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KEY PO INT S

�We found that mutated
SETBP1 enhances
transcription of Myc
and Myc target genes
to promote aggressive
disease biology.

� In cell line models and
human SETBP1-mutated
CNL cells, these
oncogenic programs
can be reversed by
LSD1 inhibitors.

Colony stimulating factor 3 receptor (CSF3R) mutations lead to JAK pathway activation and
are the molecular hallmark of chronic neutrophilic leukemia (CNL). Approximately half of
patients with CNL also have mutations in SET binding protein 1 (SETBP1). In this study, we
developed models of SETBP1-mutated leukemia to understand the role that SETBP1 plays in
CNL. SETBP1 mutations promote self-renewal of CSF3R-mutated hematopoietic progenitors
in vitro and prevent cells from undergoing terminal differentiation. In vivo, SETBP1 mutations
accelerate leukemia progression, leading to the rapid development of hepatosplenomegaly
and granulocytosis. Through transcriptomic and epigenomic profiling, we found that SETBP1
enhances progenitor-associated programs, most strongly upregulating Myc and Myc target
genes. This upregulation of Myc can be reversed by LSD1 inhibitors. In summary, we found
that SETBP1 mutations promote aggressive hematopoietic cell expansion when expressed
with mutated CSF3R through the upregulation of Myc-associated gene expression programs.

Introduction
Chronic neutrophilic leukemia (CNL) is a rare myeloproliferative
neoplasm characterized by the overproduction of neutrophils.
Colony stimulating factor 3 receptor (CSF3R) mutations are the
molecular hallmark of CNL and lead to ligand-independent
receptor dimerization and downstream JAK pathway activation.1

Historically, treatment options for CNL were limited. The discov-
ery of activating CSF3R mutations in CNL led to the identification
of JAK inhibitors as a potential targeted therapeutic strategy for
these patients. In a clinical trial for patients with CNL and atypical
chronic myeloid leukemia, a 54% overall response rate was
achieved with the JAK1/2 inhibitor ruxolitinib in those patients
who had mutations in CSF3R.2 Although targeting CSF3R signal-
ing with ruxolitinib has shown clinical efficacy, responses have not
always been durable. Anecdotally, the small number of long-term
responders tends to have less genetic complexity. Treatment of
CNL will therefore likely require a multipronged therapeutic
approach to improve initial treatment response rates and prevent
the development of acquired resistance.

One of the most commonly comutated genes in CNL is SET
binding protein 1 (SETBP1), which is mutated in approximately
half of cases.2 In myeloid leukemia, SETBP1 mutations predomi-
nantly occur in the b-TrCP degron motif. One of the two most
common point mutations, D868N, is used in these studies.
SETBP1 point mutations interfere with the ubiquitination and
subsequent degradation of SETBP1, resulting in an accumula-
tion of SETBP1-mutated protein.3 Mutations in SETBP1 are often

associated with poor prognosis in myeloid malignancies4; how-
ever, high levels of wild-type (WT) SETBP1 also drive adverse
outcomes in acute myeloid leukemia.5

SETBP1 regulates tumor suppressor pathways and modulates
transcription.3,6-8 SETBP1 is a binding partner of SET, a 39-kDa
protein that inhibits the tumor suppressor protein phosphatase
2A.9 SETBP1 has also been implicated as a transcriptional regula-
tor in murine leukemia models, conferring increased self-renewal
capacity through enhanced expression of Hoxa9, Hoxa10, and
Myb and repression of Runx1 expression.6,8,10 In a human embry-
onic kidney model (Flp-In 293), SETBP1 was shown to recruit the
MLL1 transcriptional activator complex and directly upregulate
MECOM and MECOM target genes.7 Recently, we found that
SETBP1 can modulate disease biology driven by cooccurring
mutations.11 Specifically, in the context of Ras pathway–driven leu-
kemia, mutated SETBP1 can increase MAPK pathway activation.11

The goal of this study was to understand the context-specific role
of SETBP1 mutations in CNL to enable the development of thera-
peutic approaches that improve treatment outcomes for these
patients.

In this study, we investigated how SETBP1 modulates CSF3R-
driven disease biology. In a murine model of CSF3R-driven
CNL, we found that the addition of a SETBP1 mutation enhan-
ces cellular proliferation and accelerates disease progression. In
a cell line expressing mutated SETBP1, we found that one of
the strongest proliferation-associated signatures is that of MYC
target genes. Expression of mutated SETBP1 both increases
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Myc gene expression and activates an MYC E-box luciferase
reporter. When we assessed SETBP1-driven histone modulation,
we identified a 67% overlap between Myc binding sites and
H3K4me3 marks upregulated by SETBP1, indicating an overlap
in the promoters that are regulated by Myc and SETBP1. Treat-
ment with lysine-specific demethylase 1 (LSD1) inhibitors
decreased Myc expression by at least 70% for each of the 3
inhibitors evaluated (GSK2879552, GSK-LSD1, and ORY-1001).
LSD1 inhibitors caused synergistic cell death when combined
with the JAK inhibitor ruxolitinib. As a mutation that drives
robust proliferation in our model systems, SETBP1 represents a
promising candidate for targeted therapeutic development.

Methods
Detailed methods are available in the data supplement.

Murine models
C57BL/6J mice (catalog #000664) and Balb/cJ mice (catalog
#000651) were obtained from The Jackson Laboratories. Murine
transplantation methods and models derived from mice (colony-
forming unit [CFU] assays and cell lines) are described in the
data supplement.

Flow cytometry
Cells were stained for Cd11b, GR-1, Ly-6G, and/or propidium
iodide and analyzed using a BD FACSAria III and FlowJo
(10.7.2) and FSC Express 7 research software.

RNA sequencing
First, doxycycline was withdrawn from the CSF3RT618I plus
SETBP1D868N-dox cell line by washing the cells with phosphate-
buffered saline (PBS) 5 times and then resuspending the cells in
triplicate with or without 1 mM of doxycycline. Next, in quadrupli-
cate, the CSF3RT618I plus SETBP1D868N-dox cell line was treated
with dimethyl sulfoxide (DMSO), 100 nM of ruxolitinib, 100 nM of
GSK2879552, 30 nM of ORY-1001, ruxolitinib with GSK2879552,
or ruxolitinib with ORY-1001. For both experiments, RNA was
extracted from cells at 24 hours posttreatment using the RNeasy
Micro Kit (Qiagen). Complementary DNA libraries were con-
structed using the Takara SmartSeq for Ultra Low Input Kit and
sequenced using a HiSeq 2500 Sequencer (Illumina; 100bp,
single read). Raw reads were trimmed with Trimmomatic12 and
aligned with STAR.13 Bioinformatic analyses were performed
using Enrichr,14,15 gene set enrichment analysis (GSEA),16,17 and
HOMER.18

CUT&Tag
Doxycycline was withdrawn from the CSF3RT618I plus
SETBP1D868N-dox cell line by washing the cells with PBS 5 times
and then resuspending the cells in duplicate with or without 1 mM
of doxycycline. CUT&Tag methods were performed as previously
described19,20 and as described in the data supplement.

Promoter assay
A pGL2M4-luc reporter plasmid21 (containing 4 CACGTG binding
sites and a canonical E-box) and pRL Renilla luciferase control
reporter vectors (cytomegalovirus promoter; catalog #E2231;
Promega) were transiently transfected into 293T17 cells. Lucifer-
ase activity was quantified using the Promega Dual-Luciferase

Reporter Assay System (catalog #E1910) with the BioTek Syn-
ergy2 plate reader.

Inhibitor screening and synergy analysis
A chemical screen was performed as described previously.22 Syn-
ergy analysis in Figure 7 was performed by plating the CSF3RT618I

plus SETBP1D868N cell line in an 8 3 8 matrix in triplicate with
increasing concentrations of each inhibitor. Viability was assessed
at 72 hours using a tetrazolamine-based (MTS) assay, and synergy
was calculated with SynergyFinder.23 Synergy in supplemental
Figure 8 was calculated by Bliss additivity analysis.24

qPCR
The SETBP1D868N-dox cell line was treated with GSK2879552
(1000 nM), GSK-LSD1 (100 nM), or JQ1 (200 nM) for 48 hours,
and quantitative polymerase chain reaction (qPCR) was per-
formed for Myc. The CSF3RT618I plus SETBP1D868N cell line was
treated with 1 of 3 LSD1 inhibitors at 100 nM (GSK2879552) or
30 nM (GSK-LSD1 or ORY-1001) for 48 hours. Key RNA
sequencing (RNA-seq) findings were validated by qPCR.

CITE-seq
Live CD341 progenitor cells were isolated from a CNL bone
marrow sample with CSF3RT618I and SETBP1G870S mutations and
expanded in culture for 7 days. A total of 300000 cells were
then treated with 100 nM of either ORY-1001 or DMSO for
24 hours. After treatment, single-cell RNA-seq with barcoded
antibody labeling (CITE-seq) was performed, as detailed in the
data supplement.

Data presentation
All graphs were made using either ggPlot2, GSEA, or GraphPad
Prism; figures were assembled in Adobe Illustrator and Affinity
Designer. Data are presented as mean 6 standard error of the
mean.

Results
One of the primary goals of this study was to understand how
the presence of an SETBP1 mutation alters CSF3R-driven pheno-
types in both murine and in vitro models. To understand how
mutated SETBP1 modulates the phenotypes associated with a
CSF3R point mutation (T618I), we first performed a murine hema-
topoietic CFU assay. In this assay, primary mouse bone marrow
cells were transduced with retroviral vectors to express mutations
of interest, and 5000 sorted cells per condition were plated in
cytokine-free methylcellulose. Interestingly, although CSF3RT618I

expressed alongside an empty vector control led to the formation
of large dispersed colonies, neither SETBP1WT nor SETBP1D868N

with empty vector stimulated any colony formation in the absence
of cytokines (Figure 1A). When combined with CSF3RT618I, over-
expression of SETBP1 (either SETBP1WT or SETBP1D868N) signifi-
cantly augmented colony formation, and the colonies had large
dense centers (Figure 1A-B). This augmentation by SETBP1WT

driven by a strong promoter is consistent with the known mecha-
nism of SETBP1D868N in driving oncogenesis through protein
overexpression. Cytospins prepared from individual colonies
showed that they were primarily composed of myeloid cells
(Figure 1C).
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Figure 1.
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To determine whether expression of both oncogenes conferred
replating potential, colonies were harvested and washed with
PBS, and �10000 cells were resuspended in fresh cytokine-free
methylcellulose. Both CSF3RT618I plus SETBP1WT and CSF3RT618I

plus SETBP1D868N expression in cells conferred replating poten-
tial out to at least the fourth passage in CFU assay (Figure 1D).
We previously reported that SETBP1D868N enhanced NRASG12D

CFU formation and replating potential through the upregulation
of MAPK signaling.11 MAPK activation was not decreased when
the SET binding domain9 (DSET) was deleted from SETBP1. To
assess the role of the SET binding domain in the synergy
between CSF3RT618I and SETBP1D868N, we overexpressed
SETBP1DSET with CSF3RT618I and performed a CFU assay (sup-
plemental Figure 1A). Deletion of the SET binding domain from
SETBP1D868N did not decrease the number of CFUs formed with
CSF3RT618I (supplemental Figure 1B). Adding a premature stop
codon to SETBP1D868N at either the start of the SET binding
domain or the start of the second AT hook resulted in a loss of
synergy with CSF3RT618I (supplemental Figure 1C).

To determine if SETBP1D868N can augment proliferation driven
by activation of endogenous CSF3R, cells expressing either
SETBP1D868N or an empty vector were plated in methylcellulose
with 100 nM of granulocyte colony-stimulating factor (GCSF),
the ligand for CSF3R. In this assay, GCSF-driven colony forma-
tion increased by a factor of 6 when SETBP1D868N was
expressed (Figure 1E-F). Because of the synergy between
SETBP1D868N and GCSF, we wondered if there would be syn-
ergy between SETBP1D868N and either CSF3RWT or other CSF3R
mutations known to affect signaling output.1,22-25 In CFU assay
(Figure 1G-H), the CSF3R compound mutation (CSF3RT618I/771fs)
had significantly more colonies than CSF3RT618I, whether it was
expressed with empty vector or SETBP1D868N. Neither the
CSF3R741* truncation nor CSF3RWT had colonies when
expressed with empty vector, but a modest number of colonies
were formed when combined with SETBP1D868N.

Because transgenic models are not yet available for mutated
SETBP1, we used retroviral vectors to study whether SETBP1D868N

augments CSF3RT618I-driven oncogenesis in vivo. When 25000
lineage-negative Balb/c bone marrow cells expressing CSF3RT618I

and/or SETBP1D868N were transplanted into lethally irradiated
mice along with 250000 carrier cells, the mice with both muta-
tions developed aggressive myeloid leukemia in ,3 weeks
(Figure 2A). This was associated with a rapid expansion of the

granulocyte lineage, massive splenomegaly with a loss of splenic
architecture, and moderate hepatomegaly (Figure 2B-I). There
were no significant changes in terminal body weight (Figure 2J).
Mice receiving bone marrow transplants expressing SETBP1D868N

alone had a median survival of 181 days, whereas mice receiving
CSF3RT618I alone did not reach their median survival during the
course of this study (Figure 2A). A second transplantation was
performed using bone marrow from Balb/c donors that had been
treated with 5-fluorouracil to deplete mature progenitor cells.
Transduced 5-fluorouracil–treated marrow was sorted, and 2000
cells per condition, along with 200000 carrier marrow cells, were
transplanted into lethally irradiated mice (supplemental Figure
2A). At day 19, mice were euthanized to collect flow cytometric
end point on the bone marrow compartment. Mice with
CSF3RT618I plus SETBP1D868N marrow had granulocytosis, with an
expansion of Cd11b1 cells in the blood and bone marrow (sup-
plemental Figure 2B-D).

Because coexpression of CSF3RT618I and SETBP1WT or
SETBP1D868N conferred replating potential in cytokine-free CFU
assays, we hypothesized that these cells might also proliferate
in liquid culture. Indeed, we found that CSF3RT618I plus
SETBP1WT

– and CSF3RT618I plus SETBP1D868N–expressing cells
harvested from CFU assays grew in Iscove modified Dulbecco
medium with 20% fetal bovine serum and no cytokine supple-
mentation (supplemental Figure 3A-B). These cells could be
maintained in culture for months with continued cell division
and high viability. Neither gene alone conferred this growth
potential (data not shown). SETBP1 retroviral expression in this
cell line was approximately threefold over baseline, comparable
to the relative level of SETBP1 overexpression in the top 5% of
acute myeloid leukemia (AML) samples in the BeatAML cohort29

(supplemental Figure 3C-D). Mouse bone marrow immortalized
by CSF3RT618I plus SETBP1D868N was transplantable, producing
a lethal leukemia with a median survival of �4 weeks (supple-
mental Figure 3E-G).

To understand how SETBP1 expression confers hemopoietic cell
expansion in the context of CSF3RT618I, we generated a new cell
line in which expression of SETBP1D868N was regulated by doxycy-
cline (Figure 3A). Withdrawal of doxycycline from the cell culture
media silenced expression of SETBP1D868N and resulted in a ces-
sation of cell growth after 48 hours and a sharp drop in viability at
72 hours (Figure 3B-C). At 24 hours, cells cultured with and
without doxycycline had similar Cd11b and GR-1 expression,

Figure 1. SETBP1 combines with CSF3R mutations to promote cellular proliferation in vitro. (A) To evaluate the effects of SETBP1WT, SETBP1D868N, and CSF3RT618I

or the combination of these mutations on hematopoietic progenitors, mouse bone marrow was retrovirally transduced to express mutations of interest or appropriate
retroviral control vectors. Cells were then sorted based on fluorescent markers and plated in cytokine-free methylcellulose media in triplicate for a CFU assay. Represen-
tative images are shown here at day 7. (B) Quantification of the colony phenotype shown in panel A. Statistics: 2-way analysis of variance (ANOVA) with Tukey correc-
tion, shown for key relationships. Both the CSF3RT618I plus SETBP1WT and CSF3RT618I plus SETBP1D868N groups were significantly higher than every group with an
empty vector (P , .0001). (C) Individual colonies were harvested from the methylcellulose using a glass pipette and spread onto a glass slide. Slides were then allowed
to dry for 4 to 6 hours, stained with May-Gr€unwald and Giemsa solutions, and imaged. Representative images shown for cells expressing CSF3RT618I with either
SETBP1WT or SETBP1D868N. (D) After 7 days in culture, cells were harvested by diluting the methylcellulose with PBS and performing 3 PBS washes. Cells were counted
using a TC20, and �1250 cells per replicate per condition were plated into fresh cytokine-free methylcellulose media in triplicate. Serial replating was successful for at
least 4 passages with both CSF3RT618I plus SETBP1WT and CSF3RT618I plus SETBP1D868N. (E) To evaluate if SETBP1D868N enhanced colony formation driven by the
endogenous ligand for CSF3R (granulocyte colony-stimulating factor [GCSF]), we plated 2000 SETBP1D868N-expressing cells per well in cytokine-free methylcellulose
media with or without exogenous GCSF (100 ng/mL). Representative images are shown. (F) Quantification of the CFU assay in panel E, with unpaired 2-tailed Student
t test. (G) To determine if SETBP1D868N enhances the CFU capacity of other CSF3R mutations, we transduced murine primary hematopoietic cells with either empty vec-
tor, CSF3RWT, CSF3R741*, CSF3RT618I, or CSF3RT618I/771fs (green fluorescent protein [GFP]) along with either empty vector or SETBP1D868N (red fluorescent protein [RFP]).
Representative images are shown. (H) Quantification of the CFU assay in panel G, with 2-way ANOVA for simple effects within group and Tukey correction for multiple
comparisons. *P , .05, **P , .01, ***P , .001, ****P , .0001.

SETBP1 MYC ACTIVATION ACCELERATES CSF3R-DRIVEN CNL blood® 11 AUGUST 2022 | VOLUME 140, NUMBER 6 647

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/6/644/1912929/bloodbld2021014777.pdf by guest on 18 M

ay 2024



indicating they were in comparable myeloid differentiation states
(Figure 3D-E). At 48 hours postdoxycycline withdrawal, there was
a significant increase in the percentage of cells with high GR-1
expression, and there was a clear morphologic difference in the

cells by histology (Figure 3E-G). Cells expressing only CSF3RT618I

(doxycycline negative) differentiated into mature myeloid cells,
including neutrophil precursors and neutrophils with ring-shaped
nuclei. This CSF3RT618I plus SETBP1D868N-dox cell line model
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Figure 2. Transplantation of bone marrow cells expressing CSF3R and SETBP1 mutations results in rapidly lethal leukemia. (A) Survival curves for SETBP1 primary
transplantation model. Transplantation of 25 000 lineage-negative CSF3RT618I plus SETBP1D868N cells, with 190 000 nontransfected carrier bone marrow cells, into lethally
irradiated recipient mice resulted in rapidly lethal aggressive leukemia (n 5 5-7). The median survival of SETBP1D868N mice was 25.9 weeks. (B) Peripheral blood white
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toxylin and eosin (H&E)–stained tibia cross-sections showing increased cellularity at time of death with SETBP1D868N alone and CSF3RT618I plus SETBP1D868N. (F) Termi-
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(J) Terminal body weight. Statistics: 1-way analysis of variance with Dunnett correction. *P , .05, **P , .01.
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24-hour intervals to monitor changes in cell state. (E) Quantification of Cd11b1GR1high cells with and without DOX at 24, 48, and 72 hours. Statistics: repeated measures
analysis of variance with multiple comparisons within time points [�Sid�ak correction]. (F) Quantification of CD11b and GR1 at 48 hours, as gated in panel D. (G) Represen-
tative images of the cell line undergoing differentiation at 48 hours. ****P , .0001. PE, phycoerythrin.
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provides a tractable system in which to evaluate SETBP1-driven
molecular programs.

To identify transcriptional programs that are upregulated by
SETBP1D868N in the context of CNL, we performed RNA-seq of
the CSF3RT618I plus SETBP1D868N-dox cell line at 24 hours postdox-
ycycline withdrawal, when the cells were still viable and dividing,
and compared them with cells treated with doxycycline. One of
the strongest signatures in cells expressing SETBP1D868N relative
to those without SETBP1D868N was that of MYC target genes (Fig-
ure 4A-D). Pathway analysis of the differentially expressed genes
between CSF3RT618I only (doxycycline negative) and CSF3RT618I

plus SETBP1D868N (doxycycline positive) showed that pathways
upregulated with SETBP1D868N were overwhelmingly associated
with MYC perturbations (Figure 4A). In the CSF3RT618I-only condi-
tion, brown myeloid cell development differentiation–associated
genes were enriched (Figure 4B). This is in line with our data
showing that the CSF3RT618I-only cells differentiated into mature
myeloid cells between 24 and 48 hours postdoxycycline with-
drawal (Figure 3D-F). Congruent with previous studies of
SETBP1,6-8,10 GSEA showed that SETBP1-associated genes were
enriched for early progenitor pathways, including upregulated tar-
gets of Hoxa9 and Meis1 (Figure 4B). Consistent with the pathway
analysis shown in Figure 4A, GSEA also identified that MYC tar-
gets were associated with SETBP1D868N (Figure 4B). At the individ-
ual gene level, we found that Myc, Meis1, and Hoxa9 themselves
were highly upregulated (Figure 4C; supplemental Figure 4). Addi-
tionally, we saw that Hoxa10 and Myb, which have been previ-
ously associated with SETBP1-driven leukemogenesis,6,10 were
among the top differentially regulated genes when SETBP1 was
expressed (Figure 4C; supplemental Figure 4). Of note, Myc
expression was not upregulated in an analogous NRASG12D plus
SETBP1D868N-dox cell line (supplemental Figure 4F), indicating that
there is context-specific manifestation of SETBP1 biology.

To determine if there are particular motifs enriched in regulatory
regions of differentially expressed genes, we ran the HOMER
motif discovery algorithm.18 This analysis identified that the genes
upregulated by SETBP1D868N were enriched for genes regulated
by MYC E-box motifs (Figure 4D). To validate this finding, we
used a luciferase reporter driven by the MYC E-box element to
measure if SETBP1D868N modulates E-box activity. Congruent
with the RNA-seq analysis, coexpression of SETBP1D868N with
CSF3RT618I drove a 3.7-fold increase in MYC activity over
CSF3RT618I alone (Figure 4E). Independent of CSF3RT618I, both
SETBP1WT and SETBP1D868N increased MYC E-box activity by

1.7- and 2.4-fold, respectively (Figure 4F). Using a CFU assay, we
demonstrated that the retroviral overexpression of MYC was suffi-
cient to enhance CSF3RT618I-driven colony formation (Figure 4G).
Because SETBP1 upregulates Myb, which is known to promote
the transcription of Myc in other contexts,30 we set out to under-
stand whether Myb is a critical mediator of SETBP1-driven Myc
expression. We performed short hairpin RNA knockdown of Myb
in a CSF3RT618I/SETBP1D868N cell line. Induction of the short hair-
pin RNA with doxycycline resulted in a 52% reduction in Myb
expression (Figure 4H). Reduction in Myb expression resulted in a
47% decrease in Myc expression and a 22% decrease in Hoxa10
(Figure 4I). Neither Meis1 nor Hoxa9, 2 other key genes that are
upregulated with SETBP1, were affected by Myb knockdown.
This suggests the upregulation of Myc with SETBP1D868N could
occur at least in part through the upstream regulation of Myb.

To better understand the epigenetic changes associated with
these differential gene expression programs, we performed
CUT&Tag in the CSF3RT618I plus SETBP1D868N-dox cell line for 3
histone marks: H3K4me1, H3K4me3, and H3K27Ac (Figure 5A).
H3K4me1 is primarily associated with enhancers and H3K4me3
with promoters. H3K27Ac is associated with both active pro-
moters and active enhancers. Although there was not a global
change in deposition of these epigenetic marks, H3K4me3 and
H3K27Ac differential peaks had enhanced MYC/MYB motif
enrichment when SETBP1D868N was expressed (supplemental
Figure 5A-B; Figure 5B). Congruent with the RNA-seq data,
MYC motifs were enriched in the peaks that were upregulated
by SETBP1 (Figure 5B; supplemental Figure 5B). To relate his-
tone modification marks to MYC genome binding activity, we
used a public Myc chromatin immunoprecipitation–seq data set
(ENCFF152JNC; Mus musculus strain MEL) and intersected Myc
binding intervals with significant SETBP1-induced histone peaks
(Figure 5C-E). Remarkably, 47% of the differential H3K4me3
peaks overlapped with Myc binding regions (756 of 1604 peaks),
indicating an overlap in the promoters differentially regulated by
Myc and SETBP1D868N (Figure 5C). Representative tracks for 2
Myc targets at promoters are shown in Figure 5D. The overlap
between differential H3K4me1 peaks and Myc targets was 15%
(534 of 3453), and there was a 38% overlap for H3K27Ac and
Myc (654 of 1724). For Myb-bound regions (ENCFF911NHJ;
Mus musculus strain MEL), there were fewer regions of overlap:
H3K4me3 (267 [17%] of 1604 peaks), H3K4me1 (308 [9%] of
3453), and H3K27Ac (299 [17%] of 1724; Figure 5E). We next
set out to determine whether the aberrant programs might be
pharmacologically reversible.

Figure 4. SETBP1 upregulates early progenitor gene expression pathways and is associated with increased activation of MYC targets. (A) Top Enrichr transcrip-
tion factor perturbation followed by expression pathways for genes that are differentially expressed with SETBP1. We performed RNA-seq on the CSF3RT618I plus
SETBP1D868N-dox cell line at 24 hours postdoxycycline (DOX) withdrawal, when the cells were still viable and dividing. Data are reported for cells with DOX (CSF3RT618I

plus SETBP1D868N-ON) relative to those without DOX (CSF3RT618I plus SETBP1D868N-OFF). Enrichr calculates the combined score by multiplying the pathway z score and
log(P value). (B) GSEA was performed to identify pathways that are enriched with SETBP1 expression. Three of the top GSEA plots, each with a false-discovery rate
(FDR) q value of 0.00, are shown. (C) Glimma volcano plot showing differentially expressed genes with SETBP1D868N, with several key genes annotated. (D) HOMER
motif analysis was run to identify the top motifs enriched in the genes differentially upregulated and downregulated by SETBP1. (E) Coexpression of SETBP1D868N with
CSF3RT618I drove a 3.7-fold increase in MYC activity over CSF3RT618I alone. A luciferase reporter assay for the MYC E-box was used to measure if SETBP1D868N modu-
lates E-box activity. Using an MYC E-box reporter plasmid, E-box activity was measured in transfected 293T17 cells expressing CSF3RT618I alone or CSF3RT618I plus
SETBP1D868N. (F) In transfected 293T17 cells expressing only CSF3RT618I, SETBP1WT, or SETBP1D868N, CSF3R did not increase E-box activity above baseline, whereas
both WT and mutated SETBP1 significantly increased E-box activity. (G) Coexpression of MYC with CSF3RT618I in a CFU assay resulted in an increase in colony forma-
tion over either oncogene alone. A colony forming unit assay was performed to assess whether expression of MYC is sufficient to increase CSF3R-driven colony forma-
tion. A total of 10 000 cells expressing either MYC, CSF3RT618I, or both were plated in cytokine-free methylcellulose, and CFUs were counted after 7 days. (H) An
inducible lentiviral Myb short hairpin RNA (shRNA) construct was stably expressed in the CSF3RT618I plus SETBP1D868N cell line. Addition of DOX to the media knocked
down Myb expression by �52%. (I) Knockdown (KD) of Myb resulted in a 47% decrease in Myc expression and a 22% decrease in Hoxa10 but no significant changes to
Meis1 or Hoxa9. *P , .05, **P , .01, ***P , .001, ****P , .0001. FC, fold change; KO, knockout; NES, normalized enrichment score; ns, not significant; OE,
overexpression.
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To determine the essential cell growth and survival pathways in
SETBP1-mutated cells, we performed a chemical screen with
175 inhibitors with known sensitivity in patient samples (Bea-
tAML cohort29). The median 50% inhibitory concentration (IC50)
for each inhibitor in the BeatAML cohort29 was divided by the
IC50 for the same inhibitor in the CSF3RT618I plus SETBP1D868N

cell line (2 biologic replicate lines; technical triplicates) to calcu-
late a fold increase in sensitivity relative to other samples. This
enabled us to examine to which drugs this sample is particularly
sensitive, as opposed to drugs that are generally toxic. Consis-
tent with the activation of the JAK/STAT pathway by mutated
CSF3R, this cell line was sensitive to JAK inhibitors. Annotations
for the top 15 inhibitors are listed in supplemental Tables 1 and
2. Interestingly, the top 2 hits were LSD1 inhibitors (Figure 6A;
supplemental Figure 6A). Recently, it was reported that Flt3ITD-
mutated AML cells overexpressing SETBP1, which have a similar
profile of overexpressed genes to our CSF3RT618I plus
SETBP1D868N cell line (Meis1, Kdm1a, Mecom, Gfi1, Myc, Myb,
and Bcl2), were sensitive to LSD1 inhibitors.31 Additionally, a
previous study found that LSD1 induces Myc transcriptional
activity in a nonhematopoietic context.32 We were therefore
interested in whether LSD1 inhibitors could reduce aberrant
MYC activity driven by SETBP1. Using a luciferase promoter
assay, we determined that MYC E-box activity was modulated
by LSD1 inhibition and found a modest dose-dependent
response to GSK2879552, culminating in a 24% reduction in
E-box activity at 250 nM (Figure 6B). We next tested a third
LSD1 inhibitor, GSK-LSD1, which proved to be more potent in
this cell line, with an IC50 of �250 nM compared with 590 nM
(supplemental Figure 6B).

Although the CSF3RT618I plus SETBP1D868N cell line was sensi-
tive to the LSD1 inhibitors, cell death occurred at higher doses
(.100 nM). Given this, we were interested in understanding
whether LSD1 treatment could modulate SETBP1-driven onco-
genic programs and if lower doses could potentially sensitize
cells to other therapies. To determine whether LSD1 inhibition
reduces Myc gene expression to basal levels, we used the
CSF3RT618I plus SETBP1D868N-dox cell line. To determine basal
gene expression, SETBP1D868N expression was silenced by with-
drawing doxycycline in triplicate. In parallel, CSF3RT618I plus
SETBP1D868N-dox cells were cultured in the presence of doxycy-
cline and treated in triplicate with either DMSO, JQ1,
GSK2879552, or GSK-LSD1. After 48 hours, cells were harvested
to assess Myc expression by qPCR. Treatment with the bromo-
domain inhibitor JQ1, which has been shown to reduce Myc
expression in some contexts, yielded no significant changes to
Myc expression in this molecular context. However, both LSD1
inhibitors reduced Myc expression significantly (Figure 6C).
Using the cell line that constitutively expresses CSF3RT618I plus
SETBP1D868N, we then evaluated how lower doses of LSD1 inhi-
bition (100 nM of GSK2879552, 30 nM of GSK-LSD1, or 30 nM
of ORY-1001) modulated 4 key SETBP1-associated genes: Myc,

Myb, Meis1, and Hoxa9. In the CSF3RT618I plus SETBP1D868N

cells, LSD1 inhibitors reduced Myc, Myb, and Meis1 expression
but did not significantly decrease Hoxa9 expression after 48
hours of treatment (Figure 6D-G). Of note, another inhibitor of
LSD1 under investigation in clinical trials, ORY-1001, was remark-
ably effective, reducing Myc, Myb, and Meis1 expression by
�80% to 90%. To assess global transcriptional changes with
LSD1 inhibition, we performed RNA-seq on cells treated with
either 100 nM of GSK2879552 or 30 nM of ORY-1001 for 24
hours. Using GSEA, we found that LSD1 inhibition was inversely
associated with MYC target amplification; MYC targets were
enriched in the DMSO-treated cells relative to the LSD1-treated
cells (Figure 6H).

Samples from patients with CNL are rare and can exhibit low
viability after cryopreservation as a result of the abundance of
neutrophils in the peripheral blood and bone marrow. To assess
whether LSD1 inhibition can modulate progenitor populations
and MYC signaling in a human patient sample, we isolated via-
ble CD341 progenitor cells from a CSF3RT618I plus SETBP1G870S

cryopreserved CNL bone marrow sample and cultured these
CD341 cells in a serum-free expansion media for 7 days. The
total number of CD341 cells expanded from 65400 to 642000
cells in 7 days. A total of 300000 cells were then treated with
100 nM of either ORY-1001 or DMSO for 24 hours. After treat-
ment, single-cell RNA-seq with barcoded antibody labeling
(CITE-seq) was performed. Marker genes (MPO, GATA1,
GATA2, IRF8, ELANE, LYZ, and CEBPE) and surface antigens
(CD34 and CD45RA) were used for population identification
(Figure 6I; supplemental Figure 7). We found that ORY-1001
treatment significantly decreased MYC expression in hemato-
poietic progenitor clusters expressing high levels of CD34
(Figure 6I).

The JAK inhibitor ruxolitinib is under investigation as a promising
therapeutic agent for patients who have mutations in CSF3R and
has shown efficacy in a clinical trial.2 To improve initial treatment
response rates and circumvent resistance, it is likely that a multi-
pronged therapeutic approach will be needed. From our chemi-
cal screen in the CSF3RT618I plus SETBP1D868N cell line, we knew
that these cells are sensitive to JAK inhibitors relative to the
median IC50 for patient samples in the BeatAML cohort29

(Figure 6A). To evaluate how SETBP1D868N alters sensitivity to rux-
olitinib, we performed a 7-day cytokine-free colony assay with
mouse bone marrow retrovirally transduced with either
CSF3RT618I plus empty vector or CSF3RT618I plus SETBP1D868N

(supplemental Figure 8A). Cells were plated with increasing con-
centrations of ruxolitinib and found to have less sensitivity with
CSF3RT618I plus SETBP1D868N (IC50, 296 nM) than with CSF3RT618I

plus empty vector (IC50, 78 nM). The IC50 of primary CSF3RT618I

plus SETBP1D868N–transduced cells in colony assay was similar to
that of the CSF3RT618I plus SETBP1D868N cell line (241 nM; sup-
plemental Figure 8B).

Figure 5. Epigenetic regulation of MYC targets by SETBP1. (A) Schematic: we performed CUT&Tag in our CSF3RT618I plus SETBP1D868N-dox cell line for 3 histone
marks. Doxycycline (DOX) was withdrawn from the cell line to turn off oncogenic SETBP1 expression, and cells were harvested for epigenetic analyses at 24 hours post-
withdrawal. (B) MYC family motifs identified for each histone mark at differential peaks between DOX1 and DOX2 conditions. Motif enrichment shown for DOX1 rela-
tive to DOX2. (C) Regions of significant SETBP1-induced histone peaks were intersected with MYC (ENCFF152JNC). (D) Representative tracks are shown here for each
histone mark at the location of an MYC target identified using MYC chromatin immunoprecipitation (ChIP)–seq data from ENCODE (ENCFF152JNC). (E) Features plots
for differential peaks showing the breakdown of peaks within promoters and other elements. Regions of significant SETBP1-induced histone peaks were intersected
with either MYC (ENCFF152JNC) or MYB (ENCFF911NHJ) ChIP-seq data. The total number of differential peaks for each condition is annotated. UTR, untranslated
region.
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Figure 6. LSD1 inhibitors normalize aberrant SETBP1 transcriptional programs. (A) A medium-throughput inhibitor screen was performed on the CSF3RT618I plus
SETBP1D868N cell line, and both LSD1 inhibitors and JAK inhibitors were among the top hits. The 175 inhibitors evaluated have known sensitivity in patient samples
(BeatAML cohort29). The inhibitors were ranked for this analysis by dividing the median IC50 of all samples previously screened by our cell line IC50 to determine a fold
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To determine whether LSD1 inhibitors, which reduce SETBP1-
associated aberrant gene expression, are effective in combination
with JAK inhibitors, we next evaluated the synergy between these
2 agents (Figure 7A; supplemental Figure 8C). Each LSD1 inhibi-
tor that we tested exhibited marked synergy with ruxolitinib, with
the greatest synergy observed with ORY-1001 (d score, 22.028).
To understand the mechanisms underlying this drug synergy,
RNA-seq was performed on cells treated with DMSO, ruxolitinib,
GSK2879552, ORY-1001, ruxolitinib with GSK2879552, or ruxoliti-
nib with ORY-1001. A heat map was generated using unbiased
clustering, and the individual clusters were analyzed using
HOMER motif enrichment and Enrichr pathway analysis (Figure
7B). In cluster 1, we saw genes that were upregulated by the
combination therapy more than by either drug alone. Motifs for
cluster 1 included differentiation-associated transcription factors
PU.1 and Runx1, which are both members of the core binding
factor complex. Cluster 4 contained genes that were downregu-
lated more by the combination than by either drug alone. In this
cluster, we saw an Myc and Fli1 signature. When mice receiving
transplants of the CSF3RT618I plus SETBP1D868N cell line were
treated with an LSD1 inhibitor (0.75 mg/kg of GSK2887552 twice
per day) and ruxolitinib (90 mg/kg twice per day), survival was sig-
nificantly improved, without any significant measures of antiplate-
let toxicity (Figure 7C-E; supplemental Figure 9A). Bone marrow
cellularity was lower at the time of death in mice receiving the
combination (supplemental Figure 9B). This supports a model
whereby LSD1 inhibition reverses SETBP1-associated phenotypes
and provides rationale for combined LSD1/JAK therapeutic strat-
egies for leukemia with CSF3R and SETBP1 mutations.

Discussion
SETBP1 is recurrently mutated in myeloid malignancies, including
atypical chronic myeloid leukemia, chronic myelomonocytic leuke-
mia, and juvenile myelomonocytic leukemia. SETBP1 mutations
occur at a particularly high frequency in CNL, a leukemia charac-
terized by CSF3R mutations and the overproduction of neutro-
phils. The primary goal of this study was to determine how
SETBP1 mutations contribute to the pathobiology of CSF3R-
driven leukemias. We found that SETBP1WT and SETBP1D868N

each dramatically increased CSF3RT618I-driven hematopoietic pro-
genitor proliferation and accelerated CSF3RT618I-driven disease
(Figures 1-3). Expression of SETBP1D868N led to upregulation of
progenitor-associated gene expression programs and downregu-
lation of differentiation-associated genes. SETBP1D868N-driven
Myc expression could be reversed by treatment of cells with
LSD1 inhibitors. Furthermore, LSD1 inhibition synergized with
inhibition of CSF3RT618I-driven signaling in these models.

In the context of a CSF3R mutation, we found that mutated
SETBP1 increased Hoxa9, Hoxa10, Meis1, and Myb transcript
levels and increased their associated gene expression programs
(Figure 4). This is congruent with previous studies establishing
Setbp1 as a transcriptional regulator of Hox genes6,10,33

and Myb.10,33 An exciting finding of our transcriptional and

epigenetic analyses was that expression of SETBP1D868N was
also associated with a strong Myc pathway signature (Figures 4
and 5). Myc is a transcription factor that plays an integral role in
establishing a balance between self-renewal and hematopoietic
differentiation.34 The differentiation block and increased prolifer-
ation that occurred with SETBP1D868N in the CSF3RT618I plus
SETBP1D868N-dox model are consistent with the known role of
Myc in the inhibition of differentiation in other leukemia mod-
els.34 Coexpression of MYC with CSF3RT618I in a CFU assay
largely recapitulated the dense and proliferative colony pheno-
type associated with the combination of CSF3RT618I and
SETBP1D868N (Figure 4). This demonstrates that MYC overex-
pression is sufficient for recapitulation of the proliferative pheno-
type associated with SETBP1 mutations. Knockdown of Myb in
the CSF3RT618I plus SETBP1D868N cell line resulted in a signifi-
cant decrease in Myc expression, indicating regulation of Myc
programs might be mediated by SETBP1-driven Myb overex-
pression (Figure 4).

Although we know that ruxolitinib can be efficacious in CNL, it is
likely that additional agents will be needed to achieve long-term
remissions.2 In our study, we found that although cells with both
CSF3R and SETBP1 mutations retained sensitivity to ruxolitinib,
cells expressing both mutations had less sensitivity than those
with CSF3RT618I alone (supplemental Figure 8). We hypothesized
that if SETBP1D868N drives aggressive disease biology through
epigenetic dysregulation of Myc regulatory elements, then ther-
apeutic strategies that normalize Myc expression will be effective
against SETBP1-mutated leukemia. We found that LSD1 inhibi-
tion decreased cell viability and suppressed aberrant Myc
expression (Figure 6). In a sample from a patient with SETBP1-
mutated CNL, LSD1 inhibitor treatment significantly decreased
Myc expression in CD34-high hematopoetic progenitor clusters
(Figure 6I). Having established that LSD1 inhibition reduces
SETBP1-driven Myc expression, we next tested whether it might
be useful in combination with the JAK1/2 inhibitor ruxolitinib.
Each of the 3 LSD1 inhibitors tested demonstrated synergy with
ruxolitinib (Figure 7A). To understand the mechanism of synergy,
we performed RNA-seq analysis. This revealed a group of genes
downregulated by the combination (Figure 7B; cluster 4). Myc
was the most prominent motif in this downregulated cluster,
and Myc motifs had a high degree of enrichment in this cluster
relative to all other clusters. Furthermore, Enrichr pathway analy-
sis revealed a significant repression of Myc-regulated pathways.
Additionally, the RNA-seq analysis revealed that this drug
synergy was associated with the reactivation of differentiation-
associated pathways. A previous study of CSF3R/CEBPA-
mutated AML demonstrated that LSD1 inhibition caused marked
reactivation of differentiation-associated enhancers.35 In our
model, genes upregulated by the combination of LSD1 and JAK
inhibition were enriched for PU.1 and Runx1 motifs (Figure 7B;
cluster 1). These findings are in line with previous studies of
LSD1 inhibition in leukemia showing activation of PU.1 targets in
MLL-rearranged AML36,37 and KIT-mutated AML.38 It is not clear
if the repression of stem/progenitor programs is a direct effect

Figure 6 (continued) SETBP1D868N cell line with 1 of 3 LSD1 inhibitors at 100 nM (GSK2879552) or 30 nM (GSK-LSD1 and ORY-1001) for 48 hours. (E) qPCR for Myb.
(F) qPCR for Meis1. (G) qPCR for Hoxa9, which is not modulated by LSD1 inhibition at these concentrations. (H) RNA-seq was performed after treatment of the cell line
with 100 nM of GSK2879552 or 30 nM of ORY-1001 for 24 hours. GSEA demonstrated that this treatment was associated with a reversal of MYC amplification with
both inhibitors. (I) A CSF3RT618I- and SETBP1G870S-mutated patient sample was treated with 100 nM of ORY-1001 for 24 hours, and CITE-seq (single-cell RNA-seq with
barcoded antibody labeling) was performed. Treatment significantly decreased Myc expression in hematopoietic progenitor clusters expressing high levels of CD34.
*P , .05, **P , .01, ***P , .001, ****P , .0001. FDR, false-discovery rate; NES, normalized enrichment score.

SETBP1 MYC ACTIVATION ACCELERATES CSF3R-DRIVEN CNL blood® 11 AUGUST 2022 | VOLUME 140, NUMBER 6 655

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/6/644/1912929/bloodbld2021014777.pdf by guest on 18 M

ay 2024



4

5

D
M

SO R
U

X

G
SK

O
RY

R
+

G

R
+

O

3

2

1

B

Cluster 1

Cluster 2
0.0

–log10(pval)

Motif
enrichment

0.5
1.0
1.5

1.50

c-Myc-VVCCACGTGGc-Myc-VCCACGTG

1.25
1.00
0.75

2.0Cluster 3

Cluster 4

Cluster 5

Cluster 1

Cluster 2

Cluster 3

Cluster 4

Cluster 5
1.8
1.5
1.2
0.9

1
0

2
3
4

ETS:RUNX
RCAGGATGTGGT

RUNX
SAAACCACAG

RUNX1
AAACCACARM

RUNX2
NWAACCACADNN

RUNX-AML
GCTGTGGTTW

–log10(pval)

Motif
enrichment

MYC KO MOUSE DOWN

FLI1 KD HUMAN DOWN

MYC ACTIVATION MOUSE UP

FLI1 KD HUMAN DOWN

CEBPA KO MOUSE UP

1.22e-10

5.60e-10

3.96e-08

1.11e-07

1.11e-07

6.84

6.76

10.13

5.67

5.40

TF perturbation
followed by expression

Adjusted
P-value

Odds
ratio

Cluster 4: Myc and Fli1 signature

Normalized
expression

–2 –1 0 1 2

LSD1 inhibitor

JAK
inhibitor

(CSF3R)

A
Synergy
Antagonism

Ru
xo

lit
in

ib
 (n

M
)

GSK2879552 (nM)

0
40

�-score

–40

0 1.4 4 12 37 112 333 1000

Delta score 14.855

0

1.2

4

12

37

112

333

1000

GSK-LSD1 (nM)

�-score

0
25
50

–25
–50

0 1.4 4 12 37 112 3331000

Delta score 20.158

0

1.2

4

12

37

112

333

1000

ORY-1001 (nM)

0

�-score

0
25
50

–25
–50

0 0.12 0.4 12 3.7 11 34 100

1.2

4

12

37

112

333

1000

Delta score: 22.028

Pl
at

el
et

s (
10

3 /
m

m
3 )

Day 18 Day 27

Vehicle
Combination

0

200

400

600

800

1000

EC

0
0 10

Days post transplant

Pe
rc

en
t s

ur
viv

al

20 30 40

25 Vehicle
p = 0.015

CombinationCombinationCombination

50

75

100

Tre
at

m
en

t s
ta

rt
Tre

at
m

en
t s

ta
rt

Tre
at

m
en

t s
ta

rt

M
ea

n 
we

ig
ht

(p
er

ce
nt

 o
f s

ta
rti

ng
 w

ei
gh

t)

15 20

Days post transplant
25

*Group weight not shown after group N=1

30 4035 45
60

80

100

120

D

Vehicle
CombinationTre

at
m

en
t s

ta
rt

Tre
at

m
en

t s
ta

rt
Tre

at
m

en
t s

ta
rt

Figure 7.

656 blood® 11 AUGUST 2022 | VOLUME 140, NUMBER 6 CARRATT et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/6/644/1912929/bloodbld2021014777.pdf by guest on 18 M

ay 2024



of LSD1 inhibition or a secondary effect of promotion of a more
differentiated phenotype. When the combination of GSK287552
and ruxolitinib was evaluated in an in vivo model of CSF3RT618I/
SETBP1D868N leukemia, there was a significant increase in sur-
vival over the vehicle-treated mice (Figure 7C). Both JAK inhibi-
tors and LSD1 inhibitors have been tested in clinical trials for
myeloid malignancies as single agents, with limiting toxicities. In
this model, the combination therapy was well tolerated, and
there was no decrease in platelets with the combination treat-
ment (Figure 7D-E).

In summary, we investigated the role of SETBP1 mutations in
CSF3R-driven leukemia. We found that SETBP1 mutations accel-
erated leukemic progression in mice. When a SETBP1 mutation
was expressed in murine hematopoietic cells along with a CSF3R
mutation, SETBP1 promoted proliferation of immature granulo-
cytes through upregulation of the Myc pathway and epigenetic
modulation of Myc target genes. Treatment of CSF3R- and
SETBP1-mutated cells with ruxolitinib (targeting CSF3R signaling)
and an epigenetic modulatory drug resulted in synergistic cell
death and a repression of aberrant transcriptional programs.
These data contribute to our understanding of how SETBP1
mutations augment CSF3R-driven oncogenic programs to pro-
duce lethal disease and provide preclinical evidence for a combi-
nation therapeutic strategy in CSF3R- and SETBP1-mutated
leukemia.
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Figure 7. XXX. (A) Synergy between each LSD1 inhibitor and ruxolitinib, with the greatest synergy between ORY-1001 and ruxolitinib (d score, 22.028). To determine if
there is synergy between LSD1 inhibition targeting SETBP1-driven pathways and a JAK1/2 inhibitor (ruxolitinib) targeting CSF3R-driven pathways, the CSF3RT618I plus
SETBP1D868N cell line was plated in an 8 3 8 matrix in triplicate with increasing concentrations of each inhibitor. (B) RNA-seq data from cells treated with DMSO, 100
nM of ruxolitinib, 100 nM of GSK2879552 (GSK), 30 nM of ORY-1001, ruxolitinib with GSK2879552 (R1G), or ruxolitinib with ORY-1001 (R1O). Cluster 1 represents path-
ways upregulated more by the combination therapy than by either drug alone and includes a number of differentiation-associated transcription factors. Cluster 4 repre-
sents pathways downregulated more by the combination than by either drug alone and has an Myc and Fli1 signature. (C) Mice receiving transplants of the CSF3RT618I

plus SETBP1D868N cell line were treated with 90 mg/kg of ruxolitinib twice per day and 0.75 mg/kg of GSK2879552 twice per day to determine if the combination treat-
ment would improve survival over vehicle. Kaplan-Meier survival plot showing significant increase in survival with combination. (D) Mean mouse body weight during
course of treatment with vehicle or combination. (E) Platelet counts at start of treatment (day 18) and midway through treatment course (day 27). Platelets did not
decrease with combination treatment and remained within normal parameters. KD, knockdown; KO, knockout.
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