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Abstract

Mixed lineage leukemia-rearranged (MLL-r) leukemia is a genetically distinct subtype of leukemia
characterized by chromosomal translocations in the MLL1 gene KMT2A. This rearrangement results in
the expression of an oncogenic MLL-fusion protein (MLL-FP). To date, more than 100 fusion partners
have been described and the majority of them enhance transcription elongation by stimulating RNA
polymerase Il. MLL-rearrangements are a poor prognostic factor associated with a low event-free
survival. To obtain a better clinical outcome, multiple efforts are made to explore treatment options
that specifically target key players in the MLL-r mechanism. One such target is the ternary complex of
MLL1, menin and lens epithelium derived growth factor, isoform p75 (LEDGF/p75). Menin was
described as molecular adaptor linking MLL1 to LEDGF/p75, whereas the latter serves as tether for the
MLL1 complex to its target genes. At the amino terminus, LEDGF encompasses a LEDGFpwwe domain
that specifically reads methylated-lysine residue 36 of histone 3. We hypothesize that this pathological
mechanism can be reversed by constraining the LEDGF/p75 chromatin binding site to reduce the

MLL-FP driven expression.

In this thesis, we confirmed the LEDGFpwwr domain as potential target to treat MLL-r leukemia. To
investigate the interaction between nucleosomes and LEDGF/p75 we established two in vitro assays,
AlphaScreen and TR-FRET and one interaction assay in a cellular context, the nanoBRET. The W21A,
F44A double mutant of the LEDGFpwwe domain that can no longer interact with nucleosomes was used
to determine specificity. Interestingly, the LEDGFpwwe protein domain was able to not only interact with
the trimethylated mark of H3K36, but also interacted with non, mono and di-methylated nucleosomes
but to a lesser extent in both in vitro assays. Following a structure-based drug discovery strategy,
supported by X-ray crystallography and NMR, we aim to develop a small molecule that specifically
targets the LEDGFpwwe pocket. A small in-house screening and a medium-scale screening at the XChem
facility in Oxford resulted in 106 hits. In this thesis, we characterized six confirmed fragments in
differential scanning fluorimetry (DSF), AlphaScreen and TR-FRET. Over all experiments, fragments 3
and { showed the most promising results with temperature shifts of more than three degrees and

moderate inhibition of the interaction.

In parallel, we considered the presence of hepatoma derived growth factor related protein 2 (HRP-2),
the LEDGF/p75 paralog for which interchangeable functions in context of HIV-1 were reported. Before,
no link between HRP-2 and MLL1 nor hematopoiesis or leukemia was described. HRP-2
co-immunoprecipitated with MLL1, but is less dependent on the presence of menin when compared

to LEDGF/p75. Analysis of the solution structure of the HRP-2;5p domain by NMR revealed a highly
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conserved folding of the IBD domain in comparison to LEDGFgp. These structural similarities prompted
us to investigate the role of HRP-2 in normal hematopoiesis using a systemic knockout mouse model.
The HRP-2 knockout mice presented with an increase in neutrophils in the peripheral blood. Ex vivo
analysis of lineage depleted bone marrow cells by colony formation capacity and RNA sequencing in
comparison to the wild type cells suggested a preferred stem-like state for HRP-2 expressing cells. The
role of HRP-2 in MLL-r and other leukemic, human cell lines was evaluated by lentiviral-mediated
miRNA depletion of HRP-2 followed by a growth monitoring in colony forming assay and liquid culture.
Surprisingly, HRP-2 knockdown affected growth of all leukemic cell types, irrespective of MLL-fusion
proteins. However, HRP-2 overexpression in the absence of LEDGF/p75 suggests that both proteins
can carry out similar functions, but are regulated differently. At last, to study whether HRP-2 influences
the MLL-r leukemogenesis, we performed a bone marrow transplantation experiment to induce
MLL-ENL driven leukemia. Interestingly, HRP-2 knockout cells transformed as efficiently as HRP-2 wild
type cells in a colony forming assay, and resulted in a shorter life span for the transplanted mice

compared to the wildtype.

In conclusion, this research provides novel information on the role of HRP-2 in mixed lineage leukemia.
We believe that the HRP-2 interaction with MLL1 is not determinant for the development of MLL-r
leukemia and that LEDGF/p75 is the main driver of MLL-r leukemia. Further development of the
fragments with a focus on both PWWP domains will determine whether LEDGFpwwe inhibitors are a

feasible strategy for the treatment of MLL-r leukemia.



Samenvatting | VII

Samenvatting

Een specifieke, agressieve vorm van leukemie wordt gekenmerkt door een chromosomale translocatie
in het KMT2A gen dat codeert voor het mixed lineage leukemia 1 eiwit (MLL1). Bij leukemiepatiénten
met deze chromosomale afwijking worden kankercellen met kenmerken van verschillende types
bloedcellen gedetecteerd. Deze vorm van leukemie gaat gepaard met een ongunstige prognose en een
lage overlevingskans, onder meer omdat er geen specifieke behandelingen beschikbaar zijn. De
chromosomale herschikking resulteert in de expressie van een kanker-drijvend fusie-eiwit van MLL1
en een fusiepartner die zorgt voor een verhoogde expressie van onder andere homeobox A (HoxA)
genen. Twee belangrijke eiwitten in dit ziektemechanisme zijn menin en lens epithelium derived
growth factor p75 (LEDGF/p75). Menin versterkt de binding tussen MLL1 en LEDGF/p75 waarbij deze
laatste belangrijk is voor het richten van MLL1 en de MLL-fusie eiwitten naar het chromatine. Het
PWWP-domein in het amino-terminaal uiteinde van LEDGF/p75 (LEDGFpwwe) herkent specifiek lysine
36 op histon drie, gemerkt door twee of drie methyl groepen (H3K36me2/3) en brengt zo de
MLL1-eiwitcomplexen naar actief vertaalde genen. We veronderstellen dat het MLL-leukemie
ziektemechanisme teruggedraaid kan worden door de binding tussen LEDGFpwwe €n histonen te

verbreken met behulp van kleine moleculen.

Nadat verschillende publicaties LEDGF/p75 reeds valideerden als potentieel doelwit, tonen wij hier
experimenteel aan dat het verstoren van het LEDGFpwwe-domein voldoende is om de leukemiegroei in
een kolonie-vormend experiment tegen te gaan, specifiek in MLL-herschikte leukemiecellen. Een
dubbel gemuteerde vorm van het LEDGFpww- domein (W21A, F44A) dat niet langer aan het chromatine
kan binden is niet in staat de groei even sterk af te remmen. Twee in vitro experimenten (AlphaScreen
en TR-FRET) en een cellulair experiment (nanoBRET) werden uitgewerkt om de directe interactie
tussen LEDGFpwwe en het nucleosoom te bestuderen. Het dubbel gemuteerde LEDGFpwwe (W21A,
F44A) eiwit werd gebruikt om de specificiteit te bepalen. Additioneel hebben we met deze technieken
gezien dat LEDGF/p75 niet enkel aan dubbel of tripel gemethyleerd lysine 36 kan binden, maar in
mindere mate ook aan niet- en mono-gemethyleerd lysine 36 bindt. Aan de hand van een op structuur-
gebaseerde strategie, ondersteund door x-ray kristallografie en NMR, trachten we kleine moleculen te
ontwikkelen die specifiek binden aan de LEDGFewwe pocket. Een tweedelige screening resulteerde in
de detectie van 106 fragmenten die als basis gebruikt worden voor verdere ontwikkeling. In deze thesis
werden 6 fragmenten gekarakteriseerd in differential scanning fluorimetry (DSF), AlphaScreen en TR-
FRET. Samengevat vertonen fragmenten B en T het beste resultaat, met temperatuur verschuivingen

van meer dan drie graden en een matige inhibitie van de interactie.
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In parallel werd de rol van het zuster-eiwit hepatoma derived growth factor 2 (HRP-2) onderzocht.
Eerder onderzoek heeft aangetoond dat HRP-2 en LEDGF/p75 gelijkaardige functies kunnen uitvoeren,
maar tot op heden werd geen link tussen HRP-2 en het MLL1 eiwit, noch hematopoése of leukemie
beschreven. Via immunoprecipitatie experimenten tonen we aan dat HRP-2 en MLL1 met elkaar in
interactie treden en dat deze interactie minder afhankelijk is van menin dan het geval is voor de
LEDGF/p75-MLL1 interactie. De structurele vergelijking tussen LEDGF;gp en HRP-2i5p laat zien dat de
vouwing van het integrase binden domein (IBD) evolutionair behouden en sterk gelijkend is tussen
beide eiwitten. Om de functionele rol van HRP-2 te bestuderen in hematopoése werd een muismodel
bestudeerd waarbij HRP-2 afwezig is. Een verhoogde hoeveelheid neutrofielen werd gedetecteerd in
de HRP-2 knock-out muizen. Ex vivo analyse van de hematopoétische stamcellen in een kolonie-
vormend experiment en sequentie analyse van het RNA doet vermoeden dat cellen een voorkeur

hebben voor een stamcel fenotype in aanwezigheid van HRP-2.

De rol van HRP-2 in MLL-r en andere humane, leukemie cellijnen werd bestudeerd aan de hand van
miRNA-gedreven onderdrukking van HRP-2. In tegenstelling tot wat geobserveerd werd voor
LEDGF/p75, tonen de resultaten aan dat minder HRP-2 resulteert in een tragere groei onafhankelijk
van de aanwezigheid van MLL-fusie eiwitten in de cellen. Echter lijkt een overmaat van HRP-2 in de
afwezigheid van LEDGF/75 een gelijkaardige functie te kunnen uitvoeren in een kolonie-vormend
experiment. Tot slot, om te onderzoeken of HRP-2 een invloed heeft op het ontstaan van de MLL-r
leukemie, werd een MLL-ENL fusie eiwit tot expressie gebracht en geévalueerd in een kolonie-vormend
experiment of getransplanteerd in muizen. Efficiénte transformatie werd zowel in vitro als in vivo
vastgesteld aan de hand van respectievelijk de toename in kolonies en de verkorte levensduur van de

muizen.

Samengevat draagt dit onderzoek bij aan de kennis van HRP-2 in hematopoése en MLL-herschikte
leukemie. We concluderen hieruit dat de HRP-2 interactie met MLL1 niet bepalend is voor de
ontwikkeling van MLL-herschikte leukemie en dat LEDGF/p75 de voornaamste drijfkracht is in het
mechanisme van deze leukemievorm. Verdere ontwikkeling van de fragmenten met aandacht voor
beide PWWP-domeinen zal bepalen of LEDGFpwwe inhibitoren gebruikt kunnen worden voor het

bestrijden van MLL-herschikte leukemie.
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1.1. Epigenetic regulation

Epigenetics is known as the dynamic process that induces modifications of DNA or histones without
changing the DNA nucleotide sequence. This can be obtained by post-translational modifications of
DNA or histones [1] or non-coding RNA, including micro RNA [2]. These modifications influence cellular
processes such as chromatin condensation, gene expression, DNA damage repair, cell cycle regulation,

cell faith and many more. A balanced epigenome has proven to be crucial for homeostasis.

One important phenomenon, regulated by epigenetics, is chromatin condensation and the associated
accessibility for gene transcription (Figure 1.1). Chromatin condensation is realized by the compact
spatial organization of nucleosomes, which are histone octamers wrapped with DNA. A series of
nucleosomes is called chromatin. Once the chromatin is packed together and highly condensed as
heterochromatin, genes are not transcribed. In the euchromatin state, the DNA is less condensed and
genes are accessible for transcription. Modifications of both DNA and histones influence the
compactness of chromatin and thus gene expression and involve either the addition of chemical groups

to one residue or structural conversion (Table 1.1).

Nucleosome

Figure 1.1: Compaction of genetic DNA into chromosomes

DNA is compacted at several levels, indicated by the black arrows. From left to right: double stranded DNA
unbound to nucleosomes, DNA wrapped around nucleosomes in the euchromatin state, DNA wrapped around
nucleosomes in the heterochromatin state, further compaction of chromatin into chromosomes. In the first two
boxes, gene transcription is likely to occur. In the last three boxes, gene transcription mechanisms will be less
active.

For DNA, only methylation has been described (Table 1.1) [3]. DNA methylation occurs mainly on
cytosines belonging to CpG islands. Seventy percent of CpG islands are located in gene promotors and
gene bodies and methylation is often related to gene silencing [4]. To date, more than ten different
types of histone PTMs have been described (Table 1.1), of which methylation, acetylation,
phosphorylation and ubiquitination are the most abundant modifications. Interestingly, some amino
acids can be readily adjusted, such as lysine 4 on histone 3 (H3K4), which can be modified by addition
of either an acetyl or methyl group. In addition, methylation can occur at four different levels: un-,

mono-, di- or tri-methylated. One modification can induce opposite regulatory effects. Where
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sumoylation was long described as inducing transcriptional repression, a more recent finding indicates
sumoylation-driven transcriptional activation [5]. Strong evidence is given that histone modifications
are context- and cell type-dependent. In addition, cross-regulation for different modifications has been
described [6]—-[10], underlining the complexity of gene regulation by post-translational modifications.
Most modifications are involved in DNA damage repair (Table 1.1) [11]. Additionally, epigenetic
modifications are contributing to the memory of cells and can be transferred from parental DNA to the

daughter strands [12].

Table 1.1. Overview of most common epigenetic modifications and their effect

Epigenetic Main TXN dsDNA
P g . target Modification Writer Eraser reg. break Ref.
modification . .
site(s) effect repair
DNA
. CpG DNA [13],
methylation i<land methyl group methyltransferase TET and TDG J v (14]
Histone
. [15],
acetylation K acetyl group acetyltransferase deacetylase ™ v [16]
. Histone [17],
methylation R, K methyl group methyltransferase demethylase ™, ¢ N4 (18]
. . [19]-
phosphorylation S, T,Y phosphate kinase phosphatase  ,\ N4 [21]
R — o I [22]-
ubiquitylation K ubiquitin ubiquitin ligase  deubiquitinase P, N4 [24]
O-linked O-linked N- 0-GlcNAC [25],
glycosylation 5T acetylglucosamine transferase O-GleNAcase T, v [26]
. small ubiquitin- . sumo-specific [5],
sumoylation related modifier sumo ligase isopeptidases (T v [23]
) crotonyl [27],
crotonylation K crotonyl transferase decrotonylase ™, { v 28]
ADP- ) ADP-ribosyl ADP- ribose [29],
ribosylation K ADP-ribose transferase hydrolase T v [30]
. o conformational .

isomerization P change cis <> trans isomerase (™M), [6]
o . [10],
citrullination conversion to arginine deiminase 3 (M) [31]
(deimination) citrulline g ! [32]’

TXN reg, transcriptional regulation; ,, transcriptional repression; I, transcriptional activation; CpG island,
cytosine and guanine repeats; K, lysine; R, arginine; S, serine; T, threonine; Y, tyrosine; P, proline; TET, ten-eleven
translocation methyl-cytosine dioxygenase; TDG, thymine-DNA glycosylase; --, effect is irreversible.
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Key players in the regulation of PTMs are proteins known as writers, readers and erasers of a histone
mark (Figure 1.2). Addition of a chemical group to residues is carried out by epigenetic writers. A class
of enzymes that introduces or ‘writes’ the modification on DNA and histones. Epigenetic readers are
proteins that encompass structured domains that specifically read and thus interact with those DNA
or histone modifications. Often, this interaction is crucial for protein activity or gene regulation. Finally,

epigenetic modifications can be removed by epigenetic erasers, reversing the associated activity.

writer

@

J—-—\o
\f eraser

Figure 1.2: Schematic representation of the different epigenetic players

Epigenetic modifications (purple oval) leave the DNA sequence unchanged but can affect chromatin
condensation and gene expression. This dynamic process, named epigenetics rely on three key players. On the
one hand epigenetic writers place a modification on DNA or histones (light green). These modifications can be
recognized by epigenetic readers (dark green), or removed by epigenetic erasers (right).

In light of this manuscript, some key methylations are listed in Table 1.2, foreseen of references to
publications further elaborating on this methylation mark. Regulation of transcription by methylation
is two sided and can be different between (i) different target residues, (ii) different methylation levels
such as for H4K20 or (iii) a different environment, as is the case for H3K9 trimethylation. H3K9
methylation is generally considered to be associated with transcriptional repression, however Vakoc
C. R. et al. suggest H3K9 methylation is associated with activation [33]. Overall, methylation is not only
important for gene transcription regulation, but also plays an important role in the repair of DNA
damage. Table 1.2 includes whether the methylation mark represses or stimulates gene transcription

and which marks are involved in the DNA repair mechanism.

Growing evidence is given that an unbalanced epigenetic landscape impacts the pathogenesis of
various cancers. Not solely genetic changes but also epigenetic changes contribute to the
transformation and proliferation of malignant cells. Interestingly, alterations in the epigenome occur
fast and are reversible, highlighting the importance of controlling these epigenetic changes in tumor

cells. For all methylation marks listed in Table 1.2, de-regulation has been linked to leukemogenesis
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and solid tumors. Often epigenetic writers, reader or erasers of the methylation mark are mutated or
alternatively expressed. Furthermore, an aggressive form of high-grade glioma is characterized by a
K27M mutation in histone 3 itself, reducing the possibility to methylate H3K27 [34], [35]. It follows that
epigenetic writers, readers and erasers are being considered as emerging anti-cancer drug targets.
Small molecule inhibitors against DOT1L [36]—[38], BET proteins [39]-[41] and histone deacetylases
[42]-[44] serve as promising examples of targeting an epigenetic writer, reader or eraser, respectively,

to treat associated diseases.

Table 1.2. Characteristics of common methylation sites linked to various cancers

Methylation TXN
v Associated region Function reg. Link to cancer? Ref.
mark
effect
CpG islands (gene Occupation and AML, ALL, CML, CLL,
DNA promotor) chromatin compaction v MDS, solid tumors [451-149]
H3Kamel-3 gene promotor, gene Chromatir} remodeling, N AML, ALL, lymphoma, (50]-[54]
enhancer DNA repair solid tumors
heterochromatin Chromatin compaction, .
H3K9me3 (repetitive non- maintenance of EScells (1) tAu,\:th;éLL' CLL, solid [55]-[59]
coding sequences) and organogenesis
AML, T-ALL, CLL, MDS,
Lineage commitment different lymphomas,
H3K27 t 60]-[63
3K27mes3 gene promotor and differentiation v high-grade glioma, [601-{63]
solid tumors
Gene expression .
H3K36me3 gene bodies stability, DNA damage ™ AML, ALL, MLL, solid [64]-[68]
. tumors
repair
transcribed gene Promote transcription AML, MLL, MPAL, solid
H3K79me3 . & elongation, DNA repair, ™ ! ! ! [69]-[73]
regions . tumors
cell cycle regulation
(me1, me2) (mel, me?)
end of gene bodies DNA repair and cell cycle
H4K20me g ! (me3) formation and Solid tumors [74]-[76]
damaged DNA A
(me3) promotor maintenance of ¢
P heterochromatin
TXN reg, transcription regulation; I transcriptional activation; ,, transcriptional repression; MDS,

myelodysplastic syndrome; AML, acute myeloid leukemia,; (T-)ALL, (T-cell) acute lymphoblastic leukemia; CML,
chronic myeloid leukemia; CLL, chronic lymphoblastic leukemia; BAL, bi-phenotypic leukemia; MLL, mixed lineage
leukemia
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1.1.1. The epigenetic writer KMT2A and KMT2 family

One protein family of interest, known to specifically write methyl groups on the lysine residue at
position 4 of the histone three (H3K4), is the lysine-methyltransferase 2 (KMT2) family (Figure 1.3) [77],
[78]. The KMT2 family encompasses all three methylation states of this mark. The seven protein family
members (KMT2A to G) contain a Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) domain, necessary
to transfer a methyl group from S-adenosyl methionine (SAM) to H3K4 (Figure 1.3B) [79]. The KMT2
protein members are classified in four groups, KMT2A and KMT2B, KMT2C and KMT2D, KMT2E alone,
and KMT2F and KMT2G (Figure 1.3A, Table 1.3) based on their domain-characteristics and slightly
difference in substrate specificity and chromatin occupancy [80], which results in different
physiological functions (reviewed in [81]). Unlike the other members, the KMT2E protein exhibits no
activity to methylate nucleosome substrates [78]. For all KMT2 family members, disease-specific
mutations have been identified [81], but the most extensively studied aberrations are the

chromosomal rearrangements involving the KMT2A gene.

KMT2
SAH

N (‘ J
A1-Ra-Tz-Ka-Qs-Te

Figure 1.3: Classification and function of the KMT2 family

(A) The KMT2 protein family consist of seven members (KMT2A to KMT2G), classified into four groups,
represented by different colors. Most common alternative names are mentioned between brackets. KMT2:
lysine-methyl transferase 2; MLL, mixed lineage leukemia; SETD1, SET domain containing protein 1. (B) All family
members are characterized by a Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) domain that can mono-, di- or
trimethylate (me) lysine 4 on histone three (H3K4, blue) in addition of SAM. One exception is the KMT2E protein,
for which no methyl-transferase activity was described. KMT2: lysine methyltransferase 2, SAM: S-Adenosyl
Methionine, SAH: S-Adenosylhomocysteine
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Table 1.3. KMT2 family characteristics

size (aa) .DN'A (m) functiona.l interaction to
binding domains SET domain WRAD complex
KMT2A 3696 AT, Bromo, CXXC, PHD v v
KMT2B 2715 AT, Bromo, CXXC, PHD v v
KMT2C 4911 PHD, HMG v v
KMT2D 5537 PHD, HMG v v
KMT2E 1858 PHD - -
KMT2F 1707 RRM v v
KMT2G 1966 RRM v v

KMT2, lysine methyltransferase 2; aa, amino acid; SET, Su(var)3-9, Enhancer-of-zeste and Trithorax; WRAD,
complex of WDR5, RbBP5, Ash2L and DPY30; AT, AT hook motif; Bromo, bromo-domain; HMG, high mobility
group; RRM, RNA recognition motif

1.1.2. Structure and function of MLL1

The earliest and most extensively studied member of the KMT2 family is the KMT2A protein [82],
encoded by the KMT2A gene. Synonyms for this protein are mixed lineage leukemia 1 (MLL1) [82],
human trithorax 1 (HTRX1) and acute lymphoblastic leukemia gene 1 (ALL1), but throughout this
manuscript the preferred name will be MLL1. The KMT2A gene was first identified in 1991 in the
context of acute leukemia [82], [83] and it displays high sequence homology to the trithorax gene
present in drosophila (hence alternative name HTRX1) [84]. The human KMT2A gene spans a sequence
of 87.43 kilobases (kb) on the 11923 locus. This sequence is divided in 37 exons, coding a 3969 amino
acid-long protein with a molecular weight of 431 kDa (Figure 1.4A) [85]. MLL1 is widely expressed in

different tissues [86].

After translation, MLL1 is cleaved by taspase-1 twice [87], [88], resulting in a 180 kDa amino-terminal
(MLL1n) and a 320 kDa carboxy-terminal fragment (MLL1c) (Figure 1.4). Both fragments form a
heterodimer through the interaction of the FY-rich N-terminal (FYRN) and FY-rich C-terminal (FYRC)
domains on the N- and C-terminus, respectively [87]. MLL1 comprises many other interaction motives
for protein-protein and protein-DNA interactions (Figure 1.4B). The multi-protein complex formation
is necessary for the physiological functions of the MLL1 protein. MLL1-driven methylation of H3K4
through the MLL1 SET domain is 600-fold enhanced when MLL1c interacts with WD-repeat protein 5
(WDR5) in complex with retinoblastoma protein 5 (RbBP5) and absent, small or homeotic 2 like (Ash2L)
and additionally, binding of DPY30 to the latter [89]. This complex of WDR5, RbBP5, Ash2L and DPY30

is called the WRAD-complex [90]. Next to the SET domain, a transcriptional activation domain (TAD) is
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present in MLL1c [91]. As the name suggests, TAD increases the gene expression and this is mediated
by interaction with the CREB-binding protein (CBP), a known histone acetyltransferase protein

associated with active transcription [91], [92].

A
MBM2 oxC 2 &
TN : o BEZ
MBM1 IBM — SET
BCR
MBM2 CXXC

i e e
| : | m MLL1,

| h
: LEDGF/p75 SET
B MLL1 complex
PAF1c
CXXC

LEDGF/p75

H3K4me?2

H3K36me3

target genes

Figure 1.4: Schematic representation of the MLL1 wild type complex

(A) domain structure of MLL1 before (upper) and after (lower) taspase-1 cleavage at the two cleavage sites (CS,
arrowheads). MBM, menin binding domain; LBD, LEDGF binding domain; AT, AT-hook motifs; CXXC, zinc finger
domain CXXC; BCR, breakpoint cluster region; PHD, PHD fingers; BD, bromodomain; FYRN, FY-rich N-terminal;
FYRC, FY-rich C-terminal; TAD, transcriptional activation domain; SET, Su(var)3-9, Enhancer-of-zeste and
Trithorax. (B) representation of the functional MLL1 wild type multiprotein complex. N-terminally, MLL1 interacts
with menin, LEDGF/p75 and polymerase associated factor 1 complex (PAF1c). At the C-terminus, the WRAD-
complex and CREB-binding protein (CBP) associate with MLL1. AT-hook motifs and PHD fingers recognize DNA
and methylation marks on lysine 4 of histone 3 (H3K4me2), respectively. LEDGF/p75 binds methylated lysine 36
at histone three (H3K36me3). PHD finger four recognizes H3K4 methylation marks and guides the SET domain to
its target to methylate H3K4. Epigenetic regulation by this protein complex is associated with gene regulation of
target genes. W, WD-repeat protein 5; R, retinoblastoma protein 5; A, absent, small or homeotic 2 like protein;
D, DPY30.
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More protein interaction domains, as well as DNA-interaction domains are described for MLL1y. At the
N-terminus, MLL1 harbors two menin binding motifs (MBMs) [93] and a LEDGF/p75 binding motif
called IBD-binding motif (IBM) [94]. Interaction with both menin and lens epithelium derived growth
factor isoform p75 (LEDGF/p75) results in a well-defined ternary complex. Although in vitro
experiments indicate that MLL1 interacts with both proteins [95], binding of menin to MLL1 creates a
binding pocket for the LEDGF/p75—MLL1 interaction [96]. By formation of this complex, LEDGF/p75
tethers MLL1 to actively transcribed genes by the methyl-lysine reading function in its PWWP domain.
The MLL-menin-LEDGF/p75 ternary complex has been studied extensively and modeled by the
combination of X-ray crystallography and NMR (Figure 1.5) [96], [97]. Initial interaction studies and
crystallography suggested that LEDGF/p75 could not directly interact with a MLL1 peptide (aa 4-153)
[96]. Binding of menin to MLL1 induced a V-shaped groove in which the LEDGF;zsp domain binds.
However, by NMR, Cermakova K. et al. showed later that an extended MLL1 fragment up to R160
provides a secondary interaction interface between MLL1 and LEDGF;gp [97]. In line with earlier
reported experiments [95], this longer MLL1 fragment interacts with LEDGF/p75 and revealing a

second, direct interaction surface (Figure 1.5).

Figure 1.5: MLL1-menin-LEDGF/p75 ternary interaction model

This structural representation of the MLL1-menin-LEDGF/p75 ternary complex was obtained by combining the
structural information of the menin, LEDGFigp and part of MLL1 (aa 4 to 135 with two deletion regions aa 16-22
and 36-102; MLLs-13sAA) obtained by X-ray crystallography (PDB ID 3U8) with a slightly longer MLL1 fragment
(MLL140-160) which was studied by NMR (PDB ID 2MSR). This latter revealed an extra interaction interface (MLLnwgr,
dark green). The connection between both interaction sites was modeled (MLLwmod). Figure copied with
permission from [97].
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In addition to this epigenetic-driven tethering by LEDGF/p75, MLL1y also interacts directly with the
DNA or modified histones via three AT-hook motifs and different types of Zinc finger domains [98]—
[100]. One of these zinc-finger domains, PHD3, is important for the recognition of lysine 4 on histone
three, and thus important to properly target the SET domain toward this residue [101]. The Zinc finger
CxxC domain interacts with polymerase associated factor 1 complex (PAF1c) [102], [103]. This complex

influences a wide range of biological processes [104] and is essential for MLL1 activity [102].

Methylation of H3K4 is associated with active transcription and similar to its trithorax ortholog, MLL1
targeted genes are associated with early development and hematopoiesis as revealed by mouse
studies. While complete depletion of Kmt2a was lethal [105], [106], Kmt2a heterozygous mice
presented with retarded growth and hematopoietic abnormalities such as anemia, decreased blood
platelets and B-cell populations [105]. In addition, these mice showed a change in homeobox (Hox)
gene expression over the anterior-posterior axis [105]. Knocking out Kmt2a during developmental
stages resulted in defective postnatal hematopoiesis [107]. Interestingly, a conditional Kmt2a”- mouse
model in the hematopoietic system presented with normal hematopoiesis. However, these cells failed
to reconstitute hematopoiesis after bone marrow transplantation in irradiated recipient mice [106].
Milne T. et al. demonstrated that MLL1 regulates H3K4 methylation at Hox gene promotors [108],
which are the drivers of body plan formation and hematopoietic stem cell differentiation. The positive
Hox-gene regulation by MLL1 is the best studied, but is not the sole group of MLL1 target genes.
Comparison of wild type murine stem cells to induced and conditional Kmt2a knockout mice in the
hematopoietic system revealed an affected set of genes by Kmt2a deletion that control self-renewal

and proliferation, including Prdm16, Mecom, Pbx1 and Eyal [109].

Overall, several studies confirmed the importance of the MLL1 protein in regulation of development
and normal hematopoiesis. Consequently, alterations in the MLL1 function have been associated with
several diseases. Many neurological disorders such as autism spectrum disorders and schizophrenia
have shown an abnormal H3K4 methylation pattern [110] and mutations in MLL1 have also been linked
to the Wiedemann—Steiner syndrome [111], [112] and cancer [113]. However, the best-known
pathological condition associated with MLL1 is MLL-rearranged (MLL-r) leukemia, a distinct subset of

bi-phenotypic leukemias [114].

1.2. MLL-rearranged leukemia: a distinct and aggressive leukemia

Leukemia is an umbrella name for many different blood cancers in which the hematologic hierarchy of
white blood cells is disturbed, mostly resulting in enormous amounts of immature and nonfunctional

blood cells called blasts. The classical description of hematopoiesis (Figure 1.6), the process in which
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new functional blood cells are generated, has recently been challenged. This theory is based on
determinism and starts from the multipotent hematopoietic stem cell (HSC) in the bone marrow. HSCs
have the ability to renew themselves or to differentiate into either the common myeloid progenitor
(CMP) or common lymphoid progenitor (CLP) lineage. Through external stimuli and expression of
transcription factors, the cells further differentiate into more mature blood cells. During this process,
the maturating cells lose the potency to convert in any type of blood cell. However, these initial steps
that imply unidirectional and irreversible differentiation had to make way for a stochastic
hematopoietic theory [115]-[117]. Here, evidence has been given that hematopoietic stem cells are
multipotent but lineage-biased [118]—-[120] and that multipotent progenitors (MPPs) feature
self-renewal capacity [121]. However, these early progenitors show plasticity and lineage-specific fate
can be remodeled as is reported for lymphoid progenitors which commit to the myeloid lineage

powered by specific transcription factors [122], [123].
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Figure 1.6: The process of hematopoiesis

(A) classical hematopoiesis. Hematopoietic stem cells (HSC) in the bone marrow can renew themselves or
differentiate into common progenitor cells, committed to one of the two main lineages: (i) the myeloid (left) or
(i) lymphoid (right) lineage. Common progenitor cells further differentiate into various functionally mature cells
that navigate in the blood vessels. (B) stochastic hematopoiesis. Due to plasticity, the whole pool of HSCs and
multipotent progenitors with self-renewal capacity can differentiate into the different lineages. CMP, common
myeloid progenitor; EB, erythroblast; MKC, megakaryocyte; MB, myeloblast; MCP, mast cell precursor; PM,
promonocyte; RBC, red blood cell; N, neutrophil; E, eosinophil; B, basophil; CLP, common lymphoid progenitor;
NK, natural killer.
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After maturation, most blood cells migrate into the blood circulation where they perform their
function or are transported to infected tissues. Red blood cells (RBC) transport oxygen and platelets

are important for blood clothing, whereas the other cell types are important for immune responses.

The conventional classification of leukemia recognizes distinct types of leukemia. The first hallmark is
determined by which lineage is affected. Secondly, the rate at which symptoms occur determines the
type of leukemia at diagnosis. The leukemia is called acute in case of a rapid increase of symptoms or
chronic in case the disease progression develops slowly. The combination of these parameters results
in the following main types of leukemia: (i) acute myeloid leukemia (AML), (ii) acute lymphoid leukemia
(ALL), (iii) chronic myeloid leukemia (CML) and (iv) chronic lymphoid leukemia (CLL). Overall the
prognosis for acute leukemias is worse [124], [125]. Less frequently, both lineages of the
hematopoietic hierarchy are affected, resulting in so called bi-phenotypic or mixed phenotype acute
leukemia (MPAL) [126]. In these patients, oncogenic changes occur in early progenitors or blasts and
present with markers of both lineages [127], [128], or patients who are originally diagnosed with
myeloid leukemia acquire a leukemia with lymphoblastic character [129], [130]. The most common
abnormalities in the MPAL class are t(9;22) translocations involving the ABL and BCR gene and 11923
rearrangements causing mixed lineage leukemia-rearranged (MLL-r) leukemia [131], of which the

latter will be described in more detail below.

1.2.1. Pathogenetic mechanism of MLL-r

The underlying cause leading to frequent chromosomal translocations in the MLL1 locus remains
elusive but today up to 135 translocation partner genes (TPG) have been described to engage in
chromosomal MLL1 rearrangements causing the MLL-r leukemia [132]. Remarkable, a major
breakpoint cluster region (BCR) in MLL1 was identified between exon 8 and 14 [133] (Figure 1.4A),
which is affected in 93.5% of all MLL-r characterized leukemias [132]. More recently, next generation
sequencing lead to the identification of a second, smaller BCR more upstream, between intron 19 and
exon 24 [134]. To map the different TPGs, more than 2000 patient samples obtained over 13 years
were analyzed for their chromosomal rearrangement and characterized into subgroups based on the
patients age and leukemic subtype (reviewed in [132]). When the chromosomal translocation results
in an in-frame fusion between the open reading frame of MLL1 and the TPG, a fusion protein is
transcribed consisting of MLL1 and a fusion partner (FP, Figure 1.7A). Remarkably, the six most
recurrent TPGs/FPs account for 84.4% of all translocation partner genes found in the study (Figure
1.7B). Five of these six genes, namely ALL-fused gene on chromosome 4 (AF4, 36%), AF9 (19%), eleven-
nineteen leukemia (ENL, 13%), AF10 (8%) and eleven-nineteen lysine-rich leukemia (ELL, 4%) [132]

express proteins with a role in transcription regulation. In more detail, the positive transcription
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elongation factor b (P-TEFb) is recruited to the MLL-FP complex through the interaction of P-TEFb
bound AF4 with MLL-fused AF4, AF9, ENL or ELL (Figure 1.7C) (reviewed in [135]). P-TEFb stimulates
gene transcription by phosphorylation of RNA polymerase Il (pol ) to re-activate paused pol Il and to
stimulate transcription [136]. P-TEFb associated with AF4 and ENL is called an AEP complex [137]. With
addition of ELL, the AEP complex forms a super elongation complex (SEC) [138]. Furthermore, AF9, ENL
and AF10 accelerate transcription by a direct interaction with the disruptor of telomeric silencing 1 like
protein (DOT1L) [135]. DOTIL is a methyltransferase that specifically methylates lysine 79 on histone
three (H3K79, Figure 1.7C) [139], [140], a marker for actively transcribed chromatin. This methylation
plays a role in several biological processes such as DNA damage, cell cycle regulation and transcription
elongation, as well as tumor development [140]. Recruitment of P-TEFb or DOT1L to the MLL-FP target
genes is the best described mechanism, however evidence is given for other mechanistic pathways

that involve recruitment of the PAF1c or the polycomb repressive complex [136].
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Figure 1.7: Schematic representation of MLL-rearranged fusion protein complex

(A) Schematic representation of rearranged MLL1n to the fusion protein partner (FP) after chromosomal
translocation. (B) distribution of the six most common MLL1 translocation partner genes or fusion proteins. AF4,
ALL-fused gene on chromosome 4; AF9, ALL-fused gene on chromosome 9; ENL, eleven-nineteen leukemia; AF10,
ALL-fused gene on chromosome 10; ELL, eleven-nineteen lysine-rich leukemia; PTD, partial tandem duplication.
(C) mechanism by which MLL-FP upregulates gene expression of target genes is upregulated. Fusion partners
often associate with DOTIL or the AF4/PTEF-b/ENL complex. DOT1L methylates lysine 79 on histone 3 (H3K79)
and is associated with active gene transcription. The PTEF-b complex stimulates transcription by releasing
polymerase Il (pol Il) from pausing after phosphorylation of the c-terminal tail of pol Il. At the N-terminus, MLL1
interaction with LEDGF/p75 and menin is retained.
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Thus, in case of MLL-r leukemia, the C-terminal part of MLL1 is often replaced through chromosomal
translocation with (part of) one of the previously mentioned TPGs. This implies a loss of SET-domain
and KMT function in the MLL-FP, but a gain of function due to the fusion partner. Meanwhile, the direct
(AT-hook moitifs, Zinc fingers) and indirect (MLL1-menin-LEDGF/p75 ternary complex) DNA binding
sites remain in the N-terminal part of MLL1, meaning the MLL-FP complex is tethered towards identical
target genes as wild type MLL1, accompanied with RNA transcription elongation stimulating factors
(Figure 1.7C). This gain of function results in the oncogenic MLL-FP, driver of the MLL-r leukemia. Due
to the prolonged elongation of the MLL1 target genes, such as the Hox cluster genes, the protein levels
are upregulated and disturb normal cell function [141]. Increased Hox expression results in a blockage
in the differentiation of the hematopoietic stem cells, impairing maturation and resulting in an increase

in non-functional cells [142].

Besides the relevance of the fusion partner, a crucial role for the MLL1-menin-LEDGF/p75 ternary
complex (Figure 1.5) at the N-terminus of MLL1 is apparent. Previous studies using deletion constructs
of MLL1 have indicated that loss of the MBM resulted in a reversal of the MLL-r leukemogenic
phenotype [143], [144]. Moreover, similar effects were observed upon knockdown of LEDGF/p75 in
MLL-r transformed cells [94], [95]. This indicated that it is possible to target the MLL-FP complex by
impairing chromatin association through indirect interactions instead of directly targeting the

oncogenic protein itself.

Of note, not only rearrangements, but also duplication and sometimes deletions are seen within the
KMT2A gene. Up to 4.5% of patients in the screening study of 2017 presented with partial tandem
duplication (PTD) [132], where most often exons 3 to 9 are duplicated [145]. Furthermore
amplifications of the KMT2A gene in the form of intra-chromosomal homogeneously staining regions
and ring-chromosomes are detected in several AML and myelodysplastic syndrome (MDS) patient
populations [146]-[148]. The exact mechanism by which these MLL-PTD and amplifications lead to

leukemia is not yet understood.

1.2.2. Treatment of MLL-r

Unlike most cancers, where multiple events sum up to the perturbation of the malignancy of the cell,
MLL-r cells have a very short latency time and aggressive behavior. Whole-genome analysis of MLL-r
patients have indicated a low presence of additional genomic changes, underlining the high potency
of KMT2A gene rearrangements to induce uncontrolled growth of the affected cells [149]-[151]. This
may explain why the incidence rate of infants is very high with percentage up to 80% in ALL [152]. The

incidence of MLL1 rearrangements in adults is lower, however not absent. Around 10 percent of adults
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with AML or ALL present with a chromosomal translocation involving the MLL1 gene [152], [153]. In
many adult cases, the MLL-r phenotype arises as a secondary event after treatment with
topoisomerase Il inhibitors such as etoposide, a commonly used anti-leukemic chemotherapeutic
[154]. Remarkably, MLL1 rearrangement is associated with a poor prognosis and the young leukemic
patients suffer from relapses despite the treatment [124], [155]. Current treatment options are based
on standardized AML and ALL chemotherapeutics, but no specific treatment targeting the MLL-r
pathogenetic mechanism are available [152]. Multiple centers follow an international protocol,
interfant 06 [156], to better monitor the outcome of the treatment. Recent study results revealed an
event-free survival (EFS) of 73.9% for patients without MLL1 rearrangements, whereas this EFS
percentage decreased to 44.5% and 20.9% for patients with a rearranged MLL1 that were classified as
medium risk or high risk, respectively [157]. High risk patients presented with MLL1 rearrangements
at an age below 6 months and a highly elevated white blood cell (WBC) count of more than 300 x 10°
WBC per liter, making these parameters poor prognostic factors. Why treatment and cure of MLL-r

leukemic patients is inefficient is not entirely clear.

1.2.3. Specific targets for MLL-r leukemia
The high unmet medical need has triggered numerous efforts to identify potential targets and the
development of inhibitors or small molecules that specifically target the MLL-r driven mechanism to

improve the response to chemotherapy and expectancy of life.

1.2.3.1. Small molecules in clinical trials

One decade ago, in 2012, the first menin inhibitors were described [158]. Menin, encoded by the
multiple endocrine neoplasia type 1 (MEN1) gene, is classified as a tumor suppressor protein because
loss of function mutations in the MEN1 gene often lead to the eponymous syndrome, made up of
tumor growth in one or more endocrine glands [159]. Although targeting menin to treat MLL-r
leukemia thus appears contraindicative, several publications indicated that the interaction of menin
and MLL1 is crucial for the pathogenesis of MLL-r and thus an interesting target to treat MLL-r leukemia
(Figure 1.8A). As mentioned before, menin is the stabilizing factor for the interaction between
LEDGF/p75 and MLL-FP at the MLL1 amino-terminus. Despite the fact that menin inhibitors (Ml) affect
the wild type MLL1-menin-LEDGF/p75 ternary complex, they target all chromosomal rearrangements

as the N-terminal part of MLL1 is retained in all MLL-FPs.
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Over the past 10 years, a gradual improved affinity was obtained for small molecules binding menin
[158], [160]-[162]. For the most recent MI, sub-nanomolar potency in vitro against the MLL1-menin
interaction was reported [160]. The MI-3454 inhibitor specifically targets cell lines with
MLL-rearrangements and obtained a complete remission of the leukemia in a patient-derived
xenograft mouse model [160]. Additionally, many other groups have started to design diverse menin
inhibitors reaching similar affinity for menin and inhibition activity on proliferation of MLL-r cell lines

[161], [162]. Moreover, menin inhibitors are investigated in other cancers [163], [164].
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Figure 1.8: Potential targets to treat MLL-r leukemia

Schematic representation of potential strategies to hamper gene expression of the MLL-FP target genes to
prevent leukemic transformation. Developed small molecules that inhibit the interaction between menin and
MLL1 (box A) dissociate the MLL1-menin-LEDGF/p75 ternary complex and replace MLL-FP from the chromatin.
DOTLL inhibitors (box B) aim to inhibit the DOT1L methylation activity and BRD4 inhibitors (box C) inhibit the
PTEF-b phosphorylation of pol Il, both to reduce target gene expression. Novel potential strategies are indicated
by dotted squares. Inhibition of the CXXC-PAF1c interaction (box D) could help to replace the complex from the
DNA. Box E represents the dissociation of LEDGF/p75 from either the ternary complex or the binding to histones
to prevent the MLL-FP from association with actively transcribed chromatin.

As a result, five phase 1/2 clinical trials are currently listed at the ClinicalTrial.gov online database,
investigating menin inhibitors in MLL-r leukemic patients [165]-[169], as well as patients with NPM1

mutations [165], [167], [169], diffuse large B-cell lymphoma or multiple myeloma [168].

Apart from the menin inhibitors directly targeting one of the MLL-FPs, promising results were obtained
by targeting specific players of the transcription elongation stimulatory machinery, which is brought
to the MLL1 target genes by various fusions. One such player is DOT1L (Figure 1.8B), a

methyltransferase that methylates lysine 79 on histone 3 and is involved in several regulatory functions
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(reviewed in [140]). Bernt K. et al. [170] reported that the H3K79 methylation pattern is altered in
MLL-AF9 target loci and shortly after it was confirmed that the potent DOTL1L inhibitor Pinometostat
(EPZ-5676) selectively reduces H3K79 methylation and specifically inhibits MLL-r mediated
leukemogenesis in vitro and in vivo [37], [171]. EPZ-5676 was also investigated in a phase 1 clinical trial
including patients with MLL1-rearragements [172]. Through complete remissions in two out of 51
patients, it was proven that targeting DOT1L has potential to treat MLL-r leukemia, however with low
efficacy when given as single agent [172]. The effect of combination therapies are now explored

preclinically, for instance the combination of DOT1L with menin inhibitors [163].

Similarly, the iBET-151 inhibitor against bromodomain containing proteins 2 to 4 (BRD2-4) of the
bromo- and extra-terminal domain (BET)-protein family (Figure 1.8C) showed potent inhibition of
MLL-r leukemic cells [39]. BRD4 is a positive regulator of P-TEFb, enhancing the Pol Il elongation during
transcription [173], [174]. Unfortunately, resistance against BET inhibitors has been reported by

various mechanisms such as the suppression of BRD4 degradation pathways [175], [176].

1.2.3.2. Other therapeutic strategies to specifically target MLL-r leukemia

Although promising steps are taken towards a more specific treatment in MLL-r leukemia, novel

strategies are being explored.

One theory suggested by Liang K. et al. is to tackle MLL-r leukemogenesis by stabilizing the wild type
MLL1 protein such that the MLL-FP is replaced from the target sites [177]. This could be achieved by
adding IRAK inhibitors to prevent wild type MLL1 degradation [177] or inhibiting casein kinase Il to
hamper the taspasel cleavage, which would result in wild type MLL1 proteins with higher stability
[178]. Next, the CXXC domain was labeled as a key player in MLL-r leukemogenesis. As the CXXC
domain precedes the breakpoint cluster region, it remains present in all MLL-FPs. Through interaction
with PAF1c, the CXXC domain is important for MLL1 association with non-methylated CpG DNA sites
and necessary for MLL1 activity [102], serving as potential target for MLL-r leukemia [100] (Figure
1.8D). Another interesting target for MLL-r leukemogenesis is LEDGF/p75 (Figure 1.8E). As
demonstrated by Yokoyama A. et al., replacing the IBM on MLL-FP with the PWWP domain of LEDGF
is sufficient to induce MLL-r transformation in cells, bypassing menin and the MLL1-menin-LEDGF/p75
triple complex formation [94]. Depletion of LEDGF/p75 significantly reduced the growth of MLL-r
leukemic cells [94], [95]. Specific deletion of LEDGF in the hematopoietic system of mice prevented
transformation of MLL-rearranged hematopoietic stem cells and subsequently any leukemic
development in the animals, indicating that LEDGF is required for the development of MLL-ENL driven

leukemia [179]. In none of these experimental settings, knocking down or knocking out of LEDGF/p75
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seemed to affect viability of MLL1 wild type cells. Despite the promising target validation, in detail
discussed in section 1.3.1.2. (page 22), development of small molecules targeting LEDGF are not
reported in literature yet. A more detailed discussion on this strategy and considerations when

targeting LEDGF/p75 are discussed in the next sections.

1.3. The epigenetic reader family of hepatoma-derived growth factor proteins

Together with the hepatoma-derived growth factor protein (HDGF) and HDGF-related proteins 1 to 4
(HRP1-4, or also named HDGF1-4), Lens Epithelium Derived Growth Factor (LEDGF) is part of the HDGF
family [180]. Structurally, the protein family is characterized by the conserved sequence of the
N-terminal Homologue to Amino Terminus of HDGF (HATH) region, which encompasses the proline-
tryptophan-tryptophan-proline or PWWP domain. The cellular functions of the HDGF-family members
have not been unraveled completely. All family members will be discussed in more detail in the

sections below, with a focus on LEDGF (Figure 1.9).

1.3.1. Lens Epithelium Derived Growth Factor

1.3.1.1. Structure and function of LEDGF

LEDGF is a transcriptional co-activator involved in many different physiological processes which are
not yet fully unraveled. The protein is encoded by the PC4- and SFRS1-interacting protein 1 (PSIP1)
gene, located on chromosome 9 at the p22.2 locus. The gene contains 15 exons and expresses a long
(p75) and shorter (p52) splice variant (Figure 1.9A). The LEDGF/p52 protein consists of 333 amino acids
and harbors one structured domain at the amino-terminus, the PWWP-domain. For the splice variant
LEDGF/p75, the first 325 amino acids are identical to p52, but p75 has a longer C-terminal domain
which is largely folded as the integrase binding domain (IBD). Expression of LEDGF/p75 and p52 is
regulated by different transcription start sites (TSS), of which the p75 TSS is 12-fold more active than
the TSS of p52 [181].

The Proline-Tryptophan-Tryptophan-Proline domain

At the amino-terminus, the LEDGF protein contains a PWWP-domain (LEDGFpwwp), Nnamed after the
conserved amino acid sequence of consecutively a Proline, Tryptophan, Tryptophan and Proline
residue. However, the complete PWWP domain spans a 93 amino acid region, which is also known as
the homologous to amino-terminus of HDGF or HATH domain and is well conserved between all HDGF

family members. Paradoxically, LEDGF/p75 expresses a PHWP sequence.
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Figure 1.9: Schematic structure of LEDGF/p75

(A) Schematic domain structures of LEDGF/p75 and LEDGF/p52. Both proteins harbor a structured proline-
tryptophan-tryptophan-proline (PWWP) domain at the N-terminus and present with a different C-terminus. For
LEDGF/p75 the C-term comprises a second structured domain, the integrase binding domain (IBD). (B) Solution
structure of the LEDGFisp domain (PDB 1Z9E) and indication of IBD interacting proteins. MLL1, mixed lineage
leukemia 1; JPO2, cell division cycle-associated 7-like protein; PogZ, pogo transposable element-derived protein
with zinc finger; ASK, activator of S-phase kinase; IWS1, interacts-with-Spt6; MED1, mediator subunit 1; HIV-1,
human immunodeficiency virus 1. (C) Solution structure of LEDGFpwwe domain (PDB 4FU6). A small pocket is
present in the LEDGFpwwr domain that specifically recognizes di- and trimethylated lysine 36 of histone three
(H3K36me2/3). Methyl CpG binding protein 2 (MeCP2) interacts with the N-terminal domain of LEDGF.

Both solution and crystal structures of the LEDGFpwwpr domain revealed an anti-parallel B-barrel of five
strands with one a-helix between beta strands four and five and two a-helices at the c-terminal end,
a structure conformation shared with other PWWP-domains [182] (Figure 1.9C). The domain forms a
horseshoe-shaped pocket, with a hydrophobic surface and an opening that perfectly fits a
post-translational modified lysine. Moreover, several studies demonstrated a preference for the
H3K36me3 mark, giving LEDGF the characteristic of a chromatin reader [183]. More recently it was
found that the PWWP domain of LEDGF not solely recognizes trimethylated H3K36 marks, but can
additionally read di-methylated H3K36 [184]. The H3K36me2/3 mark is often associated with active
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chromatin [185]. Knowing that the methyl-pocket interaction is a rather weak interaction with low
affinity, it appears that a charged-driven interaction between the outside of the PWWP pocket and
chromosomal DNA enhances the affinity of the LEDGFpwwp domain to nucleosomes 10,000-fold [183].
This finding of a bivalent interaction was recently confirmed and visualized by a cryo-EM structure
between a recombinant nucleosome and PWWP domain of LEDGF [186]. The cryo-EM structure
confirmed that the PWWP domain binds both gyres of the DNA [183], [186], but does not interact with
specific DNA bases. Instead, the interaction occurs with the phosphodiester backbone of the
nucleotide sequence and lacks specificity [186]. Analysis of the structurally formed pocket revealed
that the side chains of tryptophan at position 21 (W21) and the phenylalanine at position 44 (F44) are
positioned at the base of the cavity [182] and an electron mobility shift assay with alanine-mutated
pocket residues indicated that both W21 and F44 are crucial for the interaction of the LEDGFpwwe

domain with H3K36me3 of the nucleosome [187].

NLS and DNA-binding domains

Downstream of the PWWP domain, both LEDGF/p75 and p52 contain a nuclear localization signal (NLS)
and additional DNA binding motifs. Nuclear import of LEDGF is mediated by the classical-type NLS
148GRKRKAEKQ® binding to the importin o/importin B import receptors [188]. Closely following the
NLS, LEDGF harbors two AT-hook motifs. As the name suggests, this domain can interact with the minor
DNA groove between adenine and thymine rich DNA and is composed of mainly positively charged
amino acid residues. Mutagenesis studies revealed that these domains bind DNA non-specifically
[189], [190]. Furthermore, LEDGF/p75 harbors four charged regions (CR1-4), of which the final two
form a supercoiled-recognition domain (SRD) [191]. Of note, two publications indicate that interaction
of the AT-hook motifs, the preceding CR1 and the SRD are necessary but insufficient for chromatin
interaction of LEDGF, referring to a LEDGF-chromatin interaction domain beyond the PWWP fragment
[189], [192]. Strikingly, two independent groups have shown that the LEDGFpwwe and the CR1 domain
engage in a protein-protein interaction with Methyl CpG binding protein 2 (MeCP2, Figure 1.9C) [193],

[194], but whether this results in loss of H3K36me3 binding is not investigated.

The Integrase Binding Domain

For LEDGF/p75 but not p52, a second structured domain is present at the carboxyl-terminal, named
the integrase binding domain (IBD, Figure 1.9B). The IBD is formed by a compact formation of two

hairpins consisting of two alpha helices, connected by a smaller and differently oriented alpha helix
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[195]. Two small pockets and a positively charged surface area were reported as binding site for
protein-protein interactions [196]. The IBD was first reported to interact with integrase of the human
immunodeficiency virus 1 (HIV-1), hence its name. Nonetheless, not only HIV-1 integrase, but multiple
other cellular binding partners are described to interact with the IBD of LEDGF/p75 (Figure 1.9B). So
far, the following cellular proteins have been reported to have an IBD-binding motif (IBM), necessary
for interaction with LEDGF/p75: cell division cycle-associated 7-like protein (JPO2) [197], [198], pogo
transposable element-derived protein with zinc finger (PogZ) [199], activator of S-phase kinase (ASK)
[200], interacts-with-Spt6 (IWS1) [196], mediator subunit 1 (MED1) [201] and MLL1 [94], [202]. All
IBMs are mainly unstructured, but share an acidic linker followed by a FxGF sequence [201] and display
single linear motif (SLiM) characteristics. Upon IBD binding, all IBM motifs fold into a conserved and
structured interaction interface, suggesting a conformation change of the protein necessary to interact
with the LEDGF;sp [201]. In addition, phosphorylation of the IBM increased affinity of the cellular
interaction partners to the IBD revealing a control mechanism for context-regulated partner binding
[201]. Recently, it was discovered that the same interaction mode between IBD and IBM was seen in
other protein-protein interactions and more general names of respectively TFIIS N-terminal domains
(TNDs) and TFlIS-interaction motifs (TIMs) were given [203]. The LEDGF/p75 interaction partners JPO2
and ASK harbor two IBMs. Two LEDGF;sp domains were detected per JPO2;gm by isothermal titration
calorimetry [196]. Furthermore, it was published that LEDGF/p75 dimerization affects DNA binding
[204] and later NMR-based evidence was given that dimerization occurs through two LEDGFsp domains

[205]. The biological relevance of this dimerization is not yet fully understood.

LEDGF in health

Unlike the name suggests, LEDGF is not limited to the lens epithelium, but is ubiquitously expressed
through the human body. A systemic mouse model where Psip1 is knocked out presented with high
perinatal lethality and multiple phenotypic abnormalities such as low fertility, motor defects and

skeletal abnormalities for the surviving mice [206], denoting that LEDGF is essential for development.

As the structural organization of LEDGF/p75 enables binding to both the chromatin at actively
transcribed regions marked with H3K36me3 on the one hand and cellular proteins on the other hand,
LEDGF/p75 can be considered as an ideal transcriptional co-activator. However, the exact physiological
mechanism by which both LEDGF/p75 and p52 regulate gene transcription is not completely
understood [207] and further research revealed that LEDGF/p75 activity extends in multiple cellular
processes such as stress response, apoptosis, growth and auto-immunity. Shortly after the discovery

of the LEDGF protein and its transcriptional co-activator function in 1998 [207], it was reported that
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LEDGF/p75 plays a role in stress response in chicken cells [208]. In the meantime, additional evidence
was given that LEDGF/p75 is upregulated by induced environmental heat- or oxidative stress and
occupies mainly promotor elements of stress-related genes [209], resulting in the upregulation of
genes such as alphaB-crystallin in astrocytes and lens epithelial cells [210], [211] and protection against
stress-induced cell death. Interestingly, alphaB-crystallin binds to an intermediate cleaved, non-active
product of caspase 3, inhibiting caspase 3-induced apoptosis [212]. Not only has LEDGF/p75 a
pro-survival or anti-apoptotic effect via alphaB-crystallin, but LEDGF/p75 promotes several other
stress-related genes such as heat shock protein 27 [211], anti-oxidant protein 2A [213], involucrin [214]
and alcohol dehydrogenase 1 and 4 [215]. Interestingly, upon apoptosis LEDGF/p75 is cleaved by
caspase 3 and 7, resulting in smaller LEDGF fragments of 65 and 58 kDa, lacking the N-terminal PWWP
domain and the anti-apoptotic effect [216]. In addition, LEDGF/p75 promotes cell survival through
binding to the heterodimer of ASK and Cdc7, influencing the S-phase of the cell cycle [200]. Not much
later, a general response for LEDGF/p75 in DNA damage and repair was suggested [217]. Daugaard M.
et al. found that after DNA damage, LEDGF/p75 is important for the stabilization of single strand DNA
(ssDNA), which is essential for the recruitment of the ssDNA-binding replication protein A complex to
the restorative DNA of the homologous recombination-mediated repair mechanism. Without
LEDGF/p75, C-terminal binding protein interacting protein (CtIP) is no longer recruited to the double
strand DNA break and thus cannot be repaired. Defective repair of DNA by the lack of LEDGF/p75
resulted in decreased migration [218] and impaired colony formation [217]. More recently, Le Roy G.
et al. suggested that LEDGF/p75 is also engaged in RNA transcription by lifting RNA polymerase Il to

overcome the nucleosome-induced barrier at the initiation of transcription [219].

1.3.1.2. LEDGF/p75 in MLL-r leukemia

As described earlier, LEDGF/p75 is involved in the normal and oncogenic functional activities of MLL1
and MLL-FP, respectively, by engaging in a ternary MLL1-menin-LEDGF/p75 complex. Inhibition of
menin has proven to impair the leukemogenesis of MLL-r in vivo and menin inhibitors are tested in a
clinical trial (summarized in section 1.2.3., page 15). Evidence is given for an alternative target in this
ternary complex as a strategy to treat MLL-r leukemia, namely by targeting LEDGF/p75. Several
publications indicate the mechanistic importance of the ternary complex formation of MLL1, menin
and LEDGF/p75 in MLL-r leukemia (Figure 1.10A) [94], [95], [97], [179]. In all cases, abolishing the
association of the oncogenic fusion protein with the active chromatin reduced or even eliminated the
clonogenic growth and transformation potential of cells. The functional and structural involvement of
LEDGF/p75 in MLL-r leukemia is bipartite and thus two strategies are possible to prevent tethering of

the MLL-FP complex to the target genes.
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Figure 1.10: Validation of LEDGF/p75 as potential target for MLL-r leukemia

(A) the MLL-FP is tethered to the chromatin by formation of a ternary complex between MLL, LEDGF and menin.
Association of the MLL-FP with active transcription results in leukemic transformation. (B) Overexpression of the
IBD domain competes with endogenous LEDGF/p75 for binding to the MLL-FP. When MLL-FP is bound to the IBD
alone, a decrease in leukemic transformation is detected. (C) Expression of cyclic peptides binding to the IBD
domain of LEDGF/p75 replace the MLL-FP from the IBD interaction surface and reduce leukemic transformation.
(D) depletion of LEDGF/p75 prevents the association of MLL-FP to the chromatin. (E) Mice that received a bone
marrow transplantation with LEDGF knockout (KO) cells transduced with an MLL-ENL fusion did not develop
leukemia. (F) Fusing the PWWP domain of LEDGF to MLL-FP resulted in MLL-r leukemia, whereas the same
construct including a W21A point mutation in the PWWP domain did not result in cellular transformation.

On the one end, one would opt to interfere with the MLL1 interaction with the IBD domain of
LEDGF/p75 (Figure 1.10B and C). This strategy is supported by the research of Méreau H. et al.
demonstrating that the overexpression of the eGFP-fused IBD domain was sufficient to reduce colony
formation in vitro and development of leukemia in vivo (Figure 1.10B) [95]. Interestingly, this
observation was specific for MLL-r cell lines and did not affect the proliferation or colony formation of

primary bone marrow cells (BMCs) and the HL-60 cell line [95]. In addition, Desimmie B. et al. identified



24 | Introduction

small cyclic peptides that specifically bind to the LEDGF IBD domain (Figure 1.10C) [220], which later
resulted in a specific inhibition of the clonogenic growth of MLL-AF9 primary BMCs, but not wild type
BMCs [97].

These two studies suggest that targeting the IBD domain of LEDGF/p75 is a potential strategy to treat
MLL-r leukemia. Although perinatal depletion of LEDGF in mice is lethal [206], depletion of LEDGF/p75
significantly reduced the growth of MLL-r leukemic cells in vitro (Figure 1.10D) [21,22]. Although the
deviating differential blood count in a conditional, hematopoietic LEDGF knockout mouse model
suggests that LEDGF affects hematopoietic progenitor cells. No other phenotypic abnormalities were
observed, suggesting that LEDGF is dispensable for normal hematopoiesis [179]. In addition, bone
marrow transplantation experiments showed that LEDGF is necessary to initiate and maintain the
MLL-r leukemia in vivo (Figure 1.10E) [179]. Secondly, supported by the same evidence that LEDGF/p75
depletion impairs MLL-r leukemia, we hypothesize that MLL-FPs can be replaced from the chromatin
by disconnecting the protein complex from the chromatin. Although the LEDGF/p75-chromatin
interaction domain spans a rather large amino acid sequence encompassing the PWWP domain, CR1
and AT-hook motifs, it was published that the affinity of the individual domains for chromatin or DNA
is rather weak or insufficient [189], [192]. This suggests that targeting one domain might be sufficient
to displace LEDGF/p75 from the chromatin. The most prominent druggable candidate of this
interaction interface is the PWWP domain as this domain is the only structured region in the amino-
terminal sequence of LEDGF/p75 which forms a small pocket with a specific interaction preference for
the H3K36 methylation mark, associated with actively transcribed genes [183], [186]. Expression of
LEDGFpwwe directly fused to an MLL-ENL oncogenic protein resulted in tethering of the MLL-ENL fusion
to the chromatin and leukemic transformation (Figure 1.10F) [94]. Moreover, mutating the two amino
acids (W21 and F44) in the PWWP pocket that are important for chromatin binding [183] to alanine
residues completely abolished this leukemic transformation and observed Hoxa9 upregulation [94].
These findings support the feasibility to target the PWWP domain to treat MLL-r leukemia. However,
no experiment directly targeting or competing with the PWWP domain of LEDGF has been reported as

target validation of the PWWP pocket.

Many challenges arise during the process of drug discovery. Technical challenges regarding small
molecule design, compound synthesis and solubility as well as challenges in light of toxicity and ADME
pharmacokinetic tests can occur, however it is of interest to properly understand the cellular functions
and relations of the target protein in health and disease, beyond the pathological mechanism of
interest. In the context of this PhD manuscript, attention should be given to cellular proteins that
harbor one or both similarly structured domains as of LEDGF/p75. Notwithstanding, it is also of interest

to reflect on other diseases in which LEDGF/p75 is involved.
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1.3.1.3. LEDGF/p75 in other diseases

Targeting the transcriptional co-activator LEDGF/p75, which has many cellular interaction partners,
might come with a risk of toxicity. Nevertheless, published results indicate that replacing or depleting
LEDGF/p75 in a cellular context or adult hematopoietic system does not affect overall viability of the
cells or mice, respectively [95], [179]. Real toxicity of small molecules can only be assessed when

available.

Meanwhile, it is of interest to take in consideration other diseases in which LEDGF/p75 contributes to
the disease phenotype. Although the LEDGF/p75 effect on MLL-r cell lines seems to be specific for the
MLL1 rearrangement, LEDGF/p75 has been identified as important player in several other cancers such
as prostate cancer [221]-[223], breast cancer [224], cervical cancer [225], colon cancer and thyroid
cancer [226]. Both LEDGF/p75 transcripts and protein levels were elevated in most tumor types as
screened by Basu A. et al. [226], but no unifying mechanism has been described. In addition,
LEDGF/p75 expression levels were reported to influence chemosensitivity of cancer cells to treatment
[222],[227], [228]. Potentially, LEDGF/p75 is also involved in the diseases related to the cellular binding
partners of LEDGF/p75, such as medulloblastoma (related to JPO2) [229], intellectual disability and
autism spectrum disorder (related to PogZ) [230], but also MeCP2-related Rett Syndrome [231]. Higher
LEDGF/p75 levels have also been linked to human papillomavirus E6 and E7-induced malignant cell

transformation, where LEDGF/p75 supports resistance against stress [232].

Much less understood is the presence of anti-LEDGF/p75 antibodies, in literature referred to as auto-
dense fine speckled 70 (DSF70) antibodies [233]. These antibodies were initially associated with atopic
diseases and other inflammatory conditions, however more sensitive antibody detection revealed that
these DSF antibodies are present in healthy individuals as well [234]. The biological function and clinical
relevance of these autoantibodies is an unsolved matter. Twenty years of research on anti-LEDGF/p75

antibodies is reviewed in [234].

The disease in which LEDGF/p75 was investigated the most intensively is HIV-1. More specifically, the
viral protein HIV-1 integrase was the first interaction partner described of the IBD domain (Figure 1.9B),
hence its name [235]. After binding to LEDGF;sp, HIV-1 integrase hijacks the tethering function of
LEDGF/p75 towards actively transcribed genes at the chromatin, where the viral DNA integrates into
the host genome [236], [237]. Both depletion of LEDGF/p75 and overexpression of the IBD domain
resulted in a reduction of the HIV-1 replication [238], [239]. Additionally, LEDGF/p75 depletion
negatively impacted the reactivation of the HIV-1 latent reservoir [240], which is the major barrier in
finding a cure for HIV-1 patients. Drug development efforts have resulted in the discovery of LEDGINS,

small molecules that specifically target HIV-1 integrase and hamper binding to the LEDGF;sp domain
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[240], [241]. Use of LEDGINs in cellular assays has shown effects similar as LEDGF/p75 knockdown,
targeting HIV-1 integration away from active sites, albeit not in a completely random manner [240].
Furthermore, next to these so-called early effects, LEDGINs hamper reactivation of latently infected
cells and produce defective viral particles by oligomerization of HIV integrase, affecting the HIV-1

replication efficiency [242].

1.3.2. HDGF-Related Protein 2

The most interesting HDGF-family member related to this manuscript is HDGF-related protein 2
(HRP-2), also known as HDGF2. HRP-2 is the only member for which the shared structural feature is
not limited to the PWWP-domain, but the protein additionally harbors an IBD at the C-terminus
(Figure 1.11A) [243]. Therefore, it is of interest to investigate the role of HRP-2 in normal
hematopoiesis, as well as MLL-r leukemia to predict the potential effect generated by HRP-2 when
targeting the highly similar LEDGF/p75 structured domains. Although HRP-2 was reported one year
before LEDGF/p75 [244] and both sequences show high similarity, HRP-2 is less extensively

investigated.

The HRP-2 protein is encoded by the HDGFL2 gene at the 19p13.3 locus. With 671 amino acids, the
HRP-2 protein is slightly longer than LEDGF/p75 and has a calculated weight of 74.3 kDa. Of note, HRP-2
appears as a larger protein of around 140 kDa by gel electrophoresis [243], [245]. Next to the PWWP
and IBD domain, HRP-2 harbors an AT hook motif and homology region Ill (HR3) domain [243]. No NLS
has been reported in the HRP-2 sequence. Two splice variants of the HRP-2 gene exist [246], one with
nine additional amino acids (isoform b) and one with a 53 amino acid deletion at the N-terminus

(isoform c), partly affecting the PWWP domain [246].

N-terminally, the HRP-2pwwp domain sequence is highly similar to the LEDGFpwwe domain and crystal
structures indicate the typical PWWP-fold of this domain (PDB 3EAE, Figure 1.11B) [247]. In
accordance, the HRP-2pwwe domain interacts with the di- and trimethylated H3K36 modification mark
[219]. Zhu X. et al. report that HRP-2 prefers binding to H3K36me2 [248]. However, the HRP-2pwwe
domain is described to interact with several other epigenetic marks. Wu H. et al. showed that HRP-2
weakly binds to H4K20me3 and H3K79me3 peptides [247]. The structure of the complex of HRP-2 with
H3K79me3 was resolved by crystallization (PDB 3QJ6). Interestingly, H4K20me3 is associated with
transcription repression and Baude A. et al. have shown that HRP-2 binds stronger to peptides carrying
the heterochromatin marks H3K9me3 and H3K27me3, which are marks associated with no
transcriptional activity [249], hinting toward a functional difference in chromatin binding between

LEDGF and HRP-2.
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Although no NLS region was reported in HRP-2, the protein is nuclear and plays a role in DNA double
strand break repair in a similar way as LEDGF [249]. Since the effect on DNA repair after knocking down
one or the other is larger than 50%, it was suggested that both proteins do not perform identical
functions [249]. In relation to the heterochromatin binding, it was suggested that HRP-2 repairs DNA
double strand breaks in heterochromatin, whereas LEDGF is active in euchromatin. Additionally,
differential binding of LEDGF and HRP-2 to chromatin has been observed by Vanega M. et al. [245].
While LEDGF tightly binds condensed DNA, HRP-2 localizes in the nucleus independently from

chromosomes [245].

671

JPO2, PogZ,
ASK, IWS1

Figure 1.11: Schematic structure of HRP-2

Schematic domain structures HRP-2. Alike LEDGF, HRP-2 harbors a structured proline, tryptophan, tryptophan,
proline (PWWP) domain at the N-terminus that specifically interacts with di- and trimethylated lysine 36 of
histone three (H3K36me2/3). The solution structure of the PWWP domain is depicted in light blue (PDB 3EAE).
At the C-terminus, HRP-2 contains an integrase binding domain (IBD), known to interact with JPO2 (cell division
cycle-associated 7-like protein), PogZ (pogo transposable element-derived protein with zinc finger) and IWS1
(interacts-with-Spt6).

No crystal structure of the IBD domain of HRP-2 is published, but several cellular proteins have been
described to interact with this domain (Figure 1.11B). By co-immunoprecipitation, PogZ and JPO2 were
identified as binders [199], whereas the HRP-2 IBD was described to also functionally activate the ASK
in complex with Cdc7 and thereby stimulate DNA replication [200]. IWS1, an RNA processing regulator,
co-precipitates and co-localizes with HRP-2 [250]. Alike LEDGF, HRP-2 was reported to relieve the
nucleosome-induced barrier for transcription elongation [219] and here, Le Roy et al. suggest a

disparity between HRP-2 and LEDGF activity in sequential cell types.
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As several cellular interaction partners and their function are redundant with the LEDGF/p75
interactome, it is plausible that both proteins also show redundancy in cellular processes. Also, in
relation to diseases, it is alluded that both LEDGF/p75 and HRP-2 have similar but not identical
functions. Furthermore, the role of HRP-2 in diseases has not been studied intensively. Like for other
HDGF-family members, one publication reported that both the mRNA and protein expression levels of
HRP-2 are upregulated in 40% of hepatocellular carcinoma (HCC) patient tissues [250]. In vitro studies
indicate that silencing of the HRP-2 expression reduces cell growth and vice versa, exogenous HRP-2
expression promotes HCC cell growth and these findings were corroborated in vivo [250]. HRP-2 is best
studied in parallel to the role of LEDGF/p75 in HIV infection. LEDGF/p75 is responsible for the
integration of the viral DNA into the host genome and LEDGF/p75 knockdown efficiently impairs
integration and viral replication. Studies by Schrijvers R et al. have indicated that HRP-2 can rescue the
impeded viral infection and integration in the absence of LEDGF/p75 when overexpressed [251], [252].

Concurrent results were obtained by Wang H. et al. [253].

Following this putative role in HIV-1 and cancer and the highly related sequence and activities of HRP-2
and LEDGF/p75, it is of interest to investigate the role of HRP-2 in MLL-r leukemia; more specifically to

explore whether HRP-2 serves as potential target for the treatment of MLL-r leukemia.

1.3.3. The other HDGF-family proteins

The other members of the HDGF family: HDGF, HRP-1 and HRP-3 are less important in light of the MLL-r
leukemia mechanism. As the name suggests, HDGF was described to stimulate growth of hepatoma
cells [254]. In addition, a dual role in angiogenesis and both a pro- and anti-apoptotic function were
reported for HDGF [255]. The HDGF engagement in these vital pathways could explain why the HDGF
protein is reported to play a role in various cancers, where HDGF often appears upregulated and has
been associated with metastasis and recurrence, radio sensitivity, chemoresistance, and/or

microvascular density [256].

The HRP-1 protein is specifically expressed in the testis of mice [244], [257] and aside from three
genome-wide screening studies [258]-[260], no other publications report about this protein, hence
the function and importance of HRP-1 in humans remains unknown. Similarly, the last registered HDGF
family member to date, which was discovered early 2002, was bovine HRP-4. Identical to HRP-1, HRP-4
was detected only in the testis. Since then, no additional functional reports have been provided and it

is not known whether HRP-4 is expressed in humans.

The HRP-3 protein is expressed in, but not limited to the testis. In particular, the highest expression of

HRP-3 was found in the brain [261], [262] where it was reported to have a neurotrophic [262] as well
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as angiogenic effect in retinal endothelium [263] similar to HDGF. However, HRP-3 expression is highly
upregulated in hepatocellular carcinoma (HCC) cells. Reducing this HRP-3 expression in malignant cells
increased the level of apoptosis, sensitized cells to treatment and reduced tumor growth both in vitro

and in vivo [264].

1.3.4. PWWP domain containing proteins

Besides the six HDGF-family members, 18 additional proteins are known to harbor a PWWP domain
(Table 1.4). Similar to the PHWP sequence of the LEDGFpwwer domain, several proteins of the
PWWP-protein family have a slightly different PWWP sequence after which the domain was named
(Table 1.4, PWWP variation). For many PWWP domains a 3D structure has already been acquired (PDB
entries in Table 1.4) and comparison of these structures revealed a conserved beta-barrel consisting
of 5 B-strands, oriented antiparallel as described for the PWWP domain of LEDGF/p75. A difference in
the amino acid sequence and length can be observed between beta-strand two and three. In addition,
the most striking variation is observed at the end of the PWWP-domain, where the amino acids are
structured in two to six a-helices. However, all PWWP domains encompass a nicely shaped pocket for
interaction with the methylated lysine. In addition to this common PWWZP-fold, the positively charged
surface at the outside of the pocket is comparable for all proteins and facilitates the binding to DNA.
Overall, based on this sequence and structural homology, it is likely that all PWWP domain containing
proteins interact with their PWWP domain to the nucleosome in a similar way as presented by the
cryo-EM [186]. Having multiple PWWP domains circulating in the cell, obtaining specificity can be
challenging. The PWWP-domain containing proteins can be subdivided into several families, although

some proteins are reported in different families by different publications [186], [247], [265].

The HDGF family was already discussed earlier. The largest subfamily of proteins harboring a PWWP
domain are the MutS homolog 6 (MSH6)-like proteins (Table 1.4). Interestingly, three proteins of this
family harbor two PWWP domains. The first PWWP domain, more located towards the amino-terminal
end (PWWP;) belongs to the MSH6-like protein subgroup whereas the second PWWP domain (PWWP;)
of these proteins is classified in a separate Wolf-Hirschhorn syndrome candidate 1 (WHSC1) related
subgroup. This latter subgroup consists of methyltransferases of lysine 36 at histone 3 of which
in several cancers (reviewed in [266]) and efforts in finding specific inhibitors encountered difficulties
in obtaining specificity and low nanomolar activity [267]. Interestingly, very recent, specific WHSC1
inhibitors of the N-terminal PWWP domain (WHSC1pwwe1) Were reported to disrupt the interaction
with nucleosomes in vitro, with a dissociation constant of 3.4 uM for the WHSC1pwwe1 domain [268],

[269] . Specificity was shown for the WHSC1pwwe1 domain over the closest related protein WHSC1-like
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protein 1 (WHSC1L1), or NSD3. Vice versa, inhibitors of the N-terminal PWWP domain of WHSC1L1
subgroup. This latter subgroup consists of methyltransferases of lysine 36 at histone 3 of which
WHSC1, often referred to as the nuclear receptor binding SET domain protein 2 (NSD2), was the first
protein for which a PWWP domain was described [270]. WHSC1 is often mutated [149] or upregulated
(WHSC1L1pwwe1) are reported to specifically bind the WHSC1L1pwwe1 given the specific temperature
shift in a denaturation assay [271]. Furthermore, these inhibitors show cellular activity in a selection
of cell lines by downregulating the expression of myc [271]. These findings illustrate the feasibility to

target PWWP domains in a specific manner.

Table 1.4. Overview of PIWWP-domain containing proteins.

Related family Protein name PWWP variation PDB entry
HDGF PHWP 1RIO
HRP-1 AHWP -
HDGF HRP-2 PHWP 3EAE
HRP-3 PHWP 6lIP
LEDGF PHWP 2M16
BRPF1 PSYP 2X35
BRPF BRPF2 PSYP 3Lyl
BRPF3 PSYP 3PFS
DNMT3A SWWP 3LLR
DNMT3B SWWP 3FLG
DNMT3 MBD5 TSWP -
PWWP2A PWWP -
PWWP2B PWWP 4LD6
NSD1pwwe1 PWWP -
WHSC1pwwe1 PWWP 5VvC8
MSHE WHSC1L1pwwe1 PWWP 6G3T
ZCWPW1 PWWP -
ZCWPW?2 PSWP -
MSH6 PWWP 60QM
NSD1pwwe2 RWWP -
WHSC1 WHSC1pwwe2 RWWP 7CRO
WHSC1L1pwwe2 RWWP 4RX]J
ZMYND8 PFWP 4C0S
BSG9 ZMYND11 GFWP 4NS5
MUM1 PFWP 3PMI

NP60 PPWP -
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Mixed lineage leukemia-rearranged (MLL-r) leukemia is a genetically distinct subset of leukemia with
poor prognostic outcome. Although the mechanism by which wild type MLL1 and most of the formed
oncogenic MLL-fusion proteins function is extensively investigated, no specific treatment option is
available for MLL-r leukemia patients that efficiently eradicates the leukemic cell population,
demonstrating that this disease faces an unmet medical need. The MLL1-menin-LEDGF/p75 ternary
complex plays an important role in the mechanism driving MLL-r leukemia and previous findings have
validated LEDGF/p75 as a potential target to treat MLL-r leukemia. During my PhD, the overall aim is
to understand whether the LEDGF/p75 paralog HRP-2 was involved in this mechanism and to develop
first-in-class small molecules that specifically target LEDGF/p75 to treat MLL-r leukemia. The specific

objectives in this manuscript are:

2.1. Investigation of the role of HRP-2 in normal hematopoiesis and MLL-r leukemia

Due to high sequence homology and similar functional roles in health and disease, we want to
investigate whether the LEDGF/p75 paralog, HRP-2, plays a role in normal hematopoiesis and in MLL-r
leukemia. First, | will examine whether HRP-2 interacts with MLL1 or the MLL1-menin complex through
immunoprecipitation experiments. In addition, we will aim to obtain the NMR solution structures of
the HRP-25p to compare with the previously published LEDGFgp domain. To study the role of HRP-2 in
normal hematopoiesis a systemic HRP-2 knockout mouse model will be used. We will analyze
peripheral blood counts and stem cell proliferation in a colony formation assay. Next the impact of
HRP-2 depletion on leukemic cell growth in vitro will be examined by following the growth of the cells
in liquid culture or by performing a colony formation assay. To examine the impact of HRP-2 depletion
on the survival in vivo, a bone marrow transplantation to induce leukemia in the presence or absence
of HRP-2 will be performed. These findings will help to determine whether HRP-2 is a target for MLL-r

leukemia and will potentially clarify the associated risks of small molecules with activity towards HRP-2.

2.2. Development of small molecules that target the PWWP domain of LEDGF

The role of LEDGF/p75 in MLL-r leukemia is well described. Inhibiting either the LEDGFpwwe binding to
nucleosomes or the LEDGF;gp binding to MLL-FPs could prevent tethering of the oncogenic fusion
protein to its target genes. In this project, we aim to develop small molecules that specifically target
the LEDGFpwwp domain. Although LEDGF/p75 knockdown or competition experiments in a cellular
context show a reversal of the leukemic phenotype and LEDGF is essential for leukemogenesis in vivo,
additional validation of the LEDGFewwe domain by itself as a potential target for MLL-r leukemia is

required. As proof of concept, the LEDGFpwwe domain will be overexpressed in an MLL-r leukemic cell
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line to induce competition with endogenous LEDGF for H3K36me3 binding. The effect of this
transduction on growth will be validated by a colony formation assay. As control, a similar

experimental setup will be performed in an MLL1 wild type cell line.

We aim to identify small molecules that specifically interact with LEDGFewwe by a structured-based
drug discovery strategy using the crystal structure of HRP-2pwwe. Subsequently, hits will be tested for
binding to both the HRP-2pwwp and LEDGFpwwe domain in DSF. During my PhD, | will optimize the
AlphaScreen and TR-FRET assays to detect the interaction between recombinant nucleosomes and
LEDGF protein. These assays can be used to study the interaction inhibition potential of fragments
during hit to lead optimization. To study the interaction in a cellular context, | will optimize the
LEDGF-nucleosome interaction in a nanoBRET assay. When targeting a methyl-lysine binding pocket,
it can be challenging to obtain specificity and therefore several proteins of the PWWP-protein family

will be assayed in parallel in the early stages of the screening.






Materials and
methods

Part of the materials and methods has previously been published in S. Van Belle et al., “Unlike Its
Paralog LEDGF/p75, HRP-2 Is Dispensable for MLL-r Leukemogenesis but Important for Leukemic Cell
Survival,” Cells, 2021 [272].
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3.1. Recombinant protein purification

Flag-LEDGF/p75 WT and the W21A, F44A double mutant were expressed from pCPnat-3xFlag-
LEDGF/p75 after transformation in BL21 Star (DE3) competent bacteria. The bacteria were grown in
lysogeny broth (LB, Sigma) medium supplemented with 100 pug/mL ampicillin (Sigma-Aldrich). Before
induction, the bacteria were grown at 37°C until an ODggo of 0.6. Protein expression was induced by
adding 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG, Sigma-Aldrich). After the IPTG was added,
the cultures were kept at 29°C for three to four hours before harvesting. The bacteria were spun down
at 5,000 rpm for 15 minutes and resuspended in STE buffer (100 mM NaCl (Sigma-Aldrich), 10 mM Tris-
HCI (Sigma-Aldrich) pH 7.4 and 0.1 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich)) and
stored as pellet at -20°C. To purify the Flag-LEDGF/p75 protein from the bacterial pellet, the pellet was
resuspended in 500 mM NacCl, 30 mM Tris-HCI pH 7.4, 1 mM dithiotreitol (DTT, Merck) and cOmplete
protease inhibitor cocktail, EDTA free (Merck) and followed by 1 minute of sonication with 2s on/4s
off pulses at 50% amplitude using the SFX250 sonifier (Branson). After sonication, 0.1 pg/mL DNAse
(Roche) was added and incubated on ice for 15 to 20 minutes. The lysate was cleared by a 30-minute
centrifugation at 15,000 rpm. The supernatant was filtered through a 0.22 um Millex-GS Syringe Filter
Unit (Merck) before purification over a 5 mL HiTrap Heparin HP Column (Cytiva), equilibrated in 150
mM NaCl, 30 mM Tris-HCI pH 7.0 and 1 mM DTT. The protein was eluted by increasing the salt
concentration from 150 mM up to 2 M using the AKTA purifier (GE Healthcare) and Unicorn v5
software. Peak fractions were analyzed on an in house SDS-PAGE. Fractions containing flag-LEDGF/p75
were pooled and loaded on a superpose™ 6 10/300 GL size exclusion column (GE Healthcare) to further
purify. The size exclusion column was equilibrated in 150 mM NaCl, 30 mM Tris-HCl, pH 7.4 and 1 mM
DTT. Peak fractions were analyzed on an in house SDS-PAGE followed by a Coomassie stain (Coomassie
Brilliant Blue G250, Merck). The fractions containing flag-LEDGF/p75 were supplemented with 10%
(v/v) glycerol (VWR chemicals) and stored at -80°C.

The Hise-LEDGFpwwe wild type, double mutant (W21A, F44A) and His-BRPF2pwwe proteins were
expressed from the pET16b plasmid using BL21(DE3) cells. The LEDGFpwwe protein is encoded by amino
acids (aa) 1 to 110 of full length LEDGF/p75. For the BRPF2pwwe protein amino acid 925 to 1057 were
expressed. The cultures were grown in LB medium supplemented with 100 pg/mL ampicillin. For each,
the culture was grown to an ODggo of 0.8 at 30°C. The culture was supplemented with 1 mM IPTG to
induce protein expression and incubated overnight at 15°C. The cells were washed in STE buffer and
stored as pellet at -20°C. For purification, the bacterial pellet was resuspended in 50 mM HEPES
(Merck), pH 7.0, 500 mM NaCl, 1 mM DTT, 0.1% CHAPS (Thermo Scientific) and cOmplete protease
inhibitor cocktail. The bacterial lysate was sonicated at identical conditions as flag-LEDGF/p75

described before. After sonication, 0.1 ug/mL DNase was added and incubated for 15 minutes on ice.
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The cell debris was pelleted by centrifugation for 30 minutes at 15,000 rpm and the supernatant was
loaded on a disposable column provided with a resin of His-Select HC Nickel Affinity Gel (Sigma-Aldrich)
equilibrated with wash buffer (50 mM HEPES, pH 7.0, 500 mM NaCl, 1 mM DTT and 12.5 mM imidazole
(Acros Organics, Thermo Fisher Scientific)). After loading the supernatant, the column was washed and
the protein was eluted using wash buffer with an increased imidazole concentration of 250 mM. During
elution, the eluate was fractionated and spotted on a Whatman paper, stained with Coomassie Brilliant
Blue G 250 (Merck) dissolved in 50% (v/v) methanol (VWR chemicals), 10% (v/v) acetic acid (Sigma-
Aldrich) and distilled water to analyze the protein content. The fractions with highest protein
expression were pooled and dialyzed overnight in 50 mM HEPES, 150 mM NaCl and 1 mM DTT. The
next day, the protein solution was spun down at 13,000 rpm for 10 minutes at 4°C and the supernatant
was loaded onto the AKTA pure (Cytiva) connected to an HiTrap SP HP cation exchange column (GE
Healthcare) equilibrated in 50 mM HEPES, 150 mM NaCl and 1 mM DTT. The protein was eluted by
increasing salt concentrations and peak fractions were analyzed by an in-house SDS-PAGE. Fractions
containing His-BRPF2pwwp Were pooled and supplemented with 10% glycerol and stored at -80°C. For
His-LEDGFpwwe, the protein containing fractions were further purified on a size exclusion column
equilibrated in 50 mM HEPES, 150 mM NaCl and 1 mM DTT. Finally, the peak fractions were analyzed
by an in-house SDS-PAGE and Coomassie stain and supplemented with 10% glycerol before storage at

-80°C.

The His-WHSClpwwe: domain (aa 211 to 362) was expressed from pET28 plasmid and cultured in
50 pg/mL kanamycin (Thermo Fisher Scientific). The same purification protocol was followed as

described for His-BRPF2pwwe.

The recombinant, purified his-SUMO-HRP-2,wwe (used for interaction experiments) and untagged
HRP2pwwe (used for Differential Scanning Fluorimetry or DSF) were a gift from the Laboratory of

Biocrystallography, KU Leuven, Belgium.

The expression and purification of LEDGF/p75345-426 Was described earlier [202]. Identical conditions
were used for expression and purification of HRP-2469-549. Maltose binding protein (MBP) alone or
MBP-tagged constructs MBP-LEDGF3;5.530 and MBP-HRP-2447.55; were purified similarly as described for
the latter in [239]. The MLL1.160-GST construct was purified as described in [95]. These proteins were
expressed in E.coli Rosetta2 (DE3), grown in Lysogeny Broth (LB) medium (Sigma-Aldrich)
supplemented with 10 pg/mL ampicillin (Sigma-Aldrich).
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3.2. Differential Scanning Fluorimetry (DSF)

The melting temperature (Tm) of the various PWWP protein domains was assessed in the CFX Opus 96
Real-Time PCR Instrument (Bio-Rad, Belgium) using pre-treated 8-tube polymerase chain reaction
(PCR) strips and optical flat caps (Bio-Rad, Belgium). These PCR tubes were incubated at 95°C for 10
minutes to reduce stickiness. In a reaction volume of 20 uL, 10 to 30 uM of protein was incubated with
10X to 20X of SYPRO™ Orange Protein Gel Stain (ThermoFisher Scientific) for 20 minutes at room
temperature in DSF buffer (50 mM HEPES and 150 or 600 mM NacCl). Optimized running conditions for
each protein domain were determined and reported in Figure 4.13. After incubation, the sample was
heated gradually (0.2°C steps) from 20°C to 95°C. A melting curve was generated by measuring
fluorescence from the SYPRO™ Orange (SO) dye in each step. The Tm of each protein was analyzed

using the CFX Maestro software of Bio-Rad.

3.3. AlphaScreen and TR-FRET assay

The Amplified Luminescent Proximity Homogenous (AlphaScreen®) assay was performed in a 384-well
OptiPlate (PerkinElmer®, Massachusetts, U.S.) and final volume of 25 pL. Proteins and reagents were
diluted in AlphaScreen buffer containing 150 mM NaCl, 25 mM Tris-HCl pH 7.4, 1 mM, 0.1% Tween®-20
(Thermo Fisher Scientific, Massachusetts, U.S.) and 0.1% Bovine Serum Albumin (BSA, Sigma-Aldrich,
Missouri, U.S.). First, both partners of the protein-protein or protein-nucleosome interaction were
incubated for one hour at 4°C. Optimal protein concentrations were determined by cross-titration and
final protein concentrations are indicated per experiment in the results. Depending on the protein tags,
corresponding 10 pug/mL of donor and 10 pg/mL of acceptor beads (PerkinElmer, Massachusetts, U.S.)
were mixed together and added to each well. In addition of the beads, the plate was incubated another
hour at room temperature and read using the Envision Xcite Multilabel Reader (PerkinElmer®,

Belgium). Counts were plotted and graphs were generated using GraphPad Prism version 9.2.0.

In out-competition assays, we study the possibility of a related protein or fragment (= the out-
competitor) to interfere with a protein-protein or protein-nucleosome interaction. The out-competitor
is expected to bind one of the interaction partners and is either untagged or not recognized by donor
nor acceptor bead. The out-competitor is titrated to a protein-protein or protein-nucleosome
interaction at fixed concentrations. For this assay, a pre-incubation step of 30 minutes was performed
with out-competitor and its interaction partner. After the second interaction partner was added, the

protocol continued as described above.

For assays where related proteins were compared, the following requirements were met: proteins

were expressed from identical plasmid backbones, parallel performance of purification and
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concentration determination. In addition, the experiment was performed using identical buffer
compositions, experimental set-up and interaction partner dilutions. For that reason, proteins with

different tags cannot be compared.

For the time-resolved fluorescence energy transfer (TR-FRET®) assay, identical buffer composition and
protocol were followed. The TR-FRET assay differs from AlphaScreen through the addition of 5 nM
LANCE Eu-W8044 labelled streptavidin donor (PerkinEImer®, Zaventem, Belgium) and 25 nM anti-tag
specific ULight™ acceptor fluorophores (PerkinElmer®, Zaventem, Belgium) instead of AlphaScreen
beads. In our assays, the ULight acceptor was attached to anti-6xhis or anti-flag antibodies (both Perkin

Elmer®), dependent on the protein.

3.4. Fragment design and screening

Fragments were modelled and generated in the Laboratory of Biocrystallography (KU Leuven, Belgium)
and the Laboratory of Medicinal Chemistry (KU Leuven, Belgium) and labelled by the Greek alphabet.
For confidentiality reasons, structures of the fragments will not be made available. Fragments were
dissolved in ethylene glycol (EG, ThermoFisher Scientific) at a stock concentration of 50 mM and stored
at -20°C. The fragments were added during the incubation step in the DSF or added as described for
the ‘out-competitor’ in AlphaScreen and TR-FRET protocol. In these experiments, the percentage of EG

for all fragment concentrations and controls was kept at 1%.

3.5. NMR spectroscopy

NMR data were generated at the Laboratory of structural biology at the Institute of Organic Chemistry

and Biochemistry (IOCB, Prague).

Nuclear Magnetic Resonance (NMR) spectra were acquired at 25°C on the 850 MHz Bruker Avance
spectrometer equipped with a triple-resonance (**N/**C/*H) cryoprobe. For structure determination,
the sample volume was 0.35 mL, with a concentration of 500 UM HRP-2465-549in the NMR buffer (25 mM
Tris pH 7.0, 150 mM NaCl, 1 mM TCEP), 5% D,0/95% H,0. The sequence-specific backbone and side-
chain resonance assignment were obtained using a series of standard triple-resonance spectra (HNCO,
HN(CA)CO, HNCACB, CBCA(CO)NH, HBHA(CO)NH, CCC(CO)HN and HCCH-TOCSY [273], [274]). *H-H
distance constraints for structural determination were obtained from intensities of NOE cross peaks in
the 3D ®N/*H NOESY-HSQC and ¥C/*H NOESY-HMQC spectra that were acquired using a NOE mixing

time of 100ms.
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The families of converged structures were initially calculated in Cyana 3.98 using the combined
automated NOE assignment and structure determination protocol [275]. In addition, backbone torsion
angle constraints, generated from assigned chemical shifts using the program TALOS+ [276] were
included in the calculations. Subsequently, five cycles of simulated annealing combined with
redundant dihedral angle constraints were used to produce sets of converged structures with no
significant restraint violations (distance and van der Waals violations <0.2 A and dihedral angle
constraint violation < 5°), which were further refined in explicit solvent using the YASARA software
with the YASARA forcefield [277]. The 30 HRP-2 IBD structures with the lowest total energy were
selected, analyzed and validated using the Protein Structure Validation Software suite (http://psvs-
1_5-dev.nesg.org). The constraints and structural quality statistics for the final set of water-refined
HRP-2 IBD structures is summarized in Supplementary Table S1. The structure, NMR constraints, and
resonance assignments were deposited in the Protein Data Bank (PDB, accession number 6T3l) and

Biological Magnetic Resonance Bank (BMRB, accession number 34442).

In titration experiments 20 uM of *>N-labeled HRP-2469-545 0r LEDGF/p75345-426 Were mixed with various
concentrations of unlabeled synthetic MLL1 peptide (123-160) or DMSO as a control. For each titration
point, the chemical shift perturbations (CSP) in **’N/*H HSQC spectra measured in the SOFAST fashion
were calculated and the dissociation constant (Kp) was determined by a non-linear least squares

analysis using GraphPad Prism and the equation

[L]+[P]1+Kp = +/ ([L] + [P]+Kp)? - 4 x [L] x [P]
2 x [P]

CSP s =CSP 12 ¥

where CSPobs is the observed CSP at the given total ligand concentration [L], CSPmax is the CSP at

saturation, and [P] is the total concentration of protein [278].

The peptides used in section 4.1.2. were synthesized by solid-phase synthesis in the Laboratory of

Medicinal chemistry, IOCB, ASCR (Prague, Czech Republic).

3.6. Cell culture

The human cell lines THP1, SEM, K562, Kasumi-1 and the murine cell line MLL-AF9 were a kind gift from
Dr. Jirg Schwaller (Laboratory of childhood leukemia, Basel University, Switzerland). The human Nalmé6
cell line was a kind gift from Prof. Noritaka Adachi (Yokohama City University, Yokohama, Japan). The
HEK293T cells were bought from LGC Standards LTd (code CRL-11268 293T/17). The E2A-HLF cells were
generated by harvesting lineage depleted cells from 8-weeks-old C57Blacké mice (animalium KU
Leuven) and transduced with pMSCVneo-E2A-HLF vector. All generated cell lines tested negative for

mycoplasma contamination.
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The human suspension cells (THP1, SEM, K562, Kasumi-1 and Nalm6) were cultured in Roswell Park
Memorial Institute (RPMI) medium (GIBCO, Thermo Fisher Scientific, Massachusetts, U.S.)
supplemented with 0.01% (v/v) gentamicin (GIBCO, Thermo Fisher Scientific, Massachusetts, U.S.) and
10% (v/v) fetal bovine serum (FBS, GIBCO, Thermo Fisher Scientific, Massachusetts, U.S.), except for
the Kasumi-1 cell line that was cultured in 20% FBS. The adherent cell line, HEK293T, was cultured in
Dulbecco Modified Eagle Medium (DMEM, GIBCO, Massachusetts, U.S.) supplemented with 0.01%
(v/v) gentamicin and 5% (v/v) FBS. The cultured murine cells (MLL-AF9 and E2A-HLF) were held in RPMI
medium supplemented with 0.01% (v/v) gentamicin and 20% FBS, with the addition of the murine
cytokine interleukin 3 (6 ng/mL), interleukin 6 (10 ng/mL) and murine stem cell factor (100 ng/mlL, all

from Peprotech, London, UK) to maintain stemness of the cells.

3.7. Co-immunoprecipitation

The MLL-ELL fusion was expressed from pCL-neo-Flag-MLL-ELL, a kind gift from Dr. Jirg Schwaller
(Laboratory of childhood leukemia, Basel University, Switzerland). The MLL1 fragment 1-330 was
expressed from p3xFlag-MLL;-330 and point mutations blocking the MLL1-menin interaction (F9A, P10A
and P13A) were introduced in this construct by oligonucleotide annealing (IDT). The sense strand (5'-
TCGAGGAGTTTATGGCACATAGCTGTCGTTGGCGTGCCGCCGCACGTGCGGGTACAA-3’) annealed to the
antisense strand 5’-CCGGTTGTACCCGCACGTGCGGCGGCACGCCAACGACAGCTATGTGCCATAAACTCC-3’
when the temperature decreased after incubation of both single strand oligonucleotides at 95°C,
creating compatible overhangs to the backbone when restricted with Xhol and Agel (Thermo Fisher
Scientific). To perform the co-IP, 6 million HEK293T cells were plated in three 8.5 cm petri
dishes/condition and transfected with 20 pg of each indicated plasmid. The cells were lysed one day

later as described in [201].

To study the effect of menin inhibitors (Ml) in co-immunoprecipitation (co-IP) experiments, an excess
of menin inhibitor (100 uM MI-2 and 50 uM MI-538; both MedChem Express) or dimethyl sulfoxide
(DMSO, Sigma-Aldrich) as control, were added during both lysis and overnight incubation.
Immunoprecipitated protein was eluted with SDS-PAGE loading buffer and visualized by western

blotting.

3.8. nanoBRET

The nano-bioluminescence resonance energy transfer (nanoBRET) was set up using the NanoBRET™
Flexi® starter vectors kit of Promega (Wisconsin, U.S.). The coding sequence of full length LEDGF/p75

and LEDGFpwwe (@amino acid 1 to 110) were amplified from their protein expression constructs and
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ligated in the NanoBRET Flexi constructs after enzyme digestion. The Histone H3.3-HaloTag® Fusion
Vector-plasmid for histone H3 expression was commercially available (Promega). To start, HEK293T
cells were seeded in a 24-well plate at a concentration of 400 000 cells/mL. After 6h of incubation, the
cells were co-transfected with plasmids encoding a nanoLuc-tagged and HaloTag-tagged protein using
branched polyethylenimine (PEI) (10 mg/mL, polyscience) at a ratio of 5 pL PEIl per pg DNA. After 20
hours, the cells were trypsinized (Gibco™ Trypsin-EDTA (0.25%), Thermo Fisher Scientific) and plated
in a 96-well plate at a concentration of 200 000 cells/mL in Opti-MEM™ | Reduced Serum Medium
without phenol red (Fisher Scientific, cat n 11058021) supplemented with 4% FBS, in addition of either
the HaloTag® NanoBRET™ 618 ligand (Promega) or DMSO (Sigma-Aldrich) control. The next morning,
the luciferase NanoBRET™ Nano-Glo® Substrate (Promega, Wisconsin, U.S.) was added to the wells
and fluorescent signal was detected after two minutes using the Envision Xcite Multilabel Reader
(PerkinElmer®, Zaventem, Belgium). The fluorescent signal was converted to milliBRET Units (mBU)

using the following formula:

) abs 618 nm abs 618 nm
Ligand ( —)— DMSO control ( —) * 1000 = mBU
abs 460 nm abs 460 nm

where abs stand for the measured absorbance at the corresponding wavelength

3.9. Viral vector production and generation of stable cell lines

The Murine Stem Cell Virus (MSCV) retroviral expression vectors encoding MLL-AF9 fusion or eGFP
(PMSCV IRES-eGFP-PGK-Puro) and the pMSCV-E2A-HLF-Neo were provided by Prof. Jiirg Schwaller
(Laboratory of childhood leukemia, Basel University, Switzerland). The pMSCV retroviral expression
vector pMSCV-MLL-ENL-Neo and pMSCV-Neo were provided by Prof. Akihiko Yokoyama (Laboratory
for Malignancy Control Research, Kyoto University, Japan). The lentiviral vector expressing mi30-based
RNA targeting HRP-2 or eGFP control and retroviral vectors expressing Ledgf/p75 miRNA were
described earlier [95], [251]. For experiments where miRNA was used and no back complementation

was performed, stable cell lines were generated at least twice.

For human cell lines, viral vector productions were performed as previously described [179], [279].
Titer units (TU) were determined by a p24 ELISA test (Fujirebio, Belgium). Human cell lines were
transduced in a 1:1 volume ratio with concentrated lentiviral supernatants. Murine cells were
transduced with pMSCV-based vectors as previously described [179]. Forty-eight hours post-
transduction, cells were selected with the corresponding selection antibiotic at the following
concentration: 1 pg/mL puromycin, 10 pg/mL blasticidin or 320 ug/mL hygromycin (all purchased from

Invivogen).
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3.10. Western Blot

To visualize proteins from whole cell lysates, cell pellets (10° to 2.10° cells) were washed twice in
phosphate-buffered saline (PBS, Thermo Fisher Scientific, Massachusetts, U.S.) and lysed using RIPA
Lysis and Extraction buffer (Thermo Fisher Scientific) during a 30 minutes incubation on ice. Cell debris
was removed from the solution after centrifugation at 13 000 rpm, 4°C. The total protein content was
assessed using the bicinchoninic acid assay (BCA) protein assay kit (Thermo Fisher Scientific) to equally
load the samples on a 4—15% Criterion™ TGX™ Precast Midi Protein Gel (Bio-Rad, California, U.S.). The
gel was run in Tris-Glycine SDS running buffer (Novex, Life technologies) at 80 V during the stacking
phase and the voltage was increased to 140 V for further separation. The proteins were transferred
from the SDS-PAGE to a polyvinylidene fluoride (PVDF, Bio-Rad) or nitrocellulose (GE Healthcare,
Illinois, U.S.) membrane using the Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). PVDF membranes
were activated in methanol before transfer. Nitrocellulose membranes were stained after the transfer
with ponceau S (Sigma) to evaluate the equal loading. After blocking the membranes in 5% (w/v) milk
in PBS for 30 to 60 minutes the blots were incubated with primary antibody overnight at 4°C. To detect
multiple proteins with variable molecular weight, the blot was cut accordingly. The molecular marker
(PageRuler™ Prestained Protein Ladder, Thermo Scientific) above and below the expected protein
height were present on the blot piece. The following primary antibodies were used: LEDGF/p75 (A300-
848A, Bethyl Laboratories), HRP-2 (15134-1-AP, Proteintech Europe), Menin (A300-105A, Bethyl
Laboratories), HA (ab215069, Abcam), Flag (F7425, Sigma) or GAPDH (ab9485, Abcam). After washing
the membrane in PBS-T (PBS + 0.1% (v/v) triton X-100 (Acros Organics, Thermo Fisher Scientific)) for
five minutes, three times, the blot was incubated with a dilution of secondary antibody (Dako, Aligent
Technologies, California, U.S.) in 5% (w/v) milk for one hour at room temperature on a shaking device.
Protein bands were visualized using ECL Prime Western Blot Detection Reagent (GE Healthcare, ref
RPN2236) or ECL clarity Max (Bio-Rad, ref 1705062) in case of weak detection and ImageQuant 800

(GE Healthcare, Belgium).

3.11. Quantitative PCR

To obtain copy DNA (cDNA), RNA was extracted from cell pellets according to the Aurum Total RNA
mini kit (Bio-Rad, California, U.S.). The RNA yield was measured using a spectrophotometer (IMPLEN,
Minchen, Germany) and 5 pg of RNA was reverse transcribed to cDNA using the High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific). Specific primers were used (Table 3.1) to detect
and amplify the sequence of interest. Expression levels are determined relative to a standard curve

and normalized to a housekeeping gene (B-Actin for human samples, Gapdh for mouse samples).
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Table 3.1. Primers used for gPCR analysis

Gene, species Primer sequence (5" — 3’)

FW | TGAGTCGGAGAAGACCAGTGACC
RV | AATCCGAGGCTGATGGCACCTTC
FW | CCTCAAACATGACTCGCGATTTC
RV | GCTCCATCAGGAACTTCATCTAC
FW | TGTGTCCGTCGTGGATCTGA

RV | CCTGCTTCACCACCTTCTTGA

FW | AGGATGGAGAGCGACTCAGA

RV | CGAGTTCTCCTCTTCGGATG

FW | GAACTTGCTTCACTTCAGGTCACA
RV | TCGCCGTATTTTTTTCAGTGTAGT
FW | CCAGCTCGAGTAGACGAAGT

RV | TTGGAACTCATGAGACTGCT

FW | ATGGCATTAAACCTGAACCG

RV | GTCTCCGCCGCTCTCATTC

FW | CACTGCGCGAGGCTACAGC

RV | TTGATGTCGCGCACGATTT

Hrp-2, mouse

Psip1, mouse

Gapdh, mouse

HRP-2, human

PSIP1, human

PWWP, human

HoxA9, human

B-Actin, human

3.12. Immunocytochemistry

8-well chambers were coated with poly-D-lysine (Sigma-Aldrich, Missouri, U.S.) before plating 50 000
cells/well. After attachment, the cells were fixated in 4% (v/v) paraformaldehyde (Sigma-Aldrich,
Missouri, U.S.) for 15 minutes at room temperature and washed twice with PBS (ThermoFisher
Scientific). Cells were permeabilized using 0.1% (v/v) tritonX-100 (Acros Organics, Thermo Fisher
Scientific) in PBS to permeabilize the membrane and blocked for 30 minutes using PBS-based blocking
buffer containing 1% BSA and 0.1% (v/v) Tween®-20 (Thermo Fisher Scientific, Massachusetts, U.S.) at
room temperature. Primary antibody (1/400 anti-mouse Flag M2 F1804, Sigma) was incubated
overnight in blocking buffer at 4°C before washing the cells with PBS three times. After a 30 minutes
incubation in the dark with the secondary antibody (1/500 goat-anti-mouse-Alexa 555) and 4’,6-
diamidino-2-phenylindole (DAPI, 1/1000, Invitrogen, Massachusetts, U.S.) in blocking buffer and at
room temperature, three additional PBS wash steps were performed. The sample was stored in the
dark at 4°C until microscopic analysis. Immunocytochemistry (ICC) pictures were analyzed and colored

using Imagel software.

3.13. Suspension and colony formation analysis

To monitor the growth of all suspension cells, 50 000 cells/mL were plated six-fold in a 24-well plate.

Every 24 hours, cells from one well were counted using trypan blue (Thermo Fisher Scientific) and the
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TC20™ Automated Cell Counter from Bio-Rad. Ln-transformed cell counts were analyzed using

GraphPad Prism 8 to determine the doubling time.

For the colony forming unit assay (CFU), the human cell lines were cultured in MethoCult™ H4230
(STEMCELL Technologies, Vancouver, Canada) and scored after 10 days in culture by manual counting
through the microscope. Primary murine lineage depleted (lin") cells were cultured and scored in the

CFU assay as described before [179].

3.14. HRP-2 knockout mouse model

C57BL/6N-Hdgfrp2<tmi1b (KOMP)Wtsi>/Tcp (HRP-2'™°) mice were ordered at Toronto Centre for
Phenogenomics after they were generated as part of the NorCOMM?2 phenotyping project [280]. All

animal experiments were approved by the KU Leuven ethical committee (P201/2014).

3.15. Animal material processing

For the blood sampling of the mice, a minimum of 30 uL blood was harvested from the submandibular
vein in the cheek and collected in Microtubes for Automated Process with 1 mg K2EDTA (Becton
Dickinson, New Jersey, U.S.). The blood was diluted in 1/10 in sterile PBS and counted using the

Siemens Advia 2120 (Siemens, Munich, Germany) hematology analyzer.

Lineage depleted (lin) progenitor cells were isolated using the EasySep Mouse Hematopoietic
Progenitor Cell Isolation Kit (STEMCELL Technologies, Vancouver, Canada) on red blood cell lysed bone
marrow cells harvested from femur and tibia from 6 to 8-week-old mice. Cells were cultured or used

for RNA extraction (Aurum™ Total RNA Mini Kit, Biorad).

3.16. RNA-sequencing and bioinformatics

Total RNA samples (500 ng) were cleaned using the DNAse | kit (Thermo Fisher Scientific) according to
the Rapid out removal DNA kit instruction and converted into cDNA by using the QuantSeq 3' mRNA-
seq reverse 4 Library Prep Kit (Lexogen, Wien, Austria) according to manufacturer’s instructions [281]
to generate a compatible library for lllumina sequencing. Briefly, library generation was initiated by
oligodT priming for first strand cDNA which generated one fragment per transcript. The second strand
cDNA was subsequently synthesized using random primers. lllumina-specific linker sequences were
introduced by the primer with barcoding indices for different samples. The quality of cDNA libraries
was determined using a High Sensitivity DNA Assay 2100 Bioanalyzer (Agilent, California, U.S.) for

quality control analysis. Sequencing of the cDNA library with 75bp single end reads was performed
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using an lllumina NextSeq 500 system. Reads were aligned to the reference genome GRCm38 using
STAR-2.4.2a with default settings [282]. STAR was also used for gene expression quantification on the
Ensembl GTF file version 84. Differential expression analysis was performed using DESeq2 in R [283].

The RNA-sequencing data are available in NCBI’s Gene Expression Omnibus (GSE154202)









4

Results
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4.1. HRP-2 is dispensable for MLL-r leukemogenesis but important for leukemic cell
survival

Initial findings in this project were published in the doctoral thesis of Sara El Ashkar [284]. This research
was further expanded with immunoprecipitations, NMR data, additional genotyping, RNA sequencing,
additional cellular data and in vivo experiments. Results reported in this section has previously been
published in S. Van Belle et al., “Unlike Its Paralog LEDGF/p75, HRP-2 Is Dispensable for MLL-r

Leukemogenesis but Important for Leukemic Cell Survival,” Cells, 2021 [272].

4.1.1. HRP-2 interacts with MLL1 in the absence of menin

Given the interchangeable role of HRP-2 and LEDGF/p75 in HIV infection [243], [251] and given as well
that LEDGF/p75 is important for MLL-r [94], [179], we investigated the involvement of HRP-2 in
hematopoiesis and MLL-mediated transformation. Menin stabilizes the interaction between MLL1 and
LEDGF/p75 and is thus essential for the formation of the triple transcription-regulatory complex [94].
Here, we investigated the potential interaction of HRP-2 with the MLL-menin complex by in vitro
co-immunoprecipitation (IP) using HEK293T cells transfected with flag-tagged MLL-ELL and/or
menin-HA expression constructs (Figure 4.1A-C). Binding of endogenous HRP-2 and LEDGF/p75 was
detected using anti-HRP-2 or anti-LEDGF antibodies. Despite the poor detection of flag-MLL-ELL in the
precipitate in the absence of ectopic menin expression, it is clear that upon overexpression of menin
and MLL, both HRP-2 and LEDGF/p75 were precipitated. To further clarify whether the binding of
HRP-2 to MLL-ELL is dependent on menin, as is the case for LEDGF/p75, we treated cellular lysates with
100 uM of MI-2 [285], a MLL1-menin interaction inhibitor. Although we used double the concentration
of MI-2 as published before [285], MI-2 treatment resulted in a partial loss of menin binding upon
MLL1 precipitation (Figure 4.1B, top). HRP-2 still co-precipitated with MLL1 upon MI-2 treatment.
Similar results were obtained using 50 uM of the 20 times more potent MI-538 inhibitor (Figure 4.1B,
bottom) [286]. Since both menin inhibitors did not fully abrogate the MLL1-menin interaction, we
introduced three point mutations (F9A, P10A and P13A) into a flag-MLL-ELL;.330 (MLL Mut) construct,
known to completely abolish binding to menin [96]. Whereas the MLL1 mutations did not interfere
with the precipitation of HRP-2 (Figure 4.1C), the MLL1 mutant failed to co-IP LEDGF/p75 despite the
presence of overexpressed menin, suggesting HRP-2 is less dependent on menin for binding to MLL1.
Whereas ectopic overexpression of menin resulted in increased co-precipitation of LEDGF/p75, binding
to HRP-2 was reduced, supporting a competition between HRP-2 and LEDGF/p75 for binding to MLL1

under control of menin (Figure 4.1A and C).
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Figure 4.1: Menin is dispensable for the interaction of MLL1 and HRP-2.

(A) HEK293T cells were transfected with flag-tagged MLL-ELL and/or menin-HA expression constructs as
indicated. Flag-MLL-ELL was immunoprecipitated using anti-flag beads and analyzed using antibodies against
flag. Menin, endogenous HRP-2 and LEDGF/p75 were detected using specific antibodies; (B) HEK293T cells were
transfected with flag-tagged MLL-ELL as indicated. MLL-ELL was immunoprecipitated using anti-flag beads in the
presence of a previously described menin-MLL1 interaction inhibitor (top) MI-2 [285] or (bottom) more potent
MI-538 [286], at concentrations of 100 and 50 uM respectively or DMSO control. Precipitated proteins were
analyzed by western blot. Flag antibodies were used for the detection of MLL-ELL. Endogenous levels of menin,
HRP-2 and LEDGF/p75 were detected using specific antibodies; (C) HEK293T cells were transfected with flag-
tagged wild-type MLL-ELL1330 (MLL WT) or a menin interaction-deficient construct ‘MLL Mut’ with point
mutations FO9A, P10A and P13A and/or menin-HA as indicated. Due to low expression levels, MLLi1-330 is not
detected in the input by flag antibody. Endogenous levels of menin, LEDGF/p75 and HRP-2 are detected using
specific antibodies.

4.1.2. HRP-2 and LEDGF/p75 interact with MLL1 through a conserved interface

To obtain a detailed insight into the mechanism of the MLL1 and HRP-2 interaction, the solution
structure of the HRP-2-IBD domain (amino acids 469-549, Figure 4.2A) was determined. The solution
structure of the HRP-2-IBD revealed a compact right-handed oriented bundle composed of five
a-helices, comparable to other members of the TFIIS N-terminal domain family and demonstrated a

high degree of structural conservation between LEDGF/p75 and HRP-2 IBDs (Figure 4.2C).

To validate and characterize the direct interaction between HRP-2-IBD and MLL1 in NMR, we followed
the changes in positions of backbone NMR signals of *N-labeled HRP-2-IBD either in absence or
presence of different concentrations of a synthetic MLL-derived peptide (amino acids 123-160).
MLL123-160 induced significant chemical shift perturbations of the IBD backbone signals (Figure 4.2B).

Moreover, this experiment revealed that MLL1 recognizes HRP-2-IBD through the same interface and
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binds with similar affinity as LEDGF/p75 (Figure 4.2D-H). In particular, the chemical shift perturbations
in the IBD backbone induced by binding of MLL123-160 were found in two regions (amino acids 479-492
and 520-535) (Figure 4.2D). As for the LEDGF/p75 IBD-MLLi23-160 interaction [202], these regions form
two interhelical loops connecting IBD a helices al-a2 and ad4-a5, respectively (Figure 4.2E,F).
Additionally, analysis of the chemical shift perturbations in the HRP-2 IBD backbone induced by binding
of JPO2 (amino acids 1-130) and POGZ (amino acids 1117-1410) revealed a pattern remarkably similar
to that induced upon addition of MLL1 confirming that these protein fragments bind to HRP-2 in the

same conserved structural mode as LEDGF/p75 IBD [272].

Importantly, the dissociation constants for the MLLi2s.160 interaction with HRP-2-1BD (54.4 + 2.2 uM,
Figure 4.2G) obtained by NMR titration experiments are comparable with those of LEDGF/p75
(64.0 £ 6.5 uM) obtained in earlier studies [201]. In addition, affinity of HRP-2 and LEDGF/p75 to MLL1
were compared in an AlphaScreen assay with MBP-fused recombinant C-terminal fragments of
LEDGF/p75 (LEDGF33s.530) and HRP-2 (HRP-2470552), purified from E. coli and used to outcompete the
interaction between recombinant flag-tagged LEDGF/p75 and GST-tagged N-terminal fragment of
MLL1 (MLL1-160-GST). Unlike MBP alone, both IBD domains of HRP-2 and LEDGF/p75 efficiently
outcompeted the interaction between MLL1_160—GST and full-length flag-LEDGF/p75 (Figure 4.2H).
Altogether, our data revealed that the overall binding mechanism used by HRP-2 and LEDGF/p75 IBDs

is highly conserved.

Figure 4.2: HRP-2 IBD and LEDGF/p75 IBD interact with MLL1 in a conserved manner

(A) Solution structure of HRP-2 IBD (PDB ID 6T3l); (B) HRP-2-IBD directly interacts with the identical consensus
motif of MLL1 (amino acids 123-160) alike LEDGF/p75-IBD as determined by NMR spectroscopy. Comparison of
the 15N/1" HSQC spectra of the 20 pM HRP-2 IBD in the absence (black) and presence (green) of 120 uM MLL123-
160. On the right, detail HRP-2 IBD titration with MLLi23-160. HSQC spectra are colored based on MLLi23-160
concentration as indicated in the figure. The spectra were obtained from the 15"-labeled recombinant IBD and
the unlabeled synthetic MLL-derived peptide; (C) Superposition of HRP-2-IBD (green) and LEDGF/p75-IBD (light
grey) solution structures; (D, E) Comparison of the HRP-2-IBD — MLL123-160 and LEDGF/p75-IBD — MLL123-160
interaction surfaces. Representation of the minimal chemical shift perturbation (CSP) in backbone amide signals
of the IBDs upon addition of MLL123-160 peptide in panel D. Amino acid residues that are significantly perturbed
upon addition of MLLi23-160 to HRP-2-IBD or LEDGF/p75-1BD (as determined by NMR spectroscopy) are
highlighted in green or gray on the surface of the IBD structures in panel E; (F) Comparison of homology model
of MLL-HRP-2-IBD and solution structure of MLL-LEDGF/p75-IBD solution structure (PDB ID 6emq); (G) K4 fit from
NMR titrations of HRP-2-IBD with MLL123-160. Dissociation constant was determined by following the chemical
shift perturbations of the HRP-2-IBD backbone amide signals induced upon titration with MLL123-160. Error bars
represent the error of the fit for most perturbed residues (n=10); (H) Alpha Screen. Full length flag-tagged
LEDGF/p75 (0.3 nM) was incubated with GST-tagged MLLi-160 (10 nM) in an out-competition AlphaScreen assay.
C-terminal fragments of LEDGF/p75 (LEDGFs2s5.530) and HRP-2 (HRP-2470-552) were titrated to outcompete the
interaction.
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4.1.3. Systemic HRP-2 depletion in mice leads to increased postnatal mortality and decreased in

vitro colony formation of hematopoietic stem cells

To address the role of HRP-2 in postnatal hematopoiesis, we investigated a systemic knockout mouse
model from the Toronto Centre Phenogenomics, Canada. Depletion of HRP-2 mRNA and protein levels
in these knockout (Hrp-27") mice were confirmed by quantitative PCR (qPCR) and Western blot in bone
marrow cells (Figure 4.3A). Observation of inbred crossings revealed a distribution of 61% and 29.5%
of heterozygous (Hrp-2*) and wild type (Hrp-2*/*) mice, respectively, at age of 6 to 8 weeks (Table 4.1).
These percentages deviate from the expected Mendelian inheritance pattern. Moreover, Hrp-27- mice
were present at a lower percentage (9.5%) than expected. At one day after birth, the ratio of Hrp-27"

mice corresponded more closely to the expected Mendelian ratio by representing 20% of newborn

pups.

Table 4.1. Genotype of heterozygous (Hrp-2*/) crossed off spring after birth or weaning (6 to 8 weeks)

Number (%) of mice

Age Hrp-2*"* Hrp-2*" Hrp-27-

1 day 36 (23.2) 88 (56.8) 31 (20.0) *
6-8 weeks 31(29.5) 64 (61.0) 10 (9.5)
Expected 0 0 0

distribution 25% >0% 25%

*, p =0.012 in Chi square test compared to expected mendelian distribution

In contrast to an earlier report by Wang et al. [287], we observed that Hrp-27" pups presented with
increased mortality before 6-8 weeks of age, suggesting that HRP-2 is important for postnatal survival
early after birth. Read-through of the gene trap could explain discrepancies between both models,
since Wang et al. showed a 5-20% residual Hrp-2 expression in their model, while Hrp-2 mRNA levels

in hematopoietic stem cells (HSC) of our few surviving mice were undetectable by qPCR (Figure 4.3A).

Differences in steady-state hematopoiesis of weaned mice, was evaluated by a differential blood count
for each genotype. No significant differences were observed in total white and red blood cell count
(Figure 4.3B), whereas the differential blood count revealed a significant increase in neutrophils in the
Hrp-27- mice compared to the wild type (p=0.042). Other cell types did not differ between genotypes
(Figure 4.3B). To explore the functionality of the cells, we sought to compare the colony-forming
capacity of Hrp-2 wild type, heterozygous and knockout lineage depleted (lin") cells using myeloid CFU

assays. The lin" cells were harvested from Hrp-2*/*, Hrp-2* and Hrp-2”" mice and serially plated. After
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Figure 4.3: Hrp-2 knockout mice show subtle hematopoietic defects

(A, left) qRT-PCR of lineage depleted bone marrow cells to validate Hrp-2 mRNA expression in knockout mice
(Hrp-27), compared to wild type (Hrp-2**) and heterozygous (Hrp-2*) animals. Expression levels were
normalized to Gapdh. Error bars indicate standard deviations of triplicate measurements. Differences were
determined using Student's t-test; **p<0.01, ***p< 0.001; (A, right) Western Blot of whole bone marrow cells to
validate HRP-2 protein expression levels in HRP-2 wild type (Hrp-2*/*), heterozygous (Hrp-2*") and knockout
(Hrp-27) animals. GAPDH was used as loading control. (B) Peripheral blood counts in wild type (Hrp-2**),
heterozygous (Hrp-2*"") and knockout (Hrp-27") mice. Average and standard deviation are indicated. Significance
level was determined using two-sided student’s t-test (*p=0.042); (C) Number of colonies for 10* lineage
depleted cells harvested from Hrp-2*"*, Hrp-2*/- and Hrp-2"7- mice in two consecutive platings in a myeloid CFU
assay. Error bars indicate standard deviations of duplicate measurements.
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Figure 4.4: RNA sequencing analysis of Hrp-2 wild type and knockout mice

(A) Heat map of differentially expressed genes detected by RNA-seq for Hrp-27 lineage depleted bone marrow
(lin") cells compared to Hrp-2*/* lin" cells. Color scale indicates the upregulated (red) and downregulation (blue)
genes. Each row represents one animal. (B) Gene set enrichment analysis (GSEA) showing a correlation between
the RNA profile of Hrp-27 lineage depleted (lin") bone marrow cells compared to the gene signature of myeloid
differentiation and down-regulation of interferon pathways alpha (middle) and gamma (right).

two rounds of plating, the number of colonies derived from Hrp-27" and Hrp-2* bone marrow cells
were respectively 80% and 33% lower compared to the wild-type control (Figure 4.3C). To gain more

detailed knowledge on the Hrp-2 knockouts, we performed a gene expression profile analysis,
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comparing RNA of lin" bone marrow cells of Hrp-2*/* and Hrp-27" mice. We found a total of 52
differentially expressed genes (FDR 0.25, Figure 4.4A), of which 23 were upregulated and 29 were
downregulated in Hrp-2"- cells. Gene set enrichment analysis (GSEA) uncovered that Hrp-27 cells
display a trend towards a gene signature of myeloid differentiation (p < 2.2e-16, Figure 4.4B).
Moreover, down-regulation of interferon alpha and gamma pathways was observed in multiple gene
sets (p < 2.2e-16, Figure 4.4B). Taken together, these results hint that HRP-2 depletion reduces the
colony formation capacity and induces myeloid differentiation, suggesting that HRP-2 is involved in

maintaining the stem-like state of bone marrow cells.

4.1.4. HRP-2 depletion impairs the clonogenic growth of both human and mouse leukemic cell lines

independently of MLL1 fusions

Next, the role of HRP-2 in leukemic transformation induced by oncogenic MLL1 fusions was
investigated in human leukemic cell lines harbouring the MLL-fusions MLL-AF9 (THP1 cells) or MLL-AF4
(SEM cells), as well as the MLL1 wild-type leukemic cell lines Kasumil, K562 and Nalm6. All cell lines
were transduced with a lentiviral vector to deplete HRP-2 or with a control vector and mRNA and
protein expression levels were validated by qPCR and western blot respectively (Figure 4.5B-C). Of
note, LEDGF/p75 mRNA and protein levels remained unaffected upon HRP-2 depletion. Stably
transduced cells were plated in methylcellulose-based medium to monitor colony growth. After 12
days, a decrease in the number of colonies of THP1 (32.8 + 2.1%) and SEM (51.5 + 7.0%) cells was
observed (Figure 4.5A). Interestingly, the number of colonies in MLL1 wild type cell lines also decreased
upon HRP-2 knockdown (Figure 4.5A) with 44.4 + 27.4% (K562), 38.3 + 14.2% (Kasumil) and
19.3 £ 8.8% (Nalm6). Experiments with higher vector titers resulted in an even more pronounced drop
in the number of colonies (Figure 4.5, inserted table), suggesting a concentration-dependent effect. In
liquid culture, an impaired cellular growth was observed for SEM and Kasumil cells but not for THP1,
K562 and Nalmé cells, excluding that impaired cell growth by HRP-2 depletion is affected in an MLL-r
dependent way (Figure 4.6). As well as for cultured murine lin" bone marrow cells expressing an
MLL-AF9 fusion or a control fusion E2A-HLF, respectively 70% and 56% less colonies were observed
after a lentiviral-induced Hrp-2 knockdown (Figure 4.7). Taken together, these observations suggest
that loss of HRP-2, in contrast to LEDGF/p75, generally impairs growth of human and murine leukemic
cells even in the absence of MLL1 fusions. Since LEDGF/p75 depletion results in decreased expression
of HoxA9 in MLL-FP cells [94], [95], we wanted to further emphasize whether the observed phenotype
was independent of MLL. HoxA9 levels assessed by qPCR (Figure 4.5D) were not significantly affected
by HRP-2 depletion.



60 | Results

A
150
3, 1 . .
£.2 100 ,I T % decrease in number of colonies
25 " : » ~10°TY ~10°TY
28 m THP1 THP1 94.842.1 32.8+114
?  sol I = SEM SEM 71.0:86 51.8£7.0
= K562 K562 100+ 0.0 44.4+27.4
= Kasumii Kasumil 99.7+04 38.3+14.2
. E1 Nalmé Nalmé 100 £ 0.0 20.8+13.5
miRNAHRP-2 - + - + SE s -
B
34 WE THP1 [ K562 [E31 Nalmé C e — — 4 NalmG
asumi alm
c = SEM = Kasumi1
o miRNAHRP-2 + - + - = + - + -
n o
n S 2 - -
@ - —
59 HrRp2 | T W
8y
[
2B
® I 17 LEDGF/p75
[]]
[
GAPDH - —_—
miRNAHRP-2 + - + - & - 4 - %+ -
31 D 2
. THP1
5 5 == SEM
o - 2=
28 2 g% B K562
£ 9 P .
g g = Kasumi1
3§ °s "
o & ¢ E= Nalm6
28 4] 2 X
ge 52
)
o ©
N.D. N.D.
0- 0. _
miRNA HRP-2 + - + - + - + - + - miRNA HRP-2 + - LA + - + - + -

Figure 4.5: HRP-2 knockdown impairs growth in human leukemic cell lines

(A) Human MLL-transformed cell lines THP1 (MLL-AF9) and SEM (MLL-AF4), as well as wild type MLL1 cells
(Nalm6, Kasumil and K562), separated by the dotted line, were transduced with a lentiviral vector encoding a
miRNA to knockdown HRP-2 (+) or a control vector (-). After 12 days in methylcellulose the number of colonies
was scored. Counts were normalized to their associated control. Error bars indicate standard deviations of four
replicates. Differences were determined using Mann-Whitney U test; *p< 0.05. Inserted table describes average
percentage decrease in number of colonies for indicated vector titers. TU = titer units (p24 pg/mL) + S.D.; (B)
MRNA levels of HRP-2 (top) and PSIP1 (LEDGF/p75, bottom) in whole cell lysates. Expression levels were verified
by gPCR and normalized to B-actin. One representative experiment shown (n=3). Error bars indicate the standard
deviation of three replicates; (C) Western blot analysis of HRP-2 and LEDGF/p75 protein expression levels after
transduction with miRNA to knockdown HRP-2 (+) or control (-). GAPDH was used as loading control; (D) gPCR
analysis of HoxA9 expression levels in human cell lines, normalized to B-actin. One representative experiment
shown (n=3). Error bars indicate the standard deviation of duplicates. N.D. = not detectable
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Figure 4.6: HRP-2 depletion variably affects growth of human cell lines in liquid culture

(A) Growth of cultured cells was monitored for six consecutive days by counting the number of cells per mL
culture. Error bars indicate the standard deviation of three independent replicates. Differences at the end point
were determined using Mann-Whitney U test; ***p< 0.003; (B) Inserted table comparing doubling time between
HRP-2 depleted (miRNA HRP-2) and control (mock) cells lines from the represented graphs.
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Figure 4.7: HRP-2 knockdown impairs growth in murine leukemic cell lines

(A) Colony forming assay (CFU) after HRP-2 knockdown (+) or control (-) of primary bone marrow cells harvested
from leukemic mice transplanted with MLL-AF9 or E2A-HLF transduced cells. Counts were normalized to their
associated control. Error bars indicate standard deviations of four replicates. Differences were determined using
Mann-Whitney U test; *p< 0.05; (B) mRNA levels of HRP-2 (left) and PSIP1 (LEDGF/p75, right) in whole cell lysates.
Expression levels were verified by gPCR and normalized to Gapdh. One representative experiment shown (n=3).
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4.1.5. HRP-2 overexpression rescues MLL1 clonogenic growth in LEDGF/p75-depleted cells

Since HRP-2 depletion affects clonogenic growth of all leukemic cell lines tested, we investigated
whether HRP-2 overexpression could rescue the colony-forming capacity of an MLL-AF9 leukemic cell
line (THP1) in the absence of LEDGF/p75. First, we stably expressed miRNA-resistant LEDGF/p75, HRP-2
or a mock control. Subsequently, cell lines were transduced with a miRNA-expressing lentiviral vector
to specifically knockdown the LEDGF/p75 encoding gene Psip1 or control (Figure 4.8A) and expression
levels were verified by gPCR and western blot (Figure 4.8B-C). In line with previous reports, LEDGF/p75

depletion caused a ~65% decrease in the number of colonies formed compared to the control [94],

[95], [179] (Figure 4.8A).

A 150 — THP1 B
60
o
- o8 s
g . 100 2 —§ 40
5 C = @
c2 - g2 20
290 o ° N. 3
S5 50 sg
e 5 T 249
(14
1_
0 0_.
miRNA LEDGF/p75 -+ -+ -+ miRNA LEDGF/p75 + + + - - -
control + + control + +
HRP-2 + + HRP-2 + +
LEDGF/p75 BC + + LEDGF/p75 BC + +
Cc 10+
miRNA LEDGF/p75 mock
c
_— 8
mock HRP-2 p75BC mock HRP-2 p75 BC % &
g% .
S =
HRP-2 - —— & =
(S ] - 25 4
L
—— i 2
LEDGF/p75
0
miRNALEDGF/p75  + + + - - =
GAPDH control -+ +
HRP-2 + +
LEDGF/p75 BC + +

Figure 4.8: The LEDGF/p75-driven leukemic phenotype is rescued by HRP-2 overexpression

(A) Relative number of colonies per 500 plated cells for the THP1 cell line overexpressing miRNA resistant
LEDGF/p75, HRP-2 or empty vector (control) after transduction with a lentiviral vector expressing a LEDGF/p75-
miRNA to knockdown LEDGF/p75 or a control (black -). Error bars indicate standard deviations of triplicate
measurements. Differences were determined using Mann-Whitney U test; *p< 0.05. (B) gPCR analysis for HRP-2
(top) and PSIP1 (LEDGF/p75, bottom) for all generated cell lines. One representative experiment is shown (n=3).
Error bars represent standard deviation of duplicates. Expression levels were normalized to B-actin; (C) Whole
cell lysates of all generated cell lines in THP1 were validated using specific antibodies in a western blot. One

representative experiment is shown (n=3).
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The defect was rescued by LEDGF/p75 back-complementation (BC). Of interest, overexpression of
HRP-2 fully restored the CFU activity to wild-type levels, indicating that overexpression of HRP-2 can
functionally compensate for the absence of LEDGF/p75 in MLL-transformed cells. The experiment was
repeated in the MLL1 wild-type Nalm6 cell line (Figure 4.9). In line with published data [95], [179],
depletion of LEDGF/p75 did not affect the colony forming capacity of the Nalm6 cell line, as the
LEDGF/p75-dependent drop in colonies is MLL-specific. Although both HRP-2 and LEDGF/p75

overexpression increased the colony formation of Nalmé cells, the effect was not significant.
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Figure 4.9: Colony formation of Nalmé6 cells is unaffected by LEDGF/p75 depletion and HRP-2 rescue

(A) Relative number of colonies per 500 plated cells for the Nalm6 cell line overexpressing miRNA resistant
LEDGF/p75, HRP-2 or empty vector (control) after transduction with a lentiviral vector expressing a LEDGF/p75-
miRNA to knockdown LEDGF/p75 or a control (black -). Error bars indicate standard deviations of triplicate
measurements. Differences were determined using Mann-Whitney U test; *p< 0.05. (B) gPCR analysis for HRP-2
(top) and PSIP1 (LEDGF/p75, bottom) for all generated cell lines. One representative experiment is shown (n=3).
Error bars represent standard deviation of duplicates. Expression levels were normalized to B-actin; (C) Whole
cell lysates of all generated cell lines in Nalm6 were validated using specific antibodies in a western blot. One

representative experiment is shown (n=3).
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4.1.6. HRP-2 is dispensable for the initiation of MLL-r leukemia

These experiments imply that HRP-2 and LEDGF/p75 display physiological different roles in cells.
Therefore, we examined the involvement of HRP-2 in the initiation of MLL-r leukemia in vivo. HSC
harvested from Hrp-2*/*, Hrp-2*/ and Hrp-27- mice were transduced with lentiviral vectors encoding
one of the most common MLL-fusion proteins (MLL-ENL) or a control fusion inducing acute
lymphoblastic leukemia (E2A-HLF) and their transformation potentials were compared in serial plating
assays (Figure 4.10A). Remarkably, Hrp-2 wild type, heterozygous and knockout cells were efficiently
transformed by MLL-ENL and E2A-HLF as revealed by the increased number of colonies after three
rounds in the CFU assay (Figure 4.10B). The drop of colonies in the second round in MLL-ENL is likely
due to a low transduction efficiency and represents a selection step prior to cellular transformation.
Finally, we performed an in vivo bone marrow transplantation, where MLL-ENL—expressing Hrp-2**,
Hrp-2*/- and Hrp-27 cells were transplanted into lethally irradiated recipient mice and monitored for
leukemogenesis. Kaplan-Meier survival plots reveal that mice transplanted with MLL-ENL transformed
Hrp-2* and Hrp-27 cells died significantly faster than the transformed wild-type cells (p = 0.02 and

p = 0.006, respectively) (Figure 4.10C), excluding the requirement of HRP-2 in leukemogenesis.
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Figure 4.10: HRP-2 is not required for the initiation of leukemia in vivo

(A) Schematic representation of the experimental set up. BM = bone marrow; CFU = colony forming assay; BMT,
bone marrow transplantation; (B) Colony-forming assay (CFU) for 10* Hrp-2*/*, Hrp-2*" and Hrp-27/" cells
transduced with a retroviral vector encoding the MLL-ENL (B, left) or E2A-HLF (B, right) fusion. Error bars
represent standard deviation of triplicate measurements; (C) Kaplan-Meier survival curve from bone marrow
transplantation experiments of irradiated mice who received Hrp-2 wild type (**), heterozygous (*) or
knockout (/) cells, transduced with mouse stem cell virus (MSCV) MLL-ENL expression vector. Number of
transplanted animals (n) per group in indicated. Statistical differences were determined using GraphPad prism.
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4.2. Development of small molecules targeting the PWWP domain of LEDGF/p75 in the
context of mixed lineage leukemia.

We have shown previously that the structurally and functionally related proteins LEDGF and HRP-2
play different physiological roles in the development and maintenance of MLL-r leukemia [95], [179],
[272]. Clear evidence has been given for the importance of LEDGF/p75 in the pathogenesis of MLL-r
leukemia, which pinpoints LEDGF/p75 as an interesting drug target for the treatment of MLL-r
leukemia [94], [95], [179]. When looking at the structure of LEDGF/p75 (Figure 1.9), two structured

domains can be recognized, both containing druggable pockets.

4.2.1. Targeting the PWWP domain of LEDGF inhibits clonogenic growth

Earlier studies by Méreau H. et al. [95] indicated that overexpression of the C-terminal IBD reduces the
clonogenic growth of MLL-r derived cell lines in vitro. To investigate whether the LEDGFswwe domain
induces a similar phenotype, an expression construct was generated to overexpress a flag-tagged
PWWP fragment (amino acids (aa) 1 to 110) of LEDGF (LEDGFpwwe) in cells. Parallel to the wild type
LEDGFpwwe domain, a mutant PWWP domain with either the W21A (LEDGFpwwe w21a) Or the F44A
(LEDGFpwwe rasa) mutation or both point mutations (W21A, F44A; LEDGFewwe om), Were generated.
These mutations are located in the methyl lysine binding pocket of LEDGF and are known to be
important for the interaction with methylated H3K36 [183]. Via viral vector transduction, all
flag-LEDGFpwwe constructs were stably expressed in MLL-r cell lines THP1 (MLL-AF9) and SEM
(MLL-AF4), as well as the MLL wild type cell line Nalm6. Expression in all cell lines was validated using
gPCR to verify the PWWP mRNA levels and western blot detection with antibodies directed against the
Flag-tag to assess Flag-PWWP expression (Figure 4.11). Unfortunately, protein expression of the single
mutants was much lower compared to the wild type. For both single mutants, low or no protein was
detected on western blot despite the high mRNA levels, implying that this mutant affects the
translation or stability of the protein. For that reason, only the W21A, F44A double mutant (DM) was
used to study the importance of the PWWP domain in further experiments (LEDGFpm or LEDGFpwwe om).
After validation of expression, these cells were plated in semi-solid medium for a colony-forming unit
(CFU) assay to assess proliferation and differentiation (Figure 4.12A). Seven days after plating these
cells, the number of colonies was manually counted using a microscope. For the Nalm®6, no significant
difference was observed between the control condition and cells overexpressing Flag-LEDGFpwwe OF
Flag-LEDGFpwwe om. Interestingly, in the MLL-r cells THP1 and SEM a respective reduction of 57.5% and

56.9% of colonies was detected upon Flag-LEDGFpwwe expression compared to the control vector.
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Figure 4.11: Validation of flag-LEDGFpwwr overexpressing cell lines

Validation of stably transduced THP1 (MLL-AF9), SEM (MLL-AF4) and Nalmé6 (MLL1 wildtype) cells with
flag-LEDGFpwwe wild type (WT), single (W21A or F44A) and double mutant (DM, W21A and F44A), or control.
Left: relative mRNA levels of the PWWP domain in whole cell lysates, normalized to the housekeeping gene
B-actin. One representative experiment is shown. Error bars indicate standard deviation (SD) between triplicates.
Right: western blot detection of Flag-PWWP expression with the flag antibody. One representative experiment
is shown. Molecular weight marker indicated at the right (kDa);

This result mimics the phenotype in MLL-r obtained after LEDGF/p75 knockdown [95]. The reduction
in clonogenic growth was less pronounced when the Flag-LEDGFpwwe om domain was overexpressed
(31.3% in THP1 and 40.6% in SEM), suggesting that the inhibition relates to the LEDGFewwe binding to
methylated H3K36. To further elucidate this hypothesis, the cells were stained with a flag-specific
antibody to investigate the localization of the over-expressed flag- LEDGFpwwe domain (Figure 4.12B).
Staining results indicate that the wild-type protein fragment is more abundant within the nucleus,
stained with DAPI (Figure 4.12B, blue). On the contrary, the LEDGFpwwe om protein was localized to both
nucleus and cytoplasm. This staining supports the CFU data and the theory that the Flag-LEDGFpwwe

protein is bound to methylated nucleosomes, occupying the binding site for endogenous LEDGF/p75.

4.2.2. Recombinant protein production for in vitro studies

To further study the interaction of LEDGF with nucleosomes and to screen potential interaction
inhibitors, we purified recombinant proteins from E. coli bacterial cultures. Proteins were purified from
the bacterial lysate by affinity chromatography, ion-exchange chromatography and/or size exclusion
chromatography, explained in the materials and methods, chapter 3. Purity of the protein was
assessed by separating the purified protein sample on an SDS-PAGE gel, followed by Coomassie
staining (Figure 4.13A). Identification of the proteins was obtained by western blot with protein-

specific or tag-specific antibodies (data not shown).
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Figure 4.12: Reduced colony formation upon LEDGFewwe WT overexpression in MLL-r cell lines

(A, left) Schematic representation of experimental set-up and hypothesis. (A, right) Number of colonies relative
to the control condition in colony-formation unit (CFU) assay. THP, n=4; SEM and Nalm6, n=2. Error bars indicate
the SD of the independent experiments. A student’s t-test was performed between every control and
experimental condition, ** p<0.001. (B) Immunocytochemistry (ICC) staining of THP1 cells, stably expressing
Flag-LEDGFpwwe, flag-LEDGFpwwe om OF control vector expressing eGFP (control). Fluorescence imaging of DNA
(DAPI, blue) or flag-PWWP (primary flag antibody, secondary Alexa 555, yellow). Representative images of two
independent experiments are shown. The white square in the merged images (third column) indicates the region
of the magnification image (fourth column). Scale bar in individual pictures, 15 um. Scale bar in magnification, 5
pm.
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For structured domains, such as the PWWP domains of LEDGF, HRP-2, WHSC1pwwp1 and BRPF2, the
thermal stability of the domains was assessed via a differential scanning fluorimetry (DSF) assay. In
DSF, the proteins are gradually heated in the presence of Sypro Orange (SO) to a temperature of 95°C.
The SO is quenched in the aqueous buffer conditions but when the protein undergoes denaturation,
hydrophobic patches will be exposed and occupied by the dye, resulting in a fluorescent emission
which is measured every 0.2°C. A fluorescent maximum is obtained when all proteins in the sample
are unfolded and at higher temperatures, the fluorescent signal decreases because of protein
aggregation. The melting curve of one pure, structured domain will present as a smooth line that forms
one peak. From the double derivative of these data, the melting temperature (T.) of the protein,
defined as the temperature in which half of the sample is folded and half of the sample unfolded, can

be determined.

For each PWWP domain, the optimal combination of protein concentration and SO was determined
by a small cross-titration (Figure 4.13B) and defined by straightness of the melting curve, signal to
background ratio and protein consumption. Overall, the combination of the highest protein
concentration and SO results in the highest relative fluorescent units (RFU) and for both LEDGFpwwe
and HRP-2pwwe this resulted in the best melting curves. Because of a small difference between
background and peak RFU (< 500) for the HRP-2 domain at usual salt concentrations of 200 mM, we
investigated the effect of different salt concentration in the buffer. Results indicate that the higher salt
concentration of 600 mM (Figure 4.13B, top right, green and red lines) resulted in the best behavior of
the HRP-2pwwe domain during denaturation. On the contrary, unfolding of the PWWP domains of
bromodomain and PHD finger-containing protein 2 (BRPF2pwwe) and wolf-Hirschhorn syndrome
candidate 1 protein (WHSClpwwei) domain resulted in high RFU values and 10 uM of protein in
combination with the 20X concentration of SO was enough to obtain curves with good characteristics.
The obtained melting temperatures were higher for HRP-2pwwe (56.6°C) and BRPF2pwwe (56.4°C) than
for LEDGFpwwe (43.0°C) and WHSC1pwwe1 (42.0°C), indicating that the different PWWP domains have

distinctive characteristics.

4.2.3. AlphaScreen as a screening assay for the PWWP-nucleosome interaction in vitro

We used two related assay formats to study the interaction of recombinant LEDGF with nucleosomes,
namely Amplified Luminescent Proximity Homogenous Assay (AlphaScreen, described below) and time

resolved fluorescent resonance energy transfer (TR-FRET, section 4.2.4.).



70 | Results

2 Flag-LEDGF/p75 .,  HissPWWP
A o T
2 i~ _
n_ a
9 o s a
@ LI_E |.|_g g ~ GE g
[ 0 g (?l
2a0z2s2 &g
T 4 Y n o = T
m
g
B .
Hiss-LEDGF,, HRP-2,,,,,»
@ 4000+ ULUS e S 35001 Tm =56.6°C uM, mh
= - 6,10 % - 20, 200
=1
- 12,10 Py ~ 40, 200
8 35001 - 3
g 25,10 § 3000 == 20, 400
8 30001 o el i — 40, 400
=g — 12,20 g — 20, 600
— 25,20 = 2500- —
2 25001 o 40, 600
© IS
2 &
2000+ T g T T T T T E 2000-+ T T T T T T T
L 20 40 60 80
Temperature (°C) Temperature (°C)
Hiss-BRPF2,,,,,» Hiss-WHSCT,,,,,p;
) Tm =56.4 °C HM, X SO 2 Tm =42.0°C ey
€ 150001 — 10,10 B — 10,10
§ 1 — 10, 20 g 100007 — 10, 20
2 0000 — 20,10 3 — 20,10
g — 20,20 § - 20, 20
2 ] — 30,10 S 50001
2 50001 — 30,20 Q
© J g
i 0 i 0
20 40 60 80 20 40 60 80
Temperature (°C) Temperature (°C)

Figure 4.13: Validation and characterization of recombinant proteins used in this chapter

(A) Coomassie stained SDS-PAGE gel of recombinant proteins. Each set of proteins (Flag-tagged, Hiss-tagged and
untagged) is preceded by a protein marker for which the corresponding molecular weights are indicated at the
left. Equal loading of 2 pg. (B) Melting curves of various PWWP domains tested in differential scanning
fluorimetry. The selected combination of concentration Sypro Orange (X SO) or salt concentration (mM) and
protein (uM) is indicated in bold and the corresponding melting temperature (Tm) is given on top of the graph.
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In AlphaScreen, the interaction between two recombinant, tagged proteins is detected using tag-
specific and light sensitive donor and acceptor beads (Figure 4.14A). After light stimulation at 680 nm
of the photosensitizer in the donor bead, a singlet oxygen is generated and released. This reactive
oxygen will initiate a chemical cascade in the acceptor bead, resulting in the emission by fluorophore
rubrene at 520-620 nm. Proximity of donor and acceptor beads depends on the protein-protein
interaction between the tagged proteins and is limited to a distance of 200 nm for energy transfer.
This emission by the acceptor bead is detected and referred to as the AlphaScreen signal. AlphaScreen
beads have a multivalent character, referred to as avidity (Figure 4.14A, right), which means that

several target recognition sites occur on one bead

First, the optimal interaction conditions were determined by performing a cross-titration with both
interaction partners. Different concentrations of biotinylated nucleosome (biot-N) with a
trimethylation mark on lysine 36 of histone 3 (H3K36me3) were tested against a concentration range
of either flag-tagged LEDGF/p75 (Flag-LEDGF/p75, Figure 4.14B, left) or Hiss-tagged LEDGFpwwe
(aa 1-110, Hiss-LEDGFpwwe, Figure 4.14B, right). Results indicate that both LEDGF/p75 and LEDGFpwwe
interact in a concentration-dependent manner with the nucleosome. Interestingly, a good signal to
background ratio for the Flag-LEDGF/p75 and biot-N(H3K36me3) interaction starts at lower protein
concentrations and reaches a higher maximum compared to the interaction of Hise-LEDGFpwwe wWith

the nucleosomes.

The recombinant nucleosome consists of histone proteins H2A, H2B, H3.1 and H4 and is wrapped by
the 147-base pair long Widom 601 core sequence which has high affinity for histone octamers [288],
biotinylated at the 5’ end. To exclude that the binding of flag-LEDGF/p75 and Hiss-LEDGFpwwp OCCUrS
solely with (free) DNA in the nucleosome batch, rather than with the trimethylated tail of the
nucleosome, a Widom 601 DNA fragment was generated by PCR and tested for its interaction with
both proteins (Figure 4.14C). An interaction between protein and Widom 601 DNA was observed for
both flag-LEDGF/p75 and Hise-LEDGFpwwe, although at much lower AlphaScreen counts compared with
the complete nucleosomes. Based on these results, the interaction optimum between 5 nM of
biot-N(H3K36me3) and 10 nM of protein (either Flag-LEDGF/p75 or Hiss-LEDGFpwwe) Was selected for
fragment screening (section 4.2.9.). To investigate whether both Flag-LEDGF/p75 and Hiss-LEDGFpwwe
interact with the recombinant nucleosome in a similar way, we performed reciprocal out-competition
assays. In this assay, the concentration of both the nucleosome (4 nM) and Hise-LEDGFpwwe (30 nM)
were fixed and incubated with different concentrations of Flag-LEDGF/p75 (Figure 4.15A). Detection
of this interaction between nucleosome and Hise-LEDGFpwwe decreased with increasing concentration
of Flag-LEDGF/p75, indicating that an excess of Flag-LEDGF/p75 is able to displace the Hisg-LEDGFpwwe

protein from the interaction with the nucleosome and that the interaction sites likely overlap.
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Figure 4.14: AlphaScreen interaction between flag-LEDGF/p75 and hiss-LEDGFpwwe and recombinant biotinylated

H3K36 trimethylated nucleosome

(A) Schematic representation of the AlphaScreen interaction between trimethylated nucleosome and
Flag-LEDGF/p75 (left). Summary of assay characteristics (right) with D = donor and A = acceptor. (B) Heat map of
the cross-titration between recombinant, biotinylated nucleosomes trimethylated on lysine 36 of histone 3
(biot-N(H3K36me3)) and the flag-tagged LEDGF/p75 (left) or the Hiss-tagged LEDGFpwwe domain (right). (C) Heat
map of the cross-titration between the biotinylated Widom 601 sequence and flag-tagged full length LEDGF/p75

(left) or the Hise-tagged LEDGFpwwe domain (right).
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Figure 4.15: Amino residues W21 and F44 of the PWWP domain are important for the nucleosome interaction

(A) Comparison of the direct interaction of wild type or mutant Hiss-LEDGFpwwe with biotinylated H3K36me3
nucleosomes. Error bars represent SD of duplicate measurements; (B) Interaction between Hiss-LEDGFpwwp Or
Hiss-LEDGFpwwr bm (W21A, F44a) and biotinylated nucleosomes with H3K36me3 mark. The blue box is a
magnification of the lower concentrations. (C) Out competition with Hiss-LEDGFpwwe wild type (WT) and double
mutant (DM) of the Flag-LEDGF/p75-nucleosome interaction (H3K36me3).

To further investigate whether the nucleosome interaction is based on the LEDGFpwwe domain, the
PWWP double mutant (DM) with the W21A and F44A point mutations that binds with a lower affinity
to nucleosomes was expressed and purified as recombinant protein in both the full length
(flag-LEDGF/p75pm) and the PWWP domain (Hiss-LEDGFpwwe bpm) constructs. Titration of
flag-LEDGF/p75 and flag-LEDGF/p75pm protein against a fixed concentration of biot-N(H3K36me3)
indicates that the flag-LEDGF/p75om is able to bind to the nucleosome to a reduced extent
(Figure 4.15B). This suggests that the nucleosome-LEDGF/p75 interaction is not solely dependent on
the PWWP domain. However, the Hiss-LEDGFpwwe om protein was not able to outcompete the
nucleosome-LEDGF/p75 interaction to a similar extent as the wild type protein (Figure 4.15C). These
results indicate that the LEDGFpwwe domain is sufficient for the interaction with the recombinant

nucleosome.
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Next, we assessed the specificity of the trimethylation mark for the nucleosome-LEDGF interaction in
vitro. Binding of Hise-LEDGFpwwe Was tested in parallel to biotinylated nucleosomes with either a
mono-methylation (mel), di-methylation (me2) or trimethylation (me3) or without methylation mark
on lysine 36 of histone three (H3K36) (Figure 4.16). In line with previous findings [289], Hise-LEDGFpwwp
prefers the trimethylated nucleosomes (H3K36me3, Figure 4.16, blue), but also shows a clear binding
to the di-methylated nucleosomes (H3K36me2, dark gray). For both non-methylated and

monomethylated nucleosomes, the counts were weaker, but still detectable in vitro.
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Figure 4.16: LEDGFpwwe interacts with all methylation states of the H3K36 recombinant nucleosomes in vitro

Titration of Hise-LEDGFpwwp against a fixed (5 nM) concentration of biotinylated nucleosome with different
methylation states. All methylation states are positioned at lysine 36 on histone 3 (H3K36): not methylated, black;
mel, monomethylated, dark grey; me2, demethylated, light gray; me3, trimethylated, blue. Error bars indicate
the standard deviation of two independent experiments (n=2). The blue box is a magnification of the
Hiss-LEDGFpwwp concentrations below 50 nM.

In light of the strong similarity between the LEDGFpwwe and HRP-2pwwe domains, we investigated
whether HRP-2pwwe also interacts with the recombinant nucleosomes in vitro. To study this, the
Hise-SUMO-HRP-2 protein fragment (aa 1 to 93) was purified and tested in an AlphaScreen
(Figure 4.17). The HRP-2pwwp domain was sumoylated to facilitate the purification process. Different
concentrations of biot-N(H3K36me3) and Hiss-SUMO-HRP-2pwwe were titrated against each other
resulting in an increasing signal with increasing concentration (Figure 4.17, left). Interestingly,
Hise-LEDGFpwwe Was replaced in the interaction with nucleosomes by increasing concentration of the
HRP-2pwwe domain, which suggests that both PWWP domains bind at the same site on the nucleosome

and binding of both PWWP domains is mutually exclusive.
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Figure 4.17: HRP-2pwwe interacts with trimethylated recombinant nucleosomes in vitro

(A) AlphaScreen cross titration between biotinylated, recombinant nucleosomes with the trimethylation mark
on lysine 36 of histone 3 (biot-N(H3K36me3)) and the HRP-2pwwr domain (aa 1-93). (B) Out competition of the
interaction between the biot-N(H3K36me3) nucleosome and the LEDGFpwwp domain by the HRP-2pwwe domain.
N=2, error bars indicate SD of two independent experiments.

4.2.4. TR-FRET as in vitro screening assay for the PWWP-nucleosome interaction

Next to AlphaScreen, a TR-FRET assay was optimized. In TR-FRET, tags are recognized by antibodies or
conjugates bound to fluorophores instead of beads (Figure 4.18A). While multiple tags can interact
with one AlphaScreen bead, in TR-FRET one fluorophore binds to one single protein. The maximum
distance for transfer of energy between donor and acceptor in TR-FRET is 9 nm in contrast to a distance
of 200 nm in AlphaScreen. This makes TR-FRET less sensitive compared to AlphaScreen. According to
previously published data, assembled nucleosomes have a spherical form with a diameter of ~10 nm.
To identify whether the TR-FRET is useful to study the interaction between nucleosomes and LEDGF,

different cross titration experiments were performed (Figure 4.18B).

The assay was validated by titrating increasing concentrations of H3K36 trimethylated nucleosomes
with Flag-LEDGF/p75 (Figure 4.18B, left), which resulted in a concentration dependent interaction.
Similarly, the shorter isoform of LEDGF, p52, was able to interact with the nucleosomes in a
concentration-dependent manner (Figure 4.18B, middle). Unfortunately, no interaction was detected
between nucleosomes and the Hise-LEDGFpwwe domain (Figure 4.18B, right). The importance of the
PWWP domain in the interaction was evaluated by using the mutant Flag-LEDGF/p75pm protein
(Figure 4.18C). For the wild type LEDGFpwwe protein domain the TR-FRET signal was saturated from the
concentration of 100 nM on and higher. For the Flag-LEDGF/p75pm mutant a similar interaction curve
was observed, with saturation from the same concentration on. Yet, for the corresponding

concentrations, the TR-FRET signal went up to only 50% of the wild type protein signal.
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Figure 4.18: Amino residues W21 and F44 of the PWWP domain are important for the nucleosome interaction in
TR-FRET

(A) Cartoon of the TR-FRET interaction between trimethylated nucleosomes with biotin tag attached to the DNA,
recognized by Europium (Eu) labelled streptavidin (pink square) and recombinant Flag-LEDGF/p75, recognized
by an anti-flag antibody, labelled with an ULight acceptor (left). Summary of the assay characteristics on the right.
D =donor; A = acceptor (B) Different cross titrations between biotinylated nucleosomes with trimethylated lysine
36 on histone three and full length LEDGF/p75 (left), p52 (middle) or LEDGFpwwer domain (right) were performed.
One representative experiment is shown for each condition; (C) Comparison of the direct interaction of wild type
or double mutant Flag-LEDGF/p75 to biotinylated H3K36me3 nucleosomes. Error bars represent the SD of
independent experiment. The blue box is a magnification of the lower concentrations; (D) Out competition of
the interaction between 5 nM of biotinylated nucleosome, tri-methylated on H3K36 and 100 nM of
Flag-LEDGF/p75 by titration of Hise-LEDGF/p52. Error bars represent the SD of independent experiment. (E) Out
competition of the interaction between 5 nM of biotinylated nucleosome, tri-methylated on H3K36 and 100 nM
of Hise-LEDGF/p52 by flag-LEDGF/p75.

This supports the previous findings that point mutations W21A and F44A in the PWWP domain reduce
binding to the nucleosomes [183]. To validate this assay for the detection of inhibitors, we performed
out-competition assays with LEDGF/p52. Hiss-LEDGF/p52 was titrated to a fixed concentration of 5 nM
biot-N(H3K36me3) and 100 nM Flag-LEDGF/p75 (Figure 4.18D). A decrease in TR-FRET signal was
observed upon increasing concentrations of Hiss-LEDGF/p52. Vice versa, when titrating
flag-LEDGF/p75 at a fixed concentration of 5 nM biot-N(H3K36me3) and 100 nM Hise-LEDGF/p52
(Figure 4.18E), the interaction was reduced again with increasing concentration of LEDGF/p75,
supporting the feasibility to identify inhibitors of the interaction between nucleosome and LEDGF. In
both out-competition experiments, the signal did not drop below 34.4%, which corresponds to a
TR-FRET signal of around 6000 counts. Of note, similar TR-FRET counts were obtained in the
cross-titration background of the Flag-LEDGF/p75 and biot-N(H3K36me3) interaction in Figure 4.18B.

As our previous experiments indicate that the LEDGF/p75-nucleosome interaction can be measured
by TR-FRET, we next assessed the binding of both flag-LEDGF/p75 WT and DM to the different
methylation states of H3K36 (Figure 4.19). Results suggest LEDGF/p75 prefers binding to H3K36 di- and
trimethylated nucleosomes (Figure 4.19A), correlating with the results obtained for the
Hise-LEDGFpwwe domain in AlphaScreen (Figure 4.16) and previously published data [183]. An
interaction to non- and monomethylated nucleosomes was detected at much lower counts.
Interestingly, the flag-LEDGF/p75pm showed a similar interaction pattern, demonstrating the best
binding to di- and trimethylated nucleosomes (Figure 4.19B). Since the experiments with wild type and
double mutant were run in parallel, binding of both LEDGF/p75 proteins to each methylation state
could be compared (Figure 4.19C). Results indicate that the difference between WT and DM decreases
when the methylation state is reduced. For the di-methylated nucleosomes, a high variability between
two assays was obtained. A third experiment confirmed higher AlphaScreen counts for the LEDGF/p75

WT interaction to H3K36me2 than the LEDGF/p75 DM, however due to a different experimental setup
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this result could not be integrated. Overall, the data suggest that the level of methylation has more

impact on the interaction between nucleosomes and wild type LEDGF/p75 than for LEDGF/p75pm.
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Figure 4.19: The binding of LEDGF/p75om to nucleosomes is less dependent on the methylation state of H3K36

(A,B) Titration of WT (A) or DM (W21A, F44A) LEDGF/p75 (B) at a fixed concentration of 5 nM biotinylated
nucleosomes with variable levels of methylation; non-methylated, black; monomethylated (mel), light gray;
di-methylated (me2), dark gray; trimethylated (me3) blue. Counts are relative to the highest TR-FRET count
detected in the corresponding experiment. (C) Other representation of the data in (B). Comparison of the binding
of WT or LEDGF/p75 to different methylation states of biot-N H3K36 nucleosomes. In each experiment, the WT
and W21A, F44A flag-LEDGF titration was performed in parallel. Counts are relative to the highest TR-FRET count
detected for the WT in the corresponding experiment. (B,C) Error bars indicate standard deviation (n=2).
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4.2.5. Detection of nucleosome-LEDGF/p75 interaction in cells using nanoBRET

Although these in vitro data clearly show the interaction between LEDGF and H3K36me3 nucleosomes,
a nano-bioluminescent resonant energy transfer assay (nanoBRET) was established to study the
interaction in a cellular context [290]. In this assay, protein interactions are detected using a
nanolLuciferase (nanoLuc) as bioluminescent donor and a fluorophore labelled HaloTag as energy
acceptor. In brief, HEK293T cells were transfected with two plasmids, one encoding histone 3 (H3)
tagged with a HaloTag, while the second plasmid encodes LEDGF/p75 or LEDGFpwwe fused to nanolLuc.
After protein expression, the HaloTag fluorophore (product Promega) is added to the cellular medium
and covalently bound to the HaloTag. To determine whether an interaction occurs, the luciferase
substrate, furimazine, is added to the well and activated by nanoLuc. The converted furimamide serves
as a light donor to the HaloTag fluorophore within a range of 9 nm [291]. To analyze the data, emission
by nanoluc (input) is divided by emission of the HaloTag fluophore (output) and corrected for

background signal (see chapter material and methods). Results are expressed in milliBret Units (mBU).

For our purpose we used the expression construct in which the Halo-Tag was fused to the C-terminus
of histone H3 (Figure 4.20A, design by Promega). To optimize the detection of the histone-LEDGF
interaction, the optimal position of the nanoLuc on LEDGF/p75 had to be assessed (Figure 4.20B). Our
results indicate that the position of nanoLuc at either the N- or C- terminus does not significantly affect
the detection of the interaction, as both LEDGF/p75 constructs resulted in 7 and 5 mBU values,
respectively (Figure 4.20B, left). However, to be consistent with the in vitro assays, the N-terminally
tagged construct was selected for further use. Next, the optimal ratio of acceptor to donor was
determined by titrating the nanolLuc donor construct (Figure 4.20B, middle). The optimal ratio,
resulting in the highest nanoBRET units, was obtained at a 100-fold excess of donor
(NanoLuc-LEDGF/p75) to acceptor (H3-HaloTag). The interaction was abolished when full length
flag-LEDGF/p75 or the PWWP domain alone (flag-PWWP WT) was overexpressed to compete for the
interaction with HaloTag-H3 (Figure 4.20B, right). Remarkably, overexpression of the LEDGFswwe om
domain also interfered with the nanoBRET signal to a similar extend. This result is consistent with the
AlphaScreen data where the LEDGFpm still binds nucleosomes and the previous finding of a bivalent

interaction surface [186].

In addition, similar optimization steps were performed for the interaction between HaloTag-H3 and
nanolLuc-LEDGFewwe (Figure 4.20C). Although the C-terminal position of nanolLuc seemed favorable in
the initial experiment (Figure 4.20C, left), mBU values of 15 were obtained after optimizing the donor
to acceptor ratio with nanolLuc at the N-terminal position (Figure 4.20C, middle). In accordance to the

set-up with full length LEDGF/p75 and recombinant proteins for in vitro assays, the N-terminal
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Figure 4.20: Optimization of the nanoBRET assay
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(A) Representation of a nanoBRET interaction between a histone 3 (H3) HaloTag-containing nucleosome and
NanoLuciferase (nanoLuc)-LEDGF/p75 in addition of the luciferase substrate (S). Summary of the assay
characteristics on the right; (B) NanoBRET assays to compare tag position of nanoLuciferase (NanolLuc) to
LEDGF/p75 (left) and to determine optimal acceptor to donor ratio (middle). Error bars indicate the standard
deviation of three replicates (n=1). Right; inhibition of the nanoBRET signal by overexpression of flag-tagged full
length LEDGF/p75, LEDGFpwwe wr or LEDGFpwwe pm. Error bars indicate the standard deviation of three replicates
(n=1); (C) NanoBRET assay to compare tag position of nanoluciferase to LEDGFpwwr (left) and to determine
optimal acceptor to donor ratio (middle). Error bars indicate the standard deviation of three replicates (n=1)
Right; comparison of the interaction between WT or DM NanolLuc-LEDGFepwwp with HaloTag-Histone H3 in
nanoBRET. Error bars indicate the standard deviation of two independent experiments (n=2).
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construct was used for further experiments. The LEDGFpwwp om bound less to nucleosomes when
compared to wild type LEDGFpwwe in in vitro assays. To verify reduced interaction between the mutant
and nucleosomes in a cellular context, the LEDGFewwr om domain was cloned into the nanoluc
expression construct for nanoBRET. As could be suspected, a decrease in mBU signal was observed for
the nanoLuc-LEDGFewwrom (Figure 4.20C, right). These data indicate that the LEDGF interaction with
histone H3 and presumably the nucleosome can be detected in nanoBRET and that this assay can be

used for further studies of the interaction in a cellular context.

4.2.6. Structure based drug discovery of ligands of the HRP-2 PWWP domain

There is a growing interest in epigenetic drugs, small molecule drugs that interfere with the epigenetic
regulation of gene expression. BRD4 antagonists have paved the way for this research field [39].
LEDGF/p75 and HRP-2 are epigenetic readers recognizing H3K36me2/3. LEDGF/p75 has been
associated with HIV replication and our previous results suggest that the interaction between
LEDGF/p75 and nucleosomes is essential for the development of mixed lineage leukemia [94], [95],
[179]. In collaboration with the Laboratory of Biocrystallography at KU Leuven (Prof. S. Strelkov) and
the NMR expertise from the Laboratory of Structural Biology at the IOCB in Prague (Prof. V. Veverka),
we aim to develop small molecules interfering with the interaction between the LEDGFpwwe domain

and the nucleosome.

Earlier in this chapter, we manifested the interaction between LEDGF/p75 and H3K36me3 modified
nucleosomes in three independent assays. The out-competition experiments provide proof of concept
that inhibitors of the interaction can be identified, pending sufficient affinity to overcome the binding
energy of the protein-protein interaction (PPI). PPIs that are defined and limited in interaction surface,
such as the interaction between HIV-1 integrase and the IBD of LEDGF/p75, are best suited for drug
discovery. The development of small molecule inhibitors of the PWWP domain NSD3 and NSD2 [269],
[271] corroborates the feasibility of our approach to identify small molecule inhibitors of LEDGFewwe

and/or HRP-ZPWWP.

A fragment and structure-based drug design approach was initiated using a selected set of fragments
based on the fraglites library described in [292]. Fragments are distinguished from compounds by a
molecular weight below 300 Da, a logP value below three and a maximum of three hydrogen bond
donors and acceptors. The fraglites are drug-like chemical fragments used for bottom-up optimization
to develop a lead compound. In a first step, the fragments were soaked to the HRP-2pwwpr domain at
the Laboratory of Biocrystallography (KU Leuven). Of note, our collaborators successfully crystallized

the LEDGFpwwp domain, however, due to occupancy of the aromatic cage of LEDGFewwe by a second,
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adjacent molecule in the crystal, it was impossible to use the LEDGFpwwe domain for soaking fragments
or compounds. Interestingly, this issue did not arise when crystallizing the HRP-2pwwp domain
(Figure 4.21A). Yet both HRP-2pwwe and LEDGFpwwe share a similarity percentage of 87.1% in protein
sequence between the first 93 amino acids (Figure 4.21B) and show highly identical pocket formation.

Therefore, the HRP-2pwwp domain was used to soak fragments and identify binders.

After soaking, binding fragments presented with a clear structure density and positioned in the
HRP-2pwwe pocket. Confirmed hits were used to virtually fine tune the occupancy of the fragment in
the crystal structure and to guide medicinal chemistry to synthesize improved and extended ligands
(Figure 4.22). To link structure with biological activity, the six fragments of the initial FragLite screen
with best pocket occupancy were selected for further characterization in in vitro assays (sections 4.2.7.

—4.2.9.). These six fragments belong to four different structural scaffolds, that will not be shown for

confidentiality reasons (Figure 4.22, bottom).

10 20 30 40 50

LEDGF 1 MTRDFKPGDLIFAKMKGYPHWPARVDEVPDGAVKPPTNKLPIFFFGTHET
HRP-2 1 MPHAFKPGDLVFAKMKGYPHWPARIDDIADGAVKPPPNKYPIFFFGTHET

60 70 80 90

LEDGF 51 AFLGPKDIFPYSENKEKYGKPNKRKGFNEGLWE IDNNPKVKFS
HRP-2 51 AFLGPKDLEFPYDKCKDKYGKPNKRKGFNEGLWEIQNNPHASYS

Figure 4.21: Crystals of the HRP-2pwwp domain

(A) Two crystal forms obtained under different crystallization conditions. Left: spike crystals resulting in an
HRP-2pwwe structure with a resolution of 1.7 A, used for in-house screening of fragments. Right: prism crystals
resulting in an HRP-2pwwe structure with a resolution of 1.9 A. Due to a higher stability, these crystal forms and
conditions were used at the XChem facility at Diamond Light Source, Oxford. Images courtesy of the Laboratory
of Biocrystallography at the KU Leuven (Dr. S. Strelkov). (B) Protein amino acid sequence alignment of amino
acids 1 to 93 of LEDGF and HRP-2. Bold: different, non-similar amino acids; Italic = different but similar amino
acid, analyzed by SnapGene ® v5.2.
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Figure 4.22: Schematic representation of the followed screening strategy

Initially, a crystallography-based screening was performed at the Laboratory of Biocrystallography (KU Leuven)
and the XChem facility (Diamond, Oxford). Crystal structures provided information on fragment composition and
was used to further grow the fragments. Hits were validated and further analyzed in an additional set of
experiments. Binding and/or affinity of the fragments can be assessed in crystallography, differential scanning
fluorimetry (DSF), Nuclear Magnetic Resonance (NMR), microscale thermophoresis (MST) and Surface Plasmon
Resonance (SPR). Interaction inhibition potency will be tested in AlphaScreen and TR-FRET using recombinant
proteins or nanoBRET in cellular context. The effect on cellular viability will be tested for the best fragments in
an MTT experiment. Leukemic specific effect can be assessed using colony formation assay (CFU) and gene
profiling upon treatment with a fragment. Bottom: classification by scaffold (1 to 4) of selected fragments tested
in this manuscript.
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These promising results using the initial fragment hits gave the impetus to screen a fragment library of
558 fragments at the X-Chem facility at Diamond Light Source, Oxford [293]. Overall, around 70
fragments bound to the HRP-2pwwr domain. However, these fragments were not available within the
timeframe of this study and will not be reported here. Our strategy to further profile and optimize the
fragments into a lead compound is shown in Figure 4.22. Primary hits will be validated and used for
design of new, growing fragments by rational design and molecular docking. Newly synthesized
analogues will be soaked to the HRP-2pwwpr domain to obtain structural information, affinity will be
evaluated in NMR and the analogues will be ranked for temperature shift in DSF. Results obtained from
these assays will be used to further optimize fragments. This iterative process will sustain the
development of more potent inhibitors. In second instance, promising fragments will further be

characterized in AlphaScreen and TR-FRET.

4.2.7. Fragment hits bind to LEDGFpwwpe and HRP-2pwwe in a dose-dependent manner

First, the six hits from the screen were tested for binding to the PWWP domain of LEDGF in the optimal
conditions of the DSF assay, determined in section 4.2.2. (page 66). Binding of a fragment to the
LEDGFpwwe domain is indicated by a shift in the melting temperature of the protein domain compared

to the protein domain on its own.

To better identify binders, different concentrations of fragments were incubated with the protein
before heating and melting temperatures were assessed (Figure 4.23A). Interestingly, at a
concentration of 500 uM, three fragments showed a positive temperature shift of at least 0.6°C. Of
note, fragment y showed the highest temperature shift of 1.23 + 0.36°C at 150 uM and a clear dose-
dependent increase in the shift up to 500 uM (2.03 + 0.08°C) (Figure 4.23A, table). Fragment T
displayed strongest binding activity at 500 uM with a temperature shift of 3.23 + 0.36°C.

Since the fragments were designed in the pocket of HRP-2pwwe (and not LEDGFpwwe), we analyzed the
fragments as well in a DSF with HRP-2pwwe (Figure 4.23B). Of note, a similar DSF pattern as for
LEDGFewwe Was observed. Hit-fragments y and { proved to be the strongest binders to the HRP-2pwwe
domain with respectively a temperature shift of 2.62 £ 0.91°C and 3.32 £ 0.20°C (Figure 4.23B, table).
Remarkably, fragment B, with a clear dose-dependent effect for binding to LEDGFpwwe, did not show

clear binding to the HRP-2pwwe domain (Figure 4.23A and B).
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Figure 4.23: DSF analysis of selected fragments with LEDGFpwwp or HRP-2pwwp

Increasing concentrations of fragments (150 uM, black; 300 uM, grey; 500 uM, white) or control (1% ethylene
glycol (EG), blue) were added to recombinant and purified preparations of PWWP domains of LEDGF/p75 (A) and
HRP-2 (B). The melting temperature for each domain was determined by DSF as well as the shift induced by the
addition of ligands. An example of a DSF experiment for fragment y and the LEDGFpwwr domain is given in A
(bottom). For each experiment, the melting temperatures are indicated by a symbol in the graph. Each DSF was
run twice (n=2) and averages of both assays are given. The average of the control condition is given by the dotted
line and the standard deviation is indicated with a blue area. Calculated difference in melting temperature (°C)
for each condition is given in the tables on the right (ATm * SD).

4.2.8. Fragment hits bind to other PWWP-domains of PWWP domain containing proteins

Next to determining binding affinity, we investigated the specificity of these fragments for different
proteins harboring a PWWP domain. Therefore, all six fragments were tested for binding to two PWWP

domains of unrelated PWWP-domain harboring proteins: BRPF2 (Figure 4.24A) and WHSC1
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(Figure 4.24B). Due to a higher variability in the melting temperature of BRPF2pwwe (Figure 4.24A, blue
bar), a temperature shift transcending the variation was only induced by fragment B at 500 uM
(-0.46 £ 0.16°C). Although this decrease is smaller than 0.6°C and within the variability, a dose
dependent effect was observed at the lower concentrations 300 uM and 150 uM (Figure 4.24A, table).
An identical observation was made for fragment a and 8§, where respectively marginal positive and

negative temperature shifts occur in a dose-dependent manner.

A HiSs-BRPFZpWWP
60— ATm (°C)
. 150 uM =3 300 uM —1 500 pM
& 5 al 024 :044 0.29+094 | 059 +1.22
Sé, I o i . B 0.14 +0.27 -0.31 +0.09 -0.46 +0.16
= 56 Y 0.36 +0.19 -0.06 +£0.16 -0.16 +0.44
) -0.16 £0.27 -0.36 £0.16 -0.41 £0.09
€ 0.09 £0.19 -0.06 £0.16 -0.11 £0.23
54-10L . . . . 7| 0.19 +0.05 -0.16 +0.16 -0.06 +0.02
a B Y ) £ 4
B Hiss-WHSC1 PWWP1
43— ATm (°C)
m 150 pM = 300 uM — 500 uM
G 42‘_ ________ I _ a 0.08 +0.02 0.08 +0.12 0.08 £0.12
o B -0.37 £0.19 -0.42 +0.02 -0.52 +0.31
E Y 0.38 £0.16 0.33 £0.19 0.18 £ 0.26
Ay 8| 003:011 | -012+004 | -017:011
£ 0.43 +0.25 0.28 £0.04 0.28 £0.11
i [4 0.07 £0.18 0.13 +0.11 0.03 £0.04
40 T T T T T
a By b € ¢

Figure 4.24: DSF analysis of selected fragments with BRPF2pwwpr or WHSC1pwwe1

Increasing concentrations of fragments (150 uM, black; 300 uM, grey; 500 uM, white) or control (1% ethylene
glycol (EG), blue) were added to recombinant and purified preparations of PWWP domains of BRPF2 (A) and
WHSC1 (B). The melting temperature for each domain was determined by DSF as well as the shift induced by the
addition of ligands. An example of a DSF experiment for fragment y and the LEDGFpwwr domain is given in A
(bottom). For each experiment, the melting temperatures are indicated by a symbol in the graph. Each DSF was
run twice (n=2) and averages of both assays are given. The average of the control condition is given by the dotted
line and the standard deviation is indicated with a blue area. Calculated difference in melting temperature (°C)
for each condition is given in the tables on the right (ATm * SD).

From the two PWWP domains present in the WHSC1 protein, we investigated fragment binding to the
first PWWP domain (WHSClpwwei1, Figure 4.24B). Similar to the BRPF2pwwe domain, fragment B
displayed the largest effect, inducing a negative temperature shift of -0.52 * 0.31°C with the

WHSC1pwwe1 domain at 500 uM. Here, no negative shift in temperature was induced by fragment y.
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Surprisingly, fragment I, with the largest temperature shift in DSF assays with LEDGFpwwe and
HRP-2pwwe, had no effect on either of the unrelated PWWP domains. For fragment g, no clear shift in
any experiment was observed. On the contrary, temperature shift observations at 500 uM of
fragment & were very minimal but visible in each experiment (Figure 4.23 and Figure 4.24), suggesting

this fragment may constitute a general binder to the PWWP domains.

4.2.9. Analysis of selected hits in AlphaScreen and TR-FRET

A disadvantage of DSF is that no additional information is obtained in regard to the location where the
fragment binds and its potential to inhibit the interaction with the nucleosome. Although hits were
selected by crystallography, in theory a ligand binding to PWWP outside the bonafide binding pocket
may affect the melting temperature as well. Moreover, neither crystallography or DSF tell us whether
the ligands function as inhibitors of the interaction with H3K36me3. Hence, the potential of fragments
to inhibit the interaction of the PWWP domain with nucleosomes was assessed in vitro using the

previously described interaction assays AlphaScreen and TR-FRET.

4.2.9.1. AlphaScreen

The fragments were first tested against the nucleosome-LEDGF/p75 interaction in AlphaScreen.
AlphaScreen is a useful technique to detect weak protein-protein interactions because of an enzymatic
cascade to amply the detection signal. However, this mechanism in combination with the multivalent
character of the beads hampers the detection of weak inhibitors as all protein-protein interactions
bound to the bead should be interrupted for a clear decrease in the AlphaScreen signal. However, the
fragments were tested in the presence of a fixed concentrations of 5 nM biotinylated nucleosome with
the H3K36 trimethylation and 10 nM of Flag-LEDGF/p75. The six fragments were tested for their
potency to inhibit the nucleosome-LEDGF/p75 interaction at the same concentration as before
(150 uM, 300 uM and 500 uM; Figure 4.25A) and the outcome is reported as percentage of inhibition
(PIN), £ the standard deviation. This PIN represents the percentage of AlphaScreen signal that was lost
after incubation with the related fragment compared to the interaction without addition of fragment.
Of note, this reference interaction and all fragment conditions were performed in the presence of 1%

ethylene glycol (EG).

Results indicate a high variability between assay repeats, resulting in a spread of the counts over

different experiments (n=4 or 5, duplicates are represented). Notwithstanding the assay variability
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Figure 4.25: Fragment testing in AlphaScreen interaction assay

The percentage of inhibition (PIN) for each fragment at different concentrations (150 uM, black; 300 uM, grey;
500 uM, white) or proper control (1% EG, blue) in (A) the biotinylated and trimethylated nucleosome (biot-
N(H3K36me3), 5 nM) and Flag-LEDGF/p75 (100 nM) interaction (n=5 for all fragments except for fragment a n=3),
(B) the biot-N(H3L36me3) — LEDGFPpwwe interaction (n=3 for a, B and y, n=2 for §, € and ) or (C) quenching assay
with biotinylated-Hiss (biotin-his, 10 nM)(n=3 for a, 6, € and ; n=2 for B and y. Average of the control condition
is given by the dotted line and standard deviation is indicated with a blue area. Calculated PIN (%) of the detected
TR-FRET signal is given in the tables on the right (PIN + SD). The Kruskal-Wallis test with Dunn’s correction was
used to measure statistical differences between each fragment concentration and 0 uM where n > 3; * p<0.05.
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with an average of 100 + 10.55% for the untreated interaction (Figure 4.25A, blue bar), a clear
reduction of the nucleosome-LEDGF/p75 interaction was observed for fragment B (35.32 + 12.58%),
fragment y (31.40 + 22.21%) and fragment { (29.52 + 10.65%) at the concentration of 500 uM.
Fragment y showed a dose-dependent effect with a decrease of 14.03 + 31.25% and 7.96 + 26.86% at
300 uM and 150 uM respectively (Figure 4.25A).

The selectivity and specificity of the fragment for the LEDGFpwwe domain is important for the drug
design program. This interaction can be detected in AlphaScreen and hence all fragments were tested
in the presence of 5 nM biotinylated nucleosomes (H3K36me3) and 10 nM of the respective
Hise-LEDGFpwwe domain. The variability of the interaction signal without fragment (100 + 25.88%, blue
bar Figure 4.25B), as well as the variable results obtained after incubation with the fragments make it
very hard to interpret the data. For fragment B, three out of four experiments resulted in an almost
complete loss of signal, whereas an inhibition of 58% was reached in the fourth experiment. For
fragment vy, three out of four experiments resulted in an AlphaScreen signal around 100% of the
untreated interaction. For one experiment with fragment y, the AlphaScreen counts increased
together with the fragment concentration up to 194% at 300 uM. For fragment & and fragment {, a
dose-dependent inhibition of the AlphaScreen signal was obtained with PINs of 54.27+ 9.74% and
77.83 £ 2.73% at 500 uM, respectively.

To exclude false-positive results from assay interference, a quenching assay was performed in which
the fragments were incubated with 10 nM of biotinylated-6x histidine (biotin-hise, Figure 4.25C). For
this quenching assay, the acceptor and donor bead conjugates are anchored together and thus in close
proximity, resulting in an AlphaScreen signal resistant to any fragment inhibition. In the event of a
decreased AlphaScreen signal of this biotin-hisg fusion, it is likely that the fragment interferes with the
assay itself rather than the assay interaction. The quenching experiment characterized by a high
variability for assay repeats of both the treated and untreated interaction (100 £ 23.6%). Based on the

averages of three experiments, none of the six fragments interferes with the assay (Figure 4.25C).

4.2.9.2. TR-FRET

In addition to the AlphaScreen, all fragments were tested in the TR-FRET assay.

In a first set-up, all fragments were tested for inhibition of the nucleosome-LEDGF/p75 interaction in
the TR-FRET assay. Increasing concentrations of fragments (150 uM, 300 uM and 500 uM) were added
to a fixed concentration of 5 nM biotinylated nucleosome and 100 nM Flag-LEDGF/p75, for which the
TR-FRET signal was established at 100% (Figure 4.26A, dotted line). Interestingly, fragments B, y and {
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showing the most pronounced effect in the LEDGFpwwp DSF (Figure 4.23A), demonstrate a clear dose-
dependent effect in the TR-FRET assay, suggesting that the fragment prevents the interaction between
the full length LEDGF/p75 protein and the H3K36 me3 nucleosome. Fragment y displayed the highest
percentage of dose dependent inhibition (PIN) at all concentrations. The nucleosome-LEDGF/p75
interaction was inhibited for 23.01 + 1.6% at 500 uM (Figure 4.26A, table). Additionally, fragment g,
with the highest shift for LEDGFpwwe in DSF at 500 uM (3.23 £ 0.36°C, Figure 4.23A table), reached a
PIN of 10.33 £ 4.7% at 500 uM in TR-FRET. Next is fragment B, that showed a dose-dependent effect
at all concentrations with a 7.52 + 4.4% inhibition at 150 uM. Remarkably, fragment & appeared as a
dose-dependent inhibitor of the nucleosome-LEDGF interaction, with a PIN of 13.09 + 0.0% at 500 pM,
although it induced minimal temperature shifts in DSF. Unfortunately, as mentioned before, the
interaction between the nucleosome and the LEDGFpwwpr domain was not detectable in TR-FRET, so no

fragments could be tested for the interaction here.

A 5 nM biot-N(H3K36me3) + 100 nM flag-LEDGF/p75
PIN (%)
E ojode I = 150 uM =31 300 uM 1 500 pM
Q i E o
s ; 2 al 321+2.4 3.16 £3.8 323 £2.1
4 B| 7.52+44 9.19 +2.9 12.83 +1.2
w
€ s0- y| 8.09:30 | 14.48+22 23.01+1.6
s 8| 4.99:0.1 7.47 £1.2 13.09 0.0
ki €| 008105 -2.42+2.8 -0.40 £1.2
& i, 1| 634+73 8.06 + 4.5 10.33 +4.7
] L 1 1
a B v 6 € ¢
B 10 nM biotin-hiss
PIN (%)
§ 100 -9 -Ar-m- Ax--B- ---- % - . 150 uM =3 300 uMm —1 500 pM
o a 1.5+1.1 1.2 £1.1 -0.6 + 0.6
o B| 15:24 1.4 +2.4 06+17
E 50 v 22410 18413 34433
@ 5 2.7 427 4.4+41 8.11+2.9
= g| -06%57 0.4 £2.3 0.0 +5.9
€ ] 7| -05+34 -1.0 3.7 -0.6 3.8
] T T
a B Y 6 £ 4

Figure 4.26: Dose dependent inhibition of the LEDGF/p75-nucleosome interaction in TR-FRET

The percentage of inhibition (PIN) for each fragment at different concentrations (150 uM, black; 300 uM, grey;
500 uM, white) or control (1% EG, blue) was determined by TR-FRET. TR-FRET measures the interaction between
biotinylated and trimethylated nucleosome (biot-N(H3K36me3), 5 nM) and Flag-LEDGF/p75 (100 nM) (n=2) (A).
Fragments were tested as well in a quenching assay (B) with biotinylated-Hise (biotin-his, 10 nM) (n=3 for a,
and y, n=2 for §, € and {). Average of the control condition is given by the dotted line and standard deviation is
indicated with a blue area. Calculated PIN (%) of the detected TR-FRET signal is given in the tables on the right
(PIN £ SD).
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Nevertheless, false positive results could be assessed using a similar quenching set-up as for the
AlphaScreen assay in which all fragment concentrations were incubated with 10 nM of biotin-hisg
(Figure 4.26B). Interestingly, fragment 8 induced a dose-dependent decrease in TR-FRET signal upon
increasing concentration of fragment, with the highest inhibition of 8.1 + 2.9% at 500 uM. This result
suggests interference of the fragment with the assay and an overestimated PIN in the nucleosome-
LEDGF interaction assay, which is most likely a combined effect of protein-protein interaction
inhibition and interaction interference. Table 4.2 summarizes the performed experiments using these
six fragments. Overall, fragments y and T present as the most interesting and potent fragments with

moderate activity over all different experiments.









DiIScussion

Part of the discussion has previously been published in S. Van Belle et al., “Unlike Its Paralog LEDGF/p75,
HRP-2 Is Dispensable for MLL-r Leukemogenesis but Important for Leukemic Cell Survival,” Cells, 2021
[272].
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No specific treatment options are available for the genetically distinct and very aggressive form of
leukemia characterized by KMT2A-rearrangements, called mixed lineage leukemia-rearranged (MLL-r)
leukemia. The mechanism by which MLL-r leukemia is driven is relatively well investigated for a
majority of the cases, and several experimental setups have resulted in a block of the leukemic
phenotype in cells and in in vivo mouse models. These findings indicate that the development of small
molecules that specifically target mechanistic pathways that underly MLL-r leukemia is a valid strategy

to develop specific treatments.

LEDGF/p75 is a key player in the MLL-r leukemia disease mechanism. LEDGF/p75 tethers the MLL1
protein complex to the chromatin and the MLL1 target genes by forming an MLL1-menin-LEDGF/p75
ternary complex. We were interested to investigate whether the LEDGF/p75 paralog HRP-2 plays a role

in MLL-r leukemia and aimed to develop small molecules targeting the LEDGFpwwe domain.

5.1. The function of HRP-2 in normal hematopoiesis

To date, little is known about the function of HRP-2 in cell biology and oncogenesis. As paralog of
LEDGF/p75, HRP-2 encompasses both a PWWP domain and IBD domain, two protein domains known
to fold in full length LEDGF/p75. While the structures of both LEDGF/p75 domains are described in
literature, only the PWWP domain of HRP-2 was crystallized and analyzed so far. We reported the NMR
solution structure of the HRP-25p domain and revealed a similar fold as the LEDGF;zsp domain consisting
of 2 hairpin-alpha helices, connected by a fifth, smaller alpha helix (Figure 4.2). Superposition and
alignment of both solution structures revealed a high similarity supporting the analogy between both
proteins. Previously, co-immunoprecipitation experiments indicated PogZ, JPO2, and IWS1 as HRP-2
binding partners [199], [250]. In addition, we showed for the first time that MLL1 interacts with the
IBD of HRP-2 by NMR (Figure 4.2). By comparing the amino acids involved in the IBD-MLL1 interaction
for both LEDGF/p75 and HRP-2, an almost identical pattern was observed, suggesting that
corresponding amino acids are responsible for interaction with MLL1. Next to these NMR experiments,
we confirmed the interaction between MLL1 and HRP-2 in AlphaScreen and co-immunoprecipitation
experiments (Figure 4.1 and Figure 4.2). In the context of MLL-r leukemia, it was of interest to find out
whether HRP-2 is present in the ternary complex with MLL1 and menin. Whereas menin was required
for the stabilization of the MLL1-LEDGF/p75 interaction as shown before [94], co-IP experiments with
selective MLL-menin interaction inhibitors (Figure 4.1) and menin binding deficient MLL1 mutants
(Figure 4.1) revealed that HRP-2 is less dependent on menin. Despite similar binding affinities as
measured by NMR and AlphaScreen for the direct binding of HRP-2 or LEDGF/p75 to MLL1 (Figure 4.2),
co-IP experiments indicate that menin modulates the interaction between the IBD and MLL1 in favor

of LEDGF/p75 (Figure 4.1). We hypothesize that either low (undetectable) menin levels are sufficient
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to support this interaction or addition of menin increases the binding affinity of LEDGF/p75 for MLL1
at the expense of HRP-2. Alternatively, it is possible that the HRP-2-MLL1 interaction is differentially

regulated by PTMs or another cellular factor as compared to the LEDGF/p75-MLL1 interaction.

As HRP-2 is interacting with MLL1, the master regulator of normal development and adult
hematopoiesis, a systemic Hrp-2 knockout mouse model was used to study the role of HRP-2 in
hematopoiesis. In contrast to the results of Wang et al. [287], the offspring from a heterozygous Hrp-2
(Hrp-2*"") breeding couple deviated from the expected Mendelian inheritance pattern (Table 4.1). As
discussed in section 4.1.3., we hypothesize that our mouse model presents with a more pronounced
reduction of Hrp-2 expression as no residual mRNA levels were detected in lineage depleted bone
marrow cells. The mouse model by Wang et al. presented with up to 20% mRNA expression levels,
suggesting that 20% gene expression is sufficient for normal development. Genotyping new born pups
revealed a distribution more in line with the Mendelian theory, suggesting that HRP-2 is important for
postnatal survival. So far, we did not explore the possible causes of this early death in more detail.
Recent studies indicated a crucial function of HRP-2 during mRNA transcription [219] and
differentiation [248] of muscle cells, suggesting Hrp-27- muscles fail to support vital functions. Of note,
high prenatal lethality was observed in systemic Psip1 knockout mice with less than 1% reaching
weaning age [206]. These surviving Psip1 null mice presented with severe phenotypic abnormalities
[294]. Unlike the phenotype observed in Psip1 knockout mice, we could only distinguish adult HRP-2
knockout mice from their wild type and heterozygous littermates by small differences in the
hematopoietic system Figure 4.3 and Figure 4.4). The limited group size of Hrp2”/ mice and high
biological variability within groups might have disguised the detection of statistically significant
differences. In fact, we only found a significant increase in the number of neutrophils. A more detailed
analysis of the hematopoietic stem cells by colony formation experiments (Figure 4.3) and Gene Set

Enrichment Analysis (Figure 4.4) hinted towards a stem-like state supported by HRP-2.

5.2. The function of HRP-2 in cell survival and MLL-r development

Hrp-2 depletion had minimal effects on the hematopoietic system in adult mice. Yet, because of the
interaction with MLL1, we evaluated how HRP-2 affected growth and survival of leukemic cells in vitro.
To allow an extensive analysis, a broad panel of leukemic cell lines was analyzed in parallel, including
acute myeloid leukemia cell lines THP1 (MLL-AF9) and Kasumil (MLL1 wt), acute lymphoblastic
leukemia cell lines SEM (MLL-AF4) and Nalm6 (MLL1 wt) and the chronic myeloid leukemia cell line
K562.
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Analysis of cell survival and clonal expansion potency of these different types of leukemia (Figure 4.5
and Figure 4.7) indicated that HRP-2 depletion impairs cellular growth independently of the presence
of MLL1 fusion proteins. Of interest, HRP-2 knockdown was reported to reduce growth in
hepatocellular carcinoma cells and induce cell death in U20S cells [249], suggesting a more general
pro-survival role of HRP-2. Of note, we observed that colony formation of the MLL-r driven cell lines
THP1 and SEM at high vector titer were less affected by HRP-2 depletion than the MLL1 wild-type cell
lines K562, Kasumil and Nalmé (Figure 4.5). We hypothesize that HRP-2 and LEDGF/p75 compete for
MLL1 binding, implying that reduced HRP-2 levels facilitate binding between LEDGF/p75, MLL1 and
menin supporting MLL-r-induced leukemogenesis. However, since LEDGF/p75 is present in the human
MLL-r driven cell lines when growth reduction is observed by HRP-2 depletion, we hypothesize that
the effect of HRP-2 depletion, which seems independent of the MLL1 genotype, appears dominant
over the LEDGF/p75 driven leukemogenesis (Figure 4.6). In line with the finding that HRP-2 supports a
stem-like state in primary cells (Figure 4.3 and Figure 4.4), the effect on cellular growth in Hrp2
knockdown cells in differentiation-stimulating medium of the colony formation was more pronounced

than the reduction in growth in regular medium (Figure 4.5 and Figure 4.7).

As previously mentioned, LEDGF/p75 is important for the viral replication cycle of HIV-1 by affecting
viral integration in the host genome [238], [240], [242]. Detailed analysis LEDGF/p75 depletion by
Schrijvers R. et al. revealed redundancy by ectopic expression of the HRP-2 protein, thus supporting
the theory that both proteins can fulfil similar functions [251], [252]. A similar experiment was
performed in the MLL-r leukemic cell line THP1 and the MLL1 wild type cell line Nalm6 (Figure 4.8 and
Figure 4.9). As expected, knockdown of LEDGF/p75 only affected the clonogenic growth of the MLL-r
cell ling, indicating that endogenous HRP-2 levels do not rescue colony formation. In contrast, a rescue
of the phenotype was observed upon overexpression of HRP-2 (Figure 4.8), supporting the notion that
HRP-2 can function as a tether between MLL-FPs and its target genes. This rescue phenotype is
reminiscent of that of HRP-2 in HIV infection. However, as HRP-2 overexpression also promoted cell
growth in hepatocellular carcinoma [250], we cannot exclude that HRP-2 rescues the cellular growth

via a more general pathway.

Because of this functional interplay between HRP-2 and LEDGF/p75 and in light of the strategy to target
the structural domains of LEDGF/p75, we further investigated the role of HRP-2 in the development
and maintenance of MLL-r leukemia. Although HRP-2 seems to play an important but nonspecific role
in leukemic cell survival, our results using primary murine cells indicate that HRP-2 is not important for
the initial transformation of hematopoietic stem cells by MLL1 fusions (Figure 4.10). MLL-ENL

transduced lineage depleted BMCs from HRP-2 knockout, heterozygous or wild-type mice transformed
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irrespective of the genotype in a colony forming assay, indicating that HRP-2 knockdown, nor knockout

is impairing MLL-r driven leukemogenesis in the presence of LEDGF/p75.

In lethally irradiated mice, engrafted MLL-ENL transduced cells induced leukemia with a survival time
of 6 weeks post transplantation (Figure 4.10), equal to previously published experiments [179].
Transplantation of MLL-ENL transduced HRP-27 or HRP-2*/~ cells also resulted in leukemogenesis and
the life span of these mice was even shorter. The shorter life span of mice in the absence of HRP-2 may
be due to a loss of competition between HRP-2 and LEDGF/p75 for binding to MLL1. By competing with
LEDGF/p75, HRP-2 could act as a tumor suppressor. Alternatively, although HRP-2 might be

dispensable for leukemogenesis, its role in hematopoiesis may affect the survival of mice.

The limited number of HRP-27 animals in this project made it more challenging to study the role of
HRP-2 in normal hematopoiesis and MLL-r leukemia in vivo. Understanding the high lethality of
HRP-27- pups could give insight in the possible risks of targeting HRP-2 in the early stages of life. In case
of LEDGF/p75, a conditional knockout mouse model where LEDGF/p75 was depleted in the
hematopoietic system turned out to be viable and a useful tool for understanding the importance of
LEDGF/p75 in hematopoiesis. It would be interesting to study a similar mouse model in which HRP-2 is

selectively knocked out in the hematopoietic system.

5.3. HRP-2 as target for MLL-r leukemia?

Our findings demonstrate that HRP-2 is able to interact with MLL1, but that the interaction is not
important for MLL-ENL leukemogenesis. We hypothesize that LEDGF/p75 is the main driver of MLL-r
leukemia. In line with previous reports, our results indicate that by replacing LEDGF/p75 from the
nucleosomes, endogenous HRP-2 expression cannot substitute for this lost interaction. This indicates
that LEDGF/p75 is the main target for MLL-r treatment. Since both PWWP domains of LEDGF/p75 and
HRP-2 are highly similar, obtaining specificity for LEDGFpwwe can be challenging. Interestingly, we have
indicated that overexpressed HRP-2 is able to tether MLL-FP in the absence of LEDGF/p75 to the
chromatin by observing an increase in number of colonies (Figure 4.8). Whether this observation is
biological relevant and whether HRP-2 is upregulated in MLL-r leukemia after depletion of LEDGF/p75
has not been not investigated. Together with our cell culture data that suggest a more general role for
HRP-2 in the survival of leukemic cells, the prediction of potential toxicity induced by affecting
HRP-2pwwe With small molecules remains elusive. For a better understanding we lack mechanistical

insight on how HRP-2 affects general cell growth and leukemic cell survival.
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5.4. Validating PWWP as target for MLL-r leukemia

Currently, many efforts are ongoing to specifically target the oncogenic multi-protein complexinvolved
in MLL-r leukemia. DOT1L and BET inhibitors target the MLL1 fusion partners [36], [39], whereas menin
inhibitors are directly inhibiting menin binding to MLL1 [158], [160]-[162]. The importance of
LEDGF/p75 in MLL-r leukemia was described by Yokoyama et al. [94] and later LEDGF/p75 was
validated as potential target to treat MLL-r leukemia (reported in section 1.3.1.2., page 22). Yokoyama
et al. defined that the LEDGFpwwr domain alone, when fused to the MLL1 fusion protein, is sufficient
for leukemic transformation. In line with those findings, we show here that expressing the LEDGFpwwe
domain can induce competition with endogenous LEDGF by occupying the nucleosomes (Figure 4.12).
This results in a decreased number of colony formed units, suggesting that displacing LEDGF/p75 from
the nucleosome is affecting the proliferation of the cells. The fact that this effect was less pronounced
when using the nucleosome-binding deficient LEDGFpwwer W21A, F44A mutant supports this theory.
Although this experiment was controlled by an MLL1 wild type cell line in which no effect was
observed, it would be of interest to study the HoxA9 expression levels upon competition, to support

the hypothesis that this reduction in colony formation is MLL-r specific.

To detect the interaction between recombinant proteins in vitro (Figure 4.14 and Figure 4.18) and
ectopically expressed proteins in cells (Figure 4.12 and Figure 4.20), an N-terminally tagged full length
LEDGF/p75 or LEDGFpwwe domain was used. Tagging these proteins N-terminally may appear contra
intuitively, as the interaction surface with nucleosomes is located at this site. Hendrix J et al. showed
that N-terminally tagged LEDGF is functionally active in cells [295] and our results indicate that these
proteins can still interact with the nucleosomes, suggesting that the tag does not interfere with the

LEDGF/p75 function.

5.5. Assay development to detect the PWWP-nucleosome interaction

For screening purposes, several in vitro assays were set up to detect the interaction between various
LEDGF constructs and nucleosomes. At first, we performed AlphaScreen and TR-FRET experiments in
which tagged, recombinant LEDGF/p75 or LEDGFpwwe proteins were used. Both assays can detect a
protein-protein interaction, however the detection method is substantially different, resulting in two
complementary assays. As the name suggests, the Amplified Luminescent Proximity Homogenous
Assay (AlphaScreen) signal is amplified by a chemical reaction in the acceptor bead. In combination
with the avidity of the AlphaScreen beads, meaning that multiple proteins can interact with one bead,
this assay is useful to detect weak protein-protein interactions. On the contrary, more potent inhibitors

might be necessary to inhibit the interaction to non-detectable levels. In TR-FRET, tagged proteins are
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recognized by donor and acceptor fluorophores conjugated to tag-recognizing moieties. In equilibrium,
a one to one ratio of protein and fluorophore is achieved and no cascade enhances signal emission,
making it easier to inhibit the protein interaction. To best mimic the cellular context, recombinant
nucleosomes consisting of a histone octamer, wrapped in the 147 bp Widom sequence were preferred
over the use of histone-mimicking peptides. Interestingly, an extension of 20 bp to the DNA Widom
sequence was needed to stabilize the LEDGFpwwpr domain on the nucleosomes to obtain good cryo-EM
structures [186]. Nonetheless, we were able to detect the interaction between the biotinylated
nucleosome and Flag-LEDGF/p75 or Hiss-LEDGFpwwe (Figure 4.14). To further validate the interaction
interface at the LEDGFpwwe domain, we were able to displace Hisg-LEDGFpwwe from the nucleosome by
introducing Flag-LEDGF/p75 (Figure 4.15). This suggested that both Flag-LEDGF/p75 and
Hise-LEDGFpwwer competed for nucleosome binding. Vice versa, Hiss-LEDGFpwwe could displace
Flag-LEDGF/p75 from the nucleosome when present in excess. As these results support the interface
between recombinant nucleosome and LEDGF at the LEDGFpwwp domain, we used the LEDGFpwwe
W21A, F44A mutant that was described to have a reduced affinity for nucleosome binding [183]. In
line with our hypothesis, the competition by the Hisg-LEDGFpwwe w21, Fasa mutant was less pronounced
(Figure 4.15). Of note, the direct interaction of Flag-LEDGF/p75 wild type or W21A, F44A mutant was
not strikingly different (Figure 4.15B), possibly because not only the PWWP domain, but also the
following CR1 and AT hook motifs are important for DNA binding [189], [190], [192]. As reported in
literature [184], [185], we were able to detect the interaction between Hise-LEDGFpwwp and both di-
and trimethylated nucleosomes. To a lesser extent, we observe an interaction between non and

monomethylated nucleosomes and Hisg-LEDGFewwe (Figure 4.16).

In TR-FRET, the interaction between biotinylated nucleosome and Flag-LEDGF/p75 could be observed,
however we were not able to detect any interaction with the Hiss-LEDGFpwwe protein (Figure 4.18). This
is likely due to the combination of the earlier explained assay technologies and the lack of CR1 and AT
hook motifs that follow the PWWP domain and are important for DNA binding. However, the
importance of the LEDGFpwwr domain was shown by a decrease in TR-FRET signal when the W21A,
F44A mutant was compared to a wild type protein. This specificity of the interaction was further
confirmed by out competition with Hise-LEDGF/p52, the shorter isoform of LEDGF/p75 which
encompasses an identical PWWP domain. Of interest, also here the interaction of Flag-LEDGF/p75
could be observed with all methylation states of H3K36. The decrease in signal in correspondence with
the level of methylation suggests that LEDGF/p75 binds best to trimethylated nucleosomes and that
the interaction with non-methylated nucleosomes is less strong. Comparing these results to the W21A,
FA4A mutant protein a similar pattern could be observed. Additionally, the ratio between wild type

and mutant protein for their binding to biotinylated nucleosome decreases with a lower methylation
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state, supporting the importance of both residues in the PWWP pocket for binding to the methyl

groups of lysine 36 (Figure 4.18).

5.6. Discovery of small ligands targeting LEDGFpwwp to treat MLL-r leukemia

To obtain small molecules that inhibit the interaction between nucleosome and LEDGF/p75-bound
MLL-FP we followed a crystallography-based drug discovery strategy using crystals of the HRP-2pwwe
domain. This structural information on fragment binding is a very powerful and essential tool during
drug design and development. However, the biological relevance of soaking these fragments in the
presence of HRP-2pwwp crystals in arguable. Unfortunately, when crystallizing LEDGFpwwe, the PWWP
pocket is occupied by an adjacent PWWP molecule, blocking the residues important for nucleosome
interaction (data not shown). The HRP-2pwwe domain, with its 94% sequence homology (Figure 4.21B)
and highly related structure (Figure 1.9 and Figure 1.11), is the closest related PWWP domain of
LEDGFpwwe. In more detail, both PWWP pockets of LEDGF and HRP-2 show an identical fold, which is
the rationale for using the HRP-2pwwe domain for screening binding of fragments to the PWWP pocket

residues.

The screening was initiated using small, commercially available fragments. We discriminate fragments
from compounds on basis of their molecular weight (<300 Dalton). In a parallel approach, a medium
throughput screen of 600 fragments was performed at the X-chem facility in Oxford, providing 64
additional hits. Based on these primary hits, commercially available new fragments and larger de novo
synthesized molecules were analyzed. To compensate for the limits of crystallography and the lack of
LEDGFpwwe structures, fragment hits were tested and validated against LEDGFpwwe in NMR and

molecular interaction assays in vitro.

Here, we reported on six hits of the in-house fragment screen (Figure 4.22). At first, the fragments
were tested for their binding to either the Hise-LEDGFpwwe or the HRP-2pwwe domain in the DSF assay
(Figure 4.23). Interestingly, the same two fragments induced the most pronounced shift in melting
temperature for both domains, in a concentration dependent manner. However, it should be noted
that both the LEDGFpwwe and HRP-2pwwpe domain present with a different intrinsic melting temperature
(43.0 and 56.6°C, respectively, Figure 4.13). It should be investigated whether this difference depends
on the presence of the 6x histidine tag N-terminally of LEDGFewwe Or salt concentrations. Despite the
high sequence similarity and apparent similar PWWP domain fold, both proteins seem to differ in
thermostability. Additionally, fragment B showed moderate temperature shifts for the Hise-LEDGFpwwe
domain but not for HRP-2pwwe domain, although the fragment was a binder in crystallography. This

highlights the importance of screening fragments not only with the HRP-2pwwe domain, but also
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LEDGFpwwe in a parallel approach. DSF does not provide any information on the interface where
fragments are binding. To investigate whether they are interfering with the LEDGFpwwe interaction
activity, the fragments were tested for their potency to inhibit the interaction between LEDGF/p75 and
nucleosomes in the optimized interaction assays. Results indicate a modest inhibition for the same two
fragments y and g, but due to a high variability between AlphaScreen repeats, interpretation of the
assay is difficult. The compounds may contain too limited potency to inhibit multiple interactions that
arise from the avidity of AlphaScreen beads. In TR-FRET, the fragment inhibition is less pronounced,
but due to a much lower variability more reliable. We aim to design a labelled fragment to facilitate
screening of newly designed fragments for their binding to the LEDGF/p75 or LEDGFpwwe proteins by

out-competition with the labelled fragment.

Results of DSF, AlphaScreen and TR-FRET (Table 4.2) support fragment C as the most potent fragment
at this moment. Although these inhibitory effects are small and at not biological relevant
concentrations, the fact that we measure activity for such small fragments, divided over different
scaffolds is promising for the continuation of the project where we aim to grow potent fragments into
compounds with low nanomolar activity. To obtain this, our assay results will be compared to the
obtained Kq values by NMR and available crystal structures from soaking. Correlating the results from
different groups will enforce the developmental process and will help to exclude fragments that
interfere with an assay rather than induce an inhibitory effect (false positives). So far, the fragments
were not tested in nanoBRET and available cellular assays such as MTT and CFU because of their limited

potency.

5.7. The challenge to avoid toxicity and obtain LEDGFpwwe specific activity

Drug discovery and development can be very challenging and only a limited number of compounds
reach the market for a clinical application. One of the major hurdles in drug development is toxicity.
As LEDGF is a ubiquitously expressed protein and involved in many cellular processes such as
transcription elongation and DNA damage repair, control experiments and awareness during our drug
discovery project are of great importance. In fact, a systemic LEDGF KO mouse is not viable, suggesting
that LEDGF is important for the prenatal development [206], [287]. In contrast, the absence of LEDGF
in the hematopoietic system from very early on did not affect viability and reproducibility [179].
However, a systemic and inducible mouse model for LEDGF, which would mimic the addition of LEDGF
inhibitors, has not been described so far. On the contrary, our colony forming experiment (Figure 4.11),
as well as previous publications [95], [97] indicate that targeting LEDGF by either overexpression of the
PWWP domain or IBD domain alone, respectively, is sufficient to reduce the number of colonies

formed in KMT2A-rearranged cells specifically. Compounds with cellular activity are needed to further
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address this question. Lead compounds will be tested in primary cells and in vivo mouse models. In
addition, we aim to reduce the risk of toxicity by developing fragments that specifically bind the
LEDGFewwe pocket. However, 26 cellular proteins are described to harbor a PWWP domain and all
proteins are involved in epigenetic reading of methyl-lysine marks. In particular, the HRP-2pwwe domain
shows high sequence similarity to the LEDGFpwwp domain. As discussed previously a toolbox is available
to study fragment specificity for either the HRP-2pwwp or LEDGFpwwe domain, as well as other PWWP
domain proteins. Indeed, we do not limit our focus to the extensively discussed paralog, but investigate
binding of fragments to other PWWP domain proteins as well. Interestingly, from our results in DSF
(Figure 4.13 and Figure 4.24), we noticed different melting characteristics for each PWWP domain and
subsequently different binding patterns for the tested fragments, suggesting that fragments bind
differently to the distinct PWWP domain proteins. The induced temperature shift indicates that the
fragment affects the denaturation of our protein domain. Based on available crystallography data of
HRP-2, it is likely that the fragments bind at the desired HRP-2pwwe pocket-site, but it remains elusive
for other PWWP domain proteins whether binding occurs at this preferred PWWP pocket-site. To
investigate in more detail whether fragment-binding to the other PWWP domain proteins is also
interfering with the epigenetic reading function, we should optimize an interaction assay with the
recombinant protein domain of interest and corresponding post-translationally modified

nucleosomes.

Of note, despite this functional similarity between different PWWP-domain containing proteins, small
differences in the structured domains have been reported. Obtaining specificity might be supported
by a slightly longer sequence between two beta sheets or extra alpha helices at the C-terminal end of
the PWWP domain. Additionally, two other groups have already succeeded in obtaining probes, or
small molecules, that specifically bind one PWWP domain-containing protein. On the one hand,
Bottcher J. et al. developed a NSD3pwwe1 (or WHSC1L1pwwe1) inhibitor with an affinity of 166 nM in
surface plasmon resonance and 445 nM in isothermal titration calorimetry [271]. In cells, the
compound showed cell line-specific activity at 26.8 £ 4.4 uM in Molm-13 cells and 13 £ 2 uM in RN2
cells [271]. By DSF, the authors indicated a clear shift in the melting temperature of NSD3pwwe1 Only,
and not for the closest family member NSD2 and 12 other tested PWWP-domain proteins, neither for
the second PWWP domain present in NSD3 [271]. The compound was not tested against NSD1. Not

much later, very modest inhibitors of the NSD2pwwp1 molecule were reported [268], [269].

Theoretically, preventing the LEDGFpwwp interaction with nucleosomes will not only affect MLL1
tethering to the nucleosomes, but also affect the other previously mentioned IBD interacting proteins
that use LEDGF/p75 as guide to find actively transcribed genes labelled with the H3K36me3 mark.

Some of these cellular proteins are associated with cancer or neurological disorders. Noteworthy, the
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viral protein interacting with LEDGF/p75, HIV-1 integrase, could also be affected by LEDGFpwwe
inhibitors, suggesting our compounds could serve as treatment for HIV-1. In a later stage, the effect of

LEDGFpwwe inhibitors will also be assessed in this context.

In addition, the existing menin inhibitors have shown promising activity not only for MLL-r leukemia,
but are also tested for NPM1-mutated leukemia [296], [297]. Both aggressive leukemias are
characterized by elevated HOX levels and the VTP-50469 directly affects the cofactor MEIS1, which
results in differentiation [296]. Promising in vivo results were also obtained using the SNDX-5613
compound [297], which are currently in clinical trial for both MLL-r and NPM1-mutated leukemia [167].
Whether hampering the LEDGF/p75-mediated tethering of MLL1, by blocking the LEDGFpwwe domain
interactions with chromatin, would be considered a potential therapeutic strategy for NPM1-mutated
leukemia or other leukemias characterized by elevated HoxA9/Meisl levels [298] has to be

investigated.

5.8. Conclusion and further perspectives

Overall, we have concluded that HRP-2 is not essential for MLL-r leukemogenesis, but suggest that
HRP-2 has a more general effect on the growth of leukemic cells. The mechanism by which growth is
inhibited in the absence of HRP-2 was not elucidated. To further investigate, an RNA sequencing
analysis of leukemic cells depleted for HRP-2 in comparison to leukemic wild type cells would be of
interest. To study whether the reduced growth effect upon HRP-2 depletion is specific for leukemic
cells rather than affecting all cancer cells or normal tissue, the different cell lines tested should be
expanded to non-leukemic cancer cells and human primary cells. Nonetheless, we cannot predict at
this moment whether small molecules targeting the LEDGFpwwe domain will affect the HRP-2pwwe

function.

We aim to develop a compound class (i) specifically binding to the LEDGFewwe pocket, (ii) interfering
with the nucleosome interaction so that (iii) the MLL-FP is displaced from its target genes and (iv) MLL-r
leukemic phenotype is impaired. The road to potent, specific compounds is challenging, but the
moderate activity obtained in this thesis with small, primary hits from different structural scaffolds is
promising for further development. First line screening of fragments will be performed in
crystallography and DSF in parallel, a variable set of additional experiments is present in the lab to
further investigate the inhibitory effect of fragments. The iterative process between fragment growth
and activity measurement will reveal the structure-activity relationship to further build fragments into
compounds. Based on the NSD2pwwe1 and NSD3pwwe1 compounds [269], [271], were an in vitro affinity

in the low nanomolar range resulted in cellular activity, our fragments with a similar in vitro activity
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will be tested in cellular context. First, the compound will be tested for their effect on the viability of
the cells and their potency to interfere with the nucleosome-LEDGF/p75 interaction in a nanoBRET
experiment. The gene expression profile of treated cells will be compared to untreated controls and
the effect on leukemic growth will be tested in a colony formation assay. After optimization to a lead
compound, ADME and animal experiments will be performed. Next to the lead optimization, it would
be interesting to use molecules with high affinity for the LEDGFpwwer domain to investigate the
biological functions of LEDGF not only in leukemia, but also in other cancers such as prostate and breast

cancer [221]-[224].
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