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ABSTRACT

Clonal hematopoiesis (CH) is a common premalignant state in the blood and
confers an increased risk of blood cancers and all-cause mortality. Genomic studies have
identified the chromatin modifiers DNMT3A, TET2, ASXLI, and IDH? as recurrently
mutated in CH and these same mutations occur in acute myeloid leukemia (AML) at high
variant allele frequencies, suggestive of their roles as leukemia initiating mutations'*.
While prior murine and human studies have demonstrated that CH mutations induce
functional changes in hematopoietic stem and progenitor cells (HSPCs) including an
increase in self-renewal activity, the specific mechanisms underlying these alterations
have not been delineated™'’. Moreover, genotype-specific therapies for DNMT3A, TET2,
and ASXL 1 mutations have not been reported in CH or AML. While IDH2 inhibitors are
used clinically in AML, they are unable to induce durable responses in the vast majority
of patients with /DH2-mutant disease and their efficacy in CH has not been
demonstrated'!. Given the broad prevalence and risk of malignant transformation
associated with CH, there is an unmet need to identify novel therapies that can suppress
clonal expansion and prevent evolution to malignancy.

The lack of an ex vivo platform for culturing primary genetically defined murine
hematopoietic stem and progenitor cells (HSPCs) has proved a significant technical
challenge preventing the application of unbiased screens to identify therapeutic targets.
Recently, approaches that enable long-term ex vivo maintenance of HSPCs have been
reported, including co-culture of HSPCs with bone marrow endothelial cells'?. In Chapter

Two, we utilize this system to establish a platform to study CH that yields rapid ex vivo
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phenotypes of HSPCs with CH-associated mutations. We then apply this system for
genetic/chemical perturbation studies and for unbiased high-throughput screens. We
identify a catalogue of genetic vulnerabilities in wild-type HSPCs and in HSPCs
harboring mutations in the four genes most recurrently mutated in CH.

Next, in Chapter Three, we investigated the function and mechanism of the
KDM3 histone lysine demethylase family members, which we found were strong
dependencies in IDH2- and TET2-mutant HSPCs. Our data suggest that the KDM3B
mutation cooperates with the /DH2 mutation to rewire the epigenome and downstream
transcriptome. Specifically, we observed that KDM3B loss in mutant cells led to
decreased expression of critical cytokine receptors upstream of JAK/STAT signaling that
are dysregulated in CH-mutant HSPCs, rendering mutant HSPCs preferentially
susceptible to inhibition of downstream JAK2 signaling. Altogether, these findings
nominate an epigenetic regulator and an epigenetically regulated receptor signaling
pathway as genotype-specific therapeutic targets and provide a scalable platform to

identify genetic dependencies in mutant HSPCs.
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CHAPTER ONE

INTRODUCTION*

Targeted therapies have come to play an increasingly important role in cancer
therapy over the past two decades, in part due to advances in sequencing that have greatly
improved our understanding of the genetic drivers present in individual tumors. Different
classes of genetic drivers have been identified, including mutations/alterations affecting
kinases, downstream signaling effectors, tumor suppressors, and chromatin modifiers. In
light of these discoveries, different strategies and modalities for the development of
targeted therapies have been explored. More recently, the presence and significance of
premalignant conditions, including clonal hematopoiesis in the blood, have also been
appreciated. An enhanced understanding of clonal hematopoiesis and its clinical
consequences has initiated a search for targeted therapies in this indication. In turn, the
application of targeted therapies in clonal hematopoiesis has been informed by the
successes and challenges with regards to the prior development of targeted therapies

against targets in cancer.

* Waarts, M.R., Stonestrom, A.J., Park, Y.C., Levine, R.L. (2022). Targeting mutations in

cancer. JCI 132 (8)



Development of targeted therapies in cancer

Advances in the classical cancer treatment modalities of standard cytotoxic
chemotherapy, radiotherapy, and surgery have led to reductions in cancer mortality rates
over the last several decades; however, major challenges remain that often lead to tumor
recurrence and death. These challenges have led to the exploration of mutation-targeted
therapies for cancer. While standard chemotherapy uses cytotoxic agents that kill rapidly
dividing malignant and normal cells, targeted therapies act on abnormal proteins encoded
by mutated genes. Since normal cells lack the tumorigenic mutations that are exploited
for drug targeting, there is often high differential sensitivity of malignant and
nonmalignant cells to targeted therapies. As a result, targeted therapy frequently produces
rapid and dramatic tumor regression while limiting the potential for off-target toxicities
that are a hallmark of conventional chemotherapy. The overall drug discovery strategy for
cancer has thus shifted away from cytotoxic agents and toward the identification of
tumor-specific actionable mutations and the development of molecularly targeted agents.

Progress in targeted therapies is closely tied to technological advancements in
sequencing made over the past two decades, including the revolutionary development of
massively paralleled next-generation sequencing (NGS)". The discovery of both
common and rare genetic aberrations has launched research investigations into targeted
therapies against resultant mutant proteins and exploration of downstream aberrant
molecular signaling pathways that can be therapeutically exploited'. Additionally, NGS
has proved critical to the clinical application of targeted therapies. Mutational evaluation
by sequential oligonucleotide capture, amplification, and NGS has become a

standard-of-care diagnostic tool in many cancers'>'®. These tests are used to identify



actionable genetic mutations that are then used for selection of an appropriate targeted
therapy, for prognostication, or as biomarkers for other clinical endpoints.

The discovery of the BCR-ABL fusion gene as the hallmark of chronic
myelogenous leukemia (CML) and the development of the BCR-ABL inhibitor imatinib
marked a pivotal moment in drug development. Since then, numerous targeted therapies
have been approved by the US FDA, with many more agents under investigation (Figure
1.1). Oncogenic gene mutations may be druggable in several different ways: (a) they can
encode a protein that can be targeted in a manner distinct from the WT protein; (b) they
can cause abnormal activation of a protein (e.g., through a gain-of-function mutation or
amplification) that is druggable but for which mutant-specific targeting has not been
achieved; or (c) they can create novel molecular dependencies that are druggable
(“actionable mutations”). Examples of truly druggable mutations in the first category are
far less common than druggable mutations in the second category. However, excellent
therapeutic indices are still achieved for many overactivated or amplified targets due to
increased target expression and/or a high level of cancer-specific dependence on a
specific protein. Additionally, other mutations that are not yet amenable to targeted
therapy approaches are still useful as biomarkers that support selection of another
appropriate therapy. Targetable genetic aberrations occur in a range of genes encoding
kinases and their downstream signaling effectors, tumor suppressors, and chromatin

modifiers (Table 1.1).



Imatinit
(BCR-ABL)

2001

2002

Vismodegib (SMOPTCHT) Pexdidartinib (CSF1R)  Tazemotostat (EZH2)
Bosutinib (BCR-ABL) Erdafitinib (FGFR) Pemigatinib (FGFR)
Trastuzumab (HER2) Ponatinib (BCR-ABL) Fedratinib (JAK2) Tucatinib (HERZ)
Dasatanib (BCR-ABL) Pertuzumab (HER2) Entrectinit (NTRK) Margetuximab (HERZ)
Sunitinib (CSF1R + mora) Alpelizib (PI3KCA) Avapritinib (KIT)
Ripretinib (KIT)
Olaparit (ATMBRCA) Capmatinib (MET)
Erlatinity Pazopanit (KIT) Idetalisib (PEIKCA) Rucaparib (BRCA) Pralsetinib (RET)
(EGFR) Everolimus (PI3KCA) Ceritinib (ALK) Cabozantinib (ROS1) Selparcatinib (RET)

2003 2004 2005 2006

Lapatinib (HER2)
Temsirolimus (PIAKCA)

2007 2008 2000 2010 2011

Geditinity Soratenib Crizotinity (ALK/ROS-1/MET)
(EGFR) (FLT3) Vemuratenit (BRAF)
Fuecolitinid (JAK2)
Milatinib (BCR-ABL)

Dabrafenib (BRAF)
Trametinib (BRAF)
Afatinib (EGFRHER2)

2012 2013 24 2015 2006 2047 2018 2015 2020

Lenvatini (FGFA)

2021

Algctinit (ALK) Sotorasih (KRAS)
Cobimetinio (BRAF) Astiminib (BCH-ABL)
Osimertinib (EGFR) Amivantamab (EGFR)

Infigratinit (FGFR)
Tepatinib (MET)
Umbralisib {PIBKCA)

Enasidenib (IDH2)

Brigatinity (ALK/EGFR)
Niraparib (BRCA) Larotrectinid (NTFRK)
Midostaurin (FLT3) Lerating (ALK)

Neratinib (HER2) Encoralenib (BRAF)
Copanlisib (FIAKCA) Binimetinib (BRAF)
Talazoparib (BRCA)
Dacomitinib (EGFR)

Gilteritinib (FLT3)

Ivosidanib (IDH1)

Duvelisid (PI3KCA)

Figure 1.1: Timeline of FDA-approved targeted therapies in cancer. FDA-approved
molecules with mutation-specific indications are depicted along with their associated
mutation-specific indications. First-in-class molecules for novel targets are shown in red.

Table 1. Genetic indications for targeted therapy in cancer

Mutated gene
ALK

ATM

BIR-4BL

BRAF

BRLALZ
CHEK?
C5FIR
EGFR

ERBB2/3/4

EZH2
FOFRI/Z/3
FLT3
IDH1Y2
1AK2

KT

KRAS
MET
NTRE
POGFRA/B

PIKICA

PML-RARA
RET

ROSI
SMO/PTCHT

Commaon genetic alterations
Mutation, fusion
Mutatian
Fusign

Mutation

Mutation
Mutation
Mautation, fusion
Mutation, fusion, amplification

Amplification, mutation

Mutation
Mutation, fusion
Mutation
Mutation
Mutation
Mutation, fusion

Mutation
Mutation, fusion
Fusion
Mutation, fusion

Mutation

Fusion
Mutation, fusion
Fusion
Mutation

Tumors implicated
Non-smiall cell lung cancer
Breast
Chionic lymphocytic levkemia,

arute ymphooytic leukemia
Melanama, colorectal, hairy cell leukemia,
thyroid
Breast, ovarian, prostate
Breast, ovarian
Giant cell tumor
Non-small cell hene cancer

Breast

Llymphoma
Cholangiocarcinoma
Myeloid leukemia
Myeloid lewkemia, cholangiocarcinama, glioblastoma
Myeloproliferative syndrame
Gastrointestinal stromal tumos, mastocytosis,
ma
Nan-small cell lung cancer
Non-small cell lung cancer
Many solid tumors at low frequency
Gastrointestinal stromal tumor, mastocytosis,
hypereosinophilic symdrome
Breast

Myetoid leukemia
Renal, thyroid, non-small cell lurg canger

Non-small cell lung cancer
Meduliphlastoma, basal cell cascinoma

Drugs
Alectinib, Brigatinib, ceritinib, crizotinib, lorlatinib
Dlaparib
Basutinib, dasatanib, imatinib, nilatinib, ponatinib, asciminib

Dabrafenib, encorafenib, vemurafenib, binimetinib,
tobimetinib, trametinib
Olaparib, niraparib, rucapasib, talazoparib
Dlaparib
Peddartinib, sunitinib!
Afatinib, dacomitinib, erlotingb, eefitinib, osimertinib, brigatinit’,
amivantamab
Afatinity', lapatinib, neratinib, tucatinib, trastuzumal?,
pertuzumab®, margetuximab
Tazemetostat
Erdafitinib, lenvatinib, pemigatinib, infigratinib
Gilteritinib, midostaurin, sorafenitr
Ivosidenib, enasidenib
Fedratinib, uxolitinib
Avapritinib, imatinib, pazopanily’, pexidartinib, ripretinib,
sorafenib, nilotinib®, sunitinib
Sutorasib
[abozantinib*, capmatinib, crizotinib, tepotinib
Larotrectinib, entretinib
Awapritinib, imatinib®, sorafenib®, sunitinib®, lenvatinib®,
pazopanib®, ripretinib®
Umibralisiby, dwvelisit®, idelalisit’, copanlisit’, alpelisib,
temsinolimus®, everolimus®
Arsenic triowide, retinpic acid
Pralsetinib, selpercatinib, cabozantinib®
Entrectinib, crizotinib
Vismodegib

*Mutation-specific treatment supported by National Comprehensive Cancer Network guidelines that does not have full FOA approval. *Base antibody used
alone or as antibody-drug conjugate.

Table 1.1: Genetic indications for targeted therapy in cancer



Targeting mutations in tyrosine kinases
Following the success of imatinib, there has been an enormous amount of interest

in targeting other mutated kinases. As developments in sequencing have added to the
number of candidate targets, parallel progress in chemical approaches has expanded the
number of targets considered druggable. Kinases can be divided into two general types:
tyrosine kinases, which act primarily as growth factor receptors or in direct interaction
with growth factor receptors, and serine/threonine kinases, which respond to a range of
cellular cues, including signaling downstream of tyrosine kinases. Kinase inhibitors may
act through any of multiple mechanisms, including by competition for ATP in the
ATP-binding pocket of the kinase in either active (type I) or inactive (type II)
conformation, allosteric inhibition of kinase activity (types III and IV) through binding of

other regions of the kinase, and/or other mechanisms (Figure 1.2)"!®

. For tyrosine
kinases, in addition to chemical inhibitors, monoclonal antibodies (mAbs) targeting the

extracellular domains have emerged as a promising therapeutic approach'®.
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Figure 1.2: Targeting modalities for targeted therapies in cancer. Common modes of
druggability associated with clinically approved molecules are depicted using the
HER1/HER2 RTKs as examples. FDA-approved targeted therapies include
small-molecule inhibitors and mAbs. Small-molecule inhibitors are commonly classified
on the basis of the mechanism by which they bind their targets (inset). Small-molecule
inhibitors in cancer can directly inhibit a mutant protein product, inhibit an
overactive/overabundant protein product along with WT protein, or inhibit a signaling
effector downstream of a mutated protein. In addition to inhibitors, mAbs are approved
either with or without the addition of a drug conjugate, which, besides activating
antibody-dependent cellular cytotoxicity (ADCC), also delivers cytotoxic payloads to
targeted cells. DFG, aspartate-phenylalanine-glycine motif.

In 2001, the tyrosine kinase inhibitor (TKI) imatinib became the first
FDA-approved targeted therapy for a known genetic alteration. Imatinib’s initial approval
was for CML, characterized by the presence of the Philadelphia chromosome, a
molecular juxtaposition of the tyrosine kinase ABLI on chromosome 9 to BCR on
chromosome 22*'. The resultant fusion gene encodes an oncoprotein that is capable of
autophosphorylation and constitutive activation of downstream signaling pathways
including PI3K/AKT/mTOR, MAPK, and JAK/STAT, leading to unrestrained cell
proliferation***’. Before the development of imatinib, the 10-year survival rate of the
approximately 90% of patients presenting with chronic-phase CML was less than 50%.
Extraordinarily, treatment with imatinib increased the 10-year survival rate to
approximately 80%**. Despite its success, two challenges with imatinib are resistance
and side effects. Resistance occurs through several mechanisms, most commonly due to
mutations in the kinase domain of BCR-ABL**, These mutations may develop while
patients are on imatinib but may also be present in the CML prior to the start of treatment
and may be selected for by insufficient drug levels®. To overcome resistance,

next-generation kinase inhibitors with increased inhibitory activity toward BCR-ABL

have been developed. Nilotinib, dasatinib, bosutinib, and ponatinib compete in the same
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ATP-binding pocket as imatinib but with higher affinity and are able to overcome many
resistance mutations®**. More recently, the allosteric inhibitor asciminib has also been
approved**. Because asciminib does not bind in the ATP-binding pocket of BCR-ABL but
instead binds in the myristylation pocket that is responsible for maintaining the kinase in
the autoinhibited state, asciminib is expected to overcome nearly all known resistance
mutations®. Additionally, because the binding site of asciminib is entirely distinct from
that of other BCR-ABL—-targeted TKIs, combination targeting of BCR-ABL activity is
possible and may prevent the acquisition of resistance®. Despite excellent efficacy, TKI
therapy is generally given lifelong, as it appears that CML stem cells can persist at low
levels in the presence of therapy, possibly due to quiescence or activation of other
signaling pathways®’. Side effects of CML therapy are common and have particularly
detrimental effects on quality of life given lifelong treatment.

Drugs targeting the EGF/human EGFR (HER) family of receptor tyrosine kinases
(RTKs) were the second large group of targeted therapies to be approved by the FDA.
Under normal physiologic conditions, ligand binding to the extracellular domains of HER
RTKs causes dimerization of receptors leading to autophosphorylation within the
intracellular tyrosine kinase domains and consequent activation of downstream
effectors®®. Mutations of HER family members result in constitutive downstream pathway
signaling and are found across a spectrum of cancers; the most common mutations
include EGFR/HERI activating mutations in non—small cell lung cancer (NSCLC)
and HER?2 amplifications/activating mutations in breast cancer (BC)". Both EGFR and
HER2 TKIs have been developed; TKIs against the latter are less widely used but have

clinical efficacy in specific settings and are reviewed elsewhere®”. Early-generation



EGFR inhibitors block both mutant and WT EGFR signaling reversibly
(gefitinib/erlotinib) or irreversibly (afatinib/dacomitinib)****. Patients treated with these
drugs often have dramatic initial responses to therapy but develop resistance mutations
including T790M and experience side effects due to inhibition of WT EGFR. The
development of the covalent EGFR inhibitor osimertinib represented a major step
forward due to increased relative affinity for mutant EGFR over WT and retention of
efficacy against the T790M mutation****. Nevertheless, resistance eventually occurs in all
patients with stage IV EGFR-mutant NSCLC. While a subset of resistance occurs
through mutations at osimertinib’s reactive cysteine target C797, it is also common for
resistance to occur through mechanisms that do not depend on specific mutations, such as

histologic small cell transformation (Figure 1.3)*7,
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Figure 1.3: Mechanisms of resistance to targeted therapies against kinases in cancer.
In response to kinase inhibitors, mutations in the kinase domain that prevent drug binding
to the target are the most frequent resistant mechanisms. Other mechanisms of resistance
to kinase inhibition include alterations in drug transport or metabolism and mutations in
either downstream pathway effectors or alternative signaling pathway effectors.
Resistance also occurs with mAbs targeting kinases, with loss/downregulation/truncation
of the targeted antigen being the most common. Resistance mechanisms that affect both
small-molecule inhibitors and mAbs are also common and include phenotypic
transformation, tumor heterogeneity, immune dysregulation, and microenvironmental
upregulation of ligands/growth factors.



Targeting HER family members with mAbs is another attractive therapeutic
option. mAbs bind to the juxtamembrane portion of the extracellular domain of RTKs and
act through multiple mechanisms, including antibody-dependent cellular cytotoxicity
(ADCC), RTK internalization/degradation, and inhibition of RTK dimerization'**. The
first clinically approved HER2-targeting mAb, trastuzumab, has exceptional activity in
HER2-positive BC*. Pertuzumab is another HER2 mAb that targets a different site on
HER2 and is able to disrupt ligand-induced dimerization of HER2, thus also inhibiting its
receptor partner HER3*. Since the binding sites of trastuzumab and pertuzumab are
distinct, these agents are often combined to maximize efficacy™. A third HER2-targeting
mADb, margetuximab, has improved ability to recruit effector immune cells and may
retain efficacy after resistance to other mAbs has developed’'. HER2-targeted
antibody-drug conjugates that deliver cytotoxic payloads have also been developed,
including trastuzumab-emtansine, trastuzumab-deruxtecan, and
trastuzumab-duocarmazine®>. EGFR mAbs, including cetuximab, panitumumab, and
necitumumab, have shown limited activity in NSCLC but have specific indications in the
treatment of colorectal cancer and squamous cell carcinoma of the head and neck™.
Finally, bivalent mAbs targeting two oncogenic drivers are a further therapeutic strategy,
and recently the bivalent mAb amivantamab targeting EGFR and MET has been
approved for NSCLC*. While mAbs have proved clinically effective, many patients
ultimately develop resistance to these agents due to immune-mediated escape from
ADCC, intrinsic alterations in the RTK extracellular domain, and activation of alternative

signaling pathways>>>%,



Targeting of mutations in FGFR/PDGFR/VEGFR family members is another area
that has generated considerable clinical interest and has led to FDA approval of over a
dozen drugs. Genetic aberrations in FGFR1/2/3 occur in more than 10% of breast,
bladder, and endometrial cancers as well as at lower frequencies in other tumors'.
Mechanistically, activation of the FGFR/PDGFR/VEGFR pathways occurs through a
process similar to that of activation of the HER RTKs, and mutations in these pathways
likewise act to cause constitutive activation of the mutated RTK*’. The primary and most
well-studied downstream effect of FGFR/PDGFR/VEGFR signaling is increased
angiogenesis. Most inhibitors against this class of RTKs to date have activity against all
three RTK families and are more frequently used in a mutation-agnostic practice to limit
angiogenesis rather than being employed for mutation-specific cancers®. While effective
in certain contexts, these multikinase inhibitors have overall achieved modest clinical
results, for multiple reasons including insufficient target inhibition and increased toxicity
owing to multikinase inhibition. FGFR-specific inhibitors, including erdafitinib,
infigratinib, and pemigatinib, have been developed more recently but have also generated
limited responses®®*. The presence of an FGFR alteration alone is likely not sufficient
for patient selection, since only a minority of patients with FGFR alterations respond to
TKIs and a subset of FGFR-WT patients also respond. Preliminary data from clinical
trials indicate that FGFR expression levels may be a superior predictor of response, and
the development of further biomarkers will likely be necessary to guide patient
selection®. FGFR-mutant tumors may also have other as-yet unidentified alterations that

prevent addiction to FGFR, and it is also possible that even the existing specific
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FGFR-targeting therapies may not be sufficiently potent and specific to elicit
mutant-specific responses®.

Overall, targeting mutations in tyrosine kinases has been a fruitful therapeutic
strategy: BCR-ABL inhibitors have transformed treatment of CML, and both mAbs and
TKIs are standard-of-care for EGFR-mutant NSCLC and HER2-positive BC. A variety of
other TKIs (Table 1.1) also now play important roles in the treatment of cancers
with JAK2 and FLT3 mutations in hematologic malignancies
and ALK, MET, NTRK, RET, and ROSI mutations in multiple solid tumors. Both primary
and acquired resistance remains a challenge in targeted therapy, with most patients
experiencing disease progression. Common themes of resistance are generally at play
with TKIs and include mutations within the tyrosine kinase domain of the targeted
protein that prevent drug binding, mutations in downstream signaling effectors, activation
of alternative signaling pathways, and histologic transformation (Figure 1.3). A further
challenge has been to dissect the mechanisms of multi-targeted kinase inhibitors in
particular tumors. Kinase inhibitors vary in their specificity and potency, with early
inhibitors being mostly multi-targeted and more recent inhibitors having increased
specificity and potency against single targets; however, no kinase inhibitor is completely
specific, and the physiologic action is multikinase inhibition at least to some extent.
Multikinase inhibitors have shown efficacy in certain contexts, and the lack of specificity
has indeed facilitated their clinical use against multiple targets, but it has often been
difficult to understand the specific target(s) responsible for therapeutic benefit, making

the improvement of these inhibitors challenging. Considerable research is necessary to
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understand the precise mechanisms of TKI response and resistance and to guide the

development of the next generation of inhibitors.

Targeting mutations in downstream signaling effectors

Tyrosine kinases relay signaling from extracellular ligands to downstream
signaling effectors. These effectors predominantly include serine/threonine kinases but
also include other important proteins such as RAS. As highlighted in examples above,
mutations in numerous tyrosine kinases are able to hijack downstream signaling
pathways to drive oncogenesis. In addition, mutations in downstream signaling effectors
themselves are also common in cancer. For mutations in serine/threonine kinases, similar
therapeutic strategies to those used to target tyrosine kinases have been developed, with
the exception that mAb approaches are only effective against kinases with extracellular
domains. For mutations in non-kinase effectors, such as RAS, other targeting strategies
have been explored. In addition to specifically targeting cancers defined by mutations in
these effectors, inhibitors against these central pathways have also been used across a
variety of genetically unselected tumors, with varying success.

Members of the MAPK signaling pathway are frequently mutated in cancer and
include the RAS GTPases and the RAF/MEK/ERK serine/threonine kinases®. RAS is a
plasma membrane—localized GTPase that cycles between its GDP-bound inactive state
and its GTP-bound active state. In response to ligand binding, RTKs undergo
autophosphorylation of sites that serve to recruit and activate RAS. RAS then initiates a
signaling cascade whereby RAF, MEK1/2, and ERK1/2 are in turn phosphorylated and

activated. ERK1/2 then translocates to the nucleus to phosphorylate a range of substrates,
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leading to changes in gene expression and cellular functions. Gain-of-function mutations
in A/B/C-RAF, MEK1/2, and RAS are all common in cancer'*. Of the serine/threonine
kinases, mutations in BRAF are the most common and in the majority of cases affect the
V600 residue, producing a mutant BRAF protein that is able to constitutively signal as a
monomer independently of RAS®’. Sorafenib, a multikinase inhibitor, was the first RAF
inhibitor investigated but had limited clinical activity, likely owing to a weak affinity for
BRAF at clinically achievable concentrations®®®. The more recent RAF inhibitors
vemurafenib, dabrafenib, and encorafenib have higher potency and are able to inhibit
signaling by the monomeric V600E-mutant BRAF protein’>">. However, RAF inhibitors
cause cutaneous lesions in many patients as a result of paradoxical increases in RAF
activity and MAPK signaling in normal skin”7°. Addition of MEK inhibitors to RAF
inhibitor therapy simultaneously abrogates this side effect while increasing MAPK
suppression and prolonging responses in melanoma’®’®, However, in some tumors, even
with combined RAF/MEK inhibition, resistance occurs with sustained dependence on
MAPK signaling, indicating that combination therapy may still be ineffective at
achieving full inhibition”. In addition to mutations in A/B/C-RAF, mutations
in MEK1/2 also occur but are not sensitive to current MEK inhibitors, which are
allosteric inhibitors that bind to a pocket adjacent to the catalytic site of MEK®.

The RAS family genes NRAS, KRAS, and HRAS are among the most commonly
mutated oncogenes in many different cancers'. Until recently, RAS itself has largely
been viewed as “undruggable” since RAS lacks a hydrophobic druggable pocket and

81,82

binds its ligand GTP at extremely high affinity Historically, efforts to

target RAS mutations have focused on preventing RAS localization to the plasma
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membrane. In order to be targeted to the plasma membrane, RAS must undergo several
modifications, including prenylation by FTase or GGTase. FTase inhibitors have been
tested extensively in clinical trials but have largely failed in KRAS/NRAS-mutant tumors
because of compensatory modification by GGTases****. However, for HRAS mutations,
the FTase inhibitor tipifarnib has shown promise and has been granted FDA breakthrough
designation®. Recently, the attention has shifted toward directly targeting RAS-mutant
proteins. Mutations in RAS largely occur at the positions G12, G13, and Q61, and the
resultant mutant proteins vary in their rates of intrinsic GTP hydrolysis and nucleotide
exchange. Of these mutants, the KRAS®?“ mutation has proved amenable to targeting
because of its relatively normal rate of GTP hydrolysis and the presence of a reactive
cysteine residue®®®’. Allosteric inhibitors, including sotorasib and adagrasib, have been
developed that bind in a pocket specific to the GDP-inactive state, stabilizing it and
preventing activation of RAS®®. While effective, the durability of KRAS G12C
inhibitors is generally short-lived. Resistance occurs through activation of RTKs and
mutations in other R4S isoforms’'. Targeting of other RAS mutations, including those
in HRAS and NRAS, has thus far remained elusive owing to their high rates of GTP
hydrolysis and lack of cysteine residues, although several recent studies have suggested
novel targeting strategies’”.

The PI3K/AKT/mTOR pathway is another central signaling pathway in cancer
whose effectors are frequently mutated. Under normal physiology, ligand binding to
RTKs leads to PI3K targeting to the cytoplasmic domains of RTKs and consequent
activation of the catalytic subunit of PI3K*. PI3K then phosphorylates the plasma

membrane lipid substrate PIP2 to form PIP3, which recruits AKT, facilitating its
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activation. AKT then phosphorylates and activates a host of downstream regulators,
including the metabolic receptor mTOR. The PI3K/AKT/mTOR pathway is negatively
regulated by PTEN, a phosphatase that dephosphorylates PIP3. Activating mutations and
amplifications in PI3K, AKT, and mTOR are common, along with inactivating mutations
in PTEN". Inhibitors of PI3K have been most widely used, and FDA-approved drugs
include idelalisib, copanlisib, duvelisib, umbralisib, and alpelisib®*. Of these, only
alpelisib is used for mutation-specific targeting (P/3KCA-mutant BC). Alpelisib was
tested in a phase III clinical trial for advanced BC in patient populations with and
without PI3KCA mutations and was found to be effective only in patients with
a PI3KCA mutation®. However, other PI3K inhibitors have mutation-agnostic anticancer
activity®*®. AKT inhibitors have not yet been approved by the FDA, but capivasertib has
shown promise in phase II clinical trials, a benefit dependent on the presence of a
mutation in PI3K/AKT/mTOR'™. mTOR inhibitors, including everolimus and
temsirolimus, have been FDA approved for a variety of indications, but none selective for

101

a genetically defined patient population'®. Despite several clinical trials, response to

mTOR inhibition has not been shown to correlate with the presence of any specific
pathway mutations'*>!'*,

Many serine/threonine kinase inhibitors have shown limited clinical efficacy, and
the stratification of patients based on tumor genetics has proved complicated. Why
subsets of patients with or without specific pathway mutations either respond or do not
respond to the indicated targeted therapies remains unclear, and more research will be

necessary to elucidate this. Nevertheless, success stories exist, such as with RAF and

MEK inhibitors for BRAF V600—-mutant tumors and the recent development of KRAS
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G12C inhibitors. Moreover, the range of mutant effector proteins that have been drugged
is expanding, and in addition to inhibitors of BRAF V600E and KRAS G12C, advances
in chemistry have spurred the development of small molecules targeting
other RAF and RAS mutations. As with TKIs, resistance similarly occurs through multiple
mechanisms, many of which are poorly understood. Combination therapy, as successfully
illustrated by dual BRAF/MEK inhibition, by targeting of two or more effectors in either
the same or an orthogonal signaling pathway will likely be an important strategy in
treating and preventing resistance. The combination of targeted therapies with standard
chemotherapy has also been explored (e.g., trastuzumab and chemotherapy) and may be
beneficial in certain contexts, although careful therapy selection will be required to avoid

toxicities.

Targeting mutations in tumor suppressors

Tumor suppressors are among the most common genes mutated in cancer, but
targeting them is particularly challenging, because functional restoration of a mutant
protein product is generally more difficult than its inhibition. Nevertheless, some clinical
success has been achieved. To date, FDA-approved targeted therapies for mutations in
tumor suppressors have been designed to exploit synthetic lethality conferred by these
mutations. Other therapeutic strategies are also being explored, although most remain in
early-stage clinical trials.

Mutations in BRCA1/2 are common, predominantly in breast and ovarian cancers,
and provide an example of success in developing a molecularly targeted therapy for a

mutation in a tumor suppressor. BRCA1 and BRCA?2 are involved in maintaining genome
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integrity by the repair of double-strand breaks (DSBs) through homologous

recombination (HR)'*

. Mutations in BRCA1/2 have been shown to confer sensitivity to
PARP inhibitors'®. PARPI is a DNA damage sensor that binds to single-stranded DNA
breaks and synthesizes poly(ADP-ribose) (PAR) chains on itself and target proteins in the
vicinity of the DNA breaks, resulting in the recruitment of additional DNA repair
effectors. PARP inhibitors compete with the PARP1 cofactor NAD", inhibiting PARP
catalytic activity, “trapping” PARP on damaged DNA, and resulting in replication fork
stalling and DSBs. In an HR-competent cell, HR proteins including BRCA1/2 are then
recruited for DNA repair. However, BRCAI/2-mutant cells turn to error-prone,
nonhomologous end joining, resulting in genome fragmentation and cell death. Numerous
PARP inhibitors show substantial clinical efficacy, including olaparib, niraparib,
rucaparib, talazoparib, and veliparib'®"'?, Interestingly, clinical benefit from PARP
inhibition appears to be derived from PARP “trapping” on DNA rather than inhibition of
catalytic activity''""''>, Additionally, certain patients without BRCAI/2 mutations respond
to PARP inhibition, including at least some patients with mutations in other HR-related
genes (e.g., RAD51, PALB2)'*'>, Further biomarkers that predict response are necessary;
in this regard, HR signature panels, which identify aberrations resulting from genomic
instability, have shown promise''®!'"". Finally, although PARP inhibitors are clinically
effective, resistance invariably occurs through multiple mechanisms, including mutations
that decrease PARP trapping, restoration of HR pathway activity, and replication fork
protection preventing fork collapse''®'?!,

The tumor suppressor 7P53 is the most commonly mutated gene in cancer.

Around 90% of TP53 mutations are missense mutations occurring preferentially in the
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DNA binding domain of the protein and result in loss of function and/or gain of function
depending on the specific mutation and context'”’. The majority of 7P53 missense
mutations alter the conformation of the p53 protein and result in its unfolding. Thus,
efforts have been made to identify small molecules that can stabilize the native p53
conformation and thus restore p53 functionality'**'**, APR-246, which has made it
furthest in clinical trials, is a prodrug that is converted to electrophilic decomposition
products that form covalent bonds with two cysteine residues in p53, resulting in
thermostabilization of the mutant protein that favors the WT p53 conformation'®. In
preclinical models and early clinical trials, APR-246 was able to restore proper pS3 DNA
binding and activation of apoptosis'**'?®. However, although initially showing promising
clinical efficacy, APR-246 failed to meet its primary endpoint in a recent phase III trial.
This may have been due at least partially to patient selection, as this trial included
patients with any of the multitude of 7P53 mutations rather than a more selected subset
of patients with mutations for which a benefit may have been more likely. Other
strategies are also being explored to target 7P53 mutations, including using oncolytic
viruses able to replicate only in cells without p53 activity, reversing p53 gain-of-function
signaling,  exploiting  synthetic =~ dependencies, and developing  vaccines
for TP53 mutant-specific neoantigens'”. Unfortunately, no clinically approved drug
targeting 7P53 mutations yet exists.

Targeting tumor suppressors remains challenging. Although synthetic
dependencies conferred by mutations in tumor suppressors have been identified and

targeted, this strategy has proved difficult for the majority of tumor suppressors. Further
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research will be necessary to fully elucidate possible targetable synthetic dependencies

and to develop alternative approaches for targeting mutations in tumor suppressors.

Targeting mutations in chromatin modifiers

Finally, targeting mutations in chromatin modifiers has in recent years emerged as
a viable therapeutic strategy. Mutations in chromatin modifiers themselves are common
in several cancers, and other signatures of epigenetic dysregulation, such as changes in
DNA methylation and histone modifications, are pervasive across a variety of cancers.
The first FDA-approved drugs indicated for mutations that as a direct consequence cause
chromatin alterations were for mutations in the core metabolic enzymes IDH and IDH?.
The IDHI1/2 isoforms are responsible for -catalyzing the reversible oxidative
decarboxylation of isocitrate to oa-ketoglutarate (aKG), producing NADPH as a
by-product. Mutations in /DH1/2 occur frequently in acute myeloid leukemia (AML) and
gliomas and are neomorphic mutations that lead to the aberrant production of
2-hydroxyglutarate (2-HG) while consuming NADPH'’. Since 2-HG shares structural
similarities to aKG, 2-HG is able to inhibit up to about 70 aKG-dependent enzymes,
including the TET family of dioxygenases responsible for DNA
demethylation'®'. IDH1/2 mutations are mutually exclusive with TET mutations, and both
are associated with DNA hypermethylation, indicating possible convergence upon a
common oncogenic pathway'*>'* IDHI/2 mutations also likely simultaneously act
through other oncogenic mechanisms including through inhibition of other
aKG-dependent chromatin modifiers, reprogramming of cellular metabolism, and

accumulation of ROS™*. Inhibitors of both IDH1 and IDH2 have been developed. The
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IDHI1 inhibitor ivosidenib competes with the cofactor Mg™ to prevent active site
formation, and the IDH2 inhibitor enasidenib binds and stabilizes the inactive form of the
enzyme to prevent catalysis'*>'*, Both inhibitors are able to reduce 2-HG concentrations
in the plasma by more than 90%, leading to decreased methylation, terminal
differentiation, and cell death of /DH-mutant cancer cells'?’. Despite considerable activity
in AML, the clinical setting in which they are most commonly used, long-term responses
are rare"**!%, Resistance invariably occurs involving IDH isoform switching or mutations

in the IDH dimer interface, preventing drug binding'®'!

In gliomas,
frequent /DH /2 mutations are also observed but progress is even more limited, possibly
owing to insufficient CNS penetration, an irreversible epigenetic landscape, or lack of
tumor addiction to /DH1/2 mutations'?. To overcome some of these challenges,
development of CNS-penetrant dual IDH inhibitors, including vorasidenib, which is
currently in phase III trials, is an important objective'®.

Mutations in the histone methyltransferase EZH2 have also been successfully
targeted. EZH2 is the catalytic subunit of polycomb repressive complex 2 (PRC2), which
is responsible for trimethylation of H3K27, a mediator of transcriptional silencing.
Gain-of-function mutations in EZH2 are common in B cell lymphomas, and
loss-of-function mutations are frequent in other hematologic malignancies, indicating
context-dependent roles for EZH2'*, In B cell lymphomas, EZH?2 is highly expressed
and is required to maintain germinal center formation and prevent plasma cell

differentiation'*

. EZH?2 gain-of-function mutations cause increased H3K27me3 at target
genes, which leads to repression of cell cycle checkpoint genes and genes required for

plasma cell differentiation, resulting in a transcriptional profile favoring proliferation and
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self-renewal'*®. The EZH2 inhibitor tazemetostat inhibits EZH2 through competition with
its cofactor S-adenosyl-L-methionine and is able to restore proper differentiation and

147,198 Interestingly, while tazemetostat shows the highest clinical

induce apoptosis
efficacy in EZH2-mutant disease, it also provides some benefit in a subset of EZH2-WT
lymphomas'?. It is likely that these EZH2-WT tumors harbor other genetic or epigenetic
alterations that sensitize to EZH2 inhibition and/or that EZH2 dependency is “inherited”
by lymphoma cells derived from the germinal center, as has been suggested'*’.

Targeted therapies against specific mutations in chromatin modifiers are
beginning to see clinical success, and it is likely that this class of agents will expand over
the next few years. A range of mutations in chromatin modifiers exist in cancer,
particularly in hematologic malignancies, and many of these may have potential as drug
targets. While mutations in chromatin modifiers are believed to be closely linked to
tumor onset and progression, their exact roles in these processes will require future
research to dissect. For example, while /DH /2 mutations are common early alterations in
gliomas, some research suggests that these mutations switch from driver to passenger
mutations as disease progresses, potentially explaining observed resistance to IDH
inhibitors'®. Likewise in AML, mutations in chromatin modifiers, including
in DNMT3A, TET2, and ASXLI, are frequent early mutations, but their roles in disease
maintenance, and thus whether they would represent therapeutic targets, remain unclear®.
Moreover, the difficulty in assessing the unknown role of targeting early versus late

mutations is exemplified by mutations in chromatin modifiers but is not restricted to this

class alone and will require future research to address.
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In sum, mutation-specific targeted therapies have demonstrated enormous success
over the past two decades and remain an exciting area of research. The next decade will
likely see an increase in the number of mutated genes in cancer considered druggable.
The development of KRAS G12C inhibitors represents an example whereby a mutation
previously considered ‘“undruggable” can be targeted with novel chemistry.
Developments in targeted therapies for 7P53 mutations, though they have not yet resulted
in an FDA-approved drug, represent another area where creative strategies may be
employed. Other strategies and chemical approaches are under investigation for a range
of other targets. For example, proteolysis-targeting chimeras (PROTACSs) allow targeting
of a protein via conjugation of the protein’s ligand to an E3 ubiquitin ligase, resulting in

proteasome-mediated degradation of the target protein'®!!*?

. This approach greatly
expands the types of proteins that can be targeted as, unlike with traditional
small-molecule inhibitors, there is no need to block a specific catalytic or otherwise
critical site. Other mutation-specific targeted therapy strategies, including cancer

vaccines, are also in early-stage clinical trials'>>.

Clonal hematopoiesis as an opportunity for targeted therapies

While the application of targeted therapies has thus far been confined to the
treatment of overt malignancies, their use in cancer prevention to intercept premalignant
conditions or other precursor states presents a significant opportunity. A variety of
precancerous states have now been identified in a number of tissues, including the blood,
skin, colon, and esophagus'>*'*°. The frequency and penetrance of these precursor states
vary based on the tissue type and cell of origin. In the blood, this state is the most readily

accessible and as such one of the most well studied, and is known as clonal
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hematopoiesis (CH), defined by the outgrowth of a genetically distinct subpopulation(s)
of hematopoietic cells"**'5'®°. CH is highly associated with age and occurs frequently in
elderly individuals, affecting more than 20% of individuals over the age of 60. CH is now
well established to confer an increased risk of blood cancers including AML, believed to
be due to the malignant transformation of CH-mutant clones. Additionally, large
population-based studies have now demonstrated a clear link between the presence of CH

161 This link has been shown to be at least partially

and an increase in all-cause mortality
attributable to a causative increase in cardiovascular disease (CVD), but also likely
reflects an increase in the frequency of many other aging-associated diseases'®. As such,
CH presents a potential opportunity for the introduction of targeted therapies to prevent
the malignant transformation and mitigate the comorbidities associated with CH.

The genomic landscape of CH is now well-defined and CH-associated mutations
are known to be largely restricted to a small set of genes encoding chromatin modifiers,
with ~80% of all CH-associated mutations occurring in DNMT3A4, TET2, ASXLI, and
IDHI1/2. A smaller percentage of CH is accounted for by mutations in DNA damage
associated genes (e.g. TP53, PPMI1D), splicing factors (e.g. SF3B1, SRSF2, U2AF1,
ZRSR2), and other rarer alterations'**. Mutations in CH-associated genes are also
typically found at high variant allele frequencies (VAF) in AML, consistent with their
presumed roles as initiating mutations in this disease*. CH-associated mutations also
occur in other myeloid malignancies including myelodysplastic syndrome (MDS) and
myeloproliferative neoplasm (MPN) and CH may be an antecedent state to these

malignancies as well',
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Significant research has attempted to identify the mechanisms whereby these
mutations in CH-associated genes enable clonal expansion. For mutations in DNA
damage associated genes, mechanisms have been well defined, and it is understood that
these mutations allow clonal outgrowth under the selection pressure of cytotoxic drugs
owing to the ability of cells with these mutations to enter the cell cycle in the presence of
DNA damage'®'%°. However, the mechanisms by which mutations in the more frequent
CH-associated genes lead to CH have been poorly defined. For chromatin modifiers,
prior human and murine studies have demonstrated that mutations in the encoding genes
result in alterations in hematopoietic stem and progenitor cells (HSPCs) including an
increase in self-renewal activity and a resultant expansion in this population®®-13216¢,
Given the biological role of these enzymes, it is presumed that epigenetic changes
secondary to these mutations result in transcriptional effects that mediate this increase in
self-renewal and clonal expansion. However, the responsible epigenetic changes and
consequent transcriptional effects have largely not been identified and why mutations in
these chromatin modifiers lead to CH has yet to be defined.

The development of targeted therapies for CH-associated mutations is a
significant endeavor that remains nascent. Genotype-specific therapies for mutations in
the top three recurrently mutated genes DNMT3A, TET2, and ASXLI are lacking and have
yet to show success in clinical trials. As exemplified above, while IDH1/2 inhibitors are
clinically approved in AML, they are unable to induce durable responses in the vast
majority of AML patients and have not been credentialed for use in CH!'5!138.13%.167
IDH1/2 inhibitors are now being tested in a phase I/II clinical trial enrolling patients with

IDH1/2-mutant clonal cytopenia of unknown significance (CCUS), a subset of CH that is
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characterized by unexplained alterations in hematologic parameters (NCT05102370 and
NCTO05030441). Results on the first patients in this trial demonstrated resolution of
aberrant blood cell counts, suggesting that targeting this precursor state may indeed
present a potential intervention opportunity (unpublished data). Additionally, a phase I
trial is currently underway accruing patients with 7E72-mutant CH to receive treatment
with ascorbic acid (vitamin C), based on preclinical studies establishing the ability of
ascorbic acid supplementation in enhancing the residual function of TET proteins in
TET2-mutant cells (NCT03418038). Preliminary results have not demonstrated any
effect of this treatment on clonal expansion or transformation, suggesting additional

targeted therapies may be necessary within this patient population'®®

. Other potential
targets for CH-associated genes have been suggested from preclinical studies but have yet
to be clinically explored.

Progress on the identification of genotype-specific targets in CH has been limited
by the lack of high-fidelity experimental systems capable of enabling unbiased screens
for target identification. As discussed below, in vivo models of CH are not conducive to
high-throughput screening and ex vivo systems to study CH are limited and have not yet
been applied in unbiased screening. Additionally, since DNMT3A, TET2, and ASXLI are
believed to function as tumor suppressor genes in CH and AML, there are substantial
challenges in the development of targeted therapies for patients with mutations in these
genes, as described above. As such, the identification of genes encoding synthetic lethal
proteins for this class of mutations is a priority. The recent successes in developing

targeted therapies against chromatin modifiers as highlighted above also suggest the

opportunity to target synthetic lethal chromatin modifiers in this prevalent class of CH.
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Introduction to the thesis

CH has now been well documented to be a clinically significant entity, with
implications in hematological malignancy, cardiovascular disease, and other
aging-associated diseases. The past decade has seen a wave of genomic research that has
identified the most commonly recurring mutations in CH and there is also compelling
data demonstrating that these mutations are early initiating mutations in AML. Preclinical
studies, largely using murine models, have provided insights into the underlying
mechanisms mediating pathogenesis in this precursor state. However, there are no
targeted therapies available for patients with CH and the identification of such therapies
in this indication remains challenging.

In my thesis, I have established an ex vivo co-culture system to study CH and
adopted this system to systematically apply scalable unbiased functional genomic screens
to facilitate target identification in CH. Chapter Two provides an overview of the
development and key uses of this platform for perturbation and unbiased screening in
primary, genetically defined HSPCs with and without CH-associated mutations. Chapter
Three expands on the function and mechanism of a novel target identified in a common
subset of CH and AML. Altogether, these findings identify an epigenetic target and
epigenetically regulated signaling pathway as tractable vulnerabilities in a subset of CH

and provide a platform for continued target identification in CH.
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CHAPTER TWO *
DEVELOPMENT OF FUNCTIONAL GENOMIC SCREENING APPROACHES IN
CONJUNCTION WITH A NOVEL EX VIVO CO-CULTURE SYSTEM FOR

PRIMARY HEMATOPOIESIS STEM CELLS

Introduction
The identification of potential therapeutic targets in CH remains a significant
challenge in large part due to the lack of available systems for unbiased screening in

primary HSPCs. In vivo models of CH have been developed and have led to key
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mechanistic insights but are not conducive to high-throughput unbiased screening. Ex
vivo culture of primary HSPCs has historically been challenging but has benefited from
recent developments. The application of an ex vivo system for unbiased high-throughput
screening to identify targets in primary HSPCs harboring mutations in common

CH-associated genes is of significant interest.

* Waarts, M.R., Mowla, S., Boileau M., Benitez, A.R.M., Sango, J., Bagish, M.,
Maestre, I.F., Shan, Y., Eisman, S., Park, Y., Wereski, M., Csete, 1., O’Connor, K.,
Romera-Vega, A., Miles, L.A., Xiao, W., Wu, X., Koche, R., Armstrong, S.A., Shih,
A.H., Papapetrou, P., Butler, J.M., Cai, S.F., Bowman, R.L., Levine. (2024). CRISPR
dependency screens in primary hematopoietic stem cells identify KDM3B as a genotype

specific vulnerability in IDH2- and TET2-mutant cells. Cancer Discovery (Accepted)

Functional genomic screening of mutant versus wild-type HSPCs is an important
approach to identify novel mechanisms of transformation and mutant-specific
dependencies. In some cases, AML cell lines possess CH mutations and are amenable to
systematic dependency screens; however, not all CH mutant genotypes are well
represented in cell lines. Furthermore, the mechanisms that promote fitness in primary
mutant HSPCs may not be shared with immortalized cell lines. Most importantly, these
approaches do not allow for screening of mutant versus wild-type HSPCs, such that they

may uncover dependencies in leukemia cell lines which reflect a common requirement in
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both normal and mutant hematopoiesis. Ex vivo culture of primary murine HSPCs has
benefited from recent developments that have established conditions for long-term
maintenance of functional HSPCs'*!%!"  Among these, co-culture of HSPCs with
AKT1-activated bone marrow endothelial cells (BMECs) has been shown to maintain
HSPCs with transplantation capacity ex vivo and results in expansion of HSPCs and
hematopoietic output along the full spectrum of myelopoiesis'>!™.

Here, we adopted this system to establish a platform that allows for the rapid ex
vivo interrogation and perturbation of primary murine HSPCs with mutations in the genes
most frequently mutated in CH. We then used this system to perform epigenetic-focused

CRISPR/Cas9 screens at scale and identify a catalog of functional dependencies in

HSPCs with different CH-associated mutations.

Results
BMEC/HSPC co-cultures of CH-mutant HSPCs yield rapid ex vivo phenotypes

To establish an ex vivo platform for functional interrogation and perturbation of
HSPCs with CH mutations, we first sought to evaluate the ex vivo phenotypes of mutant
HSPCs co-cultured with BMECs. In line with previously published results, 7-day
co-culture of wild-type HSPCs with BMECs resulted in dramatic expansion of
hematopoietic cells ranging from long-term hematopoietic stem cells (LT-HSCs:
Lineage'Sca-1"Kit"CD150"CD48") to granulocytic-macrophage progenitors (GMPs:
LineageKit"Sca-1"CD34"'CD16/32") and megakaryocytic-erythroid progenitors (MEPs:
Lineage Kit'Sca-1"CD34 CD16/32) to mature myeloid cells (CD11b") (Figure 2.1A-B)"2.,

We performed in vivo bone marrow transplantation studies to assess whether HSPCs
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co-cultured with BMECs maintained functional self-renewal capacity. Expanded cells
showed robust trilineage engraftment in the peripheral blood and within bone marrow
stem and progenitor compartments of recipient mice (Figure 2.1C-D). Secondary
transplantation  studies similarly demonstrated engraftment, confirming that
BMEC/HSPC co-cultures maintain functional HSCs (Figure 2.1E).

We crossed previously reported Dnmit3a"x,  AsxI1"/°* Tet2'"flox and
1dh2%#9 mice to the hematopoietic stem cell specific Scl:CreERT and the
Cre-inducible tdTomato (tdT+) reporter allele to generate mouse genetic models of the
common CH mutations>**'%, We competitively cultured wild-type and mutant LSK
(Lineage Sca-17Kit") cells in BMEC/HSPC co-cultures and assessed mutant chimerism
within different hematopoietic compartments after a 7-day culture (Figure 2.2A). Within
the lineage positive output containing mature myeloid cells, Dnmt3a™”, AsxlI”", Tet2”, and
1dh2%#%9 cells all outcompeted their wild-type counterparts (Figure 2.2B). In the LT-HSC
compartment, Dnmt3a” and 1dh2%'*? cells demonstrated a competitive advantage while
AsxlI” cells were outcompeted by wild-type cells (Figure 2.2C) consistent with prior
studies demonstrating the relative fitness conferred by these mutations®®'®®, Similar
results were observed in lineage  and LSK cells, except as expected Dnmt3a™ cells failed
to outcompete wild-type cells at any progenitor level besides LT-HSCs (Figure 2.1F-G).

Next, we assessed if CH-mutant HSPCs would retain their phenotypes in vivo
after co-culture with BMECs. Since Idh2*'*"? and Asxll”~ HSPCs demonstrated the
greatest ex vivo increases and decreases in competitive fitness, respectively, we
performed transplantation studies using these models. Consistent with our ex vivo results,

1dh2%*9 cells outcompeted wild-type cells at the initial assessment of engraftment and
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demonstrated a serial increase in chimerism in the peripheral blood (Figure 2.2D). In
contrast, Asx/I” cells were outcompeted by wild-type cells at the first timepoint and
showed a decline in chimerism in the peripheral blood (Figure 2.2E). In the bone
marrow, Idh2R%% cells similarly outcompeted wild-type cells while Asx/1” cells lost to
wild-type cells (Figure 2.1H-I). These studies are consistent with the phenotypes
observed in vivo without antecedent BMEC cultures®’. Collectively, these data
demonstrate that CH-mutant HSPCs co-cultured with BMECs retain functional
self-renewal activity while yielding rapid ex vivo phenotypes largely in line with in vivo

CH phenotypes.
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Figure 2.1: Ex vivo characterization of BMEC/HSPC co-cultures. A, Schematic
representation of BMEC co-culture with HSPCs. LSK cells are isolated from wild-type or
tdT"™ CH-mutant mice and competitively cultured in a 1:1 ratio over a feeder layer of
BMECs. Expanded cells are transplanted into recipient mice or analyzed by flow
cytometry after 7 days. B and C, Flow cytometric analysis of tdT" mutant and wild-type
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chimerism measured after 7 days of culture within lineage™ cells (B) or long-term
hematopoietic stem cells (LT-HSCs) (C). Grey bars represent wild-type chimerism and
colored bars represent mutant chimerism. (n = 9-12) D and E, Peripheral blood
chimerism of recipient mice (% CD45.1) transplanted with cells from BMEC/HSPC
co-cultures of wild-type (% CD45.2 tdT") versus Idh2%*"? (% CD45.2 tdT") (D) or Asx/1”-
(% CD45.2 tdT") (E) cells. (n = 10) F, Representative flow cytometry plots and
quantification of editing efficiency in HSPCs maintained in BMEC/HSPC co-cultures 7
days after lentiviral infection of sgRNAs. Editing was assessed by flow cytometric
analysis of cell surface expression of CD45 or CD11b. Empty control represents Cas9
delivery only and measurement of CD45 negative cells. (n = 3-4). All data are mean +
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

" Evaluate
Wild-type Plate wild-lype/mutant tdTomatos s
LSKs 1:1 Flow cytomatry QMG S )
: mutant/WT @ Wild-type :
B (B chimerism :
[E— 0 :
|solate ) 7-day ﬁﬁ’@ﬁ i @ tdTomato+ mutant
d ! HSPCs expansion Transplant d ‘ ‘... £ Endothelial cell
TdTomato+ He;l":rg:"l
mutant
B D 2R E Asxl1+
- D451 - D451
Lineage postive 0D 45.2 WTomat: 6045.2 WTemato-
100 B0 = D452 tdTemato+ 80 = ¢D45.2uTomater
E 20 — W
= 4 bid [Ju R—
z ww e w EBD wf—:}——w?’{ £
= B0 z o
i e T} 240 E 404
Z 4 £ ; . =
= & L""-—— — £
& 20 < ¥ 204
E 20
0= T T u} T T T T 0 T T T 1
Dhmi3a®  Tetd* Asxl1 |dh2?%® 4 3 12 18 4 8 12 18
C Genotype F Weeks posttransplant Weeks posttransplant
LT-HEG
100 o __ ConolsgRNA _ OB gRNA E g;’:;“'
E s0d m . o Jore: W cotik
5 104 035 %, g il 1044738 % 80
£ o 1 4 SO IR RO -
e TR R 107 e = 10° - E
g 40 G 3 : S 3 S
@ =
2 Il‘ o hE 20
= ] 3
T ] ol-
Dnmi3a*~  Tet2+ Asxd+  |gh2rwe o 100 200k i 100k 200k sgRNA
¢ enotype FEG-A FEC-A

Figure 2.2: BMEC/HSPC co-cultures of CH-mutant HSPCs yield rapid ex vivo
phenotypes. A, Schematic representation of BMEC co-culture with HSPCs. LSK cells
are isolated from wild-type or tdT" CH-mutant mice and competitively cultured in a 1:1
ratio over a feeder layer of BMECs. Expanded cells are transplanted into recipient mice
or analyzed by flow cytometry after 7 days. B and C, Flow cytometric analysis of tdT"
mutant and wild-type chimerism measured after 7 days of culture within lineage” cells
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(B) or long-term hematopoietic stem cells (LT-HSCs) (C). Grey bars represent wild-type
chimerism and colored bars represent mutant chimerism. (n = 9-12) D and E, Peripheral
blood chimerism of recipient mice (% CD45.1) transplanted with cells from
BMEC/HSPC co-cultures of wild-type (% CD45.2 tdT) versus Idh2®*? (% CD45.2
tdT") (D) or Asxl1” (% CD45.2 tdT") (E) cells. (n = 10) F, Representative flow cytometry
plots and quantification of editing efficiency in HSPCs maintained in BMEC/HSPC
co-cultures 7 days after lentiviral infection of sgRNAs. Editing was assessed by flow
cytometric analysis of cell surface expression of CD45 or CDI11b. Empty control
represents Cas9 delivery only and measurement of CD45 negative cells. (n = 3-4). All
data are mean = SEM. *p < 0.05, **p < 0.01, ***p <0.001, ****p < (0.0001
EXx vivo small molecule and genetic perturbation in BMEC/HSPC co-cultures

We then asked whether this platform would allow for small molecule and/or
genetic perturbation of primary mutant and wild-type HSPCs. To demonstrate the
feasibility of small molecule perturbation, we competitively cultured 7et2”" and wild-type
HSPCs in the presence of the hypomethylating agent decitabine, which has previously
been shown to mitigate the in vivo expansion of Tet2” cells in the blood'”". As expected,
decitabine treatment decreased 7et2” chimerism in BMEC/HSPC co-cultures with
differential anti-mutant efficacy across the hematopoietic hierarchy (Figure 2.1J). To
evaluate the potential for CRISPR/Cas9 gene editing of primary cells ex vivo, we infected
HSPCs from Cas9-expressing mice with a lentivirus encoding a single guide RNA
(sgRNA) targeting Ptprc (encoding CD45) or ltgam (encoding CD11b). Following
BMEC/HSPC co-culture, we confirmed that edited cells were maintained at >70% editing

efficiency at both loci (Figure 2.2F). These results demonstrate that the BMEC/HSPC

co-culture system can serve as a platform for small molecule and genetic perturbations.

CRISPR screens in BMEC/HSPC co-cultures identify critical epigenetic-related genes

in HSPCs
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We next asked whether the BMEC/HSPC co-culture system could facilitate
CRISPR/Cas9 screening of primary murine HSPCs. Given the critical role of epigenetic
modifiers in CH, we used an epigenetic-focused lentiviral library with 997 sgRNAs

targeting 191 genes'”

. We optimized multiple conditions for infection of HSPCs to
achieve a multiplicity of infection (MOI) of 0.3-0.5 while maximizing cell viability and
expansion (Figure 2.3A-B). Under optimized conditions, GFP" infected HSPCs
maintained functional self-renewal capacity as assessed by long-term engraftment of
GFP" cells in the peripheral blood and bone marrow of recipient mice (Figure 2.3C-D).
To determine whether we could maintain sufficient representation of sgRNA
libraries ex vivo, HSPCs were infected with lentivirus encoding our CRISPR library and
co-cultured with BMECs (Figure 2.4A). Genomic DNA was isolated from cells pre- and
post-culture and amplified sgRNA libraries were subject to next-generation sequencing
(NGS) to assess sgRNA representation at each time point. We observed robust
representation of sgRNAs at both time points, with fewer than <1% of sgRNAs

exhibiting stochastic dropout or enrichment following infection and culture (Figure

2.3E).
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Figure 2.3: Development of CRISPR screens with BMEC/HSPC co-cultures. A,
Percentage of GFP" infected cells as measured by flow cytometry 7 days after lentiviral
infection. HSPCs were infected with a GFP" lentivirus encoding an epigenome library
under the indicated conditions. PB, polybrene. O/N, overnight. (n = 2) B, Cell viability as
measured by trypan blue exclusion 7 days after infection. HSPCs were infected with a

36



GFP" lentivirus encoding an epigenome library under the indicated conditions. PB,
polybrene. O/N, overnight. (n = 2) C, GFP" peripheral blood chimerism within recipient
mice transplanted with infected GFP™ HSPCs from BMEC/HSPC co-cultures. (n = 10) D,
GFP" chimerism within bone marrow cell compartments of recipient mice transplanted
with infected GFP™ HSPCs from BMEC/HSPC co-cultures. (n = 10) E, Correlation of
normalized read counts from sgRNA libraries pre- and post-BMEC/HSPC co-culture of
wild-type HSPCs without Cas9. F, Correlation of normalized read counts from sgRNA
libraries prepared from the endpoint of independent screen replicates on Cas9-expressing
HSPCs G, Genes with depleted sgRNAs in Cas9-expressing HSPCs as assessed by
sgRNA abundance post-culture normalized to pre-culture. H, Venn diagram of genes with
depleted sgRNAs in Cas9-expressing HSPCs and MLL-AF9; Nras leukemia cells. I,
Genes with enriched sgRNAs in Cas9-expressing HSPCs as assessed by sgRNA
abundance post-culture normalized to pre-culture. J, Genes with depleted or enriched
sgRNAs in lineage” cells as compared to lineage™ cells. All data are mean + SEM.

We then performed a screen on wild-type HSPCs isolated from Cas9-expressing
mice. Correlation of sgRNA abundance between replicates was high, demonstrating the
robustness of this screening platform (Figure 2.3F). Assessment of sgRNA
representation pre- and post-culture revealed 28 genes targeted by sgRNAs that were
statistically significantly depleted in HSPCs (Figure 2.3G). These genes include known
dependencies across multiple cellular contexts (e.g. Rpa3, Smarca4, Ep300, Ep400),
HSPC-specific dependencies (e.g. Mof, Prmt5, Hbol), and genes whose function in
hematopoiesis has not yet been characterized (e.g. SetdS, Natl0, Chd4)'™*'". A
comparison of depleted genes in our screen to a previously published gene set of depleted
genes in a screen of an MLL-AF9 leukemia cell line using the same sgRNA library
revealed that >75% (20/26) of genes identified as dependencies in leukemia cells were
also dependencies in our screen on wild-type HSPCs, suggesting these are not leukemia
or MLL-fusion specific dependencies (Figure 2.3H)'”?. We also identified sgRNAs for 9

genes that were enriched after culture, consistent with positive selection (Figure 2.31).

These genes include those that encode established tumor suppressors in HSPCs (e.g.
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Kdmla and Jarid?2) and genes whose role in hematopoiesis remains unclear (e.g. KdmJ3c,
Hdac6, Smarcal)®'. Finally, we carried out an additional expansion step to ask
whether we could identify genes responsible for maintaining the balance between
progenitors and mature cells. Assessment of sSgRNA representation in lineage" HSPCs and
lineage”™ mature cells identified genes whose loss either preferentially targets HSPCs
versus mature cells or alters differentiation (Figure 2.3J). Among these, Kdmla and MIl5
scored most highly for epigenetic regulators whose loss depleted lineage™ or lineage

cells, respectively, consistent with published literature'®!'®

. Together, these data
demonstrate that CRISPR/Cas9 screens in the BMEC/HSPC co-culture system can

elucidate critical epigenetic regulators which dictate the fitness and/or differentiation

capacity of HSPCs.

CRISPR screens identify dependencies in CH-mutant HSPCs

We next performed CRISPR screens using Dnmt3a”, AsxI17, Tet2”", and Idh2%'*%°
primary HSPCs to delineate if there were genotype-specific dependencies in mutant
HSPCs. We calculated a dependency score for each target in each genotype and then
evaluated the difference between dependency scores in mutant versus wild-type HSPCs.
Notably, the vast majority of dependencies in wild-type HSPCs scored as dependencies
across the spectrum of mutant HSPCs, consistent with a requirement for these genes in
normal and mutant hematopoiesis (Figure 2.4A). Most importantly, these screens
identified a set of genotype-specific dependencies with statistically significant increases
in dependency scores in one or more mutant genotypes when compared to wild-type

HSPCs (Figure 2.4B-F).
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Figure 2.4: CRISPR screens identify vulnerabilities in HSPCs with different CH
mutations. A, Schematic representation of CRISPR screens with BMEC/HSPC platform.
HSPCs are isolated from Cas9-expressing mice, infected with a lentivirus encoding an
epigenome sgRNA library, and co-cultured with BMECs. DNA is extracted pre- and
post-culture for sgRNA library amplification and sequencing. MAGeCK is used to assess
depleted and enriched sgRNAs. B, Venn diagram of genes targeted by sgRNAs relatively
depleted in mutant HSPCs compared to wild-type HSPCs. Genes that are also depleted in
wild-type HSPCs are marked as shared dependencies. C-F, Genes with depleted or
enriched sgRNAs in Idh2%% (C), Tet2” (D), Dnmt3a” (E), or Asxl1”~ (F) HSPCs as
compared to wild-type HSPCs.
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CH is highly prevalent in elderly individuals and confers an increased risk of
all-cause mortality, which is primarily attributable to an increased risk of both
hematologic malignancy and cardiovascular disease'>*'*>!®! However, there are currently
no specific therapies for molecularly defined CH subtypes or for the mutations in
epigenetic regulators observed in CH and which initiate the transformation trajectory to
myeloid malignancies. Dependency identification in genetically defined CH subtypes has
been hindered by the lack of in vitro systems that enable functional perturbation and that
faithfully recapitulate mutant/wild-type hematopoietic fitness. We demonstrate that ex
vivo co-culture of CH-mutant HSPCs with BMECs reads out the fitness advantage of CH
mutant versus wild-type HSPCs. These co-cultures yield rapid ex vivo phenotypes that
are consistent with mouse and human data for key CH mutant alleles, including the
aberrant stem cell function of Dnmt3a- and Asx/I-mutant LT-HSCs>'®®, Most importantly,
CH-mutant HSPCs co-cultured with BMECs retain engraftment capacity and show
concordant in vivo phenotypes when transplanted back into mice.

CRISPR screens are a powerful tool to identify vulnerabilities but have yet to be
systematically applied to primary HSPCs, including in CH-mutant contexts. /n vivo
screens of CH-mutant HSPCs have not been reported, likely due to the challenge in
maintaining large numbers of sgRNAs in vivo, which we confirm in our study. Ex vivo
screens of HSPCs have also not been described, likely due to the difficulty in infecting
and culturing primary HSPCs, the requirement for polyclonal expansion, and the need for
sufficient cell divisions ex vivo to identify significantly depleted sgRNAs. In wild-type
HSPCs, we reliably identify previously reported dependencies, including genes important

in multiple cellular contexts and specifically in hematopoiesis (e.g., Mof, Prmt5,
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Hbol)'™'5, More importantly, most of the dependencies found in our screen on
wild-type HSPCs were also found in a previously published epigenetic CRISPR screen in
MLL-AF9 leukemia cells and in the different CH genotypes we screened'’?. This includes
previous targets which have been nominated and evaluated as leukemia-specific
dependencies (e.g., BRD4, PRMTS5, DOTIL) where efficacy has been limited by a lack of
leukemia-specific therapeutic index'”'®. By contrast, our approach of screening mutant
and wild-type HSPCs in a defined co-culture system allowed us to identify a set of

mutant-specific dependencies in CH-mutant HSPCs.

Materials and Methods
Experimental animals

All animal studies were performed in accordance with institutional guidelines
established by Memorial Sloan Kettering Cancer Center (MSKCC) under the Institutional
Animal Care and Use Committee-approved animal protocol (#07-10-016) and the Guide
for the Care and Use of Laboratory Animals (National Academy of Sciences 1996). All
experimental animals were maintained on a 12-hour light-dark cycle with access to water
and standard chow ad libitum. Veterinary staff provided regular monitoring and
husbandry care. All mice had intact immune systems, were drug and test naive, and had
not been involved in previous procedures. Animals were monitored daily for signs of
disease or morbidity, bleeding, failure to thrive, infection, or fatigue and sacrificed
immediately if they exhibited any signs of the above. All mice used in this study
including Tet2"ox Dumt3a""~, Idh2®1#090°x  Asxl 1M Scl:CreERT, Npm oA

Fit3™,  Vav:Cre, Rosa26:Cas9, and Rosa:TdT"" have been previously
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described>* 56185191 Mice with Scl:CreERT were administered 100 mg/kg tamoxifen two
times (one day drug holiday in between dosing) via oral gavage to induce Cre
recombinase activity. Age-and sex- matched 6—16-week-old mice were used in all

experiments and only female mice were used as transplant recipients.

BMEC co-culture with HSPCs

AKT1-activated bone marrow endothelial cells (BMECs) were cultured as
previously described'?. BMECs were seeded 1-3 days prior to HSPC plating at a density
of 70,000-150,000 BMECs/well in a fibronectin-coated 12-well plate. To obtain HSPCs,
bone marrow cells were isolated from limb bones into FACS buffer (phosphate buffered
saline [PBS] + 2% fetal bovine serum) via centrifugation and RBCs were lysed using
RBC lysis buffer (Thermo). Lineage™ HSPCs were isolated using the Lineage Cell
Depletion Kit according to manufacturer’s protocol (EasySep™, StemCell Technologies,
Inc.). Cells were then resuspended in Fc (CD16/32) block for 15 minutes and then
subsequently stained for lineage'Scal 'cKIT" (LSK) markers with antibodies targeting
Sca-1 (D7) and KIT (2B8) for 30 minutes. All FACS antibodies were purchased from
BD, BioLegend, or eBioscience. Following antibody incubation, cells were washed with
FACS buffer and resuspended in a live/dead cell stain solution, either DAPI (Thermo,
1:1000 in FACS) or Helix NP NIR (Biolegend, 1:20,000 in FACS). LSK cells were then
sorted on a FACSAria III. Subsequently, 2,000 LSKs were plated on a confluent
monolayer of BMECs in a single well of a 12-well plate. Each well had 1 mL StemSpan
SFEM with 10 ng/mL recombinant murine SCF (PeproTech) and/or additional cytokines

as indicated. Co-cultures were maintained for a total of 7 days at 37°C and 5% CO2. A
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complete media change was performed on day 4 of culture. On day 7, cells were
harvested with Accutase (Biolegend) and used in downstream applications. For assays
with day 14 readouts, CD45 cells were isolated with CD45 microbeads (Miltenyi
Biotech) following manufacturers’ protocol and replated onto fresh BMEC plates. For
decitabine treatment, cells were treated with 10 nM decitabine (MedChem Express) with

the corresponding vehicles.

Transplantation assays and in vivo experiments

For transplantation of cells from BMEC cultures, CD45 cells were isolated with
CD45 microbeads (Miltenyi Biotech) following manufacturer’s protocol. 500,000 to 1.0
x 10° CD45" cells were combined with 200,000 CD45.1 (Jackson Laboratories, Bar
Harbor, ME) whole bone marrow cells. Cells were washed, resuspended in PBS, and
transplanted via lateral tail vein injection into recipient mice. Recipient mice were
lethally irradiated (900 cGy) 6—8-week-old female CD45.1 mice 16-24 hours before tail
vein injection. For all transplants, peripheral blood was isolated at the indicated
timepoints by submandibular bleeds and complete blood counts determined using a
ProCyte Dx (IDEXX Laboratories, Westbrook, ME) according to manufacturer’s
protocol. For terminal tissue isolation, mice were euthanized with CO, asphyxiation and
tissues were dissected and fixed with 4% paraformaldehyde for histopathological
analysis. For whole bone marrow isolation, limb bones were dissected and whole bone

marrow isolated using centrifugation followed by RBC lysis (BioLegend) for 10 minutes.

Ex vivo CRISPR screen
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For ex vivo CRISPR screens, whole bone marrow was isolated from donor mice
as described above and HSPCs were isolated using the Lineage Cell Depletion Kit
according to manufacturer’s protocol (EasySep™, StemCell Technologies, Inc.).
Lentivirus and 12 ug/mL polybrene (AmericanBio) were incubated in 1 mL StemSpan
SFEM (StemCell Technologies) containing 6 ng/mL IL-3 (Peprotech), 10 ng/mL IL-6
(Peprotech), and 20 ng/mL SCF (Peprotech) for 10 minutes at room temperature. For
titration experiments involving retronectin, virus was added to retronectin (Takara)
coated plates without addition of polybrene. For titration experiments involving serum,
IMDM + 10% FBS was used instead of StemSpan. 1.0 x 10° HSPCs were added to each
infection along with 30 uM L of 1 M HEPES (Thermo). Each infection was transferred to
a single well of a 6-well plate and cells were centrifuged at 800 rcf for 1 hour at 32°C,
following which an additional 2 mL of StemSpan SFEM containing 6 ng/mL IL-3, 10
ng/mL IL-6, and 20 ng/mL SCF was added to each well. Cells were infected at an
efficiency of 20-40% so that most cells received only one sgRNA. Cells were incubated
overnight at 37°C with 5% CO,. 16 hours after infection, cells were harvested, and cell
numbers were determined using an automated cell counter (ViCell Blue, Beckman
Coulter). A minimum of 3.3 x 10° cells were collected for baseline sequencing, sufficient
for a representation of 1,000 cells per sgRNA. A minimum of 3.3 x 10° cells additional
cells were plated over BMEC monolayers in 12-well plates at a cell density of 50,000
HSPCs/well in StemSpan SFEM with 10 ng/mL SCF (Peprotech) and 50 ng/mL. TPO
(Peprotech). A complete media change was performed on day 4 post HSPC plating. On
day 7, co-cultures were harvested with Accutase (Biolegend) and cells were collected for

sequencing. For identifying cell-type specific dependencies, co-cultures were harvested
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and lineage  cells were isolated with the Lineage Cell Depletion Kit (StemCell
Technologies) with spike-in of 5 pul biotinylated CD31 antibody (Biolegend) to remove
BMECs. HSPCs were then replated onto fresh BMEC plates. On day 14, co-cultures were
harvested and cells were separated into linecage™ and lineage" fractions with Lineage Cell
Depletion Kit. Samples of linecage™ and lineage" cells were collected for sequencing. Cell
pellets for sequencing were lysed, genomic DNA was extracted using the Purogene kit
(Qiagen), and DNA quantified using Qubit (Thermo). Genomic DNA was PCR amplified
to add Illumina adapters and multiplexing barcodes. Amplicons were quantified by Qubit

and Bioanalyzer (Agilent) and sequenced on an Illumina HiSeq 2500.

Lentivirus production

For lentivirus production, plasmids were co-transfected into 293Ts with the
packaging vector psPAX2 and the envelope vector pMD2.G using the jetPRIME
transfection reagent (Polyplus) following manufacturer’s protocol. Media was changed
24 hours post transfection. Viral-containing supernatant was collected 72 hours after
transfection and passed through a 0.45-micron filter. For lentivirus used to infect HSPCs,
virus was ultracentrifuged at 24,000 rpm for 2 hours at 4°C using a Sorvall
Ultracentrifuge (Thermo). Viral pellets were resuspended in Stemspan SFEM (StemCell
Technologies) and resuspended on a rotator overnight at 4°C, following which virus was

aliquoted and stored at -80 C for long-term storage.

Flow cytometry and sorting
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Freshly isolated cells were washed with FACS buftfer (phosphate buffered saline
(PBS) + 2% fetal bovine serum). For cell surface staining, cells were then resuspended in
Fc (CD16/32) block for 15 minutes at 4°C and then subsequently incubated with antibody
cocktails for an additional 15 minutes at 4°C. For peripheral blood analysis, antibodies
targeted CD3 (17A2), CD45R/B220 (RA3-6B2), Gr-1 (RB6-8C5), CD11b 450 (M1/70),
CD45.2 (104), Kit (2B8), and CD45.1 (A20). For bone marrow analysis, additional
antibodies targeted Sca-1 (D7), FcyRIIVIII (2.4G2), CD34 (RAM34), CD150 (9D1), and
CD48 (HM48-1). For analysis of BMEC co-cultures, antibodies targeted Gr-1
(RB6-8C5), CD11b 450 (M1/70), CD45.2 (104), Kit (2B8), and Sca-1 (D7). If LT-HSC
analysis was necessary, antibodies targeting CD150 (9D1) and CD48 (HM48-1) were
included. All antibodies were purchased from BD, BioLegend or eBioscience. Following
antibody incubation, cells were washed with FACS buffer and resuspended in FACS
buffer containing a live/dead cell stain, either DAPI (1:1000 in FACS buffer, Thermo) or
Helix NP NIR (1:20,000 in FACS buffer, Biolegend). Flow cytometry was performed on
a BD LSRFortessa (BD Biosciences) using FACSDiva and FlowJo (v10.9). Cell isolation

with FACS was performed on an FACSArialll (BD Biosciences).

Data analysis for CRISPR screens

Sequencing reads were aligned to the screened library and counts were obtained
for each sgRNA. Enrichment and depletion of genes in wild-type cells were analyzed
using the MAGeCK package by comparing read counts at the final timepoint with counts

from the initial timepoint'®>. The MAGeCK-MLE package was used to compute
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normalized dependency scores for each gene across each genotype. An FDR cutoff of

0.25 was used for all analyses.

Statistical analyses

Statistical analyses were performed using Student’s t-test using GraphPad Prism
(GraphPad Software, San Diego, CA) unless otherwise noted. P < 0.05 was considered
statistically significant. The number of animals and experimental replications can be

found in the respective figure legends.
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CHAPTER THREE *
IDENTIFICATION OF KDM3B AS A TARGET
IN A SUBSET OF CLONAL HEMATOPOIESIS

Introduction

Despite the clear association of CH with an increased risk of both AML and
all-cause mortality, there is a paucity of targets identified to restrain CH. Our results in
Chapter Two provide a catalogue of novel potential therapeutic targets for the subset of
CH marked the most commonly recurring mutations. After consideration of all candidate
hits, Kdm3b was prioritized for further study because: 1) Kdm3b was the top hit in both
Tet2X° and 1dh2R%%2 cells, 2) the Kdm3 family members, Kdm3a and Jmjdlc, were also
depleted selectively in these genotypes, suggesting a possible family effect, 2) Tet25° and
1dh2%*? are believed to enable CH through a shared molecular pathway, thus indicating
the mechanisms of the uncovered dependencies may be shared between these genotypes,
3) Kdm3b loss is tolerated in mouse models, suggesting a potential therapeutic index, 4)
KDM3 enzymes are believed to be amenable to small molecule inhibition, and 5) the role

of Kdm3 family members in hematopoiesis is largely unknown.

* Waarts, M.R., Mowla, S., Boileau M., Benitez, A.R.M., Sango, J., Bagish, M.,
Maestre, I.F., Shan, Y., Eisman, S., Park, Y., Wereski, M., Csete, 1., O’Connor, K.,

Romera-Vega, A., Miles, L.A., Xiao, W., Wu, X., Koche, R., Armstrong, S.A., Shih,
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A.H., Papapetrou, P., Butler, J.M., Cai, S.F., Bowman, R.L., Levine. (2024). CRISPR
dependency screens in primary hematopoietic stem cells identify KDM3B as a genotype

specific vulnerability in IDH2- and TET2-mutant cells. Cancer Discovery (Accepted)

Kdm3b and JmjdIc are both members of the family of Jumanji-domain containing
histone lysine demethylases and are both well-established for their role in demethylation
of H3K9mel/2, amongst other histone targets'**'**. These enzymes have also both been
described as having context-dependent roles in hematological malignancies. Multiple
studies have demonstrated the dependency of Jmjdic in an MLL-AF9;Nras-driven
leukemia model, but JmjdIc was found to be dispensable in Jak2"*'’*-driven MPN and

native hematopoiesis'**'*

. Similarly, Kdm3b has been proposed to play a role in
leukemogenesis through induction of the leukemia oncogene Lmo?2 but is not essential in
native hematopoiesis'”. The specific dependencies of JMJDIC and KDM3B in TET2- or
IDH2-mutant CH or AML have not been reported. The similar biological activity of
JIMID1C and KDM3B suggests these dependencies may operate via similar mechanisms.

The shared dependency of Kdm3b and JmjdIc in both Tet2%° and Idh2"*'*’? HSPCs
also suggests that both genotypes may be dependent on these enzymes through common
mechanisms. TET2 is an alpha-ketoglutarate dependent enzyme responsible for the
hydroxylation of 5-methylcytosines (5-mC) to 5-hydroxymethylcytosine (5-hmC),
leading to DNA demethylation’®. Loss of function mutations in 7ET2 are found
frequently in CH and AML and functionally contribute to an increase in self-renewal
activity of mutant HSPCs, believed to be due to hypermethylation at key loci™'®.

Meanwhile, mutations in /DH?2, the enzyme that catalyzes the conversion of isocitrate to

a-KG, are also common in CH and AML. These gain of function mutations, primarily
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observed as R140Q, are believed to contribute to disease primarily through neomorphic
production of 2-HG leading to inhibition of TET2'#2?!, Consistent with this, mutations in
IDH?2 and TET?2 are mutually exclusive in patients with CH and AML, further supporting
that these two mutations may act through a shared pathway*. This suggests that the
observed JmjdIc and Kdm3b dependencies in Idh2%'*%? and Tet2XC cells may be
dependent on reduced TET2 activity. Here, we investigate the function and mechanism of

the KDM3 tamily member dependency in CH and AML.

Results
Kdm3b is a dependency in Idh2- and Tet2-mutant HSPCs ex vivo

In our original screens in Chapter Two, we observed that Kdm3b was a top
dependency in both Idh2%*? and Tet2” cells (Figure 2.4)""*'”°. Additionally, while not
scoring below the threshold of statistical significance, we observed a trend towards
depletion of Jmjdlc, a paralog of Kdm3b, in Idh2%'*%¢ and Tet2™" cells but not wild-type
cells or other mutant genotypes (Figure 2.4)*”. To determine whether Kdm3b was a
mutant-specific dependency in Idh2- and Tet2-mutant HSPCs, we competitively
co-cultured Tet2” or Idh2%'*"? HSPCs with wild-type HSPCs and infected them with a
BFP" lentivirus encoding a single sgRNA against Kdm3b or the control Rosa26 (Rosa)
locus. Following co-culture with BMECs, we assessed mutant chimerism within the
fraction of BFP" sgRNA-containing cells. As expected, within cells carrying a
Rosa-targeted sgRNA, both [dh2%%? and Tet2” cells outcompeted wild-type cells
(Figure 3.1 and Figure 3.2A-E). However, loss of Kdm3b led to a mutant-specific

significant reduction in Idh2%*%¢ and Tet2” chimerism in lineage’, LSK, and mature
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myeloid cells (Figure 3.1 and Figure 3.2A-E). Loss of JmjdIc also reduced the relative
fitness of Idh2%'*%? and Tet2” lineage’, LSK, and mature myeloid cells (Figure 3.2F-L).
Consistent with the data from our CRISPR screens, Kdm3b loss led to a more profound
depletion of mutant cells as compared to JmjdIc loss. Loss of Kdm3b or JmjdIc had no
effect on the fitness of wild-type LSK, lineage, and mature myeloid cells as
demonstrated by the stable frequency of Kdm3b and JmjdIc sgRNA-carrying cells during
ex vivo culture, indicating that the relative dependence of mutant cells on Kdm3b and
Jmjdlc is not due to differential effects on wild-type cells (Figure 3.2M-0O). These
findings demonstrate that Kdm3b and JmjdIc are mutant-specific dependencies in Idh2-

and 7et2-mutant HSPCs ex vivo.
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Figure 3.1: Kdm3b is an ex vivo dependency in Idh2- and Tet2-mutant HSPCs. A and
B, 1dh2"*? tdT" chimerism as assessed by flow cytometry in lineage™ (A) or LSK (B)
infected cells measured after 14 days of BMEC/HSPC co-culture. Wild-type and
1dh2%*? +dT* HSPCs were mixed 1:1 and infected with a BFP* lentivirus encoding an
sgRNA targeting Rosa or Kdm3b. (n = 3) C and D, Tet2” tdT* chimerism as assessed by
flow cytometry in lineage” (C) or LSK (D) infected cells measured after 14 days of
BMEC/HSPC co-culture. Wild-type and 7et2” tdT* HSPCs were mixed 1:1 and infected
with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b. (n = 3). All data are
mean = SEM. **p < 0.01, ***p <0.001
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Figure 3.2: Jmjdlc is a dependency in Idh2- and Tef2-mutant HSPCs. A and B,
1dh2%14C (A) or Tet2”" (B) tdT* chimerism in infected cells measured by flow cytometry
at the initial timepoint 48 hours post-infection. Wild-type and mutant tdT™ HSPCs were
mixed 1:1 and infected with a BFP" lentivirus encoding an sgRNA targeting Rosa,
Kdm3b, or Jmjdic. (n = 3) C, Kdm3b expression levels as measured by quantitative
polymerase-chain reaction on HSPCs infected with a lentivirus encoding a single sgRNA
targeting Rosa or Kdm3b. (n = 4) D, Idh2"'*’? tdT* chimerism in lineage" infected cells
measured by flow cytometry after 14 days of BMEC/HSPC co-culture. Wild-type and
1dh2%49 tdT* HSPCs were mixed 1:1 and infected with a BFP" lentivirus encoding an
sgRNA targeting Rosa or Kdm3b. (n = 3) E, Tet2” tdT* chimerism in lineage" infected
cells measured by flow cytometry after 14 days of BMEC/HSPC co-culture. Wild-type
and Tet2” tdT* HSPCs were mixed 1:1 and infected with a BFP* lentivirus encoding an
sgRNA targeting Rosa or Kdm3b. (n = 3) F, Jmjdic expression levels as measured by
quantitative polymerase-chain reaction on HSPCs infected with a lentivirus encoding a
single sgRNA targeting Rosa or JmjdIc. (n = 4) G-I, Idh2*"*? tdT* chimerism in lineage”
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(G), lineage™ (H) or LSK (I) infected cells measured by flow cytometry after 14 days of
BMEC/HSPC co-culture. Wild-type and Idh2®*? tdT* HSPCs were mixed 1:1 and
infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Jmjdlc. (n = 3)
J-L, Tet2” tdT* chimerism in lineage® (J), lineage” (K) or LSK (L) infected cells
measured by flow cytometry after 14 days of BMEC/HSPC co-culture. Wild-type and
Tet2”” tdT" HSPCs were mixed 1:1 and infected with a BFP* lentivirus encoding an
sgRNA targeting Rosa or Jmjdlc. (n = 3) M-O, BFP" fold change in lineage”™ (M),
lineage” (N) or LSK (O) cells as measured by flow cytometry after 14 days of
BMEC/HSPC co-culture and normalized to % BFP" 2 days post-infection. Wild-type
HSPCs were infected with a BFP' lentivirus encoding a single sgRNA. (n = 3) All data
are mean = SEM. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001
Kdm3b is a dependency in Idh2- and Tet2-mutant HSPCs in vivo

We next investigated if Kdm3b was a mutant-specific dependency in Idh2*'*? and
Tet2”- HSPCs in vivo. Given that BMEC/HSPC co-cultures infected with sgRNA libraries
retain engraftment capacity, we first obtained in vivo readouts of our ex vivo CRISPR
screens. We performed transplantation studies of BMEC/HSPC co-cultures and
sequenced sgRNA libraries constructed from the peripheral blood and bone marrow of
recipient mice. However, only 10-20% of sgRNAs were sufficiently represented in the
peripheral blood and bone marrow, suggesting that the limited number of HSPCs which
survive the transplantation bottleneck in vivo are insufficient to maintain representation of
large CRISPR libraries (Figure 3.3A)*”. Thus, we constructed a focused sgRNA
validation library consisting of 47 sgRNAs targeting the top hits from our screen, the
Kdm3 family members, and positive and negative control sgRNAs. Sixteen weeks after
transplant, sgRNA libraries were prepared from peripheral blood and bone marrow
lineage” HSPCs from recipient mice transplanted with either Idh2®'*? or wild-type
infected HSPCs (Figure 3.4A). Using this smaller library, we identified sufficient

representation of >95% of sgRNAs in both the peripheral blood and bone marrow

(Figure 3.3B). For mice engrafted with wild-type HSPCs, the only depleted gene was the
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positive control Rpa3 (Figure 3.3C-D). We calculated normalized dependency scores for
each target gene in Idh2™*? versus wild-type cells and confirmed Kdm3b as a top
dependency in Idh2%#? cells, both in the peripheral blood and bone marrow (Figure
3.3E and Figure 3.4B). Kdm3a also scored strongly in vivo as a mutant-specific
dependency while JmjdIc showed a trend for mutant-specific depletion that did not reach
statistical significance.

We next performed in vivo studies investigating the requirement for Kdm3b in
Tet2” or Idh2%'*? HSPCs compared to wild-type HSPCs. We infected mutant and
wild-type HSPCs with a BFP" lentivirus encoding a single sgRNA against Kdm3b or
Rosa and competitively transplanted these HSPCs into recipient mice. We observed
outgrowth of Idh2%*’? and Tet2” cells in the peripheral blood of the Rosa control group;
however, the competitive advantage of Idh2%'*’? and Tet2”" HSPCs was fully abrogated
with loss of Kdm3b (Figure 3.3F-G and Figure 3.4C-D). Analysis of the bone marrow
at 20 weeks revealed that loss of Kdm3b selectively reduced Idh2%'*%C and Tet2™”
chimerism in HSPC subsets including within the LT-HSC compartment (Figure 3.3H-K
and Figure 3.4 E-F). To functionally verify that Kdm3b loss abrogates the self-renewal
of Idh2%'*% and Tet2”" HSPCs, we performed secondary transplantation studies. We found
that Idh2%*%? and Tet2” cells carrying the Kdm3b-targeted sgRNA were nearly absent
from the peripheral blood and bone marrow of secondary recipients, while Idh2%*’? and
Tet2” cells carrying the Rosa-targeted sgRNA robustly outcompeted wild-type cells
(Figure 3.3L-O and Figure 3.4G-H). We observed similar results in primary and
secondary transplants with loss of JmjdIc (Figure 3.5SA-L). Consistent with our ex vivo

studies, Kdm3b or JmjdIc loss had no effect on the fitness of wild-type cells in vivo as
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assessed by the stable frequency of Kdm3b and Jmjdlc sgRNA-carrying cells in the

peripheral blood and bone marrow of recipient mice (Figure 3.3P-Q and Figure

3.5.M-N).
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Figure 3.3: In vivo validation of Kdm3b dependency. A and B, Number of sgRNAs
detected with the indicated normalized read counts. sgRNA libraries were prepared from
the peripheral blood (PB) or bone marrow (BM) of recipient mice engrafted with
wild-type or Idh2%'*? cells. Engrafted cells were infected with lentivirus encoding the
epigenome library (A) or validation library (B) (DNA pooled from n = 10 mice). C and
D, Genes with sgRNAs depleted in the bone marrow (C) or peripheral blood (D) of
recipient mice engrafted with wild-type cells infected with lentivirus encoding the
validation sgRNA library. (DNA pooled from n = 10 mice). E, Genes with depleted
sgRNAs in the peripheral blood of recipient mice engrafted with Idh2®*? cells as
compared to wild-type cells. (DNA pooled from n = 10 mice). F and G, Peripheral blood
chimerism of Idh2*'**? (F) or Tet2”~ (G) within infected cells engrafted in recipient mice.
Wild-type and mutant tdT™ HSPCs were mixed 1:1, infected with a BFP" lentivirus
encoding a validation sgRNA targeting Rosa or Kdm3b, and transplanted into recipient
mice. (n = 5-8) H and I, Idh2%*? (H) or Tet2” (I) chimerism within infected cells in
bone marrow compartments of recipient mice. Wild-type and mutant tdT™ HSPCs were
mixed 1:1, infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b,
and transplanted into recipient mice. (n = 5-8). J and K, Idh2%'*? (J) or Tet2” (K)
chimerism within infected cells in bone marrow compartments of recipient mice.
Wild-type and mutant tdT"™ HSPCs were mixed 1:1, infected with a BFP" lentivirus
encoding a validation sgRNA targeting Rosa or Kdm3b, and transplanted into recipient
mice. (n = 5-8). L and M, Peripheral blood chimerism within infected cells of secondary
transplant recipient mice engrafted with cells from Idh2%'%%? (L) or Tet2”” (M) primary
transplants from Fig. 3C-F. (n = 5-8). N and O, Idh2*'#%? (N) or Tet2”~ (0) chimerism
within infected cells in bone marrow compartments of recipient mice engrafted with cells
from primary transplants from Fig. 3C-F. (n = 5-8). P, BFP" fold change in the peripheral
blood in cells engrafted in recipient mice as normalized to % BFP™" at the first timepoint.
Wild-type HSPCs were infected with a BFP" lentivirus encoding an sgRNA targeting
Rosa or Kdm3b and transplanted into recipient mice. (n = 4-8). Q, BFP" fold change in
bone marrow compartments of recipient mice as normalized to % BFP' at the first
timepoint. Wild-type HSPCs were infected with a BFP" lentivirus encoding an sgRNA
targeting Rosa or Kdm3b and transplanted into recipient mice. (n = 4-8). R, Idh2**%?
chimerism within infected cells in bone marrow compartments of recipient mice. HSPCs
were isolated from wild-type or tdT* Idh2*'**°-mutant mice, mixed in a 1:1 ratio, infected
with a BFP" lentivirus encoding a doxycycline-inducible sgRNA, and transplanted into
recipient mice. Mice were treated with doxycycline 8 weeks post-transplant. (n = 10-14).
All data are mean = SEM. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001

Finally, to assess the effects of Kdm3b loss on established clonal dominance, we
infected Idh2%'*? and wild-type HSPCs with a BFP" lentivirus encoding a

doxycycline-inducible sgRNA targeting Kdm3b or Rosa. After Idh2®'*? cells established

clonal dominance at 8§ weeks, knock-out of Kdm3b or Rosa was induced (Figure 3.4I).
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Loss of Kdm3b restrained further outgrowth of Idh2%'*’? cells in both the peripheral blood

and bone marrow of recipient mice, suggesting that Kdm3b may be a target in established

clonal hematopoiesis (Figure 3.3R and Figure 3.4J-K). These data show that Kdm3b

and JmjdlIc represent critical epigenetic dependencies required for the self-renewal of

1dh2%*? and Tet2”" mutant HSPCs but not wild-type stem/progenitor cells.
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Figure 3.4: Kdm3b is a dependency in Idh2- and Ter2-mutant HSPCs. A, Schematic
representation of in vivo CRISPR screens. HSPCs from Idh2%'*%? or WT mice were
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infected with a lentivirus encoding a library of sgRNAs targeting dependencies identified
in ex vivo screens. HSPCs were transplanted and sgRNA abundance was assessed in
recipient mice 16 weeks after transplant. B, Genes with depleted sgRNAs in the bone
marrow of recipient mice engrafted with Idh2%'*%? cells as compared to wild-type cells.
(DNA pooled from n = 10 mice) C and D, Peripheral blood chimerism of Idh2%*’? (C) or
Tet2”- (D) within infected cells engrafted in recipient mice. Wild-type and mutant tdT"
HSPCs were mixed 1:1, infected with a BFP" lentivirus encoding an sgRNA targeting
Rosa or Kdm3b, and transplanted into recipient mice. (n = 5-8) E and F, Idh2"*’? (E) or
Tet2”” (F) chimerism within infected cells in bone marrow compartments of recipient
mice. Wild-type and mutant tdT™ HSPCs were mixed 1:1, infected with a BFP" lentivirus
encoding an sgRNA targeting Rosa or Kdm3b, and transplanted into recipient mice. (n =
5-8) G and H, Chimerism within infected myeloid cells in the peripheral blood and
LT-HSCs in the bone marrow of recipient mice engrafted with cells from Idh2%#? (G) or
Tet2”- (H) primary transplants from Fig. 3C-F. (n = 3-5) I, Schematic representation of
inducible sgRNA experiments. HSPCs were isolated from wild-type or tdT"
1dh2®*-mutant mice, mixed in a 1:1 ratio, infected with a BFP* lentivirus encoding a
doxycycline-inducible sgRNA, and transplanted into recipient mice. Mice were treated
with doxycycline (Dox) 8 weeks post-transplant to induce expression of sgRNAs.
Chimerism within infected cells in the peripheral blood and bone marrow of recipient
mice was assessed 20 weeks post-transplant. J, Peripheral blood chimerism of Idh2%/%%?
within infected cells engrafted in recipient mice. HSPCs were isolated from wild-type or
tdT" Idh2®*"°-mutant mice, mixed in a 1:1 ratio, infected with a BFP* lentivirus encoding
a doxycycline-inducible sgRNA, and transplanted into recipient mice. Mice were treated
with doxycycline 8 weeks post-transplant as indicated. (n = 10-14) K, Idh2?"%%°
chimerism within infected cells in bone marrow compartments of recipient mice. HSPCs
were isolated from wild-type or tdT" Idh2%*°°-mutant mice, mixed in a 1:1 ratio, infected
with a BFP" lentivirus encoding a doxycycline-inducible sgRNA, and transplanted into
recipient mice. Mice were treated with doxycycline 8 weeks post-transplant. (n = 10-14)
L, Colony forming assay of wild-type or TET2-mutant iPSC-derived HSPCs
electroporated with RNPs targeting A4VS1 or KDM3B. Colonies were scored 10 days
after plating. (n = 3) M, Colony forming assay of cord blood HSPCs sequentially
electroporated with sgRNAs against 44VS1 or TET2 followed by additional sgRNAs
against AAVS1 or KDM3B. Colonies were scored 12 days after plating. (n =2) N, Rosa or
Kdm3b variant allele frequency (VAF) in the peripheral blood of recipient mice engrafted
with Tet2”/NpmI¢/FIt3"™ leukemic cells electroporated with RNPs targeting Rosa or
Kdm3b. (n = 3). VAFs were assessed by NGS and normalized to week 2. All data are
mean = SEM. *p <0.05, **p <0.01, ***p < 0.001, ****p <(0.0001
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Figure 3.5: In vivo validation of Jmjdlc dependency. A and B, Peripheral blood
chimerism of Idh2®#*? (A) or Tet2”~ (B) within infected cells engrafted in recipient mice.
Wild-type and mutant tdT"™ HSPCs were mixed 1:1, infected with a BFP" lentivirus
encoding an sgRNA targeting Rosa or JmjdIc, and transplanted into recipient mice. (n =
5-8) C and D, Idh2**? (C) or Tet2”" (D) chimerism within infected cells in bone marrow
compartments of recipient mice. Wild-type and mutant tdT"™ HSPCs were mixed 1:1,
infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Jmjdlc, and
transplanted into recipient mice. (n = 5-8) E and F, Peripheral blood chimerism of
1dh2%%% (E) or Tet2”~ (F) within infected cells engrafted in recipient mice. Wild-type and
mutant tdT™ HSPCs were mixed 1:1, infected with a BFP" lentivirus encoding a
validation sgRNA targeting Rosa or JmjdIc, and transplanted into recipient mice. (n =
5-8) G and H, Idh2%"*? (G) or Tet2”" (H) chimerism within infected cells in bone marrow
compartments of recipient mice. Wild-type and mutant tdT" HSPCs were mixed 1:1,
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infected with a BFP" lentivirus encoding a validation sgRNA targeting Rosa or Jmjdlc,
and transplanted into recipient mice. (n = 5-8) I and J, Peripheral blood chimerism of
1dh2%%%2 (1) or Tet2™" (J) within infected cells of secondary transplant recipients engrafted
with cells from primary transplants from Supplementary Fig. SA-D. (n = 5-8) K and L,
1dh2%#? (K) or Tet2”~ (L) chimerism within infected cells in bone marrow compartments
of recipient mice engrafted with cells from primary transplants from Supplementary Fig.
5A-D. (n = 5-8). M, BFP" fold change in the peripheral blood in cells engrafted in
recipient mice as normalized to % BFP" at the first timepoint. Wild-type HSPCs were
infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Jmjdlc and
transplanted into recipient mice. (n = 4-8). N, BFP" fold change in bone marrow
compartments of recipient mice as normalized to % BFP" at the first timepoint. Wild-type
HSPCs were infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or
Jmjdlc and transplanted into recipient mice. (n = 4-8). All data are mean = SEM. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
Kdm3b is a dependency in CH-mutant human HSPCs and in Tet2-mutant AML

We next sought to delineate whether KDM3B and JMJDIC are mutant-specific
dependencies in human CH-mutant cells. We first assessed the effects of KDM3B and
JMJDIC loss in isogenic TET2-mutant and wild-type human iPSC-derived HSPCs.
KDM3B and JMJD1C disruption attenuated the colony-forming potential of 7E7T2-mutant
HSPCs but not of isogenic TET2 wild-type HSPCs (Figure 3.4L. and Figure 3.6A-B).
Competition of wild-type and TET2-mutant HSPCs in liquid culture demonstrated that
KDM3B and JMJDIC loss both conferred a growth disadvantage to TE72-mutant cells,
both within the CD34" HSPC compartment and total hematopoietic output (Figure
3.6C-D). KDM3B and JMDJIC loss did not affect the growth of wild-type iPSC-derived
HSPCs (Figure 3.6E-F). We next performed sequential CRISPR editing of TET2 or the
AAVSI control locus followed by KDM3B editing in human umbilical cord blood HSPCs.
KDM3B loss led to a decrease in the colony-forming potential of TET2-edited HSPCs but

not of control AAVS1-edited HSPCs in both primary and secondary colony plating assays
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(Figure 3.4M and Figure 3.6G-H). These results demonstrate KDM3B and JMJDIC are

mutant-specific dependencies in human HSPCs with TET2 mutations.
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Figure 3.6: Validation of KDM3B and JMJDI1C dependencies in human HSPCs and
Tet2"Npm1“'Flt3'™ leukemia model. A, Western blot showing protein abundance of
KDM3B and JMIDIC in iPSC-derived HSPCs electroporated with RNPs targeting
AAVSI, KDM3B, or JMJDIC. (Representative of n = 2) B, Colony forming assay of
wild-type or TET2-mutant iPSC-derived HSPCs electroporated with RNPs targeting
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AAVSI or JMJDIC. Colonies were scored 10 days after plating. (n = 3) C and D,
TET2-mutant to wild-type ratio in CD45" (B) or CD45°CD34" (C) iPSC-derived
hematopoietic cells measured following electroporation of RNPs targeting AAVSI,
KDM3B, or JMJDIC. Mutant/wild-type ratio was normalized to the first timepoint and
assessed by flow cytometry for GFP" (wild-type cells). (n = 3) E and F, Total cell
numbers of wild-type CD45" or CD45'CD34" iPSC-derived hematopoietic cells
measured following electroporation of RNPS targeting AAVS1, KDM3B, or JMJDIC. G,
Western blot showing protein abundance of TET2 and KDM3B in cord blood HSPCs
electroporated with RNPs targeting AAVSI or TET2 and AAVSI or KDM3B. *denotes
truncated TET2 protein without its catalytic domain (Representative of n = 2) H, Colony
forming secondary replating assay of cord blood HSPCs sequentially electroporated with
sgRNAs against A4VSI or TET2 followed by additional sgRNAs against AAVSI or
KDM3B. Colonies were scored 12 days after plating. (n = 2) I, H&E staining of bone
marrow and spleen of Tet2”"/Npm1¢/FIt3"™ leukemic mice. (Representative of n = 6). All
images represented at 400X magnification. Scale bar. 20um. J and K, Peripheral blood
count trends of white blood cells (WBC) (J) or % hematocrit (K) in Tet2”/Npm1“/FIt3""
leukemic mice. (n = 6) L, Percentage of KIT' cells in the peripheral blood of
Tet2”/NpmI“/Fit3"™ leukemic mice as assessed by flow cytometry. (n = 6) M,
Kaplan-Meier survival analysis of Tet2”/Npml1“/FIt3"™ leukemic mice engrafted with
cells electroporated with Rosa or Kdm3b RNPs. (n = 8) N, Percentage of Rosa- or
Kdm3b-edited Tet2”/NpmI/FIt3"" leukemic cells 48 hours after electroporation of
RNPs. Editing assessed by NGS of amplified sgRNA target sites. Empty control
represents Cas9 delivery only and measurement of Rosa-edited cells. (n = 2) O,
Normalized Rosa or Kdm3b variant allele frequency (VAF) in Tet2”/Npml1“/FIt3"™
leukemic cells measured 10 days after electroporation of RNPs and BMEC co-culture.
VAF was normalized to 48 hours after electroporation. (n = 3) P, Percentage of Rosa- or
Kdm3b-edited Tet2”/NpmlI“/Fit3"™ leukemic cells in the peripheral blood of recipient
mice measured 2 weeks after transplant of electroporated cells. Editing assessed by NGS
of amplified sgRNA target sites. Empty control represents Cas9 delivery only and
measurement of Rosa-edited cells. (n = 2). All data are mean = SEM. *p < 0.05, **p <
0.01

Kdm3b is a dependency in CH-mutant human HSPCs in Tet2-mutant AML

We then asked if the dependency of Kdm3b in Idh2- and Tet2-mutant
pre-malignant cells would extend to transformed leukemic cells with Idh2 or Tet2?
mutations. Previously, we have demonstrated that mice harboring a combination of 7et2”
and FIr3"™ mutations develop a long-latency AML'®, We crossed an Npm 1! allele to this

model to generate a rapid and lethal AML, which was characterized by leukocytosis,

anemia, Kit" cells in the peripheral blood, and infiltration of the bone marrow and spleen
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by immature blasts (Figure 3.6I-M). Since leukemic cells bearing this allelic
combination did not express Cas9, we electroporated Cas9/sgRNA ribonucleoproteins
(RNPs) targeting Rosa or Kdm3b. We confirmed that delivery of RNPs targeting Rosa
and Kdm3b achieved ~50% editing frequency (Figure 3.6N). We observed that
Rosa-edited cells were maintained at a steady frequency during ex vivo culture while
Kdm3b-edited cells were depleted (Figure 3.60). To assess the requirement for Kdm3b in
Tet2-mutant leukemia in vivo, we transplanted Rosa- or Kdm3b-edited leukemic blasts
and tracked the frequency of edited cells in the peripheral blood of recipient mice. Edited
cells demonstrated engraftment capacity as assessed at the initial 2-week timepoint in
vivo (Figure 3.6P). We found that Kdm3b-edited cells, but not Rosa-edited cells, were
progressively depleted from the peripheral blood of leukemic mice (Figure 3.4N). We

conclude that loss of Kdm3b reduces the fitness of 7er2-mutant AML cells in vivo.

2-HG production is necessary and sufficient to confer Kdm3b dependency in HSPCs
Mutations in /DH?2, which catalyzes the conversion of isocitrate to a-KG, result in
neomorphic production of 2-HG, leading to inhibition of TET2 and other a-KG
dependent enzymes'*>!34204205 We therefore investigated whether the Kdm3b dependency
in Idh2-mutant cells is 2-HG dependent. We treated wild-type HSPCs carrying sgRNAs
targeting Rosa or Kdm3b with cell-permeable 2-HG to assess whether 2-HG could render
wild-type cells dependent on Kdm3b. 2-HG treatment did not affect cell growth and did
not alter the fitness of HSPCs transduced with a Rosa sgRNA (Figure 3.7A). By contrast,
2-HG treatment resulted in depletion of lineage”, LSK, and mature myeloid cells carrying

a Kdm3b sgRNA (Figure 3.7B and Figure 3.8A-B). Treatment of /dh2*'**¢ HSPCs with
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2-HG further enhanced the dependency of mutant cells on Kdm3b (Figure 3.7C-E).
These findings suggest that 2-HG production is sufficient to render HSPCs dependent on

Kdm3b.
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Figure 3.7: Role of 2-HG and KDM3B catalytic activity in KDM3B dependency. A,
Cell growth measured 14 days after Rosa or Kdm3b sgRNA delivery in wild-type HSPCs.
HSPCs were co-cultured with BMECs and treated with vehicle or 500 uM 2-HG. (n = 3)
B, Flow cytometry measurement of BFP™ wild-type lineage” cells measured after 14 days
of BMEC/HSPC co-culture. Wild-type HSPCs were infected with a BFP" lentivirus
encoding an sgRNA targeting Rosa or Kdm3b and treated with vehicle or 500 uM 2-HG.
(n = 3) C-E, Flow cytometry measurement of BFP* Idh2%'#? lineage” (C), lineage™ (D) or
LSK (E) cells measured after 14 days of BMEC/HSPC co-culture. Idh2%*’? HSPCs were
infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b and treated
with vehicle or 500 uM 2-HG. (n = 3) F, Idh2*"*%? tdT" chimerism in lineage" infected
cells measured by flow cytometry after 14 days of BMEC/HSPC co-culture. Wild-type
and Idh2%"%%? tdT* HSPCs were mixed 1:1, infected with a BFP" lentivirus encoding an
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sgRNA targeting Rosa or Kdm3b, and treated with increasing doses of enasidenib. (n = 3)
G, 2-HG levels as assessed by mass spectrometry in wild-type or Idh2%'*% cells treated
with increasing doses of enasidenib. Cells were co-cultured with BMECs for 14 days. (n
= 3) H, Cell growth measured 14 days after Rosa or Kdm3b sgRNA delivery in HSPCs.
HSPCs were co-cultured with BMECs and treated with increasing doses of enasidenib. (n
= 3) I, Western blot showing protein abundance of KDM3B in TF-1 cells infected with
lentivirus encoding single shRNAs targeting SCR or KDM3B. (Representative of n = 2) J,
Relative KDM3B expression as assessed by quantitative polymerase-chain reaction in
TF-1 cells infected with lentivirus encoding the indicated shRNA and/or cDNA. (n = 4).
All data are mean +£ SEM. *p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001

Conversely, treatment of wild-type and Idh2%'#*¢ HSPCs with the IDH2 inhibitor
enasidenib reversed the mutant-specific effect of Kdm3b depletion on the fitness of
1dh2%*? lineage’, LSK, and mature myeloid cells (Figure 3.7F and Figure 3.8C-D).
Treatment with enasidenib resulted in a dose-dependent reduction in 2-HG levels in
1dh2%*? HSPCs co-cultured with BMECs, as has previously been shown in other
contexts, but did not affect cell growth or alter /dh2%'**? chimerism in the Rosa control

(Figure 3.7G-H)"%!*’_ These findings demonstrate that 2-HG production by mutant

IDH2 confers Kdm3b dependency in Idh2-mutant HSPCs.
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Figure 3.8: Kdm3b vulnerability in Idh2-mutant cells is dependent on 2-HG and loss
of KDM3B enzymatic activity. A and B, Flow cytometry measurement of BFP" infected
wild-type lineage” (A) or LSK (B) cells measured after 14 days of BMEC/HSPC
co-culture. Wild-type HSPCs were infected with a BFP" lentivirus encoding an sgRNA
targeting Rosa or Kdm3b and treated with vehicle or 500 uM 2-HG. (n = 3) C and D,
1dh2%#? tdT* chimerism as measured by flow cytometry in lineage (C) or LSK (D)
infected cells measured after 14 days of BMEC/HSPC co-culture. Wild-type and
1dh2%#? tdT* HSPCs were mixed 1:1, infected with a BFP"' lentivirus encoding an
sgRNA targeting Rosa or Kdm3b, and treated with increasing doses of enasidenib. (n = 3)
(E) Depletion of BFP™ shRNAs targeting KDM3B or scrambled (SCR) control in TF-1
cells isogenic for the IDH2 R140Q mutation. Measured as % BFP" by flow cytometry 14
days after infection and normalized to % BFP+ 2 days after infection. (n = 3) (F)
Depletion of BFP" shRNAs targeting KDM3B or scrambled (SCR) control within TF-1
cells isogenic for the IDH2 RI140Q mutation and carrying the indicated NGFR" cDNA.
Measured as % BFP'NGFR" by flow cytometry 14 days after infection and normalized to
% BFP'NGFR" by flow cytometry 14 days after infection. (n = 3). All data are mean +
SEM. *p < 0.05, **p < 0.01, ***p <0.001

KDM3B enzymatic activity is required in IDH2-mutant cells

We next asked if the Idh2-mutant requirement for Kdm3b is dependent on the
catalytic activity of KDM3B. To test this, we utilized TF-1 erythroleukemia cell lines
isogenic for the IDH2%**? mutation, a model which has been used extensively to assess
the function of IDH2 mutations"*’*%, To determine if KDM3B is a dependency in these
cell lines, we performed genetic knockdown (KD) experiments using BFP™ shRNAs
targeting KDM3B or scrambled control (SCR). We confirmed that KDM3B shRNAs led to
efficient knockdown of KDM3B in this hyperdiploid cell line (Figure 3.71). We observed
that shRNAs targeting KDM3B, but not SCR, were depleted in TF-1 cells following
culture. TF-1 cells without an /DH2 mutation (TF-1"") showed modest sensitivity to
KDM3B KD, which was enhanced in TF-1 cells with the IDH2%*? mutation
(TF-1'PH2RI40Q) - (Fig  4E). We then performed genetic rescue experiments by

overexpressing wild-type KDM3B or KDM3B with a p.H1560A mutation
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(KDM3B-H1560A) that has previously been shown to abrogate KDM3B catalytic
demethylase activity’”. We confirmed expression of wild-type KDM3B and
KDM3B-H1560A (Figure 3.7J). Only wild-type KDM3B was able to rescue the loss of
fitness conferred by KDM3B-targeted shRNAs in TF-1PHRI40Q ¢ells, whereas expression
of KDM3B-H1560A had no effect (Figure 3.8F). We conclude that KDM3B enzymatic

activity is required in /DH2-mutant cells.

KDM3B and mutant IDH?2 coordinately regulate the epigenetic and transcriptomic
state of common loci including cytokine receptors

IWT cells and

We next performed RNA-sequencing (RNA-seq) on TF-
TF-1PHZRIYQ cells expressing shRNAs targeting KDM3B or scrambled control (SCR).
Gene set enrichment analysis revealed that TF-1"P"RI40Q cells with KDM3B KD had
increased expression of gene sets associated with apoptosis and decreased expression of
gene sets associated with cell-cycle regulation as compared to TF-1PHRI40Q cells with
SCR KD, consistent with our results demonstrating subsequent depletion of KDM3B KD
cells (Figure 3.9A-B). We observed a significant overlap of transcriptional changes
induced by KDM3B knockdown (KDM3B KD TF-1"PHRI40Q yg §CR KD TF-1PH2-RI40Q) 59
we did by introduction of the IDH2®*? mutation (TF-1PHR140Q yg TF-1YT; Figure
3.9C-D). To investigate whether the mutant /DH2 allele and KDM3B KD were
coordinately regulating a shared set of loci, we calculated single sample gene set
enrichment analysis (ssGSEA) scores using the set of genes downregulated in KDM3B

KD TF-1PH2RI0Q ¢ells compared to SCR KD TF-1"PHRI4Q ¢ells, ssGSEA is an extension

of the GSEA method and is commonly used to calculate individual sample scores that
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reflect the degree to which genes in a particular gene set are enriched®®. This analysis
revealed that SCR KD TF-1"PHRI40Q ¢ells had a significant reduction in shared gene set

1WT

expression compared to SCR KD TF- cells, with increased attenuation in the
expression of these genes in KDM3B KD TF-1"PH2R14Q cels (Figure 3.9E). We observed
a similar pattern for the gene set upregulated in KDM3B KD TF-1PH2RI40Q ¢elfs (Figure
3.9F).

RNA-seq on HSPCs from wild-type or Idh2®#? mice carrying Rosa- or
Kdm3b-targeting sgRNAs confirmed that a majority of the transcriptional changes in
1dh2%#%9 cells with loss of Kdm3b were also found in HSPCs with either the Idh2 R1400
mutation or Kdm3b loss alone (Figure 3.10A). ssGSEA analysis of the gene set
downregulated in Idh2%#? cells with loss of Kdm3b demonstrated that either the
1dh2%*? mutation or Kdm3b loss alone resulted in downregulated expression of these
genes, with the combination of mutations resulting in the strongest transcriptional
suppression (Figure 3.10B). Our findings suggest that KDM3B and the /DH?2 mutation

coordinately regulate the transcriptional output of a distinct set of genes, with the greatest

changes in cells with concurrent /DH2 neomorphic function and KDM3B disruption.
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Figure 3.9: Chromatin and transcriptional changes mediated by KDM3B. A and B,
GSEA plots depicting a positive enrichment in apoptotic targets (A) and a negative
enrichment in MYC targets (B) in KDM3B KD IDH2 RI140Q mutant TF-1 cells as
compared to SCR KD IDH2 RI40Q mutant TF-1 cells. C and D, Venn diagrams
displaying the overlap of genes downregulated (C) or upregulated (D) between the
indicated contrasts (KDM3B KD IDH2 R140Q TF-1 compared to SCR KD IDH2 RI140Q
TF-1 and SCR KD IDH2 R140Q TF-1 vs SCR KD WT TF-1). E and F, ssGSEA scores of
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the gene set derived from downregulated (E) or upregulated (F) genes in KDM3B KD
IDH?2 RI140Q TF-1 cells as compared to SCR KD IDH2 RI140Q TF-1 cells. (n =3) G,
CSF2RB expression in TF-1 cells in the indicated groups by RNA-seq data. (n = 3) H,
CSF2RB MFTI as measured by flow cytometry in TF-1 cells in the indicated groups. TF-1
cells were infected with a lentivirus encoding a single shRNA targeting SCR or KDM3B.
(n = 3) I and J, CSF2RB expression in primary AML samples from TCGA (I) or
BEAT-AML (J) cohorts with the indicated TET2 or IDH?2 mutations. K, MPL expression
in TF-1 cells in the indicated groups by RNA-seq data. (n = 3) L, MPL MFI as measured
by flow cytometry in TF-1 cells in the indicated groups. TF-1 cells were infected with a
lentivirus encoding a single shRNA targeting SCR or KDM3B. (n = 3) M and N, MPL
expression in primary AML samples from TCGA (M) or BEAT-AML (N) cohorts with
the indicated 7ET2 or IDH?2 mutations. O, MPL MFI as measured by flow cytometry in
lineage'Kit" infected cells measured after 7 days of BMEC/HSPC co-culture. Wild-type
and Idh2"'*"? HSPCs were infected with a BFP" lentivirus encoding an sgRNA targeting
Rosa or Kdm3b. (n = 3) P, Normalized expression of Gatal in primary HSPCs in the
indicated groups as extracted from RNA-seq data. (n = 3). Q, MPL MFI as measured by
flow cytometry in cord blood HSPCs 10 days following infection with lentivirus
encoding IDH?2 wild-type or IDH2 RI140Q cDNA and electroporation of AAVSI or
KDM3B RNPs. (n = 3) R-U, Normalized ATAC-seq signal in TF-1 cells of peaks at
CSF2RB (R and S) or MPL (T and U) in the indicated groups. All data are mean = SEM.
*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #FDR < 0.1

We therefore hypothesized that IDH2-mutant cells might be deleteriously
impacted by the additional effects of KDM3B loss of function on the expression of key
genes critical for survival. In the TF-1 context, we noted that CSF2RB, which encodes the
common beta chain subunit of the receptor for GM-CSF, IL-3, and IL-5 and is the
essential receptor upstream of JAK/STAT signaling in TF-1 cells, was downregulated in
cells expressing IDH2%'*%? and further downregulated with KDM3B knockdown (Figure
3.9G-H)*”. In primary AML patient samples, expression of CSF2RB is significantly
reduced in TET2- and /DH2-mutant samples in both the TCGA and BEAT-AML cohorts
(Figure 3.91-J). We also observed that the thrombopoietin receptor MPL, which has
relatively low expression in transformed TF-1 cells, was downregulated with KDM3B
knockdown (Figure 3.9K-L). MPL had low or no expression in the majority of samples

in the TCGA and BEAT-AML cohorts and its expression was not further decreased in
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TET2- or IDH2-mutant samples (Figure 3.9M-N). Within primary HSPCs, Csf2rb is
highly expressed on myeloid progenitors but dispensable for hematopoietic stem cells,
while Mpl is highly expressed and critical to the self-renewal activity of LT-HSCs?'%?'2,
We observed that Mpl expression was downregulated with the /dh2 mutation or Kdm3b
loss alone and more significantly downregulated in Idh2%'#% cells with concurrent Kdm3b
loss (Figure 3.90 and Figure 3.10C). Gatal, which functions downstream of Mp/, also
followed a similar expression pattern (Figure 3.9P). We observed a similar expression
profile of MPL in human cord blood HSPCs to that seen in murine HSPCs (Figure
3.9Q). Consistent with prior studies, we did not detect CSF2RB expression in murine- or
human-derived hematopoietic stem cells (data not shown)?'*2!*. Taken together, our data
suggests that the /DH2 mutation and KDM3B regulate the expression of critical cytokine
receptors that mediate downstream JAK/STAT signaling, with the specific receptors
expressed and regulated dependent on cellular context.

To evaluate whether these loci are coordinately regulated by the mutant /DH?2
allele and KDM3B at the chromatin level, we performed assays for transposase-accessible
chromatin with high throughput sequencing (ATAC-seq) on TF-1"" cells and
TF-1PH2RISQ cells expressing shRNAs targeting KDM3B or scrambled control (SCR).
Loci linked to genes with decreased expression in KDM3B KD TF-1PH2R140Q ¢ells had the
lowest chromatin accessibility in KDM3B KD TF-1PH2R140Q cells and intermediate
accessibility in SCR KD TF-1PH2RI4Q cells (Figure 3.10D). Among these, the CSF2RB
locus displayed decreased chromatin accessibility with expression of the /DH2 mutation
and a further reduction in chromatin accessibility with KDM3B knockdown (Figure

3.9R-S and Figure 3.10E). Interestingly, the MPL locus also demonstrated a similar
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accessibility profile to the CSF2RB locus despite low expression of MPL in TF-1 cells,

suggesting epigenetic regulation of the MPL locus is altered by the /DH?2 mutation and

KDM3B even at lower levels of transcriptional output (Figure 3.9T-U and Figure

3.10E). Our findings suggest that KDM3B and the IDH2 mutation cooperate at the

chromatin level to modulate accessibility and resultant transcription of a shared set of

target genes including critical cytokine receptors.
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Figure 3.10: KDM3B regulates the expression of critical cytokine receptors in
IDH2-mutant cells. A, Heatmap showing relative gene expression of differentially
expressed genes in Kdm3b KO Idh2*'*"? HSPCs as compared to Rosa KO wild-type
HSPCs. Denoted groups shown are wild-type or Idh2%'*’¢ HSPCs with Rosa or Kdm3b
KO. B, ssGSEA scores of the gene set derived from downregulated genes in Kdm3b KO
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1dh2%"#%C HSPCs. (n = 3) C, Mpl expression in primary HSPCs in the indicated groups by
RNA-seq data. (n = 3) D, Mean normalized ATAC-seq signal at genes with decreased
expression in KDM3B KD IDH?2 R140Q TF-1 cells. E, Normalized ATAC-seq signal in
TF-1 cells on surrounding loci at CSF2RB and MPL. F, Idh2%'* tdT* chimerism as
measured by flow cytometry in LSK infected cells measured after 14 days of
BMEC/HSPC co-culture. Wild-type and Idh2%'*%? tdT* HSPCs were mixed 1:1, infected
with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b, and treated with
increasing doses of TPO. (n = 3) G, Median fluorescent intensity (MFI) of
phospho-STAT3 (pSTAT3) as measured by flow cytometry in linecageKit" infected cells
measured after 7 days of BMEC/HSPC co-culture. Wild-type and Idh2®'*’? HSPCs were
infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b. (n=3) H,
1dh2%*9 tdT* chimerism as measured by flow cytometry in LSK infected cells measured
after 14 days of BMEC/HSPC co-culture. Wild-type and Idh2%'*%¢ tdT* HSPCs were
mixed 1:1, infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b,
and treated with increasing doses of ruxolitinib. (n = 3). All data are mean = SEM. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #FDR < 0.1

KDM3B disruption accentuates dependency on JAK-mediated cytokine receptor
signaling in IDH2-mutant cells

We next hypothesized that reduced cytokine receptor signaling is a dependency in
IDH?2-mutant cells and that this dependency is further accentuated by reduced KDM3B
activity. We first investigated whether increased ligand-mediated receptor activation
could rescue the KDM3B dependency in TF-1PH2RI4Q cells, We observed that treatment
of TF-1"PH2RI40Q cells with the CSF2RB ligands GM-CSF and IL-3 reversed the
deleterious effect of KDM3B disruption on mutant cell fitness (Figure 3.11A). To assess
whether low levels of Mpl were responsible for the competitive disadvantage of primary
1dh2%*? HSPCs with Kdm3b loss, we competitively cultured Idh2%'*%? and wild-type
HSPCs carrying sgRNAs targeting Rosa or Kdm3b and treated them with increasing
concentrations of TPO. As previously described, TPO treatment increased total cell
numbers and the frequency of MEPs (Figure 3.11B-C)*'%. TPO treatment did not alter the

competitive fitness of Rosa-carrying Idh2%'*% cells but showed a dose-dependent reversal
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of the effect of Kdm3b depletion on the relative fitness of Idh2®'*’? lineage, LSK and
mature cells (Figure 3.10F and Figure 3.11D-E). GM-CSF was unable to rescue the
Kdm3b depletion in Idh2%'*%¢ HSPCs, consistent with the lack of Csf2rb expression in
hematopoietic stem cells and the stem-cell-specific essentiality of Kdm3b in Idh2%#?
cells (Figure 3.11F-I).

JAK kinases, most notably JAK2, are the signaling kinases that activate
cytokine-mediated transduction pathways®'’. JAK/STAT signaling was decreased in
1dh2%*? HSPCs and further suppressed in Idh2%*? HSPCs with Kdm3b loss, paralleling
the expression pattern of Mpl in these cells (Figure 3.10G). TPO treatment was sufficient
to restore JAK/STAT signaling in Idh2%'**? HSPCs with Kdm3b loss, consistent with its
ability to functionally rescue Kdm3b depletion in Idh2%'*? cells (Figure 3.11J). We next
investigated whether Idh2%*? HSPCs would have increased sensitivity to JAK kinase
inhibition. We used the chimerism assay to test the effect of increasing doses of the
JAK1/2 inhibitor ruxolitinib on Idh2%*’? versus wild-type HSPCs harboring either Rosa
or Kdm3b sgRNAs. Treatment with ruxolitinib reduced Idh2%#*? chimerism in Rosa
control lineage’, LSK, and mature myeloid cells, with an even greater reduction in
1dh2%*? chimerism in the setting of concurrent Kdm3b loss (Figure 3.10H and Figure
3.11K-M). These results indicate that /dh2-mutant cells are preferentially sensitive to
inhibition of the KDM3B-MPL-JAK signaling axis and suggest the potential benefit of
targeting cytokine signaling in these mutant genotypes, alone or in combination with

KDM3B inhibition.

74



A B cC

Cylekine: - +GM-CSF +IL-3 9 el 0 e . i
5 0 _ 20%10e = 3 = =
T = S
= = 1.5x10s O
o z 5
= = 1.6x108 o
— [}
= E 10
5.
. &.0x10 g
=
- 0 0
= TPO(M): O 10 100 0 10 100 TPO (M O 10 100 0 10 100
i - Rosa Kdm3h Rosa Raneh
D Lineage posilive E Lineage negative F
d 50 graeele &80 " 1,510
L [
m il (a5}
E60 E60 _
= £ = 1.0x0s
=4 z =
'gam gfiﬂ =
g g = 5.0x10s
ta 20 E 20
£ 5
20 2 0 0
TPO(M: 0 10 180 @ 10 100 TPO(M): 0 10 100 0 10 100  GM-CSF@M)p © 10 100 0 10 100
Rosa Kdm3t Rosa Wdm3h I Rosa Kdm3b
+ Lineage posiive ¥ Lineage negative ¥ LSk
a.80 g.100 o100
m m m
£ £ £
E E 60 20
g:m gfm § 40
g g g
a2 B0 & o
= = =
E ® 0 £ q
GM-CSF(nM): 0 10 100 0 10 100 GM-CSF(: 0 10 100 0 10 100 GM-CSF(n): 0 10 100 G 10 100
Rosa Kdm3 b Rosa Kdm3k Rosa Kdm3 b
amn 40105 ému ﬂLineage positive
=T - =
L 600 Rosa kO 5 30x10s £ 80 =
WT E ES]
i Bim3b ko £ 5 &0
= 400 L 2 20x10 <
2] B 5ako 81010 g 40
200 Ighgr o Dx10= &
B, Gz 1o £ 0
D D e ‘6“9 D
Group Ruxalitind (nhf): 0 S001000 0 SO0 1000  Ruxoltinib (nh): O 5001000 0 5001000

Rosa Kdm3b Rosa Kdm3h

=

Lineage negative

u}
Ruxolitinib (nh): 0 5001000 0 s001000
Rosa Kdmi3h

Figure 3.11: Effects on TPO, GM-CSF, and ruxolitinib on Idh2*'#’? HSPCs. A,
Depletion of a BFP" shRNA targeting KDM3B in IDH2 R140Q TF-1 cells in the presence
of the indicated cytokine. Measured as % BFP" by flow cytometry 14 days after infection
and normalized to % BFP" 2 days after infection. (n = 3) B, Cell growth measured 14
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days after Rosa or Kdm3b sgRNA delivery in wild-type HSPCs. HSPCs were co-cultured
with BMECs and treated with increasing doses of TPO. (n = 3) C, Percentage of MEPs in
CD45" cells measured by flow cytometry after 14 days of BMEC/HSPC co-culture.
Wild-type and Idh2%*%? tdT* HSPCs were mixed 1:1, infected with a BFP" lentivirus
encoding an sgRNA targeting Rosa or Kdm3b, and treated with increasing doses of TPO.
(n = 3) D and E, Idh2"*? tdT" chimerism in lineage" (D) or lineage™ (E) infected cells
measured by flow cytometry after 14 days of BMEC/HSPC co-culture. Wild-type and
I1dh2%"% tdT" HSPCs were mixed 1:1, infected with a BFP' lentivirus encoding an
sgRNA targeting Rosa or Kdm3b, and treated with increasing doses of TPO. (n = 3) F,
Cell growth measured 14 days after Rosa or Kdm3b sgRNA delivery in wild-type HSPCs.
HSPCs were co-cultured with BMECs and treated with increasing doses of GM-CSF. (n
= 3) G-I, Idh2*"*2 tdT* chimerism in lineage” (G), lineage  (H), or LSK (I) infected cells
measured by flow cytometry after 14 days of BMEC/HSPC co-culture. Wild-type and
1dh2%*? tdT" HSPCs were mixed 1:1, infected with a BFP* lentivirus encoding an
sgRNA targeting Rosa or Kdm3b, and treated with increasing doses of GM-CSF. (n = 3)
J, MFI of phospho-STAT3 (pSTAT3) as measured by flow cytometry in lineage'Kit"
infected cells measured after 7 days of BMEC/HSPC co-culture. Wild-type and Idh2%#¢
HSPCs were infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or
Kdm3b and treated with 100 nM TPO. (n = 3) K, Cell growth measured 14 days after
Rosa or Kdm3b sgRNA delivery in wild-type HSPCs. HSPCs were co-cultured with
BMECs and treated with increasing doses of ruxolitinib. (n = 3) L and M, Idh2?%% tdT*
chimerism in lineage” (L) and lineage” (M) infected cells measured by flow cytometry
after 14 days of BMEC/HSPC co-culture. Wild-type and Idh2%'*%? tdT* HSPCs were
mixed 1:1, infected with a BFP" lentivirus encoding an sgRNA targeting Rosa or Kdm3b,
and treated with increasing doses of ruxolitnib. (n = 3). All data are mean + SEM. *p <
0.05, **p < 0.01, ***p <0.001

Discussion

The identification of Kdm3b as critical in both Idh2- and Tet2-mutant cells
resonates with the established hypothesis that /DH2-mediated pathogenesis is due at least
in part to TET2 inhibition by neomorphic production of 2-HG"**'*, Here, we show using
gain and loss of function approaches that 2-HG is necessary and sufficient to promote
Kdm3b dependency, and that mutant IDH2 neomorphic function is required for Kdm3b

dependency in /DH2-mutant cells. Of note, we also found that the Kdm3b family

members JmjdIc and Kdm3a were relative dependencies in /dh2- and Tet2-mutant cells,
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suggesting that the H3K9mel/2 demethylase activity shared by these enzymes may have
a shared role in mediating transformation by TE72/IDH?2 mutations.

We found that a majority of genes with transcriptional changes in /DH2-mutant
cells with loss of KDM3B were coordinately regulated by both the /DH?2 mutation and
loss of KDM3B. This synergy in transcriptional output is consistent with KDM3B being
an a-KG dependent enzyme susceptible to 2-HG mediated inhibition and suggests that
the remaining KDM3B activity in IDH2-mutant cells is essential for their continued
fitness'**. This led us to hypothesize that /DH2-mutant cells may not be able to tolerate
the further disruption of the /DH2-mutant transcriptional program induced by KDM3B
loss. Although accurate quantification of broadly distributed H3K9me1/2 challenges our
ability to identify direct KDM3B targets, the coordinate changes in chromatin
accessibility and transcriptional output observed with the /DH2 mutation and loss of
KDM3B suggest synergistic alterations in epigenetic state at key loci, including
alterations in H3K9 methylation and/or DNA methylation®'®. Importantly, we showed that
the expression and accessibility of hematopoietic cytokine receptors were coordinately
regulated by /DH?2 mutant activity and loss of KDM3B and that ligand-induced receptor
activation can rescue the effect of KDM3B attenuation in both TF-1 and primary cells. Of
note, we observed that the specific cytokine receptors regulated by the /DH2 mutation
and KDM3B partially differed between hematopoietic stem cells and transformed
leukemic cells, suggesting that cytokine-mediated signaling and its regulation may be
dependent on the cellular context including the transformation state and potentially
species differences****, The differential requirement for cytokine receptor signaling in

IDH?2-mutant cells is consistent with previous studies elucidating differential cytokine
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receptor signaling in normal and malignant hematopoiesis and suggests that further
dissection of the mechanisms governing receptor signaling and the functional impact of
cytokine-mediated inflammatory signaling in CH and myeloid malignancies is
warranted®'?%,

Most importantly, our data suggests new potential therapeutic approaches for the
treatment of CH and myeloid malignancies with mutations in TET2/IDH?2. First, we show
that KDM3B enzymatic activity is necessary for the survival of IDH2-mutant cells,
suggesting that either small molecule KDM3B enzymatic inhibitors or PROTAC
degraders may have potential mutant-specific therapeutic efficacy. Second, we show that
dysregulation of cytokine receptor signaling is a critical feature of /DH2-mutant cells,
such that small molecule JAK kinase inhibitors and other anti-cytokine therapeutic
modalities may have efficacy in this mutant context. Third, we show that the Kdm3b
dependency is also observed in 7et2-mutant AML, such that these therapeutic approaches
are of potential importance in the pre-leukemic and leukemic context. Notably, while we
demonstrated that 7er2-mutant AML cells with Kdm3b loss were rapidly depleted in vivo,
limitations in editing efficiencies in primary cells prevented us from directly assessing the
effect of Kdm3b loss on disease outcomes and future work will be required to fully
delineate the role of KDM3B in leukemia maintenance. We also acknowledge that another
limitation of our work is that clonal outgrowth often occurs under selection pressures and
as such further work is also necessary to assess whether our identified targets are
dependencies in the context of different selection pressures'®?. Critically, our work
provides a path for new target discovery in mutant hematopoietic stem cells which can

inform the development of novel therapies to intercept or treat myeloid transformation,
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and we expect similar approaches to delineate additional therapeutic targets in

mutationally defined CH and myeloid malignancy subsets.

Materials and Methods
Experimental animals

All animal studies were performed in accordance with institutional guidelines
established by Memorial Sloan Kettering Cancer Center (MSKCC) under the Institutional
Animal Care and Use Committee-approved animal protocol (#07-10-016) and the Guide
for the Care and Use of Laboratory Animals (National Academy of Sciences 1996). All
experimental animals were maintained on a 12-hour light-dark cycle with access to water
and standard chow ad libitum. Veterinary staff provided regular monitoring and
husbandry care. All mice had intact immune systems, were drug and test naive, and had
not been involved in previous procedures. Animals were monitored daily for signs of
disease or morbidity, bleeding, failure to thrive, infection, or fatigue and sacrificed
immediately if they exhibited any signs of the above. All mice used in this study
including Tet2"ox Dumt3a""~, Idh2®1*090°x  Asxl1o*Mx Scl:CreERT, Npm Io-~*
FIt3™,  Vav:Cre, Rosa26:Cas9, and Rosa:TdT"" have been previously
described>®166:185191 "Mice with Scl:CreERT were administered 100 mg/kg tamoxifen two
times (one day drug holiday in between dosing) via oral gavage to induce Cre
recombinase activity. Age-and sex- matched 6—16-week-old mice were used in all

experiments and only female mice were used as transplant recipients.

BMEC co-culture with HSPCs
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AKT1-activated bone marrow endothelial cells (BMECs) were cultured as
previously described'?. BMECs were seeded 1-3 days prior to HSPC plating at a density
of 70,000-150,000 BMECs/well in a fibronectin-coated 12-well plate. To obtain HSPCs,
bone marrow cells were isolated from limb bones into FACS buffer (phosphate buffered
saline [PBS] + 2% fetal bovine serum) via centrifugation and RBCs were lysed using
RBC lysis buffer (Thermo). Lineage™ HSPCs were isolated using the Lineage Cell
Depletion Kit according to manufacturer’s protocol (EasySep™, StemCell Technologies,
Inc.). Cells were then resuspended in Fc (CD16/32) block for 15 minutes and then
subsequently stained for lineage'Scal '¢cKIT" (LSK) markers with antibodies targeting
Sca-1 (D7) and KIT (2B8) for 30 minutes. All FACS antibodies were purchased from
BD, BioLegend, or eBioscience. Following antibody incubation, cells were washed with
FACS buffer and resuspended in a live/dead cell stain solution, either DAPI (Thermo,
1:1000 in FACS) or Helix NP NIR (Biolegend, 1:20,000 in FACS). LSK cells were then
sorted on a FACSAria III. Subsequently, 2,000 LSKs were plated on a confluent
monolayer of BMECs in a single well of a 12-well plate. Each well had 1 mL StemSpan
SFEM with 10 ng/mL recombinant murine SCF (PeproTech) and/or additional cytokines
as indicated. Co-cultures were maintained for a total of 7 days at 37°C and 5% CO2. A
complete media change was performed on day 4 of culture. On day 7, cells were
harvested with Accutase (Biolegend) and used in downstream applications. For assays
with day 14 readouts, CD45 cells were isolated with CD45 microbeads (Miltenyi
Biotech) following manufacturers’ protocol and replated onto fresh BMEC plates. For
assays with infected cells, lentivirus and 12 ug/mL polybrene (AmericanBio) were

combined in 1 mL StemSpan SFEM (StemCell Technologies) containing 6 ng/mL IL-3
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(Peprotech), 10 ng/mL IL-6 (Peprotech), and 20 ng/mL SCF (Peprotech) for 10 minutes
at room temperature. LSKs were added to each infection along with 30 uL of 1 M
HEPES (Thermo). Each infection was transferred to a single well of a 6-well plate and
cells were centrifuged at 800 rcf for 1 hour at 32°C, following which an additional 2 mL
of StemSpan SFEM containing 6 ng/mL IL-3, 10 ng/mL IL-6, and 20 ng/mL SCF was
added to each well. 16 hours after infection, cells were harvested and plated over
BMECs. For drug treatments, cells were treated with 10 nM decitabine (MedChem
Express), 500 uM Octyl-(R)-2-HG (Sigma), 100 nM or 500 nM enasidenib (MedChem
Express), or 500 nM or 1000 nM ruxolitinib (MedChem Express) with their

corresponding vehicles.

Transplantation assays and in vivo experiments

For in vivo single sgRNA validation studies, lineage” HSPCs were isolated from
donor mice using the Lineage Cell Depletion Kit according to manufacturer’s protocol
(EasySep™, StemCell Technologies, Inc.) and infected with lentivirus as described
above. Following overnight culture, cells were washed with PBS and 300,000-500,000
infected lineage™ cells were transplanted with 200,000 CD45.1 whole bone marrow cells
into lethally irradiated (900 cgy) recipient CD45.2 mice. For inducible single sgRNA
studies, mice were treated with doxycycline chow approx. 625 mg/kg (Envigo) daily after
8 weeks. For all secondary transplants described, 1.0 x 10° whole bone marrow cells
harvested from primary transplants were transplanted into lethally irradiated secondary
recipient CD45.2 mice. For the Tet2”"NpmI“‘FIt3"™ leukemic model, KIT" cells were

isolated using CD117 microbeads (Miltenyi Biotech) following manufacturer’s protocol,

81



electroporated as described below, and transplanted into lethally irradiated CD45.1
recipient mice. For all transplants, peripheral blood was isolated at the indicated
timepoints by submandibular bleeds and complete blood counts determined using a
ProCyte Dx (IDEXX Laboratories, Westbrook, ME) according to manufacturer’s
protocol. For terminal tissue isolation, mice were euthanized with CO, asphyxiation and
tissues were dissected and fixed with 4% paraformaldehyde for histopathological
analysis. For whole bone marrow isolation, limb bones were dissected and whole bone

marrow isolated using centrifugation followed by RBC lysis (BioLegend) for 10 minutes.

In vivo CRISPR screen

For in vivo CRISPR screens, HSPCs were isolated from donor mice as described
above. Lentivirus and 12 ug/mL polybrene (AmericanBio) were incubated in 1 mL
StemSpan SFEM (StemCell Technologies) containing 6 ng/mL IL-3 (Peprotech), 10
ng/mL IL-6 (Peprotech), and 20 ng/mL SCF (Peprotech) for 10 minutes at room
temperature. 1.0 x 10° HSPCs were added to each infection along with 30 pL of 1 M
HEPES (Thermo). Each infection was transferred to a single well of a 6-well plate and
cells were centrifuged at 800 rcf for 1 hour at 32°C, following which an additional 2 mL
of StemSpan SFEM containing 6 ng/mL IL-3, 10 ng/mL IL-6, and 20 ng/mL SCF was
added to each well. Cells were infected at an efficiency of 20-40% so that most cells
received only one sgRNA. 16 hours after infection, cells were harvested, and cell
numbers were determined using an automated cell counter (ViCell Blue, Beckman
Coulter). Cells were washed with PBS and 300,000-500,000 infected lineage™ cells were

transplanted with 200,000 CD45.1 whole bone marrow cells into lethally irradiated (900
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cQGy) recipient CD45.2 mice. Each screen had 10 transplant recipients. 16 weeks after
transplant, mice were euthanized with CO2 asphyxiation and peripheral blood and bone
marrow were harvested. HSPCs were isolated using the Lineage Cell Depletion Kit
according to manufacturer’s protocol (StemCell Technologies). Cells were pooled at
equal cell numbers between recipient mice and genomic DNA was extracted using the
DNeasy blood and tissue kit (Qiagen). DNA was quantified using Qubit (Thermo).
Genomic DNA was PCR amplified to add Illumina adapters and multiplexing
barcodes. Amplicons were quantified by Qubit and Bioanalyzer (Agilent) and sequenced

on Illumina HiSeq 2500.

Cell line culture

Human parental TF-1 cells wild-type or isogenic for the IDH2%*? mutation were
obtained from Jian Xu (University of Texas Southwestern Medical Center)**. Cell lines
were used in experiments before reaching 10 passages. Cell lines used in experiments
were confirmed to be negative for Mycoplasma. Wild-type TF-1 cells were cultured in
RPMI 1640 medium supplemented with 2 ng/mL recombinant human GM-CSF
(Peprotech). TF-1 cells with the IDH2%#*? mutation were cultured without GM-CSF. For
rescue experiments with additional cytokines, 50 ng/mL IL-3 (Peprotech) was added.
HEK293T cells were cultured in DMEM supplemented with sodium pyruvate (Thermo)
and L-glutamine (Thermo). All cell lines were cultured in medium containing 10% FBS

and 1% penicillin/streptomycin at 37°C with 5% CO,.

Cloning
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Validation libraries were cloned as previously described®®. Briefly, protospacer
sequences, unique from those used in the full CRISPR library, for each target gene were
identified using the CRISPick algorithm (Broad Institute) and custom DNA
oligonucleotide pools were ordered from IDT?¢. DNA oligonucleotide pools were PCR
amplified to add Gibson homology arms and then gel purified using the Gel Extraction
Kit (Qiagen) following the manufacturer’s protocol. The sgRNA expression backbone
LentiGuide-BFP was cloned with a single Gibson reaction (New England Biolabs)
replacing the Puromycin in LentiGuide-Puro with BFP. LentiGuide-BFP was BsmBI
digested, and the digested product was purified using the Gel Extraction Kit (Qiagen).
Libraries were constructed by Gibson reaction of the digested LentiGuide-BFP backbone
and the amplified oligonucleotides bearing Gibson homology arms. DNA was
electroporated into Endura electrocompetent bacteria (Lucigen). Sufficient numbers of
bacterial colonies were harvested to obtain 1000X representation of each sgRNA. DNA
from bacteria was extracted using the Maxiprep kit (Qiagen), quantified using Qubit
(Thermo), and PCR amplified to add Illumina adapters and multiplexing
barcodes. Amplicons were quantified by Qubit and Bioanalyzer (Agilent) and sequenced
on Illumina HiSeq 2500. For cloning individual sgRNAs, protospacer sequences for each
target gene were identified using the CRISPick algorithm (Broad Institute) and
complementary oligonucleotides containing BsmBI-overhang sequences were
synthesized (IDT). For single sgRNA validation experiments, sgRNA sequences were
designed to be unique from those used in the original screen. Complementary
oligonucleotides were annealed and ligated into BsmBI-digested LentiGuide-BFP. The

inducible sgRNA expression backbone Tet-pLKO-BFP was cloned with a single Gibson
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reaction replacing the mCerulean with BFP in SiC-V2-Cas9G7 (Addgene). Single
sgRNAs were cloned into this vector using Gibson reaction. For IDH2 overexpression
constructs, /IDH2 wild-type or IDH2 RI140Q cDNA was obtained as a gift (Andrew
Intlekofer) and Gibson cloning was used to insert the cDNA into pSMAL (Addgene). For
KDM3B overexpression constructs, a single Gibson reaction was used to replace the GFP
with the extracellular domain of NGFR in the lentiviral expression backbone
pLenti-CMV-GFP-PKG-Puro (Addgene). The KDM3B full-length cDNA was obtained
from Origene and Gibson cloning was used to replace the Puro with KDM3B. The Site
Directed Mutagenesis XL II Kit (Agilent) was used to create a point mutation encoding
for a catalytic dead version of KDM3B. For individual sgRNAs and ¢cDNA constructs,
DNA was transformed into Stabl3 chemically competent bacteria (Thermo), bacterial
DNA was extracted from colonies using Miniprep or Midiprep Kits (Qiagen), and

plasmids were sequence confirmed using Sanger sequencing (Genewiz).

Lentivirus production

For lentivirus production, plasmids were co-transfected into 293Ts with the
packaging vector psPAX2 and the envelope vector pMD2.G using the jetPRIME
transfection reagent (Polyplus) following manufacturer’s protocol. Media was changed
24 hours post transfection. Viral-containing supernatant was collected 72 hours after
transfection and passed through a 0.45-micron filter. For lentivirus used to infect HSPCs,
virus was ultracentrifuged at 24,000 rpm for 2 hours at 4°C using a Sorvall

Ultracentrifuge (Thermo). Viral pellets were resuspended in Stemspan SFEM (StemCell
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Technologies) and resuspended on a rotator overnight at 4°C, following which virus was

aliquoted and stored at -80 C for long-term storage.

AAV production

Fluorescent protein cassette and homology arms were cloned into the pAAV-MCS
vector (CellBio Labs) using Gibson Assembly (New England Biolabs). Virus was
produced and purified using the AAVpro Purification Kit Maxi (Takara). Briefly, 293T
were transfected with AAV vector and pDGM6 (AddGene). Cells were collected 48h
post-transfection and purified as per manufacture’s protocol. Viruses were titered by

qPCR using the AAVpro Titration Kit (Takara).

Flow cytometry and sorting

Freshly isolated cells were washed with FACS buffer (phosphate buffered saline
(PBS) + 2% fetal bovine serum). For cell surface staining, cells were then resuspended in
Fc (CD16/32) block for 15 minutes at 4°C and then subsequently incubated with antibody
cocktails for an additional 15 minutes at 4°C. For biotin-conjugated primary antibodies,
cells were washed three times with FACS and incubated with anti-streptavidin secondary
antibodies for an additional 15 minutes at 4°C. For intracellular staining, cells were
washed and stained with Zombie Viability Dye (Biolegend). Cell surface staining was
performed as described above. Cells were then fixed with IC fixation buffer (Thermo) for
20 min and permeabilized with methanol for 30 min. Cells were then washed, incubated
with antibody cocktails for intracellular markers for 30 min, washed again, and

resuspended in FACS. For peripheral blood analysis, antibodies targeted CD3 (17A2),
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CD45R/B220 (RA3-6B2), Gr-1 (RB6-8C5), CD11b 450 (M1/70), CD45.2 (104), Kit
(2B8), and CD45.1 (A20). For bone marrow analysis, additional antibodies targeted
Sca-1 (D7), FcyRII/III (2.4G2), CD34 (RAM34), CD150 (9D1), and CD48 (HM48-1).
For analysis of BMEC co-cultures, antibodies targeted Gr-1 (RB6-8C5), CD11b 450
(M1/70), CD45.2 (104), Kit (2B8), Sca-1 (D7), and CD110 (AMM?2). For intracellular
staining, an antibody targeting phospho-STAT3 (Tyr705) (13A3-1) was used. If LT-HSC
analysis was necessary, antibodies targeting CD150 (9D1) and CD48 (HM48-1) were
included. For experiments with TF-1 cells, antibodies targeting CD271 (ME20.4), CD110
(S16017A), and CDI131 (1C1) were used. For cord blood experiments, an antibody
targeting CD110 (S16017A) was used. For biotin-conjugated primary antibodies, an
anti-streptavidin secondary antibody was used. All antibodies were purchased from BD,
BioLegend or eBioscience. Following antibody incubation, cells were washed with FACS
buffer and resuspended in FACS buffer containing a live/dead cell stain, either DAPI
(1:1000 in FACS buffer, Thermo) or Helix NP NIR (1:20,000 in FACS buffer,
Biolegend). Flow cytometry was performed on a BD LSRFortessa (BD Biosciences)
using FACSDiva and FlowJo (v10.9). Cell isolation with FACS was performed on an

FACSArialll (BD Biosciences).

Western blot

Whole-cell protein lysates were prepared from equal cell numbers using RIPA
buffer (Thermo) containing protease inhibitor cocktail (Thermo). Lysates were sonicated
for 1 min (10 sec ON, 10 sec OFF) at 30% amplitude using Branson Digital Sonifier

(Branson). Proteins were separated by NuPAGE 3-8% Tris-Acetate Gels and transferred
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to nitrocellulose membranes overnight at 30 V. Membranes were blocked for 1 hour in
5% milk-TBST (Sigma) and incubated with primary antibodies overnight. Membranes
were incubated with HRP-conjugated secondary antibodies for 1 hour and imaged using
SuperSignal West Femto maximum sensitivity substrate (Thermo). The following
antibodies were used: B-Actin (Cell Signaling 4970S), KDM3B (Abcam ab217046),

JMJDI1C (Santa Cruz BA-09), and TET2 (Proteintech 21207-1-AP).

Electroporation of HSPCs

For simultaneous delivery of Cas9 and sgRNAs into HSPCs, ribonucleoproteins
(RNPs) were electroporated as previously described®”’. Briefly, protospacer sequences for
each target gene were identified using the CRISPick algorithm (Broad institute) and
sgRNAs encoding these sequences were ordered from IDT. 10 ug sgRNA was incubated
with 10 pg Cas9 protein (IDT) for 15 minutes at room temperature to generate RNPs.
RNPs were then added to 1.0 x 10° - 3.0 x 10° HSPCs and electroporated using Neon
transfection system (Thermo) following manufacturer’s protocol. For murine HSPCs,
conditions were 1700 V, 20 ms, 1 pulse. For human iPSC-derived HSPCs, conditions
were 1600 V, 10 ms, 3 pulses. Electroporated cells were plated in fresh media without
antibiotics for 1-2 hours, following which cells were used for BMEC co-culture or

transplanted into recipient mice.

IPSC-derived HSPC culture
TET2"" human iPSCs were generated through CRISPR/Cas9-mediated gene

editing to remove the genomic region spanning exons 3-11 of one allele of TET2 in the
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previously described normal iPSC line N-2.12%. Culture of human iPSCs and
hematopoietic differentiation was performed using a spin-EB protocol as previously
described®”. In the end of the differentiation culture, the cells were collected and
dissociated with accutase into single cells and used for liquid culture growth assays and
methocult CFU assays. For liquid culture growth assays, TET2"" iPSC-HSPCs and
isogenic TET2-WT iPSC-HSPCs stably expressing GFP, either individually or mixed in a
1:1 ratio, were electroporated with RNPs targeting AAVSI, KDM3B or JMJDIC, and
cultured for 10 days. Flow cytometry was used to assess the GFP™ and GFP" fractions
within CD45" and CD34" cells. For methocult CFU assays, cells were electroporated and
5,000 cells were plated into Methocult H4434 (StemCell Technologies). Colonies were

counted after 10 days.

Cord blood editing

Human cord blood was obtained from full-term deliveries from healthy donors
(Pasquerello tissue bank at Dana Farber Cancer Institute or Cleveland Cord Blood
Center). Mononuclear cells were obtained by Ficoll centrifugation (GE Healthcare) and
were enriched for CD34" cells using the CD34 MicroBead UltraPure kit (Miltenyi).
CD34" cord blood cells were pre-stimulated for 72h in StemSpan SFEM II (StemCell
Technologies) supplemented with 300 ng/ml SCF and FLT3L, 100 ng/ml TPO and IL-6,
I uM UM729, 1 uM SRI1 (all StemCell Technlogies). For introduction of TET2 loss,
CD34" cord blood cells were nucleoporated using P3 Primary Cell 4D-Nucleofector™ X
Kit S (Lonza) and the CA-137 program on the 4D-Nucleofector system (Lonza). Cell

were then cultured in StemSpan SFEM II (StemCell Technologies) supplemented with 50
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ng/ml SCF and FLT3L, 7.5 ng/mL TPO, 10 ng/mL IL-3 and IL-6, 1 uM UM?729, 1 uM
SR1 (StemCell Technologies) and 0.1% PVA (Sigma-Aldrich). Within 15 minutes,
corresponding AAV virus was added to cells at an MOI of 50,000-100,000. Within a
week of nucleofection, mScarlet” cells were sorted and cultured for 24 hours. Following
culture, cells were electroporated using the Neon Transfection system (ThermoFisher) to
introduce the second mutation. Conditions were 1600V, 10ms, 3 pulses. After 48 hours,
cells were plated in MethoCult Enriched H4435 (StemCell Technologies). Colonies were
counted after 12 days. For secondary replating assays, colonies were dissociated, and
equal numbers of cells were replated in MethoCult. For IDH2 overexpression, CD34"
cord blood cells were infected using lentivirus, 12 ug/mL polybrene (AmericanBio), 30
uL of 1 M HEPES (Thermo) and media conditions as above. Individual infections were
transferred to a single well of a 6-well plate and cells were centrifuged at 800 rcf for 1
hour at 32°C. The next day, cells were electroporated to introduce the second mutation as
described above. Expression of cell surface markers was assessed by flow cytometry after

10 days.

2-HG measurement

Cell pellets were extracted with 1000 pL ice-cold 80:20 methanol:water
containing 4 uM deuterated 2-hydroxyglutarate (D,L-2-hydroxyglutaric acid-d3 disodium
salt, Toronto Research chemical) as an internal standard. After overnight incubation at
-80° C, extracts were centrifuged at 21,000 g for 20 min at 4°C to precipitate protein and
800 pL dried in an evaporator (Genevac EZ-2 Elite). Samples were the derivatized with

100 pl of freshly prepared 50 mg/ml (+)-diacetyl-L-tartaric anhydride (DATAN, Sigma)
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in dichloromethane-acetic acid (v/v=4:1) at 75° C for 30 min. After cooling to room
temperature, derivatized samples were dried under nitrogen at room temperature and
resuspended in 100 ul of water. LC-MS/MS analysis was performed using a Thermo
Vantage triple-quadrupole mass spectrometer operating in MRM and negative ionization
modes. LC separation was using an Acquity UPLC HSS T3 analytical column (2.1 x 100
mm, 1.8 um, Waters) and an Agilent 1260 infinity binary pump. Mobile phase A was 125
mg/L. ammonium formate in water, adjusted to pH 3.5 with formic acid, and mobile phase
B was methanol; flow rate was 0.3 mL/min. Initial conditions were 3% B for 5 min,
increasing to 97% B at 5.5 min and held for a further 2.5 min. 7 min of re-equilibration
time was used to ensure retention time stability. The column temperature was held at 40°
C. Samples were kept at 4° C and the injection volume was 10 uL.. MS source parameters
were: spray voltage 2500 V; capillary temperature 300° C; vaporizer temperature 250° C;
sheath gas pressure 50; aux gas pressure 40; S-lens 37 V. Individual reactions monitored
and collision energies (CE) were: 2HG m/z 363.0 — 147.1 (CE: 12 V)*, 129.1 (CE: 27
V); D3-2HG m/z 366.0 — 150.1 (CE: 12 V)*, 132.0 (CE: 27 V), with * indicating the
primary transition used to quantify each metabolite. Pure standards of L-2HG, D-2HG
were derivatized and analyzed in parallel for each chiral determination experiment and
identity of 2-HG enantiomers were determined by comparing to the retention times of the
derivatized pure standards. Data was acquired and processed with TraceFinder 4.1

software (ThermoFisher).

Histology staining and immunohistochemistry, photography
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Spleen and tibia samples were fixed (4% paraformaldehyde) for >24 hours and
embedded in paraffin. Sections were cut using microtome (Mikrom International AG),
mounted on slides, and dried at 37°C overnight. Hematoxylin and eosin (H&E) staining
was performed on a COT20 stainer (Medite). All sample handling and preparation was
performed by the Tri-Institutional Laboratory of Comparative Pathology (LCP) facility.
Pictures were taken at 400X magnification using an Olympus microscope. Tissue

sections were formally evaluated by a hematopathologist (W. Xiao).

Quantitative real-time PCR

RNA was extracted using the Direct-zol RNA Microprep Kit (Zymo) following
the manufacturer’s protocol. Complementary DNA (cDNA) was then reverse transcribed
using ProtoScript II First Strand cDNA synthesis kit (New England Biolabs) per
manufacturer’s protocol. KDM3B expression was evaluated by quantitative
reverse-transcription (qRT) PCR using Tagman probes (Hs00382671, Hs00213240,
Mm00804683, and MmO01150330, Thermo) on the QuantStudio 7 Flex System (Applied
Biosystems). The quantity of cDNA was normalized according to the expression of
ACTIN and GADPH (Hs01060665, Hs02786624, Mm04394036, and Mm99999915,
Thermo). Data were analyzed by the delta delta Ct ratio technique using housekeeping

genes.

CRISPR cut site sequencing
For assessment of variant allele frequencies, genomic DNA was extracted from

targeted cells and PCR amplicons of the targeted site was generated. Sequencing libraries
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were prepared from amplicons using the KAPA Hyper Library Preparation Kit (Kapa
Biosystems) according to the manufacturer’s instructions using 8 cycles of PCR.
Barcoded libraries were pooled equivolume and run on a MiSeq or NovaSeq 6000
(Illumina). The CRISPResso2 package was used to filter low quality reads, trim adapters,

align reads to the reference amplicon, and quantify editing frequency in the amplicon®®.

RNA sequencing and data analysis

For RNA sequencing, RNA was isolated using the Direct-zol RNA Microprep
Kit (Zymo) from FACS purified live cells and quantified using the High Sensitivity RNA
Screentape (Agilent) on an Agilent 2200 TapeStation. cDNA was generated with the
SMART-Seq HT Kit (Takara), and RNA-sequencing libraries were prepared with the
Nextera XT (Illumina) Kit following manufacturers’ protocols. cDNA and tagmented
libraries were quantified using High Sensitivity D5000 ScreenTape (Agilent) and High
Sensitivity D1000 ScreenTape (Agilent) respectively. Libraries were sequenced on a
NovaSeq at the Integrated Genomics Operation (IGO) at MSKCC. FASTQ files were
demultiplexed using a java script from Takara. FASTQ files were mapped, and transcript
counts were enumerated using STAR. Counts were input into R and RNA-sequencing
analysis was completed using DESeq2. Differentially expressed genes were identified
with an adjusted p-value of 0.05. Gene set enrichment analysis was performed using the
fgsea package with genesets extracted from the msigdbr package. Single sample gene set
enrichment analysis was performed using normalized expression values of genes in the

indicated gene set.
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ATAC sequencing and data analysis

For ATAC sequencing, FACS purified live cells were sent to MSKCC’s
Epigenetics Research Innovation Lab for processing. ATAC was performed as previously
described using the Tagment DNA TDE1 Enzyme (Illumina)®'. Sequencing libraries
were prepared using the ThruPLEX DNA-Seq Kit (Takarabio) and sent to the MSKCC
Integrated Genomics Operation core facility for sequencing on a NovaSeq 6000. Raw
sequencing reads were trimmed and filtered for quality (Q>15) and adapter content using
version 0.4.5 of TrimGalore and running version 1.15 of cutadapt and version 0.11.5 of
FastQC. Version 2.3.4.1 of bowtie2 was employed to align reads to mouse assembly
mm10 and alignments were deduplicated using MarkDuplicates in Picard Tools v2.16.0.
Enriched regions were discovered using MACS2 with a p-value setting of 0.001, filtered
for blacklisted regions, and a peak atlas was created using +/- 250 bp around peak
summits. The BEDTools suite was used to create normalized bigwig files. Version 1.6.1
of featureCounts was used to build a raw counts matrix and DESeq2 was employed to
calculate differential enrichment for all pairwise contrasts. Peak-gene associations were
created by assigning all intragenic peaks to that gene, while intergenic peaks were

assigned using linear genomic distance to transcription start sites (TSS).

Data analysis for CRISPR screens

Sequencing reads were aligned to the screened library and counts were obtained
for each sgRNA. Enrichment and depletion of genes in wild-type cells were analyzed
using the MAGeCK package by comparing read counts at the final timepoint with counts

from the initial timepoint'®>. The MAGeCK-MLE package was used to compute
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normalized dependency scores for each gene across each genotype. An FDR cutoff of

0.25 was used for all analyses.

Processing of TCGA and BEAT-AML data
We used RNA-sequencing datasets of TCGA (acute myeloid leukemia, NEJM
2013) and BEAT-AML (acute myeloid leukemia, Cancer Cell 2022) patients, which were

#3223 Data for the presence of

available from the cBioPortal for cancer genomics
mutations in TET2 and IDH?2 and expression of CSF2RB and MPL was downloaded. For

each individual dataset, we stratified patients based on the presence of mutations in 7TE72

and/or IDH?2 and plotted expression scores across these subsets.

Statistical analyses

Statistical analyses were performed using Student’s t-test using GraphPad Prism
(GraphPad Software, San Diego, CA) unless otherwise noted. P < 0.05 was considered
statistically significant. The number of animals and experimental replications can be

found in the respective figure legends.
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CHAPTER FOUR

CONCLUDING REMARKS

This thesis provides a platform to the field that enables rapid ex vivo genetic and
chemical perturbation studies, including in the application of unbiased high-throughput
screens, in primary genetically defined HSPCs. Of note, other chemical and/or co-culture
systems that enable the ex vivo expansion of HSPCs have also recently been
described'®#*, While these systems have yet to be applied in the context of CH, it is
likely that additional studies using these platforms in this application will soon follow.
Here, we demonstrate that co-culture of HSPCs with BMECs allows for the long-term ex
vivo maintenance of CH-mutant HSPCs and yields rapid ex vivo phenotypes. We show
that these phenotypes are largely consistent with months-long in vivo readouts and so we
anticipate this platform will be of use for obtaining rapid results for hypothesis-driven
functional experiments. Of course, small scale hypothesis-driven experiments can,
despite the long timeframe, typically be performed in vivo and we believe the critical
utility in the platform we describe is in its application in unbiased screening. As a proof

of concept, we used this system to perform a CRISPR/Cas9 screen in primary wild-type
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HSPCs and identified a set of critical epigenetic regulators important for HSPCs. While
other studies have nominated genes believed to be important for HSPC self-renewal
and/or differentiation, our work provides the first systematic, unbiased approach to map
the key chromatin regulators in HSPCs. Additionally, our results in wild-type HSPCs
may have implications for potential leukemia therapies in informing the potential
toxicities associated with targets that are also dependencies in native hematopoiesis.

Our study enabled a thorough dependency map of genetic vulnerabilities in
HSPCs harboring four of the most recurrent mutations in CH. While we chose to focus on
the KDM3 family members, we anticipate that future studies will further investigate the
other dependencies we identified in our study. Additionally, our screen was also able to
identify a number of positive regulators of HSPCs whose loss cooperated with
CH-associated mutations to cause expansion; further investigation of these genes is also
warranted. Notably, we chose to focus our screen on potential synthetic lethal
dependencies encoding chromatin modifiers given the biological role of the genes
recurrently mutated in CH. However, it is very likely that CH-associated mutations will
also confer dependencies to additional regulators encoded by other classes of genes, such
as kinases or inflammation-related proteins. Our study provides a roadmap for additional
screens to search this genetic space.

As the central finding of this work, we demonstrate that a common subset of CH
marked by mutations in 7E72 or IDH?2 is dependent on the activity of the KDM3 family
of histone demethylases, particularly KDM3B. Our finding that KDM3B is a dependency
in both TET2- and IDH2-mutant HSPCs fits well with prior data demonstrating

overlapping mechanisms of pathogenesis of these mutations in CH and AML'?
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Interestingly, mutations in /DH?2 are believed to contribute to disease through inhibition
of both TET and KDM enzymes, as well as through inhibition of other a-KG-dependent
enzymes'**. Other work has demonstrated that inhibition of KDM5 family members

mediated by the /DH2 mutation enhances leukemic cell fitness®**

. As such, our results
suggest that /[DH2 mutation-mediated inhibition of KDM family members may have both
positive and negative consequences for mutant cell fitness. In line with this, we
demonstrated that /DH2-mutant cells are unable to tolerate further treatment with
cell-permeable 2-HG. Additionally, we demonstrate in multiple models through
transcriptomic and epigenomic studies that the IDH2 mutation and KDM3B cause
additive changes in chromatin accessibility and transcription at an overlapping gene set.
Taken together, our data suggests that there may be a critical threshold for /DH2-mutant
mediated inhibition of a-KG-dependent enzymes that supports leukemogenesis.

Although our work nominates the KDM3 family of enzymes as a potential
therapeutic target in CH, several challenges in bringing a therapy to the clinic remain.
First, small molecules with high specificity and potency against the KDM3 family have
not been described. While a handful of KDM3 inhibitors have been reported, they also
target other KDM proteins at similar potencies***’. Critically, since it is believed that
inhibition of other KDM enzymes, including the KDMS5 family, is oncogenic, small
molecules that are not sufficiently specific enough for the KDM3 family are not predicted
to show efficacy. However, our work does demonstrate that all three KDM3 family
members, KDM3A, KDM3B, and JMID1C, are dependencies in this context and so small

molecules may not need be specific for any individual family member. Second, the

appropriate patient population for a potential KDM3 targeted therapy has yet to be
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defined. TET? is very frequently mutated in the general population and the vast majority
of individuals with TET2-mutant CH do not develop a hematologic malignancy.
IDH?2-mutant CH is characterized by a high risk of malignant transformation but is
infrequently observed; however, this patient population may nevertheless present an
opportunity for a clinical trial as has been reported previously with IDH2 inhibitors.
Importantly, our work falls short of definitely answering whether the KDM3 family is a
dependency in myeloid malignancies, including MDS and AML. Further work is needed
to delineate the role of the KDM3 family in these diseases and it is possible that the
malignant context may represent a more tractable intervention opportunity for initial
trials of KDM3 targeted therapies. Finally, our work also leaves open the question of
whether KDM3 inhibition would cause clonal collapse or rather restrain further clonal
outgrowth. While we demonstrated in multiple models that KDM3 family members are
targets to prevent further clonal expansion, it is unclear through our results whether
KDM3 inhibition has the capacity to completely eliminate already established mutant
clones. This is an important question that needs further investigation as the answer will
guide possible dosing requirements involving KDM3 inhibition and/or the requirement
for additional targets/therapies to enable elimination of mutant clones.

Collectively, this thesis describes an approach toward the identification of
potential therapeutic targets in CH and nominates an epigenetic regulator and an
epigenetically regulated signaling pathway as tractable dependencies in a subset of CH.
We envision that future work will utilize our approach to expand the set of potential

therapeutic targets in CH and AML.
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