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ABSTRACT

According to the National Institute of Health (NIH) a disease or disorder is
categorized as a rare disorder (or orphan disease) when it affects less than 200,000
people within the US in any given year. Genetic disorders are often characterized by
mutations or DNA variants in a given gene. The human genome contains
approximately twenty to twenty-five thousand genes, making up the “exome” of an
individual. With the availability of the “complete sequence” of the human genome, the
study of the structure and function, as well as gene interactions has expanded the
ability to improve the diagnosis and treatment of genetic disorders. Sanger sequencing
is still considered the “gold standard” in molecular diagnostics, and is often used to
confirm mutations found with other technologies. Next generation sequencing (NGS),
also called massively paralleled sequencing, has given researchers the ability to
overcome some of the issues with traditional Sanger sequencing. While the focus for
many years has been genomic mutations causing disease, we know now that
epigenetics plays a major role not only in disease, but in normal regulation of the
human genome. My project is based on the study of the rare genetic disorder Baratela-
Scott Syndrome (BSS), a rare autosomal recessive disorder characterized by common
phenotypes including skeletal dysplasia, distinct facial features such as a flattened
midface and wide nasal bridge, as well as developmental delay with pre-school age

onset. Prior to my joining the laboratory, there was parentally inherited homozygous

iX



variants in the XYLT1 gene found in one patient out of a total of 9 in the cohort. Other
enrolled patients had either no mutation in XYLT1 or only one allele of this gene was
found to carry a deleterious mutation. The reference genome at this locus was revealed
to be incomplete, and was shown to be resistant to amplification. With the use of
molecular techniques, we were eventually able to identify inherited homozygous
causative variants in one newly enrolled patient and most importantly, discover
parentally inherited XYLT CpG methylation (mCpG) in patients carrying a
heterozygous mutation. One patient carried two alleles with hypermethylated CpG in
the promoter region and exon 1 of the gene. XYLT1 is not an imprinted gene, and
controls as well as unaffected siblings do not show any methylation in the 5’end of
this gene.

Thus we are now able to conclude BSS can be caused by different events
affecting the function of the XYLT1 protein: homozygous loss of function mutations
(point mutations or InDels), parentally inherited homozygous methylation defects
(mCpGQG) or a combination of mutation and methylation defects inherited through the

germline by unaffected heterozygous carrier parents.



Chapter 1

INTRODUCTION

1.1 Overview of Rare Genetic Diseases

According to the National Institute of Health (NIH) a disease or disorder is
categorized as a rare disorder (or orphan disease) when it affects less than 200,000
people within the US in any given year (www.genome.gov). As of 2015, there were
more than 7,000 rare disorders characterized, and upwards of 80% of these are
genetically based, with fully half of those affected being children. The statistics for
these pediatric disorders are sobering, as approximately one in three of these children
will not live to their fifth year; with 35% of them not surviving beyond their first year.
With such a large number of individuals affected by rare disorders, only 350 rare

diseases make up 80% of the affected population (www.globalgenes.org).

Genetic disorders are often characterized by point mutations or other DNA
variants in a given gene. The human genome contains approximately twenty to
twenty-five thousand genes, making up the “exome” of an individual. In a
monogenetic disease, a single gene with a mutation is the cause of the disorder. These
can be further characterized as dominant, recessive, X-linked, etc. A dominant
trait/disorder requires that the individual have only one (dominant) mutated allele to

display the phenotype. Conversely, a recessive trait/genetic disorder generally requires



that the individual have inherited a mutated allele from each of their carrier parents in
order to display the phenotype associated with the disorder

(www.nih.gov/inheritancepatterns).

With the availability of the “complete sequence” of the human genome, the
study of the structure and function, as well as gene interactions has expanded the
ability to improve the diagnosis and treatment of genetic disorders. Clinicians are now
able to screen for known disease causing genes rapidly. In many cases, this provides a
timely diagnosis; however, there are also cases where traditional Sanger screening
finds no known causative mutation. This is often the case for rare genetic disorders
(American College of Preventive Medicine, 2010), that may be caused by a mutation
in a single gene, mutations in multiple genes, or be caused by a combination of genetic

and epigenetic alterations (www.genome.gov). With the advent of Sanger sequencing,

microarrays, and other more recent high throughput technology, such as next
generation sequencing (NGS), molecular biology has transformed, and given
researchers the ability to see in depth the causative alterations at the genomic level that

result in allele loss-of-function in the patient (Braunholz, 2015).

1.2 Hypothesis driven — Screening Known Genes
Sanger sequencing is based on a prioi knowledge of the gene causing a specific
disease. The technique relies on the incorporation of chain-terminating

dideoxynucleotides with fluorescent tagging during in vitro DNA replication. Sanger



sequencing is still considered the “gold standard” in molecular diagnostics, and is
often used to confirm mutations found with other technologies. However, there are
some limitations to Sanger, as is the case of mosaicism which can be missed due to
low allelic representation. Indeed, Sanger sequencing is also what is referred to as a
modal population technique, meaning, the sequencing takes into account the average

of all the cell populations in the sample.

1.3 Non-hypothesis Driven Approach - Next Generation Sequencing (NGS)
Next generation sequencing (NGS), also called massively paralleled
sequencing, has given researchers the ability to overcome some of the issues with
traditional Sanger sequencing. For instance, while Sanger sequencing requires a priori
knowledge of the target gene, NGS is completely hypothesis free, and enables the
discovery of new genes or variants not previously known to associate with the
disorder. NGS outputs millions of short reads at a time, and this is powerful
technology is able to identify mutations that may appear only in a small population of
cells (mosaicism), as well as give an accurate assessment of the copy number in
different regions of the genome (Reis-Filho 2009). The two most common forms of
NGS are whole genome sequencing (WGS) and whole exome sequencing (WES).
With WGS, it is possible to investigate single nucleotide polymorphisms (SNPs) and
copy number variants (CNVs), as well as structural variants (SVs) for not only the less
than 2% of the genome that codes for protein, but also the other 98% of the genome

that is non-coding sequence. Many of the noncoding regions contain important



regulatory regions like enhancers and promoters that control transcription. However,
the amount of data generated (data load) in WGS can be overwhelming, and the

technology is very costly to run.

Whole exome sequencing is the most common type of NGS used in clinical
molecular laboratories. In WES, the portion of the genome which codes for protein is
captured. While less than 2% of the human genome is exome, the vast majority of
disease causing mutations occur within the exome. Therefore, there is a good chance
that in the process of exome sequencing, the clinical investigators will be able to find
the causative mutation without the expense of WGS (Rabbani et al. 2014).

Even with all the new technology available, there is a large amount of
information that is still not known about the human genome. Only a small fraction of
the genome is characterized, with up to 85% of the human genome still uncharted
(Botstein et al. 2003, Rabbani et al. 2014). However, there are still a number of
drawbacks to relying solely on NGS, and more specifically, WES for diagnostic
purposes when dealing with rare genetic disorders. As was mentioned earlier, there is
still a great lack of understanding of the importance of certain regions of the genome,
such as the enhancer and promoter elements, etc. Another important aspect of genetic
disorders is being able to see what is happening at the epigenetic level. In traditional
WES, the epigenetic markers are not visible. For these reasons alone, it is important to
use WES as a tool, while still performing some of the standard molecular procedures

such as traditional PCR, Sanger sequencing, and bisulfite sequencing, as well as other



methods, in conjunction with NGS. Another major pitfall found with both NGS and
Sanger sequencing when researching rare genetic disorders is that it depends on a
complete reference genome in order to correctly call mutations, and as we discovered
during this study, there are regions of the genome which are incomplete or missing in
the reference for the simple fact that they are refractory to analysis using current

technologies.

1.4 Epigenetics and Rare Diseases

While the focus for many years has been genomic mutations causing disease,
we know now that epigenetics plays a major role not only in disease state, but also in
normal structural and functional regulation of the human genome. Notably, CpG
methylation is directly involved in transcriptional regulation, X chromosome
inactivation, and chromatin structure, among other roles have been shown to play a
role in gene regulation (Robertson 2002). In mammals, methylation of DNA and post-
translational modifications of histone proteins are the only known epigenetic
modifications (Robertson 2005). Rather than being evenly dispersed across the
genome, methylation is highly compartmentalized (Robertson 2002). There are two
stages to the methylation process. Setting up and maintaining methylation patterns is
performed by DNA methyltransferases (DNMTs), while methyl-CpG binding domain
proteins (MBD) are responsible for reading the methylation marks (Robertson 2005).

The methylated CpG site acts as a ligand for the MBD proteins to bind. The binding of



MBD proteins to the CpG site recruits other chromatin remodeling complexes to the
site and cause changes to chromatin structure. These changes ultimately lead to the
nucleosome becoming compacted and the silencing of transcription (Brenet et al.
2011). During embryonic development, epigenetic modifications are needed in
determining the final cell identity through transcriptional control, and are known to be
essential for development and differentiation (Li et al. 2014). Patterns of methylation
vary widely among different cell types, and cells go through waves of methylation and
demethylation during different phases of development (Quon et al. 2012). During
germ cell and embryonic development, these waves of methylation and demethylation
occur, with the final status of methylation usually being established during
gametogenesis. Another period which includes large changes in methylation status is
just after fertilization, where rapid demethylation of both the maternal and paternal
genome occurs (Robertson 2005). These methylation patterns are different than
genomic imprinting, which is tied directly to a specific parental chromosome.
Imprinting leads to differential expression in the offspring (Robertson 2005). While
there is still much that is not known about the process of methylation, research has
shown that the genetic sequence plays a critical role. Global methylation of the human
genome is standard, with CpG islands making up a high percentage of the small areas
of the genome which are not methylated. Unmethylated CpGs represent about 1% of
the human genome, and are thought to be exclusively located in promoter regions
(Hendrich et al. 2003). Recent research however, has shown that genomic methylation

into the first exon of a gene plays an important role in transcriptional silencing (Brenet



et al 2011). Rennet et al found that, as in the promoter region, the density of CpGs
within the gene was important to the outcome of methylation on transcription, as well
as the location within the gene. The 5’ end of the gene, when methylated, was much
more tightly associated with transcriptional control than further downstream (2011).
There are a number of rare genetic disorders that are caused or exacerbated by
aberrant DNA methylation. Methylation abnormalities due to any number of reasons
(UPD, loss of imprinting genes, chromosomal loss, etc.) is involved in both Prader-
Willi and Angelman syndrome (Fairbrother et al. 2015). Methylation is also believed
to be involved in some autism spectrum disorders (Behnia et al. 2015). Abnormal

methylation patterns are also involved in Fragile X syndrome (Biancalana et al. 2015).



Chapter 2

BARATELA-SCOTT SYNDROME (BSS)

My project is based on the study of the rare genetic disorder Baratela-Scott

Syndrome.

2.1 BSS Overview

Baratela-Scott Syndrome (BSS) (OMIM: 300881) is a rare autosomal
recessive disorder that was first recognized by Dr. Wagner Baratela and Dr. Charles
Scott, Jr., two clinicians on staff at the Alfred I. duPont Hospital for Children. Dr.
Scott is renowned in the field of achondroplasia research and has written definitive
guides on dwarfism. In our cohort, we currently have nine children from eight
unrelated families, although the last patient was enrolled very recently, and is not
included in my research. Figure 1 shows photographs of seven of our original patients.
As you can see in figure 1, our patients share common phenotypes which include
skeletal dysplasia, distinct facial features which include a flattened midface, wide
nasal bridge, as well as cleft palate in some cases (though not pictured). All patient
have shown a developmental delay, which becomes apparent at about pre-school age.
Skeletal changes include a tendency for dislocations, shortened long bones and other

changes in the bones of the extremities.



Figure 1. BSS cohort at the Alfred 1. duPont Hospital for Children

Fig. 1 Seven of our original patients in the
cohort are pictured here. Phenotypic
similarities are apparent. (from Baratelaet al 2012)
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Fig. 2 Pedigrees of families of 8 to 9 patients in our BSS cohort with found
mutations from preliminary data.



Figure 2 shows the pedigrees, with our BSS patients shaded in blue, as well as
unaffected parents and siblings. Circles represent females and squares represent males.
Individuals with no ID number were not enrolled in the study. Underneath each
individual is the known genotype of subjects at the beginning of my research. Plus
signs represent a wild type allele, SV is a splice variant, and the Delta indicates a
known deletion. Because BSS is a rare recessive disorder which requires the presence
of a mutation on both alleles of a given gene, the question marks represent the
unknown mutation. The causative genetic changes/lesions resulting in the unknown
allele is the focus of my research.

Due to phenotypic overlap, all the children were initially screened for a
mutation in the CANTI gene, which is known to cause Desbuquois dysplasia (DBQD)
(OMIM: 251450). In 2014, Bui et al published findings of a Desbuquois type 2 cohort,
which differed from previous findings in DBQD patients in that this was the first
instance of developmental delay being associated with children diagnosed with
DBQD. It was significant to our research because the causative mutations were found
to be in XYLT1, with no mutation in CANTI (Bui et al 2014). Due to the location of
the causative mutations, as well as the phenotype including developmental delay in the
entire cohort, Dr. Michael Bober, an expert in skeletal dysplasias, found that they are

likely BSS as opposed to DBQD patients (personal communication).

10



2.2 XYLTI (xylosyltransferase 1)

The gene for xylosyltransferase 1 (XYLT1), which encodes a type 2
transmembrane protein, is located on 16p12.3, encodes for a 959 amino acid protein,
and has a predicted molecular weight of 108 kDa. There are two isoforms of
xylosyltransferase in higher organisms, XYLT1 and XYLT2, and it is the only enzyme
in vertebrates with the ability to transfer xylose to serine residues in target proteins,
thereby beginning the synthesis of glycosaminoglycan chains (GAG). The XYLT2
gene codes for an 865 amino acid protein and has a predicted molecular weight of
97kDa (Hinsdale 2014). The presence of two differentially expressed
xylosyltransferase genes encoding proteoglycan xylosyltransferases in vertebrates with
similar function is believed to be a redundancy which allows for tighter regulation of
post-translational GAG biosynthesis (Gotting 2007). While XYLT1 is expressed
predominantly in the early phase of chondrogenic stem cell differentiation, XYLT2 is
upregulated 7 days after induction (Gotting 2007). Exons 1 and 2 of XYLT! contain
the cytoplasmic tail, transmembrane domain and parts of stem region. There are four
types of GAG chains XYLT1 is responsible for synthesizing, heparin, heparan sulfate,
chondroitin sulfate, and dermatan sulfate. Figure 3 shows a basic schematic of the
addition of the tetrasaccraride chain linker which begins GAG biosynthesis. These
GAG chains differ in the repeating structural units that are added after the initial four
sugar linker chain. Altogether, the modifications make each GAG chain unique and

determine its overall structure and function.
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Figure 3. GAG chain synthesis image
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These chains affect, among other things, cell proliferation, interactions with
growth factors and other cytokines, as well as tissue morphogenesis (Mizumoto et al.
2015). Chondroitin sulfate (CS) is a major element in cartilage, a specialized
connective tissue essential for extracellular maxtrix (ECM) formation and
maintenance. CS side chains also regulate BMP (bone morphogenic protein) and TGF-
B (transforming growth factor beta) signaling (Mizumoto et al. 2015). Heparin,
heparan sulfate, dermatan, and hyaluronin are also involved in ECM patterning and
stability, each interacting with their respective growth and signaling molecules
(Knudson 2011). Research has shown that the first 260 amino acids of XYLT1 can be
lost with no difference in enzymatic activity in vivo. However, the deletion of the first
272 amino acids results in complete loss of enzymatic activity. This has led to the

identification of a crucial motif in XYLT1 (Gly®'-Lys-Glu-Ala-Iso-Ser-Ala-Leu-Ser-
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Arg-Ala-Lys?"®) (Gotting 2007). Unfortunately, there is still a great lack of
information on the XYLT1 gene, as well as the importance of different domains,
including the promoter region. In 2014, Faust et al reported that they had finally
uncovered the complete XYLT1 promoter region. However, as we will show in the
course of this document, while they did successfully sequence 238 bases of what we
will be referring as the “newly discovered sequence”, the sequence published does not

contain the correct start to exon 1.
2.3 Preliminary Findings

2.3.1 Whole Exome sequencing

Although we currently have nine patients from eight families, as seen in figure
2, in our cohort, the project began with seven patients from six families. Of these
original seven patients, six (3-1, 5-1, 13-1, 16-1, 17-2, 17-2) were subjected to WES at
the University of Washington Center for Mendelian Genomics (CMG). Figure 4 is a
schematic representation of the exonic structure of XYLT/. Mutations identified by
WES and by Sanger, prior to my joining the laboratory are as indicated. The only
patient found by WES to carry a homozygous mutation is patient 13-1. The proband
carries a ¢.1290-1 G>A splice site mutation that was inherited from his two
heterozygous parents. No other mutations were found using WES sequence analysis,
however, after running Conifer, software able to detect large structural variants, a 3Mb
deletion including the XYLT1 locus was found in patients 3-1, 17-1, 17-2, as well as
3-3, the father of patient 3-1. The deletions were confirmed using microarray (data not
shown). Hence, all four individuals had a heterozygous deletion in XYLTI. However,

BSS being a recessive disorder we knew a second mutation in XYLT was not
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uncovered. We then decided to screen the other WES patients for mutations in XYLT/
using Sanger sequencing. Sanger sequencing uncovered a point mutation in exon 1 of
XYLTI in patient 5-1 (c.319G>T [p.Gly107Ter]), which results in a change from
amino acid glycine to a terminator, as well as a 26 base pair deletion in exon 1 of
XYLTI in patient 16-1 (c.281-306del[p.GIn94 Argfs59Ter]), which results in a
frameshift and addition of arginine instead of glutamine with a terminator 59 amino

acids further on.

Figure 4. Map of mutations found in XYLT1 with WES and Sanger sequencing

1 2 3 45 6 789 10 11 12
13-1 WES
5-1 ¢.319G>T. Gly107Ter /? del Ex6
16-1 del 26bp p.GIn94Argfs59Ter / ? 3.1 WES
17-1 WES
17-2 WES
Large deletion

Het

Fig 4 Mutations found prior to my joining the lab are mapped on a simple
representation of the XYZT gene.

For patient 13-1, the gel image in figure 5 shows the confirmation of WES data which
uncovered the causative homozygous mutation in intron 5, causing the splicing out of

exon 6. We can also see that both the mother (13-2) and the father (13-3) are
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heterozygous for the deletion, as well as his brother (13-4). The maternal half-sister

(13-5) does not have the mutation, as we can see by the single band of a larger size.

Figure 5. Gel image of family 13 confirming homozygous deletion
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Fig. 5 Gel electrophoresis of
cDNA amplification for
family 13

2.3.2 Search for the missing second mutation

Sanger sequencing performed in the laboratory using primers placed in the 5’
region of XYLTI which had not been covered with WES showed poor amplification.
The coding minus five position (c.-5), a known SNP (C>G r.s.117041807) for patients
3-1, 17-1 and 17-2 showed a ‘G’ while the mother in both family 3 and family 17
amplified only a ‘C’ allele, underlined in figure 6.

Sanger sequencing of the 5’ region of XYLT] in control samples identified a
232 base pair DNA sequence that was not in the reference genome. The new region
was also found in both the patients and unaffected family members. Figure 6 displays

the new sequence in red, with the reference genome in black and the published start of
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exon 1 in purple. The newly discovered sequence is located 40 bases 5’ of the
published start to exon 1. The sequence contains unique sequences and features a
GGC trinucleotide repeat region. The number of short trinucleotide repeats was shown

to vary not only among individuals, but within an individual’s alleles as well.

Figure 6. New sequence found in 5’ region of XYLT1

GATCGCCCCCACCCCCTTCCTTTCCCTCCTCCTTTTCCTCCCTCGGCTCCTCCCCCAGG
CCCCGCCCTCTCCGCCTCGGCCCGCGTCCCCCCGGCGCCTTCCCCATCACCCTCCCCT
CCAGCGGGGACAGGGGTGTGGGGAGGGGGLGCCGCGCGLGCCAGGCGCCCGCCCCT
CCCTGCGCGCCCCGTCCCCGAGCGCGCGCCCGGCGCCCCCCTCCGCGGCCTCCCCGC

TCCCGCCTCCCGCCTTCTCCTCCTCCTGGTGACGTCCGGGTCCCTGCCCGTCTGAAAA
CGGCGGCGGCGGCGGAGGAGGAGCAGCGGCGAGCCGAGGCGGCGGCGGCGGCGGC
GGCCCGAGCGGGAGCCCOAGLCOGCAGCCaGLOLCCoCoGuAGCTOCOLOOAGCGL
GGGGGCGGCCCGGAGCGTGCCGGGGTCCCCGCGCCTCGCTCGCCGGCCGCGETCCG
AAGATG

Met

Fig. 6 The black sequence is found in the reference genome. The red underlined portion is the
sequence not seen in reference genome. The purple sequence indicates the published start of exon
| found in the reference genome for XYLTI.

While there were some clues for the other patients as to at least one of their mutations,
for patient 9-1, there were no indications of any causative mutation in XYLT].
Unfortunately, the laboratory received prepared DNA, so no exome sequencing was
done on this patient due to an insufficient amount of genomic DNA. We also had no
parental DNA for this patient (figure 2). PCR amplification followed by Sanger

sequencing of exons 1 through 12 showed no mutations.
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Sanger sequencing also confirmed the mother of patient 16-1 had two alleles,
one wild type and one with the 26 base pair deletion. Sequencing of the father showed
no deletion or apparent mutation. Cytoscan results on the father confirmed there are
two alleles. However, sequencing of a 5° SNP site (r.s.118030014), with the patient
showing a ‘T’, the mother showing ‘C/T” and the father showing ‘C’, which did not
work genetically by parental transmission. For patient 5-1, the laboratory did not
receive samples from the parents. Figure 7 is a chromatogram image for family 3,
showing patient 3-1 has a G at a the c.-5 SNP, both the mother (3-2) and father (3-3)

show a homozygous C at that same position.

Figure 7. Chromatogram showing preferential amplification of alleles

i vInay
03-18-%XYL-Ex1
cococT g

(&-27-19)Fragmen  Fig 7. Chromatogram
showing preferential
amplification of the
maternal allele (3-2).3-1
and 3-3 appear
homozygous because they
contain the large deletion.

My specific aims were a direct consequence of all the data gleaned from exome and

Sanger sequencing. The group had established that the patients had an autosomal
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recessive disorder caused by mutations in the XYLT1 gene. They discovered a poorly
characterized region at the 5° end of XYLT1 that was missing from the reference
genome. Amplification of the 5* end was proving to be very difficult, with the
promoter and exon 1 region was not amenable to standard molecular protocols. In
addition, there was a ‘hidden’ allele in the parents as well as their offspring who
inherited the hidden allele. Even in our controls, there were differences in
amplification based on the region the primers were designated to amplify. With the
identification of XYLT1] as the causative gene, the focus was narrowed down to find
the mutations leading to the phenotypes seen in the children (3-1, 5-1, 9-1, 16-1, 17-1

& 17-2).

2.4 Hypothesis

Baratela-Scott syndrome is a rare autosomal recessive disorder caused by variants in
XYLTI.

Specific aim 1: to correctly map the 5’ end of the XYLT gene with emphasis on the
promoter region; (a) to identify features in the promoter and Exon 1 of XYLT] that are
missing from the reference genome found within the recently identified 232 base pair
region and (b) to characterize the exon structure of the gene.

Specific aim 2: to find the second causative mutation/variant in our patients and
unaffected carrier parents and identify any genetic and epigenetic changes unique to

our patients.
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Chapter 3

MATERIALS AND METHODS

3.1 Materials

All patients as well as family members were enrolled in an IRB approved
research protocol and all samples, including but not limited to biological samples and
photos, were provided with consent and assent. Whole blood and buccal samples were
processed prior to my joining the Nemours Biomolecular Core Laboratory, using
Qiagen/Gentra Puregene Blood Kit and Qiagen/Gentra Puregene Buccal Cell Kit per
standard kit protocol under standard operating procedures (SOP). DNA and RNA were
stored at -20°C and -80°C respectively until needed. Our study cohort consists
presently of eight patients, and unaffected relatives (mothers, fathers, siblings). Of the
eight patients, six were exome sequenced (3-1, 5-1, 13-1, 16-1, 17-1, 17-2), while two
were only screened with Sanger sequencing (9-1, 30-1). All findings were validated
using PCR and Sanger sequencing. For patient 5-1 there is a fibroblast cell line. Table
1 below is a complete list of all primers used throughout the course of this research,
both by the BCL prior to my coming into the laboratory, as well as throughout the

course of my project. Red indicates M 13 tailed primers.
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Table 1: Complete list of primers for BSS project

Name Sequence Name Sequence
CHI6-F1 AGCCCTGGATACCTTTGGAC XYLT |- 2F CAGGCACAGGGTAAGTATGAATAG
CHI6-F2 GCTTGCCTTCCTATTCTTCG XYLT I-5'UTRF4 GAGCGGGAGCCCGAGCGGCA
CHI6-F3 TGGGTTACAGAGCAAGACT XYLT -ExIF3 AGCGCGGGGGCGGCCCGGAGCGT
CHI6-F4 ATCCACATCAGGCTTCTCTA XYLT -ExIF2 AGGCGGCGGCGGAGGAGGAGGAGGAC
XYLT -SUTRF1 AACTCCAGAAACTCACCCAAAGCC XYLT -Ex2F CCACACCCAAGTCCGCTCATCA
XYLT -SUTRF2 GCCTCCTCCCCACCCCTTCAA XYLT -Ex3F GCTCCCCCGAGACCAAGTAT
XYLT -SUTRF3 AGGGGTGTCTGTCTTCTCTGAT XYLT FEx4F CCGTGGAGTACATGCCAGCCAA
XYLT -MI3F-AS A-C-F TGTAAAACGACGGCCAGT CCCCGGCGCCTTCCCaATC |XYLT LEXSF CTCCAGGTCTCCAGGCAGTA
XYLT I-PromInsertF CCGCTCCCGCCTCCCGCCTTCT BISULFITE-F1 TTTTTTAGYGGGGATAGGGGTGTGGGG

XYLT I-PromInsertF2

TCCCTGCCCGTCTGAAAACTCC

BIS ULFITE-F2

GTTGGTYGTGTGGAATTTTAGTAG

XYLT I-1()F CATCACCCTCCCCTCCAG BIS ULFITE-F3 TTTTTTTTTGTYGTTATATTATTTGTTAATTGGGTTTG
XYLT1-5'UTRF4 GAGCGGGAGCCCGAGCGGCA BIS ULFITE-F4 TTTAGGATGAAGGGATTAGATTGTGG

XYLTI-ExIF3 AGCGCGGGGGCGGCCCGGAGCGT CHI6-R1 CTGACACATAGTAAGTGCTCC

XYLT1_AS Ac.-5C-F_MM_Tail |JATATACCTCGCTCGCCGGCCGCGATCC CHI16-R2 CGCTCTCTTAGTGTCTCAGCa

XYLT1_AS Ac.-5G-F_MM_Tail |JATATACCTCGCTCGCCGGCCGCGTTTCG CHI16-R3 TTACTCCTGGTTAGGGGTGC

XYLT I-ExIF2 AGGCGGCGGCGGAGGAGGAGGAGGAC SUTR-R1 TTCCCTGTGGGCCGCTGGAAGGA

XYLT l-IntlF GGTTGTCGCAGCAGCATCTCTC 5SUTR-R2 GAGGCGGAGAGGGCGGGGCCT

XYLT I-IntIF2 TGGGTAGCAGGGAGAAGTCT XYLT I-PromInsertR GCAGGGACCCGGACGTCACCAG

XYLT I-IntIF3 GGTCTGTCCTACTCTGACTG XYLTI-ExIR TTCCACACGACCAGCGTCTGC

XYLT I-2F CAACACGAGAGGGTGAA XYLT I-IntIR AGTCTGATGACCGAGTTCAAGG

XYLT I-IntIF4 AAGATGCTGGGGTAGTAA XYLT I-IntIR2 AGGCGATGTGGAGTCGGTAG

XYLTI-3()F CAAGTCCGTATGACTCACTCTTC XYLTI-ExIR3 CTGCAGCCGGCTCGGCGGGCAGGTC

XYLT I-4F AGAAGCACCAGAGAAACTTCC XYLTI_AS Ac.-5C-R_MM_Tail |CACGGCGCCGCCACCATGTTCG

XYLTI-5F TACAGAAAGACACTCCAGTCCAG XYLT1_AS Ac.-5G-R_MM_Tail |CACGGCGCCGCCACCATGTTCC

XYLT I-lnt5F TGCCCTCACAGAGTCTCCAG XYLTI-MI3F-AS Ac.-5C-R_MM |TGTAAAACGACGGCCAGTCACGGCGCCGCCACCATGTTCG
XYLT I-7F TTTATTTGGACTCTGGCTGG XYLTI-MI3F-AS Ac.-5G-R_MM |TGTAAAACGACGGCCAGTCACGGCGCCGCCACCATGTTCC
XYLT I-8F CCAGTTCTTACATGAACTCAGAGC XYLT I-1(DR GAAAGGGCATCTTACCAGAGC

XYLT I-9F CTAACCACAGGAATATGCCCTTAG XYLT I-IntIR3 CCCTGACTGTTCACACCCACGA

XYLT I-10F TAGATACAGAGGACGCAAGG XYLT I-IntlR4 GGGACCTATGAAGAAATCAGC

XYLTI-1IF TGGGTATATGAAAGCTAACAAAGG XYLT I-IntIRS CAAATGCTCTGAGGCTGTGG

5'RACE Anchor

GACCACGCGTATCGATGTCGAC

5'RACE Anchor dtl6V

GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV

3.2 Methods

3.2.1 Polymerase chain reaction (PCR)

The purpose of performing PCR 1is to amplify select regions of genomic DNA. PCR is

an example of exponential amplification, so only a trace amount of genomic DNA is

sufficient/required to produce enough of the desired amplicon to perform further

molecular techniques/analysis. PCR was used for multiple purposes, namely mapping

the 5’ features of XYLT1 with slowdown PCR and allele specific amplification, exon

and exon-intron junction screening for mutations, cDNA amplification during
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5’RACE protocol, colony amplification, and bisulfite treated DNA amplification.
Table 2 shows only the primer pairs I used for my project for each application listed
above. The size of each amplicon as well as annealing temperature (Ta) used for
successful PCR are indicated.

Table 2: Primer Pairs used in the course of my research

F Name R Name Size Ta Methodology

CH16-F2 XYLT1-PromlnsertR 1522 56 Screening
CHI16-F4 XYLTI1-Ex1R 2108 56 Mapping 5' region
XYLT1-5UTRF2 XYLTI1-Ex1R 979 63 Mapping 5' region
XYLT1-5UTRF3 XYLTI1-ExIR 641 63 Mapping 5' region
XYLT1-5UTRF3 XYLTI1-ExIR3 769 63 Mapping 5' region
XYLT1-PromlInsertF-M13 XYLT1_ASAc.-5G-R 320 62 Mapping 5' region
XYLT1-PromlInsertF2 XYLT1_ASAc.-5C-R_MM _Tail 259(264) 62 Mapping 5' region
XYLT1-PromlnsertF2 XYLT1_ASAc.-5G-R_MM_Tail 259(264) 62 Mapping 5' region
XYLT1-5'UTRF4 XYLTI1-IntIR2 601 63 Mapping 5' region
CH16-F2 XYLT1-ProminsertR 1522 56 Screening
XYLT1-5'UTRF4 XYLTI1-ExIR 210 63 Screening
XYLT1-5'UTRF4 XYLT1-Ex1R3 338 63 Screening
XYLTI1-Ex1F3 XYLTI1-Ex1R 165 63 Screening
XYLTI1-Ex1F2 XYLTI1-Int1R2 247 63 Screening
XYLT1-IntlF XYLTI1-Int1R3 422 62 Screening
XYLTI-Int1F4 XYLTI1-Ex2R 282 58 Screening
XYLTI1-3(1)F XYLTI1-3(2)R 762 60 Screening
XYLTI1-4F XYLT1-4R 440 60 Screening
XYLT1-5F XYLT1-5R 503 60 Screening
XYLT1-IntSF XYLT1-Int6R 461 58 Screening
XYLTI1-7F XYLTI-7R 407 56 Screening
XYLTI1-8F XYLT1-8R 442 59 Screening
XYLTI1-9F XYLTI-9R 561 60 Screening
XYLTI1-10F XYLTI1-10R 424 58 Screening
XYLTI1-11F XYLTI-11R 608 59 Screening
XYLT1-12F XYLTI1-12R 543 60 Screening
Anchor-dt16V XYLT1-Ex7R 1500 60 5'RACE
XYLTI1-Ex2F XYLTI1-Ex4R 650 55 5'RACE
Anchor-dt16V ExS5R 1500 55 5'RACE
Anchor-dt16V Ex4R 1275 55 5'RACE
Anchor-dt16V Ex3R2 1100 55 5'RACE
Anchor-dt16V Ex2R 600 55 5'RACE
Anchor-dt16V ExIR 400 55 5'RACE
BISULFITE-F1 BISULFITE-R1 491 55 Bisulfite/Colony OCR
BISULFITE-F2 BISULFITE-R2 398 55 Bisulfite/Colony OCR
BISULFITE-F3 BISULFITE-R3 339 57 Bisulfite/Colony OCR
BISULFITE-F4 BISULFITE-R4 350 58 Bisulfite/Colony OCR

PCR amplification for mutation analysis, promoter region mapping and colony

amplification was performed using Qiagen Taq DNA polymerase kit (QIAGEN). All
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reactions were done in 0.2mL tubes. Standard reaction volumes were 25uL, with some
variation depending on the need to optimize. Standard reaction included 5uL Q
solution, 2.5ul 10X Qiagen coral load buffer, 2.5uL of a mixture of 10uM forward
and reverse primers (Table 1), 1.5uL 25mM MgCl, 0.5uL 25mM dNTP Mix
(Promega), 0.15puL Qiagen Taq, 100ng to 500ng gDNA, nuclease free water up to
25uL. All cycling was done on either Applied Biosystems Veriti 96 Well
Thermocycler or Applied Biosystems GeneAmp® PCR System 9700. Cycling
conditions varied depending on experimental design and specific primer requirements.
A general description is found in Table 3.

Table 3: Standard PCR program for thermocycler

Phase Duration Temperature °C |# of cycles
Initial Denaturation 5-10 minutes 95-98 1
Standard Denaturation 30 seconds 95-98
Annealing 30 seconds See Table 2 25-35
Extension 1-4 minutes 72
Final Extension 5-10 minutes 72 1
Hold indeterminate 4 1

At the end of PCR, typically 1/10" of each reaction was run on a 2% agarose gel in
TAE running buffer with Invitrogen 100bp ladder marker. Bands were visualized
using 3uL 1% ethidium bromide on Alpha Imager software.

Slowdown PCR amplification with 7-Deaza-2'-deoxy-guanosine-5'-
triphosphate (7-Deaza) was performed as follows. All reactions were done in 0.2mL
tubes. Standard reaction volume was 50uL and included 10uL Q solution, Sul 10X

Qiagen buffer, 0.5uL 10uM primers (Table 1), 3uL 25mM MgCl, 0.5uL 10mM 7-
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Deaza-dGTP Mix (Promega), 0.5uL Qiagen Taq, 200ng gDNA, nuclease free H.O up
to S0uL. When second round amplification was needed, 1uL of the first round PCR
reaction was used as template under the same original cycling conditions. 2% agarose

gel was used as described above. Cycling conditions are in Table 4 as follows:

Table 4: Slowdown PCR cycling conditions

Phase Duration |mperature | # Cycles
Initial Denaturation |5 minutes 95 1
Denaturation 30 seconds 95
Annealing 30 seconds|  70**
Extension 1 minute 72
Denaturation 30 seconds 95
Annealing 30 seconds|  70%* 48
Extension 1 minute 72
Denaturation 30 seconds 95
Annealing 30 seconds| 69**
Extension 1 minute 72
Denaturation 30 seconds 95
Annealing 30 seconds 58 15-25
Extension 1 minute 72
Final Extension 7 minutes 72 1
Hold Indeterming 4 1

3.2.2 PCR Cleanup

After verification via gel electrophoresis that the PCR amplifications were

successful and specific for the targeted regions, all PCR products were cleaned up for

downstream analysis.
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3.2.2.1 Qiagen Column PCR purification

For standard and slowdown PCR: amplicons were cleaned up with Qiagen
Qiaquick PCR Purification®. Five volumes of binding buffer was added to each PCR
reaction in a 1.5mL tube, vortexed briefly, and then transferred into a Qiaquick
column placed in a clean labelled 1.5mL tube. Unless otherwise mentioned, spins were
done at 16,000x g at room temperature. Binding buffer spin was done for 30 seconds.
Column was removed, flow through poured off and column was placed back into tube.
750uL ethanol wash buffer was added to each column, tubes were spun 30 seconds
and flow through was removed. An additional two minute dry spin was done on all
tubes. Columns were then transferred to clean 1.5mL labelled tube and 30-50uL
elution buffer was added to elution column. A final spin was done at 11,000x g for 1

minute. DNA recovery was visualized by agarose gel.

3.2.2.2 Exo0-SAP IT PCR Purification

Before sequencing of bisulfite PCR products, they were cleaned using
ExoSAP-IT to remove single stranded gDNA, primers and dNTPs. Five microliters of
post-PCR reaction were added to two microliters of ExoSAP in a clean 0.2uL tube.
The thermocycler program was as follows: 15 minutes at 37°C followed by 15
minutes at 80°C. Processed samples were not run on a gel or visualized, but were

sequenced directly.
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3.2.3 Sequencing of Standard and Bisulfite Amplicons

Sanger sequencing was done using ABI 3.1 Chemistry. Sequencing reactions
were 10uL total as follows: 1uLTerminator Chemistry (2.5x), 1.5uL dilution buffer
(5x), 1uL 3.2uM primer (either forward or reverse), 0.5 uL. DMSO, variable DNA
template, H2O up to 10uL total volume. All cycling was done on either Applied
Biosystems Veriti 96 Well Thermocycler or Applied Biosystems GeneAmp® PCR
System 9700. Standard cycle sequencing conditions includes an initial denaturation for
two minutes @ 96°C followed by 25 cycles of denaturation @ 96°C for 10 seconds,
annealing @ 50°C for 5 seconds, and extension @ 60°C for three to four minutes

(depending on size of product), followed by a final indeterminate hold @ 4°C.

3.2.4 Sequencing Purification SDS Treatment

Sequenced samples were brought to 20uL with nuclease free water, and two
microliters of 2.2% sodium dodecyl sulfate (SDS) was added to each tube. Tubes were
vortexed, spun and heated to 98°C for five minutes in a thermocycler. Samples were
column purified using Edge Biosystem Performa DTR Gel Filtration kit. Columns
were centrifuged for three minutes at 800 rcf. Spin cartridge was removed and placed
in clean 1.5mL tube. SDS treated samples were loaded into the packed column in
center of the resin bed. Tubes were centrifuged three minutes at 800 rcf. Samples were
then transferred to 0.2mL tubes and run through capillary electrophoresis. Capillary

electrophoresis through a polyacrylamide gel was used to separate sequenced
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fragments and generate a chromatogram for analysis using the BCL 3130x1

Sequencing Protocol. Chromatograms were printed for visual analysis using Applied

Biosystems Sequencing Analysis Software 6.

3.2.5 Rapid Amplification of cDNA Ends (5’ RACE)

5 RACE is broken down into a number of different steps, as indicated in figure 8.

RNA isolated from the control fibroblast line GM8447, as well as from 5-1 fibroblast

were used.

Figure 8. Schematic of 5 RACE protocol
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3. PCR amplification
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4. Sequencing

3.2.5.1 Reverse transcription (RT-PCR)
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Applied Biosystems High Capacity cDNA RT® kit was used for reverse
transcription on all samples to produce a single stranded cDNA copy of the
targeted region of an RNA transcript. Prior to RT, all areas and materials needed,
including but not limited to pipettes, outside of pipette boxes, pipette racks, etc. were
cleaned thoroughly with RNase Zap, followed by RNase free water, and finally with
70% ethanol. Pipettes, pipette tips and racks were then placed in the UV box for
fifteen minutes to ensure sterility. For the RT reaction, approximately 1ug RNA was
added to 0.2mL tube with nuclease free water to ten microliters. Tube was heated in
thermocycler (ABI Veriti or PE9700) five minutes at 65°C to denature RNA. Sample
was immediately placed on ice after five minute denaturation. Master mix was as
follows: 2uL 10x buffer, 0.8uL ANTP, 1uL RNase inhibitor, 1uL. Multiscribe RT
enzyme, 1uL gene specific primer (GSP — Ex7R 12.5uM), 4.2uL. RNase free H20.
Cycling was done on the ABI Veriti or PE9700 as follows: 10 minutes @ 25°C, two
hours @ 37°C, five minutes @ 85°C, hold (@ 4°C.

Qiagen Qiaquick PCR purification kit was used to clean RT samples. 160 uL
of binding buffer with pH indicator was added to sample in 0.2mL tube, vortexed,
spun and transferred to Qiaquick column placed in clean 1.5mL tube. Tubes were
spun @ 16,000x g at RT (room temperature) 30 seconds. Flow through was removed
and 750pL ethanol wash buffer was added. Tubes were incubated five minutes @ RT,
spun 30 seconds. Flow through was removed, and an additional two minute dry spin

was done. Columns were removed and placed in clean 1.5mL tubes. Forty microliters
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of elution buffer) was added, spun @ 11,000x g for one minute. Remainder of sample

not used immediately in poly-A tailing reaction was frozen at -20°C.

3.2.5.2 Poly A tailing reaction

The poly-A tailing reaction protocol was a hybrid of Roche and NEB
protocols. Into a 0.2mL tube 17uL of cDNA sample was incubated 3 minutes in the
9700 thermocycler @ 94°C in the presence of 2.5 uL. 10x TdT reaction buffer, 1uL
dATP (5mM), 2.5uLL CoCl2 (10X). Tubes were then placed immediately on ice and
2uL terminal transferase was added. Tubes were placed in PE9700 thermocycler and

incubated 30 minutes @ 37°C, followed by 10 minutes @ 70°C and 4°C hold.

3.2.5.3 Gel extraction for sequencing

Gel extraction was done using Qiagen Qiaquick Gel Extraction® kit. The PCR
amplified RACE sample was run on a 1% agarose gel to separate by size (range from
500 bp to 1.5kB). Bands were cut out of the gel and placed in pre-weighed 1.5mL
tube. Tubes were then reweighed. Three volumes Buffer QG was added to one volume
of gel in each tube. Tubes were incubated 10 minutes in water bath at 50°C until gel
completely dissolved, with intermittent vortexing every two to three minutes. Once gel
was completely dissolved, one volume of original gel slice weight of isopropanol was
added and mixed. The sample was transferred to Qiaquick spin column and spun at
16,000x g for one minute. The flow through was discarded and 500uL Buffer QG was
again added to column. Tubes were spun again @16,000x g for one minute with flow

through being discarded. 750uL of ethanol wash buffer was added to each tube, after
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which tubes were centrifuged @ 16,000x g for thirty seconds with an additional 2
minute dry spin. The column was placed in a clean 1.5mL tube and 30 to 50 uL Buffer

EB was added to each and tubes were centrifuged for one minute @ 16,000x g.

3.2.6 Bisulfite Conversion

Bisulfite conversion was performed using Zymo Research EZ DNA
Methylation-Lightning™ Kit. Specimens include DNA extracted from saliva or blood.
Approximately 500ng of DNA was brought up to 20uL with dH>0 prior to the addition
of 130uL Lightning conversion reagent. Tubes were placed in a thermocycler and
incubated at 98°C for eight minutes followed by a one hour incubation at 54°C and the
final hold was 4°C. Tubes were then removed and 600uL M-Binding buffer was
added to a Zymo-Spin™ column placed in a collection tube. Samples were loaded into
column containing the binding buffer, inverted repeatedly, and centrifuged @ 16,000 g
for 30 seconds. Flow through was discarded and 100uL of M-Wash buffer was added
to the column, followed by another 30 second centrifugation at 16,000 g. Flow
through was discarded. 200uL of L-Desulfonation buffer was added to columns and
tubes which were incubated at room temperature for 20 minutes, followed by
centrifugation and removal of flow through. An additional 200uL of M-Wash buffer
was then added to the column and tubes were centrifuged 30 seconds at 16,000g. An
additional wash step with 200uL. M-Wash buffer was done under the same conditions
as above. Columns were then placed in a clean 1.5mL tube and 10uL of Elution buffer

was placed into the column. Tubes were centrifuged @ 16,000¢g for 30 seconds and
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column was removed. Samples were stored at -20°C short term until needed. For long
term storage, tubes were placed in -80°C.

Bisulfite PCR amplification was performed using converted primers (Table 1),
Qiagen HotStarTaq® DNA polymerase kit and had a reaction volume of 50uL which
included 10uL Q solution, 5ul 10X buffer, 2.5uL of each 10uM primer (forward and
reverse primers were stored and added separately), 3uL 25mM MgCl, 1.0uL 25mM
dNTP Mix (Promega), 0.25uL Qiagen HotStar Taq, 2-4uL converted gDNA (may
vary slightly), nuclease free H,O up to S0uL. All cycling was done on either Applied
Biosystems Veriti 96 Well Thermocycler or Applied Biosystems GeneAmp® PCR
System 9700. Cycling conditions were as follows: initial denaturation 15 minutes @
95°C, followed by 45 cycles of denaturation @ 94°C for one minute, annealing @
55°C for one minute, extension (@ 72°C for one minute, final extension (@ 72°C for 10
minutes, and indeterminate hold @ 4°C. Bands were visualized as previously

mentioned.

3.2.7 Cloning of Bisulfited DNA

Cloning of bisulfite PCR products was performed using Invitrogen™ TOPO®
TA Cloning® Kit. Figure 9 includes a schematic of the TOPO 2.1 cloning vector
plasmid used in all transformation, as well as the surrounding sequence of the cloning
site, including the location of M 13 forward/reverse primers for PCR and sequencing,

as well as antibiotic resistance genes.
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Figure 9. Map of 2.1-TOPO cloning vector

Map of pCR*2.1.TOPO"

e IO oo~ L S bl e e S Fig. 9 Image of plasmid used for bisulfite cloning.
v e e p— Features include M13 forward and reverse
oo sequences for primers, genes encoding ampicillin
LT I e g and kanamycin resistance for selection, as well as
LI, - the reporter gene LacZ to allow for white/blue

screening.

3.2.7.1 Preparation of LB ampicillin plates

LB plates were prepared using aseptic technique. LB/Agar (37g/L) was added
to Milli-Q water in a round 500mL glass bottle and autoclaved. When LB/agar
solution was cool enough to touch, 100ug/mL final concentration ampicillin was
added to the LB/agar solution and swirled to mix. Approximately 20 mL was poured

into each plate, cooled to room temperature to solidify and stored at 4°C until needed.

3.2.7.2 Cloning ligation and transformation

Four microliters of PCR product described in the previous section was added
to one microliter of a buffer containingl.2M NaCl and 0.06 M MgCl., and one
microliter of TOPO® Vector in a 0.2mL tube. Reactions were then incubated 20

minutes at room temperature. While reactions were incubating, one vial of One Shot®
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chemically competent E. coli cells was thawed on ice for each ligation reaction, the
hot water bath was equilibrated to 42°C, the proper number of LB/agar ampicillin
plates were placed in a 37°C incubator and S.O.C. (super optimal broth with catabolite

repression) medium was brought to room temperature.

After 20 minute incubation, two microliters of each ligation reaction was
added to a vial of ice-thawed One Shot® cells and mixed gently via inverting. Vials
were incubated on ice five minutes, followed by a 30 second heat-shock of cells in the
warm water bath set to 42°C without shaking, and put immediately back on ice.
250uL room temperature S.O.C. medium was added to each vial of transformed cells

and placed in a shaking incubator set to 37°C at 200 rpm for one hour.

3.2.7.3 Plating and screening

One half hour into the one hour incubation described in above section,
selective amp plates were removed from the incubator, and 40puL of 40mg/mL X-gal
in dimethylformamide (DMF) was spread on each plate. Plates were then placed back

in the incubator for remainder of incubation.

After the incubation period, 50uL and 200uL of the transformed cells were
spread onto two LB ampicillin plates. Plates were incubated upside down in an
incubator @ 37°C overnight. After 24 hours, plates were inspected for the presence of
white/blue colonies, and the white colonies were picked and gridded onto ampicillin

plates to be grown out for an additional 24 hours in the 37°C incubator.
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3.2.7.4 Cracking buffer gel electrophoresis/transformant analysis

Cracking buffer for cracking gel protocol was made as follows: 3g sucrose
[10%], 300uL. 10M NaOH [0.1M], 150uL 20% SDS [0.1%], 60uL orange dye (1:500
dilution). Solution was brought to 30mLs with water to a final concentration of 1X.
White colonies were picked from the grid plate and added to a 1.5mL tube containing
30uL of cracking buffer by swirling and rapidly moving the tip up and down. Tubes
were vortexed and centrifuged for five minutes @ 6,000 xg. 15uL of the supernatant
was then run on a 0.8% agarose gel alongside a 1/4" dilution of a 1kB ladder at 120v
and a blue colony as a plasmid with no insert control comparison, for approximately
two hours. Bands were visualized using 3uL. 1% ethidium bromide on Alpha Imager
software. Colonies which showed the recombinant plasmid in the gel were then
subjected to colony PCR, cleaned and sequenced as previously explained in section

3.2.3.

3.2.7.5 QIAprep miniprep purification for plasmid purification

In rare cases, white non-satellite colonies were grown overnight in ImL LB in
25mL falcon tubes and purified using the QIAprep Miniprep protocol. After overnight
growth in 1mL LB/ampicillin broth, cells were pelleted via centrifugation at 11,000x g
for 5 minutes. 250uL of resuspension buffer to lyse and neutralize the solution was
added to cell pellet and repeatedly flicked and vortexed until homogenous. Cells were
then transferred to a clean labelled 1.5mL tube and 250uL of an additional lysing

buffer was added to sample to solubilize the cell wall and degrade proteins. Tubes
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were inverted 4-6 times gently to mix. 350uL binding buffer was then added to allow
reformation of hydrogen bonds. Upon addition of the buffer, tubes were immediately
inverted 4-6 times to ensure proper mixing. All tubes were centrifuged for 10 minutes
at 17,900xg. Standard Qiagen cleanup protocol was then done as described earlier. We

were then left with purified plasmid, which was ready for sequencing.
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Chapter 4
RESULTS

4.1 Specific Aim 1: To Map the 5’ end of the XYLT1 Gene with Emphasis on the
Promoter Region

4.1.1 Characterize the structure of the new 232 base pair region

Two different methods were used to successfully sequence the 5’ end of
XYLTI gene in controls, patients as well as unaffected family members. In some
cases, standard PCR followed by Sanger sequencing was unsuccessful in uncovering
the unique features of the 5’ region of XYLTI due to sequence complexity, and

slowdown PCR with 7-deaza was necessary, especially for the “hidden” allele.
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Figure 10 shows the specific features which were discovered with standard
PCR, and in most cases, slowdown PCR with 7-deaza. Some of the features, such as
the G quadruplex, the start of exonl and the coding minus 5 SNP are indicated by
colored boxes. While this regions showed variability with numbers of repeats, etc., the
unique features were a valuable marker for mapping each individual’s variation to see
if a particular feature would explain why the area was so difficult to amplify with

standard techniques.

Figure 10. Map of unique features in 5’ region of XYLT1

Fig. 10 A map ofthe
unique features in the 5°
region of XYLT1

While using slowdown with the addition of 7-deaza was more successful in
amplifying through this region, I was still unable to completely make it through some
of the features, as can be seen in figure 11, which shows a perfect example of the

sudden drop in the chromatogram directly following the G quadruplex. A G
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quadruplex is a secondary structure formed in the DNA when there are multiple
stretches of four or more guanines. They bind to each other to form a guanine tetrad,
and these tetrads then bind on top of each other to form the G-quadruplex (Huppert et

al, 2007).

Figure 11. Chromatogram showing G quadruplex region
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Chromatogram showing almost complete drop off in sequencing directly following
the unique 5’ features, the G quadruplex. This was seen in all of our patients for
we were searching for the second mutation.

For patients 3-1, 5-1, 16-1, 17-1 and 17-2, slowdown-7 deaza was successful in
mapping more of the unique features of the 5’ region, but sequencing using forward
primers, e.g. SUTRF3 (Table 1), invariably fell apart right after a G quadruplex. In
unaffected carrier parents, the wild type allele was more amenable to amplification.
However, even in the parents, there were regions which were still not sequencable.
Table 5 below details the specific features of the 5’ region of XYLT1, as well as
variation between patients and unaffected carrier parents. Our controls (non-family
members) had the longest uninterrupted GGC repeats (up to 29), indicating it was not
the expandable repeat region which was the second causative “mutation” in our

patients. Interestingly, in table 5 patient 17-2 shows only one GGA repeat, while 17-1
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has the two maternally inherited GGA repeats. Allele specific amplification in

conjunction with slowdown PCR was also able to successfully amplify the ‘G’ allele

(of the C>G SNP at c.-5 position) in more detail although there were regions still

unamplified. Another feature in this area was the eight base pair deletion in the 3’

sequence found only in our patients.

Table 5: Features of the 5 region of XYLT]

5'SNP 5'Seq GG AG GG GG 3' Seq c.-5 SNP
Sample C>T GGCGGTGGA C C C A InDel GCAGCGGCGA C>G
3-1 0 0 0 - 8bpdel......GA G
3-1 Large 3Mb deletion including the XYLT] allele
3-2 C + 7 1 8 3 - + C
3-2 C 0 0 0 - 8bpdel......GA G
33 Large 3Mb deletion including the XYLT] allele
3-3 C + 7 1 8 3 - + C
5-1 -
5-1 C + 7 1 8 3 - + C
13-1 C + 15 0 0 3 - + C/IC
13-1 C 15 0 0 3 - + C
13-2 15 0 0 3 - + C
13-2 9 1 5 3 - + C
16-1 T + 9 1 5 3 - + C
16-1 C 0 0 0 - 8bpdel......GA G
16-2 T + 9 1 5 3 - + C
16-2 C + 18 0 0 2 - + G
16-3 C + 7 1 5 3 - + C
16-3 C 0 0 0 - 8bpdel......GA G
17-1 C + 0 0 2 - + G
17-1 Large 3Mb deletion including the XYLT] allele
172 C + | | | [ 1 [ - + G
17-2 Large 3Mb deletion including the XYLT1/ allele

GGC

17-3 T + 9 1 5 2 G + C
17-3 C + 0 0 2 - + G
30-1 C + 12 1 5 3 - + C
30-1 T + 16 0 0 3 - + C
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4.1.2 Mapping the start site of transcription

Rapid amplification of cDNA ends (5 RACE) was initially performed on
RNA extracted from GM8447 fibroblasts to investigate and validate the correct start
of exon 1 for XYLTI based on our findings of a 232 base region 5’ of the gene which
was not in the reference genome. In order to do this, the work needed to be done on
unaffected individual’s samples to ensure the results would be representative of the
general population, and not an artifact of BSS. The results showed that the start of the
mRNA for XYLTI is much further 5’ of the published start of Exon 1. Figure 12
clearly shows the presence of the poly-A tail, indicative of an RNA start 94 bases
upstream of the published start of exon 1. 5° RACE was then performed on 5-1 and

results validated a new start for exon 1 upstream from the published site.

Figure 12. Chromatogram of 5’ RACE results showing start of exon 1
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Fig. 12 The chromatogram from GM8447 shows the presence of the poly-a tail,
indicating the protocol was successful, as well as the published start of exon1.
However, there are bases between the published start and the poly-a tail, meaning the
correct start to exon 1 is further into what was considered the promoter region than
previously thought.
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The sequencing in figure 12 was matched against the reference genome to confirm it
was XYLTI. It also showed the presence of a portion of the newy found region not
represented in the reference genome. However, the RT reaction stopped at the STR
region which had shown previously to be difficult to amplify. Therefore, it was
possible that the true start of exon 1 was even further 5’ than what was being shown
on the sequencing. Further mapping was able to show precisely the start of exon 1 at
the “AAAA” feature in the newly discovered region, which is indicated in figure 10.
BsrF1 digestion was performed to see if, by cleaving the DNA into smaller
segments, difficult regions would be more accessible to amplification. Amplification
was done on digested samples across the 5° SNP and the coding minus five SNP

across a BsrF1 site using the primers indicated in figure 13.
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Figure 13. BsrF1 image showing location of digestion and amplification
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Prior to enzyme digestion, only the wild type allele was visible when sequencing 17-3,
the mother of affected siblings 17-1 and 17-2, and the allele she passed down to her
sons remained elusive, as is shown in figure 13, with the allelic skewing between the
undigested and digested chromatogram. We found the same phenomenon at the other
SNP sites investigated. Results for patient 5-1 (for which no parental samples were
made available for investigation), the mother of patient 3-1, and patient 16-1 were
similar. In each case, the missing allele could be identified only after BsrF1 digestion.
Where previously we had been amplifying one allele almost exclusively, after
digestion, the allele which had remained hidden was the allele which amplified
(meaning it was not digested), while the allele which had been amplifying with no
problems was cleaved in the enzyme digestion. This meant that, for the first time in
many cases, we were able to amplify the parental allele which had been inherited by

the patients.
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4.2 Specific Aim 2 results: Finding the Second Causative Mutation

Patient 30-1 was screened for all exons using Sanger sequencing. For this
patient, the causative mutation is a homozygous four base pair insertion in Exon 8
(ATGA) c.1733_1734 ins ATGA, (p.D589Efs1), which causes the out of frame
substitution of a glutamic acid for an aspartic acid leading to a frameshift and a
terminator immediately thereafter, as can be seen in the chromatogram in figure 14.
Panel A shows a control sequence through this region, and Panel B, taken from
sequencing done on patient 30-1, clearly indicates a homozygous four base pair
insertion. Using Sanger sequencing results, I was able to identify the cause of BSS for

this patient.
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Figure 14. Sequencing results for patient 30-1 shows homozygous mutation
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Fig. 14. The top panel is a chromatogram of an unaffected indivual containing the normal
sequence. The bottom panel is the chromatogram from 30-1 showing the homozygous four
base pair(ATGA) insertion inexon 8.

For patients with heterozygous mutations, 5-1 and 16-1, preliminary results
with BsrF1 revealed the second parental allele had been difficult to amplify. Hence,
this brought up the question as to why a segment of DNA which had been
enzymatically cleaved and then amplified across the cleavage site with primers sitting
on either side of the cut site would show a product upon analysis. Investigation led to
the discovery that the enzyme was methylation sensitive, and thus revealed the second
allele carried mCpG sites that could be investigated with bisulfite treatment of the
genomic DNA, followed by PCR amplification and sequencing of bisulfite treated
gDNA. All patients that were heterozygous or carried no detectable mutations (pt. 9-1)

as well as the available unaffected carrier parents were subjected to bisulfite
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sequencing.Figure 15 shows the chromatograms of one of the controls which was
bisulfite sequenced compared to that of two patients with deleted alleles, 3-1, 17-2

and the mutation negative patient 9-1.

Figure 15. Bisulfite sequencing shows protection in patients CpG sites
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Fig 15. Chromatogram in Panel A shows patients 3-1 and 17-2 with complete
conversion of CpG sites. Panel B is sequencing for patient 9-1, who shows
homozygous methylation on both alleles in both forward and reverse
sequencing.

While the bisulfite treatment successfully converted all the CpG sites in the control, it
is clear the CpG sites in both 3-1 and 17-2 were protected from conversion, indicating
methylation at those sites. This is representative of what was found in sequencing of
bisulfite treated DNA for our patients as well as controls. Bisulfite sequencing was
done in the promoter region as well as exon 1. Patients 3-1, 17-1 and 17-2, who only

have one allele due to a large deletion, showed complete protection at every CpG site.



For patient 9-1, as seem in figure 15 panel B, both alleles are methylated. Both CpG
regions in the promoter and in exon 1 showed the same methylation patterns in the
affected patients that were absent from control samples.

While patients with one allele or both alleles methylated showed clean
sequencing profiles (figure 15), patients with two alleles (16-1 and 5-1) as well as
unaffected carrier parents showed heterozygous peaks at CpG sites, in both promoter
and exon 1, indicating one allele was protected and one converted. These
heterozygous bisulfite converted amplicons needed to be cloned to clarity the
methylation pattern and ensure they were allele specific.

By cloning, I was also able to successfully correlate the presence of the point
mutation in exon 1 for patient 5-1 to the non-methylated status of the CpG sites, with
only the non-mutated allele showing methylation of CpGs (data not shown).

Figure 16 is of patient 16-1 and his father, 16-3, who passed along to his son

the second mutated allele which had been so elusive.
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Figure 16. Sequencing of clones shows methylation of patient 16-1
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Fig. 16 Sequencing of clones for patient 16-1 show complete methylation
at each CpG site in the exonl region. 16-3 clones in the same region show
conversion indicating there is no methylation of CpG sites in this
particular clone.

While it is clear that patient 16-1 has CpG sites which are methylated, as indicated by
the CG in sequencing on top, his father has CA in the same CpG sites (reverse
sequencing) in the chromatogram below patient 16-1, indicating that in the case of this
clone, it was from a plasmid which incorporated the non-methylated allele. Table 6
shows the summary of the cloning of bisulfite amplicons with the breakdown of the
methylated vs. un-methylated clones found after cloning. This table is the result of
collaboration with Deborah Stabley, so we may have a greater number of clones
screened for both the promoter and exon CpG regions in all patients and unaffected

parents.
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Figure 17. Pedigree with mutation/variant results for BSS cohort
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Fig 17. Pedigree of original BSS cohort with a complete listing of causative
mutations/variants for each of our patients.

Table 6. Screening data from cloned bisulfited amplicons

Patient | Region Expected Total Done Results
3-1 |promoter |100% CH3 21 100% CH3
3-2  |promoter |50% CH3 50% WT 39 36% CH3
5-1 |promoter |50% CH3 50% MUT 28 100% CH3
exon 1 50% CH3 50% MUT 19 75% CH3 25% MUT
9-1 |promoter |100% CH3 12 100% CH3
16-1 |promoter |50% CH3 50% MUT 17 67% CH3 33% MUT
16-3  |promoter |50% CH3 50% WT 14 67% WT 33% CH3
17-1 |promoter |100% CH3 21 100% CH3
17-2  |exon 1 100% CH3 27 100% CH3
17-3  |exon 1 50% CH3 50% WT 38 70% CH3

In collaboration with Deborah Stabley, we increased the number of clones for family 3

and family 17. The final breakdown for patient 3-1 was 21 clones showing complete

47



methylation. His mother, 3-2, had an additional 18 clones sequenced, with four of
them showing protection and 14 methylation. The father, 3-3 had an additional 11
clones sequenced, none of which were methylated. Patient 17-1 had an additional 10
clones while his brother patient 17-2 had an additional 13 clones sequenced, all of
which showed complete methylation. Their mother, 17-3, had an additional 20 clones
sequenced, with 70% showing methylation. The additional screening gave a closer

percentage of methylated vs. non-methylated to what was expected.
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Chapter 5

DISCUSSION

5.1 Mutations in our Cohort

Within our cohort of BSS patients, we now have two patients with
homozygous genetic mutations (patients 13-1 and 30-1), four (3-1, 5-1, 17-1, 17-2)
with compound heterozygous mutations (InDel or mutation on one allele and aberrant
methylation on the other allele), as well as one patient (9-1) with a homozygous

epigenetic mutation in the XYLT1 gene.

5.2 Why do Mutations in XYLT1 cause BSS?

When I first came into the lab to work on this project, what was known was
Baratela-Scott Syndrome is a rare recessive disorder caused by a mutation in XYLT1, a
gene that plays a vital role in bone formation and maturation, as well as cognitive
ability. There are portions of XYLT] in the promoter region as well as into exon 1
which are highly resistant to amplification using standard molecular methods. The
question then becomes, how does a mutation in the XYLT] gene cause BSS?

XYLT1 is responsible for the four sugar linker chain which begins the process
of GAG chain synthesis. The four GAG chains which are dependent upon XYLT1 to
begin synthesis are heparin, heparan sulfate, chondroitin sulfate, and dermatan sulfate.

(Hinsdale 2014). Cartilage is an avascular connective tissue which provides the
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flexible scaffolding and structure for the skeleton. What it does not possess, however,
is the ability to easily regenerate due to low blood supply. The primary GAG chain in
cartilage is chondroitin sulfate, which ultimately becomes the proteoglycan aggrecan,
found in highest abundance in cartilage. Aggregan interacts with hyaluronan in the
binding of other molecules to form a “supremolecule”, as well as providing osmotic
resistance in adult articular cartilage, and is vital in the process of chondrogenesis, the
building of the cartilage matrix which will become bone during human development.
Hyaluronan is also an important player in embryonic limb bud formation and
maturation. Heparan sulfate proteoglycans have been shown to directly affect the
function of growth factors involved in limb budding and formation such as hedgehog
and bone morphogenic protein (BMP) during embryogenesis (Knudson 2001), as well
as regulate the signaling proteins involved in growth (Huegl et al. 2013). So it is easy
to see how a mutation or disturbance in the proper functioning of XYLT1 would

adversely affect bone formation and growth.

5.3 What Have Others Found?

In 2014, Bui et al published findings of a cohort of patients with skeletal
dysplasia and developmental delay with mutations in the XYLT/ gene. After screening
ruled out known genes for mutations, such as CANT1 which is known to be involved
in DBQD, samples from consanguineous siblings were subjected to WES, where a
homozygous mutation (c.1792C>T [p.Arg598Cys]) were identified (confirmed with

Sanger sequencing), as well as the same mutation and the wild type allele in their
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unaffected heterozygous carrier parents. With this information, the remaining
individuals were screened for mutations in XYLT using Sanger sequencing. They
were able to uncover two splice site mutations in introns 5 (c.1290-2A>C) and 7
(c.1588-3C>T) just prior to the intron-exon junction, one missense mutation in exon 9
(c.1792C>T [p.Arg598Cys]), and two frameshift mutations resulting in a premature
stop codon. One was in exon 3 (c.439C>T [p.Argl47%*]) and the other was one base
away from one of our patient’s mutations in exon 1 [p.Pro93Alafs*69]. The intron 5
splice mutation (c.1290-2A>C) was only 1 base away from the homozygous splice
found in our patient 13-1 (c.1290-1 G>A). No mutations were found in the rest of the
patient samples and their disorder was classified as having an unknown molecular
basis.

Schreml et al. also published in 2014 on two affected siblings, both with
homozygous missense mutations in XYLT1 (c.C1441T[p.R481W]), causing the
replacement of the highly conserved arginine in that position with tryptophan.
(Schreml et al. 2014). The researchers took advantage of WES and linkage analysis
with unaffected family members to find the mutations, which were confirmed with
Sanger sequencing. However, there were only two patients, and they were from a
consanguineous family, which made it easier to confirm the causative mutation as they
both shared the same alleles passed down from their parents. It is also important to
note the location of the mutation was downstream in the protein sequence, within
glycosylation family 14 domain. Further research indicated that while the mutation
causes a change in the structural composition of extracellular matrix (ECM) in the
patients, it did not lower the levels of XYLT1. Comparisons were made to other

skeletal dysplasia disorders such as various Ehlers-Danlos subtypes, as well as Larsen-
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like short stature syndrome, caused by the B3GALT3, B3GALT6, and B4GALT7 gene,
as well as research pointing to XYLT mutations involved in osteoarthritis in a
zebrafish model.

In both cases, the majority of the mutations were found in exons 2 through 12
or were intronic, with none found in the promoter region or the 5’ end of exon 1. It is
also important to note that in each case, the original mutations were found in a
consanguineous family, significantly raising the probability that the mutation could be
homozygous.

Faust et al published on the XYLT] promoter region in 2014, in which they
also found the newly found region uncovered in our laboratory. Their consensus
sequence was based on sequencing resulting from gDNA taken from healthy samples.
Of these, close to half of their results indicated homozygosity throughout this region.
They were also able to show no promoter activity dependence on the length of the
variable trinucleotide repeat. Of note is the fact that they were also unable, even with
slowdown and 7-deaza, to successfully amplify through the entire region in some
instances, and were unable to identify the cause of the amplification issues. Within the
different numbers of variable repeats, they also had a high percentage of homozygous
samples (both alleles with the same number of GGC repeats). However, it is possible
that what is being seen as a homozygous mutation is in fact the same phenomenon
seen in our cohort, that of preferential amplification. When our laboratory first began
investigating BSS, it was originally thought that the mutations found via Sanger
sequencing were homozygous (patients 5-1 and 16-1). It was only due to the tenacity
and skill of one of the BCL members, Deborah Stabley, that the second allele which

showed almost no amplification was uncovered. It is possible they appeared as
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homozygous mutations due to aberrant methylation patterns on one allele, with one
allele overpowering the methylated allele during PCR amplification.

The latest publication to discuss mutations in XYLT/ is from Koningsbruggen
et al, and it discusses one patient. With the use of array comparative genomic
hybridization (aCGH) which is a cytogenetic technique that detects genome-wide copy
number variation), as well as with Sanger sequencing, the patient was found to harbor
a compound heterozygous mutation. The maternally inherited allele contained a
3.3Mb deletion on chromosome 16 (including the XYLT1 locus), while the paternally
inherited allele contained an 18 base pair deletion in the intron 7/exon 8 junction
¢.1588-10_1595del, which results in the loss of the correct splice site. This is the first
published case of a compound heterozygote in XYLTI. Three of our patients inherited
an allele with a 3Mb deletion, patients 3-1, 17-1 and 17-2.

The common thread in all these findings is the large number of homozygous
mutations and the problem of amplification. Based on the results of the research in our
laboratorys, it is quite likely that the amplification issues and appearance of
homozygosity is actually the presence of aberrant methylation. The further
downstream of exon 1 in XYLT1, the more likely it was that the researchers were able
to find the causative mutations in their patients. Another important clue in the puzzle
is when we look at the c¢.-5 C>G SNP (r.s.1107041807) and its representation in the
genome databases. In 1000 Genomes, the typical allele count when giving frequencies
is 2000 (2 alleles for each of the 1000 people). For this particular SNP, the allele count
is only 408, significantly lower than it should be, with an allelic frequency of 8%. It is

possible that, due to presence of the high number of GGC repeats, as well as the G
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quadruplexes in this region, amplification in this region of the gene is much more
refractory than expected even in a large control population.

In our cohort, we were eventually able to identify inherited causative variants
for our patients. It was shown in the case of patients 3-1, 5-1, 16-1, 17-1 and 17-2, the
presence of a genomic mutation on one allele, and aberrant CpG methylation on the
other allele. We saw this as a unique feature in our patients and their unaffected carrier
parents, while the controls showed no methylation, which is consistent with XYLT1
not being an imprinted gene. With this information we now know that BSS can also be
caused by two heterogeneous recessive alleles. In one patient, we were able to show,
for the first time that we are aware of, the presence of two methylated alleles as the

cause of BSS, or of any recessive disorder currently found in literature.

5.4 Future Directions — Questions which Need to be Answered

There are a number of questions which need to be answered. First, while we
now know the presence of the allele with aberrant methylation was the second hit we
had been searching for, we still do not know why this methylation is present in the
patients of our cohort and their unaffected carrier parents. It is unlikely that there is a
global methylation problem because this would likely be embryonically lethal.
However, the methylation patterns are dictated throughout growth and development,
by an exquisite control system. This would need to be delved into further. We know
there are interactions between XYLT1 and XYLT2 which require further elucidation.
Perhaps, as was suggested by Gotting, the presence of the second isoform in humans
allows for a greater flexibility in levels of functional XYLT].

Within our own cohort, there is a high probability of a genetic mutation located

in an as yet unknown control region or gene that controls methylation of XYLT1.
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Since global dysregulation of methylation would almost surely be lethal at an
organismal level, the problem must be local methylation dysregulation. There are
many clues which could lead to the next level of understanding. While it was
mentioned briefly herein, the methylated allele, in each case, was associated with a G
at the c.-5 position. While it may be a coincidence, it is certainly worth investigating
further as it may reveal an ancestral allele. Based on our findings, it is likely the
patients which were undiagnosed in the Bui cohort may be suffering from a
methylation defect. This would explain the inability to find a molecular explanation
for the disorder. It would be beneficial to investigate the methylation status of those

patients with a disorder of unknown etiology.
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