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ABSTRACT

Birth defects are among the leading causes of infant mortality, and reducing exposure to
environmental hazards is a direct path to disease prevention. The identification of specific
environmental hazards, however, is complicated by the multifactorial nature of many
non-syndromic birth defects. The objective of this body of work is to investigate
environmental risk in birth defect etiology, specifically addressing gene-environment
interactions, chemical interactions, and low-dose effects. Investigations were focused
through the Sonic hedgehog (Shh) pathway, a key regulator of embryonic development
that is sensitive to both genetic and chemical perturbation and is associated with common
and etiologically complex birth defects. First, we provide an overview of gene-
environment interactions in abnormal development, utilizing Shh-associated
malformations as key examples. We then present a novel, cell-based assay of Shh pathway
signal transduction that was employed to investigate chemical interactions across this
complex signaling cascade. We observed both additive and synergistic disruption of Shh
signaling activity following co-exposure to compounds reported to act throughout the Shh
pathway. We then leveraged high-throughput screening datasets and our Shh pathway
signal transduction assay to prioritize purported Shh pathway inhibitors for in-house
characterization. Pathway inhibition was confirmed for a subset of the 44 compounds
tested, and additional animal tests were proposed based on potency and efficacy of hits.
Finally, we evaluated the impacts of low-dose Shh pathway inhibition during craniofacial
morphogenesis on neurodevelopment. No changes in early forebrain patterning or adult
behavior were observed in the absence of overt malformations. Taken together, these
findings underscore the challenges of characterizing environmental risk in human-

relevant contexts and present approaches for overcoming these challenges.
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INTRODUCTION

Birth defects are a major public health problem that has remained remarkably stable in
recent decades (Stallings et al., 2024). Affecting 1in 33 newborns in the United States and
approximately 8 million infants globally each year (Christianson et al., 2006), birth
defects are a leading cause of infant mortality and can confer lifelong physical, social, and
financial burdens for affected individuals. Efforts to prevent birth defects have produced
mixed results, and specific causes cannot be ascertained in up to 80% of non-syndromic
birth defect cases (Feldkamp et al., 2017; Toufaily et al., 2018). Despite these challenges,
mitigation of environmental risk remains the most direct and practicable approach to

prevention.

Embryonic development is a highly dynamic and exquisitely coordinated process during
which the foundations for all tissues and structures of the body are laid. Environmental
exposures and genetic variants have been shown to cause structural and functional
abnormalities by altering these early foundations. In a small proportion of cases,
congenital anomalies are caused by exposure to a single chemical, formally called a
teratogen, as seen with ethanol and fetal alcohol syndrome (Jones & Smith, 1975),
thalidomide and phocomelia (Vargesson, 2015), and valproic acid and fetal valproate
syndrome (Ornoy, 2009). More often, however, the multifactorial nature of non-
syndromic birth defects complicates the identification of hazards that are not individually
causative of the disease. Complex, multifactorial etiologies have been implicated in the
development of craniofacial malformations, congenital heart defects, neural tube defects,

hypospadias, and neurodevelopmental disorders (Chapman et al., 2019; De Felice et al.,



2015; Everson et al., 2020; Everson et al., 2019; Finnell et al., 2021; Heyne et al., 2016;

Kietzman et al., 2014; Moreau et al., 2019; van der Zanden et al., 2012).

Understanding the processes that underlie normal embryonic development is critical for
unravelling the etiological mystery at the core of many congenital anomalies. The Sonic
hedgehog (Shh) signaling pathway, for instance, is an important regulator of craniofacial
morphogenesis. Under typical conditions, craniofacial development proceeds with SHH
ligand being secreted from the ectoderm of facial growth centers and interacting with
adjacent cranial neural crest-derived mesenchymal cells (Kurosaka, 2015). As a paracrine
factor, secreted SHH ligand forms a concentration gradient within the mesenchyme that
imparts a corresponding gradient of signaling activity that decreases with increasing
distance from sites of SHH production (Hu et al., 2015; Johnson et al., 2021; Kurosaka,
2015; Lan & Jiang, 2009). Activation of the Shh signaling pathway in the craniofacial
mesenchyme alters the transcriptional profile of these cells, promoting cellular

proliferation and growth of tissues that will form the lip and palate (Everson et al., 2017).

Studies in animal models illustrate the developmental consequences of abnormal Shh
signaling. In genetic models, the complete loss of Shh signaling through knockout of the
Shh gene results in lethal malformations of the face and forebrain. Specifically, Shh~- mice
display severe midfacial hypoplasia, resulting in a reduction in the size of the forebrain
and midbrain, failure of the optic vesicle to separate and develop into laterally positioned
eyes, and failure of the nasal pits to separate to form paired nostrils (Chiang et al., 1996).
Notably, this constellation of abnormal traits is present in humans born with
holoprosencephaly (HPE), a disorder that was first linked to functionally defective

variants in the SHH gene in humans (Roessler et al., 1996). Small molecule inhibitors of



Shh signaling have been used to probe the impact of timing on Shh signaling-mediated
craniofacial dysmorphogenesis. A study employing the pharmacological Shh pathway
inhibitor vismodegib produced HPE-like phenotypes and orofacial clefts (OFCs) in mice
in a timing-dependent manner (Heyne, Melberg, et al., 2015), and a naturally occurring
plant alkaloid and Shh signaling antagonist, cyclopamine, has been utilized in a robust
mouse model of cleft lip and palate (Heyne, Melberg, et al., 2015; Lipinski et al., 2008).
Bridging the loss of Shh signaling at the molecular level and deficient growth at the tissue
level, cyclopamine administration was demonstrated to decrease cellular proliferation
within the cranial neural crest-derived mesenchyme of the facial process that give rise to

the upper lip (Everson et al., 2017).

In human populations, both HPE and OFCs exemplify etiological complexity. Over 20
genes have been found to cause HPE, including several factors within the Shh signaling
pathway (Tekendo-Ngongang et al., 2020). Most HPE genes are considered to act in an
autosomal dominant fashion, though a great deal of phenotypic variation exists even
among individuals with similar genetic variants (Solomon et al., 2012). This variability is
indicative of a multifactorial etiology in which genetic or environmental risk factors
modulate the severity of a disorder that is driven primarily through a known genetic
predisposition. However, despite the identification of dozens of HPE genes, only a quarter
of all cases are associated with the most common established genetic variants,
underscoring the etiological complexity of this disorder (Roessler et al., 2018; Tekendo-
Ngongang et al., 2020). In contrast to HPE, extensive investigations into the genetics of
OFCs have not revealed causative variants. Instead, dozens of genetic risk factors have

been associated with OFCs (Leslie & Marazita, 2013), and these factors are believed to act



in concert with other genetic and environmental influences to disrupt development of the
upper lip and palate. Recent years have seen a shift toward elucidating gene-environment
interactions in the etiology of HPE and OFCs (Addissie et al., 2021; Everson et al., 2019;
Hong & Krauss, 2018; Marazita, 2023). Hypothesis-driven investigations of chemical-
chemical interactions in animal models of Shh-mediated craniofacial morphogenesis
remain sparse, but work several works in zebrafish have been now been published

(Everson et al., 2020; Everson et al., 2023).

An additional challenge to the identification and characterization of environmental risk
factors is the potential for low-dose effects. Consideration of adverse outcomes that do
not present as overt malformations is especially important for compounds that target
craniofacial development. Fetal alcohol spectrum disorder (FASD) illustrates this point.
After researchers linked prenatal alcohol exposure to a constellation of craniofacial and
limb malformations and neurobehavioral deficits, these atypical traits became the
primary diagnostic criteria in fetal alcohol syndrome (Jones & Smith, 1975; Jones et al.,
1973). FASD, on the other hand, encompasses individuals with prenatal alcohol exposure
who may not display diagnostic features but nonetheless suffer from neurodevelopmental
effects (Coles et al., 2020; Hoyme et al., 2016). Based on overlap in the craniofacial
phenotypes resulting from prenatal alcohol exposure and Shh pathway disruption, there
is the potential for Shh signaling antagonists to similarly alter neurodevelopment without
causing overt malformations. Addressing this possibility may reveal pernicious
neurobehavioral effects that could be influenced by exposure to environmental Shh
pathway antagonists and would be relevant for the diagnosis of Shh signaling-related

disorders.



Although mounting evidence points to environmental risk factors as contributors to
etiologically complex birth defects, significant knowledge gaps remain regarding the
identity of human-relevant environmental risk factors as well as their interactions with
additional risk factors and low-dose effects. The purpose of this body of work is to
characterize environmental risk in the context of etiologically complex birth defects.
Focusing our studies through the lens of the Shh signaling pathway, we present an
overview of gene-environment interactions in birth defect etiology, examine chemical
interactions among small molecules acting throughout this signaling cascade, prioritize
human-relevant environmental Shh pathway inhibitors for characterization in animal
models, and investigate the impacts of low-dose prenatal Shh signaling disruption on
neurodevelopment in mice. We also provide recommendations for additional studies to
continue to address the knowledge gaps we have identified. Not only do the studies
described herein advance our understanding of how chemicals can disrupt Shh signaling
and impact development, but they provide blueprint for carrying out similar experiments

for other developmentally important signaling pathways.
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ABSTRACT

Developmental biologists rely on genetics-based approaches to understand the origins of
congenital abnormalities. Recent advancements in genomics have made it easier than
ever to investigate the relationship between genes and disease. However, nonsyndromic
birth defects often exhibit non-Mendelian inheritance, incomplete penetrance or variable
expressivity. The discordance between genotype and phenotype indicates that extrinsic
factors frequently impact the severity of genetic disorders and vice versa. Overlooking
gene-environment interactions in birth defect etiology limits our ability to identify and
eliminate avoidable risks. We present mouse models of sonic hedgehog signaling and
craniofacial malformations to illustrate both the importance of and current challenges in
resolving gene-environment interactions in birth defects. We then prescribe approaches
for overcoming these challenges, including use of genetically tractable and
environmentally responsive in vitro systems. Combining emerging technologies with
molecular genetics and traditional animal models promises to advance our understanding
of birth defect etiology and improve the identification and protection of vulnerable

populations.



INTRODUCTION

A multifactorial model of birth defect etiology can be traced back to F. Clarke Fraser's
research in the 1950s. At the time, the recent discovery that the uterus was not impervious
to the environment led many developmental biologists to pursue the emerging study of
mammalian teratogens and teratology at the expense of genetics. Fraser, a geneticist by
training, retrospectively described it as a period during which ‘the pendulum of opinion
was swinging away from the idea that malformations are genetic in origin...to the other
extreme — that malformations are mostly caused by environmental factors’ (Fraser,
2008). Following this change in momentum, birth defects research diverged. Josef
Warkany advanced the nascent field of teratology, while medical genetics found a
foothold and flourished under the leadership of Victor McKusick. Fraser, convinced of the
importance of both genetic and environmental influences, instead sought to integrate

these two approaches for explaining abnormal development.

Having been provided cortisone to investigate its potential to disrupt neural tube
development in mice, Fraser unexpectedly discovered that maternal treatment induced
cleft palate in the pups (Fraser, 2008). On a hunch, Fraser administered cortisone to each
of the mouse strains available to him. Cleft palate was inducible across five strains, but
Fraser noted that incidence was strain, and therefore genotype, dependent (Fraser &
Fainstat, 1951). This early experiment in teratogenetics, Fraser's term for the study of
gene-environment interaction in developmental disorders, illustrated the importance of
combinatory insults and risk interactions. Even so, medical genetics and teratology
largely progressed independently, each field working on the same puzzle with a different

set of pieces.
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Although it is true that traditional epidemiological and genetic approaches have resolved
the causes of birth defects that are strongly genetic or environmental in nature, it is now
widely recognized that complex interactions between genetic and environmental
influences shape the nature and severity of most birth defects. In spite of this recognition,
it is our opinion that the advent of modern genomics in recent decades has led to another
sea change, one in which a genetics-forward approach dominates the study of abnormal

development. We believe, as Fraser did, that there is more to the story.

Gene-environment interactions (also abbreviated to GxE) occur when genetic and
environmental influences additively or synergistically contribute to a phenotypic effect.
Environment, in this context, may broadly refer to any influence that is not genetic in
nature, including toxin and toxicant exposure, maternal infection, hypoxia, and
macromolecule or micronutrient excesses or deficiencies. A widely recognized example of
a gene-environment interaction is phenylketonuria, an autosomal recessive disease
caused by mutation in phenylalanine hydroxylase, which is exacerbated as phenylalanine
intake exceeds an affected individual's ability to metabolize it. In practice, individuals
lacking a functional copy of phenylalanine hydroxylase exhibit phenotypes including
intellectual disability, seizures and behavioral problems, the severity of which correlates
with phenylalanine intake, whereas a single intact allele is considered protective against
phenylketonuria. Although illustrative, this simple type of gene-environment interaction
— a homozygous genetic aberration acting in concert with an otherwise innocuous
environmental influence — is not universally representative of the phenomenon. Rather,
interactions can take several forms (described by Khoury et al., 1988) in which

environmental or genetic influences drive a phenotype that is modified by additional
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factors. In fetal alcohol spectrum disorder, for instance, prenatal alcohol (ethanol)
exposure is sufficient to disrupt development of the brain and face, although certain gene
variants appear to exacerbate these outcomes (reviewed by Lovely et al., 2017). Thus, the
impact of the primary insult, maternal alcohol exposure, is modified by genotype.
Importantly, the phenotypic variability seen in fetal alcohol spectrum disorders highlights
the continuous nature of many multifactorial diseases, including some of the most

common human structural birth defects.

CRANIOFACIAL BIRTH DEFECTS: A FACE OF GENE-ENVIRONMENT

OUTCOMES

Craniofacial birth defects, such as those seen in fetal alcohol spectrum disorders, illustrate
both the challenges and opportunities of studying gene-environment interactions. The
head and face develop through precisely coordinated expansion and fusion of embryonic
growth centers comprising multiple migrating and differentiating cell populations.
Consequently, congenital craniofacial abnormalities are relatively common, and the
functional and societal importance of the face makes these malformations particularly

impactful for patients and their families.

Orofacial clefts (OFCs) of the lip and palate are the most prevalent human craniofacial
birth defects and affect approximately 1in 700 newborns (Leslie & Marazita, 2013). Most
OFCs occur in apparent isolation of other malformations and are considered
nonsyndromic. The vast majority of these cases do not follow Mendelian inheritance
patterns, although genetics undeniably plays a substantial role in modifying risk. For
example, OFC incidence varies by background and demonstrates at least some familial

heritability (Watkins et al., 2014). Accordingly, OFCs have long been thought to arise from
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gene-environment interactions (reviewed by Dixon et al., 2011; Krauss & Hong, 2016;
Lovely et al., 2017), although efforts to understand this complex etiology have largely
focused on the genetic side of the equation. Dozens of OFC risk loci have been identified
by employing complementary genetic approaches, including genome-wide association
studies (reviewed by Beaty et al., 2016; Leslie & Marazita, 2013; see also OMIM 119530).
Similarly, despite frequent postulation of environmental contributions to clefting, no
exogenous factor is known to exhibit strong penetrance, and commonly implicated factors
either only slightly increase risk (e.g. maternal exposure to cigarette smoke) (Hackshaw
et al., 2011) or have shown mixed results in epidemiological studies (e.g. maternal alcohol
exposure) (Bell et al., 2014). In most cases, the functional consequence of identified
genetic variants and environmental influences, and how these factors may interact to

produce OFCs, remains unknown.

In considering gene-environment interactions in craniofacial malformations, a useful
counterpart to OFCs is the related malformation holoprosencephaly (HPE). Defined by
deficient development of the median forebrain, HPE frequently co-occurs with facial
abnormalities including OFCs. At its most severe, HPE results in cyclopia, characterized
by a single central eye. Although relatively rare in newborns, HPE has an estimated
prevalence of 1 in 250 conceptuses (Petryk et al., 2015), suggesting that it is among the
most common human embryonic malformations. Furthermore, although chromosomal
abnormalities account for approximately 1 in 3 HPE cases (Petryk et al., 2015), the
remaining cases are considered etiologically heterogeneous with genetics playing an
important, but apparently incomplete, role. For example, of the 17 (and counting) genes

associated with HPE, mutations in the four most common are detected in only 25% of
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cases (Roessler et al., 2018; Tekendo-Ngongang et al., 2020). Even in this subset of gene-
associated cases, causative mutations are almost exclusively heterozygous and considered
to act as autosomal dominant but with incomplete penetrance and highly variable
expressivity. Increasingly, rare gene variants associated with HPE are being identified
(Hughes et al., 2020; Kruszka, Berger, Casa, et al., 2019; Kruszka, Berger, Weiss, et al.,
2019), which may contribute to the phenotypic variability of this condition and increase
the number of potential gene-gene interactions, although documented instances of
‘multiple-hit’ mutation events are exceedingly rare in HPE (Roessler et al., 2018). As with
OFCs, gene-environment interactions are considered central to HPE etiology, with the
identification of specific interactions remaining limited and prevention strategies largely
unavailable. However, findings spanning decades of research across multiple fields have

coalesced to support a model of gene-environment interactions in HPE etiology.

SONIC HEDGEHOG SIGNALING AND HOLOPROSENCEPHALY: A LENS
TO VIEW GENE AND ENVIRONMENT

Just 4 years after the historic elucidation of DNA's double helix, ranchers in the western
United States observed sheep born with craniofacial malformations including cyclopia,
the hallmark phenotype of severe HPE, and alerted the United States Department of
Agriculture (USDA). In a now science-famous story, USDA researchers traced these birth
defects to maternal grazing on the plant Veratrum californicum and a teratogenic
alkaloid that they dubbed cyclopamine (Chen, 2016; Keeler, 1978). Without the tools to
probe the mechanism of cyclopamine-mediated birth defects, this curiosity of teratology
faded into the background. Meanwhile, the modern genetics era dawned. Nobel prize-

winning fruit fly studies identified genes now known to be central mediators of
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development and disease, including one named hedgehog. Within two decades, a
knockout mouse for sonic hedgehog (Shh), a mammalian hedgehog homolog, was
generated and found to have severe craniofacial malformations, including cyclopia
(Chiang et al., 1996). Astute developmental biologists reconsidered those one-eyed sheep
and subsequently demonstrated in chicks, mice and mammalian cells that cyclopamine-
induced birth defects result from the inhibition of the Shh signaling pathway component
smoothened during embryonic development (Chen et al., 2002; Incardona et al., 1998;
Lipinski et al., 2008). Remarkably — though not entirely serendipitously — human genetic
studies published around that time revealed the first gene associated with HPE: sonic
hedgehog (Roessler et al., 1996). Collectively, over five decades, these studies in flies,
sheep, mice and humans directly linked Shh signaling to craniofacial birth defects and

highlighted the sensitivity of the pathway to both genetic and environmental disruption.

Shh signaling is a logical focus for investigations of etiologically heterogeneous
craniofacial birth defects; Shh pathway mutations have been linked to human HPE, and
both natural and synthetic inhibitors of Shh signaling have been shown to cause HPE and
isolated OFCs in mice. Human malformation-associated mutations have been reported in
the SHH gene itself, the genes encoding the SHH secretory protein (DISP1), the SHH
receptor (PTCH1) and associated membrane proteins (CDON, BOC and GAS1), and GLI2,
the dominant pathway transcriptional activator (Hong & Krauss, 2018; Roessler et al.,
2018). With respect to environmental influences, the Shh pathway is also inherently
sensitive to small molecule modulation. Following the discovery of cyclopamine,
numerous small molecules have been identified as pathway inhibitors acting through the

same smoothened-targeted mechanism (Pietrobono & Stecca, 2018; Rimkus et al., 2016).
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Such small molecules include diverse environmental chemicals, such as
phytocannabinoids (Khaliullina et al.,, 2015) and a widely used pesticide synergist,
piperonyl butoxide (Everson et al., 2019). Alcohol (ethanol), a known human teratogen,
can also be added to this mix and has been suggested to act on multiple factors upstream
of and within the Shh signaling cascade to disrupt development of the face and brain
(Sulik, 2005). These examples illustrate how a single developmental pathway can be
susceptible to a diverse cast of genetic and environmental influences that, individually,
may have only subphenotypic impacts but, in combination, produce an additive or
synergistic outcome. Teasing apart these interactions is a major research challenge, but

one that will be crucial for solving the puzzle of complex birth defects.

Combining genetic tractability with environmental sensitivity, the mouse is a powerful
model to examine specific gene-environment interactions (Hong & Krauss, 2018). SHH
mutations, the first and most commonly identified in human HPE, provide an instructive
example. In human pedigrees, SHH mutations are heterozygous and display incomplete
penetrance and highly variable expressivity (Solomon et al., 2012). In mice, loss of both
Shh alleles results in severe HPE, whereas heterozygous mice are indistinguishable from
wild-type littermates. However, studies have shown that these ‘silent’” mutations
dramatically exacerbate the teratogenicity of environmental chemicals, including ethanol
and piperonyl butoxide (Everson et al., 2019; Kietzman et al., 2014). Similar experiments
have shown additive or synergistic interactions between additional gene-environment
pairs including Cdon and ethanol (Hong & Krauss, 2012), Gli2 and ethanol (Kietzman et
al., 2014), and Gli2 and the synthetic smoothened antagonist vismodegib (Heyne et al.,

2016).
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Of course, gene-environment interactions during development are not limited to
craniofacial malformations or mediated only through the Shh signaling pathway. Specific
gene-environment interactions have been described in mouse-based studies of congenital
conditions, including heart disease (Chapman et al., 2019; Moreau et al., 2019), scoliosis
(Sparrow et al.,, 2012), hypospadias (van der Zanden et al.,, 2012), and complex
developmental defects and miscarriage (Cuny et al., 2020; Shi et al., 2017). Importantly,
several of these examples go beyond chemicals to demonstrate roles for other
environmental influences, including maternal hypoxia (Chapman et al., 2019; Moreau et
al., 2019; Sparrow et al., 2012) and nutrient deficiency (Cuny et al., 2020; Shi et al., 2017).
Collectively, these findings provide crucial proof of concept for gene-environment
interactions in diverse etiologically complex birth defects. However, also apparent in
these examples is an inherent limitation of this approach: being time and resource
intensive, mouse-based experiments are typically limited to a small ‘cherry-picked’ list of

known factors.

NEW APPROACHES TO SOLVING THE GENE-ENVIRONMENT PUZZLE

The primary barrier to investigating gene-environment interactions is the sheer number
of possible combinatory permutations between the genome and the growing list of
chemicals that comprise the exposome, ‘the comprehensive characterization of an
individual's lifetime exposure history’ (Wild, 2011). Although successfully utilized as
proof of concept in multifactorial etiologies, mouse studies are not ideally suited for high-
throughput discovery of environmental influences and novel interactions. By contrast,
zebrafish, although less representative of human development, are increasingly being

used to examine gene-environment interactions in high-throughput systems (Balik-
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Meisner et al., 2018), as discussed in the context of abnormal development in recent
reviews (Grinblat & Lipinski, 2019; Krauss & Hong, 2016). Traditional mammalian cell
culture approaches offer even greater throughput than zebrafish, but such systems
frequently lack the physiological relevance to probe the dynamic cellular and molecular

interactions that drive tissue and organ development.

Situated between traditional two-dimensional cell monocultures and animal models are
advanced in vitro approaches, such as organoids and microphysiological models (MPMs,
discussed below), that blend genetic tractability and scalability with varying degrees of
physiological complexity. The implementation of in vitro systems capable of probing
disruptions in developmental processes requires the use of representative cell types,
appropriate cellular organization, stability and robustness, methods for assessing
function and phenotype, and reproducibility. To test gene-environment interactions,
these models must also be genetically tractable. Utility of organoids, three-dimensional
(3D) aggregates of self-organized cells, has already been demonstrated in research on the
brain, eye, gut, reproductive system, kidney, lung and pancreas (Truskey, 2018). For
example, one research group recently demonstrated that brain organoids exposed to a
gradient of SHH protein show in vivo-like gene expression patterns and that these
patterns are disrupted, and organoid growth limited, by Shh signaling inhibition
(Cederquist et al., 2019). Organoids have also been utilized to simulate fusion of the
human embryonic palate and demonstrate that chemical inducers of cleft palate can
inhibit palate organoid fusion in vitro (Belair et al., 2018; Wolf et al., 2018). Such models,
if appropriately sensitive and scalable, may serve as in vitro platforms for the discovery

of environmental toxicants with the potential to contribute to OFCs and HPE and other
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neurodevelopmental abnormalities. Furthermore, utilizing patient-derived cells and
leveraging CRISPR/Cas-9 gene-editing technology in developing organoid models
expands the utility of this technology in gene-environment interactions research
(Truskey, 2018). Organoids should be useful for examining both genetic and
environmental disruption of intercellular signaling and tissue organization, at least at the
level of the functional unit of an organ. Looking beyond brain and palate, heart and liver
organoids have a tendency to resemble embryonic tissue (Takebe et al., 2013; Voges et al.,
2017), making them especially promising for mechanistic studies of congenital defects.
Organoids have also recently been shown to be amenable to chemical screening
approaches (Mills et al., 2019) and efforts are underway to enhance the production and
reproducibility of organoids and to develop methods for assessing organoid function

(Arora et al., 2017; Kratz et al., 2019).

In contrast to organoids, MPMs, which encompass a broad category of 3D culture models
including organ-on-a-chip systems, employ microfabrication and microfluidics to create
extracellular structures that aid replication of tissue architecture and physiological forces
(Truskey, 2018). One of the goals of MPMs is to simulate a more realistic external
environment, for example by providing scaffolding to seed distinct cellular layers (similar
to those comprising the cerebral cortex), fluid dynamics to mimic the flow of interstitial
fluid within the brain, and microhole structures that simulate the blood-brain barrier (Yi
et al., 2015). The use of microfluidics may also produce more realistic exposure scenarios
than traditional cell culture models by dynamically controlling the inflow and outflow of
treatments or culture components. Furthermore, by combining modular organ-on-a-chip

platforms using microfluidics, a degree of xenobiotic metabolism may be incorporated,
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though scaling is considerably more difficult in complex arrays (Truskey, 2018).
Regardless, as these systems typically mimic only a subset of features of an in vivo
biological system, they are well suited to screening chemicals and, ideally, complex
mixtures. In addition, many of the advantages of organoids also apply to MPMs. Genetic
tractability, the use of patient-derived cells and ‘organoid-on-a-chip’ MPM systems that
utilize self-organized 3D structures (Skardal et al., 2020) all demonstrate the flexibility
and broad potential of modern in vitro techniques to improve the faithful recapitulation
of biological and physiological processes. In this way, organoids and MPMs may be ideal
for the practical detection of toxicants in the environment using an unbiased approach
that moves from demonstration of perturbation to chemical identification to mechanistic

studies.

Although organoids and MPMs provide an exciting avenue for discovery of gene-
environment interactions, their practical limitations must be taken into consideration.
Being more complex than traditional cell culture, advanced in vitro models are generally
more time and resource intensive, although this gap should narrow as technologies
improve. More crucial for the study of birth defects, these advanced cell-based systems
do not fully recapitulate dynamic and transient developmental processes or the full
physiological complexity of maternal-embryo interfaces, including xenobiotic
metabolism and placental transfer. However, advanced in vitro systems are not intended
to replace all other approaches to birth defects research; instead, organoids and MPMs
complement genomics and animal-based models by providing a scalable, human tissue-
specific platform for screening gene-environment interactions in complex developmental

etiologies.
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PERSPECTIVES

As organoid and MPM approaches mature, the barriers to high-throughput gene-
environment interaction testing will recede. The immense volume of possible interactions
becomes less daunting as animal-free models provide insight into the multifactorial
mechanisms of physiological disruption in etiologically complex diseases, isolated in a
dish from the uncontrollable confounding factors inherent to in vivo studies. Once
sufficiently scaled, these advanced in vitro approaches will allow for more agnostic
environmental toxicant screening on customizable genetic backgrounds and biological
platforms. This is the modern path to gene-environment interaction discovery. However,
for all their benefits, these emerging in vitro technologies are not without important
drawbacks. The discoveries made in these in vitro systems must still be validated in

traditional mammalian animal models.

The introduction of advanced molecular and genetic approaches signaled a momentous
shift in developmental biology at the turn of the 21st century. The introduction of
advanced cell culture techniques may prove equally momentous. Regardless, organoids
and MPMs are tools, just as animal models and molecular techniques are tools. Each
possesses potential as well as limitations. One approach need not supersede another;
rather, we must use all the tools available to us to best serve the wellbeing of those who
entrust us with this important research. F. Clarke Fraser opined that birth defects ‘are
caused by a little bit of this and a little bit of that’ (International Neural Tube Defect
Conference, 2009). Our approach to solving them, also, must consist of a little bit of this

and a little bit of that.
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ABSTRACT

Sonic hedgehog (Shh) signaling is an essential developmental pathway that is sensitive to
small molecule disruption and directly linked to common and etiologically complex
human birth defects. Numerous mechanistically diverse small molecule Shh pathway
antagonists have been identified, but their interactions in pathway disruption have
received minimal attention. We established a tractable co-culture model in which
autonomous SHH ligand production initiates this complex inter- and intracellular signal
transduction cascade and culminates in activation of a GLI-responsive luminescent
reporter. Compounds reported to target SHH ligand processing (RU-SKI 43, AY 9944,
U18666A), SMO-mediated signal transduction (cyclopamine, vismodegib, piperonyl
butoxide, cannabidiol), and GLI transcription factors (GANT 61, arsenic trioxide) reduced
Shh pathway-driven reporter activity with ACso values in the low micromolar range or
below. We then evaluated chemical interactions among Shh pathway inhibitors using
isobolographic analysis. Co-exposure assays revealed additive interactions from
combined SMO and GLI inhibition, while disruption of SMO and cholesterol dynamics
synergistically decreased Shh pathway activity. Unexpectedly, piperonyl butoxide
synergized with other SMO inhibitors, and further characterization of piperonyl
butoxide’s impacts on Shh signaling supported an additional mechanism of inhibition
independent of SMO. In zebrafish embryos, combined exposure to piperonyl butoxide
and cyclopamine also produced a greater-than-additive increase in craniofacial
dysmorphogenesis. These findings demonstrate the importance of tractable models that
recapitulate complex signal transduction pathways to empirically test for additive and

synergistic chemical interactions in risk assessment.
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INTRODUCTION

Birth defects are a persistent public health concern, affecting approximately one in 33 live
births (Christianson et al., 2006). In addition to being a leading cause of infant mortality,
birth defects confer lifelong physical, neurodevelopmental, and financial consequences.
Most non-syndromic birth defect cases have unknown etiologies and are thought to result
from complex gene-environment interactions (Beames & Lipinski, 2020). Advances in
genetic and genomic technologies have resolved the genetic landscape of many of these
conditions (Innes & Lynch, 2021), but our current knowledge of the prenatal environment
during critical periods of development is extremely limited (Lipinski & Krauss, 2023).
Defining and characterizing environmental risk factors is a direct path to the development

of birth defect prevention strategies.

The Sonic hedgehog (Shh) signaling pathway is a key regulator of embryonic development
and a relevant focus for the study of environmental birth defect risk factors due to its
sensitivity to small molecule modulation. The plant alkaloid and first known chemical
inhibitor of Hedgehog signaling, cyclopamine, was named for its ability to induce cyclopia
in sheep (Chen, 2016; Keeler, 1978) and was later revealed to act by inhibiting
Smoothened (SMO), the key signal transducer of the Shh pathway (Chen et al., 2002;
Incardona et al., 1998). In recent decades, over a dozen SMO inhibitors have been
identified (Pietrobono & Stecca, 2018; Rimkus et al., 2016), and additional upstream and

downstream pathway components were demonstrated to be susceptible to inhibition.

The sensitivity of the Shh pathway to diverse small molecule antagonists reflects the
complexity of this signaling cascade. SHH ligand function requires autoproteolytic

cleavage, a process that appends a cholesterol moiety to the C-terminus of the truncated
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peptide, followed by palmitoylation of the N-terminus by Hedgehog acyltransferase
(HHAT). The mature peptide is then shuttled out of SHH-producing cells by DISP1 and
binds its receptor PTCH1 on SHH-responsive cells, thereby relieving the repression of
SMO. Once activated, SMO promotes Shh-regulated gene expression through the GLI
transcription factors proteins (Choudhry et al., 2014). In addition to SMO inhibition,
small molecules are now known to disrupt Shh signaling by reducing cholesterol
availability (Cooper et al., 1998; Gofflot et al., 2001) or directly antagonizing HHAT or

GLI proteins (Beauchamp et al., 2011; Lauth et al., 2007; Ritzefeld et al., 2024) (Fig. 1).

The critical role of Shh signaling during embryogenesis underscores its importance in the
development of etiologically complex malformations. Shh signaling is required for
morphogenesis of the face and forebrain (Barratt et al., 2022; Bush & Jiang, 2012; Jiang
et al., 2006), digit specification (Tickle & Towers, 2017), and numerous other
developmental processes. Disruption of the Shh pathway is associated with congenital
conditions, including holoprosencephaly (HPE), orofacial clefts (OFCs) of the lip and
palate, hypospadias, and limb malformations. HPE, the most common malformation
observed in human embryos (Matsunaga & Shiota, 1977), is characterized by insufficient
growth of the medial forebrain and midface and frequently co-occurs with orofacial clefts
(Cohen, 2006; Richieri-Costa & Ribeiro, 2010; Tekendo-Ngongang et al., 2020). In
humans, HPE and OFCs are associated with genetic variants in genes that encode
components of the Shh signaling pathway. In mice, prenatal exposure to SMO antagonists
can cause HPE-like phenotypes with associated midfacial malformations or isolated OFCs
with the specific outcome dependent upon the timing of exposure (Everson et al., 2017;

Heyne, Melberg, et al., 2015). Disrupted Shh signaling is also implicated in hypospadias
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(Miyagawa et al., 2011) and limb malformations (Rivera-Gonzalez et al., 2024). While
gene-environment interactions have been a focus for investigating Shh signaling-
mediated congenital malformations (Everson et al., 2020; Everson et al., 2019; Heyne et
al.,, 2016; Hong & Krauss, 2012; Kietzman et al., 2014), environment-environment
interactions have received little attention. The multi-level sensitivity of the Shh pathway
to small molecule modulation creates the opportunity for complex chemical interactions,

and characterizing these interactions is important for birth defect risk assessment.

When the actions of multiple chemicals converge on a common adverse outcome, the
cumulative result may be additive, synergistic, or antagonistic. Isobolographic analysis is
the gold-standard approach for differentiating between types of chemical interactions,
taking additivity as its null hypothesis (Huang et al., 2019). However, the resource-
intensive nature of isobolographic analysis—requiring multiple concentration-response
assays for each endpoint and chemical pairing—limits its practicality in animal models.
To prioritize co-exposures for in vivo risk assessment, it is important to design assay
systems that are biologically relevant and readily scalable. In this study, we developed a
sensitive, tractable cell-based assay that recapitulates key steps within the Shh signaling
cascade that are susceptible to small molecule disruption. After challenging the system
with small molecules purported to target cholesterol modification and palmitoylation of
the SHH ligand, signal transduction through SMO, and the GLI transcription factors, we
applied isobolographic analysis to investigate chemical interactions. Shh pathway-
modified cell lines were then employed to support mechanistic targets among a subset of
compounds, and a zebrafish model was utilized to test the impact of interaction between

two environmental Shh pathway inhibitors on craniofacial morphogenesis.
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MATERIALS AND METHODS

Chemicals/Reagents

The Smoothened inhibitors cyclopamine (CASRN 4449-51-8) and vismodegib (CASRN
879085-55-9) were purchased from LC Laboratories, piperonyl butoxide (PBO; CASRN
51-03-6) was purchased from Toronto Research Chemicals, and cannabidiol (CBD;
CASRN 13956-29-1) was purchased from Cayman Chemical. The HHAT inhibitor RU-SKI
43 (CASRN 1043797-53-0), the cholesterol synthesis and transport modifiers U18666A
(CASRN 3039-71-2) and AY 9944 (CASRN 366-93-8), and the GLI inhibitor GANT 61
(CASRN 500579-04-4) were purchased from Cayman Chemical. Arsenic trioxide (ATO;

CASRN 1327-53-3) was sourced from Sigma-Aldrich.
Cell culture

Shh pathway activity was assessed using Shh-LIGHT2 cells, an immortalized mouse
embryonic fibroblast (iMEF) line incorporating a GLI-driven firefly luciferase and
constitutive Renilla luciferase (Taipale et al., 2000). Constitutively Active Shh-LIGHT2
(CAL2) cells were generated by stably overexpressing full-length human SHH (hSHH)
and GFP. Cells with high hSHH expression were isolated via fluorescence-activated cell
sorting of cells in the top 4o0th percentile of GFP intensity and used for subsequent
experiments. Shh-LIGHT2 cells and CAL2 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin, as well as the selection agents G418 (0.4 mg/mL) and zeocin (0.15 mg/mL).
Additional Shh pathway-modified cell lines were employed to support pathway

specificity. Ptchi7/- mouse embryonic fibroblasts (Taipale et al., 2000) and iMEFs
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expressing a constitutively active form of SMO (SMOM2) (Lipinski et al., 2008; Taipale et

al., 2000) were grown in DMEM containing 10% FBS and 1% penicillin-streptomycin.
Luminescent reporter assay

Shh-LIGHT?2 cells and CAL2 cells were expanded separately prior to seeding into 24-well
plates. At 90% confluence, cells were counted and resuspended at 5 x 105 cells/mL. CAL2
and Shh-LIGHT2 suspensions were mixed at 1:3 (25% CAL2, 75% Shh-LIGHT2) or 1:9
(10% CAL2, 90% LIGHT2) ratios. Mono-cultures and co-cultures were then seeded at a
density of 2 x 105 cells/well (5 x 105 cells/mL in 0.4 mL medium). After 24 h, growth
medium was replaced with treatment medium (1% FBS and 1% penicillin/streptomycin)
containing 0.1% DMSO to match subsequent vehicle treatment conditions. Following
optimization, Shh pathway activity assays were conducted using the optimized 1:9
CAL2:Shh-LIGHT2 model. Cells were seeded in growth media for 24 h then treated with
test compounds at the indicated concentrations for 48 h. All compounds were dissolved
in 100% DMSO, and the final concentration of DMSO in all wells was 0.1%. After
treatment, cells were processed using the Dual-Luciferase® Reporter Assay System
(Promega) according to the manufacturer’s recommendations. Briefly, cells were washed
once with DPBS before adding 1x Passive Lysis Buffer (Promega) and rocking at 100 RPM
for 15 min at room temperature. Lysates were collected and stored at -80°C prior to
assessing firefly and Renilla luciferase activity. Luminescence was measured using a
BioTek Synergy HT Multi-Detection Plate Reader (Agilent). Activity is reported either
untransformed as the ratio of firefly luciferase to Renilla luciferase or as percent reduction
with in-plate vehicle (0.1% DMSO) or positive (10 uM cyclopamine) controls defining 0%

and 100% reduction in pathway activity, respectively.
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Immunofluorescence

CAL2 mono-cultures and 1:3 and 1:9 co-cultures were seeded into 24-well plates as
described above. After 48 h of treatment, cells were rinsed with DPBS and fixed in 4%
paraformaldehyde at room temperature for 15 min. Fixed cells were permeabilized with
0.5% Triton X-100 in DPBS for 1 h at room temperature, then incubated in 60 nM DAPI
for 1 h at room temperature. Fluorescence imaging for DAPI and GFP was performed

using a BZ-X700 microscope (Keyence).
RNA extraction, reverse transcription, and qPCR

CAL2 monocultures and 1:3 and 1:9 co-cultures were seeded into 24-well plates as
described above. Monocultures of Ptch1/- and SMOM2 iMEFs were similarly seeded into
24-well plates. After 48 h of treatment, cells were rinsed in DPBS and lysed for RNA
extraction using the Amersham RNAspin Mini Kit (Cytiva) according to manufacturer
recommendations, including on-column DNase digestion. cDNA was synthesized from
500 ng total RNA using the GoScript reverse transcription system (Promega). Gene
expression was evaluated by singleplex quantitative real-time polymerase chain reaction
(gPCR) using SSoFast EvaGreen Supermix (Bio-Rad) on a CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories). Primers for Gapdh, hSHH and Gli1 were
designed using PrimerQuest (IDT) and are listed in Table S1. Analyses were performed

using the 2-AACt method with Gapdh serving as the reference gene.
Isobolographic analysis

In vitro co-exposure tests were performed using the 1:9 CAL2:Shh-LIGHT2 co-culture

with luminescence as the readout of pathway activity. Half-maximal activity (ACso) values
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and slope parameters were estimated for each compound from 8- or 9-point half-log
concentration response curves using the Hill equation. For isobolographic analysis,
isoboles were constructed based on single-compound ACso values (i.e., x- and y-intercepts
on the isobologram) and slopes. Pairs of compounds with significantly different slopes
were considered to have a variable potency ratio, and resulting isoboles were curved
instead of linear (Grabovsky & Tallarida, 2004). Potency estimates for chemical
combinations were derived from five half-log concentration series generated using pairs
of Shh inhibitors at ACso ratios of approximately 4:0, 3:1, 2:2, 1:3, and 0:4. Co-cultures
were treated for 48 h with a concentration series of each ratio, and luminescence was
assessed as a readout of Shh pathway activity. ACso values were estimated for each
compound within each binary mixture, and these values were plotted on the isobologram
as a visual representation of chemical interactions (Tallarida, 2016). Chemicals for co-
exposure testing were assumed to interact according to independent action, and

additional characterization was reserved for pairs that deviated from additivity.
Zebrafish husbandry, chemical exposure, and imaging

All experiments were conducted according to the guidelines in The Zebrafish Book, 5th
edition (Westerfield, 1993) and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Studies were approved by the University of Texas at Austin
Institutional Animal Care and Use Committee (protocol number AUP-2023-00297).
Wild-type zebrafish derived from the AB strain were utilized, and developmental staging

of embryos was determined based on established morphological features (Kimmel et al.,

1995).
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Stock solutions of cyclopamine and PBO in DMSO were diluted into embryo medium for
single-compound and combined exposures and spiked with an appropriate volume of 1%
DMSO to reach a final DMSO concentration of 0.1% for all doses. Chorionated embryos
were treated with DMSO vehicle or test compounds from gastrulation at 6 hours post-
fertilization (hpf) to pharyngula stage at 24 hpf to target the critical window for Shh
pathway-mediated craniofacial malformation in zebrafish (Everson et al., 2020; Everson
et al., 2023). ACso values were estimated for cyclopamine from an 8-point 2x linear
concentration series spanning 0.78-100 uM. At 24 hpf, treatment media were replaced

with fresh embryo medium.

At 48 hpf, embryos were fixed in 2% paraformaldehyde and ventrally imaged on an
Olympus SZX7 stereomicroscope using an DP22 digital camera (Olympus). Interocular

distance was measured as the narrowest point between the eyes using Image J (NTH).
Statistical analysis

Statistical analyses were performed using GraphPad Prism 10. Unpaired t-tests were used
to assess differences in luminescence between vehicle-treated and SHH-treated Shh-
LIGHT2 monocultures, as well as differences between concentration-response slope
parameters for co-exposure studies. Comparisons between mono- and co-culture
conditions and between vehicle and experimental treatments were evaluated using one-
way ANOVA with Dunnett’s post hoc test. For gene expression analyses, log-transformed
relative expression data were similarly evaluated using one-way ANOVA. Zebrafish
interocular distance measurements were assessed using one-way ANOVA with Tukey’s
multiple comparisons correction. An alpha value of less than or equal to 0.05 was

considered significant.
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RESULTS

Development of a cell-based assay of Sonic hedgehog pathway signal

transduction

To establish a practical, cell-based model of Shh signal transduction beginning with
peptide production and processing, we engineered mouse Shh-LIGHT2 cells to stably
overexpress hSHH and GFP. The resulting Constitutively Active Shh-LIGHT2 (CAL2)
cells were isolated using fluorescence-activated cell sorting based on GFP intensity.
Unlike previous 2D in vitro models that rely on exogenous SHH ligand or genetic
modification to activate the pathway at or downstream of SMO (Lauth et al., 2007;

Taipale et al., 2000), signaling is initiated with ligand synthesis in this system.

When cultured alone, CAL2 cells produced a modest increase in normalized luminescent
reporter activity (firefly/Renilla) relative to Shh-LIGHT2 cells stimulated with exogenous
SHH ligand. However, treatment of CAL2 cells with the potent SMO antagonist
cyclopamine failed to reduce reporter activity down to the level of untreated Shh-LIGHT2
cells (Fig. 2a), suggesting a muted responsiveness due to excessive production of SHH
ligand. To optimize sensitivity and dynamic range, we cultured CAL2 cells with Shh-
LIGHT?2 cells at ratios of 1:3 and 1:9. To confirm the seeding ratio and assess spatial
distribution of Shh-LIGHT2 cells and GFP-expressing CAL2 cells, CAL2 mono-cultures
and 1:3 and 1:9 co-cultures were fixed and stained with DAPI for imaging (Fig. 2b-d).
Reducing the proportion of CAL2 cells produced a corresponding reduction of hSHH
transcripts and increased the expression of the gold-standard Shh-pathway readout gene
Gli1 (Fig. 2e). Reporter activity was then measured in cyclopamine-treated co-cultures to

assess sensitivity to pathway-specific antagonism. While each culture condition exhibited
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a higher level of reporter activity than untreated Shh-LIGHT2 cells, the 1:9 co-culture
demonstrated the greatest dynamic range when treated with cyclopamine (Fig. 2f). Based
on these findings, the 1:9 CAL2:Shh-LIGHT2 co-culture (subsequently referred to as the

“optimized co-culture”) was selected for downstream experiments.

Sensitivity of a Shh pathway signal transduction assay to mechanistically

distinct chemicals

We next assessed whether the co-culture assay recapitulates sensitivity to chemicals
acting across the Shh pathway signal transduction cascade. Using the optimized co-
culture, we examined inhibition following treatment with a panel of small molecule
antagonists reported to act through four distinct mechanisms. SHH ligand is modified by
the addition of cholesterol and palmitate moieties prior to secretion, which has been
shown to be important for ligand activity (Dawber et al., 2005; Jeong & McMahon, 2002;
Pepinsky et al., 1998). Available cholesterol can be reduced using U18666A (Cenedella,
2009) and AY 9944 (Kraml et al., 1964), inhibitors of cholesterol transport and synthesis,
respectively, and RU-SKI 43 blocks the activity of HHAT, the enzyme that appends
palmitate to the immature SHH ligand (Buglino & Resh, 2008; Petrova et al., 2013).
Blocking each of these mechanisms of SHH ligand processing significantly reduced

pathway activity at 10 uM (Fig. 3a-b).

Following maturation and secretion, SHH ligand binds PTCH1 to relieve its inhibition of
SMO, the primary signal transducer in canonical Shh signaling. Known SMO antagonists
include the plant alkaloid cyclopamine (Chen et al., 2002), the pharmacologic drug
vismodegib (Robarge et al., 2009), the pesticide synergist PBO (Wang et al., 2012), and

the phytocannabinoid CBD (Lo et al., 2021). Similar to the upstream pathway inhibitors,
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each of these compounds significantly reduced reporter activity in the co-culture assay,

and cyclopamine, vismodegib, and PBO did so at concentrations below 10 uM (Fig. 3c).

Downstream of SMO, the GLI transcription factors mediate pathway-responsive gene
expression changes. The pharmacologic compound GANT 61 and the industrial chemical
ATO are both reported to inhibit Shh pathway activation at the level of the GLI proteins
(Beauchamp et al., 2011; Lauth et al., 2007). Both chemicals significantly reduced Shh

pathway activity relative to vehicle controls at or below 10 uM (Fig. 3d).

Together, these data support the fidelity of this co-culture system for the interrogation of
mechanistically distinct inhibitors that act throughout the Shh signal transduction
cascade. To assess specificity, we tested benzo[a]pyrene and ethanol, compounds that are
associated with altered craniofacial development but reported to act independent of or
indirectly upon Shh signaling, respectively (Barbieri et al., 1986; Hong et al., 2020; Sidik
et al., 2021). Reporter activity was not significantly reduced following exposure to either

of these compounds, supporting the specificity of the model (Fig. 3e).
Evaluating interactions between Shh pathway antagonists

To evaluate chemical interactions using isobolographic analysis, potency estimates were
derived for each antagonist individually. Following 48 h treatments with a nine-point
half-log concentration series for each pathway antagonist, cytotoxicity was assessed
visually by a loss of integrity of the cell monolayer as well as quantitatively based on
normalized luminescent ratio. Due to reduced viability, the highest concentrations tested
for U18666A, AY 9944, and RU-SKI 43 were excluded from curve-fitting (Fig. 4a-c).

Potency estimates (ACso0) were derived using the Hill equation, where applicable.
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Inhibitors reported to target cholesterol transport (U18666A, Fig. 4a) and synthesis (AY
9944, Fig. 4b) and the acyltransferase HHAT (RU-SKI 43, Fig. 4c¢) all reduced pathway
activity with ACso values in the low micromolar range. As expected based on previous
reports, purported SMO inhibitors exhibited a wide range of potencies (Fig. 4d-g).
Cyclopamine, vismodegib, and PBO produced ACso values from the low nanomolar to the
low micromolar range, whereas CBD only partially reduced Shh pathway activity at the
highest concentration tested. Both reported GLI antagonists, GANT 61 and ATO, had ACso
values in the low or sub-micromolar range (Fig. 4h-i). AY 9944, RU-SKI 43, and CBD
were excluded from downstream isobolographic analysis because their concentration
response curves did not plateau at approximately 0% reduction (AY 9944) or 100%

reduction (RU-SKI 43 and CBD).

To assess chemical interactions, isobolograms were constructed by plotting ACso values
for individual compounds on orthogonal axes and connecting these values with an
isobole, a line or curve of that represents the additive interaction for any ratio of those
compounds (Tallarida, 2016). For mixtures, experimentally derived potency measures
falling below the isobole are described as synergistic; conversely, interactions that sit
above the isobole are described as antagonistic (Fig. 5a). Initial co-exposure analyses
assumed independent action for all compound pairs. Based on the greater number of
described SMO inhibitors relative to other Shh pathway targets, co-exposure testing
focused on co-inhibition of SMO or simultaneous inhibition of SMO and upstream or
downstream targets. As proof of concept, two aliquots of the SMO inhibitor cyclopamine
were mixed at fixed ratios to confirm additivity and validate the assay (Fig. 5b). The

combination of cyclopamine and the pharmacologic SMO inhibitor vismodegib similarly
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produced an additive interaction (Fig. 5¢), while cyclopamine and PBO unexpectedly
synergized to reduce Shh pathway activity (Fig. 5d). PBO and visomdegib co-treatment
induced a similar synergistic response, supporting a broader capacity for PBO to induce

super-additive Shh pathway disruption (Fig. 5e).

To examine whether cross-target interactions promote synergy, cells were exposed to
cyclopamine and either upstream or downstream Shh pathway antagonists. While co-
exposure to cyclopamine and the cholesterol transport inhibitor U18666A produced a
synergistic interaction (Fig. 5f), both of the GLI antagonists, GANT 61 and ATO,

interacted with cyclopamine additively to reduce pathway activity (Fig. 5g-h).
Sensitivity of Shh pathway-modified cell lines to small molecule antagonists

Next, the mechanism of Shh pathway inhibition among the compounds utilized for co-
exposure testing was examined using Shh pathway-modified cell lines. Ptchi/- iMEFs
display constitutive pathway activity beginning at the level of SMO and are therefore
expected to be resistant to upstream inhibitors. As anticipated, antagonists targeting SMO
and GLI reduced the expression of the Shh pathway target gene Gli1 in these cells (Fig.
6a). However, U18666A was also able to inhibit Shh signaling in Ptchi7/- cells, possibly
due to the role of cholesterol in SMO activation (Luchetti et al., 2016). SMOM2 iMEFs
express a mutated, constitutively active form of SMO that confers partial resistance to
inhibitors such as cyclopamine (Taipale et al., 2000). Indeed, these cells showed greater
sensitivity to the GLI antagonist GANT 61 than to the SMO antagonists cyclopamine or
vismodegib (Fig. 6b). Notably, PBO exhibited a similar level inhibition as GANT 61,

suggesting that PBO may be able to disrupt Shh signaling through a SMO-independent
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mechanism not previously described by Wang and colleagues (2012). U18666A did not

significantly alter pathway activity in SMOM2= cells.
Developmental impacts of cyclopamine and PBO co-exposure in zebrafish

Given the unexpected finding of synergy between PBO and both cyclopamine and
vismodegib, as well as PBO’s ability to disrupt Shh activity downstream of its previously
reported binding partner, SMO, we tested whether co-exposure to PBO and cyclopamine
super-additively disrupts Shh-dependent developmental processes in a zebrafish model.
Changes in craniofacial development following Shh pathway inhibition are readily
observed in zebrafish models, including reduced midfacial development measured by
interocular distance (Lipinski et al., 2007). Interocular distance was reduced by exposure
to cyclopamine alone with an AC2o value of 3.25 uM (Fig. 7a). Previous reports in zebrafish
indicated that chemical co-exposures can produce greater-than-additive effects of
morphogenetic processes. For example, while single exposure to either 25 uM PBO or a
1% dose of ethanol caused only 11% and 9% reductions of midfacial tissue, respectively,
co-exposure to these same PBO and ethanol doses caused 43% reduction in midfacial
tissue (Everson et al., 2020). To test whether cyclopamine and PBO interact to produce a
greater-than-additive effect on craniofacial development, zebrafish embryos were
exposed to vehicle, 3.25 uM cyclopamine, 25 uM PBO, or combination treatments from 6
hpfto 24 hpf. Interocular distance, measured at 48 hpf (Fig. 7b-e), demonstrated 14% and
13% reductions following individual treatments with cyclopamine or PBO, respectively,
while the combined exposure to cyclopamine and PBO resulted in a much greater 72%
reduction (Fig. 7f). The observed increase in midfacial craniofacial malformation exceeds

the 27% reduction that would be anticipated from a purely additive interaction.
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DISCUSSION

Characterizing environmental risk in the development of etiologically complex birth
defects benefits from understanding how chemicals interact to disrupt developmental
processes. Given the vast number of potential environmental interactions, experimental
models should balance biological relevance with tractability. Focusing our attention on
Shh signaling—a critical developmental pathway that is susceptible to environmental
modulation—we developed a tractable cell culture model of Shh pathway signal
transduction, demonstrated its sensitivity to a broad array of small molecule antagonists,
and applied isobolographic analysis to characterize chemical interactions. We observed
both additive and synergistic interactions between pairs of Shh pathway inhibitors. In the
case of cyclopamine and PBO, the synergistic interaction in vitro translated into a

potentiation of teratogenicity in a zebrafish model of craniofacial morphogenesis.

Traditional toxicity testing relies on single-compound studies in animal models to
estimate human risk. Such studies are time- and resource-intensive, spurring efforts to
develop animal-free assays for high-throughput compound screening and mixture testing
(Krewski et al., 2010). However, it is critical to carefully balance throughput and
biological fidelity to efficiently generate high-quality risk assessments. Numerous cell-
based models have been utilized to great effect to probe the molecular machinery
comprising Shh signaling (Lauth et al., 2007; Lipinski et al., 2008; Taipale et al., 2000),
but our co-culture prioritizes recapitulation of the full Shh signal transduction cascade to
assess co-exposures across multiple mechanisms. The fidelity of this model was
demonstrated through its sensitivity to small molecule antagonists targeting cholesterol

synthesis and transport, palmitoylation of the SHH ligand, signal transduction through
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SMO, and GLI transcription factors. Notably, disruption of each of these Shh pathway
components results in HPE-like or OFC phenotypes in animal models (Chen et al., 2004;
Heyne, Melberg, et al., 2015; Mo et al., 1997; Roux et al., 2000). The evaluation of co-
exposure to Shh signaling inhibitors is therefore integral for assessing environmental risk

conferred by mechanistically varied pathway antagonists.

Despite growing reliance on in vitro chemical screens, chemical interactions are
investigated sparingly. The single-compound approach is at odds with the complexity of
the human exposome, and research has demonstrated cumulative adverse effects of
chemicals on biological processes even below individual no-observed-effect levels
(reviewed in Kortenkamp et al., 2007). Furthermore, while additivity is assumed to result
from chemicals with sufficiently similar structures and mechanisms, such as dioxin-like
compounds or xenoestrogens (Ahlborg & Hanberg, 1994; Payne et al., 2000; Silva et al.,
2002), Shh signaling inhibitors exhibit distinct targets, increasing the potential for super-
additive interactions. The pesticide synergist PBO illustrates this complexity. Previous
reports have demonstrated PBO-SMO binding in cell-free models and the induction of
Shh-associated malformations following PBO exposure in mouse and zebrafish models
(Everson et al., 2020; Everson et al., 2019; Wang et al., 2012). Unexpectedly, PBO
synergized with the SMO inhibitors cyclopamine and vismodegib to reduce Shh pathway
activity in our model and inhibited Shh signaling downstream of SMO in SMO2 cells.
Taken together, these results suggest that PBO may have multiple mechanisms that
converge on the Shh signaling pathway. PBO potentiated cyclopamine’s developmental
toxicity in a zebrafish embryo model, extending the in vitro synergy findings to a more

complex model and underscoring the potential greater-than-additive impacts that co-
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exposures may have on sensitive morphogenetic processes. Further investigation could
reveal additional mechanisms and elucidate how they contribute to the observed

synergistic interactions.

Several limitations constrain our approach. During development, SHH acts in a
concentration-dependent manner, forming a gradient of pathway activity (Dessaud et al.,
2007; Stamataki et al., 2005). Given the variable exposure of Shh-responsive cells to this
ligand in its native biological context, it is likely that there is a corresponding spatial
sensitivity to environmental antagonists. A previously reported microphysiological model
of Shh signaling recapitulates this signaling gradient in vitro and may be used to clarify
whether gradient formation is differentially modulated by additive or synergistic co-
exposures (Johnson et al., 2021). In addition, the Shh pathway exists within a broader
network of critical developmental pathways, including Wnt, TGFf, and nodal, that have
been shown to regulate Shh signaling activity and may mediate additional chemical-
chemical interactions. Similar co-culture approaches combining overexpression of
related pathways may help reveal the impacts of cross-pathway interactions and facilitate
prioritization for toxicity testing in more biologically faithful but resource-intensive

models.

This study demonstrated synergistic chemical interactions among small molecules acting
within a complex signaling pathway that is linked to human birth defects. This key
finding, supported in a zebrafish embryo model, demonstrates the importance of
investigating co-exposures when performing chemical risk assessments. To examine
interactions, we developed and validated a tractable assay that recapitulates key

mechanisms within the Shh pathway signal transduction cascade. Isobolographic analysis
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revealed both additive and synergistic interactions resulting from co-exposure to Shh
pathway antagonists. That synergy could not be predicted on the basis of purportedly
similar or distinct mechanisms among inhibitors further highlights the necessity for
tractable, biologically relevant assays that support the efficient empirical investigation of
chemical interactions. Future research will explore the mechanisms by which synergy is
produced, as well as leverage this cell culture assay to screen for and characterize
environmentally relevant Shh pathway antagonists, extending our understanding of

environmental risk in the development of etiologically complex birth defects.
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TABLES

Table S1 Primer Sequences for qRT-PCR

Species Gene/Direction Sequence

Mouse Gapdh-forward AACACTGAGCATCTCCCTCACA
Gapdh-reverse GGTGGGTGCAGCGAACTTTATT

Mouse Gli1-forward CCACCACCCTACCTCTGTCTATTC
Gli1-reverse GTTCAGACCATTGCCCATCACA

Human SHH-forward AAGGACAAGTTGAACGCTTTGG
SHH-reverse TCGGTCACCCGCAGTTTC

43
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Fig. 1 The Sonic hedgehog (Shh) signaling pathway is sensitive to disruption by

mechanistically distinct small molecules. Shh signal transduction proceeds along a multi-
step cascade initiated by autoproteolytic cleavage of the full-length SHH protein and
followed by cholesterol and palmitate modification of the N-terminal peptide. The mature
ligand is secreted and inhibits the cell-surface protein PTCH1, inducing a transduction
cascade through SMO that activates downstream GLI transcription factors. Small
molecules, shown in red text, disrupt the Shh pathway at multiple levels including
cholesterol synthesis and transport, palmitoylation, signal transduction through SMO,

and GLI activation. PBO, piperonyl butoxide; CBD, cannabidiol; ATO, arsenic trioxide
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Fig. 2 Optimization of a co-culture assay of Shh pathway signal transduction. (a)
Luminescent reporter activity was significantly increased in Shh-LIGHT2 cells following
treatment with SHH ligand. CAL2 cells exhibited high baseline reporter activity, though
treatment with a concentration series of cyclopamine produced a non-significant trend,
suggestive of partial pathway inhibition. Bars represent the mean and SEM (n=3). An
unpaired t-test was used to evaluate differences between vehicle- (BSA) and SHH-treated
Shh-LIGHT?2 cells, and a one-way ANOVA with Dunnett’s post-hoc test was used to assess
the cyclopamine concentration-response. (b-d) GFP-expressing CAL2 cells were seeded
as monocultures or 1:3 or 1:9 co-cultures with Shh-LIGHT2 cells and fixed for
immunostaining. Nuclei (DAPI) are shown in blue and GFP in green. (e) Expression of
hSHH and Gli1 in monocultures of CAL2 cells and co-cultures of 1:3 and 1:9 CAL2:Shh-
LIGHT?2 cells. Data represent the mean and SEM (n=5). One-way ANOVA with Dunnett’s

post-hoc test was used to evaluate differences between the CAL2 monoculture and the co-
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culture conditions for each gene. (f) Co-cultures of CAL2 and Shh-LIGHT2 cells were
treated for 48 h with a concentration series of cyclopamine, and normalized luminescent
reporter activity was used to assess Shh pathway activity. The CAL2 monoculture
response curve is shown again for reference. Curves were fit using four-parameter
nonlinear curve-fitting. Values represent the mean and SEM (n=3). ***p < 0.001, ****p

< 0.0001
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Fig. 3 Mechanistically distinct small molecules reduce Shh pathway activity in a model

of whole pathway signal transduction. (a-d) The optimized co-culture was treated with

graded concentrations of Shh pathway antagonists reported to target cholesterol

synthesis and transport (a), HHAT (b), signal transduction through SMO (c¢), or GLI

transcription factors (d). (e) The negative controls benzo[a]pyrene (BaP) and ethanol

(EtOH) were included to support the specificity of the model. Pathway activity was

evaluated based on normalized luminescent reporter activity, and percent reduction in

reporter activity was defined relative to vehicle (0%) and 10 uM cyclopamine (100%)

controls. Bars represent the mean and SEM (n=5). One-way ANOVA with Dunnett’s post-

hoc test was used to assess significant changes relative to the vehicle. *p < 0.05
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Fig. 4 Shh pathway antagonists generally exhibit similar efficacy with variable potency.

(a-i) The co-culture model was treated with nine-point, half-log concentration series of

pathway inhibitors targeting cholesterol synthesis (a) and transport (b), HHAT (c), the
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signal transducer SMO (d-g), and GLI transcription factor activation (h-i). ACso values,
when they could be calculated, are shown in the top left of each plot. Top concentrations
were excluded for RU-SKI 43, U18666A, and AY 9944 due to reduced cell viability at the

conclusion of the treatment period. Values represent mean and SEM (n=3)
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Fig. 5 Co-exposure to Shh pathway antagonists results in additive and synergistic

interactions. (a) Schematic of an isobologram illustrating a linear isobole (black line)

extending between the axes. Potency measures (i.e., ACso values) for individual

compounds are plotted on the axes, and the potency of mixtures lie on the isobole for

additive combinations, below the isobole for synergistic interactions, and above the

isobole for antagonistic interactions. (b) Two aliquots of cyclopamine were mixed at ratios

of 1:3, 2:2, and 3:1 to assess additivity in a proof-of-concept “mixture” experiment. The
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resulting ACso values predictably aligned well with the isobole (dashed line). (e-d)
Cyclopamine was mixed with other reported SMO inhibitors (vismodegib, PBO) to assess
interactions between similarly acting compounds. (e) Vismodegib was then mixed with
PBO to further characterize the interaction between reported SMO inhibitors. (f-h)
Cyclopamine was also combined with inhibitors reported to act through distinct
mechanistic targets (U18666A, GANT 61, ATO) within the Shh pathway. Dashed lines
represent the isobole for each chemical combination, and the dashed curves in panel h
represent two equally valid non-linear isoboles that describe the interaction between

cyclopamine and ATO. Error bars represent 95% confidence intervals (n=3)
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(a) Shh pathway-modified cell lines were treated with vehicle media or 15 uM U18666A,

10 uM cyclopamine, 1 uM vismodegib, 100 uM PBO, or 25 uM GANT61. Shh pathway

activity, measured as Gli1 expression relative to Gapdh, was reduced in response to each

treatment in Ptchi/- cells. (b) In SMOM2 cells, only cyclopamine, PBO, and GANT61

reduced Gli1 expression. However, cyclopamine only modestly affected Shh pathway

activity in SMOMz2, whereas cells were strongly antagonized by PBO and GANT 61. Data

represent the mean and SEM (n=5). Test compound exposures were compared against

vehicle controls using one-way ANOVA with Dunnett’s post hoc test. *p < 0.05, ****p <

0.0001
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Fig. 7 Co-exposure to cyclopamine and PBO causes greater-than-additive craniofacial
malformations in zebrafish embryos. (a) Zebrafish embryos were exposed to a
cyclopamine dose series from 6 hpf to 24 hpf. Interocular distance measurements were
normalized between vehicle (0% reduction) and fully approximated eyes (100%
reduction), and the dose-response curve was used to determine the dose of cyclopamine
which resulted in a 20% reduction. Sample sizes varied as follows: vehicle, n=15; 0.78 uM,
n=15; 1.56 UM, n=15; 3.125 uM, n=15; 6.25 uM, n=11; 12.5 uM, n=8; 25 uM, n=9; 50 UM,
n=5; 100 pM, n=7. (b-e) Representative embryos treated with vehicle, 3.25 uM
cyclopamine, 25 uM PBO, or their combination and imaged ventrally for interocular
distance measurement. Scale bar = 100 um. (f) Percent reduction of interocular distance
normalized to DMSO control for individual embryos are plotted with red filled circles
corresponding to the embryos shown in b-e. Co-exposure significantly reduced
interocular distance compared to vehicle-treated and single compound-treated embryos.
Values represent mean and SEM (vehicle, n=15; cyclopamine, n=16; PBO, n=16;
cyclopamine + PBO, n=19). One-way ANOVA with Tukey’s multiple comparisons

correction was used to compare all treatment conditions. *p < 0.05, ****p < 0.0001
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ABSTRACT

In animal models, disruption of the Sonic hedgehog (Shh) pathway during embryonic
development results in craniofacial malformations that mimic human birth defects,
including orofacial clefts and holoprosencephaly. Shh signaling is sensitive to small
molecule modulation, but the extent to which environmental chemicals interfere with this
pathway during development is unknown. We present an approach to prioritize and
evaluate chemicals with the potential to perturb craniofacial development through Shh
signaling inhibition. An initial candidate list was identified from a Shh pathway inhibition
screen of nearly 8,000 chemicals then refined using the results of a zebrafish
developmental toxicity screen, specifically based on altered craniofacial morphogenesis.
Additional refinement was made by excluding compounds associated with cellular
toxicity, promiscuous activity across assays, or lack of relevant exposure potential. To
screen for chemicals acting throughout the Shh pathway, prioritized compounds and a
selection of validated antagonists were tested in a cell-based assay that recapitulates
inter- and intracellular signal transduction events throughout the Shh pathway. Of the 44
compounds evaluated, 15 reduced Shh pathway activity by >20% and were subsequently
evaluated at additional concentrations to characterize their potency and efficacy. Despite
prioritizing compounds based on bioactivity and phenotypic effects, only 30% of
previously defined “inconclusive antagonists” were confirmed in our assay, and “active
antagonists” were 57% concordant. Chemicals previously validated in the literature
showed 73% concordance with our assay. These results support an integrated strategy for
prioritizing potential birth defect risk factors for additional characterization and

underscore the importance of validating high-throughput screening results.
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INTRODUCTION

Mitigating environmental risk is one of the most feasible approaches for reducing the
incidence of birth defects. However, most isolated birth defect cases are believed to arise
from multifactorial causes, complicating the identification of specific environmental
hazards (Feldkamp et al., 2017; Toufaily et al., 2018). The vast breadth of the exposome,
which is comprised of hundreds of thousands of registered chemicals, persistent
environmental pollutants, and naturally occurring compounds (Wang et al., 2020; Wild,
2005, 2012), has spurred the development and implementation of high-throughput
toxicity screens to reduce reliance on resource intensive animal models and accelerate the
generation of toxicological data. Despite these efforts, the majority of chemicals lack
adequate toxicity data (Judson et al., 2009), highlighting the need for effective
prioritization strategies. Pathway-based in vitro assays present one avenue for refining

chemical testing.

The Sonic hedgehog (Shh) pathway is a key regulator of embryonic patterning and
morphogenesis. Disruption of Shh signaling during early development causes common
and significant congenital malformations including cleft lip and palate (Heyne, Melberg,
et al., 2015; Lipinski et al., 2008; Rivera-Gonzalez et al., 2024), holoprosencephaly (Chen,
2016; Chiang et al., 1996; Heyne, Melberg, et al., 2015; Roessler et al., 1996), limb
abnormalities (Biesecker, 2011; Rivera-Gonzalez et al., 2024), and hypospadias
(Miyagawa et al., 2011). These disorders are etiologically complex, and the inherent
sensitivity of Shh signaling to chemical perturbation makes it a practical focus for the
study of environmental birth defect risk factors. Furthermore, while research in cancer

biology has focused on characterizing synthetic and naturally occurring Shh signaling
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inhibitors as chemotherapeutics (Pietrobono & Stecca, 2018; Rimkus et al., 2016), few
reports have explored the potential for environmentally relevant chemicals to contribute

to congenital anomalies through Shh pathway interference.

Shh signaling is mediated by a multistep cascade involving several molecular targets that
are susceptible to disruption by small molecules (Choudhry et al., 2014). Following the
translation of the full-length SHH protein, the carboxy-terminal domain initiates a
cholesterol-dependent autoproteolytic cleavage event to produce a truncated SHH-N
peptide with a C-terminal cholesterol group. Subsequently, Hedgehog acyltransferase
(HHAT) appends a palmitate moiety to the N-terminus of the SHH-N peptide to produce
the fully functional SHH ligand. The mature SHH ligand is secreted into the extracellular
space and acts in an autocrine and paracrine fashion to bind its receptor, PTCH1. SHH
ligand binding relieves PTCH1-mediated inhibition of SMO, and SMO promotes Shh
pathway-dependent transcriptional changes by activating GLI transcription factors.
Small molecules have been shown to inhibit Shh signaling at multiple points along this
cascade, disrupting cholesterol production and transport (Cooper et al., 1998; Gofflot et
al., 2001), preventing palmitoylation by HHAT (Ritzefeld et al., 2024), directly inhibiting
SMO (Pietrobono & Stecca, 2018; Rimkus et al., 2016), and blocking GLI transcription
factor activity (Lauth et al., 2007; Rimkus et al., 2016). We recently developed a simple,
cell-based co-culture assay that recapitulates the full Shh signaling cascade and
demonstrated its responsiveness to mechanistically diverse pathway antagonists (Beames
et al., submitted). This pathway-competent in vitro system is well suited for identifying

chemicals that disrupt Shh signaling at various mechanistic levels.
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As proof of concept, we implemented an approach to prioritize and evaluate chemicals
based on their potential to cause Shh signaling-mediated birth defects. To focus our
efforts on chemicals with environmental relevance, we leveraged data associated with the
U.S. federal Tox21 and Toxicity Forecaster (ToxCast) screening initiatives. Collectively,
these datasets contain toxicity estimates for thousands of compounds across hundreds of
endpoints. Prioritization began by identifying hits in a Shh antagonism screen conducted
under Tox21 that included nearly 8,000 chemicals but has received minimal follow-up.
We next integrated the results from a high-throughput zebrafish developmental toxicity
screen to focus our efforts on compounds demonstrated to alter craniofacial development
and to attempt capture compounds acting upstream of PTCH1 that are difficult to identify
with traditional in vitro Shh pathway systems. The candidate list was refined by excluding
compounds likely to induce cytotoxic or non-specific effects based on Tox21 and ToxCast
assays. Active compounds, as well as a selection of validated Shh pathway antagonists,
were further characterized in a co-culture model of Shh pathway signal transduction to

support future mechanism-driven developmental toxicology studies.

MATERIALS AND METHODS

Chemical selection

The chemical selection workflow is illustrated in Fig. 1. Prioritization began with high-
throughput screening data obtained through the US Environmental Protection Agency’s
(EPA) CompTox Dashboard (https://comptox.epa.gov/dashboard/, Williams et al.,
2017). This dashboard hosts assay datasets from a number of sources, including the
interagency Tox21 program (Richard et al., 2021). In a Tox21 assay evaluating Shh

pathway activity (assay name: TOX21_SHH_3T3_GLI3_Antagonist), NIH/3T3



60

immortalized mouse embryonic fibroblasts (iMEFs) were used to screen compounds for
Shh pathway antagonism. Results of concentration-response assessments were binned as
“active antagonist,” “inconclusive antagonist,” “inconclusive,” “inconclusive agonist,”

active antagonist,” or “inactive.” For this prioritization approach, both active antagonists

and inconclusive antagonists were considered putative Shh pathway inhibitors and

considered for further evaluation.

Chemicals shown to alter morphogenesis in animal models are strong candidates for a
mechanism-based screen of teratogens, so we looked to a zebrafish developmental
toxicity assay to further refine our compound list (Truong et al., 2014). Based on an
established role for Shh signaling in craniofacial morphogenesis and previous evidence
that blocking hedgehog signaling during zebrafish embryogenesis results in the loss of
anterior craniofacial structures (Eberhart et al., 2006), we selected jaw (assay name:
Tanguay_ZF_120hpf JAW) and snout (assay name: Tanguay_ZF_120hpf SNOU)
morphological endpoints for filtering. Of 1060 compounds screened, 130 altered jaw
and/or snout development in the zebrafish screen. While all 1060 compounds included
in the zebrafish screen were also included in the Tox21 chemical library, 35 of the
craniofacial hits were neither active nor inconclusive antagonists in the Tox21 Shh
antagonism screen. These compounds were retained in the prioritization schema to
potentially enrich for compounds that act upstream of SHH-PTCH1 binding to disrupt
craniofacial morphogenesis but that would not be expected to be identified in traditional
in vitro Shh pathway antagonism screens that utilize purified ligand or conditioned

media.
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A series of exclusion criteria were employed to further refine this list. Alongside Shh
pathway antagonism, the Tox21 screen assessed changes in cellular viability (assay name:
TOX21_SHH_ 3T3_GLI3_Antagonist_viability). For both Shh pathway antagonism and
viability endpoints, half-maximal activity (ACs0) concentrations were used to assess
potency. To minimize confounding effects due to general cytotoxicity, compounds were
excluded if the ratio of in vitro viability ACso to Shh antagonism ACs50 was <5. Only cell-
based endpoints were used for this determination because they more closely align with

our in vitro screen. This criterion reduced the number of compounds to 97.

Next, we excluded promiscuous compounds—compounds that are active across a wide
array of endpoints—by applying a pan-assay activity threshold of 15%. This threshold
equated to approximately 150 assays out of up to 1129, the highest number of ToxCast
assays in which the remaining compounds had been tested. This criterion reduced the

number of compounds to 49.

To assess the accuracy of our prioritization method, 11 additional chemicals identified
through a search of the literature as Shh pathway antagonists were included in testing,
bringing the total to 60 chemicals. Synthetic chemicals with chemotherapeutic potential

were not considered due to their limited potential for unintentional exposure.

The final compound list underwent manual curation. Both carbofuran (CASRN 1563-66-
2) and fenamiphos (CASRN 22224-92-6) were excluded for safety reasons. Twelve
additional compounds were excluded due to a lack of plausible human exposure sources.
Reasons for exclusion at this level included discontinued usage (e.g., benodanil, CASRN

15310-01-7), never having been approved for therapeutic use (e.g. volinanserin, CASRN
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139290-91-5), or minimal presence on databases such as PubMed, PubChem, and Google

Scholar (e.g. difpas-pyrazole, CASRN 151506-44-4).
Chemicals/Reagents

Cyclopamine was purchased from LC Laboratories. The following compounds were
purchased from MilliporeSigma: 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate (CASRN
6846-50-0), 2-naphthalenol (CASRN 135-19-3), 4-hydroxy-3-methoxybenzaldehyde
(CASRN 121-33-5), benomyl (CASRN 17804-35-2), butylparaben (CASRN 94-26-8),
chlorpropham (CASRN 101-21-3), diisobutyl phthalate (CASRN 84-69-5), diphenylamine
(CASRN 122-39-4), esfenvalerate (CASRN 66230-04-4), ethylparaben (CASRN 120-47-
8), malaoxon (CASRN 1634-78-2), pentanal (CASRN 110-62-3), propanil (CASRN 709-
98-8), propylparaben (CASRN 94-13-3), tert-butylbenzene (CASRN 98-06-6), and
thiophanate-methyl (CASRN 23564-05-8). The following compounds were purchased
from Cayman Chemical: berberine Cl (CASRN 633-65-8), carbendazim (CASRN 10605-
21-7), chlorpyrifos-methyl (CASRN 5598-13-0), curcumin (CASRN 458-37-7), cymoxanil
(CASRN 57966-95-7), cypermethrin (CASRN 52315-07-8), cyproconazole (CASRN
94361-06-5), dexamethasone sodium phosphate (CASRN 2392-39-4), dimethomorph
(CASRN 110488-70-5), diphenhydramine hydrochloride (CASRN 147-24-0),
epigallocatechin gallate (EGCG, CASRN 989-51-5), flutolanil (CASRN 66332-96-5),
genistein (CASRN 446-72-0), ipriflavone (35212-22-7), malathion (CASRN 121-75-5),
methomyl (CASRN 16752-77-5), paclobutrazol (CASRN 76738-62-0), resveratrol
(CASRN 501-36-0), sulforaphane (CASRN 4478-93-7), tomatidine (CASRN 77-59-8),
tolnaftate (2398-96-1), triadimefon (CASRN 43121-43-3), triadimenol (CASRN 55219-

65-3), triamcinolone (CASRN 124-94-7), vitamin D3 (CASRN 67-97-0), and zerumbone



63

(CASRN 471-05-6). Carfentrazone-ethyl (CASRN 128639-02-1) and tefluthrin (CASRN
79538-32-2) were purchased from Santa Cruz Biotechnology. All compounds were
dissolved at 1000X in 100% DMSO, with the exceptions of 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate, diisobutyl phthalate, pentanal, sulforaphane, and tert-

butylbenzene, which were diluted to 1000X stocks in 100% DMSO.
Cell culture

The Shh-LIGHT2 iMEF line possesses a GLI-responsive firefly luciferase reporter as well
as a constitutive Renilla luciferase reporter (Taipale et al., 2000). CAL2 cells, a modified
Shh-LIGHT?2 line that stably overexpresses hSHH, retain the GLI-responsive luminescent
reporter and activate Shh signaling when cultured alone or in combination with Shh-
LIGHT?2 cells (Beames et al., submitted). Growth medium for both Shh-LIGHT2 cells and
CAL2 cells consisted of Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin, as well as the selection agents G418

(0.4 mg/mL) and zeocin (0.15 mg/mL).
Luciferase reporter assay

In vitro experiments were conducted using a previously described co-culture that
recapitulates the full Shh signal transduction cascade (Beames et al., submitted). In brief,
Shh-LIGHT?2 cells and CAL2 cells were expanded separately before being seeded into 24-
well plates at a ratio of 9:1 (e.g. 90% Shh-LIGHT?2 cells, 10% CAL2 cells) and a density of
2 x 105 cells/well. 24 h after seeding, growth medium was replaced with treatment
medium consisting of DMEM with 1% FBS, 1% penicillin-streptomycin, and vehicle (0.1%
DMSO) or the indicated treatment in a final concentration of 0.1% DMSO. Following 48

h of treatment, samples were processed using the Dual-Luciferase® Reporter Assay
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System (Promega) according to the manufacturer’s instructions. Wells were rinsed in
DPBS before cells were lysed in Promega’s Passive Lysis Buffer. Plates were rocked at
room temperature at 100 RPM for 15 min, and lysates were stored -80°C prior to
measuring firefly and Renilla luciferase activity on a BioTek Synergy HT Multi-Detection
Plate Reader (Agilent). Luciferase assay results were normalized by taking the ratio of the
firefly luciferase signal relative to the Renilla luciferase signal. Data were reported as
percent reduction in luminescence, with in-plate vehicle-treated cells defining 0%

reduction and cells treated with 10 uM cyclopamine defining 100% reduction.
Scoring compounds by potency and efficacy

Non-linear curve-fitting of concentration-response data was performed using GraphPad
Prism. For compounds exhibiting a sigmoidal concentration-response, four-parameter
non-linear curve-fitting based on the Hill equation was performed. Biphasic
concentration-response profiles were fit using bell-shaped curves. To produce a
composite score of activity accounting for both potency and efficacy, the chemical
concentration causing 50% Shh pathway reduction—imputed from best-fit curves—and

the maximum efficacy achieved were employed.

composite score = (1/A) * E (1)
where A is the concentration causing 50% pathway reduction and E is the maximum

efficacy notated as percent reduction.
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RESULTS

Prioritization of chemicals impacting craniofacial development in zebrafish

Compound prioritization is detailed in the Methods and summarized in Fig. 1. The results
of a high-throughput cell-based Shh pathway antagonism screen were the focus of initial
chemical selection. The Tox21 Shh pathway antagonism screen was used as the
foundation for our approach because the results have not previously been validated and
because it utilized conditioned media to stimulate Shh signaling, in contrast to our assay
that incorporates upstream pathway steps. Of 7,871 screened compounds, 2,333 were

either active or inconclusive antagonists.

Next, we considered compounds that altered craniofacial morphogenesis in a zebrafish
developmental toxicity screen (Truong et al., 2014). As this screen was not targeted
toward Shh pathway inhibition, jaw and snout endpoints were the focus of analysis based
on the key role that Shh signaling plays in zebrafish craniofacial development. Jaw and/or
snout development was significantly altered in 130 chemicals out of 1060 tested. Cross-
referencing these 130 chemicals against the larger Tox21-led screen of Shh pathway
antagonism, 98 (75%) were classified as active or inconclusive antagonists. Of the
remaining 32 compounds, 26 were classified as inactive (20%) and 6 as putative Shh

pathway agonists (5%).

Cell viability was also assessed in the Tox21 screen, and a five-fold potency threshold
separating Shh antagonism and reduced viability was set. An additional 33 compounds
were excluded to avoid cytotoxicity-based assay interference. Assay promiscuity is a sign
of possible non-specific effects. A pan-assay promiscuity threshold of 15% was

implemented based on activity across all ToxCast endpoints tested for each compound.
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The promiscuity filter removed fifteen more compounds to reduce the number of

prioritized chemicals to 49.

The remaining compounds were manually curated to exclude those lacking plausible
human exposure routes. Discontinued biocides, investigational drugs, and chemicals
lacking use data were not considered for further characterization. To evaluate the utility
of this prioritization approach, 11 additional environmentally relevant compounds that
were independently shown to antagonize the Shh pathway in peer-reviewed studies were
included in the final list. Of these compounds, three (sulforaphane, tomatidine, and
zerumbone) were not included in the Tox21 chemical screen, seven (berberine Cl, EGCG,
genistein, resveratrol, vitamin D3, tolnaftate, and curcumin) were classified as active or
inconclusive antagonists but had been previously excluded because they were not
evaluated in the zebrafish screen, and one (ipriflavone) was classified as an active agonist
but not included in the zebrafish screen. The Tox21-tested compounds that were initially
excluded before being prioritized based on findings in the literature are identified as

“literature only” hits in this study to reflect the nature of their inclusion.

The final prioritized list consisted of 46 chemicals (Table 1) and included cyclopamine
and piperonyl butoxide, well-characterized Shh pathway inhibitors that cause Shh
pathway-mediated malformations in animal models (Everson et al., 2019; Incardona et
al., 1998; Lipinski et al., 2008; Rivera-Gonzalez et al., 2024). In total, 16 (35%) of the
compounds were included solely based on altered craniofacial development in zebrafish,
nine (20%) were active antagonists in the Tox21 screen and were zebrafish hits, and 10
compounds (22%) were reported as Tox21 inconclusive antagonists and were also

zebrafish hits. The remaining 11 (24%) compounds were selected from the literature. This
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distribution among the prioritization groups illustrates the complementarity of the

morphological, mechanistic, and literature-based approach for compound prioritization

(Fig. 2).

Screening prioritized chemicals in a co-culture assay of Shh pathway signal

transduction

Each of the prioritized compounds—excluding the well-studied Shh pathway inhibitors
cyclopamine and piperonyl butoxide—was screened in a co-culture assay of Shh pathway
signal transduction that recapitulates the complete Shh signaling pathway (Beames et al.,
submitted). While most cell-based screens of Shh pathway disruptors employ purified
Shh ligand, conditioned media, or constitutive pathway activation, this co-culture model
incorporates SHH ligand production and secretion, ligand-receptor binding at PTCH1,
signal transduction through SMO, and downstream transcription factor activation. This
system can capture pathway antagonists that act across the Shh signal transduction
cascade, including those acting upstream of SMO that are missed in many screening

models (Beames et al., submitted).

Fifteen compounds reduced Shh pathway activity by at least 20% at one or more tested
concentrations (Fig. 3), meeting the predefined threshold for additional characterization.
Results for the remaining compounds are reported in Fig. S1. Of the 10 compounds that
were categorized as inconclusive antagonists in the Tox21 Shh antagonism screen, 3
(30%) were confirmed to block Shh signaling in the co-culture system. By contrast, four
of seven (57%) chemicals prioritized based on pathway interference and disrupted
zebrafish craniofacial development inhibited Shh pathway activity in the co-culture assay.

Eight of the 11 compounds identified in a literature search for Shh pathway antagonists
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were active in the co-culture assay, yielding a concordance of 73% among independently

validated compounds.

Ten compounds were categorized as inconclusive antagonists in the Tox21 screen. Three
of these (benomyl, chlorpyrifos-methyl, and triamcinolone) were active in the Shh
pathway signal transduction co-culture assay, supporting an elevation in their priority for
follow-up testing. In contrast, the remaining inconclusive antagonists were inactive in the
co-culture system and did not demonstrate Shh pathway-related teratogenicity in

zebrafish.

Finally, the concordance rate among all compounds that altered craniofacial development
in zebrafish was lower at just 20%, consistent with the expectation that, as an untargeted
assay, the zebrafish screen likely captures a broad range of developmental toxicants acting
on multiple mechanisms of action. The overall concordance across all screened

compounds was 34% (Table 2).

Characterizing concentration-response profiles to rank-order chemicals for

additional validation

Compounds which exceeded the 20% threshold in the initial co-culture screen underwent
additional characterization using expanded concentration series. Tomatidine was
excluded from this follow-up assessment due to poor solubility. Individual data points
were excluded from curve fitting due to reduced viability if visual inspection revealed a
loss of monolayer integrity at the end of the treatment period or the Renilla luciferase

signal fell below a threshold of relative luminescent units (RLU).
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The expanded concentration-response curves revealed differences in potency and efficacy
among the tested chemical (Fig. 4). Several compounds, including tolnaftate, zerumbone,
diphenhydramine HCl, 2-naphthalenol, chlorpyrifos-methyl, vitamin D3, esfenvalerate,
and benomyl, showed stronger pathway reduction at concentrations above 10 uM, the
upper limit utilized in the threshold-based screen. Triamcinolone, by contrast, showed a
similar flat partial antagonistic response despite expanding the concentration range by an
order of magnitude higher and lower. Notably, biphasic effects were more apparent from
the expanded concentration-response curves for ipriflavone and berberine Cl. Ipriflavone,
interestingly, was identified as a Shh pathway agonist in the Tox21 screen, which may
reflect difficulties in fitting curves to data with different profiles across large-scale

screening efforts.

To rank compounds for additional follow-up testing, a composite score based on potency
and efficacy was assigned to each compound. Because ACso values could not be
determined for compounds that lacked an inflection point in the fit curve (i.e., 2-
naphthalenol and chlorpyrifos-methyl) or for biphasic compounds that did not closely fit
a curve described by the Hill equation (i.e., ipriflavone and berberine Cl), the
concentration of each chemical reducing Shh pathway activity by 50% was instead used
to estimate compound potency. Composite scores are defined by the product of the
maximum efficacy and the reciprocal of the estimated 50% inhibitory concentration.
Higher scores reflect a higher prioritization. Composite scores could not be calculated for
esfenvalerate and EGCG, which did not achieve 50% reduction in activity. Triamcinolone,

which did not demonstrate any clear concentration-dependent activity, was excluded
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from ranking. The 50% reduction concentrations, maximum efficacies, and composite

scores are listed in Table 3.

DISCUSSION

The human exposome is comprised of hundreds of thousands of registered chemicals and
mixtures, persistent pollutants, unintentional byproducts, and naturally occurring
compounds (Escher et al., 2017; Wang et al., 2020; Wild, 2012). Given the limited
developmental toxicity data for most of these environmental factors, efficient
prioritization strategies and tractable screening assays are critical for identifying
compounds for further testing in biological models of increasing complexity (Knudsen et
al,, 2011). In this study, we leveraged publicly available high-throughput toxicity
screening datasets to produce and refine a list of putative environmental Shh pathway
antagonists. We then employed a recently developed cell-based assay of Shh pathway
signal transduction to screen this prioritized compound list, as well as additional Shh
pathway antagonists described in independent studies, for Shh pathway inhibition. This
study demonstrates an integrated approach for leveraging multiple high-throughput

datasets to identify potential birth defect risk factors.

As expected, high concordance (73%) was observed between compounds selected from
the literature and hits in the Shh pathway signal transduction co-culture. These
compounds were generally identified in more than one study, and Shh signaling
disruption was often assessed through multiple endpoints. Curcumin and resveratrol,
which did not surpass the 20% reduction threshold set for this study, were trending such
that an additional higher concentration may have resolved the apparent discordance (Fig.

S1). Genistein, by contrast, showed no clear concentration-dependency.
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Concordance was lower when comparing our co-culture assay against the “active
antagonists” identified from the Tox21 Shh pathway antagonism screen (57%). The
limited concentration range utilized for hit-calling in the co-culture assay may again
account for some of the inconsistent results, but this discordance also underscores the
need for follow-up characterization and validation. The value of independent assessment
of high-throughput screening data is also apparent among the compounds categorized as
inconclusive antagonists in the Tox21 screen. Notably, only 3 of 10 inconclusive
antagonists inhibited Shh pathway activity in the Shh pathway signal transduction co-
culture assay. The utility of tractable follow-up evaluations is clear here given that these
compounds would be missed if only “active antagonists” were considered for further
assessment. Conversely, investing time and resources into testing all inconclusive
antagonists in more complex biological models would be highly inefficient given the

relatively low confirmation rate.

The disruption of jaw and/or snout development in zebrafish embryos was the least
predictive of Shh pathway antagonism. However, because the zebrafish screen was not
targeted to a specific mechanism of action, it is likely that a portion of the compounds
tested alter craniofacial development through Shh signaling-independent mechanisms.
Depending on the goals of future screening approaches, compound prioritization must
weigh the biological relevance of phenotypic data against the increased proportion of
negative hits likely to arise due to distinct mechanisms that converge on the morphologic
feature(s) considered. An alternative approach to mitigate this challenge would be to
select compounds for validation based only on mechanistic studies and utilize the

phenotypic data to prioritize compounds for in vivo developmental toxicity experiments.
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The SHH-autonomous nature of the co-culture assay, which makes it capable of
identifying Shh pathway inhibitors that act throughout the signaling cascade, has
potential benefits for use in screening. However, in this study, the lack of hits among
compounds that altered craniofacial development in zebrafish but had no effect in the
Tox21 screen suggests that no upstream inhibitors were present among the 44 compounds
tested. Given that the majority of small molecule Shh inhibitors are purported to target
the Shh pathway downstream of SHH ligand secretion, a larger screen may be required

to fully realize the benefits of this pathway-competent assay.

Several trends among compound classes emerge based on the concordance or
discordance of their activity across the assays considered in this study. Eight
phytochemicals were tested in this screen, of which seven were hits or trending in the Shh
pathway signal transduction assay. Furthermore, all five phytochemicals which were
included in the Tox21 Shh antagonism screen were categorized as active antagonists.
While genistein was the only compound among these phytochemicals to be included in
the zebrafish screen, it did not alter jaw or snout development. In animal models,
teratogenic effects have been described for berberine (Martini et al., 2020), curcumin
(Wu et al., 2007), and an essential oil containing zerumbone (Thitinarongwate et al.,
2021), though the reported effects were not linked to disruption of Hedgehog signaling.
Despite inhibiting Shh signaling in the Tox21 screen, genistein did not demonstrate
antagonistic effects in the current Shh pathway signal transduction assay and had limited
effects in a previous chemical screen (Lipinski & Bushman, 2010). Genistein has
independently been found to act as a teratogen in zebrafish (Kim et al., 2009) and in a rat

whole embryo culture model, though its impacts on mammalian development are
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proposed to be mitigated through biotransformation (Zou et al., 2012). Conversely, EGCG
and curcumin are noted to be protective of Down Syndrome-associated craniofacial
phenotypes (McElyea et al.,, 2016; Rueda et al., 2020), and there is evidence that
curcumin, resveratrol, and sulforaphane attenuate the embryotoxicity and teratogenicity
of developmental alcohol exposure in zebrafish (Malkowska et al., 2024; Wang et al.,
2019; Wu et al., 2024). Previous reports also suggest that genistein and sulforaphane may
be protective against hypospadias (Amato et al., 2022; Shi et al., 2024). Tomatidine, a
natural plant alkaloid that is structurally related to cyclopamine, was shown to act as a
weak inhibitor of Shh signaling but is considered non-teratogenic (Keeler, 1978; Lipinski
et al., 2007). The disparate reports on the actions of phytochemicals on early development
highlight the importance of conducting targeted studies informed by known mechanisms
of teratogenicity to ensure that adverse effects do not occur at doses that are considered
safe or even beneficial. If overlap exists between the recommended usage for supplements
containing these phytochemicals and their adverse developmental impacts, then the
benefits of such supplements should be carefully weighed against possible risks during

pregnancy.

Additional compound classes are of potential interest. Three pyrethroid insecticides
altered craniofacial development in the zebrafish screen, and esfenvalerate reduced
pathway activity in the Tox21 screen as well as the Shh pathway signal transduction assay.
Notably, pyrethroid pesticide formulations often contain the additive piperonyl butoxide
(PBO), a compound that is known to inhibit Shh signaling and cause Shh-associated
malformations in mice and zebrafish (Everson et al., 2020; Everson et al., 2019; Wang et

al., 2012). In addition, we recently reported on the ability of PBO to synergistically
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interact with other Shh pathway antagonists to reduce signaling activity (Beames et al.,
submitted). While evidence for pyrethroid-mediated inhibition of Shh signaling is very
limited (Chaklader & Law, 2015; Uggini et al., 2012), the potential for interaction with
PBO may warrant further investigation, even if separate mechanisms underlie the
craniofacial effects of these pyrethroids and PBO. The benzimidazole fungicides benomyl,
carbendazim, and thiophanate-methyl altered zebrafish craniofacial development and
were categorized as inconclusive antagonists in the Tox21 screen. Although only benomyl
reduced signaling activity in the Shh pathway signal transduction co-culture system,
benzimidazoles have been hypothesized to target Shh signaling by disrupting the primary

cilium, the site of SMO-mediated signal transduction (Larsen et al., 2015).

A potential limitation of the prioritization strategy used in this study is that the highest
priority compounds identified in the Tox21 Shh pathway antagonism screen may not have
been included in the smaller zebrafish screen. To address this concern, we scrutinized the
top 30 ACso-ranked compounds that were not included in the zebrafish assay and that
were not excluded based on our viability criterion. Because many of the remaining
compounds were screened in far fewer than 1000 of the ToxCast assays, the 15% pan-
assay activity cut-off was modified to a flat value of 150 assays. Among these compounds
(listed in Table S1), 15 were chemotherapeutics that would have been excluded from
testing based on limited exposure potential in pregnant women. An additional 6
compounds were ionic liquids, a related group of chemicals with some industrial uses that
exhibit variable properties based on structural differences (Goncalves et al., 2021). The
overrepresentation of ionic liquids in this grouping may suggest an unreported

mechanism of toxicity, but it may also reflect non-specific effects given the broader



75

overrepresentation of this class of compound among Tox21 antagonists—49 hits, or ~3%
of all Tox21 active and inconclusive antagonists. Rather than missing the most relevant
compounds by limiting our prioritization to zebrafish-tested hits, it appears likely that
many of the most potent compounds identified in the Tox21 screen are of limited
environmental relevance. Based on the results of this study, an expanded screen is
warranted to evaluate compounds that were not included in the zebrafish screen as well
as additional chemicals that were negative in the Tox21 screen to more robustly evaluate

differences in the performance of these in vitro approaches.

Taken together, these findings support the prioritization of chemicals for developmental
toxicology testing by integrating publicly available toxicity screening data and highlight
the benefits of validation studies following high-throughput chemical screens.
Specifically, our results suggest that the use of phenotypic data in prioritization may be
more effective following mechanistic validation studies than as a means for refinement
early in prioritization. Additional studies should be conducted to investigate the
developmental toxicity of the high-priority compounds identified in this study and to
elucidate whether the combination of phenotypic and mechanistic data correlate with a
targeted assessment of Shh-mediated craniofacial malformation. Furthermore, based on
our recent report of synergistic interactions among Shh pathway inhibitors and a previous
study investigating additive interactions among natural Hedgehog inhibitors, co-
exposure testing using validated Shh pathway inhibitors could improve our
understanding of environmental birth defect risk factors (Beames et al., submitted;

Lipinski et al., 2007). Refined approaches to compound prioritization and testing as
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described herein will help to further define the impacts of prenatal exposures and support

the prevention of etiologically complex birth defects.
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TABLES

Table 1. Prioritized chemicals for in-house testing

77

AC50
CASRN Chemical Name Activity Source range References
(uM)
. 2,2 4-Trimethyl-1,3- )
6846-50-0 pentanediol diisobutyrate zebrafish 34-65
135-19-3 2-Naphthalenol in vitro/zebrafish 7.9-34
e 4-Hydroxy-3- ]
121-33-5 methoxybenzaldehyde zebrafish 28-31
17804-35-2 Benomyl in vitro/zebrafish 41-47
. . in vitro/literature _.p Sunetal, 2022;
633-65-8 Berberine Cl search 0.1-7.5 Wang et al., 2015
94-26-8 Butylparaben zebrafish 20-23
10605-21-7 Carbendazim in vitro/zebrafish 8.7-25
128639-02-1  Carfentrazone-ethyl zebrafish 2.0-4.1
101-21-3 Chlorpropham in vitro/zebrafish 27-31
5598-13-0 Chlorpyrifos-methyl in vitro/zebrafish 41-78
Du et al., 2013;
8-ar- Curcumin in vitro/literature 10-404 Elamin et al., 2010;
456-377 search 4 Lian et al., 2015;
Slusarz et al., 2010
. in vitro/
4449-51-8 Cyclopamine zebrafish 0.17-27
57966-95-7 Cymoxanil zebrafish 14-26
52315-07-8 Cypermethrin zebrafish 3.4-10
94361-06-5 Cyproconazole in vitro/zebrafish 9.3-23
Dexamethasone sodium .. .
2392-39-4 phosphate in vitro/zebrafish 0.34-2.8
84-69-5 Diisobutyl phthalate zebrafish 40-48
110488-70-5 Dimethomorph in vitro/zebrafish 0.07-37
Diphenhydramine S .
147-24-0 hydrochloride in vitro/zebrafish 7.1-36
122-39-4 Diphenylamine zebrafish 19-29



Table 1. (Continued)

AC50
CASRN Chemical Name Activity Source range References
(uM)
Ding & Yang, 2021;
- . . in vitro/literature e orb Mayer et al., 2023;
989-51-5 Epigallocatechin gallate search 10¢-25 Slusarz et al,, 2010;
Tang et al., 2012
66230-04-4  Esfenvalerate in vitro/zebrafish 0.96-34
120-47-8 Ethylparaben zebrafish 16
66332-96-5 Flutolanil in vitro/zebrafish 5.7-47
. . Fan et al., 2013;
446-72-0 Genistein ;2;;5;0/ literature 3c-15bP Slusarz et al., 2010;
Zhang et al., 2012
35212-22-7 Ipriflavone literature search 1.2 ;‘;pllgSkl & Bushman,
1634-78-2 Malaoxon in vitro/zebrafish 8.8
121-75-5 Malathion in vitro/zebrafish 26-34
16752-77-5 Methomyl zebrafish 38
76738-62-0 Paclobutrazol zebrafish 10
110-62-3 Pentanal zebrafish 32-34
. . in vitro/
51-03-6 Piperonyl butoxidec zebrafish 3.2-6.5
709-98-8 Propanil in vitro/zebrafish 7.9-34
94-13-3 Propylparaben zebrafish 10-12
4478-93-7 Sulforaphane literature search 4b-5b Rodova et al., 2012;
Wang et al., 2022
Lipinski & Bushman,
77-59-8 Tomatidine literature search 2-3 2010;
Lipinski et al., 2007
79538-32-2 Tefluthrin zebrafish 3.4-10
98-06-6 tert-Butylbenzene zebrafish 3.1-3.7
23564-05-8 Thiophanate-methyl in vitro/zebrafish 43-49
9308-96-1 Tolnaftate in vitro/literature 4-28 Lipinski & Bushman,
search 2010
.. . Gao et al., 2015;
501-36-0 Resveratrol in vitrofliterature 10¢-554 Mo et al., 2011;

search

Slusarz et al., 2010
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AC50
CASRN Chemical Name Activity Source range References
(uM)
43121-43-3 Triadimefon zebrafish 28
55219-65-3 Triadimenol in vitro/zebrafish 25
124-94-7 Triamcinolone in vitro/zebrafish 0.069-33
o in vitro/literature d
67-97-0 Vitamin D3 search 104-19 Tang et al., 2011
471-05-6 Zerumbone literature search 7.1 Hosoya et al., 2008

a Well-characterized Shh pathway antagonists demonstrated to cause Shh signaling-

mediated craniofacial malformations

b Lowest concentration at which significant changes in Shh-related mRNA or protein

levels were observed

¢ Lowest concentration at which luminescence was significantly decreased in Shh-

LIGHT?2 cells

d Single concentration assessed for changes in Shh-related mRNA or protein levels
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Table 2. Shh pathway signal transduction assay activity by compound group

Number of

Active in Co-

Prioritization Group Compounds bv Grou culture Assay Concordance
P y P (220% inhibition)

Zebrafish craniofacial o

phenotype hits only 16 0 0%

All zebrafish craniofacial o

phenotype hits 35 7 20%

Tox21 Shh antagonists (active)

+ zebrafish craniofacial 7 4 57%

phenotype hits

Tox21 Shh antagonists

(inconclusive) + zebrafish 10 3 30%

craniofacial phenotype hits

L1teratu}~e-reported Shh u 3 3%

antagonists

All screened compounds 44 15 34%

Table 3. Compounds ranked by composite potency-efficacy score

Compound

Concentration causing

Maximum Efficacy

Composite score

50% Reduction (uM) (%)
Ipriflavone 1.45 116 80.00
Flutolanil 1.59 105 66.04
Sulforaphane 1.43 90.5 63.29
Berberine Cl 3.92 88.4 22.55
Diphenhydramine HCl 9.03 102 11.30
Tolnaftate 9.47 99.2 10.48
Zerumbone 13.15 74.1 5.63
Vitamin D3 11.15 53.3 4.78
2-naphthalenol 25.6 82.6 3.23
Chlorpyrifos methyl 30.5 75.3 2.47
Benomyl 95.4 92.7 0.97
Esfenvalerate n.d.2 47.3 n.d.
EGCG n.d. 41.9 n.d.
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Table S1. Top 30 ACso-ranked compounds that were not included in zebrafish

testing
CASRN Chemical Name Notes ACs50 (uM)
50-76-0 Actinomycin D Chemotherapeutic2
0.0019
204005-46-9 Semaxanib Chemotherapeutic2 0.0040
363-24-6 Dinoprostone Medication to induce labor2
0.0050
108852-90-0 Nemorubicin Chemotherapeutic2
0.0057
50-23-7 Hydrocortisone Corticosteroid 0.0110
518-28-5 Podofilox Genital wart medication
0.0110
316-42-7 Emetine dihydrochloride Emetic, plant alkaloid 0.0122
1-Decyl-3-methylimidazolium
244193-56-4 Tonic liquid
tetrafluoroborate 0.0125
1-Decyl-3-methylimidazolium
433337-23-6 Tonic liquid 0.0121
bis(trifluoromethylsulfonyl)imide 013
483-18-1 Emetine Emetic, plant alkaloid 0.0136
114977-28-5 Docetaxel Chemotherapeutic2 0.0157
72496-41-4 Pirarubicin Chemotherapeutic2 0.0163
1-Decyl-3-methylimidazolium
362043-46-7 Ionic liquid
hexafluorophosphate 0.0182
66575-29-9 Colforsin Cardiovascular medication 0.0201
868540-17-4 Carfilzomib Chemotherapeutic2 0.0202
202618-32-7 Gimatecan Chemotherapeutic? 0.0253
70476-82-3 Mitoxantrone dihydrochloride Chemotherapeutic2 0.0275
Quaternary ammonium
123-03-5 Cetylpyridinium chloride 0.0283
compound?
125317-39-7 Vinorelbine tartrate Chemotherapeutic? 0.0322
20830-81-3 Daunorubicin Chemotherapeutic2

0.0395
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CASRN Chemical Name Notes ACs50 (LM)
57852-57-0 Idarubicin hydrochloride Chemotherapeutic?
0.0407

905-97-5 3,3'-Diethylthiacarbocyanine iodide Fluorescent dye 0.0488
188589-32-4 1-Decyl-3-methylimidazolium bromide Ionic liquid 0.0576

1-Decyl-3-methylimidazolium
412009-62-2 Ionic liquid

trifluoromethanesulfonate 0.0683

1-Dodecyl-3-methylimidazolium
81995-09-7 Ionic liquid

iodide 0.0778
18556-44-0 Vinrosidine sulfate (1:x) Chemotherapeutic? 0.0780
149647-78-9 Suberoylanilide hydroxamic acid Chemotherapeutic2 0.0806
84878-61-5 Maduramicin ammonium Veterinary drug 0.0809
131740-09-5 Flavopiridol hydrochloride Chemotherapeutic? 0.0811
1032350-13-2  MK-2206 Chemotherapeutic2 0.0014

a Excluded based on low potential for unintentional exposure during gestation
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FIGURES

Input: 7871 Chemicals

Tox21 Shh Tox21 putative Shh pathway antagonists with ACs,

antagonism hits

!

N =2333

Jaw/Snout Hits in zebrafish developmental

Selection for compounds altering N=94 LoMEnEERen N=35
craniofacial morphogenesis

l I L

Viability/Shh antag. <
N =97

5
Refinement on Shh antagonism,

viability, and pan-assay activity
%ToxCast Active >15%

l N =49

Human-relevant

Refinement on plausible human exposure source Inclusion of additional
exposure compounds from the literature
N=35 N=11
Output: 46
Chemicals

Figure 1. Prioritization of possible Shh signaling antagonists using an
integrated approach. 7,871 chemicals were screened in a high-throughput Shh
pathway antagonism assay, of which 2,333 were categorized as “active antagonists” or
“inconclusive antagonists. A developmental toxicity screen in zebrafish enabled us to
refine this list based on each compound’s ability to alter craniofacial development in an
organism and include 35 compounds that were not active in the Tox21 Shh pathway
antagonism screen but may act upstream in the Shh signaling pathway. Additional
compounds were excluded from in-house testing on the basis of potential cytotoxic and
non-specific effects that may produce false positives. Finally, the list was curated to focus
on chemicals with plausible human exposure sources, and 11 chemicals were included
from the literature to compare activity of prioritized compounds against those which were

previously validated.
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Zebrafish Only

Literature Only

Zebrafish + Tox21
Active

Zebrafish + Tox21
Inconclusive

Figure 2. Breakdown of prioritized compounds by assay source. Chemical
selection was based on the disruption of craniofacial development in zebrafish, activity in
the Tox21 Shh antagonism assay, and independent reports of Shh pathway inhibition in
the literature. The proportion of compounds identified from individual sources or across

multiple sources is summarized in this chart.
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Figure 3. Environmental chemicals reduced pathway activity in a cell-based
model of Shh signal transduction. A co-culture of CAL2 and Shh-LIGHT2 cells was
treated with graded concentrations of putative Shh pathway antagonists. Normalized
luminescence was used to evaluate Shh pathway activity, and percent reduction in

luminescence was defined based on luminescence in vehicle controls (0%) and cells
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treated with 10 uM cyclopamine. (100%) Bars show the mean + SEM of five replicates. A
cutoff of 20% reduction (dotted line) was used to select compounds for further

investigation.
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Figure 4. Prioritizing compounds for additional characterization by

composite potency-efficacy score. The Shh pathway signal transduction co-culture

was treated with nine-point, half-log concentration series of the indicated compounds.
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The top concentration was excluded from analysis for compounds which disrupted cell
monolayers upon visual inspection. Compounds are rank-ordered by composite potency-

efficacy score.
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Figure S1. Additional Shh pathway signal transduction co-culture responses (continued

on page 90).
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Figure S1. Additional Shh pathway signal transduction co-culture responses.

A co-culture of CAL2 and Shh-LIGHT2 cells was treated with graded concentrations of

putative Shh pathway antagonists. Normalized luminescence was used to evaluate Shh

pathway activity, and percent reduction in luminescence was defined based on
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luminescence in vehicle controls (0%) and cells treated with 10 uM cyclopamine. (100%)
Bars show the mean + SEM of five replicates. The compounds included in this
supplemental figure failed to exceed the cutoff of 20% reduction (dotted line) that was

used to select compounds for further investigation.
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CHAPTER 1V

This manuscript was published in Birth Defects Research (2025 Apr;117(4):e2466. doi:
10.1002/bdr2.2466/dev.191064). TGB, RJL, JBP designed studies; TGB, MYS, JBP
conducted experiments and acquired data; TGB, MYS, RBW, JBP analyzed data; TGB,

MYS, RJL wrote the manuscript; all authors read and approved the final manuscript.
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ABSTRACT

Background: Neurodevelopmental disorders (NDDs) are common, highly variable, and
etiologically complex. Identifying environmental factors that adversely impact prenatal
brain development is a direct path to NDD prevention. Small molecule disruption of the
Sonic hedgehog (Shh) signaling pathway, a key regulator of craniofacial morphogenesis,
can lead to overt face and forebrain malformations that produce profound neurological
deficits. However, whether environmental disruption of Shh signaling can cause subtle
neurodevelopmental outcomes in the absence of overt facial malformations was

unknown.

Methods: We developed a dietary model of Shh signaling inhibition using the specific
Shh pathway antagonist vismodegib. C57BL/6J mice were fed control chow or chow
containing 25, 75, or 225 ppm vismodegib from gestational day (GD)4 through GD12 to
target Shh signaling during craniofacial morphogenesis. Impacts of Shh pathway
disruption on face and forebrain development were examined in exposed embryos and

fetuses, and behavioral characteristics were assessed in adult mice.

Results: Exposure to chow containing 225 ppm vismodegib resulted in abnormal
forebrain patterning at GD11, face and brain malformations at GD17, and early postnatal
mortality, while lower treatment groups appeared phenotypically normal. Adult mice
exposed to 25 and 75 ppm vismodegib outperformed control mice on repeated rotarod
sessions, but treated mice did not significantly differ from control animals in open field
exploration, marble burying, olfactory discrimination and detection, or fear conditioning

assays.
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Conclusions: Under the examined conditions, prenatal Shh disruption did not produce

robust neurobehavioral differences in the absence of craniofacial malformations.
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INTRODUCTION

As increased awareness and improved diagnostic criteria have revealed higher incidences
of neurodevelopmental disorders (NDDs) such as autism, attention-deficit/hyperactivity
disorder, and intellectual disabilities, efforts to prevent these conditions have met with
substantial challenges. A growing body of epidemiological and experimental evidence
underscores the role of the environment in NDD occurrence, and reducing exposure to
environmental toxicants remains the most effective path to prevention (De Felice et al.,
2015; Lan et al., 2017; Lyall et al., 2017; Wagner et al., 2006). However, identifying
individual risk factors is complicated by the etiologically complex nature of most common
NDDs. Moreover, it is not feasible to assess the neurobehavioral impacts of all chemicals
and mixtures that make up the exposome. Focusing instead on elucidating
environmentally sensitive signaling pathways that contribute to NDDs presents a more

direct approach to characterizing risk based on common mechanisms of toxicity.

The Sonic hedgehog (Shh) signaling pathway is a key regulator of craniofacial
morphogenesis that is sensitive to both genetic and environmental perturbation (Chen,
2016; Everson et al.,, 2019; Roessler et al., 1996; Solomon et al., 2012). During
embryogenesis, this paracrine factor plays a role in early neurospecification, promoting a
ventral identity along the length of the neural tube and within the developing forebrain
by counterbalancing dorsalizing factors such as BMPs and Wnt ligands (Ericson et al.,
1995; Furuta et al., 1997; Roelink et al., 1995). Shh is also required for the development
of the medial ganglionic eminence (MGE), a transient forebrain structure that gives rise
to GABAergic cortical interneurons (Butt et al., 2005; Fuccillo et al., 2004; Wichterle et

al., 2001; Xu et al., 2004), as well as for the expansion of the ventromedial forebrain
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(Britto et al., 2002; Chiang et al., 1996). In addition to its role in forebrain morphogenesis,
Shh drives the growth of the cranial neural crest-derived mesenchyme that gives rise to

the connective tissue of the face (Jeong et al., 2004).

Disruption of the Shh pathway by both genetic and environmental factors causes
craniofacial malformations including holoprosencephaly (HPE), a condition defined by
medial forebrain deficiency and commonly co-occurring with midfacial dysmorphology
(Addissie et al., 2021; Chiang et al., 1996; Dubourg et al., 2018; Everson et al., 2019;
Richieri-Costa & Ribeiro, 2010; Solomon et al., 2012). While severe (i.e., alobar) HPE is
rarely compatible with postnatal survival, moderately affected individuals may survive
with significant cognitive impairments, and individuals with microform HPE can appear
phenotypically normal (Tekendo-Ngongang et al., 2020). This variability in individuals
with HPE supports a multifactorial model of pathogenesis in which environmental factors
act together or in concert with genetic predispositions to modulate disease severity
(Addissie et al., 2021; Everson et al., 2019; Hong & Krauss, 2012, 2018; Petryk et al.,
2015). Moreover, the inherent sensitivity of Shh signaling to small molecule disruption
highlights the potential for environmental Shh pathway antagonists to contribute to HPE
incidence and severity. Recently, a study in mice demonstrated that chemical disruption
of Shh can alter brain development at doses that cause only subtle craniofacial
dysmorphology (Everson et al., 2019). This observation supports a model of
environmental Shh pathway inhibition in which neurological function is altered in the

absence of overt structural malformations.

To test the hypothesis that Shh signaling-mediated neurobehavioral deficits can be

induced in mice without causing overt facial dysmorphology, we developed a dietary
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model of Shh pathway inhibition. As a surrogate for the dozens of small molecule pathway
inhibitors that have been described, pregnant mice were exposed to the potent and
specific Shh pathway inhibitor vismodegib throughout the critical window for HPE. After
determining an overtly teratogenic dose based on craniofacial morphology, lower doses
were assessed for impacts on early forebrain patterning, face and brain morphology later

in development, and behavior in adult mice.

MATERIALS AND METHODS

1—Materials

Vismodegib (Catalog No. V-4050; LC Labs) used in diet formulation was manually
pulverized to achieve a uniform powder and suspended in soybean oil (Catalog N. S0255;

Spectrum Chemical Mfg. Corp) prior to inclusion in rodent chow pellets.
2—Animals

Animal studies were conducted in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Studies followed procedures approved by the Institutional Animal Care and Use
Committees of the University of Wisconsin School of Veterinary Medicine (protocol
V005396) and Letters and Sciences and Vice Chancellor for Research Centers (protocol
G005373). C57BL/6J mice (Strain No. 00664, Jackson Laboratories) were housed in
rooms maintained at 22°C + 2°C and 30% to 70% humidity on a 12 h light, 12 h dark cycle.
Mice were fed Irradiated Soy Protein-Free Extruded Rodent Diet (Catalog No. 2920x;
Envigo Teklad Global) until a copulation plug was detected, at which point dams received

Irradiated Teklad Global 19% Protein Extruded Rodent Diet (breeder chow, Catalog No.
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2919; Envigo Teklad Global) except when on experimental diets. Dams were euthanized
via carbon dioxide asphyxiation followed by cervical dislocation at GD11 for embryo

collection, GD17 for fetal collection, and after weaning for behavioral studies.
3—Dietary Exposure Procedure

Precision timed-matings were achieved by placing one to two nulliparous C57BL/6J wild-
type female mice with a single C57BL/6J male mouse for 1—2 h (Heyne, Plisch, et al.,
2015). Following the mating period, females were examined for the presence of a
copulation plug, and the initiation of the mating period was designated as gestational day
(GD)o. Vismodegib suspended in soybean oil was used to generate vismodegib-
containing diets that were prepared from Envigo base diet (Catalog No. 2919; Envigo
Teklad). Control chow diet was prepared with soybean oil alone. Control and vismodegib
treatment diets were introduced to pregnant female mice at GD4. Dams were placed back

on standard breeder chow at GD12.
4—Facial Morphometrics and Fetal Brain Morphology

Pregnant dams were administered control chow or 25, 75, or 225 ppm vismodegib chow
from GD4 through GD12. Following euthanasia at GD17, uterine horns were dissected.
Resorptions, live fetuses, and crown-rump length were recorded, and gross
morphological abnormalities were noted. For facial morphometric analyses, fetuses were
fixed in 10% phosphate buffered formalin for at least 1 week before being imaged by light
microscopy. To ensure the reliability of image-based measurements, consistent head and
face orientation were maintained across all images. Light microscopic images were
captured using an Olympus QImaging MicroPublisher 5.0 camera (QImaging) connected

to an SZX-10 stereomicroscope (Olympus). ImageJ software was used to quantify
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interocular distance (IOD) and upper lip length (ULL) from facial images as previously

described (Everson et al., 2019). All measurements were taken by a single rater.

For qualitative assessment of correlative face and brain morphology, fetuses were fixed in
Bouin's solution for at least 1 week before being imaged for facial morphology. Bouin's-
fixed brains were then dissected out and imaged dorsally. Brains were washed in 70%
ethanol until the ethanol ran clear before being paraffinized and paraffin-embedded for
sectioning. Coronal sections through the cerebrum were stained using hematoxylin and
eosin (H&E) prior to imaging. Light microscopic images of fetal faces, whole brains, and
H&E-stained sections were captured using an Olympus QImaging MicroPublisher 5.0

camera connected to an SZX-10 stereomicroscope.
5—In Situ Hybridization

Following euthanasia of dams and uterine dissection at GD11, embryos were dehydrated
in graded solutions of methanol until staining. In situ hybridization was performed using
a high-throughput technique which allowed samples to be identically processed across
treatment groups (Abler et al., 2011). Embryos were hemisected mid-sagittally prior to
staining. Embryos were then incubated in proteinase K (10 pg/mL) with collagenase (1
mg/mL) for 2 min before initial washes. The primer sequences used for probe generation
include a T7-polymerase recognition site and a 5-bp leader sequence on the reverse probe.
RNA probe sequences, with recognition site and leader underlined, are as follows: Gli1

[forward- CCCTCCTCCTCTCATTCCAC and reverse- CGATGTTAATACGACTCACTATAG

GGTCCAGCTGAGTGTTGTCCAG], Pax6 [forward- AGTGAATGGGCGGAGTTATG and

reverse- CGATGTTAATACGACTCACTATAGGGAGTGTGTGTTGTCCCAGGTTC], and
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Nix2-1 [forward-CCGCAAAGACCACCATTC and reverse- CGATGTTAATACGACTCACT

ATAGGGGGGTTATGCTGAAGACTTTCC].

Following staining, embryos were imaged by light microscopy using a QImaging
MicroPublisher 6 camera connected to an Olympus SZX-10 stereomicroscope. Area
measurements of the MGEs and head were made in ImageJ. Measurements were made

by a single rater blinded to the treatment group.
6—Behavioral Assays

For behavioral testing, litters from vehicle- and vismodegib-treated dams were weaned at
3 weeks of age, and males and females were placed in separate home cages. Mice were
selected for behavioral testing at random, and no more than three males and three
females were chosen from a single litter for an average of 2 mice of each sex per litter per
treatment group. Eight- to ten-week-old mice were transferred to the Waisman Center
Behavioral Testing Service and given 1 week to acclimate. Assays were conducted in the
order listed below, beginning with the least stressful test and finishing with the most
stressful. Mice were placed on a cart and transported to the respective testing rooms for

30 min to acclimate before the start of each assay.
6.1—Open Field

Mice were placed in an arena (43 cm3) and allowed to move freely through the
environment for 30 min. A 16 x 16 photobeam array surrounding each arena was used to
monitor the position, horizontal locomotion, vertical activity, and stereotypic movement
of each mouse during the testing period using Fusion 6.5 SuperFlex software. Position

was defined as the center of the mouse, and the proportion of time the mouse spent in the



102

center (internal 25% floor area) versus the periphery (external 75% floor area) of the

chamber was determined.
6.2—Marble Burying

Twenty marbles were arranged in 4 rows (5 marbles/row) within a standard home cage
(20 x 32 cm) containing fresh bedding at a depth of 4 cm. Mice were individually placed
in the test cage covered with a top for 30 min. At the end of the testing period, mice were
returned to their home cages, and the number of marbles buried was counted. Marbles

were considered buried only if they were 100% covered by bedding.
6.3—Rotarod

Mice were placed on rotating drums of an accelerating rotarod (Med Associates Inc.) to
evaluate motor coordination and balance. Rota-Rod 2 computer software was used. Over
the course of the assay, the rotarod accelerated continuously from 4 to 40 rpm over a 5
min period. Each mouse received 4 trials with ~20 min between each trial. Latency to fall
and rotation speed upon falling were recorded. For mice that remained on the rotarod for

the duration of the test, the maximum possible latency (300 s) is reported.
6.4—Olfactory Discrimination and Detection

The olfactory discrimination assay consisted of two sessions. In the first session, two
cotton-tipped swabs (Dukal) were inserted into the home cage through a Plexiglas cover.
The swabs were equally spaced from the walls of the cage and each other, with each swab
tip located ~8 cm above the bedding. One swab was dampened with 2 pL water (familiar
scent) and the other with 2 uL of either lemon or mint extract (both novel scents). The

use of lemon or mint as the novel scent, as well as their placement in the cages, was
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pseudo-randomized and counter-balanced across groups. Time spent investigating each
swab was recorded over a 3-min period, followed by a 3-min rest period. For the second
session, the mice were provided one swab with mint extract and one swab with lemon
extract. Placement of each swab was randomized. In this session, each mouse had access
to a familiar scent and a novel scent. Time spent investigating each swab was again

recorded for 3 min.

To assess olfactory detection, mice were first familiarized with a novel food item
(TestDiet, LabTab, Sucrose Choc, 45 mg pellet, ~10 pellets per mouse) in their home cage.
Next, mice were housed singly and deprived of food for 24 h. Testing commenced once a
single food pellet was buried in a corner of the home cage at a depth of 1 cm below the
bedding. Mice were given 5 min to explore the cage, and the latency to find the buried

food was recorded.
6.5—Fear Conditioning

Fear conditioning tests consisted of one training session and two testing sessions, and
freezing was measured throughout each session. ANY-maze software (v4.1) was used to
monitor freezing and control stimulus delivery. For training, a single mouse was placed
in a fear conditioning chamber (Ugo Basile) cleaned with 70% ethanol. After a 120 s
acclimation period, mice were exposed to a 30 s, 87 dB noise cue (conditioned stimulus,
CS). During the last 2 s of the cue presentation, mice were delivered a scrambled, 0.7 mA
shock (unconditioned stimulus, US) from the floor of the test cage. After 120 s, mice were
exposed to another 30 s, 87 dB white noise cue co-terminating with a 0.7 mA shock. Mice
were monitored for an additional 60 s after the second CS-US pairing before being

returned to their home cages.
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Twenty-two hours post-training, mice were placed back in the 70% ethanol-cleaned
chambers for contextual fear recall testing. Freezing was again measured as mice explored
the chamber for 360 s in the absence of an auditory cue or shock delivery. Mice were then
returned to their home cages for 2 h. For cued fear recall testing, mice were placed in the
fear conditioning chamber, now altered with gray plastic floor panels covering the shock
grid, checkered wall inserts, and cleaned with 30% isopropyl alcohol instead of 70%
ethanol. Mice were introduced to this altered context for a 120 s acclimation period before
being exposed to the 30 s CS only. Mice were then able to free-roam for 120 s before
another CS event. Mice remained in test cages for an additional 60 s before being returned

to their home cages.
7—Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 for morphometric
assessments and MGE size. One-way ANOVA with Tukey's post hoc test was used to
analyze IOD and ULL in GD17 mice and MGE area in GD11 mice. Behavioral endpoints
were analyzed in R (Version 4.4.0). Normality of the data was assessed using Shapiro—
Wilk test. Normal and log-normal data were evaluated for treatment- and sex-dependent
effects using two-way ANOVA and Tukey's post hoc test. Data that failed normality testing
were analyzed using aligned-rank transform ANOVA with post hoc test for multiple
comparisons (Elkin et al., 2021; Wobbrock et al., 2011). An alpha value of 0.05 was

maintained for the determination of statistical significance.
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RESULTS

1—Dose-Dependent Impacts of Shh Inhibition on Face and Brain

Morphogenesis

Vismodegib, a therapeutic drug designed to treat Shh-active cancers, was previously
shown to inhibit the Shh pathway in vitro and cause a variety of craniofacial and limb
defects following an acute prenatal dose in animal models (Heyne, Melberg, et al., 2015;
Robarge et al., 2009). A pilot study demonstrated that prenatal exposure to a diet of 225
ppm vismodegib induced robust craniofacial malformations consistent with Shh pathway
inhibition. In the present study, two lower-dose diets separated by three-fold intervals
(i.e., 25 and 75 ppm) were included with the goal of achieving exposures that did not

produce overt dysmorphology.

Pregnant mice were provided vehicle- or vismodegib-containing chow between GD4 and
GD12 to encompass key critical periods of Shh-mediated craniofacial morphogenesis. No
significant differences in chow consumption were observed between treatment groups
from GD4 to GD12 (Figure S1). For fetal endpoints, dams were euthanized at GD17, and
litters were assessed for live fetuses, resorptions, and crown-rump length. Fetuses were
fixed in formalin for facial morphometric analysis or Bouin's solution for assessment of
brain phenotypes. Relative to vehicle-treated litters, there were fewer live fetuses and
more resorptions following exposure to 225 ppm vismodegib, though crown-rump length

in live fetuses was not significantly impacted by treatment (Table 1).
1.1—Impacts on Craniofacial Morphogenesis

Previous mouse models of HPE demonstrate that IOD and ULL are sensitive predictors

of underlying changes in brain morphology that reflect the midline deficiency that defines
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this disorder (Everson et al., 2019; Heyne et al., 2016). Fetal mice were imaged at GD17,
and IOD and ULL measurements were taken (Figure 1, additional annotated images in
Figure S2). Litters exposed to 225 ppm vismodegib exhibited dysmorphic facial features
consistent with HPE, such as decreased IOD and increased ULL, relative to all other
treatment groups. Of note, while many fetuses within the 225 ppm treatment group
exhibited severe phenotypes (i.e., overt midfacial hypoplasia and microcephaly in Figure
1E), a subset of samples exhibited mild forms of HPE (i.e., a shallow upper lip notch in
Figure 1D). Mean values indicated no differences between vehicle-exposed fetuses and
the 25 and 75 ppm treatment groups, though moderate HPE phenotypes were observed
in single samples from these lower treatment groups (Figure S3). Additional Shh-
associated limb defects were observed only in the 225 ppm treatment group (Figure S4).

No craniofacial or limb defects were observed within the vehicle control group.
1.2—Impacts on Brain Morphogenesis

Consistent with the results of the morphometric analysis, facial images showed no overt
differences between vehicle-treated and 25 or 75 ppm vismodegib-treated fetuses, while
the 225 ppm vismodegib diet induced HPE-like phenotypes with high penetrance (Figure
2A-E). Severe midfacial hypoplasia frequently co-occurred with microcephaly in the
most affected animals (Figure 2E). One animal in the 225 ppm vismodegib group
exhibited micrognathia without any obvious microcephaly (Figure 2D), again displaying
a spectrum of phenotypic severity in the highest dose group. Disruption of Shh signaling
during early neurodevelopment in mice causes various brain dysmorphologies, including
hypoplasia or agenesis of the olfactory bulbs and incomplete forebrain division (Heyne et

al., 2016; Heyne, Melberg, et al., 2015). In dissected brains, olfactory bulbs were
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comparable in size and position among vehicle and 25 and 75 ppm vismodegib treatment
groups but diminished, unseparated, or even absent in the 225 ppm vismodegib group
(Figure 2A’—E’). Incomplete cortical division was apparent in whole brains from severely
affected animals in the 225 ppm vismodegib group. Coronal sections revealed that only
treatment with 225 ppm vismodegib was sufficient to induce true HPE, with loss of
forebrain division apparent in mice with overt midfacial hypoplasia (Figure 2A”—E").
Severity of forebrain and olfactory bulb abnormalities generally correlated with facial

dysmorphology.

2—Embryonic Forebrain Patterning Following Gestational Shh Pathway

Antagonist Exposure

To test whether Shh pathway inhibition alters early forebrain patterning even at doses
that do not produce overt craniofacial dysmorphology, embryos from dams provided
control or 25, 75, or 225 ppm vismodegib diets were collected at GD11 for facial imaging
and ISH. Although resorptions were similar between treatment groups, litter size was
reduced in the 25 ppm group but increased in the 75 ppm group. Embryos in the 75 and

225 ppm vismodegib groups were slightly smaller than the control embryos (Table 2).

Prior to staining, the rostral portion of each sample was imaged and hemisected along the
sagittal plane to reveal early forebrain structures. ISH was used to visualize Gli1, a marker
of Shh pathway activity, Pax6, a dorsal marker within the central nervous system, and
Nkx2-1, a marker strongly expressed in the Shh-dependent MGE. Facial images showed
no overt differences between the control group and the 25 and 75 ppm vismodegib groups,
while embryos in the 225 ppm vismodegib group displayed phenotypes ranging from

apparently normal to severely hypoplastic (Figure 3A—E). The same pattern was observed
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by ISH, with domains of localization for each marker remaining unchanged in the 25 ppm
and 75 ppm vismodegib groups. Relative to the other groups, severely affected embryos
from the 225 ppm vismodegib group exhibited reduced Gli1 expression within the ventral
forebrain and facial processes (Figure 3F—J), expanded Pax6 expression into the ventral
aspect of the forebrain (Figure 3K—-0), and a greatly diminished or absent MGE based on
Nkx2-1 expression (Figure 3P-T). Measurements of the MGE, normalized to head size,
revealed a significant decrease in the size of this structure in the 225 ppm vismodegib
group (Figure 3U,V). As at later developmental stages, phenotypic variability was
observed in facial images and ISH patterns among embryos in the 225 ppm vismodegib
treatment group with a subset of samples exhibiting apparently normal facial features
(Figure 3D) and intermediate differences in rostral Glit and Nkx2-1 patterning (Figure
3L,S). The domain of Pax6 expression, however, was not clearly altered in the most normal

individuals of the highest dose group (Figure 3N).
3—Impact of Gestational Shh Pathway Antagonist Exposure on Behavior

We next examined the impact of prenatal vismodegib exposure on postnatal behavior
using a battery of established assays. Viable litters could not be raised from the 225 ppm
vismodegib group, so behavioral assays were conducted only in the vehicle and 25 and 75
ppm vismodegib groups. One to three male and female mice were taken from each litter,
and six to seven litters were produced to attain the final sample size. The number of viable
pups in each litter was consistent across treatment groups, as was the number of perinatal
losses (Table 3). A treatment-dependent decrease in pup weight at the time of weaning
was observed across all weaned mice. This trend remained when considering only mice

that underwent testing, though the difference in the 25 ppm vismodegib treatment group
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was no longer significant. In total, 11 female and 12 male mice from the vehicle group
underwent behavioral testing, and 12 females and 12 males underwent behavioral testing

from both vismodegib-treated groups.
3.1—Open Field

Following a week-long period of acclimation, adult mice were placed in an enclosed arena
and allowed 30 min to move freely around the open field. A photobeam array was used to
assess horizontal movement within the arena as well as vertical activity and stereotypic
activity. Horizontal movement through the cage was used to assess total distance traveled
and the proportion of times pent near the center of the cage versus the peripheries.
Stereotypic activity was evaluated as repeated breaking of a single photobeam, and
vertical movements were similarly tallied. No significant changes were observed in the
total distance traveled, percent of time spent in the center of the arena, stereotypic
behavior, or vertical activity when comparing treatment groups (Figure 4). A sex-
dependent difference was seen only in vertical activity, with males engaging in more

vertical activity than females (Figure S5).
3.2—Marble Burying

In the marble burying assay, individual mice were placed in an arena with 20 marbles
arrayed over a thick layer of bedding. After 30 min, mice were removed from the arena,
and the number of fully buried marbles was counted. There were no treatment-dependent
differences in the number of marbles buried (Figure 5), though there was a significant

difference in marble burying between males and females (Figure S6).



110

3.3—Rotarod

Four sessions of rotarod testing were performed to investigate motor coordination and
memory acquisition across treatment groups. Mice were placed on a rotating rod that
increased from 4 rpm to 40 rpm over the 5-min test. Significant effects of treatment, sex,
and session, as well as their interactions, were observed. Session 4 was found to
significantly differ from session 1, indicating that assay performance improved with
repetition (Figure 6). Treatment-related effects were observed only in the third and fourth
sessions, with vismodegib-treated mice outperforming the vehicle-exposed mice (Figure
6). Of note, C57BL/6J mice have a high baseline performance in the rotarod assay,
consistent with the results of the first session in which mice across all treatment groups
remained on the rotarod for an average of 273.3 s of the 300-s assay. The improvement
in rotarod performance observed in the vismodegib-exposed animals did not align with
expectations. However, given the limited variability observed within this assay (i.e., the
majority of mice tested remained on the rotarod for the entire duration of each session)
and the modest nominal increase in latency to fall, this finding should be interpreted with
caution. Across all treatment groups and sessions, males remained on the rotarod for

289.7 + 2.7 s compared to 284.9 + 3.6 s for females (Figure S7).
3.4—Olfactory Discrimination and Detection

Olfactory discrimination was probed over two phases by comparing time spent
investigating a novel scent versus a familiar scent. In the first session, mice were placed
in a cage containing swabs dampened with water (familiar scent) or either mint or lemon
extract (novel scent). During the second session, the swabs were dampened with each of

the extracts, one familiarized during the first session and the other novel. Time spent



111

investigating each swab was again recorded. Surprisingly, though there were no sex- or
treatment-dependent effects, mice showed a preference for water (4.0 + 0.6 s) over the
novel scents (2.1 + 0.2 s) in the first phase of testing (Figure 7A). No treatment-dependent
differences in preference for the novel or familiar scents were observed in the second
phase, nor were there sex-dependent effects (Figure S8A). To test whether these
unexpected responses to novel scents indicated a general dysfunction in olfaction, the
mice were also evaluated for their ability to detect an object buried under cage bedding.
The ability of treated mice to detect odors was evaluated as the latency to find the scented
object. No differences were observed between treatment groups in the olfactory detection
assay, though all but one mouse was able to find the buried object during the 300 s testing
window (Figure 7B). Additionally, there were no differences between sexes in olfactory

detection (Figure S8B).
3.5—Fear Conditioning

Finally, the fear conditioning assay was employed as a well-established test of memory
and learning. Following a training session in which mice experienced two CS-US pairings
that induced freezing, contextual fear recall and cued fear recall tests were administered.
No treatment-dependent differences in time spent freezing were observed when mice
were placed into the fear conditioning chamber to assess contextual fear recall (Figure
8A). In the cued fear recall test, the fear conditioning chamber was modified to create a
novel visual and olfactory context for the subjects. During cued fear recall testing sessions,
the CS alone was administered twice and freezing during each 30-s event was recorded.
All groups exhibited elevated freezing during the second CS event relative to the first.

During the first CS event, the 25 ppm vismodegib treatment group froze for significantly
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longer than the 75 ppm vismodegib treatment group, though neither treatment resulted
in significant differences relative to the vehicle control mice (Figure 8B). No treatment-
dependent differences were observed during the second CS event, and there was no effect

of sex on fear conditioning (Figure S9).

DISCUSSION

Defining the molecular pathways that drive NDD pathogenesis is critical for preventing
these etiologically complex diseases. To our knowledge, the study reported herein is the
first to investigate neurobehavioral effects following low-dose Shh signaling disruption
spanning the critical period for craniofacial morphogenesis. The pharmacological
hedgehog pathway inhibitor vismodegib was selected for this study due to its specificity,
potency, and short half-life, allowing for selective inhibition of the Shh pathway between
GD4 and GD12 with minimal off-target toxic effects (Robarge et al., 2009; Wong et al.,
2011; Wong et al., 2009). Gestational exposure to the 225 ppm vismodegib diet produced
a spectrum of face and forebrain phenotypes of varying severity and was incompatible
with postnatal survival. Surprisingly, consumption of chow containing 25 or 75 ppm
vismodegib had no apparent impact on early forebrain patterning at GD11 or gross
morphology of the face or forebrain at GD17. Adult mice that were prenatally exposed to
25 or 75 ppm vismodegib were phenotypically normal and did not exhibit robust

behavioral differences in the battery of assays conducted in this study.

The potential for small molecule Shh pathway inhibitors to disrupt neurodevelopment
without producing overt external dysmorphologies has critical implications for our
understanding of NDD pathogenesis, broadening the spectrum of adverse outcomes that

may otherwise go unnoticed due to a focus primarily on external anomalies. The
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expansion of fetal alcohol spectrum disorders (FASD) to include individuals with
neurobehavioral symptoms who lack external dysmorphologies provides a salient
comparison. Studies in recent decades reveal a more substantial role of prenatal alcohol
exposure in neurodevelopment than was previously recognized by identifying adverse
neurobehavioral outcomes in children who appear phenotypically normal (Coles et al.,

2020; Hoyme et al., 2016; Hoyme et al., 2005).

A role for low-dose Shh signaling inhibition in the disruption of early neurodevelopment
was previously posited. One notable study investigated the capacity for piperonyl
butoxide (PBO), a pesticide synergist and Shh pathway inhibitor (Rivera-Gonzéalez et al.,
2021; Wang et al., 2012), to cause Shh-associated malformations in mice. The authors
found that the MGE and septal region of the forebrain were diminished following doses
of PBO that caused only subtle facial dysmorphology (Everson et al., 2019). Extrapolating
to a human population in which normal face shape variation may mask subtle
abnormalities, these results suggest that low levels of Shh signaling disruption may
impact neurodevelopment without overtly altering facial morphogenesis (Hammond &
Suttie, 2012; Hoyme et al., 2015). Under the experimental conditions examined in this
study, brain anomalies were not observed in the absence of robust craniofacial anomalies.
Several factors, such as the use of a dietary model of inhibition rather than an acute oral
dose or differences in the specificity and potency of vismodegib and PBO as Shh pathway

antagonists, may explain the seemingly disparate results between these studies.

Research from a separate lab demonstrated neurobehavioral changes in mice following
gestational and lactational exposure to PBO through modified diets (Tanaka, 2003;

Tanaka & Inomata, 2015, 2016; Tanaka et al., 2009). Significant changes in offspring mice
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were observed in measures of motor coordination, exploratory behavior, spontaneous
behavior, and olfaction, though treatment paradigms and neurobehavioral results were
not consistent across all studies. Furthermore, the studies were not designed to
interrogate underlying mechanisms. The exposure models presented by Tanaka and
colleagues most closely match the dietary vismodegib model utilized herein (Tanaka,
2003; Tanaka & Inomata, 2015, 2016; Tanaka et al., 2009). However, that PBO exposure
in each study spanned, at minimum, gestation and lactation may explain the subtler
phenotypes observed by Tanaka et al. Furthermore, PBO's impacts are not limited solely
to Shh pathway inhibition, and additional studies using specific antagonists, such as
vismodegib, over a broader period of development will clarify whether Shh signaling
disruption alone can induce neurobehavioral deficits in the absence of overt

dysmorphology.

We designed this study to expose mice over a period spanning the critical period for HPE,
providing vismodegib-laced diets from GD4 to GD12 (Heyne, Melberg, et al., 2015),
roughly corresponding to the first 6 weeks in human gestation. This developmental period
is highly dynamic and encompasses several, but not all, key roles of Shh signaling in brain
morphogenesis and CNS development. For example, Shh is implicated in
oligodendrogenesis in both the ventral and dorsal forebrain after GD12 in mice (Machold
et al., 2003; Winkler et al., 2018; Zhou et al., 2020). In addition, oligodendrocyte and
astrocyte differentiation were modulated based on Shh pathway activity in primary
rodent neural cell culture models of gliogenesis (Aratjo et al., 2014; Wang & Almazan,
2016). Whether targeted disruption of Shh during later stages in neurodevelopment can

induce behavioral changes through altered gliogenesis or other mechanisms in the
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absence of overt malformations remains unknown. Similarly, future studies investigating
low-dose Shh signaling disruption may extend the window of treatment to encompass the
murine equivalents of neurodevelopment during the second and third trimesters in
humans, which extends into the early postnatal period in mice (Almeida et al., 2020;

Parnell et al., 2014).

This study was constrained by several limitations. To reduce variability in the
experimental design, litters were generated for each treatment group and endpoint
concurrently. Therefore, additional treatment groups could not be added without
potentially introducing a group-specific bias. The absence of a treatment group that
consistently induced HPE with low penetrance prevented the assessment of
neurobehavioral changes in apparently normal littermates of overtly affected individuals.
Whether the treatment paradigm employed herein can induce mild or low-penetrance
facial dysmorphology requires additional study. Furthermore, practical considerations
limited the number of neurobehavioral tests that were conducted. The behavioral assays
utilized, though not comprehensive in scope, were selected for their breadth due to
limited reports of neurobehavioral impacts of gestational Shh pathway disruption. The
finding of diminished MGE size in the 225 ppm vismodegib group can inform future
studies on behavioral impacts of Shh disruption. The MGE, a transient forebrain
structure, gives rise to cortical interneurons. This subset of neurons is implicated in
diseases such as epilepsy, schizophrenia, and autism, as well as deficits in social behavior
(reviewed in Ansen-Wilson & Lipinski, 2017; Katsarou et al., 2017). In addition to effects
on the MGE, research has also found altered Shh levels in neurological conditions

including autism spectrum disorder, Parkinson's Disease, epilepsy, and demyelinating
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diseases such as multiple sclerosis (Al-Ayadhi, 2012; Dhekne et al., 2018; Fang et al., 2011;
Feng et al., 2016; Mastronardi et al., 2003). A role for Shh in the pathogenesis of these
disorders has not been fully elucidated, but future efforts may leverage behavioral and
functional assays targeting specific disease outcomes to support a causative or

predisposing effect of prenatal Shh disruption in NDD pathogenesis.

The dietary model of Shh pathway inhibition presented herein also possesses strengths.
In both the human population and animal models, HPE presents with incomplete
penetrance and phenotypic variability (Tekendo-Ngongang et al., 2020). Although HPE
is most often embryonic lethal (Matsunaga & Shiota, 1977; Orioli & Castilla, 2010),
individuals living with HPE-associated variants span the spectrum from phenotypically
normal to mild midfacial hypoplasia (i.e., a single central top incisor) to more moderate
and severe midfacial and forebrain hypoplasia (i.e., hypotelorism, microcephaly). HPE-
related neurobehavioral impacts cover a similarly broad spectrum from normal brain
function to cognitive delay to substantial impairment. Generally, the severity of facial and
brain defects is closely correlated, inspiring the aphorism “the face predicts the brain”
(DeMyer et al., 1964). The dietary Shh disruption model presented in this study
recapitulates this phenotypic variability as well as the established correlation between
face and forebrain outcomes. Leveraging this phenotypic variability and the low-stress
exposure paradigm, the dietary vismodegib model is suitable for study of multifactorial
insult including gene—environment and environment—environment interactions.
Combining simultaneous environmental insult or predisposing genetic variations with

the vismodegib diet can inform the impact of Shh modulation on multifactorial NDDs.
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This model has the potential to be a powerful tool for exploring etiologically complex

developmental disorders.

This study was designed to address whether Shh signaling pathway disruption alters
neurodevelopment in the absence of overt facial dysmorphology. Resolving this question
is critical to the informed assessment of health hazards in the context of environmental
Shh pathway inhibition. The current study did not support a model of NDD pathogenesis
in which Shh pathway disruption can significantly impact neurodevelopment without
altering craniofacial or limb morphogenesis, though future research may further clarify
the impact of low-dose Shh disruption on NDD outcomes by examining more
intermediate doses of vismodegib, a broader spectrum of behavioral endpoints, or
expanding the period of Shh pathway disruption to target additional critical periods of

development.
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TABLES
Table 1. Litter statistics for fetuses at GD17
Treatment Litters Live fetuses Resorptions Crown-rump
collected [n] [n (mean)] [n (mean)] [mean + SD mm]
Vehicle 7 47 (6.7) 9(1.3) 17.23 + 0.95
25 ppm Vis. 8 49 (6.1) 12 (1.5) 16.92 + 1.12
75 ppm Vis. 8 55 (6.9) 14 (1.8) 16.95 + 0.81
225 ppm Vis. 8 36 (4.5)* 22 (2.8)* 16.74 £ 0.79
*p<0.05

Table 2. Litter statistics for GD11 embryos

Treatment Litters Viable embryos Resorptions Crown-rump
collected [n] [n (mean)] [n (mean)] [mean + SD mm]
Vehicle 4 24 (6.0) 9(2.3) 5.92 + 0.24
25 ppm Vis. 3 12 (4.0)* 11 (3.7) 5.92 £ 0.29
75 ppm Vis. 3 26 (8.7)* 3 (1.0) 5.19 £ 0.65%
225 ppm Vis. 3 19 (6.3) 6 (2.0) 4.87 + 1.05%
*p<0.05

Table 3. Population parameters for behavioral testing

. Viable pups Pups lost Mass at weanin
Treatment Litters [n] [n (mel:lnl)’] [n (fnean)] [mean + SD g]g
Vehicle 6 34 (5.67) 4 (0.67) 10.86 + 2.06
25 ppm Vis. 7 41 (5.86) 4 (0.57) 9.64 + 1.51%
75 ppm Vis. 7 38 (5.43) 9 (1.29) 8.83 + 2.06*

*p<0.05
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FIGURES
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FIGURE 1. Facial morphometric assessment in a dietary model of Shh
pathway inhibition. (A-E) GD17 fetuses from dams fed vehicle- or vismodegib-
containing chow at the indicated concentrations. Interocular distance (IOD) and upper
lip length (ULL) measurements are represented visually in A’ by dashed and dotted lines,
respectively. (F, G) Plots of IOD and ULL measurements in fetuses of dams fed vehicle
chow (n = 35) or chow containing 25 ppm (n = 28), 75 ppm (n = 36), or 225 ppm (n = 21)
vismodegib. Individual data points are plotted along with bars representing mean + SEM.
IOD and ULL measurements for the fetuses shown in panels A-E are indicated by red
borders. One-way ANOVA with Tukey's post hoc test was used to compare the statistical

significance of IOD and ULL measurements between treatment groups. *p < 0.05. Scale

bar: 1 mm.
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Vehicle 25 ppm Vis. 75 ppm Vis. — 225 ppm Vis.

FIGURE 2. Evaluation of face and brain morphology in fetal mice exposed to
vismodegib. (A-E) Facial images of GD17 fetuses from dams fed diets containing
vehicle (n = 12) or 25 ppm (n = 20), 75 ppm (n = 19), or 225 ppm (n = 15) vismodegib.
Midfacial hypoplasia was apparent in most individuals from the highest exposure group.
(A’—E’) Dorsal view of brains from the same individuals shown in A—E. Olfactory bulbs
(ofb) were hypoplastic and partially unseparated following high vismodegib exposure,
and the cerebral cortices (cc) showed only shallow divisions in the most severely affected
samples. (A”—E”) H&E staining of coronal sections through the forebrain of the
individuals in A—E. The 225 ppm vismodegib diet altered the size and shape of the lateral
ventricles (Iv) and septal region (s) in moderately affected samples (D”) and induced true
HPE (incomplete separation of the forebrain) in severely affected samples (E”). mb,

midbrain. Scale bars: 1 mm.
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FIGURE 3. Expression pattern of select genes within the forebrain of
vismodegib-exposed embryos. (A-E) Representative frontal images of GDi1
embryos from dams provided chow containing vehicle (n = 24) or 25 ppm (n = 12), 75
ppm (n = 26), or 225 ppm (n = 19) vismodegib. The 225 ppm vismodegib group showed
varying degrees of midfacial hypoplasia resulting in closely approximated facial
processes, eyes (e), nostrils (n), and telencephalic vesicles (t). (F-T) Embryos were
bisected sagittally and stained using in situ hybridization for the genes indicated. In
control samples, Glit was most strongly expressed in the inferior aspect of the facial
processes and dorsally into the diencephalon (d). Pax6 was expressed dorsally within the
telencephalon and diencephalon. Nkx2-1 was expressed in the medial ganglionic
eminence (mge) and the ventral diencephalon. (U) An enlarged view of panel Q with the
measured area of the MGE outlined with a dashed red line. (V) Plot of MGE area
normalized to head area for a subset of embryos from each litter; vehicle (n = 9), 25 ppm

vismodegib (n = 9), 75 ppm vismodegib (n = 10), and 225 ppm vismodegib (n = 12).
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Individual samples are plotted, and bars represent the mean + SEM. One-way ANOVA
with Tukey's post hoc test was used to assess the statistical significance in MGE area. *p

< 0.05. Scale bars: 500 um.
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FIGURE 4. Evaluation of open field exploration in adult mice with prenatal
vismodegib exposure. (A—D) Plots of total distance traveled, the percentage of time
spent in the center of the arena versus the peripheries, and counts of stereotypic behavior
and vertical activity in mice from dams provided chow containing vehicle (n = 23) or 25
ppm (n = 24) or 75 ppm (n = 24) vismodegib. The 225 ppm vismodegib group was
excluded from behavioral testing due to low litter viability. Data are presented as mean +
SEM. For statistical testing, time in center data were log-transformed to achieve a normal
distribution. Stereotypic activity results failed Shapiro-Wilk normality testing, so a
nonparametric aligned rank transform was performed prior to analysis. Two-way ANOVA

with Tukey's post hoc test was used to assess differences by treatment and sex.
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20

Marbles buried (count)

FIGURE 5. Marble burying behavior in adult mice with prenatal vismodegib
exposure. The number of marbles buried by mice prenatally exposed to diets containing
vehicle (n = 23) or 25 ppm (n = 24) or 75 ppm (n = 24) vismodegib. Data are presented
as mean + SEM. The data failed Shapiro—Wilk normality testing, so a nonparametric
aligned rank transform two-way ANOVA with post hoc test was used to assess differences

by treatment and sex.
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FIGURE 6. Rotarod performance in adult mice with prenatal vismodegib
exposure. Mice prenatally exposed to diets containing vehicle (n = 23) or 25 ppm (n =
24) or 75 ppm (n = 24) vismodegib were placed on a rotarod apparatus for four sessions,
and the time it took for mice to fall from the apparatus was recorded. Many mice from
each treatment group successfully remained on the rotarod for the full duration of each
300-s session. Values represent the mean + SEM for each treatment and session. The data
failed Shapiro—Wilk normality testing, so a nonparametric aligned rank transform
ANOVA with post hoc test was used to compare differences between treatment groups,
sexes, and sessions. Treatment- dependent changes are indicated within sessions, and a
session-dependent difference was observed between the first and fourth sessions. *p <

0.05.
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FIGURE 7. Assessment of olfactory detection and discrimination in adult
mice exposed prenatally to vismodegib. (A) Olfactory discrimination in mice
prenatally exposed to diets containing vehicle (n = 23) or 25 ppm (n = 24) or 75 ppm (n
= 24) vismodegib was evaluated in two phases. In the first phase, the amount of time mice
spent investigating a swab scented with water (familiar) or a swab scented with either
lemon or mint (novel) was recorded. During the second phase, mice were provided with
two scented swabs, one with the now familiar scent from phase one and the other with a
novel scent. The amount of time spent investigating each swab was again recorded. (B)
The latency to find a scented object buried beneath bedding was used to evaluate the
ability of treated mice to detect odors. Data are presented as mean + SEM. For olfactory
discrimination, the data failed Shapiro—Wilk normality testing, so a nonparametric
aligned rank transform ANOVA with post hoc test was used to compare differences by
treatment group, sexes, and scent within each session. Olfactory detection data were log-
normalized to achieve a normal distribution, and two-way ANOVA with Tukey's post hoc

test was used to assess differences by treatment and sex.



128

A 50 B 100
*

B
o
1

80

¥
éﬁ . A %%% o Vehicle ‘
60 é %% A o 25 ppm Vis.
T
4

w
o
1

A 75 ppm Vis.

N
o
1

40

20+

% Time spent freezing
>
% Time spent freezing

o

wéffp
o
1> D%%%

& s cs1 cs2
&

FIGURE 8. Fear conditioning behavior in adult mice exposed prenatally to
vismodegib. (A) To test contextual fear recall, mice prenatally exposed to diets of vehicle
(n =23) or 25 ppm (n = 24) or 75 ppm (n = 24) vismodegib were placed in the same fear
conditioning chamber in which they first experienced the CS-US pairing 22 h prior, and
time spent freezing was recorded over a 360-s period. (B) Cued fear recall was assessed
by administering the CS only to mice in a novel context 24 h after the CS-US training.
Time spent freezing during each 30 s CS event was recorded. Bars represent mean + SEM.
Two-way ANOVA with Tukey's post hoc test was used to assess differences by treatment

and sex. *p<0.05.



129

57 o
(@)
> 4- @ w
5 v
3.8 BER
©
22
A E 24
@
c
S 14
0 1 1 1 1

Supplemental Figure 1. Daily chow consumption in pregnant dams. Chow was
weighed at the beginning (GD4) and end (GD11 or GD12) of the treatment period to
calculate an estimate of daily consumption. No significant differences were observed
between treatment groups, though the 225 ppm vismodegib group trended toward

slightly lower consumption on average.
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Vehicle 25 ppm Vis. 75 ppm Vis. — 225 ppm Vis.

Supplemental Figure 2. Quantitative morphometric measurements of
interocular distance (IOD) and upper lip length (ULL) in GD17 fetuses. (A-E)
IOD (broken line) and ULL (dotted line) measurements are shown for each image in
Figure 1. IOD reflects the minimum distance between the dark pigmented portion of the
eyes, and ULL is the distance from the center of the upper lip (notched in normal and
moderately affected animals) to the pigmented portion of the nose. In severely affected
animals lacking pigment on the nose (i.e. panel E), upper lip length is measured from the

center of the upper lip to the bright, single nostril.
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25 ppm Vis. 75 ppm Vis.

Supplemental Figure 3. HPE phenotypes in 25 ppm and 75 ppm vismodegib
treatment groups. A single fetus each from the 25 ppm (A) and 75 ppm (B) treatment
groups exhibited facial features consistent with HPE, such as decreased interocular
distance (Figure 1F), increased upper lip length (Figure 1G), shallow upper lip notch, and
narrow snout. Unilateral microphthalmia/anophthalmia was also observed in the

apparently affected fetus from the 25 ppm treatment group. Scale bar: 1 mm
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Supplemental Figure 4. Forelimb and hindlimb malformations were
observed in the 225 ppm vismodegib treatment group. (A-B) Typical forelimb
and hindlimb morphology from the vehicle-treated group are shown for reference. (C-D)
In the 225 ppm vismodegib treatment group, digit reductions occurred in both forelimbs
and hindlimbs. (E-F) Digit duplications, fusions, and other complex malformations were
observed in both forelimbs and hindlimbs following prenatal exposure to the 225 ppm
vismodegib diet. (G) Plot of incidence of limb malformations. Limb malformations were
not observed in the vehicle or 25 ppm or 75 ppm vismodegib treatment groups. All 225
ppm vismodegib pups exhibited at least one forelimb malformation, and co-occurring

hindlimb malformations were observed in 36% of pups. Scale bar: 1 mm
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Supplemental Figure 5. Evaluation of open field exploration in adult mice
with prenatal vismodegib exposure by sex. (A-D) Plots of total distance traveled,
the percentage of time spent in the center of the arena versus the peripheries, and counts
of stereotypic behavior and vertical activity separated by sex. Sex-dependent differences
were only observed for total vertical activity (D). A total of twenty-three vehicle-treated
mice (12 male, 11 female), twenty-four 25 ppm vismodegib-treated mice (12 male, 12
female), and twenty-four 75 ppm vismodegib-treated mice (12 male, 12 female) were
evaluated. Data are presented as mean + SEM. For statistical testing, time in center data
were log-transformed to achieve a normal distribution. Stereotypic activity results failed
Shapiro-Wilk normality testing, so a nonparametric aligned rank transform was
performed prior to analysis. Two-way ANOVA with Tukey’s post hoc test was used to

assess differences by treatment and sex. * p < 0.05
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Supplemental Figure 6. Marble burying behavior in adult mice with prenatal
vismodegib exposure evaluated by sex. The number of marbles buried by each
mouse, separated by sex. A total of twenty-three vehicle-treated mice (12 male, 11 female),
twenty-four 25 ppm vismodegib-treated mice (12 male, 12 female), and twenty-four 75
ppm vismodegib-treated mice (12 male, 12 female) were evaluated. Data are presented as
mean + SEM. The data failed Shapiro-Wilk normality testing, so a nonparametric aligned
rank transform two-way ANOVA with post hoc test was used to assess differences by

treatment and sex. * p < 0.05
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Supplemental Figure 7. Rotarod performance in adult male and female mice
with prenatal vismodegib exposure. (A-B) Male and female mice were placed on a
rotarod apparatus for four sessions, and the time it took for mice to fall from the apparatus
was recorded. A total of twenty-three vehicle-treated mice (12 male, 11 female), twenty-
four 25 ppm vismodegib-treated mice (12 male, 12 female), and twenty-four 75 ppm
vismodegib-treated mice (12 male, 12 female) were evaluated. Values are offset for clarity
and represent the mean + SEM for each treatment and session. The data failed Shapiro-
Wilk normality testing, so a nonparametric aligned rank transform ANOVA with post hoc
test was used to compare differences between treatment groups, sexes, and sessions.
Across all treatment groups and sessions, males remained on the rotarod for significantly

more time, 289.7 + 2.7 s compared to 284.9 + 3.6 s for females. * p < 0.05
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Supplemental Figure 8. Assessment of olfactory detection and
discrimination in adult male and female mice exposed prenatally to
vismodegib. (A) Olfactory discrimination in mice was evaluated in two phases. In the
first phase, the amount of time mice spent investigating a swab scented with water
(familiar) or a swab scented with either lemon or mint (novel) was recorded. During the
second phase, mice were provided with two scented swabs, one with the now familiar
scent from phase one and the other with a novel scent. The amount of time spent
investigating each swab was again recorded. (B) The latency to find a scented object
buried beneath bedding was used evaluate the ability of treated mice to detect odors. A
total of twenty-three vehicle-treated mice (12 male, 11 female), twenty-four 25 ppm

vismodegib-treated mice (12 male, 12 female), and twenty-four 75 ppm vismodegib-
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treated mice (12 male, 12 female) were evaluated. Data are presented as mean + SEM. For
olfactory discrimination, the data failed ShapiroWilk normality testing, so a
nonparametric aligned rank transform ANOVA with post hoc test was used to compare
differences by treatment group, sexes, and scent within each session. Olfactory detection
data were log-normalized to achieve a normal distribution, and two-way ANOVA with

Tukey’s post hoc test was used to assess differences by treatment and sex.
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Supplemental Figure 9. Fear conditioning behavior in adult mice exposed
prenatally to vismodegib evaluated by sex. (A) To test contextual fear recall, mice
prenatally exposed to diets of vehicle (n=23) or 25 ppm (n=24) or 75 ppm (n=24)
vismodegib were placed in the same fear conditioning chamber in which they first
experienced the CS-US pairing 22 h prior, and time spent freezing was recorded over a
360 s period. (B) Cued fear recall was assessed by administering the CS only to mice in a
novel context 24 h after the CS-US training. Time spent freezing during each 30 s CS event
was recorded. A total of twenty-three vehicle-treated mice (12 male, 11 female), twenty-
four 25 ppm vismodegib-treated mice (12 male, 12 female), and twenty-four 75 ppm
vismodegib-treated mice (12 male, 12 female) were evaluated. Bars represent mean +
SEM. Two-way ANOVA with Tukey’s post hoc test was used to assess differences by

treatment and sex.
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CHAPTER V: FUTURE DIRECTIONS

Tyler G. Beames
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ABSTRACT

Defining the role of environmental risk in etiologically complex birth defects is an
important step in developing effective prevention strategies. In this work, we investigated
the impacts of chemical modulation of the Sonic hedgehog (Shh) signaling pathway, an
integral developmental regulator that is associated with etiologically complex congenital
malformations and is susceptible to disruption by diverse small molecules. To identify
and characterize environmental risk factors in the context of etiologically complex birth
defects, we utilized in vitro and in vivo models to examine the dynamics of chemical
interactions, the potency and efficacy of human-relevant toxicants, and low-dose effects
during gestation with a focus on Shh signaling-mediated outcomes. These studies
demonstrated synergistic disruption of the Shh pathway in vitro and potentiation of
teratogenesis in a zebrafish embryo model, characterized putative Shh pathway inhibitors
with probable sources of human exposure, and investigated neurodevelopmental changes
following dietary Shh signaling inhibition during early gestation. These results advance
our understanding of environmental contributions to Shh signaling pathway disruption,
but additional questions follow from the results of these studies. In this chapter, we
propose additional avenues of research that will further clarify how environmental risk

contributes to the overall prevalence and severity of birth defects.
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Investigating the induction of Shh signaling-related malformations by environmental

chemicals and mixtures

In chapters two and three of this work, we demonstrated that Shh signaling inhibitors can
interact to synergistically reduce pathway activity and that human-relevant chemicals can
disrupt Shh signaling. The next logical step is to confirm that the observed reduction in
pathway activity using environmental chemicals translates to abnormal development.
This approach was previously taken with the pesticide synergist piperonyl butoxide
(PBO), which was found to inhibit Shh signaling in 2012 and subsequently demonstrated
to cause HPE, cleft palate, and limb malformations (Everson et al., 2019; Rivera-Gonzalez
et al., 2024; Wang et al., 2012). Treating pregnant mice with the high-priority
environmental compounds identified in chapter three during the critical period for
craniofacial is an important step in validating the potential risk posed by these
compounds. In addition to single-compound treatments, mixtures of Shh pathway
antagonists can be established for dosing based on exposure estimates. Even when
individual compounds are at concentrations below their lowest observed effect level
(LOEL), mixtures have been shown to induce biological effects in accordance with the
principles of dose addition (Kortenkamp et al., 2007; Silva et al., 2002). Exposure studies
using mixtures of Shh pathway antagonists could provide the clearest demonstration of
the risk posed by environmental factors in the development of etiologically complex, Shh

signaling-mediated birth defects.

Elucidating mechanisms of synergism among Shh pathway inhibitors

The greatest mystery to arise over the course of the studies presented in this work is the

mechanism by which PBO synergistically interacts with other SMO inhibitors such as
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cyclopamine and vismodegib. Before beginning co-exposure testing with Shh pathway
inhibitors, we hypothesized that similarly acting chemicals would interact additively, and
dissimilar chemicals would have a higher probability to interact synergistically. To our
surprise, PBO, which has been reported to competitively bind to the same region of SMO
as cyclopamine (Wang et al., 2012), synergized with the highly studied SMO inhibitors
cyclopamine and vismodegib. Following this observation, we utilized Shh pathway-
modified cell lines to reveal that PBO likely has a SMO-independent mechanism that
occurs further downstream in the pathway. One possibility we investigated was that PBO
increased the activity of cyclopamine through its inhibition of cytochromes P450. To test
this, we treated our Shh pathway-autonomous cell culture system with cyclopamine or
PBO in the presence of SKF-525a, a pan-cytochrome P450 inhibitor. SKF-525a co-
treatment increased the ability of these inhibitors to reduce Shh signaling activity (Fig. 1).
Given that SKF-525a similarly increased the inhibitory effects of both PBO and
cyclopamine, we do not believe that PBO is able to effectively inhibit cytochromes P450
at the concentrations that produce synergy. PBO’s SMO-independent mechanism may
belong to another signaling pathway that interacts with the Shh pathway, and this can be
evaluated by assessing the GLI proteins. The GLI transcription factors are modified by
phosphorylation and ubiquitination to regulate their stability and activity (reviewed in
Yoshida & Yoshida, 2025). Changes in the amount of GLI proteins or the extent of
phosphorylation and ubiquitination would support a non-canonical mechanism of Shh
pathway inhibition. Another approach for distinguishing mechanisms between additive
and synergistic interactions is to perform RNA-seq on samples treated with each of the
inhibitors employed in chapter two. Differentially expressed genes across treatment

groups may shed light on the mechanisms governing synergistic interactions and help
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reveal additional mechanistic targets among compounds known to inhibit Shh signaling.
Resolving the mystery of mechanisms of synergy would improve our ability to predict the

types of interactions that occur within the Shh signaling pathway.

Incorporating advanced cell culture models to characterize environmental risk factors in

birth defect etiology

Shh signaling in its native context during craniofacial development involves a spatially
graded response (Dessaud et al., 2007; Kurosaka, 2015; Lan & Jiang, 2009; Stamataki et
al., 2005), and alterations to the post-translational modification of the SHH ligand can
impact its distribution throughout the extracellular space (Dawber et al., 2005). Multiple
models have been reported to recapitulate this gradient of Shh signaling in vitro. In a
microphysiological approach, the tissue architecture of the facial growth centers is
recapitulated by seeding a thin layer of epithelial cells adjacent to a dense mesenchyme
(Johnson et al., 2021). By overexpressing SHH in the epithelial cells, a gradient of Shh
signaling activity was achieved within the mesenchymal cell population. This medium-
throughput method could be leveraged to assess the impacts of chemicals that alter
cholesterol availability on gradient formation, as well as to investigate co-exposures
involving chemicals that disrupt the gradient. Another approach that incorporates
gradient formation involves forebrain organoids (Cederquist et al., 2019). In the forebrain
organoid model, a small population of cells capable of producing SHH ligand is embedded
at one end of the organoid, becoming a point source of Shh activation. This model does
not recapitulate the craniofacial tissue architecture, but it was shown to specify several
unique cell populations within the organoid based on the extent of Shh signaling within

those populations. These models could be leveraged to better understand how
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environmental Shh pathway antagonists disrupt signaling across the gradient (i.e., are the

cell populations with the lowest Shh signaling the most sensitive to inhibition?).

Assessing the impacts of coordinated disruption of critical developmental pathways on

craniofacial development

Although the focus of this body of work is on the Shh signaling pathway, numerous other
pathways regulate aspects of craniofacial development independently or through
crosstalk (Neben & Merrill, 2015). Maintenance and specification of cranial neural crest
cells within the developing facial processes requires interactions between the Shh, Wnt,
FGF, TGF-B, and BMP signaling families (Roth et al., 2021; Xu et al., 2023). Within this
complex network of pathways, small perturbations across distinct targets may add up to
produce adverse effects. Testing this hypothesis can again leverage in vitro and in vivo
models. Crosstalk with Shh signaling could be assessed in Shh-LIGHT2 cells through co-
exposure to chemicals targeting different pathways or by reducing the activity of pathways
that intersect with Shh signaling using CRISPR gene-editing. Gene editing is an especially
promising approach since it enables the evaluation of human-relevant genetic variants.
Once specific cross-pathway interactions are identified in cells, these methods can be
brought to more biologically relevant models that better recapitulate tissue architecture
and the full breadth of the signaling network. The proposed studies would support the
identification of risk factors with disparate mechanisms within the etiology of

multifactorial birth defects.
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Impaired neurodevelopment resulting from second and third trimester Shh signaling

disruption

In the fourth chapter of this work, we utilized a dietary model of low-dose Shh pathway
inhibition to test whether we could induce neurodevelopmental deficits in the absence of
overt craniofacial malformations. We provided mice with vismodegib-laced chow from
gestational day (GD)4 through GD12 to target the critical periods for holoprosencephaly
(HPE) and cleft palate (Heyne, Melberg, et al., 2015) and assessed early forebrain
patterning at GD11 and behavior in adults. Vismodegib-exposed mice that appeared
normal by facial phenotype showed no signs of abnormal neurodevelopment within the
parameters of our investigation. This unexpected result may be explained by the selection
of doses, the specific behavioral assays employed, or the incomplete penetrance of Shh
pathway disruption reducing the power of our analyses by introducing high levels of
variability. However, we favor the hypothesis that the exposure window did not align with
a critical period during which neurodevelopment could be altered without modulating
face shape. Relative to most organs, the development of the brain is prolonged, extending
into the early postnatal period in mice. Animal models of fetal alcohol spectrum disorders
have demonstrated that gestational alcohol exposure induces craniofacial malformations
during the equivalent of the first trimester, whereas effects are primarily neurological
when administration is delayed to the second and third trimester equivalents (Almeida et
al., 2020). Robust disruption of the Shh signaling pathway subsequent to craniofacial
morphogenesis may similarly induce neurobehavioral deficits without producing external
malformations. There is also a functional basis for this hypothesis. Shh signaling plays a
role in oligodendrogenesis later than GD 12 in mice, and rodent neural cell culture models

exhibit altered oligodendrocyte and astrocyte differentiation following modulation of Shh
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signaling (Aragjo et al., 2014; Machold et al., 2003; Wang & Almazan, 2016; Winkler et
al., 2018). This hypothesis is readily addressable using our dietary model of Shh pathway
inhibition. Pregnant dams can be maintained on modified diets from approximately GD12
through weaning of pups, and behavior can be similarly assessed in adults. The
identification of a later critical period for Shh-associated neurobehavioral disorders
would support the expansion of diagnostic criteria for diseases associated with prenatal

Shh pathway disruption.
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FIGURE 1. Inhibition of cytochrome P450 enzymes enhances the efficacy of
cyclopamine and PBO. The Shh pathway signal transduction model was treated with
graded concentrations of the non-selective cytochrome P450 inhibitor SKF-525A alone
or in combination with cyclopamine or PBO. Following 48 h of treatment, the reduction
in GLI1-driven luminescence was assessed. Bars represent the mean and SEM. One-way
ANOVA with Dunnett’s post-hoc was used to compare the co-exposed groups against

singe cyclopamine or PBO exposure. Bars represent the mean + SEM (n = 3). * p<0.05
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