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KEY PO INT S

l KDM1A/LSD1 is a new
therapeutic target
for AML; we have
identified SNAI1 as
a pathological
modulator of KDM1A/
LSD1 target selection
in AML.

l Targeting the SNAI1-
LSD1 complex or its
downstream targets
may be a novel and
potent therapeutic
strategy for the
treatment of AML.

Modulators of epithelial-to-mesenchymal transition (EMT) have recently emerged as novel
players in the field of leukemia biology. The mechanisms by which EMT modulators con-
tribute to leukemia pathogenesis, however, remain to be elucidated. Here we show that
overexpression of SNAI1, a key modulator of EMT, is a pathologically relevant event in
human acute myeloid leukemia (AML) that contributes to impaired differentiation, en-
hanced self-renewal, and proliferation of immature myeloid cells. We demonstrate that
ectopic expression of Snai1 in hematopoietic cells predisposes mice to AML development.
This effect is mediated by interaction with the histone demethylase KDM1A/LSD1. Our
data shed new light on the role of SNAI1 in leukemia development and identify a novel
mechanism of LSD1 corruption in cancer. This is particularly pertinent given the current
interest surrounding the use of LSD1 inhibitors in the treatment of multiple different
malignancies, including AML. (Blood. 2020;136(8):957-973)

Introduction
Acute myeloid leukemia (AML) is a genetically heterogeneous
disease with an average 5-year overall survival (OS) of ,40%.
Comprehensive genomic profiling of AML patients has resulted
in a clearer understanding of the recurrent genetic lesions that
underpin the development and pathogenesis of this aggressive
leukemia.1,2 The frequent mutation of epigenetic regulators,
such as DNMT3a, TET1/2, and IDH1/2, highlights a critical role
for deregulated epigenetic mechanisms in AML pathogenesis.3

In contrast to genetic changes, epigenetic modifications are
potentially reversible and thus provide unique opportunities
for targeted therapy.4 Lysine-specific demethylase 1A (LSD1/

KDM1A), hereafter referred to as LSD1, is an H3K4Me1/2 his-
tone demethylase that regulates gene expression through
its involvement in various transcriptional complexes such as
CoREST and the nucleosome remodelling and deacetylase
complex.5,6 LSD1 has emerged as a viable therapeutic target in
AML7 because its activity is frequently perturbed in this disease,
and studies have demonstrated that LSD1 inhibition and/or
downregulation can induce AML cell differentiation in vitro and
reduce tumor burden in vivo.8,9 However, the mechanisms by
which LSD1 activity is perturbed in AML, and the identity of the
key downstream events that contribute to AML pathogenesis,
remain unclear.
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Figure 1. A putative role for SNAI1 in humanAML. (A) Quantitative real-time PCR analysis showing SNAI1mRNA is expressed;12-fold higher in human AML patient samples
compared with normal hematopoietic stem and progenitor cells (CD341, n5 3; AML, n5 6; P, .05 Mann-Whitney nonparametric 1-tailed test). SNAI1 expression is normalized
to the expression of the housekeeping geneGUSB. (B) SNAI1 protein expression is higher in AML patient samples comparedwith healthy CD341 control cells. TheMOLM13 cell
line is also shown as a comparison. (C) Western blot analysis showing MOLM13-R, OCI-AML3-R, and THP1-R AML cell lines express SNAI1 protein, whereas HL60-R, NB4-R, and
Kasumi-R do not. (D) shRNA-mediated SNAI1 knockdown in OCI-AML3-R and MOLM13-R AML cell lines results in upregulation of the myeloid maturation marker CD11b (red

958 blood® 20 AUGUST 2020 | VOLUME 136, NUMBER 8 CARMICHAEL et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/8/957/1756324/bloodbld2019002548.pdf by guest on 18 M

ay 2024



Epithelial-to-mesenchymal transition (EMT) modulators of the
SNAIL (SNAI1/2/3) and ZEB (ZEB1/2) families are key regulators
of epithelial tumor biology by facilitating cancer cell invasion and
metastasis, acquiring cancer stem cell properties, and activating
survival pathways responsible for increased chemotherapy and
radiotherapy resistance.10,11 In hematological malignancies,
however, the role of these proteins has been largely overlooked
because of their perceived lack of relevance in non-EMT con-
texts. Recently, we and others have begun to show that
deregulated expression of EMT modulators represents a pre-
viously unrecognized pathogenic event in acute leukemia.12-14

Increased levels of ZEB1 in AML are associated with a more
aggressive and invasive phenotype and subsequently poorer
OS,13 and ZEB2 has been shown to be a novel regulator of AML
differentiation and proliferation12 as well as a driver of early
thymic progenitor T-cell acute lymphoblastic leukemia.14 The
mechanisms by which EMT modulators contribute to leuke-
mia development and pathogenesis, however, remain to be
elucidated.

In this current study, we have discovered a novel oncogenic role
for SNAI1 in AML development and show that increased ex-
pression of EMTmodulators, such as SNAI1, are key contributors
to the perturbation of LSD1 activity that is critical for AML
pathogenesis.

Materials and methods
Cell culture
RIEP-modified human AML cell lines15 were maintained in RPMI
medium supplemented with 10% fetal bovine serum (Sigma),
penicillin (100 U/mL-1) and streptomycin (100 mg/mL-1), and
2 mM of L-glutamine (Gibco). HPC-7 cells were kindly provided
by Leif Carlsson (Umea University, Umea, Sweden) and grown in
Iscove modified Dulbecco medium supplemented with 10%
fetal bovine serum (Sigma), penicillin (100 U/mL-1) and strep-
tomycin (100 mg/mL-1), 2 mM of L-glutamine (Gibco), 0.05 mM
of 2-mercaptoethanol, and 100 ng/mL of mouse stem cell factor
(mSCF; peprotech). Fetal liver cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 10% (volume/
volume) fetal calf serum, mSCF (100 ng/mL), mouse interleukin-6
(mIL-6; 10 ng/mL), mouse Flt3L (5 ng/mL), and mouse throm-
bopoietin (mTPO; 50 ng/mL).

Retroviral production and cell transduction
The top 3 predicted short hairpin RNAs (shRNAs) for SNAI1
(shSNAI1.774, shSNAI1.1577, and shSNAI1.1633) were cloned
into the LMP-miR-E vector,16 and murine wild-type (WT) and
mutant Snai1 complementary DNA (cDNA) were subcloned with
a 59FLAG tag into the MSCV-IRES-GFP vector (Addgene).
HEK293T packaging cells were transfected with target viral
vectors and packaging plasmids using Lipofectamine reagent

(Invitrogen), and supernatant was collected after 48 hours and
stored in aliquots at 280°C degrees. Retroviral transduction of
fetal liver cells and HPC7 cells was performed in 12-well plates
coated with 32 mg/mL of retronectin (Takara Bio) using the spin
infection protocol. Briefly, retroviral supernatant was spun onto
retronectin-coated plates for 2 hours, followed by addition of
cells in culture medium supplemented with 4 mg/mL of poly-
brene (Sigma).

Flow cytometry
Cells were run on an LSR Fortessa (BD Biosciences) flow cyto-
metric machine and data analyzed using FACSDiva or FlowJo
software (BD Biosciences). Dead cells were excluded from
analysis using either propidium iodide or the fixable viability dye
eFluor780 or eFluor450 (eBioscience). Antibodies used for flow
cytometry are listed in supplemental Table 6.

Human patient samples
Human patient samples were obtained and used in accordance
with the Declaration of Helsinki guidelines, and investigations
were performed only after local ethical committee approval and
with informed written patient consent. Patient sample details are
provided in supplemental Table 1.

Mice and animal procedures
All animal experiments were performed according to the reg-
ulations and guidelines in the Australian Code for the care and
use of animals for scientific purposes 2013 and approved by the
Alfred Medical Research and Education Precinct Animal Ethics
Committee. Bone marrow transplantation and Cre induction
experiments are described in the supplemental Methods.

Mouse pathology and blood cell analysis
Hematopoietic organs were fixed in 10% buffered formalin and
stained with hematoxylin and eosin for histopathological ex-
amination. Spleen and bone marrow cytospins (Cytospin 4;
Thermo Fisher Scientific) and peripheral blood smears were
stained with Wright-Giemsa. Submandibular blood samples
were collected into EDTA-coated tubes, and differential counts
were performed on a HemaVet 950FS automated blood analysis
machine (Drew-Scientific).

Quantitative Real-time polymerase chain reaction
RNA was isolated using the RNeasy midi- or minikit (Qiagen),
and RNA concentration was measured on the NanoDrop 1000
Spectrophotometer according to the manufacturer’s instructions
(Bio-Rad). cDNA was generated using the SuperScript III reverse
transcriptase kit according to the manufacturer’s instructions
(Sigma). Relative gene expression of SNAI1 was calculated using
the d-Ct method.17

Figure 1 (continued) and blue lines) compared with the control shRen.713 shRNA (black line). (E) Quantification of the percentage of CD11b1 cells in shRen.713 infected cells
(black bars) compared with shSNAI1 infected cells (red bars). Data are represented as mean 1 standard error of the mean; n 5 3 independent replicates. (F) Wright-Giemsa
staining analysis of MOLM13-R cells shows evidence of myeloid differentiation, such as increased cytoplasmic/nuclear ratio and presence of cytoplasmic granules, upon SNAI1
knockdown in shSNAI1.774 and shSNAI1.1577 cells compared with control shRen.713 cells. Kaplan-Meier plots showing that Cre (tamoxifen)–mediated loss of Snai1 in MLL-AF9
(G) and AML-ETO/NRAS–driven (H) AMLmodels leads to a significant reduction in the survival of recipient mice as determined by leukemia growth delay (LGD)52 analysis (AML-
ETO, P, .05; MLL-AF9, P, .01). Red lines indicate Snai1fl/fl cells, and black lines indicate Snai11/1 cells. Dotted lines indicate mice treated with tamoxifen vs solid lines indicated
mice treated with vehicle. Data are from 5 recipient mice per cohort, each transplanted with 300 000 (MLL-AF9) or 500 000 (AML-ETO/NRAS) AML cells combined from 2 to
3 primary tumors. *P , .05 Student 2-sided unpaired t test, **P , .01 Mantel-Cox test.
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Methylcellulose culture and replating
Methylcellulose cultures were incubated for 7 days at 37°C and
5% carbon dioxide in duplicate 1.1-mL, 35-mm dishes of
Methylcult 3234 (Stem Cell Technologies) supplemented with
100 ng/mL of SCF, 10 ng/mL of IL-3, and 4 IU/mL of erythro-
poietin. Methylcellulose colonies were dissociated into Dul-
becco’s modified Eagle medium/10% fetal calf serum and
stained for flow cytometric analysis or cytocentrifuged for cy-
tological analysis (antibodies used are given in supplemental
Table 1). For replating assays, cells were washed out of meth-
ylcellulose using 63 phosphate-buffered saline (PBS) washes
and then replated in Methocult 3234 and cultured for another
7 days.

RNA-seq analysis
At 7 to 10 days posttransduction, RNA was extracted using an
RNeasy midikit and quality assessed using a BioAnalyzer ma-
chine (Agilent). Library preparation was performed using the
Truseq strandedmessenger RNA (mRNA) kit (Illumina), and single-
end 100-bp reads were generated on an Illumina HiSeq 2500.
Details of RNA sequencing (RNA-seq) data analysis are included
in the supplemental Methods. RNA-seq data are available from
Gene Expression Omnibus (GEO; GSE132724).

ChIP
Chromatin immunoprecipitation (ChIP) assays were performed
as previously described18 with 2 3 107 cells per condition using
an antibody against H3K4me1 (Abcam #ab8895), H3K4me2
(Millipore #07-030), SNAI1 (Cell Signaling #3879), or LSD1
(Abcam #ab17721). More detailed protocols are given in the
supplemental Methods.

ChIP-seq
Library preparation for H3K4me1/2 ChIP samples was per-
formed by BGI (Hong Kong) using a variation of Illumina’s
standard protocol. The libraries were sequenced by BGI using a
HiSeq2500 analyzer. Library preparation for the Snai1 ChIP
samples was performed using the Illumina Truseq ChIP library
preparation kit (Illumina), and sequencing was performed on an
Illumina NextSeq analyzer. ChIP-seq data are available from
GEO (GSE132990).

Western blotting and immunoprecipitation
Western blot analysis was performed using standard protocols
with the following antibodies: rabbit polyclonal a-SNAI1
(C15D3; Cell Signaling Technology #3879), HRP-conjugated
a-Β-Actin (Sigma #ab49900), and secondary HRP-conjugated
rabbit a-mouse (Calbiochem #401353) and goat a-rabbit
(Calbiochem #402335) antibodies. Detection was performed
using an ECL detection kit (GE Healthcare). Immunoprecipita-
tions were performed using the a-LSD1 antibody (Abcam
#ab17721) conjugated to Dynabeads Protein G (Invitrogen
#1003D). More detailed protocols are given in the supplemental
Methods.

ATAC-seq
A total of 100 000 cells per sample were collected and washed
with PBS, pelleted by centrifugation, and washed with lysis
buffer (10 mM of tris[hydroxymethyl]aminomethane hydrochlo-
ride; pH, 7.4; 10 mM of sodium chloride; 3 mM of magnesium
chloride; 0.1% Tween 20) after a 3-minute incubation on ice. The
tagmentation reaction (13 Tagment DNA buffer, 0.33 PBS,

0.1% Tween 20, and 2.5 mL of Tn5 [Illumina]) was performed at
37°C for 30 minutes using a thermocycler in a 50-mL volume as
previously described.19 Reactions were immediately purified
using a MinElute PCR Kit (Qiagen) and underwent 13 cycles of
amplification with indexing adapters before being sequenced
on the NovaSeq 6000 platform (Illumina). Replicate sample li-
braries (33) were generated on successive days. Assay for
transposase-accessible chromatin (ATAC)–seq data are available
from GEO (GSE147873).

Results
Increased SNAI1 expression plays a key role in
human AML pathogenesis
Using the BloodSpot database, we discovered that SNAI1 ex-
pression is significantly increased in AML compared with normal
hematopoietic stem/progenitor cells irrespective of presence of
genetic abnormality/driver mutation (supplemental Figure 1A).
To confirm this result, we performed quantitative real-time
polymerase chain reaction (qRT-PCR) on 6 AML patient sam-
ples (supplemental Table 1) and 3 human CD341 control he-
matopoietic stem/progenitor cell preparations and found that
SNAI1 mRNA levels were on average ;12-fold higher in the
AML samples (Figure 1A). A recent study by Shousha et al20

also found an increased level of SNAI1 in AML patients
compared with healthy controls. In their study, they observed
only a 2.6-fold increase in SNAI1 mRNA; however, they ana-
lyzed whole-blood samples rather than bone marrow, which
may explain their lower fold change result. Furthermore, we
could also observe a clear increase in protein levels for SNAI1
in a separate cohort of 4 of 6 primary AML patient samples
compared with normal CD341 cells (Figure 1B) and in 3 of 6 AML
cell lines (Figure 1C). Because of dynamic and rapid degradation
of SNAI1 protein, primary AML and CD341 cells had to first be
treated with a proteasome inhibitor (MG132) for 24 hours to
stabilize the SNAI1 protein before western blot analysis.

Using 2 independent AML patient gene expression data sets
(available from the online databases PROGgene21,22 and UCSC
Cancer Browser23), we identified a significant correlation be-
tween high SNAI1 expression (above the median) in AML pa-
tients with normal cytogenetics and reduced OS (supplemental
Figure 1B). This survival advantage was only observed in patients
with normal-/intermediate-risk cytogenetics, and no correlation
with common AML mutations could be observed (data not
shown).

To determine how increased SNAI1 expression contributes to
AML biology, we performed shRNA-mediated SNAI1 knock-
down using existing optimized miR-E-shRNA murine retroviral
vectors16 in 6 human AML cell lines that were modified (AML-
RIEP) to express the retroviral ecotropic receptor (rtTA3-
IRES-EcoR-PGK-Puro).15 Three of these AML-RIEP cell lines
(OCI-AML3-R, MOLM13-R, and THP1-R) expressed SNAI1 protein,
whereas the other 3 cell lines (HL60-R, NB4-R, and KASUMI-R)
were negative for SNAI1 under steady-state conditions (Figure 1C).
We tested the top 3 predicted shRNAs for human SNAI1
according to Fellman et al16 in MOLM13-R cells and identified
a 60% to 90% knockdown at the RNA level for all 3 shRNAs
(supplemental Figure 1C). A concomitant reduction in SNAI1
protein level was seen for shSNAI1.774 and shSNAI1.1577 vs the
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SNAI1 CORRUPTS LSD1 FUNCTION IN AML blood® 20 AUGUST 2020 | VOLUME 136, NUMBER 8 961

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/8/957/1756324/bloodbld2019002548.pdf by guest on 18 M

ay 2024



Ce
lls

 p
er

 fe
m

ur

1.5 x 107

*** *** **

****1 x 107

5 x 106

0

Im
m

at
ur

e 
M

ye
lo

id

(C
d11

b+Ly
6G

lo
)

M
ono

cy
te

s

(C
d11

b+Ly
6G

-)

Gra
nu

lo
cy

te
s

(C
d11

b+Ly
6G

Hi)

G

Ce
lls

 p
er

 fe
m

ur

**

**

***6 x 105

4 x 105

2 x 105

0
CMP GMP MEP

E

Ce
lls

 p
er

 fe
m

ur

7.5 x 104
**

*

*

5 x 104

2.5 x 104

0
LT-HSC ST-HSC MPP

C

1.5 x 105

1 x 105

Ce
lls

 p
er

 fe
m

ur

5 x 104

**
*

0
LSK MP

A

105

104

103

0

105

104

103

0

105

104

103

0

105104103010510410301051041030

Snai1 +/+ Snai1 tg/+ Snai1 tg/tg

H

105

104

103

0

105

104

103

0

105

104

103

0

105104103010510410301051041030

Snai1 +/+ Snai1 tg/+ Snai1 tg/tg

F

105

104

103

0

105

104

103

0

105

104

103

0

105104103010510410301051041030

Snai1 +/+ Snai1 tg/+ Snai1 tg/tg

D

105

104

103

1051041030

0

1051041030

105

104

103

0

1051041030cK
IT

105

104

103

0

Snai1 +/+ Snai1 tg/+ Snai1 tg/tg

B

SCA1

CD34

CD
13

5

Ly6G

CD
11

b

CD34

CD
16

32

Snai1 +/+

Snai1 tg/+

Snai1 tg/tg

Figure 3. Snai1 overexpression perturbs myeloid lineage development. (A) Immunophenotypic characterization of hematopoietic stem (LSK) and myeloid progenitor (MP)
cell populations within the bone marrow of Snai1 transgenic mice. (B) Flow cytometric analysis showing representative dot plots of LSK gated cells. (C) Within the stem cell
compartment, there was a significant increase in the number of short-termHSCs (ST-HSCs; LIN2cKIT1SCA11CD341CD1352) but no change in the number of long-termHSCs (LT-
HSCs; lin2cKit1Sca11CD342-CD1352) or multipotent progenitors (MPPs; LIN2cKIT1SCA11CD341CD1351). (D) Representative dot plots of LT-HSC, ST-HSC, andMPP gated cells
are shown. (E) A significant increase in the number of common myeloid progenitors (CMPs; LIN2cKIT1SCA12CD341CD16/322) GMPs (LIN2cKIT1SCA12CD341CD16/321)
was observed; however, the megakaryocyte/erythroid progenitor (MEP; LIN2cKIT1SCA12CD342CD16/322) population was slightly reduced (significant only in the

962 blood® 20 AUGUST 2020 | VOLUME 136, NUMBER 8 CARMICHAEL et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/8/957/1756324/bloodbld2019002548.pdf by guest on 18 M

ay 2024



control shREN.713, an shRNA targeting the Renilla gene (sup-
plemental Figure 1D). Because no effect on SNAI1 protein levels
was seen for shSNAI1.1663, we excluded this from future ex-
periments. We successfully transduced 5 of 6 of these AML cell
lines (THP1-R was refractory to transduction, suggesting the
inserted ecotropic receptor gene had been shut down or lost)
with either 1 of the 2 best-performing shRNAs (shSNAI1_774 and
shSNAI1_1577) or a control shRNA targeting the Renilla gene
(shRen_713). Two weeks posttransduction, shRNA-expressing
OCI-AML3-R and MOLM13-R (SNAI11 ; Figure 1C) cells
showed significantly increased levels of CD11b on their sur-
face (indicative of myeloid maturation; Figure 1D-E), whereas
no change in CD11b expression was observed in the SNAI12

(Figure 1C) NB4-R, HL60-R, or Kasumi-R cell lines (supplemental
Figure 1E-F). The increase in CD11b expression observed in the
MOLM13-R cell line further correlated with morphological changes
consistent with partial myeloid differentiation, including an in-
creased cytoplasmic/nuclear ratio and presence of cytoplasmic
granules (Figure 1F).

Snai1 expression is required for AML pathogenesis
driven by common AML oncogenes
To investigate whether endogenous expression of Snai1 is re-
quired for the pathogenesis of common AML oncogenes, we
generated mouse AMLs driven by either the MLL-AF9 (t9;11) or
AML/ETO (t8;21)/NRAS human oncogenes on a tamoxifen-
inducible RosaCreERT2-Snai1fl/fl background.24 Tumor latency
was significantly increased for the MLL-AF9 model when Snai1
was deleted (median survival of 30 days for tamoxifen compared
with 19 days for vehicle-treated mice; Figure 1G red lines). The
delay in development of the AML-ETO/NRAS model was even
more profound (96 days for vehicle-treated and.300 days for
tamoxifen-treated mice), with 3 of 5 mice remaining alive at
the end of the experiment (300 days posttransplantation;
Figure 1H red lines). Importantly, the delay in tumor latency
after Snai1 deletion was significantly longer in both models
than that induced by Cre toxicity alone25 (Figure 1G-H black
lines).

Ectopic Snai1 induces myeloproliferation and
predisposes mice to leukemia development
To determine the effect of increased Snai1 expression on he-
matopoietic development, we used our published conditional
gain-of-function Snai1 transgenic mice26 (supplemental Figure 2A).
Expression of the Snai1-IRES-EGFP transgene from the Rosa26
promoter was induced specifically in the hematopoietic lineage
by breeding transgenic mice onto a Vav-iCretg/1 transgenic
background.27 Vav-iCre1/2Snai1tg/1 (Snai1 heterozygous) or Vav-
iCre1/2Snai1tg/tg (Snai1 homozygous) transgenic mice were born
at normal Mendelian ratios (data not shown). The levels of Snai1
mRNA in the bone marrow of transgenic mice were approxi-
mately eightfold (Snai1tg/1) to 15-fold (Snai1tg/tg) greater than
those observed in WT littermate controls (Figure 2A), compa-
rable to the increased levels of SNAI1 we observed in human
AML samples.

We aged a cohort of Snai1 transgenic mice up to 34 months of
age (952 days) and found that from 12 months onward, mice
progressively became moribund with evidence of anemia and
splenomegaly (Figure 2B-C). In Snai1 transgenic mice analyzed
upon terminal disease development (Snai1tg/1, n 5 7; Snai1tg/tg,
n 5 2), flow cytometry of hematopoietic organs revealed an
expanded population of myeloid cells with variable levels of
CD11b1GR11 expression (Figure 2D; supplemental Figure 2B)
or, in 1 case, cells expressing CD711Ter1191 (supplemental
Figure 2C). Histological analysis revealed the presence of
myeloproliferation in all mice, including hypercellularity and
disordered architecture of bone marrow and spleen, increased
granulopoiesis, expanded erythropoiesis, and an increase in
immature myeloid forms (Figure 2E; supplemental Figure 2Di).
Three mice further demonstrated clear AML development, with
excessive blast cells evident in bone marrow, spleen, and/or
peripheral blood (Figure 2E; supplemental Figure 2Dii). Two of
the AMLs (1 Snai1tg/1 and 1 Snai1tg/tg) as well as one of the
myeloproliferative diseases (Snai1tg/1) could be transplanted
into NSG mice, with recipient mice showing development of a
disease similar to that of the primary donors (supplemental
Figure 2E).

Ectopic Snai1 significantly perturbs myeloid
cell development
To gain a better understanding of how Snai1 expression pre-
disposes to leukemia, we analyzed myeloid development in
preleukemic Snai1 transgenic mice at 8 months of age. Pe-
ripheral blood counts of transgenic animals did not differ from
those of WT littermate controls (supplemental Figure 3A), and
hematopoietic organ cellularity and architecture were also
normal (supplemental Figure 3B-C). Flow cytometric analysis of
bonemarrow identified a slight but nonsignificant increase in the
number of hematopoietic stem cell (HSC)–enriched LSK cells, as
well as a significant expansion of the myeloid progenitor (MP)
compartment in Snai1tg/tg mice (Figure 3A-B). Within the LSK
compartment, Snai1tg/tg mice further displayed a significant in-
crease in the number of short-term HSCs (ST-HSCs) but no
difference in multipotent progenitors (MPPs) or long-term HSCs
(LT-HSCs) (Figure 3C-D). Within the myeloid progenitor com-
partment, both the Snai1tg/1 and Snai1tg/tg mice were found to
have a significant increase in the number of granulocyte mac-
rophage progenitor cells (GMPs) but no change in the number of
commonmyeloid progenitor cells (CMPs). A slight but significant
decrease in the number of megakaryocyte erythroid progenitor
cells (MEPs) was observed in the Snai1tg/1 mice (Figure 3E-F).

Further downstream of the GMPs, we identified a significant
increase in the number of myeloid lineage cells (CD11b1) in the
bone marrow and spleen of Snai1 transgenic mice. Ly6G levels
on Cd11b1 cells can distinguish immature myeloid cells and
monocytes, which are Ly6Glow or Ly6G2, respectively, from mature
granulocytes, which are Ly6Ghigh. All myeloid cell populations were
found to be expanded in both Snai1tg/1 and Snai1tg/tg mice, sug-
gesting an overall increase in myeloid cell output (Figure 3G-H).

Figure 3 (continued) heterozygous mice). (F) Representative FACs plots of myeloid progenitor gating are shown. (G) A significant increase in the number of immature
(CD11b1Ly6Glo) and mature myeloid cells (monocytes CD11b1GR12 and granulocytes CD11b1Ly6Ghi) was also evident in the bone marrow of Snai1 transgenic mice. (H) Flow
cytometric analysis showing representative dot plots of myeloid gated cells. (A,C,E,G) Data are represented as mean1 standard error of the mean for Snai11/1 (n5 13), Snai1tg/1

(n 5 8), and Snai1tg/tg (n 5 7) biological replicates.*P , .05, **P , .01, ***P , .001 Student 2-sided unpaired t test.
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Figure 4. Snai1 overexpression induces self-renewal potential in immaturemyeloid cells and impairs granulocytic differentiation. (A) Snai1tg/1 and Snailtg/tg bonemarrow
generate significantly more colony-forming unit (CFU) granulocyte/macrophage (GM) colonies and significantly fewer CFU granulocyte/erythroid/macrophage/megakaryocyte
(GEMM) colonies as compared with Snai11/1 bone marrow. (B) Wright-Giemsa staining analysis of Snai1tg/1 and Snailtg/tg methylcellulose colony cytospins showing almost
complete lack of mature granulocytes (green arrows) and an increase in immature myeloid cells (red arrows) as compared with Snai11/1 colonies. (C) The number of cells per
colony (calculated as total number of cells per total number of colonies) was significantly increased in Snailtg/tg cultures compared with Snai11/1 cultures. Snai1tg/1 cultures also
showed a trend toward an increased number of cells per colony; however, this was not significant. (D) Quantification of bone marrow methylcellulose colonies showing that
Snai1tg/1 hematopoietic progenitor cells have increased self-renewal capability compared with Snai11/1 controls, with Snai1tg/1 and Snai1tg/tg cells able to generate colonies in
methylcellulose up to 5 rounds of replating. Snai11/1 cells were only able to replate up to 3 rounds. (E) Flow cytometric analysis of methylcellulose-derived hematopoietic cells
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Snai1-induced perturbed myelopoiesis is a
cell-intrinsic phenotype
To further explore this perturbed myeloid differentiation phe-
notype and compare Snai1 transgenic stem and progenitor cell
fitness with that of WT control cells, we performed a competitive
bone marrow transplantation. Test bone marrow from 6- to 8-
month-old Snai11/1, Snai1tg/1, or Snai1tg/tg mice (CD45.21) was
transplanted alongside competitor bone marrow from Snai11/1

C567BL/6 (CD45.11) mice into lethally irradiated C57BL/6 mice
(supplemental Figure 4A). Mice were then analyzed at 12 and
20 weeks posttransplantation.

Particularly evident in the spleen, both the Snai1tg/1 and
Snai1tg/tg cells contributed to a significantly higher proportion of
myeloid cells at both time points compared with Snai11/1 cells
(supplemental Figure 4B-C). These data demonstrate that the
perturbed myelopoiesis in the Snai1 transgenic animals is a cell-
intrinsic effect.

In the bone marrow, there was no significant difference in
the contribution of Snai1tg/1 or Snai1tg/tg cells to the stem and
progenitor cell compartment, with the exception of a mild
increase in the contribution of the Snai1tg/1 cells to the GMP
lineage at 12 weeks posttransplantation (supplemental
Figure 4D-E). These data indicate that the changes in the
stem and progenitor populations seen in the transgenic mice
may be compensatory because of an altered bone marrow
microenvironment.

To confirm that the myeloid differentiation defects were indeed
cell intrinsic, we performed methylcellulose colony-forming
assays. Whole bone marrow from Snai1tg/1 and Snai1tg/tg mice
generated normal numbers of hematopoietic colonies com-
pared with Snai11 /1 mice (data not shown). However, the
colony type was significantly skewed toward the granulocyte/
macrophage lineage, with a higher number of colony-forming
unit granulocyte/macrophage (CFU-GM) and a concomitant re-
duction in colony-forming unit granulocyte/erythroid/macrophage/
megakaryocyte (CFU-GEMM) in both the Snai1tg/1 and Snai1tg/tg

cultures (Figure 4A). Furthermore, cytocentrifuge and flow
cytometric analysis of cells washed out of methylcellulose
revealed an increase in the number of immature myeloid cells
(red arrows) within the transgenic colonies and a reduction in the
number of mature granulocytes (green arrows) compared with
WT colonies (Figure 4B), suggesting terminal myeloid differ-
entiation was impaired. Colony size also seemed larger in the
transgenic cultures, with the number of cells per colony being
higher in the Snai1 transgenic cultures, although this was only
significant for the Snai1tg/tg cultures (Figure 4C).

Ectopic Snai1 increases self-renewal of
myeloid progenitors
Given that Snai1 expression has previously been associated
with promoting stemness in mammary tumors,28 we sought
to determine whether the expanded myeloid progenitor cell

compartment of transgenic mice displayed increased self-
renewal capacity. We performed serial replating methylcellu-
lose assays on bone marrow from Snai11/1, Snai1tg/tg, and
Snai1tg/1 mice and observed that although colony numbers after
the first round of colony formation were similar between WT and
transgenic cultures, the subsequent rounds of replating all
resulted in an increase in the number of colonies generated by
the transgenic cells (Figure 4D). Furthermore, although trans-
genic cells were capable of replating up to at least 5 rounds in
methylcellulose, all self-renewal capacity was exhausted in the
WT cells after the third round of replating (Figure 4D). The
colonies generated at round 2 were again larger in the trans-
genic cultures, with a concomitant increase in the total number
of cells per culture dish (data not shown). Immunophenotypic
analysis of cells washed out of methylcellulose revealed a sig-
nificant increase in the number of immature (CD11b1, GR1lo)
myeloid cells in the transgenic colonies after round 1 of replating
(Figure 4E-F), which was also evident after round 2 (Figure 4G-H).
Morphological analysis further demonstrated that WT colonies
from round 2 consisted predominantly of mast cells (supple-
mental Figure 4F green arrows), whereas transgenic cultures still
retained a large number of immature myeloid cells (supple-
mental Figure 4F red arrows).

Ectopic SNAI1 perturbs normal myeloid
differentiation via its interaction with the histone
demethylase LSD1
In epithelial tumor contexts, SNAI1 is known to exert its pre-
dominantly gene-repressive functions via interactions with
histone modifying complexes, including the CoREST/HDAC
complex.29,30 A key component of this complex is the histone
demethylase LSD1, which has been shown to directly bind
SNAI1 via its SNAG (SNAIL/GFI) protein interaction domain.30

LSD1 is an integral cofactor of the SNAG domain–containing
hematopoietic transcription factors GFI1/1B and has also been
shown to cooperate with other key hematopoietic transcription
factors, including RUNX1, GATA2, SCL/TAL1, and SALL4.31-34

Through these interactions, LSD1 is essential for maintaining
normal hematopoietic stem cell function and self-renewal, as
well as for driving myeloid differentiation.34-36 Importantly, loss
of LSD1 function in mice results in similar myeloid differentiation
defects (eg, impaired granulocytic development and expansion
of immature myeloid cells and GMPs), as we observed in our
Snai1 transgenic mice, suggesting that increased expression
of SNAI1 in the hematopoietic system may affect LSD1
function.35,36 To test whether ectopic SNAI1 can physically in-
teract with LSD1 in the hematopoietic context, we performed
coimmunoprecipitation studies in the murine hematopoietic
progenitor cell line, HPC7, which had been transduced with a
retroviral vector encoding FLAG-tagged SNAI1.37 Immunopre-
cipitation with an anti-LSD1 antibody was able to pull down both
endogenous and ectopic SNAI1 (Figure 5A), consistent with
previous studies in epithelial cells.30 To determine whether this
SNAI1/LSD1 interaction is required for the myeloid defects in-
duced by Snai1, we cloned either WT Snai1 (MIG-Snai1) or a
mutant form of Snai1 (MIG-mut5Snai1), which is unable to bind

Figure 4 (continued) showing a higher percentage of immature andmature myeloid cells generated from Snai1tg/1 and Snai1tg/tg progenitor cells at the first round of culture. (F)
Quantification of immature (CD11b1GR1lo) and mature (CD11b1GR1hi) myeloid cell populations in Snai11/1, Snai1tg/1, and Snai1tg/tg cultures showing a significant increase in
immature myeloid cells in the Snai1tg/tg cultures at the first round of culture. (G-H) A similar increase in immature myeloid cells was also observed after the second round of
replating. (A,C,D,F,H) Data are represented as mean1 standard error of the mean; n5 3 biological replicates. *P, .05, **P, .01, ***P, .001 Student 2-tailed unpaired t test.
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Figure 5. SNAI1 requires interaction with LSD1 to induce myeloid development defects. (A) Western blot analysis showing that LSD1 immunoprecipitation is able to pull
down SNAI1 in the mouse hematopoietic progenitor cell line (HPC7). Empty vector control (MIG-EV)–transduced cells and MIG-mut5Snai1–transduced cells show a low level of
endogenous SNAI1 pulldown, whereas the MIG-Snai1–transduced cells show a much higher level of SNAI1 pulldown because of the overexpressed WT-SNAI1 protein also
being pulled down. The overexpressed mut5SNAI1 protein is not able to be pulled down by LSD1. (B) Overview (upper panel) of the mutant version of Snai1 that was generated
with a phenylalanine (F) to alanine (A) amino acid change at position 5 of the SNAI1 protein.WT Snai1 cDNA and themutant Snai1 cDNAwere individually cloned into theMSCV-
IRES-GFP retroviral vector. An empty MSCV-IRES-GFP vector was used as a transduction control. (C) MIG-Snai1– andMIG-mut5-Snai1–transduced cells both show high levels of
SNAI1 protein, whereas the endogenous SNAI1 protein is unable to be detected in the empty vector–transduced cells. The western blot also demonstrates that the F→A
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LSD1, into an MSCV-IRES-GFP retroviral vector backbone
(Figure 5B). The mutant Snai1 cDNA encodes a protein with a
single amino acid change at position 5 (A.F) of the N-terminal
SNAG domain that blocks LSD1 binding but does not impair
protein stability, localization, or folding30 (Figure 5C; data not
shown). Coimmunoprecipitation analysis confirmed the inability
of this mutant form of SNAI1 to bind LSD1 (Figure 5A). Next, we
generated mouse bone marrow chimeras using C57BL/6 fetal
liver cells transduced with MIG-Snai1, MIG-mut5Snai1, or empty
vectorMIG-EV retrovirus. At 12weeks posttransplantation, GFP1

cells from MIG-Snai1 bone marrow chimeric mice displayed the
samemyeloid developmental defects and cell expansion we had
previously identified in the Snai1 transgenic mice (Figure 5D-G
blue bars). The phenotype, however, was much more profound
in the retroviral setting, with an expansion of immature myeloid
cells and a reduction in mature granulocytes also readily ap-
parent upon morphological analysis of GFP1 bone marrow
cells from MIG-Snai1 mice (Figure 5H red arrows). These data
further confirm that the Snai1-induced myeloid defects are
due to cell-intrinsic effects of Snai1 expression on myeloid cell
development.

Notably, the myeloid defects observed in the MIG-Snai1 mice
were completely absent in the MIG-mut5Snai1 mice (Figure 5D-
G purple bars). Combined, these data verify that the 5F.A
mutation in the SNAGdomain completely abolishes the ability of
SNAI1 to perturb myeloid development both in vivo and in vitro,
signifying a requirement for LSD1 binding in SNAI1-induced
myeloid defects.

Ectopic SNAI1 induces an altered myeloid
differentiation gene expression program through
perturbed LSD1 activity
Increased levels of SNAI1 in stem/progenitor cells may: (1) se-
quester LSD1 away from its normal hematopoietic interacting
partners (ie, GFI1/1b, RUNX1, GATA2, SCL/TAL1, and
SALL431-34), leading to reduced demethylation of its H3K4me1/2
histone substrates at promoter/enhancer elements of target
genes, and/or (2) result in binding of SNAI1/LSD1 complexes at
promoters and enhancers containing SNAI1 E-box binding
motifs. LSD1 may then demethylate SNAI itself and/or enhance
the demethylation of H3K4me1/2 marks specifically at SNAI1
target genes. To investigate these proposed models further, we
performed RNA and ChIP-seq as well as ATAC-seq analysis on
the HPC7 cell line transduced with either MIG-Snai1, MIG-
mut5Snai1, or MIG-EV retroviral vectors.

Using a false discovery rate (FDR) cutoff of P, .05, we identified
474 significantly upregulated genes (the second highest being
Snai1 itself) and 361 significantly downregulated genes upon

ectopic expression of WT Snai1 (supplemental Figure 5A;
supplemental Table 2). In contrast, the mut5-Snai1–expressing
cells showed no differentially expressed genes (other than
mutant Snai1 itself) compared with MIG-EV-transduced control
cells (supplemental Figure 5B).

Differentially expressed genes (FDR , 0.05) in the MIG-
Snai1–transduced HPC7 cells cover a broad spectrum of bi-
ological processes, including, but not limited to, alterations in
cytokine signaling (eg, Il1b, Il1r2, Csf1r, and Csf2rb), transcrip-
tional regulation (eg, AP-1 family members Jun/Fos, Hes1,
Cebpb, and Gata1), migration/adhesion/invasion (eg, Mmp8/9/
19, Ccl2/Ccr2, and Cxcr4), and emerging tumor suppressor
genes (eg, Ssbp2, Zdhhc14, Sik1, and Hook138-41; supplemental
Figure 5C [activated genes, red; repressed genes, blue). Un-
biased gene set enrichment analysis using the Hallmark Gene
Set panel in the Molecular Signatures Database found that the
top gene sets enriched in differentially expressed genes (FDR,
0.05) from MIG-Snai1 HPC7 cells included the TNFa-NFkΒ, Il2-
STAT5, KRAS, apoptosis, hypoxia, p53 signaling, and expected
EMT pathway components (Figure 6A; supplemental Table 3), all
of which have been previously implicated in AML development/
progression.42-46 This analysis further revealed upregulation of a
distinct myeloid differentiation gene expression program in
MIG-Snai1 cells (Figure 6B), which was further demonstrated by
an increased expression of key myeloid cell surface markers
(CD11b, Ly6G, and Ly6C) as detected by flow cytometric analysis
(supplemental Figure 6A).

In agreement with our working model of LSD1 inhibition by
SNAI1, we observed a significant correlation between genes
upregulated as a result of LSD1 chemical inhibition in 2 human
AML cell lines (HEL and CMK) and those upregulated by Snai1
overexpression in HPC7 cells (Figure 6C). Notably, we also
identified a significant correlation between those genes upre-
gulated in MIG-Snai1 HPC7 cells and genes upregulated in AML
patient samples expressing high levels of endogenous SNAI1
(Figure 6D; patient data taken from GSE10358).

To determine the genome-wide effects of Snai1 overexpression
on methylation level of the LSD1 histone substrates H3K4me1
and H3K4me2, we performed ChIP-seq analysis using anti-
bodies for the H3K4me1 and H3K4me2 marks. We limited our
analysis to regions surrounding the annotated transcription start
site (6 5 kb) encompassing proximal and distal regulatory re-
gions, where predominant peaks were observed (supplemental
Figure 6B). This analysis identified 629 and 127 genes with
associated differential H3K4me1 or H3K4me2 methylation, re-
spectively (supplemental Table 4). Because these 2 histone
marks are commonly associated with transcriptional activation,

Figure 5 (continued)mutation in themut5-SNAI1 protein does not affect its overall protein stability or antibody recognition. (D) Flow cytometric quantification of theGFP1 bone
marrow cell population in MIG-Snai1–recipient mice at 12 weeks posttransplantation, showing a significantly increased proportion of granulocyte/macrophage progenitor cells
(GMPs) and a significantly decreased proportion of megakaryocyte/erythroid progenitor cells (MEPs) compared with GFP1 cells in MIG-EV–recipient mice (blue bars compared
with black bars). The common myeloid progenitor cell (CMP) population was not different between the 2 mouse cohorts (left panel). No difference was observed in MIG-
mut5Snai1 bone marrow compared with MIG-EV control bone marrow (purple bars compared with black bars). (E) Representative myeloid progenitor flow cytometric plots from
empty vector, MIG-Snai1, andMIG-mut5Snail mice. (F) A significant increase in the proportion of maturemyeloid cells was also observed within the GFP1 cell population inMIG-
Snai1–recipient mouse bone marrow and spleen (blue bars compared with black bars). These myeloid abnormalities were completely absent in the MIG-mut5Snai1–recipient
mice (purple bars). Data are represented asmean1 standard error of themean (SEM); n5 3 biological replicates. (G) Representativemyeloid cell flow cytometric plots frombone
marrow and spleens of MIG-EV, MIG-Snai1, and MIG-mut5Snail mice. (H) Wright-Giemsa staining of GFP1 bone marrow cytocentrifuge preparations shows normal myeloid
development in MIG-EV–recipient mice, whereas in MIG-Snai1–recipient mice, there is a significant increase in the number of immature myeloid cells (red arrows), and a
significant reduction of mature granulocytes. (D-E) Data are presented as mean 1 SEM; n 5 3 mice from each cohort ***P , .001 Student 2-sided unpaired t test.
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an increased level of methylation at promoters and/or enhancers
would be expected to correspond to an increase in gene ex-
pression and vice versa. We indeed saw that 21% (135 of 629) of
genes with H3K4me1 changes and 48% (61 of 127) of genes with
H3K4me2 changes showed significant differential expression in
our RNA-seq analysis (supplemental Table 4). Furthermore, we
observed a clear trend for increased levels of methylation to
correspond with increased gene expression and decreased
levels of methylation to correspond with reduced gene ex-
pression, which was particularly evident for the H3K4me2 mark
(supplemental Figure 6C).

Because LSD1 is predominantly associated with gene repression
(via demethylation of the active H3K4me1/2 marks), we hy-
pothesized that genes with decreased methylation (and de-
creased gene expression) may be SNAI1 targets that had
become demethylated (and therefore repressed) as a result of
binding of LSD1 to SNAI1-bound promoter or enhancer sites. To
test this, we performed SNAI1 ChIP-seq analysis to identify
SNAI1-bound sites within the MIG-Snai1 HPC7 cells. MACS2
analysis identified 2932 peaks in MIG-Snai1 cells, 12 054 peaks
in MIG-Mut5-Snai1 cells, and 137 peaks in MIG-EV cells (sup-
plemental Table 5). Importantly, a majority of WT SNAI1 peaks
overlapped entirely with the Mut5-SNAI1 peaks (Figure 6E-F),
demonstrating that the mutant form of SNAI1 maintains DNA
binding ability but is unable to regulate gene transcription.
MEMEmotif discovery analysis47 further revealed that 92% ofWT
SNAI1 binding sites contained a central canonical E-box se-
quence (CAGGTG), which is known to be the preferred DNA
binding motif of SNAI1 (supplemental Figure 6D).48 In contrast,
only 62% of Mut5-SNAI1 binding sites contained this E-box
sequence (data not shown), suggesting that reduced specific-
ity of binding may be partly responsible for the increased
number of ChIP-seq peaks identified in MIG-Mut5-Snai1 cells. A
higher level of expression and stability of the Mut5-SNAI1
protein (data not shown) may also explain the increased peak
number. SNAI1 binding sites were predominantly promoter
associated (44%) or intergenic (40%), with only 16% of peaks
being intragenic (supplemental Figure 6E). WT SNAI1 was
bound to 15% of differentially expressed genes (126 of 835),
a majority of which were repressed genes (supplemental
Figure 6F; 90 of 126 were repressed compared with 36 of 126
being activated).Whenwe overlaidWT SNAI1 binding sites onto
our gene expression FC vs histone methylation FC chart (Figure
6G-H), we could clearly see an extensive overlap of WT SNAI1
binding sites in the genes with decreased histone methylation
and decreased gene expression. In contrast, we saw very little
overlap of binding to activated genes.

ChIP–quantitative PCR for LSD1 in our MIG-Snai1 HPC7 cells
further confirmed that LSD1 was indeed also bound at down-
regulated SNAI1 target sites (Pld4, Hook1, Ezr, N4bp1, Il10ra,

and Sh3bp5; Figure 6I), and ATAC-seq analysis demonstrated
that WT SNAI-bound gene promoters frequently had reduced
chromatin accessibility correlating with reduced transcriptional
activity (supplemental Figure 6G). InMIG-EV cells, LSD1was also
found to be bound at these sites, suggesting that it may be
recruited in the absence of ectopic SNAI1 by another hema-
topoietic cofactor, such as GFI1B. Indeed, using previously
published data,49 we were able to identify an overlapping
binding site for GFI1B in 50% of WT SNAI1-bound sites that had
significant changes in H3K4me2 methylation (Figure 6F; sup-
plemental Table 4). These data suggest possible competition
between SNAI1 and GFI1B for LSD1 binding at these sites,
particularly as they interact with LSD1 via exactly the same SNAG
protein domain.

Finally, ChIP–quantitative PCR for LSD1 at 3 upregulated LSD1
targets with increased H3K4me1/2 methylation (Ccl2, Cd14, and
Anxa2) confirmed that there was a significant reduction of LSD1
binding at these sites in MIG-Snai1 HPC7 cells (Figure 6J),
supporting our model that overexpressed SNAI1 can also se-
quester LSD1 away from its normal gene targets.

Discussion
Deregulated expression of EMT modulators is emerging as a
novel theme in AML biology; however, our understanding of
how these key developmental regulators and epithelial tumor
oncogenes contribute to malignancy of the hematopoietic
system is still lacking. In this current study, we have demon-
strated a previously unknown association between ectopic EMT
factor expression and altered LSD1 activity during malignant
transformation of hematopoietic and myeloid stem/progenitors.

SNAI1 is overexpressed throughout a broad spectrum of primary
AML patient samples, irrespective of presence of driver mutation
or genetic abnormality, and higher levels of SNAI1 are correlated
with decreased OS in this disease (also recently demonstrated
for ZEB113). Furthermore, we have shown that increased ex-
pression of SNAI1 is functionally relevant for AML biology and
contributes to the differentiation block in AML cells in a fashion
similar to that demonstrated for ZEB2.12 Using in vivo transgenic
and retroviral Snai1 overexpression systems, we discovered that
increased expression of Snai1 drives an expandedmyelopoiesis,
enhances self-renewal and proliferative capacity of immature
myeloid cells, and ultimately results in the development of a
myeloproliferative-like disease that can transform into AML over
a prolonged period of time (Figure 7). We identified several
AML-relevant biological pathways that are upregulated by
SNAI1, including the TNFa-NFkb pathway42 and key cytokine/
signaling pathways such as those involving RAS and IL-2/
Stat5,43-45 as well as decreased expression of emerging (and thus
less well studied) AML tumor suppressors such as Ssbp2.38 The

Figure 6 (continued) sites in 2 representative gene regulatory elements for Il10ra and Sh3bp5, as well as with published binding sites for GFI1B.49 FC-FC plot showing
differentially expressed genes on the x-axis and differential H3K4me1 (G) or H3K4me2 (H) methylation levels on the y-axis. A correlation between differential methylation and
differential expression in MIG-Snai1 cells is evident in both plots. Genes in green have an identified SNAI1 binding site in the ChIP-seq data. Red and blue dots indicate genes
with significantly reduced or significantly increased respectively gene expression and methylation in MIG-Snai1 cells using a P value cut off,.05. (I) LSD1 ChIP–quantitative PCR
(qPCR) results for 6 SNAI1 target genes that have reduced gene expression and reduced H3K4 methylation in MIG-Snai1 HPC7 cells. ChIP-qPCR data show binding of LSD1
directly overlapping SNAI1 binding sites in both the MIG-EV and MIG-Snai1 cells at all sites analyzed. (J) LSD1 ChIP-qPCR results for 3 LSD1 target sites showing significantly
reduced LSD1 binding upon SNAI1 expression in MIG-Snai1 HPC7 cells. Control immunoglobulin G (IgG) samples were used as a control for nonspecific ChIP enrichment, and a
nontarget control region was used to show specific pulldown at LSD1-bound sites compared with other sites within the genome. Data analyzed using a Mann-Whitney 1-tailed
t test. *P , .01.
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subsequently compromising the function of these key hematopoietic transcription factors.

970 blood® 20 AUGUST 2020 | VOLUME 136, NUMBER 8 CARMICHAEL et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/8/957/1756324/bloodbld2019002548.pdf by guest on 18 M

ay 2024



altered expression of these key pathways likely cooperates
with Snai1 overexpression to drive full-scale transformation
of immature myeloid cells that have enhanced self-renewal
properties.

Interestingly, we found that SNAI1-induced myeloid develop-
mental changes were completely dependent on the SNAG
domain–mediated interactions with LSD1. This interaction led to
not only loss of LSD1 demethylase activity at normal hemato-
poietic gene targets, but also acquisition or modulation of LSD1
demethylase/gene repression activity at other gene targets that
were also bound by SNAI1. In both scenarios, competition for
LSD1 binding between SNAI1 and other LSD1 cofactors, such as
GFI1B, likely also contributes to the phenotype; however, ad-
ditional studies will be required to test this further.

LSD1 has garnered much interest over the past few years as a
putative therapeutic target in multiple cancer types, including
solid tumors and AML, because of its frequently altered ex-
pression and/or activity in malignant cells.50,51 Themechanism of
action of LSD1 in AML, however, seems to be in conflict with its
known biological roles during normal hematopoietic develop-
ment. Although loss of LSD1 in hematopoietic cells results in
derepression of stem cell–associated genes, acquisition of en-
hanced stem cell function, and reduced hematopoietic cell
differentiation,35 inhibition/loss of LSD1 in AML cells instead
drives myeloid differentiation and switches off expression of
oncogenic stem cell genes.9 Presumably, these conflicting roles
suggest that LSD1 function can be altered by malignant
mechanisms such as the expression of key AML oncogenes.
Indeed, Harris et al8 showed that LSD1 function specifically at
MLL-AF9–bound promoters was important for sustaining leu-
kemia stem cell activity in a mouse model of AML. Our data now
suggest that during malignant hematopoiesis, ectopic expres-
sion of SNAI1 (and potentially other EMT modulators) is able to
perturb normal LSD1 function, not only by interfering with its
ability to interact with its normal hematopoietic partners, such as
GFI1B (Figure 7), but also by coopting its histone demethylase
activity to repress expression of SNAI1 target genes that play key
roles in regulating adhesion, signaling, and tumor suppressor
functions.

Although our study has focused primarily on the role of LSD1/
SNAI1 interactions, it should be noted that other known in-
teractions between SNAI1 and epigenetic modifiers, such as
HDAC1/2 and SIN3A, may also be altered upon aberrant
SNAI1 expression. Further investigation into the common/
specific target genes and pathways regulated by SNAI1/LSD1
and other SNAI/ZEB-containing repression complexes, as well
as their functional characterization, is therefore warranted and
will enable a greater understanding of the mechanism by which
LSD1 and EMT transcription factors contribute to AML biology.
Given the known dose-limiting effects of LSD1 inhibition on
normal blood cell development, our study suggests that tar-
geting the SNAI1/LSD1 complex or its downstream targets,
rather than LSD1 itself, may be a more viable therapeutic
option in AML.
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