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ABSTRACT 

 

5-methylcytosine (5mC) is an epigenetic modification associated with repression of 

transcription. 5mC (DNA methylation) is highly enriched at repetitive sequences including 

pericentromeric satellite repeats that surround chromosome centromeres. Loss of DNA 

methylation at these repeats is seen in aging, cancer, and in the rare autosomal recessive disease 

Immunodeficiency, Centromere Instability, and Facial Anomalies (ICF) syndrome. To date the 

mechanisms that regulate DNA methylation at pericentromeric repeats remain unclear and we 

have a limited knowledge of how a loss of DNA methylation at pericentromeric satellite repeats 

contributes to disease pathology. Homozygous loss-of-function mutations in cell division cycle 

associated 7 (CDCA7) and zinc finger and BTB domain containing 24 (ZBTB24) have been 

identified in patients with ICF syndrome. However, the functions of these genes in the regulation 

of DNA methylation remain unclear. To address this deficiency, our laboratory has developed 

animal models of ICF syndrome by deleting the zebrafish orthologs of each gene. Homozygous 

deletion of either zbtb24 or cdca7a results in a specific loss of DNA methylation at 

pericentromeric repeats similar to that observed in patients with ICF syndrome. However, while 

zbtb24∆/∆ animals recapitulate most phenotypic hallmarks of ICF syndrome, cdca7a∆/∆ mutants 



 ii

only exhibit a subset of these phenotypes. This finding suggests not all ICF phenotypes are 

linked to pericentromeric hypomethylation. Mechanistically, we find that zbtb24∆/∆ and cdca7a∆/∆  

mutants both show increasingly severe DNA methylation loss at pericentromeres in 

progressively older animals, suggesting these genes are involved in the long-term maintenance of 

DNA methylation at pericentromeric satellite repeats.  
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Chapter 1: INTRODUCTION 

 

DNA METHYLATION 

 

Methylated bases in eukaryotic genomes 

 

Two types of DNA methylation have been detected in eukaryotic genomes, N6-

methyladenine (6mA) and 5-methylcytosine (5mC). 5-methylcytosine (5mC) is a reversible 

epigenetic mark which consists of a methyl group added to the fifth position of the cytosine ring 

of DNA (Goll and Bestor 2005). 5mC is found across vertebrates, flowering plants, some fungal 

species, invertebrates, protist taxa and some bacterial species. However, there is little to no 5mC 

present in C. elegans and D. melanogaster (Goll and Bestor 2005).  In vertebrates, 5mC is 

located across the genome and is found predominately in the symmetrical cytosine-guanine 

(CpG) dinucleotide context (Suzuki and Bird 2008).   

While historically 5mC was thought to be the only modified base present in eukaryotic 

genomes, more recent research has uncovered the presence of N6-methyladenine (6mA) in low 

abundance in eukaryotes (O'Brown and Greer 2016; Luo et al. 2015; Luo and He 2017). It is 

found in unicellular eukaryotes, Drosophila, C. elegans, and lower fungi (Zhang et al. 2015; 

Greer et al. 2015; Mondo et al. 2017). In Drosophila, 6mA is mainly located in gene bodies of 

transposons and is shown to be correlated with the activation of those transposons (Zhang et al. 

2015). In C. elegans, 6mA has been linked to transgenerational inheritance and has been shown 

to increase transgenerationally upon the decrease of the histone 3 lysine 4 dimethylation 

(H3K4me2) epigenetic mark (Greer et al. 2015). 6mA has recently been discovered to be 

detectable in vertebrates such has mice, zebrafish, and humans (Koziol et al. 2016; Liu et al. 
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2016). In zebrafish, 6mA is present at up to 0.2% of total adenines during embryogenesis. 

During this process, the 6mA epigenetic mark is located in repetitive regions of the genome. This 

decreases with the progression of development (Liu et al. 2016). In humans it has been found 

that 6mA is located at approximately 0.051% of all adenines within the genome. 6mA has been 

found in human cells to be located at the coding region of genes and to mark actively transcribed 

genes (Xiao et al. 2018). However, 6mA is an epigenetic mark that remains to be well 

characterized and is highly debated to whether 6mA seen in eukaryotes is just a form of 

contamination.  

This thesis focuses on the more abundant and well characterized 5mC mark.  For 

simplicity, throughout this thesis, the term DNA methylation will refer exclusively to 5mC. 

 

 

Enzymes involved in DNA methylation  

 

DNA methylation is established and maintained by de novo and maintenance DNA 

methyltransferases. DNA methyltransferases (DNMTs) transfer a methyl group from S-adenosyl-

L-methionine to the fifth position of the cytosine ring (Goll and Bestor 2005). DNMT1 performs 

maintenance DNA methylation which adds a methyl group to hemimethylated strands of DNA. 

DNMT1 is able to copy methylation states by localizing to replication forks during mitosis and 

adding methyl groups to the cytosine ring onto the newly formed DNA strand (Li, Bestor, and 

Jaenisch 1992). For DNMT1 to localize to the replication forks, it needs the cofactor ubiquitin-

like with PHD and ring finger domains 1 (UHRF1) (Bostick et al. 2007). DNMT1 localizes to 

the replication forks during S phase of the cell cycle.  DNMT1 then copies the methylation state 

to new synthesized strands of DNA (Leonhardt et al. 1992). Dnmt1 mutant mice are embryonic 
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lethal and exhibit a global loss of DNA methylation at approximately 90% reduction (Li, Bestor, 

and Jaenisch 1992).  

DNMT3 family members perform de novo DNA methylation which adds a methyl group 

to unmethylated strands of DNA (Okano et al. 1999). In mammals, there is a global loss of DNA 

methylation during embryogenesis and DNA methylation is then reestablished by the de novo 

DNA methyltransferases DNMT3A and DNMT3B. Dnmt3a and Dnmt3b are partially redundant, 

and combined loss leads to hypomethylation of major satellite repeats and imprinted genes. 

Individually, a loss of Dnmt3a does not alter global DNA methylation. On the other hand, mice 

with a loss of Dnmt3b exhibit hypomethylation at minor satellite repeats (Okano et al. 1999). 

DNMT3A and DNMT3B have also been implicated to help DNMT1 perform maintenance DNA 

methylation at germline genes and some repetitive elements (Chen et al. 2003; Liang et al. 2002). 

Rodent genomes encode for a third DNMT3 ortholog, DNMT3C, which is needed in order to 

establish DNA methylation at the promoters of young transposable elements in the male germ 

line (Barau et al. 2016).  

DNMT3L is another homolog of DNA methyltransferases that is specific to mammals.  

Intriguingly, DNMT3L lacks methyltransferase activity and instead works with DNMT3A to 

help establish genomic imprinting in the germline (Bourc'his et al. 2001; Chedin, Lieber, and 

Hsieh 2002).  

 

Methods of detecting DNA methylation 

 

Several methods have been developed for assessing DNA methylation. Bisulfite 

sequencing is able to determine differentially methylated regions at specific genes. Bisulfite 

sequencing works by using sodium bisulfite to turn cytosine into uracil through deamination. The 
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converted residues are then read as thymine after PCR. However, DNA methylation is resistant 

to this bisulfite conversion thus, methylated cytosines will be read as cytosine. After sequencing 

DNA, methylation status can be determined through comparison to an untreated sample 

(Kurdyukov and Bullock 2016).  

Another way to detect DNA methylation changes is via restriction enzymes. Methylation 

specific restriction endonucleases are a fast and easy way to determine DNA methylation status. 

This analysis is done by selective DNA cleavage by restriction enzymes, which are unable to cut 

at a restriction site where there is DNA methylation present. The resulting fragments from the 

digestions are then analyzed on a gel, Southern Blot, or by quantitative PCR. The downside to 

this mechanism is that you can only use a restriction enzyme for specific restriction sites, and 

you can only assess one or a few sites at a time  (Sestakova, Salek, and Remesova 2019). 

 

DNA methylation across the genome  

 

Animals in which DNA methylation is present exhibit an underrepresented frequency of 

CpG dinucleotides. For example, in mammals there is only 20-25% of the expected CpGs. In the 

mammalian genome 70-80% of these CpGs are methylated (Ehrlich et al. 1982). Most of the 

CpGs in the mammalian genome are found in regions like the intergenic and intronic regions of 

DNA, mainly within repeat sequences and transposable elements. 

Transposable elements and pericentromeric satellite repeats are repressed by DNA 

methylation and this is conserved across many species. Repetitive DNA elements make up 50% 

of the human genome and contain approximately 52% of all CpGs in the human genome (Lander 

et al. 2001). Approximately 90% of DNA methylation is found at repetitive elements (Beisel and 

Paro 2011). In humans, repetitive elements are arranged as interspersed repeats or tandem 
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repeats. Interspersed repeats include transposable elements such as DNA transposons, LINE 

(Long Interspersed Elements), LTR (Long Terminal Repeats), and SINE (Short Interspersed 

Elements). On the other hand, tandem repeats include satellite and simple repeats that are found 

near the centromeres and telomeres (Lopez-Flores and Garrido-Ramos 2012).  

Transposable elements are heavily methylated to prevent the invasion of these elements 

into new regions of the genome. Improper silencing of transposable elements leads to an increase 

in genomic instability because unmethylated transposable elements can cause chromosomal 

rearrangements and gene disruption. While the known function of DNA methylation at 

transposable elements is to prevent the selfish elements from transposing, the significance of 

DNA methylation at pericentromeric repeats is unclear.  

Gene bodies are heavily methylated even though they are often CpG poor. Different to 

the role of DNA methylation in repression, gene body methylation is linked with transcribed 

genes (Jones 2012). Studies have implicated that gene body DNA methylation may have a role in 

regulating splicing (Shukla et al. 2011).  

CpG islands are small CG-dense regions of mammalian genomes of about one kilobase 

and less than 10% of CpGs occur in these regions. CpG islands contain over 50% of the 

unmethylated CpGs. However, CpG islands only amount for approximately 1% of the genome 

and less than 10% of the total genome wide CpGs. CpG islands are found in the promoters and 

first exons of genes and are unmethylated (Deaton and Bird 2011). CpG islands are located in 

open chromatin and are enriched in acetylated histones H3 and H4. These epigenetic marks 

further mark CpG islands for activation of transcription (Tazi and Bird 1990). However, in 

unhealthy cells CpG islands are hypermethylated resulting in transcriptional silencing (Esteller 

2002).  
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DNA methylation in vertebrate development   

 

DNA methylation is necessary for proper development in vertebrates. It has been shown 

that reduced levels of DNMT1 in mouse embryos is recessive lethal and that homozygous 

embryos fail to develop beyond day 9 and die before day 11 (Li, Bestor, and Jaenisch 1992). 

Along with this, it has been shown that Dnmt3a mutant mice develop to term, but most become 

runted and die at about four-weeks old. On the other hand, Dnmt3b mutant mice are not viable. 

Dnmt3b mutant mice develop normally before E9.5 but then develop growth impairments and 

rostral neural tube defects (Okano et al. 1999).  

DNA methylation is involved in regulating gene expression, X-chromosome inactivation 

and genomic imprinting. A global loss of DNA methylation has been linked to deregulation of 

gene expression and an increase in DNA damage and genome instability (Smith and Meissner 

2013). X-chromosome inactivation involves genes that are monoallelically expressed. Thus, one 

gene needs to be silenced. Genes on the inactive X-chromosome are silenced due to DNA 

methylation located on CpG-rich promoters (da Rocha and Gendrel 2019).  

 Genomic imprinting is caused by epigenetic marks that result in monoallelic expression 

that is tied to a parent of origin. DNA methylation plays a big part in silencing imprinted genes. 

For example, Dnmt1 mutant embryos are unable to sustain imprinted gene expression (Li, Beard, 

and Jaenisch 1993). In addition, DNMT3A and DNMT3L are needed for the establishment of 

DNA methylation at imprinting control regions of the mouse germline. Dnmt3a and Dnmt3l 

mutants have a similar phenotype in which the differentially methylated regions normally 

methylated on the maternal allele were unmethylated (Kaneda et al. 2004; Bourc'his et al. 2001). 

Without proper silencing, disorders such as Beckwith-Wiedemann Syndrome and Angelman 

syndrome can occur (Jin and Liu 2018). Beckwith-Wiedemann syndrome is a human genomic 



 7 

imprinting disorder caused by epigenetic changes on a cluster of imprinted genes on 

chromosome 11p15.5-11p15.4 region. This region contains two independent domains with their 

own imprinting control region. Alterations in these regions leads to this overgrowth syndrome. 

Beckwith-Wiedemann is typically diagnosed neonatally or in childhood. This syndrome presents 

with macroglossia, abdominal wall defects, lateralized overgrowth, enlarged abdominal organs, 

and an increase risk for developing embryonal tumors (Wang et al. 2019). Another imprinting 

disorder, Angelman syndrome, is caused by lack of maternal contribution on chromosome region 

15q11.2-q13. Patients with Angelman syndrome present with delayed growth, speech 

impairment, movement or balance disorder, and behavioral uniqueness (Williams, Driscoll, and 

Dagli 2010). 

  Changes in DNA methylation has also been seen in many cancers including breast, 

colon, liver, and bone. The onset of malignancies has been associated with genome-wide changes 

in DNA methylation. Some DNA methylation changes associated with cancer include tumor 

suppressor genes becoming hypermethylated and oncogenes and repetitive elements becoming 

hypomethylated (Jones and Laird 1999). Hypermethylation can prevent transcription of tumor 

suppressor genes and this, in combination with genetic mutations, can promote oncogenesis 

(Jones and Laird 1999). Hypomethylation is normally seen in cancer at repeat elements such as 

satellites and retrotransposons. Hypomethylation at repeat elements is seen in a variety of 

cancers and can lead to increased genomic instability and promote chromosomal rearrangements 

(Jin, Li, and Robertson 2011).  
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PERICENTROMERES 

 

Pericentromeric repeats 

 

Pericentromeric satellite repeats are repeats that flank centromeres. They are typically 

AT-rich, non-coding repeat sequences present in thousands of copies. Satellite repeats are not 

conserved at a sequence level. However, the organization of repeats at the centromere and 

pericentromere are conserved amongst eukaryotic cells (Garrido-Ramos 2017). Satellite repeats 

are important for maintaining heterochromatin, chromosome segregation during cell division and 

genome structure within the nucleus (Allshire and Madhani 2018; Plohl, Mestrovic, and 

Mravinac 2014; Jagannathan, Cummings, and Yamashita 2018).  

The centromeric and pericentromeric regions consist of several thousand copies of alpha 

satellite DNA in humans. Alpha satellites have a monomer length of approximately 170bp. This 

monomer is repeated to form a higher repeat which is then further repeated in the centromeric 

and pericentromeric regions. The alpha-satellite repeats are found on all chromosomes. The 

alpha-satellites are important for kinetochore assembly, which aids in proper cell division (Tyler-

Smith and Brown 1987). In humans, there are three types of classical satellite repeats found in 

the pericentromeric region. These classical satellites account for approximately 4-5% of the 

human genome. Classical satellite type I are short AT-rich sequences found at the pericentromere 

of most chromosomes. Classical satellites type II and type III are made up of a 5bp GGAAT 

repeat unit and are located in the pericentromere of chromosomes 1, 9, and 16 (Vourc'h and 

Biamonti 2011).  

Mice have two types of repetitive DNA sequences at their centromeres. Major satellite 

repeats are made up of a 234bp monomer located at the pericentromere. The minor satellites are 

made up of a 120bp monomer (Joseph, Mitchell, and Miller 1989). In zebrafish, type I satellite 
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repeats (sat1) are made up of a 186bp monomer that is AT-rich and makes up 8% of the 

zebrafish genome (Ekker, Fritz, and Westerfield 1992). In zebrafish sat1 is located at the 

pericentromeric and centromeric regions of all chromosomes (Phillips and Reed 2000). Based 

upon location and sequence organization sat1 repeats in zebrafish most closely relate to alpha 

satellites in humans.  

 

Pericentromeric chromatin  

 

The repeats at the pericentromeres are enriched in canonical markers of heterochromatin. 

This includes the repressive marks histone H3 lysine 9 trimethyl (H3K9me3) and DNA 

methylation (Dejardin 2015). The pericentromeres in vertebrates are heavily methylated. 

However, the importance of DNA methylation at the pericentromere is unknown.  

Even though the function of DNA methyltransferases is clear, the mechanisms by which 

DNA methylation is targeted to the satellite repeats by DNA methyltransferases is unclear. 

DNMT3B is predicted to be involved in de novo DNA methylation at satellite repeats. Minor 

satellite repeats are demethylated in Dnmt3b-/- mutant mouse embryos. However, demethylation 

of the minor satellites does not occur in Dnmt3a-/- mouse embryos (Okano et al. 1999). Also, in 

mouse, embryonic stem (ES) cells that are deficient in Dnmt3a and Dnmt3b progressively lose 

DNA methylation at repetitive elements after prolonged cell culture (Chen et al. 2003). It has 

been suggested that the risk of errors in maintenance DNA methylation at highly repetitive 

regions allows for de novo DNA methyltransferases to ensure faithful inheritance of DNA 

methylation patterns. Although, the mechanism of this role is unclear (Liang et al. 2002).  
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Some data suggests that H3K9me3 is involved in directing DNA methylation to satellite 

repeats. DNA methylation at satellite repeats is impaired in mouse ES cells deleted for the H3K9 

methyltransferases Suv39h1 and Suv39h2, however the effect is mild (Lehnertz et al. 2003). 

 

Pericentromeric methylation loss in cancer 

 

In several cancers, pericentromeric satellite repeats appear to be susceptible to 

hypomethylation (Enukashvily et al. 2007; Fanelli et al. 2008; Nakagawa et al. 2005; Narayan et 

al. 1998; Qu et al. 1999; Suzuki, Fujii, and Ayusawa 2002; Tsuda et al. 2002). It is hypothesized 

that a loss of DNA methylation at pericentromeric repeats may predispose cells to chromosomal 

rearrangements. However, a loss of DNA methylation at the pericentromere alone does not 

appear to be enough to cause chromosomal rearrangements in tumors (Ehrlich et al. 2003; Tsien 

et al. 2002). Additional studies are needed to determine the link between DNA hypomethylation 

and cancer progression. This has been a challenging feat due to a lack of models with a specific 

loss of DNA methylation at the pericentromere. In addition to promoting chromosomal 

rearrangements, a loss of DNA methylation can lead to aberrant satellite transcription from 

pericentromeres which is also seen in some cancers such as pancreas, lung, and kidney 

(Ugarkovic et al. 2022). Overexpression of satellite transcripts can increase genome instability. 

For example, increased satellite transcripts can bind breast cancer gene 1 (BRCA1) and hinder 

the stability of the replication fork and induce DNA damage and genome instability to promote 

the formation of breast cancer (Zhu et al. 2018).  
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IMMUNODEFICIENCY, CENTROMERE INSTABILITY AND FACIAL ANAMOLIES 

SYNDROME 

 

ICF syndrome phenotypes 

 

Immunodeficiency, Centromere instability and Facial anomalies (ICF) syndrome is a rare 

autosomal recessive disorder characterized by loss of DNA methylation at pericentromeric 

sequences. At present, there are less than 100 patients diagnosed with ICF syndrome worldwide 

(van den Boogaard et al. 2017). 

Although global methylation is relatively intact in ICF patients, patients exhibit 

hypomethylation of classical satellites 2 and 3 DNA on chromosome 1, 9, and 16. In addition to 

a loss of DNA methylation at satellites 2 and 3, a subset of ICF syndrome patients exhibit a loss 

of DNA methylation at alpha satellites. Loss of DNA methylation is associated with severe 

chromosomal abnormalities in mitogen stimulated lymphoid cells, including whole arm deletions 

and multiradial chromosomes involving chromosomes 1, 9, and 16 (Ehrlich, Jackson, and 

Weemaes 2006).  

Patients with ICF syndrome exhibit facial anomalies which include a flattened nasal 

bridge, widely spaced eyes, enlarged tongue, and low set ears. ICF syndrome also leads to 

growth retardation, gastrointestinal defects, and an overall failure to thrive. Some patients have 

also been reported to have variable differences in neurological defects. Most patients with ICF 

syndrome exhibit a decrease in immunoglobulins in the presence of normal levels of lymphoid 

cells, resulting in immunodeficiency. Due to immunodeficiency, patients have recurrent 

infections that often lead to death at a young age. The cause of the immunodeficiency in ICF 

syndrome patients is unclear. To treat the recurrent infections, patients are given intravenous 

infusions of immunoglobulins.  

 



 12

Genetic and molecular basis of ICF syndrome 

Using homozygosity mapping and whole exome sequencing, four subtypes of ICF 

syndrome have been identified. The four types of ICF syndrome are caused by mutations in 

DNA methyltransferase 3B (DNMT3B), zinc-finger and BTB domain containing 24 (ZBTB24), 

cell division cycle associated 7 (CDCA7), and helicase, lymphoid specific (HELLS) respectively 

(de Greef et al. 2011; Thijssen et al. 2015; Xu et al. 1999).  Several additional patients exist that 

do not appear to have causative mutations in any of these genes. 

ICF syndrome type 1 makes up approximately half of the reported ICF syndrome cases, 

and harbor predicted hypomorphic mutations in DNMT3B. Most of the described DNMT3B 

mutations cause an amino acid substitution within the c-terminal catalytic domain (Xu et al. 

1999). Patients with ICF syndrome type I exhibit a loss of DNA methylation at sat2 and sat3, but 

do not exhibit DNA hypomethylation of alpha-satellites.  

ICF syndrome type 2 is caused by homozygous predicted loss-of-function mutations in 

ZBTB24. Such mutations are found in approximately 30% of ICF syndrome patients (de Greef et 

al. 2011). ICF syndrome type 2 patients exhibit hypomethylation of sat2, sat3, and alpha 

satellites. The molecular function of ZBTB24 is unclear. However, it is thought to function as a 

transcription factor, and has been shown to be required for transcription of CDCA7 (Wu et al. 

2016). Other studies have suggested that ZBTB24 can bind to the pericentromere in the absence 

of DNA methylation (Nitta et al. 2013) and that ZBTB24 can work with DNMT3B to control 

DNA methylation at intergenic sites (Thompson et al. 2018). In B cells, knockdown of ZBTB24 

results in reduced proliferation (Liang et al. 2016; Unoki et al. 2019).  

ICF syndrome type 3 is caused by homozygous predicted loss-of-function mutations in 

CDCA7. This form of ICF syndrome is relatively rare, making up only 4 % of total cases. 
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CDCA7 is a zinc finger protein of unknown function. Some data suggests it may be a 

transcription factor under the control of c-myc (Gill et al. 2013). Other research has suggested 

that CDCA7 forms a complex with KU70 and KU80 factors involved in non-homologous end 

joining (Unoki et al. 2019).  

ICF syndrome type 4 is caused by homozygous predicted loss-of-function mutations in 

HELLS. HELLS is a well-known chromatin remodeler that is involved in de novo DNA 

methylation through its interaction with DNMT3B (Myant and Stancheva 2008). Hells 

homozygous null mutant mice are perinatal lethal and exhibit a global loss of DNA methylation 

(Tao et al. 2011).  

It has been suggested that the four known causative genes for ICF syndrome may 

converge in one pathway. It is thought that ZBTB24 acts as a transcription factor for CDCA7 

(Wu et al. 2016). CDCA7 and HELLS then form a complex allowing HELLS to remodel 

nucleosomes opening DNA to be methylated by DNMT3B (Jenness et al. 2018). However, this 

model does not clarify how DNA methylation is being targeted to the pericentromere. This 

model also fails to clarify why only ICF types 2-4 exhibit hypomethylation of alpha satellites.  

Thus far, attempts to generate mouse models of ICF syndrome have been unsuccessful. 

Mice with ICF-like hypomorphic mutations in Dnmt3b exhibit small size and facial anomalies 

but die within 24 hours of birth. They also exhibit a T-cell defect but fail to recapitulate other 

ICF like phenotypes (Ueda et al. 2006). Deletion of Zbtb24 in mice leads to embryonic lethality; 

however, the DNA methylation status of these mutants is not known (Wu et al. 2016). Animal 

models with mutations in Cdca7 have not yet been reported. Perinatal lethality was observed 

following deletion of the mouse Hells ortholog. Along with this, Hells mutant mice exhibit a 
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global loss of DNA methylation of around 50%. DNA hypomethylation was seen at both repeat 

sequences and genes (Tao et al. 2011).   

 

ZEBRAFISH AS A MODEL FOR THE STUDY OF PERICENTROMERIC 

METHYLATION AND ICF SYNDROME 

 

Overview of the zebrafish model 

 

 Zebrafish are an important model organism that can recapitulate human diseases ranging 

from Duchenne muscular dystrophy to melanoma (Ceol et al. 2011; Berger and Currie 2012). In 

addition, zebrafish are low-cost, small, and have external development. With the use of zebrafish 

as a model organism, you have access to hundreds of synchronous embryos. Along with this 

comes the availability of large-scale genome mutagenesis and gene mapping, transgenics, and 

protein overexpression or knockdown.   

 

DNA methylation in zebrafish  

 

Danio rerio (Zebrafish) is a model organism in which DNA methylation is present. 

Zebrafish are a great model organism to study epigenetic regulation because approximately 70% 

of mammalian genes have a zebrafish ortholog and proteins involved in DNA methylation are 

highly conserved (Howe et al. 2013). The DNMT machinery is conserved in zebrafish. Zebrafish 

have one ortholog of DNMT1 and six orthologs of DNMT3 (Goll and Halpern 2011). Mutation 

of dnmt1 in zebrafish leads to a global loss of DNA methylation. Along with this, morpholino-

based knockdown of dnmt1 results in a global loss of DNA methylation (Rai et al. 2006; 

Anderson et al. 2009). uhrf1 mutant zebrafish also display a global loss of DNA methylation 

(Feng et al. 2010). Mutation of dnmt3aa and dnmt3ab in zebrafish results in no change in global 
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DNA methylation. However, these mutants do express different behavioral alterations such as 

predator avoidance (Lai et al. 2020). To date there have been no attempts to mutate all six 

zebrafish Dnmt3 orthologs.  

Approximately 80% of CpG dinucleotides in the zebrafish genome are methylated. 

Zebrafish have a depletion of DNA methylation at non-methylated islands located at gene 

promoters and have heavily methylated repetitive elements and gene bodies similar to that of 

mammals (Feng et al. 2010). Even though zebrafish have similar functions for DNA methylation 

to that of mammals, zebrafish are unique and do not have imprinting or X-chromosome 

inactivation (Corley-Smith, Lim, and Brandhorst 1996). Zebrafish do not exhibit sex 

chromosomes in the lab. In zebrafish, the establishment of DNA methylation during early 

development is unique when compared to mammals. Both parental genomes for mammals 

undergo a genome-wide erasure and re-establishment of global methylation patterns (Smith and 

Meissner 2013). However, zebrafish do not undergo the same genome-wide erasure. The 

maternal methylome of zebrafish undergoes some remodeling to match that of the paternal 

genome that is stably inherited (Jiang et al. 2013; Potok et al. 2013).  

 

Zebrafish as a model of ICF syndrome 

 

 Previously, our lab described the first viable model of ICF syndrome (Rajshekar et al. 

2018). Rajshekar et al. describes that mutation of zbtb24 in zebrafish leads to DNA 

hypomethylation. The hypomethylation seen in these mutants is located at the pericentromere. 

DNA methylation elsewhere across the genome is relatively intact. This ICF syndrome model is 

the first to recapitulate key phenotypic hallmarks of ICF syndrome. A mutation of zbtb24 leads 

to a progressive loss of DNA methylation at the pericentromere, facial anomalies characterized 
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by elongation of the snout, reduced growth and life span, and a decrease in immunoglobulins in 

the presence of normal lymphoid cell counts (Rajshekar et al. 2018).  

 

Dissertation overview 

 

 The role of pericentromeric DNA methylation remains unclear. The zebrafish model for 

ICF syndrome offers an avenue to research pericentromeric hypomethylation and its relation to 

disease pathology.  My dissertation work aimed to establish a second viable model for ICF 

syndrome along with determining how pericentromeric hypomethylation relates to disease 

pathology in ICF syndrome. To this end, my thesis focuses on mutation of the zebrafish ortholog 

of cdca7a, which is thought to function downstream of Zbtb24 in the regulation of 

pericentromeric methylation.  In chapter 2, I compare general developmental phenotypes 

between cdca7a and zbtb24 homozygous deletion mutants, uncovering unexpected differences 

between these two models. In chapter 3, I complement this phenotypic analysis by defining the 

DNA methylation loss in cdca7a homozygous mutants, demonstrating a progressive loss of 5mC 

in cdca7a mutants which initiates earlier than that observed in zbtb24 mutants. In chapter 4, I 

identify altered transcriptional signatures associated with the onset of methylation loss in cdca7a 

mutants. Due to immunodeficiency being a common cause of lethality in ICF patients, in chapter 

5, I perform additional characterization of the immune system in cdca7a mutants. 
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Chapter 2: CHARACTERIZING AN ANIMAL MODEL OF ICF SYNDROME 

 

PREFACE  

 

There are four known causative genes for ICF syndrome. ICF syndrome patients harbor 

homozygous hypomorphic mutations in DNMT3B or are homozygous for predicted loss of 

function mutations in either ZBTB24, CDCA7 or HELLS (de Greef et al. 2011; Thijssen et al. 

2015; Xu et al. 1999). Thus far, attempts to make a mouse model of ICF syndrome has been 

unsuccessful. Mice with ICF-like mutations in Dnmt3b exhibit smaller body size and facial 

abnormalities. However, these mice die within 24 hours of birth (Ueda et al. 2006). Deletion of 

Zbtb24 in mice leads to embryonic lethality, and detailed characterization of these mutants has 

not been reported (Wu et al. 2016).  Homozygous mutation of Hells causes perinatal lethality and 

a global loss of DNA methylation (Tao et al. 2011). There have been no current publications on 

an attempt to generate an ICF mice model by deleting Cdca7. 

Our lab has focused on establishing zebrafish models of ICF syndrome to gain a better 

understanding of the consequences of a loss of DNA methylation specifically at the 

pericentromere.  A previous publication by our laboratory reported that homozygous deletion of 

zbtb24 caused growth retardation beginning at two weeks post fertilization. This size reduction 

persisted into adulthood. Mutation of zbtb24 also leads to a decrease in survival. Fewer than ten 

percent of zbtb24 mutants survived past eight months post fertilization. Similar to ICF syndrome 

patients, zbtb24 mutants have facial abnormalities characterized by elongated snouts, and show 

immunodeficiency characterized by immunoglobulin deficiency. Along with these phenotypes, 

the zbtb24 mutants are sterile (Rajshekar et al. 2018).  
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In this chapter, I focus on Cdca7.  In zebrafish, and in humans, there are two cdca7 genes. 

We chose to focus on cdca7a as it is most similar to the human CDCA7 ortholog implicated in 

ICF syndrome. The initial deletion mutation in cdca7a was created using Clustered Regularly 

Interspaced Short Palindromic Repeats Cas9 by former graduate student Ben Tischler. I 

recovered these mutations, developed the described genotyping protocols and characterized the 

mutants.  

Analysis in this chapter includes both zygotic only and maternal zygotic cdca7a mutants. 

Zygotic mutants are mutants born to heterozygous parents. A heterozygous female deposits 

mRNA that the zygote uses until its own genome gets transcribed at the maternal to zygotic 

transition. The zygote relies on the maternal RNAs to translate needed proteins before the 

maternal to zygotic transition. cdca7a mRNA is maternally deposited (White et al. 2017) (Fig. 

1). Thus, cdca7a mRNA is present in the zygote and the initially loaded cdca7a mRNA gets 

translated into protein until the zygotic genome turns on and the mutant cdca7a mRNA is 

transcribed. Maternal zygotic mutants born to a homozygous mutant female do not have any 

maternally deposited cdca7a mRNA. Thus, maternal zygotic mutants do not ever translate wild-

type Cdca7a.  

Given data suggesting Zbtb24 acts primarily to regulate cdca7a transcription, our initial 

hypothesis was that we would see similar phenotypes in zbtb24 and cdca7a homozygous mutant 

zebrafish.  However, I find that this is not the case. 
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RESULTS 

 

Zebrafish CDCA7 and CDCA7L orthologs 

 

 The human genome encodes for two related genes: Cell Division Cycle-Associated 7 

(CDCA7) which is mutated in ICF syndrome, and Cell Division Cycle-Associated 7 Like 

(CDCA7L). The human CDCA7 is located on chromosome 2 and has nine exons. The translated 

protein is 371 amino acids. The CDCA7 protein has two main domains. One is a domain known 

to interact with myc (Goto et al. 2006). The other is a four-CXXC zinc finger domain. The 

human CDCA7L is located on chromosome 7 and has ten exons. The translated protein is 454 

amino acids. The CDCA7L protein has two domains. The domains include a myc interacting 

domain and a four-CXXC zinc finger domain (Fig. 2).  

Similarly, the zebrafish genome encodes for two related genes: cell division cycle-

associated 7a (cdca7a) and cell division cycle-associated 7b (cdca7b). cdca7a is located on 

chromosome 9 and has ten exons. The translated protein is 394 amino acids. The Cdca7a protein 

has a four-CXXC zinc finger domain similar to the human CDCA7 protein. cdca7b is located on 

chromosome 19 and has ten exons. The translated protein is 428 amino acids. The Cdca7b 

protein also has a four-CXXC zinc finger domain (Fig. 2).  

The zebrafish cdca7a has a greater amino acid identity to the human ortholog CDCA7 

than cdca7b (60.37% vs 44.63%) (Fig. 3). While neither cdca7b nor cdca7a have particularly 

high amino acid identity to the human ortholog CDCA7L (44.99% vs 42.69%). According to a 

phylogenetic tree that I generated, cdca7a is more closely related to CDCA7 than cdca7b. Thus, 

we chose to move forward with deleting cdca7a in zebrafish (Fig. 4).  
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Description of the zebrafish cdca7a deletion allele 

 

Deletion of cdca7a was achieved by CRISPR/Cas9 mediated mutagenesis. Guide RNAs 

designed by former graduate student Ben Tischler were designed to exons 2 and 8. This mutant 

allele resulted in a 6 kb deletion which removed exons 3-7. This deletion encompasses amino 

acids encoding the zinc finger domain. I identified deletion mutants by screening candidate 

animals by PCR using primers spanning the deletion. Generation of this deletion was confirmed 

via Sanger sequencing. As expected, there were no transcripts detected in the region of the 

deletion by qRT-PCR. However, I was able to detect transcripts using primers designed to a 

region that was 5’ to the deletion. These findings suggest that cdca7a mRNA is not subject to 

nonsense mediated decay. The translational start site is deleted in the cdca7a mutants. The 

largest open reading frame remaining encodes for a protein which is approximately 72 amino 

acids long and contains no identifiable motifs (Fig. 5). 

 To generate a second allele of cdca7a, I designed CRISPR RNAs to delete the 

transcriptional start site along with the translational start site (Fig. 6). I injected the crRNAs 

along with Cas9 protein to generate new mutant alleles, which will be recovered and analyzed by 

others in the laboratory.  

 

Distinctions between phenotypes associated with zygotic loss of cdca7a and zbtb24 

 

Survival 

Previous work from our laboratory found that zygotic zbtb24 homozygous mutant larva 

appeared grossly normal until 2-3 weeks post fertilization, at which point they began to show 

reduced growth (Rajshekar et al. 2018). Decreased survival was noted beginning at four months 

post fertilization with few animals surviving beyond eight months post fertilization. 



 21

 To assess viability in cdca7a homozygous deletion mutants, I first intercrossed the 

cdca7a heterozygous adults. Homozygous cdca7a mutants born to heterozygous parents were 

recovered in normal Mendelian ratios (25%). I found that cdca7a homozygous mutants grew to 

adulthood with no obvious abnormalities (Fig. 7).  

 

Growth  

As adults, zygotic zbtb24 homozygous mutants exhibited approximately a 66% reduction 

in body weight and exhibited a reduction in length compared to wild-type siblings.  Reduced 

body length was apparent as early as three weeks post fertilization. To address whether similar 

phenotypes were observed in cdca7a mutants, I first compared length between homozygous 

mutant adults and wild-type siblings from heterozygous parents raised under identical conditions. 

Standard length from snout to fin was measured in static images of wild-type and homozygous 

cdca7a mutant juveniles at 3.5 weeks post fertilization and in adults at eight months post 

fertilization as described by Parichy et al. 2009. Measurements were taken for four wild-type and 

four homozygous mutant animals at 3.5 weeks post fertilization and for six wild-type and six 

homozygous mutant individuals at eight months of age. GraphPad PRISM software was used to 

perform a student unpaired 2-tailed t-test, which revealed no significant difference in length 

between wild-type and cdca7a homozygous mutant animals. Next, I compared weight in cdca7a 

mutants and wild-type. Weight was taken for five wild-type and five cdca7a homozygous 

mutants. GraphPad PRISM software was used to perform a t-test, which revealed no significant 

difference in weight between wild-type and homozygous mutant animals (Fig. 7). 
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Facial Anomalies  

Another feature often observed in ICF patients is facial anomalies, characterized by a 

flattened nasal bridge, widely spaced eyes, enlarged tongue, small jaw, and low set ears. 

Previous work from our laboratory documented that zbtb24 mutant zebrafish also exhibit facial 

abnormalities including an elongated snout. To see if this phenotype was recapitulated in the 

cdca7a mutants, I measured the facial structure of the fish. To normalize this measurement, I 

calculated the ratio of the distance from the snout to the anterior of the eye relative to the 

distance between the snout and the posterior of the eye as previously described by Rajshekar et. 

al 2018. Comparison of this ratio in six wild-type and six mutant zebrafish revealed no 

significant difference between cdca7a mutants and cdca7a wild-type siblings (Fig. 7). This 

finding suggests that cdca7a mutants to do not recapitulate facial abnormalities reported in 

zbtb24 mutant zebrafish and many ICF syndrome patients.  

 

Fertility  

A previous publication from our laboratory showed that zbtb24 mutants were sterile 

(Rajshekar et al. 2018). In contrast, I found that intercrosses between cdca7a homozygous 

mutant fish were generally successful in generating fertile progeny. Although I did not conduct 

rigorous breeding experiments, casual observations suggested that cdca7a homozygous mutant 

fish were able to lay eggs in amounts similar to their wild-type siblings, and eggs showed high 

levels of fertility that were not obviously different than observed for wild-type crosses. This 

allowed me to assess for the same morphological phenotypes in embryos without maternally 

loaded cdca7a mRNA.  
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Phenotypic characterization of maternal zygotic cdca7a mutants  

 

Survival 

To assess viability in cdca7a maternal zygotic homozygous deletion mutants, I first 

intercrossed the cdca7a homozygous mutant adults. Homozygous parents produced clutches of 

fertilized embryos of comparable size to wild-type (~200/ cross) and nearly all maternal zygotic 

progeny grew to adulthood with no obvious abnormalities (Fig. 8). Greater than 90% of cdca7a 

maternal zygotic mutant adults were viable at eight months post fertilization.   

 

Growth  

To assess growth phenotypes in the cdca7a maternal zygotic mutants, I first intercrossed 

the cdca7a mutants. Weight was taken at eight months post fertilization for five wild-type and 

five maternal zygotic mutants. Standard length was taken at both 3.5 weeks post fertilization and 

at eight months post fertilization as described above. The mutants exhibited similar body weight 

and length compared to wild-type raised under identical conditions (Fig. 8).  

 

Facial Anomalies  

To see if the facial anomalies phenotype is recapitulated in the cdca7a maternal zygotic 

mutants, I measured the facial structure of six fish per genotype using similar methods to those 

described above. Again, I observed no difference in the facial structure between cdca7a maternal 

zygotic mutants and cdca7a wild-type (Fig. 8). This finding suggests that cdca7a maternal 

zygotic mutants do not recapitulate the facial anomalies that have been reported in ICF syndrome 

patients.  
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Fertility  

Intercrosses between maternal zygotic mutant fish were successful. Although not 

rigorously tested, cdca7a maternal zygotic mutant fish were able to lay embryos in amounts 

similar to that of wild-type.  

 

DISCUSSION  

This deletion in cdca7a represents the first animal model of cdca7a deletion.  The 

maternal zygotic mutants give us an avenue to better understand the molecular phenotypes 

associated with early loss of cdca7a.  Intriguingly, my findings suggest that, at least in zebrafish, 

cdca7a mutants do not recapitulate the failure to thrive and facial anomalies that have been 

reported in ICF syndrome patients. 

Given that previous studies have shown that ZBTB24 regulates CDCA7 expression, the 

differences in phenotypes between zbtb24 and cdca7a mutants was somewhat unexpected. One 

possibility is that the second homolog of CDCA7 might compensate for some functions of 

cdca7a. In zebrafish, it has been shown that if the promoter and transcription start site are not 

deleted it could lead to mutant mRNA decay which leads to transcriptional compensation of a 

closely related gene (El-Brolosy et al. 2019). Thus, cdca7b might be performing transcriptional 

compensation for cdca7a. However, I do not find evidence of nonsense mediated decay in the 

cdca7a deletion mutants, and zebrafish Cdca7b appears fairly diverged from Cdca7a, especially 

in the N terminus. 

Another intriguing possibility is that given Zbtb24’s predicted roles as a transcription 

factor, it may have roles in growth and development that are independent of its role in regulating 
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cdca7a and DNA methylation. Zbtb24 could be a transcription factor that regulates other genes 

that leads to the morphological phenotypes seen in the zbtb24 mutants.  

ICF syndrome in patients exists on a spectrum. Some patients exhibit the morphological 

phenotypes that have been reported such as growth retardation and facial anomalies. However, 

this is not seen in all ICF syndrome patients. Intriguingly, CDCA7 mutations are much rarer than 

ZBTB24 mutations in ICF patients (~4% vs ~30%), raising the possibility that additional 

undiagnosed patients exist with CDCA7 mutations.  These patients may have been overlooked 

for clinical diagnosis due to less obvious developmental abnormalities. 
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Figure 1: cdca7a and cdca7b are maternally deposited 

(A) Expression levels of cdca7a and cdca7b measured in FPKM. Values are from expression 

atlas which obtained values from RJ White and Colleagues expression study of zebrafish mRNA 

levels across developmental time points (White et al. 2017). 
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Figure 2: Zebrafish Cdca7a is conserved 

(A) Schematic of human, mouse, and zebrafish Cdca7 proteins. Predicted domains highlighted 

and marked. (B) Schematic of human and mouse CDCA7L proteins compared to zebrafish 

Cdca7b protein. Predicted domains highlighted and marked.  
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Figure 3: Protein sequence alignment of CDCA7  

(A) Sequence alignment of human (H) CDCA7, human CDCA7L, mouse (M) CDCA7, mouse 

CDCA7L, zebrafish (Z) Cdca7a, and zebrafish Cdca7b. Alignment was generated using 

COBALT (Papadopoulos and Agarwala 2007). 
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Figure 4: Zebrafish Cdca7a is more like human and mouse CDCA7  

(A) Phylogenetic tree of human (H) CDCA7, human CDCA7L, mouse (M) CDCA7, mouse 

CDCA7L, zebrafish (Z) Cdca7a, and zebrafish Cdca7b. Phylogenetic tree was generated using 

COBALT (Papadopoulos and Agarwala 2007). 

  



 30

 

 



 31

Figure 5: Generating a deletion in the zebrafish ortholog of cdca7a  

(A) Schematic of zebrafish cdca7a with the location of sgRNA target sequences indicated in red. 

Brackets represent the region deleted. (B) Schematic of zebrafish cdca7a gene showing the 

location of genotyping primers. Red arrows indicate wild-type primers. Blue arrows represent 

deletion primers. (C) Sequence trace confirming the generation of a deletion in cdca7a. (D) 

Primers from panel B used to amplify product in specified lanes. (E) qRT-PCR analysis of 

cdca7a mRNA with primers inside of the deletion in cdca7a+/+ and cdca7a-/- zebrafish at 6 weeks 

post fertilization (wpf) (n=5 for each group). (F) qRT-PCR analysis of cdca7a mRNA with 

primers outside of the deletion in cdca7a+/+ and cdca7a-/- zebrafish at 6 wpf (n=4 for each group).  
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Figure 6: Generating a new mutation allele in the zebrafish ortholog of cdca7a 
(A) Schematic of zebrafish cdca7a with the location of crRNA target sequences indicated in 

red.  
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Figure 7: Growth defects in cdca7a-/- 
(A) Representative images of cdca7a wild-type and mutant zebrafish at 8 months post 

fertilization (mpf). Scale bar: 1mm. (B) Weight of cdca7a wild-type and mutant zebrafish at 

egiht mpf (n=5 for each group). (C) Standard length measurements for cdca7a wild-type and 

mutant zebrafish at 8 mpf (n=6 for each group). (D) Representative images of facial structure of 

cdca7a wild-type and mutant zebrafish at 8 mpf. Scale bar: 1mm. (E) Schematic of facial 

structure measurement. (F) Quantification of facial structure in cdca7a wild-type and mutant 

zebrafish at 8mpf (n=6 for each group). (G) Standard length measurements for cdca7a wild-type 

and mutant zebrafish at 3.5 wpf (n=4 for each group). 
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Figure 8: Growth defects in cdca7aMZ 
(A) Representative images of cdca7a wild-type and maternal zygotic mutant zebrafish at eight 

mpf. Scale bar: 1mm. (B) Weight of cdca7a wild-type and maternal zygotic mutant zebrafish at 

eight mpf (n=5 for each group). (C) Standard length measurements for cdca7a wild-type and 

maternal zygotic mutant zebrafish at 8 mpf (n=6 for each group). (D) Representative images of 

facial structure of cdca7a wild-type and maternal zygotic mutant zebrafish at 8 mpf. Scale bar: 

1mm. (E) Schematic of facial structure measurements. (F) Quantification of facial structure in 

cdca7a wild-type and maternal zygotic mutant zebrafish at 8mpf (n=6 for each group).  (G) 

Standard length measurements for cdca7a wild-type and maternal zygotic mutant zebrafish at 3.5 

wpf (n=4 for each group). 
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Chapter 3: EPIGENETIC ANALYSIS OF ANIMAL MODELS OF ICF SYNDROME 

 

PREFACE 

 

DNA methylation involves the addition of a methyl group to the fifth position of the 

cytosine ring. It is a highly conserved epigenetic mark that is necessary for vertebrate viability. 

The establishment of DNA methylation is performed by DNMT3B and DNMT3A. DNA 

methylation is maintained by DNMT1. DNA methylation is found across the genome and is 

heavily enriched at repetitive elements such as pericentromeric repeats and transposable 

elements. The sequences of pericentromeric repeats are not conserved across species. However, 

species with DNA methylation all have heavily methylated pericentromeric repeats. It is not 

known how DNA methylation is established at pericentromeric repeats or how a specific loss of 

DNA methylation at pericentromeric sequences relates to disease pathology. 

A key molecular hallmark of ICF syndrome is a specific loss of DNA methylation at the 

pericentromere. Patients with ICF syndrome type 1 - 4 exhibit a loss of DNA methylation at 

pericentromeric satellite repeats 2 and 3, while patients with ICF syndrome types 2 - 4 also have 

hypomethylation of alpha satellite repeats.  

In zebrafish, it has been shown through Southern Blots that zygotic loss of zbtb24 leads 

to a progressive loss of DNA methylation of pericentromeric repeats starting at two weeks post 

fertilization. This loss of DNA methylation coincided with the onset of the ICF like 

morphological phenotypes (Rajshekar et al. 2018). We hypothesize that maternally deposited 

zbtb24 supports wild-type methylation levels during early development in these mutants. 
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In this chapter I aim to discover if cdca7a mutants exhibit a loss of DNA methylation at 

pericentromeric repeats. I use two orthogonal methods to analyze DNA methylation at the 

pericentromere. One method for analyzing DNA methylation at the pericentromere is through the 

use of qualitative Southern Blots. The second method I used to access the level of DNA 

methylation at the pericentromere is through the quantitative bisulfite-sequencing.  

 

RESULTS 

 

Comparable methylation loss in cdca7a and zbtb24 homozygous mutant adults 

 

One explanation for the discrepancies in phenotypes between zbtb24 and cdca7a zygotic 

mutants described in chapter 2 is that there could be differing levels of hypomethylation at sat1 

in the two mutant lines.  To test this hypothesis, I first compared DNA methylation levels at sat1 

repeats in cdca7a and zbtb24 homozygous zygotic mutant adults at eight months post 

fertilization, using a Southern Blot strategy.  I used the methylation-sensitive restriction enzyme 

HpyCH4IV, which has a restriction site in the zebrafish satellite 1 repeat (sat1). This restriction 

enzyme is resistant to digestion when DNA methylation is present (Fig. 9). After running 

sequences on an agarose gel and transferring to a membrane, detection of digestion at zebrafish 

sat1 sequences was performed by using a biotinylated probe that was complementary to the sat1 

sequence. Consistent with previous observations demonstrating that wild-type sat1 sequence is 

heavily methylated, we observed that genomic DNA isolated from wild-type animals was highly 

resistant to digestion with HpyCH4IV.  In contrast, I found that genomic DNA from both 

mutants showed extensive hypomethylation (Fig. 10). From this observation, I conclude that 

similar to zbtb24, cdca7a is required for DNA methylation at sat1 pericentromeric sequences in 

adult zebrafish.  
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Next, I compared methylation levels in juvenile mutants. DNA was collected from wild-

type, cdca7a maternal zygotic, cdca7a zygotic and zbtb24 zygotic mutant animals at one month 

post fertilization, and analyzed by Southern Blot as described above. At this stage, comparable 

methylation loss was observed in zbtb24 and cdca7a zygotic mutants, while much more 

substantial hypomethylation was observed in the cdca7a maternal zygotic mutants (Fig. 10). This 

suggests that similar to zbtb24, maternal cdca7a is sufficient to support initial methylation, and 

that this methylation may be progressively lost in zygotic mutants once the maternal protein is 

depleted. 

 

cdca7a homozygous mutants exhibit an early loss of DNA methylation 

 

 Our previous research has shown that zbtb24 zygotic mutants initially loose methylation 

around two weeks post fertilization (Rajshekar et al. 2018). In contrast, when we examined DNA 

methylation in cdca7a zygotic mutants as early as 2 - 3 days post fertilization, we observed 

substantial loss of DNA methylation (Fig. 10).  This finding suggests, that cdca7a zygotic 

mutants begin to lose DNA methylation at an earlier time point than zbtb24 zygotic mutants. 

  Finally, I examined cdca7a maternal zygotic mutants to determine if animals with 

extensive hypomethylation from early in development could be obtained.  Comparison of 

samples from wild-type and maternal zygotic mutants at six hours post fertilization revealed 

significant digestion via Southern Blot in cdca7a maternal zygotic mutants when compared to 

wild-type (Fig. 10). This finding suggests, that cdca7a maternal zygotic mutants exhibit a loss of 

DNA methylation at the pericentromere early in development.  
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New method for analyzing DNA methylation at the pericentromere 

 

 Analysis of satellite repeats in zebrafish is typically assessed by performing a Southern 

Blot. However, this analysis is somewhat qualitative. To gain a better assessment of DNA 

methylation loss at sat1, we aimed to develop a method to quantitatively measure DNA 

methylation at sat1. I used MethylC sequencing to quantitatively measure DNA methylation at 

the highly repetitive region of sat1 (Urich et al. 2015). This method relies on sodium bisulfite 

conversion of DNA which causes the deamination of unmethylated cytosines to uracil. Only 

methylated cytosines remain after the bisulfite conversion (Fig. 11). This approach is able to 

provide nucleotide resolution of DNA methylation in the genome. Typically, whole genome 

bisulfite sequencing analysis is expensive as extensive sequencing coverage is required for 

analysis. In contrast, I used a strategy where I assessed sat1 repeats in bulk, allowing for a bulk 

assessment of methylation using significantly lower sequencing depths and at a much lower cost. 

This work was performed in collaboration with Christina Ethridge from the laboratory of Dr. 

Bob Schmitz, who assisted with the conversion and preparation of sequencing libraries.  

Following bisulfite conversion and sequencing, I performed the computational analysis. I 

aligned the reads to sat1 and took the ratio of methylated reads to the total unmethylated and 

methylated reads to determine the percent methylation at sat1. I found that the use of MethylC-

seq confirmed the results of the Southern Blot. I found that at three months post fertilization, 

both cdca7a mutants and maternal zygotic mutants showed hypomethylation at sat1. There was a 

reduction of 26% DNA methylation between cdcda7a zygotic and wild-type, while there was a 

31% reduction of DNA methylation between cdca7a maternal zygotic mutants and wild-type. 

Through the use of GraphPad PRISM software, I found that at three months post fertilization 

there is no statistical difference in the DNA methylation status between cdca7a zygotic mutants 
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and maternal zygotic mutants (Fig. 12). I was able to confirm that at eight months post 

fertilization there is a similar loss of DNA methylation between cdca7a and zbtb24 mutants (Fig. 

12). My findings give a new way to analyze DNA methylation at highly repetitive regions of the 

genome in zebrafish.  

 

DISSCUSSION 

 

 These findings suggest that despite the fact that phenotypes in cdca7a zygotic and 

maternal zygotic mutants are less severe than those observed in zbtb24 homozygous mutants, 

cdca7a zygotic mutants and maternal zygotic mutants exhibit comparable hypomethylation of 

their pericentromeres in adulthood and begin to lose DNA methylation much earlier than zbtb24 

mutants. The cdca7a mutants represent the first animal model in which clear pericentromeric 

methylation is observed without obvious morphological phenotypes.  

 Our lab has previously generated a viable model for ICF syndrome. Mutation of zbtb24 in 

zebrafish leads to a loss of pericentromeric DNA methylation at two weeks post fertilization 

(Rajshekar et al. 2018). This loss of DNA methylation coincided with the onset of the 

morphological phenotypes. One may assume that the loss of DNA methylation at the 

pericentromere is what caused the morphological phenotypes seen in the zbtb24 mutants. 

However, cdca7a mutants begin to lose DNA methylation earlier than the zbtb24 mutants. 

cdca7a mutants start to lose DNA methylation at the pericentromere as early as two days post 

fertilization, while zbtb24 mutants do not start to lose DNA methylation until two weeks post 

fertilization. The early loss of DNA methylation seen in cdca7a mutants does not lead to ICF-

like morphological phenotypes. Plus, zbtb24 and cdca7a mutants exhibit a similar loss of DNA 

methylation at the pericentromere in adulthood.  Thus, my findings suggest that a loss of DNA 
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methylation at the pericentromere does not lead to the ICF like morphological phenotypes. This 

suggests that the morphological phenotypes seen in zbtb24 mutants are most likely due to Zbtb24 

acting as a transcription factor for other genes that have a causative role in the morphological 

phenotypes present in the mutants.  

 Patients with ICF syndrome type 3 account for less than 10% of all ICF syndrome cases. 

Patients with a mutation in CDCA7 are rare and I hypothesize that they are underdiagnosed due 

to the mild phenotypes, but these people will still exhibit the molecular hallmark of ICF 

syndrome.  
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Figure 9: Zebrafish satellite sequence and restriction digestion 

(A) Schematic of zebrafish satellite 1 sequence. Highlighted in yellow is the Hypch4IV 

restriction enzyme digestion site. (B) Schematic of restriction enzyme digestion completed 

before Southern Blot. 
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Figure 10: DNA methylation loss in cdca7a-/- 
(A) Southern Blot of genomic DNA from 8 mpf wild-type, cdca7a mutant, and zbtb24 mutant 

zebrafish digested with a methylation sensitive enzyme and probed for zebrafish sat1. Each lane 

represents one .5ug from one adult zebrafish fin. (B) Southern Blot of genomic DNA from 1 mpf 

wild-type, cdca7a mutant, cdca7a maternal zygotic, and zbtb24 mutant zebrafish digested with 

HpyCH4IV and probed for zebrafish sat1. Each lane represents genomic DNA isolated from one 

adult zebrafish. (C) Southern Blot of genomic DNA from 2 dpf cdca7a wild-type and mutant 

zebrafish digested with HpyCH4IV and probed for zebrafish sat1. Each lane represents 1ug of 

DNA isolated from a pool of fifty embryos. (D) Southern Blot of genomic DNA from three days 

post fertilization wild-type, cdca7a maternal zygotic, cdca7a zygotic, and zbtb24 zygotic 

mutants digested with HpyCH4IV and probed for zebrafish sat1. Each lane represents 0.5 ug of 

DNA isolated from a pool of ten larva. (E) Southern Blot of genomic DNA from six hours post 

fertilization cdca7a wild-type and maternal zygotic mutant zebrafish digested with a methylation 

sensitive enzyme HpyCH4IV and probed for zebrafish sat1. Each lane represents pooled samples 

of fifty embryos with 1ug of genomic DNA.   
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Figure 11: Bisulfite sequencing conversion 

(A) Schematic of bisulfite conversion before PCR amplification and subsequent sequencing. 
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Figure 12: WGBS-seq analysis on cdca7a-/- and zbtb24-/- 

(A) Percent methylation at sat1 from three months post fertilization cdca7a wild-type, cdca7a 

mutant, and cdca7a maternal zygotic (n=3 for each group). (B) Percent methylation at sat1 from 

eight months post fertilization wild-type, cdca7a mutant and zbtb24 mutant (n=1 for 

each group). 
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CHAPTER 4: EARLY CONSEQUENCES OF PERICENTROMERIC DNA 

HYPOMETHYLATION 

 

PREFACE 

 

 Previous analysis of RNA transcription was performed in zbtb24 homozygous mutants at 

two weeks post fertilization, when these mutants begin to show a loss of DNA methylation 

(Rajshekar et al. 2018). Here, I have described another animal model of ICF syndrome in which 

the phenotypic hallmark of pericentromeric DNA hypomethylation is present. This loss of 

pericentromeric DNA methylation occurs earlier in development, which gives us the avenue to 

assess the possible consequences of a loss of DNA methylation at early stages of development. A 

loss of cdca7a in homozygous mutants occurs as early as two days post fertilization at a time in 

which cdca7a maternal zygotic mutants also exhibit a loss of DNA methylation at the 

pericentromere. In this chapter I perform transcriptome analysis to identify some of the early 

consequences of a loss of DNA methylation at the pericentromere.  

RESULTS 

 

Data validation and normalization 

 

 I analyzed three homozygous mutant genotypes, cdca7a maternal zygotic, cdca7a zygotic 

and zbtb24 zygotic mutants, compared to wild-type controls at three days post fertilization. To 

assess the early consequences of DNA pericentromeric hypomethylation, I chose to perform 

mRNA sequencing at three days post fertilization a time in which I had two viable mutants 

(cdca7a zygotic and maternal zygotic) that exhibited a loss of pericentromeric DNA methylation 

and one mutant (zbtb24 zygotic) that was still heavily methylated at the pericentromere.  
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 For my cdca7a maternal zygotic analysis, I compared three mutant samples to three wild-

type controls. Samples generated an average of 19.2 million single end reads and produced an 

average of 92.57% reads that uniquely mapped to the genome. To ensure that my two conditions 

segregated away from each other I performed a principal component analysis (PCA) in R. Upon 

completion of the PCA I found that one sample from the cdca7a maternal zygotic mutants did 

not cluster together with the other cdca7a maternal zygotic mutants (Fig. 13). Thus, I removed 

this outlier from the analysis. This left two cdca7a maternal zygotic samples compared to three 

wild-type samples.  

 For my cdca7a zygotic analysis, I compared three mutant samples to three wild-type 

controls. Samples generated an average of 14.5 million single end reads and produced an average 

of 92.37% uniquely mapped reads. Upon completion of the PCA, I found that one sample from 

the cdca7a zygotic mutants did not cluster together with the other homozygous mutants (Fig. 

14). Thus, I removed this outlier from the analysis. This left two cdca7a zygotic samples 

compared to three wild-type samples. 

 For my zbtb24 zygotic analysis, I compared three mutant samples to three wild-type 

controls. Samples generated an average of 18 million single end reads and produced an average 

of 92.24% reads that uniquely mapped to the genome. Upon completion of the PCA I found that 

all mutants and wild-type samples clustered appropriately (Fig. 15). 

 

Identification of differentially expressed genes 

 

 For broad visualization of the differentially expressed genes, I generated volcano plots 

for each of my three comparisons. For the comparison between cdca7a maternal zygotic mutants 

and wild-type there was 106 genes with a log2fold change of greater than 1.5 and an adjusted p-

value of less than 0.05. On the other hand, there was 148 genes with a log2fold change of less 
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than -1.5 with an adjusted p-value of less than 0.05 (Fig. 16). For the comparison between 

cdca7a zygotic mutants and wild-type there was 103 genes with a log2fold change of greater 

than 1.5 with a significant adjusted p-value. While there were 80 genes with a log2fold change of 

less than -1.5 with a significant adjusted p-value (Fig. 17). The comparison between zbtb24 

zygotic mutants and wild-type generated 665 genes with a log2fold change of greater than 1.5 

with an adjusted p-value of less than 0.05. Although, there was 166 genes with a log2fold change 

of less than -1.5 with an adjusted p-value of less than 0.05 (Fig. 18). 

 

Intersections of increasing dysregulated genes in three mutants 

  

 At three days post fertilization I compared the dysregulated genes that were increasing 

between the three mutants using Venny (Oliveros 2015) . I found that there were 28 genes that 

were increased that were shared between only cdca7a maternal zygotic and zygotic mutants. Of 

these shared genes four were found to be involved in apoptosis according to an online resource, 

gProfiler. These genes were si:dkey-239j18.3, zgc:174855, zgc:174153, and si:dkey-28g8.5. 

There were 57 unique genes increased in cdca7a maternal zygotic and 43 unique genes increased 

in cdca7a zygotic mutants. Between cdca7a maternal zygotic mutants and zbtb24 mutants there 

were 14 increasing shared genes. cdca7a zygotic and zbtb24 zygotic mutants shared 25 genes 

that were increased. There were seven genes that were upregulated between all three genotypes 

(Fig. 19 and Table 3).   

 

Intersections of decreasing dysregulated genes in three mutants 

  

 I compared decreasing genes that were dysregulated between the three mutants. There 

were six dysregulated genes between all three mutants. One of these genes, gck, according to 
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gProfiler is involved in neomycin, kanamycin, and gentamicin biosynthesis. Between cdca7a 

maternal zygotic and zygotic mutants there were 12 genes the same. There were 10 genes shared 

between cdca7a maternal zygotic and zbtb24 zygotic mutants. One of these genes, cepet1a, is 

involved in phosphonate and phosphinate metabolism according to gProfiler. There were also 10 

genes in common between cdca7a and zbtb24 zygotic mutants (Fig. 19 and Table 4).  

  

Identification of disrupted pathways using KEGG 

 

 Kyoto Encyclopedia of Genes and Genomes (KEGG) is a pathway database that can be 

used to conduct genomic pathway analyses in many different species. Upon performing KEGG 

analysis in R I found that both cdca7a maternal zygotic and zygotic mutants both expressed 

dysregulated genes involved in apoptosis (Fig. 20 and Fig. 21). While the dysregulated apoptotic 

genes were not seen in zbtb24 mutants (Fig. 22). Upon further examination, I found that 

apoptotic genes were increased in the cdca7a maternal zygotic and zygotic mutants, but not in 

the zbtb24 mutants (Fig. 23 and Fig. 24). This could suggest that a loss of pericentromeric DNA 

hypomethylation could lead to an increase in apoptosis.  

 In addition to the apoptotic genes found dysregulated through KEGG analysis, I also 

found that there was dysregulation of the Fanconi anemia pathway, homologous recombination, 

and mismatch repair pathways in cdca7a maternal zygotic mutants. This could be a sign that 

there are changes in DNA damage signatures as early as three days post fertilization in cdca7a 

maternal zygotic mutants. In addition, I also saw that there was dysregulation of DNA replication 

and mismatch repair pathways in zbtb24 zygotic mutants. I hypothesize that Zbtb24 could 

regulate transcription of some genes involved in these pathways.  
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DISSCUSSION 

 

 My findings suggest that cdca7a maternal zygotic and zygotic mutants exhibit an 

increase in apoptosis at three days post fertilization from whole larva. However, this is not seen 

in zbtb24 mutants. The genes that I have shown to be increased in cdca7a maternal zygotic and 

zygotic mutants are zgc:174855, zgc:174153, si:dkey-23j18.3, and si:dkey-26g8.5. zgc:174855, 

zgc:174153 and si:dkey-26g8.5 are located in a cluster of genes on chromosome 12. It is thought 

that these genes could be tandem duplicates of ctsl. ctsl is a cytosine protease that is involved in 

the degradation of many proteins. Knockdown of CTSL in PC-12 cells lead to a decrease in 

apoptosis (Shen et al. 2019).  Although CTSL is involved in apoptosis it is also thought to be 

involved in antigen processing and MHC class II immune responses (Gomes et al. 2020). Further 

research will be needed to determine if these genes actually lead to an increase in apoptosis.  

 Further research needs to be done to due to some limitations of my data set. There could 

be additional consequences of pericentromeric DNA methylation not seen in this data set due to 

batch effects. In this data set I used wild-type strain to compare my mutants to. A better control 

for this experiment would be to compare mutants to their wild-type siblings. In addition to this 

there could be tissue specific consequences that I do not see due to this being whole larva. 

Lastly, I could have picked a different time in which to analyze the consequences of a loss of 

DNA methylation at the pericentromere. There could be some effects that I am not seeing due to 

the three days post fertilization time point.  
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Figure 13: cdca7aMZ 3dpf RNA sequencing clustering 

(A) Principal components analysis of cdca7a maternal zygotic and wild-type. Plotted on the x-

axis is PC1 with 60% of the variance and on the y-axis is PC2 with 32% of the variance. (B) 

Principal components analysis of cdca7a maternal zygotic and wild-type with the outlier cdca7a 

maternal zygotic removed. Plotted on the x-axis is PC1 with 85% of the variance and on the y-

axis is PC2 with 9% of the variance. 
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Figure 14: cdca7a-/- three days post fertilization (dpf) RNA sequencing clustering 

(A) Principal components analysis of cdca7a zygotic and wild-type. Plotted on the x-axis is PC1 

with 62% of the variance and on the y-axis is PC2 with 22% of the variance. (B) Principal 

components analysis of cdca7a zygotic and wild-type with the outlier cdca7a zygotic mutant 

removed. Plotted on the x-axis is PC1 with 66% of the variance and on the y-axis is PC2 with 

20% of the variance.  
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Figure 15: zbtb24-/- 3dpf RNA sequencing clustering 

(A) Principal components analysis of zbtb24 zygotic and wild-type. Plotted on the x-axis is PC1 

with 93% of the variance and on the y-axis is PC2 with 3% of the variance.  
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Figure 16: Differentially expressed genes in cdca7aMZ  

(A) Volcano plot of differentially expressed genes. Highlighted in gray are genes that with no 

significant difference with a p-value > 0.05. Highlighted in green are genes with a log2fold of 

either > 1.5 or < -1.5 and a p-value of > 0.05. Highlighted in blue are genes with a log2fold 

change between -1.5 and 1.5. They also have a p-value < 0.05. Highlighted in red are genes with 

a log2fold change of either > 1.5 or < -1.5. However, these genes also have a p-value < 0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 58

 
Figure 17: Differentially expressed genes in cdca7a-/-  zygotic mutants 

(A) Volcano plot of differentially expressed genes. Highlighted in gray are genes that with no 

significant difference with a p-value > 0.05. Highlighted in green are genes with a log2fold of 

either > 1.5 or < -1.5 and a p-value of > 0.05. Highlighted in blue are genes with a log2fold 

change between -1.5 and 1.5. They also have a p-value < 0.05. Highlighted in red are genes with 

a log2fold change of either > 1.5 or < -1.5. However, these genes also have a p-value < 0.05.  
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Figure 18: Differentially expressed genes in zbtb24-/-  

(A) Volcano plot of differentially expressed genes. Highlighted in gray are genes that with no 

significant difference with a p-value > 0.05. Highlighted in green are genes with a log2fold of 

either > 1.5 or < -1.5 and a p-value of > 0.05. Highlighted in blue are genes with a log2fold 

change between -1.5 and 1.5. They also have a p-value < 0.05. Highlighted in red are genes with 

a log2fold change of either > 1.5 or < -1.5. However, these genes also have a p-value < 0.05.  
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Figure 19: Intersection of dysregulated genes 

(A) Venn diagram showing the intersection of genes that are increased among cdca7a maternal 

zygotic, cdca7a zygotic, and zbtb24 zygotic mutants. (B) Venn diagram showing the intersection 

of genes that are decreased among cdca7a maternal zygotic, cdca7a zygotic, and zbtb24 zygotic 

mutants. Both Venn diagrams were made using Venny 2.1 (Oliveros 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 62

Shared 

increasing genes 

between all three 

mutants 

Shared increasing 

genes between cdca7a 

maternal zygotic and 

zygotic mutants 

Shared increasing 

genes between cdca7a 

maternal zygotic and 

zbtb24 mutants 

Shared increasing 

genes between cdca7a 

zygotic and zbtb24 

mutants 

zgc:174862 

ftr52p 

tec 

si:ch211-103n10.5 

si:ch211-207n23.2 

UBLCP1 

ccl34a.4 

znf1179 

si:dkey-19a16.7 

zgc:171497 

hbbe1.2 

si:dkey-239j18.3 

fgfr1bl 

comtd1 

si:ch211-197g15.6 

si:rp71-36a1.3 

AL928685.2 

BX005417.1 

sccpdha.2 

si:dkey-15h8.17 

cyp2aa11 

ctslb 

cd28l 

CR388157.1 

he1.2 

duox 

zgc:174855 

irg1l 

zgc:174275 

he1.1 

BX322603.1 

zgc:174153 

tgm1l4 

si:ch211-153b23.3 

si:dkey-26g8.5 

tcap 

CCDC134 

CR318588.3 

BX465228.2 

mhc1uma 

BX465228.1 

si:ch211-266g18.9 

CABZ01075611.1 

CABZ01068366.1 

socs3a 

si:dkey-29p23.1 

micall1b.2 

sfxn5a 

mhc1zfa 

agt 

si:ch211-147m6.1 

si:dkey-239b22.1 

si:ch211-284o19.8 

mpeg1.2 

slc2a6 

acod1 

zgc:153932 

ctsl.1 

si:dkey-102g19.3 

si:ch73-181m17.1 

ccl19a.2 

si:ch211-209j10.6 

SLC16A6 

hamp 

mhc1uba 

cxcl18a.1 

asb15b 

aqp10a 

plekhs1 

pcdh1g11 

FO904966.1 

si:ch211-194e1.7 

si:ch211-226h7.3 

BX322618.1 

Table 3: List of genes from intersection that are increased among the mutants 
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Shared 

decreasing genes 

between all 

three mutants 

Shared decreasing 

genes between cdca7a 

maternal zygotic and 

zygotic mutants 

Shared decreasing 

genes between 

cdca7a maternal 

zygotic and zbtb24 

mutants 

Shared decreasing 

genes between 

cdca7a zygotic and 

zbtb24 mutants 

zgc:162509 

gck 

CABZ01063602.1 

ptk2ba 

hce2l1 

rfesd 

si:ch211-243p7.3 

kbtbd7 

zgc:194221 

CABZ01044746.1 

n4bp3 

AL928650.3 

msh4 

CU972512.1 

FO904898.4 

npm2a 

acot15 

cdh29 

CCDC39 

si:dkey-9c18.3 

CR847936.6 

adgre9 

CR788249.1 

selenol 

si:dkey-178j11.5 

BX927374.1 

CABZ01070527.1 

cept1a 

slc16a6a 

cry1a 

per2 

apoa4a 

si:ch211-236p5.3 

CABZ01065076.1 

hbae5 

CABZ01019904.1 

si:dkey-147f3.4 

CABZ01038699.1 

Table 4: List of genes from intersection that are decreased among the mutants 
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Figure 20: KEGG analysis in cdca7aMZ  

(A) Connectivity map showing the clustering from KEGG analysis. The color signifies the 

adjusted p-value. The size of the dot relates to how many genes are in the term.  
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Figure 21: KEGG analysis in cdca7a-/-  

(A) Connectivity map showing the clustering from KEGG analysis. The color signifies the 

adjusted p-value. The size of the dot relates to how many genes are in the term.  
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Figure 22: KEGG analysis in zbtb24-/-  

(A) Connectivity map showing the clustering from KEGG analysis. The color signifies the 

adjusted p-value. The size of the dot relates to how many genes are in the term.  
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Figure 23: Dysregulation of apoptotic genes in cdca7a mutants 

(A) Heatmap of dysregulated apoptotic genes in cdca7a maternal zygotic mutants. (B) Heatmap 

of dysregulated apoptotic genes in cdca7 zygotic mutants.  
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Figure 24: Dysregulation of apoptotic genes in zbtb24-/-  

(A) Heatmap of dysregulated apoptotic genes in zbtb24 zygotic mutants.  
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Chapter 5: CHARACERIZING THE IMMUNOLOGICAL PHENOTYPES IN ICF 

SYNDROME MUTANT ZEBRAFISH 

 

PREFACE 

 

Patients with ICF syndrome are characterized by having severe immunodeficiency. They 

can exhibit a decrease in immunoglobulins despite having normal levels of lymphoid cells. 

Although the type of immunoglobulin deficiency is variable. Immunodeficiency in patients can 

vary from a mild decrease in immune response to agammaglobulinemia. Some patients even 

have low levels of T cells and/or B cells. Due to the immunodeficiency, patients have recurrent 

infections that often lead to death at a young age. Typically, patients with ICF syndrome have 

severe respiratory infections and over half of ICF syndrome patients have recurrent 

gastrointestinal infections. There have also been reports that patients also have pericarditis, ear 

infections, septicemia and oral Candida infections (Ehrlich, Jackson, and Weemaes 2006).  The 

cause of the immunoglobulin deficiency in ICF syndrome patients is unknown. To treat the 

recurrent infections patients are given intravenous infusions of immunoglobulins.  

In zebrafish B cell development does not occur until six weeks post fertilization. At six 

weeks post fertilization in zbtb24 homozygous mutant zebrafish our lab was shown to have a 

decrease in IgM, IgD, and IgZ expression. This decrease in immunoglobulins was accompanied 

by normal lymphoid cell numbers (Rajshekar et al. 2018). Collectively, this data shows that 

zbtb24 mutants exhibit ICF-like immunological phenotypes.  

In this chapter I aim to discover if cdca7a homozygous mutants exhibit a decrease in 

immunoglobulins. I use two orthogonal methods to analyze immunoglobulin levels. One method 
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for analyzing immunoglobulins is through the use of qPCR. The second method I used to assess 

the level of immunoglobulins is through RNA sequencing.  

 

RESULTS 

 

cdca7a mutants do not exhibit a decrease in immunoglobulins via qPCR 

 

 To examine the immunoglobulin levels in cdca7a homozygous maternal zygotic and 

zygotic mutants, I first performed quantitative PCR, examining levels of transcripts for the 

immunoglobulins IgM, IgD and the zebrafish specific IgZ at 6 weeks post fertilization. I found 

that cdca7a maternal zygotic mutants exhibited clearly detectable levels of immunoglobulin 

transcripts that were comparable to levels detected in wild-type siblings (Fig. 25).  Similar 

immunoglobulin levels were also noted when I compared cdca7a zygotic mutants to age 

matched wild-type controls (Fig. 26). 

 

cdca7a mutants do not exhibit a decrease in immunoglobulins via RNA sequencing 

 

 To further explore potential phenotypes related to immunodeficiency in cdca7a mutant 

zebrafish, I performed RNA sequencing on kidney marrow dissected from cdca7a zygotic 

mutant adults. I chose kidney marrow for this analysis because in zebrafish, this is the site of 

definitive hematopoiesis. In this way, the zebrafish kidney marrow is similar to human bone 

marrow. At four months post fertilization, I surgically removed the kidney marrow from adult 

wild-type and cdca7a mutant siblings and extracted total RNA. Library preparation was then 

performed from a protocol adapted from the Illumina TruSeq mRNA Stranded Library Kit. Upon 

completion of sequencing, I preformed the computational analysis. I obtained on average 24.7 

million single end reads and approximately 72% of those reads mapped to the zebrafish genome. 
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After I aligned the reads to the zebrafish genome and obtained the counts file, I made sure that 

my two conditions segregated from each other (Fig. 27). In this data set, I found that 74 genes 

had a log2fold change of less than -1.5 with a significant adjusted p-value. There were 501 genes 

that had a log2fold change of over 1.5 with a significant adjusted p-value (Fig. 28). After 

ensuring proper clustering, I found that the RNA sequencing confirmed the results obtained from 

qPCR. I found no statistical difference in the immunoglobulin genes between wild-type and 

cdca7a zygotic mutants.  

To further assess potential immune defects, I next assessed transcription of other genes 

that are known to be important for immune function.  While most genes exhibited expression 

levels that were comparable to wild-type, cdca7a zygotic mutants did show significant decreases 

in several genes important for immune response including cish, prf1.8, nkl.1, and ccl34a.4 (Fig. 

29). This decrease in genes related to the immune response could potentially be similar to the 

decreases in immune response genes seen in some ICF syndrome patients. Further analysis will 

need to be done to determine whether this decrease in immune response genes would lead to a 

lessened response to infections. 

 

DISSCUSSION 

 

 Unlike what is seen in zbtb24 mutants, my findings suggest that cdca7a maternal zygotic 

and zygotic mutants do not exhibit a decrease in expression of immunoglobulin genes. However, 

cdca7a zygotic mutants do have a decrease in several genes related to the immune response.  

 Cytokine Inducible SH2 Containing Protein (CISH) has been shown to be involved in 

regulating immune cell development and function. Cish homozygous mutant mice exhibit 

increased sensitivity to IL-15 in NK cells and increases IL-4 and IL-2 signaling in CD4+ T cells 
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(Delconte et al. 2016; Putz et al. 2017). It was found that people with CISH variants are more 

susceptible to infectious diseases (Khor et al. 2010; Sun et al. 2014).   

prf1.8 is the zebrafish ortholog of PRF1. PRF1has been shown to be an effector molecule 

for both T cell and NK cell mediated cytolysis. Also, mutations in PRF1 in people has been show 

to lead to Hemophagocytic Lymphohistiocytosis (HLH). HLH is an autosomal recessive disorder 

caused by mutations in several genes involved in NK and T cell granule mediated cytotoxic 

function (Bordbar et al. 2017). 

 Both nkl.1 and ccl34a.4 do not have an associated human ortholog. Both of these genes 

are predicted to be involved in the immune response in zebrafish.  

 ICF syndrome immunological defects exist on a spectrum. Although most patients exhibit 

a decrease in immunoglobulins not all patients exhibit this phenotype. Some ICF syndrome 

patients only exhibit a decrease in immune response leading to them getting recurrent infections. 

This zebrafish model represents a new ICF syndrome model in which the decrease in 

immunoglobulin genes is not present. This new model seems to recapitulate a mild case of ICF 

syndrome in which the morphological phenotypes are also not seen.  
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Figure 25: Immunological characterization in cdca7aMZ  

(A) Relative expression of IgM at six weeks post fertilization in cdca7a wild-type and maternal 

zygotic mutant zebrafish (n=5 for each group). (B) Relative expression of IgZ at six weeks post 

fertilization in cdca7a wild-type and maternal zygotic mutant zebrafish (n=5 for each group). (C) 

Relative expression of IgD at six weeks post fertilization in cdca7a wild-type and maternal 

zygotic mutant zebrafish (n=5 for each group). 
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Figure 26: Immunological characterization in cdca7a-/-  

(A) Relative expression of IgM at six weeks post fertilization in cdca7a wild-type and mutant 

zebrafish (n=5 for each group). (B) Relative expression of IgZ at six weeks post fertilization in 

cdca7a wild-type and mutant zebrafish (n=5 for each group). (C) Relative expression of IgD at 

six weeks post fertilization in cdca7a wild-type and mutant zebrafish (n=5 for each group). 
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Figure 27: cdca7a-/-  kidney RNA sequencing clustering  

(A) Principal components analysis of cdca7a wild-type and zygotic mutants. Plotted on the x-

axis is PC1 with 75% of the variance and on the y-axis is PC2 with 13% of the variance.  
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Figure 28: Differentially expressed genes in zebrafish kidney marrow 

(A) Volcano plot of differentially expressed genes. Highlighted in gray are genes that with no 

significant difference with a p-value > 0.05. Highlighted in green are genes with a log2fold of 

either > 1.5 or < -1.5 and a p-value of > 0.05. Highlighted in blue are genes with a log2fold 

change between -1.5 and 1.5. They also have a p-value < 0.05. Highlighted in red are genes with 

a log2fold change of either > 1.5 or < -1.5. However, these genes also have a p-value < 0.05.  
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Figure 29: Downregulated immune genes in cdca7a-/-  

(A) Schematic of cish expression from normalized count data obtained in R using DESeq2. (B) 

Schematic of prf1.8 expression from normalized count data obtained in R using DESeq2. (C) 

Schematic of nkl.1 expression from normalized count data obtained in R using DESeq2. (D) 

Schematic of ccl34a.4 expression from normalized count data obtained in R using DESeq2. 
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Chapter 6: SUMMARY AND PERSPECTIVES 

 

 My research has focused on developing a second zebrafish model for ICF syndrome. I 

have found that deletion of cdca7a does not recapitulate some of the ICF like phenotypes, which 

were previously noted in a zebrafish zbtb24 deletion model of ICF syndrome. I have shown that 

cdca7a mutants appear morphologically the same as wild-type counterparts. This was an 

unexpected finding considering deletion of zbtb24 leads to a smaller stature, elongated snout, and 

a reduced lifespan, and Zbtb24 has been previously reported to act upstream of cdca7a 

(Rajshekar et al. 2018). Despite the lack of obvious morphological phenotypes, I found that 

cdca7a maternal zygotic and zygotic mutants have more severe pericentromeric DNA 

hypomethylation compared to zbtb24 mutants at early stages of development. I found that 

cdca7a maternal zygotic mutants lose pericentromeric DNA methylation as early as six hours 

post fertilization. In addition, I showed that cdca7a zygotic mutants lose DNA methylation at the 

pericentromere well before zbtb24 mutants. These findings suggest that pericentromeric DNA 

hypomethylation does not lead to the ICF like phenotypes observed in zbtb24 mutants, and that 

Zbtb24 may have additional functions beyond regulation of pericentromeric methylation.  

During the course of methylation analysis, I also developed a new way of analyzing DNA 

methylation at the pericentromere that is quantitative and could possibly be used for other repeat 

analysis in conjunction with Southern Blots. This quantitative approach to DNA methylation 

analysis allows for an extensive look into repetitive regions of the genome that are difficult to 
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map to. In addition, this analysis makes the way for a more robust analysis of multiple samples at 

one time.  

These findings also show that cdca7 is important for DNA methylation at the 

pericentromere. Increased genomic digestion of DNA shows that as the fish age there is a 

progressive loss of DNA methylation at the pericentromere. This suggests that cdca7 is involved 

in the maintenance of DNA methylation at the pericentromere. This can be explored further 

through WGBS sequencing to get a better understanding of the percent of methylation loss as the 

fish age.  

 I sought after to perform RNA sequencing to gain a better understanding of the early 

consequences of DNA pericentromeric hypomethylation. In doing so I found that cdca7a 

maternal zygotic and zygotic mutants exhibit an increase in apoptotic genes at 3 days post 

fertilization. This increase in apoptotic genes at 3 days post fertilization is not seen in zbtb24 

mutants at three days post fertilization. This finding suggests that a decrease in DNA methylation 

at the pericentromere may lead to an increase in apoptosis as an early consequence. This could 

be followed up with by using TUNEL staining to show an increase in apoptosis.  

 In addition to characterizing the morphological phenotypes, I sought after to explore the 

causality behind the immunodeficiency seen in ICF syndrome patients. To do this I first 

examined whether there was a decrease in immunoglobulins in the cdca7a maternal zygotic and 

zygotic mutants. I found that there were no statistical differences between the mutants and wild-

type counterparts. Next, I performed RNA sequencing on kidney marrow from adult zebrafish. I 

confirmed that there were no changes in immunoglobulins. However, there was a decrease in 

several genes associated with the immune system. This is an avenue for future exploration to 
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determine if these genes play a role in the immunodeficiency seen in some ICF syndrome 

patients and if this decrease could lead to recurrent infections. 
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Materials and methods 

 

Zebrafish husbandry 

 

The care of the zebrafish was in accordance with animal care and use guidelines with approval 

by the Institutional Animal Care and Use Committees at the University of Georgia. Zebrafish 

embryos were raised under standard conditions at 28°C and transferred to animal facility located 

at the University of Georgia URAR Life Sciences Facility at 5 days post fertilization. Wild-type 

lines are of the AB background.  

 

DNA extraction  

 

Tissue for adult DNA extraction was obtained from adult zebrafish caudal fin clips. DNA 

extraction was performed via one of two ways: (1) with a quick prep protocol using 50mM 

NaOH and TrisHCl (pH 8.0) or (2) using DNA lysis buffer and phenol chloroform. DNA 

extraction for larval zebrafish was obtained via DNA lysis buffer and phenol choloroform.  

 

CRISPR mutagenesis 

 

CHOPCHOP was used to determine target selection for CRISPR/Cas9 mediated mutagenesis. 

sgRNA templates were generated by using the oligo-based approach (Kelley et al. 2016). Invitro 

transcription of the sgRNAs was performed using T7 RNA polymerase (Promega) as per 

manufacturer protocol. Cas9 was invitro transcribed from the pT3TS-nls-zCas9-nls plasmid 

using the T3 mMessage mMachine Kit (Ambion). Approximately, 200-400ng of sgRNA and 

500ng of Cas9 mRNA was co-injected into wild-type embryos at the one-cell stage. Injected 

embryos were raised to adulthood and F1 progeny were screened for germline transmission of 

mutations.  
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Analysis of DNA methylation at sat1 

 

DNA methylation was analyzed using Southern Blots and bisulfite sequencing. For Southern 

Blot analysis, 1 microgram of total genomic DNA was digested with methylation sensitive 

restriction enzyme (Hypch4iv from neb) fractionated by electrophoresis through a 0.9% agarose 

gel. DNA was then transferred to a nylon membrane. Probes were PCR amplified using primers 

designed to Sat1. Probes are biotinylated and labeled following the North2South Biotin Random 

Prime DNA labeling Kit (ThermoFisher). Hybridization signals were detected following 

manufacturer protocol from North2South Chemiluminescent Hybridization and Detection Kit 

(ThermoFisher).  

For bisulfite sequencing analysis 1 microgram of total genomic DNA is used in library 

preparation. MethylC-seq library preparation is performed (Urich et al. 2015). The bisulfite 

conversion is performed using EZ DNA Methylation – Lightning Kit according to manufacturer 

protocol (Zymo). Upon sequencing completion, the zebrafish reference sequence was 

downloaded from UCSC genome browser, and I used RepeatMasker (v4.0.7-foss-2016b) to 

mask the genome for the zebrafish sat1 repeat. I then added the sat1 repeat as an extra 

chromosome to the genome. Reads were trimmed with Trim_Galore (v0.4.5-foss-2016b) to 

remove Illumina adapters with default parameters. Quality checks for the reads were completed 

using FastQC and MultiQC. Bismark (v0.22.1-foss-2016b) was used to align reads with one 

mismatch allowed. Bismark was also used to extract methylation analysis from the aligned reads.   

 

RNA expression analysis 

 

For qRT-PCR, total RNA was extracted using Trizol and isopropanol was used to precipitate out 

the RNA. Total RNA was cleaned with RNA clean and concentrator kit (Zymo) according to 
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manufacturer protocol. cDNA was generated by following GoScript Reverse Transcriptase Kit 

(Promega) according to manufacturer protocol. Real Time PCR was performed using 

QuantStudio 3 (ThermoFisher). Analysis was performed using the 2- ∆∆Ct method, with relative 

expression levels normalized to β-actin.  

 

Transcriptome sequencing  

 

After quantification of total RNA, up to 1.3ug of total RNA underwent polyA selection and 

TruSeq library preparation according to instructions provided by Illumina (TruSeq Standard 

mRNA LT Kit) with 13 cycles of PCR. Using the TruSeq SBS v4 Kit (Illumina) samples were 

run on a HiSeq 2500 High Output in a 50bp single end run. An average of 15.7 million reads was 

generated per sample.  

 

Genome alignment and read mapping and expression analysis  

The Linux based GACRC computing cluster at the University of Georgia was used for 

bioinformatic analysis. along with the R programming environment. The reference sequence and 

genome annotation was obtained from ENSEMBL (GRCz11). FASTQC and MultiQC was used 

for quality checks. Trim_Galore (v0.6.5-GCCcore-8.3.0-Java-11-Python-3.7.4) was used to trim 

RNA sequencing adapters using default parameters. Alignment of the reads to the genome was 

performed by STAR (v2.7.3a-GCC-8.3.0) with the option to output one output alignment for 

multimappers. FeatureCounts (Subread v2.0.1-GCC-8.3.0) was used to generate a counts text file 

from the STAR output using a provided GTF file downloaded from ENSEMBL. DESeq2 in the 

R programming environment was used to perform the differential expression analysis. Pipeline 

was adapted from Love et. al, 2014.  
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Phylogenetic tree 

The phylogenetic tree was completed using Geneious Prime 2022.1.1 default parameters were 

used when supplied with protein sequences from UCSC genome browser.  

 

Statistical Analysis 

The student unpaired 2-tailed t-test, Welch’s t test, or Wald’s t test was performed using 

GraphPad PRISM software depending on sample number, data distributions and type. Significant 

P values are described to be at 0.05. Statistical analysis was carried out using the R programming 

environment or GraphPad Prism.   
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APPENDIX 

APPENDIX 1: RELATIVE SATELLITE 1 EXPRESSION IN ICF MODELS 

 

Our laboratory has previously shown that a loss of pericentromeric DNA methylation leads to an 

upregulation of satellite transcripts in zbtb24 zygotic mutants (Rajshekar et al. 2018). I set out to 

determine if that same satellite transcript upregulation was seen in cdca7a zygotic mutants. I 

performed qPCR on the satellite transcripts and determined that cdca7a zygotic mutants also 

exhibited an upregulation of satellite transcripts. However, this upregulation in satellite 

transcripts was not as severe as that seen in zbtb24 mutants. This could be due to zbtb24 being a 

transcription factor and having independent roles in DNA methylation and transcription.  
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APPENDIX 2: PARP INHIBITION 1DPF SOUTHERN BLOT 

 

Through a protein array it was found that CDCA7 binds to PARP2. PARP2 is a protein involved 

in catalyzing poly(ADP-ribosyl)ation (PARylation). PARylation is involved in many cellular 

functions including DNA methylation through its control of Dnmt1. It has been shown that 

inhibition of PARylation leads in an increase in DNA methylation in both genomic DNA and 

CpG island regions (de Capoa et al. 1999; Zardo et al. 1997; Zardo and Caiafa 1998). Thus, I set 

out to determine whether PARylation was involved in DNA methylation at the pericentromere. I 

instructed an undergraduate student, Erik Schouten, in performing a parp inhibitor experiment. 

He added 5uM of Niraparib to inhibit PARylation in wild-type and cdca7a maternal zygotic 

mutants. For the no treatment controls he used 1% DMSO. Embryos were treated with DMSO or 

Niraparib at six hours post fertilization and collected at twenty-four hours post fertilization. 

Upon parp inhibitor treatment I performed that twenty-four hour post fertilization Southern Blot. 

This Southern Blot shows that upon treatment of parp inhibitor wild-type samples become less 

resistant to digested. Indicating that there is an increase in DNA methylation at the 

pericentromere upon inhibition of PARylation. However, this was not seen in the cdca7a 

maternal zygotic mutants upon inhibition of PARylation. In order to make any conclusions this 

experiment would need to be repeated. However, I hypothesize that Cdca7a binds to PARylated 

PARP2 instead of DNA, but once PARylation is inhibited then it is able to bind to DNA leading 

to an increase in DNA methylation at the pericentromere.  
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APPENDIX 3: LIST OF PRIMERS 

qPCR 

q_IgZ_F AAAGCAACGATACCAAAGTG (Page et al. 2013) 

q_IgZ_R AACAGCTTGCAAGACAATTC (Page et al., 2013) 

q_IgD_F GACACATTAGCCCATCAGCA (Page et al., 2013) 

q_IgD_R CTGGAGAGCAGCAAAAGGAT (Page et al., 2013) 

q_IgM_F GAAGCCTCCAATTCTGTTGG (Zimmerman et al. 2011) 

q_IgM_R CCGGGCTAAACACATGAAG (Zimmerman et al., 2011) 

q_bactin1_F CGAGCAGGAGATGGGAACC (McCurley and Callard 2008) 

q_bactin1_R CAACGGAAACGCTCATTGC (McCurley and Callard, 2008) 

q_Sat1_F GTCTCTGACTGAGTTTGCATTAC (Rajshekar et al., 2018) 

q_Sat1_R ACATTCTGAATTGGACGTTGA (Rajshekar et al., 2018) 

 

gRNAs and crRNAs 

cdca7a_gRN

A2 

GAAATTAATACGACTCACTATAGGTTCATCCTGGTGGACGGAGTTT

TAGAGCTAGAAAT 

cdca7a_gRN

A5 

GAAATTAATACGACTCACTATAGGCGTCCGCGGTCAATTCTGGTTTT

AGAGCTAGAAAT 

cdca7a_crR

NA1 

TTCCAGGATTGAACTTGAAT  

 

cdca7a_crR

NA2 

GAGCTCAACAGTTTTGCCTA 

 

 

Genotyping primers 

Name of 

allele 

Mutation in Genotyping primers Reference 

mk22 zbtb24 F(P1):AGTCCTCGCTCTGCACTCAG 

R(P3):CTCTTGGCGGTGAAACACTT 

 

Rajshekar et. al 2018  

 

 cdca7a F:TGGTTCCATTTTGTAAAACATGACC 

R: GCGTCACGGACTTCTTCTCC  

 

This publication 

 


