our cell culture method including growth
medium (10% FBS), charcoal-stripped serum supplemented me-
dium (10% CSS), low charcoal-stripped serum medium (5% CSS,
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1% v/v EtOH), and cells treated for 3 days with EE (5%
CSS+10~°M EE) over several consecutive passages. All of the
ERo isoforms were present in the Ishikawa cells under all test
conditions (Fig. 3). However, some changes in expression levels
occurred across passages and for certain treatment conditions.
ERa36 expression displayed a statistically significant decrease
in response to EE treatment at passage 12 (p12), but was fairly
stable for other treatments and passages tested (Fig. 3A).
Likewise, ERu46 expression was steady across passages, with a
decrease observed only in 10% CSS media at p10 (Fig. 3B). ERu66
was consistent across all passages in vehicle control samples,
but showed a trend towards decreased protein expression fol-
lowing EE treatment (Fig. 3C). ERp expression increased follow-
ing EE treatment at p7 and p10, but not at p12 (Fig. 3D). GPER
protein expression levels were consistent across treatments
through passage 10, but displayed significant differences be-
tween treatments at p12 (Fig. 3E). Cell lines reportedly lose es-
trogen sensitivity through alteration in ER expression at higher
passages (Daly and Darbre, 1990), unpublished observation) and
fluctuations in expression patterns were observed in Ishikawa
cells at the higher passages tested here. Our results indicate
that the expression of the suite of ER receptors in these cells re-
mains relatively stable through p10.

Regulation of ER-Mediated Transcription in Ishikawa Cells
Classical signaling through ERa (ERa66) occurs through dimer-
ization of the cytosolic receptor, translocation to the nucleus
and initiation of transcription through binding of the receptor
to estrogen response elements (EREs). To determine if Ishikawa
cells maintain this classically described estrogen-mediated
transcriptional signaling, expression of three estrogen-mediated
genes was evaluated using RT-PCR after 3 days of treatment
with the potent estrogen derivative, ethinyl estradiol (EE).
Progesterone receptor (PGR) and a gene regulated in breast can-
cer (GREBI) contain EREs in their promoter regions for direct ER
dimer binding and subsequent transcriptional regulation
(Deschenes et al., 2007; Petz and Nardulli, 2000). Additionally,
GREBL1 is essential for ER transcriptional regulation (Mohammed
et al.,, 2013). The full ERE has not been described for alkaline
phosphatase, placental (ALPP), but increased transcription of
ALPP has been specifically associated with estrogen-mediated
responses in uterine cells (and not breast cells) in vitro and
in vivo (Albert et al., 1990; Naciff et al., 2009). All of these genes
demonstrated dose-dependent increases, with significant in-
duction occurring at doses as low as 10 ~ ** M for PGR and 10~ 2
M for ALPP or GREBI1 (Fig. 4). We also evaluated the full genome
transcriptomic profile using gene array with Ishikawa cells fol-
lowing 72-hour treatment with vehicle or 10 °M EE (see
Supplementary Materials). The genomic data demonstrated reg-
ulation of expected estrogen receptor pathways and was consis-
tent with previous reports for this cell type and with intact
uterine tissue (Naciff et al., 2009). Transcriptomic results are pro-
vided in Supplementary Figure 4.

ER-Mediated Induction of Enzyme Activity in Ishikawa Cells

ALP enzyme activity is associated with estrogen-specific signal-
ing in endometrial tissues and plays an important role in physi-
ologic changes in uterine stromal and epithelial cells during
implantation and pregnancy (Vatin et al., 2014). Up-regulation of
ALP activity in response to estrogen is a useful measure of
estrogen-mediated cell signaling (Bansode et al., 1998). ALP en-
zyme activity was measured across doses of EE and treatment
times using PNPP, a substrate for ALP that yields a yellow prod-
uct after enzymatic cleavage and can be read on a plate reader
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FIG. 2. Detection of all five ER proteins by western blot. Protein expression levels of ERu66, ERa46, ERx36, ERB, and GPER were detected by Western blot. A. Lysates from
ERa-deficient HEK cells (Lane 1), ERu66-GFP fusion protein transfected HEK cells (Lane 2), ERu46-GFP fusion protein transfected HEK cells (Lane 3), or ERa36-GFP fusion
protein transfected HEK cells (Lane 4) were run using either F10 for detecting 66/46 or G20 for detecting all 3 isoforms. B. Lysates from WT Ishikawa cells in 10% FBS con-
taining media (Lane 1) or WT Ishikawa cells in 10% CSS containing media (Lane 2) were run using F10 for detection of ERu66 and ERu46, and G20 for detection of ERu36.
For detection of ERu36, twice as much lysate was used to improve band clarity. C. ERp and GPER were present in Ishikawa cells in 10% FBS media (Lanes 1) and in 10%
CSS media (Lanes 2). *Asterisks denote protein band of interest in each blot, molecular weights determined by protein ladders.
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ERP, or E. GPER was measured in Ishikawa cells at passages 7, 10, and 12 by western blotting. Densitometry was performed using GAPDH as a housekeeping gene and
expression was normalized as fold change over 10% FBS controls for each experiment. Data shown represents the mean + SEM (A-C, n=3; D-E, n=1 for each treatment
condition, *p < 0.05 statistical difference from 10% FBS controls, two-way ANOVA).
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FIG. 4. Expression of estrogen-mediated gene transcripts following treatment of Ishikawa cells with EE for 3 days. mRNA transcript levels of A. PGR, B. ALPP, and C.
GREBI, in p8 Ishikawa cells treated for 3 days with increasing doses of EE in 5% CSS media were analyzed using qRT-PCR. At each concentration, samples were ana-
lyzed in triplicate. Fold change over vehicle control (0 M EE) was calculated by the 2"**“T method and data shown represents the mean +SEM (n=4, *<0.05 Mann-
Whitney statistical difference from vehicle control).



(absorbance). Ishikawa cells demonstrated both a dose- and
time-dependent induction of ALP enzyme activity (Fig. 5).
Minimal responses were observed on days 1 or 2 of treatment,
but by day 3, ALP activity was significantly increased in the
presence of EE at concentrations greater than 10~ ** M (Mann-
Whitney test for significance over vehicle treated).

ER-Mediated Proliferation in Ishikawa Cells

On a cellular level, the characteristic phenotypic response to es-
trogenic signaling is the induction of proliferation. Multiple
methods for measuring proliferation in Ishikawa cells were
evaluated, including the same ACEA platform used in the
ToxCast T47D assay, MTS, CellTrace, and Hoechst nuclear stain-
ing. The ACEA assay measures cellular impedance of an electri-
cal current, which correlates to cellular responses including
adhesion, proliferation and cytotoxicity. Our preliminary efforts
with the platform revealed that the loss of cell-cell contact as-
sociated with estrogen signaling in the uterine cells confounded
the proliferative signal in the impedance readout (see
Supplementary Fig. 6). The platform was therefore not useful as
measure for proliferation with Ishikawa cells. MTS is a widely
used enzymatic viability assay with a colorimetric read-out,
where viability is used as a direct correlate to cell number.
CellTrace is a cytoplasmic dye that uniformly labels the cell
population of interest at the start of treatment. With each divi-
sion, cells become half as bright, allowing for quantitation of
the number of divisions and relative percent of proliferative re-
sponders by flow cytometry. Hoechst dye labels the cell nucleus
and provides a method for quantification of the number of nu-
clei, and therefore cells, in each well of the assay using a fluo-
rescent measurement. Despite very different assay readouts, all
three methods showed similar results, with maximum induc-
tion of approximately 20% fold increase in the proliferation over
controls following 3 days of 10 ~° M EE treatment (Fig. 6). Of the
assays, the Hoechst assay provided the least amount of inter-
experimental variability, which allowed greater sensitivity at
low doses. In-depth dose-response studies were then performed
using the Hoechst assay at 3 and 5 days of EE treatment, with
concentrations ranging from 10~ ** M to 10 ~ & M EE. Significant
increases in proliferation were observed at 10~ *> M EE and
above on both days 3 and 5 (Fig. 7). Additional studies using the
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FIG. 5. Induction of ALP enzyme activity in Ishikawa cell following EE treatment.
ALP enzyme activity was measured in Ishikawa cells across increasing doses of
EE daily up to 6 days after treatment. At each time point and concentration,
samples were analyzed in triplicate and fold change over vehicle control was
calculated. Data shown represents the mean + SEM (n=3).
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MTS assay on days 2-6 showed maximal responses on day
3 with the induction of proliferation at concentrations as low as
3x10~ ' M EE (Supplementary Fig. 5). Although the dynamic
range of the proliferation response was modest, it was highly
consistent across experiments. The Z factor (Zhang et al., 1999)
for these assays revealed that the Hoechst assay was the most
robust of the methods with a Z-factor of 0.610 compared to 0.
246 for MTS and 0.219 for CellTrace.

Evaluating Predictivity of Concentration-Response

Our goal in evaluating estrogen responses in Ishikawa cells was
to provide a fit-for-purpose in vitro assay useful for predicting a
surrogate point of departure (PoD) for uterine response to estro-
genic stimulus. To accomplish this goal, the surrogate test sys-
tem should have concentration-response characteristics
consistent with those seen in intact tissue. Comparison of these
two situations requires concentration-response information in
both systems. Toward this end, we first evaluated the
concentration-response for estrogens (EE and the endogenous
ligand E2), the selective estrogen receptor modulator (SERM) ta-
moxifen (TAM) and its metabolite 4-hydroxytamoxifen (OHT) in
Ishikawa cells (Fig. 8). As EE and E2 are potent agonists for this
pathway, the concentration range tested for these compounds
was from 10~ ®M through 10~ **M at 1 log intervals. For TAM
and OHT, the dose range was increased to span 10 ~ °M through
10 M in order to include the highest nontoxic doses in our
analysis. Because EE and TAM are pharmaceuticals, and E2 is a
well-studied endogenous estrogen involved in regulating the
menstrual cycle, it was possible to compare the active in vitro
concentrations to in vivo serum concentrations in women. EE
and E2 were used to test the ability of the Ishikawa cells to iden-
tify activation via classical estrogenic compounds. TAM, and its
potent metabolite OHT, tested the ability to identify a SERM
with uterine-specific activity.

Comparing Active Estrogen Concentrations In vitro to In vivo
Serum Concentrations

We compared dose-response parameters for enzyme activity
(ALP), gene transcription (PGR), and proliferation endpoints
(Hoechst) following estrogen treatment in Ishikawa cells to ac-
tive concentrations in serum of healthy women of reproductive
age. Biological activity may be evaluated in several different
ways, including benchmark dose (BMD), concentration with 50%
maximal activity (ECso), the lowest observed effect (LOEL), etc.
Figure 8 shows a comparison of the BMD and ECs, for each in vi-
tro endpoint following 3 days of EE or E2 treatment. In general,
responses occurred in the low to mid-picomolar range.
Reference ranges for steady state serum concentrations in
women using EE as a contraceptive are 0.5 to 2ng/ml with a
range of 1.69 to 6.75nM (Brody et al., 1989). The in vitro concen-
trations of EE required to initiate response in the Ishikawa cells
were lower than these reported blood concentrations (Fig. 8).
Because EE is used as a primary pharmacologically active com-
ponent in oral contraceptives, it is reasonable that in vivo serum
concentrations would be well above the lowest activating dose.
These results provide evidence that the Ishikawa cell assay is
sufficiently sensitive to identify estrogenic response in the hu-
man population.

To better compare the assay to normal response in vivo, in vitro
concentrations of EE and E2 were also compared to published
values for circulating estrogen (E2) in normal, premenopausal
women (Fig. 8) (Mayo Clinic physician reference ranges). E2 and
EE have similar potency for ER-mediated effects (Fig. 9),
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FIG. 6. Comparison of three methods for evaluating EE-induced proliferation in Ishikawa cells. Several methods for detection of cellular proliferation were compared
following EE treatments in Ishikawa cells. A. MTS was performed on day 3 following EE treatment (n =3). B. Cells were labeled with CellTrace proliferation dye prior to
treatment and then analyzed on a flow cytometer for proliferation at day 3 (n=3). C. Cells were labeled with Hoechst dye and total fluorescence was analyzed using
9 fields of view on a Flex Station plate reader on day 3 following treatment (n=3). For each assay, fold change over vehicle control (0 M EE) was calculated and the
mean + SEM is shown (*< 0.05 Mann-Whitney statistical difference from vehicle control).
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FIG. 7. Comparison of 3 and 5day endpoints for the Hoechst proliferation assay
in EE treated Ishikawa cells. Ishikawa cells were treated across multiple doses of
EE and Hoechst staining was performed at day 3 or 5 post treatment. Fold
change in proliferation over vehicle control (OM EE) was calculated for each time
and dose. Days 3 and 5 both represent the maximal proliferative dose response
and are shown here as mean *+ SEM. For each experiment, samples were run in
triplicate (n=3). For both time points, significance was reached at doses of
10~ "M EE or higher (*<0.05 Mann-Whitney statistical difference from vehicle
control).

although they have different pharmacokinetic characteristics
in vivo, due to a decreased clearance of EE (Dickson and
Eisenfeld, 1981; Van den Belt et al., 2004). Estrogenic responses
in the Ishikawa cells stimulated with EE or E2 occurred at or be-
low active concentrations in healthy premenopausal women,
further supporting the suitability and sensitivity of these
Ishikawa cells for predicting the appropriate dose range of hu-
man responses to estrogens (MacNaughton et al.,, 1992; Reyes
etal., 1977).

Using Ishikawa Cells to Derive In vitro-Based Points of
Departure for Pharmaceutical Chemicals

To test whether the assay could provide accurate dose-response
profiles for exogenous compounds with known SERM activity,
we assessed TAM, a breast cancer therapeutic, and its active
metabolite OHT in our Ishikawa assay. TAM and OHT inhibit
ERa-mediated proliferation in breast tissue, but induce prolifer-
ation in uterine tissues (Barakat, 1995; Diel, 2002; Gallicchio
et al., 2004). As pharmaceuticals, these chemicals have been
subject to extensive clinical review and data on circulating lev-
els is readily accessible, making them ideal candidates for

-

o
<
:

I ALFP [ Transcription [ Proliferation

-

(=]
&
h

EE range

=1

o
i
L

- E2 range

10-13.

10114

Concentration (M)

10124

10-1:

FIG. 8. Assay sensitivity and physiologic relevance. The BMD and ECs, were cal-
culated for each of the three end points assessed in Ishikawa cells, including
ALPP enzyme activity (PNPP assay), transcriptional responses (PCR for PGR upre-
gulation), and proliferation (Hoechst assay) following 3 day treatment with vari-
ous concentrations of either EE or E2. Average circulating levels of E2 in healthy
female adults and average circulating levels of EE in females taking standard
oral EE at contraceptive doses from available publications are displayed as
shaded ranges.

comparisons of in vitro activity levels to in vivo effective doses.
We ran a full dose response analysis for proliferation (Hoechst)
and transcriptional responses (PGR) for EE, E2, TAM, and OHT,
and monitored potential cytotoxic effects of compounds at high
doses with PI labeling experiments (Fig. 9). Data are also avail-
able for the activity of these compounds in a suite of in vitro as-
says for endocrine disruptor screening under the EPA’s ToxCast
initiative. With these results we can also compare results from
the Ishikawa cells with those arising for the HTS endocrine dis-
ruptor screening efforts.

The proliferation data sets were used to calculate ECs, values
that we then compared to the ECs, for four different ToxCast as-
says (Fig. 10). The ToxCast assays selected were the most sensi-
tive assay (as determined by lowest ECsy values) from each of
four categories; those measuring (1) ER binding, (2) ER dimer for-
mation, (3) ERE-mediated transcriptional activity, and (4) cell
proliferation in a breast cancer cell line (T47D). All data was
taken from the latest version of the iCSS ToxCast Dashboard
available at the time of publication (v2; https://www.epa.gov/
chemical-research/toxicity-forecasting). The therapeutic range
of serum concentrations for each compound is also overlaid
onto the appropriate chemical doses. The range for EE is based
on the measured circulating levels of serum EE in women taking
a standard daily oral dose for contraceptive purposes (Brody
et al., 1989). The range for E2 is derived from the normal serum
levels for premenopausal adult females (Mayo Clinic Physician
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References). The ranges for TAM and OHT are serum levels
measured in women taking the recommended therapeutic dose
of 20mg/day (Decensi et al., 1999; Gallicchio et al., 2004). OHT,
the active metabolite of TAM, was positive in the Ishikawa pro-
liferation assay, but not in the ToxCast breast cell proliferation
assay. This discrepancy is consistent with its tissue-specific
SERM activity. However, in general, the breast cell proliferation
assay and other ToxCast assays were less sensitive than the
Ishikawa proliferation assay for these chemicals, based on the
ECso values obtained from the iCSS Dashboard (v2). The ECso
values for the Ishikawa proliferation assay were below thera-
peutic ranges for all pharmaceutical compounds (Fig. 10) where-
as the ECso values for the four ToxCast assays were all higher,
with several assay ECsos overlapping with the therapeutic
ranges.

DISCUSSION

Using an AOP Driven Approach to Select a Cell Model and
Appropriate Endpoints for In vitro Assay Development

One of the goals of development of an Adverse Outcome
Pathway or toxicity pathway is establishing a well-supported
framework for informing in vitro assay design to increase the ac-
curacy of animal-free risk assessment strategies. AOPs are not
in themselves quantitative; they do not account for dose-
response. However, if the AOP is sufficiently well-described as
to include key events mediating the dose-response, an assay
built on this framework should inherently account for the dose-
dependence of cellular events. This paper describes our effort to
use an AOP-type approach for developing an in vitro assay to
serve as a surrogate for uterine proliferation (specifically, re-
sponses of the uterine epithelium), an outcome associated with
prolonged exposure to estrogenic compounds and a potential
precursor to uterine cancer.

The process described in this paper embodies a biology-
driven approach, starting with curation of the current toxicol-
ogy, biology, and medical literature to identify the key events in
estrogenic signaling in the uterus—starting from initiating
event (ligand-receptor binding) to downstream response (epi-
thelial proliferation). Because the primary goal of this effort was
fit-for-purpose in vitro assay development, we did not focus on
individual or population level effects, but instead on defining
key events driving cell type-specific cellular response. It is now
clear that a suite of at least 5 receptors have specific roles in E2-
mediated proliferative signaling and the coordinated interac-
tions among these signaling pathways serve both to initiate and
to limit proliferative responses in the uterus. In designing our
assay, the markers measured in the various assays accounted
for initial molecular interactions (ligand-receptor binding), tran-
scriptional events, protein level response, the coordination of
signaling among the various estrogen-responsive receptors and,
ultimately, cellular response (Fig. 1). In organizing this cellular
AOP for E2-mediated responses in vitro, we concluded that in or-
der to most accurately recapitulate the key biology of this sys-
tem, the cell model should: (1) represent the tissue type of
interest, (2) express each of the key receptors and (3) initiate
these key molecular events at physiologic concentrations of es-
trogens. The Ishikawa uterine epithelial cell line was chosen for
consistency with these criteria.

Most other intact cell models used for estrogen screening are
breast cell models. In ToxCast, the ACEA_T47D_80hr_Positive
assay provides intact cell proliferation measurements using
the T47D breast cancer cell line. The National Center for

Toxicological Research (NCTR) of the Food and Drug
Administration (FDA) has made potency data available for
chemical endocrine activity through a database called the
Endocrine Disruptor Knowledge Base (EDKB) (Ding et al., 2010).
This resource includes such information as receptor binding,
in vivo uterotrophic activity (rodent), and in vitro cellular re-
sponses. 160 relative potency calculations based on cell prolifer-
ation (RPP, relative proliferative potency) are documented in
this system based on E-SCREEN, which measures estrogen-
mediated proliferation in MCF-7 breast cells (Fang et al., 2000;
Soto et al., 1995). In addition to the EDKB, the FDA has curated
data from publically available data sets to create a larger data-
base, the Estrogen Activity Database or EADB. This data is de-
rived from 444 publications covering a wide range of chemical
space. Of these, 107 studies reported cell proliferation in re-
sponse to chemical treatment. The overwhelming majority of
these experiments were performed using either MCF-7 cells or
another estrogen-responsive breast cell line. Four of these stud-
ies reported results using Ishikawa cells but three were ALP in-
duction (not direct proliferation measurements) and one
reported inhibition of estradiol-induced proliferation by a spe-
cific pharmaceutical antagonist (Shen et al., 2013). Thus, we un-
dertook an extensive validation of the Ishikawa as a model for
uterine response.

Ensuring the In vitro Model Contains Appropriate Biology

The use of the Ishikawa cell line in testing for estrogenic activity
has several advantages. It is commercially available; it has been
genotyped for authenticity; it is the cell-type of interest (uterine
epithelium); and it retains estrogen responsiveness across sev-
eral passages. Our first task was to ensure that the cell line re-
tained key biological responses associated with the estrogen
signaling pathway. Importantly, these Ishikawa cells express all
five endogenous estrogen receptors known to regulate prolifera-
tion (ERa66, ERa46, ERu36, ERB, and GPER) and their expression
is stable across several passages in vitro. The fidelity of the sig-
naling network was evaluated by examining the effect of EE on
several key events in the estrogen response pathway, including
regulation of estrogen-mediated gene expression, induction of
uterine-specific ALP enzyme activity, and changes in prolifera-
tion. Although some uncertainty exists with the use of a cancer
cell line to predict normal tissue response, all of the tested end-
points displayed reproducible responses at doses in the picomo-
lar to nanomolar range, which is consistent with in vivo
measures of circulating estrogens in healthy premenopausal
women. Further, each of key events in the proposed estrogen
pathway were recapitulated by this cell model, indicating that
Ishikawa cells are a reasonable model of uterine epithelium sig-
naling. These findings support the use of Ishikawa cells to reca-
pitulate endogenous estrogenic responses in vitro, though
studies with normal human primary uterine cells would be a
valuable next step in evaluating the system.

Evaluating Utility of the In vitro Model to Predict
Concentration-Dependence of Chemical Response

In the effort to move towards in vitro-based chemical safety as-
sessments, in vitro fit-for-purpose assays should recapitulate
not only the phenotypic response of interest, but also the
concentration-dependence of this response. Although current
HTS efforts incorporate dose-response evaluations into the
screening process, there is rarely an effort to ground-truth the
estimates of chemical activity against behavior in the intact
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human. In this regard, there has been a large scale effort to test
the specificity and selectivity of the EPA ToxCast assays to pre-
dict in vivo activity of estrogenic chemicals, comparing positive
and negative responses in vitro to the OECD guideline in vivo
studies, i.e., the rat uterotrophic assay (OECD, 2003). One chal-
lenge in this comparison is species-differences—the HTS tests
use human cells and cell-free preparations, although the guide-
line standard is a rodent in vivo. A computational approach to
use in vitro human cell-based and in vitro cell-free assay data to
predict rodent in vivo responses has been undertaken (Browne
et al., 2015). These studies were able to demonstrate a high de-
gree of predictivity for classifying estrogenic vs. non-estrogenic
compounds using reference chemicals and are able to rank
compounds as strong or weak activators. The ability of these as-
says to quantitatively predict in vivo human concentration re-
sponse has not yet been assessed, however. It is unclear
whether any of these in vitro assays, either by themselves or in
combination, are capable of providing quantitative chemical po-
tency estimates that are consistent with those seen in the hu-
man population.

Here, we evaluated in vitro responses to (E2) and two phar-
maceutical compounds (TAM/OHT, EE) where human in vivo
data are available to compare in vitro and in vivo dose-response.
Although the number of chemicals tested is small, the advan-
tage of being able to compare results to the species and popula-
tion of interest will be essential to development of reliable
assays for use in safety assessment. There are many potential
methods of in vitro in vivo extrapolation with varying degrees of
complexity, each with associated advantages and limitations
(Teeguarden et al., 2005; Yoon et al., 2015). In this case, we com-
pared media concentrations to measured human serum con-
centrations to estimate consistency between the in vitro and
in vivo concentration response. By evaluating responses to com-
pounds with known estrogenic effects in the human and com-
paring both the concentration-response data from the Ishikawa
assay and those from the publicly available ToxCast data to
in vivo serum concentrations, we drew two important conclu-
sions. First, the Ishikawa assay responded to estrogen at con-
centrations that are consistent with in vivo dosimetry. Second,
our fit-for-purpose assay, incorporating the key molecular
events for proliferation, had lower ECsos than those from the
high throughput ToxCast assays. In fact, the ECsos derived from
the ToxCast assays often overlapped with therapeutic serum
concentrations. Our Ishikawa cell assay, with all the tested
compounds (E2, EE, TAM and OHT), were well below concentra-
tion ranges representing their therapeutic levels.

There are some limitations in the currently available data that
confound direct comparison of the ToxCast assays to our model,
including limited dose ranges in the ToxCast data, which under-
mines confidence in ECsq (a.k.a. ACso) values and the small num-
ber of chemicals tested in our study (4 chemicals), which limits
the number of chemicals for comparison. For a large scale effort
such as ToxCast, it is not feasible to tailor dosing to each individ-
ual chemical’s potency, as it is in a study such as that presented
here. Conversely, it is not feasible to perform the in depth analy-
sis described here for thousands of compounds. Our current ef-
forts are expanding the chemical repertoire of the Ishikawa assay
to further test comparisons made here as that used for the
ToxCast assays. Nonetheless, we contend that there is value to
the broader perspective provided by ToxCast and to the deeper
perspective presented here, and that insights gained from both
efforts can help refine future testing strategies.

As the toxicity testing field moves forward with the transi-
tion to alternative testing strategies, there are several
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challenges that must be addressed. For instance, due to the
large numbers of unregulated chemicals, higher throughput as-
says are necessary to evaluate likely biological responses across
diverse toxicity pathways, such as estrogenic signaling. In addi-
tion, continued development of in vitro kinetics and consider-
ation of metabolism in chemical activity estimates will be
necessary to extrapolate from the cellular systems to expected
dosimetry in the intact human. In our opinion, more extensive
work will be needed to develop pathway-specific AOP frame-
works and subsequent fit-for-purpose assays to provide suffi-
cient coverage of biological space. Development of fit-for-
purpose assays requires a systematic approach to ensure that
the assay recapitulates specific characteristics of the pertinent
biology. These assays may or may not be amenable to high
throughput strategies. The goal is not high throughput by itself,
but relevance of the measured endpoints for safety. Certainly
any mature safety assessment strategy using only in vitro re-
sults will require a tiered approach with consideration of the
necessary information for each tier, beginning with broader
based screens with cell-based genomic evaluations and HTS as-
says for prioritization and identifying likely AOPs, and then
moving towards more accurate fit-for-purpose approaches for
determining points of departure. The case study described here
shows the value in using AOP-structured approaches to in-
crease the utility and predictivity of in vitro assays.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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