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MYELOID NEOPLASIA

Aberrant EVII splicing contributes to
EVII-rearranged leukemia
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Detailed genomic and epigenomic analyses of MECOM (the MDS1 and EVI1 complex
locus) have revealed that inversion or translocation of chromosome 3 drives inv(3)/t(3;3)
myeloid leukemias via structural rearrangement of an enhancer that upregulates
transcription of EVI1. Here, we identify a novel, previously unannotated oncogenic RNA-
splicing derived isoform of EVI1 that is frequently present in inv(3)/t(3;3) acute myeloid
leukemia (AML) and directly contributes to leukemic transformation. This EVI1 isoform is
generated by oncogenic mutations in the core RNA splicing factor SF3B1, which is
mutated in >30% of inv(3)/t(3;3) myeloid neoplasm patients and thereby represents the
single most commonly cooccurring genomic alteration in inv(3)/t(3;3) patients. SF3B1
mutations are statistically uniquely enriched in inv(3)/t(3;3) myeloid neoplasm patients and
patient-derived cell lines compared with other forms of AML and promote mis-splicing of
EVH1 generating an in-frame insertion of 6 amino acids at the 3' end of the second zinc
) finger domain of EVI1. Expression of this EVI1 splice variant enhanced the self-renewal of

hematopoietic stem cells, and introduction of mutant SF3B1 in mice bearing the
humanized inv(3)(q21q26) allele resulted in generation of this novel EVI1 isoform in mice and hastened
leukemogenesis in vivo. The mutant SF3B1 spliceosome depends upon an exonic splicing enhancer within EVI1 exon
13 to promote usage of a cryptic branch point and aberrant 3’ splice site within intron 12 resulting in the generation
of this isoform. These data provide a mechanistic basis for the frequent cooccurrence of SF3B1 mutations as well as
new insights into the pathogenesis of myeloid leukemias harboring inv(3)/(3;3).

® A novel EVI1 splice
isoform is frequently
expressed in inv(3)/
t(3;3) leukemia and
drives myeloid
transformation.

® Frequent SF3B1
mutations in inv(3)/
t(3;3) leukemia
generate a novel EVI1
isoform with an altered
second zinc finger
domain.
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Introduction
Acute myeloid leukemia (AML) with inv(3)(q21926) or

have been extensive efforts to dissect the genomic and epige-
nomic events that give rise to this aggressive disease. Recent

1(3;3)(q21926) is recognized by the World Health Organization
as a unique subtype of AML (henceforth referred to as “inv(3)/
1(3;3) AML")," which has a dismal median overall survival (OS) of
<1 year after diagnosis.>™> This same genomic alteration is also
occasionally encountered in patients with myelodysplastic syn-
dromes (MDS), where it is similarly associated with short sur-
vival.*¢ Given the poor outcome of inv(3)/4(3;3) MDS/AML, there

efforts have identified that inv(3)/t(3;3) chromosomal rearrange-
ments reposition the GATAZ enhancer from its normal location
at 3921 to drive ectopic expression of the EVIT proto-oncogene
from within MDS1T and EVIT complex locus (MECOM) at 3g26
(supplemental Figure 1A, available on the Blood Web site).
Intergenic splicing of MDS1 and EVIT normally results in expres-
sion of an MDST-EVIT transcript from MECOM, but in patients
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with inv(3)/t(3;3) chromosomal alterations, the full-length MDS1-
EVIT transcript is no longer expressed, and there is monoallelic
expression of GATA2.”

EVIT encodes a transcription factor that is indispensable for
hematopoiesis and contains 2 zinc finger (ZF) DNA binding
domains, one at the N-terminus and the other at the protein’s
C-terminus, which includes 7 and 3 ZFs, respectively. In contrast
to our understanding of the pathogenic consequences of inv(3)/
1(3;3) chromosomal rearrangements, the role of genomic altera-
tions coexisting with inv(3)/t(3;3) is less well understood. For
example, monosomy 7 and mutations in RUNX1, IKZF1, and
RAS pathway genes (NRAS, KRAS, PTPN11, and NF1)>"" are
known to occur in inv(3)/t(3;3) AML. However, the specific contri-
bution of additional genomic events to inv(3)/t(3;3) leukemia is
not clear.

Here, we identify that mutations in the core RNA splicing factor
SF3B1 are the most common coexisting genetic alterations
among patients with inv(3)/t(3;3) MDS and AML. Introduction of
mutant SF3B1 in mice bearing the humanized inv(3)(g21g26)
allele hastened leukemogenesis. Surprisingly, mutant SF3B1
resulted in the generation of a novel isoform of EVI1, which
alters its second ZF domain and promotes oncogenicity in vivo.
This particular oncogenic EVI1 isoform is an unannotated novel
transcript and is expressed in nearly one-third of patients with
inv(3)/t(3;3) MDS and AML. These data thereby elucidate a
mechanistic basis for the frequent cooccurrence of SF3B1 muta-
tions in inv(3)/t(3;3) leukemias, identify a novel previously
unknown oncogenic form of EVI1, and delineate a role for
pathologic splicing in inv(3)/t(3;3) AML.

Methods

Patient samples

Studies were also approved by the institutional review boards of
Memorial Sloan Kettering Cancer Center (MSKCC) and The
Medical Ethical Committee of the Erasmus MC and conducted
in accordance with the Declaration of Helsinki protocol.
Informed consents were obtained from all human subjects.
Next-generation sequencing was performed on DNA extracted
from bone marrow (BM) mononuclear cells and matched normal
from fingernails. Patient samples were sequenced with MSK-
IMPACT targeted sequencing panel, with somatic mutations
(substitutions and small insertions and deletions), gene-level
focal copy number alterations, and structural rearrangements
detected with a clinically validated pipeline as previously
described.®'3 All patients with myeloid neoplasms (AML, MDS,
chronic myelomonocytic leukemia, and blast-phase chronic
myeloid leukemia) and inv(3)/t(3;3) were identified from the
electronic medical record and included in this study if next-
generation sequencing data were available.

Animals

All animals were housed at MSKCC and at Foundation for Bio-
medical Research and Innovation (FBRI, Japan) using a 12-hour
light/12-hour dark cycle and with ambient temperature main-
tained at 72°F * 2°F (~21.5°C *= 1°C) with 30% to 70% humid-
ity. All animal procedures were completed in accordance with
the Guidelines for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use
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Committees at MSKCC and FBRI. All mouse experiments were
performed in accordance with a protocol approved by the
MSKCC (11-12-029) and FBRI (18-06) Institutional Animal Care
and Use Committee. Mx1-Cre and Sf3b1°F mice were
obtained from The Jackson Laboratory and were previously
generated, respectively.”’ inv(3)(3921926) mouse  strain
(RBRC09508) was provided by RIKEN BRC through the National
BioResource Project of the MEXT/AMED, Japan.” All of the pri-
mers and polymerase chain reaction (PCR) conditions are listed
in supplemental Table 1.

Cell lines and tissue culture

HEK293T and PlatE cells were obtained from American Type Cul-
ture Collection (Manassas, VA) and Toshio Kitamura (University of
Tokyo) and cultured in Dulbecco’s modified Eagle medium with
10% fetal bovine serum (FBS). K562, MEL270, MOLM-1, Kasumi-
3, HNT-34, and 5637 cells were cultured in RPMI 1640 with 10%
FBS. Kasumi-4 cells were cultured in RPMI 1640 with 20% FBS
and 10 ng/mL granulocyte-macrophage colony-stimulating factor
(AF-300-03, PeproTech). YCU-AML1 cells were cultured with
OP-9 in Iscove's modified Dulbecco's medium with 10% FBS,
55 pM B-mercaptoethanol (Sigma-Aldrich) and 20 ng/mL
granulocyte-macrophage colony-stimulating factor (PeproTech).
MUTZ-3 cells were cultured in o minimum essential medium
(with ribo- and deoxyribonucleosides)/20% FBS and 20% condi-
tioned medium of cell line 5637. All cell culture media include
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco).

EVI1 minigene assay

K562 parental and K562-SF3B1%¢¢*NWT cells were seeded into
a 12-well plate with culture medium 48 hours before transfection
of minigene constructs (more details are provided in supplemen-
tal methods) in the presence of X-tremeGENE HP DNA transfec-
tion reagent (Roche) according to the manufacturer’s directions.
Forty-eight hours after transfection, cells were collected, and
RNA was extracted using RNeasy mini kit (Qiagen). Extracted
RNA was treated with DNase | (Ambion) to ensure complete
removal of DNA. Minigene-derived and endogenous EVIT tran-
scripts were analyzed by reverse transcription (RT)-PCR using
specific primers (supplemental Table 1).

Results

SF3B1 mutations are frequent within

inv(3)/t(3;3) AML

Prior genomic analyses of cohorts of patients with inv(3)/4(3;3)
myeloid neoplasm identified a number of genomic rearrange-
ments coexisting with inv(3)/t(3;3) rearrangement.m'11 To further
evaluate the landscape of genomic alterations within inv(3)/t(3;3)
myeloid neoplasms, we compiled prior cohorts of genomic anal-
ysis of patients with inv(3)/t(3;3) myeloid neoplasm (n = 63
patients from the Dutch-Belgian Cooperative Trial Group for
Hematology-Oncology/the German-Austrian AML Study Group,
Leucegene, and BeatAML)'®""'* with a previously unpublished
cohort of 46 patients with inv(3)/t(3;3) myeloid neoplasm (sup-
plemental Table 2). Interestingly, this revealed that the single
most commonly mutated gene in patients with inv(3)/t(3;3)
myeloid neoplasm was the core RNA splicing factor SF3B1
(Figure 1A), although RAS pathway mutations (NRAS, PTPN11,
KRAS, and NF1) as a group in aggregate (present in 63 out of
109 patients [57.8%]) are more frequent than mutations in
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Figure 1. Frequent cooccurrence of SF3B1 mutations in myeloid malignancies with inv(3)(q21q26) or t(3;3)(q21q26). (A) Oncoprint of recurrently mutated genes
in 109 patients with EVI1-rearranged (EVI1-r) myeloid neoplasms. Horizontal bars show the mutational frequency of each gene. Gray color indicates data not available.
(B) Frequency (indicated by bubble size) and statistical enrichment (indicated by color gradient) of mutations (x-axis) across AML (y-axis; inv(3)/t(3;3) patients from panel
A, n = 109, BeatAML study, n = 622; TCGA AML study, n = 200). P values of Fisher's exact test are color-coded. (C) VAF of mutations in SF3B1 and RAS-associated
genes relative to mutations in transcriptional factors, chromatin modifiers, RNA splicing factors in patients with EVI1-r myeloid neoplasm. (D) Oncoprint of recurrently

mutated genes in EVI1-r leukemia cell lines.

SF3B1. SF3B1 mutations were present in 32.1% of patients and
located at hotspot residues in HEAT repeat domains, such as
K700 and Ké66 (supplemental Figure 1B)."®"7 In contrast to the
high frequency of mutations in SF3B1 within EVI1-rearranged
myeloid neoplasms, mutations in SRSF2 or U2AF1 were not
uniquely enriched among EVI7-rearranged AML combined with
overall patients with AML from TCGA/BeatAML cohorts (6.52%
vs 8.03% in SRSF2 mutation [P = .6126], 6.52% vs 4.33%

ABERRANT EVIT SPLICING IN EVIT-REARRANGED AML

[P = .4485] in U2AF1 mutation).’™'® RNA splicing factor muta-
tions were mutually exclusive in our MSKCC cohort except for
1 patient harboring SF3B1-K666R (variant allele frequencies
[VAFs] = 47.1%) and SRSF2-P95H (VAF = 42.4%).

This high frequency of SF3B1 mutations within inv(3)/t(3;3) AML

was particularly conspicuous because SF3B1 mutations are most
commonly enriched in patients with myeloid leukemia with MDS
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with ringed sideroblasts (MDS-RS) (65%-81%),617:1921 \whereas
they are relatively rare in AML (~4%).% Indeed, compared with
mutational analyses of AML cohorts without chromosome 3 alter-
ations,"® inv(3)/t(3;3) AML was characterized by a remarkably
higher rate of mutations in SF3B7 (P = 1.16 X 107"), RAS-
associated pathway genes, and GATA2. On the other hand,
EVI1-rearranged (EVI1-r) AML exhibited lower rates of mutations
in FLT3 and DNMT3A, when compared with AML without EVIT-r
(Figure 1B). In contrast to RAS-associated pathway mutations,
SF3B1 mutations tended to contribute to the founder clones in
most patients with SF3B71-mutated EVI1-r myeloid based on the
relative VAFs (median VAF of SF3B1 mutations in inv(3)/t(3;3)
samples was 0.448) (Figure 1C). Interestingly, across all inv(3)/
1(3;3) human AML cell lines (HNT-34, Kasumi-3, Kasumi-4,
MOLM-1, MUTZ-3, OCI-AML20, and UCSD-AML1, and YCU-
AML1), 3 of 8 of these lines contain a well-described heterozy-
gous SF3B1 hotspot mutation (Figure 1D; supplemental Tables
3 and 4). In fact, these 3 cell lines (HNT-34, MUTZ-3, and YCU-
AML1) represent the only known AML cell lines with naturally
occurring SF3BT mutations. Moreover, in the analysis of correla-
tions across all pairwise combinations among 12 frequently
mutated drivers, inv(3)/t(3;3) AML exhibited a distinct pattern of
positive and negative correlations relative to that in patients
with whole MDS/AML (supplemental Figure 1C).?* For example,
SF3B1 is significantly comutated with GATAZ within inv(3)/t(3;3)
myeloid neoplasms, whereas this correlation was not detected
in wider MDS/AML cohorts.?® These results highlight a unique
enrichment of SF3B71 mutations in inv(3)/t(3;3) AML compared
with other AML subtypes. In our MSKCC cohort, we found no
significant difference between SF3B1-mutated and wild-type
(WT) patients in OS from the time of inv(3)/t(3;3) detection (188
vs 179 days; hazard ratio 0.83 [0.41-1.69]). Moreover, OS from
the time of initial disease diagnosis was comparable (520 vs 366
days; hazard ratio 0.63 [0.31-1.27]) (supplemental Figure 1D).

SF3B1 mutations promote leukemogenicity in
humanized inv(3)(q21g26) mice

Given the recurrent nature of SF3B71 mutations in inv(3)/t(3;3)
AML, we hypothesized that spliceosomal alterations are impor-
tant in the development of inv(3)/4(3;3) myeloid malignancies.
We therefore set out to test this hypothesis by generating a
mouse model permitting time- and tissue-specific induction of
mutant Sf3b7 in the presence of the human inv(3)(q21g26) allele.
This was accomplished by generating Mx1-Cre Sf3b1<7%0EWT
inv(3)(@21926) mice (along with single-mutant and WT control
mice; Figure 2A). We used transgenic mice harboring a human
bacterial artificial chromosome encompassing the human
inv(3)(q21q26) allele’ (hereafter referred to as “inv(3) mice”)
(supplemental Figure 1A) and crossed these animals to mice
with conditional knock-in of mutant Sf3b7 K700E."* We thereby
generated animals with 4 different genotypes: Mx1-Cre control,
Mx1-Cre inv(3), Mx1-Cre Sf3b1<FWT " and Mx1-Cre inv(3)
Sf3b1K7OOE/\NT,

We first evaluated the impact of mutant SF3B1 on the clono-
genic capacity of inv(3)(q21g26) hematopoietic cells. We
collected whole BM cells 4 weeks after polyinosinic-polycytidylic
acid (plpC) injection and evaluated colony formation in
methylcellulose media optimized for each hematopoietic lineage
(Figure 2B). Hematopoietic cells from either Mx1-Cre inv(3) or
Mx1-Cre inv(3) Sf3b1<CF"T mice produced virtually no BFU-E
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erythroid progenitor or pre-B lymphoid progenitor colonies
(supplemental Figure 2A). In contrast, these BM cells enhanced
the clonogenic capacity of myeloid progenitors. Although
both were replatable into the fifth round, Mx1-Cre inv(3)
Sf3b 17T produced more colonies in the second and fifth
platings than inv(3) mice alone.

We next evaluated the cell-autonomous effects of hematopoi-
etic stem cells from each mouse model by performing BM trans-
plantation assays into lethally irradiated CD45.1 recipient mice
(Figure 2A). After confirming successful engraftment, we treated
recipient mice with plpC 4 weeks after transplantation. Interest-
ingly, inv(3) Sf3b1<OFWT double-mutant mice exhibited signifi-
cant leukopenia and macrocytic anemia compared with either
mutation alone (Figure 2C; supplemental Figure 2B). However,
6 months after plpC injection, hematopoietic stem and progeni-
tor cell (HSPC) fractions, including LSK (Lin~c-Kit*Scal*), multi-
potent progenitors 2/3 (MPP2/3; CD135~CD1507CD48"LSK
and CD135 CD150CD487LSK, respectively), and common
myeloid progenitors (Lin~c-Kit*Scal~CD34 " FcyR™) (Figure 2D-
E; supplemental Figure 2C), were significantly expanded in the
double-mutant model, suggesting ineffective hematopoiesis. In
the peripheral blood, myeloid-lineage skewing was observed at
the expense of B-cell commitment, which was most significant in
inv(3)/Sf3b1 double-mutant mice (Figure 2F). In addition to
splenomegaly, histological and morphological analysis of BM
and spleen cells in the double-mutant mice revealed hypercellu-
larity, destruction of normal architecture, morphological abnor-
malities, and frequent immature blasts with slight differentiation
toward myeloid lineage (Figure 2G; supplemental Figure 3). As
a result, Mx1-Cre inv(3) Sf3b1<CWT mice had hastened death
owing to MDS and AML (supplemental Figure 2D-E) even when
compared with Mx7-Cre inv(3) (P = .0389) (Figure 2H). More-
over, serial transplantation of double-mutant mouse cells led to
more rapidly lethal leukemia vs inv(3) leukemia cells alone
(Figure 2I). These results indicate that the SF3BT mutation
enhanced and accelerated inv(3)-associated myeloid malignan-
cies in a genetically accurate murine model.

Inv(3) rescues the fitness disadvantage of
SF3B1-mutated HSPCs

A series of studies reported significantly lower peripheral blood
chimerism derived from Sf3b1</%F"T mouse hematopoietic
precursors in competitive transplantation,'*?* suggesting that
SF3B1 mutations impair cell-autonomous repopulating when
present alone. We therefore evaluated the in vivo self-renewal
of Mx1-Cre control, Mx1-Cre inv(3), Mx1-Cre Sf3b1<70FWT 4nd
Mx1-Cre inv(3) Sf3b17%""T models by performing BM com-
petitive transplantation assays. Equal numbers of CD45.2" BM
cells from each of these models were mixed with CD45.1" WT
BM cells and injected into lethally irradiated CD45.1 recipient
mice (supplemental Figure 4A). Five months later, whole BM
cells of each group were serially transplanted into new CD45.1"
recipient mice to determine the further reconstitution capacity.
Interestingly, in stark contrast to the near-complete loss of
hematopoiesis in  Mx1-Cre SBTOEWT  mice, the inv(3)
transgene rescued the impaired in vivo clonogenic capacity of
Sf3b1-mutated HSPCs, especially in secondary transplant
(supplemental Figure 4B). This was associated with rescued
chimerism of myeloid-lineage cells in the BM as well as stem
and progenitor cells in BM 5 months following primary
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transplantation. In line with the results of in vitro colony-forming
assay, no rescue was observed in B220" cells (supplemental
Figure 4C-D).

Transcriptome analysis of SF3B1 mutant/inv(3)
HSPCs

We next performed RNA-seq analyses of mouse and human leu-
kemias to identify the impact of inv(3) and SF3B71 mutations alone
and together on splicing and gene expression. RNA-seq analysis
of fluorescence-activated cell sorter—purified lineage-negative c-
Kit™ cells of the mouse models described above was performed
2 months after plpC injection, in biological triplicate for each
model. Unsupervised hierarchical clustering analysis, using Euclid-
ean distance and Complete linkage method, revealed that tran-
scriptomes of lineage-negative cKit* cells from Mx1-Cre inv(3)
and Mx1-Cre inv(3) Sf3b1*"%¥"WT groyups differed substantially
from Mx1-Cre control and Mx1-Cre Sf3b7<FWT groups, sug-
gesting potent gene expression effects of the inv(3) transgene
(Figure 3A). Similarly, principal component (PC) analysis revealed
differences in the transcriptome of Mx1-Cre inv(3) and Mx1-Cre
inv(3) Sf3p1i<700RWT groups vs Mx1-Cre control Mx1-Cre
Sf3b 17O WT groups. PC1 accounted for 65% of the variance
and defined the presence of the inv(3) transgene (Figure 3B). At
the same time, PC2 clearly distinguished Mx71-Cre inv(3)
S£3b 17T from Mx1-Cre inv(3), indicating that Sf3b1 mutant
exerted additive gene expression effects on inv(3) HSPCs, which
is consistent with the collaborative biological outcomes of
double-mutant mice described above (Figure 2).

Differential gene expression analysis identified 6659, 2609, and
6796 genes dysregulated compared with control (Student t test,
P < .01, fold change >2 or <0.5) in inv(3), SF3b1ORWT Hiny(3)
Sf3b 17O WT mice, respectively. Interestingly, a large portion of
differentially expressed genes in the inv(3) Sf3b1<FYT group
were shared with those of the inv(3) group rather than the
SF3bTOFWT group (65.9%, 4481/6796 genes vs 22.3%, 1514/
6796 genes) (Figure 3C). We identified significant enrichment
for Gene Ontology (GO) and pathway terms reflecting the
development of MDS/AML in inv(3)/Sf3b1 double-mutant mice,
including MAP kinase, interferon, tumor necrosis factor-a, and
NF-«kB signaling as well as interleukin-6 activation (Figure 3D;
supplemental Figure 5). Consistent with the results in Figure 3C,
the dysregulated pathways and GO terms were mainly attrib-
uted to the effect of inv(3), especially in upregulated pathways
(Figure 3D; supplemental Figure 5A).

In order to evaluate these findings in patient samples, we ana-
lyzed RNA-seq data of unfractionated BM mononuclear cells iso-
lated from 7 SF3B1-mutant/EVI1-r, 5 SF3B1-WT/EVI1-r, 2 SF3B1-
mutant, and 7 SF3B1-WT normal karyotype AML patient samples.

In line with the mouse RNA-seq results (Figure 3C-D), in the pres-
ence of the EVI1-r, the SF3B1 mutation had limited impact on
gene expression in terms of dysregulated pathways evaluated by
using GO enrichment terms in the algorithm of Enrichr (https://
maayanlab.cloud/Enrichr/) (Figure 3E). As such, a large propor-
tion of differentially expressed genes in the SF3BT-mutant/EVI1-r
group overlapped with those of the SF3B1-WT/EVIT1-r patient
samples (Figure 3E).

We next sought to identify aberrant splicing events associated
with SF3B1 mutation and EVI1-r. Of note, the number of aber-
rantly spliced genes was largest in SF3BT-mutant/inv(3) patient
samples where the majority of splicing changes could be attrib-
uted to the presence of the SF3B1 mutation (Figure 3F). Consis-
tent with previous studies,?>?° aberrant 3’ splice site (3'ss)
usage was the most prevalent mis-splicing event in the SF3B1-
mutant/inv(3) group (Figure 3G), although such effects were rela-
tively modest in murine models (supplemental Figure 5B). These
transcriptome analyses suggested cooperative effects of the
SF3B1 mutation and inv(3) allele on aberrant splicing and gene
expression, respectively.

EVI1 mis-splicing in SF3B1-mutant cells

As noted in prior studies,®*?*?® despite striking similarities in
global aberrant splicing patterns induced by SF3B1 mutants
across diverse species, there was modest overlap in aberrantly
spliced events in mouse vs human cells. Interestingly, however,
we identified that human EVIT itself was recurrently targeted in
human SF3B71-mutant/inv(3) patient samples (Figure 4A).

Intriguingly, the SF3BT mutation was associated with aberrant
3'ss selection at the intron 12-exon 13 junction of EVIT
(NM_001105078.4), which encodes the C-terminal end of the
second ZF domain of EVI1. EVI1 contains 10 ZFs that are
arranged in 2 separate domains, each of which binds different
consensus DNA sequences (Figure 4A).%7 This EVIT mis-splicing
event was exclusively observed in SF3B1-mutant myeloid malig-
nancy patient samples and cell lines and present across SF3B1
hotspot mutations (Figure 4B; supplemental Table 5). For exam-
ple, the inv(3)/t(3;3) AML cell lines HNT-34 and YCU-AML1 har-
boring SF3BTK700E heavily express this variant EVIT isoform
(Figure 4C).3031 Expression of several SF3B1 mutations (K700E,
K666N, and G740E), but not WT SF3B1, into K562 cells similarly
resulted in the aberrant EVIT isoform generation (supplemental
Figure 6A). Sanger sequencing of this isoform verified that this
splice variant results in the introduction of 18 nucleotides
inserted between exons 12 and 13 of the EVI1 transcript, at the
very 3' end of intron 12 (Figure 4D). This nucleotide insertion
gives rise to an in-frame insertion of 6 amino acids (FLLHTG)
(Figure 4D). This exact same +18 EVI splice variant was

Figure 2. SF3B1 mutations enhance the leukemogenicity of hematopoietic cells expressing the inv(3)(q21q26) allele. (A) Schema of generation of CD45.2 Mx1-cre
inv(3) Sf3b 10T mice (left) and schema of in vitro and in vivo analyses of hematopoiesis from these mice and single-mutant controls. (B) Number of myeloid colonies
on first to fifth plating of Mx7-cre inv(3) SF3b1OEWT mice and controls. (C) Box-and-whisker plots of white blood cell count (WBC), hemoglobin, and mean corpuscular
volume (MCV) from CD45.1 recipient mice following 8.5 months of transplantation of CD45.2 mice from panel A. For box-and-whiskers plots throughout, bar indicates
median, box edges first and third quartile values, and whisker edges minimum and maximum values. (D) Representative fluorescence-activated cell sorter plots of
CD45.2% LSK (lineage-negative Scal® and c-Kit") and LK (lineage-negative Scal™ and c-Kit") cells from BM of CD45.1 recipient mice at 4 months posttransplant. % of
cells within gate is shown. (E) Box-and-whisker plots of percentage of BM CD45.2" LSK, multipotent progenitor cells 2 and 3 (MPP2 and MPP3, respectively), and
common myeloid progenitor (CMP) cells. (F) % of CD11b"Gr1" and B220" cells among CD45.2" cells in peripheral blood over time following transplantation. Mean *
standard deviation are shown. (G) Representative hematoxylin-and-eosin stain (original magnification X100) of spleen of CD45.1 primary recipient mice. Scale bars,
400 pm. (H) Kaplan-Meier survival curve of primary CD45.1 recipient mice. P values were calculated by log-rank test. (I) Kaplan-Meier survival curve of secondarily
transplanted CD45.1 recipient mice following sublethal irradiation (4.5 Gy). P values were calculated by 2-sided Student t test or log-rank test. *P < .05, **P < .01,

***P < 001, and ****P < .0001. chr., chromosome.
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expressed in Mx1-Cre inv(3) S3b1<7ORWT double-mutant mice,
indicating that murine Sf3b1 mutant similarly induces aberrant
3'ss selection of human EVIT contained within the bacterial artifi-
cial chromosome transgene recapitulating the inv(3)(q21926)
allele (Figure 4E; supplemental Figure 6B). Interestingly, a model
structure by AlphaFold2,3? which predicts 3-dimensional protein
structure from amino acid sequence using a deep leaming sys-
tem, revealed that the EVI1+ 18 splicing event introduces 6
amino acids immediately after the second ZF domain of EVI1
(supplemental Figure 6C). This change in protein sequence may
alter DNA recognition by the second ZF domain. Hereafter, the
newly discovered EVIT (MECOM) splice variant will be referred
to as "EVI1+18."

Functional impact of the novel EVI1+18

splice variant

We next sought to understand the biological effects of the aber-
rant +18 isoform and generated a pMYs-IRES-GFP retrovirus
vector to express WT EVIT (NM_001105078.4, EVI1-145 kDa) or
EVI1+18 cDNA. Several studies have demonstrated that ectopic
EVI1 expression in hematopoietic stem cells leads to increased
colony output and immortalization in methylcellulose media,®
which was confirmed by our experiments. Interestingly, however,
EVI1+18 further enhanced proliferation capacity compared with
WT EVIT in colony formation assay (Figure 4F). We performed
RNA-seq analysis of the fourth colonies and validated the dysre-
gulated genes by quantitative RT-PCR. This revealed prominent
upregulation of Hes1, Meis1, Bcl11a, and Cd34 in cells express-
ing the EVI1+18 isoform (supplemental Figure 6D). In addition,
we observed a competitive advantage of EVIT+18 expressing
HSPCs over WT EVI1-transduced HSPCs (supplemental Figure
6E-F). Consistent with these data, gene set enrichment analysis
demonstrated that genes upregulated in leukemic stem cells are
enriched in EVIT+18 transduced K562 cells compared with the
EVIT WT-expressing cells (supplemental Figure 6G). These
results indicate that SF3B1-mutants generate a previously
unknown EVI1 variant with enhanced self-renewal capacity.

To test if EVIT-r/SF3B1-mutated AML cells depend on the aber-
rant splicing machinery, we evaluated the 50% inhibitory con-
centration of EVIT-r cells with or without SF3B71 mutation to
indisulam, a selective degrader of the RNA splicing factor
RBM39.3* Of note, 3-day dose-response experiments revealed
that HNT-34 and MUTZ-3, both of which harbor SF3B1%/%°%/
EVITr, were sensitive to indisulam compared with SF3B1 WT/
EVI1-r cell lines, Kasumi-3 and K562 cells with 1(3;8),3> as well as
SF3BT WT/EVIT WT cell lines (K562) (supplemental Figure 7).
These data suggest that spliceosomal disruption may be thera-
peutically effective against EVIT1-rearranged AML with SF3B1
mutations.

Given the altered second ZF domain of EVI1+ 18, we next
sought to evaluate the genomic distribution and transcriptional
effects of this EVI1 isoform compared with the most common
annotated EVI1 isoform produced in inv(3) AML. To identify
genome-wide binding preferences of EVI1 vs EVI1 + 18, we per-
formed anti-EVI1 chromatin immunoprecipitation (ChlP)-seq
using HNT-34 (SF3B1C%/EVI1-r), MUTZ-3 (SF3B1X¢*¢N/EVI1-r),
and MOLM-1 (SF3B1T WT/EVI1-r) cells, as well as 1 primary
SF3B1%7%%/EVI1-r AML patient sample (Figure 4G). Leukemias
with concomitant SF3B71 mutation and EVI1-r, but not the SF3B1
WT/EVI1-r cell line, expressed the EVIT+18 isoform (Figure 4C).
Interestingly, we identified 5698 exclusive EVIT+18 peaks in
SF3B1 mutant/EVI1-r cell lines but not in MOLM-1 (SF3B1 WT/
EVIT-1) cells (supplemental Figure 8A). The majority of such
peaks (5206 of 5698 peaks, 91.4%) were also detected in pri-
mary SF3BT°%F/EVI1-r AML cells expressing EVI1+18, and
nearly all are located at promoters. Of note, transcription factor
enrichment analysis identified PU.1 (SPI1) motifs significantly
enriched in EVI1 + 18-specific peaks (supplemental Figure 8B).
Finally, we visualized these ChIP-seq results at several genes
important for leukemic transformation, such as MEIST (Figure
4H; supplemental Figure 8C). Given that expression of Meis1, a
crucial regulator of leukemogenesis,®® was remarkably increased
in the immortalized colonies with EVIT+18 (compared with
those with EVIT WT; supplemental Figure éD), we speculate that
the link between EVI1+18 and oncogenic transcriptional pro-
gram contributes to leukemia development. We also performed
ChlP-seq using exogenously EVI1- vs EVI1 + 18-expressing 293T
cells (supplemental Figure 9A). In such a model, the genomic
distributions of EVIT and EVI1 + 18 were not strikingly different
(supplemental Figure 9B-E) except for a limited number of
regions, indicating that the transcriptional regulation by the
endogenous promoter and cellular contexts may be important.

Molecular regulation of aberrant EVI1 splicing by
mutant SF3B1

SF3B1, as part of the U2 small nuclear ribonucleoprotein com-
plex, is responsible for recognition of the intronic branchpoint
sequence (BPS), which facilitates 3'ss selection.'®?® To identify
cis-acting elements, including BPS, polypyrimidine tract, and
exonic splicing enhancers (ESEs), required for EVIT aberrant
splicing by SF3B1 mutants, we generated a minigene construct
containing the mis-spliced intron (intron 12) and flanking exons
(exons 12 and 13).338 We then mutagenized a variety of
sequences within the minigene and transduced WT and mutant
minigenes into SF3BT WT and K666N knock-in K562 cells to
identify those cis elements within EVI1 essential for aberrant
splicing by mutant SF3B1 (Figure 5A). As expected, mutant
SF3B1, but not WT SF3B1, induced the EVI1+18 variant in both
the minigene-derived RNA and the endogenous RNA (Figure
5B). Disruption of the cryptic 3'ss eliminated the EVI1+18

Figure 3. Combined impact of mutations in SF3B1 and inv(3)/t(3;3) on gene expression and RNA splicing. (A) Similarity matrix and hierarchical clustering of
4 groups (Mx1-Cre control, Mx1-Cre inv(3), Mx1-Cre S TOEWT and Mx1-Cre inv(3) Sf3b1K/00F/WT) by differential gene expression. Three samples were independently
collected in each group. (B) Principal component (PC) analysis of gene expression from 12 samples (4 groups, biologically triplicated). (C) Overlap of differentially
expressed genes compared with Mx1-Cre control. (D) Significantly dysregulated pathways. P values are color-coded. (E) Significantly dysregulated pathways. Number of
genes and statistical significance (—log1oFDR) were shown. The impact of SF3BT mutation on gene expression was analyzed under the condition with or without EVI1
rearrangement. (F) Overlap of differentially spliced genes compared with AML without SF3B1 mutation or EVI1 rearrangement. (G) Aberrant splicing detected in AML
with EVIT rearrangement and SF3B71 mutations. x-axis and y-axis indicate the percent spliced in () of each splicing event in the presence/absence of genetic
alterations. Alternate splice sites, mutually exclusive exons, retained introns, or cassette exons are shown when P < .01. Red and blue dots represent individual splicing
events or coding genes that are promoted or repressed in each condition; green dots are shown when the difference in percent spliced is <10%. The number of

aberrantly spliced genes is indicated in blue or red.
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Figure 4. SF3B1 mutations promote expression of a novel EVI1 isoform that enhances EVI1’s self-renewal capacity. (A) Schematic of EVI1 protein with 6 amino
acid insertion (top) and representative RNA-seq coverage plot of SF3BT WT and mutated inv(3) AML (bottom). (B) Fraction of the novel transcript (EVI1+18) compared
with normal transcript in SF3B1 WT and SF3B71 mutated EVI1-rearranged AML. (C) RT-PCR illustrating the inclusion of intronic sequences in SF3B1 K700E-transduced
MEL270 cells (top, red) and endogenously SF3B1 K700E harboring leukemia cells (bottom, red). (D) Sanger sequencing of complementary DNA (cDNA) arising from the
top band in panel C. The nucleotide sequences and corresponding amino acids are indicated. (E) RT-PCR of human EVIT and mouse Gapdh using cDNA derived from
peripheral blood of 4 murine models. (F) Number of myeloid colonies on first to fourth plating of c-Kit" BM cells transduced with empty vector (control), EVIT (WT), or
EVIT+18 cDNA (left). Representative images (right) of the sixth colony. (G) Genomic distribution of anti-EVI1 ChIP-seq peaks. (H) Coverage tracks showing EVI1
ChlIP-seq occupancy at the indicated genomic loci. P values were calculated by 2-sided Student t test. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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isoform (this mutant minigene is noted as "MT1"). We then
searched for potential cryptic branchpoints used by mutant
SF3B1 by mutagenizing 2 adenines upstream of the cryptic 3'ss
(MT2 and MT3 minigenes) and concluded that the adenine
located at the —16 position upstream of the cryptic 3'ss was
indispensable for EVI1+18 generation. We mapped branch sites
by lariat-sequencing RNA derived from K562 cells with endoge-
nous knock-in of the SF3B7 K700E mutation (supplemental
Figure 10A). We sequenced 6 single colonies to detect branch-
points within this intron and found that the adenosine nucleoti-
des corresponding to the regions at MT1 (3/6), MT2 (1/6), and
MT3 (2/6) are used (supplemental Figure 10B). However, it is
hard to exclude the possibility that an adjacent adenosine is
never used as the branch site because the branchpoint is occa-
sionally deleted or mutated during PCR. Indeed, we found that
mutagenesis of the adenosine nucleotide immediately adjacent
to MT3 (MT3-1 in Figure 5A, A>C) erased the +18 isoform
(supplemental Figure 10C). We next investigated the role of the
polypyrimidine tract in generation of this mutant form of EVI1.
Although a polypyrimidine tract is not consistently observed
upstream of an aberrant cryptic 3'ss, the forced introduction of
a polypyrimidine tract upstream of the cryptic 3'ss or disruption
of the canonical 3'ss’s polypyrimidine tract enhanced expression
of the EVIT+18 by mutant SF3B1 (supplemental Figure 10D,
MT4-7). Considering that altering the branchpoint affected gen-
eration of the EVIT+18 isoform more profoundly than altering
the polypyrimidine tract, it is likely that SF3B1 mutants are less
dependent on polypyrimidine tract sequences in inducing the
aberrant 3'ss selection at this region of EVI1. This finding is
similar to that seen with mutant SF3B1's of BRD? (supplemental
Figure 10E).*’

Next, we sought to identify ESEs necessary for the production
of the aberrant EVIT transcript by mutant SF3B1. In our prior
analyses of BRDY mis-splicing by mutant SF3B1, we identified a
"TTTCT” sequence as a cryptic ESE within BRDY exclusively
used by mutant SF3B1.%” Of note, the EVI1+18 variant also con-
tained a “TTTCT” sequence close downstream of the 3'ss.
Mutagenizing either 2 or 3 bases around this same sequence
within EVIT remarkably inhibited the production of EVI1+18
(Figure 5B, MT8-13). These results highlight the dependency of
SF3B1 mutant-induced mis-splicing of EVI1 on cryptic BPS selec-
tion and a specific ESE. Moreover, we confirmed that AG to AA
mutation at the 3'ss completely ablated the normal 3'ss in
SF3B1-WT condition and promoted usage of the “AG” located
at —18 bp upstream as an aberrant 3'ss as observed in SF3B1
mutated patients (supplemental Figure 10F-G). Finally, because
there are annotated single nucleotide polymorphisms (SNPs)

(c.2651-23A>G and ¢.2651-44A>G) near the 3'ss of intron 12
that may affect EVI1 splicing, we evaluated the impact of these
SNPs using our EVIT minigene (MT14 and MT15 in Figure 5A,
respectively). This revealed that these SNPs modestly affected
the splicing in the minigene reporter assay, suggesting that the
SNPs in intron 12 may influence the generation of the EVI1+18
isoform (supplemental Figure 10G).

Discussion

Although mutations in SF3B1 are heavily enriched in MDS-RS?'
and there are accumulating data on the impact of SF3BT muta-
tions and their consequent mis-splicing in the aberrant erythro-
poiesis of MDS-RS,'#243740 specific roles for SF3B1 mutations
in AML are not well explored. Here, we identify a strikingly high
frequency of SF3B1 mutations in adverse myeloid malignancies
with inv(3)/t(3;3). Although the pathogenic consequences of how
chromosome 3 rearrangements alter the enhancer landscape of
GATA2 and MECOM expression have been exquisitely dis-
sected, here we make a novel observation that mutations in
SF3B1 induce aberrant splicing of EVI1 itself and give rise to a
novel oncogenic isoform of EVI1.

The splicing event within EVIT reported here is distinct from any
prior EVIT or MECOM isoforms described previously. Although
there have been extensive prior studies of global splicing altera-
tions as well as individual mis-splicing events induced by muta-
tions in SF3B1 in a variety of cell and cancer types,?>2¢3741-44
the current report is the first to report this novel unannotated
splicing alteration within MECOM/EVI1. Most prior studies have
focused on the impact of SF3BT mutations on aberrant intron
proximal 3'ss usage resulting in out-of-frame transcripts pre-
dicted to result in nonsense-mediated messenger RNA (mRNA)
decay.?>?*3” However, this study as well as several important
studies on the impact of SF3B1 mutant mis-splicing on aberrant
exon inclusion®” and intron removal®®#* highlights a diversity of
functionally important splicing changes induced by mutant
SF3B1.

Although this mis-splicing event in MECOM/EVIT is present in
SF3B1 mutant human cells lacking inv(3)/t(3;3) rearrangements,
we believe that detection of EVIT mis-splicing was facilitated in
our studies by the uniquely elevated EVIT mRNA expression cre-
ated by the structural alteration of chromosome 3 studied here
(Figure 5C). Although it is clear that expression of this EVIT+18
isoform from the endogenous inv(3) allele promoted leukemo-
genesis in vivo compared with expression of known EVIT iso-
forms from the inv(3) allele, the contribution of the EVI1+18

Figure 5. Cis elements within EVI1 required for generation of the EVI1+18 bp splice variant by mutant SF3B1. (A) EVI1 gene structure and protein domains
(top). Inset illustrates the transcripts when +18 nucleotides (red rectangle) are excluded (top) or included (bottom). Green A and red A indicate the branchpoint for
canonical and aberrant transcripts, respectively. Single underlining indicates sequence motifs that were subsequently mutated in the minigene assay (each individual
minigene construct is named “MT1” to “MT13"). aa, amino acid. (B) RT-PCR analysis of the +18 nucleotides inclusion in a minigene (top) or endogenous (bottom)
context following transfection of minigenes with the illustrated mutations into SF3B1-K666N knocked-in K562 cells and SF3B1-WT K562 cells. (C) Schematic of the model
proposed by which EVIT rearrangements and SF3BT mutations promote leukemia development. As previously demonstrated, structural rearrangements at chromosome
3q reposition the GATAZ distal enhancer to upregulate EVIT expression while simultaneously downregulating GATA2. As shown in this study, approximately one-third
of patients with EVIT rearrangements harbor concomitant change-of-function mutations in SF3B1, which promote use of an aberrant intron-proximal branch site within
intron 12 of EVI1. This splicing alteration generates a stable unannotated transcript of EVI1 ("EVI1+18"), which is translated to express an EVI1 protein with insertion of
6 amino acids at the C-terminal end of the second ZF domain of EVI1. The EVI1+18 isoform is expressed whenever any recurrent cancer hotspot mutations in SF3B1 is
present in cells with human EVI1 expression. Although EVI1+18 is not sufficient for leukemia transformation on its own, EVI1+18 enhances leukemogenicity in the
setting of the EVI1 rearrangement and alters the chromatin localization of EVI1 to loci well known to be involved in leukemia development (such as MEIST and the
HOXB locus).
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isoform in cells without EVIT rearrangement remains to be clari-
fied. Although expression of the EVI1+18 isoform was seen in
every inv(3)/4(3;3) rearranged patient with an SF3B1 mutation,
we witnessed varying levels in the magnitude of expression of
this unique EVIT isoform.

Currently, it is unclear if the variation in the degree of EVI1+18
expression occurred due to differences in allelic frequency of
SF3B1 mutations, the exact SF3B1 mutant residue, potential
germline SNPs within EVIT intron 12, and/or technical variability
owing to leukemia cell purity. Use of emerging long-read RNA-
seq technologies may be helpful in illuminating the exact full-
length EVI1 isoforms created in the setting of inv(3)/4(3;3) AML
and may even be applied to EVIT isoform expression at the
single-cell level.* It is also possible that structural rearrange-
ments involving the GATAZ distal enhancer with distinct break-
points could result in varying levels of EVIT upregulation. This
point will be important to study in future efforts focusing on
cohorts of patients with EVIT rearrangements paired with bulk
and single-cell genomic data. Moreover, it will be important for
future clinical studies involving larger numbers of patients with
EVI1 rearrangements to dissect the clinical impact of coexisting
SF3B1 mutations and presence of distinct EVIT isoforms. Finally,
given that SF3BT1 mutations are often seen in the setting of
clonal hematopoiesis,***” it will be interesting to determine the
order of acquisition of SF3B1 mutations and chromosome 3
structural rearrangements in future studies.

Combined expression of the SF3B1 mutation with the
human inv(3) allele in mice enhanced myeloid lineage skew-
ing, HSPC expansion, and leukemia development, support-
ing the notion that mutant SF3B1 gives rise to an additional
cancer program within inv(3)-inducing leukemia. Evaluation
of shared mis-splicing events across human inv(3)/t(3;3)
SF3B1-mutant AML and our murine models consistently
identified this shared EVIT mis-splicing event. Importantly,
mis-splicing of EVIT was only seen in mice when the human
EVI1 sequence was present in mutant SF3B1 mouse cells (as
we believe differences in nucleotide sequence between
mouse and human intron 12 precluded mis-splicing of
mouse Evil). Although our data do not eliminate the possi-
bility that additional mutant SF3B1 mis-splicing events can
contribute to inv(3)/t(3;3) leukemogenesis, ectopic expres-
sion of this EVIT+18 isoform enhanced self-renewal of
HSPCs.

Mechanistically, the novel EVI1+18 appears to alter chromatin
and/or DNA binding relative to WT EVIT (Figure 5C). Structural
predictions suggest the possibility that the additional 6 amino
acids generated by the EVIT1+18 splicing event may alter the
function of the second ZF domain of EVI1.3? Interestingly, most
monoallelic mutations within MECOM in patients with the
MECOM-associated syndrome patients occur in the second ZF
domain and many occur at this same splice site.*® These obser-
vations suggest that mutations or mis-spliced forms of this ZF
domain occur in multiple EVI1-associated diseases.

It is hoped future biochemical and structural studies of this EVI1
isoform will clarify the biophysical impact of the EVIT+18 on
EVIT function in more detail. For example, it is possible that this
mis-splicing event or mutations in this domain of EVI1 may

886 & blood” 25 AUGUST 2022 | VOLUME 140, NUMBER 8

disrupt the secondary structure of the second Zn finger domain
and/or interfere with zinc coordination. Overall, given the dismal
outcome in patients with inv(3)/t(3;3) MDS and AML, the models
developed here will be an important resource for future thera-
peutic and mechanistic studies, and this subtype of myeloid
malignancy is in need of better outcomes.

Although our data suggested that spliceosomal inhibitors exert
therapeutic effects on EVIT-r AML with SF3B71 mutations, there
is debate on whether leukemia-associated mutations in RNA
splicing factors drive disease development and/or maintenance
owing to mis-splicing of key mRNAs and/or via impacts on cellu-
lar processes distinct from RNA splicing.®47 It will therefore be
very exciting to use the SF3B1 mutant models here to study the
impact of correcting the individual mis-splicing event in EVIT as
well as more global alterations in RNA splicing created by
mutant SF3B1 using these models.
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