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Acute myeloid leukemia (AML) is a deadly hematologic malignancy
with poor prognosis, particularly in the elderly. Even among
individuals with favorable-risk disease, approximately half will re-
lapse with conventional therapy. In this clinical circumstance, the
determinants of relapse are unclear, and there are no therapeutic
interventions that can prevent recurrent disease. Mutations in the
transcription factor CEBPA are associated with favorable risk in
AML. However, mutations in the growth factor receptor CSF3R are
commonly co-occurrent in CEBPA mutant AML and are associated
with an increased risk of relapse. To develop therapeutic strategies
for this disease subset, we performed medium-throughput drug
screening on CEBPA/CSF3R mutant leukemia cells and identified
sensitivity to inhibitors of lysine-specific demethylase 1 (LSD1).
Treatment of CSF3R/CEBPA mutant leukemia cells with LSD1 inhib-
itors reactivates differentiation-associated enhancers driving immu-
nophenotypic and morphologic differentiation. LSD1 inhibition is
ineffective as monotherapy but demonstrates synergy with inhibi-
tors of JAK/STAT signaling, doubling median survival in vivo. These
results demonstrate that combined inhibition of JAK/STAT signaling
and LSD1 is a promising therapeutic strategy for CEBPA/CSF3R
mutant AML.
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Acute myeloid leukemia (AML) is a hematologic malignancy
driven by the combination of two or more oncogenic mu-

tations. For the majority of patients with AML, the standard of
care of chemotherapy with cytarabine and anthracycline has
remained unchanged for the last 40 y (1). The response to this
therapy varies based on genomic subtype. Favorable-risk disease
can often be cured with conventional chemotherapy alone.
However, even in this subgroup ∼50% of patients relapse and
require bone marrow transplantation (2). Unfortunately, the
mechanistic underpinnings of relapse in favorable-risk disease
are unknown, and specific therapeutic strategies to prevent re-
lapse are lacking.
The transcription factor CCAAT enhancer binding protein

alpha (CEBPA) is recurrently mutated in ∼10% of AML (3).
During normal myelopoiesis, CEBPA is required for the pro-
duction of mature myeloid cells, and C-terminal mutations dis-
rupt this process, blocking myeloid differentiation (4). CEBPA is
a relatively unusual gene in that it has only a single exon but has
two translational start sites. N-terminal mutations typically pro-
duce a frameshift and premature stop codon, disrupting pro-
duction of the long (p42) isoform of the protein with sustained
production of the short (p30) isoform (5). The p30 isoform lacks
a transactivation domain responsible for interaction with E2F
and cell cycle regulation (6). Thus, alterations in the p42/p30
isoform ratio result in cell cycle dysregulation and uncontrolled
growth (7). In contrast, C-terminal mutations occur in the basic
leucine zipper domain and block interaction with DNA, dis-
rupting myeloid maturation (8). When an N-terminal CEBPA
mutation is present on one allele and a C-terminal mutation is

present on the other (biallelic CEBPA mutation), the resultant
AML is associated with favorable prognosis (9). Interestingly,
decreased CEBPA expression also drives a similar gene expres-
sion profile, arguing that decreased CEBPA activity is a critical
feature in the oncogenic activity of mutant CEBPA (10). Like
other categories of favorable-risk disease, many patients can be
cured with conventional therapy. However, approximately one-
half of patients will ultimately relapse, and the determinates of
this recurrent disease are unknown.
Recently, mutations in the granulocyte colony stimulating

factor receptor (CSF3R) have been identified as one of the most
commonly co-occurring mutations in CEBPA mutant AML
(11–13). The presence of CSF3R mutations in CEBPA mutant
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AML is associated with an increased risk of relapse and un-
favorable prognosis (14). Membrane proximal CSF3R mutations
disrupt an O-linked glycosylation site, leading to ligand-
independent receptor dimerization and activation of down-
stream JAK/STAT signaling (15). When present in isolation,
these mutations are highly associated with chronic neutrophilic
leukemia. Mutant CSF3R activates both proliferative and dif-
ferentiative transcriptional programs driving the proliferation of
neutrophil precursors and the overproduction of mature neu-
trophils that are the hallmark of this disease (15, 16). However,
when a C-terminal CEBPA mutation is present, differentiation
downstream of CSF3R is blocked, but proliferation is unabated
(17). In mouse models, only the combination of mutations leads
to a completely penetrant, rapidly lethal AML, while single
mutations produce long latency disease in only a fraction of
animals (17). Mutant CEBPA blocks the activation of a key
subset of enhancers that are crucial for myeloid differentiation,
driving AML initiation. Based on this disease mechanism, we
propose that therapeutic strategies targeting the leukemic epi-
genome will be particularly effective in this disease subtype.
Herein, we describe a medium-throughput drug screen that

identifies inhibitors of lysine-specific demethylase 1 as highly
active in CEBPA/CSF3R mutant AML. Inhibition of LSD1
reactivates myeloid lineage enhancers, restores expression of
differentiation-associated genes, and drives morphologic neu-
trophil lineage differentiation in AML cells. Although inhibition
of LSD1 alone fails to improve survival in mice harboring
CEBPA/CSF3R mutant AML, combined inhibition of the JAK/
STAT pathway and LSD1 produces complete hematologic dis-
ease control and doubles median survival. These data identify
combined JAK/STAT and LSD1 blockade as an exciting thera-
peutic approach for patients with CEBPA/CSF3R mutant AML.

Results
We previously reported that retroviral expression of mu-
tant CSF3R (CSF3RT618I) and C-terminal mutant CEBPA
(CEBPAV314VW) in mouse bone marrow is sufficient to permit
indefinite culture in cytokine-free media (17). To identify ther-
apies active against this subtype of AML, we performed a
functional screen utilizing a library of compounds for which we
have accumulated sensitivity data on a large number of primary
patient samples (Fig. 1A) (15, 18). This allows us to plot the
inhibitory concentration 50 (IC50) as a percentage of the median
IC50 of previously screened samples, with those inhibitors with
the lowest percentage having the highest relative efficacy. As
expected, numerous inhibitors of the JAK/STAT pathway were
identified. Interestingly, the CSF3RT618I/CEBPAV314VW cells
were also highly sensitive to GSK2879552, an inhibitor of the
histone demethylase LSD1. During normal blood development,
LSD1 is present in numerous chromatin-remodeling complexes
that decommission enhancers, leading to gene silencing (19). As
mutant CEBPA produces a unique epigenetic landscape in AML
and enhancer activation is crucial to the oncogenic activity of
CEBPA mutant AML (17, 20), we investigated the efficacy of
multiple targeted epigenetic inhibitors against our CEBPA/
CSF3R mutant cell line. We assessed the in vitro cytotoxicity of
inhibitors of LSD1 (GSK2979552 and GSK-LSD1), Jumonji
histone demethylase (KDM4C, JHDM inhibitor VIII), disruptor
of telomeric silencing 1-like (DOT1L, EPZ004777), enhancer of
zeste 2 (EZH2, UNC1999), histone deacetylases (HDAC, pan-
obinostat), and DNA methyl transferases (DNMT, azacitidine)
(Fig. 1B). GSK-LSD1 was the most potently cytotoxic of all of
the epigenetic agents evaluated, suggesting that LSD1 inhib-
itors might be particularly effective against CSF3R-CEBPA
mutant AML.
LSD1 inhibitors are known to reactivate differentiation-

associated enhancers in MLL-rearranged AML (21–24). To as-
sess whether a similar mechanism occurs in CSF3R/CEBPA

mutant AML, we performed RNA-sequencing (RNA-seq) on
CEBPA/CSF3R mutant AML cells treated with GSK-LSD1.
This revealed the up-regulation of numerous genes associated
with maturing myeloid cells, including Clu and members of the
Mmp and S100 families (Fig. 2A and SI Appendix, Table S1) (25).
LSD1 is known to interact with growth factor independent 1
(GFI1) family members, and LSD1 inhibition displaces GFI1
from chromatin (24). Indeed, we found that Gfi1 and Gfi1b were
among the most highly up-regulated genes identified with LSD1
inhibition, consistent with an autofeedback loop. To confirm that
LSD1 inhibition was not altering the expression of either trans-
duced oncogene, we assessed human CEBPA and CSF3R ex-
pression in response LSD1 inhibitor treatment and found no
significant changes (SI Appendix, Fig. S1A). To validate the ob-
served expression changes, we confirmed the differential ex-
pression of key differentiation-associated genes by real-time
PCR (SI Appendix, Fig. S1B). Gene ontology analysis revealed
that genes up-regulated in response to LSD1 inhibition were
associated with multiple neutrophil processes, including activa-
tion, neutrophil-mediated immune responses, and degranulation
(Fig. 2B and SI Appendix, Table S2). In addition, we observed an
enrichment of genes coding for neutrophil granule proteins. We
next compared genes that were differentially expressed in re-
sponse to LSD1 inhibition with RNA-seq on mouse bone mar-
row expressing mutant CSF3R alone or mutant CSF3R and
mutant CEBPA (Fig. 2C) (17). LSD1 inhibition up-regulated
numerous genes that were expressed in the setting of CSF3RT618I

alone but suppressed when CEBPAV314VW was coexpressed. Thus,
treatment of CEBPA/CSF3R mutant AML cells with GSK-LSD1
leads to reactivation of differentiation-associated genes suppressed
by mutant CEBPA.
To assess whether LSD1 inhibition produces reactivation of

differentiation-associated enhancers, we performed chromatin
immunoprecipitation sequencing (ChIP-seq) for multiple co-
valent histone modifications, enabling the identification of active
enhancers (presence of H3K4me1 and H3K27Ac, absence of
H3K4me3). We identified 30,775 active enhancers across both
experimental conditions. Assessment of differential H3K27Ac
revealed 4,322 enhancers with increased H3K27Ac in response
to GSK-LSD1 treatment and 9 with a loss of H3K27Ac (Fig. 2D
and SI Appendix, Table S3). Gene ontogeny analysis of the en-
hancers gained upon LSD1 inhibitor treatment revealed the
activation of pathways associated with immune activation, en-
docytosis, cytokine signaling, and activation of the JAK/STAT
pathway (Fig. 2E and SI Appendix, Table S4). These regions of
gained H3K27Ac in response to LSD1 inhibition were associated
with increased expression of the nearest gene (R2 = 0.19, P =
0.0027, Fig. 2F). Motif enrichment analysis revealed an enrich-
ment of motifs for Myb family members, which are known to
directly interact with LSD1 and prevent differentiation (Fig. 2G)
(26). To confirm the association of Myb binding with regions of
gained H3K27Ac, we analyzed the overlap of Myb ChIP-seq
peaks with these differential active enhancers. We found a
strong statistically significant enrichment of overlap of Myb
peaks with active enhancers with gained H3K27Ac upon LSD1
inhibitor treatment and a depletion of overlap in enhancers
without change in H3K27Ac (Fig. 2H and SI Appendix, Fig. S1C)
(27). Collectively, these data demonstrate that LSD1 inhibition
activates Myb bound enhancers with up-regulation of genes as-
sociated with myeloid differentiation.
As LSD1 inhibition activates a transcriptional and epigenetic

program consistent with myeloid differentiation, we assessed
whether epigenetic modulation produced immunophenotypic
and morphologic differentiation in cells expressing mutant
CSF3R and CEBPA. We assessed the ability of select drugs
identified on our initial screen to overcome the differentiation
blockade observed in HoxB8-ER cells expressing mutant CSF3R
and CEBPA (17, 28). Inhibition of LSD1 by GSK2879552
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produced a dose-dependent increase in expression of CD11b and
GR1 (markers of myeloid maturation) (Fig. 3A). In contrast,
neither JAK/STAT (ruxolitinib) nor BET inhibition (JQ1, OTX-
015) promoted differentiation. We then assessed the ability of
several LSD1 inhibitors to produce immunophenotypic differ-
entiation in CEBPA/CSF3R AML cells. Irreversible (GSK-LSD1
and GSK2879552) but not reversible (OG-L002 and SP2509)
LSD1 inhibitors produced dose-dependent increases in GR1 and
CD11b expression and morphologic evidence of neutrophil
maturation (Fig. 3 B and C). In contrast select other epigenetic
agents only produced significant immunophenotypic differenti-
ation at markedly higher doses (SI Appendix, Fig. S2A).
Early data demonstrate that inhibition of JAK/STAT signaling

with ruxolitinib is effective in patients with CSF3R-mutant
chronic neutrophilic leukemia (15). JAK/STAT inhibition
has also been suggested as a therapeutic strategy for CEBPA
mutant AML irrespective of CSF3R mutational status (12).
Our data above suggest that LSD1 inhibition might also be
an effective therapy in this disease subtype. We therefore
assessed disease response to GSK289552 and ruxolitinib in

mice harboring CEBPA/CSF3R mutant AML. In mice trans-
planted with CSF3RT618I alone, marked disease control is
achieved with ruxolitinib monotherapy (16). We treated mice
harboring CSF3RT618I and CEBPAV314VW with ruxolitinib
alone or GSK289552 alone. However, despite in vitro efficacy,
neither single agent improved survival, controlled white blood
cell (WBC) count, or significantly reduced spleen size
(Fig. 3 D–F). To confirm that GSK2879552 was having the
expected effect in vivo, we assessed the expression of genes
known to be regulated by LSD1 after 24 h of GSK2879552
treatment (0.75 mg/kg every 12 h). Consistent with our in vitro
findings, GSK2879552 up-regulated both BCL6 and Pla2g7 in
the bone marrow of CSF3R/CEBPA leukemic mice (SI Ap-
pendix, Fig. S2B).
LSD1 inhibitors demonstrate increased efficacy in combina-

tion with other agents (29). As our epigenetic analysis revealed
that LSD1 inhibition activates enhancers associated with JAK/
STAT signaling, we assessed synergy between inhibitors of these
two pathways. Cells treated with the combination of ruxolitinib
and GSK-LSD1 showed enhanced differentiation at higher doses

Fig. 1. CEBPA/CSF3R mutant AML demonstrates sensitivity to JAK/STAT and LSD1 inhibition. (A) Mouse bone marrow cells immortalized through retroviral
transduction with CSF3RT618I and CEBPAV314VW were screened against a panel of 175 inhibitors with established sensitivities in primary patient samples. Drugs
with an IC50 < 20% median IC50 of all prior samples are shown. (B) CEBPA/CSF3R mutant AML cells were screened against a panel of epigenetic inhibitors
with cytotoxicity assessed after 72 h of culture.
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Fig. 2. LSD1 inhibition reactivates differentiation-associated enhancers. (A) Differential gene expression assessed by RNA-seq in CEBPA/CSF3R mutant AML
cells treated with GSK-LSD1 (4 nM) or DMSO for 48 h (n = 3/group). (B) Gene ontology analysis performed on genes with increased expression after LSD1
inhibitor treatment. (C) Correlation of genes differentially expressed in mouse bone marrow cells expressing CSF3RT618I or CSF3RT618I/CEBPAV314VW or upon
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compared with cells treated with LSD1 inhibitor alone (Fig. 4A).
Furthermore, Bliss additivity and synergy analysis demonstrated
enhanced efficacy of the drug combination compared with single
agents (Fig. 4 B and C). Consistent with the observed cytotox-
icity, ruxolitinib and combined ruxolitinib/GSK2879552 elimi-
nated the serial replating of CSF3R/CEBPA AML cells in colony
assay (SI Appendix, Fig. S3E). GSK2879552 treatment decreased
colony number in subsequent replatings and led to exhaustion of
replating capacity.
To further characterize the mechanism of synergy, we per-

formed RNA-seq on CEBPA/CSF3R mutant AML cells treated
with dimethyl sulfoxide (DMSO), ruxolitinib, GSK-LSD1, or the
combination (Fig. 4D and SI Appendix, Table S5). To assess
patterns of expression across all treatment conditions, we per-
formed unsupervised clustering of all differentially expressed
genes. This analysis revealed multiple patterns of differential
expression, with GSK-LSD1 being the major determinant of
differential expression in most clusters. However, we identified
two clusters where GSK-LSD1 and ruxolitinib exerted additive
effects. We observed synergistic repression of cluster 1 genes by
GSK-LSD1 and ruxolitinib and synergistic induction of cluster 8
genes by the drug combination. Pathway analysis of cluster 1
revealed synergistic repression of genes associated with cellular
proliferation (i.e., ribosomal biogenesis) (Fig. 4E and SI Ap-
pendix, Table S6). In contrast, cluster 8 contained numerous
gene signatures associated with neutrophil maturation and
granule proteins.

Collectively, these data demonstrate that GSK-LSD1 and
ruxolitinib exhibit synergistic cytotoxicity via down-regulation of
proliferative programs and promotion of myeloid differentiation.
To correlate these effects with known transcriptional effectors of
LSD1, we assessed the overlap of ChIP-seq peaks for LSD1,
GFI1, Myb, and PU.1 with each cluster of genes (19, 27, 30, 31).
While all transcription factors demonstrated a significant en-
richment of overlap with the promoters of all clusters of differ-
entially expressed genes, differential patterns were observed
(Fig. 4F and SI Appendix, Table S7). Consistent with the known
interplay between Myb and self-renewal programs, we observed
the strongest overlap between cluster 1 genes and Myb peaks
(32). In contrast, consistent with its known role in myeloid dif-
ferentiation and previously implicated role in the response to
LSD1 inhibitors, we observed the strongest overlap of PU.1
peaks with the cluster 8 genes (neutrophil differentiation). By
comparison, LSD1 and GFI1 demonstrated relatively uniform
enrichment of overlap with all clusters. This implies that distinct
transcription factors control differing aspects of the response to
LSD1 inhibition.
To assess toxicity and tolerability of the drug combination

in vivo, we first treated healthy mice with the combination of
GSK2879552 and ruxolitinib for 2 wk. The drug combination led
to a small but significant weight loss over the 2 wk period but did
not produce any hematologic abnormalities or overt toxicity in
these healthy mice (SI Appendix, Fig. S3 A–D). We next in-
vestigated the efficacy of the combination of ruxolitinib and
GSK2879552 in mice transplanted with CSF3RT618ICEBPAV314VW

Fig. 3. JAK/STAT and LSD1 inhibition fails to improve survival in vivo. (A) GR-1 and CD11b expression as measured by flow cytometry in HoxB8 ER cells
expressing CSF3RT618I and CEBPAV314VW after 48 h of estrogen withdrawal and treatment with ruxolitinib, CPI-0610, OTX-015, JQ1, or GSK2879552 (n = 3/
dose). (B) GR-1 and CD11b expression by flow cytometry in murine bone marrow cells immortalized through expression of CEBPAV314VW + CSF3RT618I and
treated for 72 h with GSK2879552, GSK-LSD1, OG-L002, or SP2509 (n = 3/dose). (C) Representative images from CEBPA/CSF3R AML cells treated with 5 nM
GSK-LSD1 for 72 h. (D) Survival posttreatment initiation for mice transplanted with 10,000 cells expressing CSF3RT618I and CEBPAV314VW and treated with
GSK2879552 at 1.5 mg/kg/day or ruxolitinib at 90 mg/kg/day by twice daily oral gavage starting at week 2. (E) Weekly WBC count posttreatment initiation. (F)
Spleen weight at time of survival endpoint (n = 4 to 5/group). In all cases, values are represented as mean ± SEM. Survival was assessed by the log-rank test.
Significance of other comparisons was assessed by Student’s t test for two group comparisons or ANOVA with Sidak’s posttest, as appropriate.
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Fig. 4. Combined inhibition of JAK/STAT signaling and LSD1 demonstrates synergy in vitro and improves survival in vivo. (A) GR-1 and CD11b expression
measured by flow cytometry in murine bone marrow cells immortalized through expression of CEBPAV314VW + CSF3RT618I and treated for 72 h with ruxolitinib,
GSK-LSD1, or the combination (n = 3/group). (B) Viability of murine bone marrow cells immortalized through expression of CEBPAV314VW + CSF3RT618I and
treated for 72 h with ruxolitinib, GSK-2879552, or the combination. (C) Drug matrix of murine bone marrow cells immortalized through expression of
CEBPAV314VW + CSF3RT618I and treated for 72 h with ruxolitinib and GSK-2879552 with synergy assessed by zero interaction potency score. (D) RNA-seq
performed on CEBPA/CSF3R mutant AML cells treated with ruxolitinib (50 nM), GSK-LSD1 (2 nM), both drugs in combination, or DMSO (n = 3/group). Gene
expression displayed by K-means clustering. (E) Gene ontology analysis of select clusters from D. (F) Overlap of ChIP-seq peaks for LSD1, Myb, Gfi1, and PU.1
with the promoters of differentially expressed genes separated by cluster. (G) Survival posttreatment initiation for mice transplanted with 10,000 cells
expressing both oncogenes and treated with GSK2879552 at 1.5 mg/kg/day and ruxolitinib at 180 mg/kg/day or vehicle by oral gavage as a twice daily divided
dose starting at week 3. (H) Weekly WBC count post treatment initiation. (I) Spleen weight at time of survival endpoint (n = 5 to 6/group). In all cases, values
are represented as mean ± SEM. **P < 0.01. Survival was assessed by log-rank test. Significance of other comparisons was assessed by Student’s t test for two
group comparisons or ANOVA with Sidak’s posttest, as appropriate.
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AML (Fig. 4G). The combination of GSK2879552 and ruxolitinib
normalized peripheral blood WBC counts starting at week 1 and
doubled median survival to 6.4 wk up from 3.2 wk in vehicle-
treated mice (Fig. 4 G and H). Spleen weight was substantially
reduced by treatment with the combination of ruxolitinib and
GSK2879552 (Fig. 4I and SI Appendix, Fig. S3F). Furthermore,
mice treated with the combination of ruxolitinib and GSK2879552
did not experience significant drops in other cell indices, arguing
that the therapeutic combination did not produce substantial he-
matologic toxicity (SI Appendix, Fig. S3 G and H). These data
demonstrate that combined inhibition of LSD1 and the JAK/
STAT pathway is a promising therapeutic strategy in CEBPA
mutant AML.

Discussion
In patients with biallelic CEBPA mutant AML, the standard of
care treatment involves induction and consolidation with
cytarabine-based chemotherapy, followed by close surveillance for
disease relapse. Approximately 50% of such patients will relapse
with this approach, yet the only intervention that reduces this risk
is bone marrow transplantation (33). Given the morbidity associ-
ated with bone marrow transplant, coupled with the fact that a
second remission is usually achievable in relapsed favorable-risk
AML, this approach is typically employed only at the time of re-
lapse (34). Although cure can ultimately be achieved for many
patients with favorable-risk disease using bone marrow trans-
plantation, there is still substantial mortality associated with this
approach. This is particularly true in older individuals with
favorable-risk disease, in whom long-term survival remains less
than 20% (35). Therefore, novel therapeutic strategies driven by
an understanding of the molecular determinants of relapse would
be of high clinical value. Here, we report a combination thera-
peutic strategy targeting JAK/STAT signaling and LSD1 that
demonstrates marked activity in vivo against CEBPA/CSF3R
mutant AML, a disease subtype with an increased risk of relapse
(14). This approach could be deployed as a component of upfront
therapy or utilized in the setting of relapsed disease, potentially
offering clinical benefit with reduced toxicity.
Mutations in AML classically occur in two distinct functional

categories (36). Class I mutations lead to the activation of sig-
naling pathways, driving proliferation and producing a myelo-
proliferative disease in isolation. In contrast, class II mutations
occur in lineage-determining transcription factors, blocking dif-
ferentiation and producing myelodysplasia in isolation. When
present in combination, the proliferation of immature white
blood cells results in AML. Deeper investigation of AML ge-
nomics has demonstrated that this class I/class II paradigm is not
always present. Indeed, it appears that AML often results from
the co-occurrence of multiple class II mutations (18, 37, 38).
Interestingly, favorable-risk disease is typically defined by the

presence of specific class II mutations such as biallelic CEBPA
mutations, translocations involving core binding factor, and the
presence of mutations in nucleophosmin (NPM1). However, it is
increasingly evident that the co-occurrence of class I mutations
reverses the favorable prognosis associated with these class II
mutations. For example, mutations in FMS-like tyrosine kinase 3
(FLT3) frequently co-occur with NPM1 mutations and drive
worsened prognosis (2). Class I mutations in KIT frequently co-
occur in core binding factor mutant AML and similarly produce
adverse outcomes (39). The recently discovered high rate of
occurrence of CSF3R mutations in CEBPA mutant AML appear
consistent with this paradigm (11–13, 40). Individuals with bial-
lelic CEBPA mutant AML and mutant CSF3R have inferior
outcomes compared to those without mutant CSF3R. Given the
similarities between these three disease subtypes, it is possible
that an analogous strategy of combination therapy with agents
targeting class I and class II mutations will have broad
applicability.

LSD1 is a member of multiple chromatin complexes associ-
ated with both gene silencing and gene activation. As a histone
demethylase, it removes activating H3K4me marks, decom-
missioning enhancers, and also removes repressive H3K9 marks
(41). Recent work, however, suggests that LSD1 blocks myeloid
differentiation in MLL-rearranged AML through alternate
mechanisms (24). LSD1 is present in multiple repressive com-
plexes that contain growth factor independent 1 (GFI1) (24).
GFI1 is responsible for repressing genes associated with alter-
nate cell fates (i.e., monocytes) in developing neutrophils (42).
Consistent with this, Gfi1 knockout mice have neutropenia and
accumulation of abnormal cells with an intermediate phenotype
between monocytes and neutrophils (42). In addition, point
mutations in GFI1 in humans are associated with congenital
neutropenia (43). Genetic or pharmacologic inhibition of LSD1
disrupts these repressive complexes, displacing GFI1 from
chromatin, leading to enhancer activation (24). Consistent with
this, we observed marked up-regulation of Gfi1 gene expression
in response to LSD1 inhibitor treatment, consistent with dis-
placement of GFI1 from its own promoter and loss of autor-
egulatory inhibition. Prior work has demonstrated that LSD1
inhibition reactivates genes with enhancers and promoters oc-
cupied by known differentiation-promoting transcription factors
such as PU.1 and CEBPA (23). Consistent with this, our data for
CSF3R/CEBPA mutant AML demonstrated marked reac-
tivation of enhancers in response to LSD1. Additionally, we
noted a cluster of genes that show the greatest increase in ex-
pression upon combination drug treatment. These genes were
associated with a myeloid differentiation signature and showed
the strongest enrichment of overlap with PU.1 peaks. Whether
LSD1 or JAK/STAT inhibition changes the localization of PU.1
binding is an interesting area for further investigation.
Our data also suggest that LSD1 plays an important role in

gene activation. We identified a cluster of genes that demon-
strated strong down-regulation in response to combined drug
treatment. These genes showed enrichment for proliferative
regulators and demonstrated the strongest overlap with Myb
peaks. Myb is known to interact with LSD1 in other contexts, and
Myb knockdown in MLL-rearranged AML cells produces a gene
expression profile similar to LSD1 inhibition (24). In contrast to
GFI1, which exerts repressive activity in complexes with LSD1,
these proliferative Myb target genes demonstrate decreased ex-
pression when treated with the drug combination, suggesting
that, in certain contexts, Myb–LSD1 complexes exert transcrip-
tional activating activity, potentially via the modification of re-
pressive H3K9 methylation status.
A major issue noted in early clinical trials of LSD1 inhibitors is

development of dose-dependent thrombocytopenia (44). Al-
though we did not observe hematologic toxicity in healthy mice
treated with GSK2879552 either alone or in combination with
ruxolitinib and the combination was also well tolerated in leu-
kemic mice, this remains a serious concern. Interestingly, we also
observed up-regulation of Gfi1b, a transcription factor closely
related to GFI1, which is important for gene repression in ery-
throid and megakaryocytic lineages (45). Therefore, it is possible
that the thrombocytopenia observed with LSD1 inhibition may
be related to inhibition of Gfi1b, suggesting that the develop-
ment of strategies that spare this factor may avoid much of the
observed hematologic toxicity.
It has been proposed that in AML, epigenetic drugs will likely

be most effective in the setting of combination therapy (46).
With nearly limitless combinations, preclinical prioritization
based on mutational profile and a detailed mechanistic un-
derstanding of single agents will be necessary. One possible ap-
proach is to combine multiple epigenetic agents with the notion
that they will target complementary pathways involved in dif-
ferentiation arrest. Indeed, a recent study demonstrated syner-
gistic differentiation and cytotoxicity with the combination of
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LSD1 inhibitors and azacytidine (29). An alternate approach is
to target vulnerabilities exposed by one drug with a second agent.
Our analysis of LSD1 inhibitor activated enhancers revealed
activation of pathways associated with cytokine receptor and
JAK/STAT signaling. Thus, LSD1 inhibition may render cells
more dependent on JAK/STAT signaling, increasing sensitivity
to targeted inhibition of this pathway. One interesting finding in
our study was that ruxolitinib augmented the differentiation
observed with GSK-LSD1. Given that differentiation down-
stream of mutant CSF3R appears to be dependent on JAK/
STAT signaling, this finding appears to be paradoxical. Prior
work suggests that the majority of the prodifferentiative signaling
downstream of CSF3R is dependent on Stat3 signaling, while
Stat5 prevents differentiation (47). Thus, differential modulation
of Stat3 and Stat5 activity could be responsible for the observed
enhancement LSD1 inhibitor mediated differentiation produced
by ruxolitinib. In future studies, genome-wide assessment of
Stat3 and Stat5 binding in response to ruxolitinib and LSD1
inhibition will provide insight into this potential mechanism.
Collectively, our results demonstrate that combination therapy

with LSD1 and JAK/STAT inhibitors is highly active in CEBPA/
CSF3R mutant AML. This result suggests that the addition of
ruxolitinib and GSK2879552 to postremission therapy may re-
duce the risk of relapse in this unfavorable disease subtype. For
patients with relapsed disease, this combination may represent
an alternative reinduction strategy for elderly patients in whom
reduced toxicity would be of high value.

Materials and Methods
Mice. Wild-type Balb/cJ mice (JAX# 000651), were obtained from the Jackson
Laboratories. All animals were maintained on a normal 12:12 h light:dark
cycle and provided ad libitum access to water and food (Purina rodent diet
5001; Purina Mills). Female mice were used for experimentation between 6
and 20 wk of age and were age and weight matched in all experiments. All
experiments were conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (48) and approved by the Institutional Ani-
mal Care and Use Committee of Oregon Health & Science University.

Cell Lines. The 293T17 cells were obtained from ATCC and were cultured in
Rosewell Park Memorial Institute media (RPMI) (Gibco) supplemented with
20% fetal calf serum (FCS, HyClone). Murine HoxB8-ER cells were a generous
gift from David Sykes (Massachusetts General Hospital, Boston, MA) and
were cultured in RPMI (Gibco) with 10% FCS (HyClone) and Chinese Hamster
Ovary-Stem Cell Factor cell conditioned media (final concentration of
∼100 ng/mL) (28). Mouse bone marrow cell lines were immortalized through
retroviral transduction with CSF3RT618I and CEBPAV314VW and were cultured
in Iscove Modified Dulbecco Media (Gibco) supplemented with 20% FCS
(HyClone). All cells were cultured at 37 °C and 5% CO2. Wild-type HoxB8-ER
cells were cultured and differentiated as previously described (28). Cell lines
were tested monthly for mycoplasma contamination.

Cloning and Retrovirus Production. The following retroviral plasmids were
utilized: pMSCV-IRES GFP (15), pMSCV-IRES-mCherry FP (a gift from Dario
Vignali, (Pittsburgh, PA), Addgene plasmid #52114). The CSF3RT618I mutation
was generated as previously described (15). Full-length CEBPA cDNA was
obtained from GeneCopoeia. CEBPAV314VW was generated using the Quik-
change Site Directed Mutagenesis Kit (Agilent). To produce retrovirus,
293T17 cells were transfected with EcoPac helper plasmid (a gift from Rick
Van Etten, Irvine, CA) and the appropriate transfer plasmid. Conditioned
media was harvested 48 to 72 h after transduction.

Retroviral Transduction for Bone Marrow Transplant. Donor mice were in-
jected with 5-FU (100 mg/kg) 5 d prior to sacrifice. Bone marrow was
harvested and subjected to ammonium chloride red blood cell lysis (Gibco).
Cells were cultured overnight in IL-3 (14 ng/mL), IL-6 (24 ng/μL), and SCF
(112 ng/μL) and Wehi conditioned media at 3 × 106/mL, then spinoculated
at 0.25E6/mL with 2 mL retroviral conditioned media in a six-well plate.
Spinoculation was repeated again on the following day, and transduced
cells were isolated using a FACSAria III (BD Biosciences). Recipient mice
were lethally irradiated (450 Gy × 2 at least 3 h apart) using an Xstrahl
X-ray irradiator (Radsource). Cells were administered via retro-orbital in-
jection under isoflurane anesthesia. Each recipient was administered

10,000 CSF3R/CEBPA positive cells (GFP/RFP positive cells) along with
190,000 fresh whole bone marrow cells (support cells). Mice were main-
tained on water containing 1.1 mg/mL neomycin trisulfate and 167 μg/mL
polymyxin B sulfate for 3 wk posttransplant. Complete blood counts were
obtained weekly starting at day 10 using an automated counter (Scil Vet
abc). Mice were monitored for leukemia development, and drug treat-
ment was initiated when the majority of transplanted mice had developed
leukocytosis. Ruxolitinib (Selleckchem) and GSK2879552 (Selleckchem)
were suspended in 5% dimethylacetamide, 0.5% methylcellulose, and
2.5% DMSO. Mice were treated with GSK2879552 at 1.5 mg/kg/day, rux-
olitinib at 180 mg/kg/day, both drugs in combination, or vehicle by oral
gavage. Survival endpoints included WBC > 100 and moribund appearance
as mice were frequently moribund without substantial weight loss. At time
of sacrifice, smears were prepared of blood and bone marrow. Spleen
weight was recorded, and spleens were fixed for 24 h in 10% zinc formalin
(Fisher Scientific), then transferred to 70% ethanol and stored at 4 °C. One
tibia was also fixed and stored in a similar fashion.

Medium-Throughput Drug Screening. IC50 values were compared to all prior
samples (AML, CML, CLL) treated (18). Sensitivity was defined as an IC50
below 20% of the median IC50. Drugs that were subsequently found to have
more than a 10-fold change in IC50 in confirmatory studies were removed
from the final screen results. Compounds that displayed a U-shaped drug
response curve were eliminated as follows: Any compound that reached an
IC50 but subsequently had two or more points >75% viability at higher drug
concentrations was excluded from further analysis. Compounds that failed
to drop viability below 25% were excluded. Synergy analysis was performed
on an 8 × 8 matrix of drug concentrations. Synergy analysis was performed
using SynergyFinder (49).

Real-Time PCR. Depending on the amount of starting material, RNA was
extracted using an RNeasy Micro Kit (Qiagen). Subsequently, cDNA was
synthesized using a High Capacity cDNA Synthesis Kit (Thermo Fisher). Real-
time PCR was performed using the QuantStudio7 Real Time PCR System
(Thermo Fisher) and Taqman primer probes (Thermo Fisher).

Flow Cytometry. For assessment of myeloid differentiation, phycoerythrin rat
anti-mouse GR1 (BD) and PE-Cy7 rat anti-mouse CD11b (BD) were used
according to the manufacturer’s protocol. Stained cells were analyzed on a
FACSAria III flow cytometer (BD). For differentiation studies, drugs were
added using a Digital Dispenser drug printer (HP). All drugs were dissolved in
DMSO with a final DMSO concentration of <1%. Cells were incubated for 48
to 72 h in drug and stained with antibodies to GR-1 and CD11b. Stained cells
were run on a CytoFLEX flow cytometer (Beckman Coulter) with a 96-well
plate loader housed in the Oregon Health & Science University Flow
Cytometry Shared Resource.

RNA Sequencing. CEBPA/CSF3R mutant murine AML cells were treated with
4 nM GSK-LSD1, 2 nM GSK-LSD1, 50 nM ruxolitinib, 2 nM GSK-LSD1/50 nM
ruxolitinib, or DMSO for 48 h. Total RNA was extracted using a RNA micro Kit
(Qiagen). Library preparation and sequencing was performed by BGI at 50
base pair (BP) paired end for the GSK-LSD1 monotherapy study and 50 BP
single end for the combination therapy study.

Chromatin Immunoprecipitation Sequencing. CEBPA/CSF3R mutant AML cells
were cultured for 48 h in 4 nM GSK-LSD1. Chromatin preparation and im-
munoprecipitation were performed using a SimpleChIP Enzymatic Kit (Cell
Signaling Technologies) according to the manufacturer’s instructions. Ap-
proximately 5 μg of chromatin from 4 × 106 cells was utilized per histone
mark (n = 2 immunoprecipitations/condition). The following antibodies
were utilized: rabbit anti-H3K27Ac (Abcam, ab4729), rabbit anti-H3K4me1
(Cell Signaling, D1A9), and rabbit anti-H3K4me3 (Cell Signaling, C32D8).
Sequencing libraries for each ChIP and input were generated using the
NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs)
according to the manufacturer’s instructions. All ChIP-seq libraries were se-
quenced using PE 150 bp on an Illumina HiSeq4000.

Bioinformatic Analysis.
RNA-seq analysis: Murine samples. Raw reads were trimmed with BBDuk and
aligned with STAR (50). Differential expression analysis was performed using
DESeq2 (51). Raw P values were adjusted for multiple comparisons using
the Benjamini–Hochberg method. Gene ontology and pathway analysis
was performed using Enrichr (52). Genes that were differentially expressed
upon treatment with GSK-LSD1 were compared with genes differentially
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expressed between mouse bone marrow expressing CSF3RT618I alone and
CSF3RT618I/CEBPAV314VW (GSE122166). Expression profiles of genes differen-
tially expressed in both datasets are displayed side by side.
ChIP-seq analysis. Reads were aligned to the mouse reference genome (mm10)
using Bowtie with default settings (53). We used the ChromHMM software (54)
to characterize and annotate the genomes of each treatment group according
to six chromatin states, based on different combinations of H3K4me1,
H3K4me3, and H3K27ac marks. Active enhancers were identified through the
presence of H3K4me1 and H3K27Ac and the absence of H3K4me3. A catalog
of all identified active enhancers was assembled across both treatment con-
ditions. The differential H3K27Ac signal at these enhancers was determined
using the getDifferentialPeaksReplicates.pl command in HOMER (55).
Renanalysis of published transcription factor ChIP seq data. Processed bed files
containing called peaks and bigwig files were downloaded from the Cistrome
Data browser (56): LSD1(35751), GFI1 (39926), Myb (46473), and PU.1 (90318)
(19, 27, 30, 31). Gene coordinates were obtained using the University of
California Santa Cruz table browser to download the Refseq known gene
catalog. Heat maps were generated for each cluster of differentially
expressed genes using deepTools (57). Overlap between either differential
enhancers and Myb peaks was performed using bedtools fisher (58). Overlap
between the promoters of differentially expressed genes and candidate
transcription factors was performed using bedtools fisher and a catalog of
regions ±1 kilobase surrounding the transcriptional start site.
Gene ontology analysis for ChIP-seq. Gene ontology analysis for histone mark
ChIP-seq was performed by the Genomic Regions Enrichment of Annota-
tions Tool (59) using the basal plus extension model to annotate enhancer
coordinates to nearby genes.

Quantification and Statistical Analysis. Data are expressed as mean ± SEM.
Statistical analysis was performed using Prism software (version 7.0; Prism
Software Corp.) or RStudio. Statistical analyses are described in figure leg-
ends. All data were analyzed with either an unpaired Student’s t test or
ANOVA followed by post hoc analysis using Sidak’s corrected t test. For RNA-
seq data, P values were adjusted for repeated testing using a false discovery
rate by the method of Benjamini–Hochberg (60). Survival analysis was con-
ducted using the method of Kaplan–Meier, and statistical significance was
assessed using a log-rank test.

Data Availability. The Gene Expression Omnibus (GEO) accession number for
all genomic data for RNA-seq and ChIP-seq reported in this paper is
GSE138388.
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