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Abstract

In this study, we utilized a PROTAC system (specifically dTAG) to achieve the rapid degradation of
ASH2L, overcoming the limitations posed by its long half-life, which typically results in a slow
decrease of the protein upon knockout. This approach harnesses the proteasome machinery of the
cells to degrade the protein of interest through the ubiquitination of the ASH2L fusion protein. This
process was facilitated by a heterobifunctional compound (called dTAG-13) binding to the E3 ligase
substrate receptor, CRBN, and a degradable domain (FKBP™®) fused to ASH2L protein. This allowed
us to observe the immediate and direct consequences of ASH2L loss in immortalized mouse
embryonic fibroblasts (iMEFs).

Rapid degradation of ASH2L led to a significant inhibition of cell proliferation by day two of dTAG-13
treatment, with cells exhibiting compromised DNA synthesis and a tendency to accumulate in the G1
phase of the cell cycle one day post treatment. Restoration of the ASH2L-FKBP fusion protein
reversed these effects, highlighting the essential role of ASH2L in cell cycle progression.

Following ASH2L degradation and ChlIP-seq analysis, we observed a sequential depletion of
H3K4me3, a histone mark associated with active promoters and deposited by the ASH2L-containing
complex, KMT2. The half-life of H3K4me3 varied between different promoters, indicating differential
sensitivity to ASH2L loss. Concurrently, there was an increase in H3K4mel at promoters and a
decrease at enhancers and intergenic regions, suggesting an accumulation of intermediate H3K4me3
demethylation products at promoters and redistribution of monomethylated marks at the rest of the
genome, respectively. However, histone marks H3K27ac and H3K27me3, which are closely linked to
H3K4 methylation, were affected with a considerable delay, indicating a downstream effect of ASH2L
degradation.

Interestingly, nascent RNA transcription was not immediately affected by the loss of H3K4me3.
However, further transcription analysis with more depth of sequencing will be needed to confirm the
extent of the effect of immediate loss of ASH2L. Overall, these findings imply that the transcriptional
machinery is buffered against rapid changes in histone methylation, maintaining transcriptional
stability in the short term. However, overall RNA expression was deregulated at later stages post-
ASH2L loss, demonstrating the eventual impact on gene expression.

Our findings highlight the ordered but relatively slow downstream effects of ASH2L loss, suggesting
that the systems controlling gene transcription and chromatin dynamics are well-buffered. The rapid
degradation of ASH2L initiates a cascade of events starting with H3K4me3 depletion, followed by
H3K4mel redistribution and H3K27ac reduction, delayed H3K27me3 accumulation, leading to
changes in chromatin structure and transcriptional deregulation.

In conclusion, this study provides new insights into the role of ASH2L and the COMPASS/KMT2
complex in regulating histone modifications and gene expression. The PROTAC system proved to be a
powerful tool for dissecting the immediate effects of protein loss, revealing the intricate and
buffered nature of epigenetic regulation.



Zusammenfassung

In dieser Studie haben wir ein PROTAC-System (insbesondere dTAG) eingesetzt, um einen schnellen
Abbau von ASH2L zu erreichen und so die Einschrankungen zu tGberwinden, die sich aus seiner langen
Halbwertszeit ergeben, die normalerweise zu einem langsamen Riickgang des Proteins nach dem
Knockout fihrt. Bei diesem Ansatz wird die Proteasom-Maschinerie der Zellen genutzt, um das
betreffende Protein durch Ubiquitinierung des ASH2L-Fusionsproteins abzubauen. Dieser Prozess
wurde durch eine heterobifunktionelle Verbindung (dTAG-13) erleichtert, die an den E3-Ligase-
Substratrezeptor CRBN und eine mit dem ASH2L-Protein fusionierte abbaubare Domane (FKBPF3%Y)
bindet. Dies ermoglichte es uns, die unmittelbaren und direkten Folgen des ASH2L-Verlusts in
immortalisierten embryonalen Maus-Fibroblasten (iMEFs) zu beobachten.

Der rasche Abbau von ASH2L fiihrte am zweiten Tag der dTAG-13-Behandlung zu einer erheblichen
Hemmung der Zellproliferation, wobei die Zellen eine beeintrachtigte DNA-Synthese und eine
Tendenz zur Akkumulation in der G1-Phase des Zellzyklus aufwiesen. Die Wiederherstellung des
ASH2L-FKBP-Fusionsproteins kehrte diese Effekte um, was die wesentliche Rolle von ASH2L bei der
Zellzyklusprogression unterstreicht.

Nach dem Abbau von ASH2L und der ChlIP-seg-Analyse beobachteten wir eine sequenzielle Abnahme
von H3K4me3, einer Histonmarkierung, die mit aktiven Promotoren assoziiert ist und durch den
ASH2L-enthaltenden Komplex KMT2 abgelagert wird. Die Halbwertszeit von H3K4me3 variierte
zwischen verschiedenen Promotoren, was auf eine unterschiedliche Empfindlichkeit gegeniliber dem
Verlust von ASH2L hinweist. Gleichzeitig gab es einen Anstieg von H3K4mel an Promotoren und
einen Riickgang an Enhancern und intergenen Regionen, was auf eine Anhdufung von H3K4me3-
Demethylierungszwischenprodukten an Promotoren bzw. eine Umverteilung von monomethylierten
Markierungen im restlichen Genom hindeutet. Die Histonmarkierungen H3K27ac und H3K27me3, die
eng mit der H3K4-Methylierung verknipft sind, waren jedoch mit erheblicher Verzégerung betroffen,
was auf einen nachgeschalteten Effekt des ASH2L-Abbaus hinweist.

Interessanterweise war die Transkription der naszierenden RNA durch den Verlust von H3K4me3
nicht unmittelbar betroffen. Es sind jedoch weitere Transkriptionsanalysen mit einer tieferen
Sequenzierung erforderlich, um das AusmaR der Auswirkungen des unmittelbaren Verlusts von
ASH2L zu Dbestdtigen. Insgesamt deuten diese Ergebnisse darauf hin, dass die
Transkriptionsmaschinerie gegen schnelle Veranderungen der Histonmethylierung gepuffert ist und
die Transkriptionsstabilitat kurzfristig aufrechterhalt. Die gesamte RNA-Expression war jedoch in
spateren Stadien nach dem Verlust von ASH2L dereguliert, was die letztendlichen Auswirkungen auf
die Genexpression zeigt.

Unsere Ergebnisse heben die geordneten, aber relativ langsamen nachgelagerten Effekte des ASH2L-
Verlusts hervor, was darauf hindeutet, dass die Systeme, die die Gen-Transkription und die
Chromatindynamik steuern, gut gepuffert sind. Der rasche Abbau von ASH2L I6st eine Kaskade von
Ereignissen aus, beginnend mit dem Abbau von H3K4me3, gefolgt von der Umverteilung von
H3K4mel und der Reduktion von H3K27ac, einer verzogerten Akkumulation von H3K27me3, was
letztlich zu Veranderungen in der Chromatinstruktur und zur Deregulierung der Transkription fihrt.

Zusammenfassend ldsst sich sagen, dass diese Studie neue Erkenntnisse lber die Rolle von ASH2L
und dem COMPASS/KMT2-Komplex bei der Regulierung von Histonmodifikationen und der
Genexpression liefert. Das PROTAC-System erwies sich als leistungsfahiges Instrument zur
Untersuchung der unmittelbaren Auswirkungen des Proteinverlusts und enthiillte die komplizierte
und gepufferte Natur der epigenetischen Regulierung.
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1 Introduction

Nucleosomes are composed of 147 bp DNA sequence wrapped around a histone protein hetero-
octamer. The octamer consists of two of each of the four histone protein subunits: H2A, H2B, H3, and
H4. These structures have been identified as the primary entities responsible for condensing ~2-
meter human DNA into a chromatin structure (Kornberg, 1974; Olins & Olins, 1974). This
condensation process facilitates the efficient accommodation of DNA within the nucleus. However, it
can potentially hinder DNA accessibility and suppress transcriptional activity (Lorch et al., 1987). As a
result, epigenetic factors have evolved to regulate DNA accessibility and transcriptional processes
without altering the underlying DNA sequence (Biel et al., 2005; Wolffe, 1994).

Various epigenetic mechanisms, including DNA methylation, nucleosome remodeling, non-coding
RNAs, and post-translational modifications (PTMs) of histones, play a crucial role in different
transcription factors and polymerases activity. The present dissertation aims to shed light on the
dynamic regulation of histone post-translational modifications and their association with cell
proliferation and gene regulation (Barsoum et al., 2022, 2023; Bochyniska et al., 2022).

1.1 Cellular Function and Gene Regulation by Histone Modifications

Epigenetics is a rapidly advancing field dedicated to the investigation of alterations to the chemical
modifications of the genomic content of cells, all the while leaving the genetic code sequence intact.
These changes often exhibit reversibility and can lead to changing modifications in various
organismal systems, including development, memory, aging, and behavioral functions (Creighton et
al., 2020; Isles, 2018; Maity et al., 2021; Osborne, 2017). Moreover, at a smaller scale, epigenetic
control governs DNA-templated-associated molecular and cellular homeostasis during different
developmental and growth stages, ultimately resulting in distinct organismal phenotypes without any
alteration to the genotype (Biel et al., 2005).

A crucial element in this homeostasis process is the histone structure. The histones are primarily
globular, allowing the highly conserved residues on the exposed tails to serve as substrates for
various modifying enzymes (Biel et al., 2005). Among the array of epigenetic factors, the PTMs of
histones have garnered significant attention. With over 400 different types of PTMs discovered so far
(Cavalieri, 2021; Millan-Zambrano et al., 2022; Y. Zhao & Garcia, 2015), they stand as prominent
regulators of gene expression. However, it's worth noting that the underlying mechanisms of how
these modifications affect gene transcription are still not fully elucidated.

Histone PTMs are governed by an intricate network of signaling pathways involving distinct enzymes
with specialized roles, categorized as writers, readers, and erasers (Bochynska et al., 2018; Hyun et
al., 2017; Millan-Zambrano et al., 2022; T. Zhang et al., 2015). Writers are responsible for adding
specific PTMs, such as acetylation, methylation, phosphorylation, and ubiquitination, to histone
proteins. Reader proteins, possessing specific domains, recognize and selectively bind to distinct
histone PTMs. These readers decipher the histone code, facilitating the recruitment of proteins to
precise chromatin regions. This process significantly impacts gene expression and related chromatin
phenomena. Erasers, comprising enzymes, reverse PTMs introduced by writers, contributing to the
dynamic chromatin landscape, and enabling gene expression regulation.



1.1.1 Histone 3 Lysine 4

The epigenetic mark denoted as histone 3 lysine 4 methylation (H3K4me) involves the addition of a
methyl functional group to the fourth lysine residue of histone H3 at the e-amine of the protruded N-
terminal tail. The enzymes responsible for depositing lysine methylation at H3K4 are the SET1/MLL-
COMPASS (complex proteins associated with Setl) histone methyltransferase complexes. These
complexes consist of multiple catalytic subunits including MLL (Mixed-lineage leukemia) 1-4, SET1A,
and B that work together with core subunits, namely WDR5, RBBP5, ASH2L, and a homodimer of
DPY30. These components have been demonstrated to exhibit a high degree of evolutionary
conservation from yeast to humans. The orthologs in yeast consist of: Cps30, Cps50, Cps60, and
Cps25, respectively (Shilatifard, 2012; Takahashi et al., 2011). This methylation event can occur in
mono-, di-, and tri-methylated states, each potentially exerting distinct functional effects contingent
upon the genomic location (Dorighi et al.,, 2017), and the local level of modification expression
(Pokholok et al., 2005; Schneider et al., 2004). Indeed, diverse methylated states of H3K4 have been
demonstrated to be associated with gene transcription activity (Cheng et al., 2014; Hughes et al.,
2020; Shilatifard, 2012; H. Wang et al., 2023).

1.1.1.1 Tri-methylation

H3K4me3 has been shown to be situated at active gene promoters, thus correlating with primed
promoter and mostly active transcription in eukaryotes (Hu et al., 2023; Serra-Cardona et al., 2022;
Shimoda et al., 2019; Sims et al., 2007). The deposition of this modification is primarily facilitated by
the (lysine methyltransferase 2) KMT2 family (Figure 1). This enzymatic group comprises one catalytic
subunit, four core components, and several additional factors that are believed to augment
methyltransferase activity (Dou et al., 2006; P. Ernst & Vakoc, 2012; Patel et al., 2009). The complex
components were reported to regulate transcription (Park et al., 2020), influence cell survival (W. L.
Cai et al., 2022; Luscher-Firzlaff et al., 2019; Z. Yang et al., 2014), impact pathogenesis (Batbayar et
al., 2023; Shilatifard, 2012), modulate metabolism (Ali et al., 2014; Simboeck et al., 2013), and
contribute to the stabilization/localization attributes of the KMT2 enzymes (Ma et al., 2022; L. Zhao
et al., 2022). However, these findings are not surprising considering that active promoters possess
H3K4me3, and thus its alterations will affect all cellular processes. It has been demonstrated that
modification pattern breadth and intensity correlate with the state of the gene transcription (Beacon
et al.,, 2021; Benayoun et al., 2014; K. Chen et al., 2015). The resulting H3K4me3 mark has been
suggested to influence RNA polymerase Il (RNA Pol Il) activity, primarily during the pausing and
elongation phase (Benayoun et al., 2014; Dorighi et al., 2017; Hoshii et al., 2022; Hu et al., 2023; H.
Wang et al., 2023), rather than initiation (Ding et al., 2012). Moreover, it has been postulated that
the WDR82 subunit of the SetlA complex (J.-H. Lee & Skalnik, 2008) exhibits the capacity to engage
with the Ser5-phosphorylated (pS5) C-terminal domain (CTD) of RNA Pol Il, but also playing a crucial
role in facilitating the dephosphorylation of pS5 in association with a phosphatase (Landsverk et al.,
2020, 2021). This intricate interaction is proposed to recruit the Set1A complex to transcription start
sites (TSS) of actively transcribed genes (J.-H. Lee & Skalnik, 2008). Additionally, the collaborative
action of WDR82, in conjunction with the PNUTS/PP1 complex (Landsverk et al., 2020), and ZC3H4
(Hughes et al., 2023) is posited to be involved in promoting transcription termination.

There are several protein domains (including PHD, chromo, and Tudor) considered to be potentially
readers of the H3K4me3 mark (Vermeulen & Timmers, 2010). Amongst the proteins harboring these



domains, some are suggested to possess the ability to interpret the aforementioned histone mark
and are known to be involved in transcriptional regulation. For example, TAF3 (TATA-Box binding
protein associated factor 3), a subunit of the TFIID complex, recognizes the H3K4me3 mark through
its PHD domain (Plant homoedomain) and subsequently recruits the TFIID complex to P53-regulated
active genes (Lauberth et al., 2013; Vermeulen et al., 2007). A finding, however, that has not been
reproduced (Hu et al., 2023). This complex is known to be responsible for recognizing core promoters
and facilitating the assembly of the preinitiation complex (PIC) for RNA Pol Il-mediated eukaryotic
transcription (van Ingen et al., 2008). Furthermore, BPTF (Bromodomain PHD finger transcription
factor), a constituent of the NURF (Nucleosome-remodeling factor) complex, has shown to exhibit
binding preferences for H3K4me3, consequently earning recognition as a reader of this specific
histone mark (H. Li et al., 2006; Ruthenburg et al., 2011; Sims et al., 2007; Wysocka et al., 2006). The
NURF complex is proposed to be one of several ATP-dependent ISWI-associated protein complexes
that remodel chromatin to facilitate the transcription process (Badenhorst et al., 2002). This could
potentially contribute and support the association between H3K4me3 and chromatin organization
(Barsoum et al., 2022). One of the other suggested reader proteins is PHF2 (PHD finger protein 2),
described as a transcriptional activator through demethylating H3K9me2 (Wen et al., 2010), and
H4K20me3 modifications (Stender et al., 2012) that are often associated with heterochromatin
contents. The ING2 (Inhibitor of growth family member 2) protein family has also been observed to
interact with H3K4me3. Their intricate association with HAT (Histone acetyl transferase) and HDAC
(Histone deacetylase) enzymes can fine-tune the transcriptional activity either towards activation
(Pefia et al., 2006) or repression (X. Shi et al., 2006), respectively of promoters marked with
H3K4me3. The CpG-binding CXXC zinc finger protein 1 (CFP1), a well-documented PHD-containing
protein, represents another H3K4me3 reader element. It specifically binds to the unmethylated CpG
regions at promoters, best described for CpG-island promoters (CGl). CFP1, regardless of its
transcriptional activity regulates the global distribution of H3K4me3 in embryonic stem (ES) cells
(Brown et al., 2017; Clouaire et al., 2012; Long, Blackledge, et al., 2013; van de Lagemaat et al.,
2018). Among the readers containing PHD domains, there are also some demethylases, such as PHFS,
which is an H3K9me1/2 demethylase (Feng et al., 2010; Fortschegger et al., 2010), and JARID1a,
known as a H3K4me3 demethylase (Secombe & Eisenman, 2007). Another group of H3K4me3
readers consists of proteins containing chromo domains, such as the chromatin remodeling protein
known as CHD1 (Chromodomain helicase DNA binding protein 1) (Flanagan et al., 2005; Sims et al.,
2005, 2007). CHD1 exhibits a preference for binding to GC-rich active promoters, to preserve hyper-
transcription and safeguard against double-strand DNA breaks (Bulut-Karslioglu et al., 2021).
Additionally, another group of proteins containing Tandem Tudor domains also serves as H3K4me3
readers. For example, Spindlinl, a member of the Spin/Ssty family, functions as a reader of H3K4me3
and contributes to downstream gene transcription regulation (W. Wang et al., 2011; N. Yang et al.,
2012; F. Zhao et al., 2020). Furthermore, SGF29 (SAGA complex associated factor 29), a constituent
of the SAGA (Spt-Ada-Gcn5 acetyltransferase) complex, is also recognized for its recruitment by the
H3K4me3 mark and its role in inducing acetylation, resulting in gene activation (Bian et al., 2011).

The maintenance of homeostasis for this epigenetic mark necessitates a delicate balance achieved
through the action of counteracting enzymes responsible for demethylating the trimethylated lysine
residue. This group of enzymes is commonly referred to as lysine demethylases (KDMs), also known
as "erasers". The JARID1 (jumonji AT-rich interactive domain-1) family of proteins, which includes
JARID1A/KDMS5A, JARID1B/KDMS5B, JARID1C/KDMS5C, and JARID1D/KDMSD, (Secombe & Eisenman,
2007; G.-J. Yang et al., 2021) along with the JmjC domain-containing protein NO66 (also known as

3



MAPJD), have been identified as enzymes responsible for the demethylation of H3K4 (Hgjfeldt et al.,
2013).

1.1.1.2 Di-methylation

Histone 3 lysine 4 di-methylation is an epigenetic mark that has been proposed to be intricately
linked with transcriptional regulatory processes. It is deposited by the MLL1/2-COMPASS complexes
(Figure 1), frequently observed at cis-regulatory regions of active genes, and is typically distributed in
proximity to promoters that are enriched with H3K4me3 marks (Bernstein et al., 2005), more
enriched at the 5’ end of the transcribed region (Pekowska et al., 2010).

A limited subset of H3K4me3 reader proteins possesses reader domains for interpreting the
H3K4me2 modification. Among them are certain subunits of COMPASS complexes, as well as others
known to interact with chromatin remodelers and acetylase/deacetylases (Howe et al., 2017). SET3C,
a histone deacetylase complex, is a potential reader of H3K4me2 and plays a crucial role in
transcriptional memory. It forms a physical association with the enzyme responsible for depositing
H3K4me2 (COMPASS) and participates in the maintenance of H3K4me2 inheritance following DNA
replication through mitosis (Sump et al., 2022; Woo et al., 2017).

In addition to the demethylases commonly associated with both tri- and di-methylated lysine, LSD1
(Lysine-specific histone demethylase 1A, also referred to as KDM1A) displays a notable preference
for demethylating di-methylated histones (Ciccone et al., 2009; Y. Shi et al., 2004).

1.1.1.3 Mono-methylation

H3K4mel represents a histone modification that distinguishes itself from the di- and tri-methylated
lysine 4 marks. It primarily associates with active enhancer regions, where it co-occurs with other
histone marks including H3K27ac (Dorighi et al., 2017; Jang et al., 2017; Shlyueva et al., 2014). It is
additionally recognized as a hallmark of poised chromatin regions, including promoter elements (Bae
& Lesch, 2020). It has also been postulated that the presence of an enriched level of H3K4mel at
promoter positions is associated with gene repression (Cheng et al., 2014). The H3K4mel mark is a
product of methyltransferase activity of MLL3/4-COMPASS complexes (Figure 1A).

Certain interacting partners of H3K4me1l at enhancer regions have been identified in in vitro studies
(Local et al., 2018). As for example, BAF45C, a constituent of BAF (BRG1/BRM-associated factor)
remodeling complexes, has been shown to exhibit a preference for binding to H3K4mel rather than
H3K4me3 (Local et al., 2018). The same has been shown for cBAF preferentially binding to H3K4me1l
at enhancer regions (Ahmad et al., 2024; Reddy & Workman, 2018). Another histone tail modification
reader, the CW (Cys-Trp rich) domain-containing family, is noted for its selective binding preference
for H3K4me1 over the di- and tri-methylated forms (Bril’kov et al., 2022). The CW domain is a zinc
binding domain, with a motif length of 50- 60 residues including four conserved cysteine, and two to
four conserved tryptophan residues (He et al.,, 2010). The CW domain family has also been
investigated for its involvement in various complexes, including the MORC family of ATPase
chromatin remodelers (Andrews et al., 2016; Y. Zhang et al., 2019). The MBT (malignant brain tumor)
domain is present in some chromatin reader and organizer proteins. It exhibits its highest binding
affinity for H3K4mel mark, a property shared by the MBT domains found in both L(3)MBTL and CGl-
72, allowing them to recognize H3K4me1 effectively over other modified histone (J. Kim et al., 2006).
It has also been proposed that H3K4mel interacts with the CoREST complex, which is a histone-
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modifying complex known to engage with various histone-modifying enzymes, including HDACs,
which potentially could explain the gene repressory effects of this mark at promoter regions (Perillo
et al.,, 2020).

The mono-methyl group attached to H3K4 can be specifically removed by LSD1/KDM51A. Other
members of the Jumonji family of histone demethylases, such as KDM5C/JARID1C, are able to
remove mono- and di-methylated states from H3K4 (Dimitrova et al., 2015).

-
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Figure 1: KMT2 Complex and ASH2L Schematic Depiction. (A) Different KMT2 Catalytic Subunits and
Corresponding Deposited Histone Modifications. (B) ASH2L isoform 1 domain annotation. Derived from (Y.
Chen et al., 2011).

1.1.2 Histone 3 Lysine 27

As discussed earlier, H3K4me3 and H3K4me1l are known to be associated with active promoters and
enhancers, respectively. Simultaneously, other forms of H3K27 modifications (such as acetylation
and trimethylation) have been shown to contribute to interact/co-occur at the sites of
aforementioned histone marks. Studies have indicated the inducing role of H3K27ac at active
promoters and enhancers, co-localizing with H3K4me3 and H3K4mel, respectively. Additionally, the
suppressing role of H3K27me3 at bivalent or silent promoters, co-localizing with H3K4me3, and in
the absence of an enriched level of H3K4me3, respectively. Bivalent promoters are the promoters at
which both H3K4me3 and H3K27me3 marks are present. The occurrence of both marks in particular
genomic areas, identified as bivalent regions, suggests a state of readiness for gene regulation. This
means that genes can either be activated or suppressed depending on cellular signals and
environmental stimuli. The interaction between H3K4me3 and H3K27me3 marks enables precise
regulation of gene expression, underscoring the fluidity of chromatin regulation via histone
modifications. Therefore, this panel of histone modifications has been vastly studied for their
interaction with each other through co-occurrence or combined functional mechanisms (Beacon et
al., 2021; Igolkina et al., 2019) in the era of gene regulation and chromatin organization.



1.1.2.1 Acetylation

The acetylation of lysine 27 on histone 3 is orchestrated by a diverse array of enzymes belonging to
the GNAT (Gcn5-related N acetyltransferases) protein family, collectively known as lysine
acetyltransferases (KATs). This group primarily encompasses proteins such as p300/CBP (CREB-
binding protein) paralogues. Nevertheless, other complexes, such as GCN5 and PCAF, have also been
implicated in facilitating this specific histone modification (Allis et al., 2007). H3K27ac, the resultant
modification, has garnered significant attention due to its robust association with active gene
transcription. This association is attributed to its pivotal role in mediating the binding of transcription
factors (TF) and RNA Pol Il (Miao et al., 2022; Weinert et al., 2018). Furthermore, it appears that the
mere presence or TF-binding mediation of this mark at the gene promoter is sufficient to activate
gene transcription (Hilton et al., 2015; Miao et al., 2022). Moreover, H3K27ac serves a second role as
an enhancer mark, frequently co-occurring with H3K4me1l at active enhancer regions (Creyghton et
al.,, 2010). This multifaceted modification plays a role in neutralizing the positive charge of lysine
residues and thus reduces the overall positive charge of histone, thereby promoting the dissociation
of histones from the negatively charged DNA strands. Consequently, it facilitates primarily opening of
chromatin, which facilitates TF and Pol loading at the accessible promoters within the open
chromatin regions (Y.-J. C. Chen et al., 2022; Igolkina et al., 2019).

The H3K27ac mark is associated inducers of gene transcription, mediated by interacting proteins or
complexes. One such example is the Bromodomain-containing protein 4 (BRD4), which possesses the
capability to recognize acetylated lysine residues on H3 and H4 proteins (Chiang, 2009) which is
studied to interact with numerous transcription factors (Mann et al., 2021; Y. Zhang et al., 2017).
NSD1 (Nuclear receptor-binding SET domain protein 1) is also acknowledged for its interaction with
the H3K27ac mark, facilitating the recruitment of various chromatin modifiers to enhancer regions,
thereby contributing to the preservation of enhancer transcription integrity (Fang et al., 2021). It has
also been demonstrated that the SEC (Super Elongation Complex) interacts with the present H3K27ac
mark at the promoter, mediated by the AFF4 transcription factor (Y. Gao et al., 2020). On the other
hand, it has been shown that HMGN (High Mobility Group protein) preferentially binds to the
H3K27ac region and maintains cell-type-specific chromatin organization, resulting in the stabilization
of cell identity gene expression (S. Zhang et al., 2022).

The family of HDACs and the Sirtuin proteins, with more than 18 members are categorized as reader
proteins with the ability to remove histone modifications, thus earning them the designation of
"erasers" (Seto & Yoshida, 2014). The precise genomic localization of HDACs, much like other
chromatin modifiers, relies on their interaction with a specific set of transcription factors or DNA-
binding co-factors complexes, rather than being guided by sequence-specific DNA binding domains
(X. Li et al., 2014). The HDACs are studied to be engaged in the regulation of fundamental cellular
processes, including proliferation, cell cycle control, regeneration, apoptosis, and cellular
differentiation (K. Wu et al., 2023). HDAC malfunction has been detected in both cancer cells and
tumor tissues, rendering HDACs appealing candidates for exploring innovative approaches to combat
cancer (Caslini et al., 2019; G. Li et al., 2020). Almost similar function applies to other species for
example in Drosophila, NURF-55, a tryptophan-aspartic acid (WD) repeat protein, is linked to histone
deacetylases, and is potentially serving as a central hub for assembling protein complexes engaged in
chromatin regulation (Martinez-Balbas et al., 1998). Moreover in mammalians, both NURF and
Trithorax exhibit strong associations with genes characterized by transcriptional pausing, which also

exhibit a more pronounced upregulation in response to HDAC inhibition (Vaid et al., 2020).
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Furthermore, HDAC3 is indispensable for recruiting NURF to the promoter region of the IL-1B gene,
underscoring its role in the regulation of gene expression and chromatin dynamics (Ziesché et al.,
2013). Additionally, the NuRD (Nucleosome remodeling and deacetylase) complex is a multi-protein
complex that possesses two enzymatic functions: ATP-dependent chromatin remodeling and histone
deacetylation. It initiates gene repression by deacetylating H3 lysine and depositing histone variants
(Kraushaar et al., 2018; Reynolds et al., 2012) and can potentially result in facilitating PRC2-mediated
H3K27me3 deposition (T. W. Kim et al., 2015).

1.1.2.2 Trimethylation

The polycomb repressor complex 2 (PRC2), known as the evolutionarily conserved polycomb group of
proteins (PcG), play a crucial role in catalyzing the trimethylation of lysine 27 on the N-terminal tail of
histone 3 (Boyer et al., 2006). This PRC2 complex comprises essential components, including EZH2,
EED, SUZ12, RbAp48, along with auxiliary interactors like AEBP2, JARID2, and PCL1 (Y. Shi et al.,,
2017). The deposition of the H3K27me3 mark, as a result of PRC2 activity, leads to silencing of
transcription through induced chromatin compaction (Margueron & Reinberg, 2011). Another
potential methyltransferase for H3K27 is G9a, also known as EHMT2, which has been shown to
catalyze the methylation of lysine 27 on histone H3 both in vitro and in vivo (H. Wu et al., 2011).
Moreover, deposition of H2AK119ub (Histone H2A lysine 119 mono-ubiquitination) by PRC1 recruits
PRC2 complexes, which in turn promotes the resulting-H3K27me3 interaction with PRC1. This
interaction creates a feed-forward loop that spreads both repressive marks, H2AK119ub and
H3K27me3, which eventually results in propagating the compacted chromatin (Margueron &
Reinberg, 2011). H3K27me3 is a suppressive modification, typically linked to silenced enhancers and
promoters. When it comes to promoters, it tends to be primarily deposited at regions rich in CG
dinucleotides (Morey & Helin, 2010). It has been shown that EZH2 interacts directly with de novo
DNA methyltransferases (DNMTs), and EZH2 plays a crucial role in preserving DNA methylation,
particularly for certain promoter regions (Viré et al., 2006). DNA methylation, mediated by DNMTs,
produces 5-methyl-cytosine (5mC) that form the methylated CpG islands, also known as repressing
gene transcription parameter. In embryonic cells, PRC2 is attracted to unmethylated CpG islands,
avoiding DNMT-mediated methylated regions. It has been studied, that removing DNA methylation
allows H3K27me3 to spread, reducing PRC2 density at promoters and potentially activating
transcription (King et al., 2016; Meehan & Pennings, 2017; Reddington et al., 2013; Uckelmann &
Davidovich, 2021). Despite this, how PRC2 avoids methylated CpG islands remains unclear and often
contradictory in literature. In summary, H3K27me3 and CpG methylation appear to be linked in
several ways, including mutual antagonism, and correlation between CpG density and H3K27me3
modification.

There have been various reader proteins or complexes discovered for the H3K27me3 mark in various
organisms, including both plants and animal cell models. Recent research suggests the existence of a
plant-specific complex composed of EBS (Early bolting In short day), its homolog SHL (Short life), and
EMF1 (Embryonic flower 1), which acts as a chromatin reader associated with Polycombs (Krause &
Turck, 2018) in plants. These proteins are believed to possess the ability to interpret H3K27me3
through a BAH (bromo-adjacent homology) domain (Z. Yang et al., 2018). Furthermore, they contain
a PHD domain with an extended C-terminal region that potentially recognizes H3K4me3, making
them well-suited for identifying bivalent promoters. The evolutionarily conserved BAH domain is also
found in some vertebrate-specific nuclear proteins, including BAHD1 (bromo adjacent homology
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domain-containing protein 1). BAHD1 plays a role in gene silencing by facilitating the assembly of a
scaffold for the formation of facultative heterochromatin (Bierne et al., 2009; D. Zhao et al., 2016).
The PRC2 complex not only deposits the H3K27me3 mark but also serves as a chromatin reader.
When it reads the product of PRC1, H2AK119ub, it enhances the propagation of PRC2 marks.
However, when interacting with the MLL complex it prevents PRC2 from accessing the MLL-occupied
regions (Uckelmann & Davidovich, 2021). EED is commonly recognized as a pivotal member of the
PRC2 and serves as a chromatin remodeler. Intriguingly, it plays a dual and somewhat contradictory
role in gene regulation, being associated with both gene repression and gene activation (M. Zhang et
al., 2023).

1.2 ASH2L (Absent, Small, or Homeotic 2-Like) Trithorax Protein
1.2.1 A Trithorax Protein

Trithorax-group proteins (TrxG) are a group of proteins that play a role in gene expression activation
or maintaining active gene expression (Kassis et al., 2017; Kingston & Tamkun, 2014). Based on their
mechanism of action, they can be divided into three main functional groups. TrxG proteins can be
involved in histone modifying complexes, such as ASH2L in KMT2/COMPASS complexes. They can
also be members of chromatin remodelers, for example, CHD or SWI/SNF factors (Dorighi & Tamkun,
2013). Sometimes, they are also known to act as DNA-binding TrxG proteins as transcriptional
activators by interacting with TrxG response elements (TREs) of DNA, or participating in the
transcription machinery (Schuettengruber et al., 2007).

ASH2L is recognized as a crucial core member of the KMT2 enzymatic complex. The presence of
ASH2L is essential for the histone methyltransferase (HMT) activity of the complex (Cao et al., 2010;
Steward et al., 2006). Besides ASH2L, several other catalytic, core, and auxiliary proteins collaborate
to constitute the functional form of the KMT2 complex. The catalytic components include MLL 1-4,
SETD1A, and SETD1B, also known as KMT2 A, B, C, D, F, and G, respectively (Bogershausen et al.,
2013). The core members are known to include WDR5, RBBP5, and a homodimer of DPY30, while a
variable number of auxiliary members for this complex have been identified (Poreba et al., 2022).

ASH2L! is a nuclear protein that is ubiquitously expressed in different tissues. Different isoforms have
been identified for this protein: isoform 1 with a length of 628 amino acid, and isoform 2, lacking
amino acids 1-94 and 541-573 (Stoller et al., 2010; J. Wang et al., 2001). Additionally, a third isoform
has also been suggested, with the missing amino acids in 1-94 position introduced in the protein
databases such as UniProt. Isoform 1 seems to be the predominant protein found in different tissues
and cell lines. The protein has been identified to consist of several functional domains in the
following order from the N-terminus to the C-terminus: PHD (Plant Homeodomain), WH (Winged
Helix domain), SPRY (SPla and the RYanodine Receptor), and SDI (Sdc1 DPY30 Interaction) domains,
along with two intrinsically disordered regions (IDR), one at the N-terminal and one between the WH
and SPRY domains (Figure 1B) (Y. Chen et al.,, 2011, 2012). That said, ASH2L interacts with other
KMT2 members through the aforementioned domains, i.e. binding to the MLL-WDR5-RBBP5 complex
through its SPRY interaction with the RBBP5 subunit, and then bringing the DPY30 homodimer to the

1 please note, wherever a human/general study is indicated, the protein term is in capital letters, otherwise the
term is written in lowercase.



SDI C-terminal domain (Xue et al., 2019). It is also considered to regulate the stability and substrate
specificity of the MLL complex through the SDI domain (Ma et al., 2022; L. Zhao et al., 2022), and
IDRs (Y.-T. Lee et al., 2021).

In addition to the COMPASS components, a few more direct interactors for ASH2L have been
proposed. It has been demonstrated that ASH2L, as an interactive cofactor, associates with the Ap2&
transcription factor and recruits HMT complexes to specific gene regions (Tan et al.,, 2008).
Furthermore, it has been suggested that Ash2l may interact with the transactivation domain (TAD) of
developmental transcription factor Tbx1, and its homozygous deletion leads to embryonic lethality in
mice during gestation (Stoller et al., 2010). Additionally, ASH2L has been recognized as a direct
interactor of the MYC oncoprotein, which also interacts with the p300/CBP acetyltransferase. The
association of MYC with HMTs depends on the ASH2L interaction, and their interaction may regulate
transcription by controlling H3K27 modification (Ullius et al., 2014). Moreover, Ash2l has been
proposed to interact with Oct4 TAD domain to form an Oct4/Sox2/Nanog (OSN) complex at super
enhancers, which can enhance enhancer activity and regulate the pluripotency network of cells (Tsai
et al., 2019). Nevertheless, it is important to note that this is not a comprehensive list of all studied
ASH2L interactions.

1.2.2 ASH2L as an Oncoprotein

The MLL1 gene is a proto-oncogene associated with various types of cancer when mutated
(Yokoyama et al., 2004) as well as other KMT2 members described in a review study (Rao & Dou,
2015). ASH2L, as a core subunit of the KMT2 complexes and as an interactor of the MYC oncoprotein,
is known to possess oncoprotein functions itself. ASH2L is implicated in various cancer diseases and
disorders. It induces transformation when it cooperates with the Ha-RAS oncogene (Lischer-Firzlaff
et al., 2008). Additionally, targeting ASH2L expression, reduces the expression of estrogen receptor
alpha target genes, leading to reduced proliferation and migration of endometrial cancer cells (Zeng
et al., 2020). Recent studies have also shown that ASH2L might drive the expression of inflammatory
genes, such as IL-1beta, in regulating the invasion and migration of triple-negative breast cancer cell
lines (Batbayar et al., 2023). On the other hand, ASH2L KD in lymphoma and testicular cancer cell
lines confers resistance to some genotoxic agents such as bleomycin, etoposide, and cisplatin, while
its re-expression makes those cells sensitive again (Constantin & Widmann, 2020). As mentioned
before, ASH2L is not only involved in cancers but its elevated level of expression is also involved in
other types of disorders, such as diabetic endothelial dysfunction (Zhong, Dong, et al., 2023), fibrosis
and inflammation in glucose-induced glomerular mesangial cells (Zhong et al., 2022), and diabetic
nephropathy (Zhong, Hong, et al., 2023). However, it's not clear whether its role is through its
methyltransferase activity within HMT complexes or beyond these complexes.

On the other hand, ASH2L is studied for its role in regulating the expression of pro-apoptotic target
genes of the P53 tumor suppressor by controlling H3K4me3 and the formation of pre-initiation
complexes at these promoters. When overexpressed, it induces the expression of these pro-
apoptotic genes in response to chemotherapy agents (Mungamuri et al., 2015). Targeting Ash2|
expression in neural progenitor cells reveals its role in brain development and cell proliferation by
affecting H3K4me3 levels of Wnt-B-catenin signaling genes and their expression (L. Li et al., 2019).
Additionally, the disruption of Ash2l expression in the murine hematopoietic system results in the
immediate loss of mature hematopoietic cells and, consequently, the death of the animal. The
depletion of the protein leads to the reduction of global H3K4 methylation, disrupted gene
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regulation, aberrant cell proliferation and differentiation dysregulation (Luscher-Firzlaff et al., 2019).
It has been demonstrated that Ash2l interacts with the pluripotency transcription factor (OSN)
network and promotes the recruitment of this complex to super enhancers to activate them (Tsai et
al., 2019). Furthermore, in its role as a transcriptional activator, it has been shown that Ash2|
knockout in MEFs (Mouse Embryonic Fibroblasts) results in the global loss of H3K4 trimethylation,
both globally and in promoter regions. This is followed by chromatin compaction and gene repression
(Barsoum et al., 2022). The loss of the protein and the resulting H3K4me3 reduction induce cell
proliferation cessation, leading to a senescence phenotype in the same cell system. This discovery
has identified a set of downregulated genes proposed to be shared senescence markers in different
induced senescence phenotypes (Bochynska et al., 2022). Additionally Ash2l KD (Knock down) leads
to an increased silent chromatin state enriched with H3K9 trimethylation (Wan et al., 2013).

1.3 PROTACs (PRoteolysis TArgeting Chimera) Technology
1.3.1 Proteasome Machinery

In general, two major cellular machineries exist within cells that mediate protein degradation: the
ubiquitin-proteasome system (UPS) and lysosomes (X. J. Wang et al.,, 2013). Protein degradation
through the UPS is initiated by the covalent addition of a 76-amino acid ubiquitin (Ub) protein,
catalyzed by E1, E2, and E3 enzymes, to the e-amino group of the side chain of a lysine residue of the
substrate. It is worth to mention that poly-ubiquitination serves various functions in cellular
processes (Damgaard, 2021). One of which is the recognition of the resulting polyubiquitin-tagged
protein by the 26S proteasome machinery and being targeted for degradation (Ciechanover &
Schwartz, 1998; Grice & Nathan, 2016). The transfer of ubiquitin to the target protein can occur in
two ways: |) Transferred from E2 to E3 ubiquitin ligase, and then to the substrate protein, or Il
directly from the E2 subunit in a complex with E3 ligase to the substrate protein (LeBlanc et al.,
2021).

Within cellular systems, most cells contain one or two E1, numerous E2 enzymes, and multiple
families of E3 ligases. This diversity enhances the specificity of substrate protein recognition (Hershko
& Ciechanover, 1998). E3 ligases, characterized by their domains and ubiquitin transfer mechanisms,
can be classified into three distinct families: RING (Really interesting new gene), HECT (Homologous
to the E6AP carboxyl terminus), and RBR (RING-betweenRING-RING) (Q. Yang et al., 2021). Among
these, the RING family stands out as the most abundant and diverse group of E3 ligases. The RING
family encompasses various types of scaffolds, including monomeric RING, homodimer RING,
heterodimeric RING, monomeric U-box (which is often considered a separate family, while sharing
very similar 3D structure with RINGs), Cullin-RING, and multi-subunit RING scaffolds (Morreale &
Walden, 2016). The Cullin-RING ligase (CRL) complex is composed of a Cullin scaffold with a RING-box
protein attached to the N-terminus, and a substrate receptor connected to the Cullin scaffold via an
adaptor protein at the C-terminus (Figure 2) (Petroski & Deshaies, 2005). To enhance the specificity
of these scaffolds, numerous CRLs are expressed within and across different organisms, each
recognizing specific groups of substrates.

Ubiquitination of the substrate protein occurs in various cell compartments, including the cytosol,
nucleus, and even in specialized organelles like mitochondria (Y. Zhang et al.,, 2022). These
ubiquitinated proteins are subsequently degraded by proteasomes in the cytosol. However, as
reviews, several studies have provided evidences for the existence of a nuclear UPS (von Mikecz,

10



2006). Moreover, the identification of protein complexes that serve as export pathways for
ubiquitinated nuclear proteins to transit to the cytosol represents an additional regulatory
mechanism for the degradation of nuclear proteins (Hirayama et al., 2018).

1.3.2 Hijacking Cellular UPS in PROTAC Technology

To explore the functions of a specific gene, researchers have developed various genetic engineering
methodologies that facilitate the analysis of phenotypes and characteristics resulting from the loss of
function of that gene. For instance, these methodologies involve the application of different chemical
mutagens, genome editing tools such as CRISPR/Cas, and TALEN for DNA engineering, and also RNAi
methods to disrupt mRNA processes (Housden et al., 2017). However, it's important to note that
these techniques primarily focus on DNA and mRNA, which may require time to manifest their
effects on proteins, particularly those with longer half-lives. Consequently, for a more precise
analysis of the functional studies related to the desired gene, targeted protein degradation (TPD)
approaches currently hold greater intrigue (Sincere et al.,, 2023). Therefore, as previously
demonstrated, the ASH2L protein, with a half-life exceeding 1 day, was considered a promising
candidate for targeted manipulation using protein engineering approaches (Bochynska, 2023;
Bochynska et al., 2022).

Not too long ago, researchers developed PROTACs (Proteolysis targeting chimera), which exploit the
cellular proteasome machinery's functions to target specific proteins for degradation (Sakamoto et
al., 2001). PROTACs are heterobifunctional small molecules composed of two binding ligands and a
linker. These small molecules have the ability to bind to two different targets, one being E3 ligases,
and the other being the protein of interest (POI). This binding brings them into proximity, leading to
the ubiquitination and subsequent degradation of the targeted protein (Figure 2). This approach has
been subsequently proven to be effective for studying loss of function in cellular and animal model
systems (Guo et al., 2019).

Contrary to conventional protein inhibitors, non-covalent PROTACs exhibit a catalytic mechanism of
action, allowing them to be recycled after inducing degradation. However, some PROTACs based on
inhibitor molecules may employ different binding chemistry and have irreversible effects (Kiely-
Collins et al., 2021).

PROTACs offer numerous advantages and are considered highly promising in pharmaceutical studies.
They provide benefits such as affecting beyond enzymatic functions, degrading undruggable targets,
extending their effective period, and consequently reducing the required dosage. These advantages
render the PROTAC platform intriguing for future TPD medicines. To date, several PROTACs have
entered clinical trials for various cancer treatments (Békés et al., 2022). While no PROTACs have
received approval for clinical use, two of them have paved the way towards establishing trust in
PROTAC's ability to meet safety and efficacy requirements for the approval processes (X. Gao et al.,
2022; Hamilton et al., 2022).

1.3.3 The dTAG System

PROTACs are designed to target a variety of substrate receptor subunits within E3 ligase complexes.
The dTAG-13 compound has been developed based on the binding properties of Cereblon (CRBN)
and FK506-binding protein (FKBP) families (Nabet et al., 2018). The substrate receptor ligand moiety
of this compound is designed after thalidomide, known as one of the class of immunomodulatory
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drugs (IMiDs) (Ito et al., 2010; Marriott et al., 2001). On the other hand, the corresponding PROTAC
compound in dTAG system includes a derivative of morpholine-containing ligand, Shield-1 (Shld1),
that binds to FKBP12 (Banaszynski et al., 2006). However, in Nabet’s study, the composite compound
has been engineered to bind to the FKBP™% mutant rather than the WT (Wild-type) version of this
protein to enhance specificity and reduce endogenous protein interference. The mutant FKBP1236V
works as a binding domain that is fused to the N- or C-terminus of the POl. Among the compounds
studied in this research, dTAG-13 demonstrated fast and efficient fusion protein degradation,
achieving effective results with only a few hundred nanomolar concentrations in less than a couple of
hours for in cellulo assays (Nabet et al., 2018).
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Figure 2: PROTACs- dTAG System Mechanism of Action. PROTACs are heterobifunctional small molecules
composed of two binding ligands and a linker. PROTACs (in this dissertation, dTAG-13 compound) bind to two

Target Protein

different targets through two functional moieties (Indicated as blue and red triangles). One moiety binds to the
CRBN substrate receptor of the E3 ligases, and the other binds to degradable domain of the protein of interest
(POI). This interaction brings the POl and E3 Ligase complex into proximity, leading to the ubiquitination and
subsequent degradation of the targeted protein via proteasome machinery of the cell.

Up to now, three WRAD components (WDR5, RBBP5, and DPY30) along with SET1A and SET1B
subunits have been targeted using PROTACs. One study demonstrates the development of several
PROTACs that bind to CRBN and target WDRS5 for various purposes, including cancer treatment and
molecular biology research. The study revealed a global reduction in both H3K4me2 and genome-
wide MLL occupation (D. Li et al., 2022). Additionally, dTAG-13 has also been introduced to the SET1A
and SET1B subunits of KMT2 to uncover their connection with transcription termination at CGlI-
associated genic regions in mESCs (Hughes et al., 2023). The dTAG system has also been employed to
target the RBBP5 and DPY30 core subunits of KMT2 complexes in mESCs, revealing their
contributions to the deposition and removal of H3K4 methylation with subsequent consequences for
transcriptional control (Hu et al., 2023; H. Wang et al., 2023).

Hence, a substantial body of evidence has emerged, establishing that PROTACs represent a promising
avenue for epigenetic regulation. They enable the targeting of epigenetic modulators and proteins,
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the development of dual-targeted PROTACs, and the achievement of highly specific degradation of
histone-modifying enzymes (Webb et al., 2022).

1.3.3.1 Reversible dTAG-13-Induced Degradation

With all that said, the loss of function of POl may, under optimal conditions, produce certain
phenotypic changes for tracking and analyzing. However, at times, it may only manifest as a slight
perturbation of the system that must be carefully analyzed to distinguish it from artificial effects. To
meticulously analyze the effects of the loss of ASH2L, this study has introduced a novel approach to
reverse the impact of dTAG-13-induced ASH2L degradation. This allows the results to be confirmed in
a reverse genetic manner. For this purpose, the study has utilized an analogue of the thalidomide
family, which competes with dTAG-13 for binding to CRBN subunit. It has been demonstrated that
lenalidomide and pomalidomide, two family members and analogues of thalidomide, exhibit a higher
binding affinity to CRBN subunits than thalidomide itself (Ito & Handa, 2020). For this reason,
lenalidomide has been selected for conducting reversal experiments to confirm the observed
functions of ASH2L.

1.4 Aim of the Study

The objective of the current study is to elucidate the function of the ASH2L protein a core subunit of
KMT2 complexes in immortalized MEF cells. Previous studies have demonstrated the role of Ash2/
KO-driven H3K4me3 depletion on gene transcription, chromatin organization, and certain
transcription-associated histone PTMs (Barsoum et al., 2022; Bochynska et al., 2022). However, it has
not been determined whether the observed consequences were directly impacted by Ash2l loss or
more as results of secondary consequences followed by the loss of the protein. The previous studies
have used tamoxifen-inducible Cre/ER system to induce the deletion of exon 4 of Ash2/ genomic
sequence in mouse embryo fibroblasts, which results in a slow decrease of Ash2l, taking up to 5 days
for an efficient elimination of protein (measured by qualitative Western blotting).

To be able to address direct consequences, a system needed to be established that allows the rapid
degradation of Ash2l. To achieve this, this study employed a rapidly responsive dTAG-13-inducible
degradation system to target the FKBP™®V-ASH2L fusion protein that was introduced into Ash2//f
MEF cell lines. To achieve this, a lentiviral gene delivery system has been utilized with the aim to
introduce the FKBP™®-ASH2L fusion construct into the murine cells. The engineered cells were
subsequently dependent on the FKBP™®-ASH2L fusion protein for proliferation and further treated
with 4-Hydroxytamoxifen (also known as HOT) to activate CRE/ER recombinase and induce
endogenous Ash2/ elimination. Such cells were obtained, and monoclonal lines established. These
cells were then characterized for protein expression, histone modifications, gene expression, and cell

physiology.

In summary, protein expression and cell characteristics were validated using qPCR and qualitative
Western blotting. Subsequently, the cells were analyzed using immunofluorescent staining to
confirm the correct cellular localization of the exogenous fusion protein within the nuclear
compartment. The monoclonal cell lines were evaluated for the optimal dosage and time
dependency of the dTAG-13 treatment, which was achieved and verified using Western blotting.
Following the establishment of the experimental cell model system, the cellular properties, and
phenotypes of the dTAG-13-induced KD cells in comparison to WT cells were measured. The cell

13



proliferation, the integrity of the cell cycle phase distribution, and DNA synthesis using flow
cytometry analysis were assessed. Most of these experiments were conducted in a time course
manner, which allowed this study to document the progression and the order of events at the
cellular and molecular levels with higher resolution. These intervals were instrumental in
contributing to the observed cellular and molecular phenotypes with each other. To investigate the
effect of ASH2L on the WRAD components and the resulting H3K4me3, a time course blotting
method was employed. Furthermore, several other transcription-associated histone PTMs, such as
H3K4mel, H3K27ac, and H3K27me3, were analyzed to understand the impact of the loss of active
KMT2 complexes on the transcription-associated PTM network. For obtaining high-resolution
evidence of the deregulation of histone PTMs, a time course chromatin immunoprecipitation method
followed by sequencing (ChlIP-seq) was applied to gain a genome-wide view of the distribution of the
aforementioned histone modifications. This allowed the study to track alterations at the gene-level
resolution. Last but not least, a nascent-RNA sequencing method, using Click chemistry (Click-seq),
was utilized to document alterations in gene transcription at the early time points following dTAG-
13-induced ASH2L loss. In sum, these experiments aimed to unveil the contribution of ASH2L and its
resulting HMT product, H3K4me3, to gene transcription and the regulation of other transcription-
associated histone modification networks.

2 Material and Methods

The Material and Methods chapter is written according to the standard protocols generated and
used in the Institute of Biochemistry and Molecular Biology, University Hospital of RWTH Aachen. In
case of making any adjustments to the existing protocols or establishing new ones, the details are
given. All experiments and analyses in this thesis were conducted by the author, otherwise, it is
indicated.

2.1 Material

2.1.1 Oligonucleotides

Table 1. Oligonucleotides.

Primer Name Sequence (5’-3’) Purpose

Nested PCR - DNA

Outer-For AGGCGCATAACGATACCACGAT Loss of Ash2/ Exon4- Genomic DNA
Outer-Rev CCAATGTGAGGTAGTGCCGA

Inner-For CCGGAACCGAAGTTCCTATTCC

Inner-Rev ACTGATGGCGAGCTCAGACC

RTqPCR - RNA

Ex4.Ash2l|-For CCGCTGACACCTTTGGAATA Loss of Ash2/ Exon4- RNA
Ex4.Ash2/-Rev TTGCTTCCGGAGAAAGTAGG

Mm-Gusb-1-SG QT00176715, QIAGEN Normalizer

ChIPqPCR - DNA

Atp9a-ChlP-For GAATTGAGTAGAGCCTCCGAAC Histone Marks Level Check at TSS
Atp9a-ChlP-Rev GGTATCAGTGTAGGAAGGAGAGA

Cdh3-ChlIP-For GTCCTGACCCGGATTGTTCC Histone Marks Level Check at TSS
Cdh3-ChlP-Rev CACAGCCCTAAGATTCCCCC

Mga-ChlP-For GGAGGGCGTCGCTTCAATAG Histone Marks Level Check at TSS

14




Mga-ChlP-Rev GAAGCTCTCTCTGCGGAACG

Rab8a-UpTSS-For CTTAACCCGCGCCACTTTTG H3K4me3 Level Check at Upstream TSS
Rab8a-UpTSS-Rev AGGCGAAGCGCAGGAAGTA

Rab8a-DownTSS-For TGCAGACAGGGACATGCAG H3K4me3 Level Check at Downstream TSS
Rab8a-DownTSS-Rev ACACAGAGAGTTGACAGGCG

Rims2-ChIP-For AACATTTCCCCGAGCGCA Histone Marks Level Check at TSS
Rims2-ChIP-Rev CAATGGCCTTCAATCCGAGG

Rspo2-ChIP-For CGCGTCCACTCTCTTCTTGG ASH2L Level Check at TSS
Rspo2-ChIP-Rev AGGCAGCGAGAAACTTCAGC

Tbc1d1-ChIP-For CTGTTGCTCGCCTGTGACTC Histone Marks Level Check at TSS
Tbc1d1-ChIP-Rev CAGGAGTAGATGCCCTCCCT

Zfp503-ChlP-For CTCAGCTTGACCCCGAGAGA Histone Marks Level Check at TSS
Zfp503-ChlIP-Rev ATTTGCAACCCCTGCCTTCC

CtrINeg-Chr4-For CAGCTTGGTTGAGGCATGAG Gene Desert Region- Chromosome 4
CtrINeg-Chr4-Rev AGGTTACCGCCATCCCA

CtrINeg-Chr12-For AATGCTGGCTCTTCAGTACC Gene Desert Region- Chromosome 12

CtrINeg-Chri2-Rev

CGTAGAGAGGGATATTGTCTTCA

Plasmid Sanger-Sequencing Oligos

pPENTRfwd AGTTACTTAAGCTCGGGC Custom PENTR1A-hASH2L-ATE
pENTattL2-rev ACATCAGAGATTTTGAGACACG Standard Primer  Sequencing

2.1.2 Plasmids

Table 2. Plasmids.

Plasmid Name Resistance Last Resort* Comments

Entry Plasmids

pPENTR1A-hASH2L Kanamycin 48,b2 Generated by Anja Redecker
PENTR1A-hASH2L-Nostop Kanamycin 45,d9 Generated by Anja Redecker
PENTR1A-hASH2L-ATE Kanamycin 53,a7 Generated in this study
Co-Transfection Plasmids

pH2B-YFP Kanamycin 5,87 Generated by Dr. Juliane Liischer
Destination Plasmids

pLEX-305-N-dTAG Ampicillin/Puromycin  53,b5 Addgene #91797
pLEX-305-C-dTAG Ampicillin/Puromycin  53,b6 Addgene #91798
pLEX-305-N-dTAG-hASH2L-ATE-ABamHI  Ampicillin/Puromycin  53,d3 Generated in this study
pLEX-305-C-dTAG-hASH2L-Nostop Ampicillin/Puromycin ~ 53,b7 Generated in this study
Lentiviral Packaging

pMDLg/pRRE Ampicillin 26,19 JF, Addgene #12251

pRSV-Rev Ampicillin 26,g1 JF, Addgene #12253
pCMV-VSV-G Ampicillin 33,87 JF, Addgene #8452

* This refers to the repository of the Institute of Biochemistry and Molecular Biology

2.1.3 Antibodies

Table 3. Antibodies.

Antigen

Origin

Clonality Co./Cat.No.

RRID Number Purpose

Primary Antibodies
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Actin Mouse MC-C4 MP Biomedicals #691001/2 AB_2335304 WB
Ash2| Rabbit MC-D93F6 Cell Signaling #5019 AB_1950350  WBY/IF
H3 Rabbit PC Abcam #ab1791 AB_302613 WB/ChIP
H3K4mel Rabbit PC Abcam #ab8895 AB_306847 WB/ChIP
H3K4me3 Rabbit PC Abcam #ab8580 AB_306649 WB/ChIP
H3K27ac Rabbit PC Abcam #ab4729 AB_2118291 WB/ChIP
H3K27me3 Rabbit PC Antibodies Online #ABIN6923144 - WB/ChIP
H3K27me3 Rabbit PC Antibodies Online #ABIN6952339 - WB/ChIP
HA Rabbit MC-C29F4 Cell Signaling #3724 AB_1549585 WB

HA Mouse MC-B1612 Covance/Biolegend - WB/ChIP/IF
IgG Rabbit PC Diagenode #C01010080 AB_2722553  ChIP
MII1-C Term Rabbit MC-D6G8N Cell Signaling #14197 AB_2688010 WB

Myc Rabbit PC-N262 Santa Cruz #sc-764 AB_631276 WwB
Rbbp5 Rabbit PC Bethyl #A300-109A AB_210551 WB
y-Tubulin Mouse MC-GTUS88 Sigma-Aldrich #T5236 AB_532292 wB
wdr5 Rabbit PC Bethyl #A302-429A AB_1944302 WB
Secondary Antibodies

Mouse IgG-HRP Rat PC Jackson Immuno Res., 415-035-166 - WB
Rabbit IgG-HRP Goat PC Jackson Immuno Res., 111-035-144 - wB
Mouse 1gG AF488 Donkey PC Invitrogen #A21202 AB_141607 IF

Rabbit IgG AF488  Goat PC MolecularProbes #A11008 AB_143165 IF

2.1.4 Chemicals

Table 4. Chemicals.

Compound Cat.No. Company CAS.No. Formula

DAPI 6335.2 ROTH 28718-90-3 C16H17Cl2Ns

dTAG-13 6605 TOCRIS 2064175-41-1  Cs7HesN4O1s

Hoechst 33258 861405 Sigma-Aldrich 23491-45-4 C25H24N60.3HCI.2H.0
(2)-4-Hydroxytamoxifen 3412 TOCRIS 68047-06-3 C26H29N02.1/4H,0
Lenalidomide AB282488 Abcr 191732-72-6 C13H13N303
Puromycin-2HCI A2856,0010 AppliChem 58-58-2 C22H29N705.2HCI
SUPERaseeIn™ RNase Inhibitor AM2694 Invitrogen - -

TRIzol Reagent FP312 ABP Biosciences - -

Vybrant™ DyeCycle™ Violet V35003 Invitrogen - -

2.1.5 Enzymes

Table 5. Enzymes.

Name Company Cat.No.

Agel-HF New England Biolabs R3552

BamHI-HF New England Biolabs R3136

BsrGI-HF New England Biolabs R3575

EcoRI-HF New England Biolabs R3101

EcoRV-HF New England Biolabs R3195

KpnI-HF New England Biolabs R3142
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Ncol-HF New England Biolabs R3193

Pvul-HF New England Biolabs R3150

Tth111l New England Biolabs R0185

DNA Polymerase |, Large (Klenow) Fragment New England Biolabs M0210

T4 DNA Ligase New England Biolabs M0202

2.1.6 Kits & Reagents

Table 6. Kits and Reagents.

Name Company Cat.No.
Bioruptor® DNA QC kit DIAGENODE C40010002
ChIP-IT High Sensitivity® ActiveMotif 53040
Click-iT™ EdU Alexa Fluor™ 488 Flow Cytometry Assay Kit Invitrogen™ C10420
Click-iT™ Nascent RNA Capture Kit Invitrogen™ C10365
eBioscience™ Foxp3/ Transcription Factor Staining Buffer Set  Invitrogen™ 00-5523-00
Gateway™ LR Clonase™ Enzyme Mix Invitrogen™ 11791043
High Pure RNA Isolation Kit Roche 11828665001
High Sensitivity D1000 Reagents Agilent Technologies 5067- 5585
High Sensitivity D1000 ScreenTape Agilent Technologies 5067- 5584
High Sensitivity DNA Kit Agilent Technologies 5067-4626
NEBNext® Ultra™ Il DNA Library Prep Kit for lllumina® NewEngland/Biolabs E7645
NextSeq 500/550 High Output Kit v2.5 (75 Cycles) [llumina 20024906
NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles) lumina 20024904
NucleoSpin™ DNA Rapidlyse MACHERY-NAGEL 15795412
NucleoSpin® Plasmid EasyPure MACHERY-NAGEL 740727
Pierce™ BCA Protein Assay Kit Thermo Scientific™ 23227
Phusion® High-Fidelity DNA Polymerase New England Biolabs MO0530
QIAquick PCR Purification Kit QIAGEN 28104
QuantiNova SYBR Green PCR Kit QIAGEN 208052
QuantiTect® Reverse Transcription Kit QIAGEN 205311
Zymoclean Gel DNA Recovery Kit (uncapped) Zymo Research D4002

2.1.7 Bacterial Strain

Table 7. Bacterial Strain.

Name Source Genotype

E. coli One Shot™ StbI3™  Invitrogen™

proA2 rpsL20(StrR) xyl-5 A-leumtl-1

F-mcrB mrrhsdS20(rB-, mB-) recA13 supE44 ara-14 galk2 lacY1

2.1.8 FBS, Cell Lines, and Medium Culture

Table 8. FBS.

Name Company Cat.No.

Lot.No.
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Fetal Bovine Serum (FBS) Gibco™ 10270-106 42G9377K

Table 9. Insect Cell Lines and Medium Culture.

Name Origin Tissue  Source Description
S2R+  Drosophila Embryo External: Kindly provided by Dr. Ekatarina Seib, Received at passage 19
melanogaster Postdoc of Professor Thomas Klein's group.
Institute of Genetics, University of Disseldorf
Cell Culture Medium Cat.No. Cell Type Company
Schneider's Drosophila Medium* 21720024 S2R+ Gibco™

*Approximately 50 mL was kindly provided by Dr. Ekatarina Seib, Prof. Klein research group, Institute
of Genetics, University of Diisseldorf.

Table 10. Mouse Cell Lines and Medium Culture.

Name Origin  Tissue Genotype Source Description
Immortalized E13.5 Fibroblast ~ Ash2/"f; Internal shRNAp19ARF/bsR
Mouse mouse CAGGCre_ Litter Mate Embryos 4-Hydroxytamoxifen
Embryonic embryo ER (13.5 dpc) (HOT) inducible
Fibroblast Strain 004682: The conditional Knock Out
Ash2/ KO Jackson Laboratory
Name Origin  Tissue Genotype Source Description
Immortalized E13.5 Fibroblast Ash2l; Internal: Generated in this shRNAp19ARF/bsR
Mouse mouse CAGGCre_  study from iMEF cells N-FKBP-ASH2L /purR
Embryonic embryo ER dTAG-13 Inducible
Fibroblast KnockDown
Ash2/ KO Isolated Monoclones:
ASHZ2L-FKBP NB5-ND10-NG3
shRNAp19ARF/bsR

C-FKBP-ASH2L /purR
dTAG-13 Inducible
KnockDown

Isolated Monoclones:

CAl
Cell Culture Medium Cat.No. Cell Type Company
DMEM, high glucose, GlutaMAX™ 61965-026 MEF Gibco™
Table 11. Human Cell Lines and Medium Culture.
Name Origin Tissue Genotype Source Description RRID Number

293T  Human Epithelial-Like CAGGCre_ER Internal Contains SV40 T-antigen CVCL_0063
Kidney, Embryo

Cell Culture Medium Cat.No. Cell Type Company

DMEM, high glucose, GlutaMAX™ supplement, pyruvate  31966-021 HEK293T Gibco™
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2.2 Methods

2.2.1 Prokaryotic Cell Culture

LB-Agar plates: 1% (w/v) tryptone; 0.5% (w/v) yeast extract; 1% (w/v) NaCl; 1.5% (w/v) bacto agar
Antibiotic: 100 pg/mL ampicillin or 30 ug/mL kanamycin

LB (Luria-Bertani) medium: 1% (w/v) tryptone; 0.5% (w/v) yeast extract; 1% (w/v) NaCl
Antibiotic: 100 pg/mL ampicillin or 30 ug/mL kanamycin

SOB (Super Optimal Broth) medium: 2% (w/v) tryptone; 0.5% (w/v) yeast extract; 0.05% (w/v) NaCl

SOC (SOB with Catabolite repression): SOB; 20mM Glucose; 10 mM MgCly; 10 mM MgSO,
2.2.1.1 Bacterial Cultivation

For bacteria, two forms of solid and liquid culture were used in this study. For solid culture, an LB-
Agar plate containing the specific concentration of an antibiotic agent, corresponding to the bacterial
plasmid, was used. Spread plates were incubated at 37 °C for overnight (~16h) until the single
colonies were observable and ready for inoculation. LB medium containing the corresponding
antibiotic was used for liquid culture of bacteria, and plasmid preparation (Mini/Maxi). Bacteria were
grown in LB medium in a test tube or Erlenmeyer Flask at 37 °C in a shaker incubator at 160 round
per minute (RPM). Bacteria were harvested once the turbidity of the culture reached 0.6 ptical
density (OD) at 600 nm.

2.2.2 Eukaryotic Cell Culture

1X PBS (Phosphate Buffered Saline)
140 mM NaCl; 2.6 mM KCl; 2 mM Na;HPO,; 1.45 mM KH,POg4; pH 7.4

FBS (Fetal Bovine Serum), heat-inactivated (Gibco™)
Trypsin/EDTA (0.05 %) (TrypLE™ Express, phenol red Gibco™)

P/S (Penicillin 10,000 U/mL + Streptomycin 10 mg/mL) (Gibco™)
2.2.2.1 Drosophila Cells

Cultivation
Schneider's Drosophila Medium (Gibco™)

Drosophila S2R+ cell lines were cultivated in Schneider medium (kindly provided by Dr. Ekatarina
Seib, Prof. Klein research group, Institute of Genetics, University of Dlsseldorf) supplemented with
10% (v/v) FBS and 0.5% (v/v) P/S at 25°C. The semi-adherent cells were grown in T-75 flasks in 10 mL
of medium. Passaging was performed every 3-5 days when the cells became over 90% confluent. To
passage the cells, they were resuspended in the medium by pipetting up and down until they were
all detached. Subsequently, a fraction of the cell suspension was transferred to a new T-75 flask with
fresh medium, in a ratio dependent on the purpose of the experiment

Freezing and Thawing
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Cryoconservation medium: 50% Schneider Medium; 40% heat-inactivated FBS; 10% DMSO

For long-term conservation cells were detached from a T-75 flask after reaching 80-90% confluency
using pipetting and re-suspending cells. The cells were pelleted at 500xg for 3 min at 4 °C. The old
medium was removed and a number of ~1 X 107 cells per mL was re-suspended in cryoconservation
medium and transferred to a cryo-tube (Nalgene). Tubes were then stored at -80°C in a freezing
container filled with isopropanol or a Styrofoam box for 3-5 days until they were transferred to -150
°C for long-term storage.

For thawing, the cryo-tubes were quickly half-thawed in a 37 °C water bath and promptly transferred
into a 10 mL centrifuge tube containing a pre-warmed medium. The cells were pelleted at 500xg for 3
min at 4 °C. Then, the medium was discarded and the cells were re-suspended in the fresh, pre-
warmed medium before being transferred to a new T-75 flask.

Seeding

The semi-adherent cells were detached by pipetting up and down. Then, the cell concentration of the
suspension was determined using Trypan Blue Exclusion with a Neubauer cell chamber (Depth: 0,1
mm) using the following formula:

Viable cell count : )
——— X Dilution Factor x Hemocytometer factor {(10,000) % currnt volume(ml) = viable cell yield
Square number

The required number of cells was then seeded or harvested dependent on the purpose and stage of
the experiment.

2.2.2.2 Mouse Cells

DMEM (Dulbecco’s Modified Eagle Medium), high Glucose, GlutaMAX™ (Gibco™)
Puromycin - Dihydrochloride BioChemica, 8 pg/mL (Applichem)
Cultivation

Immortalized Mouse Embryonic Fibroblast (iMEF, and iMEF dTAG clones) cells were cultured in
DMEM supplemented with 10% (v/v) FBS and 1% P/S (v/v) (Full cell culture medium) at 37 °C in a
humidified incubator at 5% CO,. Cells were grown in different sizes of cell culture plates including 96-
well, 24-well, 6-well, 6 cm, 10 cm, and 15 cm based on the purpose of the experiment. Cells were
kept in the corresponding volume of medium corresponding to each plating area until they reached
the desired confluency. For regular cell culture maintenance, cells were passaged every 2-4 days in a
1:3-1:5 ratio. For passaging, cells were first washed with 1X PBS and incubated in Trypsin/EDTA for <5
min in a 37 °C incubator until they were detached from the plate. Then, the trypsinization was
stopped by adding 5-10 folds volume of fresh medium to the plate. Cells were then re-suspended in
the medium and a fraction of the cell suspension was transferred to a new plate (the ratio was
dependent on the purpose and time scale of the experiment/treatment). For harvesting, the cell
suspension was centrifuged at 500xg, for 3 min at 4 °C and the pellet was processed accordingly to
the desired experimental protocol. The stable iMEF single cells (referred to as iMEF dTAG clones),
constitutively expressing ASH2L-FKBP were cultured in full medium supplemented with 8 pg/mL
puromycin (Applichem) selection marker.

Freezing and Thawing
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Cryoconservation medium: 90% heat-inactivated FBS; 10% DMSO

For long-term conservation cells were detached from a 10 cm plate after reaching 80-90% confluency
using trypsinization. The cells were pelleted at 500xg for 3 min at 4 °C. The old medium was removed
and the pellet was re-suspended in 1 mL of cryoconservation medium and transferred to a cryo-tube
(Nalgene). Tubes were then stored at -80°C in a freezing container filled with isopropanol or a
Styrofoam box for 3-5 days until it was further moved to -150 °C for long-term storage.

For thawing, the cryo-tubes were quickly half-thawed in a 37 °C water bath and promptly transferred
into a 10 mL centrifuge tube containing a pre-warmed medium. The cells were pelleted at 500xg for 3
min at 4 °C. Then, the medium was discarded, and the cells were re-suspended in the fresh, pre-
warmed medium before being transferred to a new 10 cm cell culture plate.

Seeding

Cell counting was performed with the CASY cell counter (OMNI Life Science) using a cell type-specific
program. Cells were detached by trypsinization and re-suspended in a 10 mL medium. Then, a 50 uL
of cell suspension was diluted in 10 mL (1:200 dilution) CASY ton prior to measurement. The diluted
sample was then inverted gently and measured by the CASY machine.

The following CASY program was used for different iMEF/ iIMEF dTAG Clones:

Table 12. CASY Cell Counting Programs.

Cell Line Capillary Program Number*
iMEF 1 19
iMEF — NG3 3 6

* The numbers are internally generated for different capillaries.
Isolation of Monoclonal Cell Lines

Untreated transduced iMEF cells from chapter 2.2.3.2 express both endogenous mAsh2| and
exogenous hASH2L-FKBP. In order to eliminate the endogenous expression and pick cells with an
equal level of exogenous protein expression, monoclonal isolation via a limiting dilution protocol was
applied. Initially, transduced iMEF pools were treated with 5 nM of HOT for 3 days in order to excise
the endogenous Ash2/ exon 4 genomic sequence. The resulting treated KO pools were then
suspended in a 1:2 dilution of fresh and conditioned iIMEF medium supplemented with 8 pg/mL
puromycin. The final concertation of 50 cells/10 mL was distributed into a 96-well plate (100 ul in
each well) and stored for ~2 weeks to let the cells recover. The very first well was seeded with a
higher number of cells, to aid in the focal adjustment of the microscope. The 96-well plate was
checked every 3 — 4 days to monitor the growth of the recovered cells. The growing clones were then
transferred into 48-well, 24-well, 6-well, and finally 10 cm plates. A fraction of cells was kept for
expression analysis and the rest of the cells were cryoconserved at -150 °C. Isolated monoclonal cell
cultures were checked for the deletion of exon 4 of the endogenous Ash2l KO on a genomic and
protein level. As the second criterion, clones with an equal expression level of exogenous fusion
protein ASH2L-FKBP were further selected. The final selected clones are as below:

Table 13. Isolated Monoclonal Cells.

Maternal iMEF Pool Derived Monoclonal Cultures Used in This Study
iMEF NdTAG-hASH2L-FKBP NB5, ND10, NG3
iMEF CdTAG-hASH2L-FKBP CA1 (Isolated by Malte Benje)
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2.2.2.3 Human Cells

DMEM (Dulbecco’s Modified Eagle Medium), high Glucose, GlutaMAX™, + pyruvate (Gibco™)
Cultivation

HEK293T cells were cultured in DMEM supplemented with 10% (v/v) FBS and 1% P/S (v/v) (Full Cell
Culture Medium) at 37 °C in a humidified incubator at 5% CO,. Cells were grown in 10 cm plates with
a 10 mL medium for transfection purposes. Cells were kept in culture until they reached the desired
confluency. For regular cell culture maintenance, cells were passaged every 2-3 days at a 1:5 ratio.
For passaging, cells were first washed with 1X PBS followed by the addition of Trypsin/EDTA to the
plate. Cells were detached applying a few times shaking/tapping. Then, the trypsinization was
stopped by adding 5-10 folds volume of fresh medium to the plate. Cells were then re-suspended in
the medium and a fraction of the cell suspension was transferred to a new 10 cm plate (the ratio was
dependent on the purpose and time scale of the experiment). For harvesting, the cell suspension was
centrifuged at 500xg, for 3 min at 4 °C and the pellet was processed according to the specific
experimental protocol.

Freezing and Thawing
Cryoconservation medium: 90% heat-inactivated FBS; 10% DMSO

For long-term conservation cells were detached from a 10 cm plate after reaching 80-90% confluency
using trypsinization. The cells were pelleted at 500xg for 3 min at 4 °C. The old medium was removed
and the pellet was re-suspended in 1 mL of cryoconservation medium and transferred to a cryo-tube
(Nalgene). Tubes were then stored at -80°C in a freezing container filled with isopropanol or a
Styrofoam box for 3-5 days until it was moved to -150 °C for long-term storage.

For thawing, the cryo-tubes were quickly half-thawed in a 37 °C water bath and promptly transferred
into a 10 mL centrifuge tube containing a pre-warmed medium. The cells were pelleted at 500xg for 3
min at 4 °C. Then, the medium was discarded, and the cells were re-suspended in the fresh, pre-
warmed medium before being transferred to a new 10 cm cell culture plate.

Seeding

Cell counting was performed with the CASY cell counter (OMNI Life Science) using a cell type-specific
program. Cells were detached by trypsinization and re-suspended in a 10 mL medium. Then, 50 uL of
cell suspension was diluted in 10 mL (1:200 dilution) CASY ton prior to measurement. The diluted
sample was then inverted gently and measured by the CASY machine.

The following CASY program was used for HEK cells:

Cell Line Capillary Program Number*

HEK293T 1 6

* The numbers are internally generated for different capillaries.
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2.2.3 Gene Delivery Experiments
2.2.3.1 Bacterial Transformation

For bacterial transformation, a conventional heat-shock protocol was used. Various amounts of
plasmid DNA, depending on the purpose of the experiment (<50 ng for plasmid propagation, 10 pL of
LR reaction, 10 pL ligation reaction) were mixed with 100 uL of chemically competent bacteria, which
were thawed on ice shortly beforehand. The mixture was then incubated on ice for 30 min followed
by a heat shock at 42 °C for exactly 45 sec. Transformed bacteria were subsequently chilled on ice for
2-5 min prior to the addition of 900 puL room-temperature SOC medium. The bacteria were then
incubated at 37 °C for 1 h at a speed of 160 RPM. Next, the bacteria were spun down at 3000 RPM
for 2 min to discard 90% of the supernatant. Subsequently, they were re-suspended in the ~100 pL of
the residual medium and cultured using the spread plate method on agar plates supplemented with
the appropriate amount of antibiotic (See chapter 2.2.1.1).

2.2.3.2 Calcium Phosphate Transfection

1X HBS buffer: 17 mM HEPES; 138 mM NaCl; 5 mM KCl; 0.71 mM Na;HPO4; pH 6.95
1X HEPES buffer: 10 mM HEPES; 142 mM NaCl; 6.7 mM KCl; pH 7.3

2.5 M CaCl,

Transient Transfection- Overexpression in HEK293T Cells

HEK293T cells were seeded, and the transfection reaction was prepared according to the following
table.

Cell Number Transfection Reaction per Sample

7 —8x10°/ 10 cm Plate 220 pg Plasmid DNA (1:10 pH2B-YFP)*
1 day prior to the transfection reaction 950 uL 1X HBS Buffer
50 L 2.5 M CaCl,

* Each reaction was co-transfected with 2 pug of H2B-YFP plasmid to estimate the transfection
efficiency.

The next day after seeding the cells, a total of 20 ug of plasmid DNA(s) mixture was prepared and
thoroughly mixed with 950 pL of 1X HBS buffer by vortexing. Then, 50 pL of 2.5 M CaCl, was added to
the mixture while vortexing the tube. This solution was incubated at room temperature (RT) for 30
minutes. Later, it was distributed dropwise into the cell culture medium. The cell plate was swayed
gently and incubated at 37 °C incubator for 6 — 8 hours. Cells were then checked under a bright field
microscope to observe the formation of DNA-CaPQO, precipitants around the cell membrane. Cells
were then washed with 10 mL of pre-warmed 1X HEPES buffer for 10 min, and re-fed with 10 mL
fresh medium per 10 cm culture dish. Plates were then incubated overnight — 24h and checked for
green fluorescence of cell nuclei, originating from the co-transfected H2B-YFP control plasmid to
evaluate the transfection efficiency. Plates with >90% of green nuclei were picked for the
downstream experiments (expression analysis, and lentiviral vector production (Chapter 2.2.3.3)).
The table below shows the plasmid types and ratios for different transfection experiments for the
analysis of the specific protein expression levels.
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Plasmid Mixture Ratio Z 20 ug Harvesting Purpose

pH2B-YFP 2:20 Plasmid Expression Analysis
pLEX-305-N-dTAG 18:20
pH2B-YFP 2:20 Plasmid Expression Analysis
pLEX-305-N-dTAG-hASH2L-ATE-ABamHI  18:20
pH2B-YFP 2:20 Plasmid Expression Analysis
pLEX-305-C-dTAG-hASH2L-Nostop 18:20

2.2.3.3 Lentiviral Vector Production, and Transduction

The whole procedure of the production and the work with lentiviruses in this chapter was done in
the Safety Level 2 (S2) cell culture laboratory and stored there. After 2 — 3 passages, the cell cultures
were considered free of transduced viruses and were transferred to the Safety Level 1 (S1) cell
culture laboratory of the institute.

For lentiviral vector production, a third-generation packaging system was used. This system contains
three helper plasmids (pMDLg/pRRE, pRSV-Rev, pCMV-VSV-G, please see the table below).

A total of 20 pug of a mixture of helper plasmids plus transfer plasmid (Plasmid of interest) was
prepared according to the table below. An extra 1 ug of pH2B-YFP plasmid was added to the plasmid
mixture, to estimate the transfection efficiency. Co-transfection was done as previously mentioned in
chapter 2.2.3.2 according to the table below (Day 0).

Plasmid Mixture Ratio Function Harvesting Purpose
221 pg

pH2B-YFP 1:21 Control Plasmid Lentiviral Production
pMDLg/pRRE 6:21 Packaging Plasmid

pRSV-Rev 5:21 Packaging Plasmid

pCMV-VSV-G 2:21 Envelop Plasmid
pLEX-305-N-dTAG-hASH2L-ATE-ABamHI  7:21 Transfer Plasmid

pH2B-YFP 1:21 Control Plasmid Lentiviral Production
pMDLg/pRRE 6:21 Packaging Plasmid

pRSV-Rev 5:21 Packaging Plasmid

pCMV-VSV-G 2:21 Envelop Plasmid
pLEX-305-C-dTAG-hASH2L-Nostop 7:21 Transfer Plasmid

24h post-transection (Day 1) cells were checked for the green nuclear signal of the YFP plasmid.
Passing the transfection efficiency threshold (>90%) they were cultured for another day to increase
the viral titer. The next day (Day 2), the cell culture supernatant from HEK293T cells was collected
and passed through a 0.45 um PVDF filter. HEK293T cells were again fed with fresh medium and kept
in the incubator for another day (Day 3) to produce a second round of viral particles. iIMEF cells were
seeded so that a confluency of ~40% was reached a day prior to the transduction. The virus-
containing supernatant from day 2 was preferably used on the same day to transduce target iMEF
cells. For this purpose, the filtered HEK293T supernatant (from Day 2) was diluted 1:2 with a fresh
iMEF cell culture medium. To a final concentration of 8 pug/mL, Polybrene (neutralizing the charge
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repulsion between packaged viral vectors and cell surface) was added to the diluted medium mixture
and added to iMEF plates. After 6 — 8 hours of incubation, the medium on iMEF cells was refreshed
until the next day to allow the cells to recover from the viral infection. On the next day (Day 3), the
virus-containing medium from HEK293T cells was again collected and filtered through 0.45 um PVDF
filter, and again diluted 1:2 with fresh iMEF medium (containing 8 pg/mL Polybrene) and added to
the corresponding iMEF plate. HEK293T cells were harvested for plasmid expression check.
Transduced iMEF cells were then incubated for another 6 — 8 hours followed by a medium change for
recovery and incubated overnight. The day after the 2" transduction, iIMEF cells were split at a 1:3
ratio and allowed to grow for another day. Subsequently, a plate of transduced and non-transduced
(Control) iMEF cells were treated with 8 pug/mL of Puromycin (The selection marker within the
transfer plasmid backbone). The next day the number of dead cells in both sample and control cells
was evaluated under the microscope and the fresh medium supplemented with antibiotics was
added to the plates. This medium change and antibiotic selection was continued until there were no
more live cells visible in control plates (usually 2 — 4 days). The transduced iMEF pools were then
further cultured for expression analysis, cryoconservation, and the generation of monoclonal cell
cultures.

2.2.4 DNA-Related Experiments
2.2.4.1 Plasmid Propagation and Extraction

On a small scale, DNA plasmids were purified from 4 mL of bacterial culture using the NucleoSpin
Plasmid EasyPure Mini Kit (Macherey Nagel) according to the manufacturer’s instructions. On a large
scale, DNA plasmids were purified from 300 ml bacterial culture using the NucleoBond® Xtra Maxi Kit
(Macherey Nagel) according to the manufacturer’s instructions. Generally, the integrity of the
resulting plasmids was controlled by restriction digestion and if necessary, sequencing (chapter
2.2.4.2, and 2.2.4.8). The concentration and the purity of the plasmids were analyzed using the
NanoDrop™ 1000 (Thermo Fisher Scientific).

2.2.4.2 Restriction Digestion

Restriction digests were performed according to the respective instruction from the manufacturer
(NEB). To evaluate the overall integrity of a plasmid preparation, a reaction mixture with a final
volume of 25 pL was prepared to contain 0.5 L of the restriction enzyme and 0.5 — 1 pg of plasmid
DNA. To generate fragments of plasmids for cloning purposes, a 50 plL reaction mixture was used
containing 1 pL of the restriction enzyme and 1 — 3 pg of plasmid DNA. For double or multiple serial
enzymatic digestions, the protocol from the Restriction Enzyme Single/Double Digestion — NEBcloner
website (https://nebcloner.neb.com/#!/redigest) was applied. The digestion products were then
analyzed using 0.7 — 2% agarose gel electrophoresis.

2.2.4.3 Gel Electrophoresis

1X TBE buffer: 89 mM Tris base (pH 8.0); 89 mM Boric Acid; 2 mM EDTA
6X Gel Loading Dye, Purple, NEB #B7024S

Agarose Low EEO (Sigma); 0.7-2% (w/v)
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Ethidium Bromide: 0.5 pug/mL, Applichem
Molecular weight marker: GeneRuler™ 1 kb Plus DNA Ladder, MBI Fermentas

Agarose gel electrophoresis analyses were used to evaluate the Deoxyribonucleic Acid/Ribonucleic
Acid (DNA/RNA) preparations for different purposes: restriction digest (chapter 2.2.4.2), PCR reaction
(chapter 2.2.4.11), RNA extraction (chapter 2.2.5.1), and chromatin shearing (chapter 2.2.10.1)
experiments. DNA/RNA samples were diluted 1:6 with 6X loading dye and loaded on an agarose gel
(0.7 = 2%) supplemented with 0.5 pg/mL Ethidium Bromide. Gels were then run with 80 — 100 V for
30— 45 min in 1X TBE buffer. The nucleic acids were then visualized on a UV Trans-llluminator (E-BOX
VX2, Peglab, with A=302 nm wavelength at 70% intensity).

2.2.4.4 Agarose Gel DNA Recovery

After agarose gel electrophoresis of DNA fragments from restriction digests, desired DNA fragments
were excised from the agarose gel by a scalpel under UV light. Subsequently, the DNA was purified
using the ZymoClean™ Gel DNA Recovery Kit (Zymo Research) according to the manufacturer’s
instructions. The DNA was eluted in 10 pyL TE buffer and used for molecular cloning. This procedure
was specifically performed on the pENTR1A-hASH2L plasmid, double-digested with EcoRV and
Tth111l, to eliminate the excised interval fragment from the digestion reaction and avoid unwanted
ligation.

2.2.4.5 Klenow-Mediated DNA End Repair

To allow a T4-Mediated Blunt End Ligation (chapter 2.2.4.7) of DNA fragments with overhanging
ends, a treatment with the Klenow fragment of DNA Polymerase | was performed. The large (Klenow)
fragment possesses 5° —> 3’ polymerase and 3° —> 5’ exonuclease activity, which blunts the
overhanging ends resulting from restriction digestion. This end-repair reaction was performed
according to the manufacturer’s instructions in a total volume of 54 pL. This treatment was
performed on gel-extracted pENTR1A-hASH2L plasmid, double-digested with EcoRV and Tth111l, in
order to fill in the sticky ends of the Tth111I digestion reaction. This procedure was also performed
on pLEX305-N-dTAG-hASH2L-ATE-ABamHI to destroy the BamHI site inside the vector backbone and
generate an open reading frame of the gene cassette.

2.2.4.6 PCR Purification

A PCR purification kit was used to remove inhibitory components of the restriction digestion, like
nucleotides, enzymes, and buffers, prior to the ligation with T4 ligase. This step was performed on
the digested pLEX305-N-dTAG-hASH2L-ATE-ABamHI plasmid according to the manufacturer’s
instructions.

2.2.4.7 Blunt End Ligation

The T4-mediated blunt-end ligation reaction protocol was performed according to the
manufacturer’s instruction in a total volume of 20 uL. This procedure was performed on gel-
extracted double-digested pENTR1A-hASH2L (EcoRV and Tth111l) with blunt ends. This method was
also performed on the DNA fragment pLEX305-N-dTAG-hASH2L-ATE-ABamHI to religate the blunted
BamHI sites. 100 ng of vector backbone was used for this reaction. It was then incubated at RT for 2
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hours followed by heat inactivation at 65 °C for 10 min. 10 pL of the ligation reaction was
subsequently used to transform 100 pL of Stb/3 competent cells (chapter 2.2.3.1).

2.2.4.8 Gateway LR Reaction

A cloning method based on the sequence-specific recombination of the bacteriophage A is called the
“Gateway System” (Invitrogen). Specific attachment (att) sites are recombined by the recombinase
enzymes BP clonase and LR clonase. AttB (Expression Vector) and attP (Donor Vector) sites are
recombined by BP clonase to produce attL (Entry Vector) and attR (Destination Vector) sites, whereas
the resulting attL and attR are recombined by the LR clonase which generates attB and attP sites. The
sequence of interest is always between attB or attR arms, while the toxic negative selective ccdB
cassette is located between attP and attR sites. In the LR reaction, the toxic cassette of ccdB (from
Destination Vector, attR) is replaced with the gene of interest (from Entry Vector, attL). The LR
reactions were performed overnight at 25 °C in a final volume of 10 ul reaction volume according to
the manufacturer’s instruction. The whole LR reaction was used to subsequently transform 100 pL
competent Stbl3 bacteria (chapter 2.2.3.1). After plasmid preparation (chapter 2.2.4.1) the integrity
of the Gateway expression constructs was controlled by restriction digest (chapters 2.2.4.2, and
2.2.4.3). Using this cloning method, it is not necessary to sequence the resulting constructs as the
recombination reactions do not introduce sequence errors.

2.2.4.9 Plasmid Sequencing

The integrity of new vectors was controlled by Sanger Sequencing performed by Seqlab/Microsynth.
For this, 1.2 ug of plasmids in a volume of 12 ul were analyzed using the standard primers provided
by the company dependent on the plasmid backbone. If necessary, custom primers were directly
ordered from and synthesized by Seglab/Microsynth (chapter 2.1.1). The sequencing results were
analyzed with the SnapGene software (Licensed Version).

2.2.4.10 Genomic DNA Extraction

Genomic DNA was extracted from iMEF cells using the NucleoSpin™ DNA RapidLyse (Macherey-
Nagel™) kit according to the manufacturer’s instructions. To assess the quality and quantity of the
extracted DNA a NanoDrop 1000 Spectrophotometer was used.

2.2.4.11 Polymerase Chain Reaction

PCRs were performed to evaluate the genomic status of the Ash2l KO in iMEF and iMEF dTAG clones.
The floxed exon 4 region was amplified using forward and reverse primers, with the Phusion® High-
Fidelity DNA Polymerase (NEB) following the manufacturer’s instructions, in a reaction volume of 25
puL. An amount of 50 ng of template DNA was included in each reaction. The PCR program was
adjusted based on the polymerase instruction (see table below). The PCR product was analyzed via
agarose gel electrophoresis.

For the nested PCR, the same polymerase and PCR program were used (see table below), but the
template was a 1:10 dilution of the outer fragment PCR product.

Step Temperature Time

Initial Denaturation 98 °C 1 min
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Amplification 98 °C 10 sec
30 Cycles 60 °C 15 sec
72°C 15 sec
Final Extension 72 °C 2 min
Hold 4°C Forever

2.2.5 RNA-Related Experiments

There were several experiments performed on RNA samples extracted from cell cultures: 1) To
determine relative expression levels, total RNA was isolated followed by RT-gPCR measurements
(chapter 2.2.5.3); 2) To assess newly synthesized RNA, a Click nascent RNA method was employed
(chapter 2.2.10.2).

2.2.5.1 Total RNA Extraction

Total RNA was isolated from iMEF or iMEF dTAG clones using a High Pure RNA Isolation kit (Roche)
according to the manufacturer’s instruction. In case the isolated RNA would have to include also
short RNA fragments, the TRIzol reagent from ABP Biosciences was used. Based on the sample
volume, the RNA isolation with the TRIzol reagent was altered accordingly.

2.2.5.2 Complementary DNA (cDNA) Synthesis

For RT-gPCR, cDNA synthesis was performed on total RNA using the QuantiTect Reverse
Transcription Kit (QIAGEN) according to the manufacturer’s instructions.

2.2.5.3 Quantitative Polymerase Chain Reaction (qPCR)

For the determination of the relative expression of RNA transcripts and also for quantitative
measurements of immune-precipitated chromatin fragments (chapter 2.2.10.1), gPCR reactions were
performed using the QuantiNova SYBR Green PCR kit (QIAGEN) in a Rotor-Gene Q machine (QIAGEN).

The mouse GusB transcript level was used as a normalizer. The level of this transcript did not change
regardless of the genotype, or the treatments of the cell lines used. Primers were either purchased
from QIAGEN (QuantiTect Primer Assays) or designed using the NCBI primer designing tool. A primer
efficiency test was done for each primer pair. Only those with an efficiency above 90 % were
employed. The baseline threshold on the amplification plot was set at 0.01 to generate Ct values.
The calculations of gPCR were done based on the 2A-ACt-Control = ACtTest) £ormyla (Livak & Schmittgen,
2001).

In the gPCR reactions following chromatin-immunoprecipitation (chapter 2.2.10.1), input DNA
(protein-digested total chromatin DNA) was used as a normalizer. Since the input DNA was diluted
concerning the chromatin amount used for IP, this had to be taken into account while calculating the
result of the experiment as % input.

Adjusted Input Ct = Input Ct - Log, (Dilution Factor)

In general, the gPCR reaction was prepared in 10 pL volume according to the following table:

28



Component Vol. | Final | Comments
(uL) | Conc.
2X QuantiNova SYBR Green Master Mix | 5 1X
Forward & Reverse Primer Mix 1 1 uM | RTgPCR: 1:10 dilution of the QuantiTect Primer Assays
ChIPgPCR: 10 uM stock solution
Template 2 - RTgPCR; 1:3 — 1:5 diluted cDNA
ChIPgPCR; 1:5 - 1:10 diluted IP-DNA or Input DNA
Nuclease-Free Water 1 -

Two different sets of gPCR profiles were applied for the RTqPCR and ChIPqPCR reactions respectively:

Table 14. RNA RT-gPCR Profile.

RT-qPCR Profile

Hold Hold @ 95°C, 3min

Cycling (40 repeats) Step 1: Hold @ 95°C, 10s

Step 2: Hold @ 60°C, 10s

Step 3: Hold @ 72°C, 10s, acquiring to Cycling A([Green])

Melt Ramp from 57°C to 95°C

Hold for 90s on the 1st step

Hold for 5s for the following steps, acquiring to Melt A([Green])

Table 15. ChIPgPCR Profile.

ChIPqPCR Profile

Hold Hold @ 95°C, 2min

Cycling (40 repeats) Step 1: Hold @ 95°C, 10s

Step 2: Hold @ 61°C, 10s

Step 3: Hold @ 72°C, 5s, acquiring to Cycling A([Green])

Melt Ramp from 60°C to 95°C

Hold for 90s on the 1st step

Hold for 5s for the following steps, acquiring to Melt A([Green])

2.2.6 Protein-Related Experiments

Protein extraction from cell lysate was mainly done with the purpose of expression level
measurements of protein upon different treatments.

2.2.6.1 Eukaryotic Cell Protein Lysate Preparation

RIPA Buffer: 10 mM Tris base, pH 7.4; 150 mM NaCl; 1% NP-40; 1% deoxycholate; 0.1% SDS
1% SDS Lysis Buffer: 10 mM Tris base, pH 8.0; 1% SDS; 1 mM EDTA

Protease Inhibitor Cocktail (PIC, Sigma): Contains AEBSF, Aprotinin, Bestatin, E-64d, Leupeptin, and
Pepstatin A
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Lysate preparation was performed on a cell culture sample. First, the cells were washed with 1X PBS
to remove the old medium, then detached from the plate using trypsinization or resuspension. The
cell pellet was then spun down using a centrifuge at 4°C, 500xg for 3-5 min. RIPA lysis buffer
supplemented with 1X PIC was added to the cell pellet (100-300 pL RIPA based on the pellet size
from a 10 cm plate). The pellet was pipetted up and down, and the mixture was incubated on ice for
approximately 30 min. After the lysis reaction, the released DNA was sheared using a water bath
sonicator at 70% amplitude for an overall time of 5 min with a 30s/30s pulse. The tubes were then
centrifuged at 4°C for 30 min at 20,000xg, and the supernatant (lysate) was transferred into clean
tubes. The total protein concentration of the lysates was measured using a Pierce™ BCA Protein
Assay Kit according to the manufacturer's instructions. The lysates were then used for immuno-
blotting of different proteins

2.2.6.2 Sodium Dodecyl-Sulfate Poly-Acrylamide Gel Electrophoresis (SDS-PAGE)

2X Sample Buffer (2X SB): 160 mM Tris-HCl, pH 6.8; 20% (v/v) glycerol; 10% (v/v) SDS; 0.5%
bromophenol blue; 8% (v/v) B-mercaptoethanol

4X Sample Buffer (4X SB): 320 mM Tris-HCl, pH 6.8; 40% (v/v) glycerol; 8% (w/v) SDS; 0.5%
bromophenol blue; 16% (v/v) B-mercaptoethanol

SDS Running Buffer: 25 mM Tris base, pH 8.3; 250 mM glycine; 0.1% (w/v) SDS
Protein Ladder VI: 10 - 245 kDa (AppliChem)

Proteins can be separated according to their molecular weight by denaturing, discontinuous SDS-
PAGE. SDS_PAGE was performed using the Mini-PROTEAN Tetra Cell system (Bio-Rad). The gels
consisted of a 5% polyacrylamide (PAA) stacking gel and for the separation gel, the PAA concertation
varied from 7.5% to 20%, depending on the molecular weight of the proteins. The samples were
mixed with 2X SB or 4X SB (depending on the volume limitation) to a final concentration of 1X SB and
denatured at 95°C for 5 min. A protein size marker was used to allow the estimation of the molecular
weight of the proteins. The gels were run at 150-200 V until the running front reached the end of the
gel. The gels were immediately used for Western blotting (chapters 2.2.6.3-5).

2.2.6.3 Turbo-Western Blot

Semidry Transfer Buffer: 25 mM Tris base; 192 mM Glycine; 20% (v/v) Methanol
Amersham™ Protran® Western blotting membranes, nitrocellulose, 0.2 um pore size (Cytiva)
Ponceau S Solution: 0.05% (w/v) Ponceau S; 1% (v/v) Acetic Acid

For the immunodetection of proteins with specific antibodies after SDS-PAGE (chapter 2.2.6.2), the
proteins were typically transferred to nitrocellulose membranes using the semi-dry Western blotting
technique. The gel, 12 transfer stacks, and the membrane were equilibrated in semidry transfer
buffer for ~5 min. Afterward, everything was stacked from bottom (anode) to top (cathode) starting
with 6 bottom stack pads, blotting membrane, gel, and another 6 stack pads on a Semidry blotting
apparatus (Trans-Blot Turbo Transfer System, BIORAD). The transfer took place with High Molecular
Weight (10 min, 1 A, 25 V) or Mixed Molecular Weight program (7 min, 1 A, 25 V) from the
apparatus. Afterward, the loading equality and transfer efficiency was evaluated by staining the
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membrane in Ponceau S solution under gentle rocking for ~5 min. The blot was further used for
immunodetection of proteins and modifications via specific antibodies (chapter 2.2.6.5).

2.2.6.4 Tank-Western Blot

Histone Transfer Buffer: 48 mM Tris base pH 8.8 — 9.4; 39 mM Glycine; 20% Methanol
High Molecular Weight Transfer Buffer: 25 mM Tris base; 192 mM Glycine; 20% (v/v) Methanol
Whatman® Qualitative Filter Paper, Grade 3

In order to transfer proteins with high molecular weight and also histones with a higher pH transfer
buffer system, a wet/tank blotting was performed. The tank blot was performed using the Mini
Trans-Blot® Module (Bio-Rad). The two sponges, the gel, 6 filter papers, and the membrane were
incubated in an ice-cold tank blotting transfer buffer for a few minutes. The blotting cassette was
assembled from black to transparent side starting with a sponge, 3 filter papers, the gel, and the
membrane, 3 filter papers, and a sponge. The cassette was then placed into the blotting chamber
with black facing cathode. The frozen cooling element and a magnetic stirring were placed in the
blotting chamber and the blotting chamber was filled with an ice-cold tank blotting transfer buffer.
Then, the apparatus was placed in the cold room on a magnetic stirrer. While stirring, the transfer
took place at 60 V for 3 h for histones and 90 V for 2 h for large proteins. Afterward, the transfer
efficiency was evaluated by staining the membrane in Ponceau S solution under gentle rocking for 5
min. The blot was further used for immunodetection of proteins and modifications via specific
antibodies.

2.2.6.5 Immuno-Detection

1X TBS: 50 mM Tris base, pH 7.5; 150 mM NaCl
1X TBS-T: 0.05% (v/v) Tween-20 in TBS
Blocking Solutions: 5% (w/v) non-fat dry milk in 1X TBS-T or 5% (w/v) BSA pH 7 in 1X TBS-T

Following Semidry or Tank Western blot (chapters 2.2.6.3-4), the transferred proteins or
modifications were detected using specific antibodies. After Ponceau S staining, the blot was
incubated in a blocking solution (according to the primary antibody datasheet), agitating at RT for 1 h
to block nonspecific binding sites. The blocking solution was removed by washing three times with 1X
TBS-T for 5 min each. Thereafter, the primary antibody was added to the membrane in a dilution
specific to the antibody (according to the antibody datasheet) and incubated at 4°C, agitating
overnight. The next morning, following the removal of the excess, unbound antibody, the membrane
was washed three times in TBS-T for 5 min each. Thereafter, the secondary, HRP-coupled antibody
was added to the membrane in a dilution specific to the antibody (against the primary antibody
origin) and incubated at RT, agitating for 1 h. Again, to remove excess, unbound antibodies, the
membrane was washed three times with 1X TBS-T for 5 min each. The membranes were developed
using ECL solutions (SuperSignal™ West Pico PLUS Substrate or SuperSignal™ West Femto Maximum
Sensitivity Substrate, Thermo Fisher Scientific) with the WesternBright Quantum HRP substrate
(Advansta) and the Azure c600 (Azure Biosystems) for detection.
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2.2.7 Cell-Related Experiments

Tissue culture was performed using cell lines from humans, mice, and insects. The experiments
described in chapters 2.2.7.1 and 2.2.7.2 were mainly performed on mouse cell lines (iMEF and iMEF
dTAG clones) and human cell lines (HEK293T). In all of the experiments, the confluency of cells was
controlled to be between 70-80% at the time of harvesting (unless otherwise specified in detail).

2.2.7.1 Compounds Dose/Time Response Assessment

(2)-4-Hydroxytamoxifen (Referred as HOT in this thesis) (TOCRIS): 5 nM in Ethanol
dTAG-13 (TOCRIS): 100 nM in Ethanol
Lenalidomide (Abcr): 50 uM in DMSO

To induce the Ash2/ KO, a 3 — 7 day treatment with a final concentration of 5 nM HOT was
performed. For KO assessment, cells were treated for 5 days unless otherwise described in detail. For
transduced KO induction, transduced iMEF cells were treated for 3 days with 5 nM HOT and then
prepared for monoclonal isolation (chapter 2.2.2.2).

The chemical compound dTAG-13 with a final concentration of 100 nM was used to induce the FKBP-
ASH2L degradation in iMEF dTAG clones. The degradation dose/time dependency was confirmed via
immune-detecting the fusion protein in gradient-treated/time-course samples. In long-term
treatments, dTAG-13 was added every 24h to the cell culture dishes.

Lenalidomide was used as a competitive binding inhibitor for dTAG-13 in a final concentration of 50
UM (Otherwise, described in detail). In long-term treatments, lenalidomide was added every 48h to
the cell culture dishes.

2.2.7.2 Cell Proliferation Assay

A cell proliferation assay was conducted in three biological replicates, each consisting of three
technical replicates for iMEF and iMEF dTAG clones, to track the growth of cells and their response to
dTAG-13 treatment. 5 x 104 cells were seeded in a 6-well plate, and they were treated that same day
(Day 0). Trypsin was used to dissociate cells, which were then resuspended and counted using a CASY
machine every three days unless otherwise specified (chapter 2.2.2.2). A splitting ratio of 1:2—1:3 was
used for confluent cells, however, the same number of cells (1:1) were seeded back into treated
wells. The growth pattern of the treated cells was then determined using the cell counts, which were
multiplied by the splitting ratios.

2.2.8 Microscopy-Related Experiments

The general cellular morphology and growth patterns of all cell types were regularly examined using
the Inverted Phase Contrast Microscope (Olympus CK30), after seeding, passaging, and treating the
cells.

The transient transfection efficiency of HEK293T cells and the signal transmission of YFP expression
(chapter 2.2.3.2) were examined using the EVOS® FL microscope through the GFP channel (470 nm
excitation, 525 nm emission).
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The fluorescent signal from immunofluorescent-stained samples was detected using the OLYMPUS
IX50 Inverted Fluorescence Phase-Contrast Microscope (U_RFL_T Mercury Lamp). Images were
acquired using the coupled XM10 camera and dedicated software cell-F (Olympus) with a customized
acquisition system (same for all photos of the same experiment). A magnification of 60X objective
(with a drop of Immersol™ 518F, ZEISS) and the universal condenser phase ring at position 5 were set
for the imaging system. The DAPI signal was detected with the aid of UV light through the NU filter,
and the AlexaFluor488 signal was measured through the WIBA filter. Exposure time was set to 50
msec for DAPI and 500 msec for AlexaFluor488. The brightness was adjusted to 50% for all images.
Images were saved in TIF format with 72 dpi

2.2.8.1 Immuno-Fluorescent Staining

Fixing Solution: 4% Paraformaldehyde (PFA)

Permeabilization Solution: 0.2% Triton in 1X PBS

Blocking Solution/Antibody Diluent: 20% Horse Serum in 1X PBS

Nuclear Staining Solution: 1 pg/mL DAPI (ROTH)

Mounting Medium: 10% (w/v) Mowiol 4-88; 25% Glycerol; 0.2 M Tris Base pH 8.5; 2% (w/v) NaNs

A number of 5-6 x 10* cells from the NG3 cells were seeded on each sterilized coverslip in a 12-well
plate. The following day, the cells were washed three times with 1X PBS and then fixed with 600 pL
of 4% PFA per well, which was incubated at RT for 20 min. After fixation, the cells were washed three
times with 1X PBS and permeabilized by incubating with 500 pL of permeabilization solution at RT for
5 min. Cells were washed three times with 1X PBS, then blocked with 500 pL of blocking solution at
37 °C for 30 min before antibody staining. To do so, 60 puL of 1:100 diluted primary antibody was
dropped onto a piece of Parafilm sheet, and the coverslips were then stored upside down on the
respective drops of antibody at 37 °C in a moist chamber for 45 min. Afterward, the cells were
washed three times with 1X PBS. A volume of 60 pL of a 1:1000 dilution of secondary antibody
(against the origin of primary antibody) coupled with a fluorophore was added and incubated in a
moist-dark chamber, in the cold room overnight. The cells were washed three times with 1X PBS and
once with ddH,0 before the DNA was stained with 500 pL of 1 pg/mL DAPI (diluted in ddH,0) at RT
for 5 min. Finally, the coverslips were washed twice with ddH,O and mounted onto a microscope
slide with 10 uL Mowiol 4-88. The slides were stored horizontally at RT for 30 min and then
transferred to 4 °C in the dark until microscopy.

2.2.9 FACS-Related Experiments

Fluorescence-activated cell sorting (FACS) experiment was done to analyze the cell cycle distribution
and measure the DNA synthesis ability in treated iMEF dTAG clones. For FACS purposes, the cells
were harvested at a final confluency of 50-60% (To avoid the major effect of the contact inhibition).
The signal was acquired for 100,000 events per sample per experiment. The FACS Canto Il (BD
Bioscience, FACSDiva Software v9.0.1) machine is equipped with three Violet, Blue, and Red, with
excitation wavelengths of 405, 488, and 633 nm, respectively. Output raw data was saved in FCS file
format and analyzed with a licensed version of FlowJo software (BD Bioscience).
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2.2.9.1 Cell Cycle Distribution Assay

Fixation/Permeabilization Concentrate (4X): Diluted 1:4 in Diluent solution.
Permeabilization Buffer (10X): Diluted 1:10 in ddH,O0.

In order to analyze the cell cycle distribution of WT and time-course treated iMEF dTAG clones, the
eBioscience™ Foxp3/ Transcription Factor Staining Buffer Set (Invitrogen) in combination with
Hoechst 33258 or Vybrant Dyecycle Violet dye was used. Treated cells were harvested by
trypsinization and spun down at 500xg for 5 min at 4 °C. Cells were washed twice with 5 mL ice-cold
1X PBS at 500xg, for min at 4 °C. The pellet was then resuspended in 200 pL 1X PBS and 800 uL 1X
Fixation/Permeabilization Buffer, vortexed thoroughly, and incubated for 15 min at RT, protected
from light. Afterward, 2 mL of 1X Permeabilization buffer was added, and samples were directly
centrifuged at 380xg for 3 min at RT. Cells were then resuspended in 1 mL ddH,O with a final
concentration of 1 pg/mL of Hoechst 33258, or 5 uM Vybrant Dyecycle Violet dye and incubated at
37 °C for 30 min. The cell suspension was then split into three parts and transferred to separate FACS
tubes to generate three technical replicates for each biological replicate sample. Cells were then
prepared for FACS counting. Hoechst/Violet signal was acquired in the Pacific Blue channel in a linear
mode with a low speed. The percentage of the cell population in distinct phases of the cell cycle was
determined using a manual gating method. G1 gate width was considered the same as G2 gate width
(unconstrained), and the area under the curve was calculated as cell percentage.

2.2.9.2 EdU Incorporation Assay

1% Bovine Serum Albumin (BSA) in 1X Phosphate Buffered Saline (PBS), pH 7.1-pH 7.4

A Click-iT™ EdU Alexa Fluor™ 488 (AF488) Flow Cytometry Assay kit (Invitrogen) was used to analyze
the DNA synthesis ability of WT and a time-course treated NG3 cells. The protocol was mainly
followed as per the manufacturer’s instruction, with one adjustment: the labeling with AF488-
Conjugated EdU was done at a final concentration of 10 uM for 3 hours (3 hours before the
harvesting time point). The DNA content was then stained using Vybrant Dyecycle Violet dye (at a
final concentration of 5 uM) or Hoechst (diluted in ddH,0 with a final concentration of 1 ug/mL), and
then incubated for 30 min at 37 °C. The samples signal was then acquired at a medium speed, with
the following parameters:

Dye Channel Acquisition Mode
Hoechst 33258 Pacific Blue Linear (Lin)
DyeCycle Violet Pacific Blue Linear (Lin)
AF488 FITC Logarithmic (Log)

The percentage of FITC-Positive cells was determined using a manual gating method, with a
threshold set above the FITC signal from non-EdU treated samples.

2.2.10 Next Generation Sequencing Experiments

Next generation sequencing (NGS) methods were applied to further delineate the effects of the
corresponding treatment on a Genome-wide (GW) level in iMEF dTAG clones. The sequencing was
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done in collaboration with the Interdisciplinary Center for Clinical Research (IZKF)-Genomic core
facility. The following performed NGS experiments are described in detail.

2.2.10.1 Chromatin Immuno-Precipitation Followed by Sequencing (ChIP-seq)

Chromatin-Immunoprecipitation (ChIP) followed by sequencing was used to profile several
transcription-associated histone modifications on a GW scale. For this purpose, the ChIP-IT High
Sensitivity® kit (ActiveMotif) was used. The experiment was carried out according to the
manufacturer's instructions with a few adjustments as follows: 1) For nuclei isolation, 60-70 strokes
were applied using a 5 mL glass-dounce homogenizer with a tight (B) pestle. 2) The amount of
chromatin used per IP was 30 pg and 100 ug for histone marks and ASH2L, respectively. 3) Chromatin
shearing was conducted using the Bioruptor® Pico sonication device. 4) The sonication was
performed on 300 pL of chromatin aliquot in a 1.5 mL Bioruptor® Pico microtube with a cap, for 4-5
rounds of 10 cycles (each cycle was 30s sonication/30s pause), until the majority of chromatin
fragments were sheared down to ~200 bp. 5) Input DNA was precipitated using 2 uL of the carrier
(provided and instructed by the kit) and the addition of 2 pL glycogen (20 mg/mL) (I observed that
the reproducibility of the reaction and the quality of the precipitated input DNA noticeably
improved).

ChIP-seq was performed in two biological replicates for WT and time-course treated ND10
(H3K4me3) and NG3 (H3K4mel, H3K4me2, H3K27ac, and H3K27me3) clones. Final Input and IPed
DNA were sent to IZKF Genomic Core Facility for quality/quantity assessments. The concentration of
samples was measured using the Quantus™ Fluorometer. Sample quality control/fragment size
distribution was assessed using the Bioanalyzer system (Agilent). Samples were then indexed and
adaptor-ligated using NEBNEXT Ultra Il DNA Library Preparation Kit (NEB) according to the
manufacturer’s instructions. For all histone marks (except H3K27me3, known as broad histone mark)
a ~350 bp (200 bp chromatin fragment size + 120 bp two adaptors size) size selection step was
conducted prior to PCR library amplification. After PCR enrichment, samples were then PCR-cleaned
up and prepared for launching on the sequencer platform. Samples were sequenced on a NextSeq
550 (Illumina) system using a NextSeq 500/550 High Output v2.5 (75 Cycles) cartridge (Single-End).
The number of samples per cartridge was arranged in a way to provide a minimum of 40 — 50 M raw
reads per ChIP sample.

2.2.10.2 Click-Based Nascent RNA Sequencing (Click-iT 3’mRNAseq)

In order to measure the alteration of nascent transcripts in ASH2L-depleted cells, the Click-iT RNAseq
experiment was performed using the Click-iT™ Nascent RNA Capture Kit (Invitrogen). EU-modified
nucleotide pulse labeling was done at a concentration of 0.2 mM for two hours (Minus/Plus one hour
of the harvesting time-point). The experiment was conducted according to the manufacturer’s
instructions. After the final RNA pull-down, biotinylated RNAs were separated from the beads with
the aid of the TRIzol reagent. Isolated RNA samples from two independent biological replicates were
prepared and sent to the IZKF Genomic Core Facility. The concentration of samples was measured
using the Quantus™ Fluorometer. Sample quality control/fragment size distribution was assessed
using the Bioanalyzer system (Agilent). Isolated RNA samples with an RNA Integrity Number (RIN)
higher than 9 were validated for further sequencing analysis. Construction of cDNA libraries from
RNA samples was done using the Collibri™ 3" mRNA Library Prep Kit (Invitrogen). Samples were
sequenced on a NextSeq 550 (Illumina) system using a NextSeq 500/550 Mid Output v2.5 (75 Cycles)
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cartridge (Single-End). The number of samples per cartridge was arranged in a way to provide a
minimum of 20 M raw reads per 3’mRNAseq sample.

2.2.11 Statistical Analysis

Prism software (GraphPad) version 9 was used to perform the statistical analysis of the data. To
evaluate the distribution of cells in different phases of the cell cycle between the control and treated
groups, and to assess the null hypothesis in cell cycle analysis, a non-parametric Mann-Whitney test
was used. The p-values 0.05 *, 0.01 **, 0.001 ***, and 0.0001 *** were used to calculate

significance.
2.2.12 Bioinformatics Analysis
2.2.12.1 Computational NGS Data Analysis

Computational analysis was conducted by Dr. Mirna Barsoum to analyze the sequencing raw data.
The ChIP-seq analysis involved four distinct steps: pre-processing, alignment, normalization, peak
calling, and differential analysis. The demultiplexed raw FastQ files underwent quality control
assessment using the MultiQC tool. To map the low-divergent sequences of the ChIP-seq data against
mm9 mouse reference genome (H. Li & Durbin, 2009), the BWA software package was employed.
Normalization was then performed by scaling the data to the lower depth sample within a consistent
ChlP-seq dataset. The data was normalized to the lowest coverage in each comparison. The
normalized data was then used as input for the differential analysis using Deseg2. Subsequently, the
true peaks were identified using the MACS2 (Model-based Analysis of ChIP-seq) tool (Y. Zhang et al.,
2008). Finally, a comparative analysis of the identified binding regions was conducted using the
DESeq2 method (Love et al., 2014). The significance of the differential analysis was determined based
on a false discovery rate smaller than 0.05.

Computational analysis for 3’mRNAseq and Click-RNAseq was conducted by Dr. Mirna Barsoum,
involving a series of five essential steps: trimming, alignment, annotation, Spike-in normalization, and
differential analysis. Initially, the reads were subjected to trimming using Trim-Galore, a powerful
tool available at https://www.bioinformatics.babraham.ac.uk/projects/trim galore/. After trimming,

the reads were aligned to the mouse reference genome, with mm9 being used for 3'mRNAseq and
later mm10 for Click-RNAseq, employing the STAR alignment software (Dobin et al.,, 2013).
Subsequently, the aligned reads were assigned to the annotated genes within the respective
reference genome using FeatureCounts (Liao et al., 2014). For normalization purposes, the Spike-in
ERCC (External RNA Control Consortium, Invitrogen) counts were employed. Finally, the differential
analysis was performed using Deseq2. For more information, please visit the M&M section of
Barsoum et al., 2023.

2.2.12.2 Downstream NGS Data Analysis

The downstream analysis was performed on computationally generated data, curated by Dr. Mirna
Barsoum, from Next-Generation Sequencing (NGS) experiments. The gene ontology (GO) term
analysis was conducted using a functional enrichment web server
(https://biit.cs.ut.ee/gprofiler/gost) (Raudvere et al., 2019) on a list of RefSeq IDs for the genes of

interest. The enriched KEGG pathways were analyzed based on the Benjamini-Hochberg False
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Discovery Rate (FDR) value with a threshold of 0.01. A transcription factor enrichment analysis was
also performed using the Enrichr web-based tool based on the PWMs (Position Weight Matrix) of
TRANSFAC and JASPAR datasets (https://maayanlab.cloud/Enrichr/) (E. Y. Chen et al., 2013). Gene
names were used as input IDs, and only those transcription factors with an adjusted p-value less than

0.01 were selected for further analysis and plotting purposes. Additionally, a heatmap visualization
approach was employed using the gplots package library, Heatmap2 function, within the RStudio
environment (version 2023.3.0.386, R version 4.2.2) for the differentially analyzed data.

3 Results

In order to investigate the function of ASH2L as a core subunit of Histone 3 Lysine 4
methyltransferases, this study has utilized a rapidly-evolving PROTAC technology to implement a
quick-acting targeted protein degradation method.

Numerous experiments were conducted throughout this study to elucidate diverse facets of the
cellular and molecular functions of the ASH2L protein. The findings of these experiments were
categorized into five main sections. The first section details the procedure of generating inducible KD
cells utilizing dTAG degron system and expands on the isolation and confirmation of monoclonal cells
expressing ASH2L-FKBP® fusion protein. Furthermore, the second section describes the evaluation
of the cellular and molecular phenotypes of the induced-KD cells. Whereas in the third section, the
aim is to describe the NGS-based methodology used to investigate the role of ASH2L in maintaining
epigenetic homeostasis in immortalized mouse embryonic fibroblast (iMEF #"? ) cell lines. In the
fourth section of the study, the author presents the findings related to transcription analysis and
illustrates the key findings. Moving on to the fifth section, a comprehensive analysis is conducted to
examine the correlation between the results obtained from various NGS methodologies.

3.1 Generation and Characterization of PROTAC-Induced ASH2L KD iMEF Cells

Ash2l, also referred to as Absent, Small, or Homeotic discs 2-like, is a trithorax-group protein
member initially identified in Drosophila. It is known to play important roles in epigenetic regulation
of gene expression and maintenance of cellular homeostasis in Drosophila (lkegawa et al., 1999;
Kennison, 1995; Laleunesse & Shearn, 1995; Mazo et al., 1990) and mammalian cells (Dou et al.,
2006; Steward et al., 2006; Stoller et al., 2010).

Ash2| together with SET1 family catalytic subunits and several essential core components, including
WDR5, RBBP5, and a homodimer of DPY30, forms the KMT2 complexes (Steward et al., 2006). The
so-called KMT2 complex is able to deposit a methyl functional group to the Lysine 4 residue at the N-
terminal tail of the histone 3 protein present in the nucleosome structure predominantly located at
promoter regions. The resulting H3K4me3 histone mark is known to be linked to active gene
transcription (Bernstein et al., 2005; Lauberth et al., 2013).

Ash2| has been implicated in a variety of biological processes, including hematopoiesis, embryonic
development, and cancer progression (T. J. Chen et al., 2022; Luscher-Firzlaff et al., 2008; Liischer-
Firzlaff et al., 2019; Shah et al., 2019). However, the mechanism by which the disruption of Ash2|
results in abnormal cell proliferation and oncogenesis is not yet fully comprehended.

In prior studies carried out in Prof. Lischer’s laboratory to investigate the function of Ash2l in various
molecular and cellular aspects, a conditional KO system was employed to study the loss of function of
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Ash2] in iMEF cells (Bochyrska, 2023; Liang, 2016). In this system, a steroid-like compound called 4-
Hydroxytamoxifen (referred to as HOT system) was used to induce a recombination/excision reaction
between two flanking floxed arms located around both sides of the Ash2/ exon 4 genomic region.
This reaction results in an RNA frameshift and gain of a nonsense mutation within the Ash2/ locus,
leading to no protein production. This was achieved with the assistance of a constitutively expressed
Cre-ER fusion recombinase (Figure S1). After inducing the Ash2/ KO, caused by deletion of Ash2/ exon
4, cell proliferation ceased within 5 days, and global RNA transcription was deregulated. Additionally,
the cells developed a flat and enlarged morphology and showed positive staining for beta-
Galactosidase (beta-Gal), a known attribute of senescent cells (Bochynska et al., 2022). Due to the
extended half-life of the Ash2l protein, the investigation of the direct effects of Ash2l loss after a
complete knockout was limited to a slow pace of 5 to 7 days. This duration of time could be
confounded by other secondary and tertiary consequences of gradual protein loss, which may be
difficult to disentangle.

Hence, the current study tried to elucidate the mechanism underlying ASH2L dysregulation utilizing a
rapid and efficient PROTAC-inducible targeted protein degradation approach (referred to as the
dTAG system) based on the previously established maternal HOT cell system. The dTAG system with
the aim of targeted protein degradation was first described by Nabet and colleagues (Nabet et al.,
2018). A PROTAC compound (dTAG-13 here) is a heterobifunctional compound that possesses two
binding ligand sites connected by a linker molecule. It simultaneously binds to the FKBP™/®Y
degradable domain (12-kDa cytosolic prolyl isomerase engineered variant) fused N-terminally/C-
terminally to the human ASH2L protein, and the CRBN (Cereblon) receptor of an E3 ligase complex.
This interaction facilitates the proximity of the ASH2L-FKBP™¢" fusion protein to the ubiquitin ligase,
resulting in the addition of ubiquitin molecules and guiding the fusion protein toward the
proteasomal machinery for degradation (Figure 3).
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Figure 3: The Schematic of dTAG-13-Induced Degradation of ASH2L-FKBP™®V. A thalidomide-derived
heterobifunctional compound (dTAG-13) binds to the CRBN substrate receptor of the E3 ligase, connected

through a linker to a degron domain of the ASH2L-FKBP fusion protein. This interaction brings the fusion
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protein in proximity to the E3 ligase complex, resulting in the addition of the Ub group to the target protein
and, eventually, its degradation facilitated by dTAG-13. Adapted from Nabet. et al. Nat Chem Biol, (2018).

As outlined in the Methods chapter, HEK293T cell lines were transfected with gateway amenable
constructs containing a pLEX305 backbone that encodes for ASH2L tagged with FKBP™" at both the
N- and C- terminal, in addition to lentiviral packaging vectors (2" generation). The resulting lentiviral
particles were utilized to transduce maternal iMEF cells (Bochynska et al., 2022). Subsequently, iMEF
cells expressing ASH2L-FKBP3Y were selected for puromycin resistance, and the resulting transduced
iMEF cell pools were evaluated for the expression of the fusion protein (86.5 KDa for N-terminal
ASH2L-FKBP and 84 KDa for C-terminal ASH2L-FKBP) before monoclonal isolation was performed
(data not shown).

3.1.1 Monoclonal Cell Lines Isolation, Validation, and dTAG-13 Induced Degradation

Single-cell clones were isolated from transduced pools under KO induction conditions. The recovered
monoclonal cells (NB5, NG3, ND10; N-terminally tagged, and CA1l; C-terminally tagged) were
subsequently assessed for equal expression levels of exogenous fusion protein with the maternal
endogenous Ash2l. The clones were additionally examined for the nuclear localization of the ASH2L-
FKBP fusion protein, to validate their suitability for the study (Figure 4A, and B, and Figure S1).
Additionally, it was confirmed, using a conventional nested PCR approach, that the single-cell clones
efficiently lost their Ash2/ exon 4 genomic locus (Figure S1).

Afterward, single-cell clones were treated with the dTAG-13 compound to evaluate its dose and time
dependence. The treatment assay demonstrated very rapid and efficient induced degradation of the
ASH2L-FKBP fusion protein with the final selected dose of 100 nM of dTAG-13 as early as half an hour
(Figure 4). A western blot analysis was conducted on a dilution series of the cell lysate, which was
estimated to have an ASH2L-FKBP KD efficiency of equal or greater than 99.9% in the isolated single-
cell clones (Figure S2).
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Figure 4: Validation of Isolated Monoclonal Cells. (A) The untreated NG3 clone was fixated with 4% PFA on a
glass slide and stained with primary antibodies against HA and ASH2L. Nuclei were stained with DAPI, and the
cells were visualized using DAPI and AF488 setups with fluorescent microscopy, as detailed in Chapter 2.6.8.
The scale bar indicates 20 um. (B) Cell lysates prepared from NG3 and maternal iMEF cells treated with dTAG-
13 at serial concentrations, and with ethanol as the vehicle control, were used for western blotting. 20 ug of
each lysate was loaded for analysis. Treatment was carried out for 4 hours in cell culture for each
concentration. Actin served as an internal control, and an antibody against ASH2L was used for knockdown (KD)
evaluation. (C) Cell lysates prepared from NG3 treated with 100 nM dTAG-13 and ethanol as the vehicle control
were used for western blotting. Treatment was conducted in a time-course manner in cell culture. 20 pg of
each lysate was loaded for analysis. Actin served as an internal control, and an antibody against ASH2L was
used for KD evaluation. (D) Quantitative PCR was performed on RNA extracted from maternal iMEF treated
with HOT and vehicle control, ND10, and NG3 clone. Primers detecting exon 4 of Ash2] mRNA was used for the
reaction. The values were normalized to the determined housekeeping gene, Gusb. Two biological replicates,
each performed in two technical replicates per reaction, were considered for the maternal iMEF cells. Bars
indicate the standard deviation (SD) for the samples. All experiments were done by the author.

3.1.2 ASH2L-FKBP Expression Recovery with the Aid of Lenalidomide

The re-expression of knocked-down proteins is known as a valuable approach to study the dosage
effect of protein expression and confirm the discovered roles of the KD protein. Several PROTACs
(including dTAG-13) have been shown to be reversible in in vivo experiments and can be washed out
from cells (Fischer et al., 2014; Kiely-Collins et al., 2021; Nabet et al., 2018). However, in the present
study, the washout of dTAG-13 from iMEF cells was very slow as estimated from ASH2L-FKBP re-
expression (data not shown). Therefore, this study took advantage of using lenalidomide that shares
the properties of the dTAG-13 CRBN binding site (a Thalidomide-derivative). Thus, lenalidomide
competes with dTAG-13 for binding to CRBN but does not interact with ASH2L-FKBP. As a
consequence, ASH2L-FKBP expression recovered within one hour upon addition of 10 to 50 uM
lenalidomide (Figure 5, and Figure S3).
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Figure 5: The Rescue of ASH2L-FKBPF36V Expression. (A) A schematic of lenalidomide's mechanism of action
through competitive binding to the CRBN subunit of the E3 ligase complex. (B) Molecular structures of dTAG-13
and lenalidomide (a thalidomide derivative). (C) NG3 cells were treated for 24 hours with dTAG-13 or the
vehicle control. Another set of dTAG-induced cells for 24h were further treated with 50 uM lenalidomide for 1,
4, 8, and 24 hours. Total cell lysates were used for western blotting. Actin detection served as a loading control,
and an antibody against ASH2L was used to evaluate the re-expression of the fusion protein. 20 ug of each
lysate was loaded for analysis. The experiment in panel C was done by the author.

3.2 The Effects of ASH2L Loss on Cell Biological Aspects of KD-Induced iMEF
Single Cells

3.2.1 ASH2L Loss Impairs Cell Proliferation and DNA Synthesis Abilities in KD Clones

ASH2L is known to play a critical role in regulating gene expression during development and
differentiation. Several studies have shown that the deregulation of ASH2L correlates with abnormal
cell proliferation and cell cycle distribution in multiple cell types (Ali et al., 2014; Bochynska et al.,
2022; Campbell et al., 2019; L. Li et al., 2019; Lischer-Firzlaff et al., 2019; Mohammadparast &
Chang, 2022; Stoller et al., 2010; Z. Yang et al., 2014).

In previous studies, it was observed that Ash2/ KO in iMEF cells stopped proliferation and induced
cellular senescence five days after HOT treatment (Bochynska, 2023; Bochyriska et al., 2022). In the
current study however, it was demonstrated that the treatment of NG3 cells with 100 nM dTAG-13
resulted in a rapid and substantial inhibition of cell proliferation, with effects observed as early as
two days after treatment, as depicted in Figure 6A. Interestingly, lenalidomide-induced re-expression
of the ASH2L fusion protein reversed the effect of dTAG-13 treatment. Cells resumed proliferation
within three days after treatment (from day 6 to day 9). Flow cytometry analysis was conducted to
investigate cell cycle distribution (Appendix 1, and 2). The results showed a tendency to
accumulation of cells in the G1 phase after day 1 of treatment, which increased slightly on days 2 and
3. Thus, this did not result in any specific cell cycle arrest, as shown in Figure 6B.

However, the reduction by half in the number of cells in S phase raised the question of whether the
decrease of DNA synthesis is attributable to the loss of ASH2L before ceased proliferation. To
investigate this possibility, a further analysis was performed using flow cytometry and staining for 5-
ethynyl-2'-deoxyuridine (5-EdU) incorporated into the newly synthesized DNA. The results, depicted
in Figure 6C, showed that the loss of ASH2L did not significantly affect DNA synthesis ability at 8h
treatment, but a significant reduction was observed after 1 day of dTAG-13 treatment.

As demonstrated in this study for NG3 and other single-cell clones (Figure S4) and previously
reported (Barsoum et al., 2023; Bochyniska et al., 2022), loss of ASH2L is associated with loss of cell
proliferation. The dTAG-induced clones (also referred to as KD clones in this study) exhibit impaired
DNA synthesis and tend to accumulate in the G1 phase. These effects can be reversed upon
lenalidomide-induced restoration of the ASH2L-FKBP fusion protein (Figure S4).
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Figure 6: Loss of ASH2L Leads to Ceased Cell Proliferation and Impaired DNA Synthesis Ability. (A) NG3 cells
were treated with the vehicle control or 100 nM dTAG-13 for a period of 12 days. Every 3rd day, the cells were
detached, counted, and seeded back into the cell culture plates. A subset of cells was initially treated with
dTAG-13 for 6 days, followed by 10 uM lenalidomide treatment for an additional 6 days. The experiment was
performed in three biological replicates, with each replicate measured three times. Error bars indicate the SEM
for the samples. (B) NG3 cells were treated with the vehicle control or 100 nM dTAG-13 for a time course of 1,
2, and 3 days. Cells were fixed and stained with DyeCycle Vybrant Violet. The cell cycle phase distribution
histogram was obtained with FACS and analysed with Flowlo software. The experiment was performed in three
biological replicates, each containing three technical measurements. Error bars indicate the SEM for samples.
Significance was assessed using the Mann-Whitney test, and asterisks represent a p-Value < 0.0001 (****). (C)
NG3 cells were treated with the vehicle control or 100 nM dTAG-13 for 8 and 24 hours. The cell culture was
treated with 5-EdU for three hours according to chapter 2.6.9.2. The cells were then fixed and labelled with
AF488 dye and stained with DyeCycle Vybrant Violet for DNA content. The reactions were then measured in
three biological replicates, each containing three independent measurements using the FACS machine. Error
bars indicate the SEM for the samples. Significance was assessed using the Mann-Whitney test, and asterisks
represent a p-Value < 0.0001 (****), and "ns" indicates p-Value > 0.05. All the experiments were done by the

author.

3.2.2 Loss of ASH2L Leads to a Global Deregulation of Transcription-Associated Histone
Marks

ASH2L, a component of the KMT2 complex, is crucial for the deposition of the active promoter
histone mark H3K4me3 (Shilatifard, 2012). As expected, the knockdown of ASH2L in NG3 cells
resulted in a significant reduction in H3K4me3, indicating a 50% depletion of this histone mark after 2
hours treatment (Figure 7). However, upon treatment with lenalidomide, the recovery of lost
H3K4me3 was slow (Figure S5). This suggests that the demethylation process is potentially facilitated
by demethylase enzymes and occurs faster than the gain of enzymatic activity upon re-expression of
the ASH2L-FKBP fusion protein. Conversely, the effect of ASH2L knockdown on declined H3K4mel
levels are slower and emerge at a later time point (Figure 7, Figure S5). This suggests that the loss of

42



the ASH2L component affects the catalytic activities of the KMT2 complexes at different levels, with
the monomethyltransferase activity being less sensitive than the trimethyltransferase activity. This
could also potentially be due to differences in their corresponding lysine demethylase activities.

Moreover, active genes are typically marked by both H3K4me3 and H3K27ac (lgolkina et al., 2019;
Ullius et al., 2014; W. Zhao et al., 2021), with H3K27ac also being an "activating mark" found at
enhancer regions that regulate gene expression (Creyghton et al., 2010; Dorighi et al., 2017).
Subsequently, this mark appears to be affected by the loss of ASH2L at late time points (Figure 7).

On the other hand, H3K4me3 and H3K27me3 are two opposing histone modifications in gene
regulation, where H3K4me3 is associated with active gene transcription and H3K27me3 with gene
repression (Blanco et al.,, 2020). Interestingly, these two marks can coexist at certain genomic
regions, forming a bivalent chromatin state. This bivalency has been observed in pluripotent stem
cells, where genes important for differentiation are kept in a poised state until the cells receive
appropriate differentiation signals (Bernstein et al., 2006; Blanco et al., 2020). However, no
significant global change in the H3K27me3 level was observed within the experimental time frame
(Figure 7).
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Figure 7: Deregulation of Transcription-Associated Histone Marks in Response to ASH2L. On the left panel:
NG3 cells were treated over a time course with 100 nM dTAG-13 or the vehicle control for 48 hours. Total cell
lysates were utilized for western blotting. Actin detection served as a cell lysate loading control, and an
antibody against ASH2L was employed to assess the expression of the fusion protein. Antibodies against
various histone modifications were used to determine the global levels of H3K4me3, H3K4mel, H3K27ac, and
H3K27me3. H3 expression served as a histone loading control. 5 pug of each lysate was loaded for analysis. On
the right panel: Quantification was applied to the H3K4me3 blot. The H3K4me3/H3 ratio was calculated based
on the band intensities using Image J software. All the experiments were done by the author.

3.2.3 dTAG-13 Induced Degradation of ASH2L-FKBP Has A Slight Effect on ASH2L
Interactors Protein Level

Utilizing a PROTAC system, a question arises as to whether ubiquitination can occur on POls that are
part of a complex.

It has been studied that the E2 ubiquitin ligase adds the Ubiquitin at approximately 46° (~4.5 nm) to
another protein in its proximity, in a closed conformation (Branigan et al., 2020). However, the
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distance between the ASH2L and SET subunit in the KMT2 complex has been calculated in the Cryo-
EM structure to be about 21-30° (2-3 nm) (Y.-T. Lee et al., 2021). To address this, a blotting analysis
was performed to detect alterations in the protein level of some of the main interactors of ASH2L,
such as WRAD components. A slight decrease in the protein levels of Wdr5 and Rbbp5 was detected
(Figure 8, Figure S6). However, this was mainly observed at later time points, which could be
attributed to the overall adverse effects of ASH2L loss on the cell's total transcriptomic or proteomic
content. The MYC oncogene has been reported to regulate gene expression by interacting with KMT2
components such as ASH2L (Ullius et al., 2014) and WDR5 (Thomas et al., 2015). However, Myc
expression analysis revealed only a slight increase in the protein level (Figure S6), which is somewhat
surprising knowing that the proliferation stops after 2 days treatment.
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Figure 8: The Response of KMT2 Components Occurs Later Following dTAG-13 Treatment. NG3 cells were
treated over a time course with 100 nM dTAG-13 or the vehicle control for 72 hours. Total cell lysates were
utilized for western blotting. Actin detection served as a cell lysate loading control for Rbbp5 blot membrane.
Tubulin detection served as a cell lysate loading control for Wdr5 blot membrane and an antibody against
ASH2L was employed to assess the expression of the fusion protein. 20 pug of each lysate was loaded for
analysis. All the experiments were done by the author.

3.3 ASH2L Loss Impacts Genome-Wide Distribution of Transcription-
Associated Histone Marks

Epigenetic marks refer to modifications of DNA and histone proteins that do not alter the primary
genetic sequence but have the ability to manage gene expression and impact various cellular
processes. These marks include DNA methylation, histone modifications, and non-coding RNA
molecules, all of which can impact gene expression in diverse ways. Understanding the mechanisms
by which these marks are established and maintained is critical for understanding normal
development and disease. This study aimed to investigate the changes in various histone marks in
response to the loss of ASH2L over time in order to determine the sequence of events. In pursuit of
this goal, the study utilized a ChIP-seq to examine and analyze the resulting changes.

3.3.1 ASH2L Induced-KD Leads to a Decrease of H3K4me3 at Promoters in NG3 Cells

H3K4me3 facilitates transcription by enabling the recruitment of proteins necessary for
transcriptional initiation (Lauberth et al., 2013; van de Lagemaat et al., 2018). "Reader" proteins
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recognize the H3K4me3 modification and assist in the recruitment of components of the
transcriptional machinery to the promoters (Beacon et al., 2021; Nishioka et al., 2002; Vermeulen &
Timmers, 2010).

To further investigate H3K4 methylation, ChIP-seq analysis targeting the H3K4me3 mark was
performed in WT and dTAG-13 treated NG3 cells. A heatmap was generated to visualize the signal
distribution 3 kb upstream and downstream of the TSS of all mm9 transcripts, which revealed a
considerable decrease in the average signal intensity within the aforementioned window at 2 hours
post-treatment (Figure 9A). The differential analysis identified 1067 (2h KD), 7249 (4h KD), 15373 (8h
KD), and 16859 (16h KD) binding sites with Log2FC<-0.58, and FDR<0.05, which were designated as
loss peaks and plotted in the depicted MA plots (Figure 9B, and Table S1). A notable variability was
observed in the pace of H3K4me3 decrease at different promoters following the loss of ASH2L. The
examination of the TSS region of the relatively slow promoters revealed a complete loss of ASH2L
binding in a ChIPgPCR analysis (Figure S7A-B). This suggests that other mechanisms may be
responsible for maintaining the H3K4me3 mark at these slow promoters, than the persistence of
ASH2L binding after an induced KD.

A few gain peaks with a Log2FC>0.58, and FDR<0.05 were also observed at later time points, which
could be separated in two groups (Table S2). The first small group comprised peaks that initially
displayed a very low signal in IGV, mainly intergenic regions, potentially due to technical artifacts.
The second smaller group consisted of peaks located at the gene body or promoter of highly
enriched H3K4me3 genes (Sfil, Rn45s) that also remained resistant to ASH2L loss within the
examined time frame (Figure S7C).

A comparable ChlIP-seq experiment was conducted in a time series and assessed the reproducibility
of the data obtained from NG3 in the sister ND10 clone (Figure S8-10). However, owing to the low
sequencing depth, the number of peaks and the resolution of the differential analysis are
considerably lower than those of the NG3 experiment. Nevertheless, the overall results confirm the
findings discussed subsequently (ND10 results shown in Figure S7-10).

3.3.1.1 Genomic Annotation of the Deregulated H3K4me3 Binding Sites

To investigate the genomic distribution of the altered binding sites, two categories of genomic
locations were analysed: peaks within the 3 kb window upstream and downstream of the TSS, and
peaks located elsewhere in the genome (also referred to as intergenic regions). Grouping the
differential peaks based on their proximity to the TSS indicated that the majority of lost signals
occurred within the TSS window, suggesting a significant role of ASH2L and resulting H3K4me3 in
gene transcription. Conversely, a few gained peaks appeared to be randomly distributed in intergenic
regions (Figure 10A).

3.3.1.2 Characterization of the H3K4me3 Altered Promoters

CGls have been demonstrated to recruit TrxG and PxG (van de Lagemaat et al.,, 2018). A strong
correlation between H3K4me3 and CpG density at promoter regions in human and mouse cells has
also been suggested (Mikkelsen et al., 2007). CxxC zinc finger (ZF-CxxC) domain-containing proteins
such as CFP1, MLL1, MLL2, KDM2A, and KDM2B are also known to bind to CGls (Long, Blackledge, et
al.,, 2013). Hence, the question arises as to how susceptible CpG-rich promoters are to the loss of
ASH2L. To address this question, a comparison was made between promoters with altered H3K4me3
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binding sites and annotated CpG-enriched promoters (enriched within 1 kb upstream and
downstream of TSS). It has been postulated that approximately 70% of vertebrate promoters feature
a CGI (Long, Sims, et al., 2013; Saxonov et al., 2006). Based on the annotation of CpG-enriched
regions in mm9 curated by Dr. Mirna Barsoum, 12,595 promoters were identified to contain at least
one CGI at 1 kb window of the TSS (Table S3). However, the total number of promoters in mm9 is
37,311. In other words, approximately 33% of all mm9 promoters were counted as CGl-associated
promoters in mm9 genome. In order to investigate potential specific alterations in histone
modification patterns at CGl-associated promoters during the brief modulation period of ASH2L, a
comprehensive analysis was conducted involving the intersection of dysregulated promoters and
those associated with CpG Islands. Somewhat unexpectedly, despite the previously established
correlation between H3K4me3 and CGl-associated promoters (Mikkelsen et al., 2007), the proportion
of CpG promoters affected by the loss of ASH2L did not exhibit any remarkable enrichment in
H3K4me3-depleted promoter group. These observations indicate no noteworthy disparity in the
susceptibility of CpG promoters, compared to other promoters, to H3K4me3 mark depletion
following the loss of ASH2L (Figure 10B).

A GO Term and TF-enrichment analysis were conducted to uncover the functions and pathways
associated with the H3K4me3 loss promoters. The enriched KEGG pathway observed in the analysis
were consistent with the observed cell biological downstream effects of ASH2L loss, including cell
cycle, cellular senescence, and DNA replication (Barsoum et al., 2023; Bochynska et al., 2022) (Figure
10C). The analysis of transcription factor enrichment was performed on the list of the promoters that
exhibit a depletion of the corresponding mark within 3 kb upstream and downstream of the TSS. The
results confirmed the significant involvement of various transcription factors associated with cell
cycle regulation and CGl-associated gene transcription, such as SP1 (Holler et al., 1988) and EGR1
(zandarashvili et al., 2015) (Figure 10D). There has been a few studies indicating a probable gain of
repressive DNA methylation at CGls resulting from the loss of H3K4me3 (Balasubramanian et al.,
2012; Zardo, 2021). However the gain of DNA methylation may not be sufficient to silence the
respective promoter, given that these two transcription factors can bind to methylated CGls and
drive transcription (Huang et al., 1997; Kubosaki et al., 2009; Sun et al., 2019). It is important to note,
since the TF binding information has been derived from public databases, compelling experimental
data for their actual binding is lacking, and therefore it has to be further verified for drawing solid
conclusion.
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Figure 9: Loss of ASH2L Leads to Depletion of H3K4me3 at Promoter Regions. (A) NG3 cells were treated in a
time-course manner with 100 nM dTAG-13 and subjected to chromatin immunoprecipitation using an
H3K4me3 antibody, followed by sequencing (two technical replicates for each time point). The signal density
(merged from two replicates and normalized to RPM), mapped against the mm9 reference genome, is
represented as a heatmap in the figure. The distribution density is normalized between samples,
demonstrating the signal within a 3 kb window around the TSS regions of all genes. (B) For the differential
analysis performed on the deregulated peaks, an MA plot was generated (Y-axis: LogFC, X-axis: mean of
normalized reads). Differential peaks meeting the parameters with FDR<0.05 are shown in red. The

experimental procedure was done by the author, with computational analysis curated by Dr. Mirna Barsoum.
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Figure 10: Genomic Distribution of H3K4me3-Depleted Peaks Enriches for Promoter Regions. (A) Annotated
differential peaks from the ChlP-seq experiment were subjected to genomic distribution within windows of 1
kb, 2 kb, and 3 kb around the TSS, with another category for the ‘rest of the genome’. (B) An intersection
analysis was performed between the differentially annotated peaks within a 3 kb window of TSSs at each time
point and CGl-associated promoters. The promoters were categorized as CpG Enriched and Rest. (C) KEGG
Pathway analysis was performed on the annotated differentially peaks at different time points. The top-ranked
most significant pathways were plotted, with the Y-axis representing the negative Log(FDR). (D) Promoters
containing loss peaks (LogFC<-0.58 and FDR<0.05) within the 3 kb window of the TSS were subjected to TF
analysis based on the JASPAR and TRANSFAC databases. Significance was set to FDR<0.01 and plotted for each
time point. The differential analysis and annotation were curated by Dr. Mirna Barsoum. Distribution number
plotting, CGl-promoter intersection, KEGG analysis, and TF binding site analysis were done by the author.

3.3.2 ASH2L Induced-KD Results in Accumulation of H3K4mel Mark at Promoters and
Loss of the Mark at Intergenic Regions as a Later Consequence

H3K4me1l is a histone modification that is predominantly associated with enhancers (Froimchuk et
al.,, 2017). Its function lies in the regulation of gene expression by evicting the nucleosome at
enhancer regions, thereby enabling the recruitment of transcriptional activators (Kang et al., 2021).
However, H3K4mel can also be found at promoters and may play a role in regulating the accessibility
of chromatin and the recruitment of gene repressors (Bhagwat & Vakoc, 2014; Cheng et al., 2014).
Overall, the precise role of H3K4mel at promoters is still an active area of research and may vary
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depending on the specific context and cell type. H3K4mel is primarily deposited by the histone
methyltransferase MLL3/4 complexes which comprise ASH2L as a core subunit (Figure 1).

In order to investigate the role of ASH2L in monomethyltransferase activity, a ChIP-seq experiment
targeting H3K4mel was conducted in both WT and dTAG-13 treated NG3 cells. The signal distribution
at 3 kb upstream and downstream of the TSS of all mm9 transcripts was visualized using a heatmap,
which revealed a noticeable increase in the average signal intensity within the aforementioned
window at 4 hours post-treatment (Figure 11A). Differential analysis identified 26 (2h KD), 4270 (4h
KD), 6905 (8h KD), and 9634 (16h KD) binding sites with Log2FC>0.58 and FDR<0.05, which were
designated as gain peaks and plotted in the MA plots shown in Figure 11B (Table S4). On the other
hand, there were 2, 256, 4031, and 4916 loss peaks identified at 2h, 4h, 8h, and 16h time points,
respectively (Table S5). The genomic distribution of these differential peaks revealed that most of the
gain peaks were concentrated at the defined promoter window, whereas the loss peaks were at
intergenic regions (Figure 12A). It appears that the gain of the H3K4mel mark at the promoters
occurs faster and much stronger than the loss of the mark. This suggests that the accumulation of the
H3K4mel is an intermediate consequence of losing the dimethyl group of H3K4me3 in response to
ASH2L loss, while the loss of this mark at intergenic regions is due to the loss of
monomethyltransferase activity of the ASH2L-missing KMT2 complex. Nonetheless, H3K4mel
appears to be a more stable mark in response to ASH2L loss in the studied NG3 cells.
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Figure 11: Loss of ASH2L Leads to Accumulation of H3K4me1l at Promoter Regions. (A) NG3 cells were treated
in a time-course manner with 100 nM dTAG-13 and subjected to chromatin immunoprecipitation using an
H3K4mel antibody, followed by sequencing (two technical replicates for each time point). The signal density
(merged from two replicates and normalized to RPM), mapped against the mm9 reference genome, is
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represented as a heatmap in the figure. The distribution density is normalized between samples,
demonstrating the signal within a 3 kb window around the TSS regions of all genes. (B) For the differential
analysis performed on the deregulated peaks, an MA plot was generated (Y-axis: LogFC, X-axis: mean of
normalized reads). Differential peaks meeting the parameters with FDR<0.05 are shown in red. The
experimental procedure was done by the author, with computational analysis curated by Dr. Mirna Barsoum.

3.3.2.1 Characterization of the H3K4me1 Altered Promoters

Not exactly similar to the analysis of H3K4me3 lost promoters, the examination of H3K4me1l gained
promoters revealed a notable proportion of CGl promoters (Figure 12B). Additionally, enrichment
analysis of TFs further confirms that the same set of promoters are undergoing both loss of H3K4me3
and the gain of H3K4me1l marks and are being potentially regulated by a similar set of TFs involved in
regulating cell cycle and CpG promoters (Figure 12C).
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Figure 12: Genomic Distribution of H3K4me1l-Elevated Peaks Enriches for Promoter Regions. (A) Annotated
differential peaks from the ChlIP-seq experiment were subjected to genomic distribution within windows of 1
kb, 2 kb, and 3 kb around the TSS, with another category for the ‘rest of the genome’. (B) An intersection
analysis was performed between the differentially annotated peaks within a 3 kb window of TSSs at each time
point and CGl-associated promoters. The promoters were categorized as CpG Enriched and Rest. (C) Promoters
containing loss peaks (LogFC>0.58 and FDR<0.05) within the 3 kb window of the TSS were subjected to TF
analysis based on the JASPAR and TRANSFAC databases. Significance was set to FDR<0.01 and plotted for each
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time point. The differential analysis and annotation were curated by Dr. Mirna Barsoum. Distribution number
plotting, CGl-promoter intersection, and TF analysis were done by the author.

3.3.3 ASH2L KD Results in Loss of H3K27ac Mark at Promoters and Later Gain of the Mark
at Intergenic Regions

The H3K27ac mark is a product of an acetyl group being deposited onto lysine 27 of histone 3 by HAT
enzymes, including members of the p300/CBP coactivator family. Extensive research has
demonstrated its association with active promoter/enhancer and open chromatin regions. It
interacts with a diverse array of transcription factors, coactivators, and chromatin remodeling
complexes, thereby playing a crucial role in gene expression regulation (Creyghton et al., 2010; J.
Ernst et al., 2016; Igolkina et al., 2019). Studies have revealed that the rapid and dynamic acetylation
of H3K4me3 enriched regions, facilitated by p300/CBP, is a widespread and evolutionarily conserved
process essential for gene activation in eukaryotes (Crump et al., 2011). Additionally, proteins such as
the SAGA coactivator complex (Bian et al., 2011), have been identified as capable of recognizing the
H3K4me3 mark and mediating the deposition of the H3K27ac mark at H3K4me3-enriched regions.
Therefore, an intriguing question arises regarding the influence of ASH2L loss on the dynamics of the
H3K27ac mark at genomic loci, particularly focusing on promoters.

To explore the impact of ASH2L on HAT activity, a ChlP-seq experiment was performed targeting the
H3K27ac mark genome-wide. This experiment involved WT and dTAG-13 treated NG3 cells (0.5h, 2h,
4h, 8h, 16h). The signal distribution within a region of 3 kb upstream and downstream of the TSS for
all mm9 transcripts was analyzed and visualized using a heatmap. The results showed a clear
depletion in the average signal intensity within this region, particularly at the 4-hour mark after
treatment (Figure 13A).

The differential analysis conducted revealed the existence of distinct H3K27ac binding sites exhibiting
significant alterations in their abundance subsequent to the knockdown of ASH2L at various time
intervals. Specifically, a total of 1, 50, 668, 3767, and 6417 binding sites were identified as "loss
peaks" at 0.5h, 2h, 4h, 8h, and 16h knockdown periods, respectively (Table S6). These assignments
were based on predefined criteria, namely Log2FC<-0.58 and FDR<0.05. The loss peaks mentioned
above have been graphically depicted in the MA plots featured in Figure 13B. Conversely, "gain
peaks" were detected at 0.5h, 2h, 4h, 8h, and 16h time points, yielding 3, 0, 1, 8, and 360 instances,
respectively (Table S7).

Through an analysis of the genomic distribution of these differential peaks, it was observed that a
significant portion of the loss peaks, particularly at 4h, exhibited a distinct concentration within the
defined promoter region. In contrast, the gain peaks were primarily situated in intergenic regions,
with their prominence intensifying at a later time point (16h), as depicted in Figure 14A.

Additionally, it is worth noting that approximately one-third of the loss peaks were identified in
intergenic regions, which could potentially be associated with enhancers. Interestingly, when
examining the regions where H3K4mel was depleted, an enrichment in the vicinity of intergenic
regions was found during later time points (Figure 12A), which may also correspond to the same
enhancer regions. Further validation using enhancer-associated histone marks such as H3K4mel and
H3K27ac will be necessary, as outlined in the study by Shlyueva et al. (Shlyueva et al., 2014).
Moreover, the loss of H3K27ac at promoter regions can be attributed to a potential reduction in the
HAT activity of the p300/CBP complex. Previous research has suggested a direct interaction between
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the ASH2L and the MYC transcription factor, which in turn is considered to modulate the enzymatic
activity of p300/CBP (Ullius et al., 2014).
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Figure 13: Loss of ASH2L Leads to Depletion of H3K27ac at Promoter Regions. (A) NG3 cells were treated in a
time-course manner with 100 nM dTAG-13 and subjected to chromatin immunoprecipitation using an H3K27ac

53



antibody, followed by sequencing (two technical replicates for each time point). The signal density (merged
from two replicates and normalized to RPM), mapped against the mm9 reference genome, is represented as a
heatmap in the figure. The distribution density is normalized between samples, demonstrating the signal within
a 3 kb window around the TSS regions of all genes. (B) For the differential analysis performed on the
deregulated peaks, an MA plot was generated (Y-axis: LogFC, X-axis: mean of normalized reads). Differential
peaks meeting the parameters with FDR<0.05 are shown in red. The experimental procedure was done by the
author, with computational analysis curated by Dr. Mirna Barsoum.

3.3.3.1 Characterization of the H3K27ac Altered Promoters

The investigation into H3K27ac-lost promoters exhibited that the promoters experiencing a loss of
H3K27ac mark at the TSS region are notably enriched with CpG islands (Figure 14B). Notably, a
comparative analysis demonstrates that these same promoters experience loss of the H3K4me3
mark and acquisition of the H3K4mel mark at the TSS regions. Moreover, the enrichment analysis of
TFs further strengthens the evidence deregulated promoters undergo almost similar changes in
transcription-associated histone marks, including the loss of H3K4me3, gain of H3K4mel, and
subsequent loss of H3K27ac marks. These promoters are regulated by a similar set of potential TFs
that are associated with the regulation of the cell cycle and CGI promoters (Figure 14C).
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analysis was performed between the differentially annotated peaks within a 3 kb window of TSSs at each time
point and CGl-associated promoters. The promoters were categorized as CpG Enriched and Rest. (C) Promoters
containing loss peaks (LogFC<-0.58 and FDR<0.05) within the 3 kb window of the TSS were subjected to TF
analysis based on the JASPAR and TRANSFAC databases. Significance was set to FDR<0.01 and plotted for each
time point. The differential analysis and annotation were curated by Dr. Mirna Barsoum. Distribution number
plotting, CGl-promoter intersection, and TF analysis were done by the author.

3.3.4 ASH2L KD Results in Gradual Accumulation of H3K27me3 Mark at Promoters
Regions

H3K27me3 is an epigenetic modification associated with the compaction of nucleosome structures.
This mark is established through the enzymatic activity of the PRC2 (Boros et al., 2014). Extensive
research has shown its involvement in promoting chromatin compaction specifically in
heterochromatin regions, hence earning its reputation as a gene silencing marker (Y. Cai et al., 2021).
Furthermore, the H3K27me3 mark has been implicated in DNA damage repair processes, particularly
in the context of double-strand breaks (Wei et al., 2018).

Following the approach typically employed in other Histone Mark ChIP-seq experiments (0.5h, 2h,
4h, 8h, 16h), due to the limitations imposed by the low sequencing depth, the statistical significance
of the observed changes in binding sites could not be determined (Figure S11 & S12). Instead, a
noticeable tendency towards an increase in the intensity of this mark was observed specifically at the
16-hour time point. Consequently, in subsequent repetitions of the experiment, it was assumed that
the alteration in this mark exhibits a gradual effect, leading to a focus on the 16-hour time point as
the starting time point for further investigation of this mark.

To investigate the influence of ASH2L on the regulation of H3K27me3 and its potential crosstalk with
H3K4me3, a ChlP-seq experiment targeting H3K27me3 was conducted. This experiment employed
WT and dTAG-13 treated NG3 cells (for 16h, 24h, and 48h- similar to the sequence of observed cell
phenotype events). The analysis focused on the distribution of signal within a genomic region
spanning 3 kb upstream and downstream of the TSS for all transcripts. The results were visually
represented using a heatmap (Figure 15A). The analysis revealed that only a small proportion of
transcripts exhibited the presence of the H3K27me3 mark at the 3 kb TSS window. However, these
transcripts displayed an initial increase followed by a depletion of this mark over the course of time
at the TSS window. Furthermore, the differential analysis, as illustrated in MA plots, identified a total
of 243, 556, and 623 gained H3K27me3 peaks upon induction of ASH2L KD at 16h, 24h, and 48h,
respectively (Table S8). To determine altered binding sites, the criteria for other histone
modifications were set as Log2FC>0.58 and FDR<0.05 (Table S9). Interestingly, 18 peaks
demonstrated a loss of occupancy for H3K27me3 at 48h in dTAG-13 treated NG3 cells (Figure 15B).

GW annotation of the significant differential peaks, showed that the majority of the gained peaks are
enriched around the TSS regions, while the very low number of the lost peaks at 48h, are randomly
distributed throughout the genome (Figure 15C). However, there is a small proportion of promoters
that have gained H3K27me3 at 24h and lost the mark at 48h. Upon closer examination of these
promoters, it became evident that the promoters showing a gain of the mark at 24h but not at later
time points are indeed still considered gained compared to control sample (Figure S12). However, it
is possible that the observed discrepancies in significance could be attributed to variations in the
resolution of the sequenced samples.
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3.3.4.1 Characterization of the H3K27me3 Altered Promoters

The examination of H3K27me3-altered promoter, focusing on the enrichment of CpG islands,
unveiled that promoters exhibiting a gain in response to ASH2L loss were predominantly enriched
with CpG regions. In contrast, only a limited number of promoters displaying a loss of the mark
exhibited sparse enrichment in CpG regions (Figure 15D). This finding aligns with previous studies
suggesting that CpG methylation functions as a constraint on PRC2-mediated H3K27me3 histone
mark deposition, as there exists a mutual antagonism between H3K27me3 and DNA methylation
(Manzo et al., 2017).
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Figure 15: Loss of ASH2L Leads to Accumulation of H3K27me3 at Promoter Regions. (A) NG3 cells were
treated in a time-course manner with 100 nM dTAG-13 and subjected to chromatin immunoprecipitation using
an H3K27me3 antibody, followed by sequencing (two technical replicates for each time point). The signal
density (merged from two replicates and normalized to RPM), mapped against the mm10? reference genome,
is represented as a heatmap in the figure. The distribution density is normalized between samples,
demonstrating the signal within a 3 kb window around the TSS regions of all genes. (B) For the differential
analysis performed on the deregulated peaks, an MA plot was generated (Y-axis: LogFC, X-axis: mean of
normalized reads). Differential peaks meeting the parameters with FDR<0.05 are shown in red. (C) Annotated
differential peaks from the ChIP-seq experiment were subjected to genomic distribution within windows of 1
kb, 2 kb, and 3 kb around the TSS, with another category for the ‘rest of the genome’. (D) An intersection
analysis was performed between the differentially annotated peaks within a 3 kb window of TSSs at each time
point and CGl-associated promoters. The promoters were categorized as CpG Enriched and Rest. The
experimental procedure was done by the author, with computational analysis, differential analysis and
annotation curated by Dr. Mirna Barsoum. Distribution number plotting, CGl-promoter intersection, and TF
analysis were done by the author.

3.4 Loss of ASH2L Results in Transcriptional Deregulation

Through extensive ChIP-seq analysis, it has been observed that the H3K4me3 mark exhibits a
concentrated distribution within the vicinity of TSS of actively expressed genes, thereby suggesting a
robust correlation with transcriptional activation (Beacon et al., 2021; J. Ernst et al., 2016; Gatchalian
et al., 2016; Millan-Zambrano et al., 2022). Conversely, the interaction between KMT2 components
and various transcriptional co-activators provides compelling evidence supporting the instructive role
of H3K4me3 in the process of gene activation (Lauberth et al., 2013; Nishioka et al., 2002). In line
with the proposal that H3K4me3 serves as a marker for active promoters, it has been observed that
the TFIID subunit TAF3 selectively interacts with H3K4me3. This interaction not only enhances the
stability of the pre-initiation complex involving RNA Pol Il but also facilitates the process of
transcription, thereby promoting gene expression (van Ingen et al., 2008; Vermeulen et al., 2007).
Furthermore, a group of additional proteins, often characterized by the presence of PHD zinc finger
or Tudor motifs, exhibit interactions with H3K4me3. Notably, certain proteins such as NURF and
BPTF, among others, have been specifically implicated in the process of gene activation. Their
involvement suggests a broader regulatory network where H3K4me3 serves as a key player in
orchestrating gene expression dynamics (Ruthenburg et al.,, 2011; Wysocka et al.,, 2006).
Nevertheless, a definitive causal relationship between the presence of H3K4me3 and gene activation
remains elusive.

RNA sequencing (RNA-seq) and Click nascent RNA sequencing (Click-seq) techniques were employed
to analyze the transcriptomic landscape and identify specific alterations in gene expression profiles
resulting from ASH2L loss. RNA-seq has been performed and extensively discussed in Alexander
Tobias Stenzel's doctoral dissertation submitted to the faculty of Biology at the RWTH University of
Aachen (2023), however, a brief comparison will be made to some of the analysis conducted in this
study. It was utilized to capture global gene expression patterns, shedding light on the transcriptional
changes associated with ASH2L loss. Click-RNAseq, on the other hand, performed in this study,

2 Since the second set of H3K27me3 ChIP-seq was performed later during the project, mm10 was used as
reference genome based on the Genome Reference Consortium recommendations.
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enabled a more precise identification and quantification of nascent transcripts, providing insights
into the dynamic transcriptional events occurring in the absence of ASH2L while excluding the
influence of long-lived transcripts.

NG3 cells, namely WT and dTAG-13 treated cell culture, at 24-hour, 48-hour, and 72-hour time points
were set for RNA-seq analysis. The results revealed a significant alteration in the expression pattern
of numerous genes (Figure S13A). At 24 hours, 1865 genes were found to be downregulated,
whereas 469 genes were upregulated. At 48 hours, the downregulated genes increased to 2425,
while the upregulated genes reached 1830. Finally, at 72 hours, the downregulated genes further
rose to 4153, while the upregulated genes amounted to 940 (Figure S13B).

However, initial considerations suggested that the downregulation of genes may be potentially
masked by the prolonged half-life of certain RNA transcripts. Therefore, in order to mitigate this
masking effect, RNA-seq analysis was exclusively conducted at later time points. Additionally, to
investigate the immediate impact of ASH2L loss, Click-seq was employed, utilizing NG3 WT and dTAG-
13 treated clones at 4h and 8h intervals. Surprisingly, the Click-seq results revealed a small number of
genes showing significant deregulation upon ASH2L loss (|Log2FC|>0.58, FDR<0.05). Specifically, at
the 4h time point, 40 genes were found to be upregulated and 48 genes were downregulated. At the
8h time point, the numbers increased to 80 upregulated genes and 124 downregulated genes (Figure
16A-B). Although somewhat unexpected, these findings still support the notion of gene upregulation
as an immediate effect of ASH2L loss. It is important to note that the low sequencing depth obtained
in this analysis may affect the significance assessment of some truly deregulated genes. Therefore,
the actual number of deregulated genes may be higher than reported in this analysis.

Based on extensive previous experimental studies, it is generally expected that the loss of ASH2L
would primarily result in gene downregulation. However, the analysis conducted in this study,
considering the calculated average of nascent RNA base mean and Log2FC, indicates a stronger
impact of ASH2L loss on the immediate upregulation of genes after 4h upon loss of ASH2L. The
average Log2FC for upregulated genes exceeds 4, while downregulated genes exhibit an average
Log2FC below 0.25, with the average base mean remaining relatively consistent. Notably, this
disparity between upregulated and downregulated genes at the 8h time point diminishes, suggesting
the activation of stress-response signaling pathway genes at earlier time points, 4h here (Figure 16C).
To gain further insights, a GO term analysis was performed on the deregulated genes at the 4h time
point (Figure S13C). This analysis revealed an enrichment of cellular component terms associated
with the ubiquitin ligase complex, which may be attributed to the involvement of dTAG-13 targeting
the CRBN-Cullin-RING ubiquitin E3 ligase. To confirm this effect, maternal iMEF cells (lacking the
ASH2L-FKBP fusion insert) treated with dTAG-13 for the same time point is required. On the other
hand, the deregulated genes at the 8h time point exhibited significant enrichment for snRNP binding
(Figure S13C), providing potential support for the involvement of ASH2L in splicing reactions, as
previously suggested by Sims et al., specifically implicating the engagement of H3K4me3 in pre-
mRNA splicing (Sims et al., 2007).
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Figure 16: Loss of ASH2L Results in Nascent RNA Transcriptional Deregulation. (A) NG3 cells treated with 100
nM dTAG-13 for 4h and 8h were subjected to Click-seq (two technical replicates for each time point). For the
differential analysis performed on the deregulated genes, an MA plot was generated (Y-axis: Log2FC, X-axis:
Log2 mean expression). Differentially expressed genes meeting the parameters |Log2FC|>0.58 and FDR<0.05
are shown in red. (B) Venn diagram demonstrating the comparative analysis between significantly up- and
down-regulated genes at different time points. (C) A bubble chart including three variables of gene number
(size of bubbles), average base mean (X-axis), and Average Log2FC (Y-axis), depicts the effect of ASH2L loss on
the deregulated nascent RNA at 4h and 8h time points. The experimental procedure was conducted by the
author, with computational analysis, differential analysis, and annotation curated by Dr. Mirna Barsoum.

3.5 Perturbation of Molecular Homeostasis Induced by ASH2L Loss

ASH2L has been recognized as a transcriptional cofactor involved in epigenetic-mediated gene
regulation. However, the precise mechanism underlying this regulatory function remains elusive.
Interestingly, ASH2L exhibits a higher basal expression in RNAseq results compared to the SET-
containing catalytic subunits of the KMT2 enzymes, suggesting potential additional functions beyond
just participating in KMT2 complexes. To elucidate the intricate dynamics at play, time course
experiments with short intervals were performed, allowing for the discrimination between the
effects stemming from ASH2L deregulation and consequent dysregulation of epigenetic marks. In the
subsequent analysis, the sequential dysregulation of histone modifications associated with
transcription is examined. These findings are then integrated with the results pertaining to
transcriptional regulation. This comprehensive approach aims to unravel the mechanism through
which ASH2L orchestrates and maintains the molecular homeostasis critical for cellular function.
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3.5.1 Unraveling an Orderly Pattern of Histone Modifications Deregulation Upon Loss of
ASH2L

As the consequences of ASH2L loss unfold over time, a cascade of changes in histone modifications
became evident. Specifically, there is a loss of H3K4me3, a gain of H3K4mel, a loss of H3K27ac, and
subsequently, a later gain of H3K27me3 (Figure 17A). To understand the dynamics of these histone
modification changes at specific promoters, a comparative analysis of significantly deregulated
promoters within a 3-kilobase region of the TSS was performed. For this purpose, the overlap
between three groups of differential binding sites from the promoters with lost H3K4me3, gained
H3K4me1l, and lost H3K27ac was examined (Figure 17B). The inclusion of early time point H3K27me3
ChlP-seq data was omitted due to the limited number of significantly altered binding sites identified
within the investigated time frame. The analysis uncovers a prominent initial overlap between the
loss of H3K4me3 and the gain of H3K4mel at the 4-hour time point. This observation suggests the
possibility of gradual accumulation of residual methyl groups remaining as a result of the
demethylation process (Figure S14). However, at this early time point, the overlap between
H3K4mel gain and H3K27ac loss is not significant. Interestingly, as time progresses, there is a notable
increase in the overlap among all three histone modifications at promoters, which became even
more pronounced at the 8h and 16h time points. This analysis confirms that primarily the same
promoters experience these changes in histone modifications. Furthermore, it establishes the
sequential order of events, starting with the loss of H3K4me3, followed by the accumulation of
H3K4mel, and finally the depletion of H3K27ac at the promoter region.

A detailed examination of the turnover dynamics of promoters that have experienced a loss of
H3K4me3 after 2 hours provides further evidence that the majority of fast-responding (affected at 2h
or earlier) promoters exhibiting H3K4me3 loss follow a consistent pattern of histone modification
alterations (gain of K4mel at 2h, loss of K27ac at 4h, and gain of H3K27me3 later than 16h). Notably,
these promoters also demonstrate a subsequent decrease in DNA accessibility, which becomes
evident starting from the 4h time point (Stenzel, 2024). Overall, these findings provide valuable
insights into the temporal dynamics of histone modification changes and highlight the coordinated
and sequential alterations occurring at specific promoters upon ASH2L loss.

As presented earlier, the gain of H3K27me3 was observed as later consequence of ASH2L loss. The
guestion arose as to whether the promoters gaining H3K27me3 had already lost their H3K4me3, and
if so, how quickly this transition occurred. To address this, a comparative analysis was performed
between promoters that gained H3K27me3 and promoters that had lost H3K4me3 at earlier time
points. The comparative analysis revealed that the majority of promoters that gained H3K27me3 at
16h had already lost their H3K4me3 marks at the 4h time point (Figure 17C). This suggests that the
gain of H3K27me3 is not directly associated with the loss of H3K4me3.

On the other hand, previous studies have established that H3K27ac and H3K27me3 marks are
mutually exclusive (Katoh et al., 2018; Pasini et al., 2010). Therefore, it was expected that promoters
gaining H3K27me3 would show a concurrent loss of the H3K27ac mark. However, when an
intersection comparison was performed, it was observed that as the loss of the K27ac mark
progressed, the overlap with gained K27me3 increased but did not reach complete concurrence
(Figure 17D). This finding suggests two possibilities. Firstly, it is possible that the dynamic process of
gaining H3K27me3 is relatively slow and requires a longer time frame to fully manifest. This implies
that the deposition of H3K27me3 might take more time to occur robustly at all relevant promoters
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following ASH2L loss. Alternatively, it is plausible that there is still remaining H3K27ac present, which
hinders the deposition of methylation at this position. This suggests the existence of a regulatory
mechanism or a subset of promoters where the presence of H3K27ac may interfere with the
establishment of further H3K27me3 mark.

These findings highlight the complex interplay between histone modifications and suggest that the
gain of H3K27me3 upon ASH2L loss is not directly dependent on the loss of H3K4me3. Additionally,
the incomplete overlap between the loss of H3K27ac and the gained H3K27me3 raises intriguing
guestions about the precise mechanisms underlying the establishment and maintenance of these
histone marks. Further investigations are warranted to unravel the dynamics and interrelationships
of these epigenetic modifications in the context of ASH2L loss.
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Figure 17: Sequential Deregulation of Histone Marks in Response to ASH2L Loss. (A) Differentially analyzed
peaks within a 3 kb window of the transcription start site (TSS), obtained from various ChlP-seq data, were
plotted at each time point. (B) Venn diagram demonstrating the intersection between gained and lost
promoters of different histone modifications at different time points. (C) Comparative analysis of K4me3 lost
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promoters at 4h, 8h, and 16h with K27me3 gain promoters at the 16h time point. Similar result were obtained
when K27me3 gain promoters at 24h were used for this intersection (data not shown here). (D) Comparative
analysis between K27ac lost promoters and K27me3 gain promoters. Computational analysis, differential
analysis, and annotation were curated by Dr. Mirna Barsoum. Plotting and intersection analysis were
performed by the author.

3.5.2 Disruption of Gene Expression Equilibrium Following ASH2L Loss

The loss of ASH2L, which leads to the depletion of H3K4me3, a well-established active gene histone
mark, is expected to result in the loss of target gene transcription. However, the causal relationship
between this histone mark and gene transcription remains incompletely understood. As discussed in
chapter 3.4, a significant number of genes experience a disruption in their expression equilibrium
upon the loss of ASH2L followed by dTAG-13 treatment in the NG3 cells. The observed deregulation
of gene expression is likely attributed to the loss of ASH2L alone, as there is minimal alteration
detected in the expression profiles of other KMT2 components (Figure 8) and H3K4me3 readers and
writers (Figure S6, and Figure S15) at the respective time point (4h, and 8h). However, the mRNAseq
assessment was conducted at later time points (24h, 48h, and 72h), which could be influenced by
secondary and tertiary effects arising from ASH2L loss rather than its immediate effects. Moreover,
the presence of long-lived RNA transcripts can obscure their true expression levels during statistical
analysis, thereby potentially masking their deregulation. Nevertheless, this subsequent
transcriptional analysis can be compared with later time points of different histone modification
ChIP-seq analysis to elucidate the correlation between consequent histone modification changes and
gene deregulation.

A comparative analysis was performed to investigate the relationship between different histone
modification alterations and downregulated genes at various time points. The results reveal that
gene transcription dependency is predominantly associated with the H3K4me3 mark, as a significant
overlap is observed between downregulated genes and promoters exhibiting depleted H3K4me3
(Figure S16A). In contrast, the intersection between downregulated genes and H3K27ac lost
promoters is relatively smaller (Figure S16B). Interestingly, the overlap between downregulated
genes and H3K27me3 gained promoters is found to be the smallest (Figure S16C). This finding is
somewhat unexpected, considering that H3K27me3 is commonly associated with gene silencing.
However, it is possible that these promoters are still undergoing transcriptional activity and have not
yet fully transitioned to a silent state. These results highlight the significance of the H3K4me3 mark in
gene transcription regulation and suggest that additional factors and mechanisms may contribute to
the observed downregulation of gene expression upon ASH2L loss.

To explore the dynamics of histone modifications at a set of altered genes, a comprehensive analysis
of two groups was conducted: cell cycle regulatory key factors and previously described senescence-
associated M genes (Bochyniska et al., 2022). The results were visualized using a heatmap analysis to
depict the differential changes in histone modifications. For the cell cycle-associated genes (Figure
S17A), we observed a clear transcriptional depletion accompanied by early and significant alterations
in H3K4me3 levels at their 3Kb TSS regions. In contrast, the loss of H3K27ac at these promoters
occurred at a slower rate. Notably, a significant or apparent gain of H3K27me3 at these promoters
was not observed (Data not visualized). These findings highlight a distinct pattern of histone
modification dynamics linked to the transcriptional regulation of cell cycle regulatory genes, with a
prominent role for H3K4me3 and a delayed or limited involvement of H3K27ac and H3K27me3 in this
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process. It was further performed a similar analysis for the senescence-associated M gene subsets,
and the results (Figure S17B) aligned with the orderly pattern of ASH2L loss consequences discussed
in chapter 3.5.1. These consistent findings across different gene groups provide further support for
the specific and consistent effects of ASH2L loss on transcription-associated histone modifications
and gene expression regulation.

In order to investigate the causal relationship between the loss of H3K4me3 and transcriptional
depletion, a comparison between downregulated nascent RNA and H3K4me3-depleted promoters
was conducted. Surprisingly, the intersection analysis between Click-seq at 4h and H3K4me3-
depleted promoters at 2h revealed no overlap, suggesting that the transcriptional depletion is not
directly associated with loss of H3K4me3 during this early time frame (Figure S18A). Even at later
time points of H3K4me3 ChIP-seq, the intersection between Click-seq and H3K4me3-depleted
promoters was substantially smaller than anticipated. However, a comparative analysis of Click-seq
at 8h demonstrated some overlap with H3K4me3-depleted promoters from earlier time points
(Figure S18B). These observations suggest that the immediate deregulation of gene transcription is
primarily dependent on ASH2L separate function itself rather than the presence of the H3K4me3
mark at the promoters. However, at later time points, the changes in transcriptional activity appear
to be more influenced by the status of H3K4me3 at the promoter region.

These observations suggest that the immediate deregulation of gene transcription is primarily driven
by the loss of ASH2L itself, indicating that ASH2L may have separate functions beyond its role in
maintaining the H3K4me3 mark at promoters. This implies that ASH2L may directly interact with
transcriptional machinery or regulatory elements to modulate gene expression independent of
H3K4me3. The absence of overlap between Click-seq at 4h and H3K4me3-depleted promoters at
earlier time points further supports this notion. However, as the time progresses, the changes in
transcriptional activity become more dependent on the status of H3K4me3 at the promoter region.
This suggests that although the immediate effects of ASH2L loss on gene transcription may not rely
solely on H3K4me3, the presence or absence of this histone mark at the promoter region starts to
play a more significant role in modulating the expression of other groups of genes over time. Overall,
these findings highlight the complex interplay between ASH2L, H3K4me3, and gene transcription.
While ASH2L loss appears to have an immediate impact on gene expression independent of
H3K4me3, the long-term changes in transcriptional activity involve a more intricate relationship with
the presence or absence of H3K4me3 at the promoter region. Further studies are needed to
elucidate the underlying mechanisms and molecular interactions involved in these dynamic
processes.

4 Discussion

ASH2L is a crucial core member of the KMT2 enzymatic complex, essential for its histone HMT
activity (Cao et al., 2010; Steward et al., 2006). It consists of core subunits such as: WDR5, RBBPS5,
and a DPY30 homodimer, along with various auxiliary proteins (Poreba et al., 2022). These
components regulate transcription, influence cell survival, impact pathogenesis, modulate
metabolism, and contribute to the stabilization/localization of KMT2 enzymes (Ali et al.,, 2014;
Batbayar et al., 2023; W. L. Cai et al., 2022; Lischer-Firzlaff et al., 2019; Ma et al., 2022; Park et al.,
2020; Shilatifard, 2012; Simboeck et al., 2013; Z. Yang et al., 2014; L. Zhao et al., 2022). Homozygous
deletion of Ash2/ leads to embryonic lethality in mice during gestation (Stoller et al., 2010).

63



In line with previous study observations (Bochyriska et al., 2022), the complete inhibition of
proliferation and cell cycle progression becomes evident upon the rapid loss of the ASH2L-FKBP
fusion protein in the dTAG-induced KD iMEF clones. Additionally, the KD clones exhibit compromised
DNA synthesis capacity and a tendency to accumulate in the G1 phase. However, they remain
arrested throughout the cell cycle phases. Encouragingly, these effects can be reversed through the
restoration of the ASH2L-FKBP fusion protein, induced by lenalidomide (Figure 5, and Figure S3).
However, the effect on cell proliferation was discussed to be slower growth upon the inhibition of
WDRS5 in Li et al., 2022 and KD of DPY30 and RBBP5 in Wang et al., 2023 in mESC, but not ceased.
This difference could be attributed to variations in cell type (for e.g. mESC vs MEF) or the intensity of
the influential role of other involved factors in cell cycle orchestration, such as demethylases (Haines
et al., 2018; Qu et al., 2023; Tumber et al., 2017). Additionally, as discussed in chapter 3.5.1, it could
be that a certain remaining level of H3K4me3 and H3K27ac is sufficient to keep the transcription
process ongoing, although it has been demonstrated that KMT2-associated transcription regulation is
tightly dependent on the dynamic levels of H3K4methyl PTMs (Soares et al., 2017).

As pointed earlier, PROTACs have been applied to target three WRAD components (WDR5, RBBPS,
and DPY30), in conjunction with SET1A and SET1B subunits. This approach has facilitated the
examination of COMPASS/KMT2 complexes and their functionalities at an unprecedented level of
detail, as evidenced by recent studies (Hu et al., 2023; Hughes et al., 2023; D. Li et al., 2022; H. Wang
et al.,, 2023). Additionally, considerable evidence supports the promise of PROTACs for epigenetic
regulation, allowing the targeted degradation of epigenetic modulators, the development of dual-
targeted PROTACs (D. Li et al., 2022), and achieving highly specific degradation of histone-modifying
enzymes (Webb et al., 2022). The significance of targeting WRAD lies in the pivotal and expansive
role played by these complexes, responsible for the modification of both promoters and enhancers
through H3K4me3 and H3K4mel, respectively. Given their close association with gene expression,
characterized by a rapid and dynamic regulatory process, the rapid efficacy of the PROTACs system
becomes crucial for effective interpretation. The current study is the first instance of applying this
system to specifically target the ASH2L-FKBP fusion protein within MEF*"?"”* clones (NB5, ND10, and
NG3). Similar to other studies, the targeted proteins exhibited a notable loss, occurring within a short
timeframe. This loss was observed in less than half an hour (current study) to within a couple of
hours (evident in other studies) following treatment with PROTAC compounds (refer to Figure 4, and
Figure S2). This rapid and efficient degradation underscores the precision of the PROTAC system in
orchestrating the removal of the specified WRAD components. Additionally, it is noteworthy that
during KD treatment, the other WRAD components showed minimal impact, as illustrated in Figure 8,
and Figure S6. This specific response emphasizes the selectivity of the treatment, as it predominantly
influences the intended target proteins without significantly affecting the broader WRAD complex
components, thereby allowing the study of the individual partners separately.

ASH2L as a member of the COMPASS complex, plays a crucial role in the deposition of different forms
of methylated lysine in histone 3 (Klonou et al., 2021). Specifically, H3K4me3 and me2 which are
primarily associated with promoters, and mel, which is linked to enhancers. In line with recent
studies (Bochyniska et al., 2022; Chen Taylor, 2022; Barsoum et al., 2022; Zhu et al., 2023), the loss of
ASH2L demonstrated here leads to global depletion (Figure 7, and Figure S5) and GW reduction of
H3K4me3 signals at gene promoters (Figure 9-10, Appendix 3). However, when targeting other
WRAD components via PROTACs, a distinct pace of H3K4me3 depletion was observed in Wang 2023,
while the depletion pace observed in the current study aligns better with findings from Hu 2023
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work. As mentioned earlier, the variation could be stemmed from difference in cell type and the
proportional expression and role of KMT2 counterparts, such as demethylases.

On the other hand, the regulatory pattern of H3K4me1l displayed a distinct response following the
loss of ASH2L, showing global depletion at the 24-hour time point (Figure 7, and Figure S5), while
revealing a notable increase in modification over promoter regions and a corresponding decrease at
intergenic regions in the time course ChlP-seq (Figure S12). In contrast, the findings in Wang et al.,
2023 indicate an overall reduction in this modification on a GW scale throughout the observed time
course, extending up to 48 hours. Notably, in the study by Hu et al., 2022 there was an initial
accumulation of H3K4me1l across the genome until 6 hours, followed by a subsequent depletion of
this mark after 12 hours. The comparative analysis reveals a notable initial convergence between the
decline in H3K4me3 and the increase in H3K4mel at the promoter regions. This finding implies the
potential gradual accumulation of residual methyl groups, persisting as a consequence of the
demethylation process (Figure S14). It is also known that the KMT2 complex catalytic subunits
possess basal monomethylation activity even without ASH2L composition. This could serve as an
additional reason for the persistence of monomethylation at a genome-wide level, while
trimethylation is hindered due to the absence of the ASH2L member (Cao et al., 2010; Steward et al.,
2006). However, the experimental setup of the current study does not provide a clear distinction to
definitively conclude this determination.

Although the association of H3K27ac and H3K4me3 with active gene promoters has been suggested
previously, a comprehensive study analyzing the mechanism and causal interplay between these two
marks is missing. The current study has included the analysis of H3K27ac as one of the histone marks
in the transcription associated PTM panels. It was observed that fairly early after the loss of
H3K4me3 and gain of H3K4mel at promoters, the H3K27ac mark started to disappear (Figure 13, and
Appendix 3). While this crosstalk investigation is absent in recent PROTACs-targeted WRAD studies,
some primary reports have suggested that H3K27ac is an upstream epigenetic mark that promotes
H3K4me3 upregulation, but not the other way around (W. Zhao et al., 2021). Additionally, Ash2l is
studied for its interaction with Oct4 stemness factors to facilitate a super-enhancer-driven
pluripotency network. This interaction involves recruiting p300/CBP and Chd7 to catalyze H3K27ac,
contributing to resultant gene regulation (Tsai et al., 2019). On the other side, the oncoprotein MYC
has been introduced as a direct interactor of ASH2L within cells. Although MYC does not regulate the
methyltransferase activity of the ASH2L-related complex, it was suggested to stimulate the
demethylation and acetylation of H3K27 (Ullius et al., 2014). Additionally, there has also been an
association of KMT2 complexes with H3K27 demethylases, specifically UTX and JMJD3, and their
involvement in HOX gene regulation and development (Agger et al., 2007). The last two pieces of
evidence may support the idea that COMPASS components orchestrate the deposition of acetyl
groups on the demethylated H3K27, contributing to the loss of H3K27ac upon the loss of H3K4me3
resulting from ASH2L KD.

The crosstalk between H3K4me3 and H3K27me3 involves a dynamic interplay that regulates gene
expression and chromatin structure. It is noteworthy that these two marks can coexist at specific
genomic sites, generating a bivalent chromatin state (Bernstein et al., 2006; Blanco et al., 2020).
Additionally, it has been demonstrated that H3K4me3 is suggested to counteract the repressive
H3K27me3 histone mark (Liu et al., 2016); however, whether it acts through counteraction or
contributes to bivalency is not elucidated. The current study comprehensively analyzed the time
course response of the H3K27me3 mark in response to ASH2L loss, revealing a very delayed
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accumulation (Figure 15, Figure 17A, and Figure S12). Additionally, the examination indicated that
most promoters that acquired H3K27me3 at 16 hours had already experienced a loss of their
H3K4me3 marks by the 4-hour time point (Figure 17C-D). This implies that the acquisition of
H3K27me3 is not directly linked to the loss of H3K4me3. This issue was not addressed in any of the
PROTACs-targeted WRAD studies and therefore needs further investigation to discover the
regulatory networks applied on PRC2, possibly by the role of ASH2L or the KMT2 complex. On a
second layer, this could be a result of the deregulation of acetylation, which is proven to be in a
dynamic balance with its counterpart trimethyl, over-occupying the lysine 27 of histone 3 (Lavarone
et al.,, 2019).

The repeatedly observed distribution of H3K4me3 signals over TSS through ChIP-seq experiments has
led to the assumption of a potential connection between this PTM and transcription regulation (Ng et
al., 2003; Santos-Rosa et al., 2002; Schneider et al., 2004). Since H3K4me3 is known to recruit both
positive and negative transcriptional cofactors to gene promoters (Buratowski & Kim, 2011), the role
of H3K4me3 at promoters is a subject of debate. For instance, certain KMT2 complexes form
associations with the C-terminal domain of RNA Pol |l, thereby presumed to enhance the recruitment
of these complexes to transcribed genes (Hughes et al., 2023; J.-H. Lee & Skalnik, 2008; Tan et al.,
2008). It has been documented that the PHD finger of TAF3, a subunit of the general transcription
factor complex TFIID, reads H3K4me3. This has led to the proposition that H3K4me3 assists in
recruiting the RNA Pol Il complex (Lauberth et al., 2013; van Ingen et al., 2008; Vermeulen et al.,
2007). This notion is supported by the discovery that promoting H3K4me3 using a dCas9 system was
adequate to induce gene expression (Cano-Rodriguez et al., 2016; W. Zhao et al., 2021). Confirming
the transcriptional dependency on H3K4me3 mark, over 80% of the downregulated genes upon loss
of ASH2L exhibited intersection with the H3K4me3 lost promoters at 16h (Figure S16A) (Bochynska et
al., 2022; Hu et al., 2023; D. Li et al., 2022; Liischer-Firzlaff et al., 2019; H. Wang et al., 2023; Z. Yang
et al., 2014). There were also upregulated genes that did not show a clear correlation but generally
exhibited the same tendency towards the redistribution of the PTMs, albeit not as high as the
downregulated gene number (Data not shown) (Bochynska et al., 2022; Hu et al., 2023). However,
the study by Wang et al. did not show any upregulated genes after 24h of DPY30/RBBP5 induced KD,
which differed from both the current study and the one published by Hu et al. 2023.

Despite numerous studies attempting to clarify the correlation or causality between H3K4me3 PTM
and gene regulation, this matter remains partially understood. In the current study it has been
demonstrated that at promoter regions, the 5' signals are typically weaker than the 3' signals, and
the immediate vicinity of the TSS shows a valley in the distributed signal (Figure S10B-C). This region,
also known as the nucleosome-free region (NFR), is accessible in ATAC experiments and is around the
same region that exhibits ASH2L-FKBP binding sites (Barsoum et al., 2023). This could potentially
indicate the interaction of ASH2L/KMT2 components with the residing RNA Pol Il at active gene
promoters. Consistent with this proposal, the interaction of RNA Pol Il and the WDR82 component of
the KMT2 complex has been studied. However, the biphasic distribution of the signal is still visible for
WDR82-containing ZC3H4 complex ChlIP plots, although lower compared to the depth of the valley
for H3K4me3 (Hughes et al., 2023). Interestingly, the distribution patterns of other PROTACs-
targeted WRAD components, such as DPY30 and RBBP5, have been demonstrated to be similar to
that of ASH2L (Barsoum et al., 2023; Hu et al., 2023; H. Wang et al., 2023). Consistently, this pattern
aligns with the integrator complex subunit 11 (INTS11), which facilitates the eviction of the paused
Pol Il (Hu et al., 2023) and also TAF3 and TAF1, PIC components, distribution pattern at TSS (Hu et al.,
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2023). This supports the idea that transcriptional activity may be in a feedback interaction with
H3K4me3 distribution at promoter regions, required and resulted by active transcription (Howe et
al., 2017; Hughes et al., 2023; Okitsu et al., 2010).

To examine the connection between H3K4me3 loss and transcriptional depletion, we compared
downregulated nascent RNA with H3K4me3 depleted promoters. Surprisingly, at the 4h time point,
there was no significant overlap, suggesting that early transcriptional depletion is not directly linked
to H3K4me3 loss, consistent with Click-seq results and a modest decline in Pol Il occupancy at
promoters observed in another study (Figure S18) (Hu et al., 2023). A further comparison at the 8h
time point in the current study also revealed a small overlap (Figure $19).

In conclusion, current study’s exploration into the rapid degradation of ASH2L facilitated by
PROTACs, as suggested in the proposed descriptive model for the regulatory network modulated by
ASH2L (Figure 18), reveals a sequential shift in a panel of transcription-associated histone marks. It
initiates with the initial decline in H3K4me3, followed by a series of events involving the gain and loss
of H3K4mel at promoters and enhancers, respectively, succeeded by a simultaneous reduction in
H3K27ac at both these regulatory regions. Additionally, a delayed decrease in chromatin accessibility
ensues, resulting in a less structured nucleosomal organization, specifically at promoters (Barsoum et
al., 2022), with minimal impact on H3K27me3. This emphasizes the rapid degradation of ASH2L as
the primary event, while subsequent chromatin-associated processes and the regulation of gene
expression exhibit a more gradual pace. This observation suggests the presence of a robust buffering
mechanism within the system, potentially including different layers of epigenetic factors or resilient
chromatin architecture properties. Moreover, distinct thresholds associated with various histone
modifications may contribute to shaping the loading and activity of RNA polymerase Il. Overall, this
framework lays the groundwork for further intricate investigations aimed at elucidating the
multifaceted functions of COMPASS/KMT2 complexes.

Y H3K4me3 ? H3K4mel

? H3K27ac ? H3K27me3

ASH2L WT ( ? ASH2L KD 2-4h

Loss of K4me3

Gain of K4mel

Loss of K27ac

Start of compaction

ASH2L KD 8-16h ASH2L KD 24-48h

Cell Cycle
DNA Synthesis
Cellular Senescence

Gain of K27me3 Loss of RNA transcription
Depletion in DNA synthesis
Cease of cell proliferation
Emerge of senescence phenotype

Figure 18: A Descriptive Model Suggested for the Regulatory Network Modulated by ASH2L.
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4.1 Outlook

In the current study, it has been demonstrated that the use of dTAG-13 leads to an immediate loss of
the ASH2L-FKBP fusion protein in immortalized MEF cells. This initiates a sequential series of cellular
and molecular events in the KD cell lines, some of which have been shown to be reversible by using
lenalidomide, a competitor compound that counteracts dTAG-13 biding to CRBN receptor of E3
ligase. The order of epigenomic deregulation, confirmed by ChIP-seq, primarily begins with the loss
of H3K4me3, followed by the gain of H3K4mel, loss of H3K27ac, and a delayed gain of H3K27me3.
However, the causal relationship of this apparent order is not very clear. The advantage of utilizing
lenalidomide could verify the reversible order of events in a backward orientation, confirming the
regulatory sequence of this network.

Moreover, specific inhibitors targeting KDMs could be employed to address the pure function of the
loss of ASH2L separately from its KMT2-HMT enzymatic activity. This approach could shed light on
the transactivational role of the ASH2L protein and its potential functional role of its direct DNA
binding domains present in the protein sequence.

Furthermore, a thorough investigation into the ASH2L-specific transcriptional regulatory network
could be conducted by performing RNA Pol Il or nascent RNA run-on sequencing methods. Since
H3K4me3 has also been implicated in alternative splicing of transcripts, addressing such questions
with the help of Bulk-RNAseq would be of interest.
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6 Appendix

6.1 Supplementary Figures
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Figure S1: HOT-induced Ash2l recombination leads to the KO of the endogenous Ash2/ gene. (A) A schematic
of the genomic arrangement of floxed Exon 4 of the Ash2/ gene, and the expected length of the nested PCR
products, is indicated. (B) Verified nested PCR products on genomic DNA extracted from N-terminal clones,
loaded on a 1% agarose gel, were visualized with Ethidium bromide. Maternal iMEF cells treated with 5 nM
HOT, and ethanol served as the positive and negative controls, respectively. Distilled water was used as a no-
template control for the PCR reaction. (C) Verified outer fragment PCR products on genomic DNA extracted
from C-terminal clones, loaded on a 1% agarose gel, were visualized with Ethidium bromide. Maternal iMEF
cells treated with 5 nM HOT, and ethanol served as the positive and negative controls, respectively. Distilled
water was used as a no-template control for the PCR reaction. (D) Cell lysates prepared from CdTAG pool, CA1
isolated clone and maternal iMEF cells were used for western blotting. 20 ug of each lysate was loaded for
analysis. Actin served as an internal control, and an antibody against ASH2L was used for fusion protein
expression evaluation. Experiment A, and B, were done by the author. Experiment C, and D were generated by
Malte Benje.
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Figure S2: dTAG-13 Treatment Leads to an Almost Complete Knockdown (KD) of the ASH2L Fusion Protein.
(A) Cell lysates prepared from single-cell clones treated with 100 nM dTAG-13 and ethanol as the vehicle
control were used for western blotting. Treatment was conducted in a time-course manner in cell culture, with
20 ug of each lysate loaded for analysis. Actin served as an internal control, and an antibody against ASH2L was
used for KD evaluation. (B) A similar western blot to panel A was performed for the ND10 clone, curated at very
early time points. (C) Serial dilutions of the untreated cell lysate of different clones were prepared and run next
to the treated time-course lysate samples. The KD efficiency in the time-course sample was compared to the
serially diluted samples of the untreated lysates. All experiments were conducted by the author.
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Figure S3: The Recovery of ASH2L Fusion Protein with the Aid of Lenalidomide. ND10 and NB5 clones were
treated for 24 hours with dTAG-13 or the vehicle control. Another set of 24h-KD cells were further treated with
10 uM lenalidomide for 1, 4, 8, and 24 hours. Total cell lysates were used for western blotting. Actin detection
served as a loading control, and an antibody against ASH2L was used to evaluate the re-expression of the
fusion protein. 20 pg of each lysate was loaded for analysis. The experiments were done by the author.
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Figure S4: dTAG-13 Treatment Leads to Ceased Cell Proliferation in All Single Cell Clones. (A) All N-terminal
monoclonals and iIMEF cells were treated with the vehicle control or 100 nM dTAG-13 for a period of up to 7
days. Every 2/3rd day, the cells were detached, counted, and then seeded back into the cell culture plates
under the respective treatment conditions. The experiment was performed in three biological replicates, with
each replicate measured three times. Error bars indicate the SEM for the samples. (B) NG3 cells were treated
with the vehicle control or 100 nM dTAG-13 for 24 hours. The cell culture was treated with 5-EdU for three
hours, as described in chapter 2.6.9.2. The cells were then fixed, labeled with AF488 dye, and stained with
Hoechst 33258 for DNA content. It is important to note that the BD FACS Canto Il machine with a 405 nm Violet
laser theoretically has excitation <5%. Therefore, in some other experiments (Figure 4), DyeCycle Vybrant
Violet was replaced for DNA content staining. The reactions were measured in two biological replicates, each
containing three independent measurements using the FACS machine. Error bars indicate the SD for the
samples. (C) On the left panel: ND10 cells were treated with the vehicle control or 100 nM dTAG-13 for 24
hours. Cells were fixed and stained with Hoechst 33258. The cell cycle phase distribution histogram was
obtained with FACS and analyzed using Flowlo software. The experiment was performed as one biological
replicate, containing three technical measurements. Error bars indicate the SD for the sample. On the right
panel: the overlay of the ND10 histogram at 24 hours treated with the vehicle control (red) and dTAG-13 (blue)
is shown. All experiments were done by the author.
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Figure S5: Disruption and Recovery of H3K4me3 Mark in Reaction to ASH2L Loss and Re-expression. NB5 (A)
and ND10 (B) cells were subjected to a time course treatment with 100 nM dTAG-13 or the vehicle control for
48 hours. Total cell lysates were used for western blotting. Actin detection served as a cell lysate loading
control, and an antibody against ASH2L was employed to assess the expression of the fusion protein.
Antibodies against H3K4me3 were used to evaluate the global expression of this histone modification. H3
expression served as a histone loading control. 5 pg of each lysate was loaded for analysis. (C) ND10 cells
treated for 24 hours with the vehicle control and 100 nM dTAG-13 were subjected to western blotting. A
parallel set of 24-hour dTAG-treated cells was further treated with 10 uM lenalidomide to assess the re-
expression of the H3K4me3 histone mark in a time-course manner. Actin detection served as a cell lysate
loading control. Antibodies against H3K4me3 were used to evaluate the global expression of this histone
modification, and H3 expression served as a histone loading control. 5 pg of each lysate was loaded for
analysis. All experiments were done by the author.
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Figure S6: KMT2 Components Exhibit Slight Deregulation Upon dTAG-13 Treatment. (A) NB5 (Top Blot) and
ND10 (Below Blot) cells underwent a time course treatment with 100 nM dTAG-13 or the vehicle control for 48
hours. Total cell lysates were used for western blotting. Actin detection served as a cell lysate loading control
for the Rbbp5 blot membrane. An antibody against ASH2L was utilized to assess the expression of the fusion
protein. 20 ug of each lysate was loaded for analysis. (B) ND10 cells were treated over a time course with 100
nM dTAG-13 or the vehicle control for 3 days. Tubulin detection served as a cell lysate loading control for the
Wdr5 blot membrane. An antibody against ASH2L was employed to assess the expression of the fusion protein.
An antibody against MLL1-C-terminal was used to detect the expression of the MLL subunit. The transfer of the
large MLL protein was performed using Towbin buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol, pH
8.3); however, it was not very efficient, as the protein remaining on the Coomassie staining of the gel showed
uneven protein transfer for the region of interest. Therefore, two different blotting membranes were probed
for the same protein. 40 pug of each lysate was loaded for analysis. (C) NG3 cells were treated over a time
course with 100 nM dTAG-13 or the vehicle control for 16 hours. Total cell lysates were used for western
blotting. Actin detection served as a cell lysate loading control. An antibody against ASH2L was employed to
assess the expression of the fusion protein. Two different antibodies against Myc protein were used on two
different blotting membranes. Myc-C19 exhibited a very weak signal and therefore was exposed for longer
than 3 minutes to present a visible band on the membrane. 20 pg of each lysate was loaded for analysis. All
experiments were conducted by the author.
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Figure S7: H3K4me3 is Deregulated at Promoter Regions in Response to ASH2L Loss. (A) The IGV genomic
view depicts the H3K4me3 signal intensity from the BigWig files (group-scaled) for the NG3 H3K4me3-ChlPseq
at different time points, at two different gene TSSs, Rspo2 and Zfp503. (B) ChIP-gPCR demonstrates the ASH2L
enrichment level at the TSS of the Rspo2 and Zfp503 genes after 16 hours of treatment with vehicle control and
100 nM dTAG-13. IgG enrichment was used as a background control. (C) The genomic view shows the gained

H3K4me3 signals at the Rn-45s TSS region. BigWig files are group-scaled. The experimental procedure of
H3K4me3 and ASH2L ChIP-seq and ChIP-gPCR was done by the author. The computational analysis of the data

was curated by Dr. Mirna Barsoum.
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Figure S8: Loss of ASH2L Leads to Depletion of H3K4me3 at Promoter Regions. (A) ND10 cells were treated in
a time-course manner with 100 nM dTAG-13 and subjected to chromatin immunoprecipitation using an
H3K4me3 antibody, followed by sequencing (two technical replicates for each time point). The signal density,
mapped against the mm9 reference genome, is represented as a heatmap around all mm9 transcripts in the
figure. The distribution density is normalized between samples, demonstrating the signal within a 3 Kb window
around the TSS regions of all genes.The experimental procedure was done by the author, with computational
analysis curated by Dr. Mirna Barsoum.
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Figure S9: H3K4me3 and H3 are Deregulated at Promoter Regions in Response to ASH2L Loss. (A) The IGV
genomic view depicts the H3K4me3 signal intensity from the BigWig files (group-scaled) for the ND10
H3K4me3-ChIPseq at 24h at the Cdh3 TSS. Lower panel, ChIP-gPCR demonstrates the H3K4me3 and H3
enrichment level at the TSS of the Cdh3 promoter after 24 hours of treatment with vehicle control and 100 nM
dTAG-13. IgG enrichment was used as a background control (Not shown). Error bar shows the +SEM for two
replicates. (B) Same as panel B for Atp8a promoter. BigWig files are group-scaled. The experimental procedure
of H3K4me3 and H3 ChlP-seq and ChIP-qPCR was done by the author. The computational analysis of the data
was curated by Dr. Mirna Barsoum.
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Figure $S10: H3K4me3 Response to ASH2L Loss is Dependent on the Location Around TSS. (A) The IGV genomic
view depicts the H3K4me3 signal intensity from the BigWig files (group-scaled) for the ND10 H3K4me3-ChlPseq
at different time points at the Zfp503 TSS. Right panel, ChIP-qPCR demonstrates the H3K4me3, H3, and HA-
ASH2L enrichment level at the TSS of the Zfp503 promoter after 0.5 hour of treatment with vehicle control and
100 nM dTAG-13. IgG enrichment was used as a background control. Error bar shows the +SEM for two
replicates. (B) ChIP-qPCR demonstrates the H3 enrichment level at the upstream and downstream of TSS of the
Rab8a promoter in a time course treatment with vehicle control and 100 nM dTAG-13. IgG enrichment was
used as a background control. Error bar shows the +SEM for 3 replicates. (C) (B) ChIP-gPCR demonstrates the
H3K4me3 enrichment level at the upstream and downstream of TSS of the Rab8a promoter in a time course
treatment with vehicle control and 100 nM dTAG-13. IgG enrichment was used as a background control. Error
bar shows the +SEM for 4-7 replicates. (D) The genomic view depicts the H3K4me3 signal intensity from the
BigWig files (group-scaled) for the ND10 H3K4me3-ChlPseq at different time points at the Rab8a TSS.
H3K4me3, H3, and HA-ASH2L and ChIP-gPCR was done by the author. The computational analysis of the data
was curated by Dr. Mirna Barsoum.
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Figure S11: H3K27me3 ChiIP-seq Attempt Resulted in Insufficient Sequencing Depth and Therefore
Resolution. (A) NG3 cells were treated in a time-course manner with 100 nM dTAG-13 and subjected to
chromatin immunoprecipitation using an H3K27me3 antibody, followed by sequencing (two technical
replicates for each time point). The signal density, mapped against the mm9 reference genome, is represented
as a heatmap around all mm9 transcripts in the figure. The distribution density is normalized between samples,
demonstrating the signal within a 3 kb window around the TSS regions of all genes. (B) For the differential
analysis performed on the deregulated peaks, an MA plot was generated (Y-axis: LogFC, X-axis: mean of
normalized reads). Differential peaks meeting the parameters with FDR<0.05 are shown in red. The
experimental procedure was done by the author, with computational analysis curated by Dr. Mirna Barsoum.
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Figure S12: H3K27me3 is Accumulated d at Promoter Regions in Response to ASH2L Loss. (A) The IGV genomic
view depicts the H3K27me3 signal intensity from the BigWig files (group-scaled) for the NG3 H3K27me3-
ChlIPseq at 16h, 24h, and 48h at the Ncoa2 TSS. (B) ChIP-gPCR demonstrates the H3K27me3 enrichment level at
the TSS of the Thc1d1 and Rims2 promoters at different time points of treatment with vehicle control and 100
nM dTAG-13. IgG enrichment was used as a background control. Error bar shows the +SEM for 2-6 replicates.
(C) The IGV genomic view depicts the H3K27me3 signal intensity from the BigWig files (group-scaled) for the
NG3 H3K27me3-ChlPseq at 16h, 24h, and 48h at the Thcldl and Rims2 TSS. The experimental procedure of
H3K27me3 ChlP-seq and ChIP-qPCR was done by the author. The computational analysis of the data was
curated by Dr. Mirna Barsoum.
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Figure S13: Loss of ASH2L Results in RNA Transcriptional Deregulation. (A) NG3 cells treated with 100 nM
dTAG-13 for 24h, 48h, and 72h were subjected to RNA-seq (three technical replicates for each time point). For
the differential analysis performed on the deregulated genes, an MA plot was generated (Y-axis: Log2FC, X-axis:
mean of normalized counts). Differentially expressed genes meeting the parameters |Log2FC|>0.58 and
FDR<0.05 are shown in red. (B) The number of significantly deregulated genes at each time points were
plotted. (C) A GO analysis performed by gProfiler2, for significantly down regulated genes obtained from Click-
seq, demonstrating the molecular terms associated with the deregulated genes. The experimental procedure of
RNA-seq was conducted by Alexander Stenzel, with computational analysis, differential analysis, and
annotation curated by Dr. Mirna Barsoum. The GO term analysis was done by Author.
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Figure S14: H3K4mel Accumulation is Potentially a Result of H3K4me3 Loss at Promoters. (A) NG3 cells were
treated in a time-course manner with 100 nM dTAG-13 and subjected to chromatin immunoprecipitation using
an H3K4me3 and H3K4mel antibody, followed by sequencing (two technical replicates for each time point).
The signal density, mapped against the mm9 reference genome, is represented as a heatmap around all mm9
transcripts in the figure. The distribution density is normalized between samples, demonstrating the signal
within a 3 kb window around the TSS regions of all genes. The signal density was clustered based on K-means
for different transcripts in mm9 reference genome (B) The differential peaks meeting the parameters
|LogFC|>0.58 and FDR<0.05 were annotated to gene promoters. An intersection was ran between the
significant-deregulated promoter and the overlap was demonstrated by Venn diagram. The experimental
procedure, and the intersection analysis was done by the author, with computational analysis curated by Dr.
Mirna Barsoum.
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Figure S15: The Transcription of KMT2 Components and H3K4me3 Readers and Writers, does not Exhibit a
Prominent Alteration. (A) A heatmap plot generated from Log2FC values extracted from differential gene
expression analysis for the genes involved in COMPASS complex. The plots were drawn using gplots data
visualization package through R Studio interface. (B) A heatmap plot generated from Log2FC values extracted
from differential gene expression analysis for the genes involved in H3K4me3 deposition, erasing and reading.
The plots were drawn using gplots data visualization package through R Studio interface. The experimental
procedure was done by Alexander Stenzel, and the heatmap generation was done by the author, with
computational analysis curated by Dr. Mirna Barsoum.
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Figure S16: The Deregulation of Histone PTMs is Associated with RNA Transcription Level at Later Time
points. (A) An intersection analysis between the significantly downregulated RNA at 24h, 48h, and 72h
(Log2FC<-0.58, FDR<0.05) obtained from RNA-seq experiment performed by Alexander Stenzel was performed
with significant (Log2FC<-58, FDR<0.05) H3K4me3-depleted promoters at 16h obtained from ChIP-seq
experiment in NG3. The overlap was based on gene name and showed in Venn diagrams. (B) An intersection
analysis between the significantly downregulated RNA at 24h, 48h, and 72h (Log2FC<-0.58, FDR<0.05) obtained
from RNA-seq experiment performed by Alexander Stenzel was performed with significant (Log2FC<-0.58,
FDR<0.05) H3K27ac-depleted promoters at 16h obtained from ChlP-seq experiment in NG3. The overlap was
based on gene name and showed in Venn diagrams. (C) An intersection analysis between the significantly
downregulated RNA at 24h, 48h, and 72h (Log2FC<-0.58, FDR<0.05) obtained from RNA-seq experiment
performed by Alexander Stenzel was performed with significant (Log2FC<58, FDR<0.05) H3K27me3-elevated
promoters at 16h obtained from ChIP-seq experiment in NG3. The overlap was based on gene name and
showed in Venn diagrams. The experimental procedure of Histone PTM ChIP-seq, and the intersection analysis
was done by the author. The RNA-seq experiment was done by Alexander Stenzel, with computational analysis
of all NGS data curated by Dr. Mirna Barsoum.
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Figure S17: The Transcription Deregulation of Different Set of Genes is Associated with H3k4me3 and
H3K27ac Signal Status at Their Promoters. (A) A heatmap plot (left) generated from Log2FC values extracted
from differential gene expression analysis for the genes involved in cell cycle regulation. A heatmap plot
(middle) generated from Log2FC values extracted from significantly deregulated H3K4me3 peaks at 3Kb
window of TSS of the corresponding genes. A heatmap plot (right) generated from Log2FC values extracted
from significantly deregulated H3K27ac peaks at 3Kb window of TSS of the corresponding genes. The plots
were drawn using gplots data visualization package through R Studio interface. (B) A heatmap plot (left)
generated from Log2FC values extracted from differential gene expression analysis for the genes involved in
senescence (M genes). A heatmap plot (middle) generated from Log2FC values extracted from significantly
deregulated H3K4me3 peaks at 3Kb window of TSS of the corresponding genes. A heatmap plot (right)
generated from Log2FC values extracted from significantly deregulated H3K27ac peaks at 3Kb window of TSS of
the corresponding genes. The plots were drawn using gplots data visualization package through R Studio
interface. The experimental procedure of RNA-seq was done by Alexander Stenzel. The H3K4me3 and H3K27ac
ChlIP-seq experimental work, plus the heatmap generation was done by the author. All the computational
analysis was curated by Dr. Mirna Barsoum.
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Figure S18: The Loss of H3K4me3 Does Not Seem to be the Driver of Loss of Transcription of Deregulated
Nascent RNAs. (A) An intersection analysis between the significantly downregulated nascent RNA at 4h
(Log2FC<-0.58, FDR<0.05) obtained from Click-seq experiment was performed with H3K4me3-depleted
promoters obtained from ChlIP-seq experiment in NG3. The overlap was based on gene name and showed in
Venn diagrams. (B) An intersection analysis between the significantly upregulated nascent RNA at 4h
(Log2FC>0.58, FDR<0.05) obtained from Click-seq experiment was performed with H3K4me3-depleted
promoters obtained from ChlIP-seq experiment in NG3. The overlap was based on gene name and showed in
Venn diagrams. The experimental procedure, and the intersection analysis was done by the author, with
computational analysis curated by Dr. Mirna Barsoum.

cv



A B

Click Down K4me3 Loss Click Up K4me3 Loss
8h 2h 8h 2h

Click Down K4me3 Loss Click Up K4me3 Loss
8h 4h 8h 4h

Click Down K4me3 Loss Click Up K4me3 Loss
8h 8h 8h 8h

Click Down K4me3 Loss Click Up K4me3 Loss
8h 16h 8h 16h

Figure S19: The Loss of H3K4me3 Does Not Seem to be the Driver of Loss of Transcription of Deregulated
Nascent RNAs. (A) An intersection analysis between the significantly downregulated nascent RNA at 8h
(Log2FC<-0.58, FDR<0.05) obtained from Click-seq experiment was performed with H3K4me3-depleted
promoters obtained from ChlP-seq experiment in NG3. The overlap was based on gene name and showed in
Venn diagrams. (B) An intersection analysis between the significantly upregulated nascent RNA at 8h
(Log2FC>0.58, FDR<0.05) obtained from Click-seq experiment was performed with H3K4me3-depleted
promoters obtained from ChlP-seq experiment in NG3. The overlap was based on gene name and showed in
Venn diagrams. The experimental procedure, and the intersection analysis was done by the author, with
computational analysis curated by Dr. Mirna Barsoum.
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Appendix 1: Flowcytometery plots extracted from FlowJo. Support for cell phase analysis demonstrated in

Figure 4B.

Cvil



Ctrl-NoEdU

Ctrl-EdU

8h

24h

1K 10¢ 10 1
00 w0
00 o o -
g
1. = - < .
u daet . Gatet
LA esa g R by
200 ~ i I :
n d K :
? . ' -
‘9 T T T T T s T T T T T T T T T T T T T T T
0 - 00 0o 1 [ 20 o0 00 00 10K e 0 £ L 00 10K o 0 - 00 L R
Foc-A FocA FaC-A FoCA
ET-NoEdU_Tube_001.fcs ET-E0U-15_Tube_001.%cs GTAG-Sh-1s8_Tube_0G1 i3 ATAG-24n-15t_Tude_001.fcs
Urgatee Urgatea Ungatea Urgatea
10000 10000 10000 10000
10 10¢ o 10 ]
0 00 0 800
00 o | 80 o0 |
T
#
0 - a0 - 0 - -0 -]
gk Q Singie Ceiz srige uﬁ = cﬁ
20 J g S8 i 200 ] g 80 0 - ("i 740 200 g s
o 0 L] o
T T T T T T T T T T L) T L) T T T T T T T
o . 400 0w 80 1= ° 00 0 o0 820 1 » = L L bl ] 200 00 20 80 1%
FaC-A FIC-A FaC-A FaC-A
ET-NoEdU_Tube_001 &3 ET-EdU-13_Tube_001 %3 aTAG-En-13¢_Tube_0D1.fc3 GTAG-24h-15t_Tube_DO1.%3
Gatet Gatet Gat=t Gatet
esin es2s 523 7853
w0t 0t wd 0!
0 - 0?4 w0t
<
g i ot 0? o2
- 3
' ' ' '
" NE o' '
$ ] o o
0 e
z L) L) L) T T T T T T T T T T 7' ¥ T T - - T
o = hd L L ° 20 00 o0 0 1K o el w0 o0 Lo o 200 00 80 IR
Faciic B, Pacrc Blue-A Pacic Blue-A Pacric Blus-A
ET-NoEdU_Tube_D01 X3 ET-E0U-12¢_Tube_001 %3 GTAG-Eh-15¢_Tube_001.fcs GTAG-24h-13_Tube_001.%3
Single Cels Single Cets Singie Cets ingie Cers
82 a2 &7 7588

Appendix 2: Flowcytometery plots extracted from FlowJo. Support for DNA synthesis analysis demonstrated

in Figure 4C.
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Appendix 3: Confirmatory ChIP-qPCR for the performed ChIP-seq experiments in NG3 cells. Performed a TSS
regions. Error bars indicate +SEM for 4-6 replicates.
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6.2 Supplementary Tables

Online Attachment.

6.3 List of Abbreviations

Abbreviations Description

5-EdU 5-ethynyl-2'-deoxyuridine

5hmC 5-hydroxymethylcytosine

AEBP2 AE binding protein 2

ASH2L Absent, small, or homeotic 2-like

ATAC Assay for transposase-accessible chromatin with sequencing
BAF BRG1/BRM-associated factor

BAH Bromo-adjacent homology

BAHD1 Bromo adjacent homology domain-containing protein 1
BPTF Bromodomain PHD finger transcription factor
BRD4 Bromodomain-containing protein 4

CBP CREB-binding protein

Cbx7 Chromobox protein homolog 7

Cbx8 Chromobox protein homolog 8

CFP1 CpG-binding CXXC zinc finger protein 1

cal CpG-rich islands

CHD1 Chromodomain helicase dna binding protein 1
ChlP Chromatin immunoprecipitation

ChlP-seq Chromatin immunoprecipitation sequencing
Click-seq Click nascnet RNA sequencing

COMPASS Complex proteins associated with setl
CoREST Co-repressor of repressor element-1 silencing transcription
CRBN Cereblon

CRL Cullin-RING ligase

CTD C-terminal domain

DMEM Dulbecco’s modified eagle medium

DNMT DNA methyltransferases

EBS Early bolting in short day

EGR1 Early growth response protein 1

EHMT2 Euchromatic histone-lysine N-methyltransferase 2
EMF1 Embryonic flower 1

ER Endoplasmic reticulum

ERCC External rna control consortium

ESC Embryonic stem cells

EZH2 Enhancer of zeste homolog 2

FACS Fluorescence-activated cell sorting

FBS Fetal bovine serum

FDR False discovery rate

FKBP Fk506-binding protein

GNAT GCN5-related n acetyltransferases

GO Gene ontology

GW Genome-wide



H3K4dme
HAT
HDAC
HECT
HMT
HOT
IDR
iMEF
IMiDs
ING2
INTS11
ISWI
JARID1
JMID3
KAT
KD
KDM
KMT2
KO

LB
Log2FC
LSD1
MAPJD
MBT
MEF
mESC
MLL
MORC
NFR
NGS
NSD1
NURF
oD
OSN
PBS
PcG
PFA
PHD
PHF2
PHF8
PIC
PNUTS/PP1
POI
PRC2
PROTAC
PTM
PWM
gqPCR

Histone 3 lysine 4 methylation

Histone acetyl transferase

Histone deacetylase
Homologous to the e6ap carboxyl terminus
Histone methyltransferase
4-hydroxytamoxifen

Intrinsically disordered regions
Immortalized mouse embryonic fibroblasts
Immunomodulatory imide drugs
Inhibitor of growth family member 2
Integrator complex subunit 11

Imitation switch

Jumoniji at-rich interactive domain-1
Jumonji domain-containing protein-3
Lysine acetyltransferases

Knock down

Lysine demethylases

Lysine methyltransferase 2

Knock out

Luria-bertani

Log2 fold change

Lysine-specific histone demethylase 1a
Ribosomal oxygenase 1-No66, Riox1
Malignant brain tumor

Mouse embryonic fibroblasts

Mouse embryonic stem cells
Mixed-lineage leukemia

Microrchidia family of proteins
Nucleosome-free region

Next generation sequencing

Nuclear receptor-binding set domain protein 1
Nucleosome-remodeling factor

Optical density

Oct4, Sox2 and Nanog

Phosphate buffered saline

Polycomb group of proteins
Paraformaldehyde

Plant homoedomain

PHD finger protein 2

PHD finger protein 8

Preinitiation complex
Phosphatase 1 nuclear targeting subunit
Protein of interest

Polycomb repressor complex 2
Proteolysis targeting chimera

Histone post-translational modifications
Position weight matrix

Quantitative polymerase chain reaction
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RBBP5
RBR
RING
RNA Pol Il
RNAI
RPM
SAGA
SDI
SDS-PAGE
SET3C
SGF29
SHL
Shid1
SOB
SOC
SPRY
SWI/SNF
TAD
TAF3
TET1

TF

TPD
TrxG
TSS

Ub

UPS
WDR5
WDR82
WH

WT

Retinoblastoma-binding protein 5
RING-between-RING

Really interesting new gene

RNA polymerase

RNA interfrence

Round per minute

Spt-Ada-Gen5 acetyltransferase
Sdcl DPY30 interaction

Sodium dodecyl-sulfate poly-acrylamide gel electrophoresis

SET domain-containing protein 3

SAGA complex associated factor 29

Short life

Shield-1

Super optimal broth

SOB with catabolite repression
Spla and the ryanodine receptor
SWItch/Sucrose Non-Fermentable
Transcactivation domain

TATA-box binding protein associated factor 3

TET methylcytosine dioxygenase 1
Transcription factor

Targeted protein degredation
Trithorax-group proteins
Transcription start sites
Ubiquitin protein
Ubiquitin-proteasome system
WD repeat-containing protein 5
WD repeat-containing protein 82
Winged helix domain

Wild-type
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6.4 List of Figures

Figure 1: KMT2 Complex and ASH2L Schematic Depiction.

Figure 2: PROTACs- dTAG System Mechanism of Action.

Figure 3: The Schematic of dTAG-13-Induced Degradation of ASH2L-FKBP3¢V,

Figure 4: Validation of Isolated Monoclonal Cells.

Figure 5: The Rescue of ASH2L-FKBPF36V Expression.

Figure 6: Loss of ASH2L Leads to Ceased Cell Proliferation and Impaired DNA Synthesis Ability.

Figure 7: Deregulation of Transcription-Associated Histone Marks in Response to ASH2L.

Figure 8: The Response of KMT2 Components Occurs Later Following dTAG-13 Treatment.

Figure 9: Loss of ASH2L Leads to Depletion of H3K4me3 at Promoter Regions.

Figure 10: Genomic Distribution of H3K4me3-Depleted Peaks Enriches for Promoter Regions.

Figure 11: Loss of ASH2L Leads to Accumulation of H3K4me1l at Promoter Regions.

Figure 12: Genomic Distribution of H3K4me1l-Elevated Peaks Enriches for Promoter Regions.

Figure 13: Loss of ASH2L Leads to Depletion of H3K27ac at Promoter Regions.

Figure 14: Genomic Distribution of H3K27ac-Depleted Peaks Enriches for Promoter Regions.

Figure 15: Loss of ASH2L Leads to Accumulation of H3K27me3 at Promoter Regions.

Figure 16: Loss of ASH2L Results in Nascent RNA Transcriptional Deregulation.

Figure 17: Sequential Deregulation of Histone Marks in Response to ASH2L Loss.

Figure 18: A Descriptive Model Suggested for the Regulatory Network Modulated by ASH2L.

Figure S1: HOT-induced Ash2l recombination leads to the KO of the endogenous Ash2/ gene.

Figure S2: dTAG-13 Treatment Leads to an Almost Complete Knockdown (KD) of the ASH2L Fusion Protein.
Figure S3: The Recovery of ASH2L Fusion Protein with the Aid of Lenalidomide.

Figure S4: dTAG-13 Treatment Leads to Ceased Cell Proliferation in All Single Cell Clones.

Figure S5: Disruption and Recovery of H3K4me3 Mark in Reaction to ASH2L Loss and Re-expression.

Figure S6: KMT2 Components Exhibit Slight Deregulation Upon dTAG-13 Treatment.

Figure S7: H3K4me3 is Deregulated at Promoter Regions in Response to ASH2L Loss.

Figure S8: Loss of ASH2L Leads to Depletion of H3K4me3 at Promoter Regions.

Figure S9: H3K4me3 and H3 are Deregulated at Promoter Regions in Response to ASH2L Loss.

Figure $10: H3K4me3 Response to ASH2L Loss is Dependant on the Location Around TSS.

Figure S11: H3K27me3 ChIP-seq Attempt Resulted in Insufficient Sequencing Depth and Therefore
Resolution.

Figure S12: H3K27me3 is Accumulated d at Promoter Regions in Response to ASH2L Loss.

Figure S13: Loss of ASH2L Results in RNA Transcriptional Deregulation.

Figure S15: The Transcription of KMT2 Components and H3K4me3 Readers and Writers, Does not Exhibit a
Prominent Alteration.

Figure S16: The Deregulation of Histone PTMs is Associated with RNA Transcription Level at Later Time
points.

Figure S17: The Transcription Deregulation of Different Set of Genes is Associated with H3k4me3 and
H3K27ac Signal Status at Their Promoters.

Figure S18: The Loss of H3K4me3 Does Not Seem to be the Driver of Loss of Transcription of Deregulated
Nascent RNAs.

Figure S19: The Loss of H3K4me3 Does Not Seem to be the Driver of Loss of Transcription of Deregulated
Nascent RNAs.

Appendix 1: Flowcytometery plots extracted from FlowJo. Support for cell phase analysis demonstrated in
Figure 4B.

Appendix 2: Flowcytometery plots extracted from FlowJo. Support for DNA synthesis analysis demonstrated
in Figure 4C.

Appendix 3: Confirmatory ChIPqPCRs for the performed ChIP-seq experiments in NG3 cells. Performed a TSS
regions. Error bars indicate +SEM for 4-6 replicates.

CXin
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