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Abstract 
Neural tube defects (NTDs) are birth defects that affect approximately 1/1000 babies 

annually worldwide and are thought to result from complex interactions between genetics, 

maternal nutrition, and environmental factors.  Fumonisin B1 (FB1) is a mycotoxin produced by 

a common fungal contaminant of corn.  Ingestion of FB1-contaminated food during early 

pregnancy is associated with increased risk for having a child with anencephaly/exencephaly, a 

lethal NTD.  FB1 treatment of pregnant mice results in 79% exencephaly in LM/Bc mice, but less 

than 1% NTDs in SWV mice.  

FB1 inhibits ceramide synthase (CerS1-6) enzymes involved in de novo sphingolipid 

biosynthesis, causing increased accumulation of sphinganine and its phosphorylated bioactive 

metabolite sphinganine-1-phosphate (Sa1P).  CerS1 is the primary isoform found in the brain 

and has a unique bicistronic mRNA structure with Gdf1 (growth differentiation factor 1).  Exome 

sequencing of the LM/Bc strain identified a single nucleotide polymorphism (SNP) in Gdf1 that 

may contribute to enhanced genetic susceptibility to FB1-induced NTDs; AKR/J mice have the 

same Gdf1 SNP and are also susceptible to FB1-NTDs.  

FTY720 (Fingolimod, Gilenya®) is an FDA-approved drug used for treating multiple 

sclerosis.  FTY720 treatment in pregnant mice caused NTDs in 40-60% of SWV and LM/Bc 

embryos and results in an accumulation of the bioactive ligand FTY720-P.  Cytoplasmic Sa1P and 

FTY720-P function as agonists for sphingosine-1-phosphate (S1P) receptors, whereas nuclear 

Sa1P and FTY720-P inhibit histone deacetylase (HDAC) activity. 

FB1 treatment in LM/Bc MEFs caused significant accumulation of nuclear Sa1P, 

decreased HDAC activity, and increased histone acetylation, suggesting that HDAC inhibition 

may represent a novel mechanism for FB1-induced NTDs.  FB1 treatment also results in 
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increased Gdf1 mRNA expression and increased miR-574-5p expression, a known regulator of 

CerS1 mRNA stability in the bicistronic transcript.  Detection of the Gdf1 SNP and enhanced mir-

574-5p expression may represent new genetic and epigenetic biomarkers for identifying 

individuals at risk for FB1-induced NTDs.  

 FTY720 treatment in LM/Bc MEFs resulted in elevated nuclear and cytoplasmic 

FTY720-P, suggesting that both HDAC inhibition and S1P receptor activation may play a role in 

FTY720-induced NTDs.  As pharmacological applications for FTY720 expand, these studies 

provide mechanistic insight into the potential risks for use in pregnant women.   
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CHAPTER I 
Background and Objectives 

Neural Tube Defects 
Every year approximately 8 million babies are born with a birth defect worldwide 

(Christianson et al., 2006).  Birth defects typically occur within the first trimester of pregnancy 

and can range from physical malformations and abnormalities to chronic diseases and 

chromosomal alterations.  Types of birth defects include: cleft lip and palate, spina bifida, Down 

Syndrome, congenital heart defects, and cerebral palsy (March of Dimes Foundation, 2015).  

Some of the most common birth defects are those that affect the brain, spine, and/or spinal 

cord, known as neural tube defects (NTDs).  Worldwide, more than 300,000 babies are born 

with a neural tube defect (NTD) every year, with the NTD rate in the United States 

approximately 1 in 1,000 live births (Botto et al., 1991).  NTDs occur within the first month of 

pregnancy, with the completion of human neural tube closure occurring approximately 28 days 

after conception (reviewed in Cavalli, 2008).  This is a very critical time in embryonic 

development, but also early enough in pregnancy that some women don’t yet know they are 

pregnant.  In mice, however, gestation is much shorter, at only 21 days, with neural tube closure 

occurring between embryonic days 8 and 9.5 (reviewed in Greene and Copp, 2009). 

There are several types of NTDs, with spina bifida being the most common (NINDS, 

2013).  Spina bifida typically occurs when the posterior neural tube fails to close properly.  There 

are varying types of spina bifida, ranging in severity.  Spina bifida occulta is a mild form that is 

sometimes referred to as “hidden” spina bifida and does not involve damage to nerves or the 

spinal cord, causing few, if any, symptoms (NINDS, 2013).  Myelomeningocele is the most 
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common and most severe form of spina bifida.  Myelomeningocele forms when neural tissue 

protrudes out of the baby’s open spinal cord (reviewed in Copp and Green, 2013).   

Exencephaly and anencephaly are rare NTDs that occur when the anterior (cranial) 

neural tube fails to close properly.  Exencephaly is found in early term embryos and fetuses 

(humans and mice), with the exposed neural folds and neuroepithelium protruding outward, 

allowing the brain to form outside of the skull (reviewed in Copp and Greene, 2013).  

Throughout the remainder of fetal development, the exposed neural tissue is slowly degraded 

by the surrounding amniotic fluid.  At the time of birth, very little brain matter is left, resulting in 

an anencephalic baby (reviewed in Copp and Greene, 2013).  Anencephalic babies are often 

stillborn.  Those who are born alive typically die within minutes or hours of birth (NINDS, 2003).  

The project presented here focuses on exencephaly in mice and anencephaly in humans.  

 Other rare NTDs are encephaloceles and craniorachischisis.  Encephaloceles occur when 

the skull does not completely close, leaving an opening that allows brain matter to protrude, 

whereas craniorachischisis occurs when the entire neural tube fails to close and remains open 

from the brain to the lower spine (reviewed in Copp and Greene, 2013).  Iniencephaly is one of 

the rarest NTDs, but it is extremely severe and lethal.  Babies with iniencephaly are born without 

a neck, and their heads are contorted in such a way that that the skin surrounding the face is 

connected to the chest and their scalp is connected to their back (NINDS, 2003).   

Neural tube closure begins with neural induction, a process in which embryonic 

ectodermal cells are signaled by neural inducers, such as noggin, chordin, and follistatin, to take 

on a neural fate (reviewed in Weinstein and Hemmati-Brivanlou, 1999).  Those embryonic cells 

that end up acquiring a neural fate begin formation of the flat neural plate, whereas the 

remaining cells form the ectoderm and mesoderm (Stern, 2006) (Figure 1).    
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Figure 1: The process of neural tube closure in mammals.  Neural tube closure begins with 

neural induction and the formation of the neural plate.  The neural plate then begins to bend 

and elevate at the medial hinge point, creating the “u-shaped” neural folds.  The neural folds 

continue to bend inward at the dorsolateral hinge points.  Once touching the neural folds fuse 

together, creating the closed neural tube.  Throughout neural tube closure the embryonic 

ectoderm transforms into the epidermis, while the mesoderm forms the somites, which later 

differentiate into skin, bone, and muscle.  Figure modified and based on reviews from Gammill 

and Bronner-Fraser (2003) and Yamaguchi and Miura (2013). 
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The next step of neural tube closure is the shaping of the neural plate.  The neural plate 

lengthens through convergent extension, narrowing the middle and thickening the edges.  The 

narrow middle of the neural plate forms the (ventral) medial hinge point, from which the edges 

of the neural plate begin to bend upward, creating the neural folds.  Each neural fold then bends 

at the dorsolateral hinge point and migrates toward the dorsal midline, where epithelial fusion 

occurs to form the neural tube (reviewed in Smith and Schoenwolf, 1997; reviewed in 

Yamaguchi and Miura, 2013).  Neural fold fusion creates the closed neural tube, the surface 

epidermis, and the neuroepithelium (reviewed in Copp, 2005).  Neural tube closure, not only 

involves multiple cellular events (neural plate shaping and bending), but also requires multiple 

molecular mechanism and signals.  The key signaling proteins involved include bone 

morphogenetic proteins (Bmp), sonic hedgehog (Shh), noggin, canonical Wnt, and non-canonical 

Wnt (planar cell polarity) signaling molecules (reviewed in Yamaguchi and Miura, 2013). 

In mammals, neural tube closure does not occur all at once, but rather begins at 

multiple sites along the anterior-posterior axis and closes bi-directionally from each site (Van 

Allen et al., 1993; reviewed in Bassuk and Kibar, 2009; reviewed in Yamaguchi and Miura, 2013).  

In humans, there are five points of neural tube closure (Van Allen et al., 1993), whereas mice 

have at least three closure sites, and some argue there may be four (reviewed in Juriloff and 

Harris, 2000; reviewed in Bassuk and Kibar, 2009) (Figure 2).  Failure of site 2 to close properly 

results in anencephaly (human) and exencephaly (mouse), whereas failure of site 1 to close 

results in craniorachischisis, and failure of site 5 (human) and lower site 1 (mice) to close results 

in spina bifida (Van Allen et al., 1993; reviewed in Bassuk and Kibar, 2009).   
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Figure 2: Neural tube closure sites in mice and humans and defects that occur from improper 

closure at each site.  Neural tube closure does not occur at one time, but rather starts at 

multiple sites and fuses bi-directionally.  Mice have three neural tube closure sites, and some 

researchers argue that there are actually four.  Humans have five different sites of neural tube 

closure.  Defects in neural tube closure at site 2, in mice and humans, results in a cranial neural 

tube defect.  In mice, this defect is called exencephaly as the brain is visible as a protrusion 

outside of the skull.  In humans, this closure defects results in anencephaly, as a major part of 

the brain is absent at the time of birth.  Due to a longer gestational period in humans, the brain 

matter is slowly degraded by the amniotic fluid and is nearly gone at the time of birth.  Adapted 

from Bassuk and Kibar, 2009 and CDC, 2014.  
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Unlike many types of birth defects, NTDs can be prevented by folic acid 

supplementation.  Although the exact mechanism of folic acid prevention of NTDs is unknown, 

folic acid is an essential vitamin necessary for proper tissue formation, growth, and 

development of the embryo, as it is required for DNA production (Burke et al., 2009).  In 1992, 

the Center for Disease Control (CDC) recommended that all women of childbearing age take at 

least 400 µg of folic acid per day (CDC, 1992).  In 1998, the U.S. Food and Drug Administration 

(FDA) required that folic acid (140 µg folic acid per 100 g) be added to all grain products (CDC, 

2010).  Several studies have been conducted to evaluate the effects of mandatory folic acid 

fortification on the occurrence of babies born with NTDs, and estimates suggest that every year 

approximately 1,000 NTD cases are prevented in the United States (CDC, 2004; Williams et al., 

2015).  Although a reduction in the number of NTDs has been observed post-folate fortification 

across non-Hispanic white, non-Hispanic black, and Hispanic populations, Hispanic populations 

consistently have a higher prevalence of both spina bifida and anencephaly, both pre- and post-

fortification (Williams et al., 2005; Williams et al., 2015).  Although all Latin American countries 

fortify wheat flour (reviewed in Rosenthal et al., 2013), it has been proposed that folic acid 

fortification of maize masa flour would prevent approximately 40 Hispanic babies being born 

with an NTD per year (Tinker et al., 2013).   

Causes of Neural Tube Defects 
The causes of NTDs are not completely understood, but appear to be multifactorial and 

the result of complex interactions between maternal diet, genetics and environmental 

exposures.  There are more than 240 mouse mutants and strains that are known to have NTDs.  

Of these, 205 are due to a specific gene variation, whereas the other mouse models of NTDs are 

due to unknown or multifactorial etiology (Harris and Juriloff, 2010).  Mouse models of 

exencephaly are four-fold more common than those for spina bifida (Harris and Juriloff, 2010).  
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Over the years, many signaling pathways have been shown to be involved in neural tube 

closure, including the planar cell polarity pathway (non-canonical Wnt signaling), folate 

metabolism pathway, sonic hedgehog signaling, retinoic acid signaling, and bone morphogenetic 

protein (Bmp) signaling (reviewed in Greene et al., 2009 and Copp and Greene, 2013).  More 

recent mouse models have demonstrated the role of epigenetic regulation, micro-RNAs 

(miRNA), and ciliopathies (disorders of cilia) in NTDs (Harris and Juriloff, 2010; reviewed in Wilde 

et al., 2014).  Epigenetic mechanisms of NTDs have recently emerged over the last ten years, 

specifically examining the effects of DNA methylation, histone methylation and acetylation, and 

chromatin remodeling (Greene et al., 2011).  Mouse models of NTDs and identification of genes 

involved in neural tube closure have led to a better understanding of genetic susceptibility to 

NTDs in humans. 

Certain environmental exposures during pregnancy have also been shown to contribute 

to NTD risk, which can include taking some prescription medications.  Valproic acid (VPA), an 

anti-epileptic drug, has been shown to cause spina bifida in humans (Oakeshott and Hunt, 1989; 

Lammer et al., 1987).  Folic acid antagonists, such as methotrexate, used to treat various types 

of cancer, psoriasis, and rheumatoid arthritis, or trimethoprim, used to treat urinary tract 

infections, have also been shown to cause congenital malformations (NTDs and cardiovascular 

defects) in babies (Matok et al., 2009).  Environmental exposures to chemicals, such as 

pesticides, solvents (paints, varnishes, inks, cleaning agents), nitrates in water, and heavy metals 

(mercury) in both mothers and fathers have also been linked to increases in human NTDs 

(reviewed in Sever, 1995; Garlantézec et al., 2009).  Maternal and paternal occupations (nursing, 

farming, and painting), maternal diabetes, obesity, and hyperthermia (prolonged hot tub or 

sauna use) are also considered risk factors for having a baby born with an NTD (reviewed in 

Sever, 1995; Garlantézec et al., 2009; Wilde et al., 2014). 
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Sphingolipid Metabolism 
Sphingolipids are structural components of all cell membranes and are also important 

signaling molecules involved in cell apoptosis, proliferation, migration, and inflammation (Merrill 

Jr. et al., 2001; reviewed in Hannun and Obeid, 2008).  The building blocks of all sphingolipids 

are ceramides, made up of a sphingoid base and a fatty acid side chain that can vary in length 

from 14 carbons (C14) to 26 carbons (C26) (Figure 3).  The different side chain lengths are added 

to the sphingoid bases by a family of ceramide synthase enzymes, CerS1-6 (Levy and Futerman, 

2010).  Ceramide also plays a role in differentiation, senescence, and apoptosis (reviewed in 

Hannun and Obeid, 2008). 

De novo sphingolipid biosynthesis (Figure 4) occurs in the endoplasmic reticulum (ER) 

and begins with condensation of serine and palmitoyl-CoA by serine palmitoyltransferase 

(Hanada, 2003).  This reaction creates 3-ketosphinganine, which is then reduced by 3-

ketosphinganine reductase to form sphinganine.  Sphinganine is then acylated by ceramide 

synthases to generate dihydroceramide (Mandon et al., 1992).  Finally, dihydroceramide is 

reduced by dihydroceramide desaturase to form ceramide (Causeret et al., 2000).  Ceramide can 

undergo further chemical reactions to form sphingomyelin, glucosylceramides, and sphingosine 

(Futerman and Riezman, 2005).  The reversible formation of sphingosine from ceramide is part 

of the recycling, or salvage, pathway of sphingolipid metabolism (Kitatani et al., 2008).  

Stimulators of sphingolipid metabolism include platelet-derived growth factor (PDGF), tumor 

necrosis factor-α (TNFα), and interleukin-1β (IL-1β), whereas fumonisin B1 (FB1) and myriocin 

(ISP-1) are known inhibitors of de novo sphingolipid biosynthesis (reviewed in Merrill Jr. et al., 

2001; Miyake et al., 1995).  
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Figure 3: Chemical structure of ceramides with different acyl chain lengths. Ceramides are 

made up of either sphinganine or sphingosine and a fatty acid side chain that can vary in length 

from 14 carbons to 26 carbons.  This figure shows the structure of sphinganine in blue and the 

various acyl chains in yellow.  Adapted from Levy and Futerman (2010). 
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Figure 4: Sphingolipid metabolism pathways.  De novo sphingolipid biosynthesis begins with 

the condensation of serine and palmitoyl-CoA, through serine palmitoyltransferase, to form 

sphinganine (other amino acids, most notably alanine and glycine can also be used by serine 

palmitoyltransferase).  Sphinganine is then acylated by ceramide synthase (CerS1-6) to form 

dihydroceramide, which can be reduced to form ceramide, through dihydroceramide 

desaturase.  In the recycling, or salvage, sphingolipid pathway, ceramide can be reversibly de-

acylated by ceramidase to form sphingosine.  Sphinganine and sphingosine can be 

phosphorylated by sphingosine kinases (Sphk1, Sphk2) to form sphinganine-1-phosphate (Sa1P) 

and sphingosine-1-phosphate (S1P), bioactive signaling molecules that can act on S1P receptors 

or inhibit histone deacetylases (HDACs). Based on a review by Merrill Jr. et al. (2001).   
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There are six different ceramide synthase enzymes, CerS1-6.  Each is differentially 

expressed in tissues and responsible for adding different acyl chain lengths to form ceramide 

(Levy and Futerman, 2010) (Table 1).  Ceramide synthases mediate/regulate programmed cell 

death via mitochondrial outer membrane permeabilization, sensitivity to chemotherapeutic 

drugs and radiation through the cell stress response, and ER stress and autophagy (reviewed in 

Mullen et al., 2012).  Decreased levels of CerS1 (and C18-ceramide production) have been 

observed in head and neck cancers (reviewed in Mullen et al., 2012) and CerS1 loss-of-function 

mutations in mice result in cerebellar ataxia and neurodegeneration (Zhao et al., 2011).  Altered 

expression levels of other CerS proteins have been implicated in breast and liver cancers and 

testicular and keratinocyte function (reviewed in Mullen et al., 2012).   

Sphinganine and sphingosine can also be phosphorylated by sphingosine kinase (Sphk1 

or Sphk2) enzymes to create the bioactive signaling molecules sphinganine-1-phosphate (Sa1P) 

and sphingosine-1-phosphate (S1P) (reviewed in Hait et al., 2006).  Although Sphk1 and Sphk2 

appear to have some redundant functions, differences are observed in their tissue distribution 

and subcellular localization.  Although Sphk1 and Sphk2 are expressed in all mammalian tissues 

(embryonic and adult), the tissue distribution of each isoform changes slightly during the course 

of development (Liu et al., 2000; Fukuda et al., 2003; Mizugishi et al., 2005).  Throughout 

development both Sphk1 and Sphk2 are present in neural tissue; however, in adulthood, Sphk2 

appears to be the predominant isoform in the brain (Liu et al., 2000; Mizugishi et al., 2005).  In 

terms of subcellular localization, Sphk1 is predominantly cytoplasmic, associating with the 

plasma membrane when activated, and is most likely responsible for the production of 

cytoplasmic Sa1P and S1P (Olivera et al., 1999; Hengst et al., 2009).   
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Table 1: Ceramide synthase (CerS) mRNA tissue localization and fatty acid side chain 

preference.  There are six different isoforms of ceramide synthase enzymes, CerS1-6.  They each 

are responsible for creating different lengths of ceramide and are expressed in certain human 

tissues.  Based on a review by Levy and Futerman (2010). 
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In contrast, Sphk2 is typically localized to the nucleus (cell type and density dependent) and is 

responsible for the nuclear production of Sa1P and S1P (Igarashi et al., 2003; Hait et al., 2009).  

Sa1P and S1P can be dephosphorylated by lipid phosphatases or irreversibly degraded by S1P 

lyase to form phosphoethanolamine and hexadecanal (reviewed in Hannun and Obeid, 2008). 

Cytoplasmic Sa1P and S1P, generated by Sphk1, can be transported out of the cell by 

members of the ATP-binding cassette (ABC) transporter family, such as ABCG2 and ABCC1, 

(Takabe et al., 2010; Mitra et al., 2006) and Spinster 2 (Spns2), a non-ATP-dependent 

transporter (Kawahara et al., 2009).  Once transported out of the cell, Sa1P and S1P can act as 

ligands for a group of five G protein-coupled receptors (GPCRs), known as sphingosine-1-

phosphate (S1P1-5) receptors (reviewed in Spiegel and Milstien, 2002; Brinkmann, 2007).  S1P 

receptors are located throughout the entire adult body (mouse and human) and their activity 

spans a wide range of biological processes, including immune cell trafficking, vascular 

homeostasis and neural cell communication (Brinkmann, 2007; Ohuchi et al., 2008; Meng and 

Lee, 2009; reviewed in Strub et al., 2010)(Table 2).  Activation of S1P receptors can also induce 

proliferation, survival, and migration of various cell types (Rosen et al., 2009).  S1P receptors 

play a crucial role in embryonic development as key regulators and mediators for angiogenesis 

and neurogenesis (Kono et al., 2004; Mizugishi et al., 2005).  Most research on Sa1P and S1P has 

focused on their actions as S1P receptor agonists; however recent research has provided 

evidence of a nuclear role as well.  Hait et al. (2009) were the first to demonstrate a nuclear role 

for Sa1P and S1P.  Their studies demonstrated that nuclear Sa1P and S1P, generated by Sphk2, 

act as endogenous inhibitors of histone deacetylase 1 and 2 (HDAC1 and HDAC2) by binding to 

their active site, resulting in an increase in histone acetylation in MCF-7 breast cancer cells.  
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Table 2: S1P receptor tissue localization and involvement in mice.  S1P receptors are a class of 

five cell surface G protein-coupled receptors (S1P1-5).  They are coupled to either Gi, G12/13, 

and/or Gq.  They are widely expressed in nearly all adult and embryonic tissues in mice.  S1P 

receptors play a crucial role in many physiological processes.  Based on data from Brinkmann, 

2007; Ohuchi et al., 2008; Meng and Lee, 2009; Strub et al., 2010. 
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Fumonisin B1-Induced Neural Tube Defects  
 Mycotoxins are toxic secondary metabolites produced by different types of fungi, such 

as Aspergillus and Fusarium.  They are also common contaminants of human food and animal 

feeds worldwide (reviewed in Marroquín-Cardona et al., 2014).  When humans and animals are 

exposed to mycotoxins (aflatoxins, fumonisins, ochratoxins, patulin, deoxynivalenol), through 

ingestion or inhalation, serious health issues can arise, including cancer and death in some 

situations (reviewed in Marroquín-Cardona et al., 2014).  Susceptible populations who are more 

likely to be exposed to mycotoxins are those who live in rural communities are often 

surrounded by crops; impoverished populations who may have to eat low quality food to 

survive;  and children, who have greater nutritional demands for growth (reviewed in 

Marroquín-Cardona et al., 2014).  Mycotoxins can be found in many foods that babies and 

young children consume on a regular basis.  These foods include cereals, baby food, milk, and 

apple juice (reviewed in Marroquín-Cardona et al., 2014).  Environmental factors can contribute 

to the increase of mycotoxins in crops, such as temperature, precipitation, and drought 

(reviewed in Marroquín-Cardona et al., 2014). 

Some of the most common mycotoxins are those that are produced by the Fusarium 

fungus, called fumonisins.  Fumonisins are non-fluorescent, water-soluble, heat stable, polar 

mycotoxins that are divided into four different categories, based on structural characteristics: A, 

B, C, and P (reviewed in Escrivá et al., 2015).  Fumonisins in the A series are acetylated on the 

amino group, whereas Fumonisins in the B group have a free amine (Bezuidenhout et al., 1988; 

Cawood et al., 1991; Branham and Plattner, 1993).  The C series of fumonisins have nearly 

identical structures to the B series, except they are missing the C-1 terminal methyl group (Seo 

and Lee, 1999).  The P series fumonisins contain 3-hydroxypyridinium at C-2, instead of the 

amine group found in the B fumonisins (Musser et al., 1996).  Fumonisins were first isolated 
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from cultures containing the Fusarium verticillioides fungus, formerly F. moniliforme, by Dr. 

Gelderblom in 1988 in South Africa (Gelderblom et al., 1988).  In maize, Fusarium verticillioides 

can be found throughout the plant, in leaves, stems, roots, and kernels (Miller, 2001), and the 

fungus grows better in warm, dry climates (Miller, 2001).  Plant stress due to insect damage, 

temperature, and drought can also cause an increase in the amount of F. verticillioides (Miller, 

2001). An increase in fumonisin is also associated with dry weather followed by late season 

rains, as well suboptimal storage conditions that maintain or result in high moisture levels 

(Munkvold and Desjardins, 1997).  It is thought that the Fusarium fungus acts as an endophyte, 

providing a benefit to the maize plant in the form of necessary nutrients, without initially 

producing the mycotoxin, meaning that the fungus may be present in the maize without the 

occurrence of fumonisins (Bacon and Hinton, 1996; Miller, 2001).   

The most common and toxic fumonisin is fumonisin B1 (FB1) (reviewed in Escrivá and 

Manyes, 2015).  FB1 contamination has been found in maize-based food and feeds worldwide 

(Marasas, 2001), specifically corn meal, masa flour, tortillas, cornstarch, popcorn, breakfast 

cereals, and beer (Lawley et al., 2012).  In the U.S., FB1 levels are not officially regulated, but the 

FDA does have a recommended maximum level of 2-4 ppm for fumonisins (FB1, FB2, FB3) in 

foods meant for human consumption and  a maximum level of 5-100 ppm (depending on the 

animal and end use) in animal feeds (FDA, 2001).  The World Health Organization and Food and 

Agriculture Organization of the United Nations have also established a provisional maximum 

tolerable daily intake (PMTDI) for humans of fumonisins (FB1, FB2, FB3) at 2 µg/kg body weight 

(JECFA, 2011). 

FB1 is structurally similar to sphingoid bases and has proven to be a potent inhibitor of 

de novo sphingolipid biosynthesis that works by inhibiting ceramide synthase enzymes (Wang et 

al., 1991) (Figure 5).   
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Figure 5: Structural similarity between sphingoid bases, ceramide, and fumonisin B1.  

Sphinganine and sphingosine are long chain aliphatic amines.  Both sphingoid bases also contain 

hydroxyl groups.  A ceramide is composed of sphingoid base and a fatty acid side chain, which 

can vary in length. Fumonisin B1 also contains a long carbon chain backbone, as well as a single 

amine group and multiple hydroxyl groups.  Adapted from ApSimon, (2001). 
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FB1 inhibition of ceramide synthases results in a decrease in ceramide formation and an 

increase in sphinganine and Sa1P accumulation, as well as a slight increase in sphingosine and 

S1P in the recycling (salvage) pathway (Merrill et al., 2001; Gelineau-van Waes et al., 2012) 

(Figure 6).  FB1 has been shown to cause a wide variety of toxic effects in animals, such as 

equine leukoencephalomalacia (ELEM), porcine pulmonary edema (PPE), and kidney and liver 

toxicity and carcinomas in rats, mice, sheep, and rabbits (reviewed in Norred et al., 1998).  

Ingestion of FB1 by humans has been linked to esophageal (Chu and Li, 1994) and liver cancer 

(Sun et al., 2007), and ingestion during early pregnancy may increase the likelihood of having a 

child with an NTD (Hendricks, 1999; Marasas et al., 2004).  The NTD rate in the United States is 

approximately 1 in 1,000 live births.  However, in areas where maize is a primary food source, 

such as regions of China, Guatemala, Mexico, and South Africa, the NTD rates are 6 to 11 times 

higher (reviewed in Botto et al., 1999; Li et al., 2006; Imhoff-Kunsch et al., 2007; Marasas et al., 

2004; Ncayiyana, 1986).  Collaborative studies have focused on specific areas of Guatemala, 

where in the early 2000’s, the NTD rate reported in Quetzaltenango, Guatemala was 10.6 per 

1,000 live births (Marasas et al., 2004).  

 The link between FB1 and human NTDs was first discovered in Brownsville, Texas, in the 

1990s, when six anencephalic babies were delivered at one hospital within a six week period 

(Hendricks, 1999; Missmer et al., 2006).  Approximately a year prior to these births, multiple 

cases of equine leukoencephalomalacia and porcine pulmonary edema were reported, raising 

the question as to whether or not these animal diseases were related to the anencephalic 

births.  Analysis of the animal feed in these cases revealed FB1 levels that ranged from less than 

1 to over 300 ppm (Ross et al., 1991; Theil et al., 1991).  Further analysis of maize-based food 

samples (for human consumption) collected during this time demonstrated that they also had 

relatively high levels of fumonisin contamination.    
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Figure 6:  Inhibition of ceramide synthase enzymes by fumonisin B1 and altered sphingolipid 

metabolism.  Fumonisin B1 (FB1) has a chemical structure similar to the sphingoid bases, 

sphinganine and sphingosine, allowing it to act as competitive inhibitor of ceramide synthase 

enzymes.  The inhibition of ceramide synthases results in disrupted de novo sphingolipid 

biosynthesis, and slight disruptions within the salvage pathway.  FB1 inhibition results in 

decreased dihydroceramide and ceramide, but increased sphinganine and sphinganine-1-

phosphate.  A smaller, but still significant, increase is observed in sphingosine and sphingosine-

1-phosphate, both of which are part of the salvage, or recycling, sphingolipid pathway.  Based 

on a review by Merrill Jr. et al. (2001). 
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These levels were two to three times higher than samples collected five years later (Hendricks, 

1999).   

Since the early 2000s, FB1-induced NTDs have been studied in various mouse models.  

Sadler et al. (2002) first demonstrated a dose-dependent induction of NTDs by FB1 in cultured 

mouse embryos.  Gelineau-van Waes et al. (2005) later developed a dose-dependent in vivo 

pregnant mouse model of FB1 exposure and NTDs.  An intraperitoneal (ip) injection of 20 mg/kg 

body weight/day dose of FB1, administered to dams on gestational day 7.5 and 8.5, resulted in 

nearly 80% of LM/Bc mice having exencephaly.  FB1 exposure not only results in ceramide 

synthase inhibition and disrupted sphingolipid biosynthesis, but it also results in the depletion of 

complex glycosphingolipids (i.e. gangliosides), the disruption of lipid rafts, and impaired folate 

uptake and transport, which could impact the cellular processes that require folate (Stevens and 

Tang, 1997; Chatterjee et al., 2001; Marasas et al., 2004).  Just as folic acid supplementation can 

prevent NTDs in humans (CDC, 1992; CDC, 2004; CDC, 2010), folic acid was able to rescue a 

portion of FB1-induced NTDs, significantly decreasing the number of exencephalic embryos by 

over a third, from 79% (FB1 alone) to 50% (FB1 + folic acid supplementation) (Gelineau-van 

Waes et al., 2005).  

Although FB1 is heat stable, one cooking method that results in decreased amounts of 

FB1 in masa products, such as tortillas, tortilla chips, hominy, and tamales, is a process called 

nixtamalization. Nixtamalization, or alkaline cooking, requires that dried, raw maize be cooked 

with lime (calcium hydroxide) and allowed to steep.  The kernels are then washed and the 

resulting nixtamal is ground into masa flour (Dombrink-Kurtzman et al., 2000; Palencia et al., 

2003).  During alkaline cooking, FB1 is converted to hydrolyzed FB1, through the removal of a 

tricarballyic acid side chain (Dombrink-Kurtzman et al., 2000).  Although FB1 can induce NTDs in 
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LM/Bc mice, hydrolyzed FB1 did not.  In LM/Bc mice injected with hydrolyzed FB1, neither NTDs 

nor alterations in sphingolipid metabolism were reported (Voss et al., 2009). 

FTY720-Induced Neural Tube Defects 
 FTY720, or fingolimod, is a synthetic compound that was first synthesized in the early 

1990s by modifying a previous compound, ISP-I, or myriocin (Adachi et al., 1995). Myriocin is a 

metabolite produced by the fungus Isaria sinclairii that demonstrates potent 

immunosuppressant activity and acts by inhibiting serine palmitoyltransferase, the first step in 

de novo sphingolipid biosynthesis (Fujita et al., 1994; Miyake et al., 1995). Myriocin has a high 

level of toxicity, making it less than ideal for use as a therapeutic agent.  However, a chemical 

modification to myriocin, resulting in FTY720, has been shown to be less toxic (Adachi et al., 

1995).  FTY720 has impressive immunosuppressive capabilities in vitro and in vivo, with few side 

effects, making it an ideal drug for treatment of autoimmune diseases and organ transplants 

(Adachi et al., 1995).  Almost 20 years later, in 2010, the U.S. Food and Drug Administration 

(FDA) approved FTY720 (Gilenya®, Novartis Pharmaceuticals) for the treatment of relapsing 

multiple sclerosis (MS) (National Multiple Sclerosis Society, 2015b).   

 FTY720 is not biologically active until it is phosphorylated to form FTY720-1-phosphate 

(FTY720-P).  Because FTY720 is structurally similar to sphinganine and sphingosine (Figure 7), 

FTY720 can also be phosphorylated by Sphk1 and Sphk2, with Sphk2 being more efficient at 

phosphorylation (Brinkmann et al., 2002; Mandala et al., 2002; Billich et al., 2003; Paugh et al., 

2003).  Hisano et al. (2011) demonstrated that FTY720-P can be transported out of the cell 

cytoplasm by the Spns2 transporter, where it can act as an agonist for four of the five S1P 

receptors: S1P1, 3-5 (Brinkmann et al., 2002).  FTY720-P can also act as a functional antagonist by 

binding to the S1P1 receptor and targeting it for internalization and degradation.    
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Figure 7: Structural similarity between sphingoid bases and FTY720.  Sphinganine and 

sphingosine are long chain aliphatic amines.  Both sphingoid bases also contain hydroxyl groups.  

FTY720 is a structural analog of the sphingoid bases and is also phosphorylated by sphingosine 

kinases (Sphks), similar to sphingosine and sphinganine.  
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This is thought to be the mechanism responsible for the immunosuppressant activity of FTY720, 

because internalization/degradation of S1P1 on lymphocytes results in their sequestration in 

secondary lymphoid organs (Brinkmann et al., 2004; Gräler and Goetzl, 2004).  As with Sa1P and 

S1P, much of the research surrounding FTY720-P focuses on its ability to act on S1P receptors 

and little is understood about its nuclear role.  Hait et al. (2014) recently discovered that in 

human neuroblastoma cells, nuclear FTY720-P, generated by Sphk2, can also act as an 

endogenous inhibitor of HDAC1 and HDAC2 by binding to their active sites, resulting in increased 

histone acetylation.   

 FTY720 appears to be reasonably safe in adult patients, but little is known about the 

effects FTY720 may have on a developing fetus.  FTY720 does have a pregnancy category C 

rating, based on studies conducted by Novartis (2014) demonstrating FTY720’s teratogenicity in 

pregnant rats and rabbits.  Karlsson et al. (2014) presented the outcomes of pregnancies that 

occurred during the phase II-IV clinical trials for FTY720.  Sixty-six pregnancies were reported to 

have in utero exposure to FTY720.  Of those pregnancies, 26 pregnancies resulted in healthy 

babies, 24 were electively terminated, with at least four cases involving fetal abnormalities or 

abnormal pregnancies, nine were spontaneously aborted and two pregnancies resulted in 

babies with congenital abnormalities (skeletal malformations and acrania).  The remaining 

pregnancies were ongoing or had an unknown outcome.  As a result, it is now recommended 

that all women taking FTY720 use some form of birth control and continue using birth control 

for at least two months after stopping FTY720, due to the long half-life of FTY720-P (Karlsson et 

al., 2014).  

Our lab was the first to demonstrate the teratogenicity of FTY720 in pregnant LM/Bc 

and SWV mice.  Pregnant LM/Bc and SWV mice were given an oral gavage dose of FTY720 (10 

mg/kg/day) on gestational days 6.5 through 8.5.  This exposure resulted in 61% of LM/Bc 
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embryos and 37% of SWV embryos being exencephalic (Gelineau-van Waes et al., 2012).  In both 

strains, elevated FTY720 and FTY720-P were found in maternal serum and blood, as well as 

embryonic tissue, demonstrating that FTY720 and/or FTY720-P are capable of crossing the 

placenta.  FTY720-P was significantly higher in the LM/Bc strain compared to the SWV strain in 

both maternal plasma and in embryos (Gelineau-van Waes et al., 2012).  

Mouse Models and Strain-Specific Cell Lines 
The experiments presented in this dissertation utilize strain-specific spontaneously 

immortalized mouse embryonic fibroblasts (MEFs) from SWV, LM/Bc, and Gdf1 +/+ (C57Bl/6) and 

Gdf1-/- mice.  SWV mice were created at the University of British Columbia.  Prior to 1959, SWV 

mice were maintained as a closed colony, but eventually Dr. Miller decided to inbreed them, 

creating the strain that we have now (Virgo and Miller, 1974).  LM/Bc, or Lidgap Miller/British 

Columbia, mice were also created at the University of British Columbia by Dr. Miller.  These mice 

have a spontaneous mutation resulting in an open eyelid phenotype.  Dr. Miller obtained a 

breeding pair of C3H mice from Dr. Wood at Rockland Farm in 1959, at which point Dr. Miller 

began inbreeding these mice.  In 1968, to prevent the extinction of the Lidgap mutation, the 

mice were outcrossed to the SWV strain, the mutation was retrieved, and the inbreeding was 

continued.  These mice, and the mice used in our lab, are 7/8 the original Lidgap Miller (C3H) 

strain and 1/8 SWV (Harris et al., 1984).  The SWV and LM/Bc strains have been maintained as 

inbred colonies in our lab since 1999.  Gdf1-null mice were created using a C57Bl/6/129SV/J 

hybrid background by Dr. Se-Jin Lee’s lab (Rankin et al., 2000).  We obtained the Gdf1 mice in 

2011 from Jackson Labs, Inc.   

Strain-specific mouse embryonic fibroblasts (MEFs) were created from E12.5 SWV, 

LM/Bc, Gdf1 +/+, and Gdf1-/- mouse embryos as previously described (Gelineau-van Waes et al., 

2012).  Briefly, pregnant dams were sacrificed on E12.5 and embryos were removed from the 
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uterus and individual decidua.  The limbs were detached and the abdominal wall of each embryo 

was cut and the internal organs and tissues were removed.  Trypsin-EDTA was then added to 

each embryo and minced for 2-3 minutes. The embryos went through an incubation period at 37 

°C and were centrifuged to pellet the cells.  The supernatant was aspirated off and medium was 

then added to the cell pellet and the cell suspension was transferred to a new cell culture dish 

and placed in a 37 °C CO2 incubator.  MEFs were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 20 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 1X 

nonessential amino acids, 1X 2-mercaptoethanol, 50 U/mL penicillin, 50 µg/mL streptomycin, 

and 10% fetal bovine serum (FBS).  MEFs were passaged approximately every three days and 

were senescent until after passage number 20.  At this point the MEFs spontaneously 

immortalized and were ready for use in experiments. 
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Hypothesis  

 I hypothesize that after FB1 and FTY720 treatment, Sa1P and FTY720-P will accumulate 

in the nucleus, resulting in HDAC inhibition and increased histone acetylation, specifically in the 

LM/Bc strain.  I also hypothesize that a genetic variation makes the LM/Bc strain more 

susceptible than the SWV strain to FB1-induced neural tube defects. 

Objectives 

 The overall goal of my study was to investigate the mechanism(s) of action involved in 

both FB1- and FTY720-induced neural tube defects (NTDs).  Understanding the mechanisms in 

mice will allow for further understanding of these compounds as risk factors for human NTDs.  I 

also set out to examine the role of genetic susceptibility in FB1-induced NTDs, specifically why 

the LM/Bc strain is more likely to have affected litters than the SWV strain.  In order to 

accomplish my goals and test my hypotheses, I utilized various strain-specific mouse embryonic 

fibroblasts (MEFs).  The following objectives were pursued throughout my investigation: 

1. Investigate the subcellular localization of Sa1P after FB1 treatment in LM/Bc and SWV 

MEFs and the role Sa1P has on epigenetic regulation and histone modifications 

2. Identify the genetic variant(s) predisposing LM/Bc mice to FB1-induced NTDs  

3. Investigate the subcellular localization of FTY720-P after FTY720 treatment in LM/Bc 

MEFs and the role FTY720-P has on epigenetic regulation and histone modifications 
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CHAPTER II 
ELEVATED NUCLEAR SPHINGOID BASE-1-
PHOSPHATES AND DECREASED HISTONE 

DEACETYLASE ACTIVITY AFTER FUMONISIN B1 
TREATMENT IN MOUSE EMBRYONIC FIBROBLASTS 

Abstract 
Fumonisin B1 (FB1) is a mycotoxin produced by a common fungal contaminant of maize.  

Administration of FB1 to pregnant LM/Bc mice induces exencephaly in exposed embryos and 

ingestion of FB1-contaminated food during early pregnancy is associated with increased risk for 

neural tube defects (NTDs) in humans.  FB1 inhibits ceramide synthase enzymes in sphingolipid 

biosynthesis, causing sphinganine (Sa) and bioactive sphinganine-1-phosphate (Sa1P) to 

accumulate in blood, cells, and tissues.  Sphingosine kinases (Sphk) phosphorylate Sa to form 

Sa1P.  Upon activation, Sphk1 associates primarily with the plasma membrane, whereas Sphk2 is 

found predominantly in the nucleus.  In cells overexpressing Sphk2, accumulation of Sa1P in the 

nuclear compartment inhibits histone deacetylase (HDAC) activity, causing increased acetylation 

of histone lysine residues.  In this study, FB1 treatment in strain-specific LM/Bc mouse 

embryonic fibroblasts (MEFs) resulted in a significant accumulation of Sa1P in the nucleus 

relative to the cytoplasmic compartment.  Elevated nuclear Sa1P corresponded to inhibition of 

histone deacetylase (HDAC) activity and increased histone acetylation at H2BK12, H3K9, H3K18, 

and H3K23.  Treatment of LM/Bc MEFs with a selective Sphk1 inhibitor, PF-543, or with 

ABC294640, a selective Sphk2 inhibitor, significantly reduced nuclear Sa1P accumulation after 

FB1, although Sa1P levels remained significantly increased relative to basal levels.  Concurrent 

treatment with both PF-543 and ABC294640 prevented nuclear accumulation of Sa1P in 

response to FB1.  Other HDAC inhibitors are known to cause NTDs, so these results suggest that 
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FB1-induced disruption of sphingolipid metabolism leading to nuclear Sa1P accumulation, HDAC 

inhibition and histone hyperacetylation is a potential mechanism for FB1-induced NTDs. 

Introduction 
 Fumonisin B1 (FB1) is a mycotoxin produced by Fusarium verticillioides (previously F. 

moniliforme), a common fungal contaminant of maize (Gelderblom et al., 1988; Marasas et al., 

2004).  FB1 has been found in maize and maize-based foods and feed worldwide, including in 

the United States (Marasas WF, 1995; Marasas WF, 2001). Exposure to FB1 has been shown to 

cause diseases in farm animals, including equine leukoencephalomalacia (ELEM) and porcine 

pulmonary edema (PPE) (Marasas et al., 1988, Wilson et al., 1990; Harrison et al., 1990).  In 

laboratory rodents, FB1 treatment has been shown to cause hepatotoxicity, nephrotoxicity, and 

liver and kidney carcinomas (International Agency for Research on Cancer, 2002; International 

Programme on Chemical Safety, 2000).  Human populations that consume large amounts of FB1-

contaminated foods (maize-based foods) have demonstrated a higher incidence of esophageal 

(Chu and Li, 1994) and liver cancer (Sun et al., 2007), and ingestion during early pregnancy is 

associated with increased risk of having a child with a neural tube defect (NTD) (Hendricks, 

1999; Marasas et al., 2004).  NTDs (e.g. spina bifida and anencephaly) are one of the most 

common types of birth defect and occur within the first month of gestation, when the 

developing embryonic neural tube fails to close properly.  Every year more than 300,000 babies 

worldwide are born with a neural tube defect (reviewed in Botto et al., 1999).  The NTD rate is 

approximately 1 in 1,000 live births. However, in regions of the world where maize is a primary 

food source (parts of China, Guatemala, Mexico, South Africa), the rate of NTDs is often 6 to 11 

times higher than the global average (reviewed in Botto et al., 1999, Li et al., 2006; Imhoff-

Kunsch et al., 2007; Marasas et al., 2004; Ncayiyana, 1986).  The causes for NTDs vary greatly 

and are thought to be multifactorial, resulting from complex interactions between genetics, 
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maternal nutrition, and environmental factors (reviewed in Green et al., 2009).  The ability of 

FB1 to interfere with folate transport and sphingolipid metabolism have been suggested as 

possible mechanisms linking FB1 exposure to human NTDs (Marasas et al., 2004; Bulder et al., 

2012; Wilde et al., 2014). 

The association between FB1 and human NTDs was first investigated in 1990-1991 along 

the Texas-Mexico border, when six babies were born with anencephaly in less than two months 

at a single hospital (Hendricks, 1999; Missmer et al., 2006).  This increase in NTDs was preceded 

by an outbreak of ELEM and PPE, also over a two month period (Hendricks, 1999; Missmer et al., 

2006).  Maize-based animal feeds from this region were determined to have FB1 levels ranging 

from 1-126 ppm, whereas maize-based human foods from South Texas (i.e. tortillas) yielded 

levels of FB1 at approximately 1.22 ppm at the time of the outbreak (Hendricks, 1999). High 

levels of FB1 in maize have also been documented within regions of Guatemala and human 

consumption of contaminated tortillas correlates with urinary levels of FB1 (Torres et al., 2014; 

Riley RT et al., 2012).  FB1 intake in parts of Guatemala (Torres et al., 2014) frequently exceeds 

the provisional tolerable daily intake (PMTDI) recommended by the FAO/WHO Joint Expert 

Committee on Food Additives (JECFA) (Bulder et al., 2012).  In Guatemala, maize-based foods 

are consumed in large amounts and NTD rates can be very high.  For example, in 

Quetzaltenango, Guatemala, an NTD rate of 10.6 per 1,000 live births was reported in 2000 

(Marasas et al., 2004). 

FB1-induced NTDs have also been studied in animal models.  Sadler et al. (2002) 

exposed cultured mouse embryos to varying doses of FB1, ultimately demonstrating a dose-

dependent increase in the percentage of embryos affected with an NTD.  An in vivo model was 

later established, showing that maternal FB1 exposure during early gestation resulted in a dose-

dependent increase in the number of embryos with exencephaly in the inbred LM/Bc mouse 
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strain (Gelineau-van Waes et al., 2005).  At the highest dose of FB1 given (20 mg/kg body 

weight/day), 79% of the LM/Bc embryos were affected with an NTD.  In contrast, this dose 

induced less than 1% NTDs and significant increase in the number of resorptions in the inbred 

SWV mouse strain (Gelineau-van Waes et al., 2005; Gelineau-van Waes et al., 2009); suggesting 

that genetic background plays a role in susceptibility to NTDs and/or embryonic lethality 

following maternal exposure to FB1. 

FB1 inhibits ceramide synthases (CerS1-6), key enzymes involved in sphingolipid 

biosynthesis (Wang et al., 1991).  CerS1 is the primary isoform in the brain (Levy and Futerman, 

2010; Mullen et al., 2012).  CerS enzymes add fatty acid side chains of variable length to 

sphingoid bases to form ceramide.  FB1 has a chemical structure that is similar to that of the 

sphingoid bases sphingosine and sphinganine (Zitomer et al., 2009).  FB1 inhibition of CerS 

enzymes results in dysregulation of both the de novo and recycling pathways (salvage pathway) 

of sphingolipid biosynthesis (Figure 8), causing accumulation of the sphingoid bases, 

sphinganine (Sa) and sphingosine (So), and their phosphorylated metabolites, sphinganine-1-

phosphate (Sa1P) (also known as dihydro-S1P) and sphingosine-1-phosphate (S1P) (Merrill et al., 

2001, Zitomer et al., 2009, Gelineau-van Waes et al., 2009).  Sphinganine and sphingosine are 

phosphorylated by sphingosine kinase enzymes (Sphk) to form Sa1P and S1P, respectively, which 

can then be either dephosphorylated by lipid phosphatases (Sgpp, Lpp) or irreversibly degraded 

by sphingosine-1-phosphate lyase (Sgpl) to form phosphoethanolamine and hexadecanal 

(Spiegel and Milstien, 2002; Zhou and Saba, 1998).   
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Figure 8: Sphingolipid metabolism pathways. De novo sphingolipid biosynthesis begins with the 
condensation of serine and palmitoyl-CoA by serine palmitoyltransferase, to form sphinganine 
(other amino acids, most notably alanine and glycine can also be used). Sphinganine is then 
acylated by ceramide synthase enzymes (CerS1-6) to ultimately form ceramide. Sphinganine can 
also be phosphorylated by sphingosine kinases (Sphk) to form sphinganine-1-phosphate, a 
bioactive signaling molecule. Cytoplasmic Sa1P can be transported out of the cell by members of 
the ABC transporter family to act on cell surface G protein-coupled S1P receptors (S1P1-5). 
Nuclear Sa1P has been shown to inhibit histone deacetylases (HDACs). Sa1P can be 
dephosphorylated by sphingosine phosphate phosphatases (Sgpp) or by lipid phosphate 
phosphatases (Lpp) to form Sa.  In the recycling sphingolipid pathway, ceramide can be de-
acylated by ceramidase to form Sphingosine (So), which can be acylated by CerS1-6 to reform 
ceramide. Similar to sphinganine, sphingosine can be phosphorylated by sphingosine kinases 
(Sphks) to form sphingosine-1-phosphate (S1P).  S1P is also a bioactive signaling molecule that 
can act on S1P receptors or inhibit HDACs.  Fumonisin exposure or treatment inhibits ceramide 
synthase enzymes resulting in a decrease of ceramide production and an increase in Sa, So, 
Sa1P, and S1P.   
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There are two isoforms of Sphks, Sphk1 and Sphk2.  These enzymes are largely 

homologous, sharing 80% sequence similarity, and are conserved across multiple species 

(reviewed in Taha, Hannun, & Obeid, 2006, reviewed in Hait et al., 2006). Despite some 

differences, Sphk1 and Sphk2 also have some redundant physiological functions.  For example, 

mice in which either Sphk1 alone or Sphk2 alone have been genetically inactivated demonstrate 

reduced Sphk activity but appear to be viable, fertile, and lacking any abnormalities or 

malformations (Mizugishi et al., 2005).  In contrast, combined loss of both kinases in a double 

knockout mouse model resulted in embryos with severe abnormalities.  By embryonic day E11.5 

all embryos exhibit defective vascularization and cranial hemorrhaging and no embryos survive 

past E13.5 (Mizugishi et al., 2005).  Sphk1/Sphk2 double knockout embryos also display 

exencephaly, suggesting that the presence of at least one Sphk isoform is essential for 

embryonic viability, neural tube closure, and proper development of the vascular system 

(Mizugishi et al., 2005).  

One of the most significant differences is that Sphk1 promotes cell growth and survival, 

whereas Sphk2 suppresses cell growth and promotes apoptosis (Liu et al., 2003; Mizugishi et al., 

2005, Maceyka et al., 2005; Bryan et al., 2008).  The tissue distribution of Sphk1 and Sphk2 also 

differs, although both kinases can be found in all adult mouse tissues.  Sphk1 appears to be the 

prevalent isoform in the lungs, spleen, and heart, whereas Sphk2 is most abundant in the brain, 

kidneys, and liver (Liu et al., 2000; Fukuda et al., 2003; Blondeau et al., 2007).  Mouse embryonic 

distribution varies slightly, with Sphk1 expressed throughout the entire brain and Sphk2 more 

ubiquitously expressed throughout the entire embryo (Mizugishi et al., 2005).  Subcellular 

localization of Sphk1 and Sphk2 also appears to vary.  Sphk1 is predominantly cytoplasmic, 

moving to the plasma membrane upon activation, and stimulating DNA synthesis (Olivera et al., 

1999, Igarashi et al., 2003; Inagaki et al., 2003; Hengst et al., 2010).  Sphk1 is also responsible for 
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regulating levels of cytoplasmic and extracellular sphingoid base-1-phosphates (Sa1P and S1P) 

that can then be exported out of cells to act on S1P receptors (reviewed in Spiegel and Milstien, 

2003). Sphk2, however, is predominantly associated with the nucleus and causes inhibition of 

DNA synthesis and cell cycle arrest (Igarashi et al., 2003, Maceyka et al., 2005).  Sphk2 is 

responsible for generating nuclear Sa1P and S1P (Hait et al., 2009; Riccio, 2010; Spiegel et al., 

2012).  Although it is widely thought that Sphk1 and Sphk2 have distinct subcellular 

localizations, these appear to be dependent on cell type and density (Hait et al., 2005, Igarashi 

et al., 2003).   

Sa1P and S1P are bioactive signaling molecules that participate in both intracellular and 

extracellular signaling (Zhang et al., 1991; Merrill et al., 1997; Hannun and Obeid, 2008).  

Sphingoid base-1-phosphates generated in the cytoplasm can be transported out of the cell by 

members of the ATP-binding cassette (ABC) transporter family (ABCG2, ABCC1) (Takabe et al., 

2010; Mitra et al., 2006), as well as by Spinster 2 (Spns2), a non-ATP-dependent transporter 

(Kawahara et al., 2009).  Extracellular Sa1P and S1P can then act as ligands for a group of five G 

protein-coupled receptors (GPCRs), known as sphingosine-1-phosphate (S1P1-5) receptors 

(Brinkmann, 2007; Spiegel and Milstien, 2002; Callihan et al., 2012).  S1P receptors are found 

throughout the body and are involved in regulating a wide range of biological processes, 

including immune cell trafficking, vascular homeostasis, and neural cell communication 

(Brinkmann, 2007).  Activation of these receptors can also promote proliferation, survival, and 

migration of various cell types (Rosen et al., 2009).  In addition, S1P receptors play a crucial role 

in embryonic development, where they are key regulators and mediators of neurogenesis and 

angiogenesis (Mizugishi et al., 2005; Kono et al., 2004).  Although most research regarding 

sphingoid base-1-phosphates has focused on their role as S1P receptor ligands, recent studies 

have shown that sphingoid base-1-phosphates (S1P and Sa1P), generated by Sphk2, can act as 
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endogenous inhibitors of histone deacetylases 1 and 2 (HDAC1, HDAC2) by binding to the active 

sites (Hait et al., 2009).  HDAC inhibition by S1P and/or Sa1P, results in increased histone 

acetylation of lysine residues at H2BK12ac, H3K9ac, H4K5ac in MCF-7 breast cancer cells (Hait et 

al., 2009).   

Blood spots and plasma collected from LM/Bc and SWV mice treated with FB1 show a 

significant elevation in sphinganine and Sa1P, suggesting that FB1 effectively inhibits CerS in the 

de novo pathway of sphingolipid biosynthesis (Gelineau-van Waes et al., 2012).  Strain 

differences in accumulation of sphingoid bases and their corresponding sphingoid base-1-Ps are 

also observed (Gelineau-van Waes et al., 2012).  Significantly higher accumulation of Sa, So and 

their corresponding 1-phosphates in the LM/Bc than in the SWV strain may play a role in their 

susceptibility to FB1-induced NTDs (Gelineau-van Waes et al., 2012).  Similar strain-specific 

alterations in sphingolipid metabolism are also observed in LM/Bc and SWV strain-specific 

mouse embryonic fibroblasts (MEFs) exposed to FB1 (Gelineau-van Waes et al., 2012).  

However, the analysis in MEFs was done using a whole cell lysis buffer and therefore did not 

differentiate between Sa1P accumulation in the nuclear vs. cytoplasmic fractions in response to 

FB1 (Gelineau-van Waes et al., 2012). 

 Our lab previously demonstrated that administration of the S1P receptor agonist FTY720 

to pregnant LM/Bc and SWV mice results in accumulation of the active ligand FTY720-P in 

embryonic tissue and induces NTDs in offspring from both strains (Gelineau-van Waes et al., 

2012).  These results demonstrate ‘proof-of-concept’ that aberrant and/or sustained activation 

of S1P receptors by FTY720-P during early embryonic development can disrupt neural tube 

closure, and they implicate a potential (similar) role for elevated Sa1P and activation of S1P 

receptors in FB1-induced NTDs.  Recent evidence suggests that Sphk2-generated nuclear 

FTY720-P and Sa1P can both act as endogenous inhibitors of HDACs (Hait et al., 2009; Hait et al., 
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2014).  Gestational exposure to the known HDAC inhibitors valproic acid (VPA) and trichostatin A 

(TSA) have been shown to cause NTDs in mice and/or humans (reviewed in Svensson et al., 

1998; reviewed by Wiltse, 2005).  In order to determine whether the primary mechanism of 

action for FB1-induced NTDs is via cytoplasmic/extracellular Sa1P accumulation and activation of 

S1P receptors, or nuclear accumulation of Sa1P and HDAC inhibition, it is necessary to identify 

the specific subcellular compartment in which Sa1P accumulates in response to FB1.  The 

purpose of this study was to determine the subcellular localization of Sa1P (and S1P) that 

accumulates after FB1 treatment in strain-specific LM/Bc and SWV MEFs and to evaluate the 

effects of FB1 treatment on HDAC activity and histone acetylation.  Further studies utilized 

specific Sphk1 and/or Sphk2 inhibitors in an attempt to selectively reduce cytoplasmic vs. 

nuclear Sa1P accumulation in response to FB1.  Histone post-translational modifications (PTMs) 

are epigenetic modifications that affect chromatin remodeling, and have the potential to alter 

gene regulation and lead to disruption of crucial, time-sensitive signaling pathways important in 

neural tube closure.  Establishing a role for cytoplasmic versus nuclear accumulation of Sa1P in 

response to FB1 could provide significant insight into the potential mechanism of FB1-induced 

NTDs.   

Materials and Methods 
Mouse Embryonic Fibroblast (MEF) Cell Lines and Treatments.  Strain-specific primary MEF cell 

lines were generated from gestational day 12.5 fetuses harvested from untreated SWV and 

LM/Bc dams and cultured using standard conditions as previously described (Gelineau-van Waes 

et al., 2012; Chapter I). For experiments, spontaneously immortalized MEFs were cultured in 

100-mm tissue culture dishes for 48 hours followed by a change of media (containing serum) 

and treatment.  MEFs were treated with vehicle (sterile water), or 40 µM FB1 (Cayman Chemical 

Co., Ann Arbor, MI) and incubated for an additional 24 hours.  For experiments utilizing PF-543 
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(Millipore, Billerica, MA), a selective Sphk1 inhibitor, MEFs were grown for 48 hours, then 

simultaneously treated with vehicle (DMSO) or 1 µM PF-543 and 40 µM FB1 at the time of 

media change.  PF-543 treatment duration and dose were determined based on previous 

literature (Schnute et al., 2012; Lynch, 2012). For experiments utilizing ABC294640 (MedKoo 

Biosciences, Chapel Hill, NC), a selective Sphk2 inhibitor, at the time of media change, MEFs 

were treated with vehicle (DMSO) or 50 µM ABC294640 and incubated for 24 hours.  Following 

the 24 hour pre-treatment with ABC294640, the MEFs were treated with vehicle (sterile water) 

or 40 µM FB1 for another 24 hours.  ABC294640 treatment duration and dose were determined 

based on published data (French et al., 2010; Gao et al., 2012).  When both inhibitors were used, 

MEFs were treated with PF-543, ABC294640, and FB1 at the time of media change, and cells 

were allowed to grow for another 24 hours (Figure 9).  At the experimental endpoint, cells were 

harvested using trypsin-EDTA, and cell fractions were isolated using either the NE-PER™ Nuclear 

and Cytoplasmic Extraction Kit (Thermo Fisher Scientific, Waltham, MA), HDAC Activity Assay 

(Cayman Chemical Co., Ann Arbor, MI), or a Histone Purification Mini Kit (Active Motif, Carlsbad, 

CA).  All protocols were followed as per manufacturer’s specifications, with a few minor 

modifications, such as the addition of a protease and phosphatase inhibitors.   
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Figure 9: Time Course for ABC294640 and PF-543 MEF treatments in LM/Bc and SWV MEFs. 

LM/Bc and SWV MEFs were plated and left to grow for 48 hours before undergoing a medium 

change and treatment with ABC294640 and/or PF-543.  For experiments utilizing ABC294640, 

MEFs were treated with vehicle (DMSO) or 50 µM ABC294640 and incubated for another 24 

hours.  Following the 24 hour pre-treatment with ABC294640, the MEFs were treated with 

vehicle (sterile water) or 40 µM FB1 for another 24 hours, before being collected.  For 

experiments utilizing PF-543, MEFs were simultaneously treated with vehicle (DMSO) or 1 µM 

PF-543 and 40 µM FB1 at the time of media change.   For experiments utilizing both inhibitors, 

MEFs were treated with both inhibitors (ABC294640 and PF-543) and FB1 at the time of medium 

change and collected 24 hours later.  Doses and duration were based on previously literature 

and experiments (French et al., 2010; Gao et al., 2012; Schnute et al., 2012; Lynch, 2012) 
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Isolation of Nuclear and Cytoplasmic Protein Fractions.  The nuclear and cytoplasmic cell 

fractions were isolated from control and treated MEFs for analysis of free sphingoid bases and 

sphingoid base-1-phosphates using a slight modification of the NE-PER™ kit (78835, Thermo 

Scientific, Waltham, MA) manufacturer’s protocol.  Reagent volumes were based on a packed 

cell volume of 10 µL: 100 µL of CER I, 5.5 µL of CER II, and 50 µL of NER.  CER I and NER also 

contained Halt™ Protease Inhibitor Cocktail (78425, Thermo Scientific), as well as 

phenylmethanesulfonyl fluoride (PMSF) at 0.5 mM, sodium orthovanadate (Na3VO4) at 1 mM 

and sodium fluoride (NaF) at 10 mM.  After the cytoplasmic and nuclear fractions were 

collected, a 96-well plate Bradford assay (Sigma, B6916) was performed using a SpectraMax M3 

microplate reader (Molecular Devices, Sunnyvale, CA) to determine the protein concentration of 

each cell fraction compared to a standard curve generated using bovine serum albumin (BSA).  

Aliquots of 100-200 µg of nuclear and 400-600 µg cytoplasmic cell fractions were frozen at -80 

°C until further analysis of sphingoid bases and sphingoid base-1-phosphates by high 

performance liquid chromatography tandem linear-ion trap electrospray ionization (LC-ESI-

MS/MS).  Cytoplasmic and nuclear protein fractions were verified using western blots and 

cytoplasmic or nuclear localized proteins (Cytoplasmic: acetylated tubulin or Glyceraldehyde 3-

phosphate dehydrogenase (Gapdh); Nuclear: lamin B1 or TATA-binding protein (TBP) (data not 

shown). 

Mass Spectrometry Analyses of Sphingolipids.  Free sphingoid bases and sphingoid base 1-

phosphates were quantitated by LC-ESI-MS/MS using the method of Zitomer et al. (2008; 2009).  

Sphingolipids from MEF fractions (100-600 µg protein—based on cell fraction) were extracted in 

1.0 mL of 1:1 acetonitrile:water made to 5% with formic acid and containing known amounts (36 

pmol total) of C20-dihydrosphingosine (C20-Sa, d20:0) (Matreya, Pleasant Gap, PA) and D-erythro-

C17-sphingosine-1-phosphate (C17-S1P) (Avanti Polar Lipids, Alabaster, AL) as internal standards.  
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The extracts were analyzed for the internal standards and for D-erythro-sphingosine 1-

phosphate (S1P), D-erythro-dihydrosphingosine-1-phosphate (Sa1P), 1-deoxy-sphinganine (1-

deoxy Sa, m18:0), DL-erythro-dihydrosphingosine (Sa, d18:0), D-erythro-sphingosine (So, d18:1) 

(Sigma-Aldrich, St. Louis, MO).  LC-ESI-MS/MS analysis of the extracts was conducted using a 

Finnigan Micro AS autosampler coupled to a Surveyor MS pump (Thermo Fisher Scientific, 

Waltham, MA). Separation was accomplished using an Imtakt Cadenza 3-μm particle size CW-C18 

column, 150 × 2 mm (Imtakt USA, Portland, OR). The column effluent was directly coupled to a 

Finnigan LTQ linear ion trap mass spectrometer.  Details of the liquid chromatography and mass 

spectrometer settings can be found in Zitomer et al. (2008; 2009). Quantification of sphingoid 

bases and their respective 1-phosphates was accomplished by comparing the integrated area for 

the known quantity of the appropriate internal or external standard to the area of the analyte.  

The levels of sphingoid bases and sphingoid base 1-phosphates detected in the cytoplasmic and 

nuclear protein extracts were assumed to be representative of in situ levels present in the 

nuclear and cytoplasmic compartments of intact MEFs. 

Histone Deacetylase (HDAC) Activity.  The nuclear cell fraction was isolated from control and 

treated MEFs for determination of HDAC activity using a slight modification of the HDAC Activity 

Assay (Cayman Chemical Co., Ann Arbor, MI) manufacturer’s protocol.  Lysis Buffer, 

resuspension buffer, and Extraction Buffer were all prepared as instructed but additional 

phosphatase inhibitors and a protease inhibitor were added to prevent degradation of the 

sphingoid base-1-phosphates.  The phosphatase inhibitors used were sodium orthovanadate 

(Na3VO4) at 1 mM and sodium fluoride (NaF) at 10 mM.  The additional protease inhibitor 

phenylmethanesulfonyl fluoride (PMSF) was also added at 0.5 mM.  Finally, nuclear proteins 

were isolated in 200 μL of Extraction Buffer and sonicated, using an immersion tip sonicator.  

Samples were placed in an ice bath and sonicated for 10 seconds, followed by a 30-second 
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break, and then sonicated again for another 10 seconds.  Protein concentration was determined 

by Bradford assay.  HDAC activity was determined using the Cayman HDAC Activity Assay Kit 

(Cayman Chemical Co., 10011563, Ann Arbor, MI). Samples were diluted in extraction buffer so 

that all samples contained equal concentrations (0.2 mg/mL) before being added to the assay.  

Absorbance was read on a SpectraMax 3 (Molecular Devices, Sunnyvale, CA) with SoftMax Pro 

5.4.1 software using an excitation wavelength of 350 nm and an emission wavelength of 453 

nm. Activity was calculated based on absorbance compared to a standard curve generated as 

part of the assay.  This assay measures the activity of Class I and II HDACs. 

Histone Purification.  A Histone Purification Mini Kit (Active Motif, 40026, Carlsbad, CA) was 

used to isolate and purify histones from control and FB1-treated MEFs.  Cells were washed twice 

with pre-warmed serum-free medium, 800 µL of extraction buffer was added to the cells, and a 

cell scraper was used to remove the cells, which were then transferred to a microcentrifuge 

tube and placed on a rotating platform at 4 °C for 2 hours.  The extraction and purification 

protocol followed the manufacturer’s protocol.  The samples continued through the 

precipitation step to further concentrate the histones.  The final pellet was then resuspended in 

50 µL of sterile water for western blots.  A NanoDrop 2000c Spectrophotometer (Thermo Fisher 

Scientific, ND-2000C, Waltham, MA) was used to quantify the histone yield of each sample.  

Using the molecular weight and extinction coefficient of core histones (H2B, H3, and H4), the 

concentration of each sample was determined in μg/μL.   

Western Blot Analysis of Histone Post-translational Modifications.  Following histone 

purification from control and FB1-treated MEFs (in triplicate), western blots were performed to 

confirm that FB1-treatment resulted in increased histone acetylation, specifically in the lysine 

residues predicted by Hait et al. (2009), as well as PTMs identified by LC/LC/MS/MS of serum 

free mouse embryonic (SFME) neural stem cells isolated from Balb/c mice (submitted).  Western 
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blots were performed using Novex® 10-20% Tris-Glycine gels (Life Technologies, EC61385Box, 

Grand Island, NY), loading 0.5 μg of histone proteins from each sample.  The gels were 

transferred to Immobilon®-FL PVDF membranes (Millipore, IPFL10100, Billerica, MA) and, once 

transfer was complete, the membranes were placed in Odyssey® Blocking Buffer (Li-Cor, 927-

40000, Lincoln, NE) for two hours.  The membranes were then placed in primary antibody 

overnight at 4 °C.  Primary antibodies (validated for western blot and ChIP) included:  H2BK12ac 

(1:2000, Abcam 40883); H3K9ac (1:2000, Qiagen GAM-1209); H3K18ac (1:1000, Active Motif 

39755), H3K23ac (1:1000, Active Motif 39131); unmodified H2B (1:250, Active Motif 39210); 

and, H3 (1:2000, Qiagen GAM-2206).  A fluorescent goat anti-rabbit 680 LT secondary (1:20,000; 

926-68021, Li-Cor, Lincoln, NE) was added to each membrane for one hour at room 

temperature, and protein bands were then visualized using an Odyssey 9120 (Li-Cor, Lincoln, NE) 

and Image Studio (Version 3.1) software. 

Statistical Analysis.  All assays were done in triplicate and results are expressed as means ± 

standard error of the mean (SEM).  Statistical significance was determined using a Student’s t-

test.  Tests were two-tailed and differences were considered significant at p-value ≤ 0.05. 
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Results 
Elevated sphingoid bases and 1-phosphates in the nucleus of LM/Bc and SWV MEFs after FB1 

treatment—To determine the subcellular localization of free sphingoid bases (Sa and So) and 

sphingoid base-1-phosphates (Sa1P and S1P) after FB1 treatment, the cytoplasmic and nuclear 

fractions were isolated from each control and FB1-treated (40 µM for 24 hours) LM/Bc and SWV 

MEF sample.  Each cell fraction was subsequently analyzed for the presence of the sphingolipids 

of interest (Figure 10A-B).  So, Sa, and Sa1P were significantly elevated in the cytoplasm and 

nucleus of both SWV and LM/Bc MEFs 24 hours after FB1 treatment (Figure 11A-B; Figure 12A), 

whereas S1P was significantly elevated in the cytoplasm and nucleus of LM/Bc MEFs only (Figure 

12B).  SWV MEFs had low but unquantifiable levels of S1P both before and after FB1.   

Although the FB1-induced increase in So, Sa, S1P, Sa1P was observed in both fractions, the 

amount found in the nuclear fraction was significantly more than the amount in the cytoplasmic 

fraction in response to FB1 treatment across both strains (S1P was only in LM/Bc MEFs).  

Consistently, the increase in both free sphingoid bases and their 1-phosphate metabolites were 

significantly higher in LM/Bc MEFs compared to SWV MEFs.  Most notably, FB1-treated LM/Bc 

MEFs had significantly more nuclear Sa1P (1150 ± 42 pmol/mg protein, p = 0.001) than treated 

SWV MEFs (45 ± 3 pmol/mg protein).  Although the concentrations of S1P and Sa1P detected in 

the nuclear fraction of LM/Bc MEFs were 5- to 6-fold greater than the concentrations of S1P and 

Sa1P detected in the cytoplasmic fraction, the amount of nuclear Sa1P in treated LM/Bc MEFs 

(1150 ± 42 pmol/mg protein) was approximately 30-fold higher than the amount of nuclear S1P 

(38 ± 2.5 pmol/mg protein) after FB1 treatment.  This experiment was repeated several times 

and similar results showing increased Sa1P in the LM/Bc strain and in the nuclear fraction 

relative to the cytoplasmic fraction were observed.  These results suggest that elevated nuclear 

S1P and Sa1P may represent a novel response to FB1. 
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Figure 10: Absolute intensity of C17 and Sa1P within the nuclear fraction of FB1-treated LM/Bc 

and SWV MEFs. Representative LC-ESI-MS/MS data from the nuclear fraction of FB1-treated 

LM/Bc (A) and SWV (B) MEFs, showing peaks for C17 S1P standard (36 pmol) and Sa1P (arrows 

indicate appropriate peaks).  These graphs demonstrate the relative difference in accumulation 

of Sa1P observed within the LM/Bc strain compared to the SWV strain after FB1-treatment.  The 

first peak, at approximately 2 minutes, is a compound with the mass to charge ratio (m/z) of 

382, but is not Sa1P due to the wrong retention time and fragmentation pattern.   
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Figure 11: Relative accumulation of sphinganine and Sa1P in the nuclear and cytoplasmic 

compartment of MEFs treated with FB1.  Sphinganine (Sa) (A) and sphinganine-1-phosphate 

(Sa1P) (B) were analyzed by LC-ESI-MS/MS in control and FB1-treated SWV and LM/Bc MEFs.  

Data are shown as mean ± SEM (n = 3 for each group).  #The mean level of the sphingolipid 

analyzed in the cytoplasmic or nuclear fraction of FB1-treated cells is significantly more than the 

corresponding fraction in control cells within the same strain (p ≤ 0.01). **The mean level of 

sphingolipid analyzed in the cytoplasmic or nuclear fraction of control or FB1-treated LM/Bc 

MEFs is significantly more than the corresponding fraction and treatment  in SWV MEFs (p ≤ 

0.01).  ‡The mean level of Sa in the nuclear fraction of control MEFs is significantly more than 

that found in the cytoplasmic fraction (p ≤ 0.03).  ND signifies that the analyte was either not 

detected or present in an amount that could not be quantified (trace amount).  
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Figure 12:  Relative accumulation of sphingosine and S1P in the nuclear and cytoplasmic 

compartment of MEFs treated with FB1.  Sphingosine (So) (A) and sphingosine-1-phosphate 

(S1P) (B) were analyzed by LC-ESI-MS/MS in control and FB1-treated SWV and LM/Bc MEFs.  

Data are shown as mean ± SEM (n = 3 for each group).  #The mean level of the sphingolipid 

analyzed in the cytoplasmic or nuclear fraction of FB1-treated cells is significantly more than the 

corresponding fraction in control cells within the same strain (p ≤ 0.01). **The mean level of 

sphingolipid analyzed in the cytoplasmic or nuclear fraction of control or FB1-treated LM/Bc 

MEFs is significantly more than the corresponding fraction and treatment  in SWV MEFs (p ≤ 

0.01).  ‡The mean level of So in the nuclear fraction of control MEFs is significantly more than 

that found in the cytoplasmic fraction (p ≤ 0.03).  ND signifies that the analyte was either not 

detected or present in an amount that could not be quantified (trace amount).  
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Decreased histone deacetylase (HDAC) activity in LM/Bc and SWV MEFs treated with FB1—To 

test the hypothesis that elevated nuclear Sa1P after FB1 treatment might act as an endogenous 

inhibitor of HDAC activity, an HDAC activity assay was performed.  Nuclear extracts from control 

and FB1-treated LM/Bc and SWV MEFs were collected and analyzed for HDAC activity.  Basal 

HDAC activity in the nuclei of control LM/Bc MEFs (0.21 ± 0.0076 nmol/min/mL/µg protein) was 

significantly lower than that observed in control SWV MEFs (0.31 ± 0.021 nmol/min/mL/µg 

protein; p = 0.02) (Figure 13).  The basal level of HDAC activity in control LM/Bc MEFs was 

similar to the level of HDAC activity in SWV MEFs that had been treated with FB1.  In LM/Bc 

MEFs there was a significant decrease in nuclear HDAC activity in response to FB1 treatment 

(0.12 ± 0.017 nmol/min/mL/µg protein, p = 0.014).  In SWV MEFs there was a decrease in HDAC 

activity after FB1 treatment; however, the decrease (~35%) was not statistically significant (0.20 

± 0.04 nmol/min/mL/µg protein, p = 0.09).  

Increased histone acetylation in LM/Bc MEFs after FB1 treatment—Because elevated levels of 

nuclear Sa1P and decreased HDAC activity were observed in FB1-treated LM/Bc MEFs, follow-up 

studies were done to examine changes in histone acetylation.  Hait et al. (2009) showed that 

nuclear S1P (and/or Sa1P) accumulation in response to Sphk2 overexpression resulted in HDAC 

inhibition and increased histone acetylation of lysine residues on H2BK12, H3K9, and H4K5.  I 

therefore evaluated these histone PTMs in FB1-treated LM/Bc MEFs.  Purified histones from 

LM/Bc control and FB1-treated MEFs were isolated and examined.  Western blot analysis 

identified a significant increase in H2BK12ac and H3K9ac after FB1 treatment (Figure 14 and 

inset); however, H4K5ac did not increase after FB1- treatment (data not shown).  In a parallel 

study in our lab, LC/LC-MS/MS analysis of FB1-treated serum-free mouse embryonic neural stem 

cells (Balb/c background) revealed other candidate lysine residues that were hyperacetylated on 

histone H3 and H4 to be further evaluated in LM/Bc MEFs (submitted).  
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Figure 13: Histone deacetylase activity in SWV and LM/Bc MEFs.  Histone deacetylase (HDAC) 

activity was measured through an HDAC activity assay, utilizing nuclei of LM/Bc and SWV mouse 

embryonic fibroblasts (MEFs).  Data are shown as mean HDAC activity ± SEM (n = 3 for each 

group).  ** The mean HDAC activity of the FB1-treated MEFs is significantly decreased compared 

to that of the control MEFs within each strain (p < 0.02).  # The mean HDAC activity level of the 

control LM/Bc MEFs is significantly lower than that of the control SWV MEFs (p < 0.02). 
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Figure 14:  Western blot analysis of increased histone acetylation in LM/Bc MEFs.  Data are 

shown as mean expression compared to unmodified core histone ± SEM (in triplicates).  Inset is 

a visual representative of western blots performed for histone acetylation. ** The mean histone 

acetylation expression in LM/Bc FB1-treated MEFs is significantly higher than that found in 

LM/Bc control MEFs (p < 0.03). 

 
  



49 
 
 

From these identified modifications, FB1-treated LM/Bc MEFs showed a significant increase in 

H3K23ac (Figure 14 and inset); although an increase in H3K18ac was also observed, the increase 

was not significant (p = 0.10). 

Decreased nuclear Sa1P in LM/Bc MEFs treated with FB1, following pre-treatment with 

ABC294640—FB1 treatment elevated nuclear Sa1P, decreased HDAC activity, and increased 

histone acetylation in LM/Bc MEFs.  Because Sphk2 is thought to be predominantly associated 

with the production of nuclear Sa1P (Igarashi et al., 2003; Maceyka et al., 2005), a Sphk2-

selective competitive inhibitor, ABC294640, was used to reduce nuclear Sa1P.  ABC294640, an 

aryladamantane compound, is a widely used Sphk2 inhibitor known for its selectivity and low 

toxicity (French et al., 2010).  After FB1 treatment alone, the expected nuclear Sa1P 

accumulation was observed (606 ± 123 pmol/mg protein, p = 0.04).  Pre-treatment with 

ABC294640 significantly reduced the elevated nuclear Sa1P levels by approximately 80% (97 ± 

24 pmol/mg protein, p = 0.05) (Figure 15).  Although the nuclear Sa1P level was significantly 

reduced by ABC294640, it remained higher than basal levels.  FB1 treatment caused a small 

increase in cytoplasmic Sa1P that was not reduced by ABC294640, consistent with evidence that 

Sphk2 is primarily associated with the nucleus. 

Decreased nuclear Sa1P in LM/Bc MEFs treated with PF-543 and FB1—Inhibition of Sphk2 was 

successful in reducing elevated nuclear Sa1P levels; however, it did not reduce it to the basal 

level found in control MEFs.  Sphk1 is thought to be associated with the plasma membrane 

(Olivera et al., 1999, Igarashi et al., 2003; Inagaki et al., 2003; Hengst et al., 2010); therefore, we 

examined the effect of Sphk1 inhibition on FB1-induced Sa1P accumulation using the selective 

and reversible Sphk1 inhibitor PF-543 (Schnute et al., 2012; Lynch, 2012).  
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Figure 15:  Sa1P levels after pre-treatment with ABC294640, a selective Sphk2 inhibitor, 

followed by FB1 treatment in LM/Bc MEFs.  After treatment(s), MEFs were collected and 

isolated into cytoplasmic and nuclear fractions before being analyzed for sphinganine-1-

phosphate (Sa1P) by LC-ESI-MS/MS.  Data are shown as mean ± SEM (n = 3 for each group).  

#The mean level of Sa1P in cytoplasmic or nuclear FB1-treated LM/Bc MEFs is significantly 

higher than the Sa1P level in the same fraction of control LM/Bc MEFs (p < 0.04).  **The mean 

level of nuclear Sa1P in LM/Bc MEFs treated with ABC294640 and FB1 is significantly lower than 

the level found in the nucleus of FB1-treated MEFs (p ≤ 0.05).  ‡ The mean level of Sa1P in the 

cytoplasmic or nuclear fraction of LM/Bc MEFs treated with ABC294640 and FB1 is significantly 

higher than LM/Bc control MEFs (p ≤ 0.05). † The mean level of Sa1P in the nuclear fraction is 

significantly more than the mean level of Sa1P in the cytoplasmic fraction (p ≤ 0.05).   ND 

signifies that the analyte was either not detected or present in an amount that could not be 

quantified (trace amount).  
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LM/Bc MEFs were treated concurrently with 1 µM PF-543 and 40 µM FB1 for 24 hours before 

isolating the cytoplasmic and nuclear fractions for Sa1P analysis.  After FB1 treatment alone, 

Sa1P accumulation was observed (cytoplasmic: 163 ± 11 pmol/mg protein; nuclear: 548 ± 39 

pmol/mg protein).  Concurrent treatment with FB1 and PF-543 did not reduce the cytoplasmic 

Sa1P elevation as predicted (120 ± 13 pmol/mg protein).  However, PF-543 treatment did 

significantly reduce nuclear Sa1P accumulation by approximately 35% (368 ± 31 pmol/mg 

protein; p=0.02) (Figure 16).  This result suggests that in MEFs, Sphk1 may contribute to 

generation of Sa1P in both the nuclear and cytoplasmic compartment.   PF-543 has been shown 

to be 132-fold more selective for Sphk1 than Sphk2 and at much higher doses, PF-543 was found 

to not significantly impact any other kinases (Schnute et al., 2012), therefore it is not thought to 

have any effect on Sphk2.   

Complete reduction in nuclear Sa1P of LM/Bc MEFs treated with both Sphk inhibitors and 

FB1—Because individual treatments with PF-543 or ABC294640 were not able to reduce nuclear 

Sa1P back to basal levels, LM/Bc MEFs were simultaneously treated with both inhibitors and 

FB1.  MEFs were then isolated into cytoplasmic and nuclear fractions prior to being analyzed by 

mass spectrometry for Sa1P.  Concurrent PF-543 and ABC294640 treatment resulted in a 

significant decrease in cytoplasmic Sa1P (44 ± 4.4 pmol/mg protein, p = 0.0006); however, Sa1P 

was still significantly elevated compared to the control LM/Bc MEFs (Figure 17).  In contrast, 

treatment with both inhibitors resulted in complete depletion of nuclear Sa1P, suggesting that 

Sphk1 and Sphk2 are both active in the nucleus (p = 0.005) (Figure 17).   
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Figure 16:  Sa1P levels after treatment with PF-543, a selective Sphk1 inhibitor, and FB1 in 

LM/Bc MEFs.  After treatment(s), MEFs were collected and isolated into cytoplasmic and nuclear 

fractions before being analyzed for sphinganine-1-phosphate (Sa1P) by LC-ESI-MS/MS.  Data are 

shown as mean ± SEM (n = 3 for each group).  # The mean level of Sa1P in cytoplasmic or 

nuclear FB1-treated LM/Bc MEFs is significantly higher than the Sa1P level in the same fraction 

of control LM/Bc MEFs (p ≤ 0.005).  **The mean level of nuclear Sa1P in LM/Bc MEFs treated 

with PF-543 and FB1 is significantly lower than the level found in the nucleus of FB1 only-treated 

MEFs (p ≤ 0.02).  ‡ The mean level of Sa1P in the cytoplasmic or nuclear fraction of LM/Bc MEFs 

treated with PF-543 and FB1 is significantly higher than LM/Bc control MEFs (p ≤ 0.01). † The 

mean level of Sa1P in the nuclear fraction of LM/Bc MEFs is significantly more than the mean 

level of Sa1P in the cytoplasmic fraction (p ≤ 0.002).  ND signifies that the analyte was either not 

detected or present in an amount that could not be quantified (trace amount).  
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Figure 17: Sa1P levels after concurrent treatment with PF-543, ABC294640, and FB1 in LM/Bc 

MEFs.  After treatment(s), MEFs were collected and isolated into cytoplasmic and nuclear 

fractions before being analyzed for sphinganine-1-phosphate (Sa1P) by LC-ESI-MS/MS.  Data are 

shown as mean ± SEM (n=3 for each group).  #The mean level of Sa1P in cytoplasmic or nuclear 

FB1-treated LM/Bc MEFs is significantly higher than the Sa1P level in the same fraction of 

control LM/Bc MEFs (p ≤ 0.005). **The mean level of Sa1P in the cytoplasmic or nuclear fraction 

of LM/Bc MEFs treated with PF-543, ABC294640, and FB1 is significantly lower than the level 

found in the same fraction of FB1-treated MEFs (p ≤ 0.005).  ‡ The mean level of cytoplasmic 

Sa1P in LM/Bc MEFs treated with PF-543, ABC294640, and FB1 is significantly higher than the 

level in LM/Bc control MEFs (p < 0.01). † The mean level of Sa1P in the nuclear fraction of FB1-

treated LM/Bc MEFs is significantly more than the level of Sa1P in the cytoplasmic fraction (p = 

0.0007).  However, in LM/Bc MEFs treated with both Sphk inhibitors and FB1, the mean level of 

cytoplasmic Sa1P was significantly more than nuclear Sa1P (, p =0.0094).  ND signifies that the 

analyte was either not detected or present in an amount that could not be quantified (trace 

amount).   
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Discussion 
Pregnant LM/Bc mice treated with FB1, either by oral gavage or by ip injection, 

exhibited a dose-dependent increase in the number of offspring with exencephaly, the mouse 

equivalent of anencephaly in humans (Gelineau-van Waes et al., 2005; Gelineau-van Waes et al., 

2012, Riley et al., 2015).  At the highest FB1 dose administered, nearly 80% of exposed LM/Bc 

embryos were exencephalic (Gelineau-van Waes et al., 2005).  In contrast, treatment of 

pregnant SWV mice with FB1 following the same protocol resulted in less than 1% of embryos 

with exencephaly (Gelineau-van Waes et al., 2005).  However, in the SWV mice there was a 

significant increase in the number of embryos (15%) that underwent early resorption (Gelineau-

van Waes et al., 2005, Gelineau-van Waes et al., 2012).  Maternal blood and plasma levels of 

Sa1P were significantly elevated in both strains following treatment with FB1, but a comparison 

between strains demonstrated that the elevation in Sa1P was 2-3 times higher in the LM/Bc 

strain than in the SWV strain (Gelineau-van Waes et al., 2012).  Significant elevation of Sa1P in 

LM/Bc compared to SWV corresponded with an increased incidence of embryos with NTDs, with 

the LM/Bc having the highest accumulation of Sa1P and the most embryos affected with 

exencephaly.  In orally dosed LM/Bc mice, the elevations in free sphingoid bases and sphingoid 

base-1-phosphates in blood and tissues were dose-dependent and significantly correlated with 

induction of NTDs (Riley et al., 2015).  It therefore seems likely that the significant elevation of 

Sa1P in blood and tissues of LM/Bc mice treated with FB1 is mechanistically involved in the 

increased incidence of NTDs observed in FB1-exposed embryos.   

The present study demonstrates FB1 treatment of LM/Bc MEFs results in a greater 

accumulation of nuclear Sa1P compared to SWV MEFs.  Although Sa1P accumulates in both the 

cytoplasm and nucleus of both strains, the LM/Bc MEFs have more than 25-times the amount of 

Sa1P compared to SWV MEFs.  These results parallel the strain-specific differences in 
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accumulation of sphingolipid metabolites in blood and tissues when pregnant LM/Bc and SWV 

mice are treated with FB1.  The amount of nuclear Sa1P in LM/Bc MEFs is more than 5 times the 

amount of cytoplasmic Sa1P.  We previously reported the elevation in Sa1P after FB1 treatment 

in whole cell lysates of MEFs (Gelineau-van Waes et al., 2012); however, this is the first report of 

nuclear accumulation of Sa1P after FB1 treatment.  Although other sphingolipid metabolites are 

elevated after FB1 treatment, the elevation in Sa1P, specifically nuclear Sa1P, which is 

approximately 30 times higher than the amount of nuclear S1P, suggests that Sa1P may play an 

important role in induction of biological effects of FB1 that contribute to increased risk of NTDs.   

Understanding the relative importance of Sphk1 and Sphk2 in the production of Sa1P 

and S1P in MEFs is an important first step in elucidating the mechanistic basis for the relative 

strain-specific sensitivity to FB1-induced NTDs.  Hait et al. (2009) demonstrated that 

overexpression of Sphk2 results in increased production/accumulation of S1P and Sa1P in the 

nuclear compartment of breast cancer cells.  They further demonstrated that nuclear S1P and 

Sa1P can bind and inhibit the activity of HDAC1 and HDAC2, leading to increased acetylation of 

histone lysine residues H2BK12, H3K9, and H4K5. The experiments presented here in LM/Bc 

MEFs revealed an increase in histone acetylation at H2BK12, H3K9, and H3K23.    

It was also recently shown that nuclear concentrations of S1P are elevated in MEFs 

derived from Sgpl knockout mice (Ihlefeld et al., 2012).  Sgpl is responsible for irreversibly 

degrading Sa1P and S1P to phosphoethanolamine and hexadecanal (Spiegel and Milstien, 2002).  

Sgpl knockout MEFs exhibit decreased HDAC activity and increased H3K9 acetylation (Ihlefeld et 

al., 2012).  In further support of these findings, oral administration of an Sgpl inhibitor, THI, in a 

mouse model of muscular dystrophy resulted in increased S1P and Sa1P in nuclear extracts from 

adductor muscles, HDAC inhibition, and increased acetylation of H2BK12, H3K9, and H3K18 

(Nguyen-Tran et al., 2014). 
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The teratogenicity of known HDAC inhibitors has been widely studied for many years in 

humans and animal models.  Extensive research has been done on valproic acid (VPA), an 

anticonvulsant used to treat epilepsy and bipolar disorder, and its HDAC inhibition.  Exposure to 

VPA has been shown to cause numerous malformations in a variety of animal models.  A single 

dose of VPA on gestational day 8 resulted in exencephalic mouse embryos (Trotz et al., 1987; 

Kultima et al., 2004), whereas three doses of VPA on gestational day 9 resulted in embryos with 

a high incidence of spina bifida occulta (Ehlers et al., 1992).  VPA has also been shown to cause 

axial and cardiac malformations as well as neural patterning defects in Xenopus and zebrafish 

embryos (Gurvich et al., 2005).  VPA is also teratogenic in humans; pregnant epileptic women 

taking VPA during the first trimester run the risk of having a child with spina bifida (Oakeshott 

and Hunt, 1989; Lammer, Sever, Oakley, 1987).  Not only has in utero VPA exposure been 

associated with NTDs, but more recent literature has linked it to other congenital malformations 

including cleft palate, atrial septal defects, and polydactylism (Jentink et al., 2010).   

Another known HDAC inhibitor that has teratogenic effects is trichostatin A (TSA), a 

compound originally isolated as an antifungal antibiotic (Vanhaecke et al., 2004).  Similar to VPA, 

TSA treatment in Xenopus and zebrafish embryos resulted in various developmental 

malformations including heart, gut, and pigmentation defects (Gurvich et al., 2005).  TSA 

treatment of cultured mouse embryos resulted in defects in embryo rotation and neural tube 

closure (Svensson et al., 1998), whereas in vivo TSA exposure resulted in many axial skeletal 

malformations (Menegola et al., 2005).  Direct injection of TSA into the posterior neural tube of 

chick embryos resulted in a significant increase in neural tube closure defects and abnormalities 

(Murko et al., 2013). Our data demonstrates FB1’s ability to decrease HDAC activity and given 

the association of HDAC inhibition on development, this could be a possible mechanism for FB1-

induced NTDs. 



57 
 
 

Although exposure to these known HDAC inhibitors, during pregnancy has been shown 

to cause NTDs (reviewed in Svensson et al., 1998; reviewed by Wiltse, 2005), the critical histone 

PTMs and subsequent alterations in gene regulation that result in NTDs are not fully 

understood.  Tung and Winn (2010) showed an overall increase in H3 and H4 acetylation in VPA-

treated exencephalic embryos, and Hezroni et al. (2011) demonstrated increased H3K9ac after 

VPA treatment of embryonic stem cells.  Recent research by Tsurubuchi et al. (2013) revealed 

potential post translational modifications (PTMs) that could act as biomarkers for early 

detection of human fetuses with an NTD.  Stem cells were isolated from the amniotic fluid of 

pregnant women and stained for different epigenetic markers.  Interestingly, their results 

showed that H3K9ac and H3K18ac were increased in the cells collected from a woman pregnant 

with an anencephalic fetus, but not in those who had normal fetuses or a fetus with a 

myelomeningocele, suggesting that increased H3K9 and H3K18 acetylation may be an indicator 

of anencephaly in humans (Tsurubuchi et al., 2013).  Our results showing increased H3K9 and 

H3K18 acetylation in the LM/Bc MEFs treated with FB1 suggests a possible role for these PTMs 

in FB1-exposed pregnant mice, which is associated with exencephalic embryos.  

Histone acetylation has long been known to cause the opening of chromatin, resulting in 

transcriptional activation (reviewed in Selvi and Kundu, 2009) that could ultimately alter time-

sensitive programs of gene regulation and activation/inhibition of signaling pathways crucial for 

proper development.  Thus, inhibition of HDAC1 and HDAC2 may also play a role in the FB1-

induced NTDs.  HDAC1 is highly expressed in nearly all mouse embryonic tissues, including 

developing neural folds, and is present throughout embryonic development (Lagger et al., 

2002).  The loss of HDAC1 alone has been shown to significantly reduce total deacetylase 

activity, even though other HDACs are present, suggesting that HDAC1 has a large functional 

role.  HDAC1-null embryos exhibit severe cranial abnormalities at E9.5 and do not survive past 
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E10.5 (Lagger et al., 2002).  Similarly to HDAC1, HDAC2 has also been localized to both 

embryonic neural stem cells and neural progenitor cells throughout development (MacDonald 

and Roskams, 2008).  Deletion of both HDAC1 and HDAC2 in developing neurons resulted in 

severe cortical, hippocampal, and cerebellar abnormalities, ultimately leading to death by 

postnatal day 7 (Montgomery et al., 2009).  Thus, HDAC1 and HDAC2 are required for proper 

CNS development.  Our results show that FB1 treatment results in increased nuclear Sa1P and 

decreased HDAC activity, providing a plausible mechanistic role for HDAC inhibition in NTD 

development following FB1 exposure in LM/Bc mice. 

 Pre-treatment with ABC294640, a selective Sphk2 inhibitor, prior to FB1 treatment in 

LM/Bc MEFs significantly reduced the nuclear accumulation of Sa1P, without decreasing the 

cytoplasmic accumulation.  Studies with PF-543 indicate its selectivity for Sphk1 over Sphk2 as 

well as other kinases.  PF-543 has been reported to be over 100-times more potent inhibitor of 

Sphk1 versus Sphk2 (Lynch, 2012). Although Sphk1 is thought to be associated with the 

cytoplasm and plasma membrane (Olivera et al., 1999, Igarashi et al., 2003; Inagaki et al., 2003; 

Hengst et al., 2010), concurrent treatment with PF-543, a selective Sphk1 inhibitor, and FB1 

resulted in a significant decrease in nuclear Sa1P but had no effect on cytoplasmic Sa1P.  The 

translocation of Sphk1 from the cytoplasm to the nucleus was first reported in response to 

platelet-derived growth factor (PDGF) (Kleuser et al., 2001).  Two functional nuclear export 

signal (NES) sequences have been found within human Sphk1, allowing this kinase to undergo 

nucleocytoplasmic translocation (Inagaki et al., 2003).  Unfortunately, the nuclear function, as 

well as the importance of the nucleocytoplasmic translocation, of Sphk1 is not well known.  

Igarashi et al. (2003) demonstrated that the fusion of Sphk1 with the nuclear localization signal 

(NLS) sequence from Sphk2 resulted in nuclear Sphk1 and was shown to inhibition of DNA 
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synthesis, whereas its cytoplasmic localization would have typically stimulated DNA synthesis, 

suggesting that nuclear localization is extremely important. 

This study demonstrates a potential novel mechanism of action for FB1-induced NTDs 

following ceramide synthase inhibition.  The increase in nuclear Sa1P, and corresponding 

decrease in HDAC activity and increased histone acetylation, could result in altered epigenetic 

regulation of gene expression, and this in turn may contribute to the failure of neural tube 

closure observed in LM/Bc embryos exposed to FB1.  Alternatively, the significant increase in 

cytoplasmic S1P, observed only in the LM/Bc MEFs, and the increased cytoplasmic Sa1P, may 

have implications for sustained and/or aberrant activation of S1P receptor-mediated signaling 

pathways in the etiology of FB1-induced NTDs.  Further studies will be needed to separate the 

relative importance of bioactive S1P and Sa1P that accumulates in each cell compartment after 

FB1 exposure and their mechanistic role in the regulation of epigenetic and/or cell signaling 

pathways in vivo that result in NTDs.    
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CHAPTER III 
Genetic variation in Gdf1 (growth differentiation 
factor 1) impacts sphingolipid metabolism and 

susceptibility to neural tube defects in response to 
fumonisin B1 exposure 

Abstract 
Fumonisin B1 (FB1) is a mycotoxin produced by a common fungal contaminant of maize.  

Ingestion of FB1-contaminated food during early pregnancy is associated with increased risk of 

having a baby with a neural tube defect (NTD).  FB1 inhibits ceramide synthase enzymes (CerS1-

6) involved in de novo sphingolipid biosynthesis, causing accumulation of sphinganine and 

sphinganine-1-phosphate (Sa1P).  FB1 treatment in pregnant mice results in a significantly 

greater elevation of Sa1P in maternal blood and tissues and significantly more NTDs in the 

inbred LM/Bc strain than in the inbred SWV strain, suggesting that genetic differences between 

these two strains that impact sphingolipid metabolism may also contribute to FB1-induced NTD 

susceptibility.  FB1 treatment in LM/Bc and SWV mouse embryonic fibroblasts (MEFs) 

demonstrates a profile of Sa1P accumulation that parallels the strain-specific in vivo findings.  

CerS1 is the primary isoform found in neural tissue and has an unusual bicistronic transcript 

containing Gdf1 (growth differentiation factor 1).  A single nucleotide polymorphism (SNP) was 

identified in exon 1 of Gdf1 in the LM/Bc strain.  In FB1-treated Gdf1+/+ and Gdf1-/- MEFs, 

accumulation of sphingolipid metabolites was affected in a Gdf1 genotype-dependent manner.  

The results suggest that the Gdf1 SNP in LM/Bc mice could influence sphingolipid metabolism 

and FB1-induced NTD susceptibility. 
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Introduction 
Every year, over eight million babies are born with a birth defect worldwide, with 

approximately 300,000 babies affected with a neural tube defect (NTD), such as spina bifida or 

anencephaly (Christianson et al., 2006; Botto et al., 1991).  The NTD rate in the United States is 

approximately 1 in 1,000 live births; however some regions of the world have much higher rates 

due to various known and unknown factors (Botto et al., 1999, Marasas et al., 2004; 

Christianson et al., 2006).  The causes of NTDs are mostly unknown but appear to be 

multifactorial, resulting from a combination of genetic, nutritional, and environmental factors.  

Harris and Juriloff (2010) summarized the mouse models of NTDs and compiled a list of over 240 

different mouse mutants and strains.  Of these mouse models, 205 are due to a single gene 

mutation or polymorphism, whereas the remaining mouse mutants that have NTDs are due to 

unknown or multifactorial etiology (Harris and Juriloff, 2010).  These genetic mutants and 

polymorphisms have identified crucial signaling pathways involved in neural tube closure, 

including BMP signaling, Wnt signaling, the planar cell polarity pathway (non-canonical Wnt 

signaling), sonic hedgehog (Shh) signaling, and folate metabolism (Harris and Juriloff, 2010).  In 

recent years, new pathways, such as signaling pathways mediated via primary cilia and 

epigenetic modifications (i.e. histone acetylation, DNA methylation) that impact gene 

regulation, have also been implicated in neural tube defects (Harris and Juriloff, 2010).  

Many environmental factors have also been associated with an increased risk of having 

a child with a NTD.  Specific environmental factors include exposure to chemicals and solvents 

(Garlantézec et al., 2008), pesticides (reviewed in Sever, 1995), and foodborne toxins (Marasas 

et al., 2004).  Maternal diabetes, obesity, and hyperthermia, such as prolonged hot tub or sauna 

use, are also considered risk factors for human NTDs (reviewed in Sever, 1995; Finnell et al., 

2000; Wilde et al., 2014).  The relationship between genetics and environmental factors is just 
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now starting to be identified.  Robinson et al. (2010) examined the relationship between certain 

single nucleotide polymorphisms (SNPs) and exposure to cadmium and methylmercury, metals 

that have been shown to cause NTDs in mice and are risk factors for human NTDs.  There are 

still many environmental factors/exposures that have unknown genetic susceptibility 

components.  One of those environmental exposures is Fumonisin B1. 

Fumonisin B1 (FB1) is a mycotoxin produced by Fusarium verticillioides, a fungus 

commonly found on maize and in maize-based foods and animal feeds (Gelderblom et al., 1988; 

Marasas et al., 2004).  Exposure to FB1 has been shown to cause leukoencephalomalacia in 

horses (Marasas et al., 1988, Wilson et al., 1990) and pulmonary edema in pigs (Harrison et al., 

1990), as well as hepatotoxicity and liver and kidney carcinomas in lab rodents (Gelderblom et 

al., 1988; Voss et al., 1989; Gelderblom et al., 1991, Voss et al., 1993).  Human populations that 

consume large quantities of FB1-contaminated foods have shown a higher incidence of 

esophageal (Chu and Li, 1994) and liver cancer (Sun et al., 2007), and consumption during early 

pregnancy is a risk factor for having a baby with anencephaly, a lethal neural tube defect 

(Hendricks, 1999; Marasas et al., 2004).  Anencephaly occurs when the anterior neural tube fails 

to close properly, allowing the neural tissue to protrude outside of the skull, exposing it to 

degradation by the surrounding amniotic fluid (reviewed in Copp and Greene, 2013).  

Anencephalic babies are typically delivered stillborn, and those that are born alive usually die 

within minutes or hours of birth (NINDS, 2003). 

During the fall of 1989, over 40 clusters of horses with leukoencephalomalacia were 

discovered within a two month period in south Texas, concurrent with outbreaks of pulmonary 

edema in pigs (Hendricks, 1999).  Maize linked to the animal feeds being used at the time of 

these clusters was found to contain FB1 levels ranging from 1 to 330 ppm (Thiel et al., 1991; 

Ross et al., 1991), which were unusually high.  Shortly after the epizootic outbreaks, six 



63 
 
 

anencephalic babies were born within six weeks of each other at a Brownsville, Texas hospital 

(Hendricks, 1999).  This was the first time that epidemiologists and toxicologists linked the 

occurrence of animal outbreaks with the human NTD cases and began to look for a common 

cause or risk factor.  

Certain regions of Guatemala have high levels of FB1 in maize, which is then made into 

tortillas for human consumption (Torres et al., 2014).  Consumption of FB1-contaminated 

tortillas directly correlates with urinary levels of FB1 in humans (Torres et al., 2014; Riley et al., 

2012).  The Food and Agriculture Organization of the United Nations (FAO) and World Health 

Organization (WHO) Joint Expert Committee on Food Additives (JECFA) have issued a 

recommendation level, or provisional tolerable daily intake (PMTDI), for FB1 at 2 µg/kg body 

weight.  The consumption of FB1-contaminated foods frequently exceeds this recommendation 

in certain parts of Guatemala (Torres et al., 2014; Bulder et al., 2012).  Not only do parts of 

Guatemala have high levels of FB1, but they also have a high NTD rate.  In 2000, 

Quetzaltenango, Guatemala had a NTD rate of 10.6 per 1,000 live births (Marasas et al., 2004).   

 An in vivo mouse model of FB1-induced NTDs was first established by Gelineau-van 

Waes et al. (2005), showing that maternal FB1 exposure resulted in embryos with exencephaly, 

the mouse form of human anencephaly.  FB1 was administered through intraperitoneal (ip) 

injection to pregnant LM/Bc and SWV mice on gestational days 7.5 and 8.5.  At the highest dose 

of FB1 given (20 mg / kg body weight), 79% of the LM/Bc embryos were affected with a NTD, 

whereas only one embryo out of all ten litters had a NTD in the SWV strain (< 1%).  Although the 

number of affected embryos in the SWV strain was significantly smaller than the number seen in 

the LM/Bc mice, the number of resorptions in the SWV litters was 15-fold greater than that 

observed in the LM/Bc strain (Gelineau-van Waes et al., 2005).   
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 FB1 is structurally similar to the sphingoid bases sphinganine and sphingosine produced 

during sphingolipid metabolism and has been shown to be a potent and competitive inhibitor of 

de novo sphingolipid biosynthesis (Wang et al., 1991).  FB1 inhibits ceramide synthase enzymes 

(CerS1-6) (Wang et al., 1991) that are responsible for adding acyl side chains to sphingoid bases 

to form ceramide (Levy and Futerman, 2010).  There are six different isoforms of CerS enzymes, 

each having their own tissue distribution and acyl side chain preference (Levy and Futerman, 

2010). CerS1 is the primary isoform in neural tissue and utilizes C18:0 fatty acyl CoA side chains 

to synthesize C18:0 ceramides (Levy and Futerman, 2010).   

The CerS1 transcript has an unusual bicistronic structure with Gdf1, growth 

differentiation factor 1.  This bicistronic structure is highly conserved in mouse, rat, and human 

(Lee, 1991; Wang et al., 2007).  The entire transcript is eight exons long, with both CerS1 and 

Gdf1 coexisting, but not overlapping, on exon 7 (Wang et al., 2007). CerS1 is found on exons 1-7, 

while Gdf1 is located on exons 7-8 (Wang et al., 2007).  An alternatively spliced variant of CerS1, 

only containing exons 1-6, has been observed in humans (Meyers-Needham et al., 2011).  There 

is only one promoter for both genes, indicating that they are transcribed into a single mRNA, but 

are translated separately (Meyers-Needham et al., 2011) (Figure 18).  Two CerS1-Gdf1 mRNA 

transcripts have been observed in the mouse, and each displays a distinct expression pattern 

(Lee, 1991).  The first transcript only contains Gdf1 (1.4 kb) and is present at E8.5-E9.5 (during 

the window of neural tube closure) but disappears by E10.5 (onset of neurogenesis) (Lee, 1991), 

suggesting that the CerS1 mRNA is degraded, although the exact mechanism is unknown.  The 

other transcript contains the entire CerS1-Gdf1 bicistronic mRNA (3.0 kb) and appears on E9.5 

and persists into adulthood (Lee, 1991).  The exact mechanism of transcription and translation 

of CerS1 and Gdf1 is not completely understood.   
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Figure 18: Human CerS1-Gdf1 bicistronic mRNA transcription and translation sites.  CerS1 and 

Gdf1 have unique bicistronic mRNA structure that is highly conserved among mammals (Lee, 

1991; Wang et al., 2007).  The entire transcript is eight exons long, with both CerS1 and Gdf1 

coexisting, but not overlapping, on exon 7 (Wang et al., 2007). The CerS1-Gdf1 has a single 

promoter region and are transcribed a single mRNA, however they are translated individually. 

An alternatively spliced variant of CerS1, only containing exons 1-6, has been observed in 

humans (Meyers-Needham et al., 2011).  Figure based on Meyers-Needham et al., 2011.  
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The regulation of these two genes is not completely understood, but Bengtsson et al. 

(2008) demonstrated that removal of exon 2 of Gdf1 in Gdf1 conditional knockout mice, 

resulted in increased expression of CerS1 mRNA, suggesting a feedback mechanism between 

CerS1 and Gdf1 (Figure 19).  A recent study (Meyers-Needham et al., 2012) also identified a 

single microRNA (miR or miRNA) that regulates CerS1 expression (Figure 20).  They 

demonstrated that HDAC inhibition allowed specificity protein 1 (Sp1), a transcription factor, to 

bind to the CerS1 promoter, resulting in transcriptional activation.  However, the alternatively 

spliced isoform of CerS1 in humans contains a miR-574-5p target sequence in the 3’ UTR 

(intronic sequence between exons 6-7) which makes CerS1 a target for degradation (Figure 21).  

Treatment with the HDAC inhibitors TSA or MS275 increased CerS1 expression 3-4 fold, but the 

transcript was unstable due to the targeted degradation by mir-574-5p, whereas the Gdf1 

portion was not affected (Meyers-Needham et al., 2012).  CerS1 mRNA and protein were both 

restored when HDAC inhibition was accompanied by knockdown of miR-574-5p using siRNA 

(Meyers-Needham et al., 2011). 

The inhibition of CerS enzymes by FB1 has been shown to result in disruptions of 

sphingolipid metabolism, including an elevation in the sphingoid bases sphinganine (Sa) and 

sphingosine (So) (Riley et al., 1996; Merrill et al., 2001).  Sphinganine and sphingosine can be 

phosphorylated by sphingosine kinases (Sphk1, Sphk2) to form sphinganine-1-phosphate (Sa1P) 

and sphingosine-1-phosphate (S1P) (Spiegel and Milstien, 2002).  LM/Bc mice treated with FB1 

showed significantly elevated levels of Sa1P in maternal blood and plasma compared to the SWV 

strain (Gelineau-van Waes et al., 2012).  LM/Bc mouse embryonic fibroblasts (MEFs) also had 

significantly elevated nuclear and cytoplasmic levels of Sa1P, compared to SWV MEFs (see 

Chapter II). 
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Figure 19: Negative feedback of CerS1 and Gdf1 mRNA expression.  This figure symbolizes the 

findings of Bengtsson et al. (2008).  Their results demonstrated that deletion of exon 2 of Gdf1 in 

conditional Gdf1 knockout mice resulted in a significant decrease in Gdf1 mRNA and a significant 

increase in CerS1 mRNA expression.  The inset graph is from Bengtsson et al. (2008) and shows 

qRT-PCR results of Gdf1 and CerS1 expression.  Brains from three different genotypes were 

examined: Gdf1fl/fl, CaMKIIα-Cre; Gdf1fl/wt, and CaMKIIα-Cre; Gdf1fl/fl. The Gdf1fl/fl animals were 

crossed with CaMKIIα-Cre (CaMKIIα: calcium/calmodulin-dependent protein kinase type II 

alpha) transgenic mouse strain to create the conditional knockout lines: CaMKIIα-Cre; Gdf1fl/wt 

and CaMKIIα-Cre; Gdf1fl/fl.  The y-axis demonstrates the mean mRNA expression of Gdf1 and 

CerS1, whereas the x-axis shows the different genotypes and whether or not the animals carried 

the CaMKIIα-Cre (“Ca-Cre”) gene, or in other words had Gdf1 conditionally knockout.  
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Figure 20: CerS1 mRNA stability is regulated by miR-574-5p.  Histone deacetylases (HDACs) 

inhibit Sp1 recruitment to the promoter region, therefore inhibiting the transcription and 

translation of the CerS1-Gdf1 transcript.  Inhibition of HDACs, by TSA or MS-275, allowed binding 

of Sp1 to the promoter region of the CerS1-Gdf1 mRNA, activating transcription. This activation 

resulted in the transcription of CerS1-Gdf1.  CerS1 has a miR-574-5p target sequence within the 

3’UTR (intronic sequence between exon 6 and 7), allowing miR-574-5p to target post-

transcriptional CerS1 mRNA for degradation.  HDAC inhibition and knockdown of miR-574-5p 

reconstituted CerS1 mRNA and CerS1 protein expression, as well as increased C18-ceramide 

production.  Gdf1 expression alone does not appear to be altered by the presence of miR-574-

5p.  Based on Meyers-Needham et al. (2012).  
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Figure 21: Location of miR-574-5p target site within the CerS1-Gdf1 bicistronic mRNA. Meyers-

Needham et al., (2011) demonstrated that an alternatively spliced variant of CerS1 exists in 

humans, containing exons 1-6 only.  This isoform of CerS1 also contains a miR-574-5p target 

sequence in the 3’ UTR (intronic sequence between exons 6-7), making CerS1 a target for 

degradation. Figure based on Meyers-Needham et al., 2011.   
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Cytoplasmic Sa1P and S1P, generated primarily by Sphk1 (Olivera et al., 1999; Hengst et 

al., 2009),  can be exported out of the cell by members of the ATP binding cassette (ABC) 

transporter family (Takabe et al., 2010; Mitra et al., 2006) where they can act on cell surface G 

protein-coupled S1P receptors (S1P1-5) (Brinkmann, 2007; Spiegel and Milstien, 2002). Hait et al. 

(2009) demonstrated that nuclear Sa1P, generated by Sphk2, can bind to the active sites of 

histone deacetylases (HDACs), inhibiting their activity and increasing histone acetylation.  As 

demonstrated in Chapter II, FB1-treatment of LM/Bc and SWV MEFs resulted in a significant 

increase in nuclear Sa1P accumulation that was associated with a decrease in HDAC activity.  Of 

note, LM/Bc MEFs had significantly lower levels of basal HDAC activity compared to the SWV 

MEFs.  In FB1-treated LM/Bc MEFs, HDAC inhibition was also associated with increased 

acetylation of specific lysine residues on core histones. 

Inbred LM/Bc mice demonstrate greater susceptibility to FB1-induced NTDs compared 

to the inbred SWV mouse strain (Gelineau-van Waes et al., 2012).  Similar to the in vivo results 

observed between these two inbred strains in response to FB1 administration (blood, plasma, 

tissues), FB1-treated LM/Bc MEFs have significantly higher Sa1P levels than SWV MEFs (see 

Chapter II).  The reason(s) for the strain-specific differences between inbred LM/Bc and SWV 

mice is/are unknown at this time.  The goal of this study was to determine whether LM/Bc mice 

have a genetic variant in a sphingolipid pathway gene that might effect Sa1P accumulation in 

response to FB1 and confer increased susceptibility to FB1-induced NTDs.  Understanding 

genetic differences between these two inbred mouse strains impacting susceptibility to FB1-

induced NTDs could provide novel insight into the identification of genetic variants in humans 

that may impact NTD risk, especially in regions of the world that rely heavily on tortillas and 

maize-based foods as a dietary staple and where FB1 contamination is common. 
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Materials and Methods 
Experimental Animals.  Inbred LM/Bc and SWV mice and Gdf1 and AKR/J mice were housed in 

microisolator cages and maintained on a 12-hour light/dark cycle in climate-controlled animal 

facilities approved by the Association for Assessment and Accreditation of Laboratory Animal 

Care at Creighton University School of Medicine.  B6;129-Gdf1tm1Sjl/J  (Gdf1) mice were cryo-

recovered by The Jackson Laboratory and maintained as heterozygotes (Gdf1+/-).  Virgin females 

were mated to males and examined for vaginal plugs the next morning.  If a plug was present, 

the female was weighed and conception was considered to occur at midnight on the evening of 

mating (day 0.5).  Pregnant dams were left untreated or given daily FB1 (Cayman Chemical Co., 

Ann Arbor, MI) on embryonic days 7.5-9.5 via intraperitoneal injection (20 mg/kg/day).  On 

embryonic day 9.5, pregnant females were given their last dose of FB1 four hours prior to 

sacrifice.  Dams were sacrificed via cervical dislocation and embryos were removed from the 

uterus and individual decidua.  The phenotypes of all embryos were noted.  Embryos were used 

for whole mount in situ hybridization or cell line creation.  Prior to sacrifice, pregnant AKR/J 

mice were anesthetized and blood spots were collected on Whatman® 903 Specimen Collection 

Paper (GE healthcare, Piscataway, NJ) via retro-orbital bleeds.  Blood spots were dried overnight 

and stored at -20 °C until analyzed.  

Generation of MEFs and Treatments. Strain-specific MEF cell lines were generated from 

gestational day 12.5 embryos harvested from untreated Gdf1+/- dams and cultured using 

standard conditions as previously described (Gelineau-van Waes et al., 2012; Chapter I).  The tail 

of each Gdf1 embryo was also collected to determine genotype. Spontaneously-immortalized 

MEFs were cultured in 100-mm tissue culture dishes for 48 hours followed by a change of 

medium (containing serum) and treatment and then incubated for another 24 hours.  MEFs 

were treated with vehicle (sterile water) or 40 µM FB1 (Cayman Chemical Co., Ann Arbor, MI).  
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At the experimental endpoint, cells were harvested using trypsin-EDTA and cell fractions were 

isolated using the NE-PER™ Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific, 

Waltham, MA).  The protocol was per manufacturer’s specifications, with a few minor 

modifications, such as the addition of phosphatase inhibitors. 

Gdf1 Genotyping. Tail snips were collected from E12.5 Gdf1 embryos to determine the 

genotype of each embryo used to derive the MEF lines.  Following the Wizard® Genomic DNA 

Purification Kit protocol(Promega Corporation, Madison, WI), tail snips were digested overnight 

at 55 °C in a master mix containing EDTA, Nuclei Lysis Solution (Promega Corporation, Madison, 

WI; A7943), and proteinase K (Promega Corporation, Madison, WI; V302B).  Only half of the 

volume suggested was used for all steps, due to the small sample size.  The next day, samples 

were vigorously vortexed and Protein Precipitation Solution (Promega Corporation, Madison, 

WI; A7953) was added to each sample before being vortexed again and incubated on ice for 15 

minutes.  The tail samples were then centrifuged (15 minutes, 14,000 rpm, 4 °C) and the 

supernatant was collected.  Isopropanol was added to the supernatant and the tubes were 

inverted multiple times to precipitate out the strands of DNA.  The samples were spun again to 

pellet the DNA, washed with 70% ethanol, and spun again. The DNA allowed to air dry before 

being rehydrated with DNA Rehydration Solution (Promega Corporation, Madison, WI; A7963).  

The DNA was quantified using a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA; ND-2000C).  A polymerase chain reaction (PCR) was then set up to amplify the 

DNA and the PCR products from each sample were run on a 2.0% agarose gel.  Forward and 

reverse primers were purchased from Integrated DNA Technologies (Coraville, IA) and are as 

follows:   Gdf1 WT (forward) 5'- CAA CGC ATC AGT GCC CTG TAC TG -3', (reverse) 5'- AGT GCC CAC 

TGG ACC AAC TTC TAC -3'; Gdf1 mutant (forward) 5'- GGA AGA CAA TAG CAG GCA TGC TGG -3'. 
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CerS1-Gdf1 Sequencing. Genomic DNA was extracted from tail snips of SWV and LM/Bc mice 

using the Wizard Genomic DNA Purification Kit (Promega Corporation, Madison, WI).  Primers 

were designed to target all Refseq exons of CerS1-Gdf1 as well as the promoter region (2 kb 

upstream) (Table 3 and Table 4).  Primer oligos were purchased from Integrated DNA 

Technologies (Coralville, IA).  Target regions were amplified using HotStarTaq DNA polymerase 

(Qiagen, Germantown, MD) and sequenced on a 3730 DNA Analyzer using BigDye chemistry 

(Life Technologies, Carlsbad, CA).  Sequences for both strains were assembled together and 

compared for discordant variation.  Variants were confirmed by sequencing in the reverse 

direction. PolyPhen-2 was used to annotate nonsynonymous SNPs and determine if the amino 

acid substitutions would be damaging or benign (Adzhubei et al., 2010).   
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Region Forward Primer Reverse Primer Annealing 
Touchdown 

Promoter  
(-2156 to -1045) 

GGCTGATCAGGCTTCTTCAC CCATGGGACTGGAAGGTAGA 66-60 °C 

Promoter  
(-1270 to -101) 

CCTGGCTGTCCTAGATGGAA CCTCTTGGTGCTGCTTTGAG 66-60 °C 

Exon 1 GCGAGTACCAACAACCCAAG TTGGTGGCCTTCTTAGTTGC 64-58 °C 
Exon 2 CGTCTTTGTGTCCCCAGAGT CTGCCCCTCCTAGATCACTG 66-60 °C 
Exon 3 TTGGCTAGAGCTGAGGTGGT CCGTGATGGACAGAGTCACA 64-58 °C 
Exon 4 GCATCTCCTGGGAATTGAAC TTGAGCGGGAACCAGTAGAG 64-58 °C 
Exons 5-6 GCCAAGGTGCTGAGAAAGAC GGACCCACAGTGGAAAGAGA 64-58 °C 
Exon 7 AGGCTGCCATTCTCTGAGTG ACATGACAGGAGGCACAGGT 64-58 °C 
Exons 7-8 CCTCCTCCTCCTGCTCTTG CTGGCAGAAGTTGGCTAGGA 66-60 °C 
Exon 8 CTCCCTGCTGCTGGTGAC TCTCGTGATTGAGGGGCTAC 64-58 °C 
Table 3. Primer sequences and PCR conditions for all amplicons.  Forward and reverse primers 

used to sequence the entire CerS1-Gdf1 transcript and promoter. Primers were ordered from 

Integrated DNA Technologies (Coralville, IA).  

 

Region Direction Primer 
Promoter  
(-1270 to -101) 

Forward CACTGAGCCATCCAAGGTTT 

Exon 1 Forward CGGAGAATTGGATAGCATGG 
Exons 7-8 Forward TCCCGTCTCTCAACACTTCC 
Exon 8 Reverse ACCTGAGAGATGCGAGAAGC 

Table 4. Additional primers used for sequencing only.  The four primers shown above were also 

used for sequencing only.  The direction of the primer is noted in the second column of the 

table.  Primers were ordered from Integrated DNA Technologies (Coralville, IA). 
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Whole mount in situ hybridization. Whole mount in situ hybridization was performed to 

examine expression of Gdf1 and miR-574-5p.  FB1-treated and control embryos were initially 

fixed in 4% paraformaldehyde overnight and then dehydrated through a graded methanol series 

and stored at -20 °C until use.  This whole mount in situ hybridization protocol is based on 

methods developed by Dr. Dave Wilkinson (1992).  The Biolane HTI instrument (Intavis, Cologne, 

Germany) was used throughout the process for robotic incubation and washes.  Methanol-fixed 

embryos were rehydrated through a graded methanol series and rinsed.  Embryos were then 

exposed to a brief digestion in proteinase K for permeabilization, washed, post-fixed, and 

blocked in hybridization buffer.  Next, embryos were hybridized using 1 µg/mL denatured Gdf1 

probe overnight at 63 °C and extensively washed the next day to remove excess probe, allowing 

only highly specific bound probe to remain. The Gdf1 construct was a generous gift from Dr. Se-

Jin Lee at Johns Hopkins University School of Medicine.  To visualize the probe binding to 

localized RNA molecules in the embryo tissue, after blocking non-specific sites, embryos were 

incubated with an anti-Digoxigenin (Roche) antibody conjugated to alkaline phosphatase 

followed by a BM Purple development reaction producing a blue-purple color. When color 

development occurred, the reaction was stopped and embryos were photographed and 

qualitatively examined.  

For whole mount in situ hybridization experiments examining miR-574-5p, embryos 

were collected and maintained in the same manner.  The double DIG-labeled, locked nucleic 

acid (LNA) miR-574-5p probe (Catalog # 38674-15) was purchased from Exiqon (Vedbaek, 

Denmark).  For hybridization, 0.5 µL of 25 pmol/µL probe stock was added to 500 µL 

hybridization buffer and incubated overnight at 50 °C. 
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Isolation of Nuclear and Cytoplasmic Protein Fractions. The nuclear and cytoplasmic cell 

fractions were isolated from control and treated MEFs for analysis of free sphingoid bases and 

sphingoid base-1-phosphates using a slight modification of the NE-PER kit (78835, Thermo 

Scientific, Waltham, MA) manufacturer’s protocol.  Reagent volumes were based on a packed 

cell volume of 10 µL: 100 µL of CER I, 5.5 µL of CER II, and 50 µL of NER.  CER I and NER also 

contained Halt™ Protease Inhibitor Cocktail (78425, Thermo Scientific), as well as an additional 

protease inhibitor and two phosphatase inhibitors. The phosphatase inhibitors used were 

sodium orthovanadate (Na3VO4) at 1 mM and sodium fluoride (NaF) at 10 mM.  An additional 

protease inhibitor phenylmethanesulfonyl fluoride (PMSF) was also added at 0.5 mM.  After the 

cytoplasmic and nuclear fractions were collected, a 96-well plate Bradford assay (Sigma, B6916) 

was performed using a SpectraMax M3 microplate reader (Molecular Devices, Sunnyvale, CA) to 

determine the protein concentration of each cell fraction compared to a standard curve 

generated using bovine serum albumin (BSA).  Aliquots of 100-200 µg of nuclear and 400-600 µg 

cytoplasmic cell fractions were frozen at -80 °C until further analysis of sphingoid bases and 

sphingoid base-1-phosphates by high performance liquid chromatography tandem linear-ion 

trap electrospray ionization (LC-ESI-MS/MS). 

Mass Spectrometry Analyses of Sphingolipids.  Free sphingoid bases and sphingoid base 1-

phosphates were quantified by LC-ESI-MS/MS using the method of Zitomer et al. (2008; 2009).  

Sphingolipids from MEF cell fractions (100-600 µg protein—based on cell fraction) were 

extracted in 1.0 mL of 1:1 acetonitrile:water made to 5% with formic acid and containing known 

amounts (36 pmol total) of C20-dihydrosphingosine (C20-Sa, d20:0) (Matreya, Pleasant Gap, PA) 

and D-erythro-C17-sphingosine-1-phosphate (C17-S1P) (Avanti Polar Lipids, Alabaster, AL) as 

internal standards.  The extracts were analyzed for the internal standards and for D-erythro-

sphingosine 1-phosphate (S1P), D-erythro-dihydrosphingosine-1-phosphate (Sa1P), 1-deoxy-
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sphinganine (1-deoxy Sa, m18:0), DL-erythro-dihydrosphingosine (Sa, d18:0), and D-erythro-

sphingosine (So, d18:1) (Sigma-Aldrich, St. Louis, MO).  LC-ESI-MS/MS analysis of the extracts 

was conducted using a Finnigan Micro AS autosampler coupled to a Surveyor MS pump (Thermo 

Fisher Scientific, Waltham, MA). Separation was accomplished using an Imtakt Cadenza 3-μm 

particle size CW-C18 column, 150×2 mm (Imtakt USA, Portland, OR). The column effluent was 

directly coupled to a Finnigan LTQ linear ion trap mass spectrometer.  Details of the liquid 

chromatography and mass spectrometer settings can be found in Zitomer et al. (2008 and 

2009). Quantification of sphingoid bases and their respective 1-phosphates was accomplished 

by comparing the integrated area for the known quantity of the appropriate internal or external 

standard to the area of the analyte. 

 Analysis of sphingolipid in whole blood from AKR/J mice was performed in a similar 

fashion.  An 8-mm core (representing 17.5 µl of blood) was removed from each Whatman® 903 

card and extracted in 1.5-mL polypropylene tubes using 1 mL of acetonitrile/water (1:1) made to 

5% formic acid containing 36 pmol of C17 sphingosine-1-phosphate (C17) and C20 sphinganine 

(C20).  Tubes containing the blood spots and extraction mixture were sonicated at 50 °C for one 

hour and then placed on a rocker at 23 °C for three hours. Extracts were diluted and analyzed 

for Sa and Sa1P by LC-ESI-MS/MS.  Quantification was accomplished by internal standardization 

using the areas of the C17 and C20 in each sample. 
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Results 
Sequencing of CerS1-Gdf1 transcript- It was initially hypothesized that LM/Bc mice might have a 

genetic variant in CerS1, as this is the primary isoform in neural tissue and the developing brain 

(Levy and Futerman, 2010).  Genomic DNA was isolated from SWV and LM/Bc mice and primers 

were used to sequence the entire CerS1-Gdf1 transcript and promoter.  No discordant sequence 

variation was identified in the CerS1 portion of the transcript.  However, two differences were 

identified in exon 1 of Gdf1, one within the LM/Bc strain and one within the SWV strain (Table 

5).  Both were known mouse single nucleotide polymorphisms (SNPs) that result in 

nonsynonymous amino acid changes.  The serine to cysteine substitution observed in the 

rs32650885 SNP was rated as “benign” in the SWV strain.  The second variant, rs47220823, 

present in the LM/Bc strain, resulted in an alanine to threonine substitution that was rated as 

“possibly damaging”.  These SNPs were then compared to genotypes of other strains using the 

Mouse Phenome Database (Maddatu et al., 2012).  The serine to cysteine SNP, found in the 

SWV strain, was also present in 11 out of 21 other genotyped strains, whereas the alanine to 

threonine substitution, found in the LM/Bc strain, was only present in one other strain, the 

AKR/J mice. 
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Table 5: Single nucleotide polymorphisms (SNPs) identified within exon 1 of Gdf1 in the LM/Bc 

and SWV mouse strains.  The SNPs found within exon 1 of Gdf1 resulted in nonsynonymous 

amino acid changes.  PolyPhen-2 was used to annotate nonsynonymous SNPs and determine if 

the amino acid substitutions could be damaging or benign (Adzhubei et al., 2010).  The serine to 

cysteine substitution variant was rated as “benign” in SWV.  The second variant, present in the 

LM/Bc strain, resulted in an alanine to threonine substitution that was rated as “possibly 

damaging”. 
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Increased Gdf1 mRNA expression after FB1 exposure in LM/Bc E9.5 embryos—The discovery of 

a “possibly damaging” SNP within exon 1 of Gdf1 in LM/Bc mice  prompted a whole mount in 

situ hybridization experiment to further examine Gdf1 mRNA expression.  Control and FB1-

treated pregnant LM/Bc mice were sacrificed on gestational day 9.5 and the embryos were 

collected.  Whole mount in situ hybridization was performed on multiple phenotypically normal 

(control) and FB1-treated exencephalic LM/Bc E9.5 embryos.  The FB1-treated exencephalic 

LM/Bc embryos exhibited increased expression of Gdf1 in the open neural folds of the 

hindbrain/midbrain region (Figure 22).  SWV embryos were also examined, but did not exhibit 

an increase in Gdf1 mRNA (Figure 23).  The SWV strain is not susceptible to FB1-induced NTDs; 

therefore all SWV embryos analyzed were phenotypically normal (closed neural tube). 

AKR/J mice are susceptible to FB1-induced neural tube defects—To further examine the 

influence of the Gdf1 SNP, rs47220823, on FB1 susceptibility, the only other commercially 

available mouse strain with the same SNP was purchased.  AKR/J mice were time-mated and the 

embryos were removed from the uterus and individual decidua and the phenotype recorded.  

AKR/J control litters had 79% normal E9.5 embryos, 12% were resorptions (decidua was empty 

when opened), and 9% of the embryos were developmentally delayed, meaning that embryos 

were not completely turned (axial rotation) with their tail directly in front of their face, 

indicative of an E9.5 stage embryo (Figure 24).  FB1 treatment in AKR/J mice resulted in 36% 

normal E9.5 embryos, 20% resorptions, 24% phenotypically delayed embryos, and 20% of the 

embryos were exencephalic, or had an open neural tube.   
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Figure 22: Gdf1 mRNA expression in LM/Bc normal and exencephalic embryos.  Pregnant 

LM/Bc mice were left untreated or treated with FB1 (20 mg/kg/day via ip injection) over 

embryonic days 7.5-9.5, with the last injection occurring 4 hours prior to sacrifice.  Gdf1 mRNA 

expression was evaluated through whole mount in situ hybridization.  The Gdf1 construct was a 

generous gift from Dr. Se-Jin Lee at Johns Hopkins University.  Phenotypically normal (control) 

E9.5 LM/Bc embryos have very little Gdf1 expression: A) side view, B) front view, C) back view.  

Whereas, FB1-treated exencephalic LM/Bc embryos have increased Gdf1 mRNA expression in 

the open neural folds and along the entire neural tube: D) side view, E) front view, F) back view. 
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Figure 23: Gdf1 mRNA expression in SWV control and FB1-treated embryos.  Pregnant SWV 

mice were left untreated or treated with FB1 (20 mg/kg/day via ip injection) over embryonic 

days 7.5-9.5, with the last injection occurring 4 hours prior to sacrifice.  Gdf1 mRNA expression 

was evaluated through whole mount in situ hybridization.  The Gdf1 construct was a generous 

gift from Dr. Se-Jin Lee at Johns Hopkins University.  All SWV embryos, regardless of treatment, 

are phenotypically normal, as this strain is not susceptible to FB1-induced NTDs.  E9.5 SWV 

embryos have very little Gdf1 expression; Control: A) side view, B) front view; FB1-treated: C) 

side view D) front view. 
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Figure 24: Summary of FB1 teratogenicity in AKR/J mice.  Data represent the percentage of 

each phenotypes observed in control AKR/J embryos (left) and those exposed to FB1 (20 

mg/kg/day) via intraperitoneal injection on embryonic day 7.5-9.5 (right).  The increase in the 

number of embryos with an open neural tube (NT) demonstrates that AKR/J mice are 

susceptible to FB1-induced neural tube defects. 
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Sa1P is elevated in AKR/J maternal blood spots after FB1 exposure—After discovery that AKR/J 

mice demonstrated susceptibility to FB1-induced NTDs, maternal blood was examined for 

elevated Sa1P accumulation AKR/J mice had a significantly higher accumulation of Sa1P after 

FB1 exposure (14140 ± 3377 pmol/mL blood; p = 0.030) compared to control AKR/J dams (1136 

± 124 pmol/mL blood) (Figure 25).  These results indicate a likely role for the rs47220823 Gdf1 

SNP in altered sphingolipid metabolism and elevated Sa1P in response to FB1. 

Increased Gdf1 mRNA expression after FB1 exposure in AKR/J E9.5 embryos—Because the 

AKR/J mouse strain has the same Gdf1 SNP (rs47220823) as the LM/Bc strain, Gdf1 mRNA 

expression was examined in these embryos.  Whole mount in situ hybridization was performed 

on multiple phenotypically normal and FB1-treated exencephalic AKR/J E9.5 embryos.  As 

observed in the exencephalic LM/Bc embryos (Figure 22), exencephalic AKR/J embryos also had 

increased Gdf1 mRNA expression in the open neural folds (Figure 26). 
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Figure 25: Sa1P in maternal blood spots after FB1 treatment.  LC-ESI-MS/MS analysis of Sa1P in 

maternal blood spots collected from pregnant untreated or FB1 treated AKR/J dams.  Pregnant 

ARK/J mice were treated with FB1 (20 mg/kg/day) via intraperitoneal injection on embryonic 

day 7.5-9.5.  Blood spots were collected from the dams four hours after final FB1 treatment on 

embryonic day 9.5.  Values shown represent the mean ± SEM (n = 3 control dams, n = 4 FB1-

treated dams).  **The mean level of Sa1P in the FB1-treated blood spots is significantly greater 

than the corresponding control samples (p = 0.031). 
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Figure 26: Gdf1 mRNA expression in AKR/J normal and exencephalic embryos.  Pregnant AKR/J 

mice were left untreated or treated with FB1 (20 mg/kg/day via ip injection) over embryonic 

days 7.5-9.5, with the last injection happening 4 hours prior to sacrifice.  Gdf1 mRNA expression 

was evaluated through whole mount in situ hybridization.  The Gdf1 construct was a generous 

gift from Dr. Se-Jin Lee at Johns Hopkins University.  Phenotypically normal (control) E9.5 AKR/J 

embryos have very little Gdf1 expression in the head: A) side view, B) front view, C) back view.  

FB1-treated exencephalic AKR/J embryos have increased Gdf1 mRNA expression in the open 

neural folds: A) side view, B) front view, C) back view.  
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Gdf1 genotype modulates sphinganine and sphinganine-1-phosphate accumulation—To 

further analyze Gdf1 genotype, B6;129-Gdf1tm1Sjl/J (Gdf1) mice were cryo-recovered by Jackson 

Laboratories and maintained as heterozygotes, yielding both Gdf1+/+ (C57BL/6), Gdf1+/-,  and 

Gdf1-/- embryos.  MEFs were generated from both control Gdf1+/+ and Gdf1 -/- embryos and 

treated with vehicle or 40 µM FB1 for 24 hours.  Cytoplasmic and nuclear fractions were then 

isolated from each sample (n = 3 per treatment group per strain) and analyzed by LC-ESI-MS/MS 

for sphinganine (Sa) and sphinganine-1-phosphate (Sa1P).  Both sphingolipids were significantly 

elevated in the cytoplasmic and nuclear fractions after FB1 treatment in both genotypes (p < 

0.02) (Figure 27A-B).  In both the Gdf1+/+ and Gdf1-/- MEFs, Sa accumulated to a greater extent in 

the nucleus (Gdf1+/+: 2554 ± 118 pmol/mg protein; p < 0.0001; Gdf1-/- : 975 ± 40 pmol/mg 

protein; p < 0.0001) than in the cytoplasm (Gdf1+/+: 392 ± 54 pmol/mg protein; Gdf1-/-: 215 ± 19 

pmol/mg protein).  The Gdf1+/+ MEFs had significantly more Sa in both the cytoplasmic and 

nuclear fraction than the Gdf1-/- MEFs (p < 0.04).  Similarly to Sa accumulation, both the Gdf1+/+ 

and Gdf1 -/- MEFs had a greater accumulation of Sa1P in the nucleus (Gdf1+/+: 1862 ± 140 

pmol/mg protein; p ≤ 0.001; Gdf1-/- : 456 ± 30 pmol/mg protein; p ≤ 0.002) than in the cytoplasm 

(Gdf1+/+: 614 ± 45 pmol/mg protein; Gdf1 -/- : 174 ± 24 pmol/mg protein).  The Gdf1+/+ MEFs had 

significantly more Sa1P in both the cytoplasmic and nuclear fraction than the Gdf1-/- MEFs (p ≤ 

0.01).  Similar trends were observed in the levels of sphingosine and S1P, with the Gdf1+/+ MEFs 

having significantly more accumulation than the Gdf1-/- MEFs (data not shown). These results 

suggest that Gdf1 genotype affects sphingolipid accumulation after FB1 treatment or exposure. 
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Figure 27: Sphinganine and Sa1P accumulation in Gdf1+/+ and Gdf1-/- MEFs.  MEFs were treated 

with either vehicle (sterile water) or 40 µM FB1 for 24 hours before being lysed and collected 

into cytoplasmic and nuclear fractions.  Sphinganine (Sa) (A) and sphinganine-1-phosphate 

(Sa1P) (B) were analyzed by LC-ESI-MS/MS in control and fumonisin B1 (FB1)-treated MEFs.  

Data are shown as mean ± SEM (n = 3 for each group).  **The mean level of Sa and Sa1P in the 

cytoplasmic or nuclear fraction of FB1-treated MEFs is significantly more than the corresponding 

fraction in control-treated MEFs (p ≤ 0.02).  #The mean level of the Sa or Sa1P in the nuclear 

fraction is significantly more than the level of Sa or Sa1P in the cytoplasmic fraction of FB1-

treated MEFs (p ≤ 0.00008). ‡The mean level of Sa or Sa1P in the Gdf1+/+ MEFs is more than that 

found in the Gdf1-/- MEFs (p ≤ 0.04).  ND signifies that the Sa1P was not detected in those 

samples.  

A 

B 
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Increased miR-574-5p expression in exencephalic E9.5 LM/Bc embryos— Previous research has 

shown that miR-574-5p targets CerS1 mRNA for degradation (Meyers-Needham et al., 2012).  To 

determine whether LM/Bc embryos exhibit increased miR-574-5p expression, an Exiqon double 

DIG-labeled (5’ and 3’-end labeled) oligo LNA (locked nucleic acid) probe to miR-574-5p was 

purchased and whole mount in situ hybridization was performed.  As a negative control, a 

scrambled probe was used.  After FB1 exposure, miR-574-5p was highly expressed on the outer 

edge of the open neural folds, or rhombic lip, as well as hindbrain rhombomere boundaries 

(Figure 28).  Control (normal) embryos showed some ubiquitously expressed staining for miR-

574-5p, but there were visible differences between the control and treated animals.  The 

embryos treated with the scrambled probe were completely void of any staining; suggesting 

that the miR-574-5p probe is highly specific.  
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Figure 28: Expression of miR-574-5p in E9.5 control and FB1-treated LM/Bc embryos.  Whole 

mount in situ hybridization was used to examine the localization of miR-574-5p in LM/Bc E9.5 

control and exencephalic embryos.  As a negative control, a scramble miRNA was used (first two 

columns) and different views are shown (side, front, and back).  Visible expression of miRNA-

574-5p was observed in both the control and FB1-treated embryos (last two columns).  In FB1-

treated exencephalic embryos, expression of miR-574-5p was increased on the outer edges of 

the neural folds and a striated pattern of miR-574-5p was observed at rhombomere boundaries. 
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Discussion 
The SWV and LM/Bc mouse strains exhibit significant strain differences in accumulation 

of nuclear Sa1P and susceptibility to FB1-induced NTDs (Chapter II, Gelineau-van Waes et al., 

2005, Gelineau-van Waes et al., 2009; Gelineau-van Waes et al., 2012).  The goal of the studies 

presented here was to identify genetic difference(s) between the LM/Bc and SWV mouse strains 

that could explain why the LM/Bc strain is highly susceptible to FB1-induced NTDs and the SWV 

strain is resistant.  FB1 disrupts de novo sphingolipid biosynthesis through inhibition of CerS 

enzymes (CerS1-6).  CerS1 is the primary ceramide synthase enzyme in the brain and is 

responsible for the synthesis of C18:0 ceramide (Levy and Futerman, 2010).  Ginkel et al. (2012) 

demonstrated the importance of C18:0 ceramide in maintaining ganglioside levels and myelin-

associated glycoprotein in oligodendrocytes, making it essential for cerebellar development.  

Mutations in CerS1, leading to a complete loss of CerS1 activity, resulted in progressive loss of 

cerebellar Purkinje cells and cerebellar ataxia (Zhao et al., 2011). Cers1 also has an unusual 

bicistronic structure containing Gdf1 (growth differentiation factor 1) that is highly conserved in 

mouse, rat, and human brain (Lee, 1991; Wang et al., 2007).   

To identify genetic variants that might contribute to differences in sphingolipid 

metabolism and enhanced susceptibility of the LM/Bc strain to FB1-induced NTDs, whole exome 

sequencing of DNA from these two mouse strains was performed.  SNPs were identified in exon 

1 of Gdf1 (exon 7 of full length CerS1-Gdf1 mRNA transcript), one in the SWV strain and one in 

the LM/Bc strain.  The SNP identified in the SWV strain, rs32650885, results in an A/T nucleotide 

change in codon 145 that ultimately leads to a serine to cysteine amino acid substitution.  This 

substitution was determined to be “benign” because both amino acids are polar and 

hydrophilic.  The LM/Bc SNP, rs47220823, however was determined to be “possibly damaging”, 
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and results in a G/A nucleotide shift within codon 161.  The SNP results in an amino acid change 

from an alanine to a threonine, changing it from a hydrophobic to a hydrophilic residue.   

Gdf1 is a member of the TGFβ superfamily (Lee, 1990).  During early embryogenesis, 

Gdf1 is expressed symmetrically in the primitive node, ventral neural tube, and lateral plate 

mesoderm and plays a significant role in determination of left-right asymmetry (Rankin et al., 

2000).  During late embryogenesis, the larger CerS1-Gdf1 transcript (3.0 kb) is expressed, and 

Gdf1 mRNA is observed throughout the CNS, specifically within neuroepithelial cells, brain 

ventricles, spinal cord, and cerebral cortex, as well as within neurons of the dorsal root ganglia 

(Söderström et al., 1999).  Gdf1 interacts with Nodal, regulating Nodal’s long-range activity and 

signaling (Tanaka et al., 2007), as well as interacting synergistically with Nodal to regulate 

embryo patterning and asymmetry (Andersson et al., 2006).  Gdf1 also interacts with Gdf3, 

another TGFβ family member, to establish anterior-posterior identity within the embryo 

(Andersson et al., 2007). Loss of function mutations, knockouts, and genetic polymorphisms in 

Gdf1 are associated with congenital heart defects (Karkera et al., 2007; Roessler et al., 2008; Sun 

et al., 2013), holoprosencephaly (Roessler et al., 2008), and left-right asymmetry defects in 

humans and mice (Kaasinen et al., 2010; Rankin et al., 2000).  

Members of the TGFβ superfamily, including Gdf1, are synthesized with an N-terminal 

prodomain, or latency-associated peptide (LAP), and a C-terminal mature domain (Walton et al., 

2010).  Hydrophobic residues within the LAP region promote and maintain dimerization with the 

mature protein (Walton et al., 2010).  Signaling and activation of the mature protein occurs 

when activators bind to the LAP region, releasing the mature protein form the complex (Walton 

et al., 2010).  The SNP identified in the LM/Bc mice affects an amino acid within the LAP region 

and is predicted to interfere with association of the LAP with the mature protein, resulting in 

improper expression of Gdf1 (Figure 29).  
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Figure 29. Gdf1 SNPs and latency-associated peptide. Whole exome sequencing of the SWV and 

LM/Bc strain revealed a single nucleotide polymorphism (SNP) within the coding region of Gdf1 

in both strains.  PolyPhen-2 (Adzhubei et al., 2010) determined that the amino acid substitution 

in the SWV strain was most likely “benign”, while the substitution present in the LM/Bc strain 

was rated as “possibly damaging”.  Walton et al., (2010) determined that TGFβ family members 

contain a latency-associated peptide (LAP), or pro-protein region.  Hydrophobic residues within 

the LAP region maintain dimerization with the mature protein and signaling of the mature 

protein occurs only when activators bind to the LAP region, releasing the mature protein form 

the complex (Walton et al., 2010).  The SNP identified in the LM/Bc mice (codon 161) affects an 

amino acid within the LAP region, changing it from a hydrophobic to hydrophilic residue.  This 

reside change is predicted to interfere with association of the LAP with the mature protein, 

resulting in the potential for improper expression of Gdf1. 
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The whole mount in situ hybridization experiments presented here confirm that Gdf1 mRNA 

continues to be expressed in the neural folds of E9.5 FB1-treated exencephalic LM/Bc embryos, 

but not in FB1-treated, phenotypically normal E9.5 SWV embryos with a closed neural tube.   

To further examine the role of the Gdf1 SNP identified in the LM/Bc strain, AKR/J mice, 

the only other commercially available strain with the same SNPP.  In utero exposure to FB1 

resulted in 20% of AKR/J embryos being exencephalic.  Although this rate is not as high as that 

observed in LM/Bc mice (79% NTDs; Gelineau-van Waes et al., 2005) it does suggest a role for 

the Gdf1 SNP in FB1-induced NTD susceptibility.  It also suggests that additional genetic 

modifiers may play a role in FB1-induced NTD susceptibility.  Further analysis of maternal blood 

spots verified a significant increase in Sa1P after FB1 exposure.  Whole mount in situ 

hybridization was also used to analyze Gdf1 expression in AKR/J E9.5 embryos.  FB1-treated 

AKR/J exencephalic embryos displayed an increase in Gdf1 mRNA in the open neural folds, 

although it was not as widespread as that visualized in the neural folds of exencephalic LM/Bc 

embryos.  Gdf1 expression is normally restricted to the ventral neural tube prior to closure and 

disappears by E9.5 (Rankin et al., 2000).  However, in embryos with the rs47220823 Gdf1 SNP, 

Gdf1 mRNA continues to be expressed at E9.5 in FB1-treated exencephalic embryos, and the 

signal extends into the dorsal region of the open neural folds in the hindbrain/midbrain region.  

Elevated Sa1P and Gdf1 mRNA suggest that the Gdf1 SNP, found in both the LM/Bc and AKR/J 

mice, may play a novel role in FB1-induced NTD susceptibility. 

To better evaluate the role of Gdf1 in genetic susceptibility to FB1-induced NTDs, Gdf1 

knockout mice were cryo-recovered.  Gdf1-/- mice were first created by Rankin et al. (2000) to 

determine the biological function of Gdf1, by first using electroporation to get the target 

construct into embryonic stem cells and then using C57Bl/6/129SV/J offspring to carry out the 

Gdf1-mutant phenotype.  Gdf1-/- embryos typically die in utero at E14.5, and those that do 
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survive until birth die within the next 48 hours, most likely due to serious cardiac defects (Rankin 

et al., 2000).  Gdf1-/- embryos survived until after neural tube closure but did not develop NTDs 

when exposed to FB1, demonstrating that Gdf1 loss-of-function does not impact FB1-induced 

NTD susceptibility.  FB1-treated MEFs, created from Gdf1+/+ and Gdf1-/- embryos, demonstrated 

altered sphingolipid metabolism.  Gdf1+/+ MEFs consistently had more cytoplasmic and nuclear 

sphinganine and Sa1P than Gdf1-/- MEFs.  The same genotype-dependent trend was observed in 

sphingosine and S1P levels (data not shown), suggesting that Gdf1 genotype modulates 

sphingolipid metabolism in response to FB1 treatment.  However, the exact mechanism is not 

known at this time.  

Meyers-Needham et al. (2012) showed that CerS1 stability is regulated by miR-574-5p.  

MiRNAs are small noncoding RNAs, approximately 22 nucleotides in length, which influence the 

expression of other RNAs (reviewed in Ambros, 2001).  MiRNAs are typically located within host 

genes and can be both intronic and exonic (Rodriguez et al., 2004).  Within the last five years, 

host genes and mRNA targets for all miRNAs, including miR-574-5p, have been examined.  

Sterling (2011) was the first to locate the mature miRNA sequence of miR-574-5p, within the 

first intron of procollagen type III alpha 1, or Col3a1.  It was later shown that nervous system-

overexpressed protein-20, or Noxp20, could also be a host gene for miR-574-5p and that miR-

574-5p expression could be co-regulated by both of these host genes in mouse tissues (Ji et al., 

2012).   

Over 100 conserved targets of miR-574-5p have been identified (TargetScan, 2012).  

These include not only CerS1, but also Tead1, Qki1, Rfx4, and Lmx1b (Meyers-Needham et al., 

2012; Ji et al., 2012; TargetScan, 2012). Tead1 is a transcription factor involved in Hippo 

signaling and notochord development, and Sawada et al. (2008) demonstrated that Tead1 and 

Tead2 knockout mice develop NTDs.  Quaking, or Qki1, is an RNA-binding protein that regulates 
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β-catenin/Wnt signaling and is also associated with developmental defects in neural tissues (Ji et 

al., 2012). Rfx4, or Regulatory Factor X 4, is a transcription factor that regulates the 

development of cilia in the neural tube, which in turn are critical in regulating Sonic Hedgehog 

signaling (Ashique et al., 2009; Manojlovic et al., 2014). LIM-homeodomain transcription factor 

(Lmx1b) is critical for normal skull development during embryogenesis and also controls roof 

plate dorsal patterning (Chizhikov et al., 2004). Disruptions in any of these genes by miR-574-5p 

could result in defects in neurogenesis and/or neural tube closure. Overexpression of miR-574-

5p has also been shown to promote neurogenesis, while simultaneously reducing the neural 

progenitor pool (Zhang et al., 2014).  Whole mount in situ hybridization experiments examining 

miR-574-5p expression demonstrated increased miR-574-5p expression within the open neural 

folds of FB1-treated exencephalic LM/Bc embryos, suggesting a further degradation of CerS1 

mRNA.  

The results in Chapter II show that elevated nuclear Sa1P after FB1 treatment is 

associated with HDAC inhibition.  Meyers-Needham (2011) demonstrated that in the presence 

of HDAC inhibition, the transcription factor Sp1 is recruited to the CerS1-Gdf1 promoter, causing 

transactivation of the full-length mRNA.  However, in the presence of mir-574-5p the CerS1 

portion of the transcript is degraded, although the Gdf1 portion of the transcript continues to be 

expressed.  Both mir-574-5p and Gdf1 are highly expressed in the open neural tube of FB1-

treated exencephalic LM/Bc embryos.  Zhang (2014) reported that amyloid precursor protein 

(APP) antagonizes mir-574-5p expression, and that in APP knockout mice, overexpression of 

miR-574-5p reduces the neural progenitor pool and promotes neurogenesis.  Decreased 

proliferation of neural progenitors and onset of premature neurogenesis during the window of 

neural tube closure have been shown to disrupt neural tube morphogenesis, and they may 
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contribute to FB1-induced NTDs (Ishibashi et al., 1995; Hirata et al., 2001; Nakazaki et al., 2008; 

Kameda et al., 2011; Petazzi et al., 2014).   

Collectively, the SNP data, teratology experiments, biochemical assays (mass 

spectrometry) for detection of sphingolipid metabolites (both in vivo and in cultured MEFs), and 

whole mount in situ hybridization experiments demonstrate the potential for Gdf1 genotype to 

influence sphingolipid metabolism and susceptibility to FB1-induced NTDs.  LM/Bc and AKR/J 

mice both have the same rs47220823 Gdf1 SNP, predicted to result in premature release of 

mature Gdf1 protein from the LAP, and both continue to express Gdf1 mRNA in the open neural 

folds of FB1-exposed exencephalic embryos.  Both of these strains demonstrate significant 

accumulation of Sa1P and enhanced susceptibility to NTDs in response to FB1 exposure.  SWV, 

Gdf1+/+, and Gdf1-/- mice that do not have the SNP and have normal expression of Gdf1, or loss of 

function in the case of Gdf1-/-, are not susceptible to FB1-induced NTDs.  With further research, 

the Gdf1 SNP and miR-574-5p expression may prove to be new/additional genetic and 

epigenetic biomarkers that could be used to identify individuals or populations at increased risk 

for FB1-induced NTDs. 
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CHAPTER IV 
Elevated nuclear and cytoplasmic FTY720-

phosphate in mouse embryonic fibroblasts suggests 
the potential for dual mechanisms in FTY720-

induced neural tube defects 

Abstract 
FTY720 (fingolimod) is an FDA-approved drug to treat relapsing remitting multiple 

sclerosis.  FTY720 treatment in pregnant inbred LM/Bc mice results in approximately 60% of 

embryos having a neural tube defect (NTD).  Sphingosine kinases (Sphk1, Sphk2) phosphorylate 

FTY720 in vivo to form the bioactive metabolite FTY720-1-phosphate (FTY720-P).  Cytoplasmic 

FTY720-P is an agonist for four of the five sphingosine-1-phosphate (S1P) receptors (S1P1, 3-5) and 

can also act as a functional antagonist of S1P1, whereas FTY720-P generated in the nucleus 

inhibits histone deacetylases (HDACs), leading to increased histone acetylation.  This study 

demonstrates that treatment of LM/Bc mouse embryonic fibroblasts (MEFs) with FTY720 results 

in a significant accumulation of FTY720-P in both the cytoplasmic and nuclear compartments.  

Elevated nuclear FTY720-P is associated with decreased HDAC activity and increased histone 

acetylation at H3K9, H3K18, and H3K23 in LM/Bc MEFs.  Treatment of LM/Bc MEFs with FTY720 

and a selective Sphk2 inhibitor, ABC294640, significantly reduces the amount of FTY720-P that 

accumulates in the nucleus.  The data provide insight into the relative amounts of FTY720-P 

generated in the nuclear vs. cytoplasmic subcellular compartments after FTY720 treatment and 

the specific Sphk isoforms involved.  The results of this study suggest that FTY720-induced NTDs 

may involve dual mechanisms:  (1) sustained and/or altered S1P receptor activation and 

signaling by FTY720-P produced in the cytoplasm and (2) HDAC inhibition and histone 
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hyperacetylation by FTY720-P generated in the nucleus could lead to epigenetic changes in gene 

regulation.   

Introduction 
FTY720, or fingolimod, is an immunomodulator that was designed in the early 1990s by 

simplifying the structure of the antibiotic, ISP-1, a metabolite of the fungus Isaria sinclairii 

(Adachi et al., 1995) and several other fungi that produce structurally identical metabolites 

(myriocin and thermozymocidin; Riley and Plattner, 2000).  Initial in vitro and in vivo studies of 

FTY720 demonstrated significant immunosuppressive activity and increased safety over ISP-1, 

making it a viable candidate for use in organ transplants and treatment of autoimmune diseases 

(Adachi et al., 1995).  Administration of FTY720 results in sequestration of lymphocytes in 

secondary lymphoid organs (Brinkmann et al., 2000).  In 2010, FTY720 (Gilenya®, Novartis 

Pharmaceuticals) was approved by the U.S. Food and Drug Administration (FDA) for treatment 

of relapsing remitting multiple sclerosis (MS) (National Multiple Sclerosis Society, 2015b).   

FTY720 can be phosphorylated by sphingosine kinases (Sphk1, Sphk2) to form bioactive 

FTY720-1-phosphate (FTY720-P) (Brinkmann et al., 2002; Mandala et al., 2002) (Figure 30).  Both 

kinases are capable of phosphorylating the parent compound, but Sphk2 is considerably more 

efficient (Billich et al., 2003; Paugh et al., 2003).  FTY720-P is primarily dephosphorylated by lipid 

phosphate phosphatase 3 (Lpp3, Ppap2b), although LPP1 and sphingosine-1-phosphate (S1P) 

phosphatase 1 (Sgpp1) may have some activity (Mechtcheriakova et al., 2007; Yamanaka et al., 

2008). Due to the structural similarity between FTY720 and sphingosine (Chapter I, Figure 7) it 

was initially hypothesized that FTY720-P could function as a ligand for S1P receptors.   
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Figure 30: FTY720 phosphorylation and mechanism of action.  FTY720 can be phosphorylated 

by sphingosine kinases (Sphk1, Sphk2) to form bioactive FTY720-1-P (FTY720-P).  Although both 

Sphk1 and Sphk2 are capable of phosphorylating FTY720, Sphk2 is more efficient.  Cytoplasmic 

FTY720-P can be transported out of the cell by Spinster 2 (Spns2) where it can then act as an 

agonist on four of the five sphingosine-1-phosphate (S1P) receptors: S1P1,3-5.  Nuclear FTY720-P 

has been shown to bind to the active site of histone deacetylases (HDACs) and inhibit their 

activity.  Inhibition of HDACs results in increased histone acetylation.  FTY720-P is primarily 

dephosphorylated by lipid phosphatase 3 (LPP3), although LPP1 and S1P phosphatase 1 (Sgpp1) 

may be able to dephosphorylate FTY720-P as well.  
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S1P receptors are a family of G protein-coupled receptors (GPCRs) that play an important role in 

many biological processes, including neural cell communication, immune cell trafficking, and 

vascular homeostasis (reviewed in Brinkmann, 2007).  FTY720-P can be transported out of the 

cell by Spinster 2 (Spns2) (Hisano et al., 2011), where it can act as a potent S1P receptor agonist, 

binding to four of the five S1P receptors: S1P1,3-5 (Brinkmann et al., 2002; reviewed in Brinkmann 

2007).  It has also been shown that FTY720-P can act as a functional antagonist for the S1P1 

receptor by targeting it for degradation following binding/internalization (Brinkmann et al., 

2004; Gräler and Goetzl, 2004).  S1P1 is highly expressed on T- and B-lymphocytes in both 

humans and mice and has a significant role in lymphocyte trafficking, suggesting a mechanism of 

action for FTY720-P in the sequestration of lymphocytes (Gräler and Goetzl, 2004).   

Serious cardiovascular complications (e.g. bradycardia and hypertension) (reviewed in 

Behjati et al., 2014) can occur with FTY720 treatment, including the potential for fetal harm 

(Novartis, 2014).  FTY720 has a pregnancy category C rating, based on studies in pregnant rats 

and rabbits that have demonstrated FTY720’s teratogenicity (Novartis, 2014).  Karlsson et al. 

(2014) followed 66 pregnant women taking FTY720 prior to or during pregnancy.  Of those 

pregnancies, 36% were electively terminated, with at least four cases involving fetal 

abnormalities or abnormal pregnancies.  Of the remaining pregnancies, ~24% were 

spontaneously aborted, ~70% resulted in a healthy baby, and ~5% were newborns with 

congenital abnormalities (skeletal malformations and acrania).  Gelineau-van Waes et al. (2012) 

demonstrated that FTY720 treatment in LM/Bc inbred mice causes exencephaly in embryos.  

Exencephaly is a severe and lethal neural tube defect (NTD) similar to anencephaly in humans.  

Pregnant LM/Bc mice were given an oral 10 mg/kg bodyweight/day dose of FTY720 on 

gestational days 6.5 through 8.5; after treatment, 61% of LM/Bc embryos were exencephalic 

(Gelineau-van Waes et al., 2012).  FTY720 and FTY720-P were detected in maternal blood and 
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tissues, and both compounds were also present in embryonic tissue, demonstrating that FTY720 

and/or FTY720-P are capable of crossing the placenta (Gelineau-van Waes et al.,2012). 

Most of the research concerning FTY720-P has focused on its role as a ligand for cell 

surface S1P receptors and on its immunosuppressive actions.  However, Hait et al. (2014) 

recently demonstrated that in addition to cytoplasmic/extracellular localization of FTY720-P, 

overexpression of Sphk2 also generates FTY720-P in the nucleus that can bind to and inhibit 

Class I histone deacetylases (HDACs).  HDAC inhibition by nuclear FTY720-P caused increased 

acetylation of histone lysine residues at H2BK12, H3K9, and H4K5 in human neuroblastoma cells.  

Other known HDAC inhibitors, such as valproic acid (VPA) and trichostatin A (TSA), have been 

shown to cause NTDs in mice and humans (Svensson et al., 1998; reviewed by Wiltse, 2005).  

The purpose of this study was to determine whether FTY720 treatment of spontaneously 

immortalized strain-specific LM/Bc mouse embryonic fibroblasts (MEFs) would result in 

increased nuclear FTY720-P accumulation, HDAC inhibition, and increased histone acetylation.  

Establishing a role for elevated nuclear FTY720-P, HDAC inhibition, and induction of epigenetic 

changes could provide significant insight into understanding potential mechanisms involved in 

aberrant gene regulation and teratogenicity following exposure to FTY720 during pregnancy. 

Materials and Methods 
Mouse Embryonic Fibroblast (MEF) Cell Lines and Treatments. Strain-specific MEF cell lines 

were generated from gestational day 12.5 fetuses harvested from untreated LM/Bc mice and 

cultured using a previously described method (Gelineau-van Waes et al., 2012; Chapter I).  

Spontaneously immortalized MEFs were cultured in 100-mm dishes for 48 hours followed by a 

change of 10% fetal bovine serum (FBS)-containing media.  At the time of media change, cells 

were treated with vehicle (sterile saline) or 1 µM FTY720 (Cayman Chemical Co., Ann Arbor, MI) 

and incubated for an additional 24 hours.  For experiments utilizing the selective Sphk1 inhibitor 
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PF-543 (Millipore, Billerica, MA), MEFs were grown for 48 hours, then simultaneously treated 

with  vehicle (DMSO and sterile saline), 500 nM or 1 µM PF-543, and/or 1 µM FTY720 at the time 

of media change (Figure 31).  Concentration and duration for PF-543 treatment were 

determined by examining previous literature (Schnute et al., 2012).  For experiments utilizing 

ABC294640 (MedKoo Biosciences, Chapel Hill, NC), a selective Sphk2 inhibitor, MEFs were 

treated with vehicle (DMSO) or 25 µM or 50 µM ABC294640 at the time of media change and 

allowed to grow for another 24 hours.  After the 24 hour pre-treatment with the inhibitor, MEFs 

were treated with vehicle (sterile water) or 1 µM FTY720.  ABC294640 treatment duration and 

treatment concentration were determined based on previously published data (French et al., 

2010).  Treatments did not appear to have a significant effect on cell viability.  At the 

experimental endpoint, MEFs were collected using various methods depending on the 

subsequent assays.  To isolate MEFs into cytoplasmic and nuclear fractions, the NE-PER™ 

Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific, Waltham, MA) was used. The 

HDAC Activity Assay (Cayman Chemical Co., Ann Arbor, MI) was used to isolate the nuclei from 

the strain-specific MEFs.  A Histone Purification Mini Kit (Active Motif, Carlsbad, CA) was used to 

extract purified histones for western blot analysis.  Manufacturer’s protocols were followed with 

a few minor modifications, such as the addition of phosphatase inhibitors, as noted below. 
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Figure 31: Time Course for ABC294640 and PF-543 treatments in LM/Bc MEFs.  LM/Bc MEFs 

were plated and left to grow for 48 hours before undergoing a medium change and treatment 

with ABC294640 and/or PF-543.  For experiments utilizing ABC294640, MEFs were treated with 

vehicle (DMSO), 25 µM ABC294640, or 50 µM ABC294640 and incubated for another 24 hours.  

Following the 24 hour pre-treatment with ABC294640, the MEFs were treated with vehicle 

(sterile water) or 40 µM FB1 for another 24 hours, before being collected.  For experiments 

utilizing PF-543, MEFs were simultaneously treated with vehicle (DMSO), 500 nM PF-543, or 1 

µM PF-543 and 40 µM FB1 at the time of media change.   Doses and duration were based on 

previously literature and experiments (French et al., 2010; Gao et al., 2012; Schnute et al., 2012; 

Lynch, 2012)  
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 Isolation of Nuclear and Cytoplasmic Protein Fractions. Nuclear and cytoplasmic cell fractions 

were isolated from control and treated MEFs for analysis of FTY720 and FTY720-P using a slight 

modification of the NE-PER™ kit (Thermo Fisher Scientific, Waltham, MA) manufacturer’s 

protocol as noted.  Cells were grown to sub-confluence, washed with sterile PBS and harvested 

using trypsin-EDTA.  Reagent volumes for a packed cell volume of 10 µL were used. CER I and 

NER also contained HALT Protease Inhibitor Cocktail (Final- 1X) and additional phosphatase 

inhibitors and protease inhibitor to ensure that FTY720-P would remain phosphorylated.  The 

additional inhibitors used were sodium orthovanadate (Na3VO4) at 1 mM, sodium fluoride (NaF) 

at 10 mM, and phenylmethanesulfonyl fluoride (PMSF) at 0.5 mM.  Maximum speed of the 

microcentrifuge used was 20,800 x g.  Protein concentrations for the cytoplasmic and nuclear 

fractions were determined by Bradford Assay. Aliquots of 100-200 µg of nuclear and 400-600 µg 

cytoplasmic cell fractions were frozen at -80 °C until they were analyzed for FTY720 and FTY720-

P by high performance liquid chromatography tandem linear-ion trap electrospray ionization 

mass spectrometry (LC-ESI-MS/MS).  Cytoplasmic and nuclear protein fractions were verified 

using western blots and cytoplasmic or nuclear localized proteins (Cytoplasmic: acetylated 

tubulin or Glyceraldehyde 3-phosphate dehydrogenase (Gapdh); Nuclear: lamin B1 or TATA-

binding protein (TBP) (data not shown). 

Mass Spectrometry Analysis of Sphingolipids.  FTY720 and FTY720-1-phosphate were quantified 

by LC-ESI-MS/MS using the method described in Zitomer et al. (2008, 2009).  FTY720 and 

FTY720-1-P from MEF cell fractions (100-600 µg protein—based on cell fraction) were extracted 

in 1.0 mL of 1:1 acetonitrile:water made to 5% with formic acid and containing known amounts 

(36 pmol total) of C20-dihydrosphingosine (C20-Sa, d20:0) (Matreya, Pleasant Gap, PA) and D-

erythro-C17-sphingosine-1-phosphate (C17-S1P) (Avanti Polar Lipids, Alabaster, AL) as internal 

standards.  The extracts were analyzed for the internal and external standards, as well as for 
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FTY720 (Cayman Chemical Co., Ann Arbor, MI) and FTY720-1-phosphate (US Biological 

Corporation, Salem, MA).  LC-ESI-MS/MS analysis of the extracts was conducted using a Finnigan 

Micro AS autosampler coupled to a Surveyor MS pump (Thermo Fisher Scientific, Waltham, MA). 

Separation was accomplished using an Imtakt Cadenza 3-μm particle size CW-C18 column, 

150×2 mm (Imtakt USA, Portland, OR). The column effluent was directly coupled to a Finnigan 

LTQ linear ion trap mass spectrometer.  Details of the liquid chromatography and mass 

spectrometer settings can be found in Zitomer et al. (2008, 2009). Quantification of FTY720 and 

FTY720-P was accomplished by comparing the integrated area for the known quantity of the 

appropriate internal or external standard to the area of the analyte. 

Histone Deacetylase (HDAC) Activity. The nuclear cell fraction was isolated from control and 

FTY720-treated MEFs for determination of HDAC activity using a slight modification of the 

Cayman HDAC Activity Assay (Cayman Chemical Co., Ann Arbor, MI) manufacturer’s protocol.  

Lysis buffer, resuspension buffer, and extraction buffer were all made as instructed, but 

additional phosphatase and protease inhibitors (1 mM Na3VO4, 10 mM NaF, and 0.5 mM PMSF) 

were added to prevent dephosphorylation of FTY720-P.  Extracted nuclei were placed in an ice 

bath and sonicated, using an immersion tip sonicator, for 10 seconds, followed by 30 seconds of 

rest, and then sonicated for another 10 seconds. Protein concentration was determined by 

Bradford assay.  Samples were diluted in extraction buffer so that all samples were equal 

concentrations (0.2 mg/mL) before being added to the assay.  Technical duplicates of standards, 

positive controls (using HDAC1), and sample wells with and without TSA were utilized for data 

analysis.  The assay was conducted using the manufacturer’s protocol.  Absorbance was read on 

a SpectraMax 3 (Molecular Devices, Sunnyvale, CA) with SoftMax Pro 5.4.1 software using an 

excitation wavelength of 350 nm and an emission wavelength of 453 nm. The average 

fluorescence of each sample and standard was calculated and the average fluorescence of the 
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blank standard was subtracted from itself and all other standards to create corrected value, 

which were then graphed to create the deacetylated standard curve.  To determine the 

corrected fluorescence of the samples, the average of the TSA-treated sample was subtracted 

from the average of the corresponding samples.  The deacetylated concentrations were 

calculated from the corrected values and the linear regression equation of the standard curve.  

HDAC activity was then in turn calculated from deacetylated concentrations and protein 

concentrations.   

Histone Purification.  Histone Purification Mini Kits (40026, Active Motif; Carlsbad, CA) were 

used to isolate and purify histones from control and FTY720-treated MEFs.  Cells were washed 

twice with pre-warmed serum-free medium, 800 µL of Extraction Buffer was added to the cells, 

and a cell scraper was used to remove the cells, which were then transferred to a 

microcentrifuge tube.  The cell-containing tubes were placed on a rotating platform at 4 °C for 

two hours.  The extraction and purification protocol was per the manufacturer’s instructions.  

The samples continued through the precipitation step to further concentrate the histones.  The 

final pellet was then resuspended in 50 µL of sterile water for western blots.  A NanoDrop 2000c 

Spectrophotometer (ND-2000C, Thermo Fisher Scientific) was used to quantify the histone yield 

of each sample.  Using the molecular weight and extinction coefficient of core histones (H2B, 

H3, and H4), the protein concentrations were determined for each sample.   

Western Blot Analysis of Histone Post-translational Modifications (PTMs).  Following histone 

purification from control and FTY720-treated MEFs (n = 3 each), western blots were performed 

to confirm that the FTY720 treatment increased histone acetylation of the lysine residues 

reported by Hait et al. (2014).  Western blots were performed using Novex® 10-20% Tris-Glycine 

gels (EC61385Box, Life Technologies; Grand Island, NY), loading 0.5 μg of histone proteins from 

each sample.  The gels were transferred to Immobilon®-FL PVDF membranes (IPFL10100, 
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Millipore; Billerica, MA).  When transfer was complete, the membranes were placed in Odyssey® 

Blocking Buffer (927-40000, Li-Cor; Lincoln, NE) for at least two hours.  The membranes were 

then placed in primary antibody overnight at 4 °C.  Primary antibodies (validated for western 

blot and ChIP) included: H3K9ac (Qiagen GAM-1209; 1:2000), H3K18ac (Active Motif 39755; 

1:1000), H3K23ac (Active Motif 39131; 1:1000), H4K5ac (Cell Signaling 9672; 1:1000), and H3 

(Qiagen GAM-2206; 1:2000), and H4 (Abcam 10158; 1:1000).  A fluorescent goat anti-rabbit 680 

LT secondary antibody (1:20,000; Li-Cor, 926-68021) was added to each membrane for one hour 

at room temperature, and protein bands were then visualized using an Odyssey 9120 Infrared 

Imaging System (Li-Cor; Lincoln, NE) and Image Studio (Version 3.1) software. 

Statistical Analysis.  Experiments were done in triplicate and results are expressed as means ± 

standard error of the mean (SEM).  When two groups were being compared, statistical 

significance was determined using a Student’s t-test.  Tests were two-tailed and differences 

were considered significant at p-value ≤ 0.05. 
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Results 
Elevated FTY720 and FTY720-P in the nuclear and cytoplasmic compartments of FTY720-

treated LM/Bc MEFs– Subcellular localization of FTY720-P was determined by isolating the 

cytoplasmic and nuclear fractions from each control and FTY720-treated (1 µM for 24 hours) 

LM/Bc MEF sample (n = 3 per treatment group) using a NE-PER™ kit.  Cell fractions were 

subsequently analyzed by LC-ESI-MS/MS for the presence of the parent compound (FTY720) and 

its phosphorylated metabolite, FTY720-P.  FTY720 and FTY720-P were not detected in either the 

cytoplasm or the nucleus of vehicle control-treated MEFs (Figure 32).  However, FTY720 and 

FTY720-P were detected in both the cytoplasmic and nuclear fraction of cells treated with 

FTY720 (Figure 32).  In LM/Bc MEFs, the parent compound, FTY720, accumulated to a greater 

extent in the nucleus (2760 ± 139 pmol/mg protein, p = 0.00021) compared to the cytoplasm 

(833 ± 54 pmol/mg protein).  FTY720-P, however, was detected at higher concentrations in the 

cytoplasm of LM/Bc MEFs (2522 ± 46 pmol/mg protein, p = 0.0002) than in the nucleus (1671 ± 

47 pmol/mg protein).  LM/Bc MEFs had significantly more nuclear FTY720 than FTY720-P (p = 

0.0018), but more cytoplasmic FTY720-P than FTY720 (p = 0.00002).  Elevated FTY720-P has 

been observed across multiple data sets of FTY720-treated LM/Bc MEFs. The presence of 

FTY720-P in both the nuclear and cytoplasmic fractions suggests that it may have dual functions, 

potentially as an HDAC inhibitor, in addition to its established role as an S1P receptor agonist 

(Hait et al., 2014). 
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Figure 32: Relative accumulation of FTY720 and FTY720-P in the nuclear and cytoplasmic 

compartment of LM/Bc MEFs treated with FTY720.  FTY720 and FTY720-1-P (FTY720-P) were 

analyzed by LC-ESI-MS/MS in control and FTY720-treated LM/Bc MEFs.  Data are shown as mean 

± SEM (n = 3 independent cultures).  Neither FTY720 nor FTY720-P was detected in the control 

samples, verifying that cross contamination did not occur between samples.  **The mean level 

of FTY720 in the cytoplasmic or nuclear fraction of FTY720-treated LM/Bc MEFs is significantly 

different from FTY720-P in the same fraction (p < 0.002).  # The mean level of FTY720 or FTY720-

P in the nuclear fraction of FTY720-treated MEFs is significantly different than the amount of 

FTY720 or FTY720-P in the cytoplasmic fraction (p = 0.0002). ND signifies that FTY720 or FTY720-

P was not detected in those samples. 
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Decreased histone deacetylase activity (HDAC) in MEFs treated with FTY720—To determine 

whether FTY720 treatment and nuclear accumulation of FTY720-P was associated with decreased 

activity of Class I HDACs, an HDAC activity assay was performed.  Nuclear extracts from control and 

FTY720-treated MEFs were collected and analyzed based on the Cayman HDAC activity protocol.  

In LM/Bc MEFs, HDAC activity significantly decreased in response to FTY720 treatment (1 µM for 

24 hours) (control: 0.21 ± 0.008 nmol/min/mL/µg protein; FTY720: 0.12 ± 0.019 nmol/min/mL/µg 

protein, p = 0.012) (Figure 33), a result consistent with FTY720-P inhibition of HDACs. 

Increased histone acetylation in LM/Bc MEFs after FTY720 treatment— Elevated levels of nuclear 

FTY720-P and decreased HDAC activity led us to evaluate histone acetylation after FTY720 

treatment.  LM/Bc MEFs were treated with vehicle or 1 µM FTY720 for 24 hours.  Histones were 

then isolated using a Histone Purification Mini Kit and specific histone post translational 

modifications (PTMs) were analyzed by western blots.  Because Hait et al. (2014) demonstrated 

that FTY720-P (generated by overexpression of Sphk2) inhibition of HDACs led to an increase in 

H2BK12ac, H3K9ac, and H4K5ac in human neuroblastoma cells, these histone PTMs were initially 

selected for evaluation in MEFs.  Quantification of the western blot results demonstrated that 

after FTY720-treatment, H3K9ac was slightly increased in LM/Bc MEFs; however, this increase was 

not statistically significant (p = 0.06).  H2BK12ac was unchanged and H4K5ac was reduced after 

FTY720-treatment (p = 0.10), when compared to unmodified core histones (H2B or H4) (Figure 34).  

Additional sites of increased acetylation previously identified in our lab by LC/LC-MS/MS 

proteomic analysis of control and FTY720-treated Balb/c serum-free mouse embryonic neural 

stem cells (submitted) were also evaluated in LM/Bc MEFs.  In this analysis, H3K18ac and H3K23ac 

(normalized to unmodified H3) were significantly increased in LM/Bc MEFs after FTY720 treatment 

(p ≤ 0.01).  Overall, these results suggest that histone PTMs induced by nuclear FTY720-P 

accumulation and HDAC inhibition may be cell-type specific. 
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Figure 33: Histone deacetylase (HDAC) activity in LM/Bc MEFs treated with FTY720.  Histone 

deacetylase (HDAC) activity was measured by a HDAC activity assay, utilizing nuclei of LM/Bc 

MEFs.  MEFs were treated with vehicle (control) or 1 µM FTY720 for 24 hours before being 

collected and isolated into nuclear extracts.  Data are shown as mean HDAC activity ± SEM (n = 

3).  **The mean HDAC activity of the FTY720-treated LM/Bc MEFs is significantly decreased 

compared to that of the control (vehicle) LM/Bc MEFs (**p< 0.02). 
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Figure 34:  Western blot analysis of histone PTMs after FTY720 treatment in in LM/Bc MEFs.  

LM/Bc mouse embryonic fibroblasts (MEFs) were treated with vehicle (control) or 1 µM FTY720 

for 24 hours before being collected using a Histone Purification Mini Kit.  Data are shown as 

mean expression compared to unmodified core histone ± SEM (n = 3).  Inset is a visual 

representative of western blots performed to assess histone acetylation. ** The mean histone 

acetylation expression in treated LM/Bc MEFs is significantly different than that found in LM/Bc 

control MEFs (**p ≤ 0.008).  
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Decreased nuclear FTY720-P in LM/Bc MEFs pre-treated with ABC294640 and FTY720— In 

LM/Bc MEFs, FTY720 treatment resulted in increased nuclear FTY720-P (Figure 32), decreased 

HDAC activity (Figure 33), and increased histone acetylation (Figure 34).  Because Sphk2 is more 

efficient at phosphorylating FTY720 and is predominantly located in the nucleus, a Sphk2 

selective inhibitor, ABC294640, was tested for its ability to reduce nuclear accumulation of 

FTY720-P in LM/Bc MEFs.  LM/Bc MEFs were pre-treated with 25 µM or 50 µM ABC294640 for 

24 hours, before a follow-up treatment with 1 µM FTY720 for another 24 hours.  ABC294640 

was present in the cell medium for a total of 48 hours and FTY720 for 24 hours.  At the end of 

the 48 hours, MEFs were collected and analyzed via LC-ESI-MS/MS.  FTY720-P was not detected 

in vehicle-control or ABC294640 alone treatment, but the expected (and significant) FTY720-P 

accumulation was observed in both the cytoplasmic and nuclear fraction (3600 ± 210 pmol/mg 

protein; 1415 ± 153 pmol/mg protein, respectively) (Figure 35).  Pre-treatment with ABC294640, 

at either dose, did not significantly decrease cytoplasmic FTY720-P, but it did significantly reduce 

nuclear FTY720, suggesting that Sphk2 enzymatic activity is primarily nuclear.  The amount of 

nuclear FTY720-P after the 50 µM  dose of ABC294640 was significantly less than the FTY720-P 

accumulation after the 25 µM  dose (50 µM: 497 ± 14 pmol/mg protein; 25 µM: 787 ± 67 

pmol/mg protein, p ≤ 0.050).  The dose and/or treatment time used was not able to completely 

reduce the FTY720-P nuclear accumulation to basal levels. 
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Figure 35:  Cytoplasmic and nuclear FTY720-P levels after pre-treatment with ABC294640, a 

selective Sphk2 inhibitor, followed by FTY720 treatment in LM/Bc MEFs.  After treatment(s), 

MEFs were collected and isolated into cytoplasmic and nuclear fractions before being analyzed 

for FTY720-P by LC-ESI-MS/MS.  Data are shown as mean ± SEM (n = 3 independent cultures).  

Neither FTY720 nor FTY720-P was detected in the control samples, verifying that cross 

contamination did not occur between samples.  **The mean level of nuclear FTY720-P in LM/Bc 

MEFs treated with ABC294640 and FTY720 was significantly lower than the level found in the 

nucleus of FTY720-treated MEFs (p ≤ 0.03). †The mean amount of nuclear FTY720-P in the 

LM/Bc MEFs treated with 50 µM ABC294640 and FTY720 was significantly less than the amount 

of nuclear FTY720-P found in the samples treated with only 25 µM ABC294640 and FTY720.  

#The mean level of FTY720-P in the nuclear fraction was significantly less than the amount of 

FTY720-P in the cytoplasmic fraction (p ≤ 0.01).  ND signifies that FTY720-P was not detected in 

those samples.   
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No reduction in FTY720-P in LM/Bc MEFs treated with PF-543 and FTY720—Inhibition of Sphk2 

was able to decrease nuclear FTY720-P accumulation significantly; however, it did not reduce 

nuclear FTY720-P levels back to the basal levels observed in control MEFs.  To examine whether 

Sphk1 contributed to the generation of nuclear and/or cytoplasmic FTY720-P, MEFs were 

treated with the selective Sphk1 inhibitor PF-543.  LM/Bc MEFs were simultaneously treated 

with 500 nM or 1 µM PF-543 and 1 µM FTY720 for 24 hours, collected and analyzed for FTY720-

P. Once again, FTY720-P was not detected in vehicle-control or PF-543 alone samples (Figure 

36).  After FTY720 treatment, the expected accumulation of FTY720-P was observed in both the 

cytoplasm and nucleus of LM/Bc MEFs (3824 ± 239 pmol/mg protein; 1444 ± 261 pmol/mg 

protein, respectively).  PF-543 treatment had no effect on the accumulation of FTY720-P in 

either the cytoplasmic or nuclear fraction, at either dose.  At these (500 nM or 1µM) doses, the 

data suggest that Sphk1 may play only a very minor role, if any, in phosphorylation of nuclear 

FTY720 compared to Sphk2.   
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Figure 36: Cytoplasmic and nuclear FTY720-P levels after concurrent treatment with PF-543, a 

selective Sphk1 inhibitor, and FTY720 in LM/Bc MEFs.  After treatment(s), MEFs were collected 

and isolated into cytoplasmic and nuclear fractions before being analyzed for FTY720-P by LC-

ESI-MS/MS.  Data are shown as mean ± SEM (n = 3 independent cultures).  Neither FTY720 nor 

FTY720-P was detected in the control samples, verifying that cross contamination did not occur 

between samples.  #The mean level of FTY720-P in the nuclear fraction was significantly less 

than the amount of FTY720-P in the cytoplasmic fraction (p ≤ 0.004).  ND signifies that FTY720-P 

was not detected in those samples.   
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Discussion 
The prevalence of MS is highest in women of childbearing age (National Multiple 

Sclerosis Society, 2015a); therefore it is imperative that the potential for fetal harm resulting 

from medications used to treat MS be completely understood.  Very little research has been 

done, in humans or other mammals, on the effects of exposure to FTY720 during pregnancy.  

However, animal studies conducted by Novartis (2014) did demonstrate the teratogenicity and 

embryolethality of FTY720.  After a patient stops taking FTY720, the compound can still be 

detected in vivo for approximately two months, thus posing a potential threat to the fetus long 

after intake ceases (Karlsson et al., 2014; Novartis, 2014).  The effect of FTY720 on mouse 

embryos was first noted in Gelineau-van Waes et al. (2012).  Pregnant LM/Bc and SWV mice 

were treated with an oral dose of FTY720 throughout the window of neural tube closure (E6.5-

8.5).  Treatment resulted in 61% of LM/Bc embryos and 37% of SWV embryos being 

exencephalic.  FTY720 and FTY720-P were also shown to be elevated in maternal blood and 

plasma, as well as in embryonic tissue (Gelineau-van Waes et al., 2012).  Both FTY720 and 

FTY720-P were significantly higher in maternal plasma and E9.5 embryonic tissues from the 

LM/Bc strain compared to the SWV strain (Gelineau-van Waes et al., 2012), which is why the 

current studies were conducted in strain-specific LM/Bc MEFs.  

This study shows that LM/Bc MEFs treated with FTY720 have elevated cytoplasmic and 

nuclear FTY720 and FTY720-P.  Although there was a significant elevation of the parent 

compound and the phosphorylated metabolite in both fractions, there was approximately 1.5-

fold more nuclear FTY720 than FTY720-P and the cytoplasmic fraction had nearly 3-fold more 

FTY720-P than FTY720.  To prevent accumulation of FTY720-P, MEFs were pre-treated with 

ABC294640, a selective Sphk2 inhibitor, before being treated with FTY720.  This resulted in a 

significant decrease in the nuclear accumulation of FTY720-P but with no effect on the 
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cytoplasmic levels. Although ABC294640 decreased nuclear FTY720-P production at both the 25 

µM and 50 µM doses, it did not completely eliminate FTY720-P production.  Sphk2 is thought to 

be the primary kinase involved in phosphorylation of FTY720, but data by Hisano et al. (2011) 

has shown that Sphk1 is also capable of generating FTY720-P at a similar rate compared to 

Sphk2.  However, the study presented here demonstrates that treatment with a selective Sphk1 

inhibitor, PF-543, did not have a significant effect on FTY720-P production, suggesting that 

Sphk1 has a less important role in the formation of FTY720-P compared to Sphk2.  Optimization 

of treatment time and concentration may be necessary to achieve complete inhibition of the 

phosphorylation of FTY720. 

Because FTY720-P is thought to be more biologically active than FTY720, our study 

focused on the phosphorylated metabolite.  Most research on FTY720-P has focused on its 

ability to act as an agonist for four of the five S1P receptors (Brinkmann et al., 2002).  However, 

Hait et al. (2014) recently demonstrated that overexpression of Sphk2 resulted in increased 

production/accumulation of FTY720-P within the nucleus of human neuroblastoma cells.  They 

further demonstrated that nuclear FTY720-P can bind and inhibit the activity of histone 

deacetylases (HDAC1/2), leading to increased acetylation of histone lysine residues H2BK12, 

H3K9, and H4K5.  In LM/Bc MEFs, FTY720 treatment resulted in a significant accumulation of 

nuclear FTY720-P and a significant decrease in HDAC activity, supporting the initial findings by 

Hait et al. (2014).  The results in this study did vary slightly in the histone modifications 

identified.  Contrary to the findings by Hait et al. (2014) in neuroblastoma cells, only H3K9ac was 

slightly increased, whereas H2BK12ac remained unchanged and H4K5ac appeared to decrease 

after FTY720 treatment in LM/Bc MEFs.  Further examination of H3K18ac and H3K23ac, histone 

PTMs previously identified by LC/LC-MS/MS proteomic analysis of Balb/c serum-free mouse 

embryonic neural stem cells (submitted), demonstrated that histone acetylation of these 
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specific lysine residues was also significantly increased in LM/Bc MEFs after FTY720 treatment.  

Not much is known about these specific histone PTMs and their relationship to NTDs.  Research 

in humans by Tsurubuchi et al. (2013) demonstrated that H3K9ac and H3K18ac were increased 

only in amniotic fluid stem cells collected from a woman pregnant with an anencephalic fetus 

but not from women carrying normal, healthy babies, suggesting that increases in these PTMs 

may serve as a biomarker for anencephaly in humans. 

FTY720 has also been shown to inhibit S1P lyase, the enzyme responsible for irreversibly 

degrading S1P to phosphoethanolamine and hexadecanal (Bandhuvula et al., 2005). S1P lyase 

(Sgpl) knockout MEFs exhibit decreased HDAC activity and increased H3K9 acetylation (Ihlefeld 

et al., 2012), similar to what we observed in LM/Bc MEFs treated with FTY720.  In support of 

both our findings (increased H3K9ac and H3K18ac in FTY720-treated MEFs) and those of Hait et 

al. (2014) (increased H3K9ac and H2BK12ac in FTY720-treated Sphk2-overexpressing 

neuroblastoma cells) oral administration of an S1P lyase inhibitor (THI) in a mouse model of 

muscular dystrophy resulted in increased accumulation of S1P, HDAC inhibition, and increased 

acetylation of H2BK12, H3K9, and H3K18 in nuclear extracts from adductor muscles (Nguyen-

Tran et al., 2014). 

This study is the first to identify subcellular localization of FTY720-P in LM/Bc MEFs 

following treatment with FTY720 (in the absence of Sphk2 overexpression).  Our results are 

consistent with the findings of Hait et al. (2014) that nuclear accumulation of FTY720-P is 

associated with HDAC inhibition and increased histone acetylation, as our results demonstrate 

both.  The cytoplasmic and nuclear elevation of FTY720-P after FTY720 treatment suggests a 

possible dual mechanism of action for FTY720-P as both an agonist (and/or functional 

antagonist) of S1P receptors, as well as an inhibitor of HDACs.  Both cytoplasmic and nuclear 

pools of FTY720-P could play a role in FTY720-induced NTDs.  Although significant accumulation 
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of FTY720-P in the nuclear fraction was observed after treatment with FTY720, the accumulation 

of FTY720-P in the cytoplasm was significantly greater than that observed in the nucleus.  

Cytoplasmic/extracellular FTY720-P functions as a ligand for S1P receptors, which are widely 

expressed in both humans and mice.  Although the impact of S1P receptor activation was not 

directly studied, S1P receptor mRNA expression was previously examined in our lab and LM/Bc 

MEFs have relatively high amounts of S1P1, S1P2, and S1P3 mRNA, compared to S1P4 and S1P5 

(data not shown) and thus there is the potential for cytoplasmic FTY720-P interacting with S1P1 

and S1P3.  S1P receptor isoforms are differentially expressed in a temporo-spatial manner in the 

neural folds and underlying mesenchyme of developing mouse embryos (Ohuchi et al., 2008; 

Meng and Lee, 2009), suggesting a role for S1P receptors in neural tube closure and embryonic 

neurogenesis (Mizugishi et al., 2005).  During neurulation, S1P3 is widely expressed in the head 

(midbrain, telencephalon, mesenchyme) and within the developing somites (Ohuchi et al., 

2008).  Expression profiles in later stage mouse embryos (E12.5) showed that S1P1-3 mRNA was 

widely expressed throughout multiple tissues, whereas S1P4 and S1P5 expression was minimal 

(Ohuchi et al., 2008).  Similarly, expression profiles of S1P receptors in adult mammals suggest 

that S1P1-3 are widely expressed, whereas S1P4 and S1P5 are expressed predominantly in 

immune cells (Takabe et al., 2008).  Sustained and/or aberrant activation (or functional 

antagonism) of S1P receptors following exposure to chronically elevated levels of FTY720-P 

could alter signaling pathways important for normal neural tube closure. 

The teratogenicity of known HDAC inhibitors has been widely studied for many years, 

which supports the hypothesis that nuclear FTY720-P accumulation and HDAC inhibition may 

also play a role in NTDs following exposure to FTY720 during pregnancy.  Extensive research has 

been done on the HDAC inhibitor valproic acid (VPA), an anticonvulsant used to treat epilepsy 

and bipolar disorder.  In mice, VPA has been shown to cause exencephaly (Trotz et al., 1987) and 
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spina bifida occulta (Ehlers et al. 1992).  VPA is also teratogenic in humans.  Pregnant women 

who take VPA during the first trimester have an increased risk for having a child with spina bifida 

(Oakeshott and Hunt, 1989).  Another known HDAC inhibitor that has teratogenic effects is 

Trichostatin A (TSA), a compound originally isolated as an antifungal antibiotic (Vanhaecke et al., 

2004).  TSA treatment of cultured mouse embryos resulted in defects in embryo rotation and 

neural tube closure (Svensson et al., 1998).  All of this research suggests that exposure to HDAC 

inhibitors during the gestation window of neurulation can results in failure of neural tube 

closure. 

Currently, FTY720 is being used in many animal studies in hopes of identifying new 

pharmacological applications.  As reviewed in Brunkhorst et al. (2014), FTY720 may have 

additional therapeutic uses for treating strokes, Alzheimer’s disease, Huntington’s disease, Rhett 

disease, epilepsy, and brain tumors.  As the medical applications of FTY720 expand it is critical to 

understand all of the side effects, especially those that could impact embryonic/fetal 

development.  There is currently a multinational pregnancy registry for women taking Gilenya® 

that will track and monitor the impact of fetal exposure in humans.  However, more research 

still needs to be done, as this study only begins to identify potential mechanisms that may 

contribute to abnormal embryonic development following gestational exposure to FTY720.  
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CHAPTER V 
Summary and Conclusions 

Every year approximately 130 million babies are born worldwide, with 8 million of those 

having some type of birth defect (Christianson et al., 2006).  Included in these are neural tube 

defects (NTDs), which affect approximately 300,000 babies every year (Botto et al., 1991).  The 

birth prevalence of NTDs varies greatly throughout the world (Zimmerman, 2011), and NTDs 

appear to be the result of complex interactions between genetics, maternal nutrition, and 

environmental factors (reviewed in Green et al., 2009). 

Fumonisin B1 (FB1) is common contaminant of maize-based foods worldwide.  The risk 

of having a child with a neural tube defect is increased among global communities that rely 

heavily on maize as a dietary staple (Hendricks, 1999; Marasas et al., 2004).  FB1 is a potent 

inhibitor of ceramide synthase enzymes (CerS1-6) and disrupts sphingolipid metabolism (Wang 

et al., 1991; Riley et al., 1996; Merrill et al., 2001).  Our lab has previously shown that in utero 

exposure to FB1 in mice results in a significant number of embryos with NTDs in the inbred 

LM/Bc strain, while the inbred SWV mouse strain does not appear to be susceptible to FB1-

induced NTDs.  Our previous research has also shown strain-specific differences in sphingolipid 

metabolism after FB1 treatment, as we have observed a significantly higher elevation in Sa1P in 

maternal blood spots, plasma, tissue, and cells (mouse embryonic fibroblasts (MEFs)) with the 

LM/Bc strain compared to the SWV strain (Gelineau-van Waes et al., 2009; Gelineau-van Waes 

et al., 2012).  

 Sa1P is thought to have two generalized roles based on its subcellular localization.  

Cytoplasmic Sa1P is exported out of the cell to act on membrane S1P receptors (reviewed in 

Spiegel and Milstien, 2003), while nuclear Sa1P can act as an endogenous inhibitor of histone 
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deacetylases (HDACs), specifically HDAC1 and HDAC2 (Hait et al., 2009). Initially, whole cell 

lysates of control and. FB1-treated MEFs were collected and analyzed for Sa1P (Gelineau-van 

Waes et al., 2012).  However, because it was unknown whether the increased levels of Sa1P 

were accumulating in the cytoplasm and/or in the nuclear compartment, my first objective was 

to identify the subcellular localization of Sa1P and which pools might be involved in FB1-induced 

NTDs.   

LM/Bc and SWV MEFS were treated with vehicle (control) or FB1 and separated into 

cytoplasmic and nuclear fractions.  Analysis of these fractions by LC-ESI-MS/MS demonstrated 

that nearly all (~85%) of the elevated Sa1P was located in the nuclear fraction, with significantly 

more accumulation in the LM/Bc MEFs than in the SWV MEFs (Chapter II, Figure 11B).  Similar 

to the initial findings by Hait et al. (2009), our results showed that FB1 treatment and elevated 

Sa1P were associated with reduced HDAC activity in FB1-treated LM/Bc MEFs (Chapter II, Figure 

13).  The HDAC activity assay also demonstrated that LM/Bc MEFs have a lower basal HDAC 

activity level compared to the SWV MEFs, suggesting that LM/Bc MEFs may already be 

predisposed to the effects of FB1.  Consistent with HDAC inhibition, histone acetylation at 

H2BK12, H3K9, and H3K23ac was increased in FB1-treated LM/Bc MEFs, although the 

significance of hyperacetylation of these lysine residues and their role in gene regulation is not 

known at this time (Chapter II, Figure 14).  Because accumulation of Sa1P in the nucleus was 

significantly higher than in the cytoplasm, we predicted that HDAC inhibition and alterations in 

gene regulation (rather than S1P receptor activation) may play an important role in induction of 

NTDs after exposure to FB1.   

To begin testing this hypothesis I utilized two different isoform-specific sphingosine 

kinase (Sphk) inhibitors to try to selectively reduce Sa1P in the nucleus versus the cytoplasmic 

compartment.  The nuclear accumulation of Sa1P was significantly reduced when MEFs were 
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pretreated with a selective Sphk2 inhibitor, ABC294640, followed by treatment with FB1 

(Chapter II, Figure 15).  However, contrary to our prediction, concurrent treatment with FB1 and 

a selective Sphk1 inhibitor, PF-543, also reduced nuclear Sa1P levels (Chapter II, Figure 16), 

suggesting that Sphk1 may also be located in the nucleus.  Simultaneous treatment with FB1 and 

both Sphk inhibitors essentially completely blocked accumulation of Sa1P in the nucleus 

(Chapter II, Figure 17).  Future studies with these inhibitors will be necessary to verify the role of 

nuclear Sa1P in HDAC inhibition and histone acetylation, as well as the importance of the 

increased histone acetylation.   

My second objective was to determine the genetic factor(s) that may contribute to 

enhanced FB1-induced NTD susceptibility in the LM/Bc strain compared to the SWV strain.  

Similar to the in vivo differences observed between these two mouse strains in terms of FB1-

induced alterations in sphingolipid metabolites, my results in Chapter 2 demonstrated that the 

LM/Bc MEFs experience a significantly higher accumulation of Sa1P in the nuclear compartment 

than the SWV MEFs, and this elevation in Sa1P is associated with HDAC inhibition and increased 

histone acetylation.  We initially hypothesized that a genetic variant in CerS1, the primary 

isoform of ceramide synthase in the brain, might confer increased susceptibility to FB1-induced 

NTDs in the LM/Bc strain.  Instead, whole exome sequencing of the LM/Bc and SWV strains 

identified two single nucleotide polymorphisms (SNPs) within exon 1 of Gdf1, a gene that has a 

unique bicistronic structure with CerS1 (Chapter III, Table 5).  The Gdf1 SNP in the SWV strain 

(rs32650885) was predicted to be benign, but the Gdf1 SNP in the LM/Bc strain (rs47220823) 

was predicted to be “possibly damaging”.  The rs47220823 SNP results in an amino acid change 

in the pro-protein region that could alter the dimerization of the pro-protein and mature 

protein, causing altered Gdf1 expression and/or signaling. 
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Whole mount in situ hybridization experiments demonstrated that Gdf1 mRNA 

expression was minor or absent in the closed neural tube of E9.5 control LM/Bc embryos, but 

Gdf1 continued to be highly expressed throughout the ventral neural tube and dorsal neural 

folds of FB1-treated E9.5 LM/Bc exencephalic embryos (Chapter III, Figure 22).  Teratological 

examination of the AKR/J mouse strain, which has the same Gdf1 SNP as the LM/Bc strain, 

showed susceptibility to FB1-induced NTDs (Chapter III, Figure 24), a significant elevation of 

Sa1P in maternal blood after FB1 (Chapter III, Figure 25), and similar, persistent expression of 

Gdf1 in the open neural tube of E9.5 FB1-treated exencephalic embryos (Chapter III, Figure 26).  

These findings support a potential role for the Gdf1 SNP (rs47220823) in genetic susceptibility to 

FB1-induced NTDs.  Although FB1-induced NTDs were observed in the AKR/J strain, the number 

of embryos with NTDs was fewer than that observed in the LM/Bc strain, suggesting that other 

factors or genetic modifiers may also play a role in FB1-induced NTD susceptibility.   

To further study the role of Gdf1 in FB1-induced NTDs, we purchased Gdf1 mutant mice 

from Jackson Laboratories and established a heterozygous breeding colony.  Heterozygous Gdf1 

male and female mice were time-mated in order to generate offspring of all genotypes (Gdf1+/+, 

Gdf1+/-, and Gdf1-/-).  Treatment of pregnant Gdf1+/- dams with FB1 did not result in embryos 

with NTDs, demonstrating that Gdf1 loss-of-function (on the C57BL/6 background) does not 

influence FB1-induced NTD susceptibility.  Rather, our hypothesis is that the rs47220823 SNP in 

Gdf1, found in LM/Bc and ARK/J mice, may result in a gain-of-function mutation that influences 

FB1-induced NTD susceptibility; perhaps through a mechanism that involves post-transcriptional 

regulation (e.g. microRNA) of the CerS1 part of the bicistronic CerS1-Gdf1 transcript, as 

suggested by the results of Bengtsson et al. (2008).  Analysis of Gdf1+/+ and Gdf1-/- MEFs 

demonstrated that Gdf1 genotype affects the accumulation of Sa1P in response to FB1 



127 
 
 

treatment.  The Gdf1-/- MEFs had significantly less Sa1P accumulation in both the cytoplasm and 

the nuclear fraction compared to the Gdf1+/+ MEFs (Chapter III, Figure 27).  

Transcriptional regulation of the CerS1-Gdf1 transcript is not completely understood, 

although a negative feedback mechanism has been proposed by Bengtsson et al. (2008).  When 

Gdf1 was inactivated, the CerS1 portion of the transcript was upregulated, suggesting that 

expression of Gdf1 somehow inhibited expression of CerS1 (Bengtsson et al., 2008).  Meyers-

Needham et al. (2012) showed that HDAC inhibition is required for the transcription of CerS1-

Gdf1 mRNA, but they also identified a miRNA, miR-574-5p, that targets CerS1 for degradation.  

Whole mount in situ hybridization experiments demonstrated an increase in miR-574-5p 

expression along the outer edges of the neural folds of E9.5 FB1-treated exencephalic LM/Bc 

embryos, as well as a banded pattern corresponding to rhombomere boundaries in the midbrain 

and hindbrain region (Chapter III, Figure 28).  The results presented in Chapter III demonstrate 

that the Gdf1 SNP observed in both the LM/Bc and ARK/J mice confers susceptibility to FB1-

induced NTDs.  The results also show a genotype-dependent relationship between Gdf1 

genotype and sphingolipid metabolite accumulation in response to FB1.  The results also suggest 

that overexpression of Gdf1 could negatively influence CerS1 mRNA and protein 

expression/function, which would further enhance nuclear Sa1P accumulation in response to 

FB1, whereas Gdf1 loss-of-function results in only minor nuclear Sa1P accumulation.   

Together, the results from Chapter II and Chapter III suggest that FB1 treatment results 

in nuclear elevation of Sa1P, which can then act as an endogenous HDAC inhibitor, increasing 

histone acetylation and allowing transcription of CerS1-Gdf1.  Although CerS1-Gdf1 transcription 

occurs in the presence of HDAC inhibition, miR-574-5p targets CerS1 for degradation, and allows 

Gdf1 to continue to be expressed (Figure 37).    
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FIGURE 37: Proposed mechanism of FB1 in FB1-induced NTDs.  Fumonisin B1 inhibits ceramide 

synthase enzymes (CerS1-6), resulting in decreased ceramide production and increased 

sphinganine and sphinganine-1-phosphate accumulation.  Cytoplasmic sphinganine-1-phosphate 

can be exported out of the cell where it can bind to S1P receptors to initiate downstream 

signaling.  Nuclear sphinganine-1-phosphate acts as an endogenous inhibitor of histone 

deacetylases (HDACs), resulting in reduced HDAC activity and increased histone acetylation.  

HDAC inhibition is needed for transcription of the CerS1-Gdf1 transcript, but also allows miR-

574-5p to degrade CerS1, further inhibiting CerS1 production and activity and increasing Gdf1 

expression.  
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While my research mainly focused on FB1, I also studied another compound called 

FTY720.  FTY720 (fingolimod, Gilenya®) is a sphingosine analog that acts as an agonist for four of 

the five S1P receptors (S1P1, 3-5) (Brinkmann et al., 2002) and is an FDA-approved drug for the 

treatment of relapsing remitting multiple sclerosis (Multiple Sclerosis Society, 2015b).  This drug 

currently has a pregnancy category C rating, indicating that animal studies have demonstrated 

the teratogenic capabilities of FTY720, but quality human studies have not been conducted 

(Novartis, 2014).  Previous research from our lab has demonstrated that treatment of pregnant 

mice with FTY720 results in an accumulation of FTY720-1-phosphate (FTY720-P) in maternal 

blood, plasma, and embryos (Gelineau-van Waes et al., 2012).  FTY720 is also capable of 

inducing NTDs in both the LM/Bc and the SWV strain of mice (Gelineau-van Waes et al., 2012).  

In our lab, FTY720 was initially used to demonstrate “proof of concept” that sustained S1P 

receptor activation could play a role in the induction of NTDs.  However, the exact subcellular 

localization of FTY720-P after treatment with FTY720 had not been determined.  My third 

objective was to investigate the subcellular localization of FTY720-P and its possible role in 

FTY720-induced NTDs. 

Previous research showed that FTY720-P was significantly elevated in LM/Bc maternal 

blood, plasma and embryos (Gelineau-van Waes et al., 2012), so I focused on the LM/Bc strain in 

my third objective.  LM/Bc MEFs were treated with vehicle (control) or FTY720 and then 

separated into cytoplasmic and nuclear fractions.  LC-ESI-MS/MS analysis of the fractions 

showed that while the parent compound FTY720 accumulated in the nucleus, FTY720-P 

accumulated to a greater extent in the cytoplasm (Chapter IV, Figure 32).  However there was 

still an accumulation of FTY720-P in the nucleus as well.  Unlike treatment with FB1, treatment 

with FTY720 in LM/Bc MEFs resulted in accumulation of FTY720-P in both subcellular fractions, 
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implying that the mechanism for FTY720-induced NTDs may involve both HDAC inhibition and 

prolonged S1P receptor activation.   

Further experiments using LM/Bc MEFs demonstrated that FTY720 treatment and 

elevation of nuclear FTY720-P was associated with a significant reduction in HDAC activity 

(Chapter IV, Figure 33), in agreement with similar findings reported by Hait et al. (2014).  

Histone acetylation at H3K18 and H3K23 was also increased after FTY720 treatment in LM/Bc 

MEFs (Chapter IV, Figure 34), though the significance of hyperacetylation of these lysine 

residues is unknown at this time.  Similar to our earlier experiments in FB1-treated MEFs, I 

tested the ability of the Sphk1 and Sphk2 inhibitors, PF-543 and ABC294640 respectively, to 

reduce the accumulation of FTY720-P.  Pre-treatment with ABC294640, a selective Sphk2 

inhibitor, was the only treatment that was able to significantly reduce FTY720-P production and 

accumulation (Chapter IV, Figure 35).  More experiments need to be conducted to establish the 

exact mechanism(s) of FTY720-induced NTDs, but we hypothesize that these drug-induced birth 

defects may involve both alterations in S1P receptor signaling, and epigenetic modifications that 

impact gene regulation.  

My research has focused on MEFs as they are a hardy cell line, but recently our lab has 

started working with strain-specific neural progenitor cells (NPCs), because these are thought to 

be a more relevant cell type for our NTD model.  Future directions of this research will be to 

repeat my experiments in these NPCs and determine if Sphk inhibition and depletion of nuclear 

Sa1P accumulation can reverse the observed HDAC inhibition and histone acetylation.  In vivo 

use of ABC294640 (Sphk2 inhibitor) with the LM/Bc mice will also be performed, with the 

hypothesis that this treatment will reduce the teratogenicity of FB1, resulting in fewer embryos 

with an NTD.  Further studies to understand the role of histone acetylation in NTDs are also 

needed.  My research only begins to understand the feedback loop of CerS1-Gdf1 transcriptional 
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and post-transcriptional regulation.  More studies need to be done to determine the exact role 

of persistent Gdf1 expression and/or signaling in the open neural tube of FB1-treated 

exencephalic embryos, and whether or not Gdf1 signaling plays a role in transcriptional 

regulation of the miR-574-5p host genes (Noxp20, Col3a1) and/or generation of mature mir-

574-5p.  Recent preliminary data from our lab have shown that FB1 exposure results in 

increased miR-574-5p in maternal mouse serum (not shown). 

Our lab is the first to thoroughly examine the teratogenic effects of FTY720 and, 

although it is currently recommended that birth control be used in women taking this drug, 

more extensive research needs to be done to completely understand the risks of in utero 

FTY720 exposure, especially as new pharmacological applications are being tested every year for 

FTY720.  My research over the last several years has also led to a further understanding of the 

mechanism of FB1-induced NTDs and has brought us closer to being able to identify populations 

and/or predict individuals at greatest risk for having a child with an FB1-induced NTD.  Urinary 

FB1 and blood sphinganine-1-phosphate (Sa1P) levels have been previously used as biomarkers 

for FB1 exposure, in both humans and mice (Riley et al., 2015; data not shown).  However, these 

biomarkers are transient and return to baseline within a few days after the exposure to the 

source of FB1 contamination is withdrawn.  Depending on the time of sample collection during 

pregnancy, urinary FB1 concentrations and blood levels of Sa1P may not necessarily reflect the 

exposure that occurred during the critical gestational window of neural tube closure.  After 

more research, the Gdf1 SNP and miR-574-5p expression may prove to be new/additional 

genetic and epigenetic biomarkers used to identify individuals at an increased risk for FB1-

induced NTDs.   
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