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ABSTRACT

Schistosomiasis caused by the parasitic helminth Schistosoma mansoni is a major
health problem in tropical and subtropical regions. Its detection is crucial for patient
management, evaluation of treatment, and monitoring of disease transmission, thus
the development of novel diagnostic assays is of immense importance. The
pathology of S.mansoni infection is characterised by formation of granulomatous
lesions, hepatic fibrosis and portal hypertension. Liver fibrosis itself, regardless of
the causative agent is an important health problem. The fact that there is no treatment
for hepatic fibrosis other than transplantation in end stage liver failure emphasizes
the importance of investigating the molecular basis of fibrogenesis and development

of better therapeutic tools.

MicroRNAs (miRNAs) are a class of short non-coding RNA that play important
roles in disease processes in animals. Several miRNAs have been implicated in
hepatic fibrogenesis; however, the expression profile and the role of miRNAs in S.

mansoni infection are yet to be determined.

This thesis focuses on the characterization of miRNAs in the liver and serum of mice
during S.mansoni infection in order to determine their therapeutic and diagnostic

potential in this disease.

Profiling of miRNA expression in the liver of mice infected with S.mansoni revealed
a set of mouse miRNAs that were differentially expressed in infected compared to
naive mice including miR-199a-3p, miR-199a-5p, miR-214 and miR-21, which have
previously been associated with liver fibrosis in other settings. Further, inhibition of
one of the up-regulated miRNAs, miR-199a-3p, in the liver upon S.mansoni infection
resulted in reduced levels of collagen and other fibrosis related genes. Our results are
consistent with a model where miRNA inhibition influences the clearance or
reversion of hepatic stellate cells (HSCs) from a “myofibroblast-like” to an
inactivated state. Thus, these results suggest miR-199a-3p inhibitor as potential

therapeutic in treatment of liver fibrosis.

miRNAs have been shown to be altered in disease process and are present in body

fluids in a stable form, indicating that they can be used as novel diagnostic



biomarkers. Studies of miRNAs in the circulation revealed that 5 of the mouse
miRNAs altered in the liver were also significantly elevated in serum by 12 weeks
post-infection. Sequencing of small RNAs from serum confirmed the presence of
these miRNAs and further revealed 11 parasite-derived miRNAs that were detectable
by 8 weeks post infection. Analysis of host and parasite miRNA abundance by qRT-
PCR was extended to the serum of patients from low- and high-infection sites in
Zimbabwe and Uganda. The host-derived miRNAs failed to distinguish uninfected
from infected individuals. However, analysis of three of the parasite-derived
miRNAs (miR-277, miR-3479-3p and bantam) could detect infected individuals
from low- and high-infection intensity sites with specificity/sensitivity values of

89%/80% and 80%/90% , respectively.

Moreover, sequencing of small RNAs from serum revealed that specific tRNA
fragments of 29-33 nt exist in mouse serum and occur at a >10 fold higher copy
number than known microRNAs. The tRNA fragments appear to be the product of a
specific cleavage event near the anti-codon loop, which has previously been
associated with oxidative stress inside cells. We detected a clear bias in the
abundance of 5> versus 3’ products of tRNA®Y(GCC), indicating specificity in the
mechanism of stabilization of these products following cleavage. Our findings
suggest that these specific tRNA cleavage products are either generated in, or
exported to, serum and are protected against serum RNase activity by protein rather
than encapsulation within vesicles. Further work is necessary to investigate the role
and potential involvement of tRNA halves in cell-to-cell communication in oxidative

stress induced by S.mansoni infection.

In summary, this thesis reveals three major findings, which provide an important
base for further studies of the role of miRNAs in S.mansoni infection and liver
fibrosis. Firstly, it characterises host miRNAs dysregulated during S.mansoni
infection in the liver and identifies a miR-199a-3p inhibitor as a potential anti-
fibrotic agent. Secondly, it identifies parasite-derived miRNAs as novel markers of S.
mansoni infection in the serum of both mice and humans, with the potential to be

used with existing techniques to improve S.mansoni diagnosis. Lastly, it identifies

Vi



and characterises novel tRNA-derived fragments in the serum, whose properties as

biomarkers awaits further characterisation.
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LAY ABSTRACT

Schistosomiasis is a chronic disease caused by blood flukes that affect over 200
million people worldwide, of which 90% live in Africa. Infection with one of the
Schistosoma flukes, called Schistosoma mansoni (S.mansoni) leads to scaring

(fibrosis) of the liver.

In this thesis we studied the role of a class of small RNAs, microRNAs (miRNAs) in
S. mansoni infection and investigated their potential in diagnosis of the infection and

treatment of liver fibrosis.

By measuring the levels of miRNAs in the liver of mice infected with S.mansoni we
identified a subset of mouse miRNAs that are either expressed at higher or lower
levels in infected compared to uninfected mice. Some of these miRNAs have
previously been linked with liver fibrosis caused by other insults. Further, we
showed that blocking one of the miRNAs in the liver during S.mansoni infection
lowered the levels of genes that are normally elevated during liver fibrosis,
suggesting that this miRNA inhibitor could be used as a new medicine of liver
fibrosis. Studies of miRNAs in serum of mouse and human infected with S.mansoni
showed the presence of miRNAs derived from S.mansoni. Further analysis of these
miRNAs revealed that they can be used to detect infected individuals with good
specificity and sensitivity. This thesis provides an important base for further studies
of the role of miRNAs in S.mansoni infection and liver fibrosis and identifies a set of

miRNAs that can be used to diagnose this infection.
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Chapter 1

Chapter 1: Introduction

1.1 Schistosomiasis

Schistosomiasis, also known as bilharzia, is a chronic disease caused by parasitic
helminths of the genus Schistosoma and is second to malaria as the most important
parasitic infection in the world in terms of economic and public health impact (Gray
et al., 2011; Gryseels et al., 2006; Ross et al., 2002). It has been estimated that 200
million people are infected across Africa, Asia & South America with an estimated
800 million people at risk (Steinmann et al., 2006; WHO, 2013a). However, new
research suggests that the true number of infections is considerably higher (Schur et
al., 2011a; Schur et al., 2011b). The annual mortality rate due to schistosomiasis is
approximately 280,000 per year (WHO, 2013a). Five species of Schistosoma infect
humans:  Schistosoma haematobium, S.mansoni, S.japonicum, S.mekongi and
S.intercalatum. These same parasites can also infect a range of animals including
non-human primates and rodents (Rollinson et al., 2013). Depending on the
Schistosoma species, the immunopathological reaction against the parasite eggs
trapped in the tissue lead to inflammation and urinary disease (S. haematobium) or
intestinal disease, hepatosplenic inflammation and hepatic fibrosis (S.mansoni,
S.japonicum, S.mekongi) (Gryseels et al., 2006). The distribution of schistosomiasis

is shown in Fig 1.1.
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Figure 1.1 The distribution of schistosomiasis

S.haematobium infections occur across Africa and in the Middle East. S.mansoni occurs
mainly in Sub-Saharan Africa, South America (parts of Venezuela, Brazil and the
Caribbean), and the Arabian Peninsula. S.japonicum infections occur in Southeast Asia
(People’s Republic of China, Philippines) and small parts of Indonesia. S. intercalatum is
endemic in Central and West Africa and S.mekongi is found only in Cambodia and Lao
People’s Democratic. The figure is from (Gryseels et al., 2006).
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1.1.1 Biology and life cycle of Schistosoma mansoni

The complex life cycle of S. mansoni involves the sexual reproduction phase in the
human definitive host and the asexual reproduction phase in the intermediate host
(Fig.1.2). The S.mansoni eggs released from the infected individuals hatch upon
contact with fresh water and release the miracidia (Pearce and MacDonald, 2002).
The ciliated miracidia infect the intermediate host, which is a snail of the genus
Biomphalaria, and undergoes a series of transformations including generation of
sporocysts and the production of cercariae (free-swimming larval stage) (Rollinson,
1987). The cercariae present in the infected water initiates infection of the definitive
host by penetrating the skin. They then loose their tails and becoming
schistosomulae, which migrate through the blood system via the lung to the
mesenteric veins where they can live 5-10 years (Pearce and MacDonald, 2002).
Mature worms are elongated, have cylindrical bodies of 7-20 mm long, two terminal
suckers (oral and ventral), a complex tegument, blind digestive tract and
reproductive organs. The mature male worm pairs with the immature female in the
portal vein. The presence of the male worm is necessary for maturation and the
development of reproductive function of the female (Popiel et al., 1984). The male
worm has a gynecophoral canal where the thinner female worm resides (Skelly,
2008). After approximately 4-6 weeks post infection the mature female starts
producing up to 300 eggs per day (Wynn et al., 2004). Some of the eggs successfully
traverse from the vasculature to the intestinal tracts and are released to the gut lumen
to be excreted in faeces. The contact of mature S.mansoni eggs with water closes the
life cycle. However, more than 50% of the eggs are carried by the blood-flow to the
liver where they become trapped (Wynn et al., 2004) thus, the liver is the key organ
of S.mansoni pathology (Pearce and MacDonald, 2002). The host immune response
induced by the presence of the egg antigens in the liver leads to the formation of
granulomatous lesions, fibrosis and portal hypertension (Booth et al., 2004; de Jesus

et al., 2004; Wynn et al., 2004).
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Figure 1.2 Life cycle of S.mansoni.

The S.mansoni eggs released in feces from the infected individuals, hatch upon contact with
fresh water and release the miracidia. The miracidia infect snails of the genus Biomphalaria
and undergo a series of transformations including generation of sporocysts and the
production of cercariae (free-swimming larval stage). S.mansoni infection in the definitive
host (human) is initiated by S.mansoni cercariae present in the infested water. The cercariae
penetrate the skin, loose their tail and become schistosomulae, which migrate through the
blood system via lung to the mesenteric veins. The mature male worm pairs with the
immature female in the portal vein and after approximately 4-6 weeks the mature female
start producing up to 300 eggs per day. Some of the eggs successfully traverse from the
vasculature to the intestinal tracts and are released to the gut lumen to be excreted in feces.
This figure is adapted from a figure by the Centers for Disease Control & Prevention:
Division of Parasitic Diseases, USA. (http://www.cdc.gov/parasites/schistosomiasis)
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1.1.2 Symptoms and immunopathology

The clinical symptoms associated with S.mansoni infection can be divided into three

phases: cercarial dermatitis, acute and chronic infection.

The percutaneous penetration of the cercariae can result in a temporary rash with
maculopapular eruptions and erythematous lesions and occurs mainly in tourists or
migrants that are infected for the first time (Bottieau et al., 2006). A similar rash
called “swimmer’s itch” is an effect of the immune reaction to cercariae of non-

human Schistosoma species (Horak and Kolarova, 2005).

Acute schistosomiasis is rarely seen in areas of chronic exposure, but it is common in
tourists. This hypersensitive reaction to the migration and maturation of
schistosomulae occurs several weeks post infection. Symptoms observed in the acute
schistosomiasis may include fever, abdominal pain, fatigue, headache, malaise,
myalgia, dry cough, neck pain and diarrhoea. Neurological, pulmonary and cardiac
complications have also been reported (Gray et al., 2011; Gryseels et al., 2006). It
has been shown that during the acute phase the levels of pro-inflammatory cytokines
tumour necrosis factor alpha (TNF-a), interleukin (IL) - 1 and IL- 6 are raised in
peripheral-blood mononuclear cells (PBMCs), and the levels of TNF-a are also

increased in serum (de Jesus et al., 2004).

The chronic pathology of S.mansoni infection is due to the host immune response to
the egg trapped in the liver and gut and is characterized by granulomatous
inflammation around the parasite egg, portal hypertension, splenomegaly,
gastrointestinal varices and peri-portal (Symmers’) fibrosis (Gray et al., 2011;
Gryseels et al., 2006). The studies in animal models of S.mansoni infection have
made substantial contribution to understanding the immunopathology of this
infection. It is important to note that S.mansoni infection in mice differs compared to
the infection in humans. Specifically, the pathology of infection in mice is associated
primarily with the granulomatous response in the liver and intestines and does not
cause Symmers’ fibrosis which is known to be associated with morbidity in humans

(Hams et al., 2013).
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In the first 3-5 weeks post infection, the initial host immune response, targeted
against the migrating immature parasites antigens, is strongly Th1-like, characterized
by increased production of interferon-y (IFN- v) and IL-12. However, the type-2
responses are also primed during the first weeks of infection (Pearce and
MacDonald, 2002). After 5-6 weeks, the mature parasites mate and female worms
start laying eggs. Some eggs are carried via sinusoids to the liver where they become
trapped (Wynn, 2004). The presence of the egg antigen leads to the modulation of
the host immune response from the Thl to a strong Th2 response. The Th2 response
leads to up-regulation of IL-4, IL-5, IL-13 as well as immunoglobulin (Ig) E levels
and an increase in circulating eosinophils. It has been demonstrated that the eggs
produce IL-4 inducing factor (IPSE/alpha-1), which stimulates the expression of 1L-4
and IL-13, which are considered to be important for induction of the Th2 response
(Dunne et al., 1981; Schramm et al., 2006). Further, a major component of the
soluble egg antigen (SEA), Omega-1, has been shown to be involved in Th2
polarisation of dendritic cells (Dunne et al., 1991; Dunne et al., 1981; Everts et al.,
2009). The Th2 cytokine response peaks at week 8 post infection, correlating with
the peak of granulomatous inflammation around the parasite egg, and decreases
significantly after approximately 3 months post infection (Pearce and MacDonald,

2002).

The characteristic feature of S.mansoni infection is the development of granulomas
around the trapped S.mansoni eggs which is orchestrated primarily by CD4" T cells,
although CD8" T cells, B cells and M2 macrophages are also involved. The
granulomas are composed of collagen fibres and cells including eosinophils,
macrophages and CD4" T cells (Hams et al., 2013; Pearce and MacDonald, 2002).
Although granulomas are pathogenic and contribute to the development of fibrosis
they also serve a host-protective role (Pearce and MacDonald, 2002). In mice with
depleted CD4" T cells an acute disease with striking mortality occurs, with the
granuloma formation around the S.mansoni eggs being distorted (Fallon et al., 1998).
As opposed to immunologically intact mice where eosinophil-rich granulomas are
observed, the granulomas of CD4" T cell deficient mice are neutrophil-dominated.

Further, the absence of the functional granuloma leads to hepatocyte damage (Dunne
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et al., 1991; Hams et al., 2013). The role of Th2 cytokines on granuloma formation
and S.mansoni pathology has been reported. It has been demonstrated that S.mansoni
infection in IL-4 deficient mice causes pathology similar to acute schistosomiasis
with significant hepatotoxicity and death (Brunet et al., 1997; Fallon et al., 2000).
This is further exaggerated in the IL-10 and IL-4 double-deficient mice,
demonstrating the importance of IL-10 in preventing the development of excessive

Th1- and Th2-mediated pathologies (Hoffmann et al., 2000).

Fibrosis of the liver is the main pathology associated with S.mansoni infection and
depends on the interaction of many factors. IL-13 is thought to be the dominant Th2
cytokine responsible for development of liver fibrosis (Pearce and MacDonald,
2002). The S.mansoni infection in IL-13 deficient mice or in mice where IL-13 is
ineffective (IL-4 receptor o-chain — knockouts IL4Ra-/-) or neutralised by the
treatment with the soluble IL-13Ra2-Fc, leads to down-modulation of
granulomatous inflammation and prolonged survival (Chiaramonte et al., 1999;
Fallon et al., 2000; Jankovic et al., 1999). In addition, it has been shown that IL-13
directly induces the synthesis of collagen type I, IIl and V in fibroblasts and
stimulates collagen synthesis in hepatic stellate cells (HSCs), which are recognised
as the main producer of extracellular matrix (ECM) components (Wynn et al., 2004).
In HSCs, IL-13 which binds to IL-13Ral activates JAK/STAT®6 signalling pathway
leading to liver fibrosis (de Jesus et al., 2004). IL-13Ra2 is a negative regulator of
IL-13 and was shown to reduce the volume of granulomas in the liver and reduction
of liver fibrosis (Mentink-Kane et al., 2004). Importantly, Kavirante et al., showed
that fibrosis related genes such as collagens, MMPs (MMP-2, MMP-9, MMP-13 and
TIMP-1 were upregulated in TGF-B1 -/- mice in response to IL-13 treatment
providing evidence that fibrosis induced by S.mansoni infection is IL-13 dependent

but TGF-f1 independent (Kaviratne et al., 2004).

1.1.3 Diagnosis of schistosomiasis

Early diagnosis of schistosomiasis is important to prevent associated pathology.
Schistosomiasis can be diagnosed using parasitological (qualitative sedimentation

method, Kato-Katz method), histopathological (rectum biopsy), serological (antigen
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and antibody detection) and molecular (PCR) methods reviewed in (Gomes et al.,
2014). Microscopic examination of stool or urine (e.g. Kato-Katz or ether-
concentration techniques used for diagnosis of S.mansoni) are gold standard tests for
diagnosis of schistosomiasis (Glinz et al., 2010). These techniques are simple,
inexpensive and 100% specific, however they have poor sensitivity in detecting low-
intensity infections, are unable to detect pre-patent or single sex infection and fail to
detect infection in individuals where eggs are trapped in tissues and are not excreted
(Stothard et al., 2011). Antibody-based assays are useful for diagnosis in specific
circumstances such as in individuals who excrete eggs less efficiently (e.g.
individuals with HIV-1 (Karanja et al., 1998)) or have low egg burden, but they
cannot differentiate past and active infection and can also cross-react with antigens
from other helminths (Doenhoff et al., 2004). Recent studies have shown success
with point-of-care tests for Schistosoma circulating cathodic and anodic antigens
(CCA and CAA, respectively) in serum and urine, which decrease rapidly after
chemotherapy (Coulibaly et al., 2013; Shane et al., 2011; Sousa-Figueiredo et al.,
2013; Stothard et al., 2011; van Dam et al., 1996; van Lieshout et al., 1993) and these
are now being further developed for use in the field (van Dam et al., 2013). Specific
and highly sensitive PCR based assays for the detection of schistosome DNA in
urine and stool samples or plasma have been recently developed and offer yet
another strategy for diagnosis of infection (Enk et al., 2012; Ibironke et al., 2011;
Lodh et al., 2013; Pontes et al., 2003a; Wichmann et al., 2009).

Better methods for diagnosing schistosomiasis are important for patient management,
evaluation of treatment efficiency, monitoring of disease transmission and success of
control strategies as emphasized recently by the World Health Organization (WHO)
(WHO, 2008, 2013b).

1.2 miRNAs- Background

With the completion of the Human Genome Project it has been discovered that
protein-coding sequences account for only ~1.1% of the entire genome (Venter et al.,
2001). The advancement in microarray and next generation sequencing technologies

revealed that the ‘dark matter” of the human genome encodes multiple classes of
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non-coding RNAs (ncRNAs) including: ribosomal RNAs (rRNAs), transfer RNAs
(tRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), small
interfering RNAs (siRNAs), piwi-interacting RNAs (piRNAs), microRNAs
(miRNAs), long non-coding RNAs (IncRNAs), unusually small RNAs (usRNA) or
enhancer transcribed RNAs (eRNAs). This thesis focuses primarily on miRNAs but
also touches on small RNAs derived from tRNAs.

MicroRNAs (miRNAs) are short (19-24 nt), single-stranded RNAs that are known to
negatively regulate gene expression at the post-transcriptional level. The very first
miRNA, lin-4, was discovered in the nematode Caenorhabditis elegans in the labs of
Victor Ambros and Gary Ruvkun in 1993 who studied the timing of larval
development in C.elegans (Lee et al., 1993; Wightman et al., 1993). They showed
that the lin-4 gene did not encode a protein but gave rise to two small RNA
transcripts of 22 and 61 nt. They further showed that lin-4 acts by negatively
regulating the level of lin-14 mRNA via an antisense interaction with the 3’
untranslated region (UTR) of lin-14 mRNA (Lee et al., 1993; Wightman et al.,
1993). Seven years later, a second miRNA, let-7, was identified in C.elegans.
Reinhart and colleagues showed that this 21nt long RNA is required for transition of
the larval stage to an adult (Reinhart et al., 2000). Soon after this, let-7 was found to
be conserved in other animals, including mammals (Pasquinelli et al., 2000).
Subsequently, hundreds of miRNA were identified and an online miRNA database -
miRBase was established to facilitate classification of miRNAs (available at:

http://www.mirbase.org). To date (June 2014), 30,424 mature miRNAs in 206

species have been registered in the miRBase version 20 including 2578 in Homo
sapiens. Each of these is predicted to target hundreds of mRNAs (Bartel, 2009).
Given the vast scope for combinatorial regulation of targets, it is difficult to find a
cellular pathway that is not regulated at some level by a miRNA. Indeed, the
majority of protein-coding genes contain miRNA binding sites under selective
pressure (Friedman et al., 2009) and mis-expression of miRNAs is associated with
many disease processes, encompassing all cancers, as well as metabolic,

cardiovascular, neuronal and immune-related diseases (Chang and Mendell, 2007).
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1.2.1 Biogenesis

The biogenesis of miRNAs involves two consecutive steps: processing of the
pri-miRNA in the nucleus followed by pre-miRNA maturation in the cytoplasm

(Fig 1.3).
miRNA Transcription

miRNAs are transcribed in the nucleus from the exons and introns of protein-coding
genes or transcribed from “intergenic” regions of the genome by RNA polymerase II
(RNA Pol II), although some miRNAs are transcribed by RNA polymerase III.
Generated primary miRNA (pri-miRNA) is of 1000-3000 bases long (Borchert et al.,
2006; Cai et al., 2004; Han et al., 2006; Lee et al., 2004). The pri-miRNAs generated
by RNA Pol II have a 7-methylguanosine cap (m’Gppp) on the 5’ end and poly(A)
tail on the 3’ end (Cai et al., 2004). The pri-miRNA is cleaved to form 60-70 nt long
pre-miRNAs. The cleavage is executed in the nucleus by RNase III enzyme Drosha
which interacts with the dsRNA-binding protein, DiGeorge Syndrome Critical
Region 8 Protein (named DGCRS8 in mammals and Pasha in D. melanogaster and C.
elegans) to form a microprocessor complex (Denli et al., 2004; Gregory et al., 2004;
Han et al., 2004; Landthaler et al., 2004; Lee et al., 2003; Lee et al., 2002).
Independent transcription units within exons, introns and intergenic regions can carry
monocystronic miRNAs, dicistronic miRNAs or polycistronic miRNA clusters that
are transcribed from the same promoter (Lee et al., 2004) or can be transcribed
independently of each other by using overlapping genomic regions (Song and Wang,
2008). miRNAs that are processed in a Drosha-DGCRS8 independent manner have
also been described in mammals, D.melanogaster and C.elegans, and named mitrons
(Berezikov et al., 2007; Okamura et al., 2007; Ruby et al., 2007). The nuclear
transport receptor Exportin 5 (XPOS5) in complex with Ran-GTP recognises the 3’
overhang of the pre-miRNA and exports it from the nucleus to the cytoplasm

(Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003).
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Figure 1.3 miRNA biogenesis.

The pri-miRNA is generated by RNA Pol II. Drosha interacts with DGCR8 to form a
microprocessor complex and cleaves pri-miRNA to form the 60-70nt pre-miRNAs. miRNAs
that are processed in Drosha-DGCRS independent manner have been described in mammals,
D.melanogaster and C. elegans, and named mitrons. The nuclear transport receptor Exportin
5 exports pre-miRNA from the nucleus to the cytoplasm. Dicer interacts with TRBP and
PACT, cleaves off the loop of the pre-miRNA and generates a ~22 nt long miRNA:miRNA*
duplex. The double-stranded miRNA:miRNA* duplex is separated into the functional
‘guide’ strand that is preferentially loaded into Ago protein and becomes the mature miRNA,
and the ‘passenger’ miRNA* strand. The guide strand is incorporated into the RISC complex
and binds to mRNAs at specific sites with base-pair complementarity to the miRNA. This
figure is adapted from a figure available at
http://commons.wikimedia.org/wiki/File:MiRNA-biogenesis.jpg

11
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miRNA Maturation and RISC assembly

In the cytoplasm RNase III enzyme Dicer cleaves off the loop of the pre-miRNA and
generates a ~22 nt long miRNA:miRNA* duplex with a 2nt overhang at the 3’ end
(Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001; Zhang et al.,
2004). Although most miRNAs are processed by Dicer, Dicer-independent
processing has also been described. For example, in zebrafish a 39 nt long pre-miR-
451 is too short to be recognised by Dicer and it is loaded directly into RNA-induced
silencing complex (RISC) and processed by the Argonaute 2 (Ago2) protein
(Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010). Similarly to Drosha,
Dicer acts as part of a larger complex. In mammals Dicer interacts with
transactivation-response RNA-binding protein (TRBP, also known as TRBP2) and
protein kinase R-activating protein (PACT, also known as PRKRA) (Chendrimada et
al., 2005; Haase et al., 2005; Lee et al., 2006; Perron and Provost, 2008). It has been
shown that TRBP and PACT are not essential for Dicer-mediated cleavage but TRBP
facilitates Dicers’ stability and acts as a sensor for the thermodynamic asymmetry
within an miRNA duplex and together with PACT participates in the recruitment of
Argonaute 2 (Ago 2) protein to the RISC loading complex (RLC) (Chendrimada et
al., 2005; Diederichs and Haber, 2007; Lee et al., 2006).

After the Dicer cleavage, the double-stranded miRNA:miRNA* duplex is separated
into the functional ‘guide’ strand (with the less stable base pair at its 5’ end) that is
preferentially loaded into Ago protein and becomes the mature miRNA, and the
‘passenger’ strand (Khvorova et al., 2003; Schwarz et al., 2003). The transfer of the
miRNA duplex to Ago is facilitated by Heat Shock Protein 90 (HSP-90). Four Ago
(Agol-4) proteins are found in humans (Burroughs et al., 2011). Structural studies
revealed that Ago proteins are characterized by amino-terminal (N), PAZ (PIWI-
ARGONAUTE-ZWILLE), MID (middle) and PIWI domains (Elkayam et al., 2012;
Schirle and MacRae, 2012; Song et al., 2004). The PAZ domain anchors the 3’ end,
and the MID domain anchors the 5’ end of the miRNA, whereas the N domain
mediates miRNA loading and unwinding of the miRNA:miRNA* duplex (Jinek and
Doudna, 2009; Lingel et al., 2004). All four Agos can bind miRNA but Ago?2 is the

12
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only catalytic Ago protein in mammals and is capable of cleaving target mRNA
strands that are perfectly complementary to the mature miRNA (Liu et al., 2004;
Meister et al., 2004).

The guide strand incorporated into the RISC complex binds to messenger RNAs
(mRNAs) at specific sites with base-pair complementarity to the miRNA (Lee et al.,
1993). Most miRNAs bind to 3° UTR of mRNA via the ‘seed’ region, which is
located at position 2-7 nt or 2-8 nt of the 5’ end of the miRNA (canonical seed
match) (Brennecke et al., 2005; Doench and Sharp, 2004; Krek et al., 2005; Lewis et
al., 2003). The interaction between a miRNA and the 5’UTR or coding sequences
(CDS) of mRNAs have also been show (Zhou et al., 2009). Pairing between the 3’
UTR and miRNA at position 13 to 16 of the miRNA (‘supplementary’ base pairing)
can reduce the off rate of RISC from the target RNA and improve target inhibition. It
has also been shown that pairing at the 3* end of miRNA and 3’UTR can compensate
for mismatch in the seed and is called compensatory pairing (Grimson et al., 2007;
Wee et al., 2012). Furthermore, other features such as: i) presence of adenosine
across from the first base of a miRNA, ii) the position of the target site within 3’
UTR or iii) sequence motifs within miRNA, can affect miRNA binding to its target
mRNA (Grimson et al., 2007; Lewis et al., 2005; Obernosterer et al., 2008; Tafer et
al., 2008). The interactions of the miRNA and mRNA within RISC leads to
destabilization of the mRNA and/or inhibition of translation, resulting in decreased
levels of the protein (Bartel, 2009). The passenger strand is often degraded although
recent reports show that it can play a role in miRNA homeostasis and gene regulation

(Mah et al., 2010).

1.2.2 Mechanism of action

Studies have shown that miRNAs regulate gene expression post-transcriptionally;
however, the mechanism of miRNA- mediated repression or activation of gene
expression remains controversial. There are two main mechanisms of miRNA-
mediate regulation of target mRNAs: translation repression and mRNA degradation

(Ameres and Zamore, 2013; Gu and Kay, 2010; Huntzinger and Izaurralde, 2011).
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miRNA-mediated direct endonucleolytic cleavage of fully complementary mRNA by
Ago occurs between nucleotide 10 and 11, opposite the miRNA strand. This mode of
target regulation is common in plants but rarely occurs in animals (Llave et al., 2002;
Yekta et al., 2004). Rather, in animals targets are not perfectly complementary and
mRNA degradation occurs through the 5’-to-3’ decay pathway (Fig 1.4). In this
pathway the mRNA poly (A) tail is removed by deadenylases which is followed by
decapping and degradation by exonuclease XRN1 in the 5’-to-3’ direction (Carthew
and Sontheimer, 2009; Eulalio et al., 2008; Filipowicz et al., 2008).
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Figure 1.4 Mechanism of miRNA-mediated gene silencing

A closed loop confirmation of a target mRNA is a result of interaction between PABP1
which binds to 3’ poly (A) tail and elF4G, which is bound to the cap binding protein- eIF4E.
miRNA- Ago complex recognizes the partially complementary site of the target mRNA by
base-pairing. Ago interacts with GW 182, which interacts with PABPC and recruits CAF1-
CCR4-NOT; mRNA poly (A) tail is removed by deadenylases. The removal of the mRNA 5’
cap is catalysed by a decapping enzyme DCP2, which requires association with DCPI1,
DDX6 and EDC4 for its full activity and stability. This is followed by mRNA degradation
by exonuclease XRN1 in the 5’-to-3” manner.
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mRNA deadenylation requires CAF1-CCR4-NOT1 and, to a lesser extent, PAN2-
PAN3 deadenylase complexes which are recruited through interaction with GW182
protein (Bagga et al., 2005; Behm-Ansmant et al., 2006; Braun et al., 2011; Fabian et
al., 2011; Kuzuoglu-Ozturk et al., 2012; Rehwinkel et al., 2005; Wu et al., 2006).
The removal of the mRNA 5’ cap is catalysed by a decapping enzyme DCP2 which
requires association with decapping activators for its full activity and stability
(Eulalio et al., 2007; Haas et al., 2010; Nishihara et al., 2013; Rehwinkel et al.,
2005). Recent studies have shown that miRNA-RISC complex recruit the decapping
activators onto mRNA which is independent of deadenylation (Fabian and

Sonenberg, 2012)

Next-generation sequencing and ribosome profiling data have revealed that the
decrease in protein level observed in miRNA-mediated regulation of mRNA is
primarily due to mRNA decay and only in 11-16% of cases derives from
translational inhibition (Guo et al., 2010). Recent studies investigated whether the
initiation and post-initiation mechanism of mRNA regulation are mutually exclusive
and whether target deadenylation and degradation occurs as a consequence of the
translation inhibition. Djuranovic et al., have shown that in Drosophila S2 cells
mRNAs are first subject to translational inhibition, followed by deadenylation and
decay (Djuranovic et al., 2012). Moreover, it has been shown that in mammalian cell
lines translation repression is the dominant effect of miRNA on its target and
precedes deadenylation and decay (Bethune et al., 2012). mRNA translation consists
of three steps: initiation, elongation and termination. The initiation of translation
begins with the recognition and binding of the 5’-terminal 7-methylguanosine (m’G)
cap by eukaryotic translation initiation factor complex elF4F which is composed of
elF4E (binds mRNA cap), e[F4G (a scaffold for the assembly of translation initiation
factor complex) and elF4A (an RNA helicase). e[F4G together with elF3 facilitate
the recruitment of ribosomal subunit 40S (Kapp and Lorsch, 2004; Merrick, 2004).
elF4G also interacts with the poly(A)-binding protein 1 (PABP1) which leads to
circularisation of mRNA (Derry et al., 2006; Wells et al., 1998). With 60S ribosomal
subunit joining at the AUG codon the elongation phase begins. Studies demonstrated

that miRNA-RISC inhibit translation initiation via interaction with elF4F and
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PABP1 (Fabian et al., 2009; Mathonnet et al., 2007; Zekri et al., 2009). Further,
miRNA-RISC complex can repress elongation via promoting dissociation of

ribosome from mRNA or prevent association between small and large ribosomal

subunit (Fabian et al., 2009; Petersen et al., 2006; Zekri et al., 2009).

Some miRNAs have also been linked to translational activation. Liver specific miR-
122 has been shown to bind to complementary sites within the 5° UTR of the
hepatitis C virus RNA and stimulate HCV RNA accumulation and translation
(Henke et al., 2008; Jopling et al., 2005). Another example of direct activation of
gene expression has been shown following G1/GO cell-cycle arrest. In serum starved
cells, but not in the proliferating cells, miR-369-3p binds to 3° UTR of tumour
necrosis factor a (TNFa) mRNA and promotes translation (Vasudevan et al., 2007).
Translation activation has also been observed in response to stress or amino acid
starvation. In these specific conditions, miR-10a binds to 5° UTR of ribosomal

protein mRNAs and promotes their translation (Orom et al., 2008).

Although the mechanism of miRNA-mediated gene expression is still a matter of
debate, it is generally accepted that the majority of miRNAs act as ‘fine tuners’ of
the expression of most targets. However, recent works propose that mRNA targets
can act as competitive inhibitors ‘sponges’ of miRNA and therefore affect the
concentration of miRNAs (Ebert et al., 2007; Ebert and Sharp, 2010; Hansen et al.,
2013). This adds another layer of complexity to the miRNA-mediated post-

transcriptional regulation of targets.

1.3 miRNASs in human disease

It has been shown that miRNAs play important roles in development, apoptosis,
proliferation, differentiation, organ development, host-pathogen interactions and that
altered miRNA expression is related with the development of multiple diseases

including liver disease.
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1.3.1 Liver fibrosis

The liver is the largest organ in the human body receiving 25% of the total blood
supply. It performs the essential functions of carbohydrate metabolism, lipid
metabolism, protein metabolism, bile acid synthesis, vitamin D activation, drug and
hormone inactivation as well as immunological surveillance. Fulminant hepatic
failure (i.e. abrupt cessation of liver function) without transplantation leads to death,
demonstrating the essential role of this organ in the maintenance of life (Kumar,

2000).

Hepatic fibrosis is one of the most serious problems of human health. The main
causes of liver fibrosis are: alcohol and drug abuse, chronic viral hepatitis, non-
alcoholic fatty liver disease, schistosomiasis, autoimmune and congenital metabolic
diseases. The ongoing inflammatory stimulus associated with these aetiologies
results in fibrotic changes in which normal parenchymal tissue is replaced with
connective tissue in order to slow or remove the occurring tissue damage. This
wound-healing process of tissue remodelling, when uncontrolled, causes significant
scarring and dysfunction of the liver and it is known as cirrhosis (Bataller and

Brenner, 2005; Hernandez-Gea and Friedman, 2011; Pellicoro et al., 2014).

Hepatic fibrosis is associated with significant changes in the extracellular matrix
(ECM) composition which is a result of increased synthesis of collagens, fibronectin,
elastin, laminin, hyaluronan, proteoglycans and undulin, and simultaneous decreased
activity of ECM-degrading matrix metalloproteinases (MMPs) and overexpression of
their inhibitors, tissue inhibitors of matrix metalloproteinases (TIMPs) (Arthur, 2000;
Friedman, 2008; Sato et al., 2003). Various cell types, growth factors, cytokines and
enzymes are involved in the process of fibrogenesis, but hepatic stellate cells (HSCs)
(Ito cells, fat-storing cells) are the main producer of ECM components and are
thought to be the key cell type responsible for fibrogenesis (Friedman, 2008). In a
normal liver these vitamin A storing cells reside in a subendothelial space, between
the anti-luminal site of sinusoidal endothelial cells and the basolateral surface of
hepatocytes and account for ~15% of all resident cells (Friedman, 2008). Upon liver

injury, HSCs undergo activation or transdifferentiation from quiescent to a
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“myofibroblast-like” phenotype (aHSCs) and migrate to the site of tissue repair
where they secrete excessive ECM components, which have been shown to play a
role in development of liver fibrosis (Bartley et al., 2006; Chang et al., 2006; Kresina
et al., 1994). Activated HSCs express myogenic markers (a smooth muscle actin (.-
SMA), c-myb, myocyte enhancer factor-2 (MEF-2)) of which a-SMA is the most
reliable marker of HSCs activation as it is not expressed by any other liver cell type
in either normal or injured liver (Friedman, 2008). The balance between MMPs and
their inhibitors, TIMPs, play a significant role in the ECM remodelling, and
therefore, fibrosis progression and resolution. MMPs are calcium-dependent
enzymes that degrade collagens and noncollagenous substrates including:
collagenases (MMP-1,-8,-13, -18), gelatinases (MMP-2, -9), stromelysins (MMP-3 -
10,-11), matrylisins (MMP-7,-26) metalloelastase (MMP-12) and membrane type-
MMPs (MMP-14, -15, -16, -17, -24, -25) and others. The inactivation of MMPs
activity occurs by binding to their inhibitors TIMPs (Nagase et al., 2006).
Interestingly, Madala et al., demonstrated a regulatory role between MMP-12 and
EMC-degrading MMPs upon S.mansoni infection. Specifically, they showed that
upon S.mansoni infection, mice-deficient in MMP-12 display higher level of MMP-2
and MMP-13 expression and significant reduction in liver fibrosis, suggesting that
MMP-12 acts as an inducer of fibrosis by limiting the expression of MMP-2 and
MMP-13 Further, the absence of MMP-12 leads to reduction of IL-13 decoy
receptor, IL-13Ra2, providing explanation for the increase in IL-13- driven MMP-13

levels and reduction in fibrosis (Madala et al., 2010).

Despite the rapid progress in understanding the pathology of liver fibrosis and
attempts to develop serum-based biomarkers, biopsy of the liver is still regarded as a
‘gold standard’ for accurate confirmation of the severity and type of liver disease.
More importantly, there is no treatment for liver cirrhosis other than transplantation
which is effective but very expensive and limited by donation from matched living
donors or cadavers (Bal et al., 2009; Rockey, 2008), emphasizing the importance of
investigating the molecular basis of fibrogenesis and development of better

diagnostic and therapeutic tools.
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1.3.2 miRNA in liver fibrosis

Dysregulation of miRNA in liver fibrosis

Studies have shown that miRNAs are implicated in the progression and resolution of
liver fibrosis and regulation of the activation, proliferation and apoptosis of HSCs.
The miRNA profile has been shown to be altered upon liver fibrosis caused by
different etiologies. miR-122, a liver specific miRNA that accounts for more than
70% of all miRNA in hepatocytes (Jopling, 2012; Jopling et al., 2005), has been
reported to be down regulated in liver injury and fibrosis induced by chronic
hepatitis C (HCV) infection or non-alcoholic fatty liver disease (NAFLD) (Cheung et
al., 2008; Marquez et al., 2010; Trebicka et al., 2013). This is thought to be due to
the down-regulation of transcription factors: hepatocyte nuclear factor (HNF) 1 and
HNF4, which control miR-122 gene expression (Coulouarn et al., 2009). miR-125b
and miR-22 which are also expressed in the liver at a high level have been shown to
be reduced in liver biopsies of patients with chronic HCV. Other miRNAs, such as
the members of the miR-29 family, miR-150, miR-194, miR-19b are also down-
regulated during fibrogenesis (Kwiecinski et al., 2012; Lakner et al., 2012;
Roderburg et al., 2011). miR-29 family members, specifically miR-29a and miR-
29b, were found to be down-regulated in experimental models of liver fibrosis as a
result of intoxication or cholestasis and the levels of miR-29c has been show to be
increased in the mouse model of the dietary non-alcoholic steatohepatitis (NASH)
(Bandyopadhyay et al., 2011; Pogribny et al., 2010; Roderburg et al., 2011). A few
miRNAs such as the members of the miR-199/200 family, miR-221/222 family and
miR-34 family and miR-21 are up-regulated during liver fibrosis induced by
different etiologies including HCV infection, NASH and alcoholic steatohepatits
(ASH) as well as in animal models of liver fibrosis such as carbon tetrachloride
(CCL4) intoxication, and a fat diet mouse model (Meng et al., 2012; Murakami et al.,
2011; Ogawa et al., 2012; Pogribny et al., 2010; Ramachandran et al., 2013). In mice
treated with dimethylnitrosamine (DMN), the levels of miR-34, miR-199/200, miR-
221/222 family members, miR-146b, miR-214, miR-199-5p, miR-199-3p, miR-223
and miR-324-5p are increased and correlate with progression of liver fibrosis in rats

(Lietal.,2011a).
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HSCs regulation by miRNAs

Recent reports have shown that miRNAs are implicated in the activation, migration,
proliferation and apoptosis of HSCs (Table 1.1) based on the finding that miRNAs

are dysregulated during these processes.

Among the pro-fibrotic miRNAs identified are miR-15/16, miR-21, miR-33a and
miR-181b. miR-15/16 has been shown to be down-regulated in the HSCs and
regulates proliferation and apoptosis by targeting mitochondrial associated anti-
apoptotic protein B-cell lymphoma-2 (BCL-2) and cyclin D 1 (CCND1) (Guo et al.,
2009a; Guo et al., 2009b). miR-181b is elevated in HSCs activated by TGF- 31 and
promotes HSC proliferation in vitro by targeting the cell cycle regulator p27 and cell

cycle progression by increasing the number of S phase cells.

In addition, miR-181 is also elevated in serum of patients with liver cirrhosis (Wang
et al., 2012a). miR-221/222 expression is increased in the HSCs activated by nuclear
factor kappa B (NF-kB) and correlates with the expression of COL1A1 and aSMA
mRNA expression (Ogawa et al., 2012). Wei et al., demonstrated that upon
stimulation of the human HSC cell line LX2 with platelet-derived growth factor
(PDGF)-BB, the levels of miR-21 increase. Further analysis revealed that miR-21
regulates the activation of HSCs via the PTEN/Act pathway. Recent work has shown
that miR-21 is up-regulated in the human cirrhotic livers and in mouse liver fibrosis
induced by CCL4 and thioacetamide intoxication and maintains its high levels by
using a miRNA-21/programmed cell death protein 4/activation protein-1 (miR-
21/PDCD4/AP-1) autoregulatory feedback loop and promotes TGF-f§ signalling
pathway thus influencing activation of HSCs and driving fibrosis progression (Wei et
al., 2013; Zhang et al., 2013). miR-33a has been shown to be up-regulated in TGF-
B1 induced HSCs. The inhibition of this miRNA in vitro leads to decrease in
activation of HSCs and ECM production at least in part via activation of the
PI3K/AKT pathway and targeting peroxisome proliferator activated receptor-alpha
(PPAR-a)(Li et al., 2014b).
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Up Down Effect Target Putative Role in Reference
HSC/ Fibrosis
miR-15b - Reporter assay Apopiosis Guo et al., 2009
(BCL-2) pop
miR-16 - Reporter assay Apoblosis Guo et al., 2009
(BCL-2) pop
miR-29 + Ogawa et al., 2010,
Reporter gene assays . Roderburg et al., 2011,
(COL1lal,COLA4, gf:ll{/[a‘;“zgi‘;‘s Sekiya et al., 2011,
PDGF-C, IGF-I) y Kwiecinski et al., 2011,
Kwiecinski et al., 2012
miR-150 + Target protein change . Venugopal et al.2010,
(c-MYB, SPI, g:ﬁ aiffﬁ?éiﬁﬁon Zheng et al., 2013
COL4A4) P
miR- + Reporter gene assays . . Heetal., 2012
146a (SMAD4) TGF-f signaling
miR-194 + Target protein change Cell activation, Venugopal et al.2010
(RAC-1) Cell proliferation
miR-126 + Reporter gene assay . . Guo et al., 2013
(VEGFA) Cell proliferation
miR-122 + Target mRNA changes Collagqn Lietal.,2013
(P4HAL) production,
Cell proliferation
miR-19b + Reporter gene assays . . Lankner et al., 2012
(TGF-RII) TGF-f signaling
miR-195 + Reporter gene assays . . Sekiya et al., 2011
(CCNEI) Cell proliferation
miR-335 + Target mRNA changes | Cell activation Chen et al., 2011
(TNC) and migration
miR-34a Reporter gene assay Lipids Lietal.,2011a
(ACSL1) biosynthesis
miR-483- + Reporter gene assay . Lietal.,2014a
Sp/3p (PDGFB, TIMP2) Cell activation
miR- + Cell activation, Tuetal., 2014
101a Reporter gene assay migration
(TBRI, KLF6) proliferation
miR-21 + Target protein changes | PTEN/Akt Wei et al., 2013
(PTEN) pathway
miR- + Reporter gene assay . Ogawaet al., 2012
221/222 (CDKN1B) Cell activation
miR- + Reporter gene assay . . Wang et al., 2012
181b (CDNK1B) Cell proliferation
miR- - Reporter assay Fat metabolism, Jietal., 2009
27a/b (RXR-a) proliferation
miR-33a - Target protein change Cell activation, Lietal.,2014b

(PPAR-.)

EMC synthesis

+ indicates pro-fibrotic and — anti-fibrotic effect of miRNA
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Several miRNA such as: miR-27a/b, miR-29, miR-150, mir-146, miR-126, miR-122,
miR-19b, miR-195, miR-335, miR-34, miR-483 and miR-101a have been
demonstrated to have anti-fibrotic properties. Transforming growth factor-betal
(TGF-B1) is thought to be the main stimulating factor in the HCS activation and
plays an important role in liver fibrosis. Tu et al., (2014) showed that miR-101 is
significantly down-regulated in liver fibrosis induced by CCL4 intoxication and that
it acts as a suppressor of TGFf} signaling by targeting TGFf} receptor I (TRI) and its
transcriptional activator Kruppel-like factor 6 (KLF6) during liver fibrogenesis (Tu
et al., 2014). They demonstrated that in HSCs, overexpression of miR-101 led to
reduction of COL1A1, aSMA and TIMP-1, affecting activation, proliferation and
migration of HSCs. Moreover, miR-101 could efficiently inhibit the TGF-f-induced
TGF-B1, PDGF, CTGF, TIMP-1 and collagen I productions in hepatocytes (Tu et al.,
2014). In addition to miR-101’s effect on TGF-f, miR-19b was shown to inhibit
TGF- signalling through targeting TGF-f receptor II (TGF-BRII) which resulted in
decrease in collagen type I mRNA level and inhibition of HSCs activation (Lakner et

al., 2012).

Several miRNAs have been shown to play a role in activation, proliferation and
migration of HSCs. miR-146a expression is down-regulated in HSCs in response to
TGF-B1 stimulation and in liver fibrosis induced by CCL4 intoxication. The
overexpression of miR-146a in HSCs leads to inhibition of cell activation and
proliferation and induced apoptosis (He et al., 2012a). miR-483-5p/3p, which is also
down-regulated in the CCL4-induced liver fibrosis in mice, has been reported to
supress the TGF-P1 induced activation of human HSCs cell line LX2 via targeting
platelet-derived growth factor- (PDGF-f) and TIMP-2 and inhibit liver fibrosis in
mice (Li et al., 2014a). miR-335 has been reported to influence the activity and
migration of HSCs, at least in part, via targeting extracellular matrix glycoprotein

tenascin-C (TNC) (Chen et al., 2011a).

MiRNAs altered in HSCs have been shown to influence accumulation of ECM
components. miR-29 family members (miR-29a/b/c) have been demonstrated to be

down-regulated in activated HSCs during liver fibrosis due to profibrotic stimulation
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by TGF-p and PDGF-BB (Kwiecinski et al., 2011; Ogawa et al., 2010). It was
reported that miR-29 is an effective inhibitor of collagen I via targeting COL1A1
(Ogawa et al., 2010; Roderburg et al., 2011). Further, Sekiya et al., demonstrated that
overexpression of miR-29b led to inhibition of COL1A1 and COL1A2 mRNAs and
reduced expression of a-SMA, DDR2, FN1, ITGB1, and PDGFR-[3, which are key
genes involved in the activation of HSCs (Sekiya et al., 2011b). Kwiecinski et al.,
reported recently that apart form regulating ECM accumulation, miR-29a and miR-
29b target insulin-like growth factor (IGF)-I and platelet-derived growth factor
(PDGF)-C and thus interfere with the profibrotic cell communication (Kwiecinski et
al., 2012). miR-126* is significantly down-regulated during activation of HSCs. The
in vivo and in vitro studies have shown that overexpression of miR-126* lead to
induction of GO/G1 phase arrest in aHSCs, partially by regulating the VEDF-
A/PI3K/AKT/CCNDI pathway and interplays with VEGF-A/Ca2+ pathway which
leads to inhibition of ECM accumulation and contraction of HSCs, respectively (Guo
et al., 2013). miR-150 and miR-194 are down-regulated in HSCs isolated from
fibrotic rats. Overexpression of these miRNAs in the HSC cell line LX2 lead to
inhibition of cell proliferation and activation and inhibition of ECM production
which, at least in part, occurs via targeting c-MYB (miR-150) and RAC1 (miR-194)
(Venugopal et al., 2010). Further, Zheng et al., revealed that miR-150 affects
collagen type I and IV synthesis via targeting Spl, a mediator of a-1 (I) collagen
(CollA1l) expression, and Col4A4 (Zheng et al., 2013). Liver specific miR-122 has
been shown to influence collagen maturation and ECM production in HSCs in vitro

by targeting prolyl 4-hydroxylase subunit alpha-1 (P4HAT) (Li et al., 2013).

Sekiya et al., showed that miR-195 is significantly down-regulated in mouse primary
HSCs. The treatment of HSCs with IFN-f3, which is know to have an antifibrotic
effect in the liver independent of its antiviral effect, induced miR-195 expression and
inhibited HSCs (LX2) proliferation by delaying G1 to S phase of the cell cycle,
partially by inhibition of miR-195 target cyclin E1 (CNE1). These results revealed a
new mechanistic aspect of the antifibrotic effect of INFs in the liver fibrosis (Sekiya

etal.,2011a).
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The importance of miRNAs in activation and proliferation of HSCs has been
underscored by studies showing the inhibition of Dicer, a key enzyme in miRNA
biogenesis pathway. Inhibition of Dicer in vitro in HSCs resulted in decreased levels
of miR-138, miR-143, miR-140 and miR-122, of which miR-138 showed the biggest
reduction. Further, it reduced expression of fibrosis-related genes such as COL1A1
and TIMPs on mRNA and protein level and reduced the proliferation rate of HSCs
(Yuetal., 2014).

1.3.3 miRNA therapeutics

The fact that miRNAs have the ability to function as gene regulators potentially
makes them good therapeutic candidates. Studies of miRNA profile and role in
fibrogenesis allow translating this knowledge into clinical applications including
development of novel diagnostics and anti-fibrotic therapeutics. In recent years,
extensive work has been carried out to develop miRNA-based therapies (Bennett and

Swayze, 2010; Bumcrot et al., 2006; Wahid et al., 2010).

Depending on the function of miRNA candidate and its expression level in the
abnormal tissue, two strategies have been used: miRNA antagonists and miRNA
mimics (Pottier et al., 2014). In cases where the miRNAs are up-regulated in the
diseased tissue (e.g. pro-fibrotic miRNAs), miRNA antagonists can be used to inhibit
their expression. These chemically modified anti-sense miRNA oligonucleotides
(e.g. anti-miRs, antagomirs or lock nucleic acid (LNA), tiny LNA) bind irreversibly
to the miRNA of interest and block interaction with its targets. The main drawback
of this strategy is that miRNA antagonist can bind to other complementary RNAs
and thereby lead to side effects. In cases where the miRNA is down-regulated (e.g.
anti-fibrotic miRNAs) miRNA mimics are used to restore the miRNA levels (Pottier

etal.,2014).

The activity of the first miRNA antagonist was examined in vivo in 2004. Hutvagner
et al., have shown that in C.elegans injection of the 2’-O-methyl oligonucleotide
complementary to the miRNA ler-7 can induce a let-7 loss-of-function phenocopy

(Hutvagner et al., 2004). A year later, Krutzfield et al., demonstrated that intravenous
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administration of miR-16, miR-122, miR-192 and miR-94 antagomirs led to the
inhibition of corresponding miRNAs in various tissues including liver, lung, kidney,
heart, intestine, fat, skin, bone marrow, muscle, ovaries and adrenals (Krutzfeldt et
al., 2005). The therapeutic potential of miR-122 in treatment of HCV infection has
been initially addressed by Lanford and colleagues. They found that treatment of
HCYV infected chimpanzees with an LNA-modified oligonucleotide complementary
to miR-122 has a long-lasting anti-viral effect without induction of side effects. The
inhibition of miR-122 resulted in the de-repression of miR-122 mRNA targets,
down-regulation of IFN genes and improvement in liver pathology (Lanford et al.,
2010). The recent results of a phase 2a clinical trial show that subcutaneous
administration of miR-122 antagonist (miravirsen) to patient with HCV genotype 1
resulted in the dose-dependant reduction in HCV RNA levels without evidence for
viral resistance (Santaris Pharma; ClinicalTrials.gov number, NCT01200420)
(Janssen et al., 2013). The therapeutic effects of miRNA mimics have also been
examined in vivo. The intravenous administration of miR-34a mimic to mice with
non-small cell lung cancer (NSCLC) showed a significant reduction in tumour
growth without induction of an immune response (Wiggins et al., 2010). Further
works on the applicability of miR-34a mimic as therapeutic agents are now taking
place. A clinical phase 1 trial examining the effect of MRX34 (mimic of miR-34) in
treatment of primary liver cancer, advanced or metastatic cancer were initiated in

May 2013 (ClinicalTrials.gov Identifier: NCT01829971).

Many miRNAs have been identified as potential targets for development of treatment
for liver fibrosis (He et al., 2012b; Szabo and Bala, 2013; Vettori et al., 2012).
Several pre-clinical studies were conducted to develop miRNA-based therapeutics
and test their efficacy in various animal models of disease. Importantly, recent
successes of phase 1 and 2 clinical trials suggest that miRNA-based therapeutics will
become important medical tools in the near future. However, before they can be
brought to the clinic, several challenges need to be overcome including specific
delivery to the diseased tissue or organ and targeting the exact pathway responsible

for the disease. Additional questions also need to be answered, including whether the
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inhibition of miRNAs in chronic disease will have a clinical effect (Pottier et al.,

2014).

1.4 Small RNAs in extracellular environment

In 1948 Mandel and Métais described extracellular nucleic acids in human blood for
the first time (Mandel and Metais, 1948); however it was not until 1970s that the
attention was put back on the significance of cell-free RNA. In 1972, Kolodny et al.,
showed that RNA can be secreted by normal and transformed fibroblasts to their
culture media (Kolodny, 1971, 1972) and a few years later Stroun et al., further
demonstrated the presence of highly methylated, small in size (sedimenting between
2.5 to 4S) RNA, released by two different cell types, normal human lymphocytes and
frog auricles, into the cell culture media through a process not associated with cell
death (Stroun et al., 1978). A range of reports in the 1960s also suggested that RNA
from one tissue (e.g. liver) could induce tissue-specific expression in another cell
type (Niu et al., 1962), although the mechanisms of such import were never
described. The recent discovery of RNA encapsulation within extracellular vesicles
(Valadi et al., 2007) is consistent with some of these earlier studies and provides a

base for conceptualizing RNA transport in mammals.

In 2007 Valadi et al., reported the first evidence of miRNAs outside the cell. They
showed that exosomes secreted by mast cell lines contain both mRNA and miRNA
(Valadi et al., 2007). Moreover, several reports in 2008 demonstrated that miRNAs
are present in a cell-free form in human and mouse serum based on small RNA
sequencing and/or RT-PCR analysis (Chen et al., 2008b; Lawrie et al., 2008;
Mitchell et al., 2008). Since then, miRNA have been shown to be present in various
body fluids including serum, plasma, saliva, tears, urine, amniotic fluid, colostrum,
breast milk, bronchial lavage, cerebrospinal fluid, peritoneal fluid, pleural fluid, and

seminal fluid (Weber et al., 2010).

Analyses of small RNA content in bodily fluids has been largely focused on
miRNAs, given their tissue-specific expression, the precedence for their differential

expression in disease, and their diagnostic potential (Calin and Croce, 2006).
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However, an increasing number of reports suggest that other classes of small RNAs
can also play a variety of roles in gene regulation. For example, tRNAs can be
processed into small RNA fragments that associate with Argonaute (Ago) proteins
and can silence genes, reviewed in (Tuck and Tollervey, 2011). Semenov et al.,
showed that 3’ end fragments of rRNAs and tRNAs are detectable in human milk
(Semenov et al., 2004). Appaiah et al., also reported up regulation of U6 RNA in the
sera of cancer patients (this study was originally focused on miRNA content and
analysis of U6 expression was included for purposes of normalization) (Appaiah et
al., 2011). It is possible, therefore, that various small RNAs exist in an extracellular

form that may be of diagnostic or biological interest.

1.4.1 Stability of extracellular RNA

miRNAs have been shown in various body fluids including serum and plasma, yet,
the blood of a healthy human contains high levels of stable ribonucleases: the
concentrations of RNases in human serum or plasma are estimated at several hundred
ng/mL, and can be elevated in cancer patients, which could degrade exogenous RNA
within seconds (Blank and Dekker, 1981; Kamm and Smith, 1972). The surprising
fact that cell-free RNA can be therefore detected in RNase rich environment has
been examined in various studies. Tsui et al., showed that synthetic RNA is degraded
in less than 5 sec when incubated with human plasma, but they found that RNAs
present in serum and plasma are stable at 4°C for at least 24 h and the concentration
of endogenous RNA in serum is not affected by freezing-thawing (Tsui et al., 2002).
Further studies (prior to analysis of miRNAs) have confirmed this apparent stability
of RNA: El-Hefnawy et al., showed that plasma RNA is stable for at least 3 h at
room temperature and that neither RNase H, RNase A/T or DNase affect RNA
concentration in plasma. They have also reported that the addition of detergents
(Triton-X or SDS) to the sample significantly reduced 18S rRNA levels quantified
by qRT-PCR suggesting that extracellular RNAs are protected by proteins (El-
Hefnawy et al., 2004), arguing against the possibility that mRNA is stabilized by
association with DNA as suggested previously by (Stroun et al., 1978). A range of
reports have shown similar results with miRNAs, and have gone on to test the

stability of miRNA in serum and plasma under extreme conditions including

28



Chapter 1

incubation for long periods at room temperature, multiple cycles of freeze-thawing,
exposure to boiling and different pH solution treatments (Chen et al., 2008b; Li et al.,
2011b; Mitchell et al., 2008). These and other investigations suggest that a large
component of the RNA found in fluids is extremely stable. The observation that pre-
treatment of serum or plasma with detergents (e.g. Triton-X or SDS) makes mRNAs
susceptible to degradation by RNases (El-Hefnawy et al., 2004; Tsui et al., 2002),
and miRNAs secreted from human monocyte cell line derived from an acute
monocytic leukemia patients (THP-1) similarly lose protection following treatment
with detergents (Zhang et al., 2010b) led to suggestion that stability of miRNAs is

related to their natural encapsulation in vesicles or proteins (Ng et al., 2002).

miRNA encapsulated within vesicles

Cell-derived membrane vesicles are secreted by many, if not all, cell types and have
been detected in body fluids through density sedimentation, electron microscopy and
analysis of specific markers on their surfaces. Due to a lack of precise nomenclature,
many terms are used in literature to describe extracellular vesicles, including
microparticles, microvesicles, exosomes, and membrane particles; here we refer to
exosomes, apoptotic bodies and shedding microvesicles as defined in a recent review
(Gyorgy et al., 2011). The term exosome is used to describe vesicles ~ 40-100 nm in
diameter, of endocytic origin, derived from multivesicular bodies (MVB) that fuse
with the plasma membrane (Stoorvogel et al., 2002). Shedding microvesicles are ~
100-1000 nm in diameter and derive directly from cell membranes by budding.
Apoptotic bodies are ~ 50-5000 nm in diameter and are membranous vesicles shed
from the plasma membranes of dying/apoptotic cells via blebbing. A description of
the biogenesis and distinguishing features of these vesicles is summarized in
(Gyorgy et al., 2011). Of interest is the fact that RNA has been shown to be
associated with vesicles (Fig 1.5). In 2007, Valadi et al., showed for the first time
that exosomes derived from mouse and human mast cell lines (MC/p and HMC-1
respectively) contain, apart from mRNA, small RNA including miRNA. They have
shown that RNA is encapsulated in vesicles and is resistant to RNase treatment

(Valadi et al., 2007). Interestingly Valadi et al., and others, observed that levels of
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specific miRNAs are enriched in vesicles in relation to the pool of intracellular small
RNA (Pigati et al., 2010; Valadi et al., 2007). This specificity implies function, and

secreted small RNAs provide one media for cell-to-cell communication.
Cell-to-cell communication

It is know that cell-to-cell communication occurs through secreted growth factors,
cytokines, hormones and chemokines, direct cell contact or cell synapses. Given the
findings of miRNAs in exosomes, miRNAs are also considered as a mediator of cell-

to-cell communication.

For example, Zhang et al., showed that miR-150 is selectively packaged into
exosomes secreted by THP-1 cells, which can be taken up by human microvascular
endothelial HMEC-1 cells. Increased concentrations of miR-150 in HMEC-1 cells
leads to down-regulation of miR-150 targets, including the transcription factor c-
MYB, resulting in enhanced cell migration (Zhang et al., 2010b). In a study carried
out by Kosaka et al., it has been shown that tumour suppressive miR-146a can be
transferred from COS-7 or HEK?293 cells to recipient COS-7 cells. The analysis also
showed that an addition of media from cells transfected with pri-miR-146a can
suppress miR-146a target, ROCK1, in recipient tumour cells and result in tumour
cell growth inhibition (Kosaka et al., 2010c). Functional RNA transfer also occurs
via apoptotic bodies. miR-126 is the most abundant miRNA in endothelial-derived
apoptotic bodies generated during atherosclerosis and can be transferred and taken
up by recipient vascular cells. Using a variety of controls, including apoptotic bodies
from cells derived from miR-126-/- mice, Zernecke et al., demonstrated that the
uptake of miR-126 is responsible for the down regulation of its target, RGS16, an
inhibitor of a G-protein-coupled receptor. Regulation of RGS16 by miR-126 leads to
an increase in CXCL12, which causes mobilization of progenitor cells and
incorporation into plaques, conferring protective effects in diet-induced
atherosclerosis (Aad et al., 2014; Zernecke et al., 2009). A range of cell-to-cell
communication associated with immune and neuronal signalling as well as tissue
repair was reviewed in (Thery, 2011). Although it seems that the RNA within

vesicles could play a wide range of functional roles within recipient cells, the actual
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mechanisms by which RNAs are selectively packaged into different vesicles remain
unknown. Gibbings et al., demonstrated that exosomes secreted from monocytes
contain components of the RISC machinery, including Argonaute 2 (Ago2) and
GW182, which co-migrate with endosomal-MVB fractions in density gradients
(Gibbings et al., 2009). Lee et al., found that silencing miRNA-RISC activity is
enhanced when MVB turnover is impaired and MVBs positively regulate RISC
loading (Lee et al., 2009a). However, there is no experimental support for a
mechanism whereby specific miRNAs are loaded into MVBs for secretion; nor is it

known how specificity is achieved in apoptotic bodies and shedding microvesicles.

miRNA —protein complexes

Several reports suggest that a substantial fraction of extracellular miRNA is not
encapsulated within vesicles but is stabilized by association with proteins. Wang et
al., showed that miRNAs secreted by A549 and HepG2 cells associate with RNA
binding protein nucleophosmin (NPM1), a multifunctional histone binding protein
known to be involved in a number of processes including the nuclear export of the
ribosome (Wang et al., 2011). Arroyo et al., applied differential centrifugation and
size exclusion chromatography to show that the majority of plasma miRNAs (~90%)
are present as Ago2-miRNA complexes and not contained within vesicles. They
further showed that these miRNAs become susceptible to degradation following
proteinase-K treatment of plasma (Arroyo et al., 2011). Similar observations were
made by Turchinovich et al., who showed that the majority of miRNAs found in
human plasma, as well as those secreted from the MCF7 breast cancer cell line, are
associated with Ago2 but exist in a form that is < 300 kDa (Turchinovich et al.,
2011). The authors suggested that the high proportion of miRNA-Ago may represent
by-products of dead cells, since Ago-miRNA complexes within cells are known to be
extremely stable. However, Ago?2 is also present within exosomes (Gibbings et al.,
2009; Zhang et al., 2010b) and it may be that some of the Ago2-RNA complexes
identified derive from vesicles, potentially damaged during purification. Another

study has shown that specific miRNAs are complexed to high-density lipoprotein
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(HDL) in serum, and this also protects miRNAs from degradation and mediates

transport into recipient cells (Vickers et al., 2011).

Apoptotic bodies

Exosomes

@ RNases

A& HDL-miRNA complex

3 4

e ,«@ @( ‘ RNases

Shedding microvesicles

A& Ago2-miRNA complex
D NPM1-miRNA complex

@ RNases

Figure 1.5 Extracellular miRNAs: vesicles and protein complexes.
Extracellular miRNAs are protected from degradation by RNases through encapsulation
within exosomes, shedding microvesicles and apoptotic cells. They have also been identified

in smaller molecular weight complexes bound to Ago2 or NPM1 proteins or HDL (Hoy and
Buck, 2012).
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The mechanisms controlling which export/import pathways are active in a cell are
unknown. However, it has been reported that exosome release is blocked by
inhibiting neutral sphingomyelinase 2 (nSMase2), an enzyme involved in ceramide
biosynthesis (Kosaka et al., 2010b). Interestingly, inhibition of nSMase 2 actually
increases the export of miRNAs by HDL (Vickers et al., 2011), suggesting distinct
mechanisms and/or competition in the export pathways. Further research is required
to understand the mechanisms dictating specificity in secretion and uptake pathways.
Nonetheless, the capacity to mimic and exploit these natural RNA transport vehicles,
whether they be vesicles or protein co-factors, has exciting implications for

therapeutic RNA delivery (Alvarez-Erviti et al., 2011).

1.4.2 Diagnostic potential of miRNAs

Given the tissue-specific expression of miRNAs, differential expression in disease,
and their presence in blood, extensive interest has been directed towards
development of miRNA-based diagnostics. Tissue injury appears to be one
pathological state where differential expression of specific miRNAs can be detected
in blood. Wang et al., demonstrated that the liver-specific miRNA, miR-122, is
elevated 500-fold in mouse plasma following liver injury by acetaminophen
overdose (Wang et al., 2009). Others have also reported increases in miR-122 levels
in human serum following liver damage induced by acetaminophen (Starkey Lewis
et al., 2011) or hepatitis B infection (Zhang et al., 2010a). Differential expression of
extracellular miRNAs is also associated with acute myocardial infarction (AMI).
Cheng et al., reported a 200-fold increase in the level of miR-1 in serum in rat serum
at 6 hours after acute myocardial infarction (AMI) (Cheng et al., 2010). They also
observed a significant increase in miR-1 levels in serum taken from human patients
within 24 hours of AMI. Whether miR-122 and miR-1 are released during cell death
and/or there is specificity in the secretion of these miRNAs is unknown. Both of
these miRNAs are highly abundant and tissue-specific (Liang et al., 2007); miR-1 in
cardiac muscle and miR-122 in hepatocytes. These features may reflect their utility
as biomarkers, where a high signal-to-noise must be obtained within an environment
where the noise could derive from the many cell types and tissues releasing or

secreting miRNAs (Hunter et al., 2008).
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Beyond tissue injury, numerous reports have detailed miRNA changes in serum or
plasma associated with different cancers, reviewed in (Cortez et al., 2011). As a
proof-of-concept that tumour-associated miRNAs can enter circulation, Mitchell et
al., used a mouse xenograph model with human prostate cancer cells expressing
human-specific miRNAs (miR-629* and miR-660) to demonstrate that these tumour-
derived miRNAs are detected in mouse plasma (Mitchell et al., 2008). They also
reported an increase expression of miR-141 (46-fold on average) in serum of patients
with prostate cancer and reported 60% sensitivity and 100% specificity in detecting
individuals with cancer. Ironically, miR-141 in human plasma was first reported in
association with pregnancy: this miRNA is enriched in the placenta, increases in
maternal plasma with gestational age and drops off significantly by 24 hours post
delivery (Chim et al., 2008). Although technically prostate cancer and pregnancy
would not be examined in the same individual, these examples highlight a problem in
overlapping miRNA “biomarkers”. Further understanding of the mechanism of
miRNAs release or secretion by cells will help realise the full potential of these

molecules as biomarkers.

1.5 Hypothesis and objectives of this thesis

It is estimated that S.mansoni affects more than 80 million people worldwide with
mortality rate of around 130,000 per year (van der Werf et al., 2003). The infection
leads to accumulation of the parasite eggs in the liver and consequently liver fibrosis

and portal hypertension.

Diagnosis of schistosome infection is crucial for patient management, evaluation of
treatment efficiency, monitoring of disease transmission and success of control
strategies. Currently used diagnostic technics have a number of drawbacks.
Microscopic techniques such as Kato-Katz or ether-concentration offer poor
sensitivity in detecting low-intensity infections (for example, in children), are unable
to detect pre-patent or single sex infection and fail to detect infection in individuals
where eggs are trapped in tissues and not excreted. Available antibody-based assays
are useful for diagnosis in some cases (e.g. foreign travellers) but they cannot

differentiate past and active infection and can also cross-react with antigens from
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other helminths. These assays therefore do not offer a definitive diagnosis in

schistosome-endemic areas.

Further, liver fibrosis caused by various insults, including infection with S.mansoni,
is an important health problems. There is no treatment for hepatic fibrosis/cirrhosis
other than transplantation highlighting the importance of investigating the molecular

basis of fibrogenesis towards developing better diagnostic and therapeutic tools.

miRNAs have been shown to be altered upon disease process including liver fibrosis
and are present in body fluids in a stable form, suggesting that they can be used as
novel diagnostic biomarkers. Moreover, their functional implication in the
fibrogenesis indicates that they have a potential to be used as new therapeutic

strategies for the treatment of liver fibrosis.

Given the health burden of S.mansoni infection and associated liver fibrosis we
reasoned that it is important to understand the role of miRNA in the S.mansoni

infection. We hypothesized that miRNAs:

i) are altered in the liver and serum upon S.mansoni infection

ii) play a role in progression and resolution of liver fibrosis.

The study presented in this thesis aimed to:

1) Examine the profile of host miRNA during S.mansoni infection in the liver and
explore the potential of miRNA inhibitors in treatment of liver fibrosis.

2) Based on the profile in liver, select miRNA candidates that might represent
serum biomarkers

3) Investigate the small RNA profile in serum upon S.mansoni infection and

examine the diagnostic potential of additional circulating small RNAs.
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Chapter 2: Materials and Methods

2.1 Animals

For miRNA array analysis of liver and Illumina sequencing of serum in experiment
1, 8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with
~180 S. mansoni cercariae, weighed regularly, and euthanized 7 weeks post
infection. For the 12-week time course, and Illumina sequencing of serum in
experiment 2, 8-10 week old C57BL/6 mice were left uninfected or infected
percutaneously with ~80 cercariae (this dose was specifically selected to minimise
animal loss at later time points), weighed regularly and euthanized at 4, 6, 8 and 12

weeks post infection.

For the in vivo inhibition of miRNAs experiment 1 and 2, 8-10 week old C57BL/6
mice were left uninfected and were injected intravenously with PBS, Negative
Inhibitor, miR-122 Inhibitor or miR-199-3p Inhibitor at 30mg/kg (experiment 1) or
60mg/kg dose (experiment 2) (100ul volume), as detailed in Chapter 3, section 3.3.3.
For the in vivo inhibition of miRNAs experiment 3, 8-10 week old C57BL/6 mice
were left uninfected or infected percutaneously with ~60 S. mansoni cercariae, and
treated with either PBS, Negative Inhibitor, miR-122 Inhibitor or miR-199-3p
Inhibitor at 50mg/kg as specified in the result section (Chapter 3, section 3.3.4). All

mice were weighed regularly, and examined for any adverse effects.

For characterisation of tRNA-derived fragments, 8-10 week old C57BL/6 uninfected

mice were used.

All mice were maintained under specific pathogen free conditions at the University
of Edinburgh Animal Facilities. Animal experiments were conducted under a Project
License granted by the Home Office (United Kingdom), reference 60/4104, in
accordance with local guidelines and approved by the Ethical Review Committee of

the University of Edinburgh.
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2.2 S.mansoni infection in mice

S.mansoni cercariae were shed from infected Biomphalaria glabrata snails. 30-40
snails were transferred to a beaker containing pond water and left under a heat lamp
for 50 min. After this time the snails were returned to their tanks and the pond water
was poured to a 50 ml tube. A 200 ul sample of cercariae was placed on the gridded
petri dish and an equal volume of Lugol’s iodine solution was added. The cercariae
were counted under a dissection microscope and an average of three samples was
taken. Female 8-10 weeks old C57BL/6 mice were anesthetised with a mix of
medatomidine (dormitory) and ketamine (vetalar) diluted in PBS (0.25 ml domitor
and 0.19 ml vetalar mixed in 2.6 ml PBS (Sigma), injected 0.01 ml/g). The hair from
the abdomen area was removed with clippers and wiped with water to remove hair.
The animals were placed on the pre-warmed heat pad to help maintain body
temperature during the procedure and a 1cm diameter stainless steel ring was secured
over the shaved region of the abdomen with tape. 200 pl of cercarial water
containing an appropriate amount of cercariae was placed into the ring and further
200 pl of pond water as added on the top. The animals were left for 30 min to
allowed cercarial penetration. After this time the remaining water was removed from
the animals and the animals were revived with atipamezol (antidesan) diluted in PBS
(0.04 ml antidesan diluted in 0.96 ml PBS (Sigma), injected subcutaneously, 0.1ml

per animal). Following infection animals were monitored and weighed regularly.

2.3 Intravenous tail vein injections

miRNA Inhibitors of miR-122, miR-199a-3p, and Negative Inhibitor- C.elegans cel-
miR-67 were synthesised by ThermoFisher. These synthetic oligonucleotided are
cholesterol conjugated to facilitate delivery to the liver. Further details regarding the

structure of these molecules were not shared by ThermoFisher.

In experiment 1: female 8-10 weeks old C57BL/6 mice were injected intravenously
via tail vein with 30 mg/kg of miR-122 Inhibitor (n=3) or cel-miR-67 (Negative
Inhibitor —NI) (n=3) or with PBS (n=3) on day 1 and day 3 and livers were harvested
on days 4 and 8 as outlined in Fig 3.5 A.
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In experiment 2, female 8-10 weeks old C57BL/6 mice mice (n=3) were i.v. injected

twice weekly (Monday and Thursday) with 50mg/kg dose of Inhibitors ( miR-122
Inhibitor, miR-199a-3p Inhibitor. Negative Inhibitor) or PBS and tissue harvest was
performed on week 4 (24h post last injection) as depicted in Fig 3.6A.

In experiment 3: female 8-10 week old C57/Bl6 mice were infected with ~60
cercariae or left uninfected (Day 0). Infected mice were divided into 4 experimental
groups which on days 21, 28 and 35 post infection were injected intravenously with:
Group 1 (iPBS) animals- 200ul of PBS, Group 2 (iNI): 60mg/kg of NI, Group 3 (i
miR-122): 60 mg/kg of miR-122 Inhibitor, Group 4 (i miR-199-3p): 60mg/kg of
miR-199a-3p Inhibitor. Uninfected animals were injected with 200 pl of PBS
(nPBS). Liver tissues were harvested on day 49 post infection. Initially the harvest
was planned for day 56, however as two of Group 3 mice died the experiment was
terminated and organs were harvested on day 49 post infection. Experimental outline

provided in Fig 3.7 A.

2.4 Collection of mouse blood, serum and plasma

Whole blood was drawn from mice by cardiac puncture. The needle was removed
before emptying the syringe to avoid haemolysis. For serum, blood was collected to
Eppendorf tubes and was allowed to sit for 1h at RT to clot. For plasma, blood was
collected to EDTA containing tubes (BD Vacutainer K2EDTA), and kept on ice prior
to further processing. Both serum and plasma were separated by centrifugation at
2500g for 15 min at 4°C, and the supernatants were collected into a new tubes and
spun at 10,000g for 1 min to remove remaining cells. The resultant supernatants was

transferred into new tubes and stored at —20°C prior to RNA extraction.

2.5 S.mansoni egg count

Harvested livers were weighed and digested in 4% potassium hydroxide buffer per
gram of liver at 37°C overnight. 100 pl of liver digest was pipetted onto a gridded
petri dish, eggs were counted and the number of eggs per gram (epg) of liver tissue

was calculated.
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2.6 Masson’s trichrome staining of liver tissue

Paraffin embedded liver sections were stained with Masson’s trichrome at the
University of Edinburgh, Histology Service, QMRI. Briefly, slides were
deparaffinized and rehydrated through xylene and gradient alcohol: 100% ethanol,
90% ethanol, 80% ethanol, 70% ethanol, 50% ethanol, and washed in deionized
water. Slides were then transferred to 1% (v/v) picric acid for 30s and washed under
running tap water to remove yellow colour from the sections. Slides were stained in
Hematoxylin solution for 10-20 s and washed in running tap water. Next, slides were
placed in Biebrich Scarlet-Acid Fuchsin for 3 min, rinsed in deionized water for 10s
and placed in 50% Phosphomolybdic /50% Phosphotungstic acid solution for 5-10
min. Slides were stained in Aniline Blue solution for 5 min, rinsed briefly in distilled
water and placed in 1% acetic acid solution for 2-5 min. Samples were dehydrated

and mounted.

2.7 Human serum samples

2.7.1 Serum tRNA characterisation analysis

Human venous blood samples were obtained from healthy volunteers working at the
University of Edinburgh, Ashworth Laboratories, King’s Buildings. Blood was
collected to RNnase free eppendor tubes or EDTA contained tubes (BD Vacutainer
K2EDTA) and serum and plasma was separated as described in section 2.3 of this

chapter. Written consent was obtained from each individual.

2.7.2 S.mansoni biomarker analysis

Samples kindly obtained form Laboratory of Dr F. Mutapi — The University of
Edinburgh, and Laboratory of Prof. D. Dunne — Cambridge University

Human samples were obtained from schistosome endemic areas in Zimbabwe and
Uganda. Chiredzi (Zimbabwe) participants were comprised of five ‘egg positive’
individuals with an average egg per gram in stool (epg) = 108, range: 39-277 and
nine ‘egg-negative’ individuals. According to the WHQ’s classification, Zimbabwe

has high to moderate levels of S. haemobium infection (prevalence ranging from 10%
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to greater than 70%) but low S. mansoni prevalence (less than 10%). The study group
included in this investigation was part of a larger study on the molecular
immunoepidemiology of human schistosomiasis and had not been included in the
National Schistosome Control Programme and therefore had not received treatment
for schistosomiasis or other helminth infections. After collection of all samples, all
participants were offered anti-helminthic treatment with the recommended dose of
praziquantel (40 mg/kg of body weight). Pidda (Uganda) participants comprised
twenty individuals infected with S. mansoni with an average epg=1117 (range: 105-
4030) and ten egg-negative individuals. The study group included in this
investigation were part of a larger study carried out in Butiaba village, adjacent to
Lake Albert, Masindi district, Uganda (Kabatereine et al., 1999). The cohort had
moderate to high S. mansoni infection intensities and prevalence of 91%. After
collection of stool and serum samples all the study participants, irrespective of the
infection status, received 2 doses of praziquantel, 40 mg/kg of body weight, 6 weeks

apart. Efficacy of chemotherapy was assessed 6 weeks after each treatment.

For the human serum samples collected in Chiredzi, permission to conduct the work
in this province was obtained from the Provincial Medical Director. Ethical approval
was received from the Medical Research Council of Zimbabwe (MRCZ). Only
compliant participants were recruited into the study and they were free to drop out at
any point during the study. At the beginning of the study, participants and their
parents/guardians (in case of children) had the aims and procedures of the project
explained fully in the local language, Shona, and oral consent (as was customary)
was obtained from participants and parents/guardian before parasitology and blood
samples were obtained. For the samples collected in Pidda, ethical clearance was
obtained from the Uganda National Council of Science and Technology (ethics
committee for Vector Control Division, Ugandan Ministry of Health). The aims and
procedures were explained to the local community at the start of the study and oral
consent was obtained from all adults and from the parents/legal guardians of all
children under 15 who were willing to participate. Oral informed consent was
obtained because of the high levels of illiteracy and cultural reasons, approved by the

MRCZ or ethics committee for Vector Control Division, Ugandan Ministry of
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Health. Upon oral consent participants were enrolled in the study with a written
record of their name, age, sex and case number, this served as both the record of oral

consent and enrolment record.

2.8 Parasitology and human serum sample collection
and processing- biomarker analysis

Analysis carried out by Dr Norman Nausch (Laboratory of Dr F. Mutapi) and
Frances Jones (Laboratory of Prof. D. Dunne)

Participants in the Zimbabwe study were checked for both urogenital and intestinal
schistosomiasis and for inclusion in this analysis had to be free of any soil-
transmitted helminths and also free of S. haematobium infection to avoid cross
reactivity between different helminth parasites. For the analysis of urogenital
schistosome infection (S. haematobium) participants submitted three urine and three
stool samples (over four consecutive days). 10 ml of each sample received was
processed on the day of collection by a urine filtration method (Mott, 1983). Stool
samples were prepared and examined on the day of collection using the Kato-Katz
faecal smear for detection of S. mansoni eggs and soil transmitted helminths (Katz et
al., 1972). A single slide for microscopic examination was prepared from each urine
and stool sample. Serum was prepared from 10ml venous blood collected from study
participants, frozen at -20°C and afterwards stored at -80°C. Samples were
transported frozen to Edinburgh and stored at -80°C prior to serological assays.
Participants in the Ugandan study had duplicate 50 mg Kato-Katz slides prepared
from 3 consecutive stool samples for detection of S. mansoni eggs, expressed as
mean epg. Serum was prepared from 10ml venous blood samples, frozen at -20°C

and transported to Cambridge for storage at -80°C prior to serological assays.

2.9 Mouse Serum RNA extraction

For the 12-week time course experiment and tRNA characterisation experiments,
total RNA was extracted from serum (or plasma) using the miRVana PARIS
extraction kit (Ambion), according to the manufacturer’s protocol. In brief, 100ul of

serum (or plasma) was thawed on ice, mixed with an equal volume of 2x Denaturing
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Solution and kept on ice for 10 min. Samples were extracted with an equal volume of
acid-phenol chloroform, vortexed for 30s and centrifuged for 10 min at 10,000 g at
RT. The aqueous phase was mixed with 1.25 volumes of 100% ethanol and added to
the mirVana PARIS column. The column was washed and RNA eluted in 100ul of
0.1 mM EDTA. RNA samples were stored at —20°C prior to further analysis.
Extracted RNA was quantified by Qubit (Invitrogen).

2.10 Human Serum RNA extraction

For the tRNA characteristic experiments, total serum (or plasma) RNA was extracted
using miRVana PARIS extraction kit (Ambion), according to the manufacturer’s
protocol. For the biomarker analysis experiments, due to small volumes and low
amounts of RNA in available human serum samples the extraction protocol was
adjusted to result in more concentrated RNA. To do this, 50u1 of serum was thawed
on ice, mixed with 50u1 of ddH,O and 100ul of 2x Denaturing Solution (as supplied
in the miRVana Paris kit) and kept on ice for 10 min. Samples were spiked with
10fmoles of a synthetic RNA, Spikel: 5’-UGCUGAAUGCGUAGCUAUAAGC-3’
(IDT) and extracted with an equal volume of acid-phenol chloroform, vortexed for
30s and centrifuged for 10 min at 10,000g at RT. The aqueous phase was mixed with
1/10 volume of 3M sodium acetate, 10ug of GlycoBlue (Ambion) and an equal
volume of isopropanol. Samples were allowed to precipitate overnight at —20°C and
were then centrifuged at >10,000g at 4°C. Pellets were washed twice with 75%
ethanol, air-dried and then resuspended in 25u1 of 0.ImM EDTA. The total RNA

concentration was below the limit of detection based on Qubit (Invitrogen)-

2.11 Mouse tissue and cells RNA extraction

Liver, spleen, heart, kidney, lung tissue was immersed in RNA Later Solution
(Ambion) overnight at 4°C prior to extraction. Blood RBC and PBMCs were
separated using Ficoll-Paque Preminum (GE Healthcare) according to the
manufacturer protocol. RNA was extracted using TRIzol Reagent (Invitrogen)

according to the manufacturer’s protocol. RNA was quantified by NanoDrop and
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integrity assessed by 10% PAGE or Bioanalyzer 2100. All RNA samples used in the

microarray analysis had RIN > 8.

2.12 Reverse Transcription & PCR
2.12.1 miRNA & tRNA fragments

In the biomarker analysis experiments, for reverse transcription of mouse serum
samples, a fixed amount of extracted RNA (1.5 ng) was used as an input and 0.1
fmoles of a synthetic RNA, Spike2 5’-CGTATCGAGTGATGTCACGTA-3, was
added at the RT step for normalization. For human serum samples, when the total
RNA concentration was below the detection limit, a fixed volume of RNA (5 ul),
corresponding to 10ul of extracted serum, was used as the input and Spikel 5°-
TGCTGAATGCGTAGCTATAAGC-3’ (added at the time of purification) was used
for normalization. In tRNA characterisation studies a fixed volume of RNA (5 ul)
corresponding to 5 ul of extracted serum was used as the input and cel-miR-39
synthetic RNA, added at the time of purification was used for normalization. For
reverse transcription of RNA extracted from liver, 200ng of total RNA was used in
each reaction. Reverse transcription reactions were performed using the miScript
System (Qiagen) according to the manufacturer’s protocol (Fig. 2.1), containing
0.5uLL of miScript Reverse Transcriptase Mix, 2ulL of 5x miScript RT Buffer, and
appropriate amounts of RNase-free water and RNA in a total volume of 10u.
Samples were incubated for 60 min at 37°C followed by 5 min at 95°C and were kept
at —20°C before proceeding to PCR.

PCR was carried out with SYBR green real-time PCR assays (Qiagen) and miScript
primers to detect mouse and human miRNAs or tRNA fragments, according to the
manufacturer’s protocol (Qiagen) (Fig. 2.1). 0.5ul of cDNA (1:10 dilution) were used
per sample in a total reaction volume of Sul. The temperature profile used was as
follows: pre-denaturation 15 min at 95°C and then 45 cycles of denaturation 15s at
94°C, annealing 30s at 55°C, elongation 30s at 70°C. Fluorescence data collection
was performed at the end of each annealing step. All samples were tested in
duplicates and nuclease free water was used as a non template control. Primers for S.

mansoni-specific miRNAs, tRNA halves and the synthetic spikes were used at
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200nM final concentration and were purchased from Invitrogen. Primers sequences
are present in the Table 2.1. Primers for mouse and human miRNA were purchased
from Qiagen. Data was collected on a Light Cycler 480 System (Roche). Two
technical replicates were carried out for each biological replicate. Nuclease free

water was used as a non-template control.

2.12.2 mRNA

SYBR green real-time PCR assays for the detection of mRNAs were performed
using Light Cycler System (Roche) and 384-Well Reaction Plates (Roche). Primers
for mRNA detection were designed using the Universal Probe Library Assay Design
Center Roche software (available at (http://www .roche-applied-science.com) and
purchased from Invitrogen. Primers sequences are present in Table 2.2. Reactions
were performed using SYBR Green System (Roche) according to the manufacturer
protocol. 0.5ul of cDNA (1:10 dilution) were used per sample in a total reaction

volume of Sul.
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Figure 2.1 miScript qRT-PCR system.

During the reverse transcription step, RNA is polyadenylated by poly(A) polymerase and
reverse transcribed by reverse transcriptase with oligo-dT primer which have a 3' degenerate
anchor and a universal tag sequence on the 5' end allowing amplification of mature miRNA
in the qPCR step. Generated cDNA is used as a template for gPCR using miScript Primer
Assay and SYBR Green PCR Master Mix. The figure is from:
http://www.qiagen.com/gb/resources/resourcedetail 2id=7954ef25-3a39-4b0a-a27e-
42689dbb4f5f&lang=en.
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Name Sequence

miR-277 5-TAAATGCATTTTCTGGCCCG-3'
miR-2162-3p 5-TATTATGCAACGTTTCACTCT-3’
miR-3479-3p 5-TATTGCACTAACCTTCGCCTTG-3'
bantam 5'- TGAGATCGCGATTAAAGCTGGT-3’
miR-2a-3p 5-TCACAGCCAGTATTGATGAAC-3’
miR-71a-3p 5'- TGAAAGACGATGGTAGTGAGAT-3’
sma-miR-n1 5-AACTCAGTGGCCTATCGGT-3’
sma-miR-n2 5-TCAGCTGTGTTCATGTCTTCGA-3’
sma-miR-n3 5- TGGCGCTTAGTAGAATGTCACCG-3’
5tRNA®Y(GCC) | 5-GCATTGGTGGTTCAGTGGTA-3’
3'tRNA®Y(GCC) | 5-GATTCCCCGGCCAATG-3’

Spike1 5-TGCTGAATGCGTAGCTATAAGC-3’
Spike2 5-CGTATCGAGTGATGTCACGTA-3’
cel-miR-39 5-TCACCGGGTGTAAATCAGC-3’
miR-21 5'- TAGCTTATCAGACTGATGTTGA-3’
miR-16 5-TAGCAGCACGTAAATATTGGCG-3
let-7a 5-TGAGGTAGTAGGTTGTATAGTT-3'
miR-122 5-TGGAGTGTGACAATGGTGTTTG-3
miR-199-3p 5-ACAGTAGTCTGCACATTGGTTA-3'
miR-199-5p 5'-CCCAGTGTTCAGACTACCTGTTC-3'
miR-210 5-CTGTGCGTGTGACAGCGGCTGA-3’
miR-192 5'-CTGACCTATGAATTGACAGCC-3’
miR-194 5-TGTAACAGCAACTCCATGTGGA-3’
miR-151-5p 5-TCGAGGAGCTCACAGTCTAGT-3’
miR-365 5-TAATGCCCCTAAAAATCCTTAT-3’
miR-9 5-TCTTTGGTTATCTAGCTGTATGA-3’
miR-214 5'-ACAGCAGGCACAGACAGGCAGT-3’

miR-744

5-TGCGGGGCTAGGGCTAACAGCA-3’
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Name Sequence

ACTA2 F 5-CTCTCTTCCAGCCATCTTTCAT-3
ACTA2 R 5-TATAGGTGGTTTCGTGGATGC-3
COL1A2 F 5-TGAAGTGGGTCTTCCAGGTC-3
COL1A2 R 5-GACCAGGCTCACCAACAAGT-3’
COL3A1F 5-GTCCACGAGGTGACAAAGGT-3’
COL3A1R 5-GATGCCCACTTGTTCCATCT-3
MMP13 F 5-ATCCTGGCCACCTTCTTCTT-3
MMP13 R 5-TTTCTCGGAGCCTGTCAACT-3
MMP2 F 5-TTTTTGTGCCCAAAGAAAGG-3
MMP2 R 5-GCCCTCCTAAGCCAGTCTCT-3’
TIMP1 F 5-CGGAAATTTGCACATCAGTG-3’
TIMP1 R 5-GTAGTCCTCAGAGCCCACGA-3
TIMP2 F 5-GACATCGAGGACCCGTAAGA-3’
TIMP2 R 5-TGTCCCTCCAGACCCACTAC-3’
MMP9 F 5'-CACCACCACAACTGAACCAC-3
MMP9 R 5-CTCAGAAGAGCCCGCAGTAG-3
FBN1 F 5-GGACGGAAAGAACTGTGAAGAT-3
FBN1 R 5-ACACATTCCGTTTAGGCACA-3
GAPDH F 5-AGCCACATCGCTCAGACAC-3’
GAPDH R 5-GCCCAATACGACCAAATCC -3
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The temperature profile used was as follows: pre-denaturation 5 min at 95°C and
then 45 cycles of denaturation for 10s at 95°C, annealing 10s at 60°C, elongation 10s
at 72°C. Fluorescence data collection was performed at the end of each elongation
step. All samples were tested in duplicates and nuclease free water was used as a

non-template control.

2.12.3 Generation of standard curve.

Synthetic single-stranded RNA oligonucleotides corresponding to the exact mature
miRNA sequence for miR-16, miR-39, miR-21, miR-122 and miR-199-3p and tRNA
halves: 5’ tRNA®Y(GCC) and 3’ tRNA®Y(GCC) were purchased from IDT. Synthetic
RNAs were reverse transcribed using miScript System (Qiagen) and standard curves
were generated for each miRNA/tRNA using dilution series of known input amount
of the synthetic. The Ct values obtained was plotted against the logarithm of input
number of copies of the synthetic molecule and a line was fitted, where Ct= a (Log
copy number)+b (standard curve equation). The standard curves are shown in

Appendix 1.

2.12.4 qRT-PCR Data Analysis

For analysis of miRNAs in liver samples, the relative fold change between naive and

infected samples was calculated using the 274

method (Livak and Schmittgen,
2001), normalized to miR-16. For serum miRNA data analysis, Ct values were
“median-normalized” to synthetic RNA spike oligos as described previously
(Mitchell et al., 2008): relative change was calculated as 2", where Ctn stands for
normalized Ct values. For miRNA serum biomarker work, the sequences of used
spike ins Spike 1 and Spike 2, did not match any known miRNA in miRBase and the
primers for detecting these did not yield signals in serum by qRT-PCR, indicating
that they do not cross-hybridize with mouse or human small RNAs. For tRNA

quantification, cel-miR-39 spike in was used for normalisation purposes.

For analysis of host miRNA and tRNAs, fold change was calculated as the ratio of
the relative change value of the sample compared to an average of the relative

change values of naive/uninfected samples. At each time point (4, 6, 8, 12 weeks
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post infection), the calculated fold changes of each sample were plotted as naive and
infected. For parasite miRNA, the fold changes for all naive samples were plotted
together — ‘background’ and fold change data for infected samples were plotted
separately for each time point. For the cumulative analysis of miRNAs, the
arithmetic mean of fold changes for miR-277, miR-3479-3p and bantam were used.
For absolute quantification of miRNAs or tRNAs levels, Ct values were “median-
normalized” to synthetic RNA spike oligos as described previously (Mitchell et al.,
2008) and the copy number was calculated using Ctn= a (Log copy number)+b

standard curve equation.

Statistical analysis of qRT-PCR data and receiver operator characteristic (ROC)
curve analysis was performed with GraphPad Prism (Version 6) software. Two-way
ANOVA followed by a Sidak multiple comparison test was used to calculate
statistical differences for the mouse miRNA/tRNA halves time course data from
serum and liver. For the parasite miRNA serum time course, one-way ANOVA
followed by Holm-Sidak multiple comparison was used. For analysis of the human
serum samples, the Mann-Whitney test was used and p-values of <0.05 were

considered statistically significant.

2.13 miRNA Array

Samples were provided by Dr Rachel Lundie. Experimental work was carried out by
Dr. Amy H. Buck, analysis were carried out by Mr Thorsten Forster. Dr Amy H Buck

provided the protocol.

For the array analysis, 1 ug of total RNA was labelled using the Hy3 power labeling
kit (Exiqon) and hybridized to codelink slides printed with the miRCury 8.1 probe
set as described elsewhere (Ruckerl et al., 2012). Hybridization and washing were
carried out following the manufacturer’s protocols (Exiqon). Background signal was
subtracted from foreground signal and data were transformed to log-2 scale.
Between-array normalization was carried out using global array percentiles
(matching median of each array); triplicate probes were represented by the median

for each array. Empirical Bayes moderated t statistic (eBayes) was used to test the
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null hypothesis of “no differential expression” between uninfected (n = 3) and
infected (n=3) liver samples. Since this array was only used as a filter for further
validation, the p values were not adjusted for multiple testing. The Exiqon 8.1 arrays

contained 384 probes specific for mouse miRNAs.

2.14 lllumina Sequencing

For small RNA sequencing in experiment 1, total RNA was extracted from serum of
8 pooled S. mansoni-infected mice (Wk 7, 180 cercariae) and 8 uninfected age
matched controls (400ul total volume) according to the miRVana PARIS protocol
(as described above). The small RNAs were size selected by 15% PAGE and
prepared according to the Illumina small RNA Sample Preparation Kit version 1.5
and sequenced on the GAIIX (Fig. 2.2.)For small RNA sequencing in experiment 2,
total RNA was extracted from serum of 3 pooled S. mansoni infected mice (Wk 8, 80
cercariae) and 3 uninfected age matched controls (300u1 total volume) was extracted
according to the miRVana PARIS protocol. The library was prepared according to
the TruSeq Small RNA protocol (without size-selecting small RNA) and sequenced
on the HiSeq2 (Fig. 2.3). Both protocols are designed to enrich for RNA molecules
with 5'-phosphate and a 3'-hydroxyl group. On that note, most RNA turnover and
hydrolysis products generally carry a 5° hydroxyl group and a 2’,3’ cyclic phosphate
or 2’ or 3’ monophosphate and these would not be present in the generated cDNA

libraries.

Analysis were carried by Dr Alasdair Ivens and Dr Amy H. Buck. Dr Amy H Buck

provided the protocol.

Raw reads were obtained in fastq format and 3' adapters trimmed using cutadapt,
requiring at least a 6 bp match to the adapter sequence and a quality threshold of 20.
Only reads that contained the adapter were retained; reads were subsequently
collapsed on primary fasta sequence and those present in only one copy within a
sample were discarded. Trimmed, collapsed reads =17 bp were then aligned to
mouse (MM9) or S. mansoni genomes (V5.0) using BOWTIE version 0.12.5,

requiring a perfect match to the full length of the sequence. Reads that mapped to

50



Chapter 2

either genome were then BLASTN aligned against the RFAM database [BLASTN
parameters: -max_target_seqs 1 -outfmt '6 std qseq sseq' -task blastn -word_size 6 -
dust no] and categorized according to matches to Rfam class (e.g. rRNA, tRNA,
etc.). Mouse reads without rfam similarities (other than miRNAs) were aligned to
mature miRNAs in miRBase version 19. Some trimmed miRNA reads aligned to
more than one family member: the assignment of these ambiguous reads is
designated with “x” in Appendix 6. RNAs that aligned to the S. mansoni genome and
did not show RFAM similarities were passed to mirDeep2.0.0.5 using platyhelminth
miRNAs from miRBase 19 as guides (Appendix 7).
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Figure 2.2 cDNA library preparation using Illumina small RNA Sample Preparation
Kit version 1.5.

For small RNA sequencing in experiment 1, total RNA was extracted from serum. The small
RNAs were size selected by 15% PAGE and prepared according to the Illumina small RNA
Sample Preparation Kit version 1.5 and sequenced on the GAIIX. Figure was modified from:
http://support.illumina.com/downloads/truseq_small rna_sample_preparation_guide 150041
97 .html.
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Total RNA
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Gel Purification

|

HiSeq2 Sequencing

Figure 2.3 c¢DNA library preparation using Illumina TruSeq Small RNA Sample
Preparation Kit.

For small RNA sequencing in experiment 2, total RNA was extracted from serum. The
library was prepared according to the TruSeq Small RNA protocol (without size-selecting
small RNA) and sequenced on the HiSeq2. Figure was modified from:
http://support.illumina.com/downloads/truseq_small _rna_sample_preparation_guide 150041
97 .html
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2.15 Northern Blotting

2.15.1 Buffers and solutions

10x TBE Buffer (Tris-borate-EDTA): 109¢g Tris base, Boric acid 55.6g, 50 ml of
500 mM of EDTA, adjust the volume to 1L with ddH,O (Milliporesystem (>18 M€2

cm)).

15% TBE-UREA gel: 6ml concentrate reagent (SequaGel, National diagnostics),
3ml dilute reagent (Sequa gel, National diagnostics), 0.5 ml 10x TBE, 0.5 ml ddH,O,

100l of 10%  ammonium  persulfate  (APS) (Sigma) and 4ul
Tetramethylethylenediamine (TEMED) (Sigma)

2x loading dye: 8M urea (Sigma), 5 mM EDTA (Promega), 0.05% bromophenol
blue (Sigma), 0.05% xylene cyanol (Sigma).

Cross-linking Solution: 245ul of 12.5M 1-methylimidazole, 9ml of ddH5O, adjust
pH to 8, 0.753g EDC, adjust the volume to 25ml using ddH,O (Milliporesystem
(>18 MQ cm)).

Wash Buffer 1 (2x SSC, 0.1% SDS): 100 ml 20x SSC (Biosciences), 10 ml 10%
SDS (Sigma), and 890 ml ddH,O (Milliporesystem (>18 M€2 cm)). SSC -sodium

chloride-sodium citrate buffer; SDS -sodium dodecyl sulfate.

Wash Buffer 2 (1x SSC, 0.1% SDS): 50 ml 20x SSC (Biosciences), 10 ml 10% SDS
(Sigma), and 940 ml ddH,O (Milliporesystem (>18 M2 cm)).

Wash Buffer 3 (0.1x SSC, 0.1% SDS): 5 ml 20x SSC (Biosciences), 10 ml 10%
SDS (Sigma), and 985 ml ddH,O (Milliporesystem (>18 M2 cm))

Stripping Buffer (0.1% SDS): 5 ml 10% SDS and 495 ml ddH,O. (Milliporesystem
(>18 MQ cm))
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2.15.2 5’ end labeling of probes and RNA marker &
northern blotting

Synthetic oligonucleotides were purchased from Invitrogen and 5’-end labelled using
[v-32P]-dATP (Perkin Elmer) and T4 Kinase Kit (Life Technologies) according to
the manufacturer protocol Fig. 2.4. 20 uM of the oligonucleotide was used in each
reaction.  The sequences were the reverse complements to miR-16 (5°-
CGCCAATATTTACGTGCTGCTA-3’), tRNA®Y(GCC): tRNA®Y5’ (5°-TACC
ACTGAACCACCAATGC-3’), tRNA3’ (5-TGCATTGGCCGGGAATCGAA-
3’). The probes were purified using microSpinTM G-25 columns (GE Healthcare)
and 30ul of 3mM EDTA was added. The probes were stored at -20°C. Decade™
Marker RNA System (Life Technologies) was used to produce radiolabeled RNA
molecular weight markers. The labeled RNA marker was mixed with 20ul loading
buffer and stored at -20°C. The required volume of RNA marker was heated at 95°C

for 5 min before use.

Extracted RNA was separated on the 15% denaturing polyacrylamide gel and
transferred onto a nylon membrane (Hybond N) (GE Healthcare, Fisher Scientific)
(0.5% TBE, 80V, 1h, 4°C). Chemical RNA cross-linking was carried out as
described in (Pall and Hamilton, 2008) at 50°C for 2hours and the membrane was

pre-hybridised in the Perfect HybPlus Hybridisation buffer (Sigma) for 30 min at

42°C. 10wl of the 32P—labeled probe (approx. 0.08mBq) was added to the
hybridisation buffer and incubated over-night at 42°C in hybridisation oven. The
membrane was washed for 10 min with pre-warmed to 42°C buffers: Wash Buffer 1,
Wash Buffer 2 and Wash Buffer 3. The membrane was sealed and exposed for 24 to
48 in the phosphoimager (Molecular Dynamics, LabX, USA). The screen was
scanned using a Typhoon Trio variable mode imager (GE Healthcare). The
membrane was stripped using Stripping Buffer and re-exposed in phosphoimager

before re-hybridisation with a new probe.
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2.16 3’- end labelling

31-mer synthetic RNA oligonucleotides complementary to tRNA®Y(GCC) halves: 5’
tRNA®Y(GCC) half: 5-GCAUUGGUGGUUCAGUGGUAGAAU UCUCGCC-3’
and 3 tRNAY(GCC) half 5’-GGAGGCCCGGGUUCGAUU
CCCGGCCAAUGCA-3’ were purchased from IDT. Serum RNA and synthetic RNA
was 3’ end labelled using T4 RNA Ligase (Life Technologies) and [32P]pCp
(Perking Elmer) according to the manufacturers protocols Fig. 2.4. With this

method RNA with 3’ hydroxyl group can be labeled.

5’- end labeling 3’- end labeling
5'P 3’ OH 5'P 3’ OH
T4 Kinase +[Y-P32] dATP T4 RNA +[P32] pCp
+ATP ngase +ATP
532p 3’ OH 5'P 3’ 32p

Figure 2.4 3’- and 5’ —end radioactive labelling of RNA.

2.17 Protease and detergent treatment

Mouse serum (100ul) was treated with Triton X100 (Sigma-Aldrich) (0.5% final
concentration) for 30 min at 37°C or Proteinase K (Promega) (25pug) for 1h at 55°C
and/or RNase A (Invitrogen) (0.1mg) for Smin at 37°C. Total mouse RNA was then
extracted using miRVANA Paris Kit according to the manufacturer protocol without
addition of spike-ins. Extracted RNA was **P-pCp 3’ end labelled and resolved on
the 15% PAGE or used for northern hybridisation with a probe complementary to 5’
end of tRNA®Y(GCC).
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2.18 Ultracentrifugation

Serum (1ml) was diluted into 2ml of PBS solution and gently mixed. Samples were
centrifuged in the 5ml polyallomer tubes (Beckman) at 38,600xg for 70 min at 4 °C
in a swing-bucket rotor (70.1Ti Backman). The supernatant was removed to a new
eppendorf tube and volume was measured and the pellet was resuspended in 200ul
PBS and transferred to a new eppendorf tube. 100ul of supernatant (corresponding to
~30ul of serum) and a volume of resuspended pellet corresponding to 30ul of serum
were used for RNA isolation using miRVana Paris kit. cel-miR-39 spike in was

added at the extraction step to allow normalisation.

2.19 Size exclusion chromatography

Calibration of the column was performed by Dr James Hewitson.

Mouse serum was subjected to Superdex 200 10/300 GL (GE Healthcare)
chromatography column (Table 2.3). The column was equilibrated with 30ml of PBS
solution at 0.5mL/min at room temperature. 800ul of serum was injected onto the
column and eluted with PBS at 0.5ml/min at room temperature. A total of 30
fractions of 1ml each were collected. 100ul of each fraction was used for RNA
extraction. Protein molecular weight standards included: thyroglobulin (669 kDa),
ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumine (44 kDa).
Calibration standards were prepared by plotting elution time (min) against logarithm

of molecular weight (Table 2.4, Fig 2.5).
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Column properties Superdex 200 10/300 GL

Column height 30cm

Column Vo 8mi

Column Vt 24ml

Separation range 10-600kDa

Exclusion limit 1300kDa

Flow Rate 0.5 ml/min

Matrix Composite of cross-linked agarose and dextran
Particle size 13 um

Table 2.4 Elution

volume, elution time and Kav value for used protein molecular

standards.
Mw (kDa) log(Mw) Elution Kav
Elution time | volume
STANDARDS min mL
thyroglobulin 669 2.83 18.69 9.35 0.085
ferritin 440 2.64 21.07 10.54 0.159
aldolase 158 2.20 25.97 12.99 0.312
conalbumin 75 1.88 28.76 14.38 0.399
ovalbumin 44 1.64 30.8 15.4 0.463
3.5
3
—~ 2.5
2
s 2
w0 1.5
S y =-0.0976x + 4.6839
1 R? = 0.99492
0.5
0
15 20 25 30 35
Elution time (min)

Figure 2.5 Standard curve for the protein molecular standards
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Chapter 3: Expression and functional
interrogation of host- miRNAs upon
Schistosoma mansoni infection

3.1 INTRODUCTION

Schistosomiasis is a chronic disease caused by blood flukes of the genus Schistosoma
that affects more than 200 million people worldwide and is second only to malaria as
the most important lethal human parasitic disease in tropical and subtropical regions.
Schistosomiasis is predominantly caused by hepatic S.mansoni and urogenital
S.haematobium (WHO, 2013a). It is estimated that the mortality rates due to
haematemesis (S.mansoni) and renal failure (S.haematobium) are around 130,000 and
150,000 per year respectively (van der Werf et al., 2003). An adult pair of S.mansoni
resides within the mesenteric veins of the host where a mature female parasite
releases ~300 eggs per day (Wynn et al., 2004). More than 50% of the eggs are
carried by the blood-flow to the liver where they become trapped (Wynn et al., 2004)
thus, the liver is the key organ of S.mansoni pathology (Pearce and MacDonald,
2002). The host immune response induced by the presence of the egg antigens in the
liver leads to formation of granulomatous lesions, fibrosis and portal hypertension

(Booth et al., 2004; de Jesus et al., 2004; Wynn et al., 2004).

Liver fibrosis is associated with significant changes in the extracellular matrix (ECM)
composition which is a result of increased synthesis of collagens and simultaneous
decreased activity of ECM-degrading matrix metalloproteinases (MMPs) and
overexpression of their inhibitors - tissue inhibitors of matrix metalloproteinases
TIMPs (Arthur, 2000; Friedman, 2008; Sato et al., 2003). Hepatic stellate cells
(HSCs) are the main producer of ECM components and are thought to be the key cell
type responsible for fibrogenesis. Upon liver injury, HSCs undergo activation or
transdifferentiation from quiescent to a “myofibroblast-like” phenotype (aHSCs) and
migrate to the site of tissue repair where they secrete excessive ECM components
such as collagen, elastin, and fibronectin as well as enzymes involved in ECM
remodelling: MMPs and TIMPs. Activated HSCs express myogenic markers (o
smooth muscle actin (a-SMA or ACTA2), c-myb, myocyte enhancer factor-2 (MEF-

2)) of which a-SMA is the most reliable marker of HSCs activation as it is not
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expressed by any other liver cell type in either normal or injured liver (Friedman,
2008). The ECM components are known to play a role in the development of liver
fibrosis, including fibrosis induced by S.mansoni (Bartley et al., 2006; Chang et al.,
2006; Kresina et al., 1994). The balance between MMPs and their inhibitors TIMPs
play a significant role in the ECM remodelling, and therefore, fibrosis progression
and resolution. HSCs are a source of MMP2, MMP9, MMP13, TIMP1 and TIMP2
(Friedman, 2008). Studies in mouse models of S.mansoni infection revealed that
aHSCs are involved in the formation of the periovular granulomas (Barbosa Junior
Ade et al., 1993; Boloukhere et al., 1993; Chang et al., 2006). It has been shown that
HSCs isolated from mice infected with S.japonicum express significantly higher
levels of a-SMA, collagen type 1 and TIMP-1 and that S.japonicum egg or their
soluble egg antigens (SEA) are able to activate HSCs to their myofibroblast-like
phenotype via overexpression of cannabinoid receptor 1 (CB1) in HSCs (Wang et al.,
2014). In contrast, it has been shown that the eggs of S.japonicum or S.mansoni eggs
can reverse the phenotype of the cultured HSC cell line (LX2) cells from activated to
the quiescent state (Anthony et al., 2010; Anthony et al., 2013).

miRNAs are a class of naturally occurring small non-coding RNA produced from
animal, plant and viral genomes (Bartel, 2009). They are incorporated into the RNA-
induced silencing complex (RISC) and function by binding to messenger RNAs
(mRNAs) and inhibiting translation and/or causing mRNA destabilization (Fabian et
al., 2009). A single miRNA can directly or indirectly regulate hundreds of genes
within complex regulatory networks. Depending on the genes they target, miRNAs
have diverse functions inside cells, from regulation of developmental programming to
viral-host interactions (Mendell and Olson, 2012; Sullivan and Ganem, 2005; Xiao
and Rajewsky, 2009). A number of studies have demonstrated that miRNA inhibitors
or mimics can act as novel therapeutic agents in different disease contexts (reviewed
in (Broderick and Zamore, 2011; Stenvang and Kauppinen, 2008; van Rooij et al.,
2012; Wang and Wu, 2009)).

miRNAs have been shown to be altered in liver disease, such as hepatitis B (HBV)
and hepatitis C (HCV) infections (Liu et al., 2011; Pfeffer and Baumert, 2010),
alcohol liver disease (ALD) (McDaniel et al., 2014), non-alcoholic fatty liver disease
(NAFLD) (Gori et al., 2014), liver fibrosis (Vettori et al., 2012) and hepatocellular
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carcinoma (HCC) (Borel et al., 2012). Several studies have shown differential
expression of miRNAs during the activation of HSCs including miR-15/16
(regulation of proliferation and apoptosis in aHSCs), miR-19b, -29, -146a, -150, -194,
-195 (inhibition of HSCs activation and fibrosis), miR-21, -27, -181b (increased
HSCs proliferation), miR-29b (suppression of collage type I), reviewed in (Guo et al.,
2014).

While this work was underway, two recent reports have detailed host miRNA
expression profiles in the liver of BALB/c mice following S.japonicum infection.
Specifically, Han et al., reported an alteration in expression of 11 miRNAs (fold
change>4): miR-494, miR-98, miR-5107, miR-365, miR-3962, miR-466f, miR-466h-
5p, miR-466f-5p, miR-2861, miR-568 and miR-290-5p at 10 days post S.japonicum
infection (Han et al., 2013). In the paper by Cai et al., the authors demonstrated that
89 miRNAs were dysregulated upon S.japonicum infection, of which 6 miRNAs were
down-regulated, during the time-course of infection (15, 30, 45 days post infection).
The expression of miRNAs at 15 days post infection did not change dramatically;
however, several miRNAs including miR-155, miR-223, miR-142-3p, miR-146b,
miR-15b, miR-126-5p were significantly altered at 30 days post infection. It has been
shown that miRNAs previously associated with hepatic fibrosis, such as miR-34c and
miRNAs derived from the miR-199/214 cluster were up-regulated at 45 days post
infection (Cai et al., 2013). To date however, there is no data on the expression profile
of miRNAs in the host liver in S.mansoni infection nor have any functional studies
been carried out to reveal miRNAs role in the development of Schistosoma—induced

liver fibrosis.

Given the health burden of S.mansoni infection and associated liver fibrosis we
reasoned that it is important to understand the role of miRNA in the S.mansoni
infection and explore the potential of using miRNA inhibitors in treatment of liver

fibrosis.

In this chapter, we determine the profile of miRNAs altered in the liver upon S.
mansoni infection, select miRNA candidates to be examined as potential serum
biomarkers and examine the potential of miR-199-3p inhibitor as an anti-fibrotic

agent.
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3.2 SPECIFIC AIMS

1. To investigate the profile of host miRNAs in the liver upon S.mansoni
infection.

2. To examine the effect of synthetic miRNA inhibitors in the in vivo setting.

3. To investigate the therapeutic potential of miR-199-3p in S.mansoni induced

fibrosis using synthetic antimiRs.

3.3 RESULTS

3.3.1Specific host miRNAs are significantly altered in the
liver of mice at 7 weeks post S.mansoni infection.

miRNAs are dysregulated in most disease contexts and play important roles in
mediating how cells respond to insult and infection (reviewed in (Mendell and Olson,
2012)). In order to identify miRNAs associated with S. mansoni-induced liver
pathology, we first compared expression profiles of miRNAs in livers of naive mice
or mice that were infected with S.mansoni at a high dose (~180 cercariae) using
miRNA array technology (miRCury 8.1 containing 384 probes specific for the mouse
miRNAs probe set). Tissues were collected at 7 weeks post infection, at which time
substantial hepatomegaly and granulomas were observed (Fig.3.1). A total of 33
mouse miRNAs were differentially expressed: 26 miRNAs were up-regulated and 7
miRNAs were down-regulated in infected mice, based on a fold change cut-off of > 2
and p value cut off <0.05 (Table 3.1, Fig 3.2). The miRNAs that displayed the largest
differential expression included miR-199a and miR-214, which are known to be
altered in liver fibrosis caused by hepatitis C infection or induced by carbon
tetrachloride (lizuka et al., 2012; Murakami et al., 2011). Among the down-regulated
miRNAs is the liver-enriched miR-122, which is dysregulated during hepatitis C
infection, acetaminophen overdose and hepatocellular carcinoma and is involved in

lipid metabolism (Girard et al., 2008; Hu et al., 2012).
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Figure 3.1 S.mansoni liver pathology.

8 week old C57/B16 mice were infected with ~180 cerc. or left uninfected, after 7 weeks
livers were harvested. A) Left: picture of a liver from a C57/Bl6 mice infected with
S.mansoni (~180 cerc. Wk7), Right- liver of uninfected age-matched C57/Bl6 mouse. B)
Masson’s Trichrome staining of a liver section. Arrows indicate S.mansoni ‘s eggs.
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Table 3.1 miRNAs that are dysregulated in the liver upon S.mansoni infection as
determined by microarray analysis (p<0.05, Fold change >2).

8 weeks old C57/B16 mice were infected with ~180 cerc (n=3) or left uninfected (n=3), After
7 weeks livers were harvested and samples were collected for RNA extraction. For the
microarray analysis, 1 ug of total RNA for each mice (infected n=3, uninfected n=3) was
labelled using the Hy3 power labeling kit (Exiqon) and hybridized to codelink slides printed
with the miRCury 8.1 containing 384 probes specific for the mouse miRNAs probe set.
miRNA that displayed =2-fold change, p-value<0.05 are displayed in the table. + indicates
miRNA not conserved between mice in humans. Bold represents miRNA selected for gRT-
PCR validation.

Name P value FC

mmu-miR-199b*/miR-199a-5p 0.0002 10.1
mmu-miR-199a-3p/mmu-miR-199b 0.0001 64
mmu-miR-744 0.0002 53
+mmu-miR-292-5p 0.0121 5.1
mmu-miR-214 0.0001 4.6
mmu-miR-210 0.0001 39
+mmu-miR-541 0.0467 38
mmu-miR-21 0.0023 35
mmu-miR-15b 0.0018 32
mmu-miR-181a 0.0004 3.1
mmu-miR-503 0.0002 3.0
mmu-miR-689 0.0008 3.0
mmu-miR-34a 0.0018 29
mmu-miR-497 0.0021 2.8
mmu-miR-21% 0.0012 2.8
mmu-miR-330%* 0.0033 2.8
mmu-miR-322 0.0011 2.7
mmu-miR-500 0.0008 2.6
mmu-miR-146b 0.0041 2.5
mmu-miR-155 0.0008 24
mmu-miR-501-5p 0.0077 2.3
mmu-miR-143 0.0021 2.3
mmu-miR-342-3p 0.0072 2.3
mmu-miR-145 0.0019 2.3
mmu-miR-147 0.0090 2.2
mmu-miR-335-5p 0.0183 2.0
mmu-miR-151-5p 0.0241 -129
mmu-miR-9 0.0309 23
mmu-miR-365 0.0074 2.2
mmu-miR-192 0.0064 2.2
mmu-miR-194 0.0243 2.0
mmu-miR-122 0.0289 2.0
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Figure 3.2 Volcano plot of miRNA microarray data comparing miRNA levels in S.
mansoni infected versus naive mice.

8 weeks old C57/B16 mice were infected with ~180 cerc. (n=3) or left uninfected (n=3), After
7 weeks the livers were harvested and samples were collected for RNA extraction. For the
microarray analysis, 1 pug of total RNA was labelled using the Hy3 power labeling kit
(Exigon) and hybridized to codelink slides printed with the miRCury 8.1 containing 384
probes specific for mouse miRNAs. Hybridization and washing were carried out following
the manufacturer’s protocols (Exiqon). The p values were not adjusted for multiple testing.
Volcano plot shows fold changes (log2 values) and probability values (log10) for individual
miRNAs expressed in the liver of S.mansoni-infected mice in comparison with uninfected
controls. The horizontal line indicates a p-value cut-off of 0.05 and vertical lines indicate two-
fold change thresholds.
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For validation of the microarray results, the miRNAs that displayed the largest fold
change and are perfectly conserved in mouse and humans were quantified by
gRT-PCR and normalized to miR-16 (a total of 6 up-regulated miRNAs and 6 down-
regulated miRNAs were examined). Mouse miRNAs that are not conserved in
humans were not included in the analysis due to their irrelevance in human infection.
The relative fold change between naive and infected samples was calculated using the
27 method (Livak and Schmittgen, 2001). To apply this method the efficiency of
the primers has to be determined, since corrections should be applied if the
efficiencies are not close to 100% (Pfaffl, 2001). As all the primers used here were
purchased from Qiagen standard curves were generated for 4 miRNAs as an example.
The average Ct values were plotted versus logarithm of input copy number and the
slope was calculated for each primer. The amplification efficiency (E value)
determined as E= (10(-1/slope)-1)*100% was calculated. Slopes between -3.9 and -
3.1 correspond to amplification efficiencies between 90% and 110%. The tested
primers showed efficiency between 90 and 105% (Appendix 1). Consistent with the
array results, there was an increase in miR-199a-5p, miR-199a-3p, miR-214, miR-21,
miR-210, and a reduction of miR-192, miR-194, miR-365, miR-122 and miR-151 in
the liver tissue of S.mansoni infected mice as compared to naive mice; miR-9 and
miR-744 did not display differential expression and were not analysed further (Figure

3.3).

3.3.2 Changes in the expression of miR-199/214, miR-21, miR-
210, miR-122, miR-192, miR-194 and miR-365 in the liver
correlate with the progression of S.mansoni infection

Approximately 5-6 weeks after S. mansoni infection, mature female parasites produce

eggs, some of which are carried by the blood-flow to the liver where they become

trapped (Pearce and MacDonald, 2002). The host immune response induced by the
presence of the egg antigens leads to the formation of granulomatous lesions, which
are composed of immune cells and collagen fibres (Wynn et al., 2004). Between
weeks 6 and 12, female parasites continue to produce ~ 300 eggs per day (Moore and

Sandground, 1956), resulting in an increase in the number of granulomas in the liver

and the development of fibrosis (Pearce and MacDonald, 2002). Hence we

hypothesized that the expression of miRNAs in the liver upon S.mansoni infection

will correlate with the development of liver fibrosis. In order to examine the
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expression of miRNAs during the time course of S.mansoni infection the levels of the
10 miRNAs validated to be differentially expressed at 7 weeks post infection (Figure
3.3) were next examined by qRT-PCR at 4, 6, 8 and 12 weeks post infection. Lower
dose of ~80 cerc. was used to reduce pathology-induced death at later time points.
All data from infected mice were compared to age-matched naive mice. To account
for differences in RNA extraction or qRT-PCR efficiency, the data were normalised
to miR-16, which displayed stable expression in the liver during infection, as
normalised to U6 snRNA (Appendix 2). Of the 10 miRNAs examined, all except
miR-365 and miR-151 were differentially expressed between naive and infected mice
by 6-8 weeks post infection (Fig. 3.4 C, Appendix 3). This timing correlated with the
deposition of eggs in the liver, which were detected by 6 weeks post infection and
increased by 8 and 12 weeks post infection (Fig. 3.4 A, B). miR-199a-5p was found to
be the most over-expressed, with a 5.5 fold increase at 12 weeks post infection as
compared to the control group. miR-192 was down-regulated at 4, 8 and 12 weeks
post infection, whereas miR-194 and miR-122 were down-regulated at 8 and 12
weeks post infection. The miRNA fold change difference between data presented in
Fig 3.3 and Fig 3.4 is due to the infection dose. Our results suggest that these cellular
miRNAs represent tissue biomarkers of the infection that may play a role in the

development and progression of liver fibrosis induced by S. mansoni egg deposition.

3.3.3 In vivo use of synthetic antimiRs leads to a successful
inhibition of miRNAs in the liver

miR-199a-3p is highly abundant in the liver (Hou et al., 2011). The growing body of
evidence suggest the involvement of this miRNA in liver disease. It has been shown
that miR-199a-3p up-regulation correlates with the progression of liver fibrosis in the
CCL4 —induced mouse liver fibrosis model as well as in patients with chronic
hepatitis C (Murakami et al., 2011); (Ogawa et al., 2012). Further, in human hepatic
stellate cell line LX2, the overexpression of miR-199a-3p causes up-regulation of
TIMP-1, COL1A1 and MMP-13 mRNA (lizuka et al., 2012). In order to study the
role of miR-199a-3p in liver fibrosis induced by S.mansoni infection we tested the use
of synthetic miRNA inhibitors through a collaboration with ThermoFisher to examine

the in vivo inhibition of miR-199a-3p in the liver.
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Figure 3.3 Validation of microarray data.

8 week old C57/B16 mice were infected ( indicated with “+”) with ~180 cerc. (n=6) or left
uninfected (indicated with “-“) (n=5). After 7 weeks post infection. livers were harvested and
samples were collected for RNA extraction. miRNAs were quantified by gRT-PCR,
normalized to miR-16 and fold changes were calculated as the ratio of values from infected
versus naive mice. Expression of 10 out of 12 tested miRNA showed to be in agreement with
microarray data. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, t-test).
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Figure 3.4 Differential expression of host miRNAs in the livers of mice at 4-12 weeks
post infection with S. mansoni.

8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with ~80
cercariae and euthanized at 4, 6, 8 and 12 weeks post infection-wk4. A) Liver pathology with
Masson’s Trichrome showing purple staining of collagen fibers within S.mansoni
granulomas. B) S. mansoni liver egg count. C) Differential expression of host miRNAs in the
liver. miRNAs were quantified by qRT-PCR, normalized to miR-16 and fold changes
calculated as the ratio of values from infected versus naive mice (*p<0.05, **p<0.01,
**¥%p<0.001, ****p<0.0001, Two-way ANOVA, Sidak multiple comparison test). Wk4:
infected n=8, naive n=8, Wk6: infected n=5, naive n=8, WKk8: infected n=5, naive n=8 ,
Wk12: infected n=8 naive n=8.
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In the preliminary experiments we examined whether the synthetic miRNA inhibitors
synthetized by ThermoFisher could effectively inhibit miRNAs in the liver.
As miR-122 is one of the first miRNA that has been successfully inhibited in the liver
we have used the synthetic miR-122 inhibitor as a control to demonstrate the
effectives of the synthetic miRNA inhibitors. Injections with PBS and C.elegans cel-
miR-67 (Negative Inhibitor —NI) were used as negative controls. In the first
experiment mice (n=3) were injected intravenously with a miR-122 Inhibitor at a
relatively low dose (30 mg/kg) on day 1 and day 3 and livers were harvested on days
4 and 8 as outlined in Fig 3.5 A. Mice were examined daily and no adverse effects of
the treatment were observed. Liver miR-122 levels were measured using qRT-PCR
and normalised to endogenous miR-16. Treatment of mice with a miR-122 Inhibitor
lead to ~140 fold decrease in levels of endogenous miR-122 on day 4 and ~95 fold on
day 8 (Fig 3.5 B,C), as compared to treatment with Negative Inhibitor (NI). To assess
the effect of the miRNA inhibition the levels of two miR-122 validated target genes
NDRG3 and BCKDK were measured using qRT-PCR and normalised to GAPDH. As
shown in Fig 3.5 D and F, treatment of mice with a miR-122 Inhibitor did not affect
the levels of miR-122 targets, presumably due to low dose. Thus, it was decided to

increase the dose of miRNA inhibitor.

In the second experiment, mice (n=3) were treated twice weekly (Monday and
Thursday) with 50mg/kg dose of Inhibitors and tissue harvest was performed on week
4 (24h post last injection) as depicted in Fig 3.6A. During this experiment, one of the
mice treated with miR-122 Inhibitor died shortly post injection due to air embolism.
Other animals did not display any side effects, although some bruising of the tail vein
was observed due to frequent injections. As shown in Fig 3.6 B, treatment with miR-
122 Inhibitor on day 28 resulted in ~2600 fold reduction of the endogenous level of
miR-122 as compared to treatment with negative inhibitor (NI) with no change in
miR-192a9-3p levels, whereas treatment with miR-199a-3p Inhibitor caused ~600 fold
decrease in miR-199a-3p levels, without change in miR-122 levels Fig 3.6 C. As in
the first experiment, levels of NDRG3 and BCKDK mRNA have been measured. As
shown in Fig 3.6 D and E, the levels of both miRNA-122 targets were significantly
up-regulated post miR-122 inhibition.

70



Chapter 3

3.3.4 In vivo inhibition of miR-199-3p in the liver of S.mansoni
infected mice alters the expression of several fibrosis
related genes

Having determined that inhibition was potent over 28 day time course, we next used

the synthetic miRNA inhibitors to block miR-199a-3p and miR-122 during S.mansoni

infection (experiment 3). Although miR-122 is already down-regulated upon

S.mansoni infection the use of miR-122 Inhibitor serves here as an additional control.

Specifically, we expect no change in the level of miR-122 upon miR-199a-3p

inhibition. On day 0, 8 week old C57/B16 mice were infected with ~60 cercariae or

left uninfected. Infected mice were divided into 4 experimental groups which on days

21, 28 and 35 post infection were injected intravenously with: Group 1 (iPBS)

animals- 200ul of PBS, Group 2 (iNI): 60mgkg of NI, Group 3

(i miR-122): 60 mg/kg of miR-122 Inhibitor, Group 4 (i miR-199-3p): 60mg/kg of

miR-199a-3p Inhibitor. After the consultation with the University Veterinary surgeon,

it was decided to reduce the injection frequency from twice to once per week, and
increase the dose from 50 mg/kg to 60 mg/kg to ensure effectives of the treatment.

Uninfected animals were injected with 200 pl of PBS (nPBS). Liver tissues were

harvested on day 49 post infection. Initially the harvest was planned for day 56,

however as two of Group 3 mice died the experiment was terminated and organs were

harvested on day 49 post infection.

Several fibrosis related genes have been shown to be up-regulated upon Schisosoma
infection. Bartley et al., demonstrated that expression of HSCs activation marker o.-
SMA peaks at 6-10 weeks post infection and COL1A1 at week 8 post infection in
mouse model of S.japonicum. Further, it has been show that levels of MMPs peak at 8
weeks post S.mansoni infection in mice, which coincides with the peak of the host
immune response (Takahashi et al., 1980). We have shown that miR-199a-3p is
significantly up-regulated at 6 weeks post S.mansoni infection and continue to
increase during the 12 week time course. Studies in human hepatic stellate cell line
LX2 showed that the overexpression of miR-199a-3p cause up-regulation of fibrosis
related genes such as: TIMP-1, COL1A1 and MMP-13 mRNA (lizuka et al., 2012).
This led to a hypothesis that upon S.mansoni infection miR-199a-3p promotes
development of liver fibrosis by indirect up-regulation of pro-fibrotic genes such as

COL1A1, TIMPs, a-SMA and down-regulation of anti-fibrotic genes such as MMPs.

71



Chapter 3

Therefore, with the inhibition of miR-199a-3p upon S.mansoni infection we expected
a decrease in expression of HSCs activation marker a-SMA, as well as down-
regulation of TIMPs, ECM components such as collagen type I and III and fibrylin,

and an increase in levels of MMPs, thus reduction of fibrosis.

As the intensity of S.mansoni infection has an effect on the liver pathology, in order to
show the effect of the treatment with miRNA inhibitors on liver fibrosis it is
important to ensure equal intensity of S.mansoni infection. As shown in Fig 3.7 B the
level of parasite eggs per gram of liver tissue was uniform among the infected groups
with an average egg/g of 31950 £14003 across all groups combined. Two of the iNI
mice were uninfected and were removed from analysis. One of the miR-199a-3p
Inhibitor injected mice displayed a high levels of eggs in the liver (77250 egg/g).
Liver miRNA levels were measured by qRT-PCR and normalised to endogenous
miR-16. miRNA fold changes were calculated versus uninfected mice (nPBS). As
shown in Fig 3.7 C miR-199a-3p was 4.8, 53 and 6.3 fold up-regulated upon
S.mansoni infection in iPBS, NI and
i miR-122 groups which is in agreement with our previous results (Fig 3.3). Upon
treatment with miR-199a-3p Inhibitor we observe ~200 fold decrease in miR-199-3p
level as compered to normal S.mansoni infection (iPBS), or 37 fold decrease as
compared to the level in the liver of uninfected mice (nPBS). The levels of miR-122
decreased 2.2, 1.8, 1.9 fold upon S.mansoni infection in iPBS, iNI and i miR-199a-3p
groups respectively. As expected, further inhibition (~1000 fold, compared to nPBS)

was observed upon treatment with miR-122 Inhibitor (Fig 3.7 D).

miRNA incorporated in the RISC complex bind to the 3° UTR of target mRNAs
leading to inhibition of translation and/or destabilisation of the target transcript
(Fabian and Sonenberg, 2012). This in turn, alters expression of downstream genes
within a pathway, indicating that altered miRNA expression level might have a direct
and indirect impact on signalling pathways. To assess the effect of miR-199a-3p
inhibition upon S.mansoni infection on fibrosis the levels of known fibrosis-related
genes: ACTA2 (a-SMA), collagen type I and III (COL1A2, COL3A1), fibrilin
(FBN1), matrix metalloproteinases (MMP2, MMP9, MMP13), tissue inhibitors of
matrix metalloproteinases (TIMP1, TIMP2) were quantified using qRT-PCR. Genes
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were normalised to GAPDH and fold changes were calculated as a ratio of values

from infected versus naive mice.

As expected, the expression of ACTA2, COL1, COL3, MMP2, MMP9, MMP13,
TIMP1, FBN1, were significantly up-regulated upon S.mansoni infection (iPBS).
Upon miR-199a-3p inhibition the levels of ACTA2, COL1, COL3, MMP2, MMP9,
MMP13, TIMP1 decreased significantly as compared to iNI or iPBS controls (Fig.
3.8). MMPs and their inhibitors (TIMPs) play an important role in collagen
degradation and their imbalance can contribute to liver fibrosis. As shown in Fig. 3.8
and Appendix 4, upon S.mansoni infection (iPBS) both MMPs and TIMP1 are up-
regulated with TIMP1 levels exceeding levels of MMPs (TIMP1/MMP13- ~2 fch) as
compared to nPBS. The inhibition of miR-199a-3p leads to down regulation of both
MMPs (~3 fch) and TIMP1 (~6 fch) and shifts the imbalance between MMPs and
TIMPs (TIMP1/MMP13 ~0.9 fold). This data provides insight into the involvement of
the miR-199-3p in the activation of hepatic stellate cells and extracellular matrix
(ECM) accumulation and regulation during hepatic fibrosis induced by S.mansoni
infection. Specifically, it shows that inhibition of miR-199a-3p leads to reduction in
level of collagen type I and III mRNAs, reduction in ACTA2 (a-SMA) level, thus
inactivation/clearance of aHSC, and a change in the MMPs:TIMPs balance in favour
of MMPs potentially leading to fibrosis regression. Further experiments will be
necessary to expand our knowledge of the involvement of this miRNA in the process

of progression and resolution of fibrosis.
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Figure 3.5 Inhibition of miR-122 in the liver.

A) Experimental outline. B) Expression of miR-122 in the liver of naive mice treated with
PBS, Negative Inhibitor and miR-122 Inhibitor on Day 4 C) Day 8 post infection. D)
Expression of miR-122 target —-BCKDK. E) Expression of miR-122 target -NDRG3. (n pgg
=3, n =3, n Lir122=3). MiRNAs were quantified by qRT-PCR, normalized to miR-16 and
fold changes calculated versus NI. mRNAs were quantified by qRT-PCR, normalized to
GAPDH and fold changes calculated versus NI  (*p<0.05, **p<0.01, ***p<0.001,
**%p<0.0001).
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Figure 3.6 Inhibition of miR-122 and miR-199-3p in the liver.
A) Experimental outline. B) Expression of miR-122 and C) miR-199-3p in the liver of naive
mice treated with PBS, Negative Inhibitor, miR-199-3p Inhibitor and miR-122 Inhibitor. D)
Expression of miR-122 target -BCKDK. E) Expression of miR-122 target -NDRG3 (n pgs =3,
N =3,0 4ir122=2, N yir199.3=3). MIRNASs were quantified by qRT-PCR, normalized to miR-
16 and fold changes calculated versus NI. mRNAs were quantified by qRT-PCR, normalized
to GAPDH and fold changes calculated versus NI.

*#EHEP<0.0001).

(¥p<0.05, *#p<0.01, **¥p<0.001,
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Figure 3.7 Inhibition of miR-199-3p in the liver upon S.mansoni infection.

A) Experimental outline. B) S.mansoni egg count in liver tissue. C) Expression of miR-199-
3p in the liver of naive (nPBS) and S.mansoni infected mice treated with PBS (iPBS),
Negative Inhibitor, miR-199-3p Inhibitor and miR-122 Inhibitor. D) Expression of miR-122
in the liver of naive and S.mansoni infected mice treated with PBS, Negative Inhibitor, miR-
199-3p Inhibitor and miR-122 Inhibitor (n ,pgs=4, N jpps=4, N \1=2, N | pir122=3, N | miR-199-3p
=5). miRNAs were quantified by gRT-PCR, normalized to miR-16 and fold changes
calculated versus nPBS (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 3.8 Expression profile of fibrosis-related genes in the liver of S.mansoni infected
mice upon miR-199-3p inhibition.
S.mansoni infected mice were treated with PBS, Negative Inhibitor, miR-199-3p Inhibitor and

Seven weeks post infection genes were quantified by qRT-PCR,
(*p<0.05, **p<0.01,

miR-122 Inhibitor.

normalized to GAPDH and fold changes calculated versus nPBS

*#*p<0.001, ****p<0.0001).
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3.4 SUMMARY

* 33 miRNAs are dysregulated in the liver upon S.mansoni infection (>2 fold
change, p<0.05)

» miRNAs dysregulated in the liver correlate with the progression of the disease

» [Intravenous administration of synthetic miRNA inhibitors leads to their
inhibition in liver

* [nvivo inhibition of miR-199-3p in the liver leads to decrease in mRNA levels

of: ACTA2,COL1A2, COL3A1, MMP2, MMP9, MMP13 and TIMP1

3.5 DISCUSSION

The first objective of this chapter was to identify host miRNAs that might be involved
in liver pathology associated with S. mansoni infection. We have shown for the first
time that miRNAs are differentially expressed in the liver upon S.mansoni infection
and correlate with the development of liver fibrosis induced by S.mansoni infection.
On this note, it is important to mention that liver fibrogenesis upon S.mansoni
infection is a complex process involving both resident liver cells as well as infiltrating
immune cells and it is yet to be determined the exact mechanism of miRNAs
dysregualation and role. Moreover, identification and validation of appropriate
reference genes for normalisation of qRT-PCR expression of miRNA is crucial for
data validity. Several miRNA expression studies have shown the use of miRNA, e.g.
miR-16 or other small RNAs (U6 snRNA , RNU44 or RNU48) as reference genes to
normalize qRT-PCR expression data for miRNAs in tissues (Mattie et al., 2006; Shell
et al., 2007; Youssef et al., 2011). Here, we have selected miR-16 as a normalizer
based on its unchanged expression in the liver upon S.mansoni infection (as
normalised to U6 snRNA). An alternative to this approach could be the use of a panel
of invariant miRNAs. Available programs such as NormFinder (available at:
http://moma.dk/normfinder-software)(Andersen et al., 2004) and GeNorm (available

at: http://medgen.ugent.be/~jvdesomp/genorm/) (Mestdagh et al., 2009) can aid

analysis of data to select the best candidates.

Among the miRNAs that displayed the highest fold change were: miR-199a-3p, miR-
199a-5p and miR-214, miR-21 and miR-210 (up-regulated) and miR-122, miR-192

and miR-194 (down-regulated). Interestingly, our results do not overlap with those
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reported by Han et al., who examined changes in host miRNA levels in the liver of
BALB/c mice during S. japonicum infection (Han et al., 2013). They reported
alteration of 11 miRNAs (fold change>4): miR-494, miR-98, miR-5107, miR-365,
miR-3962, miR-466f, miR-466h-5p, miR-466f-5p, miR-2861, miR-568 and miR-290-
Sp at 10 days post infection. None of these miRNAs were altered in liver of
S.mansoni infected mice at 7 weeks post infection. We assume this may be due to the
different time points used in the studies. Indeed, it is likely that the host miRNA
changes we observe are primarily related to the liver pathology and/or the immune
response initiated by the parasite eggs trapped in the liver, rather than the initial host
immune response to the schistosomula. A recent report by Cai et al., showed up-
regulation of miR-199/214 cluster (co-transcribed from a conserved antisense intronic
transcript at the dynamin3 (Dnm3) locus (Loebel et al., 2005)), miR-21 and miR-210
in the liver at 45 days post S. japonicum infection in BALB/c mice, confirming our
results and hypothesis that these miRNAs might play a role in the development of
liver pathology (Cai et al., 2013).

Several miRNAs we identified as differentially expressed are already known to be
associated with fibrosis or liver disease in other contexts (Chen, 2009; Girard et al.,

2008; Hu et al., 2012; Jiang et al., 2010).

miR-21 is known to be up-regulated in fibrosis of liver, kidney and lung (Chau et al.,
2012; Liu et al., 2010; Zhang et al., 2013). In a recent publication by Zhang et al., it
was shown that the up-regulation of miR-21 in the liver occurs primarily in the
activated HSC and the inhibition of miR-21 leads to the down-regulation of HSC
activation marker a-SMA and COL1A1 mRNA. The authors demonstrated that miR-
21 maintains its high levels by employing a miRNA-21/Programmed cell death
protein 4/Activation Protein-1 (miR-21/PDCD4/AP-1) feedback loop. Further, miR-
21 can amplify the TGF-f1/SMAD?2/3 pathway by degrading its anti-fibrotic target
SMADY7. These results suggest that miR-21 is an important player in HSC activation
and fibrosis of the liver (Zhang et al., 2013) and its up-regulation upon S.mansoni

infection is likely to be pro-fibrotic.

We have shown that increased levels of miR-210 correlate with the factors associated
with development of liver fibrosis induced by S.mansoni infection. It is known that

HIF1a and HIF2a regulate miR-210 under hypoxia conditions (Camps et al., 2008;
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Huang et al., 2010; Zhang et al., 2009). Interestingly, HIFla is up-regulated in
inflammatory cells and hepatocytes surrounding granulomas upon S.mansoni
infection (Araujo et al., 2010) which could explain the up-regulation of miR-210. A
number of miR-210 targets have been linked to angiogenesis, stem cell differentiation
and cell cycle regulation reviewed in (Chan et al., 2012; Huang and Zuo, 2014).

These might also play a role in S.mansoni infection.

miR-122 is a liver specific miRNA constituting around 70% of all miRNAs in
hepatocytes (Lagos-Quintana et al., 2002). Studies have shown an important role of
this miRNA in cholesterol and fatty-acid metabolism in the liver (Esau et al., 2006;
Kriitzfeldt et al., 2005), in human hepatocellular carcinoma (HCC) (Gramantieri et
al., 2007) and in hepatitis C virus (HCV) infection (Jopling et al., 2005; Lanford et
al., 2010). Further, Li et al., reported that miR-122 inhibits HSCs activation and
proliferation and plays a role in negatively regulating collagen maturation by targeting
P4HA1, which encodes a component of prolyl 4-hydroxylase, an enzyme that is
involved in collagen post-transcriptional modification (maturation). This suggests that
the down-regulation of miR-122 upon S.mansoni infection contributes to development
of liver fibrosis (Li et al., 2013). Thus, a targeted delivery of miR-122 mimic may be

a novel therapeutic approach for treatment of liver fibrosis.

We have shown that miRNAs derived from the miR-199/214 cluster are up-regulated
upon S.mansoni infection. A growing body of evidence suggest the involvement of
these miRNAs in the fibrotic processes in various tissues. It has been shown that miR-
199a-3p up-regulation correlates with the progression of liver fibrosis in the CCL4—
induced mouse liver fibrosis model as well as in patients with chronic hepatitis C
(Murakami et al., 2011; Ogawa et al., 2012) and both miR-199a-5p and miR-199a-3p
are up-regulated in bile duct ligation mouse model of liver fibrosis (Kanda et al.,
2010). In the human HSC cell line LX2, the overexpression of miR-199a-3p causes
up-regulation of TIMP1, COL1A1 and MMP13 mRNA (lizuka et al., 2012). The role
of miR-214-5p was recently explored by Izuka et al., who showed the up-regulation
of this miRNA upon fibrosis in mice and humans with chronic hepatitis C infection.
Further, the overexpression of miR-214-5p in LX2 increases the levels of MMP2,
MMP9, a-SMA (ACTA?2) and TGF-f1 mRNA (lizuka et al., 2012). Lino Cardenas et
al., reported that miR-199a-5p is up-regulated in the myofibroblasts of the injured
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lung in bleomycin-treated mice and fibroblastic foci of idiopathic pulmonary fibrosis
patients where it mediates profibrotic cytokine transforming growth factor beta 1
TGFf-induced down-regulation of caveolinl (CAV1) expression. Further, the authors
also compared the expression of miRNAs in the mouse models of kidney, liver and
lung fibrosis, showing that both miR-199-3p and 199-5p were up-regulated (Lino
Cardenas et al., 2013). These results suggest the importance of miR-199/214 cluster

role in biology of HSCs and liver fibrosis.

Although studies in different models of fibrosis or liver disease provide important
insights, the functional role of miRNAs in the pathology induced by S. mansoni
infection remains to be determined. Hence, one of the objectives of this chapter was
to evaluate the role of miRNAs, specifically miR-199a-3p, in liver fibrosis induced by
S.mansoni infection. In vitro studies of miRNAs provide important insight into
miRNAs role, specifically; they can be used to determine miRNA targets and the
physiological effect of overexpression or inhibition of miRNAs in the cell of interest.
However, due to the complexity of interactions between cells within the tissue, the
miRNA phenotype in vitro might differ from what is happening in vivo. Further,
miRNAs function through multiple gene targets and the combine effect of a miRNA
on its targets determines the functionality of this miRNA. Thus, the combination of
both in vitro and in vivo approaches is needed to show the relevance of miRNAs and
reveal the mechanism in which they contribute to certain phenotype. Here to examine
the combined effect (phenotype) of miRNA manipulation on the entire organ we
employed in vivo inhibition of miR-199a-3p in the liver using synthetic antimiRs. The
antimiRs we used were synthetized by ThermoFisher and are cholesterol-conjugated
oligonucleotides with sequence complementary to the full mature miR-199a-3p. We
demonstrated the ability of miR-199a-3p antimiRs to inhibit the endogenous levels of
miR-199a-3p in the liver of naive mice or those infected with S.mansoni. As this is
the first in vivo study on the role of miR-199a-3p in liver fibrosis we focused on the
genes known to be altered during liver fibrosis such as: marker of HSCs activation
Acta2/a-SMA, extracellular matrix components [(ECM); collagen type I and III
(COL1A2, COL3A1), fibrillin (FBN1)], matrix metalloproteinases (gelatinases
MMP2, MMP9 and collagenase MMP13) and tissue inhibitors of metalloproteinases
(TIMP1, TIMP2).
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In the liver, HSCs are considered to be the main producer of ECM proteins and have
been shown to be involved in liver fibrosis upon S.mansoni and S.japonicum
infections (Barbosa Junior Ade et al., 1993; Chang et al., 2006). Upon liver injury,
quiescent HSCs undergo activation to a “myofibroblast-like” phenotype (activated
HSCs), characterised by de novo expression of ACTA2 (a-SAM), and secrete
collagen type I and III, MMPs and TIMPs (Iredale, 2003). Here we have shown that
upon S.mansoni infection (7 weeks post infection) the activation marker of HSCs,
ACTA2 (a-SMA) as well as COL1A2, COL3Al, are up-regulated. This is in
agreement with work carried out by Bartley et al., in mouse model of S.japonicum.
The authors showed the peak up-regulation of a-SMA at 6-10 weeks post infection
and COL1ALI at week 8 post infection. Moreover, the authors used in situ localisation
to show that activated HSCs are present mainly in the periphery of the S.japonicum
egg granuloma and co-localise with collagen type I mRNA (Bartley et al., 2006).
Work carried in the Buck Lab in parallel with my study led to the observation that
S.mansoni granulomas are composed of cells expressing miR-199a-3p (Appendix 5).
Importantly, we have shown that the inhibition of miR-199a-3p during S.mansoni
infection leads to down regulation of ACTA2 (a-SMA), COL1 and COL3. Together
these results suggest that miR-199a-3p inhibition results in inactivation or elimination
of activated HSCs and consequently reduction in collagen levels. Indeed, clearance of
aHSCs by apoptosis (Iredale et al., 1998), senescence (Krizhanovsky et al., 2008) or
reversion to quiescent phenotype (Kisseleva et al., 2012; Troeger et al., 2012) is

thought to be a key step in the fibrosis regression.

The imbalance between levels of MMPs and their inhibitors, TIMPs, is thought to
play a key role in progression and resolution of liver fibrosis. We have shown that
MMP-2, MMP-9, MMP-13 and TIMP-1 are up-regulated upon S.mansoni infection at
7 weeks with the clear dominance of TIMP-1 levels over MMPs. This is in agreement
with Vaillant et al., (2001) and Singh et al., (2004) who showed the expression of
MMPs and TIMPs in liver of mice infected with ~25 S.mansoni cercariae.
Specifically, Vaillant et al., showed that the levels of MMP-13 increases by week 6
and MMP-2, -3, -9, -12 increase by week 9 post infection, TIMP-1 mRNA increase
was observed at 6 weeks post infection and continued to rise through week 12,
whereas TIMP-2 was significantly elevated at week 9 and then decreased by week 12

(Vaillant et al., 2001). Singh et al., (2004), showed that MMP-9, MMP-13 and TIMP-
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1 increase at 7 weeks, and MMP-2 and TIMP-2 at 8 weeks post infection (Singh et al.,
2004a). The treatment of mice with miR-199a-3p inhibitor resulted in the down
regulation of levels of both MMPs and TIMP-1, presumably due in part to the
inactivation/clearance of aHSC, and a shift in the MMPs: TIMPs ratio towards MMPs,
which is known to favour matrix degradation. Interestingly, treatment with
praziquantal showed similar effects on the change in balance between MMPs and
TIMPs during resorption of S.mansoni egg-induced fibrosis in mice (Singh et al.,

2004b).

Madala et al., showed that upon S.mansoni infection, mice-deficient in MMP-12
display higher level of MMP-2 and MMP-13 expression which results in reduction of
liver fibrosis levels, suggesting that MMP-12 acts as an inducer of fibrosis by limiting
the expression of MMP-2 and MMP-13 (Madala et al., 2010). Thus, it would be of
interest to investigate the effect of the miR-199a-3p inhibition on MMP-12 levels and
whether the reduction off MMP-2 and MMP-13 mRNA levels observed upon miR-

199a-3p inhibition is due to an increase in MMP-12 levels.

Excitingly, the gene expression analysis carried out here revealed three factors that
could influence fibrosis regression upon inhibition of miR-199-3p: reduced level of
collagen type I and III mRNAs, reduction in ACTA2 (a-SMA) level, thus
inactivation/clearance of aHSC, and a change in the MMPs:TIMPs balance in favour
of MMPs. Further studies are necessary to confirm these observations, which were
not possible due to time constrains of this PhD project, which focused more on the
diagnostic potential of miRNAs (Chapters 4 and 5). Histological analysis of liver
sections combined with hydroxyproline (or a similar) assay would be worthwhile to
assess collagen levels during infection and confirm the effect of miR-199a-3p
inhibition. The analysis of enzymatic activity of MMPs could be assessed by
zymography. In addition, assessing the levels of liver enzymes such as ALT and AST
could provide information on hepatic function. Such analysis would provide a more
in-depth understanding of the “phenotypic effect” of miR-199a-3p inhibition upon

S.mansoni infection.

Immune response is thought to play an important role in development of liver fibrosis
in S.mansoni infection, with IL-13 being the dominant Th2 cytokine responsible for

development of liver fibrosis (Pearce and MacDonald, 2002). Fallon et al., showed
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that infection of mice deficient in IL-13 results in lower level of collagen and
enhances survival (Fallon et al., 2000). IL-13 directly induces synthesis of collagen
type I, III and V in fibroblasts and has been shown to stimulate collagen synthesis in
HSCs (Wynn et al., 2004). In HSCs, IL-13 which binds to IL-13Ral activates
JAK/STATSG signalling pathway leading to liver fibrosis (de Jesus et al., 2004). IL-
13Ra2 is a negative regulator of IL-13 and was showed to reduce the volume of
granulomas in the liver and reduction of liver fibrosis (Mentink-Kane et al., 2004).
Thus, it would be interesting to evaluate whether the antifibrotic effect of miR-199a-
3p inhibition is IL-13- dependant, providing and important insight to our

understanding of S.mansoni induced liver fibrosis and miR-199a-3p function.

Further studies are necessary to provide in-depth understanding of the mechanism by
which miR-199a-3p influence the activation status of HSC and ECM components
synthesis. One hypothesis is that miR-199a-3p modulates the HSCs phenotype by
targeting genes involved in these processes within the HSC. In vitro studies using
primary HSCs or human HSC cell lines such as LX1, LX2 or TWYN-4 with
inhibition and overexpression of miR-199a-3p would be one approach to study miR-
199a-3p targets. One such study, in HSC cell line LX2, showed that the
overexpression of miR-199a-3p cause up-regulation of TIMP1, COL1A1 and MMP13

mRNA (lizuka et al., 2012) which is in line with our in vivo data.

In summary, we have shown that changes in level of miRNAs in the liver upon S.
mansoni infection correlates with the progression of S.mansoni infection. Excitingly,
we have shown that inhibition of miR-199a-3p in the liver upon S.mansoni infection
results in the reduced level of collagen and a shift in MMPs:TIMPs balance towards
the former. This is presumably due to clearance or reversion of HSCs phenotype from
“myofibroblast-like” to an inactivated state, therefore suggesting the therapeutic

potential of miR-199a-3p inhibition in the treatment of liver fibrosis.
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Chapter 4: The potential of miRNAs in
diagnosis of S.mansoni infection.

41 INTRODUCTION

Diagnosis of schistosome infection is crucial for patient management, evaluation of
treatment efficiency, monitoring of disease transmission and success of control
strategies, as recommended by the World Health Organization (WHO, 2002). In the
field, S. mansoni and other intestinal schistosomes are currently diagnosed through
the detection of the parasite eggs in stool specimens using microscopic techniques
such as Kato-Katz or ether-concentration (Glinz et al., 2010). While these techniques
are relatively simple, inexpensive and specific, their major drawbacks include poor
sensitivity in detecting low-intensity infections, their inability to detect pre-patent or
single sex infection and their failure to detect infection in individuals where eggs are
trapped in tissues and not excreted (Stothard et al., 2011). Available antibody-based
assays are useful for diagnosis in some cases (e.g. foreign travellers) but they cannot
differentiate past and active infection and can also cross-react with antigens from
other helminths (Doenhoff et al., 2004). These assays therefore do not offer a
definitive diagnosis in schistosome-endemic areas. Recent studies have shown
success with point-of-care tests for Schistosoma circulating cathodic and anodic
antigens (CCA and CAA, respectively) in serum and urine, which decrease rapidly
after chemotherapy (Coulibaly et al., 2013; Shane et al., 2011; Sousa-Figueiredo et
al., 2013; Stothard et al., 2011; van Dam et al., 1996; van Lieshout et al., 1993) and
these are now being further developed for use in the field (van Dam et al., 2013).
Detection of schistosome DNA in urine and stool samples or plasma by the
polymerase chain reaction (PCR) method is another strategy for routine diagnosis of
infection that has shown promising results (Enk et al., 2012; Ibironke et al., 2011;
Lodh et al., 2013; Pontes et al., 2003a; Wichmann et al., 2009).

miRNAs have diverse functions inside cells, from regulation of

developmental programming to viral-host interactions (Mendell and Olson, 2012;
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Sullivan and Ganem, 2005; Xiao and Rajewsky, 2009). In the last 5 years, reports
have shown that miRNAs circulate in serum in a cell-free form and many cell types
secrete miRNAs through encapsulation within exosomes or in association with
specific proteins (Mitchell et al., 2008; Valadi et al., 2007). These extracellular
RNAs have been shown to be extremely stable in body fluids (Chen et al., 2008b;
Mitchell et al., 2008). They have received extensive attention for their promise as
biomarkers of disease, including cancer (Etheridge et al., 2011; Kosaka et al., 2010a;
Weiland et al., 2012a). Extracellular miRNAs have also been shown to be altered in
human serum and/or plasma in infection settings, including Hepatitis C and Hepatitis
B infections (Li et al., 2010; Shrivastava et al., 2013) as well as during pulmonary

tuberculosis (Qi et al., 2012).

Analyses of small RNA content in bodily fluids has been largely directed
toward host miRNAs, given the precedence for their differential expression in
disease and tissue-specific expression (Calin and Croce, 2006). However, an
increasing number of reports suggest that other classes of small RNAs play
unforeseen roles in gene regulation, including snoRNAs and tRNAs (Tuck and
Tollervey, 2011), which are also present in body fluids. For example, Semenov et al.,
showed that 3’ end fragments of rRNAs and tRNAs are detectable in human milk,
although the functional relevance of this is not yet known (Semenov et al., 2004).
Appaiah et al., reported upregulation of U6 RNA in the sera of cancer patients
(Appaiah et al., 2011); ironically this study was originally focused on miRNA
content and analysis of U6 expression was included for purposes of normalization. It
is possible, therefore, that various small RNAs exist in an extracellular form that may

be of diagnostic or biological interest.

Interestingly, it has been shown that exogenous miRNA derived from bacteria, fungi
and plants are present in human plasma (Semenov et al., 2012; Wang et al., 2012b).
It seems possible therefore that various pathogens, including helminths, could also
secrete RNA. Parasitic helminths are animals that encode an average of 50-200
miRNAs, many of these are highly conserved while some can arise in specific

lineages (Britton, 2014). et al., have shown that in S.mansoni, of 112 miRNAs
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identified 12% are conserved in other flatworms and 64% are unique to S.mansoni

(Marco et al., 2013).

In this chapter, we explore the serum RNA profile in search for S.mansoni
biomarkers. We demonstrate that rRNA, tRNA and miRNAs of host and parasite
origin are present in serum. Importantly, we show that parasite-derived miRNAs can

serve as biomarkers of S.mansoni infection.

4.2 SPECIFIC AIMS

1. To examine diagnostic potential of miR-199/214, miR-21, miR-210, miR-
192, miR-194 and miR-122 as serum biomarkers of infection.

2. To investigate small RNA serum profile in naive and S.mansoni infected
mice and select additional biomarker candidates for further analysis.

3. To determine the serum abundance profile of parasite-derived miRNAs
during the time course of S.mansoni infection.

4. To investigate diagnostic potential of parasite-derived miRNAs in the human
S.mansoni endemic population.

5. To determine sensitivity and specificity of the proposed diagnostic test.

4.3 RESULTS

4.3.1 miR-199/214, miR-21 and miR-210 are up-regulated in
mouse serum at 12 weeks post S.mansoni infection
Several studies have shown that liver-specific miRNAs are detectable in serum and
can be used as biomarkers in liver disease. In line with this we examined whether
the murine miRNAs that are altered in liver tissue are similarly altered in serum
during S. mansoni infection. qRT-PCR was used to measure miRNA levels in the
serum of mice infected with S.mansoni over a 12 week time -course.
The methodology of miRNA analysis in body fluids is not well standardized, and it is
still not clear which small RNAs are appropriate for normalization (Hoy and Buck,
2012; Scholer et al., 2010; Weiland et al., 2012b). Here we used a constant amount
of total RNA in the reverse transcription reaction. To account for any variation in

gRT-PCR efficiency due to contaminants, miRNA levels were normalized to a

87



Chapter 4

synthetic RNA oligo (“spike-in”") that was included at the reverse-transcription step.
The ratio of miRNA levels in infected versus age-matched naive mice was quantified
at each time point and plotted as fold change (Fig. 4.1). Compared to the analysis of
liver samples (Chapter 3), there is more variation in the serum miRNA levels
between biological replicates. As shown in Fig. 4.1, the levels of miR-192, miR-194
and miR-122 in serum do not change between 4-12 weeks post infection, whereas
five of the miRNAs that are up-regulated in the liver are also significantly elevated in
serum at 12 weeks post infection (p<0.05), ranging from 2.6 fold (miR-21) to 4.7
fold (miR-214) (Appendix 3). These five host miRNAs represent potential serum
biomarkers of S. mansoni infection. However, since their levels do not change until
12 weeks post infection in mice, they may only be useful in cases of more advanced

liver pathology.

4.3.2 Expression of miR-199/214, miR-21 and miR-210 fails to
discriminate S.mansoni infected and uninfected
individuals.

Having selected 5 host miRNAs candidates that were up-regulated at 12 weeks post

infection as potential biomarkers of S.mansoni we extended our analysis to human

patients. Serum samples from two field sites were examined: an area of high
infection in the Piida community, Butiaba, which is situated on the shore of Lake

Albert in Uganda (S.mansoni prevalence is 72% (Dunne et al., 2006; Kabatereine et

al., 2004; Naus et al., 2003)) and an area of low infection in the Chiredzi community

of Zimbabwe where S.mansoni is endemic with ~70% (67.9-74%) prevalence in

school age children (Mduluza et al., 2009; Mutapi et al., 2002).
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Figure 4.1 Differential abundance of host miRNAs in mouse serum during S. mansoni
infection.

8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with ~80
cercariae and euthanized at 4, 6, 8 and 12 weeks post infection. miRNAs were quantified by
gRT-PCR and normalized to a synthetic RNA spike-in. Each symbol represents data from
one individual mouse. Fold changes are defined as the ratio of abundance in infected versus
naive serum; the signal from naive was set as 1. (***p<0.001, ****p<0.0001, Two-way
ANOVA, Sidak multiple comparison test). Data represents 1 experiment. Wk4: infected n=6,
naive n=5, Wk6: infected n=6, naive n=6, Wk8&8: infected n=5, naive n=5, Wk12: infected
n=5, naive n=6).

89



Chapter 4

The high infection samples were collected from mixed-age participants from Piida
diagnosed as S.mansoni infected, termed ‘egg positive’ (n=20, epg=1117) and
compared to volunteers from the same community with undetectable parasite eggs
(n=10) in the stool, termed ‘egg-negative’. The low infection samples were collected
from children in Chiredzi diagnosed with S. mansoni (n=5, epg=108) and compared
to age matched participants with undetectable eggs (n=10) by standard stool
examination methods. The samples were non-randomly selected based on the
infection intensity, sex and age. Demographic data of individuals are provided in

Table 4.1 and Table 4.2.

Table 4.1 Piida study cohort.

Characteristic Egg-negative (n=10) Egg-positive (n=20)
Age (range) 33.1 (17-48) 24.2 (7-56)
Sex (F/M) 5/5 9/11
S.mansoni status (epg&range) 0 1117 (105-4030)

Table 4.2 Chiredzi study cohort.

Characteristic Egg-negative (n=9) Egg-positive (n=5)
Age (range) 10.67 (8-11) 10 (9-11)

Sex (M/F) 6/3 2/3
S.mansoni status (epg&range) 0 108 (39-207)

The data obtained by qRT-PCR have been median normalised to the synthetic spike-
in. The fold change was calculated as described in (Chapter 2: Materials and
Methods (2.9.4)). The 5 host miRNAs (miR-21, miR-199a-3p, miR-199a-5p, miR-
210, miR-214) were detectable in human serum with variable abundance.
Unfortunately, these miRNAs did not discriminate between ‘egg-positive’ and ‘egg-

negative’ participants (Fig. 4.2).

90



A .
miR- 199 5p
(]
(o))
C
4]
ey
[&]
he]
(o]
[T
150
[0
2 -
& 100
e
[&]
g 50 —
L
G oo p—
€gg - egg +
B
miR-199 5p
6 L]
(0]
2
m 4 _._
<
[} -
32 ——
L
O-——sasleas
€gg - egg +
miR-21
6
a) L]
()]
5S4
<
o —_
g2
L _
0 *
€gg - egg +

Chapter 4

miR- 199 3p miR- 214
15 . 30
[} Q
g g .
§ 10 § 20
< <
o [&]
25 . —_ 210
L . L .
ol et 0
egg - egg + egg - egg +
miR- 210
30
(]
= .
§ 20
<
[S]
10
L
0
egg - egg +
miR-199 3p miR-214
20 150
% 15 . % -
5 _ S 100 —
S 10 S
k) o
e s — & ® ——
0 — 01 —teewy -
egg - egg + egg - egg +
miR-210
60
(0] n
2
S 40
3 —
[S]
220
L RN
G [ 3 o u
egg - egg +

Figure 4.2 Abundance of host miRNAs in serum of S. mansoni egg-positive and egg-

negative individuals.

Venous blood was collected from individuals from Piida and Chiredzi and serum was
obtained by centrifugation. S.mansoni infection status was determined using the Kato-Katz
faecal smear method. Serum RNA was extracted using miRVANA Paris kit. miRNAs were
quantified by qRT-PCR, normalized to a synthetic RNA oligo “spike-in” and fold changes
were calculated as the ratio of infected to uninfected individuals. Piida: panel A, Chiredzi:
panel B. Mann-Whitney test was used and p-values of <0.05 was considered significant.
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4.3.3 The RNA content of mouse serum is dominated by
small RNAs

To investigate the distribution of small RNA populations of serum, total serum RNA
was **P pCp 3’ end labelled and analysed on a 10% denaturing polyacrylamide gel.
With this approach only fragments with 3’ hydroxyl group can be labelled. As shown
in Fig 4.3, mouse serum contains small RNA species in size ranging from 18-100 nt
including a population of ~22 nt characteristic of most miRNAs. Surprisingly, the
most abundant RNA species are
30-35nt in length. To characterize these small RNAs, total RNA from serum of naive
mice or mice infected with S.mansoni were sequenced using the Illumina platform
(Fig 4.4). For small RNA sequencing in experiment 1, total RNA was extracted from
serum of 8 pooled S.mansoni-infected mice (Wk. 7, 180 cercariae) and 8 uninfected
age matched controls (400ul total volume) according to the miRVana PARIS
protocol (as described in Materials and Methods). The small RNAs were size
selected by 15% PAGE and prepared according to the Illumina small RNA Sample
Preparation Kit version 1.5 and sequenced on the GAIIX. For small RNA sequencing
in experiment 2, total RNA was extracted from serum of 3 pooled S.mansoni infected
mice (Wk 8, 80 cercariae) and 3 uninfected age matched controls (300l total
volume) according to the miRVana PARIS protocol. The library was prepared
according to the TruSeq Small RNA protocol (without size-selecting small RNA)
and sequenced on the HiSeq2. We have specifically chosen to examine the small
RNA population in those two infection conditions. By looking at the serum RNA
profile of mice infected with 180 cercariae (“super-infection”) we aimed to maximise
the chance of finding altered small RNAs, whereas an infection with 80 cerecarie,
provides insight into a more “natural” infection. Although examining the small RNA
profile during the whole time course of infection would be of benefit, we have
chosen a time point that coincides with a peak of Th2 response, substantial
granulomas and liver fibrosis. Further, two different library preparation protocols and
sequencing platforms have been used to minimise ligation and sequencing associated

bias.
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Figure 4.3 *P pCp labelled total mouse serum RNA (125ng) separated on 10% PAGE.
Total naive C57/BI6 mouse serum RNA was extracted using miRVana PARIS Kkit.
Approximately 125ng of RNA was labeled with *P pCp and separated on a 10% PAGE.
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Experiment 2
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Figure 4.4 Mouse serum deep sequencing- experimental outline.
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In both experiments, the majority of small RNA reads aligned to the mouse genome
(ranging from 64-70%, Table 4.4). Approximately 30% of sequence reads did not
align to either mouse or S.mansoni genome. These sequences are presumably of
bacterial origin and were not analysed further. A small percentage of reads
unambiguously aligned to the S. mansoni genome in infected mice (0.04 - 0.14%);
<0.01% of reads mapped to the S. mansoni genome in naive samples. Only 1 — 6% of
the reads that mapped to the mouse genome were miRNAs (Table 4.3, listed in
Appendix 6). The majority of reads in all samples were 29-33nt fragments derived
from tRNAs: 92-98% of the reads that mapped to the mouse genome and 42-100% of

reads that mapped to the S. mansoni draft genome (Table 4.3).

4.3.4 RNA deep sequencing reveals the presence of parasite-
specific miRNAs in sera of S.mansoni infection but not
control mice

A total of 78 and 225 mature miRNAs are known to be encoded by the trematodes

S.japonicum and S.mansoni, respectively (de Souza Gomes et al., 2011; Kozomara

and Griffiths-Jones, 2011; Marco et al., 2013; Wang et al., 2010; Xue et al., 2008),

and further miRNAs have been predicted (de Souza Gomes et al., 2011). Analysis of

the reads that mapped to the S. mansoni draft genome using the miRdeep2 program

(Friedlander et al., 2012) identified at least 11 miRNAs from infected samples: 8 of

these were positively identified based on identity to known miRNAs in S. mansoni

and/or S.japonicum (Table 4.4) (Wang et al., 2010; Xue et al., 2008) and 3 are
predicted by miRdeep (here named sma-miR-nl, sma-miR-n2 and sma-miR-n3). The

predicted stem-loop structures for the putative pre-miRNAs are shown in Fig. 4.5;

since the depth of coverage of S. mansoni reads in this study was very low and reads

did not map to both arms of the hairpin, these can not yet be considered prototypical

miRNAs. However, sma-miR-n3 shares a seed site with Schmidtea mediterranea

miR-2160 and was annotated as sma-miR-8437 in a study of S. mansoni miRNAs
published recently (Marco et al., 2013). Additional analysis of the datasets allowing

1 mismatch to the S. mansoni draft genome identified one further miRNA from

infected but not naive serum: miR-277, which is identical to miR-277 in S japonicum

and Echinococcus granulosus but has a C>T mutation at position 17 in relation to
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the S. mansoni draft genome (Table 4.4). Other reads from infected samples that

aligned are detailed in Appendix 7. It is possible that some of these less abundant

sequences derive from real miRNAs but the coverage in these studies is not sufficient

to conclude this.

Table 4.3 Small RNA classification in serum of naive and infected mice.

Illumina Small RNA TruSeq
Naive Infected Naive Infected
7 weeks 8 weeks
180 cercariae 80 cercariae
Trimmed reads 19,992.215 19,687,439 5,360,110 6,975,834
Mouse genome match 12,864,294 12,771,443 3,786,803 4,621,905
. 12,430,681 3,779,361 4,613,742
Unambiguous 12,841,090(64.2%) (631%) (70.5%) (66.1%)
rRNA 6493 (0.05%) 51173 (0.4%) 377 (0.01%) 6499 (0.14%)
(RNA 12,615,823 11,464,782 3,736,007 4,409,765
(98.2%) (92.2%) (98.9%) (95.6%)
other rfam 7579 (0.06%) 14563 (0.012%) 514 (0.014%) 1758 (0.04%)
miRNA 128,222(1.0%) 772,150 (6.2%) 36,615 (1.0%) 158,069 (3.4%)
Uncharacterized 82973 (0.6%) 128013 (1%) 5848 (0.16%) 37651 (0.8%)
S.mansoni genome
match
Unambiguous 1,683 (<0.01%) 27,347(0.14%) 529 (<0.01%) 2,914 (0.04%)
rRNA 272 (16.2%) 2828 (10.3%) 0 182 (6.2%)
tRNA 1,236 (73.4%) 20,191 (73.8%) 529 (100%) 1,231 (42%)
other rfam 52 (3.1%) 117 (0.4%) 0 22 (0.75%)
miRNA 2 (0.12%) 148 (0.54%)' 0 25 (0.9%)
Uncharacterized 121 (7.2%) 4,063 (15%) 0 1,454 (49.9%)

'This does not include 42 reads identical to sja-miR-277 that contain 1 nucleotide
mismatch to S. mansoni draft genome.
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infected with S. mansoni identified by

Name miRNA sequence (5°-3”) Precursor Location Reads®
sja-miR-277" UAAAUGCAUUUUCUGGCCCGUA Inferred from sja-miR-277 in miRBase 42
sma-bantam UGAGAUCGCGAUUAAAGCUGGU S_mansoni.SC_0137:369450..369509:+ 37
sja-miR-2162-3p UAUUAUGCAACGUUUCACUCU S_mansoni.SC_0049:36195..36251:+ 29
sma-miR-3479-3p | UAUUGCACUAACCUUCGCCUUG zfﬁagrfoni.ChrA.unplaced.SC_0032:1561293..15 16
sma-miR-10-5p AACCCUGUAGACCCGAGUUUGG S_mansoni.Chr_4:19959278..19959336:- 4
sma-miR-2a-3p UCACAGCCAGUAUUGAUGAAC S_mansoni.Chr_W:22875762..22875816:+ 3
sma-let-7-3p CAUACAACCGACUGGCUUUCC S_mansoni.Chr_7:5118795..5118860:+ 2
sma-miR-71a-3p UGAAAGACGAUGGUAGUGAGAU S_mansoni.Chr_W:22875670..22875724:+ 2
sma-miR-nl AACUCAGUGGCCUAUCGGU S_mansoni.Chr_1:18109172..18109229:- 9
sma-miR-n2 UCAGCUGUGUUCAUGUCUUCGA S_mansoni.SC_0170:285549..285631:- 66
sma-miR-n3 UGGCGCUUAGUAGAAUGUCACCG | S_mansoni Chr_3:22962153.22962218:+ 7

(sma-miR-8437)

'"The nucleotide which does not match the S. mansoni draft genome is shown in bold; *Reads
in combined infected samples (compared to a combined total of 930,209 mouse miRNAs in

the same samples, Appendix 6).

miR-n1

miR-n2
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yacavach 2

U UGUAUC
A U A
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Y A c A G U
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Figure 4.5 Predicted stem-loop structures of the S. mansoni miRNAs identified in this
study. The mature sequence that was identified in serum is shown in bold.
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4.3.5 S.mansoni-specific miRNAs are present in mouse
serum as early as 8 weeks post infection

Using a deep-sequencing approach we identified 11 parasite-derived miRNAs in
serum of S.mansoni infected mice. To determine their kinetic profile in serum during
S. mansoni infection, qRT-PCR analysis was carried out as described above, using
primers specific for 9 of the 11 parasite miRNAs. The other 2 miRNAs, sma-miR-
10-5p and sma-let-7-3p, were excluded from analysis because they are highly similar
to homologous mouse miRNAs that are present at > 100 fold higher read frequencies
(Appendix 6). Importantly, most miRNAs in helminth parasites have evolved after
the last common ancestor with their vertebrate hosts and are therefore distinguishable
in sequence, however several miRNAs are perfectly conserved across animals or
highly similar in sequence (Kozomara and Griffiths-Jones, 2011). Several of the
parasite-specific probes showed a signal in the serum of naive mice (background),
which is presumably due to cross-hybridization with endogenous small RNAs. In
cases where no signal was observed in naive mice, the maximum cycle value of 50
was set as background for the purpose of calculating signal over noise (which we
interchange here with “fold change”). Six of the nine parasite miRNA probes tested
(miR-277, bantam, miR-3479-3p, miR-2a-3p, miR-nl, miR-n2) showed a
statistically significant signal over noise at 8 or 12 weeks post infection (Fig. 4.6
p<0.05); the three miRNAs that were not reliably detected (miR-n3, miR-71a-3p,
miR-2162-3p) were not analysed further. The average signal over noise ratios for
each probe during the time course of infection are provided in Appendix 8 and range

from 4.2 to > 3,000.
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Figure 4.6 Detection of parasite-derived miRNAs in mouse serum during S. mansoni

infection.

8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with ~80
cercariae and euthanized at 4, 6, 8 and 12 weeks post infection. miRNAs were quantified by
gRT-PCR, normalized to a synthetic RNA spike-in and signal over noise calculated as the
ratio of abundance in infected serum compared to the background abundance level detected
in naive serum, which represents the noise in the assay likely derived from cross-
hybridization with endogenous small RNAs. One-way ANOVA followed by Holm-Sidak
multiple comparison (¥p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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4.3.6 Three S. mansoni miRNAs are detected in human serum
and distinguish egg-negative from egg-positive
individuals

Based on the results described above (4.3.5), we extended the analyses of parasite

derived-miRNAs to human patients from an area of high infection in the Piida

community of Uganda and an area of low infection in the Chiredzi community of

Zimbabwe. The signal over noise was calculated (as described in Materials and

Methods (2.9.4)) using synthetic spike-ins for normalization. Unlike host miRNAs,

three out of the six parasite miRNAs (bantam, miR-277 and miR-3479-3p) displayed

a significant signal over noise level in the serum of S. mansoni infected individuals

‘egg-positive’ from both high (Fig. 4.7A) and low (Fig. 4.7B) infection endemic

areas, compared to the ‘egg-negative’ participants from the same communities

(p<0.05, Mann — Whitney test). miR-n1, miR-n2 and miR-2a-3p were below the

detection limit (Ct=50) in both ‘egg-positive’ and ‘egg-negative’ samples (not

shown).

Receiver Operating Characteristic (ROC) curve analysis were used to assess the
specificity, sensitivity and accuracy of a S.mansoni diagnostic test where a single
parasite-miRNA was used to discriminate between infected and uninfected
individuals. Data presented using ROC curves show that the single parasite miRNA
discriminated between S. mansoni ‘egg-negative’ and ‘egg-positive’ with an area
under the curve (AUC) of 0.785, 0.790, 0.768 for bantam, miR-277 and miR-3479-
3p, respectively, in the individuals from Uganda (Fig. 4.7A) and 0.889,0.933,0.911
in the individuals from Zimbabwe (Fig. 4.7B). Using optimal cut-off points (highest
sensitivity and specificity pair), this translates to detection of S. mansoni infected
individuals with specificity/sensitivity of 80%/60%, 80%/70% and 80%/60 in the
patients from Uganda (Fig. 4.7 A) and specificity/sensitivity of 100%/60% 89%/80%
and 89%/80% respectively in the patients from Zimbabwe (Fig. 4.7 B). When
combining the data for all three of the miRNAs into a cumulative value, the AUC
increased to 0.845 and 0.933 for each cohort of participants. This resulted in
improved specificity/sensitivity in detection for samples from Uganda (80%/90%)

using a fold change cut-off of 1.189 (Fig. 4.8). This approach is very similar to a
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recent report that uses a “miRNA score” based on cumulative normalized signals of
miRNAs (Goren et al., 2012). Analysis of our data based on cumulative fold change
or “miRNA score” yields very similar results (Fig 4.9). These results show that
combining data for bantam, miR-277 and miR-3479-3p may improve sensitivity of S.

mansoni diagnosis compared to analysis of individual miRNAs.
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Figure 4.7 Discrimination between the S. mansoni infected and uninfected individuals
using parasite-specific miRNA detection.
Venous blood was collected from individuals from Piida and Chiredzi and serum was
obtained by centrifugation. S.mansoni infection status was determined using the Kato-Katz
faecal smear method. Serum RNA was extracted using miRVANA Paris kit. miRNAs were
quantified by qRT-PCR, normalized to a synthetic RNA oligo “spike-in” and fold changes
were calculated as the ratio of infected to uninfected individuals (median with interquartile
range indicated).Piida: panel A, Chiredzi: panel B. Man-Whitney test (*p<0.05, **p<0.01).

Specificity and sensitivity and ROC curves with AUC are indicated.
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Figure 4.8 Discrimination between the S. mansoni infected and uninfected individuals
using the combined data for 3 parasite miRNAs.

Venous blood was collected from individuals from Piida and Chiredzi and serum was
obtained by centrifugation. S.mansoni infection status was determined using the Kato-Katz
faecal smear method. Serum RNA was extracted using miRVANA Paris kit. miRNAs were
quantified by qRT-PCR, normalized to a synthetic RNA oligo “spike-in” and fold changes
were calculated as the ratio of infected to uninfected individuals (median with interquartile
range indicated). Obtained fold changes for bantam, miR-277and miR-3479-3p were
combined (arithmetic mean) into one cumulative fold change and plotted on the graph.Piida:
panel A, Chiredzi: panel B. Man-Whitney test ( **p<0.01). Specificity and sensitivity and
ROC curves with AUC are indicated.
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Figure 4.9 Discrimination between the S. mansoni infected and uninfected patients

using the miRNA-score.

Venous blood was collected from individuals from Piida and Chiredzi and serum was
obtained by centrifugation. S.mansoni infection status was determined using the Kato-Katz
faecal smear method. Serum RNA was extracted using miRVANA Paris kit. miRNAs were
quantified by qRT-PCR, normalized to a synthetic RNA oligo “spike-in” and miRNA-score
was calculated as described by (Goren et al., 2012). Piida- panel A, Chiredzi- panel B. Man-
Whitney test (¥*p<0.01). Specificity and sensitivity and ROC curves with AUC are

indicated.
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4.4 SUMMARY

* miR-miR-199/214, miR-21 and miR-210 are up-regulated in mouse serum at
12 weeks post S.mansoni infection.

* miR-miR-199/214, miR-21 and miR-210 fail to discriminate ‘egg-positive’
and ‘egg-negative’ individuals.

* The RNA content of serum that can be labelled with pCp is dominated by
small RNAs: miRNAs, tRNAs, rRNAs.

* 11 parasite derived miRNAs were identified to be present in sera of infected
mice.

* miR-277, bantam, miR-3479-3p, miR-2a-3p, miR-nl1, miR-n2 showed a
statistically significant signal over noise at 8 or 12 weeks post infection.

* miR-277, bantam, miR-3479-3p displayed a significant signal over noise
level in the serum of S. mansoni infected individuals.

* The single parasite miRNAs (bantam, miR-277 and miR-3479-3p)
discriminated between S. mansoni ‘egg-negative’ and ‘egg-positive’
individuals with specificity/sensitivity of 80%/60%, 80%/70% and 80%/60 in
the patients from Uganda and 100%/60% 89%/80% and 89%/80%
respectively in the patients from Zimbabwe.

* Combining data for bantam, miR-277 and miR-3479-3p improve sensitivity
of S. mansoni diagnosis compared to analysis of individual miRNAs (Uganda

data).

4.5 DISCUSSION

S.mansoni infection leads to hepatic inflammation, portal hypertension,
splenomegaly, upper gastrointestinal tract varices, peri-portal (Symmer’s) fibrosis
(Gryseels et al., 2006) making early diagnosis essential for patient management. The
recent evidence that miRNAs can be released into the circulation from mammalian
cells and tissues has stimulated extensive interest in the potential use of these
molecules as biomarkers (Etheridge et al., 2011; Kosaka et al., 2010a; Weiland et al.,
2012b). miRNA-based diagnostics are being developed for a number of diseases and

although qRT-PCR is the most common detection method at present, there is
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extensive interest in improving and diversifying detection technologies, which may
provide more field-friendly tools. Since miRNAs have been shown to be extremely
stable in body fluids (Chen et al., 2008b; Li et al., 2011b; Mitchell et al., 2008), we
anticipate that these nucleic acids could be particularly useful as diagnostics in field
settings where collection and storage conditions can be difficult to control. Thus, the
main aim of this chapter was to develop miRNA-based biomarkers of S.mansoni

infection.

A number of reports have demonstrated an increase in miR-122 and miR-192 in
plasma or serum during viral infection as well as chemically induced liver disease
(Starkey Lewis et al., 2012; Zhang et al., 2010a). He et al., showed that levels of
miR-223, miR-122 and miR34a were elevated and miR-199a-3p, miR-199a-5p and
miR-146b were decreased in serum at 6 weeks post upon S.japonicum infection in
BALB/c mice with miR-223 levels decreasing post praziquantel (PZQ) treatment (He
et al., 2013). However, according to our analysis, although miR-192, miR-122 and
miR-194 were down-regulated in the liver during infection, their levels in mouse
serum did not change significantly. In contrast, the miRNAs up-regulated in the liver
(miR-199a-3p, miR-199a-5p, miR-21, miR-214 and miR-210) showed significantly
higher levels in mouse serum at 12 weeks post infection, suggesting that these
miRNA could represent a marker of advance S.mansoni pathology. Unfortunately,
when we examined the expression of miR-199a-3p, miR-199a-5p, miR-21, miR-214
and miR-210 in individuals from S.mansoni endemic areas, these failed to

differentiate S.mansoni infected from uninfected humans.

Our alternative strategy, in search for miRNA candidate biomarkers was to examine
the small RNA population of serum using a deep-sequencing approach. This
approach allows quantification of known miRNAs and discovery of new small RNA
sequences. Unlike most of the available reports, our bioinformatics analysis showed
that only a small percentage of reads that mapped to mouse genome are miRNAs.
Interestingly, the majority of reads were 29-33nt fragments derived from tRNAs: 92-
98% of the reads that mapped to the mouse genome and 42-100% of reads that

mapped to the S. mansoni draft genome. It is important to note, however, that due to
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the sequence similarity of the tRNAs between species, we cannot at this point
definitively determine the organism from which they derive. One could argue that
this could be due to random degradation or contamination with cellular material
during library construction. However, if this was a case we might also expect to see
an enrichment in rRNA fragments which is not the case. Further analysis of the

tRNA population in serum is discussed in Chapter 5 of this thesis.

We found that miRNAs derived from the helminth parasite S.mansoni are present in
infected mouse and human serum. The fact that they are not present in the serum of
uninfected mice offers advantages over endogenous miRNAs as biomarkers of
infection which differential abundance can derive from multiple cells and can be
attributed to unrelated conditions. Specifically, we found 9 known miRNAs and at
least 2 novel putative miRNAs derived from S. mansoni that are present in the serum
of infected mice. The read counts of some of these are very low (between 2-66 reads
as compared to 89,415 reads for most abundant miRNAs -miR-122) and will require
further validation with better coverage. However, we show that three of these
miRNAs (bantam, miR-277, mirR-3479-3p) can be detected in human serum from
schistosome endemic areas. Notably, a study published recently identified 5 miRNAs
derived from S japonicum in the plasma of infected rabbits and 3 of these are
identical or homologous to those identified here: bantam, miR-3479-3p and miR-10-
S5p (Cheng et al., 2013), providing independent validation for the presence of

trematode miRNAs in the serum of infected animals.

It is intriguing to think that the existence of these miRNAs outside the parasite has a
function. Given the short size of miRNAs and the fact that they do not require perfect
complementarity with their targets, one could predict hundreds of possible targets in
the host. Interestingly, Xue et al., showed that three of the miRNAs that we find in
serum (sja-bantam, sja-miR-71 and sja-let-7) are expressed during all the stages of
parasite development but are enriched in the cercariae, suggesting that they may be
important during the initial stages of schistosome infection (Xue et al., 2008). The

bantam miRNA has been implicated in regulating organ growth in response to
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environmental conditions in Drosophila as well as C.elegans (Brennecke et al., 2003;

Schaedel et al., 2012) but functional homologues of bantam do not exist in mammals.

This work extends an area of research detailing “foreign” small RNAs in body fluids.
Zhang et al., recently reported that the plant miRNA, miR-168a, is present in human
and animal serum and demonstrated that this derives from a rice diet (Zhang et al.,
2012). Wang et al., showed that a wide range of exogenous RNAs can be found in
human plasma, including small RNAs derived from bacteria and fungi (Wang et al.,
2012b). From our results it is not yet clear whether the miRNAs identified in serum
are actively secreted from the parasite and how they are stabilized, since serum
contains high amounts of RNases (Blank and Dekker, 1981; Kamm and Smith,
1972). From the time course analysis presented here, schistosome-derived small
RNAs were reliably detected in serum by 8 weeks post infection, after deposition of
the eggs in the liver. However, further in vitro and in vivo studies would be required
to determine whether these RNAs in circulation are derived from the eggs and/or
adult worms; this is relevant to diagnostic applications, for example the capacity to

detect pre-patent infection.

An ideal biomarker should: i) have 100% sensitivity and specificity, ii) have an
ability to diagnose the disease at the early time point, which in case of S.mansoni
infection should be prior to parasite egg secretion, iii) have minimal and predictable
inter-individual variability, iv) be minimally invasive, v) and its measurement should
be robust, rapid, simple, accurate and inexpensive. Importantly, we have shown here
that parasite-derived miRNAs can be detected in human serum by qRT-PCR and can
distinguish ‘egg-negative’ from ‘egg-positive’ individuals in areas of both low and
high infection intensity. By combining data for miR-277, miR-3479-3p and bantam
we detected infection with a sensitivity of 80-90% and specificity of 80-89%. We
anticipate that this may be improved further by optimizing RNA isolation protocols,
probe design and more robust methods for normalizing the data. Since one of the
main requirements for diagnosis of schistosomiasis is the development of more
sensitive assay it is of great importance to examine the performance of the parasite-

derived miRNAs against the “gold standard” Kato-Katz assay, which offers 100%
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specificity. The performance of our parasite-derived miRNAs test is comparable to
the PCR technique for detection of S.mansoni DNA in human faeces published by
(Pontes et al., 2003b). The authors showed that sensitivity and specificity of their
PCR test was 97% and 88% as compared to the Kato-Katz (79% and 100%). Further,
it is of importance to examine the abundance of parasite-derived miRNAs in serum
upon infection with other Schistosoma species and other helminths to further

evaluate their specificity.

Further improvements and standardisation of the methodology of analysis of
circulating miRNAs are also necessary before they can be applied in the hospital or
field settings. Firstly, it is important to unify the method of blood collection and
processing into serum and plasma as the preparation process, specifically
centrifugation, affects the amount of contaminating cellular RNA. This is especially
problematic in plasma samples (Duttagupta et al., 2011; McDonald et al., 2011). For
this reason we used serum rather than plasma samples in our studies. Moreover, as
miRNAs are present in red blood cells (Chen et al., 2008a; McDonald et al., 2011)
the degree of haemolysis also affects the miRNA profile in serum or plasma. It seems
that not all miRNAs are affected by haemolysis, it has been shown that miR-16 and
miR-15a levels increase in the haemolysed sample whereas miR-122 expression

remains unchanged (McDonald et al., 2011).

Secondly, it is crucial to unify the RNA extraction process, RT method, qRT-PCR
and normalisation. As shown by MacDonald et al., assay imprecision (imprecision
under the same operating conditions over a short interval of time, imprecision within
and between laboratories) significantly affect the reproducibility of miRNA
measurements, with the highest intra-assay imprecision being due to RNA extraction
step. The authors suggest that longer incubation of serum with the denaturing
solution when using the column-based extraction protocols (miRVANA) or use of
liquid-liquid extraction protocols (TRIzol LS) can decrease assays’ imprecision.
Thus, it is important to further improve the available extraction methods and
introduce a set of controls, such as inter-assay controls or extraction efficiency

controls. Additionally, studies focused on revealing the origin of circulating miRNAs
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have shown two populations of miRNAs: those associated with protein complexes
and those encapsulated in vesicles (Arroyo et al., 2011; Turchinovich et al., 2011; K.
Wang et al., 2010). This finding needs to be taken into account when using these
molecules as biomarkers since the stability of miRNAs in serum and the efficiency of
their extraction may vary if they are present in different complexes. Further work on
how and when the miRNAs are secreted to the extracellular environment is necessary

to realise their potential as diagnostic biomarkers.

The main limitation of parasite derived miRNA detection in serum appears to be
cross-hybridization of the probes with endogenous small RNAs, which influences the
signal to noise ratios. In particular, we report the finding that the majority of small
RNAs in mouse serum are derived from tRNAs, consistent with a recent study
(Dhahbi et al., 2013). It is possible that depletion of these tRNAs prior to qRT-PCR
may improve the specificity or sensitivity of miRNA detection; this requires further
investigation. In addition, one of the parasite-derived miRNAs identified by
sequencing, miR-2162-3p could not be validated by qRT-PCR, likely owing to its
low GC content (33%). Optimization of probe design for the parasite-derived
miRNAs may also greatly increase their diagnostic utility in larger scale studies in

human patients.

The methodology of analysis of miRNAs in body fluids is not unified and it is still
not clear which small RNAs are appropriate for normalisation (Hoy and Buck, 2012;
Scholer et al., 2010; Weiland et al., 2012b). To overcome these challenges, in cases
when quantification of RNA was possible, we used a constant amount of total RNA
as an input to the reverse transcription reaction. To account for any variation in qRT-
PCR efficiency due to contaminants, miRNA levels were normalized to a synthetic
RNA oligo (“spike-in”) that was included at the reverse-transcription step. When
RNA levels were below the detection limit, we used a constant volume in the reverse
transcription reaction and included a synthetic RNA oligo (“spike-in”) at the
extraction step to account for variability in purification procedure and amplification
efficiency. Obtained Ct values were “median-normalized” to synthetic RNA spike-in

as described previously (Mitchell et al., 2008): relative change was calculated as 2°°",
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where Ctn stands for normalized Ct values. The caveat of using a spiked miRNA as a
normaliser is a limited ability to control for the internal variations of the overall
serum miRNA expression levels between individuals which is especially important
when working with host-derived miRNAs. An alternative to this approach could be
the use of a panel of invariant miRNAs. This requires profiling miRNAs under both
conditions (uninfected and infected) using microarray, or deep sequencing followed
by selection of a miRNA panel and further validation by qRT-PCR. Available
programs such as NormFinder (available at: http://moma.dk/normfinder-
software)(Andersen et al., 2004) and GeNorm (available at:

http://medgen.ugent.be/~jvdesomp/genorm/) (Mestdagh et al., 2009) can aid analysis

of data to select the best candidates. This approach proved to be successful in
determining tissue/cell normalisers; however, to date, the determination of reliable,

invariant miRNAs in body fluids is still a challenge.

The work presented here was performed on a relatively small number of individuals.
Following further optimization of the extraction methods and probe design to
minimize cross hybridization and sensitivity, larger studies will be important to
assess the full potential of the proposed miRNA biomarkers, including positive and
negative predictive values in comparison to existing techniques. It will also be of
interest to determine the origin of these parasite-derived miRNAs, examine their
abundance levels in response to treatment and or upon infections with other

helminths.

In summary we have shown that host miRNAs are altered in mouse serum at 12
weeks post S.mansoni infection, but fail to distinguish between “egg-positive” and
“egg-negative” individuals. Importantly, we have shown that parasite-derived
miRNAs are present in mouse and human serum and can be used in diagnosis of
S.mansoni infection. We anticipate that the parasite miRNAs in serum could
complement or transform existing diagnostic strategies and may serve as a platform

for detecting a range of helminth infections.
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Chapter 5: Characterization of tRNA halves
in serum

5.1 INTRODUCTION

Mature transfer RNAs (tRNAs) are ~75 nt long non-coding RNAs and function as
amino acid adaptor molecules during the process of decoding mRNA into protein. A
secondary structure of a properly folded tRNA resembles a cloverleaf, with three
stem loops (D loop, T loop and an anticodon-loop) Fig. 5.1 (Giege et al., 2012). In
humans up to 506 genes encode 49 different tRNAs (Lowe and Eddy, 1997). The
tRNA genes are transcribed by RNA polymerase III (RNA Pol III) (White, 2011).
The 5° - leader and 3’- trailer sequences are removed from the primary transcript
(pre-tRNA) by endoribunuclease P (RNase P) and endonuclease Z (RNase Z,
ELACI1/2 in human), respectively. If the pre-tRNA contains introns it undergoes
splicing (Phizicky and Hopper, 2010; Robertson et al., 1972; Schiffer et al., 2002;
Walker and Engelke, 2006). The 3’CCA acceptor is then added by tRNA nucleotidyl
transferase (Xiong and Steitz, 2006). The possession of the 3’CCA is required for
tRNA participation in translation as it is through the 3’CCA that a tRNA can be
aminoacylated (charged). The tRNA wundergoes multiple post-transcriptional
modification events that are important for its structure, stability and function
(Motorin and Helm, 2010; Phizicky and Hopper, 2010). For their adaptor function,
tRNAs are aminoacetylated, each by one of the 20 different aminoacyl-tRNA
synthetases (aaRSs) and exported form the nucleus by Exportin-T (XPOT) to become
an adaptor molecule for translation (Lund and Dahlberg, 1998). tRNAs are one of the
most stable RNAs and one of the most abundant RNA transcripts in the cell,
accounting for around 15% of the total RNAs (Li and Zhou, 2009). Recent studies
suggest their functions and/or regulation may extend beyond a role in translation. In
particular, multiple tRNA cleavage pathways have been described in response to

stress and the roles of generated tRNA fragments have been suggested.
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5.1.1 tRNA fragments: their biogenesis and biological role

The tRNA fragments identified to date are divided in the literature into two classes:
i) fragments ~35nt long that are generated by the cleavage within the anticodon-loop,
named as “tRNA halves” and ii) shorter fragments 13-30 nt long that are generated
by cleavage of the mature or pre-tRNA, named as tRNA-derived fragments (tRFs),
specifically: 5’tRFs, 3’CCA tRFs, 3° U tRFs, 5’ leader-exon tRFs (Fig. 5.1).
Although the role of tRNA halves and tRNA-derived fragments are not fully
understood, accumulating evidence suggests that these small RNAs play roles in

regulation of gene expression, potentially in relation to stress responses.
tRNA halves

tRNA halves, also known as stress-induced small RNAs or short tiRNAs, are 30-35nt
long. They are generated by endonucleolytic cleavage of tRNA which occurs within
the anticodon-loop in response to oxidative stress, hypoxia or apoptotic inducers,
although they were also observed in unstressed conditions (Emara et al., 2010;
Nowacka et al., 2013; Thompson et al., 2008; Yamasaki et al., 2009). It has been
shown that the majority of tRNA halves lack the 5’ leader sequence, 3’ trailer
sequences or introns showing that they originating from the mature tRNA. The
3’tRNA halves have also been shown to contain the 3’CCA sequence, further
supporting the idea that these are derived from the full length, mature tRNA (Fu et
al., 2009; Nowacka et al., 2013). The tRNA halves were described for the first time
in Tetrahymena thermophilia in (Lee and Collins, 2005) and since then, they have
been identified under various stress conditions in bacteria - Streptomyces coelicolor
(Haiser et al., 2008), fungi - Aspergillus fumigatus (Jochl et al., 2008), yeast -
Saccharomyces cerevisiae (Thompson and Parker, 2009), parasites - Trypanosoma
cruzi (Garcia-Silva et al., 2010) and Giardia lamblia (Li et al., 2008), plants —
Arabidopsis thaliana (Hsieh et al., 2010) and human cells (Yamasaki et al., 2009). In
yeast, the tRNA cleavage is catalysed by Rnyl and in mammals by angiogenin.
Although mammalian cells contain a homolog of Rnyl, named RNASET?2, it does
not induce tRNA cleavage during oxidative stress (Fu et al., 2009; Thompson and

Parker, 2009; Yamasaki et al., 2009). Rnyl belongs to RNase T2 family and is
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predicted to leave 5° hydroxyl and 2’-3’ cyclic phosphate groups. It has been shown
that Rny1l promotes cell death in response to oxidative stress, which is independent
of tRNA cleavage (Thompson and Parker, 2009). Angiogenin (ANG) is a member of
the RNase A family that is known to be a key angiogenic factor (Fett et al., 1985)
and is predicted to leave 5’ hydroxyl and 2’-3’ cyclic phosphate groups (Rybak and
Vallee, 1988). Under normal conditions Rny1 is sequestered in vacuoles and during
oxidative stress it exits from the vacuoles and move into the cytoplasm. ANG is
bound to ribonuclease/angiogenin inhibitor 1 (RNH1) and is released to cytoplasm
under stress conditions (Thompson and Parker, 2009; Yamasaki et al., 2009). Both
enzymes have limited specificity, with tRNA cleavage occurring at multiple
positions within anticodon loop. Interestingly, certain tRNAs such as tRNA*?(GTC),
tRNA®Y(GCC), tRNAYY(ACC) can be methylated by DNA methyltransferase 2
(DNMT?2) which protects them from this cleavage (Schaefer et al., 2010). Two
different cleavage phenomena have been described: in T7.thermophilia and
S. coelicolor the generation of tRNA halves is global, affecting all tRNAs, and
correlates with codon usage (Haiser et al., 2008; Lee and Collins, 2005; Schaefer et
al., 2010), whereas in T.crusi and A. thaliana it has been shown that generation of
tRNA halves affects a small subset of tRNAs and there is no correlation with the
number of tRNA genes or the codon usage (Garcia-Silva et al., 2010; Hsieh et al.,
2010). Further, it seems that the stability of generated tRNA halves relates to the
stress conditions. For example, tRNA halves in T.thermophilia are generated under
cold shock but not heat shock (Andersen and Collins, 2012). Franzen et al., reported
that 88.9% of reads that mapped to tRNA are derived from 3’ end of tRNA in 7T.cruzi
under normal conditions (Franzen et al., 2011), whereas under stress conditions, the
majority of derived tRNA fragments are 5’ tRNA halves, of which 90% are derived
from tRNA*?(GCU), tRNA“"(CUC), tRNA"(UUC) (Garcia-Silva et al., 2010).

Since tRNAs are key elements of translation process, it has been suggested that
tRNA cleavage would reduce the pool of functional tRNAs in the cell, thereby
negatively effecting protein synthesis. Indeed, it has been shown that the translation
inhibition correlates with the extent of the tRNA cleavage by angiogenin (Saxena et

al., 1992). However, several factors argue against this. Firstly, only a small
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proportion of tRNAs are cleaved, such that the level of full- length tRNA molecules
is unlikely to be largely affected. Secondly, the tRNA halves have been shown to be
highly stable in some cases, and their levels are likely to be regulated in some way
since there is specificity in which fragments are most abundant (Haiser et al., 2008;
Jochl et al., 2008; Kawaji et al., 2008; Saikia et al., 2012). In addition, it has been
shown that stress induced 5’ tRNA halves are able to inhibit translation in
mammalian cells and A.thaliana (Emara et al., 2010; Nowacka et al., 2013)
Moreover, it has been reported that certain 5° tRNA halves are able to displace
translation initiation factors (eIF4E/G/A) from mRNA which result in formation of
stress granules (Ivanov et al., 2011). Durdevic et al., reported that tRNA halves bind
to Dicer-2 in Drosophila subjected to heat shock, which contributes to the reduction
of siRNA pathway function. This is further enhanced in the DNMT2 mutant flies
suggesting the involvement of DNMT2 in tRNA stability and correct function of
siRNA pathway (Durdevic et al., 2013).

tRNA-derived fragments

5’ tRFs are products of a cleavage near or within the D loop of tRNA (Fig. 5.1).
Their size ranges from 19-26nt and they lack 5’ leader sequence suggesting that
similarly to 5° tRNA halves they originate from the mature tRNA. With an exception
of 5° tRFs observed in T. thermophilia, their abundance levels do not correlate with
the number of tRNA genes copies or codon usage (Couvillion et al., 2010). Further,
in many species, 5’ tRFs originate predominantly from a single isotype tRNA, e.g.
the majority of 19nt long 5’tRFs found in the roots of A. thaliana originate from
tRNA®Y (Hsieh et al., 2009), most of 5’ tRFs found in rice (20-22nt long) correspond
to 5° end of tRNA*" (Chen et al., 2011b) and the majority of archeon Haloferax
volcanii 5’tRF 26nt) come from tRNA"" (Gebetsberger et al., 2012). Studies in HeLa
cells suggested that the production of 19 nt long 5’ tRFs is Dicer dependent and that
5’tRFs associate weakly with Argonaute (Ago) proteins (Cole et al., 2009). However,
Dicer-independent 5° tRF (23 nt long) generation has been shown in yeast (Buhler et
al., 2008). It has been shown that 5° tRF derived from tRNAY"in H. volcanii bind

directly to the small ribosomal subunit in vivo and in vitro affecting protein synthesis
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under stress conditions (Gebetsberger et al., 2012). Like tRNA halves, the 5’tRFs
have been shown to inhibit translation. Sobala et al., showed that three out of four
tested 5°tRFs have an ability to inhibit translation, and implicated the presence of a
“GG” dinucleotide at the 3’ end of the molecule in this process. However, other
motifs are likely to be involved. Further work is needed to reveal the mechanism by

which 5°tRFs affect translation (Sobala and Hutvagner, 2013).

3’CCA tRFs are formed by cleavage of a mature, charged tRNA near or within the T
loop (Fig. 5.1) and are 13-22 nt long. It has been shown that 3’CCA tRFs are
generated in some cases by Dicer, but not exclusively (Haussecker et al., 2010;
Kawaji et al., 2008; Yeung et al., 2009). Angiogenin and other RNase A family
enzymes have been proposed for the Dicer-independent cleavage (Sobala and
Hutvagner, 2013). The 3° CCA tRFs that are cleaved by Dicer were shown to
associate with the RNAi machinery and some of the tRFs exhibited gene silencing
properties. Specifically, they were shown to associate with Argonaute (Ago1-4) and
have a modest silencing ability (Haussecker et al., 2010). Interestingly, it has also
been shown that 3’CCA tRFs are involved in defence against viral infections. Yeung
et al., showed that the 18nt long 3° CCA tRFs originating from tRNA"" is associated
with Ago2 and Dicer and have moderate gene silencing activity in a luciferase
reporter assay (Yeung et al., 2009). This tRNA is known to be used by viral reverse
transcriptases as a primer for the initiation of reverse transcription and DNA

synthesis, but any mechanistic link with its RNAi functions is not yet clear.

The 3° U tRFs correspond to the 3’ trailer of pre-tRNAs, such that the 5 end is
generated by RNase Z cleavage. These have been observed in vertebrates and
archaea (Haussecker et al., 2010; Heyer et al., 2012; Lee et al., 2009b; Liao et al.,
2010). They are localised in the cytoplasm (Liao et al., 2010), which suggest either
they are generated in the nucleus and rapidly exported (they have not been observed
in the nucleus) or generation in cytoplasm by 3’ tRNases. Indeed, it has been shown
that in human cancer cells a 3’ U tRF derived from pre-tRNA®*(TGA) named tRF-
1001 is generated in the cytoplasm by tRNA 3’ endonuclease ELAC2 (Lee et al.,
2009b). Two other classes of tRFs have been recently reported. sitRNAs (tRFs ~

116



Chapter 5

46nt long) that are generated by the cleavage of the mature tRNAs anticodon left arm
have been identified in G.lamblia as a result of stress (Li et al., 2008). Hanada et al.,
recently reported that loss of mammalian RNA kinase CLP1, results in an
accumulation of tRF originating from pre-tRNA™". These tRFs are 41-46 nt long and
contain 5’ leader followed by 5’exon tRFs and are not generated by angiogenin

(Hanada et al., 2013).

In summary, in last 5 years development of new generation sequencing technologies
led to discovery of novel small ncRNAs, including tRNA-derived fragments. It
emerged that some of these ncRNAs, such as miRNAs have important biological
functions and have a potential to be used as novel diagnostic and therapeutic tools.
Research to date suggest that tRNA halves and tRFs present in cells are product of a
specific cleavage events and are biologically relevant. Here we characterise tRNA —
derived fragments of ~29-33 nt long, that circulate in mouse serum, and investigate

their diagnostic potential.
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Rnase P
Rnase Z
splicing
+CCA

T loop
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Figure 5.1 Processing of tRNA and tRNA- derived fragments.

Pre-tRNA is processed by RNase P, RNase Z to remove the 5’leader (blue) and 3’trailer
(red), the introns, if present (green) are removed by splicing endonuclease and the CCA is
added. Pre-tRNA and mature tRNA can give rise to smaller tRNA fragments. Depending on
their origin we can differentiate: 5’ leader-exon tRF, 3’ U tRF, 5' tRF, 3' CCA tRF, 5’ and 3’
tRNA halves
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5.2 SPECIFIC AIMS

1. To characterise tRNA halves present in serum: tRNA abundance and
stability.

2. To investigate diagnostic potential of 5° tRNA®Y(GCC) and 3’
tRNAY(GCC) halves in S.mansoni infection

5.3 RESULTS

5.3.1 tRNA fragments of 29-33nt dominate the small RNA
population in serum and are products of specific
cleavage events near the anti-codon loop

Our analysis of tRNA fragments in mouse serum showed that approximately 94% of

reads of 29-33nt long correspond to five of tRNA genes: tRNA®Y(GCC),

tRNA"(CTC), tRNA(TTC), tRNA"(GTG) and tRNA**(TGC). These are present
in multiple copies in the genome so we cannot definitively determine their origin.

The majority of reads were fragments derived from tRNA®Y(GCC), accounting for

over 80% of the tRNA reads (Table 4.3). Of the top five most abundant tRNAs

identified in our datasets, over 99% of reads mapped to the 5’ end of tRNA (Table

5.1) and ranged in size from 29-31nt. Further, from the distribution of reads we infer

that full length tRNA is cleaved within the anti-codon loop at more than one site. Fig.

5.2 shows the most dominant cleavage sites.
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Table 5.1 Percentage of sequencing reads that mapped to tRNA halves.
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tRNA Percentage of reads that mapped to tRNA
Total 5’half 3’half
tRNAY(GCC) 80.28 99.96 0.04
tRNA(CTC 10.06 99.99 0.01
tRNA*(TGC) 0.50 99.52 0.48
tRNASY(TTC) 2.76 95.25 4.5
tRNA"S(GTG) 047 85.61 14.39
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Figure 5.2 Cleavage sites of tRNAs.
Secondary structure of A) tRNAY(GCC), B) tRNA®“(CTC), C) tRNA®Y(TTC), D)

tRNA™(GTG) and E) tRNA**(TGC). Black solid arrows represent the most dominant tRNA
cleavage sites (percentage indicated) as determined by sequencing data.
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5.3.2 High levels of 5’ fragment of tRNA®" are present in
serum

To assess the levels of tRNA-derived fragments in serum, tRNA®Y(GCC) in
comparison to miR-122, miR-16 and miR-21 were measured in mouse serum using
gRT-PCR using miScript protocol. To determine the proportion of tRNA®Y(GCC)-
derived fragments, 18nt and 15nt long primers corresponding to the 5” and 3’ end of
tRNA®Y(GCC) respectively were designed (Fig 5.3 A). To allow simultaneous
quantification of tRNAs and miRNAs, the tRNA primers where designed to have
melting temperature (Tm) of ~60°C. The absolute copy numbers were calculated
from the standard curves generated for the serial 10 fold dilutions of the synthetic
RNA standards of known concentration (standard curves present in Apendix 1). As
shown in Fig 5.3 B, sequences containing 5’ and 3’ portion of tRNA®Y(GCC) are
present is mouse serum. The 5° tRNA®Y(GCC) derived fragments are highly
abundant (~5.6 x 10° copies/ul of serum), showing ~20 fold higher level than miR-16
and ~100 fold higher than 3’tRNA®Y(GCC) derived fragments. To examine whether
any of the signal for the tRNA fragments could derive from the full length molecule,
total mouse serum RNA was resolved on the 15% PAGE gel (Fig 5.3 C) and three
RNA size fractions were excised (10-25nt, 25-50nt and 50-100nt). The RNA was
then extracted and the levels of 5° tRNA®Y(GCC), 3° tRNA®Y(GCC) quantified by
gRT-PCR (Fig 5.3 D). The 3’ portion of tRNA®Y(GCC) was present in all three
fractions at a relatively similar level (lowest in the 10-25nt (10 copies/ng of RNA
loaded) and highest in 25-50nt (1.5x10° copies/ng of RNA loaded). The 5’
tRNA®Y(GCC) levels varied substantially between fractions with the highest in the
25-50nt fraction (2.1x10° copies/ng of RNA loaded) and similar levels, comparable
to the 3° tRNA®Y(GCC) fragments in the remaining two fractions. This demonstrates
that full length, tRNA halves and smaller tRF-like fragments are present in serum.
Therefore, detection of tRNA®Y(GCC) by qRT-PCR without the size selection
reflects the quantity of both full length and tRNA-derived fragments present in serum
and needs to be taken into account with the analysis of 3’-end containing fragments.

As 5’ tRNA®Y(GCC) fragments are predominantly derived from the 25-50nt fraction
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we concluded that qRT-PCR quantification without size selection is an appropriate

method for 5° tRNA half detection.
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Figure 5.3 Quantification of tRNA“" (GCC) halves in mouse serum.

A) Position of the PCR primers are indicated with arrows. B) Total serum RNA was
extracted from 100ul of serum and miR-16, miR-122, tRNA®Y (GCC) fragments were
quantified by qRT-PCR (5’ and 3’ primers were used as shown) and normalized to a
synthetic RNA oligo “spike-in”. Absolute copy numbers were calculated using standard
curves generated for the serial 10 fold dilutions of the synthetic RNA standards of known
concentration (standard curves present in Apendix1). D) Total serum RNA was extracted
from 100ul of mouse serum, resolved on the 15% PAGE and three RNA size selected faction
were excised (10-25nt, 25-50nt and 50-100nt) as shown on the cartoon C) RNA was purified
from the excised fraction and D) the levels of 5° tRNA®Y(GCC), 3° tRNA®Y(GCC) were
quantified by qRT-PCR and normalized to a synthetic RNA oligo “spike-in”.
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5.3.3 tRNA®Y halves are detected in mouse tissue and are the
primary form of tRNA®" in serum of mouse
As detailed above, previous studies have shown that tRNA halves are present in
tissues and cells and are generated upon stress condition (Haiser et al., 2008; Jochl et
al., 2008; Lee and Collins, 2005; Thompson and Parker, 2009; Yamasaki et al.,
2009). In order to examine the origin of the tRNA halves we observe in serum we
carried out northern blot hybridization experiments to assess their levels in mouse
tissues (lung, spleen, heart, kidney and liver) compared to mouse and human serum
and plasma. Extracted RNA was resolved on a 15% PAGE gel and probed for 3* and
5’ tRNA®Y(GCC) and miR-16. To investigate whether the tRNA fragments originate
directly from cells present in circulation, RNA was extracted from blood cells
separated using density gradient centrifugation into two fractions: peripheral blood
mononuclear cells (PBMC) and the remaining cells: red blood cells (RBC) and
polymorphonuclear cells (PMNs). We observed the presence of tRNA®Y(GCC)
halves in lung, heart, kidney and liver and lower expression in the spleen which
suggests that tRNA halves present in serum could originate from these tissues (Fig
5.4). In order to rule out that tRNA halves present in serum are a result of blood
clotting we examined the presence of tRNA halves in both serum and plasma. We
detected both 3’ and 5° tRNA®Y(GCC) halves as well as a trace of full length tRNA
in mouse serum and plasma but human serum and plasma we detected only 5’
tRNA®Y(GCC) halves and a trace of full length tRNA tRNA®Y(GCC) (Fig 5.4). This
is likely due to the fact that, in general, we do extract significantly less RNA from
human serum/plasma (compared to mouse, based on measurement of endogenous
miRNAs) such that we are likely operating at the limit of detection. In PBMC and
RBC+PMNs, a probe for 3’ end and 5° end of tRNA“Y(GCC) detected the full length
tRNA (Fig 5.4). A band of ~20 nt was detected with the probes complementary to 3’
and 5° tRNA®Y(GCC) in all mouse tissues and body fluids (3° tRNA®Y(GCC)-
derived product of this size were not present in blood cells) (Fig 5.4). This further

confirms the presence of tRNA-derived fragments of this size.
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tRNA“ 5’ tRNA““ 3’

5’ GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCGGGAGGCCCGGGTTCGATTCCCGGCCAATGCA 3’
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Figure 5.4 Distribution of tRNA“" (GCC) in tissues, blood cells, serum and plasma.
Northern blots containing RNA from mouse tissues (3ug), mouse PBMC cells, RBC+PMN
cells (100ng), serum and plasma of mouse and human (RNA extracted from 300ul)
hybridized with *’P-labelled miRNA-16, tRNAY 3’ and 5° probes (positions of the tRNA
probes are shown). Abb.; S-spleen, H-heart, K- kidney, Lu- lung, Li-liver, RBC- red blood
cells, PMNs-polymorphonuclear cells and PBMC-peripheral blood mononuclear cells,
Ms/Mp- mouse serum/plasma, Hs/Hp- human serum/plasma.
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5.3.4 Serum tRNA halves are protected against RNase
activity by protein complexes rather than vesicles

Serum and plasma are rich in highly stable RNases: the concentrations of RNases in
human blood are estimated at several hundred ng/mL, and can be elevated in cancer
patients (Blank and Dekker, 1981; Kamm and Smith, 1972). Consistent with this,
Tsui et al., showed that synthetic RNA is degraded in less than 5 seconds when
incubated with human plasma, yet RNA present in serum and plasma are stable for
many hours (Tsui et al., 2002). We hypothesized that tRNA halves present in serum
are protected against serum enzymatic activity.

To investigate that, at first, we examined whether serum enzymatic activity can
degrade unprotected tRNA halves. We incubated **P pCp 3’-end labelled synthetic
tRNA 31-mer oligonucleotides designed for the 3* and 5° tRNA®Y(GCC) halves for
5 min at 37°C with 1l of mouse serum, RNase A (0.1mg) or serum pre-treated with
RNase Inhibitor (Fig 5.5A). We showed that incubation with both serum and
RNase A but not serum pre-treated with RNase Inhibitor can degrade the synthetic
tRNA halves (Fig 5.5B), suggesting that tRNA fragments present in circulation are
protected against serum enzymatic activity. Recent studies have shown that miRNAs
present in circulation are protected against serum enzymatic activity by
ribonucleoprotein complexes or encapsulation in vesicles (Arroyo et al., 2011;
Turchinovich et al., 2011; Vickers et al., 2011; Wang et al., 2011). To investigate
whether serum tRNA halves are protected by protein complexes or vesicles, mouse
serum (100pul) was treated with Triton X100 (0.5% final concentration) for 30 min at
37°C or Proteinase K (25pug) for 1h at 55°C and/or RNase A (0.1mg) for Smin at
37°C. Total mouse RNA was extracted, **P-pCp 3’ end labelled and resolved on the
15% PAGE (Fig 5.5C) or used for northern hybridisation with a probe
complementary to 5 end of tRNA®Y(GCC) (Fig 5.5D). As shown in Fig. 5.5 C
treatment with Proteinase K but not Triton X100 made tRNA halves susceptible to
enzymatic digestion leading to the conclusion that tRNA halves present in serum are
protected by association by protein rather than encapsulation within vesicles. The

addition of RNase A to serum did not affect the stability of serum tRNA halves.
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Figure 5.5. Proteinase-sensitive complexes protect tRNA“Y (GCC) halves from serum
enzymatic activity.

2P-pCp 3’- end labeled synthetic tRNA 31-mer oligonucleotides designed for the 3’ and 5’
tRNAY(GCC) halves were incubated with serum, Rnase A or serum pre-treated with Rnase
Inhibitor B) and resolved on the 15% PAGE. C) 100ul of mouse serum was treated prior to
extraction with Triton X-100 (0.5% final concentration) or Proteinase K (25pg) and/or
RNase A (0.1mg). Total RNA was extracted, C) **P-pCp 3’ end labeled and resolved on the
15% PAGE or used for D) northern hybridization with a probe (20nt long) complementary to
5’ end of tRNA®Y(GCC).
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This was confirmed by northern blot hybridisation using 5° tRNA®Y(GCC) probe (20
nt long) (Fig. 5.5D). The investigation of the protection of 3’ tRNA®Y(GCC) was

impossible due to its low level in serum and limited sensitivity of northern blotting.

To further confirm that the tRNA fragments are not encapsulated within vesicles, a
pool of mouse serum and human serum obtained from three healthy individuals were
ultracentrifuged according to the protocol described previously by (Arroyo et al.,
2011). In their paper Arroyo et al., demonstrated that in serum and plasma the
majority of miRNAs co-fraction with protein complexes rather than vesicles.
Specifically they showed that miR-21 and miR-16 appeared to be protected by
association with proteins whereas let-7a was protected by vesicle encapsulation
(Arroyo et al., 2011). miR-16, miR-21, let-7a, 5° RNA®Y(GCC) and 3’
tRNA®Y(GCC) were quantified by qRT-PCR and their relative expression was
calculated using AACt method. A synthetic RNA oligo complementary to cel-miR-
39 was included at the extraction step and used as a normaliser. As shown in Fig 5.6
A, B miR-16 and miR-21 are mainly present in the vesicle-depleted supernatant
(~95% and ~65% in mouse and human serum, respectively) and let-7a is present in
the vesicle-enriched pellet (~53% and ~90% in mouse and human serum
respectively). 5> RNA®Y(GCC) halves are almost exclusively present in the vesicle-
depleted supernatant fraction of human and mouse serum (70% and >99%
respectively), which confirms our previous results that they are protected by protein
complexes rather than vesicles. The mechanism of 3’ tRNA®Y(GCC) halves
protection remains inconclusive (association with vesicles in the human serum but

not in the mouse serum).

5.3.5 tRNA fragments have a size-exclusion chromatography
profile consistent with non-vesicle complexes and
distant from those of miRNA-protein complexes.

The presence of RNA®Y(GCC) halves in the vesicle-depleted supernatant post

centrifugation might be due to the incomplete recovery of vesicles, or an effect of

vesicle rupture (due to high force condition of the ultracentrifugation). To further
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examine the association of tRNA halves with proteins we employed size exclusion

chromatography (SEC) that separates molecules in solution based on their size.
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Figure 5.6 Serum 5’ tRNA“Y (GCC) are present in a vesicle-depleted supernatant post
ultracentrifugation.

Circulating vesicles were purified from A) a pool of 3 mouse serum samples and B) serum
samples from human donors (n=3) by ultracentrifugation according to (Arroyo et al., 2011).
Levels of miR-16, miR-7a, miR-21, 5° tRNA®Y (GCC) and 3’ tRNA®Y (GCC) were
quantified by qRT-PCR and normalized to a synthetic RNA oligo “spike-in”. Black bars
represent vesicle-rich pellet, white bars represent vesicle-depleted supernatant.
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Two separate experiments were carried out in which 800ul of mouse serum was
injected onto a Superdex 200 10/300 GL column and eluted with PBS solution at
room temperature and a total of 30 1ml fractions were collected. Total RNA was
extracted from obtained fractions and miR-16, miR-21, let-7a, 5> RNA“Y(GCC) and
3> tRNAY(GCC) were quantified by qRT-PCR. Their relative expression was
calculated using the AACt method. In order to enable tRNA and miRNA
quantification a synthetic RNA oligo complementary to cel-miR-39 was included at
the extraction step. The presence of 5° tRNA®Y(GCC) in the fractions was also
confirmed by northern blot hybridization (Fig 5.7A).

Based on the miRNA and tRNA expression examined by qRT-PCR, the small RNAs
eluted in three distinct sizes: Pool I- fraction 3-4, Pool II- fraction 9-10 and Pool III-
fraction 11-12 (Fig 5.7 C, D). Using protein molecular standard curves (Fig 2.1) we
determined that Pool I contains protein complexes of >800kDa and vesicles (elution
time: 14-18min), Pool II contains protein complexes of ~ 60-220kDa (elution time:
24-28 min), and Pool III contains smaller protein complexes of ~50kDa (30-34 min).
The full length tRNA of 75nt and tRNA half of 30nt have molecular weights of
~25kDa and ~10kDa respectively which would also have a size impact on the total
molecular weight of the protein complexes in each Pool. As shown in Fig 5.7 B,
5’tRNA®Y(GCC) halves (size confirmed by northern blotting (Fig 5.7 A)) were
primarily present in Pool III . 3’ tRNA®Y(GCC) fragments and/or full length tRNA
tRNA®Y(GCC) were present mainly in Pool I (~80%) and only 20% in Pool III.
miRNA were present in Pool I and II, specifically, let-7a dominated in Pool I, miR-
21 in Pool II and miR-16 was evenly distributed in both Pool I and II (Fig 5.7 C),
which is in agreement with data published in (Arroyo et al., 2011). This shows that
the size exclusion profile of 5° tRNA®Y(GCC) in the serum differs from those of
miRNAs, and suggest that tRNA halves are protected by a protein of ~40 kDa. As
shown previously it is impossible to differentiate between full length tRNA and
tRNA-derived fragments by qRT-PCR without RNA size fractionation. With the
detection of 3’ tRNA®Y(GCC) by northern blotting failing presumably due to low
levels of 3’ tRNA®Y(GCC) in serum and limited sensitivity of northern blotting it is

difficult to conclude on mechanism of 3° tRNA®Y(GCC) protection.
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Figure 5.7 Size Exclusion Chromatography (SEC) profile of tRNA®Y (GCC) halves in
serum.

The mouse serum sample (800ul) was fractioned on a Superdex 200 10/300 GL column.
Total RNA was extracted from obtained fractions (first 20). A) Presence of 5’
tRNAY(GCC) halves were confirmed by northern blot hybridization. Levels of B) 5
tRNAY(GCC) and 3’ tRNA®Y(GCC) and C) miR-16, miR-21, let-7a were quantified by
gRT-PCR and normalized to a synthetic RNA oligo “spike-in” Sera used in B and C come
from different mouse serum pools. SEC experiments were conducted on consecutive days.
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5.3.6 tRNAGIy expression does not change upon S.mansoni
infection

tRNA®Y halves are dominant small RNA molecules present in mouse serum. It has
been shown that tRNA halves are produced during stress conditions in various cells
and their levels in serum change with age and calorie restriction (Dhahbi et al.,
2013). It has been shown that S.mansoni infection leads to alteration in oxidative
status in the liver as well as other organs such as kidney, heart and brain. In the liver,
the oxidative stress is related to the presence of granulomas and immune cells which
are strongly associated with the production of reactive oxygen species and oxidative

damage (de Oliveira et al., 2013).

Thus, we hypothesized that the expression of tRNA halves in serum could be altered,
reflecting the oxidative damage in the liver and other tissues and therefore have a
potential as an indirect biomarker of S.mansoni infection. To examine whether tRNA
halves can be used as serum biomarker of S.mansoni infection, the levels of 3’
tRNA®Y(GCC) and 5’ tRNA®Y(GCC) were measured in serum during the time course
of infection by qRT-PCR. Levels of tRNA were normalized to a synthetic RNA oligo
(“spike-in”) that was included at the reverse-transcription step. As shown in Fig 5.8,
the level of tRNA®Y(GCC) halves do not change significantly during the S.mansoni
infection. Presence of 3’ tRNA®Y(GCC) half in serum shows an insignificant

increase during the time course of infection.
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Figure 5.8 Differential abundance of tRNA Gly (GCC) halves in mouse serum during S.
mansoni infection.

8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with ~80
cercariae and euthanized at 4, 6, 8 and 12 weeks post infection. 5° RNA“Y(GCC) and 3’
tRNASY(GCC) were quantified by qRT-PCR and normalized to a synthetic RNA spike-in.
Each symbol represents data from one individual mouse. Fold changes are defined as the
ratio of abundance in infected versus naive serum; the signal from naive was set as 1.
(***p<0.001, ****p<0.0001, Two-way ANOVA, Sidak multiple comparison test). Data
represents 1 experiment. Wk4: infected n=6, naive n=5, Wk6: infected n=6, naive n=6, Wk8:
infected n=5, naive n=5, Wk12: infected n=5, naive n=6).
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5.4 SUMMARY

* Fragments derived from tRNA®Y(GCC), tRNA®“(CTC), tRNA®“(TTC),
tRNA"(GTG) and tRNA*(TGC) account for 94% of all tRNA reads in
mouse serum.

* tRNA halves are present in tissues, serum and plasma but not in blood cells.

* 5 tRNA®Y(GCC) halves are protected by association with protein and are
distinct in their size profile compared to miRNAs.

¢ tRNA®Y(GCC) halves are not altered in serum upon S.mansoni infection.

5.5 DISCUSSION

As shown in Chapter 4, the deep-sequencing of mouse serum revealed the presence
of tRNA-derived fragments. The aim of this chapter was to characterise this tRNA
population in serum and explore their biomarker potential. It is important to mention
that at the time of carrying out the work presented in this chapter (starting in 2010)
there was no published data on the nature of tRNA halves in serum. Since then, a
paper by Dhahbi et al., was published (May 2013) that confirms some of our
findings. Thus, in this section we will discuss our results and where appropriate

compare them to those published by (Dhahbi et al., 2013).

Our analysis of deep-sequencing data revealed that tRNA fragments 29-33nt long,
here named as ‘tRNA halves’, dominate the serum RNAome in mice. Of all tRNA-
derived fragments the majority derive from five tRNAs: tRNA®Y(GCCO),
tRNA"(CTC), tRNA"(TTC), tRNA"(GTG) and tRNA**(TGC) of which 80% is
derived from one specific tRNA: tRNAY(GCC). This suggests that the presence of
tRNA fragments in serum is not due to degradation (in that case a distribution of
reads for all tRNAs in serum would reflect those in the cells) but rather there is

specificity in what is secreted and/or stabilized in serum.

Further analysis of the distribution of reads in our study suggests that the tRNA

halves are a product of a specific cleavage event, which occurs within the anti-codon
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loop. Cleavage of full length tRNA under stress conditions was described previously
in Tetrahymena thermophilia (Lee and Collins, 2005), bacteria (Haiser et al., 2008),
fungi (Jochl et al., 2008), Saccharomyces cerevisiae (Thompson and Parker, 2009)
and human cells (Yamasaki et al., 2009). It has been shown that in mammalian cells
a secreted, 14-kDa member of the pancreatic RNase superfamily - angiogenin
cleaves the full length tRNAs creating these tRNA halves leaving 5° hydroxyl and
2’-3’ cyclic phosphate groups (Rybak and Vallee, 1988). Regarding the origin and
biogenesis of tRNA halves in serum one can ask a number of fundamental questions:
where does cleavage reaction occurs: i) does the cleavage occur in cells and
fragments are then secreted, in that case what is the mechanism of secretion? or ii)
does cleavage of full length tRNA occur in serum? In this case, what enzyme is

responsible for this, perhaps angiogenin?

In attempt to investigate whether tRNA halves present in serum are derived from
tissues or blood cells we employed northern blot hybridisation and qRT-PCR
quantification. Unlike Dhahbi et al., we were able to detect the full length tRNA
fragments of ~70nt long, and smaller fragments of ~20nt in serum. However, their
levels in serum are much lower than tRNA halves (Fig 5.3 & 5.4). The fact that a full
length tRNA is present in serum, suggests that the tRNA fragments could be
generated in serum. The fact that angiogenin is present in normal human serum at a
concentration of 60—480 ng/ml could support this possibility (Shapiro et al., 1987;
Shimoyama et al., 1996), however, based on the fact that i) angiogenin is predicted to
leave 5° hydroxyl and 2’-3” cyclic phosphate groups (Rybak and Vallee, 1988) and
ii) only RNA fragments with 5’ phosphate and 3’ hydroxyl group can be detected
using our deep-sequencing approach, it is unlikely that the fragments we identified
by sequencing are a product of angiogening cleavage. Dhahbi et al., have shown that
5’ tRNA®Y(GCC) are concentrated in hematopoietic and lymphoid tissues (spleen,
lymph nodes, foetal liver, leucocytes, thymus and bone marrow) and only present in
other tissues ( heart, brain, kidney, testes, liver) at very low levels suggesting that
they might originate from blood cells. Our results, however, show that 5’
tRNA®Y(GCC) halves are present in lung, heart, kidney and liver and at lower levels

in the spleen. Moreover, they are not present in purified PBMCs and RBC+PMN:s.
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Thus, our results are more consistent with a model where, if secreted as already
processed halves, these do not originate from blood cells but could come from non-

blood tissues. Further work needs to be carried out to investigate this.

Deep-sequencing data confirmed by northern blotting and qRT-PCR show a clear
bias in the abundance of 5’ versus 3’ products of tRNA, indicating specificity in the
mechanism of stabilization of these products following cleavage. RNA molecules
have been identified in vesicles and specific small RNAs are enriched in vesicles in
relation to the pool of intracellular small RNA (Pigati et al., 2010; Valadi et al.,
2007; Villarroya-Beltri et al., 2013). Several reports suggest, however, that a
substantial fraction of miRNAs are not encapsulated within vesicles but are stabilized
from RNase digestion by association with proteins (Arroyo et al., 2011;
Turchinovich et al., 2011; Vickers et al., 2011; Wang et al., 2011). Studies of
intracellular tRNA halves showed that 5° tRNA*" can directly or indirectly interact
with several proteins such as: TDP-43, Vigilin, YB-1, elF4E, elF4G, CAPRINII1,
Argonaute-2, PABP1 and FXR1 which are involved in mRNA metabolism (Ivanov
et al., 2011). Our findings suggest that tRNA halves (5’ tRNA“Y(GCQC)) are protected
against serum RNase activity by protein complexes rather than vesicles which is in
agreement with (Dhahbi et al., 2013). Specifically, we have shown that
5’ tRNA®Y(GCC) halves are destabilised by Proteinase K digestion of serum and are
present in the vesicle-depleted fraction post ultracentrifugation. Further, by
employing size exclusion chromatography, we have shown that the majority of
5’ tRNA®Y(GCC) halves is not present in the vesicle rich/large protein fraction.
Interestingly, the size exclusion profile of 5° tRNA®Y(GCC) in the serum differs from
that of miRNAs, which suggest that 5 tRNA halves are not protected by Argonaute
protein which typically have a molecular weight of ~100 kDa (Ender and Meister,
2010) but a smaller protein (~40kDa). This differs from results presented by Dhahbi
et al., who used molecular weight cut-off filters rather than SEC, and showed that 5’
tRNAY(GCC) and 5° tRNAY"(CAC) halves are a part of a 100-300kDa complex
(Dhahbi et al., 2013). Based on our data, 3’ tRNA®Y(GCC) was present mainly in the

vesicle/large protein complexes fraction. Further work would need to be carried out
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to determine which proteins and/or other factors complex with tRNA halves in the

extracellular space, which might provide insights on their roles.

To do that there is a need for increasing the resolution and separation range of SEC
in order to better differentiate between Pool II (miRNA rich fraction) and Pool III
(tRNA-rich fraction). Alternatively the fractions could be further separated by anion
exchange chromatography. More resolved fractions could then be subjected to Mass

Spectrometry to identify the proteins present.

Dhahbi et al., demonstrated that the levels of 5° tRNA fragments change with age in
mice and that calorie restrictions prevents these changes, suggesting that they are
subject to physiological conditions (Dhahbi et al., 2013). We measured the levels of
tRNA®Y(GCC) halves in mouse serum upon oxidative stresses caused by S. mansoni
infection. We showed that their levels do not change and that they cannot serve as
biomarker of this infection. As mentioned in Chapter 4, the methodology of miRNA
analysis in body fluids is not well standardized, and it is still not clear which small
RNAs are appropriate for normalization (Hoy and Buck, 2012; Scholer et al., 2010;
Weiland et al., 2012b). With tRNA halves being stable, present at > 10 fold higher
copy number than known miRNAs, and unchanged upon S.mansoni infection, it
would be of interest to determine whether they could be used as endogenous

normaliser.

It is exciting to think that tRNA halves present in serum might be functional. To date,
several studies have shown the role of intercellular tRNA halves produced during a
stress response. During stress cells protect themselves by down-regulating
transcription and translation of several "houskeeping’ genes and simultaneous up-
regulating genes important for cell survival. Phosphorylation of eukaryotic
translation initiation factor 2& (eIF2x) plays a profound role in translation inhibition
and assembly of stress granules. Yamasaki et al., have shown that both angiogenin
and 5° tRNA halves generated by angiogenin inhibit modestly global protein
synthesis in cultured cells (Yamasaki et al., 2009). It has been shown that 5° but not
3> tRNA halves bind to YB-1 and promote assembly of stress granules, which is
independent of phospho-elF2a (Emara et al., 2010; Ivanov et al., 2011). The
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mechanism of protein synthesis inhibition by certain tRNA halves (tRNA*?
tRNA®") involves displacing eIF4G/eIF4A from mRNA and eIF4F from the m7G
cap (Ivanov et al., 2011). A recently published paper has shown that 5’tRNA®"
(CTC) halves generated in human airway epithelial cells infected with respiratory
syncytial virus (RSV) promotes viral replication. The authors have shown that 5’
tRNA®" (CTC) halves exhibit trans-silencing capacity that is distinct from those of
miRNA and siRNAs by designing a series of in vitro experiments using a sensor
plasmid harbouring a reverse complementary sequence of 5° tRNA®"(CTC) halves in
the 3’-untranslated region of the firefly luciferase gene (Wang et al., 2013). It has
been shown that S.mansoni infection leads to alteration in oxidative status in the liver
as well as other organs such as kidney, heart and brain. In the liver, the oxidative
stress is related to the presence of granulomas and immune cells, which are strongly
associated with the production of reactive oxygen species and oxidative damage (de

Oliveira et al., 2013).
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Chapter 6: Concluding Remarks and Future
Directions

6.1 Rational and objectives of this thesis

Schistosomiasis is second to malaria as as the most important parasitic infection in the
world in terms of economic and public health impact. It has been estimated that 200
million people are infected worldwide of which more than 40% are affected by
S.mansoni (Steinmann et al., 2006; WHO, 2013a). Diagnosis of schistosome infection
is crucial for patient management, evaluation of treatment efficacy, monitoring of
disease transmission and success of control strategies; however, currently used
techniques have a number of drawbacks, hence the importance of developing better
diagnostic methods of schistosomiasis have been emphasized by the WHO (WHO,
2008, 2013b). The chronic pathology of S.mansoni infection is characterized by
granulomatous inflammation around the parasite egg, portal hypertension,
splenomegaly, gastrointestinal varices and liver fibrosis (Gryseels et al. 2006). Liver
fibrosis itself, regardless of the causative insult, is a major global health issue. Despite
the huge progress the research has made in improving our understanding of the
process of fibrogenesis, apart for the removal of the causative agent, which is
impossible in some cases, there is no treatment for hepatic fibrosis/cirrhosis other than
liver transplantation at the end stage of liver failure. There is also a lack of good
markers for differentiating between early stages of fibrosis and for significant liver

fibrosis that could replace currently used liver biopsies.

The development of novel therapeutics and diagnostics requires a greater
understanding of the systemic, cellular and molecular processes in the liver during the
progression and resolution of fibrosis. One class of non-coding RNAs, miRNAs, have
been recognised to play vital roles in disease processes including fibrogenesis. The
fact that these molecules are present in body fluids in a remarkably stable form and
that their expression is altered in the disease sparked extensive interest in the use of
miRNAs as biomarkers of disease. The therapeutic potential of miRNA is also now
widely recognised and many miRNAs have been identified as potential targets for

development of treatment for liver fibrosis. Several pre-clinical studies have been
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conducted to develop miRNA-based therapeutics and test their efficacy in various
animal models of disease. With recent successes of the phase 1 and 2 clinical trials for
miRNA therapeutics for treatment of hepatitis C and lung cancer, it is expected that

miRNAs will become an important therapeutic tool in the near future.

Given the health burden of S.mansoni infection and associated liver fibrosis this thesis
examined the role of miRNAs in the S.mansoni infection with the emphasis on
development of novel RNA-based diagnostics of S.mansoni infection and exploring

the potential of miRNA-based therapeutics for the treatment of liver fibrosis.
The study presented in this thesis aimed to:

* Examine the profile of miRNAs upon S.mansoni infection and select miRNA
candidates that have potential to be used as novel biomarkers and therapeutic
agents.

= Investigate the role of miRNAs in progression and resolution of liver fibrosis
induced upon S.mansoni infection and examine the potential of miRNA
inhibitors in the treatment of liver fibrosis.

* Investigate the RNA profile in serum upon S.mansoni infection and examine

the diagnostic potential of circulating miRNAs.

6.2 Conclusions

At the time of carrying out the work presented in this thesis there was no published
data on the profile of host miRNAs in the liver upon S.mansoni infection, thus the
first aim was to examine the expression of miRNAs in the liver upon infection. We
demonstrated that a set of miRNAs are altered in the liver of infected compared to
naive mice, among which were miRNAs that have previously been linked to liver
disease. This provides the framework for further studies of the function of these
miRNAs in this infection. Moreover, some of the miRNAs we identified, for example
miR-21 and miR-199/214, have been reported to be up-regulated in liver fibrosis
induced by different insults and thus could serve as targets for the development of
general antifibrotic therapeutic, rather than being disease specific. This opens an

exciting avenue for further studies in the area of fibrogenesis and drug development.
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The second aim of this thesis was to investigate the role of miRNAs in the
progression and resolution of liver fibrosis induced upon S.mansoni infection and
examine the potential of miRNA inhibitors in the treatment of liver fibrosis. One of
the miRNAs that we identified to be dysregulated, miR-199a-3p, is the third most
abundant miRNA in the liver (Hou et al., 2011) and has previously been shown to be
up-regulated upon liver fibrosis (Murakami et al., 2011; Ogawa et al., 2012). The
over-expression of this miRNA leads to up-regulation of fibrosis — related genes such
as TIMP-1, COL1A1, MMP-13 in HSCs in vitro (lizuka et al., 2012). We therefore
investigated whether the inhibition of this miRNA has an antifibrotic effect in vivo.
The advantage of examining the functionality in vivo is that we can examine the effect
of treatment in the living subject, on the entire organ, which is composed of multiple
cell types that work together. The main caveats to this approach are i) not knowing
which cell types uptake the drug, without performing isolation of cells and ii) more
difficult, as compared to in vitro studies, investigation of exact mechanism of the

tested molecules.

We have shown that systemic administration of miR-199a-3p inhibitor upon
S.mansoni infection results in changes of fibrosis-related genes on the mRNA level in
such a way that it indicates an indirect antifibrotic effect. From the previous literature
it seems that miR-199a-3p plays a role in hepatic stellate cell activation and
extracellular matrix synthesis and degradation, which are key in the progression and
resolution of liver fibrosis. These data provide a starting point for further research,
showing the importance of this miRNA in fibrogenesis and the potential of a miR-
199a-3p antagonist in the treatment of liver fibrosis. Although this thesis was focused
on S.mansoni infection, further work on the therapeutic potential of miR-199a-3p
should be carried out in different models of liver fibrosis such as cholestatic (bile duct
ligation) or toxic (using carbon tetrachloride) models of liver injury as these closely
reflect human liver fibrosis caused by different aetiologies. It is necessary to confirm
the effect of miR-199a-3p inhibition on fibrosis - related genes on a protein level and
seek out the molecular mechanism of miR-199a-3p action, specifically, examining the
targets of miR-199a-3p in HSCs. With the systemic delivery of miRNA agents it is of
a great importance to determine the effect of miR-199a-3p inhibition in other then
liver tissues and examine the potential occurrence of unwanted immune response. In

vitro studies using human primary HSCs and human precision liver slices would
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provide essential information of the effect of miR-199a-3p inhibition in humans and

would be key to further the drug discovery process to the clinical stage.

The third aim of this study was to examine the small RNA profile in serum in search
for diagnostic biomarkers of S.mansoni infection and liver pathology. We have shown
that several classes of small non-coding RNAs are present in the serum of mice and
that tRNA-derived fragments, specifically 5° tRNA halves originating form
tRNAY(GCC) are the most abundant small ncRNA. Chapter 5 provided a
characterisation of tRNA halves, revealing that they are products of a specific
cleavage event within the anticodon loop and are protected against serum RNase
activity by protein association that is distinct in size from the complexes containing
miRNAs. Further we have shown that the expression of tRNA®Y(GCC) halves do not
change upon S.mansoni infection. With lack of endogenous normalisation control for
analysis of miRNAs in serum it is important to examine whether these molecules
would be suitable for this purpose. Of importance is the fact that Dhahbi et al., have
shown that the expression of 5’ tRNA®Y(GCC) increases with age which needs to be
taken in account in assessing the utility of tRNA fragments as internal controls

(Dhahbi et al., 2013).

We have examined the diagnostic potential of host-miRNAs that were altered in the
liver upon S.mansoni infection. This involved overcoming of challenges of analysis of
miRNAs in body fluids, such as lack of endogenous controls or unified methodology
of data analysis. The levels of the five tested host-miRNAs that were up-regulated in
the liver, were elevated in mice serum in the late stage of infection but failed to
differentiate between infected and uninfected human individual. These host miRNAs
therefore do not show an advantage over currently used diagnostic techniques, which
are able to detect the infection at earlier time points. However they might represent a
marker of advanced liver disease. To confirm this they should be examined across
different liver disease models, ideally in humans, where measurements of liver
function and pathophysiology are available to allow conclusions to be drawn.
Moreover, although the literature provides examples of active secretion of miRNAs to
the extracellular space, in the case of five tested miRNAs it seems that these miRNAs

passively leaked from broken cells.
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Importantly, we have found for the first time that parasite-derived miRNAs are
present in circulation during S.mansoni infection as early as 8 weeks post infection,
which correlates with the timing of egg secretion. Three of these miRNAs,
specifically miR-277, miR-3479-3p and bantam, can differentiate infected from
uninfected individuals with good sensitivity and specificity. Parasite-derived miRNAs
offer a diagnostic advantage over host-derived miRNAs since the latter can be altered
in serum due to various unrelated conditions. Moreover, it is anticipated that parasite-
derived miRNAs could be used as diagnostic tool for other parasitic infections of man
and animals. Future work in the area of S.mansoni diagnosis should be focused on: 1)
the optimisation of the qRT-PCR assay for the detection of miR-277, miR-3479-3p
and bantam to improve the specificity and sensitivity of the assay, ii) validation in the
large group of participants, including single and co-infections with parasitic worm of
the genus Schistosoma and others, iii) and examining the effect of PZQ treatment on

their expression.

Although it is exciting to think that parasite-derived miRNAs might have a function in
the host, the fact that they are expressed at very low levels and that mammals lack a

mechanism for RNA amplification, it is not clear whether these would be functional.

6.3 Future directions

The findings presented in this thesis provide: i) a background for further studies of the
role of miRNAs in S.mansoni infection, ii) a base for the development of parasite-
derived miRNA assays for diagnosis of S.mansoni and other parasitic infections, iii)
insight into the therapeutic potential of miR-199a-3p antagonists for the treatment of
liver fibrosis and a base for further mechanistic studies in this area, iv) a foundation
for further characterisation of tRNA halves and their function. Thus, providing a
number of potentially interesting avenues of research. Among the questions yet to be

answered are:
Questions regarding host miRNAs:

=  What is the mechanism of dysregulation of host-miRNAs in the liver upon
S.mansoni infection?

= Can the parasite itself influence host-miRNA expression for its benefit?
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* What are the functions of host miRNAs altered in the liver upon S.mansoni
infection?

* What is the role of miR-199a-3p in HSCs activation? What are the targets of
miR-199a-3p that mediate HSCs activation and ECM synthesis?

Parasite-derived miRNAs:

=  What is the origin of parasite-derived miRNAs in serum? Do they originate
from immature or mature worms or the egg? Having in mind the importance
of diagnosis of the pre-patent infection, can we identify miRNAs that are
specific to the schisotosmulum?

=  What is the mechanism of secretion of parasite-derived miRNAs?

* Do parasite-derived miRNAs have a function in the host?

»  What is the half-life of parasite-miRNAs in serum? Do the levels of parasite-

miRNAs is serum decrease after the PZQ treatment?
Regarding tRNA halves:

» How are the tRNA halves observed in serum produced and what is the
mechanism underlying their export to circulation?

=  Which proteins associate with tRNA halves in circulation?

* What is the function of extracellular tRNA halves and other tRNA-derived

fragments?
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Chapter 7: Appendices
Appendix 1
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Appendix 1. Standard curves for miRNAs (top) and tRNA®" (GCC) halves (bottom).
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Appendix 2. Expression of miR-16 in the liver and serum during the time course of S.

mansoni infection.

miRNAs were quantified by qRT-PCR, normalised to U6 snRNA (liver) or synthetic RNA
spike-in (serum) and fold change was calculated as infected to naive ratio. (P<0.05, two-way

ANOVA followed by Sidak multiple-comparison test).
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Appendix 3

Appendix 3. Expression of miRNAs in the liver and serum during the time course of
S.mansoni infection.

8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with ~80
cercariae and euthanized at 4, 6, 8 and 12 weeks post infection. miRNAs were quantified by
gRT-PCR and normalized to a synthetic RNA spike-in (serum) or miR-16 (liver). Fold
changes are defined as the ratio of abundance in infected versus naive serum; the signal from
naive was set as 1. (¥**p<0.001, ****p<0.0001, Two-way ANOVA, Sidak multiple
comparison test

ttest Liver Fold change ANOVA Serum Fold Change ANOVA

miR-199-5p Wk4 1.2247 ns 0.9013 ns
Wk6 1.5344 ns 04812 ns
Wk8 3.3633 kR 0.1861 ns

W12 5.5222 kR 3.4435 otk
miR-199-3p Wk4 1.1878 ns 0.9632 ns
Wk6 1.5647 * 0.5151 ns
Wk8 3.268 kR 0.1358 ns

W12 45223 kR 2.955 otk
miR-214 Wk4 1.5937 ns 0.50634 ns
Wk6 3.2422 ok 1.11909 ns
Wk8 3.2945 ok 0.24445 ns

Wk12 43588 kR 8.44836 koK
mir-210 Wk4 1.4978 ns 0.7285 ns
Wk6 1.1733 ns 0.979 ns
Wk8 2.6473 ok 1.2762 ns

Wk12 2.6489 otk 5.1376 koK
miR-21 Wk4 1.2287 ns 1.1002 ns
Wk6 1.857 kR 0.6199 ns
Wk8 2.1401 kR 1.4159 ns

Wk12 2.0253 kR 2.6236 koK
miR-122 Wk4 0.8596 ns 0.9307 ns
Wké6 1.0334 ns 0.355 ns
Wk8 0.6497 *k 0.2035 ns
Wk12 0.3984 HdkE 0.2208 ns
miR-192 Wk4 0.8381 * 1.1054 ns
Wké6 0.9809 ns 0.4546 ns
Wk8 0.5028 HkkE 0.2483 ns
Wk12 0.3654 HkkE 0.8122 ns
miR-194 Wk4 0.8826 ns 0.7292 ns
Wké6 0.702 ns 0.3032 ns
Wk8 0.5063 *k 0.3854 ns
Wk12 0.4155 HkkE 0.2992 ns
miR-365 Wk4 1.0425 ns 0.6283 ns
Wké6 0.7892 ns 0.3603 ns
Wk8 0.6271 ns 0.2132 ns
Wk12 0.8208 ns 1.199 ns
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Appendix 4
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Appendix 4. Expression profile of MMPs and TIMP1 in the liver of S.mansoni infected
mice upon miR-199a-3p inhibition.
MMP2, MMP13, MMP9 and TIMP1 genes were quantified by qRT-PCR, normalized to
GAPDH and fold changes calculated versus nPBS. (*p<0.05, **p<0.01, ***p<0.001,
**%p<0.0001).
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Appendix 5

Overlay miR-199-3p probe Nucleus

S.mansoni

Appendix 5. In situ detection of DIG-labelled probes against miR-199a-3p in liver of
naive and S.mansoni (80 cerc.) infected mice at 8 weeks post infection.

miR-199a-3p signal (red) and nuclear DAPI signal (blue). Figure provided by Dr. Jess
Borger.
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Appendix 6

Appendix 6. Tabulated mouse miRNA reads identified in serum of naive and infected
mice.

The “X” denotes the miRNAs who were assigned reads that could have derived from one of
multiple miRNA family members (e.g. in the case of shortened reads).

miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total
mmu-miR-99b-5p 516 717 85 101 1419
mmu-miR-99b-3p 0 0 3 6 9
mmu-miR-99a-5p 137 86 132 825 1180
mmu-miR-98-5p 6 2 8 14 30
mmu-miR-98-3p 0 4 0 0 4
mmu-miR-96-5p 0 0 9 7 16
mmu-miR-93-5p 67 205 2323 3064 5659
mmu-miR-93-3p 0 0 4 18 22
mmu-miR-92b-3p 2 73 4 4 83
mmu-miR-92a-3p 53 348 969 1043 2413
mmu-miR-9-5p 0 0 7 0 7
mmu-miR-9-3p 0 0 0 2 2
mmu-miR-879-5p 0 0 0 4 4
mmu-miR-877-3p 0 0 0 2 2
mmu-miR-874-3p 0 2 0 57 59
mmu-miR-872-5p 0 3 11 63 77
mmu-miR-872-3p 0 0 0 26 26
mmu-miR-802-5p 0 0 2 68 70
mmu-miR-802-3p 3 0 0 26 29
mmu-miR-7a-5p 0 10 6 12 28
mmu-miR-7a-1-3p 0 0 3 32 35
mmu-miR-744-5p 3 50 1645 1244 2942
mmu-miR-708-5p 0 0 8 8 16
mmu-miR-702-3p 0 2 0 0
mmu-miR-701-5p 0 0 0 3
mmu-miR-700-5p 0 0 0 6
mmu-miR-700-3p 0 0 3 8 11
mmu-miR-676-5p 0 2 3 4 9
mmu-miR-676-3p 8 68 2 46 124
mmu-miR-674-5p 0 0 2 122 124
mmu-miR-674-3p 0 0 2 50 52
mmu-miR-672-5p 0 0 6 8 14
mmu-miR-671-5p 0 0 3 30 33
mmu-miR-671-3p 0 7 7 9 23
mmu-miR-669c¢-5p 0 0 21 12 33
mmu-miR-669a-5p 0 2 0 4
mmu-miR-669a-3p 0 0 0 2| X
mmu-miR-667-3p 0 0 0
mmu-miR-665-3p 0 0 0 34 34
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total

mmu-miR-654-3p 0 0 4 3 7
mmu-miR-6538 0 2 0 0 2
mmu-miR-652-3p 0 7 27 125 159
mmu-miR-6240 0 3 0 0 3
mmu-miR-615-3p 0 2 0 0 2
mmu-miR-598-3p 0 0 7 4 11
mmu-miR-582-5p 0 0 2 3 5
mmu-miR-582-3p 0 0 0 2 2
mmu-miR-574-3p 7 8 86 300 401
mmu-miR-543-3p 0 0 9 13
mmu-miR-542-5p 0 0 6 6 12
mmu-miR-542-3p 0 0 30 31 61
mmu-miR-541-5p 69 41 138 56 304
mmu-miR-540-3p 0 0 0 2 2
mmu-miR-532-5p 2 6 403 176 587
mmu-miR-532-3p 0 2 0 14 16
mmu-miR-5120 0 0 2 0 2
mmu-miR-511-3p 0 2 0 80 82
mmu-miR-5109 0 24 0 8 32
mmu-miR-5107-5p 0 2 0 0
mmu-miR-5105 0 0 0 2
mmu-miR-5100 0 0 0 19 19
mmu-miR-505-3p 0 0 0 2 2
mmu-miR-503-5p 0 0 2 42 44
mmu-miR-503-3p 0 3 11 4 18
mmu-miR-501-5p 0 0 0 4 4
mmu-miR-501-3p 8 46 15 93 162
mmu-miR-500-3p 0 0 15 515 530
mmu-miR-499-5p 0 0 0 5 5
mmu-miR-497-5p 0 0 5 146 151
mmu-miR-495-3p 0 0 4 4
mmu-miR-494-3p 0 0 0 15 15
mmu-miR-486-3p 10 18 113 159 300
mmu-miR-485-3p 0 0 0 9 9
mmu-miR-484 12 35 44 629 720
mmu-miR-483-5p 0 0 0 2 2
mmu-miR-467a-5p 0 0 0 5 5
mmu-miR-455-5p 0 0 4 0 4
mmu-miR-451a 378 492 5688 37762 44320
mmu-miR-450a-5p 0 0 5 0 5
mmu-miR-450a-2-3p 0 0 0 2 2
mmu-miR-434-5p 4 3 2 9 18
mmu-miR-434-3p 8 9 9 42 68
mmu-miR-433-3p 0 0 0 4 4
mmu-miR-431-5p 2 2 0 0 4
mmu-miR-429-3p 0 4 14 63 81
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total

mmu-miR-425-5p 39 285 45 1599 1968
mmu-miR-425-3p 0 0 4 27 31
mmu-miR-423-5p 269 2697 58 772 3796
mmu-miR-423-3p 14 180 43 1179 1416
mmu-miR-421-3p 0 2 0 17 19
mmu-miR-411-5p 0 0 6 6 12
mmu-miR-411-3p 0 0 4 0 4
mmu-miR-410-3p 5 8 0 17 30
mmu-miR-409-3p 3 0 9 27 39
mmu-miR-382-5p 0 0 54 18 72
mmu-miR-381-3p 0 6 89 49 144
mmu-miR-380-5p 0 0 2 0 2
mmu-miR-380-3p 0 0 0 10 10
mmu-miR-379-5p 11 8 79 57 155
mmu-miR-378d 0 0 12 18 30
mmu-miR-378b 0 0 2 2 4
mmu-miR-378a-5p 0 0 8 70 78
mmu-miR-378a-3p 48 90 3779 2633 6550 | X
mmu-miR-377-3p 0 0 5 49 54
mmu-miR-376c¢-3p 0 0 0 2 2
mmu-miR-376b-5p 0 0 2 8 10
mmu-miR-376b-3p 0 0 0 32 32
mmu-miR-376a-3p 0 0 0 2 2
mmu-miR-375-3p 7 39 698 100 844
mmu-miR-374b-5p 14 7 13 76 110 | X
mmu-miR-370-3p 0 2 0 0 2
mmu-miR-369-5p 0 0 0 4 4
mmu-miR-369-3p 0 0 3 24 27
mmu-miR-365-3p 0 3 2 57 62
mmu-miR-363-3p 2 2 0 17 21
mmu-miR-362-5p 0 0 7 14 21
mmu-miR-362-3p 0 0 3 91 94
mmu-miR-361-5p 2 16 8 263 289
mmu-miR-361-3p 0 3 6 4 13
mmu-miR-351-5p 24 32 2 12 70
mmu-miR-351-3p 0 0 0 2 2
mmu-miR-350-3p 0 0 0 57 57
mmu-miR-34c-5p 0 14 69 41 124
mmu-miR-34c-3p 0 0 0 2 2
mmu-miR-34b-3p 0 0 2 3 5
mmu-miR-34a-5p 0 0 7 274 281
mmu-miR-345-5p 0 0 0 6
mmu-miR-345-3p 0 0 0 9 9
mmu-miR-344d-3p 0 2 3 9
mmu-miR-342-5p 0 2 0 15 17
mmu-miR-342-3p 9 51 7 437 504
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total

mmu-miR-340-5p 18 16 65 106
mmu-miR-340-3p 0 0 0 2
mmu-miR-339-5p 0 4 15 656 675
mmu-miR-339-3p 0 2 11 176 189
mmu-miR-338-5p 0 0 15 28 43
mmu-miR-335-5p 0 3 0 138 141
mmu-miR-335-3p 0 0 0 4 4
mmu-miR-331-5p 0 0 10 2 12
mmu-miR-330-3p 0 0 14 76 90
mmu-miR-33-5p 0 0 270 279
mmu-miR-33-3p 0 0 5 5
mmu-miR-328-3p 7 33 29 370 439
mmu-miR-326-3p 3 2 4 61 70
mmu-miR-324-5p 0 0 0 29 29
mmu-miR-322-5p 0 0 4 123 127
mmu-miR-322-3p 3 6 0 6 15
mmu-miR-320-3p 4 57 43 810 914
mmu-miR-32-5p 0 0 4 213 217
mmu-miR-3107-5p 11723 68425 4696 2750 87594 | X
mmu-miR-3107-3p 0 7 29 33 69 | X
mmu-miR-3105-5p 0 0 0 2 2
mmu-miR-3105-3p 0 0 0 2 2
mmu-miR-3102-3p 0 0 0 3 3
mmu-miR-30e-5p 82 207 135 1707 2131
mmu-miR-30e-3p 19 10 145 18 192
mmu-miR-30d-5p 377 2002 834 3649 6862
mmu-miR-30d-3p 0 2 14 4 20
mmu-miR-30c-5p 16 8 77 1823 1924
mmu-miR-30b-5p 14 13 56 470 553 | X
mmu-miR-30b-3p 0 2 0 0 2
mmu-miR-30a-5p 1833 9179 2878 5625 19515
mmu-miR-30a-3p 11 31 975 98 1115
mmu-miR-3074-5p 0 0 0 4 4
mmu-miR-3066-5p 0 0 2 0 2
mmu-miR-3058-5p 0 0 0 2 2
mmu-miR-3058-3p 0 2 0 0 2
mmu-miR-3057-5p 0 0 15 6 21
mmu-miR-301b-3p 0 0 2 4 6
mmu-miR-301a-3p 3 8 14 36 61
mmu-miR-300-3p 6 23 6 67 102
mmu-miR-29c¢-3p 2 13 72 4970 5057
mmu-miR-29b-3p 0 0 60 681 741
mmu-miR-29a-5p 0 0 0 11 11
mmu-miR-29a-3p 31 127 363 18883 19404
mmu-miR-299a-3p 0 0 13 23 36
mmu-miR-298-5p 0 2 0 0 2
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total

mmu-miR-296-5p 0 0 0 50 50
mmu-miR-296-3p 0 2 25 31 58
mmu-miR-28a-5p 0 0 7 44 51
mmu-miR-28a-3p 2 4 328 115 449
mmu-miR-27b-5p 0 0 0 7 7
mmu-miR-27b-3p 734 1997 247 4225 7203
mmu-miR-27a-5p 0 0 0 14 14
mmu-miR-27a-3p 33 120 1553 4746 6452 | X
mmu-miR-26b-5p 10 3 6 54 73
mmu-miR-26a-5p 282 235 59 298 874
mmu-miR-25-3p 278 888 | 22328 5329 28823
mmu-miR-24-3p 140 381 652 25987 27160
mmu-miR-24-2-5p 0 14 14 134 162
mmu-miR-24-1-5p 0 0 0 2 2
mmu-miR-23b-3p 5 0 214 219 438
mmu-miR-23a-5p 0 0 0 9 9
mmu-miR-23a-3p 60 158 2091 5490 7799 | X
mmu-miR-224-5p 0 0 0 2 2
mmu-miR-223-5p 0 0 0 3 3
mmu-miR-223-3p 5 9 22 727 763
mmu-miR-222-5p 0 2 0 0 2
mmu-miR-222-3p 3 7 39 980 1029
mmu-miR-221-3p 12 46 1136 3373 4567
mmu-miR-22-5p 0 0 3 269 272
mmu-miR-22-3p 837 4642 1041 24343 30863
mmu-miR-21a-5p 117 1021 | 34554 83163 118855
mmu-miR-21a-3p 16 165 0 306 487
mmu-miR-219-5p 0 0 0 10 10
mmu-miR-218-5p 0 0 2 10 12
mmu-miR-216a-5p 0 0 0 4 4
mmu-miR-215-5p 4 17 1089 504 1614
mmu-miR-215-3p 0 0 9 11
mmu-miR-214-5p 0 0 2 9
mmu-miR-214-3p 0 0 0 8
mmu-miR-212-3p 0 2 0 35 37
mmu-miR-210-3p 0 27 25 2479 2531
mmu-miR-20b-5p 0 0 5 42 47
mmu-miR-20a-5p 0 4 36 499 539
mmu-miR-208b-3p 0 2 0 10 12
mmu-miR-208a-3p 0 0 9 227 236
mmu-miR-206-3p 2 0 4 15 21
mmu-miR-205-5p 3 0 8 54 65
mmu-miR-204-5p 16 4 2 2 24
mmu-miR-203-5p 0 0 14 0 14
mmu-miR-203-3p 0 6 38 122 166
mmu-miR-200c-3p 0 4 208 53 265
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total
mmu-miR-200b-5p 0 0 0 10 10
mmu-miR-200b-3p 0 0 181 129 310
mmu-miR-200a-5p 0 18 3 21
mmu-miR-200a-3p 16 50 34 320 420
mmu-miR-1a-3p 71 16 123 473 683
mmu-miR-1a-1-5p 0 0 3 4 7
mmu-miR-19b-3p 0 5 617 1519 2141
mmu-miR-19a-3p 0 0 274 432 706
mmu-miR-199b-5p 0 0 0 2 2
mmu-miR-199a-5p 0 3 7 25 35
mmu-miR-199a-3p 43 44 22 587 696 | X
mmu-miR-1983 0 0 0 17 17
mmu-miR-1981-5p 4 6 66 28 104
mmu-miR-1981-3p 0 0 2 0 2
mmu-miR-196b-5p 0 0 12 11 23
mmu-miR-196a-5p 0 0 7 0
mmu-miR-1968-5p 0 0 0 2
mmu-miR-1965 0 0 0 2
mmu-miR-1964-5p 0 0 0 7
mmu-miR-1964-3p 0 11 11 8 30
mmu-miR-1960 0 2 0 0 2
mmu-miR-195a-5p 22 3 0 11 36
mmu-miR-195a-3p 0 0 2 0
mmu-miR-1955-3p 0 0 0 2
mmu-miR-1943-5p 0 16 3 21 40
mmu-miR-1943-3p 0 0 0 2 2
mmu-miR-194-5p 3 10 67 4293 4373
mmu-miR-193b-3p 0 0 8 99 107
mmu-miR-193a-5p 0 0 5 116 121
mmu-miR-193a-3p 0 0 2 276 278
mmu-miR-1930-5p 0 0 0 3 3
mmu-miR-192-5p 436 2884 2683 10675 16678
mmu-miR-192-3p 0 0 0 72 72
mmu-miR-191-5p 450 2509 394 1792 5145
mmu-miR-191-3p 0 4 2 10 16
mmu-miR-18a-5p 0 0 25 326 351
mmu-miR-18a-3p 0 2 0 11 13
mmu-miR-188-5p 0 0 0 16 16
mmu-miR-187-5p 0 0 0 2 2
mmu-miR-187-3p 0 0 5 5
mmu-miR-186-5p 85 169 476 147 877
mmu-miR-185-5p 0 8 30 1601 1639
mmu-miR-185-3p 0 0 0 3 3
mmu-miR-184-3p 6 11 9 6 32
mmu-miR-183-5p 0 2 208 16 226
mmu-miR-182-5p 7 64 467 33 571
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total

mmu-miR-181d-5p 5 14 60 64 143
mmu-miR-181c-5p 12 34 7 27 80
mmu-miR-181c-3p 0 0 15 9 24
mmu-miR-181b-5p 6 14 146 133 299
mmu-miR-181a-5p 172 407 217 694 1490
mmu-miR-181a-1-3p 0 0 23 4 27
mmu-miR-17-5p 0 0 78 878 956
mmu-miR-17-3p 0 2 0 8 10
mmu-miR-16-5p 1535 2945 1810 22432 28722
mmu-miR-16-2-3p 0 3 2 16 21
mmu-miR-16-1-3p 0 3 3 3 9
mmu-miR-15b-5p 0 6 35 1140 1181
mmu-miR-15b-3p 2 9 20 192 223
mmu-miR-15a-5p 19 37 55 2136 2247
mmu-miR-15a-3p 7 15 0 40 62
mmu-miR-155-5p 0 0 34 36
mmu-miR-154-5p 0 0 10 12
mmu-miR-154-3p 0 8 8
mmu-miR-152-3p 2 8 52 1620 1682
mmu-miR-151-5p 6 14 17 65 102
mmu-miR-151-3p 60 270 859 251 1440
mmu-miR-150-5p 26 92 43 595 756
mmu-miR-150-3p 0 3 14 26 43
mmu-miR-149-5p 4 2 0 12 18
mmu-miR-148b-5p 0 3 6 8 17
mmu-miR-148b-3p 10 21 98 1456 1585
mmu-miR-148a-5p 9 68 43 32 152
mmu-miR-148a-3p 365 1176 6260 14510 22311
mmu-miR-147-3p 0 0 0 11 11
mmu-miR-146b-5p 14 18 6 8 46
mmu-miR-146a-5p 537 2385 255 1374 4551
mmu-miR-145a-5p 0 0 21 444 465
mmu-miR-145a-3p 0 4 14 8 26
mmu-miR-144-5p 2 2 445 12 461
mmu-miR-144-3p 99 243 454 12938 13734
mmu-miR-143-5p 0 0 5 2 7
mmu-miR-143-3p 1707 1721 5687 1580 10695
mmu-miR-142-5p 41 119 16 346 522
mmu-miR-142-3p 0 0 19 93 112
mmu-miR-141-3p 42 264 22 98 426
mmu-miR-140-5p 0 0 25 124 149
mmu-miR-140-3p 2 7 311 467 787
mmu-miR-139-5p 8 8 3 155 174
mmu-miR-139-3p 0 0 0

mmu-miR-138-5p 0 0 0

mmu-miR-137-5p 0 0 0 2 2
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total

mmu-miR-137-3p 0 0 0 41 41
mmu-miR-136-5p 0 0 12 14
mmu-miR-136-3p 0 0 5
mmu-miR-135b-5p 0 0 14 20
mmu-miR-134-5p 0 0 19 95 114
mmu-miR-133a-3p 4 0 9 42 55
mmu-miR-132-5p 0 0 0 2 2
mmu-miR-132-3p 0 0 92 158 250
mmu-miR-130b-5p 0 0 2 4 6
mmu-miR-130b-3p 2 29 40 699 770
mmu-miR-130a-3p 45 165 145 6375 6730
mmu-miR-1306-5p 0 0 0 8 8
mmu-miR-1306-3p 0 0 0 2 2
mmu-miR-129-5p 0 0 14 4 18
mmu-miR-129-2-3p 0 2 0 0 2
mmu-miR-128-3p 5 46 2 176 229
mmu-miR-128-2-5p 0 0 0 2
mmu-miR-127-5p 0 0 8 10
mmu-miR-127-3p 32 14 68 31 145
mmu-miR-126-5p 34 125 100 417 676
mmu-miR-126-3p 8 120 1392 1522
mmu-miR-125b-5p 10 107 183 309
mmu-miR-125b-2-3p 15 16 38 76
mmu-miR-125b-1-3p 2 0 3 5
mmu-miR-125a-5p 94 232 31 180 537
mmu-miR-125a-3p 0 2 10 11 23
mmu-miR-1249-3p 0 0 0 3 3
mmu-miR-1247-5p 0 0 0 6 6
mmu-miR-122-5p 2892 16730 2963 72685 95270
mmu-miR-122-3p 0 0 0 235 235
mmu-miR-1198-5p 4 25 44 101 174
mmu-miR-10b-5p 3270 11869 1237 318 16694
mmu-miR-10b-3p 0 0 0 2 2
mmu-miR-10a-5p 4929 14490 972 599 20990
mmu-miR-10a-3p 0 0 25 28 53
mmu-miR-107-3p 0 0 2 4 6
mmu-miR-106b-5p 2 2 417 4599 5020
mmu-miR-106b-3p 13 12 188 52 265
mmu-miR-106a-5p 0 0 0 32 32
mmu-miR-103-3p 207 1861 146 1946 4160 | X
mmu-miR-103-2-5p 0 0 0 2 2
mmu-miR-101b-3p 2 8 987 2280 3277
mmu-miR-101a-5p 0 0 0 6 6
mmu-miR-101a-3p 5 3 515 309 832
mmu-miR-100-5p 167 123 147 111 548
mmu-let-7i-5p 115 270 639 1394 2418
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miRNA Experiment 1 Experiment 2 Ambiguous
Naive Infected Naive Infected Total
mmu-let-7i-3p 0 0 0 96 96
mmu-let-7g-5p 42 57 594 1095 1788
mmu-let-7g-3p 0 0 0 2 2
mmu-let-7f-5p 98 209 157 281 745
mmu-let-7f-1-3p 0 2 0 2 4
mmu-let-7e-5p 0 0 11 17 28
mmu-let-7e-3p 0 0 2 2 4
mmu-let-7d-5p 0 7 10 360 377
mmu-let-7d-3p 13 60 119 565 757
mmu-let-7¢-5p 271 152 714 510 1647
mmu-let-7b-5p 39 58 880 904 1881
mmu-let-7b-3p 0 0 0 10 10
mmu-let-7a-5p 24 60 478 241 803
mmu-let-7a-1-3p 0 0 12 30 42
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Appendix 7

Appendix 7.txt available on the CD or at:
http://www plosntds.org/article/info%3 Adoi%2F10.1371%?2Fjournal .pntd .0002701#s5

Appendix 7. Prediction of known or novel S. mansoni miRNAs in mouse serum based on
miRdeep2.

This table shows all predictions (only predictions with a miRdeep2 score >0 are included in
the text). Read assignments are: uninfected experiment 1 (R1N), infected experiment 1 (R1I),
uninfected experiment 2 (607), infected experiment 2 (608 or 609). The number of reads in
that sample is listed after the “x”.
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Appendix 8

Appendix 8. Relative expression of parasite miRNAs in serum during the time course of
S.mansoni infection, based on qRT-PCR analysis, normalized to values in naive mice.
8-10 week old C57BL/6 mice were left uninfected or infected percutaneously with ~80
cercariae and euthanized at 4, 6, 8 and 12 weeks post infection. miRNAs were quantified by
gRT-PCR, normalized to a synthetic RNA spike-in and signal over noise calculated as the
ratio of abundance in infected serum compared to the background abundance level detected in
naive serum, which represents the noise in the assay likely derived from cross-hybridization
with endogenous small RNAs. One-way ANOVA followed by Holm-Sidak multiple
comparison (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

miRNA Background Wk4 Wk6 Wk8 Wk12
bantam Mean 1 7.51 13 18.55 27.85
Std. Deviation 1.23 13.64 18.13 2221 30.28
Holm-Sidak's test ns ns * *k
miR-277 | Mean 1 3.32 3.23 4.96 8.02
Std. Deviation 1.04 3.94 2.86 1.93 4.74
Holm-Sidak's test ns ns *k HA A
259_ Mean 1 2.69 3.71 10.02 22.58
Std. Deviation 1.02 1.28 473 11.62 12.42
Holm-Sidak's test ns ns * HoAE
miR-2a Mean 1 780.50 262.60 1755 3334
Std. Deviation 2.46 1412 497.8 2379 5061
Holm-Sidak's test ns ns * HoAE
miR-nl Mean 1 0.74 0.87 10.88 33.29
Std. Deviation 1.81 0.62 1.29 10.13 27.82
Holm-Sidak's test ns ns ns ko
Mean 1 0.01 2.67 5.62 8.81
miR-n2 Std. Deviation 1.65 0.03 2.95 6.79 6.02
Holm-Sidak's test ns ns * HoAE
Mean 1 11.89 12.02 14.83 3.76
miR-n3 Std. Deviation 1.57 8.97 13.45 24.66 6.05
Holm-Sidak's test ns ns ns ns
Mean 1 0.13 0.17 10.95 2.77
miR-71 Std. Deviation 2.96 0.14 0.15 28.82 3.73
Holm-Sidak's test ns ns ns ns
Mean 1 4.05 0.49 9.23 1.45
miR- Std. Deviation 1.52 8.7 0.43 22.38 1.40
2162
Holm-Sidak's test ns ns ns ns
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Appendix 9. Parasite-Derived MicroRNAs in Host Serum As Novel Biomarkers of
Helminth Infection.

Anna M. Hoy, Rachel J. Lundie, Alasdair Ivens, Juan F. Quintana, Norman Nausch, Thorsten
Forster, Frances Jones, Narcis B. Kabatereine, David W. Dunne, Francisca Mutapi, Andrew
S. MacDonald, Amy H. Buck

PLoS Negl Trop Dis 8(2): €2701. doi:10.1371/journal.pntd.0002701

Available at: http://www .plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal .pntd 0002701
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Abstract

Background: MicroRNAs (miRNAs) are a class of short non-coding RNA that play important roles in disease processes in
animals and are present in a highly stable cell-free form in body fluids. Here, we examine the capacity of host and parasite
miRNAs to serve as tissue or serum biomarkers of Schistosoma mansoni infection.

Methods/Principal Findings: We used Exigon miRNA microarrays to profile miRNA expression in the livers of mice infected
with S. mansoni at 7 weeks post-infection. Thirty-three mouse miRNAs were differentially expressed in infected compared to
naive mice (>2 fold change, p<<0.05) including miR-199a-3p, miR-199a-5p, miR-214 and miR-21, which have previously been
associated with liver fibrosis in other settings. Five of the mouse miRNAs were also significantly elevated in serum by twelve
weeks post-infection. Sequencing of small RNAs from serum confirmed the presence of these miRNAs and further revealed
eleven parasite-derived miRNAs that were detectable by eight weeks post infection. Analysis of host and parasite miRNA
abundance by qRT-PCR was extended to serum of patients from low and high infection sites in Zimbabwe and Uganda. The
host-derived miRNAs failed to distinguish uninfected from infected individuals. However, analysis of three of the parasite-
derived miRNAs (miR-277, miR-3479-3p and bantam) could detect infected individuals from low and high infection intensity
sites with specificity/sensitivity values of 89%/80% and 80%/90%, respectively.

Conclusions: This work identifies parasite-derived miRNAs as novel markers of S. mansoni infection in both mice and
humans, with the potential to be used with existing techniques to improve S. mansoni diagnosis. In contrast, although host
miRNAs are differentially expressed in the liver during infection their abundance levels in serum are variable in human
patients and may be useful in cases of extreme pathology but likely hold limited value for detecting prevalence of infection.
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Introduction . . . . L . .
Diagnosis of schistosome infection is crucial for patient manage-

Helminths are parasitic worms that infect a third of the world’s
population and cause a diverse range of health consequences leading to
significant social and economical burdens [1,2]. Schistosomiasis is a
chronic disease caused by blood flukes of the genus Schustosoma that
affects more than 200 million people worldwide and is second only to
malaria as the most important lethal human parasitic disease in tropical
and subtropical regions. Schistosomiasis is predominantly caused by
hepatic S. mansonz and urogenital S. haematobuen [3). It is estimated that
the mortality rates due to haematemesis (S. mansonz) and renal failure (S.
haematobium) are around 130,000 and 150,000 per year respectively [4].
In addition, schistosomiasis is associated with anaemia, diarrhoea,
under nutrition, chronic pain and exercise intolerance, which are
estimated to contribute to 0.02 0.15 disability-adjusted life-years

(DALY) [5).

PLOS Neglected Tropical Diseases | www.plosntds.org

ment, evaluation of treatment efficiency, monitoring of disease
transmission and success of control strategies, as recommended by
the World Health Organization [6]. In the field, S. mansoni and other
intestinal schistosomes are currently diagnosed through the
detection of the parasite eggs in stool specimens using microscopic
techniques such as Kato-Katz or ether-concentration [7]. While
these techniques are relatively simple, inexpensive and specific, their
major drawbacks include poor sensitivity in detecting low-intensity
infections (for example, in children), their inability to detect pre-
patent or single sex infection and their failure to detect infection in
individuals where eggs are trapped in tissues and not excreted [8].
Available antibody-based assays are useful for diagnosis in some
cases (e.g. foreign travellers) but they cannot differentiate past and
active infection and can also cross-react with antigens from other
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Author Summary

Schistosomiasis is a chronic disease caused by blood flukes
that affects over 200 million people worldwide, of which
90% live in Sub-Saharan Africa. In the field setting
schistosomiasis caused by S. mansoni is diagnosed by
detection of parasite eggs in stool samples using micro-
scopic techniques. Here we investigate the potential of
microRNAs (miRNAs), a class of short noncoding RNAs, to
act as biomarkers of S. mansoni infection. We have
identified a specific subset of murine miRNAs whose
expression is significantly altered in the liver between 6-12
weeks post infection. However their abundance in serum is
not significantly different between naive and S. mansoni-
infected mice until twelve weeks post infection and they
do not display consistent differential abundance in the
serum of infected versus uninfected humans. In contrast,
three parasite-derived miRNAs (miR-277, bantam and miR-
3479-3p) were detected in the serum of infected mice and
human patients and the combined detection of these
miRNAs could distinguish S. mansoni infected from
uninfected individuals from low and high infection
intensity areas with 89%/80% or 80%/90% specificity/
sensitivity, respectively. These results demonstrate that
miRNAs of parasite origin are a new class of serum
biomarker for detecting S. mansoni and likely other
helminth infections.

helminths [9]. These assays therefore do not offer a definitive
diagnosis in schistosome-endemic areas. Recent studies have shown
success with point-of-care tests for Schistosoma circulating cathodic
and anodic antigens (CCA and CAA, respectively) in serum and
urine, which decrease rapidly after chemotherapy [8,10,11,
12,13,14] and these are now being further developed for use in
the field [15]. Detection of schistosome DNA in urine and stool
samples or plasma by the polymerase chain reaction (PCR) method
is another strategy for routine diagnosis of infection that has shown
promising results [16,17,18,19,20]. Here we examine whether
microRNAs (miRNAs), which are extremely stable in serum and
detectable by quantitative reverse transcription PCR (QRT-PCR)
could provide an additional diagnostic tool for S. manson: infection.

miRNAs are a class of naturally occurring small non-coding
RNA produced from animal, plant and viral genomes [21]. They
are incorporated into the RNA-induced silencing complex (RISC)
and function by binding to messenger RNAs (mRNAs) and
inhibiting translation and/or causing mRNA destabilization [22].
Depending on the genes they target, miRNAs have diverse
functions inside cells, from regulation of developmental program-
ming to viral-host interactions [23,24,25]. In the last 5 years,
reports have shown that miRNAs circulate in serum in a cell-free
form and many cell types secrete miRNAs through encapsulation
within exosomes or in association with specific proteins [26,27].
These extracellular RNAs have been implicated in cell-to-cell
communication in a range of systems [28,29], and have been
shown to be extremely stable in body fluids [27,30]. They have
received extensive attention for their promise as biomarkers of
disease, including cancer [31,32,33]. Extracellular miRNAs have
also been shown to be altered in human serum and/or plasma in
infection settings, including hepatitis C and hepatitis B infections
[34,35] as well as during pulmonary tuberculosis [36]. A recent
report has also identified miRNAs derived from rice in human
serum [37], sparking interest in foreign RNA in body fluids and its
diagnostic potential.

Here we investigate the potential of miRINAs to act as tissue and
serum biomarkers of experimental mouse and natural human §.

PLOS Neglected Tropical Diseases | www.plosntds.org
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manson: infection. We demonstrate that several host miRNAs are
dysregulated in the liver of mice during S. manson: infection, but do
not serve as reliable serum biomarkers of infection in humans. In
contrast, we identify at least three parasite-derived miRINAs in the
serum of mice infected with S. manson: that are also detected in
human patients and can distinguish ‘egg-negative’ from ‘egg-
positive’ individuals with high specificity and sensitivity. We
anticipate that parasite-derived miRNAs may provide a general
platform for specific and non-invasive detection of active helminth
infection.

Methods

Animals and S. mansoni infection

For miRNA array analysis of liver and Illumina sequencing of
serum in experiment 1, 8 10 week old C57BL/6 mice were left
uninfected or infected percutanecusly with ~180 §. manson:
cercariae, weighed regularly, and euthanized 7 weeks post
infection. For the 12-week time course, 8 10 week old C57BL/6
mice were left uninfected or infected percutaneously with ~80
cercariae, weighed regularly, and euthanized at 4, 6, 8 and 12
weeks post infection.

Collection of blood and serum

Whole bloed was drawn from mice by cardiac puncture. The
needle was removed before emptying the syringe to avoid
haemolysis and blood was allowed to sit for 1 h at RT to clot.
Serum was separated by centrifugation at 2500 g for 15 min at
4°C, and the supernatant was collected into a new tube and spun
at 10,000 g for 1 min to remove remaining cells. The resultant
supernatant was transferred into a new tube and stored at —20°C
prior to RNA extraction.

Human serum samples

Human serum was screened retrospectively from samples
obtained from schistosome endemic areas in Zimbabwe and
Uganda. The study group included in this investigation (Zim-
babwe) was part of a larger study on the molecular immunoepi-
demiclogy of human schistosomiasis (carried out between
November 1999 and March 2000) and had not been included in
the National Schistosome Control Programme and therefore had
not received treatment for schistosomiasis or other helminth
infections. After collection of all samples, all participants were
offered anti-helminthic treatment with the recommended dose of
praziquantel (40 mg/kg of body weight). The selection of samples
for screening here was based on availability of sufficient serum for
miRNA analysis, and comprised five ‘egg positive’ individuals with
an average egg per gram in stool (epg) = 108, range: 39-277 and
nine ‘egg-negative’ individuals (Table 1). According to the WHO’s
classification, Zimbabwe has high to moderate levels of .
haemobuan infection (prevalence ranging from 10% to greater than
70%) but low §. mansonz prevalence (less than 10%). The selection
of serum for screening from Piida (Uganda) participants was based
on availability of sufficient material and comprised twenty
individuals infected with S. mansoni with an average epg=1117
(range: 105-4030) and ten egg-negative individuals. The study
group included in this investigation were part of a larger study
carried out in Butiaba village, adjacent to Lake Albert, Masindi
district, Uganda in 1996, described further in [38]. The cohort
had moderate to high S mansom infection intensities and
prevalence of 91%. After collection of stool and serum samples
all the study participants, irrespective of the infection status,
received 2 doses of praziquantel, 40 mg/kg of body weight, 6
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weeks apart. Efficacy of chemotherapy was assessed 6 weeks after
each treatment.

Ethics statement

Animal experiments were conducted under a Project License
granted by the Home Office (United Kingdom), reference 60/
4104, in accordance with local guidelines and approved by the
Ethical Review Committee of the University of Edinburgh.

For the human serum samples collected in Chiredzi, permission
to conduct the work in this province was obtained from the
Provincial Medical Director. Ethical approval was received from
the Medical Research Council of Zimbabwe (MRCZ). Only
compliant participants were recruited into the study and they were
free to drop out at any point during the study. At the beginning of
the study, participants and their parents/guardians (in case of
children) had the aims and procedures of the project explained
fully in the local language, Shona, and oral consent (as was
customary) was obtained from participants and parents/guardian
before parasitology and blood samples were obtained. For the
samples collected in Piida, ethical clearance was obtained from the
Uganda National Council of Science and Technology (ethics
committee for Vector Control Division, Ugandan Ministry of
Health). The aims and procedures were explained to the local
community at the start of the study and oral consent was obtained
from all adults and from the parents/legal guardians of all children
under 15 who were willing to participate. Due to cultural reasons
and low levels of literacy, oral consent is deemed acceptable by the
Ugandan Ministry of Health and was approved by the Uganda
National Council of Science and Technology. Upon oral consent
participants were enrolled in the study with a written record of
their name, age, sex and case number, this served as both the
record of oral consent and enrolment record.

Parasitology and serum sample collection and processing

Participants in the Zimbabwe study were checked for both
urogenital and intestinal schistosomiasis and for inclusion in this
analysis had to be free of any soil-transmitted helminths and also

PLOS Neglected Tropical Diseases | www.plosntds.org

Table 1. Top miRNAs dysregulated in the liver at 7 weeks post S. mansoni infection as determined by microarray analysis and
showing results obtained by gRT-PCR (microarray: p<<0.05, Fold change =2, qRT-PCR: t-test).

Up regulated miRNA

miRNA P value Log2 (S.mansoni infected/Naive ratio) PCR Fold Change PCR P value
miR-199-5p 0.0002 10.1 5.76 <0.0001
miR-199-3p 0.0001 6.4 5.7 <0.0001
miR-744 0.0002 53 12 NS

miR-214 0.0001 4.6 542 <0.0001
miR-210 0.0001 39 4.58 0.0001

miR-21 0.002 35 4.15 <0.0001
Down regulated miRNA

miRNA P value Log2 (S.mansoni infected/Naive ratio) PCR Fold Change PCR P value
miR-151-5p 0.024 —129 —1.42 0.0359

miR-9 0.031 —23 19 NS

miR-365 0.007 -22 —4.24 <0.0001
miR-192 0.006 —22 —335 <0.0001
miR-194 0.024 —20 -332 <0.0001
miR-122 0.028 —2.0 —32 <0.0001
doi:10.1371/journal.pntd.0002701.t001

free of S. haematobium infection to avoid cross reactivity between
different helminth parasites. For the analysis of urogenital
schistosome infection (S. saematobuan) participants submitted three
urine and three stool samples (over four consecutive days). 10 ml
of each sample received was processed on the day of collection by
a urine filtration method [39]. Stool samples were prepared and
examined on the day of collection using the Kato-Katz faecal
smear for detection of S. mansoni eggs and soil transmitted
helminths; this was carried out by trained and experienced
technical staff from the National Institute of Health Research [40].
A single slide for microscopic examination was prepared from
each urine and stool sample. Serum was prepared from 10 ml
venous blood collected from study participants, frozen at —20°C
and afterwards stored at —80°C. Samples were transported frozen
to Edinburgh and stored at —80°C prior to serological assays.
Participants in the Ugandan study had duplicate 50 mg Kato-
Katz slides prepared from 3 consecutive stool samples for
detection of S. manson: eggs, expressed as mean epg; this was
carried out by trained and experienced technical staff from the
Vector Control division at the Ministry of Health in Uganda.
Serum was prepared from 10 ml venous blood samples, frozen at
—20°C and transported to Cambridge for storage at —80°C prior
to serological assays.

Mouse serum RNA extraction

For the 12-week time course experiment, total RNA was
extracted from serum using the miRVana PARIS extraction kit
(Ambion), according to the manufacturer’s protocol. In brief,
100 wl of serum was thawed on ice, mixed with an equal volume of
2 x Denaturing Solution and kept on ice for 10 min. Samples were
extracted with an equal volume of acid-phenol chloroform,
vortexed for 30 s and centrifuged for 10 min at 10,000 g at RT.
The aqueous phase was mixed with 1.25 volumes of 100% ethanol
and added to the mirVana PARIS column. The column was
washed and RNA eluted in 100 ul of 0.1 mM EDTA. RNA
samples were stored at —20°C prior to further analysis. Extracted
RNA was quantified by Qubit (Invitrogen).
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Human serum RNA extraction

Due to small volumes and low amounts of RNA in available
human serum samples the extraction protocel was adjusted to
result in more concentrated RNA. To do this, 50 pl of serum was
thawed on ice, mixed with 50 ul of ddH,O and 100 pl of 2x
Denaturing Solution (as supplied in the miRVana Paris kit) and
kept on ice for 10 min. Samples were spiked with 10 fmoles of a
synthetic RNA, Spikel: 5 -UGCUGAAUGCGUAGCUAUA-
AGC-3' (IDT) and extracted with an equal volume of acid-phenol
chloroform, vortexed for 30 s and centrifuged for 10 min at
10,000 g at RT. The aqueous phase was mixed with 1/10 volume
of 3M sodium acetate, 10 g of GlycoBlue (Ambion) and an equal
volume of isopropancl. Samples were allowed to precipitate
overnight at —20°C and were then centrifuged at >10,000 g at
4°C. Pellets were washed twice with 75% ethanol, air-dried and
then resuspended in 25 ul of 0.1 mM EDTA. The total RNA
concentration was below the limit of detection based on Qubit
(Invitrogen).

Liver RNA extraction

Liver tissue was immersed in RNA Later Solution (Ambion)
overnight at 4°C prior to extraction using TRIzol Reagent
(Invitrogen) according to the manufacturer’s protocol. RNA was
quantified by NanoDrop and integrity assessed by 10% PAGE or
Bicanalyzer 2100. All RNA samples used in the microarray
analysis had RIN >8.

Reverse transcription & PCR

For reverse transcription of mouse serum samples, a fixed
amount of extracted RNA (1.5 ng) was used as an input and 0.1
fmoles of a synthetic RNA, Spike2: 5’-CGUAUCGAGUGAU-
GUCACGUA-3’, was added at the RT step for normalization.
For human serum samples, where the total RNA concentration
was below the detection limit, a fixed volume of RNA (5 ul),
corresponding to 10 ul of extracted serum, was used as the input
and Spikel (added at the time of purification) was used for
normalization. For reverse transcription of RNA extracted from
liver, 200 ng of total RNA was used in each reaction. Reverse
transcription reactions were performed using the miScript System
(Qiagen) accerding to the manufacturer’s protocol. PCR was
carried out with SYBR green real-time PCR assays (Qjagen) and
miScript primers to detect mouse and human miRNAs, according
to the manufacturer’s protocel (Qiagen). Primers for S. mansoni-
specific miRNAs and the synthetic spikes were used at 200 nM
final concentration and were purchased from Invitrogen: miR-
277, 5-TAAATGCATTTTCTGGCCCG-3’, miR-2162-3p, 5'-
TATTATGCAACGTTTCACTCT-3’, miR-3479-3p, 5'-TATT-
GCACTAACCTTCGCCTTG-3’, bantam, 5'- TGAGATCGC-
GATTAAAGCTGGT-3', miR-2a-3p, 5'-TCACAGCCAGTAT-
TGATGAAC-3', miR-71a-3p, 5'- TGAAAGACGATGGTAGT-
GAGAT-3', sma-miR-nl, 5-AACTCAGTGGCCTATCGGT-
3’, sma-miR-n2, 5-TCAGCTGTGTTCATGTCTTCGA-3’,
sma-miR-n3, 5'- TGGCGCTTAGTAGAATGTCACCG-3/,
Spikel, 5'-TGCTGAATGCGTAGCTATAAGC-3’, Spike2, 5'-
CGTATCGAGTGATGTCACGTA-3’'. Data were collected on a
Light Cycler 480 System (Roche) with the following temperature
profile: pre-denaturation 15 min at 95°C followed by 50 cycles of
denaturation for 15s at 95°C, annealing for 30 s at 55°C,
elongation for 30 s at 70°C. The efficiencies of pre-optimized
miScript host miRNA probes (Qiagen) were measured from
standard curves and ranged between 93 100% and the efficiency
of custom probes ranged from 87 97%; both displayed homog-
enous melting curves and amplification products of the expected
size, as described in [41], which were examined here by 6% TBE
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PAGE (data not shown). Two technical replicates were carried out
for each biclogical replicate. Nuclease free water was used as a
non-template control.

miRNA array

For the array analysis, 1 ug of total RNA was labelled using the
Hy3 power labeling kit (Exiqon) and hybridized to codelink slides
printed with the miRCury 8.1 probe set as described elsewhere
[42]. Hybridization and washing were carried out following the
manufacturer’s protocels (Exigon). Background signal was sub-
tracted from foreground signal and data were transformed to log-2
scale. Between-array normalization was carried out using global
array percentiles (matching median of each array); triplicate
probes were represented by the median for each array. Empirical
Bayes moderated t statistic (eBayes) was used to test the null
hypothesis of ““no differential expression®” between uninfected
(n=3) and infected (n = 3) liver samples. Since this array was only
used as a filter for further validation, the p values were not
adjusted for multiple testing. The Exiqon 8.1 arrays contained 384
probes specific for mouse miRNAs.

gRT-PCR data analysis

For analysis of miRNAs in liver samples, the relative fold change
between naive and infected samples was calculated using the
97A4% method [43], normalized to miR-16; values for infected
mice were compared to values for age-matched naive controls and
the median value for naive mice was set to 1 for the purpose of
calculating fold change. For serum miRNA data analysis, Ct
values were “median-normalized” to synthetic RNA spike oligos
as described previously [27]: relative change was calculated as
279" where Ctn stands for normalized Ct values. The spike-in
sequences did not match any known miRNA in miRBase and the
primers for detecting these did not yield signals in serum by gRT-
PCR, indicating that they do not cross-hybridize with mouse or
human small RNAs (data not shown). Fold change was calculated
as the ratio of the relative change value of the sample compared to
an average of the relative change values of uninfected samples. For
the cumulative analysis of miRNAs, the arithmetic mean of fold
changes for miR-277, miR-3479-3p and bantam were used.

Statistical analysis of gRT-PCR data and receiver operator
characteristic (ROC) curve analysis (35% confidence intervals) was
performed with GraphPad Prism (Version 6) software. Two-way
ANOVA followed by a Sidak multiple comparison test was used to
calculate statistical differences for the mouse miRNA time course
data from serum and liver. For the parasite miRNA serum time
course, one-way ANOVA followed by Holm-Sidak multiple
comparison was used. For analysis of the human serum samples,
the Man-Whitney test was used and p-values of <C0.05 were
considered statistically significant. The measurement of miRINA
levels by qRT-PCR was carried out by a trained doctoral student
who was not blinded to the results of the infection status of each
sample. Of the samples available for screening, none were
excluded from the analysis.

lllumina sequencing

For small RNA sequencing in experiment 1, total RNA was
extracted from serum of 8 pooled . mansom-infected mice (Wk 7,
180 cercariae) and 8 uninfected age matched controls (400 ul total
volume) according to the miRVana PARIS protocol (as described
above). The small RNAs were size selected by 15% PAGE and
prepared according to the Illumina small RNA Sample Prepara-
tion Kit version 1.5 and sequenced on the GAIIX. For small RNA
sequencing in experiment 2, total RNA was extracted from serum
of 3 pooled S. mansom: infected mice (Wk 8, 80 cercariae) and 3
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uninfected age matched controls (300 pl total volume) according
to the miRVana PARIS protocol. The library was prepared
according to the TruSeq Small RNA protocol (without size-
selecting small RNA) and sequenced on the HiSeq2.

Raw reads were obtained in fastq format and 3’ adapters
trimmed using cutadapt, requiring at least a 6 bp match to the
adapter sequence and a quality threshold of 20. Only reads that
contained the adapter were retained; reads were subsequently
collapsed on primary fasta sequence and only reads present at =2
copies were analyzed. Trimmed, collapsed reads =17 bp were
then aligned to mouse (MMO9) or §. manson: genomes (V5.0) using
BOWTIE versien 0.12.5, requiring a perfect match to the full
length of the sequence. Reads that mapped to either genome were
then BLASTN aligned against the RFAM database [BLASTN
parameters: -max_target_seqs 1 -outfmt ‘6 std gseq sseq’ -task
blastn -word_size 6 -dust no] and categorized according to
matches to Rfam class (e.g. rRNA, tRNA, etc.). Mouse reads
without rfam similarities (other than miRNAs) were aligned to
mature miRNAs in miRBase version 19. Some trimmed miRNA
reads aligned to more than one family member: the assignment of
these ambiguous reads is designated with “X” in Table $3. RNAs
that aligned to the S. manson: genome and did not show RFAM
similarities were passed to mirDeep2.0.0.5 using platyhelminth
miRNAs from miRBase 19 as guides (Table S34); reads mapping to
known miRNAs from miRBase were identified regardless of
miRdeep score, for prediction of novel miRNAs a cut-off value of
0 was used for reporting in Table 1.

Results

Specific host miRNAs are significantly dysregulated in the
liver of mice at 7 weeks post S. mansoni infection

miRNAs are dysregulated in most disease contexts and play
important roles in mediating how cells respond to insult and
infection (reviewed in [44]). Approximately 4 6 weeks after .
manson: infection, mature female parasites produce eggs, some of
which are carried by the blood-flow to the liver where they
become trapped [45]. The host immune response induced by the
presence of the egg antigens leads to the formation of granulo-
matous lesions, which are composed of immune cells and collagen
fibres [46] and result in fibrosis and associated pathology. In order
to identify miRNAs associated with S. mansom-induced liver
patholegy, and to prioritise candidates for further screening as
biomarkers, we first compared expression profiles of miRNAs in
livers of naive mice or mice that were infected with §. manson: at a
high dose (~180 cercariae). Tissues were collected at 7 weeks post
infection, at which time substantial granulomas were observed
(data not shown). A total of 33 mouse miRINAs were differentially
expressed: 26 miRNAs were up-regulated and 7 miRNAs were
down-regulated in infected mice, based on a fold change cut-off of
=2 and p value cut off <0.05 (Table S1, Fig. S1). The miRNAs
that displayed the largest differential expression included miR-
199a and miR-214, which are known to be altered in liver fibrosis
caused by hepatitis G infection or induced by carben tetrachleride
[47,48]. Among the down regulated miRNAs was the liver-
enriched miR-122, which is dysregulated during hepatitis C
infection, acetaminophen overdose and hepatocellular carcinoma
and is involved in lipid metabolism [49,50].

For validation of the microarray results, the miRNAs that
displayed the largest fold change were quantified by qRT-PCR
and normalized to miR-16 (a total of 6 up-regulated miRNAs and
6 down-regulated miRNAs were examined). Consistent with the
array results, there was an increase in miR-199-5p, miR-199-3p,
miR-214, miR-21, miR-210, and a reduction of miR-192, miR-
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194, miR-365, miR-122 and miR-15] in the liver tissue of S.
manson: infected mice as compared to naive mice; miR-9 and miR-
744 did not display differential expression and were not analysed
further (Table 1). All of these miRNAs are perfectly conserved in
mouse and human.

Temporal expression analysis of miR-199, miR-214, miR-
21, miR-210, miR-122, miR-192 and miR-194 in the liver
during S. mansoni infection

Between weeks 6 and 12, female parasites continue to produce
~300 eggs per day [51], resulting in an increase in the number of
granulomas in the liver and the development of fibrosis [45]. For
the 10 miRINAs validated to be differentially expressed at 7 weeks
post infection, we next examined their temporal expression
between 4 12 weeks post infection using a lower parasite dose
(80 cercariae). All data from infected mice were compared to age-
matched naive mice. To account for differences in RNA extraction
or qRT-PCR efficiency, the data were normalised to miR-16,
which displayed stable expression in the liver during infection (Fig.
S2). Of the 10 miRNAs examined, all except miR-365 and miR-
151 were differentially expressed between naive and infected mice
by 6 8 weeks post infection (Fig. 1, Table 82). This timing
correlated with the deposition of eggs in the liver, which were
detected by 6 weeks post infection and increased by 8 and 12
weeks post infection (Fig. S3). Our results suggest that these
cellular miRNAs represent tissue biomarkers of infection that may
play a role in the development and progression of liver fibrosis
induced by S. mansom: egg deposition.

Temporal host miRNA dysregulation in the liver during
infection is not reflected in serum

Several studies in non-helminth systems have shown that liver-
derived miRNAs are detectable in serum and can be used as
biomarkers in disease states [52,53,54,55,56]. We therefore
examined whether the murine miRNAs that are altered in liver
tissue are similarly altered in serum during S. mansom: infection.
qRT-PCR was used to measure miRNA levels in the serum of mice
infected with S. mansom over the 12 week time course. The
methodology of miRNA analysis in body fluids is not well
standardized, and it is still not clear which small RNAs are
appropriate for normalization [57,58,59,60]. Here we used a
constant amount of total RNA in the reverse transcription reaction.
To account for any variation in qRT-PCR efficiency due to
contaminants, miRNA levels were normalized to a synthetic RNA
oligo (“spike-in”’) that was included at the reverse-transcription step.
The ratio of miRNA levels in infected versus age-matched naive
mice was quantified at each time point and plotted as fold change
(Fig. 2). Compared to the analysis of liver samples, there is more
variation in the serum miRINA levels between biological replicates.
As shown in Fig. 2, the levels of miR-192, miR-194 and miR-122 in
serum do not change between 4 12 weeks post infection, whereas
five of the miRNAs that are up-regulated in the liver are also
significantly elevated in serum at 12 weeks post infection (p<<0.05),
ranging from 2.6 fold (miR-21) to 4.7 fold (miR-214) (Table S2).
These five host miRNAs represent potential serum biomarkers of S.
manson: infection. However, since their levels do not change until 12
weeks post infection in mice, they may only be useful in cases of
more advanced pathology.

Small RNA sequencing reveals the presence of S.
mansoni-derived miRNAs in the serum of infected mice

Multiple cell types release or secrete miRNAs into the
circulation [59,61] and it is possible that other miRNAs, beyond
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Figure 1. Differential expression of host miRNAs in the livers of mice at 4-12 weeks post infection with 5. mansoni. miRNAs were
quantified by qRT-PCR, normalized to miR-16 and fold changes calculated as the ratio of values from infected versus naive mice (*p<<0.05, **p<<0.01,
#4p.20,001, **¥p<0.0001).

doi:10.1371/journal.pntd.0002701.g001
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Figure 2. Differential abundance of host miRNAs in mouse serum during $. mansoniinfection. miRNAs were quantified by gRT-PCR and
normalized to a synthetic RNA spike-in. Each symbol represents data from one individual mouse. Fold changes are defined as the ratio of abundance
in infected versus naive serum; the signal from naive was set as 1. (**¥p<<0.001, ***¥p<<0.0001).

doi:10.1371/journal.pntd.0002701.9002
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those differentially expressed in the liver, might represent
biomarkers of infection. To examine this in an unbiased fashion,
small RNAs from serum of naive mice or mice infected with S.
manson: were sequenced using the Illumina platform. Small RNA
libraries were prepared in two independent experiments, using two
different preparation methods (Methods). In both experiments, the
majority of small RNA reads aligned to the mouse genome
(ranging from 63 71%, Table 2). A small percentage of reads
unambiguously aligned to the S. manson: genome in infected mice
(0.04 0.14%); <<0.01% of reads mapped to the . mansoni genome
in naive samples. Interestingly, the majority of reads in all samples
were derived from tRNAs: 92 98% of the reads that mapped to
the mouse genome and 42 100% of reads that mapped to the S.
manson: draft genome (Table 2). It is important to note, however,
that due to the sequence similarity of the tRINAs between species
and the scope for post-transcriptional editing, we cannot at this
point definitively determine the organism from which these derive.
Only 1 6% of the reads that mapped to the mouse genome were
miRNAs (Table 2, listed in Table S3). There was no correlation
between differences in host miRNA levels in naive and infected
mice from the two experiments (data not shown), this could relate
to the different doses, although it is not possible to derive statistical
conclusions from these data due to low read numbers. A total of 78
and 29 mature miRNAs are known to be encoded by the
trematodes S. japonicum and S. manson:, respectively [62,63,64,65],
and further miRNAs have been predicted [62]. Analysis of the
reads that mapped to the S manson: draft genome using the
miRdeep2 program [66] identified at least 11 miRNAs from
infected samples: 8 of these were positively identified based on
identity to known miRNAs in S manson: and/or S. japonicum
(Table 3) [64,65] and 3 are predicted by miRdeep (here named
sma-miR-nl, sma-miR-n2 and sma-miR-n3). The predicted stem-
loop structures for the putative pre-miRNAs are shown in Fig. 3;
since the depth of coverage of S. manson: reads in this study was
very low and reads did not map to both arms of the hairpin, these
cannot yet be considered prototypical miRINAs. However, sma-
miR-n3 shares a seed site with Schnudtea mediterranea miR-2160 and
was annotated as sma-miR-8437 in a study of S. manson: miRNAs
published after submission of this manuscript [67]. Additional
analysis of the datasets allowing 1 mismatch to the S. manson: draft
genome identified one further miRNA from infected but not naive
serum: miR-277, which is identical to miR-277 in . japonicum and
Echunococcus granulosus but has a C—T mutation at position 17 in
relation to the S. manson: draft genome (Table 3). Other reads from
infected samples that aligned to S. manson: but did not make the
miRdeep? cut-ofts are provided in Table S4. It is possible that
some of these less abundant sequences derive from real miRNAs
but the coverage in these studies is not sufficient to determine this.

S. mansoni miRNAs are present in mouse serum as early
as 8 weeks post infection

To determine the kinetic profile of parasite miRNAs in serum
during §. manson: infection, qRT-PCR analysis was carried out as
described above, using primers specific for 9 of the 11 parasite
miRNAs. The other 2 miRNAs, sma-miR-10-5p and sma-let-7-3p,
were excluded from analysis because they are highly similar to
homologous mouse miRNAs that are present at >>100 fold higher
read frequencies (Table S3). Importantly, most miRNAs in
helminth parasites have evolved after the last common ancestor
with their vertebrate hosts and are therefore distinguishable in
sequence, however several miRNAs are perfectly conserved across
animals or highly similar in sequence [63]. Several of the parasite-
specific probes showed a signal in the serum of naive mice, which
is presumably due to cross-hybridization with endogenous small
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RNAs. In cases where no signal was observed in naive mice, the
maximum cycle value of 50 was set as background for the purpose
of calculating signal over noise (which we interchange here with
“fold change”). Six of the nine parasite miRNA probes tested
(miR-277, bantam, miR-3479-3p, miR-2a-3p, miR-nl, miR-n2)
showed a statistically significant signal over noise at 8 or 12 weeks
post infection (Fig. 4, p<<0.05); the three miRNAs that were not
reliably detected (miR-n3, miR-71a-3p, miR-2162-3p) were not
analysed further. The average signal over neise ratios for each
probe during the time course of infection are provided in Table S5
and range from 4.2 to >>3,000.

Three S. mansoni-derived miRNAs are detected in human
serum and distinguish egg-negative from egg-positive
individuals

Based on the results described above, we extended our analyses to
human patients, using the 6 parasite miRNAs and 5 mouse
miRINAs that displayed differential abundance in serum of infected
compared to naive mice. Serum samples from two field sites were
examined: an area of high infection in the Pida community of
Uganda and an area of low infection in the Chiredzi community of
Zimbabwe. The high infection samples were collected from mixed-
age participants from Piida diagnosed as S. manson: infected, termed
‘egg positive’ and compared to volunteers from the same
community with undetectable parasite eggs in the stool, termed
‘egg-negative’. The low infection samples were collected from
children in Chiredzi diagnosed with §. manson: and compared to age
matched participants with undetectable eggs by standard stool
examination methods. Demographic data of individuals are
provided in Tables 4 and 5. The signal over noise was calculated
as described above, using synthetic spike-ins for normalization.
miR-nl, miR-n2 and miR-2a-3p were below the detection limit
(Ct=>50) in both ‘egg-positive’ and ‘egg-negative’ samples. The 5
host miRNAs were detectable in serum (miR-21, miR-199-3p, miR-
199-5p, miR-210, miR-214) but showed variable abundance and
failed to differentiate ‘egg-positive’ and ‘egg-negative’ participants
(Fig. 84). In contrast, three out of the six parasite miRNAs (bantam,
miR-277 and miR-3479-3p) displayed a significant signal over noise
level in the serum of §. manson: infected individuals ‘egg-positive’
from both high (Fig. 5A) and low (Fig. 5B) infection endemic areas,
compared to the ‘egg-negative’ participants from the same
communities (p<<0.05, Mann Whitney test). Data presented using
ROC curves show that the single parasite miRINAs discriminated
between S. mansom: ‘egg-negative’ and ‘egg-positive’ with an area
under the curve (AUC) 0f0.785, 0.790, 0.768 for bantam, miR-277
and miR-3479-3p, respectively, in the individuals from Uganda
(Fig. 5A) and 0.889, 0.933,0.911 in the individuals from Zimbabwe
(Fig. 5B). Using optimal cut-off points, this translates to detection of
§. mansom infected individuals with specificity/sensitivity of 80%/
60%, 80%/70% and 80%/60%, in the patients from Uganda
(Fig. 5A) and specificity/sensitivity of 100%/60%, 89%/80% and
89%/80% respectively in the patients from Zimbabwe (Fig. 5B). A
repeated measurement of the parasite miRINA levels in the same
samples displayed Pearson correlation values between 0.86 to 0.95
and comparable specificity/sensitivity values (Table S6). When
combining the data for all three of the miRNAs into a cumulative
value, the AUC increased to 0.845 and 0.933 for each cohort of
participants. This resulted in improved specificity/sensitivity in
detection for samples from Uganda (80%/90%) using a fold change
cut-off of 1.189 (Fig. 6). This approach is very similar to a recent
report that uses a “miRNA score” based on cumulative normalized
signals of miRNAs [68]; analysis of our data based on cumulative
fold change or cumulative normalized signals yields very similar
results (Fig. 85). These results show that combining data for bantam,
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Table 2. Small RNA classification in serum of naive and infected mice.
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lllumina Small RNA
{Experiment 1)

TruSeq (Experiment 2)

Naive Infected Naive Infected
7 weeks 8 weeks
180 cercariae 80 cercariae
Trimmed reads 19,992,215 19,687,439 5,360,110 6,975,834
Mouse genome match 12,864,294 12,771,443 3,786,803 4,621,905

Unambiguous
rRNA

tRNA

other rfam
miRNA

Uncharacterized

S.mansoni genome match

Unambiguous
rRNA

tRNA

other rfam
miRNA

Uncharacterized

12,841,090(64.2%)
6493 (0.05%)
12,615,823 (98.2%)
7579 (0.06%)
128,222(1.0%)

82973 (0.6%)

1,683 (<0.01%)
272 (16.2%)
1,236 (73.4%)

52 (3.1%)

2 (0.12%)

121 (7.2%)

12,430,681 (63.1%)
51173 (0.4%)
11,464,782 (92.2%)
14563 (0.012%)
772,150 (6.2%)
128013 (1%)

27,347(0.14%)
2828 (10.3%)
20,191 (73.8%)
117 (0.4%)

148 (0.54%)’
4,063 (15%)

3,779,361 (70.5%)
377 (0.01%)
3,736,007 (98.9%)
514 (0.014%)

36,615 (1.0%)

5848 (0.16%)

529 («<0.01%)
0

529 (100%)

0

0

0

4,613,742 (66.1%)
6499 (0.14%)
4,409,765 (95.6%)
1758 (0.04%)
158,069 (3.4%)
37651 (0.8%)

2,914 (0.04%)
182 (6.29%)
1,231 (42%)

22 (0.75%)

25 (0.9%)

1,454 (49.9%)

doi:10.1371/journal .pntd.0002701.1002

miR-277 and miR-3479-3p may improve sensitivity of S. manson:
diagnosis compared to analysis of individual miRNAs.

Discussion

The recent evidence that miRNAs can be released into
circulation from mammalian cells and tissues has stimulated
extensive interest in the potential use of these molecules as non-
invasive biomarkers [31,32,57). MiRNA-based diagnostics are
being developed for a number of diseases and although qRT-PCR

This does not include 42 reads identical to sja-miR-277 that contain 1 nucleotide mismatch to S. mansoni draft genome.

is the most common detection method at present, there is extensive
interest in improving and diversifying detection technelogies,
which may provide more field-friendly tools. Since miRNAs have
been shown to be extremely stable in body fluids [27,30,69], we
anticipate that these nucleic acids could be particularly useful as
diagnostics in field settings where collection and storage conditions
can be difficult to control. Here we find that miRNAs derived from
the helminth parasite S. manson: are present in infected mouse and
human serum and offer advantages over endegencus miRNAs as
biomarkers of infection. Specifically, we find 9 known miRNAs

Table 3. Parasite-miRNAs in serum of mice infected with S. mansoni identified by deep-sequencing.

sma-miR-71a-3p UGAAAGACGAUGGUAGUGAGAU

S_mansoni.Chr_W:22875670..22875724:+

Name miRNA sequence {5'-3') Precursor Location Reads®
sma-miR-n2 UCAGCUGUGUUCAUGUCUUCGA S_mansoni.SC_0170:285549..285631:- 66
sja-miR-277" UAAAUGCAUUUUCUGGCCCGUA Inferred from sja-miR-277 in miRBase 42
sma-bantam UGAGAUCGCGAUUAAAGCUGGU S_mansoni.SC_0137:369450..369509:+ 37
sja-miR-2162-3p UAUUAUGCAACGUUUCACUCU S_mansoni.SC_0049:36195..36251:+ 29
sma-miR-3479-3p UAUUGCACUAACCUUCGCCUUG S_mansoni.Chr_4.unplaced.SC_0032:1561293..1561349:- 16
sma-miR-n1 AACUCAGUGGCCUAUCGGY S_mansoni.Chr_1:18109172..18109229:- 9
sma-miR-n3 UGGCGCUUAGUAGAAUGUCACCG S_mansoni.Chr_3:22962153.22962218:+ 7
sma-miR-10-5p AACCCUGUAGACCCGAGUUUGG S_mansoni.Chr_4:19959278..19959336:- 4
sma-miR-2a-3p UCACAGCCAGUAUUGAUGAAC S_mansoni.Chr_W:22875762..22875816:+ 3
5.ma-|et-7-3p3 CAUACAACCGACUGGCUUUCC S_mansoni.Chr_7:5118795..5118860:+ 2
2

*The 3p arm of sma-let-7 is not annotated in mirbase.
doi:10.1371/journal pntd.0002701.t003
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"The nucleotide which does not match the S. mansoni draft genome is shown in bold;
2Reads in combined infected samples (compared to a combined total of 930,209 mouse miRNAs in the same samples, Table 1);
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Figure 3. Predicted stem-loop structures of the S. mansoni miRNAs identified in this study. The mature sequence that was identified in

serum is shown in bold.
doi:10.1371/journal.pntd.0002701.g003

and at least 2 novel putative miRNAs derived from §. manson: that schistosome endemic areas. These represent a direct marker for
are present in the serum of infected mice. The read counts of some infection and may also provide an indirect marker for the
of these are very low (between 2 66 reads per 930,209 mouse pathology induced by infection. Notably, a study published after
miRNAs reads) and will require further validation with better submission of this manuscript identified 5 miRINAs derived from

coverage. However, we show that three of these miRNAs (bantam, S. japowcum in the plasma of infected rabbits and 3 of these
miR-277, mirR-3479-3p) can be detected in human serum from are identical or homologous to those identified here: bantam,
bantam miR-3479-3p
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Figure 4. Detection of parasite-derived miRNAs in mouse serum during S. manson/ infection. miRNAs were quantified by qRT-PCR,
normalized to a synthetic RNA spike-in and fold change calculated as the ratio of abundance in infected serum compared to the background
abundance level detected in naive serum, which represents the noise in the assay likely derived from cross-hybridization with endogenous small
RNAs (*p<<0.05, *p<<0.01, **p<0.001, ****p<<0.0001).

doi:10.1371/journal.pntd.0002701.g004

PLOS Neglected Tropical Diseases | www.plosntds.org 9 February 2014 | Volume 8 | Issue 2 | e2701

169



Table 4. Piida study participants.
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Table 5. Chiredzi study participants.

Characteristic Egg-negative {(n=10) Egg-positive (n=20)

Characteristic Egg-negative (n=9) Egg-positive (n=5)

Age (range) 33.1 (17-48)
Sex (F/M) 5/5

24.2 (7-56)
9/11

S.mansoni status {(epg & 0 1117 (105-4030)

range)

Age (range) 10.67 (8-11) 10 (9-11)
Sex (M/F) 6/3 2/3

S.mansoni status (epg & 0 108 (39-277)

range)

doi:10.1371/journal pntd.0002701.t004

miR-3479-3p and miR-10-5p [70], providing independent vali-
dation for the presence of trematode miRNAs in the serum of
infected animals. Here we demonstrate small RNAs derived from
a helminth parasite are also present in patient serum, and provides
a starting point for developing more field-friendly methods for

doi:10.1371/journal.pntd.0002701.t005

their detection. This work also extends a burgecning area of
research detailing “foreign” small RNAs in body fluids. Zhang et
al,, (2012) recently reported that the plant miRNA, miR-168a, is
present in human and animal serum and demonstrated that this
derives from a rice diet [37]. Wang et al., (2012) recently reported
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Figure 5. Discrimination between the S. mansoni infected and uninfected individuals using parasite-specific miRNA detection.
miRNAs were quantified by gRT-PCR, normalized to a synthetic RNA spike-in and fold changes calculated as the ratio of infected to uninfected
(median with interquartile range indicated). Piida- panel A, Chiredzi- panel B. Specificity and sensitivity and ROC curves with AUC are indicated.

(*p<<0.05, *¥p<<0.01).
doi:10.1371/journal.pntd.0002701.9005
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that a wide range of exogenous RNAs can be found in human
plasma, including small RNAs derived from bacteria and fungi [71].
From our results is not yet clear whether the miRNAs identified in
serum are actively secreted from the parasite and how they are
stabilized, since serum contains high amounts of RNases [72,73].
From the time course analysis presented here, schistosome-derived
small RNAs were reliably detected in serum by 8 weeks post
infection, after deposition of the eggs in the liver (Fig. 4 and Fig. S4).
At present, we cannot determine whether these RNAs derive from
the adult worms or the eggs; further i wifro and i viwvo studies will
shed light on this issue, which is relevant to diagnestic applications,
for example the capacity to detect pre-patent infection.

It is intriguing to think that existence of these miRNAs outside
the parasite has a function, but this is beyond the scope of the
current analysis. Given the short size of miRINAs and the fact that
they do not require perfect complementarity with their targets, one
could predict hundreds of possible targets in the host. Interestingly,
Xue et al. (2008) showed that three of the miRNAs that we find in
serum (sja-bantam, sja-miR-7] and sja-let-7) are expressed during
all the stages of parasite development but are enriched in the
cercariae, suggesting that they may be important during the initial
stages of schistosome infection [65]. The bantam miRNA has been
implicated in regulating organ growth in response to environmen-
tal conditions in Drosophile as well as C. elegans [74,75] but
functional homologues of bantam do not exist in mammals.

An initial objective in this study was to identify host miRNAs that
may be involved in liver pathology associated with S. manson:
infection and to then determine whether these hold any diagnostic
value. A number of reports have demonstrated an increase in miR-
122 and miR-192 in plasma or serum upon viral infection as well as
chemically induced liver disease [54,56]. However, according to our
analysis, although miR-192, miR-122 and miR-194 were down-
regulated in the liver during infection, their levels in serum did not
change significantly (Fig. 1 2). In contrast, the miRNAs up-
regulated in the liver (miR-199-3p, miR-199-5p, miR-21, miR-214
and miR-210) showed significantly higher levels in mouse serum at
12 weeks post infection (Fig. 2), however these failed to differentiate
S. mansons infected from uninfected humans (Fig. S4). It should be
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noted that in addition to significant liver disease, pulmonary and
intestinal complications can also occur during S. manson: infection
that could also contribute to serum miRINA levels [45,76]. Related
to this, a possible limitation in the use of endogenous miRNAs as
biomarkers is the fact that their differential abundance in serum can
derive from multiple cell types and can also be attributed to
unrelated conditions [59]. Although the diagnostic value of these
host miRNAs in serum is therefore not obvious, our work provides a
foundation for further research into the functional role of these
miRNAs in §. mansoni pathogenesis. Interestingly, our results do not
overlap with those reported by Han et al., (2013) who examined
changes in host miRNA levels in the liver of BALB/c mice during S.
Japoricum infection. We assume this may be due to the very early
time peint (10 days post infection) used in their study. Indeed, it is
likely that the host miRINA changes we observe are primarily related
to the liver pathology and/or the immune response initiated by the
parasite eggs trapped in the liver, rather than the initial host
immune response to the schistosomula. Several of the miRNAs we
identify as differentially expressed are already known to be
associated with liver fibrosis or disease in other, non-helminth,
settings [49,50,77,78]. The functional role of the miRNAs in the
patholegy induced by §. manson: infection remains to be determined.
Future work in this area will shed light on the molecular basis of
patholegy and may offer innovative new therapeutic strategies.
Importantly, we report here that parasite-derived miRNAs can
be detected in human serum and can distinguish ‘egg-negative’
from ‘egg-positive’ individuals in areas of both low and high
infection intensity. By combining data for miR-277, miR-3479-3p
and bantam we detected infection with a sensitivity of 80 90%
and specificity of 80 89%. We anticipate that this may be
improved further by optimizing isolation protocols, probe design
and more robust methods for normalizing the data, for example to
identify appropriate endogenous small RNAs that could be used as
controls, rather than synthetic spike-ins [79]. The main limitation
of miRNA detection in serum appears to be cross-hybridization of
the probes with endogenous small RNAs, which influences the
signal to noise ratios. In particular, we report the finding that the
majority of small RNAs in mouse serum are derived from tRNAs
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(Table 2), consistent with a recent study [80]. It is possible that
depletion of these tRNAs prior to gRT-PCR may improve the
specificity or sensitivity of miRINA detection; this requires further
investigation. In addition, one of the parasite-derived miRNAs
identified by sequencing, miR-2162-3p could not be validated by
qRT-PCR, likely owing to its low GC content (33%). Optimiza-
tion of probe design for the parasite-derived miRNAs may also
greatly increase their diagnostic utility in larger scale studies in
human patients. On this note, the work presented here was
performed on a relatively small number of individuals. Following
further optimization of the extraction methods and probe design to
minimize cross hybridization and sensitivity, larger studies will be
important to assess the full potential of the proposed miRNA
biomarkers, including positive and negative predictive values in
comparison to existing techniques. It will also be of interest to
determine the origin of these parasite-derived miRNAs and
examine their abundance levels in response to treatment. We
anticipate that the parasite miRNAs in serum could complement
or transform existing diagnostic strategies and may serve as a
platform for detecting a range of helminth infections.

Supporting Information

Figure 81 Volcano plot of miRINA microarray data comparing
miRNA expression levels in mice infected with . mansoni compared
to naive mice. The horizontal line indicates a p-value cut-off of 0.05
and vertical lines indicate fold change thresholds of 2.

(EPS)

Figure 82 Expression of miR-16 in liver and serum over the
time course of S. manson: infection. miRNAs were quantified by
qRT-PCR, relative change was calculated as 27" (for liver
samples) or 27" (for serum samples) and fold changes were
calculated as infected to naive ratio.

(EPS)

Figure 83 §. manson: egg counts in the livers of mice over the
course of infection.
(EPS)

Figure 84 Abundance of host miRNAs in serum of S. manson:
egg-positive and egg-negative individuals. miRNAs were quanti-
fied by qRT-PCR, nermalized te a synthetic RNA spike-in and
fold changes calculated as the ratio of infected to uninfected
individuals. Piida- panel A, Chiredzi- panel B.

(EPS)

Figure 85 Discrimination between the S. manson: infected and
uninfected patients using the miRINA-score. Dot plot comparing
cumulative (bantam, miR-277 and miR-3479-3p) miRNA-score
between §. mansom: egg positive and negative participants (median
with interquartile range indicated) and ROC curves (Piida- panel
A, Chiredzi-panel B) (**p<0.01).

(EPS)

Table 81 miRNAs that are dysregulated in the liver upon
S.manson: infection as determined by microarray analysis (p<<0.05,
fold change =2).
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o<l Abstract

rf miRNAs (microRNAs) are a class of small RNA that regulate gene expression by binding to mRNAs and
p T modulating the precise amount of proteins that get expressed in a cell at a given time. This form of
2 (Y gene regulation plays an important role in developmental systems and is critical for the proper function

i_

of numerous biological pathways. Although miRNAs exert their functions inside the cell, these and other

classes of RNA are found in body fluids in a cell-free form that is resistant to degradation by RNases. A

broad range of cell types have also been shown to secrete miRNAs in association with components of the
RISC (RNA-induced silencing complex) and/or encapsulation within vesicles, which can be taken up by other
cells. In the present paper, we provide an overview of the properties of extracellular miRNAs in relation to
their capacity as biomarkers, stability against degradation and mediators of cell-cell communication.

Introduction

Mandel and Métais first described the presence of extra-
cellular nucleic acids in human plasma in 1948 [1]. The
concept of extracellular RNA emerged in a different context
in the 1970s, when Kolodny et al. [2,3] showed that RNA is
transferred between fibroblast cells iz vitro and Stroun et al.
[4] demonstrated that highly methylated RNA is secreted by
diverse cell types through a process not associated with cell
death. Inparallel, arange of reports in the 1960s suggested that
RNA from one tissue (e.g. liver) could induce tissue-specific
expression in other cell types [5], although the mechanisms
surrounding this phenomenon were never described. The
recent discovery of RNA encapsulation within extracellular
vesicles [6] is consistent with some of these earlier studies and
provides a framework for conceptualizing RNA transport
in mammals. At present, however, there is little connection
between secretion and uptake of RNA observed i vitro and
the meaning of RNA in systemic circulation. In the present
paper, we highlight some of the key issues surrounding
the biological and medical meaning of extracellular miRNA
(microRNA).

www.biochemsoctrans.org

miRNA classification

Several classes of small RN A have been identified in animals,
fungi and plants which play diverse roles in gene regulation
and genome defence (reviewed in [7]). The defining features
of a small RNA include its origin and interaction partners. In
the present paper, we focus on miRNAs, which are derived
from stem—loop structures located within the introns or exons
of coding genes or transcribed from ‘intergenic’ regions of the

Key words: extracellular small RNA, microRNA (MIRNA), RNA, RNA-induced silencing complex
(RISC)

Abbreviations used: Ago2, Argonaute 2; AMI, acute myocardial infarction; HDL, high-
density lipoprotein; HMEC-1, human microvascular endothelial cell 1; miRNA, microRNA; MVB,
multivesicular body; NPM1, nucleophosmin; nsMase2, neutral sphingomyelinase 2; RISC, RNA-
induced silencing complex; snRNA, small nuclear RNA; UTR, untranslated region.
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genome. In animals, the stem—loop structures are processed
by Drosha in the nucleus, followed by Dicer in the cytoplasm,
resulting in a ~22 nt duplex RNA (reviewed in [8]). One
strand of this duplex is incorporated into RISC (RNA-
induced silencing complex), which binds to mRNAs at
specific sites with base-pair complementarity to the miRINA;
generally these sites are located in the 3-UTR (untranslated
region) of the mRNA [9]. The interactions of the miRNA and
mRNA within RISC leads to destabilization of the mRNAs
and/or inhibition of translation [9]. Currently, 1921 mature
human miRNAs have been annotated in miRBase version 18
[10], each of which s predicted to target hundreds of mRNAs
[9]. Given the vast scope for combinatorial regulation of
targets, it is difficult to find a cellular pathway not regulated
at some level by a miRNA. Indeed, the majority of protein-
coding genes contain miRNA-binding sites under selective
pressure [11] and misexpression of miRNAs is associated
with many disease processes, encompassing all cancers, as well
as metabolic, cardiovascular, neuronal and immune-related
diseases [12].

miRNAs as extracellular biomarkers

The first evidence that miRNNAs exist outside cells was
reported by Valadi et al. [6] in 2007, who showed that
exosomes secreted by mast cell lines contain both mRNA
and miRNA. In parallel, several reports in 2008 demonstrated
that miRNAs are present in a cell-free form in human
and mouse serum [13-16]. Given the numerous associations
between miRNAs and disease, their presence in blood
has sparked enormous interest in using them as non-
invasive biomarkers [17]. However, the actual composition
of extracellular miRNAs in blood is likely to derive from
a variety of cell types and factors dictating secretion of
RNA are not yet known (discussed further below). Tissue
injury appears to be one pathological state that leads to
differential expression of specific miRNAs in blood. Wang
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et al. [18] demonstrated that the liver-specific miRNA miR-
122 is elevated ~500-fold in mouse plasma following liver
injury by acetaminophen overdose. Others have reported
increases in miR-122 levels in human serum following
liver damage induced by acetaminophen [19] or hepatitis
B infection [20]. Differential expression of extracellular
miRNAs is also associated with AMI (acute myocardial
infarction). Cheng et al. [21] reported a transient 200-fold
increase in the level of 72iR-1 in rat serumat 6 h after AMIand
a similar increase in human serum taken within 24 h of AMI.
Whether m:R-122 and miR-1 are released during cell death
and/or there is specificity in the secretion of these miRNAs
is unknown. Both of these miRNAs are highly abundant and
tissue-specific [22], which might be essential criteria for any
good miRNA biomarker, since many cell types can secrete
miRNAs into circulation [23].

Beyond tissue injury, miRNA changes in serum or
plasma are also associated with different cancers (reviewed
in [24]). Mitchell et al. [14] used a mouse xenograph
model with human prostate cancer cells expressing human-
specific miRNAs (miR-629% and miR-660) to demonstrate
that tumour-derived miRNAs enter the circulation and are
detectable in plasma [14]. They also observed a 46-fold
elevation in 7m2:R-141 in the serum of patients with prostate
cancer and reported 60% sensitivity and 100% specificity
in detecting individuals with cancer. Ironically, miR-141 in
human plasma was first reported in association with
pregnancy; this miRNA is enriched in the placenta, increases
in maternal plasma with gestational age and falls off
significantly 24 h after delivery [16]. Clearly, prostate cancer
and pregnancy would not be examined in the same individual,
but these examples highlight the complexity of using
circulating miRNAs as biomarkers. Further understanding
of when, where and how miRNAs are released or secreted by
different cell types will guide investigations into their capacity
as biomarkers.

Who else is out there?

Analyses of small RNA content in bodily fluids has been
largely directed toward miRNAs, given their tissue-specific
expression, the precedence for their differential expression
in disease, and existing commercial interest [25]. However,
other classes of small RNA have also been detected in the
extracellular environment: the 3'-end fragments of rRNAs
and tRNAs are detectable in human milk [26] and Ué
snRNA (small nuclear RNA) is up-regulated in the sera
of cancer patients [27]. It is therefore possible that various
small RNAs exist in an extracellular form that may be of
diagnostic or biological interest. Interestingly, studies in the
1970s suggested that much of the RNAs secreted by cells
were small (sedimenting between 2.5 and 4 S) and highly
methylated [4]. It is possible that miRNAs are not the only,
or even the most interesting, player in the extracellular space.
Existing sequence datasets from human serum and plasma
suggest that miIRNAs dominate the small RNA fraction (40-
96% of reads), but in some cases, a significant proportion of
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reads map to rRNA (3-56%) or tRNA (11-51%), with <1%
mapping to snoRNA (small nucleolar RNA) and snRNA
[14,15,28,29]. However, in most publications, only those
reads annotated as miRNAs are reported, and it should be
noted that rigorous controls/standards for contamination
of cellular RNA have not yet been defined. On the other
hand, the extracellular environment is known to be full of
RNases, and a key question in interpreting the meaning
of any extracellular RNA is how and why it is stabilized.

The extracellular environment

miRNAs have been found in various body fluids, including
serum, plasma, saliva, tears, urine, amniotic fluid, colostrum,
breast milk, bronchial lavage, cerebrospinal fluid, peritoneal
fluid, pleural fluid and seminal fluid [30]. Yet, highly stable
RNases are an abundant component of these fluids; the
concentrations of RNases in human serum or plasma are
estimated at several hundred nanograms/ml, and can be
elevated in cancer patients [31,32]. Consistent with this, Tsui
et al. [33] showed that synthetic RNA is degraded in less
than 5 s when incubated with human plasma, yet they found
that mRNAs present in serum and plasma are stable for
many hours. Further studies (before analysis of miRNAs)
have confirmed this apparent RNA stability: mRNA in
plasma is not degraded by RNase-A/T, RNase H or DNase
[34], arguing against the possibility that it is stabilized by
association with DNA [4]. A range of reports have shown
similar results with miRNAs, and researchers have gone on
to test the extremes of miRNA stability in serum and plasma
using long periods at room temperature, freeze-thawing,
exposure to boiling and different pHs [14,15,35]. These and
other investigations suggest that a large component of the
RNA found in fluids is extremely stable. On the other hand,
pre-treatment of serum or plasma with detergents (e.g. Triton
X or SDS) makes mRNAs susceptible to degradation by
RNases [33,34], and miRNAs secreted from THP-1 cells
similarly lose protection following treatment with detergents
[36]. As postulated by many researchers since the 1970s, it
appears that at least one mechanism for the extracellular
stability of RNAs is the natural encapsulation of these
molecules in vesicles [37].

Stability and function of extracellular RNA

Vesicles are secreted by many (if not all) cell types and have
been detected in body fluids through density sedimentation,
electron microscopy and analysis of specific markers on their
surfaces. Owing to a lack of precise nomenclature, many
terms are used to describe extracellular vesicles, including
microparticles, microvesicles, exosomes and membrane
particles; in the present paper, we refer to exosomes,
apoptotic bodies and shedding microvesicles as defined in
a recent review [38]. The term exosome defines vesicles
~40-100 nm in diameter, of endocytic origin, derived from
MVBs (multivesicular bodies) that fuse with the plasma
membrane [39]. Shedding microvesicles are ~100-1000 nm
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Figure 1| Diverse origins of stabilized extracellular miRNA
Extracellular miRNAs are protected from degradation by RNases through encapsulation within exosomes, shedding
microvesicles and apoptotic cells. They have also been identified in lower-molecular-mass complexes bound to Ago2,
NPM1 or HDL.
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in diameter and derive directly from cell membranes by Before it was known that RNA was contained within
budding. Apoptotic bodies are ~50-5000 nm in diameterand  secreted vesicles, numerous studies have demonstrated im-
are membranous vesicles shed from the plasma membranes  portant functions of exosomes in cell-cell communication, in
of dying/apoptotic cells via blebbing. A description of particular in neuronal and immune signalling (reviewed in
the biogenesis and distinguishing features of these vesicles  [42]). On the basis of the work cited in the present paper,
is summarized in [38]. Of interest is the fact that RNA it seems likely that RNAs within these vesicles could be
has been identified in vesicles (cartoon in Figure 1) and involved directly in altering the functional properties of
specific small RNAs are enriched in vesicles in relation to  recipient cells. However, the actual mechanisms governing
the pool of intracellular small RNA [6,40]. Furthermore, specificity, in terms of which RNAs are selectively packaged
various reports suggest that vesicular miRNAs are a medium  into vesicles, remain unknown. Given the short length
for cellcell communication. For example, miR-150 is of a mature miRNA, there are limited cis-acting elements
selectively packaged into exosomes secreted by THP-1 cells ~ within the sequence to dictate specificity. However, it is
(a human acute monocytic leukaemia cell line), which are  possible that miRNA-interaction partners could somehow
taken up by HMEC-1 cells (a human microvascular endo-  be involved in localization of miRNAs for export. Gibbings
thelial cell line). Increased concentrations of miR-750 in et al. [43] demonstrated that exosomes secreted from
HMEC-1 cells leads to down-regulation of miR-150 targets, monocytes contain components of the RISC machinery,
including the transcription factor ¢-Myb, resulting in including Ago2 (Argonaute 2) and GW182, which co-migrate
enhanced cell migration [36]. Functional transfer of RNA  with endosomal-MVB fractions in density gradients [43].
between cells also occurs through apoptotic bodies: miR- miRNA-RISC silencing activity is also enhanced when MVB
126 is the most abundant miRNA in endothelium-derived  turnover is impaired and MVBs positively regulate RISC
apoptotic bodies generated during atherosclerosis and canbe  loading [44]. However, to date, there is no experimental
transferred and takenup by vascular cells [41]. Using avariety  support for a mechanism whereby specific miRNAs are
of controls, including apoptotic bodies from cells derived loaded into MVBs for secretion; neither is it known how
from miR-126 '~ mice, Zernecke et al. [41] demonstrated  specificity is achieved in apoptotic bodies and shedding
that the uptake of miR-126 is responsible for the down- microvesicles.
regulation of its target, RGS16, an inhibitor of G-protein-
coupled receptors. Regulation of RGS16 by miR-126 leads to
an increase in CXCL12 (CXC chemokine ligand 12), which Non-vesicular extracellular miRNA
causes mobilization of progenitor cells and incorporation  The studies cited above support the existence of miRNA-
into plaques, conferring protective effects in diet-induced  containing vesicles, but this may not be the most prevalent
atherosclerosis [41]. form of extracellular miRNA. Several reports suggest that
©2010 The Author(s)
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a substantial fraction of extracellular miRNAs are not
encapsulated within vesicles, but are protected against
RNase digestion by association with proteins. Wang et al.
[45] showed that miRNAs secreted by A549 and HepG2
cells associate with RNA-binding protein nucleophosmin
(NPM1), a multifunctional histone-binding protein. On the
basis of size-exclusion chromatography, Arroyo et al. [46]
reported that the majority of plasma miRNAs (~90%) are
present as Ago2-miRNA complexes not contained within
vesicles. They showed further that these miRNAs become
susceptible to RNase digestion following proteinase K
treatment of plasma [46]. Similarly, Turchinovich et al. [47]
showed that the majority of miRNAs found in human plasma,
as well asthose secreted from the MCFE7 breast cancer cell line,
are associated with Ago2, but exist ina form that is <300 kDa.
The authors suggested that the high proportion of Ago-
miRNA may represent by-products of dead cells, since
Ago—miRNA complexes are known to be extremely stable
within cells [47]. However, Ago2 is also present within
exosomes [36,43], and it may be that some of the Ago2-
RNA complexes identified derive from vesicles, potentially
damaged during purification. Another study has shown
that specific miRNAs are complexed to HDL (high-density
lipoprotein) in serum, and this also protects miRNAs from
degradation and mediates transport into recipient cells [48].
The mechanisms controlling which export/import pathways
are active in a cell are unknown. However, exosome release
is blocked by inhibiting nSMase2 (neutral sphingomyelinase
2), an enzyme involved in ceramide biosynthesis [49].
Interestingly, inhibition of nSMase2 actually increases the
export of miRNAs by HDL [48], suggesting distinct
mechanisms and/or competition in the export pathways.
Further research is required to understand the mechanisms
dictating specificity in the secretion and uptake pathways.
Nonetheless, the capacity to mimic and exploit these natural
RNA-transport vehicles, whether they be vesicles or protein
co-factors, has exciting implications for therapeutic RNA
delivery [50].

The extracellular communicator hypothesis
revisited

In a hypothesis paper in 1988, entitled “Extracellular
‘communicator RNA’”, Steven Benner proposed that RNA
could be involved in cellcell communication as a short
distance messenger [51]. He based this on the fact that
extracellular fluid is full of proteins with RNase activity,
as well as RNase inhibitors, and the balance between these
molecules is associated with disease conditions including
cancer and angiogenesis. We are now aware of even more
secretory RNase-like proteins with functions in innate and
acquired immunity [52]. One might expect, as Benner
proposed [51], that it is the substrates of extracellular RNases,
Le. extracellular RNA, that are important. However, all of the
examples cited in the present paper suggest that extracellular
RNA is protected from RNases through association with

© 2010 The Author(s)
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proteins and/or encapsulation within vesicles. It is therefore
possible that we have just scratched the surface inunderstand-
ing the functions of short- or long-lived extracellular RNAs,
and the meaning of the numerous RNase-like proteins that
have evolved in different species [53].
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