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Abstract (486 words)

Occupational exposure to reproductive toxicants occurs via inhalation, skin absorption, or
ingestion. Thousands of chemicals exist in the workplace; there is limited or no toxicological
information including reproductive and developmental (R/D) toxicity available for many
industrial chemicals. Toxicity testing on animals represents one of the largest uses of animals
yet it also has been an extraordinarily challenging area in which to implement in vitro
alternatives. Since the report “Toxicity Testing in the 21st Century” by the National Research
Council (NRC, 2007) envisioned that in vivo animal testing can eventually be replaced by a
combination of in silico and in vitro approaches, the demand to identify in vitro models for R/D
toxicity has grown. In this proposal, we established an in vitro “mini-testis” model from
testicular cell lines, which finally eliminated the need of animals. We created a niche
environment in which spermatogonial stem cells could be maintainedand directed to proliferate
and undergo meiosis and complete spermatogenesis. Based on this novel in vitro model, we
established a toxicity-based high throughput assay. We selected 32 known reproductive
toxicants and applied the high-throughput assay to compared their toxicity across multiple in
vitro cell culture models. The comparison between the in vitro toxicity (IC50) and in vivo
reproductive toxicity (lowest observed adverse effect level on the reproductive system) was
conducted. We observed a strongest correlation of IC50 of the cell viability between this invitro
testicular co-culture model and in vivo testing results, but not with any single testicular cell
culture models such as spermatogonia, Sertoli cell or Leydig cells. We have demonstrated that
this novel in vitro co-culture model may be useful in screening testicular toxicants in a wide
concentration range and prioritize chemicals for future experiments. Furthermore, we
developed an automated multi-parametric High Content Analysis (HCA) and high throughput
screening assays, representing a wide spectrum of cellular and molecular events that
potentially lead to impaired male reproductive function, including nuclear morphology, DNA
content, cytoskeletal integrity, cell cycle, and DNA damage responses in a dose and time-
dependent manner. We applied this validated HCA approaches to characterize and compare
the testicular toxicities of bisphenol A (BPA) and three selected commercially available BPA
analogues: bisphenol S, bisphenol AF and tetrabromobisphenol A. Our results demonstrated
that this novel in vitro model provides a cost-efficient screen tool for potential R/D toxicity of
chemicals in the workplace, and will provide importance data for establishing exposure limit in
workplace for effective prevention of R/D toxicity in workplace such as MANUFACTURING,
MINING, OIL AND GAS EXTRACTION and PUBLIC SAFETY. The research conducted so far
has generated 12 publications, 9 conference proceedings, and generated testicular toxicity
data regarding the chemicals in workplace, and provided data for risk assessment. This
funding opportunity also supported the career development of Dr. Yu in reproductive
toxicology, his long-term effort in seeking and promoting in vitro animal alternatives. Therefore,
this proposal met the mission of Cancer, Reproductive, and Cardiovascular Research Program
(CRC).
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Section 1 of the Final Progress Report (2-page limit)
Significant (Key) Findings.

1. Establishment of animal-free in vitro three dimensional Testicular cell (3D-TCCS) model
from testicular cell lines.

In vitro culture systems have been used to evaluate testicular changes during normal
development or treatment with chemicals. So far, these in vitro primary testicular cells co-
culture models have their disadvantage in employing animals for the isolation of these
testicular cells and the complicated isolation procedure leads to inconsistency of these primary
testicular cells. As original proposed, we examined and optimized the protocol, and successfully
established an animal-free in vitro mini-testis for the reproductive and developmental (R/D) toxicity
testing. We created a niche environment in which spermatogonial stem cells can be maintained and
directed to proliferate and undergo meiosis and complete spermatogenesis.

2. Establishment of a toxicity-based high throughput 3D-TCCS model for R/D toxicity

evaluation.

We selected 32 known reproductive toxicants and applied toxicity-based high-throughput
assay to examine their toxicity in vitro 3D-TCCS model. We also compared to any single cell
culture model of spermatogonia, Sertoli cell or Leydig cells. The comparison between the in
vitro toxicity (IC50 of cell viability) and in vivo reproductive toxicity (lowest observed adverse
effect level on the reproductive system) was conducted. We observed a strongest correlation
of IC50 of the cell viability between this in vitro testicular co-culture model and in vivo testing
results, but not with any single testicular cell culture models. We have demonstrated that this
novel in vitro co-culture model may be useful in screening testicular toxicants in a wide
concentration range and prioritize chemicals for future experiments.

3. Integrated pathway-based high content (HCA) and high throughput (HTP) screening
assay in the 3D-TCCS model

High-content analysis (HCA) has been demonstrated to be particularly useful for toxicity
testing and prediction as it enables quantitative measurements of multiple endpoints as well as
visualization of the spatial and temporal dynamic processes of cellular events. By linking
chemical-biological interactions with sequential key events at multiple biological responses,
adverse outcome pathways provide a mechanism-based framework to support the hazard
assessment of chemicals. We developed an automated multi-parametric screening assays,
representing a wide spectrum of cellular and molecular events that potentially lead to impaired
male reproductive function, including nuclear morphology, DNA content, cytoskeletal integrity,
cell cycle, and DNA damage responses in a dose and time-dependent manner. We applied
this validated HCA approaches to characterize and compare the testicular toxicities of BPA
and three selected commercially available BPA analogues: bisphenol S (BPS), bisphenol AF
(BPAF) and tetrabromobisphenol A (TBBPA). Our results demonstrated that this in vitro model
combined with HCA can be utilized for a quantitative screening of chemical effects in
spermatogonial cells and enable rapid and cost-effective measurement of the multidimensional
biological profile of toxicity.

4. Comparative testicular toxicity of Bisphenol S (BPS), bisphenol AF (BPAF),
tetrabromobisphenol A (TBBPA) with Bisphenol A (BPA)

Bisphenol A was found to be a testicular toxicant in animal models. Bisphenol S (BPS), bisphenol
AF (BPAF), and tetrabromobisphenol A (TBBPA) were recently introduced to the market as alternatives
to BPA. However, toxicological data of these compounds in the male reproductive system are limited so
far. We applied validated an automated multi-parametric high-content analysis (HCA) to characterize
and compare the testicular toxicities of BPA and three selected commercial available BPA analogues,
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BPS, BPAF and TBBPA. HCA revealed BPAF and TBBPA exhibited higher spermatogonial toxicities as
compare with BPA and BPS, including dose- and time-dependent alterations in nuclear morphology,
cell cycle, DNA damage responses, and perturbation of the cytoskeleton. Most significantly, among all
chemicals tested, BPAF showed significant induction of yH2AX at multiple time-points, suggesting a
greater genotoxicity, as compared to other bisphenols. This multi-dimensional toxicological profiling
revealed differential testicular toxicities of BPA and its analogues, whereas BPAF and TBBPA showed
greater cytotoxicity, followed by BPA and BPS. These results suggested the potential risk of worker
exposure to these new alternative compounds. Further safety and risk assessment should be followed.

T lati f Findi .

Occupational exposure to reproductive toxicants occurs via inhalation, skin absorption, or ingestion.
Limited or no toxicological information including reproductive and developmental (R/D) toxicity is
available for many industrial chemicals. This application established a "mini-testis" model from
testicular cell lines, eliminated a need for animal testing. This research project has established several
pathway-based in vitro assays that will be a cost-efficient screening tool for potential R/D toxicity of
chemicals and establish exposure limits for effective prevention of R/D toxicity in workplaces such as
Manufacturing, Mining, Oil and Gas Extraction and Public Safety.

Outcomes/ Impact.

1. potential outcomes, i.e., findings, results, or recommendations that could impactworkplace
risk if used;

As discussed previously, the output of the project proposed is the establishment of a pathway-
based in vitro mini-testis model, this model provides cost-efficient screen tool for potential R/D toxicity
of chemicals in the workplace, and provide importance data for establishing exposure limit in workplace
for effective prevention of R/D toxicity in workplace.

The research proposed has generated 12 publications, 9 conference proceedings, and generated
testicular toxicity data regarding the chemicals in workplace, and provided data for risk assessment.
This funding opportunity also supported the career development of Dr. Yu in reproductive toxicology,
his long-term effort in seeking and promoting in vitro animal alternatives. Therefore, this proposal meets
the mission of Cancer, Reproductive, and Cardiovascular Research Program (CRC).

2. intermediate outcomes, i.e., how findings, results, or recommendations have been used by
others to influence practices, legislation, product design, safety management program and
training and so forth; and

Our proposed research is critical to allow in vitro model to become part of an integrated testing
battery for R/D toxicity assessment. It's of great importance to build such a test battery for R/D toxicity
to fulfill the goal set by the National Research Council (NRC) in the report of “Toxicity Testing in the
21st Century” and to successfully implement these new methodologies in the toxicity testing and
predictions 1. We believed we have established a novel mini-testis model using the testicular cell lines
could lead to be an “Approved” animal alternative approach in R/D toxicity assay.

3. End outcomes, i.e., how findings, results, or recommendations have contributed to
documented reductions in work-related morbidity, mortality, and/or exposure.

The establishment of a pathway-based in vitro mini-testis model provides cost-efficient screen tool
for potential R/D toxicity of chemicals in the workplace. It will provide importance data for establishing
exposure limit in workplace for effective prevention of R/D toxicity in workplace such as
MANUFACTURING, MINING, OIL AND GAS EXTRACTION and PUBLIC SAFETY. The ultimate goal
of the research by providing a cost-efficient screen tool to identify R/D toxicants in the workplace will
significantly improve the risk assessment of reproductive toxicity in the workplace. The identification of
reproductive toxicants will reduce the risk of reproductive malfunction of hazardous exposures.
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Section 2 of the Final Progress Report
Scientific Report
Background for the project

Occupational exposure to reproductive and developmental (R/D) toxicants may occur
via inhalation, skin absorption, or ingestion. Thousands of chemicals exist in the workplace and
there is limited or no toxicological information available. Furthermore, even for compounds for
which there is toxicological testing data, the data often do not include assessment of the
effects on R/D effects since toxicity testing on animals is so expensive. In addition,
extrapolating the adverse effects of animal toxicity studies to humans is significantly
confounded by dose-response effects and by cross-species differences in sensitivity and
susceptibility. Currently, only a few agents have been identified as being definitely capable of
producing structural abnormalities in humans in the absence of maternal toxicity 4. Only a few
agents such as dibromochlorpropane and 2-bromopropane have been discovered to affect
human spermatogenesis just due to the occupational hazard accidents in workers 13,
Subsequent animal experiments confirm their reproductive toxicity in animals 231, Risk
assessment for R/D toxicity is particularly challenging since the system is highly complex, and
in vivo tests such as two generation studies use a large number of animals 4 2% There are
thousands of chemicals in the workplace, and only a few of them could be recommended for
testing under the NIEHS Health Assessment and Translation Program (Formerly CERHR).
Since the report “Toxicity Testing in the 21st Century” by the National Research Council (NRC,
2007) envisioned that in vivo animal testing can eventually be replaced by a combination of in
silico and in vitro approaches [, the demand to identify in vitro models for R/D toxicity testing
has grown [?6:271_ Qver the years, some alternative methods have been developed as a part of
the test battery in assessing R/D toxicity, but the majority are focused on embryotoxicity testing
such as the embryonic stem cell test (EST), the whole embryo culture test (WEC), and the limb
bud micromass (MM) 28311 but not on in vitro assays targeting processes such as
spermatogenesis. After years of animal studies with 2-bromoprane and 1-bromoproane, we
realized the importance of creating alternative testing for cost-efficient screen of R/D toxicity,
and developed a three-dimensional testicular cells co-culture system (3D-TCCS) from rat and
have applied this model to examine the mechanisms of toxicity of testicular toxicants cadmium
and phthalates 32 331, Our studies demonstrated that this 3D-TCCS can discriminate known
developmentally toxic phthalate esters (PEs) from non-toxic PEs 34371, However, this novel
approach still employs a large number of animals for the isolation of testicular cells. In this
project, we examined and established a 3D-TCCS from established testicular cell lines. We
optimized protocol for the establishment of mini-testis. Finally, we tested the 3D-TCCS with a
list of “gold standard testing compounds” and tested blindly the predictability of these assays.
We also developed pathways-based assays, directly linked to the endpoint of male
reproductive toxicity, including abnormal spermatogenesis and male infertility. Three specific
aims have been tested in this project periods as originally planned, and no changes were
made.

Specific Aim 1: To examine and optimize in vitro 3D-TCCS model from testicular cell lines.
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In vitro culture systems have been used to evaluate testicular changes during normal
development B8-431. |n vitro culture systems for successful differentiation of germ cells require Sertoli
cells ¥4, Sertoli/ gonocytes co-cultures (SGC) are used to examine the interactions and effects of
hormones and growth factors on spermatogonia survival and proliferation in vitro % 461, Spermatogonia
stem cells such as immortalized spermatogonia have proven to be useful in screening reproductive
toxicants [47- 48 However, they are of limited use in toxicological studies [° %, |t has been shown that
spermatogonia cell self-renewal and progeny production is probably controlled by the neighboring
differentiated cells and extracellular matrix (ECM), known in vivo as niches. Coating tissue culture-
treated dishes (2-D substratum) with ECM Matrigel™ to enhance Sertoli cell attachment been used with
relative success in culture of SGC 3% %051 'We have built upon these studies and have developed an in
vitro co-culture model (3D-TCCS) from rat B2 331, This 3D-TCCS provides a significant improvement
over existing 2D substratum approach used in co-culture 32 33, This 3D-TCCS is a scale down of in vivo
testis and includes three maijor testicular cells (germ cells, Sertoli cells, and Leydig cells). ECM overlay
permits formation of a testicular-like multilayered architecture that mimics in vivo characteristics of
seminiferous tubules 32 33, The 3D-TCCS from rat is proved to be a valuable in vitro model to screen
R/D toxicity %371, However, this 3D-TCCS still has its disadvantage in employing animals for the
isolation of testicular cells, far away to the establishment of animal-free testing system. In vitro culture
systems have been used to evaluate testicular changes during normal development [38-441,
Sertoli/gonocytes co-cultures (SGC) are used to examine cell-cell interactions, and effects of
hormones and growth factors on spermatogonia survival and proliferation in vitro 45 461, Self-
renewal and progeny production of spermatogonia is controlled by the neighboring
differentiated cells and extracellular matrix, known as substrate in vivo niches and Sertoli cells
are required to the successful differentiation of germ cells in vitro culture systems “4, ECM
Matrigel-based primary testicular cells model was reported to form a testicular-like multilayered
architecture that mimics in vivo characteristics of the seminiferous tubules 32 33. 52551 Ag
previously demonstrated, this model differentially responds to various phthalates exposure with
the changes of several cellular pathways, showing sensitive response to testicular toxicity 3>
52,551 However, this in vitro primary testicular cells co-culture still has its disadvantage in
employing animals for the isolation of these testicular cells and the complicated isolation
procedure leads to inconsistency of these primary testicular cells 4. Therefore, as proposed,
we examined and optimized the protocol for the establishment of the in vitro mini-testis for the R/D
toxicity testing. We created a niche environment in which spermatogonial stem cells can be maintained
and directed to proliferate and undergo meiosis and complete spermatogenesis. We developed and
constructed an in vitro testicular cell co-culture model from rodent testicular cell lines including
spermatogonial stem cells (SSC), Sertoli cells, and Leydig cells.

Cell cultures and Treatments: mouse Leydig cells (TM3) and Sertoli cells (TM4) were
purchased from ATCC. The mouse C18-4 spermatogonial cell line (SPA) was established from
germ cells isolated from the testes of 6-day-old Balb/c mice. This cell line shows morphological
features of type A spermatogonia, expresses germ cell-specific genes such as GFRA1, Dazl
and Ret, which are markers specific for germ cells in the testis ¢ 571, Leydig cells and Sertoli
cells were cultured in DME/F12 medium supplemented with 1% streptomycin and penicillin,
5% horse serum, and 2.5% FBS, and maintained at 33°C with 5% CO2. SPA cells were
cultured in DMEM/high glucose medium supplemented with 5% FBS and were maintained at
33°C with 5% CO:2 B8, For a single cell culture model, cells were seeded to 96-well plates at
the density of 2.0 x10* per well. For testicular cell co-culture model, we mimicked the cellular
composition of mouse testis around Day 5 of newborn mice, and the percentage of each cell
type during this period are approximately 80%, 15% and 5% for gonocyte, Sertoli cell, and
Leydig cells, respectively. Gonocyte, Sertoli cell, and Leydig cells were mixed based on above
proportion and seeded into 96-well plate in DMEM/high glucose medium at 33°C,
supplemented with 5% nu-serum. ECM Matrigel (Corning, New York) was added to each dish
for a final concentration of 100 ug/ml and the plates were gently swirled to ensure dispersal of
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Matrigel after addition. Cells were cultured overnight and treated with various concentrations of
testing compounds for the indicated doses and time periods.

Assessment of cell morphology:

All cultures were viewed with a Olympus inverted microscope equipped with phase-
contrast optics (Olympus, Tokyo, Japan) at intervals during culture to assess their general
appearance. Resultant images were captured and digitized with a Nikon Camera. To further
examine the morphology of the cultured cells, a multi-parametric fluorescence assay was
applied to visualize the cytoskeleton, nuclear shape and cell proliferation. Cells were washed
with phosphate buffered saline (PBS) 72 h and fixed with 4% formaldehyde for 20 min, and
then washed three times with PBS. After permeabilization in TBS containing 0.5% Triton X-100
(TX-100) for 10 min, cells were blocked for 30 min in 5% normal goat serum (NGS; Sigma) in
PBS with 0.1% TX-100, and then incubated with primary Phospho-Histone H3 (Ser10)
Antibody (1:200, Fisher Sci) in PBS with 1% goat serum and 0.1% TX-100 over night at 4°C.
Cells were washed three times in PBS before the addition of a goat anti-rabbit Alexa-
conjugated secondary antibody (1:200 dilution, Molecular Probes, Inc. Eugene, OR) for 1 h at
37°C. FITC-conjugated phalloidin (1 pg/ml, Sigma) and 2 pl Hoechst 33342 (1 mg/ml) was
added to each dish to stain the F-actin and the nuclei. The stained co-cultures were captured
in Arrayscan VTI. The method is based on a three-channel assay, which uses a 20x objective
(NA 0.5), a Hamamatsu ORCA-ER digital camera in combination with a 0.63x coupler and Carl
Zeiss microscope optics for automatic image acquisition. Images were acquired in high
resolution (1024 x 1024) and auto focus mode. Channel one applies the BGRFR 386-23 for
Hoechst 33342, which was the focus channel, and the objects (nuclei) were identified.

Results and Outcomes:

We established a testicular cells co-culture model using testicular cell lines including
spermatogonia, Sertoli cell and Leydig cells (Fig.1), which is based on the cellular composition
of mouse testis around Day 5 of newborn mice. Cells in a defined proportion were seeded in a
96-well plate for high-throughput analysis. A non-serum culture medium including DMEM
(Hyclone) supplemented with 10% Nu-serum was used. Furthermore, ECM overlay
significantly improved the culture to form a 3D structure (Fig 1A). Fig. 1 illustrates the 3D co-
culture structure72 h (A) after seeding. Multi-parametric staining of the cells was conducted to
demonstrate the morphology, with nuclear stained blue, and cytoskeleton stained green with f-
actin and phosphor-histone 3 staining red. As shown in Fig1B, single culture of Spermatogonia
did not form a 3D-like testicular structure. In summary, we established the 3D TCSS from
testicular cell lines, and optimized co-culture condition through the morphology and cellular
markers.

Discussion

Spermatogenesis is a dynamic and well-characterized process, which occurs within an ordered
and structural biological context for molecular, genetic, epigenetic, functional, and
morphological events. The establishment of an ideal culture system in which spermatogonial



PAR12-252/ OH010473-02

stem cells can proliferate and undergo meiosis and complete spermatogenesis is under

Figure 1 Comparison of morphology of testicular cell co-culture mode (A) 1 versus single spermatogonia culture (B).
Testicular cell co-culture model consisted of three cell types: Spermatogonia A cells, Leydig cells and Sertoli cells. Cells
were fixed 72 h after culture, and fixed and stained with f-actin and phosphso-histone h3. Automated multi-channel images
were acquired using ArrayScan VTI with X 40 magnification (Thermo-Fisher Sci).Multi-channel analysis shows nuclear
(Hoechst 33342, blue), cytoskeleton f-actin (phalloidin, green), and phosphso-histone h3 (pink), as early mitotic marker.
Three dimensional structure was formed in the co-culture model, but not in the single spermatogonia cell culture.

Figure 2. In vitro “mini-testis” model from testicular cell lines including Spermatogonial stem cell,
TM4 Sertoli cells and TM3 Leydig cells with ECM. Multi-parametic analysis shows nuclear (Hoechst
33342, blue), cytoskeleton f-actin (phalloidin, green), and phospho-yH2AX (pink), as early DNA
damage marker. Cadmium treatment for 48 h shows disruption of the actin cytoskeleton, and induce
phosphorylation of YH2AX, a sensitive molecular marker of DNA damage.

Control

intensive study [¢71. Attempts to achieve the differentiation events characterizing mammalian
spermatogenesis during in vitro culture of immature germ cells have been reported since the
early 1960s 68701, These studies demonstrate that in vitro co-culture conditions are the key to
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successfully model the proliferation of spermatogonia and differentiation of meiotic prophase
spermatocytes into secondary spermatocytes. Within the co-culture system, an organotypic
environment that mimics in vivo conditions provides critical cell-cell interactions between germ
cell, Sertoli, and Leydig cells.

Specific Aim 2: To establish a toxicity-based high throughput 3D-TCCS model for R/D toxicity
evaluation.

We tested this animal-free in vitro testicular co-culture model with 32 selected
compounds and compared to any single cell culture of spermatogonia, Sertoli cell or Leydig
cells. The comparison between the in vitro toxicity (IC50 of cell viability) and in vivo
reproductive toxicity (lowest observed adverse effect level on the reproductive system) was
conducted. We observed a strongest correlation of IC50 of the cell viability between this in vitro
testicular co-culture model and in vivo testing results, but not with any single testicular cell
culture models. We have demonstrated that our in vitro co-culture model may be useful in
screening testicular toxicants in a wide concentration range and prioritize chemicals for future
experiments.

Test compounds for validation:

A variety of chemicals have been listed as potential agents that might impair
reproduction and development. We will choose well-recognized R/D toxicants, each of which
has been critically reviewed by the NIEHS/NTP expert panel. A set of “gold standard”
reference compounds is essential for use as benchmarks for validation of new assays 81,
These compounds should have known in vivo toxicity profiles including structural and
mechanistic information and represent several forms of toxicity and also be freely available.
Currently there is no such single list of compounds available for R/D toxicity testing validation.
However ECVAM has sponsored an international validation study to assess the R/D tests [%8]
and these compounds will also be used for validation. A database of in vivo and in vitro
developmental toxicity test results was compiled on 310 chemicals, and a final list of 20
compounds including strongly embryotoxic (A class), weakly embryotoxic (B class), and non-
embryotoxic (C class) were recommended [°8l. Based on the in vivo animal studies conducted
by NIEHS/NTP, a group of experts reviewed the R/D toxicity of chemicals, and set priorities for
further risk assessment 9, A total of 45 compounds were identified as R/D toxicants [°9-61],
Based on these lists, we selected 32 compounds and tested in our in vitro model (Table 1).

Neutral red (NR) dye uptake assay

Cell viability was determined by measuring the capacity of cells to take up NR 62641 NR
can be retained inside the lysosomes of viable cells, while the dye cannot be retained if the
cells dies. Dye retention is proportional to the number of viable cells, and can be measured
based on NR absorbance 63 ¢4, Cells were seeded to 96-well plates. Cells were treated with
different compounds at 4 concentrations with 5 replicates for each concentration. After 24 h or
48 h, the medium was replaced with a medium containing NR dye (50ug/cm?3, 200ul per well).
After incubation for 3 h, supernatants were removed and the cultures washed with PBS twice.
The cells were then fixed with 200 pl 1% acetic acid-50% ethanol-50% distilled water. The
plates were shaken for 10 min at room temperature and the absorption was measured at
540nm with a Synergy HT microplate reader (BioTek, VT). Cells treated with vehicle (0.05%
DMSO) were used as the reference group with cell viability set as 100%. Cell viability was
expressed as percentage of the mean of vehicle controls after subtracting the background
control. Initial testing concentration of these compounds were determined based on published
cytotoxicity data. After examination of the initial dose-response curve from our co-culture
model, the dose-range was adjusted. For those compound with low cytotoxicity, the highest
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concentrations tested were 50 mM and 5 mM for water-soluble or lipophilic chemicals,

respectively.
Table 1. Listed chemicals for in in vitro testing
Molecular Purity

Chemical Name Abbreviation CAS NO. Weight (%) Application Supplier
Sodium arsenite Ar 7784-46-5 129.91 90 Pesticides GFS
Boric acid BA 10043-35-3 61.83 99.5 Insecticide Sigma
Benzyl butyl phthalate BBP 85-68-7 312.36 98 Plasticizer Sigma
Benzophenone-3,3’,4,4'-tetracarboxylic

dianhydride BEN 2421-28-5 322.23 96 Solvent Sigma
2,2-Bis(4-hydroxy-3-

methylphenyl)propane BPA 80-05-7 256.34 99 Plasticizer Sigma
4.4'- Fire-retd
(Hexafluoroisopropylidene)diphenol BPAF 1478-61-1 336.23 97 plasticizer Sigma
4,4'-Sulfonyldiphenol BPS 80-09-1 250.27 98 Flame retardant Sigma
Cadmium chloride Cd 10108-64-2 183.32 99.99 Dye Sigma
Chlorpyrifos CHL 2921-88-2 350.59 NA Pesticides ce
Cyclophosphamide CYC NA 279.1 NA Cancer TCI
Dibutyl phthalate DBP 84-74-2 278.34 99 Solvent Sigma
Dioctyl phthalate DEHP 117-81-7 390.56 99.5 Plasticizer Sigma
Diethylphthalate DEP 84-66-2 222.24 9935 Plasticizer Sigma
Diethylstilbestrol DES 56-53-1 268.35 99 estrogen Fisher
Diazinon DIA 333-41-5 304.35 NA Pesticides Chemservi
Dimethyl phthalate DMP 131-11-3 194.18 99 Plasticizer Sigma
Dioctyl terephthalate DOTP 6422-86-2 390.56 96 Plasticizer Sigma
Dipentyl phthalate DPP 131-18-0 306.4 99 Plasticizer Sigma
B-Estradiol ES 50-28-2 272.38 NA  Estrogen therapy  Sigma
Hexachlorophene HEP 70-30-4 406.9 NA Skin cleanser Fisher
Heptachlor HEX 76-44-8 373.32 NA Pesticides Fisher
Hydroxyurea HU 127-07-1 76.05 98 Sickle cells Sigma
2-methoxyethanol ME 109-86-4 76.09 99.8 Solvent Sigma
Parathion PARA 56-38-2 291.26 NA Pesticides ce
Saccharin Sodium SAC 128-44-9 205.17 NA Sweetener Sigma
3,3°,5,5’-Tetrabromobisphenol A TBBPA 79-94-7 543.87 97 Flame retardant. ~ Sigma
Tri-(2-chloroethyl)phosphate TCEP 115-96-8 285.49 97 plasticizer Sigma
Tricresyl phosphate TCP 1330-78-5 368.36 90 Plasticizer Sigma
2,4,4'-Trichloro-2'-methoxydiphenyl

ether TCS 3380-34-5 303.57 NA  Bateria resistance  Sigma
Vinclozolin VIN 50471-44-8  286.11 NA Pesticides Fisher
Valproic acid sodium salt VPA 1069-66-5 166.19 98 Anticonvulsant Sigma
Zearalenone ZEA 17924-92-4  318.36 NA Pesticides Sigma

In vivo reproductive toxicity data and comparison

Based on the review of U.S Environmental Protective Agency’s office of Pesticide program,
reproductive lowest observed adverse effect levels (rLOAEL) of rats were established to
indicate chemicals’ reproductive toxicities (http://actor.epa.gov/actor/faces/ACToRHome.jsp).
The endpoints for determining rLOAEL of rats includes but not limited to primary fertility, early
offspring survival, offspring weight, longer-term offspring survival and other systemic offspring
toxicities. As previously reported, in vivo reproductive toxicants in vivo were defined as having
achieved an rLOAEL lower than 500 mg/kg/day while in vitro reproductive toxicants were
defined here as having achieved a half maximal inhibitory concentration (ICso0) < 1,000 uM 631,
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Compounds with insufficient in vivo reproductive toxicity data were marked “NA” for “no
available information”. Chemicals with a positive or negative test result in a NR assay and
positive or negative literature evaluation were used in the calculations of concordance
(percentage of results from the NR assay that match the calls from the literature 1. In
addition, sensitivity (%) was calculated from the formula: 100 x (the proportion of chemicals
with a positive result in an NR assay that were positive based on the literature calls). Similarly,
specificity (%) was derived from the formula: 100 x (the proportion of chemicals with a negative
result in a NR assay that were negative based on the literature). The “NCs” were not included
in these calculations of sensitivity, selectivity, or concordance.

Statistical analysis:

The cell viabilities were calculated as the arithmetic mean percentages of treated versus
the control. The data represented the average * standard deviation of five replicates, and were
expressed as a percentage of the treated versus untreated control. 1Czo, ICs0, ICs4, and [Coo
values were calculated using survival analysis and the PROBIT method with StatPlus software
(AnalystSoft Inc., Walnut, CA). The individual ICso values were assessed among the cell types
by a one-way analysis of variance (ANOVA) at significance level 95%, a = 0.05 to determine
the differences among the cells (p < 0.05). Correlation between I1Cso values between the cell
types was also performed to establish in vitro—in vivo correlation. The relationship between
ICs0 values and rat rLOAEL values was evaluated using linear regression. The Pearson
correlation coefficient between ICso values and rLOAEL was calculated using GraphPad 5.0
(La Jolla, CA). Hierarchical clustering analyses were conducted based on the average linkage
and elucidation distance correlation coefficients using MeV software. Correlation of
ICs0 values against published in vivo toxicity data was established to determine the
predictability of the in vitro results compared to in vivo toxicity. The degree of correlation was
examined based on the r value and regression coefficient (R?).

Results and Outcomes:
Cell viability changes of co-culture induced by 32 chemicals.

In order to examine whether this in vitro co-culture model can be used to screen testicular
toxicants, we first compared the cytotoxicity with known and unknown reproductive toxicants
(Table 1). We applied Neutral red up-taken assay to examine the dose-dependent curves for
24 h and 48 h treatment with those selected compounds in the co-culture model as well as a
single cell culture model including spermatogonia C18 cell, Sertoli cell and Leydig cell. Figure
2 shows the dose-dependent cytotoxicity in response to 32 compound in the co-culture model
after 48 h treatment (Figure 2). These compounds were organized into four charts based on
their highest concentrated tested. Figure 2A included compounds whose highest tested
concentrations < 100 uM, including ZEA, Cd, As, HEP, DES, BPAF, TBBPA, and HEX. ZEA,
As and Cd were most toxic followed by HEP, DES, BPAF, TBBPA and HEX. Figure 2B shows
the dose-dependent cytotoxicity of phthalate esters. Male developmentally toxic phthalate
esters including DBP, DEHP, BBP and DPP induced a dose-dependent decrease of cell
viability after treatment for 48 h while non-toxic phthalate esters including DEP, DMP and
DOTP induced no or slight decrease of cell viability. Figure 2C show a group of compounds
including TCS, CHL, DIA, BPA, BPA, PARA, BEN and ES, with the highest concentration
tested ranged from 100uM to 500uM. TCS, CHL, DIA and BPA induced significantly dose-
dependent decrease of cell viability (Fig. 2C) while no significant decreases of cell viability
were observed for BEN an BEN. Fig. 2D listed those tested compounds with a low-cytotoxicity
with the highest concentrations tested ranged from 5 mM to 50 mM. HU, TCP, VIN, TCEP, BA
and VPA statistically significantly decreased the cell viability while other compounds including
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CYC, VPA, ME and SAC did not cause significant decrease in cell viability across all
concentrations.

Figure. 2. Cell viability after tested with selected compounds in the co-culture model for
48 h. The co-cultures were seeded in a 96-well plate for 24 h before treatment with chemicals at
different concentrations for 48 h. Cell viability assessments were conducted using NR dye uptake
assay. Data are presented as mean + SD of five replicates.
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ICs0 of chemicals.

The 1Cso0 values of tested compounds in the co-culture model, and single cell culture
models treated for 24 and 48 h were listed in Table 2. As indicated in the Table 2, the ICso
values for the 24 h treatment were generally higher than those for the 48 h treatment. The 1Cso
values for Cd, ZEA, As, HEP, DES, TBBPA, TCS, HEX, and CHL were mostly < 100 uM. The
ICs0 values of chemicals in the second and third group (Fig.3B-C) were mostly < 1,000 uM. For
chemicals in the fourth group (Fig. 3D), the toxicities were too low to derive IC50 values from
the simulation, therefore, the highest concentration tested were used. When comparing
different cell types, different sensitivities to the same chemical were observed. In general, the
lower the 1Cs0 value, the more sensitive the cell type is. Our results showed that Sertoli cells
were more sensitive to BPS, PARA, and TCP. Spermatogonia A cells were sensitive to Cd, As,
and HEX. Both Sertoli cells and Leydig cells were sensitive to BPA, BPAF, and HEP.

Cluster analysis

In order to compare the testicular toxicity among all tested chemicals within our model,
a non-supervised two-dimensional hierarchical cluster analysis of the IC2o, ICs0, ICs4, and 1Cg0
values of the co-culture after a 48 h treatment was employed (Fig. 3). The figure illustrates the
degree to which the chemicals affected cell viability. The chemicals at the top (cluster 1) were
the most toxic, and those at the bottom (cluster 3) were the least toxic. Cluster1 included Cd,
ZEA, As, HEP, DES, TBBPA, TCS, HEX, and CHL, all of which belong to the first group (Fig.
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2A). Cluster 2 included BPAF, HU, BPA, DIA, DPP, BPS, DBP, BBP, BEN, PARA, DEHP,
VPA, and ES, mainly chemicals in the second and third groups (Fig. 2B and Fig. 2C). Cluster 3
included non-toxic phthalate esters DOTP, DEP, DMP and VIN, ME, CYC, TCEP, BA, and
SAC.

Correlation between ICso and in vivo reproductive toxicity
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The rLOAEL value indicates the reproductive toxicity in vivo. Among the 32 tested
compounds, eighteen of them had a reported in vivo rLOAEL value, and correlation between in
vitro IC50 was examined to determine what extent an in vitro ICso could predict an in vivo
rLOAELI®%]. R? values for the co-culture model, Spermatogonia cells, Leydig cells and Sertoli
cells for the 24 h treatment were 0.43, 0.03, 0.04, and 0.2, respectively. For 48 h exposures as
shown in Figure 4, the, the R? values for the co-culture model, spermatogonia cells, Leydig and
Sertoli cells were 0.53, 0.1, 0.19, and 0.31, respectively. The co-culture model had the highest
R?value as compared to any single cell culture model for both 24 h and 48 h treatments.

Pearson’s correlation coefficient and the r-values for the co-culture model,
Spermatogonia cells, Leydig cells, and Sertoli cells for the 24 h treatment were 0.66, 0.16,
0.21, and 0.48, respectively. For 48 h exposures, the r-values were 0.73, 0.31, 0.44, and 0.56.
The co-culture displayed higher r-values than any single cell types for both 24 h and 48 h
treatment.

Concordance, sensitivity and specificity

The concordance, sensitivity, and specificity were listed in Table 3. rLOAEL values were
used to call the in vivo reproductive toxicity. DIA, DES, Cd, CHL, HU, HEP, HEX, As, BPA,
TBBPA, TCS and ZEA were positive in vivo and also positive for all the in vitro culture model.
ME and VIN were positive in vivo, but negative in all in vitro culture models. DEHP, DBP, TCP,
BBP, DPP, VPA, TCEP, and PARA displayed different toxicities for different cell types. Table 6
shows that BA, DOTP, DMP, DEP, and SAC were all negative in vivo and in vitro. There is
insufficient data regarding the reproductive toxicity of BPAF, BPS and Ben.

The concordance, sensitivity, and specificity were listed in Table 3 and values were
higher at 48 h compared to 24 h for the cell culture models. At 48 h, the co-culture model,
when compared to single cell culture mode, displayed the highest concordance, sensitivity,
and specificity, at 79.31%, 85.71%, and 62.5%, respectively. The concordance values for
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spermatogonia cells, Leydig cells, and Sertoli cells at 48 h were 73.33%, 73.33%, and 67.74%.
Similarly, the sensitivity values for spermatogonia A cells, Leydig cells, and Sertoli cells at 48 h
were 80.95%, 80.95%, and 76.19%. Specificity values were 55.56%, 55.60%, and 50.00%,
respectively. For 24 h, co-culture still had the highest concordance, sensitivity, and specificity
values; concordance values for co-culture, Spermatogonia A cells, Leydig cells, and Sertoli
cells were 65.63%, 48.57%, 44.44%, and 52.94%. Sensitivity values were 71.43%, 57.14%,
52.38%, and 61.91%. Specificity values were 45.46%, 35.71%, 33.33%, and 38.00%. In
summary, the co-culture showed the highest values for concordance, sensitivity, and specificity
across all conditions after the 48 h treatment.

Table 3 Comparison of concordance, sensitivity, and specificity of the co-culture model
with any single cell culture models.

24h 48h

Co-culture Spermatogonia A Leydig cells Sertoli cells Co-culture Spermatogonia A Leydig cells Sertoli cells

65.63%  48.57% 44.44% 52.94% 7931%  73.33% 7333%  67.74%
(45.72%, (32.01%, (28.21%, (36.16%, (64.57%, (57.51%, (57.51%, (51.29%,

Concordance  79.27%)  65.13%) 60.68%)  69.72%)  94.05%)  89.16%) 89.16%)  84.20%)
71.43%  57.14% 52.38% 69.72% 85.71%  80.95% 80.95%  76.19%
(52.11%, (35.98%, (31.02%,  (41.13%, (70.75%, (64.16%, (64.16%, (57.97%,

Sensitivity 90.75%)  78.30%) 73.74%)  82.68%)  100%) 97.75%) 97.75%)  94.41%)
45.46%  35.71% 33.33% 38% 62.50%  55.56% 55.56%  50%
(16.03%, (10.61%, (9.48%, (12.02%, (28.95%, (23.09%, (23.09%, (19.01%,

Specificity 74.88%) 60.81%) 57.19%)  64.91%)  96.05%) 88.02%) 88.02%0  80.99%)

Discussion

Continuing our efforts to construct co-culture systems to screen for testicular toxicants,
this co-culture system was treated with 32 chemicals in total. Different cell types were then
treated with these chemicals. The co-culture and single cell cultures were compared to
distinguish a better condition to screen testicular toxic chemicals. Each single cell type is
sensitive to a certain category of chemicals; such as Leydig cells, which express androgen
receptors, are very sensitive to endocrine disruptors. Due to the complexity of testes, the
concentrations that chemicals were toxic to single cell types, were not corresponding to the
concentrations in vivo. It is proposed that single cell types should not be as representative as
co-culture cells that can interactively coordinate different cell types and enables a similar
physiological condition in testes. The co-culture, enabling the communication between different
cell types, should be a better system than single cell types to screen testicular toxic chemicals.
Our hypothesis was confirmed by comparing in vitro 1Cso with in vivo rLOAEL of rats. The co-
culture offered better correlation with rLOAEL than single cell types through linear regression
and Pearson’s correlation analysis. The r-value of co-culture at 48 h is around 0.7. Considering
the limitations of in vitro studies, this value is impressive at this condition.

The single cell types were also used to identify chemicals’ potential sensitive types.
Each of the three cell types plays a very important role in spermatogenesis. The
spermatogenesis includes the process of Spermatogonia A cells differentiating into
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spermatozoa. Sertoli cells support spermatogenesis both functionally and physically. Leydig
cells secrete testosterone which can indirect regulate the process. Any toxicity on these three
types of cells will eventually affect testis function. Single cell culture models can also help to
elucidate the underlying mechanisms of toxicants to testes. For example, Leydig cell models
were often used to investigate the chemicals’ effect on steroidogenesis.

Cytotoxicity test was usually the first step of in vitro tests in replacement of animal
studies ["!l. The concentrations in cytotoxicity tests that can lead to non-specific alterations in
cellular functions may cause effects on organ level and/or death of the organism [’2. NR dye
uptake assay is one of the most sensitive and reliable cytotoxicity tests. It has been employed
by Environmental Protection Agency to predict the starting dose of acute oral system toxicity
and harmful tobacco smoke toxicants. Thus, in our system, we also used NR dye uptake assay
to evaluate the toxicity of these chemicals. The co-culture can distinguish the toxicity of
different chemicals, and more importantly, prioritize chemicals at high risk by cluster analysis.
By doing NR uptake assay, the dose response curves of each chemical were acquired. It is not
feasible to compare the different toxicities of chemicals using the response-curves because of
the different concentration range for each chemical. Therefore, the inhibitory concentrations
(IC) from 20% to 90% were calculated to indicate the toxicity of each chemical.

The inhibitory concentrations were then imported to non-supervised cluster analysis to
distinguish different toxicities of chemicals. Three clusters were identified and defined as very
toxic, medium toxic, and least toxic. After comparing with published in vivo studies, | found that
our results were consistent with rat data. The rLOAEL values of Cd, ZEA, As, DES and HEP in
rats were 0.088, 1, 8, 10, and 3 mg/kg/day, respectively, indicating their high toxicity to rats [6>
731, they were defined as very toxic in our system. DEP, DOTP and DMP, which belong to the
least toxic group, are well known as developmentally non-toxic phthalates 5% 74, SAC is a
sweetener and often used as a negative reference compound in embryo-toxicity tests; it was
also not toxic in our model. Thus, cluster analysis can help to predict the toxicity levels of new
chemicals based on the cluster the chemical resides in. The toxicity levels of different
categories of chemicals were also assessed. For bisphenols, the order of toxicity was: TBBPA
> BPAF > BPA > BPS. For pesticides, the order was: As > HEP > TCS > HEX > CHL > PARA
> VIN > BA. For phthalates, the order was: DPP > DBP > BBP > DEHP > DMP, DEP, DOTP.

Different cell types displayed different sensitivities to the same chemical by treating
each single cell type, as indicated by ICso values. In our system, Leydig cells were more
sensitive to DPP, suggesting that DPP probably be an endocrine disruptor [’3l. The ICso0 values
of BPA, TCP and Cd for Sertoli cells were lower than for other cell types, indicating that Sertoli
cells may be their targets. In literature, DPP is shown to be an anti-androgenic compound and
reported to interfere with fetal testicular testosterone production in rats, suggesting its possible
targets to be Leydig cells 6. Cd and BPA were reported to induce testicular injury at the
blood-testis barrier (Sertoli cells) to elicit subsequent damage to germ cells, and cause germ
cell loss [’7]. The primary targets of TCP in testes are Sertoli cells '8, Thus, the results from
treating single cell types may provide some hints regarding chemicals’ targets in vivo.

The chemicals’ toxicity was time-dependent. This was indicated by the higher R-values
in Pearson correlation coefficient, and R? values in linear regression, at 48h than 24h.
Chemicals were generally more toxic at 48 h than at 24 h for both co-culture and single cell
types. We conclude that the treatment time greatly influences the toxicity of chemicals. In
future studies, perhaps more time points could be tested to select the optimal treatment time.
The best exposure time for each chemical would enable the prediction of plasma concentration
in vivo where the toxicity occurs 9],
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For chemicals with low toxicity, such as DEP, DMP and DOTP, the 50% decrease in cell
viability requires very high doses, making it hard to achieve within the current dose range.
Thus, IC10 or IC20 could be used to represent the toxicity of these chemicals. In our research,
BMD were listed as another reference for chemicals’ toxicity. BMD represents an exposure
due to a dose of a substance associated with a specified low incidence of risk, generally in the
range of 1% to 10%, of a health effect; or the dose associated with a specified measure or
change of a biological effect.

By comparing the current model with our previous primary cells co-culture model, we
found that both our cell line model and the primary co-culture model distinguished the toxic
phthalates (DEHP, DBP, BBP and DPP) from the non-toxic phthalates (DEP, DMP and
DOTP). The current cell line model induced higher cell death than previous primary cells model
at the same concentrations for Cd treatment.

The reproductive toxicity of ME is reported in vivo, but without effect in our system. ME
was reported to induce testicular atrophy and disruption of spermatogenesis via the
metabolism of Ethylene glycol monomethyl ether (EGME) 84 891, |t was found that a 4-week
administration of ME at relatively low doses, corresponding to 0.08-0.325 mM/kg/day, was
sufficient to produce marked testicular atrophy and a decrease in epididymis and prostate
weights in a dose-dependent manner 8], The possible reason may be the necessity of bio-
activation for chemicals to induce their toxic effects €71, It was found that ME undergoes
metabolic activation to appropriate methoxyacetic acid (MAA) via EGME ©8. MAA primarily
affects tissues with rapidly dividing cells and high rates of energy metabolism in testes, leading
to apoptosis of primary spermatocytes. MAA is associated with changes in the expression of
various genes and signaling pathways including oxidative stress in spermatocytes ©°. MAA
was also reported to regulate the transcriptional activity of nuclear receptors including
androgen receptor to contribute to the testicular toxicity [°%. Thus, the lack of effect of ME in
our model may be due to lack of the complete metabolism in vitro. In the future experiments,
MAA could be tested in our co-culture system to test its toxicity in our system.

A vitally important theme in reproductive toxicity studies is the assessment of in vitro
and in vivo models that are predictive for adverse effects in humans exposed to chemicals.
Our in vitro cell viability data were directly linked to rat rLOAEL. Thus, those chemicals toxic in
our system may be toxic to rats. Considering that the prediction rate of animal studies to
human toxicity is only 50% -70% 94 %5, there is a certain distance to correctly predict toxic
chemicals in human. In order to predict the in vivo toxicities, the in vitro data has to be linked to
human or animal plasma concentration, where the toxicity would occur. Other important factors
including protein binding, metabolic stability, metabolic activation, metabolites, temporal
relationship and compound solubility must also be addressed. Thus, it is unlikely that any
individual in vitro model is sufficient as a final decision point for toxicity. A series of models
which can provide a series of important information in a tiered approach is needed to improve
the prediction of in vitro assays [°l.

In summary, we obtained dose and time dependent data on cytotoxicity, cell viability, high
throughput quantitative morphological data from Cellomics Image analysis for 32 compounds;
and calculated the predictivity, precision, and accuracy for the compounds tested in this 3D-
TCCS model. We evaluated the performance of our 3D-TCCS model for R/D toxicity, and
compared these cytotoxicity and morphological data to in vivo results. these results provided
essential dose and time dependent data to discriminate R/D toxicants.
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Specific Aim 3: To develop an integrated pathway-based high content (HCA) and high
throughput (HTP) screening assay in the 3D-TCCS model for R/D toxicity evaluation.

There is a need for improved in vitro methods to meet the challenges associated with
the increasing push to predict the toxicity of chemicals. The Environmental Protection Agency
(EPA) has initiated a ToxCast project integrating in vitro high-content and high-throughput
toxicity assessment to characterize the toxicological profiles of thousands of chemicals [°7-100],
High-content analysis (HCA) has been demonstrated to be particularly useful for toxicity testing
and prediction as it enables measurements of multiple, early toxicological mechanisms by
characterizing co-expression of multiple molecules, as well as quantification and visualization
of the spatial and temporal dynamic processes of cellular events. HCA has been successfully
applied to the prediction of drug-induced human hepatotoxicity, and this highly specific and
sensitive assay has shown high concordance with human data ['°'-194 Furthermore, the HCA
enables comparisons of the effectiveness of various assay parameters, detects high-risk
chemicals and the sequences of cellular events. By linking chemical-biological interactions with
sequential key events at multiple biological responses, adverse outcome pathways provide a
mechanism-based framework to support the hazard assessment of chemicals [19% 1961 The
purpose of this study was to develop an automated multi-parametric screening method and to
optimize protocols for cell treatment, high-content imaging, and image analysis of the C18-4
spermatogonial cells. We applied this validated HCA approach to characterize and compare
the testicular toxicities of BPA and three selected commercially available BPA analogues:
bisphenol S (BPS), bisphenol AF (BPAF) and tetrabromobisphenol A (TBBPA). We
concurrently compared a wide spectrum of cellular and molecular events that potentially lead
to impaired male reproductive function, including nuclear morphology, DNA content,
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cytoskeletal integrity, cell cycle, and DNA damage responses in a dose and time-dependent
manner (Figure 5). Overall, our results demonstrated that this in vitro model combined with
HCA can be utilized for a quantitative screening of chemical effects in spermatogonial cells
and enable rapid and cost-effective measurement of the multidimensional biological profile of
toxicity.

Cell culture and treatment

The mouse C18-4 spermatogonial cell line was established from germ cells isolated
from the testes of 6-day-old Balb/c mice. This cell line shows morphological features of type A
spermatogonia, expresses germ cell-specific genes such as GFRA1, Dazl and Ret, which are
markers specific for germ cells in the testis %% %71, Cells were maintained in DMEM medium
composed of 5% FBS, and 100 U/ml streptomycin and penicillin in a 33°C, 5% CO2 humidified
environment in a sub-confluent condition with passaging every 3-4 days. When they reached
70-80% confluence, cells were inoculated with 1.2 x 10% per well in a 96-well plate. Cells were
cultured overnight and treated with various concentrations of BPA, BPS, BPAF and TBBPA for
the indicated doses and time periods.

Cell viability

Cell viability was determined by measuring the capacity of cells to take up NR. NR can
be retained inside the lysosomes of viable cells, while the dye cannot be retained if the cells
dies. Dye retention is proportional to the number of viable cells, and can be measured based
on NR absorbance 63 64 Significant changes in cell viability were determined using a one-way
analysis of variance (one-way ANOVA) followed by Tukey-Kramer multiple comparison tests.
Briefly, cells were treated with various concentrations of BPA, or BPS, (50, 100, 200 and 400
pMM), and BPAF or TBBPA (25, 50, 75 and 100 puM) for different length of time (24-72 h). Cells
treated with vehicle (0.05% DMSO) were used as the reference group with cell viability set as
100%. After treatments, the culture medium was removed and fresh medium containing NR
(50 pg/ml) was added. Following 3 h incubation, cells were washed with phosphate buffered
saline (PBS) and NR was eluted with 100 pl of a 0.5% acetic acid/50% ethanol solution. The
plate was gently rocking on a plate shaker, and absorbance values was measured at 540 nm
with a Synergy HT microplate reader (BioTek, VT). Cell viability was expressed as percentage
of the mean of vehicle controls after subtracting the background control.

Fluorescence staining and image acquisition

For cell cycle analysis, cells were incubated with BrdU (40 uM) for 3 h prior to fixation.
Cells in the controls reached 100% confluence at the time of harvest. Cells were then fixed
with 4% paraformaldehyde for 30 mins at room temperature, followed by three times washing
with PBS. Cells were then acidified with a 4N HCI/ Triton X-100 solution for 30 min at room
temperature. After neutralization with Na2B4Oz solution for 10 min, cells were washed twice
with PBS, and blocked with 3% BSA in PBS. Cells were then incubated with a mouse anti-
BrdU antibody (Thermo Scientific, MA) in PBS/BSA/0.5% Tween 20 overnight at 4°C. After
washing twice with PBS/BSA, cells were incubated with a goat anti-mouse DyLight 488 and
the DNA staining dye Hoechst 33342 (Thermo Scientific, MA) in PBS/BSA solution for 90 min
at room temperature.

For DNA damage responses and cytoskeleton analysis, cells treatments and fixation
were the same as described above. After fixation, cells were permeabilized by 0.1% Triton X-
100 in PBS, then incubated with mouse anti-phospho-Histone-H2AX (Ser139) (y-H2AX)
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(Millipore, MA) in PBS/BSA/0.5% Tween 20 solution overnight at 4°C. After washing twice with
PBS/BSA, cells were incubated with goat anti-mouse Dylight 650 (Thermo Scientific, MA), and
Hoechst 33342 in PBS/BSA solution for 90 min at room temperature. Prior to image
acquisition, cells were stained with Alexa Fluor 488 Phalloidin (Cell Signaling, MA) for F-actin
staining for 30 min at room temperature.

Multichannel images were automatically acquired using an Arrayscan™ VTI HCS
reader with HCS Studio™ 2.0 Target Activation BioApplication module (Thermo Scientific,
MA). Forty-nine fields per well were acquired at 20x magnification using Hamamatsu ROCA-
ER digital camera in combination with 0.63x coupler and Carl Zeiss microscope optics in auto-
focus mode. Channel one (Ch1) applied the BGRFR 386_23 for Hoechst 33342 that was used
for auto-focus, object identification and segmentation. Image smoothing was applied to reduce
object fragmentation prior to object detection in Ch1. Border objects were excluded. For BrdU
staining, channel two (Ch2) applied the BGRFR 549 15 for BrdU. For F-actin and y-H2AX
staining, Ch2 applied the BGRFR 485_20 for F-actin and channel three (Ch3) applied the
BGRFR 650_13 for y-H2AX.

High-content images analysis

Multi-Channel images were analyzed using HCS Studio™ 2.0 TargetActivation
BioApplication. Change in nuclear morphology is an early event of the cellular response, andis
associated with cellular function ['07-199]_Single-cell based HCA provided multiple parameters
to characterize the nucleus, including the number, nuclear area, shape, and total or average
intensity. Nuclear shape measurement included P2A and LWR parameters. P2A is a shape
measurement based on the ratio of the nuclear perimeter squared to 4m*nucleus area
(perimeter?/4 1 * nucleus area), which evaluates nucleus smoothness. LWR (length-width
ratio) measures the ratio of the length to the width of the nucleus, which evaluates nucleus
roundness. For a fairly round and smooth object, the values for P2A and LWR are around 1.0.
Total intensity was defined as total pixel intensities within a cell in the respective channel; the
average intensity was defined as the total pixel intensities divided by the area of a cell in the
respective channel. With 49 fields of each well, at least 5000 cells were analyzed per well and
single-cell based data for each channel were exported for further statistical analysis. The
experiments were performed with at least three biological replicates and repeated twice.

HCA-based cell cycle analysis was conducted as recently reported by Roukos et al [119],
The frequency distributions of total DNA intensity of all individual nuclei were calculated and
plotted for each experimental condition in a custom script written in Python 3.5.2 (Python
Software Foundation, OR; this script is freely available from the authors upon request). Cell
cycle profiles with discrete sub-G1 (apoptotic cells), GO/1, S or G2/M populations in the
controls and treatments were determined by the selections of appropriate thresholds of these
gates as reported ['10],

Statistical Analysis

All data obtained from the HCS Studio™ 2.0 TargetActivation BioApplication were
exported and further analysis was conducted using the JMP statistical analysis package (SAS
Institute, NC). Objects with nuclear area less than 50 uM? or larger than 800 pM? were
excluded in order to remove cell debris and clumps. For each plate, the vehicle control showed
consistent measurement for all endpoints tested. For intra-plate normalization, each sample
value was normalized to the overall scaling factors, which was the mean of median values of
vehicle control (0.05% DMSO) in each plate. The parameters from single-cell based imaging
were quantified, and averaged for each well condition. For the mega or multi-nuclei
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identification in the automatic HCA, nuclei with enlarged nuclear area (= 500 um?) and irregular
nuclear shape (P2A = 1.35) were identified, and the percentages were calculated. BrdU
positive cells were set by the total intensity of BrdU in the control over 20,000 pixels. y-H2AX
positive cells were set by the total intensity of y-H2AX in the control over 120,000 pixels. Data
were presented as mean + standard deviation (SD). Statistical significance was determined
using one-way ANOVA followed by Tukey-Kramer all pairs comparison. A P value less than
0.05 denoted a significant difference compared to the vehicle control (*). To examine the
relationship between the cytoskeleton and DNA damage responses, Spearman correlation
analysis was conducted between log-transformed total intensity of F-actin and log-transformed
total intensity of y-H2AX at 24, 48 and 72 h. The 20% maximal effect concentration (EC20)
and median lethal concentration (LC50) were calculated with a curve-fitting program using
GraphPad Prism 5 (San Diego, CA). A dose-response curve fit was established based on the
concentrations of chemicals that had a significant effect. The four-parameter nonlinear
regression curve fit was applied. Treatment concentrations were log1o transformed. For cell
viability (NR assay) and cell number data (HCA), the lowest value was set to be 0% and the
highest value was set to be 100%. For other markers, the lowest value was set to be controls
and the highest value was set to be a maximal effect at each time point.

Results and Outcomes:

BPA and its analogues induced differential dose- and time-dependent cytotoxicity in

spermatogonial cells

In order to select sub-lethal doses of BPA Figure 6. Cell viability was determined by neutral
and its analogues for HCA analysis in red uptake assay in C18-4 spermatogonial cells
spermatogonial cells, cell viability was measured treated with BPA, BPS and BPAF.

using NR uptake assay. Figure 6 shows significant
dose- and time-dependent decreases of cell
viability in spermatogonial cells treated with BPA
and its analogues for 24 h and 48 h. BPAF
reduced cell viability starting at a concentration of
25 uM, TBBPA reduced cell viability starting at a
dose of 50 uM for 24 h and 25 uM for 48 h, while T b T M)
BPA and BPS reduced cell viability at a 1401 48 h
concentration of 100 uM for both 24 and 48 h 1205
exposure. This indicated that BPAF and TBBPA
induced greater cytotoxicities, as compared to
BPA and BPS. The LC50 values for 48 h were
42.16, 49.93, 132.7, 325.3 uM for BPAF, TBBPA, S
BPA and BPS, respectively. The highest 1
concentrations of 50 uM were selected for BPA
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and BPS, and 25 uyM were selected for BPAF and
TBBPA in the following HCA experiments.

BPA and its analogues altered nuclear morphology and cell number

Nuclear morphology has shown to be a sensitive endpoint compared to conventional
cytotoxicity assays "1, In this study, we measured multiple parameters associated with
nuclear morphology. Figure 7A shows representative nuclear morphologies following 72 h
treatments. Notable reductions of cell numbers and increases of mega or multinucleated cell
numbers were observed in the BPAF treatments at doses of 10 and 25 uM (arrows). Further
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quantification of the multinucleated cells using HCA demonstrated that BPAF treatment
induced significant increases of multinucleated cells at doses of 25 uyM for 24, 48 and 72 h. No
obvious morphological change was observed for the other tested compounds. As shown in
Figure 7B-D, nuclear morphological parameters obtained from HCA, including nuclear area
and nuclear shape, were compared in spermatogonial cells treated with various chemicals for
24, 48 and 72 h. Significant increases of nuclear area were observed in cells treated with 25
UM BPAF for 24, 48 and 72 h, and cells treated with 50 yM BPS and 25 uM TBBPA for 72 h.
BPA significantly decreased LWR at a dose of 50 uM for 72 h. BPS significantly decreased
LWR and P2A at a dose of 50 uM for 72 h. However, BPAF significantly increased LWR and
P2A at concentrations of 25 uyM for 24 h, 10 uM for 48 h. For 72 h, BPAF significantly
increased LWR at 1 yM and P2A at 10 uM. TBBPA also induced significant increases of LWR
at concentrations of 5, 10 and 25 yM and a significant increase of P2A at a concentration of 25
uM for 72 h.

Figure 7. High-content analysis of nuclear morphology of C18-4 Figure 8. High-content analysis of DNA content and
spermatogonial cells treated with BPA, BPS, BPAF and TBBPA.A synthesis of the spermatogonial cells treated with BPA,

shows the. representative images (40x) of controls and cells BPS, BPAF and TBBPA. The nuclei were stained with Hoechst
treated with BPA and BPS (1, 10 and 50 uM), BPAF and TBBPA 33342. Cells were incubated with 5-bromo-2'-deoxyuridine

(1,10 and 25 uM) for 72 h. Arrows indicate the multinucleated (BrdU, 40 uM) for 3 h prior to cell fixation, and then stained

cells. Scale bar = 50 ym. B-D shows the quan.tificat.ion of with mouse anti-BrdU antibody and anti-mouse DyLight 488 for
absolute nuclear area (um?2), nuclear shape, including LWR for detection of BrdU incorporation (green).

nuclear roundness and P2A for smoothness. DNA BrdU
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BPAF and
TBBPA reduced
cell numbers
starting at a dose
of 25 uM for 24, 48
and 72 h. BPA and
BPS reduced cell
numbers at a dose
of 50 uM for 24, 48
and 72 h. These
numbers were
lower than those
observed with the o
NR assay. Notably,

Figure 8B-D
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(0.1 uM) and BPAF (0.1 and 5 pM) slightly increased cell numbers. These results suggested
that for the detection of changes in cell numbers measured by HCA is more sensitive than the
conventional NR uptake cytotoxicity assay.

BPA and its analogues affected DNA synthesis and cell cycle

The measurement of DNA content of individual cells enabled determination of the
phases of the cell cycle, while the BrdU incorporation measured newly synthesized DNA.
Figure 8A shows representative images of BrdU incorporation after 72 h treatments. Most
multinucleated cells in the BPAF treatment were BrdU positive cells. As shown in Figure 8B,

BPAF (25 uM) significantly

induced total DNA intensity, by
1.3-, 1.5- and 2.0-fold after 24, 48
and 72 h treatments as compared
to the control, respectively.
However, BPA, BPS, and TBBPA
treatments shows no observable
change of DNA total intensity.
Figure 8C showed that BPS of a
concentration of 50 uM and BPA
of concentrations of 10, 25, 50 uM
significantly decreased BrdU
positive cells for 24 and 48 h,
respectively, suggesting inhibitory
effects of DNA synthesis from
those treatments. However, BPAF
treatment induced significant
increases in BrdU positive cells at
all three time-points at a
concentration of 25 yM as
compared to the control. No
change of BrdU incorporation was
observed for the TBBPA
treatment.

Histogram plots of total

Figure 9. High-content analysis of cell cycle of spermatogonial
cells treated with BPA, BPS, BPAF and TBBPA.
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DNA intensity were generated and the percentages of cells in each phase of the cell cycle
were determined. As shown in Figure 9, the DNA intensity histogram in control groups
exhibited distinguishable 2N (G0/1 phase) and 4N DNA (G2/M phase) peaks. Significant
changes in the DNA histogram plot such as decreases of G0/1, and increases of S and G2/M
phases in the BPAF treatment were observed. As shown in Table 4, dynamic changes of cell
cycle stages in the controls across time-points, such as increases of cells in G0/1 and
decreases of cells in S phase after 48 and 72 h culture were observed as compared to the
control after 24 h. Cell populations in G0/1 phase were significantly decreased with a BPAF
treatment of 25 uM for 24 h, 10, 25 yM for 48 and 72 h, and a TBBPA treatment of 25 uM for
24, 48 and 72 h. Significant increases of the percentage of cells in S phase were observed

TABLE 4. HCA of Cell Cycle of Spermatogonial Cells Treated with Various Concentrations of BPA, BPS,
and BPAF, TBBPA for 24,48, and 72 h

Dose 24h 48h 72h
(nM)

sub  GO/1(%)  S(%) G2/M(%) Sub  GO/1(%)  S(%) G2M(%) Sub GO/1(%)  (%)S  G2/M (%)
G1(%)? G1(%)* G1(%)*

BFA 0 35%x11 646x17 12608 181x17 52x15 6/4x16 120x0.7 13.0x11 56x10 707x17 99x14 129x10
01 35=09 649=15 126+02 181=11 52=31 694=23 124+07 125+28 69+12 70.0=08 106 =06 11.7 =1.3
1 44=x271 625x15 12908 189x19 59x15 67912 121x06 13618 65x11 70721 9321 122=x10
10 50=13 640=10 118+09 183+13 47 +14 67.0+22 117 =14 157 =1.2* 68=06 706 =31 11.3+26 9.8+ 12"
50 4%13 658=x30 135+06 153+=13"42+17 671=19 129+08 151 =16 73 =13 675=31 11.0=1.7 131=19
BPS 0 35%=11 646=17 126+08 181+17 52+15 674+16 120=07 13.0=x11 56=10 707=17 99=14 129=1
01 38x08 63615 12302 19420 423x06 695x11 118x0.7 13.7x18 74x17 710x11 95%x13 114=*038
1 3607 629x2.0 126=x0.5 200x11 3718 68418 11705 150*x16 65x06 719x18 92614 113x11
10 38=09 631x19 129+07 192+13 49+13 666=12 11.9=09 156 +2.3* 87+50 70.1=19 10.2 =15 10.2 = 2.8
50 39=11 637=13 13.0+08 186=16 59+34 659=25 11.2+09 160+1.9" 74+14 705=25 92=16 118=26
BPAF 0 35%x11 646x17 12608 181x17 52x15 6/4x16 120x0.7 13.0x11 56x10 707x17 99x14 129x10
01 36=10 643+19 119+10 185=13 56=19 665=22 106+04 166 =14 65=07 71.5=10 104 =05 11.1=11
1 33x07 651x14 13505 17320 54x14 681220 115x14 140%x21 77x11 679x33 109x11 128=x12
5 41+10 635%=28 121=0.7 187 =15 5520 678+35 116 =13 141+42 80=07" 70010 103+=12 11.2=11
10 61%=16"622=18 123+08 185+12 84 +41 597 = 15" 11.0 = 0.6 19.9 =3.2* 12,1 = 25" 61.0 = 1.3" 13.1 =2.1* 131 =11
25 76+19"253+33"149+16"47.6 46" 97+1.7"253+31%152 14" 44627 68=25 264 =30 193 13" 483 =51
TBBPA 0 35*x11 é646x17 126x08 181x17 52x15 674x16 120x07 130x11 56x10 707x17 99x14 129x10
01 49=20 624+17 129+07 191=20 41+19 691219 114+04 148=33 74+12 71.0=05 103 =04 108 =09
1 37x10 62710 133%x08 196*11 54*14 66728 120+x08 15029 86*09 694*0.7 10505 106 =0.7
5 43x15 629=17 132=07 187 =09 34=11 676*16 11.9 =06 163 =2.0" 86=45 69.7 =37 99=04 11.2=07
10 42+15 663 +17 11.0+1.1" 180+21 55+17 665+1.6 89 +23" 181 +14"110=20" 67.7 +16 67 206" 13810
25 47 =10 60.3=0.9" 106 = 1.2* 235 = 09" 89+ 36" 63.2 =33 92+ 13" 177 =20 132 = 23" 57.5= 8.0" 87 = 1.1 19.1 =4.9"

Note: Percentage of each stage of cell cycle, including sub-G1, GO/1, S and G2/M phase are presented as mean * SD, n = 6. Three replicates in 2 separate experiments
were included. Statistical analysis was conducted by 1-way ANOVA followed by Tukey-Kramer multiple comparison (P < .05). Cells treated with vehicle (0.05% DMSO)
were used as negative controls (0).

*Cells with DNA content less than 2N, representing apoptotic cells.

when cells were treated with 25 yM BPAF for 24, 48 h, and 10, 25 yM for 72 h. On the
contrary, significant decreases in the percentage of cells in S phase were observed after
treatments with 10 and 25 yM TBBPA for 24 and 48 h, and after treatment with 10 uM for 72 h.
Accumulations of cells in G2/M phase were observed in cells treated with 10 uM BPA for 48 h,
and 10 and 50 uM BPS for 48 h. A similar pattern was observed with 25 uM BPAF for 24 h, 10
and 25 uM BPAF for 48 h, and 25 yM BPAF for 72 h. Accumulations of cells in G2/M were also
observed with 25 yM TBBPA for 24 and 72 h, and with doses of 5, 10 and 25 uM of TBBPA for
48 h. Significant decreases in the percentages of cells in G2/M phase were observed with a
BPA treatment of 50 uM for 24 h and of 10 yM for 72 h. A BPS treatment of 10 uM for 72 hhad
the same effect. Finally, increases in the percentages of cells in sub-G1 phase, representing
apoptotic cells, were observed with BPA at a dose of 50 uM for 72 h, with BPAF treatment at
doses of 10 and 25 yM for 24 h, 25 uM for 48 h, 5and 10 uM for 72 h. TBBPA treatments of25



PAR12-252/ OH010473-02

MM for 48 h, and of 10, 25 uM for 72 h also increased the percentages of cells in apoptosis.
Altogether, these results indicated that BPAF and TBBPA treatments at higher concentrations
led to an increase of cells in the G2/M phase accompanied by an increase of apoptotic cells.
Further, BPAF treatment showed unique increase of cells in S phase, which was consistent
with our BrdU incorporation results. On the contrary, BPA and BPS treatments led to a
decrease in the number of cells in the G2/M phase at doses of 10 or 50 pM.

BPA and its analogues disrupted the germ cell cytoskeleton

The cytoskeleton provides a structural framework for the cell and serves as a scaffold
that determines cell shape and the organization of the cytoplasm [''?. We developed multi-
parametric HCA assays to examine the effects of BPA and its analogues on the cytoskeleton
of the spermatogonial cells. As shown in Figure 10A, F-actin showed a regular organization
with aligned and tightly compacted structures in controls. However, BPAF and TBBPA
treatments induced actin aggregate as dot-like structures with highly condensed actin staining
(arrows). We further quantified the number of dot-like structures of F-actin and found
significant increases in BPAF treatment at doses of 25 uM for 24, 48 and 72 h, and TBBPA
treatment at doses of 25 uM for 24 and 48 h. Significant decreases of dot-like structures were
observed in BPS treatment of 50 yM for 72 h. These unique structure changes were dose-
dependently observed for the of BPAF and TBBPA treatments, suggesting chemical-specific
effects on the cytoskeleton. Dynamic changes of total intensity of F-actin were further
quantified as shown in Figure 10B. BPA and BPS (50 uM), BPAF and TBBPA (25 pM)
significantly increased total intensity of F-actin at 24, 48 and 72 h exposure times. BPAF
induced an approximate 2-fold increase of total F-actin intensity at 48 and 72 h exposure in
comparison with other bisphenols. These data suggested that BPAF and TBBPA could
potentially impair F-actin polymerization, resulting in aberrant F-actin accumulation.

BPA and its analogues induced y-H2AX expression, a marker for early DNA damage

To further explore the potential effects of BPA and its analogues on DNA integrity, we
examined y-H2AX expression to assess early DNA damage responses in spermatogonial cells
after treatments with BPA and its analogues. As shown in Figure 10A, all tested compounds
induced various extent of y-H2AX staining. BPAF induced y-H2AX positive cells at a
concentration of 25 yM. For the quantification of y-H2AX as shown in Figure 10C, BPA
treatment significantly increased the number of y-H2AX positive cells at a concentration of 50
MM for 48 and 72 h. Both BPS (50 uM) and BPAF (25 uM) treatments significantly increased
the number of y-H2AX positive cells after 24, 48 and 72 h exposure, as compared to the
control. TBBPA only induced y-H2AX positive cells at a concentration of 25 uM for 72 h. BPAF
induced a higher number of y-H2AX positive cells, with increase of 2.5-, 3- and 5-fold for
exposures of 24, 48 and 72 h respectively as compared to the control. These data
demonstrated that BPAF showed greater genotoxic potency as observed by increased
expression of the DNA damage response marker y-H2AX.
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Figure 10. High-content analysis of F-actin and y-H2AX in spermatogonial cells treated with BPA, BPS, BPAF, and TBBPA.
Arrows indicate dot-like structures. Scale bar = 100 um. B-C demonstrated the quantification of log-transformed total intensity
of F-actin and positive c-H2AX cells.
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To examine the relationship between the cytoskeleton and DNA damage responses, a
spearman correlation analysis was conducted based on log-transformed total intensity of F-
actin and y-H2AX. The correlation coefficients (r) are summarized in Table 5. For all four
chemicals tested, r was positive
with P values of less than 0.0001, TABLE 5. Correlation Analysis Between Total Intensity of F-actin and
suggesting a significant and Total Intensity of c-H2AX
positive correlation between
cytoskeleton perturbation and DNA
damage responses. Thus, an Time BPA BPS BPAT TEBEPA Al
increase in the intensity of F-actin (h)

r P r P r P r P r P

staining was stro_ngly correlateq 24 0.85 <0001 0.91 <.0001 0.45 .0384 0.75 <.0001 0.76 <.0001
with an increase in total intensity of | 43 g5 - 0001 0.89 0001 0.74 0001 03¢ 1295 0.75 ~.0001

Correlation Coefficient

y-H2AX for 24 and 48 h exposure, 72 042 0827 066 .0027 0.48 .0276 052 .0152 0.50 <.0001
and moderately correlated an

increase in the total intenSity of Y- Mote: Spearman correlation analysis was conducted between the log-trans-
H2AX for 72 h, suggesting that formed total intensity of F-actin and y-H2AX in each cell (JMP statistical analysis

package, SAS Institute, Cary, North Carolina).

cytoskeleton perturbation may co-
occur with the DNA damage
responses.

Comparison of EC20 values of BPA and its selected analogues for different endpoints
In order to clarify the relationship between doses of compounds, the magnitude, and
type of cellular responses (endpoints), the EC20 values from different endpoints were
calculated and are listed in Table 3. Similar to cell viability data obtained with the NR assay,
the EC20 values of multiple endpoints obtained with the HCA were lower in all treatments,
suggesting HCA-based assays identify potential targets of cytotoxic agents with improved
sensitivity. In BPA treatment, the endpoint with the lowest EC20 was cytoskeleton perturbation
(7.5 pM), followed by cell number decrease (52.4 uM) and G2/M phase decrease (54.6 M)
after 24 h treatment. After 48 h treatment, the endpoint with the lowest EC20 was cytoskeleton

TABLE 6. EC20 Values of BPA and Its Selected Analogues from Multiple Endpoints

24h 48h 72h
Dose (uM) BPA BPS BPAT TBBPA BPA BPS BPAF TBBPA BPA BPS BPAT TBBPA
Cell Viability * ECzo 1145 42221 115 LT 84 1542 10.1 471 ND
CI 101.1-129.6 198.6-248.3 2.5-504 31.5-55.2 72.8-97.0 123.1-193.4 386-25.7 VW
Cell Number ECgo 524 246.1 13.3 27.8 50 81.4 13.9 28.1 52.5 64.8 1557 236
CI 26.1-105.4 26.2-2316 11.0-16.0 17.9-43.0 VW 36.6-180.8 116-16.6 214-36.9 47.7-57.9 47.9-87.7 13.9-17.6 21.8-25.5
Nuclear Area ECyo NS NS 20.8 NS NS NS 18.1 NS NS 108.1 125 26.4
CI VW VW o4 3=215 vw vw
P2A ECys NS NS 8.7 NS NS NS 8.3 NS NS —_ 7.7 338
CI 7.8-99 74-9.2 — 6.5-9.1 25.8-44.3
LWR ECzo NS NS 6.8 NS NS NS 7.6 NS 709 61.8 6.1 118
CI 3.5-130 5.7-10.0 32.5-154.3 35.3-108.2 5.3~7.1 5.7-24.4
Cell Cycle (Sub G1) ECoo NS NS 5.8 NS NS NS 6.3 13.7 e NS 0.4 0.3
CI 3.6-92 2.9-135 4.7-40.0 —_ 0.03-4.2 0.05-1.6
Cell Cycle (G0/1) ECyo NS NS 11.4 —_ NS NS 10.1 38.0 NS NS 9.8 18.9
CI 6.1-21.3 = VW 20.6-70.0 9.4-10.2 15.8-22.5
Cell Cycle (S) ECzo NS NS 393 8.8 NS NS 17.12 5.7 NS NS 8.6 235
CI VW vw vw VW 7.0-10.1 9.0-62.1
Cell Cycle (G2/M) ECyp 54.6 NS 11.9 25,2 NS —_ 9.8 52.2 NS NS 12.0 247
CcI VW vw VW _ 9.2-10.5 13.83-198.1 VW 21.7-28.1
BrdU ECzo NS 36.9 10.7 NS = 78 104 NS NS NS 122 NS
CI 15.8-86.2 8.6-13.3 — 12.9-472.4 VW 18.3-81.8
v-H2AX ECa0 NS 31.0 109 NS 50.3 20.6 11.2 NS 60.2 56.6 1Lz 26.1
CI 9.5-101.1 8.7-13.7 vw 9.9-42.9 VW VW vw Vw
F-actin ECy 75 45 7.8 10.1 <l 66.2 10.2 244 47.0 994 109 246
CI 1.7-34.0 0.7-28.6 5.5-11:1 5.8-20.5 12.4-80.0 36.2-121.1 VW 20.1-28.4 41.1-53.8 39.2-252.1 vw vw

Notes. ECy: Values for does causing 20% of the maximum response. CI: 95% confidence interval. NS: not significant. ND: not determined. VW: very wide; —, ECz, simulation failed (exceeded treatment concentration that decreased
cell viability to 0%). Color code: red, increase; green, decrease.
*Data from NR uptake assay.
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perturbation (31.5 uM), followed by DNA damage responses (50.3 uM) and cell number
decrease (50 yM). After 72 h treatment, the EC20 for multiple cellular responses was at the
same dose level (50 uM). For the BPS treatment, the endpoint with the lowest EC20 was
cytoskeleton perturbation (4.5 uM), followed by DNA damage responses (31.0 uM), DNA
synthesis inhibition (36.9 uM) and cell number decrease (246.1 uM) after 24 h treatment. After
48 h treatment, the endpoint with the lowest EC20 was DNA damage responses (20.5 pyM)
followed by cytoskeleton perturbation (66.2 uM) and cell number decrease (81.4 uM). After 72
h treatment, BPS induced nuclear shape changes, cell cycle arrest, and DNA damage
responses all at the same doses of 50 yM, while for cytoskeleton perturbation and nuclear
area changes, the EC20 values were around 100 uM. BPAF treatment induced a wide
spectrum of cellular events at a concentration of approximate 10 uM. These changes were
independent of the time of exposure, and include decreases of cell numbers, changes of cell
number, nuclear morphology, cell cycle perturbations, DNA synthesis facilitation, increased
DNA damage responses and cytoskeleton perturbations. The induction of apoptotic cells
showed the lowest EC20 values (0.4 uM) after 72 h treatment. Among these endpoints, LWR
consistently showed lower EC20 values (6.1-7.6 uM), suggesting that alteration of nuclear
roundness could serve as an early sensitive marker of BPAF toxicity in C-18 spermatogonial
cells. For the TBBPA treatment, the endpoints with the lowest EC20 were S phase decrease
(8.8 uM) followed by cytoskeleton perturbation (10.1 uM), G2/M phase increase, and cell
number decrease around 25 uM after 24 h treatment. After 48 h treatment, the endpoint with
the lowest EC20 was S phase decrease (5.7 uM) followed by apoptosis increase (13.7 uM),
cytoskeleton perturbation (24.4 uM), cell number decrease (28.1 uM), GO/1 phase decrease
(38 M) and G2/M phase increase (52.2 uM). After 72 h treatment, TBBPA treatment induced
various cellular responses at a concentration of approximately 25 uM (EC20), except for
apoptosis increase. In summary, in comparison of the EC20 values of four bisphenols, BPAF
stood out markedly, with high cytotoxicity (EC20 values ranging from 0.4 to 20 uM). TBBPA
was identified as having an intermediate toxicity (EC20 values ranging from 0.3 to 47 yM).
BPA and BPS were less cytotoxic (EC20 values from 4.5 to 250 uM) and the differences
between these two compounds were minor.

In summary, we established the HCA/HTP assay in the 3D-SGC model and generated
and modeled R/D toxicity for evaluating the bisphenol A and analogies compounds.
Generation of dose and time dependent in vitro data in the 3D-TCCS model by using new HTP
assays on signaling pathways such as cell cycle and DNA damage validated our 3D-TCCS for
R/D toxicity screening. These HTP data can be linked with computational models to improve
the understanding of the critical role of cell signaling pathways in R/D toxicity, make prediction
of adverse effects from exposure, and pave the way for both accelerated testing of toxicants
and significantly reduced use of animals. Pathway-based assays provide information on mode
of action of compounds on R/D toxicity.

Discussion:

Despite increasing use of BPA analogues as BPA alternatives, there are still limited
data available on their reproductive toxicities. Assessing reproductive toxins poses great
challenges, therefore it is urgent to develop an improved in vitro model to identify and assess
critical biological events leading to adverse reproductive outcomes. Cytotoxicity is a very
complex process affecting multiple signaling pathways within cells. New approaches for toxicity
characterization have focused on in vitro high-throughput and high-content assays, which
enable measurement of early, sub-lethal indicators of cellular toxicity, as well as determination
of the sequences and patterns of cellular events. HCA has been an effective and sensitive tool
for obtaining large quantities of robust data on the multiple effects of compounds as compared
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with conventional cytotoxicity assays like the NR assay. Several studies demonstrated that
data obtained with HCA are concordant with drug-induced toxicity in humans [101. 103, 1041 'HCA
has been widely used to assess chemical-induced mechanistic effects, and has been applied
to drug discovery using specific cell type or three-dimensional cell culture models ['13-117] |n
this study, we developed and validated a number of HCA-based assays and phenotypic read-
outs, including characterizations of nuclear morphology, DNA content, cell cycle, cytoskeleton
integrity, and DNA damage responses using a germline cell line.

Changes in nuclear morphology are general a reflection or a result of accumulation, of
millions of cellular events taking place inside a cell, and known to be tightly associated with
proliferation, gene expression, and protein synthesis [''8. The nucleus is surrounded by the
nuclear envelope, which isolates chromosomes from cytoplasm and typically has either an oval
or round shape. Previous studies have demonstrated that the changes in nuclear morphology
seen with HCA were sensitive markers for detecting cytotoxic effects [0 111. 1191 |n the present
study, we found that BPA induced alterations of nuclear shape (LWR) at non-cytotoxic doses,
which is similar to previous findings in mouse embryonic fibroblasts ['20: 121 An jn vivo study
recently demonstrated that low-dose exposure to BPA (2ug/kg) induced germ cell apoptosis in
adult rats ['?2, Interestingly, we observed that BPAF induced a dose-dependent increase of
multinucleated cells. Induction of abnormal testicular germ cells, such as multinucleated germ
cells (MNGs), has been reported following gestational exposure to di-(n-butyl) phthalate (DBP)
[123-126] Ferrara and colleagues speculated that germ cells presenting DBP-induced MNGs may
develop into carcinoma in situ (CIS) cells, the known precursors of testicular germ cell tumors
(TGCT) in men ['?71_ Cell cycle analysis revealed that these BPAF-induced multinucleated cells
were actively synthesizing DNA (BrdU), with increased numbers of cells in S and G2/M phase,
suggesting these germline cells underwent abnormal proliferation. Further animal studies are
need to confirm whether BPAF has a testicular toxicity similar to DBP in vivo.

Assessment of the cell cycle status of individual cells is pivotal for the evaluation of cell
cycle regulation in response to intracellular and extracellular cues. Cell cycle status and
progression has traditionally been measured using population-based methods such as flow
cytometry [128. 1291 Flow cytometry is generally dependent on the successful preparation of a
single-cell suspension, which is not compatible with high-throughput and high-resolution cell
imaging. HCA-based cell cycle analysis was recently reported by Roukos et al [''%. Cell cycle
profiles with discrete G1, S or G2/M populations were determined and these results were
comparable to data obtained from flow cytometry analysis [''%. We have established a protocol
for the spermatogonial cell line, which was able to accurately segment the nuclei for DNA
content quantification. We have shown the dynamic changes of the cell cycle in the control
population at different time-points (Table 1). Those percentage changes across the phases of
the cell cycle are consistent with the cellular growth status, exhibiting fast proliferation at an
early time-point and then slowing down when cells reach 100% confluence for 72 h. This HCA-
based cell cycle analysis allows us to be able to accurately segment the nuclei even when the
C18-4 spermatogonial cells were at 100% confluence for 72 h. As an imaging-based method to
probe the cell cycle phase of individual cells, HCA can be used to correlate phases with the
subcellular localization or the co-expression levels of multiple DNA loci or proteins tagged with
different fluorescent markers. This feature will be widely applied in the mechanistic toxicity
studies to screen or identify potential mechanisms of action. As revealed in the cell cycle
analysis using HCA-based DNA content histograms and BrdU incorporation assay, we found
that BPA and its analogues induced dose- and time-dependent alterations of the cell cycle with
chemical specific changes Previous in vivo studies showed that BPA disrupted meiosis |
progression and altered the number of leptotene and diplotene spermatocytes percentages in
rat testicular cells ['3% 1311 Disruption of the cell cycle has been proposed to be a key event in
BPA testicular toxicity ['30 1311, Our results demonstrated that BPA or BPS treatments at a
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concentration of 10 or 50 M disrupted mitosis progression (G2/M phase). BPA induced dose-
dependent decrease of BrdU positive cells for 48 h, suggesting that HCA-based quantification
of BrdU is a sensitive endpoint for the evaluation of the cell cycle on comparison to the cell
cycle profiling from total DNA content histogram. It has been reported that BPA exposure
caused diverse effects on the cell cycle. BPA treatment can inhibit cell proliferation and
induced S and G2/M phase arrest in midbrain cells at 1x10-* M ['30, On the other side, low-
dose BPA (210 M) can promote cell proliferation in human seminoma cells though a G-
protein-coupled non-classical membrane estrogen receptor (ER) and induced cell proliferation
and cell-cycle regulatory proteins in human breast cell lines ['32-1341, The differences between
our current observations and previous studies may be due to the different sensitivity to the
endpoints tested in spermatogonial cells. For BPAF treatment, along with the significant
changes of nuclear morphology, we observed significant increases of S phase in both cell
cycle profiling and BrdU labeling, and accumulation of cells in G2/M phase in a dose-
dependent manner. Again, HCA-based assessment of the cell cycle status of individual cells
suggested that BPAF treatment could result in significant alterations of cell cycle as compared
to the treatment with BPA, BPS or TBBPA at similar dose ranges.

BPA has long been suspected to induce carcinogenesis ['3]. Low doses of BPA have
been reported to promote DNA damage, potentially contributing to breast cancer ['33, Several
assays can measure and quantify cellular responses to DNA double-strand breaks. The
proteins, such as y-H2AX, ATM, CDKN1A, and TP53, involved in the early steps of the cellular
response in sensing DNA damage and controlling progression, have been proposed as the top
group of candidate biomarkers ['3¢]. Due to the signal amplification of [IH2AX foci at the site of
DNA damage, the detection of YH2AX has been identified as an early sensitive cellular
biomarker of DNA damage ['37- 1381 |n this study, we developed a multi-parametric HCA assay
along with the detection of yH2AX and found that BPA and its analogues significantly altered
the expression levels of YH2AX. It has been reported that BPA and its analogues induced DNA
damages in a cell-type-specific and dose-dependent manner [139. 140 BPA is able to induce
DNA damage in spermatozoa (Liu, Duan et al. 2013), and in human breast cell line MCF-7
cells at the low concentration of 10 nM ['39. 1331 Other studies showed that BPA at
concentration of 100 uM did not induce YH2AX in a colorectal adenocarcinoma LSI174T cell
line, but Bisphenol F did ['41l. Most significantly, among all chemicals tested, BPAF showed
significant induction of yH2AX at multiple time-points, suggesting a greater genotoxicity, as
compared to other bisphenols.

The cytoskeleton, which serves as a scaffold that determines cell shape and the
organization of the cytoplasm, plays a significant role in regulating cell shape, movement,
cargo transportation and nuclear morphological modification [''?l. Disorganization of F-actin
was found to induce germ cells dysfunction in vivo ['42, A BPA exposure of 200 uM induced
the truncation and de-polymerization of F-actin with mis-localization of actin regulatory proteins
in human Sertoli cells without the changes of the total F-actin fluorescence intensity 143, HCA-
based analysis of F-actin demonstrated that all four bisphenols showed aberrant F-actin
distribution in the cytoplasm (Figure 7B). These alterations in F-actin are highly correlated with
the increased yH2AX expression, an early DNA damage responses marker (Table 3). It has
been reported that alterations in the actin cytoskeleton were correlated with induction of yH2AX
in human breast MCF-7 cells ['44l. In the present study, comparison of EC20 values indicated
F-actin appeared an early cellular response marker for chemical-induced testicular toxicity, and
that perturbation of the cytoskeleton could potentially be associated with other endpoints, such
as change of nuclear morphology and cell cycle alterations.

One of the applications of HCA assays in drug discovery and toxicity testing is
prioritizing and ranking compounds for their potential human toxicity. By comparing of EC20
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values among four bisphenols, BPAF showed the highest germ cell cytotoxicity, followed by
TBBPA, BPA and BPS. Although the chemical structures of BPA and its analogues are similar,
HCA demonstrated differential adverse effects of four bisphenols on multiple molecular and
cellular events, suggesting that different mechanisms may promote cytotoxicity. Similar
findings were reported in previous in vitro studies, in which BPAF and TBBPA showed higher
endocrine modulating potentials in human MCF7 breast cancer cells and Leydig cells,
respectively, as compared to BPA [14% 1461 BPS showed similar inhibitory effects with BPA on
testosterone secretion in human fetal testes and induced more sensitive responses in mice
testes ['47]. By substituting different chemical groups and degree of halogenation, BPA and its
analogues could exert differential toxicities via various receptor binding sites and binding
affinities. In order to elucidate the potential structure-related toxicities, more BPA analogues
will be included in future studies. Our in vitro data were also consistent with previous in vivo
findings. BPA exposure (< 50mg/kg) consistently induced impairments of sperm production
and quality, and alteration of steroidogenesis ['4¢: 141 \Whereas BPS, BPAF and TBBPA
exerted some adverse reproductive effects, including alterations of hormone levels, decreases
in sperm count and changes of seminiferous epithelium morphology, Future study will be
important to validate these findings [1°0-152,

In summary, we have developed multi-parametric HCA assays in germline cells and
compared the testicular toxicity of BPA to some of its analogues. This multi-dimensional
toxicological profiling revealed differential testicular toxicities of BPA and its analogues,
whereas BPAF and TBBPA showed greater cytotoxicity, followed by BPA and BPS. Our
findings also suggested that using the HCA platform with C18-4 spermatogonial cells could
provide a rapid and cost-efficient tool to gain insights into mechanisms of toxicity, and establish
links between molecular pathways and accelerate safety testing of potential reproductive
toxicants.
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