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Abstract

Asbestos and arsenic are human carcinogens. Exposure to asbestos, a group of mineral fibers
used in construction materials and daily-use products, has been directly associated with the
development of mesothelioma and lung cancer (LC). Arsenic can contaminate drinking water,
resulting in >200 million individuals worldwide at increased risk of developing LC, amongst
other diseases. The molecular damage induced by these carcinogens accumulates during our
lifetime, even before birth; however, early damage is masked by the time of disease diagnosis.
Thus, there is a need for markers that inform about tissue-specific etiology and increased risk of
developing environmentally-induced cancers.

Small non-coding RNAs (sncRNAs) are key regulators of gene expression. Their potential as
biomarkers have been studied in a variety of malignancies, including mesothelioma and LC. The
use of next-generation sequencing (NGS) has enabled the discovery of novel sncRNAs with an
enhanced tissue-specificity, which makes them candidates for tissue-specific markers. Similarly,
the sncRNA expression pattern in organs that determine human development, such as the
placenta, is relevant as the effects of environmental exposures can occur before birth and are
determined by the unique features of the placenta genome and epigenome.

Here, we aim to define if human tissues express specific sets of previously-uncharacterized
sncRNAs in response to environmental carcinogens and during fetal development. The two
underlying hypotheses for this work are: i) mesothelioma tumours express previouslyunidentified sncRNA in a tissue-specific manner, which can be exploited as tissue-of-origin
iii

markers, and ii) sncRNA expressed in the human placenta have a specific expression pattern,
different from other organs. To test these hypotheses, we have analyzed sncRNA sequencing
data derived from mesothelioma and lung tumours as well as from human placenta samples to
perform an unbiased analysis of its sncRNA transcriptome and to define unique features. Finally,
we also investigated the temporal changes in sncRNA expression in lung cell models induced by
chronic exposure to arsenic, as future directions for developing markers to identify arsenicinduced molecular damage. Collectively, the results from this work will contribute to
understanding the molecular mechanisms mediated by sncRNAs during environmentally-induced
molecular damage, as well as their role in the human placenta.
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Lay Summary

Environmental contaminants, such as asbestos and arsenic, can cause cancer decades after
exposure. It is important to define if tumours, when diagnosed, are associated with past
exposures to carcinogens. Exposure can occur before birth and accumulates over time, so it is
important to identify changes occurring during development in key organs, such as the human
placenta. Here, we use sequencing technologies to detect novel genes in mesothelioma and the
human placenta. We have also tested future implementation by assessing changes in these genes
over time when exposed to arsenic. We discovered that these novel genes can aid in the
diagnosis of mesothelioma and can also play a role in the specific functions performed by the
placenta. Moreover, we obtained promising results regarding the use of these novel genes to
monitor the molecular damage induced by arsenic in the lungs. Together, these discoveries are
potential tools to aid in the diagnosis of cancers induced by environmental carcinogens.
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Chapter 1: Introduction

1.1

Environmental Carcinogens: Asbestos and Arsenic

The International Agency for Research on Cancer (IARC), a global reference for human
carcinogens, has categorized 120 natural and human-made agents as carcinogens, and almost 400
of them are classified as “probably” or “possibly” carcinogenic [1]. Not all compound represents
the same threat to the health of human populations [2]. Some carcinogens, such as asbestos and
arsenic, pose significant risks due to its ubiquitous presence in our environments [3].

Asbestos are a group of naturally occurring mineral fibres, including chrysotile (the most
common form), amosite, crocidolite, anthophyllite, and tremolite/actinolite [4]. Asbestos fibers
have been used in a variety of products, including talcum powder, brake pads, and construction
materials. A significant number of houses built before 1990 in North America are likely to
enclose any of the 3,000 asbestos-containing construction products. Exposure to any type of
asbestos fibers and other asbestos-like compounds (e.g. erionite, carbon nanotubes, and fluoroedenite) have been associated with the development of different types of tumours, including lung
cancer (LC) and mesothelioma. As a result, the IARC has classified all forms of asbestos as
carcinogens to humans [4].

Arsenic is one of the most abundant elements in Earth’s crust [5]. It can contaminate
groundwater supplies by leaching from surrounding rocks. As a result, more than 200 million
individuals are exposed to potentially hazardous levels of arsenic because of contamination of
their drinking-water sources [6]. In Canada, the residents on the east coast are estimated to be at
1

an increased risk of urinary tract cancers as a result of exposure to arsenic in drinking water
(AsDW) [7]. Additionally, mining activities in western Canada have resulted in the accumulation
of arsenic in the ground, which has subsequently reached terrestrial and aquatic environments [8,
9]. Exposure to AsDW has been associated with increased risk of skin, bladder, liver, and LC
[10].

1.2
1.2.1

Asbestos and arsenic exposure health burden: Mesothelioma and lung cancer
Mesothelioma

Mesothelioma is strongly associated with the exposure to asbestos (approximately 80% of cases
arise from exposure to these fibers) [11, 12]. It is characterized by a rapid local spread and poor
patient outcome (5-year overall survival is 7%) [11, 13-15]. The pleural membranes (mesothelial
structures lining the lungs and the inside of the thoracic cavity) are the most frequent target site
of mesothelioma; however, other membranes, such as the peritoneum, pericardium, and the
tunica vaginalis are also affected [14]. Malignant pleural mesothelioma (MPM) account for 70%
- 80% of all mesothelioma cases, followed by peritoneal mesothelioma (~25% of cases) [14].
MPM is characterized by a significantly long latency period. In some cases, first symptoms have
been described to occur up to 40 years after exposure [16].

MPM can be classified into three histological variants: i) epithelioid, ii) sarcomatoid, and iii)
mixed/biphasic. Epithelioid mesothelioma is mainly composed of epithelioid cells and accounts
for ~70% of the cases. Sarcomatoid mesothelioma is the least common subtype and is comprised
of cells with characteristic spindle morphology. Biphasic mesotheliomas are composed by a mix
of epithelioid and sarcomatoid cells [14, 15]. The histologic subtype at the time of diagnosis has
2

been one of the most consistent factors in predicting survival. The survival rate for the
epithelioid tumours is considerably better than the other two subtypes, and most of the treatment
options have shown positive results specifically on this subtype [17, 18]. Sarcomatoid is the most
aggressive subtype, and patients have a considerably shorter life expectancy. For patients
diagnosed with a biphasic pattern, prognosis and treatment options depend on the predominant
cell type identified.

The pleural cavity is a frequent metastasis site of lung and other tumours that occur in proximal
anatomical locations (e.g. breast) [19]. Distinguishing MPM from metastatic lung tumours,
particularly lung adenocarcinoma (LUAD), is a difficult task when there is no evidence or
records of past exposures to asbestos [19, 20]. Also, no single immunohistochemistry (IHC)
marker has sufficient sensitivity and specificity for detecting the mesothelial origin of tumour
cells [13, 21]. Hence, the International Mesothelioma Interest Group (IMIG) guidelines indicate
the use of an antibody panel including at least two mesothelial and two epithelial IHC markers
for clinical diagnosis of mesothelioma and identification of the tissue of origin [13, 19, 20, 22].
For example, calretinin, CK5/6, WT1, D2-40 (podoplanin), BAP1 and TTF1 allow for
histological distinction of mesotheliomas from lung cancer subtypes [23]. IHC markers perform
well in epithelial MPM; however, they provide low specificity and sensitivity in the sarcomatous
and desmoplastic subtypes. The distinction between MPM and tumour types has considerable
implications for treatment and patient outcome. Besides, accurate diagnosis of mesothelioma
also has relevant legal implications, since some patients may be subject of compensation.
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Despite the efforts to reduce the production and consumption of asbestos1, the global incidence
of mesothelioma has increased by 40% between 2005-2015 [24]. The banning of asbestos use is
mostly intended to control occupational exposure (e.g. asbestos mines workers); however, a
significant proportion of the general population is still at risk of non-occupational exposure, as
asbestos fibers remain in daily-use products. About 125 million people in the world are currently
exposed to asbestos at the workplace, and ~ 300 million people live in countries that have not yet
banned asbestos [25, 26]. In Canada, approximately 152,000 individuals are at risk of asbestos
exposure at their workplaces [27]. Non-occupational exposure to asbestos may explain about
20% of asbestos-related cases in industrialized countries [28, 29].

1.2.2

Lung cancer induced by asbestos and arsenic

Tobacco smoke is indisputably the main etiological agent involved in LC development; however,
approximately 25% of LC cases arise in individuals who have never smoked [30]. Exposure to
radon gas is the second most common cause of lung cancer in many countries; mainly due to
cellular damage through alpha decay into its radioactive progeny (218Po and 214Po) [10]. In
addition to radon, asbestos and arsenic are involved in the etiology of LC [3].

Between 5-7% of all LC cases worldwide have records of high levels of asbestos, determined by
the presence of pleural plaques (areas of fibrosis associated with accumulation of asbestos
fibers), or by detection of asbestos fibers in bronchoalveolar lavage and lung tissue [26, 31].

1

Fifty countries have banned the use of asbestos. Notably, some of the top producers and consumers of asbestos

(China, Russia, India, Brazil) have not yet applied a full ban. Canada’s asbestos ban (in effects since 2018) will not
prohibit mining activities and it does not apply to structures or products that already contain asbestos.
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Oxidative stress following asbestos exposure can activate several signalling pathways in the
lungs, which results in aberrant methylation, inhibition of apoptosis and increased proliferation,
amongst other effects (Figure 1-1). All of these pathways have been linked to increases in early
response genes (e.g., JUN and FOS) that govern cell proliferation, apoptosis, and inflammatory
signalling [32].

Exposure to AsDW results in respiratory symptoms, obstructive lung diseases, and LC [33-35].
Arsenic-induced malignant transformation of lung and other cells is mainly related to the
biotransformation process (Figure 1-2). Once ingested, inorganic arsenic (iAs) is solubilized
using methyl groups provided by S-adenosylmethionine (SAM), a universal cellular methyl
group donor [10]. Chronic exposure results in the depletion of the cellular pool of methyl groups,
inducing aberrant DNA hypomethylation and histone modification patterns [10, 36, 37].
Additionally, the methylated by-products derived from biotransformation, particularly those
containing mono- (MAsIII) and di-(DMAsIII) methylated trivalent arsenical species, display
significantly higher toxicity compared to iAs and produce genetic and epigenetic disruptions that
elevate cancer risk. Arsenic-induced lung tumours display a unique pattern of DNA and RNAlevel alterations [38-40]. The increased risk of LC associated with arsenic seems to be cancer
subtype-specific, as a high proportion of squamous cell carcinomas (LUSC) frequently occurs in
never smokers who have been chronically exposed to arsenic [41].

5

Figure 1-1: Molecular pathways involved in asbestos-related lung carcinogenesis
Asbestos-related carcinogenic effects mainly occur through the generation of reactive oxygen species (ROS).
Mainly, the generation of 8-oxo-2′deoxyguanosine results in G to T and C to A transversion amongst other forms of
DNA damage, triggering genomic stability, aberrations in cell growth dynamics, and numerous epigenetic
alterations. Figure adapted from [42], under Creative Commons Attribution License (CC BY 4.0).

6

Figure 1-2 : Arsenic biotransformation
Ingested arsenic (mainly on its pentavalent form, AsV) goes through a series of cycles of reduction, oxidation, and
methylation reactions. Pentavalent arsenic (AsV) is reduced to arsenite (AsIII), using glutathione (GSH) and
thioredoxin (TRX) as electron donors. To facilitate solubilization and further excretion, AsIII is methylated using SAdenosyl methionine (SAM) as a source of methyl groups resulting in the generation of arsenic species with higher
carcinogenic potential. Genetic alterations are primarily due to the generation of ROS and nitrogen oxidative species
(NOS), partially derived from arsenic-induced mitochondrial dysfunction. Epigenetic effects, such as changes in
DNA methylation patterns have been linked to the deprivation of SAM. It has also been shown that arsenic can
enhance the deleterious effects induced by exposure to UV-light.

7

1.3

Small Non-coding RNAs

Small non-coding RNAs (sncRNAs) constitutes the fraction of non-coding RNAs below 200
nucleotides in size. Different species of sncRNA have been described (Table 1-1); however, the
functional implications in humans have been mainly studied for microRNAs (miRNAs) and Pelement-induced wimpy testis (PIWI)-interacting RNAs (piRNAs) (reviewed in [43]). MiRNAs
and piRNAs have broad molecular roles, including regulation of gene expression, RNA splicing,
epigenetic processes and chromatin structure [44]. Beyond their molecular functions, sncRNAs
have proven clinical utility, due to stability in biofluids and formalin-fixed paraffin embedded
(FFPE) material [45, 46].

8

Table 1-1: Types of small non-coding RNAs
sncRNA species

Description

Size (nt)

Reference

miRNAs

Evolutionarily conserved, endogenous, single-stranded sncRNAs,
derived from endogenous short hairpin transcripts

18-25

[47]

piRNAs

Single-stranded ncRNAs; generated by a Dicer-independent mechanism;
uridine at the 5′ end, 5′ monophosphate, and 2′-O-methyl at the 3′ end

21-36

[48]

tRNAs and
rRNAs

“Housekeeping” RNAs. Take part of the translation process in
ribonucleoproteins

Small nuclear
Located in the splicing speckles and Cajal bodies; role in processing preRNAs (snRNAs) messenger RNA, regulation of transcription factors and telomeres

150

[49]

Small nucleolar Regulators of rRNA stability and function; some snoRNAs regulate gene
RNAs (snoRNAs) expression and silencing processes

60-250

[50]

Small interfering Involved in post-transcriptional gene silencing through the RISCRNAs (siRNAs) mediated degradation of mRNA targets

19-23

[51]

Generated by specific cleavage of tRNA transcripts;
(i) Stress-induced tRFs (31-40 nt): Repress translation and modulate
Transfer RNA
cellular stress-response; interact with AGO proteins to form complexes
Fragments (tRFs)
for RNA interference silencing
(ii) smaller tRFs (14-30 nt}: Interact with PIWI or AGO proteins

14-40

[52]

100

[53]

Y RNAs

Parts of the Ro ribonucleoprotein. Involved in DNA replication, RNA
stability and responses to stress

7SL RNAs

Component of the signal recognition particle (SRP) that mediates cotranslational insertion of secretory proteins into the endoplasmatic
reticulum lumen

[54]

Small NF90
Interact with NF90's double-stranded RNA-binding motifs and act as a
associated RNAs
transcriptional regulator
(SNaRs)

117

[55]

Vault RNAs
(vtRNAs)

100

[56]

Associated in large ribonucleoprotein particles (Vaults); essential for
intracellular trafficking
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1.3.1

miRNAs

MiRNAs are the most well-characterized family of sncRNAs. Its biogenesis involves a primary
miRNA (pri-miRNA) transcript cleaved by Drosha in the nucleus to generate a ∼60 nt precursor
miRNA (pre-miRNA) [57, 58]. The pre-miRNA is translocated to the cytoplasm, where it is
cleaved into mature (∼22 nt) miRNA molecules by Dicer [59]. Mature miRNAs regulate gene
expression by forming an RNA-induced silencing complex (RISC) with the Argonaute (AGO)
family of proteins [60]. Target mRNA sequences are regulated by the interaction between the
miRNA seed region (positions 2–7 at the 5’ end) and complementary sequences within the
3'untranslated region of the target transcript (3' UTR) [61].

Currently, there are > 2,500 human miRNA sequences annotated in miRBase, an established
source of cross-species miRNA sequences [62-65]. The growth in the number of annotated
miRNAs sequences is mainly driven by sequences that are evolutionarily conserved or exhibiting
high levels of expression in multiple human tissues. As a result, cell lineage- and tissue-specific
miRNAs, especially the less abundant sequences, may not necessarily be included in current
annotations. The advent of next-generation sequencing (NGS) technologies has enabled the
discovery of a significant number of miRNA sequences that have not been yet annotated. Recent
studies have demonstrated the existence of sequences that are exclusive or preferentially
expressed in certain human tissues and established that the expression pattern of these sequences
displays an enhanced tissue-specificity compared to the annotated miRNA sequences [44, 66].
Estimates indicate that these novel miRNAs sequences could contribute to at least double the
number of known miRNA sequences in human and eventually in other species [44, 66, 67]. The
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enhanced tissue-specificity of these novel sequences makes novel miRNAs sequences good
candidates for tissue-of-origin biomarkers.

1.3.2

piRNAs

PiRNAs (24-32 nt in length) were discovered and functionally characterized in germ cells [68],
where they are primarily involved in the epigenetic maintenance of genomic integrity through
the silencing of transposable elements (TEs) [69] (Figure 1-3). Biogenesis of piRNAs involves
the i) primary processing pathway and ii) the ping-pong cycle [70]. During the primary
processing pathway, transcripts derived from piRNA clusters (50–100 kb regions encoding for
piRNAs) are cleavage by PIWI proteins [71, 72]. Upon maturation, the 3′ ends of piRNAs are
methylated, which increases the stability and facilitates the interaction with PIWI proteins [7376]. The ping-pong cycle is initiated in the cytoplasm to produce secondary piRNAs. Secondary
piRNAs result from cleaved fragments of TE and are complementary to the first 10 nt. of a
primary piRNA [73]. This mechanism is responsible for the silencing of TE [70, 77].

PiRNAs accomplish their regulatory function through binding to PIWI proteins, resulting in the
formation of a silencing ribonucleoprotein complex that can recognize and silence
complementary DNA sequences [78] (Figure 1-3). In addition to their well-known
epigenetically-mediated mechanisms [79, 80], piRNAs can also act through a miRNA-like
transcript silencing mechanism in the cytoplasm to regulate gene expression [81-83]. Mounting
evidence has pointed to piRNA function not only beyond TE regulation but also outside germline
cells. Studies in Drosophila and mammals suggest a role in somatic gene expression and
epigenetic regulation performed by piRNAs [84-87]. In human somatic tissues, a fraction of the
11

piRNA transcriptome is expressed in a tissue-specific manner [88]. Moreover, the aberrant
expression of a subset of piRNAs has been identified in multiple myeloma, breast, gastric and
lung, amongst other cancer types (reviewed in [43]).

Figure 1-3: Mechanisms of piRNA action.
piRNAs associate with PIWI proteins in the cytoplasm, forming a ribonucleoprotein effector complex that can
recognize and bind to complementary target sequences on DNA both in the cytoplasm and nucleus. (A) When bound
to the target sequence, piRNA-PIWI complexes can recruit epigenetic remodelling machinery to repress
transcription by inducing DNA methylation in CpG islands nearby the target site. Figure adapted from [42], under
Creative Commons Attribution License (CC BY 3.0).
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1.3.3

sncRNA as biomarkers of environmental exposures

The expression of miRNAs has been explored as clinical markers for mesothelioma (Table 1-1).
The efforts have been focused on distinguishing normal mesothelial cells from MPM, or in
predicting patient outcome and response to therapy[89]. Notably, the expression of the miR-200
family of miRNAs has shown potential in distinguishing MPM from LUAD [90, 91]. The
clinical potential as tissue-specific biomarkers of miRNAs could be expanded by using NGS
technologies to previously-unannotated miRNA sequences whose expression is restricted to
MPM and thus contribute to overcoming limitations in the clinic, such as the differentiation
between mesothelioma and other malignancies that can metastasize to the pleural cavities.
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Table 1-2: MicroRNAs involved in the diagnosis and prognosis of mesothelioma

miR-29c*, miR-92a and
miR-196b, miR-625-3p

Type of
Marker
Early
Diagnosis
Early
Diagnosis

miRNA-16, miRNA-17,
and miRNA-486

Early
Diagnosis

MicroRNA classifier
miR-126

miR-200a*, miR-200b,
miR-203, and miR-205
miR-200c, miR-193a-3p
and miR-192

Diagnosis
Diagnosis

miR-103

Diagnosis

miR-103a-3p and miR30e-3p

Diagnosis

miR-34-b/c

Diagnosis

miR-126, miR-143, miR145, and miR-652

Diagnosis

miR-132-3p

Diagnosis

miR-197-3p, miR-1281
and miR-32-3p

Diagnosis

miR-21 and miR-126

Diagnosis

miR-29c*

Prognosis

miR-17-5p and miR-30c

Prognosis

miR-31

Prognosis

miR-31

Prognosis

miR-31

Prognosis

Impact on Malignant Mesothelioma
Patients
Low levels of miR-126 differentiate
MPM from healthy tissues and LUAD
Higher levels in the plasma of MPM
patients when compared to controls.
Downregulation in MPM and asbestosexposed patients when compared to
controls
Downregulation of the miR-200 family
differentiate MPM from LUAD
Expression pattern can distinguish MPM
from LUAD and other malignancies
Downregulation can differentiate MPM
patients from asbestos-exposed controls
Expression pattern is able to distinguish
MPM from asbestos-exposed patients
Increased methylated promoter DNA in
serum from MPM patients.
Downregulation differentiates MPM
from non-malignant pleura.
Differentiate MPM patients from the
asbestos-exposed controls.
Higher levels in serum samples of MPM
when compared to healthy controls.
Differentiate MPM from reactive
mesothelial cells in pleural effusions.
Increased expression is associated with
the epithelial subtype.
Downregulation is associated with better
outcome in sarcomatoid MPM.
Worse prognosis and shorter time to
tumour recurrence.
Upregulation is associated with
chemoresistance.
Lower expression is associated with
longer survival in sarcomatoid MPM

Reference
[92, 93]
[89]
[94]
[90, 91]
[90]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
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On the other hand, in vitro studies have demonstrated the deregulation of microRNAs after
arsenic exposure [107-119]. As observed in asbestos, decreased expression of members of the
miR-200 family correlated to malignant transformation observed in human bronchial epithelial
cells (HBEC) following chronic exposure to arsenic [120].

As mentioned above, one of the main carcinogenic mechanisms associated with exposure to
arsenic involves the alteration of DNA methylation status. Despite the role that piRNAs plays in
DNA methylation and others epigenetic functions, the changes in the expression of these
sncRNAs in human cells in respect to chronic exposure to arsenic have not yet been studied.
Elucidating these patterns of alterations and its temporal evolution will provide insights into the
underlying molecular mechanisms involved in arsenic-induced carcinogenesis and potential
applications of early alterations as biomarkers of arsenic-induced damage.

1.4

The Human Placenta: A Barrier for Protecting from Environmental Exposures

The human placenta plays critical roles during fetal development. It controls nutrient delivery to
the fetus, and it is also responsible for hormone synthesis and secretion during pregnancy, among
other vital functions [121]. Importantly, the placenta largely determines the environment to
which the fetus is exposed by establishing a barrier to protect the fetus from both internal and
external environmental injuries [121].

The highly-specialized functions of the human placenta are in part determined by its unique
epigenetic landscape [122-125]. Epigenetic regulation is critical to the placenta-specific
imprinted regions, such as the C14MC (14q32, aka DLK1-DIO3), C19MC (19q13.41) and the
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H19 loci [126]. Notably, several sncRNA, particularly miRNAs, are encoded on these imprinted
regions and are specifically or preferentially expressed in the placenta. PiRNAs are also encoded
and expressed in some of these regions [127]; however, their expression pattern in the placenta is
not yet characterized.

In humans, the expression of imprinted genes is controlled by placenta-specific differentially
methylated regions (DMRs) that are established either as “primary” (germline) imprints in the
female or male gametes or as “secondary” (somatic) imprints in embryonic development [128].
The specific mechanisms and temporal evolution of the imprinting process in humans have not
yet been fully elucidated; however, sncRNA have been shown to be controlled by imprinting as
well as to regulate this process.

1.4.1

piRNAs in development, imprinting and placenta

Specific DMR regions in the mouse genome, such as the long interspersed nucleotide element–1
(LINE1 or L1) retrotransposons require Dnmt3b, as well as PIWI proteins and piRNAs for de
novo methylation in the male germ line [129, 130]. Interestingly, the PIWI-piRNAs complex is
required for de novo methylation of the Rasgrf1 paternally methylated DMRs in mouse [131].
While the current knowledge about the mechanisms and dynamics of imprinting has been
determined almost exclusively using mouse models, the evidence from human studies suggests
that these processes are conserved [132, 133].
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1.5

Research Question, Objectives and Hypotheses

The research question underlying the work described in this thesis is: Do human tissues express
specific sets of previously-uncharacterized sncRNAs in response to environmental carcinogens
and during fetal development? The following specific aims were set to address this question:
1. To identify previously-unannotated miRNA sequences expressed in MPM and to assess
the potential of the identified novel sequences as a tissue-of-origin marker in
mesothelioma (Chapter 3)
2. To characterize the piRNA expression landscape in the human placenta and to determine
whether differential patterns of expression exist compared to germ cells and other human
somatic tissues (Chapter 4).
As future directions, I have also included results from a pilot project investigating the temporal
changes induced by chronic exposure to arsenic using human cell line models (Chapter 5).

The work presented here is based on the following hypotheses:
1. If MPM tumours expresses previously-unidentified miRNA sequences in a tissue-specific
manner, then the novel miRNA sequences could serve as tissue-of-origin markers
2. PiRNA sequences observed in the human placenta have a tissue-specific expression
pattern.
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Chapter 2: Methods

2.1
2.1.1

Samples
BC Cancer Agency lung tumours cohort

Fresh-frozen lung tumours and patient-matched non-malignant lung parenchymal tissue were
collected for 94 treatment naïve patients at Vancouver General Hospital under informed, written
patient consent and with approval from the University of British Columbia/BC Cancer Agency
Research Ethics Board (Certificates: EDRN H09-00008 and CCSRI H09-00934). Non-malignant
samples were collected from areas >2 cm away from the tumours. Tissue microdissection was
guided by a lung pathologist to ensure >80% tumours cell or >80% non-malignant cell content.
RNA was extracted using the Trizol reagent (Thermo Fisher).

Total RNA was used for small RNA sequencing library construction at the Canada's Michael
Smith Genome Science Center (GSC, Vancouver, Canada). Briefly, RNA quality was first
checked using Agilent Bioanalyzer RNA nanochip. Samples that passed the quality check were
arrayed into a 96-well plate (1 μg of total RNA was used for each sample) and sequenced using
the Illumina HiSeq 2000 platform. Raw sequencing reads were subject to a quality control
process to discard: i) adapters, ii) reads with a length < 16 nt and ii) reads with a quality level
(Phred)2 < 20 were discarded. High-quality reads (in fastq format) were aligned to the NCBI
GRCh37 reference human genome build using the STAR aligner (v 2.4.1d) using the default

2

A measurement of the quality of a base representing the estimated probability of an error. For example, a Phred

score of 20 represent a probability of 1 in 100 that a base is called wrong. This results in a calculated accuracy of
99% of the calls.
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parameters [134]. Aligned reads (BAM files) were quantified using the PartekFlow platform as
reads per kilobase per million (RPKM).

2.1.2

Samples from The Cancer Genome Atlas (TCGA)

Small RNA sequencing data from three different tumours cohorts (MPM, LUAD, LUSC and
BRCA) were obtained through the National Institutes of Health (NIH) Genomics Data Commons
Data portal (https://portal.gdc.cancer.gov/). Data access was obtained through the database of
Genotypes and Phenotypes (dbgap, Project ID: 6208). Also, 675 samples derived from nonmalignant tissue from 20 different organs were also obtained. A total of 2,683 samples
corresponding to different sites were retrieved as individual bam files (Table 2-1). BAM files
were converted to FASTQ and realigned to the Genome Reference Consortium Human Build 38
(GRCh38).

2.1.3

Human placenta

All placenta samples (N=30) were collected at the BC Children's and Women's Health Centre
(REB #: H04-70488, H06-70085), Vancouver, BC. The information for these samples is
described in Table 2-2. Total RNA was extracted as described above and sequenced using the
same protocols as described for the tumours samples from the BC Cancer Agency. piRNA
quantification was performed using PartekFlow™ (Partek Inc., MO, USA) and the mirmaster
platform. In PartekFlow, reads were assigned to piRNA genomic loci (hg38) based on the
Expectation/Maximization (E/M) algorithm. Reads per million mapped reads (RPM) was used to
scale read count.
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Table 2-1: Information of samples retrived from The Cancer Genome Atlas
Site

Number of samples

NON-MALIGNANT TISSUE
Adrenal Gland

3

Bile Duct

9

Bladder

19

Brain

5

Breast

103

Cervix

3

Colon

9

Endometrium

33

Esophagus

13

Head and Neck

44

Kidney

130

Liver

50

Lung

91

Pancreas

4

Prostate

52

Rectum

3

Stomach

45

Thyroid

59

TUMOURS
Lung (Adenocarcinomas)

467

Lung (Squamous cell carcinomas)

407

Mesothelioma

87

20

Table 2-2: Clinical information from placenta samples
Sample ID
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30

Gender
M
F
M
F
M
F
F
F
M
M
F
F
F
F
F
M
F
M
F
F
F
M
M
F
F
M
M
M
F
M

Karyotype
46, XY
46, XX
46, XY
46, XX
46,XY
46, XX
46, XX
46, XX
46, XY
46, XY
46, XX
46, XX
46, XX
46, XX
46, XX
46, XY
46, XX
46, XY, del(20q)
46, XX
46, XX
46, XX
46, XY
46, XY
46, XX
46, XX
46, XY
46, XY
46, XY
46, XX
46, XY

Trimester
2
2
2
2
2
2
2
2
2
2
1
1
1
2
2
3
2
1
2
3
2
1
3
3
3
3
3
3
3
2
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2.2

Target prediction

We used a computational prediction approach (miRanda) to identify the potential targets at RNA
and DNA level for novel miRNA sequences and piRNA, respectively [135]. The identification of
targets implies i) the local alignment between the miRNA/piRNA sequences (in FASTA format)
and the potential targets being assessed, and ii) the scoring of the alignment based on sequence
complementarity (optimal A:U/T and G:C matches are scored, although suboptimal base-pairing
is also allowed with lower scores). The novel miRNA sequences were assessed against 3’UTR
sequences of all human transcripts, while potential piRNA targets were examined in DNA
regions located 2.5 kb upstream the transcript start site of each human transcript (where a
significant proportion of sequences responsible for the regulation of gene expression are located
[24].
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Chapter 3: Novel miRNA sequences in mesothelioma and their use as tissueof-origin biomarkers

3.1

Introduction

Distinguishing primary MPM tumours from other tumours metastasizing to the pleural space
remains a challenge for MPM diagnosis [13]. Individual IHC markers lack sensitivity and
specificity, and the diagnosis is often and based primarily on histological features along with
IHC staining if available [136]. In this context, the identification of novel molecular markers able
to support MPM diagnosis, particularly in complex clinical scenarios (such as in patients with
non-occupational exposure to asbestos), is needed.

MiRNA have been proven to play critical roles in MPM biology [137]. This evidence has
supported its exploration as prognostic and diagnostic biomarkers [90, 91]. Previouslyunannotated miRNAs sequences with an enhanced tissue and lineage specificity can further
enhance the potential of miRNAs as biomarkers for distinguishing tissue-of-origin [44, 66, 67,
138]. In this chapter, I will use this cohort to investigate the MPM sncRNA transcriptome at the
sequence level, focusing on the discovery of unannotated miRNA sequences and assessing their
ability to differentiate mesothelioma from other diseases in the thoracic cavity.
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3.2
3.2.1

Methods
Samples

SncRNA data from three different cohorts were processed. The MPM cohort from TCGA is
composed of 87 samples that were obtained and processed as described in Chapter 2. To assess
the specificity of the novel miRNA sequences identified as tissue-of-origin biomarkers, we used
sncRNA sequencing data from two additional tumours cohorts: i) TCGA (497 LUAD and 467
LUSC), and ii) the BCCA cohort (94 LUAD and 35 LUSC). All samples were processed as
described in Chapter 2.

Table 3-1: Clinical characteristics of the MPM cohort
Subtypes
Epithelioid Sarcomatoid Biphasic
Number of patients
male
female
age (range)
History of asbestos
exposure
yes
no
N/A

3.2.2

57
44
13
28-81

2
2
0
55-81

23
20
3
57-80

37
10
10

1
1
0

15
2
6

Others
(Diffuse)
5
5
0
55-60

3
1
1

Total
87
71
16
28-81

56
14
17

Prediction of previously unannotated miRNA sequences in MPM

Novel miRNA sequences were predicted using an established algorithm (mirDeep2) [139, 140].
Briefly, sequencing reads were mapped to the human genome, and aligned reads are quantified.
Then, the algorithm searches for stacks of aligned reads within a distance of 70nt, which is the
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average length of a miRNA precursor sequence. Once these potential precursors are identified,
they are subject to a thermodynamic analysis intended to verify if the secondary RNA structure
(hairpin) corresponding to a miRNA precursor exists. SncRNA reads mapping to these potential
precursors are then compared to annotated miRNAs present in mirBase. Those sequences not
present in miRBase are considered candidates for novel miRNAs. In order to focus on the most
robust predictions, the miRNA candidates were filtered for a quality-of-prediction score
(MirDeep score) >=1, total number of reads >=5, no hits in the Rfam database (control for
already reported small RNA sequences), and a significant miRNA-folding p-value (<=0.05).
Finally, candidate miRNAs were manually curated for sequence homology with other miRNA
sequences by comparison against annotated species in mirBase v21 (BLASTN).

3.2.3

Principal Component Analysis (PCA)

The principal component analysis (PCA) was performed to identify the main sources of variance
in the expression pattern of the novel miRNA sequences identified. Briefly, PCA was performed
on a normalized quantification data for the novel miRNA sequences in the PartekFlow®
platform, assuming that all the features equal weight in the analysis. A tridimensional plot was
generated to represent the position of each feature according to the three main principal
components, and the fraction of explained variance by each of them.

3.2.4

Construction of a novel miRNA-based tissue-of-origin classifier

To build this classifier, we used the weighted voting algorithm [141]. This approach considers
each molecular feature (novel miRNA in this case) and linear combination. The class prediction
potential (MPM vs LUAD from TCGA) of each of the marker features is calculated using a
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signal-to-noise statistic. Then each candidate was ranked based on the largest differences in
expression between different tumours cohorts. The initial set of novel miRNA classifiers was
then iteratively tested in the second cohort of lung tumours, where each feature “cast” a vote for
class prediction (MPM vs LUAD from the BCCA cohort)

3.3

Results

We conducted a de novo search for novel miRNAs by applying a prediction algorithm [140] to
small RNA-sequencing data in a cohort of MPM (Figure 3-1). This analysis yielded 424
predicted novel miRNA-like sequences, which were subsequently filtered as described in (Figure
3-1). Our pipeline generated 154 previously unannotated miRNA sequences, which represents a
10% increase to the repertoire of 1,597 annotated miRNAs expressed in these tissues (Figure
3-2).
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Figure 3-1: Identification of previously-unannotated miRNA sequences in MPM
Description of the different steps involved in the identification of previously-undiscovered miRNA sequences in
MPM. The analysis of 87 MPM tumours resulted in the detection of 424 candidate novel miRNAs derived from 302
miRNA precursors. Subsequent filtering resulted in the discovery of 154 unannotated miRNA candidates in MPM.
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154 new miRNAs

1,597
Known
miRNAs
annotated
in mirBase v21

Figure 1

Figure 3-2: Genomic distribution of miRNA-coding loci in MPM
The genomic loci and relative expression levels of annotated miRNAs (in red) and novel miRNAs (in blue) are
displayed in a circular representation of the human genome. The expression level for each class of miRNA is
displayed in a histogram within each concentric layer containing their genomic locations.
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We used a methodology based on sequence homology and binding energy (as described in
3.2.2), to predict the transcripts targeted by the previously-unannotated miRNA sequences. One
of the most highly expressed novel miRNAs (chr14-1724, with a total of 116,094 reads detected
was predicted to target the Ataxia Telangiectasia Mutated (ATM) gene. Remarkably, the BRCA1
Associated Protein 1 gene (BAP1) was also a predicted target of chr14-1724 together with two
other highly expressed novel miRNAs (chr3-4090 and chr17-2304. ATM plays a pivotal role in
the regulation of the DNA damage checkpoint that inhibits cell cycle progression, while BAP1 is
a UV-inducible substrate of ATM and is frequently mutated in MPM [142, 143]. Thus
previously-undetected miRNAs sequences could represent alternative mechanisms in the
regulation of genes playing a relevant role in MPM biology.

To investigate the ability of these 154 novel miRNAs to distinguish MPM from other thoracic
cancers, we assessed their expression in 1,093 lung tumours from four independent cohorts from
TCGA and BCCA: two adenocarcinoma (LUAD) cohorts (TCGA n=497, BCCA n=94) and two
squamous cell carcinoma (LUSC) cohorts (TCGA n=467, BCCA n=35). A principal component
analysis revealed that novel miRNA expression was able to completely distinguish MPM from
LUAD and LUSC (Figure 3-3).
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Figure 3-3: Novel miRNAs differentiates MPM from lung tumours.
Principal component analysis reveals the ability of the 154 novel miRNAs to differentiate MPM (purple circles)
from 4 cohorts of lung tumours: BCCA lung adenocarcinomas (LUAD, blue circles), BCCA squamous cell
carcinomas (LUSC, red), TCGA lung adenocarcinomas (golden), and TCGA squamous cell carcinomas (green).

To further explore the potential clinical applications of these newly-discovered miRNA
sequences, we developed a novel miRNA-based classifier model using the weighted voting class
prediction method [141]. To develop the model, we compared the expression of the novel
miRNAs in the MPM and LUAD cases from TCGA. The resulting subset of 10 novel miRNAs
was tested by comparing MPM against LUAD cases from the BCCA cohort. This classifier
successfully identified 86 out of the 87 MPM cases (98.9%) and 100% of LUAD cases (true
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positive rate = 98.9%, false positive rate = 1.1%) (Figure 3-4). Collectively, this illustrates the
potential of novel miRNAs to supplement current clinical markers to define MPM.

Weighted Voting Class Prediction
Classifier
Development

1. Training

MPM

vs. LUAD (TCGA, n=497)

2. Testing

MPM

vs.

LUAD (BCCA, n=94)

Pathological Diagnosis
Classified
MPM
by
novel
LUAD
miRNAs

MPM (n=87)

LUAD (n=94)

86 (98.9%)

0 (0.0%)

1 (1.1%)

94 (100%)

%)
Figure 3-4: Development of a novel miRNA-based tissue-of-origin classifier.
A 10 novel-miRNA classifier model was developed using the weighted voting class prediction method. In the
training stage, a model was developed by comparing MPM cases against LUAD cases from the TCGA cohort
(n=497). Subsequently, we tested if the model was able to identify MPM cases when compared with a second cohort
of LUAD (BCCA, n=94). The classifier model correctly identified 86 out of 87 cases (98.9%), while only one MPM
sample was erroneously classified as LUAD (false negative rate of 1.1%). All of the LUAD cases were correctly
classified.

31

3.4

Conclusions

This chapter provides support for the existence of a significantly higher number of miRNA
sequences expressed in the MPM transcriptome. Through the analysis of sncRNA sequencing
data derived from 87 mesothelioma tumours, we discover 154 novel miRNA sequences,
representing a 10% increase of the known miRNA transcriptome in MPM. The expression
patterns of these sequences are characteristic of MPM when compared to other thoracic
malignant and non-malignant tissues.

These novel miRNAs species could have a translational impact on the management of
mesothelioma, mainly as additional information when morphologic evaluation and IHC is not
sufficient for diagnosis. Moreover, these findings warrant further investigation to address unmet
clinical needs, such as classification of less frequent subtypes, such as the
sarcomatous/desmoplasic subtype, where the sensitivity and specificity of the current markers
are relatively low.
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Chapter 4: Deciphering the sncRNA transcriptome in the human placenta.

4.1

Introduction

The mechanisms underlying the DNA sequence-specific methylation in the placenta has not been
fully elucidated; however, it has been shown that piRNAs are involved in the acquisition of
imprinted DNA methylation in rodents [131]. Evidence indicates that a subset of piRNAs is
expressed in human somatic tissues [43, 69, 88]; however, the piRNA expression pattern in the
human placenta is unknown.

The genomic distribution of piRNA-coding loci has been associated with their potential
functional roles. The piRNA sequences encoded in clusters (cluster-derived piRNAs) usually
map to multiple genomic locations and have been linked to the epigenetic silencing of TE.
piRNA encoded at single genomic loci in regions within or near coding genes (genic piRNAs)
have been associated with the regulation of gene transcription [43, 144]. Genic piRNA
constitutes a small portion of known piRNA sequences (~3%); however, it is the piRNA fraction
which is expressed in non-germline tissues [88].

Considering the role of piRNAs in mediating sequence-specific DNA methylation and
epigenetics, it is plausible that these sncRNA species could play a role in the unique epigenetic
landscape of this organ. In this section, I apply an NGS-based approach to elucidate piRNA
expression in the human placenta and the genomic distribution of piRNA-coding loci. As the
placenta is known to maintain some germline-derived DNA methylation patterns [128], we also
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compare piRNA expression between placenta and germ cells. Finally, we explore the specificity
of the placental piRNA expression pattern compared to somatic adult tissues.

4.2
4.2.1

Methods
Samples

The 30 human placenta samples used in this chapter are described in section 2.1.3 and Table 2-2.
The detailed methodology for sample accrual, sequencing library construction, and data analysis
are discussed in Chapter 2. After performing filtering for quality and depth of sequencing reads
(Figure 4-1), raw sncRNA sequencing reads were processed using an established platform [145].
Reads mapping to annotated human piRNAs [146] were quantified and subsequently normalized
using the reads per million (RPM) method.

4.2.2

t-Distributed Stochastic Neighbor Embedding (t-SNE)

The t-SNE technique was used for identifying similarities across the patterns defined by the
expression of piRNAs and to reduce data dimensionality of the sncRNA expression datasets
from the placenta and somatic tissues [147]. Briefly, this method gives each sample a location in
a three-dimensional map, and cluster samples based on similar overall sncRNA expression
pattern. This technique is optimized to allow the implicit structure of the dataset to influence the
way in which a subset of the data is displayed. The analysis was performed in the t-SNE
implementation in our PartekFlow platform.
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4.3

Results

The analysis of sncRNA sequencing data from human placentas (n=30) revealed that a total of
2,037 piRNA sequences with detectable expression. To focus on the sequences most consistently
expressed in these samples, we applied the following filtering criteria: i) ≥10 reads detected
across all samples and ii) normalized expression levels ≥1 RPM in 10% of the samples. After
this curation process, we identified a robust set of 297 piRNAs expressed in the human placenta.
Chromosome 6 has the highest number of piRNA coding loci (90 loci), followed by
chromosomes 16 (67 loci), 14 (58 loci), and 1 (53 loci). Remarkably, 19 placenta piRNA loci
were mapped to the mitochondrial DNA (mtDNA), which represent a 45% of the 42 known loci
currently mapped to mtDNA (Figure 4-2).
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Figure 4-1: Discovery of novel miRNA sequences in the human placenta.
Unaligned sequencing reads were used as input for the miRmaster small non-coding RNA analysis platform [145].
This primary analysis yielded 2,037 novel miRNA candidates that were further filtered to identify the set of
consistently expressed piRNAs. The final set of piRNAs expressed in the human placenta is comprised of 297
sequences.
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Figure 4-2: piRNA-coding loci and expression in the human placenta
Circular representation of the human genome (circos plot) displaying the chromosomal location of the 636 piRNAencoding loci according to the hg19 human genome coordinates. The outer circle represents human chromosomes
(1-22, X, Y and M). The positions of human piRNA clusters are shown in the concentric blue layer below the layer
denoting chromosomal positions. Each red dot in the green concentric circle represents the genomic locations of one
of the 636 piRNA loci.
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Then, we investigated the distribution of the genomic location of the 297 expressed piRNAs.
More than half of the piRNAs (150 of 297) expressed in the placenta are encoded by a single
locus in the placental genome (Figure 4-3). In addition to these single-locus piRNAs, 116 are
encoded by a relatively low number of locations (≤10 loci) (Figure 4-3). Overall, these 266
(89.6%) piRNAs map to 636 chromosomal locations. The remaining 31 (10.4%) expressed
piRNA sequences are encoded by multiple (>10) loci distributed across the genome. The unique
distribution of piRNA coding-loci indicates that genic piRNAs, rather than cluster-derived
piRNAs, are the main class of piRNAs expressed in human placenta.

Figure 4-3: Number of piRNA sequences contained in piRNA-coding.
The histogram depicts the number of piRNAs (y-axis) encoded by 1, 5, 10, 20, 40, 80 or more loci (x-axis). More
than half of the piRNAs expressed in placenta (n=510) are encoded by a single locus, while 89.6% (n= 266) of the
expressed sequences are encoded by 10 or fewer loci.
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We then compared the differences in genomic distribution and expression pattern of piRNAs
between the placenta and germ cells. We used publicly available sequencing data from human
testis samples (n=3, BioProject: PRJNA196749) to deduce the pool of piRNAs expressed in
human germ cells (samples were processed using the same pipeline described in Chapter 2). The
analysis of the germ cell piRNA transcriptome resulted in a total of 24,154 piRNA sequences
detected at any level of expression, and 4,410 piRNA showing ≥10 reads and RPM ≥ 1 values in
the three samples. The analysis of the genomic distribution of piRNA coding loci yielded a
remarkable difference between the placenta and germ cell tissue. A total of 622 piRNAs
expressed in germ cell samples corresponded to the cluster-derived piRNAs, while none of the
piRNAs expressed in human placenta corresponded to this category. The absence of clusterderived piRNAs in the human placenta suggests that the role of piRNAs in this tissue may be
involved in regulatory functions beyond the silencing of TEs.

To assess whether the piRNA expressed in the human placenta displayed the tissue-specificity
described for other somatic organs, we examined the expression of the 297 placental piRNAs in
675 samples derived from 18 human adult non-malignant tissues (Figure 4-4). Overall, the
combined expression of the 297 piRNAs was able to group the placenta samples separate from
other organs. To identify the piRNAs driving the specificity observed in the human placenta, we
performed an unsupervised hierarchical clustering analysis (Figure 4-5). We identified a set of 16
piRNAs (denoted as group 1 in Figure 4-5), which had the highest expression levels in placenta,
while only detectable in few adult somatic samples. Remarkably, fifteen of these piRNAs
mapped to chromosome 14q32.31, a well-known epigenetically-regulated locus in the human
placenta.
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Figure 4-4: Expression of piRNAs distinguishes human placenta from adult tissue
To explore differences in piRNA expression patterns between tissues, we used a t-Distributed Stochastic Neighbor
Embedding (t-SNE) approach. In this analysis, samples clustered based on the combined expression of the 297
piRNAs identified in placenta samples and their levels in other adult tissues. Human placenta samples are
highlighted in an orange circle.
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Figure 4-5: piRNA expression in the human placenta compared to somatic tissues
Unsupervised hierarchical clustering of samples (using average distance and rank correlation) based on the
expression of the 297 piRNA expressed in placenta and their corresponding expression in human adult tissues. The
analysis indicates that most of the identified piRNAs display higher expression in placenta compared with other
adult somatic tissues. The color coding for the tissues is the same as in Figure 4-4

4.4

Conclusions

In this chapter, we show that a fraction of the piRNA transcriptome is expressed in the human
placenta. The detection of over 2,000 sequences and further identification of 297 piRNA
sequences consistently expressed in our cohort is a significant expansion of the known sncRNA
transcriptome in the human placenta. A large proportion of the piRNA expressed in the placenta
is encoded by a single locus in the human genome, provides valuable insights towards
deciphering the role of piRNAs in specific molecular features of the human placenta.
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The fraction of piRNAs expressed in the human placenta is concordant with those identified in
other human somatic tissues, where 1-2% (300-500 sequences) of the total pool of human
annotated piRNAs is expressed [88]. Comparatively, previous studies indicate that, on average,
400 miRNAs are expressed in human placenta [148, 149]. Thus, while the number of piRNAs
expressed in the human placenta represents a small percentage relative to the total number of
annotated piRNAs, it constitutes a significant proportion of the small RNA transcriptome
expressed in placenta.

A remarkable difference between the genomic distribution of piRNA the absence of clusterderived piRNAs in the placenta compared to germ cells. These results, together with the high
proportion of single-locus piRNA expressed could indicate that the fraction of the expressed
placental piRNA transcriptome is more likely to be involved in gene-specific regulatory
functions, rather than with the transcriptional repression of transposable elements.

The placenta displays a specific piRNA expression pattern compared to other somatic tissues,
with higher expression levels detected in placenta compared to other somatic tissues. The group
exhibiting the highest expression levels compared to other tissues are located at the 14q32.31
locus, containing the placenta-specific C14MC/DLK1-DIO3 imprinted locus. These results
reveal that piRNA expression in placenta might be coordinately regulated with other classes of
small non-coding RNAs at this imprinted locus. The 14q32.31 imprinted domain contains one of
the largest miRNA clusters in the human genome, and its expression is regulated by an intergenic
germline-derived differentially methylated region located ~200 kb upstream from the miRNA
cluster[128]. As several miRNAs from this region have been associated with pregnancy and
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other placenta-specific functions [121], it is possible to hypothesize that piRNAs coded and
expressed from this region might also participate in similar processes.

In conclusion, our results provide evidence of the expression of a subset of piRNAs in the human
placenta. Enrichment in the expression of piRNA coded by a single-locus indicates that piRNAs
could participate in RNA-mediated mechanisms controlling gene expression in placenta. Further
investigations are warranted to establish the biological role of piRNAs and other sncRNA of the
placenta in the unique genomic and epigenomic landscape of human placenta.
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Chapter 5: piRNAs as biomarkers to identify arsenic-induced molecular
damage following long-term exposure.

5.1

Introduction

Chronic exposure to arsenic induces progressive molecular damage and accumulates over years
of exposure. Most of the clinical symptoms appear decades after exposure. Unlike asbestos,
arsenic is only detectable up to 9-12 months following exposure using current methods (e.g.
measurement of arsenic metabolites in urine or toenails), which complicate an accurate
estimation of the magnitude and duration of the exposure. Thus, a method for measuring and
monitoring life-long cumulative damage due to arsenic exposure is needed.

The first step in identifying early events of arsenic-induced molecular damage (As-IMD) is to
track changes in well-controlled temporal exposure models in cell types affected by arsenic
carcinogenesis. Small RNAs, particularly piRNAs, provides an excellent source of biomarkers,
due to its stability, specificity, and functional involvement in functions known to be altered by
arsenic. Therefore, to improve the detection of populations at risk of arsenic-associated cancer, I
have started this pilot investigation to establish a molecular piRNA signature indicative of
cumulative arsenic exposure. The results presented in this Chapter are part of the future
directions of my work.
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5.2

Methods

Lung is one of the main organ targets of arsenic-induced malignant transformation. Arsenicinduced lung carcinogenesis displays a tissue-specificity, as there is an increased frequency of
LUSC cases, even in never-smokers. Thus, to assess effects on this organ, we selected two cell
lines models: HBECS and H520. HBECS are normal human bronchial epithelial cells derived
from a female individual [150]. The H520 is a LUSC cell line from a male patient [151, 152].

Cell lines were grown in sodium arsenite (AsIII) and arsenate (AsV) at a concentration of 10
ppm, which corresponds to the maximum acceptable arsenic concentration in drinking water
recommended by the World Health Organization (WHO). Cells were exposed to each arsenical
compound during six passages and RNA was extracted at each time point (Figure 5-1). We
decided to sequence RNA samples derived from every other time point (t0, t2, t4, and t6) in
order to reduce the costs of the analysis (samples from t1, t3, and t5 were reserved for future
validation using non-sequencing techniques). The above mentioned timepoints were sequenced
as described in Chapter 2 . PiRNA expression was deduced using our sncRNA analysis pipeline,
which interrogates >23K piRNA-encoding human loci. piRNA/DNA binding prediction was
performed using the miRanda algorithm.
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Figure 5-1: Chronic exposure schema for lung cell lines
Two lung cell lines (HBEC and H520) were grown in sodium AsIII or AsV (10ppm) during six passages. RNA was
extracted at t0, t2, t4, and t6 and sequenced. RNA samples from the remaining timepoints were conserved for
validations of the results obtained from sequencing samples. DNA and lysate were also extracted and stored for
future studies. * denoted the time points that were sequenced and included in the analysis

5.3

Results

We first sought to define the piRNA sequences whose expression is altered (induced or
repressed) in response to arsenic exposure. For this initial analysis, we focused on the piRNAs
expressed in the non-malignant HBEC cells, specifically on those showing a consistent increase
or decrease across different time points (persistently-altered piRNAs). We observed that the
exposure to AsIII and AsV induce the alteration of different sets of piRNA. HBEC cells exposed
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to AsIII displayed 32 and 30 piRNAs induced and repressed, respectively (Figure 5-2). On the
other hand, 18 piRNAs were induced in response to AsV, while 20 were repressed. Only eight
piRNAs sequence showed the same direction of alteration in response to both arsenical
compounds.

Figure 5-2: piRNAs induced or repressed in response to arsenic compounds
(A) Number of species showing increased (upper part of the graph) or reduced (lower part) expression in response to
AsIII (orange) or AsV (blue). (B) Venn diagram representing the number of sequences expressed specifically in
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response to each arsenical compound and those shared. The species considered here are those showing a consistent
pattern of alteration across different time points.

LUSC is the most frequent histological subtype observed in arsenic-induced lung tumours not
associated with tobacco smoke [153, 154]. Considering this, we pursued to identify if some of
the piRNAs persistently altered in HBEC by AsIII were also altered in H520 (LUSC cell line).
We identified 15 (13 induced and 2 repressed) piRNAs that were also persistently altered in the
H520 cell line in the same direction as observed in HBECs. Although further functional
confirmation is warranted, the persistent alteration of these sequences in both non-malignant and
tumours cell lines makes them candidates to evaluate regarding arsenic-induced malignant
transformation.

Finally, we investigated the potential implication of the persistently altered piRNAs in the SAM
pathway. As previously mentioned, the SAM pathways play a key role in arsenic
biotransformation and consequently, on the malignant transformation induced by arsenic. We
investigated if any of the persistently-altered piRNAs detected in both HBECs and H520 cell
lines were predicted to target any of the 139 genes participating in the SAM pathway. The results
of this in silico approach yielded that 59 genes from the SAM pathway were targeted. Of those, a
subset of 18 genes was targeted by more > 1 piRNA (Table 5-1). The biological implications of
this computational prediction stills need to be validated at the expression level of these genes.
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Table 5-1: Genes in the SAM pathway targeted by arsenic-induced piRNAs

Gene name
Acetylserotonin O-Methyltransferase
(ASMT)
Betaine-Homocysteine S-Methyltransferase 2
(BHMT2)
Coenzyme Q5, Methyltransferase (COQ5)
DIM1 Dimethyladenosine Transferase 1
Homolog (DIMT1)
Diphthamide Biosynthesis 5 (DPH5)
EMG1, N1-Specific Pseudouridine
Methyltransferase (EMG1)

piRNA predicted to target
piR-hsa-6105, piR-hsa-9059, piR-hsa-28160

piR-hsa-9059, piR-hsa-27032
piR-hsa-27032, piR-hsa-24351
piR-hsa-27032, piR-hsa-1250
piR-hsa-1849, piR-hsa-1848
piR-hsa-28846, piR-hsa-28845

Ferredoxin-Fold Anticodon Binding Domain

piR-hsa-27032, piR-hsa-9059, piR-hsa-1849,

Containing 1 (FDXACB1)

piR-hsa-1848

Leucine Carboxyl Methyltransferase 2
(LCMT2)

piR-hsa-27032, piR-hsa-24360, piR-hsa-32199

Menin 1 (MEN1)

piR-hsa-27032, piR-hsa-9059

Phosphatidylethanolamine N-

piR-hsa-9059, piR-hsa-28846, piR-hsa-28845,

Methyltransferase (PEMT)

piR-hsa-24360

PR/SET Domain 7 (PRDM7)

piR-hsa-28845, piR-hsa-28846, piR-hsa-32198

Protein Arginine Methyltransferase 7
(PRMT7)
SET Domain Containing 4 (SETD4)
SET Domain Containing Lysine
Methyltransferase 7 (SETD7)
SET And MYND Domain Containing 2
(SMYD2)
TRNA Methyltransferase 5 (TRMT5)

piR-hsa-27133, piR-hsa-27134, piR-hsa-28160
piR-hsa-9059, piR-hsa-25786, piR-hsa-24360
piR-hsa-27133, piR-hsa-27134

piR-hsa-9059, piR-hsa-28846, piR-hsa-28845
piR-hsa-27032, piR-hsa-3645
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5.4

Conclusions

Arsenic induces persistent alterations in piRNAs, providing insights into molecular mechanisms
in As-induced lung carcinogenesis. Interestingly, different arsenic compounds can induce
different sets and number of piRNAs in normal lung tissue. Reduced arsenic (AsIII), which
indicates an ongoing arsenic biotransformation process, alters the expression of more than 60
piRNAs. These results could have potential implication on the underlying causes of the arsenicinduced damage. Arsenic in drinking water is mostly on its pentavalent (AsV) form; however, it
is reduced to trivalent arsenic (AsIII) once enters the body. AsIII and its derivates during
biotransformation (MMAIII and DMAIII) are described to have more deleterious effects
compared to other forms. Then, the piRNA sequences persistently altered by AsIII are candidates
to be explored in the context of arsenic-induced malignant transformation.

Our results support into the potential role of piRNAs as a biomarker to determine who is at the
highest risk of arsenic-induced molecular damage and cancer development. While these
preliminary results are promising, further research is required to investigates if these mechanisms
are operating in human and whether its application is feasible.
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Chapter 6: Conclusions

The use of NGS technologies has enabled an unprecedented characterization of the human
sncRNA transcriptome. Importantly, it has allowed the discovery of hundreds of previouslyunidentified miRNA sequences, as well as the detailed characterization of the other sncRNA
genes recently discovered in human, such as piRNAs. Overall, this advancement has resulted in a
significant expansion of the transcriptome and has generated novel alternatives for exploiting
sncRNAs as clinical tools. In this Thesis, we have pursued the use of both publicly available and
in-house generated sequencing data to investigate novel sequences in humans and its interaction
with environmental carcinogens. The results presented in Chapter 3 and 4, together with
preliminary data showed in Chapter 5 shows the specificity in the expression and future
applications of two of the main classes of sncRNAs: miRNA and piRNAs.

In Chapter 3, we have identified 154 previously-unidentified miRNA sequences expressed in
MPM. These sequences are expressed in a tissue-specific manner and display a remarkable
performance as tissue-of-origin markers to distinguish MPM from LUAD. Importantly, the
results from the analysis of its expression pattern validate the tissue-specificity described for
other tissue types. The significance of this discovery can be pondered in three dimensions. First,
it represents an expansion of the repertoire of miRNAs expressed in MPM, and in the gene
networks that might be specifically regulated in this tissue. Second, it is a proof of concept that
these novel miRNA sequences can be used as markers in tumour types strongly associated with
environmental exposures. Patients with records of occupational exposure to asbestos (e.g. mine
workers) can be monitored for the development of MPM (in combination with other markers).
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Finally, this discovery is particularly relevant for non-occupationally exposed patients, where
MPM could be misdiagnosed as other more common malignancies metastasizing to the pleural
cavity.

One of the main points established in Chapter 4 is that the human placenta expressed a subset of
piRNA sequences and that their expression pattern in specific compared to germ cells and
somatic tissues. The functional implication of these sequences remains to be deciphered;
however, the establishment of that the majority of expressed piRNA are encoded by a single
locus, and the lack of cluster-derived piRNAs (a main distinguishing factor from germ cells)
point to mechanisms related with regulation of gene expression rather than the control of
transcripts derived from TE. On the other hand, the specificity of expression compared to
somatic tissues driven by sequences encoded in a placenta-specific imprinted locus (C14MC /
DLK1-DIO3) provides insights on the involvement of piRNAs in the placenta-specific biology.
Importantly, these piRNAs are not controlled by a single promoter (i.e. they do not derive from a
single transcript as cluster-derived piRNAs), since they are spread across the C14MC / DLK1DIO3 imprinted region. These results provide a useful framework for further investigation in
additional cohorts, for example, exploring the methylation status in the regions surrounding the
DNA sequences potentially targeted for the piRNA expressed in the human placenta.

The results from the pilot study presented in Chapter 5 provide insights into the mechanism of
arsenic-induced tumourigenesis, as well as potential future applications of the variations in the
expression of sncRNA following exposure to environmental carcinogens. These results represent
the first demonstration that arsenic can induce persistent expression changes in piRNA and that
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these changes can affect molecular pathways relevant to arsenic-induced carcinogenesis. After
completion, we aim to have established a molecular signature informative of chronic arsenicinduced damage and, therefore, a more personalized cancer risk assessment for the 30% of
Canadians living in arsenic-exposed regions, and many other countries worldwide.

Together, the results presented in this Thesis contribute to set the foundation for exploring the
potential of small non-coding RNAs as biomarkers for alterations induced by exposure to
environmental carcinogens. Deciphering expression of specific sncRNA genes in the human
placenta will also contribute to the development of novel strategies to monitor the effects of
environmental exposures during critical stages of human development.
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