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BACKGROUND: Developing human fetuses may be exposed to the chemical compound bisphenol A (BPA), and retinoic acid (RA) has been detected
at low levels in water sources. RA signaling regulates key developmental genes and is essential for organ development, including the brain. We previ-
ously reported that RA/BPA coexposure of mouse embryonic stem cells potentiates RA signaling, which warrants further investigation.

OBJECTIVE: This study was undertaken in human induced pluripotent stem cells (iPSCs) and zebrafish embryos to investigate whether coexposure to
BPA and exogenous RA could potentiate HOX gene expression and exert pleiotropic effects on RA signaling.

METHODS: Human iPSCs and zebrafish embryos were exposed to exogenous RA (0, 7.5, 10, 12.5, 100, 200 or 500 nM) or BPA (20 lM) alone or
coexposed to BPA (2 nM–20 lM) and exogenous RA (7:5–100 nM). Postexposure changes in HOX genes were assessed by quantitative polymerase
chain reaction and/or transcriptome analyses. RA receptor antagonists were used to identify the receptor responsible for signaling. In zebrafish, spatial
expression of fgf8a and hoxb1a was evaluated by whole-mount in situ hybridization. Mauthner cell and craniofacial cartilage anomalies were studied
by immunostaining and Alcian blue staining, respectively. Transcriptome was compared between iPSCs and zebrafish to identify alterations of com-
mon biological processes. Gradient curves of RA signal were calculated to simulate the effects of exogenous RA and BPA in zebrafish.
RESULTS: In both iPSCs and zebrafish, RA/BPA coexposure had higher expression of 3 0 HOX genes in comparison with RA alone; BPA alone had no
effect. Addition of RA receptor antagonists abolished these changes. In zebrafish, RA/BPA coexposure, in comparison with RA alone, resulted in a
significant rostral shift in hoxb1a expression and increased rate of anomalies in Mauthner cells and craniofacial cartilage. Transcriptome comparison
and correlations between the experimental results and gradient curve simulations strengthened these observations.
CONCLUSION:Our findings suggest a mechanistic link between chemical exposure and neurodevelopmental impairments and demonstrate involvement
of exogenous RA signaling in endocrine disruption. Further investigation is needed to explore why BPA alone did not affect endogenous RA signal-
ing, whereas exogenous RA signaling was potentiated with RA/BPA coexposure. https://doi.org/10.1289/EHP15574

Introduction
Modern society heavily relies on synthetic chemicals and plas-
tics, which are indispensable to daily life. Bisphenol A (BPA) is
one of the highest-volume synthetic chemicals and is widely used
to manufacture polycarbonate plastics and epoxy resins.1,2 It is
found in numerous daily products, including water bottles, food
containers, polyvinyl chloride films, dental sealants, and thermal
paper. Studies have detected BPA in human serum1; adipose tis-
sue3; and brain, liver, and urine.4 In addition, BPA has been
found in human placenta,1 follicular fluid, amniotic fluid, breast
milk of pregnant woman, and fetuses,5 suggesting that exposure

to BPA can occur during early gestational development.
Furthermore, an impact on dopamine neurons,6 reproductive
organs,7 and gene expression8 following prenatal exposure to
BPA has been reported.

BPA interacts with multiple steroid hormone receptors, includ-
ing estrogen, androgen, and thyroid receptors,9 and causes damage
to the reproductive system, immune system, and neuroendocrine
system,10 possibly by interfering with various cell signaling path-
ways.11 However, a considerable knowledge gap exists regarding
the adverse effects of BPA on the functions of hormone receptors,
particularly because its mechanisms of action in a wide range of
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disorders remain incompletely understood. This gap is partly
attributed to the fact that experiments have been conducted under
extensively divergent conditions, both in vivo and in vitro, using
different animals, tissues, cell types, chemical concentrations,
exposure durations, and analytical methods. Thus, integrating the
diverse results of these experiments and deducing a common
mechanism underlying adverse outcomes from exposure to
endocrine-disrupting chemicals (EDCs) remain challenging.

Performing experiments focused on specific signaling under
simplified and well-defined conditions is crucial to understanding
the mechanisms underlying these effects.12,13 Research on EDCs
has mainly focused on their effects on sex and steroid hormone
receptors, with a particular focus on estrogenic potency.14 However,
emerging evidence has demonstrated that their adverse effects
extend beyond hormonal pathways, with studies showing an impact
of EDCs on neurodevelopmental disorders such as autism spectrum
disorder (ASD) and attention deficit hyperactivity disorder (ADHD)
as well as effects on metabolism, obesity, developmental processes,
immune systems, and epigenesis.12,15 These findings imply that
EDCs, includingBPA,might interferewith not only hormone recep-
tors but also fundamental biological processes associated with early
development.13,15

We previously reported that mouse embryonic stem cells
coexposed to BPA and retinoic acid (RA) had a higher expression
of RA-responsive genes, including Hoxa1, in comparison with
those exposed to RA alone.16 Because RA signaling plays funda-
mental roles in various developmental processes, including repro-
duction, immunity, carcinogenesis, and homeostasis, interference
with the retinoid system could be linked to a diverse range of
health disorders.17,18

The presence of RA and RA-like activitywas detected in drink-
ing water sources.19–23 The main source of retinoids in surface
water is cyanobacteria bloom and wastewater effluent. Retinoid-
like activities have been detected in studies using a receptor-
mediated in vitro bioassay or liquid chromatography–tandemmass
spectrometry (LC-MS/MS), with the maximum activity of reti-
noids in surface water reported to be 263 ng=L all-trans-RA equiv-
alent.20 Studies of an effluent from a sewage treatment plant
demonstrated the coexistence of BPA (1,225–2,638 ng=L as
EDCs) and RA (3:7–9:1 ng=L) in the effluent.21

Both the Swedish Chemicals Agency and the European
Commission have begun to focus on the susceptibility of the reti-
noid system to endocrine disruption.13 The pleiotropic effect of
BPA suggests that it interferes with RA signaling, which acts as a
morphogen during embryonic development and plays a key role in
many fundamental biological processes. However, no direct evi-
dence has been presented to indicate that food-contact chemicals
interfere with RA signaling, and the molecular mechanism under-
lying this pleiotropic effect is poorly understood.

In this study, we focused on the effect of exogenous RA and
RA/BPA coexposure in experiments using human induced plu-
ripotent stem cells (iPSCs) and zebrafish embryos. These
experiments sought to demonstrate that coexposure to exoge-
nous RA and BPA may potentiate RA signaling and could
be associated with the development of neurodevelopmental
impairments.

Methods

Chemicals
All chemicals used in the experiments (product numbers, sour-
ces, purity, and Chemical Abstracts Service Numbers) are listed
in Table S1. These chemicals include all-trans-RA, dimethyl
sulfoxide (DMSO), BPA, mitomycin C, L-alanyl-L-glutamine,
BMS493, AM580, LE135, BMS195614, G-15, LY2955303,

b-mercaptoethanol, ICI 182,780, and 4-nonylphenol (NP). All
of the chemicals were dissolved in DMSO to prepare stock solu-
tions and stored at −25�C. Working solutions were prepared by
further dilution of the stock solutions. DMSO was used as the
vehicle control.

Culture of Human iPSCs and Chemical Treatments
Human iPSCs (409B2, RBRC-HPS0076; RIKEN) were main-
tained on mitomycin C–treated SNL76/7 feeder cells (No.
EC07032801; Cosmo Bio) cultured as a monolayer on gelatin-
coated 6-cm dishes in maintenance medium, consisting of
Dulbecco’s modified Eagle’s medium/Ham’s F-12 (No. 08460-
95; Nacalai Tesque) supplemented with 20% KnockOut Serum
Replacement (No. 10828028; Thermo Fisher Scientific), 2mM
L-alanyl-L-glutamine, 0:11mM b-mercaptoethanol, 1% nones-
sential amino acids (No. 06344-56; Nacalai Tesque), 5 ng=mL
human recombinant basic fibroblast growth factor (hbFGF)
(No. 064-04541; Wako Pure Chemical Industries), and 0.5%
penicillin–streptomycin (No. 26253-84; Nacalai Tesque). The
SNL76/7 cells were treated with 12 lg=mL mitomycin C for
2.25 h, cryopreserved in liquid nitrogen, and plated at a density
of 8 × 105 cells per 6-cm dish within 1 or 2 d prior to iPSC plat-
ing. The iPSCs were obtained at passage 29, with a confirmed
normal female karyotype (46 XX) at passage 25, and used for
experiments between passages 36 and 46.

We applied the differentiation method,24,25 with slight modifi-
cations, to induce neuroectoderm and HOX genes. The human
iPSCs initially cultured on SNL76/7 feeder cells were transferred
to feeder-free conditions using E8 medium (No. A1517001;
Thermo Fisher Scientific). After 4 d, the cells were reseeded onto
24-well plates at a density of 1:5× 105 cells/well. The next day, the
medium was replaced with 1 mL of E6 medium (No. A1516401;
Thermo Fisher Scientific), and chemical treatments were initiated
for 3 d. The medium was refreshed daily, and cells were harvested
on the fourth day post treatment.

For RA treatment, a 1 lM working solution was prepared by
diluting (1:1,000) a 1mM RA stock (in DMSO) with E6 medium.
To achieve a final concentration of 100 nM, 100 lL of the 1 lM
working solution was added to make a final volume of 1 mL ofme-
dium. Other chemicals, such as BPA, were prepared as 10,000×
diluted stock and added in a similar manner. For RA/BPA coexpo-
sure, RAwas added first, followed immediately by BPA. In control
cultures, DMSO (0.2% final concentration) was used.

Reverse Transcription–Quantitative Polymerase Chain
Reaction
Total RNA was extracted directly from cells in wells using the
ReliaPrep RNA Cell Miniprep System (No. X6011; Promega)
according to the manufacturer’s protocol. RNA concentration
was measured with a BioDrop spectrophotometer (Berthold).
Reverse transcription (RT) was performed with 250 ng of total
RNA using the PrimeScript RT reagent kit (No. RR037A; Takara
Bio).

RT-quantitative polymerase chain reaction (RT-qPCR) was
conducted using SYBR Premix EX Taq (No. RR820A; Takara
Bio) or TaqMan Fast Advanced Master Mix (No. 4444556;
Thermo Fisher Scientific) on a StepOnePlus Real-Time PCR
System or QuantStudio 5 (Thermo Fisher Scientific). Gene expres-
sion was normalized to GAPDH, calculated using the comparative
threshold cycle (Ct) method.

PCR cycling conditions were as follows: for SYBR, 95°C for
30 s, followed by 40 cycles of 5 s at 95°C and 30 s at 60°C; for
TaqMan, 95°C for 20 s, followed by 40 cycles of 1 s at 95°C and
20 s at 60°C. Relative expression levels were calculated using the
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2−DDCt method. Each sample was analyzed in technical triplicate.
Primers were obtained from Eurofins Genomics and Thermo
Fisher Scientific, as detailed in Table S2.

Microarray Analysis of Human iPSCs
Microarray analysis of iPSCs was performed using total RNA as
described above (n=3 samples/group). Genome-wide messenger
RNA expression profiles were obtained using the HuGene 2.0 ST
Array (Affymetrix) following the manufacturer’s instructions.
Normalized data are available in the GEO database (AccessionNo.
GSE263569).

Data analysis and visualization were conducted using R (ver-
sion 4.2; R Development Core Team) and Bioconductor (version
3.16).26 Expression levels were derived from probe intensities,
normalized across all 18 samples using the Robust multiarray
analysis (RMA) method.27 Probe sets with normalized signals
>20were considered to indicate gene expression, and these probe
sets were included in further analysis. Differentially expressed
genes (DEGs) were identified using Welch’s analysis of variance
(ANOVA) (p<0:05), implemented with the Bioconductor pack-
age Genefilter. R scripts used for analysis are publicly available
at https://github.com/gpr120/hiPSC-Zebrafish-exprs.

Immunohistochemistry and Flow Cytometry
After chemical treatment, cells were washed with phosphate-
buffered saline (PBS) and fixed with 2% paraformaldehyde (PFA).
Fixed cells were permeabilized with 0.3% Triton X-100, blocked
with 2% bovine serum albumin (BSA), and incubated with
HOXB1 antibody (diluted 1:100; No. AF6318; R&D Systems) for
3 h at room temperature. After washing twice with PBS, Alexa
Fluor 488–conjugated goat anti-rabbit IgG (diluted 1:1,000; No.
A-11008; Thermo Fisher Scientific) was added, followed by incu-
bation for 45min.

For flow cytometry, cells were dissociated using TrypLE
Express (No. 12604013; Thermo Fisher Scientific), followed by
fixation, permeabilization, and antibody staining as described
above. Stained cells were filtered through a 40-lm nylon mesh
(No. N-N0330T; NBC Meshtec), resuspended in PBS with 1%
BSA, and analyzed using a FACSCalibur flow cytometer (BD
Biosciences). Data were processed with CellQuest Pro software
(version 6.0; BDBiosciences).

Fish Husbandry and Chemical Treatments
All experiments with zebrafish embryos were approved by the
Committee on Laboratory Animal Care and Use at Ritsumeikan
University (Approval No. BKC2020-048) and conducted in ac-
cordance with the university’s guidelines. Wild-type zebrafish
(Danio rerio, strain RIKEN WT) were obtained from RIKEN
BRC and maintained under a 12-h light/12-h dark photoperiod at
28± 1�C. Embryos were collected 30 min post mating [0.5 hours
post fertilization (hpf)] and grown at 28°C in E3 embryo medium
(5mM NaCl, 0:17mM KCl, 0:33mM CaCl2, 0:33mM MgSO4,
10mM HEPES, pH 7.22).

RA, BPA, LE135, and NP solutions were prepared ∼ 1 h
before use. A 12:5-lM RA solution was prepared in DMSO from
a 1-mM stock, followed by stepwise dilution with E3 to prepare
12:5-nM, 10-nM, and 7:5-nM solutions. For co-treatments, 3 mL
of RA solution was mixed with 1,000× diluted concentrations of
BPA (20mM), LE135 (10 lM), or NP (10 lM), to achieve final
concentrations of 20 lM and 10 nM for each treatment.

A total of 60 embryos were distributed into 35-mm dishes
(No. 1-8459-01; AsOne) containing 3 mL of E3 medium.
Embryos at the 4–8-cell stage were treated with chemicals by
replacing E3 with 3 mL of chemical-containing E3, and the

embryos were then incubated until 24 hpf at 28°C. Control
embryos were incubated in E3 containing 0.2% DMSO. At 24
hpf, the medium was replaced with fresh E3 without chemicals,
and the embryos were incubated until the desired stages for
sampling.

For immunostaining, embryos were treated with 0:03 mg=mL
1-phenyl-2-thiourea (PTU) (No. 166-13702; Wako) between 24
and 48 hpf, to inhibit melanocyte production.

LC-MS/MS Quantification of All-trans-RA in Culture
Medium and Embryos
Concentrations of RA in the prepared samples of culture medium,
and embryos were measured using LC-MS/MS, with minor modi-
fications to a previously described method.28 Culture medium
(100 lL per sample) and 10 embryos per groupwere collected at 0,
2, 5, 9, and 23 h post exposure to RA (0, 7.5, 10, or 12:5 nM), BPA
(20 lM), or combinations of RA (7.5 or 10 nM) and BPA (20 lM)
(n=3 samples per group). Embryos were homogenized in E3 me-
dium (10 embryos/100 lL) and mixed with 400 lL methanol con-
taining 1:25 nM RA-d5 (No. 25415; Cayman Chemicals) as an
internal standard. After centrifugation (15,000 rpm for 10 min at
4°C), supernatants were transferred to high-performance LC vials
for LC-MS/MS analysis.

LC separation was performed using ultra-high performance
liquid chromatography (UHPLC; Exion LC system; Sciex) with
a reverse-phase column (InertCore Plus C18, 3:0× 100 mm,
u2:6 lm; GL Sciences Inc.) under the following conditions: flow
rate, 0:8 mL/min; column temperature, 40°C; injection volume,
50 lL; mobile phase A, 0.1% formic acid in water; mobile phase
B, 100% methanol. The gradient was started at 80% B, increased
linearly to 98% B at 4 min, held for 1 min, and reequilibrated
over 1 min, for a total runtime of 6 min. RA and RA-d5 were
eluted at 2.81 min and 2.80 min, respectively.

Detection of RA was conducted using a QTRAP 6500+
triple-quadrupole mass spectrometer (Sciex) with an electrospray
ionization (ESI) source in positive ion mode. ESI parameters
were as follows: turbo gas temperature, 300°C; ion source volt-
age, 5,500 V; curtain gas, 40 psi; nebulizer gas (GS1), 70 psi;
heater gas (GS2), 50 psi; collision gas, 8 psi. Multiple reaction
monitoring (MRM) conditions are detailed in Table S3.

LC-MS/MS data were acquired using Analyst software (ver-
sion 1.7.2; Sciex) and quantified with Sciex OS-Q software (ver-
sion 2.1.6; Sciex).28

Whole-Mount In SituHybridization of Fish Embryos
Zebrafish embryos (24 hpf) (n=20–30/group) were fixed with
4% PFA overnight and dehydrated by methanol after physical
dechorionation using a 27G needle.Whole-mount in situ hybridiza-
tion (WISH)was performed as previously described.29 Digoxigenin
(DIG)– or fluorescein isothiocyanate (FITC)–labeled antisense
RNA probes (for fgf8a, hoxb1a, otx2b, egr2a, hoxb4a, hoxb5a,
and cyp26a1) were synthesized using a DIG RNA labeling kit
(SP6/T7, No. 11175025910; Roche) and Fluorescein RNA label-
ing mix (No. 11685619910; Roche). The embryos were photo-
graphed using a stereomicroscope (Nikon SMZ800N) equipped
with a complementarymetal-oxide-semiconductor (CMOS) camera
(Wraymer Floyd digital microscope camera). The distance between
signals was measured in lateral-view embryos using Image J (ver-
sion 1.53a). The probe sequences are listed in Table S4.

Whole-Mount Immunostaining of Fish Neuronal Cells
Zebrafish Mauthner neuronal cells (M-cells) were visualized by
immunostaining using 48 hpf embryos (n=20 embryos per
group). Embryos were fixed with 2% trichloroacetic acid for 3 h
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at room temperature (20�–24�C) and dechorionated manually as
described above.

Embryos were blocked with 10% normal goat serum and
0.1% BSA in PBS–Tween (PBS-T) and then immunostained
overnight at 4°C with anti-NEFM monoclonal antibody (RMO-
44, SC248186; Thermo Fisher Scientific) at 1:100 dilution. After
washing with PBS-T, embryos were incubated with Alexa 488–
conjugated antimouse IgG (Thermo Fisher Scientific) at 1:500
dilution. Embryos were washed with PBS-T and photographed
using a CMOS camera (Wraymer Floyd).

Alcian Blue Staining of Fish Cartilage
Cartilage from zebrafish embryos at 96 hpf was stained with
Alcian blue, as previously described.30 In brief, embryos (larvae)
(n=20 per group) were fixed with 4% PFA and stained overnight
with Alcian blue solution (No. 37154-44; Nacalai Tesque). After
washing with PBS, larvae were treated with 0.05% trypsin/PBS-T
for 2 h, followed by bleaching in 1.5% H2O2 per 1% KOH solu-
tion and then clearing in deionized water overnight.

All embryos were photographed, and images were analyzed
using Image J software (version 1.53a). Neurocranium formation
in the embryos was quantified by measuring the anteroposterior
length of the ethmoid plate and trabeculae (tr), from the rostral
tip of the ethmoid plate to the occipital arch (oa), and angles
[Meckel’s palatoquadrate (M-PQ) and ceratohyal cartilage
(CH)].30,31

Statistical Analysis
All statistical analyses were conducted using R (version 4.2.1; R
Development Core Team). Arcsine square root transformation of
the percentage data was applied to normalize the variance before
analysis. A one-way ANOVA with Tukey’s multiple comparisons
test was employed to compare the different groups on all pairwise
combinations. An ANOVA with Dunnett’s multiple comparisons
test was employed to compare the different groups to the control
group. Welch’s t-tests were used to analyze comparisons between
two groups. A p-value < 0:05 was considered statistically signifi-
cant. Data are presented as mean± standard deviation ðSDÞ, unless
otherwise specified.

Mathematical Simulation with RA Gradient Curves
The RA gradient model was defined as the following one-
dimensional reaction-diffusion model, as reported by White
et al.32

o RA½ �out
ot

=D
o2 RA½ �out

ox2
+VðxÞ− ð1+bÞkp RA½ �out

+ kp RA½ �in (1)

o RA½ �in
ot

= kp RA½ �out − kp + Cyp½ �� �
RA½ �in (2)

½Cyp�=
(

kdeg

�
cðRAÞsignal

c RAð Þsignal + 1+ foe−kðxf − xÞ

�
0< x< xf − 40

kmax x<0 or xf − 40< x< xf

,

(3)

and

RAsignal = RA½ �in
� �2

(4)

Each variable was defined according to that provided by
White et al.32 [RA]out and [RA]in denote the extracellular and

intracellular concentrations of RA, respectively, and [RA]signal
represents the intensity of RA signal transduction into the cell. V
(x) denotes the rate of RA generation at position x. In addition,
[Cyp] indicates the intracellular concentration of Cyp26a1. The
parameters used are also consistent with the values previously
provided32 and are as follows: kp represents a first-order perme-
ability coefficient, D denotes the effective extracellular diffusion
coefficient of RA, and kdeg signifies the degradation constant of in-
tracellular RA. The steady-state solutions of the equations were
obtained numerically using Mathematica software. In this model,
we made two assumptions: first, VðxÞ=0 when exogenous RA is
added, indicating no induction of RA by aldh1a2; and second, kdeg
decreased with the addition of BPA, suggesting that BPA down-
regulates cyp26a1 activity in the hindbrain region. Mathematica
simulation codes are available at https://github.com/gpr120/RA_
gradient_model.

RNA Isolation, cDNA Library Construction, and
Sequencing
Total RNA was isolated from individual embryos at 24 hpf (n=6
embryos per group) using NucleoSpin RNA XS (No. 740902.50;
Macherey-Nagel). RNA quality was assessed using NanoDrop
(Thermo Fisher Scientific), PicoGreen (No. R11491; Invitrogen),
and an Agilent 2100 Bioanalyzer. High-quality samples were used
to construct cDNA libraries using the SMARTer Ultra-low input
RNA kit (No. 634940; Takara Bio). Libraries were sequenced with
paired ends using the Illumina HiSeq 2500 platform at Macrogen
(Tokyo, Japan). RNA isolation, cDNA library construction, and
sequencing were performed twice, with three embryos analyzed
per experimental condition. Samples 1–3 and 4–6were treated sep-
arately for RNA isolation and sequencing but analyzed together.

Transcriptome Analysis of Zebrafish
RNA-seq data were obtained byMacrogen. Raw reads in FASTQ
format were assessed for quality control using FastQC (version
0.11.9).33 Low-quality data were trimmed based on the FastQC
results using Trimmomatic (version 0.39).34 The cleaned reads
were then mapped to the zebrafish reference genome (GCF_
000002035.6_GRCz11) using STAR aligner (version 2.7.6a).35

Gene-level quantification was performed using RSEM (version
1.3.3).36

Analysis of normalized values for differential gene expres-
sion was conducted with the R package TCC (version 1.28.0),37

applying the trimmed mean of the M-values method for normal-
ization to ensure robust standardization. The raw transcriptome
data are available in the SRA database (BioProject Accession
No. PRJNA1097246; available at https://github.com/gpr120/
hiPSC-Zebrafish-exprs).

Visualization of Differential Gene Expression by Gene Set
Enrichment Analysis
To investigate the ontology of DEGs identified in both the RNA-
seq and microarray analyses, we performed gene ontology (GO)
enrichment analysis using the Bioconductor packages GOstats
and GSEA-Base. Enrichment of GO terms was assessed using
Fisher’s exact test to identify statistically significant differences
in over- or underrepresented GO terms in comparison with the
overall GO term distribution. Hierarchical clustering was per-
formed using Ward’s method, with linkage distances calculated
based on correlation coefficients between samples or GO terms.
R scripts used for analysis are publicly available at https://github.
com/gpr120/hiPSC-Zebrafish-exprs.
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Z-Score Normalization and Clustering for Gene Expression
Profiling
A heatmap was generated to visualize the expression patterns of
the targeted genes based on the z-scores, which were calculated
by standardizing the expression level of each gene to a mean of 0
and a standard deviation (SD) of 1. Hierarchical clustering on the
gene axis was performed using Ward’s method, which effectively
grouped genes with similar expression profiles.

Results

Expression ofHOXGenes in Human iPSCs Coexposed to
BPA and RA
Coexposure of iPSCs to 100 nM RA and various doses of BPA
(2:5–20 lM) resulted in higher expression of HOX genes
(HOXA1, HOXA2, HOXB1, HOXB2, and HOXB4), in a dose-
dependent manner, in comparison with that induced by RA alone
(Figure 1A,B), withHOXB1 and HOXB2 exhibiting significantly
higher expression (∼ 600 times that with RA alone). After

coexposure of iPSCs to 20 lM BPA and 100 nM RA, HOXB1
and HOXB2 expression was similar to that with 500 nM RA
alone, on days 3, 4, and 5 (Figure 1A,B; Figure S1A). This coex-
posure effect of BPA and RAwas observed even when lower con-
centrations of RA (10 nM and 25 nM) were used, whereas HOX
gene expression in iPSCs was scarcely detectable or not detecta-
ble in the presence of RA alone at the lower doses (Figure 1B).

OTX2, which showed low expression in human iPSCs after ex-
posure to RA alone, showed much lower expression, in a dose-
dependent manner, when iPSCs were coexposed to RA and BPA
(Figure 1A,B). These results suggest that coexposure to BPA and
RA may potentiate RA signaling in comparison with that exposed
to the same concentration of RA alone.

Regulation of the InducedHOX Gene Expression by RAR
Antagonists
Addition of the pan-antagonist BMS493 blocked the expression of
HOX genes in a dose-dependent manner (Figure S1B). To further
investigate the potentiation effect of coexposure to BPA and RA,

Figure 1. Expression of HOX genes in iPSCs coexposed to BPA and RA. (A) Gene expression (normalized to GAPDH) assessed by RT-qPCR in iPSCs treated
with RA (0, 100, 200, 500 nM) and BPA (0, 2.5, 5, 10, and 20 lM) for 3 d. A one-way ANOVA with Tukey’s multiple comparisons test was employed to
compare the different groups on all pairwise combinations. Different superscripted letters denote significantly different values between groups at p<0:05.
(B) iPSCs were treated with various RA concentrations (0, 10, 25, 50, 75, 100, 200, and 500 nM) with or without 20 lM BPA for 3 d, and gene expression
was analyzed by RT-qPCR. The bar plots represent the mean value ð2−DDCtÞ±SD of each sample (technical triplicates); a representative experiment (n=3 bio-
logical replicates) is shown. Welch’s t-tests were used to analyze comparisons between two groups. Values with asterisks indicate significant differences from
the corresponding values exposed to RA alone (p<0:05). Data are presented as mean±SD. Data in (A) and (B) are also presented in Excel Table S1. Note:
ANOVA, analysis of variance; BPA, bisphenol A; iPSC, induced pluripotent stem cells; ND, not detected; NP, not performed; RA, retinoic acid; RT-qPCR,
reverse transcription–quantitative polymerase chain reaction; SD, standard deviation.
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we used the subtype-specific antagonists BMS195614 (RARa an-
tagonist), LE135 (RARb antagonist), and LY2955303 (RARc an-
tagonist) (Figure 2A). The addition of BMS195614 or LY2955303
resulted in lowerHOX gene expression in iPSCs, whereas the addi-
tion of LE135 resulted in higherHOX gene expression in iPSCs in
comparison with the control, both in the absence and in the pres-
ence of BPAwith 100 nMRA, suggesting that subtypes RARa and
RARcwere responsible for the regulation ofHOX gene expression
andRA signaling (Figure 2A).

We also investigated the role of estrogen receptors (ERs) in the
coexposure experimentswith BPA andRA, becauseBPA is known
to have estrogenic effects. Antagonists of ERs and membrane-
bound ERs (GPR30), namely, ICI 182,780 and G-15, did not in-
hibitHOX gene expression in iPSCs exposed to RA alone or when
iPSCs were coexposed to BPA and RA (Figure 2B). These results
suggest that RARs, rather than ERs, mediated the HOX gene
expression in the presence of exogenous RA and coexposure to
BPA.

Except RXRc, the RAR and RXR subtypes were expressed in
undifferentiated iPSCs (Figure S1C). Although RARb had sub-
stantially high expression in iPSCs in both the RA alone and
RA/BPA coexposure groups, RARa showed high expression in
iPSCs exposed to 500 nM RA alone, and RARc expression was
low after exposure of iPSCs to RA alone.

We investigated HOXB1 protein expression using immunode-
tection, followed by flow cytometry (Figure S2). Minimal expres-
sion was observed in the control, 100 nM RA–treated, and 20 lM
BPA–treated cells. However, cells treated with both 100 nM RA
and 20 lM BPA showed high levels of HOXB1 protein, with
76.3% of cells displaying a high fluorescence intensity (>1× 102).
This level was comparable to the proportion of cells expressing
HOXB1 protein in the group treated with RA alone at 500 nM
(82.9% of cells), which aligns with the observed RNA expression
patterns.

Microarray Analysis of Human iPSCs
Because the HOX genes A1, A2, B1, B2, and B4 showed signifi-
cantly higher expression, as revealed by RT-qPCR, when human
iPSCs were coexposed to BPA and RA in comparison with those
exposed to RA alone, we focused on the RA-responsive genes,
especiallyHOX and RA-related genes (as depicted in the heatmaps
in Figure 3A–C). Up-regulation and clustering ofHOXA1–HOXA5
andHOXB1–HOXB5were characteristic of the groups treated with
RA alone at 500 nM and RA 100 nM=20 lMBPA. These findings
are consistent with the results of the RT-qPCR analyses, suggest-
ing that RA/BPA coexposure enhanced 30 HOX gene expression in
comparison with that with RA alone, whereas BPA alone had no
impact onHOX gene expression (Figure 3A).

The RA 500 nM and RA 100 nM=20 lM BPA groups exhib-
ited similar gene expression patterns. MEIS1 and MEIS2 showed
higher expression and OTX2 showed lower expression in iPSCs
coexposed to BPA and RA in comparison with iPSCs exposed to
either compound alone (Figure 3B). The findings showing that
RARa, RARb, and RXRb were up-regulated and RARc was down-
regulated in the RA 500 nM and RA 100 nM=20 lM BPA groups
were consistent with the findings from RT-qPCR analysis (Figure
S1C). Expression of the RA synthesis enzyme ALDH1A2 was
slightly low in the RA 500 nM and RA 100 nM=20 lM BPA
groups in comparison with that in the DMSO control group
(Figure 3C). CRABP1, which is primarily related to RA degrada-
tion, was low in the RA 500 nM and RA 100 nM=20 lM BPA
groups. However, expression of the RA degradation enzyme
CYP26A1 was specifically low in the RA 100 nM=20 lM BPA
group.

Regional Expression of Brain Markers in Zebrafish
Because iPSCs coexposed to BPA and RA showed higher expres-
sion of 30 HOX genes in comparison with iPSCs exposed to RA
alone, we sought to verify its physiological significance using
zebrafish embryos. Initially, we investigated the dose effect of RA
on phenotypes of zebrafish embryos at 96 hpf. In embryos cultured
with a narrow range of RA concentrations (5, 7.5, 10, or 12:5 nM),
we observed dose-dependent increases in the development of
anomalies, such as pericardial edema and curved tails (Figure
S3A). This range covered ∼ 14%–96% of the anomaly rate (Figure
S3B,C). Coexposure to BPA along with 7:5 nM or 10 nM RA
resulted in a higher rate of anomalous embryos than exposure
to RA alone, equivalent to the effects of 12:5 nM RA alone
(Figure 4A and Figure S3C). Exposure to BPA alone did not induce
anomalies.

The time course of these RA concentrations in the medium
and embryos was measured using LC-MS/MS. The addition of
BPA did not affect RA dynamics, especially in the medium
(Figure S3D,E).

In iPSCs, HOXB1 showed significant potentiation on coexpo-
sure to BPA and RA, and its expression was restricted to rhombo-
mere 4 (r4) during hindbrain segmentation.We therefore evaluated
zebrafish to understand the effects of coexposure to BPA and RA
on the region-specific expression of hoxb1a (zebrafish ortholog of
humanHOXB1) during rhombomere segmentation. Spatial expres-
sion patterns were validated using simultaneous detection of fgf8a
as a positional standard. Expression of hoxb1a was limited in r4,
whereas fgf8a was found to be expressed in the dorsal diencepha-
lon and midbrain–hindbrain boundary (MHB), but these two sig-
nals did not overlap (Figure S4). Exposure to RA (7.5, 10, or
12:5 nM) induced a rostral shift in hoxb1a expression, especially
on the anterior dorsal side, in some embryos (Figure 4B).
Coexposure to BPA and RA further increased the number of
embryos that showed such a rostral shift. We also detected otx2b, a
midbrain marker, and noted compression of the region that was
coexposed to RA andBPA (Figure 4C).

To investigate the relative regions of hoxb1a expression, we
visualized r3 and r5 using immunostaining for egr2b (red) and
hoxb1a (blue) simultaneously (Figure 4D). In RA-treated and
RA/BPA-treated embryos, hoxb1a-expressing cells appeared to
have invaded the dorsal central position of r3 and pushed aside
cells expressing egr2b in r3.

To evaluate the effect of coexposure to BPA and RA quantita-
tively, we measured the linear distances between signals. The
measured lengths included the distance from the dorsal dience-
phalon (fgf8a) to the anterior border of the dorsal expression of
hoxb1a signal (dien-r4a) (Figure 4E), from the diencephalon
(fgf8a) to the MHB (fgf8a) (dien-mhb) (Figure 4F), and from the
MHB (fgf8a) to the posterior border of r4 (hoxb1a) (mhb-r4p)
(Figure 4G). Exposure to RA at 7.5, 10, or 12:5 nM shifted
hoxb1a expression anteriorly in a dose-dependent manner, and
coexposure to RA and BPA, such as RA 7:5 nM=20 lM BPA
and RA 10 nM=20 lM BPA, further enhanced this effect consid-
erably in comparison with that with RA alone (Figure 4E–G).
However, BPA alone had no significant effect. The lengths in the
RA 7:5 nM=20 lM BPA and RA 10 nM=20 lM BPA coexposed
groups were similar to that in the RA 10 nM alone and RA
12:5 nM alone groups, respectively (Figure 4E–G).

Similar trends were observed for otx2b (Figure 4H). A dose-
dependent rostral shift of the posterior border of otx2 expression
was observed with exposure to RA. Coexposure to BPA and RA
resulted in a greater rostral shift of the posterior border than that
with exposure to RA alone. As a result, the expression area of
otx2b was reduced. A comparable rostral shift was observed for
hoxb4a and hoxb5a (Figure S5A–E) in the RA 10 nM=20 lMBPA
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Figure 2. Repression of HOX genes by RAR antagonists. (A) Gene expression (normalized to GAPDH) assessed by RT-qPCR in iPSCs treated with RA (0,
100, 500 nM) and 100 nM RA plus 20 lM BPA, in combination with RAR antagonists (100 nM BMS195614, 100 nM LE135, and 100 nM LY295303 for RAR
a, RARb, and RARc, respectively) for 3 d. (B) Gene expression (normalized to GAPDH) assessed by RT-qPCR in iPSCs treated with RA (0, 100, 200,
500 nM) or 100 nM RA/20 lM BPA, in combination with RARc antagonist, 100 nM of LY295303, and ER antagonists (100 nM ICI 182,780; 500 nM G-15)
for 3 d. The bar plots represent the mean value ð2−DDCtÞ±SD of each sample (technical triplicates); a representative experiment (N =3 biological replicates) is
shown. An ANOVA with Dunnett’s multiple comparisons test was employed to compare the different groups to the control group. Values with asterisks indi-
cate significant differences from the corresponding values exposed to RA alone (p<0:05). Data are presented as mean±SD. Data in (A) and (B) are also pre-
sented in Excel Table S2. Note: ANOVA, analysis of variance, BPA, bisphenol A; ER, estrogen receptor; iPSC, induced pluripotent stem cells; RA, retinoic
acid; RAR, retinoic acid receptor; RT-qPCR, reverse transcription–quantitative polymerase chain reaction; SD, standard deviation.
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Figure 3.Microarray analysis of gene expression in iPSCs. (A) Heat map and clustering dendrogram of HOX genes (indicated on the horizontal axis). A heat
map was generated for all iPSC samples and treatment groups (iPSCs 1–3, DMSO control 1–3, BPA 20 lM 1–3, RA 100 nM 1–3, RA 500 nM 1–3, and RA
100 nM=20 lM BPA 1–3). (B) Heat map and clustering dendrogram of OTX1, OTX2, MEIS1, MEIS2, and EGR2 genes. (C) Heat map and clustering dendro-
gram of RA-related genes. Statistical significance was determined using Welch’s analysis of variance. Changes in gene expression were considered significant
at p<0:05. Data in (A–C) are also presented in Excel Table S3. Note: BPA, bisphenol A; DMSO, dimethylsulfoxide; iPSC, induced pluripotent stem cells;
RA, retinoic acid.
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group in comparison with RA 10 nM group. An increase in signal
areawas also observed for hoxb5a (Figure S5F).

Mathematical Simulation of RA Signaling in Zebrafish
Gradient curves simulating the effects of exogenous RA exposure in
zebrafish embryos were shifted toward the positive direction on the

y-axis (Figure 4I). As a result, the position that received a certain level
of RA signal shifted anteriorly (Figure 4J). This finding shows good
agreement with our experimental results (Figure 4B–H; Figures
S4A–CandS5A–E). Furthermore,mathematical simulations demon-
strated RA-dose–dependent hindbrain posteriorization and potentia-
tion by coexposure to BPA, establishing a linear correlation between
RAconcentration and hindbrain rostral shift (Figure 4I,J).

Figure 4. Effect of coexposure of zebrafish embryos to BPA and RA. (A) Anomaly rate in zebrafish larvae (96 hpf) treated with RA (0, 7.5, 10, 12:5 nM) and in
combination with 20 lM BPA for 23 h (n=6–24 per group; total n=1,857 embryos). Data represent the anomaly rate in an individual experiment (15 embryos/
group). (B) Expression of hoxb1a and fgf8a as determined by WISH in 24 hpf embryos treated with RA (0, 7.5, 10, and 12:5 nM) and combined with 20 lM
BPA. Dorsal (left) and lateral (right) views are shown. The number of embryos exhibiting an obvious rostral shift in the dorsal anterior border of hoxb1a/total
embryos is shown. (C) Expression of otx2b in embryos (24 hpf) treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. Dorsal (left) and
lateral (right) views are shown. (D) Expression of hoxb1a (blue) and egr2b (red) in embryos at 24 hpf. The treatment of embryos is shown on the left. Dorsal
(left) and lateral (right) views are shown. (E) Linear distance between diencephalon (dien) (fgf8a) and the anterior border of rhombomere 4 (r4a) (hoxb1a) in the
embryos (24 hpf) treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. (F) Linear distance between the diencephalon (fgf8a) and mhb
(fgf8a). (G) Linear distance between mhb (fgf8a) and the posterior border of r4 (r4p) (hoxb1a). (H) Length of the expression region of otx2b. Experiments were
repeated 4 times (30 embryos/group), and a representative result is shown. The measured distance (red line) is shown in the inset picture. Scale bars: 200 lm.
(A,E–H) The boxes represent the first and third quartiles with median lines, whereas whiskers extend to the upper and lower values within 1.5 × the interquartile
range. The “x” symbol indicates the mean. ANOVA with Tukey’s multiple comparisons test was employed to compare the different groups on all pairwise combi-
nations. Different superscripted letters denote significantly different values between groups at p<0:05. Data are presented as mean±SD. (I) Model of RA signal-
ing in embryos treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. The length represents the distance from the posterior boundary of
the domain of anterior cyp26a1 expression (approximately at the r1/r2 border). (J) Plotting of the length from the posterior boundary of the domain of anterior
cyp26a1 expression (RA signal is 0) to the position of RA signal at 250 (y=250, as shown in panel I) in embryos treated with RA (0, 7.5, 10, and 12:5 nM) and
in combination with 20 lM BPA. Data in (A–J) are also presented in Excel Table S4. Note: ANOVA, analysis of variance, BPA, bisphenol A; hpf, hours post fer-
tilization; mhb, midbrain–hindbrain boundary; RA, retinoic acid; WISH, whole-mount in situ hybridization.
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Effect of Coexposure to BPA and RA on M-Cell Formation
in Zebrafish
HOX genes are crucial in central nervous system patterning, particu-
larly in the hindbrain, and M-cells in r4 initiate escape reflexes from
startle stimuli. We explored whether coexposure of zebrafish
embryos to BPA and RA potentiates RA signaling and induces
M-cell duplication. Figure 5A shows varied duplication patterns,
notably with axons extending to the same side of the cell body
(Figure 5A, patterns D4 and D5). Analysis of M-cell anomaly rates
appeared to indicate that the rates [median and interquartile range
(IQR)]were increased, in a dose-dependentmanner,with coexposure
toBPAandRA, in comparisonwith that withRAalone (Figure 5B).

Effect of Coexposure to BPA and RA on Craniofacial
Cartilage Formation in Zebrafish
Alcian blue staining of zebrafish embryos at 96 hpf revealed
that RA exposure led to dose-dependent reductions in head size
and abnormal craniofacial cartilage formation (Figure 5C,D).
Coexposure to BPA and RA increased the number and severity
of abnormal embryos.

Furthermore, exposure to RA increased the number of embryos
in which the craniofacial cartilage was severely deformed, affect-
ing the length (tr and oa) and angle (M-PQ and CH). Coexposure to
20 lMBPA and RA at 7:5 nM and 10 nM increased the number of
anomalous embryos in comparison with exposure to RA alone

Figure 4. (Continued.)
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Figure 5. Effect of coexposure of zebrafish embryos to BPA and RA on neuronal cells and craniofacial cartilage. (A) Duplication of Mauthner neuronal cells
induced by exogenous RA. Dorsal view of the hindbrain stained with an antineurofilament antibody. Five abnormal patterns are presented (D1–D5). N, normal;
D (1–5), duplication of M-cells. Duplicated M-cells are indicated by the arrowhead. (B) Rate of anomalies in Mauthner cells in embryos treated with RA (0,
7.5, 10, and 12:5 nM) and in combination with 20 lM BPA (n=3–6; total n=696 embryos). Data represent the anomaly rate in an individual experiment (20
embryos/group). (C) Ventral view of craniofacial cartilage in embryos (96 hpf) treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM
BPA. Anomalous embryos are shown for RA 10 nM, RA 10 nM/BPA, and RA 12:5 nM. (D) Rate of anomalies in craniofacial cartilage in embryos (96 hpf)
treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. Embryos with a deformed CH, whose angle was difficult to measure, were
defined as abnormal. Representative results are shown (n=5). (E) Length of tr in embryos (96 hpf) treated with RA (0, 7.5, 10, and 12:5 nM) and in combina-
tion with 20 lM BPA. (F) Length of the oa in embryos (96 hpf) treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. (G) Angle of
M and PQ in embryos (96 hpf) treated with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. (H) Angle of CH in embryos (96 hpf) treated
with RA (0, 7.5, 10, and 12:5 nM) and in combination with 20 lM BPA. Experiments (20 embryos/group) were repeated 5 times, and a representative result is
shown. The measured lengths and angles are indicated (red lines) in the inset. Scale bar: (A) 100 lm and (C) 200 lm. (B,E–H) The boxes represent the first
and third quartiles with median lines, whereas whiskers extend to the upper and lower values within 1:5× the interquartile range. The “x” symbol indicates the
mean. ANOVA with Tukey’s multiple comparisons test was employed to compare the different groups on all pairwise combinations. Different superscripted
letters denote significantly different values between groups at p<0:05. Data are presented as mean±SD. Data in (A–H) are also presented in Excel Table S5.
Note: ANOVA, analysis of variance; BPA, bisphenol A; CH, ceratohyals; hpf, hours post fertilization; M, Meckel’s cartilage; oa, occipital arch; PQ, palatoqua-
drate cartilage; RA, retinoic acid; SD, standard deviation; tr, trabecular bone.
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(Figure 5D). The lengths of tr and oa in embryos coexposed to BPA
and RA at 7:5 nM, and especially those coexposed to BPA and RA
at 10 nM, were significantly shorter in comparison with those in
embryos exposed to RA alone and became similar to the lengths of
tr and oa in embryos exposed to 12:5 nM RA (Figure 5E,F). The
M-PQ and CH angles were larger in embryos exposed to RA
alone, and coexposure to BPA further enlarged these angles
(Figure 5G,H). These results suggest that BPA stimulates RA-
induced anomalies in the craniofacial cartilage of zebrafish
embryos and shortens the length and widens the width of the neu-
rocranium in comparison with embryos exposed to RA alone at
the same concentration.

Dose Effect of BPA and Other Chemicals in Zebrafish
We investigated the effect of BPA at lower concentrations
(2 nM–20 lM) in zebrafish embryos (Figure S6A–C). The rate
of phenotypic anomalies (median and IQR) increased dose-
dependently with exposure to BPA (Figure S6A). Although
multiple comparisons did not yield significant differences, a sin-
gle comparison using a t-test revealed a significant difference in
the rate of M-cell anomalies following exposure to BPA in
doses as low as 2 nM (Figure S6B) (p=0:018, RA 10 nM vs. RA
10 nM/BPA 2 nM), and a rostral shift occurred with BPA at a
dose of 1 lM (Figure S6C) (p=0:046, RA 10 nM vs. RA
10 nM/BPA 1 lM). This finding indicates that BPA could exert
an effect at lower concentrations, with M-cell duplication show-
ing greater sensitivity than the rostral shift of brain markers.

We then investigated the effects of LE135 and NP on zebrafish
embryos. At low concentrations of LE135 (10 nM) (Figure S7A–G)
and NP (1 nM and 10 nM) (Figure S8A–E), we observed a similar
potentiation of the RA effect on phenotypes, hoxb1a rostral shift,
and M-cell duplication. A notable significant difference was
detected in the rostral shift between the 10 nM RA and 10 nM RA/
LE135 or 10 nMRA/NP groups (Figures S7C–F and S8B–D).

Effect of Pan-RAR Antagonist BMS493 in Zebrafish
To verify the role of RA signaling in hindbrain disorganization in
zebrafish, we employed the pan-RAR antagonist BMS493 to
assess its impact on BPA potentiation in the presence of RA.
Using 50 nM of BMS493, which did not affect the phenotype
(Figure 6A), we found that the phenotypic anomalies in zebrafish
embryos at 96 hpf and the rostral shift of hoxb1a caused by coex-
posure to BPA and RA were nullified, reverting to control levels
(Figure 6A–E). The rate of anomalies in M-cells and craniofacial
cartilage also normalized, showing no significant difference from
those of the control (Figure 6F–J).

Similar results were observed with the addition of BMS493 to
cultures of zebrafish embryos exposed to LE135 or NP. The rate of
phenotypic anomalies in embryos at 96 hpf was similar to control
levels (Figure S9A,B). In the NP group, the phenotype, rostral shift
in hoxb1a expression, M-cell duplication frequency, and craniofa-
cial cartilage malformation rate were normalized with the addition
of BMS493 (Figure S9B–I). Specifically, the significant difference
in tr and oa length and CH angle induced by coexposure to 50 nM
NP was reversed with the addition of BMS493 (Figure S9G–I).
These findings suggest that RAR is pivotal in this signaling path-
way in zebrafish.

Transcriptome Analysis in Zebrafish

Single-embryo RNA-seq analysis of transcriptomes in zebrafish
was performed. Heat map and clustering analysis of hox genes
indicated high expression of the 30 hox genes in the RA 12:5 nM
and RA 10 nM=20 lM BPA groups in comparison with that in

the RA 10 nM and DMSO control groups, with no effect on the
50 hox genes (Figure 7A). Expression of otx1, otx2a, and otx2b
was lower in the RA 10 nM=20 lM BPA–treated embryos
(Figure 7B). The RA 12:5 nM and RA 10 nM=20 lMBPA groups
exhibited high expression of cyp26a1, rxrga, and rxrgb, alongwith
low expression of aldh1a2 in comparison with that in the RA
10 nM and control groups. In embryos coexposed to RA 10 nM and
20 lM BPA, expression of crabp2a was higher and expression of
stra6, rarab, and rarga was lower than in the RA 10 nM and con-
trol groups (Figure 7C).

To identify biological processes that might be commonly
affected by coexposure to RA and BPA in both in vitro and in vivo
conditions, we performed GO-based gene set enrichment analysis
and selected five characteristic clusters associated with similar bi-
ological functions, showing enrichment of DEGs in both iPSCs
and zebrafish embryos (Figure 7D). Cluster I consisted of the an-
terior/posterior pattern specifications and retinoid metabolic proc-
esses related to the retinoid system. Cluster II encompassed the
development process. Cluster III comprised the central nervous
system, head, and brain. Cluster IV consisted of many organs,
including the heart, glands, digestive system, and nervous system.
Cluster V was associated with skeletal system development. In
contrast, many other clusters exhibited gene expression changes
primarily in only one condition (either in vitro or in vivo), with
limited overlap observed between the two.

Discussion
The findings presented in this study provide experimental evi-
dence that human iPSCs and zebrafish embryos coexposed to
BPA and RA at a specific concentration had higher expression of
30 HOX genes in comparison with those exposed to RA alone. As
HOX genes and RA signaling play important roles in various fun-
damental biological processes, these results may explain why
BPA coexposure was associated with various adverse outcomes
as well as developmental neurotoxicity.

In this study, we expanded our previous work16 to investigate
whether coexposure to BPA and RA would induce higher HOX gene
expression in human iPSCs and zebrafish embryos in comparisonwith
exposure to RA alone. Initially, we investigated the in vitro condition
using human iPSCs and found that iPSCs coexposed to BPA and RA
had higherHOX gene expression and lower expression of OTX2 than
that in cells exposed to RA alone (Figure 1A,B), suggesting that coex-
posure to BPA potentiated the RA signaling that had been stimulated
by the exogenously added RA. Transcriptome analysis also showed
up-regulation of the 30 HOX, MEIS1, and MEIS2 genes and down-
regulation of theOTX2 gene in these groups (Figure 3A,B),38,39 which
is consistentwith the potentiation ofRA signaling.

The region-specific expression of HOX genes is crucial during
hindbrain formation,40,41 and RARcplays a role in hindbrain and
axial patterning, with its loss resulting in axial skeleton malfor-
mations.42,43 To confirm the physiological relevance of this poten-
tiation, we examined the process of hindbrain segmentation in
zebrafish by assessing the expression of brain region–specific
genes. Spatial expression analysis of hoxb1a, fgf8a, and otx2b
revealed that RA induced the posteriorization of the brain region
within a narrow range of RA doses (7:5–12:5 nM) (Figure 4B–H).
Coexposure of zebrafish embryos to BPA and RA potentiated the
rostral shift of hox gene expression and the reduction in the otx2-
expressing region (Figure 4B–H), thereby narrowing the midbrain
and hindbrain regions, whereas BPA alone had no effect.

We further investigated the effects of exposures on hoxb4a
and hoxb5a expression (Figure S5A–F) because these genes
require higher RA concentrations than hoxb1a for an effect to
occur. Although similar potentiation of hoxb4a and hoxb5a
expression by coexposure to BPA and RA was observed,
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exposure to BPA alone did not affect either gene, suggesting that
BPA alone does not potentiate endogenous RA signaling, at least
at the RA level of the hindbrain region.

Similar trends were observed in the frequency of duplication
of M-cells (Figure 5A,B) and abnormal craniofacial cartilage for-
mation (Figure 5C–H) in zebrafish embryos. Because hox gene
expression correlates with neuronal differentiation in the hind-
brain44 and cranial neural crest cells,41 we examined reticulospi-
nal neurons and craniofacial cartilage formation. M-cells in r4

initiate escape reflexes from startle stimuli, and exogenous RA
application has been reported to duplicate M-cells in r4 or r2.45
Coexposure to BPA and RA increased the frequency of RA-
induced ectopic duplication of M-cells (Figure 5A,B). In some
cases, we observed that M-cells formed in the midbrain region
and their axon projections did not descend to the contralateral
side, aligning with the same side of the body where the M-cells
were located (Figure 5A, patterns D4 and D5). Despite normal
startle behavior reported in fish with duplicated M-cells in r2,46

Figure 6. Effect of RAR pan-antagonist on coexposure of zebrafish embryos to BPA and RA. (A) Rate of phenotypic anomalies in zebrafish larvae at 96 hpf
treated with RA (0, 10, 12:5 nM) in combination with 20 lM of BPA, followed by addition of 50 nM BMS493 (n=2–9; total n=1,427 embryos). (B) Expression
of hoxb1a and fgf8a as determined by WISH in 24 hpf embryos treated with RA (0, 10, 12:5 nM) or RA combined with 20 lM BPA, followed by addition of
50 nM BMS493. Dorsal (left) and lateral (right) views are shown. (C) Linear distance between diencephalon (dien) (fgf8a) and the anterior border of rhombomere
4 (r4a) (hoxb1a) in embryos (24 hpf) treated with RA (0, 10, 12:5 nM) and in combination with 20 lM BPA, followed by addition of 50 nM BMS493. (D) Linear
distance between the diencephalon (dien) (fgf8a) and the mhb (fgf8a). (E) Linear distance between mhb (fgf8a) and the posterior border of r4 (r4p) (hoxb1a). (F)
Rate of anomalies in M-cells in zebrafish larvae at 48 hpf treated with RA (0, 10, 12:5 nM) and in combination with 20 lM BPA, followed by addition of 50 nM
BMS493 (n=3; total n=534 embryos). (G) Length of tr in embryos (96 hpf) treated with RA (0, 10, 12:5 nM) and in combination with 20 lM BPA, followed
by addition of 50 nM BMS493. (H) Length of the oa in embryos (96 hpf) treated with RA (0, 10, 12:5 nM) and in combination with 20 lM BPA, followed by
addition of 50 nM BMS493. (I) Angle of M and PQ in embryos (96 hpf) treated with RA (0, 7.5, 10, 12:5 nM) and in combination with 20 lM BPA, followed by
addition of 50 nM BMS493. (J) Angle of CH in embryos (96 hpf) treated with RA (0, 10, and 12:5 nM) and in combination with 20 lM BPA, followed by addi-
tion of 50 nM BMS493. The experiments were repeated three times in C–E, and twice in G–J. Representative results are shown (20 embryos/group). (A,C–J) The
boxes represent the first and third quartiles with median lines, whereas whiskers extend to the upper and lower values within 1:5× the interquartile range. The “x”
symbol indicates the mean. ANOVA with Tukey’s multiple comparisons test was employed to compare the different groups on all pairwise combinations.
Different superscripted letters denote significantly different values between groups at p<0:05. Data are presented as mean±SD. Data in (A–J) are also presented
in Excel Table S6. Note: ANOVA, analysis of variance; BPA, bisphenol A; CH, ceratohyals; M, Meckel’s cartilage; mhb, midbrain–hindbrain boundary; oa, occi-
pital arch; PQ, palatoquadrate cartilage; RA, retinoic acid; SD, standard deviation; tr, trabecular bone; WISH, whole-mount in situ hybridization.
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the observed M-cells projecting axons on the same side may
potentially disrupt normal startle behavior, because the stimula-
tion signal from the extra M-cell might have transduced to the
same side of the body and competed with the contralateral signal
produced by the normal M-cells in r4.

Exogenous RA impacts HOX expression, causing malforma-
tions, especially in the hindbrain and branchial regions.47Meckel’s
cartilage and palatoquadrate arises from pharyngeal arch 1, and
ceratohyal arises from pharyngeal arch 2.30 The malformation of
craniofacial cartilage suggests that hox genes expressed in cranial
neural crest cells were also affected.

In the RA signaling pathway, RA regulates gene expression at
the transcriptional level through nuclear RA receptors (RARa,
RARb, and RARc) binding to RA response elements (RAREs)
with retinoid X receptors (RXRs).17 All effects of BPA on poten-
tiation of HOX genes, the brain region, M-cells, and craniofacial
cartilage were abolished by the addition of RAR antagonists, sug-
gesting that RAR is responsible for this potentiation in both
iPSCs and zebrafish (Figure 2A,B and Figure 6).

We also observed the potentiation of RA signaling and result-
ant detrimental outcomes, such as posteriorization and reduction of
the brain region (Figure 4E–H), M-cell duplication (Figure 5A,B),
and craniofacial cartilage malformation (Figure 5C,H), when
zebrafish embryos were exposed to a narrow range of exogenously
added RA (7:5–12:5 nM), in a dose-dependent manner. Hindbrain
patterning is controlled by region-specific expression of hox genes,
tightly regulated by the endogenously formed RA gradient.40,41

This gradient is initially generated by RA in the somatic mesoderm
produced by aldh1a2 and diffuses through the neuroectoderm.
Diffused RA is degraded by cyp26a1 expressed in the anterior neu-
ral plate during gastrulation. The formation of a linear RA gradient
during hindbrain development, with the highest concentration esti-
mated at 6 nM,48 aligns with our observation of a linear response
within a narrowRAdose range.

To further verify this linear response, we simulated the effects
of RA and BPA using a mathematical model that predicts the
establishment of an RA gradient.32 In this model, the x-intercept
value decreased in an RA-dose–dependent manner, causing the

Figure 6. (Continued.)
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Figure 7. RNA-seq analysis of transcriptomes in zebrafish embryos. (A) Heat map and clustering dendrogram of hox genes (indicated along the horizontal
axis). A heat map was generated for all samples (Control, BPA, RA 10 nM, RA 12:5 nM, and RA 10 nM/BPA). Each value represents a single embryo (n=6
in each condition). (B) Heat map and clustering dendrogram of genes related to brain regionalization. (C) Heat map and clustering dendrogram of RA-related
genes. (D) GO heat map and clustering dendrogram (GO terms along the horizontal axis) generated for in vitro (iPSCs) and in vivo conditions (zebrafish
embryo samples), with p-values by Fisher’s exact test, showing the enrichment of differentially expressed genes in each GO term. Red indicates enrichment of
higher expression genes in the indicated condition, whereas blue indicates enrichment of lower expression genes. Welch’s ANOVA was used to assess statisti-
cally significant differences in gene expression in iPSCs (n=3) and zebrafish embryos (n=6). Data in (A–D) are also presented in Excel Table S7. Note:
ANOVA, analysis of variance; BPA, bisphenol A; GO, gene ontology; iPSC, induced pluripotent stem cells; RA, retinoic acid.
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anterior shift of RA signal position to surpass a threshold neces-
sary for expressing specific 30 hox genes. This shift to anterior
positions is induced by the exogenous addition of RA and coex-
posure to RA and BPA. Consequently, hox genes, such as
hoxb1a, hoxb4a, and hoxb5a, were activated at more anterior
positions, causing a rostral shift in their expression and posterio-
rization of the brain, resulting in a reduction of the midbrain and
hindbrain regions. This model aligns well with the observed ros-
tral shift caused by exogenously added RA and coexposure to
RA and BPA. This suggests that exogenously added RA and
BPA affects the endogenously formed RA gradient in early gas-
trula, thereby determining brain regionalization in the later stages
of development (Figure 4I,J).

Regarding the assumptions we made for this modeling, repres-
sion of aldh1a2 by the addition of RA has already been
described.32,49,50We validated the second assumption usingWISH
to verify the expression of cyp26a1 in the brain. The signal inten-
sity of cyp26a1, which was expressed in the presumptive midbrain
and hindbrain regions in zebrafish embryos exposed to BPA,
showed significantly lower signal intensity in comparisonwith that
in the control group (Figure S10A,B). Therefore, the experimental
results showed good agreement with the assumptions used in this
simulation.

After establishing potentiation of the RA effect by BPA at a
pharmacological concentration (20 lM), we investigated the
effects of a lower dose of BPA in zebrafish.51 In iPSCs, we
observed enhanced expression of HOX genes at 2:5 lM of BPA
(Figure 1A). A significant difference in the M-cell anomaly rate
was observed following coexposure to 2 nM BPA, suggesting that
developmental neurotoxicity might occur at a very low concentra-
tion of BPA. Furthermore, we observed a rostral shift of hoxb1a
and duplication of M-cells in the presence of other chemicals, such
as LE135 and NP, in the 1–10 nM range (Supplementary Figures
S7A–G and S8A–E). These findings suggest that these chemicals
likely share a similar mechanism that is linked to adverse out-
comes. The potentiation of RA’s effect has also been observed in
polycyclic aromatic hydrocarbons contaminating the environ-
ment.52 Although that study assessed hydrocarbons using in vitro
reporter assays, the results, combined with ours, suggest that the
potentiation of RA signalingmight not be limited to BPA but could
be a relatively common feature of various chemicals. Retinoids,
which are crucial human nutrients, can be obtained from food, die-
tary supplements, and medicines. Environmental reports indicate
contamination by RA and RA-like activity.22,23,53 Therefore, the
effect of coexposure to chemicals and RA needs to be investigated
further.

Figure 7. (Continued.)
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Although BPA has been reported to interact with the
ER,10,12,14 our findings reveal that in the presence of exogenous
RA, BPA promoted RA-responsive genes via RAR receptors,
particularly up-regulating 30 HOX gene expression. However, the
detailed mechanism by which coexposure to BPA potentiates RA
signaling remains unclear. BPA alone did not affect 30 HOX gene
expression in human iPSCs and zebrafish embryos, suggesting
that BPA does not affect endogenous RA signaling. The reason
for the lack of impact of BPA on the endogenous RA gradient in
the hindbrain, especially in zebrafish, remains unclear. One possi-
ble explanation is that the level of endogenous RA is low. RA
was not detected by LC-MS/MS in control embryos at any sam-
pling time (Figure S3E). If the endogenous RA concentration in
the hindbrain was increased to a level similar to that of exogenous
RA at 7:5 nM, up-regulation of hox genes might be observed with
exposure to BPA alone. Some chemicals, such as dioxin,54 etha-
nol,55 and herbicides,56 have been reported to increase the endoge-
nous RA level or interact with RAR. Therefore, coexposure to
BPA along with these chemicals might enhance 30 hox gene
expression without the presence of exogenous RA. Future studies
will be needed to investigate this possibility.

The potentiation of RA signaling was observed both in iPSCs
and in zebrafish embryos and was also observed in the presence of
other chemicals such as LE135 and NP. This observation suggests
that a more generalized mechanism might be responsible for this
potentiation. For example, coexposure to BPA might enhance RA
transportation into the cell and nuclei. Synergistic activation of
RA-responsive genes has been reported by binding of the retinoid
X receptor (RXR) ligand to RXR in combination with liganded
RAR.57 These possibilities need to be addressed, although BPA,
NP, or LE135 are unlikely to act as ligands of RXR.

RA levels are associated with altered behavior, contributing
to cognitive disorders such as ASD, age-related dementia, and
Alzheimer disease.58 Mutations in HOXA1, HOXA2, HOXB1,
and TALE transcription factor are related to impaired brain stem,
inner ear, cardiovascular, and cognitive development, including
ASD.59–62 Therefore, the potentiation of 30 HOX genes and RA
signaling could be linked to the pathogenesis of ASD and ADHD
through the process of developmental neurotoxicity. Effects on
neurogenesis affecting circadian rhythms have been reported with
low-dose gestational exposure to BPA.63 In this case, coantagon-
ism of both estrogen and androgen receptors was required to
block the effects of BPA. Because the fact that EDCs, including
BPA, affect multiple signaling pathways,15 depending on the
exposure conditions, it would be important to use well-defined
experimental conditions that focus on the specific signaling path-
way to elucidate the mechanism.

Our transcriptome analyses showed that, with coexposure to
BPA and RA, expression profiles were similar between iPSCs
and zebrafish, especially the 30 HOX gene expression responsible
for hindbrain formation and the OTX2 expression responsible for
forebrain and midbrain formation (Figures 1–3; Figure 7). This
result is the first evidence of BPA potentiating RA signaling on
coexposure to RA, in both in vitro and in vivo settings. The
observed RA potentiation at the early developmental stage, medi-
ated through 30 HOX genes, suggests potential impacts on various
biological processes, such as cell proliferation, differentiation,
morphogenesis, reproductive system functioning, immune system
functioning, neurodevelopment, metabolic function, and homeo-
stasis,17,18,64–66 implying good agreement with the observed plei-
otropic effects of BPA.9,15,67

We compared the similarity of these transcriptomes using GO-
based gene set enrichment analysis and identified five characteristic
clusters associatedwith anterior/posterior patterning (Figure 7D, clus-
ter I), developmental process, central nervous system development,

brain development, nerve development (cluster II, III, IV), and em-
bryonic skeletal system development (cluster V). These were highly
related to the anomalies observed in zebrafish, such as malformations
of the body, heart, brain, M-cells, and craniofacial cartilage.
Therefore, the cause of these anomalies was supported by changes in
transcription. Moreover, this result suggests that in vitro differentia-
tion using iPSCs showed a DEG expression pattern similar to that
detected in zebrafish embryos.

In conclusion, all of the data obtained in this study were consist-
ent with the notion that coexposure to BPA and RA potentiates RA
signaling.We therefore propose that RA signaling is themechanism
linking chemical exposure and divergent adverse outcomes.
Although BPA did not activate endogenous RA signaling by itself,
it potentiated exogenous RA signaling when provided together with
RA. This effect was observed in both iPSCs and zebrafish embryos
and extended beyond BPA.Mathematical modeling effectively elu-
cidated the impact of BPA on the formation of RA gradients and the
rostral shift of brain markers. Our results demonstrate the potential
risk posed by simultaneous exposure to BPA and RA. Even when
the environmental level of RA is low and not at a level to cause
anomalies, its presence might lead to diverse adverse outcomes in
combination with chemicals. Moreover, analysis of its effects in the
iPSC model could help effectively predict these detrimental effects,
offering valuable insights into potential risks.

We performed experiments multiple times using a large num-
ber of zebrafish embryos (more than 30,000) to obtain reproduci-
ble results in in vivo experimental conditions. However, the
detailed mechanism underlying the potentiation of RA signaling
by the coexposure to BPA and RA still remains unclear. Further
studies should focus on the interaction of chemicals with liganded
RAR not only to provide insights into the potential of these
chemicals to cause endocrine disruption, but also to elucidate the
mechanism of RA signaling in these processes.
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