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Abstract

The translocation t(8;21) stands out as a paradigm of genomic aberrations in which
it® fusion product (RUNX1/ETO) initiates and maintains the leukaemogenic
transformation of haematopoietic stem cells. Like all leukaemias, t(8;21)-positive
AML is characterised by extensive hyperproliferation and aberrant self-renewal.
Here, in this thesis we show that silencing RUNX1/ETO by siRNA dysregulates the
leukaemic molecular programme, restrains leukaemia expansion and ablates

clonogenicity, suggesting therapeutic potentials.

Aiming to develop a specific targeted therapy, we relied on the RNAi machinery to
specifically knockdown RUNX1/ETO by a chemically modified siRNA encapsulated

into a lipid nanoparticle.

To enhance the efficacy of SIRUNX1/ETO, we have introduced a combination of 26
sugar and phosphodiester backbone modifications and proved the robustness of the
gene knockdown in vitro. Then, we have utilised a state-of-the-art microfluidic
system to encapsulate the siRNA into a novel lipid nanoparticle that is approved for
clinical use. The lipid nanoparticles provided a long-lasting RUNX1/ETO knockdown
in vitro in cell lines, and in t(8;21) patient primary cells and PDXs in a co-culture
system. The gene knockdown was also associated with irreversible changes in
RUNXZ1/ETO transcriptional network and induced a cytostatic phenotype

characterised by G1 cell cycle arrest and senescence.

To gain insight into the pharmacokinetics and biodistribution of the nanoparticles, we
have developed a protocol to label the lipid nanoparticles with a NIR dye that is
compatible with in vivo imaging. Systemic administration of a single dose of the
labelled nanoparticles caused a global body distribution in immunocompromised
hosts, including leukaemic tissues and CNS. Our in-house optimised labelling
protocol transforms the nanopatrticles into a platform for tissue-specific delivery by
substituting the dye with targeting motifs.

Using comprehensive experimental settings in vivo, we have successfully achieved
RUNXZ1/ETO knockdown in t(8;21) murine xenotransplantation model and proved the

on-target effect of the nanopatrticles. Further ex vivo testing revealed that



RUNXZ1/ETO repression triggers cellular senescence and initiates a myeloid
differentiation programme, which were affirmed by RNA-seq analysis obtained from
RUNX1/ETO knockdown mice.

Our study, for the first time, shows that RUNX1/ETO depletion in vivo in a clinically
relevant setting significantly prolongs the survival of leukaemic mice. Our novel
approach for gene knockdown revealed that depleting RUNX1/ETO severely impairs
clonogenicity and self-renewal, as well as prevents leukaemia propagation in

secondary recipients.

To exploit the therapeutic benefits of combinational chemotherapies with
RUNX1/ETO knockdown, we carried in vitro drug toxicity assays and in vivo
treatment. The combination of RUNX1/ETO depletion with DNA damage agents
treatment resulted in a lost sensitivity to those chemotherapies. On the contrary,
RUNX1/ETO knockdown enhanced the pharmacological inhibition of BCL2 with a

small molecule inhibitor in vitro but not in vivo.

Overall, this thesis developed a potent siRNA-based drug for RUNX1/ETO
knockdown, which brings gene therapy from the lab closer to bedside. The thesis
supports the notion that RUNX1/ETO guards the reservoir of leukaemic initiating
cells, and shows how targeting the fusion transcript with siRNA significantly reduces
the number of the long-term repopulating leukaemic stem cells providing an effective
second-line therapy to prevent relapse in AML.
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Chapter 1.

Introduction



1.1 Acute Myeloid Leukaemia

1.1.1 Haematopoiesis and haematopoietic stem cell

Pluripotent haematopoietic stem cells (HSCs) generate the adult haematopoietic
system providing long-term production and maintenance of all blood cell types. In
adults, HSCs comprise less than 0.1% of the bone marrow (BM) cells. The origin of
the pluripotent HSCs is traced back to the Aorta-Gonad-Mesonephros (AGM) region
during early embryogenesis (Fig 1-1A-B) (Thomson and Meyskens 1982, Bizzari and
Mackillop 1985, Mendelson and Frenette 2014).

Embryonic development of human HSCs (Fig 1-1C) begins at day 19 of gestation
when the endothelial lining of the dorsal aorta upregulates the HSCs marker CD34.
By the end of the third week of gestation, lymphoid and myeloid multilineage stem
cells CD34+/CD45+ can be found in the intraembryonic coelom (Fig 1-1B) (Hirschi
2012, Cao, Spielmann et al. 2019) . The first wave of haematopoiesis (pre-
circulation) starts in the yolk sac (YS) at day 27 of gestation. The haematopoietic
trajectory in the YS has a mesoderm origin where a group of mesenchymal stem
cells (MSCs) differentiate into primitive erythroblasts, and occasionally to primitive
megakaryocytes and macrophages. At this stage, the haemogenic endothelium (HE)
in the AGM region generates clusters of HSCs, which adhere to the ventral wall of
the dorsal aorta. The second wave of haematopoiesis (circulation) in the YS
produces definitive myeloid, megakaryocytes, erythroid and multipotent progenitors,
which seed the foetal liver. The endothelial-to-haematopoietic migration (detachment
of the HSCs from the HE) and colonising the foetal liver marks the transition to
hepatic haematopoiesis by the end of the fourth week of gestation. Foetal liver
remains the primary niche for HSCs maintenance and differentiation until birth. In
parallel with hepatic haematopoiesis, bone marrow formation and osteogenesis mark
the end of embryogenesis by the end of the second month of gestation when CD34-
/CD45+/CD68+ macrophages invade the bone marrow and facilitate chondrolysis.
Finally, the definitive BM niche hosts and maintains the haematopoietic progenitors
and HSCs throughout life (Bloom and Bartelmez 1940, Bertrand, Giroux et al. 2005,
Hirschi 2012, Beaudin, Boyer et al. 2016, lvanovs, Rybtsov et al. 2017, Cao,
Spielmann et al. 2019).
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Fig 1-1: Human haematopoiesis during embryogenesis and development. (A)
The localisation of the yolk sac, AGM region, liver, placenta and other embryonic
tissues in a 33 days old human embryo. (B) Ventral wall of the dorsal aorta of a 38
days old human embryo showing the intra-aortic haematopoietic clusters expressing
CD45, RUNX1 and VE-cadherin. (C) Chronology of human haematopoiesis. The first
primitive haematopoietic cells, monocytes and macrophages are produced in the
yolk sac. Blood circulation starts at day 21 after the onset of cardiac contractions,
and at day 27 the ventral wall of the dorsal aorta hosts the CD34+/CD45+ cells,
which are also disseminated into the liver. HSCs emerge in the AGM region at day
30 until day 42, then in the yolk sac at day 35, the liver around day 40 and finally
HSCs enter the expansion phase in the bone marrow at day 60. Fading of the
coloured rectangles represents the extinction of the process. Scale bar: 1 mm in A.
Adapted from (Bertrand, Giroux et al. 2005, Ivanovs, Rybtsov et al. 2017).



HSCs undergo two progressive series, either self-renewal and maintaining the
pluripotency or differentiation into more mature progenitor cells (Fig 1-2A, B).
Haematopoietic development is a highly orchestrated process where the multipotent
immature progenitors are committed to differentiate into lymphoid, myeloid, erythroid
or megakaryocytic precursors in the bone marrow (Sabbath, Ball et al. 1985, Blair,
Hogge et al. 1998). The multipotent myeloid and lymphoid precursors are highly
proliferative and express specific receptors for growth, survival, and colony-
stimulation factors. During their differentiation, precursors follow successive stages
until they lose the ability to divide further and become mature blood cells (Bertrand,
Giroux et al. 2005, Amabile, Welner et al. 2013).

Recent studies have showon significant HSCs heterogeneity resulting in a
continuous segregation of lineage-specific features (Fig 1-2C). The new model of
haematopoiesis challenges the classical model of lineage commitment and proposes
a lineage-biased HSCs paradigm for blood cells formation and emergence of
haematological malignancies (Haas, Trumpp et al. 2018). Moreover, there is
evidence of progenitor reversibility and lineage switch between the lymphoid and
myeloid progenitors, mostly in rare AML relapse cases (Ryotokuji, Yamaguchi et al.
2016). The drivers for such a switch are still under investigation, and the new
lineage-biased model of HSCs might deliver new insights into the regulation of

lineage switch, leukaemia propagation, and disease origin.
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Fig 1-2: Normal human haematopoiesis models. (A) HSC classical model of lineage commitment. HSC undergoes a series of
intermediate differentiation stages where HSC first generates the common myeloid and common lymphoid progenitors, which later
give rise to all blood cell types. Direct shortcut from HSC to megakaryocytes was recently proposed. (B) HSC early split model
where the lineage separation occurs in early stages. (C) Latest HSC lineage-bias commitment model where the HSC does not
follow distinct intermediate stages of differentiation but is proposed to acquire transcriptional lineage priming features leading to a
continuous Waddington-like model (Haas, Trumpp et al. 2018).



1.1.2 Leukaemogenesis

As normal haematopoiesis undergoes a highly orchestrated hierarchy of HSCs
differentiation programmes, changes can lead to a transient or prolonged
dysregulation of haematopoiesis. Leukaemia is defined as a condition of disordered
haematopoiesis due to the acquisition of mutations in the haematopoietic
progenitors, which favours their self-renewing, proliferative and survival properties
and weakens their differentiation potential (Bonnet and Dick 1997, Hope, Jin et al.
2004).

Since antiquity, haematological disorders such as malaria and anaemia were noted

to be associated with the spleen and liver. The first recorded description of the blood

clotting dysfunctionor6 6 haemop hi | i a 6 650AD arx camasdramtheo 3 0 0
Babylonian Talmud. Nine years after the development of the microscope by Hooke,

the first description of red blood cells was made Anton van Leeuwenhoek during the

Dutch Golden Age in1674.Whi t e bl ood cel |l s wergwbuli at er des
albicanteso  bogef Lieutaud in 1749 (Buess 1959), while in the same year Jean-

Baptiste de Sénac also describes the colourless and nucleated cells of the blood

(Senac 1926). Leukaemia was finally described by Cullen in 1811 when he noticed

an increased amount of white blood cells in a 35 years old patient (Cullen 1811).

Before the end of the 19™ century, several cases of patients with an excessive

amount of white blood cells had been reported, and some authors were even able to

predict that the disease were caused by increased circulation of immature blood cells

(Piller 2001). Nevertheless, the term fleukaemiadwas only coined by Rudolf Virchow,

a German pathologist, in 1855, based on the Greek word for fivhite bloodoto

describe the leukaemic cells (Virchow 1855).



1.1.3 Acute myeloid leukaemia landscape

Acute myeloid leukaemia (AML) occurs when myeloid progenitors accumulate in the
bone marrow disrupting blood production and commonly causing anaemia,
immunodeficiency with recurrent infections and haemostasis deficiency with
increased haemorrhagic risk. AML is a heterogeneous clonal disease which mainly
affects elderly with a median age at diagnosis around 65 years (Lapidot, Sirard et al.
1994, Bonnet and Dick 1997, Hope, Jin et al. 2004). Interestingly, some myeloid
conditions can evolve into acute leukaemia including disorders such as

granulocytopenia, thrombocytopenia and transient abnormal myelopoiesis.

Acute myeloid leukaemia is classically diagnosed based on cytomorphological
features of myeloblasts observed in samples of peripheral blood and bone marrow
stained with Wright-Giemsa. Leukaemic cells display a distinctive nucleoli in a large
irregular-round nuclei surrounded by a small cytoplasm (Strobel and Brandt 1986,
Woronzoff-Dashkoff 2002). The French-American-British (FAB) classification (Table
1-1) categories AML into eight subtypes (M0-M7) based on the cell differentiation

status and type.

Acute myeloid leukaemia

MO Undifferentiated acute myeloblastic leukaemia

M1 Acute myeloblastic leukaemia with minimal maturation
M2 Acute myeloblastic leukaemia with maturation

M3 Acute promyelocytic leukaemia

M4 Acute myelomonocytic leukaemia

M5 Acute monocytic leukaemia

M6 Acute erythroid leukaemia (Di or Guglielmo syndrome)




M7 Acute megakaryoblastic leukaemia (AMKL)

Table 1-1: FAB classification of AML. Adapted from (Bennett, Catovsky et al.

1976).

Leukaemia is defined by the presence of 30% or more of blasts but genetic testing is

required to distinguish AML from other conditions of ineffective haematopoiesis such
as myelodysplastic syndrome (MDS) or AML-related MDS (Piller 2001). In this
regard, the World Health Organisation (WHO) revised the old FAB classification and

introduced cytogenetic subgroups to the standard morphology classification (Table

1-2).

AML with recurrent genetic abnormalities

AML with inv(16)(p13.1922) or t(16;16)(p13.1;922); CBFB-MYH11

AML with t(8;21)(q22;022); RUNX1-RUNX1T1

Acute promyelocytic leukaemia (APL) with t(15;17)(q22;912); PML-RARA

AML with t(6;9)(p23;934); DEK-NUP214

AML with t(9;11)(p22;023); MLLT3-MLL

AML with inv(3)(g21g26.2) or t(3;3)(g21;926.2); RPN1-EVI1

AML (megakaryoblastic) with t(1;22)(p13;913); RBM15-MKL1

Provisional entity: AML with mutated CEBPA

Provisional entity: AML with mutated NPM1

AML with myelodysplasia-related change

Therapy-related myeloid neoplasms




AML, not otherwise specified:

Undifferentiated AML (MO)

AML with minimal differentiation (M1)

AML without maturation (M2)

Acute promyelocytic leukaemia (APL) (M3)

Acute myelomonocytic leukaemia (AMoL) (M4)

Acute erythroid leukaemia (AEL) (M5)

Erythroleukaemia, erythroid/myeloid (M6)

Pure erythroid leukaemia (M6b)

Acute megakaryoblastic leukaemia (AMKL) (M7)

Acute basophilic leukaemia (ABL)

Myeloid proliferations related to Down syndrome:

Transient abnormal myelopoiesis (TAM)

Myeloid leukaemia associated with Down syndrome (DS-AML)

Blastic plasmacytoid dendritic cell neoplasm (BPDCN)

Acute panmyelosis with myelofibrosis (APMF)

Myeloid sarcoma

Table 1-2: WHO classifications of AML and neoplasms. Adapted from (Falini,
Tiacci et al. 2010)



1.1.4 AML chromosomal alterations

Chromosomal rearrangements are key indicators of haematopoietic malignancies,
and 60% of AML patients carry abnormal karyotypes. Core binding factors (CBFS)
are direct targets for gene rearrangements, and mutations in CBFs lead to acute
leukaemia. The translocation between chromosome 8 and 21, or 1(8;21)(g22;q22),
was the first to be described in AML, and it affects the target genes RUNX1 and
CBFB. For over 40 years, t(8;21) has been considered a milestone in understanding
AML genetics (Burel, Harakawa et al. 2001, Singh, Mandoli et al. 2017). Since then,
AML has been associated with a growing number of other frequent genetic
abnormalities, including chromosomal translocations and other aberrations (Table 1-
3). Currently, the most common chromosomal abnormalities in AML are
1(8;21)(q22;922) detected in 15% of cases, followed by the inv(16)(p13;922) and
t(15;17), which are present in 12% and 8% of AML cases respectively. In paediatric
AML, about 19% of the cases are Mixed-Lineage Leukaemia (MLLr) caused by
rearrangements affecting the MLL1 gene in 11923, which lead to the expression of
MLL fusion proteins. AML Mixed-lineage leukaemia is typically associated with
poorer prognosis and a higher risk of relapse. Genetics of AML is complex disease
but can be widely classified into three risk groups for prognostic purposes as having
a favourable, intermediate and adverse impact on prognosis (Burnett, Hills et al.
2010, Dohner, Estey et al. 2010, Falini, Tiacci et al. 2010). Table 1-3 shows the

Medical Research Council (MRC) classif i cati on of AML accordi

outcome (Burnett, Hills et al. 2010).

Favourable Risk 1(8;21)(922;922)
t(15;17)(q22;922)

inv(16)(p13.1922); t(16;16)(p13.1922)

Intermediate Risk Normal karyotype or other cytogenetic abnormalities not

classified as favourable or adverse.
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Adverse Risk inv(3)(q21;926.2); t(3;3)(g21;926.1)

abnormal (3q), excluding t(3;5)(q21~25;931~35)
-7, add(7q)/del(7q)

-5, add(5q)/del(5q)

-17/abnormal(17p)

t(10;11)(p11~13;g23)

1(6;11)(q27;923)

t(9;22)(q34; q11)

t(11g23), excluding t(9;11)(p21~22;923) and
t(11;19)(q23;p13)

Complex karyotype of more than 4 independent

chromosomal abnormalities.

Table 1-3: MRC classification of AML. Adapted from (Burnett, Hills et al. 2010,
Grimwade, Hills et al. 2010).
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Fig 1-3: MRC cytogenetic classification of AML. Distribution of cytogenetic
abnormalities in AML from 59% of 5876 patient cases in the MRC trials 2010.
Adapted from (Burnett, Hills et al. 2010, Dohner, Estey et al. 2010).

1.1.5 AML mutational landscape

Alongside the chromosomal aberrations, which can be detected by cytogenetic
techniques, genome screening of somatic mutations that can predispose or influence
the development and progression of AML can also be very informative to estimate
prognosis (Burnett, Hills et al. 2010, Falini, Tiacci et al. 2010). Curiously, the genome
of an AML case was the first human cancer to be fully sequenced. In the advent of
next-generation sequencing (NGS) and high-throughput protocols, the number of
mutations known to be associated with AML has been increasing (Taussig, Vargaftig
et al. 2010, Thol, Kolking et al. 2012). Recent studies have identified several novel
mutations associated with AML in genes such as RAS, FLT3, NPM1, and DNMT3A
(Fig 1-4).

12



The clonal composition and expansion are crucial for the clinical outcome of AML.
Point mutations account for two-thirds of mutation capable of driving AML, and most
of them are associated with an intermediate risk outcome. To increase complexity,
one-third of AML patients carry co-mutations, and some of these are exclusive of
specific hotspots within certain genes. For instance, patients with NPM1 mutation
have a high occurrence of NRAS®1213 hut not NRAS®Q6! and those patients have
intermediate risk (Shen, Zhu et al. 2011, Vaskova, Dubayova et al. 2015).
Furthermore, some paediatric acute leukaemias can be associated with other
genetic disorders and atypical driver mutations. For example, neonates and young
children with trisomy 21 (Down syndrome, DS) carrying mutations on GATAL have a
500-fold increased risk of developing megakaryoblastic leukaemia (AMKL or DS-
AML) (Reinhardt, Reinhardt et al. 2012). Up to 10% of neonates with DS suffer from
transient abnormal myelopoiesis (TAM) but only 30% of them progresses to AMKL
within the first four years of life. In the absence of trisomy 21 genetic background,
GATAL mutations alone do not lead to leukaemia, and other cooperating mutations
are always required to transform TAM to AMKL (Klusmann, Godinho et al. 2010,
Scheer, Kratz et al. 2016, Uffmann, Rasche et al. 2017, Gialesaki, Mahnken et al.
2018).

AML undergoes ordered evolutionary trajectories, where mutations might occur or
drive different stages during disease development (Hope, Jin et al. 2004). Mutations
that affect epigenetic modifier genes such as IDH1/2, TET2 and ASXL1 are often
present in elderly patients and increase the risk of developing leukaemia. Such
mutations are acquired or present in the earliest stages of haematopoietic disruption
and can be usually detected in the founder clones of AML, but are not sufficient for
leukaemia transformation (Shen, Zhu et al. 2011). On the other hand, mutations in
tyrosine kinases usually occur at later stages and often multiple mutations in these
genes can be detected in different clones of the same patient. Secondary mutations
such as in NPML1 followed by IDH1 and DNMT3A are associated with progression to
full-blown leukaemia (Thol, Kolking et al. 2012).

13
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Fig 1-4: Common mutation in AML and their frequencies. Distribution of
cytogenetic abnormalities in AML from 59% of 5876 patient cases in the MRC trials
2010. Adapted from (Vaskova, Dubayova et al. 2015)

1.1.6 AML molecular pathogenesis

As described, AML has complex and heterogeneous cytogenetics and results from a
sequential acquisition of mutations and/or genomic alterations. The old FAB
classification categorised AML mutations into two main classes. Class | mutations
enhance the proliferation and survival via the activation of several signal transduction
pathways such as FLT3, NRAS, and KIT. Class Il mutations block the differentiation
of myeloid progenitors by interfering with transcription factors such as RUNX1,
CEPBA, and GATA1/2 (Garg, Nagata et al. 2015, Ryotokuji, Yamaguchi et al. 2016).

However, this classification is continuously under revision, and some newly
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discovered mutations either fit both or none of the classic classes. Consequently,
new models of classifying AML according to mutations and genomic abnormalities
have become ever more complex (Fig 1-5) (Shen, Zhu et al. 2011, Ryotokuiji,
Yamaguchi et al. 2016). Furthermore, some mutations strongly segregate with
specific chromosomal abnormalities such as mutation of KIT in inv(16) and t(8;21) in

complex karyotype AML (Beghini, Magnani et al. 2002, Cairoli, Beghini et al. 2006).

Differentiation block
Self-renewal

GATA1 GATA2 NPM1
PML/RARA RUNX1 CEBPA

Proliferation &

survival DNMT3A
MLL-r TET?2
PHF6 RUNX1/ETO\ ASXL2
Drug CBFB/MYH11 EZH?2
resistance

RAS CKIT

CBL PTPNT1 Epigenetic

regulation

DNA damage

Figl-5: AML mutated genes. Summary of AML mutated genes and their prognostic
factors. Adapted from (Itzykson, Gardin et al. 2011, Shen, Zhu et al. 2011, Vaskova,
Dubayova et al. 2015, Ryotokuji, Yamaguchi et al. 2016)
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1.2 1(8;21) positive AML

1.2.1 RUNX1, a master regulator of haematopoiesis

RUNX1 (al so known as AML1, CBFU2 -related PEBP2aB)

transcription factors (RUNXs), which are required in Drosophila embryogenesis for
sex determination, segmentation, and neurogenesis. The RUNX1 gene is located on
chromosome 21 (21g22.12), spans 260 kb and contains 12 exons. RUNX1 has
complex transcription and translation variants due to its distinctive 5 - TRs and

di f f e r-polyA sitesl TheBedare several alternative splice variants of RUNX1
coding a range of protein products spanning from 20 to 52 kDa (Lorsbach, Moore et
al. 2004, Lam and Zhang 2012).

RUNX1 is tightly regulated during haematopoiesis and HSCs homeostasis by two
tissue-specific enhancers (regulatory elements 1 and 2) and two promotors, distal
promotor P1 and proximal promoter P2, both sequentially activated and linked to

di f f e-UERs tFig 5&. The transcript of P1 promotor controls RUNX1c
expression that is required for the initiation but not the maintenance of definitive
haematopoiesis. The P2 promotor strictly controls the dosage of RUNX1b and
RUNX1a expression levels that are required to initiate and complete the endothelial-
to-hematopoietic transition and subsequent generation of haematopoietic cells from
the haemogenic endothelium (HE). RUNX1 knockout mice die in early
embryogenesis with deficient foetal haematopoiesis emphasising the pivotal role of
RUNX1 as a master regulator of haematopoiesis. Even though RUNX1 expression is
not essential for adult HSCs production and survival, disruption of RUNX1 levels
perturbs the differentiation of several blood lineages. In adults, RUNX1 is expressed
in all tissues except the heart and brain (Barseguian, Lutterbach et al. 2002, Lam
and Zhang 2012, Ichikawa, Yoshimi et al. 2013, Martinez, Hinojosa et al. 2016, Lie,
Marinopoulou et al. 2018).
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Fig 1-6: Schematic illustration of RUNX1 isoforms, locus and protein. (A)
RUNX1 gene spliced variants and promotors localisation on RUNX1 locus on
chromosome 21. Both RUNX1a and RUNX1b are transcribed from the same P2
promotor and contains 5 and 6 exons, respectively. RUNX1c is transcribed from the
P1 promotor and has 8 exons. (B) The runt homology domain (RHD) is conserved
between all the three isoform products of RUNX1. Adapted from (Sroczynska,
Lancrin et al. 2009, Lam and Zhang 2012).

RUNX1 has two main regulatory domains: the runt homology domain (RHD)
encoded by exons 2-4, which is a DNA-binding domain and the transactivation
domain (TAD) encoded by exon 6, which mediates protein-protein binding. RUNX1
binds to the DNA via the RHD domain (128 amino acids) as a monomer (Fig 1-7A).
The TAD domain interacts with E-twenty-six (ETS) family transcription factors RID,
GATAL, MLL, CDK®6, PU.1 and others. Furthermore, the core binding factor CB F b
does not bind DNA directly, but its interaction with RHD domain and forming the CBF
heterodimer increases the DNA binding affinity by 10-fold. The dimerisation between
CBF b thenRHD domain protects RUNX1 from proteasomal degradation and
supports the activation or repression of downstream targets (Lam and Zhang 2012,

Obenauer, van Strien et al. 2015).

RUNX1 does not only interact with other CBFs proteins but it also transcriptionally
regulates co-regulators. RUNX1 requires cooperating factors to be able to bind the
promoter and activates its target genes in tissue- and lineage-specific manner. For

instance, RUNX1 binds ELF4 (ETS family member) to activate IL3 promotor and

17



interacts with LEF1 (Lymphoid Enhancer Binding Factor 1) to bind the enhancer of

T C RMRRUNX1 synergises with LEF1 and CREB (CAMP Responsive Element
Binding Protein 1) to activate T C R &kpression. RUNX1 also binds transcription
factors directly or indirectly to regulate several master regulators of haematopoiesis
such as GATA1, PU.1, C/E B P (TCAAT Enhancer Binding Protein Alpha), and P300
(E1A-associated cellular p300 transcriptional co-activator protein) (Graf 2002,
Lorsbach, Moore et al. 2004).

RUNX1 is regulated by post-translational modifications (Fig 1-7B). In CD34+
progenitors, RUNX1 is found to be phosphorylated by ERK (extracellular signal-
regulated kinases) on S266, T273, and S276. Phosphorylation at S397 via CDK1 or
CDKG6 alters its DNA binding affinity and mediates its degradation. Importantly,
phosphorylation impairs interaction with histone deacetylases (HDACs) and
contributes to RUNX1 capacity to activate transcription by reducing its interaction
with transcriptional repressors. P300 can acetylate the N-terminus of RUNX1 on K24
and K43, which controls interaction with MLL. Moreover, RUNX1 methylation
promotes transcription repression. For example, RUNX1 methylation on R223 by
PRMT4 (Type-I arginine methyltransferase) downregulates miR-223 which is
involved in myeloid differentiation. Other post-translational modifications of RUNX1
include ubiquitination that alters protein stability and activity (Jin, Jeon et al. 2004,
Jongen-Lavrencic, Sun et al. 2008, Scholl, Gilliland et al. 2008).

Mutated RUNX1 is frequently found in leukaemic chromosomal translocations and
abnormal haematopoiesis (Fig 1-7C). Mutations in the RHD domain are often
detected in familial platelet disorder with associated myeloid malignancy (FPD/AML)
as a primary event that can progress to leukaemia. The most common chromosomal
translocations affecting RUNX1 are t(8;21), t(12;21) and t(3;21). RUNX1 fusions that
retain the RHD domain can bind DNA and dysregulate RUNXL1 transcriptome (Zaidi,
Dowdy et al. 2009, Gerritsen, Tijchon et al. 2016).
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Fig 1-7: Schematic illustration of RUNX1 protein. (A) RUNXL1 protein structure
showing the main interacting proteins, the DNA-binding Runt domain is shown in
green. (B) RUNX1 protein post-translational modifications and the resulting
interactions (C). Somatic point mutations found in the RUNX1 transcript variant 2 in
AML patients. The nonsense and frameshift changes are shown in red, the missense
variants are shown in green. Adapted from (Blumenthal, Greenblatt et al. 2017,

Metzeler and Bloomfield 2017).
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1.2.2 ETO, a co-repressor partner

The eight twenty-one (ETO) genes belong to one evolutionarily conserved gene
family and represent a homologue of the Drosophila nervy gene. In human, ETO
locus is located in chromosome 8 and spans over 87 kb and 13 exons. The gene
family gives rise to three main genes; MTGS8 (also known as RUNX1T1, CBFA2T1,
CDR or ETO), MTG16 (CBFA2T3, MTGR2 or ETO2), and MTGR (EHT or ETORL1).
The molecular function of the ETO family is largely unexplored and the majority of
ETO properties have been derived from studies of its fusion RUNX1/ETO.
Nevertheless, ETO is widely viewed as a transcriptional corepressor upon

dimerisation with histone deacetylases (Barseguian, Lutterbach et al. 2002).

ETO produces two distinct protein isoforms consisting of 577 and 604 amino acids.
ETO proteins do not bind DNA but can acquire this capacity when ETO fuses with
genes encoding transcription factors where the DNA binding regions are present on
the fusion gene such as RUNX1/ETO in t(8;21). ETO has four characteristic domains
named NHR1-4 (Nervy Homology Regions) as shown in Fig 1-8. NHR1 is a
homologue of the TATA-box binding protein of Drosophila and is responsible for
protein-protein interactions. This domain is essential for ETO interactions with E-
proteins and nuclear localisation. NHR2 has a hydrophobic region with an U-helix
structure responsible for homo- and hetero-dimerisation with other NHR domains.
There is a binding site of SIN3 in NHR2, making this domain an essential factor for
transcriptional repression. Both NHR3 and NHR4 are involved in the activation of
some corepressors such as SMRT. NHR4, also known as MYND, contains two zinc
finger motifs, but it does not bind the DNA. However, NHR4 mediates protein-protein
interactions such as recruiting the corepressors NCOR and SMRT to the promotor of
RUNX1 in RUNX1/ETO fusion. ETO also interacts with HDAC1-3 indirectly via
NCOR and SIN3A through various regions inside and outside the NHR1-4 domains.
ETO protein is expressed in the heart, brain, pancreas and lung tissues. Despite
being detected in the CD34+ progenitors, ETO is globally downregulated in the
haematopoietic system (Jakubowiak, Pouponnot et al. 2000, Amann, Nip et al. 2001,

Barseguian, Lutterbach et al. 2002).
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Fig 1-8. ETO protein structure. ETO consists of four Nervy Homology Regions
NHR1-4. (Rulina et al., 2010).

1.2.31(8;21)(g22;922) a novel chromosomal abnormality

The specific molecular mechanisms underlying chromosomal translocation are still

vague. However, it has been suggested that a long non-coding RNA (IncRNA)

named RUNXOR might be involved in the translocation process. RUNXOR is a 216

kb un-spliced sense RNA transcribed from a 5 kb upstream the distal promotor (P1),

overlaps all RUNX1 exons and introns,and i nt er ac-tyTRofMRUNXL t he 36
promotors and enhancers. It has been found that RUNXOR IncRNA interacts with

the chromatin at the exact intragenic site involved in RUNX1 chromosomal

translocations with ETO leading to the formation of intrachromosomal loop, which

may imply that RUNXOR regulates the translocation process (Wang, Li et al. 2014,

Bracht, Wang et al. 2017).

As aforementioned, the translocation t(8;21) is highly prevalent in AML, and leads to
the creation of the fusion gene RUNX1/ETO (also known as AML1/ETO,
RUNX1/RUNX1T1 or AML1/MTG8) and expression of the resulting RUNX1/ETO
protein. In fact, RUNX1/ETO contributes to 12% - 15% of AML cases and 40% of the
M2 subtype of AML, which associates with granulocytic differentiation. This genetic
rearrangement can also be found in 6% of M1 (AML without maturation) cases but is
far less common in M4 (AML with myelomonocytic differentiation) and M5 (AML with

monocytic differentiation) cases. Both t(8;21) and inv(16) chromosomal changes are
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groupedundert he CBF b | andittkepirdimateaa favourable prognosis
(Peterson and Zhang 2004, Burnett, Hills et al. 2010).

RUNXZ1/ETO results from the fusion of the intron 5 of RUNX1 on chromosome 21 to
either intron 1 or 1b of ETO on chromosome 8 when the t(8;21) takes place (Fig 1-
9A). When expressed, the fusion gene produces a transcript containing the RUNX1
N-terminus DNA-binding domain and the repressor domains that are located towards
the C-terminus of ETO. The resulting transcripts share a conserved and unique
breakpoint, and since t(8;21) is an initiating event, all leukaemic cells will contain the
same transcript. Thus, the chimaeric oncoprotein RUNX1/ETO is leukaemia-specific
and is responsible for driving and maintaining key hallmarks of AML. RUNX1/ETO
competes with RUNX1 binding to the DNA and disrupts the CBF complex leading to
enhanced self-renewal and impaired myeloid differentiation (Heidenreich, Krauter et
al. 2003, Gu, Hu et al. 2014). Despite being an early event that interrupts normal
haematopoiesis, RUNX1/ETO and its fusion protein are not sufficient to start
leukaemia, and secondary mutations must be required to generate the leukaemic
phenotype (Burnett, Hills et al. 2010, Harada, Inoue et al. 2013).

1.2.4 RUNX1/ETO protein characterisations and variants

RUNX1/ETO has 752 amino acids, including nearly all ETO sequence at the C-
terminus, while the N-terminus of RUNX1 contains the Runt homology domain and
regulates the interaction with DNA and transcription factors (Fig 1-9B). There are
multiple isoforms of RUNX1/ETO transcripts, but most of the activity is coming from
the full-length RUNX1/ETO protein. It was shown that one amino acid deletion or
mutation in the NHR4 domain disturbs RUNX1/ETO structure and changes its ability
to cause leukaemia (Peterson and Zhang 2004, Wang, Huang et al. 2009, Zaidi,
Dowdy et al. 2009, Lam and Zhang 2012).

A splice variant coding a shorter RUNX1/ETO protein has been described where an
additional exon (exon 9a) is added to the ETO domain in the C-terminus. The
truncated RUNX1/ETO9a has 575 amino acids and lacks the NHR4 and NHR3
domains, which are essential for interaction with transcription repressors (Yan,
Kanbe et al. 2006). In addition to RUNX1/ETO9a, another truncated splice variants
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RUNX1/ETO11a is detected in t(8,21) AML cell lines. The expression of
RUNX1/ETO11a in patients is insignificant, and the presence of this variant
correlates with the expression of a truncated ETO11a protein in the testis tissue only.
The spliced 11a exon at the C-terminus of ETO encodes 27 amino acids and does

not correlate to any known functional motif (Kozu, Fukuyama et al. 2005).

Post-translational modifications of RUNX1/ETO are poorly described in comparison
to RUNX1 counterparts. The RHD domain post-translational modifications are
preserved in both RUNX1 and RUNX1/ETO. However, the fusion lacks the
regulatory parts of RUNX1 at the C-terminus, and thus several phosphorylation sites
are lost in the fusion protein. RUNX1/ETO interactions with E3-ligases such as
STUB1, SIAH1, and E2-conjugase UBCHS lead to its ubiquitin-mediated degradation
(Wang, Huang et al. 2009).
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Fig 1-9: Schematic illustration of the translocation (8;21)(q22;922). (A) The
translocation chr.8 and chr.21 occurs between one breakpoint in RUNX1 gene in
intron 5 and two possible breakpoints in ETO gene; either 1a or 1b intron. There is
no splice acceptor in exon 1b in the ETO gene, thus the translocation leads to one
fusion site. The dark-coloured boxes refer to the translated regions. In the
RUNX1/ETO mRNA, the underlined numbers refer to ETO exons and the non-
underlined numbers refer to RUNX1 exons (B) Schematic illustration of RUNX1/ETO
functional domains and its partners. Interacting proteins are located at their
binding/interaction site along RUNX1/ETO regions. Vertical arrows refer to the region
mediating the interaction. Adapted from (Wang, Huang et al. 2009, Lam and Zhang
2012).
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1.2.5 The molecular mechanism of RUNX1/ETO leukaemogenesis

The 1(8;21) leads to expression of the oncogenic RUNX1/ETO fusion protein which
initiates, drives and maintains leukaemia by interfering with RUNX1-dependant
transcriptional networks. In t(8;21) AML, the reservoir of the leukaemic blast is
guarded by RUNX1/ETO that transforms the CD34+ haematopoietic stem and
progenitors cells into clonogenic, self-renewing and hyperproliferative leukaemic
cells. The translocation also associates with cooperating mutations that further
enhance the proliferation and promote survival. For instance, almost 50% of t(8;21)
patients carry non-overlapping mutations in C-KIT. Activating mutations in the RAS
gene including KRAS and NRAS, and mutations in the FMS-like tyrosine kinase 3
(FLT3) such as FLT3-ITD and FLT3-TKD, are detected in around 30% of t(8;21)
AML patients. These mutations accelerate disease progression and reduce drug
sensitivity. In general, the co-expression of RUNX1/ETO and activating mutations in
the tyrosine kinase pathways leads to an aggressive leukaemic phenotype with a
high incidence of relapse and poor prognosis (Wichmann, Chen et al. 2007, Nick,
Kim et al. 2012).

RUNX1/ETO enhances leukaemic cell clonogenicity by directly regulating several
stem cell markers and self-renewal genes. (Martinez, Drescher et al. 2004,
Ptasinska, Assi et al. 2012). Chromatin immunoprecipitation assays (Chip-Seq) show
direct binding sites of RUNX1/ETO on the promotor of telomerase (TERT) leading to
its constitutive expression. Moreover, RNAi-mediated depletion of RUNX1/ETO
decreases TERT expression, triggers senescence and reduces clonogenicity of
t(8;21) AML cell lines. Furthermore, RUNX1/ETO maintains high expression of the
stem cell marker CD34 via direct binding to its transcription start site (TSS).
Collectively, RUNX1/ETO is essential for the maintenance of the malignant
phenotype by sustaining high expression of TERT and CD34 (Loke, Assi et al.
2017).

RUNXZ1/ETO can act as an activator and/or repressor of its direct target genes (Fig
1-10). The RHD domain (N-terminus) regulates its binding to the DNA and drives it
transcriptional activating activity, while ETO recruits class-I histone deacetylases
leading to a closed chromatin structure and transcriptional repression (Loke, Assi et
al. 2017). For example, ETO interacts with the NCOR/SMART complex leading to
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histone deacetylation and repression of the granulocyte-macrophage colony-
stimulating factor (GM-CSF) promoter (Matsuura, Yan et al. 2012). Moreover,
RUNXZ1/ETO recruits DNA (cytosine-5)-methyltransferase 1 (DNMT1) leading to
DNA methylation and subsequent repression of its downstream genes. Generally,
t(8;21) leukaemia is associated with epigenetic changes where RUNX1/ETO
differentially alters chromatin accessibility and blocks differentiation of myeloid
lineages (Gu, Hu et al. 2014).

RUNXI1/ETO can upregulate some of the RUNX1 target genes and it is not fully
understood how the fusion changes DNA binding regions and shifts RUNX1 original
transcriptome in the fusion protein. It is suggested that RUNX1/ETO may dissociate
the corepressor SIN3A from RUNX1 leading to enhanced binding and thus
transcription activation. For example, RUNX1/ETO differentially activates the
granulocyte colony-stimulating factor (G-CSF) via enhanced RUNX1 binding

following the previously explained mechanism (Matsuura, Yan et al. 2012).

Although the main transcriptional activity of RUNX1/ETO is a consequent of its

competitive binding to the RUNX1 heterodimericp a r t n e rthe@uBidhfprotein

can indirectly regulate transcription and independently from RUNXL1. For instance,

RUNX1/ETO binds PU.1 and displaces JUN resulting in transcriptional repression of

PU.1. Moreover, RUNX1/ETO ceases transcriptional repression of several genes by

competitive binding to their activators and thus significantly reducing promotor

activation. For example, IgA and NP3 expression are reduced in the presence of

RUNX1/ETO which prevents their activators TGF-b and C/ EBPd& t o bind t
promoters, respectively (Zaidi, Dowdy et al. 2009, Gu, Hu et al. 2014, Loke, Assi et

al. 2017).

AML propagation is driven by inhibition of the myeloid differentiation programmes by
the RUNX1/ETO transcriptome. For instance, RUNX1/ETO represses CEBPA via
direct binding, and RNAi-mediated depletion of the fusion gene triggers global
chromatin changes towards the activation of C/EBPU network of myeloid
differentiation. RUNX1/ETO blocks erythropoiesis through the inhibitory domain
NHR4 of ETO, which prevents P300 acetylation of GATAL resulting in a block of the
erythroid lineage. Moreover, RUNX1/ETO activates the transcriptional repressor
PLZF resulting in reduced myeloid differentiation. Collectively, RUNX1/ETO alters
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the transcriptional network of several myeloid lineages to sustain the immature
phenotype of the leukaemic blast (Heidenreich, Krauter et al. 2003, Lam and Zhang
2012, Gu, Hu et al. 2014).

Moreover, RUNX1/ETO cooperates with the Activation protein 1 (AP-1) to promote
and maintain the progression of the cell cycle via a CCND-CDK complex.
RUNXZ1/ETO directly binds CCND2 in a -30 kb element and interacts with the TSS
inducing high expression of the cell cycle gene CCND2. Depletion of RUNX1/ETO by
RNAI reduces CCND2 expression, inhibits proliferation and causes cell cycle arrest.
Moreover, repression of CCND2 via RNAi or pharmacological inhibition of the
CDK4/6 complex leads to G1 cell cycle arrest and induces cellular senescence
(Martinez-Soria 2018). Cyclin D2 is involved in the phosphorylation of the tumour
suppressor protein RB1, and its complex with CDK4/6 regulate the G1 to S phase
transition. CCND2 is commonly mutated and overexpressed in AML, including
t(8;21) (Buschges, Weber et al. 1999, Helsten, Kato et al. 2016).

AML is characterised by downregulation of the retinoic acid signalling pathway (RA)
which is involved in myeloid differentiation (Fazi, Zardo et al. 2007). RUNX1/ETO
has a dominant negative effect on RA pathway by recruiting HDACs to RA promotor
(Ferrara, Fazi et al. 2001). The retinoic acid receptor beta2 (R A R ) [zas a tumour
suppressor activity, but RUNX1/ETO downregulation of RA results in increased
methylation on R A R bpPomotor and hinders transcription (Tabe, Konopleva et al.
2006).

The depletion of RUNX1/ETO leads to downregulation of Angiopoietin-1(ANGPT1),
which regulates vascular development and angiogenesis. ANGPTL1 is a secreted
glycoprotein that binds the endothelial tyrosine-protein kinase receptors TIE-1 and
TIE-2. The angiopoietin protein family (ANGPT1-4) are growth factors contribute to
blood vessels maturation and stability (Patan 1998, Teichert-Kuliszewska,
Maisonpierre et al. 2001, Parikh 2017). RUNX1/ETO induces high expression level
of ANGPTL, which regulates to the leukaemic stem cell proliferation and interaction
with the microenvironment by adhesion, migration and cell-cell interaction (Takakura,
Watanabe et al. 2000, Loke, Assi et al. 2017).
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RUNXZ1/ETO deregulates genes involved in leukaemic cell survival, such as the
lysosomal-associated protein transmembrane 5 gene (LAPTM5) (Trombly, Whitfield
et al. 2015, Nuylan, Kawano et al. 2016). While LAPTM5 is globally overexpressed in
the haematopoietic system, RUNX1/ETO hypermethylates LAPTM5 promotor
leading to transcriptional repression. LAPTM5 regulates the pH of the lysosome and
consequently controls the lysosomal degradation pathway (autophagy) (Inoue,
Misawa et al. 2009, Chen, Wang et al. 2017). Overexpression of LAPTM5 in AML
cell lines decreases autophagy activity and increases sensitivity to chemotherapies
(Jun, Kim et al. 2017, Loke, Assi et al. 2017).
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Fig 1-10: Schematic illustration of RUNX1/ETO transcriptional network. (A)
Transcription repression, RUNX1/ETO displaces RUNX1 from its binding sites.
RUNXZ1/ETO recruits transcription corepressor such as HDACs, NCOR, and SIN3A.
RUNXZ1/ETO also coordinates with DNMT1 for chromatin methylation and
transcription repression. (B) Transcription activation, RUNX1/ETO, and RUNX1,

al ong wipgadners e bb RUNX1 binding elements. RUNX1/ETO and
RUNX1 complex then recruits AP-1. RUNX1/ETO also recruits the transcription
coactivators such as P300 and PRMT1 to activate direct target genes. Adapted from
(Gessner, Thomas et al. 2010, Gu, Hu et al. 2014, Loke, Assi et al. 2017, Martinez-
Soria 2018).
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1.2.6 t1(8;21) AML animal models

Several animal models were developed to study the effect of RUNX1/ETO on
haematopoiesis. In Drosophila, RUNX1/ETO leads the expansion of immature
haematopoietic progenitors, and this model helped to explain the role of calpain B (a
Ca?*-dependent protease) as a mediator of RUNX1/ETO (Peterson and Zhang
2004). The expression of RUNX1/ETO in zebrafish mirrors the human phenotype in
terms of disruption of haematopoiesis and accumulation of immature blasts. Given
that zebrafish haematopoiesis is very similar to its mammalian counterpart, this
model is often used to screen chemical modulators of RUNX1/ETO. Despite quickly
and inexpensively providing large numbers due to their short lifespans and high
reproductive rate, zebrafish and Drosophila models are not commonly used and
most recent in vivo studies have been performed on murine models (Peterson and
Zhang 2004).

The generation of a murine model of AML, and more specifically t(8;21) leukaemia,
has always been a challenge and an optimal mouse model for RUNX1/ETO is yet to
be created. The first attempt aimed to generate a RUNX1/ETO transgenic mouse by
inserting the RUNX1/ETO gene into the RUNX1 locus and producing a RUNX1/ETO
heterozygous mouse. Of interest, homozygous mice from this model died during the
embryonic stage (E12.5) mimicking the phenotype of RUNX1 or C B F deletion. In
those models, mice foetus failed to establish definitive liver haematopoiesis. Indeed,
CD45+ cells isolated from heterozygous embryos could differentiate into dysplastic
myeloid colonies and macrophages, while those taken from RUNX1and CB F b
mutant mice could not develop any haematopoietic progenitors. In conclusion, early
attempts to establish transgenic RUNX1/ETO mice revealed that RUNX1/ETO acts
as a negative regulator of RUNX1 with other functions may stimulate

leukaemogenesis (Yan, Kanbe et al. 2006, Hyde, Zhao et al. 2015).

A second mouse model was generated by inserting controlled RUNX1/ETO
promotors such as, tetracycline response element (Tet), Ca*-binding proteins
calgranulin B (Mrp8) which is expressed in the myeloid lineage, Cre recombinase-
mediated (Cre), and hematopoietic stem cell Sca-1 locus (Scal) transgenic mice
(Yuan, Zhou et al. 2001).
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A xenograft mouse model was successfully generated by retroviral transduction of
human CD34+ progenitors with the truncated fusion RUNX1/ETO9a and then
transplanting them into immunodeficient mice. The 9a exon of ETO provides a stop
codon at the end of exon 8 leading to the expression of a truncated version of the
fusion protein. The expression of RUNX1/ETO9a in CD34+ cells leads to early onset
of immature blast and AML in the xenograft model (Yan, Kanbe et al. 2006).
Clinically, the co-expression of RUN X 1 / E WidhRUNX1/ETO is present in over
50% of the M2 subtype of AML and often correlates with a lower count of aberrant
myelocytes in the bone marrow with downregulated CD19 and upregulated CD56
expressions. Although patients with t(8;21) have a favourable prognosis, the
occurrence of RUN X 1 / E Wit @&rlelevated level of C-KIT mutation indicates
poor prognosis. The RUNX1/ETO9a xenograft model makes a clinically relevant
model of AML in a murine background (Li, Chen et al. 2012, DeKelver, Lewin et al.
2013).

1.2.7 CBF AML treatment and clinical outcomes

The standard AML treatment consists of two stages: induction and post-remission.
Induction usually includes DNA damaging agents such as cytarabine (AraC) and
anthracyclines, which cause cell death and reduce the bulk of leukaemic blasts.
Post-remission treatments are usually selected according to the leukaemia karyotype
and age of the patient. The most common combinational therapy is a high dose of
AraC with mitoxantrone (Burnett, Hills et al. 2010, Grimwade, Hills et al. 2010).

Generally, CBF leukaemias, including t(8;21) AML, share a good prognosis and a
high response rate to chemotherapy, especially to AraC, with complete remission
achieved in around 90% after standard treatment. Some patients benefit from a
combination of high a dose of AraC and HDACs inhibitors (Grimwade, Hills et al.
2010). Although the treatment protocol is standardised for CBF AML, the 1(8;21)
patients have the worst response in comparison to those with in(16) AML. The
overall survival is 4.4 years with 14% relapse incidents compared to 7.1 years for
t(8;21) and inv(16), respectively (Cairoli, Beghini et al. 2006, Burnett, Hills et al.
2010, Vaskova, Dubayova et al. 2015).
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In some cases, when chemotherapies fail to restore normal haematopoiesis, stem
cell transplantation can be a third option, but bone marrow transplantation is not
widely common in t(8;21) leukaemia. The MRC clinical data showed a subtle
difference in the survival between standard chemotherapy and stem cells
transplantation while other trials in Europe suggested that transplantation might lead
to a worse prognosis. In summary, there is a need for better treatment for t(8;21)
AML and new treatments should increase the survival rate, reduce relapse and
lessen the burden of the side effects (Burnett, Hills et al. 2010, Vaskova, Dubayova
et al. 2015).

32



1.3 Gene Silencing via RNAI
1.3.1 Small RNAs biogenesis

Genome scales up with developmental complexity, but the number of protein-coding
genes does not correlate with this organismal complexity. For example, the single-
celled eukaryote T. vaginalis has 160 million base pair (bp) of genomic DNA coding
over 60,000 protein-coding genes while human DNA (2.9 billion bp) compasses just
around 20,000. Theso-c al | edk 6BDNAG 6 i s diffeeehtially tvaasdribed o
to generate non-coding RNAs that regulate the architecture of gene expression
during development and differentiation (Cech and Steitz 2014, Deniz and Erman
2017, Liu, Liu et al. 2017, Belair, Sim et al. 2018).

The first evidence for small non-coding RNA (SRNA) gene-mediated silencing was
found in plants and fungi, yet those silencing pathways are believed to be dominant
in almost all eukaryotic cells including humans (Davis, Zuckerman et al. 2010). To
date, research led to the identification of over twenty distinct SRNA classes. Some
SRNA subtypes have been extensively studied while others remain poorly
understood (Diederichs 2014).

The discovery of double-stranded RNA (dsRNA) as a putative regulator of post-
transcriptional gene expression has elucidated several puzzling observations of gene
regulation in plants and yeast. This phenomenon was termed as RNA interference
(RNAI). RNA interference depends on dsRNA to inhibit protein synthesis by targeting
specific messenger RNA (mRNA) for degradation or translational inhibition. RNAI-
mediated gene silencing became a ubiquitous research tool for understanding
biology and gene regulation in eukaryotes (Davis, Zuckerman et al. 2010, Schuck,
Gursinsky et al. 2013, Liu, Liu et al. 2017).

It is estimated that over 60% of human mature mRNAs undergo several RNAI-
mediated pathways, mostly promoting mRNA decay. Several genes regulate RNA
interference biogenesis and pathways such as AGO2, R2D2, DICER2, TRBP,
GW182 and others. The best two understood classes of RNA interference are
microRNA (miRNA) and short interference RNA (siRNA). Both miRNA and siRNA
assemble into a protein complex named the RNA Induced Silencing Complex (RISC)
(Diederichs 2014, Schirle, Sheu-Gruttadauria et al. 2014).
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The canonical biogenesis of endogenous siRNAs and miRNAs involves several
steps of endonucleolytic processing of nuclear dsRNA precursors by RNase Il family
enzymes (Fig 1-11). In the nucleus, dsRNAs are transcribed by RNA polymerase I
from the vast majority of the DNA, and these precursors are called pri-miRNA, which
encode one or several precursor miRNAs and/or siRNAs. The cytoplasmic fully
complement dsRNAs precursors follow endonucleolytic cleavage by DICER
producing a duplex of 21 - 25 nucleotide-long known as siRNA. On the other hand,
the nuclear pri-miRNAs are processed by DROSHA (RNase Il family enzyme)
resulting in hairpin per-miRNA transcripts. The pre-miRNAs are then exported to the
cytoplasm where DICER performs a second cleavage producing the miRNA-miRNA*
duplex in which miRNA is the antisense (also known as mature or guide strand) and
the miRNA* is the sense (star or passenger strand) (Carthew and Sontheimer 2009,
Chiang, Schoenfeld et al. 2010, Wei, Jones et al. 2011, Ryotokuji, Yamaguchi et al.
2016).
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Fig 1-11. Small regulatory RNAs biogenesis and mechanisms. (A) pri-miRNA is
processed by DROSHA/DHCR8 complex to produce pre-miRNA which are exported
to the cytoplasm. DICER processes pre-miRNA by removing the hairpin to generate
mMiRNA-mMiRNA* duplex which is loaded into the RISC complex. After loading into
RISC, the antisense strand is selected by AGO2, and the sense strand is released.
The antisense strand directs the RISC complex to a complementary mRNA. (B) Long
dsRNA are exported to the cytoplasm where DICER generates 21 - 25 nucleic acid
short siRNA which is loaded into the RISC complex. The selection of the antisense
strand and recognition of the mRNA are performed by the RISC complex in the same
mechanism of miRNA. RNA interference by siRNA and miRNA lead to transcript
repression by several mechanisms, including miRNA degradation and translation
inhibition. Adapted from (Carthew and Sontheimer 2009, Chiang, Schoenfeld et al.
2010).
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