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Forward genetics allows the identification of novel genes involved in a particular 

biological process. We performed an ENU forward mutagenesis screen in mice aimed at 

identifying genes which regulate early organ morphogenesis during development. Fifteen mouse 

mutants were identified in the screen which possess cardiovascular, craniofacial, 

extraembryonic, or general body morphology defects. After performing preliminary 

characterization of all 15 lines, we identified a likely causative mutation in 14 of the 15 mutants. 

1D and 13B mutants both exhibit craniofacial defects and were selected for in-depth 

characterization to identify the molecular mechanisms whereby they regulate embryogenesis. 

1D mutants are characterized by an open neural tube in the hindbrain region. This 

phenotype is similar to human embryos with exencephaly, a congenital birth malformation of 

high incidence in the human population. Positional cloning of 1D identified a mutation in SPCA1, 

a Golgi-localized pump that controls calcium homeostasis. Results from the molecular 

characterization of mouse 1D mutants, as well as from time lapse microscopy of chicken 

embryos, revealed that calcium is tightly regulated during neural tube closure and that calcium 

homeostasis is required to promote apical constriction of neuroepithelial cells. These results 

show that SPCA1 activity is required to regulate the actomyosin dynamics that propel apical 

constriction, and that the actin severing protein, Cofilin 1, is a key mediator of SPCA1 function. 

Together, my findings provide the first genetic evidence that calcium homeostasis is needed for 



 

 
 

neural tube closure, opening a new window into understanding the etiology of human neural 

tube defects. 

13B mutants have neural tube defects accompanied by a suite of other malformations 

including randomized L-R patterning and maxillary overgrowth. Molecular characterization 

revealed that all 13B phenotypes result from the absence of cilia, an organelle important for 

neural tube patterning and for the establishment of L-R asymmetry. Exome sequencing of 13B 

embryos identified a nonsense mutation in Pibf1. I show that PIBF1 is required for ciliogenesis 

during early embryonic development and identify a novel role for PIBF1 in regulating centrosome 

duplication. These findings highlight the importance of PIBF1 in regulating multiple aspects of 

centrosome biology, and provide a model for understanding how defects in these processes 

contribute to human ciliopathies. 
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PREFACE 

Developmental biology is the study of how a single fertilized egg develops into a full 

organism composed of trillions of cells (Bianconi et al., 2013). To appreciate the enormity of this 

task, consider the human brain. The adult brain consists of billions of neurons which comprise a 

network of trillions of contacts, all neatly packed into a rather small volume (1200 cc) (Allen et 

al., 2002; Hartmann et al., 1994). Despite recent realizations that new neurons can form 

throughout a lifetime (Eriksson et al., 1998; Ming and Song, 2011), most of the estimated 86 

billion neurons which populate the adult brain are present at birth. This means that on average 

250,000 neurons must be produced every minute during a child’s development in utero 

(Ackerman, 1992). Along with this massive feat of proliferation, cells must undergo 

differentiation into specific neuronal subtypes and extensive remodeling to sculpt the neural 

tissue into a fully functional brain—and all of this started with a single cell. Add to this a heart, a 

stomach, a liver, some muscles, some bones, and everything in between, and one cannot help 

but admire the complexity and beauty of development. The successful development of a 

complete organism from a single cell is so commonplace that this accomplishment is often 

overlooked until something goes wrong. Failure in one or more of the numerous developmental 

events which shape the growing embryo results in congenital birth defects. Our goal as 

developmental biologists is to define the genes, proteins, nutrients, and cellular mechanics which 

mediate normal development. Our hope is that a fuller understanding of the processes that drive 

normal development will help us prevent abnormal development.  
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MOUSE—A MODEL FOR MAMMALIAN DEVELOPMENT 
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1.1 Congenital Birth Defects 

Congenital birth defects remain a significant medical challenge in the 21st century, with 

an estimated 7.9 million children born each year with a major genetic-related birth defect 

(Christianson et al., 2006). This represents nearly 6% percent of total births worldwide and does 

not include birth defects related to post-conceptional problems caused by maternal exposure to 

environmental teratogens such as alcohol. In 2001, the most common genetic-related birth 

defects included congenital heart defects (1,040,835 births), neural tube defects (323,904 births), 

the hemoglobin disorders (thalassemia and sickle cell disease; 307,897 births), Down syndrome 

(trisomy 21) (217,293 births), and glucose-6-phosphate dehydrogenase (G6PD) deficiency 

(177,032 births). These 5 disorders account for nearly 25% of all major genetic-related birth 

defects, although more than 7,000 distinct malformations have been described (Christianson et 

al., 2006). Birth defects disproportionally impact middle and low-income countries (Christianson 

et al., 2006), yet they remain a worldwide problem, even in developed countries (Figure 1.1). By 

using model organisms such as the mouse, we can study the details of normal mammalian 

development and apply this knowledge towards the prevention and treatment of human birth 

defects. 
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Figure 1.1 Prevalence of Birth Defects in the United States.  
Based on data from 2004-2006 (Parker et al., 2010)  

 

1.2 A Model for Mammalian Development 

Mice are an ideal model for understanding human development because they develop 

and mature relatively quickly (~10 week generation time) and are easy to manage and 

manipulate. Most importantly, despite obvious phenotypic differences, mice and humans are 

very similar at the genetic level. The human genome sequence was published in 2001 (Venter et 

al 2001, IHGSC 2001) followed shortly thereafter by the mouse genome in 2002 (Mouse Genome 

Sequencing Consortium et al., 2002). By latest estimates (genome assembly GRCm38), the mouse 

genome is composed of ~2.8 billion base pairs which are organized into 19 autosomes and 2 sex 

chromosomes. 80% of the ~22,600 protein coding genes found in mice possess a single human 

homologue, and less than 1% of mouse genes have no human homologue at all (Genome 

Reference Consortium, 2017; Mouse Genome Sequencing Consortium et al., 2002). Furthermore, 

over 90% of the mouse and human genomes can be divided into syntenic regions in which gene 

positions are shared in both species (Figure 1.2; Mouse Genome Sequencing Consortium et al., 
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2002). The high degree of similarity between the biology and genetics of humans and mice 

ensures that the knowledge gained through studying gene function during mouse development 

will be informative to human development. 

 

Figure 1.2 Comparison of Syntenic Regions between Mouse and Human Genomes  
The 19 mouse autosomes and single mouse X chromosome are color-coded based on 
conserved synteny with the human genome. Each color corresponds to a particular 
human chromosome. Reproduced by permission from Mouse Genome Sequencing 
Consortium et al., 2002. 
 

1.3 Mammalian Development 

Mammalian development can be divided into three stages: the preimplantation stage, 

the time between fertilization and implantation in the uterus; the embryonic stage, during which 

all major organ primordia are formed; and the fetal stage, during which organ development is 

refined as the embryo increases in size (Figure 1.3, Kaufman, 1992; O’Rahilly and Müller, 2010; 

Theiler, 1989; Xue et al., 2013). Development through the embryonic stage is similar between 

mice and humans (Figure 1.3A-B). The vast differences in size between mouse and human 
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development primarily arise during the fetal growth stage which lasts from 8 to 38 weeks in 

humans. In contrast, mice are born shortly after finishing organogenesis resulting in a 

comparatively short fetal growth period of 4-5 days (Figure 1.3C). 

 

 

Figure 1.3 Comparison of Mouse and Human Development 
(A) Mouse embryo at TS15 (day 9.5). 
(B) Human embryo at CS13 (days 28-32). Image credit: Steven O'Connor (Hill, 2017) 
(C) Comparison of mouse (blue) and human (orange) developmental stages. Black lines 

connect equivalent stages during mouse and human development. Gray boxes are the 
stages shown in A and B. Theiler stages based on Theiler, 1989. Carnegie stages based 
on J Jirásek, 1971 staging reported in (O’Rahilly, 1979) 
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Mouse development is traditionally divided into 27 Theiler stages (TS) from fertilization 

to birth (Figure 1.3C; Theiler, 1989). Fertilization (TS1) occurs in the dilated upper portion of the 

coiled oviduct and the zygote begins to undergo cleavage by 24 h (TS2) to form a blastocyst. By 

day 4 (TS5), the blastocyst reaches the uterus where it adheres to the uterine epithelium, where 

implantation occurs approximately 5 days after fertilization (TS6). At this point, the embryo 

consists of a protective outer layer (trophoblast), which encloses an inner population of cells 

(inner cell mass) that will give rise to the embryo proper. A thin layer of cells overlays the inner 

cell mass (primitive endoderm) and contributes to the formation of extraembryonic membranes 

(Lu et al., 2001). Between days 5 and 7 (TS7-10) the inner cell mass becomes organized into three 

distinct germ layers, endoderm, mesoderm, and ectoderm, from which all organs will form. 

Organogenesis begins on days 7-8 (TS11-12) with the development of head folds, a neural plate, 

a primitive gut, and a heart tube.  

A dramatic reshaping occurs between days 8 and 9 (TS13-15) when the embryo 

transforms from a U-shaped conformation (with the future gut on the outside) to a C-shaped 

conformation (with the gut now on the inside) through a process called axial rotation (Kaufman, 

1992). Neural tube closure also occurs during this time and the heart tube begins to loop and 

differentiate into distinct chambers. By the end of day 9, the mouse embryo has adopted the 

characteristic fetal position and body organization that is characteristic to mammalian 

development (Figure 1.3A-B). All higher vertebrates, including humans, undergo a similar 

remodeling period during which the neural tube closes dorsally, the gut closes ventrally, heart 

looping begins, and the embryo adopts a “fetal” position. This reshaping stage lays the 

groundwork for the developmental of all major body systems including all internal organs, the 
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nervous system, and the cardiovascular system. Consequently, any problems that arise during 

this stage of development have far-reaching impacts for future embryonic development. 

1.4 Summary of Thesis Research 

In 2012, the Garcia-Garcia Lab at Cornell University undertook a forward mutagenesis 

screen in mice aimed at identifying genes and molecular mechanisms important for mouse 

development. In order to identify mutations which disrupt early organ morphogenesis, we 

screened for defects at embryonic day (E) 9.5, immediately after the body plan is established. We 

also examined embryos at E12.5 to look for defects in extraembryonic structures such as the yolk 

sac and placenta. During the screen, we identified 15 mouse mutants which exhibited disruptions 

in heart morphogenesis, neural tube closure, left-right asymmetry, yolk sac morphology, and 

widespread tissue morphogenesis. I was involved in the screening and mapping of these mutant 

lines, as well as the initial phenotypic characterization and identification of causative mutations 

(Chapter 2). My research then focused on the characterization of the 1D exencephaly mutant 

(Chapter 3) and the 13B cilia mutant (Chapter 4). The results from the screen have and will 

continue to shed light on the genes and cellular processes which guide the embryo through the 

complex path of development. 
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 A FORWARD GENETIC SCREEN IN MOUSE TO IDENTIFY GENES THAT 
REGULATE EARLY ORGAN MORPHOGENESIS 

CHAPTER 2 

A FORWARD GENETIC SCREEN IN MOUSE TO IDENTIFY GENES THAT 

REGULATE EARLY ORGAN MORPHOGENESIS1 

 

  

                                                      

1Contributions: This chapter contains work performed in conjunction with other members of the Garcia-
Garcia Lab. Iván Durán performed the original ENU injections. Iván Durán, Bärbel Ulmer, and I performed 
screen dissections and isolated mutant lines for further study. Together with Yitong Li, we all participated 
in mapping lines to specific chromosomes. I performed exome sequencing to identify mutations in 10 lines 
from the screen. Mutations in the other 5 mutant lines were identified by candidate gene sequencing by 
Bärbel Ulmer (27B), Kate Alexander (19C/12C), and me (31C/1D). Maria Garicia-Garica performed the 
complementation test in 27E mutants. The data presented in this chapter focuses on the lines with which 
I directly worked. 2F and 27E mutants have been characterized further than what is presented in this 
chapter by Bärbel Ulmer and Yitong Li, respectively. 
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2.1 Introduction 

Two genetic approaches are used to understand the genes and molecular mechanisms 

that drive mammalian development. In the reverse genetics approach, a mutation is generated 

in a gene of interest and the offspring are examined to study the effect of that gene on 

development. Thus, the motivation behind reverse genetics is to study the gene of interest. In 

contrast, the forward genetics approach utilizes random genetic mutations which are screened 

in offspring to identify a phenotype of interest. The phenotype-inducing mutation must then be 

located to determine the mutated gene responsible for the phenotype. Thus, the motivation 

behind forward genetics is the phenotype. This unbiased, phenotype-driven approach of forward 

genetics has provided a powerful method across to identify novel regulators of specific 

developmental processes. 

2.1.1 Forward Genetics 

Despite innumerable variations, all forward genetic screens follow the same basic 

pattern: 1) mutations are generated in a parental organism, 2) the mutations are passed to the 

offspring, and 3) the offspring are examined for defects. While phenotype-causing mutations can 

arise spontaneously within a population over time (Morgan, 1910), forward genetics can be 

accelerated by utilizing mutagens. In 1980, Christiane Nusslein-Volhard and Eric Wischaus 

screened for mutations which affected segment patterning in Drosophila development using 

ethyl-methanesulfonate (EMS)-induced mutagenesis (Nüsslein-Volhard and Wieschaus, 1980). 

Out of hundreds of embryonic lethal mutations generated in their screen, they identified 15 loci 

which affected segment number or polarity in Drosophila larvae. Importantly, they generated an 

average of 4-5 alleles for each embryonic lethal locus. The multiple hits at each locus suggested 
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that nearly all loci had been mutated during the screen. This meant that they had not only 

uncovered novel regulators of segment patterning, but they had identified most of the genes 

required for segment patterning in Drosophila. These results demonstrated the full potential of 

forward genetics in interrogating the genes required for specific developmental processes. 

Forward mutagenesis has also been applied successfully in other model systems such as 

Arabidopsis (Qu and Qin, 2014), C. elegans (Kutscher and Shaham, 2014), zebrafish (Johnson and 

Weston, 1995)—and mice. 

2.1.2 The Ins and Outs of Mouse Forward Genetic Screens 

Forward genetic screens depend on the screening of large numbers of offspring in order 

to identify rare, informative mutations the affect a process of interest. Consequently, forward 

genetics in mammals presents some difficulties given their comparatively low number of 

offspring and high level of maintenance. However, strategies have been devised to promote 

successful forward genetics screens in mice. 

The Mutagen: Many compounds induce mutations in organisms, including X-rays, 

gamma-rays and chemical mutagens (Jenkins, 1967; Kohn et al., 1965; Muller, 1927; Russell, 

1951). Identifying a compound which efficiently generates mutations in mouse germ cells was a 

critical prelude to large scale forward mutagenesis. N-ethyl-N-nitrosourea (ENU) is a potent 

ethylating agent that introduces point mutations into DNA by the transfer of its ethyl group to 

guanine or adenine bases (Figure 2.1A). This results in mismatches during DNA replication and 

subsequent point mutations (Sun and Singer, 1975). ENU is widely used in mouse forward genetic 

screens because it efficiently targets the male germ line. Injection of male mice with ENU (G0) 

causes extensive spermatogonial killing followed by a repopulation of the testes with mutated 
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spermatogonia approximately 13 weeks post-injection (Russell et al., 1979). The repopulated 

spermatozoa carry a host of ENU-induced mutations consisting primarily of A/TT/A 

transversions and A/TG/C transitions (Figure 2.1C-D; Arnold et al., 2012; Mutagenetix, 2017). 

A standard dose of ENU (three injections of 90-100 mg/kg ENU spaced 1 week apart) induces 

mutations at a frequency of one mutation every 0.7 Mbp (Moresco et al., 2013). This results in 

an average of 60 coding mutations inherited by each G1 offspring (Andrews et al., 2012). This set 

of inherited ENU- mutations becomes the potential source of phenotypes in the progeny. 

 

Figure 2.1 Structure and Function of N-ethyl-N-nitrosourea (ENU) 
(A) Molecular structures of N-ethyl-N-nitrosourea (ENU) and purines bases (guanine and 

adenine) targeted by ENU. Dotted circle marks the ethyl group which is transferred 
to one of three primary locations on purines (red circles). 

(B-C) The frequency of different types of point mutations generated by ENU treatment 
in mice. Data from Mutagenetix, 2017. 

 

The Screening Strategy: One of many breeding schemes can be employed to uncover the 

potential phenotypic defects caused by ENU-induced mutations in the germline of mutagenized 

G0 mice. The standard breeding scheme involves crossing the mutagenized G0 male to a female 
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from a separate strain, referred to hereafter as the mapping strain (Figure 2.2A). The offspring 

from this cross (G1) all inherit a distinct set of mutations from the mutagenized G0 father. 

Although, hundreds of mutations may be inherited, most of these are benign and do not result 

in any phenotype during the screening process. However, the G1 male may also inherit one or 

more phenotype-causing mutations (Figure 2.2A, red star). The G1 males are then mated to 

females of the mapping strain to produce G2 offspring, half of which will inherit the phenotype-

causing mutation from the father (Figure 2.2A). G2 carriers are then backcrossed to the G1 father 

to produce the G3 generation, in which 25% of individuals are homozygous wild type, 50% are 

heterozygous for the mutation, and 25% are homozygous for the mutation (Figure 2.2A). Finally, 

G3 animals or embryos are examined extensively for phenotypes of interest. This breeding 

scheme can detect recessive mutations in G3 offspring, and non-lethal dominant mutations in 

G1, G2, or G3 offspring. However, most phenotype-causing mutations identified in ENU screens 

are recessive (Arnold et al., 2012).  
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Figure 2.2 Breeding Strategies for ENU Screens 
(A) Basic breeding strategy used to screen for recessive mutations. Black and white 

rectangles represent chromosomes from the mutation and mapping strains, 
respectively. Stars represent independent ENU-induced mutations. 

(B) Modified breeding strategy for detecting recessive mutations in a deletion screen. 
G1 males are generated as in A (not shown). 

(C) Strategy for generating G1 males with a higher mutation load.  

 

While this basic approach enables one to screen the entire mouse genome for mutations 

(excluding the X chromosome), numerous variations have been developed to increase the 

efficiency and/or specificity of ENU forward mutagenesis screens (reviewed in Horner and 

Caspary, 2011 and Moresco et al., 2013). For instance, the use of mouse strains which possess 

large heterozygous deletions on one of their chromosomes can be used to streamline the 
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identification of mutations in a particular genomic location. The impact of any recessive ENU-

induced mutations in this region are manifested in the G2 generation rather than the G3 

generation of a typical screen (Figure 2.2B). More than just a time-saving approach, deletion 

mapping also simplifies the identification of mutations since they lie in a predefined region of the 

genome. However, deletion screens are limited to genomic regions for which there is a viable 

genomic deletion. Another way to improve the coverage of a screen is to generate G1 offspring 

with a higher mutation load by crossing mutagenized G0 males to female offspring from an 

independently mutagenized male (G0’, Figure 2.2C). In this scenario, both haploid genomes 

received by the G1 offspring are carrying an independent set of ENU-induced mutations resulting 

in a ~50% higher mutation load (Wang et al., 2015). Another benefit of this approach is that it 

captures X-linked mutations as well as autosomal mutations. However, because mutations are 

present in both G0 animals, they cannot be identified until they are out-crossed to a mapping 

strain at a later generation, or a mapping-independent mutation identification strategy is used 

(see below). 

Mutation Identification: Identifying the causative mutation responsible for a phenotype 

in an ENU screen used to be a significant challenge (Moresco et al., 2013). However, increased 

availability of resources as well as advances in high throughput sequencing have greatly 

simplified the process. Traditionally, mutations have been identified by mapping them to a 

narrow region in the genome and then sequencing all exons within this region to identify 

potential mutations (Cionni et al., 2014; García-García et al., 2005; Gingras et al., 2013; Herron 

et al., 2002; Kasarskis et al., 1998; Otterloo et al., 2015; Wansleeben et al., 2011). To accomplish 

this, ENU-induced mutations are generated in one background (Figure 2.2A, “mutation strain”) 
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and outcrossed to a separate background (Figure 2.2A, “mapping strain”). After a second 

outcross with the mapping strain in the G1 generation, natural recombination events narrow 

down the DNA region from the “mutation strain” harboring the mutation (Figure 2.3). A panel of 

genetic markers spaced across the entire genome that distinguish between the “mutation strain” 

and the “mapping strain” can be used for linkage analysis. Over time, additional recombination 

events further narrow down the linkage region until the mutation is localized to a region of only 

a few Mbp that contains a manageable number of genes. At this point the coding sequences of 

all genes or just select candidate genes within the region can be sequenced to identify potential 

mutations. This labor and time-intensive process required a reliable set of polymorphic markers 

and a good deal of patience in order to find the rare recombination events that would narrow 

down the linkage region. 

 

Figure 2.3 Recombination and Linkage Analysis in ENU Screens 
(refer to Figure 2.2 for an explanation of symbols) 

 

More recently, high throughput sequencing has been used to identify mutations without 

relying on any mapping (Andrews et al., 2012). Nearly all phenotype-inducing ENU mutations are 

found in exons or their flanking splice sites (Justice et al., 1999), so exome sequencing can be 

used to identify potential mutations. In this approach, the mutagenized G0 mice are crossed to 

mice of the same strain and all exons of G1 offspring are sequenced. To find potential ENU 
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mutations, exome sequences are aligned to a reference genome and single nucleotide variants 

(SNVs) are identified. This initial sequencing of G1 animals identifies all potential mutations which 

will be inherited by subsequent generations. The screening process continues with the 

generation of G2 and G3 animals and the screening for phenotypes of interest. The exome of 

affected G3 individuals is then sequenced to identify which of the mutations identified in the G1 

parents are segregating with the phenotype. The primary concern with using sequencing-only 

approaches is that exome sequencing may reveal too many potential candidates, making it 

difficult to pinpoint the causative mutation (Fairfield et al., 2011). These multiple hits can make 

finding the true causative mutation problematic. However, when exome sequencing is combined 

with coarse mapping, the number of candidate mutations and the subsequent validation burden 

is significantly decreased (Fairfield et al., 2011). 

2.1.3 Scope of Present Study 

ENU forward mutagenesis screens have been used successfully to identify genes involved 

in many biological processes in adult mice (Kumar et al., 2011; Wang et al., 2015) and in 

developing embryos (Boles et al., 2009, 2009; Cionni et al., 2014; García-García et al., 2005; 

Gingras et al., 2013; Herron et al., 2002; Kasarskis et al., 1998; Otterloo et al., 2015; Wansleeben 

et al., 2011). Despite repeated mining of the mouse genome by forward genetics, mutagenesis 

screens continue to identify novel gene functions indicating that there is still much to be learned 

about development using the forward genetics approach. 

Our lab undertook a forward genetics screen in mice aimed at identifying recessive 

mutations in genes that regulate early organ morphogenesis during development. We were also 

interested in finding genes which influence the morphogenesis of extraembryonic structures 
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such as the yolk sac (YS), allantois, or placenta. We screened embryos for phenotypes at E9.5 and 

E12.5 and isolated 15 mutant lines which exhibited a wide range of phenotypes. Using a mixed 

mapping/exome sequencing approach we successfully identified candidate mutations in all 15 

lines. Our phenotype driven approach sheds new light on how these genes function during mouse 

development and links them to previously unknown roles in organogenesis. 

2.2 Materials and Methods 

2.2.1 ENU Injections & Screening 

ENU injections and screening for recessive mutations were performed according to 

previously established protocols (Figure 2.2A; García-García et al., 2005; Horner and Caspary, 

2011). Briefly, C57BL/6J male mice (JAX stock #000664) were injected three times at weekly 

intervals with 100 mg/kg of ENU (Hitotsumachi et al., 1985; Weber et al., 2000). After recovery 

of fertility, G0 males were crossed to FVB/NJ (JAX stock #001800) females to generate G1 founder 

males. G1 founder males were again crossed to FVB/NJ females to generate G2 animals. G2 

females were backcrossed to the G1 father, and G3 embryos from these crosses were dissected 

at E9.5 and E12.5. Experiments involving mice were performed according to standard operating 

procedures approved by Cornell’s Institutional Animal Care and Use Committee. 

2.2.2 Mutation Identification  

Linkage mapping: Mapping was performed using simple sequence repeat polymorphisms 

(SSRPs) (Dietrich et al., 1996) between FVB/NJ and C57BL/6J. DNA was isolated from 10 mutant 

embryos or adult carriers by Proteinase K digestion (ThermoFisher 25530015) followed by 

phenol-chloroform extraction. SSRPs were amplified by PCR (94 oC for 12 min; 94 oC for 20 sec, 
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55 oC for 20 sec, 72 oC for sec (55X); 72 oC for 7 min), and PCR products were separated by 4% gel 

electrophoresis to distinguish between FVB/NJ and C57BL/6J genomic regions.  

Exome sequencing: Genomic DNA was isolated from individual mutants with Proteinase 

K digestion (ThermoFisher 25530015), followed by RNase A digestion to remove RNA, then 

phenol-chloroform extraction to purify the DNA. DNA from 4-8 embryos was pooled and 

sequenced with paired end sequencing by the New York Genome Center (NYGC; New York) using 

the Agilent SureSelect XT V5 51mb kit to enrich for exons. We achieved ≥30X coverage across 

most exons. Exome sequences were aligned to the C57BL/6J reference genome (mm10) using 

the BWA software package. The SAMtools mpileup software along with custom perl scripts were 

used to identify SNVs in the mapped region. SNVs were excluded if they had <10 read depth, 

excessive strand bias in sequencing (>85% of reads coming from one strand), and if they were 

not enriched in the mutant samples (>50% of calls had to deviate from the reference sequence). 

Finally, we excluded SNVs which were not unique, meaning they were present in either the 

dbSNP database (NCBI dbSNP build 150) or the other unrelated exome sequencing samples. 

Candidate gene sequencing: RNA was isolated from mutant embryos using RNA-STAT 60 

(Amsbio) and SuperScript III First-Strand (Invitrogen 18080051) was used to synthesize a cDNA 

library. Custom primers were used to amplify and Sanger sequence the entire coding region of 

candidate genes. 

2.2.3 Mouse Embryo Analysis 

Embryo dissections: Timed matings were set up and female mice were monitored for 

vaginal plugs. The morning a plug was found was considered embryonic day (E) 0.5. Unless 



 

19 
 

otherwise noted, embryos of the desired stage were dissected in cold 4% BSA/PBS (pH 7.4) and 

fixed overnight in 4% PFA/PBS (pH 7.4) at 4oC.  

MicroCT imaging: MicroCT imaging: Fixed embryos were dehydrated in methanol. 

Embryos were stained in 1% iodine (I2)/100% methanol for 3 days at room temperature. They 

were scanned at ~3.0 µm resolution using a Zeiss Xradia Versa 520 XRM (Cornell University BRC 

Imaging Facility). 3D reconstructions of the data were generated using OsiriX software (Pixmeo 

SARL). 

In situ hybridization: Fixed embryos were dehydrated in methanol and stored at -20 oC 

until use. Whole mount in situ hybridizations using DIG-labeled RNA probes were conducted as 

previously described (Shibata and García-García, 2011). After performing in situ hybridization, 

embryos were frozen in OCT and processed into 20 µm sections to obtain cross sectional views. 

Alcian blue staining/HA detection: Alcian blue staining was performed on 10 µm embryo 

sections as previously described (Cohen et al., 2012). Briefly, samples were equilibrated in 3% 

acetic acid for 3 minutes and then stained in alcian blue solution (1% w/v alcian blue 8GX in 3% 

v/v acetic acid, pH 2.5) for 30 minutes. Sections were counterstained for 5 minutes with fast red 

solution (0.1% w/v nuclear fast red, 5% w/v aluminum sulfate) then washed in running tap water 

for 1 minute. Samples were mounted with Permount using standard techniques. Hyaluronic acid 

(HA) was detected in 10 µm embryo sections using biotin conjugated HA-binding proteins (EMD 

Millipore 385911; Martin et al., 2008). Sections were washed for 30 min with blocking solution 

(1% w/v BSA, 0.1 M phosphate buffer) and then incubated with 5 µg/ml HABP-biotin in blocking 

solution. HABP-biotin was detected with AF-488 conjugated streptavidin (ThermoFisher S32354). 

Samples were mounted in Fluoroshield Mounting Medium containing DAPI (Abcam ab104139) 
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and imaged with a Zeiss LSM 710 Confocal equipped with a C-Apochromat 40x/1.2 W Corr M27 

objective (Cornell University BRC Imaging Facility). 

2.3 Results and Discussion 

2.3.1 Fifteen mutants affecting a wide range of developmental processes were identified in a 

forward mutagenesis screen in mice 

In order to identify genes which regulate early organ morphogenesis, we performed an 

ENU forward genetics screen in mice. 50 ENU mutagenized C57BL/6 males were bred to FVB/NJ 

females to generate G1 offspring. 136 G1 founder males were used to establish independent 

lines for screening. Based on the most recent estimates of ENU mutation frequency, each G1 

founder male is expected to carry on average 60 coding mutations (Andrews 2012). Thus, a 

screen of this size should generate approximately 8160 coding mutations in 6849 unique genes 

(~30% of mouse genes)1. G3 embryos were examined at E9.5 and E12.5 to look for disruptions in 

general body plan, early organ morphogenesis and extraembryonic structures. (Figure 2.4). For 

each G1 founder male, 3-5 G3 litters were dissected at the two developmental stages. A 

candidate mutant was selected if a consistent phenotype was identified in 2 or more embryos 

from independent G2 backcrosses. A total of 56 lines were initially selected with potentially 

informative phenotypes. Of these, 27 consistently propagated the phenotype into the G3 and G4 

generations and were chosen for mapping. 15 lines were ultimately chosen for mutation 

identification and in-depth phenotypic analysis (Figure 2.5). The 15 mutants identified in the 

screen can be roughly grouped into five categories: craniofacial defects (Figure 2.5B-E), heart 

                                                      

1 If a random sample (n) is selected from the set {1,…,x}, then the expected number of unique values is 
x[1−(1−1/x)n]. n=8160 coding mutations and x=22600 genes (Genome Reference Consortium, 2017) 



 

21 
 

defects (Figure 2.5F-H), defects in general body morphology (Figure 2.5I-L), and extraembryonic 

defects (Figure 2.5M-O). However, some mutant lines exhibit a suite of defects which span 

multiple categories. 

 

 

Figure 2.4 Embryonic Stages and Developmental Structures Examined during Screen 
(A) E9.5 mouse embryo highlighting structures examined during the screen dissections. 
(B) E12.5 mouse embryo highlighting structures examined during the screen dissections. 

E9.5 and E12.5 images are not to scale with each other. 
(C) Ventral view of an E12.5 placenta showing characteristic vasculature in the placental 

labyrinth (arrowhead). 
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Figure 2.5 Overview of Mutants Isolated in ENU Screen 
(A) Micro computed tomography (CT) scan of an E9.5 wild type embryo. 
(B-E) Craniofacial mutants identified in the screen: microCT scans of 1D at E9.5 (B) and 

13B at E9.5 (C), and wholemount pictures of 2F at E9.5 (D) and 27B at E12.5 (E). 
(F-H) Heart mutants identified in the screen: microCT scans of 21A at E10.5 (F), 31C at 

E9.5 (G), and 13E at E9.5 (H). 
(I-L) Mutants identified in the screen with general body morphology defects: microCT 

scan of 27E at E9.5 (I), and whole mount pictures of 9D at E9.5 (J), 20F at E9.5 (K), and 
22A at E9.5 (L). 

(M-O) Mutants identified in the screen with extraembryonic defects: 19C at E9.5 (M), 2G 
at E12.5 (N), and 34A at E9.5 (O). 
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To identify the genes disrupted in our ENU mutants, we mapped the mutations in all 15 

lines to a single chromosome using a panel of 57 simple sequence repeat polymorphisms (SSRP) 

markers (Appendix 1, Table 4.1). Mapped regions were narrowed further using additional SSRPs 

(Appendix 1, Table 4.2, Table 4.3). For some mutants, the mapped region was sufficiently small 

to screen for likely gene candidates based on gene function or previously published mutant 

phenotypes. The coding regions of candidate genes were sequenced and mutations identified in 

5 of the 15 mutant lines (1D/12C/19C/27B/31C; Table 2.1). In 10 of the 15 mutants, there were 

no clear candidates and/or the linkage region remained large. We therefore used exome 

sequencing to identify all single nucleotide variants (SNVs) in the exons and flanking splice sites 

in these mutants (Table 2.1, Table 2.2). Because the mutations had previously been mapped to 

specific chromosomes, we only examined SNVs in the mapped region for each respective 

mutation. In 6 out of the 10 mutants, exome sequencing identified a single coding/splicing 

mutation in the linkage region (27E/22A/2F/2G/9D/13B; Table 2.2 bold text). In three mutants, 

exome sequencing detected two potential coding mutations from which a single good candidate 

could be selected based on published literature (13E/20F/21A; Table 2.2 bold text). In summary, 

using a mixed mapping/exome sequencing approach we were able to efficiently identify a single 

likely candidate mutation in 14/15 mutant lines isolated in the screen.  
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Line Phenotype Coarse Mapping Gene Mutation Predicted Impact Method 

1D Hindbrain exencephaly Chr 9 (103-106 Mbp) Atp2c1 T»A 
Missense 
Mutation: V183E 

Sanger 
Seq. 

2F 

Pharyngeal clefts absent; 
partially penetrant cranial 
exencephaly; reduced outflow 
tract in heart 

Chr 12 (69-93 Mbp) Eif2s1 A»T 

Splice Acceptor 
(predicted to skip 
exon containing 
start codon) 

Exome 
Seq. 

2G 
Placental hemorrhages; 
anemic yolk sac and embryo 

Chr 9 (0-32 Mbp) Epor A»T 
Missense 
Mutation: W232R 

Exome 
Seq. 

9D 
Early developmental arrest; 
wrinkled yolk sac; pericardial 
edema 

Chr 6 (83-107 Mbp) Gfpt1 C»T 
Nonsense 
Mutation: Q607X 

Exome 
Seq. 

12C Wrinkled yolk sac Chr 3 (39-160 Mbp) F3 T»A 
Nonsense 
Mutation: Y185X 

Sanger 
Seq. 

13B 

Enlarged maxillary process; 
randomized heart looping; 
partially penetrant 
exencephaly 

Chr 14 (88-105 Mbp) Pibf1 C»T 
Nonsense 
Mutation: R405X 

Exome 
Seq. 

13E 
Failure to "turn"; absence of 
inflow tract; enlarge 
ventricle/outflow tract   

Chr 9 (43-119 Mbp) Aldh1a2 T»A 
Nonsense 
Mutation: L112X 

Exome 
Seq.  

19C Wrinkled yolk sac Chr 3 (101-133 Mbp) F3 C»A 
Nonsense 
Mutation: E88X 

Sanger 
Seq. 

20F 
Early developmental arrest, 
edema 

Chr6 (47-90 Mbp) Gfpt1 T»A 
Nonsense 
Mutation: Y154X 

Exome 
Seq. 

21A 
Enlarged aortic arches; 
hypoplastic outflow tract; 
conical left ventricle 

Chr 5 (7-36 Mbp) Kcnh2 A»G 
Missense 
Mutation: L699P 

Exome 
Seq. 

22A Early developmental arrest Chr 14 (8-37 Mbp) Oxsm A»T 
Missense 
Mutation: W63R 

Exome 
Seq. 

27B Facial cleft; reduced forelimbs  Chr 1 (0-26 Mbp) Rdh10 T»A 
Missense 
Mutation: M166K 

Sanger 
Seq. 

27E 
Tissue specification defects in 
caudal region 

Chr 17 (0-13 Mbp) Fgfr1op A»G 
Missense 
Mutation: D70G 

Exome 
Seq.  

31C 
Thin-walled ventricle; 
hypoplastic outflow tract 

Chr 15 (32-56 Mbp) Has2 C»A 
Missense 
Mutation: A51D 

Sanger 
Seq. 

34A 
Wrinkled yolk sac; reduced 
forebrain 

Chr 2 (84-120 Mbp) Multiple - - 
Exome 
Seq. 

 

  

Table 2.1 Summary of mutations identified in the ENU screen 
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Table 2.2 All SNVs identified in mapped regions by exome sequencing 

Chr bp Coordinate Mutation # Reads (mut/ref) Gene Predicted Impact 

2F 

chr12 78866520 T/A 1/15 Eif2s1 
Splice Acceptor (predicted to skip exon 
containing start codon) 

chr12 80673131 A/G 0/35 Slc39a9 None (Intronic) 

2G 

chr9 16031274 G/A 0/13 Fat3 Silence Mutation 

chr9 18298887 G/A 0/15 Chordc1 None (Intronic) 

chr9 19941961 A/T 0/33 - None (Intergenic) 

chr9 20915992 A/T 1/20 Dnmt1 None (Intronic) 

chr9 21960732 A/T 0/17 Epor Missense Mutation (W232R) 

9D 

chr6 83814725 T/C 0/40 Paip2b Silence Mutation 

chr6 87086451 C/T 2/50 Gfpt1 Nonsense Mutation (Q607X) 

13B 

chr14 99140652 C/T 0/24 Pibf1 Nonsense Mutation (R405X) 

chr14 101500835 T/C 0/12 Tbc1d4 None (Intronic) 

chr14 103298933 T/A 0/13 Mycbp2 None (Intronic) 

13E 

chr9 54426312 T/C 0/18 Dmxl2 None (Intronic) 

chr9 71253028 T/A 0/11 Aldh2a1 Nonsense Mutation (L112X) 

chr9 71641595 T/A 0/23 Cgnl1 None (Intronic) 

chr9 75010023 C/T 0/52 Fam214a Nonsense Mutation (Q635X) 

20F 

chr6 83079710 T/A 0/33 Pcgf1 Nonsense Mutation (Y154X) 

chr6 84855503 A/G 0/31 Exoc6b Missense Mutation (L403P) 

21A      

chr5 24325011 A/G 0/43 Kcnh2 Missense Mutation (L699P) 

chr5 24446208 T/C 1/43 Tmub1 Missense Mutation (D151G) 

22A 

chr14 14969711 A/G 2/31 Nek10 None (Intronic) 

chr14 16242581 A/T 0/58 Oxsm Missense Mutation (W63R) 

chr14 22019997 C/T 0/18 Lrmda None (Intronic) 

27E      

chr17 8169087 A/G 0/29 Fgfr1op Missense Mutation (D70G) 

34A      

chr2 88402527 T/A 0/64 Olfr1179 Nonsense Mutation (R136X) 

chr2 88959242 C/T 0/44 Olfr1212 Nonsense Mutation (R259X) 

chr2 103700855 C/T 1/15 Abtb2 Silence Mutation 

chr2 104660524 T/A 0/14 Cstf3 Missense Mutation (I484N) 

chr2 105684905 A/G 2/49 Pax6 Missense Mutation (S68G) 

chr2 119933109 T/G 0/34 Mga Missense Mutation (C1288G) 

(bold text indicates the likely causative mutation) 



 

26 
 

2.3.2 Mutants with craniofacial defects (1D, 2F, 13B, 27B) 

1D mutants: 1D mutants were identified in the screen at E9.5 and E12.5 by the presence 

of an open neural tube extending from the midbrain to the anterior spinal cord (Figure 2.5B). I 

mapped the 1D mutation to a 2.65 Mbp region on chromosome 9 between D9Mit182 and 

D9Mit24. Among the 23 genes in this region, Spca1 (secretory pathway calcium ATPase 1, also 

known as Atp2c1) stood out as a likely candidate because of similarities between the 1D 

phenotype and Spca1 null mutants (Okunade et al., 2007). After sequencing the Spca1 coding 

region, I identified a single TA transversion which is predicted to result in a V183E amino acid 

substitution in SPCA1. The study of how SPCA1 promotes neural tube closure is the subject of 

Chapter 3. 

13B mutants: 13B mutants were identified in the screen at E9.5 by the presence of 

enlarged maxillary processes, abnormal neural tube morphology, partially penetrant 

exencephaly, and heart-looping defects (Figure 2.5C). The 13B mutation was mapped to a 17 Mbp 

region on chromosome 14 between D14Mit263 and D14Mit94. Exome sequencing identified 3 

putative ENU-induced mutations in this region, one of which was predicted to result in a 

premature stop codon in Pibf1 (progesterone immunomodulatory factor 1). My work with 13B 

mutant has shown that Pibf1 regulates ciliogenesis which is the underlying cause of the numerous 

developmental defects present in 13B embryos. These findings are discussed in Chapter 4. 

2F mutants: 2F mutants were identified in the screen at E9.5 by the absence of pharyngeal 

clefts, the presence of exencephaly, and a hypoplastic heart outflow tract/right ventricle (Figure 

2.5D). 2F mutants are significantly delayed by E9.5 and die shortly thereafter presumably due to 

heart defects. The 2F mutation was mapped to a 4 Mbp region on chromosome 12 between 
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D12Mit52 and D12Mit149. Of the 24 protein coding genes in this region, none of them have been 

reported to have a phenotype like that of 2F. We therefore performed exome sequencing in 2F 

mutants and detected a single candidate mutation in the linkage region at a splice acceptor site 

in Eif2s1 (eukaryotic translation initiation factor 2, subunit 1 alpha).  

The 2F mutation results in a TA point mutation 6 base pairs upstream of Eif2s1 exon 2 

(Figure 2.6A). The mutation impacts the polypyrimidine stretch of the splice acceptor site. The 

polypyrimidine stretch is important for regulating splicing (Coolidge et al., 1997; Denisov et al., 

2015; Roscigno et al., 1993). The mutated splice site is upstream of exon 2 and is predicted to 

cause exon skipping or the usage of a downstream cryptic acceptor splice site in exon 2 (Figure 

2.6B). Using primers in the flanking exons (E1 and E3), we examined splicing products in mRNA 

isolated from 2F mutants and wildtype littermates by RT-PCR. Wild type embryos exhibit normal 

splicing, while 2F mutants produce 3 transcripts: i) a normally spliced transcript, ii) a transcript 

using a cryptic splice site in exon 2, and iii) a transcript skipping exon 2 (Figure 2.6B-C). All 3 

splicing products in 2F mutants were verified by Sanger sequencing. This demonstrates that the 

2F mutation impairs the splicing of the Eif2s1. Eif2s1 encodes one of three subunits in the EIF2 

complex which interacts with the small ribosomal subunit and mRNA to initiate translation (Pain, 

1996). Deletion of Eif2s1 in mice has not been reported, however, a constitutively active knock-

in of Eif2s1 results in neonatal lethality in mice and a deletion would likely be more severe 

(Scheuner et al., 2001). Both aberrant transcripts in 2F mutants skip the Eif2s1 start codon which 

is the only in-frame start codon in the short 315 amino acid protein. These data suggest that the 

2F mutation generates a hypomorphic allele of Eif2s1 which is sufficient to cause the craniofacial 

abnormalities in 2F mutants.  
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Figure 2.6 Splicing Defects in 2F Mutants 
(A) Consensus sequence of the mammalian splice acceptor site (Ma et al., 2015) aligned 

with the Eif2s1 exon 2 splice acceptor site in 2F mutants. Red star marks the 2F T-A 
point mutation at the -6 position. 

(B) Diagram of the first three exons in Eif2s1 showing normal (i) and predicted aberrant 
(ii, iii) splicing patterns. red star - site of the 2F mutation, red line – cryptic splice 
acceptor site in exon 2, yellow box – Eif2s1 start codon, arrows – location of primers 
used to detect splicing products in wild type and 2F mutants.  

(C) Gel electrophoresis of RT-PCR products amplified from wild type (+/+) and 2F (2F/2F) 
mRNA using the F and R primers in B. i, ii, and iii correspond with the predicted 
splice products shown in B. 

 

27B Mutant: 27B mutants were identified in the screen at E12.5 by the presence of facial 

clefting (failure of the maxillary processes to fuse at the midline) and reduced forelimbs (Figure 

2.5E, Figure 2.7). The 27B mutation was mapped to a 26 Mbp region on chromosome 1 proximal 

to D1Mit3. Within this region Rdh10 (retinol dehydrogenase 10) stood out as a promising 

candidate due to similarities between the 27B phenotype and that of previously published Rdh10 

mutants (Rhinn et al., 2011; Sandell et al., 2007). Sequencing of the Rdh10 coding region revealed 

a single TA mutation which is predicted to result in a M166K missense mutation in RDH10. 

RDH10 is an enzyme that converts retinol (vitamin A) to retinal during retinoic acid synthesis 

(Sandell et al., 2007). RDH enzymes function through dimerization (Lidén et al., 2001). The M166K 

mutation affects a conserved residue in the presumptive homodimerization domain of RDH10 
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(data not shown). These data suggest that the 27B phenotype results from impairs retinoic acid 

signaling during early development. 

 

Figure 2.7 Facial Cleft Phenotype in 27B Mutants 
Frontal view of cranial region in wild type and 27B mutant embryos at E12.5. Double 
headed arrows show the intermaxillary distance. Image credit: Bärbel Ulmer 

 

2.3.3 Mutants with heart defects (21A, 31C, 13E) 

Several mutant lines identified in the screen exhibited mislooped hearts, pericardial 

edema, hypoplasia of heart chambers, or thin cardiac walls. In mice, the formation of the heart 

tube and its subsequent looping occurs between embryonic day E8.0 and E10.5 (reviewed in 

Buckingham et al., 2005, Figure 2.8A-D). Two separate mesodermal cell populations, the primary 

heart field and the secondary heart field, give rise to distinct structures in the vertebrate heart. 

The left ventricle and atria are derived from the primary heart field, and the right ventricle and 

outflow tract are derived from the secondary heart field (Figure 2.8E).  
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Figure 2.8 Summary of Early Heart Development (ventral perspective)  
(A) Heart progenitors are formed from mesoderm cells which migrate anterio-laterally 

after delaminating through the primitive streak (PS).  
(B) The right and left cardiogenic regions fuse at the midline (ML) to form the cardiac 

crescent. HF – head folds 
(C) The cardiac crescent condenses to form the early linear heart tube.  
(D-E) The heart tube undergoes looping which repositions the right and left ventricles 

ventral and posterior to the atria. The heart cells come from two distinct lineages: 
the primary heart field (E; red) and the secondary heart field (E; green). OFT – 
outflow tract, RV – right ventricle, LV – left ventricle, RA – right atrium, LA – left 
atrium. 

Adapted by permission from Buckingham et al., 2005. 
 

21A mutants: 21A mutants were identified in the screen at E9.5 and E10.5 by the presence 

of an abnormal conical left ventricle attached to a hypoplastic outflow tract and right ventricle 

(Figure 2.5F, Figure 2.9A-H, white bracket). The 21A left ventricle possesses a well-developed 

myocardium, which is enriched at the protruding apex (Figure 2.9E-F). A portion of 21A mutants 

at E10.5 also exhibit distension of the aortic sac, along with thin-walled aortic arches (Figure 2.9E, 

G). In addition to the heart defects, 21A mutants display retarded growth compared to wild type 

littermates and die shortly after E10.5. The severe truncation of the right ventricle and outflow 

tract suggest that heart malformations in 21A embryos result primarily from defects in the 

secondary heart field. 
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Figure 2.9 Heart Defects in 21A Mutants 
(A, E) MicroCT scan of E10.5 wild type (A) and 21A mutant (E) embryos. scale bar = 400 

µm 
(B, F) Lateral and frontal (B’) views of wild type (B) and 21A mutant (F) hearts. oft – 

outflow tract, rv – right ventricle, lv – left ventricle, ra – right atrium, la – left atrium, 
white bracket – hypoplastic oft/rv, 

(C-D, G-H) Digital sections of wild type (C-D, dotted lines in B) and 21A mutant hearts (G-
H, dotted lines in G). The arrowhead marks the right ventricle.  

 

We used linkage analysis to map the 21A mutation to a 32.4 Mbp interval on chromosome 

5 between D5Mit145 and D5CU3 (containing 237 genes). We performed exome sequencing in 

21A mutants and detected missense mutations in Kcnh2 (potassium voltage-gated channel, 

subfamily H, member 2) and Tmub1 (transmembrane and ubiquitin-like domain containing 1). 

Targeted deletion of Kcnh2 was previously shown to result in hypoplasia of the right ventricle 

and outflow tract like of 21A mutants (Teng et al., 2008). Kcnh2 encodes a potassium channel 

which is responsible for the repolarization of membrane potential in the heart tissue 

(Christiansen et al., 2005). Kcnh2 is predominantly expressed in the outflow tract and right 

ventricle (Teng et al., 2008) which is in line with our own observations that the secondary heart 

field is primarily affected. These data suggest that the L699P missense mutation in Kcnh2 is the 

likely cause of the 21A phenotype. 
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31C mutants: 31C mutants were identified in the screen at E9.5 by the presence of a 

hypoplastic outflow tract and right ventricle (Figure 2.5G, Figure 2.10). 31C mutants were also 

smaller than wild type littermates and exhibited a characteristic indentation along their dorsal 

axis just anterior to the forelimb buds (Figure 2.10E, arrow). Digital sections of wild type and 31C 

mutant hearts showed that myocardial and endocardial expansion is absent in 31C hearts 

resulting in a thin-walled left ventricle (Figure 2.10C-D, G-H, arrowheads). These data suggest 

that the underlying mutation in 31C mutants affects a general factor required for tissue 

maturation throughout the heart.  

 

 

Figure 2.10 Heart Defects in 31C Mutants 
(A, E) MicroCT scans of E9.5 wild type (A) and 31C mutant (E) embryos. scale bar = 200 

µm 
(B, F) Lateral and frontal (’) views of wild type (B) and 31C mutant (F) hearts. oft – 

outflow tract, rv – right ventricle, lv – left ventricle, ra – right atrium, la – left atrium 
(C-D, G-H) Digital sections of wild type (C-D, dotted lines in B) and 31C mutant hearts (G-

H, dotted lines in F). Arrowheads mark the left ventricle (lv). 
 

We used linkage analysis to map the 31C mutation to a 16.8 Mbp interval on chromosome 

15 between D15CU1 and D15CU2. Among the 57 genes in this region, targeted deletion of Has2 

(hyaluronan synthase 2) has previously been shown to result in defects like those seen in 31C 

mutants (Camenisch et al., 2000). Sequencing the Has2 coding region in 31C mutants revealed a 
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single CA mutation which is predicted to result in an A51D missense mutation. During 

development, HAS2 is the primary protein responsible for synthesizing hyaluronic acid, a critical 

component of the extracellular matrix (Camenisch et al., 2000). Furthermore, deposition of 

extracellular matrix components is required to support the expansion of endocardial cushions 

during heart development (Lockhart et al., 2011). We therefore examined the presence of 

extracellular matrix components in E9.5 wild type and 31C mutants by staining sectioned hearts 

with alcian blue (to detect glycosaminoglycans) and an HA-binding protein (HABP; to detect 

hyaluronic acid). Alcian blue staining is enriched in the cardiac jelly throughout the wild type 

heart, including the outflow tract, left ventricle, and atrioventricular canal (Figure 2.11A). In 

contrast, the cardiac jelly is reduced throughout the 31C mutant hearts (Figure 2.11A). Similarly, 

hyaluronic acid was detected throughout the myocardium and endocardium in wild type 

embryos but is absent in 31C mutants (Figure 2.11B). Due to the lack of deposition of extracellular 

matrix in 31C mutants, the myocardium and endocardium fail to expand into the ventricular 

cavity (Figure 2.11B). These data suggest that the 31C phenotype results from defects in the 

extracellular matrix deposition due to a novel A51D mutation in Has2. 
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Figure 2.11 Extracellular Matrix Defects in 31C Mutants 
(A) Alcian blue staining in sections from three regions of wild type and 31C mutant 

hearts at E9.5.  
(B) Immunofluorescence detection of hyaluronic acid binding protein (HABP) in wild 

type and 31C mutants at E9.5. The boxed region highlights the left ventricle and is 
magnified in the 4 right-most panels. my – myocardium, en – endocardium, cj – 
cardiac jelly 

 

13E mutants: 13E mutants were identified in the screen at E9.5 by the presence of a large 

single-chambered heart associated with developmental arrest (Figure 2.5I, Figure 2.12). The 13E 

heart was similar in size to the heart of wild type littermates but displayed no looping. Rather, 

the outflow tract, atria, and ventricles were fused into a single chamber (Figure 2.12F-H). 

Consequently, 13E heart lacks distinct inflow and out flow tracts. Linkage analysis mapped the 

13E mutation to a 76 Mbp interval on chromosome 9 between D9Mit129 and D9CU7. Exome 

sequencing identified two coding mutations in the region, both of which are predicted to 

introduce stop codons in Aldh1a2 (aldehyde dehydrogenase family 1, subfamily A2; also known 

as Rald2) and Fam214a (family with sequence similarity 214, member A). Interestingly, Sanger 

sequencing of the Fam214a coding region in 13E mutants failed to detect the CT mutation 

reported in the exome sequencing data. The origin of this spurious SNV which was present in all 

reads which spanned the region in the exome sequencing data is unknown. Targeted deletion of 

B 
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Aldh1a2 causes an embryonic phenotype like that seen in 13E mutants (Niederreither et al., 

1999; Sandell et al., 2012). Thus, the Aldh1a2 L112X nonsense mutation is the likely phenotype-

inducing mutation in 13E mutants. ALDH1A2 mediates the second step of retinoic acid synthesis 

by catalyzing the conversion of retinal to retinoic acid (Sandell et al., 2007). These data suggest 

that the 13E phenotype results from widespread loss of retinoic acid signaling throughout the 

embryo.  

 

Figure 2.12 Hearts Defects in 13E Mutants 
(A, E) MicroCT scan of E9.5 wild type (A) and 13E mutant (E) embryos. scale bar = 200 

µm 
(B, F) Frontal and lateral (B’) views of a wild type (B) and 13E mutant (F) hearts. 
(C-D, G-H) Digital sections of wild type (C-D, dotted lines in B) and 13E mutant hearts (G-

H, dotted lines in F).  

 

2.3.4 Mutants with general body morphology defects (27E, 9D, 20F, 22A) 

A third class of mutants identified in the screen were selected by the presence of general 

defects in body morphology that did not primarily affect a single organ or structure. These 

mutants can be subdivided into those with morphological defects affecting only a specific body 

region (27E; Figure 2.5I) and those with widespread developmental delay affecting the 

morphology of the entire embryo (9D, 20F, 22A; Figure 2.5 J-L).  
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27E mutant: 27E mutants were identified in the screen by the presence of body 

morphology defects specific to the caudal region (Figure 2.5I). Anterior structures in 27E mutants 

look similar to those in their wild type littermates, including a properly developed heart with four 

chambers, distinct pharyngeal arches, and normal neural tube morphology. However, caudal to 

the fifth somite, the body wall fails to close towards the midline resulting in a flattened posterior 

region. The defect appears to be limited to the lateral body folds since the neural tube closes 

normally along the midline in the caudal region.  

The 27E mutation was mapped to a 13 Mbp region on chromosome 17 between 

D17Mit133 and D17Mit51. Exome sequencing identified a single coding mutation in this region 

affecting Fgfr1op/FOP (Fgfr1 oncogene partner1; D70G). To directly test the impact of this 

mutation, we obtained a targeted null allele of FOP from the KOMP repository and crossed it to 

the 27E mutant allele. Transheterozygous animals carrying the 27E mutant allele and a null FOP 

allele (FOP27E/KO) recapitulate the 27E phenotype (data not shown). This demonstrates that the 

FOP D70G mutation is responsible for the 27E phenotype. Interestingly, FOP null embryos (FOPKO) 

are lethal before E5.5, whereas, FOP27E embryos survive until E10.5. This suggests that the 27E 

mutation is a hypomorphic allele of FOP. Experiments in cell culture have revealed that FOP is a 

centriolar protein that is required for microtubule anchoring at the centrosome and is involved 

in ciliogenesis (Lee and Stearns, 2013; Yan et al., 2006). The 27E phenotype bears little similarity 

to other cilia mutants such as the 13B mutant identified in our screen, suggesting that cilia are 

                                                      

1 Contrary to what its name implies, FOP has nothing to do with FGF signaling. Fgfr1op received its name 
from a translocation event studied in cancer patients with atypical stem-cell myeloproliferative disorders. 
The t(6;8)(q27;p11) translocation in these patients caused a fusion between Fgfr1 and a novel gene which 
was subsequently named FOP or Fgfr1 oncogene partner (Popovici et al., 1999) 
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still present in 27E mutants. However, this remains to be determined. These data indicate that in 

addition to being a general centriolar protein, FOP plays a specialized role in the caudal region of 

the embryo during development. Future studies will be aimed at determining what are the 

primary developmental processes disrupted by this centriolar protein. 

The 9D mutation was mapped to chromosome 6 (83-107 Mbp) and exome sequencing 

identified a single nonsense mutation within the region. The Q607X mutation in Gfpt1 (glutamine 

fructose-6-phosphate transaminase 1) is predicted to result in a C-terminal truncation of the 681 

amino acid GFPT1 protein. GFPT1 is an enzyme which converts D-fructose 6-phosphate into D-

glucosamine 6-phosphate, a component required for N- and O-linked glycosylation (Willems et 

al., 2016). Targeted deletions of Gfpt1 have also been shown to cause embryonic lethality prior 

to E12.5 (assessed by the International Mouse Phenotyping Consortium, Brown and Moore, 

2012). Thus, the Q607X mutation in Gfpt1 is the likely cause of the 9D phenotype, suggesting that 

protein glycosylation is required early on in development to promote normal tissue 

morphogenesis. 

The 20F mutation was also mapped to chromosome 6 (47-90 Mbp), and exome 

sequencing identified two potential coding mutations in the region: a nonsense mutation in Pcgf1 

(polycomb group ring finger 1, Y154X), and a missense mutation in Exoc6b (exocyst complex 

component 6B, L403P). No deletions of Exoc6b have been described in mice, however, 

homozygous nonsense mutations in EXOC6B do not cause lethality in humans (Girisha et al., 

2016), thus it is unlikely that the mouse embryonic lethality in 20F mutants results from the 

Exoc6b truncation. In contrast, targeted deletion of Pcgf1 in mice results in embryonic lethality 

by E12.5, and E9.5 embryos exhibit phenotypes like those of 20F mutants (assessed by the 
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International Mouse Phenotyping Consortium, Brown and Moore, 2012). PCGF1 is a member of 

the Polycomb repressor complex which is known for its repressive effect on gene expression in 

multiple cell types (Croce and Helin, 2013). Pcgf1 was shown to positively regulate the expression 

of transcription factors required for the differentiation of ectoderm and mesoderm in mouse ES 

cells (Yan et al., 2017). These data suggest that the 20F phenotype stems from a misregulation of 

gene expression required for differentiation during early embryogenesis. 

22A mutants are the most delayed of all mutants selected from the screen and exhibit a 

phenotype at E9.5 like that of E8.5 wild type embryos (Figure 2.5L). The 22A mutation was 

mapped to chromosome 14 (8-37 Mbp) where exome sequencing identified a single missense 

mutation in Oxsm (3-oxoacyl-ACP synthase, mitochondria; W63R). Oxsm codes for an enzyme 

required for fatty acid elongation at the mitochondria. Targeted deletion of Oxsm results in 

embryonic lethality, though the stage of lethality is unknown (assessed by the International 

Mouse Phenotyping Consortium, Brown and Moore, 2012). The lethality of 22A mutants around 

E10.5 suggests that Oxsm is required early in development to promote growth and differentiation 

throughout the embryo. 

2.3.5 Mutants with extraembryonic defects (12C, 19C, 2G, 34A) 

12C/19C mutants: 12C and 19C mutants were identified in the screen at E9.5 by the 

presence of a wrinkled yolk sac (Figure 2.5M, Figure 2.13, arrowhead). This was accompanied by 

mild developmental delay followed by embryonic necrosis/lethality at E10.5. However, no tissue 

specific defects were present in 12C/19C embryos at E9.5. The 19C mutation was mapped to a 

32 Mbp region on chromosome 3 between markers D3Mit49 and D3Mit254. F3/Tissue Factor 

(coagulation factor III) was identified as a likely candidate in the region due to a similar phenotype 
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identified in F3 null embryos (Bugge et al., 1996; Carmeliet et al., 1996; Toomey et al., 1996). 

Sanger sequencing of the F3 coding region in 19C mutants identified a mutation which results in 

a premature stop codon (E88X). The 12C mutation was also mapped to a 121 Mbp region on 

chromosome 3 between D3Mit102 and D3Mit17 which overlapped with the 19C linkage region. 

Due to the similarity between the 19C and 12C phenotypes, we directly sequenced the F3 coding 

region in 12C mutants and identified a second premature stop codon (Y185X). F3 is a key 

regulator of hemostasis and activates a cascade of coagulation factors during the formation of 

blood clots (Mackman, 2009). It was previously found that loss of F3 results in impaired blood 

vessel formation (Carmeliet et al., 1996). The 12C/19C phenotypes corroborate these published 

findings showing that F3 is required for blood vasculature development in the yolk sac.  
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Figure 2.13 Yolk Sac Defects in 19C Mutants 
(A-B) Wild type embryo and yolk sac at E9.5. scale bars = 500 µm 
(C-D) 19C mutant embryo and yolk sac at E9.5. Arrowhead highlights the wrinkled yolk 

sac characteristic of 19C mutants. scale bars = 500 µm 
 

2G mutants: 2G mutants were identified in the screen at E12.5 by the presence of 

placental hematomas, an anemic yolk sac, and embryonic pallor (Figure 2.5N, Figure 2.14). This 

was also accompanied by severe embryonic necrosis at E12.5. The 2G mutation was mapped to 

a 32 Mbp region on chromosome 9 proximal to D9Mit90 where exome sequencing identified a 

single coding mutation which was predicted to result in a W232R missense mutation in Epor 

(erythropoietin receptor). Epor encodes a single transmembrane receptor which binds to 

erythropoietin and stimulates growth and differentiation of mammalian erythroid progenitor 

cells (Krantz, 1991). Targeted deletion of Epor impairs erythropoiesis in both the yolk sac and 

liver during embryonic development resulting in anemic embryos (Wu et al., 1995). The W232R 

missense mutation affects a residue which is conserved across vertebrates that maps to the 

extracellular domain of EPOR and may influence homodimerization of the receptors or ligand 
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recognition. These data suggest that the Epor W232R missense mutation is responsible for the 

the embryonic lethality and pallor seen in 2G due to defects in erythropoiesis. 

 

Figure 2.14 Extraembryonic Defects in 2G Mutants 
(A-B) Wild type (A) and 2G mutant (B) embryos at E12.5 with placenta attached. The 

arrowhead (B) highlights the placental hematomas in 2G mutants. 
(C-D) Wild type (C) and 2G mutant (D) without the yolk sac (arrow) and extra embryonic 

tissue removed.  
 

34A mutants: 34A mutants were identified in the screen at E9.5 by the presence of a 

ruffled yolk sac (Figure 2.5O). At E9.5, some 34A embryos exhibited the typical fetal position seen 

in wild type individuals, while others possessed a linear caudal region which failed to fold towards 

the anterior (data not shown). Unlike other extraembryonic defects identified in the screen, 34A 

mutants also exhibited variable morphological defects throughout the embryo, including cranial 
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and interstitial edemas. The 34A mutation was mapped to a 36 Mbp region on chromosome 2 

between D2CU2 and D9Mit445. Exome sequencing identified 5 coding mutations in this region: 

a nonsense mutation in Olfr1179 (olfactory receptor 1179; R136X), a nonsense mutation in 

Olfr1212 (olfactory receptor 1212; R259X), a missense mutation in Cstf3 (cleavage stimulation 

factor, 3' pre-RNA, subunit 3; I484N), a missense mutation in Pax6 (paired box 6), and a missense 

mutation in Mga (MAX gene associated; C1288G). None of the genes affected have been 

previously reported to influence the yolk sac or other structures which are defective in 34A 

mutants. The olfactory receptor mutations are not expected to cause a developmental defect 

and are thus not considered likely candidates for the causative mutation in 34A mutants. Pax6 

null mutations result in anopthalmia (no eye) but not early embryonic lethality (Schmahl et al., 

1993). Ctsf3 knockout mice have not been reported and Mga knockout mice exhibit early 

embryonic lethality around E5.5 (Washkowitz et al., 2015). Thus, one or several of the mutations 

in these genes may be responsible for the 34A phenotype. Additional work will be required to 

confirm the phenotype-inducing mutation/s in 34A mutants.  

2.4 Summary and Conclusions 

Using ENU forward mutagenesis in mouse, we successfully isolated 15 mutants with 

defects in different aspects of early organogenesis including craniofacial development, heart 

development, general body morphology, and extraembryonic development. Of the 15 mutants 

identified in the screen, a likely causative mutation has been identified in 14 of them.  

By using coarse mapping, we were able to quickly locate some mutations by candidate 

gene sequencing (5/15 mutants), and then used the power of exome sequencing to locate the 

rest (9/15). Coarse mapping also ensured that the samples used for exome sequencing were 
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indeed mutants, which led to cleaner exome sequencing results. This is evidenced by the fact 

that in 6 of the 10 lines which had their exome sequenced, we identified a single coding/splicing 

mutation in the mapped region. Three of these mutations were confirmed by complementation 

tests (13B, 27E) or functional analysis (2F), and the other 3 agree with previously published 

phenotypes (2G, 9D, 22A). Exome sequencing in 3 other mutants identified two possible 

candidate mutations, out of which a primary candidate was determined based on comparison to 

previously published phenotypes (13E, 20F, 21A). Therefore, combining the coarse mapping with 

exome sequencing yielded showed to be a reliable approach for the identification of causative 

mutations and significantly decreased the burden of validating numerous candidates spread 

throughout the genome. 

The mutants identified in this screen connect genes to both known and novel roles in 

development. Novel phenotypes include 2F mutants (Eif2s1) with exencephaly and pharyngeal 

arch defects, 13B mutants (Pibf1) with craniofacial and left-right patterning defects, 27E mutants 

(Fgfr1op) with caudal/lateral body morphology defects, and 34A mutants (mutation unknown) 

with yolk sac and gross body morphology defects. 2F and 27E mutants appear to harbor 

hypomorphic alleles of Eif2s1 and FOP, respectively, highlighting the benefits of using mutagenic 

agents to disrupt gene function. Extensive characterization of these mutants with novel 

phenotypes will add to our understanding of the genetic mechanisms which regulate 

development. 

Naturally, novel phenotypes engender the greatest interest. However, 6 of the 11 

mutants whose phenotypes were previously identified through targeted mutagenesis, contained 

novel missense mutations, providing valuable insight into protein function. Furthermore, we 
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found that for some previously described mutations, the molecular mechanisms responsible for 

the reported phenotypes had not been fully elucidated. In Chapter 3 of this dissertation I discuss 

how my in-depth characterization of the 1D exencephaly mutant led to novel discoveries about 

how of the calcium pump, SPCA1, mediates neural tube closure.  

Together, the results from this screen underscore some of the advantages of ENU forward 

mutagenesis, as well as some important considerations for future forward genetics screens. We 

were able to identify several novel functions for genes during development. Even after the 

International KOMP project reaches its goal to generate null mutants for each mouse gene, 

mutagenesis screens will still remain extremely useful for isolating hypomorphic mutations 

causing phenotypes that will otherwise be missed by the study of knockout mice. In this way, the 

random, unbiased nature of forward genetic screens will continue to be a powerful tool for 

uncovering new aspects of mammalian development. 
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 THE SECRETORY PATHWAY CA2+ ATPase, SPCA1, PROMOTES 
NEURAL TUBE CLOSURE BY REGULATING CYTOSKELETAL DYNAMICS 

 

CHAPTER 3 

THE SECRETORY PATHWAY CA2+ ATPase, SPCA1, PROMOTES NEURAL 

TUBE CLOSURE BY REGULATING CYTOSKELETAL DYNAMICS1 

  

                                                      

1Contributions: The data presented in this chapter is all my own work. 
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3.1 Introduction 

The mammalian brain and spinal cord develop from an embryonic structure called the 

neural tube. The neural tube starts as a flat epithelial sheet which bends at the midline, 

generating neural folds that later fuse dorsally to form a hollow tube along the entire length of 

the embryo (Figure 3.1A; Jacobson and Tam, 1982). Perturbation of this process in humans 

results in neural tube defects (Figure 3.1B), a class of birth disorders which are found in 1/2000 

births in developed countries and as frequently as 27.8/2000 births in developing areas 

(Wallingford et al., 2013; Zaganjor et al., 2016), making them the second most prevalent birth 

defect worldwide (Christianson et al., 2006). 

3.1.1 Neural Tube Defects 

The neural tube forms through a process called neural tube closure or neurulation. Failure 

to undergo neurulation leaves the neural tissue exposed to the amniotic environment, leading to 

severe neurodegeneration. Depending on the location, failed closure of the neural tube results 

in a variety of “open” neural tube defects such as open spina bifida (myelomeningocele) in the 

spinal cord region, anencephaly/exencephaly in the cranial region, or craniorachischisis, which 

affects the entire neural tube (Copp and Greene, 2013). Anencephaly results in early lethality, 

while open spina bifida often leads to paralysis in body regions below the spinal cord lesion (Copp 

and Greene, 2013). 
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Figure 3.1 Defects in Neural Tube Closure 
(A) Scanning electron micrographs showing a time course of cranial neural tube 

closure in mouse embryos between E8.0 and E9.5. Image from Jacobson and Tam, 
1982. 

(B) Types of neural tube defects and their relative prevalence based on live births 
from 2004-2006 in the US (data from Parker et al., 2010). Image credit: Centers for 
Disease Control and Prevention  

 

Prior to 1997, the only treatment for open spina bifida was postnatal surgery to cover the 

exposed tissue (Scott Adzick, 2013). Unfortunately, by this time, the damage had already been 

done, and severe paralysis and disabilities often accompanied spina bifida patients throughout 

their lives (Scott Adzick, 2013). Advances in surgery have since allowed for the successful repair 

of some open spina bifida cases in utero, thereby improving patient outcomes (Adzick et al., 

2011). While these advances have ameliorated some of the detrimental effects of open neural 
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tube defects, they are not without complications (Scott Adzick, 2013). Furthermore, anencephaly 

remains completely untreatable. Thus, the most successful solution to neural tube defects lies in 

their prevention. 

Periconceptual folic acid supplementation during pregnancy helps to prevent many 

neural tube defects. Folate is a naturally occurring, water-soluble B vitamin with important 

requirements for human health and development (Obican et al., 2010). Like vitamin C, the human 

body cannot synthesize folate, so it must be acquired through diet or nutritional supplements. 

Folic acid is a synthetic form of folate which is utilized in supplements because of its increased 

stability compared to folate (Obican et al., 2010). In 1976, a study measured vitamin levels in the 

blood of >900 pregnant mothers and compared these to 6 pregnancies which had neural tube 

defects (Smithells et al., 1976). Despite the small number of cases analyzed in this study, the 

researchers found that folate levels were significantly lower in pregnancies with neural tube 

defects providing the first link between folate levels and neural tube closure. In 1992, a double-

blind test showed that folic acid supplementation provided a 72% protective effect against neural 

tube defects compared to non-folic acid treatment during pregnancy (Czeizel and Dudás, 1992). 

Further studies suggested that this protective effect of folic acid was significant enough to 

warrant mandatory enrichment of folic acid in the grain supply of the United States in 1998 

(Obican et al., 2010). This approach has proven successful in preventing neural tube defects, both 

in the US and other countries (Figure 3.2). However, many neural tube defects remain refractory 

to folic acid treatment (Figure 3.2; Copp and Greene, 2013). Thus, understanding the biology 

which underlies neural tube closure is important for further prevention. 
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Figure 3.2 Reduction of Neural Tube Defects Prevalence by Folic Acid Fortification 

(Centers for Disease Control and Prevention, 2017) 

 
3.1.2 Mechanisms of Neural Tube Closure 

During neural tube closure, the neural tissue progresses through a distinct series of 

morphological changes (Copp, 2005; Jacobson and Tam, 1982; Yamaguchi and Miura, 2013) . 

First, the neural plate thickens and elongates. A medial hinge point then forms at the midline, 

creating a crease that leads to the initial elevation of the neural folds. Finally, dorsal lateral 

bending of the neural folds drives the tips towards each other until their fusion (Figure 3.1A). In 

mammals, neural tube closure is first initiated near the hindbrain/cervical boundary, and fusion 

proceeds bi-directionally in a zipper-like fashion. Secondary closure sites occur at the rostral tip 

of the neural tube and the forebrain/midbrain boundary; however, the exact number and 

placement of these secondary sites vary between and within species (Yamaguchi and Miura, 

2013). In mice, the entire process is completed between embryonic day (E) 8.0 and E9.5 (days 

22-26 in human development; Nakatsu et al., 2000).  

Mutations in more than 200 genes have been described to cause exencephaly and/or 

other neural tube defects in mice (Harris and Juriloff, 2010). In some mouse mutants, neural tube 

closure is disrupted throughout the entire neural tube (craniorachischisis). Most of the mutations 

that cause craniorachischisis affect genes involved in planar cell polarity such as Vangl2 (Murdoch 
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et al., 2001), Fzd3/6 (Wang et al., 2006), Celsr1 (Curtin et al., 2003), Dvl1/2/3 (Etheridge et al., 

2008), and Scrb1 (Murdoch et al., 2003). Other mouse mutants only neural tube defects in the 

cranial region. By studying these mutants, researchers have identified numerous mechanisms 

required for cranial neural tube closure (Figure 3.3). For instance, mutations in genes expressed 

in the head mesenchyme such as Twist and Cart1, result in cranial exencephaly (Figure 3.3; Chen 

and Behringer, 1995; Zhao et al., 1996). The exact contribution of the head mesenchyme to 

cranial neural tube closure is unclear (Zohn and Sarkar, 2012). However, the extracellular matrix 

in the head mesenchyme is important for neural tube closure (Morriss-Kay et al., 1986; Morris-

Wiman and Brinkley, 1990a, 1990b), suggesting that mesenchymal cells play a supportive role 

through the secretion of extracellular matrix components. Mutations in genes that influence 

dorsal-ventral patterning in the neural tube, such as Gli2/3, C2cd3, Ift172, and Dnchc2, also result 

in cranial neural tube defects (Figure 3.3; Hoover et al., 2008; Huangfu and Anderson, 2005; Liu 

et al., 2015). Grhl2 and Tfap2a are expressed in the non-neural ectoderm and are required to 

promote fusion of the neural folds in the cranial region (Figure 3.3; Brewer et al., 2004; Pyrgaki 

et al., 2011; Ray and Niswander, 2016; Schorle et al., 1996; Werth et al., 2010; Zhang et al., 1996). 

Many other genes have general effects on cranial neural tube closure by regulating basic cell 

processes such as proliferation and/or cell survival (Figure 3.3, reviewed in Copp and Greene, 

2010).  
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One of the primary forces which mediates the bending of the neural folds is apical 

constriction within the neuroepithelium (Figure 3.3; Haigo et al., 2003; Hildebrand, 2005). During 

apical constriction, the apical surface of an epithelial cell is reduced in size (Martin and Goldstein, 

2014). Apical constriction is a common strategy employed by embryos to mold epithelial sheets 

throughout development and is mediated by the contraction of actomyosin networks, composed 

of non-muscle myosin II (NMII) and actin filaments (F-actin) (Martin and Goldstein, 2014). Many 

proteins are involved in coordinating actomyosin assembly and contraction. Shroom3 recruits 

Rho kinase (ROCK1/2) to the apical F-actin where it phosphorylates the regulatory light chain of 

NMII to activate contraction. Mutations in Shroom3 (Hildebrand and Soriano, 1999) as well as 

the actin regulatory proteins, Arhgap35 (p190 RhoGAP, Brouns et al., 2000), Cofilin 1 (Grego-

Bessa et al., 2015; Gurniak et al., 2005), Vinculin (Xu et al., 1998), Mena (Lanier et al., 1999), 

Marcks (Blackshear et al., 1996) and Marcksl1 (Chen et al., 1996) all result in cranial neural tube 

Figure 3.3 Mechanisms of Cranial Neural Tube Closure 
Summary of mechanisms and tissue contributions identified by the study of mouse 
mutations in the indicated genes (red text), which result in exencephaly. 
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defects in mice. These findings highlight the importance of apical constriction and actin 

remodeling during cranial neurulation. 

3.1.3 The Role of Calcium in Neural Tube Closure 

Calcium (Ca2+) has also been shown to affect neurulation. Mammalian and chicken 

embryos treated with drugs which block Ca2+ uptake display arrested neural tube closure 

(Ferreira and Hilfer, 1993; Lee and Nagele, 1986; O’Shea, 1982; Smedley and Stanisstreet, 1985), 

and neural folds in rat embryos collapse when placed in Ca2+ free media (Smedley and 

Stanisstreet, 1985). Thus, depletion of Ca2+ impairs formation of the neural folds. Conversely, 

treating chicken embryos with ionophores to increase intracellular Ca2+ causes an initial 

precocious bending of neural folds (Ferreira and Hilfer, 1993), but ultimately blocks neural tube 

closure (Lee et al., 1978). While these early studies revealed a requirement for Ca2+ during neural 

tube closure, the Ca2+ dynamics in the neuroepithelium have only recently been appreciated. Two 

independent studies found that intermittent, cell-autonomous Ca2+ pulses are abundant during 

neural tube closure in Xenopus embryos (Christodoulou and Skourides, 2015; Suzuki et al., 2017). 

These Ca2+ pulses correlate with apical constriction and are associated with an accumulation of 

F-actin in the medial region of neuroepithelial cells. These studies were the first to describe the 

dynamic fluctuations in Ca2+ during neurulation and suggest that cells must cycle through periods 

of high and low Ca2+ concentrations to complete neural tube closure. The fact that Ca2+ levels 

fluctuate during neural tube closure and that both high and low levels of Ca2+ can block 

neurulation suggest that Ca2+ levels must be tightly regulated to promote neural tube closure. 

Mutations in the Secretory Pathway Ca2+ ATPase 1 (SPCA1) result in a neural tube defect 

in mice. SPCA1 belongs to a family of P-type Ca2+ ATPases which hydrolyze ATP to pump Ca2+ out 
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of the cytosol (Dode et al., 2005; Van Baelen et al., 2003; Wootton et al., 2004). SPCA1 is localized 

to the trans-Golgi network (TGN) where it serves as the primary pump responsible for pumping 

Ca2+ into the Golgi (Lissandron et al., 2010). Targeted deletion of Spca1 in mice results in an open 

neural tube defect in the cranial region followed by lethality around E11.5 (Okunade et al., 2007). 

Both the exencephaly and early lethality phenotypes were previously attributed to widespread 

apoptosis (Okunade et al., 2007). 

Here I present my work on the characterization of a novel mutation in Spca1 (Spca11D) 

that was found during the course of the ENU forward mutagenesis screen described in chapter 

2. The Spca11D mutation inhibits cranial neural tube closure, as previously described for Spca1 

null mutants. In contrast to previous published work, I found that the open neural tube defect in 

Spca1 mutants precedes cell death, demonstrating that apoptosis is not the primary cause of 

exencephaly in Spca1 mutants. Further characterization of Spca1 mutants revealed that loss of 

SPCA1 disrupts apical constriction in the neural tube. I also show that loss of SPCA1 disrupts 

actomyosin organization in the neural tube. Finally, I identify Cofilin 1 as a key effector through 

which SPCA1 influences actomyosin dynamics. Together these data provide the first genetic 

evidence that perturbation of Ca2+ impairs neural tube closure. Additionally, this study provides 

mechanistic insight into how Ca2+ levels are regulated during neural tube closure and how they 

implement the cytoskeletal changes that drive apical constriction. 

3.2 Materials and Methods 

3.2.1 Mice 

For a full description of the methods used in the ENU screen that identified Spca11D mice 

see Chapter 2. Spca1 knockout (KO) mice were generated by injecting mouse embryonic stem 
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cells (Knockout Mouse Project clone EPD0858_4_C07; Skarnes et al., 2011) into albino C57BL/6J 

recipients (JAX #000058) (Cornell Stem Cell and Transgenic Core Facility). Chimeras with germline 

transmission were bred to FLPe mice (JAX #005703) to generate a homozygous viable Spca1 

floxed allele or with Sox2-Cre mice (on a mixed genetic background) to generate a Spca1 KO allele 

(Spca1KO). The Spca1KO allele was backcrossed into C57BL/6NJ mice (JAX #005304) for 4 

generations. Experiments involving mice were performed according to standard operating 

procedures approved by Cornell’s Institutional Animal Care and Use Committee. 

3.2.2 Linkage analysis and positional cloning 

DNA was isolated from adult carriers or from affected embryos by Proteinase K 

digestion. An array of 57 MIT microsatellite markers (Dietrich et al., 1996) distributed across the 

mouse genome which were polymorphic between FVB/NJ and C57BL/6J were amplified by PCR 

and used to map the 1D mutation to chromosome 9. Additional MIT markers were used to 

narrow the interval to a 2.65 Mbp region between D9Mit24 and D9Mit310. RNA was isolated 

from mutant embryos using RNA-STAT 60 (Amsbio), and SuperScript III First-Strand (Invitrogen 

18080051) was used to synthesize a cDNA library. The entire SPCA1 coding region was 

amplified from the cDNA library and sequenced using the following primers: Atp2c1-1F - 

TCCTGCTCCTTCTCCTCGG; Atp2c1-1R – GCCTGCCTCAACAATTCTGC, Atp2c1-2F – 

CTGAGGTCACTGGAGTTGGC, Atp2c1-2R – ATTGTCTCGAAGCTCTCGCC, Atp2c1-3F – 

GCCTCGAAACTGGAAGGACA, Atp2c1-3R – TGCCAATAACAGCCCTGAACT. 

3.2.3 Mouse embryo analysis 

Embryo dissections: Timed matings were set up and female mice were monitored for 

vaginal plugs. The morning a plug was found was considered embryonic day (E) 0.5. Unless 



 

55 
 

otherwise noted, embryos of the desired stage were dissected in cold 4% BSA/PBS (pH 7.4) and 

fixed overnight in 4% PFA/PBS (pH 7.4) at 4oC. Throughout this study, wild type controls refer to 

heterozygous embryos which carry a single Spca11D allele (Spca11D/+) and are phenotypically wild 

type. 

MicroCT imaging: Fixed embryos were dehydrated in methanol. Embryos were stained in 

1% iodine (I2)/100% methanol for 3 days at room temperature. They were scanned at 2.7 µm 

resolution using a Zeiss Xradia Versa 520 XRM (Cornell University BRC Imaging Facility). 3D 

reconstructions of the data were generated using OsiriX software (Pixmeo SARL). 

In situ hybridization: Fixed embryos were dehydrated in methanol and stored at -20 oC 

until use. Whole mount in situ hybridizations using DIG-labeled RNA probes were conducted as 

previously described (Shibata and García-García, 2011). After performing in situ hybridization, 

embryos were frozen in OCT and processed into 20 µm sections to obtain cross sectional views. 

Immunofluorescence/Antibodies: After fixation, embryos were either processed directly 

for immunofluorescence (en face views) or were frozen in OCT and sectioned at 10 µm. Whole 

embryo and section immunofluorescence was performed following standard protocols (Nagy 

2003). Briefly, sections or whole embryos were washed in blocking solution (1XPBS, 1% heat 

inactivated goat serum, 0.1% TritonX-100) and incubated with primary antibodies (diluted in 

blocking solution) overnight at 4oC. Alexa-Fluor conjugated goat secondary antibodies 

(ThermoFisher A11034/A11036) were diluted in blocking solution (1:200) and incubated with 

samples for 1-2 h at room temperature. Samples were mounted in Fluoroshield Mounting 

Medium containing DAPI (Abcam ab104139) to counterstain the nuclei. Samples were imaged 

with a Zeiss LSM 710 Confocal using Plan-Apochromat 63x/1.4 Oil DIC M27 or C-Apochromat 
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40x/1.2 W Corr M27 objectives at an image resolution of 1024X1024 (Cornell University BRC 

Imaging Facility). The primary antibodies used were: Rb anti-Caspase 3, 1:500 (Cell Signaling 

9661); Mo anti-GM130, 1:400 (BD Biosciences 610822); Rb anti-Laminin, 1:50 (Sigma L9393); Rt 

anti-ZO1, 1:10 (DSHB R26.4C); Rb anti-SPCA1, 1:100 (gift from Tim Reinhardt, USDA ARS, Ames, 

IA, Cross et al 2013); Rb anti-CFL, 1:1000 (Sigma C8736); Mo anti-ARL13B, 1:200 (NeuroMab 75-

287); Rb anti-NMHCIIB, 1:400 (Covance PRB-445P). AF488/AF568-Phalloidin, 1:50 (ThermoFisher 

A12379/A12380) was used to visualize F-actin. 

Scanning electron microscopy: Embryos were fixed in 2% glutaraldehyde/0.1 M sodium 

cacodylate buffer (pH 7.4) for 2 h on ice. Embryos were post-fixed in 1% osmium tetraoxide 

(OsO4)/0.1 M sodium cacodylate buffer (pH7.4) for 1 h on ice and dehydrated in an ethanol series. 

For cross sections, embryos were manually fractured after critical point drying. For enface views, 

wild type embryos were manually bisected mid-sagittally to expose the neuroepithelial surface 

prior to OsO4 post-fixation. Images were acquired using a Tescan Mira3 FESEM (Cornell Center 

for Materials Research Facilities).  

3.2.4 Cell culture 

MEF Isolation/Transfection: Wild type and mutant embryos were isolated at E9.5 and 

dissected in PBS. Whole embryos were disaggregated in 0.5 mL of 0.25% Trypsin/EDTA 

(ThermoFisher 25200056) at 37oC and the entire suspension was plated in gelatinized 5 cm plates 

with DMEM (ThermoFisher 11960044) supplemented with 10% FBS (Atlanta Biologicals, S11150), 

Pen/Strep (ThermoFisher 15140-122), and L-glutamine (ThermoFisher 25030081). All 

experiments were performed on primary MEFs between passages 2 and 6. 
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Immunostaining: MEFs were plated on gelatinized coverslips and grown to 60-80% 

confluence. Cells were fixed with 4% PFA for 10 minutes at room temperature, then 

permeabilized in 0.5% Triton X-100/PBS for 10 minutes at room temperature followed by 

incubation in blocking solution (1XPBS, 2% heat inactivated fetal bovine serum) for 1 h at room 

temperature. Primary antibodies were diluted in blocking solution and incubated with the cells 

overnight at 4oC. Alexa-Fluor conjugated goat secondary antibodies (ThermoFisher 

A11034/A11036) were diluted in blocking solution (1:200) and incubated with samples for 1-2 h 

at room temperature. Cells were mounted and imaged like the embryonic samples above. 

Antibodies used were: Mo anti-GM130, 1:400 (BD Biosciences 610822); Rb anti-SPCA1, 1:100 (gift 

from Tim Reinhardt, USDA ARS, Ames, IA, Cross et al 2013). 

Ca2+ imaging: MEFs were grown to 60-80% confluency on CELLview 35mm glass bottom 

dishes (Greiner Bio-One 627860) and transfected with 1 µg/mL of pCMV-GCaMP2 (generously 

provided by Michael Kotlikoff, Cornell University) using 10µl Lipofectamine 2000/3mL media, 

following manufacturer’s protocol (ThermoFisher 11668027). Cells were imaged 36-48 hours 

later. Calcium clearance assays were performed based on standard protocols (McCombs and 

Palmer, 2008). 30-60 minutes prior to imaging, cells were equilibrated in Ca2+-free Kreb’s Buffer 

(135 mM NaCl, 6 mM KCl, 1.2 mM MgCl2, 12 mM Glucose, 12 mM HEPES, pH 7.3). At the start of 

the experiment, cells were stimulated by the addition of 2 mM Ca2+ in Kreb’s buffer. After 10 min, 

the 2 mM Ca2+ was replaced with 6 mM EGTA/4 µM Ionomycin (Cayman Chemical 10004974) in 

Kreb’s buffer for 15 min to obtain the minimum fluorescence intensity (Rmin). Cells were then 

spiked with 10 mM Ca2+/4 µM Ionomycin in Kreb’s buffer to obtain the maximum fluorescence 

intensity (Rmax). Throughout the experiment, single plane images were acquired every 5 sec for 
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10 minutes on a Zeiss LSM710 confocal microscope equipped with a humidified chamber at 37oC 

using a C-Apochromat 40x/1.2 W Corr M27 objective and definite autofocus (Cornell University 

BRC Imaging Facility). Relative fluorescence intensity for each timepoint was calculated as 

Fluorescence Intensity/(Rmax-Rmin)*100. A custom-built fluid exchange system was used to 

change media during the experiment.  

3.2.5 Chick Electroporation and Live Imaging 

Constructs: GCaMP6s and F-tractin-mCherry fragments were cloned into chick expression 

constructs containing CAG (CMV early enhancer/chicken β-actin) promoters using the InFusion 

HD EcoDry Cloning Kit (Clontech 638912). The ZCrest-GCaMP6s construct (Joe Fetcho, Cornell 

University, Ithaca, NY) was cloned into a pCAGEN vector (Addgene 11160). F-tractin-mCherry was 

cloned from a pLV-Ftractin-mCherry plasmid (Addgene 85131) into a pCAGGS vector. 

Electroporation: Fertilized eggs from white leghorn chickens (Gallus gallus) were obtained 

from the University of Connecticut poultry farms (Mansfield, Connecticut). Eggs were incubated 

for 19 h and electroporated at HH4 following standard procedures (Sauka-Spengler and 

Barembaum, 2008). Briefly, embryos were isolated from eggs on filter paper rings and placed in 

Ringer’s solution (123 mM NaCl, 1.5 mM CaCl2, 5 mM KCl, 810 µM Na2HPO4, 150 µM KH2PO4). 

DNA solution (pCAG-GCaMP6s = 1 ug/uL, pCAG-Ftractin-mCherry = 0.5 ug/uL) was injected into 

the space between the vitelline membrane and the epiblast, and embryos were zapped with 

platinum electrodes (5 pulses of 5V for 50 msec each spaced 100 msec apart). Embryos were then 

placed dorsal side down in 35 mm dishes containing a layer of fresh albumin.  

Live imaging: Electroporated embryos were incubated for 5-8 hours until early (HH6) or 

middle (HH7) stages of head fold elevation. Embryos attached to filter paper rings were placed 
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dorsal-side-down directly into CELLview 35mm glass bottom dishes (Greiner Bio-One 627860) 

with minimal albumin. Z-stacks were acquired every 10-20 seconds over the course of 30-60 

minutes with a Zeiss LSM 710 Confocal equipped with a humidified incubator at 37oC using LD 

LCI Plan-Apochromat 25x/0.8 Imm Corr DIC M27 or C-Apochromat 40x/1.2 W Corr M27 

objectives (Cornell University BRC Imaging Facility). 

3.2.6 Immunoblotting and Measurement of F/G-actin Ratios 

A pool of E9.5 wild type embryos or individual E9.5 mutant embryos were lysed in RIPA 

buffer (1XPBS, 1% NP-40, 0.1% SDS, 12mM sodium deoxycholate) with cOmplete Protease 

Inhibitor Cocktail (Sigma-Aldrich 11697498001). Western blots were performed using standard 

protocols and proteins were detected with HRP-conjugated secondary antibodies (Jackson 

Immunoresearch Laboratories 115-035-044/87768) followed by enhanced chemiluminescence 

detection with Pierce ECL Western Blotting Substrate (ThermoFisher 32106). Band intensity was 

quantified using the ImageJ Gel Analyzer tool. A standard curve was created using a dilution 

series of the wild type pooled samples to which individual mutant samples were compared. F/G-

actin fractions were isolated according to previously published methods (Rasmussen et al., 2010). 

Briefly, embryos were disaggregated in actin stabilization buffer (0.1 M PIPES pH 6.9, 30% 

glycerol, 5% DMSO, 1 mM MgSO4, 1 mM EGTA, 1% TX-100, 1 mM ATP) with cOmplete Protease 

Inhibitor Cocktail (Sigma-Aldrich 11697498001). The cell suspension was centrifuged at 4oC for 

75 minutes at 16000g. The supernatant was recovered and the pellet was disaggregated in actin 

depolymerization buffer (0.1 M PIPES pH 6.9, 1 mM MgSO4, 10 mM CaCl2, 5 µM cytochalasin D). 

The supernatant fraction (G-actin) and the pellet fraction (F-actin) were quantified using standard 

Western blots as described above. Antibodies: Rb anti-NMHCIIB, 1:24000 (Covance PRB-445P); 
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Rb anti-CFL, 1:24000 (Sigma C8736); Rb anti-Actin, 1:1000 (Cytoskeleton, Inc. AAN01); Mo anti-

Tubulin, 1:24000 (Sigma T6199); Rb anti-pMLC2 (Ser19), 1:1000 (Cell Signaling 3671/Abcam 

2480); Rb anti-pCFL1 (Ser3), 1:1000 (ECM Biosciences CP1151). 

3.2.7 Fluorescence Quantification and Image Processing 

Apoptosis: Single slice confocal images were acquired from Caspase 3 and DAPI stained 

embryonic sections. Regions of interest (ROIs) were drawn around the neuroepithelium and head 

mesenchyme in ImageJ. Cell nuclei were quantified in the DAPI channel using the ITCN (Image-

based Tool for Counting Nuclei) plug-in in ImageJ, and Caspase 3 foci were manually counted in 

each section. Apoptotic index = # of apoptotic cells/# total number of cells in ROI. 

Apical area: Maximum intensity projections of the apical region of Phalloidin stained en 

face images were obtained. The Tissue Cell Geometry Stats plugin (with manual correction) in 

ImageJ was used to outline individual cells and the apical area of each cell was measured. 

Ca2+ pulses and apical constriction in chicken embryos: To quantify the duration and 

amplitude of Ca2+ pulses, GCaMP6s fluorescent pulses were manually marked with ROIs in 

ImageJ. The fluorescence intensity of the peak frame±10 frames were measured and normalized 

to the minimum fluorescence intensity of the 21 frames (baseline). Only pulses with a peak 

intensity >140% of the baseline fluorescence intensity were considered. The duration was 

counted as the number of frames in which the fluorescence intensity was maintained above 

120% of the baseline levels. apical constriction was quantified in individual cells by manually 

tracing the F-tractin cell outline in every 4th frame in ImageJ. The fluorescence intensity was 

quantified for each frame. Measurements were made relative to the first frame in each case. 

Fluorescence intensity is normalized to the fluorescence intensity of the first frame. 
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Cofilin localization: Single slice confocal images were acquired. In ImageJ, images were 

cropped to include only the apical region of the neuroepithelium. The actin channel was 

thresholded to include the top 4% of pixels by intensity, and a selection was created. The Cofilin 

channel was thresholded to consider the top 25% of pixels by intensity, and the total fluorescence 

intensity was measured in ImageJ (Total Cofilin). The fluorescence intensity of Cofilin in the actin 

selection was also measured (Actin Cofilin). % Cofilin localized to actin was calculated as Actin 

Cofilin/Total Cofilin*100. The representative images shown are taken using identical acquisition 

parameters. 

Myosin II localization: Multichannel maximum intensity projections of the apical region of 

en face actin stained images were obtained. The Tissue Cell Geometry Stats ImageJ plug-in was 

used to outline individual cells in the ZO-1 channel (E8.5) or the F-actin channel (E8.5). Cell ROIs 

were copied to the NMHCIIB channel. A custom script was used to expand each cell ROI by 3 

pixels/measure the fluorescence intensity (Total Intensity) and then contract the ROI by 5 

pixels/measure intensity (Medial Intensity). Junctional Intensity = Total Intensity-Medial 

Intensity. Quantities are reported as ratios of Junctional/Medial intensities. 

3.3 Results 

3.3.1 A mouse forward genetic screen identifies a novel allele of Spca1. 

The 1D mutation was found during the ENU mutagenesis screen described in chapter 2. 

Homozygote 1D mutants showed a characteristic exencephalic phenotype, with an open neural 

tube extending from the midbrain to the anterior spinal cord (Figure 3.4A-B). This fully penetrant 

phenotype was the only discernible defect in 1D embryos until their developmental arrest and 

embryonic lethality between E10.5 and E12.5. Analysis of transverse embryonic sections at E9.5 
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revealed that the medial hinge point at the floorplate of the neuroepithelia was similar between 

1D mutants and wild type littermates (Figure 3.4C-D, arrows). However, the neural folds failed to 

bend dorsolaterally in 1D embryos, causing the neuroepithelia at the cranial region to remain 

open, with an exposed convex surface (Figure 3.4C-D, arrowhead). At the spinal cord, the neural 

tube of 1D mutants also showed a convex surface (Figure 3.4E-F, arrowhead), but at this caudal 

region, the non-neural epithelium was able to bridge over the neural tube dorsally, avoiding the 

exposure of the neural folds. In a small subset of 1D embryos, the neural tube was fully exposed 

throughout the anterior-posterior axis (craniorachischisis; 2/83 embryos), or the exencephaly 

extended to the forebrain region (2/83 embryos). Together, this analysis supports that the gene 

disrupted by the 1D mutation is required for proper dorsolateral bending of the neural tube 

throughout the anterior-posterior embryonic axis.  
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Figure 3.4 1D Mutants Possess a Hindbrain Exencephaly Defect 
(A-B) MicroCT scans of E9.5 wild type and 1D mutant embryos (lateral and dorsal views). 

Arrow heads demarcate extent of exencephaly in 1D mutant. Dotted represent 
location of cross sections in C-F. scale bars = 300 µm.  

(C-D) Cross sections through anterior spinal cord in wild type and 1D mutants. scale bars 
= 250 µm. Arrows – medial hinge point, Arrowheads – dorsolateral folds 

(E-F) More posterior cross sections through the spinal cord in wild type and 1D mutants. 
scale bars = 250 µm. Arrowheads – dorsolateral folds 

 

To identify the mutation responsible for the neural tube defects in 1D mutants, I first used 

PCR amplification of short tandem repeat polymorphisms to map the 1D mutation to the 2.65 

Mbp region on Chromosome 9 between markers D9Mit182 and D9Mit24. Amongst the 23 genes 

in this region, the gene encoding the Secretory Pathway Ca2+ ATPase 1 (Spca1, also known as 

Atp2c1) stood out as a good candidate because of the similarities between the phenotypes of 1D 
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embryos and Spca1 null mutants (Okunade et al., 2007). Sequencing of the Spca1 cDNA in 1D 

embryos identified a single T-to-A transversion in the coding region, which is predicted to result 

in a non-conservative V183E amino acid substitution in SPCA1 (Figure 3.5A). Sequence alignment 

of the mouse SPCA1 sequence with related Ca2+ ATPase pumps revealed that the non-polar 

nature of V183 is conserved across species, as well as within the mouse Ca2+ ATPase family 

members (Figure 3.5B-C), suggesting that this residue is important for SPCA1 function. To 

determine whether the predicted V183E mutation in 1D mutants represents a loss of function in 

Spca1, I performed a genetic complementation test between the 1D mutation and a knock out 

(KO) allele of Spca1 obtained from the KOMP repository (clone EPD0858_4_C07; Skarnes et al., 

2011). I found that transheterozygote embryos carrying the 1D and Spca1 KO alleles showed 

similar exencephaly and lethality to both homozygote 1D mutants and Spca1KO embryos (Figure 

3.5D-E). Therefore, these results confirm that the 1D mutation is a novel allele of Spca1 and 

demonstrate that the exencephalic phenotype in 1D embryos is due to loss of SPCA1 function. 
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Figure 3.5 1D Mutants have a Missense Mutation in Spca1 
(A) Sequencing trace identifying a single point mutation in the SPCA1 coding region. 

Residue numbers are based on NP_778190 sequence. *known SNP 
(B-C) Partial protein alignment showing conservation of the V183 properties between 

SPCA1 proteins of different species (C) and between mouse Ca2+ ATPases (D). * - 
fully conserved residue, : - conservation between groups of strongly similar 
properties, . - conservation between groups of weakly similar properties; Accession 
#’s: NP_001021862-1, NP_730742-1, NP_001186110-1, NP_778190-3, NP_571982-
2, CAA96880-1. 

(D-E) Lateral views of wild type (D) and transheteroyzygous (Spca11D/KO) (E) at E9.5. 
Arrow heads mark the anterior-posterior extent of the exencephaly. scale bars = 500 
µm 

 

3.3.2 Spca1 is required for proper Ca2+ homeostasis. 

A homology-modelled protein structure of SPCA1 (generated by SWISS-MODEL; Schwede 

et al., 2003) showed that the 1D V183E mutation disrupts a ß-sheet in the actuator domain 

(Figure 3.6A-B), a region identified in related Ca2+ ATPases to undergo dramatic conformational 

changes essential for the Ca2+ pumping cycle (Toyoshima et al., 2000). To address whether the 

1D V183E mutation disrupts the ability of SPCA1 to pump Ca2+, I imaged Ca2+ dynamics in mouse 
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embryonic fibroblasts (MEFs) using the fluorescence-based cytosolic Ca2+ reporter GCaMP2 

(Wang et al., 2008). To analyze Ca2+ dynamics, I performed Ca2+ clearance assays (Lissandron et 

al, 2010) on MEFs from wild type, Spca11D and Spca1KO embryos. For this, MEFs transfected with 

the cytosolic GCaMP2 reporter were cultured in Ca2+-free media and fluorescence was monitored 

through live imaging in resting conditions and upon the addition of 2 mM Ca2+. I found that the 

initial intracellular Ca2+ levels in Spca11D and Spca1KO cells were elevated as compared to those of 

wild type MEFs (asterisk, Figure 3.6C), a result consistent with a role for SPCA1 in maintaining low 

cytosolic Ca2+ levels. As expected, the addition of Ca2+ to the culture media triggered a sudden 

increase in cytosolic Ca2+ in all MEFs (Figure 3.6C). These high Ca2+ levels were quickly cleared in 

both wild type and Spca1 mutant cells. However, Spca11D and Spca1KO MEFs did not clear Ca2+ as 

efficiently as wild type cells, resulting in higher resting levels of cytosolic Ca2+ (Figure 3.6D). 

Notably, Ca2+ clearance in Spca11D mutant cells followed a similar curve as in null Spca1 MEFs, 

demonstrating that the 1D mutation severely impairs the ability of SPCA1 to pump Ca2+.  
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The fact that Spca1 mutant MEFs can clear high concentrations of Ca2+ indicates that 

other Ca2+ pumps might be involved in Ca2+ clearance. To further understand the relative 

contribution of SPCA1 to Ca2+ homeostasis, I performed Ca2+ clearance assays in wild type and 

Spca11D MEFs treated with 100 nM Thapsigargin, a selective inhibitor of the endoplasmic 

reticulum-localized Ca2+ pumps (SERCAs; Lytton et al., 1991), or with 100 µM orthovanadate, 

 

Figure 3.6 Effect of the 1D Mutation on the Function of SPCA1 
(A-B) Linear and predicted 3d structure of SPCA1 protein showing the location of the 

V183E mutation. N – nucleotide-binding, P – phosphorylation, A – actuator.  
(C) Ca2+ clearance assay in wild type (black, n=9), Spca1KO (blue, n=6) and Spca11D 

(yellow, n=9) in MEFs. At time 0, cells were spiked with 2mM Ca2+ (dotted line). 
Resting cytosolic Ca2+ levels were measure 10 min after introduction of Ca2+ 

(arrowhead). Mean ± SEM.  
(D) Quantification of resting cytosolic Ca2+ levels in H (arrowhead). Mean ± SEM. 
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which inhibits all Ca2+ ATPases (Barrabin et al., 1980). I found that inhibiting multiple Ca2+ ATPases 

caused more severe defects in Ca2+ clearance (Figure 3.7), consistent with a cooperative role of 

all Ca2+ ATPases in maintaining a low concentration of cytosolic Ca2+. Notably, inhibition of SERCA 

pumps alone did not increase the resting levels of cytosolic Ca2+ to the levels seen in Spca1 

mutants (Figure 3.7), suggesting that SPCA1 has a prominent role over other Ca2+ ATPases in 

maintaining low cytosolic Ca2+ concentrations. These findings, together with the fact that SPCA1 

is one of the most abundantly expressed Ca2+ ATPases in neuroepithelial cells (ENCODE Project 

Consortium, 2012; dataset ENCSR337FYI; Brunskill et al., 2014) suggest that Ca2+ homeostasis 

during neural tube closure relies heavily on SPCA1 function. 
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Figure 3.7 Effect of Ca2+ ATPases in Clearing Cytosolic Ca2+ 
(A) Ca2+ clearance assay in wild type MEFs (black, n=9), wild type MEFs treated with 100 

nM thapsigargin (SERCA-, orange), Spca11D MEFs (SPCA1-, yellow, n=9), Spca11D 
MEFs treated with 100 nM thapsigargin (SERCA-/SPCA1-, blue, n=X), and wild type 
MEFs treated with sodium orthovanadate (blue, n=6) and Spca11D (yellow, n=9) in 
MEFs. At time 0, cells were spiked with 2mM Ca2+ (dotted line). Resting cytosolic 
Ca2+ levels were measure 10 min after introduction of Ca2+ (arrowhead). Mean ± 
SEM.  

(B) Quantification of resting cytosolic Ca2+ levels in A (arrowhead). Mean ± SEM. 

 

3.3.3 Neural tube defects precede apoptosis in Spca1 mutants. 

A previously published study attributed the neural tube defects of Spca1 mutants to 

widespread apoptosis caused by Golgi stress (Okunade et al., 2007). However, this study 

quantified apoptosis at a developmental stage close to the onset of embryonic lethality in Spca1 

embryos, making it unclear whether apoptosis was the primary cause of neural tube defects in 

these mutants. In order to establish whether apoptosis and Golgi stress precede the appearance 

of an open neural tube in Spca1 embryos, I first performed dissections at different embryonic 

stages to determine at which embryonic stage morphological defects in the Spca1 mutant 
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neuroepithelia can be first observed. I found that at E8.75, most wild type embryos had 

completed neural tube closure, and even in the few embryos that still had an open cranial region, 

the neural folds could be seen in close apposition to each other (Figure 3.8A). In contrast, the 

neural tube was always opened in E8.75 Spca11D mutants, with the dorsal-most aspects of the 

neuroepithelia remaining separate from each other throughout the cranial region (Figure 3.8B). 

At this early developmental stage, the characteristic convex surface of the Spca11D mutant 

neuroepithelia was observed in the hindbrain and spinal cord (Figure 3.8B). Therefore, this 

analysis indicates that neural tube defects in Spca1 mutants develop between E8.5 and E9.5. 
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Figure 3.8 Late Onset of Apoptosis in Spca11D Mutants 
(A-B) 3D reconstructions of microCT scans of E8.75 wild type and Spca11D embryos 

(dorsal views). Scale bars = 300 µm.  
(C-H) Immunodetection of activated Caspase 3 (aCasp3) in wild type and Spca11D 

embryos at E8.75 (C-D), E9.5 (E-F), and E10.5 (G-H). scale bars = 100 µm.  
(I) Regional quantification of apoptosis (activated Caspase 3 foci) in wild type and 

Spca11D embryos at E8.75, E9.5, and E10.5. HM – head mesenchyme, neural tube – 
neural tube, mean ± SEM (n=10) 

 

To determine if apoptosis correlates with the appearance of neural tube defects in 

Spca11D embryos, I used immunofluorescence with activated Caspase-3 (aCasp3) antibodies, as 

well as TUNEL assays, to quantify the number of apoptotic cells in transverse sections from wild 

type and Spca11D mutants at three developmental stages: E8.75, E9.5, and E10.5. Consistent with 

the onset of embryonic lethality in Spca11D mutants, I found that at E10.5 the number of aCasp3 

positive cells was elevated in Spca11D embryos in both the neural tube and the surrounding head 
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mesenchyme (Figure 3.8G-I). However, at E8.75 and E9.5, when neural defects become 

morphologically evident in Spca11D mutants, I found no significant difference in apoptosis with 

respect to wild type littermates (Figure 3.8C-F, I). Experiments using TUNEL assays showed similar 

results (data not shown). Therefore, while this analysis confirmed that there is widespread 

apoptosis in Spca11D embryos as they reach their stage of embryonic lethality, these results 

demonstrate that neural tube defects in Spca11D mutants precede apoptosis. Consequently, the 

exencephalic phenotype of Spca11D embryos is not caused by cell death. 

To evaluate possible defects in Golgi organization in Spca1 mutants, I used antibodies 

against the Golgi marker, GM130, in primary mouse embryonic fibroblasts (MEF) and in 

transverse embryonic sections. In contrast to a previous report using RNAi to knockdown Spca1 

in human cell lines (Micaroni et al., 2010), I did not observe Golgi fragmentation or any 

abnormality in the distribution of the Golgi apparatus in Spca1 mutant MEFs (Figure 3.9A-C). 

Likewise, the Golgi distribution in cells of the neuroepithelia was similar between E8.5 wild type 

and Spca1 mutants (Figure 3.9D-E). The absence of drastic structural defects on the Golgi 

apparatus in Spca1 embryos during the stages of neurulation argues that Golgi stress is not a 

major contributing factor to the neural tube defects of Spca1 mutants. Interestingly, analysis of 

transverse embryonic sections with GM130 antibodies revealed that, in contrast to MEFs, where 

the Golgi apparatus was localized close to the nucleus (Figure 3.9A-C), neuroepithelial cells 

showed Golgi localization at their apical surface during early stages of neural tube closure (Figure 

3.9D-E), suggesting that SPCA1 and/or the Golgi apparatus might have specific functions at the 

apical domain during neural tube closure. 
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Figure 3.9 Golgi Organization in Spca1 mutants 
(A-C) Immunodetection of GM130 (green), SPCA1 (red), F-actin (grey) and DAPI (blue) in 

wild type (A), Spca1KO (B), and Spca11D (C) MEFs. Scale bars = 20 µm. 
(D-E) Immunodetection of GM130 (green), SPCA1 (red) and DAPI (blue) in E8.5 wild type 

(D) and Spca1KO (E) neuroepithelia. D’, D’’, E’, E’’ are magnifications of the boxed 
region in D and E. a – apical, b – basal; scale bars: D-E = 20 µm; D’, D”, E’, E” = 10 µm. 

 

3.3.4 SPCA1 is required for proper apical constriction in the neuroepithelia. 

I next evaluated whether loss of SPCA1 function interferes with known morphogenetic 

processes involved in the closure of the neural tube. The elevation of the neural folds at the 

cranial region has been shown to be influenced by proliferation of the underlying epithelia (Copp 

and Greene, 2010; Tang et al., 2005). However, I did not detect any significant differences in the 

rates of cell proliferation between the neuroepithelia of Spca11D embryos and wild type 

littermates (Figure 3.10A-C). Bending of the neural folds during neurulation depends on proper 

dorsoventral patterning of the neural tube (Eom et al., 2011; Ybot-Gonzalez et al., 2002, 2007), 

but Spca11D mutants did not show any abnormality in the specification of neural cell types, as 

assessed by the normal expression pattern of dorsal (Bmp6, Pax7), medial (Pax6), and ventral 

(Shh, Islet1, and Pax3) neural tube markers (Figure 3.10D-I). These data suggest that the Spca11D 
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neural tube defect does not result from general disruptions in neural tube proliferation or 

dorsoventral patterning. 

 

Figure 3.10 Proliferation and Neural Tube Patterning in Spca11D Mutants 
(A-B) Immunodetection of phosphorylated histone 3 (pH3) and F-Actin (phalloidin) in 

cross sections from wild type (A) and Spca11D (B) embryos at E9.5. scale bars = 200 
µm.  

(C) Quantification of pH3 positive cells in wild type and Spca11D neuroepithelia at E9.5. 
HM – head mesenchyme, neural tube – neural tube, mean ± SEM (n=10), two-tailed 
students t-test 

(D-I) In situ hybridizations for Shh (D-E), Pax6 (F-G), and Bmp6 (H-I) in wild type and 
Spca11D mutants at E9.5. Cross sectional views are taken from the hindbrain region. 
scale bars = 500 µm (whole mounts) and 100 µm (cross sections). 

 

Because of the similarities between the phenotypes of Spca1 mutant embryos and those 

of Shroom3 and Cofilin1 mutants (Grego-Bessa et al., 2015; Hildebrand and Soriano, 1999), I 
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hypothesized that neural tube defects in Spca1 embryos could be due to abnormal apical 

constriction. To test this hypothesis, I examined en face views of wild type and Spca11D 

neuroepithelia at the hindbrain region, using Phalloidin staining to reveal F-actin enrichment at 

the cell cortex. Images were then digitally analyzed with ImageJ to quantify the apical cell area of 

each individual cell. As shown in Figure 5, the average apical cell area was increased in Spca11D 

mutants as compared to wild type littermates (Figure 3.11A) and the number of highly 

constricted cells (deep blue and purple) in the Spca11D mutant neuroepithelia was dramatically 

reduced as compared to wild type controls (Figure 5C-D, see Figure 5A’-B’ for representative 

examples of wild type and Spca11D embryos). Together, these results demonstrate that apical 

constriction is disrupted in Spca11D mutants, supporting a requirement for SPCA1 in the 

morphogenetic processes that contribute to reduce apical cell area and promote neural tube 

closure.  
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Figure 3.11 Abnormal Apical Constriction in Spca11D Mutants 
(A-B) Phalloidin staining of F-actin in the anterior spinal cord region of whole mount 

wild type and Spca11D embryos (en face view). (A’-B’) Semi-automated cell outlines 
generated in ImageJ and color coded based on size of apical area (see C-D). scale 
bars = 20 um  

(C-D) Distribution of cell apical areas in wild type and Spca11D neuroepithelia (n = 834 
cells from 4 biological replicates and 966 cells from 4 Spca11D mutants).  

(E) Box plot showing the distribution of the apical area of cells in wild type and Spca11D 
neuroepithelia (data from C-D). *two-sample student’s t-test 

 

3.3.5 Cell autonomous Ca2+ pulses are a central feature during vertebrate neurulation 

Two independent articles have recently described a correlation between the apical 

constriction of neuroepithelial cells and spikes of intracellular Ca2+ in the African clawed frog, 

Xenopus laevis (Christodoulou et al., 2015; Suzuki et al., 2017). However, the dynamics of 

neurulation are dramatically different between amphibian and amniote embryos (Nikolopoulou 

et al., 2017). I therefore sought to determine whether spikes of intracellular Ca2+ also correlate 

with apical constriction during neural tube closure in amniotes. Birds and mammals undergo 

neurulation through a similar sequence of events, with closure being accomplished through a 

zippering mechanism that initiates at multiple sites of the pseudostratified neuroepithelia 

(Nikolopoulou et al., 2017). Thus, to analyze Ca2+ dynamics and apical constriction in live amniote 
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embryos during neurulation, I took advantage of the experimental strengths of chicken embryos 

for live-imaging studies. The neural plate of Hamburger-Hamilton stage 4 (HH4) chicken embryos 

was electroporated ex ovo with the genetically encoded Ca2+ indicator GCaMP6s (Chen et al., 

2013). After electroporation, embryos were cultured for 5-8 hours, then imaged for 30-60 

minutes as they were undergoing neurulation (stage HH6 for cranial neurulation, stages HH7-8 

for caudal neurulation) (Figure 3.12A-B). I found that neural plate cells in chicken embryos 

displayed numerous pulses of intracellular Ca2+ during neurulation (Figure 3.12C-D, Movies 1 and 

2). Interestingly, unicellular Ca2+ spikes could be observed both at the cranial and caudal regions, 

but at the caudal region synchronous multicellular pulses were predominant at HH7 (Figure 

3.12D, Movie 2). Unicellular Ca2+ pulses in the cranial region had an average duration of 114±78 

sec (Figure 3.12E). Although I observed significant variability in both the duration and intensity 

of these Ca2+ flashes (Figure 3.13), the Ca2+ dynamics in chicken embryos seem to differ with those 

previously reported in frog embryos, where unicellular Ca2+ spikes are much shorter (less than 

40s in Suzuki et al., 2015 and 23 sec in Christodoulous et al., 2017). Despite these differences, my 

time-lapse imaging data provides evidence that transient Ca2+ pulses also take place in amniote 

embryos during neurulation.  
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Figure 3.12 Ca2+ Dynamics during Chick Neural Tube Closure 
(A) Chick electroporation scheme. HH – Hamburger Hamilton chick stages.  
(B) Examples of chicken embryos expressing GCaMP6s reporter at HH6 and HH7. Boxed 

regions are shown in C and D. hf – head fold, scale bars = 200 µm.  
(C) Magnified views of cranial region in an HH6 embryo (B, left) showing GCaMP6 

fluorescence and computed difference images (each frame is displayed with the 
previous frame intensities subtracted). Images are taken from Movie 1. scale bar = 
50 µm.  

(D) Magnified views of caudal region in an HH7 embryo (B, right) showing GCaMP6 
fluorescence and computed difference images. Images are taken from Movie 2. 
scale bar = 50 µm.  

(E) Average pulse dynamics of cranial unicellular pulses at HH6 (n = 146). Duration 
determined by the length of time the pulse extends above a relative intensity level 
of 1.2 (dotted line). mean ± SD.  

(F)  Representative example of Ca2+ pulses (GCaMP6s) in a constricting cell (Area). 
Images are taken from Movie 4. Cell outlines are manual tracings based on 
junctional F-actin. *frame in which pulse occurs, scale bar = 10 µm.  

(G) Trace of GCaMP6s (green) and apical area (black) in F/Movie 4. * - Ca2+ pulse 
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Figure 3.13 Variable Duration and Intensity of Unicellular Pulses during Chick Cranial 
Neurulation 
(A) Duration distribution of unicellular pulses during chick cranial neurulation at HH6 (n 

= 146). Duration determined as the number of frames during which a pulse intensity 
extended above 1.2 relative to the baseline levels. 1 frame = 20 sec.  

(B) Amplitude distribution of unicellular pulses during chick cranial neurulation at HH6 
(n = 146). Amplitude determined by relative change compared to baseline levels. 

 

During frog neurulation, cell autonomous Ca2+ flashes have been shown to precede a 

transient enrichment of actin at the medial-apical domain and, in turn, this apical actin 

enrichment anticipates the reduction in apical cell area characteristic of apically constricting cells 

(Christodoulou et al., 2015; Suzuki et al., 2017). To analyze whether Ca2+ pulses also correlate 

with apical constriction in amniotes, I performed time-lapse imaging in chicken embryos 

transfected with both the GCaMP6S Ca2+ indicator and the F-actin marker F-tractin-mCherry 

(Hayer et al., 2016). In agreement with reports from Xenopus, visualization of F-actin at the 



 

80 
 

cranial region of 6 different HH6 embryos revealed cells showing Ca2+ pulses that correlated with 

apical constriction (Figure 3.12F-G, Figure 3.14, Movie 4). However, I were also surprised to find 

many cells with Ca2+ pulses that did not show apical constriction (Figure 3.14). This suggests that 

Ca2+ influx alone is not sufficient to drive apical constriction. The live imaging also revealed 

dynamic actin behaviors in the apical region of the neuroepithelium, including ruffling of 

lamellipodia at the cell cortex (Movie 3). However, in contrast to the reports in Xenopus, I did not 

observe transient enrichment of apical actin associated with Ca2+ pulses and/or apical 

constriction. Rather, F-actin remained enriched in the junctional regions throughout constriction 

(Movie 4). In conclusion, these data demonstrate that Ca2+ pulses are abundant during 

neurulation in the chick neural plate and correlate with apical constriction in a subset of 

neuroepithelial cells. However, these results also suggest that the effect of Ca2+ pulses on the F-

actin cytoskeletal network differs between Xenopus and amniotes during neurulation.  
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Figure 3.14 Variable Effects of Ca2+ Pulses on Apical Constriction 
Single-cell traces of GCaMP6s fluorescence (green) and corresponding changes in apical area (black). Pulses are 
marked by asterisks. Three examples of constricting cells (gray shaded regions) and non-constricting cells are 
shown. 

 

3.3.6 Actomyosin dynamics are disrupted in Spca11D mutants 

The facts that SPCA1 is a required for Ca2+ homeostasis, that SPCA1 is apically localized 

during neural tube closure, and that mouse Spca1 mutants show neural tube defects, strongly 

suggest that the Ca2+ levels are important for neural tube closure in vertebrates and that they 

are regulated by SPCA1 activity. I therefore sought to examine how loss of SPCA1 affects the 

cytoskeletal components that drive apical constriction. Non-muscle Myosin II (NMII) is recruited 

to junctional F-actin, where it contracts to generate the force which drives apical constriction 

(Hildebrand, 2005; Kasza and Zallen, 2011). I examined NMII and F-actin distribution in the apical 

region of wild type and Spca11D neuroepithelia at E8.5 (the beginning of cranial neurulation) and 
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E9.5 (the end of cranial neurulation). In E8.5 wild type neuroepithelia, NMII was enriched at the 

junctional region in a subset of neuroepithelial cells (Figure 3.15A, asterisks). By E9.5, NMII was 

localized to the junctions of cells throughout the wild type neuroepithelium (Figure 3.15C). In 

Spca11D E8.5 neuroepithelia, NMII starts out enriched at the junctions of cells (Figure 3.15D). 

However, by E9.5, NMII accumulates in the medial domain of neuroepithelial cells in Spca11D 

mutants (Figure 3.15D). I quantified the distribution of junctional (JN) versus medial (ME) NMII 

and found that between E8.5 and E9.5, NMII becomes enriched in the medial region of region of 

neuroepithelial cells in Spca11D mutants compared to wild type littermates (Figure 3.15E). This 

suggests that SPCA1 affects NMII localization during neural tube closure.  

High levels of Ca2+ influence NMII contraction by promoting the phosphorylation of 

Myosin Light Chain 2 (MLC2, Kuo and Ehrlich, 2015). Since cytosolic Ca2+ is elevated in Spca11D 

mutants (Figure 3.6), I hypothesized that pMLC2 levels would be increased in Spca11D embryos. 

Western blots revealed that while the overall abundance of NMII is the same between wild type 

and Spca11D mutants, pMLC2 abundance is enriched >2.5 fold in Spca11D embryos (Figure 3.15F-

G). Together, these results reveal that SPCA1 regulates Myosin localization and activation during 

neural tube closure. 
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Figure 3.15 Altered Actomyosin Dynamics in Spca11D mutants. 
(A-D) Immunodetection of NMIIB and F-actin in wild type (A, C) and Spca11D (B, D) 

embryos in at E8.5 (A-B) and E9.5 (C-D). Inset shows boxed region in C and D. scale 
bars = 5 um. Asterisks mark cells with junctional accumulation of NMIIB at E8.5. 

(E) Quantification of junctional (JN) and medial (ME) NMIIB in wild type (blue) and 
Spca11D (pink) embryos at E8.5 and E9.5 (n > 1000 cells from 4 embryos for each 
stage and genotype). *student’s t-test.  

(F) Western blot of NMIIB and pMLC2 isolated from wild type and Spca11D whole 
embryos. A dilution series of the wild type sample was used to generate a standard 
curve for calculating relative abundance in the mutant sample. α-Tubulin was used 
as a loading control. 

(G) Quantification of western blot in F (NMIIB, n=2; pMLC2, n=4). Mean ± SEM.  
(H) Western blot of F and G actin fractions isolated from wild type and Spca11D whole 

embryos.  
(I) Quantification of western blot in H (n=5). mean ± SEM, *two sample student’s t-test, 

†one sample t-test 

 

It was recently shown that influxes of Ca2+ lead to rapid, widespread depolymerization of 

cortical F-actin that is followed by F-actin reassembly as the Ca2+ is cleared (Wales et al., 2016). 
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Given the elevated state of cytosolic Ca2+ in Spca11D mutants (Figure 3.6), I hypothesized there 

would be higher levels of G-actin (lower F/G-actin ratios) in Spca11D embryos compared to wild 

type controls. To test this hypothesis, I isolated F- and G-actin fractions from whole wild type and 

Spca11D embryos and compared their relative abundance in Western blots (Figure 3.15H). 

Spca11D showed decreased F/G-actin ratios compared to wild type littermates (Figure 3.15I). 

Thus, although F-actin is still abundant in Spca1 mutants, these data suggest that in the absence 

of SPCA1, F-actin is less stable. Together, these results indicate that SPCA1 is a critical regulator 

of actomyosin dynamics. 

3.3.7 SPCA1 regulates apical Cofilin dynamics 

To investigate possible molecular effectors through which SPCA1 and Ca2+ modulate 

actomyosin dynamics, I examined actin remodeling proteins known to be involved in neural tube 

closure. Cofilin 1 (CFL1) stood out as a good candidate since deletion of Cfl1 in mouse embryos 

results in exencephaly (Gurniak et al., 2005). The neural tube defect in Cfl1 mutants bears 

similarities to the Spca11D phenotype including a lack of dorsolateral bending, defects in apical 

constriction, and extension of the phenotype into the closed region of the spinal cord (Grego-

Bessa et al., 2015; Figure 3.4C-F, Figure 3.11). Interestingly, CFL1 also binds to and activates 

SPCA1 (von Blume et al., 2011; Kienzle et al., 2014). I therefore hypothesized that CFL1 and SPCA1 

cooperate to mediate apical constriction. 

To examine whether CFL1 function is disrupted in Spca11D mutants, I examined the 

localization of CFL1 and F-actin in the mouse neuroepithelium. In its active (dephosphorylated) 

state, CFL1 binds to F-actin and can promote disassembly or assembly of actin filaments 

depending on the cytosolic concentration of CFL1 and ATP/ADP (Andrianantoandro and Pollard, 
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2006). I found that CFL1 is localized to apical F-actin in wild type neuroepithelia at E9.5 (Figure 

3.16A). However, CFL1 shows decreased localization to F-actin in Spca11D mutants and 

accumulates in cytoplasmic blebs at the apical surface of the neuroepithelium (Figure 3.16B-C, 

arrowheads). These data suggest that SPCA1 specifically affects CFL1 function in the apical but 

not the basal domain of the neuroepithelium. This is likely due to the apical localization of SPCA1 

in the neuroepithelium and may explain why Spca1 mutants share aspects of the Cfl1 mutant 

phenotype related to the apical side of neuroepithelium, but not the basal defects seen in Cfl1 

embryos (Grego-Bessa et al., 2015).  

The phosphorylation event which controls the binding of CFL1 to F-actin is regulated by 

cytosolic Ca2+ levels (Wang et al., 2005; Zhao et al., 2012). I therefore tested whether pCFL1 levels 

were altered in Spca11D mutants. Western blots of protein extracts from whole E9.5 wild type 

and Spca11D embryos revealed that neither total CFL1 nor pCFL1 levels were changed in Spca11D 

mutants compared to wild type embryos (Figure 3.16D-E). I confirmed this result by performing 

Western blots on protein extracts from the just the cranial neural tube of wild type and Spca11D 

mutants (data not shown). Taken together, these data indicate that SPCA1 regulates CFL1 activity 

at the apical margin of the neuroepithelium during neural tube closure through a 

phosphorylation-independent mechanism. 
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Figure 3.16 Impaired function of Cofilin 1 in Spca11D mutants. 
(A-B) Immunodetection of CFL1 and F-actin in wild type and Spca11D neuroepithelia at 

E9.5. White arrow heads mark CFL1 accumulations in Spca11D samples. a – apical, b 
– basal, scale bars = 20 um.  

(C) Quantification of localization of CFL1 to F-actin in wild type and Spca11D embryos 
(n=6). mean ± SEM.  

(D) Western blot of CFL1 and pCFL1 isolated from wild type and Spca11D whole embryos. 
A dilution series of WT sample was used to generate a standard curve for calculating 
relative abundance of mutant sample. α-Tubulin was used as a loading control.  

(E) Quantification of western blot in D (CFL1, n=5; pCFL1, n=5). Mean ± SEM *two 
sample student’s t-test   †one sample t-test 
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3.4 Discussion 

In this study, I define a role for SPCA1 in regulating apical constriction through the 

modulation of actomyosin dynamics during neural tube closure. My data suggest that CFL1 is an 

important effector through which SPCA1 mediates actomyosin dynamics. I also show that cell-

autonomous Ca2+ pulses are prevalent in the neuroepithelium during chick neurulation 

suggesting that Ca2+ regulation is important for neural tube closure. Given the role of SPCA1 in 

clearing cytosolic Ca2+ and the fact that SPCA1 and the Golgi are apically localized in the 

neuroepithelium during neural tube closure, my results suggest that SPCA1 mediates apical 

actomyosin dynamics through the direct regulation of cytosolic Ca2+ fluctuations.  

3.4.1 The Role of SPCA1 in Regulating Ca2+ Dynamics during Neural Tube Closure 

Dynamic Ca2+ pulses during neural tube closure have recently been described in Xenopus 

embryos (Christindoulou et al., 2015; Suzuki et al., 2017). Here I show that similar Ca2+ pulses are 

present in chick neurulation, suggesting they are a common feature throughout vertebrate 

development. My results in chicken embryos highlights a spatiotemporal variability in Ca2+ pulses. 

Cranial neurulation is punctuated exclusively by unicellular Ca2+ pulses, whereas caudal 

neurulation is marked by both unicellular and multicellular pulses. This finding may explain the 

disparity between the Christindoulou et al study, which focused on cranial neural tube closure 

and reported primarily unicellular Ca2+ pulses, and the Suzuki et al study, which focused on the 

anterior spinal cord region and reported drastic multicellular Ca2+ pulses. The functional 

consequences of these distinct patterns of Ca2+ in the cranial and caudal regions will require 

further analysis. Interestingly, cranial neurulation is more severely affected in Spca1 mutants, as 

well as in classical embryologic studies using drugs to perturb Ca2+ (O’Shea, 1982; Smedley and 
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Stanisstreet, 1985, 1986), suggesting that the cranial region of the neural tube might have more 

stringent Ca2+ requirements than other regions. 

Given the apical localization of SPCA1 during neural tube closure, and SPCA1’s role in the 

clearance of cytosolic Ca2+, it is likely that SPCA1 is a key regulator of these apical Ca2+ pulses. 

Based on my finding that Spca1 mutant MEFs can clear high concentrations of Ca2+, I anticipate 

that absence of SPCA1 might not abrogate Ca2+ pulses in the neural epithelia, but rather alter 

their frequency or amplitude. In support of this, knockdown of SPCA1 in HeLa cells does not 

disrupt endogenous Ca2+ spikes, but it reduces the frequency at which they occur (Van Baelen et 

al., 2003). On the other hand, overexpression of Spca1 in COS-1 cells leads to the establishment 

of repetitive Ca2+ pulses (Missiaen et al., 2001, 2002). Given the localization of SPCA1 during 

neural tube closure and its known role in regulating Ca2+ levels, my data strongly suggest that 

SPCA1 is a critical regulator of Ca2+ dynamics during neurulation. Future studies will be required 

to address to what extent the loss of SPCA1 impacts neuroepithelial Ca2+ pulses, as well as to 

uncover the mechanisms that regulate these pulses and the source/s of Ca2+ ions. 

3.4.2 Cytoskeletal Dynamics during Amniote Neural Tube Closure 

During my analysis of actin dynamics in the chick neuroepithelium, I found significant 

differences with the actin dynamics seen during Xenopus neurulation. Whereas in frogs Ca2+ 

pulses were previously associated with transient accumulations of medial F-actin during apical 

constriction (Christodoulou and Skourides, 2015; Suzuki et al., 2017), I did not detect medial 

fluctuations of F-actin during chick neuroepithelium. Apical constriction in the Xenopus neural 

plate resembles that observed during Drosophila ventral furrow formation, in which actomyosin 

complexes form a mesh-like network in the medial portion of the apical domain and generate 
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contraction across the surface of the cell (Coravos and Martin, 2016; Martin et al., 2013). My live 

imaging of F-actin during neural tube closure in chicks argues that junctional F-actin is the primary 

driver of apical constriction during amniote neurulation. This mechanism is similar to the one 

described in a cell culture model of apical constriction using MDCK cells, where actomyosin 

accumulates around the cell junctions and generates constriction in a purse-string like fashion 

(Das et al., 2014; Hildebrand, 2005; Nishimura and Takeichi, 2008). I show that NMII localizes to 

the junctional regions of neuroepithelial cells during mouse neurulation, suggesting that apical 

constriction in the mouse neural plate also follows the purse-string model. 

3.4.3 The Role of SPCA1 in Regulating Cytoskeletal Dynamics 

Apical constriction is a dynamic process that requires extensive remodeling of the 

actomyosin network in cells (Martin and Goldstein, 2014). I provide evidence that SPCA1 

regulates the organization of the actomyosin network in the neural tube by controlling the 

localization of NMII, as well as by regulating F/G actin ratios (Figure 3.15). I also show that MLC 

phosphorylation levels are elevated in Spca11D mutants (Figure 3.15). Ca2+ is a key regulator of 

actin dynamics and NMII function during wound healing (Antunes et al., 2013; Clark et al., 2009; 

Herrgen et al., 2014; Xu and Chisholm, 2011; Yoo et al., 2012) and smooth muscle contraction 

(Mizuno et al., 2008; Sanders, 2001; Somlyo and Somlyo, 2003). Furthermore, pulses of Ca2+ have 

been shown to induce actin remodeling in cultured cells (Wales et al., 2016). Therefore, I propose 

that SPCA1-mediated Ca2+ dynamics drive actomyosin remodeling during neural tube closure. 

How SPCA1 and/or Ca2+ is mediating these changes in the actomyosin network remains 

unknown. However, my results from the analysis of Spca1 embryos, together with the similarities 

between the phenotypes of Spca1 and Cfl1 mutants (Gurniak et al., 2005; Grego-Bessa et al., 
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2015), suggest that CFL1 plays a central role. I show that loss of SPCA1 interrupts the binding of 

CFL1 to apical F-actin in Spca11D mutants (Figure 3.16), indicating that SPCA1 is required for CFL1 

function. CLF1 is activated when Ser3 is dephosphorylated by the Slingshot Homologue (SSH) 

(reviewed in Bravo-Cordero et al., 2013). SSH, in turn, is regulated by a Ca2+/calmodulin-

dependent kinase (CaMKII) and a Ca2+/calmodulin dependent phosphatase (Calcineurin) (Wang 

et al., 2005; Zhao et al., 2012). Therefore, SPCA1 may be impacting CFL1 directly through Ca2+. In 

its active state, CFL1 also binds and activates SPCA1 (Von Blume et al., 2011; Kienzle et al., 2012). 

It is therefore possible that SPCA1 and CFL1 are part of a regulatory feedback loop in which a 

pulse of cytosolic Ca2+ activates CFL1, CFL1 remodels actin and activates SPCA1, and SPCA1 clears 

the cytosolic Ca2+. 

While my results provide evidence that SPCA1 regulates NMII localization and CFL1 

activity, it is also possible that other actin remodeling proteins are likewise regulated by Ca2+ 

during neural tube closure. For instance, the actin remodeling proteins Gelsolin and Villin 

function in a Ca2+ dependent manner (Fedechkin et al., 2013; Nag et al., 2013). However, 

knockouts of either Gelsolin (Gsn; Witke et al., 1995) or Villin (Vln 1; Ferrary et al., 1999) do not 

show neural tube defects in mice, suggesting that these proteins are not essential for 

neurulation.  

Given the dependence of NMII and CFL1 activity on Ca2+ levels, and the fact that NMII and 

CFL1 compete for binding to F-actin (Wiggan et al 2012), I hypothesize that Ca2+ pulses stimulate 

a cascade of events resulting in two distinct phases of apical constriction: the remodeling phase, 

characterized by high CFL1 activity and remodeling of the F-actin cytoskeleton, and the 

contraction phase, characterized by the contraction of NMII onto F-actin filaments (Figure 3.17). 
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Upon the influx of Ca2+ into the cytosol, CFL1 is activated, remodels actin and impedes NMII 

binding/contractility (remodeling phase). CFL1 in turn activates SPCA1, initiating cytosolic Ca2+ 

clearance, ultimately leading to CFL1 inactivation. The same Ca2+ pulse also primes NMII for 

contraction by inducing phosphorylation of the NMII regulatory light chain. Active NMII binds the 

newly remodeled F-actin network and contraction begins (contracting phase). Contraction 

continues until physical constraints in F-actin prevent further contraction and/or NMII becomes 

deactivated. In this way, repeated Ca2+ pulses during neurulation could lead to neural tube 

closure by eliciting recurrent cycles of apical constriction. Moving forward, live imaging 

approaches will be critical to test this model and dissect the complex mechanisms by which Ca2+ 

regulates neural tube closure.  

 

Figure 3.17 A Model for Ca2+ Mediated Apical Constriction 
A hypothetical model in which changes in cytosolic Ca2+ mediate the transition between 

two distinct phases of apical constriction. See text for full explanation. Yellow circles 
represent phosphorylation events.  
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3.4.4 Ca2+ and Neural Tube Defects 

Neural tube defects have a complex etiology, arising from a combination of genetic and 

environmental factors (Wallingford et al., 2013). Based on the growing body of evidence from 

model systems showing the requirement of Ca2+ dynamics in neural tube closure, it is possible 

that environmental Ca2+ may play a role in the development of neural tube defects humans. In 

support of this, the incidence of neural tube defects has been reported to be lower in areas with 

high levels of Ca2+ in the drinking water (hard water) and higher in areas with little or no Ca2+ in 

the drinking water (soft water) (Lowe et al., 1971). Ca2+ levels were also found to be significantly 

lower in the amniotic fluid of fetuses with neural tube defects compared to non-neural tube 

defect controls (Dawson et al., 1999). Caffeine, the neuro-stimulating component in our favorite 

beverages, binds to ryanodine receptors and stimulates the release of Ca2+ from the Golgi 

(Lissandron et al., 2010). Interestingly, Caffeine has also been shown to disrupt neural tube 

closure in rats, mice, and chicken embryos (Ma et al., 2012; Marret et al., 1997; Wilkinson and 

Pollard, 1994). Thus, the maternal intake of Ca2+ and/or Ca2+ modulating compounds may be an 

important consideration during early pregnancy, when neural tube closure takes place (days 22-

26).  

The evidence obtained through my studies on Spca1 mutants contributes to a growing 

body of literature which highlights the importance of Ca2+ dynamics in mediating neural tube 

closure. By revealing that SPCA1 regulates cytoskeletal dynamics during neural tube closure, my 

studies provide the first genetic evidence supporting a role for Ca2+ homeostasis in neural tube 

closure and offer an ideal model system for understanding the roles of Ca2+ in this dynamic 

process. 
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 THE CENTRIOLAR PROTEIN PIBF1 IS REQUIRED FOR CILIOGENESIS 
AND EARLY EMBRYONIC PATTERNING 

 

CHAPTER 4 

THE CENTRIOLAR PROTEIN PIBF1 IS REQUIRED FOR CILIOGENESIS AND 

EARLY EMBRYONIC PATTERNING1 

  

                                                      

1Contributions: This chapter contains work performed in conjunction with other members of the Garcia-
Garcia Lab. Barbel Ulmer maintained the 13B line and mapped it to chromosome 14. Kate Alexander 
generated the HA-PIBF1-90 construct used to examine the localization of PIBF1. She also was the first to 
identify the centrosome duplication defect in 13B MEFs. James Hagarman, a former graduate student in 
the lab of Timothy O’Brien, also identified a mutation in Pibf1 in an ENU screen (unpublished). James’ 
work with Pibf1 was described in his thesis and provided insight into our own mutant.  
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4.1 Introduction 

Primary cilia are solitary, immotile, hair-like projections on the surface of nearly all 

mammalian cells (Scherft and Daems, 1967; Youn and Han, 2017). Although they are only 1-10-

μm long and 0.2 to 0.3 μm wide, primary cilia play critical sensory roles for cells by detecting 

physical and chemical cues and serving as a receiver for signaling molecules (Evans et al., 2006; 

Gerdes et al., 2007; Lehman et al., 2009; Pazour and Witman, 2003; Schneider et al., 2005). Due 

to the ubiquitous nature of primary cilia and their critical roles in cell function, disruptions in 

primary cilia result in a wide spectrum of human disorders including Bardet-Biedl syndrome 

(Ansley et al., 2003), Meckel syndrome (Kyttälä et al., 2006), Joubert syndrome (Cantagrel et al., 

2008), Nephrophthisis (Otto et al., 2003), and polycystic kidney disease (Pazour et al., 2000) 

(Figure 4.1, Reiter and Leroux, 2017). Over 400 proteins are associated with cilia, and at least 187 

of these are required for cilia function in mammals (Reiter and Leroux, 2017). Identifying the 

genes and proteins that are required for ciliogenesis, as well as unraveling how they interact to 

assemble a functional cilium is important to understand the pathology of human ciliopathies. 
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Figure 4.1 Human Ciliopathies 
An overview of human ciliopathies and the systems they affect. Disorders are colored 
based on the type of cilia which underlies the defect. PKD – polycystic kidney disease, 
NPHP - nephronophthisis. Reprinted by permission from Reiter and Leroux, 2017. 

 

4.1.1 The Structure of Primary Cilia 

The cilium is composed of a central core of microtubules, called the ciliary axoneme, 

surrounded by a plasma membrane sheath (Figure 4.2; Satir and Christensen, 2007; Youn and 

Han, 2017). The axonemal microtubules are an extension of the mother centriole (also called the 

basal body) which becomes docked at the cell membrane prior to ciliogenesis (Pedersen and 

Rosenbaum, 2008). The axoneme of primary cilia are made up of 9 microtubule doublets 

arranged in an outer ring with no microtubules in the center (9+0 structure; Figure 4.2). In 

contrast, motile cilia exhibit a 9+2 microtubule arrangement in which there is an additional pair 

of microtubules at the center of the cilium. The microtubule doublets in motile cilia interact with 

each other through inner and out dynein arms which generate movement in the cilia (Loges et 
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al., 2009). Primary cilia lack these dynein motors and are therefore immotile. One interesting 

exception to this are the nodal cilia which bear hallmarks of primary cilia—they are solitary and 

exhibit the 9+0 microtubule arrangement—but possess dynein arms and are therefore motile 

(Satir and Christensen, 2007). Throughout this chapter, I will use the term “primary cilia” to refer 

to both nonmotile monocilia and the motile monocilia in the node. 

 

 

Figure 4.2 Structure of Primary Cilia 
Diagram of the structure and organization of primary cilia. Cross sectional views of the 
microtubule structure at the ciliary axoneme (1), transition zone (2), distal end of the 
basal body (3) and basal body (4) are shown. See the text for explanation of 
components. IFT – intraflagellar transport. Adapted by permission from Youn and Han, 
2017. 
 

The mother centriole/basal body is anchored to the cell membrane by transition fibers 

and Y-shaped link fibers (Figure 4.2, Szymanska and Johnson, 2012; Youn and Han, 2017). These 

fibers comprise the “ciliary gate,” a selective barrier that regulates transport in an out of the 

cilium (Craige et al., 2010; Hu et al., 2010; Williams et al., 2011). Consequently, although the 
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ciliary membrane and lumen are continuous with the main cell body, the composition of cilia is 

distinct from the rest of the cell due to the selective transport of membrane and cytosolic 

proteins into the cilium. The trafficking of proteins in the cilium, termed intraflagellar transport 

(IFT), is mediated by the Bardet-Biedl syndrome proteins (BBSome), IFT complexes (IFT A and B), 

and microtubule motors (Figure 4.2). BBSome proteins are required for the assembly IFT particles 

at the base of the cilium which are composed of the transport cargo, IFT A/B adaptors, and 

microtubule motors (Wei et al., 2012). The anterograde transport of these particles to the ciliary 

tip is mediated by kinesins (Cole et al., 1998) and the retrograde transport back to the base is 

mediated by dyneins (Signor et al., 1999). IFT transport is essential for cilia growth, maintenance, 

and function. Thus, many of the proteins in these trafficking complexes were identified because 

mutations in them are associated with human ciliopathies (Youn and Han, 2017). 

4.1.2 The Role of Primary Cilia in Development 

Primary cilia were once considered to be useless vestiges (Federman and Nichols, 1974). 

However, several critical roles have now been assigned to primary cilia during development 

including the establishment of left-right (L/R) asymmetry and the reception of cell signal. The 

establishment of L/R asymmetry during mouse development occurs shortly after gastrulation at 

a shallow indentation on the surface of the embryo called the ventral node (Lee and Anderson, 

2008). The ~250 cells within the ventral node are monociliated, but unlike traditional primary 

cilia, many of them are motile (Lee and Anderson, 2008). The rotational movement of these nodal 

cilia generates a leftward flow of extraembryonic fluid that activates a cascade of signaling events 

at left margin of the node (Grimes and Burdine, 2017). This leads to the unilateral expression of 

left-specific genes such as Nodal, Pitx2, and Lefty2 (Logan et al., 1998; Lowe et al., 1996; Meno 
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et al., 1996; Hirokawa et al., 2006). Disrupting the formation of nodal cilia results in bilateral 

expression or absence of left-sided genes and randomized L/R asymmetry (Marszalek et al., 1999; 

Nonaka et al., 1998; Takeda et al., 1999). 

In addition to L/R patterning, cilia also serve as a cell’s “antenna” for detecting signaling 

molecules such as Sonic Hedgehog (SHH) (Goetz et al., 2009). SHH is a secreted ligand which binds 

to Patched receptors at the cell surface and activates transcription of target genes through the 

GLI (Gli2/3) transcription activators. In the absence of SHH, the Patched receptor represses the 

activity of Smoothened (Rohatgi et al., 2007). As a result, the GLI transcription activators are 

proteolytically processed into repressors. SHH binding to Patched relieves the repression of 

Smoothened (Corbit et al., 2005). In this state, the GLI activators are stabilized and stimulate 

transcription of target genes (Wang et al., 2010). Evidence for an involvement of cilia in SHH 

signaling came from mouse mutants identified in forward genetics screens that exhibited SHH 

signaling defects in the mouse neural tube (Huangfu and Anderson, 2005). These phenotypes 

resulted from mutations in genes required for ciliogenesis, such as Ift172, Polaris, and Kif3a 

(Huangfu and Anderson, 2005). Other signaling pathways have also been shown to be affected 

by the loss of cilia (Gerdes et al., 2007; Schneider et al., 2005). However, the phenotypes 

identified in cilia mutants can be primarily attributed to defects in SHH signaling (Huangfu and 

Anderson, 2005). Given these important roles in L/R patterning and cell signaling, the proper 

assembly of a functional primary cilium is essential for development. 

4.1.3 The Assembly of Primary Cilia 

Assembly of the primary cilium is coordinated by the centrosome. Centrosomes are non-

membrane bound organelles composed of two centrioles—a mother and a daughter—
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surrounded by a cloud of pericentriolar material (PCM). Centrosomes organize the microtubule 

network throughout cells and mediate the assembly of mitotic spindles during mitosis. During 

interphase the mother centriole is converted into a basal body which docks at the cell membrane 

to form the primary cilium. The mother centriole is differentiated from the daughter centriole by 

the presence of distal and subdistal appendages (Kobayashi and Dynlacht, 2011). At the onset of 

ciliogenesis, Golgi-derived ciliary vesicles associate with the distal appendages of the mother 

centriole (Sorokin, 1962). After ciliary vesicle docking, the mother centriole is now called a basal 

body and migrates to the cell surface where the distal appendages anchor it to the plasma 

membrane (Kobayashi and Dynlacht, 2011; Schmidt et al., 2012; Tanos et al., 2013). Recruitment 

of Tau Tubulin Kinase 2 (TTBK2) to the distal appendages causes the expulsion of the centriolar 

capping protein CP110 and microtubules begin to nucleate from the distal end of the basal body 

(Goetz et al., 2012; Spektor et al., 2007). As the microtubules grow, they transition from the 

triplet microtubule pattern of the basal body to the doublet microtubule pattern of the ciliary 

axoneme (Kobayashi and Dynlacht, 2011). The growth of axonemal microtubules is fed by 

anterograde IFT and eventually leads to the full extension of a mature cilium (Pedersen and 

Rosenbaum, 2008).  

Many of the key aspects of ciliogenesis are mediated by components of the pericentriolar 

material (PCM). The PCM is an amorphous, dense matrix of proteins and small granular satellites 

(70–100 nm) which surround the centrioles (Tollenaere et al., 2015). PCM1, an integral 

component of pericentriolar satellites, regulates ciliogenesis by recruiting ciliary vesicles to the 

centrioles (Wang et al., 2016), and C2CD3 is required for the assembly of distal appendages and 

ciliary vesicle docking (Ye et al., 2014). The PCM also maintains the structure of the basal body 
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by recruiting core centriolar proteins to the mother centriole (Kodani et al., 2015). Thus, the PCM 

serves as a recruiting center for the components necessary to promote centriole duplication and 

ciliogenesis (Tollenaere et al., 2015). 

4.1.4 PIBF1 and Ciliogenesis 

Pibf1 (progesterone-induced immunomodulatory binding factor 1) encodes a short, 34-50 

kDa protein which has been proposed to prevent immune rejection of the developing fetus 

(Anderle et al., 2008; Polgár et al., 2004; Szekeres-Bartho and Chaouat, 1990). Pibf1 also encodes 

a long, 90 kDa isoform which localizes to the pericentriolar material in human cell lines and 

mediates mitotic spindle assembly (Kim and Rhee, 2011; Kim et al., 2012; Kodani et al., 2015; 

Lachmann et al., 2004; Polgar et al., 2003). Furthermore, siRNA knockdown of Pibf1 (CEP90) in 

cell culture suggests that PIBF1 is required for ciliogenesis (Kim et al., 2012; Wheway et al., 2015). 

However, how PIBF1 functions to promote ciliogenesis during development remains unknown. 

The ENU forward mutagenesis screen described in chapter 2 identified 13B, a Pibf1 allele 

that contains a premature stop codon predicted to disrupt the 90 kDa isoform of Pibf1 (PIBF1-

90). Here I show that deletion of PIBF1-90 in mice results in L/R patterning defects and SHH 

signaling defects during early embryonic development (E7.5-E9.5) and that these phenotypes 

stem from the complete absence of nodal and primary cilia in 13B mutants. I confirmed that the 

PIBF1-90 isoform is localized to the pericentriolar material in mice and identify a novel repressive 

role for PIBF1 in regulating centriole duplication. 

4.2 Materials and Methods 

4.2.1 Mice 
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For a full description of the methods used in the ENU screen that identified Pibf113B mice, 

see Chapter 2. The Pibf1 knockout mice were maintained in a C57BL/6NJ background (JAX 

#005304). Experiments involving mice were performed according to standard operating 

procedures approved by Cornell’s Institutional Animal Care and Use Committee. 

4.2.2 Linkage Analysis and Exome Sequencing 

DNA was isolated from 13B mutants or from heterozygous adult carriers by Proteinase K 

digestion. An array of 57 MIT microsatellite markers (Dietrich et al., 1996) distributed across the 

mouse genome which were polymorphic between FVB/NJ and C57BL/6J were amplified by PCR 

and used to map the 13B mutation to chromosome 14. DNA from five 13B mutant embryos was 

pooled for exome sequencing. For a full description of exome sequencing methods, see Chapter 

2. 

4.2.3 Mouse Embryo Analysis 

Embryo dissections: Timed matings were set up and female mice were monitored for 

vaginal plugs. The morning a plug was found was considered embryonic day (E) 0.5. Unless 

otherwise noted, embryos of the desired stage were dissected in cold 4% BSA/PBS (pH 7.4) and 

fixed overnight in 4% PFA/PBS (pH 7.4) at 4oC.  

MicroCT imaging: Fixed embryos were dehydrated in methanol. Embryos were stained in 

1% iodine (I2)/100% methanol for 3 days at room temperature, then scanned at ~3.0 µm 

resolution using a Zeiss Xradia Versa 520 XRM (Cornell University BRC Imaging Facility). 3D 

reconstructions of the data were generated using OsiriX software (Pixmeo SARL). 

In situ hybridization: Fixed embryos were dehydrated in methanol and stored at -20 oC 

until use. Whole mount in situ hybridizations using DIG-labeled RNA probes were conducted as 
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previously described (Shibata and García-García, 2011). After performing in situ hybridization, 

embryos were frozen in OCT and processed into 20 µm sections to obtain cross sectional views. 

Immunofluorescence/Antibodies: Fixed embryos were frozen in OCT and processed into 

10 µm sections. Immunofluorescence was performed following standard protocols (Nagy 2003). 

Briefly, sections or whole embryos were washed in blocking solution (1XPBS, 1% heat inactivated 

goat serum, 0.1% TritonX-100) and incubated with primary antibodies diluted in blocking solution 

overnight at 4 oC. Alexa-Fluor conjugated goat secondary antibodies (ThermoFisher 

A11034/A11036) were diluted in blocking solution (1:200) and incubated with samples for 1-2 h 

at room temperature. Samples were mounted in Fluoroshield Mounting Medium containing DAPI 

(Abcam ab104139) to counterstain the nuclei. Samples were imaged with a Zeiss LSM 710 

Confocal using Plan-Apochromat 63x/1.4 Oil DIC M27 or C-Apochromat 40x/1.2 W Corr M27 

objectives (Cornell University BRC Imaging Facility). Antibodies: Mo anti-ARL13B, 1:200 

(NeuroMab 75-287). AF488/AF568-Phalloidin, 1:50 (ThermoFisher A12379/A12380) was used to 

visualize F-actin. 

Scanning electron microscopy: Embryos were fixed in 2% glutaraldehyde/0.1 M sodium 

cacodylate buffer (pH 7.4) for 2 h on ice. Embryos were post-fixed in 1% osmium tetraoxide 

(OsO4)/0.1 M sodium cacodylate buffer (pH7.4) for 1 h on ice and dehydrated in an ethanol series. 

For cross sections, embryos were manually fractured after critical point drying. For enface views, 

wild type embryos were manually bisected mid-sagittally to expose the neuroepithelial surface 

prior to OsO4 post-fixation. Images were acquired using a Tescan Mira3 FESEM (Cornell Center 

for Materials Research Facilities).  

4.2.4 Cell Culture 
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MEF Isolation/Transfection: Wild type and mutant embryos were isolated at E9.5 and 

dissected in PBS. Whole embryos were disaggregated in 0.25% Trypsin/EDTA (ThermoFisher 

25200056) at 37oC for 10-15 min. The entire suspension was plated in gelatinized 5 cm plates and 

cultured with DMEM (ThermoFisher 11960044) supplemented with 10% FBS (Atlanta Biologicals, 

S11150), Pen/Strep (ThermoFisher 15140-122), and L-glutamine (ThermoFisher 25030081). 

Where stated, cells were synchronized by culturing them in reduced serum DMEM (0.5% FBS) for 

48 h prior to fixation. All experiments were performed on primary MEFs between passages 2 and 

6. 

Immunostaining: MEFs were plated on gelatinized coverslips and grown to 60-80% 

confluence. Cells were fixed in ice cold 1:1 acetone/methanol for 20 min at -20 oC. Fixed cells 

were rehydrated and incubated with blocking solution (0.1% Triton X-100, 1% heat inactivated 

fetal bovine serum, 1% BSA, 1% heat inactivated goat serum, 1XPBS) for 1 h at room temperature. 

Primary antibodies were diluted in blocking solution and incubated with the cells overnight at 

4oC. Alexa-Fluor conjugated goat secondary antibodies (ThermoFisher A11034/A11036) were 

diluted in blocking solution (1:200) and incubated with samples for 1-2 h at room temperature. 

Cells were mounted and imaged as stated above. Antibodies: Mo anti-ARL13B, 1:200 (NeuroMab 

75-287); Rb anti-CEP63 (Millipore 06-1292); Mo anti-HA (BioLegend MMS-101P). AF488/AF568-

Phalloidin, 1:50 (ThermoFisher A12379/A12380) was used to visualize F-actin. 

4.3 Results 

4.3.1 13B mutants display craniofacial, left-right patterning, and axial rotation defects 

13B mutants were identified in the ENU screen described in chapter 2. In dissections at 

E9.5, 13B embryos were identified by the presence of an enlarged maxillary process, a rounded 
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floor plate in the neural tube, and a mislooped hearts (Figure 4.3). The heart exhibited complete 

situs inversus in 64% (31/45) of 13B mutants but appeared normal in the other 36% (17/45). 

These numbers suggest that heart looping is randomized in 13B embryos. Digital sections from 

microCT reconstructions revealed a deformed floor plate in the neural tube of 13B mutants, 

which lacked the characteristic constricted medial hinge point of wild type embryos (Figure 4.3C, 

E). The neural tube also failed to close in the midbrain region of 20% (9/45) of the 13B embryos. 

The numerous malformations in 13B mutants ultimately lead to embryonic lethality by E11.5. 

The floor plate defects in the 13B neural tube, as well as the mislooped heart phenotype, suggest 

that neural tube patterning and L/R specification are disrupted in 13B mutants.  
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Figure 4.3 Morphological Defects in 13B Mutants 
(A-B) Lateral (A) and frontal (B) views of a wild type embryo at E9.5 (microCT). The 

dotted line marks the position of the cross section in C. The arrow highlights the 
counterclockwise looping of the heart. scale bar = 300 µm 

(C) Cross sectional view of embryo in A. The dotted line demarcates the ventral floor of 
the neural tube. scale bar = 200 µm 

(D-E) Lateral (A) and frontal (B) views of a 13B mutant embryo at E9.5 (microCT). The 
dotted line marks the position of the cross section in F. The arrow highlights the 
clockwise looping of the heart seen in a subset of mutants. The arrowhead marks 
the maxillary process. scale bar = 300 µm 

(E) Cross sectional view of embryo in D. The dotted line demarcates the ventral floor of 
the neural tube. scale bar = 200 µm 

 

4.3.2 Shh signaling is disrupted in 13B mutants due to the absence of primary cilia 

The absence of a floor plate in 13B mutants suggests that SHH signaling is disrupted. 

During development, SHH is secreted by cells in the notochord and induces distinct cell fates in 

the overlying ventral neural tube in a concentration-dependent manner (Chamberlain et al., 
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2008; Ribes and Briscoe, 2009). The SHH signal from the notochord induces formation of the floor 

plate which begins to express Shh thereby establishing a SHH gradient from ventral to dorsal in 

the neural tube (Chamberlain et al., 2008). This gradient specifies neuronal subtypes within the 

neural tube by regulating the expression of downstream transcription factors (Briscoe et al., 

2000; Le Dréau and Martí, 2012). In order to examine whether the 13B neural tube was 

responding to SHH signaling, I examined Shh expression in wild type embryos and 13B mutants. 

In E9.5 wild type embryos, Shh was expressed in both the notochord and the neural tube floor 

plate (Figure 4.4A). However, in 13B mutants, I found that Shh is expressed from the notochord, 

but not in the neural tube floor plate (Figure 4.4D). I also examined the genes downstream of 

SHH signaling. Isl1, which is activated by high concentrations of SHH (Dutton et al., 1999) was 

expressed in two lateral domains flanking the floor plate in wild type embryos (Figure 4.4B). 

Whereas Pax6, which is repressed by high concentrations of SHH (Briscoe et al., 2000), was 

restricted to the medial region of the wild type neural tube (Figure 4.4C). In contrast, Islet1 

expression was absent in the ventral neural tube of 13B mutants and Pax6 expression was 

expanded ventrally (Figure 4.4E-F). Thus, while SHH is produced from the notochord in 13B 

mutants, cells in the neural tube do not respond to the SHH signals, indicating that the 13B 

mutation disrupts SHH signal transduction. 
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Figure 4.4 SHH Signaling Defects in 13B Mutants 
(A-B) In situ hybridizations with Shh probes in wild type (A) and 13B mutant (B) embryos 

at E9.5. Inset shows a magnified view of the notochord and floor plate. 
(C-D) In situ hybridizations with Islet1 probes in wild type (C) and 13B mutant (D) 

embryos at E9.5. Arrowheads marks Islet 1 expression in the wild type neural tube. 
(E-F) In situ hybridizations with Pax6 probes in wild type (E) and 13B mutant (F) embryos 

at E9.5. The bracket marks the ventral extent of Pax6 expression in the neural tube. 
 

The SHH signal is propagated across the luminal surface of the neuroepithelium by 

binding to primary cilia (Chamberlain et al., 2008). Therefore, I used scanning electron 

microscopy to examine primary cilia on the luminal surface of wild type and 13B neural tubes at 

E9.5. Wild type neuroepithelial cells are monociliated, with a single, centrally-located primary 

cilium on their apical surface (Figure 4.5A-B), but cilia were not detected on the apical surface of 

the 13B mutant neuroepithelium (Figure 4.5C-D). Immunostaining of sections from wild type and 

13B mutant neural tubes for ARL13B, a marker of cilia (Larkins et al., 2011), confirmed a complete 

absence of cilia in the 13B mutant neuroepithelia (Figure 4.5E-H). Therefore, these results 
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demonstrate that the morphological defects in the 13B neural tube stem from impaired SHH 

signaling due to loss of primary cilia. 

 

Figure 4.5 Cilia Defects in the 13B Neural Tube 
(A-D) Scanning electron micrographs of the apical surface of the neuroepithelium in wild 

type (A-B) and 13B mutant (C-D) embryos. B and D are magnifications of the 
embryos shown in A and C. Inset is a high magnification image of primary cilium in 
wild type in B. scale bars = 200 µm (A, C), 5 µm (B, D), 1 µm (inset). 

(E-H) Immunofluorescence detection of F-actin (E, G) and ARL13B (F, H) in transverse 
sections of wild type (E-F) and 13B mutant (G-H) neuroepithelia. scale bars = 100 µm 

 

4.3.3 Fgf8 expression is expanded in the maxillary process of 13B mutants 

Primary cilia are required to mediate the conversion of the GLI3 repressor into an 

activator during SHH signaling (Humke 2010). In the absence of SHH signaling, primary cilia are 

also required to maintain GLI3 in its repressor state (GLI3-R; Humke 2010, Tabler 2013). Loss of 

GLI3-R activity causes an upregulation of Fgf8 which has previously been shown to result in 

enlargement of the maxillary process (Aoto 2002, Tabler 2013). Consistent with these reports, I 

found that the maxillary processes in 13B mutants are enlarged and extend laterally (Figure 4.6A-

D). I therefore examined Fgf8 expression in wild type and 13B mutants at E9.5 using in situ 
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hybridization. In the cranial region of wild type embryos, Fgf8 expression is localized to the 

hindbrain/midbrain junction, the frontonasal prominence, and the distal margin of the maxillary 

process (Figure 4.6E-G, arrowheads). In 13B mutants, Fgf8 expression is expanded in all of three 

locations (Figure 4.6H-J). These data suggest that maxillary overgrowth in 13B mutants results 

from the relaxation of Fgf8 repression in craniofacial tissues.  

 
Figure 4.6 Maxillary Process Defect in 13B Mutants 
(A-D) Scanning electron micrographs of the maxillary process in wild type (A-B) and 13B 

mutants (C-D) at E10.5. Boxed regions in A and C is magnified in B and D, 
respectively. scale bars = 500 µm (A, C) and 100 µm (B, D). 

(E-J) In situ hybridizations with Fgf8 probes in wild type (E-G) and 13B mutants (H-J) at 
E9.5. The dotted lines in E and H mark the location of the cross sections shown in G 
and J, respectively. Arrowheads mark domains of Fgf8 expression. Scale bars = 100 
µm 

 

4.3.4 L/R patterning is disrupted in 13B mutants due to the absence of nodal cilia 

L/R asymmetry is established early on in development by the generation of a leftward 

flow of signaling molecular in the ventral node (Hirokawa et al., 2006). This leftward flow is 

generated by the clockwise rotation of the nodal cilia and results in the activation of several genes 

on the left side of the embryo such as Lefty2, Nodal, and Pitx2. In the absence of nodal flow, 
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signaling molecules are uniformly distributed resulting in stochastic L-R specification (Hirokawa 

et al., 2006). Given the randomized heart-looping defects in 13B mutants and the absence of cilia 

in the neural tube at E9.5, I sought to determine whether nodal specification of L/R asymmetry 

was disrupted in 13B embryos at E8.5. Using in situ hybridization, I found that the left-specific 

marker, Lefty2, was expressed on both right and left sides in all 13B mutant embryos examined 

(9/9, Figure 4.7A-D). Double-sided expression of Lefty 2 specific genes is indicative of lack of nodal 

flow and has previously been shown to result in randomization of heart looping (Nonaka et al., 

1998). I therefore examined cilia at the ventral node in wild type and 13B mutants using scanning 

electron microscopy. At E7.5, cilia were present at the ventral node in wild type embryos, while 

no cilia were detected in the 13B mutant ventral node (Figure 4.7E-H). These findings 

demonstrate that L/R patterning defects in 13B mutants result from the absence of nodal cilia, 

suggesting that the underlying mutation in 13B embryos lies in a gene required for ciliogenesis 

throughout the developing embryo. 

 

Figure 4.7 Left/Right Patterning Defects in 13B Mutants 
(A-D) In situ hybridizations with Lefty2 probes in wild type (A-B) and 13B mutants (C-D) 

embryos at E8.5. L – left, R – right, scale bars = 250 µm (A, C) and 100 µm (B, D). 



 

111 
 

(E-H) Scanning electron micrographs of wild type (E-F) and 13B mutant (G-H) embryos at 
E7.5. F and H are magnifications of the boxed regions embryos shown in E and G, 
respectively. a – anterior, p – posterior, scale bars = 100 µm (E, G), 5 µm (F, H) 

 

4.3.5 13B mutants have a premature stop codon in Pibf1 

To identify the mutation responsible for the defects in 13B mutants, we used PCR 

amplification of simple sequence repeat polymorphisms to map the 13B mutation to a 15 Mbp 

region on chromosome 14 between D14Mit263 and D14Mit94 (Figure 4.8A). Among the 26 genes 

in this region, none were previously reported to exhibit a phenotype similar to that of 13B. I 

therefore performed exome sequencing to identify mutations in the linkage region. This analysis 

revealed a single novel coding mutation predicted to introduce a premature stop codon in Pibf1 

(R405X) (Figure 4.8B-D). The R405X missense mutation is located in exon 9 of Pibf1 and is 

therefore only expected to affect the long, 90 kDa isoform (Figure 4.8D-E). I confirmed that Pibf1 

is responsible for the mutant phenotype by performing a genetic complementation test with a 

knockout (KO) allele of Pibf1 generated through the knockout mouse project (Pibf1tm1.1(KOMP)Vlcg) 

and crossing it to 13B carriers. Embryos heterozygous for Pibf113B exhibit a wild type phenotype, 

whereas transheterozygous Pibf113B/KO embryos recapitulate the 13B mutant phenotype (Figure 

4.9). This demonstrates that defects in Pibf1 are responsible for the phenotype of 13B mutants. 

Taken together, our data highlight the critical role of PIBF1 in ciliogenesis during early embryonic 

development. 
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Figure 4.8 Exome Sequencing of 13B Mutants 
(A) Diagram of mouse chromosome 14 showing the mapped location of the 13B 

mutation 
(B) SNVs identified in the mapped region of chromosome 14 by exome sequencing (see 

Materials and Methods for details). All of the putative SNVs identified in the region 
(8711) were filtered to isolate only those which had >10 coverage and were 
enriched in the mutant samples (308 remaining). I further excluded SNVs which 
were not predicted to impact the coding sequence of genes (13 remaining). Finally, I 
excluded SNVs which were represented in other unrelated exome sequencing 
samples, or reported in the dbSNP database (1 remaining). 

(C) Alignment of exome sequencing reads spanning the single novel SNV identified in B 
to a C57BL/6 reference genome. 

(D-E) Diagram showing the location of the 13B mutation relative to the 90 kDa (D) and 
35 kDa (E) isoforms of Pibf1. Black arrows represent exons. Blue arrows represent 
the coding sequence of the respective isoforms. 
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Figure 4.9 Complementation Test in 13B Mutants 
(A) Lateral view of wild type embryo at E9.5. scale bar = 500 µm 
(B) Lateral view of transheteroyzygous (Pibf113B/KO) embryo E9.5. scale bar = 500 µm 
 

4.3.6 PIBF1 localizes to the pericentriolar material where it regulates ciliogenesis and 

centrosome duplication 

The 13B mutation is only predicted to affect the long isoform of Pibf1 which was 

previously reported to localize to the pericentriolar material in human cells (Lachmann et al., 

2004; Kim et al., 2012; Kodani et al., 2015). I confirmed that this was also the case in mouse by 

expressing an HA-tagged construct of the 90 kDa isoform of PIBF1 (PIBF1-90) in NIH3T3 cells (a 

mouse embryonic fibroblast cell line). Immunostaining for CEP63 (a marker of centrioles) and HA-

PIBF1-90 revealed that the long isoform of PIBF1 localizes to the pericentriolar material (Figure 

4.10). 
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Figure 4.10 PIBF1 Localization in MEFs 
Immunofluorescence detection of HA-PIBF1-90 (red) and CEP63 (green) in NIH3T3 
cells. The insets shows magnified views of the boxed region. scale bar = 5 µm. 
 

It was previously shown that components of the pericentriolar material, including PIBF1, 

are required to localize the centriolar proteins CDK5RAP2, CEP152, WDR62, and CEP63 to the 

centrosome (Kodani et al., 2015). CEP63 is a key regulator of centriole duplication during S-phase. 

Overexpression of CEP63 results in excessive centriole number, and loss of CEP63 reduces 

centriole number (Brown et al., 2013; Kodani et al., 2015; Löffler et al., 2011). siRNA knockdown 

of Pibf1 in HeLa cells was reported to prevent to localization of CEP63 to the centriole (Kodani et 

al., 2015). I therefore examined CEP63 localization and cilia/centriole number in primary mouse 

embryonic fibroblasts (MEFs) isolated from 13B mutants. I serum-starved MEFs to arrest the cells 

in interphase. Under these serum-starved conditions, the majority of wild type MEFs (83%) 

contained one or two CEP63 foci at the base of a single primary cilium (Figure 4.11A, C). However, 

no primary cilia were detected in 13B mutant MEFs, in accordance with observations from whole 

embryos (Figure 4.11B-C). In contrast to a previous study which reported that PIBF1 is required 

to recruit CEP63 to the centriole, CEP63 is localized to the centrioles in 13B mutant MEFs (Figure 

4.11B). The presence of CEP63 at centrosomes in 13B mutants suggests that CEP63 localization 
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at the centriole does not depend on full length PIBF1 in mouse MEFs. While examining CEP63 

localization in 13B mutant MEFs, we detected numerous cells which showed >2 CEP63 foci (Figure 

4.11B, D). This was surprising since at no point during the cell cycle should there be more than 

>2 CEP63 foci (Löffler et al., 2011). On average, 31% of 13B mutant MEFs possess >2 CEP63 foci 

compared to only 7% of wild type MEFs, supporting a role for PIBF1 in the mechanisms that 

control centriole duplication. Since centrioles form the organizing center of the mitotic spindle 

during mitosis, we wondered whether excess centrioles would affect chromosome segregation 

during cell division. We grew 13B mutant MEFs under normal serum culture conditions to 

examine dividing cells. 13B mutant MEFs in anaphase of mitosis contained segregating 

chromosomes tightly associated which the 2 spindle poles. However, 13B mutant MEFs with 

multiple centrosomes lack discrete poles during chromosome segregation (Figure 4.11E-H). 

These data indicate further demonstrate that PIBF1 is required to regulate centriole duplication 

and show that supernumerary centrioles in Pibf1 mutants can lead to chromosome instability. 
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Figure 4.11 Cilia and Centriole Duplication Defects in 13B MEFs 
(A-B) Immunofluorescence detection of ARL13B (green) and CEP63 (red) in primary 

MEFs isolated from wild type (Pibf1+/+) and 13B mutant (Pibf113B/13B) embryos. Insets 
show magnifications of the boxed regions in A and B. scale bars = 5 um 

(C-D) Quantification of ciliated cells and CEP63 foci in wild type (Pibf1+/+) (C) and 13B 
mutant (Pibf113B/13B) (D) MEFs (n=50 cells each from 3 separate experiments). *two-
tailed student’s t-test 

(E-H) Immunofluorescence detection of CEP63 (red) in dividing 13B mutant MEFs 
(Pibf113B/13B) with two centrosomes (E-F) or multiple centrosomes (G-H). Images 
show the nucleus of a single cell in anaphase of mitosis. 

 

4.4 Discussion 

Cell culture experiments have implicated PIBF1 as being involved in ciliogenesis (Kim et 

al., 2012; Wheway et al., 2015). By characterizing the developmental defects of Pibf1 mutants, 

we provide in vivo evidence that the long isoform of PIBF1 is required for the formation of cilia 
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throughout the developing embryo. The absence of cilia in Pibf1 mutants results in L/R patterning 

and SHH signaling defects, including randomized heart looping, malformed neural tube floor 

plate, and enlarged maxillary processes. We also confirm that PIBF1 is a component of the 

pericentriolar material. Contrary to a previous report, we provide evidence that PIBF1 is not 

required for the localization of CEP63 to the centriole. Finally, we identify a novel role for PIBF1 

in regulating centriole duplication.  

4.4.1 The Role of PIBF1 in Ciliogenesis 

Numerous proteins are involved in ciliogenesis in mammals (Reiter and Leroux, 2017). 

How these proteins coordinate the assembly and maintenance of cilia remains an ongoing 

question. Deletions of required cilia proteins have different effects on ciliogenesis depending on 

their function. For instance, mutations in the of the axonemal dynein gene, Left-right dynein (Lrd), 

do not inhibit cilia formation, but they impair the movement of nodal cilia and thereby result in 

L-R defects (Okada et al., 1999). On the other hand, deletion of IFT components such as IFT144, 

a member of the IFT-A complex, causes a failure of axoneme growth resulting is short and stubby 

cilia (Liem et al., 2012). Likewise, deletion of Dynein 2 (DYNC2H1), which is required for 

retrograde IFT in cilia, stunts cilia growth and causes the development of a bulge at the distal tip. 

In contrast to these examples, 13B mutants produce no vestige of a cilium, as shown by SEM 

analysis in E9.5 and E7.5 13B mutants. This suggests that PIBF1 is required for early events during 

ciliogenesis such as the docking of ciliary vesicles, the anchoring of the basal body to the plasma 

membrane, or the initiation of microtubule nucleation. 

These results confirm that the 90 kDa PIBF1 isoform localizes to the pericentriolar 

material (PCM). PCM components differ with respect to how they mediate ciliogenesis. For 
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instance, loss of the core PCM protein, PCM1, blocks the recruitment of ciliary vesicles to the 

distal end of the mother centriole (Wang et al., 2016), whereas the centriolar satellite protein, 

OFD1, promotes ciliogenesis by recruiting components of the distal appendages (Singla et al., 

2010). Furthermore, knockdown of the distal appendage protein, CEP89, causes the failure of 

mother centriole/basal body docking at the membrane and the CP110 cap on the mother 

centriole is not removed (Tanos et al., 2013). In recent studies investigating the protein-protein 

interaction landscape within the cilia/centrosomes, PIBF1 was found to be closely associated with 

the centriolar appendage proteins, CEP128, CNTRL, ODF2, and CEP 89 (Gupta et al., 2015). This 

suggests a potential role for PIBF1 in distal and/or subdistal appendage assembly. Whether distal 

appendages are formed and the mother centriole is anchored to the cell membrane in 13B 

mutants remains to be determined. 

4.4.2 The Role of PIBF1 in Centriole Organization and Duplication 

In addition to a role in ciliogenesis, we identified a novel requirement for PIBF1 in 

regulating centriole duplication. In MEFs cultured from 13B mutants, >2 CEP63 foci were 

detected in approximately 30% of cells (Figure 4.11). Centriole duplication is tightly coordinated 

with the cell cycle such that each of the two initial centrioles replicates once to produce four 

centrioles that are evenly divided between the daughter cells (Firat-Karalar et al., 2014). 

Unlicensed centriole duplication can disrupt spindle pole formation and cause chromosomal 

instability during mitosis (Ganem et al., 2009; Sir et al., 2011). Over-duplication of centrioles can 

result from the growth of new centrioles (procentrioles) at multiple sites on a single mother 

centriole (instead of one site) or from repeated duplication (reduplication) of centrioles during a 

single cell cycle. For instance, overexpression of PLK4—which normally localizes to one site on 



 

119 
 

the mother centriole and initiates the formation of a single procentriole—causes multiple 

procentrioles to form from a single mother centriole (Kleylein-Sohn et al., 2007). However, a G2 

arrest can also cause an excess number of centrioles by inducing multiple rounds of reduplication 

(Lončarek et al., 2010). Our data suggest that PIBF1 regulates centriole duplication. Whether this 

is by limiting the number of PLK4 initiation sites or restricting centriole reduplication remains to 

be determined. Interestingly, PIBF1 interacts with the PCM protein, KIAA0753, which was 

previously shown to be required to promote centriole duplication (Firat-Karalar et al., 2014). 

Therefore, perhaps PIBF1 restricts the pro-replicative activity of KIAA0753, and loss of PIBF1 

allows the unrestricted promotion of centriole duplication by KIAA0753. In the future, it will be 

important to examine the nature of the interaction between these two centriolar satellite 

proteins and their opposite effects on centriole duplication. 

The centriole overduplication defect identified in 13B mutants differs from a previous 

report showing that centriole duplication is reduced by Pibf1 siRNA knockdowns (Kodani et al., 

2015). However, this report also noted a loss of CEP63 in response to the knockdown of PIBF1, 

whereas CEP63 is still localized to the centrosome in 13B mutants. While the reason for these 

discrepancies is unknown, they may stem from differences in the approach (siRNA vs genomic 

mutation), the species (human vs mouse), or the fact that the 13B mutation only affects the long, 

90 kDa isoform. Future studies will be required to clarify the role of PIBF1 in regulating CEP63 

localization and centrosome duplication. 

4.4.3 Conclusion 

These findings highlight divergent roles for PIBF1 in regulating both ciliogenesis and 

centrosome duplication. While proteomic approaches have been useful in cataloging the 
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hundreds of proteins involved in cilia and centrosome function, the proteins must be individually 

examined to understand their role in centrosome biology. The 13B mutant provides a window 

into studying how pericentriolar proteins such as PIBF1 contribute to human ciliopathies. 
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APPENDICES 
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Appendix 1 SSRP Markers for Linkage Analysis 

Marker cM F Primer R Primer 

D1Mit373 10.92 AGATAGCCACTCAGTTGAATACCC CTTTACAGGTCTTGAAAGCATGG 

D1Mit303 31.79 GGTTTCTATTTCGGTTCTCGG TCTGTGCTGCAAAACAGAGG 

D1Mit102 63.32 AAATACCAGCAAAACAATAAAGGC TGAATTAAAATTGCAGAGGCG 

D1Mit355 80.36 TAGAAAGACCTTTTCTCAAATAGTGTG  TAGGAACTGTTTTGTTGTTTTACACA  

D2Mit1 2.23 CTTTTTCGTATGTGGTGGGG AACATTGGGCCTCTATGCAC 

D2Mit42 54.85 ATTACTGGGCAGGAACATTTG GCCAAACTTCCAGACTCCTC 

D2Mit48 77.36 GCTCTGCAGAAGATGCTGC GCTGAGACGCAGAGTCGC 

D3Mit164 2.01 GCTCCTGGGAAAGGAAGAAT GATACTTGGGGTTGTGCATACA 

D3Mit307 19.01 GAACTTGTAGCAGAAAGAAAGATGG TGGTATTTTAAGAATCGCTCATACA 

D3Mit49 39.02 CTTTTCTCGCCCCACTTTC TCCTTTTAGTTTTTGATCCTCTGG 

D3Mit17 67.63 CATGGCTCCATGGTTCTTG CCACGGAGAACAACTGAAGA 

D4Mit178 34.92 GCCCTGAAGGTAAATCAGTAACT GCTCAGGAGGTACATTGCCT 

D4Mit37 53.43 GGAAAGACAAACAGTAGTGTGGG TGCCATAACAACCATGGCTA 

D4Mit158 70.02 CCTCATGTGGAGGCCATC TTCAATTCTCAGAATCCTTGATAGG 

D5Mit145 3.37 TATCAGCAATACAGACTCAGTAGGC TGCCCCTTAAATTCATGGTC 

D5Mit233 28.55 TCCCCTCTGATCTCCTCAGA CCTCCTAGAATACAATTCAATGTGG 

D5Mit24 54.68 CACTTGCCACACAGCAGG CGTGCATGCACTAGTGTGTG 

D5Mit43 84.68 TTATAGGCACGAACTGTCATGC GTCCCCTCACCCACTTGTAA 

D6Mit86 1.81 GACCAAACCAGAAGCCCCT GGAATGTAGCCCTAAGTTGGA 

D6Mit188 32.53 CTTTAGTCATTATTAGGATTGCCTATG TGGGATAGCATTGGAAACGT 

D6Mit14 77.64 ATGCAGAAACATGAGTGGGG CACAAGGCCTGATGACCTCT 

D7Mit57 9.94 TTCCCTCTAGAACTCTGACCTCC AGTTCAGAGCCGAGACTAGGC 

D7Mit230 31.44 GGGTTAACTGCTTTTTAAAAGTGC ACTTCTGCATGTTGCCCTCT 

D7Mit220 55.69 AAGCATGCAAGCACACTCAC ATGCACACAGGCAGTCACTC 

D8Mit4 18.89 CCAACTCATCCCCAAAGGTA GTATGTTCAAGGCTGGGCAT 

D8Mit309 44.55 GAATTTGGGGAAATAGTGTCTCC CTCAGCCCTGAGTTCCACTC 

D8Mit215 62.63 AATACACAAGGTTGGCCTCA ATGTGTGGATATTCATGTGCTC 

D9Mit129 24.45 TTGTCTTTTAACCTCCTGGAGC TCCCATCTTTCTCCTTGTGG 

D9Mit182 53.48 GTGAAATTGGTTATGTAAATGTCTGA GAGATGACTAGGGTGAACTGGG 

D9Mit82 71.33 GCGGCAGTAGGACATTGTTT CCTGAGCACTGAAAAGGAATT 

D10Mit3 16.53 GTTGATAGTCCCACCTCACTCA TGAGAAATTCCATCTGTGGC 

D10Mit95 47.06 CCAGCCTAGAAAACCAAGCA ACAGTGCTTCCGGAAAAATG 

D10Mit267 67.55 ACACTTACAGTACCCTGGTGTGG GTGTGTGGGCGGATGTAAG 

D11Mit217 23.1 ACTGGAAAATATGTTTTAAACCTCTG AAATGGGATTCTGCAAAAACC 

D11Mit245 46.18 ATGAGACCATGCTCCTCCAC TTGTCCTCTGACCTTCACACC 

D11Mit224 71.83 CTCATCATGGAAGGAGAGAACC TCAACTATAATAATTTCTCCAACCTCA 

Table 4.1 MIT SSRP markers used for coarse mapping 
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D12Mit114 28.94 TTGACCTTGAACTTGTGACCC GTTTTCTCCAAATCACTGTCACC 

D12Mit231 50.87 GAGTGGATAATGAAAATGTGGTG CCTGACATTTTTATGATTTTATTTTTC 

D13Mit17 7.73 CACCCCCAAGTTCTCTTGAA CCCACATACACATGTGCACA 

D13Mit186 31.87 GAAAGCCCTAGGGGAAGATG TGCAGTTTCTAAGGTTAAAACTAAAGC 

D13Mit76 62.35 ATGCACCTGTCTAAATGTGTGC AGAGGGACTGTGGGACTGTG 

D14Mit14 16.8 GCACATTCCAAAACACATGC GGGATGGTGTCAATCAATCC 

D14Mit18 24.6 AAGGTGGACCAGGAAGGAGT GACATTGAGAGACCAAAAAATGC 

D14Mit195 44.17 AGAGATAATCAATTCACACAAATTGG TTCTGTGTTCAATGTCCACACA 

D15Mit154 16.82 AGCACTGGGTACACAAACTGG ATGAAAGCATGTGTAGTCTTTCTCA 

D15Mit172 46.02 CGGGAAAAGTTTATTTAAAACTGC GGTCACACATGCATATGTGTATACA 

D16Mit131 3.41 TGGTGGTGGTGTTGATGGTA AAGACCATTTCTAATAAACAACACCC 

D16Mit4 25.43 AGTTCCAGGCTACTTGGGGT GAGCCCTCATTGCAAATCAT 

D16Mit50 45.41 CACACAGAATCTGCTGAAATCC CAATGAATGTGTTTATGTTGATGA 

D17Mit133 12.53 TCTGCTGTGTTCACAGGTGA GCCCCTGCTAGATCTGACAG 

D17Mit152 34.9 CCAGTATTCTAGCTGCCCGA GATAAAAATGAGATCAAGATGGGG 

D17Mit123 60.67 CACAAGGAGGGAGCCTGTAG CACCGTAAGAGTCTAATAATAAGGGG 

D18Mit149 23.88 CCTAGATGCATGACTCAGTTTACTC TTGCTGAGAACCAGAGAATGG 

D18Mit187 50.99 TGCTTGAAGAAAGAGATCCTACG GACATGCATGCCTGTAACTCC 

D19Mit28 10.85 TCTTCATGCCCAAAAGAGCT GCATCCTGAATCTCCTGCC 

D19Mit11.1 36.26 TCAAAGTCAAGGTGGGCAG ACTTTCCAGATGTTGGGCAC 

D19Mit1 50.32 AATCCTTGTTCACTCTATCAAGGC CATGAAGAGTCCAGTAGAAACCTC 

 

  

Table 4.1 (continued) 
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Marker cM Location F Primer R Primer 

D1Mit430 36.85 CATGGCACACATACATACATGTG AACATAGCAATGGTATATAGGTATGGG 

D2Mit380 18.94 ACACAGGCTAAAACATGGGC GCATCTGTATTCCACAGGCA 

D2Mit445 30.2 CCACTGGATGGCAACAGAC  TATGTGTTTCAAAACCACACTCG  

D3Mit102 33.52  ACTGCATTCCACAGCATTCA  AAAGTAAGCAGTTGCATGCTAGC  

D3Mit345 33.4 TAAAGGGGTTTGCTTAAACA  ATGCCACTGAATGTCAAATT  

D3Mit346 32.2 ATCTTCAAAGTGTGCCCAGG  GCTAAAGAGAGCTCTGAATGTGG  

D4Mit168 34.06 CCATCTTCTGGCATTTTGCT  AGACAGGAGGGTCCCAAAGT  

D6Mit149 21.73 TGATGAGTCCCAGACCAACA ATTCCAGTGGTTAGGCATGG 

D6Mit213 14.5 TTAGCAAGGGAACAGAGAGAGG CAATCAAGGTATCCCTGTCTCC 

D6Mit254 67.21 ACAGCACGGGTTTATCATCC  TATGCCTGCCAGGCTTCTAT  

D6Mit261 6.33 AATATTTTCATGTTTGGAGTCGTG CACTGCAGTGTCAATTTCTACTTT 

D6Mit74 4.73 GTAGGAGAGAACAACTGTCTTCTGC CATGAATAAGAACGAAAAGGGC 

D9Mit1000 56.16 TGTGTATGATTGTGTGGGGG  AGAAAGCAAACTTGCAAATATTCA  

D9Mit104 12.07 TCCAACTAGTCCCCCTCTACTT CTGTGACTATCTGTACAAGACCTGC 

D9Mit133 44.5 TGAGCACAGAGCCTATGTGG  ACAGAGAAATACCATGAAAACACC  

D9Mit17 33.21 GTCGATGGATGACTGCTGC CATGGGGACTCAGGAGATTG 

D9Mit212 10.52 CACAGACTACCAGAATCTGGAGG  CTCAGAACCATGTCTAAGGATGG 

D9Mit221 26.03 CCAAGTTTTTCATGGTAAGAAAA GAAAATCTGATAAATTCTGCCATG 

D9Mit283 53.55 ATTCTAGTGCAGAAGTCAGAACACA  AGACACAACACACCCGCAT  

D9Mit286 15.17 GTCCAGTTCCATGGGATCC TTTCTCTCACAAATAGGGAGTGG 

D9Mit310 4.92 CTTACAAGCATCCTGTGGAACTC  GAGGACCAACAGTCAAACATAGC  

D9Mit89 19.74  TCTGCCCTGTAACAGGAGCT  CTTCTGGAATCAGAGGATCCC  

D9Mit90 39.7 CACACATGTGTAGGTAGGTAGGTAGG CGCACAAGGACTACTGAAACA 

D12Mit118 17.59 AGGACAAATAAATAAAAAGAGTGTGTG CTTCCATATTGCTGTAACTTAAATGG 

D12Mit143 18.04 ACCTGACACCATTTTCAGGC ATCCTTGAGCCTGTTAAAAGACA 

D12Mit149 6.02 CAGCCATAATGACATGCCAC AAAAGCCCTCCTCTGACCTC 

D12Mit2 31.79 GGTTTCTATTTCGGTTCTCGG TCTGTGCTGCAAAACAGAGG 

D12Mit201 10.92 AGATAGCCACTCAGTTGAATACCC CTTTACAGGTCTTGAAAGCATGG 

D12Mit286 4.31 TATTAATGTTGAAGCCAGAAGCC CTTTAATCATCTCTGTGGCAAGG  

D12Mit3 40.89 CCTCAGGTCTGAAATGAGGTG AATGATGTGCATGTGCGC 

D12Mit33 60.37 CCTATACACGCACACACAGACA ATGCCCTGCTTGCTATTGTT 

D12Mit52 44.3 GGCTCGCTGGTTGGTTTTAC GGGCTCCTACATGCATGAAT 

D13Mit245 48.53 TTTGGTTCAACTAAGTTGATTTGC TGGAAAACTATTGTTAAATAACACACA 

D13Mit275 50.19 GAAGGCACTTGGCTGGTG GATCACCAGATGGTCATATACACA 

D13Mit78 49.41 GTTCCTCCAAACCCACCC AAGAAAAGAAAATGAAAACGATGG 

D14Mit11 48.93 ACATGCATGCACAACTCCAT TTTTTTGTGGGCTGCATGTA  

D14Mit110 38.16 TTGATCATAGTCAGATGAAGCACA CTCAACACTGTAAAGCCTAAAATCA 

D14Mit170 59.32 AGTGTCCCTAGGGGGTGG GGGGCCTTAGAGGTAGCAAC  

D14Mit207 39.51 GGTGTTTTGCCTGCCTACAT AGGGGATCTGACACCCTTTT  

D14Mit263 23.7 CATGTGCAGTGTAAGTAAGACCTC TCTCCTCCATCCTTCTCCAT  

D14Mit37 64.94 GCCTGGGCTACATGAGACTC GGGAATTCCAATACACTAAAGGG 

D14Mit47 35.6 TTAATTGAGACGCACTTTGGG AGGGGTCATTAGAGTTGGGG 

D14Mit61 45.8 CGCTGTACACATCAACATTATCTC TCTCTTTCAGAAAGTGCTTTTGG 

D14Mit94 67.33 GCCAAGGCTGTCTCTTAGCC GAGAGAAGGGTTCTGGGCAG 

D17Mit101 59.58 TAGAAGGCTGAAGTTCATCATCC TCCAATCCTCCTAAGTGAGTCC 

D17Mit143.2 10.25 GGATTAAAATGCCTACTATGTCTGG CCCAGTTTCCAGTGCCAC 

D17Mit51 7.59 AAATGGCATTGACATCTGACA CAGACTTACATGCAGACAATACACA 

D18Mit184 39.7 CAAAATGTCATATTCTTGTGTTTGG GTCTTCTTTTACAAATTTCCCAGC 

Table 4.2 MIT SSRP markers used for fine mapping 
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D18Mit225 57.34 AAATCTTTATCATGAAATAGGGATGC CCCACCCCATGTGTATCAC 

D18Mit60 14.79 CACATACAAGGATATACATACACAGGC TCACAGGAGGTGGCAGAAAT 

D18Mit67 17.8 AGGAGTCTCCCTGTACCTACACC AAGTAGAGGGGAGGAATGAACC 

  

Table 4.2 (Continued) 
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MARKER BP COORDINATE F PRIMER R PRIMER 

D2CU3 2:113701213-113701232 CTTCTGTGTGGGACTCCTGA GAATATGATTGTTTAGAGCAGAGAGC 

D2CU1 2:79287693-79287716 TCTTCCTGTGAATAGTACCCATGT TGATGAAAACCTACTGGTTTCG 

D2CU2 2:92480190-92480209 GGCTAGCTCCCATCTCACTG CTCAGCTCCCACTCTTCAGG 

D3CU7 3:122063181-122063200 AGGAGCTCCAGCCAAGAACT CTCCCACAAGGCCATACCTA 

D3CU1 3:129889895-129889914 CTTCCTGTGGCCGCTATTAC TGCACAACTGGCTTTCTTTTT 

D5CU2 5:22935705-22935724 TTGGGGTGCAGTGACATAAA TGAATTTACGCCAAGCCTTA 

D5CU3 5:35760835-35760854 ACAGCTGAAGGACTGGGAAC TCCCATCCAGCTGCTTACAC 

D5CU1 5:3584521-3584542 AAGAATTAAAATGGGCCAAACA GCTGGGACTAAAGGGTGTGT 

D9CU1 9:10215143-10215162 CAAGGGAGGAATTTGGCTTA CCTGTCATTGAGTACTCCCAAA 

D9CU2 9:16339679-16339698 TCCCAAACACTCTGCTGTTG TCAAGAGGACGATGCTCAAA 

D9CU3 9:61996153-61996976 GGGGCTGCTTAGGTCTGTTT TCTGGTGTGCATGAAGACAG 

D9CU4 9:62468204-62468831 CCAGATGGTATTCACAGAGCA GGTAGAAAGAAGGCTCAGGACT 

D9CU7 9:83803586-83804286 CAAGCGTAAAGGGAGCAAGG GCCGCTTCTTAATCCACCAG 

D13CU1 13:11568841-11568861 TCCTTTCACAAACCATGGAAG GCAGCCTCCATAGTCCAAAA 

D13CU2 13:18714597-18714618 TCAGAAGACCTTTTGGTTCTCA TGTGTTCACACATAGACACACAAAT 

D14CU1 14:16380041-16380060 CCACAGCCCATGGAGATTTA AAGGGGAAGCACACACACAC 

D14CU2 14:27387299-27387318 CTTGGGGAATGCAGTCTGAG CCAGAGGTGTCTGGGTGTCT 

D14CU5 14:99351364-99351383 GGTTCTGAGAGTTGGCAAGC GGCAAATACCACACAAAGTGC 

D15CU1 15:55237765-55237784 CCAGCACTTGCGAGTAGAAG CCCAAGCTGGGTTACAACTT 

D17CU2 17:19175883-19175903 GCAACTGCTTCCAAAAATCTG GGCAGTGAGTGCACATAAGC 

D17CU4 17:23758346-23758365 AGCACCCACACTTACAACCA TCCATTGAGTCTGTGCTTGG 

D17CU3 17:8859847-8859866 AAGACCCGGAGTTAAGCACA GGAGCGAGCACAGACCTTTA 

D19CU2 19:22430483-22430503 TCCTTTTCCATCACATTCCTG GGGTGGGGACCAAATAGAGT 

D19CU3 19:28577483-28577509 TTGGTACCTTCAAGTCTACTATACAGC GAGATGGGCCCAGTTGATTA 

D19CU1 19:3372718-3372737 ACCCTCACACATCCCCTATG TCAGTAAGATACATTGCCTTAATTTTT 

 

  

Table 4.3 Custom SSRP markers used for fine mapping 
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Appendix 2 Description of Supplemental Movies 

Movie 1 – Unicellular Ca2+ Pulses during Cranial Chick Neurulation at HH6 
Time lapse imaging of the cranial region of an HH6 chicken embryo electroporated with the 
GCaMP6s Ca2+ reporter. The left panel shows GCamP6s fluorescence (green). The right panel 
shows a difference projection of the GCaMP6s fluorescence intensity (the fluorescence intensity 
of each frame is displayed with the previous frame fluorescence intensity subtracted, thereby 
highlighting changes in fluorescence). Stills from this movie are reported in Figure 3.12C. Time is 
reported in MM:SS. Images obtained with a 20X objective. 
 
Movie 2 – Unicellular and Multicellular Ca2+ Pulses during Caudal Chick Neurulation at HH7 
Time lapse imaging of the cranial region of an HH7 stage chicken embryo electroporated with the 
GCaMP6s Ca2+ reporter. The left panel shows the GCamP6s fluorescence (green). The right panel 
shows a difference projection of the GCaMP6s fluorescence intensity (the fluorescence intensity 
of each frame is displayed with the previous frame fluorescence intensity subtracted, thereby 
highlighting changes in fluorescence). Stills from this movie are reported in Figure 3.12D. Time is 
reported in MM:SS. Images obtained with a 20X objective. 
 
Movie 3 – Ca2+ and Actin Dynamics 
High magnification view of a field of cells in the cranial neural plate of an HH6 embryo expressing 
GCaMP6s (top panel, green) and F-tractin (bottom panel, red). Images obtained with a 40X 
objective. Time is reported in MM:SS. 
 
Movie 4 – Ca2+ and Apical Constriction 
A cell from Movie 3 showing a Ca2+ pulse followed by apical constriction. The left panel shows F-
tractin in red. The right panel shows GCaMP6s fluorescence color-coded by intensity (low 
intensity = purple, high intensity = yellow). Data from this movie is reported in Figure 3.12F-G. 
The Ca2+ pulse occurs at 17:20. Time is reported in MM:SS. 
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