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 Neural tube defects (NTDs) are a world health issue, affecting approximately 

1 in every 1000 live births.  These congenital defects arise from the improper 

closure of the neural tube during development, resulting in significant, life-

threatening malformations of the central nervous system.  Although it has been 

observed that supplementing women of child-bearing age with folates greatly 

decreases the chances of having an NTD affected baby, unfortunately these defects 

still occur.  It is accepted that these complex disorders arise from a combination of 

genetic, environmental, and dietary influences.  One such dietary influence is the 

one-carbon metabolism metabolite, homocysteine.  Homocysteine is a byproduct of 

methylation reactions in the cell that exists in an inverse homeostasis with folate.  

Homocysteine can also undergo a transformation that allows it to then react with 

exposed lysine or cysteine residues on proteins, in a process known as N-

homocysteinylation or S-homocysteinylation respectively.  High levels of 

homocysteine have been long correlated with many disease states, including NTDs.  

One potential mechanism by which homocysteine confers its negative effects is 
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through protein N-homocysteinylation.  Here, a novel and high-throughput assay for 

N-homocysteinylation determination is described.  This assay is shown to be 

accurate with mass spectrometry then shown to be biologically relevant using 

known hyperhomocysteinemia mouse models.  This assay was then applied to a 

cohort of neural tube closure staged mouse embryos with two different genetic 

mutations that have previously been shown to predispose mice to NTDs.  The 

genotypes explored here are mutations to the LRP6 gene and the Folr1 gene, both of 

which have been described as folate-responsive NTD mouse models.  It was seen 

that maternal diet and embryonic genotype had the largest influence on the 

developmental outcome of these embryos; however, the inverse relationship 

between folate and homocysteine seemed to be established at this early time point, 

emphasizing the importance of the balance in one-carbon metabolism.  One of these 

genes, LRP6, was then explored in a human cohort of spina bifida cases.  Four novel 

mutations to the LRP6 gene were found and compared to the mouse model used in 

the previous study.  One of the mutations found in the human population was seen 

to mimic that of the LRP6 mouse model, therefore expanding the potential of this 

NTD model.               
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Chapter 1: Introduction 

1.1 MOUSE EMBRYONIC DEVELOPMENT 

Mouse conception is marked, like in most mammals, when the egg in the 

female mouse is joined with sperm from a male mouse.  For the first 4 days post 

conception, the fertilized egg (zygote) will travel toward the uterus and divide 

multiple times.  At approximately 4 to 5 days post-fertilization (ED) in the mouse, 

the formation of a blastocyst is seen.  The inner cell mass of this blastocyst is what 

will become the embryo (Johnson, 2009).  At this time, the blastocyst will implant 

into the uterine wall to continue development.  The blastocyst consists of an internal 

mass of cells that will give rise to the amniotic sac and the three germ layers, while 

the external cells will give rise to the maternally owned placenta.  Gastrulation 

marks the next major step in embryogenesis, in which cells move and differentiate 

into the three germ layers: the endoderm, the mesoderm and the ectoderm (Tam & 

Behringer, 1997).  The cells that differentiate into the ectoderm are fated to be the 

skin, portions of the mouth, some of the endocrine system, and the nasal 

passageways.  The cells that differentiate into the mesoderm are fated to be 

muscular, skeletal, cardiovascular, connective tissues, and some of the urinary and 

reproductive systems.  The cells that differentiate into the endoderm are fated to 

become the epithelium of the digestive tract, the liver, the pancreas, the respiratory 

system, and portions of the urinary and reproductive systems (Detrait et al, 2005). 

At approximately ED 7.5 in the mouse, the neural plate begins to form.  Here, 

the ectoderm thickens and forms the neural plate, which is located right above the 

notochord, a long cylindrical structure comprised of mesoderm cells.   At this point, 

a process called convergent extension becomes the predominant morphogenetic 
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process, where epithelial cells constrict and elongate the entirety of the neural plate.  

The processes involved in convergent extension are very complex, but many of them 

are regulated by Planar Cell Polarity (PCP) genes (Copp et al, 2003; Wallingford, 

2005).  After the elongation of the neural plate, the cells associated along the 

notochord morphologically change and median hinge point forms (Eom et al, 2013).  

At this point in development, the median hinge point associates with the notochord 

below it and pulls the middle of the neural plate down causing neural folds to form.  

The dorsolateral hinge points on each of the neural folds then bend following the 

restructuring of cells to form a wedge shape, and this allows for the neural folds to 

meet and fuse (Eom et al, 2013; Golden & Chernoff, 1995). In mice, the neural tube 

closes at 3 different initiation closure points, and each zip toward each other closing 

the entirety of the neural tube (Golden & Chernoff, 1995).  This process is known as 

primary neurulation.  After this, secondary neurulation occurs, where the lower, or 

caudal portions of the spinal cord form.  This process differs from primary 

neurulation because a canal is formed within the tissue that then connects to the 

rest of the spinal column (Greene et al, 2009).  These primary and secondary 

neurulation events occur throughout mammalian species in a very similar manner.  

Any failure to completely close the neural tube at any of these closure points results 

in a neural tube defect (NTD).   

The anterior neural pore closes by ED 9 or 9.5, while the posterior neural 

pore remains open until ED 10 or 10.5.  Once neural tube closure is completed, the 

somites, which began appearing at ED 8, will continue to form until ED 14.  The 

somites will subsequently contribute to the vertebrae, skeletal muscle, and skin cells 

(Hodge, 2010; Slack, 2013).  Throughout this stage of development through around 

ED 13 or 14, the developing embryo/fetus is in a stage of organogenesis, where all 



 3 

major organ systems a vertebrate has are formed.  Following this, and until birth, 

the embryo undergoes histogenesis, the formation and differentiation of specific 

tissue types.  The normal gestational period for mice averages between 18 and 22 

days, depending on the strain of the animal.     

1.2 NEURAL TUBE DEFECTS 

Neural tube defects (NTDs) are congenital malformations that affect the 

Central Nervous System (CNS).  According to the World Health Organization, NTDs 

affect between 1 and 10 in every 1000 pregnancies, depending on the geographic 

location and ethnic group of the mothers.  In the United States, it has been noted 

that Hispanics have the highest rate of NTDs (1.12/1000), whereas African 

Americans and Asians have the lowest rates, under 1/1000 births (Mitchell, 2005).  

In other areas of the world; however, these numbers are greatly increased.  In the 

Shanxi province of China for example, in 2003, there was a reported NTD prevalence 

of 13.9/1000 births (Li et al, 2006).  No matter what the rate of NTDs is in various 

areas of the world, these are defects that come with a great emotional, physical, and 

monetary burden to those affected and those close to an affected individual.    

Neural tube defects arise from the improper closure of the neural tube 

during early pregnancy.  Neural tube is the phrase used for the developing CNS, or 

brain and spine, in chordates.  The term NTD encompasses a number of conditions 

including, spina bifida, anencephaly, craniorachischisis, encephalocele, and 

iniencephaly (Kondo et al, 2009).  Spina bifida is a lesion in the spinal column, 

whereas anencephaly is the lack of part of the skull or brain.  Craniorachischisis is 

the condition described when an anencephaly and spina bifida event occur together 

and the neural material is exposed from the skull and continues to be open to the 
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spine.  Anencephaly and craniorachischisis are both lethal conditions upon birth or 

even before.  Spina bifida is the most common NTD and although it can be surgically 

closed, it is far from being repaired and the defect has lasting negative effects on the 

individual’s quality of life.  The impact that spina bifida has on a child usually 

depends on the location and the severity of the lesion involved.  Generally speaking, 

spina bifida patients do not have proper innervation below the lesion in their spinal 

cord; therefore, the complications include not only the loss of function of their legs, 

but their urinary tract and bowels are also poorly controlled (Kondo et al, 2009).  

Spina bifida is also often accompanied by hydrocephalus, which can be controlled 

with the use of a shunt throughout life (Copp & Greene, 2013).  Most recent 

advances in medicine involve surgery to repair spina bifida lesions in utero.  These 

are specialized surgeries, but are thought to prevent some neural damage during 

development and have been reported to improve overall outcomes for these 

children (Johnson et al, 2006).   Encephalocele is a more rare NTD where a portion 

of the skull is open and allows for the brain and covering membranes to project 

from this hole.  Inienchephaly is a distortion of the spine that manifests as a fetus 

with a head bent backwards in a star-gazing appearance and the skin is directly 

connected to the chest.  Iniencephaly is a very rare NTD, although more commonly 

seen in Asian populations, where upon birth these affected infants do not usually 

live longer than a matter of hours (Botto et al, 1999; Copp et al, 2013).   In human 

pregnancies, neural tube closure occurs 28 days post conception or ED 28 (Botto et 

al, 1999).  In mouse models, the neural tube completes closure at ED 9.5 to 10 (Gray 

& Ross, 2011).  The variety of NTDs described above result directly from the failed 

closure at specific points of the developing spinal column or brain.    



 5 

  The physical defects that result in NTDs during development have been 

fairly well described; however, the reasons why these malformations actually occur 

largely remain mysterious.  It has been seen that no one factor can be ascribed to 

most NTD patients.  The principal factors that are considered when looking at the 

etiology of NTDs includes: genetic factors, nutritional factors, and environmental 

factors (maternal exposure and maternal environment).    

1.2.1 Genetic Effectors of NTDs 

One factor that may cause or even pre-dispose people to NTDs is their 

genetic makeup.  In the age of genetic engineering (genome editing), mouse 

modeling is a very useful tool to help study which genes may be involved in NTDs.  

Over 240 mouse models of NTDs currently exist (Harris & Juriloff, 2010).  

Unfortunately, the insight gained by these mouse models does not always easily 

translate into the human model.  When reviewing all of the existing mouse NTD 

models, Harris and Juriloff (Harris & Juriloff, 2007; Harris & Juriloff, 2010) made a 

few important conclusions.  Not all of these models reflect a dietary responsiveness 

to folate, and some of them are even responsive to different small molecule 

treatment.  Indeed, many of these models have not even been tested for folate 

responsiveness.  In addition, around 90% of the mouse models manifest with only 

an NTD and secondary symptoms to this NTD (other health problems can be directly 

traced to be caused by the NTD).  Only around 15% of human NTDs are like this, 

indicating that human NTD cases are generally more complicated and most likely 

multi-factorial, even within a single individual.  In addition, there have been some 

genes identified to be mutated in humans with an NTD that do not produce an NTD 

phenotype when these genes are knocked out in mice (Au et al, 2010).  Of the 
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plethora of mouse models, there are a few biological pathways that seem to be the 

most promising on which to focus.  The era of whole genome sequencing has 

allowed for a multitude of case-control studies to be performed, and in turn for 

researchers to identify single nucleotide polymorphisms in selected genes from NTD 

patients. The genes involved in folate, one-carbon metabolism, and those involved in 

non-canonical Wnt signaling, or the Planar Cell Polarity (PCP) pathway, have proven 

to be key genes associated with neural tube defects (Bharathselvi et al, 2013). 

Of the one-carbon metabolism related genes, 5,10-methylene 

tetrahydrofolate reductase (MTHFR) has been one that has been studied intensely 

(Greene et al, 2009).  The MTHFR knockout mouse manifests with 

hyperhomocysteinemia, aortic lipid deposits, and growth retardation, but 

depending on the genetic background, no NTDs (Chen et al, 2001).  In humans, the 

C677T mutation found in the MTHFR gene has been heavily studied.  This mutation 

shows a decrease in the MTHFR enzyme function by 35-40% of normal enzymatic 

function (Frosst et al, 1995).  An analysis of the literature showed an increased 

chance of having an NTD with this mutant allele, but only in Europeans of non-Latin 

lineage (Amorim et al, 2007).  A second mutation found in the MTHFR gene in spina 

bifida patients is A222V, which resulted in high levels of homocysteine and lower 

levels of folate (van der Put et al, 1995).   Single nucleotide polymorphisms in the 

Methylene Tetrahydrofolate Dehydrogenase 1 (MTHFD1) gene have also been 

associated with significantly increased risks of an infant having an NTD (Etheredge 

et al, 2012).  MTHFD1 has also proven to be an essential gene for mouse 

development, and when only one copy of this gene is present, mice show altered 

one-carbon metabolism (Macfarlane et al, 2012). Mutations in multiple enzymes in 

the mitochondrial glycine cleavage system have also been identified in NTD cases, 
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but not in control samples (Narisawa et al, 2012).  Along with the many mouse 

models that exist where disruption of the folate genes displays as an NTD, the 

association of mutations in these genes in human patients emphasizes the necessity 

of proper one-carbon metabolism during gestation.    

The second category of genetic emphasis for NTD studies has been the PCP 

pathway.  The fact that PCP genes govern the process of convergent extension 

directly associates them with proper neural tube closure (Wodarz & Nusse, 1998).  

It was first noted that when Vangl2, Celsr1, Ptk7, Dvl1/2/3, or Scrib were mutated 

or knocked out in the mouse, craniorachischisis rates would increase (Copp & 

Greene, 2013).  In humans, mutations in Vangl1 have been identified in a population 

of spina bifida patients and these mutations were seen to abolish binding with 

Dvl1/2/3.  More recently, the PCP genes of Celsr1 and Scrib have been associated 

with a population of spina bifida cases as compared to wildtype controls (Lei et al, 

2013; Lei et al, 2014).  Despite these genetic trends in mouse models and human 

data sets, it is important to note that NTDs are still considered to be multi-factorial 

in origin, and other effectors must be investigated in parallel with genetic 

interrogations. 

1.2.2 Dietary Effectors of NTDs 

There is no single prevention method known for NTDs.  The existing 

paradigm for ameliorating this public health issue is by encouraging women of 

child-bearing age to supplement their diets with adequate folic acid.  In the late 

1970s and early 1980s, Dr. Richard Smithells became the pioneer of the studies of 

interaction of folate and NTDs (Schorah, 2009).  In 1980, Smithells et al showed 

preliminary data that folate might reduce the chances that a mother will have a child 
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affected with an NTD.  These studies were continued throughout the 1980s 

(Smithells et al, 1983; Smithells et al, 1989) and validated the initial findings that 

mothers who were supplemented with folates reduced their risk for having NTD 

affected pregnancies.    Currently, public health panels in different countries handle 

the issue of recommending folic acid to mothers differently.  In the United States for 

example, the government recommends women of child bearing age to consume 

0.4mg of folic acid per day and additionally fortifies grains with folic acid (Shane, 

2003). In Great Britain, the government recommends women take 0.4mg of folic 

acid a day also, but the government does not supplement grain foodstuffs, whereas 

in the rest of the European Union, 0.2 mg of folate a day is recommended (Sen et al, 

2001).  In the United States, Canada, and Chile, all countries with mandated folic acid 

fortification of grains, the number of babies born with NTDs has significantly been 

reduced since this mandated fortification began (Eichholzer et al, 2006) (Honein et 

al, 2001).    Although there is significant evidence from population based treatment 

with folic acid, the exact mechanism by which folic acid prevents neural tube defects 

remains unknown (Wallingford et al, 2013).  It is easy to imagine why folic acid is 

necessary for proper neural tube closure: a time where cells are rapidly dividing 

needs the one carbon units that folic acid supplies.  In fact, it is seen that in certain 

genetically modified mouse models, additional folate supplementation can partially 

protect against some NTDs (Fleming & Copp, 1998).    It has also been suggested 

that one of the essential roles of folate in preventing NTDs is its role in DNA 

methylation.  Potentially, the epigenetic regulation by sufficient folate is responsible, 

in part, for the proper development of an embryo (Greene et al, 2011).   



 9 

1.2.3 Environmental Effectors of NTDs 

The complex interactions of diet and genetics are constantly being studied 

and manipulated in attempts to better understand the etiology of NTDs.  One must 

also consider maternal exposures.  These exposures do not necessarily have to be 

what mothers consume, but what they encounter while pregnant and the 

environment that they provide for their developing embryo.  There are a number of 

factors that mothers may be exposed to, or that may compromise the in utero 

environment that the embryo develops in, that have proven to be crucial in 

describing risk factors for NTDs.  For example, the regionally higher rates of in-

home coal burning in high-risk areas of China prompted many studies on this 

constant exposure, to determine if it could be a contributing factor as to why there 

are so many children born with NTDs in the Shanxi province.  It was indeed seen 

that mothers who live in constant exposure to the combustion byproducts of coal 

had an elevated risk for NTDs (Li et al, 2011).  Additionally, it has been more 

recently demonstrated that organic pollutants in the environment will increase the 

risk for NTDs when mothers are constantly being exposed (Correa et al, 2008; Ren 

et al, 2011).  Occupational exposure to radiation, heavy metals, and certain chemical 

by-products has also been correlated to higher risk for giving birth to children with 

NTDs (Maldonado et al, 2003; Sever, 1995).  Even the act of living in areas with 

higher levels of air pollutants has been shown to increase risk for NTDs (Padula, 

2014).  Studies such as these though tend to be debated in the literature, with a split 

in findings when reviewing population-based analysis of human subjects (Brender 

et al, 2006) (Jin et al, 2014; Suarez et al, 2012).  Many animal studies have shown 

that exposure to heavy metals will increase the risk for birth defects (Saadeldien et 

al, 2012) (Padmanabhan, 1987; Webster & Messerle, 1980).  Not all exposures that 
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are harmful for developing infants are physical entities, however.  The long 

established risk factor, maternal hyperthermia (Bennett et al, 1990; Finnell et al, 

1986) is not to be overlooked.  The risk for NTDs can be elevated by almost two-fold 

(Moretti et al, 2005) when the internal body temperature reaches only 100oF.  

Maternal use of hot tubs and even practicing hot yoga are discouraged for pregnant 

women (Chan et al, 2014).  

One of the most well-known environmental causes of NTDs was highlighted 

when there was an NTD cluster in 1990 on the Texas-Mexico border (Missmer et al, 

2006).  It was thought that this increased rate of NTDs was due to corn that was 

contaminated with Fumonisins, as horses in the area had previously been afflicted 

with leukoencephalomalacia (Hendricks et al, 1999).  Fumonisin B1 is a toxin 

produced by two different molds (Sadler et al, 2002).  It is a well characterized toxin 

that is a common contaminant of corn.  Exposure to this toxin has been associated 

with various pathologies including liver and kidney toxicity and 

leukoencephalomalacia in horses (Gelineau-van Waes et al, 2005).  It has been 

previously reported that the risk for NTDs increases with exposure to Fumonisin B1 

in a dose-dependent manner until fetal death is observed (Suarez et al, 2012).  

Mechanistically, Fumonisin B1 was shown to inhibit sphingosine N-

acetyltransferase, therefore inhibiting the synthesis of different sphingolipids in 

cells.  Since sphingolipids are used in many biological processes from signaling to 

structural building, it is thought that their disruption will lead to problems during 

development, even potentially causing NTDs (Sadler et al, 2002).           

Valproic acid (VPA) is a small molecule drug that is used to treat migraine 

headaches, epilepsy, and bipolar disorder.  VPA was discovered in the 1960s to have 

efficacy in seizure treatment (MEUNIER et al, 1963) and was subsequently approved 
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by the FDA in 1978 for use in the United States to treat epilepsy.  More recent 

applications have been prescribing VPA for use helping bipolar disorder and 

migraine headaches, thus widening the group of women of reproductive age that are 

using VPA as a therapeutic.  Years of scientific research about the teratogenicity of 

VPA (Robert & Guibaud, 1982) (DiLiberti et al, 1984; Lammer et al, 1987) 

culminated in a warning in 2009 by the US FDA that in utero exposure to VPA 

increases the chances that a baby will have a variety of congenital malformations 

including NTDs.  In fact, it has been reported that mothers taking VPA will have a 2 

to 16-fold higher chance of giving birth to a child that is affected with a congenital 

malformation (Hill et al, 2010) (Jentink et al, 2010).    Neither the exact mechanism 

of action for the efficacy of VPA nor the mechanisms of action for the teratogenicity 

of VPA are known.    It is thought that VPA has multiple targets, including increasing 

the neurotransmitter gamma-aminobutyric acid and even directly inhibiting 

voltage-gated sodium channels (Rosenberg, 2007). In addition, the exact mechanism 

of teratogenicity of VPA is unknown.  It has been hypothesized that VPA serves as an 

HDAC inhibitor that may have anti-angiogenic effects during development (Phiel et 

al, 2001), serves to create folate-depleted conditions (Schwaninger, 1999), 

sequesters Coenzyme A through its metabolism, and generally increases bodily 

levels of oxidative stress (Hsieh et al, 2012). In addition to the more commonly 

prescribed VPA, a second anti-convulsant drug has been shown to increase the risk 

of having an NTD affected pregnancy when mothers are using this drug known as 

carbamazepine during pregnancy.  Carbamazepine is a derivitized iminostilbene 

that is used in the treatment of epilepsy, bipolar disorder, and trigeminal neuralgia 

(Jentink et al, 2010).  The mechanism of teratogenicity of this drug is also still 

relatively unknown, but it is thought to be mediated by an arene oxide intermediate 
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(Madden et al, 1996).  Carbamazepine has been seen to be a risk factor for NTDs and 

other congenital malformations (Hill et al, 2010).     

The maternal environment in which the embryo is developing is also of great 

concern.  In addition to external stimuli that the embryo may encounter secondary 

to the mother’s exposure, there are also steady states maintained by mothers that 

are directly related to an increased risk for developing NTDs.  Maternal obesity has 

been shown to increase the risk of having a NTD affected pregnancy by at least 2 

fold (Shaw et al, 1996).  In addition to obesity, maternal type II diabetes has also 

been shown to increase the risk for babies born to affected mothers to have a higher 

risk of congenital malformations (King, 2006).  Although no direct mechanism has 

been demonstrated for the pathogenesis caused during development of a mother 

affected with type II diabetes, some more general hypotheses have been discussed.  

The current general consensus is that the disruption of glucose and fat energy 

balance lead to mitochondrial stress and an increase in reactive oxygen species 

(ROS) (Reece, 2012).  The creation of ROS has been shown to increase apoptosis and 

deviations in development in many model organisms (Hill et al, 2013).  An increase 

in oxidative stress has also been directly correlated to NTD risk (Groenen et al, 

2004; Han et al, 2011).  Other researchers suggest that the increase in risk for NTDs 

when mothers have diabetes is due to altered epigenetic regulation (Sukanya et al, 

2012).  It has been shown that methylation status has been changed in key genes 

during a diabetic state (Ling et al, 2008).  The differences in methylation patterns 

seen in diabetics are not only thought to allow for more or different gene 

transcription, but it has also been proposed that these epigenetic changes may 

influence the DNA that offspring receives (Villeneuve & Natarajan, 2010).  Not only 

could the development be disregulated in utero by maternal signals, the DNA of the 
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baby itself could be changed due to the diabetic status of the mother.  Another factor 

that links both diabetes and obesity is increased basal levels of inflammation (Das, 

2004).  In obesity, and type II diabetes, there is an excess of adipose tissue.  This 

adipose tissue, which traditionally was thought of as only an excess energy store, is 

now being thought of as an endocrine tissue.  Adipocytes release regulatory 

molecules now known as adipokines (MacDougald & Burant, 2007).  These 

adipokines are signaling molecules responsible for satiety, insulin sensitivity, and 

more.  In addition, it has been shown that adipocytes play a key role in both innate 

and adaptive immunity, both of which have been implicated in NTDs (Huh et al, 

2014).         

Despite the number of different factors that have even been discussed here 

that contribute to the risk for NTDs, it remains that NTDs are multi-factorial in 

nature.  The first point of evidence is that folate greatly reduces the risk for having a 

child with an NTD, but does not completely abolish this possibility. Another marked 

example of this is that wildtype mice that are fed a low folate diet do not present 

with an increased risk for NTDs, whereas when the genotype is also manipulated, 

you begin to observe an increased risk for NTDs (Burren et al, 2008).  In addition, it 

is seen that some single allele mutations will not increase the risk for an NTD, but 

when paired with another mutation, there is an increased risk for an NTD (Ross, 

2010).  Some mouse models only express an NTD phenotype in response to 

environmental stimuli when they already have a genetic mutation (Wlodarczyk et al, 

2001).   It is therefore important to study all possible facets of the etiology of NTDs. 
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1.3 WNT SIGNALING 

More than 3 decades ago, the Wingless gene was manipulated in Drosophila 

and the same gene, a relatively unstudied proto-oncogene, Int-1, was reported in the 

mouse (Bejsovec, 2013).  In 1991, the name Wnt was coined by Nusse et al as a 

combination of wingless and int, thus the start of a new nomenclature for this 

important gene family.  The Wnt genes are highly conserved throughout species, 

and it is now known that vertebrates have 19 Wnt genes (Nusse & Varmus, 2012).  

The Wnts were discovered when investigating their potential role in cancer, but 

more research has shown that they have a critical role in development, and also 

various disease states such as multiple types of cancer and diabetes (Logan & Nusse, 

2004).  The Wnt proteins themselves are a group of soluble glycoproteins ranging 

from 300 to 400 amino acids in length that have a highly conserved region of 

modified cysteine residues (Cadigan & Nusse, 1997).  The Wnt proteins serve as 

signals to various cell surface receptors to begin a cascade of signal transduction to 

the target cell.  There are three major paths of Wnt signaling that are known: 

canonical β-catenin. Non-canonical planar cell polarity (PCP) and non-canonical 

calcium regulation (Habas & Dawid, 2005). 
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Figure 1.1 Canonical Wnt Signaling Cascade 

Panel A shows an inactive Wnt signaling cascade.  Here, no ligand binds to the cell 

surface receptors and β-catenin is phosphorylated and degraded.  Panel B shows an 

active Wnt signaling cascade.  Here β-catenin does not get phosphorylated and is 

allowed to translocate into the nucleus and turn on TCF/LEF dependent genes. 
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Figure 1.2 Non-Canonical Wnt Signaling Pathways  

Panel A shows the PCP pathway that will either help with cytoskeletal remodeling or 

transcribe AP1 dependent genes.  The Calcium pathway shown in panel B will either 

activate PKC or transcribe NFAT dependent genes.  
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Figure 1.1a illustrates the canonical Wnt signaling pathway.  This pathway is 

characterized by protein receptor complex that is embedded in the cell membrane 

that is made up of Frizzled and low density lipoprotein receptor-related protein 6 

(MacDonald et al, 2009).  The pathway only turns on when this complex binds one 

of the extra-cellular Wnt proteins, most commonly Wnt1, Wnt3a, and Wnt 8 for 

canonical Wnt signaling (Niehrs, 2012).  When this pathway is not active, Glycogen 

Synthase Kinase 3 (GSK3) steadily phosphorylates beta-catenin.  This 

phosphorylation event causes beta catenin to be tagged for degradation (Klaus & 

Birchmeier, 2008).  A protein complex known as the destruction complex will dock 

on the phosphorylated beta catenin.  This complex will polyubiquinate the beta-

catenin, causing it to be found and destroyed by a proteasome (Kimelman & Xu, 

2006) (Kim et al, 2009).  In the presence of a Wnt ligand (Figure 1.1b), beta-catenin 

is not degraded and translocates into the nucleus.  In the nucleus, beta-catenin is 

allowed to bind TCF/LEF (T-cell factors/leukocyte enhancer factor) and activates 

transcription of specific genes (Rao & Kühl, 2010).  Proper Wnt signaling is essential 

during development in patterning and control of organogenesis (Komiya & Habas, 

2008).  

Figure 1.2a illustrates the non-canonical (PCP) Wnt signaling pathway.  The 

PCP pathway is also known as the beta-catenin independent pathway.  The pathway 

starts out when Wnt proteins bind the PCP frizzled/disheveled receptor complex.  

Most commonly Wnt5a and Wnt 11 will bind this complex to begin non-canonical 

Wnt signaling (Niehrs, 2012).  Wnt binding activates a cascade of Rho GTPases and 

protein kinases (Rao & Kühl, 2010).  The GTPases can directly influence cytoskeletal 

elements and the protein kinases can cause transcriptional changes in the nucleus 

(Niehrs, 2012).  The PCP pathway is known for regulating the polarity of cells within 
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a thin layer of cells.  Essential developmental phenomenon, such as the orientation 

of cilia and the process of convergent extension are dependent upon the PCP 

pathway (Jones & Chen, 2007) (Rao & Kühl, 2010). 

The calcium dependent Wnt signaling pathway is a second beta-catenin 

independent signaling pathway (Figure 1.2b).  Here, a Wnt protein binds frizzled 

complexed with an ROR 1/2 co-receptor.  This, in turn, activated phospholipase C, 

which cleaves phospholipids to create inositol 1,4,5-tri-phosphate (IP3) and 1,2 

diacylglycerol (DAG).  IP3 causes calcium ion release from the endoplasmic 

reticulum, which activates calmodulin-dependent protein kinase III.  DAG activates 

protein kinase C.  Then both these kinases can then activate diverse transcription 

factors such as NFAT and NEMO, which can regulate tissue movements and 

specifications and inhibit beta-catenin signaling (De, 2011; Komiya & Habas, 2008).         

1.3.1 Low Density Lipoprotein Receptor-Related Protein 6 

Low Density Lipoprotein receptor-related protein 6 (LRP6) is one of the 

transmembrane receptor proteins involved in Wnt Signaling.  LRP6 was first 

described in 1998 (Brown et al, 1998) as a member of the low density lipoprotein 

receptor family.  The low density lipoprotein receptor family is a group of 

membrane proteins that are responsible for binding and promoting the endocytosis 

of specific proteinaceous ligands (Nykjaer & Willnow, 2002).  This family of proteins 

is characterized by a generic set of motives including a high percentage of cysteines, 

extracellular LDLR repeats and EGF repeats spaced by YWTD domains (Brown et al, 

1998).  LRP6 and LRP5 are very closely related members of this family.  These two 

proteins are approximately 70% homologous in amino acid content and share a 

similar structure including 4 beta-propeller domains and 3 low density lipoprotein 
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ligand binding domains on the extracellular portion of the protein and one 

transmembrane anchor (Joiner et al, 2013).  Mutations in human LRP5 and 6 

proteins have been associated with bone defects, heart disease and Alzheimer’s 

disease (Joiner et al, 2013; Williams & Insogna, 2009). 

Both the LRP5 and 6 proteins require a chaperone protein to escort them 

from the endoplasmic reticulum to the plasma membrane.  This chaperone, known 

as mesoderm development protein (MESD) in mice, and Boca in Drosophila, is a 

highly conserved protein across species (Culi & Mann, 2003).  When MESD is 

knocked out in mice, you see a high rate of embryonic lethality that is similar to the 

deletion of Wnt3a (Hsieh et al, 2003).  This suggests that MESD is essential for Wnt 

signaling because without it, one of the major receptor proteins cannot make its way 

to the cell membrane and become functional (Herz & Marschang, 2003).  This is 

further evidenced by cell culture localization studies that show MESD is required for 

LRP6 to be properly located in the plasma membrane (Gray et al, 2013).  

LRP6 is most commonly known for its crucial role in Wnt signaling as a co-

receptor for the Wnt protein ligands in the canonical Wnt signaling pathway (Figure 

1.1).  More recent reports have shown that LRP6 may have a vital role in the non-

canonical, PCP pathway as well (Allache et al, 2014; Bryja et al, 2009; Gray et al, 

2013).  The reciprocal effects of canonical and non-canonical Wnt signaling are 

beginning to be investigated, and it was seen that sometimes when a mutation in 

LRP6 decreased canonical Wnt-signaling, this was countered by an increase in PCP 

signaling (Allache et al, 2014).  In addition, when LRP6 was either deleted from a 

mouse model, or mutated, the embryos did not develop properly and have mis-

localization of GTP-RhoA, indicating a malfunction in PCP signaling (Gray et al, 

2013).  Although the intricacies of the role of LRP6 in both canonical and non-
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canonical Wnt signaling still need to be fully elucidated, it is clear that this protein 

plays essential roles during neural development.            

1.4 FOLATE (ONE-CARBON) METABOLISM 

Folate is the general term that refers to the family of water-soluble B 

vitamins used in one-carbon metabolism.  The transfer of any single carbon group in 

the body requires the donation of this carbon from a folate derivative, and therefore 

these processes are collectively known as one-carbon metabolism.  A folate is a 

compound that contains a pteridine ring connected to a paraaminobenzoic acid, and 

a number of glutamic acid residues (Kim, 2007) (Locksmith & Duff, 1998).  This 

polyglutamate tail is added to folates when they enter cells, so the newly entered 

folates remain inside the cell.  The polyglutamate tail also helps the enzymes that 

will use these folates to better bind their substrates (Appling, 1991). 

Mammals cannot synthesize folates de novo, and therefore must consume 

folates in their diet. The most well-known of the folates, folic acid, is the synthetic, 

oxidized form of the vitamin (Figure 1.3) (Lucock & Yates, 2009).  Folic acid is a 

highly stable molecule and easy to produce, thereby making it the ideal vitamin to 

supplement foodstuffs with (Ohrvik & Witthoft, 2011). Folic acid is not a bioactive 

form of the folate family.  When folic acid enters the cell, it is reduced by various 

enzymes.  The reduced products are tetrahydrofolate (THF) and dihydrofolate 

(Figure 1.3b).  Carbon units can then be added to the N5 and N10 positions, or 

bridge both.  The resulting products are 5-methyl-THF, 5,10-methylene-THF, 5,10-

methenyl-THF, 5,10-formimino-THF, 5-formyl-THF and 10-formyl-THF (Preedy et 

al, 2013).  Naturally occurring dietary folates are reduced forms of folate, such as 5-

methyltetrahydrofolate.  Dietary folate sources include citrus fruit, dark leafy 
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greens, and legumes (Ohrvik & Witthoft, 2011).  The instability of these natural 

forms of folate, however, does cause a large loss of the bioavailable compounds 

during food preparation, mostly through heating or oxidation (Bailey, 1995).  It has 

also been noted that the bioavailability of folic acid is higher than that of natural 

sources, most likely because of its high affinity for many of the folate transport 

proteins (Hannon-Fletcher et al, 2004).       

The importance of these bioactive folates is their place in all of one carbon 

metabolism.  Figure 1.4 shows a brief overview of all of the places in cellular 

metabolism where folates are critical.  One of the most important roles of folates is 

in nucleotide biosynthesis.  When the body is synthesizing purines, 10-formyl-THF 

is required for a one-carbon donation.  In addition, the only source of thymidine is 

by the methylation of deoxyuridine monophosphate (dUMP) to create 

deoxythymidine monophosphate (dTMP) using 5,10-methylene-THF (Nazki et al, 

2014).  Folates are therefore necessary for the synthesis DNA, an essential process 

for all cells.  Folates are also required for methylation reactions.  Most directly, 5-

methyl-THF is required to recycle homocysteine back into methionine.  Methionine 

can then be converted to s-adenosylmethionine (SAM), which is used in any number 

of reactions to methylate DNA, RNA, lipids, and proteins (Crider et al, 2012).  DNA 

methyltransferases can use SAM to methylate cytosines and act in a regulatory 

manner (Anderson et al, 2012).  Methyl groups can also be added to histone 

proteins and work to regulate transcription of DNA.  It has even recently been 

shown that folic acid can change the structures of chromatin and therefore directly 

help regulate which genes are transcribed (Ichi et al, 2012).  It is easily noticed why 

folate is such an essential vitamin; folate is required to simply make DNA and also 

for many other regulatory processes that we are just beginning to understand.   
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Figure 1.3  Folates: Water-soluble Vitamins B9 

Panel A illustrates the oxidized and synthetic form of the folates, folic acid.  Folates 

generally consist of a pteridine ring, a para-aminobenzoic acid, and any number of 

glutamic acid residues.  Panel B illustrates the reduced form of a folate, 

tetrahydrofolate.  This is the molecule that will be the acceptor and donor for the 

following one carbon units at N5 and/or N10:    

Methanol CH3-OH            5-Methyl-THF 
Formaldehyde CH2=O    5,10-Methylene-THF 
Formic Acid HCOOH       5,10-Methenyl-THF 
                                              5,10-Formimino-THF 
                                              5-Formyl-THF 
                                              10-Formyl-THF 
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Figure 1.4 Folate One-Carbon Metabolism 
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Figure 1.4 Folate One-Carbon Metabolism 

Folates enter the cell through cell surface folate receptors.  These can be either the 
high affinity folate receptors (FRα/β), reduced folate carrier (RFC), or the proton 
coupled folate transporter (PCFT).  Dihydrofolate (DHF) will be reduced to 
tetrahydrofolate (THF) using dihydrofolate reductase (DHFR).  THF can be 
converted to 5,10-methylenetetrahydrofolate (5,10-MTHF) using serine 
hydroxymethyl transferase (SHMT) and converting serine to glycine.  5,10-MTHF 
can be converted to 5-methyltetrahydrofolate (5-MTHF) using methylene 
tetrahydrofolate reductase (MTHFR).  5-MTHF can then be used for a one carbon 
donation to homocysteine to synthesize methionine via methionine synthase (MS), 
therefore recreating THF.  5,10-MTHF can also be recycled to DHF in order to turn 
dUMP into dTMP using thymidylate synthase (TS).  5,10-MTHF can be reversibly 
turned back to THF with a 10-formyltetrahydrofolate (10-FTHF) intermediate, using 
methylenetetrahydrofolate dehydrogenase (MTHFD).  10-FTHF can be used in 
purine synthesis using the enzymes aminoimidazolecarboxamide ribonucleotide 
transferase (AICART) and glycinamide ribonucleotide transformylase (GART).   
Once methionine is remade from homocysteine with the one carbon donation from 
5-MTHF, it can be turned into S-adenosyl methionine (SAM) using Methionine 
adenyltransferase (MAT).  Methionine can also be consumed and enter this portion 
of the cycle. Methyltransferase (MT) can then be used to donate methyl groups to 
lipids, proteins, or DNA, creating S-adenosyl homocysteine (SAH) as a byproduct. S-
adenosyl homocysteine hydrolase (SAHH) will then create homocysteine, where the 
methionine cycle then merges again with the folate cycle.  
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1.4.1 Folate Proteins 

There are specialized proteins that allow for cells to uptake folates from the 

circulating blood.  These proteins are known as the high affinity folate receptors and 

the folate transporters.  The high affinity folate receptors are between 70 and 80% 

homologous in sequence (Shen et al, 1995).  In humans the high affinity folate 

receptors include Folate Receptor Alpha (FRα), Folate Receptor Beta (FRβ), Folate 

Receptor Gamma (FRγ).  The high affinity folate receptors readily bind folates and 

their Kd values for most folates are in the nanomolar range (Rijnboutt et al, 1996).  

There are also two known folate transporters, the Reduced Folate Carrier (RFC) and 

the Proton Coupled Folate Transporter (PCFT).  The folate transporters are 

distinguished by their much lower binding affinities for folates, as they have Kd 

values in the micro to millimolar range (Sabharanjak & Mayor, 2004).  The functions 

and expression patterns of these different folate transporters and receptors are 

unique. 

1.4.1.1 Folate Receptor Alpha 

Folate Receptor α (FRα) is known to use an endocytotic mechanism to allow 

folate to enter cells.  The details by which the folate receptors are organized and 

readied for endocytosis are still being debated.  It has been postulated that FRα is 

usually localized to caveolae (invaginations in the cellular membrane with increased 

lipid and protein content) or potentially lipid rafts, but more evidence is needed to 

reach a definitive conclusion (Sabharanjak & Mayor, 2004; Wu et al, 1997).  The 

working scheme of FRα endocytosis is seen in Figure 1.5.  In short, folates bind to 

the cell surface receptors, which are taken into the cell in an endocytotic vesicle.  
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The pH in the vesicle dramatically drops and the folate is released from FRα.  A 

folate transporter (putatively, PCFT) will then allow for the folate to exit the vesicle 

into the cytosol where it will become polyglutamated and remain for use (Kamen & 

Smith, 2004).  FRα is primarily found in epithelial tissues in humans, including the 

kidney and choroid plexus, although it is most highly expressed in the placenta 

(Antony, 1996).  Due to the necessity of FRα in the placenta during development, it 

is considered to be the most developmentally relevant FR.   

FRα is also notably expressed in many cancers.  Malignant tumors in 

reproductive tissues, brain, colon, and breast tissues have all been seen to have 

higher than normal levels of FRα (Salazar & Ratnam, 2007).  The variable expression 

patterns of FRα in tumors, including the de novo expression of FRα in some tumor 

tissues, along with the very specific and limited expression patterns of FRα in 

healthy tissue, make it a potential target for cancer therapeutics (Wu et al, 1999).  

Some potential methods that are being explored in order to exploit the rather high 

and particular expression of FRα in tumors are folate-conjugated drugs, 

radionucleotides conjugated to anti- FRα antibodies, and various vaccinations in 

order to induce auto-immunity to FRα (Lu et al, 2004).  The NIH clinical trials 

database shows that there are many of these treatments currently in human clinical 

trials.  
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Figure 1.5 Endocytotic Mechanism of the Folate Receptor Alpha 

FRα functions through an endocytotic mechanism.  The surface high affinity folate 

receptor binds folate, and then becomes endocytosed.  The pH of this vesicle lowers 

greatly and folate is released from the FR.  Folate is transported out through a 

second folate transporter, thought to be PCFT, and polyglutamated.  The receptor is 

then recycled back to the cell surface.   
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The most notable therapeutic use of FRα; however, does not directly exploit 

the transport protein, but a downstream enzyme.  Methotrexate (MTX) is a folic acid 

mimetic approved by the FDA for multiple therapeutic uses (Figure 1.6).  MTX has 

been shown to inhibit the enzyme dihydrofolate reductase (DHFR) (Endresen & 

Husby, 2001). When methotrexate is present in the bloodstream, it will bind to FRα 

on cell surfaces and compete with folic acid for these receptors.  Although MTX has a 

binding affinity around 100 fold lower than folic acid to FRα, humans are 

therapeutically treated with enough MTX to disrupt the normal folate metabolism of 

a cell highly expressing FRα (Damaraju et al, 2005).  When MTX is taken into cells, it 

binds DHFR rather tightly and does not allow folic acid entering the cells to be 

converted to the functional tetrahydrofolate form of the vitamin (Cronstein, 1997).  

This modification to the DHFR enzyme therefore does not allow for folic acid or any 

oxidized folate to enter the cell as a functional vitamin, thereby classifying MTX as a 

competitive inhibitor to DHFR.  The lack of one-carbon units severely inhibits 

cellular growth and will kill the cells with high FRα expression, such as high or novel 

expressing cancer cells.  MTX is trademarked under the brand names of 

Rheumatrex© and Trexall©.  Methotrexate is currently approved for use to help 

treat psoriasis, rheumatoid arthritis, and certain cancers.   

More recently, FRα has been implicated as having a role itself other than just 

a transport protein.  In a 2010 report, it was noted that FRα was not only found in 

the plasma membrane of the cell, but also within the nuclear membrane (Bozard et 

al, 2010).  Work done after this study showed that FRα can also translocate to the 

nucleus.  It was seen that with increased amounts of folic acid present, FRα was seen 

to more readily translocate to the nucleus. In the nucleus, FRα has the ability to act 

as a transcription factor (Boshnjaku et al, 2012).  Boshnajaku et al then 
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demonstrated that FRα can bind to cis-regulatory elements of promoters and 

regulate the transcription of certain genes.  This new area of investigation 

emphasizes the importance of FRα, and may begin to shed light on the necessity of 

the protein, even when not all NTDs are folate responsive.  It also opens a new 

avenue of research in the efficacy of folic acid; do increased amounts of folic acid 

benefit the growing embryo by not only their usual role as a vitamin, but also by 

increase the regulation of genes by FRα.         
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Figure 1.6 Folate Mimetic as Therapeutics 

Panel A shows the structure of folic acid.  Panel B shows the structure of the 

common folate mimetic Methotrexate.  Methotrexate has the same structure as folic 

acid, with two different substituents, boxed in panel B.  Methotrexate has a higher 

affinity for dihydrofolate reductase than natural folates, and is used for treatment of 

various cancers, rheumatoid arthritis, and psoriasis.    
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1.4.1.2 Folate Receptor Beta 

Similar to FRα, Folate Receptor β (FRβ) is a glycophosphatidylinositol (GPI) 

anchored high affinity folate receptor.  FRβ has an expression pattern that differs 

from FRα; FRβ is expressed mostly in placenta and non-epithelial malignant cells 

(Ross et al, 1994).  In contrast to the FRα mouse models, the genetically modified 

mouse model without a Folr2 (FRβ) gene shows no gross developmental defects.  

The Folr2 mouse models that are homozygous for the mutation do show an 

increased susceptibility to teratogens such as sodium arsenate and VPA 

(Spiegelstein et al, 2003; Wlodarczyk et al, 2001).  Unlike FRα, which is essential for 

proper development, FRβ does not appear to be, although errors in this protein may 

increase risk for NTDs when other factors that also increase NTD risk are present.  

FRβ has historically been identified as being overexpressed in certain types of 

cancer, such as leukemia (Ross et al, 1999).  Upregulation of FRβ have also been 

noted in inflammatory disorders such as rheumatoid arthritis (Chen et al, 2005).  

More recently, FRβ has been described as a marker and potential drug target for 

tumor associated macrophages (Kurahara et al, 2012).  As with FRα, FRβ has been 

implicated as either a marker or a target for/in many different disease states, and 

significant research energy is being dedicated to the specific targeting of both of 

these receptors.       

1.4.1.3 Folate Receptor Gamma 

Human folate receptor gamma (FRγ) (Wang et al, 1998) is a soluble high 

affinity folate receptor family member, as it lacks the signal peptide for a GPI anchor.  

FRγ has two common isoforms including the full-length transcript and a splice 
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variant commonly known as FRγ’ (Shen et al, 1994; Shen et al, 1995).  Together, 

these proteins are generally considered to be the soluble forms of the high affinity 

FRs in humans (Lu et al, 2004).  Similar to the soluble FBP that is well studied from 

bovine milk, FRγ has a binding affinity around 0.4 nM (Shen et al, 1995).  FRγ 

remains the least studied of the high affinity folate receptors in humans.      

1.4.1.4 Folate Binding Protein 

Folate Binding Protein is the generic term to refer to any of the high affinity 

folate receptors.  In humans, any soluble, or unanchored, folate receptor can be 

referred to as a folate binding protein.  More commonly, the term FBP is used to 

refer to the commercially available bovine FPB (bFPB).  This is a commonly used 

reagent in many folate assays.  FBP is found in mammalian milk and is thought to 

assist with folate provision and uptake while animals are suckling (Nygren-Babol & 

Jägerstad, 2012).  

1.4.1.5 Proton Coupled Folate Transporter 

The Proton Coupled Folate Transporter (PCFT) was first described in the 

literature nearly a decade ago as a heme transporter (Shayeghi et al, 2005).  Shortly 

after, it was reported that this gene actually coded for a protein that was functional 

in transporting folates (Qiu et al, 2006).  PCFT has a high affinity for folates at a 

rather low pH, functioning optimally at a pH of 5.5.  This folate transporter is 

expressed mainly in the kidney, liver, placenta, small intestine, choroid plexus, and 

spleen (Qiu et al, 2006).  The notably high expression of PCFT at the apical brush 

border in the duodenum is not surprising due to the dietary intake of folates that 

need to be absorbed and the locally low pH (Zhao et al, 2009a).  It has been 

proposed that PCFT is the protein responsible for allowing folate to exit the 
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endosomic vesicles following FRα-mediated folate uptake (Figure 1.5) (Zhao et al, 

2009b).  

 PCFT null mice survive through weaning age, but will die at around 50 to 60 

days of age (Salojin et al, 2011).  Intraperitoneal injection of these mice with folates 

will allow for them to survive past this time point into adulthood.  It is hypothesized 

that this phenomenon is a result of the weanling mice ingesting plenty of extra folate 

(bound by milk folate binding protein) while suckling, but developing severe 

deficiencies after weaning (Salojin et al, 2011).  These data reiterated the 

importance of the PCFT protein in the uptake of folate, and the mouse model was 

determined to closely resemble the symptoms of human folate malabsorption in the 

severe hematological problems that these mice develop (Salojin et al, 2011).  Loss of 

function mutations in this gene have been associated with hereditary folate 

malabsorption in a few human patients, a condition characterized by lower folate 

levels in the cerebral spinal fluid than the circulating blood, mental retardation, 

ataxia, and megaloblastic anemia (Shin et al, 2011; Zhao et al, 2009b).  It has been 

hypothesized that PCFT plays an essential function in allowing folates to cross the 

blood brain barrier, explaining the human patients with mutations in this gene 

(Geller et al, 2002).              

1.4.1.6 Reduced Folate Carrier 

The reduced folate carrier (RFC) is a bi-directional folate transport protein 

with an affinity for reduced folates on the order of 1 µM, but an affinity for the 

oxidized substrate folic acid around 100 fold lower (Ifergan et al, 2008).  This 

protein is encoded for by the SLC19A1 gene and has 12 transmembrane passes with 

both its N and C termini located in the cytoplasm (Zhao et al, 2009b).  The other 



 34 

gene family members SLC19A2 and SLC19A3 code for two thiamine transporters 

(Ganapathy et al, 2004).  Although there is evidence of RFC mRNA in all human 

tissues, the highest levels of expression of the RFC is seen in placenta, liver, and the 

epithelial tissues in the small intestine (Chiao et al, 1997; Zhao et al, 2001).  The 

exact mechanism of RFC transport has not yet been elucidated, but it is classified as 

an organic anion transporter.  The proposed mechanism is that RFC helps move 

folates through the plasma membrane by allowing anions to go down their 

concentration gradient and allowing folates to enter the cells.  It has been shown 

that a variety of different organic anions can bind RFC and move through the protein 

in vitro, although phosphate anions are thought to be a major player in this type of 

folate transport.   (Matherly et al, 2007; Zhao et al, 2002; Zhao et al, 2009b).   

Using mouse models, RFC was shown to be a critical developmental protein.  

Animals completely lacking the RFC gene die in utero by ED 9.5.  These embryos 

could be rescued by dosing the dams with 1mg/day folic acid, but all of the null 

animals died by day 12 due to no erythropoiesis (Gelineau-van Waes et al, 2008; 

Zhao et al, 2001).  The RFC protein is seen to be upregulated when cells are dividing, 

but once they become senescent, the amount of RFC is reduced (Hamid et al, 2009).  

This requirement of RFC for growing cells and its ubiquitous expression patterns 

emphasize its importance in folate transport.   

1.4.2 Homocysteine 

Homocysteine is a non-protein incorporating amino acid that is a natural 

product of methionine cycling (Figure 1.7a).  When methionine is turned into S-

adenosyl methionine and then used for a one carbon donation (for methylation of 

various macromolecules), the byproduct of this reaction is homocysteine.  
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Homocysteine can then be converted back to methionine using a one-carbon 

donation by 5-methyltetrahydrofolate (Jakubowski, 1999; Jakubowski, 2001).  

Homocysteine can also be disposed of through two other methods (Figure 1.7b and 

c).  In order to keep homocysteine from being misincorporated into proteins, 

methionyl t-RNA synthetase will bind homocysteine and activate it by attaching an 

ATP.  The homocysteinyl adenylate will cyclize into homocysteine thiolactone (HTl) 

when the ATP is lost (Jakubowski, 1991; Jakubowski, 2000).  Homocysteine can also 

be converted to cysteine through a series of transsulfuration reactions.  Here, 

homocysteine may combine with serine using the enzyme cystathionine beta-

synthase (CBS) to form cystationine.  This is then converted to cysteine using the 

enzyme cystationine gamma-lyase (CSE) (Paul & Snyder, 2012).  This pathway can 

further continue and synthesize the ubiquitous anti-oxidant glutathione (Deplancke 

& Gaskins, 2002).    

The editing byproduct of methionyl t-RNA synthetase, HTl, is a very 

chemically reactive thiolactone ring.  This compound has been linked to various 

human pathologies that will be described in depth later.  Unsurprisingly, the body 

has a few pathways to rid itself of this reactive molecule.    Once HTl has been made, 

it can be converted back to homocysteine using the enzyme paroxonase 1 (Getz & 

Reardon, 2004), an enzyme known as bleomycin hydrolase (BLH) has been seen to 

hydrolyze HTl (Zimny, 2008), and some HTl has been seen to be renally excreted 

(Chwatko & Jakubowski, 2005).  If HTl is not enzymatically destroyed, nor excreted 

from the body, it can react with an amino group from a lysine or the sulfhydryl from 

a cysteine.  When HTl reacts with either a lysine or a cysteine on the surface of a 

protein, it is a post-translational modification known as protein homocysteinylation 

(Selhub, 1999).  When the HTl reacts with a cysteine, this is known as S-
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homocysteinylation, and when the HTl reacts with a lysine, this is known as N-

homocysteinylation (Figure 1.8).  The mechanism of protein homocysteinylation is a 

simple chemical reaction that proceeds at physiologic pH and is not catalyzed by an 

enzyme.  The reaction of HTl with an exposed lysine on a protein has been 

kinetically predicted to occur readily in the conditions of human plasma (including 

total protein and lysine bulk there) (Garel & Tawfik, 2006).  In fact, it is estimated 

that around 70% of circulating homocysteine is N-linked in the plasma (Glowacki & 

Jakubowski, 2004).  Reports such as this make it obvious that although there are 

mechanisms in place to rid the body of HTl, some of this reactive compound remains 

and attaches to proteins.  Although reports on the average amount of circulating 

plasma HTl have had a large range, more recent reports show these numbers are in 

the nanomolar range (Chwatko & Jakubowski, 2005), with the bulk of it actually 

protein bound.   
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Figure 1.7 Homocysteine Metabolism 

The non-protein incorporating amino acid homocysteine is seen in panel A.  This 

small molecule can be cyclized into homocysteine thiolactone via an ATP dependent 

proofreading function of methionyl tRNA synthetase (panel B).  Homocysteine can 

also be converted to cysteine using a series of transsulfuration reactions dependent 

upon the enzymes cystathionine beta-synthase (CBS) and cystationine gamma-lyase 

(CSE) seen in panel C. 
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Figure 1.8 Protein Homocysteinylation 

Panel A illustrates S-homocysteinylation, where a homocysteine creates a disulfide 

bond with an open cysteine on the protein surface. 

Panel B illustrates N-homocysteinylation, where a homocysteine thiolactone 

covalently attaches to a lysine residue on the protein surface. 
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It has long been reported that high levels of homocysteine in plasma are 

correlated to many different health conditions, such as cardiovascular disease, 

neural tube defects, and stroke (Jakubowski, 2004; Yang et al, 2012).  Although 

many correlative studies have been performed, the exact mechanisms by which 

these negative effects are conferred by homocysteine are still unknown.  One 

hypothesis is that buildup of the reactive form of homocysteine, HTl, causes an 

increase in protein homocysteinylation, which can cause protein malfunction or 

autoimmune responses.  If a homocysteinylation event occurred at either an active 

site residue or an entrance to the catalytic area of an enzyme, it is easy to imagine 

how this could disrupt protein function.  In addition, as with any sort of post-

translational modification, the addition of a homocysteine group could alter the 

structure and overall charge of a protein.  It has been demonstrated that N-

homocysteinylation events do indeed encourage protein aggregates in vitro, which 

may alter the functionality of these proteins, or simply cause plaques (Khodadadi et 

al, 2012; Paoli et al, 2010).  Another deleterious result of this post-translational 

modification could be an immune response by the body to a foreign looking protein.  

N-homocysteinylation events are proceed in a non-enzyme dependent fashion and 

are not known to be required for any function.  Proteins with these modifications 

may not be recognized by the body’s immune system and an autoimmune response 

may be started. Antibodies against N-homocysteinylated lysines have been detected 

in multiple cohorts of human serum.  These autoantibodies are seen to increase with 

increasing levels of serum homocysteine thiolactone and are also correlated with 

various disease states (Undas et al, 2004; Undas et al, 2006) (Jakubowski, 2005).   

  High maternal homocysteine levels during pregnancy are seen to have 

teratogenic effects (van Mil et al, 2010) (Murphy & Fernandez-Ballart, 2011).  In 
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animal models, the introduction of homocysteine is seen to induce higher rates of 

NTDs (Rosenquist et al, 1996).  Correlative data have also shown that women with 

NTD affected pregnancies have higher plasma homocysteine levels than those with 

unaffected pregnancies (Hague, 2003; Mills et al, 1995; Vanaerts et al, 1994).  In 

addition, increased homocysteine levels are often correlated with lowered folate 

levels, as would be indicated by the methionine cycle (Selhub et al, 2000).  One 

potential mechanism of homocysteine induced NTDs is that N-homocysteinylation 

of key developmental proteins may disrupt their functions and increase the overall 

state of inflammation in the mother via an autoantigenic response.  In addition, it 

may exacerbate conditions of low folate in the developing embryo, a known risk 

factor for developing NTDs.    

1.5 THE IMMUNE SYSTEM 

In humans, the immune system is what helps protect individuals from 

dangerous outside invaders to our bodies.  Beyond simple physical barriers such as 

skin and mucus, the cellular level of the innate immune system and the adaptive 

immune system coordinate to keep intruders out (Aderem & Ulevitch, 2000). The 

innate immune system is comprised of all physical barriers to the body such as skin, 

chemical barriers such as the low stomach pH or secreted peptidases, and the 

complement system.  The innate immune system is the body’s first defense to a 

foreign object.  The adaptive immune system is mostly made of lymphocytes that 

identify an object and over time, create a response to this specific object, an 

antibody response.  This is appropriately also known as the acquired immune 

system because over the course of time, your body increases its ability to respond to 

pathogens it has already encountered.  The major players in acquired immunity are 
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B and T lymphocytes.  There are types of white blood cells that circulate through the 

body in the blood and lymphatic system.  T cells signal for the death of intruders and 

B cells are what are associated with antibodies against specific invaders (Delves & 

Roitt, 2000). 

The innate immune system is what the body uses when there is a new and 

present danger that of the body needs to protect itself from.  The adaptive immune 

system is complex, and it takes time to create specific responder cells.  The innate 

immune system allows for the more immediate destruction of foreign invaders 

based on a set of specific recognition techniques (Janeway & Medzhitov, 2002).  The 

body can distinguish between self and non-self with some common differences such 

as lipopolysaccharide cell membranes or short sequences of DNA specific to 

bacteria.  Once one of these invaders is identified, it can be destroyed through 

phagocytosis (macrophages surrounding and killing the cell) or by the complement 

cascade (Medzhitov & Janeway, 2002).  

1.5.1 The Complement Cascade 

The complement cascade refers to the series of events that occurs when the 

body’s innate immune system responds to a potential enemy (A.S. & B.S., 1996).  The 

complement proteins are serum soluble proteins that signal for cell death and 

inflammation.  These proteins, innate to all humans, are known as C1 through C9.  

The complement cascade can be divided into three different categories: classical, 

alternative, and lectin, all of which have the same end point.  The classical pathway 

starts with an IgM or IgG (non-specific antibody isotypes) responding to an antigen 

and C1 binding to this complex.  The binding of C1 signals for C3 convertase to be 

formed, which will allow for the production of C3a and C3b. The alternative pathway 
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starts when an immature C3 sees a pathogen and then a C3 complex is formed, 

allowing for the production of C3a and C3b.  The lectin pathway is very similar to 

the classical pathway, but the recognition step starts when a mannose binding lectin 

binds a mannose on the membrane of a foreign body.  C3a and C3b are then formed 

from C3 convertase.  After the formation of C3a and C3b, all of the pathways merge.  

C3a signals for inflammation.  C3b binds to the bacterial surface, and will cause the 

bacterium to be tagged for phagocytosis by macrophages (a process called 

opsonization). C3 convertase can also combine with another protein to make C5 

convertase.  This forms C5 and C5b.  C5a is a chemo attractant, enhancing 

inflammation, whereas C5b can also signal for the formation of a membrane attack 

complex (Figure 1.9).  The membrane attack complex is the nomenclature for the 

series of proteins that will assemble at the pathogen surface in response to C5b.  

These proteins are responsible for creating holes in the foreign cell membrane, and 

thereby killing the pathogen. (Delves & Roitt, 2000). 
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Figure 1.9 The Complement Cascade 

One of the body’s natural immune defenses is the complement cascade.  The 

complement cascade has three branches; the classical, the alternative, and the lectin, 

all of which meet at C3 convertase and signal for inflammation and pathogen 

destruction.   
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1.5.2 Immunity and NTDs 

The connection between various states of increased inflammation and the 

risk for bearing children with NTDs has been previously discussed in regards to 

obesity and diabetes.  Another state of increased inflammation occurs during an 

immune response.  There has been much conflicting evidence about natural immune 

response elevation and risk for NTDs.  The great interest in this area was started by 

a study published in 2004 by Rothenburg and colleagues.  In this study, it was 

reported that autoantibodies against folate receptors were found in the serum of 

women who previously had NTD affected pregnancies at significantly higher levels 

than those women who had unaffected pregnancies (Rothenberg et al, 2004).  These 

autoantibodies were also seen to block the amount of folate that was allowed to 

bind to the receptors when tested in vitro.  It is possible that if mothers have 

antibodies blocking folate from binding their folate receptors, not enough folate will 

reach the developing embryo, even if the mom has supplemental folate in her diet.  

The increased risk of NTDs therefore may be a direct result of the lack of folate 

available for the developing embryo.  It has also been noted that autoantibodies 

against the folate receptor that block folate binding are elevated in persons with 

cerebral folate deficiency (Ramaekers et al, 2005).  This condition is marked by 

normal circulating folate levels, but decreased levels of folate in the cerebral spinal 

fluid.  It is hypothesized that the antibodies detected in these patients may block 

enough of the folate receptors in the choroid plexus (the blood-cerebral spinal fluid-

barrier) to cause such a condition (Ramaekers et al, 2005).  This reiterates the 

importance that such antibodies may play in the etiology of NTDs.  Other studies 

have also confirmed this outcome in different time points during the pregnancy 

including from mid-gestation serum draws (Cabrera et al, 2008).  There have also 
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been opposing reports with larger case control groups that show no significant 

elevation in autoantibody levels (Molloy et al, 2009), which calls in to question the 

validity of these claims, although these samples were also not taken mid-gestation.   

A second hypothesis is that the innate immune system is directly related to 

the events of neural tube closure itself.  It has been more recently suggested that the 

immune system itself may play a direct role during neural tube development.  

Various proteins involved in immune response and regulation are expressed in the 

neural tube of animal models at the appropriate time of neural tube formation and 

closure (Denny et al, 2013b).  Beyond the various immune factors that have been 

seen to be localized to areas of the developing neural tube, the complement cascade 

proteins are beginning to emerge as important players during embryonic 

development.  C1, C3 and C9 were seen to be present in the neural plate during 

development in Xenopus (McLin et al, 2008).  The complement factor C5 has been 

shown to be expressed in the mouse neural tube during development (Denny et al, 

2013a).  Additionally, NTDs are observed when mice are given an antagonist of the 

C5a receptor (Woodruff et al, 2005).  These data indicate that there may be a 

significant role being played by the complement cascade and other innate immune 

modulators during development that may be completely separate from the role for 

which they are most commonly known.   

1.6 MOUSE MODELS 

In scientific research, it is critical to have model systems in which one can 

perform experimental science before this research can be translated to humans.  

Many different model systems exist from many different species, but one of the most 

popular mammalian model systems is mus musculus, or the house mouse.  For the 
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investigation of specific genes and their coded proteins, it is essential to be able to 

manipulate these model systems, and ideally create stable genetically modified 

tools.  In the 1970s, the first genetically modified mouse was reported.  

Unfortunately, this mouse did not show germ line transmission of its modified 

genetics (Jaenisch & Mintz, 1974).  In the early 1980s it was reported that the ability 

to alter specific genes in mice could have the potential of creating a new lineage of 

mice that would transfer the transgene from generation to generation (Gordon & 

Ruddle, 1981) .  Since the discovery of this tool, genetically modified mice have 

expanded in their number and potential applications. Current technologies in the 

mouse modeling system include gene knock-outs, animals that totally lack a specific 

gene, gene knock-ins, animals that over express genes of interest, and conditional 

animals, those where you can turn off certain genes in certain tissues (Simmons, 

2008).  In fact, currently there are over 200 genetically modified mouse models that 

express an NTD phenotype (Harris & Juriloff, 2007; Harris & Juriloff, 2010).     

1.6.1 Folr1 (Folbp1/FRα) Mouse 

The Folr1 mouse, or the genetically modified folate receptor alpha knockout 

mouse, is one of the many mouse models that are used in the realm of NTD research.  

Specifically, the Folr1 mouse allows for animal modeling of the ablation one of the 

major transporters of folate into cells.  The Folr1-/- mice die in utero before neural 

tube closure is completed (Piedrahita et al, 1999).  The null mice display cranial 

neural tube closure malformations and also facial malformations.  Folr1 -/- mice can 

be rescued by maternal supplementation with folates and after weaning, can survive 

on their own.  The heterozygous mice show no obvious phenotype and have only 

slightly lowered circulating folate levels (Piedrahita et al, 1999).  
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In addition to the obvious lack of folate in developing embyros, the Folr1 

mice show a marked alteration in the expression of critical signaling molecules 

during development.   This change in expression of various genes is one thought to 

be one reason why such drastic malformations are seen (Tang & Finnell, 2003).  

This is specifically interesting when considering newer research that has indicated 

that Folr1 can serve as a folate responsive transcription factor (Boshnjaku et al, 

2012).  The lack of a folate receptor may not only allow for sufficient folate 

transport to the developing embryos, but may also change the transcription of genes 

enough during development that such devastating phenotypes are seen.    

1.6.2 LRP6 Mouse Models 

There are three mutations to the LRP6 gene that result in three different 

mouse models currently described in the literature.  The LRP6 conventional knock 

out mouse completely prevents a functional LRP6 protein from ever being made.  

These mice exhibit skeletal and limb defects, spina bifida, micro-ophthalmia, and 

urogenital malformations.  The homozygous loss-of-function mice die at birth 

(Pinson et al, 2000).  Interestingly, it is believed that the homology between the 

LRP5 and LRP6 proteins is what allows the LRP6 null mice to survive as far as birth.  

It has been seen that mice with both LRP5 and LRP6 knocked out have much earlier 

lethality, dying during gastrulation (Kelly et al, 2004).  This emphasizes the 

importance of the LRP6 protein both because it has a redundant partner and 

because of the damaging effects when one or both of these proteins is not present.   

 The LRP6 Cd mouse has been described in the literature as a spontaneous 

mutation known as the crooked tail mouse for many decades (Morgan, 1954).  The 

homozygous Cd/Cd mutants manifest in various ways.  Around 30% of these 
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animals die in utero or immediately at the time of birth, 20% have exencephaly, and 

the rest will be very runted with profound skeletal defects that are visible as crooks 

in the mouse’s tail (Carter et al, 1999).  Even the heterozygous animals can present 

with crooked tails, but the exact phenotype for these animals can vary greatly 

depending on the genetic background of the animal. More recently, this mouse 

mutant was seen to respond positively to dietary folic acid treatment, by reducing 

the recurrence rate of exencephaly by 55% (Carter et al, 1999).  This makes the Cd 

mouse a very valuable tool for studying NTDs, as it mimics the human folate 

response nicely.  After these studies describing the Cd mouse as a folate response 

mutant, genetic mapping determined that the Cd mutant was genotypically 

described as a G494D amino acid substitution (Carter et al, 2005).  The mouse has 

canonically been described as a hypermorphic Wnt signaling mutation.  The Cd 

mutation does not allow for the proper binding of Dkk1 to LRP6, therefore not 

allowing for the Wnt signaling pathway to be negatively regulated (Carter et al, 

2005).  The most recent studies involving the Cd mutation; however, demonstrate 

that this mutation does not allow for MESD to bind LRP6.  The abrogated binding of 

LRP5/6 to its chaperone protein MESD have been studied in cell culture models and 

have shown that this mutation does not allow proper membrane translocation for 

LRP5/6, but also decreases the ability of LRP6 to serve as a canonical Wnt signaling 

receptor (Gray et al, 2013).  

The LRP6 Ringleschwanz (Rs) mouse was discovered as a spontaneous point 

mutation in the LRP6 gene (R866W) (Kokubu et al, 2004).  The Rs mutants were 

phenotypically characterized by a decrease in overall bone mass and dysregulation 

during somitogenesis.  The Rs mouse was later determined to be an LRP6 

hypomorph (Kubota et al, 2008).  The LRP6 Rs mouse shows a lessened binding to 
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the chaperone protein MESD and reduced canonical Wnt signaling (Kubota et al, 

2008). This mouse is a useful tool for studying the role of LRP6 in bone 

morphologies, as it does not have as damaging effects as the total knock out mouse 

model.   

1.7 CONCLUDING REMARKS 

The complex etiology of NTDs still remains unknown.  It is apparent that 

folates are crucial in preventing the bulk of these congenital malformations, but 

even in an age of food fortification in the United States, approximately 1 in every 

1000 live births are still affected by NTDs.  Research has focused on genetic, 

environmental, and dietary causes of NTDs.  The complexities of the human body 

and the developmental and metabolic pathways therein are the focus of current 

research.  Using techniques such as dietary and genetic manipulation of model 

organisms, scientists are constantly learning new pieces of information that may 

help shed light on possible prevention strategies for these costly and physically and 

emotionally challenging defects.    
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Chapter 2 Biological Application and Adaptation of a Chemical N-
Homocysteinylation Determination Assay 

2.1 INTRODUCTION 

It is imperative that the correlation between the multitudes of health 

problems and high levels of homocysteine in the human population be further 

explored.  Homocysteine exists in the human body in many forms: protein-bound, 

free form, and in disulfides.  For patients, homocysteine concentrations are usually 

determined as levels of total homocysteine (Gilfix et al, 1997).  The results of these 

most common assays will give the sum total of all the forms of homocysteine in the 

body together, with no distinction between the different states in which 

homocysteine may exist.    Although the assays for determining levels of total 

homocysteine are well established (Ueland et al, 1993), it would be clinically useful 

to distinguish between the various species of homocysteine in order to further 

mechanistically characterize the correlation between homocysteine levels and its 

associated disease states.  One hypothesis as to why high homocysteine levels are 

deleterious is based on the chemical reactivity of HTl.  It is thought that when HTl 

reacts with either lysines or cysteines on proteins, these homocysteinylation events 

may disrupt protein structure or function (Jakubowski, 1999), cause the proteins to 

aggregate and form plaques (Ravnskov & McCully, 2009), or become autoantigenic 

(Undas et al, 2004).  The modification of cysteine residues in proteins with 

homocysteine occurs through a reversible disulfide bond (Ueland et al, 1996).  At 

any point, a cysteine residue could form a disulfide bond with another cysteine, a 

homocysteine, or a cysteinylglycine molecule.  These bonds are not a result of HTl 

covalently attaching to a protein; they are simply reversible disulfide bonds (Hortin 

et al, 2006).  The labile nature of these S-homocysteinylation events is one of the 
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reasons that there is a greater interest in lysine bound homocysteine.  Whereas S-

homocysteinylation events are dynamic, there is no reported mechanism in the 

body that can rid a protein of a covalently bound N-homocysteinylation event.  In 

addition, there have been reports that lysine bound homocysteine specifically is 

associated with protein malfunctions and autoantigenicity, over the other forms of 

homocysteine in the body (Jakubowski, 2005; Jakubowski, 2008; Perla-Kajan et al, 

2008; Undas et al, 2004).  Elevated levels of homocysteine have been seen to 

increase vascular stiffness (Devi et al, 2006) and inflammation (Hofmann et al, 

2001), both of which are thought to be results of N-homocysteinylation.  Despite the 

numerous correlative studies, the mechanism by which hyperhomocysteinemia is 

harmful still remains elusive.  It is necessary to be able to differentiate between the 

various forms of homocysteine in the body in order to determine if N-

homocysteinylation events really are responsible for many of the negative effects 

seen in people with hyperhomocysteinemia. 

After proteins are synthesized in the cell, they can be decorated with various 

sugars and functional groups.  These additions are known as post-translational 

modifications (PTMs).  Proteins contain many PTMs, but lysine is one of the amino 

acids that can be subject to a significant amount of different PTMs.  Lysines can be 

subject to acetylation, ubiquitination, SUMOylation, methylation, butylation and 

more (Lu et al, 2011).  All of these modifications are added to proteins 

enzymatically.  There are actually very few non-enzymatically governed PTMs in 

vivo.  Two of these non-enzymatic modifications include lysine glycation and lysine 

homocysteinylation (N-homocysteinylation) (Ansari et al, 2011). N-

homocysteinylation proceeds by chemistry favored at ambient body conditions as 

already discussed, while lysine glycation refers to the addition of a glucose molecule 
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to the amino group on a lysine via a Schiff base intermediate (Ansari et al, 2011).  

There are numerous ways to detect the various PTMs that exist on lysines and the 

other amino acids.  One very common way of detecting PTMs is using either single 

or tandem mass spectrometry (Larsen et al, 2006).  Mass spectrometry allows for 

the determination of various PTMs with a high degree of sensitivity and can 

determine relative levels of these PTMs.  Detection of PTMs using mass 

spectrometry; however, is costly, time consuming, and highly technical.  Only one 

sample can be run at a time and these samples usually require enrichment when 

investigating either less abundant PTMs or proteins (Witze et al, 2007).  Other 

methods of identifying PTMs include 2D gel electrophoresis (Wilkins et al, 1996), 

antibodies specific to certain PTMs, or incorporation of radiolabelled atoms and 

autoradiographic detection (Seo & Lee, 2004).  Often 2D electrophoresis must be 

coupled with mass spectrometry, and the incorporation of radiolabelled atoms is 

subject to the normal detection limits of film based autoradiography assays (Carter, 

2012).  In addition, there are commercial antibodies available for the detection of 

some PTMs, but not all, with the range in the specificity of these antibodies varying 

greatly. 

If one is specifically interested in examining only N-homocysteinylation 

events, the methods are significantly limited in number and ease of accessibility.  

Traditional experimental methods usually only allowed for the determination of the 

total homocysteine population, not distinguishing between any of the existing 

forms.  These methods included a derivitization of the homocysteine molecules, a 

separation using high performance liquid chromatography, gas chromatography, or 

capillary electrophoresis, and were usually followed by detection using fluorescence 

or ultra-violet spectroscopy.  These methods are able to determine total 
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homocysteine levels with a limit of detection around 1-0.01 µM (Nekrassova et al, 

2003).  Additionally, recent reports have also shown colorometric assays to 

determine total homocysteine, but these cannot distinguish between protein bound 

and free homocysteine (Wang et al, 2004).  Mass spectrometry, which has been 

useful in identifying other PTMs, has also been helpful in identifying N-

homocysteinylation events.  Successful mass spectrometry techniques include liquid 

chromatography followed by tandem mass spectrometry (Marczak et al, 2011).    

Recently, there have been a few reports in the literature of the generation of 

polyclonal antibodies against homocysteinylated lysines (Perla-Kajan et al, 2008; 

Tyagi et al, 2012) (Bossenmeyer-Pourié et al, 2013).  These antibodies have shown 

some success, but have fairly high levels of non-specific binding, are not widely 

published, and are not commercially available. 

In 2009, Zang et al (Zang et al, 2009) published a novel method for 

determining N-homocysteinylation sites using a chemical reaction.  This method is 

based on a specific and stoichiometric aldehyde based reaction (Zang et al, 2009).  It 

has been established that aldehydes will specifically react and cyclize with β or γ 

aminothiols (Das et al, 2012).  The product of a reaction between an aldehyde and a 

β or γ aminothiol is a 1,3-thiazine adduct as seen in Figure 2.1 (WRISTON & 

MACKENZIE, 1957).  This specific chemical reaction is useful because an N-

homocysteinylated lysine is actually a γ-aminothiol.  The only other biologically 

relevant aminothiol would be an N-terminal cysteine residue, which would be a β-

aminothiol (Figure 2.2).  Interestingly, β-aminothiols are fairly rare in biology.  

Using a proteome-wide survey, it was seen that less than 0.5% of all human proteins 

have an N-terminal cysteine residue (Giron et al, 2009).  This means that in all 

proteins there is only a 0.5% chance of reacting with an N-terminal cysteine instead 
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of the intended homocysteinylated lysine target when using aldehyde chemistry.  

Also, it is reported that the majority of proteins are subject to modifications by N-

terminal acetyltransferases, which would acetylate the N-terminus of a peptide 

(Starheim et al, 2012).  Indeed, it is seen that N-terminal cysteines are substrates for 

many of these acetylation reactions (Hwang et al, 2010).  The acetylation of an 

already rare N-terminal cysteine would not allow for reaction with an aldehyde, as 

there would no longer be a β-aminothiol.  In addition, the chemical 

microenvironment created by these γ-aminothiols assists with the success of this 

chemistry.  Whereas the amine groups in native proteins are usually protonated and 

Schiff base formation will not happen, the amine on a γ-aminothiol will become 

easily deprotonated at only slightly acidic conditions (Jakubowski, 2006).  This 

allows for the successful and biologically irreversible formation of a 1, 3-thiazine 

adduct when N-homocysteinylation events are exposed to an aldehyde in mildly 

acid and reducing conditions. 
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Figure 2.1 Reaction of an Aldehyde and a γ-Aminothiol 

This reaction scheme illustrates the reaction between a γ-aminothiol and an 

aldehyde.  First the lone pair on the nitrogen will attack the carbonyl carbon 

creating a hemiaminal.   Water can then reversibly leave from this hemiaminal, 

forming a Schiff Base intermediate.  The lone pair on the sulfur will attack the 

double bonded carbon, irreversibly creating a 1, 3 thiazine adduct.  
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Figure 2.2  Aldehyde Reactive Aminothiols 

Image A represents an N-terminal cysteine.  This β-aminothiol would be seen if 

there was a cysteine at the N-terminus of a protein. 

Image B represents an N-homocysteinylation event on a protein.  This is a γ-

aminothiol.  Both of these naturally occurring aminothiols are reactive with 

aldehydes, however the presence of β-aminothiols is relatively rare and their 

reactivity is decreased when they are acetylated.   
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Although there are other methods that exist to determine levels and 

locations of N-homocysteinylation events as previously described, the method 

explored here has many advantages.  This assay is highly specific, can be 

quantitative, and proceeds at room temperature with only mildly acidic conditions.  

This chemistry can allow for enrichment using an aldehyde solid state 

(commercially available from Applied Biotechnologies) (Figure 2.3).  Enrichment of 

crude sample so that it only contains N-homocysteinylated proteins greatly expands 

the amount and kinds of analysis that can be done.  The enrichment for only N-

homocysteinylated proteins allows for proteome wide analysis of these events using 

mass spectrometry.  Techniques such as searching for proteome-wide modifications 

are often more difficult with mass spectrometry because these modifications, if not 

enriched, will blend into the background noise because of their relatively low 

prevalence.  Furthermore, aldehydes are a rather simple functional group that can 

be easily attached to various probes.  A commercially available biotinylated 

aldehyde (Peptides International) allows for streptavidin probing using the 

traditional enzymatic (horse radish peroxidase) or fluorescent/infrared probes 

(Figure 2.4).  In addition, the use of secondary streptavidin probing can allow for the 

adaptation of this assay to a high throughput biological system as described here. 
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Figure 2.3 Enrichment for N-homocysteinylation Events with a Solid State 

Beads substituted with aldehyde functional groups on the outside will allow for 

capture of N-homocysteinylation events on proteins.  The release of any captured 

peptide with O-methylhydroxylamine will allow for the determination of the protein 

with mass spectrometry or further probing with antibodies.   
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Figure 2.4 Tagging of N-homocysteinylation Events with a Biotin Tag 

Tagging N-homocysteinylated proteins with a biotin tag will allow for the probing of 

these proteins in multiple ways by exploiting the very high affinity interaction 

between biotin and streptavidin.     
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The use of aldehyde bead enrichment and mass spectrometry allowed for the 

confirmation of the accuracy of this chemical assay for detection of N-

homocysteinylation events.  In addition, the adaption of this assay to a high-

throughput dot blot scheme compatible with a variety of biological samples was 

tested using two well characterized mouse models.  The 5,10-

methylenetetrahydrofolate reductase (MTHFR) mouse model has been previously 

discussed in respect to mutations in this gene being linked to human NTD cases.  

This enzyme is responsible for the conversion of 5,10-methylene tetrahydrofolate 

into 5-methyl tetrahydrofolate.  The enzyme product, 5-methyl tetrahydrofolate, is 

essential for the one carbon unit that can convert homocysteine back into 

methionine (Figure 2.5).  Traditionally, this is why mutations of the MTHFR gene are 

thought to be associated with human hyperhomocysteinemia patients (Varga et al, 

2005).  The Mthfr knock-out mouse model is characterized by up to a 10-fold 

increase in plasma homocysteine levels, a global decrease in methylation, and 

increased lipid deposits in the aortas (Chen et al, 2001).  The heterozygotes are 

phenotypically normal, but display altered one-carbon metabolism.  The 

homozygotes appear runted with cerebral pathologies (Chen et al, 2001).  The Pcft 

knockout mouse, which has been previously described, also shows elevated 

homocysteine levels in both the heterozygous mice and the homozygous knock out 

mice.  Both the Pcft and Mthfr mice showed elevated levels of protein N-

homocysteinylation (Jakubowski et al, 2009).  The method of determination of N-

homocysteinylation used for this initial study with the Mthfr and Pcft mice was to 

first allow N-homocysteinylation events to be liberated into HTl under highly acidic 

conditions (pH=0) in the presence of a reducing agent.  The HTl was then separated 

with HPLC and derivatized with o-phthaldialdehyde under alkaline conditions.  This 
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complex can then be detected with a fluorometer (Chwatko & Jakubowski, 2005) 

(Jakubowski et al, 2009).  The use of these two mouse models, with known elevated 

levels of total homocysteine and N-homocysteinylation, allowed for proof of 

principle of the assay described here, that requires no more reagents than those 

used for a traditional western blot.  The format is also such that all of the samples 

can be treated at once in a 96-well plate, rather than being run one at a time like the 

method previously described. 
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Figure 2.5 Methionine Cycle 

Illustrated here is the methionine cycle, where homocysteine is made.  The 

only way to convert homocysteine back to methionine is with 5-methyl 

tetrahydrofolate, which is created by the enzyme MTHFR.  Enzyme abbreviations: 

Methionine adenyltransferase (MAT), Methionine Synthase (MS), Methyltransferase 

(MT), S-adenosyl homocysteine hydrolase (SAHH), Serine hydroxymethyl 

transferase (SHMT). 
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2.2 MATERIALS AND METHODS 

2.2.1 Bradford Assay 

To determine total protein concentration for any sample presented in this 

entire body of work, the Bradford method was used (Bradford, 1976).  A 12 point 

standard curve was established using known concentrations of Bovine Serum 

Albumin (BSA)(Sigma Aldrich) in a 96 well plate.  Protein samples were diluted 

properly to fit within the range of the standard curve.  Bradford reagent (BioRad) 

was added to both the samples and the standard curve.  Plates were read at 595nm 

using a SpectraMax Plus plate reader (Molecular Devices).  Protein samples were 

interpolated into the standard curve to determine total protein concentrations. 

2.2.2 Polymerase Chain Reaction (PCR) 

All PCR protocols described in this body of work used the same standard set 

of reagents and same general protocol with various annealing temperatures.  

Crimson Taq Reagent Set (New England Biolabs) was used to set up reactions per 

manufacturer’s instructions.  The reactions were performed in a Biorad T100 

thermal cycler under the following conditions: 
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Temp Time Cycle 

95oC 5 minutes 1 

95oC 30 seconds  

Variable 

(Annealing) 

1 minute Repeat 38 times 

72oC 1 minute  

72oC 10 minutes 1 

2.2.3 Homocysteinylation of Proteins 

In order to force an N-homocysteinylation event on any protein, protein 

samples were incubated with 5mM HTl in 100mM Ammonium Bicarbonate and 

10mM tris (2-carboxyethyl)phosphine (TCEP) hydrochloride at pH 7.8 overnight in 

the dark at room temperature.  Excess HTl was removed using dialysis into 50mM 

potassium phosphate and 1mM TCEP with a 10kDa cut off cassette (Pierce).  Dialysis 

buffer was changed 3 times over the course of 24 hours.  For stoichiometry assays, 

stoichiometric ratios of HTl to the moles of protein were used.  For the bFBP, 

1µmol/mL (or 28g/mL protein) was dissolved in reaction buffer with progressively 

increasing amounts of HTl, starting at 0.001:1 molar ratio with the bFBP, a starting 

concentration of 0.0002mg/mL or 1nmol/mL of HTl. The range went from 0.001:1 

through 1:1 using 1 to 10 dilutions.     

2.2.4 N-Homocysteinylation Detection in Samples 

BSA (Sigma Aldrich) was prepared using the method previously described 

for the forced homocysteinylation of proteins.  The reacted protein was digested 

overnight at 37oC while gently shaking with sequencing grade trypsin (Promega) in 
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a 95mM ammonium bicarbonate, 1mM TCEP, and 10% acetonitrile buffer.  The 

trypsin reaction was stopped using 5% formic acid.  Excess solvent was removed 

using a speed vacuum (Eppendorf).  Aldehyde beads (POROS AL, Applied 

Biosystems) were first primed for use following the manufacturer’s instructions.  In 

short, the beads were washed on a spin column 3 times with water.  This was 

followed with the beads being washed 3 times with binding solution (150mM citric 

acid, 20mM TCEP, 20% acetonitrile).   The previously trypsinized protein solution 

was dissolved in binding solution and allowed to mix with the pre-conditioned 

beads overnight while rocking at room temperature.  The next day, the beads were 

washed 3 more times each with 3 different washing solutions: wash 1 (150mM citric 

acid, 10mM TCEP, 20% acetonitrile), wash 2 (150mM citric acid, 2M NaCl, 10mM 

TCEP, 5% acetonitrile), and wash 3 (150mM citric acid, 20mM TCEP, 50% 

acetonitrile).  The beads were then given 3 final washes with the binding solution.  

The peptides of interest were then eluted using 2 different steps.  First the beads 

were incubated in the first elution solution (100mM citric acid, 20mM TCEP, 20% 

acetonitrile, 400mM O-methylhydroxylamine) overnight.  The next morning, this 

was collected and saved.  Two subsequent hour long elutions were then performed 

with the second elution solution (400mM O-methylhydroxylamine, 50% 

acetonitrile, and 10mM TCEP).  All the elution steps were combined and allowed to 

evaporate excess liquid using a speed vacuum.  These samples were then prepared 

for mass spectrometry (2.2.7).   

2.2.5 Reaction with Biotinylated Aldehyde 

Lysates or plasma were standardized for total protein (Using Bradford 

Method) in a 96-well plate.  The samples were incubated with 200uM biotinylated 
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aldehyde (Peptides International) overnight at room temperature away from the 

light in a 50mM citric acid and 500uM TCEP buffer.  Samples were segregated from 

excess reagents in a 10kDa molecular weight cut off plate (Pall).  At this point the 

samples were ready for dot blot analysis.    

2.2.6   Dot Blot Detection 

1 µL of sample was spotted onto a nitrocellulose membrane using a multi-

channel pipette.  The samples were allowed to adhere and dry onto the membrane 

for 10 minutes.  The membrane was blocked for one hour at room temperature 

using a 5% powdered milk solution in TBS-T.  The membrane was washed 3 times 

for 10 minutes each with TBS-T.  The membrane was then incubated in the dark for 

45 minutes with anti-streptavidin antibody (1:10000; Li-Cor Biosciences) in TBS-T 

with 0.01% sodium dodecyl sulfate.  Membranes were imaged using the Li-Cor 

Odyssey.  Odyssey software was used for analysis.  The 96-well plate with round 

spot template was used to determine the average integrated pixel intensity for each 

spot. 

2.2.7 Mass Spectrometry 

The trypsin digested BSA was analyzed by LC-MS/MS using the Proxeon 

Easy-nLC II coupled to the Thermo Velos Pro as previously described (Takata et al, 

2013). Prior to HPLC separation, the peptides were desalted using Millipore U-C18 

ZipTip Pipette Tips following the manufacturer’s protocol.  A 2 cm long x 100 µm I.D. 

C18 5 µm trap column (Proxeon EASY Column) was followed by a 75 µm I.D. x 15 cm 

long analytical column packed with C18 3 µm material (Dionex Acclaim PepMap 

100).  Buffer A was composed of 0.1% formic acid in water and Buffer B 0.1% formic 

acid in acetonitrile.  Data was acquired for 38 min using an HPLC gradient of 5% B to 
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45% B over 30 min with a flow rate of 300 nl/min.  The data dependent method 

consisted of an MS scan followed by CID MS/MS of the top 10 precursor ions. The 

mass range was m/z 300-1700, with 2.0 amu isolation width for MS/MS, collision 

energy 35, and dynamic exclusion after 2 counts for 60 sec. Raw data was processed 

using SEQUEST embedded in Proteome Discoverer v1.4.0.288 using the following 

parameters: full trypsin digest with maximum 2 missed cleavages and variable 

modifications oxidation of methionine and lysine homocysteinyl thiolactone (mass 

addition C4H7NOS, monoisotopic mass 117.024835, average mass 117.1695), 

searching the SwissProt all species database dated July 22, 2013 (455,256 entries).  

The mass accuracy was set to 1.2 Da average mass for precursor ions and 0.8 Da 

monoisotopic for fragment ions. A decoy database was generated from the 

SwissProt database and used for calculating peptide probabilities.  X!Tandem (GPM, 

version CYCLONE (2010.12.01.1) database searches were performed embedded in 

Scaffold 4 Q+ v.4.3.0  (Proteome Software) on a subset database using the same 

search parameters as SEQUEST with additional variable modifications of 

pyroglutamic acid modification of glutamine on peptide N-teminus, and ammonia 

loss on peptide N-terminus.  Scaffold was used for validation of peptide 

identifications with confidence filtering of 90% confidence to 99.99%. 

2.2.8 Mouse Husbandry 

Mice were housed in the Dell Pediatric Research Institute’s animal facility.  

The animals were maintained on a 7 am to 7 pm light/dark schedule.  All animals 

were fed ad libidum.  Animals on non-specified diet were fed milled chow (PicoLab 

Diet 20 no. 5053, Lab Diet).  All animals were maintained according to institutional 

rules (IACUC protocols AUP 2013-0051 and AUP 2014-00276). 
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2.2.9 Mouse Genotyping 

Tails of mice were clipped at weaning age (3 weeks).  200µL tail digestion 

buffer (Viagen Biotech) and 2 µL Proteinase K (Viagen Biotech) were added to each 

tail.  Tails were digested overnight at 65oC in a shaking bath.  The next day, the 

proteinase K was inactivated by heating the samples to 95oC for 10 minutes.  Tails 

were vortexed to break up remaining tissues and centrifuged at 12000xG for 5 

minutes to pellet any particulate matter.  This crude sample of DNA was used for 

genotyping.  The MTHFR mice were genotyped for the mutant allele using the 

primer set 5'-GAC TAC CTG GCT ATC CTC TCA TCC-3' and 5'-AGC CTG AAG AAC GAG 

ATC AGC AGC-3', whereas the wildtype allele was detected with 5'-GAC TAC CTG 

GCT ATC CTC TCA TCC-3'and 5'-GAA GCA GAG GGA AGG AGG CTT CAG-3'.  Both the 

MTHFR primer sets used a standard genotyping PCR protocols with an annealing 

temperature of 56oC.   The PCFT mutant gene was detected using 5’-GCA GCG CAT 

CGC CTT CTA TC-3’ and 5’-CTT GAC CAC AAC TGT CCA TGT GC-3’, whereas the 

wildtype allele was detected using 5’-CCC AAC TCC AAA FCF CAG GTT CAT-3’and 5’-

TCC AGA TGG GAA AGA AGA GGT-3’.  Both the PCFT primer sets used a standard 

genotyping PCR protocols with an annealing temperature of 61.5oC.  All primers 

used were purchased from IDT DNA custom oligo service. 

2.2.10 Mouse Sample Collection 

Plasma was collected using the submandibular punch method  (Heimann et 

al, 2010).  Blood was held in EDTA coated K2 tubes (BD Bioscoiences) and spun at 

5000XG for 10 minutes and the supernatant was collected.  Livers were extracted 

from euthanized animals.  Livers were manually minced then rinsed with ice cold 

PBS three times to wash away excess blood.  Liver pieces were homogenized in RIPA 

(Radio immunoprecipitation assay) buffer with protease inhibitors (Roche) using a 
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Tissue Tearor (Cole-Parmer).  Lysates were spun at 4oC for 20 minutes at 12000 

RPM.  Fat was removed from the top of the tube with a Kimwipe (Kimberly Clark 

Scientific) and the supernatant was collected.  These samples were then run through 

biotin tagging for N-homocysteinylation events described in 2.2.5, and detected with 

a dot blot as described in 2.2.6. 

2.3 RESULTS 

2.3.1 Confirmation of Stoichiometry of Assay 

Using bFBP and increasing stoichiometric ratios of HTl, it was seen that the 

an increase in the ratio of HTl:protein will give an according increase in average 

integrated pixel intensity from this N-homocysteinylation assay.  After the ratio of 

1:1 HTl to protein was reached, the signal had reached a maximum (data cut from 

this image).  Figure 2.6 shows the linear range only of the dot blot and the 

accompanying linear regression.       

2.3.2 Confirmation of Chemistry using Mass Spectrometry 

LC-MS/MS was used to confirm the modification of only the lysine residues in 

BSA.  The modification was seen as a +117.02 Da to a lysine peak.  Four modification 

sites were detected at 99.99% confidence.  Three additional homocysteinylation 

sites were detected with greater than 90% confidence.  Protein identification 

information about the 7 sites is contained in Table 2.1.  Representative MS/MS for 

each confidence threshold are shown in Figure 2.7 (A-D).  The reacted BSA 

compared to the control non-reacted BSA coverage information at 90% is seen in 

Figure 2.8.  There are 7 lysines that are homocysteinylated at 90% confidence in the 

reacted BSA sample, whereas none are seen to be homocysteinylated in the control 

non-reacted BSA sample.  Additional modifications that were seen were an ammonia 
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loss from a glutamine, and an oxidation of a methionine.  In addition, Figure 2.9 

shows that the lysines that were homocysteinylated mapped to the surface of the 

BSA protein, as would be predicted.  This is a chemical reaction, so the lysines must 

be exposed to the substrate while in solution.     

2.3.3 Confirmation of High-Throughput Adaptation 

Use of known mouse models allowed for the confirmation that this assay 

could be adapted to a high throughput dot blot format without losing any specificity 

or sensitivity.  All preparation and analysis was performed with samples collected 

and held in 96 well plates.  Figure 2.10b shows the confirmation that livers from 

PCFT null mice had significantly higher levels of N-homocysteinylation than those of 

their heterozygous counterparts.  Figure 2.10a shows that plasma from the MTHFR 

heterozygous mice had a significantly higher level of N-homocysteinylation than do 

their wildtype counterparts.  The significance was tested in both cases by a student’s 

two-tailed t test.  
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Figure 2.6 Linear Range Created for N-homocysteinylation Assay 

Panel A shows the raw data from a dot blot of bFBP with decreasing amounts (10 

fold dilutions) of HTl reacted with the protein.  Panel B shows the linear range of 

pixel intensity (qualitative representation of total N-homocysteinylation) versus the 

concentration of HTl added.    
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Table 2.1 Homocysteinylthiolactone Modified Peptides in BSA 

The peptides that were found in a BSA sample reacted with homocysteine 

thiolactone and enriched by an aldehyde solid state to show the confidence of the 

reaction chemistry. All reacted lysines (indicated by a k) mapped to the surface of 

the BSA crystal structure and have a >90% confidence. 
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Figure 2.7 (A-D) Representative Mass Spectra 

 
Continued on Page 74



 74 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7 (A-D) Representative Mass Spectra 

 
 

Continued on Page 75
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Figure 2.7 (A-D) Representative Mass Spectra 

These representative spectra show the molecular weight shifts from a 

homocysteinylated lysine at various confidence levels.  The K+117 shifts represent 

the addition of a homocysteine to a lysine.  The relatively low background and large 

peaks for the homocysteinylated lysine are representative of the quality of the 

spectra used for analysis.   
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Figure 2.8 Mass Spectrometry Coverage Maps 

Panel A shows the non-reacted BSA peptide subjected to enrichment for N-

homocysteinylation events.  None were seen.  The coverage is due to non-specific 

binding or manual error in preparation. 

Panel B shows the HTl-reacted BSA peptide subjected to enrichment for N-

homocysteinylation events.  The highlighted Ks show a homocysteinylated lysine.  

All PTMs had a localization probability of 100%.  Both maps shown are at a 90% 

confidence threshold.   
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Figure 2.9 BSA with Reacted Surface Lysines 

The lysines that were seen to be N-homocysteinylated by MS/MS are pictured in 

magenta in this space filling model of serum albumin from Bos Taurus (PDB: 3V03).  

As expected, the modified lysines map to the surface of the protein.   
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Figure 2.10 Use of Chemical N-Homocysteinylation Assay 

Dot blot method of N-homocysteinylation assay was tested in both plasma and 

whole liver tissue.  For each chart, N=5 age and sex matched mice.  The asterisks 

indicate a p<0.05 significance with a two-tailed t-test. 
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2.4 CONCLUSION 

The successful adaptation of a specific and stoichiometric assay for 

determination of N-homocysteinylation has been demonstrated here.  The ability to 

adapt a highly specific chemical method for the determination of N-

homocysteinylation to a high throughput dot blot method that is compatible with 

biological samples is a great success.  The large number of disease states that have 

been correlated to high levels of homocysteine need to be further explored with a 

mechanistic hypothesis in mind.  The tool developed here will allow for the further 

investigation into the idea that N-homocysteinylation is the reason that high 

homocysteine levels are associated with disease states.  The versatility of this assay 

gives the opportunity to further explore the role of N-homocysteinylation in disease 

states.  As shown by the stoichiometry, this reaction could be quantitative if using 

purified proteins.  It would be possible to create a standard curve with known 

amounts of HTl added to the protein of interest then interpolate the unknown into 

this curve.  The assay will also qualitatively determine total amounts of N-

homocysteinylation in whole samples, which will be the application applied 

throughout this study.  In addition, the mild conditions of this reaction will allow for 

histological applications by tagging N-homocysteinylation events with biotin tag 

then counter staining with an antibody of interest.  Even whole mount staining on 

early staged embryos or permeablized tissues could be used to identify localized 

areas of high N-homocysteinylation. The assay presented here will allow for a 

multitude of studies that may help in the understanding of how high levels of 

homocysteine are related to such a large number of disease states.       
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The confirmation of the specific chemistry using mass spectrometry 

highlights the functionality of selecting for N-homocysteinylation events using 

aldehyde beads.  The confidence with which N-homocysteinylated lysines were 

selected for indicates that this would be a good method for determining total 

proteome homocysteinylation events.  Most of the reports that use mass 

spectrometry as a technique to identify N-homocysteinylation events use an in vitro 

method with a single purified protein (Stroylova et al, 2012; Zhao et al, 2010).  

Currently, the in vivo studies that present N-homocysteinylation data focus on 

human serum albumin (Marczak et al, 2011).  This is the most abundant protein in 

human serum, therefore it will be easy to identify even PTMs on albumin with mass 

spectrometry (Bruschi et al, 2013).  However, if one is interested in a number of 

proteins that may not be as abundant, these less common proteins will be not seen 

over the background noise.  In addition, it is possible to strip samples of common 

proteins like albumin (Gundry et al, 2009) and antibodies can be removed from 

serum with many commercially available kits.  After these procedures, if samples 

are enriched for only N-homocysteinylation events, the most common proteins with 

these PTMs, not just the most common proteins, would be able to be identified using 

mass spectrometry.   

The use of both tissue and plasma from known mouse models that present 

with elevated homocysteine levels allowed for the aldehyde chemistry introduced 

here to be validated with biological samples, both tissue and plasma.  Both the 

MTHFR heterozygous and the PCFT homozygous mouse samples were shown to 

have statistically increased levels of N-homocysteinylation, as would be expected.  

The agreement between these data and the previous determination of the levels of 

N-homocysteinylation in these mouse models serves as proof of principle for this 
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aldehyde reaction assay.  These results, along with the mass spectrometry data, 

show that the adaptation of this chemical method worked, and can now be applied 

to a set of samples, in a high throughput fashion.  
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Chapter 3 Examining Genetic and Dietary Effects on the Metabolic Status of 
Developing Embryos 

3.1 INTRODUCTION 

 Using genetic and dietary manipulation of the mouse model system, specific 

factors (target genes, metabolites, or external stimuli) and their importance in 

development can be explored.  In the present study, maternal metabolism and its 

impact on the environment for the developing embryo, were manipulated through 

three different defined diets.  Additionally, target genes were explored by using two 

mouse knockout models with spontaneous neural tube defects (NTDs) that are 

responsive to supplemental folic acid. The experimental diets allowed for the 

manipulation of maternal one-carbon metabolism balance.  A high folate diet (10 

ppm folic acid) allowed for ample amounts of folate and a balance in levels of total 

homocysteine.  A diet supplemented with extra L-methionine (1% L-methionine) 

will increase flux through the methionine cycle, and will therefore increase the 

levels of maternal serum homocysteine (Troen et al, 2008).  A final diet was used, as 

a control diet, and this diet had “normal” levels of folate (2 ppm folic acid).  The 

effects that these diets have on the maternal environment and the developing 

embryo were the focus of the experiments reported in this chapter.  Beyond just the 

relationship between folates and development, a high methionine diet allows for the 

relationship between protein N-homocysteinylation and development to be more 

fully explored.   

The hypothesis that the PTM, N-homocysteinylation, has deleterious effects 

on proteins has been previously discussed both in the Introduction and in Chapter 2.  

Nearly all of the work performed in the field of protein N-homocysteinylation has 

been conducted in adult tissues.  It has been seen that N-homocysteinylation can 
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cause an autoimmune response (Undas et al, 2004; Undas et al, 2006), can cause 

protein aggregates (Paoli et al, 2010; Stroylova et al, 2012), and can cause proteins 

to malfunction (Beltowski et al, 2005).  To the knowledge of the author, no literature 

has been published describing N-homocysteinylation status during development, 

especially in a neural tube closure staged embryo.  Herein we begin to explore on 

what level these PTMs affect developing embryos.  One possibility is that protein N-

homocysteinylation could affect maternal proteins that are critical for embryonic 

development, causing these proteins to malfunction and lead to embryonic 

abnormalities.  A second possibility is that protein N-homocysteinylation could 

cause an autoimmune response in mothers that increases the overall maternal 

inflammation levels.  Increased corporal levels of inflammation such as that which 

occurs in diabetes and obesity have been related to an increased risk for NTDs 

(Shaw et al, 1996; Wallingford et al, 2013).  Additionally, autoimmune responses, 

such as autoantibodies against essential proteins such as FRα, have been associated 

with interfering with protein function and with an increased risk for NTDs (Cabrera 

et al, 2008; Rothenberg et al, 2004).  The disruption of maternal proteins, such as 

the placentally expressed FRα, may change the nutrient supply available to the 

developing embryo, exacerbating the maternal low folate and high homocysteine 

levels in the in utero environment.  In addition to autoantibodies, previously 

unpublished data from the Finnell laboratory shows that FRα itself loses 

functionality when it becomes homocysteinylated.  Figure 3.1 shows that with 

increasing amounts of HTl, FRα will bind less of its folate substrate.  Therefore, it 

can be expected that when FRα is homocysteinylated in the placenta, less folate will 

be bound and the developing embryo will be under exacerbated low folate 

conditions.    In fact, the human FRα has 13 lysine residues, most of which are 
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surface exposed (PDB ID: 4LHR), allowing FRα to be an ideal target for potential N-

homocysteinylation events.  The FRα knockout mouse is an example of the great 

maternal importance of this protein during development, so if its function is 

disrupted, there may be dramatic embryonic effects (Piedrahita et al, 1999) .  These 

data validate the idea that N-homocysteinylation can disrupt maternal proteins that 

are essential to development.       

It remains to be determined if N-homocysteinylation can have a direct effect 

on embryonic tissues at the early stage of neural tube closure.  The addition of HTl 

to a protein lysine is a chemical reaction that proceeds readily at body 

temperatures; therefore, an embryo does not have to have any specific enzymes 

expressed for these modifications to take place (Garel & Tawfik, 2006).  It is possible 

at any time for a homocysteinylation event to occur, regardless of what proteins an 

embryo is, or is not yet producing.  On the other hand, there are no enzymes that can 

rid proteins of these modifications, so it is generally thought that N-

homocysteinylation events will increase over time, especially in proteins with low 

turnover rates (McCully, 2007; Undas et al, 2004).  Potentially, developing embryos 

do not have a great impact from N-homocysteinylation in themselves because there 

is simply not enough time to have accrued significant amounts of these PTMs.  To 

date, there is no study that has explored N-homocysteinylation levels in neural tube 

closure staged embryos, a study which could be the link between 

hyperhomocysteinemia and NTDs.             
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Figure 3.1 Folate Receptor Alpha Shows Decreased Function with Increased 
Homocysteinylation 

Folate receptor isolated from placenta was subjected to increasing concentrations of 

homocysteine thiolactone at 37o C for 4 hours in 100 mM sodium phosphate pH7.5 

and 0.2 mM EDTA. As the concentration of homocysteine thiolactone increases, the 

amount of folic acid binding decreases, as reflected by the decrease in fluorescent 

intensity. 
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In addition to the three dietary factors explored here, two genetic 

manipulations were also investigated.  As previously discussed, two major areas of 

focus regarding the genetic factors that may predispose an embryo to a NTD are 

mutations in either the Wnt signaling pathway, or the one-carbon metabolism 

pathway.  The overlap between these two pathways is something that is more 

recently being explored.  Recent literature has speculated that variable levels of folic 

acid will methylate DNA accordingly; high levels of folic acid will lead to 

hypermethylation and low levels of folic acid will lead to hypomethylation.  The 

resulting hyper or hypomethylation will epigenetically regulate the expression of 

key genes, even those involved in Wnt signaling.  One such example of this 

regulation is seen in a study that implicated elevated homocysteine levels in the 

inhibition of cardiac cell growth via increased Wnt signaling (Linask & Huhta, 2010).  

It was hypothesized that the low folate levels that coincided with the elevated 

homocysteine levels actually increased Wnt signaling, therefore suggesting an 

inverse relationship between folate and Wnt signaling (Linask & Huhta, 2010).  In 

addition, it has been observed that folic acid supplementation will rescue the LRP6 

Cd mouse mutant, which is traditionally considered a mouse model for hyperactive 

Wnt signaling.  In contrast, the LRP6 knockout mouse model has an increased 

number of NTDs when supplemented with folate (Gray et al, 2010).  This data again 

suggest that high levels of folate may suppress Wnt signaling in an unknown way.  

Another overlap between Wnt signaling and one carbon metabolism is the digenic 

interaction seen between the Folr1 and the LRP6 Cd mice.  As seen in Table 3.1, 

while both the single heterozygous mice show no penetrance of NTDs, the 

compound heterozygous animals manifest with around a 40% penetrance of NTDs 

(Data from ME Ross and RH Finnell not published).  In order to further explore the 
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interaction of the folate pathway and the Wnt signaling pathway, the LRP6 Cd 

mouse model and the Folr1 mouse model were used here to investigate the 

importance that genetic factors may have in neural tube closure, and the interaction 

between these two genes and one carbon metabolism.     

The idea that NTDs do not arise from one single factor has been well 

established in the Introduction.  The examples of this are widespread; from the 

range of mutations that have been identified in some human NTD cases, but not 

others, to genetically altered mice that do express an NTD until further stressed by a 

second environmental factor.  For example, the Folr2 mice do not manifest with 

NTDs without stimulus, but are sensitive to arsenic induced NTDs (Wlodarczyk et al, 

2001).  Studies such as this emphasize the importance of examining multiple gene 

variants with different dietary inputs.  Until now, the lack of a facile and high-

throughput assay to determine N-homocysteinylation levels on small samples has 

prevented any studies of N-homocysteinylation levels on neural tube closure staged 

embryos.  The application of the assay discussed in Chapter 2 will allow for the 

determination of N-homocysteinylation in a large cohort of ED 9.5 mouse embryos 

from a combination of Folr1 and LRP6 Cd gene variants.  The folate concentrations 

and the extent of N-homocysteinylation of maternal plasma were determined, along 

with the folate and N-homocysteinylation levels in whole embryonic tissues.  The 

embryos were developmentally staged by somite counts, a well-established method 

of staging embryos after ED 8 (Bard et al, 1998; Downs & Davies, 1993).   Finally, all 

of these endpoints were explored in light of variations in their genotypes and diet.      
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Table 3.1 Digenic Interaction of LRP6 and Folr1 

Either single heterozygotes of the LRP6 Cd mouse or the Folr1 mouse show no 

penetrance of NTDs.  However, the compound heterozygotes however show a 41% 

penetrance of NTDs, a highly significant increase over either of the single 

heterozygous mice.   
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3.2 MATERIALS AND METHODS 

3.2.1 Experimental Animals 

Mice were housed in the Dell Pediatric Research Institute’s animal facility.  

The animals were maintained on a 7 am to 7 pm light/dark schedule.  All animals 

were fed ad libidum.  LRP6 Cd/+ males were kept on milled chow (PicoLab Diet 20 

no. 5053, Lab Diet) until introduced to females.  Females had a 6-week diet washout 

period after they reached 6 weeks of age.  The three test diets had the same 

formulation as the control diet (2ppm folic acid), with different levels of folate or 

methionine being the only variable.  The high folate diet had 10 ppm folic acid and 

the high methionine diet had 1% L-methionine.  They were all purchased from 

Research Diets with the ID numbers D05072701i, D05072702Bi, and D1108021i, 

respectively.  After a 6-week washout period, females were housed 4 to a cage and 

were provided with the same experimental diets.  A single male was added to each 

cage and vaginal plugs were checked daily.  When a vaginal plug was found, females 

were separated and this was marked as ED 0.  All animals were maintained 

according to institutional rules (IACUC protocols AUP 2013-0051 and AUP 2014-

00276).          

3.2.1.1 Mouse Genotyping 

Samples from the adult mice and embryos were taken and prepared as 

described in Chapter 2.  The Folr1 mice were genotyped using two sets of primers.  

The wildtype primers were 5'-AAG TGC AAG GCT GCA TGT GG-3' and 5'-CAT TCC 

GAT GTC ATA GTT CCG C-3', whereas the Folr1 null mutation was detected 5'-ATC 

GCC TTC TAT CGC CTT CTT GA C-3' and 5'-TGC ATT CCG ATG TCA TAG TTC CG-3'.  

Both the Folr1 primer sets used a standard genotyping protocol with an annealing 
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temperature of 62oC.  The LRP6 Cd mouse was genotyped first by PCR amplification 

of the LRP6 gene using the primers 5’-TGA CAA GCC ATC AAG CAG AG-3’ and 5’-GCT 

CAG AGG CTA TGT GAA CCA-3’.  The amplification of the LRP6 gene used a standard 

genotyping PCR protocol with an annealing temperature of 62.5oC.  The point 

mutation was then detected with a restriction digest using Blp1 (New England 

Biolabs).  The Cd point mutation fails to be cut by Blp1, whereas the wildtype DNA 

will be cut.    

3.2.2 Animal Sample Collection 

Embryos were collected from dams after sacrifice by carbon dioxide 

asphyxiation and cervical dislocation.  Embryos were harvested in ice cold PBS 

under a microscope (Leica).  Yolk sacs were collected for genotyping and washed 

once before digestion in PBS.  Yolk sacs were digested using 99µL of Viagen Tail 

Buffer and 1µL of Proteinase K following the same genotyping protocol as used for 

the adult mice.  Embryos were genotyped for both Lrp6 and Folr1 alleles.  Embryos 

were kept in 96 well plates at -80oC.    

3.2.3 Folate Determination 

Total folates in samples were determined using a competitive binding ELISA 

assay previously developed in the Finnell Laboratory (Cabrera et al, 2008).  In short, 

commercially purchased bovine folate binding protein (bFBP) is allowed to attach to 

the surface of a 96-well plate.  Samples and a horse radish peroxidase-tagged folate 

(HRP-FA) are then mixed together and added to the plate.  When folates from a 

sample bind the bFBP, the HRP-FA is displaced.  The more folate present in a 

sample, the less signal captured.   
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3.2.3.1 Sample Preparation 

Plasma and whole tissue were both treated to release any protein bound 

folate and denature any remaining proteins in the sample.  10uL of sample was 

added to 50uL of TBS-T with 1% w/v ascorbate, pH 3.  These samples were 

homogenized by vortexing and then boiled for 10 minutes.  When samples returned 

to room temperature, 2uL of 5% NaOH was added to neutralize the solution.  

Samples were spun for 5 minutes at 14000XG.  The supernatant of each tube was 

removed and kept in a new tube as the working sample for folate determination.        

3.2.3.2 Competitive Binding ELISA Assay 

A competitive binding ELISA assay was used to determine qualitative total 

folate measurements.  Lyophilized bFBP (Sigma Aldrich) was dissolved in Phosphate 

Buffed Saline pH 7.8 (PBS) with 2.5% glycerol at a concentration of 50ng/µL.  1 µL of 

the bFBP was manually printed in the center of each well of an Immulon 2HB high 

binding 96-well plate (Thermo Fisher).  The plates were covered with film and 

placed in an opaque incubation chamber at 4oC overnight.  The plates were then 

washed three times with 300 µL each well with Tris Buffered Saline pH 8 with 0.1% 

Tween-20 (TBST).  This removed excess bFBP that did not attach to the plate.  10 µL 

sample (see folate sample preparation) was then mixed with 5 µL HRP-FA (Johnson 

and Johnson Vitros Diagnostic) and 35 µL Tris Buffered Saline (TBS), a total of 50 µL 

for each well.  Samples were incubated on the plate for 1 hour at room temperature 

in an opaque chamber.  Plates were then washed three times with 300 µL each TBST 

then twice with 300 µL each TBS.  50 µL of SuperSignal Femto Chemiluminescent 

substrate (Pierce) was added to each well.  The competitive nature of this assay 

yields results that are inverse to the amount of folate present in any sample.  

Therefore, a higher signal (pixel intensity) translates to a lower amount of folate in 
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the original sample.  The plates were imaged using the Quansys Biosciences camera 

and the data was processed using the Quansys Biosciences software.      

3.2.3.3 Data Analysis 

Data was collected using the Quansys program.  Pixel intensity was gathered 

from each spot.  Each sample was run in triplicate and the means for the average 

spot intensity were used for further analysis of each sample. 

3.2.4 N-Homocysteinylation Determination 

N-homocysteinylation of both maternal and embryonic samples was 

determined using the chemical method described in Chapter 2.  After sample 

collection and description, samples were prepared and labeled in 96-well plates as 

follows.   

3.2.4.1 Sample Preparation 

Plasma was normalized to total protein and then reacted with biotinylated 

aldehydes.  Embryos that were collected were then lysed in RIPA buffer with 

protease inhibitors (Roche) for 2 hours at 4oC while rocking.  Large matter was 

pelleted with centrifugation at 5000XG for 15 minutes.  Supernatant was collected 

and used for further assays.   

3.2.4.2 N-homocysteinylation Labeling and Probing 

Labeling was performed as previously described for both plasma and embryo 

tissue.  Probing was conducted using a dot blot as previously described in Chapter 2. 

3.2.4.4 Data Analysis 

N-Homocysteinylation values were qualitatively determined using the LiCor 

Odyssey software.  Software 96-well plate template was used to determine the 
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intensity of each spot.  Average integrated pixel intensity was used for further 

analysis.  Each sample was run in triplicate and averages were used for final 

statistical analysis.   

3.2.5 Statistical Analysis 

Statistical analysis was performed in Microsoft Excel and SPSS (IBM).  

Microsoft Excel was used to determine overall average values for the folate and N-

homocysteinylation of both the embryos and the dams.   Two-tailed t-tests were also 

performed in Excel.  SPSS was used with a data set consisting of mean values from 

triplicates from folate and N-homocysteinylation assays, along with maternal data, 

somite number, genotype, and diet.  Linear mixed model analysis, multivariate 

analysis of variance (MANOVA), and inter-item correlation matrices were the 

analyses that were used in SPSS.   

3.3 RESULTS  

In order to verify that the test diets being used had the desired outcome, the 

relative N-homocysteinylation levels and folate concentrations were compared for 

the dams on the three different diets.  The plasma from these dams showed that a 

significant elevation in N-homocysteinylation was seen when the dams were treated 

with the high methionine diet (Figure 3.2a).  The N-homocysteinylation level for the 

high methionine diet was significantly higher than that of either the control diet or 

the 10ppm high folate diet.  Additionally, it was seen that the dams fed the high 

methionine diet and the 2ppm folate diet had significantly lower folate levels than 

those fed the 10ppm folate diet (Figure 3.2b).  As previously noted, the competitive 

ELISA assay used to determine folate levels has an inverse relationship with the 

actual amount of folate in the samples.  Therefore in Figure 3.2b, the higher pixel 
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intensity seen in the high methionine and control diets translates to a lower amount 

of folic acid in the samples.     

3.3.1 Characterization of Embryonic Sample Cohort 

A total of 257 embryos were analyzed.  Table 3.2 shows the total embryo 

population that was collected for analysis, grouped according to the different 

maternal diets and embryonic genotypes.  The outputs from folate determination, N-

homocysteinylation measurements and somite number for the embryos and their 

respective dams are presented in Appendix 1.  Figure 3.3 illustrates the estimated 

marginal means (unweighted means for each category, not accounting for 

differences in numbers or other factors) for somite number for each genotype and 

diet combination.  It is seen that the high methionine diet is the most deleterious to 

growth (somite number) for all genotypes.  This along with the data shown that the 

dams of the high methionine diet have increased N-homocysteinylation levels 

indicates that these high homocysteinylation levels may be deleterious to the 

embryonic growth.   

3.3.2 Statistical Analysis of Genetic and Dietary Effects on Developing Embryos 

First, the relationship between embryonic levels of folate and N-

homocysteinylation was described.  Reliability analyses in both adult and embryonic 

samples were used to determine that N-homocysteinylation levels and folate levels 

were inversely related.  A correlation coefficient of 0.982 (from an inter-item 

correlation matrix analysis) indicated that there was a high level of inverse 

correlation throughout the entire embryonic group between N-homocysteinylation 

and folate concentrations.   A MANOVA test showed that both maternal diet and 

embryonic genotype exhibited significant effects on the embryonic somite number, 
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folate levels, and N-homocysteinylation levels (Wilk’s Lamba Coefficient p<0.05).  

Further exploration was completed using linear mixed model analysis.  This 

determined if there were any correlations between maternal N-homocysteinylation 

and folate, and embryonic N-homocysteinylation and folate or embryonic somite 

number.  There were no statistically relevant correlations found between either 

maternal folate or N-homocysteinylation levels and embryonic folate, N-

homocysteinylation, or even somite number.  The data presented here (Figure 3.4) 

indicated that embryonic N-homocysteinylation and folate levels are dependent on 

maternal diet and embryonic genotype, not directly dependent on maternal levels of 

folate and N-homocysteinylation.   
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Figure 3.2 Dietary Influences of Dam N-homocysteinylation and Folate  

Panels A and B show the relative N-homocysteinylation and folate levels in dam 

plasma after a 6 week washout period on three experimental diets.  Asterisks 

indicate significance based on a two-tailed t-test (P<0.05).  
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Table 3.2 Number of Embryos Used for Statistical Analysis by Category 

Embryos were described in binned groups of genotype and maternal diet.  These 

embryos were those that had enough information to be used in the statistical 

analysis.   
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Figure 3.3 Estimated Marginal Means of Embryonic Folate, N-
homocysteinylation, and Somites 

The estimated marginal means for the somite number are illustrated in this figure.  

The diets are 1 (10ppm folic acid), 2 (2ppm folic acid), and 3 (1% methionine).  The 

genotypes are 1 (Folr1 +/+; Lrp6 Cd +/+), 2(Folr1 +/-; Lrp6 Cd +/+), 3(Folr1 /+; 

Lrp6 Cd +/-), and 4 (Folr1 +/-; Lrp6 Cd+/-). 

 



 99 

 
 
 

Figure 3.4 Statistical Analysis of Embryonic Outcomes 

Panel A indicates that the embryonic genotype and maternal diet both significantly 

influenced the embryonic somite number, N-homocysteinylation levels, and folate 

levels.  Panel B shows that there was a not a significant correlation between dam 

folate and dam homocysteine and any of the embryonic outcomes. 
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3.4 CONCLUSION 

The assay that was previously described in Chapter 2 as being a robust and 

accurate way of determining N-homocysteinylation levels was applied to a set of 

neural tube closure staged embryos to determine specific responses to diet that 

might be modified by the genotype and how these factors might contribute to NTD 

susceptibility.  These embryos were the product of crosses between two folate-

responsive NTD mouse models, the Folr1 mouse and the Lrp6 Cd mouse.  These two 

genes are of specific interest due to the digenic interaction seen in these mouse 

models (the compound heterozygotes display a marked increase in NTDs compared 

to the single heterozygotes), and the putative overlap between the folate and Wnt 

signaling pathways described in the Introduction.  In addition, three different diets 

allowed for the balance of one carbon metabolism to be altered, with increased 

folate or increased methionine.  Amongst these three diets, the embryos could be 

any combination of a Folr1 and Lrp6 Cd single heterozygous cross (Folr1 +/+ and 

Lrp6 +/+; Folr1 +/- and Lrp6 +/+; Folr1+/- and Lrp6 Cd/+; Folr1 +/+ and Lrp6 

Cd/+). 

It was seen that both embryonic genotype and maternal diet had a significant 

impact on embryonic folate, embryonic N-homocysteinylation, and also embryonic 

development as measured by somite number (MANOVA analysis, Wilk’s Lamba 

Coefficient <0.05).  As discussed in Chapter 1, both maternal diet and embryonic 

genotype have known associations with specific embryonic outcomes; therefore, it 

is not surprising that this significant impact was observed.  An additional significant 

correlation of interest was that the embryos already had established an inverse 

relationship between N-homocysteinylation and folate levels.  This common 

phenomenon of increased homocysteine levels when there are low folate levels has 
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been well established in adult rodent populations (Challet et al, 2013; Sugiyama et 

al, 2012; Tyagi et al, 2011).  Indeed, the association between low folate levels and 

high homocysteine levels are commonly seen in adult human populations (Miller et 

al, 1994) as well as amongst children and teenage populations (van Beynum et al, 

2005). However, this relationship has not yet been shown to be established at such 

an early point in development as neural tube closure.  Working with early stage 

mouse embryos limits the amount of biological tissue one has to assay, thus many 

previously established methods of determining N-homocysteinylation may not have 

been feasible.  Using the assay described in Chapter 2, N-homocysteinylation and 

folate levels could be determined quickly with the small amounts of available tissue 

from an embryo just after neural tube closure.  The fact that this inverse 

relationship between N-homocysteinylation and folate has already been established 

at 9.5 days post conception highlights the importance of the in utero environment 

that is established by maternal diet and other potential factors.  Measurements of s-

adenosyl methionine and s-adenosyl homocysteine, two other metabolites in the 

methionine cycle, have revealed the importance of a well regulated methionine cycle 

in early embryonic development; however, the limitations on these study methods 

did not allow for such a large sample set to be evaluated (Burren et al, 2006; 

Dunlevy et al, 2006).  Additionally, measurements of s-adenosyl methionine and s-

adenosyl homocysteine simply describe the balance of methylation reactions from 

the methionine cycle, and these metabolites do not point directly to protein 

modification by HTl.     

To date, no studies have been performed examining N-homocysteinylation of 

proteins at a point of development as early as neural tube closure.  Only one study 

has been performed examining N-homocysteinylation levels in fetuses at ED 20 (one 



 102 

day before the average day of birth) (Bossenmeyer-Pourié et al, 2013).  This 

recently published article demonstrated that structural proteins in the stomachs of 

fetuses whose mothers were fed a methyl donor deficient diet had elevated levels of 

N-homocysteinylation (Bossenmeyer-Pourié et al, 2013).  This research indicates 

that N-homocysteinylation of proteins in the developing embryo may also play a 

role in some of the negative outcomes seen with mothers who have elevated levels 

of homocysteine.  The embryos collected in the study presented in this body of work 

were at a much earlier time point in development, prior to the onset of 

organogenesis.  The chemical nature of this PTM, and the lack of any known removal 

system in the body, also make the early time point studied here extremely 

interesting from a developmental biology perspective.  It is possible that simply 

insufficient homocysteinylation events have taken place to be significantly 

associated to the developmental outcomes of the embryos.  It is also possible that 

the total protein N-homocysteinylation levels are not what matters the most, but 

rather it is the homocysteinylation of only specific proteins that is critical during 

development.  Further studies that include multiple samples before and during 

neural tube closure should be performed.  A developing embryo is changing 

constantly, which emphasizes the need to take multiple time points, a task that is 

now feasible with the method used in these experiments.  In addition, these studies 

could be more easily interpreted by the isolation of specific regions of the 

developing embryo or by using this method as an adapted histological staining 

method.  In the data presented here, the entirety of the embryo was analyzed 

together.  Even studies using the “global approach” to metabolomics (Nicholson & 

Lindon, 2008), isolate specific tissue types to get a better perspective of what is 

happening in the body (Cabaton et al, 2013).  Studies, such as this, where every 
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portion of an entire body is analyzed together do not allow for the elucidation of 

what areas and proteins are important when they are or are not homocysteinylated.  

These further tissue and protein specific studies need to be performed, as the data 

presented here failed to find a significant correlation between total embryonic N-

homocysteinylation and somite number.   

The overwhelming lack of data supporting or refuting the hypothesis that N-

homocysteinylation is responsible for the negative effects that are correlated to high 

levels of homocysteine, make any data set a valuable addition to the field of 

research.  Here, data including N-homocysteinylation levels and folate levels for a 

group of early staged embryos was generated using the technique described in 

Chapter 2.  The success and ease with which these large amounts of data were 

generated shows promise for future studies.  Multiple time points collected during 

the dynamic development of an embryo may help determine if there are specific 

points of increased N-homocysteinylation.  Studies isolating specific regions of the 

developing embryos or using this chemical method as a stain and counterstaining 

for developmental proteins of interest or cell death will be necessary.  Here, we 

showed that the maternal diet and embryonic genotype were the most significant 

predictors of not only embryonic growth, as measured by somite number, but also 

embryonic one-carbon metabolism.  The balance between folate levels and N-

homocysteinylation already established in these developing embryos indicates the 

importance of folate and N-homocysteinylation during development, not only 

maternally, but also for the embryo itself.   
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Chapter 4 LRP6 mutation examination in a human population 

4.1 INTRODUCTION 

The era of whole genome sequencing has allowed for the expansion of the 

types of studies that can be performed to help determine the etiology of various 

congenital defects.  After the first few human genomes were sequenced in the early 

2000s, it was predicted that single nucleotide polymorphisms (SNPs) were what 

provided the bulk of the genetic variety in human genomes (Feuk et al, 2006) 

(Redon et al, 2006). These SNPs are single base changes in the DNA and can either 

be inherited, or be the result of a spontaneous change of a single nucleotide.  

Depending on which nucleotide is changed, and the nature of the change, different 

types of errors can arise.  SNPs can be synonymous, in that they do not change the 

amino acid sequence coded for, or non-synonymous, meaning that they will change 

the amino acid sequence.  Synonymous SNPs will not change the protein that is 

coded for by a gene because of the degeneracy of the codons allows for some 

changes.  Non-synonymous SNPs can be further characterized into missense 

mutations, where a new codon is made and a new amino acid is created, and 

nonsense mutations, where an aberrant stop codon is the result of the change.  Both 

of these types of mutations change the sequence of the protein.  It is also important 

to consider that only an estimated 2% of the entire human genome codes for 

proteins (Alexander et al, 2010).   However, even if a SNP is not within the coding 

region of the protein, there still may be deleterious effects to the protein product 
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when RNA processing takes place (Millar et al, 2010).  Any number or a specific 

placement of a SNP in a person’s genome may translate to deleterious effects in their 

proteome and may manifest as a disorder. 

Often, when whole genomes are sequenced, these data are processed and 

compared to existing databases of normal individuals (control DNA) in order to 

identify any SNPs a patient may possess.  After identifying any number of SNPs that 

a person has, the relative importance of these SNPs must be assessed in relation to a 

specific condition present in the individual to determine if it is possibly causative.  

Often, major biological pathways associated with a specific condition will be 

investigated first for any mutations in genes crucial for these pathways.  When 

investigating NTDs, the folate one-carbon metabolism related genes and the Wnt 

signaling genes are among the gene pathways currently serving as a focus of 

investigation.  After finding SNPs of interest, they can be run through in silico 

analyses that can predict the ramifications of the amino acid change that was coded 

for by the SNP.  These programs, such as PolyPhen, use database searching for 

homology of genes and protein structure information to determine if certain 

changes will probably damage the protein or not  (Ramensky et al, 2002).  The 

change of amino acid residues that are highly conserved over various species, a 

change in a domain that has a conserved folding pattern, or a drastic change in the 

chemical properties of amino acids usually indicate deleterious mutations.  Although 

this in silico analysis is not always correct, it allows for a good starting place when 
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interpreting and managing the massive amounts of data (typically greater than 1 

terabyte per person) that whole genome sequencing provides.   

The number of different mutations in the mouse NTD mutant LRP6 gene, the 

essential role of LRP6 in canonical Wnt signaling, and the putative role of LRP6 in 

non-canonical Wnt signaling, make LRP6 a gene of interest in human mutation 

studies of NTDs.  In fact, two of these NTD mouse models of the LRP6 gene are the 

result of single nucleotide changes in the DNA.  Recently human SNPs in LRP6 have 

been associated with such disease states as coronary artery disease (Xu et al, 2014), 

early onset Crohn’s Disease (Koslowski et al, 2012), and even NTDs (Allache et al, 

2014).  The data presented here represent the sequencing results of the LRP6 gene 

from a group of spina bifida patients from the California Birth Defects Monitoring 

Program.  The cases represent 192 infants with spina bifida and no other major 

birth defects, while the controls represent 190 non-affected infants.  Among the 192 

spina bifida cases, 82 are Non-Hispanic White, 54 are native US born Hispanics and 

56 are foreign born Hispanics. Among the 190 controls, 81 are White Non-Hispanic, 

54 are US born Hispanics and 55 are foreign born Hispanics. All samples were 

obtained with approval from the State of California Health and Welfare Agency 

Committee for the Protection of Human Subjects (the primary IRB).    The LRP6 gene 

was sequenced by Dr. Yunping Lei using PCR on the whole genome amplification 

product of each infant.  These products were sequenced using an automated 

sequencer and were analyzed using the Mutation Surveyor software (Softgenetics). 
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Any mutations found in LRP6 were validated by a second round of Sanger 

sequencing.  Four novel LRP6 gene mutations were identified in the cases that were 

not present in any of the controls.     

               The four novel mutations found in the gene and described herein, were also 

not present in three public databases: dbSNP, the 1000 genome project, and the 

NHLBI GO exome sequencing project.  These four novel missense mutations that 

were found in the spina bifida cases and not any of the controls or public databanks 

are seen in Table 4.1.  This table also provides the mutation in the DNA sequence, 

the predicted protein effects using the software PolyPhen, and if the amino acid that 

was changed is a conserved amino acid.  The sequence alignments of the LRP6 gene 

for the areas of interest are seen in Figure 4.1.  All of the mutations are in conserved 

regions of the LRP6 gene over 8 vertebrate species.  The placement of the mutations 

in the LRP6 protein in relation to known features of the protein, along with the 

placement of the Cd mutation, is depicted in Figure 4.2.  The amino acid change of 

alanine to valine at position 3(A3V) is in the signal region of the peptide, but not in 

the mature form of the protein, and is a substitution of a small hydrophobic to a 

slightly larger hydrophobic amino acid.  The tyrosine to cysteine amino acid 

alteration at position 544 (Y544C) is in the critical YWTD beta-propeller repeat 

domain, and changes a large aromatic to a small and reactive amino acid.  Both the 

proline to leucine at position 1482 (P1482L) and the arginine to leucine at position 

1574 (R1574L) are in the cytoplasmic domain of the protein, not the extracellular 
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binding surface of the protein.  It is however, important to note that the P1482L 

mutation is predicted to not be damaging, whereas the R1574L mutation is 

predicted to be possibly damaging.  The proline to leucine change at 1482 is a small 

hydrophobic substituted with a small hydrophobic, whereas the arginine 1574 to 

leucine will change a negatively charged amino acid to a small hydrophobic.  This 

may potentially interrupt some cytoplasmic binding partners that LRP6 is known to 

have.   
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Table 4.1 Novel LRP6 Mutations Identified in Human Spina Bifida Cases  

Four novel mutations in the LRP6 gene identified in 192 spina bifida cases, but not 

in controls.  All of the mutations are evolutionarily conserved throughout 

vertebrates and two are predicted to be damaging by PolyPhen in silico analysis. 
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Figure 4.1 A Partial Alignment of Human LRP6 with Seven Other Orthologous 
Sequences  

The Lrp6 variants found in NTD patients affect conserved residues (indicated by 

arrows). Accession numbers: Homo sapiens Lrp6 (human),NP_002327.2; Danio 

rerio Lrp6 (zebrafish), NP_001128156.1; Xenopus tropicalis Lrp6 (frog), 

NP_001079233.1; Mus musculus Lrp6 (mouse), NP_032540.2; Canis lupus familiaris 

Lrp6 (dog) , XP_534886.2; Pan troglodytes  Lrp6 (chimpanzee), XP_001152103.1 

;Gallus gallus Lrp6 (chicken), XP_417286.3; Macaca mulatta Lrp6 (Rhesus monkey), 

NP_001244648.1. 
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Figure 4.2 Rare Novel LRP6 Mutations Identified in Human Spina Bifida 
Patients 

A schematic diagram of LRP6 showing the approximate locations of the 4 mutations, 

p.Ala3Val, p.Tyr544Cys, p.Pro1482Leu and p.Arg1574Leu, in relation to the general 

protein structure. 
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   In addition to in silico predictions of damage, the functionality of these four 

novel mutations in the LRP6 protein was compared to the wildtype protein and a 

known mutation from the LRP6 Cd mouse.  As a folate-responsive mouse model, the 

Cd point mutation is an interesting comparison when conducting human point 

mutation studies.  Since the majority of human NTDs appear to be folate responsive, 

it is especially helpful to be able to use folate-responsive mouse models in efforts to 

learn more about the beneficial effects of folates on neural tube closure.  It has been 

shown that the Cd mutation is a single amino acid change, glycine 494 to aspartate 

(G494D), in the second YWTD-EGF like repeat in the LRP6 protein, a very highly 

conserved tertiary structure throughout all of the LDL-receptor protein family 

(Carter et al, 2005).  This Cd mutation has been shown to alter LRP6 localization 

based on its interrupted binding with the chaperone protein MESD (Gray et al, 

2013).  It is thought that mutations to the beta-propeller regions of the LDL-

receptor protein family may disrupt some of their ability to bind ligands or other 

proteins (Cheng et al, 2011).  In addition, using luciferase assays, it was shown that 

the Cd mutation abrogated canonical Wnt signaling and was not as responsive to 

stimuli to the PCP signaling pathway (Gray et al, 2013).   

 Luciferase assays are a simple method to determine the rate of transcription 

of various genes.  The principle of a luciferase assay involves engineering various 

transcription factors to activate the luciferase protein from fireflies  (Smale, 2010).  

In these engineered systems, instead of a transcription factor being activated by a 
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signaling cascade and transcribing the gene as it normally does, when the 

transcription factor is activated, the gene that codes for the luciferase protein is 

transcribed.  When given the proper substrate, the production of this luciferase 

enzyme can easily be monitored by how much light is produced.  The canonical Wnt 

signaling pathway luciferase plasmid (TOPFlash) has the TCF/LEF promoter, so 

every time that these genes would be activated by β-catenin, luciferase is produced.  

The non-canonical Wnt signaling pathway luciferase plasmid has an AP1 promoter, 

which is activated by the phosphorylation of JUN kinase.  Therefore with a simple 

luminometer, one can measure the flux through a signaling pathway.  Concurrent 

transfections with the plasmid that encodes for the Renilla protein (a light 

producing enzyme from the Sea Pansy) allows for standardization for transfection 

efficiency.    For the PCP pathway studies performed here, Wnt5a conditioned media 

was used to stimulate an increased flux through this pathway.  Wnt5a is one of the 

Wnt proteins that are associated with stimulating PCP signaling specifically (Niehrs, 

2012).  In addition, Vangl2 was also co-transfected with the cells to further facilitate 

PCP signaling.  Vangl2 is a transmembrane protein that is involved in PCP signaling 

(Kibar et al, 2011) and thought to be a binding partner of disheveled (Lei et al, 

2010).   

 Interestingly, the novel Y544C mutation is also located in the same second-

beta-propeller region of the protein as the Cd mutation (Figure 4.2).  This data, 

along with the “possibly damaging” prediction from PolyPhen, led to the hypothesis 



 114 

that the Y544C mutation may be a damaging mutation by the same mechanism as 

the LRP6 Cd mutation.  It was hypothesized that this Y544C mutation would also 

interrupt binding with the chaperon protein MESD, due to its proximity to the 

YWTD repeat and the extreme nature of the amino acid substitution.  In both the Cd 

mutation and the Y544C mutation, a non-charged amino acid is being changed for a 

potentially charged amino acid.  Therefore, the binding to the chaperone protein 

MESD, the subcellular localization, and the functionality of all the novel mutations 

described here were investigated.  The studies here compare the novel mutations 

found in a cohort of spina bifida patients with the well-characterized NTD model of 

the Cd mutation.     
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4.2 MATERIALS AND METHODS 

4.2.1 Plasmid DNA  

Dr. ME Ross of Weill Cornell Medical School graciously provided wildtype 

and Cd Lrp6-GFP plasmid DNA in a pCMV vector. Mutations to DNA were made 

using the Stratagene Site Directed Mutagenesis Kit following the manufacturer’s 

instructions. The mutations made were Alanine 3 to Valine, Tyrosine 544 to 

Cysteine, Proline 1482 to Lysine, and Arginine 1574 to Lysine.  Mesdc2-Flag plasmid 

was kindly provided by Dr. Bernadette Holdener (Stony Brook University, New 

York, USA). Renilla and Vangl2 available from our laboratory having been previously 

obtained from Dr. Hongyan Wang (Fudan University, Shanghai, China).  M50 Super 

8x TOPFlash, human beta-catenin pcDNA3, and pcDNA3-S33Y Beta-catenin were 

purchased from Addgene (Kolligs et al, 1999; Veeman et al, 2003).  Ap1 reporter 

plasmid was purchased from Agilent.   

4.2.2 Bacterial Transformation and Plasmid Preparation 

E. coli cells (Invitrogen).  

Transformed E. coli were grown on LB agar plates overnight with ampicillin 

selection.  Positive colonies were selected for plasmid purification and grown in 

shaking culture overnight with ampicillin.  HiSpeed Plasmid Maxi Kit (Qiagen) was 

used to collect the plasmid DNA from the E. coli per manufacturer’s instructions. 

Concentrations were determined using NanoDrop 2000.   
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4.2.3 Co-Immunoprecipitation Assays 

 HEK293T cells were transiently transfected with the various LRP6 cDNA 

constructs and MESD-Flag.  Lipofectamine 2000 (Invitrogen) transfection reagent 

was used per manufacturer’s instructions at a ratio of 0.5 µL/1µg reagent to DNA.  

In short, cells were grown to around 80% confluence in 6-well plates (Corning) in 

DMEM with 10% bovine serum (Life Technologies).  Growth media was removed 

and transfection mixture was added to the cells along with Opti-MEM low serum 

media (Gibco).   Cells were allowed to incubate in the transfection media for 24 

hours.  Cells were then rinsed once with PBS.  To collect whole cell lysate, TBS with 

1% Triton X-100 and protease inhibitors (Roche) were added to the plates, which 

were rocked at 4oC for 2 hours.  Samples were spun at 2000xG to pellet cellular 

debris and the supernatant was collected as lysate.  Total protein concentrations 

were determined using a Bradford Assay, as previously described.  Lysate samples 

were normalized to total protein concentration and incubated with an anti-Flag 

antibody (1:500, Sigma) for 2 hours at room temperature.  Protein A/G agarose 

beads (Pierce) were washed three times with TBS and then added to the samples.  

This mixture of beads, sample, and antibody, was allowed to rock overnight at 4oC.  

Beads were washed 5 times with TBS with 0.5% Tween 20.  The beads were boiled 

in SDS loading buffer and the supernatant was loaded onto a polyacrylamide gel for 

gel electrophoresis.  The gel was transferred onto nitrocellulose membranes.  

Membranes were blocked with 5% milk solution for one hour at room temperature.  
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Beta Tubulin (Developmental Studies Hybridoma Bank, 1:500), LRP6 (Cell Signaling, 

1:2000), and Flag (Sigma, 1:500) primary antibodies were used and all were 

incubated overnight at 4oC.  LiCor secondary antibodies were used at 1:10000 and 

incubated for 45 minutes in the dark at room temperature.   The LiCor Odyssey was 

used for imaging of blots.      

4.2.4 Subcellular Localization  

MDCK II cells were transiently transfected with Lipofectamine 2000 Reagent. 

MDCK II cells were plated in 12-well plates on cover slips (Corning) in MEM media 

with 10% bovine serum and grown to 70-90% confluence. MESD and LRP6 wildtype 

or mutant plasmids were co-transfected using Lipofectamine 2000 reagent in a 1:1 

ratio of Lipofectamine 2000 to DNA, as previously described. Cells were incubated 

for 24 hours in transfection media.  After 24 hours, cells were washed once with PBS 

then fixed with paraformaldehyde on the cover slips.  Cover slips were rinsed with 

PBS and cell membranes were permeablized with 1% Triton X-100 in PBS.  Cells 

were blocked with 5% BSA then incubated with anti-SCRIB antibody overnight 

(1:1000, Santa Cruz Biotechnology).  Secondary anti-goat antibody was used 

(1:2000, Alexa Fluor 647).  Cover slips were mounted on slides with Vectashield 

mounting media with 300ng/mL DAPI (Vector Biosciences) and sealed with clear 

nail polish.  Images of slides were taken using a laser scanning confocal microscope 

(LSM710, Leica).  Images for cell counting were taken with a 10X objective where 

around 100 GFP positive cells were visible in each field.  These images were viewed 
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and overlaid in Image J.  GFP was visually determined to be non-membrane bound 

or mostly membrane bound.  Chi-squared analysis was performed in Microsoft Excel 

to compare the localization difference between wildtype and different LRP6 

mutants.  An oil immersion 100X objective was used for representative images.     

4.2.5 Luciferase Assays 

 Canonical Wnt signaling was measured using a TOPFlash reporter plasmid.  

Non-canonical PCP signaling was measured using an AP1 reporter plasmid.  In both 

cases, HEK293T cells were transfected with Lipofectamine 2000 (Invitrogen) as 

previously described.  Renilla was used as an internal control.  TOPFlash and AP1 

transfection media was incubated with the cells overnight at 37oC.  After 24 hours, 

the TOPFlash media was removed and the cells were washed once with PBS.  Cells 

were lysed and luciferase activity was determined using a Promega Dual Luciferase 

Assay per manufacturer’s instructions.  After 24 hours, the AP1 media was overlaid 

with Wnt5a conditioned media and allowed to incubate for 24 further hours.  For 

the AP1 plasmid, after 48 hours, media was removed and cells were washed once 

with PBS.  Again, cells were lysed and a Promega Dual Luciferase Assay kit was used.  

In both cases a BioTek-2 plate reader was used to measure luminescence and data 

was analyzed in Microsoft Excel.  Significance was determined using a two-tailed t-

test with a p<0.05 being the significance threshold.         
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4.2.5.1 Wnt5a Conditioned Media 

 Wnt5a secreting L Cells (ATCC) were grown to confluence in 75mm flasks 

(Corning) in DMEM/F12 media (Gibco) with 10% fetal bovine serum (FBS) and 

0.6mg/mL G418 selection antibiotic (Invivogen).  At the point of 100% confluence, 

the cells were trypsinized and split into 8 different 75mm flasks.  These cells were 

then incubated for three days in DMEM/F12 with 10% FBS, with no selection 

antibiotic.  After three days, the media was collected from the cells, sterile filtered 

(Millipore), and kept at 4oC.  New DMEM/F12 with 10% FBS was added to the cells 

and they were allowed to incubate for two more days.  After two days, the media 

was harvested from the cells, sterile filtered, and added to the first round of 

collected media.  This media was used as the Wnt5a conditioned media.  The cells 

were discarded. 

4.3 RESULTS 

4.3.1 Novel LRP6 Mutations Affect Binding to Chaperone Protein MESD 

 A co-immunoprecipitation was used to probe the physical interactions 

between the various LRP6 mutations and the LRP6 chaperone protein MESD (Figure 

4.3).  The wildtype protein was used as a positive control and the Cd mutation was 

used as a negative control for binding.  β-tubulin served as a loading control, and it 

is readily apparent that there is no difference in the amount of MESD-Flag in all the 

samples.  When the membrane was probed with a GFP antibody, it was seen that the 

LRP6 Y544C mutation, like the Cd mutation, does not bind readily to the chaperone 
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protein, MESD.  The other three novel mutations do not affect binding with MESD, 

and do not differ from the wildtype binding.     

4.3.2 Novel Lrp6 Mutations Affect Sub-Cellular Localization 

 The disrupted binding between the LRP6 mutation Y544C and the chaperone 

protein MESD indicated that this mutation may not allow LRP6 to properly insert 

into the plasma membrane.  The localization of the four novel mutations to the LRP6 

gene was examined using immunocytochemistry in MDCK II cells.  The LRP6 

plasmids are fusion constructs with GFP (green), the plasma membranes are 

marked using SCRIB (red) (Lei, 2013) and the nuclei are seen with DAPI (blue).  The 

Y544C mutation does not appropriately translocate to the cell membrane, similarly 

to the Cd mutation.  This follows the prediction that MESD binding is essential for 

the proper localization of LRP6 to the plasma membrane.  Figure 4.4 shows 

representative images of the immunocytochemistry of each construct, while Figure 

4.5 shows the quantification of the subcellular localization of each of the LRP6 

constructs.  It is seen that the Cd and Y544C point mutations significantly alter the 

localization pattern in comparison to the wildtype protein.   

4.3.3 Novel Lrp6 Mutations Abrogate Canonical Wnt Signaling 

 LRP6 is a known membrane-bound receptor in canonical beta-catenin 

dependent Wnt signaling.  Previous studies have shown that the LRP6 Cd mutation 

does not properly conduct canonical Wnt signaling (Gray et al, 2013).  It is 
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hypothesized that because LRP6 Cd cannot bind MESD and take a proper place in 

the plasma membrane, canonical Wnt signaling will be reduced.  Figure 4.6 shows 

that similarly to the Cd mutant, the novel mutation Y544C, has a significantly 

lowered TOPFlash response.  This indicates that both the Cd mutation and the 

Y544C mutation respond to their failure to translocate to the plasma membrane 

with a lowered amount of Wnt signaling.  Additionally, Figure 4.6 shows that the 

p.Arg1574Leu mutant is a hyperactive canonical Wnt signaling mutation, with a 

significant increase over the wildtype plasmid. 

4.3.4 Novel Lrp6 Mutations Enhance Non-Canonical Wnt Signaling  

HEK293T cells were transfected with the various LRP6 constructs, Vangl2, 

the AP1 reporter gene, and Renilla served as an internal control.  Wnt5a conditioned 

media was used as previously described (Allache et al, 2014) to stimulate 

transduction through the PCP pathway.  Figure 4.7a shows that with increasing 

amounts of wildtype LRP6, a significant corresponding decrease in PCP signaling is 

seen.  In Figure 4.7b, it was seen that in the presence of Vangl2, three of the novel 

mutations significantly increased PCP signaling when compared to the LRP6 

wildtype plasmid.  The P1482L mutation is seen to not increase the PCP signaling 

significantly over the wildtype protein.  Panel C shows a representative western blot 

analysis showing that all of the transfected plasmids were expressed at comparable 

levels.   
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Figure 4.3 Co-Immunoprecipitation Between LRP6 Mutations and the 
Chaperone Protein MESD  

Co-IP detected effect of mutations on LRP6 physical interaction with MESDC2 . 

Following Flag immunoprecipitation, blotting with anti-GFP confirmed physical 

interaction between wildtype LRP6 and MESDC2, while this interaction was affected 

in the variant Tyr544Cys as well as Cd mutant. β-Tubulin was taken as an internal 

control. 
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Figure 4.4 Representative Images of Subcellular Localization of LRP6 Mutants.  

Protein subcellular localization in fixed MDCK II cells.   Blue color indicates DAPI 

stain of nucleus. Red color indicates SCRIB stain for membrane marker. Green color 

indicates GFP for LRP6-fusion plasmid constructs. 
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Figure 4.5 Quantitative Analysis of Subcellular Localization of LRP6 Mutants 

Quantitative analysis of protein localization for GFP-LRP6 wildtype and its mutants. 

Fields of cells were imaged randomly and at least 100 GFP positive cells were 

counted per construct for each of the triplicates.  Cells were classified as either GFP 

only in the cytoplasm or GFP predominantly in the plasma membrane.  Asterisks 

represent a significant (p<0.05) departure from the wildtype construct using a chi-

squared analysis. 
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Figure 4.6 Novel Y544C LRP6 Mutation Decreases Canonical Wnt Signaling 

LRP6 mutant effects on the canonical Wnt signaling pathway. TopFlash Reporter 

shows that both the Cd mutation and the Y544C mutation to the LRP6 gene decrease 

canonical Wnt/β Catenin signaling.  Positive control was transfected with β-catenin.  

Negative control was a mutant TOPFlash with mutant β-catenin transfection.  

Asterisks indicate a significantly (p<0.05) down regulated Wnt signal (two-tailed t-

test). 
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Figure 4.7 LRP6 Mutant Effects on Non-canonical Wnt Signaling Pathway 

(A) JNK-AP1 activity was detected in the presence of Wnt5a.  Increasing 

concentrations of LRP6 significantly inhibited AP1 activity in the presence of Wnt5a 

and VANGL2. (B) In the presence of VANGL2, LRP6 mutants (except P1482L) 

inhibited AP1 activity less when compared with the wildtype LRP6 construct. (C). A 

representative of western blot analysis showed that LRP6 and VANGL2 constructs 

expressed at a comparable level. (*p<0.05, two-tailed t-test) 
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4.4 DISCUSSION 

Recent reports suggest that LRP6 functions not only in the canonical Wnt 

signaling pathway, but also in the PCP pathway (Allache et al, 2014; Gray et al, 

2013), thus increasing interest in this gene with regards to its role during 

development and its potential relationship to developmental disorders.  Links 

between PCP genes, cilia, and NTDs are currently a topic of considerable attention 

(Wallingford, 2006), making LRP6 an NTD candidate gene of interest, given its 

putative role in non-canonical Wnt signaling.   The sequencing of the LRP6 gene in a 

cohort of spina bifida patients and non-affected controls revealed 4 novel gene 

mutations in the patients that were not found in either the controls or in the public 

databases.  The proximity of the Y544C mutation to the Cd mutation (Figure 4.2) in 

the second beta-propeller domain of the LRP6 protein indicated that Y544C may 

behave similarly to the already characterized Cd mutation.  Indeed, it was seen that 

Y544C failed to bind the MESD chaperone protein, failed to properly translocate to 

the plasma membrane, and significantly altered Wnt signaling.  The YWTD-EGF 

paired domains that are common to the low density lipoprotein receptor related 

protein family allows for the formation of the characteristic beta-propeller domains 

that provide this family of receptors with an extracellular binding surface for other 

ligands or proteins (Jeon et al, 2001).  A mutation such as Y544C may alter the 

signature YWTD domain enough to compromise binding to other proteins.  In fact, it 

has been previously hypothesized that this YWTD domain of LRP5/6 in the first and 

second β-propeller domains of the protein is necessary for the binding of MESD 

(Carter et al, 2005; Cheng et al, 2011). The data presented here support this 

hypothesis that correctly formed YWTD domains 1 and 2 of LRP6 are required for 

MESD binding and proper localization of LRP6 to the plasma membrane. The Y544C 
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mutation changes this signature YWTD domain by mutating the conserved amino 

acid tyrosine to cysteine.  The failure to bind MESD did not allow the Cd mutation or 

the Y544C mutation to correctly insert into the plasma membrane or properly assist 

as a co-receptor in β-catenin signaling.  

 Not only is MESD required for the proper translocation of LRP6, it has been 

suggested that the protein may not even correctly fold without MESD binding 

(Cheng et al, 2011; Köhler et al, 2011).  It has been observed using NMR 

spectroscopy that it is necessary for LRP6 to interface with the MESD protein for the 

correct formation of the beta-propellers (Köhler et al, 2011).  Therefore, it would be 

expected that a mutation in the YWTD-EGF domain that may inhibit MESD binding 

can also have deleterious effects on the LRP6 protein function.  The beta-propeller 

domains are the extracellular portions of the protein that interact with ligands and 

other proteins.   An interruption of these crucial domains would also indicate that 

LRP6 would not properly function as a membrane-bound receptor in Wnt signaling.  

Indeed, it was observed that both the LRP6 Cd mutation and the novel Y544C 

mutation had a significant down-regulation in canonical Wnt signaling when 

compared to the wildtype protein.  Interestingly, the R1574L mutant shows an 

increase in beta-catenin dependent signaling over the wildtype protein.  This 

mutation changes a charged amino acid in the cytoplasmic portion of the protein to 

a hydrophobic amino acid.  This dramatic change may increase the affinity of the 

intercellular binding partners of the LRP6 protein and increase the downstream 

effects.  Additionally, the cytoplasmic tail of the LRP6 protein has been shown to be 

a crucial target for phosphorylation with repeats of PPPSPXS motifs (Piao et al, 

2008).  It is thought that these phosphorylation events govern the binding between 

LRP6 and its cytosolic binding partners GSK3 and Axin (Zeng et al, 2008).  The 
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sequence surrounding the P1574L mutation is PPPTP-R-S.  The similarity of the 

sequence surrounding this novel mutation and the canonical phosphorylation 

motifs may affect the phosphorylation of the LRP6 protein.  The change from a 

charged amino acid to a small hydrophobic here may increase phosphorylation of 

the nearby threonine or serine residues, and then subsequently increase the Wnt/B-

Catenin signaling by stabilizing complex formation.      

 Along with the traditional role of LRP6 in canonical Wnt signaling, the newly 

described role of LRP6 in PCP signaling was further explored in our experiments.  

Recently, LRP6 was seen to complex with disheveled-associated activator of 

morphogenesis 1 (DAAM1) (Gray et al, 2013).  DAAM1 is a protein from the Formin 

family that complexes with Disheveled and activates RhoA (Gao & Chen, 2010).  

RhoA is a GTPase that is involved in PCP signaling and is responsible for the 

regulation of the actin cytoskeleton (Strutt et al, 1997).  This interaction with 

DAAM1 gives LRP6 a potential role as part of the RhoA complex, a multi-protein 

interaction that takes place in the cytosol of the cell.  In 2013, it was reported that 

the LRP6 Cd mutation actually activates PCP signaling (Gray et al, 2013).  The 

proposed mechanism for this activation was through the cytosolic complex formed 

by DAAM1 and the LRP6 Cd mutation.  It is logical that if this complex is formed in 

the cytosol and not the membrane, mutations that do not allow for LRP6 to properly 

locate to the membrane will also increase this complex formation and in turn, 

increase PCP signaling.  Therefore, it was expected that the novel Y544C mutation 

would have an increased PCP signal, as was shown here.  Unexpectedly, three of the 

mutations, not just the Y544C mutation, showed an increase in PCP signaling when 

compared to the wildtype protein.  The reason for this is still unknown and needs to 

be further explored.  It has been seen; however, that three other novel mutations in 
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the LRP6 gene that were found in NTD patients all expressed increased PCP 

signaling over the wildtype LRP6 protein (Allache et al, 2014).  We further 

demonstrated that increasing amounts of the wildtype LRP6 protein decreased PCP 

signaling in a dose-dependent manner.  The mutations to the LRP6 protein 

described here may increase the ability for the DAAM1/ Vangl2/LRP6 complex to 

form.  It is also possible that they may make LRP6 less efficient at inhibiting Wnt5a 

stimulated PCP signaling.  Interestingly, the mutation, P1482L, which was predicted 

to be tolerated by SIFT and benign by PolyPhen, mimics the response of the 

wildtype protein.  This mutation, substituting a small hydrophobic amino acid for a 

different small hydrophobic amino acid falls in the cytoplasmic tail portion of the 

LRP6 protein.  It is unsurprising that this mutation acts no differently than the 

wildtype LRP6 protein.  The A3V mutation changed a conserved residue in the 

signal peptide region of LRP6.  This novel mutation was seen to increase PCP 

signaling but, it did not change canonical Wnt signaling.  It has previously been 

reported that the N-terminal of the LRP6 protein is not required for β-catenin 

dependent Wnt signaling to occur (Brennan et al, 2004; Tamai et al, 2004), therefore 

explaining that there is no significant change in canonical Wnt signaling for this 

mutation.  The dysregulation that is seen in PCP signaling with this mutation 

however, underscores the putative participation of LRP6 in PCP signaling and 

neurulation as well. In any case, the fact that all of the LRP6 mutant proteins thus far 

examined in connection with NTD in mouse and man alter flux through the 

Wnt/PCP pathway while reducing (Y544C), leaving unchanged (A3V) or enhancing 

(R1547L) the canonical pathway, suggests that PCP signaling is the Wnt function 

most critical to successful neurulation.       
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 Even with the existence of three different mouse models of the Lrp6 gene, 

and over 240 NTD mouse models (Harris & Juriloff, 2010), it has proven a challenge 

to relate these mouse models to those NTD cases found in the human population.  

Here, it was shown that the novel mutation to LRP6, Y544C, mimics the mouse Cd 

mutation by failing to properly bind to the chaperone protein MESD.  The effects of 

this abrogated binding are similarly seen in both the Y544C mutant and also the Cd 

mutant; these mutant forms of the protein fail to insert into the plasma membrane 

and in turn decrease canonical Wnt signaling.  This data highlights the translational 

importance of the folate-responsive LRP6 Cd mouse model by relating it to a 

relevant mutation found in the human population.  Additionally, the three other 

novel mutations presented all properly bind the chaperone protein MESD and 

conduct proper canonical Wnt signaling, yet two of these mutations are seen to 

disregulate PCP signaling.  This finding reiterates the yet unknown role of LRP6 in 

both canonical and non-canonical Wnt signaling, thereby reinforcing and expanding 

the essential role that LRP6 plays during development and neural tube closure.  

Both the novel genetic findings described here, along with their initial molecular 

characterization, being to open new avenues for the investigation into the complex 

etiology of NTDs and the role that the complexity of human genetics may play in 

this. 
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Chapter 5 Future Directions and Conclusions 

5.1 FUTURE DIRECTIONS 

 The studies presented here are only fraction of the larger puzzle of the 

complex etiology of NTDs.  The high-throughput assay along with its first 

application in presented in Chapter 2, provides a useful tool to approach many 

unanswered questions.  The gene study presented in Chapter 4 further delved into 

the new idea that LRP6 could not only be associated with canonical Wnt signaling, 

but also PCP signaling.  This newly explored role of the LRP6 protein emphasizes its 

importance during development, and also expands upon the already known LRP6 

Cd mouse model as an NTD mouse model. 

5.1.1 Adaptation Chemical N-Homocysteinylation Assay to Histological Marker 

My work involved studying the chemistry of an aldehyde based aminothiol 

reaction as a marker of N-homocysteinylation events.  The large availability of 

streptavidin tagged probes allows for an array of markers to further increase the 

versatility this assay.  Slides with paraffin embedded tissue sections could easily 

withstand the pH of 3 that is required for this reaction.  Because this is an 

irreversible reaction, a second stain could be used to identify a second marker, such 

as a specific protein antibody.  Studies like this would be especially valuable for 

investigations of plaque formation, hard protein clusters that have been 

hypothesized to form secondary to N-homocysteinylation events.  A simple 

hematoxylin and eosin stain could identify protein plaques and an N-
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homocysteinylation stain could determine if these two were localized to the same 

area.  This double staining could also identify if protein N-homocysteinylation was 

located in the same area as proteins of interest or even cell death through TUNEL 

staining.    

5.1.2 Functional analysis of target N-homocysteinylated proteins 

 In addition to histological staining, key proteins of interest can be tested for 

modification and functionality in a cell culture modeling system.  For example, the 

upregulation of folate receptors by folate starvation with an increased methionine 

media will target these key one-carbon metabolism proteins.  Stimulation of the PCP 

pathway with a known Wnt ligand, while growth is occurring in an increased 

methionine media, will target proteins involved in the PCP pathway.  These lysates 

can be enriched with an aldehyde solid state and modifications confirmed by mass 

spectrometry.  In tandem, functional assays can be performed in cell culture to 

determine if the increased homocysteinylation will adversely affect protein function.  

Cell surface folate receptor binding assays and AP1 luciferase assays can be used to 

determine if N-homocysteinylation (confirmed by mass spectrometry) affects the 

function of these key proteins.    

5.1.3 Increased Investigation into LRP6 and PCP signaling 

 The complexity of PCP signaling often leads to more questions than answers 

when a new observation is made.  The recent studies that involve LRP6 in not only 
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canonical Wnt signaling, but also PCP signaling (Allache et al, 2014) (Gray et al, 

2013) beg for further research to be conducted in order to determine the exact role 

that LRP6 may play.  One of the first studies that would greatly help support the 

model proposed by Gray et al (Gray et al, 2013) that LRP6 can serve to help PCP 

signaling inside the cytosol through complexing with other proteins, would be to 

further explore this complex in relation to LRP6 mutants.  The various point 

mutations found in the NTD patients presented here and in the paper by Allache et 

al (Allache et al, 2014) could be transfected into cells along with DAAM1, 

Dishevelled, and Vangl2.  It would be hypothesized that the binding of these 

proteins to the various LRP6 constructs may increase in strength over the wildtype 

protein (measured by multiple co-immunoprecipitations).  Various endpoints of the 

PCP pathway could also be probed, such as RhoA-GTP formation.  In this study, only 

the AP1 reporter data was presented, but this is an endpoint reporter, and there are 

many unknowns concerning the role of LRP6 and AP1 based transcription.       

5.2 CONCLUDING REMARKS 

 The studies presented in this document provide more tools and more 

information in the exploration of the multi-factorial origin of NTDs.  NTDs are a 

global health problem affecting more than 300,000 babies each year worldwide.  

Many mysteries remain around the origin of these defects.  In this document, only a 

small sampling of possible causes of NTDs were highlighted and explored.  In 

Chapter 2, a new method of high throughput determination of N-homocysteinylation 
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was presented.  This method was proved to be robust and accurate, will be useful 

not only in researching how hyperhomocysteinemia may be related to NTDs, but 

also its relationship to many other disease states.  The first application of this 

method to a large set of biological samples was then presented in Chapter 3.  The 

ease of which this assay was used for a large amount of samples has great potential 

to solve many of the mechanistic questions that remain regarding the link between 

high homocysteine levels and a number of disease states.  Finally, a single gene of 

interest was explored and a novel human mutation was related to the LRP6 Cd 

mutant mouse that had been one of the subjects of earlier studies.     

 The data presented here represent both a broadening and a focusing of our 

knowledge.  The availability of an easy and inexpensive way to determine N-

homocysteinylation has the ability to solve many mysteries that remain in the field 

of one-carbon metabolism.  The first application of this assay emphasized the 

importance of maternal diet and embryonic genetics on developmental outcomes.  It 

also revealed the early age at which the inverse relationship between folate and 

homocysteine is established, once more underscoring the weight of properly 

regulated one carbon metabolism.  Continued research using the assay presented 

here will allow for continued analysis of the suspected effects of protein N-

homocysteinylation in maternal and embryonic samples.  It is essential to determine 

if N-homocysteinylation plays a role in embryonic outcomes either based on 

maternal effects, embryonic effects, or both.   The further exploration of one of the 
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genes used in the mouse study, LRP6, revealed four novel mutations in a human 

population of spina bifida patients.  One of these human mutations was 

subsequently shown to mechanistically mimic the LRP6 Cd mouse mutation, 

expanding the possibilities for use of this mouse model.  The human studies 

presented also highlight the newly discovered role for the LRP6 protein in PCP 

signaling, and the many questions that remain unanswered in how LRP6 functions 

in this second role.  This body of work provided insight and tools for the further 

investigation into a group of congenital defects, the etiology of which has perplexed 

researchers for decades.       
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Appendix 1. Full Data Table from Chapter 3 
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Raw data tables from each of the embryos collected and analyzed for this project.  
The dam information for each embryo is next to the appropriate embryo.  The diets 
are 1 (10ppm folic acid), 2 (2ppm folic acid), and 3 (1% methionine).  The genotypes 
are 1(Folr1 +/+;Lrp6 Cd +/+), 2(Folr1 +/-; Lrp6 Cd +/+), 3(Folr1 /-;Lrp6 Cd +/-), 
and 4 (Folr1 +/+;Lrp6 +/-).   
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Appendix 2. List of Abbreviations 
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