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ABSTRACT

During the Human Genome Project the first hundred billion bases were sequenced
in four years, however, the second hundred billion bases were sequenced in four months
(NHGRI, 2013). As efforts were made to improve every aspect of sequencing in this
project, cost became inversely proportional to the speed (NHGRI, 2013). Human Genome
Project ended in April 2003 but research in faster and cheaper ways to sequence the DNA
is active to date (NHGRI, 2013). On the one hand, these advancements have allowed the
convenient and unbiased generation and interrogation of a variety of omics datasets; on
the other hand, they have substantially contributed towards the ever-increasing size of
biological data. Therefore, informatics techniques are indispensable tools in the field of
biology and medicine due to their ability to efficiently store and probe large datasets.
Bioinformatics is a specialized domain under informatics that focusses on biological data
storage, organization and analysis (NHGRI, 2013). Here, | have applied informatics
approaches such as database designing and web development in the context of biological
datasets or bioinformatics, to create a novel web-based resource that allows users to
explore the comprehensive transcriptome of common aquatic tunicate named Oikopleura
dioica (O .dioica), and access their associated annotations across key developmental time
points, conveniently. This unique resource will substantially contribute towards studies
on development, evolution and genetics of chordates using O. dioica as a model.

Mendelian or single-gene disorders such as cystic fibrosis, sickle-cell anemia,
Huntington’s disease, and Rett’s syndrome run across generations in families (Chial,

2008). Allelic variations associated with Mendelian disorders primarily reside in the
0\



protein-coding regions of the genome, collectively called an exome (Stenson et al., 2009).
Therefore, sequencing of exome rather than whole genome is an efficient and practical
approach to discover etiologic variants in our genome (Bamshad et al., 2011). Renal
agenesis (RA) is a severe form of congenital anomalies of the kidney and urinary tract
(CAKUT) where children are born with one (unilateral renal agenesis) or no kidneys
(bilateral renal agenesis) (Brophy et al., 2017; Yalavarthy & Parikh, 2003). In this study,
we have applied exome-sequencing technique to selective human patients in a renal
agenesis (RA) pedigree that followed a Mendelian mode of disease transmission. Exome
sequencing and molecular techniques combined with my bioinformatics analysis has led
to the discovery of a novel RA gene called GREB1L (Brophy et al., 2017). In this study,
we have successfully demonstrated the validation of exome sequencing and
bioinformatics techniques to narrow down disease-associated mutations in human
genome. Additionally, the results from this study has substantially contributed towards
understanding the molecular basis of CAKUT. Discovery of novel etiologic variants will
enhance our understanding of human diseases and development.

High-throughput sequencing technique called RNA-Seq has revolutionized the
field of transcriptome analysis (Z. Wang, Gerstein, & Snyder, 2009). Concisely, a library
of cDNA is prepared from a RNA sample using an enzyme called reverse transcriptase
(Nottingham et al., 2016). Next, the cDNA is fragmented, sequenced using a sequencing
platform of choice and mapped to a reference genome, assembled transcriptome, or
assembled de novo to generate a transcriptome (Grabherr et al., 2011; Nottingham et al.,

2016). Mapping allows detection of high-resolution transcript boundaries, quantification

\



of transcript expression and identification of novel transcripts in the genome. We have
applied RNA-Seq to analyze the gene expression patterns in water flea otherwise known
as D. pulex to work out the genetic details underlying heavy metal induced stress
(unpublished) and predator induced phenotypic plasticity (PIPP) (Rozenberg et al., 2015),
independently. My bioinformatics analysis of the RNA-Seq data has facilitated the
discovery of key biological processes participating in metal induced stress response and
predator induced defense mechanisms in D. pulex. These studies are great additions to the
field of ecotoxicogenomics, phenotypic plasticity and have aided us in gaining
mechanistic insight into the impact of toxicant and predator exposure on D. pulex at a

bimolecular level.
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PUBLIC ABSTRACT

Cells are the fundamental structural and functional components of all living
beings (USDOEGRP, 2008). A cell’s function is governed by the genetic code of its
DNA (USDOEGRP, 2008). A genome of an organism consists of a comprehensive set of
its DNA molecules (USDOEGRP, 2008). Each constituent DNA in the genome is called
a chromosome (USDOEGRP, 2008). A chromosome contains genes that holds the
genetic code to make proteins (USDOEGRP, 2008). The transfer of genetic information
from genes to proteins involves an intermediate biomolecule called RNA (Janet, Szostak,
& Bell, 2008). A gene is first copied into RNA that is later translated into proteins. A
complete collection of all protein coding RNASs or transcripts of an organism makes its
transcriptome. Proteins perform all the work required for maintaining the structure and
function of our tissues and organs (GHR, 2018) . A cell’s proteome comprises of all the
proteins in a cell (USDOEGRP, 2008). Concisely, central dogma of molecular biology as
explained by Francis Crick says, protein is made from RNA and RNA is made from DNA
(Crick, 1970). Ability to read and analyze the genetic data in these biomolecules will
provide us the systematic view into the genetic constitution of an organism and will
enlighten us with the molecule basis behind their observable traits or phenotype.
Application of this information comprises of understanding human development and
diseases, genetic differences and similarities between different organisms and species,
and the impact of genetics and environment on their evolution.

Persistent advancements in genomics such as invention of high-throughput

sequencing methodologies has facilitated the framework to access and analyze various
vii



omics (genome, proteome and transcriptome) data on humans and other organisms in a
rapid, unbiased and cost effective manner. This has led to the enrichment of our scientific
knowledgebase and attributed towards the explosion of biological data. The ever-
increasing size of this data requires methods with ability to accurately and efficiently
probe them and mine meaningful patterns. Computational approaches have been
indispensable in storing, managing and analyzing large datasets. Bioinformatics is a
collection of computational approaches that specialize in probing and managing
biological datasets. In chapter 2 of this thesis, | have focused on describing the design
and development of a genome browser tool called OikoBase that allows convenient
access to integrated omics data on a water tunicate called Oikopleura dioica (O. dioica).
O. dioica is a model organism used in multiple fields of research such as developmental
biology, genome evolution and phenotypic plasticity in chordates. This browser is a novel
computational web resource that allows investigation of 18,020 genes and their
expression patterns across 18 key life cycle stages in O. dioica. Additionally, it also
offers homology search capability to find similar genes from other organisms in O.
dioica, which will immensely contribute towards a more comprehensive functional
characterization of their genes.

Exomes are the protein coding regions of the genome. Mendelian disorders are
single gene disorders that are known to pass from one generation to another in a family
(Chial, 2008). Research in human disease modelling of Mendelian disorders have
established exomes as the genomic region to harbor disease causing mutations (Stenson

et al., 2009). Identification of these etiologic mutations will further our knowledge on
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their genetic role in human development and diseases. Targeted sequencing of exome
instead of the whole genome has been considered as a cost-efficient and practical strategy
to investigate all mutations in these genomic regions (Bamshad et al., 2011). We have
applied this sequencing technique to explore the exomes from selected human patients in
a renal agenesis (RA) pedigree that followed a Mendelian disease transmission pattern.
Congenital anomalies of the kidney and urinary tract (CAKUT) represents a wide range
of birth defects in children (Rodriguez, 2014). RA is a severe form of CAKUT where
children are born with one (unilateral renal agenesis (URA)) or no kidneys (bilateral renal
agenesis (BRA)) (Brophy et al., 2017; Yalavarthy & Parikh, 2003). Due to the sheer
amount of mutation data generated from exomes, it is extremely hard to identify the
disease causing variants manually, with efficiency and accuracy. In chapter 3 of this
thesis, | have explained various computational approaches that I applied, especially under
section “Materials and methods” and subsection “Exome sequencing analysis, lowa”, that
enabled the discovery of a novel RA gene called GREBLL, which when mutated results in
URA and BRA phenotypes. This knowledge is a significant addition towards resolving
the genetic basis behind CAKUT. Identification of novel disease-associated genes will
empower our perception on human disorders and development.

RNA-Seq is a high-throughput sequencing technique that has allowed unbiased
analysis of whole transcriptome. We have applied this technique to explore gene
expression patterns in D. pulex, otherwise known as common water flea, when exposed to
predators (Rozenberg et al., 2015) and heavy metals (unpublished). D. pulex can be easily

maintained in a laboratory and their genome is highly sensitive to chemicals released
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from their predators called kairomones (Rozenberg et al., 2015), and environmental
toxicants. Additionally, the compact size of their genome allows us to conveniently
model them for ecotoxicological studies (ecotoxicology: characterizing genetic
interactions between chemical stressors and biological organisms) (J. K. Colbourne et al.,
2011). We have bioinformatically discovered key biological processes in this organism
explaining their defense response against predators and genetic response against
environmental toxicants using RNA-Seq. In chapter 4 and 5 of this thesis, under the
“Materials and methods” section, I have explained the bioinformatics strategies employed
to analyze the transcriptome of D. pulex under heavy metal and predator induced stress,
respectively. Similar studies will boost our understanding of the correlation between
genetic responses as a solution to the current environmental challenges. Molecular
response patterns at an organism level can be extrapolated to understand changes at their
population levels (Schirmer, Fischer, Madureira, & Pillai, 2010). This will allow us to
perform the following long standing goals in ecotoxicology:

a) Predicting the influence of environmental changes on the evolution and survival

of an organism.

b) Identify, resolve and deter harmful impact of pollutants on our environment.
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CHAPTER 1. INTRODUCTION

An ocean of biological data is accumulating at a faster rate due to advancements
in high-throughput and reasonably inexpensive DNA sequencing technologies(Zou, Ma,
Yu, & Zhang, 2015). GenBank database contains over 200 million independent
nucleotide sequences from at least 370,000 species (Benson et al., 2017; GenBank,
2018). Uniprot Knowledgebase (UniprotkKB) is the major resource for publicly available
protein sequences and their aligned annotations ("UniProt: the universal protein
knowledgebase,” 2017). It currently holds over 60 million unique amino acid or protein
sequences from at least 5,631 independent proteomes ("UniProt: the universal protein
knowledgebase," 2017). Furthermore, data from whole genome sequencing, gene
expression studies, structural and functional characterization of proteins, and protein-
protein interaction are contributing towards the ever-increasing volume and diversity of
biological data (Luscombe, Greenbaum, & Gerstein, 2001). Informatics approaches can
efficiently probe enormous amount of data and mine meaningful patterns from them
(Luscombe et al., 2001). For example, the Interpro database and InterproScan algorithm
(Jones et al., 2014), have been instrumental in the analysis and annotation of sequences in
UniprotKB (Robert D. Finn et al., 2017). InterproScan algorithm outputs protein domain
predictions and their associated annotations for each input amino acid sequence by
allowing a comprehensive scan against the “signatures” or predictive models such as
profile hidden Markov models (HMMs) and position-specific scoring matrices (PSSM),

of 14 member databases such as CATH-Gene3D (Lam et al., 2016), SMART (Letunic,



Doerks, & Bork, 2015), HAMAP (Pedruzzi et al., 2015), SUPERFAMILY (Oates et al.,
2015), PANTHER (Mi, Poudel, Muruganujan, Casagrande, & Thomas, 2016), Pfam (R.
D. Finn et al., 2016), TIGRFAMs (Haft et al., 2013), PIRSF (C. H. Wu et al., 2004),
ProDom (Bru et al., 2005), PRINTS (Attwood et al., 2012), PROSITE patterns (Sigrist et
al., 2013), Structure—Function Linkage Database (SFLD) (Akiva et al., 2014), PROSITE
Profiles (Sigrist et al., 2013), and the Conserved Domains Database (CDD) (Marchler-
Bauer et al., 2015) (Robert D. Finn et al., 2017). The unique biological focus of each
member database collectively empowers the prediction process by offering
dimensionality and reducing false positive predictions. The Interpro “signatures” and
InterproScan algorithm have successfully predicted annotations for at least 56 million
unique protein sequences in UniprotkKB (Robert D. Finn et al., 2017). The InterproScan
web based application, processes at least 40 million query sequences per month from
users (Robert D. Finn et al., 2017). Additionally, informatics approaches have made
significant contributions towards improving data storage, organization, sharing, and
retrieval. Therefore, they are invaluable to the current and future research in biology and
medicine (Luscombe et al., 2001).
Bioinformatics is a branch of informatics that specializes in gathering and
analyzing complex omics data as follows:
e Genomics (study of genes and genomes (whole DNA of an organism);
genes are DNA sequences that hold instructions to make protein

molecules (NHGRI, 2015))



e Transcriptomics (a comprehensive study of RNA such as mRNA;
biomolecules produced from genes to be translated into amino acid
sequences or proteins (Nature, 2018), and other non-coding RNAs such as
tRNA and rRNA; biomolecules that participate in protein synthesis, and
snRNA,; biomolecules that process RNA prior to their translation into
proteins (Education, 2018)).

e Proteomics (large scale study of proteins; proteins are biomolecules that
perform all the functions required for life (Scitable, 2014c)).

e Metabolomics (study of metabolites; metabolites are small molecules that
represent the end products of metabolism (Jordan et al., 2009). These
biomolecules explain details concerning cellular physiology in a
comprehensive manner) (Horgan & Kenny, 2011; Manzoni et al., 2018).

A principal task for bioinformaticians involves creating and maintaining public databases
that can help biologists to share, retrieve, visualize and integrate biological data and their
aligned annotations from multiple sources (Zou et al., 2015). Genome browsers are
graphical user interfaces (GUI) that allow researchers to connect with a database,
graphically visualize omics data and download their associated annotations with
convenience. During my training as a bioinformatician in Dr. Manak’s lab, | followed a
three-pronged approach as follows:

e First part of my training involved developing a novel database and
genome browser for Oikopleura dioica (O. dioica) called OikoBase

(Gemma. Danks & Parida, 2013).



e Second part of my training required me to bioinformatically analyze
selective exomes from a renal agenesis (RA) pedigree that led to the
discovery of a novel RA associated gene (Brophy et al., 2017).
e Third part of my training included independently processing and
analyzing RNA-Seq data to study acute heavy metal exposure
(unpublished) and predator-induced phenotypic plasticity (Rozenberg et
al., 2015) in D. pulex.
A traditional DNA microarray or DNA chip allows interrogation of thousands of
known genes in a genome simultaneously (Scitable, 2014a). A typical DNA chip is a
glass microscopic slide that holds thousands of spots at defined positions. The glass is
usually coated with an organo-functional alkoxysilane coating that facilitates a link
between the glass and organic biomolecules such as DNA fragments or probes, of
flexible lengths (Conzone & Pantano, 2004). Each spot on the coated glass slide contains
radioactively labeled probes that exhibit fluorescence when they bind to complementary
sequence of a known gene in a sample (Conzone & Pantano, 2004). Tiling arrays are
whole genome microarray platforms that differ from traditional DNA microarrays by
probing contiguous regions of a genome (Choudhuri, 2014). They are primarily used to
perform functional characterization of genomic sequences with no prior known function
(Choudhuri, 2014). Probe designs such as partially overlapping probes, and spaced apart
probes can be applied to control the resolution power of tiling arrays (Choudhuri, 2014).
O. dioica is a model organism used in cross-disciplinary research ranging from

chordate genetics and development to molecular ecology (G. Danks et al., 2013). It has a



miniature genome of 70 megabases (Mb) in size that contains 18,020 predicted genes and
can be easily maintained in the laboratory (G. Danks et al., 2013; Denoeud et al., 2010;
Seo et al., 2001). The compact genome of O. dioica has allowed generation of ultra-high
resolution tiling array data using the NimbleGen platform. The generated data captures
snapshots of O. dioica’s gene expression profile at key life cycle stages such as early
development (oocyte, 2-8 cell embryos, 1 hour post fertilization (LHPF), tailbud and
hatched), organogenesis and metamorphosis (early tadpole, tailshift), somatic growth
(Day 1-3), and reproductive organ growth and differentiation (Day 4 and 5) (G. Danks et
al., 2013). In addition to this dataset, gene expression data on testis and ovaries were also
generated to describe reproductive organ development in adult animals (G. Danks et al.,
2013). Importantly, O. dioica ceases to develop at Day 3 under high animal density
(restrictive conditions); therefore, gene expression data on three supplementary (Day 2-4
dense) stages covering the developmental arrest were also added to this dataset (Chapter
2, subsection named “Developmental transcriptome of O. dioica”, under section
“Biological source materials and data generation” of this thesis explains these life cycle
stages in detail) (G. Danks et al., 2013). This dataset serves as a rich resource for
studying chordate evolution and development at a biomolecular level in O. dioica (G.
Danks et al., 2013). OikoBase is a unique web resource that allows researchers in these
fields to query, retrieve, and graphically visualize crucial omics data across multiple
developmental time points of this organism. I am the webmaster of the O. dioica genome

browser project that includes 1260 genomic sequence scaffolds as well as genes,



transcripts and coding sequence tracks (G. Danks et al., 2013; Gemma. Danks & Parida,
2013). My tasks included as follows:
e Designing and developing the OikoBase (Gemma. Danks & Parida, 2013).
e Taking user requests via email and suitably implementing them in
OikoBase to accommaodate integration and retrieval of diverse omics data.
e Maintaining the database and performing necessary checks on the
operation of crucial features and associated links for each web page in
OikoBase.
Similar model organism genome browsers such as wFleaBase (John K. Colbourne,
Singan, & Gilbert, 2005), FlyBase (Gramates et al., 2017), and WormBase (Harris et al.,
2010) are excellent resources when exploring omics data on closely related species. A
crucial feature that separates OikoBase from these databases is it allows users to explore
O. dioica transcriptome at an ultra-high resolution and conveniently download genome-
wide gene expression data for a comprehensive set of developmental stages.

The second part of my training concerned bioinformatically analyzing selective
human exomes from a renal agenesis (RA) pedigree that followed disease transmission in
a Mendelian fashion and prioritize candidate disease-associated damaging mutations. The
Mendelian fashion of disease transmission involves a single gene that is likely causing
the disease across generations in a family (Genetic, District of, & Department of, 2010).
The majority of known allelic variants associated with Mendelian disorders reside in the
protein-coding regions of the genome or exome (Stenson et al., 2009). These etiologic

variants such as missense single nucleotide substitutions or insertions/deletions



(INDELS) are rare, protein altering and deleterious by nature (Bamshad et al., 2011).
Therefore, targeted sequencing of the exome instead of the whole genome is an efficient
and cost-effective way to explore approximately all variations existing in these regions
(Bamshad et al., 2011). Furthermore, the whole exome sequencing (WES) approach has
helped detect disease-causing variants in multiple studies involving human (Mao et al.,
2016; Micheal et al., 2017; S. B. Ng et al., 2010; Sarah B. Ng et al., 2009; Salih et al.,
2017) and mouse (Fairfield et al., 2011; Hilton et al., 2011).

Abnormalities in kidney and/or urinary tract morphogenesis can cause a broad
range of structural defects collectively known as Congenital Anomalies of the Kidney
and Urinary Tract (CAKUT) (Vivante et al., 2017). It is a common cause of morbidity
and mortality in children (Sanna-Cherchi et al., 2009). The most severe form of CAKUT
is RA, or the complete absence of renal tissue at birth (Yalavarthy & Parikh, 2003).
Unilateral renal agenesis (URA) is the absence of one kidney that can cause proteinuria,
hypertension and early renal failure but is typically compatible with life (Schreuder,
Langemeijer, Bokenkamp, Delemarre-Van De Waal, & Van Wijk, 2008). However,
bilateral renal agenesis (BRA) is the absence of both kidneys, which always results in
death at birth (Potter, 1946, 1965). URA occurs at a relatively higher frequency, than
BRA (1/1000 (Woolf & Hillman, 2007) versus; 1/3000-1/5000 (Loendersloot, Verjaal, &
Leschot, 1978; McPherson, 2007), respectively). It is important to note these occurrence
estimations are affected by under-reporting (Norwood & Chevalier, 2003; Yalavarthy &
Parikh, 2003), as renal ultrasounds are not a standard recommendation during newborn

screening.



We used exome-sequencing strategy to identify causal variants in two
independent RA pedigrees of which I analyzed the lowa pedigree only (Brophy et al.,
2017). Bioinformatics strategies aided in maintaining the quality of sequencing reads and
adequate read depth at targeted exome sites for confident variant calling against the
human reference genome (version-glk_v37) (Brophy et al., 2017). These raw variant calls
were then bioinformatically filtered to generate a refined list of candidate genes that
carried damaging mutations potentially associated with the disease (Brophy et al., 2017).
Bioinformatics tools and techniques are extremely effective in narrowing down highly
likely disease-causing mutations from a substantial amount of variant calls. Researchers
can then experimentally confirm pathogenicity of these candidate mutations. Identifying
novel disease-causing mutations will contribute towards comprehending the genetic basis
of Mendelian diseases and their impact on human development (Z. Wang, Liu, Yang, &
Gelernter, 2013). | worked on the following tasks:

e Maintaining the quality of raw sequencing reads and mapping them to the
human reference genome (version-glk_v37).
e Processing the sequence alignments to make confident variant calls.
e Filtering the raw variant calls and generating a list of candidate genes
carrying potential disease-associated mutations.
The candidate gene list generated from my analysis led to the identification of a novel
RA gene called GREBI1L (Brophy et al., 2017).
Finally, I independently generated and analyzed the whole transcriptome

expression data to study heavy metal-induced stress and predator-induced defenses, in



Daphnia pulex (D.pulex) as a part of my three-pronged training approach. Genomic
methodologies such as whole genome microarrays and next-generation sequencing
techniques have advanced transcriptome studies in ecotoxicology (Bouetard et al., 2012;
Schirmer et al., 2010). Currently, RNA-Seq is the technique of choice that allows
genome-wide gene expression analysis due to the following reasons:
e RNA-Seq allows quantification of gene expression values at a wider dynamic
range.
e It has low or close to negligible background signal.
o It allows detection of known and novel transcript boundaries up to single base
pair resolution when compared to traditional array hybridization techniques such

as DNA microarrays (McGettigan, 2013; Z. Wang et al., 2009).

RNA-Seq is a high-throughput sequencing technique that sequences a cDNA library
generated from RNAs in tissues or cells (Qi, Liu, & Rong, 2011). These sequences either
are mapped to a pre-existing reference genome or assembled de novo to generate a
transcriptome map (Grabherr et al., 2011). This map defines high-resolution transcript
boundaries and displays the height of their expression based on mapped read depth. We
have applied this technique to obtain a comprehensive transcriptome profile of the
microcrustacean and key aquatic indicator D. pulex when exposed to common
environmental heavy metals such as cadmium (Cd), nickel (Ni) and zinc (Zn) (Cempel &
Nikel, 2006; Eisler et al., 1985; Lambert, Leven, & Green, 2000). D. pulex whole
transcriptome expression data will aid us to highlight key biological processes and

interaction between different processes as a response to acute heavy metal exposure. A
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comparison between our gene expression data and the regulation of genes involved in
known heavy metal-induced pathways such as oxidative stress, hypoxia, lipid
peroxidation, antioxidant response and calcium and iron homeostasis (Ercal, Gurer-
Orhan, & Aykin-Burns, 2001; Stohs & Bagchi, 1995), will enhance our understanding of
these biological processes in this organism and further validate D. pulex as a convenient
model for ecotoxicological studies. | have applied bioinformatics tools and techniques to
perform the following tasks:
e Quality control and mapping of raw sequencing reads to the D. pulex reference
transcriptome (Ye et al., 2017).
e Quantifying transcript expression for all the known transcripts in heavy metal
treated (experimental) and untreated (control) D. pulex samples.
e Independently annotating transcripts with their associated biological processes.
e Highlighting the biological processes responding to the heavy metal stress.
e Bioinformatically identifying binding sites for key stress associated regulatory

elements potentially driving the heavy metal stress-induced pathways.

D. pulex exhibits considerable morphological changes under predator risk that
makes it a suitable ecological genomic model to study predator induced phenotypic
plasticity (PIPP). Phenotypic plasticity is defined as an organism’s ability to generate
multiple phenotypes from one genotype (Rozenberg et al., 2015). We applied RNA-Seq
to detect unbiased genome-wide gene expression in D. pulex and identify regulation of
gene families associated with predator-induced defenses. The mapping of gene regulation

to observed morphological alterations would further our understanding of molecular basis
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underlying PIPP in D. pulex. In future, similar studies will enhance our understanding of
the various solutions generated by the genetic code of an organism to solve specific
environmental problems (Lewontin, 2001). | have applied bioinformatics tools and
techniques to perform the following tasks:
e Quality control, processing and mapping the raw sequencing reads to the D. pulex
draft genome (J. K. Colbourne et al., 2011).
e Computing genome-wide gene expression data comparing predator induced
(experimental) vs non-induced (control) D. pulex samples using the “Daphnia
pulex Genes 2010 beta 3” gene annotations from wFleabase (Genome Informatics

Lab, 2005).

Bioinformatics comprises of tools and techniques to mine and create biologically
relevant insights from genetic data. In the chapters below, I have described various
bioinformatics methods that have aided in the investigation of crucial biological
questions, and led to the discovery of new knowledge. The results obtained from my
analysis have significantly contributed towards expanding our knowledgebase in fields
such as human diseases, ecotoxicogenomics, phenotypic plasticity and chordate

developmental biology.
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CHAPTER 2. OIKOBASE: A GENOMICS AND DEVELOPMENTAL
TRANSCRIPTOMICS RESOURCE FOR THE UROCHORDATE OIKOPLEURA

DIOICA.2

ABSTRACT

We report the development of OikoBase (Gemma. Danks & Parida, 2013), a tiling
array-based genome browser resource for Oikopleura dioica, a metazoan belonging to the
urochordates, the closest extant group to vertebrates. OikoBase facilitates retrieval and
mining of a variety of useful genomics information. First, it includes a genome browser
which interrogates 1260 genomic sequence scaffolds and features gene, transcript and
CDS annotation tracks. Second, we annotated gene models with gene ontology (GO)
terms and InterPro domains which are directly accessible in the browser with links to
their entries in the GO (Carbon et al., 2009) and InterPro (Robert D. Finn et al., 2017)
databases, and we provide transcript and peptide links for sequence downloads. Third, we
introduce the transcriptomics of a comprehensive set of developmental stages of O.
dioica at high resolution and provide downloadable gene expression data for all
developmental stages. Fourth, we incorporate a Basic Local Alignment Search Tool
(BLAST) (Altschul, Gish, Miller, Myers, & Lipman, 1990) to identify homologs of genes
and proteins. Finally, we include a tutorial that describes how to use OikoBase as well as

a link to detailed methods, explaining the data generation and analysis pipeline. OikoBase

2This chapter has been published in Danks, G., Campsteijn, C., Parida, M., Butcher, S., Doddapaneni, H., Fu, B., . .. Manak, J. R.
(2013). OikoBase: a genomics and developmental transcriptomics resource for the urochordate Oikopleura dioica. Nucleic Acids Res,
41(Database issue), D845-853. doi:10.1093/nar/gks1159
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will provide a valuable resource for research in chordate development, genome evolution

and plasticity and the molecular ecology of this important marine planktonic organism.

INTRODUCTION

The urochordate (or tunicate) appendicularian, Oikopleura dioica, is a coastal
marine planktonic chordate with a pan-global distribution. As an abundant component of
mesozooplankton communities (Gorsky & Fenaux, 1998), appendicularians are noted for
their ability to rapidly expand population size in response to algal blooms. In a defining
feature, urochordates are partially or completely enclosed in extracellular, cellulose-based
‘tunics’ or ‘houses’ involved in filter-feeding, making them the only animals known to
synthesize cellulose (Sagane et al., 2010). Appendicularians frequently resynthesize their
house during their short life cycle, and discarded houses (marine snow) play significant,
and sometimes dominant, roles in oceanic vertical carbon flux (Alldredge, 2005;

Robison, Reisenbichler, & Sherlock, 2005), thus impacting global carbon cycles. The
urochordates are the closest extant relatives to the vertebrates (Delsuc, Brinkmann,
Chourrout, & Philippe, 2006) and have a simplified chordate body plan with a notochord,
dorsal neural tube, gill slits and endostyle. Oikopleura dioica remains transparent
throughout its short (less than 1 week) chordate life cycle, exhibits high fecundity [more
than 300 eggs per female (Troedsson, Bouquet, Aksnes, & Thompson, 2002)] and can be
cultured in the laboratory for hundreds of generations (Bouquet et al., 2009). It is the only
known dioecious urochordate species. Compared with ascidians, O. dioica undergoes a

morphologically simple metamorphosis, in which the tail is not resorbed but only shifts
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from a posterior directed orientation in the tadpole to become orthogonal to the trunk at
metamorphosis. Development is very rapid, with metamorphosis completed after 12-14 h
at 15°C. Throughout the life cycle, the tail retains the notochord as its axial structure in
order to function in pumping water through the filters of the house for feeding. The
animal is generally found from 0 to 200 m depth and tolerates a wide range of
temperatures and salinities (Fenaux, Bone, & Deibel, 1998). The 70-Mb compact,
sequenced genome containing more than 18 000 predicted genes ranks among the
smallest known metazoan genomes (Denoeud et al., 2010; Seo et al., 2001), with both
gene regulatory and intronic regions highly reduced in size. This rapidly evolving lineage
exhibits profound alteration of deeply conserved features of metazoan genome
architecture, thus offering interesting perspectives in the study of genome plasticity
(Denoeud et al., 2010) and developmental gene regulation.

Here we present a tiling array-based developmental transcriptome genome
browser resource, OikoBase ( (Gemma. Danks & Parida, 2013); based on the popular
GBrowse software), at ultra-high resolution in terms of both developmental chronology
and the underlying genome sequence features. The unbiased transcriptome datasets
described here comprise 12 key developmental stages encompassing the entire life span
of O. dioica, in addition to testis, ovary and somatic body-specific sample sets. Finally,
three transcriptome datasets generated from animals under growth/developmental arrest
are included. The compact genome of O. dioica, as well as its short lifespan, permits a
level of comprehensiveness and resolution that rivals that of well-established model

organisms. A total of 62 Mb of the non-repeat genome (93% of the total genome) was
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tiled on a single microarray (2.1 million features, with a 2-fold genome coverage) using
isothermal oligonucleotide probes with a median size of 53 and 24 base pairs (bp)
overlaps between adjacent probes, permitting reliable detection of short introns (47-bp
peak size in the Oikopleura genome). This platform and its ancillary features, which will
be used to explore both the transcriptome as well as global chromatin structure, will serve
as a rich resource in understanding the developmental and evolutionary biology of this
ecologically important organism in the context of its transcriptional response to changing

experimental and environmental inputs.

BIOLOGICAL SOURCE MATERIALS AND DATA GENERATION

ANIMAL CULTURE AND COLLECTION

Oikopleura dioica were maintained in culture at 15°C (Bouguet et al., 2009).
Oocytes were collected from mature females, and developmental stages up to and
including metamorphosis were generated by in vitro fertilization (Schulmeister, Schmid,
& Thompson, 2007), with embryos left to develop in artificial sea water (Red Sea, final
salinity 30.4-30.5 g/l) at room temperature to the desired stage. Dayl-Day5 animals
were placed in artificial seawater, chased from their houses, left for 30 min to empty their
gut, anesthetized in cold ethyl 3-aminobenzoate methanesulfonate salt (MS-222, 0.125
mg/ml; Sigma), and then collected. Ovary and testes extracts were collected as previously
described (Campsteijn, @vrebg, Karlsen, & Thompson, 2012). To obtain the trunk
samples, Day5 animals were washed in cold phosphate-buffered saline and anesthetized
in cold MS-222, transferred to cold Buffer A [10 mM Tris (pH 7.5), 360 mM sucrose, 75

mM NacCl, 10 mM ethylenediaminetetraacetic acid, 10 mM ethyleneglycol
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bis[aminoethylether]-tetraacetic acid, 3 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride and 1:500 RNase OUT (Invitrogen)] and gonads were punctured and removed.
Remaining trunks were washed once in cold Buffer A, pooled and processed for RNA
isolation. For collection of the Day2-Day4 dense samples, the normal dilution of animal
spawn at Dayl was omitted (Bouquet et al., 2009), yielding a culture with ~5-fold higher
animal density. In partial compensation for elevated animal numbers while suppressing
algal overgrowth, the food concentration was doubled at each developmental stage. The
elevated animal density and feeding regime were maintained throughout the experiment,

with animal collection performed at time points as indicated.

GENE ANNOTATION

A very detailed reporting of gene annotation protocols is provided in the
supplementary information of Denoeud et al. (2010). A summary version is presented
here. Semi-HMM-based Nucleic Acid Parser (SNAP) ab initio gene prediction (Korf,
2004) was used to create a clean set of O. dioica genes. This set was used to train gene
prediction algorithms and optimize their parameters. SNAP was launched using the
Caenorhabditis elegans configuration file, and only models with all introns confirmed by
at least one O. dioica cDNA were retained. Models that contained at least one exon that
overlapped a cDNA intron were rejected. Three hundred models were randomly selected
to create the O. dioica clean training set.

Exofish (Crollius et al., 2000) comparisons were done with Biofacet (www.gene-

it.com). When ecores (Evolutionarily COnserved REgions) were contiguous in the two
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genomes, they were included in the same ecotig (contig of ecores). Exofish comparisons
were performed between O. dioica and four organisms: Tetraodon nigroviridis,
Strongulocentrus purpuratus, Ciona savignyi and Ciona intestinalis. High scoring
segment pairs were filtered by length and percent identity.

The Uniprot (Apweiler et al., 2012) database was then used to detect genes
conserved between O. dioica and other species. Since GeneWise (Birney, Clamp, &
Durbin, 2004) is computationally intensive, sequences in the Uniprot database were first
aligned with the O. dioica genome assembly using BLAST-Like Alignment Tool
(BLAT)(Kent, 2002). Each significant match was chosen for a GeneWise alignment. The
default GeneWise gene parameter file was modified to account for unusual splice sites of
O. dioica genes. Geneid (Parra, Blanco, & Guigo, 2000) and SNAP ab initio gene
prediction software were then trained on the 300 genes from the training set.

Expressed Sequence Tags (ESTs) generated from three full-length-enriched
cDNA libraries were prepared from a cultured outbred population [large pools of
unfertilized eggs, embryos at mixed stages from 1 to 3 h post-fertilization (pf), tadpoles
6-10 h pf and Day 4 animals] and 180 000 cDNA clones were end sequenced. After
assembly of 5'- and 3'-sequences, a total of 177 439 sequences were aligned to the O.
dioica genome using the following pipeline: after masking of polyA tails and spliced
leaders, the sequences were aligned with BLAT on the genome assembly and matches
with scores within 99% of the best score were extended by 5 kb on each end and

realigned with the cDNA clones using Exonerate (Slater & Birney, 2005), allowing for
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non-canonical splice sites, with the following parameters; —model est2genome —
minintron 25 —maxintron 15 000 —gapextend -8 —dnahspdropoff 12 —intronpenalty -23.

An National Center for Biotechnology Information (NCBI) (Sayers et al., 2012)
collection of ~1,500,000 public tunicate ESTs was then aligned with the O. dioica
genome assembly using BLAT alignments refined with Est2Genome (Mott, 1997).
Significant matches were chosen for alignment with Est2Genome. BLAT alignments
used default parameters between translated genomic and translated ESTSs.

The above resources were combined to automatically build O. dioica gene models
using GAZE (Howe, Chothia, & Durbin, 2002). Individual predictions from each
program (Geneid, SNAP, Exofish, GeneWise, Est2genome and Exonerate) were broken
into segments (coding, intron and intergenic) and signals (start codon, stop codon, splice
acceptor, splice donor, transcript start and transcript stop). Exons predicted by ab initio
software, Exofish, GeneWise, Est2Genome and Exonerate were used as coding segments.
Introns predicted by GeneWise and Exonerate were used as intron segments. Intergenic
segments were created from the span of each mRNA, with a negative score (forcing
GAZE not to split genes). Predicted repeats were used as intron and intergenic segments,
to avoid prediction of protein-coding genes in such regions.

The whole genome was scanned to find signals (splice sites, start and stop
codons). In order to annotate genes containing non-canonical splice sites, all G* (GT,
GA, GC and GG) donor sites were authorized. GAZE used segments predicting exon
boundaries only if GAZE chose the same boundaries. Each segment or signal from a

given program was accorded a value reflecting our confidence in the data, and these
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values were used as scores for the arcs of GAZE automaton. All signals were assigned a
fixed score, but segment scores were context sensitive: coding segment scores were
linked to the percentage identity (%I1D) of the alignment; intronic segment scores were
linked to the %ID of the flanking exons. A weight was assigned to each resource to
further reflect reliability and accuracy in predicting gene models. This weight acted as a
multiplier for the score of each information source, before processing by GAZE. When
applied to the entire assembled sequence, GAZE predicted 17 113 gene models on the
reference assembly. The final proteome of 18 020 gene models was obtained by adding
907 gene models from an allelic assembly that were not present in the reference

assembly.

RNA ISOLATION AND CDNA SYNTHESIS

RNA isolation was performed using RNeasy (Qiagen) and RNA quality was
assessed using a Bioanalyzer (Agilent). Purified total RNA was briefly treated (15 min at
room temperature) with 0.5 units of DNase | (AMP grade; Invitrogen) per microgram of
RNA to remove residual DNA, followed by ethanol precipitation and purification of
RNA. Double-stranded (ds) cDNA was synthesized using SuperScript™ Double-Stranded
cDNA Synthesis Kit (Invitrogen) according to Roche NimbleGen protocols, followed by
phenol:chloroform:isoamylalcohol (25:24:1) as well as chloroform:isoamylalcohol (24:1)
back extraction and ds cDNA was recovered by ethanol precipitation. Typically, 4-10 pg

of input total RNA yielded 3-9 pg of ds cDNA.
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TILING ARRAY HYBRIDIZATION AND PROCESSING

A tiled genomic microarray was designed to interrogate the entire non-repeat
genome of O. dioica based on genome sequence [GENBANK/European Molecular
Biology Laboratory accession numbers are CABV01000001-CABV01005917,
CABWO01000001-CABWO01006678, FN653015-FN654274, FN654275-FN658470,
FP700189-FP710243, FP710258-FP791398 and FP791400-FP884219; (Denoeud et al.,
2010)] assembled in collaboration between the Sars International Centre for Marine
Molecular Biology (wwwe.sars.no) and Genoscope (www.genoscope.cns.fr/secure-
nda/Oikopleura). For each developmental stage (or stressor), cDNA was labeled and
amplified using the Roche NimbleGen gene expression protocol
(http://www.nimblegen.com/products/lit/05434505001 NG_Expression_UGuide_v6p0.p
df) with the following modifications: 15 pg of the labeled cDNA was hybridized to each
array, and hybridization was performed on three separate arrays (three technical
replicates; four for the oocyte sample). The arrays were washed and processed as per the
manufacturer’s recommendations, and the arrays were scanned on Molecular Devices
GenePix Axon scanners 4000B or 4400 A at 5 or 2.5 um resolution, respectively. The
scanned array data were converted into pair and GFF files. These were processed to
generate normalized, background subtracted probe intensities that comprise the
transcriptomics tracks in the browser (together with log2-transformed data tracks). Raw
and processed probe intensities for all samples have been deposited in NCBI’s Gene
Expression Omnibus (Barrett et al., 2011) and are accessible through GEO Series

accession number GSE39568.
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We define a transcriptionally active region (TAR) as any stretch of consecutive
positive probes in a particular sample. To compare TARSs between samples, we
constructed a set of ‘superTARS’ that represent maximal continuous regions in which
transcription occurs in any one or more samples. Interestingly, we identified 37,941
superTARs (covering 5.4 Mb), not overlapping annotated genes, suggesting that these

TARs represent either unannotated exons of known genes or novel transcripts.

GENE ONTOLOGY AND INTERPRO DOMAIN ANNOTATION

We used Blast2GO (Gotz et al., 2008) to annotate all predicted gene model
protein sequences with gene ontology (GO) terms and protein names using the non-
redundant protein sequences (nr) database at an E-value cut-off of 1 x 10-3 and default
weighting parameters in the GO term annotation step (see Blast2GO documentation for
further details). This gave us a set of 9,667 gene models with GO annotations. We also
used Blast2GO to annotate each protein with InterPro (Hunter et al., 2012) domains using
InterProScan. The resulting GO terms and InterPro domains associated with each gene
model provide researchers with valuable information on the putative functions of these
Oikopleura proteins and allow further analyses of overrepresented GO terms on genes of
interest. To facilitate the investigation of individual genes, we provide users of the
browser with GO and InterPro domain identifiers and name codes associated with each
gene (Figure 2.2). Furthermore, we provide links for each to the relevant entry in the
GO/InterPro databases. The full sets of GO annotations and InterPro domain annotations

are also available for download at OikoBase using the Downloads link.
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DEVELOPMENTAL TRANSCRIPTOME OF O. DIOICA

To assemble a complete developmental transcriptome for O. dioica, we
subdivided organismal development into 12 segments. We began with unfertilized
oocytes (‘Oocyte’) that are arrested in Metaphase | of meiosis. Oocytes were collected
from females that were allowed to spawn naturally by rupture of the gonad wall. The next
stage consisted of two to eight cell embryos that encompass the maternal to zygotic
transition in the transcriptional regulatory control of development. This was followed by
a sample at 1 h pf, a stage at which blastomere fates for most tissue types have already
been determined (Stach, Winter, Bouquet, Chourrout, & Schnabel, 2008). Continued
rapid cell proliferation within determined blastomere lineages was captured by the
‘tailbud’ and ‘hatched’ stages, the latter stage occurring when the animal emerges from
the protective chorion. The “early tadpole’ stage is a period of very active organogenesis.
The “tailshift’ stage represents the completion of metamorphosis and initiation of filter-
feeding. This was then followed by samples isolated from stages in which the bulk of
animal somatic growth occurs (‘Dayl’, ‘Day2’ and ‘Day3’). From the fourth day of
development onwards, nutritional resources are increasingly allocated to growth and
differentiation of the male and female reproductive organs (‘Day4’ and ‘Day5’). To
specifically interrogate development of the reproductive organs, we collected samples
derived from dissected and isolated testes or ovaries of Day5.5 animals, as well as a
complementary animal sample consisting of Day5.5 animals with their gonads removed
(‘trunk’). Importantly, we observed that culturing O. dioica at higher animal density

(‘restrictive conditions’) causes it to cease development and somatic growth just prior to
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germline differentiation at Day3 (Ganot, Kallesge, & Thompson, 2007). Therefore, we
included three time points covering the entry into this developmental arrest (‘Day2
dense’, ‘Day3 dense’ and ‘Day4 dense’). Material derived from these 18 samples was
processed and hybridized to tiling arrays.

We used our processed tiling array data to calculate gene expression levels, at
each stage, for each Oikopleura gene model covered by our array (see the ‘“Methods’
section of OikoBase for details and gPCR validation) and include a matrix of these values
in OikoBase. This gives researchers access to the developmental expression profiles of
genes of interest as well as their expression during developmental stasis and in the male
and female gonads and the trunk of adult animals. These data are provided in a format
that facilitates genome-wide analyses.

In total, out of the 16,749 annotated genes that are covered by our tiling array, we
find that 13,081 are expressed at some point during O. dioica development. The
remaining 3,668 genes (1,161 of which have zero positive probes; the others have <50%
positive CDS probes in any stage) could represent silent pseudogenes, genes expressed
during very short time points not represented by our time course or genes having
environment-specific roles such as during stress responses. Gene expression traffic is
very dense in O. dioica, and an example of the complex interlaced developmental
transcriptome profile of a short 12-kb region of the genome is shown in Figure 2.1. Note
that the tiling array data are of sufficient resolution to identify a distal novel 5-exon of
the right-most gene in this interval (see legend of Figure 2.1 for details). The array data

also accurately portray gene expression profiles associated with developmental life
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history characteristics of the animal. For example, secretion of the first O. dioica pre-
house rudiment is detected in the tailshift stage and inflation of this rudiment into a
functional house coincides with the beginning of active filter-feeding. Tissue-specifically,
the houses are produced from a specialized oikoplastic epithelium (Ganot & Thompson,
2002; Spada et al., 2001; Thompson, Kallesge, & Spada, 2001) covering the trunk of the
animal. Culturing O. dioica at higher animal density and reduced relative food
availability causes animal growth and development to cease at the Day3 stage. Despite
this, animals continue feeding and replace their house regularly upon house degeneration
and filter clogging, demonstrating continued house production even in the absence of
apparent animal and cellular growth (Day2 dense to Day4 dense). The full expression
profile of a structural component of the house, oikosin 19 (Hosp, Sagane, Danks, &
Thompson, 2012) faithfully recapitulates all of these features (Supplementary Figure

2.51).

DATA MINING OF THE OIKOPLEURA GENOME

NAVIGATING OIKOBASE

The OikoBase tiling array-based genome browser contains various functions to
query the O. dioica genome and the high-resolution developmental transcriptome.
Entering the GBrowse link on the Facepage allows queries based on genomic coordinates
or annotated gene model, gene transcript or protein identifiers (GSOIDG, GSOIDT and
GSOIDP codes, respectively). For each region of interest, unique gene identifiers, CDS,
transcript and GC-content can be visualized. Processed transcriptomics tracks for any, up

to all, of the 18 samples can be activated and customized in linear or log2 scales. Please
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note that log2-transformed data appear ‘smoothened” and less choppy, which may be
preferable for some users who wish to view larger scale dynamic expression changes.
Selecting the untransformed data files should be preferable for viewers who wish to
identify more subtle changes in gene expression.

In order to create an annotation database that allows for mining of gene and
protein information, we have built a pipeline that facilitates identification of both GO
terms as well as InterPro terms on a gene-by-gene basis. Figure 2.2 illustrates these
features in a composite genome browser shot of a 50-kb segment of scaffold one,
containing several gene models. The operating mode for this pipeline is described in the
Figure 2.2 legend. Options to directly download transcript (GSOIDT code) and protein
(GSOIDP code) sequences of interest are also provided, in addition to links that access
GO and InterPro domain information. These features should prove very useful in rapidly
obtaining additional information for genes expressed in developmental patterns of interest

identified in the transcriptomics portion of the OikoBase browser.

BLAST PIPELINE

We have incorporated a BLAST pipeline that allows researchers to find
relevant Oikopleura homologs to their genes of interest from other organisms. Entering
via the BLAST option on the OikoBase Facepage, the complete O. dioica reference
genome as well as ESTs and gene model-based transcript and proteome resources can be
directly queried. An example of this workflow using the human cytoplasmic actin protein
sequence as a query is developed in Figure 2.3. This function permits rapid assessment of

expression profiles of putative homologs and additional annotation as well as


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3531137/figure/gks1159-F3/
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corresponding nucleotide and protein sequences can be retrieved (Figure 2.2) for any
desired subsequent analyses. Finally, following the Gene Expression Matrix (GEM) link
on the Facepage, it is possible to access the entire set of processed expression values for
each annotated gene model across developmental time in an HTML-sortable table.
Selecting a desired gene model identifier (GSOIDG code) allows retrieval of the

developmental expression profile of that gene model.

CONCLUSIONS AND PERSPECTIVES

Here we have presented a tiling array-based genome browser resource for the
research community, which provides unbiased whole-genome transcription data across
the key events in development of the urochordate O. dioica, as well as providing
somatic-, testes- and ovary-specific transcriptional outputs. In addition to the
comprehensive chronological resolution of the developmental transcriptome profile, the
spatial resolution of the data is such that the small (47-bp peak size) introns that
predominate in the compact O. dioica genome are reliably detected. These data are useful
in improving the gene model annotation of the Oikopleura genome and in identifying
transcribed unannotated DNA, which likely represent new transcript isoforms of known
genes as well as uncharacterized novel genes. The rapid evolution of O. dioica has
included lineage-specific expansion of gene families including central developmental
genes (Denoeud et al., 2010). The analysis of retention and diversification of expression
patterns among paralogs should therefore provide insights into mechanisms of sub- and
neofunctionalization. For example, a preliminary transcriptomics analysis shows that

genes containing the most overrepresented domains (Chavali, Morais, Gough, & Babu,


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3531137/figure/gks1159-F2/
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2011) have highly clustered expression profiles, correlating well with the scaffolding of
specific house substructures, a process that requires coordination of cell growth and
positioning in addition to tuning of metabolic output within cell fields and between cell
fields. The generation of multiple gene paralogs would allow for modulation of cell-
specific functional output, as has previously been shown for paralogs of the house
structural components, ‘oikosins’ (Hosp et al., 2012; Spada et al., 2001; Thompson et al.,
2001). Numerous regulators of mitotic cell division have also been amplified in O. dioica
(Campsteijn et al., 2012), and our data indicate that expression of these paralogs is
frequently anti-correlated, with novel variants expressed in non-mitotic tissues, such as
endocycling cells and differentiating testes. Therefore, combining the developmental
transcriptomics with DNA sequence divergence of these paralogs could yield novel
insights into the evolutionary constraints on mitotic determinants as well as the genetic
adaptations required to accommaodate variant cell cycles.

Complementing the existing Genoscope Oikopleura database, OikoBase how
provides transcriptomics data across the animal’s entire life cycle. OikoBase also
annotates Genoscope gene models with predicted functions including GO terms, InterPro
domains and informative gene names, giving researchers readily accessible, biologically
relevant data on these genes through a browser interface. We have also implemented a
BLAST function that allows researchers to search for homologs of their gene of interest.
As a systemic library of temporal and spatial O. dioica in situ images becomes available
to significantly complement the temporal transcriptome profiles, such a library will also

be incorporated into OikoBase. Genoscope provides sequence resources for a large and
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expanding number of species, whereas OikoBase is a more dedicated and focused
database that will remain an active and improving urochordate resource. Studies are
underway to provide more detailed analysis of developmental programs and we plan to
layer into the OikoBase resource further transcriptomics interrogations of animal
responses to environmental stressors (both tiling array and RNA-seq data),
developmental CAGE data for accurate annotation of transcription start sites, and global
analysis of histone modifications (regulating chromatin structure and transcriptional

states in specific developmental contexts) through ChIP-chip and ChiIP-seq.

IMPLEMENTATION

Geneic Model Organism Database (GMOD; http://www.gmod.org) tools, MySQL

version 5.1.47 (x86_64), and GBrowse 2.07 were implemented to create the OikoBase
genome browser. Perl scripts were used to manage and load the appropriate databases.
All transcriptome array data were converted to the Genetic Feature Format Version 3
(GFF3). We also installed a BLAST feature accessible from the Facepage to query
sequences against the Oikopleura genome. The Facepage was created using JavaScript,

Jquery, CSS and HTMLY5 scripts.
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EPILOGUE

This chapter was published in Nucleic Acids Res, volume 41(Database issue),
page number D845-853, 2013. Gemma Danks is the first author in this manuscript and |
am the third author. I have cited the web resource and manuscript as Gemma. Danks and
Parida (2013) and G. Danks et al. (2013) in this chapter respectively. | cited the web
resource independently of the manuscript due to my significant contribution in designing,
building and maintaining it.

OikoBase is a unique web resource that offers researchers an effortless and
convinient access to the genome-wide developmental profile of O. dioica’s life cycle.
Before OikoBase there was no comprehensive and powerful knowledgebase on O. dioica
that integrated various omics data in one resource such as transcript and protein
sequences, ESTs (ESTs are fragments of mRNA characterizing expressed regions of a
genome that are used in gene identification and validating predicted gene models
(Parkinson & Blaxter, 2009)), gene expression data for 18,020 predicted genes across 18
developmental time points, and homology search against O. dioica assemblies using the
BLAST feature.

My role in this project involved the following tasks:
e Creating and designing the web pages such as the About, Tutorial, People,

GBrowse, BLAST, Methods, GEM, Downloads, Related Links and Updates, and

their associated links.
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e Formatting the GBrowse page to display gene expression track for each stage.

e Uploaded the tiling array expression data for all 18 time points using custom Perl
scripts to the background database.

e Adding a bubble feature on each transcript in the GBrowse page to easily access
their associated information such as Gene ontology (GO) terms, InterPro terms,
and transcript and peptide sequences.

e Adding a button feature to each column header in the GEM page using jQuery
JavaScript library that allows sorting of the entire GEM page in an ascending or
descending order.

e Installing and linking the BLAST feature to the BLAST page and creating a
dropdown menu that allows users to choose an assembly of sequences such as O.
dioica complete assembly, ESTs, peptide, and transcript reference assembly, to
search for similar sequences based on their query sequence or homologs in O.
dioica.

e Linking the BLAST output homologs to the Gbrowse page using custom PHP,
Python and sed scripts.

e Creating a Downloads page for downloading raw data files such as the whole
genome FASTA sequences, published article, GEM dataset, all the GO and
InterPro terms associated with each O. dioica transcript, and the O. dioica gene,
transcript, peptide, and EST sequences.

My contributions on the interface design and database develpoment of OikoBase has

made it a user friendly resource for biologists. This web resource will continue to serve as



an indispensable tool for advancing research in chordate evolution and genomics, and

molecular ecology of this crucial model organism.
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Figure 2.1 Complex developmental gene expression traffic in the compact O. dioica genome as visualized in the OikoBase
genome browser. In addition to the normal browser output, the developmental stages are indicated in larger font in red type for
clarity. Flanking the browser expression data, vertical timelines are included to illustrate key cell cycle (grey-scale, left-hand side) and
organismal (blue-scale, right-hand side) processes and transitions covered by our transcriptomics analysis. The illustrated region
includes testes-specific gene models (GSOIDG00004881001 and GSOIDG00004882001, green shading) that are also more weakly
expressed in Day5 animals, a sub-portion of which contain testes at an earlier developmental stage. Immediately to the left of these is
a ubiquitously expressed gene model (GSOIDG00004880001, purple shading). Notably, gene models GSOIDG00004883001 and
GSOIDG00004885001 (pink shading) are expressed predominantly from tailbud to Day3, and RACE analysis indicated that they are
part of the same gene (unpublished data; the red ‘I’ indicates their connectedness), expressed from a promoter left of
GSOIDG00004883001. However, the short 5'-exon (GSOIDG00004883001) is not expressed in the ovary at which point
GSOIDG00004885001 expression is driven by an internal bidirectional promoter also driving GSOIDG0004884001 (yellow shading),
as confirmed by RACE and gRT-PCR analysis (unpublished data). This high diversity of developmentally regulated expression
occurs in a region measuring <15 kb and indicates that our transcriptome analysis at high temporal and spatial resolution can improve
gene model annotation. The Y-axis scale is exponential (log2).

Source: Danks, G., Campsteijn, C., Parida, M., Butcher, S., Doddapaneni, H., Fu, B., .. . Manak, J. R. (2013). OikoBase: a genomics
and developmental transcriptomics resource for the urochordate Oikopleura dioica. Nucleic Acids Res, 41(Database issue), D845-853.
doi:10.1093/nar/gks1159
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Figure 2.2. Data mining in OikoBase. (A) Browser window of a 50-kb segment of scaffold 1 showing several genes, with the
tailshift expression track selected as an example of a time point. (B) By placing the pointer over a gene model (1) (here, the sixth gene
from the left) a balloon appears that specifies the gene name, gata-3 (assigned by Blast2GO) and its genomic coordinates (2). (C) By
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is redirected to the relevant GO or InterPro terms associated with this gene which catalogue information regarding biological
processes, molecular functions and cellular components as well as evolutionarily conserved protein domains. Options to directly
download nucleotide (TRANSCRIPT SEQ) and protein (PEPTIDE SEQ) are also provided in this balloon.

Source: Danks, G., Campsteijn, C., Parida, M., Butcher, S., Doddapaneni, H., Fu, B., .. . Manak, J. R. (2013). OikoBase: a genomics
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Figure 2.3. Obtaining developmental expression profiles for O. dioica homologs of genes-of-interest from other organisms. To
provide an example of how to use this pipeline, the human cytoplasmic actin protein has been selected as the query sequence. First,
the ‘Programs available for the BLAST search’ page (1) is accessed by clicking the Facepage BLAST link. The desired Program
should then be matched up with the appropriate Database using the dropdown menus (2). Note that selecting ‘blastp’ (as in this
example) or ‘blastx’ will automatically pair these programs with the ‘O. dioica peptides reference’ database. After executing the
search (3), the desired putative O. dioica homologs are displayed on the BLAST search results page where unique GSOID identifiers
and corresponding gene names are provided (4). By clicking on the desired live link GSOIDP identifier the user is taken to the
location of the putative homolog (5). Subsequently, any desired additional annotation or transcript tracks can be activated in the
browser. Here, the expression of an O. dioica cytoplasmic actin homolog is shown at the tailshift stage with the view zoomed to 2 kb.

Source: Danks, G., Campsteijn, C., Parida, M., Butcher, S., Doddapaneni, H., Fu, B., . . . Manak, J. R. (2013). OikoBase: a genomics
and developmental transcriptomics resource for the urochordate Oikopleura dioica. Nucleic Acids Res, 41(Database issue), D845-853.
doi:10.1093/nar/gks1159
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filter-feeding house. Oikosin 19 contains both EGF and lectin domains and the encoding gene (GSOIDG0008238001; gene model on

the right, shaded in pink [1]) is expressed from a specialized oikoplastic epithelium located on the somatic trunk, from tailshift

onwards, a time period during which the animal actively filter feeds. The gene is not expressed in the sexual organs but is expressed
during developmental stasis conditions (day2-4 dense) when houses continue to be produced.

Source: Danks, G., Campsteijn, C., Parida, M., Butcher, S., Doddapaneni, H., Fu, B., . . . Manak, J. R. (2013). OikoBase: a genomics
and developmental transcriptomics resource for the urochordate Oikopleura dioica. Nucleic Acids Res, 41(Database issue), D845-853.

doi:10.1093/nar/gks1159
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CHAPTER 3. A GENE IMPLICATED IN ACTIVATION OF RETINOIC ACID

RECEPTOR TARGETS IS A NOVEL RENAL AGENESIS GENE IN HUMANS.?

ABSTRACT

Renal agenesis (RA) is one of the more extreme examples of congenital
anomalies of the kidney and urinary tract (CAKUT). Bilateral renal agenesis is almost
invariably fatal at birth, and unilateral renal agenesis can lead to future health issues
including endstage renal disease. Genetic investigations have identified several gene
variants that cause RA, including EYA1, LHX1, and WT1. However, whereas compound
null mutations of genes encoding a and g retinoic acid receptors (RARs) cause RA in
mice, to date there have been no reports of variants in RAR genes causing RA in humans.
In this study, we carried out whole exome sequence analysis of two families showing
inheritance of an RA phenotype, and in both identified a single candidate gene, GREBI1L.
Analysis of a zebrafish greb1l loss-of-function mutant revealed defects in the pronephric
kidney just prior to death, and FO CRISPR/Cas9 mutagenesis of Grebll in the mouse
revealed kidney agenesis phenotypes, implicating Grebll in this disorder. GREB1L
resides in a chromatin complex with RAR members, and our data implicate GREB1L as a
coactivator for RARs. This study is the first to associate a component of the RAR

pathway with renal agenesis in humans.

3 This chapter has been published in Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X, . .. Manak, J. R.
(2017). A Gene Implicated in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics,
207(1), 215-228. doi:10.1534/genetics.117.1125
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INTRODUCTION

CONGENITAL anomalies of the kidney and urinary tract (CAKUT) are one of
the more common sets of birth defects noted in children and represent a significant cause
of morbidity and mortality (Sanna-Cherchi et al., 2009), including end-stage renal disease
(ESRD) (USRDS, 1999). Renal agenesis (RA) is defined as the complete absence of
renal tissue at birth, which can be separated into unilateral and bilateral renal agenesis
(Yalavarthy & Parikh, 2003), and represents the most severe form of CAKUT. While
unilateral renal agenesis (URA) can lead to proteinuria, hypertension, and early renal
failure, it is generally compatible with life (Schreuder et al., 2008). Bilateral Renal
Agenesis (BRA), in contrast, is almost invariably fatal at birth (Potter, 1946, 1965). It is
estimated that BRA occurs at a frequency of 1/3000-1/5000 births, while URA occurs
more frequently (up to 1/1000 births), although estimating the incidence is hampered by
underreporting (Norwood & Chevalier, 2003; Yalavarthy & Parikh, 2003). In humans,
genetic etiologies for RA were first identified 30 years ago, when it was shown that
relatives of a person with a nonsyndromic RA had an increased risk (from 4 to 9%) of
having RA themselves (Carter, Evans, & Pescia, 1979; Roodhooft, Birnholz, & Holmes,
1984). At least 70 different clinical conditions or syndromes exist where RA has been
identified as a component (Kerecuk, Schreuder, & Woolf, 2008; Sanna-Cherchi et al.,
2007), including: branchio-oto-renal (Brophy et al., 2013); hypoparathyroidism, deafness,
and renal dysplasia (Van Esch et al., 2000); Townes—Brocks (Kohlhase, Wischermann,
Reichenbach, Froster, & Engel, 1998); and Fraser (Vrontou et al., 2003) syndromes.

Additionally, variants identified in several genes (including EYAL, SIX1 and SIX2,
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FRAS1, GATA3, WNT4, RET, FGF20, UPK3A, and ITGA8) have been implicated in
human nonsyndromic RA (Barak et al., 2012; Humbert et al., 2014; Jenkins et al., 2005;
Sanna-Cherchi et al., 2007; Skinner, Safford, Reeves, Jackson, & Freemerman, 2008;
Toka, Toka, Hariri, & Nguyen, 2010).

In mice, variants in a variety of genes have been identified that cause RA, and
several of these genes are involved in regulating developmental processes such as nephric
duct formation (Pax2, Lim1) or ureter budding (GDNF, Ret, GFR alphal) (Uetani &
Bouchard, 2009). Additionally, a large number of the RA-associated genes are required
for the proper expression of GDNF and Ret/GFR alphal, including Eyal, Six2, Frasl,
Gata3, and Emx2 (Uetani & Bouchard, 2009). However, most of the genes identified in
monogenic mutant animal models have not yet been correlated with the equivalent human
disease. More recently, ESRRG (Estrogen Related Receptor Gamma), a gene encoding an
estrogen receptor-related nuclear hormone receptor, was implicated in RA based on
chromosomal breakpoint analysis in cases affected by RA (Harewood et al., 2010),
although targeted inactivation in mice only revealed agenesis of the renal papilla (Berry
et al., 2011). Additionally, glomerulonephritis was observed in mice lacking the estrogen
receptor alpha gene (Shim, Kis, Warner, & Gustafsson, 2004).

Various studies have shown that retinoic acid signaling plays a key role in kidney
development. Retinoic acid [which binds a nuclear receptor highly homologous to steroid
hormone receptors (Petkovich, Brand, Krust, & Chambon, 1987)], can expand the
pronephric region of the kidney in animal cap assays as well as promote expression of

many markers of the intermediate mesoderm and its derivatives in mouse embryonic stem
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cells (D. Kim & Dressler, 2005; Osafune, Nishinakamura, & Komazaki, 2002).
Moreover, retinoic acid can promote ureteric bud outgrowth in the developing
metanephros (Rosselot et al., 2010), which is thought to work by regulating Ret
expression in the bud (Batourina et al., 2005). Furthermore, studies in Xenopus and
zebrafish showed that several genes required for specification and development of the
pronephros (pax8, Ihx1, wtl, pteg) are under the control of retinoic acid signaling (Bollig
et al., 2009; Carroll & Vize, 1999; Cartry et al., 2006; S. J. Lee, Kim, Choi, & Han, 2010;
Perner, Englert, & Bollig, 2007), and compound null mutations of genes encoding a and
y retinoic acid receptors (RARSs) cause a renal agenesis phenotype (Mendelsohn et al.,
1994). Finally, a recent report showed that mutation of the Nuclear Receptor Interacting
Protein 1 (NRIP1) gene, encoding a transcriptional cofactor of retinoic acid receptors,
caused a range of CAKUT, including renal hypo/dysplasia and vesicoureteral reflux
(VUR) and/or ectopia (Vivante et al., 2017).

Here we describe identification of a novel renal agenesis locus, GREB1L, through
exome sequence analysis of cases chosen from two independent RA pedigrees, and show
that (1) zebrafish greb1l is required for proper specification of the pronephros and (2) FO
CRISPR mouse Grebll mutants present with kidney agenesis phenotypes, confirming a
role for GREBLL in this disorder. GREB1L was initially identified as a paralog of
GREBL1, and GREBL1 expression was upregulated upon estrogen treatment of a human
breast carcinoma cell line and shown to be highly correlated with both estrogen receptor
(ER) and androgen receptor (AR) expression in breast/prostate cancer cell lines and

primary tumors (Ghosh, Thompson, & Weigel, 2000; Mohammed et al., 2013; Rae et al.,
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2005). Notably, GREB1 (which acts as a coactivator of the ER) resides in a chromatin
complex with both GREB1L and Retinoic Acid Receptor components. GREB1L, on the
other hand, is upregulated in a well-established cell line model of retinoic acid signaling
(Laursen, Wong, & Gudas, 2012), and mutation of retinoic acid targets expressed in the
developing pronephros are associated with RA in mice or humans (Bouchard, Souabni,
Mandler, Neubuser, & Busslinger, 2002; Brophy, Ostrom, Lang, & Dressler, 2001;
Kreidberg et al., 1993; Meeus et al., 2004; Shawlot & Behringer, 1995; M. Torres,
Gomez-Pardo, Dressler, & Gruss, 1995; Trueba et al., 2005). Taken together, these data
strongly implicate GREBLL as a coactivator for RARs that, when reduced in dose, causes

kidney agenesis phenotypes.

MATERIALS AND METHODS

CASE ASCERTAINMENT, IOWA

The lowa case ascertainment has been carried out on joint projects and replication
efforts throughout the world. In 2005, the Brophy laboratory established an Internal
Review Board (IRB) approved website for collecting RA samples (IRB # 200711705)
(www.kidneygenes.com). Participants and their physicians are made aware of this study
through our website, the National Center for Biotechnology Information (NCBI) web
resource www.genetests.com, and our work with the National Potter’s Syndrome Support
Group. From our website, the participant or their physician downloads appropriate
consent forms and other paperwork. This has resulted in a worldwide data and sample
collection including in-depth phenotypic, clinical, and genetic material. Dr. Michael

Schneider while at the University of Southern Illinois originally brought the proband of
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the family included in this study to our attention. Adult family members voluntarily filled
out a health questionnaire that collected their personal health history as well as that of
their extended family history in an anonymous manner. Through this method, additional
potentially affected family members and their immediate relatives were identified.
Members who were enrolled were asked, at their own discretion, to reach out to
additional family members to inquire about participating. Members who were willing to

participate contacted us and were enrolled through their local medical provider.

CASE ASCERTAINMENT, DENMARK

The Danish cases were ascertained as part of a project on prenatally diagnosed
kidney anomalies. Data on pre- and postnatal findings in the families were collected as
well as DNA. The second affected fetus from family 2 was analyzed by our in-house-
designed kidney-gene-targeted panel including 108 genes associated with kidney disease.
This analysis did not reveal any disease-causing variants. The family was therefore

selected for novel kidney-gene discovery using whole exome sequencing.

CASE PHENOTYPES AND SAMPLES, IOWA

Kidney ultrasound, MRI, and intravenous pyelogram examination revealed URA
as well as hypertrophy of the left kidney for 11-5, and URA for 11-7 (Figure 3.1A).
Additionally, kidney ultrasound revealed URA for I11-3 and I11-4. In utero kidney
ultrasound revealed BRA for one family member (111-6), and in utero kidney ultrasound
as well as MRI revealed BRA for another (111-8). BRA was suspected in two family

members (I1-1, 11-6) but not confirmed. Four confirmed affected family members with
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either URA or BRA (11-5, 11-7, 111-4, 111-8) were selected for whole exome sequencing.
The Institutional Review Board of the Carver College of Medicine, University of lowa,
approved this study, and all participants provided written consent in addition to DNA
samples after being properly counseled regarding the potential of incidental findings from

whole exome sequencing.

CASE PHENOTYPES AND SAMPLES, DENMARK

Two pregnancies with affected fetuses presenting with BRA (indicated in Figure
3.1B) were terminated following parental request and approval by the regional abortion
committee. Following the second termination, the parents had a renal ultrasound, which
showed left-sided URA in the mother. The father had normal kidneys. Subsequently, the
mother’s parents and brother had renal ultrasound examinations, which showed normal
kidneys. Prenatal ultrasound examinations of the three live-born healthy brothers were
unremarkable. The second affected fetus, the affected mother, and the unaffected father
as well as the unaffected maternal grandparents were selected for exome sequencing
analysis. Blood samples were obtained from the adult family members. Subsequently,
buccal smear samples were obtained from the live-born brothers.

The Danish National Committee of Ethics approved the whole exome sequencing
study, and written informed consent was obtained for all four adult family members
included in the study after being properly counseled regarding the potential of incidental

findings from whole exome sequencing.
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EXOME SEQUENCING ANALYSIS, IOWA

Genomic DNA was obtained from either lymphocytes isolated from whole blood
samples or from tissue samples obtained during autopsy using standard laboratory
methods. The genomic DNA samples from four affected individuals (11-5, 11-7, 111-4, 111-
8; Figure 3.1A) were prepared for WES (whole exome sequencing) using the Illumina
paired-end sample prep kit (Illumina, San Diego, CA) and captured using the Nimblegen
SeqCap EZ Human Exome Library v2.0 kit (Roche NimbleGen Inc, Madison, WI)
following the manufacturer’s instructions. Captured samples were sequenced using
Illumina HiSeq100-bp paired-end sequencing (Duke Center for Genomic and
Computational Biology, Ontario Institute for Cancer Research). Next, quality control was
performed using FastQC software (Andrews, 2011). Reads with average quality scores
<20 were trimmed using the Burrows Wheeler Aligner (BWA) (H. Li & Durbin, 2009)
and reads <35 bp were not used for the downstream analysis. Reads were mapped to the
human reference genome (version-glk_v37) using BWA. Mapping statistics of the
aligned reads and coverage of exome target regions were analyzed using Qualimap
software (http://qualimap.bioinfo.cipf.es/) (Garcia-Alcalde et al., 2012) and BEDtools
(Quinlan & Hall, 2010) (Table 3.1).

Local realignment and base quality score recalibration was performed using
Genome Analysis Toolkit (GATK) (http://www.broadinstitute.org/gatk/) (McKenna et
al., 2010), and fixing mate information and marking duplicates was performed using
Picard tools (http://picard.sourceforge.net). Finally, Unified Genotyper was used to call

genetic variants in standard Variant Call Format. Variants were annotated using SnpEff
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(Cingolani et al., 2012) software, the University of California, Santa Cruz, human
reference genome assembly hg19, and dbSNP 137 (Sherry et al., 2001). Additionally,
minor allele frequencies (MAF) for all variants were generated using two databases, the
1000 Genomes Project and the National Heart Lung Blood Institute Exome Sequencing
Project (NHLBI-ESP) using the WANNOVAR web server (http://wannovar.usc.edu/)
(Chang & Wang, 2012). We then applied GATK’s best practices of variant quality and
coverage thresholds to account for false positive variant calls. A genotype filter was
applied to exclude variants with diverse genotypes across all samples. Assuming that
variants involved in causing Mendelian disorders would be rare in nature, we excluded
variants that had an MAF >1% in 1000 Genomes and NHLBI-ESP. Moreover, we also
excluded those variants that had an MAF tag of >5% in their dbSNP 137 annotations.
Lastly, we checked the effects of amino acid substitution on protein structure
using the database of human nonsynonymous SNPs and function predictions (dbNSFP
v2.0) (https://sites.google.com/site/jpopgen/dbNSFP) (X. Liu, Jian, & Boerwinkle, 2013).
We focused our analysis on both Polymorphism Phenotyping version 2 (PolyPhen-2)
(http://genetics.bwh.harvard.edu/pph2/) and Separating Intolerant from Tolerant (SIFT)
(http://sift.jcvi.org/). The CONsensus DELeteriousness (CONDEL) program was then
used to generate the weighted average of the normalized scores from PolyPhen-2 and
SIFT (http://bg.upf.edu/fannsdb/) (Gonzalez-Pérez & Ldpez-Bigas, 2011). The
deleterious variants based on CONDEL predictions were retained in our final list for
downstream analysis. Directed Sanger sequencing (carried out by the lowa Institute of

Human Genetics, Genomics Division, University of lowa Carver College of Medicine)
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along with a TagMan Allelic Discrimination Assay (Applied Biosystems) was then used
to determine which of these variants showed the predicted segregation pattern for an

etiologic variant.

EXOME SEQUENCING ANALYSIS, DENMARK

Genomic DNA was extracted from cultured fetal fibroblasts, formalin-fixed
paraffin-embedded fetal tissue, whole blood samples, and buccal smear samples using
standard laboratory methods. DNA from two affected and three unaffected family
members (Figure 3.1B) was prepared for WES using the KAPA HTP Library Preparation
Kit (KAPA Biosystems Inc, Wilmington, MA) and captured using the SeqCap EZ
MedExome Kit (Roche NimbleGen Inc, Madison, WI) according to the manufacturer’s
instructions. Next, Illumina NextSequation 500 sequencing was used to generate paired-
end reads (carried out by the Department of Molecular Medicine, Aarhus University
Hospital, Denmark).

Reads were aligned to the human reference genome (GRCh37/hg19) and variants
were called and annotated in coding exons £ 10 bp using Biomedical Genomics
Workbench version 2.0 (CLC bio-Qiagen, Aarhus, Denmark). Standard settings on
QIAGEN’s Ingenuity Variant Analysis (www.qiagen.com/ingenuity) software were used
for data analysis. False positive variant calls were removed based on default coverage and
quality thresholds. Variants with an MAF >0.1% in the 1000 Genomes Project, the
National Heart Lung Blood Institute Exome Sequencing Project (NHLBI-ESP), the
Allele Frequency Community, and the Exome Aggregation Consortium (ExAC) were

excluded. Variants predicted deleterious and listed in the Human Gene Mutation
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Database were retained. A filter was applied to retain variants present in heterozygous
form in the affected mother and the second affected fetus. Finally, a filter was applied to
retrain variants present in heterozygous form only in the affected family members but not
present in unaffected family members. The variants were confirmed by direct sequencing
using BigDye Terminator v1.1 Cycle Sequencing Kit according to the description of the
manufacturer (Applied Biosystems, Life Technology) and analyzed using ABI 3500x|
Genetic Analyzer (Applied Biosystems, Foster City, CA). Additionally, Sanger
sequencing tested in the female fetus and in the live-born brothers the presence of the

variant. Primer sequences and PCR details are available upon request.

ZEBRAFISH ANALYSES

UNIVERSITY OF IOWA:

Zebrafish embryos and adults were reared as described previously (Westerfield &
Zfin, 2000), in the University of lowa Zebrafish Facility, which is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care International,
following procedures approved by the University of lowa’s Institutional Animal Care and
Use Committee (IACUC). Embryos were staged by hours or days post fertilization (hpf
or dpf) at 28.5° (Kimmel, Ballard, Kimmel, Ullmann, & Schilling, 1995). Homozygous
grebll mutant embryos were generated from heterozygous adults of the sa1260 allele
obtained from the Zebrafish International Resource Center, Eugene, OR.

To inhibit grebl1 expression we ordered an antisense morpholino oligonucleotide
(MO) targeting the exon 3—intron 3 junction (sequence: 5'-

TATTGGAACACCAACCTAAAAGTGC-3") (Gene Tools, Philomath, OR). To test
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efficacy of the MO, we harvested RNA (separately) from embryos injected with the
control MO or with the greb1l MO, generated first-strand complementary DNA (cDNA),
and carried out PCR with primers flanking the splice junction on both cDNA templates.
The band of expected size was found in both templates, but in the greb1l MO template an
additional larger band was present. Sequence from both products confirmed the smaller
band corresponded to correctly spliced RNA and the larger band to RNA in which the
third intron was unspliced. To mutate the grebl1 gene with CRISPR/Cas9 we used the
website https://chopchop.rc.fas.harvard.edu/index.php to identify a high-scoring guide
RNA target site. An oligo specific to exon 17 of the zebrafish grebll gene was selected.
The target site (GGTCCACACAAAAATGG) was synthesized (Integrated DNA
Technologies; IDT) with the T7 promoter sequence on the 5’ end and a 20-bp overlap at
the 3’ end complementary to the generic Cas9-binding scaffold oligo. The guide sequence
oligo was then annealed to the generic 119-bp Cas9-binding scaffold oligo as described
in the cloning-free method of generating single-stranded guide RNA (sgRNA) (Talbot &
Amacher, 2014). Once annealed, this product provides a DNA template complete with T7
promoter for in vitro synthesis of a SgRNA. We co-injected 1- to 2-cell-stage embryos
with sgRNA (200-400 pg per embryo) and/or Cas9 protein (IDT) at 2 ng.

For in situ hybridization, 592 bp of greb1l cDNA was amplified from 24 hpf
wild-type zebrafish first-strand cDNA using the following primers: forward, 5'-
GTCAAGCAGGAAAAGATCTGC-3'; reverse, 5S'-GGAACGATCGGTAATGTCTT-3".
The cDNA was engineered into the StrataClone vector (Agilent Technologies, Santa

Clara, CA) and a DIG-labeled, antisense RNA probe was generated by in vitro
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transcription (Roche Diagnostics, Indianapolis, IN). Whole-mount in situ hybridization
was carried out following procedures described previously (Thisse & Thisse, 2008). For
immunohistochemistry, a monoclonal anti-ATPase, [Na(+) K(+)] a-1 subunit antibody
(a6F, Developmental Studies Hybridoma Bank at the University of lowa), was used at a
1:100 dilution. Following primary antibody incubation for 48 hr, the embryos were
blocked and then incubated with an Alexa-488 conjugated goat-anti-mouse secondary
antibody for 48 hr.

MAYO CLINIC:

Zebrafish procedures were approved by the Mayo Clinic’s IACUC. Embryos
developed at 28.5° with 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich) added at 24 hpf to
prevent pigmentation for facilitating cyst visualization. Embryos were anesthetized using
0.02% tricaine (Aquatic Habitats) before observation by microscopy. Embryos were
examined for cysts at 2 and 3 dpf using a Zeiss Lumar stereo fluorescence microscope
and Zen software.

GENERATION OF CRISPR MUTAGENIZED FO EMBRYOS:

A guide sequence, GTTTATATGAGGCATGTTGA, targeting the orthologous
region in mouse to the L1793R mutation was synthesized as an Ultramer (IDT) with the
guide sequence embedded between the T7 promoter and portion of stem loop as
described in Bassett, Tibbit, Ponting, and Liu (2013). The resulting DNA template was
column purified (QIAGEN) prior to in vitro transcription reaction, column purified
(Zymogen), and quantified via Nanodrop before microinjection. A single-stranded donor

oligonucleotide (ssODN) was designed to introduce the desired T > G point mutation to
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create L1793R missense mutation and also included a silent C > T substitution to ablate
the PAM sequence. The ssODN was synthesized as a 125-bp Ultramer (IDT) with the
introduced base pair changes underlined:
ATCCTGCCCCTTCAGTACGTCTGCGCCCCTGACAGTGAACACACACTCCTGGC
AGCCCCTGCACAGTTCCTCCTGGAGAAGTTTCGTCAACATGCCTCATATAAAC
TCTTCCCTAAAGCCATCCA. One-cell embryos were obtained from superovulated
C57BL/6NJ (B6NJ; JAX stock number 5304) female donors crossed to B6NJ males. For
microinjection, reagents were injected into the pronucleus at the following
concentrations: 30 ng/ul Cas9 mRNA (Trilink); 15 ng/ul sgRNA; and 20 ng/ul ssODN.
Embryos were collected at E15.5 and processed for microCT as described in Dickinson et
al. (2016). PCR genotyping was performed on tail tip DNA using primers flanking the
region of interest: Greb1l-GT-F TGACAGGCACATCTCCCATG and Greb1l-GT-R
TCCAAGTCATCAAGGCAGGC that generate a 433-bp product. Individual genotypes
were first assessed using Sanger sequencing and subsequently confirmed by T/A cloning
and sequencing of at least eight independent clones of tail tip DNA for each putative

mutant.

DATA AVAILABILITY

Supplementary data such as Figure 3.S1, 3.52 and 3.S3, compares sequences
between human and zebrafish GREBL1L proteins, compares kidney phenotypes in
zebrafish for greb1l morpholino knockdown and CRISPR-Cas9 deletion and shows the
sequences of mutagenized alleles recovered from CRISPR FO mouse embryos. This study

was approved by the University of lowa under IRB#200711705 as well as by the Danish
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National Committee of Ethics. WES data is available in the Sequence Read Archive

database (accession number SRP112780).

RESULTS

EXOME SEQUENCE ANALYSIS OF TWO PEDIGREES REVEALS GREBIL AS
AN RA GENE

Four URA/BRA family members (11-5, 11-7, 111-4, 111-8) from pedigree 1, which
suggests autosomal dominant inheritance of the RA phenotype (Figure 3.1A), were
selected for WES analysis. Across the four samples, we achieved an average targeted
exome coverage of 172x with a mean mapping quality of 45.30 for calling high-quality
variants (Table 3.1). We focused on identifying variants shared by all four cases, and this
revealed heterozygosity for novel missense variants in three genes (LHX9 ¢.1127 C > T,
GYLTL1B c.442 T > A, GREBLL ¢.5378 T > G) as well as heterozygosity for a novel
stop-loss variant (CLEC9A ¢.724 T > C) in CLEC9A (no novel variants showed
homozygosity or compound heterozygosity shared by all four affected family members).
PolyPhen-2, SIFT, and CONDEL analyses predicted all three missense variants to be
damaging. Directed Sanger sequencing along with a TagMan Allelic Discrimination
Assay (Applied Biosystems) revealed that only the GREB1L variant showed the predicted
segregation pattern for an etiologic variant: six affected family members (11-5, 11-7, 111-3,
I11-4, 111-6, and 111-8) all harbored the variant, while seven unaffected family members (-
3, 1-5, 11-3, 11-4, 111-1, 111-2, 111-5) lacked the variant; female 11-2 was hypothesized to be
a carrier of the GREB1L variant exhibiting incomplete penetrance, and presence of the

variant was confirmed (Figure 3.1A). This missense variant, which was absent from the
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EXAC database, changes a conserved leucine to arginine in the highly conserved c-
terminus of the protein (see Figure 3.2 and Figure 3.S1).

Two URA/BRA affected (11-2, 111-2) and three unaffected family members (I-1, I-
2, 11-1) from pedigree 2 (Figure 3.1B) were selected for WES analysis. We achieved a
mean target region coverage of 119x and mapping quality of 61 for calling high-quality
variants (Table 3.S2). Ingenuity Variant Analysis revealed two variants that were present
only in affected family members, i.e., GREB1L ¢.5608 + 1delG and FAM21C ¢.1837G >
C. The FAM21C missense variant was predicted to be tolerated and benign by SIFT and
PolyPhen-2, respectively, with the base at that position being weakly conserved. The
GREBLL variant is novel and deletes one of two G residues located at the splice donor
site of the last intron (the transcribed wild-type RNA sequence reads AAAG at the 3’ end
of the exon followed by GUAA at the 5’ end of the intron). Both G residues represent
highly conserved nucleotides involved in splicing and therefore there are two potential
effects of a single G at the splice donor site: first, a novel splice site could be created,
shifted by 1 bp, resulting in the protein sequence as depicted in Figure 3.2 Iter the c-
terminus of the protein; and second, splicing efficiency could be diminished, causing
partial intronic read through of nonspliced messenger RNA prior to encountering a stop
codon during translation. Importantly, in either scenario, the highly conserved c-terminus
of the protein encoded by the last exon would be deleted.

Sanger sequencing identified the GREBLL variant in the other affected fetus as
well as the two eldest healthy live-born brothers. Additionally, based on the exome

sequencing data, no disease-associated copy number variants were identified.
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GREBI1L IS A HAPLOINSUFFICIENCY LOCUS

Large-scale microarray and sequencing studies have helped elucidate numerous
haploinsufficient or variation-intolerant regions within the genome (Petrovski, Wang,
Heinzen, Allen, & Goldstein, 2013; Ruderfer et al., 2016; Zarrei, MacDonald, Merico, &
Scherer, 2015), and interrogation of the Database of Genomic Variants (DGV;
http://dgv.tcag.ca) finds only two deletion events in control populations that involve
coding portions of GREB1L. This is very significant given that as of early 2017, the DGV
had identified over six million-sample level CNVs from control populations of over 70
studies. Further supporting this claim is the absence of any GREBLL coding deletion
CNVs within the DECIPHER database and only one within the ClinGen resource
(https://decipher.sanger.ac.uk/; https://www.clinicalgenome.org/). Finally, there are no
deletions involving GREB1L noted in the CNV calls from the EXAC database
(http://exac.broadinstitute.org/) and the gene itself is predicted to be haploinsufficient
(%H]1 9.33 reported by DECIPHER) (N. Huang, Lee, Marcotte, & Hurles, 2010). Given
that most of the copy number variable regions of the genome are pericentromeric, the
lack of such variation within the GREBLL gene is also significant due to its proximity to
the centromere of chromosome 18 (lafrate et al., 2004; Redon et al., 2006; Sebat et al.,
2004; Zarrei et al., 2015). Taken together, these data identify GREBLL as a likely

haploinsufficiency locus.

GREBLI1L IS EXPRESSED IN THE DEVELOPING KIDNEY

To determine whether GREBLL is expressed during genitourinary development,

we accessed gene expression microarray data cataloged in GUDMAP (Genitourinary
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Development Molecular Anatomy Project) (Harding, Armit, Armstrong, Brennan, Cheng,
Haggarty, Houghton, Lloyd-MacGilp, Pi, Roochun, Sharghi, Tindal, McMahon,
Gottesman, Little, Georgas, Aronow, Steven Potter, et al., 2011; McMahon et al., 2008).
These results revealed that GREBLL is expressed primarily in the early proximal tubule
as well as metanephric mesenchyme, and also in the ureteric bud (Georgas et al. 2009).
However, most kidney expression studies have been performed during morphogenesis of
the metanephric kidney, and thus information on factors associated with early pronephric
specification is lacking. Since early events in kidney development are strongly conserved
between zebrafish and mammals (Drummond, 2005; Drummond & Davidson, 2016a), we
thus turned to the zebrafish model to explore greb1l expression patterns and function

during development.

PRONEPHRIC KIDNEY DEVELOPMENT IS ALTERED IN ZEBRAFISH
GREBI1L LOSS-OF-FUNCTION MUTANTS AND GREBI1L-DEPLETED
EMBRYOS

The single ortholog of GREB1L in the zebrafish genome, greb1ll, is predicted to
encode a protein that is 61% identical and 73% similar to the human ortholog (Figure
3.S1). Whole-mount in situ hybridization on wild-type embryos at 90% epiboly (8.5 hpf)
and early somitogenesis stages (11.5 hpf) revealed expression of grebll in the mesoderm,
including the intermediate mesoderm, the origin of the pronephros (Figure 3.3, A and B).

An N-ethyl-N-nitrosourea (ENU)-induced T to A substitution in the grebl1 gene,
the sa1260 allele which introduces a stop codon at amino acid 1915 of the 1942 residue
full-length protein, was isolated by large-scale screening (Kettleborough et al., 2013).

Heterozygotes for the sa1260 allele are morphologically normal and are fertile.
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Homozygotes for this allele (hereafter, greb1l mutants) were readily recognized at 3 dpf
by periorbital edema and pericardial effusions, consistent with a defect in ion and fluid
homeostasis (16 embryos in a clutch of 109 embryos showed this phenotype and were all
found to be homozygous mutants by sequencing) (Figure 3.4B). At 2 dpf, the developing
kidney is readily discernible in normal living embryos. In most of the clutch, presumed to
be wild types or heterozygous mutants, the pronephric tubule appeared normal (Figure
3.4C). By contrast, in greb1l mutants, tubules were dilated and kinked (n = 16) (Figure
3.4D). At 3 dpf, dilation was more pronounced, and the majority of the mutants had
obvious cysts (15 of 16 mutants, Figure 3.4F). In embryos processed to reveal
immunoreactivity of anti-Na/K ATPase antibody (a6f), an early marker of pronephric
mesoderm, dilation of the proximal straight tubule in mutants in comparison to
nonmutant siblings was evident (Figure 3.5, A and B). In all wild types examined, there
was a characteristic hairpin turn between the proximal convoluted tubule and the neck
region of the pronephros (n = 12, shown at 6 dpf, Figure 3.5C). In all greb1l mutants
examined, this region of the pronephros is serpentine (n = 14, Figure 3.5D). greb1l
mutants died between 10 and 12 dpf.

Because the grebll sal1260 mutant allele came from a chemical mutagenesis
screen, it is conceivable that there are other mutations cosegregating with the greb1l
mutation. To confirm that the abnormal kidney phenotype in sa1l260 mutants results from
the mutation in grebl1l we reduced grebll expression by injecting wild-type embryos with
antisense MO targeting an early splice junction, or with control MO. We used RT-PCR

and sequencing to confirm the MO was effective at inhibiting splicing of grebll (see
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Materials and Methods). Additionally, we employed CRISPR technology by injecting
wild-type embryos with Cas9 protein and a guide RNA targeting an evolutionarily
conserved exon of grebll; this is expected to yield mosaic embryos in which a variable
frequency of cells experience a biallelic mutation in greb1l (Talbot & Amacher, 2014). In
both cases we fixed injected embryos at 4 dpf and processed them to reveal anti-Na/K
ATPase immunoreactivity. The large majority of embryos injected with greb1l MO
exhibited the abnormal morphology of the proximal kidney seen in sal260 mutants
(Figure 3.S2). Moreover, ~30% of FO embryos injected with greb1l gRNA with Cas9
protein exhibited the proximal kidney defects, suggesting mosaic, biallelic mutation of
grebll is sufficient to yield this phenotype; notably, the efficiency of phenotypic
penetrance in CRISPR/Cas9-injected FO embryos is comparable to that seen by other
groups targeting other genes (Jao, Wente, & Chen, 2013). The convergent phenotype of
grebll mutants, embryos injected with MO targeting grebll, and CRISPR/Cas9 reagents
targeting grebll strongly support a requirement for Grebll in kidney morphogenesis in
zebrafish and are consistent with a role for GREB1L in morphogenesis of the human

kidney.

FO CRISPR MOUSE GREBIL MUTANTS DISPLAY KIDNEY AGENESIS
PHENOTYPES

The single ortholog of mouse GREBLL, Greb1l, is predicted to encode a protein
that is 90% identical and 94% similar to the human ortholog. To test whether Greb1l
plays a similar role in a mammalian model, we generated FO mutant embryos in mice

using CRISPR/Cas9, targeting mouse exon 31 and an ssODN designed to introduce the
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orthologous L1793R lowa mutation (Figure 3.6A). Our FO approach has previously been
shown to faithfully recapitulate human disease phenotypes despite the mosaicism
intrinsic to the genome editing process, and that we can establish a clear and robust
genotype—phenotype relationship (Guimier et al., 2015). Our microinjections produced 56
FO embryos that were subsequently analyzed at E15.5. Of these, we identified 9 (16%)
embryos showing evidence of CRISPR/Cas9 mutagenesis with 3 (33%) phenotypically
affected mutants that displayed a range of gross phenotypes including exencephaly and
craniofacial dysmorphology including unilateral and bilateral cleft lip (Figure 3.6, B-D).
For the mutant embryos, we took advantage of our high-throughput microCT imaging
platform established for the Knockout Mouse Phenotyping Program (KOMP2)
(Dickinson et al., 2016) to examine developmental kidney defects. In two of the affected
embryos, we observed unilateral agenesis, and bilateral agenesis in the third (Figure 3.6,
E-G). Notably, in each case of unilateral agenesis, the contralateral kidney also appears
abnormal or incompletely developed. To determine the nature of the CRISPR-induced
mutations, we cloned and sequenced the mutations of all embryos showing evidence of
CRISPR activity and confirmed that all three embryos with RA phenotypes harbored
mutations in Greb1l. Two affected embryos carried knock-in alleles harboring the
L1793R mutation along with an accompanying in-frame deletion removing a conserved
glutamine residue adjacent to L1793 (Figure 3.S3). The other affected embryo was
homozygous for a 2-bp insertion resulting in a frameshift mutation and stop codon 33
amino acids downstream. The remaining six mutagenized embryos showed evidence of

nonhomologous end joining (NHEJ)-induced indels but also contained wild-type alleles
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suggesting only partial impairment of Greb1l function. In summary, these phenotypes are
consistent with an essential role for Greb1l in kidney development and suggest additional

roles for Greb1l during embryonic development.

DISCUSSION

GREB1L CODING VARIANTS ARE ASSOCIATED WITH RA IN TWO
FAMILIES

The lowa pedigree structure (Figure 3.1A) is consistent with autosomal dominant
inheritance of the RA phenotype, and the GREB1L missense variant was the only variant
to cosegregate with the phenotype in all cases tested (six) but none of the unaffected
family members tested (seven) except the female carrier (11-2, Figure 3.1A) exhibiting
incomplete penetrance. The odds of such a segregation pattern occurring by chance is 1
in over 16,000. The variant was called as damaging by SIFT/PolyPhen-2/CONDEL and
alters a conserved residue in a highly conserved domain in the c-terminus of the protein.

In the Danish family, both the GREB1L frameshift variant as well as a missense
variant of FAM21C had arisen de novo in the affected mother and was found in one
affected fetus. The FAM21C variant was predicted to be tolerated/benign, while the
GREBLIL variant causes a profound alteration of the c-terminus (notably, the same region
affected by the lowa variant). The GREBLL variant was also found in the second affected
fetus (and thus all three affected family members), along with two unaffected brothers.
Collectively, these data reveal that the GREBL1L variants identified in both the lowa and
Danish families are likely the etiologic variants causing the RA phenotype with

incomplete penetrance.
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GREBI1L EXPRESSION PATTERN SUPPORTS ITS ROLE IN KIDNEY
MORPHOGENESIS

Transcriptome analysis shows that GREBLL is expressed in a variety of tissues
(www.genecards.org), with particularly high expression in brain, kidney, and ovary
(GEO accession number GSM35549, profile GDS3052; Hildner et al. (2008)). GREB1L
is also robustly expressed in the early proximal tubule and metanephric mesenchyme of
the metanephric kidney, with lower expression levels seen in the ureteric bud (Georgas et
al., 2009). Since these expression studies were performed on the developing metanephric
kidney but not on earlier morphogenetic events, we performed in situ hybridization of
grebll in the developing zebrafish embryo and found it to be expressed in the portion of
the intermediate mesoderm that gives rise to the pronephros (Figure 3.3, A and B). Since
both GREB1L human variants (as well as the variants in zebrafish and mouse Grebll)
alter the c-terminus of the protein (Figure 3.2 and Figures 3.S1 and 3.S3), it is possible
that this region may be associated with a kidney-specific function and that its alteration
could produce a dominant effect. Both variants are located in one of the most highly
conserved domains of the protein when comparing the GREB1 and GREB1L paralogs, or
the GREBLL human and zebrafish orthologs (amino acid identity 61%). The lowa
missense variant alters a residue residing in a stretch of 24/27 (89%) conserved amino
acids across paralogs as well as between human and zebrafish GREB1L, while the Danish
frameshift variant deletes a region of 47/54 (87%) conserved amino acids across paralogs
and 50/54 (93%) across orthologs. However, given that premature stop codons produced
by both the Danish and mouse variants would probably lead to nonsense-mediated decay,

it is more likely that these variants are loss-of-function, which would effectively reduce
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GREBLL gene dosage to half. Consistent with this idea, we have found that GREBLL is
likely to be a haploinsufficiency gene. This might also explain the range of observed
phenotypes (two kidneys, URA, BRA) observed in the pedigrees, with the reduced gene
dosage effectively creating a “teeter-totter” scenario of stochastic developmental

decisions that either result in the morphogenesis of a mature kidney, or no kidney at all.

GREBI1L IS A LIKELY COFACTOR FOR STEROID HORMONE/RARS

Although UniProt predicts GREB1L to be a single-pass membrane protein due to
a predicted membrane-associated domain, we do not favor this hypothesis. Its paralog,
GREBL1 (54% identical and 67% similar to GREBL1L), was shown to be a nuclear
chromatin-bound ER coactivator that is (1) upregulated after estrogen treatment and (2)
essential for ER-mediated transcription (Mohammed et al., 2013; Rae et al., 2005).
Importantly, GREBLL and retinoic acid receptor members are part of the ER/GREB1
chromatin complex (Mohammed et al., 2013). Consistent with GREB1L playing a similar
coactivator role, but in concert with RARs, retinoic acid treatment of F9 embryonal
carcinoma stem cells (a well-established model for retinoic acid signaling) was shown to
robustly upregulate GREBLL (Laursen et al., 2012), which would then be predicted to
bind and activate RARSs. Intriguingly, RNAI knockdown of GREBL in cell lines was
shown to block estrogen-induced growth (Rae et al., 2005), produce a GO0/1 arrest with
increased G1 DNA content (Kittler et al., 2007), and decrease cell viability after
treatment with Paclitaxel (Sinnott et al., 2014; Whitehurst et al., 2007), suggesting that

GREB proteins might be playing a role in mediating cell growth.
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ZEBRAFISH GREBL1 IS REQUIRED FOR PROPER MORPHOGENESIS OF
THE PRONEPHROS

Whole-mount ISH of zebrafish embryos revealed widespread labeling of the
mesoderm during early somitogenesis, an area that includes the intermediate mesoderm
that gives rise to the pronephros and also expresses the pronephric markers wtla, wtlb,
pax2a, pax8, and lhx1a at similar stages of development (Bollig et al., 2006; Drummond
& Davidson, 2016a; Perner et al., 2007). It is worth noting that these genes are the
orthologs of the genes that pattern the mammalian pronephros (see below), demonstrating
the evolutionary conservation of pronephros specification and relevance of the zebrafish
model.

Zebrafish greb1l mutants had abnormal pronephric morphology and evidence of
altered function, including presence of cysts and dilated tubules evident by 2 dpf when
the pronephros begins filtering (Drummond et al., 1998). Later, the mutants developed
edema and disrupted proximal tubule convolution, phenotypes that could result
from/contribute to defects in fluid and ion transport (Vasilyev, Liu, Hellman, Pathak, &
Drummond, 2012; Vasilyev et al., 2009) thus contributing to death of the mutants. In
particular, loss of fluid flow leads to fluid accumulation and organ distension including
pronephric cysts and tubule dilation (Kramer-Zucker, Wiessner, Jensen, & Drummond,
2005). Since grebll zebrafish mutants die just prior to the time when the mesonephros
can be reliably detected (Diep et al., 2015), we were unable to assess development of the
mesonephros, the mature kidney of the zebrafish. Nonetheless, these data point toward a
role of greb1l in controlling early pronephros specification/morphogenesis and ultimately

function.
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FO CRISPR GREB1L MOUSE MUTANTS PRESENT WITH URA AND BRA
PHENOTYPES

The high efficiency of Cas9 coupled with the short gestation period of the mouse
provides a significant opportunity to functionally validate discoveries uncovered from
WES efforts of human cohorts. Here, we demonstrate this powerful combination using
CRISPR/Cas9-mediated genome editing to model a novel point mutation in GREB1L
directly in FO mouse embryos, thereby removing the traditional constraints of
establishing animal lines and performing timed matings. The mutagenized embryos all
displayed a spectrum of kidney abnormalities ranging from URA to BRA, confirming the
causative etiology of the human mutations in RA. Additionally, several craniofacial
abnormalities were observed in the affected embryos, highlighting a critical and more
widespread role for Greb1l during embryonic development. While two of the three
mutants harbored nonnull allelic combinations, the third was homozygous for a
frameshift mutation, consistent with the highly conserved nature of the mutated residue
and c-terminal domain of the GREBLL protein. These findings along with current
advances in genome editing hold great promise for the future of performing rapid and

precise modeling of human developmental disorders in a mammalian system.

GREB1L MAY MEDIATE PROLIFERATION AND INDUCTIVE EVENTS IN
EARLY KIDNEY DEVELOPMENT

In addition to connections between estrogen/estrogen-related nuclear steroid
hormone receptors and kidney morphogenesis (Berry et al., 2011; Harewood et al., 2010;
Shim et al., 2004), retinoic acid also plays key roles in genitourinary system

development, including promoting early pronephric kidney morphogenesis (Bollig et al.,
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2009; Carroll & Vize, 1999; Cartry et al., 2006; D. Kim & Dressler, 2005; S. J. Lee et al.,
2010; Osafune et al., 2002; Perner et al., 2007) as well as metanephros development
(Vilar, Gilbert, Moreau, & Merlet-Bénichou, 1996), and absence of a and y RARs results
in murine renal agenesis (Mendelsohn et al., 1994). The hypothesis that GREB1L may be
promoting kidney development through activation of RARs is particularly attractive,
since several vertebrate genes required for pronephros specification and development in
fish, frogs, and/or mice (Pax2, Pax8, Lhx1, Wtl, and Pteg; mouse abbreviations used for
clarity) are under the control of retinoic acid signaling (Bollig et al., 2009; Carroll &
Vize, 1999; Cartry et al., 2006; S. J. Lee et al., 2010; Perner et al., 2007), to determine
rostral/caudal and multiciliated/transporting epithelial cell fate (Cheng & Wingert, 2015;
Y. Li, Cheng, Verdun, & Wingert, 2014; Marra & Wingert, 2016; Wingert et al., 2007),
and mouse or human studies have associated several of these early expressed genes
(Pax2, Pax8, Lhx1, and Wt1) with RA phenotypes (Bouchard et al., 2002; Brophy et al.,
2001; Kreidberg et al., 1993; Meeus et al., 2004; Shawlot & Behringer, 1995; M. Torres
et al., 1995; Trueba et al., 2005). Collectively, these data suggest a mechanism whereby
retinoic acid signaling activates GREB1L expression, which in turn allows interaction of
GREBLL and RARs, both of which are required for robust activation of the pronephros
patterning genes. Failure to properly activate GREB1L expression, or expression of the
retinoic acid-responsive PAX2/8, LHX1, and WT1 targets, could then lead to RA
phenotypes.

The pronephros is formed from intermediate mesoderm (where greb1l expression

is observed in the zebrafish), and although it is considered a rudimentary structure that
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will be temporarily replaced by the mesonephros, studies have demonstrated that the
pronephric duct is essential for promoting both mesonephric as well as metanephric
(adult) kidney formation via key inductive signaling events (Carroll & Vize, 1999;
Natarajan, Jeyachandran, Subramaniyan, Thanigachalam, & Rajagopalan, 2013; Saxen &
Sariola, 1987; Vize, Seufert, Carroll, & Wallingford, 1997). Early on, the pronephric duct
signals nearby intermediate mesoderm to form mesonephric tubules and these allow
drainage into the mesonephric duct, the most caudal portion of the original pronephric
duct. Later on, the mesonephric duct forms the ureteric bud, and mutual induction
between the metanephric mesenchyme and the ureteric bud promotes mature kidney
development (Clarke et al., 2006; Costantini, 2010; Piscione & Rosenblum, 2002). Of
particular note, studies on mutants of the retinoic acid-responsive pronephros
specification gene Pax2 revealed that homozygous mutant embryos were able to form
both a pronephros and a mesonephros, but failed to induce the mature metanephric
kidney (Bouchard, 2004; Brophy et al., 2001; M. Torres et al., 1995). These studies
underscore the importance of proper pronephros specification for mature kidney
development, and our zebrafish results suggest that GREB1L might be functioning in
early pronephric development to ensure that the proper downstream developmental
decisions are made.

Although the RA-associated Wt1, Pax2, and Lhx1 genes are expressed in the early
pronephros, they are also necessary for proper metanephric mesenchyme induction and
development (Clarke et al., 2006; Donovan et al., 1999; Shawlot & Behringer, 1995).

Remarkably, in mice Grebll is also expressed at high levels in the metanephric
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mesenchyme, suggesting that similar to pronephros development, a second retinoic acid
signaling event involving Greb1l and retinoic acid signaling targets is employed.
Additionally, Greb1l is expressed in ureteric buds, albeit at lower levels, and retinoic acid
signaling has been shown to be required for proper expression of Ret, itself a gene
associated with RA. It is thus conceivable that the agenesis phenotype seen in Grebll
mutants may also be due to alterations in specification of either the metanephric
mesenchyme or ureteric bud. Further studies are needed to establish which mechanisms

underlie the agenesis phenotypes.
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EPILOGUE

This chapter was published in GENETICS, volume 207 (Investigation), issue
number 1, page number 215-228, 2017. This was one of the highlighted articles in

GENETICS for the September, 2017 issue (http://www.genetics.org/content/207/1/NP). |

am one of the first co-authors in this manuscript. My analysis was significant in

maintaining the quality of our data, confidence in our varaint calls and generation of a
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small candidate variant list, that led to the identification of GREB1L as an etiologic
variant in RA. I believe this analysis can be used in other exome sequencing studies
focusing on identifying Mendelian disease associated mutations.

Discovery of GREBLL is a novel and crucial addition to the field of understanding
the underlying genetic basis for RA. Deleterious mutations in this key gene causes
children to be born with one kidney or no kidneys (Brophy et al., 2017).

The subsection called “Exome sequencing analysis, lowa” under “Materials and
methods” section of this chapter, describes majority of my work for this manuscript. Here
I describe my role after the exome seqeuncing data was generated for four affected
individuals in the lowa RA pedigree (11-5, 11-7, 111-4, 111-8; Figure 3.1A) as follows:

e Checked the quality of the raw sequencing data using FastQC (Andrews, 2011).
This step is extremely important as it verifies the data quality prior to mapping
them. Higher data quality allows making confident variant calls against the
reference genome.

e Adjusted the quality of the sequences and mapped them to the human reference
genome (version-glk_v37) using BWA algorithm (H. Li & Durbin, 2009).
Additionally, I performed mapping quality and exome target region coverage
analysis using Qualimap algorithm (Garcia-Alcalde et al., 2012) to ensure depth
of coverage with high quality sequence alignments to make confident variant
calls.

e Applied standard exome alignment-processing steps suggested by GATK

(McKenna et al., 2010) before calling variants.
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Called the variants using Unified Genotyper algorithm under GATK (McKenna et
al., 2010) against the human reference genome (version-glk_v37).

Annotated the raw variant calls using SnpEff software, human reference assembly
(version-hg19) and dbSNP database (Sherry et al. (2001), version-137).
Computed MAF for each variant call in our samples using databases such as the
1000 Genomes Project and the NHLBI-ESP in the WANNOVAR web server
(Chang & Wang, 2012) and dbSNP database (Sherry et al. (2001), version-137).
The MAF frequency is a percentage that shows the prevalence of our variants in
these databases. Assuming, the disease causing variants underlying Mendelian
disorders would be rare we decided to remove variant calls with MAF >1%.
dbSNP tagged variant calls with MAF >5%, therefore, | excluded them from my
further analysis.

Applied additional filters such as variant quality and depth of coverage to exclude
false positive variant calls using GATK best practices guidelines (GATK_BP).
Retained variant calls that have identical genotypes across all our samples.
Checked the impact of each variant on their protein structure and function using
algorithms such as PolyPhen-2 (Adzhubei et al., 2010) and SIFT (Kumar,
Henikoff, & Ng, 2009) in the database of human nonsynonymous SNPs and
function predictions (dbNSFP v2.0) (X. Liu et al., 2013). Certain times a variant
can be called as benign by PolyPhen-2 and damaging by SIFT and vice-versa.
Therefore, | applied a third algorithm called CONsensus DELeteriousness

(CONDEL) (Gonzélez-Pérez & Lbpez-Bigas, 2011) that generates a weighted
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average of the normalized scores from PolyPhen-2 and SIFT and uses that score

to classify a variant as benign or damaging. The damaging variants predicted by

CONDEL were retained in my final list of genetic variants for further analysis.
The candidate gene list of variants were searched against the GUDMAP database
(Harding, Armit, Armstrong, Brennan, Cheng, Haggarty, Houghton, Lloyd-MacGilp, Pi,
Roochun, Sharghi, Tindal, McMahon, Gottesman, Little, Georgas, Aronow, Potter, et al.,
2011; McMahon et al., 2008). GUDMAP is a database of gene expression patterns
associated with organs of the developing genitourinary tract and kidney. This search
confirmed the expression of a gene in my candidate gene list called, GREBLL, in the
developing kidney, supporting its involvement in RA. Finally, the GREBLL variant was
validated to be present in six affected family members (11-5, 11-7, 111-3, 111-4, 111-6 and
I11-8; Figure 3.1A) and absent in seven unaffected family members (I-3, I-5, 11-3, 11-4,
I11-1, HI-2, 111-5; Figure 3.1A) of our RA pedigree, confirming the predicted segregation
pattern of an etiologic variant. One unaffected family member 11-2 in our pedigree also
exhibited the GREBLL variant, suggesting incomplete penetrance of the RA phenotype.
This knowledge has and will continue to contribute towards follow up studies on
GREBL1L’s role in kidney development and CAKUT. Additionally, sgeuncing of exomes
and bionformatically analyzing them to identify new disease causing variants will
empower our knowledge on the genetic basis underlying human diseases and

development.
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: Mean .
# mapped # mapped reads in coverage in Mean mapping
Individual | Total # reads | reads/ % of target region / % of target quality in
total reads total reads region target region
1.4 138,952,013 | 121,216,737/ | 100,480,821 /72.31% 131.08 44.53
87.24%
1.6 151,277,545 | 149,022,896 / | 123,983,267 / 81.96% 160.78 45.87
98.51%
1.4 179,371,347 | 163,104,270/ | 138,330,046/ 77.12% 177.45 45.07
90.93%
.7 201,991,695 | 198,300,809/ | 166,643,662 / 82.50% 217.45 45.71
98.17%
Average 167,898,150 | 157,911,178/ | 132,359,449 /78.47% 171.69 45.30
93.71%

Table 3.1. Whole exome mapping statistics for four cases (lowa family). Across the samples, we achieved an average targeted
exome coverage of 171.69X with a mean mapping quality 45.30 for calling high quality variants.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X, ... Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125

# mapped # mapped reads in covl\e/lr?g:e in Mean mapping
Individual | Total # reads | reads/ %o of target region / % of target quality in
total reads total reads : target region
region
Fetus 161,010,696 |159,630,813 137,922,285 223.7 62.33
199.14% /85.66%
Mother 70,125,707 69,581,369 59,504,884 100.4 61.3
199.22% /84.85%
Father 69,880,361 |69,349,566 59,425,709 98.4 61.56
199.24% /85.03%
Maternal 64,728,968 64,216,353 54,985,396 92.2 61.44
Grandmother /99.2% /84.94%
Maternal 85,311,447 84,643,305 72,529,359 120.5 61.44
Grandfather /99.21% /85%
Average 167,898,150 | 157,911,178/ | 132,359,449 /78.47% 127 62
93.71%

Table 3.2. Whole exome mapping statistics for two cases and three unaffected family members (Denmark family). Across the
samples, we achieved an average targeted exome coverage of 127X with a mean mapping quality of 62 for calling variants of high

quality.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X, . .. Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125
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Figure 3.1. lowa and Danish renal agenesis pedigrees. (A) lowa pedigree showing dominant inheritance of the agenesis phenotype.
(B) Danish pedigree showing transmission of the de novo GREBI1L variant to both fetuses. M1 = lowa variant, M2 = Danish variant,
+ = presence, - = absence, * = likely origin of the lowa mutation. 11-2 shaded female (lowa), 111-3,4 shaded males (Denmark) = family
members with incomplete penetrance.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X, . .. Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125

aal504
L1793R . . . LPLVSDKNLNAVKSPIFTPSSGRHEHGLLNLFHAMEGISHLHLLVVKE YEMPLYRKY
G1870FS ...LPLVSDKNLNAVKSPIFTPSSGRHEHGLLNLFHAMEGISHLHLLVVKEYEMPLYRKY

L1793R  WPNHIMLVLPGMFNNAGVGAARFLIKELSYHNLELERNRLEELGIKRQCVWPFIVMMDDS
G1870FS WPNHIMLVLPGMFNNAGVGAARFLIKELSYHNLELERNRLEELGIKRQCVWPFIVMMDDS

L1793R CVLWNIHSVQEPSSQPMEVGVSSKNVSLKTVLOHIEATPKIVHYAILGIQKWSSKLTSQS
G1870FS CVLWNIHSVQEPSSQPMEVGVSSKNVSLKTVLOQHIEATPKIVHYAILGIQKWSSKLTSQS

L1793R LKAPFSRCHVHDFILLNTDLTQONVQYDFNRYFCEDADFNLRTNSSGLLICRFNNFSLMKK
G1870FS LKAPFSRCHVHDFILLNTDLTQONVQYDFNRYFCEDADFNLRTNSSGLLICRFNNFSLMKK
dkk k ok ok * * * d dkkdkdrdkdkkdk kk ddkdkdkhkk hhkdkkdkdkokdk &

L1793R | HVQVGGQRDFIIKPKIMVSESLAPILPLQYICAPDSEHTLLAAPAQFLLEKFRQHASYKL
G1870FS | HVOVGGQRDFIIKPKIMVSESLAPILPLQYICAPDSEHTLLAAPAQFLLEKFLOHASYKL

* % * *kk kkkkk * kk kkkdkkk & * kkkdkkhkhkkkhkkkkhk
L1793R | FPKAIHNFRSPVLAIDCYLNIGPEVAICYISSRPHSSNVNCEGVFFSGLLLYLCDSFVGA
G1870FS | FPKAIHNFRSPVLAIDCYLNIGPEVAICYISSRPHSSNVNCEGVFFSGLLLYLCDSFVGA

hhkhkdhk kkhkdkdkkkdkdkkkhkkkkkdhdhdkhk dkhkhkhhkkkkdkdkkhrkkkhkhkkd * kk khkkkkk

L1793R | DLKKFKFLKGATLCVICQDRSSLRQTIVRLELEDEWQFRLRDEFQTANSSDDKPLYFLTGRHV
G1870FS \DLKKFKFLKVLHCVSSAKTEVPCAKQLSAstop

Figure 3.2 Comparison of proteins encoded by lowa, Danish and zebrafish GREB1L mutants. The human, mouse, and fish
variants (position indicated in human protein) encode proteins that are altered in the conserved c-terminus of the protein. L1793R =
lowa protein, G1870FS = Danish protein; predicted glycosyltransferase domain = green lettering (lyer, Zhang, Burroughs, & Aravind,
2013). lowa L to R mutation indicated in red lettering, which was recapitulated in two out of three mouse mutants along with deletion
of the following Q residue (see Supplementary Figure 3.S3); Danish frameshift amino acids indicated in blue lettering; zebrafish W to
STOP mutation indicated by purple W residue. Conserved c-terminus indicated by boxed region, with asterisks denoting amino acids
conserved between GREB1 and GREBL1L paralogs.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X., . . . Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125
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Figure 3.3. Endogenous expression of grebl1l during zebrafish development. In situ hybridization of grebll anti-sense probes on
embryos fixed at indicated stages. Embryos are presented in a dorsal view with rostral to the left. Arrows indicate intermediate
mesoderm signal.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X., . . . Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125

wild type greb1l -/-

4 dpf

2 dpf

3 dpf

Figure 3.4. greb1l mutants have edema and abnormal pronephros development. (A-F) Lateral views of live larvae at the indicated
stage and of the indicated genotype. (B) At 4 dpf mutants exhibit edema particularly around the heart and eyes, (D) 2 dpf mutant
embryos have dilated and kinked tubules (F; hatched lines). At 3 dpf in mutant embryos the kidney remains dilated (hatched lines) and
cysts are evident in most cases (red hatched circle).

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X., . . . Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125
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Figure 3.5. Renal morphology of zebrafish grebll mutants. In all images, rostral is to the left and embryos are processed with anti-
Na,K ATPase antibody (a6F) and a fluorescent secondary antibody. (A) and (B) dorsal views of representative embryos at 3 days post
fertilization (dpf). Mutants present with swelling of the proximal convoluted tubule (PCT) and proximal straight tubule (PST). (C-D)
are ventral-lateral views. Mutants have deformed junction between the PCT and neck. Top, schematic modified from Drummond and
Davidson(Drummond & Davidson, 2016b).

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X., . . . Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125
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Figure 3.6. Analysis of Grebll function in CRISPR/Cas9 mutagenized FO mouse embryos. (A) CRISPR/Cas9 strategy for
introducing the L1793R mutation using an sSODN donor template. The guide sequence is colored red and the adjacent PAM sequence
(AGQG) is indicated in turquoise. Point mutations engineered into the donor are shown as lowercase. (B-D) Whole-mount images
highlighting the observed exencephaly in two mutants (C, D) carrying Kl alleles as compared to wild-type (B). (E-F) Coronal sections
of microCT data show unilateral and complete kidney agenesis in mutagenized FO embryos. The position of kidneys is indicated by
red arrowheads and yellow dotted circles. Scale bar is 2 mm.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X., . . . Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125
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+C++R S S5 S K SS S5 + ENG TNG+ S F +D+ +G+58S

Zf Grebll DCKTRPFSNSASSSK-PSSSSSLSSKENGDTNGHSPSPFPLSDSPPARMQSGSSSGIFGP 288

Hum GREB1L  -----——------ HGGK---—————————————————— GSASSSTPAHTGNYSLSPRPSY 311

HG K G ++ +P T S +P ¥

Zf Grebll QELGFLKPLNTPTHGTKTLPIVPTALRVNGLTNGLSMDGRSTLLSPPRTNPLS-TPSHGY 347

Hum GREBI1L —--ASGDQ--ATMFISGPPKKRHRGWYPFGSPLPQPGLVVPVPTVRPLS-RTEPLLSAPVE 365
+GD +T +GPPEKRHR W+P + +P P VPVP +RPL+ + PLLS
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Hum GREBI1L O-TPLTGILQPRPIPAGETVIVPENLLSNSGVREPVILIGYGTLPYFYGNVGDIVVSPLLY 424
Q ++GH+QP+PT AGETVI+P+NLL++ GVRPVHLIG GTLPYF+GNVGD+VVSPLLV
Zf Grebll QPASVSGVIQPQPITAGETVIIPDNLLNSYGVRPVLLIGQGTLPYFFGNVGDLVVSPLLY 467

Hum GREBI1L NCYKIPQLENKDLEKLGLTGSQFLSVENMILLTIQYLVRLGPDQVPLREEFEQIMLKAMO 484
+CYK +L K L LG++ +Q L+ E MILLT+QYL RLG +Q+PLREEFEQIMLKAM
Zf Grebll SCYKGRELNEKTLASLGMSANQLLTTETMILLTLOQYLARLGTEQI PLREEFEQIMLKAML 527

Hum GREB1L EFTLRERALQIGAQCVPVSPGQLPWLARLIASVSQDLVHVVVTQNSLAEGISETLRTLSE 544
G PVSP QLPWLAR+ ASVS V V+VT SL EGISE+LR+LSE
Zf Grebll = -———-———-—- CGPTGPPVSPAQLPWLARMEASVSGGSVQVLVTHGSLGEGISESLRSLSE 577

Hum GREB1L M--RHYQRLPDYVVVICASKIRGNEFCVVVLGQHQSRALAESMLTTSEFLKEISYELITG 602
+ o Q LPHYVHHIC SK NEFCV+VLG++QSRALAESMLA+T+EFLKEISYELITG
Zf Grebll TSPQOOQOCLPNYVLITCTSKSGANEFCVLVLGKYQSRALAESMLSTNEFLKEISYELITG 637

Hum GREB1L KVSFLASHFKTTSLGDDLDKLLEKMQQRRGDSVVTPFDGDLNECVSPQEAARAMIPTONLD 662
KVS LASHF++TSLGD++DK L + Q++R D VV PF G L E + QEARA MIP D
zf Grebll KVSVLASHFQST$LGDNMDKQLVRYQRKRKDRUVQPFQGHLTEYIHSQEAATMIPESGPD 697

Hum GREB1L LDNETFHIYQPQLTVARKLLSQVCAIADSGSQSLDLGHFSKVDFIIIVPRSEVLVQQTLY 722
L ++ F I+ PQL+VAR LLSQVCAIADSGSQSLDLG F KVDF+I+VP S VLV QT4+Q
zf Grebll LLSDDFQIHPPQLSVARSLLSQVCAIADSGSQSLDLGRFCKVDFLILVPPSHVLVHQTVY 757

Hum GREBI1L RIRQSGVLVDLGLEENGTAHQRAEKYVVRLDNEIQTKFEVFMRRVEQNPYTLFVLVHDNS 782
RIRQSGVL+DLGHE+ A QHH+KYVVRLD E+ TK E FMRHVEKQNPYTLFVLAHDNS
zf Grebll RIRQSGVLIDLGIEDVSLAMOKSDKYVVRLDTEVHTKMEAFMRKVKQNPYTLFVLIHDNS 817

Hum GREB1L HVELTSVISGSLSHSEFSHGLADRVINCREVLEAFNLLVLQVSSFFYTLOTQQSRISSSN 842
HV+LTS +SGS+ H E GLADRV+NC EVLEA NLLVLQVS FP+TLO++QSRIS+ N
zf Grebll HVDLTSALSGSVCHGE-LQGLADRVVNCPEVLEAINLLVLQVSCFPFTLOSRQSRISTQN 876

Hum GREB1L EVHWIQLDTGE-DVGCEEKLYFGLSEYSKSLOQWGITSPLLRCDETFEKMVNTLLERYFPRL 901
EVHW Ea S ++ +YFGL +YSKSLQWG+ SP+LRCD+ FE+MV TLLER+P L
zf Grebll EVHWPDTENQQGEASPKDLIYFGLKDYSKSLQWGVASPILRCDDAFERMVKTLLERHPHL 936

Hum GREB1L HSMVVRCYLLIQQYSEALMALTTMASLRDHSTPETLSIMDDLISSPGKNKSGRGHMLIIR 961
HSMV+R YLLIQQY+EALMALT SLRDH TP+TL++++DL+S PG++K G GHML+H+R
zf Grebll HSMVIRSYLLIQQYTEALMALTAAPSLRDHVT PQTLAMVEDLLSVPGRSKHGCGHMLLVR 996

Hum GREB1L VPSVQLAMLAKERLQEVRDKLGLOYRFEIILGNPATELSVATHFVARLKSWRGNEPEEWI 1021
VPS+QLA LA+ERL+E RDELGLQYRF ++LG+PA E+S+ HF ARL++WRG + EEW+

Figure 3.S1. Amino acid sequence comparison between orthologous human and zebrafish GREBLL proteins. Note the strong

conservation at the c-termiN i2+ of the proteins, as well as the conservation at positions affected by the mutations. Circled red L
residue = position of the lowa mutation, circled blue G residue = position of the Danish frameshift mutation, circled purple W
mutation = position of the stop codon mutation in the fish. See Supplementary Figure 3.S3 for mouse mutations.
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Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X., . . . Manak, J. R. (2017). A Gene Implicated

in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
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control MO greb1l MO

E % abnormal
morphology of Number of embryos
PCT/Neck junction (# of experiments)
Control MO 4 45 (3)
greb1/ e3i3 MO 85 135 (3)
Cas9 6 33(3)
Cas9 + greb1/ gRNA 42 144 (3)

Figure 3.S2. Renal morphology of zebrafish in which grebll expression is inhibited with morpholino or mutated with
CRISPR/Cas9. All images are lateral views of zebrafish larvae at 4 days post fertilization, rostral to the left, fixed and processed to
reveal anti-Na,K ATPase antibody (a6F) immunoreactivity. Wild type embryos were injected with (A) the “standard control” MO that
is complementary to no sequence in the zebrafish genome (Gene Tools), (B) an MO targeting e3/i3 of grebll, (C) Cas9 protein alone,
or (D) Cas9 protein plus guide RNA targeting greb1l exon 17 (of 34). (A, C) In control embryos, the junction of the proximal
convoluted tubule and the neck exhibited the hairpin structure characteristic of wild-type embryos. (B, D) In strongly-affected (B)
greb1l MO-injected or (D) greb1l guide RNA injected embryos, the structure of this region was kinked. (E) Table depicting the
number of fish observed and the percentage of them that displayed kidney deformities.

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X, ... Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.
doi:10.1534/genetics.117.1125
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Figure 3.S3. Mutagenized alleles recovered from affected CRISPR FO embryos. (A) Reference genomic sequence is shown at top
with recovered mutant alleles shown below for each embryo displaying kidney phenotype. Notably, embryos #1 and 2 shared the
same-in-frame deletion in addition to the desired Kl allele. The number in parentheses indicated the number of clones identified with
the specific mutation. (B) Chromatograms of clones reads corresponding to mutations described in (A).

Source: Brophy, P. D., Rasmussen, M., Parida, M., Bonde, G., Darbro, B. W., Hong, X, ... Manak, J. R. (2017). A Gene Implicated
in Activation of Retinoic Acid Receptor Targets Is a Novel Renal Agenesis Gene in Humans. Genetics, 207(1), 215-228.

doi:10.1534/genetics.117.1125
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CHAPTER 4. BIOLOGICAL PROCESSES AND PATHWAYS ASSOCIATED WITH

HEAVY METAL INDUCED STRESS IN DAPHNIA PULEX.*

INTRODUCTION

Ecotoxicology is the branch of toxicology that studies the distribution and impact
of environmental pollutants on organisms and their population levels, and factors in
species interactions to estimate the consensus effect of these pollutants on the ecosystem
(Schirmer et al., 2010; Truhaut, 1977). In the recent years, exponential increase in heavy
metal exposure due to natural causes such as volcanic eruptions, weathering of rocks, soil
erosion and leaching of metals to ground water sources, and primarily through,
anthropogenic activities such as industrial mining and agricultural operations, has
become a worldwide public health concern (Tchounwou, Yedjou, Patlolla, & Sutton,
2012). Heavy metals are relatively denser than water (E Fergusson, 1991) and can be
categorized into essential and non-essential metals (Gunther, Lindert, & Schaffner, 2012).
In trace amounts, essential metals such as Ni?* and copper (Cu) are part of proteins that
perform and regulate vital biological processes such as carbohydrate metabolism,
hemoglobin formation, and sperm production and motility (Gunther et al., 2012;
Tchounwou et al., 2012; Yokoi, Uthus, & Nielsen, 2003). However, in excess
concentrations they can induce genotoxicity (Skreb & Fischer, 1984) and ultimately lead
to a wide-range of human diseases such as Wilson’s disease due to Cu?* accumulation

(Tchounwou, Newsome, Williams, & Glass, 2008) and allergic contact dermatitis due to

4This chapter is unpublished.
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Ni2* exposure (F. Torres, das Gracas, Melo, & Tosti, 2009). On the other hand, non-
essential heavy metals such as Cd?*, mercury (Hg), lead (Pb), arsenic (As), and
chromium (Cr), do not have a defined biological function. Our lack of homeostatic
mechanisms after their absorption (Neathery & Miller, 1975), combined with their ability
to accumulate and induce oxidative stress at low concentrations has been associated with
organ failure, cytotoxicity, DNA damage and apoptosis (Patlolla, Barnes, Yedjou, Velma,
& Tchounwou, 2009; Sutton, Tchounwou, Ninashvili, & Shen, 2002; Tchounwou et al.,
2012; X. F. Wang, Xing, Shen, Zhu, & Xu, 2006; Yedjou & Tchounwou, 2006).

D. pulex, otherwise called the water flea, is a ubiquitous freshwater micro-
crustacean (J. K. Colbourne et al., 2011). It is an important part of the aquatic food
hierarchy placed above algae, bacteria and protozoans, and below fish (J. R. Shaw et al.,
2007). Their sensitivity to environmental toxicants makes them an appropriate model
organism to study the genetic basis behind toxicant induced stress (J. R. Shaw, Dempsey,
Chen, Hamilton, & Folt, 2006; Joseph R. Shaw et al., 2008). Additionally, their compact
genome of 200 Mb (J. K. Colbourne et al., 2011), easy maintenance in the laboratory and
a recently published version of high quality transcriptome assembly with 23, 244
predicted transcript models (Ye et al., 2017), has furthered their appeal as a model
organism to study ecotoxicology at a biomolecular level. Since, cellular biomolecules are
the primary interactors of biotic and abiotic chemicals in an organism; studying
ecotoxicology at a molecular level will provide us the following information in general:

e ldentification of biomarker genes specific or common to toxicants.
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e The role of biological pathways underlying the organism’s response against
toxicants.
e Determining different modes of toxicity.
e The impact of toxicants on their physiology, population levels and evolution
(Altshuler et al., 2011; H. J. Kim, Koedrith, & Seo, 2015; Schirmer et al., 2010).
The knowledge gathered from these studies will ultimately empower our evaluations on
harmful effects of toxicants on humans and the environment, and aid in designing better
preventive and counter measures (Eggen, Behra, Burkhardt-Holm, Escher, & Schweigert,
2004).
Daphnia is a key aquatic indicator of the inland water quality (Gunatilaka, Diehl,
& Puzicha, 2001). Environmental protection agencies use Daphnia based toxicant
responses from ecotoxicological studies to gauge the quality of industrial and municipal
wastes, minimize their influx and impact on the environment (Joseph R. Shaw et al.,
2007). Several transcriptomic studies have used Daphnia as an ecotoxicological model
organism to characterize the molecular mechanisms behind toxicant induced genetic
responses (Asselman, Shaw, Glaholt, Colbourne, & De Schamphelaere, 2013; De
Schamphelaere et al., 2008; Orsini et al., 2017; Poynton et al., 2008; Poynton et al., 2007,
Joseph R. Shaw et al., 2007; Soetaert, van der Ven, et al., 2007; Soetaert, Vandenbrouck,
et al., 2007; Vandenbrouck, Soetaert, van der Ven, Blust, & De Coen, 2009). These
studies comprise of the following:
e Transcriptome analysis by using cDNA microarray platforms primarily, and

RNA-seq (Orsini et al., 2017).
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e Studying genetic response of Daphnia at varying concentrations and time of
exposure.

Since, gene expression patterns differ based on time of exposure, dosage and type of the
toxicant, and homolog of a gene, it is crucial to explore these patterns at varying exposure
periods and concentrations of diverse toxicants to obtain a comprehensive picture of
Daphnia based genomic response (Asselman et al., 2013; Soetaert, Vandenbrouck, et al.,
2007). Therefore, in this current study we are exploring the transcriptome of D. pulex to
identify the underlying genetic pathways associated with heavy metal induced stress after
24 hours exposure using Cd?*, Ni?* and Zn?*independently, at 20ug/L, 200ug/L, and
200ug/L concentrations that has not been studied before.

Genomic techniques such as microarrays and high-throughput next generation
sequencing has facilitated research in ecotoxicogenomics (Bouetard et al., 2012;
Schirmer et al., 2010). RNA-Seq is a high-throughput sequencing approach that allows an
unbiased view of the transcriptome expression patterns both quantitatively and
qualitatively over traditional array-based hybridization techniques (McGettigan, 2013; Z.
Wang et al., 2009). In this study, we have applied RNA-Seq technique to quantify and
profile the D. pulex transcriptome under heavy metal stress. Here, we have attempted to
bioinformatically characterize the key biological processes and pathways responding to
acute heavy metal stress using gene expression data, gene ontology data, published
literature, and regulatory element binding sites in the promoter region of stress responsive

genes.
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Our results suggest, prominent classes of genes regulated after heavy metal
exposure are participating in oxidative stress and xenobiotic metabolism, structural
constituent of cuticle, and proteolysis processes. The transcript expression patterns
exhibit significant regulation of gene families under all three phases of xenobiotic
metabolism that has not been associated with D. pulex in the context of heavy metal
stress before. Moreover, in silico detection of binding sites for known stress induced
transcription factors such as aryl hydrocarbon receptor (AHR) (Dietrich, 2016) and NF-
E2 related factor-1 (NRF1) (Ohtsuji et al., 2008; Schultz, Abdel-Mageed, & Mondal,
2010) in the promoter region of oxidative stress and xenobiotic metabolism genes imply
the potential drivers behind the genetic response of D. pulex under toxicant stress. The
data generated from this study is a crucial map to link acute stress response genetic

pathways in D. pulex after heavy metal exposure.

MATERIALS AND METHODS

SAMPLE PREP

D. pulex RNA samples from treated (with Cd?* at 20ug/L, Ni?* at 200ug/L and
Zn?*at 200ug/L sub-lethal concentration (~LCO1), independently) and untreated animals
were obtained from Dr. Joseph R Shaw’s lab using standard laboratory protocols (Joseph
R. Shaw et al., 2007). Biological replicates (BR) are independent samples generated from
independent experiments following the same treatment protocols (Consortium, 2011).
Standard RNA-Seq experimental design requires at least three BRs per treatment group to
overcome biological variability among transcript expression patterns (Consortium, 2011).

Therefore, three BR per treated group and four BR for the untreated group were prepared.
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Next, the TruSeq RNA library prep (v2 RevD) protocol was applied to process 500ng of
total RNA from each sample. Finally, samples were sequenced in a paired-end manner to
generate 100 bp sequencing reads, by first barcoding and then loading them onto a single

flow cell lane of an Illumina HiSeq sequencer.

QUALITY CONTROL, PROCESSING AND MAPPING

Quiality control of RNA-Seq data is a required step to avoid incorrect
interpretation of the data (Sheng et al., 2017). The FastQC algorithm (Andrews, 2011),
was used to check the quality of raw sequencing reads and detect data quality issues. A
FASTA file of contaminants was downloaded from Tamir (2012), that included adapter
and primer sequences used during Illumina high-throughput sequencing steps.
Trimmomatic software (Bolger, Lohse, & Usadel, 2014) was used to trim sequencing
read bases that matched to a contaminant sequence, maintain an average read quality
score of at least 20 (error rate of 1 in 100, (Cliften, 2015)), and exclude reads shorter than
36 bp (Rozenberg et al., 2015). Trimmomatic categorizes reads that survived processing
as a pair (paired) separately than reads where only one pair was retained (single).
Therefore, we mapped paired and single reads to the D. pulex hybrid transcriptome
(explained in the Results section) using TopHat v2.1.1 (Trapnell, Pachter, & Salzberg,
2009), independently. Finally, we merged the paired and unpaired alignments to produce

one alignment file for each sample using samtools 0.1.18 (H. Li et al., 2009).
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BR VALIDATION

Correlations are a standard measure to capture transcript expression pattern
variability between BRs. eXpress-1.5.1 algorithm (Roberts & Pachter, 2013) was used to
generate individual transcript expression data per sample. Next, samples were grouped
based on their treatment and a pairwise Pearson correlation analysis was performed
within samples of each group using a custom R script. Sample pairs with Pearson

correlation of 0.97 or higher were retained for further analysis.

DIFFERENTIAL GENE EXPRESSION

Differential gene expression analysis allows us to quantify and detect transcript
expression changes in treated over untreated samples. Cuffdiff v2.2.1 (Trapnell et al.,
2013) was used to compare BRs 2 and 3 under each metal treatment to BRs 2 and 4 of the
untreated category. Transcripts altered by at least one heavy metal exposure with a

standard g-value cutoff of <0.05 were retained for our downstream analysis.

GENE ONTOLOGY AND PATHWAY TERM ASSIGNMENT

Gene ontology (GO) terms are annotations that characterize a gene product based
on their involvement in a biological process (e.g. signal transduction, carbohydrate
metabolism, etc.), molecular function (e.g. catalytic activity, proteolysis, etc.) and their
location in a cellular or sub-cellular component (e.g. ribosome, nucleus, etc.) (Ashburner
et al., 2000). InterProScan uses 14 member databases under the Interpro consortium
(Robert D. Finn et al., 2017) as described in the Introduction chapter of this thesis, to

informatically predict protein domains for each input protein sequence. These predictions
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also include associated GO term information for each protein domain. We used the
InterProScan algorithm (Jones et al., 2014) to predict protein domains for gene products
(proteins or amino acid sequences) in our hybrid transcriptome. Default threshold of e-
value <0.001 (error rate of 1 in a 1000, (B. NCBI)) was applied to detect known protein
domains in our sequences and their related GO and pathway terms. A copy of the
2016/17 InterPro consortium database was locally installed to improve the efficiency of
the prediction process. InterProScan rejects amino acid sequences with multiple stop
codons or “*’, therefore, sequences with multiple stop codons were trimmed after their
first stop codon to prevent run errors and under the assumption that this is the translation
termination site of the transcript. Input sequence filtering and processing was done using
a custom Python script. This resulted in 23,149 processed amino acid sequences. Only,
one amino acid sequence was excluded under probable erroneous gene model assumption
because it begun with a **’. The default InterProScan output was in XML format,
therefore a custom Python script was written to convert the output into a tabular format
for easier access to the data.

Interpro also provides associated pathway terms for each predicted protein
domain. The pathway databases available under the Interpro consortium include KEGG
(Kanehisa, Sato, Kawashima, Furumichi, & Tanabe, 2016) , MetaCyc (Caspi et al.,
2016) and Reactome (Fabregat et al., 2016). These terms inform us of a protein’s

involvement in known biological pathways.
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GO AND PATHWAY TERM ENRICHMENT ANALYSIS

To discover enriched biological processes underlying each heavy metal exposure
in our samples we used the GOSeq tool in R package (Young, Wakefield, Smyth, &
Oshlack, 2010). This package is designed for RNA-Seq data and accounts for biases
associated with length and expression pattern of transcripts during the GO term
enrichment analysis (Young et al., 2010). GO terms in the entire D. pulex hybrid
transcriptome served as our background to test the statistical significance of each
enriched GO term in the SDE transcript lists. A GO term with g-value <0.05 (to control
false discovery) was called statistically significantly enriched (SSE). We divided the SDE
transcript lists based on their regulation such as only up, only down, and up and down, to
discover SSE GO terms specific to transcript regulation and metal treatment.

Similar strategy and tool was applied to detect significantly enriched pathways in our

list of SDE transcripts.

TRANSCRIPTION FACTOR BINDING SITE IDENTIFICATION

Transcription factors (TFs) are proteins that regulate the transcription (process of
making RNA from DNA) of a gene (Scitable, 2014b). They have distinctive DNA-
binding domains that allow them to bind to specific non-coding genomic regions called
promoters and enhancers that are present in the upstream or downstream sequence of a
gene’s transcription start site (genomic location where transcription begins, typically at
the 5” end of a gene) (Scitable, 2014b). Enrichment of these TFs in the upstream region
of genes involved in key stress associated pathways might aid us to identify the master

regulators behind the metal stress induced genetic response in D. pulex.
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Oxidative stress is one of the prominent class of genes altered against metal
induced stress response in our dataset. Given metal induced ROS generation can cause
lipid peroxidation, disrupt thiol group and calcium homeostasis, DNA damage, and
oxidative stress (Valko, Morris, & Cronin, 2005), we decided to focus our analysis
towards identifying stress associated regulatory element binding sites in the upstream
region of our SDE transcripts. Position weight matrices (PWM) of known stress response
TFs (Table 4.9) for all taxon in the JASPAR database, excluding Plantae and Fungi were
downloaded (Mathelier et al., 2016) (Figure 4.2). These matrices contain frequencies of
all 4 nucleotides (A, C, G, and T) at each position of a consensus sequence. Consensus
sequences or motifs are short sequences with length typically ranging between 6 and 21
bp, and are widely used to represent specificity of TF binding (Stormo, 2000;
Wasserman & Sandelin, 2004). To avoid redundancy in TF binding sites by similar TF
PWMs we collapsed their binding sites under one representative TF. First, TF PWM
profiles were grouped based on their similarity with other stress TFs in our list. Each
stress TF PWM in Table 4.9, was matched against the JASPAR animal database
(excluding Plantae and Fungi) using TOMTOM software (Gupta, Stamatoyannopoulos,
Bailey, & Noble, 2007). Next, JASPAR matches for each input stress TF with an e-value
<0.01 (error rate of 1 in a 100, (B. NCBI)), were overlapped with TFs from our list
excluding itself to form a group of similar stress TF PWMs of variable widths and offsets
(Table 4.14). This grouping was used for further analysis.

To decide on a threshold for upstream region length we collected intergenic

regions from top 10 longest scaffolds in the D. pulex genome. Based on the average of
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the median length for these intergenic regions, we chose 800 bp as our search space to
scan for TF binding sites (Table 4.3). Next, we collected up to 800 bp upstream region
for all the transcripts in our hybrid transcriptome and accordingly trimmed them to avoid
their overlap with neighboring transcripts on the same strand (Cora, Di Cunto, Provero,
Silengo, & Caselle, 2004) (Figure 4.2). Upstream regions equal to or greater than 6 bp
were retained to allow scan for the shortest TF in our list of 6 bp width (Ahr::Arnt).
According to Jayaram, Usvyat, and AC (2016), Find Individual Motif
Occurrences (FIMO) (Grant, Bailey, & Noble, 2011) tool performs the best compared to
other existing tools when searching for individual TF binding sites. Therefore, we used
FIMO to detect the stress response TFs binding sites or motifs in the upstream sequences
of SDE transcripts (Figure 4.2). Additionally, we applied a g-value filter of less than 0.2
from Peng, Hu, and Yang (2016) (Figure 4.2) to call a motif statistically significant. The
statistical power of identifying biologically relevant motifs using FIMO depends entirely
on the information content of the TF PWM and the background model (Grant et al.,
2011). We prepared a background model for this analysis using the “fasta-get-markov”
tool under the MEME suite (Bailey, Johnson, Grant, & Noble, 2015) and all the upstream
sequences in our transcriptome (excluding the upstream sequences associated with the
SDE transcripts). A short and non-distinctive motif of 6 bp width can exhibit a vast
amount of good matches purely by random chance, however, identifying a motif of 10 bp
width by random chance is extremely rare. To enrich our results with biologically
relevant motifs (BRM), we matched the statistically significant motifs (g-value <0.2),

against the animal JASPAR CORE 2016 database using the TOMTOM tool (Gupta et al.,
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2007) (Figure 4.2). Motifs were considered biologically relevant, if they matched to the
TF that was used to discover them or a TF within the same family (Peng et al., 2016),
with an e-value<0.05 (error rate of 5 in a 100, (B. NCBI)) (Gupta et al., 2007) (Figure

4.2).

MOTIF BASED NETWORK, MODULARITY AND CONSENSUS CLUSTERING

To identify key transcriptional regulatory patterns in our dataset we build a motif
based network using python’s “Networkx” package (Hagberg, 2008), where the nodes
and edges comprised of SDE transcripts containing at least one occurrence of a BRM and
a pair of SDE transcripts sharing at least one BRM, in their upstream region, respectively.
The edges were assigned a weight using Jaccard’s index (total number of matching
motifs between two transcripts /total number of unique motifs combining the two
transcripts). Modularity is a metric that describes the strength of a network’s partition
into modules (Newman & Girvan, 2004). A high modularity would implicate denser
connections within nodes of a module over their connections with the remaining network
(Newman & Girvan, 2004). Since, we found shared motifs amongst transcripts in our
dataset we decided to examine the possibility of groups of master stress regulators
driving the expression of a set of transcripts under metal stress in our dataset. Therefore,
we applied a popular clustering algorithm for this task called “Louvain modularity” using
python’s Louvain package. Additionally, it detects communities or groups in an unbiased
fashion without requiring user input of k (desired number of clusters). The algorithm
discovers communities in large networks using a two-step approach such as, first it

optimizes modularity locally and detects little communities and next, it aggregates the
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nodes of little communities as one node, forms a new abstract network and reapplies the
first step. It repeats these steps in iteration until the maximum modularity is reached and
any further iteration will not improve this metric (Blondel, Guillaume, Lambiotte, &
Lefebvre, 2008). Given the stochastic nature of this algorithm we applied the method of
consensus clustering to stabilize and improve the partitions of our motif based network
(Lancichinetti & Fortunato, 2012) using a custom written python script. Consensus
clustering of our network involved the following steps:

¢ Ran the algorithm on the same network 100 independent times and generated
modularity each time.

¢ Due to the stochastic nature of this algorithm, it will output slightly different
results each time. Therefore, we built a new network from the previous runs
comprising of nodes from our original network and the edges between two nodes
carrying a weight = total number of times these two nodes appeared in the same
cluster out of 100 runs/100. Additionally, we compute the average modularity
from the previous runs.

e Next, we repeated the first and second steps on the new network, iteratively, and
compared the average modularity of the current iteration with the previous
iteration until no significant improvement in average modularity could be made.

A partitioned network was built from our final consensus clustering iteration using a
custom python script. Next, we computed some statistics such as total number of genes,
up and down regulated transcripts, transcripts with a known GO domain and orphans, and

GO and orphan transcripts with at least one shared FUCD appearing in the same cluster,
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per cluster using a custom python script. Additionally, we performed a hypergeometric
test per cluster to determine the significance of enriched TFs based on their gene target
frequency using (Graeber_lab, 2009). The obtained significance was adjusted for false
discovery rate to identify significantly enriched TFs per cluster using the “p.adjust”
function in R “stats” package (R Development Core Team, 2006). Next, the GO and
orphan genes sharing the same FUCd?*, for each individual cluster, were plotted along
with their TF binding sites using RSAT feature map tool (Medina-Rivera et al., 2015) and
a custom python script, to visually compare their motif profiles. Similar plot was drawn
for the entire set of phase 11 xenobiotic metabolizing enzymes irrespective of their cluster
assignments to inspect stress associated TF binding profiles. Finally, we compared the
motif similarity distributions between GO and orphan transcripts sharing at least one
FUCD domain and assigned to one cluster, and GO and orphan pairs sharing at least one
FUCD domain but assigned to different clusters, based on their motif similarities (Figure

4.8).

RESULTS

D. PULEX HYBRID TRANSCRIPTOME

The D. pulex hybrid transcriptome is a combination of overlapping transcripts
between the “Genes 2010 beta 3” and the “JGI_2011 Frozen_Cat” transcript
annotations published by wFleabase (Genome Informatics Lab, 2005) and Ye et al.
(2017) respectively, and additional novel transcript models predicted by Ye et al. (2017).
Transcript models were compared between the “JGI_2011_Frozen_Cat” and the “Genes

2010 beta 3” versions using custom Python scripts. 22,724 out of 23,210 total transcripts
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(~97%) in the “JGI_2011_ Frozen_Cat” version were entirely overlapping with 22,630
transcript models in the “Genes 2010 beta 3” version (Table 4.1). To further verify the
common transcript models between the two releases, we mapped 100,000 paired end
processed reads from one sample independently mapped to these transcriptome versions
using TopHat v2.1.1. We found nearly 8% more mapped reads and 7% more uniquely
mapped reads using the “Genes 2010 beta 3” version over the “JGI_2011 Frozen_Cat”
version (Table 4.1). Based on these results, we created the D. pulex hybrid transcriptome
involving 22,630 transcript models from the “Genes 2010 beta 3” version validated by
RNA-Seq mapping and 520 novel transcripts from the “JGI_2011_Frozen_Cat” version.
Since, “JGI_2011 Frozen_Cat” is at present the most accurate version of the D. pulex
transcriptome, “Genes 2010 beta 3” transcripts that did not match entirely with any
transcript model from this annotation were excluded from further analysis due to their

potential invalidity.

MAPPING STATISTICS

On average, we found nearly 68.5% of total reads mapping unambiguously to
known transcripts in the D. pulex hybrid transcriptome (Table 4.2). The RNA-Seq read
alignment threshold for the human genome is between 70-90% (based on the quality of
the data and the aligner used), but this percentage can be slightly lower if the reads are
mapped to a transcriptome instead of genome due to the inability to align reads to novel
genomic locations in the genome (Conesa et al., 2016). Additionally, the number of

multi-mapping alignments significantly increase in transcriptome based mapping over
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whole genome, because sequencing reads can potentially map to overlapping exons

between multiple transcript isoforms of a gene (Conesa et al., 2016).

BR VALIDATION ANALYSIS

For this analysis we preferred the eXpress algorithm to generate individual
transcript expression data per BR because it claimed to be better at handling multi-
mapping alignments, more efficient and accurate when quantifying transcript expression
than other available tools (Roberts & Pachter, 2013). Since, multi-mapping alignments
tend to increase in transcriptome based mapping (Conesa et al., 2016), we used this tool
to quantify transcriptome expression in our dataset.

According to the ENCODE consortium a Pearson correlation coefficient between
0.92 and 0.98 is enough to consider compatible BRs for differential expression analysis.
Pearson correlation coefficient is vulnerable to outliers. Additionally, transcript
expression variability between BRs is commonly prevalent in lowly expressed transcripts
(Consortium, 2011). To detect truly compatible BRs we examined their correlation
scatterplots and chose a correlation coefficient of at least 0.97 or higher. According to the
scatterplots in Figure 4.1, it is clear that BR 2 and 3 have an overall lower variability than
their independent comparisons with BR 1, for each heavy metal treatment. We performed
similar analysis for samples in our untreated cohort. We found BR 2 and 4 as the best
correlating pair (Figure 4.1). Using a higher correlation coefficient allowed us to detect
stable transcript expression patterns across the BRs of a sample and to counter the impact

of outliers and highly variable BRs that might lead to incorrect interpretation of our
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analysis. Two BRs per treatment group and control group were retained for further

analysis.

SIGNIFICANTLY DIFFERENTIALLY EXPRESSED GENES

We found 2,292 significantly differentially expressed (SDE) genes with a g-value
<0.05, expressed in at least one heavy metal exposure (Table 4.10). Cd?* exposure alone
resulted in 2,090 SDE genes projecting a substantially higher level of toxicity inducing
nearly 5-fold greater gene alterations than Ni?* and Zn?*(< 400 SDE genes under each
exposure) (Table 4.10). 106 genes under Ni?* and 82 genes under Zn?*exposure shared
the same gene regulation pattern as Cd?* Additionally, a set of 46 and 96 SDE genes
were found to be commonly up and down regulated against Cd?*, Ni?* and
Zn?*exposures, respectively and only 18 SDE genes showed variable regulation patterns

across metals.

PROTEIN DOMAIN AND PATHWAY TERM PREDICTIONS

We predicted protein domains for nearly 67% of genes in our hybrid
transcriptome (Table 4.4). 76% of the 67% had a GO term assigned to them and the
remaining genes were orphans that contained functionally uncharacterized protein
domains (FUCD) (Table 4.4). Out of the 2,292 SDE genes, ~57% had a GO term
assigned to them and 13% were orphans (Table 4.4). The remaining genes did not have a
predicted protein domain due to the following reasons:

a) Predicted domain had an e-value >0.001.
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b) No known domain exists for the amino acid sequence suggesting the protein is

specific to D. pulex.

Interestingly, some GO genes in addition to containing protein domains with an
assigned GO term also carried FUCDs (Table 4.5). We found shared FUCDs between

452 and 200, SDE GO and orphan genes, respectively (Table 4.5).

ENRICHED GO AND PATHWAY TERMS

We found 38 significantly enriched (SE) GO terms with a g-value <0.05 (Table
4.11). Cd?* was the dominant metal among the three heavy metals covering 100% of SE
GO terms. Ni* and Zn?*had 4 and 1 overlapping SE GO terms with Cd?*, respectively.
Based on Figure 4.3 below, nearly 60% (23/38), 75% (18/24), 65% (17/26), and 66%
(25/38) of these GO categories contained genes from both up and down regulation
patterns for Cd?*, Ni, Zn**and all the metals combined, respectively. This pattern
suggests a mixed transcript expression pattern amongst the highlighted biological process
responding to heavy metal exposure.

Prominent SE categories of affected GO terms involved, oxidation-reduction
process, response to oxidative stress, peroxidase activity, oxygen binding and transport,
heme binding and transport, hemoglobin complex, carbohydrate metabolism, iron
transport and homeostasis, cell cycle and DNA repair, chitin binding and metabolism,
cuticle and reproduction , calcium ion and apoptosis, steroid biosynthesis. Additionally,
we discovered xenobiotic metabolism pathway that was substantially affected due to

heavy metal exposure that has not been reported previously at a comprehensive level in
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D. pulex (Table 4.12). These categories are discussed in detail in the Discussion section
of this chapter.

Nearly, 19% of our genes were assigned a pathway term suggesting their
participation in a known biological pathway. 9% of the 19% were present in our SDE

gene list (Table 4.6)

REGULATORY ELEMENT BINDING SITE ANALYSIS AND CONSENSUS
CLUSTERING

We detected 4891 unique biologically relevant TF binding sites for 1622 out of
2292 SDE transcripts involving 17 out of 19 stress associated transcription factors. We
did not find any relevant binding sites for hypoxia-inducible factor 1-alpha (HIF1A) and
aryl hydrocarbon receptor nuclear translocator (Arnt) using our current methodology. We
found forkhead box protein o (Foxol/FOXO3/6), aryl hydrocarbon receptor and aryl
hydrocarbon receptor nuclear translocator (Ahr::Arnt) heterodimer complex, activating
transcription factor 3 (Atf3), metal transcription factor (MTF1), aryl hydrocarbon receptor
nuclear translocator like (Arntl), and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB (RELA)) targeting nearly 200 and higher number of SDE
transcripts in our dataset (Table 4.7). The binding sites for all TFs were evenly distributed
across up and down regulated target transcripts and did not implicate TF binding
specificity towards a particular transcript expression pattern (Figure 4.9). However,
nuclear respiratory factor 1 (NRF1) and Arntl binding sites were found relatively high
among up and down regulated SDE transcripts (Table 4.7), respectively. Biologically

relevant binding sites for TFs such as CCAAT/enhancer-binding protein (CEBP A,B),
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Ahr::Arnt, Foxol/FOX03/6, Atf TF family, NRF1, MTF1, NF-xB (RELA) were detected
in the upstream region of known oxidative stress response genes such as copper-zinc cu-
Zn?*superoxide dismutase (SOD), carbonyl reductase (CBR3), glutathione s-transferase
(GST), aldo-keto reductase (AKR), peroxinectin, sulfotransferase (SULT), Prostaglandin
G/H synthase 2 (PTGS2 or COX2), chorion peroxidase, NADPH-cytochrome P450
oxidoreductase (POR), and GSH (Table 4.8).

As described in the materials and method, SDE genes were clustered based on
their TF binding site profile using consensus clustering method. A maximum modularity
of 0.72 was reached after 4 iterations of consensus clustering (Figure 4.7). This resulted
in 5 clusters with cluster 1 being the most populated cluster comprising of 550 transcripts
including 328 transcripts with a GO term, 69 transcripts with FUCDs, 153 transcripts
with no known protein domain, 307 up regulated and 246 downregulated transcripts
(Table 4.13). Cluster 1 and 2 contained majority of GO and orphan pairs with at least one
common FUCD in the same cluster (Table 4.13). The up and down regulated transcripts
were evenly distributed across all the clusters exhibiting no specificity between TF
binding sites and expression pattern of transcripts (Table 4.13). Consensus clustering and
hypergeometric test allowed us to detect significantly enriched TFs per cluster.

Hypergeometric analysis for detecting enriched TF target genes per cluster
revealed the following results:

e ATF family TF targets were significantly enriched in cluster 1 (Table 4.15).
e Ahr::Arnt target genes was significantly enriched in cluster 2 (Table 4.15).

e Foxo family TFs targets were significantly enriched in cluster 3 (Table 4.15).
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e MTFL1 and Ddit3::Cebpa targets were found significantly enriched in cluster 4

(Table 4.15).

e NF-xB (RELA), Arntl, CEBPA/B, NRF1, and Pparg::Rxra were significantly

enriched in cluster 5 (Table 4.15).

The motif similarity distribution of GO and orphan genes sharing at least one FUCD
and clustered as a pair was substantially different than those that did not clustered as a
pair (Figure 4.8). The plot shows large amounts of GO and orphan FUCD pairs that
clustered separately were due to absence of overlapping motifs between them (Figure
4.8).

Lastly, the feature map plot of TF binding sites between GO and orphan pairs
sharing at least one FUCD and assigned to the same cluster revealed high similarity in
motif profiles as illustrated for cluster 2 (Figure 4.6). All the GO and orphan pairs in this
cluster have at least one Ahr::Arnt binding site in common (Figure 4.6) which agrees
with our result of cluster 2 being significantly enriched with Ahr::Arnt targets (Table

4.15).

DISCUSSION

SIGNIFICANTLY DIFFERENTIALLY EXPRESSED TRANSCRIPTS

We found >5 fold differentially regulated transcripts in our Cd?* treated samples
over Ni?* and Zn?* treatments (Table 4.10). Garrett, Somji, Sens, Zhang, and Sens (2011)
study of gene expression patterns under Cd?* stress using a human renal epithelial cell
culture model (HPT) and microarray analysis (GeneChip Human Genome, U133 Plus 2.0

arrays, Affymetrix), resulted in 1,848 SDE genes after 24 hour exposure to Cd?* at 9, 27,
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and 45 uM concentrations and 923 SDE genes after 13 days exposure to Cd?* at 4.5, 9,
and 27 uM. There were only 387 overlapping genes between the two exposures. Their
results suggested that during acute Cd?* exposure cellular stress window is highly active
and that might have influenced the large alterations in gene expression (Garrett et al.,
2011). Cd?* is known to induce oxidative stress in cells after acute exposure by elevating
reactive oxygen species (ROS) production such as hydroxyl radical and superoxide ions,
and depleting antioxidant levels such as glutathione (GSH) and protein-bound thiol
groups, leading to lipid peroxidation and DNA damage (Bagchi et al., 1997; F. Liu & Jan,
2000; Manca, Ricard, Vantra, & Chevalier, 1994). Due to their higher affinity to thiol (-
SH) groups than essential heavy metals such as Cu?* and Zn?*, they are more cytotoxic in
nature (Buffle, Chalmers, Masson, & Midgley, 1991; Skreb & Fischer, 1984). Therefore,
they can greatly influence cell physiology by interacting and inhibiting these groups in
essential enzymes and proteins (Kinraide & Yermiyahu, 2007; Webb, 1979). Cd?* is
known to stimulate Metallothionein (MT) synthesis, a low molecular weight cysteine rich
metal ion binding protein, and form Cd?*-MT complexes due to their thiol group
abundance. MT helps sequester Cd?* as a detoxification mechanism (Yang & Shu, 2015).
Kidneys are the major Cd?*- sequestration organs where the half-life period of Cd?* is up
to 10 years or higher (Godt et al., 2006; Orlowski & Piotrowski, 2003). Due to small size
of MT the Cd?*-MT complex can filter through the glomerulus of the kidney and get
reabsorbed via endocytosis into the epithelial cells of the proximal tubule (Yang & Shu,
2015). Therefore, the Cd?*-MT complex degrades rapidly in the epithelial cells and Cd?*

binds to newly synthesized MT in the cytoplasm (Klaassen, Liu, & Choudhuri, 1999). At
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higher concentrations, Cd?*-MT binding can saturate and contribute to cytotoxicity (Yang
& Shu, 2015). Intracellular organelles such as lysosomes act as detoxification and
degradation components in vertebrate and invertebrate cells (Longhurst, 1988; Sterling et
al., 2007), by accumulating essential and non-essential heavy metals, and catabolizing
exogenous and endogenous molecules (Dingle & Dean, 1976; Glaumann & Ballard,
1987) Glaumann and Ballard, 1987) respectively. In invertebrates, lysosomes play a key
role in detoxification of non-essential heavy metals such as Pb?*, Cd?*, and Hg?* by
lowering their availability due to long-term sequestration through precipitation, and
subsequent excretion (Sterling et al., 2007). However, an in vitro study of livers isolated
from male Sprague Dawley rat analyzing the role of cathepsins (specific acidic proteases
that degrade MT) in degrading MT- (Zn?*or Cd?*) complexes found, at lysosomal pH
most Cd?" is not easily released from Cd?*-MT complex (McKim, Choudhuri, &
Klaassen, 1992). This led researchers to conclude that the Cd**-MT complex has a higher
half-life period in cells than Zn?*-MT complexes (McKim et al., 1992). Therefore, longer
half-life period, reabsorption, and stronger affinity to thiol groups can collectively
describe lower excretion rate of Cd?* and their ability to induce cytotoxicity and strong

genetic response than Ni?* and Zn?*.

CADMIUM, CALCIUM AND APOPTOSIS

Calcium (Ca?") is an abundant element in our body that plays a key role in the
proper functioning of biological processes such as nerve impulse transmission, regulating
muscle contraction and relaxation, clotting of blood, signaling cascades and secretion of

hormones (Choong, Liu, & Templeton, 2014; Metheny & Metheny, 2012). Intracellular
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Ca?" levels are tightly controlled by Ca?* channel and exchanger proteins (Choong et al.,
2014). Disturbance in calcium regulation can contribute to a variety of conditions such as
hypocalcemia, hypercalcemia and osteoporosis (Metheny & Metheny, 2012). Cd?* and
Ca?" are divalent cations with analogous physiochemical properties that allows their
exchange in Ca?* binding proteins. Cd?* has been shown to displace Ca?* ions in proteins
such as calmodulin (CaM) (Chao, Suzuki, Zysk, & Cheung, 1984), sarcolemma (Langer
& Nudd, 1983) and troponin C (Ellis, Strang, & Potter, 1984). One of the processes
linked to increase Cd?* uptake in cells is through voltage gated calcium channels
(VDCC). Cd?* inability to induce cellular toxicity has been demonstrated in HeLa cells
lacking VDCCs (Gavazzo, Morelli, & Marchetti, 2005). We found all 5 SDE VDCC
genes upregulated under Cd?* exposure in our dataset. Cd?* is known to cause increase in
Ca?* concentrations in specific cell types via induction of inositol trisphosphate (IP3) that
releases stored intracellular Ca?* (Choong et al., 2014) (Figure 4.5). Ca®*-dependent
phospholipase C (PLC) enzyme cleaves phosphatidylinositol 4, 5-bisphosphate (PIP2) to
generate signaling molecules such as IP3 and diacylglycerol (DAG) (Falkenburger,
Jensen, Dickson, Suh, & Hille, 2010). Inhibition of PLC lowered Cd?* induced Ca?*
concentration rise in Xenopus oocytes (Hague, Matifat, Louvet, Brilé, & Collin, 2000).
Additionally, phosphatidylinositol 4-kinase alpha (PI4KA) participates in the synthesis of
inositol 1, 4, 5-trisphosphate (Gehrmann et al., 1999) and inositol 1, 4, 5-trisphosphate
receptor type 1 is stimulated by inositol 1, 4, 5-trisphosphate to facilitate intracellular
Ca?" release from endoplasmic reticulum (ER) (Gerber et al., 2016). Diacylglycerol

kinase delta (DAGKD) is an enzyme involved in phosphorylation of DAG into
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phosphatidic acid (PA) (Harada et al., 2008). DAG and PA are signaling molecules that
have been shown to activate protein kinase C (PKC) (Jornayvaz & Shulman, 2012; Lang,
Malviya, Hubsch, Kanfer, & Freysz, 1995). PKC is known to phosphorylate cellular
biomolecules resulting in activation of NADPH-oxidase (NOX, ROS generator) and
apoptosis pathways (Dekker et al., 2000; Reyland, 2007) (Figure 4.5). NOX produced
ROS is a part of cellular defense mechanism against pathogens, however, the ROS
leakage from phagosome into the cytosol has been associated oxidative stress (Morgan &
Liu, 2011) (Figure 4.5). We found phospholipase C epsilon (PLCE), IPTR1, PI4KA,
DAGKD, PKC delta, and NADPH-oxidase in our SDE gene list upregulated against Cd?*
exposure suggesting the role of Cd?* in altering cellular structure and function by
targeting Ca?* regulation (Figure 4.5). Plasma membrane Ca?" ATPases (PMCAs) are P-
type ion pump enzymes that regulate the ionic gradients such as (Ca?*, Na*/K* or H*)
across cell membranes (Maller, Juul, & le Maire, 1996; Palmgren & Nissen, 2011). Cd?*
can cause inhibition of Ca* efflux in erythrocytes via non-competitive inhibition of Ca?*-
ATPases (Akerman, Honkaniemi, Scott, & Andersson, 1985; Visser, Peters, &
Theuvenet, 1993). However, after 24 hrs Cd?* exposure in D. pulex, we found
significantly high expression of Plasma membrane calcium-transporting ATPase 3
(PMCAZ3). In a study where zebrafish larvae were exposed to 0.08 uM Cd?* in water
containing 0.2 mM Ca?* (low calcium environment), PMCAZ2 expression decreased
significantly after 96 hours and increased significantly after 72 hours in water containing
2 mM Caz* (high calcium environment) (C. T. Liu, Chou, Lin, & Wu, 2012). This study

showed a restoration of PMCA2 gene expression based on the Ca2* to Cd?* concentration
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ratio. The Cd?2* induced intracellular Ca2* release in our case is possibly allowing the
significantly high expression of PMCA.

Ca?* /CaM -dependent protein kinases (CaMK) are effectors that are known to
sustain calcium signaling cascades. Increased expression of CaMK-I1 are linked to
cardiac hypertrophy (Maier, Bers, & Brown, 2007) and reoxygenation injury (Vila-
Petroff et al., 2007) in humans. Signaling cascades downstream of CaMK-I1 include
Mitogen activated protein kinases (MAPKSs) that may induce cellular pathways such as
pro-survival and apoptosis (Choong et al., 2014; Erickson, He, Grumbach, & Anderson,
2011). Cd?* induced ROS and intracellular Ca2* release can activate CaMK-Il (Choong
etal., 2014; Y. Liu & Templeton, 2007). We found CaMK-11 and MAPK9 (GO terms
include, cellular response to Cd?* , cellular response to ROS and positive regulation of
apoptotic process, (Uniprot, 2018)) significantly upregulated after Cd2* exposure in our
dataset suggesting an active apoptotic process. Protein phosphatase 2A (PP2A) is known
to induce apoptosis via activating pro-apoptotic proteins and suppressing anti-apoptotic
proteins. However, a subset of PP2A enzymes have been linked to anti-apoptotic process
in Drosophila (Van Hoof & Goris, 2003). Additionally, L. Chen, Liu, and Huang (2008)
showed Cd2* induced ROS causing inhibition of PP2A and PP5 and neuronal cell death
via MAPK based activation of c-Jun N-terminal kinase (JNK) and extracellular signal-
regulated kinase 1/2 (Erk1/2). PP2A and PP5 can negatively regulate Erk1/2, JNK and
p38 (S. Huang et al., 2004; Y. Liu, Shepherd, & Nelin, 2007; Morita et al., 2001; Van
Kanegan, Adams, Wadzinski, & Strack, 2005) . In our dataset, we found PP2A

significantly upregulated. MAP kinase-interacting serine/threonine-protein kinase 2



103

(MKNK?2) encodes a Ca2* /CaM dependent protein kinase and is a downstream target of
MAPK (RefSeq, 2011). It has been shown to participate as a negative regulator of
arsenic-trioxide induced apoptosis in leukemia cell lines (Dolniak et al., 2008).
Bifunctional apoptosis regulator (BFAR) is another anti-apoptotic gene that has been
shown to protect neurons from multiple apoptotic pathways (W. Roth et al., 2003). We
found both of these genes significantly downregulated in our dataset against

Cd?* exposure. Eleawa et al. (2014) have shown downregulation of an anti-apoptotic
regulator called Bcl-2 in rat testes after CdCl» exposure. Our data shows significant
downregulation of Bcl-2 against Cd2* exposure. This suggests a more positive regulation

of apoptosis in D. pulex after 24 hr Cd2* exposure.

LIPID PEROXIDATION AND RESPONSE TO OXIDATIVE STRESS

Cd?* is known to induce oxidative stress and reduce the antioxidant substrate
glutathione, modify antioxidant enzymes and cause structural damage to the cell through
lipid peroxidation (Bagchi et al., 1997; Manca et al., 1994). Primary targets of lipid
peroxidation involve cholesterol, membrane glycolipids, and phospholipids (Ayala,
Munoz, & Arguelles, 2014) (Figure 4.5). Arachidonic acid (AA) is a polyunsaturated
fatty acid that binds to plasma membrane phospholipids and is a precursor to metabolites
such as prostaglandins, hydroepoxyeicosatrienoic acids (HETESs) and leukotrienes that
are involved in inflammatory signaling (Elabdeen et al., 2013; Lyons, Tovar-y-Romo,
Thakur, McArthur, & Haughey, 2015; D. Wang & Dubois, 2010) (Figure 4.5).
Intracellular Ca?* release has been associated with increase in arachidonic acid

production in parathyroid cells (Almaden et al., 2002) (Figure 4.5). Phospholipase A2 is
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an enzyme that uses Ca2* as a cofactor to hydrolyze membrane phospholipids and release
lysophospholipids and AA (Cupillard, Koumanov, Mattei, Lazdunski, & Lambeau, 1997;
Gunawardena, Govindaraghavan, & Miinch, 2014; Pan et al., 2002) (Figure 4.5).
Lysophospholipases are enzymes that are known to degrade cytotoxic lysophospholipids
(Weller, Bach, & Austen, 1984). Prostaglandin G/H synthase 2 or Cyclooxygenase 2
(COX2) metabolizes arachidonic acid (AA) into prostaglandin H. and generate
superoxide radicals during this process that contributes towards oxidative stress (Morgan
& Liu, 2011; D. Wang & Dubois, 2010) (Figure 4.5). COX2 up regulation has been
linked to inflammatory response, resistance to apoptosis and tumor progression, and cell
adhesion (S. F. Kim, Huri, & Snyder, 2005). Prostaglandin D synthase further
metabolizes PGH2 to generate prostanoids such as prostaglandin D, E,, and F», (PGD,,
PGE., and PGF,, respectively), and thromboxane Az such as TXA,. Additionally, PTGD2
has also been shown to enable xenobiotic and endogenous compound detoxification
through glutathione conjugation in Nilaparvata lugens (Yamamoto et al., 2017). We
found group 11D secretory phospholipase A2 (PA2GD), group 10 secretory
phospholipase A2 (PA2GX), eosinophil lysophospholipase (LPPL), COX2, and
glutathione-requiring prostaglandin D synthase (PTGD?2) significantly up regulated
against Cd?* in our dataset (Figure 4.5).

Nearly 30% (21/69) of genes involved in the oxidative stress response in D. pulex
were found to be SDE. 66% of those 30% were up regulated against Cd?* exposure only.
These genes include COX2, peroxidasin, phospholipid hydroperoxide glutathione

peroxidase (GPx), peroxinectin and chorion peroxidases. GPx is an antioxidant enzyme
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that protects cell membrane against lipid peroxidation and is also involved in
detoxification of xenobiotics (Esworthy, Doan, Doroshow, & Chu, 1994; Sidhu, Sharma,
Bhatia, Awasthi, & Nath, 1993). Peroxidasin gene encodes for a heme-containing
peroxidase that aids in consolidation of the extracellular matrix, defense response and
phagocytosis of cells undergoing apoptosis (Nelson et al., 1994). Peroxinectin is linked to
cell adhesion function in the black tiger shrimp, Penaeus monodon (Sritunyalucksana,
Wongsuebsantati, Johansson, & Soderhall, 2001). Cell adhesion and differentiation was
one of the affected categories of genes after an acute 24 hr Cd?* exposure in HPT cells in
Garrett et al. (2011). Shrimp peroxinectin has 51% cDNA similarity to Drosophila
melanogaster peroxinectin and peroxidasin sequences, especially to their peroxidase
domains (Sritunyalucksana et al., 2001). Cd?* is known to induce generation of ROS such
superoxide ion, H2O, and hydroxyl radicals (Stohs & Bagchi, 1995). Peroxidases
primarily break down toxic hydrogen peroxides (H20>) into water and oxygen (Flohe &
Ursini, 2008). Chorion peroxidases are known to be expressed throughout the life of adult
female insects to protect their eggs against oxidative stress by contributing towards the
rigid, insoluble egg chorion (Tootle & Spradling, 2008; Tufail & Takeda, 2012).
Glutathione s-transferases (GST) have also been known to play a major role in protecting
cells against several xenobiotic agents (Salinas & Wong, 1999). GSTs conjugate
glutathione to toxic electrophilic compounds produced during membrane oxidation
processes such as 4-hydroxynonenal and cholesterol a-oxide (Danielson, Esterbauer, &
Mannervik, 1987; Hubatsch, Ridderstrom, & Mannervik, 1998). Overall, the conjugation

process makes the highly toxic compounds less reactive and water soluble (Veal, Toone,
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Jones, & Morgan, 2002). We found 8 GSTs in our SDE list and 7/8 were upregulated
against Cd?* exposure only (Figure 4.5). Additionally, the first rate-limiting enzyme in
synthesizing glutathione, the Glutamate-cysteine ligase catalytic subunit (Siegmund et al.,
2011), was also upregulated under Cd?* exposure (Figure 4.5). Glutathione up regulation
has be directly associated with Cd?* chelation and detoxification and antioxidant response
against oxidative stress (Delalande et al., 2010; Jozefczak, Remans, Vangronsveld, &

Cuypers, 2012) (Figure 4.5).

XENOBIOTIC METABOLISM PATHWAY

Humans encounter xenobiotics via exposure to drugs, environmental pollutants,
processed food, chemicals used in agriculture and cosmetic products. Generally,
xenobiotics are lipophilic in nature and cause toxicity by accumulating in the body
(Davies, 2007). Xenobiotic metabolizing enzymes (XME) eliminate most xenobiotics in
discrete phases such as phase 1, 2 and 3 (Davies, 2007; Zhang et al., 2013). A nuclear
receptor that regulates expression of phase I genes is aryl hydrocarbon receptor (Ahr)
(Xu, Li, & Kong, 2005). As shown in chapter 4 “Arms Race Between Plants and
Animals: Biotransformation System” of Steinberg (2012), xenobiotics enters the cell and
binds to Ahr in the cytoplasm. Ahr is then translocated to the nucleus after activation by
transport factors (Steinberg, 2012). The activated complex interacts with the xenobiotic
response element (XRE) in the upstream of its target
genes and allows their transcription (Steinberg, 2012). Transcription factors in cap-n-
collar family such as NRF1 and NRF2 target antioxidant response elements (ARE)

sequence and regulate the expression of oxidative stress response or phase Il genes
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(Biswas & Chan, 2010; Itoh et al., 1997). Additionally, Ahr can interact with both XRE
and ARE sequences (Kohle & Bock, 2009). We found both Ahr and NRF1 genes
significantly upregulated against Cd?* exposure in D. pulex. Since, xenobiotics are mostly
hydrophobic in nature; XMEs convert them into hydrophilic derivatives for easier
elimination (Davies, 2007).

In phase I, xenobiotic compounds are modified by adding a reactive group such as
hydroxyl radical (-OH), carboxylic acid (-COOH), sulfanyl group (-SH), or amine group
(NH2) (Davies, 2007; Liska, 1998). Enzymes that participate in these reactions are
cytochrome P450 (CypP450), flavin-containing monooxygenases (FMO),
carboxylesterases (CES) and epoxide hydrolase (Davies, 2007; Liska, 1998; Zhang et al.,
2013). We found CypP450 (4 transcripts) significantly upregulated against Cd?* exposure
in D. pulex. Among them were, CYP2J2 and CYP46A that are known to oxidize lipid
metabolites such as AA and cholesterol into other pro-inflammatory and cytotoxic
metabolites such as HETESs and 24S-hydroxycholesterol, respectively (C. Chen & Wang,
2013; Lutjohann & von Bergmann, 2003; NCBI, 2016; Yamanaka, Urano, Takabe, Saito,
& Noguchi, 2014) (Figure 4.5). CypP450 perform oxidation of substrates by using O2
(due to the presence of a heme molecule in their active site) and H* from nicotinamide
adenine dinucleotide phosphate (NADPH) supplied by NADPH-cytochrome P450
oxidoreductase (Davies, 2007). We found NADPH-CypP450 reductase (alias for
NADPH-cytochrome P450 oxidoreductase) significantly upregulated in our dataset
against Cd?* treatment. In an uncoupled reaction CypP450 may consume more O for

metabolizing a substrate and produce ROS such as activated oxygen radical O,.(Davies,
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2007). Superoxide dismutase (SOD) can protect the cell from oxidative damage by
degrading ROS into less reactive metabolites and hydrogen peroxide (Y. Li et al., 1995;
Morgan & Liu, 2011). Our analysis shows SOD significantly upregulated against Cd?*
treatment. Inability to metabolize phase | intermediates can cause oxidative damage to
DNA, RNA and proteins (Davies, 2007; Liska, 1998). Therefore, phase Il enzymes
participate in the antioxidant pathway through conjugation reactions that stabilizes the
reactive intermediary metabolites from phase | and converts them into hydrophilic
compounds for easier elimination via excretory mechanisms or phase Il (Liska, 1998)
(Figure 4.5).

Phase Il enzymes include aldo-keto reductase (AKR), y-glutamylcysteine
synthetase (GCL), glutathione peroxidase (GPX), glutathione s-transferase (GST), heme
oxygenase 1 (HO-1), menadione reductase (NMO), N-acetyltransferase (NAT), NADPH
quinine oxidoreductase 1 (NQO-1), peroxiredoxin (PRX), sulfiredoxin (SRXN),
sulfotransferase (SULT), thioredoxin (Trx), glucose-6-phosphate dehydrogenase,
thioredoxin reductase (TrxR), carbonyl reductase [NADPH] 3 (CBR3), and UDP-
glucuronosyltransferase (UGT) (Barski, Tipparaju, & Bhatnagar, 2008; Zhang et al.,
2013). AKRs are involved in oxidation-reduction reactions during detoxification process
and intermediary metabolism. Substrates of AKRs include both endogenous and
exogenous molecules such as drugs, environmental pollutants, steroids, lipid peroxidation
metabolites and glycosylation products (Barski et al., 2008). Lipids are the barrier
between cell and the extracellular environment and crucial in cell signaling process

(Larregle et al., 2008). Cd?* causes free radical damage to the cell membrane by lipid
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peroxidation (Bagchi et al., 1997; Manca et al., 1994). Lipid peroxidation of inner
mitochondrial membrane can disrupt mitochondrial membrane integrity (L. Muller,
1986). AKR upregulation likely suggests detoxification of genotoxic metabolites because
of lipid peroxidation. GCL plays a crucial role in the biosynthesis and homeostasis of
antioxidant glutathione (GSH) (Hibi et al., 2004). GST catalyzes the transfer of GSH to
reactive electrophiles from phase I and prevents their interaction with cellular
macromolecules (Davies, 2007). GPX protects cell from oxidative damage and lipid
peroxide induced toxicity (Yant et al., 2003). Sulfotransferases (SULT) and UDP-
glucuronosyltransferase (UGT) add a sulfonate and glucoronic acid moiety to increase
the water solubility of a xenobiotic compound (Gamage et al., 2006; Steinberg, 2012)
2012). UGT have also been shown to conjugate with pro-inflammatory and unstable AA
metabolites such as HETEs and leukotriene B4 (LTB4) and remove them from our bodies
(Turgeon et al., 2003). NADPH participates in oxidation-reduction reactions such as
protecting cells against ROS toxicity by acting as a coenzyme with glutathione reductase
to convert glutathione disulfide (GSSG) (oxidized) reduction to GSH (reduced) (Deneke
& Fanburg, 1989; Rush et al., 1985). Glucose-6-phosphate dehydrogenase (G6PD) helps
to reduce NADP™ (oxidized) to NADPH (reduced). CBR3 participates in conversion of
endogenous molecules such as steroids and prostaglandins, and exogenous active
carbonyl derivatives into their respective alcohols (Miura, Nishinaka, & Terada, 2008).
We found AKR (4 transcripts), glutamate--cysteine ligase catalytic subunit (alias GCL,
GSH), GPX4, GST (6 transcripts), SULT (8 transcripts), UGT (7 transcripts), G6PD and

CBR3 significantly upregulated genes in our dataset against Cd?* exposure (Figure 4.5).
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Given phase Il genes are involved in antioxidant defense and reduction of reactive
and oxidized intermediates from phase I, we decided to look in their TF binding sites for
potential similarities. Our clustering results showed phase 11 genes are scattered across
different clusters, most likely due to presence of variable combinations of TF binding
sites in their upstream regions (Figure 4.10). Nonetheless, Ahr::Arnt and Atf binding sites
were prominently present among these genes (~64%, 18/28) and all phase 11 genes with
Atf binding sites were grouped under the same cluster (cluster 1, ~36%, 10/28). These Atf
target genes include Ahr, AKR, GST, PTGD2, SULT, and UDP. Our results, point
towards a combinations of TFs likely causing a variety of antioxidant response based on
specific xenobiotics and reactive endogenous substrates. Further research is required to
verify the molecular mechanisms underlying the interplay between TFs and antioxidant
defense response target genes.

Phase 111 is considered as antiporter activity that involves genes such as organic
anion transporting polypeptide 2 (OATP2) and ATP binding cassette transporters (ABC)
such as multidrug resistance associated protein (MRP), ABCG2, p-glycoprotein (P-gp)
(Glavinas, Krajcsi, Cserepes, & Sarkadi, 2004; Zhang et al., 2013). These act as
xenobiotic efflux pumps that participate in exporting intracellular signaling molecules,
toxic metabolites and xenobiotic compounds (Chin, Pastan, & Gottesman, 1993; Toyoda
et al., 2008; D. Wang & Dubois, 2010) (Figure 4.5). OATPs can transport large
hydrophobic anions into the cell, MRPs can eject uncharged hydrophobic molecules and
hydrophilic anions, and ABCG2 and P-gps can remove large positively charged

molecules that are insoluble in water (Glavinas et al., 2004; M. Roth, Obaidat, &
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Hagenbuch, 2012). We found Cystic fibrosis transmembrane conductance regulator
(CFTR, member of MRP family) and Canalicular multispecific organic anion transporter
2 (MRP3), and ABCG2 significantly upregulated in our dataset against Cd?* exposure.
This suggests activation of all phases of xenobiotic metabolism pathway to protect cells
from Cd?* induced oxidative stress and toxic metabolites in D. pulex. The remaining
genes in the phase I, Il and 111 absent in our SDE list either did not change significantly
or did not have a homologue in our dataset.

Clustering of TF binding site profiles revealed a set of phase I, Il and 111 genes
grouped under a single cluster most likely due to the presence of common Atf motifs
among them (cluster 1, Figure 4.11). Our results show a strong enrichment of Atf binding
sites among oxidative stress response and xenobiotic metabolism genes. This may
suggest its major involvement in regulating heavy metal induced stress response

transcription in D. pulex.

REPRODUCTION, CHITIN AND EXOSKELETON

Vitellogenin is the precursor from which egg yolk proteins are derived (Wiley &
Wallace, 1981). We found 3 vitellogenin-1 transcripts in our SDE gene list. Two out of
the three transcripts are downregulated after exposure to Cd?* This result is in agreement
with downregulation of vitellogenin observed in microarray analysis after a 24 hr Cd?*
(18 ug/L) exposure in Daphnia magna (D. magna) by Poynton et al. (2007) and after D.
magna exposure to Cd?* for 96 hrs by Soetaert, Vandenbrouck, et al. (2007). Cervera,
Maymo, Martinez-Pardo, and Garcera (2006) study also showed downregulation of

vitellogenin in the large milk weed bug (Oncopeltus fasciatus) after Cd?* exposure.
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Moreover, Cd?* exposure has also been shown to reduce reproduction in D. magna
(Baillieul, Smolders, & Blust, 2005; Bodar, Van Leeuwen, VVoogt, & Zandee, 1988).
Therefore, the downregulation of Vitellogenin might suggest an impact of Cd?* exposure
on D. pulex reproduction. Daphnids release their neonates after shedding their
exoskeleton (Poynton et al., 2007), and chitin is the major component of insect,
crustacean, mollusk and fungi exoskeletons (Daraghmeh, Chowdhry, Leharne, Al Omari,
& Badwan, 2011). Chitinases are enzymes that help in maintaining and reshaping the
exoskeleton. It has been shown that the downregulation of chitinases correlates with
chronic effects to D. magna reproduction after a dose dependent Zn?*exposure (Poynton
et al., 2007). However, in the same study chitinase activity did not change in Cd?*
exposed animals when compared to control animals. Conversely, chitinase-1, chitinase-2
and chitotriosidase were shown to be significantly upregulated after 48 hrs Cd?* treatment
in D. pulex (Joseph R. Shaw et al., 2007). In our dataset, we found 4/6 chitinase
transcripts were downregulated and the remaining 2 upregulated in response to Cd?* (1/2
was also upregulated under Zn?*). These findings point towards influence of Cd?* on
ecdysis and molt regulation in D. pulex. Insect cuticle is an exoskeleton that contributes
to the insect’s shape and separates their living tissue from the environment by acting as a
barrier (Andersen, 1979). Due to sequestration of heavy metals in the cuticle of insects
such as grasshoppers and carabidae, the molting process has been linked to potential
heavy metal detoxification (Lindqvist & Block, 1995). We found a total of 141 cuticle
associated transcripts altered after independent Cd?*, Ni?* and Zn?*exposure. Joseph R.

Shaw et al. (2007) study showed upregulation of cuticle proteins in response to Cd?*
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Cd?* alone with 38 upregulated and 83 downregulated genes was responsible for 85%
(121/141) of genetic response in this biological process. Poynton et al. (2007) showed
downregulation of a cuticle associated gene under Zn?* exposure. In our analysis, 40
cuticle genes were affected by Zn?* and 85% (34/40) of them were downregulated. Under
the chitin binding and metabolic processes, we found 36 genes in our SDE gene list.
19/36 were upregulated and 17/36 were downregulated against Cd?* exposure. In this list
we found an enrichment of proteins associated with insect Peritrophic matrix (PM). The
PM is the insect midgut that consists of chitin and proteins (Tellam, Wijffels, &
Willadsen, 1999). Peritrophic matrix proteins (PMP) are known to protect insects against
pathogens, support digestion, strength, elasticity and permeability of the PM (Jasrapuria
et al., 2010; Tellam et al., 1999). Most PMPs have cysteine-rich domains that facilitates
chitin binding (Tellam et al., 1999). Specific PMPs have been shown to regulate PM
permeability to maintain insect fat body that is crucial for insect survival (Agrawal et al.,
2014). We found a mix response pattern of both up and down regulated genes for PMPs
against Cd?* exposure. Our data suggests Cd?* exposure is altering the regulation of

PMPs and is likely affecting the PM structure and function.

CARBOHYDRATE METABOLISM

Carbohydrate metabolism was significantly downregulated in our GO enrichment
analysis against Cd?* exposure. We found 39 genes in total involved in this process
overlapping with our SDE gene list. 84% (33/39) of these genes are downregulated in
response to Cd?*. Previous studies have shown suppression of digestion and feeding rates

due to Cd?* and Zn?* exposures in D. magna, followed by a decrease in digestive enzyme
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expression (De Coen & Janssen, 1998; Guan & Wang, 2004) . Additionally, shrinking
and paralysis of the digestive system has been shown because of chronic Cd?* and Zn?
exposure at sub-lethal dosages in D. magna (Griffiths, 1980). Therefore, an overall
suppression of this process would likely suggest a decrease in digestive enzyme activity
(Poynton et al., 2007). Salivary glands of humans and other animals to initiate the
digestion of starch (Alpers, 2003) produce alpha amylase (ptyalin) and pancreatic
amylase continues the process in the small intestine (M. E. Smith & Morton, 2011). 4
alpha amylase transcripts were downregulated and 1 was upregulated after Cd?* exposure
showing reduced metabolism of dietary carbohydrate under Cd?* exposure in our dataset.
Endoglucanase are cellulases that degrade cellulose into simple sugars (Yennamalli,
Rader, Kenny, Wolt, & Sen, 2013). 7 genes under this family were downregulated after
Cd?* exposure. Other enzymes in our SDE downregulated gene list for carbohydrate
metabolism include exoglucanase-1, 3-beta-glucanase, mannosidase (4 transcripts),
mannanase (3 transcripts), and trehalases (2 transcripts) . This result is in agreement with

Poynton et al. (2007).

OXYGEN, HEME BINDING AND TRANSPORT

Hemoglobin (Hb) is present in a wide range of animals but is narrowly
represented by large invertebrate taxa including insecta and crustacea (Zheng, Xu, Qin,
Wu, & Wei, 2017). Invertebrate Hb functions similarly to vertebrate Hb such that it
facilitates transfer of oxygen to breathing tissues from the environment (Ha & Choi,
2008). The Hb transcripts in Propsilocerus akamusi showed higher expression compared

to control samples after exposure to a sub-lethal dose of Cd?* (2.4 mmol/L) at major Cd?*
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accumulation sites such as the epidermis (after 48 hrs exposure), gut (after 48, 72 hrs
exposure) and malpighian tubules (after 48, 72 and 96 hrs exposure) (Zheng et al., 2017).
Altered expression of Hb after Cd?* exposure was postulated as a likely response to meet
increasing oxygen demand during xenobiotic metabolism (Zheng et al., 2017). Joseph R.
Shaw et al. (2007) have shown upregulation of 3 Hb transcripts in D. pulex after 48 hr
exposure to sub-lethal dose of Cd?* at 20 pg/L. We found a total of 11 Hb transcripts in
our SDE list participating in oxygen binding and transfer. 81% (9/11) of them were all
upregulated against Cd?* treatment. Soetaert, van der Ven, et al. (2007) have shown
downregulation of Hb transcripts in D. magna when exposed to Cd?* at sub-lethal
concentrations of 10, 50 and 100ug/L for 48 and 96 hrs. 2/11 of our Hb transcripts were
downregulated with Cd?* treatment. However, it is important to note that concentration
and time of exposure of a toxicant in an ecotoxicological experiment can produce

variable gene expression profiles for the same gene (H. J. Kim et al., 2015).

CELL CYCLE AND DNA REPAIR

The cell division process in all eukaryotic organisms is governed by cyclin
dependent kinases (CDKSs) and cyclin proteins (Sobkowiak & Deckert, 2004). Cyclins are
proteins that regulate CDK activity during discrete phases of the cell cycle (Sobkowiak &
Deckert, 2004). We found some cyclins were downregulated in our SDE gene list against
Cd?* exposure. Cyclin-A2 is known to regulate CDK2 during late S phase to transit the
cell into G2 phase (Risal, Adhikari, & Liu, 2016). We found Cyclin-A2 was
downregulated in our dataset after Cd?* exposure. Cyclin-B is a key component for

progression of cell cycle during G2-M transition (Risal et al., 2016). Our data showed
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two transcripts for mitotic-specific cyclin-b1 were downregulated under Cd?* treatment.
A study on Cd?* impact on soybean cells showed a link between Cd?* exposure and
decrease in cyclin B1 mRNA resulting in cell cycle disruption during G2-M transition
(Sobkowiak & Deckert, 2004). 2004). Mammalian polo-like kinases (PIk) are crucial
regulators in the progression of cell cycle phases, mitosis, response to DNA damage and
cytokinesis (Winkles & Alberts, 2005). Plk genes differentially regulate in cells under
stress (Burns, Fei, Scata, Dicker, & El-Deiry, 2003). PIk2 mRNA expression increased in
a human cell line when exposed to UV light, leading to cell cycle arrest (Burns et al.,
2003), and PIK1 gene expression was suppressed in mammalian cells after exposure to
DNA-damaging agents contributing to cell cycle arrest (Ando et al., 2004; Ree, Bratland,
Nome, Stokke, & Fodstad, 2003) . We found Serine/threonine-protein kinase PLK1 was
downregulated and Serine/threonine-protein kinase Plk2 was upregulated in our dataset
against Cd?* exposure, providing further evidence of cell cycle arrest after Cd?* exposure.
Cd?* is known to cause DNA damage through oxidative stress (Badisa et al., 2007). Base
excision repair (BER) enzymes remove damaged bases in DNA and suppress
spontaneous mutagenesis (Nakamura et al., 2017; Sirbu & Cortez, 2013). Thymine DNA
glycosylase (TDG) is shown to regulate DNA damage response in human fibroblast cells
(Nakamura et al., 2017). Our data shows the upregulation of G/T mismatch-specific
thymine DNA glycosylase against Cd®* exposure. Another gene called Three prime repair
exonuclease 2 (TREX2) was also upregulated after Cd?* treatment. 3’ excision of DNA

nucleotides is crucial in a variety of processes such as replication, repair and
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recombination of DNA (Mazur & Perrino, 2001). TREX1 and TREX2 are known

mammalian genes involved in the DNA 3’ excision process (Mazur & Perrino, 2001).

METALLOTHIONEIN EXPRESSION

Metallothionein (MT) is important biomarker frequently associated with cellular
protection against Cd?* exposure (Bi, Lin, Millecchia, & Ma, 2006; Klaassen et al., 1999;
Poynton et al., 2007; Joseph R. Shaw et al., 2007). They are highly conserved, cytosolic,
non-enzymatic, low molecular weight (< 10 kDa), cysteine-rich (30-33% of the protein),
and metal ion binding proteins (Amiard, Amiard-Triquet, Barka, Pellerin, & Rainbow,
2006; Y. Liu et al., 2014; Joseph R. Shaw et al., 2007). MTs participate in maintaining
the homeostasis of essential metals in cells such as Cu?* and Zn?* (Amiard et al., 2006;
Langston, Bebianno, & Burt, 1998; Viarengo & Nott, 1993).They scavenge free radicals
and protect cells against oxidative stress (Ruttkay-Nedecky 2013, Sato and Bremner
1993). Additionally, MT play a crucial role in detoxification of non-essential metals
heavy such as Cd?*, silver (Ag®")and mercury (Hg?*) (Langston et al., 1998) (Amiard et
al., 2006; Joseph R. Shaw et al., 2007). Joseph R. Shaw et al. (2007) and Asselman et al.
(2013) have reported upregulation of MT in D. pulex when exposed to Cd?* at 48 hrs for
20pug Cd?*/L concentration and after 96 hrs for 0.5ug Cd?*/L concentration respectively.
Poynton et al. (2007) also observed significant MT upregulation in D. magna (same
species as D. pulex with high amino acid sequence similarity to D. pulex MTs, Asselman
et al. (2013)), when treated with Cd?* at 18ug Cd?*/L concentration for 24 hours.
However, Soetaert, Vandenbrouck, et al. (2007) did not report any change in MT when

D. magna was exposed to (10, 50, 100pg Cd?*/L) for 48 and 96 hours. Asselman et al.



118

(2013) have described MT expression as time and homolog dependent. Soetaert,
Vandenbrouck, et al. (2007) observed high correlation between gene expression changes
and gradual increase in metal dose and exposure time. This implicates that MT
expression is dependent on the organism, time of exposure and dosage of the heavy
metal. Metal transcription factor | (MTF-1) is a crucial regulator of MT gene expression
(Grzywacz et al., 2015). Nuclear Factor I (NFI) is a direct interactor of MTF-1 (Gunther
et al., 2012). NFI interaction with MTF-1 has been indicated to either enhance or inhibit
MT-1 basal and heavy metal such Cd?* and Zn?" induced expression (Jacob, Majumder, &
Ghoshal, 2002; LaRochelle et al., 2008; Majumder, Ghoshal, Gronostajski, & Jacob,
2001). Majumder et al. (2001) have showed that direct interaction between NFI and MT-I
promoter is not required for NFI proteins to repress MT-1 expression. NFI protein has
four isoforms such as NFI-A,-B,-C and -X. Overexpression of all isoforms in HepG2
cells showed repression of MT-I. LaRochelle et al. (2008) described the discrepancy
between their results and Majumder et al. (2001) was due to the difference in
overexpression of NFI. However, we found NFI-C significantly upregulated against Cd?*
exposure in D. pulex without any tampering with the expression of NFI isoforms. Jacob
et al. (2002) study has shown an inverse correlation between MT-I and GST in certain
prostate cancer cell lines. Additionally, they also found expression of GCL correlating
with GST in lymphosarcoma and hepatoma cells indicating a mechanism compensating
for decrease in MT-I expression (Jacob et al., 2002). We found MT significantly
downregulated and GST and GCL significantly upregulated in our dataset against Cd?*

exposure.
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IRON TRANSPORT AND HOMEQOSTASIS

Ferritins are iron (Fe?*) storage and scavenging proteins (Poynton et al., 2007).
Their regulation depends primarily on bioavailable Fe, iron response protein (IRP) and
iron response element complex (IRE) (Arosio & Levi, 2002; Poynton et al., 2007). In
Xenopus laevis cells, Ferritin expression increased after Cd?* exposure (J. P. Muller,
Vedel, Monnot, Touzet, & Wegnez, 1991). Poynton et al. (2007) showed upregulation of
Ferritin gene in D. magna after independent Cu?* (6 ug/L) and Cd?* (18 ug/L) treatment
for 24 hrs. This microarray analysis also showed two transcripts of Ferritin were
downregulated when exposed to Cd?* only (Poynton et al., 2007). Joseph R. Shaw et al.
(2007) mentioned differential regulation for one Ferritin gene in D. pulex after Cd?*
treatment at 20ug/L for 48 hrs.

Activating transcription factor 1 (ATF1) is known to repress ferritin H gene
transcription (Hailemariam, lwasaki, Huang, Sakamoto, & Tsuji, 2010; lwasaki,
Hailemariam, & Tsuji, 2007). However, homeodomain-interacting protein kinase 2
(HIPK2) has been shown to counter the effect of ATF1 on ferritin H transcriptional
repression (Hailemariam et al., 2010). Even though, HIPK2 is significantly upregulated
under Cd?* exposure, we found seven ferritin heavy (H) chain transcripts significantly
downregulated in our dataset. We also found all seven ferritin H chain transcripts
grouped under cluster 1 based on our TF binding site profile clustering. Cluster 1 is
significantly enriched with ATF transcription factor gene targets indicating a potential

role of ATF TFs in regulating ferritin H gene expression. Further research in this
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direction is needed to understand the underlying mechanism behind the downregulation

of ferritins under 24 hr Cd?* exposure in D. pulex.

CONCLUSION

In conclusion, we have successfully demonstrated validation of D. pulex as a model
organism to study ecotoxicogenomics. RNA-Seq has enhanced the power of
ecotoxicological science by allowing us to detect changes at the biomolecular level. This
is the biggest gene expression dataset generated for heavy metal induced toxicity in D.
pulex. This study has bioinformatically predicted oxidation-reduction as a significantly
enriched biological process against Cd?* induced toxicity that has not previously been
shown at a comprehensive level in D. pulex.

Our TF factor binding site analysis pipeline is a fresh attempt at solving an
existing problem of biologically relevant motif discovery. Using the binding site
detection pipeline along with consensus clustering has allowed us to detect combinations
of TFs potentially driving parts of the genetic response against heavy metal induced
stress. Ahr::Arnt and NRF1 bind to xenobiotic (XRE) and antioxidant (ARE) response
elements in the upstream regions of genes involved in environmental toxicant response or
xenobiotic metabolism pathway (Beischlag, Luis Morales, Hollingshead, & Perdew,
2008; Biswas & Chan, 2010; Kohle & Bock, 2009). The significant upregulation of Ahr
and NRF1 against Cd?* exposure in our dataset and exhaustive literature search aided us
to discover xenobiotic metabolism pathway that was not detected using conventional GO
enrichment analysis. Additionally, foxo transcription factors have been linked to regulate

cellular stress resistance, apoptosis, and metabolism (Martins, Lithgow, & Link, 2016).
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We found highest number of SDE gene targets for foxo TFs compared to other stress
associated TFs in our list (Table 4.7), suggesting a significant role of this TF in regulating
the stress response of this organism to heavy metal exposure. GO and orphan pairs
sharing FUCDs that did not cluster together mainly had no known stress motif in similar.
This may suggest a possibility of common motifs between them that are associated with
other biological processes or novel motifs associated with stress. Antioxidant defense
response genes showed a variety of stress TF binding site profiles suggesting modularity
in their regulatory patterns. However, a set of xenobiotic and oxidative stress response
genes grouped under the same cluster implicates their role as a unit responding under the
heavy metal and especially Cd?* stress in D. pulex. Further research needs to be
conducted to collect more evidence on the molecular mechanisms of D. pulex genomic
response to heavy metal contaminants.

The analysis in this chapter was entirely performed by me, therefore, it does not

contain an epilogue section.
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Genes 2010 beta 3

JGI_2011_Frozen_Cat

Total genes

47712

23210

Common genes

22630

22724

Total mapped reads

152834/200000 (76.4%)

136272/200000 (68.1%)

Uniquely mapped reads

140547/200000 (70.2%)

1277821200000 (63.8%)

Table 4.1. Transcript version comparison statistics.

Samples Mapped reads Unique reads Unique percentage
Control 1 32754569 26781719 0.674420451
Control 2 28635831 23286565 0.686202291
Control 3 23813276 20883728 0.695967303
Control 4 19956021 16313391 0.688898427
Cadmium 1 40385281 34897457 0.685324907
Cadmium 2 29029006 24494492 0.674518413
Cadmium 3 37326026 31047093 0.675283915
Nickel 1 42109420 35638244 0.673396224
Nickel 2 23221157 19394164 0.689756958
Nickel 3 35936381 29378732 0.688068568
Zinc 1 43267688 37650949 0.68621579
Zinc 2 35827270 29093188 0.6856887
Zinc 3 35631505 29480893 0.691686024

Table 4.2. Read mapping statistics.

Scaffold number

Median length of Intergenic regions

704 bp

871 bp

741 bp

781 bp

690 bp

761 bp

656 bp

1031 bp

O| N| 00| O O] | N| W|

891 bp

[y
N

793 bp

Average

~800 bp

Table 4.3. Upstream region statistics.
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Genes with | GO genes | Orphans | SDE | SDE GO SDE SDE
domain Orphan without
domains
Y _2016/2017 15692 12001 3691 2292 1323 317 652
Table 4.4. InterProScan statistics.
Shared FUCD genes GO with FUCD Orphans with FUCD
Transcriptome 5719 2523
SDE 452 200
Table 4.5. Comparison between orphans and GO genes carrying the same FUCD
Genes with pathway terms SDE SDE with pathway terms
Y_2017 4516 2292 410
Table 4.6. Pathway term statistics.
Transcription factor Total Up regulated Down regulated Mixed
number of gene targets gene targets
gene
targets
Ahr::Arnt 649 361 291 3
Arntl 195 78 118 1
Atf1/3/ATF7 545 302 246 3
CEBPA/B 123 65 60 2
Foxol/FOXO3/6 733 385 354 6
NF-xB (RELA) 197 97 102 2
MTF1 413 224 191 2
NRF1 100 64 37 1
Pparg::Rxra 110 59 52 1
Ddit3::Cebpa 14 10 4 0
ATF4 60 31 29 0
PPARG 3 1 2 0

Table 4.7. Stress associated transcription factor binding site on oxidative stress genes.
Note: discrepancy in the sum of up and down regulated genes is due to genes with mixed (up and down) regulation patterns across

metals.
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Oxidative stress genes TF profile Regulation
GSTA1 ATF4;Ahr::Arnt Cd_Up
SODC RELA;Atf1/3; Foxol/FOX03/6 Cd_Up

AKR1C4 MTF1;Atfl; FOXO6 Cd_Up
CBR3 MTF1;NRF1 Cd_Up
PGH2 Atf1/3/ATF7;Ahr::Arnt;ATF4;NRF1 Cd_Up

GSH CEBPA/B;MTF1; FOXO3/6;Ahr::Arnt Cd_Up
POR RELA;Ahr::Arnt; Cd_Up
Table 4.8. Stress associated genes TF binding profile.
TF Involved in biological processes Publication
Ahr::Arnt Response to environmental Beischlag et al. (2008); Dietrich (2016)
contaminants
Arnt Oxidative stress Wells, Gu, and dela Paz (2009)
Arntl Circadian rhythm and regulation J. Lee et al. (2013); Wilking, Ndiaye,
of antioxidant response Mukhtar, and Ahmad (2013)
NRF1 Antioxidant and xenobiotic Ohtsuji et al. (2008)
response
MTF1 Heavy metal exposure and Gunther et al. (2012)
oxidative stress
Atfl Oxidative stress Hailemariam et al. (2010)
Atf3 Oxidative stress Okamoto, lwamoto, and Maru (2006)
Atf4 Oxidative stress Lange et al. (2008)
ATF7 Stress response Maekawa et al. (2018)
NF-xB (REL, RELA) ROS regulation, cell survival, Morgan and Liu (2011)
inflammation, and immunity
HIF1A Hypoxia, ROS and oxidative stress Pialoux et al. (2009)
Ddit3 Cellular stress response Jauhiainen et al. (2012)
CEBP Regulation of Oxidative stress Hsiao et al. (2014); Huggins et al.
response (2015); Manea, Todirita, Raicu, and
Manea (2014)
PPARG Energy homeostasis, inflammatory Omiecinski, Vanden Heuvel, Perdew,
response, xenobiotic metabolism and Peters (2011); Polvani, Tarocchi,
and oxidative stress and Galli (2012)
FoxO Cellular stress response and Klotz et al. (2015); Martins et al. (2016)
antioxidant defense

Table 4.9. Known stress associated TFs.
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Table 4.11. SE GO terms statistics.

Sample Upregulated genes Downregulated genes Total genes
Cd 1185 905 2090
Ni 186 186 372
Zn 109 288 397
Table 4.10. Significantly differentially expressed (SDE) gene statistics.
Metal Number of GO terms affected
Cd 38
Ni 4
Zn 1

Biological processes

Supporting literature

Oxidation-reduction process, Response to
oxidative stress, and Peroxidase activity

Poynton et al. (2007); Joseph R. Shaw et al. (2007)

Oxygen, heme binding and transport, and
Hemoglobin complex

Joseph R. Shaw et al. (2007), Soetaert, van der Ven,

et al. (2007)

Carbohydrate metabolism

Soetaert, van der Ven, et al. (2007), Poynton et al.

(2007)

Iron (Fe) transport and homeostasis

Poynton et al. (2007); Joseph R. Shaw et al. (2007)

Cell cycle and DNA repair

Garrett et al. (2011)

Reproduction, chitin and exoskeleton (cuticle)

Poynton et al. (2007); Soetaert, van der Ven, et al.

(2007)

Calcium ion (Ca2+) and cell death

Choong et al. (2014)

Xenobiotic metabolism pathway

Novel as a whole pathway

Steroid biosynthetic process

Bochud et al. (2018); Paksy, Varga, and Lazar

(1992); Voogt, den Besten, Kusters, and Messing

(1987)

Table 4.12. Biological processes affected by heavy metals, especially Cd?*

Cluster Total Up Down | GO | Orphan NO GO+FUCD | Orphan+FUCD
number | number of domain
gene targets genes

1 550 307 246 328 69 153 42 27

2 396 219 180 234 51 111 39 21

3 279 154 129 150 46 83 19 11

4 247 126 122 131 31 85 7 10

5 150 68 84 82 29 39 8 7

Table 4.13. Motif based cluster statistics.

Note: discrepancy in the sum of up and down regulated genes is due to genes with mixed (up and down) regulation patterns across

metals.
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Similarity TF Width TF family
group
1 CEBPB 10 C/EBP-related
1 CEBPA 11 C/EBP-related
1 CEBPG 10 C/EBP-related
1 CEBPE 10 C/EBP-related
1 CEBPD 10 C/EBP-related
2 FOXO03 8 Forkhead box (FOX) factors
2 Foxol 11 Forkhead box (FOX) factors
2 FOXO06 7 Forkhead box (FOX) factors
2 FOX04 7 Forkhead box (FOX) factors
3 ATF7 14 Jun-related factors
3 Atfl 8 CREB-related factors
3 Atf3 8 Fos-related factors
4 RELA 10 NF-kappaB-related factors
4 REL 10 NF-kappaB-related factors
5 Arntl 10 PAS domain factors
5 Arnt 6 PAS domain factors
6 ARNT::HIF1A 8 PAS domain factors::PAS domain factors
7 Pparg::Rxra 15 Thyroid hormone receptor-related factors (NR1)::RXR-
related receptors (NR2)
8 PPARG 20 Thyroid hormone receptor-related factors (NR1)
9 Ahr::Arnt 6 PAS domain factors::PAS domain factors
10 MTF1 14 More than 3 adjacent zinc finger factors
11 Ddit3::Cebpa 12 C/EBP-related::C/EBP-related
12 ATF4 13 ATF-4-related factors
13 NRF1 11 Jun-related factors

Table 4.14. Similarity based grouping of known stress associated TF using TOMTOM (e-value <0.01).
Note: The highlighted TF consensus of variable lengths and offsets within the same “Similarity group” were used for further analysis.
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CLUSTER TF # of # of # of # of p-value FDR
SDE SDE SDE SDE adjusted p-
TF TF targets | genes value
targets | targets | for this | inthe
in the TF cluster
cluster
CLUSTER_1 | Atfl/3_ATF7 545 550 545 1622 0 0
CLUSTER_1 | ATF4 34 550 60 1622 | 0.000191873 | 0.001151236
CLUSTER_1 | NRF1 34 550 100 1622 0.5314166 1
CLUSTER_1 | Ddit3::Cebpa 4 550 14 1622 0.7544307 1
CLUSTER_1 | Pparg::Rxra 30 550 110 1622 0.9501108 1
CLUSTER_1 | PPARG 1 550 3 1622 0.7115841 1
CLUSTER_1 | Ahr::Arnt 210 550 649 1622 0.8711236 1
CLUSTER_1 | CEBPA/B 36 550 123 1622 0.8916267 1
CLUSTER_1 | Foxol/FOX03/6 193 550 733 1622 1 1
CLUSTER_1 | MTF1 109 550 413 1622 0.9999409 1
CLUSTER_1 | RELA 56 550 197 1622 0.966493 1
CLUSTER_1 | Arntl 51 550 195 1622 0.9947937 1
CLUSTER_2 | Ahr::Arnt 396 396 649 1622 1.22E-203 1.22E-202
CLUSTER_2 | NRF1 28 396 100 1622 0.2267698 1
CLUSTER_2 | ATF4 7 396 60 1622 0.9963103 1
CLUSTER_2 | Pparg::Rxra 26 396 110 1622 0.6163758 1
CLUSTER_2 | PPARG 1 396 3 1622 0.5684222 1
CLUSTER_2 | CEBPA/B 20 396 123 1622 0.9914228 1
CLUSTER_2 | Foxol/FOX03/6 134 396 733 1622 0.9999999 1
CLUSTER_2 | MTF1 62 396 413 1622 1 1
CLUSTER_2 | RELA 40 396 197 1622 0.9379738 1
CLUSTER_2 | Arntl 38 396 195 1622 0.9660599 1

Table 4.15. Cluster-wise transcription factor enrichment analysis.
Note: Highlighted TFs are statistically significantly enriched in each cluster after hypergeometric test (p-value) and false discovery
rate (FDR) multiple test correction (adjusted p-value). # = Number.
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CLUSTER TF # of # of # of # of p-value FDR
SDE SDE SDE SDE adjusted p-
TF TF targets | genes value
targets | targets for in the
in the this | cluster
cluster TF
CLUSTER_3 | Foxol/FOXO3/6 279 279 733 1622 1.53E-112 1.38E-111
CLUSTER_3 | Pparg::Rxra 19 279 110 1622 0.5340316 0.96125688
CLUSTER_3 | PPARG 1 279 3 1622 0.4325751 0.96125688
CLUSTER_3 | CEBPA/B 23 279 123 1622 0.3616633 0.96125688
CLUSTER_3 | Arntl 36 279 195 1622 0.340853 0.96125688
CLUSTER_3 | NRF1 10 279 100 1622 0.9869584 0.991337
CLUSTER_3 | ATF4 7 279 60 1622 0.9142887 0.991337
CLUSTER_3 | Ddit3::Cebpa 279 14 1622 0.9296508 0.991337
CLUSTER_3 | RELA 23 279 197 1622 0.991337 0.991337
CLUSTER_4 | MTF1 242 247 413 1622 4.09E-166 4.09E-165
CLUSTER_4 | Ddit3::Cebpa 9 247 14 1622 3.82E-05 | 0.000191056
CLUSTER_4 | Foxol/FOXO03/6 127 247 733 1622 | 0.01957799 | 0.065259967
CLUSTER_4 | NRF1 7 247 100 1622 0.9968172 1
CLUSTER_4 | ATF4 9 247 60 1622 0.5771939 1
CLUSTER_4 | Pparg::Rxra 18 247 110 1622 0.4082018 1
CLUSTER_4 | Ahr::Arnt 43 247 649 1622 1 1
CLUSTER_4 | CEBPA/B 12 247 123 1622 0.9756154 1
CLUSTER_4 | RELA 24 247 197 1622 0.9183718 1
CLUSTER_4 | Arntl 21 247 195 1622 0.9781572 1
CLUSTER_5 | RELA 54 150 197 1622 6.70E-16 4.02E-15
CLUSTER_5 | Arntl 49 150 195 1622 1.13E-12 3.39E-12
CLUSTER_5 | CEBPA/B 32 150 123 1622 1.01E-08 2.02E-08
CLUSTER_5 | NRF1 21 150 100 1622 | 0.000168614 | 0.000252921
CLUSTER_5 | Pparg::Rxra 17 150 110 1622 | 0.02044984 | 0.024539808
CLUSTER_5 | ATF4 3 150 60 1622 0.9282335 0.9282335

Table 4.15. —continued
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Figure 4.1. BR correlation scatter plots comparing a pair of samples under each treatment and their coefficient of Pearson
correlation (R).
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Figure 4.1. —continued
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Figure 4.2. Regulatory motif analysis pipeline.
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Figure 4.3. Enriched GO terms and metal induced gene regulation comparison.
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Figure 4.9 Expression pattern of TF target genes
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CHAPTER 5. TRANSCRIPTIONAL PROFILING OF PREDATOR-INDUCED

PHENOTYPIC PLASTICITY IN DAPHNIA PULEX.®

ABSTRACT

BACKGROUND

Predator-induced defenses are a prominent example of phenotypic plasticity
found from single-celled organisms to vertebrates. The water flea Daphnia pulex is a very
convenient ecological genomic model for studying predator-induced defenses as it
exhibits substantial morphological changes under predation risk. Most importantly,
however, genetically identical clones can be transcriptionally profiled under both control
and predation risk conditions and be compared due to the availability of the sequenced
reference genome. Earlier gene expression analyses of candidate genes as well as a tiled
genomic microarray expression experiment have provided insights into some genes
involved in predator-induced phenotypic plasticity. Here we performed the first RNA-
Seq analysis to identify genes that were differentially expressed in defended vs.
undefended D. pulex specimens in order to explore the genetic mechanisms underlying

predator-induced defenses at a qualitatively novel level.

RESULTS

We report 230 differentially expressed genes (158 up- and 72 down-regulated)

identified in at least two of three different assembly approaches. Several of the

5This chapter has been published in Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015).
Transcriptional profiling of predator-induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18.
doi:10.1186/s12983-015-0109-x
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differentially regulated genes belong to families of paralogous genes. The most
prominent classes amongst the up-regulated genes include cuticle genes, zinc-
metalloproteinases and vitellogenin genes. Furthermore, several genes from this group
code for proteins recruited in chromatin-reorganization or regulation of the cell cycle
(cyclins). Down-regulated gene classes include C-type lectins, proteins involved in
lipogenesis, and other families, some of which encode proteins with no known molecular

function.

CONCLUSIONS

The RNA-Seq transcriptome data presented in this study provide important
insights into gene regulatory patterns underlying predator-induced defenses. In particular,
we characterized different effector genes and gene families found to be regulated
in Daphnia in response to the presence of an invertebrate predator. These effector genes
are mostly in agreement with expectations based on observed phenotypic changes
including morphological alterations, i.e., expression of proteins involved in formation of
protective structures and in cuticle strengthening, as well as proteins required for resource
re-allocation. Our findings identify key genetic pathways associated with anti-predator

defenses.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi: 10.1186/s12983-015-0109-x) contains

supplementary material, which is available to authorized users.
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BACKGROUND

The common freshwater micro-crustacean Daphnia has become a model
organism for many biological disciplines (Altshuler et al., 2011; J. K. Colbourne et al.,
2011; Lampert, 2011; Miner, de Meester, Pfrender, Lampert, & Hairston Jr, 2012;
Schaack, 2008; R. Tollrian & Leese, 2010). The extensive knowledge of its ecology
(Lampert, 2006, 2011; Miner et al., 2012) and its biological responses to environmental
changes (Altshuler et al., 2011; S. I. Dodson, 1989; R. Tollrian & Dodson, 1999) together
with the availability of genomic resources (J. K. Colbourne et al., 2011) make the system
highly attractive for evolutionary ecology research and provides the unique opportunity
to study ecological traits with the aid of emerging molecular biological tools. One of the
most intriguing ecological responses of Daphnia species to environmental changes is
their ability to develop different phenotypes given the same genetic background, a
phenomenon called phenotypic plasticity. Prominent examples of phenotypic plasticity
include inducible defenses.

Inducible defenses are interpreted as adaptations to heterogeneous predation risks
and are found in many organisms from protists to vertebrates (Brénmark, Pettersson, &
Nilsson, 1999; Kuhlmann, Kusch, & Heckmann, 1999; Ralph Tollrian & Harvell,

1999). Daphnia evolved sensitivity against specific chemical compounds, which are
unintentionally emitted by their predators. These so-called kairomones serve as signals
which prompt the daphnid prey to develop individuals which are better defended.
Previous work has shown that different predators, e.g. fish and the phantom

midge Chaoborus spp., can induce different, sometimes opposite phenotypic reactions in
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the same species or clone (Boersma, Spaak, & De Meester, 1998; Liining, 1995; Stibor &
Luning, 1994; R. Tollrian & Dodson, 1999; Weiss, Kruppert, Laforsch, & Tollrian,
2012). This means that the genome must encode multiple developmental programs
triggered by environmental conditions. Induced defenses in Daphnia include prominent
morphological modifications: from tiny cuticular teeth to very elongated tail and head
spines, helmets or even giant crests (Beaton & Hebert, 1997; Juracka, Laforsch, &
Petrusek, 2011; Laforsch & Tollrian, 2004; Petrusek, Tollrian, Schwenk, Haas, &
Laforsch, 2009), but also changes in life history and different behaviours, which
ultimately all act as deterrents to encounter, capture and ingestion by the predator (S. I.
Dodson, 1974, 1989; Hebert, 1978; Hilsmann, Vijverberg, Boersma, & Mooij, 2004;
Latta lv, Bakelar, Knapp, & Pfrender, 2007).

In the model species Daphnia pulex, kairomones from the phantom-midge
larvae Chaoborus trigger production of neck-teeth, the most easily detectable trait, and
overall hardening of the cuticle (Laforsch, Ngwa, Grill, & Tollrian, 2004). These
external, cuticle-associated alterations effectively protect juveniles from predation
(Repka, Walls, & Ketola, 1995; R. Tollrian, 1995b). At the same time, induced D.
pulex females shift resources from reproduction to somatic growth, thereby reaching
maturity at a larger size and producing less but larger offspring (Riessen, 1999, 2012; R.
Tollrian, 1995a). Vertical migration is deemed to comprise the main behavioural reaction
to the presence of the predator in D. pulex: thus, Chaoborus-induced specimens prefer
shallower depths in comparison to control specimens (Boeing, Ramcharan, & Riessen,

2006; S. Dodson, 1988). Chaoborus is an ambush predator, such that Daphnia is also
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expected to reduce its swimming speed, although in the case of D. pulex this habit is
displayed only by some clones (S. I. Dodson, 1996; S. I. Dodson, Hanazato, & Gorski,
1995; Weber & Van Noordwijk, 2002) (LCW, unpublished observations).

Instability of environmental conditions (periodicity of predation risk, different
predators) and costs of defenses explain the inducible nature of the defensive morphs.
This is also in line with the fact that the neck-teeth are present only in certain juvenile
instars when the daphnids reach preferred prey size of their gape-limited predators
(Riessen, 1992; Riessen & Sprules, 1990; R. Tollrian, 1995a; R. Tollrian & Dodson,

1999; Ralph Tollrian & Harvell, 1999).

Based on the experimental evidence we can make the following predictions
regarding the underlying functional classes of effector genes that might contribute

to Daphnia’s anti-predatory response (Figure 4.1):

1. the structural changes in the cuticle are expected to mirror changes in the
amounts/types of cuticle-associated proteins;

2. life history modifications are expected to be controlled by several physiological
changes affecting both somatic growth and reproduction;

3. one can predict that other metabolic functions should be down regulated under
predation risk in order to allocate energy resources primarily to the above
mentioned pathways;

4. all levels of the response must ultimately be controlled by cascades of receptors,

humoral factors, signaling pathways and transcription factors.
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Currently, the technique of choice suitable for addressing response patterns in
gene expression at a genome-wide level with potentially unlimited depth of coverage is
RNA-Seq (McGettigan, 2013; Ozsolak & Milos, 2011; Z. Wang et al., 2009). The
availability of the D. pulex draft genome (J. K. Colbourne et al., 2011) greatly facilitates
the power of such analyses in that RNA-Seq reads can be specifically mapped to a
particular genomic location. Investigations of the genome-environment interactions
in Daphnia are ongoing, with the results of the first analyses of differential gene
expression patterns in ecological experiments recently becoming available (Asselman et
al., 2012; De Coninck et al., 2014; Jansen et al., 2013; Pauwels, Stoks, & De Meester,
2005). A number of features have been discovered that point to an ecological
responsiveness of the D. pulex genome; e.g. a large overall number of genes, organized in
the many families of paralogous genes that in many cases do not show homologies to
genes in other organisms, but show differential expression under different environmental
conditions (Boucher, Ditlecadet, Dubé, & Dufresne, 2010; J. K. Colbourne et al., 2011,
Latta, Weider, Colbourne, & Pfrender, 2012; P&alva-Arana, Lynch, & Robertson, 2009;

Thomson, Baldwin, Wang, Kwon, & LeBlanc, 2009).

While preliminary analysis of the transcriptomic responses of D. pulex to the
predator was performed earlier (J. K. Colbourne et al., 2011), gene expression was
assessed with tiling microarrays and was restricted to the second juvenile instar, after the
onset of neck-teeth production. Here we aimed at providing the first whole-genome
analysis of gene expression changes involved in formation of predator-induced defenses

in D. pulex. To accomplish this, we apply the most versatile technique to study
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transcriptomes, RNA-Seq and focus on the first juvenile instar, the developmental point

at which the defense is expected to unfold.

MATERIAL AND METHODS

DAPHNIA CLONE USED IN THE EXPERIMENT

In contrast to the clone chosen for genome sequencing by the Daphnia Genomics
Consortium (“TCQO”), the clone we utilized for the experiment (designated as “R9”) is
known to show pronounced production of defensive morphs in the presence of the
phantom midge larvae Chaoborus (J. K. Colbourne et al., 2011). It originates from
Canada and according to mitochondrial markers belongs to the so-called
Panarctic Daphnia pulex clade. The TCO clone in turn belongs to a group of populations
united under the name “Daphnia arenaria” which is likely of hybrid origin with its
mitochondrial genome coming from the same clade as R9, while nuclear markers point to
closer relationships with North American Daphnia pulicaria (J. K. Colbourne et al.,
1998; J. K. Colbourne et al., 2011; Vergilino, Markova, Ventura, Manca, & Dufresne,

2011).

EXPERIMENT

We utilized a simple experimental design: one pooled series of Daphnia
pulex juveniles exposed to Chaoborus and a control set of specimens without predator
induction. Fifty age-synchronized specimens of the D. pulex R9 clone, served as the
founding generation for the experimental animals. For induction, the mothers bearing late

embryos were exposed to the Chaoborus larvae contained in a net cage and fed with 100
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juvenile daphnids. Progeny obtained from the induced and control mother specimens was
collected at the first juvenile instar, and stored in RNA Later (Qiagen, Hilden, Germany)
for 24 h. Subsequently, specimens were stored at -20 °C until RNA extraction. Three

independent induction experiments were performed leading to 90 juveniles in each group

(induction and control) in total, which were pooled together to level individual variation.

RNA EXTRACTION AND SEQUENCING

Total RNA was extracted with the TRIzol Reagent (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s protocol with modifications. DNA was
further depleted with DNase treatment (TurboDNase, Life Technologies, Carlsbad, CA,
USA) and its absence was confirmed afterwards via PCR with primers spanning exon-
intron boundaries in an a-tubulin gene. Quality and amount of the purified RNA in the
samples was analyzed on the Experion System (Bio-Rad, Hercules, CA, USA) with the
aid of the Experion RNA StdSens Analysis Kit according to the supplied manual. The
samples were shipped to Otogenetics (Norcross, GA, USA) for library preparation and
sequencing. cDNA was synthesized with random hexamers after rRNA depletion. Size-
selected cDNA fragments (250-300 bp range) were sequenced on an Illumina HiSeq
2000 from both ends. Overall, two sequencing runs were performed yielding 10-20

million 100 bp read pairs per sample.

Quality of the reads was analyzed with FastQC v. 0.10.1 (Andrews, 2012)and
necessary filtering steps were performed with trimmomatic v. 0.22 (Bolger et al., 2014).

Since a considerable contamination of the data with adapter sequences and non-coding
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RNAs (primarily, rRNA) was detected in the first experiment, we performed two rounds
of trimmomatic treatment: removal of reads showing similarity to sequences of non-
coding RNA (100 bp tiling fragments with 50 bp overlaps were used as queries)
(ILLUMINACLIP:non_coding_rnas:4:40:12 MINLEN:81, for positive matches the
whole pair was discarded) and adapter and quality trimming on the second step
(ILLUMINACLIP:adapters:2:40:9 LEADING:15TRAILING:15MINLEN:36). After
each step of contamination removal a quality control analysis using FastQC was

performed to check the validity of our data processing steps.

The raw reads are available from the NCBI Sequence Read Archive (BioProject

accession number: PRINA287609).

ASSEMBLY

We employed two principal alternative approaches to assemble the transcriptome:
mapping-oriented and de novo assembly. For mapping we took the latest set of scaffolds
for the Daphnia pulex genome: the 06.09.2005 version with further filtering steps as

available on http://genome.jgi-psf.org/Dappul (5,191 scaffolds with the total length of

197,261,574 bp). “Daphnia pulex Genes 2010 beta 3” annotations, provided by the
wFleaBase (Genome Informatics Lab, 2005) were utilized for the reference-genes-guided
steps. Those loci which were located on the filtered out scaffolds were excluded, and the
final gene set comprised 41,561 transcripts in total. Intron length boundaries were

estimated based on the official gene annotations.
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Mapping of the reads was performed independently with TopHat v. 2.0.6
(Trapnell et al., 2009) and GSNAP v. 2012-12-20 (T. D. Wu & Nacu, 2010). In TopHat
the following principal options were specified for mapping paired reads: --read-
mismatches 7 --read-gap-length 2 --read-edit-dist 7 --mate-inner-dist 0 --mate-std-dev
100 --min-anchor-length 5 --min-intron-length 10 --max-intron-length 50000 --max-
insertion-length 3 --max-deletion-length 3 --microexon-search --segment-mismatches 3 --
segment-length 18 --no-coverage-search --min-segment-intron 10 --max-segment-intron
50000 --min-coverage-intron 10 --max-coverage-intron 20000 --b2-sensitive --report-
secondary-alignments --max-multihits 10. Singleton reads decoupled during read filtering
were mapped independently with analogous parameters, except that no new junctions
were allowed (--no-novel-juncs), besides junctions, obtained on the first step, as
recommended by the developers. Mapping options for GSNAP were as follows: --max-
mismatches=0.07 --suboptimal-levels=2 --novelsplicing=1 --localsplicedist=50000 --
pairmax-rna=50000 --sam-multiple-primaries with the paired reads and singletons

analyzed together.

Transcripts for both mapping approaches were assembled with Cufflinks v. 2.0.2
(Roberts, Pimentel, Trapnell, & Pachter, 2011; Trapnell et al., 2010). The assembly was
performed with the following general parameters: --multi-read-correct --upper-quartile-
norm --max-intron-length 50000 --min-intron-length 10 --overlap-radius 10 and the bias
correction option turned on. Two alternative assemblies were made: de novo assembly

without predefined annotations and reference-guided assembly (the --GTF option) with
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cuffmerge and cuffcompare, respectively, used to compare the reconstructed transcripts

to the reference.

Mapping-independent de novo assembly was done with Trinity r. 2012-10-05
(Grabherr et al., 2011). Input dataset for Trinity was prepared as follows. First, for the
paired reads in each pair an attempt was made to merge the mates in one longer fragment
with the requirement of at least 15 bases of overlap and allowance of no more than 2 %
mismatches, with the fastg-join program from the ea-utils package v. 1.1.2

(http://code.google.com/p/ea-utils). Resulting merged fragments, remaining paired reads

and singleton reads were treated as unpaired sequenced and were united together both
from the control and treatment with subsequent exclusion of redundant identical
sequences by fastx_collapser, a program from the FASTX-Toolkit v. 0.0.13

(http://hannonlab.cshl.edu/fastx_toolkit). Resulting dataset was processed by Trinity with

defaults settings, with the exception of butterfly --max_diffs_same_path=5 --
min_per_align_same_path=0.95 -SW options and minimal contig length of 60
nucleotides. To obtain expression levels for the Trinity contigs, individual reads were
aligned back to them with the aid of Bowtie2 v. 2.0.4 (Langmead & Salzberg, 2012) with
--end-to-end --sensitive --rdg 7,3 --rfg 7,3 settings separately for the control and the
treatment. Resulting mappings were processed by cufflinks with the following
parameters: --multi-read-correct --upper-quartile-norm --overlap-radius 10 and the whole
contigs specified as predefined annotations, as well as input for bias correction. To define
genomic positions of the Trinity contigs, we mapped them to the reference genome with

blat (default settings for RNA and minimal identity 93 %). To detect presence and classes
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of overlaps of the Trinity contigs and the official annotations, cuffcompare from the

cufflinks package was used.

Differential expression on the level of genes was assessed with cuffdiff with

parameters compatible with those of cufflinks.

FUNCTIONAL ANNOTATIONS

Two different sources of information on gene functions were used:

e Official annotations as supplied with the “Genes 2010 beta 3” gene set.
e InterProScan (Quevillon et al., 2005) motif-based analysis for the whole
official gene set was performed with the RunlprScan v. 1.0.0 client

(http://michaelrthon.com/runiprscan/) in April 2013.

Accordingly, two sets of gene ontology (GO) assignments were used for GO-term
enrichment analysis: from the official gene annotations and from the information

provided by InterPro for individual domains and families.

Predictions made with RunlprScan were expanded to all members of the
respective families of paralogous genes. These families were defined based on pairwise
similarity of the amino-acid sequences of all genes longer than 16 amino-acids with the
aid of blat, similar to the approach utilized for detection of potentially indistinguishable
cDNA sequences outlined above. A pair of proteins were assigned to the same family if

alignment segments with a minimum of 60 % identity covered at least 90 % of the longer
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protein sequence, which can be considered as a conservative and safe approach (compare

with Addou, Rentzsch, Lee, and Orengo (2009)).

Term enrichment analyses for GO-terms, gene families and InterPro domain and
family assignments were performed in GOseq v. 1.12.0 (Young et al., 2010) for lists of
differentially expressed genes obtained with mapping-based approaches only. All genes
we weighted by their length and the resulting probability weighting function was used for
the over-representation analysis with default settings, independently for up- and down-
regulated genes. Only genes with respective annotations (GO classes, gene family
membership etc.) were involved in the calculation. Lists of over-represented terms were

filtered by controlling false discovery rate at the level of 0.025 within tests.

ASSIGNING BIOLOGICAL FUNCTION TO GENES

The multitude of genes without identifiable orthologs in other animal genomes
makes correct functional characterization of Daphnia genes challenging. In the current
work, we overcame this obstacle in two ways. First, we used not only the gene function
assignments as reported in the official gene prediction set, but also results from an
independent domain-oriented analysis (InterProScan). The second strategy was to expand
these functional designations to whole families of paralogous genes defined in a
conservative way. This last approach inevitably leads to propagation of false positives,
but nevertheless it provides a good starting point for gene function prediction in a
situation when no other source of evidence is available. The D. pulex genome contains an

extraordinarily large number of genes organized in families of paralogs (J. K. Colbourne



150

et al., 2011). Given this multiplicity of gene families, even with sensitive mapping-
oriented transcriptome assembly, there is always uncertainty about precise locations of
the reads coming from genes which are very similar on the mRNA sequence level. This
problem becomes even more evident when dealing with D. pulex clones different from
the one chosen for genome sequencing, as was the case in this study. If not compensated,
this can lead to incorrect estimations of differential expression as well as biased results
with regard to enrichment analyses. As described in detail below, we decided to select
only a single gene from a group if the similarity between their transcripts exceeded a

given threshold, 90 % of a pairwise alignment covered by 96 % identical segments.

DETECTION OF POTENTIALLY INDISTINGUISHABLE CDNA SEQUENCES

Highly similar cDNA sequences were detected with blat (Kent, 2002): mRNA
sequences from the reduced official gene set were used as the query and the target in the
same run. blat alignment segments with 96 % identity for individual hits were merged
and pairs with overall alignment length at least 90 % were detected as potentially
indistinguishable. Individual groups of highly similar genes were created based on the
resulting network of pairwise hits. For down-stream analyses only single representatives

of the respective groups were utilized.

ANALYSIS BACKBONE

All of the necessary format conversions and file rearrangements were performed
with the aid of SAMtools v. 0.1.18 (H. Li et al., 2009), standard Unix commands,

MySQL queries and custom PHP, R and bash scripts. The data and the reference genome



151

were visualized and manipulated on a local installation of the UCSC Genome Browser
(James Kent et al., 2002) with the assembly 06.09.2005 of the Daphnia pulex genome (J.
K. Colbourne et al., 2011) and associated annotations (raw files were downloaded from
the wFleaBase (Genome Informatics Lab, 2005)). MySQL-database for the genome
browser was further customized to incorporate the results of our functional annotations
and information on the lists of differentially expressed genes (see above) and besides the
standard interface was accessed directly with SQL commands and a local web-based
search tool. Venn and pie diagrams were constructed with the aid of the VennEuler v.
1.1-0 R package (Wilkinson, 2011) and the SVGGraph library

(http://www.goat1000.com/svgaraph.php), respectively.

RESULTS

RNA-SEQ DATA QUALITY

After the stringent filtering steps, 8.0 and 8.6 million read pairs, as well as 6.7 and
7.5 million singleton reads were retained for the control and treatment libraries,
respectively. 58.8-62.5 and 85.1-90.7 % of the reads were successfully mapped to the
reference genome by TopHat and GSNAP. On average, 19,652-26,008 transcripts
encompassed at least one mapped fragment, with the mean number of mapped fragments
441.4-605.6 per transcript. Analysis of the obtained assemblies yielded 288 and 364
differentially expressed (DE) genes for TopHat and GSNAP respectively (see
Supplementary Figure 4.S1 and 4.S2). The discrepancies between the two mapping
methods could not be attributed to the potential differences in read assignment in cases of

very similar paralogs as only one such unambiguous case was detected (data not
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shown). De novo reconstruction of full-length transcripts was limited due to moderate
read coverage. Therefore, the contigs obtained by the reference-independent assembler

Trinity were used only as a supplement to the two mapping-oriented approaches.

LISTS OF DIFFERENTIALLY EXPRESSED GENES

Reference-independent and reference-guided TopHat and GSNAP assemblies
yielded very similar lists of DE genes (data not shown), and all of the DE genes were
previously annotated in the reference genome. For further analysis, the lists produced
with these assembly strategies were merged producing two united lists for the two

mapping programs (referred below as “TopHat” and “GSNAP” lists).

Overall, 435 genes were identified as differentially expressed by at least one
approach. The two mapping approaches and the de novo assembly yielded similar lists of
DE genes. 256 genes shown to be regulated by at least two approaches were considered
the strongest candidates for differential expression (see Supplementary
Figure 4.1 and 4.2). From the sets of DE genes we further excluded paralogous genes
with nearly identical mMRNA sequences, since the actual number of members being
differentially expressed cannot be deduced for gene groups with high sequence

similarities. A random representative of each group was retained.

The list of DE genes identified by at least two approaches is composed of a set of
230 genes: 158 up- and 72 down-regulated in the presence of the kairomone. Distribution
of the log, fold changes in expression levels for these genes is shown in Figure 4.2.

Several genes were shown to be regulated in an on/off manner (i.e. showing no
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expression in either control or treatment) by individual assembly approaches. After
averaging over the assemblies this strictly binary regulation was retained for only one of
them: hxAUG26rep1s6g18tl, a protein without assigned function in the official gene set,
for which a mollusc metallothionein family 2 signature was identified by InterProScan
(see Supplementary Figure 4.S1). Published results generated by qPCR (for predefined
candidate genes) and tiled genomic microarrays to examine differentially expressed genes
after treating Daphnia with Chaoborus kairomones (J. K. Colbourne et al., 2011;
Miyakawa et al., 2010) were compared with our RNA-Seq dataset. All three lists show a
low degree of overlap with the other two sets, but nevertheless the lists compiled from the
results of the microarray and RNA-Seq analyses do share 31 genes with concordant
patterns of expression, as well as four additional genes which show differential regulation

in the opposite direction.

FUNCTIONAL ANNOTATIONS

To functionally characterize DE genes, we used two independent sources of

information: official gene annotations and InterProScan domain predictions.

In many cases even single amino-acid differences precluded domain identification
in some otherwise identical proteins. Thus, to increase the power of the enrichment
analyses, functional assignments and gene ontologies were interpolated from hits to
individual members of paralogs to whole families of paralogous genes. As the gene
family assignments provided with the official gene annotations were too broad, we

performed independent, more stringent analysis of similarity between protein sequences.
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OVER-REPRESENTED INTERPRO TERMS

Table 4.1 shows significantly over-represented domains and families as identified
by InterProScan for the gene sets obtained with the aid of the two mapping methods.
Among the up-regulated genes, genes coding for presumed cuticle-associated proteins
(with 26-32 of them tagged as “insect cuticle proteins™) are most prevalent. Less
abundant are proteins with evidence of lipid transport domains (lipoproteins),
vitellogenin domains, and VWF domains, followed by genes coding for globins (together
with cruorins) and cyclins.

The list of down-regulated candidates is enriched for genes coding for proteins
with lectin-C, CUB, fibrinogen, collagen, TNF-like and complement C1q domains as

well as proteins assigned to the GNS1/SUR4 family of unknown molecular function.

GO-ENRICHMENT ANALYSIS

Two sets of GO-term assignments were used in the GO-enrichment analysis: one
deriving from the official gene annotations and another obtained with domain and family
annotations reported by InterProScan. Corresponding lists of over-represented ontologies
are shown in Tables 4.2 and 4.3. The terms obtained with InterProScan tend to be more
precise and some of them have no corresponding categories in the second list, such as
“regulation of cell cycle”, as well as the most abundant term pointing to cuticle-
associated proteins. Over-representation of yolk proteins (“nutrient reservoir activity”) is
explicitly detected as such only with the official annotations. For the down-regulated

genes only one term was detected as being significantly over-represented with both
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annotation sources: carbohydrate binding, with collagen-related terms being additionally

represented only in the InterPro-based list.

CHROMATIN AND CELL CONTROL PROTEINS

Many of the up-regulated genes detected by RNA-Seq code for chromatin-
associated or cell-cycle promoting proteins, although not all of the respective functions
have been shown to be significantly over-represented (Figure 4.3). Among them are
nucleosome assembling proteins such as CAF-1, and histones H3 and H2b. Another
histone H2b variant, distinct at the mRNA level (84.5 % identity), but similar on the
amino-acid level (with the exception of the N-terminus, overall 77.2 % identity) is down-
regulated. Cyclins encoded by three up-regulated genes belong to the A (1 gene) and B (2

genes) types.

CHEMORECEPTORS AND HORMONES

Among the DE genes detected by at least two assembly approaches only one is
annotated as a gustatory receptor in the official gene
set, hxAUG25p1s10g327t1 possessing a Scavenger receptor CD36 domain as reported in
the wFleaBase (Genome Informatics Lab, 2005) and by InterProScan (Jones et al., 2014),
with a fold change of 6.2 in our experiment. The only protein with identifiable humoral
function in the RNA-Seq list of DE genes is an uncharacterized
gene hxAUG26res18g88t1 with insulin-like domains identified by InterProScan. Its
expression showed a 7.0 fold increase in the kairomone-treated juveniles (see

Supplementary Figure 4.S1).
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OVER-REPRESENTED FAMILIES OF PARALOGS

In the list of genes shown to be differentially expressed by at least two
approaches, 27 % of the up-regulated and 22 % of the down-regulated genes belong to
families of paralogs. Some of these families are represented by several candidate genes in
our list of DE genes and among them a considerable number of families is significantly
over-represented (Table 4.4). The largest family among the up-regulated genes includes
genes coding for products similar to a) pupal cuticle proteins, followed by b) Zinc-
metalloproteinases, c¢) vitellogenin, d) a second family of cuticle-associated proteins, €)
globin-cruorins, and f) other smaller families (Table 4.4). Products of gene families with
significant down-regulation are characterized as a) C-type lectins, b) proteins of unknown
molecular function with similarity to the C1q complement protein, c) proteins involved in
elongation of very long chain fatty acids, and d) other less abundant families with nearly

(Table 4.4).

DISCUSSION

GENE EXPRESSION PATTERNS IN THE PHYSIOLOGICAL CONTEXT

Our RNA-Seq results generally agree with the hypothesis proposed in the

introduction (see also Figure 4.1):

1. The most abundant and significantly over-represented functional group of up-
regulated genes is composed of genes coding for cuticle-associated proteins

(Tables 4.1, 4.2 and 4.4 ), which directly echoes morphological observations: i.e.,
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production of neck-teeth (the main defense mechanism of the juvenile D. pulex),
and changes in cuticle ultrastructure (Laforsch et al., 2004).

In addition, we observed increased transcription of genes involved in chromatin
restructuring and the cell cycle (cyclins). This is likely related to the increased
proliferative activity recently reported in the region underlying neck-teeth in
induced D. pulex juveniles (Naraki, Hiruta, & Tochinai, 2013).

. Acclear hint of resource re-allocation is suggested by the increase in expression of
genes involved in lipid transport and metabolism, as well as globins. Six
vitellogenin (precursor of the major yolk protein, vitellin (Kato, Tokishita, Ohta,
& Yamagata, 2004; Zaffagnini, 1987) genes belong to this group as well.
Production of yolk in daphnids starts as early as late juvenile stages, but the onset
of vitellogenin mMRNA synthesis takes place even earlier (J. Kim et al., 2011;
Stibor, 2002; Tokishita et al., 2006). Vitellogenin is synthesized in fat bodies
(Zaffagnini & Zeni, 1986); thus, the presence of residual maternal mRNA in our
experiment can be excluded. In this respect, the increased expression of
vitellogenin genes seems to point to one of the following factors or their
combination: earlier onset of vitellogenesis, increased fecundity, or increased size
of progeny. In a physiological study of vitellogenesis in D. magna, it was
discovered that induction with the Chaoborus kairomone has no effect on the
onset of yolk production, but decreases its rate (Stibor, 2002). Moreover, in a
recent proteomics study of D. magna responses to another invertebrate

predator, Triops, vitellogenin was shown to be among the proteins with decreased
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production in induced specimens (Otte, Frohlich, Arnold, & Laforsch, 2014).
These observations were based on protein content measurements for a distantly
related species producing no neck-teeth, likely explaining the clear contradiction
with our results. However, for D. pulex it was shown that kairomone induction
leads to production of bigger offspring (R. Tollrian, 1995a), which presumably
requires a larger pool of yolk.

. Among functional groups significantly over-represented for the down-regulated
genes, we find a large number of genes coding for proteins with domains that play
various cellular roles: lectins, and proteins with CUB, fibrinogen and TNF
domains. Intriguingly, proteins containing these domains function in immune
responses in other invertebrates (Fujita, Matsushita, & Endo, 2004; Hanington &
Zhang, 2011; L. C. Smith, Azumi, & Nonaka, 1999). Although many details of
molecular mechanisms of immune responses in Cladocera remain unknown
(Auld, 2014; McTaggart, Conlon, Colbourne, Blaxter, & Little, 2009), decreased
expression of these proteins may be causally connected to the observation that
inducible defenses in Daphnia lead to decreased resistance to diseases (Yin,
Laforsch, Lohr, & Wolinska, 2011).

Potential regulatory genes involved in metabolism of hormones and
neurotransmitters or coding for chemoreceptors are nearly absent from our lists of
differentially expressed genes. Among the up-regulated genes we found a
gustatory receptor, which was designated as such in wFleaBase (Genome

Informatics Lab, 2005), but was not reported in an extensive in silico study of
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chemoreceptors in D. pulex (Péalva-Arana et al., 2009) (see Supplementary
Figure 4.S1). We speculate that this receptor may be involved in perception of the
kairomone, but this requires further experimental evidence.

No genes with identifiable roles in transcriptional regulation were discovered with
our approach, which is likely related to the moderate sequencing coverage of the

RNA-Seq.

COMPARISON TO PREVIOUS STUDIES, FUTURE PERSPECTIVES

A comparison of the lists of DE genes discovered in Chaoborus-induction
experiments on juvenile D. pulex presented here with the results obtained from tiling
microarrays shows that the two lists share a group of 31 genes showing concordant
expression patterns. The overall discrepancy is nevertheless noticeable and may be
attributed to differences in experimental set-up and/or water conditions and not to the
differences in the platform, since comparative analyses generally reveal good correlation
between microarray- and sequencing-based techniques (Babbitt et al., 2010; Nookaew et
al., 2012; Zhao, Fung-Leung, Bittner, Ngo, & Liu, 2014). Although both experiments
were performed on the same D. pulex clone, the stage chosen for the microarray
experiment was more advanced in comparison to the animals utilized in the current study.
This observation signifies the necessity of an experiment involving several
developmental stages to sample genes involved in different steps of the predator

perception, signal perception and neck-teeth production and maintenance.
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It is clear that any results obtained for a single genetic clone should not be over-
extrapolated. More experiments on different D. pulex clones are necessary to make firm
conclusions about the intraspecific variation of the genetic mechanisms acting in the anti-
predatory response. Moreover, the existence of neck-teeth producing Daphnia species not
directly related to D. pulex (Juracka et al., 2011) calls for even broader sample of species
to investigate the differences in trajectories ultimately leading to similar morphological

features.

CONCLUSIONS

This study provides important insights into gene regulatory patterns underlying
predator-induced defenses, utilizing for the first time unbiased whole-transcriptome
RNA-Seq expression data. In particular, our study characterizes different effector genes,
gene families underlying morphological, and life-history changes, which are largely in
agreement with expectations based on observed phenotypic changes. Our data represent
the largest dataset on the genetic basis of anti-predator defenses in Daphnia to date and
add an important contribution to link a phenotypically plastic response directly with the
underlying molecular genetic processes. A deeper understanding of these processes
would be achieved with experiments on different genetic clones and at different

developmental stages.
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EPILOGUE

This chapter was published in BMC Frontiers of Zoology, volume 12, number of
pages 18, 2015. | am a co-first author in this manuscript. Andrey Rozenberg and I have
both done parallel transcriptome analysis of this dataset. | focused primarily on quality
control and mapping the sequencing data to the reference genome using Tophat (Trapnell
et al., 2009). My analysis was essential in validating his gene expression data and
allowed the discovery of key genes involved in the defense process, immune response,
and resource re-allocation during PIPP in D. pulex. This was the first study to perform
RNA-Seq analysis to detect gene expression patterns associated with PIPP in D. pulex
(Rozenberg et al., 2015). The conclusions from this study are an important addition
towards understanding the underlying genetic processes related to PIPP in D. pulex, at a

whole genome level.

My role in this project involved the following tasks:

e Cleaning the adapter contaminants from the raw sequencing data to enrich the
quality of our dataset. For all of our samples, | generated quality control data and
plotted them using FastQC (Andrews, 2012) to visualize the quality of our
dataset. | downloaded a list of known contaminants such as adapter and primer
sequences used by multiple sequencing experiments from Tamir (2012). | used
FastQC to search for matching contaminants in our dataset. My FastQC analysis
showed an over-representation of adapter contaminants from my list in our
sequencing data. Adapter and primer sequences aid in the sequencing of a DNA

fragment but they are biologically irrelevant to our research goals. However, their
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presence can potentially contaminate the sequence alignment step to the reference
genome. Therefore, | trimmed them from our sequence data using Trimmomatic
(Bolger et al., 2014) and applying the parameters mentioned in the subsection
“RNA extraction and sequencing” under the “Materials and methods”. |
maintained a minimum sequence length of 36 bp post trimming and excluded
sequences shorter than this length to allow unique alignment of a sequence to a
genomic region,

Theoretically, a library of DNA fragments should exhibit a diverse set of
sequences. FastQC assigns an over-representation tag to a sequence if the same
sequence represents at least 1% of the entire sample. Therefore, it is crucial to
determine the annotation of these sequences to decide the biological relevance to
our research goals. 1 did a nucleotide BLAST (Altschul et al., 1990) search
against the non-redundant database for our sequences that were showing over-
representation according to FastQC but did not match to any sequencing
contaminants in my list. These sequences were primarily ribosomal RNA (rRNA).
rRNA represent a substantial portion of the total RNA in a cell (Eun, 1996). They
play a key role in translation of mMRNA to protein (Eun, 1996). However, they are
non-protein coding in nature and are not associated directly to our research goal.
Therefore, | excluded sequences from our dataset using Trimmomatic and
applying the parameters mentioned in the subsection “RNA extraction and
sequencing” under the “Materials and methods”. The post-processing quality

control plots showed good quality of our sequence data.
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e Mapped our processed sequences to the D. pulex reference genome (version-

06.09.2005, http://genome.jqi-psf.org/Dappul) using the TopHat (version-2.0.6)

algorithm (Trapnell et al., 2009). I used a small subset of sequences from one
sample of our dataset to run a combination of parameters that aligned maximum
amount of uniquely mapped sequences to the D. pulex genome. Next, | applied
those parameters in Tophat and mapped all our samples to the reference genome.
e Used cuffdiff algorithm (Trapnell et al., 2013), to generated significantly
differentially expressed (SDE) list of genes (g-value <0.05, to reduce false
positives) by comparing the predator induced Daphnia samples (experimental)
against the control samples. | selected standard parameters suggested by the

cuffdiff manual.

I believe my quality control and alignment strategy can be applied in any research
problem aiming towards gene expression pattern analysis using RNA-Seq, regardless of
the model organism, to account for over-representative sequencing contaminants, non-

coding RNA and improving parameter selection of the sequence mapping process.


http://genome.jgi-psf.org/Dappu1

Regulation Type  InterProID Description Number® GSNAP TopHat
Up Domain [PRO01747  Lipid transport protein, N-terminal 22 4 4
Up Domain [PRO01846  von Willebrand factor, type D domain 24 3 3
Up Domain [PRO04367  Cyclin, C-terminal domain 1 3 3
Up Domain [PRO02050  Globin-like 25 4 3
Up Domain [PRO11030  Vitellinogen, superhelical 18 3 3
Up Domain [PRO12292  Globin, structural domain 27 4 3
UpP Domain IPRO15255  Vitellinogen, open beta-sheet 12 5 5
Up Domain [PRO15816  Vitellinogen, beta-sheet N-terminal 21 4 4
UpP Domain [PRO15819  Lipid transport protein, beta-sheet shell 20 6 6
UpP Family IPRO0O0618 Insect cuticle protein 304 32 26
Up Family IPRO00971  Globin 23 4 3
Up Family IPR002336 Erythrocruorin 13 ns 4
Up Family IPROI4400 Cyclin ABDE 9 3 3
Up Family IPR0O22727 Pupal cuticle protein C1 3 3 3
DN Domain [PRO00885  Fibrillar collagen, C-terminal 36 4 4
DN Domain [PRO01073  Complement Clg protein 172 7 7
DN Domain [PRO01304  C-type lectin 68 3 4
DN Domain IPRO02181  Fibrinogen, a8y chain, C-terminal globular domain 50 4 4
DN Demain [PRO08983  Tumour necrosis factor-like domain 180 7 7
DN Domain IPRO14716  Fibrinogen, &'y chain, C-terminal globular, subdomain 1 45 4 ns
DN Domain [PRO16186  C-type lectin-like 83 3 ns
DN Domain [PRO16187  C-type lectin fold 86 3 ns
DN Family IPRO02076 GNS1/SUR4 membrane protein 15 3 4

ns — group not significantly over-represented

*Total number of genes in the respective category

Table 5.1. Significantly over-represented InterPro domains and families among the differentially
expressed genes. In total 46,928 annotations for 18,168 genes were available. The last two columns

represent gene counts for significantly over-represented groups as revealed with the aid of the two

mapping strategies.

Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015).
Transcriptional profiling of predator-induced phenotypic plasticity in Daphnia pulex. Frontiers in

Zoology, 12, 18. doi:10.1186/s12983-015-0109-x
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Regulation Ontology® GOID Description Number® GSNAP TopHat
up BP GO:0006801 Superoxide metabolic process 16 ns 3
up BP GO:0006869 Lipid transport 27 6 6
uUp BP GO:0015671 Oxygen transport 27 4 5
Up BP GO0051726 Regulation of cell cycle 14 ns 3
upP c GO:0005833 Hemoglobin complex 13 ns 4
up MF GO:0005319 Lipid transporter activity 24 6 6
upP MF GO:0019825 Oxygen binding 27 4 5
up MF G0:0042302 Structural constituent of cuticle 304 32 26
DN cC GO:0005581 Collagen trimer 58 4 4
DN MF G0O:0005201 Extracellular matrix structural constituent 59 4 4
DN MF GO:0030246 Carbohydrate binding 110 5 ns

ns — group not significantly over-represented
4MF: Molecular Function, CC: Cellular Component, BP: Biological Process
DTotal number of genes in the respective category

Table 5.2. Over-represented Gene Ontology terms based on the assignments from InterPro-annotations. In total 40,177
annotations for 14,503 genes were available.

Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015). Transcriptional profiling of predator-
induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18. d0i:10.1186/s12983-015-0109-x

Regulation Ontology® GOID Description Number® GSMAP TopHat
Up BP GO:0006810 Transport 1425 18 17

up BP GO:0006950 Response to stress 1028 14 ns

uUp cC GO:0005576 Extracellular region 1024 15 14

uUp MF G0:0005198 Structural molecule activity 439 9 9

uUp MF GO:0005215 Transporter activity 7 13 14

uUp MF GO:0016209 Antioxidant activity 121 7 g

uUp MF GO:0019825 Oxygen binding 43 4 5

Up MF G0:0045735 Nutrient reservoir activity 8 4 4

DN MF G0:0030246 Carbohydrate binding 101 6 5

ns — group not significantly over-represented
2MF: Molecular Function, CC: Cellular Component, BP: Biological Process
bTotal number of genes in the respective category

Table 5.3. Over-represented Gene Ontology terms based on the GO assignments in the wFleaBase. In total 87,517 annotations
for 13,612 genes were available.

Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015). Transcriptional profiling of predator-
induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18. doi:10.1186/s12983-015-0109-x
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Regulation Farmnily Function Number? GSNAP TopHat
up Omcl36 Pupal cuticle protein 59 11 9
up Omcl49 Pupal cuticle protein 47 6 7
up Omcl195 Zinc-metalloproteinase 19 9 8
up Omcl240 Globin 15 4 5
uUp Omncl335 Vitellogenin/Superoxide dismutase 12 6 6
up Omclage Cuticle protein 5 3 ns
Up Omcl2139 Unknown 2 2 2
up Omcl3428 Cyclina 2 2 ns
up Omcl3680 Unknown 2 2 2
DN Omcl23 Neurexin/Complement Clq 82 5 5
DN Omcl277 Elongation of very long chain fatty acids protein 15 3 4
DN Omcl329 C-type lectin 12 6 5
DN Ormcl1532 Unknown 3 2 3
DN Omcl1713 Unknown 3 2 ns
DN Omcl1963 Unknown 3 3 3
DN Omcl2758 Unknown 2 2 2
DN Omcl3591 Unknown 2 2 2

ns — group not significantly over-represented
2Total number of genes in the respective family

Table 5.4. Over-represented families of paralogous genes based on the wFleaBase annotations. In total 3,978 families

encompassed 24,102 genes (genes per family: median — 3, 5-95 % interval — 2-18).

Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015). Transcriptional profiling of predator-
induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18. doi:10.1186/s12983-015-0109-x

Figure 5.1. Presumptive scheme of physiological and morphological changes during kairomone-induction in D. pulex
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Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015). Transcriptional profiling of predator-
induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18. doi:10.1186/s12983-015-0109-x
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Figure 5.2. Presumptive scheme of physiological and morphological changes during kairomone-induction in D. pulex

Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015). Transcriptional profiling of predator-
induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18. doi:10.1186/s12983-015-0109-x
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Figure 5.3. Differentially expressed genes involved in cell-cycle control and chromatin regulation with their relative timing as
known for other animals. The internal circle represents cell-cycle. The boxes corresponding to different proteins are arranged
according to their role in progressing respective cell-cycle stages. The role of the F-box domain-containing protein cannot be predicted
with certainty. Numbers in parentheses represent numbers of differentially expressed genes belonging to respective families.

Source: Rozenberg, A., Parida, M., Leese, F., Weiss, L. C., Tollrian, R., & Manak, J. R. (2015). Transcriptional profiling of predator-
induced phenotypic plasticity in Daphnia pulex. Frontiers in Zoology, 12, 18. doi:10.1186/s12983-015-0109-x
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CHAPTER 6. CONCLUSIONS

In conclusion, my training in bioinformatics has allowed me to contribute to the field

of biology and human disease modelling as follows:

e Creating a unique web resource called OikoBase (Gemma. Danks & Parida,
2013) for the chordate genomics and developmental biology community using O.
dioica as a model organism, that did not exist before. Multiple groups all over the
world using O. dioica as a model animal to perform research in these fields have
benefited from OikoBase. Following are the published journals that have cited
OikoBase as a testament to its usefulness, Olsen et al. (2018), Navratilova et al.
(2017), Omotezako, Onuma, and Nishida (2015), Omotezako, Matsuo, Onuma,
and Nishida (2017), Henriet et al. (2015), and Appels, Barrero, and Bellgard
(2013).

e Spearheading the exome sequencing analysis of a RA pedigree that led to the
identification of a novel RA associated gene called GREBLL (Brophy et al.,
2017). Two independent high impact peer-reviewed journals have verified and
cited our work exhibiting this gene’s role in kidney and genital development in
humans and mice (De Tomasi et al., 2017) and implicating its role in RA and
hypodysplasia (RHD) (Sanna-Cherchi et al., 2017). This novel discovery has
made a significant contribution towards understanding the genetic basis

underlying kidney development and CAKUT in humans. Identification of novel
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etiologic variants associated with other Mendelian disorders will expand our
knowledgebase on human diseases and development.

Processing, generating and analyzing transcriptome expression data to understand
genetic pathways concerning heavy metal stress response in D. pulex.
Highlighting key stress response biological processes and identifying important
regulatory element binding sites that are potentially driving the gene regulation
patterns associated with heavy metal induced oxidative and xenobiotic stress in
this organism. This is the biggest gene expression dataset generated to study the
underlying genetic basis of heavy metal response in Daphnia to date. This data
has added to the validity of D. pulex as a model organism to do
ecotoxicogenomics and contributed substantially towards mapping the links
between acute heavy metal exposure and genetic response pathways. Comparing
our results against similar studies that have used different exposure periods and
dosages will paint a comprehensive atlas of gene expression patterns across time
and under different concentrations of heavy metals in Daphnia. Knowledge
derived from these patterns can be extrapolated to diagnose the exposure periods
and dosage of similar heavy metals in other organisms based on their genetic
profile. This work is unpublished.

Processing and generating transcriptome level expression data to understand PIPP
in D. pulex, which led to the discovery of key genes involved in defense
mechanisms, immune response and resource re-allocation. A group comparing

within and across generational gene expression patterns concerning PIPP in
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Daphnia has cited our work in their published manuscript (Hales et al., 2017).
The data generated from this analysis has made a crucial addition towards
validating D. pulex as a suitable animal model to explore and understand the

underlying genetic processes associated with PIPP (Rozenberg et al., 2015).

Nobel laureate Paul nurse argues studying the art of processing data in biological systems
will lead to the next “quantum leap” in biology (Hogeweg, 2011). Bioinformatics is
constantly aiding medical and biological research in a substantial manner to solve
contemporary problems and gain meaningful insights. With the ever increasing size of
biological and clinical data the demand for efficient and faster computational approaches
will keep increasing. As a bioinformatics scientist I will continue to serve as a principal
component in the process of scientific discovery associated with human disease

modelling and biology.
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