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CHAPTER ONE

INTRODUCTION

Over 6 billion nucleotides of DNA are compacted into the nucleus of a cell by
wrapping around nucleosomes composed of a histone octamer. These nucleosomes
are organized into chromatin through the linker histone (H1) and modifications of the N-
terminal tails of histones H2A, H2B, H3 and H4. The enzymes that control the
phosphorylation, acetylation and methylation of the histone tails can drive the
development of cancer when their normal functions are altered via activating or
inactivating mutations, such as mutations in the H3K27 methyltransferase EZH2.
Chromosomal translocations and/or mutations within genes encoding regulators of
chromatin structure are found in many cases of acute myeloid leukemia (AML), and in
other cases these enzymes are recruited to the wrong genomic loci to alter gene
expression by changing the local chromatin structure. The histone demethylase Lysine
Specific Demethylase 1 (LSD1, also known as KDM1A) is crucial for the maintenance of
certain AML subtypes, making it a potential therapeutic target. Drugs targeting LSD1
have entered clinical trials but with limited success, in part due to dose-limiting toxicities.
Though LSD1 inhibitors have been shown to induce differentiation of certain leukemia

subtypes, further studies are needed to inform therapeutic uses for this type of drug.



Overview of Histone Modifications

Post-translational modifications of histones regulate gene expression,
presumably by altering local chromatin structures. Residues on histone tails can be
marked by phosphorylation, acetylation, methylation, or small proteins such as ubiquitin
or SUMOs (small ubiquitin-like modifiers). Chromatin-associated proteins can be divided
into three categories: readers, writers, or erasers (Strahl and Allis, 2000). Reader
proteins contain domains that bind to specific chromatin marks, e.g. bromodomains that
recognize acetylated lysine residues (Jain and Barton, 2017). Writers are enzymes,
such as acetyltransferases or methyltransferases, that place modifications on histone
residues. Eraser proteins, such as deacetylases or demethylases, catalyze the removal

of covalent modifications.

Acetylation

Evidence of post-translational acetylation of histones was first described in 1964
(Allfrey et al., 1964), but the first-discovered histone acetyltransferase (HAT) was not
purified until three decades later (Brownell and Allis, 1995). HATs can be categorized
into five main subfamilies: Hat1, Gen5/PCAF, MYST, p300, CBP, and Rtt109. Each
subfamily uses a distinct mechanism to transfer the acetyl group from acetyl-CoA to the
g-amino group of a histone tail lysine residue (Marmorstein and Zhou, 2014). Residues
that are acetylated include H3 lysines 9, 14, 18, 27, 56 and H4 lysines 5, 8, 13, 16.
Acetylation of a histone tail reduces its overall positive charge, which weakens the

interaction of the histone with negatively-charged DNA and presumably facilitates



binding of transcription factors. Thus, HATs and histone deacetylases (HDACs) are
associated with transcriptional activation and repression, respectively (Mizzen and Allis,
1998). H3K27ac is prominent at active promoters and can be used to distinguish active
enhancers from inactive “poised” enhancers (Creyghton et al., 2010).

The first mammalian HDAC was discovered shortly after HATs were identified
(Taunton et al., 1996). There are four classes of mammalian HDACs: class | (HDACs 1,
2, 3,and 8), class Il (HDACs 4, 5, 6, 7, 9, and 10), class Ill (SIRT1-7), and class IV
(HDAC11). Class | enzymes are ubiquitously expressed, while the others exhibit tissue-
specific expression (Zhao and Shilatifard, 2019). Class I, Il, and IV HDACs use a zinc-
dependent mechanism, while class Ill sirtuins depend on NAD+ as an enzymatic
cofactor (McClure et al., 2018). Though all HDACs were initially thought to deacetylate
lysine resides, catalytic studies found that HDACs 1, 2, 3, and 6 were the only metal-
containing family members to have robust deacetylase activity (Bradner et al., 2010;
McClure et al., 2018).

As HDACs are overexpressed in various types of cancer, targeting their
enzymatic activity is a potential therapeutic strategy (West and Johnstone, 2014).
Vorinostat and romidepsin were the first pan-HDAC inhibitors to reach FDA approval for
the treatment of refractory cutaneous T-cell ymphoma (West and Johnstone, 2014).
More recently, the pan-HDAC inhibitor panobinostat was the first of its kind to be
approved for treatment of relapsed/refractory multiple myeloma (McClure et al., 2018).
Though class I-selective compounds have been developed (Ryan et al., 2005), clinical
trial results have not demonstrated these to be more effective than pan inhibitors. HDAC

inhibitors are likely to be more beneficial when used in combination with other therapies,



as suggested by the synergy between HDAC inhibitors and DNA methyltransferase
inhibitors (Marchi et al., 2015).

Alternatively, aberrant histone acetylation can be addressed by targeting the
bromodomain and extra-terminal (BET) family of proteins, which consists of BRD2,
BRD3, BRD4, and BRDT. The deep acetyl-lysine binding pocket within the BET proteins
can be targeted by small molecules to disrupt the interaction with acetylated histone
tails (Filippakopoulos et al., 2010). As BRD4 regulates expression of MYC (Delmore et
al., 2011), BET inhibition can be used to combat the proliferative and metabolic effects
caused by elevated MYC activity. BET inhibitors have reached clinical trials and have
shown antiproliferative effects in various tumor models, including breast cancer,

hepatocellular carcinoma, and lymphomas (Pervaiz et al., 2018).

Methylation

Methylation of mammalian histone residues was first reported in 1964 (Murray).
Coincident with the discovery of post-translational histone acetylation, Allfrey et al.
showed that methylation of histones occurred after histone synthesis was completed
(Allfrey et al., 1964). The first methyltransferase enzyme to be discovered was the
arginine-specific methyltransferase Coactivator Associated Arginine Methyltransferase 1
(CARM1) (Chen et al., 1999), and the lysine-specific methyltransferase Suppressor of
Variegation 3-9 Homolog 1 (SUV39H1) was discovered shortly after (Rea et al., 2000).
Protein arginine methyltransferases (PRMTs) and protein lysine methyltransferases
(KMTs) include more than 60 proteins, all of which transfer a methyl group from the

cofactor S-adenosylmethionine to the target residue (Helin and Dhanak, 2013).



Transcriptional effects of histone methylation are dependent on the specific
residue being methylated and the number of methyl moieties placed (i.e. mono-, di-, or
tri-methylation). For example, methylation of histone H3 lysine 4 (H3K4) is associated
with active transcription, while methylation of lysine 9 (H3K9) is associated with a
transcriptionally repressed state (Helin and Dhanak, 2013). Methylation sites and their
relation to gene expression are summarized in Fig. 1. Transcriptional outputs of histone
methylation are mediated through the binding of reader proteins, such as
heterochromatin protein HP1, which contains a chromo domain that binds H3K9

methylation to compact chromatin and silence transcription (Bannister et al., 2001).

H3 K79—ap H4
¥ K36
) -9 h 4
0v| ‘&9 (N < | ..|
‘ K4 Rg R17 | K20 R3
R26
R2 Ko7

Figure 1. Diagram of methylation sites on histones H3 and H4. Methylated
residues associated with active transcription are indicated in green, and those
associated with repressed transcription are indicated in red. In the cases of H3R2
and H3R8, both activation and repression have been reported.

The turnover of histone methylation is much slower than the turnover of other
post-translational modifications (Barth and Imhof, 2010). Active demethylation of

histones was not reported until 2004 with the discovery of the enzymatic activity of



LSD1 (discussed in the following section). Histone demethylases can be categorized
into two major families: KDM1 or JmjC-domain (Jumoniji C). The KDM1 family consists
of LSD1 and LSD2, while the JmjC-domain family contains at least 17 members (Zhao
and Shilatifard, 2019). JmjC demethylases use an oxidative mechanism that requires
iron and a-ketoglutarate as cofactors to remove mono-, di-, or tri-methylation (Helin and
Dhanak, 2013).

Aberrant histone methylation is associated with multiple malignancies. The
H3K27 methyltransferase Enhancer of Zeste Homolog 2 (EZH2), the catalytic
component of Polycomb Repressive Complex 2 (PRC2), is a therapeutic target due to
its overexpression and mutation in various cancer types (Helin and Dhanak, 2013). The
H3K4 methyltransferase Mixed Lineage Leukemia 1 (MLL1) is also a therapeutic target.
Chromosomal translocations involving MLL1 are associated with development of acute
leukemia and represent approximately 10 percent of detectable translocations. The
resulting MLL fusion proteins drive leukemogenesis by activating transcription of
developmentally regulated genes (Mohan et al., 2010). Interestingly, deletion of the M1
paralog MII2 reduced viability of MLL-AF9-transformed cells (Chen et al., 2017),
suggesting histone methylation has an important role in disease pathology. The H3K79
methyltransferase Disruptor of Telomeric Silencing-Like (DOT1L) is recruited by MLL
fusion partners, and DOT1L inhibition was lethal in cells with MLL translocation (Daigle

et al., 2011).



Characterization of LSD1

Discovery of LSD1 in corepressor complexes

Prior to the discovery of enzymatic histone demethylation, LSD1 protein was first
identified in an immunoprecipitation of the histone-modifying NURD (nucleosome
remodeling and deacetylase) complex (Tong et al., 1998b). This complex has
deacetylase activity mediated by HDAC1/2 and also contains ATP-dependent helicases
Chromodomain Helicase DNA Binding Protein 3 and 4 (CHD3/4), which remodel
nucleosomes (Wang et al., 2009). The NuRD complex decommissions enhancers
during the differentiation process of embryonic stem cells and can promote or repress
tumorigenesis depending on cellular context (Lai and Wade, 2011; Whyte et al., 2012).
Conditional deletion of Chd4 (also known as Mi-2b) in adult mouse bone marrow
demonstrated that the NuRD complex is critical for maintaining appropriate ratios of
myeloid and lymphoid progenitors to erythroid progenitors (Yoshida et al., 2008).
Hematopoietic lineage-specific transcription factors associated with this complex include
Friend of GATA 1 (FOG1, also known as ZFPM1) and B-cell Lymphoma/Leukemia 11B
(BCL11B) (Hong et al., 2005; Cismasiu et al., 2005).

LSD1 was later discovered in another histone deacetylase complex, termed the
CoREST complex (You et al., 2001; Humphrey et al., 2001). This transcriptional
repressor complex contains HDAC1/2, REST Corepressor 1 (RCOR1), Zinc Finger
Protein (ZNF217), PHD Finger Protein 21A (PHF21A, also known as BHC80), High
Mobility Group 20B (HMG20B, also known as BRAF35) and other components that vary

among cell types (Lee et al., 2005; Macinkovic et al., 2019). Initially, the COREST



complex was found to be required to repress transcription of neuron-specific genes in
non-neural cells (Andres et al., 1999; Qureshi et al., 2010). In a human lung fibroblast
cell line, a variant of the COREST complex containing the histone deacetylase SIRT1
was required to repress Notch target genes (Mulligan et al., 2011). In mouse pituitary
cells, a CoREST complex containing C-terminal Binding Protein 1 (CtBP1) regulated
growth hormone (GH) gene repression (Wang et al., 2007). In hematopoietic cells,
Growth Factor Independent family members GFI1 and GFI1B recruit the COREST

complex to lineage-specific genes (Saleque et al., 2007; Fig. 2).

cAATCHCLLC

Figure 2. Schematic of COREST complex recruited to a GFI1 binding site.



Enzymatic activity of LSD1

Histone demethylase enzymatic activity was initially observed and partially
purified from rat kidney homogenate (Paik and Kim, 1973). Previously, histone
methylation had been assumed to be removed via passive mechanisms, such as a
modified histone being replaced by an unmodified histone during replication (Bannister
et al., 2002). LSD1 (formerly known as KIAA0601) was suspected to have histone
demethylase activity because of its homology to amine oxidases (Humphrey et al.,
2001). Indeed, LSD1 catalyzed the removal of mono- or di-methylation from histone H3
lysine 4 (H3K4me1/2) via an oxidation reaction that generated formaldehyde (Shi et al.,
2004). The N-methyl group of the lysine was oxidized by the cofactor FAD (flavin
adenine dinucleotide) to an imine intermediate that was hydrolyzed (Forneris et al.,
2006). This mechanism relies on a lone electron pair on the lysine nitrogen atom, which
means that it cannot use trimethylated lysine as a substrate (Forneris et al., 2005;
Hodjfeldt et al., 2013).

Although Shi et al. did not detect any enzymatic activity of LSD1 on histone H3
lysine 9 methylation, other groups (Metzger et al., 2005; Ray et al., 2014; Laurent et al.,
2015; Carnessechi et al., 2017) have reported that LSD1 demethylated this residue,
suggesting a context-dependent role for the enzyme. Of note, LSD1-mediated
demethylation of H3K9 was discovered in a study of the interaction of LSD1 with
androgen receptor (AR), in which case removal of the repressive H3K9me2 mark is
consistent with the function of AR to induce transcription of its target genes (Metzger et

al., 2005). LSD1 has also been shown to demethylate lysine residues of non-histone



proteins including p53, DNA Methyltransferase 1 (DNMT1), and E2F1 (Huang et al.,

2007; Wang et al., 2009; Kontaki et al., 2010).

Protein structure

The enzymatic amine oxidase-like (AOL) domain of LSD1 folds into two parts: a
substrate-binding subdomain and an FAD-binding subdomain. These two subdomains
form a large catalytic cavity with highly negative electrostatic potential (Chen et al.,
2006). A conserved lysine residue (K661) within the catalytic pocket is essential for
demethylase activity (Lee et al., 2005). The crystal structure of LSD1 confirmed
hydrogen-bonding interactions mediated by a water molecule between this residue and
FAD (Chen et al., 2006). Interestingly, a splice variant of LSD1 containing 4 additional
amino acids within the AOL domain exists only in neurons and has been independently
reported to have demethylase activity on H3K9 (Laurent et al., 2015) and H4K20 (Wang
et al.,, 2015).

In addition to the AOL domain, LSD1 contains two additional conserved domains:
the SWIRM (SWI3, RSC8, and Moira) domain and the Tower domain (Fig. 3). The N-
terminal 171 residues are unstructured and dispensable for demethylase activity (Chen
et al., 2006). The SWIRM domain is an evolutionarily conserved domain that is specific
to chromatin-associated proteins (Tochio et al., 2006). SWIRM domains from S
cerevisiae Rsc8 and Swi3 bind mononucleosomes and are essential for assembly of
chromatin-modifying complexes (Da et al., 2006). Thus, the SWIRM domain of LSD1 is
presumed to mediate protein-protein interactions with components of transcriptional

repressor complexes.
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Figure 3. Schematic representation of human LSD1 domains. Diagram
highlights conserved domains: SWIRM (SWI3, RSC8, and Moira) in blue, AOL
(amine oxidase-like) in green, Tower in yellow. Asterisk indicates lysine residue
essential for enzymatic activity. Unstructured regions are shown in grey.

The Tower domain of LSD1 consists of a pair of long helices inserted within the
AOL domain (Chen et al., 2006). The presence of this domain distinguishes LSD1 from
its most similar homolog LSD2 (KDM1B). The Tower domain makes extensive
interactions with the SANT2 (SWI3, ADA2, NCoR, and TFIlIB) domain of RCOR1 of the
CoREST complex (Yang et al., 2006). Though LSD1 alone can demethylate histone
H3K4 peptides in vitro, its association with COREST is necessary for it to demethylate
nucleosomes (Lee et al., 2005). Mutations within the RCOR1 SANT2 domain limited the
enzymatic activity of LSD1 (Yang et al., 2006). As part of the NuURD complex, the Tower
domain of LSD1 interacts with the SANT domains of Metastasis Associated 1/2/3

(MTA1/2/3) (Wang et al., 2009).
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LSD1 as a Therapeutic Target

LSD1 plays a role in determining cell identity, and its dysregulation can drive
human disease. Though mutations within KDM1A are uncommon, LSD1 is
overexpressed in several types of malignancies, including breast, lung, kidney, and
colorectal tumors (Hayami et al., 2011; Fig. 4). In many cases, high LSD1 expression
marks poorly differentiated tumors and is correlated to poor prognosis (Karakaidos et
al., 2019). Within the hematopoietic system, LSD1 acts as a key regulator of lineage-

defining genes, making it an interesting target for the treatment of AML.
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Figure 4. LSD1 expression in normal vs malignant tissues. Boxplots show
log, expression values of LSD1 expression in types of cancer (red) or normal
tissue (blue) as measured by Affymetrix U133A microarray platform in the GENT2
database.
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Overview of AML

AML is a heterogeneous disease characterized by accumulation of incompletely
differentiated hematopoietic progenitor cells in the bone marrow. These cells (known as
blasts) crowd out normal hematopoietic progenitor cells in the marrow and can enter the
circulation and cause anemia and impair immunity to increase the propensity to
infection. Around a quarter of AML cases evolve from myelodysplastic syndrome (MDS)
or myeloproliferative neoplasms (MPN). Therapy-related AMLs, found in patients
treated with radiation or cytotoxic therapy for solid tumors, make up 5-10 percent of
cases (Ossenkoppele and Montesinos, 2019). AMLs can be classified into subtypes
based on the stage of differentiation at which they have been blocked. Around half of
new AML diagnoses have readily detectable cytogenetic abnormalities, and karyotype is
the most prominent prognostic factor (Mould et al., 2015). In general, AML has a lower
mutational burden than most other malignancies. Recurrent point mutations and
chromosomal translocations often affect genes encoding proteins that regulate the
conformation of chromatin or are involved in DNA methylation or modification of histone
tails (Gambacorta et al., 2019).

Overall survival rates for AML are largely dependent on age; patients under 60
have a 30-40 percent survival rate at 5 years post-diagnosis, but for patients over 60,
this rate is under 20 percent (Mould et al., 2015). For decades, the standard treatment
for newly diagnosed AML has been 1-2 cycles of “induction” chemotherapy using an
anthracycline (e.g. daunorubicin) combined with cytarabine (Mould et al., 2015). For
most patients, this is followed by further rounds of “consolidation” chemotherapy. In

cases deemed to have high risk of relapse, allogeneic hematopoietic cell transplantation
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(HCT) can be used after achieving remission with chemotherapy (Kassim and Savani,
2017). Though HCT can be curative, it is unsuitable for many patients due to their
comorbidities and the risks associated with transplant.

The pyrimidine analogs decitabine (DAC) and azacitidine (AZA) are now being
used to treat elderly patients who are unfit for standard chemotherapy. These drugs
were developed in the 1960s as cytostatic agents but were discovered to inhibit DNA
methylation in 1980 (Jones and Taylor). At low concentrations, the incorporation of DAC
or AZA into DNA inhibits DNA methyltransferases (DNMTSs), but high concentrations of
these compounds are cytotoxic without affecting DNMT activity (Pleyer and Greil, 2015).
DAC is incorporated only into DNA, while AZA is mostly incorporated into RNA (~85%)
instead of DNA (~15%). Thus, both drugs can de-repress genes that have been
aberrantly silenced by DNA methylation, but AZA can also inhibit protein synthesis
(Pleyer and Greil, 2015). Despite this difference, meta-analyses of clinical data have
shown similar outcomes for patients treated with either drug, with median overall
survival comparable to that achieved by more intensive therapies (Gardin and Dombret,
2017).

More recent advancements for treating AML include other therapies targeted
toward epigenetic deregulation. HDAC genes are not mutated in AML, but HDAC
proteins are recruited by oncogenic fusion proteins, such as AML1-ETO (Amann et al.,
2001), to repress target genes. Preclinical studies have shown accumulation of
acetylated histones and apoptosis in AML cells treated with HDAC inhibitors (San Jose-
Eneriz et al., 2019). Pan-HDAC inhibitors, such as vorinostat and panobinostat, have

shown little efficacy as monotherapies but are potentially useful in combination with
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other drugs. Targeting the readers of histone acetylation is also a promising therapeutic
strategy. BET inhibition reduced the proportion of stem-like cells in AML patient-derived
xenografts, though the effect varied among samples with different mutational
backgrounds (Masse et al., 2019).

Other recent therapeutic developments include inhibitors of histone
methyltransferases. The DOT1L inhibitors pinometostat and EPZ-5676 have entered
clinical trials. Pinometostat showed modest efficacy as a single agent and is now being
tested in combination with AZA or standard chemotherapy (Stein et al., 2018). Other
compounds in preclinical studies include PRMT inhibitor MS023 (He et al., 2019),
EZH1/2 dual inhibitor OR-S1 (Fuijita et al., 2017), and Menin:MLL interaction inhibitor
VTP50469 (Krivtsov et al., 2019).

Personalized medicine is also becoming incorporated into AML treatment
strategies, as several common mutations can be targeted by small molecules. Inhibitors
specific to mutant forms of Isocitrate Dehydrogenase 1 and 2 (IDH1 and IDH2), which
play a role in the DNA demethylation process, are now available (Stein et al., 2017;
DiNardo et al., 2018). Leukemias with mutations in Fms Related Receptor Tyrosine
Kinase 3 (FLT3) can be treated with FLT3 inhibitors midostaurin or gilteritinib (Stone et
al., 2017). Drugs recently approved by the FDA for treatment of AML are summarized in

Table 1.
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. N Clinical Trial
Drug Mechanism Indication Ref #
- Relapsed/ refractory
Enasidenib '“h'b't‘l’BOHfzm”ta”t AML with IDH2 NCT01915498
mutation
Anti-CD33 Newly diagnosed or
Gemtuzumab antibody relapsed refractory
- . CD33-positive AML; NCT00927498
ozogamicin conjugated to the : L .
toxin calicheamicin in combination with
oxXin calicheamic chemotherapy
Relapsed/ refractory
Gilteritinib Inhibitor of FLT3 AML with FLT3 NCT02421939
mutation
o or S0 | e dsgrosed
Glasdegib (Hedgehog " NCT01546038
athway) with low-dose
P y cytarabine
- Newly diagnosed
Ivosidenib '“h'b't?BOHf1m“ta”t AML with IDH1 NCT02074839
mutation
Newly diagnosed
AML with FLT3
Midostaurin Inhibitor of FLT3 mutation; in NCT00651261
combination with
chemotherapy
Newly diagnosed
. o o NCT02203773
Venetoclax Inhibitor of BCL-2 AML, in combination NCT02287233
with chemotherapy

Table 1. Therapies for AML recently approved by FDA.

LSD1 in AML

LSD1 gained interest as a potential therapeutic target in AML due to the frequent
deregulation of histone methylation and high expression of LSD1 in AML cells. Adamo
et al. (2011) showed that LSD1 is highly expressed in human embryonic stem cells
(ESCs) and downregulated during differentiation, suggesting it could be involved in
maintaining pluripotency. Whyte et al. (2012) described a role for LSD1 within the
differentiation process of mouse ESCs; as part of the NuRD complex, it removed

H3K4me1 to silence enhancers that control expression of key ESC genes. Consistent
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with these findings, expression of LSD1 within MLL-rearranged murine leukemias was
highly correlated to the colony-forming cell frequency (a proxy for leukemia stem cell
potential) of the leukemia. Inhibition or knockdown of LSD1 reduced the clonogenic
potential and expression of MLL-AF9 target genes in this leukemia model (Harris et al.,
2012).

LSD1 is especially appealing as a therapeutic target due to its potential to induce
differentiation of leukemia cells. Currently, all-trans retinoic acid (ATRA) is used to treat
acute promyelocytic leukemia (APL), a subtype of AML driven by the PML-RARA fusion
protein, by causing leukemic blasts to differentiate. In non-APL cell lines that were
insensitive to ATRA alone, knockdown or inhibition of LSD1 in combination with ATRA
treatment induced differentiation (Schenk et al., 2012). LSD1 inhibition limited
proliferation and increased cell surface expression of myeloid lineage markers CD11b

and CD86 in MLL-rearranged AML cell lines (Fang et al., 2017; Feng et al., 2016).

LSD1 in hematopoiesis

LSD1 is a critical regulator of embryonic and adult hematopoiesis. In mice,
deletion of Kdm1a is lethal at embryonic day 7.5 (Wang et al., 2007). Kerenyi et al.
(2013) created a hematopoietic-specific Kdm1a knockout mouse model using a Vav-Cre
system to delete the gene by embryonic day 9. Kdm1a™-VavCre mice had a 30-fold
reduction in the frequency of Lineage- Sca1+ cKit+ (LSK) cells in their bone marrow and
died neonatally of severe anemia. Mx7-Cre-mediated conditional deletion of Kdm7a in
adult mice caused fatal anemia within 10 days. These mice had accumulated a

population of immature granulocytes but had almost no mature granulocytes within their
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bone marrow (Kerenyi et al., 2013). Additionally, Kerenyi et al. showed that LSD1 is
essential for HSC self-renewal, as Kdm1a™ Mx1Cre hematopoietic stem and progenitor
cells (HSPCs) were undetectable 12 weeks post-deletion after a competitive bone
marrow transplant.

LSD1 has unique roles at different stages of hematopoietic differentiation. In
zebrafish hemangioblasts, which have the capacity to differentiate toward endothelial or
hematopoietic lineages, LSD1 suppresses expression of the endothelial factor ETS
variant transcription factor 2 (Etv2) to shift the cells toward hematopoietic differentiation
(Takeuchi et al., 2015). In undifferentiated progenitor cells, LSD1 was in complex with
GATAZ2 to repress transcription of GATA1, but in cells differentiating toward the
erythroid lineage it forms a complex with TAL1 to repress transcription of GATA2 (Hu et
al., 2009; Guo et al., 2016). The transcription factor GFI1B recruits LSD1 to repress its
target genes in megakaryocyte progenitors (Saleque et al., 2007). Inducible knockdown
of LSD1 within mouse bone marrow caused enhanced monopoiesis and reduced
granulopoiesis, suggesting LSD1 was required to regulate cell fate decisions between

the granulocytic and monocytic lineages (Sprussel et al., 2012).

Inhibitors of LSD1

Within the past decade, several small molecule inhibitors of LSD1 have been
developed, though clinical trials utilizing these compounds have had mixed success
(Magliulo et al., 2018). The majority of LSD1 inhibitors described thus far are based on
the structure of tranylcypromine (TCP), a nonselective monoamine oxidase inhibitor

used to treat depression. Based on the sequence homology between LSD1 and the
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monoamine oxidases MAOA/B, inhibitors of MAO enzymatic activity were tested against
LSD1 demethylase activity, and TCP was found to be the most potent with an 1Cso of <2
uM (Lee et al., 2006). In vitro assays with purified nucleosomes confirmed that TCP
inhibited the demethylase activity, but not the deacetylase activity of
immunoprecipitated COREST complex (Lee et al., 2006). Yang et al. (2007) determined
the crystal structure of LSD1:CoREST with TCP and found that TCP forms a covalent
FAD adduct that is distinct from the adduct formed with TCP and MAOB. The adduct
does not have extensive interactions with active site residues of LSD1, implying that it
could be used as a scaffold to design more potent inhibitors (Yang et al., 2007).

ORY-1001 is a potent and selective LSD1 inhibitor that was developed using
TCP as a chemical starting point. It is highly selective for LSD1 over MAOA/B and has
an ICso of 18 nM (Maes et al., 2018). In a phase | clinical trial, ORY-1001 promoted
blast differentiation in blood or bone marrow of patients with acute erythroleukemia or
MLL-rearranged AML (Pandey and Wang, 2019). GSK2879552, another TCP-based
compound, showed synergy with ATRA to slow growth and increase markers of
differentiation in multiple AML cell lines (Smitheman et al., 2019). However, clinical trials
studying GSK2879552 in the context of MDS, AML, and small cell lung carcinoma
(SCLC) were terminated due to unfavorable risk-benefit ratio.

LSD1 inhibitors have also been tested in other blood disorders, such as MPN or
sickle cell disease (SCD), as well as solid tumors. Table 2 lists current clinical trials
involving LSD1 inhibitors. In a mouse model of SCD, the LSD1 inhibitor RN-1 increased
fetal hemoglobin levels and reduced disease symptoms (Cui et al., 2015). Another

LSD1 inhibitor, IMG-7289, is in early phase clinical trials for MPN. In a mouse model,
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IMG-7289 improved several key features of the disease, such as erythrocytosis and
hepatosplenomegaly (Jutzi et al., 2018). Thus far only one non-TCP-derived LSD1
inhibitor, SP-2577, has reached clinical development. SP-2577 is a reversible and
noncompetitive inhibitor that impaired tumor growth in a xenograft model of Ewing

sarcoma (Reed et al., 2019).

. Clinical Trial
Drug Condition(s) Phase Ref #
TCP
(with ATRA) AML/MDS 1 NCT02273102
Tep AML excluding APL 112 NCT02717884
(with ATRA) 9
IMG-7289 Essential Thrombocythemia 2 NCT04081220
IMG-7289 Myelofibrosis 2b NCT03136185
SP-2577 Ewing Sarcoma 1 NCT03600649
SP-2577 Advanced solid tumors 1 NCT03895684
INCB059872 Ewing Sarcoma 1 NCT03514407
INCB059872
(with Advanced solid tumors 112 NCT02959437
pembrolizumab
& epacadostat)
INCB059872
(with AZA &
ATRAin AML; Advanced malignances 12 NCT02712905
with nivolumab
in SCLC)

Table 2. Ongoing clinical trials involving LSD1 inhibitors.

Aside from inhibiting the catalytic activity of the enzyme, compounds that target
LSD1 can disrupt its interaction with the transcription factors GFI1/1B. T-3775440 is a
TCP derivative that disrupted the interaction of LSD1 with GFI1B and induced

transdifferentiation of erythroid and megakaryocytic cells toward a granulomonocytic-
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like lineage (Ishikawa et al., 2017). Likewise, the LSD1 inhibitor NCD38, which activated
enhancers involved in myeloid differentiation (Sugino et al., 2017), was later shown to
disrupt the LSD1:GFI1B interaction in erythroleukemia cells (Yamamoto et al., 2018).
The LSD1 inhibitor OG86 disrupted the interaction of LSD1 with GFI1 in AML cells and
induced differentiation by de-repressing GFI1:CoREST targets (Maiques-Diaz et al.,

2018).

Roles of GFI1 and GFI1B

Discovery as transcriptional repressors

Gfi1 was discovered in a screen of provirus insertions that mediated IL-2-
independent growth of Moloney murine leukemia virus-induced rat T cell ymphomas
(Gilks et al., 1993). Zweidler-Mckay et al. (1996) showed that GFI1 functioned as a
transcriptional repressor in chloramphenicol acetyltransferase reporter assays. Gfi1b
was discovered based on its homology to Gfi1. Interestingly, Gfi1b was also found to be
a target of provirus integration by Moloney murine leukemia virus (Tong et al., 1998a).
GFI1 and GFI1B autoregulate and trans-regulate the expression of one another (Doan
et al., 2004). The GFI proteins repress transcription by recruiting chromatin modifying
complexes to target genes. Both proteins interact with histone methyltransferases G9A
and SUV39H1 as well as histone deacetylases HDACs 1-3 and the corepressor Eight
Twenty-One (ETO, also known as RUNX1T1) (McGhee et al., 2003; Moroy et al., 2015).
Saleque et al. (2007) found that GFI1 and GFI1B recruit the CoREST complex via a

direct interaction with LSD1.
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Structure

GFI1 and GFI1B are zinc finger transcription factors that have nearly identical N-
and C-termini, but their central domains differ and are not well conserved between
species (Moroy et al., 2015). The C-terminal domains contain six CoHo-type zinc fingers
(Fig. 5). Only zinc fingers 3-5 are necessary for sequence-specific DNA binding
(Zweidler-Mckay et al., 1996). The two proteins share a consensus DNA-binding motif
that includes a core sequence of AATC (Zweidler-Mckay et al., 1996).

GFI1 and GFI1B also contain a conserved 20-residue N-terminal domain, the
SNAIL/GFI1 (SNAG) domain, which contains a nuclear localization signal (Grimes et al.,
1996; Fig. 5). The SNAG domain is essential for the interaction of GFI11/1B with LSD1
(Saleque et al., 2007). The SNAG domain of the transcription factor SNAIL also binds to
LSD1 (Lin et al., 2010). SNAG domains interact with LSD1 in a manner that mimics
interaction with a histone tail (Baron et al., 2011). Lysine-8 within the SNAG domain is
methylated by SET and MYND Domain Containing 2 (SMYDZ2), and this methylation is
critical for recruitment of LSD1 (Velinder et al., 2016). Mutations within the SNAG
domain of Gfi1 mimic genetic deletion of Gfi1 (Fiolka et al., 2006). Apart from LSD1,
there is no other known protein that associates with the SNAG domain of GFI1/1B
(Moroy et al., 2015), suggesting that LSD1 is essential for GFI1 and GFI1B to repress

transcription.
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SNAG C,H, zinc fingers

1 21 255 L 1 42
DNA binding

SNAG C,H; zinc fingers

DNA binding

Figure 5. Schematic representation of protein domains of human GFI1 and
GFI1B. Diagram highlights conserved domains of each protein: SNAG
(SNAIL/GFI1) domain in purple, C,H,-type zinc fingers in red. Zinc fingers 3-5,
which mediate DNA binding, are indicated by brackets. Middle regions shown in
grey differ between the two proteins and are not well-characterized.

Roles in hematopoiesis

GFI1 and GFI1B are both crucial factors in embryonic and adult hematopoiesis.
Given the sequence similarity between the functional domains of the two proteins,
overlapping roles were expected. Though both are expressed in hematopoietic
progenitor cells, GFI1 and GFI1B have unique expression patterns in more
differentiated cells. Replacement of the Gfi1 gene with the coding sequence of Gfi1b
only partially rescued hematopoiesis, suggesting the non-conserved domains may have

separate functions (Fiolka et al., 2006).

GFI1
GFI1 regulates development of various hematopoietic lineages. Like LSD1, GFI1

was also suggested to be a determinant of the neutrophil vs macrophage cell fate
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decision. Gfi1-knockout mice had severe neutropenia and accumulation of immature
monocytic cells in their bone marrow (Karsunky et al., 2002). Myeloid precursor cells
from these mice could be stimulated to differentiate into macrophages but not
granulocytes in vitro. Later studies showed that GFI1 counteracted the transcriptional
program mediated by Early Growth Response 1/2 (EGR1/2), which regulate
macrophage cell fate (Laslo et al., 2006). Gfi1 knockout also caused defective
maturation of dendritic cells and increased their cytokine production (Rathinam et al.,
2005).

An early study of GFI1 expression, in which the Gfi1 coding region was replaced
by a gene encoding green fluorescent protein (GFP), found that it was highly expressed
in early B cells and differentially expressed at various stages of T cell development
(Yucel et al., 2004). Later studies showed that GFI1-mediated repression of Inhibitor of
DNA Binding 2 (ID2) expression was necessary for B cell and myeloid development (Li
et al., 2010). T cell-specific deletion of Gfi1 expanded the population of regulatory T
cells, implying that GFI1 is needed to negatively regulate factors that promote
development of this T cell subset (Shi et al., 2013). In addition, GFI1 modulated the
immune response by repressing the T helper type | transcriptional program, favoring
development of other T helper subsets (Suzuki et al., 2016).

GFI1 expression is also required within the hematopoietic stem cell (HSC)
compartment. Flow cytometry analysis of bone marrow from Gfi1¢FP* mice showed that
GFI1 was highly expressed in the LSK (Lin- Sca-1+ c-Kit+) population, which contains
HSCs and multipotent progenitor cells (Zeng et al., 2004). It was also detected in

common lymphoid progenitors (CLP) and granulocyte/monocyte progenitors (GMP) but
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not in common myeloid progenitor cells (CMP) or megakaryocyte/erythroid progenitor
cells (MEP). Two independent studies (Hock et al., 2004; Zeng et al., 2004) discovered
that LSKs from Gfi17 mice were extremely impaired in their ability to reconstitute
hematopoiesis in competitive bone marrow transplants. Additionally, bromodeoxyuridine
(BrdU) incorporation experiments demonstrated that Gfi1~- LSKs were more proliferative
than wild-type cells, implying the HSC defect was due to excessive cycling.

Mutations in the C-terminal domain of GFI1 cause severe congenital neutropenia
in humans (Person et al., 2003). Among AML patients with normal karyotype, high GFI1
expression is associated with poor prognosis and is often accompanied by high FLT3
expression (Volpe et al., 2017). A variant allele of GFI1 (found in less than 5 percent of
the population) confers a 1.6-fold increased risk to develop AML (Khandanpour et al.,
2010b). This variation, which places an asparagine in place of the more common serine
at position 36, accelerated development of KRAS-driven myeloproliferative disorder
(Khandanpour et al., 2012). In a study of MDS patients treated with hypomethylating
agents, GFI13N was an adverse prognostic factor for overall survival (Botezatu et al.,
2016).

GFI1B

Analysis of a mouse strain with GFP inserted into the Gfi1b locus showed that
the expression pattern of GFI1B mostly differs from that of GFI1 (Vassen et al., 2007).
GFI1B is expressed in MEPs, megakaryocytes, erythrocytes, and early stage
lymphocytes. Heterozygous Gfi1b*- mice had no obvious defects, but knockout of Gfi1b
was lethal by embryonic day 15 due to defective erythropoiesis (Saleque et al., 2002).

Megakaryocyte development in Gfi1b”- embryos appeared to be defective as well, given
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the lack of mature megakaryocytes in fetal livers (Saleque et al., 2002). Conditional
deletion of Gfi1b in bone marrow of adult mice caused severe decreases in hemoglobin
levels and platelet counts and was lethal within 3 weeks. Interestingly, the deletion
disrupted erythropoiesis at a very early stage, while megakaryopoiesis was not arrested
until after polyploidization at the promegakaryocyte stage (Foudi et al., 2014).

In contrast to Gfi1 expression, Gfi1b is most highly expressed in the HSC subset
(LSK CD150+ CD48-) and downregulated upon differentiation to MPP subsets (LSK
CD48+). Conditional deletion of Gfi1b in murine hematopoietic cells caused over 30-fold
expansion of HSCs in bone marrow and peripheral blood (Khandanpour et al., 2010a).
These Gfi1b”- HSCs showed increased proliferation, but their pluripotency and self-
renewal capacity were comparable to wild-type cells. After additional deletion of Gfi1
within Gfi1b”- murine hematopoietic system, HSCs could not be detected, indicating that
at least one GFI family member is essential for generation of HSCs (Khandanpour et al.,
2010a).

Mutations within GFI/1B have been reported in patients with platelet disorders
(Moroy et al., 2015). As is the case with GF/1 mutations, most of these disease-
associated variants are within the zinc finger domain. Stevenson et al. (2013)
discovered a frameshift mutation within the DNA-binding domain of GF/1B in family
members with an autosomal dominant bleeding disorder. Similarly, Monteferrario et al.
(2014) found a nonsense mutation within the gene that caused autosomal dominant
gray platelet syndrome. Only one case of AML with a somatic mutation in GF/1B has
been reported (Anguita et al., 2016). In functional assays, the mutant protein GFI11BP22N

antagonized the transcriptional repression mediated by wild-type GFI1B.
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Scope of the Dissertation

Given the prevalence of epigenetic dysregulation in cancer, drugs that target
chromatin-modifying enzymes are now being developed as therapeutic agents. One
example of this is the inhibition of histone demethylase LSD1 for the treatment of
hematological malignancies. In my dissertation work, | focused on understanding the
molecular mechanism of action by which inhibition of LSD1 controls gene expression to
trigger the differentiation of AML cells and normal myeloid progenitor cells in vivo. This
dissertation will describe the action of INCB059872, a potent and selective inhibitor that
also disrupts the LSD1:GFI1 interaction. The majority of data in Chapters Ill and IV has
been published in Gene (Johnston et al., 2020). Chapter Ill provides genomic analyses
of the differentiation-related effects of INCB059872 in AML cells. Chapter IV examines
the in vivo effects of INCB059872 on hematopoietic progenitor populations. Chapter V
provides an overview of the results and consideration of future clinical uses of LSD1

inhibitors.
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CHAPTER TWO

MATERIALS AND METHODS

Cell Culture and in vitro Experiments

Cell lines and culture conditions

MV-4-11 cells (ATCC, CRL-9591) were cultured in IMDM (Gibco, cat# 12440046)
containing 10% FetalPlex (Gemini, cat# 100-602), 100 U/mL penicillin and 100 pug/mL
streptomycin (Corning, cat# 30002Cl). THP-1 cells (ATCC, TIB-202) were cultured in
RPMI (Corning, cat# 15040CV) containing 10% FetalPlex, 2 mM L-glutamine (Corning,
cat# 25005Cl), 100 U/mL penicillin, 100 ug/mL streptomycin, and 50 uM 2-
mercaptoethanol (Gibco, cat# 31350010). 293T cells (ATCC, CRL-3216) were cultured
in DMEM (Corning, cat# 10013CM) containing 10% FetalPlex, 100 U/mL penicillin, and
100 pg/mL streptomycin. S2 cells (provided by Dr. Emily Hodges'’s lab) were cultured in

Schneider’s Drosophila Medium (Gibco, cat# 21720024) containing 10% FetalPlex.

Patient bone marrow and culture conditions

A primary patient sample was provided by the Vanderbilt-lIngram Cancer Center
Hematopoietic Malignancies Repository and in accordance with the tenets of the
Declaration of Helsinki and approved by the Vanderbilt University Medical Center
Institutional Review Board. Cells were cultured in IMDM containing 10% Stasis Stem

Cell Qualified Fetal Bovine Serum (Gemini, cat# 100-125), 2 mM L-glutamine, 10 ng/mL
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IL-3, 10 ng/mL FIt3, 10 ng/mL SCF, 10 ng/mL TPO, 5 ng/mL IL-6, 10 uM 2-

mercaptoethanol, and 4 pg/mL LDL.

Drugs

INCB059872 was supplied under a material transfer agreement through Incyte
Corporation. INCB059872 was dissolved in DMSO and stored as a 5 mg/mL stock
solution at room temperature. Azacitidine (AZA) was provided by Dr. Michael Savona’s

lab. AZA was dissolved in DMSO immediately before use.

Plasmids

pCMV3-GFI1 was purchased from Sino Biological (cat# HG13131-UT). pCMV-
VSV-G (cat# 8454) and psPax2 (cat# 12260) were purchased from Addgene. Lentiviral
vectors (PLKO.1) containing shRNA sequences (listed in Table 3) were obtained from
MISSION® shRNA library (Sigma), and puromycin selectable marker was replaced by

YFP sequence using Gibson cloning.

Target Sequence

shCHD3 CCGGCGCAAGCAAGTTAACTACAATCTCGAGATTGTAGTTAACTTGCTTGCGTTTTTG

shCHD4 CCGGGCTGCTGACATCCTATGAATTCTCGAGAATTCATAGGATGTCAGCAGCTTTTTG

ShKANSL1 | CCGGACTCACTAACTATTGGCATTACTCGAGTAATGCCAATAGTTAGTGAGTTTTTTG

shLSD1 CCGGCCACGAGTCAAACCTTTATTTCTCGAGAAATAAAGGTTTGACTCGTGGTTTTTG

shRCOR1 CCGGGATGGTGGAATAGAACCATATCTCGAGATATGGTTCTATTCCACCATCTTTTTTG

Table 3. shRNA sequences.
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Transfection
Plasmids were mixed with 250 pl serum-free DMEM and 24 pl PEI
(polyethylenimine; Polysciences, cat# 23966) and incubated for 15 min at room

temperature before mixture was added dropwise to 10 cm dishes containing 293T cells.

Retroviral expression of shRNA

Each 10cm plate of 293T cells was transfected with 0.5 ug VSVG, 1.5 ug
psPax2, and 3 ug PLKO.1 plasmids. Lentivirus-containing media was harvested 48
hours after transfection and passed through Nalgene 0.45 ym PES syringe filters
(Thermo, cat# 725-2545). In 6-well plates, 2 mL viral media was added to 1.25x108
THP-1 cells with final concentration of 8 ug/mL polybrene (Sigma, cat# H9268). Plates
were centrifuged at room temperature at 1500 rpm for 90 minutes. Cells were washed
with PBS before resuspending in fresh media. Infection efficiency was measured by flow

cytometry at 3 days post-infection.

Immunoprecipitation

293T cells were transfected with CMV-GFI1 or empty CMV vector then treated
with DMSO or 250 nM INCB059872. After 48 hours, cells were lysed in NETN buffer
(100 mM NaCl, 2 mM Tris pH 8.0, 0.5 mM EDTA, 0.5% NP-40, 25 mM NaF, 2 mM
PMSF, 0.1% aprotinin). After removing an aliquot to serve as an “input” sample, each
lysate was divided into two IP samples. For IgG control IPs, 3 ug rabbit IgG (Invitrogen
cat# 02-6102) was added to each sample. For LSD1 IPs, 3 ug anti-LSD1 (Abcam,

ab17721) was added to each sample. Lysates were incubated with antibody for 3 hours
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while rotating at 4°C. Protein A (Invitrogen cat# 10001D) and Protein G (Invitrogen cat#
10003D) Dynabeads (15 ul of each) were added to each IP sample, and tubes were
rotated at 4°C for 1 hour. Beads were washed three times with 0.5X NETN buffer by
rotating 4°C for 5 min. Beads were resuspended in SDS loading buffer (40% glycerol,
240 mM Tris pH 6.8, 8% SDS, 0.4 mg/mL bromophenol blue, 5% beta-

mercaptoethanol) and boiled for 10 min.

Protein harvest and western blotting

Cells were washed with cold PBS, and pellets were resuspended in RIPA buffer
(150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 25
mM NaF, 2 mM PMSF, 0.1% aprotinin). Samples were vortexed and incubated for 15
min on ice before sonicating 5 short pulses using setting 5 on Virtis Virsonic
homogenizer. Lysates were centrifuged at top speed for 15 min, and supernatants were
transferred to new tubes. Protein samples were mixed with SDS loading buffer (final
concentration 10% glycerol, 60 mM Tris pH 6.8, 2% SDS, 0.1 mg/mL bromophenol blue,
1.25% beta-mercaptoethanol) and boiled for 10 min. For histone blots, samples were
run on 15% SDS-PA gel and transferred onto 0.22 um nitrocellulose membrane (Licor
Odyssey, cat# 926-31092). For other blots, samples were run on 8% SDS-PAGE gel
and transferred onto 0.45 ym Immobilon FL PVDF membrane (Millipore, cat #

IPFLO0010). Primary antibodies used for Western blots are listed in Table 4.
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Protein . o e
target Company Catalog # Species | Dilution
LSD1 Abcam ab17721 rabbit 1:1000
GFI1 Santa Cruz $-376949 mouse 1:200
Biotechnology
Histone H3 Cell Signaling 96C10 mouse 1:2500
Technology
H3K4me2 Abcam ab7766 rabbit 1:2500
H3K4me1 Abcam ab8895 rabbit 1:2500
RCOR1 Santa Cruz $C-376567 mouse 1:500
Biotechnology
Lamin B Santa Cruz 5c-6217 goat 1:1000
Biotechnology

Table 4. Primary antibodies for Western blotting.

MNase assay

Cells were pelleted and resuspended in 1 mL of lysis buffer (10 mM Tris pH 7.4,
300 mM sucrose, 3 mM CaClz, 2 mM MgClz, 1% Triton X-100, 5 mM DTT, 2 mM PMSF,
0.1% aprotinin). Samples were incubated on ice for 5 min. Nuclei were pelleted by
centrifuging at 3500 rpm for 5 min. Pellets were resuspended in 250 pl reaction buffer
(50 mM Tris pH 8.0, 5 mM CaCl.). DNA concentration was measured by NanoDrop, and
chromatin was aliquotted into 40 ug samples, 4 aliquots per condition, and reaction
buffer was added to reach volume of 50 ul. Micrococcal nuclease (Thermo Scientific,
cat# 88216) was diluted to 1 U/ul in 50% glycerol. Samples were equilibrated to room
temp, then 1.25 ul diluted MNase was added to samples for 3, 6, or 9 min. At end of
incubation, 75 pl cold reaction buffer and 12.5 pl 10X stop solution (250 mM EDTA pH

8.0, 5% SDS) were added. Samples were briefly vortexed then incubated on ice for 15

32



min. 1 yl RNase A (10 pg/pl) and 10 pl 10% SDS were added to each tube, and
samples were incubated at 37°C for 30 min. 1.5 ul Proteinase K was added to each
tube, and samples were incubated at 42°C overnight. DNA was phenol:chloroform
extracted and ethanol precipitated twice. Samples were run on 1.5% agarose gel with

ethidium bromide.

Wright-Giemsa staining

50,000 cells in 300 ul volume of PBS were loaded into EZ Single Cytofunnels
(Thermo, cat# A78710003). Funnels were spun in Cytospin centrifuge at 800 rpm for 3
min to transfer cells onto glass slides. For Wright-Giemsa staining, Fischer Hema 3 Stat

Pack (cat# 123-869) was used according to manufacturer’s instructions.

Flow cytometry analysis

Cells were washed with PBS containing 0.5% BSA and stained with BD
Pharmingen anti-CD11b (clone ICRF44) conjugated to PE (cat# 301306) or APC (cat#
301310) using 18 ul antibody per 108 cells, following manufacturer’s staining protocol.

Data were analyzed using FlowdJo software (Becton, Dickinson and Company).

RT-PCR

RNA was isolated from cell lines by following manufacturer’s instructions for
TRIzol (Ambion, cat # 15596018) extraction. Aliquots of RNA were DNase-treated using
Invitrogen Amplification Grade DNase | (cat# 18068015). Reverse transcription was

performed with Applied Biosystems High-Capacity cDNA Reverse Transcription Kit
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(cat# 4368814). PCR was performed using Bio-Rad iProof High-Fidelity DNA
Polymerase (cat# 1725301) according to manufacturer’s instructions. Primer sequences
are listed in Table 5. Half of each PCR reaction was run on 1.5% agarose gel containing

ethidium bromide.

Gene Sequence

SFI1E forward AGAAGGCTCACACCTACCAC
reverse GCTAGGCTTGTAGAATGGGGG
forward GGGTCCATCCATCGCATAAGA

SDHA
reverse CTCCACGACATCCTTCCGTA

Table 5. Primer sequences for RT-PCR.

RNA-seq and analysis

For each sample, 0.75 million cells were resuspended in 1 mL TRIzol (Ambion,
cat# 15596018), and RNA was isolated according to manufacturer’s instructions.
Samples were submitted to Vanderbilt Technologies for Advanced Genomics
(VANTAGE) for polyA-enriched library preparation and sequencing on lllumina
NextSeq500. Reads were aligned to hg19 genome using TopHat. Cuffdiff (Cufflinks
software suite; Trapnell et al., 2010) was used to calculate differential gene expression.
Heatmaps were generated using ClustVis web tool (Metsalu and Vilo, 2015). Gene Set
Enrichment Analysis software v3.0 (Subramanian et al., 2005) was used to identify gene

signatures associated with expression changes.
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PRO-seq and analysis

Cells (~30 million per sample) were pelleted and resuspended in lysis buffer (10
mM Tris pH 7.4, 300 mM sucrose, 3 mM CaCl,, 2 mM MgClz, 10% glycerol, 0.1% Triton
X-100, 0.1% aprotinin) and incubated on ice for 5 min. Samples were dounce-
homogenized 20 times and transferred to 15mL conical tubes. Nuclei were pelleted by
spinning at 1500 rpm for 5 min. Nuclei were washed once with 3 mL cell lysis buffer and
once with 1 mL glycerol storage buffer (50 mM Tris pH 8.3, 40% glycerol, 0.1 mM
EDTA, 5 mM MgClz, 0.1% aprotinin). Nuclei were resuspended in 100 pl glycerol
storage buffer, transferred to 1.5mL tubes, and stored at -80°C.

Buffers for PRO-seq were prepared using DEPC-treated H20. 2X reaction mix
(10 mM Tris pH 8.0, 5 mM MgCl2, 1 mM DTT, 300 mM KCI, 375 uM ATP, 375 uM GTP,
375 uM UTP, 500 pM biotin-11-CTP (Perkin-Elmer, cat# NEL542001), 0.8 U/ul
SUPERase-In RNase inhibitor (Thermo, cat# AM2694), 1% sarkosyl) was equilibrated
by incubating at 30°C. Nuclei were thawed on ice. Each nuclei sample was mixed with
100 ul 2X reaction mix and pipetted slowly 20X to mix. Reactions were incubated at
30°C for 3 min then stopped by adding 600 pl TRIzol LS (Ambion, cat# 10296010) and
pipetting until homogenous. Tubes were rotated at room temp for 5 min before
proceeding with chloroform extraction and ethanol precipitation. Precipitated pellets
were dissolved in 20 pl H2O and incubated at 65°C for 40 sec before placing on ice. For
base hydrolysis, 5 ul 1N NaOH was added to each sample. Samples were incubated on
ice for 10 min before neutralizing with 25 pl 1M Tris pH 6.8. Samples were passed
through Bio-Spin P-30 gel columns (BIO-RAD, cat# 7326231) to remove excess

nucleotides, and 1 ul SUPERase-In RNase inhibitor was added.
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Dynabeads M-280 streptavidin magnetic beads (Invitrogen, cat# 11205D) were
washed once with 0.1N NaOH + 50 mM NaCl then twice with 100 mM NaCl. Beads
were then resuspended in binding buffer (10 mM Tris pH 7.4, 300 mM NacCl, 0.1%
Triton X-100). Beads were mixed with RNA samples in a 1:1 ratio (50 ul each) and
rotated at room temp for 20 min. Tubes were placed against magnet, and liquid was
removed. Beads were washed with 3 sequential washes: 500 pl high salt wash (50 mM
Tris pH 7.4, 2 M NaCl, 0.5% Triton X-100), 500 ul binding buffer, 500 ul low salt wash (5
mM Tris pH 7.4, 0.1% Triton X-100). Beads were TRIzol extracted twice, using 300 pl
TRIzol (Ambion, cat# 15596018) each time. Aqueous portions were pooled and ethanol
precipitated. RNA pellets were resuspended in 5 ul 2 uM reverse 3° RNA adapter (5'-
GAUCGUCGGACUGUAGAACUCUGAAC-3’) and incubated at room temp for 5 min.
Samples were incubated at 65°C for 20 sec then placed on ice. Ligation buffer (T4 RNA
ligase buffer, T4 RNA ligase | (NEB, cat# M0204S), 1 mM ATP, 2 U/ul SUPERase-In
RNAse inhibitor) was added, and samples were incubated overnight at 20°C.

Samples were diluted with H20 to volume of 50 pl. Streptavidin bead binding and
TRIzol extractions were carried out as described above. After ethanol precipitation, RNA
pellets were dissolved in 5 ul H-O. Samples were incubated at 65°C for 1 min then
placed on ice. RNA was incubated with 5’ repair mix (1X CAP-CLIP buffer, 0.25 U/ul
CAP-CLIP enzyme (CellScript, cat# C-CC15011H), 1 U/ul SUPERase-In RNAse
inhibitor) in total volume of 10 ul for 2 hrs at 37°C. RNA was TRIzol extracted and
ethanol precipitated. RNA pellets were dissolved in 5 ul H2O. Samples were incubated
at 65°C for 1 min then placed on ice. RNA was incubated with PNK mix (1X PNK buffer,

1 mM ATP, T4 PNK (NEB, cat# M0201S), 1 U/ul SUPERase-In RNase inhibitor) in total
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volume of 10 ul for 1 hr at 37°C. RNA was TRIzol extracted and ethanol precipitated.
RNA pellets were dissolved in 5 ul | 2 uM reverse 5 RNA adapter (5’-
CCUUGGCACCCGAGAAUUCCA-3’) and incubated at room temp for 5 min. Samples
were incubated at 65°C for 20 sec then placed on ice. Ligation buffer (T4 RNA ligase
buffer, T4 RNA ligase | (NEB, cat# M0204S), 1 mM ATP, 2 U/ul SUPERase-In RNAse
inhibitor) was added, and samples were incubated overnight at 20°C.

Samples were diluted with H20 to volume of 50 pl. Streptavidin bead binding and
TRIzol extractions were carried out as described above. After ethanol precipitation, RNA
pellets were dissolved in 5 ul of 5 uM RNA PCR primer RP1 (5'-
AATGATACGGCGACCAC CGAGATCTACACGTTCAGAGTTCTACAGTCCGA-3’) and
transferred to PCR tubes. Samples were incubated at 65°C for 5 min. Reverse
transcription mix (final concentration: 1X first strand synthesis buffer, 10 mM DTT, 625
uM each dNTP mix, 1 U/ul SUPERase-In RNase inhibitor) was added, and samples
were incubated at 48°C for 3 min. 1 ul SuperScript Ill RTase (Invitrogen, cat #
18080044) was added to each tube, and samples were incubated at 44°C for 20 min
then 52°C for 45 min. H.O was added to each sample to give final volume of 18 ul, and
samples were stored at -80°C overnight.

For library amplification, 16 ul of cDNA was added to PCR mix (1X HF buffer, 1M
betaine, 250 uM each dNTPs, Phusion polymerase (NEB, cat# M0530S), 250 nM RPIx*
barcoded primer). *Each sample received a unique lllumina TruSeq barcode.
Thermocycler protocol was as follows: 95°C for 2 min; 20 cycles of 95°C for 30 sec,
56°C for 30 sec, 72°C for 30 sec; 72°C for 3 min. H2O was added to each PCR product

to give total volume of 200 ul, and DNA was ethanol precipitated and resuspended in 12
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ul H.O. Samples were run on native 8% polyacrylamide gels stained with SYBR Gold
(Invitrogen, cat# S11494). DNA fragments sized between ~150 to ~400 bp were excised
from gel, crushed with pestle, and incubated in soaking buffer (TE + 150 mM NaCl +
0.02% Tween-20) overnight while shaking at 37°C. Samples were centrifuged at top
speed for 5 min, and eluate was removed. Additional soaking buffer was added to gel
pieces, and samples were incubated while shaking at 37°C for 4 more hours. Samples
were centrifuged again, and eluates were pooled and passed through Costar Spin-X
centrifuge tube filters (Corning, cat# 8162) to remove gel debris. DNA was extracted
with phenol:chloroform:isoamyl alcohol, ethanol precipitated, and resuspended in 10 pl
1 mM EDTA. Samples were submitted to VANTAGE for sequencing on lllumina
NextSeq500.

Reads were trimmed with Trimmomatic to remove adapter sequences. Reads
were converted to their reverse complements using FASTX-Toolkit. Reads were aligned
to hg19 genome using bowtie2. Samtools was used to convert sam files to bam files
and remove low-quality sequences (mapping quality score <10). Nascent RNA
Sequencing Analysis (NRSA) software package (Wang et al., 2018) was used to
quantify changes in transcription. Gene Set Enrichment Analysis software v3.0
(Subramanian et al., 2005) was used to identify gene signatures associated with
transcriptional changes. HOMER software (Heinz et al., 2010) was used for motif

analysis.
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H3K4me1/2 ChIP-seq and analysis

THP-1 cells were seeded at 0.4x108/mL before adding drug (DMSO or 25nM
INCB059872). After 48 hours, immediately before crosslinking, approximately 0.74
million S2 cells were added to each sample containing 20 million THP-1 cells. DNA and
protein were crosslinked by adding 1% formaldehyde and rocking for 10 min at room
temperature. Crosslinking reaction was quenched by adding glycine to a concentration
of 125mM. Cells were washed twice with cold PBS before freezing pellets at -80°C.
Cells were lysed by resuspending in cell lysis buffer (10 mM Tris-HCI pH 8.0, 10 mM
NaCl, 0.5% NP-40) and sitting on ice for 10 min. Samples were centrifuged, and nuclei
were resuspended in nuclei lysis buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA pH 8.0,
0.5% SDS) and kept on ice for 10 min before sonication using a Bioruptor (Diagenode)
on high setting for 15 cycles (30 sec on, 30 sec off). After removing an aliquot to serve
as input, chromatin from each sample was divided between two tubes and diluted 1:4
with ChlIP dilution buffer (16.7 mM Tris-HCI pH 8.0, 1.2 mM EDTA pH 8.0, 167 mM
NaCl, 1.1% Triton X-100, 0.01% SDS). 3pg anti-H3K4me2 (Abcam, ab7766) or anti-
H3K4me1 (Abcam, ab8895) was added to each tube. Samples were rotated at 4°C for 2
hours before adding 15ul Protein A Dynabeads (Invitrogen cat# 10001D) and 15l
Protein G Dynabeads (Invitrogen cat# 10003D). Samples were rotated at 4°C for 1 hour
before washing beads 7 times: (twice with low salt buffer (20 mM Tris-HCI pH 8.0, 2 mM
EDTA pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS), twice with high salt buffer
(500 mM NacCl, otherwise same as low salt buffer), once with LiCl buffer (10 mM Tris-
HCl pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 1% NP-40, 1% Na-deoxycholate), and

twice with TE. Samples were eluted twice by resuspending beads in elution buffer (10%
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SDS, 1 M NaHCO3) and rotating for 15 min at room temperature. NaCl was added to a
concentration of 190mM, and samples were incubated at 65°C overnight. Each sample
was treated with 20 ug RNase A (Clontech cat# 740505) by incubating at 37°C for 1
hour. Next, samples were treated with 32 ug Proteinase K (Clontech cat# 740506) by
incubating at 45°C for 2 hours. DNA was extracted by phenol:chloroform:isoamyl
alcohol extraction. Libraries were prepared by taking 100 ng DNA from each input and
IP sample for polishing, A-tailing, and ligation of adapters. Agencourt AMPure XP Beads
(Beckman Coulter cat# A63880) were used at 1.8X volume according to manufacturer’s
instructions for size selection, and eluted material was PCR amplified with Q5 Hot Start
DNA Polymerase (NEB cat# M0493S) for 21 cycles. Samples were run on 1.5%
agarose gel, and size range of 200-500 bp was extracted and purified using Wizard SV
Gel & PCR Cleanup Kit (Promega cat# A9281). Libraries were submitted to VANTAGE
for sequencing on lllumina NextSeq500.

Trimmomatic was used to remove adapters and low-quality sequences. Reads
were aligned to a combined genome file containing both Human hg19 and Drosophila
dm3 using Bowtie2. Duplicate reads and reads with mapping quality <10 were removed
using samtools. Reads aligned to dm3 were separated into their own files, and read
counts of these files were used to calculate normalization factors for each sample.
MACS2 was used to call peaks with g-value cutoff of 0.001. Count tables were
generated using R program DiffBind (Stark and Brown, 2011). Normalization factors
were used with DESeq2 to calculate changes in peak size. HOMER software (Heinz et

al., 2010) was used for motif analysis.
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H3K27ac ChIP-seq and analysis

THP-1 cells were seeded at 0.4x108/mL before adding drug (DMSO or 25nM
INCB059872). After 24 hours, 40 million cells per sample were pelleted and washed
with PBS. Cells were washed and resuspended in PBS. DNA and protein were
crosslinked by adding 1% methanol-free formaldehyde (Thermo cat# 28908) and
rocking for 10 min at room temperature. Crosslinking reaction was quenched by adding
glycine to a concentration of 125mM and rocking for 5 min at room temperature. Cells
were washed twice with cold PBS then resuspended in Buffer 1 (50 mM HEPES pH 7.5,
140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 0.2%
aprotinin, 1 mM PMSF) and rocked at 4°C for 10 min. Samples were centrifuged and
resuspended in Buffer 2 (10 mM Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.2% aprotinin, 1 mM PMSF) then rocked at 4°C for 5 min. Samples were
centrifuged then resuspended in Buffer 3 (10 mM Tris pH 8.0, 100 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 0.1% Na deoxycholate, 0.5% sarkosyl, 0.2% aprotinin, 1 mM
PMSF, Complete mini protease inhibitor cocktail (Roche cat# 4693159001)). Samples
were sonicated using a Bioruptor (Diagenode) on high setting for 25 cycles (30 sec on,
30 sec off). Next, 1% Triton X-100 was added, and samples were vortexed for 10 sec.
Debris was pelleted by centrifuging at 20,000 xg for 10 min, and cleared lysates were
transferred to new tubes. At this point, aliquots of chromatin were removed to serve as
input controls. One quarter of each sample volume (corresponding to ~10 million cells
equivalent) was used for immunoprecipitation. Samples were incubated overnight with
10 pg anti-H3K27ac (Abcam, ab4729). Protein A (Invitrogen cat# 10001D) and Protein

G (Invitrogen cat# 10003D) Dynabeads were mixed at 1:1 ratio and washed with
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equilibration buffer (10 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
0.1% Na-deoxycholate, 1% Triton X-100). Samples were rotated at 4°C for 1 hour after
adding 60 yl Dynabeads mix per sample. Beads were washed four times (once in each
buffer) by rotating for 5 min at 4°C in the following buffers: low salt wash (20 mM Tris pH
8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100), high salt wash (20 mM Tris pH 8.0,
500 mM NaCl, 2 mM EDTA, 1% Triton X-100), LiCl wash (10 mM Tris pH 8.0, 25 mM
LiCl, 1 mM EDTA, 1% Triton X-100), TE. Beads were washed a second time in TE by
rotating for 5 min at room temperature. Beads were resuspended in 50 pl elution buffer
(TE with 0.1% SDS, 200 mM NacCl, 0.8 pg/ul Proteinase K (Clontech cat# 740506)).
Each sample was treated with 20 uyg RNase A (Clontech cat# 740505) by incubating at
37°C for 30 min. Samples were incubated with shaking at 65°C overnight before
removing eluates from beads. Agencourt AMPure XP Beads (Beckman Coulter cat#
A63880) were used at 1.8X volume according to manufacturer’s instructions for size
selection. Libraries were preparing by following manufacturer’s instructions for NEBNext
Ultra Il DNA Library Prep Kit for lllumina (cat# E7645) and submitted to VANTAGE for
sequencing on lllumina NovaSeq.

Reads were trimmed to remove adapters and low-quality bases using
Trimmomatic. Bowtie2 was used to align reads to hg19 genome. Duplicate reads and
reads with mapping quality <10 were removed using samtools. MACS2 was used to call
peaks with g-value cutoff of 0.001. DiffBind R package (Stark and Brown, 2011) was
used to calculate differential peak sizes. HOMER software (Heinz et al., 2010) was used

for motif analysis.

42



Single-cell RNA-seq and analysis

After 48-hr drug treatments, apoptotic cells were removed from the AML patient
bone marrow cultures using Miltenyi Annexin V Microbead Kit (cat# 130-090-201) with
MACS LS columns (cat# 130-042-401). The Annexin V-negative cells were submitted to
VANTAGE for single-cell RNA-seq library prep and processing with 10X Genomics
Chromium Controller. Samples were demultiplexed and single-cell gene expression
matrices were generated using Cell Ranger software. Seurat R package (Butler et al.,

2018) was used for data analysis (see Appendix for R code).

Mouse Experiments
Mice
All animal experiments were conducted in accordance with guidelines approved
by the IACUC at Vanderbilt University Medical Center. For the in vivo studies, female 6-
8 week old C57BL/6J mice (The Jackson Laboratory) were treated daily with 10mg/kg
INCB059872 via oral gavage for up to six days. INCB059872 was dissolved in N,N-
dimethylacetamide (DMAC; Sigma, cat# 185884 ) and diluted in 5% methylcellulose

(Sigma, cat# M0512).

Platelet counts

For peripheral blood analysis, blood was collected via tail vein into an EDTA

microtainer and analyzed for complete blood counts using a Hemavet (Drew Scientific).

43



Flow cytometry analysis

Bone marrow was flushed from femurs and tibias using PBS with 0.5% BSA. Red
blood cells were removed by incubation with Qiagen Buffer EL (cat# 79217) according
to manufacturer’s protocol. Cells were resuspended in PBS with 0.5% BSA at a density
of approximately 107 cells/mL before proceeding to staining. For lineage staining, BD
Pharmingen Biotin Mouse Lineage Panel (cat# 559971) was used according to
manufacturer’s instructions and followed by staining with 0.5 ul streptavidin-Pacific Blue
(Invitrogen, cat# S11222) per 10° cells. Additional antibodies are listed in Table 6. Data
were analyzed using FlowJo (Becton Dickinson and Company) and GraphPad Prism

(GraphPad Software).
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I::;;itn Fluorophore Company Catalog # chllgsrzzuzer
cKit PE/Cy7 Invitrogen 25-1172-82 1l
Sca1 PerCP/Cy5.5 Invitrogen 45-5981-82 1l
FIt3 PE Invitrogen 12-1351-81 1l

CD16/32 PE Invitrogen 12-0161-81 1 ul
CD34 AlexaFluor647 BD Pharmingen 560230 2l
CD41 APC/eFluor780 Invitrogen 47-0411-82 1l

CD200r3 PE BioLegend 142205 1l

SiglecH APC BioLegend 129611 1l
Ly6d FITC BioLegend 138605 1 ul
CD36 PE BioLegend 102605 1l

FcgRIV APC/Fire750 BioLegend 149509 1l

Ter119 PE Invitrogen 12-5921-81 1l
B220 eFluor450 Invitrogen 48-0452-82 1 ul
IgM PE/Cy7 Invitrogen 25-5790-82 1l
CD3e APC Invitrogen 17-0031-82 1l

CD11b PE Invitrogen 12-0112-83 1l
Ly6g PE/Cy7 Invitrogen 25-5931-82 1 ul

Table 6. Antibodies for mouse immunophenotyping.

Single-cell RNA-seq and analysis

Bone marrow was harvested as described above and stained with BD

Pharmingen Biotin Mouse Lineage Panel (cat# 559971) and streptavidin-PacBlue
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(Invitrogen, cat# S11222). Zombie-NIR Fixable Viability Dye (BioLegend cat# 423105)
was added to each sample at 1:1000 dilution before sorting alive lineage-negative
population (PacBlue-/NIR-). Sorted cells were submitted to VANTAGE for single-cell
RNA-seq library prep and processing with 10X Genomics Chromium Controller.
Samples were demultiplexed and single-cell gene expression matrices were generated
using Cell Ranger software. Seurat R package (Butler et al., 2018) was used for data

analysis (see Appendix for R code).

RNA-seq and analysis

Bone marrow was harvested and stained for lineage markers, CD41, and
CD200r3 as described above. Lin- CD41+ CD200r3- bone marrow cells from 6 mice (2
replicates of 3 conditions) were flow-sorted directly into Buffer RLT from Qiagen
RNeasy Mini Kit (cat# 74104), and RNA was isolated according to manufacturer’s
protocol. Samples were submitted to HudsonAlpha Genomic Services Laboratory for
library preparation with Nugen Ovation RNA-Seq System V2 kit (cat# 7102-08) and
sequencing on lllumina NovaSeq6000.

Trimmomatic was used to remove adapters and low-quality sequences. Reads
were aligned to mouse mm10 genome using Bowtie2. Samtools was used to convert
sam files to bam files and remove low-quality sequences (mapping quality score <10).
Cuffdiff (Cufflinks software suite; Trapnell et al., 2010) was used to calculate differential
gene expression. Heatmaps were generated using ClustVis web tool (Metsalu and Vilo,
2015). Gene Set Enrichment Analysis software v3.0 (Subramanian et al., 2005) was

used to identify gene signatures associated with expression changes.
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CHAPTER THREE

INHIBITION OF LSD1 INDUCES DIFFERENTIATION OF ACUTE MYELOID

LEUKEMIA CELLS

Background and Significance

Acute myeloid leukemia (AML) is characterized by accumulation of incompletely
differentiated hematopoietic progenitor cells in the bone marrow. In general, AML has a
lower mutational burden than most other malignancies, though approximately half of
new AML diagnoses have readily detectable cytogenetic abnormalities (Mould et al.,
2015). As the genetics of AML have been defined over the past 25 years, it is clear that
many AML cases are initiated by chromosomal translocations that affect DNA-binding
transcription factors that recruit histone deacetylases and acetyltransferases, as well as
histone methyltransferases and demethylases, and enzymes that control histone
ubiquitination (Yang et al., 2017). Despite advances in our understanding of AML
biology, chemotherapy is still the standard treatment for newly diagnosed patients.
However, drugs targeting some of the histone-modifying enzymes are now in clinical
trials and preclinical studies.

One potential therapeutic target is the histone demethylase Lysine-Specific
Demethylase 1 (LSD1), which is overexpressed in several types of malignancies,
including AML. This enzyme is found in transcriptional repressor complexes and helps

to silence gene expression by removing H3K4 mono- and di-methylation. Inhibitors of
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LSD1 are expected to modulate gene expression by de-repressing genes regulated by
these complexes. Early studies showed that decreased LSD1 activity could synergize
with all-trans retinoic acid to induce differentiation of myeloid leukemia cells (Schenk et
al., 2012). Leukemias driven by MLL translocations are especially sensitive to LSD1
knockdown and inhibition (Harris et al., 2012; Feng et al., 2016).

INCB059872 is a selective, orally bioavailable LSD1 inhibitor that has recently
entered early clinical trials. In preclinical studies, this compound has shown efficacy in
models of small cell lung cancer (Lee et al., 2016a), Ewing sarcoma (Roman et al.,
2017), prostate cancer (Civenni et al., 2018), and T-cell acute lymphoblastic leukemia
(Diamond et al., 2018). INCB059872 is especially promising for the treatment of AML,
as it induced cell differentiation of a murine MLL-AF9 leukemia model and inhibited
growth in xenograft models (Lee et al., 2016b). Additionally, in xenografts of poorly
differentiated human AML, INCB059872 treatment drove differentiation toward more
mature myeloid cell types (Chadderton et al., 2018). In this chapter, | will describe
multiple genomic approaches that | used to better understand the molecular effects of
INCB059872 in MLL-rearranged AML cell lines and in a bone marrow sample from an

AML patient.

Results

AML cell lines are sensitive to INCB059872

First, | tested INCB059872 in two cell lines with MLL rearrangements, THP-1

(MLL-AF9) and MV-4-11 (MLL-AF4). These cell lines had different responses to the
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Figure 6. INCB059872 impairs proliferation and induces differentiation of
AML cell lines. (A) Growth curves of THP-1 (left) or MV-4-11 (right) following
treatment with INCB059872. 25nM in THP-1; 100nM in MV-4-11 (B) Flow
cytometry analysis of CD11b expression in THP-1 (left) or MV-4-11 (right) at 3
days after treatment with INCB059872. **p<0.01, ***p<0.001 (C) Wright-Giemsa
staining of THP-1 and MV-4-11 cells after 3-day INCB059872 treatment; images
taken at 400X.

inhibitor, as THP-1 showed a growth defect within one cell doubling time (~3 days) while
treated MV-4-11 cells continued to grow at the same rate as untreated cells for multiple
cell divisions before proliferation became noticeably slower (Fig. 6A). Coincident with
the slowing of cell growth, THP-1 cells began expressing CD11b (surface marker found
on monocytes and granulocytes) and showed morphological changes indicative of
myeloid differentiation (Fig. 6B,C). Conversely, MV-4-11 cells did not show overt signs

of differentiation after INCB059872 treatment (Fig. 6B,C). Even if the drug was washed
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out after 24hr and replaced with DMSO-containing media for the next 48hr, THP-1 cells
still differentiated to nearly the same extent as if continuously exposed to INCB059872
(Fig. 7). This confirms that the compound acts as an irreversible inhibitor.

90

80
70
60
50
40
30
20
10

0

72hr DMSO  72hr LSD1i 48hr DMSO/ 24hr LSD1i/
24hr LSD1i  48hr DMSO

% CD11b+

Figure 7. INCB059872 is an irreversible LSD1 inhibitor. Flow
cytometry analysis of CD11b expression in THP-1 cells treated
with INCB059872 or vehicle control for varying intervals.

Reduced expression of COREST components mimics INCB059872 treatment

To confirm that the phenotypes observed with INCB059872 in THP-1 cells were
on-target, | used shRNA to decrease LSD1 expression for comparison. Indeed, 10 days
after infecting THP-1 cells with virus containing shRNA targeting LSD1, the majority of
cells began to express CD11b (Fig. 8) At the same time, | wanted to determine if
knockdown of proteins that interact with LSD1 would also induce differentiation, as this
would provide insight as to which repressor complex modulates expression of
differentiation-related genes in THP-1 cells. | tested shRNAs targeting NuRD complex
subunits CHD3 and CHD4, as well as CoREST complex subunit RCOR1. KAT8
Regulatory NSL Complex Subunit 1 (KANSL1), a subunit of the MLL histone

methyltransferase complex and of the NSL (nonspecific lethal) histone acetyltransferase
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Figure 8. Reduced expression of COREST components mimics LSD1
inhibition. (A) Flow cytometry analysis of CD11b expression in THP-1 cells
10 days following lentiviral infection with shRNA targeting LSD1 or interacting
proteins. shNT, non-targeting control. **p<0.01, ***p<0.001 (B) Western blot
analysis of LSD1 or RCOR1 protein levels in THP-1 cells 5 days following
lentiviral infection with indicated shRNA. Lamin B blots included as loading
control.

complex, was included in this experiment because yeast two-hybrid results identified it
as an interactor with LSD1. Only RCOR1 knockdown induced differentiation of THP-1
cells to the same extent as LSD1 knockdown or inhibitor treatment (Fig. 8), suggesting
that the effects of INCB059872 were mediated by inactivation of COREST rather than by

inhibiting other complexes.

RNA-seq identifies differentiation signature associated with INCB059872 treatment
To begin to characterize the changes in gene expression triggered by
INCB059872, | performed RNA-seq analysis of the early (3hr) and intermediate (24hr)
effects of LSD1 inhibition in THP-1 and MV-4-11 cell lines. At the 3hr timepoint, there
were relatively few changes in expression that met the significance cutoff (g-value
<0.05). In THP-1, only 31 transcripts were upregulated and 92 downregulated at least
1.5-fold (Fig. 9, upper left). In contrast, MV-4-11 cells did not have any significantly

downregulated genes, but 194 genes were upregulated at least 1.5-fold (Fig. 9, lower
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left). The small number of affected transcripts was to be expected because 3 hours is a
short window of time for a buildup of histone modifications and subsequent transcription

and accumulation of mRNA to occur.

-log1o g-value

THP-1
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MV-4-11
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Figure 9. RNA-seq analysis: Volcano plots show gene expression
changes caused by 3hr or 24hr INCB059872 treatment in AML cell lines.
Genes that were up- or down-regulated >1.5-fold with q<0.05 are indicated by
red or blue, respectively.

By 24hr after drug treatment in both cell lines, RNA-seq revealed hundreds of
significant changes in gene expression. Surprisingly, more than twice as many genes
were induced at least 1.5-fold in MV-4-11 (1338) as compared to THP-1 (448; Fig 9,

right), even though THP-1 cells showed a more dramatic phenotype in response to

52



THP-1 MV-4-11

Enrichment plot: HALLMARK_MYC_TARGETS_V1 Enrichment plot: HALLMARK_MYC_TARGETS_V1
N

W .
NES = -1.456 e NES = -2.631 /
I q=0.047/ q < 0.001

s
\\I Lt I H‘W $  — i HW
$%
3 50
e 778 s 25 k2 8521
E oo
2

Enrichment plot: Enrichment plot:
HALLMARK_OXIDATIVE_PHOSPHORYLATION HALLMARK_OXIDATIVE_PHOSPHORYLATION

s " NES = 0436 NES =-2.745 |
jon| Y q=0.999 q<0.001
S\ '

o6
g, WWI e W 3 M MW
3 5 100 Moo ey e
g, 2 s
g $ so

%2 Zero cross at 6521

€ oo

2s 25
1y comelated

Enrichment plot: HOXA9_DN.V1_UP Enrichment plot: HOXA9_DN.V1_UP
i 040

:./NES =2.115 - 'NES = 1.598
4 q=0.002 fw q=0014 ,

% 50 1. pos lposuvely coreiatea £ MMapor tosunel comelated
5 $ 50
g s g
s 00 Z 7378 B 2e 1285
-
"

i Rank in Ordere
[Envichment profile — it Ranking metric scores
Enrichment plot: HOXA9_DN.V1_DN

o 1o o o
e profle — s — — Ranking mec seores
richment plot: 1_DN
oE 050
&= sl
g NES = 2028] gonl
§ 020 go30
= q<0. 001 = /NES =2.008
£ Sonl |
i S5 q<0.001
o

QU \HIH\\HHHHI\IMIIHHH\HWW WMH AL M

Figure 10. Gene set enrichment analysis of RNA-seq data shows differential
response to INCB059872 between THP-1 and MV-4-11 cell lines. Top: MYC
target genes; Middle: genes associated with oxidative phosphorylation; Bottom:
Gene sets from Faber et al. (2009) that are up- or down-regulated by knockdown
of HOXA9 in MOLM-14 cells.
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INCB059872. In fact, for THP-1, the number of genes down-regulated genes was
approximately equal to the number of up-regulated genes. Consistent with reduced
proliferation, gene set enrichment analysis revealed that MYC target genes were
downregulated in both cell lines, though to a greater extent in MV-4-11 (Fig. 10, top).
Interestingly, an oxidative phosphorylation gene signature was highly downregulated in
MV-4-11 but not in THP-1 (Fig. 10, middle). Though it is unclear why this set of genes
was not similarly changed in THP-1 cells, decreased oxidative phosphorylation is
encouraging from a therapeutic perspective because AML blasts can be more
dependent on oxidative phosphorylation than healthy hematopoietic cells (Rashkovan
and Ferrando, 2019). Gene set enrichment analysis also showed that INCB059872
induced gene expression changes in THP-1 similar to changes caused by knockdown of
Homeobox A9 (HOXA9) (Fig. 10, bottom). Given that HOXA9 drives a gene expression
pattern that promotes self-renewal (Vijapurkar et al., 2004), reduced expression of these
target genes likely contributed to myeloid differentiation. Gene expression changes in
MV-4-11 did not correlate with the HOXAQ signature (Fig. 10, bottom).

As shown by the heatmap in Fig. 11A, the maijority of transcripts that were
upregulated by INCB059872 treatment in THP-1 were also upregulated in MV-4-11, but
downregulated transcripts were mostly unique to each cell line (Fig. 11A,B). KEGG
pathway analysis of the 178 genes upregulated in both cell lines indicates that
differentiation-related pathways were affected by INCB059872 (Fig. 11C). Categories
identified as enriched encompass processes associated with monocyte/granulocyte

functions, such as “antigen processing & presentation”, “phagosome”, and “toll-like

receptor signaling pathway”. Upregulated genes in the “hematopoietic cell lineage”
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Figure 11. RNA-seq analysis of LSD1i in AML cell lines shows commonly
upregulated genes are associated with myeloid differentiation. (A) Clustered
heatmaps showing In(RPKM +1) values with Pareto scaling and row-centering for
genes with FDR < 0.05 in THP-1 24hr analysis. (B) Venn diagrams showing genes
up- or down-regulated at least 1.5-fold (q < 0.05) by 24hr treatment in both cell lines.
(C) KEGG overrepresentation analysis of 178 genes commonly upregulated in THP-1

and MV-4-11 cells at 24hr timepoint.

pathway include CD1C/D, colony stimulating factor receptors CSF1R/2RA, major
histocompatibility complex class Il beta chain HLA-DMB, and Integrin Alpha Subunit M

(ITGAM, also known as CD11b). Additionally, KIT expression was decreased in both
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cell lines, supporting the evidence that INCB059872 shifts cells toward later stages of

hematopoiesis.

PRO-seq of INCB059872-treated cells reveals increased transcription at myeloid
differentiation genes

As LSD1 binds to intergenic and intronic regions as well as promoters and can
control H3K4 methylation, INCB059872 was expected to affect enhancer activity.
Therefore, | used precision nuclear run-on transcription and sequencing (PRO-seq) at 6,
12, and 24hr after addition of INCB059872 to THP-1 cells to measure genome-wide
nascent transcription, as this is one of the best methods to identify active enhancers
and RNA polymerase pausing and elongation. For this experiment, nuclei are isolated
for run-on reactions in which biotinylated CTP is incorporated into nascent transcripts,
and biotin-labeled RNA is used to prepare libraries for sequencing. These libraries
provide strand-specific maps of active polymerases with near base-pair resolution.

INCB059872 caused upregulation (>1.5-fold) of about 200 genes by 24hr, with
several of these changes being detectable at earlier time points as well (Fig. 12A, left).
In contrast to the changes in steady-state mRNA levels (Fig. 9), analysis of nascent
transcripts indicated that the drug primarily acted as an activator of transcription- only
40 genes showed decreased polymerase density (at least 1.5-fold) within the gene body
after 24hr treatment (Fig. 12A, right). By mapping the relative polymerase density in
drug-treated versus control cells, we determined that those genes affected by
INCB059872 had altered polymerase initiation, rather than changes in promoter-

proximal paused polymerase and/or polymerase elongation (Fig. 12B).
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Figure 12. PRO-seq analysis of gene expression changes in THP-1 cells
in response to LSD1i. (A) Venn diagrams of genes with > 1.5-fold change
(padj < 0.05) in gene body transcription at 6, 12, or 24hr after INCB059872
treatment. Left, upregulated genes; right, downregulated genes. (B) Heatmap
of polymerase density surrounding TSSs of genes meeting 1.5-fold change
cutoff at 24hr. Yellow indicates higher density of active polymerase at a locus
in treated cells relative to control cells. (C) Ranked list gene set enrichment
analysis. Top and middle rows show gene lists that are upregulated by 24hr
treatment, and bottom row shows gene lists downregulated by 24hr treatment.
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Using a ranked list of changes in gene body transcription, gene set enrichment
analysis identified several differentiation-related gene sets that were upregulated after
24hr INCB059872 treatment in THP-1 cells. These pathways included NFkB signaling,
toll-like receptor signaling, cytokine receptors, inflammation, and myeloid differentiation
(Fig. 12C, top and middle rows). Additionally, this analysis indicated that MYC targets,
E2F targets, and ribosome genes were downregulated at the transcriptional level (Fig.
12C, bottom row). Though the decreases in polymerase density at individual genes
were small, these trends are consistent with the loss of proliferation as THP-1 cells
begin the differentiation process.

| also performed PRO-seq on MV-4-11 cells treated with INCB059872 for 24hr,
and the results were similar to what | observed in THP-1 cells. There were more genes
with an increase in gene body polymerase density (378 with >1.5-fold increase) than
decreased genes (91 with >1.5-fold decrease). Plotting a heatmap of polymerase
density around transcription start sites showed that transcriptional changes are due to
polymerase initiation (Fig. 13A). Gene set enrichment plots show the same overall
trends in gene expression as seen in THP-1 cells (compare Fig. 13B to Fig. 12C), with
the exception that E2F targets were not significantly downregulated in MV-4-11 at this

time point, which is consistent with the delayed effect of the drug on proliferation.

PRO-seq of THP-1 cells treated with INCB059872 reveals increased transcription at
GFI1-regulated enhancers

The PRO-seq dataset from inhibitor-treated THP-1 cells was also useful for
measuring transcriptional changes at enhancers, which were identified by intergenic

bidirectional transcription. These changes greatly outhnumbered changes within gene
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Figure 13. PRO-seq analysis of transcriptional changes in MV-4-11 cells
after 24hr INCB059872 treatment. (A) Heatmap of polymerase density
surrounding TSSs of genes that had >1.5-fold change in gene body transcription.
Yellow indicates higher density of active polymerase at a locus in treated cells
relative to control cells. (B) Ranked list gene set enrichment analysis.
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Figure 14. PRO-seq analysis of transcriptional changes at enhancers in THP-1
cells in response to INCB059872. (A) Venn diagrams of enhancers with >1.5-fold
change (padj < 0.05) in transcription at 6, 12, or 24hr after INCB059872 treatment.
(B) Homer motif analysis of the 1,278 enhancers that are upregulated by 24hr.
*Transcription factor identified by Homer as having DNA recognition sequence most
similar to the discovered motif. (C) Histogram of PRO-seq signal at active enhancers
containing a GFI1 binding motif. (D) IGV screenshot of PRO-seq signal at GLIPR1
gene and upstream enhancers (indicated by arrows). Asterisk indicates GFI1 binding
motif.
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bodies- at 24hr after INCB059872 treatment, there were nearly 1300 enhancers with at
least 1.5-fold increase in transcription (Fig. 14A, left). As expected, enhancers with
decreased transcription were relatively few (Fig. 14A, right). Motif analysis of the
sequences within the 1278 upregulated enhancers identified the GFI1/GFI1B
recognition sequence as the most highly enriched (Fig. 14B). PRO-seq signal
surrounding active enhancers with GFI1 binding motifs is plotted in a histogram in Fig.
14C, which shows a slight increase in transcription at these enhancers within 6hr and a
greater increase after 24hr of drug treatment. Thus, the primary targets of INCB059872
appeared to be sites at which LSD1 cooperated with GFI1/GFI1B to repress
transcription. An example genome browser track (Fig. 14D) from this dataset shows
gradual increases in active polymerase over time throughout the gene body as well as
at two upstream enhancers of GL/ Pathogenesis Related 1 (GLIPR1), a gene often
silenced in AML (Xiao et al., 2011). Within this dataset we pinpointed GFI1 as the
important factor, as GFI1B was not expressed in THP-1 cells. Interestingly, GFI1B was
not expressed in untreated MV-4-11 cells but had begun to be transcribed at 24hr after
drug treatment (Fig. 15A). RT-PCR at 48hr after INCB059872 treatment confirmed that

GFI1B mRNA was present in MV-4-11 but not THP-1 (Fig. 15B).

Transcriptional changes caused by INCB059872 are consistent with loss of
LSD1:CoREST activity at GFI1 binding sites

Loss of LSD1 activity was expected to cause a buildup of H3K4 methylation.
However, global increases in H3K4me1/2 levels were not detected after INCB059872
treatment of THP-1 cells using western blot analysis (Fig. 16A). Of note, longer

treatment times in other cell lines did not reveal methylation changes either. | also used
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Figure 15. INCB059872 induces expression of GFI1B in MV-4-11 cells.
(A) IGV screenshot of PRO-seq data showing increased transcription around
GFI1B gene after 24hr INCB059872 in MV-4-11 cells. (B) RT-PCR of Gfi1b or
Sdha mRNA levels after 48hr INCB059872 in MV-4-11 and THP-1 cells. Arrow
indicates correct size for Gfi1b PCR fragment.

a micrococcal nuclease (MNase) assay to test if INCB059872 would alter the
distribution of nucleosomes. After 48hr treatment, there were no obvious changes
caused by the drug (Fig. 16B).

Despite the lack of global chromatin changes, | anticipated that inhibition of LSD1
would cause an accumulation of H3K4 mono- and di-methylation at specific, regulated
loci. Therefore, | performed ChlIP-seq for these marks 48hr after INCB059872 treatment
and included a spike-in control of D. melanogaster S2 cells to ensure that normalization
did not minimize the drug effect. Surprisingly, there were no significant changes
(FDR<0.05) in H3K4me1 (Fig. 17A). Only 5 H3K4me2 peaks significantly increased in
size, yet there was a trend of increased dimethylation in treated versus control cells
(Fig. 17B).

Given that the CoREST complex also mediates removal of histone acetylation, |
wanted to determine if INCB059872 would increase H3K27 acetylation. After 24hr

treatment in THP-1 cells, ChIP-seq revealed that H3K27ac levels were significantly
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Figure 16. INCB059872 treatment does not change global levels of H3K4
methylation or nucleosome structure. (A) H3K4me2 and H3K4me1
Western blots shown with total histone H3 as loading control. Lysates are from
THP-1 cells treated with DMSO, 25nM INCB059872, or 250nM INCB059872
for 24hr. (B) MNase assay comparing nucleosome distribution in THP-1 cells
treated with DMSO or 25nM INCB059872 for 48hr.

increased >1.5-fold at 111 loci (Fig. 17C). Overall, H3K27ac patterns correlated better
than H3K4me1/2 with the transcriptional changes | observed by PRO-seq. Histograms
of ChlP-seq signal at the 1278 upregulated enhancers show only minor increases in
methylation (Fig. 17D) but a large increase in H3K27ac (Fig. 17E). These effects are
further illustrated by a genome browser screenshot (Fig.17F) of Cytochrome B-245 Beta

Chain (CYBB), a gene that encodes a component of the oxidase system of phagocytes
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Figure 17. ChIP-seq analysis shows INCB059872 causes more dramatic
changes in histone acetylation than methylation. (A-C) MA plots of ChlIP-seq
changes after INCB059872 treatment in THP-1 cells. Red dots indicate FDR<0.1
(A) H3K4me1 after 48hr (B) H3K4me2 after 48hr (C) H3K27ac after 24hr (D-E)
Histograms showing ChlIP-seq coverage (per bp per peak) for H3K4 methylation
(D) or H3K27ac (E) at 1,278 intergenic enhancers that were upregulated by 24hr

INCB059872. (F) IGV screenshot of CYBB locus and upstream enhancers; top:

PRO-seq signal +/- 24h INCB059872; middle: H3K27ac ChlP-seq signal +/- 24h
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and has a GFI1 binding motif ~27 kb upstream of its start site, coinciding with an
enhancer. These genome browser tracks show increases in transcription and
acetylation throughout gene body and at the upstream enhancers compared to histone
methylation that was unchanged.

Of the genes and enhancers identified by PRO-seq as upregulated by
INCB059872, more of these loci showed increases in H3K27ac than H3K4me2 (Fig.
18A). Motif analysis of the 500 peaks with greatest increase in ChlP-seq signal from
both H3K4me2 (Fig. 18B) and H3K27ac (Fig. 18C) experiments identified GFI1/1B
consensus binding motifs as the most enriched. Thus, the histone modification changes
are consistent with loss of LSD1:CoREST activity at GFI1 binding sites.

The genomics datasets described above pointed to the possibility that
INCB059872 disrupts the interaction between LSD1 and GFI1. | tested this hypothesis
by co-immunoprecipitation. As expected, GFI1 was present in the anti-LSD1
immunoprecipitate of control cells, but its association with LSD1 was substantially
decreased in cells treated with INCB059872 for 48hr (Fig. 19A). Additionally, the
INCB059872 PRO-seq dataset correlated very highly with gene expression data (from
Maiques-Diaz et al., 2018) in which THP-1 cells were treated with OG86, a compound

known to disrupt the LSD1:GFI1 interaction (Fig. 19B).

Single-cell RNA-seq analysis of AML patient bone marrow reveals gene expression
changes caused by INCB059872

INCB059872 is in early phase trials for clinical development. Although few
patients have been treated with INCB059872, one patient with new diagnosis, poor risk

treatment-related acute myeloid leukemia (t-AML) with TP53 mutation and complex

65



A GENE BODY INTERGENIC

H3K4me2 [ 546
UP (264) 124, H3K27ac
H3K4me2 H3K27ac UP (206)
UP (213) 184 229 yp (274)
164 1186
Genes UP
(203) Enhancers
UP
(1278)
B C
% %
Motif TP | P | with Motif ™ | P | with
value motif value motif
CCACACAITSEA| GFIB | 1e-31 | 204% FCCECATIL | erin | 1e19 | 21.6%
ANATCACI(C | critB | 1e21 | 392% CACAGATTTGAA| crite | 1e14 | 66%
STCCCTCATSCC| HEST | te21 | 332% CACCASCTCC | Tors | te12 | 132%
TTTTACTACGACA| HoxD13 | 1e-20 | 38.6% éAATCéCI C | crimB | 1e11 | 362%

Figure 18. Histone modification changes caused by INCB059872 are consistent
with loss of LSD1:CoREST activity at GFI1 binding sites. (A) Venn diagrams
showing overlap of transcriptional changes (PRO-seq) with changes in H3K4me2 and
H3K27ac after treatment with INCB059872. Left diagram includes genes with >1.5-fold
increase in gene body transcription and genes that contain increased H3K4me2 peaks
or H3K27ac peaks (within top 500 most upregulated). Right diagram includes
intergenic enhancers with >1.5-fold increase in transcription, intergenic H3K4me2
peaks (within top 500 most upregulated), and intergenic H3K27ac peaks (within top
500 most upregulated). (B) Homer motif analysis of the 500 H3K4me2 peaks with
greatest increase in signal after 48hr INCB059872. (C) Homer motif analysis of the 500
H3K27ac peaks with greatest increase in signal after 24hr INCB059872. *Transcription
factor identified by Homer as having DNA recognition sequence most similar to the

discovered motif.

genetics showed a remarkable response with INCB059872 + azacitidine (AZA) therapy.
This provided a unique opportunity to study the gene expression changes in the bone

marrow of an AML patient who responded to treatment with INCB059872 + AZA.
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Figure 19. INCB059872 disrupts the LSD1:GFI1 interaction.

(A) 293T cells were transfected with CMV-GFI1 and treated with DMSO
or 250nM INCB059872 for 48hr. Cell lysates were immunoprecipitated
with anti-LSD1 or IgG control. Western blots representative of three
experiments are shown. (B) Ranked list gene set enrichment analysis of
INCB059872-induced gene expression changes detected by PRO-seq
at multiple timepoints. Gene sets (from Maiques-Diaz et al. 2018)
include genes with >1.5-fold change in 24hr OG86 RNA-seq dataset.

Subpopulations within a sample are likely to have variable responses to drug treatment,
so we chose single-cell RNA-seq (scRNA-seq) to be able to observe these effects. For
this experiment, a pre-INCB059872 treatment bone marrow sample was divided and

treated ex vivo in duplicate with vehicle, INCB059872, AZA, or INCB059872 + AZA.
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Figure 20. Single-cell RNA-seq analysis of AML patient bone
marrow. (A) UMAP plot shows unsupervised clustering of 29,278
patient bone marrow cells. (B) Heatmaps of individual gene
expression displayed on UMAP plots. Intensity of blue color
corresponds to level of expression.
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Though a longer treatment duration would have been ideal to detect differentiation-
related changes, a 48hr timepoint was chosen to avoid measuring drug-independent
cell death. Cells were passed over Annexin V depletion columns to exclude dying cells
from the experiment.

Unsupervised clustering of nearly 30,000 cells identified 11 different populations
(“clusters”) based on mRNA expression of 1500 to 5500 genes per cell. In the UMAP
(uniform manifold approximation and projection) plot (Fig. 20A), each dot corresponds
to a cell, and the distance between dots represents the difference in their overall gene
expression patterns. Despite this patient sample having a relatively low blast count (32
percent), the majority of the cells in this experiment expressed myeloid markers (Fig.
20B), likely due to leukemic cells being able to withstand culture conditions better than
untransformed primary cells.

Displaying the data as UMAP plots in which cells are separated according to
treatment groups reveals dramatic differences caused by LSD1 inhibition. Surprisingly,
the majority of INCB059872- and combination-treated cells were assigned to clusters
that were not found in control- or AZA-treated samples (Fig. 21A). Clustering patterns of
non-leukemic cells (including lymphoid and erythroid populations; clusters 6, 8-10) were
unchanged. Within this treatment window, AZA had a negligible effect on gene
expression compared to INCB059872.

Consistent with the results in THP-1 cells, AML blasts exposed to INCB059872
dramatically upregulated GFI1 and GFI1B (Fig. 21B). Additionally, several of the most
highly increased transcripts (e.g. ANXA2, GLIPR1) measured in LSD1i-treated AML cell

lines were also upregulated in this patient sample (Fig. 21B), which suggests that the
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Figure 21. Single-cell RNA-seq analysis of AML patient bone
marrow reveals gene expression changes caused by INCB059872.
(A) UMAP plots separated by treatment group. Cells are colored
according to assigned cluster. (B) Heatmaps of individual gene
expression displayed on UMAP plots, separated by treatment group.
Intensity of blue color corresponds to level of expression.
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leukemic blasts from this patient were pushed toward myeloid differentiation, likely via

the same mechanism as in THP-1 cells.

Discussion

Current treatment options for AML consist mostly of cytotoxic agents, though
targeted therapies for certain genetic backgrounds have recently become available.
Aside from PML-RARA-driven APL and, possibly, IDH mutant AML, there is a lack of
differentiation therapies available for most subtypes. Inhibitors of LSD1 have been
developed as a potential therapeutic strategy for myeloid malignancies, as LSD1
inhibition was discovered to synergize with ATRA to promote myeloid differentiation in
non-APL cell lines. Here, | have shown that a potent, selective inhibitor of LSD1,
INCB059872, activates a gene expression program consistent with myeloid
differentiation in MLL-rearranged AML cell lines. The results described in this chapter
provide rationale for the use of INCB059872 to treat human AML.

Though THP-1 cells were more sensitive to the drug than MV-4-11 cells (Fig. 6),
RNA-seq analysis revealed a set of commonly upregulated genes that are associated
with myeloid differentiation-related processes (Fig. 11). PRO-seq analysis of
INCB059872 treatment at multiple timepoints in THP-1 cells showed that the drug
primarily activates transcription and most of these effects are at enhancers (Figs.
12,14). As chromatin-associated LSD1 is primarily located at intergenic/intronic regions,
it makes sense that the earliest, likely direct effects of LSD1 inhibition would be at

enhancers.
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The PRO-seq data was also useful for overlapping with genomic maps of histone
modifications, as | was able to see that transcriptional changes more closely match
H3K27 acetylation than H3K4 methylation (Fig. 17). Though LSD1 inhibition was
expected to increase H3K4 methylation, ChlP-seq analysis of H3K4me1 and H3K4me2
marks in THP-1 cells treated with INCB059872 revealed only subtle changes in
methylation. Co-immunoprecipitation experiments showed that the drug disrupted the
interaction between LSD1 and GFI1 (Fig. 19). Consistent with the role of GFI1 to recruit
the CoREST complex to deacetylate histones, ChIP-seq analysis showed that
accumulation of H3K27ac at GFI1-regulated loci was the primary effect of INCB059872.
As suggested by LSD1 inhibition in murine AML models (Cusan et al., 2018; Barth et
al., 2019), the loss of repressor activity can allow lineage-defining transcription factors
such as PU.1 or CEBPA to activate transcription of genes that had been repressed by
GFI1.

In addition to AML cell lines, | was also able to test INCB059872 in a pre-
treatment bone marrow sample from an AML patient who responded to AZA +
INCB059872. ScCRNA-seq analysis of cells treated ex vivo showed that the LSD1
inhibitor had a greater effect on gene expression than AZA did within a 48hr timeframe
(Fig. 21). Although we cannot rule out the possibility that the patient would have
responded to AZA without the addition of INCB059872, these scRNA-seq data
demonstrated that INCB059872 was able to induce expression of genes associated with

myeloid differentiation in primary leukemic blasts.
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CHAPTER FOUR

INHIBITION OF LSD1 IMPAIRS MATURATION OF MEGAKARYOCYTE

PROGENITORS

Background and Significance

Patients with hematologic malignancies are at risk of thrombocytopenia prior to
treatment, and platelet counts are usually further reduced by chemotherapy. In these
cases, platelet transfusions are often needed to prevent or treat severe bleeding
(Castaman and Pieri, 2018). Thrombocytopenia is also an issue observed with LSD1
inhibitors. In preclinical and early clinical studies, the primary dose-limiting toxicity
caused by INCB059872 was thrombocytopenia. The loss of platelets is likely an on-
target effect, as the transcription factor GFI1B, which recruits LSD1, is essential for
megakaryopoiesis. Deletion of Gfi1b in bone marrow of adult mice resulted in death
within three weeks due to extreme decreases in hemoglobin levels and platelet counts
(Foudi et al., 2014). Additional hematopoietic lineages could be affected by
INCB059872 because the drug disrupts the interaction of LSD1 with GFI1, which
modulates granulocyte/monocyte gene expression programs and contributes to
development of lymphoid lineages. Gfi1-deficient mice had severe neutropenia and
accumulation of immature monocytic cells in their bone marrow (Karsunky et al., 2002).

Moreover, conditional deletion of Kdm7a (Lsd1) in hematopoietic cells caused multi-
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lineage cytopenia due to defects in early HSC differentiation and in terminal blood cell
maturation (Kerenyi et al., 2013).

To explore how INCB059872 affects normal hematopoiesis, we used single-cell
RNA-seq (scRNA-seq) to analyze the lineage-negative bone marrow of wild-type mice
treated with the drug. This method provides detailed insights into the differentiation
trajectories of hematopoiesis and allows for deep phenotyping of progenitor populations
(Dahlin et al., 2018). As shown in the analysis of an AML bone marrow sample (Chapter
[l1), scRNA-seq can highlight population-specific changes in gene expression in
response to drug treatment, e.g. more dramatic effects in myeloid blasts than in

lymphoid cells.

Results

Single-cell RNA-seq reveals changes in bone marrow progenitor populations following
INCB059872 treatment in mice

In mice treated daily with INCB059872, circulating platelet counts began to drop
within 4 days and continued to fall by the sixth day (data from Haley Ramsey).
Therefore, these timepoints were selected for scRNA-seq analysis. C57BL/6 mice (3
per treatment group) were treated daily with 10 mg/kg INCB059872 via oral gavage for
0, 4, or 6 days before bone marrow was harvested. We chose to sort lineage-negative
cells, which account for approximately 5 percent of the total bone marrow, for this
experiment to focus on immature populations. This excluded cells with surface

expression of CD3, B220, Ter119, Mac1, or Gr1.
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Figure 22. Single-cell RNA-seq defines distinct subpopulations within murine
Lin- bone marrow. (A) UMAP plot shows unsupervised clustering of 15,046 cells
from all treatment groups (9 total mice). HSPC, hematopoietic stem progenitor cell;
GMP, granulocyte-monocyte progenitor; MkP, megakaryocytic progenitor; cDC,
conventional dendritic cell; pDC, plasmacytoid dendritic cell. (B) Violin plots show
expression levels of lineage-defining genes across clusters; top: Kif1 is an erythroid
marker; middle: Prss34 is a basophil marker; bottom: Cd3e is a T cell marker.
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After quality control filtering, the dataset consisted of 15,046 individual cells (from
9 mice), with 750 to 4000 transcripts detected per cell. Unsupervised clustering divided
these cells into 22 unique clusters (Fig. 22A), which were identified by expression levels
of known lineage-defining genes. For example, erythrocyte progenitors were divided
into two clusters, 4 and 16, with the latter being a slightly more mature population
having higher KIf1 (Kruppel-like factor 1) expression (Fig. 22B). Basophil progenitors
were identified by high Prss34 (serine protease 34) expression, and T cell progenitors
were identified by Cd3e expression (Fig. 22B). The proximity of cells (dots) on the
UMAP plot represents the similarity in their gene expression patterns, so as expected,
less mature populations are located in the center while cells that have begun to
differentiate toward specific lineages are nearer to the edges of the plot.

While the distribution of cells into different progenitor populations was largely
unaffected by drug treatment, there were a few clusters with significant changes (Fig.
23A). The most striking effect of INCB059872 was the increase in the number of cells
assigned to a megakaryocyte progenitor (MkP) cluster (Fig 23B, solid circle). Cells
within this expanded cluster expressed stem cell markers, such as Mycn and Pbx1 (pre
B cell leukemia homeobox 1), but also expressed Vwf (von Willebrand factor) (Fig. 24).
This result suggests that a block in megakaryocyte differentiation could have caused
thrombocytopenia in the mice.

LSD1 inhibition also altered the distribution of cells in non-megakaryocytic
clusters. Cells in cluster 10 were classified as plasmacytoid dendritic cell progenitors
(pDCP) based on expression of Siglech (sialic acid binding Ig-like lectin H) and Ly6d

(lymphocyte antigen 6 complex, locus D) (Rodrigues et al., 2018). After 4 days of
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Figure 23. Single-cell RNA-seq reveals changes in bone marrow progenitor
populations following INCB059872 treatment in mice. (A) Bar graph shows
percentages of cells from each mouse that were assigned to each cluster.
Populations with dramatic shifts are shown in colored inset graphs. (B) UMAP plots,
cells separated by treatment group. Solid circle indicates cluster 9; dotted circle
indicates cluster 10; dashed circle indicates cluster 18.

INCB059872 treatment, mice had fewer cells with this identity (Fig. 23). Cluster 18, a

Csf1r+ Cd36+ pre-monocyte population, was almost completely absent after 6 days of

treatment (Fig. 23).
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Figure 24. Single-cell RNA-seq reveals gene expression changes
in murine bone marrow caused by INCB059872 treatment.
Heatmaps of individual gene expression displayed on UMAP plots,
separated by treatment group. Intensity of red color corresponds to
level of expression.
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Notably, gene expression changes in response to INCB059872 were variable
between clusters. Though cells with detectable levels of Lsd1 are scattered throughout
the populations, Gfi1 and Gfi1b were dramatically upregulated in clusters 1, 3, 4, and 9
after drug treatment (Fig. 24). Additionally, Gfi1 expression increased within neutrophil
progenitor cells (cluster 7), and Gfi1b expression increased within erythrocyte progenitor
cells (cluster 16), suggesting that the disrupting the interaction of LSD1 with

GFI1/GFI1B prevented the auto- and trans-repression of GFI family members.

Flow cytometry analysis of bone marrow from INCB059872-treated mice confirms
lineage defects

To confirm the changes in lineage distribution seen in the scRNA-seq data, we
repeated the experimental design but this time distributed the bone marrow between
different flow cytometry antibody panels for multi-lineage analysis. There were no
significant changes in the total numbers of erythrocyte-depleted bone marrow cells
between treated and control animals. Populations of mature lymphoid cells (B220+ B
cells or CD3+ T cells) were not substantially affected by INCB059872 (Fig. 25A, B).
Interestingly, drug treatment transiently altered the distribution of granulocyte/monocyte
and erythroid cells. After 4 days of INCB059872, the Ter119+ erythroid population had
significantly decreased while the Gr1+/Mac1+ population showed a compensatory
increase (Fig. 25C, D). After 6 days of treatment, there were no longer differences in
these populations between treated and control mice. As for classically defined
progenitor populations, we did not observe any significant changes in the size of these
populations in response to INCB059872. The Lin- Sca1+ cKit+ stem and progenitor

population (LSK), lymphoid-primed multi-potent progenitor cells (LMPP, LSK FIt3"ia"),

79



% B cells % CD3+
30
e control 8
25 = 4dLSD1i 7 .
20 % A 6dLSD1i 6 . .
5 oo
15 —— 4 (1]
[ ]
10 : NE 3
2
5 %o 1
A Il T T T T T
Pro/Pre B Immature B Mature B control 4d LSD1i 6d LSD1i
% Ter119+ % Gr1+/Mac1+
35 45 . =
. o
30 40 .
% . 35 —_——
25 .o
] Py 30
L]
20 25 . .
15 20 ® 0
— e 15 L4
10 .
10
5 5
control  4dLSD1i  6dLSDTi control  4dLSD1i  6dLSD1i
. F
7% LSK % LMPP
08 70
L]
07 60 e
06 50 —e—
L]
0.5 r hd .
° 40
0.4 ° E——— .
L] —— . 30
03 .
0.2 20
041 10
0. T — — r r r
control  4dLSD1i  6dLSD1i control  4dLSD1i  6dLSD1i

G % myeloid progenitors

e control
50 m 4d LSD1i
4] |+ sdLsDii ~ {-
30 .ﬁt‘
~%
10{ ™ ‘:‘ -
0 T

T T
GMP CwmP MEP

Figure 25. INCB059872 has little effect on most murine bone
marrow populations. Flow cytometry analysis of bone marrow from
mice treated with INCB059872 for 0, 4, or 6 days. 3 mice per group.
(A-D) Percentages of mature hematopoietic lineages out of total bone
marrow. (A) B cell subsets defined by levels of B220 and IgM. (B) T
cells defined by CD3 expression. (C) Erythroid cells defined by Ter119
expression. (D) Mature myeloid cells defined by Mac-1/Gr-1 expression.
(E) LSK population defined as percentage of Sca-1+/c-Kit+ cells out of
Lin- population. (F) LMPP population defined as percentage of Fit3high
cells out of LSK population. (G) Percentage of myeloid progenitor
populations within Lin-/c-Kit+/Sca-1- subset; populations defined by
levels of CD34 and CD16/32. *p<0.05, **p<0.01, ***p<0.001
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common myeloid progenitor cells (CMP, Lin- Sca1- cKit+ CD34+ CD16/32/°%),
granulocyte/monocyte progenitor cells (GMP, Lin- Sca1- cKit+ CD34+ CD16/32Md"), and
megakaryocyte/erythroid progenitor cells (MEP, Lin- Sca1- cKit+ CD34- CD16/32-)
populations remained the same size after treatment (Fig. 25E-G).

To be able to use flow cytometry to study populations that correspond to scRNA-
seq clusters, | identified two cluster-defining genes from each cluster of interest that
encode cell surface markers. CD41 (encoded by /tga2b) marked basophil progenitors
as well as the MKP cluster, so | also used the basophil marker CD200r3 to distinguish
these populations. Thus, the population corresponding to MkP is Lin- CD41+ CD200r3-
(Fig. 26A). Cluster 10 (pDCP) was defined as Lin- Ly6D+ SiglecH+ (Fig. 26B), and
cluster 18 (monocyte progenitors) was defined as Lin- CD36+ FCGR4+ (Fig. 26C).

As expected, mice from both treatment timepoints had a dramatically higher
percentage of cells that fell into the MkP population as compared to vehicle control mice
(Fig. 26D). Importantly, the percentage of cells within this population that expressed Kit
was roughly doubled by INCB059872 (Fig. 26E), supporting the notion that the drug
caused the expansion of a stem-like population. When measured by flow cytometry, the
size of the pDCP population was not reduced until the sixth day of treatment (Fig. 26F),
though a reduction in this population was detectable by the fourth day using scRNA-seq
(Fig 23A). Consistent with the gene expression data, the CD36+ monocyte population

was also dramatically reduced by INCB059872 within 4 days (Fig. 26G).
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Figure 26. INCB059872 treatment expands megakaryocyte progenitor
population and decreases plasmacytoid dendritic cell progenitor and
monocyte progenitor populations. (A-C) Violin plots of sScRNA-seq data show
expression of markers used to define populations. (A) Megakaryocyte progenitor
(MkP) population, based on cluster 9, is defined as Itga2b+ Cd200r3-.

(B) Plasmacytoid dendritic cell progenitor (pDCP) population, based on cluster 10, is
defined as Ly6d+ Siglech+. (C) Monocyte progenitor population, based on cluster
18, is defined as Cd36+ Fcgrd+. (D-G) Flow cytometry analysis of bone marrow from
mice treated with INCB059872 for 0, 4, or 6 days. 3 mice per group. (D) Percentage
of CD41+/CD200r3- megakaryocyte progenitors within Lin- subset. (E) Percentage
of c-Kit+ cells within megakaryocyte progenitor population. (F) Percentage of
Ly6D+/SiglecH+ plasmacytoid dendritic cell progenitors within Lin- subset.

(G) Percentage of CD36+/Fcgrd+ monocyte progenitors within Lin- subset.

*p<0.05, **p<0.01, ***p<0.001
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RNA-seq analysis of MkP suggests that INCB059872 impairs platelet production
Additionally, we sorted the MkP population (Lin- CD41+ CD200r3-) for bulk RNA-
seq to measure gene expression changes after 4 or 6 days of INCB059872 treatment.
This analysis indicated that most of the changes in gene expression had occurred by
day 4 (Fig. 27A). While there were many transcripts affected by the drug treatment, only
a few dozen met statistical significance with 61 genes up and 113 down by at least 1.5-
fold after 6 days of treatment (Fig. 27B). Importantly, gene set enrichment analysis
revealed that a gene signature associated with platelet function was significantly
downregulated at both time points (Fig. 27C). This signature included factors that are
critical for platelet aggregation (P2ry12 (purinergic receptor P2Y, G-protein coupled 12),
Thbs1 (thrombospondin 1), Pf4 (platelet factor 4)), as well as receptors for
thrombopoietin (Mpl (myeloproliferative leukemia virus oncogene)) and vVWF
(glycoproteins Gp1ba, Gp5, Gp9). These data further support our finding that the
population of cells expanded after INCB059872 treatment consisted of megakaryocyte-

biased stem cells that failed to mature into efficient platelet producers.

Discussion

Sc-RNA-seq is a powerful tool for deep phenotyping of heterogeneous biological
samples. This approach is especially valuable in the context of hematopoiesis, in which
certain progenitor populations make up very low percentages of total bone marrow.
Measuring gene expression at the single-cell level allows for detection of drug

responses that are specific to distinct populations. The scRNA-seq data described in
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Figure 27. RNA-seq analysis of megakaryocyte progenitors shows
that INCB059872 impairs platelet production. Mice were treated with
INCB059872 for 0, 4, or 6 days; two mice per group. Megakaryocyte
progenitor population was harvested for RNA-seq. (A) Clustered
heatmaps showing In(RPKM +1) values with Pareto scaling and row-
centering for 1000 genes with lowest FDR. (B) Venn diagrams show
number of genes meeting 1.5-fold change cutoff (with g value <0.05) at
each time point. (C) Ranked list gene set enrichment analysis shows

“platelet activation signaling and aggregation” gene signature is
downregulated at both timepoints.

this chapter demonstrate that INCB059872 alters the size of certain progenitor
populations in murine bone marrow. Additionally, these results were corroborated by
flow cytometry analysis.

Preclinical studies have indicated that thrombocytopenia is a serious adverse

event that could result from treating AML patients with LSD1 inhibitors. Our scRNA-seq
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data point to a defect in megakaryocyte progenitor differentiation as a likely mechanism
for this effect. After INCB059872 treatment, a cluster of MkP cells within murine bone
marrow that expressed Mycn, Pbx1, and Vwf was expanded (Fig. 23-24). This
population is likely to be the same as the “platelet-biased HSC” population described by
Sanjuan-Pla et al. (2013), which was defined by expression of vVWF. Platelet-biased
HSCs showed multipotent potential in vitro yet exclusively adopted a megakaryocytic
lineage upon transplantation into primary recipients (Carrelha et al., 2018). Interestingly,
these megakaryocyte lineage-restricted cells displayed reduced platelet output when
compared to other less restricted HSC populations. The expansion of a progenitor
population with lower platelet yield is consistent with the lack of mature platelets in
INCB059872-treated mice.

These results also highlight the importance of LSD1:CoREST recruitment by GFI
family members. Expression of Lsd1 itself was not a predictor of how clusters would
respond to treatment, as Lsd1-expressing cells were evenly scattered throughout the
lineage-negative populations we observed. The most dramatic changes in gene
expression after INCB059872 treatment were the upregulation of Gfi1 and/or Gfi1b,
which only occurred in certain clusters (Fig. 24). GFI1 and GFI1B normally trans- and
auto-repress. Thus, the deficit of COREST activity at sites of GFI1/GFI1B binding
appears to be the primary mechanism driving gene expression changes. These results
are consistent with THP-1 data, in which accumulation of histone methylation was
secondary to increased histone acetylation and enhancer activation.

Another discovery from our scRNA-seq data was the reduced proportion of a

pDC progenitor population within 4 days of INCB059872 treatment. PDCs promote
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innate immune responses by producing large amounts of type | interferon. They can
also promote adaptive immunity by acting as antigen presenting cells. When we used
flow cytometry to verify that these cells were affected by INCB059872 treatment, the
progenitor population (Lin- Ly6D+ SiglecH+) was significantly decreased in size by the
sixth day. Mature pDCs would have been excluded from this analysis because they
express B220 (part of the lineage panel). Flipping the gating strategy to first look at
Ly6D and SiglecH expression showed that Ly6D+ SiglecH+ cells made up a slightly
higher percentage of total bone marrow in treated mice, but a lower fraction of these
were Lin- (~6% in control mice versus ~2% in 6d treated mice). This suggests that
INCB059872 treatment could have promoted differentiation of pDCs. Although there is a
report that LSD1 inhibition promoted differentiation of a cDC population in certain MDS
patient samples (Srivastava et al., 2020), further work is needed to understand the
exact function(s) of LSD1 in dendritic cells.

Another population affected by INCB059872 treatment was a small cluster of
monocyte progenitors marked by expression of Cd36 and Fcgr4. These cells appear to
be precursors of “non-classical” monocytes, which patrol along vascular endothelial
cells, because they highly expressed the characteristic markers Cx3cr1, Cebpb, Nr4a1,
and Csf1r (Guilliams et al., 2018). In the scRNA-seq dataset, this population was
dramatically reduced in size within 4 days of INCB059872 treatment and nearly absent
at day 6. This result was also observed by flow cytometry analysis. It is possible that
this monocyte progenitor population, a subset of Lin- cells, appeared to decrease in size
after drug treatment because the cells had differentiated and acquired expression of

Mac1. Though the percentage of Cd36+ Fcgr4+ cells in total bone marrow did not
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significantly change after INCB059872 treatment, a lower fraction of these were Lin-
(~3% in control mice versus 0.5% in 6d treated mice). These results are consistent with
data obtained from the monocytic leukemia cell line THP-1, in which genes associated
with monocytic differentiation were upregulated by INCB059872.

Overall, the data presented in this chapter support the understanding of LSD1 as
an important regulator of multiple stages of hematopoiesis. In addition to the desired
effect of LSD1 inhibitors to promote differentiation of myeloid leukemic blasts, these
compounds also cause thrombocytopenia that limits their usefulness as therapeutic
agents. Our data suggest that INCB059872 impaired the maturation of murine

megakaryocyte progenitors into efficient platelet-producing cells.

87



CHAPTER FIVE

CONCLUSIONS AND FUTURE DIRECTIONS

Epigenetic deregulation is a common feature of myeloid malignancies. Thus,
inhibitors of chromatin-modifying enzymes are being developed as therapeutic options.
The histone demethylase LSD1 is overexpressed in multiple cancer types, including
AML. Given that its expression correlates with the self-renewal capacity of leukemic
cells, LSD1 likely has a role in maintaining the transformed state of an AML blast.
Inhibition of LSD1 became especially interesting as a therapeutic strategy after the
inhibitor TCP was found to synergize with ATRA to induce differentiation of leukemia
cells (Schenk et al., 2012). Multiple inhibitors of LSD1 have now been developed, and
the focus of this dissertation is the use of one such compound, INCB059872, for the
treatment of AML.

INCB059872 is an orally bioavailable compound that has reached early stage
clinical trials. | first tested the transcriptional effects of this drug in MLL-rearranged AML
cell lines and found that THP-1 cells were especially sensitive and could be induced to
differentiate at a low concentration (25 nM). RNA-seq analysis of treated cell lines
showed a gene expression pattern consistent with myeloid differentiation, and similar
changes were observed in the bone marrow of an AML patient. Additionally, PRO-seq
experiments established that earliest effects of INCB059872 treatment were increases

in transcription at enhancers.
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Inhibition of LSD1 was expected to turn on transcription of target genes by
causing a buildup of H3K4 mono- and di-methylation, which are associated with active
transcription. Surprisingly, ChlP-seq analysis revealed only subtle changes in H3K4
methylation by 48 hours after treating THP-1 cells with INCB059872. However, H3K27
acetylation was significantly increased at over 100 loci within 24 hours of treatment.
These increased H3K27ac peaks (as well as upregulated enhancers identified by PRO-
seq) were enriched for GFI1 binding motifs, which led to the hypothesis that
INCB059872 disrupts the interaction of LSD1 with GFI1 and GFI1B. Indeed,
immunoprecipitation experiments confirmed that drug treatment limited the interaction of
LSD1 with GFI1. This is consistent with preliminary data that showed knockdown of
components of the COREST complex induced myeloid differentiation but knockdown of
other LSD1-interacting proteins did not.

In the context of AML, the disruption of the LSD1:GFI1 interaction by
INCB059872 appears to be more influential than the direct effects of LSD1 inhibition on
histone methylation. This result is supported by CRISPR-suppressor scanning, which
identified mutations within LSD1 that confer resistance to LSD1 inhibitors yet abolish the
enzymatic activity, indicating that the demethylase activity is not required for survival of
AML cells (Vinyard et al., 2019). At GFI1 binding sites where the COREST complex
would normally be recruited, drug treatment prevents this interaction, resulting in
buildup of H3K27 acetylation and activation of transcription (Fig. 28). Our data provide
evidence that increases in H3K4 methylation occur after these initial effects. This is
consistent with in vitro experiments that showed LSD1 catalytic activity is greatly

reduced when the substrate H3 peptide was acetylated (Forneris et al., 2006), implying
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+ INCB059872

X

TRANSCRIPTION ACTIVATED

Figure 28. Model of INCB059872 disrupting the LSD1:GFI1 interaction to
prevent CoREST activity at GFI1 binding sites.

90



that HDACs within the COREST complex act first to deacetylate a histone before LSD1-
mediated demethylation occurs.

The drawback of disrupting the interaction of LSD1 with GFI family members is
that certain steps of hematopoiesis are dependent on these proteins. The primary
adverse event associated with LSD1 inhibitor treatment is thrombocytopenia, which is
unsurprising given the crucial role of GFI1B in megakaryopoiesis. Our murine scRNA-
seq data showed that INCB059872 treatment caused expansion of a megakaryocyte
progenitor population. Impairment of megakaryocytic differentiation at an early stage
could explain the low platelet counts observed in treated mice.

The subset of cells that was expanded after drug treatment appears to be the
platelet-primed HSC population described by Sanjuan-Pla et al. (2013). This population
is characterized by the megakaryocytic marker Vwf and by the stem cell markers Mycn
and Pbx1. Also, the proportion of Kit+ cells within this cluster was increased by
INCB059872 treatment, giving further evidence that disruption of the LSD1:GFI1B
interaction kept the cells in a more stem-like state as opposed to differentiating toward
the megakaryocyte lineage.

One possible explanation for expansion of megakaryocyte-biased hematopoietic
stem cells is that platelet production could have been impaired at a later stage,
triggering a feedback mechanism that prompts stem cells to enter the cell cycle. This
could be true, as our experiments did not address late-stage megakaryopoiesis.
However, increased cycling does not seem to be the only cause of the expansion.
Further analysis of gene expression within these cells revealed that a gene signature

associated with platelet function was downregulated by the fourth day of INCB059872

91



treatment, suggesting that lineage-specific transcripts, not just cell cycle changes, are
directly altered.

INCB059872 is not the only compound known to disrupt the interaction of LSD1
with GFI1/1B. The LSD1 inhibitor T-3775440 was tested in a variety of leukemia cell
lines, and erythroleukemia and megakaryoblastic leukemias were found to be among
the most sensitive (Ishikawa et al., 2017). T-3775440 induced expression of myeloid
markers in these cell lines, indicative of transdifferentiation, and immunoprecipitation
experiments showed that this drug disrupted the association of GFI1B with LSD1.
Similarly, the compound OG86 was shown to disrupt the LSD1:GFI1 interaction and
induce differentiation of AML cell lines (Maiques-Diaz et al., 2018). INCB059872, OG86,
and T-3775440 are all derivatives of TCP, so it is likely that other TCP-derived
compounds disrupt this interaction as well.

In a small molecule screen to find LSD1 inhibitors that would not cause
thrombocytopenia, the compound T-448 was discovered (Matsuda et al., 2019). In vitro
assays showed that T-448 inhibited the enzymatic activity of LSD1, and it caused
accumulation of H3K4me2 at a target gene in rat neurons. However, T-448 did not
induce expression of GFI1 mRNA in an erythroblast cell line. Structural analyses
determined that T-448 forms an FAD-adduct like other TCP-based compounds, but this
adduct is compact and has minimal impact on the interaction between LSD1 and
GFI1B. In mice, the drug increased H3K4 methylation in brain tissues but did not cause
thrombocytopenia. Though T-448 could be a therapeutic option for neurodevelopmental
disorders in which histone methylation is altered, it has not been tested in the context of

leukemia. Based on our studies of INCB059872 in THP-1 cells, it seems unlikely that T-
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448 would induce differentiation of AML cells, given that the gene expression changes
that led to differentiation were dependent on loss CoREST activity at GFI1 binding sites.

Dependence on the LSD1:GFI1 interaction does not appear to be limited to
hematological malignancies. Approximately 15 percent of Group 3 and Group 4
medulloblastomas overexpress GFI1 or GFI1B (Northcott et al., 2017). Coexpression of
Myc and Gfi1 in murine neural progenitors caused transformation into medulloblastoma
cells, but a SNAG domain mutation in Gfi1 (which mediates binding to LSD1) prevented
tumorigenesis (Lee et al., 2019). Gfi1/Myc-driven tumors were especially sensitive to
conditional deletion of Lsd7 or treatment with LSD1 inhibitors. Conversely, TCP-based
LSD1 inhibitors did not impair growth of Ewing sarcoma cells (Romo-Morales et al.,
2019). This was an unexpected result given the high expression of LSD1 within these
tumors (Theisen et al., 2016). The majority of Ewing sarcomas are driven by the EWS-
FLI1 fusion protein, which recruits the NuURD complex to repress target genes (Sankar
et al., 2013). Thus, it seems plausible that INCB059872 is better suited to treat tumors
that depend on CoREST:LSD1:GFI1 activity more than those dependent on
NuRD:LSD1.

Even among AML subtypes, the extent to which LSD1 inhibition can induce
differentiation is variable. Though MV-4-11 and THP-1 cell lines are both driven by MLL
translocations, the effects of INCB059872 differed between the two. Treatment with the
inhibitor caused the majority of THP-1 cells to become CD11b+ and undergo
morphological changes, but MV-4-11 cells did not display a differentiation phenotype.
The influence of genetic background on sensitivity to LSD1 loss has also been reported

in murine models. Conditional deletion of Kdm1a caused granulocytic/monocytic
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differentiation in AML with Hoxa9/Meis1 overexpression but not in AML driven by MN1
overexpression (Barth et al., 2019). Despite the contrasting phenotypic changes (both in
THP-1 versus MV-4-11 and in Hoxa9/Meis1 versus MN1), gene expression analyses
revealed considerable overlap of the transcripts upregulated by LSD1 loss/inhibition.
This suggests that the LSD1i-induced gene expression changes that promote
differentiation are insufficient to overcome the differentiation block driven by certain
oncogenic transcriptional programs.

The potential for clinical use of LSD1 inhibitors depends on their combinatorial
effects with other therapeutic agents. A wide variety of compounds are being tested
preclinically for synergy with LSD1 inhibitors. As previously mentioned, LSD1 inhibition
cooperated with ATRA to induce differentiation in AML cell lines that were insensitive to
ATRA alone (Schenk et al., 2012), and in a few cases the combination promoted
caspase-mediated cell death (Smitheman et al., 2019). Clinical trials in which different
LSD1 inhibitor compounds are combined with ATRA are currently underway.

Other signaling pathways could also be targeted for synergy with LSD1 inhibitors.
The FLT3 inhibitor quizartinib showed synergy with the LSD1 inhibitor ORY-1001 in
FLT3-ITD cell lines (Maes et al., 2018). A CRISPR dropout screen identified
components of the mTORC1 signaling pathway as important for the survival of AML
cells that had been treated with the LSD1 inhibitor OG86 (Deb et al., 2019).
Combination treatment of MLL-rearranged AML cells with OG86 and the selective
mTORC1 inhibitor RAD001 synergistically increased expression of a differentiation-
related set of genes. Additionally, there are reports that reduced LSD1 activity can

sensitize tumors to immunotherapy. In a mouse model of melanoma in which tumors
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are insensitive to PD-1 blockade, deletion of Kdm1a conferred sensitivity to the
treatment and prolonged survival (Sheng et al., 2018). Similarly, in triple-negative breast
cancer xenografts, LSD1 inhibition combined with PD-1 antibody increased T cell
infiltration within tumors and suppressed tumor growth (Qin et al., 2019).

Perhaps the most promising use of LSD1 inhibitors is in combination with other
epigenetic therapies. Early studies of INCB059872 found that administration of this
compound prior to BET inhibition in AML xenograft models more effectively reduced
tumor growth than either agent alone (Liu et al., 2016). Targeting histone methylation at
other residues could also be useful in combination with LSD1 inhibitors. Inhibition of the
H3K79 methyltransferase DOT1L is an appealing strategy for MLL-rearranged
leukemias because DOT1L is recruited by the oncogenic fusion protein. Interestingly,
DOT1L inhibitors (SYC-522 or EPZ5676) showed synergy with LSD1 inhibitors in these
cells (Feng et al., 2016; Maes et al., 2018). LSD1 and the H3K27 methyltransferase
EZH2 are often simultaneously overexpressed in AML cells (Wen et al., 2018),
suggesting that combined inhibition of both enzymes could be a therapeutic strategy.
Indeed, co-treatment of AML cells with LSD1 and EZH2 inhibitors synergistically
impaired viability and colony formation (Wen et al., 2018).

Because LSD1 acts as part of chromatin remodeling complexes (CoREST and
NuRD) that also have HDAC activity, targeting both of these enzymatic activities could
have therapeutic benefit in certain malignancies. A pan-HDAC inhibitor combined with
the LSD1 inhibitor pargyline synergistically inhibited growth of breast cancer cell lines
(Huang et al., 2012). Combined pan-HDAC and LSD1 inhibition improved survival in a

patient-derived xenograft model of AML compared to either inhibitor alone (Fiskus et al.,
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2014). Additionally, ORY-1001 plus the pan-HDAC inhibitor panobinostat demonstrated
synergy in MLL-rearranged AML cell lines (Maes et al., 2018). Recently, bifunctional
molecules that inhibit both LSD1 and HDACs have been developed. Corin, a hybrid
TCP analog and class | HDAC inhibitor, caused nearly irreversible inhibition of COREST
complex HDAC activity, whereas individual HDAC and LSD1 inhibitors did not,
indicating the possibility of a conformational change in the CoOREST complex that allows
one molecule to bind both active sites (Kalin et al., 2018). Corin impaired tumor growth
in models of melanoma and cutaneous squamous cell carcinoma (Kalin et al. 2018) and
induced neuronal differentiation of diffuse intrinsic pontine glioma (Anastas et al., 2019).
However, dual inhibitors have yet to be tested in hematological malignancies.

LSD1 inhibition could also be therapeutically advantageous in cases of
epigenetic resistance to other treatments. In a CRISPR screen, targeting LSD1 in
combination with a BET inhibitor was found to induce differentiation of AML cells that
had developed non-genetic resistance to BET inhibition (Bell et al., 2019). Surprisingly,
LSD1 inhibition did not reverse the gene expression changes associated with resistance
to BET inhibition. Instead, treatment with an LSD1 inhibitor opened new PU.1/IRF8-
bound enhancers that were not affected by short- or long-term BET inhibition. These
data support an “enhancer switching” model in which loss of LSD1 at certain enhancer
loci allows PU.1/IRF8 to activate these enhancers, making the cells dependent on
different survival genes than were previously used, so that BET inhibition would now Kkill
the cells by preventing transcription of these survival genes. Thus, INCB059872 could
be effective when incorporated into maintenance strategies to combat therapeutic

resistance.
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Targeting epigenetic dysregulation in cancer is a promising therapeutic
approach. The work in this dissertation demonstrated that the LSD1 inhibitor
INCB059872 prevented the COREST complex from repressing transcription at GFI1-
regulated enhancers, leading to downstream gene expression changes that promoted
differentiation of AML cells. However, INCB059872 should be used with caution, as its
use impaired early megakaryopoiesis, leading to thrombocytopenia. The data presented
here provide support for the continued investigation of LSD1 inhibitors for the treatment

of malignancies dependent on the LSD1:GFI1/GFI1B interaction.
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APPENDIX

R code for scRNA-seq analysis:

> library(Seurat)

> library(dplyr)

> zeroA.data <- Read10X(data.dir = "1433-HR-1_count/filtered_gene_bc_matrices/mm10")
> zeroB.data <- Read10X(data.dir = "1433-HR-2_counts/filtered_gene_bc_matrices/mm10")
> zeroC.data <- Read10X(data.dir = "1433-HR-3_count/filtered_gene_bc_matrices/mm10")
> fourA.data <- Read10X(data.dir = "1433-HR-4_count/filtered_gene_bc_matrices/mm10")
> fourB.data <- Read10X(data.dir = "1433-HR-8_count/filtered_gene_bc_matrices/mm10")
> fourC.data <- Read10X(data.dir = "1433-HR-9_count/filtered_gene_bc_matrices/mm10")
> sixA.data <- Read10X(data.dir = "1433-HR-5_count/filtered_gene_bc_matrices/mm10")

> sixB.data <- Read10X(data.dir = "1433-HR-6_count/filtered_gene_bc_matrices/mm10")

> sixC.data <- Read10X(data.dir = "1433-HR-7_count/filtered_gene_bc_matrices/mm10")

> zeroA <- CreateSeuratObject(raw.data = zeroA.data, min.cells = 5, min.genes = 300, project = "zero")
> zeroB <- CreateSeuratObject(raw.data = zeroB.data, min.cells = 5, min.genes = 300, project = "zero")
> zeroC <- CreateSeuratObject(raw.data = zeroC.data, min.cells = 5, min.genes = 300, project = "zero")
> fourA <- CreateSeuratObject(raw.data = fourA.data, min.cells = 5, min.genes = 300, project = "four")
> fourB <- CreateSeuratObject(raw.data = fourB.data, min.cells = 5, min.genes = 300, project = "four")
> fourC <- CreateSeuratObject(raw.data = fourC.data, min.cells = 5, min.genes = 300, project = "four")
> sixA <- CreateSeuratObject(raw.data = sixA.data, min.cells = 5, min.genes = 300, project = "six")

> sixB <- CreateSeuratObject(raw.data = sixB.data, min.cells = 5, min.genes = 300, project = "six")

> sixC <- CreateSeuratObject(raw.data = sixC.data, min.cells = 5, min.genes = 300, project = "six")

> mito.genes0a <- grep(pattern = "*mt-", x = rownames(x = zeroA@data), value = TRUE)
> mito.genes0b <- grep(pattern = "*mt-", x = rownames(x = zeroB@data), value = TRUE)
> mito.genesOc <- grep(pattern = ""mt-", x = rownames(x = zeroC@data), value = TRUE)
> mito.genes4a <- grep(pattern = ""mt-", x = rownames(x = fourA@data), value = TRUE)
> mito.genes4b <- grep(pattern = "*mt-", x = rownames(x = fourB@data), value = TRUE)
> mito.genes4c <- grep(pattern = ""mt-", x = rownames(x = fourC@data), value = TRUE)
> mito.genesba <- grep(pattern = "mt-", x = rownames(x = sixA@data), value = TRUE)
> mito.genes6b <- grep(pattern = "mt-", x = rownames(x = sixB@data), value = TRUE)
> mito.genes6c <- grep(pattern = ""mt-", x = rownames(x = sixC@data), value = TRUE)

> percent.mitoOa <- Matrix::colSums(zeroA@raw.data[mito.genes0a,
])/Matrix::colSums(zeroA@raw.data)

> percent.mitoOb <- Matrix::colSums(zeroB@raw.data[mito.genes0b,
])/Matrix::colSums(zeroB@raw.data)

> percent.mitoOc <- Matrix::colSums(zeroC@raw.data[mito.genesOc,
])/Matrix::colSums(zeroC@raw.data)

> percent.mito4a <- Matrix::colSums(fourA@raw.data[mito.genes4a, ])/Matrix::colSums(fourA@raw.data)
> percent.mito4b <- Matrix::colSums(fourB@raw.data[mito.genes4b, ])/Matrix::colSums(fourB@raw.data)
> percent.mito4c <- Matrix::colSums(fourC@raw.data[mito.genes4c, ])/Matrix::colSums(fourC@raw.data)
> percent.mito6a <- Matrix::colSums(sixA@raw.data[mito.genes6a, ])/Matrix::colSums(sixA@raw.data)

> percent.mito6b <- Matrix::colSums(sixB@raw.data[mito.genes6b, ])/Matrix::colSums(sixB@raw.data)

> percent.mito6¢ <- Matrix::colSums(sixC@raw.data[mito.genes6c, ])/Matrix::colSums(sixC@raw.data)

> zeroA <- AddMetaData(object = zeroA, metadata = percent.mitoOa, col.name = "percent.mito")
> zeroB <- AddMetaData(object = zeroB, metadata = percent.mitoOb, col.name = "percent.mito")
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> zeroC <- AddMetaData(object = zeroC, metadata = percent.mitoOc, col.name = "percent.mito")

> fourA <- AddMetaData(object = fourA, metadata = percent.mito4a, col.name = "percent.mito")

> fourB <- AddMetaData(object = fourB, metadata = percent.mito4b, col.name = "percent.mito")

> fourC <- AddMetaData(object = fourC, metadata = percent.mito4c, col.name = "percent.mito")

> sixA <- AddMetaData(object = sixA, metadata = percent.mito6a, col.name = "percent.mito")

> sixB <- AddMetaData(object = sixB, metadata = percent.mito6b, col.name = "percent.mito")

> sixC <- AddMetaData(object = sixC, metadata = percent.mito6c, col.name = "percent.mito")

> zeroA <- FilterCells(object = zeroA, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750,
-Inf), high.thresholds = ¢(4000, 0.05))

> zeroB <- FilterCells(object = zeroB, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750,
-Inf), high.thresholds = ¢(4000, 0.05))

> zeroC <- FilterCells(object = zeroC, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750,
-Inf), high.thresholds = ¢(4000, 0.05))

> fourA <- FilterCells(object = fourA, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750, -
Inf), high.thresholds = ¢(4000, 0.05))

> fourB <- FilterCells(object = fourB, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750, -
Inf), high.thresholds = ¢(4000, 0.05))

> fourC <- FilterCells(object = fourC, subset.names = c("nGene", "percent.mito"), low.thresholds = c¢(750,
-Inf), high.thresholds = ¢(4000, 0.05))

> sixA <- FilterCells(object = sixA, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750, -
Inf), high.thresholds = ¢(4000, 0.05))

> sixB <- FilterCells(object = sixB, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750, -
Inf), high.thresholds = ¢(4000, 0.05))

> sixC <- FilterCells(object = sixC, subset.names = c("nGene", "percent.mito"), low.thresholds = ¢(750, -
Inf), high.thresholds = ¢(4000, 0.05))

> zeroA <- NormalizeData(zeroA)
> zeroB <- NormalizeData(zeroB)
> zeroC <- NormalizeData(zeroC)
> fourA <- NormalizeData(fourA)
> fourB <- NormalizeData(fourB)
> fourC <- NormalizeData(fourC)
> sixA <- NormalizeData(sixA)

> sixB <- NormalizeData(sixB)

> sixC <- NormalizeData(sixC)

> zeroA <- ScaleData(zeroA, display.progress = F)
> zeroB <- ScaleData(zeroB, display.progress = F)
> zeroC <- ScaleData(zeroC, display.progress = F)
> fourA <- ScaleData(fourA, display.progress = F)
> fourB <- ScaleData(fourB, display.progress = F)
> fourC <- ScaleData(fourC, display.progress = F)
> sixA <- ScaleData(sixA, display.progress = F)

> sixB <- ScaleData(sixB, display.progress = F)

> sixC <- ScaleData(sixC, display.progress = F)

> zeroAB <- MergeSeurat(object1 = zeroA, object2 = zeroB, add.cell.id1 = "zeroA", add.cell.id2 = "zeroB",
do.normalize = FALSE)

> fourAB <- MergeSeurat(object1 = fourA, object2 = fourB, add.cell.id1 = "fourA", add.cell.id2 = "fourB",
do.normalize = FALSE)

> sixAB <- MergeSeurat(object1 = sixA, object2 = sixB, add.cell.id1 = "sixA", add.cell.id2 = "sixB",
do.normalize = FALSE)

> zeroall <- MergeSeurat(object1 = zeroAB, object2 = zeroC, add.cell.id2 = "zeroC", do.normalize =
FALSE)

> fourall <- MergeSeurat(object1 = fourAB, object2 = fourC, add.cell.id2 = "fourC", do.normalize = FALSE)
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> sixall <- MergeSeurat(object1 = sixAB, object2 = sixC, add.cell.id2 = "sixC", do.normalize = FALSE)
> mergedzerofour <- MergeSeurat(object1 = zeroall, object2 = fourall, do.normalize = FALSE)

> mergedcells <- MergeSeurat(object1 = mergedzerofour, object2 = sixall, do.normalize = FALSE)
(txt file containing list of cell cycle genes was downloaded from
https://satijalab.org/seurat/cell_cycle_vignette.html#assign-cell-cycle-scores)

> cc.genes <- readLines(con = "regev_lab_cell_cycle_genes.txt")

> s.genes <- cc.genes[1:43]

> g2m.genes <- cc.genes[44:97]

> n_allcells <- NormalizeData(mergedcells)

> nv_allcells <- FindVariableGenes(n_allcells, do.plot = F)

> nv_allcells <- CellCycleScoring(object = nv_allcells, s.genes = s.genes, g2m.genes = g2m.genes)

> nvs_allcells <- ScaleData(object = nv_allcells, vars.to.regress = ¢("S.Score", "G2M.Score"),
display.progress = FALSE)

> allcellsr_pca <- RunPCA(object = nvs_allcells, pc.genes = nvs_allcells@var.genes, pcs.compute = 40)
> allcellsr_tsne30 <- RunTSNE(allcellsr_pca, dims.use = 1:30, do.fast = T)

> allcellsr_30_08 <- FindClusters(allcellsr_tsne30, resolution = 0.8, dims.use = 1:30)
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