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Abstract

Cell fate determination is a complex process orchestrated by lineage specific
transcription factors (TFs), acting in concert with the chromatin landscape,
to enforce lineage restriction and establish stable cellular identity. To gain a
deeper understanding of this interplay in lymphoid development, a global screen
of proximity interacting partners of key regulators was conducted in Paper I,
revealing that the interactome of lineage-specific TFs exhibit a substantial over-
lap in interaction partners with enrichment of proteins involved in the general
transcriptional machinery and epigenetic regulators. Among these, we identi-
fied ARID1a, a core component of the BAF chromatin remodeling complex, as
a critical regulator of the chromatin landscape in T cell development, acting
in concert with TCF7 and GATA3. TFs, the drivers of cellular identity, ex-
ert their gene regulatory potential through binding to cis-regulatory elements
(CREs), which despite their often distal location within the linear genome can
be juxtaposed to target genes via chromatin looping. To facilitate the incor-
poration of genome topology into the functional interpretation of these distal
CRESs, we developed a bioinformatics tool, ICE-A, which we subsequently used
for exploration of the gene regulatory networks (GRNs) in early lymphocyte
development in Paper II. A highly dynamic chromatin landscape emerged, with
context dependent interaction of enhancers to both lineage specific and broadly
expressed genes. In addition, lineage-restricted transcription factors were found
to intersect with core regulatory circuits of basic cellular functions, linking dif-
ferentiation to survival and proliferative capacity. In Paper III, this mechanistic
link, with potential implications in leukemic transformation, is exemplified by
B cell TF mediated regulation of the proto-oncogene Myc. Opposing regula-
tory control by EBF1 and PAX5 on Myc expression through a distal enhancer
region, establishes a regulatory loop that controls B cell expansion. The same
TFs also serve as key regulators in a dose-dependent epigenetic switch that drive
uncommitted progenitors into a state of stable B cell identity, as demonstrated
in Paper IV. This ”Big bang” of B cells development is marked by acquisition
of the B lineage epigenetic and transcriptional program, combined with poly-
comb mediated repression of alternative lineage potential to ensure stable B cell
commitment.
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Popular summary

The hematopoietic system consists of an ensemble of cellular actors that make
up our blood, each playing a crucial part, from oxygen transport and blood
clotting to providing organisms with an immune system. This thesis is focused
on lymphocytes, a subset of hematopoietic cells including B- and T cells, the
lead actors in adaptive immunity. Despite the diverse roles, all cells within the
hematopoietic system originate from a singe type of unspecialized cells, known
as the hematopoietic stem cell (HSC), residing in the bone marrow. With a
shared genetic material, the cellular roles are mediated by a group of proteins
known as transcription factors (TFs), acing as directors of cellular identity by
controlling which genes are active. In addition, the DNA, which provide the
script for cellular function, is wrapped around histone proteins, forming in a
fibrous structure known as chromatin. How tightly or loosely this chromatin is
packed affects whether TFs can access certain genes and turn them on or off.
On top of this, chromatin folds into a complex three-dimensional (3D) structure,
creating loops that bring distant parts of the genome together, allowing for a
fine-tuned regulation of gene expression. In an interplay with this chromatin
landscape, that set the stage for cellular identity, the TFs direct unspecialized
cells into gradually more restricted roles, until a point of no return is reached
and the fate of the cell is decided.

To understand how TFs shape cell identity, we carried out a screen to uncover
their interaction partners (Paper I). We found that many TFs partner up with
proteins that influence how accessible the chromatin landscape is. This highlight
the importance of the two-way relationship between TFs and chromatin, where
TFs guide identity by reshaping chromatin, and chromatin in turn regulates TF
function. One protein, called ARID1a, stood out as a frequent partner to TFs
that guide lymphocyte identity. By deleting the gene that code for ARID1a, we
uncovered that the protein has a particularly important role in the development
of T cells, a type of immune cells that can destroy infected cells. The BAF com-
plex, with ARID1a in its core, was found to selectively open up regions of DNA
required for T cells to form by guidance of the T cell TFs TCF7 and GATAS3.

TFs often impact genes by binding to DNA sites that, in the linear genome, lie

viii



Popular summary ix

far away from the gene they control. This is enabled by folding of the genome to
bring these distal sites, known as enhancers, close to the genes in the 3D space.
To explore this process, we developed a tool called ICE-A in Paper II, that pair
enhancers with genes based on chromatin loops. By applying this tool to study
lymphocyte development, we uncovered a dynamic web of interactions between
enhancers and genes. A web which ensures that the main plot of lineage-specific
gene expression unfolds correctly, while simultaneously overseeing the support-
ing scenes that maintain essential cellular processes.

These interconnected narratives of cellular identity and basic cellular processes,
like survival and expansion, is further explored in Paper III. The focus here is
on B cells, the co-star of adaptive immunity which produce antibodies that can
recognize and neutralize invaders. In this act, the B cell TF EBF1 and PAX5
orchestrate a regulatory loop controlling cellular expansion via a protein called
MYC. This type of cell specific control of both identity and survival can help
ensure normal development, but if the actors go off script, the same connection
can create a weakness that leads to leukemia.

In Paper IV, we investigate what happens when the unspecialized lymphoid
cells are faced with the existential dilemma of what fate to adopt, and just like
Hamlet, ask themselves the question: "To B or not to B(-cell)”. Again the TFs
EBF1 and PAX5 come to rescue. By directing a switch in the chromatin land-
scape, the cells are guided into stable B cell identity. In this "Big Bang” of
B cell development, the TFs play a dual role, by both activating B cell signa-
ture genes, while simultaneously directing a complex known as PRC2 to silence
alternative cellular fates.



Popularvetenskaplig
sammanfattning

Det hematopoetiska systemet bestar av en samling av celler, dar varje cell, likt
en skadespelare, spelar en avgorande roll i allt fran syretransport och koaguler-
ing, till att forse oss med ett immunférsvar. Den hdr avhandlingen ar fokuserad
pa lymfocyter, en typ av hematopoetiska celler som inkluderar B- och T celler,
huvudrollsinnehavarna i det adaptiva immunfoérsvaret. Trots sina skilda roller,
hérstammar alla celler i det hematopoetiska systemet fran samma typ av ospe-
cialiserade celler i benmérgen, de sa kallade hematopoetiska stamcellerna (HSC).
Da dessa celler har samma uppséttning av genetiskt material, 4r det en grupp
av proteiner, s kallade transkriptionsfaktorer (TFs), som agerar regissorer av
cellidentitet genom att reglera vilka gener som &ar aktiva. DNA, som utgor
manuskriptet for cellens funktion, &dr lindat runt histonproteiner och bildar en
fibros struktur som kallas kromatin. Hur kompakt detta kromatin ar packat
paverkar om transkriptionsfaktorerna kan komma at vissa gener och sla pa eller
stdnga av dem. Utover detta, s& viker sig kromatinet till en komplex tredimen-
sionell (3D) struktur, vilket skapar loopar som for samman avldgsna delar av
genomet och mojliggdér en finjusterad reglering av genuttryck. I samspelet med
detta kromatinlandskap, som dérigenom agerar som en scen déar cellens iden-
titet gestaltas, styr TFs de ospecialiserade cellerna mot gradvis mer och mer
begriansade roller, tills de nar en punkt utan atervindo och cellens 6de avgors.

For att forsta hur TFs formar cellidentitet undersokte vi deras samarbetspart-
ners (Artikel I). Vi fann att ménga TFs interagerar med proteiner som paverkar
hur tillgdngligt kromatinlandskapet dr. Detta belyser vikten av det tvavigs-
forhéllande som finns mellan TFs och kromatin, dar TFs styr cellens identitet
genom att omforma kromatin, och kromatin i sin tur reglerar TFs funktion. Ett
protein, kallat ARID1a, framtrddde som en frekvent partner till de TFs som
styr lymfocytidentitet. Genom att ta bort genen som kodar for detta protein
upptéckte vi att ARID1a har en sérskilt viktig roll i utvecklingen av T celler,
en typ av immunceller som till exempel verkar genom att forstora infekterade
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celler. BAF-komplexet, som ARIDla ar en del av, visade sig selektivt 6ppna
upp DNA-regioner som ar nédvéndiga for cellmognad under véigledning av tva
T cell TFs, TCF7 och GATA3.

TFs paverkar ofta geners aktivitet genom att binda till DNA regioner som i
det linjara genomet ligger langt ifran den gen de kontrollerar. Detta mojliggors
genom att genomet viks sa att dessa avldgsna regioner, som kallas enhancers,
fors tatt intill generna i 3D rummet. For att undersoka denna process utveck-
lade vi ett verktyg kallat ICE-A i Artikel II, som parar ihop enhancers med gener
baserat pa kromatinloopar. Genom att anvinda detta verktyg for att studera
utvecklingen av lymfocyter, upptéckte vi ett dynamiskt natverk av interaktioner
mellan enhancers och gener. Ett natverk som sékerstéller att huvudakten av
linjespecifikt genuttryck fortskrider korrekt samtidigt som de sdkerstéller att
cellernas basala funktioner uppratthalls.

Dessa sammanflitade akter om celluldr identitet och grundldggande celluldra
processer, som Overlevnad och expansion, utforskas vidare i Artikel III. Har
ligger fokus pa B celler, medspelaren i det adaptiva immunsystemet, som pro-
ducerar antikroppar som i sin tur kan kédnna igen och neutralisera angripare. I
denna akt koordinerar B cellernas transkriptionsfaktorer EBF1 och PAXS5 en reg-
ulatorisk loop som kontrollerar cellernas expansion via ett protein kallat MYC.
Denna typ av cellspecifik kontroll av bade identitet och 6verlevnad, kan bidra
till normal utveckling, men bidrar &ven med en sarbarhet som kan ge upphov
till leukemi om spelarna avviker frén manus.

I Artikel IV underséker vi vad som hénder nér de ospecialiserade lymfoida
cellerna stélls infor det existentiella dilemmat att vélja sitt 6de, och precis som
Hamlet, stéller de sig fragan: ”Att vara eller icke vara (B-cell)”. Aterigen kom-
mer transkriptionsfaktorerna EBF1 och PAXS5 till undséttning. Genom att styra
en omstéllning i kromatinlandskapet leds cellerna in i en stabil B cellsidentitet.
I detta "Big Bang” av B cellernas utveckling spelar TFs en dubbel roll, genom
att bade aktivera B cellernas signaturgener och samtidigt guida ett komplex,
kdnt som PRC2, for att tysta ner alternativa celluldra 6den.
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RESEARCH CONTEXT






Chapter 1

Theoretical background

As the title, "To B or not to B-cell” suggest, this thesis is focused on the ex-
istential questions of identity and fate. Sure, I know Shakespeare did not have
a relatively defined developmental stage of immature lymphoid progenitors in
mind when he wrote his famous Hamlet quote. However the question of iden-
tity and fate is equally relevant in a cellular context, and considering the pivotal
role B- and T cells have played in evolution by providing vertebrates with an
adaptive immune system it is not so far fetched to call it existential.

The focus of early lymphocyte development, places this thesis in the intersection
between, hematology, developmental biology and immunology. A biological con-
text is given in Section , were all the relevant players of the hematopoietic
system is presented along with their (hierarchical) organization. The general
principles underlying the establishment of cellular identity, which allow this di-
verse repertoire of mature cells to arise from a common progenitor population
is the focus on Section . However, unraveling of the mechanisms behind
this process requires detailed investigation of the coordinated action of lineage
specific transcription factors, acting in concert with the chromatin landscape,
in order to drive transcriptional programs (covered in Section ) Although
the emphasize of this thesis is the development of B- and T cells, I regard it
equally as an investigation into the gene regulatory networks that direct cell
fate, illustrated through lymphocyte development. The same processes which
drive the establishments cellular identity are closely linked to disease states, a
connection further detailed in Section .



2 CHAPTER 1. THEORETICAL BACKGROUND

1.1 Hematopoiesis: Casting the roles of blood and
immune cells

The hematopoietic system fulfills critical physiological functions, from ensuring
oxygen delivery and hemostasis to orchestration of innate and adaptive im-
mune responses. Despite their functional diversity, all blood and immune cells
are derived from hematopoietic stem cells (HSCs), rare multipotent progenitors
that sustain lifelong blood cell production through the tightly regulated process
known as hematopoiesis [l]. Traditionally hematopoiesis has been seen as a
hierarchical process, with HSCs at the top, giving rise to successive progenitor
populations that undergo stepwise fate commitments to generate mature cells
[l, 2]. Recent advances in single-cell omics technologies, however, have chal-
lenged this model, replacing the concept of discrete, homogeneous progenitors
with a view of hematopoiesis as a dynamic and continuous landscape of cell fate
decisions, where progenitor states display plasticity and overlapping potential
along developmental trajectories [3-5]. At the core of this process lies a finely
tuned balance of HSC self-renewal and differentiation, ensuring both long-term
maintenance of blood homeostasis and the capacity to regenerate blood cells in
response to specific physiological demands [].

1.1.1 Introducing the hematopoietic ensemble

At the apex of hematopoiesis are HSCs that, via symmetric or asymmetric
cellular division [[7], give rise to multipotent progenitors (MPPs) that lack self-
renewal capacity but retain multi-lineage differentiation potential [§, 9]. In
the classical hierarchical depiction of hematopoiesis, it was assumed that the
first lineage restriction event was the divergence of MPPs into the myeloid and
lymphoid branch, each associated with a common progenitor population (com-
mon myeloid progenitors (CMP) or common lymphoid progenitors (CLP)) [10,
11]. This distinct separation between myeloid and lymphoid cells has later been
replaced by a model in which the first bifurcation event is represented by the
separation of megakaryocytic-erythroid progenitors (MEP) from cells with com-
bined lympho-myeloid differentiation potential [12, 13]. The MEP precursors
continue to differentiate to eventually give rise to mature oxygen transport-
ing erythrocytes and platelets with blood clotting capacity [[13]. The bipotent
lympho-myeloid progenitors on the other hand, can be further separated into
myeloid biased MMP3, eventually give rise to mature granulocytes and mono-
cyte/macrophages as well as lymphoid primed MPP4 (LMPP) with the capacity
to generate B-, T- and innate lymphoid cells (ILC) [14, 15]. All of these cell
types have important function in the immune system, with B- and T cells re-



1.1. HEMATOPOIESIS 3

sponsible for adaptive immunity while the remaining cells being part of the
innate defense system [] On top of this are dendritic cells (DC) which can
not be defined to a single lineage, and provide a tight link between the innate
and adaptive immune system via their antigen-presenting activity [@]

The emergence of single-cell technologies has enabled more comprehensive pro-
filing of hematopoietic development, revealing substantial heterogeneity in the
early progenitor compartment [[18]. Although early single-cell studies proposed
that unilineage-restricted cells emerge strictly from a continuum of low-primed,
undifferentiated progenitors (known as cloud HSCPs) [E, @], subsequent multi-
omics profiling and cellular barcoding approaches have confirmed the presence
of lineage priming [@«@] Nonetheless, single cell technological have replaced

MK E GR Mo/MF DC ILC

Figure 1.1: Conceptional view of the revised model of hematopoiesis. With
the development of single-cell technologies, a novel model of hematopoiesis has emerged,
where the classical stepwise progression through discrete, homogeneous progenitor pop-
ulations has been replaced by a heterogeneous progenitor compartment consisting of
cells with varying lineage bias. Mature cell fate is established through a gradual process
in which cells progressively acquire lineage-specific characteristics while losing alterna-
tive potentials as they advance along developmental trajectories. HSC: Hematopoietic
stem cell, MK: Megakaryocyte, E: Erythroid cell, GR: Granulocyte, Mo/MF: Mono-
cyte/Macrophage, DC: Dendritic cell, ILC: Innate lymphoid cell, T: T cell, B: B cell.



4 CHAPTER 1. THEORETICAL BACKGROUND

the concept of discrete lineage restriction events with a more continuous land-
scape of progenitor cells with gradually divergent lineage-priming [23], though
this continuum might be somewhat inflated by data sparsity bluing true lin-
eage boundaries. Despite this revised perspective, the fundamental architecture
of hematopoiesis appears largely conserved, even though variations in myeloid
lineage branching has been reported, including a distinct early pathway to
megakaryocyte pathway [24], co-segregation of additional myeloid populations
(mast cells, basophil and eosinophils) with the MEPs [25-27] or the existence
of two partly overlapping myeloid braces with respect to cellular output [19].
This variation likely reflects, at least in part, the heterogeneity within the early
progenitor compartment, in which cells on an individual layer display variation
in priming and multi-lineage potential [28]. At the population scale, however,
these biases manifest as defined developmental trajectories, see Figure [L.1. Lin-
eage specification and repression of alternative fates is tightly controlled by both
cell intrinsic and extrinsic regulatory mechanism, as outlined in section 1.3. Yet,
the cellular output from hematopoietic stem and progenitor cells are likely also
shaped by stochastic mechanisms.

1.1.2 Origin of the hematopoietic system

HSCs first emerge during early embryogenesis through fetal hematopoiesis, a
process that establishes both a reservoir of undifferentiated HSCs and the ma-
ture blood cells required for embryonic development. This developmental pro-
gram unfolds across distinct anatomical sites, reflecting the structural dynam-
ics of embryogenesis and enable exposure of HSCs to diverse microenviron-
mental cues that regulate self-renewal and differentiation [29]. Mammalian
hematopoiesis proceeds in two successive waves; primitive and definitive hema-
topoiesis [30]. In the yolk sac, primitive hematopoiesis is driven by transient
HSCs with little or no self-renewal potential, producing mainly megakaryocyte—
erythroid lineage cells to meet the embryo’s oxygen demands, along with a
limited repertoire of primitive myeloid and lymphoid cells [31, B2]. The emer-
gence of definitive hematopoiesis is marked by the generation of long-term self-
renewing HSCs with multi-lineage potential in the aorta-gonad-mesonephros
(AGM) region [33]. These HSCs migrate to the placenta and later to the fe-
tal liver (FL) which served as the principal hematopoietic organ during mid-
gestation in both mice and humans [31, B4, B5]. In contrast to the predomi-
nantly quiescent HSCs of adult bone marrow, fetal HSCs exhibit a highly pro-
liferative phenotype, reflecting the demands of rapid growth during develop-
mental hematopoiesis [36]. By late gestation, HSCs colonize the BM, establish-
ing the lifelong site of hematopoiesis and ensuring continuous production of all
hematopoietic lineages. Within the BM, HSC self-renewal and differentiation
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into lineage-restricted progenitors are governed by both intrinsic cellular mecha-
nisms and extrinsic cues from specialized stem cell niches, including interactions
with stromal cells and signaling from the surrounding microenvironment [37].

1.1.3 Lymphocytes: The lead actors of adaptive immunity

This thesis centers on the lymphoid branch of the hematopoietic system, which
consist of B- and T lymphocytes, the key player of adaptive immunity. The hall-
mark of adaptive immunity is the ability to recognize a vast array of antigens
and mount a tailored response, while simultaneously establishing immunological
memory for faster and more effective responses upon re-exposure [38]. Although
B- and T cells have distinct functions in adaptive immunity, their specificity
is established through RAG1/RAG2-dependent V(D)J recombination, a pro-
cess in which variable (V), diversity (D), and joining (J) gene segments are
rearranged to form a diverse repertoire of antigen receptors [B9-43]. B cells
mediate humoral immunity by producing antigen-specific antibodies that neu-
tralize pathogens and target them for destruction, whereas T cells control cell-
mediated immunity by recognizing antigens on MHC molecules and coordinating
cytotoxic and helper responses [44-17]. In addition, several ILC populations are
lymphoid-derived, including natural killer (NK) cells, which are characterized by
cytotoxic activity against virus-infected and malignant cells [48]. The full spec-
trum of mature lymphoid subsets are primarily derived from a heterogeneous
population of bone marrow—resident lymphoid-primed multipotent progenitors
(MPP4/LMPP) [49], via a process known as lymphopoiesis. Lymphocyte de-
velopment is commonly described as a progression through successive progeni-
tor stages, characterized by gradual lineage specification and restriction of al-
ternative fates. While this framework simplifies the underlying heterogeneity
and gradual lineage priming observed at the single-cell level, it remains a valu-
able model for both experimental investigation and conceptual understanding.
Whereas_this section outlines the central stages of B- and T cell development,
Section provide a more comprehensive account of the mechanistic basis of
lymphoid lineage commitment.



6 CHAPTER 1. THEORETICAL BACKGROUND

B cell development

Traditionally, B cell lineage restriction has been conceptualized as a stepwise
progression from lymphoid primed multipotent progenitors (MPP4/LMPP),
via a lymphoid restricted common lymphoid progenitor (CLP) population into
fully committed B cell progenitor defined by CD19 surface expression [L0, [12,
50]. However, the use of an Igll! (A5) promoter—driven reporter mouse model
[61] challenged this view by identifying CD19- B cell-committed cells within
a Ly6D+ fraction of the CLP compartment [52], leading to the separation of
CLP into ALP (All-lymphoid progenitor) and a BLP (B cell-biased lymphoid
progenitor) associated increased expression of B cell specific genes [52]. Further
dissection of the CLP compartment has revealed additional heterogeneity with
regards to output of alternative lineage, consistent with the revised model of
hematopoiesis. This include ILC bias in integrin a(2)b(7) (LPAM1) or CXCR6
expressing cells [b3] as well as a DC primed fraction marked by BST2 (PDCA-
1) [64, b5]. Although originally regarded as B cell restricted, single-cell in wvitro
assays demonstrated that a substantial fraction of the BLPs retain alternative
lineage potential [b6]. By stratifying the BLPs based on combined surface ex-
pression of GFRA2 and BST1, Jensen et al. [57] identified three successive
BLP subsets (BLP1-3) corresponding to progressive lineage restriction. The
earliest BLP1 (GFRA2-BST1-) subset retain broad lymphoid potential for all
lymphoid lineages. Transition into BLP2 (GFRA2+BST1-) signifies B cell lin-
eage specification and the loss of NK fate, while final progression into BLP3
(GFRA2+BST14) marks the point of stable B cell commitment.

A central aspect of B cell development is the expression and assembly of func-
tional B cell receptor (BCR), consisting of immunoglobulin heavy (IgH) and
light (IgL) chains [41]. In the germline configuration, the variable (antigen-
binding) part of the Ig genes are split into discontinuous V, D (IgH only) and J
segments, requiring recombination based joining in order to generate functional
receptor genes [b8, 59]. In addition to ensuring a diverse BCR repertoire for
adaptive immunity, the (pre-)BCR also has a crucial role in B cell development
and proliferation [41]. IgH recombination is initiated already in uncommitted
B cell progenitors by recombination-activating gene (RAG)-dependent cleavage
at recombination signal sequences (RSSs) flanking the D and J gene segments
[60, 61]. Random nucleotides are then added by deoxynucleotidyl transferase
(TdT, encoded by Dntt) for enhanced diversity, before joining of the D and
J segments. Subsequent recombination of a V and D-J segment in the pro-B
cell stage marks complete V-DJ IgH rearrangement [62]. This transition from
CD19- B cell progenitors coincides with activation of B cell-specific gene expres-
sion networks, driving progression along the B cell lineage [63]. In conjugation
with IL-7 signaling, functionally assembled pre-BCR trigger a proliferative burst
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[@] and down-regulation of RAG protein levels [@] Upon the transition into a
non-cycling small pre-B stage, RAG and TdT is reactivated, allowing for rear-
rangement of the V-J segments of the light chain. Once fully rearranged, the Im-
mature B cells marked by IgM surface expression, is subjected to a self-reactivity
checkpoint. Binding of IgM to endogenous antigen trigger receptor editing until
ceased BCR-~dependent signaling indicate lost self-reactivity [@] Immature B
cells exit the BM and migrate to the spleen as transitional B cells, where they
undergo additional selection before differentiating into either Marginal zone B
(MZB) or follicular B cells (FoB). Whereas MZBs mount rapid innate-like re-
sponses in a mostly T cell independent manner [@}, FoBs serve as the central
mediators of adaptive humoral immunity, orchestrating germinal center reac-
tions for generation of class-switched, affinity-matured antibodies and long-term
immunological memory [68]. For a schematic overview of the different stages of
B cell development, including alternative classifications (Hardy fractions []),
lineage restriction and defining cell surface markers, see Figure [L.2.
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Figure 1.2: B cell developmental progression. Depiction of the key develop-
mental stages in the differentiation of HSC into mature B cells, including alternative
classification (Hardy fractions) and lineage restriction. The expression pattern of se-
lected surface markers commonly used to define the developmental stages are presented.
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T cell development

T cell development is initiated by migration of lymphoid primed progenitors
(LMPP/CLP) to the thymus, which represent the primary location of T lineage
restriction and commitment [69-72]. Within the thymic niche, interaction with
cortical epithelial cells activate Notch signaling, which initiate the T cell differ-
entiation program [[73, [74]. The maturation process of early thymic progenitors
(ETP) into mature T cells can be monitored by the surface expression of CD4
and CD8, where the double negative (DN) stage represents the earlier thymo-
cytes. The DN population can be further subdivided into DN1-4, based on the
expression of CD44, CD25 and KIT [75]. The earliest stages DN1 (CD44+CD25-
) through DN2a (CD44+CD25+Kit"e") sometimes referred to as "phase 17,
exhibit early T cell lineage specification but maintain the capacity to differenti-
ate into other lineages [76-78]. Transition to the DN2b (CD44+CD25+Kit™nt)
marks stable T lineage commitment and entry into ”phase 2”7 [78, 9], ac-
companied by activation of genes required for TCR recombination (Ragl/2)
and signaling (e.g. CD3d/e/g, Lck) [80, Bl]. Conventional af8T cells first
rearrange the S locus followed by pre-TCR mediated S-section at the DN3a
(CD44-CD25+CD279VCD28-) to DN3b (CD44-CD25+CD27M8"CD28+) tran-
sition. Successful TCRS rearrangement trigger extensive proliferation and pro-
gression into the CD4/CD8 double positive state (DP) via a DN4 stage (CD44-
CD25-), here TCRa rearrangement finalizes the assembly of the complete TCR
[82]. Unlike B cell receptors which directly recognize native antigens, TCRs
recognize antigen peptides only in the context of MHC presentation, creating
a requirement for selection based on self-MHC recognition [83]. Thymocytes
that successfully pass this checkpoint mature into either CD4 single-positive
(CD4SP) T helper cells restricted to MHC class II, or MHC class I recognizing
CD8 single-positive (CD8SP) cytotoxic T cells, followed by negative selection
for elimination self-reactive T cells [83, 84]. At the DN2-3 stages, a subset of
thymocytes undergo TCR~y and TCRJ recombination, diverting from the af
pathway to generate vd T cells, a functionally diverse subset that bridges in-
nate and adaptive immunity.[85, 8G]. See Figure @ for a an overview of T cell
development in the thymus.
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Figure 1.3: T cell developmental progression. Depiction of the key develop-
mental stages in the differentiation of HSC into mature CD4/CD8 single positive T
cells, including alternative lineage potential. The expression pattern of selected surface
markers commonly used to define the developmental stages are presented.

Lymphopoiesis in human versus mouse

This thesis, together with much of the background presented, is primarily based
on murine studies, which offer a powerful platform for genetic manipulation and
in vivo experimentation. Despite the evolutionary distance between mice and
humans, these studies remain highly relevant to human biology due to the strong
conservation of key transcriptional regulators, such as EBF1 and PAX5 in B cell
development [@], and TCF7 and GATA3 in T cell development, with BCL11B
marking lineage commitment in both species [] While the surface markers
defining specific developmental stages differ between mice and humans, recent
single-cell studies have shown that the core transcriptomic programs guiding B
and T cell differentiation from a common progenitor are largely conserved E

|. Thus, although interspecies differences warrant careful consideration dur-
ing interpretation, murine models offer mechanistic insights that remain highly
relevant to human lymphocyte development.

)
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1.2 Gene regulation: The script that guide cell fate

The ability of an multicellular organism to generate different specialized cell
types and respond to environmental ques is dependent on the ability for spatial
and temporal control of the expression of genes. Although post-transcriptional
regulation exist, the control of expression is to a large extent dependent on the
transcription of genes into ribonucleic acid (RNA) [89]. Transcription is medi-
ated by RNA polymerase enzymes, which via promoter recognition, open up the
deoxyribonucleic acid (DNA) duplex and initiate templated RNA synthesis. An
elongation complex then extend the newly synthesized RNA molecule until it en-
counter a termination signal [89]. The fine-tuned regulation of gene transcription
is largely mediated by transcription factors (TFs), DNA binding protein that
through sequence recognition, can instructed the transcriptional machinery and
activator/repressor complexes to target genes [90, 91]. The TFs act within a
complex chromatin landscape, where accessibility and histone modification pro-
vide an additional layer of gene regulation [92]. Beyond local chromatin states,
the three-dimensional (3D) genome architecture shapes the regulatory landscape
by coordinating interactions between genes and distal regulatory elements [93].
For an overview of the different layers of regulation that collectively control gene
expression, see Figure [L.4. The subsequent sections aims to describe this layered
regulation from a top down perspective, starting with the spatial organization
of the genome and proceeding through the dynamics of local chromatin state to
transcription factor activity.

Histone modifications

4 N\

Co-regulator

TF ~ A~
mr~~
~S

Chromatin accessibility

Figure 1.4: Layers of gene regulatory mechanisms. Schematic representation
of different layers of gene regulatory mechanisms, including transcription factor (TF)
recruitment of co-regulatory complex, chromatin accessibility and histone modification
as well as 3D chromatin loop connecting distal regulatory elements to target genes.
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1.2.1 The chromatin landscape: Setting the stage for transcrip-
tional dynamics

In the nucleus, the genome is organized into a complex structure of protein,
DNA (and RNA), known as chromatin. The smallest unit of chromatin is a
nucleosome, consisting of ~147 bp of DNA wrapped around a core of 8 histone
protein (two of each H2A, H2B, H3, H4). The nucleosomes can assemble into
chromatin fibers whose degree of compaction is tightly connected to chemical
modifications of the histones proteins and the DNA itself [94]. Chromatin, in
turn, folds into higher-order structures that serve both to compact the genome
and provide a framework for dynamic multi-layered control of gene-regulation
[95]. It is, however, important to recognize that these regulatory layers do not
function in isolation, rather their states are mutually influenced as well as mod-
ulated by trans-acting factors, collectively shaping a chromatin landscape that
supports stable cell identity while retaining the flexibility to respond to external
cues or undergo differentiation.

Today we often think of genome topology as a relatively novel concept in gene-
regulation. It is indeed true that the study of higher order structures of the
genome and its dynamics has greatly benefited from recent technological ad-
vancement, however the idea of a dynamic organization of the genetic material
dates back over a century. The term chromatin was first coined by Walther
Flemming in 1882 to describe the substance found in the nucleus [96], which
around the same time was identified as a mixture of nucleic acid and protein
[97-99]. Although no uniform theory of cellular differentiation and heredity ex-
ited at the time, many of the general principles we today take for granted can
conceptual be traced back to the late 1800s (more or less substantiated by exper-
imental findings) [100]. These include the theory of chromatin as the hereditary
substance [100-102] which, despite its equal distribution in all cells, was hypoth-
esis to enable differentiation of a fertilized egg into all the specialized cell types
of the adult organism by undergoing progressive changes in response to variation
in external factors (chemical or physical), thereby triggering context-dependent
cellular response [103, 104]. Not long after the discovery of chromatin, the con-
cept of chromosome territories was introduced by Rabl and Boveri [105, [106].
Also the conceptual idea that the higher-order organization of the chromatin is
important for cell fate determinant was introduced before the 20th century, as
indicated by the following quote from Edmund B. Wilsons book ”"The cell in
development and inheritance” written in 1896 [100], in which he discuss the
theories of Karl W. Négeli [107].
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"The [chroamtin]* was conceived as an extremely complex substance con-
sisting of elementary complexes of molecules known as micellce. These
are variously grouped to form units of higher orders, which, as develop-
ment proceeds, determine the development of the adult cells, tissues, and
organs. The specific peculiarities of the [chroamtin] are therefore due to
the arrangement of the micellae; and this, in its turn, is owing to dynamic
properties of the micellae themselves. During development the [chroamtin]
undergoes a progressive transformation of its substance, not through any
material change, but through dynamic alterations of the conditions of ten-
sion and movement of the micellae. These changes in the [chroamtin] cause
reactions on the part of surrounding structures leading to definite chemical
and plastic changes, i.e. to differentiation and development.”

* Négeli used the word idioplasm to describe chromatin

Négeli’s theories centered around structural changes directly affecting cellular
output, however the concept of nucleus derived formative substances as a me-
diator of cellular processes (like the later discovered mRNA) was proposed in
parallel [103, [108, [109]. While these theories are structurally and mechanis-
tically lacking, and we know now that the smallest subunit of the chromatin
(here referred to as micellae) is in fact nucleosomes, is is still quite remarkable
that these theories was proposed more than 50 year before the discovery of the
DNA structure and before the existence of high resolution microscopes. In the
100 years plus since Wilson’s quote, technological advances first into microscopy
and later with sequence-based methods for capturing genome conformation, has
provided us with a much more detailed understanding of genome topology and
its role in gene-regulation. Still, the general concept of a higher-order structure
of chromatin as a key factor in the processes that guide cellular identity holds
true, and much is still to be discovered regarding the underlying mechanisms.

Genome topology

Within the nucleus, the genome adopts a hierarchical three-dimensional organi-
zation across different size scales. The earliest recognized higher-order structures
are chromosome territories (CTs), formed by the spatial segregation of chromo-
somes into distinct nuclear domains during interphase [110]. The distribution of
the CTs are not random, instead regions of high gene-density and transcriptional
activity tend to occupy a more central location in the nucleus whereas transcrip-
tionally repressed and gene-poor regions more frequency are position closer to
the nuclear lamina [111]. Within CTs, chromatin is further partitioned into com-
partments based on chromosome condensation and transcriptional activity, orig-
inally retrieved by principal component analysis of a Hi-C derived contact map.
The A compartment is comprised of active, accessible euchromatin, whereas
the B compartment is characterized by condensed and transcriptionally inactive
regions [112]. The segregation of the genome into compartments is not static,
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rather, genomic regions can switch between compartments in a context- or stage-
specific manner [113, 114]. In B cell development, for instance, lineage-specific
genes (e.g. EBF1) transition from B to A compartments to enable transcription,
while genes associated with alternative lineages shift in the opposite direction
[115, 116]. On a smaller scale, non-random folding of the chromatin into loops
result in topologically associated domains (TADs), characterized by a high degree
of internal interactions [[117]. The TAD boundaries are enriched with binding
sites for CTCF, an architectural protein that, together with cohesin, facilitates
loop extrusion and insulates adjacent domains [118]. By concentrating interac-
tions within their domains, TADs facilitate synchronized gene regulation and
limit the impact of external regulatory elements. While originally viewed as
stable structural units, TADs has been shown to display dynamic, cell type—
specific organization supporting lineage-restricted enhancer activity [119]. The
emergence of single-cell conformation capture methods, alongside advances in
microscopy-based approaches, has further challenged the notion of TADs as
conserved structures. While compartments remain relatively consistent across
individual cells, TADs show substantial cell-to-cell variability, leading to a re-
vised understanding of TADs as snapshots of transient chromatin interactions
rather than rigid representations of folding patterns in single cells. Although
TADs may better reflect a probabilistic interaction domains rather than rigid
structures, they still provide valuable information about the relative contribu-
tion of chromatin interactions a cell undergoes during interphase. There is still
much to be learned about how genome topology shape transitional program,
however, enhancer-promoter (E-P) loops is known to be of great importance
in this process, by enabling regular activities of distal regulatory elements via

Chromosome Compartments TADs Chroamtin loops
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Figure 1.5: Hierarchical representation of 3D genome topology. The genome
is organized into a complex non-random organization at different size scales. The
largest structure are chromosome territories (CTs) occupying distinct spaces in the
nucleus. The CTs are partitioned into compartments based on chromatin condensation
and transcriptional activity, which in turn can be subdivided into clusters of chromatin
interactions known as topologically associated domains (TADs). The smallest structure
are represented by individual chromatin loop that can link distal regulatory elements
to their target genes.
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physical proximity in the 3D space. The mechanism of regulatory elements and
how they can impact gene-expression of (often distally located) target genes
is the focus of next section. For an overview of the hierarchical 3D genome
organization, see Figure @

The cis-regulatory landscape

While protein-coding sequences comprise only ~1.2% of the genome, regulatory
elements embedded in the non-coding portion of the genome represent a much
larger fraction and is highly relevant for gene regulation [[120]. These regions,
referred to as cis-acting regulatory elements (CREs), can mediate spatiotem-
poral specificity of gene-regulation in response to context specific activity of
trans-acting factors (e.g. transcription factors) [93]. This specificity is encoded
in the genome sequence, both within the element itself (e.g. combinatorial TF
binding sites) and the relative position of the CRE compared to genes and other
regulatory element in the linear genome. CREs can be classified based on func-
tion and location relative to genes. Promoters, located at the 5" end of genes,
severe as the binding site for the transcriptional machinery, whereas enhancers
and silencer are distal elements that exert positive or negative effects on gene
expression, respectively [93]. However as the direction of transcriptional change
is context dependent, the term enhancers is often used to describe distal CREs
irrespective of activating or repressing activity. In addition, insulators are a dis-
tinct class of CREs that function primarily as boundary elements of regulatory
domains, and are characterized by the presence of CTCF binding sites [[121, [122].

With the median enhancer—target gene distance estimated to be on the order of
100 kb [123-126], a central question emerges: by what mechanisms do enhancers
exert their regulatory activity over such long genomic distances? Initially, one-
dimensional models were proposed, suggesting that transcriptional machinery
or chromatin remodellers scan along the linear genome to locate target promot-
ers [127, 128]. However, these models could not account for phenomena such
as promoter skipping [129-131] and were therefore largely abandoned in favor
of 3D models, in which enhancer activity is explained by physical proximity
within the 3D space. Broadly the 3D models of E-P interactions can be sub-
divided into direct models and action-at-a-distance model [[132]. In the contact
models the E-P loops is mediated by a direct connection between the CRE and
target promoter, either via cohesion mediated loop extrusion and/or other ar-
chitecture proteins inducing the mediator complex [133] and YY1 [134], all of
which have been implicated in IgH locus contraction during recombination [135,
136]. Also transcription factors, with or without co-factors has been proposed
to mediate E-P loops [93]. The action-at-a-distance model also relies on spatial
proximity within the 3D genome, but at a larger scale (on the order of hundreds
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rather than tens of nanometers), with the formation of condensates proposed
as the leading mechanistic explanation [132]. Condensates are macromolecule
rich structure, generated via phase-separation, a phenomenon in which a solu-
tion separates into two distinct phases when a certain threshold concentration is
reached due to the intermolecular interactions being energetically favored over
solute-macromolecule interactions [137]. It has been suggested that condensates
can assemble into hubs, allowing for the coordinated control of multiple genes
and the integration of regulatory inputs from several CREs onto a single target
gene [138, 139]. Extensive evidence supports the existence of chromatin loops
connecting validated CREs with their target genes, in some cases spanning ex-
treme distances as for the regulation of Myc by the BENC enhancer located
~1.7 Mbp from transcription start site (T'SS) [140]. Still limited correlation be-
tween between E-P distance and nascent transcription has been observed [141,
142]. A proposed mechanistic explanations for this has been a hit-and-run model
in which transient contacts trigger a delayed transcriptional response [132] or
gradient-based diffusion model [143]. It is also possible that the E-P served
as priming mechanism enabling rapid transcriptional response upon additional
input, or that weak correlation simply reflects the failure to account for combi-
natorial CRE activity [144].

Contact models aside, a number of mechanisms have been proposed to explain
the actual transcription modulating activity of enhancers, including transfer of
enhancer recruited proteins to promoters, recruitment upon contact or direct
impact on gene-expression via modulation of chromatin state. For condensate-
based model, the establishment of a local increase in density of regulatory pro-
teins has also been proposed as a possible mechanism [132]. Enhancers and
promoters are typically treated as distinct entities, yet chromatin capture data
demonstrate widespread promoter—promoter contacts [145, 146], and experimen-
tal evidence confirm the ability of promoters to act in a enhancer-like manner
[147], highlighting the flexible nature of CRE activity. The observation that
~50% of enhancer bypass their closes gene [129, [130], highlight the importance
of enchanter selectivity. This selectivity has been proposed to arise from a num-
ber of mechanisms, including chromatin-state barriers, sequence compatibility,
protein interactions and spatial constraints within condensates [132]. To add
further complexity, these modes of selectivity are not mutually exclusive and
can act combinatorial and quantitatively to achieve fine-tuned regulation of
target gene expression. The expression of genes is not necessarily a continuous
process, rather transcription has been observed to occur in distinct bursts [[148,
149]. This transcriptional bursting contributes to cellular heterogeneity and
has been implicated to be a mediator of rapid cellular responses and a driver
for developmental transitions [[150, 151]. The transient hit-and-run mechanism
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for E-P contact have been proposed as a potential explanation for this non-
continuous behavior [152]. Although the primary focus on CRE is transcrip-
tional activation, repressive mechanism are just as important, especially for the
establishment of lineage restriction. Repression can be achieved via numerous
mechanisms, including blocking, interference, non-coding RNAs, recruitment of
repressor complexes or modulating of chromatin state [153]. In a addition, tar-
get gene repression can be mediated by imposing structural constrains for gene
activation, including regulation of insulator distribution or E-P looping (e.g. via
interference or diversion) [153, [L54]. The extent to which the various models
outlined here contribute, and how they integrate to establish the cis-regulatory
landscape and gene regulatory programs, remains to be determined. Decipher-
ing this cis-regulatory code, i.e. predicting transcriptional output from the CRE
landscape, remains a key frontier in molecular biology, with implication in both
understanding of normal developmental and disease.

Local chromatin states

The potential of CREs to exert gene regulatory functions is determined by com-
position, post-translational modifications and the topological organization of the
nucleosomes within the genomic regions, as well as modifications of the DNA
itself [[155]. These factors, collectively known as the chromatin state, determine
how permissible the element is to regulatory proteins, which subsequence de-
termine the transcriptional output [156]. Chromatin accessibility, the degree
of physically access to chromatininized DNA, is determined by the occupancy,
density and organization of the nucleosomes [155]. Although only ~2-3% of
the genome is considered ”open”, these regions represent 90% of the TF bound
regions [[157], highlighting the importance of chromatin accessibility in CRE se-
lectivity. However, this relationship is not unidirectional, trans-acting factors
can actively modulate chromatin accessibility, either by promoting nucleosome
eviction [158] or through the recruitment of chromatin-remodeling complexes
[159]. One chromatin remodeller that has a central role in Paper I, is the
an ATP-dependent BRG1/BRM Associated Factors (BAF) complex [160-165],
which employs ATP hydrolysis to reposition the nucleosomes [165]. The canon-
ical BAF complex is composed of a core set of subunits, including an ATPase
(SMARCA2/4) and an DNA-binding AT-rich interactive domain containing pro-
tein (ARID1a/b) [L66].
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The plethora of post-translational modifications (PTMs) deposited on histone
proteins, often referred to as histone marks, constitute another layer of chro-
matin regulation. These modifications are intimately linked to chromatin ac-
cessibility and transcriptional activity, with specific patterns associated with
distinct classes of regulatory elements and transcriptional states (e.g., active
versus repressed chromatin). Histone modifications have been proposed to act
as a dynamic “epigenetic code” [167], which can be written, read, and erased by
a diverse set of histone-modifying enzymes [168] (see Table [L.1)). Histone modi-
fications can play instructive roles in gene regulation, either by directly inducing
structural alterations of chromatin, indirectly through the recruitment of chro-
matin remodellers or effector proteins, or alternatively by being deposited as a
downstream consequence of other regulatory processes [169]. Tri-methylation
of histone 3 lysine 36 (H3K36me3) is associated with gene bodies whereas the
same modification of lysine 4 (H3K4me3) is associated with active promoters.
Although H3K4me3 has been shown to be able to recruit the transcriptional
machinery [170], its instructive effect seems to be modest [171] and alternatives
functions such as reinforcing transcription or reduce noise has been proposed
[172-174]. Another histone mark associated with active chromatin is acetyla-
tion of histone H3 at lysine 27 (H3K27ac). In contrast to H3K4me3, which is
largely restricted to active promoters, H3K27ac is also enriched at active en-
hancer elements, thereby serving as a key signature of enhancer activity [175].
The same lysine residue can also be modified with tri-methylation (H2K27me3)
which, together with the closely linked monoubiquitylation of histone 2A ly-
sine 119 (H2AK119ub), instead mark repressed elements and plays a crucial
role in maintaining cellular identity during development [176]. H3K27me3 is
deposited by the Polycomb Repressive Complex 2 (PRC2), composed of core
subunits EZH1/2, EED, SUZ12, and RBBP4/7, with EZH2 providing the pri-
mary catalytic activity [L77]. EED in turn is responsible for the propagation
of the repressive mark, trough allosteric activation of EZH2 when bound to tri-

Table 1.1: Selected histone modifications, along with their writers and erasers. In
addition, the type of elements each histone marks is associated with is presented.

Modification | Mark Element Writer Eraser
Acetylation H3K2T7ac Active elements KAT3A/B HDAC1/2
H3K4me3 Active promoters SET1, KMT2A/B | NO66, JARID1
H3K36me3 Gene bodies SETD2 JHDM3
Methylation
H3K27me3 Repressed elements | EZH1/2 UTX/Y, JMJD3
H3K9me3 Heterochroamtin SUV39H1/2 JHDM3

Ubiquitination | H2AK119ub | Repressed elements | RinglA/B BAP1
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methylated H3K27 [178]. During development, many genes display a bivalent
chromatin state marked by both H3K4me3 and H3K27me3, keeping key regu-
latory loci poised for activation or repression during lineage commitment [179].
In contrast to the developmentally regulated repression marked by H3K27me3,
tri-methylation of histone H3 at lysine 9 (H3K9me3) is associated with stably
silenced heterochromatic regions [180]. This modification plays an instructive
role in chromatin compaction through the recruitment of HP1 [181, 182], which
has been proposed to self-associate and drive phase separation [183-185].

1.2.2 Transcription factors: The directors of cellular identity

Mechanisms of action

The concept of transcription factors (TFs) can be traced back to the discovery
of shared DNA sequences in the promoter regions of genes with a similar ex-
pression pattern [90, 91, 186]. These short sequences (i.e. motifs) were shown
to be selectively targeted by DNA binding proteins with gene regulatory po-
tential, the TFs [91]. TF sequence-specificity is mediated by a DNA binding
domain, often used to classify TFs into families [187-190]. Although TF medi-
ated gene-regulation can provide cell-type specific expression via regulation of
TF expression or activity, this alone can not explain the full complexity of gene
regulatory networks (GRN). Indeed, since then it has been shown that the TF
recognition is guided by a complex motif grammar, defined not only by the DNA
sequence by also the nucleosome topology [191] and the pattern of combinatorial
TF binding sites with varying affinities [192, [193]. As most TFs are restricted to
DNA binding in open chromatin environments, the epigenetic state of the cell
provide an additional layer of regulation on top of motif sequence and organi-
zation, restraining TF activity to epigenetically primed regions in the genome
[92]. However, a group of TFs, known as pioneer factors, can bypass this bar-
rier by their intrinsic ability to bind and induce nucleosome eviction at sites of
closed chromatin regions [158], which can be extended to entire elements via
recruitment of chromatin remodeling complexes (e.g. the BAF complex) [194,
195]. Although a continuum of pioneering activity dependent on chromatin
state, binding site affinity and TF concentration is probably a more accurate
description than a strict binary classification [195], the fact that many of the
key drivers of lineage specific programs poses pioneering activity substantiate
the importance of pioneer factors is development [194, 196-198].
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Figure 1.6: Mechanisms of action for transcription factors. Transcription
factors can exert gene regulatory function via numerous mechanisms, including steric
hindrance, direct recruitment of the transcriptional machinery or through recruitment
of co-factors or chromatin remodellers. In addition, TFs can impact gene expression by
modulation of the genome 3D structure, by direct contact or condensate formation.

The mechanisms by which transcription factors regulate their target genes are
diverse, reflecting both their inherent properties and the cellular context. While
some TFs function by direct recruitment of the transcriptional machinery [199]
or steric hindrance [200], most eukaryotic TFs exert their gene regulatory func-
tion by co-factor recruitment [201]. The ability of TFs to interact with a wide
array of co-activator and repressor complexes enable context specific TF activ-
ity. Although TFs were initially discovered to bind within the promoter region
of their target genes, it is now known that the majority of TF responsive element
are located in distal regulatory elements often located tens to hundreds of kilo-
bases away from the target promoter [123-126, 131]. The ability of TFs to act
over long genomic distance can be achieved via the formation of 3D chromatin
loops bringing distal elements into physical proximity of their target promoter
[202], either by direct interaction or via condensates formation [93]. The switch-
like dynamics of condensates has positioned it as a attractive model to explain
the rapid state transitions observed in many biological processes [203, 204]. An
overview of the diverse mechanisms of TF action is provided in Figure @

Transcription factors in lymphocyte development

The developmental programs that guide the differentiation from multipotent
progenitors into lymphoid primed progenitors and later fully commit B- and
T cell involve the coordinated action of a number of TFs. Among these are
PU.1, a broadly expressed TF with pioneering activity that can orchestrate
different lineage fates in a dose dependent manner [205]. Also RUNX1 exhibit
a multi lineage expression pattern, and can mediate different cell-type specific
activity based on interaction partner [206, 207], and together with IKZF1 [208]
and TCF3 (also known as E2A) [209], is important for lymphocyte priming in
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multi-protein progenitors. The key TFs involved in the B- and T cell specific
programs are introduced below:

B lineage specific TFs

FOXO1: Forkhead box O1 (FOXO1), activated by E-proteins in early B cell
development [210], is a critical regulator driver of the early B cell program
211, 212]. FOXO1 control the expression of the Rag genes [211] as well
as engaging in a feed-forward loop with TCF3 to drive the expression of
the key B cell factor EBF1 [213].

EBF1: Although Ebf1 (Early B cell factor 1) has a rather broad tissue ex-
pression profile, in hematopoietic system it is restricted to the B cell
lineage [214-217], and first detected in the BLP stage [63, 218]. EBF1
is a key factor in the activation of the B linage genes, including Paz.
Mechanistically, EBF1 can act as a pioneer factor [197, 219, 220] and has
also been promote condensate via recruitment of chromatin remodelling
complexes [221]

PAXS5: Paired box gene 5 (PAXD5) is an important factor in the establish-
ment of B cell identity, as indicated by the alternative lineage potential
observed in Paz5 deficient pro-Bs [222-227]. Together with EBF1, PAX5
is a major contributor to the establishment of the B cell transcriptional
program as well as the repression of alternative lineage genes [228, 229].

T lineage specific TFs

TCFT7: TCF7 (also known as TCF1) is activated by Notch signaling and is
a key regulator of T cell development [230-232]. Mechanistically, TCF7
drive the early T cell program, exemplified by its ability to activate a
Gata3, and Bel11b [231)]. The importance of TCF7 in T cell development
is further substantiated by the finding that Tcf7 deficiency cause differen-
tiation defects in early T cell development upon migration to the thymus
(230, 231].

GATA3: GATA3 belongs the GATA family of zinc finger transcription fac-
tors. Despite its relatively broad expression pattern throughout T cell
development [233, 234] as well as in other tissues [235-237], GATA3 pro-
vide stage specific regulation of T cell development [80, 238]. In addition
to it role in initiation of the T cell specification of thymic progenitors [234,
239], GATAS3 is also involved ILC differentiation and in the promoting a
CD4+ helper cell fate over CD8+ fate [234, 23§].
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BCL11B: The activation of BCL11B at the DN2a-to-DN2b transition cor-
relate with T lineage commitment. This is consistent with the important
role of BCL11B in promoting T lineage over alternative fates, as well as
to drive the Phase 2 program [240-243]. BCL11B has been shown to
exert its regulatory potential both directly via requirement of chromatin
remodellers and histone modifiers, as well as via TF circuitry [243-245].

Transcription factor networks

Similar to TF-cofactor interactions, TF-TF crosstalk provides an additional
layer of gene regulatory control, mediated either through direct physical con-
tact or indirectly at the transcriptional or chromatin level [246]. It has been
shown that DNA-mediated cooperativity (via composite motifs) can stabilize
DNA binding [247] and impose lineage-specificity on broadly expressed TFs, as
illustrated by the lineage specific occupancy pattern of ETS1 [248, 249]. TF-
TF interactions are not always synergistic, and alternative modes of cross-talk
include co-factor [246] or binding site competition [250], as well as depletion via
redirection, exemplified by PU.1 during T cell development [207].

The gene regulatory potential of TF enable indirect interactions via transcrip-
tion factor networks. These networks can be stratified into classes of small
regulatory circuits. While such sub-networks are often referred to as motifs in
network theory, the term circuits will be used here to avoid confusion with DNA
sequence motifs. Feed-back loops (FBL) and feed-forward loops (FFL) repre-
sent two groups of well characterized circuits with relevance in TF networks
[251]. Feed-forward loops are three node circuit in which a factor (X) activate a
target (Z) both direly and via an intermediate (Y). Depending on whether the
direct and indirect regulatory interactions reinforce or counteract one another,
the FFLs can be further divided into coherent (C-FFL) or incoherent (I-FFL)
subtypes [251]. Coherent FFLs act as persistence detectors, and noise filter, a
property that can be be beneficial in the earlier stages of cell fate decisions as
it ensures that only persistent signals trigger lineage-specific programs. Exam-
ple of this type of circuit can be found in both early B cell development with
an TCF3-FOXO-EBF1 loop [210, 213, 252] and in T cell development with a
Notch-TCF7-GATA3 loop [230, 231, 253]. Incoherent FFL on the other hand
can generate transient pulse like expression or delayed timing of transcriptional
programs as observed for the initiation of T cell effector and innate programs in
T cell development, provided by the opposing role of Notch signaling on the reg-
ulation of TCF7/GATA3 and several of their target genes [253]. AND/OR logic
within in these feed-forward circuits can provide additional complexity to the
transcriptional output [251]. The other class of circuits, the feed-back loops are
most prominently exemplified by the classical negative FBL providing stability
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to biological systems by tuning of expression levels of transcriptional programs
and buffering fluctuations. In lymphoid development exemplified by the acti-
vation of ID3 and IKZF by PAX5 [254, 255], which in turn suppress the early
B cell transcriptional program (via E2A and EBF1 respectively), leading to re-
duced pre-BCR signaling and subsequent control of proliferation [256-259]. In
contrast, positive feedback loops reinforce signaling and generate bistability, as
seen in the reciprocal activation between EBF1 and PAX5 which ensure stable
B lineage commitment [260-262]. Figure
of regulatory circuits and illustrates them with examples from early lymphoid
development. Although isolation of these small sub-networks facilitate the con-
ceptual understanding of the underlying processes, in reality the circuits are
highly intertwined in complex TF network [263], enabling precise and tempo-
rally controlled expression of lineage-specifying programs.

summarizes the different classes

Transcription factor activity can also be indirectly modulated through TF me-
diated chromatin remodeling, which alters accessibility for subsequent TF bind-
ing. This can be mediated via pioneering activity or recruitment of chromatin
remdodellers or histone modifying complexes [246]. The key B cell transcrip-
tion factor EBF1 provide an en example of pioneering TF that also has been
shown to impact the chromatin level via BRG1 recruitment [[197, 219-221] and
phase-separation [221]. In addition, TFs can influence the activity of other TFs
through topological constraints imposed by chromatin looping. An indirect ex-
ample is provided by PAX5, which facilitates Igh loop extrusion and V gene
recombination by PRC2-mediated repression of Wapl.

Feed-forward loops Feed-back loops

Coherent Incoherent Negative Positive
— | —— O
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Figure 1.7: Regulatory circuits in TF networks. Conceptual representation of
selected regulatory circuits, with example in lymphoid development. The depicted cir-
cuits are coherent/incoherent feed-forward as well as positive/negative feed-back loops.
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1.2.3 Signaling pathways: A cellular dialogue

The mechanism covered so far in this section are cell intrinsic, however, the cells
does not exist in isolation but instead occupy a distinct niche which provide the
cell with cell-cell interaction and external factors (e.g. cytokines). These fac-
tors trigger signaling cascades which integrate with the cell intrinsic regulatory
mechanisms in order to drive cellular processes, such as migration, proliferation
and differentiation. Two of these signaling pathways with relevance to this these
are described below:

IL-7 signaling

IL-7 is a soluble globular protein produced by stromal cells in the BM and thy-
mus [264], that can trigger IL-7 signaling by binding to the heterodimeric IL-7
receptor consisting of an a-chain (IL-7Ra, CD127) paired with common cy-
tokine receptor -chain (¢, encoded by the Il2rg) [265]. Binding of IL-7 cause
a conformational change in the receptor, trigger Janus kinase 1 (JAK1) and
3 (JAK3) mediated phosphorylation of IL-7R«, and subsequent activation of
signal transducer and activator of transcription (STAT) proteins. Phosphory-
lation of STAT cause homodimerizes and translocation to the nucleus where it
can activate the expression of target genes [266]. IL-7 signaling is critical for
lymphopoiesis and deficiency cause severe impairment in both B- and T cell lin-
eages, including developmental block in the transition to the pro-B cells stage
of B cell development [267, 268], although the dependence of IL-7 for B cell de-
velopment seems to be less pronounced in the human setting [269]. It has been
suggested that IL-7 signaling play an instructive role in B cell development by
activating EbfI in the common lymphoid state [270-272], which is supported by
the finding that ectopic expression of EBF1 is sufficient to partially rescue B
cell development in IL-7 deficient mice [270]. In addition, IL-7 signaling act in
conjunction with the pre-BCR to stimulate a proliferative burst [64] and reduce
RAG levels [65]. IL-7 signaling has also been shown to be important for early
T cell development in the thymus, supporting the survival and expansion of
thymocyte progenitors [267, 273, 274].

Notch signaling

Notch signaling is a highly conserved signaling pathway with a central role in
the regulation diverse cell fate decisions [275]. In the hematopoietic system, the
most prominent effect of Notch signaling is observed in the T cell lineage, where
it is indispensable for initiating the T cell transcriptional program [276]. The
signaling cascade is initiated by binding of the trans-membrane Notch receptor
to a delta-like ligand, which trigger proteolytic cleavages of the receptor, and
release of the Notch intracellular domain (NICD). NICD translocate to the nu-
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cleus where it, via interaction with DNA-binding protein RBP-Jx (also known
as CSL) and co-activators, drive transcription of target genes [275, 277]. In T
cell development, multipotent progenitors are exposed to high levels of Notch
signaling via delta-ligand expressing stromal cells in the thymic niche [73, [74],
causing the activation of several genes with critical functions in the T cell devel-
opmental progression (e.g. Tcf7 and Gata8) [276]. The essential role for Notch
signaling i T cell development is supported by the arrest early T cell develop-
ment and intrathymic accumulation of B cells in the absence of Notch-mediated
signals [278, 279], as well as the ability of stromal expressing delta-ligand 1
(Op9DL1) to recapitulate T cell development in vitro [261].
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1.3 Cell fate determination: A three part act about
identity and commitment

Cell fate determination, the ability of cells to acquire distinct cellular identities
through the process of differentiation, is central to all multicellular life. The
most apparent example being the ability of a single cell (the zygote) to give
rise to all cell types in the fully formed organism. The concept of cell fate de-
cisions is not only applicable to embryonic development, but is also relevant
in the context of differentiation of adult stem and progenitor cells into more
specialized cells. A conceptual representation of this process was proposed by
Waddington in 1939 .P m referred to as the Waddington landscape, in
which differentiating cells were visualized as balls rolling down a landscape of
bifurcating valleys, representing alternative developmental trajectories (see Fig-
ure [L.§). Extrinsic signals from the microenvironment, together with intrinsic
gene regulatory programs, guide cells along these paths, establishing and main-
taining cellular identity. Although the discovery of induced pluripotent stem
cells (IPS) [] and direct reprogramming [] has challenged certain aspects of
the Waddington landscape, most notably its implied uni-directionality and the
inaccessibility of certain states, the framework continues to serve as a valuable
conceptual model of cell fate determination. At the molecular level, differenti-
ation is orchestrated by a network of more or less lineage-specific transcription
factors acting in concert with a dynamic chromatin landscape and extrinsic sig-
nals, in order to establish lineage-specific transcriptional programs and repress
alternative fates. This process is continuous and dynamic, encompassing inter-
mediate states with varying degrees of plasticity, ensuring a balance between
adaptability and robustness. The mechanistic basis of cell fate determination
within the lymphoid lineage of hematopoiesis is detailed below.

Figure 1.8: The Waddington landscape. Conceptual representation of the epi-
genetic landscape that guide cell fate determination.



26 CHAPTER 1. THEORETICAL BACKGROUND

1.3.1 Opening act: Lymphoid priming

In the initial stages of hematopoiesis, the B- and T cells share a common tra-
jectory, diverging Gatal expressing megakaryocytic-erythroid progenitors away
from a shared myeloid /lymphoid population characterized by FLT3 surface ex-
pression and high PU.1 (encoded by Spil) levels [12, 284]. PU.1 is also a critical
regulator for the subsequent bifurcation into myeloid /lymphoid lineage, where
high PU.1 levels achieved via elongation of cell cycle duration [205, 285] favor
myeloid differentiating, while a low expression of Spil drive cells into a lin-
eage restricted stage. This common lymphoid progenitor population is marked
by the expression of IL-7R [286], although there is not clear evidence pointing
toward an instructive role of IL-7 signaling at this divergence [271]. Instead,
IKZF1 serve a key role in early lymphoid restriction, by regulating PU.1 lev-
els via activation of the Spil repressor GFI1 [287], as well as to create a per-
missive chromatin landscape for lymphoid development by recruitment of the
nucleosome-remodeling MI-2BETA and histone deacetylase (NuRD) to target
genes [288]. The priming for lymphoid transcriptional program is also achieved
on the level of genome topology, with IKZF1 mediated chromatin interaction
driving the compartment switch of lymphoid-specific genes into a permissive
euchromatin state to facilitate the progression of lymphoid development [289].

1.3.2 Middle act: B- and T lineage specification

IKZF1 is also involved in B cell lineage specification, and appears to collaborate
with TCF3 [209] to activate lymphoid-restricted genes (e.g. Ragl, Dnit) [209,
290-292]. TCF3 (also known as E2A) in turn establishes a FFL with FOXO1
[210], culminating in the activation of EBF1 at the transition to the BLP2 stage
[b7, 213]. EBF1, a key regulator of the B development, orchestrate B cell specifi-
cation through activation of a set of B cell genes [63, 218]. Given that initiation
of the B-lymphoid program is associated with structural alteration in genome
organization and changes in chromatin states of B-lineage associated elements
[115], the significance of EBF1 in B cell specification may, at least in part,
be attributed to its ability to modify the epigenetic landscape [197, 219-221].
Mechanistically, this can be achieved by EBF1’s pioneering activity and ability
to promote phase-separated structures at B-lineage target genes via interac-
tion with chromatin-remodeling complexes (e.g. BRG1) [197, 219-221]. Among
EBF1 target are genes encoding components of the pre-BCR, whose assembly
represent an import step in early B cell development and marks the pro-B to
pre-B transition [254, 293-298]. The importance of EBF1 in B cell development
is substantiated by the ability of endogenous EBF1 expression to activate most
of the early B-lineage program [227, 299], and the fact that loss of EBF1 result
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in cellular plasticity and de-differentiation [300]. However, despite this crucial
role of EBF1 in B lineage specification, commitment to the B lineage require
the action of another key B lineage restricted TF, PAX5 [222, 224, 227].

T cell specification is instead dependent on migrating of lymphoid primed pro-
genitor with varying degree of lymphoid commitment to the thymus [69, 72, B01],
where the cells converge on the T cell developmental trajectory with stage de-
pendent kinetics [70, [71]. Notch signaling, mediated by delta-ligand expressing
thymic stromal cells, initiate the T lineage specification program which initially
is predominantly influenced by the action of bone marrow inherited TFs [302].
Although these TFs are permitted to promote proliferation and expression of
progenitor genes, Notch signaling selectively modulate their activity for com-
patibility with a T cell fate. A critical example being PU.1, which are allowed
to use its pioneering activity for T lineage priming [303], while its ability to
promote myeloid differentiation is suppressed by Notch mediated inhibition of
its obligatory myeloid partners of the C/EBP and IRF families [302, B04-306].
Notch signaling also induce the expression of the lineage restricted TFs TCE7
and GATAS3 [B07], essential for initiation of the T cell identity program [230, 306,
308312]. Among the T-lineage signature genes, many rely on non-redundant
input from multiple regulators for activation, highlighting the complex regula-
tory network that drive T cell specification [302]. Observation of changes in 3D
architecture and local chromatin state in regions associated with some of these
T cell restricted genes [232, B13-316] similar to what has been observed in B
cell development, suggesting that modulation of the chromatin landscape is an
important regulatory mechanism for lineage specifying program in general [302].

1.3.3 Final act: Commitment & beyond

Quite paradoxically, many of the factors driving the early Phase 1 T cell or
even progenitors programs are also involved in driving the functionally impor-
tant DN2a-to-DN2b transition, which marks stable T lineage commitment. This
include the E2A:HEB E protein dimers which activate a set of signature T cell
genes including Rag! [B17, B18] and CD3 TCR co-receptor components [319].
Also RUNX1 and IKZF1 show multifaceted and stage specific activities [320,
321]. During the Phase 1 to Phase 2 transition, which correlate with commit-
ment, RUNX factors undergo genome-wise relocation from sites enriched for
co-binding with PU.1 to new sites enriched for co-binding with TCF7, E pro-
tein as well as the novel TF BCL11B [207, 243, 253, B21], whose expression
concise with functional commitment at a single-cell level [79]. The delayed ac-
tivation of Bcll1b is to a large extent caused by epigenetic constraint [313, 314,
322, 323]. Although the regulators of Becll11b (RUNX1, TCF7, GATA3), are



28 CHAPTER 1. THEORETICAL BACKGROUND

all expressed already at DN1, their regulatory potential for Bcl11b is initially
limited by its regulatory elements being marked by repressive H3K27me3 and
sequestered in inactive compartment B [253, B14, B21, B24]. As enforced expres-
sion of Runx! is sufficient to overcome this chromatin barrier, enable RUNX1
to bind high-affinity binding sites and subsequently turn on Bcl11b expression
at an earlier stage, TF dose titration is most likely a contributing mechanisms
[253]. BCL11B itself has a dual role in the promoting T cell identity, it blocks
NK and ILC differentiation by repressing Id2 and other innate regulators to
ensure stable T cell commitment while simultaneously drive the progression of
T lineage program via activation of signature genes [243, 325]. In contrast to
Phase 1 regulators which often act in an incoherent manner to ensure robustness
and timing, the Phase 2 program is characterized by more coherent TF circuits
enforcing T cell identity [302]

B cell commitment, on the other hand, is dependent on the PAX5, as demon-
strated by the ability of Pax5 deficient B cell progenitors to differentiate into
both myeloid and T cells [222-227, 826]. Similar to the activity of BCL11B in
T cell commitment, PAX5 impose B cell lineage restriction by activation of B
signature genes while simultaneously imposing lineage restriction by repression
of alternative lineage genes (e.g. colony-stimulating factor receptor 1 (Csflr or
cfms)[228] and Notchl [327]). This dichotomous role, which is also observed for
IKZF1 and EBF1, can at least partly be explained by the TFs ability to in-
teract with both activator and repressor complexes, including PRC2 [220, 221,
328332]. Among these repressed PAX5 target genes are the gene encoding
then Cohesin release factor WAPL, enabling the recombination of distal IgH
V-genes by facilitating increased DNA loop extension [331]. In addition, the
ability of PAX5 to activate Ebf1, establishes a positive feed-back loop between
the two TFs [333], which enforces B cell identity and drive the progression of B
cell development into the pro-B cell stage and beyond. These two factors also
play an important function regulation of assembly and signaling trough the pre-
BCR. While EBF1, in collaboration with TCF3, activate critical component
for pre-BCR assembly at the large pre-B stage, including signal transducers
CD79«/ and surrogate light chains IGLL1 (A5) and V-set pre-B cell surrogate
light chain 1 (VPREB1) [294, 295], PAX5 ensure that the subsequently trig-
gered proliferative burst is suppressed to enable light chain recombination [334,
335]. Mechanistically, PAX5 drive cell cycle exit by activation of the genes en-
coding IKZF3 and ID3, resulting in reduced expression of surrogate light chain
genes by EBF1 binding site competition [257] and impaired TCF3 activity [256,
258, 259], respectively. The functional placticity of B cell progenitors with com-
bined heterozygous deletion of Ebfl and Paz5 (Ebf1*/~Paz57/7), not observed
for single heterozygous deletion [333] provide further support for the important
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non-redundant functions of EBF1 and PAX5 in B development, and in addition
highlight the importance of TF dose in linage commitment as observed also for
T cell development. For an overview of transcription factor network controllin

priming, specification and commitment of B- and T lymphocyte, see Figure @
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Figure 1.9: Transcription factors network in lymphoid cell fate determina-
tion. Schematic representation of the transcription factor network that control lym-
phoid priming, B- and T lineage specification and finally commitment.
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1.4 Going off script: From normal development to
leukemic transformation

1.4.1 Leukemic transformation

While gene regulatory networks ensure fine-tuned regulation of cellular identity
during normal development, their interconnected structure also makes them
sensitive to disruptions, as confirmed by the dose-dependent effects seen in B-
and T cell development. Collectively, this sensitivity, combined with cellular
plasticity, and rapid proliferative capacity renders developmental TF circuits
prone to oncogenic hijacking and malignant transformation [336]. Indeed, par-
tial loss-of-function mutations, including heterozygous loss, of key regulatory
TFs are frequency detected in B-lineage leukemia [337, B38|, often in a com-
binatorial pattern and in combination with fusion proteins (e.g. BCR-ABL or
ETV6-RUNX1) B30, B37-839]. Although the developmental block often ob-
served for B cell acute lymphoblastic leukemia (B-ALL) has been suggested
to be the cause of the leukemic transformation [340-842], in appears that dis-
rupted stage specific control of the cells basic machinery (e.g. metabolism and
proliferation) is the most prominent driver [343]. This principle is illustrated
by IKZF1 and PAXS5, which not only guide B cell identity but also regulate
glucose metabolism, thereby linking developmental programs with control of
cellular energy demands. [344, B45]. In T cell lymphoblastic leukemia (T-ALL),
especially the high risk ETP-ALL subtype, many of the key regulators can act
as proto-oncogene if the regulatory mechanisms controlling stage specific activ-
ity is disrupted [346-853]. The dysregualtion of TFs can also be mediated by
mutations targeting non-coding regulatory elements, as seen for the accelerated
development of T-ALL via loss of distal Pten enhancer [354], or focal ampli-
fication of non-coding region driving lineage-ambiguous leukemia by inducing
aberrant BCL11B expression [355].

The signaling pathways that normally drive cell expansion under tight control
of the TF networks can become oncogenic, if targeted by mutations that dis-
rupt its regulation. This is most clearly exemplified by the frequency detection
of Notch mutations in T-ALL, causing ligand-independent hyperactivation and
prolonged Notch driven proliferation [302]. Similarity, in B-ALL, the IL-7/stats
signaling pathway can turn oncogenic by gain-of-function mutations in genes
of the JAK/STAT proteins or in the downstream RAS signaling pathway [356,
357]. These mutations has been shown to synergize with heterozygous mutations
in Ebf1 and Pazx), thereby reducing the normal control these TFs have on JAK—
STAT signaling [358-360]. Development is accompanied by profound changes
in genome architecture and dynamic remodeling of chromatin states, represent-
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ing another regulatory axis vulnerable to leukemic transformation. Alterations
affecting epigenetic regulators are frequently detected in acute lymphoblastic
leukemia (ALL), most notably exemplified by KMT2A (MLL) rearrangements,
where fusion of TFs to the histone methyltransferase leads to a decoupling of
normal transcriptional programs [361].

1.4.2 Lineage placticity in leukemia

A potential consequence of disruption of the gene regulatory networks are lin-
eage placticity. Indeed, the EPT-ALL subtype, often marked by broad retention
of a Phase 1 transcriptional state alongside expression of post-commitment asso-
ciated TCR complex components, retain some myeloid potential. This suggest
that leukemic transformation is associated with failed repression or retrograde
differentiation [302]. In B-ALL, lineage plasticity is especially pronounced in
MLL-rearranged cases [362-365], where relapse is frequently associated with
conversion to a myeloid—monocytic phenotype [365-367]. This lineage switch
is marked by silencing of the signature B TFs Fbf! and Pazx), suggested to
be mediated by epigenetic dysregulation [366, B68]. Lineage plasticity has also
been observed in both normal and malignant B cell progenitors with trans het-
erozygous deletion of Ebf! and Paz5 in mice [333, B69], although there is little
support for loss-of-function mutation in these genes to cause lineage placticity
in the human B-ALL [336]. While lineage conversion after conventional therapy
is rather rare, a shifts in tumor cell surface antigens is more common in patients
treated with targeted therapies (e.g. chimeric antigen receptor (CAR)-T cells).
Even though this epitope masking seen in relapse after CD19 CAR-T treatment
can be attributed to mutations in the Cd19 gene itself rather then a complete
lineage switch [B70-872], the ability of these cells to escape treatment or avoid
detection still poses a serious challenge.






Chapter 2

Methodology

2.1 Experimental models

This thesis is based on data generated from a combination of primary cells from
mice models as well as cell lines. The majority of the work have been con-
ducted in murine models, which may limit the direct translatability of findings
to the human setting. However, recent phenotypic characterizations of human
hematopoiesis indicate that despite difference in the surface marker profiles, the
principles of early lymphocyte development are similar between human and mice
22, 873].

2.1.1 Mice models

CD45 congenic mice

CD45, encoded by the Ptprc gene, is a trans-membrane protein tyrosine phos-
phatase involved in cell activation and signaling [374-376]. The broad surface
expression of CD45 on all hematopoietic cells except erythrocytes and platelets,
has made the protein a widely used pan-hematopoietic marker [377, B7§]. Dif-
ferent isoforms of CD45 have been identified. While C57BL/6 mice carry the
common CD45.2 isoform encoded by the Ptprc? allele, the Ptpre® allelic variant
translating into CD45.1 has been identified in the SJL mouse strain [379, B80].
The different isoforms enable the use of CD45 as a congenic marker, facilitat-
ing tracking and quantification of reconstituted hematopoietic donor cells in a
transplantation setting [381, B82].

33
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iCas9 mice

The CRIPSR associated protein 9 (Cas9) is an endonuclease that can introduce
guide RNA (gRNA) directed double stranded breaks in genomic DNA [383,
384]. As cells respond to double stranded breaks primarily through the error
prone non-homologous end joining (NHEJ) pathway which often introduces mu-
tations [385], the CRISPR/Cas9 system can be used for targeted inactivation
of genes or TF binding in regulatory elements. For generation of a mouse line
with inducible Cas9 activity (iCas9), TetO-Cas9 mice (JAX:#029476, B6.Cg-
Col1g1tm1(tetO-cas9)Sho 1) expressing tetracycline responsive element (TetO)-Cas9
from the Collal promoter were crossed with R26m2rtTA [B86] mice expressing
a tetracycline-controlled transactivator. The iCas9 mouse strain provide tempo-
ral control of Cas9 expression in vivo and in vitro through doxycycline (DOX)
administration.

Arid1afor/flor_p CD2iCre mice

For investigation of the role of BAF subunit ARID1a in lymphocyte develop-
ment, a conditional Arida knock-out mouse strain was generated. ARID1qf10%/flox
mice carrying loxP sites flanking exon 8 from Gao et al. [387] were crossed
with human CD2 promoter—driven iCre mice [B88]. The resulting mice strain
(Arid1a/*#/flor_hCD2iCre) is characterized by selective inactivation of Aridla
in early lymphocyte development [389] due to nonsense-mediated decay of the
mutant Aridla transcript [387).

Ebf11/-Paz5™*/~ mice

The Ebf1*/Paz5'/" transheterozygous (TH) mice model, first described by
Ungerbéck et al. is characterized by targeted mutations in the DNA-binding
domains of Ebfl and Pax5 causing functional inactivation of the two B cell TFs
[B33]. The mice model is on a C57BL/6 background and was generated by cross-
ing Ebf1*/- [218] and Paz5*/~ [390] mice. Reduced levels of Ebfl and Paz5 cause
lineage placticity in the CD19+ pro-B cell compartment. In contrast to their
WT counterpart which are committed to a B lineage fate, the TH proB cells are
able to undergo T lineage conversion if exposed to Notch signaling [333]. In ad-
dition, the Ebf1*/Paz5%/~ mice are preconditioned malignant transformation.
At ~25-40 week of age, a large fraction of TH mice develops lymphoid leukemia
with phenotypic features resembling human B-ALL [339)].
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2.1.2 Cell lines

Mice cell lines

230-238

230-238 is murine B cell progenitor cell line generated by Abelson transformation
of BM cell from BALB/c mice [391, B92]. The 230-238 cells represent a pro-B
cell like stage [393-895] and can be maintained in RPMI1640 supplemented with
10% heat-inactivated fetal calf serum, 25mM HEPES, 50 g/ml gentamicin and
50 uM B-mercaptoethanol.

Scid.adh.2C2

The Scid.adh.2C2 cell line is a DN3-like murine T progenitor cell line. The cell
line originate from a subclone of the Scid.adh cell line derived from a spontaneous
thymic lymphoma in SCID mutant mouse [396]. Scid.adh.2C2 cells can be
cultured in RPMI1640 with 10% fetal bovine serum, sodium pyruvate, non-
essential amino acids, gentamicin and 50 uM S-mercaptoethanol.

Human cell lines

Flp-In T-REz-293

Flp-In T-REx-293 is derived from the 293 human embryonic kidney cell line
[B97], designed for generation of stable cell lines expressing a gene of interest
[B98]. Flp-In T-REx-293 can be maintained in DMEM media with 10% FBS.

NALMG6

NALMSG6 is a B precursor leukemia cell line derived from peripheral blood of a
19-year old male with B-ALL [399]. NALMG6 has been used widely in B-ALL
research and has been extensively characterized as part of the Cancer Cell Line
Encyclopedia project [400-402].

2.1.3 Isolation of primary cells

Cell extraction

Stem- and progenitor cells as well as B cell progenitors are isolated from BM in
hind bones of adult mice or FL, whereas T cell progenitor are extracted from thy-
mus. Cells are brought into single-cell suspensions by tissue homogenization and
filtering. Stage or lineage-specific surface proteins (i.e. markers) enable isolation
of defined cell populations using antibody-based separation techniques, includ-
ing magnetic cell separation and fluorescence-activated cell sorting (FACS).
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Magnetic cell separation

Magnetic cell separation is a method for selection of specific populations from a
heterogeneous mixture of cells based on antibody mediated selective attachment
of cells to magnetic microspheres (or beads) [403]. There are two forms of mag-
netic cell separation, positive selection (i.e. enrichment) and negative selection
(i.e. depletion). For depletion, the cells unbound to the magnetic beads are
retained. Enrichment instead is based on respsuspension of cells from the bead-
bound fraction (Figure EI) While magnetic cell separation provide an efficient
and high-throughput strategy for coarse cell separation, the level of multiplexing
and accuracy is not sufficient for isolation of pure cell populations defined by
a combination of different surface markers. Thus, extraction of rare progenitor
populations are often achieved by depletion of lineage positive cells followed by
more precise and higher resolution cell separation through fluorescence-activated
cell sorting (FACS).
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Figure 2.1: Schematic illustration of magnetic cell separation and FACS.
A. Depletion or enrichment of cells in a heterogeneous mixture can be performed by
selective antibody mediated attachment of cells to magnetic beads. B. FACS provide a
fluidics based method for characterization and isolation of cells by electrostatic sorting
of fluorescently labeled cells.
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Fluorescence-activated cell sorting

Flow cytometry refers to the measurement of physical and chemical character-
istics of single cells (or other particles) in a fluid stream [404]. Since the first
implementation of flow cytometry for measurement of cellular volume 75 year
ago [405], great technological progress has been made, including the development
of fluorescence-based flow cytometry in 1969 [406], and today flow cytometry is
a routinely used method for complex cell characterization in both research and
in the clinic with the potential to analyze 30+ markers simultaneously [404].
In addition to cell phenotyping using fluorochrome coupled antibodies, flow cy-
tometry based assays for cell viability, proliferation and apoptosis among others
are available. Fluorescence-activated cell sorting (FACS) is an extension to flow
cytometry, that enable sorting of cell based on a combination of surface markers
at single-cell resolution by electrostatic charging of cell enclosed droplets [407-
409]. The principle of FACS is based on hydrodynamic focusing of fluorescently
labeled cell info a single file stream. As the cells pass through laser beams,
fluorochromes used for the detection of target proteins is exited and emit light
which is converted into electrical signal by photo-multiplying tube (PMT) de-
tectors. If the sorting requirement is met, an electrostatic charge is applied to
the stream, which enable droplet based sorting of cells in a deflection field [104].

In hematology, FACS has been used extensively for analysis and isolation of
defined cell populations. In the work presented in this thesis, FACS has primar-
ily been used for quantification and isolation of progenitor populations belonging
to the lymphoid lineage, see Table @ for details.
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Table 2.1: Cell surface markers for defined cell populations in lymphoid development.

Lineage Population | Sorting strategy
LSK Lin"-Scal+Kit+
Progenitors LMPP Lin"-Scal +Kit+F1t3+
CLP Lin"-F1t3+IL-7R+Kit™Scal ™
ProB Lin"*-CD19+IgM-IgD-CD43+Kit+
B lineage PreB Lin"*-CD19+IgM-IgD-CD43-Kit-
ImmB Lin"*-CD19+IgM+IgD-
MatB Lin"*-CD19+IgM+/-IgD+
DN Lin™"-CD4-CDS8-
DN1 DN: CD44+CD25-Kithish
DN2a DN: CD44+CD25+Kithish
T lineage DN2b DN: CD44+CD25+Kit™"t
DN3 DN: CD44-CD25+
DN4 DN: CD44-CD25-
DP Lin™"-CD4+CD8+
CD4SP Lin™"-CD4+CD8-
CDS8SP Lin"""-CD4-CD8+

* Ter119, Macl, Grl, CD11c, NK1.1, CD4, CD8, CD19
** Ter119, Macl, Grl, CD1lc, NK1.1, CD4, CD8
*** Ter119, Macl, Grl, CD11c, NK1.1, CD19
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2.2 Cell manipulation and characterization

2.2.1 In vivo assays

Transplantation

Since the groundbreaking work by Till and McCulloch in the early 1960s taht
demonstrated the existence of multipotent hemtopoetic progenitor cells with
self-renewal capacity via injection of bone marrow cells into irradiated recipi-
ent mice [410-412], transplantation has remained a gold standard experimental
method for studying hematopoiesis and immune cell development. The use of
congenic mice strains (e.g. CD45.1/CD45.2) for discrimination of donor cells
from host cells, enable competitive assays for evaluation of stem- and progen-
itor cell fitness and the ability to specifically investigate cellular function and
lineage reconstitution of donor cells in a biologically relevant context [381], B82].
In addition, transplantation can be used for functional evaluation of genetic
modification and the ability to separate cell-intrinsic and environmental effects.
During transplantation the donor cells are transferred to the host by intravenous
injection via the tail vein. To achieve efficient engraftment, pre-conditioning by
irradiation or chemotherapy is often required to eliminate host competition, and
free up bone marrow niches [113-415].

2.2.2 In vitro assays

Op9 co-culture systems

Op9 is a murine bone marrow derived stromal cell line, that lack functional
macrophage colony-stimulating factor (M-CSF) and can support the generation
of hematopoietic cells of several lineages from ES cells [116], including func-
tional B cells [417]. B cell progenitors can be differentiated from multipotent
hematopoietic progenitors and expanded in culture in Op9 co-cultures using a
cytokine cocktail of c-Kit ligand (KL), Flt3 ligand (F1t3L) and IL-7 [418]. In the
in vivo setting, T cell development is dependent on Notch signaling in the thy-
mus [278, 419]. Ectopic expression the Notch ligand Delta-like-1 in Op9 stromal
cells (Op9DL1) is sufficient to induce T cell lineage restriction and generation
of functional a5- and y§-TCR+ T cells in culture [261].

Flow cytometry based assays

As previously described (Section 2.1.3), flow cytometry is a frequency used
single-cell method for analysis of cells in a fluid stream. For evaluation of cell
population distributions and tracking of differentiation assays, conventional flow
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cytometry based on cell surface staining is suitable. In work presented in this
thesis, flow cytometry is also used to evaluate lineage placticity, including T
lineage conversion of B cell progenitors (Paper IV), which uses the combined
negative expression of the B cell marker CD19 and positive surface expression
of Thy1 to define a population of cells in the process of lineage conversion [333],
see Figure R.2A. For analysis of intracellular targets (e.g. TFs, histone mod-
ifications), cell fixation and permeabilization of the cell membrane is required
in order for the fluorescently-labeled antibodies to gain access to target anti-
gen [420]. In addition, numerous different flow cytometry based assays have
been developed to investigate different aspects of cellular states and functions,
including cell cycle and apoptosis assays.
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Figure 2.2: Schematic illustration of gating strategy for flow cytometry
based assays. A. T linage conversion assay using B cell using CD19 and THY1
surface expression. B. Cell cycle analysis based on the proliferative marker Ki-67 and
DNA content. C. Apoptosis assay with phospholipid-binding protein Annexin V.

Cell cycle assay

Proliferating cells undergo sequential transition between G1, S, G2 and M phases
[M21]]. As cell cycle progression involve replication of DNA | measurement of DNA
content fluorescent DNA staining (e.g. 4,6-diamidino-2-phenylindole (DAPI),
Propidium iodide (PI)) can be used to separate three major phases of the cell
cycle (GO/G1, S, G2M) [422]. If combined with targeting of the proliferative
marker Ki-67, the quiescent GO cell can be discriminated from G1 [423, 424],
see Figure R.2B. To further isolate mitotic cells, anti-phosphorylated (ser10) H3
antibody can be included [425, 426].

Apoptosis assay

During the early stages of apoptosis, phosphatidylserine (PS) normally located
on the inner surface of the cell membrane are translocated to the cell surface.
Fluorescently labeled Ca?*-dependent phospholipid-binding protein Annexin V
can be used to detect these early apoptotic cells through binding to cell sur-
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face localized PS [427]. Combined with a DNA dye, the early apoptotic cells
can be discriminated from late apoptotic or necrotic cells with a damaged cell
membrane [428], see Figure R.2C.

2.2.3 Manipulation of gene expression

Viral vector based overexpression

The dependence of host cells for replication of viruses has through evolution
tailored the viral particles for efficient gene delivery, thus making them a use-
ful tool for gene manipulation. Overexpression of a desired target gene can be
achieved by transfection of cells with recombinant viral particles, containing
the gene of interest [429]. Among the most commonly used viruses for gene
delivery are retroviruses, a family of enveloped RNA viruses that use reverse
transcription to generate double stranded DNA that is subsequently integrated
into the host genome [430, 431]. Most retroviruses require the host cells to be
actively cycling, however lentivirus, a subtype of retrovirus, have the ability
to infect non-dividing cell [432]. Recombinant viruses are obtained using engi-
neered packaging cell (e.g. Plat-E and 293T) that via a trans-complementation
process of viral proteins are able to generate replication-defective viruses with
the capacity to deliver the transgene into target cells [429].

CRISPR/Cas9

As a defense mechanism against plasmids and viruses, prokaryotes have evolved
an adaptive defense system known as clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated 9 (Cas 9) [433-435]. The abil-
ity of CRIPSR/Cas9 system to detect and silence DNA in a sequence-specific
manner has lead to re-purposing of the system as a tool for gene editing. Mech-
anistically, the sequence-specific gene editing capabilities of CRISPR/Cas9 is
achieved through guide RNA (gRNA) directed targeting of a Cas9 endonuclease
to the target loci, followed by induction of a double stranded break (DSB) [383,
384]. The default pathway for DNA repair of Cas9 induced DSB are the non-
homologous end joining (HNEJ), an error-prone repair pathway that often result
in frameshift mutation and subsequent gene knockout. For more precise editing
(e.g. corrections, insertions), donor template can be provided to facilitate DNA
repiar via H homology-directed repair (HDR) [436].
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Temporal control of gene expression

For precise control of cellular processes and dissection of individual protein ac-
tivities, the ability for temporal control of gene expression can provide a great
advantage. Among the most commonly used systems for temporal control of
gene expression are Tamoxifen and Doxycycline inducible systems.

Tamoxifen inducible systems

The tamoxifen inducible system originate from the discovery that the human
estrogen receptor (ER) can be used for gene induction if fused to a protein
with gene regulatory function [437, 438]. To overcome the effect of endogenous
estrogen, a modified version of ER with reduced affinity for normal estrogen
but high affinity for tamoxifen and 4-hydroxy tamoxifen (4-OHT) (ERT) was
later developed [439, 440]. The system is based on the principle that binding of
tamoxifen cause the cytoplasm sequestering ERT-fused protein to translocate to
the nucleus where is can exerts its gene regulatory function (see Figure R.3A).
The tamoxifen inducible system is often used in combination with the Cre-lox
system to induce site-specific DNA recombination [441], but is also useful for
temporal control over TF activity.

Tetracycline-Inducible Systems (Tet-On/Tet-Off)

In contrast to the indirect control of gene expression via protein translocation
provided by the tamoxifen inducible system, tetracycline-based induction allow
for precise and reversible control of individual target genes. The regulatory
mechanism is mediated by a transactivator that control target gene expression
via a Tet response element (TRE), a synthetic promoter containing a Tet opera-
tor (TetO) sequences [442]. For negative regulation of gene expression (Tet-Off),
the transactivator consist of a Tet repressor protein (TetR) fused to the activat-
ing domain of the herpes simplex virus VP16 protein, resulting in an tetracycline
inducible transcriptional activator (tTA). In the absence to tetracycline (or its
more stable derivative doxycycline (Dox) [443]), tTA bind TRE and activate
transcription. Binding of Dox triggers a conformational switch in tTA, causing
its release from TRE and target gene to be turned off [442]. For induced tran-
scriptional activation (Tet-On) a reverse transcriptional activator (rtTA) can
instead be used. The rtTA exhibit a reverse response to Dox administration,
causing it to selectively bind TetO and activate gene expression in the presence
of Dox [444], see Figure @B.
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Tamoxifen inducible system Tet-On system

Cytoplasm

Figure 2.3: Schematic illustration of systems for temporal control of gene
expression. A. The tamoxifen inducible system can be used for inducible TF activity
by 4-OHT driven nuclear translocation. A. The Tet-On system provide temporal control
of a target gene via doxycycline triggered rtTA mediated gene activation.
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2.3 Methods to study gene regulatory mechanisms

Deciphering developmental processes demands integrative analysis of regula-
tory mechanisms across multiple layers, collectively controlling the level, timing
and cell type specificity of gene expression. These regulatory layers are pre-
sented below, with selected methods in italic. The most direct measurement of
gene regulation is evidently the quantification of gene transcription (RT-¢PCR,
RNA-seq), but binding and activity of trans-acting regulatory proteins (ChIP-
seq, CutéJRun, EMSA) to cis-regulatory elements (Luciferase reporter assay,
CRISPR/Cas9) as well as aspects of the chromatin itself including accessibil-
ity (ATAC-seq) and distribution of histone modification (ChIP-seq, CutédRun)
plays a pivotal role. On top of this the three-dimensional topology of the genome
(Hi-C, PLAC-seq) provide an additional layer of regulation by orchestrating
dynamic chromatin compartmentalization and long-range enhancer—promoter
interactions. The proteins exhibiting gene- or chromatin-regulatory functions
are not acting as isolated entities, but instead engage in dynamic interactions
with other proteins either directly via physical contact (BioID) or indirectly via
transcriptional control in intricate TF networks.

This thesis is mostly focused on the mechanisms involved in transcriptional
control, however it should be noted that regulation of RNA processing and sta-
bility, translational regulation as well as protein modification and degradation
provide additional layers that can fine-tune the intricate regulatory machinery.
Further limitation of this thesis lies in the restricted investigation of cell—cell
interactions and the influence of the microenvironment, factors well established
to have a significant impact on cellular function.

2.3.1 Principles of next-generation sequencing

Although the methods presented in this thesis target distinct molecular features,
many are based on next-generation sequencing (NGS) and adhere to its core
principles (see Figure @)

1. Target capture: NGS methods begin with the capture of the molecular
target, a step that is method-specific and may involve crosslinking, target
extraction, or antibody-based isolation. The detailed workflows and key
considerations for each technique are described in the following sections.

2. Library preparation: During the library preparation step, the captured
nuclei acids are converted into sequencing-ready molecules through frag-
mentation, adapter ligation, amplification, and purification [445]. In con-
trast to the conventional workflow in which fragmentation and adapter
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ligation are performed separably, tagmentation-based approaches use a
transposase to simultaneously fragment and tag DNA [446, 447].

3. Massively parallel sequencing: Library fragments are clonally ampli-
fied and sequenced by cyclic incorporation and imaging of fluorescently
labeled nucleotides [448]. Sequencing can be performed in two modes;
single-end, where only one end of the DNA fragment is sequenced, and
paired-end which provide improved accuracy, coverage and detection of
DNA rearrangements by sequencing of both ends.

4. Data analysis: To prepare NGS data for downstream analysis according
to the biological question, the raw data is preprocessed by quality-filtering,
trimming and mapping of reads to the reference genome [449].
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Figure 2.4: Flowchart of next-generation sequencing (NGS) methods. The
main steps of target capture and library preparation for a number of NGS methods are
presented in aggregated form.
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2.3.2 Gene expression

Real-time quantitative PCR

Real-time quantitative PCR (RT-qPCR) is a widely used technique for quanti-
fying specific RNA transcripts. To generate the input material for RT-qPCR,
the RNA is extracted and converted into complementary DNA (¢cDNA) by re-
verse transcription. The cDNA serves as the template for PCR amplification of
target sequence, monitored in real time using fluorescent dyes or probes [450].
Sequence specific TagMan probes enable precise detection of target sequence
by using a reporter-quencher system that ensure that fluorescent signal is only
emitted during amplification when the reporter is cleaved by the Taq polymerase
450, 451]. As the fluorescent signal is proportional to the amount of amplified
target, real-time monitoring allow precise quantification of initial RNA levels.
qPCR have application beyond RNA quantification, including detection of DNA
mutations and V(D)J recombination analysis [452].

RNA-sequencing

RNA-sequencing (RNA-seq) is a next-generation sequencing based method for
transcriptomic profiling [453]. Although many RNA-seq protocols have been de-
veloped, the general workflow of RNA-seq involve RNA extraction followed by
enrichment of mRNA by poly(A) selection. The mRNA is then fragmented and
converted into double-stranded cDNA, subsequently prepared for sequencing ei-
ther through conventional adapter ligation [453] or via transposase-mediated
library construction [454]. Preservation of complete transcript information can
be obtained by the Smart-seq2 protocol, which utilize a template-switching ac-
tivity of reverse transcriptase for full-length cDNAs enrichment [455].

2.3.3 Activity of cis-regulatory elements

CRISPR/Cas9-based evaluation of CRE activity

CRISPR/Cas9 is not restricted to gene editing, the function of regulatory el-
ements (e.g. TF binding sites) can also be evaluated by targeting of Cas9 to
these non-coding regions in the genome. In addition, modified versions of the
CRISPR/Cas9 system has been developed for cleavage free control of gene ex-
pression. In CRISPR interference (CRISPRI), a catalytically dead Cas9 (dCas9)
lacking endonuclease activity is used for repression of gene transcription via
physical obstruction of RNA polymerase or TFs [456]. To further enhance the
repressional capacity, dCas9 can be fused to a repressor domain (e.g. KRAB).
Similarly, CRISPR activation (CRISPRa) can be achieved via fusion of dCas9
to a transcriptional activator (e.g. VP64) [457].
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Luciferase reporter assay

Luciferase reporter assay is designed to measure the activity of a promoter or
other regulatory elements by using a reporter construct in which the luciferase
enzyme is placed under the control of the target element [458, U59]. After
transfection of the reporter construct into the cell of interest, luciferase will
be produced in response to target element activation. Subsequent addition of
luciferase substrate enable quantification of element activity via detection of
light emitted in the enzymatic reaction [458].

2.3.4 Protein interactions

Protein-Protein interaction

BiolD

BiolD is a technique used to identify interaction partners of a target protein
through in vivo proximity-dependent labeling [460]. The method utilizes a mu-
tant version (R118G) of the Escherichia coli biotin protein ligase (BirA*)[461]
which enable promiscuous biotinylation in a proximity-dependent manner [461].
Fusion of this mutant BirA* to the target protein (the bait) facilitate proximity-
dependent biotinylation of neighboring proteins [462]. After harsh cell lysis
and protein denaturation, biotinylated proximity interactors (PXI) can be iso-
lated using streptavidin affinity purification, and identified by mass spectrom-
etry (MS) [460], see Figure R.5. As BiolD relies on physical proximity rather
than direct binding, the method is well-suited for detection of interactions with
larger protein complexes (e.g. chroamtin remodelling complexes).
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Figure 2.5: Schematic illustration the BioID workflow. Fusion of a promis-
cuous biotin ligase (BirA*) to a target protein (bait), enable proximity-dependent bi-
otinylation of neighboring proteins. Biotinylated proximity interactors (PXIs), isolated
by streptavidin affinity purification, are identified by mass spectrometry (MS).



48 CHAPTER 2. METHODOLOGY

DNA-Protein interaction

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) is an electrophoresis based method
for detection of protein interaction with DNA (or RNA) [463-465]. The protein
of interest is incubated with a labeled (e.g. radioactive) nucleic acid, followed
by separation of the bound complexes by gel electrophoresis. As the bound
protein will slow down DNA migration, protein-DNA interaction can be iden-
tified as a shift in the signal compared to unbound control [463, 4#64]. To dis-
tinguish sequence-specific interactions from non-specific binding radioactively
labeled competitor DNA with known protein binding can be introduced along
with unlabeled target fragments. In this case, loss of signal indicates that the
protein specifically binds the target fragment, as it can out-compete binding to
the positive control sequence.[466].

Chromatin Immunoprecipitation Sequencing

Chromatin immunoprecipitation sequencing (ChIP-seq) provides a genome wide
method for mapping of target protein to DNA [467]. To preserve the structural
integrity of the sample, the initial step in the ChIP-seq workflow is covalent
binding of DNA-protein interaction (i.e. crosslinking). While formaldehyde
(FA) crosslinking is sufficient for efficient crosslinking histones to DNA [46§],
the stabilization of interaction between DNA and proteins with weaker or more
indirect interactions (e.g. TFs, subunits of protein complexes) can be improved
by combining FA crosslinking with a bridging agent (e.g. Disuccinimidyl glu-
tarate (DSG)) [469, 470]. Next, the chromatin is fragmented by sonication
and subjected to immunoprecipitation with a target specific antibody to pull
down fragments bound by the protein of interest [471]. The bound DNA is
released by reverse-crosslinking and recovered DNA fragments are purified to
enable subsequent library preparation and sequencing [467]. ChIPmentation,
a method that combine chromatin immunoprecipitation with a tagmentation-
based library preparation strategy provide a more streamlined protocol by intro-
ducing sequencing-compatible adapters directly on the protein-bound chromatin
U72].

CutéSRun

Cleavage under targets and release using nuclease (Cut&Run) is an alterna-
tive method for genome-wide protein-DNA profiling, offering reduced input re-
quirement and improved signal-to-noise ratio compared to ChIP-seq [473]. In
Cut&Run, antibody-based target capture is performed in situ in isolated nuclei
[473] or directly in permeabilized cells [474] bound to concanavalin A—coated
magnetic beads. Protein-bound DNA fragment are retrieved by calcium medi-
ated activation of a protein A/G and micrococcal nuclease fusion protein (pA-



2.3. METHODS TO STUDY GENE REGULATORY MECHANISMS 49

MNase) that is recruited to the target site and induce DNA cleavage [473].
Diffused DNA fragment are collected for library preparation and subsequent
sequencing. Analogous to ChIPmentation, an alternative tagmentation-based
method called Cut&Tag has been developed for Cut&Run [A75].

2.3.5 Chromatin accessibility

Assay for Transposase-Accessible Chromatin using sequencing

Assay for transposase-accessible chromatin using sequencing (ATAC-seq) is a
next-generation sequencing—based method for genome-wide profiling of chro-
matin accessibility [476]. ATAC-seq is based on the ability of hyperactive Tnb
transposase [477], when loaded with sequencing adapters, to simultaneously
fragment and tag chromatin in a processes known as "Tagmentation” [446)].
Transposons preferentially target nucleosome-free regions in vivo due to re-
duced steric hindrance [A78], a property also exhibited by the prokaryotic Tnb
transposase [476]. Consequently, Tn5-mediated transposition in permeabilized
cells produces open-chromatin—enriched DNA fragments compatible with high-
throughput sequencing. Omni-ATAC, an optimized version of original ATAC-
seq protocol provide increased compatibility with diverse sample types as well as
improved signal-to-noise ratio and reduced mitochondrial DNA contamination
479

2.3.6 Genome topology

With increasing evidence for the crucial role of genome topology in gene regula-
tory processes, including its capacity to physically connect distal cis-regulatory
elements (CREs) with their target genes, a wide range of techniques have been
developed to investigate the genome’s three-dimensional organization. These
approaches can be broadly classified into the following categories:

Microscopy-based approaches: Imaging-based methods enable direct vi-
sualization of genome organization within the native nuclear environment
[480]. Building on fluorescence in situ hybridization (FISH), which uses
fluorescently labeled DNA probes to detect the spatial location of spe-
cific genomic loci [481], microscopy-based approaches have advanced sub-
stantially in both resolution and multiplexing [482], establishing them as
powerful tools for investigating genome organization at a single-cell level.
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Sequencing-based approaches: Sequencing-based techniques enable gen-
ome-wide, high-throughput mapping of genome organization [480]. Many
sequenced-based approaches belong to the chromosome conformation cap-
ture (3C) family, characterized by quantification of contact frequencies
between genomic loci via proximity ligation.[483]. Except for methods
belonging to the 3C family, non—proximity ligation-based methods for
chromatin interactions including the barcode-based split-pool recognition
of interactions by tag extension (SPRITE) [484] and genome architecture
mapping (GAM) based on cryosectioning [485]. Furthermore, tyramide
signal amplification sequencing (TSA-seq) can provide additional spatial
information by enabling distance mapping in 3D [486].

Chromosome conformation capture

Chromosome conformation capture (3C), initially developed for quantification
of pairwise interaction between genomic loci [487] has evolved into an entire
family of methods, some of which possesses the ability to generate global maps
of the chromatin interactome [112]. Irrespective of assay, the 3C methods are
based on the principle of proximity ligation, i.e. the ligation of DNA fragment
located close in the 3D space, for quantification of chromatin interactions [480].

Hi-C

In Hi-C, proximity ligation is coupled with massive parallel sequencing, enabling
quantification of interaction frequencies across all pairs of genomic loci [112].
To generate sequencing ready Hi-C libraries, the chromatin is first crosslinked
to preserve the spacial interaction, followed by restriction enzyme (RE)-based
DNA digestion. Next fragment ends are biotin labeled and proximity ligated
to capture spacial interactions. Biotin pull-down of de-crosslinked and sheared
chromatin selectively enrich for DNA fragments that contain contact informa-
tion, which are subsequently subjected to adapter ligation and amplification
[112]. While the initial megabase resolution contact maps were sufficient to
identify segregation of the genome into transcriptionally active (A) and inac-
tive (B) compartments [[112], higher resolution experiments have allowed for the
discovery of more fine-scaled structure including TADS and enhancer-promoter
loops [117]. By replacing the RE-based fragmentation by micrococcal nuclease
digestion, enhanced resolution down to the nucleosome level is offered in the
modified Micro-C protocol [488]. The effective resolution can also be improved
by target approaches, that enrich for predefined genomic regions (e.g. capture
Hi-C [[145]) or interaction associated with a specific DNA-binding protein (e.g.

HiCHiP [489], PLAC-seq [190]).
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HiChIP/PLAC-seq

HiChIP [489] and proximity ligation-assisted ChIP-seq (PLAC-seq) [490] are
parallelly developed methods for genome-wide targeted mapping of chromatin
interactions. Both methods build on the Hi-C protocol, incorporating an addi-
tional chromatin immunoprecipitation step after proximity ligation to selectively
enrich for chromatin contacts associated with a specific DNA-bound protein
489, 190]. Despite the shared principles of HICHiP and PLAC-seq, small devia-
tions exist in their respective workflow, e.g. the use of tagmentation (HiChIP) vs
conventional adapter ligation (PLAC-seq) based library preparation [489, 490].
Collectively these target approaches offer a cost effective alternative to Hi-C for
investigation of functionally relevant chromatin interactions. By selecting for
interactions linked to a specific histone modification or regulatory protein, these
targeted strategies enable focused interrogation of enhancer-promoter loops and
their role in gene regulatory mechanisms.

2.3.7 Combined methods

Regulation of gene expression is a complex process, shaped by the chromatin
state and the activity of regulatory proteins, which often act via distal CREs
brought into proximity with target gene via chromatin looping. While the meth-
ods described previous in this section are effective for dissecting a certain aspect
of gene regulation, single-modality assays are limited in their ability to link reg-
ulatory potential to transcriptional output. An ability also restricted by the
inherently population-averaged nature of bulk sequencing methods, which mask
cellular heterogeneity and obscure rare and transitional cellular states. The
development of high-throughput single cell sequencing technologies [491-493],
particularly methods that enable simultaneous profiling across multiple modal-
ities, has greatly enhanced our ability to resolve cellular heterogeneity and to
link molecular profiles to distinct cellular states [494].

Single cell Multi-Ome (ATAC/RNA) sequencing

Single-cell joint profiling of chromatin accessibility and gene expression (scMulti-
Ome) [495, 496] has emerged as powerful tool for gene regulatory network in-
terference because of its ability to dissect how the chromatin state and tran-
scriptional output are coordinated within individual cells [494]. The workflow
of scMulti-Ome, commercially available as a streamlined protocol by 10x ge-
nomics [497], is initiated by tagmentation of accessible chromatin in isolated
nuclei. Next, a microfluidic chip is used for partitioning of individual nuclei
into droplet containing uniquely barcoded beads called gel bead-in emulsions
(GEMs). Inside the GEMs, both mRNA reverse transcribed into cDNA and
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tagmented ATAC fragment are tagged with a cell barcode. In addition, each
c¢DNA molecule will also carry an unique molecular identifier (UMI) to allow
discrimination between unique transcripts and PCR artifacts [497]. Barcoded
molecules are recovered and amplified libraries from the two modalities are sep-
arately sequenced. The use of shared barcodes enable computational integration
of the two datasets. See Figure @ for a schematic overview of the scMulti-Ome
workflow.
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Figure 2.6: Overview of the 10x workflow for joint profiling of chromatin
accessibility and gene expression in single cells. First isolated nuclei are subjected
to transposition in bulk. Next GEMs (Gel Bead-in-emulsion) are used for capturing of
individual nuclei, for reverse transcription and barcoding of cDNA and ATAC fragments.
After clean-up and amplification, the scMuti-ome libraries are separably sequenced and
computationally integrated based on the cell specific barcodes.
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2.4 Computational methods

2.4.1 Processing of NGS data

General pre-processing

Although NGS methods address different aspects of gene regulation, their shared
output (raw sequencing data) warrants a common set of core processing steps,
outlined below with suggested tools highlighted in italic:

1. Base calling: In an initial step, known as base calling, the fluorescence
signal recorded for each cycle are translated into nucleotide sequences
(reads) in FASTQ format [498]. Base calling is often performed automat-
ically by platform specific software.

2. Quality control & Trimming: Next reads are quality assessed (FastQC
[199]) and trimmed to remove adapters and low-quality bases ( TrimGalore
(600]).

3. Mapping: In the mapping (or alignment) step, reads are assigned to a
reference genome. Mapping of unspliced reads (e.g. ATAC-seq, ChIP-
seq) are typically performed with Burrows-Wheeler aligners (BWA). The
BWAs (e.g. Bowtie2 [501]) locates short exact matches (seeds) in the
reference, which are subsequently extended to full alignments with allowed
mismatches or gaps [602]. Splice aware aligner (e.g. STAR) has been
specifically developed for RNA-seq reads containing exon-exon junction.
The STAR aligner uses a two step approach; first maximal mappable
segments of each read are located in an iterative process based on suffix
array indexing. Next the segments are clustered based on proximity and
stitched together across splice junctions to generate full read alignments
[603].

4. Post-alignment processing: This step is dependent on data format
and downstream analysis but often involve sorting and index (SAMtools
[604]). For paired-end sequencing, duplicate removal (Picard [505]) is of-
ten performed at this stage to prevent over-representation and PCR bias.

5. Feature identification & quantification: The final step in the pre-
processing of NGS data is the assignment and quantification of reads as-
sociated with distinct features (e.g. gene transcripts or genomic regions).
For methods based on genomic DNA lacking pre-defined units, read as-
signment can be made by genome binning or by identification of regions
with enriched read count over background (i.e peak-calling).
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Method specific processing
RNA-seq

Due to mRNA splicing, RNA-seq data will contain reads spanning exon-exon
junctions. Hence, the mapping of RNA-seq reads require specific splice-aware
aligners (e.g. STAR), which are based on algorithms compatible with non-
contiguously mapping [603]. The existence of alternative isoforms, generated
via alternative splicing of mRNA, provide another challenge in RNA-seq data
processing. In RSEM, a widely used tool for estimation of transcript abundance,
the process of read assignment is determined by probabilistic modeling [506].

Peak based methods

Unlike the RN A-seq based measurement of transcript abundance, genomic DNA—
based assays produce reads that lack an intrinsic unit of quantification. Al-
though arbitrary binning of the genome can be used, identification of regions
with statistically significant enrichment of accumulated signal over background
provide a more biological relevant unit of measurement [467]. The process of
obtaining these enriched regions, i.e. peaks, are known as peak-calling and is
a crucial step in the workflow of ATAC-seq, ChIP-seq and similar methods. A
popular tool for peak calling is Macs2, an updated version of the Macs algo-
rithm [507], that model read coverage using a local Poisson distribution and
uses a sliding window-based approach to identify enriched regions. For ChIP-
seq data, the peak-calling is typically performed in comparison with a control
sample (e.g. input or mock IP sample) to distinguish true binding sites from
regions of elevated background due to local bias [507]. SEACR, a more recent
peak-calling tool specifically tailored for the sparse background signal often ob-
served in Cut&Run data, instead define the threshold for what is considered a
peaks based on a global background distribution [508]. Peak sets may be re-
fined using the irreproducible discovery rate (IDR) framework, which identifies
reproducible peaks across replicates through significance score ranking, thereby
controlling false positives [509]. To obtain a measurement of chromatin acces-
sibility or protein binding, read coverage within peaks can be quantified by
Diffbind among other tools [510].

Chromosome conformation capture

To extract chromatin interaction information from the chimeric reads generated
by the characterizing proximity ligation step of 3C methods, a number of specific
pre-processing step are required. HiC-Pro packages these processing steps into
a streamlined workflow for generation of contact maps from raw chimeric reads
[b11]. To enrich for valid ligation products, only unique read pairs mapping to
different location in the genome are retained. Next a contact matrix is generated
by genome binning and subsequent read pair quantification within bins. It is this
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bin size, in conjugation with the constraints imposed by the restriction enzyme
that determine the resolution of the final chromatin interactions. To account
for systematic biases, a number of normalization strategies have been developed
for 3C contact maps, including the ICE method based on iterative matrix bal-
ancing with the assumption of equal visibility (i.e. equal total contacts within
each bins) [512]. From the normalized contacts maps, interaction calling can
be performed by tools like Fit-Hi-C' [513]. The interaction-calling algorithm in
Fit-Hi-C is based on comparison of observed contact frequencies against a back-
ground model that account for technical biases and distance decay. As data
generated by HiCHIP/PLAC-seq invalidates some of the assumption of Hi-C
processing (e.g. the assumption of equal visibility), the separate tools tailored
specifically for HICHIP /PLAC-seq data has been developed (e.g. FitHiCHIP)
[614]. By default FitHiCHIP implements a coverage normalization strategy that
adjust for differences in ChIP enrichment. Protein-anchored chromatin inter-
actions are called using a reference peaks set, either inferred from the HiCHIP
data or separately provided [514].

scMulti-ome

For multi-ome (ATAC/RNA) data processing, the initial preprocessing steps are
performed separably for each modality. For ATAC-seq the first step is validation
and counting of barcodes. Next reads are trimmed and aligned to the reference
genome using a modified version of the BWA-MEM algorithm with preserved
barcode information. Only unique read (based on start and end position as well
as cellular barcode) are retained for ATAC-seq peak calling in pseudo-bulk and
subsequent peak-barcode matrix construction. For the gene expression modal-
ity, reads are trimmed and aligned using STAR [503]. Next reads are grouped
based on barcode and UMI, followed by filtered (based on most supporting
reads) to only allow one gene annotation per UMI-barcode combination. Each
unique filtered combinations is recorded as a count in the count matrix. The
scMulti-ome processing steps is packed into an automated pipeline, cell-ranger
arc, developed by the 10x platform [497]. This workflow also facilitate integra-
tive analysis of the two modalities. For downstream analysis including quality
control, quantification, dimensionality reduction and clustering, numerous tools
have been developed for for both separate and integrative analysis. Among
these are Signac, a comprehensive toolkit for scATAC-seq data analysis that
via compatibility with the Seurat package [515] facilitate multi-modal analysis
[b16].
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2.4.2 Downstream analysis

Dimensionality reduction

Sequence-based omics profiling, particularly at the single-cell level, produces
inherently high-dimensional data. This high dimensionality gives rise to the
curse of dimensionality, a phenomenon in which the sparsity of data in large
feature spaces diminishes statistical power and dilutes meaningful relationships
between observations [517]. Dimensionality reduction, the process of transform-
ing the high dimensional data into a lower dimensional space, mitigates these
effects by reducing the complexity of the data while maintaining the most in-
formative structures [618]. In addition, the ability of directionality reduction
to embed high-dimensional data into two or three dimensional spaces enable vi-
sual exploration of underlying patterns [519]. Different dimensionality reduction
approaches serve distinct purposes, with linear methods (e.g. PCA) capturing
global variation while non-linear methods (e.g. t-SNE, UMAP) can preserve
more of the local and fine-grained structures of the data [519].

Principal component analysis

Principal component analysis (PCA) is a linear dimensionality reduction tech-
nique that transform data into a set of uncorrelated variables known as principal
components (PCs). These PCs, which are linear combinations of the original
variables, are generated by sequential maximization of variance [520]. The sim-
ple idea of PCA, to reduce dimensionality while preserving as much variability
as possible, can be traced back to the early 1900s [521, 522] and has remained
a widely used strategy for identification of major sources of variation, visual-
ization and detection of batch effects [523, 524]. Despite the explosion of novel
dimensionally reduction methods in the single-cell era, PCA remains frequently
used in pre-processing to reduce complexity prior to clustering and non-linear
embedding [525].

Uniform Manifold Approximation and Projection

Uniform Manifold Approximation and Projection (UMAP), has rapidly emerged
as the preferred non-linear dimensionality reduction approach for single-cell
data. The UMAP algorithm can be described as a two step process; first a
weighted k-nearest neighbor graph is constructed in the high-dimensional space
to capture local relationships and approximate the data as a fuzzy structure.
Next cross-entropy is used to optimize a low dimensional embedding with re-
spect to preserving both local neighborhoods and global structure [526]. The
resulting low-dimensional representation enables visualization, clustering, and
exploration of complex patterns in high-dimensional single-cell data sets [519].
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Clustering

Clustering is the process of grouping samples, cells or features based on simi-
larity, allowing discovery of cell types, co-regulated feature and other patterns
in biological data. A common approach is partition-based clustering, such as
k-means, which partitions the data into a fixed number of clusters by iteratively
assigning points to the nearest cluster centroid [527]. Hierarchical clustering,
not restricted by a predefined number of cluster, instead uses pair-wise dis-
tances between data points to construct a dendrogram representing the nested
relationship of the data [528]. For large datasets, graph-based clustering is of-
ten preferred, where a similarity graph is constructed and algorithms such as
Louvain detect communities by maximizing modularity [529].

Differential feature analysis

Differential feature analysis refer to the identification features (e.g. genes, peaks)
with a statistically significant difference in abundance or other quantitative mea-
sure between groups of samples (e.g. cell types, experimental conditions). A
widely used tool, originally designed for RNA-seq data, is DESeq2. DESeq2
models read counts with a negative binomial generalized linear model, estimat-
ing gene-specific dispersion and normalizing for differences in sequencing depth
[630]. Next statistically significant features are detected using a Wald test
[b31l]. To identify differential chromatin accessibility (ATAC-seq) or protein-
DNA binding (e.g. ChIP-seq), the peak-centered Diffbind framework can be
used. In addition to the actual statistical analysis (often performed by DE-
Seq2), Diffbind facilitate the generation of a consensus peaks set, assignment of
read count to peaks and method specific normalization strategies [510]. To con-
trol the false discover rate in differential feature analysis, p-values obtain from
the statistical test is typically adjusted for multiple testing using the Benjamini—
Hochberg procedure [532].

Enrichment-based analysis

Enrichment-based analysis refers to the computational approach used to deter-
mine whether a predefined set of features (e.g. gene associated with a biological
pathway or set of genomic regions) is enriched in an input list (often a set of
significant features from differential analysis). In an over-representation test,
a statistical test (e.g. Fisher’s exact or hypergeometric tests) is used to eval-
uate if the feature set is statistically enriched over a background set [533]. As
an alternative approach, gene (or peak) set analysis (GSEA/PSEA) enable the
discovery of coordinated differences in levels between two biological conditions
[634]. Instead of using an arbitrary threshold for the selection criteria of the
input list, GSEA /PSEA uses the entire feature list (ranked based on differential
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expression statistic) to calculate an enrichment score that reflect concentration
of the feature set in either end of the ranked list.

Motif analysis

Motif enrichment analysis refers a computational process of identifying short
sequences (i.e. motifs) that are statistically over-represented in a set of genomic
regions [635, 536]. As DNA-binding protein often exhibit a sequence specific
binding pattern, motif analysis can be used to infer (the potential for) tran-
scription factor activity [p37]. Typically the input sequences are scanned against
databases of known motifs, and significant motif enrichment is determined by
a statistical test (e.g. Fisher’s exact or hypergeometric tests) [535]. Motifs can
also be discovered de novo without prior knowledge of motif sequences using tool
like HOMER, that implement a hypergeometric test for over-representation of
short k-mers against background. In an iterative process, the most significancy
enriched motifs are identified by refinement of the k-mers [536].

Annotation

As regulatory elements have an important role in gene regulation, the ability to
assignment these, often distal, elements to target genes (i.e. annotation) emerges
as an important analysis step for mechanistic understanding of gene regulation.
Prozimity-based annotation, i.e. assignment based on minimal distance in the
1D genomic space [536], is a wisely used approach. While conceptually and
computationally simple, proximity annotation is restricted by an upper distance
limit determined by the local gene density which obstruct identification of distal
enhancers especially in gene-dense regions. Correlation-based approaches over-
come the constrains set by the linear representation of the genome by instead us-
ing co-variation between element activity (e.g. chromatin accessibility) and gene
expression across samples or cells to assign CRE-gene links [538]. While being
useful for large multi omics data sets (e.g. scMulti-ome) [196, 539], the strategy
is limited by the requirement of matching dataset of sufficient sample size to
achieve statistical power for correlation analysis. Furthermore, correlation-based
annotation is based on the assumption that chromatin accessibility (or alter-
ative measure of element activity) is positively correlated with gene expression,
an assumption that is not always valid [540]. In Interaction-based annotation,
chromatin conformation capture data (e.g. Hi-C, HiCHIP/PLAC-seq) is used
to link distal elements to putative target genes based on experimental evidence
on physical proximity [121, 489, 541], enabling dynamic and cell-type specific
annotation. However, interaction-based annotation is limited by the availability
of biological relevant interaction-data of sufficient resolution, and it should also
be noted that structural evidence of interaction does not guarantee functional
activity. Finally integrative approaches, e.g. the Activity-by-Contact (ABC)
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model, has been shown to be successful at predicting functional enhancer-gene
links [542]. However model assumptions can introduce bias and the use of acti-
vating histone mark as a proxy for element activity limit the model to prediction
of activating enhancer-gene relationship. For a conceptual representation of dif-
ferent annotation strategies see Figure R.7.
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Figure 2.7: Schematic illustration of different strategies for CRE anno-
tation. Proximity-based annotation assign CREs to the most proximal gene in the
linear genome. In correlation-based strategies co-variance between CRE activity (e.g.
chromatin accessibility) and gene expression is used for annotation. Interaction-based
annotation use chromatin conformation capture data (e.g. Hi-C, HiICHIP /PLAC-seq)
to identity putative target genes for distal CRE based on physical proximity in the 3D
space.
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2.5 FEthical considerations

While the use of laboratory animals raises ethical concerns and remains a sub-
ject of ongoing debate, it is undeniable that animal research has significantly
contributed to advances in both fundamental biology and clinical medicine. All
animal research in this thesis were conduced in accordance with ethical permits
approved by the local ethics committee at Link6ping and Lund University. The
work adhered to the 3R principle minimizing animal suffering: replacing ani-
mal models where possible with alternative strategies, reducing the number of
animals required through appropriate experimental design and statistical plan-
ning, and refining procedures to enhance animal welfare [543]. In this thesis the
3R principles has been implemented by substituting animal research with cell
culturing or computational alternatives where feasible. Were mice models have
been deems required (for harvest of primary cells or in vivo experiment), ani-
mals have been euthanized by approved methods (cervical dislocation or COq
asphyxiation) and where applicable, carefully monitored using predefined hu-
mane endpoints.

All data collection, processing, and analysis were performed with a commit-
ment to research integrity and reproducibility. Experimental protocols and
data analysis workflows have been documented and reported in detail. De-
veloped bioinformatics pipelines and code related to data processing and fig-
ure generation (Paper II & IV) have been made freely available on github
(https://github.com/Tingvall) for full reproducibility.

To support transparency and the broader scientific community, all datasets
generated for this thesis, along with relevant metadata has been made publicly
available on the Gene Expression Omnibus (GEO) repository upon publication.


https://github.com/Tingvall

Chapter 3

Aims of the thesis

The overarching aim of by this thesis was to unravel the gene regulatory mech-
anisms that control early lymphocyte development.

The specific aims for the individual projects were:

Aim 1 Investigation of how lineage-specific TFs, in interplay with the chro-
matin landscape, drive lineage restriction and cell identity in normal
lymphocyte development (Paper I & IV).

Aim 2 Explore the link between lineage-restricted TFs networks and malig-
nant transformation in B cell development (Paper I1I).

Aim 3 Development of a bioinformatics tool to facilitate the use of chro-
mosome conformation capture data in CRE annotation and GRN
analysis (Paper II).
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Chapter 4

Summary of included papers

The papers included in this thesis are all focused on gene regulatory mechanisms
that control lineage restriction and establishment of cellular identity in early
lymphoid development. This section provide a summary of each paper, with a
schematic overview presented in Figure §.1

Paper 1 Paper IV
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T gene B gene
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Figure 4.1: Schematic overview of the papers.
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4.1 Paper I

ARID1a associates with lymphoid-restricted transcription fac-
tors and has an essential role in T cell development

Development of lymphoid cells is controlled by stage and lineage-restricted TFs
acting in concert with the chromatin landscape to regulate gene expression. To
gain insights into this regulatory network, the interactome of a set of key regu-
lators of lymphoid development were analyzed using BiolD, an in vivo method
based on proximity-dependent biotinylation [460, #62]. A substantial overlap
in terms of proximity interacting partners (PXIs) were found for the lineage-
restricted TFs. Among these shared PXIs, many proteins involved in the general
transcription and chromatin remodeling machinery were found, as supported by
enrichment of gene ontology categories related to transcriptional regulation,
chromatin remodeling and histone modifiers. Several subunits of the BAF chro-
matin remodeling complex was found to interact with both T cell TFs (GATA3
and TCF7) and the B cell TF PAX5, with the subunit ARID1a [544, p45] being
among the most prominently biotinylated proteins of this complex. To inves-
tigate the role of ARID]1a in early lymphoid development, Arid1a/"%/fo mice
[B87] were crossed with a human CD2 promoter—driven Cre [38§] strain, in order
to cause deletion of Aridia in early lymphoid progenitors. Investigation of the
effect of Aridia deletion in BM and spleen, revealed little to no effect on the
early multipotent progenitors, as expected by the use of a lymphoid-restricted
Cre strain, and only a modest effect in the B cell compartment. However,
a dramatic reduction of the number of CD3+ cells in the spleen was found,
indicating an important role of ARID1a in early T cell development. Cut&Run-
based profiling of the DNA binding sites ARID1a in T cell progenitors, reveled
a substantial overlap with TCF7 and GATA3 occupancy, providing an indepen-
dent line of support for ARID1a as a co-factor for key T cell TFs.

Given the putative role for ARID1a as a co-factor for T cell restricted TFs
and the dramatic reduction of peripheral T lymphocytes, investigation of the
role of ARID1a in T cell development in the thymus was warranted. The es-
sential role for ARID1a in thymocyte development was confirmed by a 95%
reduction in thymic cellularity in Arid1a-deficient mice, reflected in the ability
to generate more mature DP, CD4SP and CDS8SP populations. Investigation of
the earlier stages of T cell development reveled a relative accumulation of cells
at the DN3 state in Arid1”/~ mice, followed by a considerable reduction of the
more mature DN4 cells. The developmental arrest in the Arid1”/~ mice at the
DN3 stage coincides with (-selection [546], in line with the finding that rear-
rangement of the TCRS-gene is dependent on a functional BAF complex [547].
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However, investigation of recombination status and expression of VDJ encoding
TCR} failed to detect any considerable differences between ARID1a deficient
and control DN3 cells, arguing against failed TCR/S recombination or expres-
sion as a consequence for the observed developmental block. Because ARID1a is
part of a chromatin remodeling complex, we next decided to investigate poten-
tial ARID1a associated epigenetic alterations using ATAC-seq. Comparison of
the chromatin accessibility between Aridla”/~ and Wt DN3 cells, revealed that
among the ~2300 dynamically regulated sites in the DN3-to-DN4 transition,
approximately a third displayed lower accessibility in the absence of ARIDI1a.
Proximity based annotation identified several ARID1a dependent putative reg-
ulatory elements at genes with importance in T cell development (e.g. CDS8s,
CD44, Rag2 and Lmo2), providing support for the role of ARID1a as an impor-
tant factor in the establishment of a normal epigenetic landscape in DN3 cells.

To summarize, out work in Paper I has identified ARID1a, a subunit of the
BAF chromatin remodeling complex, as en essential factor for T cell develop-
ment. ARID1a associate with the T lineage restricted TFs TCF7 and GATA3
and is required for the establishment the epigenetic landscape associated with
transition from the DN3 to DN4.
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Figure 4.2: Schematic representation of the role of ARID1a in T cell de-
velopment. ARIDla, a subunit of the BAF chromatin remodeling complex, interacts
with the T lineage restricted TFs GATA3 and TCF7 and enable chromatin accessibility
at elements associated with T lineage genes. ARID1a deficiency lead to impaired T cell
development, and a developmental block at the DN3 stage, coinciding with $-selection.
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4.2 Paper II

Chromatin interaction-based annotation of cis-regulatory elements
reveals highly dynamic promoter-enhancer interactions in lym-
phocyte development

Stage- and lineage-specific gene expression patterns are controlled by a com-
plex interplay between TFs, the epigenetic landscape, and the 3D organization
of the genome. The 3D structure allows for the formation of DNA loops that
juxtaposition distal cis-regulatory elements (CREs) to target promoters, allow-
ing for context dependent control of gene expression [112, 117, 121, h48-552].
Target genes assignment (i.e. annotation) is an important process in the func-
tional interpretations of non-coding regions and their role in gene regulation.
Current standards for CRE annotation are often based on the concept of prox-
imity, defined as the distance between the CRE and the target gene in the
linear DNA. Thus, these methods are unable to incorporate the dynamics of
CRE usage and are restricted by an upper distance limit decided by the local
gene density. With advancements in chrosomsome conformation capture meth-
ods (i.e. Hi-C, HiChIP), interaction-based annotation emerges as an alternative
approach that by shifting from a 1D- to 3D-based view of distance can bypass
the limitations of proximity-based methods.

To facilitate the exploration of complex gene regulatory networks based on chro-
mosome configuration data, the easy-to-use tool ICE-A was developed. ICE-A
implement a combined proximity- and interaction based approach to improve
target gene assignment of distal elements, while still counteracting the nega-
tive aspects associated with use of predefined interactions for peak annotation
(i.e. bin size and minimum distance for interaction calling). In addition, ICE-
A provide options for data integration and visualization. Benchmarking ICE-A
against proximity based methods in two independent datasets from different cel-
lular context, a CRISPR-FlowFISH validated enhancer-gene pairs in a leukemia
cell line [542] and a set of enhancers essential for cancer fitness in a colon cell line
[b53], reveled that ICE-A outperformed the proximity-based methods in target
gene assignment of more distally located enhancers with maintained precision.

Using ICE-A for exploration of the enhancer-promoter dynamics in early lym-
phocyte development reveled that lineage-restricted TFs target regulatory ele-
ments annotated to both lineage-specific and broadly expressed genes. Among
the CREs assigned to lineage-specific genes, we also observed context dependent
interactions with alternative promoters revealing a highly dynamic landscape of
enhancer-promoter interplay in lymphocyte development. Furthermore, inves-
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tigation of the interactome in B cell progenitors deficient in the key B-lineage
restricted TF EBF1 reveled an interactome intermediate to those observed in
the pro-B and pro-T cells, characterized by the presence of lineage-restricted
enhancer-promoter interactions for key genes in both B- and T cell develop-
ment (e.g. Gata3). These data underline the complexity of gene regulatory
networks in lymphoid development and pinpoint the importance of EBF1 in
establishment of the chromatin landscape during B cell development.

In summary, in Paper II we developed a bioinformatics tool for chromosome
configuration data based annotation of cis-regulatory elements. Using this tool
for exploration of gene regulatory networks in early lymphocyte development,
revealed a highly dynamic interactome and an important role for the EBF1 in B
cell associated enhancer-promoter interactions. Furthermore, our work demon-
strate how efficient annotation procedures for linking distal regulatory elements
to target genes can provide valuable insights into gene regulatory networks.
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Figure 4.3: Schematic representation of ICE-A and the interactome dy-
namics in lymphocyte development. ICE-A can facilitate GRN exploration by
incorporation of chromosome conformation data in CRE-annotation. ICE-A based
analysis reveled a highly dynamic enhancer-promoter landscape in early lymphocyte
development, with a key role of EBF1 in the establishment of the B cell restricted chro-
matin landscape.
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4.3 Paper III

EBF1 and PAXS5 control pro-B cell expansion via opposing reg-
ulation of the Myc gene

The generation of lineage restricted and finally commited progenitors during
hematopoiesis is tightly regulated by TF networks. However, several of these
stage- and lineage restricted TFs are frequently mutated in leukemias, suggest-
ing a direct role of TF network in malignant transformation [554]. In B cell
development, two key regulators that are frequently mutated in B cell acute
lymphoblastic leukemia (B-ALL) are EBF1 and PAX5 [337, B38, 555, 550].
EBF1 is critical for lineage specification and survival of B cell progenitors [300,
557, b58], and by using a system that allowed us to dynamically control EBF1
activity, we found that loss of functional EBF1 cause an impaired pro-B cell
expansion as a result of cell cycle arrest. In addition, EBF1 loss was associated
with reduced expression of the proto-oncogene Myc, providing a possible link
between EBF1 and MYC in the control of B cell proliferation. The ability of
ectopic expression of Myc to partially rescued B cell expansion in the absence
of EBF1 both in wvitro and in wvivo, provided further support for direct EBF1-
mediated regulation of Myc. It should however be noted that the role of EBF1
in promoting B lineage progression could not be substituted by Myc expression.

The regulation of Myc is highly complex and regulatory elements located as far
as ~1.7 Mbp from TSS have been reported [140]. Integration of EBF1 ChIP-seq
data with chromatin interaction data from H3K4me3 PLAC-seq allowed us to
identify several distal EBF1 bound element interacting with the Myc promoter
in a B cell progenitor context, including an EBF1 occupied region 0.7 MBp
upstream of TSS as well as several binding sites in the blood enhancer cluster
(BENC) superenhancer region located ~1.6-1.7 MBp from the Myc promoter.
EBF1-responsiveness of the bound elements could be confirmed by luciferase
reporter assay. Furthermore, functional validation by CRISPR-Cas9-mediated
targeting of the putative regulatory elements identified one EBF1 binding site
in the BENC regions of key importance for Myc expression and pro-B cell ex-
pansion.

Closer investigation of the mechanism behind EBF1 dependency reveled that the
EBF1 requirement was most pronounced in CD19+ B cell progenitors. CD19
expression is linked to PAX5, a TF that has previously been suggested to sup-
press Myc expression [359, 559]. Profiling of PAX5 binding sites in pro-B cells
by ChIP-seq reveled that several of the EBF1-responsive elements in the Myc
locus was also targeted by PAX5. Ectopic expression of PAX5 in EBF1 defi-
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cient cells resulted in reduced cell expansion and Gg arrest. Gene expression
profiling, reveled reduced Myc expression levels and negative enrichment of the
MY C-associated transcriptional program, further supporting the idea that Paz5
functions as a negative regulator of Myc expression in normal B cell progenitors.
Binding of both EBF1 and PAX5 to distal regulatory elements in the human
MYC locus in a B-ALL cell line indicates that the EBF1:PAX5:MYC regulatory
loop is conserved and may control normal and malignant B cell development also
in the human context.

Taken together, out work in Paper III found that opposing role of EBF1 and
PAXS5 in the regulation of Myc expression, establishes a regulatory loop that
control the expansion of B cell progenitors in mice. Given that these TFs are
frequently mutated in B cell leukemias and that the EBF1:PAX5:MYC regula-
tory loop appears to be conserved in the human setting, the mechanism iden-
tified in this study could have relevance in both normal and malignant B cell
development.

MOLECULAR MECHANISM

~0.7 MBp ~1.6 MBp PAXS
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Figure 4.4: Schematic representation of EBF1 and PAX5 mediated regual-
tion of Myc. Opposing regulation of Myc by EBF1 and PAXS5, establishes a regulatory
loop controlling pro-B cell expansion.
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4.4 Paper IV

B-lineage commitment is dependent on a reversible epigenetic
switch

To improve our understanding of the interplay between transcription factor net-
work and the epigenetic landscape in B cell development, we conduced single
cell ATAC/RNA-seq of broad overlapping BM progenitor populations to obtain
a high resolution trajectory of early B cell development. Trend change analysis
reveled two stages associated with dramatic shift in DNA accessibility, indica-
tive of an epigenetic switches (ES). While the second ES (ES2) likely reflect the
shift into a proliferative state after successful pre-BCR assembly, the ES1 was
found to be linked to B cell commitment, with repression of alternative lineage
priming and acquisition of a B cell associated epigenetic landscape.

This "Big bang” of B cell development strongly correlated with the functional ac-
tivity of the TFs EBF1 and PAX5. Although the increased accessibility could be
directly liked to these factors, EBF1 and PAXS5 rarely target elements that dis-
played decreased accessibility. Still these factors have a crucial, dose-dependent
role in B cell lineage restriction as indicated by the aberrant expression of T-
lineage associated genes and functional plasticity in pro-B cells with combined
transheterozygous deletion of Ebf! and Paxz5 (TH) [333]. Within this plastic
TH pro-B population, we detected a stable CD25 (1l2ra) expressing subpopula-
tion, with increased kinetics in T lineage conversion and a small but significant
increase in expression of Tcf7. FEnforced expression of TCF7 was sufficient to
drive the normally committed Wt pro-B cells into a T lineage fate in a Notch
dependent manner, highlighting the importance of this factor in T lineage de-
velopment. However, the inability to detect TCF7 protein expression in the TH
pro-Bs argue against an instructive role of TCF7 in lineage placticity, but rather
point toward an inherent epigenetic instability and reduced repressive capacity.

Closer examination of the Tcf7 locus revealed a bivalent chromatin state in the
promoter region, with reduced level of the repressive histone mark H3K27me3
in TH cells, suggestive of a role of EBF1 and/or PAX5 in polycomb-mediated
repression of alternative lineage fates. Indeed, PAX5 has been shown to inter-
act with EZH2, the catalytic subunit of the PRC2 complex [331, B32], and a
general reduction of H3K27me3 levels was found in TH cells at element linked
to T-lineage genes. While direct targeting of the TFs at EBF1/PAX5 respon-
sive element were rare, a majority of the element were found to interact with
chromosomal distal (CD) regions bound by EBF1 and/or PAX5 consistent with
a recruitment via looping mechanism for EBF1/PAX5 mediated repression of
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alternative lineage genes. Investigation of the EZH2 occupancy patterns reveled
that EZH2 binding were far more prominent in dynamic H3K27me3 elements
compared to elements displaying comparable H3K27me3 levels between Wt and
TH. The instructive role of B cell TFs in polycomb repression was further sub-
stantiated by the discovery that many of the EZH2 binding sites were PAX5 de-
pendent, with an enrichment of dynamic H3K27me3 elements among the PAX5
responsive EZH2 targets, including the Tcf7 promoter region.

Lastly the functional importance of H3K27me3 deposition on alternative lineage
genes was investigated by treatment with the EZH1/2 inhibitor Valemetostat. A
rapid decrease in overall H3K27me3 levels was detected along with upregulation
of both Tcf7 and Gatad transcription in CD194 B cell progenitors. Reseeding
of cells treated with Valemetostat on OP9-DL1 for 14 days revealed that tran-
sient inhibition of EZH activity was sufficient to drive T lineage conversion in
response to Notch signaling in normally committed cells.

Collectively the data represented in Paper IV show that B cell commitment is
dependent on a transcription factor-mediated, dose-dependent epigenetic switch,
that involve reversible polymcomb mediated repression of inherent T-lineage po-
tential in early lymphoid progenitors.

ES1 ES2
Accessibility change A A

\/

Priming
B-lineage
T-lineage

HSC LMPP/CLP pro-B pre—B‘
‘ ’
Commltment "

T lienage PRC2 B lienage
gene | PAX5 PAX5 gene

o~ - —>

Priming Repression

EBF1

Figure 4.5: The ”Big Bang of B cell development. Schematic representation
of the epigenetic switch that control B cell commitment by TF mediated polycomb
repression of alternative lineage potential.






Chapter 5

Discussion

Locking in cellular fate by an epigenetic switch

The transition from multipotent progenitors to stable lineage commitment is
regulated by complex gene regulatory networks, made up of highly intertwined
TF circuits. The architecture of these circuits enable temporal and quantita-
tive control of the transcriptional program in a stage dependent manner. The
TF networks act in concert with the epigenetic landscape, clearly illustrated for
both T (Paper I) and B (Paper IV) cell development. In the B cell context, we
show that this interplay result in an epigenetic switch that establishes stable B
cell identity. Although this switch is linked to a global increase in accessibility in
regulatory elements of lineage defining genes, the observed polycomb mediated
repression seemed to be more highly correlated with functional B cell commit-
ment as indicated by the fact that transient inhibition of the catalytic activity
of PRC2 was sufficient to revere lineage commitment in B cell progenitors. The
PRC complexes has previously been shown to drive switch like transition in
other biological contexts [560, 561], suggesting that this might be a conserved
mechanism for cellular processes that require the cell to rapidly adopt another
cellular state. Whereas opening of B cell associated genes was almost non ex-
istent before EbfI and Pazd activation, we detected a epigenetic priming of
alternative lineages including T cells in the uncommitted lymphoid progenitors,
providing a possible explanation why B cell commitment is so tightly linked to
repression. In addition, the fact that B cell commitment take place in the same
spatial location as the early development may require a cell intrinsic mecha-
nism for suppression of alternatives fates, in contrast to T cells that can rely
on Notch signaling provided by the thymic environment to look in stable cell
identity. T cell development, on the other hand, was found to instead depend
on the BAF complex to actively open chromatin in order to secure proper iden-
tity, although at a later developmental stage. The low number of cells detected
in the actual transitional state in B cell commitment indicate that the switch
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is rapid once triggered. A putative mechanistic explanation for this would be
condensate formation, which has been known to display a switch like behavior
once a threshold of protein concentration is reached. For EBF1 a similar mecha-
nisms has been shown for BRG recruited condensate formation [221]. Although
condensate formation would be a feasible mechanism, especially considering the
lack of direct targeting of EBF1 and PAX5 at the dynamic H3K27me3 elements,
further studies is needed to unravel the exact mechanism of the EBF1 and/or
PAX5 mediated repression in B cell development, and how similar mechanisms
might be at play in other cellular contexts.

Transcriptional repression beyond closed chromatin

Although transcriptional activation is of course crucial for lineage defining pro-
grams, repression represent a far less studied but equally important mechanism
in cell fate determination, as highlighted in Paper IV. Often chromatin acces-
sibility is used as a proxy for CRE activity, where an increased accessibility is
thought to indicate activation while repression is associated with a closed chro-
matin state. Although this is of course true in many situations, it is an over
simplification that has the potential to limit our understanding of gene regu-
latory mechanisms. First, transcriptional activity is not necessarily correlated
with CRE accessibility, as shown by the many alternative lineage genes retain-
ing an open chromatin state past B cell commitment or the epigenetic priming
prior to expression of lineage specific genes. And second, even if a change in
chromatin accessibility is in fact observed, its direction does not guarantee a
certain transcriptional output, as exampled for EBF1 targets in Paper II and
1V. Although EBF1 can exert both activating and repressive impact on target
expression, its impact on local chromatin accessibility is almost exclusively pos-
itive. In the case of EBF1 this is likely a result of its pioneering activity and
ability to mediate target gene repression via recruitment of co-repressor com-
plexes. However, the fact that negative change in transcription can be mediated
either via direct repression or simply through disruption of transcriptional acti-
vation make it inherently more complex. In addition to co-repressor recruitment
for making the epigenetic landscape less permissible, the TF mediated repression
can also be achieved via steric hindrance, competition of co-factors or binding
sites or hijacking of regulatory elements via looping to name a few examples.
Considering the highly dynamic enhancer-promoter interactome as seen in Pa-
per II, with context dependent interaction between lineage specific enhancers
and both lineage specific and broadly expressed genes, these genome topology
driven mechanisms of gene-regulation could represent a overlooked mechanisms
in cell fate determination. Also here lineage specific TFs can have an impor-
tant regulatory role, to both guide the establishment a 3D landscape permissive
for lineage programs by providing topological constraint for control of aberrant
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expression patterns. This is exemplified by the altered enhancer—promoter land-
scape in EbfI-deficient B cell progenitors, which display an interaction profile
intermediate that of normal B and T cell progenitors.

Cell fate determination is coupled to basic cellular processes

It has previously been described that PAX5 and IKZF1 can regulate energy
demand in a stage dependent manner [344, B45]. In Paper II this integration
of the lineage programs with the basic cellular processes is further explored,
with specific focus on EBF1. Indeed, also EBF1 was shown to regulate com-
monly expressed genes, with a functional implication in B cell expansion and
survival. In a subset of these genes, the EBF1 dependence was only observed
upon sudden EBF1 removal, indicating that EBF1 can take control of the nor-
mal regulatory circuits controlling these genes. Although this TF mediated
addiction can provide a vulnerability, the integration of basic processes into
developmental networks can couple survival to successful differentiation. A
mechanism that may be of extra importance in lymphoid development which if
marked by alternating stages of rapid proliferation and recombination, leaving
the cell susceptible to potential disease causing genetic alterations. An example
of an EBF1 addicted target gene, the proto-oncogene Myc, is presented in Paper
I1I. Here the opposing regulation by EBF1 and PAXS5 in the expression of Myc,
established an incoherent regulatory loop that control B cell expansion via a
distal regulatory enhancer regions. Direct links between critical regulators of
lineage fate and expression of a gene in control of survival and proliferation,
could provide an important mechanism in preservation of lineage identity and
ensure ordered differentiation. Although identified in mice, the regulatory loop
appear to be conserved in humans, with potential implications in leukemia.
Mutations in Pax5, which is frequently detected in B-ALL, could disrupt this
regulatory loop causing EBF1 to super-activate Myc. Notably, MYC-induced
B cell malignancies frequently display lineage plasticity [562], suggesting a dis-
rupted B cell program. The broad occupancy pattern of lineage specific TFs on
elements associated with ubiquitous genes (Paper II), suggest that this is not
an isolated occurrence and that lineage specific TFs integrate into the regula-
tory circuits of basic cellular processes, with implication both to normal and
malignant development.

TF dose is critical in both normal and malignant development

Although TF activity is often considered in binary terms, its precise dosage
plays a crucial role in shaping the regulatory networks that control biological
processes. For lineage specification this is clearly exemplified by the observation
that heterozygous loss of several of the critical B cell regulators can cause im-
paired development [205, 563-566]. Numerous mechanistic explanation for the
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sensitivity of TF dose has been proposed, including altered occupancy pattern
(based on affinity or partners) or disruption of GRNs. Disruption of regulatory
networks seems to at least party explain the dose effect in Paper IV, as indi-
cated by the disrupted B cell program and aberrant expression of progenitor
and T lineage genes by heterozygous deletion of Ebf1 and/or Paz5. While single
heterozygous deletions seems to be sufficient for at least partly disrupting the
TFs activating potential, highlighting the distinct roles for EBF1 in cell cycle
regulation and PAX5 for B lineage identity, combined dosage reduction was re-
quired for disruption of B cell commitment. This may potentially be related to
the positive feed-back loop between EBF1 and PAX5 which can the reinforce B
cell identity, de-stabilization of the epigenetic state or by mutual requirement
for the two TFs in PRC2 mediated repression. In addition to lineage placticity,
the GRN disruption by combined FEbff and Pax5 heterozygous loss can cause
malignant transformation in mice [339]. Also in human B-ALL are multiple
genetic aberrations a frequent occurrence. In some cases associated with lineage
placticity, indicating that TF dose is important for maintaining cell identity
not only in normal development but also malignant transformation. Just like
EBF1/PAX5, many of these factors are involved in self-enforcing feedback loops.
While these circuits are efficient for driving stable cell fates, they can also en-
hance dose effects with consequences for the entire GRN. Paper III provide an
potential mechanistic example of how altered lineage specific TF dosage can
make cells vulnerable for leukemic transformation. In the EBF1/PAX5/MYC
regulatory circuit, reduced dose of PAX5 may weaken the repression of the
proto-oncogene, thereby allowing uncontrolled expansion of B cell progenitors.
A mechanism that would be consistent with the frequent detection of Pax5 het-
erozygous mutations in B-ALL [337, B38]. Another regulatory mechanism that
has been shown to be dose dependent is the TFs ability to bypass chromatin bar-
riers [253]. Considering the dramatic shift in chromatin accessibility that EBF1
and PAX5 can induce (Paper IV), this could be a contributing mechanism for
the observed dosage effect. All these importance dose effects also warrant a
reflection regarding the often rather arbitrary cutoff values for fold change used
in differential expression analysis, as many small but still biologically relevant
changes are most likely excluded. Lastly, it should also be noted that the discus-
sions here are mostly restricted to transcriptional dosage, however, functional
dose effect of TF activity can also be mediated by post-translational regula-
tion or modulated degradation kinetics. Irrespective of mechanism, it is clear
that TF dosage is an important factor in the intricate regulatory network that
control cellular identity, and closer investigation is needed to unravel the exact
mechanisms behind individual and combinatorial dosage effects in normal and
malignant development, as well as its interplay with the dynamic chromatin
landscape.
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Just as Hamlet, on his restless search for meaning and
truth, was confronted by a ghost, | too encountered a ghost
during my PhD. Not in a dramatic Shakespearean fashion,
but rather on a Hematoxylin & Eosin stained slide of my own
blood, prepared for a public outreach event. Unlike Hamlet's
conveniently informative ghost, my “ghost of blood” brought
no revelation and is, by all accounts, nothing more than a
blob of dye. Yet, | let it stand as a modest symbol of this
thesis (and maybe science at large), always puzzling, often
leading nowhere, but at times nudging us toward insight.
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