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ABSTRACT

Acute lymphoblastic leukemia (ALL) is the most common form of childhood cancer.
It can be classified into T and B cell lineage leukemias, with B-ALL being more
common, and accounting for approximately 85% of cases. The survival rate of ALL
patients has exceeded 90% due to significant improvements in treatment over the
past decades. However, the prognosis of relapsed disease is much worse, and
relapsed T-ALL is particularly difficult to cure.

B-ALL can be divided into several subtypes based on the presence of specific
genetic alterations. One of these is the ETT6::RUNXT subtype, which is found in
one-quarter of pediatric ALL cases. In contrast to B-ALL, T-ALL lacks a similar
prognostic classification system. Therefore, studies seeking to identify clinically
applicable biomarkers for T-ALL are highly relevant.

In this thesis, we used a large gene expression data set of hematological
malignancies and healthy samples to screen for potential candidate genes that are
biologically relevant to T-ALL pathogenesis and could serve as prognostic
biomarkers. Two genes, protein arginine methyltransferase 7 (PRMT7) and SIX
homeobox 6 (SIX6), were highly expressed in the T-ALL samples. PRMT7
promoted the growth of T-ALL cells in colony formation assays, regulated the
expression of various genes associated with T-ALL pathogenesis, and altered the
arginine monomethylation of the RUNXT transcription factor, leading to the altered
expression of RUNXT target genes. High PRMT7 expression was associated with a
trend toward inferior event-free survival and overall survival. Similarly, high levels
of SIX6 messenger RNA were associated with inferior event-free survival and
overall survival. The expression of SIX6 was directly upregulated by T'AL.7, a master
regulator of transcription in T-ALL.

Patients with the ETT6::RUNXT fusion typically have excellent outcomes.
However, a subset of patients has a slow early response to therapy, which is
associated with an increased risk of relapse. We hypothesized that secondary genetic
alterations would determine the treatment response in ET16::RUNXT7-positive
leukemia. In leukemia samples from a cohort of 175
pediatric ETT6::RUNXT patients, we identified large genomic deletions and
amplifications associated with early therapy response. The fast-responding leukemic
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blasts frequently exhibited the APOBEC mutational signature, had higher cell cycle
activity, and were often missing a region of chromosome 12p. In contrast, blasts
from slow-responding leukemias had frequent rearrangements in the
immunoglobulin kappa gene and kappa-deleting elements. Upon treatment, the
blasts with productive rearrangements were enriched, suggesting the activation of
BCR signaling.

In summary, we discovered two novel prognostic biomarkers for T-ALL and the
response-associated genetic features of B-ALL. These findings may pave the way for
more individualized therapy in pediatric ALL in the future.
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TIIVISTELMA

Akuutti lymfoblastileukemia (ALL) on lapsuusidn yleisin syopa. Se voidaan luokitella
B- ja T-solulinjojen taudeiksi taudin alkuperin mukaan. Niistd kahdesta
leukemiatyypistd B-ALL on selkedsti yleisempi, ja kaikista lasten ALL:ista noin 85 %
on B-solulinjan tauteja. ALL:n ennuste on nykyidn erinomainen vuosikymmenien
saatossa asteittain kehitettyjen lidkehoitojen ansiosta, ja niinpa B-ALL potilaista noin
90 % paranee pysyvisti. Taudin uusiutuessa ennuste on selvdsti heikompi, ja
erityisesti T-ALL on harvemmin parannettavissa uusiutumisen jilkeen.

B-ALL voidaan luokitella useaan eri alatyyppiin erityisten geneettisten muutosten
perusteella, ja tyypillisen tillaisen alaryhmidn muodostavat potilaat, joiden
leukemiasoluissa todetaan ETT6::RUNXT7-fuusiogeeni. T-ALL:n luokittelua ei ole
samalla tavalla vakiinnutettu ja niinpa tutkimukset, joissa haetaan ennusteellisia
merkkiaineita, ovat hyvin ajankohtaisia.

Tdssd viitOskirjassa l6ydettiin ~ kaksi uutta merkkiainetta T-ALL:aan
hyodyntimailld aikaisemmin kerdttyd laajaa verisairauksien geeni-ilmentymisen
tietopankkia. PRMT7- ja SIX6-geenit ilmentyivit vahvasti T-ALL:ssa verrattuna
muihin verisyopiin ja terveisiin ‘T-soluihin. Solukokeissa havainnoimme, etti
arginiinimetyylitransferaasi PRMT7 lisdsi T-ALL-solujen pesidkekasvua, muutti T-
ALL:n patogeneesiin osallistuvien geenien ilmentymistd ja hdiritsi RUNXT-
proteiinin arginiinijadnteiden monometylaatiota ja sen toimintaa. Korkea PRMT7-
ja SIX6-geenien ilmentyminen liittyi huonompaan ennusteeseen. T-ALL:ssa hyvin
tunnettu transkriptiotekijia TALT sddteli suoraan S1X6:n ilmentymista.

Noin neljdnnes lapsuusidn ALL-tapauksista luokitellaan ETT/6::RUNXT-
alatyypin leukemiaksi. Tamin leukemiatyypin ennuste on yleensa erittdin hyvi, mutta
tuntemattomasta syystd pieni osa potilaista reagoi huonosti alkuvaiheen
lddkehoidolle, ja heilld on lisadntynyt taudin uusiutumisen
riski.  Tutkimushypoteesinamme oli, etti hoitovasteen puutteen takana ovat
geneettiset tekijit, ja tutkimme asiaa 175 potilaan naytteistd. Tunnistimme isoja
geenialueiden puutoksia ja monistumia, jotka liittyivit hoitovasteeseen. Nopeasti
hoitoon vastaavien leukemiasolujen geeneissd oli usein havaittavissa APOBEC-
mutaatiojilki ja kromosomialue 12p puutos. Solut olivat myds usein aktiivisesti
solusyklin jakautumisvaiheessa. Hitaasti hoitoon vastaavilla leukemiasoluilla
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havaittiin immunoglobuliinigeenin (kappa) uudelleenjirjestymid ja kappa-deleetio-
alueen muutoksia. Téstd johtuen solujen fenotyyppi muuttui, mikd viittaa B-
solureseptorin signaloinnin aktivoitumiseen.

Yhteenvetona voidaan todeta, ettd tdssd vaitOskirjatutkimuksessa tunnistettiin
kaksi uutta merkkiainetta T-soluiseen ALL:aan sekd geneettisid muutoksia, jotka
selittavat hoitovastetta ETT6::RUNXT-tyypin leukemiassa. Tdman kaltaiset
tutkimukset mahdollistavat tulevaisuudessa paremmin kohdennettujen hoitojen
suunnittelun leukemiaan.
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1 INTRODUCTION

Acute leukemia is a hematological malignancy characterized by an increased number
of immature blast cells in the bone marrow and blood. Leukemia is the most
common childhood cancer, and approximately 4,000 new cases are diagnosed
annually in BEurope (Suomen SyGpirekisterin tilastot.; Steliarova-Foucher et al.,
2017). The incidence peak of acute lymphoblastic leukemia (ALL) is between 2 and
5 years. During the past few decades, the prognosis of ALL has improved
remarkably, with the current cure rate exceeding 90 % (Norén-Nystrom et al., 2023;
Quist-Paulsen et al., 2020; Toft et al., 2018). Success was built on stepwise
improvement of the therapy. The major steps were the introduction of combination
chemotherapies in the 1960s and, more recently, improved risk grouping based on
early therapy response as measured by minimal residual disease (MRD).

ALL is divided into B- and T-lineage diseases according to the cell of origin.
Around 15%—20% of childhood ALL cases represent T-ALL, while the rest are B-
ALL. B-ALL cases can be further divided into more than 20 subtypes based on the
genetic alterations that leukemia cells harbor (Inaba and Pui, 2021). Subtyping of B-
ALL informs clinicians about treatment decisions, as the outcome is closely related
to the subtype. However, this is not always the case, as even patients belonging to
low-risk genetic subtypes may encounter disease recurrence. The reasons for
treatment failure are unknown, and no consistent predictive genetic biomarkers have
been identified. In the case of T-ALL, no similar subtyping exists, and there is a quest
for novel biomarkers and improved prognosticators for this disease.

This thesis aimed to discover abnormally regulated genes in T-ALL, study their
function as possible novel biomarkers, and identify genetic alterations that could
predict treatment response in ET1/6::RUNXT-positive leukemia.
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2 REVIEW OF THE LITERATURE

2.1 Hematopoiesis

Hematopoiesis refers to a process in which blood cells are formed through a
differentiation cascade from a multipotent self-renewing stem cell into highly
specialized cells responsible for tissue oxygenation, clot formation, and
immunological defense of the body. Hematopoiesis occurs from early embryonic
development to adulthood, and its main function is to constantly replenish various
blood and immune cells over the lifetime. Many blood cell diseases, including
leukemia, arise from disruptions in this process. Therefore, understanding the exact
molecular mechanisms underlying hematopoiesis is crucial.

In vertebrates, hematopoiesis occurs in different anatomic locations in two waves
called primitive and definitive waves (Galloway and Zon, 2003). The primitive wave
begins in the early embryonic stage at the third week of gestation (Palis and Yoder,
2001), occurs in the yolk sac, and produces erythroblasts to ensure tissue oxygenation
during the rapid growth of the embryo (Galloway and Zon, 2003; Orkin and Zon,
2008; Palis and Yoder, 2001). Macrophages and megakaryocytes are also produced
during primitive waves in the yolk sac. Primitive wave is transient and does not
produce pluripotent cells with self-renewal capacity, and it is rapidly replaced by
adult-type hematopoiesis, which is called a definitive wave of hematopoiesis
(Jagannathan-Bogdan and Zon, 2013; Orkin and Zon, 2008). A definite wave occurs
later in embryonic development. The definitive wave starts in the yolk sac, when the
first pluripotent cells, hematopoietic stem cells (HSC), are generated from the
hemogenic endothelium in the aorta-gonad-mesonephros (AGM) region of the
human embryo between days 27 and 40 of human embryonic development
(Galloway and Zon, 2003; Julien et al., 2016; Palis and Yoder, 2001). AGM plays a
crucial role during the definitive wave and has an autonomous capacity to generate
hematopoietic progenitors (Julien et al, 2016). Later in a definitive wave,
approximately during weeks 4-5 after gestation, HSCs start moving into the fetal
liver, where they begin to differentiate into various hematopoietic cell lineages, and
by weeks 8-9, they also circulate into the thymus (Baron et al., 2012; Galloway and
Zon, 2003; Haddad et al., 2006; Haynes and Heinly, 1995; Tavian and Péault, 2005).
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After week 10.5 of gestation, HSCs colonize the spleen and bone marrow (BM)
(Baron et al.,, 2012; Galloway and Zon, 2003; Rieger and Schroeder, 2012; Tavian
and Péault, 2005). Thereafter, the thymus and BM are humans’ primary sites of
hematopoiesis (Galloway and Zon, 2003; Julien et al., 2016; Rieger and Schroeder,
2012). HSCs were the first tissue-specific stem cells identified by Till and McCulloch
in the 1960 century (Till and McCulloch, 1961).

In 1957, Conrad Waddington presented a theory according to which mammalian
development is unidirectional, where embryonic stem cells develop into more
mature differentiated states. This is now known as Waddington’s epigenetic model
(Bhattacharya et al, 2011; Brown and Ceredig, 2019; Waddington, 1957).
Waddington suggested that genes determine which path cells follow during
development. This process is often illustrated as a ball rolling down from the top of
a mountain along branching valleys and ridges; the further down, the more
specialized or stable the cell state is (Bhattacharya et al., 2011; Brown and Ceredig,
2019; Waddington, 1957). This model has been widely incorporated into models of
hematopoiesis.

The study of hematopoiesis started in the 1960s, when it was shown that bone
marrow cells were capable to form spleen colonies in irradiated mice, and later, bone
marrow cells were shown to form heterogeneous colonies in semi-solid media
(Bradley and Metcalf, 1966; Till and McCulloch, 1961). In the classical model of
hematopoiesis, HSCs lay on top of the hematopoietic hierarchy, from which
different progenitor cells with increasingly restricted lineage potential give rise to all
cell lineages (Figure 1.) (Rieger and Schroeder, 2012). HSCs are the only
hematopoietic cell type with self-renewal and differentiation potential (Rieger and
Schroeder, 2012). In this model, long-term HSCs (L'T-HSCs) differentiate into short-
term HSCs (ST-HSCs), which exhibit decreased self-renewal capacity. ST-HSCs give
rise to multipotent progenitor cells (MPP), which branch into common myeloid
progenitors (CMPs) and common lymphoid progenitors (CLPs). CMPs can
differentiate into myeloid, erythroid, and megakaryocytic lineages, whereas CLPs can
produce T cells, B cells, natural killer cells (NK), and dendritic cells. During
myelopoiesis, CMPs give rise to granulocyte/macrophage progenitor cells, which
further differentiate into granulocytes, monocytes, macrophages, and dendritic cells
(DCs) (Orkin and Zon, 2008). These cells have an essential role in the regulation of
innate and adaptive immune responses, having roles in inflammation, infection,
cellular immunity, and tissue homeostasis (Amodio etal., 2019; De Kleer et al., 2014).
The two major functions of myeloid cells are phagocytosis of foreign material or

pathogens and the secretion of inflammatory cytokines and chemokines to enhance
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the inflammatory response. CMPs also give rise to megakaryocyte-erythrocyte
progenitors that differentiate into megakaryocytes and erythrocytes (Orkin and Zon,
2008; Patel et al., 2005). Megakaryocytes are primarily located in the BM, and their
main function is to produce platelets by tailoring their own cytoplasm and membrane
synthesis in a process called thrombopoiesis (Eldor et al., 1989; Patel et al., 2005).
The primary function of platelets is to regulate hemostasis, and it has been shown
that platelets also play a role in the regulation of immunity (Holinstat, 2017; Patel et
al., 2005). Erythrocytes are responsible for carrying oxygen from the lungs to the
tissues and carbon dioxide from the tissues back to the lungs and for maintaining
systemic acid/base equilibria (KKuhn et al., 2017). All steps in this tree-like hierarchy
model of hematopoiesis are tightly regulated by transcription factors and cytokines
(Cheng et al., 2020), as discussed later in this thesis.

Although the classical model of hematopoiesis has offered a basic understanding
of the differentiation process, it was established by using immunophenotyping of
bulk cell populations and functional assays of bulk cells. New single-cell omics, such
as single-cell transcriptomics, proteomics, and multi-omics methods, have improved
the resolution of studies and revealed that differentiation is more complex (Brown
and Ceredig, 2019; Cheng et al,, 2020; Zhang et al., 2022). Accordingly, new
subpopulations of HSCs have been identified, and it seems that HSCs and MPPs are
more heterogeneous than previously thought, and cell fate commitment already
occurs at the HSC level (Belluschi et al., 2018; Brown and Ceredig, 2019; Karamitros
et al., 2018; Zhang et al., 2022). One of the revised models shows that HSCs harbor
lineage specificity at an early stage, where HSCs have been defined as myeloid-biased
(My-Bi), balanced (Ba), and lymphoid-biased (Ly-Bi) HSCs (Miiller-Sieburg et al.,
2004, 2002). Research groups led by Trumpp and Passegue have further revised the
model by dividing the MPP population into four groups, MPP1, MPP2, MPP3, and
MPP4, according to their immunophenotype, cell cycle status, lineage bias, drug
resistance, and bone marrow abundance (Pietras et al., 2015; Wilson et al., 2008). In
this model, MPP1 cells give rise to all lineages, whereas MPP2 cells are myeloid- and
platelet-biased, MPP3 cells are myeloid-biased, and MPP4 cells are lymphoid-biased.
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Figure 1. The classical model of hematopoiesis. The most central transcription factors related to the
HSC self-renewal and differentiation, and lymphocyte differentiation are indicated. LT-HSC
= Long-term hematopoietic stem cells, ST-HSC = Short-term hematopoietic stem cells,
MPP = Multipotent progenitor, CMP = Common myeloid progenitor, CLP = Common
lymphoid progenitor, MEP = Megakaryocyte/erythroid progenitor, GMP =
Granulocyte/macrophage progenitor. Adapted from Orkin and Zon 2008, and Rieger and
Schroeder 2012. Created with BioRender.com

2.1.1  Lymphoid cells and their differentiation

CLPs give rise to mature lymphoid cells, T lymphocytes (thymus-dependent
lymphocytes), B lymphocytes (bursa/bone marrow —dependent lymphocytes), and
NK cells (Cooper, 2015; Orkin and Zon, 2008). In the healthy stage, these cells play
an essential role in antibody production, killing infected and tumor cells by direct
cell-mediated killing, and regulation of the immune response. T and B cells are
effectors of adaptive immunity, whereas NK cells function as cytotoxic lymphocytes
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in the innate immune system. NK cells lack the expression of recombinant antigen
receptors, and for this reason, their maturation process differs from that of other
lymphoid cells (LaRosa and Orange, 2008). NK cell development occurs mostly in
the bone marrow, but also in other tissues such as the thymus, lymph nodes, spleen,
and liver from committed NK cell precursors (NKPs). During the differentiation
process, NKPs form immature NK cells when they begin to express activating and
inhibitory receptors for specific MHC class I molecules and engage self-MHC
molecules, this process is called “NK cell education” (Huntington et al., 2007).
Educated NK cells acquire a mature phenotype, which is tolerant to self and is
capable of recognizing MHC class I expression levels in target cells (Huntington et

al., 2007).

T cell development

T cells are the key effectors of cell-mediated immunity, defending against infections
and mediating immune surveillance against tumor cells and foreign tissues, by the
activation of T cells in response to antigens from pathogens, tumors and the
environment (Koch and Radtke, 2011; Kumar et al., 2018). Mature T cells develop
in the thymus from progenitor cells through the multistage and coordinated
developmental process (Figure 2.) (LaRosa and Orange, 2008; Rothenberg et al.,
2008). The thymus is a small gland in the lymphatic system between the lungs and
behind the sternum, which is specialized for the development and production of T
cells. It can be subdivided into four major compartments: the cortex, subcapsular
zone, medulla, and corticomedullary junction, all of which have specific
microenvironments and host different stages of T cell development (Koch and
Radtke, 2011; Rothenberg et al.,, 2008). Thymic T cell development starts when
progenitor cells, called as thymic seeding progenitors (TSP), enter the thymus, and
face the thymic epithelium. TSPs can be of several different types, such as MMPs,
CLPs, or committed T cell progenitors, but the major progenitor type in mice studies
is lymphoid-primed MMPs (Rothenberg et al., 2008; Zlotoff and Bhandoola, 2011).
TSPs settle in the thymus guided by CCL19 and CCL25 chemokines secreted by
thymic endothelial cells, which bind to CCR9 and CCR7 receptors on the surface of
progenitor cells (Rothenberg et al., 2008; Zlotoff and Bhandoola, 2011).

TSPs first differentiate into eatly thymic precursor (ETP) cells and CD4-/CD8-
double-negative (DN) DN cell subsets at the corticomedullary junction. These cells
retain the capacity to differentiate into the DCs, NK cells, and macrophages.
However, at the T cell DN1 checkpoint, Notch1 signaling inhibits the alternative
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cell development potential and cells commit to T cell fate. Once DN1 cells migrate
into the cortex, they differentiate into the DN2a and further DN2b stages. Here,
recombination-activating gene (RAG) 1- and RAG2-mediated gene rearrangement
at the TCRy, TCRJ, and TCRp gene loci is initiated (Ciofani and Zufiiga-Pflicker,
2007; Rothenberg et al, 2008). When cells reach the DN3 stage, they stop
proliferating and complete TCR rearrangement, resulting in the first fully rearranged
TCR loci. At the DN3 stage, the second checkpoint called B-selection occurs, where
cells with successfully rearranged B-chains pair with the surrogate o receptor (pre-
Ta), forming a functional pre-TCR complex, and continue differentiation into o T
cells through DN3a and DN3b stages (Ciofani and Zufiiga-Pfliicker, 2007; Koch
and Radtke, 2011). Cells with successfully rearranged y- or 8-chains develop into y3-
T cells via yd-selection and remain as DN cells, migrating from the thymus into
lymphoid tissues and epithelia (Ciofani and Zufiga-Pfliicker, 2007; LaRosa and
Orange, 2008; Rothenberg et al., 2008). Finally, at the DN4 stage, cells move from
the subcapsular zone to the medulla, and after active pre-TCR signaling, they begin
expressing CD4 and CD8 molecules (double-positive DP cells) (Germain, 2002;
Rothenberg et al., 2008). Here, TCRa recombination is initiated, resulting in DP
TCRaB T cells, which undergo MHC-mediated selection to yield mature CD4 or
CD8 single positive (SP) T cells (Koch and Radtke, 2011; Spits, 2002). In the
selection process, DP cells that bind to MHC with sufficient affinity are positively
selected to survive: DP cells with TCRs that bind to the MHC-class-I-complexes
become CD8+ T cells, whereas cells that bind to the MHC-class-1I become CD4+
T cells (Ciofani and Zufiiga-Pflicker, 2007; Spits, 2002; Starr et al., 2003).

In the medulla, SP cells undergo negative selection, and T cells with high-affinity
TCRs for self-antigens are eliminated through apoptosis. CD4+ cells specialize in T-
helper (Th) cells and regulatory T-(Treg), whereas CD8+ cells become cytotoxic T
cells. After the differentiation process is complete, the cells leave the thymus and
move into the lymphoid tissues throughout the body (Germain, 2002; LaRosa and
Orange, 2008).

TCR signaling is essential for the normal development of T cells. T cell receptor
is formed through multiple rearrangements of TCRa, TCRS, TCRy, and TCRJ genes,
resulting in a TCR heterodimer complex, with unique peptide-MHC antigen
specificity (Courtney et al., 2018; Mariuzza et al., 2020; Shah et al., 2021). In brief,
TCR signaling is initiated when T'CR binds to an antigen, and the signal is forwarded
to the cytosol by invariant C3 dimers, which are non-covalently associated with TCR.
Next, LCK is recruited to the TCR complex by the colocalization of CD4 or CD8
coreceptors, where LCK phosphorylates ITAM signaling motifs on CD3{ chains.

29



Phosphorylated ITAMs create binding sites for ZAP70 kinase. ZAP70 is activated
by LCK phosphorylation, and activated ZAP70 phosphorylates adaptor protein
LAT (Courtney et al., 2018; Mariuzza et al., 2020; Shah et al., 2021). LAT recruits
multiple additional signaling effectors that become activated; for example, activation
of LAT recruits PLCyl to provide calcium and activate RAS-MAPK signaling
(Courtney et al., 2018). LAT contains four major phosphorylation sites and different
sites recruit different effectors. LCK can also interact with CD28, leading to binding
of the regulatory subunit of PI3K and activation of PI3K-AKT signaling (Courtney
et al,, 2018). The main function of TCR signaling activation is the initiation of T cell
response, including proliferation, migration, survival, and cytokine production (Shah
et al., 2021).
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Figure 2. Schematic presentation of early T cell development in thymus. Abbreviations: TSP,
thymus progenitor; ETP, early T cell precursor; DN, double negative; DP, double positive;
SP, single positive; TCR, T cell receptor. Adapted from Rothenberg et al. 2008, and
created using BioRender.com.

B cell development
B cells are responsible for humoral immunity by producing antibodies against

various pathogens and foreign antigens. Moreover, they produce cytokines, present
antigens, and regulate innate immunity (LaRosa and Orange, 2008). B cells develop
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from HSCs in the bone marrow through a multistage process into naive B cells and
achieve maturity in secondary lymphoid organs such as lymph nodes and spleen
(Figure 3.) (LeBien and Tedder, 2008). At the beginning of B cell development, CLPs
can be subdivided into CD19- pre-pro-B cells and CD19+ pro-B cells (Fischer et al.,
2020; Hardy and Hayakawa, 2001). The proliferation of these cells is highly
dependent on interleukin-7 receptor (IL-7R) signaling, as shown in mouse models,
where a defect in IL7-R signaling is arrested at the pro-B cell stage (Buchner et al.,
2015; Clark et al., 2013). RAG-mediated immunoglobulin (IG) gene arrangement is
first initiated at the CLP or pre-pro-B cell stage in the immunoglobulin heavy chain
loci, IGH, with Dy to Ju rearrangements (Herzog et al., 2009; Igarashi et al., 2002).
Later, during the pro-B cell stage, Vi to DJu rearrangements occur, and if V(D)]
recombination is productive, pro-B cells progress to the pre-B cell stage (Herzog et
al., 2009). This initiates the expression of the Igu chain in pre-B cells, which pairs
with surrogate light chains (SLC), VrepB, and A5, resulting the pre-B cell receptor
(pre-BCR) complex (Clark et al., 2013; Herzog et al., 2009; LeBien and Tedder, 2008;
Miischen, 2018). The pre-BCR complex associates with the signaling subunits Iga
and IgB and is capable of initiating autonomous signaling that functions as an
important checkpoint in B cell development (Herzog et al., 2009). If pre-B signaling
is functional, the cells survive and maturation to large pre-B cell continues. However,
if V(D)J recombination is non-productive, pro-B cells can either rearrange the
second allele of the IgH locus or undergo cell death. Large pre-B cells expressing an
autoreactive Igu, which is recognized by SLC, will undergo apoptosis through
negative selection. Positively selected cells continue maturation towards small pre-B
cells, which triggers immunoglobulin light chain (Igl) gene rearrangement.
Productive Igl. recombination leads to the expression of a mature BCR complex,
which is formed by pairing two Igx (the x-chain of Igl)) or IgA (the A-chain of IglL)
chains with existing Igu chains on immature B cells (Clark et al., 2013; Herzog et al.,
2009; Mischen, 2018). Active BCR signaling functions as a survival signal for
immature B cells and the cells exit the BM. If BCR signaling is autoreactive, cells
remain in the BM and undergo multiple rounds of receptor editing, resuming back
to the small pre-B cell stage. These cells have a lifespan of approximately 3 days, and
unless they can form a tolerated BCR, they undergo negative selection (Collins and
Watson, 2018; Herzog et al., 2009; Mischen, 2018). Immature B cells express IgM,
CD21, and CD22 and differentiate to mature B cells, mostly residing in lymphoid
follicles of the spleen and lymph nodes, where they further differentiate into plasma
cells or enter to germinal center (GC) where they undergo somatic hypermutation
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and class-switch of immunoglobulin genes (IgD) and develop into memory B cells
(Fischer et al., 2020; LeBien and Tedder, 2008).
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Figure 3. Schematic presentation of B cell development with key differentiation stages and core
transcription factors (yellow). Abbreviations: BCR, B cell receptor; CLP = Common
lymphoid progenitor; pro-B, progenitor B cell; pre-B, precursor B cell. Adapted from
Fischer et al. 2020 and Buncher et al. 2015. Created with BioRender.com

2.1.2  Bone marrow microenvironment

The BM is the primary site of postnatal and adult hematopoiesis, and only a minority
of hematopoietic activity and hematopoietic cell maturation occur in other tissues,
such as the liver, spleen, and thymus, which is the main maturation site for T cells.
The bone marrow is an architecturally complex tissue, consisting of hematopoietic,
mesenchymal, endothelial, and neuronal cells, which are connected by a vascular and
innervated network within the cavities of long and axial bones (Baccin et al., 2019;
Ho et al., 2015; Pinho and Frenette, 2019). The maintenance and regulation of HSCs
are highly dependent on their microenvironment (Wilson and Trumpp, 20006). In
1978, Schofield et al. proposed that the contact of HSCs with the bone was critical
for maintaining their self-renewal capacity and inhibiting their maturation (Schofield,
1978; Wilson and Trumpp, 2006). Later studies have shown that the endosteal bone
marrow microenvironment is mainly formed by osteoblasts and osteoclasts. Another
niche for HSCs, called as the perivascular niche, is mostly composed of endothelial
cells (Ho et al., 2015; Wilson and Trumpp, 20006).
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Quiescent and slowly dividing LT-HSCs are localized in the endosteal niche.
Many studies have shown that osteoblasts play a major role in the maintenance of
self-renewal and regulation of LT-HSCs, and an increased number of osteoblasts is
directly associated with an increased number of HSCs (Ho et al., 2015; Mikkola and
Orkin, 2006; Wilson and Trumpp, 20006). Osteoblasts secrete many signaling
molecules that promote LT-HSC adherence, quiescence, and survival, such as
Angiopoietin 1 (ANGPT1) and C-X-C motif chemokine ligand 12 (CXCL12) (Arai
et al., 2004; Ho et al.,, 2015; Katayama et al., 2006; Mikkola and Orkin, 2000).
Osteoblasts also support the differentiation and survival of HSCs via the NOTCH
and WNT signaling, thus expanding the HSC pool in the niche (Ho et al., 2015; Reya
et al., 2003, 2000). Osteoclasts, which resorb bone, regulate HSCs homeostasis in
the endosteal niche by inducing the mobilization of hematopoietic precursors and
LT-HSCs from the bone marrow to the bloodstream (Ho et al, 2015). When
osteoclasts are active and resorb the bone, they secrete proteolytic enzymes, such as
matrix metallopeptidase 9 (MMP9) and cathepsin K and G, which cleave the
CXCL12 and Kit ligands that are responsible for anchoring HSCs to the niche,
thereby releasing LT-HSCs (Ho et al., 2015; Kollet et al., 2006). In the endosteal
niche, osteoblasts and osteoclasts are key regulators that maintain the number of
HSCs.

The perivascular niche, which consists largely of arterial and sinusoidal cells, is a
site for proliferative and fast-cycling ST-HSCs (Baccin et al., 2019; Calvi et al., 2003;
Wilson and Trumpp, 2006). Compared to arterial cells, sinusoidal cells have the
functional capacity to maintain HSCs by expressing important molecules for HSCs
mobilization, homing, and engraftment, such as CXCL12, endothelial-cell (E)-
selectin (SELE) and vascular cell adhesion molecule 1 (VCAMTI). Recently, a single-
cell study by Baccin et al. (2019) revealed two novel subsets of mesenchymal
CXCL12-abundant (CAR) cells, Adipo-CAR and Osteo-CAR cells, which produced
the highest quantities of cytokines mediating lymphoid and myeloid differentiation
(Baccin et al., 2019). There is evidence that the perivascular niche is not able to
maintain the LT-HSCs, which indicates that it acts as a “secondary niche”, and its
primary purpose is to serve as a niche for MPPs to differentiate into B cells,
megakaryocytes, erythrocytes, and myeloid cells or to migrate to the thymus, where
cells differentiate into T cells (Wilson and Trumpp, 2000).
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2.1.3  Transcriptional regulation in hematopoiesis

Hematopoiesis is tightly regulated by multiple transcription factors (TFs).
Accordingly, alterations in these TFs are often observed in hematological diseases
and malignancies. Transcription factors are proteins that bind to DNA sequences in
gene regulatory regions and control gene transcription by either activating or
repressing them (Latchman, 1993). Primitive hematopoiesis is mostly regulated by
GATAT1 and Pu.l. transcription factors, where GATA1 is the regulator of primitive
erythropoiesis and Pu.l of myelopoiesis. These two transcription factors have a
cross-inhibitory relationship in the regulation of primitive erythroid and myeloid cell
fates. Knockout of both TFs is lethal to embryonic development in mice (Ferreira
et al., 2005; Fisher and Scott, 1998; Iwasaki et al., 2005; Jagannathan-Bogdan and
Zon, 2013; Scott et al., 1994; Suwabe et al., 1998). In definitive hematopoiesis,
multiple TFs, such as TAL1, LMO2, RUNX1, MLL, ETV6, GATA2, BMI1, and
GFI1, are critically important for the regulation of early HSC development, self-
renewal, and later differentiation into different lineages (Figure 1.) (Orkin and Zon,
2008).

The basic-helix-loop-helix (bHLH) factor TAL1 (also known as SL.C) is essential
for HSCs erythroid and megakaryocytic lineage development in both primitive and
definite phases of hematopoiesis (Robb et al., 1995). The absence of T'AL7 leads to
lethality in mice due to the complete absence of primitive hematopoiesis (Robb et
al.,, 1995). TAL7 homozygous null mice cannot develop any lineage blood cells and
HSCs are unable to form colonies (Orkin and Zon, 2008; Robb et al., 1995;
Robertson et al., 2000). Interestingly, in murine models, multiple cis-regulatory
elements of T:AL7 have been recognized, and three of them have been identified as
hematopoietic enhancers, each driving a different differentiation stage. The -4 T AL7
enhancer drives the expression of endothelium and fetal blood progenitors, while
the +19 TALT enhancer activates TAL7T expression in HSCs, hematopoietic
progenitors, and endothelial cells, and the +40 TAL7 enhancer displays activity in
erythroblasts.

Lim-only protein 2 (LMO2) is essential for primitive and definitive
hematopoiesis, and is widely expressed during hematopoiesis in all states, except for
mature T cells. LMO2 does not directly bind to DNA. Instead, it forms a DNA-
binding complex with other TFs such as LDB1, TAL1, E2A, and GATA1/2. LMO2
is required for primitive erythropoiesis, and its absence leads to an identical
phenotype as the absence of T-AL7. Aberrant expression of LMOZ2 is known to result
T cell leukemias (Wilson et al., 2010).
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RUNX1 (also known as AML1) is a member of the runt transcription factor
family. It participates in the generation of HSCs in the AGM, and later in erythroid,
myeloid, and lymphoid cell differentiation (Jagannathan-Bogdan and Zon, 2013;
Wang et al., 1996). To regulate multiple hematopoietic lineage-specific genes,
RUNX1 dimerizes with the common $-subunit (CBFB) to bind to its target sequence
(Figure 4.)(Ichikawa et al., 2004b). In addition to hematopoietic regulation, RUNX1
regulates variety of other biological functions shown in Figure 4. In RUNXT
knockout mice, primitive yolk sac hematopoiesis was unaffected, but definitive
hematopoiesis in the fetal liver was absent, leading to the death of the embryos
around embryonic day 12.5 (Okuda et al., 1996; Zhu and Emerson, 2002). RUNXT
knockout led to impaired maturation of megakaryocytes, thus reducing the number
of circulating platelets. In addition, RUNXT is expressed in developing thymocytes
and B cells and regulates the expression of T and B cell-specific genes, and for that
reason, RUNXT knockout impairs the production of mature lymphocytes (Ichikawa
et al.,, 2004b). However, the absence of RUNXT7 does not affect the long-term
maintenance of HSCs (Ichikawa et al., 2004a). Genetic aberrations in the RUNX7
gene are common in leukemogenesis, thus indicating its role as a critical regulator of
definitive hematopoiesis (Golub et al., 1995; Miyoshi et al., 1991; Sood et al., 2017).

Transcription of target genes Hematopoietic
: bty _ differentiation
ffCBFB
9 Cell cycle
regulation
RUNX1 guiatl
Ribosome
biogenesis
YGYGGTY
Runx1 p53 and TGFB
binding site pathways

(Y = pyrimidine)

Figure 4. Schematic presentation of RUNX1 function. RUNX1 heterodimerizes with its binding
partner, CBFp. The complex binds to specific binding sites at promoters of the target
genes, regulating their transcription. Adapted from Sood et al. 2017. Created with
BioRender.com.

Like RUNX1, the SET-domain containing histone methyltransferase
transcription factor KMT2A (also known as MLL), encoded by the Mixed-Linage
Leukemia gene, is essential for the generation of HSCs in the AGM during the
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embryonic development and differentiation of HSCs to multipotent progenitors
(Ernst et al., 2004; Orkin and Zon, 2008). During embryonic development, KMT2A
maintains the expression of HOX genes that are essential for normal embryonic
development. KMT2A is expressed in both fetal and adult hematopoietic cells
throughout development (Ernst et al., 2004; Kawagoe et al., 1999). Knockout studies
have shown that KMT2A deficient cells fail to contribute to fetal liver HSC and
progenitor populations by failing to form lymphocytes. In 7 vitro studies, the absence
of KMT2A led to a deficiency in B cell differentiation (Ernst et al,, 2004).
Translocations of KMT2A4 with genes on chromosome (chr) segment 11q23 are
found in acute lymphoblastic leukemias, especially among infants or in
chemotherapy-induced leukemias (Armstrong et al., 2001).

The ETS family transcription factor ETV6 (also known as TEL) is a
transcriptional repressor that is essential for HSC maintenance (Hock and
Shimamura, 2017; Wang et al., 1998). ETV6 participates in the transition of
hematopoietic activity from the fetal liver to the bone marrow. In the BM, ETT6
expression is essential for the differentiation of all hematopoietic lineages. The
absence of ETT6 is lethal to mouse embryos due to the defects in yolk sac
angiogenesis (Wang et al., 1998). In leukemia, translocations between ET16 and
other hematopoietic TF genes are common; for example, the most common fusion
found in childhood ALL is between ETT6 and RUNXT genes (Golub et al., 1995).

The growth factor independence 1 (GFI7) gene is expressed in HSCs,
granulocytes, monocytes, and activated macrophages. The absence of GFI7 fails to
maintain long-term hematopoiesis due to the depletion of the HSC pool and lack of
neutrophils. GFI1 has also been shown to be part of the wider HSC regulatory
network because it is known to bind to TAL1, PU.1, RUNX1, and GATA2 (Wilson
et al,, 2010). Like GFI1, also the Polycomb complex protein BMI1 is a master
regulator of HSCs and is required for the self-renewal and long-term maintenance
of HSCs (Hidalgo et al., 2022; Park et al., 2003).

GATA-2 is required for the maintenance of primitive and definitive
hematopoiesis during the fetal period, as well as in adulthood (Vicente et al., 2012;
Zhu and Emerson, 2002). GATA-2 is an important TF for the proliferation and
maintenance of HSCs and multipotent progenitors (Vicente et al., 2012). GATA-2
knockout leads to defects in primitive erythropoiesis, leading to lethality in mouse
embryos. In definitive hematopoiesis, the absence of GATA-2 prevents the
development of hematopoietic lineages in both the fetal liver and adult bone marrow
(Zhu and Emerson, 2002).
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Two transcription factors PU.1 and Ikaros, are essential TFs in the regulation of
lymphopoiesis. PU.1 is required for the generation of CLPs from HSCs and activates
lymphoid genes directing cell differentiation toward LMPPs (Pang et al., 2018). PU.1
concentration also regulates the differentiation of B cells and macrophages: low
concentration of PU.1 induces B cell development, whereas high concentration
promotes macrophage differentiation and blocks B cell development, respectively
(DeKoter and Singh, 2000). It has been shown that progenitors lacking PU.7
expression do not express the II.-7Ra gene, thus preventing I.-7R mediated B cell
differentiation (DeKoter et al., 2002). Ikaros promotes the transcriptional priming
of lymphocyte differentiation-promoting genes in MMPs (Ng et al., 2009; Yoshida
and Georgopoulos, 2014). After commitment to the lymphoid lineage, Ikaros
expression increases in B and T cell precursors, which is necessary to support cell
maturation and prevent leukemogenesis (Yoshida and Georgopoulos, 2014). It is
known that loss of Ikaros promotes self-renewal and proliferation in both T- and B
cells and blocks B cell differentiation leading to leukemogenesis (Schwickert et al.,
2014; Wang et al., 1996; Yoshida and Georgopoulos, 2014).

In B cell fate initiation, E2A, EBF1, and PAXS5 are upregulated. PAX5 is a master
regulator of B cell fate, whereas EBF1 represses genes necessary for NK, dendritic,
and T cell lineage differentiation, and together with E2A, induces B cell lineage-
specific genes (Kwon et al., 2008). The T cell fate initiation requires NOTHC1
signaling, which activates the expression of a variety of T cell lineage-specific genes
and downregulates genes required for B and NK cell development (Li and von
Boehmer, 2011). TCF7 is one of the NOTCHI1 target genes, which in turn
upregulates GATA3 expression (Weber et al, 2011). A balance in GATA3
expression is required for T progenitor cells to develop toward the DN2 stage (Ho
et al., 2009). Too low GATA3 expression impairs differentiation, and excessively
high expression blocks the T cell development and drives cells towards the
megakaryocyte, erythrocyte, and mast cell differentiation (Ho et al., 2009).

2.2 Leukemia

Leukemias are a heterogeneous group of hematological malignancies characterized
by an increased number of immature blast cells in the BM and blood (Figure 5.).
(Juliusson and Hough, 2016). According to World Health Organization (WHO)

almost 500 000 new leukemia cases were diagnosed worldwide during year 2020,
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making it the most common cancer in children, and among adults, it is included in
the top 15 most common cancers (Kampen, 2012; https://www.wcrf.org/cancet-
trends/worldwide-cancer-data/, 7.12.2022). In the early 19t century first description
of leukemia as a “milky blood” was made by Peter Cullen, and later in 1845 the
disease was named as leucocythemia based on morphological studies by John Bennet
(Kampen, 2012; Piller, 2001). Leukemias are divided into chronic and acute forms
based on the speed of disease progression, and lymphoblastic or myeloid lineage
leukemias according to the cell phenotype affected by malignancy (Bain, 2017;
Bullinger and Frohling, 2013).

Figure 5. Healthy and leukemic bone marrow. Hematoxylin&eosin staining of (A) healthy bone
marrow, which contains multiple hematopoietic cell linages in various maturation stages,
and (B) bone marrow of a patient with ALL, which is filled leukemic blast cells.

221 Acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL) can occur in both children and adults, but it is
most common in children and adolescents younger than 20 years of age.
Approximately 60% of ALL cases occur in this age group, making ALL the most
common pediatric cancer (Iacobucci et al., 2021; Inaba et al., 2013; Inaba and Pui,
2021). Yearly, approximately 4000 children in Europe and 50 in Finland are
diagnosed with ALL (Lohi et al., 2013; Pitkdniemi, 2020; Steliarova-Foucher et al.,
2017). ALL is more frequent in boys than in girls, and also race and ethnic group
affect the ALL incidence; majority of the new ALL cases are diagnosed among the
Hispanic population (Inaba and Pui, 2021). ALL can be classified based on cell
immunophenotyping into B-lymphoid lineage ALL (B-ALL), comprising
approximately 85% of the cases, and T-lymphoid lineage ALL (T-ALL). Nowadays,
ALL can be subdivided into over 20 B-ALL and more than 10 T-ALL subtypes
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(Figure 6.) (Inaba and Pui, 2021). These subtypes are characterized by chromosomal
gains and losses (aneuploidy) and chromosomal rearrangements, which often
deregulate oncogenes or encode oncogenic fusion proteins, single point mutations,
enhancer hijacking events, and aberrant gene expression profiles. Secondary
mutations and DNA copy number alterations are critical for driving leukemogenesis
in most ALL subtypes (Iacobucci et al., 2021; Inaba et al., 2013; Inaba and Pui, 2021,
Pui and Evans, 2000).

Other (T-cell) 2%

TLX10.3%
LYL11.4%
ETP2% |
TLX3 2-3%, ‘
ETV6:RUNX1 22%
TAL1 7%, 4

Other (B-cell) 13%~
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Hypodiploid (<44 chromosomes) 1%

Figure 6. Estimated frequency of childhood ALL subtypes. Blue and orange segments indicate B-
ALL and T-ALL subtypes, respectively. Modified from Inaba et al. 2013 and Inaba & Pui
2021.

In high-income countries, the cure rate for childhood ALL exceeds 90%.
However, the outcome in adults has remained poor, and less than 40% of adults
over 40 years of age can be cured (Inaba and Pui, 2021; Pui et al., 2008, 2004). In the
last decades, MRD-based treatment stratification has further improved the outcome
of the ALL patients, and new targeted therapies and immunotherapy approaches
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have shown promising results (Inaba and Pui, 2021; Jeha et al., 2019; Pui et al., 2009;
van Dongen et al., 2015).

Cancer in general arises from interactions between exogenous (e.g., lifestyle-
related risk factors and infection) or endogenous (e.g., oxidative stress) exposures
and innate genetic susceptibility (Greaves, 2018; Inaba et al., 2013; Schmidt et al.,
2021). In adults, lifestyle-related risk factors, such as smoking, obesity, and abundant
alcohol consumption, play major roles in the onset of many cancer types. In contrast,
lifestyle-related risk factors are not significantly associated with cancer development
in children (Schmidt et al.,, 2021). The association between maternal exposures
during pregnancy (e.g., consumption of alcohol, tea, coffee, or smoking) and
leukemia development has been studied, but no clear association has been found
(Greaves, 2018). Likewise, epidemiological studies have suggested that many
environmental exposures contribute to childhood ALL; however, only ionizing
radiation has been accepted as a causal environmental agent in leukemia
development (Doll and Wakeford, 1997; Greaves, 2018; Hsu et al., 2013; Inaba et
al., 2013). In addition, the relevance of background and natural radiation in ALL
development has been studied, and has been shown to be associated with a slightly
increased risk of ALL (Kendall et al., 2011; Nikkild et al., 2016). In some ALL
subtypes, predisposing “first hit” can already be found at the time of birth. For
example, ETT6::RUNXT gene fusion can be found in 1:100 newborns at birth;
however, only 1:10 000 develop leukemia.

Exposure to infections as a causal factor in the development of childhood ALL
was suggested over 100 years ago (Greaves, 2018; Ward, 1917). Later in 1988, two
revised models were suggested by Leo Kinlen and Mel Greaves, where leukemia
arose as a consequence of an abnormal immune response to common infection(s)
(Greaves, 2018, 2006; Kinlen, 1988). The Kinlen hypothesis, also known as “the
population-mixing hypothesis,” is based on the model that childhood leukemia is
caused by an abnormal reaction to a common infection of low pathogenicity in a
population lacking herd immunity (Greaves, 2018; Kinlen, 2011, 1988). Greave’s
“delayed infection” hypothesis is based on more biological origin than
epidemiological and proposes the role of infection in the context of a “two-hit”
model (Greaves, 1988). In this model, an underexposed immune system during
infancy leads to dysregulated responses to common infections later in childhood that
could overwhelm the lymphocyte regeneration capacity and trigger leukemia

development by causing deleterious secondary mutations in susceptible individuals

(e.g., carriers of ET1/6::RUNXT fusion) (Greaves, 2018, 2006, 1988).
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Some evidence of a genetic predisposition to ALL has been reported. Rare
constitutional syndromes (e.g., Down syndrome), familial cancer syndromes (e.g., Li-
Fraumeni syndrome), non-coding polymorphisms, and alterations in specific genes
(e.g., ARID5B, ETV6, TP53, PAX5, IKZF1, RUNXT, and CDKIN2A/ 2B) harboring
germline non-silent variants have been shown to increase the risk of ALL (Inaba and
Mullighan, 2020; Trevifio et al., 2009).

Methods for disease classification

Leukemia is classified at the time of diagnosis based on integration of cell
morphology, immunophenotyping, cytogenetics, genetics, and clinical data (Alaggio
et al, 2022; Arber et al, 2022; Swerdlow et al, 2016). Morphological and
immunophenotyping studies provide the first glimpse of the disease, providing
information on lymphoblast involvement in blood and BM, cell lineage, and markers,
which are helpful for later assessment of MRD (Alaggio et al., 2022; Béné et al., 2011;
Malard and Mohty, 2020). For chromosomal analysis and detection of smaller
genomic abnormalities, fluorescence in-situ hybridization (FISH), SNP or CGH
arrays, and RT-PCR are used (Alaggio et al., 2022; Malard and Mohty, 2020). Using
these details, leukemias can be classified into subtypes for example, according to
WHO classification guidelines. A recent update of the 2016 WHO classification of
leukemias introduced several new ALL subtypes (Alaggio et al., 2022; Arber et al.,
2022). Detection and diagnosis of novel subtypes often require advanced next-
generation sequencing (NGS) methods, such as whole transcriptome sequencing,
exome sequencing, and/or panel sequencing (Arber et al., 2022). These new NGS
methods will be more widely used in the future as they become routinely available
and more affordable (Malard and Mohty, 2020).

High-throughput DNA sequencing methods, such as whole genome sequencing
(WGS), whole exome sequencing (WES), and panel sequencing, provide information
on genetic alterations in tumor samples compared to normal (healthy) samples
(Atber et al., 2022; Buzdin et al., 2021; Inaba et al., 2013; Meldrum et al., 2011). This
data can provide information from one single base pair mutations to large DNA
copy number alterations, which could be used to replace some traditional cytogenetic
methods, predict the outcome, and design targeted treatments for the patients in the
clinic Meldrum et al.,, 2011; Pleasance et al., 2010). RNA sequencing methods
provide crucial information on gene expression profiles in bulk cells or at the single-
cell level (Buzdin et al., 2021; Meldrum et al., 2011). For example, two newer ALL
subtypes BCR::ABL7-like and ET1V6:RUNXT fusion-like have similar gene
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expression profiles when compared to BCR::ABL7 and ETT6::RUNXT subtypes,
even though they do not have the translocation causing the fusion protein expression
(Arber et al., 2022; Iacobucci et al., 2021; Lilljebjérn et al., 2016). To identify these
subtypes, the use of RNA sequencing in clinical settings will help to specify the
diagnosis. In addition, single-cell genomics and transcriptomics could provide the
possibility of identifying different cell populations in tumor samples and help to
identify drug-resistant cell populations in the early phase, which might affect the
possibility of relapse (Buzdin et al., 2021; Mehtonen et al., 2020). Combining these
methods, multiplatform genomic analysis can for example help identify cancer-
driving genes, gene expression profiles, and tumor clonality to obtain diagnostic and
more detailed prognostic information (Brady et al., 2022).

2.2.2 T cell acute lymphoblastic leukemia

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological cancer
accounting for approximately 15 — 25 % of pediatric and adult ALLs (Girardi et al.,
2017). Despite the significant improvements during the last decade, the prognosis of
T-ALL is less favorable compared to B-ALL (Roti G and Stegmaier K, 2014). The
five-year-event-free survival (EFS) and overall survival (OS) rates for T-ALL vary
depending on the treatment protocol used, but they are generally around 76—82%
and 80—88%, respectively (Patrick et al., 2014; Quist-Paulsen et al., 2020; Schrappe
etal., 2011; Winter et al., 2018). T-ALL patients often suffer from failure of induction
therapy or early relapse, which is associated with a dismal prognosis. According to
the NOPHO ALL2008 study, approximately 14% of T-ALL patients experience
relapse, and only about 8% of relapsed patients were alive at the time of the last
follow-up (Quist-Paulsen et al., 2020).

Genetic basis of T-ALL

T-ALL is caused by the accumulation of genomic alterations, which disrupt the key
developmental pathways responsible for normal control of T cell differentiation,
proliferation, and survival (Girardi et al., 2017; Sanchez-Martin and Ferrando, 2017).
T-ALL can be subclassified according to the stage of cell maturation to pro-, pre-,
cortical, or mature T cell leukemias (Liu Y et al, 2017). Molecular subtype
classification of T-ALL can be done by the detection of a specific transcriptional

profiles or ectopic expression of a particular oncogenic transcription factor (Girardi
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et al.,, 2017). There are six major T-ALL subgroups, the most common of which is
defined by the expression of T/AL7 (sometimes together with LMO7/L.MO2). Other
major subgroups are defined by the expression of TL.X7, TI.X3, HOXA, ILMO2, or
NKX2-1 (Girardi et al., 2017; Liu Y et al., 2017). The early T cell precursor subgroup
can be identified by the expression of LYL7 (Girardi et al., 2017; Zhang et al., 2012).
The classification of T-ALL subgroups is not fully clear, and the number of
subgroups varies in the literature. For example, Liu et al. (2017) presented two rare
subtypes defined by the expression of LMO2/LMO1 (10/264 T-ALL cases) and
TAL2 (8/264) (Liu Y et al., 2017).

Genetic alterations leading to T-ALL pathogenesis are most frequently activating
or inactivating mutations leading to the aberrant function of signaling pathways,
transcription factors, epigenetic factors, or translation and RNA stability (Girardi et
al., 2017; Inaba and Mullighan, 2020). Rearrangements leading to aberrant expression
of target genes or formation of chimeric fusions are well known. Most commonly,
T-ALL can be characterized by either the deregulated expression of T-linage
transcription factors, altered NOTCH1/MYC signaling, or loss of cell cycle control
(Inaba and Mullighan, 2020; Sanchez-Martin and Ferrando, 2017).

Class I transmembrane protein NOTCHI1 is a ligand-activated TT that transduces
extracellular signals, and with a complex of other TFs and coactivators, leads to
changes in gene expression. NOTCHI1 signaling is essential for T cell development
and differentiation, and its oncogenic activation is involved in almost 80% of T-ALL
cases (Liu Y et al., 2017; Palomero et al., 2006; Sanchez-Martin and Ferrando, 2017).
The NOTCHI1 activation is mostly caused by activating NOTCH7 mutation (in
>75% of cases), or loss-of-function of negative regulators of NOTHCI, such as a
mutation in FBXW7 (in >25% of cases) leading to increased NOTCH1 protein
stability (Girardi et al., 2017; Inaba and Mullighan, 2020; Sanchez-Martin and
Ferrando, 2017). In 1% of T-ALL patients, oncogenic activation of NOTCHT is
caused by chromosomal rearrangement that places N-terminal truncated NOTCH1
under the control of strong T cell-specific enhancer close to TCRB locus, leading to
the aberrant expression of an intracellular constitutively active form of NOTCHI1
(Ellisen et al., 1991; Palomero et al., 2006; Sanchez-Martin and Ferrando, 2017). The
frequency of NOTCHT7 mutation is the highest in early cortical T-ALL subtypes
(TLXT7 and TI.X3) compared to the eatly T cell precursor (LMO2/1.YL1 and
HOXA) and late cortical (NKX2-7 and T ALT) subtypes (Liu Y et al., 2017; Sanchez-
Martin and Ferrando, 2017). NOTCHI1 can also directly activate MYC' expression
via the interaction of long-range NOTCH-MYC enhancer (NMe), in which focal
duplication is seen in about 5% of T-ALL patients (Herranz et al., 2014; Sanchez-
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Martin and Ferrando, 2017). During normal hematopoiesis, MYC maintains the
balance of HSC differentiation and plays a role in lymphoid cell development and
maturation. Overexpression of MYC leads to uncontrolled growth, proliferation,
and leukemia-initiating cell activity in T-ALL (Herranz et al., 2014; Sanchez-Martin
and Ferrando, 2017).

Interleukin 7 (IL-7) signaling is essential for normal T cell development and
homeostasis in mature T cells. This signaling pathway is triggered when I1L7 binds to
its heterodimeric receptor IL-7R (formed by subunits « and yc) (Girardi et al., 2017;
Ribeiro et al.,, 2013; Zenatti et al., 2011). Around 10% of T-ALL patients have
activating mutations in II.-7R, and in most cases it leads to the formation of disulfide
bonds between two IL-7Ra subunits, which constitutively activate the downstream
signaling pathways, most commonly PI3K-AKT, JAK-STAT and RAS-MAPK
pathways, driving cells towards tumorigenesis (Ribeiro et al., 2013; Zenatti et al.,
2011). IL-7 signaling can be indirectly enhanced by NOTCH7 expression, which
upregulates the expression of IL-7R on the cell surface of thymocytes (Girardi et al.,
2017; Gonzalez-Garcia et al., 2012).

Mutations activating kinase signaling pathways in T-ALL are common (65% of
cases), and the most frequently mutated signaling pathways are PI3K-AKT (~29%
of cases), JAK-STAT (~25% of cases) and Ras (~14% of cases) signaling pathways
(Liu Y et al., 2017). Also, rearrangement of ABL.7 kinase is observed in 6% of T-
ALL cases (Graux et al., 2009; Inaba and Mullighan, 2020). PI3K-AKT activation in
T-ALL is mostly caused by inactivating mutation or deletion of phosphatase and
tensin homolog (PTEN), which is the main negative regulator of this pathway. In
some T-ALL cases, the PI3K-AKT pathway is also activated by gain-of-function
mutations in regulatory and catalytic subunits of PI3K or downstream effectors of
the signaling cascade such as AKT or #TOR (Girardi et al, 2017). Also, IL7
stimulation or RAS-MAPK pathway activation can lead to enhanced PI3K-AKT
signaling (Cully et al., 2006; Girardi et al., 2017). The PI3K-AKT cascade is a crucial
signal transduction pathway for normal cell growth and survival, and its aberrant
activity leads to enhanced cell metabolism, proliferation, and impaired apoptosis
(Bressanin et al., 2012; Cully et al., 2006). PI3K-AKT mutations are more frequent
in more mature TAL1 subtype T-ALL compared to other subtypes (Liu Y et al.,
2017). Activation of the JAK-STAT pathway occurs due to activating mutations in
IL7R, JAKT, JAK3, or STAT5B, (20-30% of cases) or loss-of-function in JAK-STAT
negative regulators PTPN2 and SH2B3 (less than 5% of the cases) (Inaba and
Mullighan, 2020; Kontro et al., 2014; Liu Y et al, 2017; Zenatti et al., 2011).
Activation of the pathway by phosphorylation of JAK1 and JAK2 leads to STAT5
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dimerization, after which it translocates to the nucleus and regulates multiple target
genes, such as, antiapoptotic B-cell lymphoma 2 (BCL-2) family of proteins (Girardi
et al., 2017). Mutations in the JAK-STAT pathway are most commonly present in
more immature TLX1, TLX3, and HOXA T-ALL subtypes (Liu Y et al.,, 2017).
Oncogenic activation of RAS-MAPK signaling is caused by point mutations,
deletions, or chromosomal translocations in multiple genes, including integral
components of the pathway (such as RAS, BRAF, PI3K, and PTEN), upstream
activators (RTKSs, such as FLT3), and regulatory proteins (Knight and Irving, 2014;
Steelman et al.,, 2011). Activating mutations of NRAS and KRAS are common in
ALL, and activated RAS has been reported in approximately 50% of all T-ALL cases
(Kindler et al., 2008; von Lintig et al., 2000). Compared to healthy T cells, in T-ALL
RAS-MAPK pathway can be also activated by IL7 (Girardi et al., 2017). The RAS-
MAPK signaling pathway has a key role in regulating diverse cellular functions,
including cell proliferation, differentiation, survival, and apoptosis, and aberrantly
activated RAS-MAPK signaling pathway leads to uncontrolled proliferation and
survival of ALL cells (Chung and Kondo, 2011; Knight and Irving, 2014). Mutations
in RAS signaling are most commonly present in the immature HOXA and ETP-
ALL subtypes (Liu Y et al., 2017). Activating RAS mutations have also been
associated with relapse risk, poorer overall outcome, and resistance to methotrexate
(Itving et al., 2014; Oshima et al., 2016).

Activation of ABL1 kinase is observed in approximately 8% of T-ALL cases. In
6% of the cases, chimeric fusion gene NUP274:ABL1 is present, whereas
BCR:ABL1T and ET1V6::ABLT fusions are present in less than 1% of the cases
(Girardi et al., 2017; Graux et al., 2009). NUP274::ABL1 forms a constitutively active
tyrosine kinase, activating STAT5 and the RAS-MAPK pathways; however, its kinase
activity is weaker compared to BCR::ABL1 and ETV6::ABL1 protein fusions (Graux
et al., 2009). It is shown that NUP214:ABL1 fusion kinase functions as a weak
oncogene, which cooperates with secondary oncogenic events to drive T-ALL
development (Graux et al., 2009). In a study by Liu et al. 2017, NUP274::ABL1 was
not associated with a specific T-ALL subtype, suggesting it may drive signaling
pathways in multiple stages of T cell maturation (Liu Y et al., 2017), even though
eatlier studies have shown that NUP274::ABL1 fusion was often found with the
expression of TLX1 or TLX3 (Graux et al., 2009, 2004).

The oncogenesis of TCR signaling in T-ALL is not well understood, and no
mutations in the central signaling components have been found in T-ALL. However,
translocations involving TCR loci and several different partner genes are found in
~35% of T-ALL cases (Kang et al., 2012; Larmonie et al., 2013). Usually, these
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translocations lead to the deregulation of partner genes located near the TCR
regulatory element (Kang et al., 2012; Larmonie et al.,, 2013). A hallmark of TCR
signaling is its sensitivity and specificity; both TCR signaling that is too weak and too
strong may disrupt normal T cell function. Mouse studies have shown that basal or
weak signaling favors leukemogenesis over normal T cell development, and a high
level of TCR signaling can be detrimental to leukemia cells (Courtney et al., 2018;
dos Santos et al., 2019). However, TCR signaling resides upstream of pathways such
as RAS-MAPK and PI3K-AKT, which have a well-known role in T-ALL
development (Courtney et al., 2018). Instead of T-ALL, aberrant expressions of TCR
components, such as L.CK and ZAP70, have been observed in chronic lymphocytic
leukemia (CLL), acute myeloid leukemia (AML), and B-ALL (Bommbhardt et al.,
2019; Sadras et al., 2021).

Cell cycle regulation and tumor suppression pathways are commonly mutated in
T-ALL (~80% of cases) (Liu Y et al., 2017). Deletion of tumor suppressor
CDKN2A/CDKNZB is observed in over 70% of T-ALL cases, and deletions of RB7
and CDKNTB, encoding cell cycle regulators, are observed approximately in 15% of
cases respectively (Liu Y et al., 2017).

Mutations in genes affecting translation machinery have been described in ~20%
of T-ALL cases (Girardi et al.,, 2018; Liu Y et al., 2017). Mutations affecting the
function of ribosomal proteins RPL5 and RPL10 have been described in 10% of
pediatric T-ALLs, and in addition, RPI.22 is inactivated in another 10% of T-ALLs
(Girardi et al., 2018). Rare mutations in RPL.77 have been found in relapsed T-ALL
patients (Girardi et al., 2018). RPL70 is an oncogenic driver gene in T-ALL (Liu Y
et al., 2017). The RPL70 R98S missense mutational hotspot is known to impair
ribosome formation and proliferation in mouse lymphoid cells (Girardi et al., 2018;
Kampen et al, 2019). Cells expressing RPLL70 R98S mutation have shown
overexpression of several JAK-STAT signaling pathway proteins, and it is suggested
that RPL70 R98S mimic the JAK-STAT activation T-ALL (Girardi et al., 2018).
RPL22 functions as a tumor suppressor, and the loss of one copy of RPL22 is
sufficient to enhance T cell leukemogenesis by activating NF-»B and inducing the
stem cell factor Lin28B (Rao et al., 2016).

Transcriptional Regulation in T-ALL
Deregulation of TFs by activating or inactivating mutations is a common mechanism

by which progenitor T cells gain oncogenic properties and progress towards a

malignant cell state (Roy and Raghavan, 2021).
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TALL1 is the most commonly deregulated TF in T-ALL as it is overexpressed in
over 30% of pediatric T-ALLs (Girardi et al., 2017; Liu Y et al., 2017). It has a key
role in normal hematopoiesis, where its expression is decreased during T cell
development (Tan et al., 2019). In T-ALL, all mechanisms deregulating T-AL7
expression lead to the high expression of the T AL7 gene (Tan et al., 2019). T/AL7
overexpression is caused by chromosomal translocations, intrachromosomal
rearrangements, or somatic mutations in intergenic elements (Tan et al., 2019). One
hallmark of T-ALL is the TCR gene translocations with genes, which locates the
partner gene under the control of the TCR regulatory element and leads to abnormal
expression of the partner gene (e.g. TAAL7) (Begley et al., 1989; Look, 1997; Tan et
al., 2019). The most common mechanism driving T'AL.7 expression in T-ALL is the
SIL-TALT fusion, which is caused by intrachromosomal deletion between the T AL7
and STL genes that switches T'AL7 under the control of SIL gene regulatory element
(Janssen et al.,, 1993; Liu Y et al, 2017). Also, an intergenic somatic mutation
upstream of T AL7 can introduce a MYB-binding site and an enhancer (MuTe),
driving high T/AL7 expression (Mansour et al., 2014; Navarro et al., 2015). TAL1
can mediate the oncogenic effect by two main mechanisms: disrupting the tumor
suppressor E2A function by forming TAL1-E2A heterodimers, or through its
participation in the core regulatory circuit of T-ALL (Palii et al., 2011; Sanda et al.,
2012). In core regulatory circuits, TFs form interconnected feed-forward
transcriptional loops to drive cells to specific expression programs that maintain the
state of normal or malignant cells (Boyer et al., 2005; Saint-André et al., 20106). In T-
ALL, TAL1 regulates the expression of the ETS family, GATA3, MYB, and RUNXT7
genes (Sanda et al., 2012; Tan et al., 2019). These TFs form a complex that binds to
several regulatory elements, including their own enhancers, and drives oncogenic
gene expression programs (Palii et al., 2011; Sanda et al., 2012). Even though T:AL7
acts as an oncogene in T-ALL, multiple studies have shown, that T.4L7 alone is not
capable of initiating the full T-ALL development, but needs the secondary hits, such
as co-expression of LMO7/L.MO2, for full oncogenic capability (Girardi et al., 2017;
Tan et al.,, 2019).

In addition to being part of the core regulatory circuit, GATA3, MYB, RUNXT,
and ETS family member ET16 are mutated in T-ALL. GATA3 inactivating
mutations or deletions are found in ~5% of pediatric T-ALLs. Low GATA3
expression is especially associated with ETP-ALL. However, the GATA3 expression
level has not been noted to affect survival (Fransecky et al, 2016). MYB
overexpression in T-ALL (~7% of the cases) is caused commonly due to

rearrangements, for example with the TCR gene, duplications, or activating
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mutations (Liu Y et al., 2017). MYB functions as an oncogene by targeting genes that
regulate cell proliferation, cell cycle progression, and cell survival. RUNXT7
mutations and deletions are observed in 8% of pediatric T-ALL, with a trend of
higher incidence in ETP-ALL cases (Grossmann et al., 2011; Liu Y et al., 2017).
RUNXT mutations are associated with poor overall survival in T-ALL (Grossmann
et al.,, 2011). Loss-of-function alterations of the ETS family member ET16 gene is
observed in ~8% of pediatric T-ALL cases, mostly in more immature T-ALL
subtypes (Girardi et al., 2017; Liu Y et al, 2017; Nishii et al.,, 2021; Roy and
Raghavan, 2021; Van Vlierberghe et al., 2011). In immature T-ALLs, in 80% of the
cases, 1176 mutations co-occur with NOTHCT7 mutations (Roy and Raghavan,
2021). Loss of ETT6 expression leads to loss of transcriptional repression activity,
transforming the cell in cooperation with other TFs. Also, loss-of-function
alterations in BCL.77B, LEF1,and W7 have been observed in pediatric T-ALL with
frequencies of 10-19% (Girardi et al., 2017; Liu Y et al., 2017). BCL11B has a key
role in maintaining T cell identity and differentiation. Its loss-of-function alterations
in T-ALL confer NK cell-like properties to T cells, resulting in enhanced
proliferation and survival of immature T cells (Roy and Raghavan, 2021). LEF1 is a
key mediator of Wnt signaling and it has a crucial role in eatrly lymphocyte
development (Guo et al., 2015). In pediatric T-ALL, [LEF7 inactivating alterations
have been associated with activating NOTCHT and PI3K/AKT mutations and loss
of PTEN (Gutierrez et al., 2010). Low LEF7 expression functions as a biomarker
for the ETP T-ALL subtype, while higher LEF7 expression indicates a favorable
prognosis in children (Jia et al., 2015; Wang and Zhang, 2020). WI'7 is considered a
tumor suppressor; however, depending on cell context, it might also have oncogenic
properties (Loeb and Sukumar, 2002; Tosello et al., 2009). In T-ALL, WT7
inactivating mutations and deletions are most frequently associated with the TLX3
subtype, but it is also mutated in ETP ALL, especially in LMO2/LYL1 subtype
leukemias (Liu Y et al., 2017). It has also been shown that higher IWT'7 expression
is associated with higher age and reduced expression, with a higher risk of relapse in
children (Boublikova et al., 2000).

Epigenomics in T-ALL

Disruption of epigenomic homeostasis in T cells plays a significant role in T-ALL
progression. Pediatric T-ALL has a high incidence of epigenetic lesions, and around
56% of the patients have mutations in genes encoding epigenetic regulators (Girardi
et al., 2017; Roy and Raghavan, 2021). Epigenetic modifications include DNA
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methylation, histone modification, and nucleosome remodeling (Van der Meulen et
al., 2014). DNA methylation is executed by DNA methyltransferases DNMT2,
DNMT3A, and DNMT3B. Compared to adult T-ALL, where mutations in
DNMT3A are observed in 4-18% of the cases, DNA methyltransferase mutations
in children T-ALL are rare and seen only in ~1% of the cases (Roy and Raghavan,
2021). Histones undergo multiple different post-translational modifications,
including acetylation, methylation, phosphorylation, ubiquitinylation, and
SUMOylation, mediated by various epigenetic regulators. Mutations in histone
acetyltransferases (HATSs) and deacetylases (HDACs) have been observed in both
pediatric and adult T-ALL. Typically, they regulate the balance of acetylation and
deacetylation of histones and non-histone proteins, such as MEB, E3F1, TP53, and
RB1, leading to tightly regulated gene transcription. Disruption of this balance by
somatic mutations affects the initiation of cancer. Also, inactivating mutations in the
core components (EZH2, SUZ12, and EED) of PRC2 (Polycomp repressive
complex 2) have been observed in almost half of pediatric ETP ALL cases (Zhang
etal., 2012). This complex mediates transcriptional gene repression by regulating the
trimethylation of histone 3 lysine 23 (H3K27), and the loss of function of PRC2
components has been shown to lead to the initiation of T cell malignancy (Girardi
etal.,, 2017; Roy and Raghavan, 2021; Zhang et al., 2012). Alterations in USP7, which
is responsible for deubiquitylation, are observed exclusively in TAL1 subtype T-ALL
cases. Inactivating mutations of this gene are known to destabilize tumor
suppressors TP53 and PTEN (Liu Y et al., 2017; Roy and Raghavan, 2021). Tumor
suppressor PHF6 (plant homeodomain finger 6) is also recognized as an epigenetic
modifier because it contains two PHD-like domains, which are known to interact
with DNA and transcriptional regulators. Inactivating alterations of this gene are
observed in approximately 20% of pediatric T-ALLs, especially in TLX1 and TLX3
subtypes, and lead to aberrant expression of oncogenic TFs (Liu Y et al., 2017; Roy
and Raghavan, 2021; Van der Meulen et al., 2014; Van Vlierberghe et al., 2010).

SIX6 homeobox transcription factor

In addition to key regulators in leukemia, multiple TFs and transcriptional regulators
have a role in leukemia. In this thesis the role of The Sine Oculis homeobox (SIX)
was studied more closely in the context of T-ALL. The homeobox (HOX) gene
superfamily encodes transcription factors that regulate development by activating or

repressing their target genes. The expression of these TFs is essential for
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embryogenesis and development, but their aberrant expression plays a significant
role in tumorigenesis (Abate-Shen, 2002; Feng et al., 2021). One subfamily of the
HOX family is The Sine Oculis homeobox (SIX) protein family, which usually
participates in the development of the visual system (Kawakami et al., 2000; Lee et
al., 2012).

In mammals, the SIX homeobox family comprises six genes (SIX7-6) encoding
TFs. SIX family members can be characterized by two evolutionarily conserved
domains, the homeobox nucleic acid recognition domain (HD) and SIX domain
(SD), both of which are essential for DNA binding and cooperative interactions with
target proteins (Kawakami et al., 2000). SIX family members are further subdivided
into three subgroups based on amino acid sequence similarities and structures of the
N- and C-terminal regions (Figure 7.) (Kawakami et al., 2000; Kumar, 2009). SIX
proteins play a critical role in tissue formation and organogenesis in many tissues
(e.g., retina, brain, skeletal muscle, and kidney), and in regulating cell proliferation,
differentiation, and survival (Jean et al., 1999; Kobayashi et al., 1998; Oliver et al.,
1995; Self et al., 2006; Xu et al., 2003). Depending on their interactions with other
regulatory proteins, these TFs can act as transcriptional activators or repressors
(Kawakami et al., 2000; Kumar, 2009; Meurer et al., 2021). The most studied
transcriptional activation complexes are formed by Eyes absent (EYA) and SIX
proteins (Kumar, 2009; Xu, 2013). SIX proteins, especially SIX1-3 and SIX0, are
known to bind to the Groucho/TLE and DACH family proteins to form
transcriptional repressor complexes (KKumar, 2009; Meurer et al., 2021). For example,
the SIX6-DACH1 complex controls cell proliferation by repressing CDKN1b, an
inhibitor of the cell cycle G1/8 transition (Li et al., 2002; Wu et al., 2003). In mice,
SIX6 has also been shown to positively regulate the transcription of gonadotropin-
releasing hormone (GnRH) by directly binding to its promoter, thereby affecting
fertility (Larder et al., 2011).

SIX6 has crucial and conserved functions in forebrain and retina development.
SIX3 and SIX6 are major SIX family proteins expressed in the hypothalamus and
retina (Kumar, 2009; Lee et al., 2012). During eye development, these genes are first
expressed in the optic vesicle and optic stalk before expanding to the neural retina
(Diacou et al., 2022; Jean et al., 1999; Kumar, 2009). Compared to SIX3, SIX6
expression is not found in the lens (Jean et al., 1999). Gain- and loss-of-function
studies in vertebrate embryos have revealed multiple sites of differentiation, where
SIX6 expression is essential for normal eye development (Lee et al, 2012).
Expression of SIX6, for example promotes the transdifferentiation of pigment

epithelial cells into retinal neurons and photoreceptors. However, overexpression
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has been shown to cause eye enlargement, ectopic eye-like structures, and retinal
tissue in the developing brain. Loss of expression leads to impaired retinal
development (Bernier et al., 2000; Lee et al., 2012; Li et al., 2002; Toy and Sundin,
1999; Zuber et al., 1999). In brain development, SIXG6 is first expressed in the neural
plate and subsequently in the ventral forebrain, where its expression is primarily
localized to the hypothalamus and pituitary gland (Jean et al., 1999; Lopez-Rios et
al., 1999). SIX3 and SIX6 both belong to the Optix subgroup, sharing many
similarities in protein binding and function; perhaps for this reason, it has been
shown that they compensate for each other, both 7 vive and 7n vitro (Xie et al., 2015).
Cell proliferation or migration promoted by the ectopic expression of SIX family
members is associated with the formation, survival, and metastasis of several cancer
types (Meurer et al., 2021). High expression of SIX6 is associated with T-ALL, more
specifically, with the TALT subtype of T-ALL (Chen et al., 2018; Soulier et al., 2005).
In breast and non-small cell lung carcinomas, increased SIX6 expression is also
associated with poor overall survival (Q. Liu et al., 2016; Xu et al., 2016). Also, the
SIX6 methylation level has been shown to be significantly higher in cancer tissues
compared to normal samples (Dong et al., 2022). Dong et al. (2022) showed that
SIX6 was universally hypermethylated in cancer samples compared to normal
samples when studied across 15 different cancer types from the TCGA data set and
678 clinical tumor samples, including 73 leukemia samples (Dong et al., 2022). Their
data also showed that SIX6 hypermethylation is an early marker of tumor
progression, especially when healthy cells transform into precancerous cells.

six1 [ | [ ] | [ sine oculis subgroup

six2 [] [ | [0 osixa subgroup
sixa | | | | | [ optix subgroup
SIXs | | | | | NT=Nterminal

SIX3 _ SD = SIX protein interaction domain
HD = Homeobox DNA binding domain

NT SD HD CT

Figure 7. Subgroups and structure of the SIX homeobox transcription factor members. Adapted from
the study by Kumar et al. 2009.
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Protein Arginine Methyltransferase 7

Overall, around 0.8% of protein coding genes in human encodes methyltransferases,
making the methyltransferases one of the largest enzyme classes (Horning et al.,
2016; Katz et al., 2003; Petrossian and Clarke, 2011). Methyltransferases catalyze the
addition of methyl groups to the nitrogen, carbon, sulfur, and oxygen atoms of small
molecules, lipids, and nucleic and amino acids (Bedford and Richard, 2005; Paik and
Kim, 1971). One group of methyltransferases is Protein Arginine Methyltransferases
(PRMTs). PRMTs are responsible for arginine methylation. Arginine methylation is
a common post-translational modification that occurs on histones, RNA-binding
proteins, and many other cellular proteins, affecting their function by altering the
protein-protein and protein-nucleic acid interactions (Xu and Richard, 2021). They
function as epigenetic transcriptional regulators and play important roles in pre-
mRNA processing, DNA damage, cell signaling, immune responses, and cell fate
decision (Blanc and Richard, 2017).

The mammalian genome encodes nine sequence-related PRMTs (Bedford and
Clarke, 2009; Feng Y et al., 2013; Miranda et al.,, 2004). In eukaryotic cells, they
catalyze reactions in which a methyl group from S-adenosyl-L-methionine
(SAM/AdoMet) is transferred to an arginine residue on protein substrates (Miranda
et al., 2004; Paik and Kim, 1971). PRMTs catalyze three types of methylation:
monomethylation, asymmetric dimethylation, and symmetric dimethylation. PRMT's
are divided into three groups based on their methylation capabilities. PRMT1,
PRMT2, PRMT3, Coactivator-Associated Arginine Methyltransferase 1 (CARMI,
also known as PRMT4), PRMT6 and PRMTS, are type I PRMTs. Type I PRMTSs
catalyze the formation of w-NG-monomethylarginine (MMA) and «-NG, NG-
asymmetric dimethylarginine residues (ADMA). PRMT5 and PRMT9 are type 11
PRMTsS, and they catalyze the formation of w-NG, N’G-symmetric dimethylarginine
(SDMA). PRMT7 is classified as a type III arginine methyltransferase, and it only
generates w-monomethyl arginine (MMA) residues on its substrates, typically at basic
RXR sequences in peptides and histones (Miranda et al., 2004). The reactions
catalyzed by different PRMT types are illustrated in (Figure 8.).
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Figure 8. Types of protein arginine methylation catalyzed by different PRMT enzymes.
Abbreviations: ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine;
MMA, monomethylarginine. Adapted from Yang and Bedford 2012, and Hwang et al.
2021.

The basic structure of PRMT proteins is similar and consists of two domains: an
N-terminal Rossman fold, including the catalytic AdoMet binding domain, and a C-
terminal B-barrel domain. Compared to other PRMTs, the activity of PRMT5
requires an additional protein cofactor, for example, MEP50 (methylosome protein
50) (Antonysamy et al., 2012; Ho et al., 2013; Tewary et al., 2019; J. Xu & Richard,
2021). Methylation of the guanidinium moiety increases the hydrophobicity of the
arginine residue, thereby increasing the bulkiness of the side chain of the protein.
The presence of methylated side chains decreases the hydrogen bonding potential
and alters the binding of methylarginine to protein modules that read the arginine
methylation marks, such as the PHD finger, Tudor domain, and SH3 domain
(Bedford et al., 2000; C6té and Richards, 2005; Li et al., 2021; Liu H et al., 2010; Liu
R et al., 2018). Especially, arginine methylation is known to enhance the interactions
with Tudor domains (Selenko et al., 2001; Tripsianes et al., 2011).

In this thesis, the role of PRMT7 was studied more closely in the context of T-
ALL development. PRMT7 has some unique features compared to other PRMT
family members: it catalyzes only the formation of MMA and has two AdoMet-
binding motifs. Two AdoMet-binding motifs support the idea that PRMT7 results
from gene duplication (Miranda et al., 2004). Although PRMT?7 is the least well-
known member of the PRMT family, studies conducted over the last 20 years have
started to reveal its function. PRMT7 participates in many cellular processes,
including transcriptional regulation, DNA damage repair, cellular stress response,
RNA splicing, cell differentiation and proliferation, antiviral responses, and the
ability of cancer to metastasize (Feng Y et al, 2013; Haghandish et al., 2019;
Karkhanis et al., 2012; Liu F et al., 2020; Szewczyk et al., 2020; Zhu et al., 2021). I
vivo mouse studies have shown that the loss of PRMT7 leads to developmental delays,
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premature aging, and loss of proliferation and differentiation of muscle stem cells,
leading to defects in skeletal muscles (Akawi et al., 2015; Blanc et al., 2016; Jeong et
al,, 2016). Arginine regulation plays a critical role in the maintenance of lymphoid
and myeloid lineage cells, especially when catalyzed by PRMT1, CRAMI, and
PRMTS5 (Blanc and Richard, 2017). Knockout of PRMT7 and PRMT5 is known to
lead to impaired B cell differentiation, whereas knockout of PRMT7 and CARM7
leads to the loss of erythroid differentiation, growth, and survival (Hata et al., 2016;
Hua et al, 2013; Liu et al., 2015; Streubel et al.,, 2013). PRMT5 is essential for
promoting hematopoietic cell commitment and the maintenance of progenitor cell
expansion in mice (Liu et al., 2015). PRMT7 has been shown to play a role in
germinal center formation by regulating BCL6 expression. In mouse models, loss of
PRMT7 in B cells led to a decreased number of mature marginal zone B cells, an
increased number of follicular B cells, and promoted germinal center formation
(Ying et al., 2015).

The deregulation of PRMTs has been observed in many cancers (Blanc and
Richard, 2017; Yang and Bedford, 2013). Table 1. summarizes the current literature
and shows the roles of individual PRMT proteins in tumorigenesis.

54



Table 1. Deregulation of PRMTs in cancer.
PRMT Deregulation in Cancer References
. Leonard 2012
Overexpressed in breast, prostate, Zhu 2019
PRMT1 lung, colon, and bladder cancer, and Z0u 2012
AML, ALL, Hodgkin’s lymphoma. Shia 2012
Overexpressed in breast cancer. Zhong 2011
PRMT2 Overexpression in glioblastoma Dong 2018
correlates with poor prognosis.
Overexpressed in hepatocellular Hsu 2019
PRMT3 carcinoma, pancreatic and colorectal Zhgng 2021
cancer, and promotes cell invasion Lei 2022
and metastasis in breast cancer. Zhi 2023
Overexpressed in the breast, prostate Leonard 2012
CARM1 and colorectal cancer, and Hodgkin's Kim 2010
lymphoma and AML.
Overexpressed or increased Kim 2005
PRMTS enzymatic activity in gastric, colorectal Pal 2008
and lung cancer, and mantel cell Wang 2008
lymphoma and AML Wei 2012
PRMT6 Overexpressed in the bladder and \;grs]gl;néaztzu 20m
lung cancer, and lymphoma. Chen 2022
Overexpression promotes cell invasion Baldwin 2014
PRMT7 and metastasis of breast cancer and Yao 2014
the metastatic phenotype in human Cheng 2018
non-small-cell lung cancer.
Overexpressed in breast, ovarian, and
PRMT8 cervical cancer. Overexpression Hernandez 2017
decreases survival in gastric cancer.
Overexpression promotes Jiang 2018
PRMT9 hepatocellular carcinoma invasion and
metastasis.
2.2.3 B cell acute lymphoblastic leukemia

B-ALL originates from progenitor B cells, causing the clonal proliferation mainly in
BM (Mullighan, 2012). The incidence of B-ALL peaks at the age of 2—6 years (Hauer
et al.,, 2021). Compared to T-ALL, the prognosis of B-ALL is more favorable, with
survival rates exceeding 90%. However, the outcome of patients with eatly relapse
is poor (5-year OS 38.0%£10.6%) (Oskarsson et al., 2016). Treatment intensity
depends on risk factors, and short- and long-term side effects vary considerably

among patients (Fulbright et al., 2011; Malard and Mohty, 2020).
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Genetics of B-ALL

Most of the B-ALL cases can be categorized into distinct subtypes based on the
presence of genetic alterations, such as aneuploidy or chromosomal rearrangements
(Mullighan, 2012). These alterations are crucial events in the onset of leukemia;
however, they are often insufficient to initiate leukemia on their own (Mullighan,
2012). Novel NGS technologies have revealed numerous new lesions involving
inactivating mutations in tumor suppressor and cell cycle genes that regulate
lymphoid development and oncogenic signaling pathways (Brady et al., 2022; Gu et
al., 2019; Lilljebjorn et al., 2016). Classical B-ALL subtypes are high hyperdiploidy
(HeH), hypodiploidy, ETT6:RUNXT7, TCF3:PBX1, and BCR:ABLT

translocations, and various KMT2.A-rearrangements.

ETV6:RUNX1 subtype

ETV6::RUNXT (also known as TEL::AMIT) fusion is found in approximately 25%
of children diagnosed with B-ALL (Bhojwani et al., 2012; Piette et al., 2018; Shurtleff
et al., 1995). The peak incidence of ET1/6::RUNXT leukemia occurs in children in
age 1-9 years, and it is rarely seen in adults (Bhojwani et al., 2012; Madzo et al., 2003;
Shurtleff et al., 1995). This subgroup B-ALL is generally associated with a favorable
prognosis with a good response to chemotherapy and low-risk features.

The translocation t(12;21)(p13;q22) between ET16 and RUNXT genes, was
found in lymphoid leukemias in the 1990s (Kobayashi and Rowley, 1995; Romana
et al,, 1994). ET1/6 breakpoints are scattered within the 14 kb of the intronic region
between exons 5 and 6 and in RUNXT within two putative regions in intron 1
(Figure 9.) (Wiemels et al., 1999). In this chromosomal rearrangement two genes
located in different chromosomes fuses together, forming a new gene, called fusion
gene with altered function compared to wild type genes. ETV6 and RUNXT1 are both
transcription factors required for normal definitive hematopoiesis. Even though
wild-type RUNX1 acts as a transcriptional activator, the ETV6:RUNX1 fusion
protein functions as a transcriptional repressor that downregulates RUNXT1 target
genes (Golub et al., 1995; Guidez et al., 2000; Teppo et al., 2016). ET16::RUNXT
also causes overexpression of the erythropoietin receptor (EPOR), activation of the
JAK-STAT signaling pathway, and upregulation of the anti-apoptotic BCL-XL gene,
thereby promoting cell survival, progenitor self-renewal, and proliferation (Inthal et
al., 2008; Torrano et al., 2011). ET1/6::RUNXT fusion is not able to initiate leukemia
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on its own, but requires secondary genetic events even years before leukemia
initiation (Andreasson et al., 2001; Morrow et al., 2004; Wiemels et al., 1999).

1 : 452
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38-125 336 340-420
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1 19 51-204 ;%
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(1 2;21:) fusion

Figure 9. Schematic presentation of full-length ETV6, RUNX1, and ETV6::RUNX1 fusion proteins.
The ETV6::RUNX1 fusion protein is a product of the t(12;21) chromosomal translocation
(indicated by dashed line), a common genetic abnormality in acute lymphoblastic
leukemia. The fusion protein includes the pointed (PNT) domain of ETV6, and the Runt
DNA-binding domain (DBD) of RUNX1. However, fusion protein lacks the ETS DBD of
ETV6, which is essential to function of wild-type ETV6. The carboxy-terminal VWRPY
motif of RUNX1, which can bind Groucho-related corepressors, is also indicated. TAD =
transcriptional activation domain, ID = Runx inhibitory domain. Adapted from Teppo et al.
2017 and Zelent et al. 2004. Created with BioRender.com.

ETT6::RUNXT fusion is commonly detectable already at birth, suggesting that
it commonly occurs in fetal hematopoietic progenitors in utero. In cord blood
studies, ET1/6::RUNXT has been found in 2-5% of healthy newborns (Mori et al.,
2002; Zuna et al, 2011). Other evidence supporting the prenatal origin of
ETV6:RUNXT comes from monochronic twins with the same translocation
breakpoints when developing ETT6::RUNXT7-positive leukemia (Ford et al., 1998;
Ford and Greaves, 2017). In cases where only one of the twins developed leukemia,
pre-leukemic ETT6::RUNXT cells were also found in healthy twin (Ford et al., 1998;
Wiemels et al., 1999).

Aberrant RAG recombinase activity drives the formation of critical secondary
events in ET1/6::RUNXT leukemia (Papaemmanuil et al., 2014). Secondary genetic
abnormalities typically include focal deletions that encompass only one to two genes
but also the gains of chromosome arms and extra chromosomes (Brady et al., 2022;
Lilljebjorn et al., 2010; Mullighan et al., 2007; Papaemmanuil et al., 2014; Tsuzuki et
al., 2007). The most frequently deleted genes co-occurring with ETT6::RUNXT are
ETV6, CDKN2A/B, PAX5, ATF7IP, TCF4, TLL1XR1, EBF1, CD200, BTI.A,
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TOX, NR3C7, and BTGT (Brady et al., 2022; Lilljebjorn et al., 2010; Mullighan et al.,
2007; Papaemmanuil et al., 2014).

The deletion of wild-type or non-rearranged ETT6 is the most common
secondary event in ETT/6::RUNXT leukemia. It is present in approximately 70% of
all ETT6::RUNXT cases, with a variation of 11-90% depending on the study (Brady
etal,, 2022; Cavé et al., 1997; Lilljebjorn et al., 2010; Mullighan, 2012; Papaemmanuil
et al.,, 2014; Stams et al., 2006; Zakaria et al., 2012)(Raynaud et al. 1996, Cave 1997,
Stams 2006, Mullighan 2008, Lilljebjoérn 2010, Zakaria 2012, Papaemmanuil 2014,
Brady 2022). The exact mechanism of how ET1/6 deletion drives the leukemia onset
is unclear, but ETV6 can function as a tumor suppressor, inducing the cell cycle
arrest or changing epigenetic cell state (Lopez et al., 1999; Neveu et al., 2018;
Rompaey et al, 2000). Another common deletion, seen in up to 25% of
ETV6::RUNXT-positive leukemias, is a 9p deletion, which often affects the tumor
suppressor CDKN2.4/CDKN2B and B cell differentiation regulator PAX5 (Brady
et al., 2022; Lilljebjorn et al., 2010; Stams et al., 20006). Typical gains are an extra
RUNXT gene (23% of ETV6:RUNXT cases) and/or an extra der(21)t(12;21)
chromosome (encoding RUNXT7::ET16) (10% of ETT6::RUNXTcases) (Stams et
al., 20006). The extra copy of der(21)t(12;21) is associated with a more aggressive
disease and increased relapse risk (Hernandes et al., 2012; Kobayashi et al., 1996;
Peter et al., 2009; Stams et al., 2000).

Despite the good prognosis, some ETT6::RUNXT patients have a slow response
to induction treatment and carry an increased risk of relapse (Coustan-Smith et al.,
2000; Madzo et al., 2003; O’Connor et al., 2018; Wang et al., 2018). Despite the good
prognosis, out of all relapsed B-ALL cases, around 20% harbor the ET1/6::RUNXT7
fusion (Kuster et al., 2011; Loh et al., 2006; Norén-Nystrom et al., 2023). Usually,
relapse occurs in patients after cessation of treatment, and it may occur even 10-20
years after the primary diagnosis (Forestier et al., 2008; Konrad et al., 2003; Seeger
et al.,, 2001; van Delft et al., 2011). It has been shown that relapsed ETT6::RUNXT
leukemia remains chemosensitive, suggesting that its initial survival and reemergence
are related to mechanisms other than mutation-based drug resistance (Lawson et al.,
2000; van Delft et al., 2011). Nevertheless, a widely recognized genetic alteration that
affects drug response and increases the risk of relapse is the deletion of the NR3C7
gene. INR3CT7 encodes the glucocorticoid receptor, which is necessary for treatment
response when using glucocorticoids, which form the backbone of leukemia
treatment. INR3CT loss-of-function alterations are associated with relapsed
ETTV6::RUNXT leukemias, and they are not found at the time of the diagnosis from
the same patient (Kuster et al., 2011). Studies of the clonal origin of relapse in
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ETV6::RUNXT leukemia have revealed that relapse may occur from a minor clone
present already at the time of diagnosis. The nature of relapse-associated minor
clones is still unclear; however, one suggestion is that these minor clones might
represent preleukemic cells at the time of diagnosis, and when they acquire secondary
genetic alterations, relapse evolves (Konrad et al., 2003; van Delft et al., 2011; Zuna
et al., 2004).

Other B-ALL subtypes

The HeH subtype with 51-67 chromosomes is the most common subtype in
childhood, presented in 25-30% of the cases, and is associated with excellent
prognosis (Mullighan, 2012; Paulsson and Johansson, 2009; Safavi and Paulsson,
2017). The HeH subtype harbors relatively few additional genetic alterations,
suggesting that extra chromosomes are the driving event for leukemia onset.
Secondary hits usually affect the RAS signaling pathway and histone modifiers
(Inthal et al., 2012; Paulsson et al., 2008). Hypodiploidy, another aneuploidy with 44
chromosomes or fewer, is a relatively rare subtype in children (~2% of cases) and is
associated with poor prognosis (Mullighan et al., 2015; Nachman et al., 2007; Safavi
and Paulsson, 2017).

The t(1;19)(q23;p13) translocation encoding fusion protein TCF3::PBXT is
present in 3—6% of childhood B-ALL cases (Andersen et al., 2011; Mullighan, 2012).
Typically, translocation is unbalanced, with duplication of 1q distal to PBX7 gene
(Andersen et al., 2011; Mullighan, 2012). TCF3::PBXT interferes with hematopoietic
differentiation by binding to HOX proteins and disturbing their downstream target
gene expression (Mullighan, 2012). Although TCF3::PBXT fusion-positive patients
have a favorable prognosis with intensified therapy, they have an increased risk for
central nervous system (CNS) relapse (Andersen et al., 2011; Jeha et al., 2009; Rivera
etal, 1991).

The BCR:ABL7 fusion is the result of t(9;22)(q34;11.2) translocation, also
known as the Philadelphia chromosome (Mullighan, 2012; Ribeiro et al., 1987). In
children, BCR::ABL.1 leukemia is rare and is present in approximately 3% of cases
(Cazzaniga et al,, 2018; Pui and Evans, 2006). BCR::ABL7 activates multiple
signaling pathways that increase cell proliferation (Duy et al., 2011). This subtype has
been associated previously with extremely poor outcome, but the addition of
tyrosine kinase inhibitors to the treatment has improved the outcome of patients
(Cazzaniga et al., 2018; Schultz et al., 2014).
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KTM?2A-rearrangements are rare, occurring in approximately 1% of B-ALL cases,
mainly affecting infants. Patients with this subtype of leukemia typically respond
pootly to therapies and have less favorable prognosis (Chessells et al., 2002;
Tacobucci and Mullighan, 2022). KTM2A can rearrange with multiple genes, but the
most common rearrangement is KMT2.A4::AF4, which is found in approximately 70—
80% of cases (Iacobucci and Mullighan, 2022). Many of the rearranged partner genes
are normally involved in transcriptional regulation, and their alterations may lead to
transcriptional dysregulation and drive leukemogenesis (Mullighan, 2012). KMT2A-
rearranged leukemias may exhibit lineage-switched relapse, where relapsed leukemia
cells express myeloid markers (Iacobucci and Mullighan, 2022).

For along time, approximately 70% of childhood B-ALL cases could be classified
routinely, and the remaining 30% were classified into the “B-other” group lacking
the known genetic features (Lilljebjérn et al., 2016; Ryan et al., 2023). However, more
recently, new genomic tools have uncovered new subtypes among the B-other
groups. Approximately 10% of B-ALL cases lack the recurrent genetic abnormalities,
and are referred as "B-other NOS" (not otherwise specified). They are typically more
heterogeneous than other subtypes of B-ALL, and their prognoses are more variable.
In 2016, the WHO revised the classification of lymphoid neoplasms by adding two
new subtypes into the classification, namely the BCR:ABL7-like and iAMP21
subtypes (Arber et al., 2016). The BCR::ABL7-like subtype (also known as Ph-like
ALL) is characterized by a gene expression profile similar to BCR::ABL7-positive
ALL, but lacks the BCR::ABL7 fusion (Boer et al., 2009; Mullighan et al., 2009).
Many BCR::ABIL.7-like cases harbor translocations involving other tyrosine kinases
such as ABL2 or PDGFR (Boer et al., 2009; Mullighan et al., 2009). Deletions or
mutations in lymphoid transcription factor genes are the hallmark of BCR::ABL7-
like ALL (Mullighan et al., 2009; Roberts et al., 2014). This subtype is present in
approximately 10% of pediatric B-ALL cases and is associated with poor outcome
(Roberts et al., 2014).

The iAMP21 subtype is characterized by extra copies of RUNX1 with a complex
structure comprising multiple gains, amplifications, inversions, and deletions
(Harrison et al., 2014; Heerema et al., 2013). The incidence of iAMP21 in all pediatric
B-ALL cases is approximately 2% and is associated with inferior outcome. An
improvement in outcome has been observed when patients are treated with high-
risk therapy (Harrison et al., 2014).

In a more recent update of the B-ALL classification, 27 subtypes were identified
(Arber et al., 2022). The identification of some of these subtypes is dependent on
NGS methods, such as RNA sequencing, which are not routinely used in all clinical
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laboratories. For example, ET1/6::RUNXT-like and DUX4-rearranged subtypes
have been identified using RNA sequencing (Lilliebjorn et al, 2016).
ETTV6::RUNXT-like subtype is found in approximately 3—4% of all B-ALL cases
and is characterized by a similar gene expression profile to ETT/6::RUNXT-positive
B-ALL but lacks the translocation (Gu et al., 2019; Lilljebjérn et al., 2016; Zaliova et
al., 2017). In both RNA sequencing and methylation studies, ETT/6::RUNXT-like
cases have been shown to cluster with ETT6:RUNXT cases (Gu et al., 2019;
Lilljebj6érn et al.,, 2016; Nordlund et al., 2015). This subtype often has secondary
alterations in the ETT6, IKZF1, and ARPP2 genes (Z. Gu et al., 2016; Lilljebjérn et
al., 2016; Zaliova et al., 2017).

DUXH4-rearranged subtype comprises approximately 4-7% of B-ALL cases
(Lilljebjorn et al., 2016; Zhang et al., 20106). It displays IGH::DUX4 or ERG::DUX4
fusions, which lead to overexpression of DUX4. Intergenic deletions of ERG are
frequently associated with this subtype (Lilljebjorn et al., 2016). This subtype of
leukemia has a favorable prognosis, even with IKFZ7 deletion, which is commonly
associated with poor prognosis (Clappier et al., 2014; Lilljebjérn and Fioretos, 2017;
Zhang et al., 2010).

MEFD?2 and ZNF384 rearrangements are both accounting for approximately 3%
of pediatric B-ALL patients (Gu et al., 2016; Y.-F. Liu et al., 2016; Yasuda et al.,
2016). MEFD2 can rearrange with multiple genes but is most commonly seen to fuse
with BCL9 (Gu 2016). These rearrangements result in enhanced MEFD?2
transcriptional activity. MEFD2-rearranged leukemias are sensitive to HDAC
inhibitors (HDACH) due to the deregulation of HD.ACY, which is one of the MEFD?2
target genes (Zhaohui Gu et al,, 2016). ZNI384 frequently rearranges with a
transcriptional regulator or chromatin modifier, and this subtype of leukemia often
expresses myeloid markers (Yasuda et al., 2016). ZNF384-rearranged B-ALL has an
intermediate prognosis. Upregulation of JAK-STAT is often seen in this subtype and
may provide an opportunity for targeted treatment with JAK inhibitors (Yasuda et
al., 2016). Together, E/R-like, DUX4-, MEFD2- , and ZNF384 rearranged subtypes
of B-ALL account for up to 50% of the historical “B-other” subtype (Lilljebj6érn and
Fioretos, 2017).
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2.24  Current treatment of acute lymphoblastic leukemia

ALL treatment is intense and lasts for over two years from diagnosis (Toft et al.,
2018). In Nordic countries, pediatric ALL patients have been treated according to
NOPHO (The Nordic Society of Paediatric Haematology and Oncology) treatment
protocols (Toft et al., 2018; ClinicalTrials.gov: NCT03911128& NCT00819351).
There are separate protocols for infants with ALL (Interfant protocols) and
Ph+ALL (EsPhALL protocols) (Biondi et al., 2017; Pieters et al., 2019). Likewise,
relapsed leukemias have their own designated treatment protocols (IntreALL
protocols) (Locatelli et al., 2021). ALL treatment protocols are regularly revised to
improve the efficacy and safety of treatments. Currently, patients in Nordic countries
are treated according to the semi-European ALLTogether protocol, which was
opened in 2021 (ClinicalTrials.gov: NCT03911128). However, the patients in this
thesis were treated mainly according to the NOHPO ALIL2008 protocol, and for
this reason, an overview of the therapy is made using this protocol.

Therapy consisted of induction therapy, consolidation(s), intensification(s), and
maintenance phases (Eiser et al., 2017; Inaba and Pui, 2021; Jeha et al., 2019; Toft et
al., 2018). Treatment started with the four-week induction therapy, followed by the
consolidation phase, as described in Figure 7. Considering this thesis, induction and
consolidation therapies are the most relevant parts of the treatment, because in
Publication III, post-induction and post-consolidation MRDs were used to
categorize patients into the treatment response groups.

In the NOPHO ALIL2008 protocol, patients were treated with induction therapy
for the first 29 days (Figure 10.) (Toft et al., 2018; ClinicalTrials.gov: NCT00819351).
Prednisolone is mainly used as a glucocorticosteroid, but for patients with T-ALL or
hich WBC (=2100x10%/L) at diagnosis, prednisolone was replaced with
dexamethasone (Toft et al, 2018). One month after therapy, treatment was
administered according to the stratified risk classification system, which was
determined by clinical factors (such as age, white blood cell count (WBC),
cytogenetics, targeted genetic analyses, and treatment response evaluated by
measuring the minimal residual disease (MRD). Roughly 50-60% of the patients
were classified into the standard risk (SR) group, which included criteria such as B-
lineage leukemia and post-induction MRD less than 0.1%. The intermediate risk (IR)
group consisted of 30% of all patients, and the inclusion criteria for this group were
intermediate response to induction therapy (end-of-induction (EOI) MRD >10-3
and <5%) or specific cytogenetic aberrations such as iAMP21 or TCF3::PBXT
translocation (Toft et al, 2018). ETT6:RUNXT patients were mainly treated
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according to the SR or IR arms. Overall, approximately 15% of the patients were
categorized into the high-risk (HR) risk group. Criteria determining HR are, for
example, pootly responding T-ALL (EOI MRD > 0.1%), high WBC and/or poor
response to induction therapy (EOI MRD >5%), or high-risk cytogenetics such as
hypodiploidy or KTM2A-rearrangement (Quist-Paulsen et al., 2020).

Patients in the HR group received more intense therapy regimens that included a
greater number of drugs than those in the SR/IR groups did. For HR patients,
allogeneic hematopoietic stem cell transplantation was also an option in cases where
the treatment response was very poor at the end of the induction or consolidation
phases (Quist-Paulsen et al., 2020; Toft et al., 2018).

Induction therapy

Start of End of
Induction Induction
Day 1 Day 8 Day 15 Day 22 Day 29

Prednisone / Dexamethasone

Doxorubicin Doxorubicin PEG-ASP (im)
Methotrexate (it) Methotrexate (it) Methotrexate (it) Methotrexate (it)
Consolidation therapy
Start of End of
Consolidation Consolidation
Day 36 Day 43 Day 50 Day 57 Day 64 Day71  Day 78/79
| | | | | | |
6-mercaptopurine
PEG-ASP (iv/im) PEG-ASP (iv/im) PEG-ASP (iv/im)
Methotrexate (it) Methotrexate (it) Methotrexate (it)
Methotrexate (iv 24h) Methotrexate (iv 24h) Methotrexate (iv 24h)

Figure 10. Overview of induction and consolidation therapies for SR and IR patients in the NOPHPO
ALL2008 protocol. Abbreviations: im = intramuscular, intramuscular; IV, intravenous; PEG-
ASP, pegylated asparaginase.
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3 AIMS OF THE STUDY

Although the prognosis of ALL has improved significantly, the outcome for certain
subgroups of patients with T-ALL and B-ALL, as well as for patients with relapsed
disease, remain poor. The development of new therapies requires a better
understanding of disease genetics and an improved classification. Here, we sought
to identify novel prognostic biomarkers for T-ALL, which lacks such markers, and
to deeply characterize the genomics of ETT/6::RUNXT-positive leukemias to better
understand the genetic factors that determine therapy response. We used the Hemap
data set, which was compiled in our study consortia, to search for novel biomarkers
in T-ALL. We investigated the genomics of the ET1/6::RUNXT subtype using
several patient cohorts that had either samples or sequencing data available along

with detailed therapy response data.
The specific aims of this study were:

1.) to study the prognostic impact of SIX6 expression in T-ALL and its role in

disease development and maintenance (Study I);

2.) to investigate the role of high PRMT7 expression in the development of T-
ALL (Study 1I);

3.) to study the genomic determinants of therapy response in ET1/6::RUNXT
leukemia (Study III).
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4 MATERIALS AND METHODS

More detailed information of the methods can be found in the online versions of

the original publications, which are referred to by Roman numerals (I-I1I).

41 Cell culture (I-I)

Jurkat, and Jurkat Cas9 cells were cultured in RPMI media (Gibco, Thermo
Scientific, Waltham, MA, USA), supplemented with 2 mM L-glutamine (Gibco), 1 %
antibiotics (0.5 U/ml penicillin and 0.5 pg/ml streptomycin; Lonza, Basel,
Switzerland), and 10 % FBS (Gibco) at the standard cell culture conditions, 37°C in
5% CO2 (referred as a standard cell culture condition), and split every 2-3 days.
Molt-4 cells were cultured in RPMI media (Gibco), supplemented with 2 mM L-
glutamine (Gibco), 1 % antibiotics (0.5 U/ml penicillin and 0.5 pg/ml streptomycin;
Lonza, Basel, Switzetland), and 20 % FBS (Gibco) under the standard cell culture
conditions, 37°C in 5% CO2, and split every 3 days. The Jurkat cell line was obtained
from DSMZ (Braunschweig, Germany) and the Molt-4 cell lines were obtained from
Synthego (Synthego Corporation, Menlo Park, CA, USA). As a courtesy, the Jurkat
Cas9 cell line was obtained from the laboratory of Jan Cools (VIB-KU, Leuven,
Belgium). All cell lines have been tested and proven regularly negative for
mycoplasma. Jurkat and Jurkat Cas9 cell lines have been authenticated using STR
genotyping services provided by Eurofins Genomics (Ebersger, Germany).

4.2  Patient samples for WGS and RNA-seq characterization (I-
1))

Bone marrow and blood samples of 35 B-ALL patients were collected before the
initiation of therapy and at remission when no blast cells were detectable by
morphology and flow cytometry. Patients/caretakers were consented to the study
before the sample collection. Patients were treated according to the NOPHO
ALL2008 protocol. The study was approved by the regional ethical committee
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(Pirkanmaa Hospital District Ethical Committee, ETL code R13109) and was
conducted according to the principles of the Declaration of Helsinki.

43  CRISPR-Cas9 mediated genome editing (I-11)

CRISPR-Cas9 mediated knockout cell lines used in this study were generated either
in-house, or a knockout bulk cell line pool was obtained from a commercial provider.

CRISPR guide RNAs against PRMT7 and SIX6 genes were designed using the
Desktop genetics online tool (London, UK). Guide RNAs were cloned into a px321-
GFP vector containing a GFP fluorochrome marker. The px321 vectors were
courtesy of the Jan Cools laboratory (VIB-KU). Jurkat Cas9 cells, stably expressing
Cas9 enzyme, were transfected with 2 pg of the plasmids using 4D Nucleofector
electroporation equipment (Lonza) and electroporation program CL-120 with
the SE solution. After 24 h, GFP-positive cells were single-cell sorted into 96-
well plates in conditioned media, containing 20—40 % of media harvested from
cultured Jurkat and Jurkat-Cas9 cells and 60-80 % RPMI 1640 media.

Molt-4 derived PRMT7 knockout cell pool was obtained from Synthego
(Synthego Corporation). The bulk cells were single-cell sorted into 96-well plates
in conditioned media containing 40% media harvested from unmodified and
modified Molt-4 cells and 60% RPMI-1640 media.

Single-cell clones were screened for mutations using T7 endonuclease (New
England Biolabs, Ipswich, MA, USA) and confirmed by Sanger sequencing
(DNA sequencing and genomics service, University of Helsinki, Helsinki,
Finland). MutationTaster2 (Schwarz et al. 2014) was used to study the functional
effects of the mutations and changes in amino acid sequences and to predict the
disease-causing potential.

Silencing of the protein level of PRMT7 was confirmed using
Immunohistochemistry staining and Western blot; for SIX6 only Western blot
was used.
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44  Characterization of genetically modified cell lines (I-11)

After genetic modifications, the cell lines were analyzed for viability, proliferation,
cell cycle, apoptosis, and clonogenic capacity.

Viability was measured using AlamarBlue (Invitrogen, Catlsbad, CA, USA) or
CellTiter-Glo (Promega, Madison, W1, USA) luminescent assay. For viability studies
with AlamarBlue, a reagent was added at a ratio of 1:10 into cells (10, 000 cells in
100ul). The cells were then incubated for 2 h under standard cell culture conditions.
CellTiter-Glo reagent was added 1:1 to the cells. Cells were incubated for 15 min on
a shaker, and luminescence was measured using a Wallac 1420 Victor2 Microplate
Reader (Perkin Elmer, Waltham, MA, USA) with a 500 ms integration time. Viability
was measured at 0, 24, 48, and 72 hours. The results were normalized using an
unmodified control cell line or DMSO-treated unmodified control cells to obtain
relative viability.

For SIX6 and PRMT7 knockout cell proliferation studies, 100 000 cells per cell
line were seeded into a 24-well plate in 1 ml of cell culture media, as described earlier.
The cells were incubated for 0, 24, 48, and 72 h under standard cell culture conditions
to perform a time-series study. The cell count was calculated using a Blirker chamber
at the chosen time points. Control cells were used to normalize to results to obtain
a relative proliferation rate.

The Click-iT™ EdU Alexa Fluor™ 647 Flow Cytometry Assay (Invitrogen) was
used to measure the cell cycle and the number of cells in different cell cycle phases
(G1, S, G2/M phases) of the SIX6, and PRMT7 knockout cells compated to control
cells. Assay was performed according to the manufacturer's protocol, shortly by
adding 1ul of EAU to 1 x 10° cells in 1 ml, after 24 h of seeding the cells and
incubating at 37°C for 1 hour. Apoptosis was measured using the Annexin V
Apoptosis Detection Kit-APC (eBioscience, Thermo Fisher Scientific) according
to the manufacturer’s instructions. EAU and apoptosis assay results were
recorded using BD FACS Canto II (BD Biosciences, San Jose, CA, USA). The
results were analyzed using the FlowJo software (BD Biosciences).

The clonogenic capacity of PRMT7-knockout cells was studied using colony
formation analysis. Methylcellulose-based MethoCult medium (H4230, Stemcell
Technology) was prepared according to the manufacturer’s protocol; the mixture
was added to 6-well plates at a density of 1000 cells/well. The cells were
incubated under standard culture conditions for 14 days. Colonies were imaged
on days 10 or 14 using a Nikon AZ100 Fluorescence Macroscope (Nikon,
Minato, Tokyo, Japan).
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4.5  Protein expression studies (I-1l)

451  Western Blot (I-l)

For protein extraction, cells were lysed with CelLytic M reagent (Sigma Aldrich)
according to the manufacturer’s protocol.

Protein samples were loaded on Mini-PROTEAN® TGX Stain-Free™ Precast
10% or 12% gels (Bio-Rad) and transferred to a 0.2uM PVDF membrane using
Trans-Blot Turbo Transfer Pack and Trans-Blot Turbo Transfer System (Bio-Rad).
Membranes were processed using standard procedures, with PRMT7 (1:1000 in 3%
BSA, #14762, Cell Signaling Technology, Danvers, MA, USA), SIX6 (1:2000 in 5%
BSA, #ab251558, Abcam), and Histone H3 (1:10,000 in 3% BSA, #9715S, Cell
Signaling Technology) primary antibodies, and Horseradish peroxidase conjugated
anti-rabbit (1:5000 in 3% BSA, #7074S, Cell Signaling Technology) secondary
antibody. Amersham ECL Reagent (GE Healthcare) was used for
chemiluminescence reaction, and chemiluminescence was detected with
ChemiDocTM XRS+ using Image LabTM Software (Bio-Rad). A PageRuler Plus
pre-stained protein ladder (Thermo Fisher Scientific) was used as a reference for

protein size. Image] software was used to quantify protein expression (Schneider et
al., 2012).

46  Monomethyl arginine analysis (I)

46.1  Mass spectrometry-based arginine monomethylation analysis

For protein extraction, 1x108 Jurkat PRMT7 EV, Jurkat PRMT7 KO3, and KO5
cells were collected. Proteins were extracted using a urea lysis buffer (200 mM
HEPES pH 8.0 (Sigma-Aldrich), 9 M urea (Thermo Fisher Scientific), 2.5 mM
sodium orthovanadate (Sigma-Aldrich), 1 mM sodium pyrophosphate (Sigma-
Aldrich), 1 mM B-glycerophosphate (Cayman Chemical, Ann Arbor, MI, USA), and
lysates were sonicated (1 min, pulse 1 s on/off with 40 % amplitude, three times)
using a Vibracell 500-Watt ultrasonic processor (VC 505) sonicator (3 mm microtip)
(Sonics & Materials Inc., Newtown, CT, USA) to break apart DNA. Samples were
processed using the PTMScan® Mono-Methyl Arginine Mo-tif [mme-RG] kit (Cell
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Signaling Technology). Briefly, proteins were digested with proteases, and the
resulting peptides were purified by reversed-phase extraction. The peptides then
were subjected to immunoaffinity purification. Unbound peptides were removed by
washing and the captured MMA-containing peptides were eluted with dilute acid.
Enriched peptides were analyzed using a Q Exactive HF mass spectrometer software
(Thermo Fisher Scientific). Label-free quantification was performed at the peptide
isoform level. Abundance values were calculated based on the intensities of peptide

precursor ions.

46.2 LC-MS/MS analysis

LC-ESI-MS/MS analyses were performed on a nanoflow HPLC system (Easy-
nl.C1200, Thermo Fisher Scientific) coupled to Q Exactive HF mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) equipped with a nano-electrospray
ionization source. Peptides were first loaded onto a trapping column and
subsequently separated on a 15 cm C18 column (75 pm X 15 cm, ReproSil-Pur 3 pm
120 A C18-AQ, Dr. Maisch HPL.C GmbH, Ammerbuch-Entringen, Germany). The
mobile phase consisted of water with 0.1% formic acid (solvent A), and
acetonitrile/water (80:20 (v/v)) with 0.1% formic acid (solvent B). Peptides were
eluted with a 120 min gradient: from 2% to 39% solvent B in 105 min, from 39% to
100% solvent B in 10 min, followed by a wash for 5 min in 100% solvent B. MS data
were acquired automatically using Thermo Xcalibur 4.1. (Thermo Fisher Scientific).
An information-dependent acquisition method consisted of an Orbitrap MS survey
scan with a mass range of m/z 300-1750, followed by HCD fragmentation for the
most intense peptide ions.

Database searches were performed using Proteome Discoverer 2.4 software
(Thermo Fisher Scientific) connected to in-house Mascot 2.7.0 search engine
software (Matrix Science) against UniProt Swiss-Prot (version 2021_02) Homo
sapiens protein database. The search criteria were as follows: trypsin as an enzyme;
cysteine carbamidomethylation as fixed modification; arginine methylation, lysine
methylation, methionine oxidation, and N-terminal acetylation as variable
modifications; peptide mass tolerance 10ppm; and MS/MS ion tolerance 0.02 Da.
Label-free quantification, validation, and filtering of the results were performed

using the Proteome Discoverer 2.4 software.
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4.7 Sequencing (I-l)

471  RNA sequencing (I-1l)

Total RNAs was extracted from cell lines using the PureLink™ RNA Mini Kit with
the On-Column PureLink® DNase Treatment Protocol (Ambion®, Life
Technologies, Thermo Fisher Scientific). Library preparation and RNA sequencing
of cell lines from unmodified Jurkat and Molt-4 cells and modified SIX6 and PRMT7
knockout lines were performed by Novogene (Cambridge, UK). The quality of the
raw sequencing reads was ensured with FastQC (v0.11.8). The reads were mapped
to the human reference genome version hgl9 using the STAR aligner software
(2.5.3a modified); reads aligned to more than two locations were discarded. The
alignhment file was turned into tag directories and read counts were calculated using
the HOMER toolkit (v.4.11). Differential gene expression was analyzed by the quasi-
likelihood F-test using the edgeR R package (Robinson 2019). Top genes from
differential gene expression analysis were selected using threshold log fold change
(logFC) = £ 2 and false discovery rate (FDR)<0.01, for Jurkat SIX6 WT and KO
cells, and logFC = + 1.5, and FDR < 0.05, for Jurkat PRMT7 EV and KO and Molt-
4 WT and KO cells. Volcano plots were drawn using the R-package ggplot2 Volcano
plot function, combining the three biological replicates, and using log2 fold-change
values and FDR values. Heatmaps presenting all biological replicates were drawn
using a row-scaled count matrix of the normalized per million mapped (RPKM)
reads and the ComplexHeatmap R-package (Z. Gu et al., 20106).

RNA of ETT6:RUNXT (n=35) samples was extracted from diagnostic bone
marrow or peripheral blood samples collected in PAXgene blood RNA tubes using
the PAXgene Blood RNN kit (cat. #762174, Qiagen GmbH, Hilden, Germany)
following the v2 instructions for manual purification or using or from isolated MNC
cells with PureLink™ RNA Mini kit (Invitrogen) according to the manufacturer’s
protocol. RNA sequencing and library preparation were performed in three batches
(Table 2). Sequencing of all samples were performed by Novogene, using Illumina
Novaseq 6000 instrument (Illumina Inc.) Raw sequencing data were processed using
nextflow-based (v21.02.0. edge) nf-core/rnaseq (v3.0) pipeline, including trimming
of paired-end reads and alignment to GRCh38.103 with STAR (v2.6.1d).
Quantification of aligned reads at the transcript level were made using Salmon
(v1.4.0), and normalization used limma (v3.52.2) (Patro et al., 2017; Ritchie et al.,
2015). Expression of the genes involved in the S and G2/M phases during the cell
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cycle was studied as individual genes, but gene set scores were calculated from the
normalized count matrix using GSVA ssGSEA (v1.48.0) (Hinzelmann et al., 2013).
The regulons analyzed were chosen from our earlier publication by Mehtonen et al.
2020. The gene, gene set, and regulon expressions were drawn using the
ComplexHeatmap R-package (Z. Gu et al., 2016). Correlation tests were performed
using Spearman’s correlation by comparing gene set expression or regulon activity
and MRDs (mid-induction and EOI).

Table 2. RNA-sequencing sample preparation.

Batch Pre-processing kit Library preparation

C101HW18062568 | Globin-Zero Gold rRNA Removal Kit NEBNext Ultra Directional RNA Library

Prep Kit

X201SC19081411- | Ribo-Zero rRNA Removal kit NEBNext Ultra Directional RNA Library

201 Prep Kit

X204SC22010852- | Ribo-Zero rRNA Removal kit NEBNext Ultra Directional RNA Library
201 Prep Kit

4.7.2  Singe cell RNA-seq (Ill)

BM or blood mononuclear cells collected at diagnosis and mid-induction (day 15)
were analyzed from viable cryopreserved samples. Cells were thawed and counted,
followed by blocking with Human TruStain FcX Blocking Solution (BioL.egend, San
Diego, CA, USA) 10 min at 4°C. Antibody pool (0.25 pg per million cells per specific
antibody, except 0.125 pg for CD45 and CDS8; 0.1 pg per hashtag antibody) was
added to the cells and incubated for 30 min at 4°C. After staining, cells were washed,
counted and sample pools were prepared, and samples were loaded onto Chromium
lanes (10x Genomics). The 5 gene expression, ADT- and VD] (BCR and TCR)
libraries were prepared following the manufacturer’s instructions (10x Genomics,
Pleasanton, CA, USA). Libraries were index barcoded and sequenced using Illumina
Novaseq (S1/S2).

Primary ALL scRNA-data from VD] sequencing was aligned with Cell Ranger
6.0 version to human reference (hg20) with default parameters. Donor (and
singlet/doublet) assignments were petformed using DSB-normalized hashtag
signals, and downstream analysis was performed using Seurat (Hao et al., 2021; Satija

et al,, 2015).
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4.7.3  DNA sequencing (Ill)

DNA of ETV6::RUNXT samples (n=35) was extracted from primary ALL bone
marrow or blood cells after Ficoll/Lymphoprep™ (GE Healthcare, 1L, USA /
Stemcell Technologies, Vancouver, Canada) gradient separation or PAXGene Blood
RNA Tubes (cat. #762165, PreAnalytiX, Qiagen) using the QIAamp DNA Blood
Midi kit (cat. #51183, Qiagen GmbH, Hilden, Germany), Gene]ET Genomic DNA
Purification kit (Thermo Fischer), or AllPrep DNA/RNA/miRNA Universal Kit

(Qiagen).

Whole genome sequencing (Ill)

WGS library preparation and DNA sequencing were performed in five different
batches (see details in Materials and Methods of Publication III). Shortly, libraries
were prepared using the library preparation kits in Table 3. All samples were
fragmented aiming at 350-bp fragments, DNA fragments were end-repaired, A-
tailed, and ligated. Before sequencing, library quantification was performed. Paired-
end sequencing (150 bp) was performed for all sample libraries: diagnostic samples
were sequenced at the depth of 60x or 90x and remission samples at 30x. Sequencing
was performed using the Hiseq X or Novaseq 6000 sequencing systems (Illumina
Inc.).

Table 3. WGS sequencing library preparation.

Batch Library preparation kit
1 TruSeq DNA PCR-free library preparation kit
2-4 NEBNext® Ultra™ DNA Library Prep Kit
5 NexSeq AmpFREE Low DNA Fragment Library
kit

Targeted genome sequencing (11l)

Library preparation for targeted sequencing was performed using KAPA HyperPlus
(Roche, Basel, Switzerland) with the following modifications: fragmentation with
12.5 min incubation, xGen Duplex Seq adapters (3—4 nt unique molecular identifiers
(UML), 0.6 mM, Integrated DNA Technologies) were used for ligation, and xGen
Indexing primers (2 mM, with unique dual indices, Integrated DNA Technologies)
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were used for PCR amplification (5-13 cycles depending on the amount of DNA
input). Target enrichment was performed in a multiplex fashion with a library
amount of 187.5 ng (8-plex). The libraries were hybridized with a custom-developed
243 gene panel GMS Lymphoid panel vl (Twist Bioscience) with the addition of
Twist Universal Blockers and Blocking solution for 16 h. The panel design targeted
the full protein-coding sequences of the 243 genes. Post-capture PCR was performed
with xGen Library Amp Primer (0.5 mM, Integrated DNA Technologies) for 10
cycles. Quality control was performed using the Quant-iT dsDNA HS assay
(Invitrogen) and TapeStation HS D1000 assay (Agilent). Sequencing was performed
on NovaSeq 6000 (Illumina) using paired-end 150 nt readout, aiming at 40 M (tumor)
or 20 M (normal) read pairs per sample. Demultiplexing was performed using
Illumina bcl2fastq Conversion Software v2.20.

474  DNA methylation array and CNV detection (lIl)

Copy number variations (CNVs) can be detected using array-based DNA
methylation data (Kilaru 2021). In this study, DNA methylation data was used to
increase the number of samples in the CNV analysis, and genome-wide DNA
methylation levels were determined using the Infinium HumMeth450K BeadChip
assay (450k array, Illumina). Methylation data was analyzed in R version 4.1.2 using
Bioconductor (v3.14) packages methylumi (v2.40.1) and conumee (v1.28.0).
Background correction and normalization of using Illumina controls was made using
methylumi. Conumee was used to detect copy number variations after fitting the
data to a set of normal reference samples, for which 86 normal samples from the
GEO data set GSE49031 were used. Script defaults were used for all processing.
Conumee output includes genome plots and segmentation files containing
statistically interesting intervals of the genome. In addition, the segments with
minimal deviation from the baseline signal were included in the tool output, as
regions with a median signal between -0.05 and 0.1 were accounted for most regions
as copy number change events. Therefore, segments with a median signal of -0.05
or below, were considered deletions, and segments with a median signal of 0.1 or
above were classified as amplifications. In RNA-seq expression data that was
available for a subset of samples, we found that putatively deleted regions were
enriched in mono- and neatly mono-allelic expression as would be expected, which
supported our choice of thresholds. Additionally, events ovetlapping with Encode
Blacklist regions (Amemiya et al., 2019) by 50% or more were excluded from further
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analysis. Events larger than 1 Mb in size were considered CNVs, and events smaller
than 1 Mb were classified as SVs in downstream analyses. Two samples, ALL_309
and ALL_977, were excluded from downstream analyses because of unsuccessful
normalization.

4.7.5  Alignment, annotation, variant calling, and filtering (I1l)

Bioinformatics analysis of WGS was done using the BALSAMIC workflow
(Foroughi-Asl et al., 2019)(v8.2.10, v8.1.0, and v9.0.1). The Senticon was used for
alignment to reference genome hgl9 and Senticon TNscope (Sentieon version
201911) for calling of SNVs and InDels. Calling of CNA was done using ascatNGS
(Raine et al., 2016) and calling of SVs was done using a combination of Manta v1.6
(lumina),  Delly  v0.8.7  (Rausch et al, 2012), and BRASS
(https://github.com/cancerit/BRASS, refered 21.3.2023). Tatgeted sequencing
analysis was also performed using the BALSAMIC workflow (v7.2.2), but alighment
to the reference genome hgl9 was performed using BWA MEM (v0.7.15) (Li and
Durbin, 2009). Somatic mutations were called using VarDict (v2019.06.04) (Lai et
al., 2016) in tumor/normal mode and were annotated using Ensembl VEP (v94.5).

The SNVs and InDels of WGS calls were intersected with the variants of targeted
sequencing using Bedtools (Quinlan and Hall, 2010) to identify common variants.
These variants were reviewed manually in Integrative Genomic Viewer (IGV)
(Robinson et al., 2011) and classified into three categories: true positive, false positive
somatic variant (evidence in the normal sample in the targeted sequencing data), and
false positive variant with no evidence in the targeted panel. The TNscope
parameters between these categories were then compared and used to determine
further filtering criteria for the SN'Vs and indels. In addition to the default TNscope
filter, the following criteria were used to select the variants for further downstream
analysis: sum of AD values (allelic depths for the ref and alt alleles) = 10 and =
AFDP (read depth to calculate allele fraction), alternative allele AD = 3, and AF
(allele fraction) = 0.05 and < 1, QUAL = 40 and/or PV2 (Fishet's exact test p-value
for high-confidence reads) < 0.05, SOR (symmetric Odds Ratio of 2x2 contingency
table to detect strand bias) =< 3, and variant locating outside Encode Blacklist regions
(Amemiya et al., 2019). Variants filtered using these criteria were called moderately
filtered variants, including subclonal alterations.

In addition to the default Manta and Delly filters, the SVs were further filtered to
include only variants with at least 5 reads supporting the alternative allele in the
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tumor samples, and exclude the variants overlapping more than 50% with the
Encode Blacklist region (Amemiya et al., 2019). Variants by size between 150 bp and
IMb were classified as SVs. Collective SV list were constructed by combining the
filtered results from both callers, with following criteria: deletions, insertions, and
duplications with 80% or more overlap were included and translocations within less
than 5000 bp from each other, prioritizing the breakpoints reported. AnnotSV
(v3.1.1) was used to perform SV annotation, and further consequence annotation
for the coding variants is presented in Table 4. (Geoffroy et al., 2018). Variants that
did not fulfill the criteria listed in Table 4. were annotated as non-coding variants.
Variants without gene annotations were categorized as intergenic variants, and the
closest upstream and downstream genes were determined.

The CNVs detected using ASCAT were filtered by size, accounting for events
larger than 1 Mb as CNVs. Events overlapping 50% or more with the Encode
Blacklist regions were excluded. CNVs detected by the ASCAT and over 1 Mb
deletions and duplications detected by Manta and Delly were combined to the one
collective CNV tool: including the events which overlap 80%, prioritizing Manta
breakpoint over Delly, and Delly over ASCAT. The merged CNV results were
annotated using AnnotSV, and consequence filtering was performed using the same
criteria as those for SV deletions and duplications (Table 4). CNVs reported with a
copy number of 2:0 (total copy number:minor copy number) by ASCAT were
classified as CNV-neutral loss-of-heterozygosity (LOH).

For detection of subclonality and CNVs the cgpBattenberg algorithm was used
(https:/ /github.com/cancerit/cgpBattenberg, v3.5.3). The CNVs were compated
with ASCAT CNVs to confirm the detection accuracy.

Immunoglobulin gene rearrangements were analyzed by utilizing the IgCaller tool
(v1.2.1) (Nadeu et al., 2020), providing tumor and normal bam files as input and
setting the tumorPurity parameter based on the consensus estimates of blast
percentage. The filtered output file from the tool was included in further analysis,
and only events with a minimum of five split reads and/or abnormal insert size reads
supporting the rearrangement were included.
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Table 4. Criteria for consequence filtering of coding SVs.
Consequence SV type Criteria
Loss of function Deletion 100% overlap with the coding region of
annotated gene
Gain of function Duplication 100% overlap with the coding region of
annotated gene
Coding sequence | Deletion, duplication 1-99% overlap with the coding region
variant
Coding sequence | Inversion, translocation Breakends locating between the transcript
variant start and end coordinates

476  Evaluation of CNV results to karyotype (Ill)

The CNV results from the WGS analysis were compared with the clinical karyotypes
to evaluate the findings. The ASCAT CNV profiles were compared with the clinical
karyotypes of each patient. Systematically, the most common alterations, such as
derivative chromosome 21, amplification of chromosome 21, and deletion of p12,
were checked to confirm that ASCAT reliably detected CN'Vs. The clinical karyotype
was also revised using ASCAT CNVs and subclone CNVs detected by the
cgpBattenberg algorithm.

4.7.7  Mutation Signature Analysis (1)

Mutational signature analysis was performed using MuSiCa-Mutational Signatures in
Cancer (version 1.2, released September 24, 2020) (Diaz-Gay et al., 2018). For
mutational signature analysis, only the strictly filtered SNVs were used.
The expression of COSMIC signatures per patient were plotted using the
ComplexHeatmap (Z. Gu et al,, 2016). Correlation tests were performed using
Spearman’s correlation by comparing the signature contributions and MRDs (mid-
induction and EOI).
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4.8  Invitro drug treatments (1)

To study drug responses 7 vitro, 10 000 Jurkat SIX6 wildtype and Jurkat SLX6 KOG
cells were plated per 96-well plate. Cells were treated with a 2-5 fold dilution series
of dexamethasone (0.1-5 pM; D8893; Sigma-Aldrich), prednisolone (2.5-10 pM;
P6004; Sigma-Aldrich), vincristine (0.5-2 nM; V8879; Sigma-Aldrich), L-
asparaginase (0.5-2 U/ml; A3809; Sigma-Aldrich), doxorubicin (5-20 nM; D1515;
Sigma-Aldrich), dasatinib (1010000 nM; 9052S; Cell Signaling Technology) or
temsirolimus (4-fold serie; 1-4096nM; PZ0020; Sigma-Aldrich) and incubated for 72
hours at 37°C in 5% CO2. After incubation, cell viability was measured using
AlamarBlue assay (Invitrogen) and Tecan fluorescence reader (Tecan, Minnedorf,
Switzerland).

49  Data sets (I-lll)

In this study, multiple patient sample cohorts and data sets were generated, used,
and reanalyzed. All used data sets, their descriptions and availability are summarized

in Table 5.

Table 5. Summary of data sets produced and re-analyzed in studies I-lll. In accession codes EGA refers
to European Genome-Phenome Archive, GSE to NCBI Gene Expression Omnibus
database and PXD ProteomeXchange Consortium

Patient sample data sets generated in this study

Cohort Number Data type Accession code / Availability Publication
of
samples

GEPARD 35 WGS EGAD00001010164 Il

WGS

GEPARD 35 IncRNA-seq EGAD00001010128, GSE228632 Il

RNA

GEPARD 35 Targeted panel | NA Il

panel sequencing

Patient sample data sets re-analyzed

Cohort Number Data type Availability Publication
of
samples

DNA 143 DNA GSE49031 Il
Methylation methylation

levels of

435,941 CpG

sites
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Nordic RNA | 19 IncRNA-seq GSE227832 I
TARGET 264 RNA-seq and https://portal.gdc.cancer.gov/proj ects (Liu etal., | I, Il
survival 2017; Roberts et al., 2014)
Hemap 9544 microarray http://hemap.uta.fi/ (Mehtonen et al., 2019; I 11
Polchen et al., 2019)
sc-Hemap 20,753 SCRNA-seq https://bioinformatics.uef filcells/public/ Il
healthy B | 20 753 healthy | HCA_Blineage/?ds=HCA_Blineage
cells from | Bcellsin
BM
SCRNA- 4 CITE-seq GSE230295 Il
seq+VDJ- (scRNA-seq)
seq and scVDJ-seq
from
ETV6::RUNX1
samples
Nordic 30 RNA-seq and See Haider et al. 2019 L
survival
Japanese 120 RNA-seq and See Seki et al. 2017 L
survival
Human 1 Sc-RNAseq https://developmentcellatlas.ncl.a c.uk (Park et I 11
thymus al., 2020)

Human cell line data sets generated in this study

Cohort Number Data type Availability Publication
of
replicates
Jurkat 3 RNA-seq GSE186238 Il
Molt-4 3 RNA-seq GSE186238 I
Jurkat 3x4 RNA-seq GSE186238 I
PRMT7-KO
Molt-4 3x2 RNA-seq GSE186238 I
PRMT7-KO
Jurkat 3x2 RNA-seq GSE148658 I
SIX6-KO
Jurkat, Molt- | 1 GRO-seq NA Il
4, CCRF-
CEM, P12-
Ichikawa
Jurkat, 3x3 MS-based PXD032819
Jurkat arginine mono-
PRMT7-KO methylation
Human cell line data sets re-analyzed
Cohort Number Data type Availability Publication
of
replicates
Jurkat 1 H3K27ac ChIP- | GSE68976 (Hnisz et al., 2016) I
seq
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Molt-4, 1 H3K27ac ChIP- | GSE76783 (Abraham et al., I

CCRF-CEM, seq

P12- 2017)

Ichikawa

Jurkat 1 H3K4me1 GSE97514 (Leong et al., 2017) Il
ChiP-seq

Jurkat 2 H3K4me3 GSE60104 (Orlando et al., 2014) I
ChiIP-seq

Jurkat 1 TAL1 & GATA3 | GSE29180 (Sanda et al., 2012) I
ChiP-seq

Jurkat 1 Hi-C GSE122958 (Lucic et al., 2019) Il

Jurkat 4 RNA-seq GSE29179 (Sanda et al., 2012) Il

shRNA

410  Survival analysis (I-I)

The gene expression of PRMT7 and SIX6 was explored in the context of survival in
pediatric T-ALL patients in two different cohorts (TARGET, n = 264; Japanese
leukemia group, n = 119) (Liu Y et al., 2017; Roberts et al., 2014; Seki et al., 2017;
Sood et al., 2017). For survival analysis associated to SIX6 expression also the third
Nordic cohort was used (Haider et al., 2019). The Kaplan-Meier method was used
to estimate survival, and group differences were tested using the log-rank method.
The events included induction failure, disease progression, relapse, secondary
malignant disease, and death by any cause. The Cox proportional hazards model was
used to examine the association between the individual risk factors and patient
survival. The proportionality assumption was tested with Schoenfeld residuals. The
R-packages survminer and survival were used for data visualization and ordered
expression graphs were plotted. The R (v. 3.6.2) software environment (R
Foundation for Statistical Computing, Vienna, Austria) was used for statistical

analyses.

411  Statistical tests

All in vitro studies had three or more biological replicates. Dose-response, growth
curves, cell cycle apoptosis, CFU, and RT-qPCR results are presented as the mean
and standard error of the mean or all data points with median values. Statistical tests
were performed mostly using Student’s two-tailed t-test unless otherwise mentioned
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in the text. A p-value < 0.05 was considered statistically significant. The Wilcoxon
test was used to compare the statistical significance of the differences in gene
expression between different leukemia types. In mass spectrometry-based arginine
monomethylation analysis, statistical testing was performed with a two-tailed
Student’s t-test, and p-values were adjusted using the Benjamini-Hochberg
procedure to account for multiple testing. Unsupervised clustering was performed
using Pearson’s correlation as the distance metric and Ward’s linkage method. The
statistical tests used in Publication III are described in the text for each method.

The R (v4.0.2, v4.3.0) software environment (R Foundation for Statistical
Computing, Vienna, Austria), Microsoft Excel (Redmond, WA, USA), and
GraphPad Prism 8 software (GraphPad, San Diego, CA, USA) were used for
statistical analyses unless otherwise mentioned in the text.

80



5 RESULTS

2.1 High expression of TAL1-regulated SIX6 as a marker for
inferior outcome in T-ALL (1)

5.1.1  High expression of SIX6 in the TAL1 subgroup of T-ALL

Using the Hemap data set, we identified SIX6 as a highly expressed gene in T-ALL.
The expression of S1X6 was approximately 1.3-fold higher in T-ALL compared to
healthy T-lymphocytes (p-value < 0.01) (Figure 11). In different T-ALL subtypes,
SIX6 expression was especially associated with the TAL7 and TAL7/IL.MOT
subtypes, indicating that SIX6 is expressed in more mature T-ALL, as TAL7
subtypes arise from differentiating cortical T cells (Liu Y et al., 2017).

SIX6 expression was not detected in any of the healthy DN, DP or SP stage cells
in the scRNA-seq data (see study I Figure 1e), suggesting that strong expression of
SIX6 in T-ALL is aberrant and associated with the leukemogenic process.
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Figure 11. Expression of SIX6 in T-ALL compared to other hematological malignancies and healthy T
and B cells. The asterisk indicates a p-value < 0.01. Number of samples in each sample
group: AML 1,713, B cells 75, CLL 801, CML 215, B-ALL 1,304, T-ALL 385, and T cells
247. Adapted from Laukkanen et al., 2020 Leukemia & Lymphoma.
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5.1.2  SIX6is upregulated by TAL1 and GATA3

Expression of S1X6 in the TALT subtype suggests a possible regulatory relationship
between SIX6 and T'ALT. To explore this, we utilized gene silencing data from Sanda
et al. (2017). SIX6 downregulation was triggered by the silencing of either T-ALL7 or
GATA3 in Jurkat cells (see Study I, Figure 1f). However, chromatin
immunoprecipitation sequencing (ChiP-seq) data showed that neither TAL1 nor
GATA3 bound to the proximal promoter region of the SIX6 gene, suggesting that
the regulation of SIX6 may be caused by longer-range enhancer elements.
Accordingly, analysis of nascent RNA expression by Global Run-on Sequencing
(GRO-seq) showed an active enhancer element 165 kb upstream from the SIX6
gene. Three cell lines with high SIX6 expression showed co-expression of SIX6 and
the enhancer RNA (eRNA), while cell lines lacking SIX6 expression did not express
the studied eRNA. Interestingly, ChiP-seq data revealed that TAL1 and GATA3 TFs
were also bound to this enhancer locus (Figure 12).

The activity of the enhancer in SIX6-expressed cell lines was confirmed by using
histone modification ChiP-seq data, where acetylation of histone 3 lysine 27
(H3K27ac), monomethylation of histone 3 lysine 4 (H3K4me1), and trimethylation
of histone 3 lysine 4 (H4K4me3) all pointed toward transcriptional activity of the
locus. Finally, high-throughput chromosome conformation capture (Hi-C) data
(Lucic et al., 2019) demonstrated physical looping and interaction between the distal

enhancer element and the promoter of SIX6.
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Figure 12. Regulation of SIX6 expression. ChIP-seq (red and orange), GRO-seq (green and blue),
and Hi-C (purple) analyses provide valuable insights into the activity and interaction of
enhancers with the SIX6 promoter. ChIP-seq data reveals that the TAL1 and GATA3 TFs
bind close proximity to the SIX6 gene. ChIP-seq data for histone modifications indicates
enhancer activity, and GRO-seq results demonstrate the expression levels of both the
enhancer and the SIX6 gene. Hi-C data, shows long-range interactions within the depicted
chromatin region. The y-axis of the sequencing data tracks represents the normalized read
density. The dashed boxes highlight both the SIX6 gene locus and the distal enhancer
region, drawing attention to their respective roles in gene regulation. Adapted from
Laukkanen et al. 2020, Leukemia & Lymphoma.
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5.1.3  High expression of SIX6 defines a subgroup of T-ALL with an inferior
outcome

The association of SIX6 expression with patient survival was explored in three
independent patient cohorts. In addition to the TARGET and Japanese cohorts, we
obtained data from a Nordic patient cohort. Based on the distribution of SIX6
expression data in the TARGET data set, patients were categorized into three
groups: SIXehigh) SIXgmedium and SIX6low, SIX6high cases had a 5-y EFS of 80% (95%
CI, 70%-92%), SLXGmedium cases were 90% (95% CI, 84%—96%), and SIX6lv cases
were 94% (95% CI, 89%—99%), indicating that the level of SIX6 expression was
associated with patient outcomes (see Study I, Figure 3). The difference between the
SIX6lv and SLX6high groups reached statistical significance (log-rank test, p-value =
0.011). In the Cox proportional hazard model, high expression of SIX6 (SLX6hieh)
was associated with inferior outcomes in multivariate (HR 3.46, 95% CI 1.10-10.80,
p-value = 0.03) and univariate models (HR 3.15, 95% CI, 1.22-8.14, p-value = 0.02)
(see Study I, Table 1.). Interestingly, high SIX6 messenger RNA (mRNA) had a
higher hazard ratio than EOI MRD (HR 1.66, 95% CI 0.8-3.47, p-value = 0.18).
Notably, the TARGET data set does not include cases with more than 5% residual
disease at the EOI, thus excluding cases with the highest risk of therapy failure.

Patients from the Japanese and Nordic cohorts were categorized into SLX6high
and SIX6lov groups, respectively (Haider et al., 2019; Seki et al., 2017). In agreement
with the TARGET data, higher than median SIX6 mRNA level associated with
inferior EFS as well as lower OS in both cohorts. However, the results did not reach
statistical significance (see Study I, Figure 3b-c). Despite the direct regulation of
SIX6 by TALT, SIX6 remained an independent risk factor, even in the presence of
a SIX6/TALT interaction term.

5.1.4  SIX6 does not have oncogenic driver potential in T-ALL

To study the specific role of SIX6 in T-ALL pathogenesis, the SLX6 gene was deleted
in the T AL 7-positive Jurkat-Cas9 cell line using CRISPR-Cas9 technology. In RNA-
seq analysis, 113 significantly up- or downregulated genes were found in SIX6
knockout (KO) cells compared to wild-type Jurkat cells log2FC = *+ 2, adjusted p-
value < 0.01). Two well-known T-ALL-associated genes, ILLR7 and JAGT, were
downregulated in the SIX6 KO cells compared to the wild-type cells (see Study I,
Figure 4b). Even though [AGT is an activating ligand of NOTCH1, we did not see
any differences in NOTHCI cleavage between SLX6 KO and wild-type cells.
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Next, the affected cellular pathways were explored by applying gene set
enrichment analysis (GSEA). Enrichment was noted in mTOR-, KRAS-, and TNFa-
related molecular signatures (see Study I, Figures 4E and S6A—B). Several genes with
altered expressions belonging to the mTOR pathway were found, but they did not
contribute to altered sensitivity to the mTOR inhibitor temsirolimus in SLX6 KO
cells compared to wild-type cells (see Study I, S5b).

The role of SIX6 expression in the maintenance of tumor growth and
chemotherapeutic resistance was investigated in tissue cultures and in a zebrafish
model of T-ALL. Ablation of SIX6 did not significantly affect the cell cycle,
apoptosis, cell viability, or drug response when treated with dexamethasone,
prednisolone, vincristine, l-asparaginase, doxorubicin, or dasatinib in tissue cultures.
T-ALL maintenance and progression related to SIX6 expression were probed in the
T-ALL zebrafish model (Rag2:mMYC), in which endogenous zebrafish SIX6 gene
expression was low. Zebrafish were coinjected with Rag2:mMYC and Rag2:hSIX6-
TdTomato constructs and compared to Rag2:mMYC-TdTomato-injected animals
by analyzing the spread of a fluorochrome marker. All animals developed T lineage
leukemia, but no statistically significant differences were noted in latency between
the groups (see Study I, Figures 4H and S7B).

9.2  PRMTY regulates RUNX1 target gene expression in T-ALL
(1

5.2.1  PRMTT is highly expressed in mature T-ALL subgroups

Hemap is a microarray based data set of global gene expression data of various
hematologic malignancies, healthy tissues, and cell lines, consisting of 9,544
expression profiles, including 4,430 leukemias (such as 385 T-ALL, 1,304 pre-B-
ALL, 1,713 AML, and 801 CLL, 1,306 lymphomas (208 T cell lymphoma (T'CL) and
743 diffuse large B cell lymphoma (DLBCL)), and 428 healthy samples (such as 247
T-lymphocytes and 75 B-lymphocytes) (Mehtonen ] et al., 2019; Péloénen P et al.,
2019; Hemap resource: http://hemap.uta.fi/hemap/index.html). Hemap includes
gene expression profiles collected from multiple previously published studies from
the NCBI GEO database, and malignant samples broadly represent hematological
disease types. This resource allows for the easy comparison of molecular phenotypes

across hematologic malignancies and healthy cells.
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Using the Hemap database, we sought to find genes that showed aberrant and
disease-specific expression patterns in ALL. To this end, we identified PRMT7 as
highly expressed in T-ALL compared to other hematological malignancies or healthy
cells (Figure 13a). Expression was approximately 2.6-fold higher in T-ALL compared
to healthy T-lymphocytes (p-value < 0.01). When T-ALL cases were classified based
on their expression profiles (Liu Y et al., 2017), PRMT7 showed the strongest
expression in mature subtypes of T-ALL (T1.X3, TI.X1, and NKX2-7) compared to
less differentiated subtypes such as LLY1L.7/I.MO2, and HOXA (see Study 11, Figure
10).

We utilized a publicly available scRNA-seq data set to study whether the
expression of PRMT7 was evident during the development and maturation of
healthy T cells (Park et al., 2020). Only weak expression of PRMT7 was observed at
later stages of differentiation or maturation of T cells (see Study II, Figures le),
suggesting that strong expression of PRMT7 is associated with the leukemogenic
process.

Messenger RNA expression does not always reflect protein expression (Latonen
et al,, 2018). Therefore, we examined the expression of the PRMT7 protein in 84
diagnostic bone marrow biopsies that included 6 T-ALL and 78 B-ALL cases. Strong
staining of the PRMT7 protein was seen in two of the six T-ALL cases, with 49%
and 57% of the leukemic blasts positive, respectively, while two cases showed weak
expression, and two stained negative (see Study II, Figures 1d and S1b). Among the
B-ALL cases, strong PRMT7 staining was observed in 7 cases (range 21%-36%),
weak staining was observed in 57 cases (range 1%—20%), and 10 of the cases were
PRMTY7 negative.

5.2.2  High PRMTT7 expression suggests trend towards inferior outcome

Two independent patient cohorts were used to study the association of PRMT7
mRNA levels with patient survival. The patients were categorized into two groups
based on their median PRMT7 expression values (PRMT7high and PRMT7w). In the
TARGET data set, which includes gene expression and clinical data from 264 T-
ALL patients (Liu Y et al., 2017; Roberts et al., 2014), PRMT7hgh cases had a 5-year
EFS of 86% (95% CI, 81%-93%), while PRMT7%v cases had an EFS of 92% (95%
CI, 88%-97%) (p = 0.098) (Figure 13b). To study the prognostic effect of PRMT7
expression in conjunction with known risk factors (e.g., age, white blood cell count,
and MRD), the Cox proportional hazard model was applied. PRMT7high showed a
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(statistically non-significant) trend toward an increased hazard for an event in both
the univariate HR = 1.81, 95% CI, 0.89-3.71, p = 0.1) and multivariate models (HR
= 1.77, 95% CI, 0.85-3.68, p = 0.13) (see Study II, Table S1). A Japanese patient
cohort included expression and survival data for 119 T-ALL cases (Seki et al. 2017).
PRMT7high cases had worse EFS (Figure 8b) and an increased hazard for an event
(HR = 1.41, 95% CI 0.76-2.6) (p = 0.272), although statistical significance was not

reached.

5.2.3  PRMTT knockdown deregulates the expression of RUNX1 target
genes

To study the functional role of PRMT7 in T-ALL, we performed a genetic knockout
of PRMT7 in two T-ALL cell lines, Jurkat and Molt-4, using CRISPR-Cas9
technology. Guide RNAs targeting the first exon of the PRMT7 gene led to small
indels and deletions, which introduced an eatly stop codon to the coding sequence
of PRMT7. In total, six single-cell sorted PRMT7 KO cell lines were generated, with
each harboring a different mutation (see Study 11, Figure S2). Ablation of PRMT7
protein expression was confirmed by IHC staining and western blotting. The KO of
PRMTY7 significantly decreased colony formation capability when compared to the
unmodified cell lines (Figure 13c—d). In the cell cycle, apoptosis and cell viability
assays showed no consistent changes in either direction, suggesting that PRMT7
alone is not critical for these cellular processes.

As PRMT7 methylates arginine residues in histone and non-histone proteins in a
monomethyl manner, we investigated arginine monomethylation patterns in KO and
unmodified Jurkat cells. Global alterations in arginine monomethylation patterns in
protein complexes were examined by utilizing the Comprehensive Resource of
Mammalian protein complexes (CORUM) database (Giurgiu et al., 2019). Out of
243 protein complexes, the average peptide methylation was statistically significantly
changed in 37 (Benjamini-Hochberg adjusted p-value < 0.05). Most of the
differentially regulated peptides belonged to protein complexes affecting RNA and
DNA processing (see Study 11, Figure 4b). Protein complexes affecting RNA binding
had increased average arginine monomethylation compared to the control cells.
Complexes that play a role in DNA processing had mostly decreased average
arginine monomethylation levels. We also found decreased average arginine
monomethylation levels in two complexes that play an essential role in tumor
development (H2AX complex IT and PIDDsome).
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To complement the methylation analysis, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (Tenenbaum & Maintainer, 2021; version 1.35.0
Release 3.14) was used to explore the pathways associated with PRMT7 alterations.
The average peptide methylation level was significantly altered in 12 pathways
(Benjamini—Hochberg adjusted p-value < 0.05) in the PRMT7 KO cells. This
analysis also showed increased methylation levels in pathways associated with RNA
processing (see Study II, Figure 4c).

Finally, we studied changes in arginine monomethylation patterns in proteins that
have a well-established role in the pathogenesis of T-ALL (Hnisz et al., 2010).
Changes in arginine monomethylation levels were observed in peptides belonging to
LEF1, LYL1, BCL11B, MYB, and NRAS. Moreover, KO of PRMT7 affected the
arginine monomethylation of several RUNX1 peptides (see Study II, Figure 4d).
Interestingly, RNA-seq and Enrichr analysis revealed that five different RUNX1
target gene sets were statistically significantly altered in PRMT7 KO cells when
compared to the control cells (log2FC = * 1.5, adjusted p-value < 0.05). PRMT7
KO also led to the downregulation of many genes associated with the pathogenesis
of T-ALL (ILR7, CCDN2), T cell differentiation (DNTT), tumorigenesis (BCL17.A4),
and oncogenic signaling (NEDDY) (see Study 11, Figure 5).
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Figure 13. PRMT7 expression in T-ALL. (A) PRMT7 expression is significantly higher in T-ALL than in

other hematological cancers and healthy T and B cells. Number of samples in each group:
AML 1,713, B cells 75, CLL 801, CML 215, B-ALL 1,304, DLBCL 743, T-ALL 385, TCL
208, and T cells 247. An asterisk indicates a p-value < 0.01. (B) Association of PRMT7
with patient outcomes in the TARGET and Japanese patient cohorts. (C and D) Effects of
the PRMT7 knockout on colony formation capability of unmodified (J-EV and M-WT) and
knockout cell lines (an asterisk indicates a p-value < 0.05). Jurkat KO cells marked as “J-
KO”, and Molt-4 KO cell lines marked as “M-KO”, numbers indicate the different KO cell
lines. Adapted from Oksa et al. 2022, Cancers.
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5.3  Genomic determinants of treatment response in
ETV6::RUNX1 positive B-ALL (l1l)

5.3.1  12p deletion associates with the faster treatment response

Although the prognosis of the ETT6::RUNXT subtype is generally good, a subset
of patients had an inadequate early therapy response associated with a significantly
increased risk of relapse. To date, no consistent genomic biomarkers have been
identified that predict the therapy response in this subtype. We hypothesized that
genetic differences in leukemic cells might contribute to drug sensitivity, and used
multiomic data from 175 children with newly diagnosed ET1/6::RUNXT leukemias
treated according to the NOPHO ALL2000 and ALL2008 protocols to identify
genomic features that predict the therapy response in this leukemia subtype (see
Study 111, Figure 1b). Our multiomic data comprised diagnostic and remission DNA
analyzed using array-based copy number data (n = 142) or WGS data (n = 33).
Diagnostic bulk RNA-seq (n = 51) data was complemented with single-cell
multiomics (RNA, surface protein, and VDJ-seq) data from leukemic bone marrow
cells upon chemotherapy (n = 2). The patients were categorized into three groups
based on MRD at EOI therapy: fast responders with negative MRD, intermediate
responders with positive but below 0.1% MRD, and slow responders with equal to
or above 0.1% MRD. Response data was complemented with mid-induction (day
15) and end-of-consolidation (EOC) data, when available.

The number of SNVs, InDels, SVs, and CNVs did not differ by responder group
(see Study III, Figure S1 a—d). Likewise, the distribution of breakpoints in the
ET16::RUNXT translocation locus was similar across the response groups (see
Study III, Figure 1c). In contrast, copy number analysis revealed a more frequent
deletion of pl12 in the fast and intermediate response groups than in the slow
response group when classified according to EOI and EOC MRD (Figure 14). This
locus includes genes such as KRAS and USP5, which may play roles in the cell cycle,
proliferation, and drug response. Previously, the deletion of the TBLL7XR7 gene was
linked to poor outcomes (Brady et al., 2022). We found that chr3 deletions were
more frequent among slow responders than in fast responders, as determined by
EOC classification (see Study III, Figure S5h).

Our analysis also revealed that slow responders had more frequent amplification
of the first 12 Mb of chr12 (12p), corresponding to a der21(t12;21) gain (see Study
II1, Figures 4b and S5e—f). Amplification includes genes such as ET16, TIGAR,
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SLC2A3, and USP5, which showed elevated RNA expression in the MRD-positive
samples. In earlier studies, these genes were associated with tumor progression,
cancer cell growth, and chemoresistance (Liu et al., 2019; Ma et al., 2018; Ziegler et
al., 2020). Similarly, a higher frequency of partial amplification of chr (der21) was
also observed in slow responders (see Study 111, Figure S5g).
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Figure 14. 12p deletion fractions by treatment response. A.) Represents 12p deletion fractions by EOI
treatment stratification and B.) by EOC, respectively. The x-axis represents the
coordinates of chr12, and the y-axis represents the 12p deletion fraction in each responder
group. Relevant genes in 12p are indicated on the chr12 illustration. Red curves represent
slow responders; dashed green—orange curves represent fast responders by EOI
classification; and green curves represent fast responders by EOC classification. Adapted
from Study Il
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5.3.2  ETV6::RUNXT diagnostic cells differ in light chain recombination
status

In healthy cells, RAG-mediated V(D)] recombination leads to antigen receptor gene
rearrangements during early lymphocyte development (Gellert, 2002). First, at pro-
B cell stage, rearrangement of the immunoglobulin heavy chain (IGH) occurs,
followed by light chain rearrangements at pre-B cell stage (Herzog et al., 2009; Schatz
and Swanson, 2011). Usually, diagnostic ETT6::RUNXT-positive cells are thought
to be arrested at the pro-B cell stage based on their immunophenotype and
transcriptome profiles (Mehtonen et al., 2020). Aberrant RAG recombinase activity
is observed in ET1V/6::RUNXT leukemias, and it is known to drive secondary
genomic alterations (Papaemmanuil et al., 2014). Strikingly, analysis of IG gene
rearrangements revealed that ETT/6::RUNXT patients with a slow treatment
response had more IG kappa (IGK) gene rearrangements than fast responders (p-
value = 0.03) (see Study 111, Figure 3a). To study this further, we examined the V(D)]
repertoire at the single-cell level and performed scRNA-seq coupled with scVD]J-seq
at diagnosis, day 2, and mid-induction. The case selected for this analysis, slow
responder (IGK+), had a typical pro-B-like expression status at diagnosis, and only
the IGHM gene was expressed (Figure 15a). Upon chemotherapy, light chain
expression was highly elevated in the remaining blast cells at mid-induction (Figure
12a and see Study 111, Figures 3b—c). At this point, the blast status was confirmed by
comparing the IGH sequences obtained from the WGS to scVD]J-seq data (see Study
III Figure S4a). Surprisingly, in the slow-responding case, the productive
rearrangements were enriched upon the treatment (Figure 15b, see Study III Figure
3b and d). In healthy cells, this phenotype is acquired only upon successful heavy
and light chain recombination in precursor cells, suggesting that the more frequent
IG light chain rearrangements in slow-responding ETT6::RUNXT blast cells may
indicate acquisition of survival advantage through active BCR signaling.
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Figure 15. Immunoglobulin heavy- and light chain expression upon the treatment. A.) Dot plot
heatmap presenting expression status of /G chain genes at diagnosis, day 2 and at mid-
induction. B.) Cell status and expression of IGH, IGK, and IGL chains in scRNA-seq with
integrated V(D)J sequencing data presented as UMAPs at diagnosis and mid-induction.
Adapted from Study III.

5.3.3  APOBEC mutational signature is more frequent in fast responders

Mutational signature status is widely used in different cancers to study the mutagenic
process that leads to DNA damage in the cancer genome (Koh et al.,, 2021). In our
study, mutational signature analyses revealed significant COSMIC Signature 2
(APOBEC) enrichment in the ETT6::RUNXT samples, similar to a recent report
(Brady et al., 2022). In addition, we found a significant negative correlation between
the APOBEC signature and MRD measured at mid-induction; thus, patients with
the APOBEC signature more frequently had fast early treatment responses (see
Study III, Figure 2b). Accordingly, Signature 1 (a clock-like cell-intrinsic process)
and Signature 8 (unknown) were found more frequently from slow responders (mid-
induction time point), whereas slow responders at EOI exhibited Signature 3 more
frequently, which stems from the failure of the DNA double-strand break repair
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(DSBR) system, and may be related to high RAG activity in this subtype (Alexandrov
et al., 2015, 2013) (see Study III, Figure 2a-b).

The overexpression of APOBEC3A (A3A) and APOBEC3B (A3B) genes is
known to correlate with the genes associated with the cell cycle and DNA damage
response (DDR), and .43B expression has been reported to be entiched in the G2/M
phase of the cell cycle (Ng et al., 2019). To study this more closely, we analyzed the
expression of the APOBEC family genes in the scRNA-seq data of healthy bone
marrow cells and observed that A3B is expressed primarily on cycling HSPC, pro-
and pre-B cells. Gene set scores from genes involved in the S and G2/M cell cycle
phases, as well as the expression of the S phase-specific gene PCN.A, the G2/M-
phase specific gene TOP2A, and the early B cell marker gene DNTT, confirmed that
the majority of the A43B expressing cells were early B cells that were actively cycling
(see Study 111, Figure 2c). Therefore, as actively cycling cells are likelier to be exposed
to APOBEC enzymes, they may accumulate more APOBEC-related mutations.

5.3.4  ETV6::RUNXT cells differ in their cell cycle activity

Regarding the APOBEC signature, A3B expression, and cell cycle, we used bulk
RNA-seq data (n = 51) to study this association further. We found that the gene set
score from the S phase genes had a significant negative correlation to mid-induction
(= —0.30, p < 0.05) and EOI MRD (r = —0.28, p < 0.05), so that patients with a
faster treatment response had more leukemic cells in the S phase (Figure 16.). A
trend toward a negative correlation was seen among genes involved in the G2/M
phase (r = —0.21, p-value = 0.15).

A regulon comprises a group of target genes that are regulated by a specific
transcription factor. Regulons have distinct biological functions, which are
determined by the genes that are regulated by the TF (Xia, 2020). Therefore, we
studied E2F regulon activities and found that at EOI, fast responders had higher
activity of E2F3 and E2F8 regulons (Figure 16). The E2F family of TFs regulates
various genes involved in the cell cycle and apoptosis (Dyson, 1998), and E2F3 and
E2F8 especially play a role in controlling the G1/S transition (Cuitifio et al., 2019;
Leone et al., 1998). Our results support the observation from our previous scRNA-
seq study (Mehtonen et al., 2020), where the diagnostic ETT6:RUNXT cells
differed in their cell cycle activity, so that the faster responding cases had a higher

proportion of cells in the active phase of the cell cycle.
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Figure 16. Changes in genes related to various cell cycle phases. Heatmaps show the expression
scores of E2F2 and E2F8 regulons and the S- and G2/M-phase gene set scores by mid-
induction treatment response. On the heatmaps, blue indicates downregulated gene
expression, and red indicates upregulated gene expression. Adapted from Study IIl.
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6 DISCUSSION

6.1 Novel biomarkers for T-ALL

T-ALL is an aggressive leukemia that accounts for approximately 15-25 % of
pediatric and adult ALL cases and lacks well-established prognostic biomarkers.
Using the Hemap data set, we established high expression of SIX6 and PRMT7 genes
in T-ALL compared to healthy T cells. Alterations in both genes have previously
been reported in other cancers, but their role in T-ALL is unknown. We have shown
that SIX6 and PRMT7 are dysregulated in T-ALL and have further examined their
utility as prognostic biomarkers.

6.1.1  Transcriptional regulator SIX6 affects T-ALL outcomes

SIX6 is a TF that functions normally in both forebrain and retinal development
(Kumar, 2009). In breast and non-small cell cancers, high SIX6 expression is
associated with poor OS of patients(Q. Liu et al., 2016; Xu et al., 2016). In T-ALL,
high SIX6 expression is recognized, especially in the T'AL7 subtype, but its detailed
role remains known (Chen et al., 2018; Soulier et al., 2005).

Using three independent pediatric T-ALL data cohorts, we showed that high
SIXG6 expression was associated with inferior outcomes in T-ALL. Our finding that
SIXG6 could be used as a predictive biomarker for patient outcomes is significant, as
there are currently no adopted biomarkers for diagnosing T-ALL (Bardelli et al.,
2021).

High expression of SIX6 was detected, especially in the T AL7 subtype, when
compared to healthy T cells using the Hemap dataset. scRNA-seq data from healthy
thymic cells revealed that SIX6 is not expressed in healthy T cells during T cell
differentiation (Park et al., 2020), confirming that its expression in T-ALL is not
related with immature cell phenotype. A clear correlation between the expression of
SIX6 and TALT was found, suggesting a regulatory relationship between them. Our
analysis of protein—-DNA interactions (ChiP-seq), chromatin interactions (Hi-C), and
nascent transcription (GRO-seq) revealed that TAL1 directly regulated the
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expression of SIX6 by binding to its distal upstream enhancer together with GATA3.
Expression of T ALT and GATA3 was also correlated with expression of SIX6 in a
silencing experiment, supporting the regulatory relationship (Sanda et al., 2012). As
TAL1 and GATA3 are part of the T-ALL core regulatory circuit, our findings
suggest that SIX6 plays a role in central regulatory events that controls T-ALL
development (Sanda et al., 2012).

To better understand the molecular mechanisms and relevance of high SIX6
expression in T-ALL, we generated SIX6-deficient Jurkat cell lines and analyzed their
gene expression using RNA-seq data. Silencing of SIX6 expression led to changes in
the expression of genes belonging to the mTOR-, KRAS-, and TNFa-related
pathways. In T-ALL, these signaling pathways play a role in proliferation, cell
survival, and apoptosis (Evangelisti et al., 2018; Prior et al., 2012; Zhou et al., 2017).
For example, mTOR activity is frequently associated with oncogenicity, and
especially in, T-ALL, it is known to regulate cell proliferation, survival, metabolism,
and drug resistance (Evangelisti et al., 2018; Khanna et al., 2018). We hypothesized
that changes in genes related to mTOR pathway mediated by SIX6 deletion played
a role in T-ALL maintenance and drug resistance; however, cellular functional
studies did not reveal any major differences between the SIX6 KO and WT cells. As
the mTOR pathway can be targeted by small molecule inhibitors (Evangelisti et al.,
2018; Zanardi et al., 2015), and for that reason we treated cells with the mTOR-
specific inhibitor temsirolimus, but found no significant changes when comparing
the SIX6 KO and WT cells. Furthermore, overexpression of SIX6 in the zebrafish
T-ALL model did not show significant impact on disease progression.

Our i vitro results indicate that SIX6 does not play a dominant oncogenic role in
T-ALL. However, SIX6 seems to be part of the larger regulatory complex, and
changes in SIX6 expression might affect the larger entity. One possibility that must
be considered is that other members of the SLX family might replace the function of
SIX6 when its expression is absent. Accordingly, we noticed a slight increase in SIX3
expression in the SIX6 KO cells. This might be an explanation why no major
changes were observed in the tested cellular processes. In future, interaction partners
for SIX6 should be investigated more thoroughly. In survival analyses, the Cox
proportional hazard modelling in the TARGET cohort showed that SIX6 is an
independent risk factor in T-ALL, indicating its potential utility in patient risk
classification.
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6.1.2 PRMT7 has an active role in T-ALL pathogenesis

The PRMT proteins methylate arginine residues affecting various cellular functions
such as gene transcription, RNA splicing, and DNA damage response (Feng Y et al.,
2013; Liu F et al., 2020; Szewczyk et al., 2020). Histone proteins are a major substrate
for PRMTSs, which use them to fine-tune gene expression levels. It is therefore
unsurprising that they play important roles also in cancer. PRMT7 is a unique protein
among PRMTs, as it only generates w-monomethyl arginine residues in its substrates.
Compared to other PRMT family members, role of PRMT7 has not been as widely
studied. High expression of PRMT7 has been associated with metastasis and
decreased survival in breast cancer, renal cell carcinoma, and non-small cell lung
cancer (Baldwin et al., 2014; Cheng D et al., 2018; Yao R et al., 2014). However, no
comprehensive studies have been conducted on the role of PRMT7 in hematological
cancers. We studied the expression of PRMT family genes across the hematological
cancers and observed increased expression of PRMT5 and PRMT7 in T-ALL
compared to healthy T cells. Increased expression of PRMT5 was observed across
all studied hematological cancers, but high expression of PRMT7 was more unique
to T-ALL, and was thus the reason for focusing on its role in this thesis. When the
expression of PRMT7 was studied between different T-ALL subtypes, we noticed
significantly higher levels in mature T-ALL subtypes compared to thymic precursor
cells. In two independent patient cohorts, high levels of PRMT7 mRNA were
associated with a trend toward decreased survival. The number of patients in both
cohorts was limited, impacting the statistical power of comparison, and patients with
more than 5% of the residual disease were excluded from the TARGET cohort. In
the future, if our findings are replicated in a larger study, the expression of PRMT7
may be a useful prognostic marker for T-ALL.

In total, seven PRMT7 KO cell lines were generated to study the oncogenic
potential of PRAMT7 and its role in T-ALL. Various cellular functional assays were
performed, including the colony formation assay, which showed decreased
oncogenic potential in PRMT7 KO cells. This suggests that high level of PRMT7
mRNA may promote aggressiveness in T-ALL.

In our analysis of PRMT7, we focused on well-known T-ALL-related genes.
Interestingly, alterations in the three arginine residues of the RUNXI protein were
observed in the PRMT7 KO cells. Simultaneously, the expression of the RUNX1
target genes was significantly downregulated, suggesting that PRMT7 activity fine-
tunes the transcriptional activity of RUNXI1 by altering the methylation of its
arginine residues. RUNXI itself plays an essential role in normal lymphocyte
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differentiation, and in T-ALL it has shown to drive oncogenesis by cooperating with
TAL1 and NOTCH1 (Islam et al., 2023; Sanda, 2017), so alterations in RUNX1
function might contribute to T-ALL. RUNXI1 target genes play many critical roles
in cellular processes, especially in hematopoietic cells (Okuda et al., 1996; Wang et
al., 1996; Zhu et al., 2021)(e.g., they are involved in differentiation and cell cycle
regulation). Previous studies have shown that changes in RUNXI arginine
monomethylation via PRMT1 and PRMT4 promote cell survival, resistance to
apoptosis, and the maintenance of undifferentiated phenotypes in hematopoietic
cells (Matsumura T et al., 2020; Mizutani et al., 2015; Zhao et al., 2008).

One popular way to study the role of individual genes is to perform RNA-seq
analysis. It can be used to identify differences in gene expression between modified
and unmodified cells, which can reveal potential changes in cell state. Hence, we
performed RNA-seq on the PRMT7 KO and WT cells and showed that the deletion
of PRMT7 altered the expression of many genes involved in drug resistance, tumor
progression, and T-ALL pathogenesis. Among the downregulated genes in PRMT7
KO cells, three genes are directly involved in drug resistance and relapse, namely
NR3C2, ST851A6, and ARHGEF26 (Li et al., 2020; Ma et al., 2015; Zhang et al.,
2015). This suggests that high PRMT7 activity leads to alterations in arginine
methylation of proteins that associate with drug sensitivity, and thereby may impact
therapy response. PRMT7 KO led also to the downregulation of the BCL.77.A4 gene,
which has a well-known function in many hematological cancers in as it can block
cell differentiation, inhibit apoptosis, and promote cell proliferation (Yu et al., 2012).
High PRMT7 could also mediate its effect on T-ALL via IL.7R, CCDN2, and NKX2-
2, whose expression was altered in KO cells, as they participate in cell cycle
regulation, cellular growth, and cellular transformation (Clappier et al., 2006; Nagel
etal., 2018, 2017; Ribeiro et al., 1987). Finally, alterations in the RUNXT target genes
were noted in the PRMT7 KO cells, indicating that PRMT7 is one of the regulators
affecting to the oncogenic role of RUNXT in T-ALL.

Taken together, our results suggest that PRMT7 is involved in the pathogenesis
of T-ALL, and may promote the aggressiveness of the disease. To determine a more
detailed mechanistic function of PRMT7 in T-ALL in future, more extensive
proteomic studies should be conducted. The study of arginine monomethylation
alterations requires immunoaffinity purification and capturing of the desired
peptides. An enhanced peptide capture technology, and larger sample sizes would

provide additional information about the mechanisms in the future.
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6.2  The effect of genomic alterations in ETV6::RUNXT leukemia
treatment response

The ETT6::RUNXT subgroup is the second most common subtype of B-ALL.
Patients belonging to this subgroup respond well to chemotherapy and have
excellent outcomes. However, a subset of patients has insufficient response to
induction therapy and increased risk of relapse (Coustan-Smith et al., 2000; Madzo
et al.,, 2003; O’Connor et al., 2018; Wang et al., 2018). In total, around 5-6% of
ETV6::RUNXT cases relapse. Despite the low overall relapse rate, these relapses
accounts for approximately 20% of all ALL relapses, due to the high prevalence of
ETTV6::RUNXT subtype (Kuster et al., 2011; Loh et al., 2006; Norén-Nystrém et al.,
2023). This highlights the need to understand the underlying causes and develop
better treatment strategies for cases with increased risk of relapse. Additionally, the
short- and long-term side effects of leukemia treatment can be severe, making it
important to learn more about the biology of good responders in order to reduce
the burden of current treatment and minimize possible side effects.

In the past, vast majority of genomic studies have focused on the high-risk
subtypes. Genetic risk factors in ETT6:RUNXT7 leukemia have also been
investigated, with a focus on  the relapse rate and OS (Bokemeyer et al., 2014; Brady
et al., 2022; Grausenburger et al., 2016; Stams et al., 2006; van Delft et al., 2011).
Our focus was on the genomic features that underlie early therapy response, a
phenomenon that is closely related to patient outcome.

In CNV analysis, we found several alterations, which associated with treatment
response. The most prominent finding was the deletion of 12p, which was more
frequent in patients with the fast treatment response. This deletion includes multiple
genes, such as KRAS. While activating R4S mutations are among the most frequent
mutations in cancer and occur in about 15% of pediatric B-ALL cases (Irving et al.,
2014; Jerchel et al., 2018; Ward et al., 2012), deletion of KRAS has not been
recognized earlier as a relevant finding (Irving et al., 2014; Messina et al., 2016). Our
findings also strengthen the findings of a recent study in which a nominal association
between 12p deletion and a fast EOI response was found (Brady et al., 2022). In
clinical laboratory, 12p deletion is routinely detected, thereby potentially facilitating
integration of our findings into clinical use. Extra copies of the fusion der(21)t(12;21)
have been associated with more aggressive disease and a higher relapse risk (Fears et
al., 1996; Lilljebjorn et al.,, 2010; Loncarevic et al., 1999; McLean et al.,, 1996).
Consistent with eatlier studies, amplification of der(21) was more frequent in slow

responders in our patient cohort. Additionally, we identified a deletion on chr3,

100



including the TBLL7XR7 gene, which exhibited a higher frequency among slow
responders (MRD at EOC). The TBL7XR7 deletion was recently recognized as the
most significant genetic change in predicting EFS and OS in ETT6::RUNXT
leukemia (Brady et al., 2022).

In the mutational signature analysis, we observed that the COSMIC Signature 2,
also known as the APOBEC signature, correlated with fast early treatment
responses. Overexpression of genes that drive APOBEC signature, namely 434 and
A3B, associate with genes regulating the cell cycle, and .43B expression is known to
be entiched in the G2/M phase of the cell cycle (Ng et al., 2019). Our results also
indicated expression of A3B primarly in cycling cells. In addition, we found that
Signature 1 (clock-like cell-intrinsic process) and Signature 8 (unknown) were more
frequent in slow responders. Signature 1 is detected in more than 98% of pediatric
cancers, and previous studies have linked it to the patient’s age at the diagnosis. To
our knowledge, this is the first time that this signature has been associated with
treatment response. Signature 8 is present in ~20% of all pediatric cancers, and it is
known to arise often due to late replication errors and mutations in HR genes
(Grébner et al., 2018; Singh et al., 2020; Thatikonda et al., 2023). This signature is
often associated with mutations of BRCA7 and BRCAZ2 in breast and ovarian
cancers. However, this signature marks an overall failure in DNA DSBR, which
primarily functions during the late S and G2 phases (Polak et al., 2017).

In 2020, Mehtonen et al. showed that two common features of chemoresistance
in ETT6::RUNXT leukemia are the lack of a resting G1 cell cycle state in diagnostic
leukemia cells and the lack of differentiation-associated regulatory network changes
during induction therapy. These observations were made using a small sample size,
and mostly with scRNA-seq data, so we wanted to explore this more using a larger
sample size. The mutational signature results indicate changes in the cell cycle, and
the earlier findings led us to investigate cell cycle activity at the RNA expression
level. We observed that fast-responding ETT6:RUNXT cases have a higher
proportion of cells in the active cell cycle based on marker gene expression and
regulon activity data. By combining the gene expression findings with evidence of
E2F regulon activity, we reliably linked the active cell cycle to a faster treatment
response in ETT6::RUNXT ALL.

When analyzing IG gene rearrangements, we observed that the slow responders
had more frequently rearrangements in the /GK genes and kappa-deleting elements
than fast responders. This is a surprise, since ETT6::RUNXT -positive leukemia
cells are thought to be arrested at the pro-B cell stage, where IGK light chains are
not yet rearranged (Pine et al., 2003; Sun et al., 2017; van Zelm et al., 2005). Using
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scRNA-seq combined with V(D)] profiling, we confirmed that ETT6::RUNXT cells
acquired enhanced expression of IG light chains during treatment. Moreover, cells
carrying a productive light chain rearrangement were enriched upon the therapy.
Because this phenotype is acquired in healthy BM precursors only upon successful
heavy and light chain recombination (Clark et al., 2013; Herzog et al., 2009; Mischen,
2018), we suggest that slow-responding ETT6::RUNXT cells may have acquired a
survival advantage through the acquisition of active BCR signaling. BCR signaling
can be targeted by BCR-related kinase inhibitors, such as Burton tyrosine kinase
(BTK) inhibitor ibrutinib, which is approved for treatment of some lymphoma types
(Burger and Wiestner, 2018). Preclinical potential of ibrutinib in ALL has been
proven, suggesting that it could be a potential targeted agent for specific ALL cases
with elevated pre-BCR and BCR signaling activity (Burger and Wiestner, 2018; Kim
et al., 2017).

In conclusion, our approach to combining multiomic and treatment response
data revealed genetic alterations and biological processes associated with eatly
therapy responses in pediatric ETT76::RUNXT leukemia. A limitation of our study
is the small number of samples in the WGS analysis, which limited the study power.
We are planning to perform targeted sequencing in a cohort of over 250
ETV6::-RUNXT cases to validate the current findings.
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7 SUMMARY AND CONCLUSION

This thesis investigated novel prognostic biomarkers for T-ALL and the genomic
alterations affecting the treatment response of the ET1/6::RUNXT subtype of B-
ALL.

T-ALL is an aggressive leukemia that lacks well-established prognostic
biomarkers. Aberrant transcriptional regulation and post-translational modifications
are central mechanisms that underlie leukemia development and maintenance. In
this thesis, we discovered two novel genes, PRMT7 and S1X6, as highly expressed in
T-ALL when compared to other leukemia types and healthy T cells. Expression of
PRMT7 was associated with increased oncogenicity, while SIX6 was directly
upregulated by the T'AL7 gene, a well-established oncogene in T-ALL that defines
the largest T-ALL subgroup. Using independent patient cohorts, we showed a
significant association between high SIX6 expression and inferior EFS, whereas high
PRMT7 expression showed a trend toward inferior EFS and OS. Further studies are
needed to elucidate the exact role of these genes in T-ALL pathogenesis and the
clinical relevance of prognostic findings.

ETV6:RUNXT -positive leukemia is a common B-ALL subtype and usually
associated with good outcome. However, suboptimal early therapy response is
associated with increased risk of relapse. Here, we uncovered genetic alterations and
mutational processes that were associated with treatment response. Our study
revealed the genetic and transcriptomic heterogeneity of ETT/6::RUNXT leukemia,
and pave the way for identification of robust biomarkers in future.
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T-cell acute lymphoblastic leukemia (T-ALL) is a hematological malignancy driven by abnormal
activity of transcription factors. Here we report an aberrant expression of the developmental
transcription factor SIX6 in the TAL1-subtype of T-ALL. Our results demonstrate that the binding of
TAL1 and GATAS transcription factors into an upstream enhancer element directly regulates SIX6
expression. High expression of SIX6 was associated with inferior event-free survival within three
independent patient cohorts. At a functional level, CRISPR-Cas9-mediated knockout of the SIX6 gene
in TAL1 positive Jurkat cells induced changes in genes associated with the mTOR-, K-RAS-, and
TNFa-related molecular signatures but did not impair cell proliferation or viability. There was also no
acceleration of T-ALL development within a Myc driven zebrafish tumor model in vivo. Taken
together, our results show that SIX6 belongs to the TAL1 regulatory gene network in T-ALL but is
alone insufficient to influence the development or maintenance of T-ALL.

Keywords: T-cell acute lymphoblastic leukemia, SIX6, TAL1, Event-free survival, aberrant gene
expression

1. Introduction study, 14% of the patients in all age groups
experienced relapse and only three out of 39

T-cell acute lymphoblastic leukemia (T-ALL) is ja0qe patients were alive at the end of follow-

a hematopoietic cancer of lymphoid lineage,
which accounts for 10-15% of pediatric and 25%
of adult acute lymphoblastic leukemia cases [1].
Generally, T-ALL patients have less favorable
outcomes compared to  B-cell acute
lymphoblastic leukemia (B-ALL), but the
survival rates have improved over time,
especially in pediatric patients, as the most recent
NOPHO ALL-2008 protocol had the five year
overall survival rate of 82% in pediatric patients
under 10 year old [2]. That said, in this same

up as the leukemic cells become resistant to
chemotherapeutic drugs currently available [2].
Therefore, there remains an urgent need to better
understand the molecular events underlying the
development and maintenance of T-ALL to aid
the development of targeted and more effective
treatments.

Development and maturation of T-cells is
regulated by a network of transcription factors
(TF) [3-4]. Fittingly, abnormal activity and



expression of TFs is a common feature in
leukemia and T-ALL cases can be grouped based
on the expression of TAL1, LMO1/2, LYLI,
HOXA family, NKX2-1, TLX1, and TLX3
transcription factors [3]. Aberrant expression
patterns are typically a result of indel mutations
or chromosomal rearrangements at coding or
regulatory regions [5]. In addition, the gene
expression subgroups in T-ALL were recently
associated with CpG island methylation
phenotype (CIMP) status, indicating a direct or
indirect role of epigenetics in the regulation [6].
The abnormal activation of TFs by genetic or
epigenetic mechanisms then alters the expression
of multiple other genes.

Here we set out to investigate the expression of
transcriptional regulators across leukemias and
hematological malignancies. We uncovered a
distinct expression of Sine oculis homeobox 6
(SIX6) in T-ALL, and explored its transcriptional
regulation, function and the prognostic value in
T-ALL.

2. Materials and methods

2.1 CRISPR-Cas9 mediated knockout of SIX6
in Jurkat-Cas9 cells

CRISPR guide RNAs were designed with
Desktop genetics online tool (London, UK) and
px321-GFP-gRNA plasmids were transfected to
Jurkat-Cas9 cells using Nucleofector
electroporation  system  (Lonza,  Basel,
Switzerland). Resulting cell pool was single cell
sorted to obtain monoclonal cell cultures and
resulting clones were analyzed for mutations with
T7 endonuclease (New England Biolabs,
Ipswich, MA, USA), Sanger sequencing and
Western blotting.

See Supplementary Materials and Methods for
further details on cell culture, creation and in
vitro characterization of SIX6 knockout cells.

2.2 Next generation sequencing methods and
data origins

For Global Nuclear Run-On sequencing (GRO-
seq), the nuclei isolation was performed on
untreated Jurkat, MOLT-4, CCRF-CEM and
P12-Ichikawa cells (yielding ~5 x 106 nuclei per
condition). The nuclear run-on reaction, library
preparation, and data processing were performed
as previously described [7-10].

For analyzing histone modifications at gene
promoter and enhancer region, histone data from

T-ALL cell lines (Jurkat, MOLT-4, CCRF-CEM
and P12-Ichikawa) were acquired from NCBI
SRA repository (sra-toolkit/2.9.2): GSE68976,
GSE76783, GSE97514, GSE60104[11-14].
ChiP-seq data for TAL1 and GATA3
transcription factors in Jurkat cells (GSE29180)
[15] as well as Hi-C data, that was retrieved for
exploring interactions between genomic regions
in untreated Jurkat cells (GSE122958) [16], were
similarly obtained.

The RNA-seq data of SIX6 KO and wildtype
Jurkat cells was generated and analyzed in this

study and data is available in the Gene
Expression  Omnibus  (GEO) repository:
GSE148658.

Single-cell RNA-seq data has been previously
published by Park et al. [17] and the data was
utilized via Human Cell Atlas Developmental
thymus data portal
(https://developmentcellatlas.ncl.ac.uk/).  Pre-
processed and normalized expression matrix for
RNA-seq data from GFP, LUC, TAL1, GATAS3,
MYB, E2A, HEB, or RUNX1 shRNA treated
Jurkat cells were retrieved from GEO repository
(GSE29179) [15].

See Supplementary Materials and methods for
detailed description of the analyses.

2.3 Hemap resource

Compilation of gene expression data (Hemap)
from the microarray studies of various
hematological and lymphoid malignancies and
healthy tissues that were performed on a uniform
technical platform (Affymetrix HG U133 Plus
2.0) was utilized for comparative gene expression
analyses [18, 19]. Hemap resource is available at
http://hemap.uta.fi/. To study SIX6 expression
specifically among T-ALL subtypes, the data was
clustered as described previously [20].

2.4 Survival analysis of patient cohorts

Transcriptome and survival data of pediatric T-
ALL patients in Nordic, Japanese and TARGET
cohorts [3, 6, 21, 22] were analyzed by
calculating Kaplan-Meier survival estimates, and
the difference between the groups was examined
using the Log-rank test. In all three patient
cohorts, induction failure, relapse, secondary
malignant disease and death by any cause were
counted as events. Inthe Nordic cohort, resistant
disease was also counted as an event. Cox
proportional hazards models were fitted to



estimate the effects of individual risk factors on
survival. The R-packages survminer and/or
survival were applied in order to analyze and
visualize the data.

2.5 Zebrafish experiments

In microinjection experiments, one cell stage
embryos were injected with a mix, which
contained  overexpression  constructs and
rhodamine dextran. The study group was co-
injected with linearized Rag2:mMYC and
Rag2:hSIX6-TdTomato plasmids and the control
group was injected with linearized Rag2:mMY C-
TdTomato plasmid only. All resulting zebrafish
were screened for fluorescence positivity at 21
dpf and 28 dpf. After 28 dpf, only fluorescent
positive animals were followed weekly or every
other week. When over 50% of a zebrafish’s body
turned fluorescent positive, the fish was
considered to have leukemia [23].

3. Results

3.1 Expression of SIX6 is highest within the
TAL1-subtype of T-ALL

We have previously compiled a data set
consisting of gene expression profiles from 9 544
samples, including 385 T-ALL, 1 304 pre-B-
ALL, 1713 AML, 801 CLL, and 247 normal T
lymphocytes (Hemap data) [18, 19]. We have
utilized this data set to find essential
transcriptional regulators and prognostic markers
in hematological malignancies based on the
aberrant gene expression pattern in a disease
entity or subtype [18, 24]. In this in silico screen,
SIX6 came out as a candidate gene with an
abnormal and disease-specific expression pattern
as SIX6 was expressed at low levels in precursor
B-ALL, AML, CML, CLL and in healthy
lymphocytes, but showed an 1.3-fold increased
expression in T-ALL over healthy T lymphocytes
(p-value < 0.001, Figure 1A). To examine the
SIX6 expression in more detail, we clustered T-
ALL samples into transcription factor defined
subtypes and observed high expression of SIX6
in the TAL1 related subtypes (Figure 1B). SIX6
and TALL1 expressions also clearly correlated in
this data set (Figure 1C). In a panel of T- and B-
cell leukemia cell lines, and CD3+ and CD19+
lymphocytes from healthy blood donors, SIX6
expression was strong among the TAL1 subgroup
of T-ALL cell lines (Jurkat, MOLT-4 and CCRF-
CEM), low in CD19+ B-cells and absent in B-
ALL cell lines or CD3+ T-cells (Figure 1D).

SIX6 is a developmental transcription factor that
has an essential function during the eye
development [25-28]. Therefore, we examined if
SIX6 has a developmental role in T-cells as well
by studying its expression at a certain stages of
T-cell development. We utilized single-cell
RNA-seq data that includes cells from the early
double negative to CD4 and CD8 single positive
stages, as well as T-reg, CD8aa+, and yo T cells
[17]. As shown in Figure 1E, distinct expression
of several genes with a well-known function in T-
cell development was observed [29-33], but SIX6
and TAL1 were not expressed in any of the cell
types along the T cell differentiation pathway.

Taken together, our data shows aberrant and
disease specific expression of SIX6 in T-ALL.

3.2 SIX6 expression is regulated by TAL1
through a novel upstream enhancer

Correlation of SIX6 expression to the TAL1
subgroup suggests a regulatory relationship
between the TAL1 and SIX6 proteins. To address
this question, we utilized gene silencing data
generated by Sanda et al. [15]. Silencing of either
TAL1 or GATA3, partners of a known
transcription factor complex [15, 34], triggered
downregulation of SIX6 expression in Jurkat
cells (n = 4, Figure 1F). Downregulation of MYB
had a similar effect on SIX6 expression, likely
contributed by indirect regulation via TAL1 due
to a mutation at the regulatory region of TAL1 in
Jurkat cells that introduces a novel MYB binding
site [35].

ChlIP-seq data for TAL1 or GATAS3[15] did not
uncover any strong binding to the proximal
promoter region of the SIX6 gene, suggesting
that some long-range enhancer elements might be
responsible for the regulation of gene expression
(Figure 2). We employed GRO-seq assay, which
detects nascent RNA expression including short-
lived RNA molecules such as enhancer RNAs
(eRNA) [36], to explore the co-expression of
regulatory elements around the SIX6 gene, and
found an active enhancer element 165 kb
upstream of the SIX6 gene. Three of the
examined cell lines showed prominent co-
expression of SIX6 and the upstream eRNA
(Jurkat, MOLT-4, and CCRF-CEM), while a
SIX6-negative cell line P12-Ichikawa lacked
signal at the enhancer locus. Furthermore,
binding of the TAL1 and GATA3 proteins was
prominent at this enhancer locus.
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FIGURE 1. Expression of SIX6 across hematological malignancies and healthy T-cells. A)
Expression of SIX6 in the Hemap data set. B) Expression of SIX6 in T-ALL subtypes in the Hemap
data set. C) Correlation of TAL1 and SIX6 gene expression in T-ALL samples from the Hemap data
set. D) Expression of SIX6 as measured by qRT-PCR in a panel of T- and B-ALL cell lines and
normal lymphocytes (n=3, all experimental data points and medians are shown). E) Expression of
SIX6 and the indicated genes that are relevant to T-cell and T-ALL development in a single cell RNA-
seq data of human thymic cells; the color indicates the maximum-normalized mean expression, and
the size refers to the proportion of cells expressing the marker genes relative to the absolute number of
cells detected in the data set. F) Expression of SIX6 after silencing of E2A, GATA3, HEB, MYB,

RUNX1 or TAL1 genes (n=4, * = p-value < 0.05).
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FIGURE 2. Regulation of SIX6 expression: enhancer activity and interaction with the SI1X6
promoter as shown by the ChlP-seq, GRO-seq and Hi-C. Transcription factor ChlP-seq data from
Jurkat cells presents the TAL1 and GATAS3 binding at the proximity of the SIX6 gene. GRO-seq results
show nascent transcripts, including eRNA, at this chromatin region from four T-ALL cell lines (Jurkat,
MOLT-4, CCRF-CEM and P12-Ichikawa). Data above the track indicates plus strand and data below
the track minus strand. ChIP-seq results of H3K4me3, H3K4mel and H3K27ac modifications show
enhancer and promoter activity at histone level in Jurkat cells as well as H3K27ac modifications in
CCRF-CEM, MOLT-4 and P12-Ichikawa cells. The y-axis of sequencing data tracks shows the
normalized read density. Hi-C data with long range intersection from Jurkat cells presents the
interactions within the depicted chromatin region, displayed by arcs with the interaction score threshold
value of 30. Color scale of the arcs runs from 0 to 400, with darker colour indicating higher interaction
score. Figure covers the genomic locus Chr14:60,764,025-60,996,944 and dashed boxes highlight the
SIX6 gene locus and the distal enhancer region.



H3K4mel, H3K4me3 and H3K27ac histone
modifications are well established markers for
enhancer and promoter activity with H3K27ac
and H3K4mel being more prominent at enhancer
and H3K4me3 at promoter loci [37]. We aligned
the ChlIP-seq data [11-14] with the GRO-seq
reads in Jurkat cells and observed a strong
enrichment of H3K4mel and H3K27ac signals at
the distal enhancer element along with an
enrichment of H3K4me3 signal at the SIX6
promoter. H3K27ac signal was similarly detected
at the enhancer site in two other SIX6 expressing
cells, MOLT-4 and CCRF-CEM, whereas only a
weak signal was present at SIX6 negative P12-
Ichikawa cells. To further explore whether the
enhancer region associates with the SIX6 gene
locus, we utilized the High-throughput
Chromosome Conformation Capture (Hi-C)
data[16], which confirmed a physical looping and
interaction between the distal enhancer element
and the promoter of SIX6 (Figure 2).

In summary, these observations suggest a direct
regulation of SIX6 through an upstream enhancer
element by a transcription factor complex
containing TAL1 and GATAS.

3.3 High SIX6 expression defines a subgroup
of T-ALL with inferior outcome

To assess the potential clinical relevance of SIX6
expression, we correlated SIX6 to clinical
features in three independent patient cohorts. The
first cohort consisted of 30 pediatric T-ALL
patients treated according to the Nordic NOPHO
ALL-2008 protocol [2, 6]. The median
expression of SIX6 was used as a cut-off, and the
Kaplan-Meier method was used to estimate the
association of S1X6 to prognosis (Supplementary
Figure S1A). Patients with higher than median
SIX6 had inferior event-free (EFS) and overall
survival (OS), although the difference did not
reach statistical significance (Figure 3A and
Supplementary Figure S2A), possibly due to the
low number of cases analyzed.

The finding was replicated in a Japanese patient
cohort of 119 pediatric T-ALL patients [21],
where the higher than median expression of SIX6
was similarly associated with worse EFS (Log
rank test, p-value = 0.056, HR 1.82, 95% ClI,
0.975 to 3.39; Figure 3B).

In order to further validate the results and attain
greater statistical power, we retrieved expression
data and clinical information from the TARGET
trial that included 264 pediatric T-ALL cases [3,

22]. We plotted SIX6 expression distribution, and
categorized the data into three groups, SIX6low,
SIX6medium, and SIX6high, based on the
intensity of expression (see Supplementary
Figure S1B). As shown in Figure 3C, SIX6
expression level was associated with EFS as
SIX6low cases had EFS of 94% (95% ClI, 89% to
99%), SIX6medium 90% (95% ClI, 84% to 96%),
and SIX6high 80% (95% CI, 70% to 92%). The
difference between the SIX6low and SIX6high
groups was statistically significant (Log rank test,
p-value = 0.011).

The Cox proportional hazards model was fitted to
the TARGET data to estimate the effect of known
risk factors (age, WBC, MRD) and SIX6 and
TALL1 expression. In the univariate model, high
levels of SIX6 (>g80) showed significantly
increased hazard (HR = 3.15, 95% CI, 1.22 to
8.14, p = 0.02). Similarly, in the multivariate
model with covariates (age, WBC, MRD, SIX6,
TAL1), high levels of SIX6 manifested a
statistically ~ significant  predictive  value
independent of other clinical markers (Table 1).
Notably, SIX6high was a stronger predictive
marker than the end-of-induction MRD (positive
but below 5%).

As the high expression of SIX6 associates with
the T-ALL subgroup defined by the TAL1 gene
expression, we explored whether the TAL1 had a
similar (and collinear) prognostic impact.
TALL1high cases showed a trend of inferior EFS
(p-value = 0.31) but no difference in OS in
TARGET cohort (Supplementary Figure S2D).
Despite the rather robust correlation of SIX6 and
TAL1 expression (r =0.64, p <0.001, Figure 1C),
SIX6 presented as an independent risk factor in
the Cox proportional hazards model, even in the
presence of an SIX6/TALL interaction term.

3.4 Knockout of SIX6 affects critical T-ALL
genes involved in mTOR, KRAS, and TNFa
molecular signatures

Having established that SIX6 is associated with
clinical response in T-ALL patients, we next
sought to determine the potential molecular
mechanism underlying this observation and
employed CRISPR-Cas9 to silence the
expression of SIX6 in TAL1 positive Jurkat T-
ALL cell line (Figure 4A, Supplementary Figure
S3).

RNA-sequencing of the isogenic wild-type and
knockout Jurkat cells (SIX6-KO6) revealed 113
significantly up- or down-regulated genes with
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FIGURE 3. Association of SIX6 expression with patient survival.
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and SIX6M9" based on the intensity of expression, in the TARGET cohort.

LogFC of over 2 or under -2 (n=3, adjusted p-
value <0.001, Figure 4B). Among the targets
were interleukin 7 receptor (IL7R), which is a
critical cell survival factor in T-ALL[38], Jagged
Canonical Notch Ligand 1 and 2 (JAG1 and
JAG2), which are part of the Notch signaling
pathway[39], and cyclin D2 (CCND2). Since
JAGL1 is an activating ligand of Notchl, we
explored whether Notchl cleavage was affected
by SIX6 knockout but found no difference
between the wild-type and knockout Jurkat cells
(Supplementary Figure S4).

We next sought to determine the role of SIX6
expression in the maintenance of tumor growth.
Firstly, given its previous association with cell
cycle regulation [25], we tested whether loss of
SIX6 gene expression alone could affect cell
cycle, proliferation or apoptosis. However,
knockout of SIX6 did not affect any of these
phenotypic features (Figure 4C-D,
Supplementary Figure S5A).

Therefore, we next explored the cellular
pathways affected by the SIX6 knockout by
applying gene set enrichment analysis (GSEA),
which manifested enrichment of mTOR-, KRAS-
, and TNFo-related molecular signatures with
normalized enrichment scores (NES) of 3.7, 2.0,
and 2.1, respectively (FDR g-value < 0.05)
(Figure 4E, Supplementary Figure S6A-B). A
closer examination of the mTOR pathway
uncovered statistically significant alterations in
several genes (LogFC > 0.5 or < -0.5, n = 3,
adjusted p-value < 0.001; Figure 4F). To further
investigate the effect of the knockout to mTOR
pathway, we treated wild-type and knockout
SIX6 cells with temsirolimus. However, no
significant differences in drug sensitivity were
observed between the wild-type and knockout
cells (Supplementary Figure S5B). We also noted
statistically significant changes in the expression
of KRAS- and TNFa-pathway related genes such
as VEGFA, CD69, TERT, and CD1A
(Supplementary Figure S6C-D). Similarly, many



of SIX6 in pediatric T-ALL from TARGET data.

Table 1. Multivariate and univariate analyses of the event-free survival based on expression level

MULTIVARIATE UNIVARIATE
HR 95% CI p-value HR 95% Cl p-value
N
Age (years)
<10 147 |1.00 * 1.00 *
210 117 |0.94 0.46,1.93 0.88 0.86 0.42,1.74 0.67
WBC (10°/1)
<50 91 |1.00* 1.00 *
250 173 |1.32 0.58, 3.01 0.51 1.53 0.69, 3.41 0.30
MRD at EOI
<0.1% 172 |1.00 * 1.00 *
20.1% 92 1.66 0.80, 3.47 0.18 1.30 0.64, 2.64 0.46
TAL1 expression
<median @ 132 |1.00 * 1.00 *
>median @ 132 |1.00 0.43,2.33 1.00 1.44 0.71,2.92 0.31
SIX6 expression
0 100 |1.00* 1.00 *
>0 and <q80 P 111 |1.85 0.70, 4.92 0.22 1.80 0.72,4.45 0.21
>q80 b 53 |3.46 1.10, 10.86 0.03 1 3.15 1.22,8.14 0.02 1

SIX6 remained stable.

t marks statistically significant results (p<0.05).

Cox proportional-hazards regression calculated for known risk factors. SIX6 expression was treated as a
factor. When the interaction term of SIX6 and TAL1 expression was introduced to the model, the effect of

HR: hazard ratio; Cl: confidence interval; WBC: white blood cell count;
MRD: minimal residual disease; EOI: end of induction.
* marks reference groups of each categorical variable.

2median of the TAL1 expression (Log2(FPKM + 1)) is 2.45.
b 80t quantile of the SIX6 expression (Log2(FPKM + 1)) is 4.85.

of the known SIX6 target genes, including
CDKN2C, CDKN2D, and CDKN1B, were
repressed (Supplementary Figure S6E).

As treatment resistance is a common challenge in
T-ALL, we explored if the knockdown altered
response to ALL chemotherapies, such as
dexamethasone, prednisolone, vincristine,
asparaginase and doxorubicin, as well as a
tyrosine kinase inhibitor dasatinib, but observed
no differences in drug responses (Supplementary
Figure S5C).

SIX3 is a related member of the SIX family and
shown to be able to compensate for the loss of
SIX6[40]. This prompted us to determine if the
lack of differential drug response was due to
compensation by other SIX family members and
we observed a modest increase in SIX3
expression (LogFC = 0.33, p-val = 0.019; Figure
4G), but not in others.

3.5 Overexpression of SIX6 does not
accelerate progression of T-ALL in zebrafish

The SIX6 gene is an important developmental
transcription factor and we therefore asked



whether ectopic expression might affect
leukemia maintenance or progression. To this
end, we utilized a Rag2:mMYC zebrafish model
of T-ALL [41]. Expression of the endogenous
zebrafish SIX6 gene was low in this model,
providing a suitable tool to assess the impact of
SIX6 overexpression to the progression of T-
ALL (Supplementary Figure S7A). Zebrafish,
co-injected with the Rag2:mMyc and the
Rag2:hSIX6-TdTomato constructs at one cell
stage, were compared to control zebrafish
injected with the Rag2:mMYC-TdTomato
construct only. The majority of the injected
zebrafish in both study groups reached leukemia
at 49 dpf, but no significant difference was
observed between the injection groups (Figure
4H). All animals in the study developed T cell
lineage leukemia (Supplementary Figure S7B).

4, Discussion

We show here that the SIX6 gene is absent in
healthy differentiating or mature T-cells but
aberrantly expressed in a subset of T-cell acute
leukemias, the TAL1 subgroup. Its expression is
regulated by the TF complex containing TAL1
and GATA3, which are a part of the “core
transcriptional regulatory circuit” in T-ALL [15].
Knockdown of SIX6 caused expression changes
in genes belonging to mTOR, KRAS and TNFa
molecular signatures, which are closely related to
T-ALL proliferation, survival and apoptosis [42-
45]. However, we did not notice any major effect
on cell cycle, proliferation or apoptosis in SIX6
knockout cells, or T-ALL progression in a SIX6
overexpression model in zebrafish. High levels of
SIX6 were associated with an inferior EFS in
three independent patient cohorts.

SIX6 is a member of SIX homeobox family of
TFs [46] and these proteins can function both as
transcriptional activators and repressors [25, 26,
47-52]. For example, the SIX6-DACH1
interaction is important for repressing CDKN1B,
which is an inhibitor of the G1/S transition in the
cell cycle [25, 52]. Under normal circumstances,
SIX family TFs mainly function during eye
development, but have been detected in several
other developmental contexts and tissues [46, 53,
54].

Abnormal expression of SIX6 has been
discovered in several cancers including T-ALL
[55-61], and previous studies have associated
SIX6 expression with the TALL subgroup [56,
59]. However, its role in T-ALL has not been

thoroughly studied before. The expression of
SIX6 in T-ALL exceeds that of the normal
developing retina, suggesting a biologically
relevant expression level with the potential to
impact the phenotype of T-ALL [57]. Nagel et al.
(2018) reported that overexpression of SIX6
reduced expression of the cyclin-related kinase
inhibitors CDKN1A and CDKN2D in Jurkat
cells. However, this did not translate into a
significant change in the cell-cycle progression
[58]. In our knockout model, several cyclin-
related kinase inhibitors (CDKN2C, CDKN2D
and CDKN1B) were repressed, but this affected
neither the cell cycle nor proliferation. The
deletion of SIX6 did not reduce cell viability or
contribute to increased drug resistance. The
redundancy of SIX6 and its subfamily member
SIX3 may explain this lack of effect. SIX6 and
SIX3 are together indicated as the major SIX
proteins in the retina and are expressed at
multiple points during the development of the eye
and several other tissues [26-28, 46]. Functional
and structural similarities may allow SIX6 or
S1X3 to compensate for the loss of other [40].

TALL is a part of the core TF network in T-ALL
and regulates a wide array of genes including the
homeobox gene NKX3-1[57]. Previous studies
have suggested NKX3-1 and its close relative,
NKX3-2, as drivers of abnormal expression of
SIX6 in T-ALL since the SIX6 gene has a
functional binding site for these TFs in its exonic
region [57, 58]. Moreover, direct regulation of
NKX3-1 by the TALL/GATA3/LMO complex
has linked SIX6 mechanistically to the TAL1
subgroup. Yet, to our knowledge, the correlation
between the expression of NKX3-1 and SIX6 has
not been experimentally proven, and Nagel et al.
(2012) reported that two out of five SIX6-positive
T-ALL cell lines did not express NKX3-1. On the
other hand, the silencing of NKX3-2 reduced, and
upregulation increased, expression of SIX6 in T-
ALL cell lines, suggesting that NKX3-2 could
regulate SIX6 [58]. We present here an
alternative regulatory pathway by showing that
SIX6 is controlled by the TAL1 transcription
factor through a direct binding to an upstream
enhancer element. The same binding site is also
occupied by GATAS3, suggesting that the
regulation takes place through a classical TF
complex in T-ALL. The activity of this enhancer
region was correlated with the expression of
SIX6 and Hi-C data shows looping and
interaction between the upstream enhancer
element and the promoter of SIX6.
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FIGURE 4. Effect of manipulating SIX6 expression on transcriptome, proliferation and apoptosis
in Jurkat cell line, and disease progression in zebrafish T-ALL model. A) Western Blot experiment
showing the protein levels of SIX6 in negative control, positive control and the SIX6-KO6 knockdown
cells. Quantitation is relative to the Jurkat-Cas9 cell line. B) Heatmap of genes with LogFC of > 2 or
< -2 (n = 3, adjusted p-value < 0.001) from edgeR analyses of Jurkat wild-type and SIX6 knockout
cells. Effect of SIX6 knockout on C) cell cycle and the number of proliferating cells (EdU assay) and
D) apoptosis (AnnexinV-PI staining). Bar plots indicate the mean value and SEM (n = 3). E) Enrichment
of the mTOR related molecular signature in LogFC ranked genes of SIX6 knockout cells. F) Expression
of genes from the mTOR-pathway related gene signature in the RNA-seq data from Jurkat wild-type
and SI1X6 knockout cells (LogFC of > 0.5 or <-0.5, n = 3, adjusted p-value < 0.001. G) Expression of
SIX family members in the RNA-seq data of Jurkat wild-type and SIX6 knockout cells. H) Kaplan-
Meier analysis of Rag2:hSIX6-TdTomato + Rag2:mMYC injected zebrafish, and Rag2:mMYC-
TdTomato injected control zebrafish. Leukemic zebrafish were defined as having over 50% of their
body overtaken by T-ALL cells. The number of animals analyzed per genotype is shown in parenthesis.



Furthermore, the silencing of GATA3 or TAL1
caused downregulation of SIX6 expression.

RNA-seq analysis of SIX6 knockout cells
revealed changes in many known leukemia- and
T-ALL-related genes, including CCND?2,
TFAP2C, and IL7R. In addition, several genes
from the mTOR-related molecular signature
showed differential expression in the SIX6
knockout cells, but they did not contribute to
sensitivity to temsirolimus, an mTOR inhibitor.
As SIXG6 is likely part of a larger TF network, the
absence of a single member of the complex may
be tolerated or compensated by the cells.

Interestingly, high SIX6 was associated with
inferior treatment response and prognosis in three
independent T-ALL cohorts. Although the
prognosis of T-ALL has improved during the past
decades with fewer events such as relapse,
resistant disease or death, it is still lagging behind
that of B-ALL [2]. In contrast to B-ALL, where
many subtypes with well-known prognostic
features have been recognized, T-ALL is still
lacking clinically used predictive markers [62].
In a multivariable Cox model, the three most
discriminating variables were the oncogenetic
classifier, MRD, and white blood cell count. Here
we show that high expression of SIX6 is
statistically significantly and independently
associated with the EFS. Our data suggest that
SIX6 could serve as a marker to flag the cases
with increased risk to outcome-associated events
in T-ALL.
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Simple Summary: Approximately 15-25% of acute lymphoblastic leukemias (ALL) originate from
T-lineage cells. The prognosis of T-ALL is less favorable than in B-ALL and patients experience
more often relapse, which is associated with dismal survival. No established prognostic biomarkers
exist for T-ALL. Here, we identified the high expression of PRMT7 in T-ALL cells. Genetic deletion
of PRMT7 decreased the colony formation of T-ALL cells and altered arginine monomethylation
patterns in protein complexes associated with RNA and DNA processing. Moreover, several proteins
with an established role in the pathogenesis of T-ALL had disrupted arginine monomethylation
patterns. Among them was RUNX1, whose target gene expression was consequently deregulated.

Abstract: T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy
with no well-established prognostic biomarkers. We examined the expression of protein arginine
methyltransferases across hematological malignancies and discovered high levels of PRMT7 mRNA
in T-ALL, particularly in the mature subtypes of T-ALL. The genetic deletion of PRMT7 by CRISPR-
Cas9 reduced the colony formation of T-ALL cells and changed arginine monomethylation patterns
in protein complexes associated with the RNA and DNA processing and the T-ALL pathogenesis.
Among them was RUNX1, whose target gene expression was consequently deregulated. These results
suggest that PRMT7 plays an active role in the pathogenesis of T-ALL.

Keywords: Leukemia; T-ALL; arginine methylation; PRMT7; RUNX1

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malig-
nancy that accounts for approximately 15-25% of pediatric and adult ALL [1]. In contrast
to B-cell acute lymphoblastic leukemia (B-ALL), the prognosis of T-ALL is less favorable
despite significant improvements during the last decade [2]. Five-year event-free survival
(EFS) and overall survival (OS) were 74% and 75% in the NOPHO ALL2008 study [3], to
76.3% and 81.2% in the AIEOP-BFM-ALL2000 study [4], 83.8% and 89.5% in the AALL0434
study [5], and 84.6% and 90.9% in the UKALL2003 study [6]. The prognosis differs among
age groups, as the five-year EFS was 80%, 74%, and 64% for age groups 1-9, 10-17, and
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18-45 years in the NOPHO ALL2008 study, respectively, and showed 15-20% improvement
compared to previous protocols in the study group [3]. T-ALL patients more often expe-
rience failure of induction therapy or suffer from an early relapse, which are associated
with a dismal prognosis [2,3]. In the NOPHO ALL2008 study, 14% of T-ALL patients
relapsed. Overall, only three out of the 39 relapsed patients were alive at the time of the
last follow-up [3]. Hence, there is an evident clinical need for more efficient therapies,
especially for relapsed and refractory T-ALL.

Protein Arginine Methyltransferase 7 (PRMT7) belongs to the PRMT family, which
consists of nine arginine methyltransferases [7-9]. In eukaryotic cells, they catalyze reac-
tions where a methyl group from the S-adenosyl-L-methionine is transferred to an arginine
residue on protein substrates. Methylation of arginine residue increases the bulkiness of
the side chain of the protein, decreasing the hydrogen bonding potential and altering the
binding of methylarginine to protein modules that read the arginine methylation marks,
such as the PHD finger, Tudor domain, and SH3 domain [10-14].

PRMTY7 is classified as a type III arginine methyltransferase because it generates only
w-monomethyl arginine (MMA) residues to its substrates, typically at basic RXR sequences
in peptides and histones. In contrast to other PRMT enzymes, PRMT7 has two AdoMet-
binding sites [7] and participates in many cellular processes, including transcriptional
regulation, DNA damage repair, RNA splicing, cell differentiation and proliferation, and
ability to metastasize, all of which are altered in cancer [8,9,15,16]. In breast cancer, renal
cell carcinoma, and non-small-cell lung cancer, the high expression of PRMT7 has been
associated with metastasis or decreased survival [15-18].

PRMTY7 is an attractive target protein, as there are potential inhibitors available. A
cell-active chemical probe inhibited the activity of PRMT?, leading to the silencing of
HSP70 family proteins [19]. Another compound, a dual PRMT5-PRMT? inhibitor, DS-437,
decreased the cell proliferation and migration of human breast cell cancer cells (MDA-MB-
231) by inhibiting PRMT5 and PRMT7 activity [20].

The role of PRMT enzymes in hematological malignancies is poorly characterized.
Therefore, we examined the expression of the PRMT enzymes across hematological malig-
nancies, particularly leukemias, and focused on the role of PRMT7 in T-ALL pathogenesis
and prognosis.

2. Materials and Methods
2.1. Gene Expression Analysis

The HEMAP interactive online resource (http://hemap.uta.fi/, accessed on 1 March
2019) includes gene expression data from microarray studies of various hematological and
lymphoid malignancies and healthy tissues performed on a uniform technical platform
(Affymetrix HG U133 Plus 2.0) [21,22]. The clustering of different T-ALL subgroups was
performed as described previously by Laukkanen et al. [23,24]. The Human Cell Atlas De-
velopmental thymus data portal (https://developmentcellatlas.ncl.ac.uk/datasets/HCA_
thymus/, accessed on 9 June 2020) was used to characterize PRMT7, ILR7, MYC, MYB,
GATA3, TAL1, NOTCH1, and RAG2 gene expression during human T-cell development [25].

2.2. Protein Expression and Immunohistochemistry

For protein extraction, cells were lysed with CellLytic M reagent (Sigma-Aldrich, Saint
Louis, MO, USA) according to the manufacturer’s instructions. Protein samples were
subjected to Mini-PROTEAN® TGX Stain-Free™ Precast 10% or 12% gels (Bio-Rad) and
transferred to 0.2 uM PVDF membranes using the Trans-Blot Turbo Transfer Pack and
Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were processed using standard
procedures, with PRMT7 (1:1000 in 3% BSA, #14762, Cell Signaling Technology, Danvers,
MA, USA), Histone H3 (1:10,000 in 3% BSA, #9715S, Cell Signaling Technology, Danvers,
MA, USA), and Horseradish peroxidase conjugated anti-rabbit (1:5000 in 3% BSA, #7074S,
Cell Signaling Technology, Danvers, MA, USA) antibodies. Cell Amersham ECL Reagent
(GE Healthcare, Chicago, IL, USA) was used for the chemiluminescence reaction, and
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chemiluminescence was detected with ChemiDoc™ XRS+ using Image Lab™ Software
(Bio-Rad, version 6.0.1, Hercules, CA, USA). PageRuler Plus prestained protein ladder
(Thermo Fisher Scientific, Waltham, MA, USA) was used as a reference for protein size.
Quantitation was performed using Image] software (version 1.59i) [26].

For the immunohistochemistry (IHC) of cell lines, cell pellets were collected from
~50 million cells via formalin fixation and paraffin embedding (FFPE). Tissue microarrays
(TMA) of decalcified FFPE bone marrow trephine samples of pediatric ALL patients were
used for IHC as previously described [27]. Briefly, the PRMT7 antibody (1:1000, #14762,
Cell Signaling Technology, Danvers, MA, USA) and Ultraview Universal DAB kit were
used for immunostaining. Then, the stained glass slides were scanned with the Hamamatsu
Nanozoomer XR using a 40 x magnification, and QuPath software (version 0.2.3) [28]) was
applied for image analysis and the quantification of PRMT7 expression in leukemic blasts.

2.3. Cell Culture and Knockout Lines

CRISPR guide RNAs were designed with the Desktop genetics online tool (London,
UK) and cloned into GFP fluorochrome marker containing vector px321-GFP (PRMT7-2: 5'-
TGAACACTATGATTACCACCAGG-3/, PRMT7-3: 5'-ACCACCAGGAGATTGCAAGG-3/,
PRMT7-5: 5'-AAGGCCTTGGTTCTCGACAT-3'). Jurkat cells, which stably express Cas9
enzyme (Jurkat-Cas9), were transfected with 2 ug of the plasmids (EV, PRMT7-2, PRMT7-3,
and PRMT7-5) using 4D Nucleofector electroporation equipment (Lonza) and electropora-
tion program CL-120 with the SE solution. After 24 h, GFP positive cells were single-cell
sorted into 96-well plates in conditioned media that contained 20-40% of media harvested
from cultured Jurkat and Jurkat-Cas9 cells and 60-80% RPMI 1640 media. PRMT7 knockout
cells for the Molt-4 line were obtained from Synthego (Synthego Corporation, Menlo Park,
CA, USA). The bulk cells were single-cell sorted into 96-well plates in conditioned media
containing 40% of media harvested from unmodified and modified Molt-4 cells and 60% of
RPMI-1640 media. Single-cell clones were screened for mutations with T7 endonuclease
(New England Biolabs, Ipswich, MA, USA) and confirmed by Sanger sequencing (DNA se-
quencing and genomics service, University of Helsinki, Helsinki, Finland). MutationTaster2
was used to study the functional effects of the mutations and to predict the disease-causing
potential of DNA variants [29].

The Jurkat and Molt-4 cell lines and their derivatives were cultured in RPMI 1640 Medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with 2 mM L-glut, 100 U penicillin,
and 100 ug/mL streptomycin with 10-20% FBS (Gibco). Cas9-expressing Jurkat cells
were obtained from Jan Cool’s lab (VIB, Leuven, Belgium), whereas the unmodified and
knockout cells from the Molt-4 line were purchased from Synthego (Synthego Corporation,
Menlo Park, CA, USA). Mycoplasma testing was conducted on a regular basis for all cell
lines, and STR genotyping was performed in Eurofins Genomics (Ebersberg, Germany) to
authenticate the Jurkat Cas9 cell line.

2.4. Functional Studies

A Click-iT™ EdU Alexa Fluor™ 647 Flow Cytometry Assay (Invitrogen, Carlsbad,
CA, USA) was used to study the cell cycle. Staining was performed according to the
manufacturer’s instructions, adding 1 uL of EdU to 1 x 10° cells in 1 mL and incubating at
37 °C for 1 h. Apoptosis was measured using the Annexin V Apoptosis Detection Kit-APC
(eBioscience, Thermo Fisher Scientific) according to the manufacturer’s instructions. EAU
and apoptosis assay results were recorded using BD FACS Canto II (BD Biosciences, San
Jose, CA, USA).

For cell viability assay, 10,000 cells per cell line were seeded into a 96-well plate in
100 ul of growth media and incubated for the indicated times at 37 °C in 5% CO,. Cell
viability was measured using a CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) at the time points 0 h, 24 h, 48 h, and 72 h.

For colony formation analysis, MethoCult media was prepared by adding 600 uL
of RPMI-1640 medium into 2.4 mL of methylcellulose-based MethoCult medium (H4230,



Cancers 2022, 14,2169

40f18

Stemcell Technology). Cells were harvested and added into the MethoCult medium at a
concentration of 10,000 cells/mL. Thereafter, 1.1 mL of MethoCult mixture containing cells
were plated into 6-well plates with 1000 cells per well. Cells were incubated at 37 °C in a
5% CO; incubator for 14 days. Colonies were imaged at day 10 or 14 with a Nikon AZ100
Fluorescence Macroscope (Nikon, Minato, Tokyo, Japan).

2.5. Mass Spectrometry-Based Arginine Monomethylation Analysis

For protein extraction, 1 X 108 cells were collected from J-EV, J-KO3, and J-KO5
cells (n = 6). Proteins were extracted using a Urea lysis buffer (200 mM HEPES pH 8.0
(Sigma-Aldrich), 9 M urea (Thermo Fisher Scientific), 2.5 mM sodium orthovanadate
(Sigma-Aldrich), 1 mM sodium pyrophosphate (Sigma-Aldrich), 1 mM 3-glycerophosphate
(Cayman Chemical, Ann Arbor, MI, USA)), and lysates were sonicated (1 min, pulse 1 sec
on/off with 40% amplitude, three times) using a Vibracell 500-Watt ultrasonic processor (VC
505) sonicator (3 mm microtip) (Sonics & Materials Inc., Newtown, CT, USA) to break apart
the DNA. Samples were processed according to PTMScan® Mono-Methyl Arginine Motif
[mme-RG] kit (Cell Signaling Technology) protocol. Shortly, proteins were digested by
proteases, and the resulting peptides were purified by reversed-phase extraction. Peptides
were then subjected to immunoaffinity purification. Unbound peptides were removed
through washing, and the captured MMA-containing peptides were eluted with dilute acid.
The enriched peptides were analyzed with a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific). Label free quantification was carried out in the peptide isoform level.
Abundance values were calculated based on intensities of peptide precursor ions.

2.6. LC-MS/MS Analysis

The LC-ESI-MS/MS analyses were performed on a nanoflow HPLC system (Easy-
nLC1200, Thermo Fisher Scientific) coupled to the Q Exactive HF mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) equipped with a nano-electrospray ionization
source. Peptides were first loaded on a trapping column and subsequently separated inline
on a 15 cm C18 column (75 pm X 15 cm, ReproSil-Pur 3 um 120 A C18-AQ, Dr. Maisch
HPLC GmbH, Ammerbuch-Entringen, Germany). The mobile phase consisted of water
with 0.1% formic acid (solvent A) and acetonitrile/water (80:20 (v/v)) with 0.1% formic
acid (solvent B). Peptides were eluted with a 120 min gradient: from 2% to 39% of solvent
B in 105 min, from 39% to 100% solvent B in 10 min, followed by wash for 5 min at 100% of
solvent B. MS data were acquired automatically by using Thermo Xcalibur 4.1. software
(Thermo Fisher Scientific). An information dependent acquisition method consisted of an
Orbitrap MS survey scan of mass range m/z 300-1750 followed by HCD fragmentation for
the most intense peptide ions.

Database searches were performed using Proteome Discoverer 2.4 software (Thermo
Fisher Scientific) connected to in-house Mascot 2.7.0 search engine software (version 2.7.9,
Matrix Science, Boston, MA, USA) against the UniProt Swiss-Prot (version 2021_02) Homo
sapiens protein database [30]. Search criteria were the following: trypsin as an enzyme;
cysteine carbamidomethylation as fixed modification; arginine methylation, lysine methy-
lation, methione oxidation, and N-terminal acetylation as variable modifications; peptide
mass tolerance 10 ppm; and MS/MS ion tolerance 0.02 Da. Label free quantification, vali-
dation, and filtering of the results were performed using Proteome Discoverer 2.4 software
(version 2.4, Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Survival Analysis

The gene expression of PRMT7 was explored in the context of patient survival from
pediatric T-ALL patients in two different cohorts (TARGET, n = 264; Japanese leukemia
group, n = 119) [31-33]. The Kaplan-Meier method was used to estimate survival and
the group differences were tested by using the log-rank method. The events included
induction failure, disease progression, relapse, secondary malignant disease, and death
by any cause. The Cox proportional hazards model was used to examine the association
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of individual risk factors with patient survival. The proportionality assumption was
tested with Schoenfeld residuals. The R-packages survminer and survival were used for
data visualization and ordered expression graphs were plotted. The R (v. 3.6.2) software
environment (R Foundation for Statistical Computing, Vienna, Austria) was used for
statistical analyses.

2.8. RNA Sequencing

Library preparation and RNA sequencing of cell lines from unmodified Jurkat and
Molt-4 cells and PRMT7 knockout lines were performed by Novogene (Cambridge, UK).
The quality of the raw sequencing reads was ensured with FastQC (v0.11.8). The reads were
mapped to the human reference genome version hg19 using STAR aligner software (2.5.3a
modified). Reads aligning to more than two locations were discarded. The alignment file
was turned into tag directories, and read counts were calculated using the HOMER toolkit
(v.4.11). Differential gene expression was analyzed using the quasi-likelihood F-test from
edgeR R-package. Volcano plots were drawn using the R-package ggplot2 Volcano plot
function, combining the three biological replicates and using log2 fold changes values and
FDR values [34].

2.9. Enrichment Analysis

Gene lists with up- and downregulated genes were analyzed using the online web
server Enrichr (release March 2021) [35-37]. The analysis was performed based on gene
sets from transcription factor (TF) perturbations followed by expression. In order to test
whether the RUNX1 target gene expression was affected by the PRMT7 KO, we specifically
selected the significant RUNX1 related terms (GSE40155, GSE29639, GSE47375, GSE46970,
GSE34292) (p-value < 0.05).

2.10. Statistical Analyses

The R (v. 4.0.2) software environment (R Foundation for Statistical Computing, Vi-
enna, Austria) and Microsoft Excel (Redmond, WA, USA) were used in statistical analyses.
The Wilcoxon test was used to compare the statistical significance of differences in gene
expression of different leukemia types. All in vitro experiments were performed in three or
more independent biological replicates, and the students’ t-test was used to analyze the sta-
tistical significance of differences. All statistical tests were two-tailed, and a p-value < 0.05
was considered statistically significant. In mass spectrometry-based arginine monomethy-
lation analysis, statistical testing was performed with a two-tailed Student’s t-test, and
p-values were adjusted following the Benjamini-Hochberg procedure [38] to account for
multiple testing. Human KEGG pathway data were downloaded on 20 January 2022 from
the Kyoto Encyclopedia of Genes and Genomes (KEGG) REST server using R package
KEGGREST [39]. Human protein complexes were defined based on the CORUM database
3.0 release [40]. Unsupervised clustering was performed using Pearson’s correlation as
distance metric and Ward’s linkage method.

3. Results
3.1. PRMTY7 Is Strongly Expressed in Mature T-ALL

We recently published global gene expression data of various hematologic malignan-
cies and healthy tissues comprised of 9544 expression profiles, including 4430 leukemias
(385 T-ALL, 1304 pre-B-ALL, 1713 acute myeloid leukemia (AML), and 801 chronic lym-
phocytic leukemia (CLL), 1306 lymphomas (208 T-cell lymphoma (TCL) and 743 dif-
fuse large B-cell lymphoma (DLBCL), and 428 healthy samples (247 T-lymphocytes and
75 B-lymphocytes) (Hemap resource (http:/ /hemap.uta.fi/hemap/index.html, accessed on
1 March 2019), [21,22]). Using this data set, we evaluated the expression of the PRMT family
of genes in various leukemias, lymphomas, and healthy B- and T-lymphocytes. Overall,
genes of the PRMT family exhibited moderate and relatively even expression across hema-
tological malignancies, with few exceptions. PRMT3 and PRMT5 were markedly decreased
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in CLL, while PRMT5 and PRMT7 were increased in T-ALL (Figures 1a,b and Sla). The
expression of PRMT7 was approximately 2.6-fold higher in T-ALL compared to healthy
T-lymphocytes (p-value < 0.01), whereas PRMT5 was 1.5-fold higher in T-ALL compared to
T-lymphocytes (Figure 1a and Figure S1 and Table S1).
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Figure 1. PRMT7 expression in hematological malignancies and healthy T-cells. (a) Expression
of PRMT7 in leukemias (n = 4430), lymphomas (1 = 1306), and healthy cells (n = 428) in Hemap
dataset (p-values presented in Table S1); (b) summary of expression of all PRMT family genes in
T-ALL; (c) expression of PRMT?7 in subgroups of T-ALL (HOXA vs. TAL1/LMO1 p = 0.003, HOXA
vs. LYL1/LMO2 p = 0.026, HOXA vs. TLX3 p = 0.010, HOXA vs. TLX1 p = 0.006, HOXA vs. NKX2-1
p =0.845, LYL1/LMO?2 vs. HOXA p = 0.025, LYL1/LMO2 vs. TAL1I/LMO1 p = 1.098 x 10~°, LYL1/LMO2
vs. TLX3 p = 2.368 x 107, LYL1/LMO2 vs. TLX1 p=9.859 x 108, and LYL1/LMO2 vs. NKX2-1
p =0.198, TAL1/LMO2 n = 171, HOXA n = 56, LYL1/LMO2 n = 54, TLX3 n = 35 and NKX2-1 n = 11);
(d) expression of PRMT7 mRNA in T- and B-ALL cell lines as measured by qRT-PCR (1 = 3).; and
(e) expression of PRMT7 and the selected essential T-cell developmental genes during the T-cell
differentiation and maturation process at single-cell resolution. Color indicates the mean expression
and size the proportion of cells expressing the gene relative to the absolute number of cells detected
in the dataset.

From here onwards, we focused our attention on PRMT7 in T-ALL due to its strong
expression in T-ALL in relation to healthy T cells. Among the genetic subgroups of T-ALL,
PRMT?7 expression levels were significantly higher in the mature subtypes of T-ALL than
in the more immature LYL1/LMO2 and HOXA-associated T-ALL (Figure 1c). Out of the
tested leukemia cell lines, T-ALL-derived cells had the highest level of PRMT7 mRNA by
RT-qPCR (Figure 1d).
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At the protein level, PRMT7 expression was examined in 84 bone marrow biopsies
that included T-ALL (n = 6) and B-ALL (n = 78). Two out of the six T-ALL cases showed
strong staining, with 49% and 57% of the blasts positive, while two cases showed weak
staining and two remained negative (Figure S1b). Weak to moderate expression of the
PRMTY protein was noted across subtypes of B-ALL (Figure S1b).

To determine whether the expression of PRMT7 was present during the development
and maturation of T-cells, we examined healthy T-lineage cells at the single-cell (sc) level.
Here, we utilized a publicly available scRNA-seq data set that includes cells from the early
double negative phase to the late CD4 or CD8 single positive phases, and retains mature
T-regulatory, CD8x o+, and 'yd T-cells [25]. Only weak expression of PRMT7 was observed
during the later stages of differentiation or maturation of T-cells (Figure 1e), suggesting that
the strong expression of PRMT7 in T-ALL is aberrant and associated with the leukemogenic
process.

3.2. Association of PRMT? Expression with Survival

We next examined whether the level of PRMT7 mRNA was associated with patient
survival using two independent patient cohorts. In the TARGET data set, which consisted
of 264 T-ALL patients, PRMT?7 expression was categorized into two groups by using the
median value as a cut-off. Cases with above-median expression level (PRMT7high) had a
5-y EFS of 86% (95% CI, 81-93%), while cases with below-median level (PRMT7'") had an
EFS of 92% (95% CI, 88-97%) (p = 0.098) (Figure 2a, Table S2).
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Figure 2. Association of PRMT7 expression with patient outcome. EFS of patients in (a) the TARGET
and (b) the Japanese patient cohorts. Patients were classified into two groups by using the median
expression value of PRMT7 as a cut-off.

In another patient cohort that included 119 pediatric T-ALL patients, a similar prognos-
tic trend was observed: patients with PRMT7"8" had worse EFS (Figure 2b) and increased
hazard for an event (HR = 1.41, 95% CI 0.76-2.6) (p = 0.272). Neither of the survival
differences reached statistical significance.

The Cox proportional hazard model was used to assess the PRMT7 mRNA levels in
conjunction with the known T-ALL risk factors (age, white blood cell count, and minimal
residual disease). In the univariate model, PRMT7Mi8h showed a trend to increased hazard
for an event (HR =1.81, 95% CI, 0.89-3.71, p = 0.1), but it did not reach statistical significance.
A similar trend was observed in the multivariate model (HR = 1.77, 95% CI, 0.85-3.68,
p = 0.13) (Table S2).

3.3. Reduced Colony Formation and Cell Viability after Genetic Deletion of PRMT7

Aberrant expression of PRMT7 in T-ALL might indicate a role in leukemogenic process.
Hence, we generated several knockout (KO) cells using CRISPR-Cas9 in two T-ALL cell
lines, Jurkat and Molt-4. Guide RNAs targeting the first exon of the PRMT?7 gene led to indel
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(a)

mutations that introduced early stop codons in the coding sequence of PRMT7 (Figure S2).
Abrogation of the PRMTY protein expression was confirmed by immunohistochemistry
and Western blotting (Figures 3a,b and S3a).
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Figure 3. Functional consequences of genetic deletion of PRMT7 in T-ALL cells. (a) Immunohisto-
chemical staining (scale bar 50 um) showing PRMT7 expression in J-EV, ]-KO3, M-WT and M-KO11
cell lines. Brown color indicates positivity to the PRMT? protein and blue marks PRMT7 negative
cells. (b) Western blotting in unmodified (J-EV and M-WT) and knockout cell lines (marked with KO)
by using the PRMT? antibody. Quantitation in Western blot is relative to J-EV or M-EV control cell
lines. J stands for Jurkat and M for Molt4 cell line, EV for empty vector and WT for wild type. The
uncropped Western blots have been shown in Figure S6. Effect of the PRMT7 knockout on (c) colony
formation (1 = 4) and (d) cell viability (n = 3). Cell viability results are presented as line plots for all
the examined time points and as scatter plots for the 72 h time point. Asterisks denote samples with
significant p-values (<0.05) when compared to the unmodified (J-EV and M-WT) cells.
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A colony formation assay was performed to study the clonogenic capacity of Jurkat
empty vector (J-EV) transduced, Molt-4 wild type (M-WT), and PRMT7 KO cell lines.
Except for one line (J-KO2), all PRMT7 KO cells showed a significantly decreased number
of colonies (p-values < 0.05) when compared to the control lines (Figures 3c and S3b). In
the cell viability, apoptosis, and cell cycle assays, variation in results was evident across
the Jurkat and Molt-4 derived KO lines, with no consistent changes in either direction
(Figures 3d and S3b-d). The variability of the results may have been caused by residual
protein expression, as shown in a report by Smith et al. (2019) [41].

3.4. Arginine Monomethylation Is Disrupted after PRMT7 Knockout in T-ALL

PRMT7 methylates arginine residues in histone and non-histone proteins in a monomethyl
manner [7]. Hence, we performed arginine monomethylation mapping in control Jurkat
cells (J-EV) and Jurkat-derived PRMT7 KO cells (J-KO3 and J-KO5). Monomethylation
analysis was performed in two sets and included three biological replicates for each cell line.
After the normalization of peptides to the median abundance of control, sample replicates
clustered well in both sample sets and displayed high correlation, indicating the similarity
of the knockout cell lines (Figures 4a and S4, Table S3). Hence, for the downstream analysis,
the J-KO3 and J-KO5 data sets were combined.

We first examined global alterations in arginine monomethylation patterns in protein
complexes by utilizing the Comprehensive Resource of Mammalian protein complexes (CO-
RUM) database [40]. Average peptide methylation was statistically significantly changed in
37 protein complexes out of 243 (Benjamini-Hochberg adjusted p-value < 0.05) (Figure 4b,
Table S4). Most of the differentially regulated peptides belonged to protein complexes
affecting RNA and DNA processing. In total, 19 protein complexes had functional effects
on RNA binding, splicing, processing, biosynthesis, or transcriptional regulation (e.g.,
Emerin complex 25 and C complex spliceosome), with average methylation of 18 com-
plexes increased compared to the control cells. Complexes having a role in DNA processing,
such as DNA binding, replication, repair, and synthesis, or chromatin remodeling (e.g.,
AFF1-histone containing and ASFl-interacting protein complex) had mostly decreased
average arginine monomethylation levels. We also found methylation changes in two
complexes, which play an essential role in tumor development, namely H2AX complex II
and PIDDsome [42,43], both having decreased average arginine monomethylation levels in
PRMT7 KO cells.

To complement the methylation analysis, we applied the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database [39]. Average peptide methylation level was significantly
altered in 12 pathways (Benjamini-Hochberg adjusted p-value < 0.05), with an increase
in eight and decrease in four pathways (Figure 4c, Table S5). Four of the pathways with
increased methylation levels were associated with RNA processing, including spliceosome,
mRNA surveillance, ribosome biogenesis, and RNA degradation pathways.

We next evaluated changes in arginine monomethylation patterns in proteins that
have a well-established role in the pathogenesis of T-ALL [44]. Of particular interest were
recent reports showing that changes in RUNX1 arginine methylation alter its transcriptional
activity [45,46]. Indeed, PRMT7 KO cells displayed changes in several peptides belonging to
RUNX], including a decrease in monomethylation at residue R319, a decrease or unaltered
status at residue R224, and an increase at residue R223. Moreover, changes were observed
in arginine monomethylation levels in peptides belonging to LEF1, LYL1, BCL11B, MYB,
and NRAS proteins, all critical players in T-ALL (Figure 4d).
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Figure 4. Effects of PRMT7 knockout on arginine monomethylation in T-ALL cells. (a) A heatmap
of top differentially regulated peptides with altered arginine monomethylation level in PRMT7
knockout cells (J-KO3 and J-KO5) compared to unmodified cells (J-EV) (Benjamini-Hochberg adjusted
p-value < 0.01). Color key indicates the average arginine monomethylation in log2 abundance.
Duplicate image with row names is presented in Figure S4c. Impact of PRMT7 knockout to arginine
monomethylation by (b) CORUM protein complexes (Benjamini-Hochberg adjusted log2 p-value
< 0.05) and (c¢) KEGG pathways (Benjamini-Hochberg adjusted log2 p-value < 0.05), with both cell
lines (J-KO3 and J-KO5) combined for the analysis. (d) Tabulation of arginine monomethylation
changes in peptides belonging to proteins associated with T-ALL pathogenesis in PRMT7 knockout
cell lines (J-KO3 and J-KO5). Red color indicates increased and blue decreased level of arginine
monomethylation compared to unmodified cells.
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3.5. PRMT7 Deletion Deregulates Expression of RUNX1 Target Genes

As monomethylation of arginine residues can lead to altered gene expression, we
performed RNA sequencing of the knockout and control cells. In Jurkat-derived PRMT7 KO
lines, downregulation of 23 genes was noticed in all four knockout lines, and in 65 genes
in at least three cell lines (log2FC > +1.5, FDR < 0.05) (Figures 5a and S5a,b). Among
the downregulated genes were BCL11A and DNTT, both well-known regulators of T-cell
development. BCL11A acts as an oncogene in hematological malignancies, while DNTT
plays role in early T-cell differentiation and V(D)] recombination [47-51]. Genes involved
in propagating tumorigenesis and cell growth, namely MDK and EPHA3 [52,53], or drug
resistance and relapse in T-ALL, ST8SIA6 and NR3C2 [54-56], were silenced in the PRMT7
KO lines. In Molt-4-derived PRMT7 KO lines, downregulation of 24 genes was seen in both
cell lines (log2FC > +1.5, FDR < 0.05) (Figures 5b and S5c,d). When data on the Jurkat-
and Molt-4-derived knockout lines were combined, four genes, namely ARHGEF26 (also
known as SGEF), AUTS2, EPHA3, and MLC1, were consistently silenced across all lines.
Only genes in two Jurkat-derived PRMT7 KO cell lines were upregulated, i.e., MCC and
NEDD9. Upregulation of MCC is associated malignant cell transformation for example in
B-cells, and NEDD?9 is associated to oncogenic signaling and tumor aggressiveness [57-59].

When focusing on the expression of important T-ALL associated genes, we noticed
the silencing of IL7R gene, which harbors gain-of-function mutations in around 10% of
T-ALL leading to the constitutive activation of downstream signaling [60], in five out of six
PRMT?7 KO lines (log2FC > +1.5, FDR < 0.05) (Figure 5c). Moreover, PRMT7 KO led to the
downregulation of cyclin D2 (CCDN2), which complexes with CDK4 and CDK6 to progress
the cell cycle trough G1/S transition, and NKX2-2, a gene encoding a transcriptional
activator protein (Figure 5c) [61-63].

Due to changes in the monomethylation of three arginine residues in the RUNX1
protein, we specifically asked if the expression of RUNXI target genes was affected by
the PRMT7 deletion. Indeed, Enrichr analysis [34,35,64] revealed that in the PRMT7 KO
lines five RUNX1 target gene sets were statistically significantly changed (log2FC > +1.5,
p-value < 0.05) (Table S6).
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Figure 5. Effects of PRMT7 deletion on gene expression in T-ALL cells. Volcano plots displaying
the differentially expressed genes (log2FC > £1.5, FDR < 0.05) in (a) J-KO3 and (b) J-KOS5 cell lines.
(c) A volcano plot displaying gene expression changes (log2FC > £1.5, FDR < 0.05) in genes known
to be associated with T-ALL pathogenesis and altered in all six PRMT7 knockout cell lines labeled
with different symbols. Red color indicates genes with increased and blue with decreased expression
compared to unmodified cells. Three biological replicates were combined for the analysis for each
cell line. J stands for Jurkat and M for Molt4 cell line, EV for empty vector and WT for wild type.

4. Discussion

T-ALL is an aggressive leukemia that accounts for approximately 10-15% of pediatric
and 25% of adult ALL cases and lacks well-established prognostic biomarkers. We dis-
covered the high expression of PRMT7 in T-ALL compared to healthy T-cells. Jurkat and
Molt-4 T-ALL cells lacking the PRMT7 gene had diminished colony formation capability.
Moreover, alterations in the monomethylation of arginine residues were observed in pro-
teins with a well-known role in T-ALL, including RUNX1, whose target gene expression
was consequently deregulated.

The proteins of the PRMT family methylate arginine residues and thereby affect
many cellular processes, such as gene transcription, RNA splicing, and DNA damage
response [11,14,65-69]. The methylation of arginine in histone proteins plays an important
role in fine-tuning gene expression [70] and it is no surprise that it plays an important role in
cancer as well. The high expression of PRMT1 has been shown to block cell differentiation
and propagate leukemia, whereas PRMT4 (CRAM1) and PRMTS5 affected RNA splicing in
hematological malignancies [14,71]. Aberrant expression of PRMT7 has been linked with
altered RNA splicing, proliferation, and colony formation in breast, colorectal, and prostate
cancers [14,16]. To date, no mutations have been identified in the PRMT genes that could
explain their aberrant expression in cancers [71,72].

Previously, no comprehensive studies have been conducted on PRMT7 in leukemia
and lymphoma. We found that PRMT7 was highly expressed in T-ALL, particularly in
the more differentiated subtypes when compared to healthy T-cells. Weak expression was
observed during the later stages of development of healthy T-cells, indicating that the strong
expression in immature T-lymphoblasts is brought about by disease associated events. Two
independent patient cohorts demonstrated a decreased survival trend in patients with
high levels of PRMT7 mRNA expression, although the difference did not reach statistical
significance, possibly due to the low number of events in the cohorts. It is noteworthy
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that the TARGET cohort excluded patients with over 5% residual disease at the end of the
induction period, thus leaving out the patients with the worst prognosis. Survival results
align well with our cell modelling data, where deletion of the PRMT7 gene decreased the
oncogenic potential of the T-ALL cells as measured by colony formation assay.

As PRMTY7 catalyzes the transfer of methyl groups into arginine residues, we per-
formed global monomethyl mapping in PRMT7 knockout cells. The most significantly
affected protein complexes were involved in the RNA and DNA processing. Surprisingly,
many of the complexes affecting RNA binding, splicing, biosynthesis, or transcription
had increased average arginine methylation in PRMT7 KO cells, suggesting that other
enzymes with similar activity may have compensated for the loss, and perhaps in a slightly
different manner. PRMT family enzymes do not exhibit strong sequence selectivity since
for example PRMT5 can methylate the same proteins as PRMT? [14]. Arginine methylation
can prevent hydrogen bonding by sterically hindering the interactions between RNA and
protein, thereby negatively affecting the affinity of a particular RNA-binding protein to its
target. Alternatively, arginine methylation can positively regulate RNA—protein interac-
tions, making the arginine more “hydrophobic”, and thereby facilitate stacking of the bases
of the RNA [73,74]. On the other hand, a majority of the complexes associated with DNA
or chromatin remodeling had decreased levels of arginine monomethylation in PRMT7 KO
cells. The involvement of arginine methylation in the DNA damage response and DNA
repair may cause conformational changes in DNA and trigger genomic instability [73].

We also examined the arginine monomethylation in proteins that have a well-established
role in the T-ALL pathogenesis [44] and noticed minor changes in peptides belonging to
LEF1, LYL1, BCL11B, MYB, and NRAS proteins. However, the most noticeable finding
was associated with the RUNX1 protein, in which three arginine residues showed altered
monomethylation levels. Simultaneously, the expression of the RUNX1 target genes was
significantly deregulated, suggesting that modifications by PRMT7 may play an impor-
tant role in fine-tuning transcriptional activity of the RUNX1 protein. This may have
significant relevance in T-ALL as RUNXI targets are involved in many critical cellular
processes, especially in hematopoietic cells, such as cell differentiation, ribosome biogene-
sis, cell cycle regulation, and p53 and transforming growth factor beta (TGF-f3) signaling
pathways [29,75,76]. RUNX1 is also critical for the differentiation of lymphocytes, and its
aberrant expression has been linked with various hematological malignancies [31,77]. Pre-
viously, arginine monomethylation of RUNX1 by PRMT1 in hematopoietic stem cells was
associated with resistance to apoptosis and increased cell survival [46,62,78]. In myeloid
cells, methylation of RUNXI protein at residue R233 by the PRMT4 protein led to the
decreased translation of the myeloid target genes, manifested as the persistent maintenance
of an undifferentiated phenotype of hematopoietic progenitor cells [45].

Our results suggest that a high level of PRMT7 may augment the aggressiveness
of T-ALL. To this end, we sought an answer by looking at RNA-sequencing data in the
PRMT?7 knockout cell lines. Many genes involved in drug resistance, tumor progression,
or T-ALL pathogenesis were silenced in the PRMT7 knockout cells, suggesting that the
high expression of PRMT7 is relevant for their expression. Among the silenced genes was
BCL11A, whose overexpression is observed in many hematological cancers and mediates
its oncogenic role in leukemia via target genes Bcl2, Bcl2-xL, Mdm?2, and p53 [47,48]. We
also discovered the downregulation of three genes (NR3C2, ST8SIA6, and ARHGEF26) in
the PRMT7 knockout cells involved in drug resistance and relapse. NR3C2 is a glucocorti-
costeroid receptor and associated with NR3C1 in glucocorticoid response [56]. ST8SIAG6 is a
member of sialytransferases (STs), and aberrant sialylation of the cell surface glycoprotein
is linked with multidrug resistance in AML and CML [54,55]. Likewise, the reduction of
ARHGEF26 sensitizes cells to chemotherapeutic agents and suppresses the colony forma-
tion of glioma cells [79]. We also observed changes in the expression of IL7R, CCDN2, and
NKX2-2, which all have an important role in the T-ALL pathogenesis by participating in
the cell cycle, growth, and transformation [60-63].
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5. Conclusions

The high expression of PRMT7 was associated with increased oncogenicity in vitro and
a trend towards an inferior outcome in T-ALL in two independent patient cohorts. Alter-
ations of arginine monomethylation after the genetic deletion of PRMT7 were accompanied
by changes in the target gene expression of the RUNX1 protein. These results suggest that
PRMTY7 plays an active role in the pathogenesis of T-ALL and further mechanistic studies
are warranted in future.
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