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Summary

Myeloid neoplasms are driven by acquisition of clonal genetic lesions, yet it remains unclear how
these lesions cooperate to transform hematopoietic stem and progenitor cells (HSPCs) programs
and modify drug responses. The integration of genomic profiling with clinical and cytogenetic data
in the recent IPSS-M has significantly improved risk stratification of patients with myelodysplastic
syndromes (MDS). MDS with mutations in the splicing factor SF3B1 (SF3B1m) have been proposed
as a distinct disorder characterized by ring sideroblasts, ineffective erythropoiesis and good
prognosis. However, selected co-occurring genetic abnormalities can modulate patients outcome,
transforming this relatively indolent condition to high-risk malignancy. Despite the prevalence of
SF3B1 lesions, mechanisms of oncogenesis and progression remain poorly understood, and targeted

therapies are not currently available.

Mutational analysis of SF3B1 co-mutated genes in patients with SF3B1m MDS or secondary AML
(sAML) showed that RUNX1 and STAG2 mutations were strikingly associated with aggressive disease
and reduced overall survival. To understand how these events cooperate with SF3B1 mutations, we
modeled these clonal trajectories in primary human HSPCs. SF3B1 K700E mutation was introduced
in CD34" cells isolated from cord blood or peripheral blood of healthy donors, using CRISPR/Cas9
editing and AAV6-mediated homology directed repair. To model disease progression, we introduced
secondary RUNX1 (S-R), STAGZ2 (S-S), or control AAVS1 (S-A) mutations into SF3B1 K700E knock-in
CD34* HSPCs, leading to a reduction of RUNX1 or STAG2 expression in SF3B1Im cells (50% and 90%,

respectively).

The S-R and S-S trajectories induced divergent alterations in lineage specification of SF3B1m HSPCs.
S-R promoted myeloid skewing at the expense of the erythroid lineage, while S-S induced a block in
differentiation, impairing both myeloid and erythroid differentiation. Consistently, introduction of
secondary RUNX1 or STAG2 mutations in an induced pluripotent stem cell model of SF3B1Im MDS
recapitulated S-R myeloid expansion and S-S maturation arrest identified in primary HSPCs. S-R and
S-S genotypes resulted in divergent transcriptional programs including inflammation, immune
response, and myeloid differentiation. However, both high-risk clonal trajectories expanded the

immature CD34'CD38 HSCs/multipotent progenitors. These data suggest that, despite divergent



molecular pathways, high-risk mutations converge on expansion of stem cell potential of SF3B1m

HSPCs.

To understand how genetic heterogeneity can influence drug responses, we profiled a panel of
spliceosome inhibitors and 166 FDA approved and investigational compounds in gene edited K562
cell line. Both S-R and S-S genotypes conferred decreased response to single and combinatorial
agents conventionally used for the treatment of myeloid neoplasms. High-risk genotypes
maintained elevated sensitivity to SF3b inhibition, but conferred differential response to novel
classes of splicecosome modulators. By contrast, CHK1 inhibitor Prexasertib was highly selective for
SF3B1m cells irrespective of co-mutations. CHK1 is a key regulator of DNA damage and cell cycle.
Splicing analysis and functional testing in SF3B1m genotypes revealed that coordinated mis-splicing
of BUB1B and CDC27 by mutant-SF3B1 delayed mitotic progression leading to CHK1 activation and
sensitizing SF3B1m cells to CHK1 inhibition. To determine how HSPCs state further modulates drug
response, SF3b and CHK1 inhibitor were tested in primary CD34* HSPCs. Although both inhibitors
preferentially targeted SF3B1m CD34* HSPCs, SF3b inhibitor showed elevated toxicity on wild-type
CD34*CD133* HSCs. By contrast, CHK1 inhibitor spared wild-type HSCs while effectively killing
SF3B1m HSCs.

In conclusion, progression from low-risk SF3B1m MDS to high-risk disease is mediated by
molecularly distinct trajectories driven by RUNX1 and STAG2 mutations that converge on expansion
of SF3B1m HSC compartment. Moreover, clonal progression is associated with genotype-specific
drug responses that are further modulated by HSPCs epigenetic states. Our study uncovers CHK1

inhibition as a potential therapeutic strategy to target HSCs across the different SF3B1m genotypes.



Introduction

Myelodysplastic syndromes: definition, classification and prognosis.

Myelodysplastic syndromes (MDS) are myeloid neoplasms (MNs) characterized by clonal expansion
of hematopoietic stem cells (HSCs), ineffective hematopoiesis and increased risk of leukemic
evolution. They represent heterogeneous MNs that range from indolent conditions with a long

natural history to subtypes analogous to acute myeloid leukemia (AML) 2.

MDS are most common in the elderly population with a median age at diagnosis of 70 years?. The
incidence rate of MDS is about 5 cases per 100.000 persons per year in the general population, but
increases to 20-50 cases per 100.000 persons per year after age 60. Men have higher incidence rate
than women, and white individuals higher than other racial/ethnic groups.?® Both congenital and
acquired risk factors, such as previous treatment with chemotherapy or radiotherapy, can

predispose to MDS onset but the etiology for most patients is often unknown.>*>

Cytopenia, i.e. the reduction in one or more peripheral blood (PB) lineages, and dysplasia, i.e.
morphological abnormalities of the cells, are the key features of MDS and their characterization is
required for MDS diagnosis and classification.* Cytopenia in at least one lineage is an essential
diagnostic criterion for MDS, and it is defined by the following thresholds: hemoglobin (Hb) < 10
g/dL, platelets < 100 x 10°/L and absolute neutrophil count < 1.8 x 10°/L. The threshold to define

dysplasia is 10% dysplastic cells in any hematopoietic lineage. *

The first classification of MDS was introduced in 1982 by the French-American-British (FAB) group
and it became the reference standard for subsequent MDS classification schemes. It considered 5
different categories of MDS: refractory anemia (RA), refractory anemia with ring sideroblasts
(RARS), refractory anemia with excess of blasts (RAEB), refractory anemia with excess of blasts in
transformation (RAEB-t), chronic myelomonocytic leukemia (CMML). The distinguishing features
between these groups were largely based on the proportion of blast cells in the PB and/or the bone
marrow (BM) together with specific morphologic abnormalities, such as ring sideroblasts, erythroid

precursors with abnormal accumulation of mitochondrial iron.®72



In 2001, the World Health Organization (WHO) proposed a new classification for MDS, that
maintained the structure of FAB classification while integrating it with more recently acquired
information about BM cytogenetics, immunologic markers and molecular genetics. For the first
time, the presence of a specific cytogenetic abnormality, the deletion of the long arm of
chromosome 5 (5g-), was incorporated as a diagnostic parameter that exclusively defined an MDS

category.’

WHO classification was subsequently revised in 2008 and 2016 to incorporate clinical and scientific
findings that better defined previously described categories and introduced newly recognized
entities.’®112 Specifically, in the 2016 revision, the focus shifted from lineages manifesting
cytopenia to lineages manifesting dysplasia. Therefore, terms such as “refractory anemia” or
“refractory cytopenia” were replaced by “MDS” followed by the appropriate modifiers, i.e. single
lineage dysplasia (MDS-SLD) or multilineage dysplasia (MDS-MLD). BM blasts remained critical in
defining WHO MDS categories: 2-4% PB blasts or 5-9% BM blasts defined “MDS with excess of blasts-
1”7 (MDS-EB-1), while 5-19% PB blasts or 10-19% BM blasts defined “MDS with excess of blasts-2”
(MDS-EB-2). Blast proportion over 20% was instead diagnostic for AML. MDS with ring sideroblasts
(MDS-RS) was defined by a ring sideroblasts proportion of at least 15% of BM erythroid elements,
but the strong association between mutations in SF3B1 gene and ring sideroblasts formation
lowered this threshold to 5% in presence of SF3B1 mutation.* Even though not included in 2016
WHO classification, clonal cytopenia of unknown significance (CCUS) emerged as a new category on
the borderland of MDS, defined by cytopenia and clonal abnormalities, in absence of dysplasia or

other clonal BM neoplasms.'3 The 2016 WHO classification has been adopted in this study.

In 2022, two classification proposals of myeloid malignancies appeared: the International Consensus
Classification (ICC)* and 5th edition of the WHO classification'®. Despite differences in terminology
and addition/upgrade of new entities, both classifications recognized premalignant clonal
cytopenias as diagnostic entities and included categories defined on the basis of gene mutations,
e.g. SF3B1 and TP53. Future efforts will be required to harmonize these classifications in order to

facilitate patients diagnosis and treatment.'®

MDS display variable clinical course, and morbidity and mortality are related primarily to

complications arising from cytopenias and transformation to AML, whose risk can be assessed



through several prognostic systems.?” The International Prognostic Scoring System (IPSS) and its
revised version (IPSS-R) are the most common risk stratification tools for MDS.*® ° They are based
on cytogenetic abnormalities, BM blast percentage and peripheral blood parameters, such as
hemoglobin, platelets and neutrophils count. According to IPSS-R score, patients are stratified into
5 categories: Very Low, Low, Intermediate, High and Very High risk. Conventionally, patients with
IPSS-R Very Low, Low and Intermiediate <=3.5 points are considered lower-risk, while IPSS-R
Intermediate > 3.5 points, High, Very High indicates higher-risk cases.'® In addition, in 2022 a
molecular IPSS score (IPPS-M) has been developed. This score integrates cytogenetic abnormalities
and hematologic parameters with the mutational status in 31 MDS driver genes, improving risk

stratification of patients with MDS and supporting clinical decision-making.2°

Therapeutic strategies for myelodysplastic syndromes.

Therapeutic objectives and strategies are strongly influenced by the variability of MDS presentation.

Thus, risk stratification is the first step for establishing the treatment goals and plan.!

Response criteria to MDS treatment are based on therapy goals. If treatments are aimed at
modifying the disease course, the response is distinguished in complete remission, partial remission,
stable disease and progression. If patients are treated exclusively with supportive care to improve
cytopenias, hematologic improvement and quality of life become the most relevant response

criteria.?!

The only potentially curative treatment option for MDS is allogeneic hematopoietic stem cell
transplantation (alloHSCT). Eligibility should be always assessed in patients with higher-risk MDS,
and it can be considered in a portion of patients with lower-risk MDS.?2?3 However, the majority of

patients with MDS are not eligible for alloHSCT, because of age and/or comorbidities.?*

In lower-risk patients, the goal of therapy has traditionally been ameliorating PB cytopenias and
quality of life, even though an increasing interest for early intervention has been emerging to delay
disease progression and improve survival.?* Standard of care includes erythropoiesis-stimulating

agents to increase red-cell production as well as red-cell transfusion and iron chelation to prevent



iron overload. In transfusion-dependent patients with hypoplastic MDS, immunosuppressive

therapy can lead to transfusion independence.??

In higher-risk patients, median life expectancy is less than 2 years. As so, the goal of treatment is
not only improving cytopenias but also preventing progression to AML and prolonging overall
survival. For higher-risk patients that are ineligible for transplant, hypomethylating agents, such as
azacytidine and decitabine, currently represent the most common initial treatment.?2?! However,
there are patients that fail to respond to frontline treatment with azacytidine, and also in
azacytidine responders hematopoiesis remains clonal, without eradication of the mutant clone.?
With the advent of hypomethylating agents, intensive chemotherapy is used less frequently in
patients with MDS, while it still represents the treatment of choice for AML.222! Suggested regimens
include combinations of cytarabine with idarubicin, or fludarabine.?® CPX-351, a liposomal
encapsulation of cytarabine and daunorubicin, is currently in clinical trials for patients with higher-
risk MDS, after showing prolonged survival in patients with sAML, as compared to conventional

chemotherapy.?%?’

The characterization of genetic drivers of MDS and the identification of recurrently dysregulated
pathways has provided the rationale for investigating novel therapeutic approaches.???! Novel

strategy for SF3B1-mutant MDS will be discussed in the dedicated section of this chapter.

Hematopoietic hierarchy and genetic heterogeneity in myelodysplastic syndromes.

Genetic diversity and functional heterogeneity within each genetic subclone are key determinants
of tumor evolution.?® Consistently, MDS pathogenesis derives from the interplay between
hematopoietic stem and progenitor cells (HSPCs) state and genetic networks supporting clonal

expansion.?®

Hematopoiesis is organized in a hierarchical structure where HSPCs are characterized by distinct
self-renewal and differentiation capacity. At the top of this hierarchy, long-term HSCs (LT-HSCs) are
capable of durable engraftment in primary and secondary transplantation assays, while
intermediate and short-term HSCs as well as multipotent progenitors (MPP) engraft transiently in

primary transplants. These populations can differentiate into myeloid, lymphoid and



megakaryocyte-erythroid progenitors, producing all differentiated blood types.?®3° While initial
models in early 2000s represented these stages as distinct and subsequent populations, more
recent studies proposed acquisition of lineage specific fates as a continuous process, and supported
the heterogeneous nature of HSPC populations.3! This process is tightly regulated at steady-state
and can adapt to drastic changes of demand. However, the balance between self-renewal and

differentiation is disrupted in myeloid malignancies.?

MDS arise from a small pool of disease-initiating HSCs that are able to sustain generation of myeloid
progenitors in vitro and in vivo, resist to conventional therapy and drive disease progression. 73233
This process is driven by acquisition of genetic abnormalities that support clonal expansion and give
rise to highly diverse subclonal architecture in MDS stem cells.3* The onset of MDS is often preceded
by a premalignant state known as clonal hematopoiesis (CH), characterized by expansion of mutant
stem cells in absence of an overt neoplasm.3*22 Stage specific alterations in HSPCs subpopulations
have been identified in MDS evolution: while lower-risk MDS is characterized by expansion of
common myeloid progenitors (CMP), higher-risk MDS show expansion of stem cell compartment
and granulocyte monocyte progenitors (GMP), and suppression of megakaryocyte erythrocyte

progenitors (MEP).>> In addition, different genetic abnormalities can sustain distinct HSPCs

architectures in MDS and modulate response to therapy.33

The identification of somatic mutations of TET2 in myeloid neoplasms3® has been the breakthrough
in the elucidation of the genetic basis of MDS, and it gave rise to an important number of studies
aimed at defining genes and mutations involved in MDS pathogenesis. Advancement of sequencing
technologies enabled identification of at least one mutation in a recurrently mutated gene in 75-
90% of patients with MDS.”3” These mutations affect several cellular pathways: RNA splicing, DNA
methylation, chromatin modification, transcription regulation, DNA repair and replication, signal
transduction, and cohesin complex.3%3° While somatic mutations in spliceosome components and
epigenetic regulators are generally early genetic events, the remaining mutated genes mainly
contribute to clonal progression.*%442 |nterestingly, selected mutated genes can affect prognosis

of MDS patients, and this can be further modulated by co-occurring genetic lesions.?°
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SF3B1-mutant myelodysplastic syndromes.

Genes encoding splicing factors are recurrently mutated in MDS, with up to 60% of MDS cases
carrying spliceosome mutations.'” The spliceosome is a ribonucleoprotein (RNP) complex that
removes noncoding introns from precursor messenger RNAs (pre-mRNAs) and ligates exons, to form
mRNA. Alternative splicing, the process by which different splice sites are recognized and different
exons included in MRNA, is a major source of transcript diversity in mammalian cells.434445

Nonetheless, in presence of mutations affecting spliceosome genes, this process is disrupted, and

aberrant splicing events are induced, resulting in dysregulation of cellular processes.*

Among spliceosome components, SF3B1 is the most frequently mutated in MDS, with ~30% of
patients harboring SF3B1 mutations.*® SF3B1 is a core component of the U2 spliceosome that
recognizes 3’ splice sites, and SF3B1 mutations alter splicing by promoting recognition of alternative
3’ splice sites (a3ss).*”*® SF3B1 mutations in MDS are nearly universally associated with formation
of ring sideroblasts (RS), erythroid precursors with iron-laden mitochondria, and >80% of patients
diagnosed with MDS-RS harbor SF3B1 mutation.*® Key genes metabolic mitochondrial iron pathways
(e.g. PPOX, TMEM14C, ABCB7) are mis-spliced in SF3B1-mutant patients*®49°051 and the causative

role of TMEM14C and ABCB7 reduction in RS formation was probed in a recent study.>?

In addition to RS formation, SF3B1-mutant MDS is commonly associated with ineffective
erythropoiesis and indolent clinical course. As so, it was proposed as a distinct nosologic entity, and
both ICC and 2022 WHO classification introduced MDS with SF3B1 mutation as a separate diagnostic
category.'#1>46 Despite the majority of patients with SF3B1 mutation have favorable prognosis,
selected co-occuring genetic lesions affect patients outcome.?%46 The IPSS-M further distinguished
SF3BI1-mutant patients into 3 groups: SF3B1°% for concomitant presence of del(5q), SF3B1® in
presence of co-mutation in BCOR, BCORL1, NRAS, RUNX1, SRSF2 or STAG2 genes, and SF3B1? in the

remaining cases. The favorable outcome was confined to SF3B1?, but not in SF3B1°% and SF3B1°.2°

Low-risk SF3B1-mutant MDS can be managed with supportive treatments, but high-risk cases
require disease-modifying therapy.*® Luspatercept, a transforming growth factor beta (TGF-b)

ligand trap, has been approved by FDA for transfusion-dependent patients with MDS-RS.>® In

11



addition, the identification of NF-kb hyperactivation as a consequence of IRAK4 alternative splicing
pointed at IRAK4 inhibition as potential strategy in SF3B1-mutant MDS, and IRAK4 inhibitor CA-4948
is currently in clinical trial for Very Low, Low and Intermediate risk MDS. 24°* Preclinical studies also
showed increased sensitivity to splicecosome modulation in splicing factor mutant MDS/AML,
including SF3B1-mutant cases. °>> However, first line inhibitors of core spliceosome component SF3b
had elevated toxicity (E7107°%) or limited response (H3B-8800°’) in clinical trials. Despite 88%
patients in the study carried splicing factor mutations, no complete or partial responses were
observed after treatment with H3B-8800.°” More recent strategies (e.g. RBM39 degraders, type |
PRMT inhibitors, PRMTS5 inhibitors) perturb splicing by acting on spliceosome accessory proteins
and post-translational modification, and they have recently entered clinical trials.>>>%°%¢0 Qverall,
despite the progress in understanding the pathophysiology and managing lower risk patients,
therapeutic advances for higher-risk patients have been limited so far, and no targeted treatments

are currently available.??

Aims of the study.

Ineffective erythropoiesis, RS formation and indolent clinical course are the main features of SF3B1-
mutant MDS. However, some patients with SF3B1 mutation progress to AML and have poor
prognosis.?%%® Despite the prevalence of SF3B1 lesions, mechanisms of oncogenesis and progression
remain poorly understood, and no targeted therapies have been approved for high-risk SF3B1-

mutant patients.

Our study has the following goals:

1) Identification of genetic drivers of disease progression and modeling of clonal evolution.

2) Characterization of the impact of high-risk mutations on stem cell compartment and lineage

specification of SF3B1-mutant HSPCs.

3) Identification of therapeutic vulnerabilities of high-risk genotypes with SF3B1 mutation.

12



Methods

Patients, samples collection and Next Generation Sequencing

This study included 176 patients investigated for suspected myeloid neoplasms (MNs) at the
Department of Hematology, IRCCS Policlinico San Matteo Foundation and University of Pavia,
between 2001 and 2020.

In all patients, complete clinical evaluation was performed, and PB samples and BM aspirate, BM
biopsy or both were obtained. The procedures followed were in accordance with the Declaration of
Helsinki of 1975, as revised in 2000, and samples were obtained after patients provided written
informed consent. Diagnostic procedures aimed at the identification of the MNs were in accord to
recent recommendations?*®1, and diagnosis of MN was based on the criteria proposed in the WHO

classification of MNs and its revisions. #°:10

Peripheral blood granulocytes were isolated by standard density gradient centrifugation, followed
by red blood cell lyses with hypotonic solution and immunomagnetic selection on MiniMACS
separation columns using anti-CD15 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany), as
previously reported.®? Genomic DNA was extracted by following standard protocols for human

tissue.

Targeted capture DNA sequencing of recurrently mutated genes in MNs was performed locally using
four different validated panels.5364%> Functionally annotated variants were filtered based on the
information retrieved from public databases (dbSNP, 1000genome, and ESP6500), the expected
germ line allele frequency. The remaining variants were considered as candidate somatic mutations,
and were finally tagged as oncogenic, based on the information derived from the literature, the
Catalog of Somatic Mutations in Cancer (COSMIC;
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic), and on in silico prediction effect.
Variant allele frequency was calculated as the number of variant reads divided by the total reads.
The analysis was limited to variants with allele frequency of equal or greater than 2%, as previously
described.®® Analysis was restricted to a core of 24 genes evaluated in all panels. These include:
ASXL1, BCOR, CBL, CEBPA, DNMT3A, ETV6, EZH2, FLT3, IDH1, IDH2, JAK2, KDMG6A, KIT, KRAS, NRAS,
RUNX1, SETBP1, SF3B1, SRSF2, STAG2, TET2, TP53, U2AF1, ZRSR2.

13



AAV generation: vector constructs and AAV production

Gene editing plasmids were generated using pAAV-MCS2 (was a gift from Steve Jackson (Addgene
plasmid #46954).

pAAV.SF3B1.BFP plasmid was generated with SF3B1 homology arms containing a total of 1.6kb of
homology comprising coordinates chr2:198,266,105-198,267,704 (hg37). Each homology arm was
800bp in length and were synthesized as gBlocks (IDT). The right homology arm also contains the
K700E mutation at genomic coordinate 198,266,834 (A>G, hg37) and a synonymous PAM mutation
at genomic coordinate 198,266,826 (G>C, hg37). The PGK.BFP.WPRE.SV40 cassette was amplified
out of a pLKO.1 derived BFP vector using primers FP: 5'-GGGTTGCGCCTTTTCCAAG and RP: 5’ -
TAAGATACATTGATGAGTTTGGACAA. pAAV-MCS2 was digested with Notl-HF and Mlul-HF (NEB) and
Gibson Assembly (NEB) was used to insert the two 0.8kb homology arms and the
PGK.BFP.WPRE.SV40 cassette.

pAAV.AAVS1.BFP plasmid was generated with AAVS1 homology arms containing a total of 1.6kb of
homology comprising coordinates chr19:55,626,320-55,627,919 (hg37). Homology arms synthesis,
PGK.BFP.WPRE.SV40 cassette generation and cloning were done as per pAAV.SF3B1.BFP plasmid.

AAV stocks were produced by double transfection of pAAV.BFP vector and pDGMBG6 (a gift from David
Russell, addgene plasmid #110660) in HEK 293T cells. Transfected cells were collected 48 hours
later, lysed by freeze-thaw, benzonase-treated, and purified over iodixanol density gradient as
previously described.®’ Titers of the viral stocks were determined by qPCR of AAV genomes®® and

ranged from 1 x 10*! to 1 x 102 per microliter.

Isolation, culture and gene editing of human cord blood HSPCs

Human umbilical cord blood mononuclear cells were collected by centrifugation with Ficoll-Paque
Plus (GE), followed by red cell lysis with ammonium chloride (StemCell Technologies) and viably
cryopreserved in 10% DMSO, 40% FBS. CD34" cells were extracted using the Miltenyi CD34

Microbead kit according to manufacturer’s instructions.

Cryopreserved CD34* HSPCs were thawed following the Lonza Poietics protocol (www.lonza.com)

and cultured for 3-4 days in HSPC expansion media consisting of StemSpan SFEM Il (StemCell

14



Technologies) plus SCF (100 ng/ml), FLT3 (100ng/ml), TPO (100ng/ml), IL-6 (100ng/ml), UM171
35nM and SR1 0.75uM. Confluency was maintained between 4 x10° and 1 x10° per ml. After 72-96
hours, HSPCs underwent CRISPR editing. RNP complexes were generated by combining 1.875ul
20uM Cas9 protein (Synthego) and 0.94ul 100uM sgRNA (Synthego) in 4.685 P3 Primary Cell
Nucleofector Solution with Supplement 1. For combined gene editing of multiple loci, 0.94ul of each
100uM sgRNA were added to 1.875ul 20uM Cas9 protein and 3.715ul (for 2 sgRNAs) or 2.805ul (for

3 sgRNAs) P3 buffer. The sgRNA sequences are as follows:

SF3B1 5 — UGGAUGAGCAGCAGAAAGUU -3
AAVS1 5 — GGGCCACUAGGGACAGGAU -3’

RUNX1 5 — GAGCCCAGGCAAGAUGAGCG -3
STAG2 5 — AUACCUUGUGGAUAGCAUGU -3’
TET2 5 - UUGUAGCCAGAGGUUCUGUC -3’

Complex was incubated for 15 minutes at room temperature. Between 4 x10° and 1 x10° HSPCs per
condition were resuspended in 17.5 P3 Buffer and added to the RNP complex. CD34* HSPCs were
electroporated using Lonza 4D (DZ-100 program) and returned to HSPCs media containing AAV
particles (up to 20% culture volume). HPSCs were washed 16-24 hours later and replated in HSPCs
media for 48 hours. Next, editing efficiency was assessed by flow cytometry and PCR amplification

of edited loci, followed by Sanger sequencing and ICE Synthego deconvolution®.

Lentivirus generation: lentiviral constructs and preparation

For lentivirus mediated CRISPR/Cas9 editing, oligos were cloned in pLentiCRISPR-v2-mCherry vector
(#99154) following the cloning vector protocol (Addgene).

sgRNA oligonucleotide sequences are as follows:

AAVS1 5 — GGGCCACTAGGGACAGGAT -3
RUNX1#A 5 — CACTTCGACCGACAAACCTG -3
RUNX1#C 5 — GAGCCCAGGCAAGATGAGCG -3’
STAG2#B 5 — ATACCTTGTGGATAGCATGT -3’
STAG2#C 5 — AATACTAACCTTGAACCGAC -3

15



For lentivirus mediated gene knockdown, shRNA oligonucleotides were cloned in the TRC cloning
vector pLKO.1 (Addgene, plasmid #10878) following the pLKO.1 TRC cloning vector protocol
(Addgene).

shRNA sense oligonucleotide sequences used are as follows:

Control Luciferase (M1) 5’ — CTTACGCTGAGTACTTCGAC - 3’

BUB1B#2 (B2) 5 — GAGACAACTAAACTGCAAATT -3
BUB1B#3 (B3) 5 — GTGGAACACTGAAACTGTATG -3’
CDC27#2 (C2) 5 — CAAGTACCTAATCATAGTTTA-3’
CDC27#3 (C3) 5 — GCCTATAACAGTGACTTGATT -3’

Virus was prepared using third generation packaging plasmids pMDLg/RRE and pRSV/Rev. pMD.G
was used for VSV-G pseudotyping. Plasmids were transfected into HEK 293T cells with calcium
phosphate (Takara). Lentivirus was concentrated via ultracentrifugation at 23,000 rpm for 2:15 hrs,

resuspended in SFEM and stored at -80°C. All viruses were titered by serial dilution on 293T cells.

K562 culture, infection and gene editing

K562 cells with the SF3B1 K700E mutation or K700K control were a gift from Robert K. Bradley (Fred
Hutchinson Cancer Center). K562 cells were grown in Iscove’s modified Dulbecco’s media (IMDM)
with 10% FBS and penicillin/streptomycin and cultures were maintained at <1.5 x 10° cells/ml. For
lentivirus infection, K562 cells were transduced in a 48-well plate in standard media with polybrene.
5x10° cells were transduced at an MOI of 1 and washed 16-24 hours later. Transduced cells were
purified on a BD FACS Aria Ill sorter. SF3B1 WT control cells with AAVS1 editing and SF3B1m

subclones (S-A, S-R, S-S) were established from single cell sorting of edited K562 cells.

iPSC-HPCs culture, infection and gene editing

iPSC-HPCs were generated as previously described.>>’? iPSC-HPCs cells were cultured in SFEM
(StemCell Technologies) with 50 ng/ml SCF, 50 ng/ml FLT3, 50 ng/ml TPO, 50 ng/ml IL-6, 10 ng/ml

IL-3 (all Peprotech) and penicillin/streptomycin. Doxycycline was added at 2 pug/ml (Sigma). Cultures
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were maintained at <1.5 x 10° cells/ml, and media was exchanged every 3-4 days. iPSC-HPC lines
were maintained in culture between 60-100 days prior to CRISPR/Cas9 editing and differentiation.
iPSC-HPCs cells were transduced in a 48-well plate in standard media with polybrene. 6 x 10° cells
were infected at an MOI of 5 in each well and spun at 2300 rpm, 30 minutes prior to incubation at

37°C. Cells were washed 16-24 hours later and resuspended in fresh iPSC-HPCs media.

Erythroid/myeloid differentiation

Erythroid/myeloid differentiation culture was adapted from Dutt S. et al., 2011. iPSC-HPCs and
primary CD34* HSPCs were cultured for 7 days in IMDM + 10% FBS + 1% BSA with 100 U/mL
penicillin/streptomycin, 2mM glutamine, 100 ng/mL SCF, 10 ng/mL IL-3, 15 ng/mL G-CSF, 40 ng/mL
FLT3 ligand and 0.5 U/mL erythropoietin. Cells were plated at a density of 2-3 x 10°/ml and

maintained <10%/ml.

In vitro drug treatment

For high-throughput drug screening, K562 cells were plated onto 6 x 384well plates plus one clear
bottom plate, and placed at 37°C, 5% CO2. Serial dilutions of each compound were added 24 hours
after plating, and cell were incubated for 72 hours. Viability was measured with Promega's CellTiter
Glo 2.0 Lot# 000472252. Data from wells of each plate was normalized for 32 plate blank values and
16 DMSO solvent control wells with the formula: Well %Viability = ((Well Relative Light Unit — Plate
Blank)/(DMSO Control — Plate Blank)) * 100. IC50s were determined for each genotype from fitted

curves of viabilities at serial dilution of each compound.

For targeted drug testing, K562 cells were plated on 96-well tissue culture-treated plates at a density
of 5,000 cells per 150ul per well respectively. Cells were treated with serial dilutions of SF3b inhibitor
Pladienolide B (0-100nM, Tocris), type | PRMTs inhibitor MS-023 (0-100uM, Sigma), PRMTS5 inhibitor
GSK3326595 (0-100uM, MedChemExpress), CHK1/CHK2 inhibitor AZD7762 (0-1uM, SelleckChem),
CHK1 inhibitor LY2606368 Prexasertib HCI (0-100nM, SelleckChem), CHK2 inhibitor BML-277 (O-
1uM, SelleckChem). After 5-7 days, cell viability read-out was performed using the CellTiter-Glo 2.0
Cell Viability Assay (Promega, G9242) as per manufacturer instructions. The proportion of viable

cells with drug treatment was calculated relative to DMSO control. A three-parameter nonlinear fit
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of log(inhibitor) versus response was performed in GraphPad Prism v7.0 (GraphPad Software, San

Diego, CA) to determine IC50 values.

For testing SF3b and CHK1 inhibitor in CD34* HSPCs, cells were cultured in HSPCs expansion media
with 2.5nM Pladienolide B, 2.5nM Prexasertib or DMSO vehicle control for 7 days. Fresh media and
drugs were added at day 4. Total viable cell counts and proportion of HSPCs populations were

determined by flow cytometry, as described below.

Flow cytometry and cell sorting

Erythroid/myeloid differentiation was analyzed using antibodies CD71 APC-H7 (M-A712; BD),
CD235a/Glycophorin A PE-Cy7 (11E4B-7-6; Coulter), CD11b APC (ICRF44; BD), CD14 BV711 (MdP9;
BD) and CD15 BV785 (HI98; BD). HSPCs populations were analyzed using stem cell markers CD34
AF700 (581; BD), CD38 PE-Cy7 (HB7; BD) and CD133 APC (AC133; Mylteni). For quantifying drug
response in gene edited HSPCs, CountBright™ Absolute Counting Beads (Invitrogen™) were added
to cells resuspension as per manufacturer instructions. For both staining panels, wells were
incubated for 20 minutes at room temperature in PBS with 2% FBS with 1:100 antibody dilution
(1:50 for CD11b and CD133).

For intracellular flow cytometry, cells were stained with CD34 PE-Cy7 surface marker as described
above. Then, cells were fixed (BD Cytofix) for 20 min at 4C and washed twice with BD Perm/Wash
buffer. For PU.1 staining, cells were incubated with 0.5ug/ul antibody (PE anti-PU.1; 7C2C34;
Biolegend) in BD Perm/Wash buffer for 30 min at 4C. Cell were washed twice and resuspended in

PBS + 2% FBS for flow cytometry analysis.

For cell cycle analysis, cultured cells were incubated in 20uM EdU for 2.5 hours. Cells were then
harvested and fixed (BD Cytofix) 15 min RT, permeabilized with BD Perm/Wash buffer for 15 mins,
followed by EdU detection as per Click-iT EAU cell proliferation kit protocol (ThermoFisher cat. #
C10340), and DNA detection with DAPI acquired in linear mode.

For all flow cytometry applications, acquisition was performed on the BD LSRII and Symphony A3

cytometers. All data were analyzed using FlowJo software (10.7.0).
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For molecular characterization, gene edited primary HSPCs and iPSC-HPCs were isolated through
Fluorescence-Activated Cell Sorting (FACS) on BD Aria. Samples were resuspended in PBS with 50%

FBS, and CD34"BFP* or mCherry*DAPI" populations were isolated, respectively.

gDNA extraction, PCR amplification and Sanger sequencing

gDNA was extracted from gene edited cells using QlAamp DNA Micro Kit (QIAGEN) as per
manufacturer instructions. Edited loci were PCR amplified using Taq 5X Master Mix (NEB) or
Primestar GXL Polymerase (Takara). PCR products were purified using NucleoSpin gel and PCR Clean-
Up kit (Macherey-Nagel) and submitted to Genewiz for Sanger sequencing. Percentage of frameshift
mutations was estimated from Sanger sequencing using ICE Synthego tool.®® Primer details are as

follow (* indicates sequencing primer):

AAVS1: *F 5’ — ATCCTCTCTGGCTCCATCGT -3’

R5 — CCGGTTAATGTGGCTCTGGT - 3
RUNX1: *F 5" — AAGGCCCCTGAACGTGTATG - 3

R 5" — GGCCAGTACCTTGAAAGCGA -3
STAG2: *F 5 — GGCAGTTTCTTCTCTGTCCT — 3’

R 5" — AACAAAACTATGCACGAAGTAAGA -3’
TET2: *F 5’ — AACTAGAGGGCAGCCTTGTG - 3

R5 —TGGCTTACCCCGAAGTTACG - 3
SF3B1: F 5" — GCTGCTGGTCTGGCTACTAT -3’

*R 5" — TCTATCCAAAGCCATCCTGTGC - 3

Quantitative RT-PCR

RNA was extracted from 50,000-300,000 cells using TRIzol (ThermoFisher) and resuspended in water
for cDNA synthesis using iScript cDNA synthesis kit (BioRad) according to manufacturer instructions.

Primer details are as follow:

GAPDH: F 5" — TCCTGCACCACCAACTGCTTA -3
R5 —TCTTCTGGGTGGCAGTGATGG — 3’
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RUNX1: F 5 — AGATGAGCGAGGCGTTG - 3’
R 5" — CGGAGCAGAGGAAGTTGG - 3’

STAG2: F 5’ — GGATAGCATGTGGGACTGTG — 3’
R 5 — GCACTCTCTTGCCTATCTGTT -3’

TET2: F 5 — TCACCTCCCATTTGCCAGAC -3
R 5" — AGGAGCCCAGAGAGAGAAGG - 3’

BUB1B: F 5 — AAATGACCCTCTGGATGTTTGG — 3
R 5 — GCATAAACGCCCTAATTTAAGCC -3’

CDC27:F 5 — CCCGTCCAGGCTGCTATATG — 3’
R 5 — AAAGGCGTTCTGCGAGGAAAA -3

Western Blot

Protein lysates were prepared by resuspending 100,000 washed cells/10ul of RIPA buffer (Thermo
Fisher) with protease and phosphatase inhibitor (Sigma). Lysates were resolved by 4-20% SDS-PAGE
(Biorad) and immunoblotted with antibodies for GAPDH (1: 10,000; Abcam, ab9485), HSP90 (1:
10,000; BD Biosciences), RUNX1 (1:1,000, Santa Cruz sc-365644), STAG2 (1:1,000, Santa Cruz sc-
81852), BUB1B (1:1,000, BD Biosciences), pCHK1 S345 (1:1,000, Cell Signalling Technology #2348),
CHK1 (1:1,000, Cell Signalling Technology #2360). Membranes were washed in TBST and then
incubated with antirabbit or anti-mouse HRP-conjugated secondary antibodies for visualization on

a BioRad ChemiDoc. Images were exported to Imagel for analysis.

RNA sequencing, gene expression and splicing analysis

Gene edited CD34* HSPCs and iPSC-HPCs were FACS sorted as described above. For K562 cells, 2
independent single cell derived clone per genotype were analyzed. CD34+ HSPCs, iPSC-HPCs and

K562 cells were resuspended in Trizol (ThermoFisher, cat. #15596026) and RNA was extracted as
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per manufacturer protocol. Library preparation and sequencing was performed at Omega
Bioservices using the standard pipeline with polyA selection. Samples were processed on the

[llumina HiSeq platform in the 2x150bp configuration with 25-50 million reads per sample.

For gene expression analysis, reads were pseudoaligned to hg38 reference genome using kallisto.”*

72 Gene set enrichment

Differential gene expression was determined using the DESeq2 package.
analysis (GSEA) was performed on the Gene Ontology datasets in the Broad MSigDB’3 and curated

datasets from the literature.”®

For CD34* HSPCs and K562 cells splicing analysis, isoform expression levels for SF3B1m genotypes
and control WT lines were estimated as previously described.”® In brief, a transcriptome annotation
for the hg19/GRCh37 human genome assembly was created by merging gene annotations from
Ensembl v71.178, the UCSC knownGene track’’, and MISO v2.0 isoform annotations’®. RSEM v1.2.47°
was used to map all RNA-seq reads to this transcriptome annotation. Remaining unaligned reads
were then mapped a database of all possible junctions between annotated 5' and 3' splice sites of
the transcriptome annotation, as well as to the genome sequence, with TopHat v2.0.8b®, and the
resulting aligned reads were merged with the RSEM output. The expression levels of isoforms
annotated in MISO v2.0’s annotation were estimated with MISO v2.0. Events that were differentially
spliced in SF3B1m versus control samples were identified as previously described. 27> Briefly, we
defined the metric deltaPSI (APSI) as the isoform ratio (absolute percentage of mRNA) in SF3B1m
samples - isoform ratio in control cells, and computed a significance statistic using Wagenmakers’s
Bayesian framework® for single-sample comparisons or the Mann-Whitney U test for group
comparisons. An event was classified as differentially spliced if it exhibited an absolute change of

APSI > 10% and Bayes factor > 5 or p < 0.05.

Statistical analysis
Statistical analysis was performed with GraphPad Prism software. Data are shown as the mean with

standard deviation unless noted. For all analyses, p < 0.05 was considered statistically significant.

Investigators were not blinded to the different groups.
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Results

SF3B1-mutant MDS is a genetically heterogeneous disorder.

SF3B1-mutant (SF3B1m) MDS is a genetically heterogeneous disorder, with a subset of patients in
the IPSS-M classification having poor prognosis and high-risk of AML transformation®°. To identify
molecular drivers of SF3B1m MDS evolution, we compared co-mutated genes in low-risk (LR)
patients with MDS with ring sideroblasts (MDS-RS) without evidence of progression at follow-up
(n=66) to high-risk (HR) patients with MDS with excess blasts (MDS-EB) or secondary AML (n=31)
(Fig. 1A). Consistent with previous studies,?%*® TET2 was the most frequently co-mutated gene (HR
35%, LR 29%), followed by DNMT3A (15%) and ASXL1 (12%) in the LR group, and ASXL1 (23%), STAG2
(23%) and RUNX1 (23%) in the HR group (Fig. 1B). However, TET2 mutations did not affect prognosis
of SF3B1m patients, in line with the favorable outcome of SF3B1? group in the IPSS-M
classification.? By contrast, co-mutations in RUNX1 (OR=18.36 (2.18-862.91), p=0.0013) or STAG2
(OR= Inf (3.57-Inf), p=0.0002) were significantly enriched in HR SF3B1m patients (Fig. 1C), and
significantly associated with increased BM blast count (Fig. 1E) and reduced overall survival
(p=0.0002 and p<0.0001, respectively) (Fig. 1F). Median variant allele frequency (VAF) was 42% for
SF3B1 and 15.7% and 11% for RUNX1 and STAGZ2, respectively (Fig. 1D), suggesting that these are
mainly secondary events. Our data parallel the recent IPSS-M study?® and implicate clonal

heterogeneity as a major driver of outcomes in SF3B1m MDS.

Generation of CD34* HSPC model of SF3B1m MDS.

To model SF3B1m MDS in CD34* umbilical cord blood (CB) or adult mobilized blood (PB) HSPCs, we
combined CRISPR/Cas9 gene editing and AAV6-mediated template delivery for homologous
recombination to introduce the SF3B1 K700E mutation at the endogenous locus (Fig. 2A). This
system also allows introduction of BFP intronic marker for isolation and tracking of edited cells (Fig.
2B). We confirmed SF3B1 K700E mutation (chr2: 198,266,834 T>C; c.2098A>G) and PAM mutation
in BFP+ cells (Fig. 2C), and heterozygous expression of the mutant K700E allele (Fig. 2D). SF3B1
mutations are associated with highly stereotyped aberrant splicing marked by recognition of
alternative 3’ splice sites (a3’ss).*”*® Splicing analysis of CD34* HSPCs showed that SF3B1 K700E
knock-in HSPCs recapitulated a3’ss mis-splicing of canonical genes identified in SF3B1m MDS

patients, including MAP3K7, TMEM14C, and DYNLL1 (Fig. 2E).*®82 We found significant correlation
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between quantitative levels of a3’ss in CD34* HSPCs with K700E mutation knock-in compared to
previously established SF3B1m cellular models (Fig.2F). Next, to model genetic heterogeneity in
patients with SF3B1m MDS, we combined SF3B1 K700E knock-in with sgRNA-mediated targeting of
RUNX1 or STAG2 (termed S-R and S-S, respectively), or AAVS1 safe harbor locus as a control (termed
S-A). The efficiency of frameshift mutations was 34% for AAVS1, 60% for RUNX1, and 69% for STAG2
(Fig. 2G), leading to ~50% reduction in RUNX1 expression and ~90% reduction in STAG2 expression
in SF3B1m HSPCs (Fig. 2H-1). This model provides a defined genetic background to study the impact
of genetic heterogeneity on the biology and therapeutic responses of primary human SF3B1m

HSPCs.
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Figure 1. RUNX1 and STAG2 are high-risk genes in SF3B1m MDS.

(A) SF3B1m cohort characteristics. (B) Frequency of SF3B1 co-mutated genes in LR and HR groups. (C) Odds
ratio of SF3B1 co-mutated genes in LR and HR groups. Fisher Exact Test. (D) Variant allele frequency of SF3B1,
RUNX1 and STAG2 mutations. (E) Proportion of BM blasts in SF3B1m patients with or without high-risk co-

24



mutations. Unpaired t test. (F) Overall survival of SF3B1m patients with or without high-risk co-mutations.
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Figure 2. Generation of a primary CD34* HSPCs model of SF3B1m MDS.
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(A) Schematics of AAV6 template and CRISPR/Cas9 editing. (B) Flow cytometry plot of edited BFP* HSPCs. (C)
PCR and Sanger sequencing of SF3B1 wild-type and mutant alleles. (D) Proportion of reads in support of SF3B1
wild-type and mutant alleles from RNA-seq. (E) Aberrant splicing (a3ss) of previously identified targets*®® of
mutant-SF3B1. (F) Spearman correlation between the quantitative levels of aberrant splicing (a3ss) in CD34*
HSPCs and iPSC-HPCs (left) and K562 cell lines (right) with SF3B1m. (G) Proportion of AAVS1, RUNX1 and
STAG2 frameshift mutations in CD34" HSPCs as quantified by Sanger sequencing and ICE Synthego
deconvolution.®® (H), (1) Expression of RUNX1 (H) or STAG2 (1) as measured by quantitative PCR. Expression
was normalized to S-A, mean % s.d., n = 2 independent experiments.

High-risk mutations induce divergent lineage outcomes.

MDS pathogenesis is marked by aberrant HSPCs differentiation into mature hematopoietic lineages,
especially the erythroid and neutrophil lineages, and accumulation of undifferentiated precursor
cells.3>83 |n order to dissect the effect of high-risk mutations on SF3B1m HSPCs lineage specification,
we differentiated edited HSPCs into erythroid and myeloid lineages and quantified the
differentiation efficiency by flow cytometry using erythroid (CD71*CD235a", CD71*CD235a*) and
myeloid (CD11b*CD14*, CD15*CD14") lineage markers (Fig. 3A). RUNX1 loss in SF3B1m cells (termed
S-R) tended to reduce erythroid differentiation compared to SF3B1-only S-A control (S-A 30.6%, S-R
19.4%, p=0.1) while promoting a moderate increase in myeloid lineage output (S-A 31.4%, S-R 39%,
p=0.1) (Fig.3B). By contrast, STAG2 loss in SF3B1m cells (termed S-S) significantly reduced both
erythroid (S-A 30.6%, S-S 15.1%, p=0.02) and myeloid (S-A 31.4%, S-S 20.2%, p=0.003) differentiation
and induced accumulation of precursor cells, suggesting a block in differentiation (S-A 38%, S-S
64.6%, p=0.007) (Fig.3C). Thus, SF3B1 co-mutations further impair erythroid differentiation but have

divergent effects on the myeloid lineage.

To validate these effects in an orthogonal model, we targeted RUNX1, STAG2, or AAVS1 control in
SF3B1m orisogenic SF3B1 wild-type (WT) iPSC-HPCs by lentiviral-mediated CRISPR/Cas9 editing (Fig.
4A-1; Fig. 5A-B). RUNX1 mutation in SF3B1m iPSC-HPCs significantly reduced erythroid
differentiation (S-A 52.7%, S-R 37.2%, p=0.0007), while expanding the myeloid compartment (S-A
16.5%, S-R 39.7%, p=0.0001) (Fig. 5C). By contrast, STAG2 loss caused a reduction in erythroid (S-A
52.7%, S-R 35.2%, p=0.016) and myeloid lineage output (S-A 16.5%, S-S 9.6%, p=0.014), leading to
the accumulation of precursor cells (S-A 32.8%, S-S 54.1%, p=0.002) (Fig. 5D). Transcriptome
profiling revealed divergent regulation of immune response and signal transduction genes in S-R
and S-S genotypes (Fig. 6A). S-R displayed positive enrichment of granulocyte-monocyte progenitor

(GMP)’4 genes (Fig. 6B) and PU.1 target genes that were instead negatively enriched in S-S (Fig. 6C-
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E). Interestingly, when RUNX1 was disrupted in the isogenic SF3B1 WT iPSC-HPCs, no significant
changes were observed (Fig. 5E). STAG2 loss in the WT iPSC-HPCs had significantly lower erythroid
differentiation, but did not impair myeloid differentiation (Fig. 5F). The limited changes observed in
the WT lines support a cooperative effect between R/S and SF3B1 mutations. These data are

concordant with the findings in the primary SF3B1m HSPCs, and indicate that high-risk mutations

have different effects on the myeloid lineage specification of SF3B1m HSPCs.
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Figure 3. S-R and S-S induce divergent lineage outcomes in primary HSPCs.
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(A) Representative flow cytometry plots of erythroid and myeloid lineage markers. (B), (C) Quantification of
erythroid/myeloid output in SF3B1m HSPCs Proportion of erythroid, myeloid and precursor cells in S-A and S-
R genotypes (B) or S-A and S-S genotypes (C).
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Figure 4. Generation of an iPSC-derived model of high-risk SF3B1m MDS.
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(A) Schematics for iPSC-HPCs generation. (B), (C) Proportion of frameshift mutations in SF3B1m (B) and SF3B1
wt (C) iPSC-HPCs as quantified by Sanger sequencing and ICE Synthego deconvolution. (D), (E) NGS validation
of editing efficiency in SF3B1m (D) and SF3B1 WT (E) iPSC-HPCs. (F) RUNX1 normalized counts in SF3B1m iPSC-
HPCs. Paired t-test. (G) STAG2 normalized counts in SF3B1m iPSC-HPCs. Paired t-test. (H) RUNX1 normalized
counts in SF3B1 WT iPSC-HPCs. (1) STAG2 normalized counts in SF3B1 WT iPSC-HPCs.
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Figure 5. S-R and S-S induce divergent lineage outcomes in iPSC-HPCs.

(A) Schematics for iPSC-HPCs CRISPR/Cas9 editing and erythroid/myeloid differentiation. (B) Representative
flow cytometry plots of erythroid and myeloid lineage markers. (C), (D) Quantification of erythroid/myeloid
output in SF3B1m iPSC-HPCs: proportion of erythroid, myeloid and precursor cells in S-A and S-R genotypes
(C) or S-A and S-S genotypes (D). (E), (E) Quantification of erythroid/myeloid output in SF3B1 WT iPSC-HPCs:
proportion of erythroid, myeloid and precursor cells in A and R genotypes (E) or A and S genotypes (F).
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Figure 6. S-R and S-S induce divergent dysregulation of myeloid genes and inflammatory pathways.

(A) Enrichment score of hallmark gene sets in GSEA of S-R versus S-A or S-S versus S-A. FDR < 0.1. (B) GSEA of
GMP gene signature from Laurenti et al.”* of S-R versus S-A (top) or S-S versus S-A (bottom). (C) Expression of
PU.1 transcript in SF3B1m (left) and SF3B1 WT (right) iPSC-HPCs, relative to S-A or A, respectively. (D)
Expression of PU.1 protein as determined by intracellular flow cytometry in SF3B1m (left) and SF3B1 WT
(right) iPSC-HPCs, relative to S-A or A, respectively. (E) Enrichment score of PU.1 target gene sets in GSEA of
S-R versus S-A or S-S versus S-A. FDR < 0.1.

High-risk mutations converge on expansion of SF3B1m HSCs.

Expansion of the HSC compartment is a hallmark of MDS progression.3® Previous studies identified
distinct HSPCs architectures in MDS driven by different genetic abnormalities.33 To study the effect
of high-risk RUNX1 or STAG2 genotypes on SF3B1m CD34* HSPCs pool, we cultured edited cells for
14 days in media supporting HSPC maintenance and evaluated HSC/MPP population using cell
surface markers CD34, CD38, and CD133 (Fig. 7A). Normal differentiation is accompanied by
depletion of CD34*CD133* and CD34+CD38 HSC/MPPs and differentiation into CD34*CD133"
precursors and finally CD34" mature cells.3° As expected, we observed significant variability in the
kinetics of HSPC differentiation in individual CB/PB donors. Despite the divergent dysregulation of
myeloid lineage specification, both RUNX1 and STAG2 co-mutations converged on maintenance or
expansion of immature HSPCs, with a higher proportion of CD34*38 HSC/MPPs than SF3B1-only S-
A control (Fig. 7B-C). Interestingly, RUNX1 but not STAG2 loss expanded the most immature
CD34*CD38CD133* population (Fig. 7D-E).

TET2 is the most frequent co-mutation with SF3B1 but does not affect prognosis in our patient
cohort or IPSS-M?° (Fig. 8A-B). To test if expansion of SF3B1m HSC/MPPs in S-R and S-S was specific
to high-risk genotypes or was an additive effect of co-occurring mutations, we combined SF3B1
K700E mutation knock-in with targeting of the TET2 locus in primary CD34* HSPCs. The mean
percentage of frameshift mutations in TET2 was 43% (Fig. 8C), with ~50% reduction in TET2
expression in SF3B1m HSPCs (Fig. 8D). We found no significant changes in CD34*CD38" (Fig. 8E) or
CD34* CD133* HSC/MPP populations when TET2 mutations were introduced in SF3B1m HSPCs
(termed S-T) (Fig. 8F). Interestingly, the combination of TET2 and RUNX1 mutations in SF3B1m
HSPCs (termed S-R-T) promoted further expansion of the CD34*CD133*HSC/MPP pool compared to
S-R with a control AAVS1 edit (termed S-R-A) (Fig. 8G). Taken together, our data show that high-risk

but not low-risk genotypes promote maintenance or expansion of SF3B1m HSC/MPPs. Moreover,
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distinct co-mutation patterns preferentially expand phenotypically distinct HSC/MPP

subpopulations, indicating that SF3B1m MDS/AML is a heterogeneous disease at the stem cell level.
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Figure 7. S-R and S-S promote expansion of SF3B1m HSC/MPPs.

(A) Representative flow cytometry plots for stem cells markers CD34/CD38 (top) and CD34/CD133 (bottom).
(B) Proportion of CD34*CD38 HSC/MPPs in S-A and S-R. Ratio paired t test. (C) Proportion of CD34*CD38
HSC/MPPs in S-A and S-S. Ratio paired t test. (D) Proportion of CD34*CD133* HSC in S-A and S-R. Ratio paired
t test. (E) Proportion of CD34*CD133* HSC in S-A and S-R. Ratio paired t test.

32



>
W

501
401 E
a -£100 — WT
2 .0 5100 TET2
s 3 == TET2MUT
] n
E 20_ "'6
o\e 10_ g 50-
-]
(o R g ]
'10 I 1 o O ] T T |ns 1
TET2WT  TET2MUT 0 50 100 150 200
Time (years)
Cc D E_
3
@ 80- 1.2 & 201
3 . 10 2
+= 60 o0 0 15 4
g e 9 0.8 §
£ 404 + |
= 40 i g 0.6 3 10
] x4 o
E o0 R E Q 5]
s =
= 0.21 |
R0 . 0.0 0 ' , '
S-T S-A S-T d3 d7 d10 d14

'n
. @

151 51
3 3 T
a a 20
g 3

101
+ +
& 815
- -
0 )
4 £ 101
¥ 5- =+
o o
b Fa]
3] O 5-
= =

0 . - . ' 0 . . .

d3 d7 d10 di4 d3 d7 d10
- S-A = S-T = S-R-A === S-T-A == S-R-T
SF3B1K700E SF3B1X7008 SF3B1KT00E SF3B1K700F  gF3p1K700E
AAVS1 TET2MUT RUNXTMUT TETMUT RUNXMUT
AAVST AAVS1T TET2MUT

Figure 8. TET2 mutations do not affect outcome of SF3B1m patients and do not alter SF3B1m HSC/MPPs in
absence of high-risk genes.

(A) Proportion of BM blasts in SF3B1m patients with or without TET2 co-mutations. Unpaired t test. (B) Overall
survival of SF3B1m patients with or without TET2 co-mutation. Mantel-Cox test. (C) Proportion of TET2
frameshift mutations in CD34+ HSPCs as quantified by Sanger sequencing and ICE Synthego deconvolution.
(D) Expression of TET2 as measured by quantitative PCR. Expression was normalized to S-A, mean #* s.d. (E)
Proportion of CD34*CD38 HSC/MPPs in S-A and S-T. Ratio paired t test. (F) Proportion of CD34*CD133* HSC in
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S-A and S-T. Ratio paired t test. (G) Proportion of CD34'CD133* HSCin S-A, S-R-A, S-T-A and S-R-T. Ratio paired
t test.

Genetic heterogeneity impacts response to spliceosome inhibition.

Genetic heterogeneity is a major determinant of therapeutic responses.?48> While patients with
low-risk SF3B1m MDS usually have an indolent course that can be managed with supportive
therapies, high-risk genotypes require disease-modifying treatment.?! In order to determine how
genetic heterogeneity modulates drug sensitivity, we edited K562 cells and isolated single cell-
derived SF3B1m subclones (S-A, S-R, S-S) and SF3B1 wild-type (WT) lines with AAVS1 disruption as
a control (Fig. 9A-B). To study how these genotypes respond to conventional and novel
therapeutics, we screened K562 lines with the library of 166 FDA-approved and investigational
compounds. Hypomethylating agents and chemotherapy are front-line treatments for myeloid
neoplasms, including conditioning to hematopoietic stem cell transplantation that is currently the
only curative option.?1?2 Comparison of the half maximal cell growth inhibitory concentration (IC50)
between SF3B1 WT control and SF3B1m subclones revealed that high-risk genotypes generally have
inferior response to chemotherapeutics (e.g., doxorubicin, idarubicin, cytarabine) as single agents

or combinations (Fig. 9C), pointing to the need to identify alternative strategies.

Spliceosome-mutant cells require normal spliceosome function for viability, providing the rationale
for therapeutic development of spliceosome-inhibiting compounds.>>°8>%60 However, the initial
clinical trial of H3B-8800, a derivative of SF3b inhibitor pladienolide B, showed minimal clinical
responses.®’ To investigate if genetic heterogeneity affects response to spliceosome inhibitors, we
first profiled mis-splicing patterns in isogenic SF3B1 WT control and SF3B1m K562 lines (S-A, S-R, S-
S). No major differences were identified in the relative proportions of mis-splicing events between
SF3B1m subclones (Fig.10A). The proportion of a3’ss events was similar irrespective of co-mutation
status (Fig.10B), and the degree of gene mis-splicing was correlated between SF3B1m genotypes
(Fig.10C). Over 60% of mis-spliced genes in high-risk genotypes were shared with SF3B1-only S-A
and only ~10% were unique to S-R or S-S genotypes (Fig.10D-E). These data show that splicing
alterations induced by mutant-SF3B1 are stereotyped and largely independent of co-mutations,

suggesting that spliceosome modulators may target heterogeneous SF3B1m subclones.
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Indeed, RUNX1 or STAG2 mutated SF3B1m cells maintained elevated response to SF3b inhibitor
pladienolide B, with a ~3-fold reduction in IC50 compared to SF3B1 WT control (IC50 control WT
5.22 nM, S-A 1.65nM, S-R 1.65 nM, S-S 1.26nM) (Fig.11A-B). However, co-mutations altered the
response to PRMT inhibitors which modulate splicing through distinct mechanisms.%8¢ STAG2, but
not RUNX1 loss, selectively sensitized SF3B1m cells to type | PRMTs inhibitor MS023 (IC50 S-A 20.0
uM, S-R 21.6 uM, S-S 1.97 uM) (Fig.11C-D). By contrast, S-A and S-R displayed higher sensitivity to
PRMTS inhibition than SF3B1 wild-type cells (IC50 control WT 11.5 uM, S-A 2.48 uM, S-R 0.50 uM),
while S-S had essentially no response to this compound (Fig.11E-F). These data suggest that genetic
heterogeneity affects response of SF3B1m cells to spliceosome modulators, however they retain

elevated sensitivity to SF3b inhibition.

A SF381K?00E B SF331K?00E
AAVS1 RC3 RC101 RA1l RAG6 AAV51 5B11 SB20 5SC6 SCB
RUNX1 | . STAG2 | wem
GAPDH |\ WS S N w— GAPDH | e e e =
T 5 1.001 T 5, 1.00-
o = E =
% 20757 g < 0.754
S 2 050 S 2050
= = 0.501 o™ Rellly
X2 Q2
S ® 0.251 = @ 0.254
Z¢ e &
=~ 0.00- 0.00- | B e
- ) — — W - - O W o
w O o < g 0w — o O O
> o 5 o > m o n
: _ B 2
_—x -
RUNX1 sgRNA STAG2 sgRNA
c 4 sensitivity J sensitivity
) relative to WT .
Idarubicin
Daunerubicin HCI
Doxorubicin
Cytarabine HCI
Decitabine
Azacitidine
Hydroxyurea
Thioguanine
Azacitidine + sorafenib
Cladribine + cytarabine + mitoxantrone
Fludarabine + cytarabine
Fludarabine + cytarabine + idarubicin
Methotrexate + cytarabine
Mitoxantrone + etoposide + cytarabine,
2 0 2 H 6
log2FC(IC50MUTIICS50WT)
- S-A - S-R S8
SF3B1H700E SF3B1H7I0E SF3B1K7T00F
AAVST RUNXTMUT STAG2MUT

Figure 9. High-risk genotypes have poor response to chemotherapeutics.
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(A), (B) Single cell derived clones generation: Western Blot analysis of RUNX1 (A) or STAG2 (B) protein, with
quantification relative to AAVS1 control. n = 2 independent experiments. (C) Quantification of drug response
to chemotherapeutics. Log2 Fold Change of IC50 value in S-A, S-R and S-S relative to control WT cells is

represented.

Figure 10. Mutant-SF3B1 induced mis-splicing is conserved in presence of high-risk co-mutations.
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(A) Proportion of mis-spliced isoforms in S-A, S-R, S-S. Splicing events classified as arising from tandem 3’ UTRs
(tutr), cassette or skipped exons (se), retained introns (ri), mutually exclusive exons (mxe), alternative usage
of normally constitutively spliced junctions (cj), alternative retention of normally constitutively spliced introns
(ci), alternative 5’ss (a5ss), and alternative 3’ ss (a3ss). (B) Proportion of a3ss in S-A, S-R and S-S at a dPSI cut-
off of 0.1 or 0.3. (C) Spearman correlation between the quantitative levels of aberrant splicing in S-A versus
S-R (top), S-A versus S-S (middle) and S-R versus S-S (bottom). (D) Analysis of the overlap between genes with
a3ssin S-A, S-R and S-S. (E) Proportion of shared versus uniquely mis-spliced genes in high-risk genotypes.
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Figure 11. Genetic heterogeneity impacts response to spliceosome inhibition.
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(A) Dose-response curve for SF3b inhibitor Pladienolide B. n = 3-4 independent experiments, 2 clones per
genotype. (B) Pladienolide B IC50 values with 95% Cl, relative to fig.11A. (C) Dose-response curve for type |
PRMTs inhibitor MS-023. n = 2-3 independent experiments, 2 clones per genotype. (D) MS-023 IC50 values
with 95% Cl, relative to fig.11C. (E) Dose-response curve for PRMTS5 inhibitor GSK3326595. n = 3-4 independent
experiments, 2 clones per genotype.

CHK1 kinase inhibition targets SF3B1m genotypes.

We next sought to uncover novel compounds with broad activity against genetically heterogeneous
SF3B1m clones. Our unbiased drug screen revealed AZD-7762, a checkpoint kinase (CHK)
inhibitor,8”28 as a promising candidate (Fig. 12A). Independent dose-response validation showed
that SF3B1m genotypes were ~8-fold more sensitive to AZD-7762 compared to control cells (IC50
control WT 472 nM, S-A 55.4 nM, S-R 62.0 nM, S-S 57.9 nM) (Fig. 12B-C). AZD-7762 has equal
potency against both CHK1 and CHK2.%° To determine which component was driving response in
SF3B1m cells, we next tested a specific CHK1 inhibitor Prexasertib and CHK2 inhibitor BML-
277.8%90°1 SE3B1m cells were not sensitized to BML-277 (Fig. 12D-E). By contrast, SF3B1m cells had
~7-fold higher sensitivity to Prexasertib irrespective of co-mutation status (IC50 control 18.8 nM, S-
A 2.60 nM, S-R 3.29 nM, S-S 2.89 nM) (Fig. 12F-G). These data indicate that CHK1 inhibition (CHK1i)

can be leveraged to target high-risk genotypes.

High selectivity of SF3B1m cells to Prexasertib prompted us to investigate the biological alterations
underlying vulnerability to CHK1i. CHK1 is a central regulator of DNA damage and cell cycle. In
response to DNA damage, ATR phosphorylates CHK1 on conserved S317/5345 residues. CHK1 in
turn phosphorylates downstream effectors, such as CDC25A, CDC25C, and WEE1, to engage the
intra-S and G2/M checkpoints.®?°394 CHK1 also has a critical albeit less well characterized function
in the mitotic spindle assembly checkpoint,®> and CHK1-knockout cells undergo mitotic arrest.’® In
line with previous reports,®” all SF3B1m subclones displayed a modest increase in CHK1 S345
phosphorylation, which was enhanced by Prexasertib (Fig. 13A-B). To determine if cell cycle
progression is altered in SF3B1m cells, we performed EdU cell cycle analysis (Fig. 13C). All SF3B1m
subclones showed significantly reduced proportion of cells in S phase (Fig. 13D, left), and increased
proportion of cells in G2/M phase with the exception of S-S (Fig. 13E, left). These differences were
strongly enhanced after 24-hour Prexasertib treatment, with all SF3B1m subclones displaying

reduced proportion of cells in S-phase (Fig. 13D, right) and increased proportion in G2/M (Fig. 13E,
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right). These data reveal a previously unidentified G2/M block engaged by CHK1 inhibition in

SF3B1m cells.
800+
600
s
£
o 400'
wn
o
200 ¢ ')
0 1 1 1 T
Ctrl S-A S-R S-S
J!;-—:_i_ -y
1.004 1 20004
2 1 15001
5 10001
20,751
2 s 5009
'20.50 Y 1907
b Q 100+
0.25-
501
T T T T T — e o 0
-1.0-05 0.0 0.5 1.0 1.5 20 25 3.0 Cctl S-A SR S-S
log(nM) E
1.50 1
1.254 20
[ $
£ et b e el
;. 1.00 o= .i"ﬁt\:! E s
075 \L 2
] A\ ‘é’m
0.501
2 \ g
0.25 -\ 5
0.00 . . . . — 0 . . . .
0 1 2 3 4 5 Ctl S-A S-R S§
F log(nM) G
| 2
£ 3
1.00"15\ 40
[ 20
2075 8
g T
> ~ 8
50.50- 2
$0.50 S
2
0.25- 4
2
3 3 A oe 0
10 05 00 05 10 15 20 Ctrl S-A S-R S-S
log(nM)

Figure 12. CHK1 inhibition is a vulnerability of SF3B1m cells.

(A) AZD-7762 IC50 value with standard error from high-throughput drug screen. (B) Dose-response curve for
CHK1/CHK2 inhibitor AZD-7762. n = 3 independent experiments, 1 clone per genotype. (C) AZD-7762 IC50
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values with 95% Cl, relative to fig.12B. (D) Dose-response curve for CHK2 inhibitor BML-277. n = 3 independent
experiments, 1 clone per genotype. (E) BML-277 IC50 values with 95% Cl, relative to fig.12D. (F) Dose-response
curve for CHK1 inhibitor Prexasertib. n = 3-4 independent experiments, 2 clones per genotype. (G) Prexasertib
IC50 values with 95% Cl, relative to fig.12D.
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Figure 13. SF3B1m cells have increased CHK1 phosphorylation and alterations in cell cycle.

(A) Representative Western Blot of control WT, S-A, S-R and S-S after 5 hours of treatment with DMSO or
10nM Prexasertib. (B) Quantification of pCHK1/CHK1 ratio with DMSO (left) or Prexasertib treatment (right).
n =2 independent experiments, with 2 technical replicates each. (C) Representative flow cytometry plot of cell
cycle analysis of control WT, S-A, S-R and S-S after 24 hours of treatment with DMSO or 10nM Prexasertib.
(D) Proportion of cells in S phase with DMSO (left) or Prexasertib (right) treatment. n = 3-5, t test. (E)
Proportion of cells in G2M phase with DMSO (left) or Prexasertib (right) treatment. n = 3-5, t test.

Coordinated mis-splicing of BUB1B and CDC27 sensitizes SF3B1m cells to CHK1 inhibition.

Since all SF3B1m genotypes were highly sensitive to Prexasertib irrespective of co-mutated genes,

we hypothesized that genes mis-spliced by mutant-SF3B1 induce vulnerability to CHK1i. To address
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this question, we first carried out RNA sequencing and splicing analysis of SF3B1m CD34* HSPCs.
Strikingly, pathway annotation of a3’ss mis-spliced genes in SF3B1 K700E mutant cells showed that
gene ontology (GO) categories (Fig. 14A) related to cell cycle regulation, mitotic checkpoint
signaling, and chromosome segregation were most highly enriched in SF3B1m HSPCs. Similar gene
categories were enriched in SF3B1m subclones derived from K562 cells (Fig. 14B-D). To identify
candidate drivers, we annotated recurrently mis-spliced genes in the broad cell cycle GO category
(Fig. 14E). BUB1B and CDC27 were consistently mis-spliced (a3’ss events) in all SF3B1m genotypes.
Notably, BUB1B is regulated by CHK1 signaling during mitosis.®> By contrast, none of the other
annotated CHK1 targets were mis-spliced in SF3B1m cells, with the exception of mutually exclusive
exon usage in CDC25C, which does not result in expression change (data not shown). BUB1B and
CDC27 mRNA levels were significantly downregulated in all SF3B1m subclones (Fig. 14F), and BUB1B
protein expression was concordantly decreased in SF3B1m cells irrespective of co-mutations (Fig.

14G).

BUB1B also known as BUBR1 is a CHK1-regulated mitotic kinase with dual function in chromosome
alignment and mitotic checkpoint complex that monitors the spindle assembly.?>®82%100 CDC27 is a
component of the anaphase-promoting complex that directly interacts with BUB1B.19%19% e
hypothesized that mis-splicing of both BUB1B and CDC27 delays G2/M and sensitizes SF3B1m cells
to CHK1 inhibition. To test if reduced expression of BUB1B and CDC27 alters the sensitivity of normal
cells to CHK1i, we transduced K562 SF3B1 WT cells with individual shRNAs targeting BUB1B, CDC27,
or validated luciferase control. We achieved 75-90% knockdown for BUB1B (Fig. 15A) and 50%
knockdown for CDC27 (Fig. 15B). As before, SF3B1m cells transduced with control shRNA were
highly sensitive to Prexasertib (IC50 WT-M1 11.2 nM, MUT-M1 3.08 nM) (Fig. 15C-F). Knockdown of
BUB1B sensitized SF3B1 WT cells to Prexasertib treatment (IC50 shRNA-B3 3.82 nM, shRNA-B2 6.13
nM) (Fig. 15C-D). Similarly, knockdown of CDC27 partially sensitized SF3B1 WT cells to Prexasertib
(IC50 shRNA-C3 5.15 nM, shRNA-C2 7.60 nM) (Fig. 15E-F). WT cells with BUB1B or CDC27 knockdown
showed a moderate increase of CHK1 S345 phosphorylation that was enhanced with Prexasertib
treatment (Fig. 15G-J), suggesting that loss of mitotic regulators activates CHK1. Furthermore,
knockdown of BUB1B or CDC27 in WT cells increased the proportion of cells in G2/M phase, partially
recapitulating cell cycle alterations in SF3B1m cells (Fig. 15K-L). These data indicate that mis-splicing
of BUB1B and CDC27 by mutant-SF3B1 delays mitotic progression leading to CHK1 activation and
sensitizing SF3B1m cells to CHK1 inhibition.
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Figure 14. Regulators of cell cycle progression are mis-spliced by mutant-SF3B1.

(A) Gene ontology (GO) analysis of genes with a3ss in CD34* HSPCs with SF3B1m relative to control WT CD34*
HSPCs. (B) GO analysis of genes with a3ss in K562 S-A cells relative to control WT cells. (C) GO analysis of
genes with a3ss in K562 S-R cells relative to control WT cells. (D) GO analysis of genes with a3ss in K562 S-S
cells relative to control WT cells. (E) Analysis of the overlap between mitotic regulators with a3ss in CD34*
HSPCs and K562 S-A, S-R and S-S. (F) Relative gene expression of recurrently mis-spliced mitotic regulators in
K562 S-A, S-R and S-S compared to control WT cells. (G) Western Blot quantification of BUB1B protein in K562
control WT, S-A, S-R and S-S.
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Figure 15. Coordinated mis-splicing of BUB1B and CDC27 sensitizes SF3B1m cells to CHK1 inhibition.

(A) BUB1B protein expression in WT and SF3B1m K562 cells and WT K562 cells transduced with shRNAs
targeting BUBI1B (B2 or B3). Representative Western Blot and quantification of normalized expression (to
GAPDH), relative to WT K562 cells. n = 2 independent experiments. (B) CDC27 transcript expression in WT and
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SF3B1m K562 cells and WT K562 cells transduced with shRNAs targeting CDC27 (C2 or C3). n = 2 independent
experiments. (C) Dose-response curve for Prexasertib treatment in K562 SF3B1 WT cells with BUB1BKD. n =2
sets of cell lines, with 3 independent experiments each. (D) Prexasertib IC50 values with 95% Cl, relative to
fig.15C. (E) Dose-response curve for Prexasertib treatment in K562 SF3B1 WT cells with CDC27 KD. n = 2 sets
of cell lines, with 3 independent experiments each. (F) Prexasertib IC50 values with 95% Cl, relative to fig.15E.
(G) Representative WB of K562 cells with SF3B1 WT, SF3B1m and SF3B1 WT with BUB1B KD (B2, B3) after 5
hours of treatment with DMSO or 10nM Prexasertib. (H) Quantification of pCHK1/CHK1 ratio with DMSO (left)
or Prexasertib treatment (right), relative to Fig 15 G. n = 2 independent experiments, with 2 technical
replicates each. (1) Representative WB of K562 cells with SF3B1 WT, SF3B1m and SF3B1 WT with CDC27 KD
(C2, C3) after 5 hours of treatment with DMSO or 10nM Prexasertib. (J) Quantification of pCHK1/CHK1 ratio
with DMSO (left) or Prexasertib treatment (right), relative to Fig 15 I. n = 2 independent experiments. (K)
Proportion of K562 cells with SF3B1 WT, SF3B1m and SF3B1 WT with BUB1B KD (B2, B3) in G2M phase. (L)
Proportion of K562 cells with SF3B1 WT, SF3B1m and SF3B1 WT with CDC27 KD (C2, C3) in G2M phase.

CHK1 but not SF3b inhibition selectively targets SF3B1m HSCs.

Genetic heterogeneity and ‘stemness’ are major drivers of drug response in myeloid neoplasms,
and it is essential that prospective therapeutics effectively target genetically diverse MDS
HSCs.338>102 Tg determine whether SF3B1m HSCs are sensitive to SF3bi or CHK1i, we tested
Pladienolide B and Prexasertib in primary HSPCs with knock-in SF3B1 K700E mutation. Edited cells
were cultured for 7 days in presence of 2.5 nM Pladienolide B or 2.5 nM Prexasertib, and the relative
proportion and absolute cell number of HSC/MPPs (CD34*CD133"), precursors (CD34'CD133), and
mature cells (CD34°) were quantified by flow cytometry. SF3B1 WT HSPCs with BFP cassette knock-
in in AAVS1 locus were used as control. SF3bi led to ~10-30% relative enrichment of CD34*CD133"
precursors in both SF3B1 WT and mutant cells (Fig. 16A). By contrast, CHK1 inhibitor led to a 2.5-
fold relative enrichment of normal but not SF3B1m CD34*CD133* HSCs, suggesting that normal HSCs
are resistant to killing by Prexasertib (Fig. 16B). Next, we quantified the absolute number of viable
cells after drug treatment relative to vehicle control. SF3B1m CD34* HSPCs (containing both HSCs
and precursors) showed comparable sensitivity to SF3Bi or CHK1i (Fig. 16C-D). Pladienolide B
treatment reduced the number of SF3B1m CD34* cells by ~50% (48% S-A; p=0.08, 47% S-R; p=0.1
and 40% S-S; p=0.1) compared to 33% for normal control CD34+ (Fig. 16C). Prexasertib similarly
reduced SF3B1m CD34* cell number by ~50% (48% S-A, p=0.05; 54% S-R, p=0.1; 45% S-S, p=0.05)
compared to 25% for normal control CD34" (Fig. 16D). Lastly, we evaluated the sensitivity of SF3B1m
and normal CD34*CD133* HSC/MPPs to SF3Bi or CHK1i. Pladienolide B treatment reduced the
number of SF3B1m HSC/MPPs by ~75%, however normal control HSCs were decreased by ~50% (Fig.
16E), suggesting that both mutant and normal HSCs are highly sensitive to SF3bi. Reduction of

Pladienolide B dose to 1 nM to preserve wild-type HSCs also reduced SF3B1m response, and no
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significant differences were found between the genotypes (Fig. 16G-H). By contrast, Prexasertib
entirely spared wild-type HSC/MPPs, while reducing the number of SF3B1m HSCs by about ~50%
(HSCs vs vehicle: control WT 126%, S-A 65.3%, S-R 65.8%, S-S 49.6%) (Fig. 16F). Prexasertib
treatment of primary SF3B1m BM samples reduced total CD34* HSPCs count by ~50% in 3 out of 4
patients (Fig. 161-K). Taken together, these data indicate that SF3b inhibition is toxic to normal
human HSCs and does not preferentially target SF3B1m HSCs. By contrast, CHK1 inhibition targets

HSCs across the different SF3B1m genotypes while sparing normal HSCs.
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Figure 16. CHK1 but not SF3b inhibition selectively targets SF3B1m HSCs.
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(A), (B) Relative proportion of CD34*CD133* HSCs/MPPs, CD34* precursors, CD34" mature cells after 7 days
with 2.5nM Pladienolide B (A) or 2.5nM Prexasertib (B) treatment. (C), (D) Total CD34* HSPCs count after 7
days with 2.5nM Pladienolide B (C) or 2.5nM Prexasertib (D) treatment. Percentage of viable cells relative to
DMSO control is represented (mean # s.d.). n = 3 independent experiments, t test. (E), (F) Total CD34*CD133*
HSC/MPPs count after 7 days with 2.5nM Pladienolide B (E) or 2.5nM Prexasertib (F) treatment. Percentage
of viable cells relative to DMSO control is represented (mean + s.d.). n = 3 independent experiments, t test.
(G), (H) Total CD34* HSPCs (G) and CD34*CD133* HSC/MPPs (H) count after 7 days with 1nM Pladienolide B.
Percentage of viable cells relative to DMSO control is represented (mean * s.d.) n = 3 independent
experiments, t test. (I) Representative flow cytometry plot from Prexasertib treatment (2.5nM, 4 days) of
primary SF3B1m patient samples. (J) Total CD34* HSPCs count in primary SF3B1m patient samples after 4
days of treatment with 2.5nM Prexasertib. Percentage of viable cells relative to DMSO control is represented
(mean % s.d.). (K) Total CD34* HSPCs count in individual patients samples, relative to Fig 16J. For each patient,
WHO category at sampling, follow-up and co-mutation status were annotated.

47



Discussion

MDS are heterogenous disorders driven by acquisition of clonal genetic lesions.>? Integration of
these genetic abnormalities with clinical and cytogenetic data in IPSS-M has significantly improved
patients stratification.?® SF3B1 mutations are commonly associated with alterations in the erythroid
lineage, including ring sideroblasts formation and ineffective erythropoiesis, lower incidence of
disease progression and better overall survival.2%46%> As so, SF3B1m MDS was proposed as a distinct
nosologic entity,*® and included in the most recent classifications of myeloid neoplasms as an
independent diagnostic category.'*!> Selected co-occurring genetic alterations can modulate the
prognostic effect of SF3B1 mutations, and affect patients outcome.?%%® Consistently with IPSS-M
indications,?° we find that acquisition of RUNX1 or STAG2 mutations in SF3B1m patients transforms
this relatively indolent condition into a high-risk malignancy, with increased BM blasts count and
reduced overall survival. By leveraging gene editing technologies, we model evolution of SF3B1m
MDS in primary CD34* HSPCs. We show that progression of SF3B1m MDS occurs through
molecularly distinct clonal trajectories converging on expansion of SF3B1m HSC/MPPs that can be

targeted through CHK1 inhibition.

Architecture of HSPC compartment and gene mutations interacting during differentiation
contribute to phenotypic heterogeneity in MDS.1°> MDS initiating and propagating cells were
identified in CD34*CD38 HSCs pool.19310432 Consistently, SF3B1 mutations are acquired in
CD34*CD38 HSCs and are propagated to mature progenitors.1®1% Altered hematopoietic
differentiation is a hallmark of MDS, and stage specific changes in HSPC architecture occur during
disease evolution.3>® RUNX1 and STAG2 have been implicated in the regulation of HSPCs self-
renewal and differentiation by modulating gene expression and chromatin accessibility.1%”:1%8 We
find that RUNX1 and STAG2 high-risk mutations induce divergent lineage outcomes in SF3B1m
HSPCs, with RUNX1 promoting myeloid skewing and STAG2 inducing a differentiation block. These
functional changes are supported by divergent transcriptomic dysregulation, including key myeloid
genes. However, both high-risk genotypes display increased proportion of CD34*CD38 HSC/MPPs
compared to isolated SF3B1m cells, consistent with the expansion of stem cells compartment in
higher-risk MDS patients.3> CD133 is a marker of HSCs and cancer stem cells, and decline in
expression correlates with HSCs differentiation in vitro.3° Primitive CD34*CD133* SF3B1m HSCs are

expanded by RUNX1 but not STAG2 mutations, implying a direct effect of genetic diversity on
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SF3B1m HSPC architecture. As so, our study provides biological evidences of the genetic

heterogeneity of SF3B1m MDS that emerged from IPSS-M.?°

Lower-risk SF3B1m MDS is usually managed with transfusions, erythropoiesis-stimulating agents
and Luspatercept, while higher-risk cases require disease-modifying therapy.?>> Hypomethylating
agents are the frontline treatment for these patients, but aberrant HSPCs can persist through clinical
remission, driving disease relapse.?3?> Since SF3B1 mutations are funding events,0>106109 the
mutant clone needs to be targeted to eradicate the disease. Recognition that splicing factor mutant
cells, including SF3B1m, retain dependency on the wild-type allele has driven the development of
compounds that target spliceosome activity.>®> Preclinical studies showed that spliceosome
modulation preferentially targeted splicing factor mutant cells in vitro and in vivo.>>>%>%%° However,
the first clinical trial with the SF3b inhibitor H3B-8800 showed minimal responses.>” We find that
genetic heterogeneity affects response of SF3B1m cells to spliceosome modulators, but high-risk
genotypes retain elevated sensitivity to SF3b inhibition. Genetic alterations alone do not fully
account for therapeutic outcomes, and cellular architecture of MDS plays a major role in modulating
drug response.3 Progenitor and stem cell fractions differentially respond to drugs.?? We find that
SF3bi positively selects CD34*CD133" precursor cells in both SF3B1m and wild-type genotypes, and
has elevated toxicity on wild-type HSCs, indicating poor selectivity for SF3B1m cells in the HSC pool.
The restricted therapeutic index in HSCs emerging from our study could provide a biological basis
for lack of partial/complete remission in H3B-8800 clinical trial®’, supporting the need to find

alternative approaches to eradicate SF3B1m HSCs.

In this study, we identify CHK1i as a promising strategy to target SF3B1m genotypes. CHK1 is a major
regulator of DNA damage response and cell cycle.®? Shalini et al. previously showed increased
activation of ATR/CHK1 signaling in SF3B1m cells as a consequence of R loops accumulation, and
increased response to ATRi and CHK1i.°” Here, we describe a previously unidentified G2/M block in
SF3B1m cell engaged by CHK1i. We find that aberrant splicing induced by mutant-SF3B1 affects key
regulators of chromosome alignment and mitotic progression, and we propose that coordinated
mis-splicing of BUB1B and CDC27 sensitizes SF3B1m cells to CHK1i. Treatment of primary HSPCs
with CHK1i selects for wild-type CD34*CD133* HSCs but not SF3B1m, indicating that wild-type but
not mutant HSCs are resistant to CHK1i. Consistently, CHK1i significantly reduces SF3B1m HSCs

count without impairing SF3B1 wild-type HSCs. Incomplete eradication of MDS clones with current
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treatments has been attributed to inability to eliminate clonally abnormal HSC pool.?>358310% Qur

study identifies CHK1 inhibition as an effective strategy to target SF3B1m HSCs irrespective of the

co-mutation status, while sparing normal HSCs.

In conclusion, genetic and functional complexity in MDS modulates patients outcome and

therapeutic response,?%!1° but dissecting the impact of precise co-mutation patterns has been

hampered by heterogeneity of primary patients samples. Through gene editing of CD34* HSPCs, we

define HSPC architectural changes during SF3B1m MDS evolution, and we identify CHK1i as a

promising strategy to eradicate SF3B1m HSCs.

Low-Risk High-Risk

RUNX1
SF3BTMUT SF3BT™
MUT
7 STAG2 RUNX1
HSCs MDS/leukemic HSCs
CD34'CD133* @ i ot

@ D &

\ X
/I® & @ @ \;
Myeloid

Figure 17. Model for SF3B1m MDS evolution and therapeutic targeting.
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