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m Chronic myelomonocytic leukemia (CMML) constitutes a hematopoietic stem cell (HSC)
disorder characterized by prominent monocytosis and myelodysplasia. Although genome
*NUP98-HBO1 induces
clinically relevant di-
versity of CMML phe-
notypes, such as
increased classical
monocytes, myelodys-
plasia, and cachexia.

sequencing has revealed the CMML mutation profile, the mechanism of disease development
remains unclear. Here we show that aberrant histone acetylation by nucleoporin-98
(NUP98)-HBO1, a newly identified fusion in a patient with CMML, is sufficient to generate
clinically relevant CMML pathogenesis. Overexpression of NUP98-HBO1 in murine HSC/
progenitors (HSC/Ps) induced diverse CMML phenotypes, such as severe leukocytosis,
increased CD115" Ly6C"&" monocytes (an equivalent subpopulation to human classical

» CD14" CD16~ monocytes), macrocytic anemia, thrombocytopenia, megakaryocyte-lineage
* CMML-specific tran-

scriptional signature is
induced through aber-
rant histone acetylation.

dysplasia, splenomegaly, and cachexia. A NUP98-HBO1-mediated transcriptional signature
in human CD34" cells was specifically activated in HSC/Ps from a CMML patient cohort.
Besides critical determinants of monocytic cell fate choice in HSC/Ps, an oncogenic HOXA9
signature was significantly activated by NUP98-HBO1 fusion through aberrant histone
acetylation. Increased HOXA9 gene expression level with disease progression was
confirmed in our CMML cohort. Genetic disruption of NUP98-HBO1 histone acetyltransfer-
ase activity abrogated its leukemogenic potential and disease development in human cells
and a mouse model. Furthermore, treatment of azacytidine was effective in our CMML mice.
The recapitulation of CMML clinical phenotypes and gene expression profile by the HBO1
fusion suggests our new model as a useful platform for elucidating the central downstream
mediators underlying diverse CMML-related mutations and testing multiple compounds,
providing novel therapeutic potential.
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Introduction

Aging of the global population increases the incidence of myeloid malignancies, which generally occur in
elderly individuals, such as myelodysplastic syndromes (MDS) and myeloproliferative neoplasms.
Among these, chronic myelomonocytic leukemia (CMML) constitutes a discrete clonal hematopoi-
etic malignancy that shares clinical features with MDS and myeloproliferative neoplasms'™ but is
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characterized by an absolute increase in peripheral blood (PB)
monocytes and myelodysplasia."* Systemic symptoms, such as
weight loss and cachexia, are also prominent compared with other
myeloid disorders.> However, despite the distinct clinical features
of CMML, the molecular pathogenesis of disease development
has remained elusive.

To understand the molecular basis of CMML, recent work in the
field has focused on genome sequencing and revealed the mutation
status of patients with CMML.° Although many recurrent gene
mutations have been identified in almost all patients with CMML,®
the mutational profile is similar to that of related disorders, such
as MDS. Mouse modeling of each mutation frequently found
in patients did not display bona fide CMML phenotypes.®” Thus,
the precise mechanisms of how these mutations give rise to the
characteristic CMML phenotypes are largely unknown. Moreover,
under the current circumstance in which limited preclinical models
are available for dissecting CMML pathobiology and testing new
treatment options,®® no curative options are available for the
majority of the patients with CMML.*

Aberrant acetylation of histones has been reported in various
cancers, and its contribution to tumorigenesis has been demon-
strated. Histone acetyltransferases (HATs), which target lysine
residues on nucleosomal histones, function as transcriptional
activators and regulators. Among HATs, the Moz, Ybf2/Sas3,
Sas?2, and Tip60 (MYST) family is composed of evolutionarily
conserved enzymes that are assembled into multi-subunit protein
complexes.'® HBO1 (also known as MYST2 and KAT?7) is a HAT
belonging to a MYST family that includes TIP60, MOZ/MOREF, and
MOF in humans. MYST HATSs play critical roles in gene-specific
transcriptional regulation, DNA damage response and repair,
as well as DNA replication.'®'® Moreover, MYST family members,
except for HBO1, have been shown to exhibit oncogenic
potential,’® and their critical roles in leukemia development are
well documented."* "7 Aberrant expression of HBO1 has also
been reported in some cancers.'® However, less is known
regarding the role of HBO1 HAT activity in leukemogenesis.

Recently, we identified a new nucleoporin-98 (NUP98)-HBO1
fusion containing an intact MYST domain in a patient with CMML.
HBO1 is the first NUP98 fusion partner encoding HAT. Many NUP98
fusion proteins are suspected to act as aberrant transcription factors.
Given the critical role of the HBO1 MYST domain in regulating
histone acetylation status, we hypothesized that the NUP98-HBO1
fusion could induce aberrant histone acetylation and sequential
dysregulation of target genes, leading to CMML development.
Thus, using a mouse model system and human cells, we evaluated
the pathobiologic impact of the NUP98-HBO1 fusion on disease
development in the present study.

Materials and methods
Patients

We examined a patient with CMML, whose diagnosis was based on
morphologic, immunophenotypic, and genetic studies according to
the 2017 version of World Health Organization classification.
Mononuclear cells of patients were isolated from bone marrow
(BM) or PB samples. For the validation of HOXA9 messenger
RNA (mRNA) expression, we examined CD34" BM cells obtained
from healthy donors (HDs; n = 4) or from patients with MDS with
single lineage dysplasia/multilineage dysplasia (n = 3), MDS with
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excess blast (EB; n = 6), CMML1 (n = 5), and CMML2 (n = 3).
The study was approved by the institutional review board at
Juntendo University School of Medicine and Bunkyo Gakuin
University. Patients provided written informed consent for the
study, according to the Declaration of Helsinki. Chromosomal
analysis and double-color split fluorescence in situ hybridization
(FISH) assay using NUP98 (mapped 11q15) and D711Z1 (chromo-
some 11 centromere) probes were performed in accordance with
standard techniques (SRL Inc).

Mice

C57BL/6 mice (7-week-old, female) were purchased from Tokyo
Laboratory Animals Science (Tokyo, Japan). All animal studies
were conducted according to an approved institutional animal

care protocol and guidelines of the Tokyo University of Pharmacy
and Life Sciences.

Mouse BMT

Plat-E packaging cells were transfected with the retroviral constructs,
and mouse bone marrow transplantation (BMT) was performed as
described previously.'® C57BL/6 donor mice were euthanized
under anesthesia with cervical dislocation 3 days after intraperito-
neal administration of 150 mg/kg 5-fluorouracil. BM mononuclear
cells were isolated from the femurs and tibias of the donor mice
immediately after euthanasia. After stimulation with 50 ng/mL mouse
stem cell factor, mouse FMS-like tyrosine kinase 3 (FLT3) ligand
(FLT3-L), mouse interleukin 6 (IL-6), and mouse thrombopoietin, the
cells were transduced with the retrovirus for 60 hours using
RetroNectin-coated dishes. Then, 3 to 5 X 10° of the nonsorted
cells were injected into sublethally irradiated wild-type recipient mice.

Flow cytometry

Flow cytometric analysis was performed using a fluorescence-
activated cell sorter (FACS) Canto (Becton Dickinson [BD]).
Murine PB and BM cells were immunostained using the following
anti-mouse antibodies: Gr-1 (RB6-8C5), CD115 (AFS98), c-Kit
(2B8), and Ly6C (HK1.4) (Biolegend). Phosphate-buffered saline
containing 2% fetal bovine serum (FBS) and 2 mM EDTA was
used as a FACS buffer. Data were analyzed using FlowJo software
(Tree Star). Human cells were immunostained using the following
antibodies: CD34 (YB5.B8), CD117 (104D2), CD13 (WM15),
CD33 (WM53), CD11b (ICRF44), CD14 (M5E2), CD56 (B159)
(BD), and CD16 (B73.1) (Biolegend). For cell-cycle analysis, the
cells were stained using an allophycocyanin BrdU Flow Kit (BD).

Microarray

FACS-sorted CB CD34" cells transduced with NUP98-HBO1
fusion or empty vector were subjected to RNA extraction and
hybridization on the CodeLink Human Whole Genome Bioarray.
Total RNA was extracted from the CB CD34 ™ cells using TRIzol
(Invitrogen). The data have been deposited in Gene Expression
Omnibus (GSE112909).

Gene set enrichment analysis (GSEA)

To generate the NUP98-HBO1-induced gene set, 434 genes
demonstrating over twofold upregulation in the NUP98-HBO1-
transduced human CB CD34" cells compared with the con-
trol cells were used. The NUP98-HBO1-induced gene set was
then tested for enrichment in human cohorts of CMML and MDS
using GSEA (v3.0).2° The following parameters were used: 1000
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gene_set permutations, Signal2Noise ranking metric, and descend-
ing order real mode for gene sorting.

Genes identified by Olsson et al?®F915:29) ere used to generate

the gene sets of determinants for monocytic or granulocytic cell
fate in hematopoietic stem cell/progenitors (HSC/Ps). GSEA
analysis was run on Log2 expression data of human CB CD34™
cells transduced with NUP98-HBO1 or empty control vector. The
following parameters were used; 1000 gene_set permutations,
Diff_of_Classes ranking metric, and descending order real mode
for gene sorting.

Retrovirus transduction into human CD34* primary
cells and cell culture

The Plat-GP packaging cell line was transfected with pMXs and
pPCMV.VSV-G plasmids as described previously.?' Human CD34*
cells were purified from cord blood (CB) cells with the CD34
MicroBead Kit using an autoMACS system (Miltenyi Biotec). At
3 days after transduction, GFP* cells were sorted by FACS Aria
(BD). Cells were cultured continuously in Iscove modified Dulbecco
medium (IMDM) containing 20% FBS; 100 ng/mL each of human
FLT3 (hFLT3) ligand (hFLT3-L), human stem cell factor (hSCF),
and human thrombopoietin; and 2 mM L-glutamine. For long-term
growth, IMDM was supplemented with the following: 20% FBS;
100 ng/mL each of hFLT3-L, hSCF, and human thrombopoietin;
20 ng/mL each of human interleukin-6 (hIL-6) and hIL-3 (Pepro-
tech); and 2 mM L-glutamine. Cells were counted weekly using
Trypan blue dye exclusion and analyzed by flow cytometry and
morphology analyses.

CFU replating assays

Sorted cells (1 X 10%) were resuspended in MethoCult H4034
medium (StemCell Technologies) containing hSCF, human
granulocyte-colony stimulating factor, human granulocyte/
macrophage-colony stimulating factor, hIL-3, and human erythro-
poietin. After 14 days in culture, colonies were counted. Cells
were then suspended in methylcellulose medium, and 10* cells
were plated again for the colony-forming unit (CFU) replating
assay. Remaining cells were used for cell number counting and
cytospin centrifugation for morphological and flow cytometry
analyses.

Treatment with 5-Aza

FACS-sorted NUP98-HBO1 cells from the diseased mice were
used for in vitro and in vivo treatment. In in vitro cell proliferation
assay, 1 X 10% cells were cultured in IMDM containing 20% fetal
calf serum, 50 ng/mL mouse stem cell factor, 10 ng/mL mouse IL-6,
and IL-3. Freshly prepared 5-Azacytidine (5-Aza; Sigma) was added
every other day. For in vivo treatment, cells from the NUP98-HBO1
clone obtained from the diseased mice were injected into sublethally
irradiated wild-type recipient mice. From day 14, phosphate-buffered
saline or 2.5 to 5.0 mg/kg 5-Aza were injected intraperitoneally once
every other day for a total of 5 injections. For second-round treatment,
5-Aza was injected intraperitoneally once every other day for a total
of 5 injections from day 50.

Statistical analysis

For comparison of 2 independent samples, normally distributed
variables were compared using the Student t test and nonnormally
distributed variables by the Mann-Whitney U test. For multiple
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pairwise comparisons, the data were analyzed by 1-way analysis
of variance followed by Dunnett's multiple comparison test, or
differences between individual groups were estimated using the
Steel-Dwass test. The data in Figure 5D were assessed with the
Shirley-Williams test. Survival curves were estimated by Kaplan-
Meier analysis and compared using the log-rank test. P < .05 was
considered statistically significant.

Results

Identification of a novel NUP98-HBO1 fusion in a
patient with CMML

A 69-year-old woman with a history of gastric cancer infiltration of
the pancreas was referred to our hematology department for
leukocytosis (36.19 X 10%/L). She had received postoperative
chemotherapy, including fluorouracil, cisplatin, docetaxel, and
gemcitabine, for 3 years. In PB, myeloblasts were detected
(14%), and monocytes were increased to 37%. Neither eosinophilia
nor basophilia was observed. Macrocytic anemia and thrombocy-
topenia were also observed (supplemental Table 1). BM aspirate
showed hypercellular marrow with 15% myeloperoxidase-negative
myeloblasts without Auer rods. Multilineage dysplasia was observed
(Figure 1A). A cytogenetic study of the BM cells revealed a clonal
chromosomal abnormality, 46,XX, t(11;17)(p11.5;921) in 20 of
20 metaphases (Figure 1B). Double-color split FISH assay
using NUP98 (mapped to 11q15) and D11Z1 (chromosome 11
centromere) probes indicated the presence of NUP98 re-
arrangements (Figure 1C). No material was available for further
mutational analysis. The patient had a diagnosis of CMML but was
not able to be treated with intensive chemotherapy because of
multiple metastasis of gastric cancer to, for example, the liver and
lung. Despite cytoreduced chemotherapy, she died of uncontrol-
lable leukocytosis in 3 months.

As no other cytogenetic abnormality was identified in this
patient, we hypothesized that the NUP98 rearrangement on
t(11;17)(p11.5;,921) could be responsible for the CMML development.
Thus, we attempted to identify the fusion partner gene of NUP98.
Using panhandle polymerase chain reaction (PCR) methods, we
identified an in-frame fusion of exon 8 of NUP98 and exon 2 of
HBOT1, resulting in an NUP98-HBO1 fusion gene (Figure 1D).
In the fusion protein, a relatively short N-terminus of NUP98,
including Gly-Leu-Phe-Gly repeats, was fused to an almost
full-length HBO1 protein containing an intact MYST domain.
Expression of this fusion gene in the patient cells was confirmed
by reverse transcription PCR (RT-PCR; supplemental Figure 1).
We cloned the coding region of the full-length NUP98-HBO1
complementary DNA produced by the patient’s cells and generated
expression vectors (Figure 1E-F). Consistent with the localization
pattern of other NUP98 fusion proteins in previous reports,?> the
NUP98-HBO1 fusion protein exhibited a punctate pattern in the
nucleus (Figure 1G), which is distinct from the localization pattern of
the HBO1 protein and other nuclear components, such as PML
bodies (supplemental Figure 2).

Patient-derived novel NUP98-HBO1 fusion generates
a variety of CMML phenotypes in mice

To determine whether NUP98-HBO1 could cause CMML pathogen-
esis, we retrovirally introduced the NUP98-HBO1 complementary
DNA into murine BM cells obtained from wild-type C57BL/6 mice
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Figure 1. Identification of a novel HBO1-fusion in a patient with CMIML. (A) BM smear from the patient with CMML. Scale bar, 20 pm (original magnification X1000;
Wright-Giemsa stain). (B) G-banding karyotyping analysis of BM cells from the patient with CMML. Red triangles indicate the location of chromosomal translocation. (C) FISH
analysis of BM cells from the patient with CMML. (D) Schematic of the CMML patient-derived NUP98-HBO1 fusion. (E) Schematic of the retrovirus vectors. (F) Expression of
the NUP98-HBO1 fusion product in 293T cells. (G) Localization of the NUP98-HBO1 fusion protein. HelLa cells were transfected with the indicated vectors 24 hours before

immunofluorescence staining. Scale bar, 20 pm (original magnification X 1000; immunofluorescence stain).
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and performed an in vivo BMT assay. The NUP98-HBO1-transduced
cells were transplanted into sublethally irradiated wild-type recipient
mice. Empty vector-transduced cells served as controls. After
transplantation, the NUP98-HBO1 BMT mice developed severe
leukocytosis, macrocytic anemia, and thrombocytopenia within
1 month (Figure 2A). Both monocytes and neutrophils were
dominantly increased in PB from the NUP98-HBO1 BMT
mice (Figure 2B). Consistent with observations in the majority
of CMML cases, abnormally lobated nuclei were prominent in
PB neutrophils from the NUP98-HBO1 BMT mice (Figure 2B).
The NUP98-HBO1 BMT mice showed progressive weight
loss and splenomegaly, which also comprise common clinical
features of CMML (Figure 2C-D; supplemental Figure 3). Normal
follicular structure of spleen was disrupted in the NUP98-HBO1
BMT mice (Figure 2E). We next assessed the cellularity and
morphology of the BM from the moribund NUP98-HBO1 BMT
mice. Total BM cell number was significantly increased in the
NUP98-HBO1 BMT mice compared with the control mice
(Figure 2F-G). Consistent with the phenotypes of nearly 80% of
patients with CMML, micro-megakaryocytes and megakaryo-
cytes with abnormally lobated nuclei were found in BM from
the NUP98-HBO1 BMT mice (Figure 2H). All the NUP98-
HBO1 BMT mice died within 2 to 6 months after BMT without
transforming into acute leukemia. These data suggest the
sufficient role of NUP98-HBO1 to generate clinically relevant
CMML phenotypes.

NUP98-HBO1 BMT mice faithfully recapitulate the
characteristic monocytosis of CMML

To further dissect the NUP98-HBO1-induced hematological
phenotypes, we analyzed PB and BM cells using flow cytometry.
Consistent with the morphological assessment, both monocytes
and neutrophils were significantly increased in PB from the NUP98-
HBO1 BMT mice compared with control mice (Figure 3A-B).
Accumulating clinical evidence has indicated a variety of charac-
teristic phenotypes of CMML. Recently it has been reported that an
increase in classical CD14* CD16~ monocytes serves as a useful
diagnostic signature of CMML, exhibiting both high sensitivity and
specificity.>® Notably, we found significantly increased CD115™"
Ly€SChigh monocytes, an equivalent subpopulation to human
classical CD14* CD16~ monocytes, in the NUP98-HBO1
BMT mice (Figure 3A,C). Monocytes were also significantly
increased in BM from the moribund NUP98-HBO1 BMT mice
compared with control mice, while the frequency of granulo-
cytes did not change (Figure 3D-E). Although immature c-Kit™
cells, including monocytic lineage cells, were increased in BM
from the moribund NUP98-HBO1 BMT mice, their frequency in
the BM was <20% (Figure 3F-G). Taken together, these results
indicate that NUP98-HBO1 induces a clinically relevant mono-
cytic feature of CMML.

NUP98-HBO1 induces a CMML-specific gene
signature through histone acetylation

To clarify the effect of the NUP98-HBO1 fusion oncoprotein on
downstream gene regulation, we next performed gene expression
array analysis of NUP98-HBO1—transduced human CB CD34"
cells (Figure 4A). The expression pattern of cell surface makers
of NUP98-HBO1-transduced CB CD34" cells are shown in
supplemental Figure 4. Expansion of CD14" CD16~ population
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and decrease in CD14" CD16" population were observed
(supplemental Figure 5). We next generated an NUP98-HBO1-
induced gene set using the 434 genes exhibiting twofold
upregulation in the NUP98-HBOT-transduced human CB
CD34" cells compared with control cells (Figure 4A). We then
tested these genes for enrichment in a human CMML cohort
(E-MTAB-1044) using GSEA. This cohort contains patients with
CMML (n = 15) and HDs (n = 4). GSEA revealed that expression
of the NUP98-HBO1-induced genes is significantly upregulated
in the CMML cohort (Figure 4B; supplemental Figure 6). Given
that CMML shares some common phenotypes, such as BM
dysplasia, with MDS, we also tested these genes in human
MDS cohorts (GSE43399 and GSE19429)?*2° (Figure 4C).
One cohort contains BM CD34" cells from patients with
MDS (n = 26) and HD (n = 4) (GSE43399). The other cohort
contains BM CD34™" cells from patients with MDS (n = 183)
and HD (n = 17) (GSE19429). However, these genes were
not significantly upregulated in the MDS cohorts (Figure 4C),
suggesting that the NUP98-HBO1 fusion oncoprotein could
induce a CMML-associated gene signature.

As the mice transplanted with NUP98-HBO1-transduced BM
HSC/Ps developed prominent monocytosis, we hypothesized
that NUP98-HBO1 could activate genes that are responsible for
monocytic lineage cell fate choice in HSC/Ps. Recently, a single-
cell-RNA-Sequencing—based study has identified critical genes
for monocytic or granulocytic lineage commitment in murine HSC/
Ps.2® Thus, we tested these monocytic or granulocytic genes
for enrichment in the NUP98-HBO1-transduced CB CD34 " cells.
GSEA revealed that genes that are critical for monocytic cell
fate choice, such as IRF8, KLF4, and CCR2, are significantly
enriched in NUP98-HBO1-transduced CB CD34" cells com-
pared with control cells (Figure 4D-E). In contrast, genes that are
responsible for granulocytic cell fate choice were significantly
downregulated in NUP98-HBO1-transduced CB CD34" cells
compared with control cells (Figure 4D-F). These results support
the phenotype of strong monocytic bias in the NUP98-HBO1
BMT mice.

Dysregulation of histone acetylation
induces an oncogenic HOXAS9 signature in
NUP98-HBO1-transduced human CD34™" cells

To dissect the NUP98-HBO1-induced oncogenic gene signa-
ture, we further tested gene sets of oncogenic signatures that are
dysregulated in cancer (MSigDB)?° for enrichment in the NUP98-
HBO1-transduced CB CD34" cells (Figure 5A). Among the
several gene sets that were significantly upregulated in NUP98-
HBO1-transduced cells, the HOXA9-induced gene signature®’
comprised the most significantly enriched gene set (Figure 5A-B).
As histone acetylation constitutes a critical mechanism of MYST
family member—mediated tumorigenesis, we hypothesized that the
NUP98-HBO1-derived oncogenic signatures are regulated by
histone acetylation. Whereas MOZ and MORF HATSs are consid-
ered to be responsible for histone 3 (H3) acetylation, HBO1 HAT
has been reported to primarily acetylate histone 4 (H4),28%0
although it can also acetylate H3 at K14 (H3K14).3'32 To test
our hypothesis, we focused on HOXA9 and performed chromatin
immunoprecipitation (ChIP) followed by quantitative PCR (qPCR)
assays using the NUP98-HBO17-transduced CB CD34" cells.
ChIP-gPCR revealed a significant increase in the acetylation levels
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Figure 2. Clinically relevant CMML phenotypes in the patient-derived NUP98-HBO1 BMT mice. (A) White blood cell (WBC) counts, hemoglobin (Hb), mean
corpuscular volume (MCV), and platelet (Plts) counts in PB from the control mice transplanted with empty vector transduced cell (Control) and NUP98-HBO1 BMT mice
(NUP98-HBOT1) at 8 to 10 weeks after transplantation (n = 5 per group). Data are presented as mean * standard deviation (SD). (B) Diff-Quick (Modified Giemsa)
staining of PB smear from the NUP98-HBO1 BMT mice. Scale bar, 20 um. (C-D) Representative images (C; scale bar, 10 mm) and weight (D) of the spleen from the
control and NUP98-HBO1 BMT mice. Data are presented as mean + SD. (E) Spleen sections from the control and NUP98-HBO1 BMT mice. Scale bar, 200 um
(original magnification X 40; hematoxylin and eosin stain). (F) BM cellularity in the indicated mice. (G) BM sections from the control and NUP98-HBO1 BMT mice. Scale

bar, 40 wm (original magnification X 200; hematoxylin and eosin stain). (H) BM cells from the control and NUP98-HBO1 BMT mice. Scale bar, 20 pm (original

magnification X 1000; Diff-Quick stain). **P < .01, ***P < .001, ****P < .0001.

of H4K8, H4K12, and H3K14 at the promoter of HOXA9 in the
NUP98-HBO1-transduced CB CD34™ cells (Figure 5C). We
note that the expression level of HOXA9 mRNA was signifi-
cantly upregulated in BM CD34 ™ cells from patients with CMML2,
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as well as MDS-EB, compared with that in patients with low-
risk MDS and HDs (Figure 5D). Although there is no statistical
significance, the mean expression level of HOXA9 mRNA in the
CMML1 samples was 2.22-fold higher than that in the HD samples
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Figure 3. Increased classical monocytes in NUP98-HBO1 BMT mice. (A) Flow cytometric analysis of CD1156/Ly6C expression in PB WBCs from the control and
NUP98-HBO1 BMT mice at 8 to 10 weeks after transplantation. (B) Percentage of monocytes (CD115™) and neutrophils (CD115~ Ly6C®™) in PB WBCs from the control
and NUP98-HBO1 BMT mice. (C) Percentage of inflammatory monocytes (CD115" Ly6C"'") in PB monocytes from the control and NUP98-HBO1 BMT mice. (D) Flow
cytometric analysis of Gr1/CD115 expression in BM cells from the control at 8 to 10 weeks after BMT and moribund NUP98-HBO1 BMT mice. (E) Percentage of granulocytes
(CD115~ Gr1"9") and monocytes (CD1157) in BM from the control and NUP98-HBO1 BMT mice. (F) Flow cytometric analysis of c-Kit/CD115 expression in BM cells from
the control and NUP98-HBO1 BMT mice. (G) Percentage of c-Kit* immature cells in BM from the control and NUP98-HBO1 BMT mice. Throughout, n = 5 per group; data
are presented as mean = SD. **P < .01, **P < .001, ****P < .0001. NS, not significant.

(Figure 5D). This indicates that the activation of a HOXA9 these results suggest that NUP98/HBO1 activates oncogenic
signature may constitute a common event in patients with CMML and signatures through acetylation of H4 and H3, resulting in CMML
also play a critical role for disease progression. Taken together, development.
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Figure 4. CMML-specific gene signature in NUP98-HBO1-transduced human CD34" cells. (A) Schematic diagram of the experimental strategy for gene

expression array analysis. (B) GSEA plot showing the ranked NUP98-HBO1-induced genes in CB CD34™ cells. NUP98-HBO1-induced genes were tested in the data set of
PB CD34" cells from patients with CMML (n = 15) and HDs (n = 4) (E-MTAB-1044). (C) GSEA plot showing the ranked NUP98-HBO1-induced genes in CB CD34" cells.
NUP98-HBO1-induced genes were tested in the data set of BM CD34 " cells from patients with MDS (n = 26) and HD (n = 4) (GSE43399) or MDS (n = 183) and HD

(n = 17) (GSE19429). (D) Scatter plot of NUP98-HBO1-induced genes in CB CD34™" cells. (E-F) Ranked monocytic gene signature (E) and granulocytic gene signature

(F) were tested in the data set of NUP98-HBO1—induced genes in CB CD34 " cells.

Histone acetyl transferase activity is critical for
NUP98-HBO1-mediated clonal advantage and
cell proliferation

To clarify the essential role of histone acetylation in NUP98-
HBO1-mediated CMML pathogenesis, we generated a deletion
mutant of the MYST domain (NUP98-HBO1*MYST) (Figure 6A;
supplemental Figure 7). In serial replating CFU assays, empty
vector— or wild-type HBO1-transduced CB CD34" cells stopped
growing after the second round of replating (Figure 6B). In contrast,
the NUP98-HBO1-transduced CB CD34 " cells could be replated
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up to 6 times (Figure 6B), indicating the increased self-renewal
potential in NUP98-HBO1-transduced cells. Notably, deletion of
the MYST domain completely attenuated the replating potential in
NUP98-HBO1—transduced cells (Figure 6B). Using long-term
liquid culture assay, we also assessed the impact of MYST domain
deletion on the proliferation ability of the NUP98-HBOT-
transduced cells. The NUP98-HBO1-transduced CB CD34™"
cells continued growing over 10'%fold for 150 days (Figure 6C;
supplemental Figure 8). However, the NUP98-HBO714MYST-
transduced cells lost their proliferation advantage (Figure 6C).
Taken together, these results suggest that the MYST domain is
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Figure 5. Upregulation of oncogenic HOXA9 signature by NUP98-HBO1-mediated aberrant histone acetylation. (A-B) GSEA of MSigDB C6-oncogenic signatures.

The top-ranked signatures (A) and representative plot of ranked HOXA9-induced gene signature (B) are shown. (C) Acetylation levels of H3K14, H4K8, and H4K12 of the

HOXA9 gene promoter. ChIP-qPCR was performed using CB CD34 " cells. In the schematic of HOXA9 promoter region, arrowheads (a and b) indicate the location of the

primers. (D) HOXA9 mRNA expression in CD34™ BM cells obtained from the indicated patients and HDs. MDS with single lineage dysplasia/multilineage dysplasia, n = 3;
MDS with EB, n = 6; CMML1, n = 5; CMML2, n = 3; HD, n = 4. Data are presented as mean * SD. **P < .01. TSS, transcription start site.

critical for NUP98-HBO1-mediated clonal advantage and cell
expansion.

Elimination of the HAT activity of NUP98-HBO1 blocks
CMML development in vivo

To evaluate the significance of HAT activity in NUP98-HBO1-
mediated disease development in vivo, we performed a BMT
assay using NUP98-HBO 1*MYST_transduced cells. The NUP98-
HBO1-BMT mice developed a lethal CMML phenotype, whereas
mice that received transplants of empty or wild-type HBOT
vectors remained healthy over 12 months (Figure 6D). Notably,
deletion of the MYST domain completely attenuated CMML
development (Figure 6D). As hypermethylation of DNA is one of
the characteristic features of CMML, we also assessed the
NUP98-HBO1-mediated DNA methylation status. However, we
found no prominent alteration of DNA methylation status in
NUP98-HBO1-transduced murine BM cells (supplemental
Figure 9). Taken together, these results suggest that dysregulated
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histone acetylation is critical for generating NUP98-HBO1-
mediated CMML pathogenesis.

Given that the gene signatures of HOXA9 and monocytic cell fate
choice were activated in NUP98-HBO1-transduced human CB
CD34" cells, we confirmed the expression of Hoxa9 and Irf8, a
critical cell fate determinant toward the monocytic lineage, in our
CMML model. The expression level of Hoxa9 and Irf8 transcripts in
the NUP98-HBO1-transduced murine BM cells was significantly
upregulated compared with that in control cells (Figure 6E). In
contrast, significant reduction in the expression level of Hoxa9
and /rf8 transcripts was observed in the NUP98-HBO14MYST_
transduced cells compared with that in the NUP98-HBOT-
transduced cells (Figure 6E). MYST domain abrogation significantly
attenuated the acetylation levels of H4 and H3 at the promoters
of Hoxa9 and Irf8 (Figure 6F-G). These results suggest that
dysregulated HAT activity is critical for activating oncogenic
signatures and monocytic genes in NUP98-HBO1 HSC/Ps,
leading to CMML development.
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NUP98-HBO1 clones are sensitive to the clinically
used therapeutic option for patients with CMML

Hypomethylating agents (HMAs) such as 5-Aza and 5-aza-2-
deoxycytidine have been used for the treatment of patients with
MDS and CMML.*343% |n fact, DNA hypomethylation is induced
by these HMAs. However, the mechanisms of how these agents
work and the targets of these agents remain largely unclear.®*%°
Nonetheless, these HMAs have been widely used in clinical practice
for a decade. Given that the NUP98-HBO1 fusion recapitulates
clinically relevant CMML phenotypes and transcriptional signature,
we tested whether 5-Aza might exhibit therapeutic efficacy in our
NUP98-HBO1-induced CMML model (Figure 7A). To evaluate the
growth inhibitory effect of 5-Aza in vitro, we sorted NUP98-HBO1
clones from the diseased mice and treated them with 5-Aza
(Figure 7A-B). Administration of 5-Aza significantly inhibited the
proliferation of NUP98-HBO1 clones even at low concentration,
although DNA methylation status and the expression levels of Hoxa9
and Irf8 transcripts did not change (Figure 7B; supplemental
Figure 10A-B). To determine the therapeutic efficacy of 5-Aza in
vivo, we next transplanted the NUP98-HBO1 clones obtained from
the diseased mice into sublethally irradiated wild-type recipient mice
(Figure 7A). The secondary recipient mice also developed the CMML
phenotype without transformation toward an acute leukemic phase,
indicating that the NUP98-HBO1-induced CMML phenotype is
transplantable. In response to the 5-Aza treatment, tumor burden was
temporarily but significantly decreased with limited hematological
adverse effects (Figure 7C-D). Monocytosis was also temporarily
improved (Figure 7E). Although the NUP98-HBO1 clones were
not eradicated in the responding NUP98-HBO1 CMML mice, low-
dose 5-Aza treatment significantly prolonged their survival in vivo
(Figure 7F; supplemental Figure 11A-B). These results suggest
that NUP98-HBO1-induced CMML cells are sensitive to HMA.

Discussion

Despite efforts to identify the mutational profile of patients with
CMML, the incidence of mutations does not correspond directly to
disease phenotypes. Here, we identified a new chimeric gene,
NUP98-HBO1, in a patient with CMML. Using the patient-derived
NUP98-HBO1 fusion, we established a mouse model that
faithfully recapitulates clinically relevant phenotypic features of
CMML. We also confirmed that NUP98-HBO1 induces a CMML-
specific gene signature in human CD34™" cells. Notably, a clinically
used therapeutic option for patients with CMML was effective in
our mouse model at a low dose. These findings indicate the
usefulness of this novel CMML model as a platform for dissecting
disease pathogenesis and a potent preclinical tool for testing a
variety of therapeutic options, thus potentially benefiting the field
at both basic research and clinical application levels.

Oncogenic signature analysis highlighted HOXA9-induced genes
as the most significantly enriched signature in our CMML model,
whereas HOXA9 expression was repressed in patients with early-
stage MDS.*® Notably, the expression level of the HOXAQ transcript
was increased in BM CD34 ™" cells from patients with CMML
exhibiting disease progression. Given the important roles of
HOXAGQ in regulating HSC proliferation and repopulation abilities,3”
upregulation of HOXA9 and its downstream signaling may explain the
NUP98-HBO1-mediated clonal expansion advantage. However,
upregulation of HOXA9 signaling alone cannot explain the diverse
CMML phenotypes observed in the NUP98-HBO1 BMT mice.'*3®
CMML arises from HSCs with cytogenetic and molecular defects.®
As persistent monocytosis constitutes the most characteristic
feature of CMML, we hypothesized that NUP98-HBO1 may also
regulate genes involved in cell fate choice toward the monocytic
lineage at the level of HSC/Ps. Consistent with this, many genes
related to monocytic cell fate choice, such as /RF8 and KLF4,%®
were upregulated in NUP98-HBO1-transduced human CD34"
cells. This likely underlies the potent monocytic bias in NUP98-
HBO1-mediated pathogenesis. In contrast, the majority of genes
related to granulocytic cell fate choice were downregulated in the
NUP98-HBO1-transduced cells. However, several genes, such
as GFI/1 and CSF2RA, were upregulated. As GF/1 is a critical cell
fate determinant toward granulocytes,® the upregulation of GF/1
may explain the increase of neutrophils in PB from the NUP98-
HBO1-mediated CMML model. Hypersensitivity to granulocyte-
macrophage colony-stimulating factor is one of the hallmarks of
CMML.%° Notably, CSF2RA encodes the a—subunit protein of
the granulocyte-macrophage colony-stimulating factor receptor.

In particular, we note that the NUP98-HBO1-induced genes in
human CD34™" cells were significantly enriched in the HSC/Ps from
patients with CMML, but not those with MDS. The NUP98-HBO1
fusion generates a clinically relevant diversity of CMML phenotypes
without any additional gene mutations. These results afford the
possibility that genes dysregulated by NUP98-HBO1 comprise the
common pathobiologic mediators of CMML development, which
could link the diversity of gene mutations with the specific clinical
features for CMML. Further investigation of the overlap between the
genes induced by NUP98-HBO1 and the gene signatures driven by
CMML-associated mutations will reveal the common underlying
molecular mechanisms for this intractable HSC disorder.

Furthermore, low-dose 5-Aza treatment was effective in our CMML
model. Unlike MDS, the optimal drug dosage, timing, and duration
of HMA administration for patients with CMML have not been well
established. Thus, our results may provide a clue for establishing an
optimal regimen of HMA treatment of patients with CMML.
Aberrant DNA hypermethylation profile is a well-known feature in
MDS and CMML and is associated with poor outcome.**° DNA

Figure 6. Critical role of the MYST domain in NUP98-HBO1-driven leukemogenesis in vitro and CMML development in vivo. (A) Schematic of the retrovirus

vectors. (B) CFU serial replating assay using CB CD34™ cells transduced with the indicated vectors. Data are presented as mean = SD from triplicates. (C) Cell proliferation

in the liquid culture of the CB CD34 ™ cells transduced with the indicated vectors. Data are presented as mean = SD from triplicates. (D) Survival of empty-control (n = 8),
HBOT (n = 6), NUP98-HBO1 (n = 8), and NUP98-HBO1*M"ST_BMT mice (n = 4). (E) Hoxa9 mRNA and /rf8 mRNA expression in murine BM HSC/Ps transduced with
the indicated vectors. Data are presented as mean = SD from triplicates. (F-G) Acetylation levels of H3 and H4 at the indicated locus of the Hoxa9 (F) and /rf8 gene (G).

ChIP-gPCR was performed using BM HSC/Ps transduced with the indicated vectors. In the schematic of HOXA9 promoter region, arrowheads (a to f) indicate the location

of the primers. AcH3, acetyl-histone 3; AcH4, acetyl-histone 4; BFU-E, burst forming unit-erythroid; CFU-GM, colony-forming unit granulocyte/monocyte; GEMM, colony-forming

unit-granulocyte, erythrocyte, macrophage, megakaryocyte.
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Figure 7. Efficacy of the current therapeutic option in the NUP98-HBO1-derived CMML model. (A) Schematic of in vitro and in vivo treatment. (B) Cell proliferation
in the liquid culture of the NUP98-HBO1-transduced murine BM cells. 5-Aza was added every other day to maintain the indicated concentration. Data are presented as
mean = SD from triplicates. (C-D) WBC counts, Hb, and Plts counts in PB (C) and PB chimerism (D) of the NUP98-HBO1 BMT mice with or without 5-Aza treatment
(Vehicle, n = 5; 5-Aza, n = 6). Data are presented as mean + SD. (E) Percentage of monocytes (CD11b* CD115™) in PB from the NUP98-HBO1 BMT mice with or
without 5-Aza treatment (Vehicle, n = 5; 5-Aza, n = 6). Data are presented as mean = SD. (F) Survival of NUP98-HBO1 BMT mice with or without 5-Aza treatment
(Vehicle, n = 5; 5-Aza, n = 6). *P < .05, **P < .01, **P < ,001, ****P < ,0001. ip, intraperitoneally.

hypomethylation and sequential alteration of gene signature are
indeed induced by HMAs, and the sensitivity of MDS and CMML
clones to HMAs is evident.3**" Thus, it has been proposed that

DNA demethylation is a central mechanism underlying clinical
antitumor effect of HMAs. However, the precise mechanisms of
how these agents clinically work are still in debate.>*3°42 Besides
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the effect of DNA demethylation, several other mechanisms, such
as viral mimicry, have been reported.®®*? In our current study,
although 5-Aza treatment significantly inhibited the proliferation
of NUP98-HBO1 clones in vitro and prolonged the survival of
the NUP98-HBO1-BMT mice in vivo, we did not find obvious
alteration in the global DNA methylation status after 5-Aza
treatment. These results indicate the possibility of site-specific
hypomethylation by 5-Aza. It is also likely that other mecha-
nisms cooperated with DNA demethylation to induce antitumor
effect in the NUP98-HBO1-BMT mice. Considering that our
CMML model faithfully mimics the diversity of CMML pheno-
types as well as the specific gene signature observed in patients
with CMML, our model has potential for revealing the precise
molecular mechanisms of HMAs in the pathogenesis of myeloid
malignancies.

In summary, our findings suggest a novel histone acetylation-
mediated mechanism of CMML development. Specifically, by using
a patient-derived NUP98-HBO1 fusion, we established a clinically
relevant CMML mouse model that faithfully mimics a variety of
phenotypes and gene expression profiles observed in the patients with
CMML. Our current mouse model may serve as a useful preclinical
tool for dissecting the complex mechanisms of CMML pathogenesis
and systemic symptoms observed in the patients with CMML and
other cancers, as well as for testing a variety of preclinical options,
potentially leading to novel therapeutic targets and strategies.
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