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ABSTRACT
In utero exposure to certain chemicals can impair embryo development, causing embryonic death, growth retardation, or
severe birth defects. Establishment of effective in vitro tests is crucial for identifying developmental toxicants and for reducing
the financial and ethical burden of animal-based tests. Previously, we created an in vitro morphogenesis model using
pluripotent P19C5 mouse embryonal carcinoma stem cells that mimics the process of gastrulation and axial body elongation
of embryos. Because many birth defects are caused by dysregulation of cellular behaviors during embryogenesis, the
morphogenesis model may serve as a unique tool to investigate the impacts of developmental toxicants. The aim of this
study is to evaluate the applicability and limitations of the model using 20 therapeutic drugs, 16 of which are contraindicated
in pregnancy and 4 are considered safe. P19C5 embryoid bodies (EBs) were exposed to different concentrations of drugs during
4 days of 3-dimensional culture. The treatment effects on growth and morphogenesis were analyzed using morphometric
measurements of EB size and shape, respectively. Viability assays of P19C5 cells and NIH/3T3 fibroblasts were used to
determine the drug concentrations that caused general cytotoxicity and those that selectively diminished P19C5 proliferation
relative to NIH/3T3 proliferation. Thirteen contraindicated drugs diminished P19C5 cell proliferation, reduced EB growth, or
altered morphogenesis at concentrations below generally cytotoxic levels. Two safe drugs also exhibited these impacts at the
highest concentration tested. Although additional validation studies are required, this study introduces morphogenesis-based
stem cell models as potentially effective in vitro tools for developmental toxicity research.
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Exposure to certain chemical agents during pregnancy may disturb the normal course of embryo development. The nature of
developmental toxicity varies depending on chemical properties
of agents, dosage, and timing of exposure. For example, chemicals that interfere with essential metabolic processes may cause
death of early embryonic cells, leading to embryo loss at very
early stages of gestation, perhaps even before the pregnancy is
detected. Other developmental toxicants may delay embryonic
cell cycles, which can result in growth retardation or spontaneous abortion. Cell differentiation may be impaired by chemicals
in a tissue type-specific manner, leading to agensis or hypoplasia

of the affected organs. Furthermore, developmental toxicants
may interfere with cellular behaviors, collectively known as morphogenesis, such as cell migration, adhesion, or shape changes.
Morphogenetic disturbance leads to structural anomalies, as
found in various common birth defects, such as neural tube closure defects, heart septal defects, hypospadias, and cleft lip and
palate (Parker et al., 2010; Sadler, 2012). Because the process of
embryogenesis is spatially and temporally complex, integrating
cellular proliferation, differentiation, and morphogenesis, identification of developmental toxicants is a highly challenging task
and requires multiple investigative approaches.
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(McBurney and Rogers, 1982). P19 cells are developmentally pluripotent, meaning that they are capable of differentiating into derivatives of 3 germ layers. P19 cells have been used by many
researchers as an effective in vitro model to investigate the molecular mechanisms of embryonic cell differentiation (Bain et al.,
1994, Skerjanc, 1999; Hohjoh, 2013; McBurney, 1993; van der
Heyden and Defize, 2003; Voronova et al., 2013). In vitro morphogenesis of the P19 subclonal line, P19C5, recapitulates the key aspects of gastrulation driving germ layer formation and
convergent extension along the cranial-caudal body axis in early
embryos (Lau and Marikawa, 2014; Marikawa et al., 2009).
Developmental regulator genes, particularly those involved in
gastrulation, mesendoderm formation, axial patterning, caudal
extension, and somitogenesis, are expressed during P19C5 EB
morphogenesis in a temporally and spatially specific manner
comparable to their in vivo expression patterns. Furthermore,
P19C5 EB elongation is dependent on key developmental signals
involved in cell differentiation and embryo patterning, including
Wnt signaling pathways (Marikawa et al., 2009), suggesting that
the EB morphogenesis is controlled by the same molecular machineries that regulate early development in normal embryos.
P19C5 EBs display consistent size growth and elongation within 4
days of culture in hanging drops, which are easily accessible for
experimental manipulations. Thus, the P19C5 EB model may be
used to effectively investigate the impact of chemical agents on
embryonic growth, differentiation, and morphogenesis.
In this study, we explored P19C5 EBs as an in vitro tool to assess the impacts of 20 therapeutic drugs (Table 1). Sixteen of the
treatment drugs are contraindicated during pregnancy due to
their developmental and reproductive risks (FDA Pregnancy Risk
Category X), whereas 4 are considered safe to be used during
pregnancy (FDA Pregnancy Risk Category A). The drugs selected
for this exploratory study encompass a wide spectrum of therapeutic targets and chemical properties. The panel of treatment
drugs includes agents that affect: (1) lipid metabolism (orlistat [lipase inhibitor] and lovastatin [HMG-CoA reductase inhibitor]); (2)
steroidal sex hormone signaling (mifepristone [antiprogesterone],
bicalutamide [antiandrogen], diethylstilbestrol [DES] [synthetic
estrogen], leuprolide [gonadotropin-releasing hormone agonist],
and raloxifene [estrogen agonist]); (3) retinoids (acitretin [RAR agonist] and bexarotene [RXR agonist]); (4) monoamine endocrine
signaling molecules (doxylamine [antihistamine], dihydroergotamine [serotonin receptor agonist], and metoclopramide [dopamine receptor antagonist]); (5) vitamin metabolism (folic acid and
warfarin [inhibitor of vitamin K epoxide reductase]); (6) antibiotic
agents (ribavirin [antiviral] and nystatin [antifungal]); (7) immunomodulatory agents (thalidomide [antiangiogenesis and immunomodulator] and misoprostol [prostaglandin E]); (8) a
chemotherapeutic (fluorouracil [antimetabolite]); and (9) an antiarrhythmic (dronedarone [Naþ channel blocker]). These drugs
were also evaluated for their impact on proliferation of P19C5
(embryonic) and NIH/3T3 (somatic) cells to assess general cytotoxicity of the test drugs. This study shows a strong correlation
between the in vitro effects and expected developmental toxicity
of the drugs, which provides the crucial information on applicability and limitations of the P19C5 EB system as an in vitro assay
for developmental toxicants.

MATERIALS AND METHODS
Cell culture and EB formation. P19C5 cells (Lau and Marikawa,
2014) were maintained in the P19 culture medium (Minimum
Essential Medium a, nucleosides, GlutaMAX Supplement
[LifeTechnologies, Carlsbad, California], 2.5% fetal bovine
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Many of the chemicals that are considered developmentally
toxic or teratogenic to humans were identified through human
epidemiologic studies (Chaabane and Bérard, 2013; Friedman,
2009). However, the identification of developmental toxicants
using such retrospective methods can be achieved only after a
significant number of tragic incidences have already happened.
To predict potential developmental toxicity of new pharmaceutical agents before they are introduced to the market, chemical
regulatory agencies, such as FDA, mandate a series of developmental toxicity tests using model animals (Daston, 2011).
However, these animal-based tests also have disadvantages.
Metabolic differences between species influence pharmacokinetics of drugs, causing large inter-species variations in the teratogenic dose, possibly resulting in incorrect classifications of
potential developmental toxicants (Bailey et al., 2005; Hartung,
2011). Furthermore, regulatory reproductive and developmental
toxicology testing is the largest consumer of experimental animals, posing tremendous financial and ethical burdens to the
society and the pharmaceutical industry (Hartung and Rovida,
2009). The establishment of effective and economical alternatives to animal-based developmental toxicity tests may ameliorate the impact of metabolic variation between species and
reduce the number of animals used in toxicology studies.
In vitro toxicity tests using embryonic stem (ES) cells, collectively known as embryonic stem cell tests (ESTs), have been explored as nonanimal alternatives in developmental toxicology.
ES cell lines derived from the epiblast of preimplantation stage
embryos are capable of differentiating into various cell types
in vitro (Yu and Thomson, 2008). In EST, potential developmental toxicity of chemicals is assessed based on their ability to inhibit in vitro differentiation of ES cells in relation to their
cytotoxic impact on ES cell and somatic cell lines, such as NIH/
3T3 fibroblast. The original EST, or ESTc, measures inhibitory effects of chemicals on cardiomyocyte differentiation (Spielmann
et al., 1997). ESTc performed well in the initial validation study
(Genschow et al., 2002) but it yielded a poor result in a follow-up
study (Marx-Stoelting et al., 2009; Riebeling et al., 2012).
Subsequently, numerous attempts have been made to improve
upon the original EST by utilizing additional differentiation
pathways (eg, neurons and osteoblasts) and analytic methods
(eg, expression of tissue-specific molecular markers, transcriptional profiling, and toxicogenomic analysis) (Buesen et al., 2004,
2009; de Jong et al., 2012; Gao et al., 2014; Hayess et al., 2013; Li
et al., 2015; Panzica-Kelly et al., 2013; Seiler and Spielmann, 2011;
Seiler et al., 2004; Suzuki et al., 2011; van Dartel and Piersma,
2011; zur Nieden et al., 2001). However, in vivo embryogenesis involves coordinated differentiation and morphogenesis of hundreds of different cell types to construct organized body
architectures. Each in vitro system represents only a limited aspect of this highly complex process. Therefore, rather than relying on a single system, it would be more realistic and
productive to employ multiple in vitro models, each of which recapitulates unique aspects of embryogenesis, to detect a wide
range of developmental toxicants. Because current versions of
EST are based mainly on cell differentiation, additional models
incorporating morphogenesis aspects may enhance the versatility of in vitro assays and allow the identification of a more diverse array of developmental toxicants.
Previously, we demonstrated that aggregates, or embryoid
bodies (EBs), of P19 mouse embryonal carcinoma stem cells exhibit axial elongation morphogenesis in vitro (Lau and Marikawa,
2014; Marikawa et al., 2009). The P19 cell line was originally isolated from a mouse teratocarcinoma, which was created by
transplanting a normal postimplantation embryo into testes
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Multi-channel blocker

Chemical Properties

Barbero et al., 2004; Geiger et al., 1994
Lu et al., 1997; Elmazar and Nau, 2004
Sadar et al., 1999; Cockshott, 2004
Mahawong et al., 2014; Reed and Fenton, 2013
Bérard and Kori, 2012; Hohmann and Künzel, 1992
Gilboa et al., 2014; Slaughter et al., 2014
Marzocchi and Lombardi, 2011; Eskes and
Wiersinga, 2009
Kuwagata et al., 1998; Murthy et al., 2014
van Mil et al., 2010; Charles et al., 2005
Abu-Heija et al., 1995; Cahill et al., 1994
Lankas et al., 2004Godfrey, 2012
Pasternak et al., 2013; Matok and Perlman, 2014
Chen et al., 2014; Blanch et al., 1998
Bos-Thompson et al., 2008; Schüler et al., 1999
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DES: Diethylstilbestrol, GnRH: Gonadotropin-releasing hormone, HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A, RAR: Retinoic acid receptor, RXR: Retinoid X receptor.

References that are relevant to pregnancy risk and/or mechanisms of actions.
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TABLE 1. Therapeutic Drugs Evaluated in the Present Study
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Drugs. All drugs used in the study were purchased from SigmaAldrich (St Louis, Missouri; lovastatin [PHR1285], metoclopramide
monohydrochloride
[M0763],
ribavirin
[R9644],
dronedarone hydrochloride [D9696], leuprolide acetate [L0399],
5-fluorouracil [F6627], orlistat [O4139], doxylamine succinate
[D3775], nystatin [N4014], and folic acid [F7876]) or from Santa
Cruz Biotechnology (Dallas, Texas; acitretin [sc-21075], misoprostol [sc-201264], mifepristone [sc-20126], bicalutamide [sc202976], DES [sc-204720], bexarotene [sc-217753], raloxifene
hydrochloride [sc-204230], dihydroergotamine methanesulfonate [sc-294343], warfarin sodium [sc-204941], and thalidomide
[sc-201445]). All drugs were dissolved in DMSO at 10 mM concentration and stored at #20" C.
Cell viability assay. The impact of drugs on cell proliferation and
viability was evaluated using CellTiter-Glo Luminescent Cell
Viability Assay system, which determines the number of live
cells in culture by measuring the amount of ATP as a quantitative proxy for the number of metabolically active cells
(Promega, Madison, Wisconsin). P19C5 cells and NIH/3T3 cells
were seeded in 96-well plates at the density of 100 cells/well
and 250 cells/well, respectively, and were cultured in the corresponding medium (100 ll/well) supplemented with 1% DMSO
containing serial dilution of the test drug (0.1, 1, 10, and 100 lM)
or vehicle only as a control. After 4 days of culture, cells were
treated with CellTiter-Glo Reagent for measurement of luminescence, as a readout of ATP amount, according to the manufacturer’s instruction (Promega), using Gene Light 55 Luminometer
(Microtech, Chiba, Japan). Cell seeding density was optimized
through a series of pilot experiments, to confirm that cell
numbers at the end of 4 days of culture were proportionate to
intensities of luminescence. Relative cell number was
calculated based on ratio of the luminescence intensity in drugtreated cells to that in the control of the same set of experiments. For each drug, 4 sets of experiments were conducted as
biological replicates, and the results were presented as
mean 6 SD.
Morphometric parameters. The experimental scheme to test drug
impact on EB development is shown in Figure 1D. Each set of
experiments consisted of 5 plates of hanging drops prepared
using the same cell suspension: 1 control plate with no drug
and 4 plates treated with serial dilutions of the test drug (0.1, 1,
10, and 100 lM). Each plate contained 16 hanging drops, which
were cultured for 4 days after initial treatment without medium
change. Survival and overall integrity of EBs were monitored on

days 1–3. On day 4, EBs were removed from hanging drops and
placed together in a Petri dish filled with phosphate-buffered
saline for photography. Images were captured with AxioCam
MRm digital camera (Carl Zeiss, Thornwood, New York)
attached to Axiovert 200 inverted microscope with Hoffman
modulation contrast optics (Carl Zeiss) and controlled by
AxioVision software (Carl Zeiss). AxioVision image files were
converted to JPG format, which were then opened in ImageJ program (http://rsb.info.nih.gov/ij) for morphometric analyses. The
circumference of individual EBs was manually traced using the
Polygon selections tool to measure the area and circularity
(under shape descriptors). In this study, the area was used to
approximate the overall size of EBs. Elongation distortion index
(EDI) expresses the extent of axial elongation and is calculated
as (1/[circularity] # 1), which is equivalent to the formula ([EB
perimeter]2/4p[EB area] # 1), as described previously (Marikawa
et al., 2009). Area and EDI were normalized by the average values
of control EBs in each set of experiments to calculate relative EB
size and relative EDI, respectively. Three sets of experiments
were conducted for each drug as biological replicates, and all
relative EB size and relative EDI were compiled and presented
as mean 6 SD.
Statistics. Statistical differences were assessed by 2-sample t
test. For cell viability assay, relative cell numbers of P19C5 cells
from 4 experiments (n ¼ 4) were compared with relative cell
numbers of NIH/3T3 cells from 4 experiments (n ¼ 4) for each
concentration of each drug tested. For EB morphogenesis,
relative EDI of drug-treated EBs (n ¼ 45–48, compiled from 3
experiments) were compared with relative EDI of control EBs
(n ¼ 45–48). Differences in average values were deemed significant when P values were < .01.
Experimental design. Two types of assays were performed to evaluate the impact of the selected 20 drugs at 4 different concentrations (0.1, 1, 10, and 100 lM). The first assay was to examine
drug impact on proliferation of P19C5 and NIH/3T3 cells. Cells
were cultured for 4 days as mono-layer at a low density (to minimize contact inhibition) in the presence of test drugs, followed
by measurement of total live cell number (see earlier). Relative
cell number of drug-treated cells was normalized by the number
of control cells that were cultured for 4 days in the absence of
drug. This assay served 2 purposes: (1) to determine general
cytotoxicity and (2) to assess selective inhibition of embryonic
cell proliferation. “General cytotoxicity” was defined in this
study as a reduction in relative cell number of NIH/3T3 cells
below 20% of control. The rationale for this definition is as follows. Normal NIH/3T3 cells divide approximately every 20 h,
and therefore they divide an average of 4.8 rounds during 4 days
of culture, which increases cell number by % 27.9-fold (¼ 24.8). If
a half of cell divisions are inhibited during this period, cell number increases only by % 5.3-fold (¼ 22.4), which is approximately
20% or less of control cells (¼ 5.3/27.9). Any drug concentrations
that displayed general cytotoxicity were not considered
“developmentally toxic” in this study, regardless of other
impacts that are described later. The second purpose of the
assay was to assess whether a drug diminishes proliferation of
P19C5 cells (representing embryonic cells) more strongly than
NIH/3T3 cells (representing somatic cells). This was determined
by comparing relative cell numbers between P19C5 and NIH/3T3
cells for each drug treatment. In this study, significant reduction in P19C5 cell number relative to NIH/3T3 cell number was
defined as a sign of selective adverse impact on embryonic cell
proliferation.
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serum, 7.5% newborn calf serum, 50 units/ml penicillin, and
50 lg/ml streptomycin) and passaged every 2 days when cells
had achieved 80%–90% confluence in the culture flask. NIH/3T3
cells were obtained from the American Type Culture Collection
(Manassas, Virginia), maintained in the 3T3 culture medium
(Dulbecco’s Modified Eagle Medium, GlutaMAX Supplement
[LifeTechnologies], 10% fetal bovine serum, 50 units/ml penicillin, and 50 lg/ml streptomycin) and passaged every 2 days. EBs
of P19C5 cells were generated in hanging drops of the culture
medium supplemented with 1% dimethyl sulfoxide (DMSO), as
previously described (Lau and Marikawa, 2014; Marikawa et al.,
2009). Briefly, P19C5 cells were fully dissociated with TrypsinEDTA and suspended in the culture medium containing 1%
DMSO at a density of 10 cells/ll. Drops (20 ll each) of cell suspension were deposited on the inner surface of Petri dish lids
for hanging drop culture. All cells and EBs were cultured at 37" C
in 4.5% CO2 in humidified air.
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FIG 1. In vitro morphogenesis of P19C5 embryoid bodies (EBs). A, Photographs of control EBs over 4 days of culture to demonstrate the time course of morphological
transformation. Scale bar ¼ 500 lm. B and C, Temporal changes in the EB size (B) and elongation distortion index (EDI) (C). Graphs are mean þ SD (n ¼ 44). Asterisks indicate significant differences between 2 adjacent groups (P < .01; 2-sample t test). D, The experimental scheme to examine morphogenetic impact of the therapeutic
drugs.
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RESULTS
Time Course of Growth and Axial Elongation Morphogenesis in
P19C5 EBs
During 4 days of hanging drop culture, P19C5 EBs steadily grew
in size, which was quantitatively measured using EB area as a
morphometric parameter (Figs. 1A and 1B). The overall shape of
EBs was spherical during the first 2 days of culture (days 1 and
2) but became ellipsoidal by the third day (day 3) and distinctly
elongated by the fourth day (day 4; Figure 1A). This temporal
change in EB shape was quantified using another morphometric
parameter EDI (see Materials and Methods), which significantly
increased from day 2 to 3 and from day 3 to 4 (Figure 1C). In the
following assessment of drug impact on EBs, the area and EDI
were measured on day 4 to assess overall growth and morphogenesis of EBs.
Drugs That Impacted P19C5 Cells With High Potency
Eight out of the 20 drugs evaluated demonstrated high potency
because they impacted P19C5 proliferation and/or EB development at treatment concentrations as low as 0.1 mM. Highly
potent drugs included acitretin, bexarotene, DES, dronedarone,
fluorouracil, mifepristone, raloxifene, and ribavirin. Acitretin is
a synthetic retinoid that activates retinoic acid receptors (RAR),
and is prescribed for treatment of various skin diseases.
Acitretin exhibited general cytotoxicity (ie, NIH/3T3 cell number
< 20%) at 100 lM, which was also reflected in death of P19C5
cells in mono-layer culture as well as in hanging drops by day 1.
At lower concentrations (0.1, 1, and 10 lM), P19C5 cells aggregated into viable EBs and survived until day 4, although they
showed dramatic decreases in growth and morphogenesis
(Figure 2). Acitretin-treated EBs were markedly smaller than
control EBs, with an average size < 50% of control. Additionally,
acitretin-treated EBs retained the initial spherical shape void of
any discernable elongation, as shown by marked reduction in
EDI (Figure 2, Supplementary Figure 1A).
Bexarotene, a synthetic retinoid that selectively targets retinoid X-receptors (RXR), is used to treat cutaneous T-cell lymphoma. Bexarotene at 100 lM exhibited general cytotoxicity
along with death of P19C5 cells in hanging drops by day 1. EBs
were viable for 4 days of culture in other concentrations but the
EB size was markedly reduced. EDI was also significantly
reduced by bexarotene at 1 and 10 lM (Figure 2, Supplementary
Figure 1B).

DES is a nonsteroidal estrogen and was historically prescribed to prevent miscarriages and premature deliveries.
General cytotoxicity was observed at 100 lM, which corresponded to disintegration of P19C5 EBs by day 3. EDI was
slightly but significantly increased by DES at 0.1 and 1 lM. DES
at 10 lM also reduced the EB size by >20% (Figure 2,
Supplementary Figure 1D).
Dronedarone is a multichannel blocker used to treat cardiac
arrhythmia. Dronedarone at 10 and 100 lM exhibited general
toxicity and killed P19C5 cells in hanging drops by day 1.
Dronedarone caused significant reduction in P19C5 cell number
relative to NIH/3T3 cells at 0.1 lM but not at 1 lM (Figure 2). No
impact on EB development on size or EDI was observed at 0.1 or
1 lM (Supplementary Figure 1G).
Fluorouracil is a pyrimidine analog antimetabolite and an
antineoplastic agent used to treat various cancers. It was generally cytotoxic at 10 and 100 lM. At these concentrations of fluorouracil, EBs survived until day 3 but completely disintegrated
by day 4. Significant reductions in P19C5 cell number and EB
size were observed at 1 lM but not at 0.1 lM. Notably, EDI was
significantly increased by fluorouracil at 0.1 lM, and more markedly increased at 1 lM due to the drastically skinny shape of EBs
(Figure 3, Supplementary Figure 1H).
Mifepristone is a synthetic steroid that inhibits progesterone
receptor and is used as an abortifacient. It exhibited general toxicity at 100 lM, which also killed P19C5 cells in hanging drops by
day 1. The EB size was significantly reduced by mifepristone at
10 lM. Interestingly, EDI was significantly increased by mifepristone at 0.1 lM but decreased at 10 lM (Figure 2, Supplementary
Figure 1M).
Raloxifene is a selective estrogen receptor modulator prescribed to prevent osteoporosis in postmenopausal women.
General cytotoxicity was observed at 100 lM, which also killed
P19C5 cells in hanging drops by day 1. Similarly to mifepristone,
EDI was significantly increased at 0.1 lM but decreased at 10 lM
(Figure 2, Supplementary Figure 1Q). EB growth was markedly
diminished at 10 lM (Figure 2).
Ribavirin is a purine RNA analog used as an antiviral agent.
Ribavirin exhibited general cytotoxicity at 100 lM. However, EB
growth was only mildly impaired by ribavirin at 100 lM (Figure
2, Supplementary Figure 1R). Interestingly, EDI was altered by
ribavirin at all concentrations tested, showing a significant
increase at 0.1 lM but decreases at 1, 10, and 100 lM (Figure 2,
Supplementary Figure 1R).
Drugs That Impacted P19C5 Cells With Mild Potency
Seven drugs showed mild (ie, at 1 lM or higher) impacts on
P19C5 proliferation and/or EB development, including bicalutamide, dihydroergotamine, doxylamine, lovastatin, misoprostol,
nystatin, and orlistat. Bicalutamide is a nonsteroidal antiandrogen used to treat prostate cancer and hirsutism. General cytotoxicity was observed at 100 lM (Figure 3). At 10 lM,
bicalutamide caused significant increase in EDI (Figure 3,
Supplementary Figure 1C).
Dihydroergotamine is semisynthetic ergot alkaloid used to
treat migraine headaches and orthostatic hypotension. General
cytotoxicity was observed at 100 lM, which also killed P19C5
cells in hanging drops by day 1. Dihydroergotamine at 10 lM
concentration reduced both P19C5 cell number and EB growth
but promoted NIH/3T3 cell proliferation. Dihydroergotamine did
not show significant impact on EDI (Figure 3, Supplementary
Figure 1E).
Doxylamine is a first generation antihistamine used to treat
respiratory allergies. At the highest concentration (100 lM),
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The second assay examined drug impact on growth and
morphogenesis of P19C5 EBs. After 4 days of hanging drop culture in the presence of test drugs, area and EDI were measured
as morphometric parameters to assess EB growth and morphogenesis, respectively. In this study, a reduction in EB size by >
20% was classified as an adverse drug impact on EB growth. A
significant decrease or increase in EDI was classified as an
impact on EB morphogenesis. Although mechanistic causes of
EDI decreases are likely to be different from EDI increases (see
Discussion), both were grouped together as morphogenetic
impact in this study.
Thus, if a drug caused “stronger inhibition of P19C5 proliferation,” “reduction in EB size,” and/or “decrease/increase in EDI”
at concentrations that are not “generally toxic,” it was categorized as a developmental toxicant in this study. Furthermore, if a
drug displayed any of these effects at the lowest concentration
tested (ie, 0.1 lM), it was considered to have “high potency.”
In contrast, the effects observed only at higher concentrations (ie,
1, 10, and/or 100 lM) were considered to have “mild potency.”
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FIG 2. Drugs that impacted P19C5 cells with high potency. Three types of graphs are shown for each drug. Relative values are calculated as a percentage of the corresponding set’s control value. All control values are shown as 100. Top: Relative cell numbers of P19C5 (red line) and NIH/3T3 (blue line) after 4 days of mono-layer culture in the presence of drug. Mean 6 SD is presented for each cell line (n ¼ 4). Downward black arrows indicate significant reductions in P19C5 cell number relative to

NIH/3T3 cell number (P < .01). Middle: Relative size of P19C5 EBs after 4 days of hanging drop culture in the presence of drug. Mean 6 SD is presented as the data points
and error bars, respectively (n ¼ 45–48). Values of “0” for relative EB size indicate death of EBs. Bottom: Relative EDI of P19C5 EBs after 4 days of hanging drop culture.
Mean þ SD is presented as each column’s height and error bar, respectively (n ¼ 45–48). Downward black arrows indicate significant reductions in relative EDI whereas
upward white arrows indicate significant increase in relative EDI (P < .01). NA: Not applicable due to death of EBs. Horizontal axes represent drug concentrations in
micromolar. Full color version available online.

doxylamine promoted NIH/3T3 cell proliferation, but it caused a
slight reduction in P19C5 cell number. At 100 mM concentration,
EDI was also significantly decreased, without any observable
impact on EB size (Figure 3, Supplementary Figure 1E).
Lovastatin is a competitive HMG-CoA reductase inhibitor
used to reduce LDL-cholesterol levels in hypercholesterolemia.

Lovastatin was generally cytotoxic at 10 and 100 mM. Treatment
concentrations of 1 mM caused a reduction in EB size ( <80% of
control). Notably, although no significant change in EDI was
observed at 1 mM, the EDI SD was markedly larger than the EDI
SD of the control (Figure 3), suggesting that lovastatin caused
more variability in EB shapes (Supplementary Figure 1K).
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FIG 3. Drugs that impacted P19C5 cells with mild potency. Relative values are calculated as a percentage of the corresponding set’s control value, and all control values
are shown as 100. Top: Relative cell numbers of P19C5 (red line) and NIH/3T3 (blue line) after 4 days of mono-layer culture in the presence of drug. Mean 6 SD is presented for each cell line (n ¼ 4). Downward black arrows indicate significant reductions in P19C5 cell number relative to NIH/3T3 cell number (P < .01). Middle: Relative
size of P19C5 EBs after 4 days of hanging drop culture in the presence of drug. Mean 6 SD is presented as the data points and error bars, respectively (n ¼ 45–48).
Bottom: Relative EDI of P19C5 EBs after 4 days of hanging drop culture. Mean þ SD is presented as each column’s height and error bar, respectively (n ¼ 45–48).

Downward black arrows indicate significant reductions in relative EDI whereas upward white arrows indicate significant increase in relative EDI (P < .01). NA: Not applicable due to death of EBs. Horizontal axes represent drug concentrations in micromolar. Full color version available online.

Misoprostol is synthetic prostaglandin E1 analog used to prevent gastric ulcers induced by nonsteroidal anti-inflammatory
drugs. It exhibited general cytotoxicity at 100 lM. At 10 lM,
misoprostol caused reductions in P19C5 cell number relative to
NIH/3T3 and diminished EB size. Significant increase in EDI was
also observed at this concentration (Figure 3, Supplementary
Figure 1N).

Nystatin binds to cell membrane ergosterol and is used as an
antifungal medication. Nystatin did not exhibit general cytotoxicity at any of the concentrations tested. However, reductions in
both EB size and EDI were observed at 100 lM (Figure 3,
Supplementary Figure 1O).
Orlistat is a lipase inhibitor used to treat or prevent obesity.
Orlistat reduced P19C5 cell number more significantly than
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NIH/3T3 at 100 lM and caused significant reductions in EB size
and EDI (Figure 3, Supplementary Figure 1P).
Drugs That Did Not Exhibit Any Impact
The following 5 drugs did not display general cytotoxicity or
show observable impact on P19C5 cells at the concentrations
tested: folic acid (vitamin B9, a dietary supplement), leuprolide
(a gonadotropin-releasing hormone [GnRH] receptor agonist
that inhibits gonadotropin secretion from the pituitary gland),
metoclopramide (an antagonist of dopamine and serotonin
receptors used as an antiemetic), thalidomide (an immunomodulatory agent), and warfarin (a vitamin K epoxide reductase
inhibitor used as an anticoagulant) (Figure 4, Supplementary
Figs. 1I, 1J, 1L, 1S, and 1T).

DISCUSSION
To reduce animal use in developmental toxicology studies,
in vitro alternatives are strongly desired. Because only a limited
aspect of in vivo processes can be simulated in a single type of
in vitro test, multiple tests would be required to encompass a
broad range of embryonic events. Here, we explored the potential of P19C5 EBs, which simulate growth and axial elongation
morphogenesis of early embryos, as an in vitro tool to study
human developmental toxicants. The analysis measured morphometric parameters (size and EDI) of day 4 EBs to evaluate
developmental impact of 20 therapeutic drugs with known
in vivo developmental toxicity in humans (Table 1). The morphometric analysis was paired with cytotoxicity data obtained
from proliferation assays of embryonic P19C5 cells and of
somatic NIH/3T3 fibroblast cells. To our knowledge, this is the
first study to incorporate the morphogenesis of EBs as a stem
cell-based in vitro test for developmental toxicants. Although
the effectiveness of P19C5 EB morphogenesis system needs to
be further examined using a wider array of chemical compounds with known developmental toxicity, this study serves
as an introduction for a novel in vitro test that will complement
other nonanimal alternative methods.
Recently, another research group has shown that EBs made
of mouse ES cells (mESC) also display axial elongation morphogenesis reminiscent of gastrulating embryos (van den Brink
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et al., 2014). This indicates that in vitro recapitulation of morphogenesis is not a property exclusive to P19 and P19C5 cells. An
in vitro gastrulation model of mESC may be incorporated for
developmental toxicity tests in future studies. Nonetheless,
elongation morphogenesis appears to occur more easily and
prominently in P19C5 EBs compared with mESC EBs. To generate elongating EBs, mESCs are first aggregated in hanging drops
for 2 days, before being transferred to a nonadhesive Petri dish
filled with a culture medium containing activators of Nodal signaling (Activin A) and Wnt signaling (CHIR99021; a pharmacological inhibitor of glycogen synthase kinase 3) to induce
mesendoderm formation. After exposure to these activators,
EBs begin to elongate within 2–3 days (van den Brink et al., 2014).
In contrast, P19 and P19C5 EBs spontaneously elongate in hanging drops without a change of culture format or addition of
Nodal and Wnt activators. The difference between mESC and
P19 cells’ ability to initiate gastrulation may be due to the difference in the developmental stages represented by these 2 pluripotent stem cell lines. mESCs retain developmental and
molecular properties that are close to the inner cell mass or the
epiblast of the preimplantation embryo, whereas P19 cells possess features of the primitive ectoderm or the epiblast of the
postimplantation embryo (Jones-Villeneuve et al., 1982; Niwa,
2007; Yeom et al., 1996). Use of multiple stem cell lines representing different developmental stages is likely to enhance
studies of developmental toxicants, because actions of chemical
agents may differ depending on embryonic stages. Regardless,
the relatively simple protocol to induce morphogenesis in
P19C5 EBs offers a practical benefit by reducing the time and
labor required to induce gastrulation.
One of the most challenging aspects of developing and validating in vitro systems for developmental toxicity tests is the
selection of test drugs. Many efforts have been made to choose
a suitable list of reference compounds to be used for the validation of in vitro as well as nonmammalian test systems.
Examples of validation panels include the group of 20 compounds selected under the direction of the European Center for
the Validation of Alternative Methods (Brown et al., 2002) and
the additional 13 compounds chosen for follow-up studies
(Marx-Stoelting et al., 2009). Although these compounds were
carefully selected based on available, high-quality in vivo data, it
is controversial as to whether they can serve as “gold standards” for validation of any in vitro systems (Daston et al., 2010,
2014; Riebeling et al., 2012). In this study, we selected 20 drugs
with diverse chemical and therapeutic properties to gain insight
into the applicability and limitation of P19C5 EBs to detect
developmental toxicants. Although these drugs were selected
independently from the previously chosen reference compounds for the other studies, there were some overlaps with the
13 follow-up compounds mentioned earlier, namely lovastatin,
warfarin, doxylamine, and metoclopramide. Nonetheless, it is
clear that further investigations are necessary using additional
compounds to more fully reveal the strengths and weaknesses
of each in vitro system.
Because most embryonic events, including cell differentiation and morphogenesis, are tightly regulated by the actions of
specific gene products, incorporation of molecular endpoint
analysis is likely to allow more effective detection of developmental toxicity. Indeed, various molecular endpoints, particularly involving detection of cell type-specific gene expression,
have been incorporated into ESTs, so that chemical impact on
cell differentiation can be assessed more sensitively, quantitatively, objectively, and speedily (Buesen et al., 2004, 2009; de
Jong et al., 2012; Gao et al., 2014; Hayess et al., 2013; Li et al., 2015;
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Correlation Between Drug Impact on P19C5 Cells and Known
Pregnancy Risks
The overall effects of the 20 drugs evaluated in this study are
summarized in Figure 5. Thirteen of the 16 contraindicated
drugs impacted proliferation, EB growth and/or morphogenesis
of P19C5 cells, with high or mild potency. Notably, all of the
highly potent drugs (acitretin, bexarotene, DES, dronedarone,
fluorouracil, mifepristone, raloxifene, and ribavirin) are contraindicated. Of the 7 drugs that mildly impacted P19C5 cells, 5 are
contraindicated (bicalutamide, dihydroergotamine, lovastatin,
misoprostol, and orlistat) while 2 (doxylamine and nystatin) are
considered safe for use during pregnancy. The impact of these
safe drugs was observed only at the highest concentration
(100 lM). All of the contraindicated drugs with mild impact,
with the exception of orlistst, exhibited effects at concentrations lower than 100 lM. Also, although orlistat displayed significant impact only at 100 lM, it affected all 3 parameters of
treated P19C5 cells; proliferation, EB size, and EDI. In contrast,
doxylamine and nystatin impacted only 2 parameters.
Therefore, the 2 assays employed in this study demonstrated a
strong correlation between in vitro impact and known pregnancy risks of the drugs.
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FIG 4. Drugs that did not impact P19C5 cells. Top: Relative cell numbers of P19C5 (red line) and NIH/3T3 (blue line) after 4 days of mono-layer culture in the presence of
drug. Mean 6 SD is presented for each cell line (n ¼ 4). Middle: Relative size of P19C5 EBs after 4 days of hanging drop culture in the presence of drug. Mean 6 SD is presented (n ¼ 45–48). Bottom: Relative EDI of P19C5 EBs after 4 days of hanging drop culture. Mean þ SD is presented (n ¼ 45–48). Horizontal axes represent drug concentrations in micromolar. Full color version available online.
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FIG 5. Summary diagram of drug impact. See text for details.

Panzica-Kelly et al., 2013; Seiler and Spielmann, 2011; Seiler
et al., 2004; Suzuki et al., 2011; van Dartel and Piersma, 2011; zur
Nieden et al., 2001). P19C5 EB system is also amenable to the
addition of molecular endpoint analyses. Previously, we showed

that the Alzheimer’s medication, donepezil, diminishes EB elongation. Although the morphogenetic impact of donepezil was
detectable in day 4 EBs as a significant reduction in EDI, the
expressions of developmental regulator genes, such as Fgf8 and
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Three of the contraindicated drugs (leuprolide, thalidomide,
and warfarin) did not alter EB size or EDI, whereas 2 safe drugs
(doxylamine and nystatin) impaired EB development at the
highest concentration (100 lM). These 5 cases of apparent
“misclassifications” may exemplify limitations of the P19C5
model in predicting certain developmental toxicants. Like most
other in vitro tests, the P19C5 EB system recapitulates only
embryological events but not maternal environment. Thus, it is
unlikely to detect developmental toxicants that primarily act on
maternal tissues and indirectly disturb embryo development.
This may be the case for leuprolide, which primarily acts on the
maternal pituitary gland and alters the levels of endocrine hormone signaling to secondarily impair embryogenesis.
Furthermore, most in vitro systems, including P19C5 EBs, are
limited by a reliance on an artificial culture environment, which
may obscure the effects of certain drugs. Developmental toxicity of warfarin is likely due to its action as an inhibitor of vitamin K regeneration. Animal serum in the P19C5 culture
medium may contain a substantial amount of vitamin K, which
may negate the effects of warfarin. Because most culture media,
supplements, and sera are enriched with various essential
metabolites, results of in vitro toxicity tests, particularly those
with no impact, may require cautious interpretation with consideration of mechanisms of drug action.
Developmental toxicants that exhibit species-specific effects
may also be misclassified by the P19C5 system, which is
composed of mouse stem cells. Although thalidomide is a wellknown teratogen in humans, the limb malformations characteristic of thalidomide-induced developmental toxicity are
essentially absent in rodents (Brent, 1964). Thalidomide binds
and inhibits the cereblon protein, which appears to be the primary cause of its teratogenic effects (Ito et al., 2010). However,
homozygous cereblon-knockout mice exhibit only behavioral
problems with no limb defects (Rajadhyaksha et al., 2012). Thus,
failure of thalidomide to impact P19C5 morphogenesis may be
reflective of species-specific teratogenicity. To detect developmental toxicants that specifically affect human embryos,
in vitro morphogenesis models composed of human cells may
be necessary. Many researchers have adopted human ES cells
(hESC) as more human-relevant in vitro models to assess developmental toxicity of chemical agents, and some hESC systems
have been shown to detect the effect of thalidomide (Kameoka
et al., 2014; Xing et al., 2015). Previously, we established a culture
condition to induce elongation morphogenesis in EBs made of
hESCs (Lau and Marikawa, 2014). It is of particular interest to
examine whether thalidomide affects morphogenesis of these
hESC EBs in future studies.
Although considered safe to be used during pregnancy, both
doxylamine and nystatin impaired P19C5 EB development. This
apparent misclassification highlights another limitation of the
experimental scheme that was adopted in this study, ie,
methodical testing of a set of predetermined concentrations.
The concentration range of 0.1–100 mM may not reflect realistic
levels of exposure of certain drugs to the developing human
embryo. As an antifungal agent, nystatin is administered topically or orally and is minimally absorbed into circulation. Thus,
the chance of embryonic exposure to high levels of nystatin is
negligible, which likely contributed to the low pregnancy risk
classification of this drug. However, nystatin is also known to
be highly toxic when administered intravenously. The adverse
impact on EB development may have been reflecting the toxic
potential of nystatin at high plasma concentrations, which are
unlikely to occur in pregnant women who use nystatin only
topically or orally. Also, the concentration of doxylamine that
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Cdx2, were significantly altered by donepezil in day 2 EBs (Lau
and Marikawa, 2014). In P19 and P19C5 EBs, a number of developmental regulator genes for gastrulation and axial patterning,
such as Brachyury, Snai1, Wnt3a, Notch1, and Hox genes, are
expressed in a temporally and spatially specific manner (Lau
and Marikawa, 2014; Marikawa et al., 2009). Thus, future investigations incorporating gene expression analyses should provide
deeper insight into potential developmental toxicity of various
chemical agents and their mechanisms of action.
P19C5 EB morphogenesis simulates only a limited stage and
a limited region of embryo development. The temporal profile
of gene expressions (Lau and Marikawa, 2014; Marikawa et al.,
2009) suggests that the 4 days of P19C5 EB development represent E5.0–E8.0 of mouse embryonic stages, which roughly correspond to the second through fourth weeks of human
development. Also, based on the spatial profile of gene expressions, P19C5 EBs appear to represent the caudal region of the
embryo, but not the cranial structures, such as the brain and
the heart. Nonetheless, many of the contraindicated drugs
affected P19C5 EB development in this study. It is possible that
numerous developmental regulators that also play essential
roles in other stages and regions of embryo development control P19C5 EB morphogenesis. Elongation morphogenesis of
P19C5 EBs depends on various core developmental signals, specifically Wnt, Nodal/Activin, Bmp, Fgf, and retinoic acid pathways, which regulate EB morphogenesis in a manner consistent
with their roles in gastrulation and axial elongation and patterning in vivo (Li and Marikawa, unpublished data). Chemicals
that interfere with these signals are likely to impair P19C5 EB
morphogenesis. Apart from the synthetic retinoids, acitretin,
and bexarotene, it is currently unknown whether the contraindicated drugs tested in this study influence the above signaling
pathways. However, genetic studies have linked anomalies in
these signaling pathways to numerous human birth defects; for
example, Wnt signaling is implicated in tetra-amelia and congenital duplication of palm syndrome (Al-Qattan et al., 2009;
Niemann et al., 2004), Nodal/Activin signaling is linked to heterotaxy syndrome (Ma et al., 2012), and Fgf signaling is associated
with achondroplasia and Apert syndrome (Hajihosseini, 2008;
Yamaguchi and Rossant, 1995). Thus, in spite of a limited representation of developmental events, P19C5 EB morphogenesis
may be more versatile in detecting a wide range of developmental toxicants.
In this study, size and EDI were used as morphometric
parameters of EBs to quantitatively measure developmental
impact of drugs. EDI is calculated based on the size (area) and
the length of circumference (perimeter) of individual EBs, and
its increase implicates more elongation and/or distortion of the
EB shape. EB elongation is driven by convergent extension, a
morphogenetic process of orchestrated cell migration and intercalation (Tada and Heisenberg, 2012). Thus, reduction in EDI
may be caused by impairment in convergent extension, which
is likely to contribute to developmental anomalies in vivo,
including neural tube defects (Copp et al., 2003; Ueno and
Greene, 2003). In contrast, the mechanistic basis for an increase
in EDI is currently unclear, although stimulated cell migration
or reduced surface tension may cause pronounced elongation
or distortion of EBs. Further investigations are required to elucidate the cellular and molecular mechanisms that are behind
increased EB elongation or distortion. Also, EDI alone is not sufficient to distinguish between elongation and distortion effectively. Thus, in addition to EDI, other morphometric parameters
need to be explored in future studies to detect various morphogenetic impacts on EBs.
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