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Figure 1. Kidney development. Interactions between the metanephric mesenchyme
(MM) and ureteric bud (UB) result in invasion of the UB into the MM, leading to
mesenchyme condensation and formation of pretubular aggregates. These pretubular
aggregates go on to form the epithelial components (renal vesicle, comma-shaped
bodies, S-shaped bodies) of the kidney. The distal end of the S-shaped body
connects to the ureteric bud, while the proximal end joins to form the glomerulus.



of the ureteric bud. These stromal cells include pericytes and mesangial cells. The
iterative branching of the ureteric bud yields the collecting duct system of the kidney.
This entire process kidney development is completed by week 34 in humans, and

postnatal day 7 in mice.

1.1.2. Wilms tumor resembles early kidney organogenesis

The distinctive histology of Wilms tumors is reminiscent of fetal kidney
development and suggests that Wilms tumor arises from pluripotent embryonic renal
progenitors that, instead of undergoing normal differentiation to form the functional
kidney, show arrested differentiation and aberrant proliferation, ultimately resulting in
a Wilms tumor. This is supported by a number of morphological and molecular
observations. First, the characteristic triphasic appearance of Wilms tumor is
histologically comparable to that of the developing kidney (Figure 2). Wilms tumors
frequently contain variable proportions of three cellular components derived from the
fetal mesenchyme: epithelial, blastemal, and stromal elements.® The epithelial
elements resemble comma-shaped bodies, S-shaped bodies and glomeruli. The
blastemal component is comprised of small, densely packed cells representing
metanephric mesenchyme, while the stromal elements resemble fibroblasts, skeletal
muscle or neural elements. Moreover, gene expression studies provide further
support for a developmental-origin of Wilms tumors in that genes expressed during
early kidney development (PAX2, HOXA11, SIX1, EYA1, SALL2, MEOXT) have a
tendency to be overexpressed in Wilms tumors, while genes expressed at later stages
of nephrogenesis are downregulated in Wilms tumors.® Additionally, genome-wide

chromatin profiling of Wilms tumors, embryonic stem cells, and normal kidney tissue



Embryonic Kidney Wilms tumor

Figure 2. Wilms tumor histology. Wilms tumors (right) are histologically similar to the
embryonic kidney (left). The triphasic histology of Wilms tumors shows blastemal,
epithelial, and stromal components reminiscent of fetal kidney development. However,
the tumors lack correct formation of glomeruli and nephrons.



indicates that Wilms tumors share an epigenetic landscape with renal stem cells, with
increased domains of histone H3 lysine 4 trimethylation (K4me3) suggestive of an

open chromatin environment.'

Taken together, the histological morphology, gene
expression and chromatin profiling data imply that Wilms tumors arise from a subset
of cells arrested at an early metanephric mesenchymal stage during nephrogenesis.
Consistent with this hypothesized ontogeny, genes mutated in Wilms tumors include

those involved in directing the differentiation of early metanephric mesenchymal cells,

as well as components of signaling pathways critical for kidney morphogenesis.“

1.1.3. Nephrogenic Rests: the connection between nephrogenesis and
nephroblastoma

Wilms tumors are thought to arise from nephrogenic rests, which are benign
foci of undifferentiated fetal mesenchyme that, instead of fully differentiating into renal
parenchyma by 36 weeks of gestation, persists after renal embryonic development is
complete. These nephrogenic rests are found in the kidneys of 1% of infants, 30-40%
of sporadic Wilms tumor cases, and 100% of bilateral cases.'? Noninvasive follow-up
of these precursor lesions have shown they have the ability to progress, sclerose, or
regress. Two types of nephrogenic rests have been described based on their location
within the kidney. Intralobar nephrogenic rests (ILNR) are situated centrally within the
renal lobe, represent approximately 10% of nephrogenic rests, and are associated
with mutations or deletions in WT7. In contrast, perilobar nephrogenic rests (PLNR)
are located at the periphery of the renal lobe and represent 90% of nephrogenic rests.
Nephrogenic rests often share the same genetic defects found in Wilms tumors.
These shared mutations are not present in the surrounding normal kidney tissue,
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suggesting that they are responsible for the formation of Wilms tumor precursor
lesions in the kidney. Additional mutations only in the tumor tissue indicates that
neoplastic transformation of nephrogenic rests results in the development of Wilms

tumor."*

1.2. The genetics and emergence of new genes in Wilms tumor

The etiology of Wilms tumor is heterogeneous with multiple genes known to
result in Wilms tumor formation. These genes and loci, identified through molecular
and cytogenetic analyses, have been found mutated primarily in sporadic Wilms
tumors (Table 1) and includes somatic mutations in WT1, CTNNB1, WTX, TP53,
MYCN, SIX1/2, miRNA pathway genes, and epigenetic abnormalities at 11p15.'%"®
Wilms tumor is a relatively euploid cancer and, like other pediatric malignancies, the
number of somatic mutations found in tumors is low.'® This suggests that these

somatic alterations acquired by tumor cells are significant events in the initiation of

Wilms tumor.



Gene Effect of mutation Somatic or Germline?

WTH1 Inactivation of protein Both
WTX Inactivation of protein Somatic
TP53 Inactivation of protein Both
IGF2 Biallelic expression Both
CTNNBA1 Activating Somatic
CTR9 Inactivation of protein Germline
DROSHA Alteration of miRNA biogenesis Somatic
DGCRS8 Alteration of miRNA biogenesis Somatic
MYCN Activating Both
SIX1 Activating Somatic
SIX2 Activating Somatic

Table 1. Genes involved in Wilms tumor development.



1.2.1. WT1 and CTNNB1

Wilms tumor protein 1 (WT7) was the first gene implicated in Wilms tumor
development and initially provided most of our understanding of the relationship
between kidney development and tumorigenesis. WT1, a zinc-finger transcription
factor, is essential for renal development and plays a critical role in the regulation of
expression of genes involved in nephrogenesis.19 Moreover, WT1 directs the
mesenchymal to epithelial transition of the metanephric mesenchyme through
upregulation of WNT4, leading to the differentiation of blastemal cells into mature
nephrons.?® Mutations in WT71 have been identified in approximately 20% of sporadic
Wilms tumors, and result in inactivation of the protein.15

The WNT pathway is critical for proper kidney development. Therefore, it is not
surprising that components of this signaling pathway, such as CTNBB1, have been
found to be mutated in Wilms tumors.?" Interestingly, there is a strong association
between WT1 and CTNNB1 mutations, as the majority of WT7-mutant tumors harbor
activating mutations in CTNNB1."% These mutations result in stabilization of beta-

catenin and translocation to the nucleus where it activates downstream targets.?’

1.2.2. WTX

WTX, also known as family with sequence similarity 123B (FAM123B) is
mutated in roughly 20% of sporadic tumors. Approximately 2/3 of these tumors harbor
deletions of the entire WTX gene, while the others carry missense alterations, or
nonsense and frameshift mutations resulting in a truncated protein.’®?*?* WTX acts
as a negative regulator of CTNNB1 by interacting with the beta-catenin destruction
complex in the cytoplasm to promote beta-catenin ubiquitylation and degradation.?
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Truncating WTX mutations identified in Wilms tumors result in the deletion of the beta-
catenin-binding region. As a result, beta-catenin is stabilized, accumulates in the
nucleus, and activates downstream target genes. Germline mutations in WTX,
underlying osteopathia striata with cranial sclerosis (OSCS), do not predispose to

Wilms tumors, however most children with OSCS die at an early age.*’

1.2.3. TP53

TP53 is of particular importance because, although it is only mutated in a 5% of
sporadic tumors, its mutation is associated with relapse and poor prognosis due to
metastasis and resistance to therapy.?®?° The presence of anaplasia defines Wilms
tumors that have unfavorable histology and poor prognosis, and somatic TP53
mutations have been identified in ~75% of anaplastic Wilms tumors.?®®' The

mutations occur at hotspot residues or lead to truncated protein.*?

1.2.4. MYCN

Approximately 10% of Wilms tumors show low-level MYCN amplification, with
no preference for histological subtypes.>**” The increased copy number is typically
modest when compared to other tumor types which also show MYCN amplification,
such as neuroblastoma. MYCN amplification usually includes other flanking genes as
well due to their close proximity, most often DDX1, which is telomeric to MYCN.
Recurrent somatic point mutations in MYCN affecting codon 44 of the Aurora A kinase
interaction domain have recently been identified in tumors, although the significance

of these mutations is not known.'®"’

It has been suggested that this recurrent
mutation has an activating function. MYCN is a transcription factor that controls
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expression of genes involved in proliferation and differentiation, and is critical for brain

development and essential for kidney morphogenesis.*

1.2.5. SIX1/2 mutations

Two recent studies used exome sequencing of blastemal and favorable
histology Wilms tumors to identify somatic mutations contributing to the development
of Wilms tumors. These analyses revealed a recurrent somatic hotspot mutation in
exon 1 (Q177R) of SIX1 in 10% and 7% of cases, respectively."* Chromatin
immunoprecipitation sequencing (ChlP-seq) and global gene expression analysis
indicated this mutation results in the alteration of both DNA binding specificity and
subsequent gene expression profiles of downstream target genes. Additionally, the
equivalent Q177R mutation in SIX2 was also identified as a somatic change in Wilms
tumors. Expression analysis of SIX7/2-mutant tumors showed an upregulation of cell-

cycle and kidney developmental genes, suggestive of a renal progenitor cell state.*

1.2.6. Epigenetic alterations at 11p15

Epigenetic alterations at 11p15 are the most common alteration in Wilms tumor
cases. These defects are usually isolated, non-heritable events and typically are only
seen in sporadic cases, although not many familial tumors have been studied to date.
Loss of imprinting (LOI) or loss of heterozygosity (LOH) at 11p15 is found in most
tumors.*® A cluster of imprinted genes is located at this location. This cluster includes
IGF2, which is an embryonic growth factor, and H79, which expresses a noncoding
RNA. The H19 imprinting control region is located at 11p15 that controls expression of
IGF2 and H19. This region is differentially methylated depending on the chromosome
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parent of origin. Methylation of the maternal allele prevents CTCF binding and IGF2
expression, while H19 is actively expressed. Conversely, hypomethylation of the
paternal chromosome allows CTCF to bind, permitting IGF2 expression while blocking
H19 expression. In Wilms tumors, loss of the maternal allele and duplication of the
paternal allele by either LOH or aberrant gain of methylation at the H19-ICR results in
biallelic IGF2 expression. Biallelic IGF2 expression alone is not sufficient for Wilms
tumor development, as LOH of 11p15 was identified in the normal kidney and blood

cells of WT patients. *°

1.2.7. MicroRNA Pathway Genes

The most recent genes implicated in Wilms tumor development are those of
the miRNA biogenesis pathway. This pathway produces mature miRNAs that
negatively regulate the expression of target proteins by targeting their mRNA
transcripts. This pathway was first connected to Wilms tumor formation when
inactivating mutations in DIS3L2 were identified in Perlman syndrome.*' DIS3L2
specifically targets uridylated pre-let-7 miRNAs for degradation, and a small fraction of
patients with DIS3L2 mutations are predisposed to Wilms tumor development.
Additionally, studies have demonstrated the importance of specific miRNAs in kidney
development.*?

A number of recent studies have also identified mutations in DGCRS,
DROSHA, XPO5, TARBP2 and DICER1 in Wims tumors."®""* Somatic
heterozygous mutations in DROSHA, the most commonly mutated miRNA pathway
gene, were identified in ~12% of Wilms tumors. These were recurrent E1147K
mutations disrupting the Mg2+ binding site of the RNase IlIlb domain. MicroRNA

12



expression profiling demonstrated loss of the miR-200 family, whose members
include those involved in the mesenchymal-to-epithelial transition, consistent with the
pathology of the tumors. Germline and somatic mutations in DICER71 have been
identified less frequently in Wilms tumors, but appear to contribute to Wilms tumor

development through altering the balance of 5p/3p miRNAs (described in chapter 3).

1.3. Familial Predisposition to Wilms tumor

The genes responsible for sporadic Wilms tumor cases are known in
approximately 50% of cases. However, these genes rarely contribute to instances of
familial Wilms tumor. Approximately 2% of Wilms tumor patients have an affected
relative, usually a sibling or cousin. These cases typically present at an earlier age
than sporadic Wilms tumor presumably due to the inheritance of a germline mutation
predisposing to cancer development. The majority of Wilms tumor families are small,
often containing 2-3 affected individuals. Among these affected individuals, males and
females are equally represented. Evidence suggests that the predisposition gene is
not subjected to imprinting effects, as there is no gender bias in the obligate carrier
parents of affected children. Familial Wilms tumor is also observed in a range of
ethnicities. Although most familial Wilms tumor cases are non-syndromic, there are a
minority of familial cases associated with Beckwith-Wiedeman syndrome, Denys-
Drash syndrome, WAGR syndrome, Perlman syndrome, and rarely, in DICER1
Syndrome.

Familial WT predisposition displays an autosomal dominant inheritance pattern
with incomplete penetrance estimated at 30%.2**** Familial predisposition genes
have been localized by genetic linkage analysis to 17912-21 (FWT1) and 19913.3

(FWT2), although neither has been identified.***® The lack of linkage of some WT
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families to these regions indicates additional familial WT genes exist.*’

This genetic
heterogeneity could be the reason for variation seen in families with respect to
penetrance, frequency of bilateral disease, and age of diagnosis. For example,
although familial Wilms tumor is typically diagnosed 12 months earlier than sporadic
cases, Wilms tumors occurring in 17g-linked families are diagnosed at a median age

of 6 years. On the other hand, families linked to chr19q show variable ages of

diagnosis, ranging from 14 to 204 months.

1.3.1. Previous ldentification of familial WT predisposition Genes

With advancements in next-generation sequencing technologies, the
mutational landscape of Wilms tumor is becoming more clear. The overwhelming
majority of these studies, however, focused on sporadic Wilms tumors. Nonetheless,
both traditional and high-throughput sequencing efforts have contributed to a small list
of genes that, when mutated, are associated with predisposition to familial Wilms
tumor. These genes include WT1 (rarely), CTR9, DICER1, and copy number
alterations including MYCN and DDX1.

Germline mutations in WT17 are known to predispose to Wilms tumor, however
most germline WT1 mutations are frequently de novo. There are rare cases in which
germline WT1 mutations inherited from an affected or obligate carrier parent results in
familial Wilms tumor. These mutations have been reported in very few families, most
of which are small.***! In general, familial Wilms tumor cases are not due to germline
mutations in WTT.

Recently, next-generation sequencing technology allowed for the identification
of CTR9 as a Wilms tumor susceptibility gene. In this study, inactivating mutations in
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CTR9 were identified in 3/35 Wilms tumor families.”> CTR9 is a gene involved in RNA
Polymerase elongation by association with the PAF1 complex. Mutations in additional
members of this complex have been identified in Wilms tumor cases, providing
additional support for CTR9 as a cancer predisposition gene. Although CTR9 is a
newly established Wilms tumor predisposition gene, it should be noted that these
mutations were found in a fraction of familial Wilms tumor cases, which illustrates the
characteristic genetic heterogeneity of Wilms tumor predisposition.

The research described in this Thesis served to expand the genetic etiology of
Wilms tumor occurring in families, and successfully resulted in the identification of the
predisposing alterations in three families whose whole genomes were sequenced. We
identified germline mutations in DICER1, which have recently been found in six
families with DICER1 Syndrome-associated Wilms tumors (described in chapter 3).
Additionally, copy number alterations at chr2p24, encompassing the MYCN locus,
have recently been identified in a family with a history of nephroblastomatosis and
Wilms tumor. Our analysis resulted in the identification of two Wilms tumor families
harboring copy number alterations of this region (chapter 4). Finally, our identification
of SPHK2 as a candidate Wilms tumor predisposition gene on chr19q (chapter 2)
opens new avenues of research into the role of chromatin regulation and lipid

signaling in Wilms tumor initiation.
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1.4. Significance

The study of Wilms tumor has generated many concepts that are fundamental
to our understanding of the genetic etiology of cancer. The first "Wilms tumor gene"
identified, WT1, plays an important role in the development of multiple organ systems
and alterations of the gene or its expression are involved in many tumor types.
Interestingly, while WT7 was originally isolated by virtue of being a "Wilms tumor
gene", it is now recognized that WT1 plays an important, although not well
understood, role in a variety of cancers, including acute lymphocytic leukemia (ALL).
Additionally, a WT1 vaccine has shown therapeutic promise against AML,
glioblastoma, breast and lung carcinoma in Phase I/l clinical trials. Thus it is very
plausible that the identification -- and the understanding of the aberrant function of --
other "Wilms tumor genes" not only will represent a major step in our understanding of
cancer predisposition, but will also greatly accelerate work in the area of cancer
genetics in general and will potentially identify therapeutic targets for very common

cancers.
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Chapter 2: Whole genome sequencing to identify candidate Wilms

tumor predisposition genes

2.1. Introduction

A number of high-throughput, massively parallel sequencing (next-generation
sequencing) platforms developed since the completion of the human genome project
has allowed for the generation of unprecedented amounts of data compared to
sequencing by capillary electrophoresis. Not only is this technology more cost
effective per base than traditional sequencing methods, but large amounts of data can
now be generated in a fraction of the time compared to conventional sequencing
approaches. Recent successes in disease gene identification using next-generation
sequencing technology has demonstrated the power of whole exome- and genome
sequencing studies to understand drivers of human disease and cancer. Fortunately,
the rapid evolution of bioinformatics analysis programs combined with the falling cost
of whole genome sequencing has allowed us to employ this technology to pinpoint

candidate genes predisposing to familial Wilms tumor.

2.2. lllumina Whole Genome Sequencing

The lllumina sequencing platform is one of the most widely adopted next-
generation sequencers used by both research and clinical laboratories due to its low
error rates and cost efficiency. The sequencing process begins with library
preparation, in which genomic DNA is randomly fragmented followed by the ligation of
adapters to the ends of each fragment. The adapters facilitate the hybridization to an

lllumina flow cell which contains surface-bound oligos complementary to the adapter
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sequences. Here, solid-phase amplification of each single template creates clusters of
identical copies of the fragment to generate a sufficient signal for the detection of
incorporated bases. lllumina’s sequencing by synthesis approach uses a reversible
terminator method to distinguish single fluorescently-labeled deoxynucleoside
triphosphates (ANTPs) as they are incorporated into growing DNA strands. Following
the addition of a single labeled dNTP into the growing nucleic acid chain, an image is
taken to identify the incorporated base. The labeled base is then cleaved for the next
base incorporation event to take place. The nucleotide calls are distinguished from
one another based on the signal intensity measurement, resulting in the sequence of

bases from the fragment.

2.3. Whole genome sequencing in three Wilms tumor families

To identify Wilms tumor predisposition genes, we sequenced the whole
genome of eleven individuals from three Wilms tumor families using the lllumina
sequencing platform. The individuals from each family were chosen for whole genome
sequencing based on being: 1) affected individuals or individuals known to be an
obligate carriers of the predisposing mutation by virtue of having an affected child, 2)
distantly related (to reduce the number of shared variants for further investigation),
and 3) on our already having a DNA sample from them. Informed consent was
obtained from all study participants, and approval for this research was obtained from
the Institutional Review Board at MD Anderson Cancer Center.

lllumina paired-end libraries were constructed from genomic DNA by the MD
Anderson Cancer Center Sequencing Core Facility. The advantage of paired-end
libraries is that, in addition to high quality sequence information, they also provide
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long-range positional information allowing for the highly precise alignment
of sequence reads. Libraries were sequenced at approximately 30X coverage using
the Illumina HiSeq 2000 system, which is sufficient coverage to allow for the detection
of germline sequence variants. The resulting sequence data was then contained in

fastq files for processing, alignment and variant calling.

2.4. Bioinformatic analysis

While the ability to generate larger amounts of data through next-generation
sequencing has improved exponentially, the continued development of faster, more
accurate bioinformatic analysis programs has not kept pace, resulting in a bottleneck
at the analysis stage. Additionally, there are challenges associated with identifying
rare variants to better understand the genetic basis of human diseases. Identification
of variants depends on many factors. Considerations such as coverage depth and
base quality scores have an impact on determining if an alteration is called or not, as
well as the parameters which set the threshold for variant calling. Recognizing this,
we established a collaboration with Wenyi Wang, PhD at MD Anderson, who
developed FamSeq, a computational tool that performs family-based variant calling in
next-generation sequence data. Of the eleven individuals sequenced in our study,
three individuals comprised a trio of affected parent/child and unaffected parent.
Using this family-based sequencing approach, we used information from the trio to
more accurately identify germline mutations by calculating the probability of variants
given the entire family’'s raw sequence measurements. Fortunately, the data
generated from this work has not only served to advance our understanding of Wilms
tumor genetics, but also to advance a computational tool aimed at improving the
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identification of rare variants in family sequencing studies.

2.4.1. Read alignment and variant calling

100bp paired-end sequence reads that passed instrument QC from each
individual were processed and aligned to the GRCh37/hg19 human reference
genome using the Burrows-Wheeler Aligner (BWA) v0.5.9. PCR duplicates were
marked by Picard v1.46. Variant calls were produced using the Genome Analysis
Toolkit (GATK), FamSeq, and CASAVA, resulting in data sets which include single
nucleotide polymorphism (SNP) calls, insertions, and deletions with respect to the
reference sequence, as well as confidence scores for every covered position in the
genome. To identify copy number variation, the total number of read counts for each
position across the whole genome was extracted from the bam file. The mean read
counts for a fixed window of 50 bases was calculated and used as input for a Hidden
Markov Model (HMM) segmentation algorithm. This produced copy number segments
assigned to gains or losses depending on the ratio of total median read counts within

each segment to the mean sequencing depth across the entire genome.

2.4.2. |dentification and annotation of intra-family shared variants

Using the variant calls generated by GATK, FamSeq and CASAVA, we first
compared the genotypes between the affected/obligate carrier individuals in the same
family to identify variants that are shared. These variant were contained in variant call
format (vcf) files for each individual. This analysis generated three lists of variants
specific to the three families in our study. In each family, this approach reduced the
list of putative risk alleles to those which are 1) less likely to be artifacts, and b)

presumably inherited from the same (carrier) relative. Using this approach, our
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strategy of sequencing the most distantly related affected family members and
identification of overlapping variants reduced the list of candidate variants because
the more distantly they are related, the fewer genetic variants they shared. Variants
that were not shared between family members were discarded from further
investigation, as the criteria for the predisposition gene includes the presence of the

variant within all affected/obligate carrier individuals.

Once shared variants were identified, ANNOVAR
(http://www.openbioinformatics.org/annovar) was used to aid in the investigation of
the functional significance of variants by annotating each variant with respect to
location within the genome (intergenic, intronic, exonic, or regulatory regions) using
the annotate variation.pl —geneanno —buildver hg19 command. Variants present in
dbSNP137 were identified using the annotate_variation.pl —dbtype snp137 command.
Variant frequencies from the 1000 Genomes database were also obtained using
ANNOVAR. Alterations were also examined for their presence in the NHLBI Exome
Variant Server (https://esp.gs.washington.edu/drupal).

Variants in exonic regions which could potentially affect protein structure
(nonsynonymous and frameshift variants) were identified and further annotated using
ANNOVAR to obtain the following scores: SIFT (annotate_variation.pl avsift),
PolyPhen (annotate_variation.pl ljb_pp2), MutationTaster (annotate variation.pl
ljb_mt), and PhyloP (annotate_variation.pl ljb_phylop). This produced a list of variants
with predictions as to whether they are deleterious, as well as conservation scores to
assess whether identified variants occur within evolutionarily conserved regions which
could include promoter regions and sequences important for RNA expression, RNA

stability, and RNA translation.
21



2.4.3. Filtering and prioritization of variants

One advantage of whole genome sequencing technology over first-generation
methods, such as Sanger sequencing, is the generation of large amounts of data with
variant calls across the entire genome. This typically results in >4 million variant calls
for each whole genome. In this current study, with whole genome sequence data from
eleven individuals, the amount of data generated required the application of a discrete
set of filters to prioritize those variants which are most likely to be the cause of
disease in the families. As previously described, we first identified intra-family shared
variants because potential Wilms tumor predisposing mutations will be those that are
present in all affected/obligate carrier individuals in a family, and absent in unaffected
family members. We then filtered these shared variants using dbSNP137 and the
1000 Genomes databases to remove variants with a minor allele frequency (MAF)
greater than 1% in those databases. This reduced a large list of potential candidate
genes by removing all variants that are commonly occurring in the general population,
with the rationale being familial Wilms tumor represents a small proportion of all
Wilms tumor cases and Wilms tumor is relatively rare in the population. Consequently,
we expected risk alleles to occur at a low frequency in the general population or to
even be novel variants. As such, variants with a MAF greater than 1% and present in
these databases were excluded from our initial analysis. Although we prioritized
variants based on their presence in dbSNP, it is important to note that pathogenic
variants have previously been included in dbSNP. With this in mind, our initial analysis
included only those variants not present in dbSNP, although the comprehensive list of
variants was archived for future examination should we be unsuccessful in identifying
a promising candidate variant.

22



In order to identify the familial Wilms tumor predisposition mutation in each
family, the variants were then screened by function and embryonic expression
pattern. Similar approaches taken by other studies have proven effective in filtering
out non-causal mutations. Previous studies have shown that most alleles that are
known to underlie Mendelian disorders disrupt protein-coding sequences. Therefore,
mutations of high interest (“first tier variants”) included those that have an effect on
protein via non-synonymous mutations, insertions or deletions in a coding region.
“Second tier” variants included those that occur outside the coding region of genes
(intronic, intergenic regions). These second tier variants were saved for future
evaluation in the case that promising first tier variants were not identified. In addition,
higher priority was assigned to genes expressed in fetal kidney, as Wilms tumor is a

cancer involving fetal renal development.

The resulting data was initially assessed for variants that occurred in more than
one of the three families or that affected the same gene/functional element in more
than one family. However, this analysis failed to identify variants in the same gene
from all three families. We next shifted our analysis to variants from each individual
family (described in more detail in chapters 3-5). Following the identification of
candidate predisposition genes, the application of a co-segregation analysis was used
to further prioritize the set of key functional variants. This was because familial Wilms
tumor is rare among Wilms tumor cases, and the chance that both parents of an
affected familial Wilms tumor patient carry the predisposing mutation is unlikely. The

results from this analysis are described in the following three chapters.
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CHAPTER 3: Identification of sphingosine kinase 2 (SPHK2) as a

putative 19q familial Wilms tumor predisposition gene.

3.1. INTRODUCTION

Following a genetic linkage analysis of a large multigenerational WT family, a
3.4Mb region of chr19913 was identified as the location of a gene which predisposes
to familial Wilms tumor.*® Traditional approaches (i.e. Sanger sequencing) to isolate
the causal 19q familial Wilms tumor are not practical due to the number of genes
(~137) within the linked region. Fortunately, advancements in next-generation
sequencing technologies have allowed for the cost-efficient, high throughput
sequencing of individuals within the family to identify the predisposition alteration.
Using whole genome sequencing, the entire genetic landscape of six individuals
within the family was surveyed to pinpoint the predisposing alteration in the family.
This resulted in the identification of sphingosine kinase 2 (SPHK2), an enzyme
involved in the production of sphingosine 1-phosphate, as a putative 19q familial

Wilms tumor predisposition gene.

3.1.1. S1P signaling

Sphingosine 1-phosphate (S1P), a bioactive phospholipid, has emerged as an
important regulator of many fundamental cellular processes.’® In particular, S1P has
received considerable attention due to its discovery as an important extra- and
intracellular signaling molecule, serving as the mechanism whereby S1P regulates
cell proliferation, survival, differentiation, migration and inflammation. Invariably, with

diverse roles in such cellular activities, disruptions of S1P signaling have been
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implicated in the development and progression of cancer, and progress is being made
to therapeutically target the biosynthesis of S1P by targeting the enzymes involved in
the synthesis of S1P: the sphingosine kinases (SPHK1 and SPHK2).>**°

S1P is derived through a process of sphingolipid synthesis and degradation
pathways (Figure 3). At the center of this network is ceramide which is deacylated to
form sphingosine, the precursor to S1P. After phosphorylation of sphingosine by
either SPHK1 or SPHK2, S1P is either exported from the cell or interacts with
intracellular targets to elicit a number of effects. S1P can be exported out of the cell
by members of the ABC transporter family where it acts extracellularly by binding to a
family of five G-protein couple receptors, S1PR4s. This results in autocrine or
paracrine signalling through the receptors, which are coupled to various G proteins.
Differential expression of the various S1P receptors mediates the cellular response
through the ERK, Rac and Rho, and PI3K/AKT pathways. S1P can be
dephosphorylated or degraded by S1P lyase to form hexadecenal and
phosphoethanolamine.

Current dogma suggests the levels of ceramide, sphingosine and S1P forms a
“lipid rheostat”, whereby the regulation of synthesis and catabolism of these
sphingolipids controls cell fate. Data from cell culture experiments shows that
ceramide and sphingosine are pro-apoptotic and when their levels exceed that of
S1P, the cell is directed towards apoptosis. Ceramide directly activates a number of
targets that mediate its pro-apoptotic functions, including protein phosphatases 1, 2A
and 2C, whereas sphingosine binds and initiates the inactivation of the pro-survival
protein 14-3-3."°%"%° Conversely, S1P is anti-apoptotic and results in cellular
proliferation, migration and survival when its production surpasses ceramide and
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sphingosine levels. This is accomplished by modulation of extracellular-signal-
regulated kinases 1/2 (ERK1/2), Rac and Rho, the phosphoinositides 3-kinase
(PI3K)/AKT pathway and phospholipase C (PLC)."%>'% These effects also display
cell- or tissue-specific variability resulting from the differential expression of S1P
receptors and the various G proteins they couple to." Thus a delicate balance in the
levels of these lipids has the potential to direct cells toward a pro-survival or pro-

apoptotic outcome.
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Figure 3. Sphingolipid Metabolism. The sphingosine kinases (SPHK1 and SPHK2)
phosphorylate their substrate, sphingosine, producing the bioactive lipid, sphingosine
1-phosphate (S1P). The reverse reaction is catalyzed by S1P phosphatase. S1P can
be irreversibly degraded to produce ethanolamine phosphate and trans-2-
hexadecenal. The entire sphingolipid metabolic pathway comprises the “sphingolipid
rheostat” whereby the levels of each lipid dictates cell fate. Higher levels of ceramide
and sphingosine, relative to S1P, induces cellular apoptosis. Conversely, when S1P
levels increase above ceramide and sphingosine, the cell is directed to proliferate.
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3.1.2. Sphingosine kinase 2 (SPHK2)

There are two mammalian sphingosine kinases, SPHK1 and SPHK2, which are
located on chromosome 1725 and chromosome 19q13, respectively.’®*®” These
kinases share 80% similarity and 45% overall sequence identity. Both SPHKs contain
five highly conserved regions which contain ATP binding and catalysis regions (Figure
4). While both catalyze the phosphorylation of sphingosine, SPHKZ2 contains
additional residues at its N-terminus and central region that are not present in SPHK1,
suggesting that SPHK2 has additional functions.*® Opposing roles of the enzymes
have also been suggested due to the presence of both a nuclear localization
sequence (NLS) and a nuclear export sequence (NES) in SPHK2 that allows shuttling
between the cytoplasm and nucleus.’*®° These sequences are not found in SPHK1.
Additionally, differences in sphingosine kinase expression during embryonic
development suggests SPHK1 and SPHK2 perform separate responsibilities.

Two forms of SPHK2 have been described. The longer isoform (SPHK2-L) has
an additional 36 amino acids at the N-terminus compared to the short isoform (SPHK-
S).5" Although there is much less sequence conservation in vertebrates in the region
encoding these 36 amino acids compared to the rest of the protein (UCSC Genome
Browser), the SPHK2-L appears to be the predominant form in most human tissues --
with the notable exception of the brain and kidney.61 Consistent with this, we have
observed a preponderance of SPHK2-S in human fetal kidney by real-time RT-PCR.
Human and mouse SPHK2-S are highly homologous, with 83% identity and 90%

similarity. Notably, SPHK2-S is the only isoform expressed in the mouse.
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Figure 4. Comparison of SPHK1 and SPHK2. Each kinase contains five conserved
domains. An ATP binding site resides within C2 of each enzyme. SPHK1 (384 amino
acids) and SPHK2 (SPHK2-long: 654 amino acids, SPHK2-short: 618 amino acids)
share 80% similarity and 45% overall sequence identity. Also shown are the SPHK2
long isoform (SPHK2-long) and SPHK2 short isoform (SPHK2-short). These two
SPHK2 isoforms differ by 36 amino acids present at the N-terminus of SPHK2-long.
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SPHK2 possesses an intrinsic catalytic activity which can be enhanced by
growth factors such as EGF.%2 This is mediated by ERK1-dependent phosphorylation
at Ser-351 and Thr-578, resulting in a 2-fold increase in catalytic activity.®
Mutagenesis experiments have shown that mutating G212 interferes with ATP binding
and abolishes SPHK2 catalytic activity. Genetic knockout of SPHK71 or SPHKZ2 in mice
results in no obvious phenotypic abnormalities suggestive of a compensatory
mechanism, while double knockout of both SPHKs is embryonic lethal around E11.5
due to defects in neurogenesis and angiogenesis.®® While no gross phenotypic
anomalies were found in SPHKZ2 knockout mice, the embryonic and adult kidneys
have not been extensively examined for histological abnormalities (personal
communication — Dr. Richard Proia, National Institutes of Health).

While considerable attention has focused primarily on the cellular activities of
SPHK1, less is known about the function of SPHK2, particularly with respect to
tumorigenesis. Varied roles for SPHK2 in tumorigenesis have been described,
including its ability to induce cell cycle arrest and apoptosis or, in different cell types,
to promote survival and proliferation. A mechanistic role for SPHK2 in the nucleus
was first revealed upon the demonstration that it is co-immunoprecipitated with
histone H3 (but not H4, H2B, or H2A), associates with HDAC1/2 in co-repressor
complexes (including those at the promoters of p27 and c-fos), and results in
increased acetylation at H3-K9, H3-K14 and H2B-K12.%° This function was shown to
be due to SPHK2's phosphorylation of sphingosine and resulting inhibition of
HDAC1/2. Other experimental studies have demonstrated an oncogenic role of
SPHK2 in regulating the proliferation and survival of human acute lymphoblastic
leukemia (ALL) cells. These effects were shown to occur via HDAC2-mediated
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regulation of c-Myc.?® Specific systemic inhibition of SPHK2 (not affecting SPHK1
function or expression) also resulted in a significant reduction in engraftment of
human ALL cells into NOD/SCID mice. Thus, an exciting epigenetic role of SPHK2 in
regulating gene expression is emerging, as is SPHK2's epigenetic role in cancer

development.

3.1.3. SPHK2 in the developing kidney

In the mouse fetal kidney, several components of the sphingosine 1-phosphate
signaling pathway are actively expressed, including the sphingosine kinases, S1P
receptors (S1P1, S1P2, and S1P3), as well as S1P phosphatase and lyase, the
enzymes involved in S1P metabolism. SPHK2 expression is predominately localized
to the metanephric mesenchyme at higher levels than SPHK1 at E11, and gradually
decreases to P4, indicative of a role in nephrogenesis.®” Support for a functional role
also comes from pharmacological ablation of the sphingosine kinases in the
embryonic kidney using small molecular inhibitors. Treatment of embryonic kidney
explant cultures with sphingosine kinase inhibitors, thus blocking the production of
sphingosine 1-phosphate, resulted in reduced branching morphogenesis during

kidney development, underscoring the importance of S1P in development.

3.2. MATERIALS and METHODS
3.2.1 WTX524 family

Following informed consent from all study participants, blood was drawn from
members of the WTX524 family and peripheral blood DNA isolated for molecular
analysis. The WTX524 family is a Hispanic, multigenerational Wilms tumor family with

nine total cases. The ages of diagnosis ranged from 4-37 months, with an average of
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