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Abstract

Myeloproliferative neoplasms (MPNSs) are a group of heterogeneous diseases which
primarily include chronic myeloid leukemia (CML), polycythemia vera (PV), essential
thrombocythemia (ET), and primary myelofibrosis (PMF). CML is characterized by the
presence of Philadelphia chromosome (Ph) which encodes a dysregulated tyrosine
kinase. In contrast, other Ph-negative MPNs are associated with notable mutations in
JAK2, MPL and CALR genes with JAK2-V617F being the most prevalent one. In recent
years, accumulating evidence has demonstrated the involvement of non-coding RNAsS,
especially long non-coding RNAs (IncRNAS), in the pathogenesis of various human
diseases. However, the functional characteristics of these non-coding elements in
MPNs are still largely unknown. The present study aimed to explore novel mechanisms
that account for the regulatory roles of the IncRNA- and microRNA (miRNA)-axes in

classical MPNs and drug response of CML.

To identify JAK2-V617F-associated INCRNAs, a gPCR array screening was performed
using HEL cells. My data demonstrated that BANCR was the most downregulated
IncRNA species after JAK2 inhibition. Subsequent experiments revealed its expression
was specifically regulated by the JAK2-V617F signaling. Furthermore, RNA
sequencing was performed to search for novel INcRNAs and explore their potential
functions. Bioinformatics prediction analysis revealed putative interaction networks
between the IncRNA, miRNA and mRNA in the JAK2 signaling that warrants further

validation and investigation.



For the investigation of CML drug resistance, a novel IncRNA named LNC000093,
which showed the largest downregulation in imatinib-resistant (IMR) K562 cells, was
identified by RNA sequencing. Expression studies revealed a negative correlation
between LNC000093 and H19/miR-675 expression, and subsequent in silico analysis
as well as luciferase reporter assays demonstrated their interaction via direct binding.
Furthermore, the potential interaction of H19/miR-675 and LNC000093 with RUNX1
was investigated to reveal their interrelationship. Taken together, my findings
demonstrated that LNC000093 served as a competing endogenous RNA (ceRNA) to
compete for miR-675-5p and indirectly regulate RUNX1 to mediate imatinib resistance
of CML. Moreover, the potential regulatory role of LNC000093 in cell differentiation
was also demonstrated using the induced pluripotent stem cell (iPSC) model.
LNCO000093 expression was substantially increased during iPSC differentiation, and
the extent of differentiation was reduced after deletion of LNC000093 by CRISPR-
Cas9. An altered chromatin accessibility profile of iPSCs was also revealed by

SCATAC-seq data analysis.

To conclude, this study has explored the molecular basis of MPNs in the non-coding
area based on in vitro models that possess distinct genetic characteristics of Ph-positive
or Ph-negative MPNSs. Further translational research tools that can confirm the clinical
relevance of my findings are required to enable the use of potential INcRNA biomarkers

in the diagnosis and treatment of MPNs.
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For the investigation of Ph-negative MPNs, novel IncRNAs and putative interacting
networks related to JAK2-V617F signaling were identified. In the study of CML drug
resistance, the LNC000093-H19/miR-675-5p-RUNX1 ceRNA axis was shown to be
involved in the drug response to imatinib. In iPSCs, LNC000093 functions in the
nucleus and regulates chromatin accessibility, which in turn affects differentiation

process.
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Chapter 1 — Introduction



1.1 Myeloproliferative neoplasms

Myeloproliferative neoplasms (MPNs) are a heterogeneous group of clonal
hematopoietic disorders, characterized by overproduction of one or more myeloid
lineages (Barbui et al., 2018). The mutated hematopoietic stem cells harboring driver
mutation expand clonally and undergo maturation to rise clonal of cells with maturation.
According to the World Health Organization (WHO) classification system for tumors
of the hematopoietic and lymphoid tissue published in 2016, MPNs consist of 7
subcategories including polycythemia vera (PV), essential thrombocythemia (ET),
primary myelofibrosis (PMF), chronic myeloid leukemia (CML), chronic neutrophilic
leukemia (CNL), chronic eosinophilic leukemia, not otherwise specified (CEL-NQOS)
and MPN, unclassifiable (MPN-U) (Barbui et al., 2018). Among these 7 subcategories,
PV, ET and PMF, collectively known as classical MPNs, and CML have their driver

mutations being discovered in the past decades.

1.2 Classical MPNs

Classical MPNs is a collective name for PV, ET and PMF, which is the most frequent
MPN subcategory. Like other MPN entities, classical MPNs are featured with excessive
production of fully functional mature blood cells. PV is characterized by over-
production of mainly erythroid lineage and can also associate with different degrees of
hyperplasia in megakaryocytic and granulocytic lineage (Barbui et al., 2018). The
annual incidence rate is around 0.84/100,000 with a 14 to 20 years median survival
(Crisa et al., 2010; Passamonti et al., 2010; Tefferi et al., 2013). ET is characterized by
over-production of mainly megakaryocytic lineage (Barbui et al., 2018). It is with an
annual incidence rate of 1.03/100,000 (Titmarsh et al., 2014). ET patients usually have
a pretty good prognosis and a long median survival of 20 years (Girodon et al., 2010;
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Barbui et al., 2011). However, PMF, when compared to PV and ET, is a more
heterogeneous and aggressive disorder with the essential features of bone marrow
fibrosis and megakaryocytic hyperplasia. The median survival of PMF patients is much
shorter and drops to around 2 to 6 years (Cervantes et al., 2009; Cervantes et al., 2012;
Anderson and McMullin, 2014; Byun et al., 2017). Although PMF is with the worse
prognosis among classical MPNs, the annual incidence rate is the lowest and down to
0.47/100,000 (Titmarsh et al., 2014). Despite the differences in clinical presentations,
precise diagnosis of the three entities is quite challenging. This is attribute to the
continuum and unclear boundaries between the 3 entities, especially between ET and
PMF (Vainchenker and Kralovics, 2017; Barbui et al., 2018). Extensive studies have
been done on genetic basis of classical MPNs. Until now, there are driver mutations
being found in 3 genes - Janus kinase 2 (JAK2), thrombopoietin receptor (MPL) and
calreticulin (CALR) (James et al., 2005; Pikman et al., 2006; Scott et al., 2007; Nangalia
et al., 2013; Vainchenker and Kralovics, 2017). They are almost mutually exclusive to
each other (Jia and Kralovics, 2020). These mutations all cause cytokine-independent
constitutive activation of the signal transducer and activator of transcription (STAT)
molecules and its downstream pathways that results in the transcription of different
oncogenes (Grinfeld et al., 2017; Vainchenker and Kralovics, 2017). PI3K, mTOR and

MAPK-related pathways are found to be activated as well (Levine et al., 2007).



1.2.1 JAK2 mutations

The genetic basis of classical MPNs have long been unclear until a breakthrough
discovery found in 2005 (James et al., 2005). A guanine-to-thymine somatic point
mutation, namely JAK2-V617F, have been discovered at nucleotide 1894 in exon 14 of
JAK2 (James et al., 2005; Kralovics et al., 2005; Levine et al., 2005). The alteration in
nucleobase results in missense mutation that changes the original valine (V) to
phenylalanine (F) at position 617 of JAK2 protein. JAK2 kinase is a tyrosine kinase
located in cytoplasm and is responsible for signal transduction of hematopoietic
cytokine receptors (Lu et al.,, 2005). Erythropoietin (EPO) receptor (EPOR),
granulocyte colony stimulating factor (G-CSF) receptor (G-CSFR) and MPL regulate
production of hematopoietic cells in erythroid, granulocytic or megakaryocytic lineages
respectively (Lu et al., 2005; Lu et al., 2008; Sangkhae et al., 2014). When these
receptors interact with their ligands — EPO, G-CSF and thrombopoietin (TPO), the
receptors dimerize and lead to auto- and trans-phosphorylation of JAK2 and the
receptors themselves (Lu et al., 2005; Lu et al., 2008; Vainchenker and Kralovics, 2017).
The activated JAK2 is then interact with downstream substrates including STAT and
leads to transcriptional induction of targeted genes. However, the JAK2-V617F
mutation dysregulate these processes (Saharinen et al., 2000; James et al., 2005). The
mutation results in a missense mutation and leads to the valine-to-phenylalanine change
of amino acid at position 617 (JAK2-V617F) located in the pseudokinase domain of
JAK2. JAK2-V617F mutation results in loss of the autoinhibitory effect of the
pseudokinase domain (Kralovics et al., 2005; Levine et al., 2005). Thus, the JAK2
kinase is instinctively activated in a cytokine-independent manner and then the
activated JAK2 kinase in turn activates the downstream STAT pathway, leading to

over-transcription of target genes and thus the disease phenotypes (Kralovics et al.,



2005; Levine et al., 2005; Vainchenker and Kralovics, 2017). Among all of the classical
MPN cases, around 70% of them harbor JAK2-V617F mutation. It can be detected in
95% of PV and 60% of ET and PMF patients (Tefferi et al., 2009; Geyer and Orazi,

2016; Barbui et al., 2018).

Apart from JAK2-V617F mutation, mutations have been found in JAK2 exon 12 later
in 2007 (Scott et al., 2007). Most of these mutations are small in-frame indel affecting
residues between 537 and 543 (Scott et al., 2007; Jia and Kralovics, 2020). This region
is within the linker between the SH2 domain and pseudokinase domain. Like JAK2-
V617F, JAK2 exon 12 mutations result in constitutive activation of JAK2 kinase and
thus the downstream STAT pathway and other related signaling cascades including
PI3K/AKT pathway and MAPK/ERK pathway. Despite both JAK2-V617F and JAK2
exon 12 mutations affecting similar pathways, JAK2 exon 12 mutations are only
harbored by 5% PV patients but not ET or PMF patients (Scott et al., 2007). They pose
a more significant effect on erythroid lineage and tend to give a mild degree of
leukocytosis and thrombocytosis (Passamonti et al., 2011). Although JAK2 mutations
can constitutively activate various pathways, how it leads to particular phenotypes of

particular entity is still uncertain (Jang and Choi, 2020).

1.2.2 MPL mutations

MPL is a TPO receptor mainly expressed in hematopoietic stem cells (HSC) and
megakaryocytic lineage. Two major types of MPL mutations have been reported in
MPL exon 10. Mutations at codon 515 located on the cytosolic domain has been
reported to be the most frequent one (Pikman et al., 2006). Tryptophan (W) at position

515 is most commonly changed to leucine (MPL-W515L) or lysine (MPL-W515K)



although substitution of W with arginine (MPL-W515A), alanine (MPL-W515A) and
glycine (MPL-W515G) have also been found (Pikman et al., 2006; Defour et al., 2016).
Generally, the transmembrane domain of wild-type (WT) MPL prohibit MPL itself
from autoactivation (Staerk et al., 2006). However, the mutation at 515 position leads
to loss of the prohibition property and results in spontaneous MPL activation (Pikman
et al., 2006). The other major mutation is substitution of serine at position 505 with
asparagine (MPL-S505N) which has a much lower frequency than mutations at codon
515 (Ding et al., 2004; Passamonti et al., 2011). In general, MPL mutations are harbored

by around 3% of ET patients and 5% of PMF patients (Pardanani et al., 2006).

1.2.3 CALR mutations

In spite of the discovery of mutations in JAK2 and MPL, there were still a portion of
MPN cases not being explained by any genetic mutations. Another breakthrough
discovery has been reported in 2013 (Klampfl et al., 2013; Nangalia et al., 2013). The
-1/+2 frameshift mutations in CALR exon 9 have been described to be pathogenically
associated with ET and PMF free of any JAK2 or MPL mutations. CALR is a calcium-
binding chaperone protein in endoplasmic reticulum (ER) that regulates calcium
homeostasis and controls quality of newly synthesized glycoproteins (Michalak et al.,
2009). The frameshift mutations in CALR lead to a brand-new C-terminal sequence,
losing the negatively charged WT lysine-aspartic acid-glutamic acid-leucine (KDEL)
motif (Balligand et al., 2016; Chachoua et al., 2016; Elf et al., 2016; Marty et al., 2016;
Nivarthi et al., 2016). The negatively charged KDEL motif plays an important role in
retaining CALR molecules in ER (Araki et al., 2016). However, with the less negatively
charged C-terminal in mutant CALR, the mutant CALR cannot disassociate from MPL

after binding with MPL in ER. Thus, the mutant CALR-bound MPL is exported to be



expressed on the cell surface (Staerk et al., 2006). This results in MPL activation

independent of TPO as well as activation of JAK2/STAT pathways (Marty et al., 2016).

CALR mutations account for 20-25% of ET cases and around 25% of the PMF cases
(Tefferi et al., 2014). There are two major types of CALR mutation: Type | is a 52 bp-
deletion (c.1092_1143del, p.L367fs*46) and Type Il is a 5 bp-insertion
(c.1154 _1155insTTGTC, p.K385fs*47). They account for around 80% of the CALR
mutated MPN cases (Rumi et al., 2014a; Rumi et al., 2014b). Type | CALR mutation
results in loss of most part of exon 9 and calcium binding sites while Type Il mutation
loses less part of the exon 9 and is capable of retaining half of the negative charge
(Klampfl et al., 2013). Based on these two changes in CALR structure, the rest of CALR
mutations are categorized into Type I-like and Type Il-like where Type I-like mutations

are more predominant than Type Il-like (Pietra et al., 2016).
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Figure 1.1 Constitutive activation of the JAK/STAT pathway resulted from
mutated JAK2, CALR, MPL.

(A) General mechanism for cytokine activation of the JAK/STAT pathway. Ligand-
receptor interaction results in dimerization of receptor subunits and
transphosphorylation of JAK. The activated JAK then phosphorylates the receptors
and STAT proteins. The phosphorylated STAT proteins are transported to the nucleus,
resulting in their target gene transcription. Major somatic driver mutations of classical
MPNs (B) JAK2, (C) CALR and (D) MPL result in JAK/STAT pathway activation.
Figure adapted from Jang & Choi (2020).



1.2.4 Triple-negative MPN

The driver mutations described above are mutually exclusive and account for almost
100% of PV cases, ~90% of ET cases and ~95% of PMF cases (Rumi and Cazzola,
2017). Despite this, there are still around 10% of ET cases and 5% of PMF cases cannot
be explained by any disease-driving mutations. These MPN cases fall into a
subcategory of triple-negative MPN. This remains as a great unknown area of MPN

development requiring more studies to discover the mechanisms behind.

1.2.5 Genetic factors associated with MPN heterogeneity

Despite the discovery of the driver JAK2, MPL and CALR somatic mutations, these
driver somatic mutations are not able to give a complete explanation of the
heterogeneity of classical MPNs (Cancer Genome Atlas Research et al., 2013;
Papaemmanuil et al., 2016). With the development of next generation sequencing
(NGS), there are several mutations that have been found to be associated with classical
MPNSs. Unfortunately, none of these mutations is specifically restricted to classical
MPNSs but can also be found in acute myeloid leukemia (AML) and myelodysplastic
syndromes (MDS) (Cancer Genome Atlas Research et al., 2013; Lundberg et al., 2014).
These mutations are not mutually exclusive. Indeed, accumulation of more mutations
implies a worse prognosis and shorter median survival (Lundberg et al., 2014). The risk
of leukemic transformation from MPNs increases as well. The cooperating mutations
are usually found to be affecting genes crucial for epigenetic regulation (such as TET2,
DNMT3A, ASXL1 and EZH2), mRNA splicing (such as SF3B1, SRSF2, U2AF1 and
ZRSR?2), transcription (such as TP53, CUX1, RUNX1 NFE2) and signal transduction
(such as NF1, NRAS, KRAS and FLT3) (Stegelmann et al., 2010; Pasquier et al., 2014;

Rampal et al., 2014). It seems there is a higher tendency of these mutations happening



in tumor suppressor genes and the mutations are usually loss of function. In conclusion,
different combination of these cooperating mutations and driver mutations may result

in different disease phenotypes (Vannucchi et al., 2013).

1.2.6 Mutant allele burden

JAK2-V617F is associated with PV, ET and PMF. However, how a single mutation can
result in diseases with different phenotypes is still unclear. Mutant allele burden can be
one of the possible explanations since it has been reported that the JAK2-V617F burden,
which refers to the ratio of mutant to wild type JAK2 in hematopoietic cells, varies
between different classical MPN entities. The mutant allele burden is usually low in ET
patients (~25%), median in PV patients (>50%), and highest in post-PV and post-ET

myelofibrosis (~100%) (Rumi et al., 2014a).

1.2.7 MPN therapy

Since the symptoms and prognosis vary in different classical MPN entities, there are
various treatment for classical MPNs. For example, since the median survival for low-
risk PV and ET is quite long, the symptomatic treatments are usually prescribed. Low-
dose aspirin and cytoreductive drugs like hydroxyurea are usually given to patients
(Yogarajah and Tefferi, 2017). However, for PMF patients, since the disease is much
more aggressive with worse prognosis and shortened median survival, more aggressive
management is needed. Allogenic stem cell transplant can be an option for therapy (Lim
et al., 2013). Before the transplantation, target drug therapy can be considered. Since
JAK2 mutation is the most frequent mutation in classical MPNs resulting in alteration
of JAK/STAT pathway, JAK kinase inhibitor ruxolitinib has been approved for clinical

use and can be prescribed to improve the survival rate and quality of life (Harrison et
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al., 2012). Other promising JAK inhibitors like pacritinib and momelotinib that may
cause less myelosuppression and reduced anemia were also subjected to clinical trials
(Geyer and Mesa, 2014). However, monotherapy of JAK inhibitor does not benefit all
the MPN patients and some patients could not receive such treatment due to cytopenia.
The discovery of new molecular abnormalities in signaling pathways has led to the
development of some non-JAK2 targeting agents such as histone deacetylase (HDAC)
inhibitor, bromodomain and extraterminal (BET) inhibitor, heat shock protein-90
(Hsp90) inhibitor, etc. that have been under clinical trials and could be used alone or in

combination with ruxolitinib (Geyer and Mesa, 2014; Economides et al., 2019).

1.3 Chronic myeloid leukemia

Chronic myeloid leukemia (CML), also known as Philadelphia (Ph)-positive MPNs
(Ph™ MPNs) or BCR-ABL1* MPNs, is a rare disease with an annual incidence of 1 to
2/100,000 (Sawyers, 1999). It accounts for around 15-20% leukemia cases and most
commonly found in elderly population (Sawyers, 1999). CML is a three-phase disease
with an initial chronic phase, followed by accelerated phase and the final blastic phase.
Patients in chronic phase generally have no to mild symptoms and can remain in this
phase for years (Soverini et al., 2018). When the disease progresses to accelerated and
then blastic phase, the percentage of immature cells and the genetic instability increases.
There is a higher possibility of drug resistance when the disease progresses (Sawyers,

1999; Shah, 2008).

To date, apart from morphological examination of blood cells, CML diagnosis is
confirmed by molecular tests. The diagnostic hallmark harbored by CML cells was first
described in 1960, that is the abnormally shortened Ph chromosome found in CML

patients (Nowell, 1985). Thirteen years later in 1973 (Rowley, 1973), Ph chromosome
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was found to be the result of a reciprocal chromosomal translocation between
chromosome 9 and chromosome 22 — 1(9,22) (Sessarego et al., 1983). Despite this, the
exact genes involve in the t(9,22) translocation remained unclear until 1985 (Stam et
al., 1985). It was reported that the proto-oncogene ABL1 (Ableson leukemia virus) in
chromosome 9 fuses with the BCR (breakpoint cluster region) gene in chromosome 22.
This results in formation of BCR-ABL1 fusion oncogene and production of a chimeric
protein that leads to CML (Stam et al., 1985). Among all CML patients, 95% of them
harbor the BCR-ABL1 mutation, while the other 5% harbor a complex or variant

translocations which result in the same BCR-ABL1 mutation outcome (Sawyers, 1999).

1.3.1 ABL1 and BCR gene

Human ABL1 gene encodes a 145 kDa non-receptor tyrosine-protein kinase which is
ubiquitously expressed (Laneuville, 1995). Depending on different alternative splicing
of the first exon, 2 isoforms can be arisen (Laneuville, 1995). The ABL1 protein
consists of several structure domains including a N-terminal “cap” (N-cap), 3 SRC
homology domains (SH1 — SH3), 4 proline-rich regions, 3 nuclear localization signal
domains, a nuclear exporting signal domain, a DNA-binding domain and actin-binding
domains (Kipreos and Wang, 1992; McWhirter and Wang, 1993; Feller et al., 1994;
Cohen et al., 1995; Deininger et al., 2000). The N-cap may or may not contain
myristylation site depending on the alternative splicing (Laneuville, 1995). The tyrosine
kinase activity of ABL1 protein is exhibited by SH1 domain, which is inhibited by the
SH3 domain (Cohen et al., 1995). SH2 and SH3 domains are involved in the interaction
with other proteins, while proline-rich regions involve in the interaction with other
proteins containing SH3 domains (Cohen et al., 1995; Deininger et al., 2000). The

native ABL1 protein regulates various biological processes such as cell growth and
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apoptosis, oxidative stress and DNA damage response, cell adhesion and migration,

integrin signaling, and so on (Soverini et al., 2018).

BCR gene encodes a 160 kDa protein carrying serine-threonine kinase property
(Laneuville, 1995). The BCR protein is also ubiquitously expressed and consists of
several structural domains including an oligomerization domain, serine/threonine
kinase domains, a Ras homolog gene family/guanine nucleotide exchange factors
(Rho/GEF) domain, a calcium binding domain and a Rac-GTPase activating domain
(Diekmann et al., 1991; McWhirter et al., 1993; Denhardt, 1996; Deininger et al., 2000).
The native BCR protein regulates neuronal RAC1 activity, macrophage motility and
phagocytosis as well as keratinocyte adhesion and differentiation (Cho et al., 2007;

Dubash et al., 2013).

1.3.2 BCR-ABL1 fusion gene and chimeric protein

The translocation breakpoints of both ABL1 and BCR gene are not in particular exact
hotspot locations, but anywhere within a region (Melo, 1996; Deininger et al., 2000;
Soverini et al., 2018). The translocation breakpoints of ABL1 gene mostly fall in a large
region ranging from upstream of the first exon 1b to downstream of second exon la
(Melo, 1996). The breakpoints usually locate in the intron region. For BCR gene, the
translocation breakpoints mostly locate in either the minor breakpoint cluster region
(m-BCR) in intron 1 or major breakpoint cluster region (M-BCR) in intron 13 or 14.
There is also a less common breakpoint cluster locates in intron 19, namely p-BCR.
Four BCR-ABLL1 isoforms can be derived from the fusion gene depending on the
location of the breakpoints (De Klein et al., 1986; Clark et al., 1987; Wada et al., 1995;

Soverini et al., 2018). Indeed, no matter where the exact breakpoint is located at ABL1
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gene, the BCR gene eventually fuses with exon a2 of ABL1 after the splicing of the
primary transcript (Melo, 1996). The main factor that determines the final chimeric
protein structure is the location of the breakpoints in BCR gene. When the breakpoint
occurs at M-BCR, ABLL1 exon a2 fuses with either BCR exon €13 or e14 depending on
the alternative splicing. Both el3a2 and el4a2 transcripts arise a 210 kDa chimeric
protein (p210BCRABLL) which can be detected in almost all the CML patients and
approximately a third of the Ph-positive b-cell acute lymphoblastic leukemia (B-ALL)
patients (Clark et al., 1987; Soverini et al., 2018). For other Ph-positive B-ALL, the
BCR breakpoint locates in m-BCR which results in fusion between ABL1 exon a2 and
BCR exon el. The e1la2 mRNA yields a 190 kDa BCR-ABL1 protein (p190BCR/ABLL)
(van Rhee et al., 1996). The rare u-BCR breakpoint results in fusion of ABL1 exon a2
and BCR exon €19. The formation of e19a2 transcript translates into a 230 kDa protein
(p230BCR/ABLYY which has been reported to be associated with CNL (Wada et al., 1995;

Pane et al., 1996).

As described above, ABL1 is implicated in various cellular processes. Thus, it should
be strictly regulated. Nevertheless, the fusion with BCR results in deregulation of ABL1
protein which leads to deregulation of the related cellular processes. Among them, three
major mechanisms are associated with the malignant transformation — (i) alteration of
adhesion to stroma cells and extracellular matrix, (ii) mitogenic signaling activity as

well as (iii) apoptosis inhibition (Soverini et al., 2018).
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Figure 1.2 Breakpoints in BCR and ABL1 genes and resulting transcripts as well
as structures of native proteins and chimeric proteins.

(A) The translocation breakpoints of ABL1 gene mostly fall in a large region ranging
from upstream of the first exon 1b to downstream of second exon 1a. The translocation
of BCR breakpoints mostly locate in either the minor breakpoint cluster region (m-
BCR) in intron 1 or major breakpoint cluster region (M-BCR) in intron 13 or 14. There
is also a less common breakpoint cluster (u-BCR) locates in intron 19. (B) The most
common fusion transcripts are e13a2 and el4a2 from translocation at M-BCR, which
are both translated into the p2108CR-4BL1 that has been found in typical CML and some
Ph* ALL cases; ela2 is produced from translocation at m-BCR, which is translated into
p190BCRABLL that has been found in majority of Ph* ALL; e19a2 is produced from
translocation at p-BCR, which is translated into p2308°R“BLL which has been found in
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CNL. (C) A schematic diagram showing different domains of the ABL1, BCR and
BCR-ABL.1 proteins. Figure adapted from Soverini et al. (2018).

1.3.3 BCR-ABL1 oncogenic pathways

Normal ABL1 protein can translocate between nucleus and cytoplasm depending on
the physiological needs (Cilloni and Saglio, 2012). Yet, BCR-ABLL1 protein losses this
property and mainly stays in cytoplasm. This allows the fusion protein interacting with
proteins in cytoplasm taking part in oncogenic pathways (Pendergast et al., 1993). Apart
from the change in localization, fusion with BCR also results in deregulation of tyrosine
kinase activity of ABL1 due to loss of the N-cap of ABL1 and abrogation of SH3
inhibitory regulation on SH1 tyrosine kinase domain (Pendergast et al., 1991). Loss of
N-cap results in exposure of SH1 domain to exhibit its tyrosine kinase activity.
Together with dimer or tetramer formation facilitated by the oligomerization domain in
BCR, the tyrosine kinase activity of ABLL1 increased. In turn, various proteins
implicated in different pathways can be deregulated, including adapter molecules, and
proteins related to cytoskeleton and cell membrane organization (Deininger et al., 2000).
BCR-ABLL1 proteins are capable of autophosphorylation. This results in increase in
amount of phosphotyrosine residues which can bind with SH2 domain-containing
proteins (Pendergast et al., 1991). Those proteins are mainly cytoplasmic since BCR-
ABL1 mainly retains in cytoplasm. Three major pathways are found altered in BCR-
ABL1-transformed cells, including RAS/MAPK pathway, PI3K/AKT pathway, and

JAK2/STAT pathway (Deininger et al., 2000).
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Figure 1.3 The signaling pathways activated by BCR-ABL1.

Tyrl77 phosphorylation provides docking site for GRB2, forming the BCR-
ABL1/GRB2 complex which recruits SOS and GRB2. The BCR-ABL1/GRB2/SOS
complex converts Ras from GDP-bound inactivated form to GTP-bound active form.
Ultimately, the Ras-Raf-MEK-ERK signaling cascade activation leads to gene
transcriptions and, thus, abnormal cellular proliferation. Alternately, Ras/MAPK
pathway can also be activated by BCR-ABL1/GRB2/GAB2 complex. The
GRB2/GAB2/SOS complex can also activate PI3K and thus the downstream serine-
threonine kinase AKT. Increased amount of phosphorylated tyrosine residues in BCR-
ABL1 interact with SH2 domain in STAT and result in continuous activation of the
STAT proteins in a cytokine/JAK-independent manner. Figure adapted from Li et al.
(2017).
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1.3.4 RAS/MAPK pathway

Phosphorylation of tyrosine 177 (Y177) in BCR is critical for BCR-ABL1-mediated
leukemogenesis (Zhang et al., 2001; Li et al., 2017). The phosphorylated Y177 in SH2
domain provides a docking site for growth factor receptor bound protein 2 (GRB2)
(Pendergast et al.,, 1991). The BCR-ABL1/GRB2 complex recruits both Son of
Sevenless (SOS) and GRB2-associated binding protein 2 (GAB2) (Cortez et al., 1997).
The BCR-ABL1/GRB2/SOS complex converts Ras from the inactive GDP-bound form
to the active GTP-bound form (Hellmann, 1992). This activates the Ras/mitogen-
activated protein kinase (MAPK) pathway. Activated Ras recruits Raf which initiates
the signaling cascade through MAPK/ERK kinase (MEK) 1/2 and extracellular signal-
regulated kinase (ERK). Alternately, RassMAPK pathway can also be activated by
BCR-ABL1/GRB2/GAB2 complex when the complex binds with SH2 containing
protein tyrosine phosphatase-2 (SHP2) through phosphorylated tyrosine residues on
GAB2 (Sattler et al., 2002). Ultimately, the activation of Ras-Raf-MEK-ERK signaling
cascade leads to gene transcriptions and, thus, abnormal cellular proliferation (Cilloni

and Saglio, 2012).

1.3.5 PISK/AKT pathway

Apart from RAS/MAPK pathway, the GRB2/GAB2/SOS complex can also activate
phosphoinositide 3-kinase (PI3K), and thus, the downstream serine-threonine kinase
AKT. AKT regulates various cellular processes including cellular survival, autophagy
and cell proliferation (Skorski et al., 1995). It inhibits apoptosis by inactivation of pro-
apoptotic proteins BAD and FOXO transcription factor, which results in reduction of
transcription of cellular inhibitor p27 and another pro-apoptosis protein Bcl2 (Cilloni

and Saglio, 2012). In addition, AKT upregulates mTOR which also involves in numbers
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of cellular processes such as autophagy cell growth and proliferation (Cilloni and Saglio,
2012). Thus, through mTOR upregulation, FOXO and BAD inhibition, PI3K/AKT

increases cellular survival and facilitates clonal expansion in CML patients.

1.3.6 JAK/STAT pathway

Signal transducer and activator of transcription (STAT) proteins are intracellular
transcription factors that implicate in many cellular processes including cell apoptosis,
proliferation and differentiation (Cilloni and Saglio, 2012). In normal cells, STAT
proteins have to be activated by receptor-associated Janus kinase (JAK) exclusively
after cytokine binding to receptors. However, in CML cells, autophosphorylation
property of BCR-ABLL results increase content of phosphorylated tyrosine residues
which associate with SH2 domain in STAT1 and STATS. This results in continuous
activation of the STAT proteins in a cytokine/JAK-independent manner (llaria and Van
Etten, 1996). Thus, STAT continuously translocate to nucleus, leading to transcription
of target genes. Ultimately, CML cells exhibit an increase in proliferation and a

reduction in apoptosis.

1.4 TKI treatment for CML

A decade ago, the treatment of CML was limited to nonspecific biological agents such
as hydroxyurea, busulfan, and interferon-alpha (IFN-o)(Silver et al., 1999). The INF-
o treatment reduced disease progression and improved patient survival, but it had a
modest efficacy and a variety of side effects. Combined treatment with IFN-o and
cytarabine may be more effective and was once viewed as the gold standard therapy,
however, none of these methods could result in molecular remission. Currently,

allogeneic stem cell transplantation (allo-SCT) is the only curative therapy option, but
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it is associated with morbidity and mortality risks. Thus, allo-SCT is mainly
recommended for young patients with good organ functions and performance status,

and in the presence of an appropriate donor (Jabbour and Kantarjian, 2020).

With the improved understanding of the molecular basis of CML, the therapeutic
landscape for CML radically changed due to the development of small molecule
tyrosine kinase inhibitors (TKIs), which potently block BCR-ABLL1 tyrosine kinase
activity by impairing the interaction between the BCR-ABL1 oncoprotein and
adenosine triphosphate (ATP), thereby effectively reduce the cellular proliferation of
malignant clones (An et al., 2010). In general, TKIs could reduce CML colonies without
interfering the apoptosis pathway and growth of normal colonies.
As a result of such targeted therapy approach, CML has become a manageable disease
with the 10-year survival rate remarkably improved from about 20% to 80-90% (Huang

etal., 2012; Hochhaus et al., 2017).

1.4.1 Imatinib

Imatinib (as known as STI571 or Gleevec) is the first generation of TKI being
discovered in 1996 and is the first TKI approved for the treatment of patients with
CML-CP by the U.S. Food and Drug Administration (FDA) in 2001 (Buchdunger et al.,
1996; Cohen et al., 2002). Imatinib inhibits BCR-ABL1 kinase activity by competitive
inhibition of the ATP-binding site called SH1 domain, which prevents the subsequent
phosphorylation of proteins that are involved in transduction of cell signaling. However,
the specificity of imatinib is moderate, it also demonstrated inhibitory activity against
the C-KIT (also referred to as stem cell factor receptor or CD117) tyrosine kinase and

platelet-derived growth factor receptor (PDGFR) (Druker and Lydon, 2000).
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A landmark clinical trial study for imatinib is the International Randomized Study of
Interferon and STI571 (IRIS) (O'Brien et al., 2003). The study was conducted with
randomly assigned 1,106 patients in chronic phasic CML to receive 400 mg imatinib
daily, or IFN-o. combined with cytarabine. With a median follow-up of 19 months,
imatinib significantly improved patient outcomes compared to IFN-a plus cytarabine.
Notably, the complete cytogenetic response rates for patients receiving imatinib and
IFN-a plus cytarabine were 74% and 9%, respectively. Afterwards, another six-year
follow up study of imatinib treatment showed 83% event-free survival rate and 88%
overall survival rate, which underscored the safety and efficacy of imatinib as the highly
effective first-line therapy for the CML patients (Hochhaus et al., 2009). Nonetheless,
approximately 30% of patients either developed drug resistance or responded poorly to
imatinib treatment with the standard dose 400 mg per day (Rosti et al., 2017). Therefore,
different strategies were applied such as increasing the imatinib dose to 600-800 mg
per day, combined therapy with IFN-a or pegylated interferon, which significantly
improved the outcome compared with imatinib treatment alone. Still, some patients
were intolerant to the toxicity and adverse effects of imatinib, hence second and third
generation TKIs, such as dasatinib, nilotinib, bosutinib and ponatinib, have been
developed for effective treatment of CML patients with imatinib resistance (Jabbour

and Kantarjian, 2020).
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1.4.2 Development of imatinib resistance

Imatinib resistance could be developed over time course of treatment due to the
occurrence of mutations in the BCR-ABL1 oncoprotein, which is the most common
cause of acquired resistance to targeted therapies. Since stringent binding is required
for the BCR-ABL1 blockage by imatinib, mutations at the binding domain could result
in substitution of amino acids, and hence the conformation change of domain would
reduce the binding affinity for imatinib (Talati and Pinilla-1barz, 2018). Indeed, most
mutations that confer resistance to imatinib could be overcome by second generation
TKIs, but novel mutations have emerged to render drug resistance and a prominent
point mutation in BCR-ABL1 is the T315] mutation that allows resistance to almost all
available TKI except the third generation TKI ponatinib (Wolfe and Rein, 2021). This
mutation is caused by the substitution of thymine for cytosine at position 944 of the
ABL gene and leads to the production of threonine instead of isoleucine. Such
substitution eliminates an oxygen molecule that is vital for the hydrogen bonding
between imatinib and ABL kinase, meanwhile, steric hindrance is also created to
prevent the binding of imatinib (Bixby and Talpaz, 2009). Resistance can also occur
due to gene amplification of BCR-ABL1 and eventually leading to the overexpression
of fusion protein, which is observed in 20% of patients who have imatinib therapy

relapse (Hochhaus et al., 2002).

Besides point mutations in BCR-ABL1 as a frequent cause of TKI resistance, there are
other accounts of imatinib resistance that are independent of BCR-ABL1. For example,
it is known that imatinib is transported out of cells by MDR1 efflux pump protein and
into cells by an active uptake mechanism via hOCT1 influx transporter, hence the

differential function or expression of these transporters would result in a reduced
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intracellular concentration of imatinib and consequently such pharmacodynamic
properties contribute to the resistance (Thomas et al., 2004). Additional to abnormal
expression of regulatory pumps controlling efflux and influx of TKIs, activation of
alternative survival pathways to maintain viability and growth may also be responsible
for primary or secondary resistance, despite BCR-ABL1 kinase activity is suppressed.
For instance, BCR-ABL1-independent STAT3 activation has been shown to result in
TKI resistance via both intrinsic pathway and extrinsic mechanism induced by bone
marrow-derived factors, leading to increased levels of its target genes Bcl-xl, Mcl-1,
and survivin (Bewry et al.,, 2008; Eiring et al., 2015). On the other hand,
phosphatidylinositol-3 kinase (PI3K) is known to be one of downstream signaling
molecules upon activated signal transduction by BCR-ABL1 and involve in

proliferation of CML cells.

Later research has further demonstrated the important compensatory role of
PIBK/AKT/mTOR-pathway in mediating CML cell survival during the early stage
development of imatinib resistance prior to the emergence of strong resistance due to
mutations in BCR-ABL1 (Burchert et al., 2005). Forkhead box Ol (FOXO1), a
downstream transcription factor in the PI3K signaling pathway, has also been shown to
be elevated in TKI-resistant cell lines as well as relapsed CML patients lacking BCR-
ABL1 kinase domain mutations (Wagle et al., 2016). A study utilizing large-scale
RNAI screening to identify genes associated with imatinib resistance independent of
BCR-ABL1 mutations has found an increased activation of RAF/MEK/ERK signaling
pathway due to the increased expression of a protein kinase C (PKC) family member
called PKCn, leading to inhibition of CML cell apoptosis and enhanced proliferation

(Ma et al., 2014). In the study, it has also revealed an upregulation of Protein kinase C
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eta (PRKCH) gene which encodes PKCrn in CML patients with BCR-ABL1-
independent imatinib resistance, and CML stem cells containing high expression of
PRKCH could contribute to their intrinsic resistance. Then, further testing with the
combination of imatinib and trametinib, which is a MAPK/ERK kinase (MEK)
inhibitor, showed synergistic effect against imatinib-resistant CML cells and had

minimal effects on normal hematopoietic stem cells (Ma et al., 2014).

In addition, mutations in epigenetic regulators, such as ASXL1, DNMT3A, IDH1, and
SETBP1, could also contribute to BCR-ABL1-independent TKI resistance (Kim et al.,
2017). In fact, it has been shown that an increased risk of poor treatment outcome is
associated with the presence of these mutations at diagnosis. Also, the presence of
mutations in epigenetic regulators are associated with the progression of CML to blast
crisis phase (Giotopoulos et al., 2015; Branford et al., 2018). The mechanism by which
these mutations cause TKI resistance in CML is not entirely clear at this moment, but
there has been increasing evidence showing that epigenetic dysregulation is responsible

for TKI resistance and leukemic clone escape (Loscocco et al., 2018).

Other epigenetic regulators that are frequently deregulated in cancers and leukemia are
the polycomb repressive complex 1 (PRC1) and polycomb repressive complex 2
(PRC2), which predominantly regulate gene expression by trimethylation of lysine 27
on histone H3 (H3K27me3) (Creaet al., 2012; Scott et al., 2016). PRC2 dysregulation
has been revealed in CML cell lines, primary CML cells, or murine models, and an
aberrant expression level of PRC2 is also associated with TKI response and progression

of CML to blastic phase (Pizzatti et al., 2010; Bozkurt et al., 2013).
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Another epigenetic regulator involved in CML resistance is microRNA (miRNA), a
family of small non-coding RNAs that could regulate gene expression through direct
binding to their target mMRNAs. A recently study utilized a miRNA microarray to
compare the expression of miRNAs between K562 cell line and healthy controls and
demonstrated a large amount of downregulated miRNAs in K562, which indicated the
potential involvement of miRNA in CML (Rokah et al., 2012). Furthermore, the
downregulation extent of several miRNAs, such as miR-29 cluster, miR-23a, and miR-
451, in drug-naive chronic phase CML patients can be evaluated to distinguish patients
who are responding to imatinib or not (Fallah et al., 2015; Loscocco et al., 2019).
Particularly, an inverse relationship between miR-451 and BCR-ABL1 expression has
been observed in a subset of patients responding to imatinib, indicating miR-451 may

potentially target BCR/ABL1 (Lopotova et al., 2011; Scholl et al., 2012).
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1.4.3 New therapy approaches to deepen remission

To better achieve depth and durability of response, prevent the development of TKI
resistance, limit the toxicity of TKIs, and promote treatment-free remissions, new
treatment approaches are needed. Previously, frontline treatment was aimed at
achieving a cytogenetic remission coupled with a molecular remission to improve
overall survival of patients (Hanfstein et al., 2012). Recently, treatment-free remission
(TFR) has been accepted as a goal of frontline treatment, as does the goal of achieving
a deep molecular response that enables discontinuation of TKI treatment and improves

the quality of life of patients.

Currently, the estimated discontinuation rate for imatinib and second-generation TKIs
are 30-40% and 40-50% of patients, respectively, but there is no approach to predict
who will not achieve a deep remission. Since TFR in CML therapy is a relatively new
concept, no approved treatments are currently available to increase chances of reaching
deep molecular responses, nor treatment adjuncts that may be added if patients are not
achieving the desired result. However, the current ultimate goal is to enhance the
number of patients eligible for treatment discontinuation, and even achieve a cure,

hence several new approaches are being investigated to reach these goals.

For example, A breakthrough therapy designation has been granted to asciminib in
February 2021 by the U.S. FDA for treating patients with CML who have previously
been treated with two TKIs or more. Also, asciminib has a breakthrough status for
treating CML patients possessing the T3151 mutation. Instead of competing with ATP-
binding sites in active conformation of BCR-ABL1, asciminib specifically binds to the

myristoylation pocket and inhibit ABL1 activity by trapping it in the inactive
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conformation (Wylie et al., 2017). Currently, asciminib is being evaluated in patients
who have failed to respond to two or more TKIs (Rea et al., 2021). Nonetheless, due to
the effectiveness and safety of asciminib, it may be potentially used even as first-line
therapy to boost the speed and depth of the drug response. A combination of an TKI
targeting ATP-site with asciminib may also prevent the development of resistance in
the presence of point mutations in the TKI binding sites. Currently, a non-randomized
Phase 2 study in Germany is confirming the drug effects by administering asciminib in
combination with imatinib, nilotinib, or dasatinib in various doses (Javidi-Sharifi and

Hobbs, 2021).

In addition, a combination of TKI and other drugs targeting signaling pathways or
molecules other than BCR-ABL1-dependent pathway is another trend that under
investigation. For instance, a combination of ruxolitinib, a JAK1/JAK2 inhibitor, and
nilotinib was under phase I clinical trial to evaluate the safety and tolerability in CML
patients since an activation of JAK/STAT pathway can enhance the survival of CML
cells during TKI treatment (Sweet et al., 2018). Pre-clinical studies have also shown
that blockage of JAK/STAT signaling could restore the sensitivity of CML cells to
BCR-ABL inhibition (Nair et al., 2012). Combination of TKI with other drugs such as
interferon, immune check point inhibitors, or pioglitazone are also being investigated
in different phases of clinical trials (e.g. NCTO03831776, NCT03516279,
NCT02767063), and all these studies aim to achieve a deeper molecular response by
targeting both BCR-ABL1-dependent and BCR-ABL1-independent signaling at the

same time (Javidi-Sharifi and Hobbs, 2021).
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Overall, the issue of drug resistance not only hinders the achievement of disease
remission but poses a more far-reaching consequence where CML progresses from a
mild chronic phase to the more aggressive lethal accelerated phase and blastic phase
CML or even acute leukemia (Bhat et al., 2020). To tackle the drug resistance problem,
it is crucial to understand the mechanisms and pathways of resistance development and
disease progression, especially those are BCR-ABL-independent, hence more effective
treatment with combination of TKI and specific drug can be applied. Despite much
effort has been put in studying the underlying mechanisms in the past decades, most of
the studies have been focusing on the messenger RNA expression and their encoded
proteins (Bhat et al., 2020). Various mutations have been found to be associated with
disease progression and TKI resistance mechanisms, but the resulting abnormalities
seem to be quite diverse. Since only a small portion of human transcriptome is covered
by protein-coding genes, more research has been moved on to studying another
significant portion of the transcriptome, i.e., the non-coding RNA (ncRNA), including
long non-coding RNA (IncRNA) and microRNA (miRNA) (Soltani et al., 2017; Bhat
et al., 2020). With greater coverage of transcriptome studies, there can be a deeper
insight in pathophysiology of CML progression and drug resistance, which is essential

for discovery of new diagnostic markers and therapeutic targets.
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1.5 MicroRNA

MicroRNAs (miRNAs) are relatively well-studied non-coding RNAs that are expressed
in a wide range of eukaryotic cells from mammals to plants and even viruses (Ambros,
2001; He and Hannon, 2004). In general, miRNAs are approximately 22 nucleotides in
length and their primary function is to repress the expression of cellular mRNAs
although it has recently been shown that miRNAs are also able to stimulate MRNA
expression through binding to AU-rich region at the 3’end of target transcript
(Vasudevan et al., 2007; Vasudevan, 2012) or epigenetically activate gene transcription
by serving as an enhancer trigger (Xiao et al., 2017a). Extensive studies have shown
that miRNAs play crucial regulatory roles in the development of tissues and cells as
well as progression of various diseases (Vishnoi and Rani, 2017). The biogenesis of
mature miRNAs is initiated once the miRNA genes are transcribed by RNA polymerase
Il which yields a long primary transcript that possesses a hairpin-like structure, also
referred to as pri-miRNA (Michlewski and Caceres, 2019). Then, the premature-
miRNA undergoes nuclear and cytoplasmic processing that are executed by DROSHA
and the endoribonuclease DICER respectively, resulting in a miRNA duplex. One of
the miRNA strands then associates with RNA-induced silencing complex (RISC) along
with an Argonaute (AGO) protein, resulting in the mature functional miRNA

(Michlewski and Caceres, 2019).

Generally, miRNAs regulate gene expression post-transcriptionally through the
complementary binding to the target mMRNAs. Such binding guides the effector proteins
of the RISC towards target mRNA and causes its degradation (Thomson et al., 2011).
Absolutely complementary binding between miRNA and mRNA is very infrequent, but

as little as 6 bp matching can also be sufficient for their interaction and lead to gene
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suppression. Such interaction usually occurs between the 5’-end of the miRNA
(nucleotides 2-7 from 5’ and denoted as ‘seed’ region) and the 3’ untranslated region
(3’-UTR) of the mRNA (Doench and Sharp, 2004; Brennecke et al., 2005).
Consequently, a partial hybrid of the mRNA and the miRNA ‘seed’ region or other
sections of the miRNA is formed. This results in the inhibition of gene expression by a
combination of RNA degradation and translational repression. RNA degradation is
promoted by either endonucleolytic cleavage catalyzed by AGO2, or deadenylation and
exonucleolytic attack (Bartel, 2004). Since considerable research reported alteration of
miRNA expression during development and progression of human diseases, miRNA
could serve as a promising molecular biomarker for diagnosis or prognosis (Ullah et al.,

2014).
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1.6 Long non-coding RNA

Long non-coding RNA (IncRNA) is a newly evolving class of non-coding RNAs that
are conventionally defined as longer than 200 nucleotides in length without protein-
coding capacity due to lack of significant open reading frames, hence they would not
be translated into proteins but act as a functional transcript instead. In the past, InCRNA
were once considered as an existence of transcriptional noise with low evolutionary
conservation (Rinn and Chang, 2012). However, increasing amount of studies have
provided strong evidence that IncRNAs are a crucial contributor to diverse
physiological and pathological conditions through their critical regulatory roles in
different layers (Batista and Chang, 2013; Yang et al., 2014). LncRNAs share some
similarities with mMRNAs. Most IncRNA transcripts are transcribed by RNA polymerase
Il and they undergo processing including splicing, 5’ end capping and polyadenylation.
However, INCRNA expression level is in generally lower, and is much more specific to
particular cell or tissue types (Batista and Chang, 2013; Alvarez-Dominguez et al., 2014;

Fatica and Bozzoni, 2014b).

Research work in the last decade has demonstrated the diverse roles of IncRNAs in
regulation of different biological processes by mediating gene expression at epigenetic,
transcriptional or posttranscriptional levels via various mechanisms, such as
recruitment and assembly of chromatin modifiers, organization of chromosome
structure, mRNA splicing, translational regulation, etc. (Batista and Chang, 2013;
Garitano-Trojaola et al., 2013; Schaukowitch and Kim, 2014). The multifaceted
regulatory functions of INcRNAs are made possible due to their high versatility to
interact with a variety of different molecules including DNAs, other RNASs or protein

complexes. Notably, InNcRNAs specifically express and function across different cell or
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tissue types, meaning a particular INcRNA may be expressed and function in one
cellular phenotype but not work in the same way in others (Cabili et al., 2011; Cabili et
al., 2015). All these special features of IncCRNAs created additional levels to the

complexity of precise gene expression control.

According to NONCODEV5, approximately 96,000 human IncRNAs have been
identified to date (Fang et al., 2018). Among them, only about 18,000 INCRNA genes
(19%) have been annotated by the GENCODE Consortium (Version 33) and 32,000
records of human disease association with experimental support have been obtained
(Harrow et al., 2012; Fang et al., 2018). It clearly reveals that only a small portion of
IncRNASs have been functionally characterized and the vast majority remains unknown,

thus a lot of effort is still required to expand our understanding of INCRNAs.

1.6.1 Archetypes of IncRNA functional mechanism

On account of the widespread attention to IncRNAs and the advancement in technology,
researchers have gained a better understanding of IncRNAs regarding their mechanisms
of action. Initially, it was proposed that the primary function of IncRNASs is gene
expression regulation and four dominant ways of INCRNAs interacting with their targets
were suggested, including signals, decoys, guides and scaffolds as shown in Figure 1.4
(Wang and Chang, 2011). First, IncRNAs could function by serving as signaling
molecules in response to diverse stimuli in specific cell or tissue types (Mathy and Chen,
2017). It therefore activates or negatively regulates the downstream transcription of
other genes at very specific time and space according to different stimuli. For example,
INcRNA PANDA can be activated by the interaction between p53 and CDKN1A as a

result of DNA damage response. Activated PANDA prolongs the survival of tumor
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cells by preventing the expression of apoptotic genes via interaction with the nuclear

transcription factor Y subunit a (NF-YA) (Hung et al., 2011).

LncRNAs could also function as molecular decoys and negatively regulate gene
expression by binding to target molecules such as transcription factors or chromatin
modifying enzymes and impede them from binding to promoter of other genes,
resulting in a suppression of downstream transcription and hence gene expression.
Functionally opposite to decoys, INcRNAs could act as guides so that they bind to target
effector proteins such as ribonucleoprotein complex, and then direct their localization
to specific target site. Then, the ribonucleoprotein complex could result in activation or
repression of gene transcription either in cis or in trans via chromatin modification. For
instance, INcCRNA Fendrr interacts with PRC2 and TrxG/MLL complexes and
modulates histone modification H3K27me3 and H3K4me3 at specific promoter sites,
resulting in regulation of genes controlling pluripotency and cell differentiation in

mouse embryonic cells (Grote et al., 2013).

Finally, IncRNAs could act as scaffolds to provide a platform upon which multiple
effector proteins or subunits can be assembled simultaneously in order to function
together. These complexes could then cause activation or repression of transcription via
epigenetic modification of chromatin. One of the most studied scaffold IncCRNAs is Xist,
which is expressed by one of the two X chromosomes that is supposed to be inactivated
in females (Bousard et al., 2019; Colognori et al., 2019). Xist functions by recruiting
the PRC1 and PRC2 complexes, which leads to the formation of heterochromatin state
via histone methylation and then suppresses the gene expression of this X chromosome,

leading to a dose compensation role in mammals. The above-mentioned regulatory
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mechanisms are the predominant ways of action first discovered in IncRNAs that are
mainly related to gene transcriptional control but increasing research has elucidated the
mode of action of IncRNAs could be very diverse, which will be described in Chapter

1.6.2&1.6.3.

34



A. Signaling

I ———p (GenNe activation

” 4\ Gene suppression

C. Guide
Promote chromatin
modification

D. Scaffold

Act on chromatin

/\ stucture

Figure 1.4 The four archetypes of IncRNA mechanism.

(A) As a signal molecule, IncRNA mediates the transcription of downstream genes in
response to specific stimuli. (B) As a decoy, IncRNA binds to functional proteins to
block their regulation on other genes. (C) As a guide molecule, InCRNA carries
functional protein molecules and locate them to their target sites to perform gene
regulations. (D) As a scaffold molecule, IncRNA can be a platform for different types
of molecular complexes to assemble on it and work in cooperation. Figure adapted from
Wang & Chang (2011).
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1.6.2 Functions of IncRNAs in the nucleus

Distinct functions of IncRNAs depend on the cellular compartments where they are
localized. A significant amount of IncCRNA is preferentially localized in the nucleus,
which regulate the expression of other genes mainly at epigenetic and transcriptional
levels. Moreover, some nuclear INCRNASs play a vital role in the organization of nuclear
structures (Engreitz et al., 2016; Sun et al., 2018). For epigenetic regulation of
chromatin organization also known as the chromatin remodeling, INCRNAs usually
involves the modification of histone proteins which in turn affect chromosome structure
by acting as molecular scaffold of particular chromatin-regulatory complexes or
histone-modifying machinery for their integration (Engreitz et al., 2016). Chromatin
remodeling could impact DNA accessibility for transcription factors to the target

promoters and hence affect the gene transcription process.

In fact, epigenetic modifiers are the most frequent protein partners interacting with
IncRNAs that have been identified so far, including Polycomb Repressive Complex
(PRC), MLL/TrxG complex, DNA-methyltransferase 1 (DNMT1), histone
demethylase LSD1, DNA demethylation regulator GADD45A, histone
methyltransferase G9a, and so on; among which the members of the Polycomb
Repressive Complex 2 (PRC2) and histone methyltransferases have gained a lot of
awareness (Han and Chang, 2015; Hanly et al., 2018). As an example, HOTAIR is a
well-studied INcRNA and is transcribed from HOXC locus located on chromosome 12.
It exerts regulatory function by directly binding to EZH2, which is a component of the
PRC2, and then the assembled PRC2 could silence a cluster of tumor suppressor genes
on the HOXD locus epigenetically by regulation of histone methylation (Rinn et al.,

2007; Tsai et al., 2010). Recently, a study has reported that HOTAIR could promote

36



kidney cancer progression by altering the chromatin structure and enhance the
transcription of the SNAIL gene through interaction with ARID1 and SMARCBI,
which are subunits of the chromatin remodeling complex SWI/SNF (Imai-Sumida et

al., 2020).

Some IncRNAs modulate chromatin organization without direct interaction with
chromatin modulators or the chromatin, but through the interplay with other protein
molecules. For instance, INCRNA BCAR4 indirectly influences p300-dependent
histone-acetylation and activates the Hedgehog/GLI2 transcriptional program to
promote cell migration in breast cancer cells (Xing et al., 2014). By interacting with the
RNA-binding protein (RBP) called SNIP1, BCARA4 releases the suppression of SNIP1
on p300 to promote the H3K18 acetylation of GLI2 promoter. Meanwhile, BCAR4
recruits another RBP called PNUTS to the acetylated H3K 18 and leads to the activation
of GLI2. Overall, BCAR4 influences the epigenetic regulation of GLI2 transcription by

interacting with different RBPs (Xing et al., 2014).

For transcriptional regulation, IncRNAs exert their functions mainly by serving as a
decoy or guide molecule. Transcription starts with the binding of RNA polymerase Il
to the gene promoter region together with transcription factors. As a decoy, INCRNAs
could repress gene expression by direct binding to RNA polymerase Il or transcription
factor complexes, and result in the intervention of their binding to the promoter region.
On the contrary, IncRNAs could also guide RNA polymerase Il to the promoter of
specific genes for binding and thus facilitate gene transcription (Faust et al., 2012). For
instance, INCRNA LEENE guided and facilitated the recruitment of RNA polymerase

Il to the promoter region of endothelial nitric oxide synthase (eNOS) and enhance the
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transcription of eNOS mRNA (Miao et al., 2018). Indeed, some IncRNAs could even
serve as transcription factors themselves. The INCRNA GAS5 folds into a DNA-like
structure by forming hairpin so that it could bind to the DNA-binding domain of the
glucocorticoid receptor, and inhibits the transcription of glucocorticoid-responsive
genes, influencing the metabolic activities and cell survival during starvation (Kino et

al., 2010).

Besides, IncRNAs are also involved in the regulation of alternative splicing of pre-
MRNA in the nucleus, which is an important process to increase transcriptome and
proteomic complexity in higher eukaryotes. The serine/arginine (SR) splicing factors
are crucial regulators to modulate cell- or tissue-type-specific alternative splicing
dependent of their concentration and phosphorylation state (Long and Caceres, 2009).
LncRNAs participate in splicing via two main ways, that are interaction with splicing
factors or forming RNA-RNA duplexes with pre-mRNAs (Liu et al., 2021). For
example, MALATL is a highly nucleus-restricted IncRNA localized at the nuclear
speckles and it functions as a molecular sponge to titrate and dilute the cellular pool of
SR splicing factors, influencing the distribution of splicing factors in the nucleus.
MALAT1 also regulates the phosphorylation of SR proteins to affect their activity and
hence controls alternative splicing of pre-mRNA (Tripathi et al., 2010; Tripathi et al.,
2013). Another IncRNA 51A could bind to intron one of a protein-coding gene Sortilin
Related Receptor 1 (SORL1) and mask the canonical splicing sites, thereby driving a
splicing shift of SORL1 pre-mRNA to an alternatively spliced protein isoforms, leading

to a potential in Alzheimer’s disease (Ciarlo et al., 2013).
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Finally, IncRNAs are also known to maintain and nucleate specific nuclear domains,
which are non-membranous structures enriched with a unique set of RNAs and proteins.
Eukaryotic cells possess several nuclear domains, including the nucleolus, nuclear
speckles and paraspeckles. The INcRNA NEATL is known to nucleate the formation of
paraspeckles that contain certain RBPs. NEATL is essential for the structural integrity
of paraspeckles as experiments have shown the knockdown or knockout of NEAT1
would result in the dispersion of paraspeckle proteins (Clemson et al., 2009; Sunwoo
et al., 2009). Furthermore, the paraspeckle integrity requires ongoing transcription
process of NEATL, which suggests the formation of paraspeckles is coupled to the
biogenesis of NEAT1 (Mao et al., 2011). The major functions of nuclear enriched
InNcRNASs are summarized in Figure 1.6.2, also showing some cytoplasmic functions

that will be described in Chapter 1.6.3.
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Figure 1.5 Major molecular functions of IncRNAs.

(A) LncRNAs (in red) recruit chromatin modifiers to mediate histone modification. (B)
LncRNAs recruit transcription factors and core components to regulate transcription
process. (C) LncRNAs modulate alternative splicing events. (D) LncRNAS regulate the
organization of DNA through chromatin looping (E) LncRNASs serve as structural
components for the formation of nuclear bodies. (F) LncRNAs regulate translation
process of mMRNAs. (G) LncRNAs modulate the degradation process of mRNAs. (H)
LncRNAs act as molecular sponges to sequester miRNA, thus de-repressing the
expression of the mMRNAs targeted by the miRNA. Figure adapted from Neguembor,
Jothi, & Gabellini, (2014).
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1.6.3 Functions of IncRNAs in the cytoplasm

In the cytoplasm, IncRNAs regulate gene expression mainly at post-transcriptional,
translational and post-translational levels, ranging from the regulation of mMRNA
stability by preventing or inducing their degradation, to the regulation of protein
translation (Carrieri et al., 2012; Yoon et al., 2012; Fatica and Bozzoni, 2014a; Noh et
al., 2018). Some IncRNAs could act as sponges for the competition of miRNAS, or even
house miRNAs within their transcripts (Cai and Cullen, 2007; Zhang et al., 2012; Wang

et al., 2013b).

A IncRNA example of regulating RNA stability is IncRNA LAST, which acts as a
stabilizer to promote the stability of Cyclin D1 mRNA by interacting with cellular
nucleic acid binding protein (CNBP) (Cao et al., 2017). Besides, certain IncRNAs could
also regulate mRNA stability through Staufen 1 (STAUL)-mediated mRNA decay
(SMD) by pairing with the 3’UTR of target mRNA to form a double-stranded RNA
during SMD. STAUL recognizes and binds to the dsSRNA and results in degradation of
the target MRNA. This class of INCRNA has been named as half-STAU1-binding site
RNAs (1/2-sbsRNAs) (Gong and Maquat, 2011). Moreover, cytoplasmic INCRNA
could also directly interact with STAUL and the IncRNA terminal differentiation-
induced ncRNA (TINCR) is a good illustration. A study revealed the direct binding of
TINCR to STAUL1 protein, and the TINCR-STAU1 complex has been found to mediate
the stabilization of certain mMRNA of somatic tissue differentiation genes (Kretz et al.,
2013). At the same time, TINCR interacts with a variety of mRNA encoding proteins
for cell differentiation via a 25-nucleotide motif called “TINCR box”, and renders their

stability (Kretz et al., 2013).
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LncRNAs could also engage in the regulation of translation processes through
interaction with ribosomes. For instance, INCRNA GASS5 interacts with translation
initiation factor elF4E by direct binding through the RNA binding motifs on elF4E.
Meanwhile, GAS5 also binds to c-Myc mRNA, and the overall interactions result in
the inhibition of c-Myc protein translation (Hu et al., 2014). Another IncCRNA,
lincRNA-p21 interacts with partially complementary mRNAs, and enhances the
recruitment of translation suppressors Fmrp and Rck, which lead to the suppression of
MRNA translation by inhibition of ribosome binding (Yoon et al., 2012). In addition to
controlling the translation process of specific gene targets, INcRNAs could also regulate
the translation machinery in general. The IncRNA BC1, mainly expressed in germ cells
and neurons, is an example. BC1 could inhibit the assembly of translation initiation
complexes. It has been found that BC1 transcript could interact with elF4A and PABP
and hence repress translation in Xenopus oocytes (Kindler et al., 2005; Wang et al.,

2005).

Furthermore, IncRNAs could influence protein stability at post-translational level by
regulating ubiquitination and degradation through ubiquitin-proteasome system.
Ubiquitin molecules attach to a substrate protein through ubiquitin conjugation, then
the marked protein would undergo degradation and proteolysis into amino acids via the
proteasome (Glickman and Ciechanover, 2002). An example that InCRNA regulates
protein stability is HOTAIR, which functions as scaffold to interact with E3 ubiquitin
ligases containing the RNA-binding domains, Mex3b and Dzip3. This enhances the
ubiquitination of their corresponding substrate proteins, Snurportin-1 and Ataxin-1
respectively, thus accelerating their degradation, and reducing the protein levels, and

prevents premature senescence in vitro (Yoon et al., 2013).
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Recently, more attention has been paid to the interaction between IncRNAs and
miRNAs, and a concept of competing endogenous RNA (ceRNA) has been introduced
(Figure 1.7), which refers to the interplay between different RNA transcripts through
the competition for the same pool of miRNAs (Salmena et al., 2011). LncRNASs can
indirectly regulate gene expression by binding to miRNAs through miRNA binding
sites known as miRNA response elements (MREs) that should be highly
complementary to the seed region of target miRNA. Hence, IncRNAs can compete with
MRNAs that possess shared MREs for particular miRNA and impede their RISC-
mediated degradation to de-repress their expression (Chan and Tay, 2018a). In other
words, IncRNAs act as molecular sponge of miRNAs and sequester them to prevent

their functions, thereby rescue the expression of their target genes.

For example, IncRNA SNHG5 could enhance ABCC2 expression by binding to miR-
205-5p and subsequently promotes imatinib resistance (He et al., 2017). Another well-
known proto-oncogenic INCRNA, MALAT1, could sequester miRNA-328 by serving
as a miRNA sponge and hence facilitates the drug response of CML cells to imatinib
(Wen et al., 2018). To conclude, cytoplasmic IncRNAs mainly function in post-
transcriptional, translational and post-translational regulations, which is summarized in
Figure 1.6, and a predominant role for IncRNA that has gained increasing awareness is
to act as ceRNAs to crosstalk with miRNAs and mRNAs, which is illustrated in Figure

1.7.
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Figure 1.6 Different levels of gene expression regulation by cytoplasmic INcRNAs.
Cytoplasmic IncRNAs regulate gene expression at post-transcriptional, translational
and post-translational levels via different mechanisms. The major types of mechanisms
include the regulation of MRNA stability, modulating translation process and protein
stability, and acting as miRNA sponge to mediate ceRNA networks. Figure adapted

from Noh et al. (2018).
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Figure 1.7 Schematic diagram showing the mechanism of ceRNA interplay.

(A) Both ceRNA: and ceRNA: contain MREs which allows binding of miRNA: and
miRNA:. Hence, ceRNA: and ceRNA: share a common pool of miRNAs that are
miRNA: and miRNA.. (B) When there is an increased abundance of ceRNA1, more
miRNAs are bound by ceRNA1, resulting in a de-repression of ceRNA., and vice versa.

Figure adapted from Qi et al. (2015).
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1.6.4 LncRNAs and human diseases

As discussed above, INcCRNAs have extremely diverse roles in regulation of gene
expression through every molecular layer including pre-transcription, transcription,
post-transcription, translation and post-translation. Since all these molecular processes
are crucial to maintain normal cellular functions, such as cell proliferation, invasion,
migration and apoptosis, it is expected that the dysfunction or abnormal expression of
InNcRNASs could consequently result in the development of various types of human
diseases and cancers. Accumulating evidence has demonstrated the recognition of
IncRNAs in different human disorders, including leukemia and cancers in lung, liver,
breast, prostate, bladder, etc. (Shi et al., 2013; Neguembor et al., 2014; Isin and Dalay,

2015; Sanchez Calle et al., 2018; Zhang et al., 2019).

For example, MEG3 is a renowned INncCRNA expressed in most normal tissues and has
been considered as important regulators in diverse biological processes but it is also
highlighted in numerous human disorders (Zhang et al., 2003; Al-Rugeebah et al.,
2019). MEG3 could activate p53, which is a tumor suppressor protein that regulates
cell cycle, cell senescence and apoptosis of damaged cells, thereby inhibiting the
tumorigenesis and progression of different cancers (Alexandrova and Moll, 2012). A
loss of MEG3 expression has been found in different primary tumor cells as well as
cancer cell lines, including lung cancers, colorectal cancers, hepatocellular cancers and
gliomas (Braconi etal., 2011; Wang et al., 2012; Lu et al., 2013; Yin et al., 2015). This
example clearly showed that aberrant expression of certain IncCRNAs in specific cell or

tissue types could lead to related pathogenesis.

It is not surprising that aberrant INCRNA expression also contributes to different types

of leukemia and hematological disorders, such as UCAL and HOTAIR in acute myeloid
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leukemia (AML) (Hughes et al., 2015; Wu et al., 2015; Xing et al., 2015), BALR-6 and
HOXA-AS2 in acute lymphoblastic leukemia (ALL) (Rodriguez-Malave et al., 2015;
Zhao et al., 2019), DLEU1/2 and MIAT in chronic lymphocytic leukemia (CLL)
(Garding et al., 2013; Sattari et al., 2016). Definitely, there are also some INCRNAs
implicated in CML. For instance, the expression level of IncRNA MEG3 has been
reduced in patients with the advanced phases of CML, which are the accelerated and
blast phases, possibly due to the methylation of MEG3 promoter and histone
deacetylation (Li et al., 2018b). Ectopic expression of MEG3 could result in inhibited
proliferation and apoptosis of CML cells. Its inhibitory effects were promoted through
interaction with its target miRNA, miR-147, and suppression of the JAK/STAT
signaling pathway in which overactivation of this pathway is linked to various tumor
formations. Treatment using a novel histone deacetylase inhibitor, chidamide and a
demethylation drug, 5-azacyidine, has resumed the expression of MEG3 in CML (Li et
al., 2018Db). Besides, MEG3 has also been found to discourage CML cell proliferation
and trigger apoptosis via downregulation of another target miRNA, miR-21 (Li et al.,
2018a). Moreover, further downregulation of MEG3 has been observed in imatinib-
resistant CML cells, as compared to imatinib sensitive cells. By suppressing miR-21,
overexpression of MEG3 has downregulated the expression of multidrug resistant
transporters, such as MDR1, MRP1 and ABCG2 (Zhou et al., 2017). Therefore, MEG3

can be a potential biomarker or therapeutic target for imatinib-resistant CML.

1.6.5 The role of IncRNAs in cell differentiation

In addition to being implicated in pathological conditions, IncRNAs play vital roles in
normal physiological functions. Abundant research has revealed that IncRNAs

participate in stem cell differentiation towards different cellular lineages, such as
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adipocytes, bone cells, muscle cells, neurons and blood cells (Chen et al., 2020). During
adipogenesis, the INCRNA SRA (steroid receptor RNA activator) has been reported to
upregulate the expression of a major regulator of adipogenesis, PPARy. It is the first
IncRNA being identified to induce adipogenic differentiation and silencing of SRA has
resulted in suppressed differentiation of pre-adipocyte cell line (Lanz et al., 2003). In
osteogenesis, INCRNA H19 has been found to promote the formation of bones by
upregulating the expression of osteogenic related genes via interacting with miR-22 and
miR-141, and attenuating their inhibitory effects. As these two miRNAs could inhibit
the expression of B-catenin while the Wnt/B-catenin signaling is necessary for
osteoblast development, H19 stimulates bone formation by counteracting the inhibition

of Wnt/B-catenin signaling (Liang et al., 2016).

For myogenesis, a muscle-specific INcRNA linc-MD1 stimulates muscle generation by
acting as molecular sponge for the miR-133 and miR-135 and reduces their inhibitory
regulation on the expression of myogenic transcription factors, such as MAML1 and
MEF2C (Cesana et al., 2011). Another example IncMyoD has a highly specific
expression in the early differentiation of myoblasts, and it is located upstream of the
MyoD gene. The absence of IncMyoD could suppress the terminal differentiation of
myoblasts by influencing the cell cycle processes. LncMyoD expression is activated by
MyoD and it could directly bind to the protein IMP2, and suppress IMP2-mediated
translation of genes responsible for cell cycling and cell differentiation (Gong et al.,
2015). Regarding neurogenesis, TUNA is a IncCRNA exclusively expressed in central
nervous system and it is involved in both maintenance of pluripotency in neuronal stem

cells and stimulation of neural differentiation. Depletion of this INcRNA has led to the
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reduced expressions of various markers for neural progenitors and globally affected

hundreds of genes related to neural lineage differentiation (Lin et al., 2014).

Researchers have also revealed that IncRNAs are highly involved in hematopoiesis,
especially the development of myeloid lineage. The INcRNA EGO is highly expressed
in mature eosinophils and it plays a crucial role in eosinophil development. Knockdown
of EGO reduced the expression of certain basic proteins and neurotoxins that are
required for eosinophil development. This suggests that EGO functions to promote the
eosinophil differentiation in hematopoiesis (Wagner et al., 2007). Besides, InCRNA
could also regulate the production of monocytes and granulocytes. HOTAIRML1 is a
myelopoiesis-associated regulatory IncRNA that is highly upregulated in myeloid
progenitors during granulocytic differentiation, and it is transcribed in antisense to the
HOXA genes. Functional studies demonstrated that HOTAIRML1 depletion repressed
HOXAL and HOXAA4 expression and hence attenuated the transcription of CD11b and
CD18, which are myeloid differentiation related genes, and thereby impaired myeloid

cell differentiation (Zhang et al., 2009).

The involvement of INcCRNAs in stem cell differentiation does not only restrict to the
previously mentioned cell types only. There are considerable numbers of INCRNAs that
have been investigated to be involved in stemness or differentiation regulation, which
are summarized in Figure 1.8. Since the stemness property and differentiation of
pluripotent stem cells are regulated by complicated and multilayered networks
including IncRNAs, understanding of such regulatory network is essential for future

applications of pluripotent stem cells in clinical applications.

49



Adipogenesis

Pluripotent
7 Stem cells Osteogenesis
)
),
Al 4 H19, linc-ROR, MEG3,
6m15055, LncPRESST, SRA, ADINR, Bincl  incRNA-AK141205
MEG3, ADNCR MIAT, DANCR, BDNF-AS,

LincROR, GASS, Cyrang, Lincy,
LncKdm2h, LncRNA-EST,
LncRNA-ES2, LncRNA-ES3
Zeb2-NAT

MIR31HG, ANCR

Linc-MD1, H19, Yam-2, Yam-3,
Dumn, LneMyoD, MUNC Myogenesis
Yam-1, Yam-4, Malat1

TUNA, IncRNA-1604,
MEG3, Evf2, RMST, DA,
EGO, PAUPAR
HOTAIRM1, Pnky
HoxBlinc

Bvht, Fendrr, CARMEN,
TINCR, HULC yyIneT, ALIEN, PUNISHER
ANCR HBL1

Neurogenesis

Haematopoiesis

Cardiovascular

I [« F" development

Epidermopoiesis

Figure 1.8. A summary of IncRNAs involved in pluripotent stem cell
differentiation.

Examples of IncRNAs that are involved in differentiation of different cell lineages are
shown. Red and blue colors indicate their positive and negative regulation, respectively.

Figure adapted from Chen et al. (2020).
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1.7 Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) refer to the reprogrammed somatic cells which
possess pluripotency similar to embryonic stem cells that are characterized by their
unlimited self-renewal and proliferative abilities, as well as the capacity of
differentiating into the three primary germ cell layers including endoderm, mesoderm
and ectoderm, and hence virtually all cell types of the human body (Takahashi and
Yamanaka, 2013; Braganca et al., 2019). Following the introduction of the iPSC
technology in 2006 by Takahashi and Yamanaka’s team, leading to an unprecedented
breakthrough in stem cell biology and regenerative medicine, iPSCs have been widely
applied for the development of stem cell transplantation therapy, drug discovery,
disease modelling, and basic science investigations (Takahashi and Yamanaka, 2013;
Aboul-Soud et al., 2021). Theoretically, iPSCs can be generated through
reprogramming of any somatic cell types using suitable approach to integrate a
combination of reprogramming factors into the somatic cells. It has been reported that
many types of somatic cells are useful sources in producing iPSCs, of which fibroblasts,
peripheral blood cells, and cord blood cells remain the most common because of their
accessibility and low invasiveness for collection (Seki et al., 2010; Singh et al., 2015b;

Kim et al., 2016).

The first iPSCs were produced by employing a cocktail of four reprogramming factors,
also known as Yamanaka factors, consisting of octamer-binding transcription factor 4
(OCT4), sex determining region Y-box 2 (SOX2), Kruppel-like factor 4 (KLF4) and c-
MY C (collectively OSKM), via retroviral transduction into adult fibroblasts (Takahashi
and Yamanaka, 2006). To date, various approaches including different combination of

reprogramming factors, the usage of chemicals, miRNAs, peptides and proteins have
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been proposed for the generation of iPSCs (Malik and Rao, 2013). A recent research
finding has shown a synergistic effect to OSKM-mediated iPSC reprogramming by
introducing NANOG and LIN28 through the activation of LIN41 and Wnt/B-catenin
signaling, which enhances the development of initial iPSC colonies (Wang et al., 2019).
The same study also revealed an addition of a histone methyltransferase inhibitor

iDOTLL could further reinforce the reprogramming efficiency.

Besides the reprogramming cocktails, different delivery approaches have been
investigated to show different reprogramming efficiencies, and they can be divided into
two main categories, integrating and non-integrating methods (Wang et al., 2021). In
the past, reprogramming factors for generating iPSCs were mainly introduced by
retroviral transduction that may result in genomic integration of the delivered
transgenes. However, it raised the concerns about genome integrity and led to the
exploration and development of non-integrating methods for delivering reprogramming
factors. A recent non-integrating approach for generating iPSCs is to express
reprogramming factors via delivery of episomal DNA vectors, which are non-viral and
non-integrating plasmid-based approach, and therefore are safe to use and inexpensive
(Yu et al., 2009; Singh et al., 2015a; Aboul-Soud et al., 2021). More recently, a new
method of optimizing human iPSC reprogramming has been developed in which
MRNAs or miRNAs are directly delivered to the cells instead of DNA or viruses,
thereby preventing the risk of insertional mutagenesis due to viral intermediates (Wang
et al., 2021). By a single transfection, the engineered single-strand RNAs consists of

multiple reprogramming factors can be delivered into cells efficiently.
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1.7.1 Disease modeling using iPSCs

It is crucial to gain comprehensive understanding of the underlying mechanisms related
to the human disease pathogenesis for the development of therapeutic strategies.
However, the lack of appropriate biological models for relevant diseases has created a
significant obstacle for the development of effective therapies. Through decades of
study, animal models have been extensively used to study human diseases in vivo to
explore their mechanisms and develop therapies. Nevertheless, animal models cannot
fully reflect the exact pathologies of human disorders due to the fundamental
differences between different species genetically, resulting in a number of failed
clinical trials when the treatment is switched from animals to humans (Sayed et al.,
2016). For instance, in the treatment of amyotrophic lateral sclerosis (ALS), humerous
medications that are previously shown to have therapeutic values in rodent ALS models,
were reported to have no effects in human, indicating the importance of human
originated disease models (Desnuelle et al., 2001; Shefner et al., 2004). Although using
primary cells from patients as disease models can accurately reflect the relevant human
diseases, the limited capacity of expansion hinders their application, especially neural
cells and cardiac cells that can only be collected through invasive process (Sayed and
Wu, 2017; Liu et al., 2018). Due to the ease of access and unlimited potential of
expansion and differentiation that human iPSCs possess, they have become a promising
alternative for disease modeling and drug discovery. This created unlimited supplies of
personalized disease-specific cells and facilitated direct clinical implementation of

precision medicine.

Currently, iPSC technology has been adopted in different studies about pathogenesis of

inherited genetic diseases and development of novel targeted therapies, and recent
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cellular models of iPSC have been reported to be established from both normal and
malignant tissue cells (Carette et al., 2010; Singh et al., 2015a). For example, a study
has demonstrated the generation of iPSC from CD34" peripheral blood cells of PV and
PMF patient with JAK2-V617F mutation which can serves as an MPN disease model
(Ye et al., 2009). Normal phenotypes, karyotype and pluripotency were observed in
undifferentiated iPSCs derived from MPN patients. However, enhanced proliferation
and skewed tendency to form erythroid colonies were observed upon directed
hematopoietic differentiation (Ye et al., 2009). Another research also utilized PV
patient-derived iPSCs combined with directed hematopoietic differentiation towards
CD34" progenitors in the study. With this model and subsequent examination, the
researchers revealed that JAK2-V617F* progenitors are strongly dependent on DUSP1
activity for proliferation and survival under stress condition, and high DUSP1
expression provides adaptation of the JAK2-VV617F+ progenitors to inflammatory stress
(Stetka et al., 2019). These collective findings evidently showed iPSC could serve as a
powerful research tool on hematopoietic differentiation and the investigation of

molecular mechanisms.

1.7.2 Challenges and considerations of iPSC model

In spite of the numerous advantages of iPSC technology, there are limitations and
challenges that need to be overcome before maximization of their application. To begin
with, the efficiency of reprogramming somatic cells into iPSCs is very low according
to current protocols, typically less than 1%, and the reprogramming efficiency becomes
even lower in aged cells or cells having a high tendency of cell divisions (Strassler et
al., 2018). Secondly, iPSCs and ESCs have been reported to have different gene

expression profiles. The full understanding of the effects of the differentially expressed
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genes remains critical before iPSCs can be used to replace ESCs in different medical

applications, especially cell therapies (Ho et al., 2011; Turhan et al., 2021).

Moreover, a remarkable issue of iPSC reprogramming is the use of lentiviral or
retroviral vector for introducing the essential transcription factors into somatic cells,
which could result in the random integration of viral DNA in any loci of the host cell’s
genome, leading to a potential disruption of the functional protein coding sequence, or
promoter and enhancer regions (Fernandez Tde et al., 2013). The use of oncogene (e.g.
c-MYC and KLF4) for the generation of iPSCs is another concern since it may result
in a higher risk of cancer development. Despite the expression of the four mentioned
transcriptional factors is silent in established iPSC cell lines, there has been study
showing that reactivation or residual expression of these reprogramming factors could
induce tumor formation in mice model (Saha and Jaenisch, 2009), thereby the
suitability of iPSC for cell replacement therapy still needs further investigation. Besides,
it has been suggested that iPSCs showed genomic instability in early passages as a result
of genetic reprogramming, which require frequent genomic monitoring to ensure the

stability of phenotype as well as clinical safety (Laurent et al., 2011).

In addition, it has been revealed that both the reprogramming approach and the choice
of somatic cells for reprogramming could influence the differentiation capability of the
resulting iPSCs. Attenuated hematopoietic differentiation capacity and abnormal
hypermethylation may be acquired during the process of reprogramming when
retroviral methods are used to produce iPSCs (Nishizawa et al., 2016). Basically,
peripheral blood mononuclear cells and fibroblasts remain the gold standard for iPSC

generation owing to the ease of reprogramming and their isolation method is non-
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invasive. Nevertheless, it has been shown that iPSCs derived from blood cells are less
likely to acquire abnormal methylation during reprogramming than that from
fibroblasts and have higher capacity of hematopoietic differentiation when compared
with those derived from other somatic tissues (Wattanapanitch, 2019). Therefore, this
finding provides crucial insight into the selection of reprogramming strategies and
starting cell types to produce iPSCs for differentiation study especially in hematopoietic

lineage.
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1.8 Scope of the current study

Classical MPNs are a rare group of hematological disease and has a relatively high
survival rate compared to other leukemia. However, patients without effective
treatment will eventually progress into more severe bone marrow failure or transform
into acute leukemia. Nowadays, many molecular details of this disease, particularly the
area of non-coding elements, are not clear yet and await exploration. Different from
CML that some IncRNAs has been reported being involved in BCR-ABL1
tumorigenesis, there is still no InNcRNA implicated in Ph-negative MPNs. Given that
many known INncRNAs have been investigated to be associated with human diseases, it
is very probable that they could also play a pivotal role in Ph-negative MPNs. Thereby,
one of the study aims is to identify any IncRNAs that may be involved in the malignant

signaling pathway of Ph-negative MPNs.

On the other hand, although the existing TKIs are quite effective for treatment of CML
patients in chronic stage, the development of drug resistance is an obstacle for effective
therapy. Recent research has demonstrated some INcRNAs are critically involved in the
development of imatinib resistance in CML, such as HOTAIR (Wang et al., 2017),
UCAL1 (Xiao et al., 2017b), and MEG3 (Zhou et al., 2017), which suggested that there
might exist an unique IncRNA network in the modulation of imatinib resistance.
Therefore, this study also aims to focus on the identification and characterization of any
novel functional IncRNAs associated with the development of imatinib resistance in

CML, in order to make a positive impact on the early diagnosis and treatment of CML.

In view of the current lack of curative treatments for both CML and MPNSs, it is

indispensable to further improve our knowledge and understanding of the disease and
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therapeutic mechanisms by studying novel regulators such as non-coding RNAs. Since
InNcRNAs provide an additional layer of gene expression control and play a crucial
regulatory role in various physiological processes, they have the potential to be used in
the future as biological markers for disease diagnosis and treatment. In summary,
exploring the non-coding area of MPN diseases may confer deeper understanding of
the molecular interactome in the aberrant signaling pathways and thus provide more
insights into the pathogenesis and progression or treatment of these blood malignancies.
Meanwhile, as INcRNAs have yet to catch up to miRNAs in terms of knowledge and
understanding, this study may provide more valuable information to drive the field

forward.
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Chapter 2 — Materials and Methods
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2.1 Leukemic cell culture and drug treatment

The human CML cell lines K562 (#CCL-243), LAMAS84-IMS (#CRL-3347) and
LAMARg4-IMR (#CRL-3348) were purchased from the company American Type
Culture Collection (ATCC). The Human erythroleukemia (HEL) cell line was kindly
provided by Prof. SP Yip (HKPU, HK). The SET-2 cell line (#ACC608) was purchased
from Leibniz Institute DSMZ. All the cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS), except SET-2 required 20% FBS,

and 1% penicillin-streptomycin, and incubated at 37°C with 5% CO..

For the in vitro JAK2 inhibition assays, 1x10°/mL HEL cells were treated with 1 pM
ruxolitinib (Selleck Chemicals) for 48 hours. Imatinib-resistant K562 cells (K562-IMR)
were generated in-house with increasing concentrations of imatinib (Selleck Chemicals)
treatment starting from 0.5 pM. Cells were subcultured twice per week with 0.5 pM
increment of drug dose. The final cell population with stable survival ability under 10

UM imatinib treatment was acquired and considered as K562-IMR.

For the cell viability assays, 5x10°/mL cells were seeded in 12-well plates in triplicates,
and then treated, respectively, with 3 uM, 5 uM and 10 uM imatinib for 72 hours. After
washing with 1X PBS, trypan blue exclusion method was used to determine the cell
viability with the aid of the Countess II Automated Cell Counter (ThermoFisher

Scientific).
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2.2 RNA isolation and RT-gPCR

Total RNA was isolated by Trizol/RNeasy hybrid method with DNase treatment by
combining the use of TRIzol reagent (Life Technologies), RNeasy Mini Kit (QIAGEN)
and RNase-Free DNase Set (QIAGEN). The quantity and quality of RNA were
examined by NanoDrop spectrophotometer (ThermoFisher Scientific). miRNA was
isolated with QIAzol™ lysis reagent (QIAGEN) and miRNeasy Isolation Kit
(QIAGEN). The extracted miRNA was quantified by a Qubit 2.0 Fluorometer
(ThermoFisher Scientific) with the use of Qubit microRNA assay kit (ThermoFisher

Scientific).

First-strand cDNAs were generated using ReverAid First Strand cDNA Synthesis Kit
(ThermoFisher Scientific). Reverse transcription (RT) for miRNA was performed with
the miScript II RT Kit (QIAGEN). 0.5-1 pg total RNA from each sample was used for
all RT reactions. The cDNA was used as the input template for real-time qPCR reaction,
which was performed on ViiA7 real-time cycler (Applied Biosystems) with the
QuantiNova SYBR Green PCR mastermix (QIAGEN) following the manufacturer’s
instruction. In brief, the PCR reaction was carried out with initial activation at 95°C for
2 min, and then 40 cycles of 95 °C for 30 s and 60 °C for 60 s. Melting curve analysis
was also included by default setting in each run for monitoring the specificity of
reaction. Relative gene expression change between samples was calculated by 2-AACt
method and GAPDH expression was used for normalization. All the primers used are
listed in Table 2.1. For miRNA detection, specific miScript primer assay (QIAGEN)
was used with miScript SYBR Green PCR kit (QIAGEN) according to the

manufacturer’s protocol.
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For IncRNA gPCR array, cDNA was first diluted with nuclease-free water and then
added to the RT2 SYBR Green Mastermix (QIAGEN). Next, 25 ul of the PCR mix was
added to each well of the RT2 IncRNA PCR Array (QIAGEN). The qPCR reaction was
performed on ViiA7 real-time cycler (Applied Biosystems) using the thermal cycling
profile as follows: 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min;

default melting curve stage.
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Table 2.1 List of primers used in the study.

Primer sequences (5' — 3')

gPCR primer

BANCR

CBR3-AS1

LINC00261

LINCO00887

LUCAT1

NBR2

H19

MDR1

LNCO000093

CD34

CXCR4

GATAZ2

GAPDH

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

TGA GCC TCT ATT GGA ATC AGC
GCC AGG GAT GAC TTG CGT ATA
TGT GAG GGA GCG GGAGTCT

GCG TCT GGA TGA GAA GAG GAA A
CTG GGC AGA GAC TAC AAAACAA
CCTTTGCTT TCC TCC AAG ACA A
ACA GAT GAG AGA GAACTGATGC
TCATGT TTAAGAGGAGGCTGCT
CAT GCT GAG CTACAGAGTTTCG
GTT GGATTC CTG GGT GTG GT

TCG CTACCT ATT GTC CAAAGC A
TCA AAT GAAACT TTT ACC GAA ACT GG
ATC GGT GCCTCAGCGTTCG

CTC TGT CCT CGC CGT CAC A

ATG CTATAATGC GAC AGG AG

CCC AGT GAA AAATGT TGC CA
GCATTACCTCTATCCTACCTGG
GGT TGT GTT TTACTC CTC GCA GA
CCA CAACAA ACATCACAG AAACGA
GGT GGT GAA CAC TGT GCT GAT TA
TGC CCT CCT GCT GAC TAT TC
CCAACCATGATGTGC TGAAACTG
GAA CCG ACC ACT CAT CAAGC

CGT CTG ACAATT TGC ACA ACA GG
AGG TCG GAG TCA ACG GAT TTG
TGA AGG GGT CAT TGA TGG CAA CA
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2.3 RNA-seq and data analysis

Total RNA was extracted as described in Chapter 2.2. The RNA integrity number (RIN),
which indicates the quality of RNA, was determined using an Agilent 2100 Bioanalyzer
(Agilent) with the use of Agilent RNA 6000 Nano kit (Agilent). All samples for RNA-
seq have an RIN number > 9.5, which represented very high quality of the isolated
RNA. Library preparation and poly(A)-enriched mRNA sequencing was performed by
Groken Bioscience Ltd. (Hong Kong). In short, rRNAs removal was done with the
Ribo-Zero™ magnetic kit, and cDNA libraries were prepared with the NEBNext Ultra
Directional/non-Directional RNA Library Prep Kit (NEB). The next-generation

sequencing was conducted in the Illumina HiSeq platform.

The raw data quality of RNA-seq was evaluated using FastQC (Andrews, 2010). Then,
low-quality reads and adapters were trimmed by Fastp (Chen et al., 2018). After quality
checking, sequencing reads were mapped to the human reference genome GRCh38 by
Hisat2 (Kim et al., 2015). Aligned reads were assembled and identified to be known or
novel transcripts using StringTie (Pertea et al., 2015) with the human reference
annotation file (Cunningham et al., 2019). Novel transcripts were then filtered to be
classified as IncRNAs based on the following criteria: (1) transcript length > 200 bp,
(2) transcript exon number > 2, and (3) non-coding potential features supported by the
following all 4 software applications, namely CNCI (Sun et al., 2013), CPAT (Wang et
al.,2013a), CPC2 (Kang et al., 2017), and PfamScan (Mistry et al., 2007). Differentially
expressed genes (DEGs) were identified by DESeq2 (Love et al., 2014). Functional
annotation of DEGs were analyzed by the Metascape database (Zhou et al., 2019) to
indicate their biological functions and pathways. The co-expression network was

calculated from DESeq2 normalized gene read counts with a threshold of Pearson
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correlation coefficient > 0.9 and adjusted p-value < 0.05. The network was then
integrated and visualized using Cytoscape (Shannon et al., 2003). A flow chart
summarized the RNA-seq data analysis up to the identification of DEGs is shown in
Figure 2.1. The name of bioinformatics tools is labeled in blue. The transcript and DEG
numbers shown in the flow chart are in regard to the RNA-seq for HEL cells (Chapter

3.2).

y.

FastQC: quality checking ]

Y

[ Hisat2: alignment of sequencing reads ]

y

[ String Tie: assemble transcripts ]
Identification of IncRNA

e

i CPAT
novel transcripts cPC2

PfamScan

[ known transcripts

= 200 bp
exon number = 2
non-coding potential

[ DESeq2: differential gene expression analysis ]<::[ novel IncRNAs

Adj P <0.05
| logzFC =1

[ 508 DEGs ]

Figure 2.1 Flow chart showing the RNA-seq data analysis.
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2.4 Whole-genome sequencing and copy number variant identification

DNA libraries for whole-genome sequencing (WGS) were prepared by the MGIEasy
FS PCR-Free Library Prep Set (MGI) with DNA samples of eight MPN patients (patient
information is shown in Table 2.2) following the manufacturer’s manual. In brief, DNA
samples were subjected to fragmentation and adapter ligation in the beginning of library
construction. After heat-denaturation, splint oligonucleotides that are complementary
to the 5’ and 3’ terminal ends of the single-stranded DNA were hybridized to both ends
to form a nicked circle, which was then ligated to produce a single-stranded circle DNA.
The remaining linear DNA was digested by exonuclease to complete the library for the
subsequent sequencing with DNA-Nanoball technology (MGI). The sequencing was
conducted using the MGISEQ-2000 platform with DNBSEQ-G400RS High-

throughput Sequencing Set (FCL PE150).

For data analysis, remove low-quality reads were filtered after trimming the barcodes
and sequencing adaptors using Fastp (Chen et al., 2018). Clean reads were mapped to
human reference genome GRCh38 using BWA alignment tool to generate SAM files.
The Genome Analysis Toolkit (GATK 4.1.6.0) was used to convert SAM files into
compressed BAM files, sort the BAM files by genomic coordinates, and remove
duplicates. Copy number variations (CNVs) were computed by CNVKit package

(Talevich et al., 2016).
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Table 2.2 Information of specimens collected from MPN patients.

MPN :
patients (BCR-ABL1-negative)
Sample No. WBC RBC PLT Mutation Interpretation
(10°/L) (10%/L)  (10°/L) type
008 9.84 5.12 455 JAK2 V617F PMF/PV
012 21.8 2.32 57.2 - PMF
014 7.21 2.68 713 C'?—'f%g%;jel PMF
027 32.7 292 506 CA&%S?;’“ PMF
118 4.97 2.77 200 CALR 39del PMF
125 7.44 3.84 129 JAK2 V617F PMF
+
126 19.3 328 298 gghRm?ﬁgggn PMF
144 7.71 2.76 84.1 JAK2 V617F PMF
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2.5 Cycle sequencing

Plasmids, cDNA and gDNA templates were sequenced using an ABI 3130 Genetic
Analyzer Sequencer with the BigDye Terminator v1.1 Cycle kit (Applied Biosystems).
In brief, each cycle sequencing reaction mixture in a total volume of 10 pul was prepared
as follows: 2 ul of BigDye Terminator v1.1 reaction mix, 1 uM of either forward or
reverse sequencing primer, DNA template (500 ng for plasmid, 50 ng for gDNA or
cDNA) and nuclease-free water. The reaction mixture was denatured at 96°C for 1 min,
followed by 40 cycles of 96°C for 10 s, 50°C for 30 s, and 60°C for 6 min. The products
were precipitated by mixing with 95% ethanol and 3M sodium acetate (pH 4.6). After
washing with 70% ethanol and drying by CentriVap Complete Vacuum Concentrator
(Lfabconco), the DNA pellet was resuspended in Hi-Di formamide (Applied
Biosystems) and incubated in dark for 20 min. The samples were denatured at 95°C for

3 min before being analyzed by ABI 3130 sequencer.

2.6 Cellular fractionation

A total of 1 x 10° cells were harvested and washed twice with cold PBS and then
incubated in 300 pl of hypotonic buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 350
mM sucrose, 10 mM KCI, 1 mM DTT and 0.1% Triton X-100) on ice for 10 min. After
centrifugation at 2,000 g for 5 min at 4°C, the supernatant was collected and considered
as the cytoplasmic fraction. After one additional washing with hypotonic buffer, the
remaining nuclear pellet was resuspended in 300 pl of lysis buffer (10 mM HEPES, pH
7.0, 0.5% NP-40, 5 mM MgCl;, 100 mM KCI, 10 uM DTT and 1 mM PMSF) and
incubated on ice for 10 min. The lysate was considered as nuclear fraction. Then, 1 mL
TRIzol reagent was added to each fraction and total RNA was isolated according to

Chapter 2.2.
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2.7 Droplet digital PCR (ddPCR)

cDNA samples for ddPCR were synthesized by RT reaction as described in Chapter 2.2.
ddPCR assays were performed in 20 pl reaction mixture for each sample, which
composed of 50 ng cDNA template, 10 pul 2X ddPCR EvaGreen Supermix (Bio-Rad),
250 nM each of forward and reverse primers, and nuclease-free water. The reaction mix
and droplet generation oil (Bio-Rad) were loaded in the DG8 cartridge (Bio-Rad), and
droplet mixtures were generated using QX200 droplet generator (Bio-Rad). 40 ul of
droplet mix was then gently transferred into a 96-well PCR plate. The sealed 96-well
plate was subjected to following thermal cycling conditions in a Veriti thermocycler
(Applied Biosystems): 95°C for 10 minutes, 40 cycles of 94°C for 30 s and 60°C for
60 s, followed by a signal stabilization step at 4°C for 5 min and 90°C for 5 min, and
finally holding at 4°C until data acquisition. 2°C/s ramp rate was applied throughout
the cycling process to ensure oil droplets reached the correct temperature. Then the

plate was analyzed by the QX200 droplet reader (Bio-Rad).

69



2.8 Computational prediction of miRNA binding region

The computational prediction was performed using STarMir, which is a bioinformatics
tool to predict potential binding sites for one or more miRNA on specific RNA sequence
(mRNA or ncRNA) (Rennie et al., 2014). The prediction models were developed based
on high throughput miRNA binding data from crosslinking immunoprecipitation (CLIP)
experiments. STarMir is an  online  tool  freely  available at

http://sfold.wadsworth.org/starmir.html .

2.9 Cell transfection and luciferase reporter assay

K562 cells were seeded in 6-well plates at a density of 1x10° cells/mL, then 50 nM
miR-675-3p and miR-675-5p mimics (Dharmacon) were transfected into cells using
Lipofectamine 2000 reagent (Invitrogen). The mirVana™ miRNA mimic (Invitrogen)
was transfected into the negative control group in the same manner. After 24 hours of
incubation, the culture medium was replaced with fresh RPMI1640 medium
supplemented with 10% FBS. Cells were harvested at 48 hours post-transfection for

extracting RNA or protein that would be used in subsequent assays.

Full-length LNCO000093 sequence containing the wild-type miR-675-5p putative
binding site (5’-UGCACC-3’) or mutant binding site (5’-GUACAA-3’) was
synthesized and inserted into the parental luciferase reporter vector PGL3-CMV-LUC-
MCS (Genomeditech, Shanghai, China). After confirming the sequence by Sanger
sequencing, the luciferase vector was amplified and then extracted by the EasyPrep HY-
Midi Plasmid Extraction Kit (Biotools, Taiwan). Both the luciferase vector and the
Renilla luciferase control reporter vector were co-transfected into K562 cells in the

presence of either miR-675-5p mimic or miR-675-3p mimic, or negative control
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miRNA. Cells were harvested and lysed after 48 hours of transfection and luciferase
activity was measured using the Dual-Luciferase Reporter Assay System (Promega).
Relative luciferase activity was calculated from the ratio of target Firefly to Renilla

luciferase.

2.10 Protein extraction and western blotting

After harvesting cells with PBS washing twice, total protein was extracted using RIPA
lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40) containing protease
and phosphatase inhibitor. After incubation for 30 min on ice with occasional vortexing,
the lysate was then centrifuged at 15,000 g for 30 min at 4°C. The extracted protein was
quantified with the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. In total, 20-40 pg proteins were resolved
by 8% or 10% Bis-Tris polyacrylamide gels at room temperature, and transferred to
polyvinylidene fluoride (PVDF) membrane by wet transfer on ice. The PVDF
membrane was incubated in blocking buffer (PBS + 5% non-fat dry milk + 0.05%
Tween-20) for 1 hour at room temperature, and then probed with appropriate primary
antibodies at 4°C overnight. After washing with PBS containing 0.1% Tween-20, the
membrane was incubated with HRP-conjugated secondary antibodies at room
temperature for 1hour. Signals were visualized with enhanced chemiluminescence

(ECL) substrates. Antibody information is listed in Table 2.3.
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Table 2.3 List of antibodies used in the study.

Name Species Company Cat. No.
Antibodies

RUNX1 Mouse Santa Cruz Biotechnology sc-365644
p-actin Mouse Santa Cruz Biotechnology  sc-47778
JAK?2 Rabbit Cell Signaling Technology 3230
Phospho-STATS3 Rabbit Cell Signaling Technology 9131
Phospho-STATS Rabbit Cell Signaling Technology 9359
STAT3 Rabbit Santa Cruz Biotechnology  sc-482
STATS Mouse Santa Cruz Biotechnology  sc-74442

Anti-rabbit 1gG, HRP-linked Rabbit Cell Signaling Technology 7074
Anti-mouse 1gG, HRP-linked Mouse Cell Signaling Technology 7076

72



2.11 CRISPR-Cas9 genome editing

For CRISPR-Cas9-mediated deletion of H19/miR-675, a plasmid-based system was
used. A pair of single-guide RNA (sgRNA) was designed to target the first exon of H19.
The sgRNA oligonucleotides were separately cloned into pAll-Cas9.Ppuro (Academia
Sinica, Taiwan) which is an all-in-one backbone vector that can express both sgRNA
and Cas9 nuclease. Transfection was performed using the Neon Transfection system
(Thermo Fisher Scientific). For each reaction, 3x10° K562 cells were collected, washed
twice with 1X PBS, and centrifuged at 200 g for 5 min. After discarding supernatant,
the cell pellet was resuspended in 10 pl resuspension Buffer R containing 1 pg of each
H19-CRISPR-Cas9 vector and subjected to electroporation. The electroporated cells
were immediately transferred to a 24-well plate containing prewarmed complete RPMI

medium.

For LNC000093-deletion in iPSCs, the Alt-R CRISPR-Cas9 system (IDT) was applied.
A pair of custom sgRNAs was designed to target the genomic regions flanking
LNCO000093 using proprietary algorithms from IDT. The synthetic sgRNAs were mixed
with Alt-R® S.p. Cas9 Nuclease V3 (IDT) to form ribonucleoprotein (RNP) complexes,
which were then incubated with Lipofectamine RNAIMAX reagent (Invitrogen) to
assemble transfection complexes. In total, 10 nM RNP complexes were transfected into

iPSCs at a density of 3x10°/well in 24-well plates.

For all CRISPR-Cas9-edited cells, gDNA was extracted by FlexiGene DNA Kit
(QIAGEN), and PCR as well as gel electrophoresis were further performed to confirm
the deletion effect. In brief, a pair of primer flanking the deleted genomic region was

designed for PCR, and it is expected that an extra PCR product with smaller size would

73



appear which represents the population with successful CRISPR-Cas9-deletion. The
sequences of sgRNA and primers for validating CRISPR-deletion are listed in Table

2.4.

74



Table 2.4 SgRNAs for CRISPR-Cas9 system and primers for validation.

Target SgRNA sequences (58' — 3") PAM site
H19 sgRNA1 GCTAGGACCGAGGAGCAGGGTG AGG
H19 sgRNA2 GATCGGTGCCTCAGCGTTCGGGC TGG
LNC000093 sgRNA1 TCCCAACTCCCACGTTAGAG TGG
LNCO000093 sgRNA2 ACATTTTTGCTTAAGAACTT CGG
PCR primer B'—3"

H19-CRISPR Forward GGG CCA CCC CAG TTA GAA AA

H19-CRISPR Reverse GTCCTG CTT GTC ACG TCC AC

LNCO000093-CRISPR Forward ATG TTG GTG TAT CTT GAG ATC CTC
LNCO000093-CRISPR Reverse TCCCCAGTTGTACTCCATCTGT
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2.12 iPSC culture and differentiation

Human iPSCs (ALSTEM, CA, USA) were cultured in growth medium consisting of
Essential 8 (E8) medium with completed supplements (Gibco). Upon 80% confluence,
cells were subcultured into new culture plates pre-coated with Geltrex (Gibco) diluted

with DMEM/F12 (Gibco) in a ratio of 1:50.

iPSCs were differentiated to embryoid body (EB) by spin EB formation method, and
Essential 6/Polyvinyl Alcohol Medium (E6/PVA) was used to support the spontaneous
differentiation. In brief, culture medium was discarded, and cells were rinsed once with
warm PBS. Then, 0.5 mL per well ReLeSR (STEMCELL Technologies) was added and
then removed within 1 min so that the cells were exposed to a thin film of ReLeSR
solution. After incubation for 7-9 min at room temperature, 1 mL per well of E6/PVA
medium was added, and colonies were detached by tapping the side of culture plate for
30-60 s. Then, iPSC aggregates were dissociated into single cells by gently pipetting
with 1-mL autopipettes. Next, cells were counted and diluted to the appropriate cell
densities with E6/PVA containing 10 pM Y-27632 (STEMCELL Technologies).
Suspended iPSCs were seeded to a 96-well plate at a density of 8,000 cells/well in 100
puL medium. Next, cells were spun down to the bottom of the plate by centrifugation at

300 g for 5 min, and then incubated at 37°C with 5% COx.

For directed hematopoietic differentiation, EBs were generated as mentioned above for
4 days and then transferred to a 6-well plate containing differentiation medium
consisted of StemPro™-34 SFM (Gibco™) supplemented with 2 mM glutamine, 50
pg/mL ascorbic acid, 150 pg/mL transferrin, 0.4 mM monothioglycerol and varying

combination of cytokines in different days as follows. Days 4 to 9: 30 ng/mL BMP4,
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50 ng/mL VEGF, 50 ng/mL SCF, 50 ng/mL TPO, 50 ng/mL FIt3L, 20 ng/mL bFGF;
Days 9 to 14: 30 ng/mL BMP4, 50 ng/mL SCF, 50 ng/mL TPO, 10 ng/mL IL-3, 5 ng/mL
IL-11, 2 U/mL EPO, and 125 ng/mL IGF. A schematic diagram of different
differentiation schedule is shown in Figure 2.2. The information for the supplements

used in iPSC differentiation is listed in Table 2.5.

Spontaneous differentiation

Day 0 7

\ 4

E6/PVA

Directed hematopoietic differentiation

Day 0 4 7
I | >

I I -
ES/PVA StemPro34 + glutamine,
BMP4, monothioglycerol,
ascorbic acid, transferrin,

VEGF, SCF, TPO, FIt3L, bFGF

Day 0 4 9 14
I I I .
| | ] —

ES/PVA StemPro34 + glutamine, StemPro34 + glutamine,
BMP4, monothioglycerol, BMP4, monothioglycerol,
ascorbic acid, transferrin, ascorbic acid, transferrin,

VEGF, SCF, TPO, FIt3L, bFGF  SCF, TPO, IL-3, IL-11, EPO, IGF

Figure 2.2 Schematic diagram showing the spontaneous and directed

hematopoietic differentiation schedules of iPSCs.
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Table 2.5 List of supplements used in iPSC differentiation.

Name Company Cat. No.

SCF PeproTech 300-07

IL-3 PeproTech 200-03

EPO PeproTech 100-64

BMP4 Prospec CYT-361

Transferrin Prospec PRO-315

1-thioglycerol Sigma M1753

Polyvinyl alcohol (PVA) Sigma P8136
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2.13 scATAC-seq and data analysis

The scATAC-seq libraries were prepared using the SureCell ATAC-Seq Library Prep
Kit (Bio-Rad) and SureCell ATAC-Seq Index Kit (Bio-Rad) according to the
manufacturer’s instruction. The protocol started with cell lysis and tagmentation.
Washed and pelleted cells and tagmentation buffers were pre-chilled and kept on ice.
Cells were lysed with the Omni-ATAC lysis buffer (0.1% NP-40, 0.1% Tween-20,
0.01% digitonin, 10 mM NaCl, 3 mM MgCl, and 10 mM Tris-HCI pH 7.4) for 3 min
on ice. The lysis buffer was diluted with ATAC-Tween buffer which contains 0.1%
Tween-20. Lysed cells were collected and resuspended in Omni Tagmentation Mix
which is formulated with ATAC Tagmentation Buffer and ATAC Tagmentation Enzyme
and was buffered with 1x PBS + 0.1% BSA. The tagmentation mixture was agitated on
a ThermoMixer at 37°C for 30 min. Then, tagmented nuclei were loaded onto a ddSEQ
Single-Cell Isolator (Bio-Rad) and then bead barcoding and sample indexing were
performed in a thermal cycler with the following PCR conditions: 37°C for 30 min,
85°C for 10 min, 72°C for 5 min, 98°C for 30 s, 8 cycles of 98°C forl0 s, 55°C for 30
s and 72°C for 60 s, and a single 72°C extension for 5 min. Emulsions were disrupted
and products were cleaned up using AMPure XP beads (Beckman Coulter). Barcoded
amplicons were further amplified using with PCR conditions as follows: 98°C for 30 s,
9 cycles of 98°C for 10 s, 55°C for 30 s and 72°C for 60 s, and a single 72°C extension
for 5 min to finish. PCR products were purified again using AMPure XP beads and
quantified using Agilent Bioanalyzer (Agilent) with the High-Sensitivity DNA kit

(Agilent). The sequencing of libraries was conducted in Illumina HiSeq platform.

The quality of ATAC-seq raw data was checked by FastQC (Andrews, 2010).

TrimGalore was used to remove the adapters and low-quality reads. ATAC-seq reads
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were aligned to the human reference genome (GRCh38) using BWA (Li, 2013). Peak
calling was performed using MACS2 (Gaspar, 2018). Downstream analyses (clustering
analysis, differential accessible peak analysis, gene score analysis) was performed by
ArchR (Granja et al., 2021). The accessible peak-related genes were identified by
BEDTools (Quinlan and Hall, 2010) and their The Gene Ontology terms were annotated

by g:Profiler (Raudvere et al., 2019).

2.14 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0 (GraphPad
Software, San Diego, California USA). All results were described as mean = SD from
at least triplicate data, unless otherwise stated. To evaluate differences between two
groups, unpaired Student’s t-test was performed. A p-value < 0.05 was considered as

statistically significant.
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Chapter 3 — Results
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3.1 Identification of IncRNA involved in JAK2-VV617F mutant cells

3.1.1 Differentially expressed IncRNA in HEL cells upon JAK2 inhibition

In order to identify INCcRNA candidates involved in JAK2-V617F signaling, which is
the most prevalent driver mutation of BCR-ABL1-negative MPNSs, a total of 84
IncRNASs related to tumorigenesis were assessed by an RT-gPCR array to compare HEL
cells with or without ruxolitinib treatment for 48 hours. (Figure 3.1.1A) The array data
revealed six INcRNAs (BANCR, CBR3-AS1, LINC00261, LINC00887, LUCAT1, and
NBR2) showing statistically significant differences in their expressions in response to

JAKZ2 inhibition in HEL cells (Table 3.1.1).

Then, their expression changes were further validated by individual RT-gPCR with re-
designed primers, and results showed the expression trend and levels are matched with
RNA-seq data but LUCAT1 and NBR2 did not display a statistically significant
difference (Figure 3.1.1B). Among the remaining four candidates, the IncRNA BANCR
displayed the greatest expression difference after JAK2 inhibition in HEL cells, hence

its involvement in JAK2-V617F signaling was further investigated.
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Log,; fold change of IncRNA expression after JAK2 inhibition
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Figure 3.1.1 Differentially expressed INCRNA in HEL cells upon JAK2 inhibition.

(A) Real-time gPCR array assay revealed the expression change of 84 tumorigenesis-
related IncRNAs in HEL upon 1 puM ruxolitinib treatment for 48 hours. (B) The
expression of six differentially expressed IncRNAs selected from qPCR array results
were further validated by individual RT-gPCR (n=4). Data are displayed as mean + SD.

Student’s t-test was used for comparisons between two groups.

Table 3.1.1 LncRNAs showing significant differential expression in HEL with

ruxolitinib treatment.
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Position* Gene Fold Log. fold  t-test Description
symbol change change p-value’

A05 BANCR 0.101 -3.311 0.0051 BRAF-activated non-protein
coding RNA

A09 CBR3-AS1 1851 0.888 0.0043 CBR3 antisense RNA 1

D04 LINC00261 0.299 -1.740 0.0105 Long intergenic non-protein

coding RNA 261

D07 LINC00887 0.113 -3.140 0.00046 Hypothetical LOC100131551

D12 LUCAT1 0.554 -0.853 0.0016 Lung cancer associated
transcript 1

(non-protein coding)
EQ9 NBR2 1.201 0.264 0.0066 Neighbor of BRCAL gene 2

(non-protein coding)

* This refers to the position shown in Figure 3.1.1A.

1 The p-values were calculated using an unpaired Student’s t-test on the replicate 2~
ACT values for each gene in the treatment group compared to the control group.
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3.1.2 Investigation of BANCR expression in JAK2-VV617F signaling

RT-gPCR analysis revealed a dose-dependent expression change of BANCR over 0.1
MM, 0.5 uM and 1 pM ruxolitinib treatment (Figure 3.1.2A). The downregulation of
BANCR after JAK2 inhibition was observed in both HEL and SET-2, which are JAK2-
V617F" cell lines, with 10.2-fold and 6.94-fold reduction, respectively (Figure 3.1.2B).
In K562 cell line, which is BCR-ABL1-positive but JAK2 wild-type, the expression of

BANCR did not show significant change after ruxolitinib treatment.
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Figure 3.1.2 Investigation of BANCR expression in JAK2-V617F signaling.

(A) RT-gPCR analysis revealed the expression changes of BANCR in HEL cells upon
different dosage of ruxolitinib treatment (n=4). (B) The expression changes of BANCR
upon ruxolitinib treatment in K562, HEL and SET-2 were detected by RT-gPCR (n=3).
Data are displayed as mean = SD. Student’s t-test was used for comparisons between

two groups.
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3.1.3 Exogenous expression of JAK2-V617F in HEK293T cells

To confirm the expression of BANCR can be regulated by JAK2-V617F signaling,
JAK2-V617F overexpression experiment was performed using HEK293T cells. After
transfection of JAK2-V617F expression vector for 48 hours, total protein was extracted
from the cells and western blotting showed an ectopic expression of JAK2 kinase and
its downstream pathway represented by the phosphorylation of STAT3 and STAT5
(Figure 3.1.3A). Subsequent RT-qPCR detected an upregulation of BANCR by 4.18-
fold in JAK2-V617F expressed HEK293T cells relative to the cells transfected with
vector-control (Figure 3.1.3B). These results indicated the expression of BANCR could

be modulated by JAK2-V617F signaling.
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Figure 3.1.3 Exogenous expression of JAK2-V617F in HEK293T cells.

(A) Western blots revealed a strong activation of STAT3 and STATS5 phosphorylation
in HEK293T cells transfected with JAK2-V617F overexpressing vector. (B) An
upregulation of BANCR in HEK293T upon overexpression of JAK2-V617F was
detected by RT-qPCR analysis (n=6). Data are displayed as mean + SD. Student’s t-

test was used for comparisons between two groups.
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3.2 ldentification of novel JAK2-associated INcRNA networks and putative
ceRNA interaction

3.2.1 Gene differential expression pattern between HEL cells and ruxolitinib treated

cells

To identify novel JAK2-associated INcRNAs and related networks, high throughput
screening using RNA-seq was conducted with three batches of control and ruxolitinib-
treated (48 hours) HEL cells. The sequencing data was corrected for batch effect from
the replicates and differential gene expression analysis was performed using

bioinformatics tool DEseq2 (Figure 2.1). The screening criteria was adjusted p-value <

0.05 and log> fold change (log2FC) > 1 or < -1.

A total of 908 differentially expressed genes (DEGs) were identified, including novel
transcripts (Figure 3.2.1A). A heatmap was constructed to visualize the 51 newly
predicted IncRNAs, which showed significant differential expression in HEL cells upon
JAK2 inhibition (Figure 3.2.1B). Among these 51 novel IncRNAs, 28 of them were
upregulated and 23 of them were downregulated in ruxolitinib-treated HEL. The top 20
upregulated and downregulated IncRNAs including both annotated and unannotated

ones are listed in (Table 3.2.1)
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Figure 3.2.1 Gene differential expression pattern in HEL upon ruxolitinib
treatment.

(A) The volcano plot showed differentially expressed genes in HEL upon ruxolitinib
treatment with the selection criteria adjusted p-value<0.05 and |log2FC|>1. The red dots
and blue dots represent upregulated and downregulated genes, respectively. (B) The
heat map displayed novel IncRNAs showing differential expression (Jlog2FC[>1) in
RNA-seq (n=3). LncRNAs labeled with blue and red color represent downregulation

and upregulation, respectively.
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Table 3.2.1 Top 20 up- and down-regulated IncRNA in HEL after ruxolitinib
treatment.

Log Fold
Gene IDf Gene baseMean'" IfcSE'"  p-value Padij
Change

ENSG00000244382 RP11-37318.1 39.944185 2.474340 0.449706 3.75E-08 4.42E-07

ENSG00000223727 AC026188.1 13.691442 2.002816  0.711658 0.004888 0.017725

ENSG00000278921 EPB41L4A-AS2  15.053160 1.929660 0.687477 0.005003 0.018077

MSTRG.19902 MSTRG.19902 33.419314 1.790756  0.476815 0.000173 0.000951

ENSG00000266651  RP11-138I1.3 39.525033 1727911  0.453195 0.000137 0.000774

ENSG00000232470  RP11-313D6.3 49.670179 1.680342  0.429571 9.17E-05 0.000541

MSTRG.20202 MSTRG.20202  894.430509  1.621538  0.127750 6.46E-37 9.16E-35

ENSG00000234690 AC073283.4 23.228258 1.609461  0.572161 0.004909 0.017779

ENSG00000258084 RP11-754N21.1 25.564300 1.559774  0.537576 0.003714 0.013999

XXbac-
ENSG00000225173 28.007982 1.489438 0.539012 0.005722 0.020299
BPG308K3.5

MSTRG.12693 MSTRG.12693  318.926452  -3.320190 0.237110 1.50E-44 3.42E-42

ENSG00000238062  SPATA3-AS1 11.359000  -2.713517 0.907172 0.002779 0.010914
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MSTRG.14148 MSTRG.14148 153.166073  -2.641340 0.268349 7.35E-23 4.94E-21

MSTRG.14000 MSTRG.14000  173.362803  -2.484996 0.313933 2.46E-15 7.82E-14

MSTRG.14002 MSTRG.14002 26.118020 -2.431415 0.578305 2.62E-05 0.000176

ENSG00000228340 MIR646HG 27.464887 -2.335150  0.564576 3.53E-05 0.000229

ENSG00000266709  RP11-21401.2 57.558749 -2.130532  0.402905 1.24E-07 1.34E-06

MSTRG.13918 MSTRG.13918 24.637600 -2.046617  0.635149 0.001272 0.005505

MSTRG.2026 MSTRG.2026 25.312443 -1.984915 0.537325 0.000221 0.001186

MSTRG.21888 MSTRG.21888 30.217200 -1.983776  0.497453 6.67E-05 0.000407

+ Gene ID starting with MSTRG are newly identified novel INCcRNA from the RNA-
seq data

+1 the average of the normalized counts taken over all samples

+1+ standard error of the log> fold change estimate
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3.2.2 Gene ontology enrichment and gene co-expression analyses

The functional information of the DEGs was annotated by Metascape database. From
pathway and process enrichment analysis, the top 20 clusters of the enriched biological
pathways were identified (Figure 3.2.2A). The results revealed the DEGs may involve
in biological functions or pathways including vascular functions (GO: 0001568),

cytokine regulation (GO: 0001817) and receptor kinase signaling (GO: 0007178).

Then, gene co-expression network analysis was performed to disclose potential
interrelationships between IncRNA and JAK/STAT signaling by correlating the
expression patterns of them. A co-expression network was constructed with the
differentially expressed IncRNAs including novel ones and JAK/STAT pathway genes.
This demonstrated that a number of IncRNAs showed high correlation with certain
genes in JAK/STAT signaling in terms of transcript expression, and hence potential
interaction. Particularly, JAK2 showed the greatest number of co-expression
relationship with all other JAK/STAT genes and IncRNAs in the network (Figure

3.2.2B).
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Figure 3.2.2 Gene ontology enrichment and gene co-expression analyses.

(A) The bar graph showed top 20 enriched GO terms determined by Metascape across
DEGs and is colored according to p-values. (B) The gene co-expression network
visualized the associations among different DEGs in RNA-seq, including JAK2-
pathway genes (black), known IncRNAs (blue-green) and novel IncRNAs (orange-

pink).
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3.2.3 Putative ceRNA networks between JAK/STAT pathway and IncRNA

Many recent studies demonstrated IncRNA form regulatory networks with miRNA and
MRNA by acting as competing endogenous RNAs (ceRNAS) and the dysregulation of
such networks or axes may result in pathological conditions. In my study, I also aimed
to explore any ceRNA networks present in the JAK2-V617F signaling and | started with
the investigation of the IncRNA BANCR. The potential interaction between BANCR
and targeted miRNAs associated with JAK2 signaling was predicted by STarMir
(Rennie et al., 2014). These miRNA targets were selected from a previous research
study conducted by Pagano et al., which studied the association of miRNA expression
with JAK2-V617F activity by JAK2 inactivation in HEL cells (Pagano et al., 2018).
Five miRNAs (miR-1244, miR-1246, miR-1248, miR-3609, and miR-3654) exhibit the
greatest upregulated fold change with statistically significant difference were chosen
for the prediction analysis, and results showed that BANCR contains putative miRNA
binding region with perfectly complementary matched seed sequence (AGUGAAA)

for miR-3609 only (Figure 3.2.3 and Table 3.2.3.1).
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Figure 3.2.3 Putative MRE prediction analysis for BANCR.
The potential interaction between BANCR and miR-3609 was predicted by in silico
tool STarMir and the result revealed a putative binding region matched to the seed

sequence AAAGUGA on miR-3609.
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Table 3.2.3.1 Potential binding regions of miR-3609 on BANCR and novel

IncRNAs.

INcRNA Transcript Binding Seed sequence AG*
variant region position (kcal/mol)

BANCR 22-36 30-36 -17.5

MSTRG.5060 1664-1688 1681-1687 -21.9

MSTRG.5206 Variant 1 1639-1679 1673-1678 -26.5

90-107 102-107 -16.1

Variant 3 1541-1581 1575-1580 -26.5

90-107 102-107 -16.1

MSTRG.12693 1674-1702 1696-1702 -17.2

292-303 297-302 -14.1

MSTRG.13918 8-28 22-27 -22.1

MSTRG.14000 Variant 1 3-43 37-42 -26.0

Variant 2 3-43 37-42 -26.0

Variant 3 3-43 37-42 -26.0

Variant 4 3-43 37-42 -26.0

MSTRG.14001 1-35 29-34 -23.8

MSTRG.14002 1-35 29-34 -23.8

MSTRG.14148 1443-1483 1477-1483 -16.3

771-795 789-794 -18.0

2488-2508 2502-2507 -25.3

*AG = A measure of stability for miRNA:target hybrid as computed by RNAhybrid.

The more negative the value, the more stable the binding.
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Similar analysis showed that miR-3609 can potentially interact with some genes in
JAK/STAT pathway as they also possess the same putative binding sites for miR-3609
(Table 3.2.3.2), hence these genes and BANCR could act as ceRNAs in the same
network and influence each other’s expression by competing for miR-3609.
Furthermore, prediction analysis was also performed for the top 20 downregulated
novel IncRNAs from the RNA-seq data, and results revealed 8 of them contain potential
binding sites for miR-3609 (Table 3.2.3.1). Among them, MSTRG.5206 showed the

greatest downregulation in expression with a log.FC of -5.27 (Table 3.2.1).
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Table 3.2.3.2 Potential binding regions of miR-3609 on JAK/STAT-related genes.

Genes Transcript Binding Seed sequence AG*
variant region position (kcal/mol)
IL6ST variant 1 728-762 756-762 -14.5
4792-4809 4804-4809 -14.8
4020-4046 4041-4046 -15.4
2090-2106 2100-2106 -16.7
4603-4651 4646-4651 -14
IL12A variant 1 1199-1220 1214-1220 -21.8
CNTF 1356-1376 1370-1376 -21.3
1695-1711 1705-1711 -20.7
CCND1 1592-1634 1628-1634 -21.5
2008-2066 2061-2066 -13.2
SPRY3 variant 1 3430-3452 3446-3452 -16.7
8065-8090 8084-8090 -15.3
STAM2 4454-4474 4468-4474 -14.5
2200-2220 2215-2220 -19.3
2289-2315 2309-2315 -20
4815-4855 4849-4854 -27
SOCS4 variant 1 1842-1854 1848-1853 -13.8
1144-1168 1162-1167 -15
6528-6565 6559-6565 -15.6
6773-6794 6789-6794 -14.1
JAK?2 variant 1 2115-2134 2129-2134 -18.4
6269-6296 6290-6296 -21.6
5105-5121 5116-5121 -20.1
6041-6072 6066-6072 -17.8
2679-2696 2690-2695 -15.1
PIAS1 variant 1 3545-3570 3565-3570 -17.3
LIFR variant 1 1419-1444 1439-1444 -19.2

10006-10031

10026-10031

-13.6

*AG = A measure of stability for miRNA:target hybrid as computed by RNAhybrid.
The more negative the value, the more stable the binding.
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3.2.4 Investigation of CNVs in MPNs and their potential correlation with IncRNAs

Besides studying the expression changes that directly reflects the potential significance
of newly identified IncRNAs, their locations in the genome were also examined and
mapped with copy number variation (CNV) regions identified in MPN patients using
our own whole-genome sequencing data. In total, the genomic loci of 7 differentially
expressed novel INcRNAs from the RNA-seq data were found to be located within the
regions of MPN-related CNVs (Table 3.2.4). Among these, it is noteworthy that
MSTRG.1558 is located within the genomic region chrl: 124804374-124817081 that
possesses a reduced copy number of MPN-related CNV, and it is one of the top 20
upregulated novel IncRNAs in HEL upon ruxolitinib treatment (Table 3.2.1). This
finding suggests that low copy number or expression of MSTRG.1558 may be
associated with MPN progression and vice versa. Contrarily, MSTRG.2026 is one of
the top 20 downregulated novel IncRNAs (Table 3.2.1) and is located within the
genomic region chrl: 161450633-161458545, which contains an MPN-related CNV
with increased copies (Table 3.2.4). This finding showed a positive correlation between

copy number or expression of MSTRG.2026 and MPNs.
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Table 3.2.4 Location of MPN-related CNV and differentially expressed IncRNAs.

Genomic coordinate IncRNA IncRNA type MPN sample Copy number
chrX:45745211-45770274 MIR222HG Known MPNO12 1
chrX:45745211-45770274 MIR222HG Known MPNO027 1
chrX:45745211-45770274 MIR222HG Known MPN126 1
chrX:45764772-45765299 RP6-99M1.3 Known MPNO12 1
chrX:45764772-45765299 RP6-99M1.3 Known MPNO027 1
chrX:45764772-45765299 RP6-99M1.3 Known MPN126 1
chrX:71697196-71706455 LINC00891 Known MPNO12 0
chrX:71697196-71706455 LINC00891 Known MPNO027 1
chrX:71697196-71706455 LINC00891 Known MPN126 1
chrX:71771506-71784726  MSTRG.26599 Novel MPNO12 0
chrX:71771506-71784726  MSTRG.26599 Novel MPNO027 1
chrX:71771506-71784726  MSTRG.26599 Novel MPN126 1

chr1:124804374-124817081 MSTRG.1558 Novel MPNO014 1
chr1:124804374-124817081 MSTRG.1558 Novel MPN126 1
chr1:124804374-124817081 MSTRG.1558 Novel MPN144 1
chr1:124908709-124912327 MSTRG.1560 Novel MPNO014 1
chr1:124908709-124912327 MSTRG.1560 Novel MPN126 1
chr1:124908709-124912327 MSTRG.1560 Novel MPN144 1
chr1:161450633-161458545 MSTRG.2026 Novel MPNI118 4
chr1:167863281-167890957 MSTRG.2087 Novel MPNI118 4
chr13:50108816-50116015  MSTRG.7076 Novel MPN126 1
chr20:34098756-34101495S MSTRG.16383 Novel MPN125 1
chr20:44210960-44226027  OSER1-AS1 Known MPN125 1
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3.3 Investigation of ncRNA pathway in BCR-ABL1-positive CML cells

3.3.1 Expression of H19 and miR-675 in K562 cells upon imatinib treatment

RT-gPCR analysis was performed to detect the expression change of H19 and its
derived miR-675 in K562 cells after imatinib treatment. Results revealed a significant
downregulation of H19 expression upon 10 uM of imatinib treatment in K562. Both
miR-675-5p and miR-675-3p showed a trend of reduced expression responding to
imatinib treatment but the reduction of miR-675-3p was not statistically significant
(Figure 3.3.1). As miR-675-3p is not that responsive, miR-675-5p was focused in

subsequent investigation of imatinib resistance in K562.
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Figure 3.3.1 H19/miR-675 showed downregulation in K562-IMS upon imatinib
treatment.

RT-gPCR analysis of H19, miR-675-5p and miR-675-3p expression in K562 after 10
UM imatinib treatment for 72 hours (n=3). Data are displayed as mean + SD. Student’s

t-test was used for comparisons between two groups.

3.3.2 Cell viability and MDR1 expression of IMR CML cells
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To investigate the involvement of H19/miR-675 activity in CML drug resistance,
imatinib-resistant (IMR) K562 cells (K562-IMR) were generated by drug selection
under long-term imatinib treatment. Cell viability testing by trypan blue exclusion
showed >88.1% viability of K562-IMR upon 10 uM imatinib treatment for 72 hours,
while imatinib-sensitive K562 cells (K562-IMS) had a viability of <28.7% (Figure
3.3.2A). In addition, the expression level of MDR-1, a common marker for drug
resistance, was also assessed. RT-gPCR results revealed a significant increase of MDR-
1 expression by 35.6-fold, suggesting a therapeutic resistance property was gained by

K562-IMR cells (Figure 3.3.2B).

104



A W K562IMS O K562-IMR B MDR1

120 Y T o * %

100 4 — _I_ {_ ‘} e

1t

80- 30-

60+
20

40 4

Viable Cells (%)

104

Relative expression

204

0- 04— — .
0 3 5 10 K562-IMS K562IMR
Imatinib (M)

Figure 3.3.2 Cell viability and MDR1 expression of IMR CML cells.

(A) Cell viability of K562-IMS and K562-IMR under different dosage of imatinib
treatment was examined by trypan blue exclusion test. (B) A significantly increased
expression of MDR1 in K562-IMR compared to K562-IMS was revealed by RT-gPCR
assays (n=6). Data are displayed as mean + SD. Student’s t-test was used for

comparisons between two groups.
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3.3.3 Expression of H19 and miR-675 in IMR CML cells

To investigate the involvement of H19 in imatinib resistance, the expression patterns
of H19 in K562-IMR and K562-1IMS was assessed by RT-qPCR assays. A significant
upregulation of H19 level by 9.2-fold was detected in K562-IMR relative to K562-1IMS
(Figure 3.3.3A upper panel). This investigation was also performed on another CML
cell line LAMAB84 and its imatinib-resistant counterpart. RT-gPCR results revealed the
same trend of H19 expression in LAMA84-IMR cells with an upregulation by 15.1-
fold (Figure 3.3.3A lower panel). Then, the expression of H19-derived miR-675-5p was
also examined in these two CML cell lines. In accordance with H19 expression, the
expression of miR-675-5p was increased in both K562-IMR (2.3-fold) and LAMA84-

IMR (6.1-fold) compared to their IMS counterparts (Figure 3.3.3B).
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Figure 3.3.3 Expression of H19 and miR-675-5p in IMR CML cells.

(A) RT-gPCR revealed the relative expression changes of H19 in K562-IMR and
LAMAB84-IMR (n=4). (B) RT-gPCR revealed the relative expressions of miR-675-5p
in K562-IMR and LAMAB84-IMR (n=4). Data are displayed as mean £ SD. Student’s

t-test was used for comparisons between two groups.
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3.4 ldentification of differentially expressed novel IncRNAs in IMR CML cells

3.4.1 Gene differential expression pattern and functional annotation of DEGs

In order to identify novel regulators that may involve in the regulation of imatinib
resistance, poly(A)-enriched RNA-seq was conducted with K562-IMR and K562-1IMS
cells to target differentially expressed IncRNAs, including novel transcripts. Gene
differential expression analysis was performed using DEseq2 with the following
screening criteria: adjusted p-value < 0.05 and logz fold change > 1 or < -1. A total of
144 IncRNAs were identified as significantly differentially expressed in RNA-seq,
among which 122 were known IncRNAs, and 22 were unannotated novel INCRNAs. To
visualize the IncRNA expression pattern, hierarchical clustering analysis based on
FPKM (fragments per kilobase of transcript per million mapped read) was performed,
and logio(FPKM+1) was used for the clustering (Figure 3.4.1A). In the heatmap, only
IncRNAs with statistically significant difference between two groups are shown, and
red represents genes with higher expression while blue represents those with reduced

expression.

Gene Ontology and KEGG pathway analyses were performed on all the differentially
expressed genes to determine the relevant biological function and pathway enrichment.
Highly enriched GO terms included cytokine-mediated signaling pathway (GO:
0019221), cell morphogenesis (GO: 0000904) and the tyrosine kinase signaling (GO:

0007169) (Figure 3.4.1B).
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Figure 3.4.1 Differential gene expression pattern and functional annotation of

DEGs in K562-IMR.

(A) The heat map showed 144 differentially expressed InNcCRNAs identified in RNA-seq.

(B) The bar graph showed top enriched GO terms determined by Metascape across

differentially expressed genes and is colored according to p-values. (C) Gene sharing

network of sub-terms under the top enriched blood vessel development term. The

thickness of lines positively correlated to amount of sharing genes.
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3.4.2 Identification of novel IncRNA with significantly differential expression in K562-

IMR

From the RNA-seq data analysis, differentially expressed genes including IncCRNAs
were obtained by comparison between K562-1IMR and K562-IMS cells (Figure 3.4.2A).
After correction for batch effects among biological replicates, the log. fold changes
(log2FC) were calculated. Among the unannotated novel IncRNAs, the most
significantly downregulated IncRNA in K562-IMR named LNC000093 (log2FC = -
7.77155, adjusted p-value = 4.31E-13) was chosen as the target for subsequent
investigation. Then, RT-gPCR was individually performed to validate the expression
change, and results confirmed a significant downregulation of LNC000093 in K562-
IMR relative to K562-IMS (Figure 3.4.2B), which matched with the data from RNA-

seq analysis.
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Figure 3.4.2 Novel IncRNA LNCO000093 was identified and found to be
significantly downregulated in K562-IMR.

(A) The volcano plot showed all DEGs of K562-IMR compared to K562-IMS (adjusted
p-value<0.05 and |fold change|>2; the threshold is represented by dotted lines). The red
dots and blue dots represent upregulated and downregulated genes, respectively. The
most significantly downregulated novel IncRNA LNCO000093 was highlighted. (B) RT-
gPCR analysis validated the significant downregulation of LNC000093 in K562-IMR
cells relative to K562-IMS cells (n=3). Data are displayed as mean + SD. Student’s t-

test was used for comparisons between two groups.
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3.4.3 Validation of LNC000093 sequence by cycle sequencing

From the alignment analysis of RNA-seq results, LNC000093 is a novel transcript with
1418 bp in length and is located on chromosome 14q23.1 with two exons, where exon
1 located at 59078887 to 59080020 and exon 2 at 59081603 to 59081888 (GRCh38.p12)
(Figure 3.4.3A). The whole sequence of LNC000093 transcript was confirmed by cycle
sequencing. The sequence analysis was performed in two CML cell lines (K562 and
LAMAB84), human iPSCs and human peripheral blood cells. Total RNA of the above-
mentioned cells was extracted and converted into cDNA by reverse transcription. The
first-strand cDNA was then subjected to cycle sequencing to read through the sequence

of LNC000093.

The sequencing results showed that in addition to the known reported SNPs according
to dbSNP from NCBI, a new polymorphism with six continuous nucleotides was
identified in exon 2 of LNCO000093 (Figures 3.4.3B, C). The sequencing analysis was
also performed using gDNA as input template to examine this newly found
polymorphism at genome level. Surprisingly, sequencing results showed that the two
different alleles were observed only when using cDNA as input, but not gDNA (Fig
3.4.3B). In order to distinguish the two variants, the whole length of LNC000093 was
amplified by PCR and cloned into a vector. After selecting single clones for bacterial
culture, plasmids were isolated and subjected to cycle sequencing analysis. Sequencing

results showed two distinct variants TGCACC and GTACAA (Figure 3.4.3C).
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Figure 3.4.3 Validation of LNC000093 sequence.

(A) LNCO000093 is located on chromosome 14g23.1 and is transcribed in anti-sense
direction with two exons. (B) Cycle sequencing analysis using cDNA as input template
demonstrated two different polymorphism variants with 6 continuous nucleotides
(overlapping peaks) were existed in exon 2 of LNC000093 (upper panel). However,
only one variant was shown in sequencing results when gDNA was used as template
(lower panel). (C) After cloning PCR amplicons from cDNA template into empty
vectors, two distinct variants (TGCACC/GTACAA) were isolated and examined by

cycle sequencing.
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3.4.4 Subcellular localization of LNC000093

As subcellular localization of IncRNAs could provide crucial clues for their molecular
functions, I also investigate such information for LNC000093. Cytoplasmic and nuclear
fractionation was performed with K562 cells and RNA was extracted from each fraction
for RT-ddPCR analysis. Results of ddPCR assay showed that LNC000093 was detected
in both the cytoplasm and nucleus but was majorly expressed in cytoplasmic fraction
with 80.75% relative abundance (Figure 3.4.4). Two well-known nucleus-enriched
INcRNAs NEAT1 and MALAT1 were also examined in order to ensure the nuclear
fractions were correctly extracted, and ddPCR results revealed their enrichment in
nucleus with 76.94% and 86.74% respectively. The results concluded that LNC000093
is mainly expressed in cytoplasm, which implied the primary functional role of
LNCO000093 should take place in cytoplasm such as regulating mRNA stability,

translational regulation, and serving as miRNA sponge.
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Figure 3.4.4 Subcellular localization of LNC000093.

RT-ddPCR analysis revealed the expression of LNC000093 in K562 is majorly
enriched in cytoplasm (n=4). Two nuclear IncRNAs NEAT1 and MALAT1 were served
as positive control to validate the nuclear fraction (n=4). Data are displayed as mean +

SD.
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3.4.5 Expression of LNC000093 in TKI-sensitive CML patients

As LNC000093 was identified to be downregulated in IMR CML cells, its expression
in TKI-sensitive CML patients was also investigated. Total RNA was extracted from
the whole blood of ten CML patients or healthy donors, and was used for RT-gPCR to
detect and compare the LNC000093 expression. RT-qPCR results revealed a higher
LNCO000093 expression in TKI-sensitive CML patients compared to the healthy

controls, displaying a 3.05-fold increase in average (Figure 3.4.5).
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Figure 3.4.5 Expression of LNC000093 in TKI-sensitive CML patient.
RT-gPCR analysis revealed an upregulation of LNC000093 level in white cells from
TKI-sensitive CML patients (n=10) compared to healthy individuals (n=10). Data are

displayed as mean + SD. Student’s t-test was used for comparisons between two groups.
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3.5 Examination of interaction between LNC000093 and H19/miR-675

3.5.1 Prediction of miR-675 binding sites on LNC000093

The prediction of potential binding regions for miRNA on RNA transcript was
performed by the prediction tool STarMir and results revealed that LNC000093
contained three putative miRNA response elements (MRESs) for miR-675-5p, which is
the most among the top 20 significantly downregulated novel IncRNAs in IMR cells.
The three putative binding sites were located close to the 3’ end of LNC000093
transcripts, designated MRE1 [971-1,008], MRE2 [1,237-1,268], and MRE3 [1,302-

1,322], with complementary pairing to the seed sequence (GGUGCG) of miR-675-5p

(Figure 3.5.1).
MRE1:
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Figure 3.5.1 Prediction of miR-675 binding sites on LNC000093.
The potential interaction between LNC000093 and miR-675-5p was predicted by in
silico tool STarMir and results revealed three putative binding regions matched to the

seed sequence GGUGCG on miR-675-5p.
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3.5.2 Expression of LNC000093 upon H19/miR-675 perturbation

With the use of H19-small interfering RNA (H19-siRNA) and CRISPR-Cas9-mediated
deletion, loss-of-function studies were conducted with K562 cells to examine the
regulatory effects of H19 on LNC000093. Following knockdown of H19 by siRNA,
RT-gPCR analysis showed a downregulation of H19 expression with 0.13-fold relative
to control. Moreover, an increased expression of LNC000093 by 2.6-fold was detected

in H19-siRNA transfected K562 cells (Figure 3.5.2A).

To further investigate whether the regulatory effect is ascribed to miR-675-3p or miR-
675-5p derived from H19, specific deletion of miR-675 was achieved by CRISPR-
Cas9-mediated cleavage on exon 1 of H19 in K562 cells (Figure 3.5.2B). Subsequent
RT-gPCR analysis confirmed both miR-675-3p and miR-675-5p was downregulated
after CRISPR-deletion (Figure 3.5.2C). Then, transfection of miR-675 mimics was
performed to investigate the effect on LNCO000093 in K562 cells with or without
H19/miR-675-deletion. H19/miR-675-deleted K562-IMR cells showed an increased
LNCO000093 expression by 4.1-fold relative to control K562-IMR, and such
upregulation was reversed by the ectopic expression of miR-675-5p mimics, but not
miR-675-3p (Figure 3.5.2D). In addition, transfection of miR-675-5p mimics into
K562-IMS cells resulted in a downregulation of LNC000093 by 2.1-fold (Figure

3.5.2D).
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Figure 3.5.2 Expression of LNC000093 upon H19/miR-675 perturbation.

(A) RT-gPCR analysis revealed an increased LNC000093 expression in K562 cells
transfected with H19-siRNA (n=3). (B) A schematic diagram showing the CRISPR-
Cas9-mediated deletion of H19 exon one in order to suppress miR-675 expression. (C)
RT-gPCR analysis showed significant downregulation of both miR-675-3p and miR-
675-5p after CRISPR-deletion of H19/miR-675 (n=3). (D) RT-gPCR analysis revealed
an upregulation of LNC000093 in K562-IMR cells after H19/miR-675-deletion (n=3).
The increased level of LNC000093 in H19/miR-675-deleted K562-IMR was reversed
by the transfection of miR-675-5p mimics. Overexpression of miR-675-5p also caused
a downregulation of LNC000093 in K562-IMS after H19/miR-675-deletion (n=3).
Data are displayed as mean = SD. Student’s t-test was used for comparisons between

two groups.
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3.5.3 Validation of binding between LNC000093 and miR-675-5p by luciferase

reporter assay

Luciferase reporter assays were performed to determine whether miR-675-5p exerts its
effects by directly interacting with LNCO000093. Luciferase reporter vectors were
produced by cloning the LNC000093 constructs with wild type (WT) or mutated (MT)
binding region for miR-675-5p to the downstream of the luciferase gene (Figure
3.5.3A). The vectors were then co-transfected with either miR-675-5p or miR-675-3p
mimics into K562 cells. Firefly luciferase activity was measured and normalized to
Renilla luciferase. Results showed that miR-675-5p bound the LNC000093 fragment
containing wild type binding site and resulted in a reduction of luciferase activity by
48% compared to the control group transfected with miRNA negative control mimic
(Figure 3.5.3B). The suppressed luciferase activity was abrogated when mutant
LNCO000093 luciferase vector was used or when miR-675-3p instead of miR-675-5p
was co-transfected (Figure 3.5.3B). The combined results suggested the occurrence of

direct binding event between LNC000093 and miR-675-5p.
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Figure 3.5.3 Luciferase reporter assay validated the direct binding between
LNC000093 and miR-675-5p.

(A) LNCO000093-luciferase reporter vectors containing either wild-type (WT) or mutant
(MT) binding sequence for miR-675-5p were generated by insertion of the full-length
LNC000093 cDNA sequence into the 3’ end of luciferase gene. (B) The luciferase
activity was significantly reduced only in cells co-transfected with miR-675-5p and
WT-luciferase vector (n=3). Data are displayed as mean £ SD. Student’s t-test was used

for comparisons between two groups.
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3.6 Investigation of LNC000093-miR-675-RUNX1 axis in IMR CML cells

3.6.1 Cell viability of IMR CML cells upon H19/miR-675 perturbation

To examine the potential role of H19/miR-675 in IMR CML cells, loss-of-function
study was performed on K562 cells with siRNA knockdown or genetic manipulation.
Inhibition of H19/miR-675 using H19-siRNA, which increased K562-IMR cell death
by 3.5-fold and LAMA84-IMR cell death by 2.8-fold relative to their corresponding
IMS counterpart (Figure 3.6.1A). By inhibition of miR-675 via CRISPR-Cas9-
mediated deletion of H19, the cell death percentage of K562-IMR was elevated by 3.6-
fold upon 10 uM imatinib treatment for 72 hours (Figure 3.6.1B). Overexpression of
miR-675-5p mimics reversed such increase in cell death, while miR-675-3p

overexpression could not (Figure 3.6.1B).
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Figure 3.6.1 Cell viability of IMR CML cells upon H19/miR-675 perturbation.

(A) H19 inhibition by siRNA enhanced the cell death of K562-IMR and LAMAZS84-
IMR under 10 pM imatinib treatment for 72 hours (n=3). (B) CRISPR-Cas9-mediated
H19/miR-675 deletion enhanced the cell death of K562-IMR under imatinib treatment.
Such increase in cell death was reversed by ectopic expression of miR-675-5p (n=3).
Data are displayed as mean + SD. Student’s t-test was used for comparisons between

two groups.
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3.6.2 Cell viability of K562-IMR upon imatinib treatment after overexpression of

LNC000093

Transfection experiments of LNC000093 and miR-675-5p or negative control mimics
were done in K562-IMR. The transfected cells were subsequently treated with 10 uM
imatinib for 72 hours and then subjected to trypan blue assay. Results showed that
forced expression of LNC000093 led to increased cell death of K562-IMR in response
to imatinib treatment. In the control group co-transfected with miRNA control mimic,
the cell death percentage increased from 11.1% to 40.0%. Similarly, the cell death
percentage in the miR-675-5p transfected cells increased from 8.7% to 36.6% (Figure

3.6.2).
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Figure 3.6.2 Cell viability of K562-IMR upon imatinib treatment after
overexpression of LNC000093.

Ectopic expression of LNC000093 significantly increased K562-IMR cell death upon
imatinib treatment with or without co-expression of miR-675-5p mimics (n=3). Data
are displayed as mean £ SD. Student’s t-test was used for comparisons between two

groups.
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3.6.3 Expression change of RUNX1 protein in IMR CML cells

From the prediction analysis results performed using STarMir, RUNX1 mRNA
possesses three putative MRESs for miR-675-5p and hence its expression is potentially
regulated by miR-675-5p (Figure 3.6.3A). Western blotting revealed a reduced RUNX1
protein expression in both K562-IMR and LAMAB84-IMR cells compared to their
corresponding IMS cell counterparts (Figure 3.6.3B). Semi-quantification of the
western blot results demonstrated the RUNX1 expression difference between IMS and
IMR cells is statistically significant in both CML cell lines. To further validate whether
RUNX1 expression can be regulated by miR-675-5p, synthetic miR-675 mimics were
transfected into K562 and cells were collected after 48 hours for protein assay. Western
blotting showed a significant reduction of RUNX1 expression in K562 cells transfected
with miR-675-5p, but no significant change was found when transfected with miR-675-

3p mimic (Figure 3.6.3C).
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Figure 3.6.3 Expression change of RUNX1 protein in IMR CML cells.

(A) The potential interaction between RUNX1 and miR-675-5p was predicted by in
silico tool STarMir and result revealed three putative binding regions matched to the
seed sequence GGUGCG on miR-675-5p. (B) Western blots revealed a downregulation
of RUNX1 protein in both K562-IMR and LAMAS84-IMR (n=3). (C) Transfection of
miR-675-5p but not miR-675-3p resulted in a downregulation of RUNX1 in K562 cells
as shown by western blot results (n=3). Semi-quantification data are displayed as mean

+ SD. Student’s t-test was used for comparisons between two groups.
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3.6.4 Expression change of RUNX1 protein in K562 upon co-expression of

LNC000093 and miR-675-5p

Co-transfection experiments of LNC000093 overexpression vector and synthetic
miRNA mimics were performed to further investigate the potential ceRNA role of
LNCO000093. Different transfection conditions were done in K562 cells for 48 hours
and then total protein was extracted for subsequent assays. Western blot results showed
an enhanced RUNX1 expression (4.6-fold) in cells co-transfected with LNC000093
expression vector and miR-675-5p mimic, indicating the miR-675-5p-mediated
suppression of RUNXL1 is rescued by overexpression of LNC000093 (Figure 3.6.4). In
addition, the RUNX1 expression in the cells co-transfected with miRNA control and

LNCO000093-expressing vector was also increased by 3.1-fold (Figure 3.6.4).
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Figure 3.6.4 Expression change of RUNX1 protein in K562 upon co-expression of
LNC000093 and miR-675-5p.

An upregulation of RUNX1 protein in cells overexpressing LNC000093 was shown by
western blots. The miR-675-5p-mediated RUNX1 repression was rescued by ectopic
expression of LNC000093. Semi-quantification data are displayed as mean £ SD (n=3).

Student’s t-test was used for comparisons between two groups.
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3.7 Investigation of LNC000093 in differentiation of iPSCs

3.7.1 Morphology of iPSCs upon spontaneous and directed hematopoietic

differentiation

To further investigate the potential functional role of LNC000093 in hematopoietic
differentiation, human iPSCs were utilized as an in vitro model for differentiation.
Spontaneous and hematopoietic differentiation were conducted with iPSCs through
embryoid body formation (Figure 2.2). The morphology of undifferentiated iPSC and
after different schedule of differentiation was shown in Figure 3.7.1. Undifferentiated
iPSCs is grown in form of flat monolayer colonies with tight cellular packing showing
prominent nucleoli (Figure 3.7.1A). Embryoid bodies on day 7 appear as dense mass
of cell clumps with a regular spherical shape suspended in the culture medium (Figure
3.7.1B). For cells directed to hematopoietic differentiation with specified cocktail
medium, the embryoid body-like multilayer cell clumps attached onto the culture plate
surface and start to spread out on day 7 (Figure 3.7.1C). Further extensive spreading to
larger area and enlarged mass of cellular clump with irregular shape were found on day

14 of differentiation (Figure 3.7.1D).
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Figure 3.7.1 Morphology of iPSCs upon spontaneous and directed hematopoietic
differentiation.

(A-D) Representative bright field images showing the morphologies of undifferentiated
iPSCs (A), embryoid bodies on day 7 (B), and cells undergoing directed hematopoietic
differentiation for 7 days (C) and 14 days (D). 40X magnification for (B); 100X

magnification for (A, C & D)
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3.7.2 Expression of LNC000093 during spontaneous differentiation

The expression level of LNC000093 and three selected early hematopoietic lineage
markers (CD34, CXCR4 and GATA2) were detected using RT-gPCR in differentiated
embryoid bodies (EBs) and compared to undifferentiated iPSCs on day 0. After 7 days
of spontaneous differentiation, LNC000093 expression was upregulated by 9.82-fold,
and CD34, CXCR4 and GATAZ2 were also upregulated by 5.06-fold, 45.44-fold, and

11.02-fold, respectively (Figure 3.7.2).
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Figure 3.7.2 Expression of LNC000093 during spontaneous differentiation.
After 7 days of spontaneous differentiation, an increased expression of LNC000093,
CD34, CXCR4 and GATAZ in EBs was revealed by RT-gPCR analysis (n=4). Data are

displayed as mean + SD. Student’s t-test was used for comparisons between two groups.
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3.7.3 Expression of LNC000093 during directed hematopoietic differentiation

For directed hematopoietic differentiation under treatment of cytokine cocktails for 7
or 14 days, a similar expression trend for the target genes was obtained (Figure 2.1).
After 7 days of hematopoietic differentiation, LNC000093 expression was upregulated
by 5.98-fold relative to undifferentiated iPSCs. The expression levels of CD34, CXCR4
and GATAZ2 were also increased by 11.21-fold, 25.82-fold and 56.63-fold, respectively
(Figure 3.7.3). On day 14 of hematopoietic differentiation, all the gene expression
levels were further highly upregulated relative to iPSCs on day 0. LNC000093
expression was increased by 33.93-fold, while CD34, CXCR4 and GATA2 were

upregulated by 41.94-fold, 57.29-fold, and 229.4-fold, respectively (Figure 3.7.3).
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Figure 3.7.3 Expression of LNCO000093 during directed hematopoietic
differentiation.

An increased expression of LNC000093, CD34, CXCR4 and GATAZ after 7 or 14 days
of hematopoietic differentiation was revealed by RT-gPCR analysis (n=6). Data are
displayed as mean + SEM. Student’s t-test was used for comparisons between two

groups.
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3.7.4 Investigation of LNC000093-deletion in short-term spontaneous differentiation

To investigate the involvement of LNC000093 in differentiation process, loss-of-
function study was conducted in iPSCs. A pair of SRNAs was designed and CRISPR-
Cas9-mediated deletion were performed to cut off the genomic region with full-length
LNCO000093 (Figure 3.7.4A). The deletion effect was confirmed by conventional PCR
with gDNA, and gel electrophoresis results showed an extra band in LNC000093-
CRISPR sample, indicating a successful CRISPR-mediated deletion of LNC000093 in
iPSCs (Figure 3.7.4B). RT-gPCR analysis also revealed a reduction of LNC000093
expression at transcript level after CRISPR-deletion, giving 0.44-fold change relative

to the control iPSCs (Figure 3.7.4C).

Then, short-term spontaneous differentiation (3 or 7 days) was conducted using the
LNCO000093-deleted iPSCs. RT-gPCR results revealed that the expression of all the
three differentiation markers (CD34, CXCR4 and GATAZ2) demonstrated a reduced
increment (ranged from 0.56-fold to 0.72-fold after normalization to control) in
LNCO000093-CRISPR-deleted cells compared to the control cells after 3 or 7 days of

differentiation (Figure 3.7.4D).
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Figure 3.7.4 Investigation of LNCO000093-deletion in short-term spontaneous
differentiation.

(A) A schematic diagram showing Cas9 enzymes are guided by sgRNAs to their target
regions (red) and generate cleavage to delete the full-length of LNC000093 genomic
region. A pair of primers flanking the LNC000093 (yellow) are designed to confirm the
deletion by PCR. (B) Gel electrophoresis showed an extra band for the LNC000093-
CRISPR sample, indicating a successful deletion. The parental amplicon size is around
5 kb and LNC000093-deletion would lead to a shorter amplicon size with 556 bp. (C)
RT-gPCR analysis revealed a reduced LNCO000093 expression after CRISPR-deletion
in iPSCs (n=3). (D) RT-gPCR analysis showed a reduction in fold change of CD34,
CXCR4 and GATAZ in LNC000093-deleted EBs after normalized to control EBs (n=6).
Data are displayed as mean + SEM. Student’s t-test was used for comparisons between
two groups.
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3.8 Investigation of potential regulation of chromatin accessibility by
LNC000093

3.8.1 Peak calling analysis

During embryonic development, great changes of epigenetic profile occur in cells and
the epigenetic regulation of chromatin structure is essential to the repression or
activation of genes. Basically, chromatins that are "open™ and "closed™ represent the
active and repressed transcriptional states of certain genes, respectively. To further
examine the possible role of LNC000093 in epigenetic regulation during iPSC
differentiation, scATAC-seq was performed to assess the change of chromatin
accessibility with control iPSCs (day 0) and EBs (day 3) as well as their LNC000093-

CRISPR-deleted counterparts.

After pre-processing of sSCATAC-seq data, the next major step is to identify chromatin
accessible regions that also refer to as “peaks”, which is the basis for subsequent
advanced analyses. Initial peak calling analysis revealed a lower number of peaks in
both day 0 and day 3 LNCO000093-CRISPR-deleted samples compared to the
corresponding control samples (Figure 3.8.1). This reflected a global reduction of

chromatin accessibility after LNC000093 is knockdown by CRISPR-Cas9 system.
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Figure 3.8.1 Peak calling analysis of sScATAC-seq data.

Initial peak calling analysis showed a lower number of peaks in LNC000093-CRISPR-
deleted iPSCs or EBs compared to the corresponding control samples. Union peaks
represent the total combined number of peaks identified in all samples. The colors
indicate the properties of the genome location of peaks. The number in brackets
represents the cell number of that sample. Abbreviations: C = control; 93 =

LNCO000093-deleted; d0 = day 0; d3 = day 3
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3.8.2 Dimensionality reduction and clustering analysis

The identification of cellular subsets by dimensionality reduction and clustering is one
of the major applications of single-cell analysis. Briefly, the cells are grouped into
different clusters based on their proximity of chromatin accessibility profile and then
visualized on a two-dimensional UMAP plot (Figure 3.8.2A-D). The UMAP plot
demonstrates how spatially separable classes are in relation to a selected set of features,
chromatin accessibility in this case, on the basis of a method known as "Uniform
Manifold Approximation and Projection”. Therefore, the distance between different
cells or clusters in the UMAP plot could reflect their similarity in chromatin

accessibility profile.

In the first UMAP plot (Figure 3.8.2A), the cell distribution of all four samples is shown
and this clearly revealed a difference between control (green) and LNC000093-deleted
IPSCs (red), as well as the difference after iPSCs were differentiated into EBs (purple
and blue). Clustering analysis showed that eight clusters could be identified among the
four samples based on their global profiles of chromatin accessibility (Figure 3.8.2B)
and the corresponding source of each sample in the clusters is directly reflected in
Figure 3.8.2A with the same location. The relative abundance of each sample in each
cluster is shown in Figure 3.8.2C. Control iPSCs and LNC000093-deleted iPSCs are
diversely distributed among cluster 1, 6, 7 and 8, whereas both EB samples are quite
evenly distributed along cluster 2 to 5, except cluster 4 is mainly enriched with

LNC000093-deleted EBs.
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Figure 3.8.2 Dimensionality reduction and clustering analysis.

(A) The UMAP plot showed the cell distribution of all four samples according to their
chromatin accessibility, each dot represents a single cell. A closer distance between
cells means a higher similarity in chromatin accessibility profile. (B) Clustering
analysis further identified eight clusters in the pool four samples. (C) The relative
abundance of each iPSC or EB sample in each cluster is shown. The darker color
reflects more cells of this sample compose the cluster. Abbreviations: C = control; 93

= LNC000093-deleted; dO = day 0; d3 = day 3
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3.8.3 Chromatin accessibility of LNC000093 loci after CRISPR-mediated deletion

The chromatin accessibility profile of LNC000093 loci was assessed and results
revealed an absence of peaks on LNC000093 loci in LNC000093-CRISPR-deleted
iPSCs (Figure 3.8.3A) and EBs (Figure 3.8.3B), suggesting the transcriptional activity
of LNCO000093 is silenced upon CRISPR-mediated-deletion as reflected by the

reduction of chromatin accessibility.
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Figure 3.8.3 Chromatin accessibility of LNC000093 loci after CRISPR-mediated
deletion.
The examination of chromatin accessibility profile of LNC000093 loci revealed an

absence of peaks in LNC000093-CRISPR-deleted iPSCs (A) and EBs (B).
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3.8.4 Global differential accessible peak analysis

The global chromatin accessibility profile of all samples was assessed, and results
showed 6839 downregulated and 195 upregulated peaks in LNC000093-CRISPR-
deleted iPSCs compared to control iPSCs, while there were only 50 downregulated and
12 upregulated peaks when LNCO000093-CRISPR EBs compared to control EBs
(Figure 3.8.4A). The differential accessible peak analysis is also shown in volcano plot
format (Figure 3.8.4B & C) which reflected the high statistical significance (-log10FDR)
of the differential chromatin accessibility, particularly the downregulated peaks in
LNCO000093-CRISPR iPSCs (Figure 3.8.4B). The collective results showed a global
reduction of chromatin accessibility in LNC000093-deleted cells relative to the control,

especially in undifferentiated iPSCs.
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Figure 3.8.4 Global differential accessible peak analysis.

(A) Heat maps showed the global differential chromatin accessibility of all samples,
given that LNC000093-CRISPR iPSCs compared to control iPSCs and LNC000093-
CRISPR EBs compared to control EBs. (B) Volcano plot showed the differential
accessible peaks in iPSCs. (C) Volcano plot showed the differential accessible peaks in

EBs. Red and blue color represents upregulated and downregulated peaks, respectively.
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3.8.5 Functional annotation of differential accessible regions

After identification of the differential accessible peaks, the next step is to search for
their related genes and functions. The closest genes to each peak was determined by
BEDtools and then functional enrichment analysis of these genes was performed using
g:Profiler. The analysis focused on the downregulated peaks in LNC000093-deleted
iIPSCs in order to identify the functions disrupted by the silencing of LNC000093. For
day 3 EB samples, the number of differential accessible peaks are too small to perform
such analysis. From the biological process enrichment analysis, the top 20 enriched
clusters were identified (Figure 3.8.5). The results revealed the differential accessible
peak-related genes may involve in biological functions associated with various
developmental processes (GO: 0032502, GO: 0007399, GO: 0048856, GO: 0048731,
GO: 0007275, GO: 0048869, GO:0048468), cell differentiation (GO: 0030154, GO:
0030182) and morphogenesis processes (GO: 0000902, GO: 0009653, GO:0032989,
G0:0048812). In other words, these biological processes may be impeded after

LNC000093-CRISPR-deletion in iPSCs.
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Figure 3.8.5 Functional annotation of differential accessible peaks.
The bar graph showed top 20 enriched GO terms determined by g:Profiler across

differential accessible peak-related genes and is colored according to adjusted p-values.

144



3.8.6 Gene score analysis

Gene expression could be estimated by chromatin accessibility data by the analysis of
gene scores. Basically, gene scores are the prediction of gene expression levels based
on the accessibility of regulatory elements adjacent to the gene. Results of gene score
analysis showed a total of 747 differentially expressed genes between two
undifferentiated IPSC samples, in which 666 genes were downregulated in
LNCO000093-deleted iPSC compared to the control (Figure 3.8.6A). For the comparison
of EB samples, 89 genes were showing differential expression and 68 of these are
downregulated in the LNC000093-deleted EBs (Figure 3.8.6B). Notably, two genes
showing highly significant downregulation in both LNC000093-CRISPR iPSCs and

EBs were observed, which are HIST1H3C and HIST1H2BB.
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Figure 3.8.6 Gene score analysis.

(A) The heap map showed the differentially expressed genes between LNC000093-
CRISPR iPSC and control iPSC determined by gene score analysis. (B) The heap map
showed the differentially expressed genes between LNC000093-CRISPR EBs and
control EBs determined by gene score analysis. The intensity of color reflects the level
of expression change. Two genes showing significant differential expression across two
set of comparisons is highlighted, which are HIST1IH3C and HIST1H2BB.
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Chapter 4 — Discussion

147



4.1 ldentification of IncRNAs involved in JAK2-V617F signaling

The present study investigated the IncRNAs participating in both Ph-positive and Ph-
negative MPNs, where signaling pathways are dysregulated by aberrant tyrosine
kinases due to the presence of molecular abnormalities like somatic mutation and
chromosomal rearrangement. As mentioned in Chapter 1.7, there have been various
IncRNAs being implicated in Ph™ MPN (i.e. CML), but none has been reported in Ph-
negative classical MPNs. Hence, with the aid of cell line possessing JAK2-V617F
mutation, which is the main driver mutation of classical MPNs, my first part of study
aimed to explore any IncRNAs being involved in this mutant JAK2 signaling. It is
anticipated that my findings could confer more insights into the molecular basis of MPN

pathogenesis and progression.

In order to search for IncRNAs involved in the JAK2-V617F signaling, which is
dysregulated by the over-stimulation of JAK2 kinase and its downstream pathway, HEL
cell line was used as a model as it possesses homozygosity for the JAK2-V617F
mutation (Martin and Papayannopoulou, 1982; Quentmeier et al., 2006). By direct
interruption of the JAK2 pathway using the chemical drug ruxolitinib, which is the first
FDA-approved drug for treating MPNs (Raedler, 2015), differentially expressed
INcCRNAS has been revealed. It is expected that the responsive INCRNAs are either the
regulators involved in the signaling pathway or their expression is regulated by the

pathway.

The initial screening was done by gPCR array with a profile of 84 tumorigenesis related
InNcRNAS, and the results showed that most targets appeared to be non-responsive to the
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in vitro JAK2 inhibition in HEL cells (Figure 3.1.1A). Most IncRNAs in the panel
showed a small magnitude of expression changes (< 2-fold changes), and this
observation may imply that they are not directly involved in JAK/STAT pathway, but
rather play a role in other closely related pathways such as PI3K/AKT and MAPK/ERK
pathways (Levine et al., 2007). In addition, such slight expression change may imply
the mode of their regulatory role since cis-acting INCRNAs are generally expressed at
lower level and more transiently than trans-acting INcRNAs that act on distant targets

(Geisler and Coller, 2013).

Still, a total of six IncRNA candidates showed significantly differential expression upon
JAKZ2 inhibition in HEL cells (Table 3.1.1), and they were all subjected to individual
RT-qPCR validation with manually re-designed primers. Basically, all the IncRNAs
showed analogous expression changes as that in g°PCR array data but only four of them
were statistically significant, which are BANCR, CBR3-AS1, LINC00261 and

LINC00887 (Figure 3.1.1B).
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4.2 Investigation of BANCR in JAK2-V617F signaling

4.2.1 BANCR showed specific and positive correlation with the activity of JAK2-

V617F signaling

Among the four selected and validated IncRNAs mentioned in Chapter 4.1, BANCR
showed the greatest fold change and hence it was chosen for further investigation.
Different dosage of ruxolitinib treatment in HEL cells revealed a dose-dependent
downregulation effect on BANCR expression (Figure 3.1.2A). Opposing to inhibiting
JAK?2, the effect on BANCR expression after overexpression of mutant JAK2 was also
investigated. For this purpose, HEK293T cell line was used since it is an excellent cell
model for transient transfection experiments with high efficiency and without known
disease (Thomas and Smart, 2005). The upregulation of BANCR upon ectopic
expression of JAK2-V617F in HEK293T demonstrated the overactivation of
JAK/STAT signaling could regulate BANCR in general but not specific to blood or

leukemic cells (Figure 3.1.3B).

The positive correlation between the activity of JAK/STAT pathway and BANCR
expression implicated that BANCR is likely a downstream target of JAK/STAT
pathway (i.e. the expression of BANCR is directly regulated by JAK/STAT signaling).
However, ruxolitinib treatment did not induce any expression change of BANCR in
K562 cell line, which possesses a wild-type JAK2 (Figure 3.1.2B). This finding
strongly objected to the above-mentioned idea that JAK/STAT pathway could directly
regulate BANCR expression. Therefore, it is suggested that BANCR should be
regulated specifically by mutant JAK2-V617F signaling via certain mechanisms, or it

is regulated through JAK/STAT pathway but in an indirect way.
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4.2.2 Potential ceRNA networks could be established by BANCR-miR-3609-

JAK/STAT gene axis

Accumulating evidence has shown that IncRNAs could act as miRNA sponges and are
involved in competitive regulatory interactions by serving as ceRNAs, which sequester
miRNAs and subsequently diminish their repressive effects on other transcripts (Chan
and Tay, 2018b; Sun et al., 2020). To be concise, ceRNAs are any transcripts that could
regulate each other through competition for one or more shared miRNA, so both mMRNA
and IncRNA are possible to work in such post-transcriptional regulation and act as
ceRNAs. Thus, | started to investigate whether BANCR can also be involved in

JAK/STAT signaling through a ceRNA network.

miRNAs act through a seed region composed of the nucleotides 2-8 from 5’ end that is
crucial for recognition and interaction with their target mMRNAs or ncRNAs which
possess corresponding miRNA response elements (MRES) that are predominantly
located on the 3’UTR of the transcript (Lewis et al., 2005). Given that transcripts
harboring MREs for specific miRNA could serve as ceRNAs (Qi et al., 2015), |
performed in silico analysis to identify the putative miRNA and mRNA candidates that
may participate in the ceRNA network with BANCR. Several miRNA targets were
selected from a published research study by Pagano et al. as mentioned in Chapter 3.2.3.
In a ceRNA interplay model, upregulation of one transcript will result in more shared
miRNA to be sequestered and hence another transcript will be de-repressed, and vice
versa (Qi et al., 2015). In that sense, as BANCR was downregulated upon JAK2
inhibition in HEL cells, I need to search for miRNA showing upregulation since fewer
competition can be occurred, and the shared miRNA would become more freely

available. Hence, the top five significantly upregulated miRNA upon JAK2 inhibition
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in HEL cells were selected from Pagano’s data. After bioinformatics prediction analysis,
miR-3609 has been selected and targeted from the five miRNAs since it is the only one

that BANCR possesses potential MREs for it (Figure 3.2.3).

Then, | aimed to search for putative ceRNAs for BANCR from JAK/STAT pathway.
The gene set for JAK/STAT pathway annotated by KEGG database was found, and
their expression levels from my RNA-seq data were checked. Only those genes showing
downregulated expression upon JAK2 inhibition were chosen for the prediction
analysis, and results showed some of them harbor the same putative binding sites for
miR-3609 (Table 3.2.3.2), indicating they could potentially act as ceRNAs of BANCR

and regulate the expression of each other by competing for miR-36009.

In such scenario, overactivation of the JAK/STAT pathway due to JAK2-V617F
mutation could lead to a low level of miR-3609 and in turn increase BANCR expression.
Accordingly, JAK2 inhibition in HEL cells would restore the level of miR-3609 and
indirectly repress BANCR. However, in normal JAK/STAT signaling, miR-3609
expression is not suppressed and JAK2 inhibition might not affect the miR-3609 level
so much, hence BANCR expression is also not affected. This could provide a rational
direction to explain why BANCR expression is not responsive to JAK2 inhibition in
K562, but greatly decreased in HEL and SET2 cells, which possess aberrant JAK2
signaling. Indeed, JAK/STAT pathway is also activated by BCR-ABL1 oncoprotein in
K562 cells, but genomic amplifications of JAK2 occur in both HEL and SET-2 cell
lines, and lead to several fold of mutant JAK2 activity which far outweighs that in K562

(Quentmeier et al., 2006), hence the whole situation was mentioned in a simplified way.
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At the moment, no further experiment has been done to validate this scheme, thus
additional investigation is warranted to elucidate how BANCR is involved in the JAK2-
V617F pathway. Nonetheless, my findings demonstrated the specificity of InCRNA
regulation mechanisms in distinct oncogenic signaling pathways, as shown by Ph-

positive and Ph-negative MPN cells.

4.3 ldentification of unannotated INcCRNAs involved in JAK2-V617F signaling

Besides known IncRNAs that may be involved in JAK2-V617F pathway, the present
study also aimed to identify novel INcRNAs and explore new regulatory networks under
the aegis of rapid advancement in next-generation sequencing and bioinformatics tools
in order to broaden our knowledge. In total, 51 unannotated IncRNAs showed
significant differential expression in HEL cells upon JAK2 inhibition by ruxolitinib
treatment. Gene ontology (GO) enrichment analysis revealed the known differentially
expressed genes are mainly involved in cytokine regulation and kinase signaling
(Figure 3.2.2A), which is expected, since JAK/STAT signaling was disrupted by the
JAKZ2 inhibitor. Other enriched biological functions and pathways include blood vessel
development, exocytosis regulation, cellular ion homeostasis, chemotaxis, etc., which
are so broad and with high functional diversity. Therefore, it is hard to imply the
potential functions that the novel IncRNAs may take place based on the GO enrichment
analysis, and hence the JAK/STAT signaling pathway was again focused. A gene co-
expression network analysis was performed, and it was found that considerable
numbers of IncRNAs, including known and novel ones, showed high co-expression
correlation with each other as well as certain genes in the JAK/STAT pathway,
especially JAK2 (Figure 3.2.2B). This reflected a complicated network among these

JAK/STAT-associated IncRNAs that deserves further investigation.
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Similar to the investigation of BANCR mentioned in Chapter 4.2, in silico MRE
prediction analysis was performed for the novel INCRNAs. My results showed that eight
novel INcRNAs possess shared MREs for miR-3609, which were also found in BANCR
and some JAK/STAT pathway genes (Chapter 3.2.3). Consequently, they could form a
putative inter-regulatory network, in which these JAK/STAT-related genes and
IncRNAs could act as ceRNAs and influence each others’ expression by competing for
miR-3609. Therefore, the current findings provide a prospect of exploring novel
regulators in the JAK2-V617F signaling by examining the interplay of JAK/STAT

pathway, miRNAs and IncRNAs, including the brand-new ones.

In addition, the correlation between MPN-related CNVs and the genomic loci of
differentially expressed novel IncRNAs was investigated. Both MSTRG.2026 and
MSTRG.1558 are differentially expressed novel IncRNAs in the RNA-seq data (Table
3.2.1), and are located within two different MPN-related CNV regions with gain and
loss copy numbers, respectively (Table 3.2.4). It is expected that alteration of copy
numbers could lead to aberrant expression levels of IncRNAs located within the CNV
regions and hence result in deregulatory effects that ultimately facilitate the initiation
or progression of disease. As an example, a IncRNA named SNHG6 has been shown to
have a high expression in tissues and cells of colorectal cancer as a consequence of
DNA copy number gains caused by amplification of this genomic region, which is
frequently occurred in colorectal cancer (Xu et al., 2019). Further experimental works
have revealed that SNHG6 promotes growth and metastasis of colorectal cancer cells,
and upregulated level of SNHG6 is associated with tumor progression and poor
prognosis of colorectal cancer. Therefore, it is clearly shown that CNV analysis could

help to provide insights into clinical relevance of disease diagnosis and treatment. In
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fact, all the Ph-negative MPN patient samples used for CNV analysis are from the PMF
subtype (Table 2.2), which is a more severe form of MPNs, and has the highest risk of
leukemic transformation among different MPN subtypes (Yogarajah and Tefferi, 2017).
Hence, the identification of MPN-related CNVs and investigating their impacts on
IncRNAs could confer certain clinical significance for understanding MPN progression,

which is deserving of further investigation.

4.4 H19/miR-675 plays a role in drug resistance of CML cells

Accumulating studies have shown that the dysregulation of the IncRNA H19 is
associated with diverse human diseases especially cancers, and the dual roles of H19
acting either as a tumor suppressor or an oncogene have been suggested, depending on
disease type or cellular content (Yoshimura et al., 2018; Ghafouri-Fard et al., 2020).
This IncRNA encodes a 2.3 kb functional transcript and it also serves as a precursor of
miR-675, which is encoded by the first exon of H19. Basically, H19 could act by itself
through binding to other proteins or RNAs and regulate their function, or through its

derived miR-675 to repress other genes (Raveh et al., 2015; Ghafouri-Fard et al., 2020).

In CML tumorigenesis, the involvement of H19 has also been reported. H19 expression
is BCR-ABL1 kinase-dependent. It is highly expressed in cell lines with transformed
BCR-ABL1 or primary cells from CML patients (Guo et al., 2014). It has also been
reported that H19 overexpression in CML patients is mediated by hypomethylation and
associated with higher risk of disease progression (Zhou et al., 2018). Another study
also indicated the regulation of H19 expression by DDX43 could facilitate CML

pathogenesis in vitro and in vivo (Lin et al., 2018). Yet, the potential linkage of
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H19/miR-675 and CML drug response has not been clearly revealed in existing
research. Therefore, H19 along with its derived miR-675 became my first targets for

the investigation into CML therapeutic resistance.

From my results, both H19 and miR-675-5p showed a significant downregulation upon
imatinib treatment in K562 cells. This matches previous findings that H19 expression
is BCR-ABL1 kinase-dependent (Guo et al., 2014), and H19 could function as primary
miRNA transcript of miR-675 (Keniry et al., 2012; Zou et al., 2016). For miR-675-3p,
it also showed a slight downregulation after imatinib treatment, but it is not that
responsive when compared to miR-675-5p, hence subsequent investigation mainly

focused on miR-675-5p.

To determine whether H19/miR-675 play a potential role of in CML drug resistance,
imatinib-resistant K562 cells (K562-IMR) were generated by long-term drug treatment.
It has been found that both H19 and miR-675-5p showed a higher relative expression
in K562-IMR compared to K562-1IMS (Figure 3.3.3). Such upregulated levels of H19
and miR-675-5p in IMR cells were also validated with another CML cell line LAMA84
and its IMR counterpart (Figure 3.3.3). My results, for the first time, showed the
association between H19/miR-675 and imatinib resistance in CML cells. It was
hypothesized that H19 or miR-675-5p could regulate the expression of certain genes,
that finally results in a lower sensitivity of CML cells to imatinib. This conception led

to the subsequent findings that is discussed in Chapter 4.5.
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4.5 ldentification of novel INcRNAs involved in CML therapeutic resistance

4.5.1 A downrequlated novel IncRNA LNC000093 is identified in K562-IMR

With high throughput gene expression profiling by RNA-seq, differentially expressed
IncRNAs, including unannotated ones, were targeted to identify novel regulators of
imatinib resistance. As per previously mentioned in Chapter 1.6.3, one common
interplay mechanism between INcRNA and miRNA is acting as ceRNAs (Chan and Tay,
2018b; Sun et al., 2020). In this study, | aimed to search for any novel IncCRNA that
may work together with miR-675-5p and form an axis to regulate the drug resistance in

CML cells.

From the RNA-seq data, a significantly downregulated novel IncRNA was identified in
K562-IMR and was named as LNC000093 (Figure 3.4.2A). It is located on
chromosome 14¢23.1 and is transcribed in anti-sense direction with two exons. Further
RT-qPCR analysis validated its downregulation in K562-IMR compared to K562-IMS
(Figure 3.4.2B), whereas an upregulation of LNC000093 was observed in TKI-
sensitive CML patients (Figure 3.4.5). These collective findings indicated LNC000093

expression is positively associated with the sensitivity to imatinib in CML cases.

From the investigation of subcellular localization of LNC000093, my results showed
the majority of LNCO000093 is expressed in the cytoplasm and only small portion in the
nucleus of K562 (Figure 3.4.4). This subcellular distribution pattern provides important
clues for the molecular function of LNCO000093 since IncRNAs play diverse roles in
different subcellular compartments as mentioned in Chapter 1.6.2 & 1.6.3. In the

nucleus, INcRNAs may function to regulate transcriptional process through chromatin
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interactions and remodeling, or help establishing spatial organization of the nuclear
compartment. In the cytoplasm, INcRNAs may function to mediate the transduction of
signaling pathways, translational process, and posttranscriptional control of gene
expression. For example, INcCRNAs could sequester miRNAs and proteins to regulate
their activity and levels, or mediate mMRNA stability and translation, or influence the
posttranslational modification of proteins. Therefore, the cytoplasmic localization of
LNC000093 may imply its potential role in posttranscriptional or translational

regulation.

4.5.2 Expression of LNC000093 is negatively requlated by H19/miR-675

Both H19 and its derived miR-675-5p were upregulated in imatinib-resistant (IMR)
CML cells (Figures 3.3.3), while LNC000093 expression was downregulated (Figure
3.4.2). From the results of prediction analysis by StarMir, LNC000093 possesses 3
putative miRNA response elements (MREs) for miR-675-5p, which are all located
close to the 3° end of its transcript (Figure 3.5.1). Subsequent luciferase reporter assay
validated LNC000093 and miR-675-5p could interact with each other by direct binding
through the seed sequence GGUGCG on miR-675-5p (Figure 3.5.3). This indicated that
the expression of LNC000093 may have a high chance to be downregulated by miR-
675-5p through RNA-induced silencing complex (RISC)-mediated degradation since
the reduced luciferase activity should be due to the elimination of luciferase transcripts
containing the LNCO000093 sequence through miR-675-5p-mediated degradation

process.
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Silencing of H19 by siRNA and CRISPR-Cas9-mediated deletion of H19/miR-675
resulted in an upregulation of LNC000093 especially in IMR cells, while transfection
of miR-675-5p mimic into H19/miR-675-deleted K562-IMR reversed the increase of
LNCO000093 expression (Figure 3.5.2D). This provided additional support that miR-
675-5p could negatively regulate the expression of LNC000093. It is also noteworthy
that the knockdown of miR-675-5p via H19/miR-675-deletion led to a higher increase
of LNC000093 expression level in K562-IMR compared to K562-IMS, and this
phenomenon matched with my hypothesis that LNC000093 could function as a ceRNA
to compete for miR-675-5p since the abundance of ceRNA and miRNA in a ceRNA
netwok could influence the interplay (Qi et al., 2015). In IMS cells, there is a higher
expression of LNC000093 relative to IMR cells and miR-675-5p is then less abundant
with reduced availability to mediate active ceRNA interplay, thereby a further reduction
of miR-675-5p level would cause fewer effect on their target ceRNAs including
LNCO000093 when compared to IMR cells, which have relatively higher abundance of

miR-675-5p.
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4.5.3 LNC000093 acts as a ceRNA of RUNX1 to compete for miR-675-5p and requlate

imatinib resistance

From the investigation of H19/miR-675-mediated cell death, H19 silencing by siRNA
or CRISPR-Cas9-deletion reduced the cell viability of IMR CML cells upon imatinib
treatment, and the effect was reversed by the ectopic expression of miR-675-5p mimic
(Figure 3.6.1). Moreover, ectopic expression of LNC000093 increased K562-1IMR cell
death upon imatinib treatment in the presence or absence of miR-675-5p co-transfection
(Figure 3.6.2). This indicated the expression change of miR-675-5p and LNC000093
could actively modulate the responsiveness of CML cells to imatinib rather than being
a consequence of developing resistance, giving miR-675-5p promotes imatinib

resistance whereas LNC000093 acts in opposite by interacting with miR-675-5p.

RUNX1 mutations and translocation commonly occur in different hematological
disorders, including myelodysplastic syndrome, AML, ALL and CML, and some of
these genetic abnormalities in RUNX1 have been implicated in chemotherapeutic
resistance (Sood et al., 2017). Some research studies also reported RUNX1 alterations
may contribute to CML progression and persistence to imatinib treatment (Miething et
al., 2007; Roche-Lestienne et al., 2008). A recent study also revealed that RUNX1
could play a direct role in cytotoxic drug response and resulting apoptotic activities
(Speidel et al., 2017). In view of the above, RUNX1 was targeted for the examination

of its potential to be involved in the interaction with H19/miR-675 and LNC000093.

In my study, western blot results showed a lower expression of RUNX1 protein in both

K562-IMR and LAMAB84-IMR cells compared to their IMS counterparts (Figure
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3.6.3B), which implied RUNX1 may play a negative regulatory role in the imatinib
resistance in CML so that IMR cells express less RUNXL. In silico prediction analysis
revealed that RUNX1 mRNA transcript possesses three putative MRESs for miR-675-5p
(Figure 3.6.3A), thus it can plausibly be a ceRNA partner of LNC000093 and compete
for miR-675-5p. Subsequent experiments demonstrated RUNX1 expression in K562
cells could be significantly downregulated by transfection of miR-675-5p mimic
(Figure 3.6.3C), and such repression of RUNX1 could be rescued by overexpression of
LNCO000093 (Figure 3.6.4). These collective findings demonstrated that in normal cells,
LNCO000093 serves as a ceRNA partner of RUNX1 mRNA to consume the available
pool of miR-675-5p and de-repress the RUNX1 expression mediated by H19/miR-675-
5p, leading to a sensitive response to imatinib treatment. Accordingly, the low
LNCO000093 expression in IMR CML cells could result in more miR-675-5p to be
released, which lead to non-responsiveness to imatinib via RUNXL repression. To
conclude, my results demonstrated the association between the LNC000093-H19/miR-

675-RUNX1 axis and imatinib resistance.
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4.6 Investigation of LNC000093 in differentiation of iPSCs

4.6.1 LNCO000093 is actively involved in differentiation process

Apart from the potential regulatory role in therapeutic response, RUNX1 principally
functions as an important transcription factor of hematopoietic lineage (Imperato et al.,
2015). Since LNC000093 was identified in leukemic cell K562, which is hematopoietic
lineage, and overexpression of exogenous LNC000093 was found to indirectly regulate
the expression of RUNX1 via miR-675-5p by acting as a ceRNA, its potential

regulatory role in hematopoietic differentiation was also investigated.

To achieve this, | made use of iPSCs to establish a differentiation model for the study
as IPSCs are pluripotent in nature and can be induced to any differentiation lineages
under specific culture condition. After induction of spontaneous differentiation as
embryoid bodies (EBs) or directed to hematopoietic differentiation, the LNC000093
expression level was detected by RT-qPCR. Three marker genes that are known to be
actively involved in early differentiation process towards hematopoietic lineage were
also detected to monitor the differentiation status, which are CD34, GATA2 and

CXCRA4.

During differentiation through embryonic stage, the EBs develop into three primary
germ layers including endoderm, mesoderm and ectoderm, where the mesoderm would
further differentiate into hemangioblast and HSCs. CD34 is one of the important
markers representing both endothelial and hematopoietic progenitor commitment
(Sidney et al., 2014). GATAZ is a transcription factor regulating many genes that are

critical for embryonic development and self-renewal especially those involved in
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hematopoiesis. At mesodermal stage, GATAZ2 promotes the production of hemogenic
endothelial progenitors and subsequent differentiation to hematopoietic progenitors by
suppression of cardiac differentiation (Castano et al., 2019). CXCR4 is a chemokine
receptor specific for stromal-derived-factor-1 (SDF-1) and the CXCR4/SDF-1 axis is
important in chemotaxis and homing in immune and hematopoietic cells. It also plays
a role during the differentiation at mesodermal stage to attenuate the endothelial
potential and promote the induction of hematopoietic progenitor cells (Ahmed et al.,

2016; Kawaguchi et al., 2019).

From my results, RT-qPCR analysis showed an upregulation for all the three marker
genes in spontaneously differentiated EBs (Figure 3.7.2), indicating some portion of
cells differentiated towards the early embryonic stage like mesoderm or hemangioblast.
The expression of these genes was increased in a greater extent during directed
hematopoietic differentiation for 7 days, and a further increment was observed in cells
differentiated for 14 days, notably > 200-fold change in GATAZ2 expression (Figure
3.7.3). This reflected successful hematopoietic differentiation was induced from iPSCs

under the specified culture medium.

For LNC000093, its expression was significantly upregulated during the process of
iPSC differentiation (Figure 3.7.2), especially when the differentiation was directed to
hematopoietic lineage with a longer period (Figure 3.7.3). LNCO000093 expression
increased further when the duration of differentiation was longer, thus, it means
LNC000093 was upregulated along the course of differentiation process. As mentioned

in Chapter 1.6.5, many INCRNA examples that are involved in cell differentiation would
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be specifically expressed in corresponding cell type or lineage. My results implied that
LNCO000093 may be directly involved in the regulation of differentiation progress (e.g.
regulating transcription of differentiation-related genes) or through indirect regulation
on other cellular functions, such as self-renewal ability and proliferative capacity,
which will be reduced during stem cell differentiation process (Seita and Weissman,

2010).

To ascertain the involvement of LNCO000093 in general cellular differentiation,
CRISPR-Cas9-mediated deletion of LNC000093 was done in iPSCs and the following
impact on EB formation was examined. As directed differentiation of iPSC involves
successive stages of development, and the great changes in gene expression profile or
signaling pathways are complicated that may confound our preliminary findings, |
started the functional study of LNC000093 with spontaneous differentiation model.
Moreover, LNC000093 showed a greater expression change in EBs than that directed
towards hematopoietic lineage on day 7 (Figure 3.7.2 & 3.7.3), hence it is expected to
see a greater effect of LNC000093 silencing on EBs in a relatively short time course.
A shorter-term day 3 model was also included to further reduce the variation caused by
the random spontaneous differentiation as well as to determine the role of LNC000093
from the early stage of cell differentiation. My results showed the suppression of
LNCO000093 by CRISPR-Cas9-deletion led to a reduced extent of differentiation at
early stage, as shown by the expression levels of CD34, GATA2 and CXCR4 (Figure
3.7.4) on day 3 and day 7 relative to the undifferentiated iPSC. This supported that
LNCO000093 plays a role in the regulation of general cell differentiation process at least

in early stage, and a lack of LNC000093 could hamper the differentiation progress.
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4.6.2 LNC000093 requlates differentiation potential of iPSC by alteration of chromatin

accessibility

The homeostasis of stem cells is maintained through epigenetic mechanisms that
regulate both the chromatin structure and specific gene transcription programs. Given
that transcription factors play an essential role in determining cell fate during
embryogenesis, a global epigenome remodeling occurs during early stem cell
development in mammals, requiring commitment of cells to be restricted to a specific
lineage (Stadhouders et al., 2019). Several epigenetic mechanisms, such as histone
modifications, DNA methylation, and ATP-dependent chromatin remodeling, have
been implicated in maintaining stem cell lineage commitment (Zhou et al.,
2011). Basically, these epigenetic modifications would result in the change of DNA
accessibility in order to allow specific transcription factors to bind on their target gene
promotor regions adjacent to transcription start sites or any enhancer elements, leading
to particular gene activation. Hence, the regulation of epigenome status through
modification and accessibility of chromatin greatly influences early stem cell

development (Xu and Xie, 2018).

During pluripotent cell differentiation, reconfiguration of chromatin structure occurs,
such that euchromatic regions correlated to pluripotency genes become
heterochromatin (“close” state), whereas those regions correlated to differentiation
genes are transformed to euchromatic (“open” state). Hence, chromatin modifying
factors that regulate the transition between euchromatin and heterochromatin play a
crucial role in self-renewal and cell fate determination of stem cells (Meshorer and
Misteli, 2006; Mattout and Meshorer, 2010; Xu and Xie, 2018). As my results

demonstrated LNCO000093 is generally involved in cell differentiation process, it was
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hypothesized that the regulation is through the epigenetic changes and hence the
transcriptional changes, which are important mechanisms that actively take place

during stem cell differentiation as mentioned above.

The assay for transposase-accessible chromatin with high-throughput sequencing
(ATAC-seq) is an advanced assay that could map the global chromatin accessibility at
the genome level and allow the investigation of transcriptional regulation of gene
expression (Buenrostro et al., 2015). In order to examine the potential role of
LNCO000093 in cell differentiation via regulating chromatin accessibility, SCATAC-seq
was performed with control and LNC000093-CRISPR-deleted iPSCs and EBs. My
results revealed a reduction of chromatin peaks, which is the readout reflecting all the
chromatin accessible regions, after LNC000093 was silenced by CRISPR-deletion in
IPSCs (Figure 3.8.1). Further differential accessible peak analysis clearly showed a
global change of chromatin accessibility with a large number of downregulated peaks
(i.e. more inaccessible chromatin regions) in LNC000093-deleted cells relative to the

control cells (Figure 3.8.4).

More importantly, by searching for the genes associated with these differential
accessible peaks and examining their functional annotation, it was found that the genes
related to the downregulated peaks in LNC000093-deleted cells are enriched in
biological functions including cell differentiation, developmental and morphogenesis
processes (Figure 3.8.5). This outcome totally matched with the previous observation
that LNCO000093 is responsible for differentiation process of iPSCs, and this time |

showed the removal of LNC000093 would lead to the suppression of genes regulating
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cell development and differentiation through transcriptional repression, as reflected by
the chromatin accessibility profile. Gene score analysis of the sCATAC-seq data
estimated the differentially expressed genes with another algorithm that takes the
accessibility of regulatory elements into account. Again, considerable number of genes

were found to be downregulated after LNC000093-deletion in iPSCs.

Surprisingly, two genes, HIST1IH3C and HIST1H2BB (also known as H3C3 and
H2BC3, respectively) were significantly downregulated, and the downregulation was
consistent in both iPSCs and EBs (Figure 3.8.6). Both HIST1H3C and HIST1H2BB
encode variants of core histone proteins that are the basic nuclear proteins responsible
for the construction of nucleosomes, the fundamental unit of chromatin. In eukaryotes,
nucleosomes are composed of approximately 146 bp of DNA wrapped around a histone
octamer that consists of a pair of each of the 4 core histones (H2A, H2B, H3, and H4).
To create higher order chromatin structures, the linker histones H1 interact with DNA
between nucleosomes to compact the chromatin fiber (Luger et al., 1997). My results
showed that the expression of two genes responsible for specific histone variants could
be altered by the interference of LNC000093 via transcriptional regulation as reflected

by accessibility of regulatory elements.

The two histone encoding genes are located on chromosome 6 while LNC000093 is
located on chromosome 14, thereby it is not likely that the regulation is through cis-
acting mechanisms. As described in Chapter 1.6.2, a predominant regulatory
mechanism of nucleus enriched IncRNAs is to interact with different chromatin
modifying complexes or chromatin remodelers in order to enhance the modification of

chromatin or histone, and alter the chromatin state that in turn modulate other gene
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expression at epigenetic and transcriptional levels. Since the expression and regulation
of IncRNA is temporal, spatial and cell- or tissue-type-specific (Engreitz et al., 2016),
it is possible that a portion of LNC000093 expression become localized in nucleus
during differentiation process of iPSCs and exert its regulatory function there. A good
example is INcCRNA IncMyoD, which has been found to regulate differentiation towards
myogenic lineage by promoting the myogenic gene expression via modulation of
MyoD accessibility to the chromatin. In their study, it has been demonstrated that
IncMyoD is expressed in both cytoplasm and nucleus. However, the relative abundance
in nuclear fraction increased when myoblasts were differentiating to myotubes,
suggesting the nuclear regulatory role of IncMyoD during myogenic differentiation
(Dong et al., 2020). Nevertheless, my previous results showed that LNC000093 could
function as a miRNA sponge and a ceRNA, hence it is possible that LNC000093 is
actually acting on the transcript of specific chromatin modifiers before their translation
in cytoplasm, thereby indirectly influence the accessibility of regulatory region of the
histone genes. Further experimental investigation is warranted to elucidate the details

of such molecular mechanismes.

Indeed, previous research has demonstrated a significant difference of histone content
between pluripotent and differentiated cells. The study revealed that spontaneous
differentiation of embryonic stem cells (ESCs) to EBs entails an increase in histone
content and the low histone content in ESCs would contribute to the maintenance of
ESC totipotency and stemness (Karnavas et al., 2014). Therefore, my results showed
the correlation between LNC000093 and cell differentiation is due to the regulation of

cell pluripotency via controlling the expression of certain histone variants indirectly.
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4.7 Translational perspectives of INCRNA research

LncRNAs have been emerging as important regulators in different pathological
conditions and accumulating research evidence showed dysregulation of their
expression is highly associated with the development of human disorders (Cipollaetal.,
2018; Hu et al., 2018; Sanchez Calle et al., 2018). Such association conferred crucial
clinical implications and provided great help with exploring novel options for diagnosis
and therapy. Since IncRNAs regulate gene expression at an extra level in different
physiological conditions, deciphering their molecular roles is essential for improving
the understanding of human diseases and their treatment, which may significantly

enhance the medical and clinical practice.

4.7.1 LncRNASs act as potential diagnostic and prognostic biomarkers

The expression patterns of INCRNAs are more cell/tissue type-specific or disease type-
specific than protein-coding genes, which may make them become promising
diagnostic or prognostic biological markers in clinical applications (Li and Chen, 2013).
The high specificity of IncRNAs enables them to be a good predictor or indicator of
disease stage, which is indicated by their abnormal expression compared to healthy
individuals as reference. Currently, screening of biomarker in extracellular fluids from
patients is one of the most favourable approaches for early diagnosis due to the non-
invasive nature. It has been demonstrated that aberrant INcCRNA expression correlated
to tumorigenesis could also be detected in body fluids such as urine and blood plasma
that are readily collected from patients, thereby makes INncRNA an ideal molecular

biomarker (Bolha et al., 2017).

The IncRNA PCAS (Prostate cancer antigen 3) is a well-known IncRNA example being
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applied in clinical diagnostic tests as it showed superior performance than the
traditional detection of prostate-specific antigen (PSA) serum level. The expression of
PCA3 is highly prostate-specific and its overexpression is found in more than 90% of
primary prostate tumors comparing with benign tissues, but is undetectable in other
tumor types (Bussemakers et al., 1999; Hessels et al., 2003). The U.S. Food and Drug
Administration (FDA) has approved the urine-based molecular diagnostic test to detect
PCA3 in prostate cancer, which is now widely used (Groskopf et al., 2006; Lee et al.,

2011).

In fact, IncRNAs could also be potential diagnostic and prognostic markers with regards
to other human disorders. A subset of IncRNAs called BALR (B-ALL-associated long
RNASs) has been revealed in clinical research by microarray analysis. The study has
demonstrated that BALR levels allow the prediction of the cytogenetic subtypes of B-
cell acute lymphoblastic leukemia (B-ALL) among the most frequently occurred
abnormalities, including E2A-PBX1 translocation, mixed lineage leukemia (MLL)
rearrangement, and TEL-AML1 fusion. Additional clinicopathologic data analysis
demonstrated that high BALR-2 expression level was associated with poor survival of
B-ALL patients and lower responses to prednisolone therapy (Fernando et al., 2015).
This finding clearly shows the strong potential of IncRNA in sub-classification of

disease and prediction of therapeutic response.

The IncRNA PRAL is another good example, which has downregulated expression in
primary cells of multiple myeloma (MM), in particular, the MM cells with del(17p).
Survival curve analysis showed a shorter overall survival in MM patients with low

expression of PRAL (Xiao et al.,, 2018). The same study also showed PRAL is
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potentially associated with bortezomib sensitivity through the interaction with miR-210.
The collective findings implicated that PRAL expression levels could be used as a
prognostic marker to predict the disease progression of MM patients and the

effectiveness of bortezomib therapy.

In summary, the high expression specificity and relative ease of sampling make
InNcRNAs effective molecular biomarkers for diagnosis and prognosis of human
diseases. Moreover, their expression levels could be readily detected by commonly used
equipment and techniques such as real-time qPCR, microarray assay, and RNA-seq. It
is anticipated that the combination of detecting disease-related IncRNAs and
conventional biomarkers could greatly enhance the clinical judgment from medical
professionals in future. Nevertheless, PCA3 is currently the only IncRNA that has been
approved by the U.S. FDA and recommended as molecular marker at the moment.
LncRNAs are still in their infancy as clinical biomarkers, and the applicability of many
known disease-associated INCRNAs is uncertain yet. Hence, in order to build up the
clinical use of IncRNAs, additional research should focus on how IncRNAs influence

disease pathology, as well as standardizing the detection approach.

4.7.2 Development of therapeutic strategies by targeting IncRNA

Besides diagnostic and prognostic values, the unique specificity of IncRNAs also
enables them to be conceivable therapeutic targets with potentially lower off-target
effects. With the advancement in oligonucleotide-based therapeutic approached, any
RNA transcripts that could not be targeted by antibody-drugs or small molecules have
become possible to be reached by nucleic acid-based drugs (Nero et al., 2014; Beck et

al., 2017). Particularly, antisense oligonucleotides (ASOs) have been tested in clinical
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trials, and certain ASOs have already gained approval by the U.S. FDA (Gaudet et al.,
2014; Noveck et al., 2014; Buller et al., 2015). This IncRNA-targeting approach is
eventually emerging as a practicable way of therapy, which could provide more

potential therapeutic options owing to their functional diversity.

A proof-of-concept study with animal models has demonstrated the therapeutic efficacy
of INCRNA MALATL in vivo. In a MMTV-PyMT mouse model of breast cancer,
increased cystic differentiation and cell adhesion, as well as reduced cell migration were
shown after knockdown of MALAT1 using ASOs (Arun et al., 2016). The IncRNA
Ube3a-ats is another example that has been tested in mouse model by the administration
of ASOs, which provides a putative therapeutic target for Angelman syndrome (Meng
et al., 2015). Even though this approach seems promising, clinical application is still
quite challenging since efficient delivery and long-term effectiveness must be verified
in human, thus, more preclinical and clinical studies in human subjects are needed.
Nonetheless, given the rapid evolution of nucleic acid-targeting therapeutics in terms
of improved pharmacokinetics and toxicity, it might be feasible to translate the
identification and evaluation of disease-related IncRNAs into clinical applications very

soon.
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4.8 Limitation and suggestion for future work

In this study, the investigation of IncRNAs and related molecular networks in both Ph*
MPNSs and Ph-negative MPNs are virtually all based on in vitro experiments with the
use of cell lines due to the inaccessibility of patient samples. A major limitation of such
approach is that although cell lines possess the representative genetic abnormalities of
the corresponding disease (i.e. BCR-ABL1 in CML and JAK2-V617F mutation in
classical MPNs), it may not represent the real situation occurring in patients, which
could be much more complicated. In particular, HEL cells are even not derived from a
MPN patient but rather a patient with erythroleukemia (Martin and Papayannopoulou,
1982). However, it has been chosen for the present study because | focused on
investigating the disease-driven molecular pathway in order to gain insights for further
exploration, and HEL cells showed a strong activation of JAK/STAT signaling due to
JAK2-V617F, which is the most prevalent mutation across all classical MPNs. It would
be better to include clinical samples in future studies to consolidate the findings and
give more promising outcomes to show the value of IncRNA as a potential biomarker.
Besides, all the cell lines used in the study were purchased from ATCC or DSMZ,
which already checked for no mycoplasma contamination. However, there is a lack of
routine checking of mycoplasma in our laboratory and therefore the effect of
mycoplasma contamination on the cells may be overlooked if there is any. Another
limitation in MPN study is that the establishment of potential ceRNA networks between
BANCR or novel IncRNA with miR-3609 and JAK/STAT pathway genes were done
by in silico analysis but not yet validated by hands-on experiments, hence additional

studies are prospected in the future.
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For the study of LNCO000093, a brand-new observation of six-nucleotide
polymorphisms existed in the RNA transcript (Figure 3.4.3) but no further investigation
has been performed at the moment. It may be noteworthy to explore how the other
variant transcript could be produced and what is the potential functional role of it.
Moreover, the BCR-ABL1 mutation status of the in-house generated K562-IMR cells
has not been checked. This raised a question that whether the observed LNC000093
action is totally independent of BCR-ABL1 abnormality, which merits additional
follow-up investigation. Regarding the scATAC-seq experiment for LNC000093-
CRISPR-deleted iPSCs, single-cell approach has been applied but technical issues were
faced during data analysis, which is the incapacity to define and compare the different
clusters with the current data, thus the cell population as a whole in each sample was
used for comparison. It is suggested to perform further experiments together with
single-cell RNA-seq (ScCRNA-seq), and the integration of sSCATAC-seq and scCRNA-seq
data could allow more comprehensive analysis in order to capture further information
(Stuart et al., 2019; Forcato et al., 2021). Additional follow-up experiments to elucidate
the regulatory mechanism of LNC000093 via interaction with chromatin remodeling
factors is also prospected. Furthermore, apart from early differentiation stage, the
potential regulatory role of LNC000093 in long-term differentiation especially in
hematopoietic specific lineage could also be examined in the future since a further
increase of LNCO000093 expression was demonstrated when differentiation is directed
towards hematopoietic lineage for 14 days (Figure 3.7.2). In addition, since the data are
mostly generated using cell lines, it would be better to expand the clinical significance
of the work by examining the expression levels of our target genes from public database

to further support the correlation.
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4.9 Concluding remarks

This thesis extensively explored the non-coding area, especially IncRNAs, in MPNs
including BCR-ABL1-positive CML. The high-throughput profiling of JAK2-V617F
MPN-like cells identified a number of novel and known IncRNA targets that are
strongly associated with the mutant JAK2 signaling pathway, which warrant further
examination. For the investigation of CML drug resistance, it has been shown that a
higher level of H19/miR-675-5p promotes imatinib resistance in CML cells by
regulating the expression of RUNX1, while the novel IncRNA LNC000093 acts as a
ceRNA to compete for miR-675-5p. Further study has also demonstrated another
regulatory role of LNCO000093 in the pluripotency of iPSCs via modulation of

chromatin accessibility.

In conclusion, my study examined MPNs in different perspectives regarding the
molecular basis through in vitro models that possess distinct genetic features of Ph* or
Ph-negative MPNs. It is anticipated that more clinically relevant translational research
will be conducted in the near future, which could lead to the establishment of potential
INcCRNA biomarkers for MPNs. In addition, this study contributed to a greater
understanding of IncRNA-miRNA-mRNA axes in hematological malignancies by
highlighting the comprehensive crosstalks between IncRNAs and their diverse

molecular targets.
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