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ABSTRACT

Epigenome-targeted CRISPR screen reveals stage-specific dependencies in
human erythropoiesis

Evrim Goksel

Doctor of Philosophy in Cellular and Molecular Medicine, Dec 24, 2025

Erythropoiesis is a tightly regulated differentiation process that proceeds through
discrete cellular states and culminates in terminal maturation and enucleation. While
lineage-defining transcription factors are essential to erythroid gene regulation,
including the master erythroid transcription factor GATA1, the mechanism of how
epigenetic regulators shape cell state—specific transcriptional programs during

erythroid maturation remains poorly understood.

In this thesis, we systematically interrogated the epigenetic regulatory landscape of
human erythropoiesis through CRISPR/Cas9-based functional screens. This work
revealed two principal chromatin regulatory pathways that play central roles in
erythroid differentiation: the histone acetyltransferase EP300 and the SMARCBI-
containing cBAF (SWI/SNF) chromatin remodeling complex. Using synchronized
human erythroid differentiation models, including BEL-A cells and primary CD34*
progenitors, we demonstrate that EP300 and SMARCBI regulate erythropoiesis

through distinct, cell state—dependent mechanisms.

We show that EP300 is required at early stages of erythroid differentiation. Loss of
EP300 disrupts early erythroid cell state transitions, leading to a broad failure in
erythroid gene induction and impaired commitment to the erythroid lineage. In
contrast, SMARCBI is essential during terminal maturation. In primary CD34*
hematopoietic stem/progenitor cells, EP300 loss blocked progression at the
basophilic—polychromatic transition, while SMARCBI1 deficiency significantly
reduced erythrocyte output and enucleation efficiency. Furthermore, using single-cell
and bulk RNA sequencing, we further validated that EP300 governs differentiation-

associated transcriptional programs.
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To understand the role of SMARCBI in terminal erythropoiesis, we assessed
chromatin accessibility across the genome and found that SMARCBI loss does not
alter global chromatin accessibility. We also found that GATA1 protein expression
does not change with SMARCBI1 perturbation. These findings indicated that
SMARCBI does not regulate erythroid maturation through changes in chromatin
accessibility or transcription factor expression. To investigate the protein-DNA
interactions underlying SMARCB1-dependent erythroid transcriptional programs, we
performed Docking & Deamination-Seq (D&D-Seq), a deaminase-based footprinting
approach that enables high-resolution mapping of transcription factor occupancy on
chromatin. The results indicated that SMARCBI1 knockout alters GATA1 occupancy
at a subset of erythroid regulatory loci, including reduced binding at the SNCA locus
and increased binding at 7FR2. As SNCA is robustly induced during normal late-stage
erythroid differentiation, these results demonstrate that SMARCBI is required for

proper GATAl-mediated activation of terminal maturation gene programs.

Together, these findings establish EP300 as an early differentiation dependency and
SMARCBI1/cBAF as a late enucleation dependency, uncovering distinct chromatin-

based mechanisms that coordinate sequential stages of human erythropoiesis.



OZETCE

CRISPR taramasi ile eritropoezde farklilasma asamasina 6zgiin epigenetik
faktorlerin belirlenmesi

Evrim Goksel
Hiicresel ve Molekiiler Tip, Doktora, 24 Aralik 2025

Eritropoez, farklilasmanin belirli hiicresel evreler boyunca ilerledigi ve terminal
olgunlagma ile eniikleasyonla sonuglanan, siki bicimde diizenlenen bir siiregtir. Soy
belirleyici transkripsiyon faktorleri eritroid gen diizenlenmesi i¢in vazgegilmez olsa
da, epigenetik diizenleyicilerin eritroid olgunlagma sirasinda hiicre evresine 6zgii

transkripsiyonel programlari nasil yonlendirdigi hala yeterince anlagilmamistir.

Bu tez ¢alismasinda, insan eritropoezinin epigenetik diizenleyici yapis1t CRISPR/Cas9
tabanli fonksiyonel taramalar kullanilarak sistematik bicimde incelenmistir.
Caligmalar, eritroid farklilagsmada merkezi rol oynayan iki temel kromatin diizenleyici
yolak ortaya koymustur: histon asetiltransferaz EP300 ve SMARCBI igeren cBAF
(SWI/SNF) kromatin yeniden diizenleme kompleksi. BEL-A hiicreleri ve primer
CD34* progenitorler dahil olmak {izere senkronize insan eritroid farklilasma modelleri
kullanilarak, EP300 ve SMARCB1’in eritropoezi birbirinden farkli ve hiicre evresine

bagli mekanizmalarla diizenledigi gosterilmistir.

EP300’lin eritroid farklilagmanin erken asamalarinda gerekli oldugu gosterilmistir.
EP300 kaybi, erken eritroid evre gegislerini bozarak eritroid genlerin genis dlgekte
aktive edilememesine ve eritroid soya yonelimin zayiflamasina yol agmaktadir. Buna
karsilik, SMARCBI erken eritroid farklilasma i¢in daha az kritik olmakla birlikte,
terminal olgunlagma asamasinda vazgecilmez hale gelmektedir. Primer CD34*
hematopoietik kok/progenitor hiicrelerde EP300 kaybi1 bazofilik—polikromatik gegiste
ilerlemeyi durdururken, SMARCBI1 eksikligi eritrosit {iretimini ve eniikleasyon
verimliligini belirgin bi¢imde azaltmistir. Ayrica, tek hiicreli ve toplu RNA dizileme
analizleri, EP300’{in farklilasmaya eslik eden transkripsiyonel programlar1 yonettigini

dogrulamistir.
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SMARCB/I’in terminal eritropoezdeki roliinii daha iyi anlamak amaciyla genom
genelinde kromatin erisilebilirligi incelenmis ve SMARCB1 kaybinin global kromatin
erigilebilirligini  degistirmedigi  goriilmiistiir. Benzer sekildle, SMARCBI
perturbasyonunun GATA1 protein diizeylerini etkilemedigi saptanmistir. Bu bulgular,
SMARCB/I’in eritroid olgunlagsmay1 kromatin erisilebilirligi ya da transkripsiyon
faktorii ekspresyonundaki degisiklikler yoluyla diizenlemedigini gostermektedir.
SMARCBI1I’e bagh eritroid transkripsiyonel programlarin temelindeki protein—-DNA
etkilesimlerini incelemek i¢in, kromatin lizerinde transkripsiyon faktdrii baglanmasini
yiiksek ¢oziliniirliikte haritalamaya olanak tantyan, deaminaz temelli bir footprinting
yontemi olan Docking & Deamination-Seq (D&D-Seq) kullanilmistir. Elde edilen
sonuglar, SMARCBI1 knockout’unun eritroid diizenleyici bolgelerin bir kisminda
GATA1 baglanmasin1 degistirdigini; O6zellikle SNCA lokusunda baglanmanin
azaldigini, TFR2 lokusunda ise arttigmi gostermistir. SNCA’nin normal gec evre
eritroid farklilagsma sirasinda giiclii bicimde aktive edildigi géz 6niine alindiginda, bu
bulgular SMARCB1’in terminal olgunlagsma gen programlarinin GATA1 aracilifiyla

dogru sekilde aktive edilmesi i¢in gerekli oldugunu ortaya koymaktadir.

Sonug olarak bu ¢alisma, EP300’i erken eritroid farklilasma i¢in gerekli bir faktor,
SMARCBI1/cBAF kompleksini ise terminal olgunlagma ve eniikleasyon igin kritik bir
bagimlilik olarak tanimlamakta ve insan eritropoezinin ardisik evrelerini koordine

eden, birbirinden farkli kromatin temelli mekanizmalar1 ortaya koymaktadir.
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Chapter 1: Introduction 1

Chapter 1

INTRODUCTION
1.1. Hematopoiesis
1.1.1. Hematopoiesis and Erythropoiesis

Hematopoiesis is the production of all blood and immune cells, including erythrocytes,

leukocytes (white blood cells), and platelets. Erythropoiesis is specifically defined as the
production of red blood cells. It starts with a tiny contingent of pluripotent hematopoietic
stem cells (HSCs) with self-renewing capacity, which execute a system of lineage
commitment and differentiation. Following the erythroid lineage fate determination,
common myeloid progenitors give rise to bipotent megakaryocyte-erythroid progenitors,
which can ultimately form megakaryocytes (which produce platelets) or erythrocytes.
The erythroid cells downstream of megakaryocyte-erythroid progenitors are erythroid
committed and slow-proliferating Burst Forming Unit Erythroblasts (BFU-E) mature to
rapidly dividing Colony Forming Unit Erythroblasts (CFU-E), which then undergo
terminal differentiation sequentially becoming proerythroblasts, basophilic erythroblasts,
polychromatic erythroblasts, and orthochromatic erythroblasts, which enucleate to form
reticulocytes (Figure 1). Reticulocytes then egress from the bone marrow and mature into
erythrocytes in the bloodstream. During terminal differentiation, cells undergo substantial
changes that include progressive reduction in cell volume, increase in hemoglobin
content, loss of RNA, expulsion of organelles, induction of hemoglobin synthesis, nuclear

condensation, and enucleation (Figure 1) (Lee et al., 2004).

Erythrocytes, also known as red blood cells (RBCs), are the most abundant cells in the
human body, comprising 84% of all cells (Pretini et al., 2019). RBCs are produced in a
process, known as erythropoiesis and this process starts in the bone marrow and continues
in the blood stream. Immature erythrocytes (reticulocytes) pass through the bloodstream

at a rate of 2 million per second (Palis, 2014) and mature into erythrocytes in circulation
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over approximately 48 hours (Gifford, Derganc, Shevkoplyas, Yoshida, & Bitensky,

2006). Erythrocytes do not have organelles such as nucleus, ribosomes, mitochondria,
which are critical for the survival of cells. Due to this highly specialized structure of
erythrocytes, the primary functions of these cells in circulation can be implemented as;
(1) hemoglobin builds up in the cell and oxygen is transported to the peripheral tissues,
(i1) shapes become biconical, so the cells are more flexible and can live for 120 days in
circulation. After a long lifespan in the circulation, damaged RBCs are detected and
expelled by the cells of the reticuloendothelial system, primarily by macrophages in the

spleen (Schroit, Madsen, & Tanaka, 1985).

1.1.2 Regulation of the Erythropoiesis

Erythropoiesis is regulated by a number of extrinsic and intrinsic factors. Several extrinsic
factors regulate proliferation, differentiation, and the survival of erythroid cells by
activating several downstream pathways (Caulier & Sankaran, 2022; Sui, Krantz, &
Zhao, 2000). IL-3 supports the expansion of early erythroid progenitors such as BFU-E.
Stem cell factor (SCF), acting through its receptor c-KIT (CD117), promotes the growth
and survival of BFU-Es, CFU-Es, and early erythroblasts (Lewis et al., 1998).
Erythropoietin (EPO) is the central cytokine that drives the erythroid maturation, ensuring
the survival and proliferation of CFU-Es and later erythroid stages (Nocka et al., 1989).
While erythropoietin receptor (EPOR) expression was previously known to get decreased
as the cells mature, recent evidence suggests that EPOR may be more broadly expressed
in hematopoietic progenitors than previously believed, implying erythroid lineage

commitment might occur earlier in development (Caulier & Sankaran, 2022).

Cytokines such as EPO, SCF, and IL-3 converge on several major signaling cascades,
including the JAK/STAT, MAPK, and PI3K pathways, which are essential for cell
survival and proliferation (Hattangadi, Wong, Zhang, Flygare, & Lodish, 2011). EPO
binding induces EPOR dimerization and activates JAK2, leading to phosphorylation and
nuclear entry of STATS, a key regulator of the erythroid transcriptional program
(Capellera-Garcia et al., 2016). Excessive activation of these pathways can cause
erythrocythemia, typically through somatic JAK2 mutations or less commonly via

germline EPOR mutations (Gaspersic, Kristan, Kunej, Zupan, & Debeljak, 2021). Earlier
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simplified models suggested these cytokines triggered fixed, linear pathways, but recent

work using engineered ligands and natural genetic variation shows that receptor activity
and downstream signaling are more dynamic and context-dependent than previously
appreciated. Understanding these complexities is crucial, as dysregulation of these

pathways contributes to disease and may be targeted therapeutically.
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Figure 1 — Overview of Erythropoiesis and the Regulation of the Erythropoiesis
Created in BioRender. ID: SZ2961FT7K

1.1.3 Impaired Erythropoiesis and Enucleation

Anemia is a condition that lacks enough healthy red blood cells to carry adequate oxygen
to peripheral tissues. Having anemia, also referred as to low hemoglobin concentrations,
causes people to feel fatigue and weak. Anemia affects almost one-third of the population
of which children, pregnant women, and older people are the most vulnerable (Chaparro
& Suchdev, 2019). Decreased production (ineffective erythropoiesis), increased loss of
RBCs (bleeding), and increased destruction (hemolysis) of RBCs are the main factors

causing anemia.
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Myelodysplastic syndrome (MDS) is a disease of unknown cause that can occur with

disorders at different stages of hematopoiesis and has different subtypes (Hasserjian,
2019). Among these subtypes, it is known that the disruptions in the erythroid lineage are
more common than the disorders in the myeloid lineage (Flores-Figueroa, Gutierrez-
Espindola, Guerrero-Rivera, Pizzuto-Chavez, & Mayani, 1999). It has been shown that
the erythropoiesis disorders seen in MDS are caused by disruptions in chromatin
condensation and histone release dynamics (Boyault, Sadoul, Pabion, & Khochbin, 2007)
and that the increase in GATA1 expression causes erythropoiesis defects in MDS
(Fadlallah et al., 2022; Hofer et al., 2021). In recent years, it has been discussed that the
disorders in the erythroid lineage in MDS are associated with mutations of various
epigenetic factors (Sperling, Gibson, & Ebert, 2017) and that epigenetic arrangements are
potentially important in the pathophysiology of MDS (Bond, Lee, & Enjeti, 2020).

B-thalassemia is a hemoglobinopathy caused by mutations in the B-globin gene that
results in an imbalance between a- and B-globin chains which unstabilizes o-tetramers
within erythroid cells leading to premature cell death within erythropoiesis and causes
severe anemia (Centis et al., 2000). Histone deacetylase inhibitors and hypomethylating
agents are clinically trialed to increase HbF production in B-thalassemia. The most
promising and tolerable inhibitor is Givinostat up to date, which induces HbA and HbF
production in erythroid cells at a level comparable to HU and butyrate (Esrick,
McConkey, Lin, Frisbee, & Ebert, 2015; Shearstone et al., 2016). While insufficient
erythropoiesis has long been recognized as a key factor to anemia in thalassemia due to
an accumulation of free a-globin chains (Arlet, Dussiot, Moura, Hermine, & Courtois,
2016), insufficient erythropoiesis in anemia related to sickle cell disease (SCD) has not
been completely explored. SCD is a hereditary recessive disorder caused by a point
mutation in the B globin gene resulting in a Glu-to-Val substitution at the 6" position of
the B globin protein resulting HbS polymerization under hypoxic conditions driving RBC
sickling (Pauling, Itano, & et al., 1949). Because of HbS polymerization, the lifespan of
sickled RBCs is short in blood circulation, which is a major determinant of chronic
anemia in SCD. Although it is generally believed that insufficient erythropoiesis in SCD
do not have a remarkable contribution in anemia, hypoxic condition of the bone marrow
environment alters the sickling stages and hemoglobin polymerizations (0.1 to 6% O2)

(Mantel et al., 2015). Therefore, cell death occurs in hypoxic conditions because of HbS
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polymer formation in the late stages of erythropoiesis characterized by high intracellular

hemoglobin concentration (El Hoss et al., 2021). Increased HbF concentration is
preferred for SCD treatment due to high survival rate of F-cells in the circulation. Even
though the beneficial effect of HbF is not denied in SCD patients, the enucleation rate of
HbF cells in bone marrow under hypoxic condition is limited (Bauer, Kamran, & Orkin,
2012). Therefore, better understanding of the regulation of enucleation, will help to

elucidate new targets that may improve the lifespan of erythroid cells in diseases.

1.2. Epigenetics and Epigenetic Regulation

1.2.1 Epigenetics and Lineage Commitment

Hematopoietic cell differentiation is regulated by series of cascades such as; histone
modifications, transcription factors, vesicle trafficking, noncoding RNAs, cytoskeleton
remodeling, autophagic organelle clearance, and protein proteasome-mediated
proteolysis (Mei, Liu, & Ji, 2021). Epigenetic complexes determine the HSC fate by
shaping the chromatin landscape that lineage defining transcription factors can access,
thereby regulating the gene expression programs. As illustrated in Figure 2, murine
hematopoiesis studies have revealed that distinct epigenetic regulators operate at specific
stages of differentiation to control cell fate decisions. For instance, the cBAF complex
containing SMARCD?2 opens early myeloid enhancers that are rich in CEBP and PU.1
motifs, allowing these transcription factors to engage and initiate the myeloid program
(Priam et al., 2017) . Without this chromatin opening, CEBP and PU.1 simply cannot
reach their targets, leading to skewing of myeloid lineage. Additionally, MLL4 (KMT2D)
adds H3K4 marks on early myeloid enhancers to promote myeloid fate specification.
These events pinpoint that the myeloid cell fate is tightly regulated by epigenetic
programming. Moreover, SET1 complex (SETD1A/B) reinforces the erythroid identity
by stabilizing H3K4me3 marks at key erythroid TF such as GATA1 and KLF1 (Strang,
Golde, & Giasson, 2019). As a result, GATA1 and KLF1 expression increase, promoting
the erythroid differentiation. Meanwhile, repressive complexes like NuRD, ISWI, and
SETDBI1/ATF7IP actively suppress the inflammatory AP-1-driven enhancer modules
that would otherwise push HSCs toward excessive granulopoiesis (Ding et al., 2023;
Lara-Astiaso et al., 2023; M. Li et al., 2025; Subudhi, Subudhi, Patro, & Sitaram, 2022).

Altogether, these examples show that epigenetic mechanisms control the lineage
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commitment by directing transcription factor binding, enabling specific genes to be

activated and determining the fate an HSC commits.
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Figure 2 — Chromatin regulators essential for key hematopoietic lineage
decisions

(Adopted from Lara-Astiaso et al., 2023)

1.2.2 Chromatin Dynamics during Erythroid Differentiation and Enucleation

Terminal erythropoiesis requires tightly coordinated chromatin condensation,
cytoskeletal remodeling, and nuclear extrusion (Zhao, Yang, & Ji, 2016) . That shows that
this differentiation process would be under control by strong epigenetic modifications.
Several histone deacetylases as HDAC2, HDACS, and HDACG6 have been previously
shown to regulate contractile actin ring formation, mDia2 recruitment, and chromatin
compaction, all of which are essential for efficient enucleation (Ji, Yeh, Ramirez, Murata-
Hori, & Lodish, 2010; X. Li et al., 2017; Y. Wang et al., 2021) Additional chromatin
modifiers, including DOT1L (H3K79 methylation) and Setd8 (H4K20mel), are critical
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for chromatin structure in erythroblasts; loss of these enzymes results in impaired nuclear

condensation, disrupted the nuclear membranes, and reported to cause embryonic anemia
in mice (Feng et al.,, 2010; Malik, Lillis, Couch, Getman, & Steiner, 2017). N6-
methyladenosine (m6A) mRNA methyltransferase complex has been reported to regulate
erythropoiesis in erythroleukemia cells (Kuppers, 2019). These studies collectively
demonstrate that chromatin architecture must be dynamically remodeled for erythroid

maturation to proceed.

Despite these recent advances, current knowledge remains incoherent. Most studies have
focused on single enzymes or relied on chemical inhibitors, which cannot distinguish
direct chromatin-dependent effects from indirect consequences such as apoptosis or cell-
cycle arrest. Moreover, although transcription factors such as GATA1 and KLF1 are
known to drive erythroid gene expression, it is still unclear which epigenetic complexes
shape the chromatin landscape that enables their binding during terminal maturation,

particularly during the final transition from condensed nucleus to enucleation.

A recent genome-wide CRISPR screening study, which was conducted in human
erythroid progenitors, identified hundreds of genes required for terminal erythroid
differentiation (Myers et al., 2025). Although this study provides a broad information for
essential regulators of erythropoiesis, it does not specifically address how chromatin
regulators coordinate the transcription factor binding, control chromatin accessibility, or
mechanistically influence the enucleation process. Thus, the epigenetic logic that links
chromatin remodeling to terminal erythroid maturation remains unresolved. In particular,
the timing and mechanisms by which epigenetic complexes modulate GATA1 binding
and nuclear condensation remain unknown and there is no epigenetic-focused approach
that has been applied in physiologically normal erythroid cells to identify specific
epigenetic regulators of terminal erythropoiesis. Therefore, how chromatin regulators
coordinate transcription factor access, cytoskeletal remodeling, and nuclear extrusion

stages remains a major unresolved question that current study directly addresses.
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1.3. EP300 and histone acetyltransferases
1.3.1 Histone Acetylation and Acetyltransferases

Histone acetylation is a key epigenetic modification that plays a central role in regulating
the chromatin structure and gene expression. This process involves the addition of acetyl
groups to lysine residues located on the N-terminal tails of histone proteins, primarily
histones H3 and H4 (Verdone, Caserta, & Di Mauro, 2005). Acetylation neutralizes the
positive charge of lysine residues, weakening the electrostatic interaction between
histones and DNA. As a result, chromatin adopts a more relaxed or open conformation,
which facilitates the recruitment of transcriptional machinery and promotes gene

activation.

The acetylation of histones is dynamically regulated by two opposing enzyme families:
histone acetyltransferases (HATs) and histone deacetylases (HDACs). HATs catalyze the
addition of acetyl groups from acetyl-CoA tail onto histone substrates, whereas HDACs
remove these groups, leading to chromatin compaction and transcriptional repression.
Although originally characterized for their roles in histone modification, many HATSs
also acetylate non-histone proteins, thereby influencing diverse biological processes
such as DNA repair, signaling pathways, and cell cycle regulation. For example, EP300
and CBP acetylate the tumor suppressor p53, thereby enhancing its stability and
transcriptional activation during DNA damage responses (Ito et al., 2001). Similarly,
these HATs acetylate the NF-kB subunit RelA, modulating its nuclear retention and
transcriptional activity in inflammatory signaling pathways (Calao, Burny, Quivy,
Dekoninck, & Van Lint, 2008). Other examples include the acetylation of E2F1, which
promotes its role in cell-cycle control and apoptosis, and the modification of HIF-1a,
which regulates its stability and activity under hypoxic conditions (Fang et al., 2025;
Geng et al., 2012; Manickavinayaham et al., 2019). These examples highlight that
histone acetyltransferases function as broad regulators of cellular physiology through

acetylation of both histone and non-histone substrates.
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1.3.2 Role of EP300 in Hematopoietic Stem Cell Biology

EP300 is an essential transcriptional coactivator and histone acetyltransferase with
profound regulatory functions in hematopoietic stem cell (HSC) biology. Through its
capacity to acetylate histones and numerous transcription factors, EP300 integrates
external signals with transcriptional programs that govern HSC maintenance,

quiescence, self-renewal, and lineage differentiation.

Several studies have demonstrated that EP300 is required for proper HSC homeostasis.
Loss-of-function models reveal that EP300 deficiency impairs long-term repopulating
capacity, disrupts quiescence, and skews the balance between self-renewal and
differentiation (S. Wang et al., 2021). These effects are largely attributed to the role of
EP300 in activating gene networks that maintain stemness while repressing inappropriate
differentiation pathways. EP300 also participates in the regulation of cell-cycle genes,
metabolic pathways, and stress-response programs that are critical for HSC survival in

the bone marrow niche (C. Wang, Liao, Wang, Hu, & Xu, 2022).

In addition to its canonical HAT activity, EP300 facilitates protein—protein interactions
through its multiple functional domains, enabling the formation of transcriptional
complexes with key hematopoietic regulators such as GATA2, RUNXI1, and TAL1/SCL
(Heshusius et al., 2022; Z. Wang et al., 2021; Zheng et al., 2014). By acetylating these
transcription factors, EP300 modulates their stability, DNA-binding affinity, and

transcriptional activity, thereby influencing lineage specification during hematopoiesis.

The importance of EP300 in hematopoiesis extends to stress response and
leukemogenesis. Under conditions such as inflammation or oxidative stress, EP300 helps
to orchestrate adaptive transcriptional responses that allow HSCs to maintain
functionality (Krosel et al., 2023). Conversely, mutations or dysregulation of EP300 have
been associated with hematologic malignancies, including acute myeloid leukemia
(AML) and myelodysplastic syndromes, where altered acetylation patterns contribute to
aberrant gene expression and impaired differentiation (Blobel, 2000; Nicosia et al.,

2023).
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Overall, EP300 acts as a central epigenetic regulator that links environmental cues to
chromatin dynamics, ensuring proper maintenance and functional integrity of the

hematopoietic stem cell compartment.

1.4. SWI/SNF (BAF) Complex
1.4.1 Functions of BAF complex and subunits

The compaction of DNA into chromatin limits the ability of TFs to reach their specific
binding sites. ATP-dependent chromatin-remodeling complexes help to promote TF
binding by sliding, reorganizing, or removing nucleosomes, thereby creating accessible
chromatin at promoters, enhancers, and insulators (Clapier, Iwasa, Cairns, & Peterson,
2017; Koehler, Merchant, & Schatz, 1999; Panier & Boulton, 2014). In mammals, these
remodelers are classified into four main families according to their ATPase subunits:
SWI/SNF (also referred to as BRG1/BRM-associated factor, BAF), imitation switch
(ISWI), chromodomain helicase DNA-binding (CHD), and INO80 (Atkins et al., 2013;
Indio do Brasil et al., 2013; Nina et al., 2013). Although different remodelers may occupy
the same genomic regions, each family also displays selectivity for particular loci and

influences the binding of specific TFs.

The mammalian SWI/SNF (mSWI/SNF) complex is a large, multi-subunit assembly
encoded by 29 genes. It forms three distinct subcomplexes—canonical BAF (cBAF),
polybromo-associated BAF (PBAF), and noncanonical BAF (ncBAF)—all of which
incorporate one of two mutually exclusive ATPase subunits, BRG1 (SMARCA4) or
BRM (SMARCAZ2) (He et al., 2020; Kadoch & Crabtree, 2015; Figure 3). Although they
share the core subunits and rely on the same ATPase engine, they differ in their unique
subunits, chromatin preferences, and biological functions. cBAF contains defining
components such as ARIDIA or ARIDIB and SMARCBI, and it predominantly
functions at enhancer regions (Mashtalir et al., 2020; X. Wang et al., 2017). It plays
essential roles in developmental gene regulation, enhancer activation, and the control of
lineage-specific transcription. PBAF, which incorporates ARID2, PBRM1, and BRD7,
tends to occupy promoter regions enriched in histone acetylation (Chandrasekaran &

Thompson, 2007; Charlop-Powers, Zeng, Zhang, & Zhou, 2010; Nakayama et al., 2017).
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This complex contributes to initiation of the transcription and often exhibits tumor-
suppressive activity. In contrast, ncBAF includes BRD9 and GLTSCR1/GLTSCRI1L and
lacks several structural subunits found in ¢cBAF and PBAF, including SMARCBI.
ncBAF is generally enriched at promoter-proximal regions and supports housekeeping
gene expression and proliferative or oncogenic programs (Fiterman & Raz, 2019; Meng
et al., 2019; Schick et al., 2019). These functional distinctions arise from the
combinatorial assembly of their subunits, which directs each complex to distinct

genomic elements.

All three complexes contain one of two mutually exclusive ATPase subunits, SMARCA4
(BRG1) or SMARCA2 (BRM). These ATPases provide the mechanical force required to
remodel chromatin by hydrolyzing ATP and repositioning or ejecting nucleosomes.
SMARCA4 is more widely expressed, has stronger catalytic activity, and is frequently
mutated in cancer (Bai et al., 2013; Hodges, Kirkland, & Crabtree, 2016; Reisman,
Sciarrotta, Wang, Funkhouser, & Weissman, 2003). SMARCA4 loss leads to severe
defects in enhancer regulation and is associated with aggressive tumor phenotypes
(Mardinian, Adashek, Botta, Kato, & Kurzrock, 2021). SMARCAZ2, although being a
paralogue, is often epigenetically silenced rather than mutated, and can compensate for
SMARCAA4 loss; this paralogous relationship underlies synthetic lethal interactions in
SMARCAA4-deficient cancers (Glaros et al., 2007). The identity of the ATPase subunit
influences the efficiency of chromatin remodeling, the transcriptional programs
activated, and the specific roles of each SWI/SNF subcomplex. Because nucleosome
movement is the essential biochemical activity of these complexes, the ATPase subunit

is central to their function.

SMARCBI is a core component of cBAF and PBAF but is absent in ncBAF. It acts as
both a structural stabilizer and a key biological regulator (Nakayama et al., 2017).
Structurally, SMARCBI helps anchor the ATPase module to the nucleosome and is
required for proper assembly and integrity of cBAF and PBAF (He et al., 2020). Loss
of SMARCBI destabilizes these complexes and shifts the cellular balance toward
ncBAF, which relies heavily on BRD9 for structural cohesion (Langer, Ward, & Archer,
2019; Sima et al., 2019). Biologically, SMARCBI serves as an important tumor
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suppressor. Its loss impairs typical enhancer activity, disrupts lineage-specific
transcription, and allows super-enhancers to dominate the gene expression programs
(Langer et al., 2019). This reorganization supports oncogenic transcriptional states and
contributes to the development of malignancies such as malignant rhabdoid tumors and
synovial sarcoma (Clark et al., 1994). SMARCBI also plays a key role in opposing
polycomb-mediated repression, and its absence leads to increased PRC2 activity and
aberrant gene silencing (Nakayama et al., 2017). Overall, SMARCBI is essential for
both the stability and the proper gene-regulatory functions of SWI/SNF complexes.
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Figure 3 — Members of three different BAF complexes

SWI/SNF subunits are shown in grey, BAF-specific components absent from ncBAF
are highlighted in orange, PBAF-specific elements in green, and ncBAF-restricted
subunits in blue (Adopted from Wanior et al., 2021).

1.4.2 Roles of BAF complexes in HSC differentiation and erythropoiesis

SWI/SNF (BAF) chromatin-remodeling complexes regulate gene expression in
hematopoiesis by physically repositioning the nucleosomes to create the accessible
chromatin architecture required for TF binding. As ATP-dependent remodelers,
SWI/SNF complexes generate nucleosome-depleted regions at promoters and enhancers,
enabling key hematopoietic TFs to engage their regulatory motifs and activate lineage-
specific transcriptional programs. HSCs, SWI/SNF activity preserves an open enhancer
landscape that supports quiescence, metabolic stability, and genomic integrity (Wanior,
Kramer, Knapp, & Joerger, 2021). BRGI-containing BAF complexes counteract
nucleosome encroachment at stemness-associated enhancers and maintain the regulatory
flexibility essential for long-term self-renewal. Consistent with this, disruption of core

BAF components—including SMARCA4/BRG1 or ARID1A—causes enhancer closure,
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loss of HSC quiescence, diminished long-term repopulating capacity, and broad defects

in myeloid and lymphoid differentiation (Helming et al., 2014).

In AML, pharmacological inhibition of SWI/SNF ATPases (BRMO014) reduces the
chromatin accessibility at PU.1-bound enhancers, decreases PU.1 occupancy, and
redirects PU.1 from enhancers to promoter-proximal sites (Chambers et al., 2023).
Genetic knockdown of SMARCA4/SMARCA2 or BRMO14 treatment similarly
suppresses MYC expression and promotes leukemic differentiation (Rago et al., 2022;
Shi et al., 2013). Subunit-specific roles within BAF complexes are also very important:
loss of ARIDIA leads to widespread enhancer decommissioning and profound
hematopoietic failure, whereas ARID1B deficiency causes a milder phenotype but
selectively impairs stress-induced myelopoiesis. Combined ARID1A/ARIDI1B deletion
abolishes BAF remodeling activity, resulting in global nucleosome compaction, loss of
enhancer—promoter communication, and rapid bone marrow failure (Madan et al., 2023).
Collectively, these findings highlight that SWI/SNF complexes regulate hematopoiesis
at multiple levels, and deficiencies in individual subunits disrupt lineage fidelity,

predispose to differentiation bias, and contribute to leukemogenesis.

Additionally, recent work illustrates how BAF subcomplexes distinctively shape
erythroid gene regulation. A previous study (Bagchi et al., 2025) demonstrated that the
BRG1-containing ncBAF complex selectively activates HBG (fetal globin) and HBD
(minor adult B-like globin) in adult-type erythroblasts. Using CRISPR perturbations, they
identified BRD9 and BAF60A as ncBAF-specific components required for this
regulatory activity. Loss of these subunits reduced HBG and HBD transcription while
accelerating terminal erythroid maturation, suggesting that ncBAF establishes a
chromatin environment permissive for fetal and minor B-like globin expression. This
work reveals an additional layer of lineage-specific BAF function and underscores how
the modular composition of SWI/SNF complexes enables precise control of

hematopoietic gene expression programs.

Erythropoiesis is a tightly regulated differentiation process that progresses through well-

defined cellular stages and culminates in terminal maturation and enucleation. While
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lineage-determining transcription factors are essential for establishing and maintaining
erythroid identity, the contribution of epigenetic regulators to stage-specific

transcriptional control during erythroid maturation remains incompletely understood.

The hypothesis of this thesis is that epigenetic regulation during human erythropoiesis
regulates erythrocyte maturation in a cell stege—dependent context, rather than through a
uniform regulatory mechanism across differentiation. Moreover, this work proposes that
erythroid lineage differentiation is driven by distinct chromatin regulatory factors acting

during early differentiation and during terminal maturation and enucleation.

To further address this hypothesis, we employed a epigenome focuse CRISPR/Cas9-
based functional screening strategy to systematically interrogate stage-specific
epigenetic dependencies during human erythroid differentiation. To understand
epigenetic dependencies associated with terminal erythroid differentiation, we
established experimental strategies to separate nucleated erythroid cells from their
expelled nuclei, referred to as pyrenocytes. This separation allowed cell state—resolved
analyses, enabling the direct comparison of genetic and epigenetic requirements between

nucleated erythroid precursors and enucleated erythroid cells.
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Chapter 2

MATERIALS and METHODS

2.1. Cell culture experiments and erythroid differentiation

2.1.1 BEL-A cell culture conditions

BEL-A (Bristol Erythroid Line-A) is an adult human erythroid cell line, immortalized
predominantly at the proerythroblast stage of erythroid differentiation using inducible
HPV16 E6 and E7 (Kurita et al., 2013). The erythroid cells were differentiated from
bone marrow CD34+ cells. BEL-A cell line was created by Professor Jan Frayne,
Professor David Anstee and Dr Kongtana Trakarnsanga at Bristol University (Kurita et
al., 2013) . Expansion Medium: StemSpan SFEM containing 50 ng/ml stem cell factor
(SCF), 3 U/ml erythropoietin (EPO), 1uM dexamethasone (DEXA) and 1 pg/ml
doxycycline (dox). BEL-A cells were maintained in a tissue culture incubator at 37 °C
with 5% CO in the expansion medium at a density of 1-1.5 x 10° cells/ml. Cell culture

media was changed every day or every other day for maintenance.

2.1.2 BEL-A cell differentiation

Erythroid Differentiation Culture:

Primary medium: Iscove’s medium containing 3% (v/v) human AB serum, 2% (v/v)

fetal calf serum, 10 pg/ml insulin, 3 U/ml heparin, 3 U/ml EPO, 200 pg/ml transferrin,
10 ng/ml SCF and 1 ng/ml IL-3 and 1 U/ml penicillin/streptomycin.
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Tertiary medium: Iscove’s medium containing 3% (v/v) human AB serum, 2% (v/v)

fetal calf serum, 10 pg/ml insulin, 3 U/ml heparin, 3 U/ml EPO, 500 pg/ml transferrin

and 1 U/ml penicillin/streptomycin.

To induce the erythroid differentiation, BEL-A cells were transferred to the primary
medium containing 1pg/ml doxycycline and maintain for 4 days (Day 0: 2x105 cells/ml
(Primary + dox), Day 2: 3.5x10° cells/ml (Primary + dox), Day 4: 5x105 cells/ml
(Primary - dox) and Day 6: 5x10° cells/ml (Primary - dox). Cells are counted every
other day and maintained at the correct cell density. On day 8, cells are transferred to
the tertiary medium. Count the cells every other day and perform total medium changes
to obtain a final concentration at 1x10° cells/ml. K562 was used to optimize lentiviral
transduction efficiency. Cells were resuspended in pre-warmed (37°C) RPMI
(Invitrogen Ltd) containing 10% (v/v) fetal bovine serum (Invitrogen). Cells were
incubated in a tissue culture incubator at 37 C with 5% CO; and counted using and

maintained at 1 x 10% cells/mL by total media changes every two to three days.

2.1.3 CD34" hematopoietic stem cell culture conditions

Human CD34* HSPCs, isolated from the mobilized peripheral blood of healthy adult
donors, were obtained from the Weill Cornell Medicine Blood Bank (New York City,
USA). Cells were thawed and cultured in StemSpan SFEM II medium (Stemcell
Technologies, 09655), supplemented with StemSpan™ CD34" Expansion Supplement
(10X) (Stemcell Technologies, 02691). After 2 days of culture, the cells were
transferred to a three-phase erythroid culture medium to initiate the erythroid

differentiation.

2.1.4 CD34" hematopoietic stem cell differentiation

Erythroid differentiation of primary HSPCs was performed in a three-phase culture
system. Cells were maintained at a concentration of 200,000—-1,000,000 cells/mL, and
the medium was changed every 2 days to maintain the cell concentration within this

range.
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Phase I (day 0-8): IMDM (Sigma, FG0465) supplemented with 3% human AB serum
(Sigma-Aldrich, H4522), 2% fetal bovine serum (Thermo, 10437028), 1%
penicillin/streptomycin (Life Technologies, 15140-122), 10 pg/mL insulin (Sigma-
Aldrich, 9278), 3 IU/mL heparin (Sigma-Aldrich, H3149), 200 pg/mL holo-transferrin
(Sigma-Aldrich, T0665), 10 ng/mL stem cell factor (SCF) (Peprotech, 300-07), 3
IU/mL erythropoietin (EPO) (Stemcell Tech, 78007) and 5 ng/mL IL-3 (Peprotech, 200-
03).

Phase II (days 8-13): IL-3 was removed from the medium.

Phase III (days 14-21): IL-3 and SCF were removed, and the holo-transferrin

concentration was increased to 1 mg/ml.

2.2. Chemicals and antibodies
The chemicals and antibodies used in the study are listed in Table-1.

Table 1 — Chemicals and antibodies used in the study

Chemical Name Catalog number
Puromycin Sigma Aldrich, P8833
Hygromycin GoldBio, H-270-1
Blasticidin Thermo Fisher Scientific, R210001
Ampicilin GoldBio, A-301-5
GATAL antibody Abcam, ab11852
Cas9 antibody Cell signaling, 14697
EP300 antibody Active motif, 61401
SMARCBI antibody Proteintech, 20654-1-AP

2.3. gRNA sequences and gRNA cloning

The sgRNA sequences were generated using Benchling (https://www.benchling.com)

and are provided in Table 2. Complementary sgRNA oligos were first phosphorylated


https://www.benchling.com/
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with T4 PNK (New England Biolabs, M0201S) and subsequently annealed. In parallel,

the pLentiGuide-Puro, pLentiGuide-Puro-GFP, pLentiGuide-Puro-mCherry was
digested with Bsmbl, treated with Antarctic Phosphatase (NEB, M0289) to remove
residual phosphates, and purified using the NucleoSpin Gel and PCR Cleanup kit
(Macherey-Nagel, 740609). Ligation of the phosphorylated oligos into the linearized
backbone was carried out using T4 DNA ligase (NEB, M0202S) with 200 ng of vector
and a 7:1 insert-vector molar ratio, incubating at 25°C for 2 hours followed by an
overnight incubation at 16°C. Bacterial transformation, plasmid isolation, and lentiviral

particle generation.

Table 2 — sgRNA sequences for pLentiGuide-puro and pLentiGuide-GFP backbone

Oligonucleotide name Sequence
SMARCBI-gl-F caccGCAGATCGAGTCCTACCCCA
SMARCBI-gl-R aaacTGGGGTAGGACTCGATCTGC
EP300-gl-F caccgCTGTAATAAGTGGCATCACG
EP300-g1-R aaacCGTGATGCCACTTATTACAG
EP300-g2-F caccGTGGCACGAAGATATTACTC
EP300-g2-R aaacGAGTAATATCTTCGTGCCAC
DPF2-gl-F caccgAGAGGCGAGCATTGTAATTG
DPF2-gl-R aaacCAATTACAATGCTCGCCTCT
DPF2-g2-F caccGAAGATACTCCCAAGCGTCG
DPF2-g2-R aaacCGACGCTTGGGAGTATCTTC
DPF3-gl-F caccgACAGCCGTGAGTTGTAACTC
DPF3-g1-R aaacGAGTTACAACTCACGGCTGT
DPF3-g2-F caccgAGCGCTACAAGAACCGACCG
DPF3-g2-R aaacCGGTCGGTTCTTGTAGCGCT
GFP-gl-F caccGGGCGAGGAGCTGTTCACCG
GFP-gl-R aaacCGGTGAACAGCTCCTCGCCC
GFP-g2-F caccGCTGCACGCCGTAGGTCAGGG
GFP-g2-R aaacCCCTGACCTACGGCGTGCAGC

2.4. HSC Electroporation

Primary human CD34* hematopoietic stem and progenitor cells were genome edited
using CRISPR—Cas9 ribonucleoprotein (RNP) electroporation. sgRNAs were
synthesized with terminal chemical modification (2°-O-methyl-3’-phosphorothioate at
three terminal nucleotides of 5' and 3' ends) to enhance stability and were resuspended
to 100 uM immediately prior to use. sgRNA sequences are listed on Table-3. Cas9
sgRNA RNP complexes were assembled in P3 Primary Cell Nucleofector Solution and
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incubated at room temperature for 20 minutes to allow efficient complex formation.

CD34" cells were washed with PBS, counted, and resuspended in P3 solution, using
approximately 1 x 10° cells per electroporation reaction. For each condition, 17.5 pL of
the cell suspension was combined with 7.5 puL of the pre-assembled RNP mix and
transferred into a 20 pL Nucleocuvette. Electroporation was performed on a Lonza 4D-
Nucleofector X Unit using program EO-100, which is optimized for primary HSCs.
Immediately after pulsing, cells were transferred into pre-warmed StemSpan SFEM 11
medium supplemented with CD34* Expansion Supplement and 100 nM UM171 and
cultured for 12-24 hours to allow recovery and editing. After 24 hours GFP+ cells were
sorted with FACSAria (Becton Dickinson). Genomic DNA was collected after 5 days

of post-nucleofection to assess editing efficiency using targeted amplicon sequencing.

Table 3 — sgRNA sequences for electroporation of HSC cells

Gene Guide Sequence Target Region

SMARCBI1 gl | GGCUUUUAACAGGGUCACAC | GGCTTTTAACAGGGTCACAC
SMARCBI1 g2 | UGUUUGUCUGUUACAGAUCA | TGTTTGTCTGTTACAGATCA
EP300 gl AGGAAAUAUGGCUUGGACGC | AGGAAATATGGCTTGGACGC
EP300 g2 CCGGCGUAGGAAAUAUGGCU | CCGGCGTAGGAAATATGGCT
Non targeting | GCGAGGUACUUGAAGUACGU | GCGAGGT ACTTGAAGTACGT
gRNA

2.5. Lentivirus generation and BEL-A cell spinfection

To produce the lentiviral particles, 293T cells were seeded to10-cm petri dishes. For
transfection, 2500 ng of the transfer vector, 2250 ng of the packaging vector (psPAX2),
and 250 ng of the envelope vector (pCMV-VSV-G) were mixed with 15 pL PEI
(Polysciences, 23966) diluted in DMEM. The cells were then transfected with the
prepared mixture. The viral supernatant was collected at 48- and 72-hours post-

transfection and concentrated 100-fold using 50% (w/v) PEG 8000 (Sigma, P2139).

For the spin-infection, 2x10° BEL-A cells were seeded and infected with the lentiviral
particles by centrifugation. The virus was supplemented with 8 pg/ml polybrene and
10 mM HEPES buffer. Spin-infections were carried out at 900xg for 2 hours at room

temperature in 12-well plates. To select for transduced cells, 8 pg/ml blasticidin or 1
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pg/ml puromycin was added 48-hours post-infection and maintained for 7 days to

generate stable cell lines.

The transfer plasmids used in the study and generated cell lines are listed in Table-4.

Table 4 — Lentiviral plasmids used in the study

Plasmid Name Plasmid Source Cell line name
Cas9-blast IAddgene; 73310 BEL-A-Cas9
pCMV-VSV-G IAddgene; 14888 Lenti virus production
psPAX2 IAddgene; 12260 Lenti virus production

BEL-A-Cas9 mCherry-
pDECKO_ mCherry-sg-AAVS1|Addgene; 140109

sgAAVS]
BEL-A-Cas9 mCherry-
pDECKO_mCherry-sg-NT Addgene; 141212 NT
IAddgene; 51004
Lenti-H2B-GFP BEL-A-Cas9-H2B-GFP

BEL-A-Cas9-sgRNA-

Lentiguide-GFP Addgene; 185473
GFP

RRL-GFP Gift from Onder Lab BEL-A-Cas9-RRL-GFP

2.6. Epigenome targeted CRISPR screen

2.6.1 Production of EPIKOL gRNA library

Epigenome targeted CRISPR library (EPIKOL) was a gift from Dr. Tugba Bagci Onder.
Plasmid pools coding gRNAs were first electroporated to the electrocompetent E. coli
(Lucigen, 60242) cells and propagated on 35-cm BioAssay dishes (Thermo, 240835)
containing LB Agar for 16 hours at 30°C. Then, colonies were collected by washing
the plates with cold LB Broth solution. Plasmids were isolated using a commercial
Midiprep kit (Macharey Negel, 740410.50). sgRNA production coverage was

calculated by counting colonies on 1:100 dilution plates.
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2.6.2 Plasmid library sequencing

After isolating the plasmid pooled libraries, first, the quality of library production was
determined by next-generation sequencing. Plasmids were PCR amplified by using a
primer couple (details of primer sequences are listed at Section 2.7.5) that generates
[llumina chemistry compatible sequencing libraries and sequenced on NovaSeq 6000
(Illumina). gRNA sequence distributions were then compared with the source library

using MageCK algorithm (Figure 4).
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Figure 4 — Distribution of gRNA counts of produced library and source library

2.6.3 MOI calculation and library transduction of BEL-A-Cas?9 cells

After the lentiviral particles were produced in HEK293-T cells as described in Section
2.3, lentiviral transducing units (TU) were calculated using 100.000 cells and various
amounts of pooled lentivirus. After 24 hours of puromycin selection, multiplicity of
infection (MOI) was calculated by the ratio of surviving cells, and TU was calculated

with the following formula:
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(Number of Transduced Cells x MOI)

TU/mL =
/m Volume of Lentiviral Stock in mL

After the TU determination of the lentivirus stock, BEL-A-Cas9 cells were transduced
with MOI:0.6 for CRISPR screening experiments.

2.6.4 Sample collection and extraction of genomic DNA

EPIKOL library-transduced BEL-A-Cas9 H2B-GFP cells were collected from 4
different samples as follows: (i) Initial library transduced cells (Time0), (ii)
Undifferentiated erythroblasts (+dox), (iii)) Differentiated nucleated cells
(orthochromatic erythroblast enriched population), and (iv) enucleated pyrenocytes.
Differentiation was induced with removal of the doxycycline and following the BEL-
A differentiation protocol. During the cell culture, a library coverage of 300X was
maintained by counting the cells during cell passaging. Differentiated GFP+ cells
were separated by their size on a flow cytometer and collected by cell sorting.

Experiments were conducted in three separate biological replicates.

Genomic DNA from the samples were extracted by using a commercial kit (Macharey
Negel, 740952), following the protocol. Briefly, frozen cell pellets were lyzed, and
processed, and the DNA concentrations were measured by a Nanodrop spectrometer

(Thermo).

2.6.5 Library preparation and NGS sequencing

CRISPR screen libraries for NGS sequencing were prepared by a two-step PCR
reaction, described before by Yedier-Bayram et al. (Yedier-Bayram et al., 2022).
Briefly, in the first reaction, the lentiviral region was amplified by using external
primers. In the second reaction, [llumina sequencing regions as i5 and 17 indexes, and
[llumina adaptors were added to the region that contains the sgRNA. All samples were

amplified with same forward (P5) primer mix, but with different reverse primers,
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containing sample specific 8 bp indexes. The primer sequences were provided in

Table 5.

The reactions were performed as follows: 10 ng template DNA were mixed with 0.5
ul Phusion High-Fidelity DNA Polymerase (NEB, M0530), 10 ul 5x GC Bufter,1 pl
dNTP mix (10 mM each) (Thermo, R0192), 2 ul Forward Stagger Mix (10 uM) and
2 ul Reverse Primer (10 uM) specific to each vector backbone and Nuclease-free
water up to 50 pl. Thermal cycler conditions were as follows: denaturation for 30
seconds (s) at 98 C, followed by 10 s at 98 C, 15 s at 62 C, 20 s at 72 C for 16 cycles,
final extension for 5 minutes at 72 C. PCR amplicons were gel extracted using
NucleoSpin Gel and PCR clean-up (Macherey-Nagel, 740609) kit according to
manufacturer’s instructions and quantified using Nanodrop. Next generation
sequencing was performed at Gen Era (Turkey) by using NovaSeq 6000 sequencing

system (Illumina) with at least 10 million reads/plasmid library.

Table 5 — Primer sequences used in CRISPR screen gRNA NGS sequencing libraries

Name Flowcell adapter Illumina sequencing Stagger region Vector binding sequence
library_p5_0 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT TTGTGGAAAGGACGAAACACCG
library_p5_1 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT C TTGTGGAAAGGACGAAACACCG
library_p5_2 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT GC TTGTGGAAAGGACGAAACACCG
library_p5_3 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT AGC TTGTGGAAAGGACGAAACACCG
library_p5_4 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT CAAC TTGTGGAAAGGACGAAACACCG
library_p5_5 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT TGCACC TTGTGGAAAGGACGAAACACCG
library_p5_6 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACGCAAC TTGTGGAAAGGACGAAACACCG
library_p5_7 AATGATACGGCGACCACCGAGATCT ACACTCTTTCCCTACACGACGCTCTTCCGATCT GAAGACCC TTGTGGAAAGGACGAAACACCG
Reverse P7 primers

Name Flowcell adapter Index Illlumina sequencing Vector binding sequence
library_rev_1 CAAGCAGAAGACGGCATACGAGAT CGGTTCAA  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_2 CAAGCAGAAGACGGCATACGAGAT GCTGGATT  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_3 CAAGCAGAAGACGGCATACGAGAT TAACTCGG  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_4 CAAGCAGAAGACGGCATACGAGAT TAACAGTT  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_5 CAAGCAGAAGACGGCATACGAGAT ATACTCAA  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_6 CAAGCAGAAGACGGCATACGAGAT GCTGAGAA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_7 CAAGCAGAAGACGGCATACGAGAT ATTGGAGG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_8 CAAGCAGAAGACGGCATACGAGAT TAGTCTAA  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT
library_rev_9 CAAGCAGAAGACGGCATACGAGAT CGGTGACC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCTACTATTCTTTCCCCTGCACTGT

Sequences are provided as 5' -> 3' direction.

2.6.6 CRISPR screen results analysis with MageCK

Sequencing results were downloaded as “.fastq.gz” files after demultiplexing, and
analysis was run with MageCK algorithm in a Python (v. 3.7) environment (W. Li et
al., 2014). Briefly, “-count” command was used for combining the gRNA specific

counts, and “-test” command was used for running the pairwise comparisons and
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generating the log Fold Change (log2FC) and p values. Total reads are provided in

Table 6. Generated files were combined and visualized in R (v. 4.5.1).

Table 6 — Total reads of sequencing results

File Label Total Read Count
time0_bioll_rl.fastq.gz time0_b1l 23M
time0_biol2_rl.fastq.gz time0_b2 10Mm
time0_biol3_rl.fastq.gz time0_b3 27M
dox_bioll_ri.fastq.gz dox_b1l 12Mm
dox_biol2_ri.fastq.gz dox_b2 17M
dox_biol3_rl.fastq.gz dox_b3 11mM
ortho_bioll_rl.fastg.gz ortho_b1l 17M
ortho_biol2_rl.fastg.gz ortho_b2 8.9M
ortho_biol3_rl.fastq.gz ortho_b3 4.5M
pyre_bioll_rl.fastq.gz pyre_bl 10M
pyre_biol2_rl.fastq.gz pyre_b2 7™M
pyre_biol3_rl.fastq.gz pyre_b3 3M

2.7. Flow cytometry experiments

For assessment of erythroid differentiation, 1 x 10° live cells were harvested, washed
once with PBS, and resuspended in 100 pL PBS. lul of each antibody was added,
followed by incubation at room temperature for 30 minutes in the dark. After staining,
cells were washed in PBS and resuspended in PBS containing 1% FBS for acquisition

using a flow cytometer.

To determine reticulocyte levels within the erythroid cultures, 200 pL of cell suspension
was collected and stained with Hoechst 33342 (Sigma-Aldrich) at a final concentration
of 5 pg/mL to label nucleated cells. Samples were incubated at 37°C for 30 minutes in
the dark and subsequently analyzed by flow cytometry. Staining reagents used in flow

cytometry experiments are provided in Table 7.

Table 7 — Reagents used in flow cytometry experiments

Antibody and Chemical Name | Catalog number
CD71-FITC Biolegend, 334104
CD235a-APC Biolegend, 11076
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Alpha 4 integrin (CD49d-APC) | Biolegend, 304308

CD233 (Band3) - FITC American Research Products, NC1433740
Hoechst 33342 Invitrogen, 33342

DRAQ5S Biolegend, 424101

SYTO16 Thermo Fisher, S7578

IgG Control Biolegend, 410711

Anti-Mouse-APC Invitrogen, A-11005

Anti-Rb-APC Invitrogen, A-11012

2.8. May-Grunwald Giemsa Staining

Enucleation was assessed by Cytospin preparation followed by MGG staining. Slides
were fixed in methanol for 10 minutes, stained with May-Grunwald solution (Sigma,
MGI1L) for 10 minutes, and subsequently stained with Giemsa solution (Sigma, GS500)
for 5 minutes. Stained slides were rinsed, air-dried, and examined under a light

microscope.

2.9. RNA sequencing (RNAseq)

For each biological replicate, 5 x 10°¢ cells were seeded in expansion medium. After 2
days, the culture was split into two conditions: two-thirds of the cells were transferred
into erythroid differentiation medium, while one-third remained in expansion medium.
Following 6 days of differentiation and expansion, cells were harvested for RNA
isolation. Total RNA was extracted using a commercial kit (Macherey-Nagel, 740955),
following the manufacturer’s instructions. Cells were lysed in the provided lysis buffer,
homogenized, and loaded onto a silica-based RNA purification columns. An on-column
DNase I digestion step was included to remove genomic DNA contamination. Purified

RNA was washed thoroughly and eluted in RNase-free water.

2.10. Single Cell RNA sequencing (sc-RNAseq)

Single-cell RNA sequencing was performed using the 10x Genomics Chromium Single

Cell 3’ protocol, following the manufacturer’s instructions. CD34* hematopoietic stem
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cells were collected at differentiation days 0, 5, 8, 18, and 24. Single cell libraries were

prepared according to manufacturer’s instructions and sequenced with NovaSeq 6000
(Illumina). Reads were aligned to human genome (Hg38) with CellRanger software.
Output files were analyzed with Seurat (v. 5.3.1). Normalization was made with
“NormalizeData” function in Seurat, which use logarithmic normalization and scaling
(scale factor = 10000). Data integration was performed with Harmony in Seurat.
Pseudobulk expression analysis was performed with DElegate (v. 1.2.1). All analyses

were conducted in R (v. 4.5.1).

2.11. Sanger sequencing of CRISPR edits in HSCs

For CRISPR/Cas9 knockout validation, genomic DNA was isolated from KO and
control cells using a standard genomic Macherey-Nagel DNA extraction kit according
to the manufacturer’s instructions. A genomic region of approximately 300 bp
surrounding the CRISPR target site was amplified by PCR using locus-specific primers
(Table 8). PCR reactions were performed under optimized conditions to obtain a
specific product, which was purified by agarose gel electrophoresis. Indel regions were

quantified using the TIDE analysis.

Table 8 — Primer sequences for Sanger sequencing

SMARCB1- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACCTTGATGTGCTGCATCCACT
sgRNA-F

SMARCB1- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATCGTTGCCATCCAGAATCTCTT
sgRNA-R

SMARCB1- | TTTGAACCCGCTGACGTTTG

sgRNA-F

SMARCB1- | AAAGACGGGCTTCTGCTGAG

sgRNA-R

EP300- TCGTCGGCAGCGTCAGATGTGTATAAGAGACATTTTCTTTTCCTCTATGTGTTCA
sgRNA-F

EP300- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGATTGTTTGCAGATTCATACATG
sgRNA-R

EP300- CAGACACTGTGTTGCTACGG

sgRNA-F

EP300- GTATGTGTGCTGGCCCATCC

sgRNA-R

EP300- CTCCCTGGGTCCTATGCCAA

sgRNA-F

EP300- GGTGGGAAAGGTTGAGAAGGAA

sgRNA-R
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2.12. Bulk Docking & Deamination — Sequencing (D&D-Seq) analysis

This protocol is adopted from Chi et al. (Chi et al., 2025). D&D protocol is composed
of 4 main steps: cell fixation and permeabilization, antibody binding, D&D binding
and activation, bulk ATAC-Seq (Figure 5). Cells were processed using a standardized
centrifugation scheme, in which all spins prior to fixation were carried out at 300 x g
for 5 min and all spins after fixation at 600 x g for 5 min using a swing-bucket rotor.
We collected between 2 x 10° for each condition. To fix the cells, we added methanol-
free 16% formaldehyde (Thermo Fisher Scientific, PI28906) to a final concentration of
0.1% and incubated the suspension for 5 min at room temperature. Fixation was
quenched by adding glycine to a final concentration of 125 mM, followed by one wash

in 1 ml PBS.
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Figure 5 — D&D-Seq workflow
Created in BioRender. ID: WU2961DSTB

For permeabilization, fixed cells were incubated on ice in 200 pl permeabilization
buffer (20 mM Tris-HCI pH 7.4, 150 mM NacCl, 3 mM MgCl., 0.1% NP-40, 0.1%
Tween-20, 1% BSA, and protease inhibitors). Permeabilization was performed for 7
min for cell lines and 5 min for primary cells. Cells were then washed in 200 pl ice-
cold wash buffer (20 mM HEPES pH 7.6, 150 mM NacCl, 0.5 mM spermidine, 1%
BSA, and protease inhibitors).
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Following cell counting, we transferred 2 x 10° cells into PCR tubes and resuspended

them in 100 pl antibody buffer (20 mM HEPES pH 7.6, 150 mM NaCl, 2 mM EDTA,

0.5 mM spermidine, 1% BSA, and protease inhibitors). Primary antibodies were added
ata 1:100 dilution (1 pl per reaction). Cells were incubated overnight at 4°C with gentle

rotation to allow efficient antibody binding.

After overnight incubation, D&D binding and activation was followed. Cells were first
washed with 200 pl wash buffer and then with an equal volume of D&D binding buffer.
The pellet was resuspended in 50 pl D&D activation buffer containing 100 pM
DddA NT, and samples were rotated at room temperature for 1 h to allow binding.
After this step, cells were washed again in 200 pl D&D binding buffer, resuspended in
50 ul fresh D&D activation buffer, and incubated for an additional hour at 37 °C to

induce deamination.

After deamination reaction is completed Tn5 adaptors were obtained from IDT and
prepared according to standard procedures (Table 9). In brief, 100 uM adaptors were
annealed in TE buffer to generate double-stranded mosaic-end (MEDS) oligos by
heating to 95 °C for 5 min followed by controlled cooling (0.2 °C per second) to 12 °C.
Equal volumes of MEDS-A and MEDS-B were combined, and 6.25 pl of annealed ME-
A and ME-B was incubated with 10 pl of in-house Tn5 enzyme at room temperature
for 30mins to assemble Tn5. Once D&D activation was completed, cells were washed
once with 200 pl 1x Tris-TD buffer and resuspended in 50 pl of the same buffer
containing 2 pl loaded Tn5 enzyme. The optimal amount of Tn5 was found by titration
test and titration test was repeated in every new batch of Tn5. Then, reactions were
incubated at 37 °C for 1 h for tagmentation. To lyse the cells, we added 1 pl 10% SDS,
2 ul proteinase K (NEB, P8107S), and 3 ul 0.5 M EDTA, followed by incubation at 55
°C for 1 h. DNA was then purified using a column-based protocol (Zymo, D5205)
according to the manufacturer’s instructions. For library amplification, we used an
uracil-tolerant DNA polymerase to be able to amplify deamination footprint (NEBNext
Q5U Master Mix, NEB M0597S) together with Nextera-compatible barcoding primers.
To improve the initial gap-filling step, 1 pl of Bst 3.0 polymerase (NEB, M0374) was
added to the reaction. PCR conditions were: 72 °C for 5 min; 98 °C for 30 s; 12 cycles
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0of 98 °C for 10 s, 55 °C for 30 s, and 72 °C for 30 s; and a final extension at 72 °C for

5 min.

Table 9 — Tn5 tagmentation oligonucleotide sequences
Mosaic end Adapter A | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

Mosaic end Adapter B GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
Mosaic end reverse PO4-CTGTCTCTTATACACATCT

2.13. Single cell Combined D&D-Seq and Multiome analysis

Following D&D activation, cells were transferred into 1x nuclei buffer and quantified
using trypan blue exclusion on a Countess II FL Automated Cell Counter. All
subsequent steps were performed according to the single-cell Multiome protocol
provided by 10x Genomics (CG000209), with the modification described below.
During the GEM generation and barcoding reaction (step 2.1), 2 ul of uracil-tolerant
DNA polymerase (NEBNext Q5U Master Mix, NEB M0597S) was added to the

barcoding reaction mixture to facilitate the first few rounds of PCR.

The sequencing libraries were run on a NovaSeq6000 using dual-indexed, paired-end
150-bp configurations. Index and read lengths were as follows: i5, 8 bp (16 bp for
single-cell sequencing); 17, 8 bp; readl 150 bp; and read2 150 bp.

2.14. Computational analysis of D&D-Seq

To identify and quantify the D&D-induced genome edits, we analyzed scMultiome-seq
and bulk ATAC-seq datasets using an in-house pipeline. First, scMultiome-seq BAM
files were generated by CellRanger, and separated by cell type using sinto, while bulk
ATAC-seq reads aligned with BWA-MEM?2 were processed using the same pipeline. In
each BAM, PCR duplicates were removed with picard MarkDuplicates function, and

only high-quality reads were retained.

Variant calling was performed using bcftools mpileup, and only variants supported by

multiple reads were considered as candidate edits. Germline SNPs were removed using
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genomeAD annotations and variant allele frequency thresholds, after which we isolated

C—T and G—A transitions as the characteristic signatures of D&D activity.

ATAC peaks were then analyzed with MACS?2, filtered against ENCODE blacklist
regions, and annotated for transcription factor motifs using MEME-SEA with the
HOCOMOCO motif library. Peaks containing the relevant motif (or overlapping ChIP-
seq binding tracks) were defined as target peaks, whereas motif-lacking peaks were
treated as background. Both peak groups were resized around the motif or peak summit

and intersected with called edits to measure on- versus off-target mutation signals.

The final output of these analyses contained the VCF files that lists D&D edits, BED
files containing motif-centered peak coordinates, and the BAM files composed only of
edited reads. These edited-read BAMs were converted to bigWig format and visualized
in IGV to evaluate binding sides and distribution of D&D edits at regulatory sites.
Analyses were conducted with Seurat (v. 5.3.1), Signac (v. 1.15.0), and Monocle3 (v.
1.4.26) in R (v. 4.5.1). Single cell D&D edit counts were analyzed with an in-house
pipeline. Python and R scripts for D&D-seq data analysis are available on GitHub
https://github.com/sangho1130/DnD/.

For differential GATA1-binding—associated D&D edit analysis, D&D edits located
within £3000 bp of annotated transcription start sites (TSS) were assigned to genes
using R packages GenomicRanges (v. 1.61.5), AnnotationDbi (v. 1.71.1) and
org.Hs.eg.db (v. 3.21.0). Edit counts mapped to the same gene were summed, and

differential analysis was performed using a linear modeling framework implemented

in limma (v. 3.65.4).

2.14. Statistical Analyses

Statistical analyses were performed using GraphPad Prism (version 10), Microsoft

Excel (2024), and R (v. 4.5.1). For comparisons between two groups, two-tailed

Student’s t-tests were used where appropriate. For experiments involving multiple


https://github.com/sangho1130/DnD/
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groups or variables, one-way or two-way analysis of variance (ANOVA) was applied,

followed by appropriate post hoc tests as indicated in the figure legends.

Differential GATA1 binding analysis for D&D-Seq experiments was conducted using
the limma framework. Bulk RNA-sequencing differential expression analyses were
performed using DESeq2. For single-cell RNA-sequencing data, cells were aggregated
into pseudobulk profiles by cell sources, and differential expression analysis was
performed using DESeq2. Unless otherwise stated, p values < 0.05 were considered

statistically significant.
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Chapter 3

RESULTS

3.1. Validation of erythroid differentiation conditions required for CRISPR
screening

To evaluate the epigenetic dependencies of erythroid differentiation, we first established
and validated a suitable cell model for a CRISPR-Cas9 screening platform. We utilized
the human erythroid progenitor BEL-A cell line, engineering it to stably express both
the Cas9 nuclease and a nuclear-localized GFP (H2B-GFP). The H2B-GFP signal was
intended to serve as a marker to identify and isolate nucleated cells during flow

cytometry, thereby enabling the efficient enrichment of differentiated erythroid cells.

To optimize the experimental model system, BEL-A cells were first induced to
differentiate, and cell morphologies were evaluated using live-cell microscopy and
Giemsa staining. After 4 and 7 days of differentiation, the populations predominantly
consisted of basophilic and polychromatic erythroblasts, whereas orthochromatic
erythroblasts appeared after day 10. By day 12, the cultures contained mainly
reticulocytes and pyrenocytes, indicating completion of the terminal erythropoiesis
program (Figure 6-A). To separate the orthochromatic erythroblasts and enucleated
pyrenocytes in mixed differentiated cell populations, cells were sorted by size using flow
cytometry (orthochromatic erythroblasts: DAPI*/large; pyrenocytes: DAPI*/small).
Subsequent staining of the sorted fractions confirmed high purity and efficient
separation (Figure 6-B). In addition, GPA staining of the sorted populations revealed a
reduction in GPA levels in both erythrocytes and pyrenocytes as expected (Figure 6-C).



Chapter 3: Results 33
A) ) 2
3 - ) ® N > 3
4 ’ 8 Q-, ' >
. | e
ProE ProE - BasoE PolyE OrthoE Retic Pyr
= . ‘«"
- ®
® ' e o - o A
*® ® » . i ' e
® . e &‘ X
@ . s 10&
Day 0 Day 4 Day 7 Day 10 Day 12
) day13
Pyrenocyte
Erythrocyte
2.0m = May-Grunwald Erythroblast
Giemsa staining
<‘ 1.5M =
. &
2
< orthochromatic .
G 1om erythroblast
2
S00K = s 3 ”
pyrenocyte —s 2 K SE ARG L4 ‘ |
L |
110‘ lxo‘ lm3 lxo‘ “‘ms 10° " " ° gPA ’ " '

SYTO16

Figure 6 — Characterization of different differentiation stages of BEL-A cells

A) Morphologies of different cell populations in differentiating BEL-A cells. B)
Separation of pyrenocytes and orthochromatic erythroblasts after differentiation. C)
Glycophorin A staining intensity of different cell populations.

Next, stable Cas9-expressing BEL-A cells were generated for use in CRISPR screen

experiments. Cas9 expression was confirmed by Western blotting (Figure 7-A). To

ensure that Cas9 expression did not adversely impact erythropoiesis, we evaluated

differentiation outcomes and enucleation efficiency and observed no significant

differences in cell-type distributions following differentiation (Figure 7-B).
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Figure 7 — Cas9 expression does not affect differentiation and enucleation of BEL-A

cells

A) Cas9 expression in BEL-A cells. B) Cas9 expression does not alter differentiation

and enucleation efficiency of BEL-A cells.

Next, Cas9 activity in the engineered BEL-A-Cas9 cells was evaluated. This was

achieved by transducing the cells with a GFP expression cassette alongside two guide

RNA sequences designed to target the GFP sequence. Analysis by flow cytometry

demonstrated a significant reduction in GFP-positive cells, confirming highly efficient

Cas9-mediated editing (Figure 8). Specifically, we observed a total decrease in GFP

fluorescence after 13 days, compared to control cells transduced with a non-targeting

gRNA, thereby validating the functionality of the Cas9-expression system.
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Figure 8 — Cas9 activity assay reveals the effectiveness of Cas9 in BEL-A cells

While SYTO16 staining confirmed successful differentiation and enucleation, its
application in a large-scale CRISPR screen was deemed impractical due to the
prohibitively long durations required for cell sorting. To overcome this limitation, we
employed the H2B-GFP marker as an alternative. To confirm that H2B-GFP expression
did not alter the intrinsic differentiation capacity of the cells, we performed comparative
differentiation assays. These experiments confirmed that H2B-GFP-expressing BEL-A
cells underwent terminal erythroid differentiation, including enucleation, with kinetics

and efficiency comparable to the parental BEL-A cell line (Figure 9).
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Figure 9 — H2B-GFP expression is maintained in pyrenocytes
A) Live cell imaging of H2B-GFP expression in BEL-A cells. B) H2B-GFP expression
allows separation of different cell populations with flow cytometry and does not alter
enucleation efficiency.

3.2. CRISPR screen identifies the epigenetic dependencies of erythroid
differentiation

The epigenome targeted CRISPR screen in BEL-A cells was done by separating and
sorting final populations by FACS. Briefly, BEL-A-Cas9 H2B-GFP cells were
transduced with EPIKOL library, selected with puromycin, and expanded for 3 days
in cell growth media. Then, cells were separated into two conditions; one condition
was maintained in growth media, while differentiation was induced in the second
condition. After 13 days of differentiation, nucleated differentiated cells
(orthochromatic erythroblasts) and enucleated pyrenocytes were sorted into separate
tubes. Time-matched undifferentiated population was also collected to evaluate the

growth associated epigenetic dependencies (Figure 10).
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Figure 10 — Experimental design of the epigenome targeted CRISPR screen
Created in BioRender. ID: ZQ2961KH3M

CRISPR screen experiments were conducted in three different biological replicates,
and differentiated cells were separated by FACS (Figure 11-A). Then, libraries were
PCR amplified (Figure 11-B) and sequenced. Sequences were evaluated with

pairwise comparisons by MageCK algorithm.
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Figure 11 — CRISPR screen experiments in three biological repeats

A) Sorted populations in CRISPR screen experiments after 13 days of
differentiation. B) PCR amplification results of NGS libraries in 3 biological repeats.
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Initially, we compared the dependencies of cell growth in SFEM media, and
differentiated cells, by comparing both populations to Initial library transduced cells.
Comparative plots revealed 3 different groups of gene depletions; (i) Genes only
depleted in growth comparison, showing that SFEM-growth dependencies, (ii) Genes
depleted in both comparisons, showing that genes required for survival in both
conditions, and (iii) Genes only depleted in differentiation comparison, showing the
differentiation associated dependencies (Figure 12). PRPF31, TFPT, EP400, DPF2 and
ARID2 were among the top growth depleted genes. SF3B1, RUVBLI1, and SS18L2
were depleted both in growth and differentiation conditions. PPP4R2, SFPQ, KDM3B,
and EP300 were only depleted in differentiation conditions, with no depletion effect in
growth comparison (Figure 12-A). Ranking the genes with differential LFC values
revealed that WAC and EP300 were top differentiation associated hits (Figure 12-B).
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Figure 12 — Growth and differentiation associated comparisons

A) Comparison of growth and differentiation associated hits. B) Ranked plot of top
differentiation associated hits.
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3.3. CRISPR screen identifies stage specific epigenetic dependencies of
erythropoiesis

After determining the general differentiation and growth effects, we focused on
individual populations and pairwise comparisons. 4 different comparisons showed

different requirements of distinct stages of erythroid differentiation (Figure 13):

1) Ortho vs Time 0: This comparison revealed gene dependencies of differentiation

into Orthochromatic erythroblasts.

2) Dox vs Time 0: This comparison showed the required genes for BEL-A cell

survival in an undifferentiated state.

3) Pyre vs Time 0: This comparison showed genes depleted in pyrenocyte

population compared to initial time point.

4) Pyre vs Ortho: This comparison showed genes depleted in pyrenocytes
compared to orthochromatic erythroblasts; revealing the late stage (enucleation)

dependencies of erythroid differentiation.
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Figure 13 — Volcano plots of stage specific comparisons

Excluding the essential genes in the CRISPR library, the top significantly depleted

hits in orthochromatic erythroblasts and pyrenocytes were PPP4C, PPP4R2, KEAP1

and EP300 (Figure 13). The most depleted genes in undifferentiated BEL-A cells

involved EP400, RUVBL1, PRPF31, and CHDI1L, marking the survival associated

dependencies (Figure 13). Intriguingly, when depleted genes in pyrenocytes were

compared with depletions in orthochromatic erythroblasts, PELP1, UHRF1 and

SMARCBI were top genes (Figure 13). Pairwise comparisons also marked EP300

as a unique differentiation dependency (Figure 14-A and Figure 14-B), while
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SMARCBI, PELP1, UHRF1 and ZMYM3 were top hits in pyrenocytes, compared

to orthochromatic erythroblasts (Figure 14-C).
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Figure 14 — Pairwise comparisons of depletions in different cell types
A) Comparison of CRISPR screen results in dox and ortho comparisons. B)
Comparison of CRISPR screen results in dox and pyrenocyte comparisons. C) Left:
Comparison of ortho and pyrenocyte associated hits. Right: Ranked plot of top
pyrenocytes associated hits.

Additionally, combined results of the top 20 hits of all comparisons revealed different
depletion patterns of several genes. As examples, even though UHRF1, SETD8 and
RCOR1 were among the top 20 hits in pyrenocyte vs orthochromatic erythroblasts
comparison, they were also depleted in undifferentiated cells vs initial time point

comparison (Figure 15). This approach revealed that EP300, CTCF, and PPP4C as
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true differentiation dependencies, and SMARCB1 and L3MBTL4 as true enucleation

(late stage) dependencies (Figure 15).
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Figure 15 — Combined results of top20 hits of all comparisons

Protein-protein interaction (PPI) analyses of all significant CRISPR screen hits
revealed several pathway level enrichments. Subclusters of MCL clustering
enrichment revealed pathways as SWI/SNF complex, chromatin modifying

enzymes, protein phosphatases, and transcriptional repressors (Figure 16). GO
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enrichment analyses revealed enrichment of DNA repair, gene regulation, and RNA

splicing related terms (Figure 17).
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Figure 16 — Functional characterization of CRISPR screen hits
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Figure 17 — GO enrichment analysis of CRISPR screen hits

3.4. Dual-color competition experiments validate CRISPR screen results

To dissect the temporal requirements of EP300 and SMARCBI1 during erythroid
maturation, we first performed time-resolved dual-color competition assays (Figure
18). In mixed cultures, sgSMARCB1-GFP cells showed a significant reduction at late
differentiation time points (day 10), whereas sgEP300-GFP cells were depleted much
earlier (day 4) (Figure 19). These observations indicate that EP300 is essential for
the survival of early differentiating BEL-A cells, while SMARCBI1 function is

required predominantly during late maturation.
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Figure 18 — Overview of competition experiments.
Created in BioRender. ID: AS296117Z0
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Figure 19 — EP300 is required for survival in early differentiation stages

A) Flow cytometry plots showing erythroid differentiation over time (Day 0 to Day
12, left to right, arrow indicated). Analysis based on FITC-A and SSC-A parameters
to assess changes in sgRNA-GFP* (%) cells during differentiation (n=3). B)
Quantification of GFP* (%) cells assessed by flow cytometry in EP300-KO and
SMARCBI1-KO erythroid cells.

Following these temporal analyses, we quantified enucleation phenotypes in mixed
mCherry-sgAAVS1 and sgRNA-eGFP populations after 12 days of differentiation.
Four cell types as nucleated GFP~, nucleated GFP*, GFP~ pyrenocytes, and GFP*
pyrenocytes were compared, and the yielding ratios were determined as follows: 30%

/35% /20.5% / 18.4% (Figure 20-A).

Using this baseline, we then evaluated percentage of cell types of targeted sgRNAs
(EP300, SMARCBI1, DPF2, DPF3) against mCherry-sgAAVSI controls. The results
showed: (i) sgEP300 cells displayed reduced proportions of both nucleated cells and
pyrenocytes (47.5% / 6.95% / 43.9% / 1.63%), (i) sgSMARCBI1 did not alter
nucleated cell frequency but markedly decreased pyrenocyte production (43.0% /
29.7% / 25.1% / 2.24%), (ii1) sgDPF2, similar to sgEP300, reduced both nucleated
and enucleated populations (59.4% / 12.9% / 22.9% / 4.85%), and (iv) sgDPF3
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selectively reduced pyrenocytes (48.0% / 25.0% / 27.9% / 1.15%) (Figure 20-B &

20-C).
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Figure 20 — Dual color competition experiments for enucleation

A) Competition experiment with sgAAVSI-mCherry— and H2B-GFP-expressing
BEL-A cells. B) The effects on pyrenocyte formation across conditions by flow
cytometry. Robust pyrenocyte frequencies in control sgAAVSI1 cells (23.3-39.9%);
pronounced reduction upon EP300 or SMARCBI targeting (0.72% and 1.19%).
Moderate effects upon DPF2 and DPF3 perturbation (1.67% and 1.15%).
C) Quantification of pyrenocyte frequencies in competition experiments across
indicated sgRNA conditions. Mean + SEM from six measurements derived from three
independent biological replicates. Two-way ANOVA with Siddk multiple comparisons
test; multiplicity-adjusted P values relative to sgAAVS1 control P < 0.05(*), P <
0.01(**), P <0.001(**%*), P< 0.0001(****).

3.5. EP300 is required for differentiation of BEL-A cells

Since the CRISPR screen and dual-color competition assays suggested distinct, time-
dependent dependencies for EP300 and SMARCB1, we next examined how targeting
these genes affects the dynamics of erythroid differentiation. We monitored cells at
day 2, day 5, and day 7 after induction of differentiation and assessed progression

using the surface markers CD49d (downregulated during maturation) and CD233
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(upregulated during maturation). As expected, sgNT control cells showed a steady

decrease in CD49d and increase in CD233, reflecting normal erythroid differentiation

(Figure 21).

In sgSMARCBI cells, the CD49d/CD233 trajectory closely resembled the control,
indicating that SMARCBI loss does not disrupt the early stages of differentiation. By
contrast, sgEP300 cells displayed a clear stall in differentiation at day 5, failing to
downregulate CD49d or upregulate CD233 to the same extent as controls (Figure
21).
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Figure 21 — EP300 knock-out inhibits differentiation of BEL-A cells.

Additionally, EP300 staining confirmed a strong reduction in endogenous EP300
levels in sgEP300 cells (Figure 22-A). Consistent with impaired erythroid
maturation, differentiated EP300-KO cell pellets did not display the characteristic red
coloration observed in BEL-A WT cells (Figure 22-B), indicating reduced

hemoglobin production.



Chapter 3: Results

48

A)

negative
control

sgNT
sgEP300-1

sgEP300-2

A

positive
rate
0%

intensity|

median

7.51

)

92.40%

48.50%

13.14%

721

47.9

33.1

10

T
3

B)

ik L)
VN

sgEP300 wT

APC-A : EP300

Figure 22 — EP300 knock-out inhibits hemoglobin production in differentiating BEL-A
cells

These findings reinforce the conclusion that EP300 is required at early differentiation

stages, whereas SMARCBI functions later, consistent with our screening results.

3.6. cBAF/pBAF complex members represent a late-stage erythroid dependency

Since we identified SMARCBI as a late-stage enucleation dependency—and observed
the depletion of several other SWI/SNF (BAF) complex components across different
comparisons—we next examined how individual SWI/SNF subunits behaved in
orthochromatic erythroblasts versus pyrenocytes, focusing on potential complex-

specific dependencies.

We first organized the SWI/SNF subunits according to their known complex affiliations:

Common core members: SMARCA4, SMARCA2, SMARCCI, SMARCC2, BCL7A,
BCL7B, BCL7C, ACTB, ACTL6A, SS18, SMARCDI1, SMARCD2, SMARCD3, SS18L1,
SSI18L2

pBAF-specific members: ARID2, PHF10, BRD7, PBRM1

ncBAF-specific members: GLTSCRI, GLTSCRIL, BRD9

cBAF/pBAF shared members: SMARCEI, SMARCBI, DPFI, DPF2, DPF3
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cBAF-specific members: ARIDIA, ARIDIB

We then compared the depletion of these subunits in CRISPR dependency data from
orthochromatic erythroblasts and pyrenocytes. As expected, most core/common
SWI/SNF members showed similar depletion levels in both contexts (Figure 23-A),
consistent with their broad roles in chromatin remodeling. However, when we ranked
genes by the difference in log2 fold-change (Pyrenocyte — Ortho), a striking pattern
emerged: cBAF/pBAF shared subunits were disproportionately more depleted in
pyrenocytes (Figure 23-B). This trend suggests that late-stage erythroid differentiation
and/or enucleation imposes an increased requirement for the cBAF/pBAF shared

proteins, beyond a general SWI/SNF dependency, or a target specific dependency.
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Figure 23 — Results of SWI/SNF complex member genes in CRISPR screen

A) Distribution of SWI/SNF complex members in Ortho and Pyreno comparisons.
B) Ranked plot showing SWI/SNF members in top depleted Pyreno hits.

3.7. SMARCBI is required for enucleation stage of erythropoiesis

To determine how SMARCBI loss affects the terminal stages of erythropoiesis, we
evaluated enucleation efficiency of BEL-A cells. First, the efficiency of sgSMARCBI
was checked with flow cytometry, and a 50% decrease of endogenous SMARCBI1
staining was observed (Figure 24-A) In sgNT control cells, differentiation proceeded

normally, culminating in a high proportion of enucleated pyrenocytes (42%), indicative



Chapter 3: Results 50

of successful terminal maturation (Figure 24-B). In contrast, sgSMARCB1-edited cells
showed a significant reduction in enucleation (16% - 19%), with a substantial proportion

of cells arrested at the orthochromatic erythroblast stage and failing to extrude their

nuclei (Figure 24-C).

Together with the temporal dependencies observed in our CRISPR-based assays, these
findings demonstrate that SMARCBI is required for the late-stage enucleation program,

functioning specifically at the final transition from orthochromatic erythroblast to

enucleated pyrenocyte.
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Figure 24 — SMARCBI knock-out inhibits enucleation

A) Endogenous SMARCBI staining in SMARCB1-KO cells. >50% reduction in
SMARCBI expression. B) Pyrenocyte and nucleated erythroid cell percentages in
sgNT and sgSMARCB1 BEL-A cells. C) Quantification of enucleation. Reduced
pyrenocyte formation upon SMARCB1 and DPF3 knockout (~50% vs control). One-
way ANOVA with Sidak multiple comparisons test; adjusted P values shown. Mean
+ SD, 3 independent experiments. P < 0.05(*), P < 0.01(**), P < 0.001(**%*), P<
0.0001(****),

3.8. Targeted experiments validate CRISPR screen results in primary HSCs
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To evaluate our CRISPR screen findings in primary hematopoietic cells, we first

characterized the erythroid differentiation trajectory of CD34" hematopoietic stem and
progenitor cells (HSPCs). Cells were differentiated for 13 days, and progression was
monitored using surface expression of GYPA (Glycophorin A/CD235a) and CD71
(Transferrin receptor). As expected, GYPA expression continuously increased until day
11, whereas CD71 expression rose until day 8 and then declined through day 13,
consistent with the transition from proliferative early erythroblasts to late, more mature
stages (Figure 25-A & 25-B). By day 13, the fold increase of CD235a* cells relative to
CD235a" cells reached approximately 10-fold, indicating robust maturation toward late

erythroid states (Figure 25-C).
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Figure 25 — Erythroid differentiation of primary CD34+ HSCs

A) GYPA and CD71 staining in erythroid differentiation—induced HSCs. Dynamic
CD71 expression with initial increase followed by decline during maturation;
progressive increase in GYPA expression. B) Rate of erythroid differentiation.
C) Quantification of CD71* CD235a* and CD71* CD235a" erythroid populations
during differentiation.

Next, we investigated how SMARCBI1 knockout influences the differentiation and
enucleation of primary erythroid cells. CD34*-derived erythroid progenitors were
electroporated with either control or SMARCB1-targeting sgRNA RNPs using a GFP-
tagged Cas9 protein, and GFP* cells were sorted 8 hours later (Figure 26).
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Figure 26 — Experimental flow of HSC experiments

Electroporation efficiency was first assessed by flow cytometry, revealing that >98% of
cells were GFP* (Figure 27-A). Following sorting, cells were induced to undergo
erythroid differentiation. To confirm the sgRNA activity, we examined the targeted loci
by Sanger sequencing and detected sequence alterations downstream of the expected
Cas9 cut sites (Figure 27-B). Quantification of editing efficiency using TIDE analysis
(Methods) showed that the polyclonal populations contained 44% and 51% DNA edits
(Figure 28), indicating robust and efficient SMARCBI disruption.
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Figure 27 — Electroporation of HSCs with RNPs and Cas9-GFP

A) Electroporation efficiency of RNP complexes and sorted cell populations. B)
Sanger sequencing results of regions targeted by SMARCB1 gRNAs.
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Figure 28 — TIDE analysis results of sgSMARCBI1 induced DNA edits

A) TIDE analysis of aberrant DNA sequences with SMARCB1 gRNAs. B)
Deletion/insertion events in SMARCBI1 gene with gRNAs.

First, we evaluated how sgSMARCBI1 and sgEP300 alter erythroid differentiation of
HSCs. CD233 and CD49d staining revealed that while SMARCB1 KO did not affect the
percentages of mature erythroid cells and proerythroblasts after 7 days of differentiation,

EP300 knockout cells accumulated at the proerythroblast stage (Figure 29).
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Figure 29 — sgEP300 reduces the differentiation of HSCs
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Flow cytometry analysis of erythroid differentiation in day3, 6 and 7 using CD233 and

CD49d surface markers. EP300 perturbation results in delayed erythroid maturation,
whereas SMARCBI perturbation shows differentiation profiles comparable to control

cells, consistent with earlier observations.

Then, we assessed how SMARCBI1 knockout affects erythrocyte production during
primary HSPC differentiation. In control sgNT-transfected cells, 50.9% of the
population differentiated into erythrocytes after 14 days. In contrast, sgSMARCBI-
edited cells generated only 25% and 31% erythrocytes in two independent replicates
(Figure 30). These findings demonstrate a substantial impairment in erythrocyte output

upon SMARCBI loss, consistent with its essentiality in late-stage erythroid maturation.
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Figure 30 — Erythrocyte production of sgNT and sgSMARCBI1 transfected
differentiated HSCs

Finally, histological assessment clarified how EP300 and SMARCBI regulate erythroid
differentiation in primary HSCs. After 14 days of differentiation, approximately 60% of
wild-type (WT) cells were classified as mature erythrocytes, indicating efficient
completion of the differentiation program (Figure 31-A, 31-D). In SMARCBI1 knockout
cultures, we observed a modest accumulation of basophilic, polychromatic, and
orthochromatic erythroblasts, accompanied by a significant reduction in mature
erythrocytes (Figure 31-B, 31-D), consistent with a block in late-stage maturation. In
contrast, EP300 knockout cells showed a pronounced accumulation at the basophilic

erythroblast stage, indicating an earlier differentiation defect (Figure 31-C, 31-D).
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Figure 31 — Histological assessment of SMARCB1 and EP300 knock-out on HSC
differentiation

A) Histological evaluation of WT HSC cells after 14 days differentiation.
B) Histological evaluation of SMARCB1 KO HSC cells after 14 days differentiation.
C) Histological evaluation of EP300 KO HSC cells after 14 days differentiation.
D) Quantification of results. Scale bars in (A), (B) and (C): 20 microns.

3.9. scRNA-seq reveals stage specific expression of CRISPR screen hits

To better evaluate the stage specific roles of CRISPR screen hits, a single cell RNA-
sequencing experiment was conducted with using primary human CD34+ hematopoietic
stem cells. Cells were differentiated for 0, 8, 16 days, and all samples were collected and
combined. Single cell RNA-seq libraries were prepared, sequenced and analyzed,

described in detail in Methods section.

When results were analyzed with UMAP dimensionality reduction approach, we
observed that mRNA expression information of 13,807 cells passed the quality filters,
but the counts of captured late-stage orthochromatic erythroblasts were lower than

expected (Figure 32-A). Then, we combined the acquired results with a previously
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published public dataset by Huang et al. (GSE150774) (Huang et al., 2020) (Figure 32-

A). In the combined dataset, we were able to capture a total of 43,663 cells, and an
increased total number of erythroid differentiated cells as polychromatic erythroblasts
and orthochromatic erythroblasts (Figure 32-B). Cell cycle phase associated gene
expression patterns also revealed an accumulation of GI1 cells in orthochromatic

erythroblast population, confirming the cell annotations (Figure 32-C).
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Figure 32 — Integrated scRNA-seq analysis of erythroid differentiation induced HSCs

A) Comparison of cell distribution between studies. B) UMAP visualization of different
clusters. C) Cell cycle phase distribution of cells in different clusters.

Then, we analyzed the expression patterns of top cluster specific expressed genes. CD34
was mostly expressed in non-differentiated hematopoietic stem cells, and G2 phase
associated Aurora kinase A (AURKA) and NUSAP1 was mostly expressed in
polychromatic erythroblasts, reflecting the mid-stage erythroid dividing cells (Figure
33). XPO7 and ARL4A was among the top expressed genes in orthochromatic
erythroblasts, showing the late-stage expression patterns of erythroid differentiation

(Figure 33).
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Figure 33 — Cell stage specific markers of erythroid cells

Analysis of different CRISPR screen hits revealed different expression patterns. UHRF1
expression was limited to proerythroblasts and polychromatic erythroblasts, with no
detected expression in orthochromatic erythroblasts. EP300 and SS18L2 were widely
expressed in many cell types, including orthochromatic erythroblasts. SETD8 was
mostly expressed in polychromatic erythroblasts and with a low percentage of
expressing orthochromatic erythroblasts. SMARCB1 was mostly expressed in erythroid
progenitor cells, proerythroblasts, and polychromatic erythroblasts, with a low
expression in orthochromatic erythroblasts. Finally, DPF3 was mostly expressed in
proerythroblasts and polychromatic erythroblasts (Figure 34). Other than the erythroid
lineage, some of these epigenetic regulators, as examples, EP300 and SMARCBI, were
also expressed in myeloid cells as megakaryocytes (Figure 35). We also checked how
expression of key erythroid transcription factors was changed in different erythroid cell
stages. While GATA1, NFE2, TAL1, and KLF1 were highly expressed across all stages
of erythroid differentiation, GATA2 expression was predominantly detected in
granulocytes (Figure 36). LDB1 showed its highest expression in proerythroblasts and

progressively decreased as cells advanced through differentiation (Figure 36).
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Figure 34 — Stage specific expression patterns of CRISPR screen hits in different cell
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Figure 35 — Expression of CRISPR screen hits in different cell clusters
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Figure 36 — Expression of key erythroid transcription factors in different stages

When results were analyzed by a pseudo-bulking approach, AURKA. CDCAS. HMMR,
CKAP2, and NEK?2 was identified as top differential expressed genes in polychromatic
erythroblasts, and CLIC2, ARL4A, HBP1, FOXO3, and TBCEL was identified as top
differential expressed genes in orthochromatic erythroblasts, compared to
proerythroblasts (Figure 37-A). Gene ontology (GO) analyses revealed the enrichment
of cell division associated terms as mitotic nuclear division and chromosome
segregation among the upregulated genes in polychromatic erythroblasts, and terms as
autophagy, ubiquitin-dependent protein catabolic process and vesicle organization in

orthochromatic erythroblasts (Figure 37-B).
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Figure 37 — Gene expression changes in erythroid differentiation stages
A) Upregulated genes in different erythroid differentiation stages. B) GO-BP enrichment
analysis of upregulated genes

3.10. Six days of BEL-A differentiation reflects a transcriptomic signature of
orthochromatic erythroblasts

To characterize transcriptomic changes associated with BEL-A cell differentiation, we
performed bulk RNA sequencing on sgAAVSI1-expressing BEL-A-Cas9 cells after 6
days of in vitro differentiation and compared them to undifferentiated controls. As
expected, genes involved in erythroid maturation and heme biosynthesis, including
HBB, HBA1, HBA2, HBM, HBD, FTL, and ALAS2 were significantly upregulated
(Figure 38).
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Figure 38 — Differentiation induced gene expression changes in BEL-A cells

To place these changes in the context of our single-cell RNA-seq—defined differentiation

signatures, we next examined the expression of polychromatic- and orthochromatic

erythroblast—associated genes. As anticipated, polychromatic erythroblast proliferation—

associated genes (AURKA, CDCAS8, HMMR, NEK2, NUSAP1, CKAP2, and CENPE)

was increased slightly following differentiation, indicating that the cells had progressed

beyond this proliferative stage. In contrast, orthochromatic erythroblast—specific genes,

including ARL4A, RIOK3, XPO7, CPEB4, FOXO3, and CLIC2, were significantly

upregulated more (Figure 39).

Together, these results demonstrate that 6 days of differentiation is sufficient to drive

BEL-A cells to an orthochromatic erythroblast—like transcriptional state.
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Figure 39 — Expression of polychromatic and orthochromatic erythroblast markers
from scRNAseq in differentiated BEL-A cells

3.11. EP300 knock-out results with changes in differentiation associated gene
expressions

Since EP300 emerged as a key differentiation dependency in our CRISPR screen, we
next sought to evaluate how loss of EP300 influences the transcriptome during erythroid
maturation. To this end, we performed RNA sequencing on sgAAVSI1 (control) and
sgEP300 BEL-A-Cas9 cells under both undifferentiated and 6-day differentiated
conditions. This design allowed us to assess (i) the transcriptional impact of EP300
knockout at baseline and (ii) how EP300 loss alters the differentiation-associated gene

expression program.

First, we examined how EP300 knockout affected the transcriptome of undifferentiated
BEL-A cells. EP300 loss resulted in modest downregulation of several genes, including
LXN, GSTM3, CD36, HBB, and EPB41L3, alongside modest upregulation of genes such
as CAI, JUN, EGRI, ACTG1, and LGALSI (Figure 40). These relatively subtle changes
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indicate that EP300 knockout has limited impact on the baseline transcriptome prior to

the onset of erythroid differentiation.
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Figure 40 — Effect of EP300 knock-out on the transcriptome of undifferentiated BEL-
A cells

We next compared the polychromatic and orthochromatic erythroblast gene-expression
signatures defined from our single-cell dataset to determine how EP300 loss affects
stage-specific transcriptional programs (Figure 41). In control sgAAVSI1 cells, all
polychromatic-associated genes were robustly upregulated upon differentiation,
consistent with normal progression through intermediate erythroid stages. In contrast,
sgEP300 cells failed to induce these polychromatic signatures (Figure 41). A similar
trend was observed for orthochromatic erythroblast—specific genes, which increased as
expected in sgAAVSI cells upon differentiation but were markedly attenuated in

sgEP300 cells (Figure 41).

Together, these data demonstrate that EP300 knockout disrupts both polychromatic and
orthochromatic transcriptional programs, confirming a strong inhibitory effect on

erythroid differentiation.
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Figure 41 — sgEP300 associated gene expression changes in differentiating BEL-A
cells

Top panel: Polychromatic erythroblast-associated genes.
Bottom panel: Orthochromatic erythroblast—specific genes

3.12. D&D-Seq infers GATA1 binding events in HSC cells

Given that GATA1 is the central transcription factor governing erythroid lineage
commitment and differentiation, we next evaluated how our CRISPR screen hits might
influence GATA1 binding and activity. To this end, we applied D&D-Seq, a single-cell
multiomic method approach combining RNA-seq and ATAC-seq, to profile GATA1
binding footprints across differentiating hematopoietic cells. Cell identities were first
assigned using lineage-specific RNA markers (Figure 42-A). We then assessed GATA
footprints in erythroid versus myeloid populations. Analysis of 200 randomly sampled
accessible peaks revealed strong GATA1 motif enrichment in erythroid cells, whereas
myeloid cells displayed only background-level footprinting, consistent with lineage-

specific GATAL1 function (Figure 42-B).
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Mapping the total D&D edits—representing GATA1 binding events—showed high edit

counts in proerythroblasts and early erythroid cells (polychromatic erythroblasts)
(Figure 42-C & 42-D). Correspondingly, GATA1 expression was predominantly
detected in proerythroblasts, and GATAl motif accessibility extended from
proerythroblasts into early erythroid stages (Figure 42-E). These data confirm that our
multiome dataset robustly captures the expected GATAI activity gradient across early

erythroid differentiation.
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Figure 42 — D&D-Seq identifies GATA1 binding in differentiating HSCs

3.13. SMARCBI1 knock-out affects GATA1 binding in BEL-A cells

To evaluate how SMARCBI is associated with GATA1 binding, the bulk D&D method
was applied. Binding sites were deaminated using a GATA1-specific antibody, as in the
single-cell workflow, and deaminated regions were subsequently filtered and analyzed.
First, identified regions were assessed for known GATA1 target loci, and bulk D&D
analysis successfully detected binding events across 2110 gene regions (Figure 43-A).
Among these, the top GATA 1-enriched targets in both conditions included GSE1, PVT]1,
and DNAJB2 (Figure 43-B). Overall, GATA1 binding profiles between BEL-A WT and
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BEL-A SMARCBI1 KO cells were highly correlated, with only minor differences

observed (Figure 43-C).

Additionally, we evaluated whether SMARCBI regulates endogenous GATA1 levels
and observed no differences between WT and SMARCBI-KO cells (Figure 44-A).
Consistently, analysis of ATAC reads in the D&D-Seq dataset revealed no global
changes in chromatin accessibility (Figure 44-B). Moreover, GATA1 occupancy at its
own promoter remained unchanged in SMARCB1-KO cells (Figure 44-C), suggesting
that SMARCBI does not regulate GATA1 expression or global accessibility in BEL-A

cells.
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Figure 43 — Bulk D&D-Seq captures GATA1 binding in BEL-A cells
A) Distribution of previously known GATA1 targets in combined D&D results.
B) Enrichment of top 20 GATA1 binding in WT and SMARCBI1 KO BEL-A cells.
C) Comparison of GATA1 binding events in WT and SMARCB1 KO BEL-A cells.
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Figure 44 — SMARCB1-KO does not alter the GATA1 expression and global
gene accessibility profile of the BEL-A cells

A) GATAL1 levels in WT and SMARCBI1 KO BEL-A cells. B) Global chromatin
accessibility profile of WT and KO cells. C) GATA1 binding to its promoter is not
regulated by SMARCBI.

Differential binding analysis of BEL-A SMARCBI1 KO cells compared to BEL-A WT
cells revealed several altered GATA1-binding events (Figure 45-A). SMARCBI1 KO
was associated with increased GATA1 binding at regions surrounding genes such as
DRAMI, FURIN, and BLVRB, and decreased binding at loci including ACADSY,
CLDNI10, PLDS5, SNCA, UGCG, and CD226 (Figure 45-B).
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A) Volcano plot of GATA1 binding differences in SMARCB1 KO. B) Heatmap

visualization of SMARCBI associated GATA1 binding changes

We then filtered these genes for previously annotated GATA1 binding sites to refine the

results, yielding a smaller subset of high-confidence changes. The top three genes with
decreased GATA1 binding were identified as CLDN10, SNCA, and CD226. Conversely,
TFR2, PPA2, DNAJC, and WDR?75 showed increased GATA1 binding related D&D edits

(Figure 46-A and Figure 46-B). Enrichment analysis of the D&D-Seq results revealed

that downregulated GATA 1-bound targets were enriched for pathways related to reactive

oxygen species regulation and cytokine production, whereas upregulated targets were

associated with sterol biosynthesis pathways (Figure 47-A). Among the genes

contributing to these enriched categories, SOD2, CLCN3, and SNCA were linked to

terms involving the regulation of reactive oxygen species (Figure 47-B).
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A) Volcano plot of GATA1 binding differences in SMARCB1 KO B) Heatmap
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Figure 47 — Enrichment analysis of SMARCB1-KO associated D&D-Seq hits

A) GO-CC analysis of SMARCBI-KO D&D-Seq hits. B) Network analysis of ROS
related genes in enrichment analysis

To determine how the expression of these genes is regulated during erythroid
differentiation, we next examined their transcriptional patterns in the single-cell RNA-
seq dataset. Among the top genes exhibiting increased or decreased GATA1 binding in
the SMARCB1 KO D&D-Seq analysis, 7FR2 and SNCA were identified as highly
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expressed during erythroid differentiation, consistent with their potential regulation by
GATAL. In contrast, MACRODI1, CD226, and UGCG showed low expression across
erythroid populations, whereas PP4A2, DNAJCI1, and DAPPI displayed expression in
myeloid-differentiated cells (Figure 48). Violin plot analyses further demonstrated that
SNCA expression increases progressively with erythroid maturation, reaching its highest

levels in late-stage orthochromatic erythroblasts (Figure 49).
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Figure 48 — Expression patterns of genes that have SMARCBI associated GATA 1
binding changes in different single cell RNA-seq clusters
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Figure 49 — SNCA expression increases with erythroid differentiation
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Next, we evaluated the regulation of these genes using the scMultiome dataset.

Comparison of erythroid and myeloid GATA1-binding motifs within ATAC fragments

revealed that many SMARCB1-KO-associated GATA 1 motif sites were preferentially

enriched in erythroid cells (Figure 50). Furthermore, although total ATAC fragment

counts were comparable across cell clusters, GATA1 D&D-Seq edits were specifically

enriched in proerythroblasts and polychromatic erythroblasts. This pattern closely

mirrored the differentiation-associated increase in SNCA expression, further

supporting its erythroid-specific regulation (Figure 51).
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Figure 51 — GATA1 D&D edits and SNCA expression are increased with erythroid
differentiation

Overall, these results indicate that SMARCB1 KO reduces GATA1 occupancy at the
SNCA locus, while SNCA expression normally increases during late erythroid
differentiation, particularly in orthochromatic erythroblasts. When combined with the
observed defect in enucleation in SMARCBI-deficient cells, this suggests that
SMARCBI may be required to correctly activate late-stage erythroid programs—
including SNCA expression—necessary for proper terminal maturation. Thus,
SMARCBI loss likely disrupts the coordination between chromatin remodeling,

GATAL binding, and gene expression required for successful enucleation.
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Chapter 4

DISCUSSION

Erythropoiesis is a highly controlled differentiation process in which HSPCs
progressively differentiate through morphologically and transcriptionally distinct stages
to ultimately form enucleated erythrocytes from pluripotent cells. In terminal
erythropoiesis, cells undergo dramatic chromatin condensation, cytoskeletal
reorganization, membrane remodeling, and nuclear extrusion, however the epigenetic
regulators that enable these unique processes remain incompletely defined. In this thesis,
our primary goal was to identify and functionally characterize the epigenetic
dependencies that control the enucleated erythroid cells. To achieve this, we applied
CRISPR gRNA screen to identify epigenetic dependencies of enucleated cells by isolating
and profiling pyrenocytes, the expelled nuclei of erythroblasts. This approach enabled us
to uncover stage-specific epigenetic programs, including early requirements for the
histone acetyltransferase EP300 and late-stage dependencies on specific SWI/SNF (BAF)
chromatin-remodeling complexes. Furthermore, we uncover a previously unrecognized
link between GATA1, SWI/SNF activity, and the regulation of late-stage genes such as
SNCA, LBR, CD226, SH3B, and GRL2 suggesting a novel epigenetic programing for
terminal erythroid maturation. Together, these findings illuminate how epigenetic
regulators orchestrate the structural and functional transitions required for erythroid cells

to successfully mature into erythrocytes.

In this study, we implemented a tetracycline-inducible BEL-A erythroid differentiation
system to synchronize the onset of maturation and enable high-resolution interrogation of
chromatin factor requirements during terminal erythropoiesis. BEL-A cells provide a
homogeneous proerythroblast population with preserved GATA1/KLF1-driven
regulatory programs and physiologic chromatin condensation kinetics while retaining

enucleation capacity (Daniels et al., 2020). This controlled in vitro platform ensures
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uniform sgRNA editing at a defined developmental stage, supports the high coverage
required for chromatin-focused CRISPR libraries (Bock et al., 2022), and produces

quantitative readouts that are not achievable in more heterogeneous primary systems.

Although several previous CRISPR screen studies were conducted in primary HSPCs,
their differentiation trajectories exhibit substantial developmental asynchrony, lineage
variability, and intrinsically low sgRNA representation (Waarts et al., 2024). These
features undermine statistical power and render primary systems as not always compatible
with the scale and depth required for whole genome perturbation studies, despite their
high scale occurrence. In contrast, synchronized BEL-A maturation overcome these
limitations by providing a uniform, reproducible, and high-throughput platform ideally
suited to identify chromatin regulators acting specifically during late erythroid

maturation.

In vivo CRISPR screening offers unmatched physiological context but is fundamentally
restricted by pronounced clonal bottlenecks (Keys & Knouse, 2022). Following
transplantation, only a small subset of transduced HSPCs engraft, resulting in stochastic
expansion of a limited number of clones and distortion of sgRNA abundances
independent of gene function. Clone-intrinsic fitness differences, variable lentiviral
transduction efficiencies, and niche-dependent selection pressures further exacerbate this
bias (Y. Wang, Xie, Armendariz, & Hon, 2022), confounding the identification of true

epigenetic dependencies during terminal erythropoiesis.

Single-cell CRISPR modalities provide transcriptional resolution, yet low sgRNA capture
rates and limited gRNA count markedly reduce their sensitivity (Martin-Rufino et al.,
2025; Mimitou et al., 2019), particularly for rare late-stage erythroid states characterized
by chromatin condensation and low RNA content while new single cell CRISPR/Cas9
libraries and CRISPR screening with accessibility profiling technologies has been
developed (Roh et al., 2025; Uijttewaal et al., 2025). These constraints hinder the ability
of single cell approaches to resolve regulators that acts exclusively at the final stages of

erythroid maturation. Together, these limitations highlight the unique suitability of the
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synchronized BEL-A system for uncovering chromatin regulators that governs terminal
erythropoiesis in a biological window that remains inaccessible to current in vivo and
single-cell CRISPR screening platforms. For these reasons, we employed the EPIKOL
epigenome-targeted CRISPR library, which targets ~800 chromatin regulators with ten
sgRNAs per gene and incorporates stringent internal controls. The ability of BEL-A cells
to progress through late-stage erythroid maturation, including hemoglobin expression,
allows this platform to quantitatively assess chromatin-dependent mechanisms driving

terminal erythropoiesis and enucleation.

Across the screen, distinct depletion patterns emerged that reflect the fundamentally
different biological demands of proliferating proerythroblasts versus erythroid cell
differentiation. In the +dox condition, cells largely retain a proerythroblast-like identity
characterized by open chromatin architecture and a high proliferative output. These
pathways are heavily utilized and cannot be compensated once disrupted, leading to
strong depletion of +dox-specific hits like EP400, HAT1, CHD1L, and ELP5. That means,
the loss of many differentiation-specific regulators is well tolerated because the pathways
they control such as differentiation-driven transcriptional activation, histone modification
turnover, chromatin compaction, and nuclear quality-control are not yet engaged yet.
However, once erythropoiesis progresses, cells encounter a set of unique structural and
transcriptional challenges that sharply increase dependence on these pathways. Terminal
differentiation requires large-scale chromatin reorganization, including the consolidation
of heterochromatic domains, rewiring of lineage-defining transcriptome, extensive
histone modification resetting, and the progressive reduction of nuclear volume. Genes
depleted selectively during differentiation therefore represent factors whose functions
become critical only once these maturation-specific processes are activated. For example,
as; EP300, CTCF, SFPQ, DOTI1L, KDM3B, DPF3, UHRF1, SMEK2 are only depleted
during differentiation. This chromatin architecture is important to interpret the chromatin
regulator dependencies during differentiation. For example, CTCF is the one of the
mainly illustrated genes. According to results, CTCF is strongly depleted among
differentiated erythroid cells. This finding is not surprising, as CTCF is a master
architectural protein that establishes topologically associating domain (TAD) boundaries,

insulates enhancers from inappropriate promoters, and organizes long-range chromatin
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loops. In erythropoiesis, CTCF and cohesin (e.g., SMC3) maintain the 3D genome
architecture required for large-scale chromatin condensation and proper enhancer
rewiring during terminal maturation (D. Li, Wu, Zhou, Huang, & Lee, 2023). Terminal
erythropoiesis demands an extreme degree of chromatin compaction and TAD
reorganization that CTCF is a central regulator. Therefore, depletion during erythroid
differentiation likely reflects a failure to maintain the higher-order genome structure
necessary for nuclear condensation and extrusion, explaining why CTCF loss
disproportionately affects the pyrenocyte stage while earlier differentiation remains

permissive.

In contrast, genes depleted in the growth state were enriched for universally required
processes as DNA replication, transcriptional elongation, mRNA splicing, ribosome
synthesis, and basal chromatin maintenance, whose loss compromises the survival of
highly proliferative progenitors regardless of erythroid identity. Genes depleted in both
growth and differentiation represent global essential regulators required across all
developmental stages. Together, these patterns illustrate that differentiation-specific
vulnerabilities emerge precisely because differentiating erythroblasts must execute
complex chromatin, transcriptional, and structural transitions in proerythroblasts have not
yet initiated. For example, in this study, the most specifically depleted gene in erythroid
differentiation group is EP300 and we identify that EP300 is as a chromatin regulator
required for human erythropoiesis. EP300 loss resulted in a significant reduction in
erythroid differentiation capacity, accompanied by impaired enucleation efficiency and
persistence of progenitor-like populations, suggesting that EP300 is required for the
transition through late-stage erythropoietic checkpoints (Figure 21, 23 & 31). EP300 loss
caused a strong impairment in erythroid maturation, marked by reduced enucleation and
the accumulation of progenitor-like cells, indicating to inhibit at late stages of
differentiation. A previous chromatin profiling study showed that EP300 depletion
resulted with a global reduction in H3K27ac at erythroid enhancers, especially those
bound by GATAIl and KLFI1, highlighting EP300-dependent acetylation as a key
prerequisite for transcription factor recruitment and activation of terminal erythroid
programs (Zheng et al., 2014) .Together, our findings show that EP300 functions as a key

co-activator that opens and activates chromatin regions needed for erythroid gene
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expression. When EP300 is lost, erythroid genes essential for human erythropoiesis
become dysregulated, and terminal differentiation cannot proceed efficiently. Unlike
EP300, depletion of other histone acetyltransferases (HATs) is not identified as a
significant dependency for erythroid differentiation. HATs have a diverse family of
chromatin regulators that catalyze lysine acetylation on histone tails, generally promoting
the transcriptional activation by increasing chromatin accessibility (Marei, 2025).
Although multiple HAT families are well characterized and known to catalyze lysine
acetylation such as GNAT (GCN5/PCAF), MYST (KAT6A/KAT7/TIP60), and the KAT3
family (EP300/CBP); their genomic targets and biological functions are highly context-
specific (Chen, Koutelou, & Dent, 2022). Most HATs have a role on mostly promoter-
proximal acetylation or participate in general transcriptional and replication-associated
processes, roles that are not unique to during erythroid maturation. In contrast, erythroid
differentiation depends heavily on enhancer-driven transcription (Elnitski, Miller, &
Hardison, 1997; Tagoh et al., 2004; Xu et al., 2012), and among all HATs, EP300 is the
predominant enhancer-activating acetyltransferase. EP300 is preferentially recruited by
lineage-defining transcription factors such as GATA1, TAL1, and KLF1 and activation of
erythroid-specific regulatory enhancers (Su et al., 2013). Because other HATs do not
target these enhancers with comparable specificity or efficiency, their loss is either
redundant or non-limiting in our system, whereas EP300 loss produces a strong

differentiation inhibition.

In contrast to EP300, which functions early in differentiation, several SWI/SNF
chromatin-remodeling subunits displayed selective importance at the final stages of
erythropoiesis, particularly during enucleation. The most striking of these was
SMARCBI, a core subunit of the cBAF and pBAF complexes. SMARCBI depletion
caused minimal impairment in early differentiation, CD49d and CD233 dynamics in
SMARCBI knock-out cells resembled those of control cells yet produced a dramatic
reduction in pyrenocyte formation in BEL-A cells, and erythrocyte formation in primary
HSCs (Figure 24, 30 & 31). This phenotype pointed in primary HSPCs, where
SMARCBI knockout reduced erythrocyte yield and promoted accumulation of
basophilic, polychromatic, and orthochromatic erythroblasts. These findings indicate that

SMARCBI is not required for lineage commitment or early maturation but is crucial for
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orchestrating the final transition from orthochromatic erythroblast to enucleated

erythrocyte.

By deconstructing the CRISPR screen results according to SWI/SNF complex specificity,
we uncovered a new picture of stage-specific dependency. Core SWI/SNF members (e.g.,
SMARCA4, SMARCC1/2) showed relatively uniform depletion patterns across stages,
consistent with their broad roles in chromatin remodeling (Figure 23). However,
cBAF/pBAF-shared members—including SMARCBI1, SMARCE1, DPF1/2/3—were
disproportionately depleted in pyrenocytes relative to orthochromatic erythroblasts. This
bias was not observed for ncBAF-specific components, suggesting that cBAF/pBAF
complexes are uniquely required for the late-stage maturation and enucleation, whereas
ncBAF complexes play minimal roles in this context. This bring us a new question that is
regarding the mechanistic basis of the stage-specific behavior exhibited by different

SWI/SNF subcomplexes.

Early erythroid gene activation relies on EP300 histone acetylation, which facilitates
transcriptional induction without requiring large-scale chromatin architectural changes.
In contrast, enucleation requires profound restructuring: chromatin condensation, nuclear
polarization, coordination with the cytoskeleton, and transcriptional silencing. These
processes align more closely with the mechanistic capabilities of BAF complexes, which
reposition or evict nucleosomes, restructure chromatin loops, and regulate accessibility at

promoters and late-acting enhancers (Figure 52).
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Figure 52 — Regulation of erythropoiesis by EP300 and SMARCBI1
created in BioRender: licensed under CC BY 4.0.

To understand better the epigenetic mechanism of SMARCB1-dependent differentiation,
we analyzed GATA1 binding using bulk D&D-Seq. While global GATA1 occupancy
remained highly close between wild-type and SMARCB1 knockout cells, a subset of loci
displayed significant SMARCBI1-dependent gains or losses of GATA1 binding. These
changes were not random because among the genes with reduced GATA1 occupancy was
SNCA, a gene whose expression increases progressively during erythroid maturation and
is highest in orthochromatic erythroblasts (Renella, Schlehe, Selkoe, Williams, & LaVoie,
2014; Scherzer et al., 2008). Genes that lose GATA1 binding in the absence of
SMARCBI—including CLDN10, UGCG, CD226, and several lipid- and membrane-
associated regulators—are enriched for pathways involved in membrane organization,

vesicle dynamics, metabolic remodeling, and cytoskeletal coordination.

SMARCBI appears to be required for maintaining or stabilizing GATA1 binding at
specific late-acting enhancers, including SNCA. As SMARCBI1 knockout cells approach
the orthochromatic stage, they fail to induce SNCA and similar genes to appropriate
levels. Because SNCA and related pathways have roles in vesicle trafficking, membrane

dynamics, and cytoskeletal organization, their insufficient activation may underlie the
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block in nuclear extrusion observed in SMARCB 1-deficient cells. This shows that altered
GATA1 binding by SMARCBI in early erythroid cells may influence the later
engagement of erythroid and nucleus-movement—associated genes such as SNCA,
potentially contributing to their insufficient activation during terminal maturation. In this
thesis, we found that the established role of GATA1 in erythropoiesis is expanded by its
additional contribution to the regulation of enucleation during terminal erythroid

differentiation (Figure 53).
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Figure 53 — Regulation of enucleation by SMARCBI
Created with Biorender.com ID: CS2960VYRA
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Chapter 5

CONCLUSION

In this thesis, we systematically dissected the epigenetic mechanisms that govern human
erythroid differentiation, with a particular emphasis on the final transition from
orthochromatic erythroblast to enucleated erythrocyte. By integrating a synchronized
BEL-A erythroid differentiation model with a pyrenocyte-focused CRISPR screening
strategy, we established a uniquely powerful framework for identifying stage-specific

chromatin dependencies in erythropoiesis.

Our results reveal that erythropoiesis is organized through a sequential and modular
epigenetic architecture. Early differentiation relies heavily on enhancer activation
mediated by the histone acetyltransferase EP300, which primes lineage-defining
regulatory elements and enables the induction of erythroid transcriptional programs. Loss
of EP300 disrupts acetylation, compromises erythroid gene expression, and blocks cell
differentiation, demonstrating that EP300 functions as a central, non-redundant co-

activator in human erythropoiesis.

In contrast, the final steps of maturation, including chromatin condensation, membrane
remodeling, and nuclear extrusion, depend on the activity of specific SWI/SNF chromatin-
remodeling complexes, particularly the cBAF/pBAF branches defined by SMARCBI and
DPF family members. SMARCBI emerged as the most selective dependency of the
enucleation stage, with its loss leaving early differentiation largely intact but profoundly
reducing pyrenocyte formation. SMARCBI alters GATA1 binding at a discrete subset of
late-acting control genes involved in membrane organization and cytoskeletal
coordination (SNCA, processes indispensable for nuclear extrusion. These findings

delineate a division of labor among epigenetic regulators in which EP300 primes early
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erythroid, while SMARCBI1-dependent SWI/SNF remodeling ensures their functional

execution during terminal maturation.

Beyond identifying EP300 and SMARCBI1 as key regulators, this work provides broader
conceptual insight into erythropoiesis by demonstrating that differentiation-stage—specific
chromatin requirements cannot be inferred from early progenitor systems alone.

Our findings reveal epigenetic mechanism in which cBAF-mediated remodeling stabilizes
GATAI1 binding at late-acting enhancers, thereby enabling the structural programs
required for enucleation. Moreover, by demonstrating that GATA1 mis-binding
contributes directly to defective nuclear extrusion, this work assigns a new,
mechanistically grounded role to GATA1 in orchestrating the physical displacement of the

nucleus during terminal erythropoiesis.

Together, this thesis defines a multi-layered epigenetic model for erythroid maturation,
uncovers new regulatory principles governing cell differentiation and nuclear extrusion
with establish experimental approaches that will enable deeper mechanistic studies of
chromatin architecture in human blood cell development. By resolving previously
inaccessible stages of terminal erythropoiesis, these findings lay the groundwork for
future efforts to understand congenital anemias, clonal hematopoiesis, and other disorders

in which dysregulated chromatin remodeling disrupts erythrocyte maturation.
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