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Abstract

Echinococcus multilocularis has recently been developed as a model for basic
and applied studies on trematodes and cestodes. Deep understanding of
molecular biology of this parasite is urgently required for efficient and
extensive applications such as functional gene probing and anti-helminth drug
screening. In our project, we aimed to unveil E. multilocularis miRNA
repertoires and the identification of differentially expressed molecules from the
mRNA and miRNA transcriptomes using next-generation sequencing
technology. Furthermore, one family of E. multilocularis molecules identified,
fatty acid-binding proteins that are involved in lipid metabolisms, was

phylogenetically and functionally characterized.

Our data presented genome-widely developmental expression profiles of E.
multilocularis miRNAs. Sixty-five potential miRNAs were predicted with
nineteen of them being novel. The majority of differentially expressed
miRNAs such as emu-miR-1, 16 and 71 were found to be significantly down-
regulated in the primary neoblast-rich cells derived from the vesicles.
Comparative analysis revealed that the miR-71/2 cluster was conserved in the
platyhelminths. In addition, seven homologues to miRNAs likely linked to
planarian neoblasts were present in E. multilocularis with the intact seed
regions. Although their expression in E. multilocularis neoblasts remains to be
fully certified, these miRNAs are plausible biomarkers for the germline stem

cells.

For mRNA profiling, we firstly originated an enzymatic approach for the

elimination of mitochondrial transcripts to increase the depth of mRNA



transcriptomes. In comparison with 2.7% in the control, the frequency of the
sequences mapped to the mitochondria was dramatically reduced to 0.04~0.1%
in the treated samples without significantly adverse effects on the targets. A
number of differentially expressed genes were inferred from E. multilocularis
mRNA transcriptomes and FABP-encoding genes were further
phylogenetically and functionally characterised. E. multilocularis encoded at
least four distinct FABPs and comparative analysis revealed that the current
gene set of FABPs may have emerged before speciation of E. multilocularis
and E. granulosus. The apparent divergence between Echinococcus and
vertebrate FABPs in genomic organizations prompted us to further explore
phylogenetically FABP genes across thirty-five invertebrates. The results
demonstrated that FABP genes were organized in diverse ways, with a
predominant pattern that is commonly present in vertebrates. Moreover, both
gene duplication and alternative splicing might be most likely responsible for

variety of invertebrate FABP functions.

Four E. multilocularis FABPs were developmentally regulated and FABP3
was highly expressed in the vesicles and secreted or released into the hydatid
fluid. These proteins appeared to be able to weakly interact with cis-parinaric
acid but not a fluorescent fatty acid DAUDA and retinol. In vitro analysis
indicated that FABP3 was capable of the induction of cytokine secretion by
bone marrow-derived macrophages and dendritic cells probably via Toll-like
receptor 2. Additionally, FABP3 was also demonstrated to activate
macrophage small reactive molecule production together with a ligand for TLR

2.
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Chapter 1 Introduction

The Phylum Platyhelminth is comprised of four classes with approximately 20,000
species, from completely free-living planarians to parasitic flatworms. Based on
indirect evidence, the appearance of platyhelminths (Neodermata) may be predicted to
have occurred around 560~540 million years ago (Maule and Marks, 2006). Generally,
platyhelminths have no cuticle or protective covering and usually reside in damp or
aquatic habitats. With a bilateral symmetry and a low level of cephalisation,
flatworms are usually small but some of them can reach several metres. For example,
Taenia solilum, of the causative agent of cysticercosis in humans and pigs, can reach
seven metres in length. During evolution, parasitic flatworms have evolved to extend
their hosts from invertebrate to mammalian animals, commonly through one or more
hosts to complete their life cycles. Some of parasitic platyhelminths, such as
Schistosoma mansoni, Echinococcus granulosus, E. multilocularis and T. solium, are

of medical or veterinary significance in developing or/and developed countries.

Echinococcus species are characterized by being very small, usually no more than
seven millimetres, and have less than six segments. Moreover there is no gut in
Echinococcus spp. and the teguments function for metabolic exchange. The adult
worms have a scolex, which is comprised of four suckers and two rows of hooks, and
segmented proglottids in which the eggs are produced. The taxonomy of
Echinococcus species is still controversial. Initially, sixteen species and thirteen
subspecies have been grouped into the genus Echinococcus, family Taeniidae,
Cyclophyllidea, Cestoda, but only four species are well recognized: E. vogeli, E.
oligarthrus, E. granulosus and E. multilocularis (Table 1-1) (Maule and Marks, 2006;

Thompson, 2008). They are distinct in morphology (Fig. 1-1), useful for differential



Table 1-1 Strains and hosts of Echinococcus species

Species Genotype/strain Intermediate hosts Definitive hosts
E. granulosus G1/Sheep sheep, cattle, human, goat, buffalo, cameral, pig, wild boar, kangaroo dog, dingo, wolf, fox, jackal, hyena
G2/Tasmanian sheep sheep, human dog, fox
G3/Buffalo buffalo dog
G4/Horse” horse, donkey dog
G5/Cattle® cattle, sheep, goat, buffalo, pig, human, zebra dog
G6/Camel camel, cattle, human, sheep, goat dog
G7/Pig pig, wild boar, goat, beaver, cattle, human dog
G8/Cervid moose, human wolf, dog
G9/ND° human ND
G10/Fennoscandian cervid  reindeer wolf, dog
ND/Lion zebra, wildebeest, warthog, bushpig, buffalo, antelope lion
E. multilocularis Some isolate variations Rodents®, pig, wild boar, dog, monkey (many types) Fox, dog, cat, wolf, racoon-dog,
coyote
E. vogeli - rodents bush dog
E. oligarthrus - rodents wild felids
E. shiquicus ND pika Tibetan fox

*The data from (Maule and Marks, 2006; Staebler et al., 2007; Thompson, 2008);

*These E. granulosus strains are also called as E. equines and E. ortleppi in some literatures, respectively;

“ND’: not determined;
%Including squirrel and chinchilla

®_<: not found.



Figure 1-1 Morphology of Echinococcus species

A: E. vogeli; B: E. granulosus; C: E. orligarthrus; D: E. multilocularis

Note: These figures were abridged from WHO/OIE manual on Echinococcosis.



identification. Recently, a new species has been described: E. shiquicus, in pika,
Ochotona curzoniae, in Sichuan and fox, Vulpes ferrilata, in Tibet, China, but its
zoonotic potential remains to be determined (Xiao et al., 2005). Because of limited

evidence, the taxonomical position of this parasite is still controversial.

Two Echinococcus parasites, E. granulosus and E. multilocularis that cause cystic
echinococcosis (CE) and alveolar echinococcosis (AE) in animals and humans,
respectively, are well studied. E. granulosus is characterized by the biological feature
of intra-species divergence that seems to be associated with its physiology, pathology
and development, so far up to eleven different strains or isolates G1~G10 identified
(Table 1-1), which is rarely observed in other three Echinococcus species (Maule and
Marks, 2006; McManus, 2009; McManus et al., 2003). Although the evolutionary
relationship amongst Echinococcus spp. remains controversial (Maule and Marks,
2006; Saarma et al., 2009), E. multilocularis may have diverged from the other three
parasites at an earlier time as shown by using a combination of nuclear or/and

mitochondrial molecular markers.

1. Echinococcus multilocularis

1.1 Life cycle and and significance in public health of alveolar

echinococcosis caused by E. multilocularis

E. multilocularis, regarded as an independent species in the 1950°s (Tappe et al.,
2010a), is a tiny tapeworm of the fox with four or five segments, around 1.2~4.5mm,
and completes its life cycle via transmission between two different hosts (Fig 1-2). In
the intestine of the definitive host such as foxes or dogs, the adult worm produces
many of mature eggs that are released to environment with host faeces. When small

rodents or humans eat or drink contaminated food or water, the eggs are digested,
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Figure 1-2 Life cycle of E. multilocularis

Note: Some miniatures were abridged from (Gottstein and Hemphill, 2008; Spiliotis et

al., 2008).



leading to the discharge of oncospheres in the presence of the stomach and intestinal
fluids. Infective oncospheres develop into metacestodes in the liver or rarely other
organs. The encysted metacestodes proliferate quickly in a tumor growth-like manner
through new vesicles budding off from the germinal layer (metacestode, Fig. 1-2) to
infiltrate the surrounding tissues. A large number of protoscoleces are generated by
the metacestodes in the natural intermediate hosts but not in human beings for
unknown reasons (Moro and Schantz, 2009). In the intestine of the definitive hosts,
activated protoscoleces develop into the adults thus completing the life cycle (Fig. 1-

2).

The larva of E. multilocularis is fully filled with transparent hydatid fluid and
protoscoleces. The cyst is comprised of an inner germinal layer and an external
carbohydrate-rich laminated layer that acts as a physical barrier against the host
immune response (Eckert et al., 2002). Through digitally modelling a formation of
vesicles, E. multilocularis larvae development has been revealed that the in vivo
growth in the human liver exhibits a complex pattern (Tappe et al., 2010b). In contrast
to E. granulosus larva that generates a single cyst, an individual E. multilocularis
vesicle produces numerous offspring vesicles derived from the neoblasts, a class of
undifferentiated cells, of the germinal layer. Whilst E. granulosus grows slowly and
continually in its natural intermediate host, the growth and proliferation of E.
multilocularis vesicles are rapid and they only grow for a short period. This is

regarded to be an adaptation to the short life span of the host.

Alveolar echinococcosis (AE) has re-emerged and is considered as a neglected disease.
It is estimated that there are nearly two billion humans infected with helmiths in the
world and around 2~3 million cases of Echinococcosis with 0.3~0.5 million being due
to AE (Craig et al., 2007). AE is predominantly endemic in cold areas or regions in
the northern hemisphere (Fig. 1-3), including Poland, Germany, Russia, China, Japan,

Canada and United States of America. In Poland, epidemical investigations over three



years showed that the mean prevalence of E. multilocularis in fox populations reached
23.8% and it was as high as 62.9% in some areas (Malczewski et al., 2008). The
fatality rate of untreated patients is very high, likely to exceed 90 percent. The
prevalence and transmission of the disease depends on many factors, such as fox
populations, rodent intensity, trade and breeding systems (Craig et al., 2007; Eckert
and Deplazes, 2004; Guislain et al., 2008; McManus et al., 2003; Moro and Schantz,
2009; Pavlin et al., 2009). Correlated with the increase in fox population size in some
parts of Europe, the cases of human AE increased by an average rate from 1.0 x<10°®
during 1993~2000 to 2.6 x 10° during 2001~2005 (Schweiger et al., 2007).
Investigations have also confirmed the re-emergence of the disease in previously non-

endemic regions due to the migration or re-distribution of fox populations.

Although the infectious rate of AE is much lower than CE, it is still a great threat to
human health. Efficient control approaches including early diagnosis and treatment
measures remain challenging (Brunetti et al., 2010; Eckert et al., 2002). The latent
period of AE is up to 15 years, followed by a chronic infection, which makes earlier
diagnosis and treatment difficult. The primary position of encystment of E.
multilocularis larvae is the liver in humans and natural intermediate hosts and,
clinically, hepatic vesicles are found in nearly 99% of AE cases (McManus et al.,
2003). The metacestodes develop in a tumor-like growth manner and surgical
dissection of the larval mass is preferable (Eckert and Deplazes, 2004), although there
is a high risk of incomplete resection and recurrence. Although in many cases drugs
such as mebendazole and albendazole are effective in prolonging the life of AE
patients, the failure of chemotherapy has been reported (Liu et al., 2009b). Moreover,
metacestode neoblasts can be released into host’s blood and lymph systems (Hemphill
et al., 2010), leading to re-infection in other tissues or organs. Whilst this disease is
largely neglected (Budke et al., 2009), the rapid re-emergence and spread of AE

across the world may prompt us to re-evaluate its public health significance.



Figure 1-3 Global distribution of echinococcosis caused by E. multilocularis

AE is mainly distributed in the areas or regions circled in red. Note: this figure was

modified from (Craig et al., 2007).



1.2 Neoblasts and establishment of an in vitro cultivation system

Schmidtea mediterranea, a free-living platyhelminth, possesses remarkable
regeneration capacity even from little as 1/279 of a spliced body piece (Newmark and
Sanchez Alvarado, 2002). This biological trait is attributed to neoblasts, somatic stem
cells, which are distributed throughout the body. The neoblasts of S. mediterranea
play roles in wound repair and in environmental adaptation via increasing or

decreasing the cell population size (Sanchez Alvarado and Kang, 2005).

Neoblasts, which were initially and commonly called germinal cells in flatworms, are
also found in other platyhelminths but the regenerative capacity seems limited in
comparison with planarians. E. multilocularis neoblasts are distributed in the germinal
layer towards the cavity of vesicles. Early studies have demonstrated that the
neoblasts from E. multilocularis have the capacity to develop into larvae in
susceptible hosts, and that these cells can survive in vitro for up to eighteen months
and remain infective to cotton rats (Dieckmann and Frank, 1988; Furuya, 1991). With
low oxygen and the addition of reducing reagents, E. multilocularis vesicles can
survive in vitro several months and yield protoscoleces in the presence of unknown
factor(s) secreted by mammalian cells (Spiliotis et al., 2004). Subsequently, similar
methods have been applied for the cultivation of primary cells from vesicles. Under
specific conditions, these cells, which include more than 30% of neoblasts, proliferate
and aggregate, which is followed by the formation and enlargement of an inner cavity
(Spiliotis et al., 2008). These vesicles mature and can reproduce and generate
protoscoleces in mice once the outer laminated layer appears, illustrating that E.
multilocularis neoblasts retain the potential to differentiate into all types of cells.
Recently, this system has been successfully utilized to assess the efficacy of gene
knockdown (Mizukami et al., 2010; Spiliotis et al., 2010), thus allowing reverse

genetics.



In addition to the achievement of in vitro development from the primary cells to the
infectious vesicles, system has been also modified to remove the necessity for feeder
cells and thus decontaminating material from host (Spiliotis and Brehm, 2009). All the
samples in our studies were therefore prepared using this host cell-free culvitation

approaches.

1.3 Genomics of E. multilocularis

With a few exceptions from the Eucestoda and Turbellaria families, the majority of
platyhelminths tend to have a haploid genome with a small number of chromosomes,
generally less than ten with no sex chromosomes (Maule and Marks, 2006). The
karyotypes of cestodes appear to be various, ranging from having between six and
twenty chromosomes. For E. granulosus and E. multilocularis, the diploid
chromosome number is 18 and there are no chromosome morphological differences
between these two species (Petkeviciute and leshko, 1991; Rausch and Rausch, 1981).
It is well known that changes in chromosome number and size occur during in vitro
cultivation, largely due to endoreduplication. After 40 passages, the cells from E.
multilocularis larvae were shown to have chromosome numbers between 14 to 104
that were classified into telocentric, subtelocentric and metacentric types but 91~100
chromosomes were dominant (Furuya, 1991). In addition to this, the chromosome
morphology tends to be related to chromosome quantity and genome rearrangement
may occur during cultivation, evidenced by morphological changes that are commonly
discernible in cells with more than 59 chromosomes or more. Interestingly, these cells
with abnormal karyotypes still exhibit infective ability and grew into cyst masses
when inoculated into cotton rats (Furuya, 1991), suggesting the retention of
differential capacity in these cells. However, the fate of these extra chromosomes post
inoculation is unclear. The dramatic alteration in chromosome number has been also

recently described in in vitro cultured cells of E. granulosus (Echeverria et al., 2010).
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The completion of the draft sequence of human genome has fuelled studies on
genomes and related fields of other eukaryotic organisms. In particular, the advent of
next-generation sequencing technologies, such as 454, Illumina and SOLID that are
theoretically different from Sanger sequencing approach, renders the possibilities for
sequencing entire genomes in an affordable way. In flatworms, the variation of
nuclear genome sizes is striking, ranging from 50Mb for Turbellaria Stenostomum spp.
to 18,390Mb for Turbellaria Otomesostoma auditivum (Maule and Marks, 2006). But
the huge divergence in size requires careful interpretation due to the presence of
polypoidy in Turbellaria species. In 2004, the E. multilocularis genome sequencing
was initiated and, with combination of Sanger, 454 and Illumina sequencing platforms,
more than 1,800 contigs and approximately 600 supercontigs are to date generated, a
total size being up to 109Mb. At present, the genome sequencing is entering the
finishing stage and the genome being annotated. Using flow cytometry, it is estimated
that the genome size of E. multilocularis ranges from 270Mb to 390Mb (Spiliotis et
al., 2008), similar to E. granulosus of which the haploid genome size is nearly 150Mb
(Maule and Marks, 2006) and to T. solium whose genome is 250~270Mb (Aguilar-
Diaz et al., 2006). The GC content of E. multilocularis genomic DNA is
approximately 44% and a bias of codon usage is observed in the coding regions of
highly expressed genes in E. granulosus (Fernandez et al., 2001; Smyth and
McManus, 1989), which has also been reported in Schistosoma spp. (Maule and

Marks, 2006).

The mitochondrial genome of E. multilocularis is 13,738bp long with a high AC
content up to 69%, comprising 2 noncoding regions and 36 genes and lacking a
coding ATPase subunit 8 that does not exist in nematode mitochondrial DNA (Nakao
et al., 2002). With few or no introns or spacers, all the genes are tightly organised on
the same strand, which is often conserved in the Phylum Platyhelminth (Le et al.,

2000; Maule and Marks, 2006). Intriguingly, two noncoding regions contain inverted
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repeats that are able to form hairpin structures and may function in replication and

transcription (Nakao et al., 2002).

Numerous families of repetitive sequences, contributors to a genome size, are present
in all parasitic flatworms investigated including Echinococcus species and they seem
to be valuable in diagnosis and species identification because the repetitive
sequences/elements are species- or genus-specific with regard to expression (Maule
and Marks, 2006). S. mansoni, for example, possesses 40% repetitive sequences and S.
japonicum 40.1% containing 72 families of long-terminus repeat (LTR) and non-LTR
transposons that account for 15% and 5% of the genome (364Mb), respectively
(2009b; Berriman et al., 2009). There are several types of repetitive sequences present
in E. granulosus, of which the 186bp-long TREg element is genus-specific at strain-
dependent copies from 120 to 23,000, while the EgG1 Hae Il is species-specific and
dispersed in the genome with approximately 7,000 copies (Marin et al., 1993;
Rosenzvit et al., 2001; Rosenzvit et al., 1997). The functions of these repetitive

elements, however, remain elusive.

Collectively, with the establishment of the in vitro cultivation system and the
availability of the genome, E. multilocularis is a promising model to study
evolutionarily close species. To facilitate an effective and wide use as a model, deep
understanding of E. multilocularis biology especially at the molecular level is

therefore necessary and imperative.

2. Transcriptome and RNA-seq

It is believed that organisms maintain their stability against external and internal
changes by regulating transcription or/and post-transcription and translation. The level
of RNA expression can be considered as an indicator of the conditions to which an

organism is exposed. Characterization of all the RNAs transcribed therefore helps us
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understand profound bio-processes. Genome-wide spatial and temporal transcription
is expected to be closely connected to the development, growth and physiology of E.
multilocularis. In particular, the expression of gene-coding and non-coding regulatory
RNA is essential and the baselines of their transcription at different cells and stages
are needed for the understanding of gene expression patterns through the life cycles
and the applications of E. multilocularis as a model, such as gene manipulation using

loss-of-function methods.

2.1 Transcriptome: an entire dynamic RNA profile

The term transcriptome was first used in yeast to describe the genes that were being
expressed and their expression levels at distinct cell phases (Velculescu et al., 1997).
The term is defined as all expressed transcripts in a tissue or organ or even a cell at a
fixed time under specific physical conditions and is regarded as a dynamic junction
between the genomes and physical features. The components of transcriptomes cover
both non- and protein-coding RNAs, as is referred to as the mRNA transcriptomes.
Transcriptomes can be complex due to tissue- or stage-specific expression and various
flexible post-transcriptional splicing, especially in higher eukaryotic organisms. In
human tissues, it is estimated that alternatively spliced transcripts from genes with
multiple exons compose up to 95% and more than seven alternative splicing events

occur in every multi-exon gene (Pan et al., 2008).

Transcriptome analysis provides a wealth of bioinformation as it records direct
information of the transcription of an organism’s genome. mRNA transcriptome
analysis allows one to analyze such expression patterns as alternative splicing and find
new exons, especially ones of a small size, or genes or SNPs, which facilitates the
annotation of the genome (Sultan et al., 2008). In particular, it is quite useful for
annotating genomes of organisms that are poorly understood (Yassour et al., 2009).

For example, using mRNA transcriptome data, more than 98,000 splicing junctions
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were found in Caenorhabditis elegans, much higher than that previously described
(Hillier et al., 2009). Because organisms always up- or down-regulate the
transcriptional levels of some MRNASs in response to changes in internal or/and
external conditions, mMRNA expression profiling will allow us to recognize an
organism’s strategies in response to the perturbation at the genetic level, possibly
aiding to uncovering the signal or metabolic pathways involved (Jiao et al., 2009).
Additionally, transcriptome analysis is a powerful robust tool for detection of such
genetic aberrations that are implicated in tumour occurrence (Maher et al., 2009; Zhao
et al., 2009). Moreover, transcriptome analysis is a powerful tool to be able to
compare the up or down regulation of gene expression in cells or tissues exposed to
different conditions. A study comparing normal and abnormal tissues in humans
revealed that there are approximately 1,000 genes expressing in every cell type and
only a small portion of genes that are expressed in a tissue-specific manner, with most
of unique genes being expressed at a low level (Velculescu et al., 1999). This analysis

gives us valuable data on the minimal genes necessary for fundamental functions.

2.2 RNA-seq: a deep high-throughput technology for transcriptional

characterization

The output of transcription of an organism’s genome varies according to external
environmental stimuli (Gibson, 2008) and many internal factors such as copy number
variation (CNV) (Henrichsen et al., 2009), alternative splicing (Pan et al., 2008;
Sultan et al., 2008) and other unknown post-transcriptional modifications (2009a). It
is proposed that some mature mRNAs are either translated into proteins or, through
unknown mechanisms, spliced into long RNAs and then further processed to produce

small RNAs, under some circumstances, possibly with a capped structure (2009a).

Furthermore, albeit under the same stress, almost identical cells show different

expression patterns (Cohen et al., 2008). Genes are randomly transcribed, giving rise
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to variations of MRNA profiles from cell to cell. In the Burst hypothesis, it is believed
that genes are in a randomly fluctuating state between activation and inactivation (Raj
and van Oudenaarden, 2008). As for a given cell or tissue, the abundance among
different transcripts is markedly diverse. It is well known that much more of the
human genome is transcribed than previously expected (Preker et al., 2008). A global
analysis of human transcripts indicates that the transcribed genes in a single cell type
reach up to 43,500 and the expression levels are from 0.3 to 9,417 copies per cell
(Velculescu et al., 1999). Consequently, the characterization of integral transcriptome

of one organism poses a great challenge.

A pool of full-length cDNAs is the direct real reflection of transcription of one
organism’s genome, providing an invaluable resource for the most global survey of
transcriptome (Okazaki et al., 2002). Such data, however, are quite limited. Initially,
many approaches comprising hybridization- and tag-based ways have been developed
for the characterization of transcriptomes. Serial analysis of gene expression (SAGE),
one of the tag-based technologies, was successfully utilized for a comprehensive
investigation of the yeast transcriptome, revealing the gene expression level from 0.3
to >200 copies per cell and a uniform distribution of transcription among the
chromosomes (Velculescu et al., 1997). Afterwards, other Sanger sequencing-based
approaches for quantitative gene expression analysis have effectively been used for a
survey of transcriptomes. But these technologies have intrinsic limitations or/and
disadvantages (Wang et al., 2009b), which greatly restrict the extensive application in
transcriptome characterization. For instance, it is hard to distinguish isoforms from

each other.

Different from Sanger sequencing (first generation), next-generation sequencing
technologies, including 454, Illumina and SOLID, directly sequence cDNA libraries
without vector cloning and proliferation. These technologies are in principle different
from the first generation sequencing technology: amplification by pyrosequencing
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(454) or reversible dye-termination sequencing (Illumina) or sequencing by ligation
(SOLID) (Table 1-2). Next-generation sequencing technologies are characterized by
massive throughput per run at an affordable cost and they generally generate several
millions of reads ranging from 30 to 400 bp (Table 1-2). For example, an new
[llumina platform, Hiseq2000, can generate up to 2 million paired-end 100bp
sequences per run within 7~8 days (Zhao and Grant, 2011). Moreover, they are the
most well suited to deep-coverage sequencing and investigation of a shortgun
metagenome due to generation of the huge number of reads (Scholz et al., 2012).
These platforms can be used to depict a digital single base-resolution transcriptional
map of a genome and to uncover rare or extremely low frequency variations that are
associated with disease occurrence (Kamb, 2011; Wang et al., 2009b). Because of the
above advantages, these sequencing technologies have been successfully applied for
characterization of mMRNA profiles of humans (Sultan et al., 2008), mouse (Cloonan et
al., 2008) and yeast (Nagalakshmi et al., 2008), and miRNA profiles of chicken
(Glazov et al., 2008), human (Morin et al., 2008), murine leukemia progression model

(Kuchenbauer et al., 2008), etc..

Great sequencing capacity of these approaches fulfils characterization of near-
complete transcriptomes and a technology, called as RNA-seq, was developed.
Ultrahigh-throughput sequencing has also been extended to probe genome-wide
interactions between proteins and DNA (Johnson et al., 2007) and tissue-specific
enhancers (Visel et al., 2009), which is named as chromatin immunoprecipitation
assay, ChiP-seq. Cumulative studies show that RNA-seq is in a robust, reproductive,
deep and quantitative manner (Marioni et al., 2008; t Hoen et al., 2008),
revolutionizing our view towards transcriptome studies. RNA-seq is capable of
producing single-base resolution transcription maps and shows strong strengths to

circumvent problems or difficulties that previous approaches confronted (Wang et al.,
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2009b). For example, compared with microarray, RNA-seq was able to identify 25%

more genes (Sultan et al., 2008).

However, RNA-seq also has limitations. First, short reads generated by Illumina 1G
can have base substitution, transversion, deletion and insertion errors, and the
distribution of the reads is uneven, intensified in regions with increased GC content.
Error rates tend to increase towards the end of the reads and they can be corrected by
increase of coverage of the regions sequenced (Dohm et al., 2008). Coverage depth
varies from the 5° end to the 3’ end or from the sense strand to the antisense strand
(Hillier et al., 2009). In addition, a bias is inevitably introduced in the construction of
sequencing libraries. For example, RNA fragmentation causes a drop of coverage at
both 5’ and 3’ ends, whereas cDNA fragmentation leads to sharp increase of coverage
at the 3” end (Wang et al., 2009b). Fortunately, some biases seem to be minimized by

technological improvements (Quail et al., 2008).
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Table 1-2 Comparison of sequencing technologies and advantages of RNA-seq over other ways for investigation of transcriptomes

Sanger sequencing/ABI 454/Roche Illumina/Solexa SOLIiD/ABI

Microassay cDNA and EST sequencing RNA-seq
Sequencing Synthesis with the dye Pyrosequencing on solid Polymerase-based Ligation-based
approach terminators support sequencing by synthesis with sequencing

reversible terminators

Read length Up to 900 bp 200-300 bp 37-108 bp 35 bp
Mb/run 0.096 80-120 >1,300 3,000
Cost per Mb  High Low Extremely low Extremely low
Method Hybridization Sanger sequencing Next-generation sequencing
Resolution Several to 100 bp Single base Single base
Throughput High Low Extremely high
Quantificatio Up to a few hundred fold Not applicable More than 8000 fold
n of gene
expression
level
Cost High High Reasonably low

Note: the data mainly come from (Mardis, 2008; Morozova and Marra, 2008; Wang et al., 2009b) .

18



The IHllumina 1G genome analyzer platform is based on sequencing by bridge
synthesis with four different fluorescent reversible terminators (Mardis, 2008). Briefly,
DNA fragments with specific adapters are immobilized on an eight-lane glass flow
cell pre-bound with the same adapters followed by a few cycles of amplification to
create the clusters with the nearly 1,000 identical copies. To trigger sequencing, all
four labelled fluorescent nucleotides with a 3°-OH group, primers and polymerase are
added and only one base is incorporated per cycle. Incorporated nucleotides in each
cluster are captured by an imaging step using laser. After that, the fluorescent groups
are removed, releasing the 3’ end for addition of next labelled nucleotide. The raw
sequences of reads are determined based on physical images and the valid reads are
obtained through filtration. DNA fragments are sequenced, yielding single-end reads
from one end or pair-end reads from both ends. Generally, it can generate at least one

gigabase pairs sequence every run, albeit reads only 37~108 bp in length.

In summary, RNA-seq has been demonstrated to be a reliable, productive and robust
approach for transcriptome investigation although challenges such as development of
bioinformatic tools for sequence processes still exist. Considering many advantages
mentioned above, this deep sequencing technology was employed to obtain

transcriptional signals of MRNA and miRNAS in our project.

3. microRNA

Noncoding RNAs (ncRNAs), which are not translated, are the main component of the
repertoire of transcribed RNAs of eukaryotic organisms. ncRNAs are often grouped
into long RNAs (IRNAs, longer than 200 bp) and short RNAs (SRNA, less than 200
bp). microRNAs (miRNASs) are one subtype of small endogenous single-stranded
ncRNAs. The length of miRNAs varies from 19~30 bp but most are 21~24 bp. At
present, there are no reports on experimental investigations of E. multilocularis

mMiRNAs. Initially, we used S. mansoni key components for miRNA biogenesis to
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search E. multilocularis genome using Blast and the resulting hits with high scores
suggested that this parasite encode miRNAs. Therefore our study attempted to profile
genome-wide miRNAs, helping us to understand gene regulation and develop an

alternative tool for manipulation of gene expression abundance.

3.1 Biogenesis and genetic characteristics of miRNAs

In contrast to small interfering RNAs (SiRNAs) that are primarily from mRNA,
transposons or viral DNA, miRNAs are generally derived from exonic, intronic and
intergenic regions or transposable elements, and a few miRNAs are derived from
exons including untranslated regions (UTRS). In the canonical approach, miRNA
genes are firstly transcribed into long pri-miRNA transcripts under the presence of
RNA polymerase (RNA Pol), usually Pol 1I. These pri-miRNAs are specifically
spliced by Drosha, a nuclear RNase 11, giving rise to the precursors of miRNAs with
a size of approximately 70 nucleotides (pre-miRNAs). With the help of a nuclear
transport receptor (exportin-5) that acts with molecules with a stem and a short
overhang at the 3’ end, the pre-miRNASs in the nucleus are transported to the
cytoplasm. Afterwards, the molecules exported are cleaved into smaller duplexes,
which is mediated by RNase Il Dicer. To be functional, double-stranded shortened
miRNASs, which are swiftly changed into a single stand in the assembly, are loaded
onto an Argonaut-containing RNA-induced silencing complex (Scaplehorn et al.)
(Ruby et al., 2007). In most cases, the partner of the mature miRNA incorporated into
the complex, named as miRNA¥*, is degraded. Recently, it has been shown that
mMiRNAs* can also be present at abundant levels and have the capacity of repressing
target sequences (Okamura et al., 2008). This finding adds to the complexity of
regulatory networks where miRNAs or miRNAs* dominate. It is noticed that the
canonical synthesis of miRNAs is different in animals and plants, in that the duplexes
of miRNA and miRNA* are generated in the nucleus in plants but in the cytoplasm in

animals (Bartel, 2004).
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By contrast, the biogenesis of mirtron miRNAs, which are found in C. elegans,
Drosophila melanogster (Ruby et al., 2007), chicken (Glazov et al., 2008) and several
mammals (Berezikov et al., 2007), is different only initially. The short intron-derived
pri-miRNAs are spliced into spliced mRNAs and intron lariats. Without Drosha
cleavage, the introns are folded directly to form pre-miRNAs with the hairpin
structure (Ruby et al., 2007) and further processed as described above (Fig. 1-4).
Murine herpes virus miRNAs are produced in yet another way (Bogerd et al., 2010).
RNA Pol Il instead of Pol Il is used to produce pri-miRNAs that contain a tRNA-like
structure at the 5 end and two stem loops 1 in the middle and 2 at the 3” end. The pri-
mMiRNA is cleaved by tRNase Z but not by Drosha to yield the pre-miRNA that is then
further edited in a traditional way to liberate mature viral miRNASs. Intriguingly,
replacement of the viral tRNA and stem loop 1 seems no obvious effects on
biogenesis of miRNAs. This finding may shed light on the mechanism whereby
constructs comprising of tRNA and short hairpin RNA (shRNA) that have a similar
structure of pre-miRNA are processed (Scherer et al., 2007). In Giardia lamblia, a
parasitic protozoan, miRNAs are derived from small nucleolar RNAs (snoRNAs) that
participate in modification of other types of RNA (Saraiya and Wang, 2008). Together
with other facts that Drosha and Exportin 5 homologues are absent but two vital RISC
factors Argonaute and Dicer do exist raise the possibility of another Drosha-
independent pathway involved in miRNA biogenesis. The finding that snoRNAs can

serve as miRNA precursors broadens our understanding of pre-miRNA origins.

The biogenesis of miRNAs from transcription to mature miRNASs is tightly controlled
via modifications of miRNA-producing RNA and factors that form functional RISC
or other complexes and these modifications can be offered by internal or even external

molecules. Together with other proteins, such TRBP and PACT, Dicer forms the
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machinery to process pre-miRNAs and its level can result from the stabilized TRBP
through phosphorylation (Molnar et al., 2007). The connection between pre-mRNA
splicing and miRNA biogenesis raises a question of what the temporal relationship is.
Several studies have demonstrated that Drosha-dependent miRNA cleavage appears to
be independent of pre-mRNA splicing and these two processes may occur

simultaneously (Rhoads, 2010).

Based on the origins, miRNAs are grouped into exonic miRNAs in non-coding
transcripts, intergenic miRNAs, intronic miRNAS in protein-coding transcripts or non-
coding transcripts and mirtronic miRNAs. Previous analysis indicates that the
majority of miRNAs are derived from introns in protein-coding genes (Kim and Nam,
2006). In contrast to siRNAs, many miRNAs are characterized by being well
conserved (Bartel, 2004). miRNAs have many common remarkable features in the
structure and genomic organization, although some characteristics of miRNAs are
various from one species to another. Most miRNAs genes are clustered in the
genomes and 70% of miRNA genes are distributed within transcription units of genes
in the mammalian genomes (Kim and Nam, 2006). Except mirtronic miRNAS,
beginning with U at the 5’ end whose matching with the 3> A of mRNA promotes
miRNA-inducing protein repression (Baek et al., 2008) is another striking trait of

miRNASs with no conserved bases being commonly observed at the 3” end.

The secondary structure of miRNA precursor is a two-arm hairpin, always lacking
large loops or bugles and bearing a 3’ 2 bp overhang, which facilitates interactions
with exportin-5 for transportation. In C. elegans, a large number of miRNAs are
situated in the 3’ arm of the hairpin structure (Lau et al., 2001). Mirtronic pre-
mMiRNASs exhibit different characteristics and most are 60 nucleotides long, smaller
than that of intronic, exonic and intergenic miRNAs. The bases at both 5’ and 3’ ends
are pretty conserved in mirtronic precursors (Berezikov et al., 2007; Ruby et al., 2007).

In addition to this, it is predicted that there are no perfect 2 bp overhangs at the 3’
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terminus in most mammalian miRNAs. Furthermore, there is a strong bias in the GC

content in mirtrons from different organisms.

Different miRNAs show a different expression pattern. The abundance of miRNAs
greatly varies from 1 to hundreds of thousands of copies (Glazov et al., 2008;
Kuchenbauer et al., 2008). Some miRNAs are expressed in a tissue- or stage-specific
manner. For example, two S. japonicum miRNAs sja-miR-71 and sja-bantam are
highly expressed in the cercarial stage and greatly repressed in the schistosomulum
stage (Xue et al., 2008). Interestingly, although their functions are unclear, there are
many miRNA isoforms from the same miRNA gene mostly by variations at the 3’ end
(Kuchenbauer et al., 2008; Morin et al., 2008), of which the non-templated variants

are possibly introduced by modifications.

3.2 Approaches to the identification of miRNAs

Direct sequencing is a main and convincing approach to investigate miRNAs and
contributes to the discovery of most of miRNAs. This strategy involves the
construction of small cDNA library (Hafner et al., 2008). Ultrahigh-throughput
sequencing technologies satisfy the needs for characterization of entire miRNAs
including ones that are expressed at a low level or in few cell types, impossible to be

identified by conventional sequencing techniques.

Small RNAs are classified as miRNAs if they meet the following criteria (Berezikov
et al., 2006; Kim and Nam, 2006): miRNAs and their precursor should be determined,
usually by Northern blot hybridization; miRNA should be a part of one arm of the
precursor hairpin structure without large internal loops; be processed by Dicer
pathway; the structures of small RNAs and the hairpins are conserved in closely
related species. Small homologous RNAs with known miRNAs in other species can

be directly catalogued into miRNAs without further experimental validation.
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3.4 Distribution of miRNAs in parasites

The miRNA lin-4 was first reported in C. elegans in 1993 (Lee et al., 1993). However,
the term ‘microRNA’ was coined to describe a subclass of small regulatory noncoding
RNA with a size of 21 to 24 nucleotides in 2001 (Lau et al., 2001). miRNAs have
been so far reported in viruses, animals and plants such as Mareks disease virus, fruit
fly, human, zebra fish, chicken and Arabidopsis. But miRNA-inducing silencing
mechanism by which gene expression is modulated is absent in yeast and some
metazoan animals (Grimson et al., 2008). Gene expression mechanisms elicited by
small regulatory RNAs may be widely distributed across the parasite kingdom.
mMiRNASs were computationally or experimentally investigated in a number of parasite
species, including parasitic protozoa, helminths and arthropods (Table 1-3), such as
Trypanosoma brucei (Mallick et al., 2008), Entamoeba histolytica (De et al., 2006),
Clonorchis sinensis (Xu et al., 2010), Pediculus humanus humanus (Kirkness et al.,
2010), Toxoplasma gondii (Braun et al., 2010), S. mansoni (Gomes et al., 2009; Xue
et al., 2008) and S. japonicum (Huang et al., 2009; Wang et al., 2010; Xue et al.,
2008). It has, however, been confirmed that there are no miRNAs in the malaria
parasite, Plasmodium falciparum (Rathjen et al., 2006). Moreover, the lack of coding
genes of Dicer and Argonaute proteins, key components of RISC, in the genomes
elucidates the absence of gene expression regulation triggered by miRNA in a few
other protozoan parasites (Militello et al., 2008). Interestingly, apart from active
Argonaute-coding genes, there are also Argonaute pseudogenes present in three
Leishimania species (Table 1-3), suggesting a shrinking of RNA-inducing silencing
functions during evolution. Conversely, the expansion of miRNA pathways has been
demonstrated in the plant parasite, Acyrthosiphon pisum, although the biological
significance of the miRNA machinery gene duplication events is elusive (Jaubert-
Possamai et al., 2010). But, in some cases, the loss of this mechanism should be

cautiously evaluated in that these coding genes may have undergone great variations
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Table 1-3 miRNAs and/or RNA-induced silencing machinery in parasites

Species Approach® Num of Main RISC Ref
miRNAs components”
Protozoan®

Plasmodium falciparum Ex No No (Rathjen et al., 2006)
Trypanosoma brucei Com 1,162 Yes (Mallick et al., 2008; Militello et al., 2008)
Trypanosoma congolense - ND Yes (Militello et al., 2008)
Trypanosoma cruzi - ND Yes (Garcia Silva et al., 2010; Militello et al., 2008)
Trypanosoma gambiense - ND Yes (sanger)
Trypanosoma vivax - ND Yes (sanger)
Leishmania major - ND Yes/Pseudogene
Leishmania infantum - ND Yes/Pseudogene
Leishmania braziliensis - ND Yes (sanger)
Leishmania mexicana - ND Yes/Pseudogene
Leishmania tarentolae - ND Yes (TriTrypDB)
Leishmania braziliensis - ND Yes (Militello et al., 2008)
Cryptosporidium spp. - ND No (Militello et al., 2008)
Theileria spp. - ND No (Militello et al., 2008)
Babesia bovis - ND No (Militello et al., 2008)
Eimeria tenella - ND No (Militello et al., 2008)
Giardia lamblia Ex 4 Yes (Saraiya and Wang, 2008)
Neospora caninum - ND Yes
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Continued

Giardia intestinalis Ex 10 Yes (Chen et al., 2009; Militello et al., 2008)
Trichomonas vaginalis Ex 11 Yes (Chen et al., 2009; Militello et al., 2008)
Entamoeba histolytica Com 17 Yes (De et al., 2006; Militello et al., 2008)
Toxoplasma gondii Ex 35 Yes (Braun et al., 2010; Militello et al., 2008)
Trematode
Clonorchis sinensis Ex/Com 62,518 ND (Xuetal., 2010)
Schistosoma mansoni Ex 5 Yes (Gomes et al., 2009; Xue et al., 2008)
Schistosoma japonicum Ex 55 Yes (Wang et al., 2010)
Nematode
Bursaphelenchus xylophilus Ex 810 ND (Huang et al., 2010)
Brugia malayi Ex/Com 32 Yes (Poole et al., 2010)
Haemonchus contortus - ND Yes(sanger)
Globodera pallida - ND Yes (sanger)
Trichuris trichiura - ND Yes (sanger)
Onchocerca volvulus - ND Yes (sanger)
Strongyloides ratti - ND Yes (sanger)
Trichuris muris - ND Yes (sanger)
Nippostrongylus brasiliensis - ND Yes (sanger)
Cestode
Echinococcus multilocularis - ND Yes (sanger)
Echinococcus granulosus - ND Yes (sanger)
Hymenolepis microstoma - ND Yes (sanger)
Arthropod
Pediculus humanus Com 57 Yes (VectorBase) (Kirkness et al., 2010)
humanus
Acyrthosiphon pisum Com 163 Yes (2010)
Ixodes scapularis Ex 34 Yes (VectorBase) (Wheeler et al., 2009)
Aedes aegypti Ex 101 Yes (VectorBase) (Li et al., 2009)
Anopheles gambiae ? 67 (miRBase) Yes (VectorBase)
Anopheles stephensi Ex 27 ND (Mead and Tu, 2008)
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Continued

Aedes albopictus Ex 65 ND (Skalsky et al., 2010)
Culex quinquefasciatus Ex 77 Yes (VectorBase) (Skalsky et al., 2010)
Rhodnius prolixus - ND Yes (WUGSC)

*miRNAs are identified experimentally (Barth et al.) or computationally (Com) or both (Ex/Com);

®Argonaute or Dicer or both are present in species indicated. Argonaute homologue(s) in parasitic nematodes, cestodes and arthropods were searched using C.
elegans Argonaute (ABA18180) in the databases shown in brackets;

“Drosha homologue(s) in protozoans were searched using C. elegans Drosha (NP_001122460) and there were no hits with an e-value > 10™. Duo to the fact
that protozoan Drosha homologues may be highly heterogeneous in an amino acid level, it can’t be ruled out the possibility of factor(s) that are functionally
similar to Drosha;

‘ND’: not determined; ‘-°: not applicable; ‘?’: unclear.
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in domain(s) during evolution, leading to low similarity and difficulties in
identification of putative proteins. For instance, T. cruzi, the causative pathogen of
Chagas disease, was commonly thought to be unable to utilize siRNAs to alter gene
expression (Militello et al., 2008). The presence of an Argonaute/Piwi protein-coding
gene has recently been found to be expressed and translated in all life cycle stages
(Garcia Silva et al., 2010). Although no potential miRNAs were found in a small
RNA subpopulation (Garcia-Silva et al., 2010), it is still hard to rule out the
possibility of that this protozoan parasite has ability to produce miRNAs because of

the limitations of the methods used.

3.5 Possible roles of parasite miRNAs

An exact spatial and temporal control of gene expression is crucial for animals where
the life cycles have several different developmental stages. miRNAs such as the let-7
family and lin-4 were first revealed to be a master switch of development in C.
elegans (Brehm and Spiliotis, 2008), targeting hb1-7 and lin-14 mRNAs respectively
to ensure proper larval developmental transition. The transcription of the let-7 family
is controlled by the interaction between the nuclear hormone receptor DAF-12 and its
ligands, dafachronic acids that are naturally produced in favourable environments
(Bethke et al., 2009). The striking discrepancy of expression of Dicer and Argonaute
at different stages in S. mansoni is an indication that small RNA-induced silencing
represents a mechanism of modulation of developmental transitions (Gomes et al.,
2009). The idea that S. japonicum let-7 may associate with transition from miracidium
to sporocyst is indirectly supported by higher expression of let-7 in the miracidium.
Along with let-7, the miRNA bantam that is extraordinarily highly expressed in
cercaria is supposed to be active in developmental processes through regulation of a
cellular population size (Xue et al., 2008). However, a recent study supports the
notion that let-7 has other functions rather than controlling developmental timing
(Knapp et al., 2009). It is clear that these presumptions need to be further tested.
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Some miRNAs are anticipated to take part in other processes of parasites, such as
reproduction and tissue development (Table 1-4). Of interest is the very high
expression of miR-71(a/b) in stages of trematodes (Huang et al., 2009; Knapp et al.,
2009; Xue et al., 2008) and a cestode (our unpublished data) but not in a nematodes
(Huang et al., 2010). Apart from functional connections with neoblast biology (Knapp
et al., 2008; Lin et al., 2009; Liu et al., 2009b), miR-71 is expected to have an
additional role probably related to development. Further experiments will be

worthwhile specifying the connections between its expression and functions.

miRNAs have also been shown to be involved in immune evasion, affecting
differentiation, development, homeostasis and functions of immune cells (Hemphill et
al., 2002; Spiliotis et al., 2004). It is well studied that miRNAs play important roles in
viral infection (Cazalla et al., 2010; Deplazes et al., 2005; Ghosh et al., 2009;
Triboulet et al., 2007; Vuitton and Gottstein, 2010). For example, viral miRNAs are
expressed during the infection of herpes viruses to target stress-induced natural Killer
cell ligand, MICB, giving rise to repression of MICB and thus attenuated recognition
of infected cells by natural Killer cells (Nachmani et al., 2009). The temporal
regulation of variant surface proteins (VSGs), one of which covers the entire surface
of parasite at any time, is essential to survive host immune attacks in free living
protozoans such as Trypanosomes and G. lamblia (Eckert and Deplazes, 2004;
Mallick et al., 2008). Various VSGs expressed on the surface were observed in
individual G. lamblia with silenced Dicer and RNA-dependent RNA polymerase,
indicating the key role of silencing machinery in VSG expression regulation
(Gottstein et al., 2010). miRNAs may be partly responsible for this antigenic variation
by targeting 3° VSG-coding gene UTRs that contain highly conserved fragments
(Eckert and Deplazes, 2004; Saraiya and Wang, 2008). The mechanism of how
mMiRNA(s) modulate several hundreds of VSG genes to ensure that only one is

retained is unknown.
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Table 1-4 Potential functions of parasite miRNAs

mMiRNA Species Possible functions® Expression® Ref.
let-7 S. japonicum Transition from miracidium to sporocyst? ? (Knapp et al., 2009; Xue et al., 2008)
Bantam® Regulation of cell proliferation and Cercaria, female (Knapp et al., 2009; Xue et al., 2008)
apoptosis/sex development or reproduction
miR-7 Tissue development Cercaria (Knapp et al., 2009)
miR-36 Developmental transition Cercaria
miR-71 Sexual development Male
miR-nov-70° Sexual development/reproduction Female
let-7 B. xylophilus Regulation of worm activity Cold-stressed worm (Huang et al., 2010)
miR-1
miR-nov-10° miR-29 Response to cold stress Down-regulated in cold-
miR-40 stressed worm
miR-72
miR-4 T. gondii Related to virulence? Lethal strain (Braun et al., 2010)
miR-49
miR-60
miR-40 Hypo-virulent strain
miR-56
T. brucei® Antigenic variation ND (Mallick et al., 2008)
miR-2 G. lamblia (Saraiya and Wang, 2008)

*None of miRNA functions was experimental validated;

"miRNA(s) are highly or exclusively expressed in tissues or strains listed, if not clearly stated:
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‘miR-nov-110 is highly homogenous to bantam and therefore the latter is listed here;
INovel miRNAS;
*Many miRNAs are predicted to target VSG mRNA and therefore not listed here;

°?’: controversial or not clear; ‘ND’: not determined.
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In summary, although the function of the vast majority of miRNAs remains an enigma,
it is clear that the miRNA-induced silencing machinery directly or indirectly affects
many processes of organisms and their responses to the environment. Parasite and
host miRNA profiles can be served as a probe to investigate underlying mechanisms
and thus deeply understand pathogen-host interplay. Likewise, the miRNA silencing
network will be an alternative to help us understand drug resistance in parasitic
nematodes (Devaney et al., 2010). The intervention of miRNA pathways to control
diseases is in infancy but successful attempts to control viral infection in chimpanzees
or tumorigenesis in animal models (Vuitton, 2003; Zhang et al., 2008) have shed light

on the potential of mMiIRNA pathways as therapeutic targets.

4. Fatty acid-binding proteins

From the mRNA transcriptome data, we identified a number of known and
hypothetical protein-coding genes that exhibit differential expression patterns. In our
project, attention was paid to a subfamily of lipid-binding proteins fatty acid-binding
proteins (FABPs) that are essential for lipid metabolism in parasitic platyhelminths

which are incapable of de novo synthesis of long-chain fatty acids.

Fatty acids are key molecules that serve as energy and as mediators that can affect
lipid metabolism and inflammatory reactions via the regulation of gene expression and
cellular signalling pathways. Omega 3 fatty acids, for example, are anti-inflammatory,
partially acting through the nuclear factor-kappa B transcriptional network to
inactivate pro-inflammatory cytokine production (Boutros et al., 2010; Martin and
Stapleton, 2010). In addition, fatty acids are thought to contribute to the protection of
organs or tissues from infection because a high concentration of fatty acids is
detrimental to pathogens (Tchkonia et al., 2010). Dysregulation of fatty acid uptake,
trafficking and metabolism appears to be closely related to occurrence of many

inflammatory and metabolic disorders including aging, atherosclerosis, obesity and
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diabetes. The deficiency of fatty acid metabolism-associated proteins in peroxisomes
has been linked to several known human diseases including cancers (Van Veldhoven,

2010).

FABPs are small molecules that are responsible for the transportation of fatty acids.
These lipid chaperons are abundantly expressed in majority of tissues and
characterized by binding to lipid ligands including saturated or unsaturated long-chain
fatty acids with high avidity. Together with retinol- or retinoic acid-binding proteins
(RBPs or RABPs) that are likely to have evolved from liver/intestinal FABPS in
vertebrates (Schleicher et al., 1995), FABPs constitute a multigene subfamily of
intracellular lipid-binding proteins (Haunerland and Spener, 2004). This lipid
chaperon subfamily has evolved to give rise to tissue-specific FABPS via successive
gene duplication events, which exert functions specifically or complementarily

(Schaap et al., 2002; Storch and Thumser, 2010).

4.1 FABPs in the animal kingdom

FABPs are extensively expressed in animals including invertebrates and vertebrates
but not in fungi and plants. It has been shown that an ancestral FABP gene may have
diverged from lipocalins and arose from separation of animals from fungi and plants
approximately 1,000 to 1,200 million years ago (Ganfornina et al., 2000; Schaap et al.,
2002). In yeasts, there are several types of lipid-binding proteins, such as sterol carrier
protein 2 (SCP2), which can interact with cis-parinaric acid in a nM range (Ferreyra et
al., 2006). This protein is also found in plants, bacteria, archaea and multicellular
organisms but, although they possess similar binding spectra, SCP2s do not belong to
the FABP family and are a completely different structure from these of FABPs

(Edqvist and Blomgvist, 2006; Ferreyra et al., 2006).

In the 1970’s a FABP was isolated from rats and found to be extensively expressed in
many organs or tissues including adipose tissue (Ockner et al., 1972). Since then, nine
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types of FABPs, known as FABP1 to 9, have been characterized in mammals
(Furuhashi and Hotamisligil, 2008). Recently, a new FABP gene, FABP12, was
described in humans, mouse and rat but not chicken or zebra fish (Liu et al., 2008).
FABP12 is clustered with other four FABP genes on the same chromosome and
distributed in retina and testis, the latter in which FABP9 is known to be highly

expressed.

So far more than thirty different FABPs have been reported in a number of
invertebrates over several phyla (Esteves and Ehrlich, 2006). In the Phylum
Platyhelminth, FABP genes have been described in the following species: S. mansoni
(Moser et al., 1991), S. japonicum (Becker et al., 1994), F. hepatica (Rodriguez-Perez
et al., 1992), F. gigantica (Chunchaob et al., 2010), E. granulosus (Esteves et al., 1993;

Esteves et al., 2003) and Mesocestoides vogae (Alvite et al., 2008).

4.2 Gene structure and expression of FABPs

Vertebrate FABPs have relatively similar gene structures and usually have four exons
and three introns with comparable positions, but the gene organization of FABP genes
varies considerably in invertebrates (Esteves and Ehrlich, 2006; Schaap et al., 2002).
There are, however, a few intronless FABPs that have been reported in mammals such
as rats (Bonne et al., 2003), mice (Treuner et al., 1994) and humans (Prinsen et al.,
1997). However, there are up to date no reports for intronless FABPs in other species.
These mammalian single-exon FABPs appear not to function. In humans, an
intronless FABP pseudogene, FABP3-ps, is located on chromosome 13, sharing 85%
similarity to heart FABP (also known as FABP3) that resides on chromosome 1.
Moreover, it lacks a TATA box in the 5’ upstream and it’s expression is not detected
in skeletal muscle and fatal brain (Prinsen et al., 1997). Compared with FABP3, the
key residues for interaction with fatty acids are found to be altered, potentially leading

to functional loss. To better understand the evolution of FABP genes, it is important to
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systematically and extensively analyze the gene structure over a broad range of

animals.

There are three conserved motifs present in FABP family members (Furuhashi and
Hotamisligil, 2008). Furthermore, there exist a large number of regulatory elements in
the upstream and downstream regions of FABP genes, such as a TATA box found in
the upstreams in all FABP genes, a hepatic nuclear factor 1 binding site in FABP1,
conserved consensus motifs for activator protein 1/2, and mammary active factor in
FABP3, for glucocorticoid half site receptor in E. granulosus FABP2 (Chmurzynska,
2006; Esteves and Ehrlich, 2006; Haunerland and Spener, 2004). The presence of
these elements suggests that the expression of FABPs is tightly regulated, exhibiting
different temporal and spatial expression patterns. In M. vogae, FABPs are
predominantly distributed in the tegument and areas around the calcareous corpuscles
(Alvite et al., 2008). Using quantitative PCR, expression of crab FABP is present in
most of tissues studied with exception of the stomach and eyestalk. Interestingly, it
appears to be down- or up-regulated at different developmental points in ovary and

hepatopancreas (Gong et al., 2010).

Ascaris suum FABP, known as As-pl18, is spliced leader trans-spliced and exhibits
two different forms with or without a hydrophobic signal. As-p18 expression shows a
developmentally regulated pattern: it is absent in unembryonated eggs, commences to
express at day 3 of development and reaches at a peak when L1 are formed (Mei et al.,
1997). As-p18 protein is also confirmed not to be expressed in L3 and adult tissues
but Northern blot results reveal that an appreciable amount of As-p18 mRNA is
detected in the ovaries and L3, especially the latter, suggesting post-transcriptional

regulation of protein expression (Mei et al., 1997).
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4.3 Structural and binding features of FABPs

The crystal structures of several FABPs have been resolved. Although they have
modest homologies, all members of the multigene family of FABPs share conserved
secondary structures that are characterized by an elliptical p-barrel, which is
comprised of ten B-strands and two a- helixes (Storch and McDermott, 2009). The
two a-helixes have no interactions with B-barrel, together with the turns between
BC/BD and PE/PF, shapes a portal that allows fatty acid(s) entry and egress (Fig. 1-5)
(Jakobsson et al., 2003; Storch and McDermott, 2009). The B-barrel contains a
binding pocket, the size of which is remarkably larger than bound lipid(s). FABPs
interact with the carboxylate terminus of bound fatty acid(s) and the binding affinity
relies on non-covalent molecular forces between fatty acid and several essential
residues such as Arg'’, Tyr'® and Ala” (Jakobsson et al., 2003). Under fatty acid-
free and -binding circumstances, FABPs have substantially similar structures but the
conformation of the helix-turn-helix portal moieties is slightly changed. Compared
with that of FABP with a bound fatty acid, the portal structure of the fatty acid—free
FABP is more open relative to the B-barrel, favouring the model that hypothesizes

diffusion-controlled trafficking of hydrophobic molecules (He et al., 2007).

FABPs are featured by binding to unsaturated or saturated long-chain fatty acids with
high affinity in the nM range. Although it is controversial, FABPs do not exhibit
binding to fatty acids in a selective way and the binding affinity is closely related to
ligand hydrophobicity (Angelucci et al., 2004; Richieri et al., 2000). It is of interest to
understand how multiple FABPs with similar spectra function in a single organism. It
has been proposed that the functions of distinct FABPs may largely depend on the
structural properties of the FABP’s surfaces but not selectivity of binding to fatty
acids (Storch and McDermott, 2009). It has been shown that nearly almost all of

FABPs reported bind to one fatty acid molecule except FABP1. FABP1 offers two
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binding sites for fatty acids and this is consistent with the fact that the FABP1 binding
cavity is noticeably larger in comparison with that of others (Furuhashi and

Hotamisligil, 2008).

4.4 Biological roles of FABPs

FABPs are proposed to be involved in numerous processes, including energy storage,
signalling, membrane synthesis, oxidation in mitochondria or peroxisomes and the
regulation of enzyme activities. Although the exact roles and mechanisms and
pathways with regard to lipid metabolism are still enigmatic, recent studies on FABP-
deficient mice have demonstrated that not all individual FABPs are vital and there is
some redundancy (Furuhashi and Hotamisligil, 2008; Storch and Corsico, 2008). For
example, FABP3 (heart FABP), abundantly distributed in myocardium, has been
experimentally demonstrated to be responsible for fatty acid uptake and oxidation in
heart and skeletal muscle (Binas et al., 1999; Schaap et al., 1999). In the FABP3-
knockout mice, the heart used glucose as energy source instead of long-chain fatty
acids, and the fatty acid oxidation in the liver was enhanced (Binas et al., 1999).
Under some conditions such as low temperature, FABP3 was up-regulated in rat and
mouse brown adipose tissue that functions in thermogenesis in rodents. FABP3™ mice
had significantly lower body temperatures and brown adipose tissue, compared to
wild-type, suggesting FABP3 roles in resistance to cold. Moreover, a significantly
reduced mass of brown adipose tissue and enhanced glycolysis was observed in
FABP3” mice. These observations suggest that FABP3 plays a key role in fatty acid
oxidation (Vergnes et al., 2011). FABP3 is also distributed in the neurons of the brain
and involved in arachidonic acid trafficking. It can interact in vitro with the dopamine
D2 receptor long isoform and co-locates with dopamine D2 receptor in the dorsal
striatum in the brain. In FABP3-deficient mice, the dysfunction of the dopamine D2

receptor in the brain occurred, leading to abnormal release of acetylcholine
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Figure 1-5 The crystal structure of E. granulosus FABPL1.
Numbered ten B-sheets (from A to J) and two o helixes (a1 and 02) are noted.
Similarly, one bound fatty acid is shown in the binding pocket of EQFABP1. This

figure was modified from (Jakobsson et al., 2003).
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and depolarization. These observations demonstrate that FABP3 plays a regulatory

role in the normal functions of the dopamine D2 receptor (Shioda et al., 2010).

4.4.1 Immunological roles of adipocyte FABP

Our understanding of the relationship between immune responses and the functions of
FABPs are largely derived from studies on FABP4, known as adipocyte FABP or P2.
FABP4 is tightly modulated during the process of adipocyte differentiation and its
expression can be influenced by factors such as fatty acids and insulin (Furuhashi and
Hotamisligil, 2008). Interestingly, early studies have shown that FABP4 mRNA levels
are increased in human monocytes upon activation with peroxisome proliferator-
activated receptor-y (PPAR-y) activators in vitro, parallel to the activation of PPAR-y
(Pelton et al., 1999). Similarly, an increase in FABP4 was also observed in human
macrophage cells treated by oxidized low density lipoprotein, which was suppressed
by inhibitors for nuclear factor-x B and protein kinase C, suggesting that these
signalling pathways are associated with transcriptional regulation of lipoprotein-
induced FABP4 (Fu et al., 2000). In FABP4-deficient macrophages, expression of
several cytokines including TNF-a, IL-1p and IL-6 was abolished in comparison with
wild type cells. In addition, intracellular cholesterol ester accumulation was also
severely impaired (Makowski et al., 2001). These results suggest that there are
potential connections between FABP4 and cytokine production by macrophages.
Likewise, FABP4 also appears to be closely associated with cytokine secretion by
dendritic cells and the impairment of IL-12 and TNF secretion occurred in FABP4-

deficient dendritic cells stimulated with LPS (Rolph et al., 2006).

FABP4 is detected in human airway epithelial cells and its expression is up-regulated
upon addition of I1L-4 or IL-13 but downregulated by IFN-y, which depends on the
activity of the transcription factor STATG6 that participates in transcriptional regulation

of genes in allergic responses. In the allergic airway inflammation model, FABP4 was
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significantly expressed in bronchial epithelium and cell populations, especially
eosinophils, were pronouncedly increased in the bronchoalveolar lavage fluid in the
wild type mice. However, increased cell populations were not observed in FABP4™
mice. Consistent with an attenuated infiltration of airway eosinophils, the levels of
cytokines IL-5 and IL-13 in the bronchoalveolar lavage fluid were considerably lower
than that in FABP4"* mice. These findings illustrate that FABP4 may be functional in
airway inflammation and bridge a connection between lipid metabolism and asthma

(Shum et al., 2006).

The FABP4-cytokine network has been further investigated. In LPS-induced
macrophages, the deficiency of FABP4 causes reduction of IkappaB kinase and NF-
kB activities without alteration of their protein levels (Makowski et al., 2005). This
finding implies that FABP4 is likely to influence macrophage cytokine secretion via
regulation of the [kB-NF«kB pathway, which is well known to be crucial to modulation
of pro-inflammatory activity of macrophages. Recently, it has been shown that LPS
activation can also lead to an elevated level of FABP4 in macrophages, which could
be initiated by the binding of activator protein-1 to the promoter region of the FABP4
gene. Intriguingly, downregulation of macrophage FABP4 induced a substantial
decrease of phosphorylated c-Jun NH2-terminus kinase, activator protein-lacitivity
and TNF-a and IL-6 synthesis (Hui et al., 2010). This evidence suggests a positive
feedback network, whereby FABP4 is involved in the augmentation of macrophage

cytokine responses to LPS stimulation.

Several lines of evidence have shown that lipid-binding proteins are allergens. In the
1990’s, an allergic hydrophobic molecule-binding protein, ABA-1, was firstly
described in swine roundworm A. suum (Spence et al., 1993). It is abundantly present
in the pseudocoelomic fluid in Ascaris species and possesses ability to bind with a
number of fatty acids and retinol (Xia et al., 2000). Such allergens with capacity of
fatty acid binding are present in many nematodes (Kennedy, 2000a, b). Nematode
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polyprotein allergens/antigens (NPAs) belong to tandemly repetitive polyproteins and
are comprised of many similar or identical repeated segments. The polyproteins are
post-translationally cleaved to generate numerous small proteins with a molecular
mass weight of approximately 15 kDa, which have been found to bind fatty acids or
retinol with high affinity (Kennedy, 2000a) and may take part in lipid trafficking and
distribution (Meenan et al., 2011). Structurally, like O. volvulus Ov-FAR-1 (Kennedy
et al.,, 1997), NPAs are enriched with a-helix and show four-helix bundles that
accommodate bound ligands (Kennedy et al., 1995; Meenan et al., 2011; Moore et al.,

1999), which is completely distinct from the canonically structural elements of FABPs.

Up to now, FABPs have been reported to be allergens in the following species:
Blomia tropicalis (Caraballo et al., 1997; Puerta et al., 1999), Acarus siro (Eriksson et
al., 1999), Lepidoglyphus destructor (Eriksson et al., 2001), Dermatophagoides
farinae (Chan et al., 2006) and Tyrophagus putrescentiae (Jeong et al., 2005). B.
tropicalis FABP shares 42.3% identity with S. mansoni FABP and 36% identity with
mammalian FABPs and it can selectively bind to cis-parinaric acid and oleic acid but
not retinol and others tested (Caraballo et al., 1997; Puerta et al., 1999). Structural
analysis indicates that this lipid-binding protein contains high p-sheet content with 13%
a-helix, supporting the anti-parallel 10-strand B-barrel typical of FABP structures
(Puerta et al., 1999). It has also been shown that IgE of approximately 11% of allergic
sera binds to this allergen (Caraballo et al., 1997) and this binding capacity largely

depends on several surface charged residues of FABPs (Chan et al., 2006).

4.4.2 Other roles of FABPs

Phylogenetically, invertebrate FABPs are much closer to the mammalian FABP3
cluster than the FABP2 cluster (known as intestinal FABP) (Esteves and Ehrlich,
2006; Esteves et al., 1997). Up to now, few invertebrate FABPs have been

functionally investigated in vivo thus their exact functions are largely unknown. Many
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biological actions have been proposed for FABPs in invertebrates. In A. suum, FABP
expression is restricted to early development in eggs, consistent with the increasing
use of triglycerides as energy during developmental periods. Therefore FABP is
postulated to protect parasites from toxicity derived from fatty acids and their
peroxidation products. It is also plausible that this protein may be associated with
permeability changes of the eggshall lipid layer upon hatching (Mei et al., 1997). As
they are unable to synthesize de novo fatty acids, parasitic helminths are thought to
completely rely on lipid resources from hosts where they reside and FABPs, at least
partially, function in fatty acid transport. Using fluorescence resonance energy
transfer assay, the trafficking mechanisms of different lipid-binding proteins including
trematode FABP and the nematode polyprotein ABA-1A1 and Ov-FARs, one of
which the crystal structure was recently resolved (Jordanova et al., 2009), were
investigated. Although all of them directly interacted with membranes during
transport, these proteins exhibited different properties with regard to transfer rates and
mechanisms (McDermott et al., 2002). An analysis of the crystal structure reveals that
S. mansoni FABP has evolved to selectively bind unsaturated fatty acids, especially
arachidonic acid. This protein showed higher affinity with fatty acids at acidic pH
than neutral or basic pH and therefore it is considered to transport lipids from the
contact interface between parasite and host to parasites because the microenvironment
around the membrane is more acidic than the cytoplasm (Angelucci et al., 2004). In
the locust, S. gregaria, FABP was also found in the nuclei (Haunerland et al., 1993).
Although the underlying mechanism remains unclear, its distribution is in agreement
with the concept that FABPs are likely to be involved in fatty acid-induced

transcriptional regulation in the nucleus (Furuhashi and Hotamisligil, 2008).

In conclusion it seems apparent that the gene structures of vertebrate FABP genes are
more conserved than that of invertebrate FABP genes. Moreover, gene duplication

followed by divergence is most likely to contribute to variety of FABP functions in
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mammals. But whether or not the FABP copy numbers are also responsible for
multiple FABP functions in invertebrates remains largely unknown and the diversity
of genomic organizations of invertebrate FABP genes are not extensively explored.
To address these questions, it is clear that more sampling of invertebrates is required

to phylogenetically analyze FABP genes.

Albeit low sequence homology, FABP genes show a conserved tertiary structure with
similar lipid-binding spectra. It has emerged that FABP functions are various and
mammalian and mite FABPs are closely linked with inflammation. Interestingly,
trematode and nematode FABPs are present in excretory/secretory products but the
roles of these secretory proteins are not understood. Whether or not FABPs are
involved in infection or immunology during the infection remains to be

experimentally investigated.

5. Summary

The identification and understanding of neoblasts have recently led to establishment
of the in vitro cultivation system (Spiliotis et al., 2008), whereby the primary cells
from vesicles can grow into mature larval parasites with infectivity. Equipped with the
completion of the genome, E. multilocularis has been recently developed as an animal
model to study other platyhelminths. However the limited knowledge on E.
multilocularis biology including baseline gene and non-coding regulatory RNA
expression impedes its efficient and extensive applications. Using next-generation
sequencing technology, our project was initiated to explore miRNA and mRNA
transcriptomes for the investigation of mMIRNA expression patterns and the
identification of developmentally regulated molecules, which are able to be used as
stage-specific biomarkers. As E. multilocularis lacks the biogenesis components for
de novo synthesis of long-chain fatty acids and lipid metabolism is essential in the

parasitic platyhelminths in terms of physiology (Smyth and McManus, 1989), one
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family of differentially expressed molecules, fatty acid binding proteins (FABPS) that

bind to fatty acid(s) with high affinity, was further experimentally analysed.
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Chapter 2 A robust strategy of depletion of polycistronic
mitochondrial transcripts in Echinococcus multilocularis

for RNA-seq

Abstract

In Echinococcus multilocularis, polyadenylated mitochondrial RNA is very abundant,
and it is therefore important to remove such transcripts to increase the depth of
coverage when sequencing the mRNA transcriptome. Here, we conceived a practical
strategy using ribonuclease H and 5’-phosphate dependent exonuclease in
combination to efficiently purify mRNA for RNA-seq using the Illumina sequencing
platform. In total, we obtained 28,829,936 reads for the control sample which had
only been treated with 5’-phosphate dependent exonuclease and 43,166,442 for the
sample after treatment of 5’-phosphate dependent exonuclease and ribonuclease H.
Mapping results showed a significant decrease of mitochondrial RNA contamination
from 2.68% in the control to 0.09% in the treated sample. Moreover, the proportion of
mitochondrial reads from transcriptome data obtained for E. multilocularis
protoscoleces, cultured primary cells and mature metacestode vesicles ranged from
0.04% to 0.09%, respectively, indicating its reproducibility. This strategy is expected
to be of general use to deplete polyadenylated message for mRNA transcriptome

analysis.

1. Introduction

In the Phylum Platyhelminth the ~360 Mb genomes of S. japonicum and S. mansoni
have been recently published and contain 13,000 and 12,000 predicted protein-coding

genes, respectively (Berriman et al., 2009; Zhou et al., 2009). The E. multilocularis
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genome is smaller at 106 Mb and its draft sequence is now entering completion
(Brehm, 2010a). Considering the complexity of stage-specific gene expression in the
parasite, there is an urgent need for baseline transcriptome data to provide a detailed

view of genes expressed through the complex life cycle.

Polyadenylated mitochondrial transcripts are abundant in both E. granulosus
(Fernandez et al., 2002) and E. multilocularis (Brehm, 2010a). A previous study on E.
granulosus showed that nearly 70% of randomly sequenced clones in a cDNA library
constructed using the poly T priming were mitochondrial transcripts. Of them, 63%
(156/248) were either large or small ribosomal subunit-coding fragments, likely due to
the existence of a transcriptional termination signal downstream of the large rRNA
which was also found in E. multilocularis (Nakao et al., 2002). Moreover, it was
found that the 3’ terminal of the mitochondrial transcripts investigated was also
polyadenylated (Fernandez et al., 2002). It is therefore unlikely to be able to separate
nuclear mMRNA without contamination of mitochondrial RNA using poly (A)-based

systems.

RNA-seq is an approach for global investigation of transcriptional patterns using
second-generation sequencing technologies to produce single-base resolution
transcription maps in a robust, reproductive, deep and quantitative manner (Marioni et
al., 2008; t Hoen et al., 2008). In order to increase the depth of mMRNA coverage,
elimination of the super-abundant E. multilocularis mitochondrial RNA transcripts is
required. Biotinylated probes combined with protein A or G-coated magnetic beads
have previously been used to remove ribosomal or other RNA transcripts in mMRNA
transcriptional profiling studies (Lister et al., 2009; Raghavachari et al., 2009). In this
study, we developed a practical and economical way to prepare mRNA for expression
studies, through specific digestion of mitochondrial RNA with enzymes RNase H and

5’-dependent exonuclease. The protocol can be used for any transcriptomic
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investigation, in which mRNA signals are masked by the presence of other super-

abundant polyadenylated RNA species.

2. Materials and methods

2.1 Parasites and primary cells

The E. multilocularis isolates H95 and JAV A were used in this study (Jura et al., 1996;
Tappe et al., 2007). In both cases, larval material was propagated and continuously
kept in mongolian jirds (Meriones unguiculatus) as previously described (Spiliotis and
Brehm, 2009). Mature metacestode vesicles (mm) of isolate H95 were cultivated
under axenic conditions (Spiliotis et al., 2004) and were used to set up primary
parasite cell cultures (agg) essentially as described previously (Spiliotis et al., 2008).
Dormant protoscoleces (psano) were isolated from in vivo cultivated parasite material

of isolate JAVA (Brehm et al., 2003).

2.2 Extraction of total RNA

Total RNA was extracted with modified protocols using Trizol (Invitrogen) and
RNAeasy kit (Qiagen). Briefly, parasites were homogenized in 1 ml Trizol on ice and
after addition of chloroform and centrifugation, 225 pl of absolute ethanol were added
drop by drop per 445 ul of the supernatant containing RNA. Then the mixture was
transferred onto the columns (Qiagen) and the flow-through was reloaded onto the
columns, centrifuged, and washed. Total RNA was eluted into nuclease-free water. To
get rid of contaminating genomic DNA, the recovered RNA was incubated with
DNase | (Ambion), precipitated, and suspended into RNase-free water. The purity and

concentration of total RNA were determined by a Bioanalyzer (Agilent 2100).

48



2.3 Depletion of mitochondrial transcripts and in vitro
amplification of mRNA

Four 26bp specific probes absolutely complementary to the mitochondrial genes cox3,
cytb, IFRNA and srRNA, respectively, were designed by OligoRankPick software (Hu
et al., 2007) (Table 2-5). 25 ug of the suspended RNA were gently mixed with the
probes to final concentration of 4 uM, incubated for 10 min at 65°C and then cooled
slowly to room temperature for 10 min. 2.5 pul ribonuclease H (RNase H) was then
added, heated for 30 min at 37°C, precipitated and resolved into 44 pl nuclease-free
water followed by incubation with DNase | to decontaminate the DNA
oligonucleotides and precipitation. The resolved RNA was incubated with 2 pl of 5°-
phosphate dependent exonuclease (Epicenter) for 60 min at 30°C. After precipitation,
the treated product was re-suspended into nuclease-free water and its quality and

concentration were determined by Nanodrop (Thermo Scientific).

In order to get sufficient mMRNA for RNA-seq, amplification of mRNA was conducted
in vitro with T7 RNA polymerase (lllumina) according to the instructions with a few
modifications. 500 ng of the above RNA were utilized as starting material. Reverse
transcription was performed with T7 Oligo (dT) primer for 2 h at 42°C in
hybridization oven and ds cDNA was synthesized for 2 h at 16°C in a PCR cycler.
After purification, 16 pl of ds cDNA were mixed with 3 pl T7 10x Reaction Buffer, 3
ul T7 Enzyme Mix and 8 ul rNTP (25 mM each) and then incubated for 6 h at 37°C in
hybridization oven. In the end, amplified complementary RNA (cRNA) was purified

and precipitated.
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Table 2-5 Primers and probes used in this study.

Probe/Primer  Targeting gene Sequence (5°-37) Length Function

IrnaF IrRNA GAATATTTGGCATTTGATTGAAATTG 26 bp  PCR validation; IrnaR used as a probe
IrnaR®® IrRNA CCAAAAATCTCAACTACTACACCAAG 26 bp

IrnaP® tRNA ATCACAACAACCCTAATCAGCTTTTG 26 bp  PCR identification of the polycistronic RNA
coxR coxl CAAACCAGTAATCAACGGTCACCATC 26 bp  PCR validation

coxFb coxl GGGAGTAGTGTTTGGGGTCATCATAT 26 bp

actinF actin 11 GAGAAGATGACACAAATCATGTTTG 25bp  PCRvalidation

actinR actin 11 GCTATTTCGCGCTCTGCTGTAGTAG 25 bp

actinFg actin 11 TCGTCCAAGACATCAGGATAGTT 23bp  Determination of genomic DNA

actinRg actin 11 AAAGATTATTTCGGAATAGGTACGTTG 27 bp

p1° cox3 TAAGCCAACAAAAGAAGCACCAAACA 26 bp  Removal of the abundant mitochondrial RNA
p2? Cytb ATACACCGAAGAATAGCATAAAAGGC 26 bp

p3? SrRNA GTATCTAATCCCTGTCACCACATATA 26 bp

*these probes used for depletion of the mitochondrial transcripts have the same GC content (38.4%);
"the primers were used to identify the polycistronic RNA;
‘this tRNA is located directly downstream the IrRNA-coding region. Coupled with the primer IrnaF or coxF, it was also used to amplify the polycistronic

RNA.
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2.4 Preparation of sequencing libraries

In this study we constructed sequencing libraries by two different methods: PCR-free
and PCR-enriched (standard lllumina protocol). If biological material is sufficient, the
former will be a priority for sequencing library construction because the PCR-
enriched method may introduce artefacts after several rounds of PCR amplifications
(Kozarewa et al., 2009; Schadt et al., 2010). For PCR-free libraries (Kozarewa et al.,
2009), Sug cRNA was gently mixed with 1 ul random primer (3 pg/pl, Invitrogen)
and denatured for 5min at 65°C. First strand cDNA was generated by addition of Sul
Super |l reverse transcriptase (Invitrogen) under the following condition: 25°C for
10min, 42°C for 50min and 70°C for 15min, followed by ds cDNA synthesis for 2h at
16°C in the presence of 1ul DNA ligase, 4 ul DNA polymerase and 1 pl RNase H in a
total volume of 150 pl. 1ul T4 DNA polymerase (Promega) was added and then
incubated for 10 min at 16°C. ds cDNA was purified using QIAquick PCR Kit
(Qiagen) and physically fragmented. Prior to analysis, the quality and quantity of each
sample were assessed by Nanodrop and PCR. Amplifications of Actinl (control),
LrRNA and Cox1 were performed using Fast Cycling PCR Kit (Qiagen) under the
recommended conditions: 95°C for 5min, 20 cycle of 96°C for 5s, 55°C for 5s and 68°C
for 15s, and a final extension at 72°C for 1min. End-repair, adenine addition and
adaptor ligation were conducted according to the standard Illumina protocol for RNA-
seqg. The final product was separated on an agarose gel and fragments with a size of
300bp to 500bp were selected, eluted and analyzed by Bioanalyzer (Agilent) and 37bp

pair-end sequences were produced using Genome Analyzer (Illumina).

In contrast, standard Illumina method involves a step of PCR amplification to enrich
the fragments selected. 1.5ul cRNA was fragmented chemically not physically as in
preparation of the PCR-free libraries. For first strand synthesis, 1.5ul of Super II

reverse transcriptase was used. Other procedures were conducted according to the
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standard 1l recommended RNA-seq protocol (http://www.illumina.com/applications
/sequencing/rna.ilmn). Herein, the fragments ranged from 200bp to 300bp were

recovered and enriched by PCR amplification and sequenced.

2.5 Sequence data quality control

37 or 54bp paired-end reads were produced for each sample. Data from each Illumina
flowcell lane was assessed for quality based on GC content, average base quality,
[llumina adapter contamination and mitochondrial contamination. To assess the
quality of the lane, the mean base quality at each base position in the read was
computed over all reads from the lane. To assess GC content of the reads the GC
percent of each read was calculated and a frequency distribution of the values was
plotted. If there is only a single sample in the lane, then we expect the GC plot to be a

normal distribution around the expected proportion of GC for the organism.

To screen for adapter contamination, the reads were aligned to the set of Illumina
adapter sequences using BLAT v.34 with default parameters (Kent, 2002). Similarly,
the reads were screened for mitochondrial contamination by aligning to the
mitochondrial sequence of E. multilocularis (Nakao et al., 2002). Any reads matching
these sequences were reported as being contaminated with either adapter or

mitochondrial sequence.

2.6 Mapping and statistical analysis

Reads from each life-cycle stage were mapped to the draft assembly using MAQ
v0.7.1 (Li et al., 2008). The default mapping parameters for reads were used, but with
the e parameter raised to 80 and 120 for the 37 bp and 54bp reads respectively. This
was to allow for a larger number of mismatches in read alignments of longer length.
All alignments produced by MAQ were converted to BAM format (Berriman et al.,

2009).
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Pearson correlation was used to analyze the mean coverage of two PCR-free samples.
The mean coverage is calculated by the following formula: mean coverage = total
length of reads mapped/ length of supercontig, where the total length of reads mapped
is generated by length of read multiplied by the number of reads mapped onto the
supercontig. To compensate for differences in sequence outputs between different
sequencing runs, the dataset for exonuclease-treated metacestode library (pf-mm) was
normalized against that for exonuclease and RNase H-treated metacestode library
(dpf-mm) as follows: normalized mean coverage = mean coverage of the pf-mm
multiplied by coverage ratio, where the coverage ratio (mapped reads in dpf-
mm/mapped reads in pf-mm)= 37,015,693/24,165,997 = 1.53. After calibration,
difference of the mean coverage of the first 120 supercontigs, which are covered by

two data sets, was determined by using paired, two-tailed Student’s t-test.

3. Results and discussion

3.1 Rationale of the strategy for removal of E. multilocularis
mitochondrial transcripts

The E. multilocularis mitochondrial genome is a double-stranded closed circle DNA
with 13,738 base pairs, encoding 12 proteins, 2 rRNAs and 22 tRNAs that are
organized compactly with no introns and few, small intergenic spacers (Nakao et al.,
2002). The mitochondrial genome is transcribed from few promoters in a
polycistronic manner in some organisms, yielding several long primary transcripts
with a poly A stretch at the 3 end and a 5 bi- or tri-phosphate terminus which are
further processed to form short multiple gene-containing RNA, tRNA, and mature
mono- or bi-cistronic species (Barth et al., 2001; Gissi and Pesole, 2003; Montoya et
al., 2006; Yoza and Bogenhagen, 1984). Based on the tRNA punctuation model
(Montoya et al., 2006), it is supposed that transcription of the E. multilocularis
mitochondrial genome gives rise to two main potential polycistronic transcripts
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(transcripts or RNA 1 and 2, Fig. 2-6 A). We used one probe against the large rRNA
(LrRNA) to deplete RNA 2, which includes the LrRNA-coding gene, and PCR results
showed that the majority of the LrRNA-containing transcripts were eliminated
compared to the control (data not shown). To enforce the efficacy of depletion, an
additional probe complementary to small rRNA, which is also abundant in E.
granulosus (Fernandez et al., 2002), was used. This approach was employed to digest
RNA 1 using the probes against Cox3 and Cytb, which are relatively highly expressed

in other organisms (Gissi and Pesole, 2003).

In this approach, two restriction treatments with RNase H and 5’-phosphate dependent
exonuclease were used. The endonuclease RNase H specifically digests RNA within
RNA-DNA hybrids, and generate a monophosphate group at the 5’ end of a cleavage
site (Donis-Keller, 1979). It has previously been applied for second strand cDNA
synthesis, removal of polyadenylated tails of mRNA and investigation of molecules
with complicate interior structures (Wilusz et al., 2008). After RNase H treatment,
truncated mitochondrial RNA fragments with a 3’ poly A tail are produced and then
specifically hydrolyzed by a 5’-monophosphate dependent exonuclease. Finally,
MRNA can be purified using oligo d(T)-based technologies, such as oligo d(T)

capture beads (Fig. 2-6 B).

3.2 Validation of efficiency of mitochondrial RNA elimination

Using treated mRNA purified with oligo d(T)-labelled magnetic beads as template,
complete depletion of LrRNA and Cox1, which compose the portion of RNA 2, was
ascertained by reverse-transcription PCR (Fig. 2-6 C). In this study, no probe against
Cox1 was utilized and the amplification for Cox1 was negative, indicating efficacy of
the approach to deplete the mitochondrial polycistronic and mature RNA and
indirectly demonstrating a 5° monophosphate terminus of the mitochondrial mature
transcripts of E. multilocularis. Electrophoresis results of each sample for sequencing
showed little or no contamination of the mitochondrial transcripts.
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Figure 2-6 Depletion of E. multilocularis mitochondrial transcripts.

(A) Schematic representation of the mitochondrial genome. Protein-coding genes,
rRNA and two non-coding regions (boxes) are spaced along the mitochondrial DNA
based on the number of tRNA among them, which is shown underneath the line. Two
potential long polycistronic transcripts are indicated. Four probes (Table 2-5) were
used to target Cox3, Cyth, LrRNA and SrRNA (grey filled boxes, from left to right),
respectively, of which every two are situated in the different transcripts 1 and 2. PCR
amplification for Cox1 (black filled box) was conducted to assess efficiency of
decontamination of the mitochondrial RNA. (B) Workflow of the strategy. During
hybridization, the mature (m mtRNA) and polycistronic mitochondrial RNA (pc
MtRNA) are specifically bound by the probes (short red bars). After treatments with
RNase H and exonuclease, respectively, mRNA is purified using oligo dT-labelled
magnetic beads. It is worth noting that RNA with a poly A stretch is not shown from
hybridization with the probes to exonuclease digestion to simplify the figure. (C) PCR
validation of efficacy of the approach. Using purified mRNA, amplification for Actin
(lane 1), Cox1 (lane 2) and LrRNA (lane 3) was performed by reverse transcription-

PCR using specific primer sets (Table 2-5).
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3.3 Mapping reads to the E. multilocularis genome

In this study, two PCR-free sequencing libraries were constructed. One was for the
sample of mature metacestode vesicles with double treatments of RNase H and
exonuclease (dpf-mm) and the other only with exonuclease treatment (pf-mm) was
used as the control. The number of 37bp sequences for pf-mm and dpf-mm was
28,829,936 and 43,166,442, respectively, and the majority of the reads from both
libraries (>83%) were successfully mapped to the genome of E. multilocularis.
Moreover, 461 and 472 of the 644 supercontigs of the current assembly version,
respectively, were covered by the data set, accounting for 19.26% and 18.40% of the

genomic sequence (Table 2-6).

All three standard Illumina libraries were prepared based on double restriction
digestion of RNase H and exonuclease (Table 2-6). Except in the case of the non-
activated protoscoleces library (ds-psno), more than 34 million 54bp reads were
obtained for both mature metacestode vesicles (ds-mm) and cultured primary cells
(ds-agg). In contrast to the two PCR-free samples, there was a lower proportion of the
sequences for these lllumina libraries to align to the genome, from 62.61% in the ds-
agg to 72.28% in the ds-psno. As for the ds-agg, however, much more genomic DNA
was covered, reaching up to 25.32%. Moreover, 87.42% of the supercontigs,
obviously higher than the rest including the PCR-free data sets, were covered in the
ds-agg. These results indicate that more genomic regions are transcribed in E.
multilocularis primary cell aggregates than in the mature metacestode vesicles or in

protoscoleces.
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Table 2-6 Mapping results of different E. multilocularis samples prepared by different methods

Method/samples Total reads Read Reads Mt RNA Num. of bases Supercontigs covered
length mapped contamination covered

PCR-free 24,165,997 771,902 20,520,731

pf-mm 28,829,936 37 (83.8%) (2.7%) (19.3%) 71.6% (461/644)
37,015,693 37,191 19,604,455

dpf- mm 43,166,442 37 (85.8%) (0.1%) (18.4%) 73.3% (472/644)
Standard 22,460,249 30,957 16,282,042

ds-mm 34,808,454 54 (64.5%) (0.1%) (15.3%) 69.9% (450/644)
21,311,351 28,215 26,983,637

ds-agg 34,039,470 54 (62.6%) (0.1%) (25.3%) 87.4% (563/644)
13,510,969 7,227 21,362,238

ds-psno 18,693,774 54 (72.3%) (0.0%) (20.0%) 70.3% (453/644)
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3.4 Efficacy of the depletion of the mitochondrial RNA species

To determine the level of contamination, all reads from the five samples were aligned
to the mitochondrial genome of E. multilocularis. In the PCR-free libraries, the
proportion of mitochondrial sequences decreased significantly from 2.68% in the
control pf-mm to 0.09% in the dpf-mm (Table 2-6), suggesting efficient elimination of
the mitochondrial RNA using the approach developed in this study. As shown in the
Table 2-6, the contamination rate was still low in the three Illumina data sets, ranging
from 0.04% to 0.09%. Together with the above results, the strategy of combined use
of RNase H and exonuclease is utilized to decontaminate the mitochondrial RNA in
an easy, efficient and reproducible manner. In this strategy, which involves several
rounds of precipitation and incubation, the loss of a certain amount of mRNA of
interest is inevitable. Ideally, this issue can be circumvented by performance of the

restriction treatments at the same time in one tube under optimal conditions.

As expected, the overall GC content of the paired-end reads for the dpf-mm was very
similar to that for the pf-mm (Fig. 2-7). The same GC pattern was also discerned in
the Illumina sequences except for the ds-agg sample that might have adaptor
contamination. With a few exceptions, the frequency of mapped reads per supercontig
was comparable between pf-mm and dpf-mm (Fig. 2-8). For the Illumina data sets,
however, there were noticeable differences of the read frequency per supercontig,
especially for the ds-agg. There were 461, 472 and 438 supercontigs covered by

respective reads of the pf-mm and dpf-mm and by both.
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Figure 2-7 Distribution of the paired-end reads of the PCR-free library with
exonuclease treatment (A and B) or with RNase H and exonuclease double
treatments (C and D).

The bottom scale is for percentage of the GC content. The vertical scale on the left
stands for the number of reads with a certain GC content, whereas the one on the right
for the proportion of the reads. A and C: first end sequences; B and D: paired-end

sequences.
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Figure 2-8 Coverage of individual scaffold for two PCR-free sequencing libraries
with exonuclease treatment (A) and with RNase H and exonuclease double
treatments (B).

The vertical scale represents the frequency of mapped reads along E. multilocularis
scaffolds from largest to smallest (the horizontal axis) and it is calculated by the

number of reads mapped to a scaffold divided by the length of the scaffold.
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Table 2-7 First 120 supercontigs commonly covered by two PCR-free data sets

Sample Length of the supercontigs Read mapped® Num. of nucleotides covered”
pf-mm 97.81% 97.46% (19,998,685/20,520,731)
94.99% (23,637,396/24,165,997)
dpf-mm (100,974,788/106,300,000) 98.37% 97.33% (19,081,525/19,604,455)
(36,412,116/37,015,693)

®Number of the reads that were fallen onto the first 120 supercontigs;

Number of the covered genomic DNA of the first 120 supercontigs.
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Figure 2-9 Correlation of the mean coverage of 438 supercontigs commonly
covered by pf-mm and dpf-mm.

The plot shows log (base 2)-transformed data of the mean coverage (MC). Correlation

coefficient and a theoretical trend line are also shown.
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Statistical results showed that the mean coverage per supercontig was positively co-
related between pf-mm and dpf-mm (r(436)=0.744, P<0.01 (two-tailed)) (Fig. 2-9).
After calibration, the first 120 supercontigs shared by the two data sets, of which the
total length account for 94.99% of the genomic DNA sequenced (Table 2-7), were
selected for further statistical analysis. A good positive correlation of the mean
coverage of these supercontigs was observed (r(118)=0.975, p<0.01 (two-tailed)) and
the difference of the mean coverage of the samples pf-mm and dpf-mm was not
significant (P=0.864 > 0.05). Taken together, the results suggest the reliability of this

approach with no or slight adverse effects on mRNA for transcriptome analyses.

In summary, second-generation sequencing is revolutionizing our ability to profile
tissue-, cell- or environment-specific gene expression. The mRNA transcriptome of E.
multilocularis aims to provide a deep understanding of biological characteristics that
may lead to identification of targets for vaccines or chemotherapy to control
echinococcosis. By using two enzymes RNase H and exonuclease, we efficiently
depleted the abundant mitochondrial RNA species and thereby increased the depth of
MRNA coverage in transcriptome analysis. Mapping results illustrate the robustness
of the strategy for purification of E. multilocularis mRNA, with little contamination of
the mitochondrial transcripts and thereby enhance the signal that is obtainable from

high throughput platforms for surveying the transcriptome.
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Chapter 3 The genome-wide microRNA landscape of

Echinococcus multilocularis

Abstract

micoRNAs (miRNAs) are a family of small regulatory RNAs that play multiple roles
in controlling cellular MRNA levels. Here we report the stage- or cell-specific miRNA
profiling of the parasitic platyhelminth, E. multilocularis. In total 65 potential unique
miRNAs and 27 unique miRNA* sequences were identified and grouped into 50
families of which 47 represent conserved families. These are spread across 46 unique
loci. 38.5 % (25/65) of miRNAs appear to be commonly expressed in activated
protoscoleces, metacestodes and cell aggregates, whereas 15.4 % (10/65) show a
stage-specific pattern. Interestingly, we found that the cluster miR-71b/2/752/1 is
conserved across platyhelminths but miR-752 is completely lost in E. multilocularis.
Taken together, our data confirm that there exists a miRNA-induced regulatory
mechanism in E. multilocularis and provide informative data for miRNA function

investigation in development and neoblast biology.

1. Introduction

microRNAs are a subclass of small RNA with a size of ~22 bp, which regulate gene
expression through the degradation or translational inhibition of targeted mMRNASs.
miRNAs are derived from intergenic regions, introns and even the exons of
pseudogenes (Kim and Nam, 2006). Canonically, primary transcripts containing
miRNA(s) (pri-miRNA) are transcribed by RNA polymerase Il or 111 and release ~70
bp miRNA precursors (pre-miRNA) with a 5° phosphate and 3’ overhang after

cleavage by Drosha, a RNA 11l endonuclease (Bartel, 2004). Recently, another group
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of miRNAs, mirtronic miRNAs (mirtrons), has been found to mature independently of
the Drosha pathway with the pre-miRNAs formed from activity of the splicing
machinery (Okamura et al., 2007; Ruby et al., 2007). In addition, a herpes virus
bypasses Drosha cleavage to generate pre-miRNAs by tRNase Z from RNA
polymerase Ill-transcribed pri-miRNAs with a 5’ tRNA sequence (Bogerd et al.,
2010). Transportation of pre-miRNAs from the nucleus to the cytoplasm is fulfilled
by Exportin-5A. The cytoplasmic precursors are then processed to yield miRNA
duplexes by another RNA Il endonuclease Dicer (Lee et al., 2004), which also
functions in the biogenesis of small interfering RNAs (SiRNAs). Together with other
molecules such as Argonaute, one selective fragment of the miRNA duplex is retained
to form the RNA-induced silence complex (Scaplehorn et al.), which mediates post
transcriptional regulatory effects on mRNA targets (Bartel, 2004). It is possible for the
opposite strand of a pre-miRNA hairpin to also form an active miRNA*, and these are
either degraded or actively function in gene regulation (Okamura et al., 2008).
mMiRNA expression can exhibit stage-, tissue- or cell-specific patterns and are likely
controlled by their own cis-regulatory elements for intergenic miRNAS or promoters
of protein-coding genes harbouring miRNAs in intronic regions (Kim and Nam, 2006;

Saini et al., 2007).

In animals, most miRNAs induce fine changes of expression of many protein-coding
genes by means of perfect binding of the seed sequence (2~8 at the 5’ end) with 3’
UTRs or, occasionally, 5> UTRs or coding regions (Bartel, 2009). There is
redundancy in the function of individual miRNA, with individual miRNAS repressing
hundreds or even thousands of genes and individual mMRNAs subject to regulation by
potentially several miRNAs (Baek et al., 2008; Selbach et al., 2008). One possibility
is that many target sites exist as buffers for miRNA functions on authentic targets of
significant interaction (Seitz, 2009). Although numerous individual miRNAs are not

essential for development or viability (Miska et al., 2007), increasing evidence
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supports critical roles of some mMiRNAs in development, immunity, and tissue
differentiation and proliferation (Bartel, 2004; Xiao and Rajewsky, 2009). Consistent
with the finding that the distribution of mouse miRNAs are often near loci that are
associated with development of tumours (Sevignani et al., 2007), the dysregulation of
these miRNAs is attributed to disease occurrence and the change of mIiRNA
expression pattern has therefore been proposed to be an alternative for diagnosis of
diseases such as cancer (Lu et al., 2005). An synthetic antagonist of miR-122 has been
recently used to successfully control the infection of hepatitis C virus in chimpanzee
(Lanford et al., 2010); moreover, large-scale production of anti-miRNA
oligonucleotides with high quality has been technically solved (Wang et al., 2010),
altogether paving a plausible way towards therapeutic treatment of human diseases via

intervention involving miRNA pathways.

In the Phylum Platyhelminth, miRNAs have only been described in the planarian,
Schmidtea mediterranea (Lu et al., 2009) and two trematodes, S. japonicum and S.
mansoni (Huang et al., 2009; Xue et al., 2008). Recently, the miRNA-induced
silencing mechanism has been shown to be present in E. granulosus (Cucher et al.,
2011). Considering the potential functions of miRNAs in embryogenesis (Medeiros et
al., 2011), pathogenesis (Jopling et al., 2005) and neoblast biology (Friedlander et al.,
2009; Gonzalez-Estevez et al., 2009; Lu et al., 2009), it is important to investigate
miRNA profiling in E. multilocularis. In this work, we unveil the miRNA
transcriptomes of metacestodes, primary cell aggregates and activated protoscoleces
using next-generation sequencing technology. Comparative analysis reveals stage- or
cell-specific miRNAs and the miRNAs that are probably involved in E. multilocularis
neoblast functions. Our study gives us an overview of miRNAs in E. multilocularis

and clues to a deeper understanding of their roles in E. multilocularis biology.
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2. Material and methods

2.1 Parasites and cultured cells

Metacestode vesicles (Staebler et al.) of E. multilocularis isolates H95 and JAVA
were kept in mongolian jirds (Meriones unguiculatus) (Jura et al., 1996; Tappe et al.,
2007). Primary cells were prepared using mature metacestodes of isolate H95 and the
cell aggregates (Agg) were formed and harvested after 1 week as described previously
(Spiliotis and Brehm, 2009; Spiliotis et al., 2008). Activation of the protoscoleces
(Psa), which were separated from in vivo metacestodes of isolate JAVA, was
performed at 37 °C for 3 hours in a Hank’s solution containing 0.5 mg/ml pepsin (pH

2.0).

2.2 Recovery of small RNA

Small RNA species were enriched using mirVana miRNA lIsolation Kit (Ambion,
USA) with the method provided in the manual with a few modifications. Briefly, after
washing with sterile normal saline water, parasites or cell aggregates were
homogenized in the lysis buffer, followed by vigorous vortexing. The RNA-
containing supernatant with addition of miRNA Homogenate Addictive was incubated
on ice for 15 min to facilitate the recovery of small RNA, followed by Acid-
Phenol:Chloroform extraction. Small RNA species were then enriched using two-step
ethanol precipitation. First one third volume of absolute ethanol was added into the
aqueous phase, mixed gently and loaded into columns. The two third volume of 100%
ethanol were added into the filtrate, mixed and transferred into new columns. The
RNA-bound columns were washed by Washing Solution 1 one time and then Washing
Solution 2/3 twice. The enriched small RNA was eluted into 50 | pre-heated
nuclease-free water. The quality of the small RNA extracted was assessed by

Bioanalyzer (Agilent 2100).
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2.3 Preparation of small RNA libraries for sequencing

100 ng of small RNA were employed to construct the libraries using Small RNA
Sample Prep Kit (Illumina, USA) according to an alternative V1.5 protocol with some
modifications. In brief, specific adapters were concatenated to small RNA species at
the 3” and 5’ ends, respectively. Following reverse transcription, enrichment of the
products was performed using PCR as described previously (Morin et al., 2008). The
PCR products were separated on 6% PAGE gel and the bands ranging from 90 bp to
100 bp were cut, followed by elution of small DNA from the gel in ultra pure water.
The eluted RNA was qualified using Agilent Bioanalyzer and then loaded onto

Genome Analyzer (Illumina) for single-end sequencing.

2.4 Process of short reads

Three lanes of 54 bp short reads for metacestodes, cell aggregates and activated
protoscoleces were generated. Reads with ambiguous base(s) were discarded. The 3’
adapters (5’-ATCTCGTATGCCGTCTTCTGCTT-3") were removed and the identical
sequences were counted using a custom script. We found the majority of short
sequences in the three data sets were perfectly aligned to E. multilocularis genome
(ftp://ftp.sanger.ac.uk/pub/pathogens/Echinococcus/multilocularis/transcriptome/).

The sequences in a size range from 19 bp to 25 bp were recounted and the non-
redundant sequence datasets were generated. Using Blastall searching against
eukaryotic tRNA database (http://gtrnadb.ucsc.edu/download.html) and the
mitochondrial genome (GenBank Accession Number: NC_000928) and ribosomal
RNA genes (5S, 18S, 5.8S and 28S) of E. multilocularis, short tRNA, rRNA and
mitochondrial sequences were eliminated to yield ‘pure’ short sequences for further

analyses.
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2.5 Annotation and comparative analysis of known and novel
miRNAs

Prediction of known and novel miRNAs was performed using miRNA biogenesis-
based miRDeep package (http://www.mdc-berlin.de/en/research/research_teams/
systems_biology_of _gene_regulatory_elements/projects/miRDeep) combined with
Vienna RNA Secondary Structure Prediction Program (http://www.thi.univie.ac.at/
RNA), which has been already employed successfully to uncover new miRNAs in
dogs, C. elegans and planarian flatworms (Friedlander et al., 2009; Friedlander et al.,
2008). In short, the purified sequences were firstly mapped to the genome
supercontigs using Megablast (Zhang et al., 2000). The secondary structures of
possible pre-miRNAs were calculated by RNAfold, and conserved and novel miRNAs
of E. multilocularis were predicted and scored using the miRDeep core script with

default settings.

To further identify potential known miRNAs, searches against miRNA database
(http://www.mirbase.org, Release 14) were performed with an e-value cut-off of 1.0 x
102 using Blastall algorithm and then similarity of the conserved miRNAs across
interspecies was manually checked. All potential miRNAs of E. multilocularis were
annotated with the expression and biogenesis criteria described previously (Ambros et
al., 2003): “identification of the ~22bp sequence in a cDNA library of small RNA that
exactly matches a genomic sequence (expression criterion); a potential fold-back
precursor structure that contains the ~22-nt miRNA sequence within one arm of the
hairpin (biogenesis criterion); in cases where a cDNA sequence does not match the
available genomic sequences, if that precise cDNA was nevertheless cloned multiple
times and is close in sequence to a known miRNA, it can be annotated as a variant

form of the known miRNA” .
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We analyzed differential expression patterns of miRNAs from two different stages or
cells using the Bayesian approach reported previously (Audic and Claverie, 1997). For
easy presentation, miRNA abundance in vesicles (Met) or activated protoscoleces (Psa)
was compared to that in cell aggregates (Agg). To minimize the artefacts introduced
by sequencing, expression fold change was calculated by the following formula: (a

read count of a miRNA in Met or Psa > a)/ a read count of the corresponding

miRNA in Agg, where a = 14,203,285/2,511,879 = 565 for Met or
14,203,285/10,763,266 = 1.32 for Psa. In the statistical analysis, the total number of
the counts of all mature miRNA variants and the total number of short sequences after
removal of rRNA, tRNA and mitochondrial RNA were used. Only the same miRNAs
with a count ratio of no less than 1.5 from two different sequence sets were retained
for investigation and only the p values of less than 0.01 inferred by this method were

interpreted as significance (Morin et al., 2008).

3. Results

3.1 Overview of three short sequence sets of small RNA libraries
for vesicles, cell aggregates and activated protoscoleces

Using the Illumina Genome Analyzer, we generated 2,511,879, 14,203,285 and
10,763,266 54 bp single-ended sequences for vesicles (Staebler et al.), cell aggregates
(Agg) and activated protoscoleces (Psa), respectively. Sequences containing an
adaptor were first chosen and then adaptor sequences removed. After removal of
mitochondrial RNA, tRNA, ribosomal RNA and potential degraded mRNA, the
sequences in a size from 19 bp to 25 bp were selected and recounted, resulting in
respective 217,216, 598,568 and 521,373 of the short sequence sets for Met, Agg and

Psa, which represented 10,559, 32,740 and 16,055 unique sequences with counts of 2
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to 87,747 (Table 3-8). These sequences were then used for prediction of known and

novel miRNAs using Megablast or/and miRDeep (Friedlander et al., 2008).

3.2 Known and novel miRNAs in E. multilocularis

We firstly predicted miRNAs using miRDeep, which scores the probability based on
the seed region and quantity and position of the reads mapped on potential pre-
mMiRNAs (Friedlander et al., 2008). In total, 28, 40 and 34 pre-miRNA loci were
identified for Met, Agg and Psa, respectively, representing 46 unique loci in E.
multilocularis. Of them, 8, 15 and 10 encoded novel miRNAs and represented 20
unique loci (Table 3-9). Among the novel miRNAs, 16 were grouped into 14 existing
miRNA families, one with the same seed site as miR-877*, and the rest unknown

(Table 3-9).
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Table 3-8 Statistic results of short sequences generated for characterization of E. multilocularis miRNAs.

Sample Total reads Subtotal seq® Unique seq./Count range® Subtotal seq.” Unique seq./Count range®
Agg 14,203,285 1,097,798 42,197/2~289,011 598,568 32,740/2~48,253
Met 2,511,879 318,168 14,255/2~37,242 217,261 10,559/2~21,250
Psa 10,763,266 590,173 20,809/2~87,747 521,373 16,055/2~87,747

*The number of the entire or unique sequences ranging from 19 bp to 25 bp.

"The number of the sequences left after removal of ribosomal RNA, tRNA and mitochondrial RNA homologues.
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Table 3-9 Potential novel miRNAs of E. multilocularis.

miRNA Sequences (5°-3”) Expression miRNA*(5’-3”) Expression Location/strand Family
emu-nov-1 TATTGCACGTTCTTTCGCCATC Agg, Psa, Met CGGTGAAAGTTTATGCATTTACA Agg, Met contig_3457: 319713-34/+ miR-25
emu-nov-3 TCCTGGGACTTATACCGGGGCTGT Agg / / contig_5358: 24125-48/- miR-1015
emu-nov-4  AGGTGACTCTAAAACTTTTCC Agg, Met / / contig_2743: 161973-93/- miR-1032
emu-nov-5 TTGTGCGTCGTTTCAGTGACCGA Agg, Psa, Met / / contig_5447: 14332-54/- miR-210
emu-nov-6 CCTTCTCCCTCGTCGCTCCAAGCCG Agg / / contig_2780: 12078-102/+ miR-748
emu-nov-7  GGGACGGAAGTCTGAAAGGTTT Agg, Psa, Met ACCTATCACACTTCAGTCCAGT Agg, Psa, Met contig_3426: 469414-35/+  miR-184
emu-nov-8 GATTGCACTACCCATCGCCCACA Agg, Psa TGGCGGTGCGCGGTGCAATTTCTG Psa contig_5467: 25310-32/+ miR-25
emu-nov-10 CCCTCTTCTTCGTCCACTAAGA Agg / / contig_5574: 41922-43/+ miR-877*
emu-nov-11 TAAATGCAAAATATCTGGTTATG Agg, Psa, Met / / contig_5582: 85003-25/- miR-277
emu-nov-14 CCCACCTCAGCATGGTCACTCTTCC Agg / / contig_4550: 104334-58/+  miR-1224
emu-nov-16 TGGTGGTGGTGGTGGGGGT Agg, Met / / contig_5557: 252258-76/- miR-876
emu-nov-18 GTAGTCTTCCGAGCAGTATATGG Agg, Psa, Met TAATACTGTTCGGTTAGGACGCCA Agg, Psa, Met  contig_1840: 64696-718/+  miR-7
emu-nov-21  TGGCGCTTGATTTCAACACTGT Agg / / contig_5380: 23936-57/+ miR-2160
emu-nov-22 TGGCGCTTTCTAACTTTACTGA Agg, Psa / / contig_5380: 25635-56/- miR-2160
emu-nov-23  AGTGTTGATGTCAGGTTGCTTCT Agg / / contig_5380: 24161-83/+ miR-505
emu-nov-24 TCGATGCCTGTCGACGCATC Psa TGCTTCGACAGCTAAGATC Psa contig_4454: 26282-301/- /
emu-nov-25 TCTCGATCCCGGCACTACGATGC Psa AACGTGGTCTTGGGTCGGTGGT Psa contig_2898: 31190-212/+ /
emu-nov-26 TGGCGCTTAATGTCATCACGG Psa / / contig_5380: 25376-96/- miR-2160
emu-nov-27 TGCCCATCTATCTATCTGTCCGC Met GGATGGGTGGGTGGGTGCGTGCGTG Met contig_6083: 3006-28/- /

contig_1790: 7863-85/-

73



To further investigate known miRNAs, we employed the three data sets to search the
homologues of known miRNAs retrieved from miRNA database (Griffiths-Jones et al.,
2008). As a result, we obtained respectively 10, 11 and 7 potentially conserved
mMiRNAS, bringing the total number of miRNAs to 38, 51 and 41 for Met, Agg and
Psa, representing a total of 65 unique miRNA sequences (Appendix I). In our data, 14,
23 and 18 sequences from the respective Met, Agg and Psa were predicted to be
mMiRNAs*. In summary, our data unveiled 65 potential unique miRNAs and 27 unique

miRNA* sequences of E. multilocularis (Appendix I).

We also noticed isomiRs, miRNA variants, in the data sets, which have also been
described previously (Morin et al., 2008). Intriguingly, some conserved miRNAs of E.
multilocularis were homologues of known miRNAs only found in plant and
mammalian animals (Table 3-10). For instance, the homologues of emu-miR-2284

and 1134 have been so far described only in cattle and wheat, respectively.

3.3 Differential expression of miRNAs

Expression of miRNAs is tightly regulated in a stage-, cell- or tissue-specific manner
and, to some extent, the expressional status of some miRNA or small population of
mMiRNAs exactly reflects real-time physiology of organisms (Lu et al., 2005). In our
study, 38.5 % (25/65) of E. multilocularis miRNAs were commonly expressed in all
the stages and cells investigated, whereas 15.4 % (10/65) were expressed in a stage-
specific pattern (Fig. 3-10). With comparison of miRNAs in the Agg sample, which is
composed of a great number of neoblasts (Spiliotis et al., 2008), we analyzed the
differential expression patterns of miRNAs in Met and Psa. Consistent with the
finding that miRNAs in early embryogenesis and stem cells are largely expressed at a
low level (Chen et al., 2006), the results showed the down-regulation of most of the

miRNAs in Agg, compared to these in Met and Psa (Table 3-11).
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mMiRNAs are frequently clustered at the genomic level. It is estimated that nearly a half
of human miRNAs are clustered, and they are generally transcribed into a long
primary transcript, followed by liberation of individual pre-miRNA duplexes (Kim
and Nam, 2006). We thus checked the genomic arrangements of miRNAs in E.
multilocularis and found some miRNAs were indeed clustered. For example, three
MiRNAs emu-miR-71, 2b and 2c resided within approximately 260 bp DNA in the
same orientation. Surprisingly, all these miRNAs were expressed in Met and Agg but
with considerably different counts from 79 to 9,777. Furthermore, emu-miR-71 was
highly expressed with a count of 23,088 in Psa but the expression of emu-miR-2b and
2c¢ was completely abolished. This expression pattern that individual miRNA in
miRNA clusters is tightly regulated at the same or different developmental stages was
common and also observed in other clustered miRNAs in E. multilocularis. The
similar expression profiling of clustered miRNAs has previously been described in
other organisms (Lu et al., 2009). This finding strongly suggests the existence of post-

transcriptional mechanism(s) for modulation of miRNA abundance.

3.4 miRNAs possibly related to regenerative capacity of
neoblasts

In the Phylum Platyhelminth, planarians are well characterized by remarkable
regeneration, being a useful model for studies on stem cell biology and regeneration
(Aboobaker, 2011; Palakodeti et al., 2006). Although some studies are controversial,
likely due to different methodologies used, 15 miRNAs including let-7a and 7b are
expressed in planarian neoblasts (Friedlander et al., 2009; Gonzalez-Estevez et al.,

2009; Lu et al., 2009; Palakodeti et al., 2006). The neoblasts of E. multilocularis also

75



Table 3-10 Some conserved miRNAs of E. multilocularis

mMiRNA® Length Homologue (5°-3”) Species Expression
emu-miR-2162 21 guauuaugcaaauauucacaau S. mediterranea, S. japonicum Agg, Met, Psa
emu-miR-2478 19 guaucccacuucugacacca cattle Agg, Psa
emu-miR-1134 24 caacaacaacaagaagaagaagau wheat Agg
emu-miR-2284 20 bta-miR-2284q, r cattle Agg
emu-miR-341 21 / mouse, rat Agg
emu-miR-1260 19 aucccaccucugccacca human Agg

E. multilocularis miRNAs are conserved in no more than three species using Blastn with default parameters (Release 14, miRBase).

‘/’: not applicable.
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Figure 3-10 Differential expression of miRNAs in E. multilocularis
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Table 3-11 Differential expression of known and novel miRNAs of E. multilocularis

. . a Met Psa
MIRNA Countin Agg Count® Fold change® p-value  Expression” Count® Fold change p-value  Expression®

emu-miR-9 76,387 30,252 2.24 1.46E-37 UP / / / /

emu-bantam 12,831 6,479 2.85 2.03E-100 UP 3,686 2.64 0 DW
emu-miR-10b 27,629 14,384 2.94 6.64E-259 UP 11,747 1.78 0 DW
emu-miR-71 9,777 4,404 2.55 4.28E-32 UP 23,088 3.128 0 UP
emu-miR-281 10 24 13.56 4.14E-8 UP 102 13.46 8.11E-24 UP
emu-nov-5 32 61 10.77 1.89E-15 uP 611 25.20 1.68E-158 uUP
emu-miR-190 1,114 2,627 13.32 0 UP 5,898 6.99 0 UP
emu-nov-18 10 19 10.74 5.25E-6 UP 45 5.94 4.40E-8 UP
emu-miR-16 1,974 10,498 30.05 0 UP 22,848 15.28 0 upP
emu-miR-87 300 / / / / 3,819 16.80 0 UP
emu-miR-31 408 18 4.01 1.23E-34 DW 103 3.00 4.65E-36 DW
emu-miR-125 215 / / / / 3,921 24.07 0 UP
emu-let-7 715 / / / / 1,780 3.29 6.04E-139 UP
emu-miR-2a 771 88 1.55 5.48E-33 DW / / / /

emu-miR-2c 816 79 1.83 4.03E-41 DW / / / /

emu-miR-2b 1,162 612 2.98 1.35E-13 upP / / / /

emu-miR-277 2,676 1,192 2.52 3.13E-9 UP / / / /

emu-miR-36 15 92 34.65 3.25E-38 UP / / / /

emu-miR-2162 192 / / / / 1,212 8.33 8.15E-214 UP
emu-miR-1 6,950 / / / / 114,589 21.76 0 UP
emu-miR-133 9 / / / / 346 50.75 5.01E-101 UP
emu-miR-307 662 / / / / 2,561 / 2.57E-322 UpP
emu-miR-219 35 / / / / 564 2.64 4.75E-141 uUP
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emu-nov-1 302 / / / / 1,087 1.78 1.19E-129 up
emu-miR-4989 3,138 / / / / 11,692 3.12 0 upP
emu-miR-124 33 / / / / 328 13.46 4.60E-72 upP
emu-nov-7 494 / / / / 1,036 25.20 9.19E-63 upP
emu-miR-7 51 / / / / 344 6.99 2.87E-64 UP
emu-nov-22 169 / / / / 470 5.94 6.15E-44 UP

*The total number of isomiRs;
*The fold changes were calculated by the following formula: (a read count of a miRNA in Met or Psa > a)/ a read count of the corresponding miRNA in
Agg, where a = 14,203,285/2,511,879 = 5.65 for Met or 14,203,285/10,763,266 = 1.32 for Psa;

‘Compared to Agg, some miRNAs from Met or Psa are up-regulated (UP) and others down-regulated (DW);

“/: not applicable.
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possess ability to in vitro generate mature metacestodes under specific conditions
(Spiliotis et al., 2008). To classify the miRNAs possibly associated with this
regenerative capacity, we performed a comparison between E. multilocularis miRNAs
and miRNAs expressed in S. mediterranea neoblasts (Friedlander et al., 2009;
Gonzalez-Estevez et al., 2009; Lu et al., 2009). In total, we found 7 homologues in E.
multilocularis and, although there were no complete matches, all the seed sites were

conserved (Table 3-12).

In these potentially neoblast-related miRNAs, it was evident that emu-miR-71 was
extraordinarily highly expressed in all samples studied, especially in the activated
protoscoleces, and the low expression of the others with exception of emu-miR-2
family in Agg. Although no direct evidence was provided in our study, these miRNAs

were potential biomarkers for E. multilocularis neoblasts.

3.5 miR-71b/2 cluster across the Phylum Platyhelminth

It is remarkable that the clustering organization of miR-71b/2 is conserved in all
platyhelminths investigated so far (Huang et al., 2009; Lu et al., 2009) (Fig. 3-11).
The difference was the replacement of miR-752 by miR-2b in S. japonicum and its
removal in E. multilocularis. The conservation of the cluster miR-71b/2 was also
observed in E. granulosus, in which the organization of the cluster was identical to
that of E. multilocularis (Fig. 3-12), suggesting that the current structure of the cluster
miR-71b/2 may have formed before speciation of both Echinococcus species but after
divergence between trematodes and cestodes. Although the seed sites were intact in
each miRNA of this cluster (Fig. 3-11 B), mutations outside the seed regions may
offer distinct effects on miRNA/MRNA target interactions. It is noticeable that the
miR71/2 cluster has been expanded into two copies in S. japonicum, residing on two
different contigs (Huang et al.,, 2009), but not in E. multilocularis, suggesting

additional roles of this cluster during the development in immature flukes.

80



Table 3-12 Potential neoblast-specific miRNAs of E. multilocularis

miRNA® Homologue  Length” Expression/Count Alignment (5°-37)° Ref.

sme-miR-36b  emu-miR-36 23/22 Agg (15), Met (92), Psa (5) TCACCGGGTAGACATTAATCATG (Friedlander et al., 2009; Gonzalez-Estevez
———————————————— CC-TGC? etal., 2009)

sme-miR-2a emu-miR-2a 24124 Agg (771), Met (88) TATCACAGCCCCGCTTGGAACGCT (Friedlander et al., 2009)
A-————————— m--------—- C--

sme-miR-2d emu-miR-2b®  21/22 Agg (1162), Met (612) TCACAGCCAAATTTGATGTCC? (Friedlander et al., 2009; Gonzalez-Estevez
—————————— TA------AA-G etal., 2009)

sme-miR-13 emu-miR-2c®  22/24 Agg (816), Met (79) TATCACAGTCATGCTAAAGAGC?? (Friedlander et al., 2009; Lu et al., 2009)
———————— C-C----TGG--CACA

sme-miR-71b  emu-miR-71%  22/21 Agg (9777), Met (4404),  TGAAAGACACAGGTAGTGGGAC (Friedlander et al., 2009; Gonzalez-Estevez

Psa (23088) -—-——--—- GAT--———-- A--? etal., 2009; Lu et al., 2009)

sme-miR-7b emu-miR-7 23/24 Met (2) TGGAAGACTGTCGATTTCGTTGT? (Gonzalez-Estevez et al., 2009)
————————— AGT-----T-----T

sme-miR-7¢ 22/24 TGGAAGACTGATGATTT?2GCTGA? (Gonzalez-Estevez et al., 2009)
————————— AG------T-T--TT

sme-miR-124a emu-miR-124  21/21 Agg (72), Met (2), Psa (33) TAAGGCACGCGGTGAATGCTT (Gonzalez-Estevez et al., 2009)
————————————————— A-CA

sme-miR-124b 22/21 TAAGGCACGCGGTGAATGCTGA (Gonzalez-Estevez et al., 2009)
————————————————— A-CA?

“S. mediterranea miRNAs closely related to neoblast biology. Besides from the listed in this table, other six sem-miR-752, 92, let-7a, let-7h, 2160 and 756 are

proposed to participate in neoblast functions.

®Length of S. mediterranea miRNAs (before slash) and homologues in E. multilocularis (after slash).
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‘Sequences of miRNAs of both species are aligned. Consensus nucleotides are masked by dash and gaps are filled by question markers. Variants in
homologues of E. multilocularis are shown and highlighted in yellow.

“These three miRNAs are clustered together at the genomic level.

82



This notion is consistent with the abruptly up-regulated expression of emu-miR-71 in

the activated protoscoleces (our data).

3.6 Comparative analysis with other platyhelminths miRNAs

Based on 5’ seed sites (nucleotides from 2 to 8 at the 5’ terminus), 65 possible
miRNAs of E. multilocularis were grouped into 50 families with 47 of them being
known (Bartel, 2004). By comparison with S. mediterranea, Schistosoma and
Echinococcus species, we found that these parasites shared 18 common families,
while Echinococcus species shared 26 families with S. mediterranea (Fig. 3-13). It is
worthwhile noting that one E. multilocularis miRNA, emu-miR-2162, has been so far
described only in a planarian and a trematode (Table 3-10), indicating an ancient

origination.

To explore miRNAs in E. granulosus, we employed E. multilocularis miRNAs to
interrogate the genome and evaluate their corresponding structures as mentioned
previously. Totally, 40 potential miRNAs were identified (Appendix II) and 20 of
them have been recently determined experimentally in this parasite using a canonical
sequencing approach (Cucher et al., 2011). There were 32 miRNA families shared by
both E. granulosus and E. multilocularis. The former expressed at least two species-
specific miRNAs miR-4991 and miR-4990, while the latter had 18 miRNA families
absent in E. granulosus (Fig. 3-13). It should be aware that this difference may be

partially due to the incomplete genome of E. granulosus.
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miR-71 miR-2 miR-752 miR-13
miR-71

sme TEAAAGACACACCTACTSGEAC
Sja TeAMAGACGATCSTACST ATC
3 A

emu TEAALCGACICGATICETAGT

miR-2

TCACAGCCAAATTTGATGTCC
a d b ¢ TCACAGCCA TTGAT
3 TCACAGCC TTGAT

miR-13/miR-2c

TATCACAGT CAT - GOT AARGAGT
b . TATCACAGTCE&EGCTTTGEE
3 TATCACAGHCOT-GCTL GG

Figure 3-11 Conservation of the miR-71b/2/752/13 cluster in platyhelminths

The genomic organization of this clustered miRNAs in E. multilocularis (emu) is compared with S. japonicum (sja) and S. mediterranea (sme) (A). Sequences

of miR-71 and miR-2 and miR-13 from three species above are aligned (B). The nucleotides different from ones of sme are boxed and gaps are filled by dash

().
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emul TGTGT CCCAAGCAGGECT GT GAT ACT CCAACT GAGTAGAT CACCACCCTT GGGACACCGA 60
egra TETET CCCAAGCAGEGCT GTGAT ACTCCCACT GAGTAGAT CACCACCCTT GEEACACCEA A0

miR-2¢

emul CT GACAGCAAAAGAGCAGARAGAACCGACGGTAGAAGACGCCACTCGTTCATCAATATT G| 120
agra CT GACAGCARAACGAGCAARAA AR CCCACGET AGAAGACECCACTCGTTCATCAATATTG| 119

miR-2b

emul GOTET GACATCGCAACCCETGTCT ACAGGCAATGTTCACCGACGAACAACCCCCETAATCE 180 afr'_g ug
agra GCTGET GACATCGCAACCCGT GTCT ACAGGCAATGT TGACGACGARCAACGCCCGTAATCG 179 o

emul GEATGETCARAGCAGCAT CTT AGGAAARCACGEAGTAGCAMCATCCT CGATTCCTCTETA 240
agra GGATGETCARAGCAGCAT CT T AGGAAAAGACGEAGTAGCAAGAT GCT CGATTCCTCTGTA 239

emul TCTCACTACCATCGTCTTT 261
egra TCTCACTACCATCGTCTTT Z2a0

miR-71

Figure 3-12 Alignment and putative secondary structure of the miR-71b/2/752/13 cluster in Echinococcus species.
The genomic sequences for the the miR-71b/2/752/13 cluster in E. multilocularis (emul) and E. granulosus (egra) were aligned using Clustral W (A). The
individual miRNA is boxed in red or blue and the length is also shown on the left. The different nucleotides are highlighted in gray and the gap is filled with

‘-*. The structure of the partial primary transcript of E. granulosus miR-71b/2/752/13 cluster was predicted using RNAfold (B).
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Figure 3-13 Phylogenetic distribution of miRNAs in platyhelminths

The Phylum Platyhelminth comprises four classes with approximate 20,000 species. At present, miRNASs have been reported in Trematoda with ~9,000
species plus Monogenea (*), and in Cestoda and Turbellaria. The numbers of miRNAs (Release 17) are indicated in the brackets after the species in bold. The
numbers above the branches stand for miRNA families commonly shared by along the phylogeny of platyhelminths, whereas the ones under the branches for

miRNA families specific to the below branching species.

86



4. Discussion

With a few exceptions, miRNAs are ubiquitously found in organisms from the
unicellular alga Chlamydomonas reinhardtii to humans (Molnar et al., 2007). Recent
studies have shown that miRNAs are also present in free-living and parasitic
platyhelminths (Cucher et al., 2011; Huang et al., 2009; Lu et al., 2009; Xue et al.,
2008). In this study, we showed genome-wide miRNA expression patterns in a
cestode, E. multilocularis, using a deep-sequencing approach. Moreover, we also
bioinformatically uncovered additional 20 miRNAs for E. granulosus. To corroborate
this result, we searched orthologues related to miRNA pathway. Indeed, all potential
key components, such as Drosha, Dicer and Argonaute family, were present in E.
multilocularis (data not shown). Taken together these results confirm the miRNA-
induced silence mechanism in E. multilocularis that acts as a part of a gene regulation

network.

Our study identified 27 miRNA* and 65 potential miRNAs. Of them, two miRNAs
emu-miR-2a and emu-nov-27 had two loci and sixteen miRNAs were identified by
homologous searching lack genomic locations. Among these miRNAs, emu-miR-
1134, 2478 and 1260 shared high similarity with corresponding miRNAs in wheat,
cattle and human, respectively. This study does not provide compelling evidence to
rule out the possibility of that these miRNAs may be contaminants. E. multilocularis
miRNAs identified belonged to 47 known families and 19 families shared the same
seed regions with miRNAs from dogs, mice and humans. Three miRNAs emu-nov-24,
25 and 27, one of which has a homologue in E. granulosus, appear to be families
specific to Echinococcus species. A recent study revealed that four novel miRNAs
miR-4988, 4989, 4990 and 4991 were found in E. granulosus (Cucher et al., 2011).
With the exception of miR-4989, expression of the rest was not seen in our datasets.

In E. multilocularis genome, the DNA sequenc completely identical to E. granulosus
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pre-miR-4988 was present (pathogen EMU_contig 62302: 3441643-3441724/-),
whereas the sequence sharing high similarity with pre-miR-4990 was not found (data
not shown). Moreover, E. multilocularis genome had two genomic DNAs that were
identical to E. granulosus miR-4991 but the free energy of the putative miRNA
precursors (-14.2 kcal/mol) indicated that they were not stable. These results suggest
that miR-4990 is likely to be species-specific. Intriguingly, E. multilocularis seems to
express a few miRNAs that are reported in no more than three species. In particular,
one MiRNA emu-miR-1134 sharing high similarity with a miRNA exclusively
reported in plant was also found in this parasite. This miRNA lacked genomic
information and was expressed at very low level in all the samples and there was not

convincing evidence to rule out the possibility of contamination.

It has been recently established that, under specific conditions, the primary cells
derived from E. multilocularis vesicles are able to form cellular aggregates that
contain plenty of neoblasts and then grow into mature vesicles with a laminated layer
(Spiliotis et al., 2008). This suggests the retention of regenerative capacity in E.
multilocularis neoblasts. A finding in this study was that seven miRNAs potentially
associated with neoblast functions were present in E. multilocularis. It has been
shown that miRNA pathways are required for a stem cell cycle by means of regulation
of the normal G1-S phase transition, in which miRNAs are proposed to directly or
indirectly repress the G1/S inhibitor Dap (Hatfield et al., 2005; Wang et al., 2008). In
addition, the loss of germline stem cells maintenance or division occurs in the ovaries
in Drosophila with a mutated double-stranded RNA-binding domain protein
Loguacious, which is indispensible for biogenesis and normal functions of miRNAs
(Forstemann et al., 2005). Similarly, a miR-290 cluster that is a prominently expressed
in mouse embryonic stem cell miRNAs has been shown to increase the efficacy of
pluripotent stem cell reprogramming (Judson et al., 2009). The miRNA-induced

silencing mechanism is supposed to be involved in the normal functions of neoblasts
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in the free-living platyhelminths, planarians (Thatcher and Patton, 2010). In line with
this idea, the expression of a number of miRNAs has been found to be enriched in
planarian neoblasts (Friedlander et al., 2009; Gonzalez-Estevez et al., 2009; Lu et al.,
2009). In our datasets, with exception of emu-miR-7, all the miRNAs potentially
related to the neoblasts were expressed in the cell aggregates, which compose a large
number of E. multilocularis neoblasts (Spiliotis et al., 2008). However, the expression

status of these miRNAS in the neoblast remains to be tested experimentally.

miR-71 is organized in a cluster with other miRNAs across the platyhelminths studied
and appears to be developmentally regulated in E. multilocularis. In comparison with
the cell aggregates, emu-miR-71 was up-regulated in the vesicles and particularly in
the activated protoscoleces. Of interest is the similar expression pattern of miR-71(a/b)
in the trematodes (Huang et al., 2009; Knapp et al., 2009; Xue et al., 2008), free-living
nematode (Kato et al., 2009) and cestode (our data) but not in a plant nematode
(Huang et al., 2010). In addition to functional connections with neoblast biology
(Knapp et al., 2008; Lin et al., 2009; Liu et al., 2009b), miR-71 is expected to play a
role probably related to developmental transition from the larval to adult stages (our
data). Further experiments will be worthwhile specifying the connections between its

expression and functions.

Several miRNAs, such as emu-miR-9, 10, bantam, 71 and 1, were highly expressed in
all the samples investigated. In particular, the expression of emu-miR-1was
significantly up-regulated from metacestodes with a count of 7678 to activated
protoscoleces with a count of 114,589. A line of evidence has shown that, together
with miR-133, miR-1 cooperatively functions in muscle proliferation and
differentiation (Chen et al., 2006; Luo et al., 2008). In human and mouse, the
expression of miR-1 and 133 are restricted to cardiac and skeletal muscle. They are
clustered together on two chromosomes in mice, flanked by respective 9.3 and 2.5 kb

DNA, and transcribed into one polycistronic transcript (Chen et al., 2006). Likewise,
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E. multilocularis miR-1 and 133 were located in the same supercontig (contig_6122),
which were separated by approximate 12 kb, but the expression of emu-miR-133 was
very low and not detected in the metacestode. Conversely, such genomic arrangement
of miR-133 and 1 is not observed in other two platyhelminths S. mediterranea and S.
japonicum (Friedlander et al., 2009; Huang et al., 2009; Lu et al., 2009). Considering
imbalance of expression level between emu-miR-133 and miR-1, we can’t rule out the
possibility of that two miRNAs have different functions to act independently not
cooperatively. Increasing expression of miR-1 indicates its important roles in the

development from activated protoscoleces to adults, for instance in muscle biogenesis.
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Chapter 4 Diversity of gene structure and alternative

splicing of fatty acid binding protein genes in invertebrates

Abstract

FABPs are a family of fatty acid-binding small proteins essential for lipid trafficking,
energy storage and gene regulation. Although they have low primary sequence
identity, these proteins share a conserved tertiary structure comprised of ten beta
sheets and two alpha helixes. The complete genomes of 35 invertebrates, together
with transcriptomes and ESTs, allow us to systematically investigate the gene
structure and alternative splicing of FABP genes over a wide range of phyla. The
genomic loci for FABP genes were diverse and their genomic structure varied
throughout invertebrates. In particular, the intronless FABP genes, most of which key
residues involved in fatty acid binding were altered, were extensively distributed over
five phyla. Furthermore, an apparent intron loss of FABP genes seemed to have
occurred in some arthropod species and particularly in platyhelminths. Interestingly,
several invertebrates including one trematode, one nematode and four arthropods
generated FABP mRNA variants via alternative splicing. These results demonstrate
that gene copy numbers and post-transcriptional modifications act as important

mechanisms contributing to diverse functions of FABPs in these invertebrates.

1. Introduction

Lipids are a very important subclass of constituents in the maintenance of normal
physiology in organisms and a delicate balance of these hydrophobic molecules is
partially regulated by lipid chaperons, a family of high affinity fatty acid-binding
proteins. In the 1990’s, FABPs were firstly described in the muscle of the locust
Schistocerca gregaria (Haunerland and Chisholm, 1990) and so far more than 30
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FABP genes have been found in a wide range of invertebrates (Esteves and Ehrlich,
2006). Fatty acid-binding proteins (FABPs), small proteins of approximately 15 kDa,
execute fatty acid transport and, together with intracellular retinol- and retinoic acid-
binding proteins, comprise the lipid binding protein (iLBP) subfamily of calycins that
also contain two subfamilies lipocalin and avidin. iLBPs are ubiquitously expressed in
animals and ancestral iLBP genes are supposed to have arisen after separation of
animals from fungi and plants (Schaap et al., 2002). Multiple gene duplications have
occurred in this family, giving rise to 16 iLBP types in vertebrates (Schaap et al.,
2002). It has been shown that FABPs are expressed in invertebrates and vertebrates
but absent in archaebacteria and yeast (Esteves and Ehrlich, 2006; Storch and Corsico,

2008).

Mammalian FABP genes generally consist of four exons with a comparable intron
structure and most of them are dispersed on distinct chromosomes in human beings,
rats and mice (Furuhashi and Hotamisligil, 2008; Schaap et al., 2002). Analysis of a
few invertebrates shows that, unlike mammals, invertebrates have different genomic
organizations for FABP genes, in aspects of size, exon and intron numbers (Esteves
and Ehrlich, 2006; Schaap et al., 2002). For example, Caenorhabditis elegans
expresses nine FABPs, also known as lipid binding proteins (LBP), and these FABP
genes reside on different chromosomes. Of them, LBP-5 and LBP-6 genes are
comprised two exons and one intron and positioned on chromosome I, suggesting that
they might have arisen from direct gene duplication. However, invertebrate and
vertebrate FABP genes commonly share some similar response elements in the
promoter regions, such as a glucocorticoid half-site and peroxisome proliferator

response elements (Cook et al., 1988; Esteves et al., 2003).

Although FABPs share moderate homology at the nucleotide and amino acid levels
across invertebrate interspecies and even within species, their tertiary structures are

highly conserved, characterized by the formation of a cavity by ten anti-parallel sheets
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and two helixes that accommodates fatty acid (s). With a few exceptions, the residues
related to ligand binding appear to be conserved in both invertebrate and vertebrate
FABPs. In the B-barrel cavity, the bound fatty acids interacts with some residues
R...R-Xx-Y, called the P2 motif. Moreover, residues Phe on the first helix and Ala/Pro-
Asp in the turn between BE and BF are also critical for binding affinity in FABPs

(Jakobsson et al., 2003).

A number of previous studies have been conducted to resolve the phylogenetic
relationship of hydrophobic molecule-binding proteins (Esteves and Ehrlich, 2006;
Esteves et al., 1997; Ganfornina et al., 2000; Schaap et al., 2002). A systematic
analysis of lipocalins demonstrates that FABPs are not a sister group of the lipocalin
subfamily and they might have evolved from already-existing lipocalins (Ganfornina
et al., 2000). However, the systematic phylogeny of invertebrate FABP genes remains

incomplete.

With the availability of complete genomes and transcriptome data, it is feasible to
systematically and extensively perform phylogenetic analyses, such as gene
organization and post-transcriptional modification, across 35 invertebrates from 8
phyla. This study will provide insights into a new understanding the diversity of the
genomic organization of invertebrate FABPs. Additionally, it is also shown that both
increase of gene copy numbers followed by divergence and alternative splicing are the
mechanisms likely responsible for functional expansion of FABPs in invertebrate

species.

2. Methods

2.1 Identification and annotation of FABP genes

Invertebrate FABP genes were acquired using TBIlastN to search each of genome

databases (Table 4-13). Since these genes generally share moderate similarity at both
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nucleotide and amino acid levels, TBlastN searching was performed using already
reported FABP sequence(s) from evolutionarily close species where applicable. Two
sequential approaches were utilized for determination of the exons and exon
boundaries. Firstly the exons and their boundaries were determined from TBlastN
outcomes as highly-scored segment pairs or gaps within the segment pairs as
described previously (Lek et al., 2010). FABP gene models were then verified and
finely modified using transcriptome data or expression sequence tags (ESTS).
Segment pairs that dispersed over two or more supercontigs were not considered to
build gene models in this study. The intron-exon boundaries were manually checked

based on consensus splicing acceptor and donor sites.

2.2 Sequence alignments and secondary structure prediction

The FABP protein sequences were aligned using Clustal W algorithm (MEGA 4.0)
with default parameters (Tamura et al., 2007) and then manually checked. The

secondary structures of FABPs were predicted using Psipred (Bryson et al., 2005).

3. Results

3.1 Identification and annotation of FABP genes across
invertebrates

In our study two criteria were applied for identification of FABP genes. First,
considering that most of known FABPs are ~130 amino acids (aa) in length, here we
artificially set the size limit of FABPs from 80 to 180aa (130 *50aa). Meanwhile the
sequences within the size limit were used for secondary structure prediction. The
sequences with the putatively typical structural elements were considered as FABP
genes. The FABP genes were searched using TBlastN with experimentally or
putatively identified FABP gene(s) in a closely related species. Otherwise, S. mansoni

FABPs (Smp_095360 and Smp_046800) or C. elegans FABPs (NP_505016,
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NP_508558, NP_508557, NP_491928, NP_506440, NP_491926, NP_001041249,
NP_506444 and NP_001033511) were used as queries. During sequence searching we
indeed obtained high-scoring hits that encoded more than 180aa or less than 80aa,
which all were excluded in further analyses in this study. For instance, a
Branchiostoma floridae hypothetical protein (987aa, XP_002589099) contained a
region at the C terminal that shared 96% identities with Branchiostoma belcheri
FABP (136aa, ADD10136). In total, 118 sequences were collected from 33
invertebrate species including one placozoan, two annelids, one mollusc, six
platyhelminths, seven nematodes, twelve arthropods, one echinoderm and three
chordates (Table 4-13). No homologues of FABPs were identified in two Cnidaria
species, Hydra magnipapillata and Nematostella vectensis. Notably, four
Haemonchus contortus FABP genes were identified by TBlastN searches against
transcriptome (NCBI) but none of them was found in the genome, largely due to
incomplete genomic data (Sanger). Five FABP transcripts that were not found in the
genome sequences were derived from respective transcriptome or ESTs for the
following species: Helobdella robusta, Lottia gigantea, Schistosoma japonicum,
Heterorhabditis bacteriophora and Saccoglossus kowalevskii. It is noticed that, with
the exception of the body louse, Pediculus humanus corporis, partial or all FABP

genes were validated by EST or transcriptomic data.

Invertebrate genomes contained various numbers of the genomic loci for FABP,
ranging from one to fifteen in Chordata, B. floridae. Only one FABP locus for the
following invertebrates was found: S. japonicum, Drosophila melanogaster, Aedes
aegypti, Tribolium castaneum, Culex pipiens quinquefasciatus and Rhodnius prolixus
(Table 4-13). It was also found that each of Echinococcus multilocularis, Anopheles

gambiae and B. floridae had two distinct loci that encoded the identical FABPs.
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Table 4-13 Distribution and features of FABP genes in invertebrates

Species Num. loci  Length® Evidence/EST®  Species Abbreviation Data origin®
Cnidaria

Nematostella vectensis / / / / JGI

Hydra magnipapillata / / / / Metazome
Placozoa

Trichoplax adhaerens 5 120~178 1/5 Tadh JGI NCBI
Annelida

Capitella teleta 7 135~167 117 Ctel JGI

Helobdella robusta 3 119~143 3/4 Hrob JGI NCBI
Mollusca

Lottia gigantea 7 132~163 7/8 Lgig JGI NCBI
Platyhelminth

Schmidtea mediterranea 3 123~168 2/3 Smed SmedGD NCBI

Schistosoma mansoni 2 132, 133 2/2 Sman Sanger NCBI

Schistosoma japonicum 1 130 2/2 Sjap Sanger NCBI

Echinococcus granulosus 5 124~143 2/5 Egra NCBI Sanger

Echinococcus multilocularis 5 124~143 4/4 Emul Sanger

Mesocestoides vogae 2 131, 121 2/2 Mvog NCBI
Nematoda

Caenorhabditis elegans 9 135~165 9/9 Cele NCBI

Pristionchus pacificus 4 118~163 4/4 Ppac NCBI WUGSC

Heterorhabditis bacteriophora 3 133~164 4/4 Hbac NCBI WUGSC

Trichinella spiralis 3 133~143 3/3 Tspi NCBI WUGSC

Haemonchus contortus 0° 133~164 4/4 Hcon Sanger NCBI

Strongyloides ratti 4 132~165 4/4 Srat Sanger

Brugia malayi 3 130~180 3/3 Bmal NCBI
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Continued

Arthropod
Daphnia pulex 2 130, 131 2/2 Dpul wFleaBase
Pediculus humanus corporis 3 132~135 0/3 Phum NCBI VectorBaseFlyBase
Bombyx mori 5 95~142 4/5 Bmor SilkDB
Tribolium castaneum 1 136 1/1 Tcas NCBI
Nasonia vitripennis 2 132 2/2 Nvit NCBI
Acyrthosi phonpisum 3 135, 136 3/3 Apis NCBI
Api smellifera 2 132~134 2/2 Amel NCBI
Drosophila melanogaster 1 117~157 1/1 Dmel NCBI FlyBase
Anopheles gambiae 2 131 1/1 Agam NCBI
Aedes aegypti 1 132 1/1 Aaeg NCBI
Culex pipiens quinquefasciatus 1 132 1/1 Cpip NCBI
Rhodnius prolixus 1 134 1/1 Rpro NCBI
Echinodermata
Strongylocentrotus purpuratus 2 130 2/2 Spur NCBI JGI
Chordata
Branchiostoma floridae 15 135~151 7/13 Bflo JGI NCBI
Ciona savignyi 3 127~133 3/3 Csav Broad NCBI
Saccoglossus kowalevskii 3 132~138 4/4 Skow Baylor NCBI

2Amino acid length; "In invertebrates, the number of different FABP genes (the number after ¢/°) is various and expression of partial or all them (the number
before /°) is validated by transcriptomic data; “JGI: Joint Genome Institute; NCBI: National Centre for Biotechnology Information; SmedGD: Schmidtea
mediterranea Genome Database; Sanger: Wellcome Trust Sanger Institute; WUGSC: Washington University Genome Sequencing Centre; wFleaBase:
Daphnia Water Flea Genome Database; FlyBase: Drosophila database; SilkDB: silkworm database; Broad: Broad Institute; Baylor: Baylor College of

Medicine; “no genomic loci for FBAPs were found using Blast with EST sequences.
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3.2 Diversity of FABP gene structures and exons across
invertebrates

Although intronless FABP pseudogenes have been described in several species
including humans (Bonne et al., 2003; Prinsen et al., 1997; Treuner et al., 1994),
mammalian FABP genes exhibit similar gene structures, containing four exons and
three introns (Schaap et al., 2002). An analysis of FABP gene organization revealed
diversity in invertebrates, especially in the Phyla Platyhelminth and Nematoda,

although the canonical organization predominated (Table 4-14).

A six-exon five-intron structure for FABP was only found in the early branching
invertebrate Trichoplax adhaerens. The genes comprised of five exons and four
introns were absent in Arthropoda, Chordata, Annelida and Echinodermata species. In
contrast to other metazoans, platyhelminths and arthropods encoded FABP genes
predominantly having two-exon one-intron and three-exon two-intron structures,

respectively (Table 4-14).

3.3 Intron loss in the Phylum Platyhelminth

In the Phylum Platyhelminth, the free-living flatworm, S. mediterranea, was intron-
rich in FABP genes, while the trematodes with a free-living stage, S. mansoni and S.
japonicum, did not contain the five-exon four-intron FABP genes present in S.
mediterranea. In parasitic cestodes including E. granulosus, E. multilocularis and
Mesocestoides vogae, FABP genes had two exons and one intron and/or only one
exon (Table 4-14). This pronounced variety of FABP gene structures is along with the
evolutionary history of platyhelminths, suggesting that introns tend to have lost in

flatworm FABPs during evolution.
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Table 4-14 Diversity of FABP genomic structures in invertebrates

Number of exons

H 1
Species 5 S 4 3

Placozoa
Trichoplax adhaerens 1 1 3
Annelida
Capitella teleta 7
Helobdella robusta 2
Mollusca
Lottia gigantea 1 7
Platyhelminth
Schmidtea mediterranea 1 2
Schistosoma mansoni 2
Schistosoma japonicum 1
Echinococcus granulosus
Echinococcus multilocularis
Mesocestoides vogae
Nematoda
Caenorhabditis elegans
Pristionchus pacificus 1
Heterorhabditis bacteriophora
Trichinella spiralis
Strongyloides ratti

w = N -
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Continued

Brugia malayi
Arthropod

Daphnia pulex

Pediculus humanus corporis

Bombyx mori

Tribolium castaneum

Nasonia vitripennis

Acyrthosiphon pisum

Apis mellifera

Drosophila melanogaster

Anopheles gambiae

Aedes aegypti

Culex pipiens guinquefasciatus

Rhodnius prolixus
Echinodermata

Strongylocentrotus purpuratus
Chordata

Branchiostoma floridae

Ciona savignyi

Saccoglossus kowalevskii
Total 1

R R WN R R R R

!In total thirty-five species from eight phyla were included in this study.
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Figure 4-14 Fatty acid binding-related residues in intronless FABP genes of invertebrates.

Invertebrate intronless FABP amino acid sequences were aligned using Clustal W. The amino acids identical to the consensus are shown as dots and the gaps

are filled with dashes (-). Numbers above the alignment represent positions of amino acids. The key amino acids responsible for interaction with lipid ligands

are directly indicated beneath the alignment.
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3.4 Intronless FABP genes

Single-exon FABP genes were found in the following species: E. granulosus, E.
multilocularis,  Strongyloides ratti, P. humanus corporis, R. prolixus,
Strongylocentrotus purpuratus and Saccoglossus kowalevskii (Table 4-14).
Expression of most of these intronless genes was confirmed either by transcriptome
analysis or analysis of ESTs. With exception of R. prolixus, the rest encoding
intronless FABPs also encoded other FABP genes with two or more exons. It is worth
mentioning that the intronless FABP gene architecture dominated in other three

metazoans S. ratti, P. humanus corporis and S. kowalevskii.

Alignment of the intronless FABP has revealed that R. prolixu’s FABP gene
contained intact key residues which are important in defining fatty acid binding
(Jakobsson et al., 2003), while absence or alterations in these sites occurred in the
other one-exon FABP genes (Fig. 4-14). This suggests that the R. prolixus FABP is
still functional, but the others may no longer be so. Alternatively, they have different

binding spectra for fatty acids in comparison with those that have been characterised.

3.5 Alternative splicing in FABP genes

Alternative splicing is an important post-transcriptional modification in eukaryotic
pre-mRNAs, accounting for the complexity and variety of proteomes. FABP genes
underwent alternative splicing to generate isoforms in several invertebrates including
S. mansoni, C. elegans, Tribolium castaneum, Acyrthosiphon pisum, Apis mellifera
and Drosophila melanogaster. Furthermore, all the transcripts derived from

alternative splicing were confirmed by transcriptomic data.

Comparative analysis of FABP gene structure and transcripts revealed that FABP pre-
MRNAs were alternatively spliced in different patterns (Fig. 4-15). In S. mansoni,
FABP variants were produced by exon skipping, which has been described in cestodes
(Agorio et al., 2003; Gauci and Lightowlers, 2001; Spiliotis et al., 2006).
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Figure 4-15 Alternative splicing in invertebrate FABP genes.

Typical alternative splicing patterns in C. elegans (A), red flour beetle (B) and fruit fly (C) are represented. C. elegans LBP-9 pre-mRNA is spliced to
generate two variants 9a and 9b by addition of a short spliced leader sequence (SL1: 5>-GGTTTAATTACCCAAGTTTGAG-3") at the 5° end. Blank or filled
boxes and straight lines represent exons and introns, respectively, and a poly (A) stretch present in each FABP cDNA clone or EST sequence is directly
shown. In each group, an annotated FABP gene is placed above the variants that are indicated by a, b, ¢ or/fand d. Numbers above the boxes and under the
lines show the sizes of corresponding exons and introns, respectively. The sizes of exons with a different size are indicated above the corresponding exons in

the spliced transcripts. The length of variants is also shown after each transcript and the number of EST is shown in the brackets.
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Both arthropods A. pisum and A. mellifera utilized the same approach to yield
different FABP transcripts. In contrast to the exon exclusion mechanism in S. mansoni,
spliced leader trans-splicing (SL trans-splicing), a type of alternative splicing
whereby a spliced leader serves as a mini-exon to be added onto 5> pre-mRNA ends
(Hastings, 2005), was used in C. elegans FABP (also known as lipid binding proteins)

MRNA precursors (Fig. 4-15).

Both T. castaneum and D. melanogaster genomes contained only one FABP gene
locus but variants were found in transcriptome or EST datasets. Mapping of these
transcripts revealed that another alternative splicing mechanism, intron retention, was
involved in the post-transcriptional splicing of FABP genes together with exon
skipping (Fig. 4-15). These results indicate that both invertebrates have adopted
alternative splicing rather than gene duplication to produce a variety of FABP genes.
Noticeably, the last exons of the FABP genes were retained during alternative splicing
in all the invertebrates studied except D. melanogaster who also used the partial

sequence of the second intron as the last exon to generate FABP isoforms.

4. Discussion

In this study, it was shown that the number of the FABP genomic loci identified was
remarkably variable, from 1 in several invertebrates to 15 in amphioxus. Interestingly,
no FABP loci were identified in both Hydra magnipapillata and N. vectensis genomes
but present in the simplest known free-living organism, T. adhaerens, which is
considered as a basal metazoan (Dellaporta et al., 2006; Halanych, 2004). Consistent
with the gene structure, T. adhaerens FABP genes seems to be a prototype of this
family. T. adhaerens is only the recognized species in the Phylum Placozoa and,
although it is still controversial, this invertebrate seems to phylogenetically form the
‘eumetazoan’ clade with cnidarians and bilaterians (Halanych, 2004; Srivastava et al.,

2008). Moreover, the Placozoa lineage has diverged before segregation of Cnidaria
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and Bilateria but after the divergence of demosponges (Srivastava et al., 2008). The
deficiency of FABP expression in cnidarians may be explained by gene loss but the
possibility remains that these species may express extremely heterogeneous FABPS
and investigations of more Cnidaria species are required. Furthermore, each of three
invertebrate genomes contained two loci to encode the same proteins, suggesting that
they might have arisen from gene duplication. In comparison with E. granulosus
FABPs, the current gene set in E. multilocularis may have been generated before the
speciation of Echinococcus species (data not shown), supporting the idea that FABP
gene duplication may have occurred in their common ancestor. This finding does not
fully support the previous assumption that E. granulosus FABPs 2 and 4 arose from a

recent duplication event (Esteves et al., 2003).

The ancestral gene of FABPs might evolve from lipocalins and undergo the first
duplication approximate 930 million years ago with subsequent duplications and
divergence (Ganfornina et al., 2000; Schaap et al., 2002). The FABP sequences
annotated in this study were heterogeneous with regard to length, composition and
identity, possibly driven by needs for the transport of numerous different fatty acids
(Schaap et al., 2002). In contrast to fifteen FABP copies in B. floridae, only one
FABP locus was predominantly distributed in the arthropods including mosquitoes.
Relative to one locus in A. aegypti and C. pipiens quinquefasciatus, a malaria
mosquito, A. aegypti, had two copies for FABP genes that resided on the same
scaffold. It is noticeable that these mosquito sequences have been identified as
allergens. Secondary structural prediction with high confidence showed that all of
these mosquito allergen genes had two alpha helixes and ten beta sheets typical of
FABP structures (data not shown). In addition to the conserved secondary structures,
they contained fatty acid binding-related key residues except Val-Asp instead of Pro-
Asp (Fig. 4-14). We therefore propose that these allergens are functionally specified

FABPs. This idea is in agreement with the facts that lipid-binding proteins from mites
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(Jeong et al., 2005; Puerta et al., 1999) and nematodes (Kennedy, 2000b; Spence et al.,
1993) are recognized by IgE. Then it raises the question of why these mosquito
FABPs have evolved to be allergic. It is still not clear but the fact that a high level of
FABP is present in normal human blood suggest that mosquitoes can acquire bound

fatty acids directly via blood feeding (Bao et al., 2011; Cabre et al., 2008).

In contrast to relatively analogous structures for the mammalian FABP genes,
invertebrate FABP genes were genetically organized in a wide range of patterns with a
dominance of the four-exon three-intron structure. A key finding in this study was that
invertebrate FABP genes tended to be intron loss with few intron gains during
evolution. This idea is enhanced by the fact that in most of the invertebrate FABPS
investigated have matched intron positions (Esteves and Ehrlich, 2006). Compared to
the early branching invertebrate, T. adhaerens, FABP gene from cestodes and
mosquitoes were intron-poor and the tendency of intron loss became more apparent in
the Phylum Platyhelminth. Our findings strongly argue against the speculation that the
first and second introns of FABP genes might have occurred later (Esteves et al.,
2003). Surprisingly, a number of invertebrates encoded intronless FABPs with most
of the key residues that participate in lipid binding being altered. However, here no
evidence was provided to suggest that these FABPs remain functional. Such intronless
FABPs have also been reported in several mammals and they have lost their capacity

to bind ligands (Bonne et al., 2003; Prinsen et al., 1997; Treuner et al., 1994).

A wealth of data has revealed that numerous introns are present in early multicellular
organisms and alterations of intron positions occur at a very low frequency during
evolution (Irimia and Roy, 2008). It was shown that intron gain and intron loss
occurred at various points in the past 100 million years and these genetic events were
considered to be a very low process in some lineages (Irimia and Roy, 2008). Several
mechanisms have been proposed for intron gain or loss (Belshaw and Bensasson,

2006; Roy and Gilbert, 2006). In comparison with a canonical three-intron structure,
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the first intron (17/31) was more likely to be preferentially retained in two- or one-
intron FABP genes in invertebrates. This suggests that reverse transcription followed
by gene conversion may have been involved in the FABP intron loss as this
mechanism tends to remove 3’ introns from the genes (Belshaw and Bensasson, 2006).
An analysis of 684 gene introns from eight organisms has showed that loss of most
ancestral introns has occurred in worms and arthropods but not in humans (Rogozin et
al., 2003). This result may give us some clues, but the selective forces that have driven

intron loss in platyhelminths remain unclear.

Alternative splicing, a substantial mechanism for the modification of pre-mRNA,
ubiquitously exists in nearly all eukaryotic organisms and accounts for the complexity
and diversity of protein functions. In contrast to mammals where alternative splicing
of FABP genes has rarely been observed, here it was shown that FABP genes in some
invertebrates were alternatively spliced, leading to generation of FABP variants. In
particular, these various transcripts were produced in different splicing patterns. In C.
elegans, only FABP genes 5, 6 and 9 were confirmed to mature by means of SL trans-
splicing using spliced leader 1 (SL1). There are two distinct spliced leader sequences,
SL1 and SL2, and the former is used to mainly generate monocistronic pre-mRNA
(Pettitt et al., 2010). It is estimated that approximately 70% of all genes in this free-
living nematode are post-transcriptionally modified by this mechanism (Ross et al.,
1995). It is still not clear why C. elegans FABP 1, 2, 3 and 8 pre-mRNAs are not
matured via SL trans-splicing. Although the SL trans-splicing mechanism is also
extensively present in the Phyla Cnidaria, Platyhelminth and Chordata (Hastings,
2005), the occurrence of this specific alternatively splicing in FABP genes was not
observed in other invertebrates collected in this study. These results suggest that the
SL trans-splicing modification in C. elegans FABPs may have been acquired during

evolution.
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Chapter 5 Expression, purification and fatty acid binding
characteristics of fatty acid-binding proteins of

Echinococcus multilocularis

Abstract

E. multilocularis is incapable of the de novo synthesis of long-chain fatty acids and
needs to acquire these lipids entirely from their hosts. FABPs are small lipid
chaperons that are involved in lipid metabolism. Here, we showed E. multilocularis
had five loci encoding four distinct emFABPs, which were located on two different
scaffolds. Among them emFABP3 and 4 were constitutively expressed in vesicles,
protoscoleces and cell aggregates. In particular, emFABP3 appeared to be highly
expressed in the vesicles. emFABPs had atypical gene structures and emFABP1 and 5
were intronless. Comparison of emFABPs and E. granulosus FABPs (egFABPs)
revealed that the current genomic organization of FABPs might have formed before
the speciation of E. multilocularis and E. granulosus. Although it lacked a signal
peptide, native FABP3 was confirmed to be a secretory/excretory protein present in
the hydatid fluid. E. coli- or yeast-derived recombinant FABPs appeared not to bind to
fatty acids including DAUDA and retinol but exhibited weak binding to cis-parinaric

acid.

1. Introduction

Fatty acid-binding proteins (FABPSs) are small proteins with a mass weight of ~15kDa
and, together with intracellular retinol- and retinoic acid-binding proteins, comprise an
intracellular lipid binding protein (iLBP) subfamily of calycins. iLBPs are present in

animals but not plants and fungi and are supposed to have arisen via gene duplication
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and divergence after the separation of animals from fungi and plants, generating 16
iLBP types in vertebrates (Haunerland and Spener, 2004). FABPs were initially
isolated from rat liver and other tissues in the 1970°s (Ockner et al., 1972) and twenty
years later invertebrate FABPs were identified in the muscle of the locust,
Schistocerca gregaria (Haunerland and Chisholm, 1990). In platyhelminths, FABPs
have been already reported in Schistosoma mansoni, S. japonicum, S. bovis, Fasciola
hepatica, F. gigantica, Clonorchis sinensis, Mesocestoides vogae and E. granulosus

(Alvite et al., 2008; Esteves and Ehrlich, 2006; Esteves et al., 2003; Lee et al., 2003).

FABPs seem to be expressed in a tissue- or stage-specific manner (Haunerland and
Spener, 2004; Storch and Thumser, 2010). In F. gigantica, FABP1 is abundantly
distributed in testes and spermatozoa, whereas FABP3 is mainly expressed in
vitellines, eggs and caecal epithelium (Chunchob et al., 2010). S. mansoni FABP, also
called Sm14, is distributed in the tegument tubercles and regions between the muscles
and the body area (Moser et al., 1991). Similarly, S. japonicum FABPCc is expressed in
lipid droplets in males and in the vitelline eggs in females (Gobert et al., 1997). In E.
granulosus, expression of FABPL1 is found in protoscoleces (Esteves et al., 1993).
Although they lack signal peptides, FABPs in some species have been shown to be
secreted or released in some way. Recently, proteomic analyses have confirmed the
presence of FABP in the in vitro ES products of S. japonicum (Liu et al., 2009a), F.

hepatica (Morphew et al., 2007) and F. gigantica (Chunchob et al., 2010).

FABPs are characterized by binding to saturated and unsaturated long-chain fatty
acids (>**C) with high affinity. Although FABPs have low homology at the nucleotide
and amino acid levels, the tertiary structures are conserved, containing a central cavity
by 10-stranded P-barrel and 2 o helixes, which harbours bound ligand(s), and
guaranteeing the similar binding capacity of heterogeneous FABPs (Jakobsson et al.,
2003; Storch and McDermott, 2009). With a few exceptions, the majority of FABPs

can bind a single fatty acid with its carboxylate group and conformational changes
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seem to occur during fatty acid binding and release. Moreover, FABPs do not exhibit
selective binding for a specific ligands although it is obvious that the binding affinities
are positively associated with fatty acid hydrophobicity (Storch and Corsico, 2008).
FABPs are involved in the trafficking and storage of lipids and closely linked with
metabolic disorders and other lipid-related biological processes such as gene
transcription regulation via the peroxisome proliferator-activated receptor gamma
network. Since cestodes are unable to synthesize long-chain fatty acids (Smyth and
McManus, 1989), FABPs are vital, playing an indispensible role in the absorption

process of lipids from hosts.

In this study we showed that there were five genomic loci for four distinct FABP
genes, designated as emFABP1, emFABP3, emFABP4 and emFABPS5, residing on
two different scaffolds of E. multilocularis. Echinococcus species shared the same
gene structures and genomic organization of FABPs. Compared to emFABP1 and
emFABP5, emFABP3 and emFABP4 were abundantly expressed in the vesicles,
dormant protoscoleces and cell aggregates of vesicle primary cells. Yeast-derived
recombinant FABP3 possessed weak binding ability with cis-parinaric acid but not
with fluorescent fatty acid 11-[[[5-(dimethylamino)-1-naphthalenyl]sulfonylJamino]-
undecanoic acid (DAUDA) and retinol. The result of Western-blot analysis showed
that the native FABP3 was present in the hydatid fluid, suggesting that it is a

secretory/excretory protein.

2. Materials and methods

2.1 Identification of FABP homologues in E. multilocularis and
amplification of FABP genes

E. granulosus FABPs (AAK12095.1 and AAK12096.1) and S. mansoni FABPs

(Smp_046800 and Smp_095360) were used to interrogate the genome database of E.
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multilocularis (http://www.sanger.ac.uk/cgi-bin/blast/submitblast/Echinococcus). The
FABP gene structures were then inferred from our transcriptome data. The open
reading frames of each FABP genes were determined using ORF finder
(http://www.ncbi.nlm.nih.gov/projects/gorf/) and  sequence  alignment and
phylogenetic analysis were conducted using MEGA (Version 4). N-glycosylation sites
and signal peptides were predicted using NetNGlyc 1.0 and SignalP 3.0, respectively.

The putative secondary structures were modelled using Psipred.

Primers for amplification of the FABP genes were designed using Oligo (version 4.1).
Amplicons of four FABP genes were generated using one step reverse transcription-
PCR kit (Qiagen) according to the instructions. Briefly, 1.5 g of total RNA (see 2.2,
Chapter 2) were mixed with corresponding primer sets (Table 5-15), 2 | of enzyme
mix and 10 A of 5> Buffer. The mixture was subject to incubation at 50°C for 30 min,
95°C for 15 min and 30 cycles of 94°C for 30 sec, 56°C for 30 sec and 72°C for 30 sec
and a final extension at 72°C for 10 min. PCR products were separated on 1.2%
agarose gel containing 0.005% ethidium bromide (EB), followed by purification using
Gel Purification Kit (Qiagen) according to the manual. The bands of interest were cut
out under ultraviolet light, followed by addition of Solution Q and incubation at 50°C
to release the amplicon. The solutions were then loaded onto columns to allow DNA
binding and then the target fragments were eluted in nuclease-free water. The purity
and concentration of purified amplicons were determined using Nanodrop (Thermo

Scientific).

2.2 Construction of prokaryotic expression vector

Ligation of the purified PCR products with pET-SUMO vector (Invitrogen) was
conducted in 10 [ reaction system comprising of 1.5 pd PCR product, 1.5 pl pET-
SUMO, 1 il T4 DNA ligase and 1 10> Reaction Buffer. After gentle agitation, the

mixture was briefly centrifuged and incubated at room temperature for 30min,
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Table 5-15 Primer sets using for amplification and expression

Primer Sequence (5'-3") Target Note

1F ATG GATGACTTTCTGGGCACCT emFABP1 These primers were used for cloning and

1R CTA TGA ACA TAA GAT TTG GTATGC AAG A expression in E. coli.

3F ATG GAG GCG TTCCTC GGT AC emFABP3

3R TTA CGA CACCTT TGA GTAGGT TCG

4F ATG GAG CCATTC ATC GGT AC emFABP4

4R TTACAT CCCTCTTGAGTAGGT TC

5F ATG GAT GAATTCCTG GGA TCC emFABP5

5R TTA ACT CACCGT TTT TAG CAA ATC

Y-F GGAATTCATGGAGGCGTTCCTC emFABP3 These primers were used for expression in yeast.
Y-R1* GCTCTAGAAACGACACCTTTGAGTAGGTTC The restriction sites were underlined. The primer
Y-R?® GCTCTAGATTACGACACCTTTGAGTAGG Y-R2 contains a stop codon but Y-R1 does not.

*The primers Y-F and Y-R1 were used for expression of His-tagged rFABP3 in yeast;

*The primers Y-F and Y-R2 were used for expression of rFABP3 in a native form in yeast.
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followed by transformation. The ligated product was briefly mixed with competent E.
coli, incubated on ice for 30 min and then at 42°C for 30 sec, and agitated at 220rpm at
37°C for 1h after addition of 800 A of pre-heated MSO media. 50 | aliquots of the
media were put onto LB agar plates with a final concentration of 50 pg/ml kanamycin

and placed inversely in a 37°C incubator overnight.

The transformants were inoculated into 5 ml LB containing 50 pg/ml kanamycin and
incubated at 250rpm at 37°C overnight. The cells were collected by centrifugation at
12,000>g and plasmids were extracted. Briefly, the pellets were completely
resuspended in Solution I (50mM Tris pH 8.0 with HCI, 10mM EDTA) containing
RNase A, followed by addition of Solution Il (200mM NaOH, 1%SDS). Solution 111
(3.0M Potassium Acetate, pH5.5) was then quickly added, mixed, placed on ice for at
least 5min, and spun at 12,000>g for 10 min. The supernatant was transferred into
new tubes, mixed with a 2.5xvolume of ethanol, and then incubated at -20°C for 30
min. After centrifugation the supernatant was discarded and the pellets were washed
with 75% ethanol, followed by incubation at room temperature to air-dry for at least
10 min. The pellets were resolved in 50 i nuclease-free water and the purity and
concentration determined by Nanodrop. The positive plasmids comprising of FABP
fragments, designated as pET-SUMO/FABP, were identified using PCR as described

above. Insertions of FABP fragments were then further confirmed through sequencing.

2.3 Expression and purification of FABPs in E. coli

For expression plasmids containing the target with a correct orientation were
transformed into competent BL21 cells as described above. The transformants were
inoculated into kanamycin-containing LB media and induced by addition of a final
concentration of 1mM IPTG when the OD value reached at 0.4~0.6. After 4h agitation
at 250rpm at 37°C cells were collected by centrifugation, washed three times with cold

PBS (pH 7.2), and resuspended in Native Purification Buffer (Invitrogen) containing
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10 mM imidazole and 1 mg/ml lyzosome. After incubation on ice for 30 min, the
resuspended cells were sonicated, centrifuged at 5,000>g at 4°C for 1h, and the
supernatant was transferred to new tubes for late use. In this study, plasmid pET-

SUMO/CAT (Invitrogen) was used as a control.

Before loading onto a nickel-charged agarose column, the lysate was filtered to get rid
of remaining particles. Purification was performed according to the manufacturer’s
instructions with a few modifications. Firstly, the resin was suspended thoroughly and
gently and aliquoted into the column, followed by three washes with 5 multiple
volumes of distilled water. The beads were equilibrated by two washes with Native
Purification buffer containing 10 mM imidazole. The filtered lysate was loaded onto
the column, gently rotated at 4°C for 30 min, and eluted at 1 ml/min. The beads
immobilized with the target proteins were thorough rinsed 5 times in the washing
buffer containing 20 mM imidazole and the recombinant SUMO/FABPs

(rSUMO/FABPs) were released using elution buffer containing 150 mM imidazole.

A buffer change was conducted using centrifugal concentrator (3K, Millipore). The
proteins were finally resolved in 20 mM Tris buffer or PBS (pH7.2). The purity of
these proteins was evaluated by SDS-PAGE. 15% gel was utilized for separation of
rSUMO/FABPs and visualized using Protein Staining Solution (Ferment) following

the manufacturers recommendation.

2.4 Digestion of rSUMO/FABPs to release rFABPs

SUMO protease was used to release rFABPs and rSUMO/CAT was utilized as control.
The reaction was optimized as follows: 20 pg rFABP and 10 units of SUMO protease
were combined with the different concentration of NaCl: 150 mM, 200 mM, 250 mM
and 300 mM; the mixture was then incubated at 4°C, 15°C, 23°C and 37°C for 6 h and

aliquoted at 2-h intervals for SDS-PAGE analysis as previously described.
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2.5 Construction of yeast expression vectors

Using sequence-validated pET-SUMO/FABP3 DNA as a template, the fragments
containing two different restriction sites were amplified by PCR under the conditions
as described above. The amplicons were purified by Gel Purification Kit (Qiagene)
and the concentration was determined as mentioned previously, followed by double-
enzyme digestion at 37°C for at least 4h. Simultaneously, pPICZ alpha-A DNA (kept
in our lab) was also digested using the same enzymes and purified. Insertion of
FABP3 into digested plasmid vector was performed at 4°C overnight, followed by
transformation into competent DH5 alpha cells (NEB) as described previously. The
cells were spread onto low salt LB agar plates containing 25 g/ml Zeocin and then
incubated at 37°C for overnight. Plasmid DNA was extracted as previously mentioned
and the positive construct, designated as pPICZ-FABP3, was screened out by PCR

and then sequenced.

2.6 Transformation and identification of positive clones
harbouring FABP3

For expression, Pichia pastoris strains X-33 and GS-115 were used as hosts and the
competent cells for transformation were prepared according to the instructions. When
OD value at 600 nm reached at 1.3, the cells were collected by centrifugation at 4°C,
followed by washes with sterile ice-cold water and then with sterile ice-cold 1 M
sorbitol. The cells were finally resuspended in 1 ml of ice-cold 1 M sorbitol. pPICZ-
FABP3 DNA was linearized using enzyme Sac | and subject to phenol-chloroform
extraction after assessment of linearization of the digest on 1% agarose gel. Plasmid
DNA was then precipitated by addition of 1/10 volume of 3 M sodium acetate and 2.5
volumes of absolute ethanol. Consequently, the pellet was washed with 80% ethanol,

air-dried, and resuspended in nuclease-free water.
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10 g of the linearized DNA was added into 50 | of freshly prepared yeast competent
cells and mixed by pipetting. The mixture was then transferred to a pre-chilled 0.2 cm
cuvette and placed on ice for 5 min. Electroporation transformation was performed
using MicroPulser (Bio-Rad) with default parameters. After one pulse, 1 ml of ice-
cold sorbitol was immediately added into the cuvette. The diluted cells were incubated
at 30°C for 2h without shaking and then employed onto YPDS plates containing 100
po/ml Zeocin, followed by incubation at 30°C until colonies were visible. In the

transformation, blank plasmid pPICZ alpha-A was also used as control.

The integration of FABP3 into the yeast genome was validated by PCR. Yeast DNA
was recovered as previously reported (Zhang et al., 2010). Yeast cells was firstly
suspended in the lysis buffer (50 mM sodium phosphate, pH 7.4, 1 mM PMSF, 1 mM
EDTA and 5% glycerol) and incubated at 85°C for 30 min. After centrifugation, the
supernatant containing the genomic DNA was pipetted to new tubes. The reaction
system was constituted as follows: 2 pl 10x buffer, 0.5 ul 10mM dNTP, 0.5 pl of 5°
AOXI1 primer and 3°’AOX1 primer each (Invitrogen), 0.2 ul Taqg DNA polymerase
(NEB) and 1  yeast lysis supernatant, and PCR was performed under the following
conditions: 95°C for 5 min, followed by 30 cycles of 95°C for 1 min, 54°C for 1 min
and 72°C for 1 min, and finally 72°C for 7 min. PCR products were resolved on 1.2%
agarose gel. Nuclease-free water and genomic DNA of integrants with blank plasmid

pPICZ alpha-A were utilized as controls.

2.7 Expression and purification of rFABP3 produced by yeast

To optimize expression conditions, the phenotypes of PCR-validated yeast
transformants were determined. Positive integrants were patched first on minimal
methanol histidine plates (MMH) and then on minimal dextrose histidine plates

(MDH) and incubated at 30°C for 2~3 days. To obtain individual pure clone isolates,

117



single colonies were streaked on yeast extract peptone dextrose plates (YPD) and

incubated at 30°C until colonies formed.

An individual clone was inoculated into buffered glycerol-complex medium (BMGY)
and agitated at 29°C at 270rmp until the OD value at 600nm was in a range from 2 to
6, followed by collection of cells. The cell pellet was then resuspended in buffered
methanol-complex medium (BMMY) for expression induced by addition of absolute
methanol to a final concentration of 0.5% at 24-h intervals. Simultaneously, 1 ml of
media was aliquoted for SDS-PAGE analysis before addition of methanol. These
samples at different time points were concentrated using resin (Stratagene) before
loading onto the gel. Briefly, 100 | expression media was gently mixed with 10 i
resin and incubated at room temperature for 1 min. After one wash with PBS, the resin
coupled with proteins was resuspended in loading buffer. As previously 15% gel was
used for SDS-PAGE and transformants harbouring blank plasmid pPICZ alpha-A

were utilized as control.

To optimize precipitation by ammonium sulphate, expression media supernatant was
brought to 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% saturation, respectively,
at 4°C with a gentle agitation for 2h. After centrifugation, the pellets were retained for
electrophoresis analysis as mentioned above. As for rFABP3 tagged with 6>His at the
C end, it was purified using two approaches. The media supernatant containing
rFABP3 was brought to 80% saturation of ammonium sulphate and incubated as
described above and the pellets were collected and resolved in Native Purification
Buffer (Invitrogen). Before loading onto nickel-coupled columns, washing on a
centrifugal concentrator was performed to get rid of trace ammonium sulphate.
Further purification with the columns was conducted according to the methods

mentioned previously.
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rFABP3 without a His tag was purified by combination of ammonium sulphate
precipitation and chromatography techniques. After precipitation by ammonium
sulphate, the pellets were resolved in starting buffer (20 mM Tris, 50 mM NacCl, pH
8.3) and concentrator (Millipore) was used to decontaminate ammonium sulphate.
Before loading to chromatography columns, samples were centrifuged at 4°C at
10,000>qg for 10 min to get rid of any particles. An anion exchange column (HiTrap Q
FF, GE Healthcare) was equipped with AKTAprimer plus (GE Healthcare) to load,
wash and elute proteins with pre-programmed parameters. The bound proteins were
eluted using a salt gradient with the starting buffer containing 0 to 1 M NaCl at 1
ml/min and different factions were analyzed on 15% SDS-PAGE. In order to screen
out better approaches for purification, a hydrophobic interaction chromatography
column (HiTrap Phenyl FF (high sub), GE Healthcare) was also connected to
AKTAprimer plus to purify the target protein. As previously, the pellets were
suspended in binding buffer (50 mM sodium phosphate, 1.0 M ammonium sulphate,
pH 7.0) and subject to loading onto the column, followed by wash with 30 volumes of
the binding buffer. The proteins were then eluted in a gradient manner in 0 to 100% of
50 mM sodium phosphate, pH 7.0, at 5 ml/min and different fractions were separated

on 15% SDS-PAGE.

The diluted fractions containing rFABP3 were collected together and then
concentrated using concentrator (Millipore). The mixture was further polished using
size exclusion chromatography (Superdex-75, GE Healthcare) at 1 ml/min. Filtered

and degassed PBS (pH 7.4) was used as running buffer.

2.8 Delipidation of rFABPs

Pure rEABPs were delipidated using Lipidex-1000 (PerkinElmer). First Lipidex-1000
was completely suspended and aliquoted to a new tube, followed by two washes with

distilled water and three washes with 20 mM Tris buffer (pH 7.2). Protein samples
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were then combined with an equal volume of Tris buffer-equilibrated Lipidex-1000,
end-over-end mixed at 37°C for 45 min and centrifuged at 4°C at 1,000>g for 5min.
The supernatant containing recombinant FABP was transferred into new tubes. The
buffer of delipidated FABPs was changed into PBS (pH 7.4) using concentrator as

mentioned above.

2.9 Removal of endotoxin in recombinant FABPs

For E. coli-derived FABPs, endotoxin was removed using two different approaches.
First FABP samples were combined with 1% of Triton-114 on ice and agitated by
end-over-end mix at 4°C for 30 min. Afterwards the mixture was quickly placed in a
37°C incubator for 10 min, followed by centrifugation at 12,000rpm at 4°C for 5min.
The supernatant was then transferred into new tubes and repeated additional four
rounds of an incubation-and-centrifugation cycle. Polymixin B-immobilized gel
(Berriman et al.) was employed to further remove endotoxin from the preparations.
The gel was washed with 5 volumes of distilled water and then with 10 volumes of 1%
sodium dexyocholate, followed by equilibration by two washes with 5 volumes of
sterile PBS (pH 7.4). The protein samples above were loaded onto the equilibrated
columns and the flow-through containing the target protein was collected. The gel was
regenerated by washes with 10 volume of 1% sodium dexyocholate and then with 5
volumes of sterile PBS (pH 7.4). The protein solutions were applied again for a total

of five rounds of purification.

With regard to rFABP3 produced in yeast, the removal of endotoxin was conducted

only using polymixin B-immobilized gel (Berriman et al.) as described above.

The endotoxin-removed FABPs were concentrated using a concentrator as mentioned
above and the concentration was determined by Bradford method according to the

manual (Bio-Rad).
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2.10 Endotoxin test

The level of endotoxin in protein solutions was determined using Gel Clot Endotoxin
Assay Kit (GenScript) according to the instructions. Briefly, 10 i of the pre-diluted
protein samples were completely and gently mixed with 100 Pl of reconstituted
Limulus amebocyte lysate (LAL), followed by incubation for 1 h at 37°C. The positive
reaction was determined by formation of a solid gel clot. In this assay endotoxin-free
water was used as a negative control and lipopolysaccharide (LPS) as a positive

control.

2.11 Fatty acid binding assay

To check the binding capacity of recombinant FABPs, a binding assay was conducted
using fatty acids including DAUDA, retinol and cis-parinaric acid (Cayman
Chemical). For DAUDA and cis-parinaric acid, 1 pM of protein was mixed with 1
M of fatty acid by pipetting and then transferred in a cuvette. The fluorescent
intensity was recorded from 350 nm or 400 nm to 600 nm after excitation at 345 nm
and 320 nm, respectively, using fluorescence spectrometer (Varian). Because it easily
degrades in aqueous solutions, retinol was directly added into a cuvette containing 1
UM of protein in PBS, briefly pipetted, and the emission was read from 400 nm to 600
nm after excitation at 350 nm. In this study PBS and bovine serum albumin (BSA)

were used as negative and positive controls, respectively.

2.12 Preparation and purification of anti-FABP3 rabbit serum

The immunization of rabbits with yeast-expressed rFABP3 was conducted by Harlan
Laboratories, Leicester, UK. Before immunization, animals were pre-bled. Boosts
were given 14d and 28d post-immunization and 100 g of pure rFABP3 antigen
emulsified with adjuvant Titermax were administrated each time. The immunized

rabbit was kindly slaughtered 7d post-boost 2.
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The serum was brought to 40% saturation of ammonium sulphate and gently agitated
at 4°C overnight, followed by centrifugation at 4°C at 5,100rpm for 30 min. The pellet
was resolved in Tris Buffer Saline (20 mM Tris, 150 mM NaCl, pH 7.4, TBS). The
resuspended serum was dialyzed to remove ammonium sulphate at 4°C overnight. The

concentration was determined by Bradford as previously described.

The anti-FABP3 titre was determined by enzyme-linked-immunosorbent serologic
assay (ELISA). rFABP3 (5 pg/ml) was coated and incubated at 4°C overnight. After
three washes with PBS containing 0.05% Tween-20, the coated plate was blocked in 1%
BSA-containing PBS (pH 7.4, B-PBS) and incubated with diluted sera in B-PBS at
room temperature for 1h. For the blank wells, B-PBS was added. The plate was rinsed
as previously, followed by addition of peroxidise-conjugated anti-rabbit IgG (Sigma)
10,000 diluted in B-PBS and then incubation at room temperature for 45 min. After
wash, the substrate solution (Sigma) was added into each well for colour development
in the dark at room temperature for 15 min, followed by addition of H,SO,4. The OD

values were read using microplate reader (Bio-Rad).

2.13 Western blot

The protein samples were resolved on 15% SDS-PAGE gel and transferred onto
Hybond nitrocellulose membrane (Amersham, GE). Transfer was conducted at 90
voltages for 70 min using cool transferring buffer (25 mM Tris, 190 mM glycine and
20% methanol). The protein-bound membrane was subject to blocking in TBS
containing Tween-20 (20 mM Tris, 150 mM NaCl and 0.1% Tween-20, TBST) and 1%
BSA. After three washes with TBST, the membrane was incubated with rabbit
purified anti-FABP3 antibody 1:1000 diluted in BSA-containing TBST at 4°C
overnight with gentle agitation, followed by incubation with goat horseradish

peroxidise-conjugated anti-rabbit 1gG (1:2000, Sigma) at room temperature for 60 min.
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The colour was developed using 3, 3°, 5, 5’-Tetramethylbenzidine (TMB) Liquid

Substrate System (Sigma).

3. Results

3.1 Identification and gene structures of emFABPs

Using E. granulosus FABPs (AAK12095.1 and AAK12096.1) and S. mansoni FABPs
(Smp_046800 and Smp_095360) as queries, we obtained five potential homologues
with an e-value of less than 1e-10. With comparison of E. granulosus FABPSs, their
open reading frames were determined and validated by our transcriptome data
(ftp://ftp.sanger.ac.uk/pub/pathogens/Echinococcus/multilocularis/transcriptome/).

These FABP genes were designated as emFABP1, 2, 3, 4 and 5, which were located
on two different scaffolds (Fig. 5-16 A) It was notable that emFABP2, 3 and 4 were
on the forward strand, while emFABP1 and 5 on the reverse. Alignment analyses
showed that emFABP2 and emFABP3 encoded an identical protein and the others
being distinct. In addition, only emFABP3 and emFABP4 shared the highest identity,

up to 73% (Table 5-16).

Unlike mammalian FABP genes that commonly comprise four exons and three introns
(Schaap et al.,, 2002), emFABPs had different gene structures and genomic
organizations. Three emFABPs 2, 3 and 4 were organized in two exons and one intron,
whereas emFABP1 and 5 were intronless. Further comparison of introns and
untranslated regions (UTRs) of both emFABP2 and 3 showed that the two introns and
the upstream region (from -615 to ATG) were completely identical. It was remarkable
that the length of the last exon of emFABPs and egFABPs was invariable, which is

also observed in most of other invertebrate and vertebrate FABPs (see Chapter 4).

Structural prediction showed that emFABP1, 3 and 4 had typical secondary structure

elements except emFABPS5, two alpha helixes and ten beta sheets (Fig. 5-17).
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Figure 5-16 Schematic presentation of genomic organization and gene structures
of Echinococcus FABPs.

The exons are depicted as boxes and the introns as thick short lines between boxes.
The grey-filled boxes in A represent the genes that are identical at the nucleotide level.
The loci for E. multilocularis (A) and E. granulosus (B) FABPs are localized on the

forward strand (above the lines) or on the reverse strand (beneath the lines)

Table 5-16 Comparison of emFABPs.

Identity (%)
Length (a/ mw’) ~FABPI  FABP3  FABP4

emFABP1 143/16.21

emFABP3 133/15.10 42

emFABP4 133/15.36 45 73

emFABPS 124/14.00 37 40 40

%aa: amino acid; mw: molecular mass weight expressed as kDa.
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None of the emFABP genes contained known signal peptides and O-linked
glycosylation sites. It was predicted that there were one (Asn**®) and two (Asn** and
Asn®) potential N-linked glycosylation sites in emFABP1 and 5, respectively, but not

in emFABP3 and 4.

3.2 Comparison of emFABPs and E. granulosus FABPs (egFABPs)

We took advantage of the genomic sequence of E. granulosus to analyze the
evolutionary relationship of FABPs through comparison of genomic organisations,
exons and introns. FABP homologues of E. granulosus were firstly identified through
interrogating the genome database wusing four emFABPs as queries
(http://www.sanger.ac.uk/cgi-bin/blast/submitblast/Echinococcus). As a result, five
orthologues with low e-values (< 1e-10) were confirmed and the nucleotide identities
ranged from 80% to 99% (Table 5-17). Interestingly, the genomic organization of
egFABPs was similar to that of emFABPs and egFABP homologues had the same
gene structure as corresponding emFABPs (Fig. 5-16 B). However, egFABP2 and
egFABP3 were heterogeneous at the nucleotide and amino acid levels. Moreover,
unlike emFABP2 and 3, the upstream regions (from -615 to ATG) of egFABP2 and
egFABP3 had 84% identity. It was worth mentioning that FABP1, 4 and 5 in E.
multilocularis and E. granulosus were conserved, whereas emFABP3 and egFABP3

only shared 63% identity at the amino acid level (Table 5-17).

Since introns tend to easily mutate and intron gain or loss appears to be a very slow
process (Irimia and Roy, 2008), intron compositions and structures are informative
markers for the evolutionary history of orthologues and paralogues across species or
in individual species. Using the introns of emFABPs and egFABPs, the evolutionary
relationship of these FABP-encoding genes was further investigated. Although the

clade of egFABP2-intron and egFABP3-intron was poorly supported, the position
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Figure 5-17 Alignment of Echinococcus FABP sequences.

These sequences were aligned using Clustal W with default parameters and checked by eyes. The gaps among the aligned sequences are filled with dashes (-)
and the amino acid residues identical to the consensus are shown as dots. The secondary structural elements of egFABP1 are numbered (1 and 2 or from A to
J) and are shown above the consensus sequence: a: helix; B: B sheet. Three residues that are supposed to directly interact with fatty acids are marked with dark

dots.
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Table 5-17 FABP homologues in E. granulosus

Homologue Gene Length (aa) Identity (%, nu/aa)® E-value Position/strand
egFABP1  emFABP1 143 98/100 3.2e-89 Egu.pathogen_ EMU_contig_32871/-
egFABP2”  emFABP3 133 91/95 2.6e-73 Egu.pathogen_EMU_contig_32871/+
egFABP3 133 80/63 1.2e-44 Egu.pathogen_EMU_contig_32871/+
egFABP4° emFABP4 133 99/100 4.1e-78 Egu.pathogen_ EMU_contig_32871/+
egFABP5  emFABP5 124 99/100 2.2e-77 Egu.pathogen_ EMU_contig_33238/-

Note: ®Identity to corresponding emFABPs at the nucleotide (nu) or amino acid (aa) level,

®With 98% identity to reported E. granulosus FABP1 (AAK12096.1);

‘Identical to reported E. granulosus FABP2 (AAK12095.1).
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between emFABP3-intron and the egFABP2-intron lineage was clearly resolved;
furthermore, emFABP4-intron and egFABP4-intron formed one clade different from
the cluster comprising of emFABP3-intron, egFABP2-intron and egFABP3-intron
(Fig.5-18 B). These results are consistent with Echinococcus FABP positions in the
evolutionary tree inferred from amino acid sequences (Fig.5-18 A). These results
demonstrate that egFABP2 and egFABP3 may have derived from the same origin as
emFABP3, and that egFABP4 and emFABP4 may have descended from a common
ancestor. It is possible that the significant divergence of egFABP3 may have resulted

from mutation during evolution after speciation.

3.3 FABP mRNA levels across life stages

E. multilocularis has three different developmental stages. Recently, it has been
demonstrated that the primary cells derived from vesicles that are comprised of
neoblasts, a type of stem cells, enable to form cellular aggregates in the early
cultivation phase and later develop mature vesicle with the laminated layer under
specific conditions (Spiliotis et al., 2008). It is worth investigating the transcriptional
status of four emFABPs across the life cycle. Here we used our transcriptome data to
evaluate their mRNA levels in the cellular aggregates, vesicles and dormant
protoscoleces. Technically, it is impossible to distinguish the reads mapped to
emFABP2 and emFABP3 because these two genes including the 5° UTR are identical.
Therefore the reads mapped to both emFABP2 and emFABP3 were summed up for
calculation of emFABP3 abundance. The expression levels were transformed into
reads per kilobase of exon model per million mapped reads (RPKM) (Mortazavi et al.,
2008). For easy presentation the levels of each emFABPs in the different samples

were normalized to the level of emFABP4 in each sample.
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Figure 5-18 Evolutionary relationship of Echinococcus FABPs inferred from

amino acid or intron sequences.

The amino acid and intron sequences were aligned using Clustal W with default

parameters and checked by eyes. Maximume-likelihood and Neighbour-joining were

used to construct phylogenetic trees inferred from amino acid (A) and intron (B)

sequences, respectively. The trees were tested by bootstrap with 1,000 replications.

The bootstrap values are shown on or below the branches and the substitution

frequency of the branch is also indicated below the trees.
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In all the samples emFABP3 was highly expressed while emFABP1 and 5 had low
expression levels. In particular, emFABP3 appeared to be remarkably up-regulated in
the vesicles (Fig. 5-19). In contrast to the emFABP3 mRNA level, emFABP4 mRNA
was approximately 10 times less in the cell aggregates and dormant protoscoleces and
50 in the vesicles. In summary, the elevated expression of emFABP3 may provide a

clue that it plays a role in the infection of the vesicles.

3.4 Recombinant FABPs produced by E. coli and yeast

All of emFABP genes were subcloned into pET-SUMO vector and induced to express
in E. coli hosts. It was shown that purified recombinant FABPs fused with a 6>His tag
and a SUMO moiety (~13 kDa) at the N terminal (rfSUMO/FABPSs) had the same
molecular mass weights as theoretical ones (Fig. 5-20 A). rfSUMO/FABP3 and 4 were
present mainly in a soluble form (lanes 2 and 3, Fig. 5-20 A), whereas
rSUMO/FABP1 and 5 (lanes 1 and 4, Fig. 5-20 A), especially rSUMO/FABPS5, in
inclusive bodies. It was noted that some ambiguous bands with molecular mass
weights of nearly 20 kDa and less than 14.3 kDa were observed in rSUMO/FABP1
(arrowed in the lane 1, Fig. 5-20 A), possibly due to the instability and easily to
hydrolyze. Moreover, there existed a single band with a molecular mass weight of
more than 55.6 kDa in each rISUMO/FABP3, 4 and 5 (marked with arrowheads, Fig.
5-20 A). Based on their molecular mass, these proteins may be the dimers of

individual rSUMO/FABP.
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Figure 5-19 mRNA levels of emFABPs in vesicles, cell aggregates and dormant

protoscoleces.

In the table below the figure, the number of reads mapped to each emFABP genes is

shown and the relative abundance of individual emFABP (numbers in the brackets) is

normalized to the emFABP4 level in the corresponding sample.
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Figure 5-20 SDS-PAGE analysis of rSUMO/FABPs and efficacy of SUMO
protease.

Purified E.coli-produced FABPL1, 3, 4 and 5 (from lane 1 to 5 in A) were resolved on
15% SDS-PAGE gel. The molecular mass weight markers are shown on the far left
(lane M). The potentially degraded rSUMO/FABP1 is indicated by arrows and the
dimers of rSUMO/FABP3, 4 and 5 are pointed with arrowheads. rSUMO/FABP3
(lane 4 in B) and rSUMO/CAT (lane3 in B) were treated with SUMO protease at
room temperature. The parallel samples that were incubated without the protease
(lanes 2 and 5) and the original lysates (lanes 1 and 6 in B) are also loaded for

comparison. The digested products are indicated by arrows.
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We then tried to remove the SUMO segment from rSUMO/FABPS to release rFABPs
using SUMO protease. The SDS-PAGE results showed that SUMO protease had very
limited capacity to cleave the target from the fused proteins under different salt
concentrations, incubation time and temperature (data not shown). It is well known
that the cleavage efficiency of SUMO protease depends on the correct conformation
of the SUMO moiety. It might be that the conformation of rSUMO/FABPs changes
during the processes of purification, delipidation or/and endotoxin removal. Therefore
the original lysate was subject to SUMO protease digestion. In the presence of SUMO
protease, the control rSUMO/CAT was efficiently digested into two parts but not for
rSUMO/FABP3 (Fig. 5-20 B). This evidence rules out the possibility that the limited
digestion efficacy may be derived from the conformational changes that occur during
the periods of purification, delipidation or/and endotoxin removal. We also tried to
denature and renature rSUMO/FABP3 using a gradient urea buffer but this approach
did not enhance digestion (data not shown). Considering the binding ability of
rSUMO/FABPs (see the section fatty acid binding of rSUMO/FABPs and rFABP3),
we thought E. coli might not be a suitable host for expression and thus used yeast as a

host.

For expression in yeast, only emFABP3 was focused on to produce a recombinant
protein. For ease of purification, a 6>His tag was fused at the C terminal. Purified
yeast-derived His-tagged FABP3 showed no obvious binding affinity with a fatty acid
DAUDA and retinol. The potential explanation is that this protein may be unfolded
due to the fused His tag. Thereby we managed to express FABP3 in a native form.
The purity of yeast-produced recombinant FABP3 (rFABP3) was checked using SDS-
PAGE (Fig. 5-21) and its concentration was up to 678 pg/ml. In this endotoxin-
removed rFABP3 sample, the endotoxin level was confirmed to be less than 5 EU/mI

(equal to 0.5 ng/ml).
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Figure 5-21 SDS-PAGE analysis of purified yeast-derive rFABP3 in a native
form.
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3.5 Fatty acid binding of rSUMO/FABPs and rFABP3

The fluorescent fatty acid DAUDA gives maximum emission at 550 nm (Em max)
after excitation at 350 nm (Barth et al.). The binding of this acid to hydrophobic
ligand binding proteins results in increase of fluorescent intensity and a shift of Em
max wavelength from 550 nm to 500 nm (Saghir et al., 2001; Timanova-Atanasova et
al., 2004; Timanova et al., 1999). In our study, the addition of rSUMO/FABPs did not
give rise to a pronounced fluorescence increase nor did the the Ex max shift compared
with DAUDA alone (Fig. 5-22 A), indicating no appreciable binding. Likewise, there
was not distinguishable difference in the retinol with or without rSUMO/FABPs,
which has a natural fluorescent property (Ex at 350 nm and Em max at 480 nm). As
for cis-parinaric acid that gives a natural fluorescence at 430 nm after excitation at
320 nm, a modest fluorescent increase was observed in both rSUMO/FABP3 and 4
samples compared to the fluorescent probe alone. In contrast, the addition of SUMO
used as a negative control only gave slight enhancement of fluorescence. These
suggest that the increased fluorescence is attributed to the binding of cis-parinaric acid
to rSUMO/FABP2 or 4. Apparently, the fluorescent enhancement of rSUMO/FABP2
or 4 was still significantly lower than BSA which was used as a positive control (Fig.
5-22 B). Collectively these results demonstrated that these E. coli-derived FABPs had
no evident binding capacity with DAUDA and retinol but exhibited weak binding to

cis-parinaric acid.

The binding assay with DAUDA showed that the addition of purified His-tagged
rFABP3 did not affect the fluorescent intensity and emission wavelength compared to
the fatty acid alone. With the exception of slight increase of intensity in the samples
combined with DAUDA and retinol, yeast-derived rFABP3 without a His tag
presented the same binding patterns as did rSUMO/FABP3 and 4 (Fig. 5-23). We
cannot rule out the possibility that the increase of DAUDA and retinol fluorescence

results from other factors rather than bound fatty acids.
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Figure 5-22 Binding assay using DAUDA and cis-parinaric acid.

The binding ability of rSUMO/FABPs and yeast-produced rFABP3 without any tags

were determined using DAUDA (in A) or/and cis-parinaric acid (PC, in B). The

fluorescent intensity was recorded after excitation at 350 nm and 320 nm, respectively.
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Figure 5-23 Binding assay of yeast-produced rFABP3 without any tags.
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3.6 Rabbit anti-rFABP3 antibody and Western blotting

After ammonium sulphate purification, rabbit serum against rFABP3 was subject to
determination of a specific anti-rFABP3 IgG level using direct ELISA. As shown in
Fig. 5-24, OD values were significantly higher in 12,800 diluted anti-rFABP3 serum

than serum collected before immunization (indicated as negative).

Using proteomic approaches, it has been reported that E. granulosus FABP(S) are
expressed in the germinal layer (Monteiro et al., 2010). But it is not clear whether or
not Echinococcus FABPs are secretory/excretory. Here, Western blot result showed
that anti-FABP3 antibody strongly reacted with the lysate of vesicles or the hydatid
fluid (Fig. 5-25), the bands of which had the similar molecular mass weight as
rFABP3. This suggests that native FABP3 of E. multilocularis is secreted or released

into the hydatid fluid.

4., Discussion

Fatty acids play numerous roles in energy storage, metabolism, gene expression
regulation and cellular signalling in organisms. During infection, the normal
physiological processes of E. multilocularis largely rely on the hosts in which it
resides. Due to lack of ability to de novo synthesize long-chain fatty acids, this
parasite has to acquire lipids entirely from the hosts, in which FABPs are essential

players.

Here, it was shown that E. multilocularis expressed at least four distinct FABPS
without typical gene structures commonly found in vertebrate and other invertebrate
FABPs. In contrast to S. mansoni and S. japonicum which have two and one FABP,
respectively, the FABP-encoding genes were expanded in Echinococcus species,

suggesting the important functions of this protein family. It is worth highlighting
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Figure 5-24 Determination of rabbit anti-rFABP3 antibody level by ELISA.

The data are expressed as mean %S.D. Each dilution was tested in triplicate. The pre-

immunization serum (50> diluted) was used as negative.
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Figure 5-25 Confirmation of native FABP3 present in the hydatid fluid by
western blot.

Reaction of anti-rabbit FABP to vesicle lysate (lanel), hydatid fluid (lane 2) and to
rFABP3 (lane3). Positive reactions are arrowed at an appropriate molecular weight to
predictions from the amino acid sequence. The protein markers are shown on the far

right (M).
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that FABP-coding genes of both trematodes can be spliced to yield isoforms that may
possess variant properties and execute different functions. There was no evidence to
support such a post-transcriptional modification in maturation of Echinococcus
FABPs. Intriguingly, the E. multilocularis genome contained two loci for intronless
FABP genes, emFABP1 and emFABPS. Intronless FABP genes have already been
described in mice (Treuner et al., 1994), rat (Bonne et al., 2003) and humans (Prinsen
et al., 1997), all of which have lost activity during evolution, being pseudogenes. The
human intronless FABP gene is localized on chromosome 13 and shares 85% identity
to human heart-FABP, which resides on chromosome 1. Alterations of some amino
acid residues, which are indispensible for the interaction with fatty acids, lead to the
loss of function in lipid binding (Prinsen et al., 1997). It is still not clear what the
binding spectra of E. multilocularis FABP1 and 5 are and whether or not emFABP1
and emFABPS are pseudogenes. But the fact that both genes are absolutely conserved
at the amino acid level between E. multilocularis and E. granulosus favours the idea
that emFABP1 and emFABP5 may function normally although they seem to be

expressed at low levels in the samples investigated in this study.

The genomic organization and gene structures of FABP-coding genes were similar in
both Echinococcus species. Integral analyses of coding region, 5> UTR or/and intron
sequences illustrated that these features may have derived from their common
ancestor. Simultaneously, it is also supported that duplication of FABP2 or FABP3,
which are identical at the nucleotide and amino acid levels in E. multilocularis, may
have occurred before speciation of E. multilocularis and E. granulosus. Among five
orthologues, FABP1, 4 and 5 were highly conserved in both parasites, while FABP2
and FABP3 were various. The divergence of both egFABP2 and egFABP3 is
proposed to have stemmed from mutations in the evolution of E. granulosus. We
therefore argue against the concept that egFABP2 and egFABP3 may have proceeded

from a recent duplication event (Esteves et al., 2003). Given egFABP3 plays roles in
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the fatty acid metabolism in E. granulosus infection, the heterogeneity of egFABP3
may reflect variety of its hosts because different animals including human beings are
various in an aspect of lipid metabolism (Nafikov and Beitz, 2007). For instance,
lipids are digested in a unique way in ruminants, giving rise to fermentation of
triacylglycerols- and phospholipids-derived glycerol to volatile fatty acids and to
hydrogenation of unsaturated fatty acids to saturated fatty acids (Nafikov and Beitz,

2007).

In E. multilocularis, emFABP3 was highly expressed in cell aggregates, protoscoleces
and vesicles, particularly the latter, suggesting that emFABP3 may play a role in
vesicle infection or/and development. Conversely, emFABP1 and 5 appeared to be
expressed at low levels. As discussed before, these two genes may be functional and it
will be interesting to investigate their expression status in the infectious stages. It is
well established that E. multilocularis can release numerous molecules to increase the
chance of survival by modulating the parasitic microenvironment in hosts. So it is
worthwhile investigating whether or not emFABPs are secretory/excretory. Not
surprisingly, our study confirmed that native emFABP3 was secreted or released into
the hydatid fluid. Although their precise functions are unclear, a wealth of studies has
shown that some FABPs are present in the excretory/secretory (ES) products in
trematodes (Chunchob et al., 2010; Liu et al., 2009a; Morphew et al., 2007) and the
blood in healthy humans (Tso et al., 2010). In E. granulosus, the expression of
FABP(s) was found in the germinal layer but not in the hydatid fluid using proteomic
approaches (Monteiro et al., 2010). Vertebrate FABPs have been shown to be closely
related with inflammation (Makowski et al., 2001; Shum et al., 2006).
Notwithstanding the low identity between emFABPs and vertebrate FABPs, they do
have similar tertiary structures, whereby these FABPs function. Therefore it can be
envisaged that emFABPs released into surrounding tissues may participate in the host-

parasite interaction during infection.
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Although the function remains unclear, some studies indicate that different FABPs
may function cooperatively as a protein complex and individual FABPs can form
dimers. For instance, F. hepatica FABP from adults comprises at least eight isoforms
with the same molecular weight but not pl (Espino and Hillyer, 2001). Another
example is a bovine mammary-derived growth inhibitor, which depresses the growth
of breast cancer cells. This was revealed to be a mixture of heart and adipocyte
FABPs, with heart FABP being the active factor responsible for suppression of cell
growth and proliferation (Borchers et al., 1997). For E. coli-derived emFABP3, 4 and
5 but not yeast-produced FABP3, we noticed that there was a single band with a
molecular mass weight of less than 66.4 kDa, suggesting that these proteins are
dimers. Such self-aggregation has already been described in other FABPs and it is
assumed that this self-aggregation occur upon ligand binding (Lucke et al., 2002;
Timanova-Atanasova et al., 2004). It is possible that delipidated emFABP3, 4 and 5
still harbour bound fatty acids due to inefficient lipid depletion, which was also

reported previously (Jakobsson et al., 2003).

Endotoxin, known as lipopolysaccharide (LPS), is one of cell wall constituents of
Gram-negative bacteria. It can activate immune cells to secrete a large number of pro-
and anti-inflammation cytokines via Toll-like receptors. To eliminate artifacts,
recombinant proteins that are used to explore immunological functions are required to
be endotoxin-free. There are several approaches that have been extensively used for
endotoxin elimination (Magalhaes et al., 2007). In our experiments Triton-114 was
first employed to remove LPS but the efficiency was limited especially when LPS
concentration in the samples was low. Then we tried to utilize Triton-114 during
purification steps as described previously (Reichelt et al., 2006). However the samples
still contained a high level of endotoxin (100 EU/mI~1000 EU/mI). Finally, a

combination of Triton-114 and polymixin B-labelled beads was used, which was

142



found to efficiently deplete LPS. The main disadvantage of the combined method is

relatively lower recovery in comparison with the approaches described above.

The crystal structure of egFABP2 has been deciphered at a resolution of 1.6 A,
revealing a canonical barrel comprising of 10 B sheets that is structurally similar to
myelin FABP (Jakobsson et al., 2003). Three residues Arg’®”, Arg'? and Tyr'® are
supposed to be involved in interactions with fatty acids. Unexpectedly, a fatty acid
molecule, possibly palmitic acid, was found to bind to purified and delipidated
egFABP2. This protein is capable of binding to cis-parinaric acid with a dissociation
constant at a nano-molar range (Alvite et al., 2001). It may offer two binding sites for
cis-parinaric acid, which were not supported by structural data (Jakobsson et al., 2003).
In our study the binding results revealed that emFABP3 and 4, which shared 93% and
76% identities with egFABP2, respectively, were incapable of DAUDA and retinol
but both exhibited weak binding to cis-parinaric acid. Likewise, yeast-derived FABP3
had the similar binding spectrum. In both emFABP3 and 4, the amino acids that are
directly associated with ligand binding were intact. Moreover, another three residues,
such as Phe®, Pro™® and Asp’’ that are critical for fatty acid binding (Jakobsson et al.,
2003), were also invarious. It is still not clear why these proteins possess limited
capacity for binding to DAUDA and retinol. One possible explanation is that these
proteins lack the proper conformation due to unknown factors. Another possibility is
that the benzenoid moiety of DAUDA prevents it from entry into the binding pockets.
Alternatively, emFABP3 and 4 may have lost the binding capacity during evolution.

Elucidation of the crystal structures will help us to address these issues.
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Chapter 6 Modulation of macrophage and dendritic cell

functions by E. multilocularis FABP3 in vitro

Abstract

The lack of adipocyte FABP gives rise to the dramatic abolition of cytokine
expression in macrophages and dendritic cells. It suggests that this protein could be
involved in the pathway associated with cytokine synthesis. Here rFABP3 was shown
to induce the secretion of pro- and anti-inflammatory cytokines by murine bone
marrow-derived macrophages (BMDMs) and/or dendritic cells (BMDCs). This was
significantly attenuated by addition of specific antibody against rFABP3. rFABP3 was
also shown to activate Toll-like receptor (TLR) 2 but not TLR 4, 1/2, 6/2, 5 and 9 in
HEK transfected cells. Moreover, the expression of IL-6 and TNF o by BMDMs
stimulated by rFABP3 was significantly down-regulated by the addition of anti-TLR2
antibody but no effects were observed in LPS-activated and anti-TLR 2 antibody-
blocked BMDMs. We also showed that rFABP3 did not possess the capacity to
activate BMDM nitric oxide (NO) or suppress of NO production by LPS-activated
BMDMs. Interestingly, the combination of rFABP3 and heat-killed Listeria
monocytogenes elicited high levels of NO in a dose-dependent manner. These results
demonstrate that FABP3 induces BMDM and BMDC cytokine secretion feasibly

through a TLR 2 pathway.

1. Introduction

During infection, E. multilocularis dynamically interacts with hosts to favour its
invasion and growth via the release of a wide range of molecules, some of which

interfere with the normal functions of the host immune system. It has been shown that
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E. multilocularis FABP3 is highly expressed in protoscoleces and is present in the

hydatid cyst fluid (Chapter 5).

FABPs are proposed to participate in a wide range of processes, including lipid
trafficking, signalling, oxidation and gene transcription regulation, and deficiencies in
this protein family are strongly associated with metabolic syndrome or disorders
(Atshaves et al., 2010; Furuhashi and Hotamisligil, 2008; Furuhashi et al., 2007; Liu
et al., 2010). For instance, three mammalian heart, epidermal and brain FABPs that
are expressed in different spatial and temporal patterns are involved in neuron-glia
interactions during brain development (Liu et al., 2010). Genetic analysis has revealed
that brain FABP is likely linked to prepulse inhibition, which is a biological hallmark
for schizophrenia, and abnormal expression or/and a single nucleotide polymorphism

of the brain FABP-coding gene are observed in schizophrenia patients.

A link between FABP and inflammation emerges from the findings that adipocyte
FABP (aFABP) is expressed in macrophages upon stimulation and cytokine
expression is strikingly reduced in aFABP-deficient macrophages (Makowski et al.,
2001). Knockout of aFABP reduces the activity of IkB kinase and NF-kB, the activity
of which relies on the availability of fatty acids, giving rise to an impairment of
cytokine production (Makowski et al., 2005). It has been recently demonstrated that
aFABP influences macrophage cytokine production via a positive feedback network,
which is comprised of c-Jun NH,-terminal kinase and activator protein-1 (Hui et al.,
2010). After LPS stimulation, aFABP transcription is activated, which is initiated by
c-Jun NH,-terminal kinase that is recruited to the binding region of the activator

protein 1 in the aFABP promoter.

Dendritic cells show similar expression profiles of FABPs to macrophages. During
differentiation, aFABP is also up-regulated but is not crucial to dendritic cell

differentiation (Rolph et al., 2006). Deficiency of aFABP adversely affects the
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degradation of IkB kinase in the LPS-stimulated dendritic cells, which mediates the
migration of NF-«xB to the nucleus, resulting in a reduced transcription of
inflammatory genes. Furthermore, aFABP is required for dendritic cells to activate T

cells (Rolph et al., 2006).

Considering the diversity of FABP functions, it is worthwhile investigating the
immunological properties of E. multilocularis FABP3. Here we showed that this
antigen modulated the expression of cytokines TNF a, IL-6 and IL-10 by bone
marrow-derived macrophages (BMDMs) and dendritic cells (BMDDs) potentially
through TLR 2. Moreover, rFABP3 did not induce macrophages or dendritic cells
directly to generate nitric oxide (NO) or suppress NO by LPS-stimulated BMDMs and
BMDDs. However, the combination of rFABP3 and heat-killed Listeria
monocytogenes induced NO synthesis in a dose-dependent pattern. These results raise
the possibility that FABP3 has immunomodulatory functions during Echinococcus

species infection.

2. Material and methods

2.1 TLR cell lines, ligands and mice

Human embryonic kidney epithelial cell line 293 (HEK293) TLR transformants
including TLR 1/2, 2/6, 2, 4 and 5 and CD14 transformant cells (kept in our lab) were
used in this study and corresponding ligands were purchased from Invivogen. For
TLR 2, 4 and CD 14, the cells were maintained in DMEM (Sigma) supplemented with
10% fetal bovine serum (FBS, endotoxin-free, sigma), 5 pg/ml puromycin (Invivogen)
and 100 pg/ml normocin (lvivogen). The other TLR cells were cultured in the same

media except puromycin that was replaced by 10 pg/ml blasticidin.

6~8 weeks old healthy C57 BL/6 mice were purchased from Charles River

Laboratories, UK. Mice were kept in animal facilities (Queen’s Medical Centre, the
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University of Nottingham) until they were humanely sacrificed by carbon dioxide and

cervical dislocation before use.

2.2 Stimulation of TLR transformants by rFABP3 and ligands

One day before activation, cells at approximately 80% confluence were harvested
using trypsin detachment solution (Sigma) and cell viability was checked by trypan
blue exclusion. 100 i of ~3.5x10° cells were seeded in 96-well plates (Costar) and
then placed for 12h in a 37°C incubator supplemented with 5% CO,. Next day, the
medium in each well was gently removed and 100 i of the fresh medium containing
rFABP3 or/and ligands added and incubated for additional 24h. The medium was then

stored at -80°C for future use.

2.3 Preparation of bone marrow-derived macrophages and
bone marrow-derived dendritic cells

Bone marrow-derived macrophages (BMDMs) and bone marrow-derived dendritic
cells (BMDDs) were prepared according to previously described methods with some
modifications (Flores et al., 2007; Weischenfeldt and Porse, 2008). Briefly, mouse
tissue-free femurs and tibias were flushed with ice-cold endotoxin-free PBS (Sigma)
to collect bone marrow. Red blood cells were disrupted by the addition of lysis buffer
(Sigma), followed by centrifugation at 400>y for 10 min. The cells were then
resuspended in RPMI-1640 media (Sigma) supplemented with 10% FBS and the cell

viability and concentration determined as before.

For BMDMs, 1.5x10° cells per well were seeded in 24-well plates (Costar) in 10%
FBS RPMI-1640 containing 20 ng/ml macrophage-colony stimulation factor (M-CSF,
R&D Systems) and incubated overnight at 37°C with 5% CO,. On day 2, the plates
were gently and briefly shaken to get rid of dead and unattached cells and the same

fresh medium was added, followed by incubation as described previously. The

147



medium was also changed on day 3 and 5. BMDMs normally appeared to be confluent

and adherent on day 6 to 9.

To prepare BMDDs, 2 ml of bone marrow cells (6.0x10° cells per ml) were added into
each well in 6-well plates in 10% FBS RPMI-1640 containing 50 pM 2-
mercaptoethanol and 20 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF, R&D Systems) and incubated as before. The medium was changed on day
3 and 6. On day 7, the cells were thoroughly washed with endotoxin-free PBS (Sigma)
to detach cells. The viable cells were counted and 500 | of the cells (3.0%10°%) were
added into each well in 24-well plates and incubated for 6h for adherence. Afterwards,

BMDDs were stimulated by rFABP3 and other ligands.

2.4 Determination of cytokine levels in the supernatant of cell
culture after stimulation

The concentration of cytokines including interleukin-8 (IL-8) by TLR transformant
cells, TNF a, IL-6 and IL-10 by BMDMSs or/and BMDDs was determined by DuoSet

ELISA Kit according to the instructions (R&D Systems).

Firstly, 50  of capture antibody diluted in filtered PBS were added per well in 96-
well plates and incubated overnight at room temperature. After three washes with PBS
containing 0.05% Tween-20, the coated plates were blocked in 1% BSA-containing
PBS (pH 7.4, B-PBS) at room temperature for at least 1h, followed by addition of 50
A of cell culture supernatant or standards and then incubation at room temperature for
additional 2h. For the blank wells, B-PBS or reagent diluent (0.1% BSA, 0.05%
Tween-20, 20 mM Tris, 150 mM NacCl, pH 7.2, only for IL-8 and IFN gamma) was
used. The plates were rinsed as mentioned before and incubated with 50 i detection
antibody for 2h at room temperature. 50 | of 200 diluted streptavidin conjugated to
peroxidise were added to each well and placed in the dark for 20 min. After three

washes, 50 M of substrate solution (3,3°,5,5-tetramethylbenzidine, Sigma) were
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added into each well for colour development in the dark at room temperature for 20
min, followed by addition of 25 i of 2M H,SO,. The OD values were read using

microplate reader (Bio-Rad) and the concentration calculated using the 4PL program.

2.5 Assessment of nitric oxide by BMDMs

Generally, nitric oxide (NO) is unstable and tends to be easily oxidized into nitrite
(NOy) (Tarpey et al., 2004). The concentration of nitrite in the supernatant of cell
culture can indirectly reflect the output of NO. Nitrite was detected using modified
Griess reagent (Sigma). Simply, 50 Wl of culture supernatant were mixed with an
equal volume of Griess reagent and incubated at room temperature for 15 min. The
absorbance was recorded at 570 nm using microplate reader (Bio-Rad). A serial of

seven double dilutions (from 100 pm to 1.56 pm) was used as standards.

2.6 Preparation of BMDM total RNA

Total RNA of BMDM was extracted using mirVana miRNA lIsolation Kit (Ambion)
according the method recommended for total RNA extraction protocol. Briefly,
BMDMs were washed with ice-cold PBS and then disrupted by addition of
Lysis/Binding Solution, followed by vortexing vigorously to entirely lyse cells. The
lysate was subject to extraction using Acid-Phenol: Chloroform. The aqueous phase
was transferred to new tubes and 1.25 volume of absolute ethanol were added and
vortexed. This mixture was loaded onto Filter Cartridge, followed by washes with
Wash Solution | and then Wash Solution 2/3. Total RNA species were eluted using

pre-heated nuclease-free water.

To decontaminate genomic DNA, the extracted RNA was subject to DNase | (Ambion)
treatment for at 37°C 20 min, followed by addition of DNase Inactivation Reagent

(Ambion). The quality of total RNA was assessed by Nanodrop (Thermo Scientific).
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2.7 Qualitative PCR analysis of expression of arginase I by

BMDMs

In this study, two-step quantitative PCR (qPCR) was applied. Complementary DNA
(cDNA) was synthesized using High Capacity RNA-to-cDNA Kit (Applied
Biosystems). 200 ng of genomic DNA-free total RNA were gently mixed with 10 i
2xRT Buffer and 1 (A of 20> Enzyme Mix. The reaction was then incubated at 37°C

for 1h, followed by inactivation of enzyme at 95°C for 5 min.

Using 1 I of cDNA as template, g°PCR was performed in a 10 i reaction system
containing 5 i of Fast SYBR Green Master Mix (Applied Biosystems) and 0.25 | of
arginase [ primers each (2 puM, forward: 5’-CCTTGGCTTGCTTCGGAACT-3’;
reverse: 5’-ATGTGGCGCATTCACAGTCA-3).The reaction was run using 7500
Fast (Applied Biosystems) under the following conditions: 95°C for 20 sec, followed
by 40 cycles of 95°C for 3 sec and 60°C for 30 sec. Relative expression levels of
arginase | were normalized to that of actin beta (2 uM, forward: 5’-
GCATTGCTGACAGGATGCAG-3’; reverse: 5’-GCCACCGATCCACACAGAGT-

3).

2.8 Statistical analysis

Graphpad Prism 5 software was employed for data analysis. Statistical significance
was analyzed using two-tailed unpaired t-test if not clearly indicated. In all

comparisons, a p value less than 0.05 was considered statistically significant.

3. Results

3.1 Cytokine profiling of BMDMs and BMDDs treated by rFABP3

We first investigated the effects of FABP3 on the cytokine production of macrophages

and dendritic cells. tTFABP3 induced the production of cytokines including TNF a, IL-
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10 and IL-6, with no appreciable TNF a secretion in the BMDMs treated with purified
yeast control or in the blank (Fig. 6-26 A, B and C). In BMDMs, production of TNF a
and IL-6 in the rFABP3-treated group was comparable to that produced by the cells
stimulated by LPS (1 pg/ml, p > 0.05), an agonist for TLR 4. By contrast, rFABP3
elicited much less IL-10 than did LPS (p < 0.01). It was noted that, with exception of
IL-6, heat-killed L. monocytogenes (HKLM), a ligand for TLR 2, significantly

induced higher levels of TNF a and IL-10 in comparison with rFABP3 (p < 0.01).

In BMDDs, elevated TNF a was also observed after stimulation and was significantly
higher in the rFABP3-stimulated cells than that in the blank (p < 0.01). Likewise, LPS
also induced a high level of TNF a (its concentration was out of detection limits, data
not shown). It was noticed that the appreciable production of TNF o was observed in

the normal BMDDs (Fig. 6-26 D).

In our experiments, the different order of addition of rFABP3 (5 g/ml) or LPS (100
ug/ml) exhibited different stimulation efficacy in BMDMs. The TNF a levels were
significantly higher in the group that were treated by rFABP3 first and LPS added 12h

later (rFABP3-LPS) than the LPS- and LPS-rFABP3-stimulated cells (Fig. 6-26 E).
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Figure 6-26 rFABP3 effects on cytokine production by BMDMs and BMDDs.

Except E, BMDMs and BMDDs were activated by the following stimuli: rFABP3 (10
g/ml), LPS (1 pg/ml), rFABP3 (10 pg/ml) + LPS (1 pg/ml), HKLM (1x10%) and
purified yeast control (2 or 5 volumes of rFABP3). After 24h incubation, culture
supernatant was subject to ELISA for determination of TNF a (A and D), IL-10 (B)
and IL-6 (C). Purified yeast control was prepared as the methods used for preparation
of rFABP3. In E, BMDMs were treated with rFABP3 (5 pg/ml), LPS (100 ng/ml),
first rFABP3 (5 pg/ml) and 12h later LPS (100 ng/ml) (rFABP3-LPS), or first LPS
(100 ng/ml) and 12h later rFABP3 (5 pg/ml) (LPS-rFABP3). The data are expressed

as the mean £S.E. **p < 0.01.
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3.2 Anti-rFABP3 antibody down-regulates the TNF a expression
stimulated by rFABP3

To confirm the effects of rFABPs on cytokine production, anti-rFABP3 antibody was
used to block the actions of the recombinant protein. First of all, the concentration of
anti-rFABP3 for neutralization was optimized. The secretion of TNF o or IL-10
production significantly decreased in all the treated cells upon the addition of anti-
rFABP3 antibody (from 20 pg/ml to150 pg/ml) compared to the rFABP3 group
without addition of anti-rFABP3 antibody (p < 0.05, Fig. 6-27 A) and pre-bleed serum
group (data not shown). Moreover, the significant decrease in TNF a concentration (p
< 0.01) occurred in the groups with the addition of 40 pg/ml or higher but there were
no significant differences among these groups. TNF a secretion was not detected in
the cells in the presence of anti-rFABP3 antibody. These results suggest that 40 pi/ml

is an optimal concentration for blocking rFABP3 function.

In BMDMs, the production of TNF a induced by rFABP3 was significantly attenuated
by anti-rFABP3 blocking (p < 0.05), and the difference between LPS- and LPS+anti-
rFABP3-costimulated cells was not statistically significant (p > 0.05, Fig. 6-27 B).
Similarly, the significant decrease of TNF o levels was observed in the rEABP3-
treated dendritic cells in the presence of anti-rFABP3 antibody in comparison with
that in the blank (Fig. 6-27 C). Statistically, there were no differences between the
blank, the anti-rFABP3 group and the rFABP3+anti-rFABP3 group. It is assumed that
rabbit anti-rFABP3 antibody is capable of neutralizing the cytokine production of

rFABP3 by macrophages and dendritic cells.
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Figure 6-27 Anti-rFABP3 neutralization of rFABP3 functions.

Before blockade of rFABP3 using specific antibody, the conditions were optimized
using ELISA (A). In the experiments, rTFABP3 (5 pg/ml) and LPS (100 ng/ml) were
used to stimulate BMDMs (B) and BMDDs (C). For rFABP3 + or LPS + anti-
rFABP3, rFABP3 or LPS was mixed with 40 pg/ml anti-rFABP3 and then incubated
at 37°C for 1h prior to activation. The data are expressed as the mean £S.E. **p <

0.01, *p < 0.05, NS: not significant.

156



3.3 rFABP3 can activate Toll-like receptor 2

To explore whether rFABP3 can stimulate BMDMs and BMDDs to generate
cytokines via TLR(s), TLR transformants including TLR 1/2, 6/2, 2, 4 and 5 and
CD14 transformant cells as a control were exposed to rFABP3. The data presented
here showed that rFABP3 activated transformant cells via TLR 2, giving rise to
significant increase in IL-8 production in comparison with the blank group (p < 0.01)
and the purified yeast control (Fig. 6-28 A). In contrast to TLR 2 ligand, HKLM,
rFABP3 seemed to have relatively limited ability to activate TLR2 (p < 0.01).
Concentrated growth medium (5> concentrated) induced a high level of IL-8,

comparable to that induced by HKLM-activated cells.

Compared to the blank, there was no significant increase of IL-8 in the rFABP3-
treated TLR 4 transformant cells, while expression of IL-8 was significantly up-
regulated after stimulation with LPS, a ligand for TLR4 (Fig. 6-28 B). This suggests
that the endotoxin level in the rFABP3 solution is low. None of the rFABP3-treated
TLR 1/2, 2/6 and 5 cell lines secreted appreciable amounts of IL-8, while
corresponding ligands for these transformants stimulated the secretion of IL-8 (the
levels of IL-8 by the blank controls of these three cell lines were under the detectable
limit and then not shown in the figure) (Fig. 6-28 C). Together with these results

suggest that rFABP3 activates TLR 2 but not TLR 4, 1/2, 2/6 and 5.
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Figure 6-28 Activation of TLR transformant cells by rFABP3 via TLR 2.

TLR 2 and 4 transformant cells were treated by rFABP3 (5 pg/ml), LPS (100 ng/ml),
HKLM (1x10°) and concentrated yeast medium (5x an equal volume of rFABP3) (A
and B). Pam3CSK4, FSL-1and Flagellin were used to activate TLR 1/2, 6/2 and 5

transformants, respectively (C). The data are expressed as the mean £S.E. **p < 0.01,

NS: not significant.
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3.4 rFABP3 modulates BMDM/BMDD cytokine secretion
potentially in a TLR 2-dependant manner

To test if TFABP3 mediates BMDMSs and BMDDs to increase the secretion of TNF o
via TLR 2, we showed that anti-TLR 2 pre-treatment gave rise to a pronounced
decrease in TNF o induced by rFABP3 (p < 0.05) as well as HKLM (p < 0.01).
However there was no significant difference amongst the LPS-treated cells with or
without anti-TLR 2 (Fig. 6-29 A) and the HKLM-treated cells with or without isotype
control, 1gG2a (data not shown). No appreciable secretion of TNF a was found in the
blank and purified yeast control groups with or without anti-TLR 2. A significant
reduction of IL-10 and IL-6 was also observed in the anti-TLR2-blocked and
rFABP3-mediated BMDMs in comparison with that in the treated cells without
blocking of TLR 2 functions (the levels of IL-10 and IL-6 by the blank controls of
these three cell lines were under the detectable limit and then not shown in the figures)

(Fig. 6-29 B and C).

3.5 rFABP3 stimulates macrophages possibly by bypassing an
alternative activation pathway

Macrophages from different sources are heterogeneous in aspects of morphology and
phenotype and there are two distinct pathways for macrophage activation: classical
and alternative. Macrophage alternative activation can be initiated directly or
indirectly by several cytokines such as IL-4, 1L-13, 1L-33 and IL-25 (Gordon and
Martinez, 2010). The distinction between these two activation patterns can be
determined by phonotypical markers, including arginase I, Fizz1, Yml and Ymz2.
Although its functions are not fully understood, arginase | is up-regulated in the IL-4-

or IL-13-activated mouse macrophages.
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Figure 6-29 rFABP3-induced cytokine secretion by BMDMSs via TLR 2.

BMDMs were activated using rFABP3 (5 pg/ml), LPS (100 ng/ml) and HKLM
(1=108). For the groups blocked using anti-TLR2 antibody, cells were pre-treated
with 500 ng/ml anti-TLR 2 and then incubated at 37°C for 1h prior to activation. The
culture supernatant was used to determine the concentration of TNF a (A), 1L-10 (B)
and IL-6 (C) using ELISA. The data are expressed as the mean £S.E. **p < 0.01, *p

< 0.05, NS: not significant.

Arginase |

=
gl
)

=
o
1

o
a1
1

o
o

Exp. ratio normalized to actin beta

Figure 6-30 Effects of rFABP3 on macrophage arginase | expression.
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Here we employed real-time PCR to investigate the expression status of arginase |
after rFABP3 treatment. As indicated in Fig. 6-30, the arginase | mRNA abundance in
the rFABP3-treated BMDMs decreased down to approximate half of that in the blank,
indicating that these macrophages are not alternatively activated. In summary, these
results suggest that rFABP3 activates BMDMs to promote cytokine production via

bypassing the alternative activation pathway.

3.6 Effects of an adipocyte FABP inhibitor on cytokines induced
by rFABP3

Adipocyte FABP (aFABP) has been shown to be closely linked to macrophage
cytokine output (Makowski et al., 2001). A selective inhibitor of aFABP, BMS309403,
can bind to its fatty acid binding cavity in a nM range, indirectly inducing reduction of
aFABP and cytokine mRNA expression (Hui et al., 2010). In my study, this inhibitor
was used to try to understand the relationship between aFABP and rFABP3-induced

cytokines by BMDMs.

Unexpectedly, TNF a secretion did not reduce in the activated cells in the presence of
aFABP inhibitor. On the contrary, the inhibitor significantly increased the level of
TNF o in the rFABP3-treated (p < 0.01) and LPS-activated cells (p < 0.05) but did not
affect HKLM-activated cells (Fig. 6-31 A). In the rFABP3-treated BMDDs, there was
no significant difference with or without addition of the inhibitor with regard to TNF

a production (Fig. 6-31 B).
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Figure 6-31 Effects of adipocyte FABP inhibitor on cytokines induced by
rFABP3.

BMDMs (A) and BMDDs (B) were activated using rFABP3 (5 pg/ml), LPS (100
ng/ml) and HKLM (1x10°). For the groups treated with the inhibitor, cells were pre-
incubated with 50 M inhibitor at 37°C for 30 min prior to activation. The data are

expressed as the mean £S.E. **p < 0.01, *p < 0.05, NS: not significant.
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3.7 FABP3 combines with HKLM to promote NO production by
BMDMs in a dose-dependent manner

NO is a radical molecule that plays a role in the infection of Echinococcus species.
Previous studies have showed that it appears to execute double functions by
suppressing of parasite growth and modulating host immune response against
parasites (Dai and Gottstein, 1999; Kanazawa et al., 1993). In this experiment,
rFABP3 did not induce NO production by BMDMs nor did it promote NO production
in the LPS-stimulated cells (Fig. 6-32 A and B). After stimulation with rFABP3, the
treated dendritic cells did not synthesize appreciable NO, whereas there was a

considerable amount of NO produced by the LPS-mediated cells (Fig. 6-32 C).

Interestingly, HKLM was shown not to induce NO synthesis but the combination of
HKLM and rFABP3 did induce detectable NO. This NO was completely eliminated
by addition of specific antibody against rFABP3 (Fig. 6-32 A). Moreover, in the
HKLM-treated cells a higher dose of rFABP3 (15 |g/ml) appeared to induce a higher

level of NO than a lower dose (10 pg/ml) (Fig. 6-32 D).

Taken together, it is concluded that rFABP3 combines with HKLM to induce
macrophage NO production in a dose-dependent manner although both lack the

capacity to stimulate NO synthesis.
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Figure 6-32 Effects of rFABP3 on NO production by BMDMs and BMDDs.

Except D, BMDMs and BMDDs were activated using rFABP3 (10 pg/ml), LPS (100
ng/ml) and HKLM (1x10°). For the groups treated using anti-rFABP3, rFABP3, LPS
or HKLM was mixed with 40 g/ml anti-rFABP3 and then incubated at 37°C for 1h
prior to activation. The data are expressed as the mean =S.E. **p < 0.01, NS: not

significant.
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4. Discussion

In Echinococcus infection, there are a variety of parasite-released molecules that have
been shown to have immunomodulatory functions, such as antigen B (AgB)
(Shepherd et al., 1991; Siracusano et al., 2008) and a cysteine protease (Mejri and
Gottstein, 2009; Sako et al., 2007), both of which are involved in skewing the Th1l-
type response in the early infectious phase towards Th2-type response in the chronic
phase. This response alteration is partially driven by progressive subversion of
production from Thl-associated cytokines to Th2-associated cytokines, such as IL-13
and IL-4. Here, we showed that E. multilocularis rFABP3 was capable of the
stimulation of macrophages and dendritic cells to yield high levels of IL-6 and
appreciable levels of IL-10 and TNF o. Moreover, anti-rFABP3 antibody reversely
affected significantly the cytokine secretion induced by rFABP3 but not LPS. In
future experiments, it will be interesting to check if anti-rFABP3 antibody reverses the
secretion of TNF a induced by zymosan or HKLM due to the concern that the effects
observed might be attributed to yeast contaminants in the protein preparation. A
similar cytokine pattern has also been reported in dendritic cells stimulated by AgB
(Rigano et al., 2007), a dominant small antigen in the hydatid fluid that also exhibits
high binding affinity to fatty acids (Chemale et al., 2005). Unlike rFABP3, however,
AgB can also suppress the secretion of cytokines by LPS-stimulated dendritic cells,

including IL-6, IL-12p70, IL-10 and TNF a.

In microbial infection, it is well known that antigen-presenting cells (APCs) including
dendritic cells and macrophages are involved in the initiation of immune responses.
This process is initiated by pattern-recognition receptors such as Toll-like receptors
(TLRs), which can recognize a wide range of molecular structures commonly
expressed by pathogens (Kawai and Akira, 2011). Although it is still controversial, a

number of studies have shown that helminth- or protozoa-derived products including
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excretory/secretory products seem to be able to modulate the hosts” immune systems
possibly via TLRs (Carvalho et al., 2008; Perrigoue et al., 2008; Venugopal et al.,
2009). An example is a phosphorylcholine-containing glycoprotein, ES-62, secreted
by nematode Acanthocheilonema viteae. In response to ES-62, secretion of IL-12 and
TNF o was elevated in macrophages and dendritic cells from TLR 2-knockout mice
but not from TLR4-/- mice, suggesting the induction of cytokines by ES-62 in a

TLR4-dependant manner (Goodridge et al., 2005).

In this study, it was shown that rFABP3 activated TLR 2 transformant cells but not
those transfected with other TLR receptors. Moreover, the addition of anti-TLR 2
antibody significantly down-regulated cytokine production in BMDMs. These
findings support the idea that rFABP3-induced cytokine secretion is in a TLR 2-
dependant manner. However, we do not have sufficient evidence to rule out that
possible other mechanisms exist, whereby rFABP3 affects macrophage or/and
dendritic cell cytokine expression. A few helminth antigens have been shown to
trigger Th2-type responses by immune cells potentially via interacting with TLRs, but
very little about the underlying pathways are understood (MacDonald and Maizels,
2008). Recently, it has been shown that phosphatidylserine fractioned from S.
mansoni eggs and adult worms has been shown to polarize dendritic cell maturation,
leading to reduced secretion of IL-12p70. The phosphatidylserine-containing faction
activated TLR 2 transfected human cells and the macrophages from TLR2-/- mice did
not respond to stimulation of phosphatidylserine compared to these from wild-type
mice (van der Kleij et al., 2002). Helminth-induced signalling cascades appear to
differ from those of conventional ligands such as TLR 4 agonist, LPS (Goodridge et
al., 2005; MacDonald and Maizels, 2008). It is still feasible that extracellular rFABP3
directly stimulates endogenous factors or other receptors of macrophages and
dendritic cells to influence cytokine secretion, such as eosinophil-derived neurotoxin,

an endogenous agonist for TLR 2 (Yang et al., 2008), or C-type lectin receptors
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through which schistosomal soluble antigens have been shown to modulate the normal
functions of dendritic cells (van Liempt et al., 2007). Future experiments need to be
done to define the connections of these factors in rFABP3-induced cytokine secretion.
As mentioned previously a concern that yeast contaminants may be involved remains.
Whilst the purified yeast control that was prepared in parallel did not induce secretion
of TNF o by BMDMEs, it is still possible that the elevated levels of cytokines in
rFABP3-treated groups are attributed to contamination of the medium components
because of strikingly increased secretion of cytokines induced by the concentrated

medium.

In our experiments, we noticed that the combination of rFABP3 and LPS stimulation
induced comparable levels of TNF a when they were given individually, and the
sequential addition of these two stimuli had significant outcomes with regard to
cytokine production. It may be due to macrophage exhaustion, a phenomenon that

cells progressively lose response upon stimulation (Hernandez-Ruiz et al., 2010).

In rFABP3-treated macrophages, expression of arginase I, a prototypic marker for
murine alternatively-activated macrophages that are involved in wound healing, was
lower than that in the untreated cells, suggesting classical activation. Mounting
evidence shows that arginase | is commonly induced during helminth infection and
that alternatively-activated macrophages can both enhance parasite survival or even
clearance (Stempin et al., 2010). Noticeably, arginase | expression tends to be

influenced by other factors, such as animal age (Sugawara et al., 2011).

An intriguing finding in this study was that the inhibitor against macrophage aFABP
significantly promoted TNF o secretion in both rFABP3- and LPS-stimulated
BMDMs. These results seem to not be consistent with the previous data that
suppression of aFABP activity by the inhibitor leads to decreased transcription or

secretion of TNF o (Furuhashi et al., 2007; Hui et al., 2010). A positive feedback
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pathway was proposed in the aFABP-involved inflammatory cytokine regulation, as
this inhibitor suppresses not only c-Jun NH,-terminal kinases phosphorylation,
activator protein-1 transactivation, but also aFABP promoter activity (Hui et al., 2010).
Here no evidence was provided to clarify how the aFABP inhibitor was able to
increase cytokine production. A feasible explanation is that the translation efficacy is
actually promoted although the transcription of TNF o is downregulated. Future
experiments will be required to evaluate the transcriptional and translational efficacies

of this pro-inflammatory cytokine.

NO is one of radical molecules produced in response to the infection of Echinococcus
species. Previous studies have shown that NO is detrimental to E. multilocularis
protoscoleces (Dai and Gottstein, 1999) and E. granulosus vesicles and protoscoleces
(Steers et al., 2001; Zeghir-Bouteldja et al., 2009). However, NO also serves as a
modulator to suppress host immune responses against Echinococcus infection (Dai et
al., 2003), allowing parasite survival. These data suggest that NO plays double roles
in echinococcosis. A key question is how parasites keep the delicate balance of NO in
their milieu. It is so far documented that extracts of cyst wall of Echinococcus species
can suppress macrophage NO production and 14-3-3 antigen appears to contribute to
NO suppression (Andrade et al., 2004; Steers et al., 2001). Here, we showed that E.
multilocularis recombinant FABP3 did not affect NO synthesis in both resting and
LPS-activated macrophages but induced macrophages to release NO in the presence
of HKLM, an agonist for TLR 2, and this elevated NO was attenuated upon the
addition of anti-rFABP3 antibody in vitro. It is unclear whether or not the cooperative
induction of rFABP3 is specific for HKLM. It has been shown that NO can be
generated through activations of TLRs, including TLR 1/2, 2, 3, 4, 7 and 9 (Tukel et
al., 2009; Tumurkhuu et al., 2010). Moreover, NO production may be induced in
different signalling pathways in distinct type cells (Ganster et al., 2001; Kleinert et al.,

2004). In mosquitoes, resistance to the malaria parasite Plasmodium falciparum
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infection was observed and attributed to bacterium-derived reactive oxygen species,
which results from the interactions between the parasite and Enterobacter bacterium
that resides in the gut of wild mosquitoes (Cirimotich et al., 2011). It is possible that
FABP3 may be involved in immune-modulation in the intestinal tracts of definite
hosts via NO stemming from the interactions of FABP3 and intestinal residents. It will
be interesting to test the combinations of this antigen and other microbes in an aspect

of NO production, especially commensal microbiota residing in the guts of hosts.
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Chapter 7 General discussion and conclusions

1. General discussion

Although the biology, biochemistry and genomics of E. multilocularis have been
extensively investigated (Brehm, 2010b; Brehm and Spiliotis, 2008; Gottstein and
Hemphill, 2008; McManus, 2009; WVuitton, 2003), studies on the dynamic
transcription of the chromosomes are required to bridge the gaps between genotype
and phenotype. To address this question, this project aimed to track the developmental
expression profiling of mMRNA and miRNA in order to identify the stage-specific
molecules via comparison of miRNA and mRNA transcriptomes across different

developmental stages.

As part of this work a new approach to increase mRNA transcriptome coverage by
removal of polyadenylated mitochondrial transcripts was designed (Chapter 2). In
addition genome-wide miRNA transcriptomes were derived (Chapter 3) and a
phylogenetic and functional analysis of FABPs was undertaken (Chapters 4-6), which
were found to be differentially expressed across the developmental stages of E.
multilocularis. This general discussion chapter gives a broader overview of the
integrated results of Chapters 3-6 and their significance, and insights to direct future
experiments by comparative review of current knowledge in the field. For more
detailed and specific consideration of the results, the readers therefore need to refer to

individual chapters.

In combined use with the latest <-omics’ technologies, the developmental regulation
and site specific location of Echinococcus species proteins have been recently
investigated in the excretory/secretory products (Virginio et al., 2012) and different
metacestode components, including the germinal layer (Monteiro et al., 2010), hydatid

cyst fluid (Aziz et al., 2011; Monteiro et al., 2010) and protoscoleces (Wang et al.,
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2009a). In addition real-time changes of hepatic gene expression in response to the
infection of E. multilocularis in mice have also been studied (Gottstein et al., 2010;
Lin et al., 2011). Genome-wide gene profiles of Echinococcus species have not been
explored so far. Here the studies on the transcriptome of the different developmental
stages using next-generation sequencing technology add new knowledge, which
greatly impacts major areas of Echinococcus biology together with a wealth of

proteomic and metabolomic data.

Our results uncover that stage-specific molecules that are expressed exclusively at one
of the developmental stages just constitute only a minor proportion of the total
(Chapter 3). Consistent with this finding, a survey using RNA-seq revealed that
approximately 90% of 12,088 transcripts were stably expressed (expression fold-
change less than 1.25) in sexual and asexual freshwater planarian S. mediterranea,
whilst only 6% specifically expressed in either sexual or asexual animals (Resch et al.,
2012). This raises the question whether these stage- or strain-specific molecules are
only contributors responsible for their phenotypic divergence or not. These
specifically expressed molecules may be essential, but their biological functions seem
hard to fully explain individual phenotype. Using two different budding yeast
Saccharomyces cerevisiae strains Y 1278b and S288c whose genomes are almost
identical, a recent study demonstrated that the genes essential only in either Y 1278b
or S288c were enriched in distinct annotated cellular functions, suggesting that
genetic interactions are also attributed to divergence of phenotypes between
individuals (Dowell et al., 2010). Therefore it is possible that deep understanding of E.
multilocularis biology will benefit from genetic interaction studies based on

transcriptome profiling.

In this thesis the transcriptomes of the early developmental stage (cell aggregate) and
two larval stages (vesicles and dormant or activated protoscoleces) of E.

multilocularis have been studied but the other stages including adult are of particular
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interest to be explored in future experiments, thus establishing the entire gene
profiling landscape at the life cycle. Here it is worth mentioning that some
transcriptome profiling, such as in activated protoscoleces, does not present the real
chromosome activities in response to host’s microenvironment during the infection.
This can be indirectly shown by the findings that the components of the hydatid cyst
fluid from humans, sheep and cattle were remarkably distinguishable (Aziz et al.,
2011), and mice with different genetic background displayed different susceptibility to

E. multilocularis infection (Nakao et al., 2011).

As introduced in Chapter 1, E. multilocularis neoblasts are regarded to be a cell
population that is able to undergo mitosis, which may be essential in the development,
differentiation and growth (Spiliotis et al., 2008). Moreover, the in vitro development
of mature vesicles from the primary cells is attributed to the presence of these
mitotically-active cells. So it is envisaged that neoblast studies will allow us to have a
better understanding of E. multilocularis biological features using functional
genomics approaches such as loss- or gain-of-function. Like planarian neoblasts, E.
multilocularis neoblasts display similar morphological characters, containing a large
nucleus with a spherical nucleolus and very little cytoplasm and being small with an
average diameter of 5 um (Reddien and Sanchez Alvarado, 2004; Spiliotis et al.,
2008). Based on these morphological features, it is feasible to efficiently isolate E.
multilocularis neoblasts (Hayashi et al., 2006). The transcriptome profiling of the
neoblasts has not been studied in this thesis but of importance and interest is to probe

the gene expression patterns of this sub-population in future experiments.

RNA variation is an interesting area of study as it will help us understand the
complexity of transcriptome and proteome. As shown in Chapter 3, RNA variants
were extensively present in miRNA data, called as isomiRs that refer to miRNAs that
are different in a size and component, especially at the 3’ or 5° terminal (Kuchenbauer

et al., 2008; Morin et al., 2008), in contrast to miRNA reference sequences. It has
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been showed that isomiRs expression is closely linked with physiological status and
these miRNA variants are likely to cooperatively target common biological pathways
with canonical miRNAs (Fernandez-Valverde et al., 2010; Wyman et al., 2011). Of
particular interest are 3’ variations not matching the genome, predominantly
adenosine and uridine additions, which were commonly reported in several animals
(Kuchenbauer et al., 2008; Wyman et al., 2011). Although their biological roles are
not fully understood, these non-templated additions seem to enhance miRNA stability
and miRNA:target interactions (Fernandez-Valverde et al., 2010). Recently such non-
templated RNA variations were also reported in human protein-coding genes (Li et al.,
2011). Rather than sequencing artefacts, these differences between RNA and DNA
sequences (RDD) have been non-randomly found extensively in two or more
individuals. Moreover, it was proved the presence of translated peptide sequences that
correspond to mRNA variant sequences. Systematic analysis also revealed that RDD
sites were not evenly located in chromosomes and mRNA transcripts, dominantly in
coding exons and 3’ untranslated regions (Li et al., 2011). From the characteristics of
RDD sites and isomiRs, non-templated variants in miRNAs and mMRNA transcripts are

not likely to be generated by the same mechanism (Wyman et al., 2011).

Although they are functionally enriched in helicase activity and protein and nucleotide
binding (Wyman et al., 2011), biological implications of these genes containing RDD
sites remain unclear. However it is clear that some of non-templated mMRNA variations
give rise to production of various proteins, adding a more layer of proteomic
complexity. This raises the question whether parasites alter antigen properties via the
same mechanism or not. To date, coding-gene RDD sites have not been described in
cestode parasites that comprise many gene families such as EQ/Em95 in Echinococcus
spp. (Haag et al., 2009), 45W in Taenia spp. (Gauci and Lightowlers, 2001;
Waterkeyn et al., 1995) and 8kDa in both (Jia et al., 2011). It was shown that T.

solium 45W transcripts exhibited diversity at the nucleotide and amino acid levels,
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and that with exception of 45W-B and -C transcripts the genomic loci that correspond
to the other transcripts were not found (Gauci and Lightowlers, 2001; Zheng et al.,
2008). The number of 45W transcripts was far more than three of the genomic loci
that were determined experimentally (Gauci and Lightowlers, 2001) and validated via
Blast-searching T. solium genome (our unpublished data). This great discrepancy
between 45W mRNA and genomic locus numbers may be due to introduction of
nucleotide variants in transcripts, which differ from corresponding DNA sequences. It
is necessary to systematically assess RNA variations using transcriptome data by deep
sequencing technologies, which has implications in illustration of antigen diversity
and possibly leads to discovery of invasive or evasive mechanisms during the

infection of cestode parasites.

Another interesting research area not included in our study is to integrate miRNA and
mRNA transcriptome profiling to establish a miRNA target database, which is
designed to display expression levels of both miRNAs and their target genes across
the life cycle, and then evaluate the expression connections between miRNAs and
corresponding mRNA targets. Such an integrated database will allow one to quickly
define which putative targets are required to validate and facilitate identification of

miRNASs essential for parasite development and growth.

The other core part of this thesis is with regard to phylogenetic analysis of
invertebrate FABPs (Chapter 4) and molecular and functional characterization of E.
multilocularis FABPs (Chapters 5 and 6), which were identified to be differentially
expressed at the developmental stages.f3 -sheet-containing FABPs are featured by
binding to lipids with high affinity, structurally distinguishable from other lipid-
binding proteins such as fatty acid- and retinol-binding proteins (FAPS) enriched with

a -helixes in the secondary structure (Jordanova et al., 2009; Kennedy et al., 1997)

anda -helix-enriched polyprotein allergens/antigens (Gomes et al.) (Kennedy, 2000a;
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McDermott et al., 1999). In contrast to FABPs and FAPs, in the PA biogenesis
mMRNAs are organized in tandemly repeated similar or identical units and translated
into large polyproteins, followed by cleavage at the consensus sites to generate
individual PAs with a mass molecular weight of approximately 15kDa (Kennedy,
2000a). In this study we showed that recombinant FABPs were able to weakly bind to
cis-parinaric acid but not to DAUDA and retinol. Moreover, it was also demonstrated
that native FABP3 was present in the hydatid cyst fluid, consistent with the recent
findings that E. granulosus FABP was one of the excretory/secretory components of
protoscoleces (Virginio et al., 2012) and present in the hydatid cyst fluid (Aziz et al.,
2011). These results raise the question of what the role of Echinococcus FABPS is.
Our study revealed that E. multilocularis FABP3 had effects on the cytokine and nitric
oxide production of bone marrow-derived macrophages. This would imply that this
lipid chaperon protein plays a role in controlling microenvironment or countering
immune defence responses as supposed for NPAs and other lipid-binding proteins

(McDermott et al., 1999), offering parasites more chances to survive.

In E. multilocularis, in vivo functional analyses have been conducted using loss-of-
function approaches such as RNA interference (RNAIi) (Mizukami et al., 2010;
Spiliotis et al., 2010). It will be very interesting to explore the functions of FABPs in
aspects of lipid metabolism, infection and immunity in E. multilocularis. Although
they are found to have a relatively low expression in the samples studied, E.
multilocularis FABP1 and FABP5 are the most likely to be functional. Future
experiments will be needed to explore their expression during the infection. Previous
studies have shown macrophage cytokine production is closely linked with adipocyte
FABP (Hui et al., 2010; Makowski et al., 2001; Makowski et al., 2005; Shum et al.,
2006). To further understand the mechanism whereby E. multilocularis FABP
promote cytokine secretion, it is worthwhile investigating adipocyte FABP and its

pathway in macrophages mediated by E. multilocularis FABP.
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Relative to previous studies on invertebrate FABP genes (Esteves and Ehrlich, 2006;
Esteves et al., 1997), the main strength in our study is to extensively explore FABP
genes, especially genomic organizations and post-transcriptional splicing. Obviously,
more species needs to be sampled in order to systematically analyze the phylogeny of
FABP genes. To help us understand tissue-specific expression and functions of
FABPs, future experiments are also required to systematically study the response
elements or motifs in the promoter regions of FABP genes, which have been found in

several FABP genes (Chmurzynska, 2006; Esteves and Ehrlich, 2006).

2. Conclusions

The results presented in this thesis suggest that the miRNA-induced silencing gene
regulation systems are present in E. multilocularis and miRNA expression exhibits a
complex developmental pattern. Of the differentially expressed molecules inferred
from transcriptome data, some have been shown to be potential neoblast biomarkers.
The FABPs that were identified may have lost fatty acid-binding properties that are
commonly reported in trematodes and nematodes. The results of in vitro studies
demonstrate that FABP3 may play a part in modulation of immune cells during
infection. A finding to emerge from this study is that invertebrate FABP variants and
functional diversity have shown to be due to gene duplication and alternative splicing
rather than only gene duplication that is largely responsible for FABP variants in

mammals.

The empirical findings in this study make several contributions to the current
literature. First our study will provide informative data to facilitate annotation of E.
multilocularis genome and to understand dynamic genome transcription during
development, which in turn make it possibility to be efficiently used as a model for
gene function investigations. The findings on miRNA expression enhance our

understanding of miRNA evolution in platyhelminths and serve as a base for
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antihelminthic development through targeting the miRNA pathway. Finally, we have
described potential roles of extracellular FABP antigens during infection and a role of

alternative splicing in invertebrate FABP variant generation.
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Appendix |

E. multilocularis miRNAS
Agg(Cell aggregates, total: 51)

miRNA? Sequence (5'-3) Length Position Location” Expression

emu-nov-1 TATTGCACGTTCTTTCGCCATC 22 3! contig_3457: 319713-34/+ Agg, Psa, Met
emu-miR-281 TGTCATGGAGTTGCTCTCTA 20 3! contig_4166: 257035-54/+ Agg, Psa, Met
emu-miR-61 TGACTAGAAAGAGCACTCACATC 23 3! contig_4626: 394679-701/+ Agg, Psa, Met
emu-miR-9 TCTTTGGTTATCTAGCTGTGTGA 23 5' contig_3425: 19838-60/- Agg, Psa, Met
emu-nov-5 TTGTGCGTCGTTTCAGTGACCGA 23 3" contig_5447: 14332-54/- Agg, Psa, Met
emu-miR-307 TCACAACCTACTTGATTGAGG 21 3! contig_2724: 4638-58/+ Agg, Psa, Met
emu-nov-7 GGGACGGAAGTCTGAAAGGTTT 22 3" contig_3426: 469414-35/+ Agg, Psa, Met
emu-miR-745 TGCTGCCTGGTAAGAGCTGTGA 22 3! contig_3450: 430482-503/- Agg, Psa, Met
emu-miR-219 TGATTGTCCATTCGCATTTCTTG 23 5" contig_2850: 21638-60/- Agg, Psa, Met
emu-miR-71 TGAAAGACGATGGTAGTGAGA 21 5! contig_2878: 28973-93/- Agg, Psa, Met
emu-miR-4989 AAAATGCACCAACTATCTGAGA 22 3" contig_4588: 50012-33/+ Agg, Psa, Met
emu-miR-277 TAAATGCATTTTCTGGCCCGTA 22 3! contig_4588: 50145-66/+ Agg, Psa, Met

contig_5573: 81662-83/- ; contig_5490: 82925-

emu-miR-2a AATCACAGCCCTGCTTGGAACC 22 3! 46/- Agg, Psa, Met
emu-miR-1 TGGAATGTTGTGAAGTATGT 20 3! contig_6122: 187447-66/- Agg, Psa, Met
emu-miR-2162 TATTATGCAACTTTTCACTCC 21 3! contig_3087: 30249-69/+ Agg, Psa, Met
emu-nov-11 TAAATGCAAAATATCTGGTTATG 23 3" contig_5582: 85003-25/- Agg, Psa, Met
emu-miR-36 TCACCGGGTAGACATTCCTTGC 22 3" contig_1750: 37182-203/- Agg, Psa, Met
emu-let-7 TGAGGTAGTGTTTCGAATGTCT 22 5' contig_5162: 8005-26/- Agg, Psa, Met
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emu-nov-18 GTAGTCTTCCGAGCAGTATATGG 23 5" contig_1840: 64696-718/+ Agg, Psa, Met
emu-miR-125 TCCCTGAGACCCTAGAGTTGTC 22 5" contig_5445: 196794-815/+ Agg, Psa, Met
emu-miR-10b CACCCTGTAGACCCGAGITTGA 22 5" contig_5356: 7529-50/+ Agg, Psa, Met
emu-bantam TGAGATCGCGATTACAGCTGAT 22 3! contig_1932: 7345-66/+ Agg, Psa, Met
emu-miR-31 TGGCAAGATACTGGCGAAGCTGA 23 5" contig_1973: 28921-43/- Agg, Psa, Met
emu-miR-190 AGATATGTTTGGGTTACTTIGG 21 5' contig_b5464: 166568-88/+ Agg, Psa, Met
emu-miR-133 TTGGTCCCCATTAACCAGCCGC 22 3" contig_6122: 175720-41/- Agg, Psa
emu-miR-7 TGGAAGACTGGTGATATGTTGT 22 5' contig_5582: 283014-35/+ Agg, Psa
emu-miR-124 GTATTCTACGCGATGTCTTGG 21 5" contig_1718: 116067-87/- Agg, Psa
emu-nov-22 TGGCGCTTTCTAACTTTACTGA 22 5' contig_5380: 25635-56/- Agg, Psa
emu-nov-8 GATTGCACTACCCATCGCCCACA 23 3" contig_b5467: 25310-32/+ Agg, Psa
emu-miR-2b TCACAGCCAATATTGATGAACG 22 3! contig_2878: 28838-59/- Agg, Met
emu-miR-2c TATCACAGCCCTGCTTGGGACACA 24 3" contig_2878: 28733-56/- Agg, Met
emu-nov-4 AGGTGACTCTAAAACTTTTCC 21 3! contig_2743: 161973-93/- Agg, Met
emu-nov-16 TGGTGGTGGTGGTGGGGGT 19 5" contig_b557: 252258-76/- Agg, Met
emu-nov-10 CCCTCTTCTTCGTCCACTAAGA 22 5' contig_5574: 41922-43/+ Agg
emu-nov-6 CCTTCTCCCTCGTCGCTCCAAGCCG 25 3" contig_2780: 12078-102/+ Agg
emu-nov-3 TCCTGGGACTTATACCGGGGCTGT 24 3" contig_5358: 24125-48/- Agg
emu-miR-10c TAATTCGAGTCAACAGGGTCGTT 23 3" contig_1659: 99447-69/+ Agg
emu-nov-14 CCCACCTCAGCATGGTCACTCTTCC 25 3! contig_4550: 104334-58/+ Agg
emu-nov-21 TGGCGCTTGATTTCAACACTGT 22 5" contig_5380: 23936-57/+ Agg
emu-miR-2284 TGGCCAAAAAGTTCATTCGG 20 3! contig_4623: 214357-76/+ Agg
emu-miR-341 TGTCGGTCGGTCGGTCGGTCG 21 5' contig_2208: 65-85/+ Agg
emu-nov-23 AGTGTTGATGICAGGTTGCTTCT 23 5' contig_5380: 24161-83/+ Agg
emu-miR-87 GTGAGCAAAGTTTCAGGTGTGC 22 contig_3363: 135483-504/- Agg, Psa, Met
emu-miR-2478 TATCCCACTTCTGACACCA 19 Agg, Psa
emu-miR-8 TAATACTGTTAGGTAAAGATGC 22 Agg, Met
emu-miR-184 TGGACGGAGAACTGATAAGGGC 22 Agg

204



emu-miR-1134
emu-miR-315
emu-miR-1260
emu-miR-981
emu-miR-279

TTCTTCTTCTTGTTCTTGTTGTTC
TTTTGATTGTTGCTCAGAGAGT
AATCCCACCGCTGCCACCA
TTCGTTGTCGTCAAAACCTGTAT
TGACTAGATCTCACACTCATCC

Psa (Activated protoscoleces, total 10)

emu-nov-24
emu-nov-25
emu-nov-26
emu-miR-153
emu-miR-1992
emu-let-7b
emu-miR-125b
emu-miR-125a
emu-miR-159
emu-miR-455

Met (Mature metacestode vesicles, total 4)

emu-nov-27
emu-miR-7
emu-miR-15
emu-miR-192

TCGATGCCTGTCGACGCATC
TCTCGATCCCGGCACTACGATGC
TGGCGCTTAATGTCATCACGG
TTGCATAGTCTCATAAGTGCCA
TCAGCAGTTGTACCATTGA
GGAGGTAGTTCGTTGTGTGGT
TCCCTGAGACTGATAATTGCTC
TCCCTGAGACCCTTTGATTGCC
TTTGGATTGAAGGGAGCTCTA
CAGTCCACGGGCATATACACTT

TGCCCATCTATCTATCTGTCCGC
TGGAAGACTAGTGATTTTGTTGTT

TAGCAGCACATAATGGTTTGTGGA

TGACCTATGAATTGACAGCCAG

Star miRNAs predicted by miRDeep

24
22
19
23
22

20
23
21
22
19
21
22
22
21
22

23
24
24
22

30
30
5
30
30

5 A\l

contig_4454: 26282-301/-
contig_2898: 31190-212/+
contig_5380: 25376-96/-
contig_4610: 270031-52/-
contig_5992: 43175-93/-

contig_6083: 3006-28/-; contig_1790: 7863-
85/-

Agg
Agg
Agg
Agg
Agg

Psa
Psa
Psa
Psa
Psa
Psa, Met
Psa, Met
Psa, Met
Psa, Met
Psa

Met
Met
Met
Met
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Agg (total 14)

emu-nov-1*
emu-miR-9*
emu-nov-7*
emu-miR-4989*
emu-miR-2162*
emu-nov-13*
emu-let-7*
emu-nov-18*
emu-miR-124*
emu-miR-2b*
emu-miR-2c*
emu-miR-10b*
emu-miR-31*
emu-miR-10c*

Psa (total 10)

emu-nov-24*
emu-nov-25*
emu-miR-61*
emu-miR-307*
emu-nov-8*
emu-miR-277*
emu-miR-1*
emu-miR-133*

CGGTGAAAGTTTATGCATTTACA
ACAAGGCTAGATTTCCAAACAAA
ACCTATCACACTTCAGTCCAGT
TGGGTAGTCGTTGCATTTCCA
AGTGGATTTGTTGCATATTATA
CAGTGACCAAACATATTCAC
ACATCCGTTTCACTATCTGCATA
TAATACTGTTCGGTTAGGACGCCA
AAGGCACGCGGTGAATACCA
TCGTCAACATTGCCTGTAGACA
TGTCCCAAGGGTGGTGATCTACT
AAGCTCGTGTCTTCAAGGAATCA
AGCTTCGTCTGGTCTTGCTGCA
GGACTCGTTTACTCGAATTGGT

TGCTTCGACAGCTAAGATC
AACGTGGTCTTGGGTCGGTGGT
CGTGAGGCCCTTTCTTGTGCATG
CCTCATCCCGTGGGTTGAGCGATG
TGGCGGTGCGCGGTGCAATTTCTG
GTGGGTAGAAAGTGCCTTTTACA
GTGCTTCCCAATAGGCCATA
GGCTGATTTGTGGGGCTCAGAA

23
23
22
21
22
20
23
24
20
22
23
23
22
22

19
22
23
24
24
23
20
22

Agg, Met
Adgg, Psa, Met
Aqgg, Psa, Met
Aqgg, Psa, Met
Adg, Psa, Met
Adgg, Psa, Met
Aqgg, Psa, Met
Aqgg, Psa, Met
Adg, Psa, Met
Agg, Met
Agg, Met
Agg, Met
Agg, Met

Agg

Psa
Psa
Psa
Psa
Psa
Psa
Psa
Psa
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emu-miR-7* AGCGTATCGCAGTTTTTCCCTA
emu-miR-125* CAACTCTAATGTCCCGGGTTA

Met (total 3)

emu-nov-27* GGATGGGTGGGTGGGTGCGTGCGTG
emu-miR-745* CCAGTTCTTATCGGGTATATCATG
emu-miR-2a* GTCCCAAGGGTGGTGATCTACT

22
21

25
24
22

Psa
Psa

Met
Met
Met

“Stage-pecific miRNAs are highlighed in bold and different colors;

miRNAs residing more than one loci are colored;

‘the majority of pre-miRNA sequences were predicted using miRDeep but some highlighted in yellow not;

ND' for not determined; 'OM' for omitted.
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Appendix Il

Potential E. granulosus miRNAs®

miRNA Sequence (5'-3") Length Position Location
egr-miR-133 TTGGTCCCCATTAACCAGCCGC 22 5' Egu.pathogen_EMU_contig_32174: 1119795-1119816/-
egr-miR-2162 TATTATGCAACTTTTCACTCC 21 5! NODE_321480_length_348629 cov_11.370583:13872-13892/-
egr-nov-8 GATTGCACTACCCATCGCCCACA 23 5' Egu.pathogen_EMU_contig_31533: 2054200-2054222/-
egr-miR-36 TCACCGGGTAGACATTCCTTGC 22 5' Egu.pathogen_EMU_contig_27961: 34839-34860/-
egr-miR-10b CACCCTGTAGACCCGAGTTTGA 22 3" Egu.pathogen_EMU_contig_32606:4289790-4289811/-
egr-nov-20 TGGCAAGATACTGGCGAAGCTGA 23 3! Egu.pathogen_EMU_contig_32798: 170194-170216/-
egr-bantam TGAGATCGCGATTACAGCTGAT 22 3! Egu.pathogen_EMU_contig_30682: 9021-9042/+
egr-miR-307 TCACAACCTACTTGATTGAGG 21 5' Egu.pathogen_EMU_contig_30969: 267950-267970/-
egr-miR-153 TTGCATAGTCTCATAAGTGCCA 22 3" Egu.pathogen_EMU_contig_26745: 1261050-1261071/+
egr-miR-281 TGTCATGGAGTTGCTCTCTA 20 5" Egu.pathogen_EMU_contig_32606: 8147735-8147754/-
egr-nov-26 TGGCGCTTAATGTCATCACGG 21 5! NODE_200032_length_99975_cov_11.312288: 50981-51001/+
egr-miR-745 TGCTGCCTGGTAAGAGCTGTGA 22 3! Egu.pathogen_EMU_contig_32606: 3523056-3523077/+
egr-nov-5 TTIGTGCGTCGTTTCAGTGACCGA 23 3" Egu.pathogen_EMU_contig_30969: 1337103-1337125/+
egr-nov-16 TGGTGGTGGTGGTGGGGAT 19 5" Egu.pathogen_EMU_contig_32606: 2316451-2316469/+
egr-nov-10 CCCTCTTCTTCGTCCATTAAGA 22 5' Egu.pathogen_EMU_contig_30717: 771090-771111/+
egr-nov-6 CCTTCTCCCTCGTCGCTCCAAGCCG 25 5' Egu.pathogen_EMU_contig_32489: 1496771-1496795/-
egr-nov-25 TCTCGATCCCGGCACTACGATGC 23 5" NODE_77180_length_78635_cov_11.537534: 59015-59037/-
egr-miR-2284 TGGCCAAAAAGTTCATCCGG 20 3" NODE_115985_length 127129 cov_11.231324: 17759-17778/+
egr-nov-15 GTATTCTACGCGATGTCTTGG 21 5' Egu.pathogen_ EMU_contig_32174: 1841428-1841448/+
egr-nov-18 GTAGTCTTCCGAGCAGTATGTGG 23 3! Egu.pathogen EMU_contig_32840: 229190-229212/-

 E. granulosus miRNAs were computationally identified using Blastn against its genome (Sanger Institute) with E. multilocularis miRNAs and the miRNAs
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that were not reported previously were listed here.

*The secondary structures of putative pre-miRNAs were predicted using RNAfolder.
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