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Lysine-specific demethylase 1 regulates hematopoietic stem
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The lysine-specific demethylase 1 (LSD1) regulates hematopoietic stem cell differentiation and has been identified as a therapeutic
target in hematological disorders. LSD1 demethylates mono and dimethylated histones 3 at lysine 4 and 9. In addition, it acts as a
scaffold for the formation of chromatin-modifying complexes that regulates the transcription of myeloid-lineage-specific genes in
complex with GFI1, a transcriptional repressor. While both enzymatic and non-enzymatic functions of LSD1 have been well defined,
the relative importance of these two functions in hematopoiesis remains incompletely understood. Here, we investigated the
contribution of enzymatic and non-enzymatic functions of LSD1 to myelopoiesis. We show that myeloid differentiation is
independent of the enzymatic functions of LSD1 but requires the non-enzymatic, scaffolding function, which directs GFI1 binding
to target sequences. In the absence of the LSD1 protein, GFI1 DNA binding is diminished, and myeloid cell differentiation arrests at
an immature, myelomonocytic-like cell stage, which overexpresses Prtn3. We provide functional data implicating Prtn3 as an
effector of the stem cell expansion and myeloid maturation block caused by the loss of LSD1.
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INTRODUCTION
The lysine-specific demethylase 1 (LSD1, a.k.a. KDM1A) regulates
hematopoietic stem cell (HSC) differentiation and has been
identified as a therapeutic target in a wide range of hematological
disorders [1–8]. LSD1 functions as a histone demethylase,
demethylating mono and dimethylated histones 3 at lysine 4
and 9 [9, 10]. In addition, LSD1 acts as a scaffold for the formation
of chromatin-modifying complexes. In these complexes, LSD1
regulates transcription by interacting with the myeloid-lineage-
specific transcriptional repressor GFI1 [11]. Thus, LSD1 exerts both
enzymatic and non-enzymatic functions. However, the relative
importance of these two functions for the role of LSD1 in
hematopoiesis has not been investigated in detail.
A global loss of the LSD1 protein, resulting in a loss of both the

enzymatic and the nonenzymatic function, causes hematopoietic
maturation defects, most pronounced in the myeloid lineage
[12, 13]. In acute myelogenous leukemia (AML)-derived cell lines,
nonenzymatic activities of LSD1 include the recruitment of LSD1-

containing complexes to chromatin as well as the interaction
between LSD1 and GFI1, an essential transcription factor for
myeloid differentiation [5]. However, the mechanisms leading to
myeloid maturation arrest upon loss of the LSD1 protein in
healthy hematopoiesis are not known.
It has been shown that GFI1 antagonizes the activity of the

myeloid transcription factor SPI1 (a.k.a. PU.1) by direct physical
interaction [14]. Ectopic expression of Gfi1 in murine hematopoie-
tic stem and progenitor cells (HSPCs) increases granulocyte
differentiation at the expense of macrophage differentiation. Vice
versa, myeloid cells depleted of GFI1 overexpress SPI1 target
genes, for example, SPI1 itself and M-CSF [14]. In Gfi1 ko mice, this
leads to an abnormal population of CD11b+ Gr1+ cells sharing
characteristics of both granulocytes and macrophages [15].
Attenuation of SPI1 activity by GFI1 is thus critical for the
downregulation of macrophage gene expression, and this is
necessary for physiological granulocyte maturation [14]. However,
SPI1 activity is essential for the initial steps of myeloid maturation,
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as mice lacking Spi1 do not develop either mature macrophages
or granulocytes [16, 17].
SPI1 drives expression of the myeloid-specific genes proteinase

3 (Prtn3) [18] and neutrophil elastase (Elane) [19]. Prtn3 and Elane
play important roles in HSC homeostasis, myeloid lineage
commitment, and differentiation. Prtn3 is highly expressed in
both HSCs and hematopoietic stem and progenitor cells (HSPCs)
and has been shown to regulate cell survival and engraftment of
HSPCs [20]. Moreover, overexpression of Prtn3 leads to cytokine-
independent growth of hematopoietic cells in vitro, but this effect
has not been verified in vivo [21]. Mutations in ELANE were
described in patients with severe congenital neutropenia, which
show impaired granulocytic maturation [22]. In monocytic cell
lines as well as in primary monocytes, repression of PRTN3- and
ELANE-mediated histone H3 proteolytic cleavage promoted
macrophage differentiation [23].
Here, we investigated the relative contribution of the enzymatic

and the non-enzymatic functions of LSD1 to myelopoiesis. We
show that myeloid differentiation is independent of the enzymatic
functions of LSD1 but requires the non-enzymatic function, which
directs GFI1 binding to target sequences. In absence of the LSD1

protein, GFI1 DNA binding is diminished, and myeloid cell
differentiation arrests at an immature, myelomonocytic-like cell
stage, which overexpresses Prtn3. We provide functional data
implicating Prtn3 as an effector of the stem cell expansion and
myeloid cell differentiation block caused by loss of LSD1.

RESULTS
Lsd1 knockout mice accumulate immature myeloid cells in the
bone marrow
To elucidate mechanisms causing the hematopoietic phenotype
observed following either loss of LSD1 protein expression or loss
of LSD1 enzymatic function, we used two complementary mouse
models: (i) a conditional Lsd1 knockout (ko) mouse strain, which
displays a complete loss of LSD1 protein expression upon
tamoxifen induction (Lsd1tm1Schüle, here termed Lsd1fl/fl ko) [24]
and (ii) a conditional Lsd1 knock-in mouse strain, in which
tamoxifen induction causes expression of an altered LSD1 allele,
which carries three point mutations in the amino oxidase domain,
rendering it enzymatically inactive, but maintaining protein
stability (Lsd1K661A, W752A, Y762S, here termed Lsd1fl/fl ei) [25].

Fig. 1 Lsd1 knockout mice display increased hematopoietic stem and progenitor cells and immature myeloid cells in the bone marrow.
A–I Lsd1fl/fl mice without Cre served as separate controls in both lines (ko ctrl and ei ctrl). n= 7–9 per genotype. Histopathological BM slides of
(A) Lsd1 ko ctrl (left) and Lsd1 ko (right) as well as (B) Lsd1 ei ctrl (left) and Lsd1 ei (right) femora. Sections were stained using hematoxylin and
eosin. 200x magnification (top) and 1000x magnification (bottom). C–I Frequency of myeloid cells and hematopoietic stem and progenitor
cells in the BM of Lsd1 ko and Lsd1 ei mice by flow cytometry analysis. Statistical testing was performed using Student’s t tests. *p < 0.05,
**p < 0.01, ****p < 0.0001; n= 7–9 per genotype. Only statistically significant comparisons are denoted. (C) CD11b+ positive cells, D CD11b+

Gr-1neg, E CD11b+ Gr-1low, F CD11b+ Gr-1high, G long-term HSCs (LT-HSC), H short-term HSCs (ST-HSC), and I multipotent progenitors (MPP).
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In the first set of experiments, we crossed Lsd1fl/fl ko and
Lsd1fl/fl ei mice with Rosa26-Cre-ERT2 mice, which express Cre
under the control of an inducible estrogen receptor. In double
transgenic mice, Cre-induced recombination via tamoxifen
injections resulted in Lsd1 ko and Lsd1 ei mice, in which the Lsd1
locus is altered in all cells of the body. Lsd1fl/fl ko and Lsd1fl/fl ei mice
without Cre were used as controls, henceforth called Lsd1 ko ctrl

and Lsd1 ei ctrl, respectively. Effective Tamoxifen-induced allelic
recombination in vivo was demonstrated in Lsd1 ei mice
(Supplementary Fig. 1). Furthermore, we used ChIP-seq to
functionally validate the loss of LSD1 enzymatic activity in
Lsd1 ei mice, demonstrating an extensive change in global
prevalence of the H3K4me1 histone mark, which is targeted by
LSD1 (Supplementary Fig. 2) [26].

Fig. 2 Hematopoiesis-specific Lsd1 knockout displays shorter survival, pancytopenia, increased hematopoietic stem and progenitor cells,
and myeloid cells in the bone marrow. A–M Lsd1fl/fl mice without Cre served as separate controls in both mouse lines (ko ctrBMT and ei
ctrBMT). A–C, F–L Statistical analyses of peripheral blood and bone marrow (BM) populations were conducted using Student’s t tests. n= 7–9
per genotype. M Survival analysis was performed using Log-Rank (Mantel-Cox) testing. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
n= 7–9 per genotype. Only statistically significant comparisons are denoted. A White blood cell counts (WBC), B Platelet (PLT) counts, and
C hemoglobin (HGB) values of Lsd1 koBMT and Lsd1 eiBMT mice. Histopathological BM slides of D Lsd1 ko ctrlBMT (left) and Lsd1 koBMT (right), as
well as E Lsd1 ei ctrlBMT (left) and Lsd1 eiBMT (right) femora. 200x magnification (top) and 1000x magnification (down). Sections were stained
using hematoxylin and eosin. Frequency of myeloid cells in the BM of Lsd1 koBMT and Lsd1 eiBMT mice by flow cytometry analysis: F CD11b+

positive cells, G CD11b+ Gr-1neg, H CD11b+ Gr-1low, I CD11b+ Gr-1high. J–L Hematopoietic stem and progenitor cell (HSPC) frequency of Lsd1
koBMT and eiBMT mice in the BM by flow cytometry analysis: J long-term HSCs (LT-HSC), K short-term HSCs (ST-HSC), and L multipotent
progenitors (MPP). M Kaplan–Meier survival curves of Lsd1 koBMT and Lsd1 eiBMT mice.
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Sprüssel et al. have previously reported pancytopenia following
shRNA-mediated Lsd1 knockdown [13]. Similarly, Kerenyi et al.
showed that Mx1-Cre or Vav-Cre-driven deletion of Lsd1 caused
pancytopenia [12]. Here, we confirm that complete loss of the
LSD1 protein by genetic deletion in all cell types results in severe
anemia and a nearly complete loss of leukocytes and platelets
(Supplementary Fig. 3A–C).
We subsequently examined the effect of Lsd1 deletion or

enzymatic inactivation in the bone marrow (BM). Bone marrow
cellularity was similar in Lsd1 ko, Lsd1 ei, and their respective
littermate controls (Supplementary Fig. 3D). However, in histolo-
gical and cytomorphological analyses, Lsd1 ko ctrl, Lsd1 ei ctrl, and
Lsd1 ei BMs were physiologically polymorphic, displaying all three
major lineages. In contrast, Lsd1 ko BM appeared homogeneous,
containing almost exclusively immature myeloid forms (Fig. 1A+B
and Supplementary Fig. 3E+F). Flow cytometry analyses confirmed
a drastic expansion in the proportion of CD11b-positive, myeloid
cells in Lsd1 ko BM, where they represented on average 90% of the
total cell count (Fig. 1C). The absolute number of CD11b-positive
cells remained unaltered (Supplementary Fig. 3G), underlining the
drastic lineage bias induced by loss of the LSD1 protein. Lsd1 ei
mice, in contrast, are similar to control animals and contain around
60% CD11b-positive cells (Fig. 1C).
Within the myeloid compartment, monocytic cells (CD11b+, Gr-

1neg) and early, immature granulocytic and monocytic cells
(CD11b+, Gr-1low) [27, 28] were strikingly expanded in Lsd1 ko
BM, while mature granulocytes (CD11b+, Gr-1high) were nearly
absent (Fig. 1D–F and Supplementary Fig. 3H–J). The latter is in
line with previous data showing impaired myeloid maturation
following Lsd1 depletion by RNAi [13]. Lsd1 ei BM shows a
maturation of the myeloid lineage comparable to that seen in
control BM, albeit with a slight reduction in the proportion of
mature granulocytes, demonstrating that the LSD1 scaffolding
function plays an important role in hematopoietic lineage
determination and maturation while the enzymatic activity is
subsidiary. Flow cytometry analyses revealed an expansion of
long- and short-term HSCs (LT-HSCs) as well as multipotent
progenitors (ST-HSCs and MPPs) in Lsd1 ko but not in Lsd1 ei mice
(Fig. 1G–I and Supplementary Fig. 3K–M), demonstrating that
LSD1 scaffolding function, not its enzymatic activity, is required for
HSC homeostasis.
Lsd1 deficient mice displayed a significantly shortened survival

(Supplementary Fig. 3N). We hypothesize that this is due to the
severe hematological phenotype, however, Lsd1 deletion in all
tissues may cause additional morbidity. We therefore used BM
transplantation to create mice in which LSD1 activity is altered
solely in the hematopoietic system. Effects of changes in Lsd1
expression or activity that are intrinsic to the hematopoietic stem
cell will manifest themselves in BM transplant recipients, while
cell-extrinsic effects will not be observed in the wild-type (wt)
recipient background.

Hematopoiesis-specific Lsd1 knockout mice display shorter
survival and increased myeloid cells in the BM
To determine whether the hematological phenotype is cell-
intrinsic, we thus transplanted BM harvested from primary, total
body Lsd1 ko and Lsd1 ei mice into lethally irradiated recipients,
subsequently termed Lsd1 koBMT and Lsd1 eiBMT mice, adding the
appropriate controls, Lsd1 ko ctrlBMT and Lsd1 ei ctrlBMT. While Lsd1
koBMT mice displayed profound pancytopenia, Lsd1 eiBMT showed
only a mild reduction of the three lineages (Fig. 2A–C). Bone
marrow cellularity was reduced in both Lsd1 koBMT and Lsd1 eiBMT

mice compared to littermate controls (Supplementary Fig. 4A). As
in the primary donor animals, BM histopathology and cytomor-
phology showed an excess of immature myeloid cells in Lsd1
koBMT animals, absent in Lsd1 eiBMT and control animals (Fig. 2D+E
and Supplementary Fig. 4B+C). The predominance of CD11b-
positive cells in Lsd1 koBMT accompanied by the lack of

granulocytic maturation is witnessed in the bone marrow
transplant (BMT) recipients precisely as described above in the
donor, total body ko mice (Fig. 2F–I and Supplementary Fig.
4D–G). Like the total body knockout, Lsd1 koBMT mice also
exhibited a significant expansion of all HSPC subtypes in the BM,
which was not present in Lsd1 eiBMT mice (Fig. 2J–L and
Supplementary Fig. 4H–J). Moreover, while the spleens of Lsd1
eiBMT and control mice showed physiological histology with
delineated white and red pulps, this architecture was destroyed in
Lsd1 koBMT animals. The latter contains a highly expanded
hematogenous red pulp, characteristic of extramedullary hema-
topoiesis, which results in splenomegaly (Supplementary
Fig. 4K–M). Similar to primary Lsd1 ko mice, Lsd1 koBMT mice
showed a shortened survival (Fig. 2M). The hematological
phenotype is thus cell-intrinsic and transplantable.
Our data demonstrate that isolated Lsd1 deletion in the

hematopoietic system causes a severe phenotype which is rapidly
fatal. Of note, survival of Lsd1 eiBMT was not impaired and
comparable to that of control animals (Lsd1 ko ctrlBMT and Lsd1 ei
ctrlBMT, Fig. 2M), suggesting that absence of the LSD1 protein
causes a cell-intrinsic defect in HSCs that is not conferred by the
mere absence of its enzymatic function. Moreover, our data show
that LSD1 scaffolding function is required for both lineage
commitment and myeloid maturation, as its loss results in myeloid
skewing and in the accumulation of immature myeloid forms.
Conversely, we show for the first time that LSD1 enzymatic activity
is dispensable for these functions.

Loss of LSD1 protein expression but not of enzymatic activity
leads to distinct clustering in scRNA-seq with upregulated
expression of the myeloid protease Prnt3
To investigate the molecular mechanisms by which LSD1
depletion but not its enzymatic inactivation causes myeloid
skewing and maturation arrest, we performed single-cell RNA-
sequencing (scRNA-seq) of Lsd1 ko, Lsd1 ko ctrl, Lsd1 ei, Lsd1 ei ctrl,
Lsd1 koBMT, and Lsd1 ko ctrlBMT total BM (Fig. 3). We did not
include Lsd1 eiBMT, because these mice only displayed a mild
hematopoietic phenotype (Fig. 2). In a first step, we harmonized
the gene expression data from n= 7 control mice (Lsd1 ei ctrl, Lsd1
ko ctrl, and Lsd1 koBMT ctrl) and assigned reference cell labels to
the generated clusters (Fig. 3A and Supplementary Fig. 5 and 6 as
well as Supplemental Table 1). De novo clustering of Lsd1 ei, Lsd1
ko, and Lsd1 koBMT mice revealed a striking difference in cell type
diversity between Lsd1 ei mice on the one hand and Lsd1 ko and
Lsd1 koBMT mice on the other (Fig. 3B–D). Corroborating our data
shown above that loss of LSD1 enzymatic activity does not
substantially affect hematopoiesis, Lsd1 ei BM includes all lineages
as well as all stages of myeloid maturation, ranging from HSPCs
through committed progenitors (GMP) to terminally differentiated
neutrophils (Fig. 3B). In contrast, Lsd1 ko and Lsd1 koBMT BM is
monomorphic, containing mainly myeloid forms (Fig. 3C, D).
Integration of cells from all genotypes revealed that the Lsd1 ko

and Lsd1koBMT cells form common, distinct clusters (Fig. 3E),
determined by cell type prediction to display features similar to
GMP, promonocytes, monocytes, and macrophages (here termed
“GMP-like”, “promonocyte-like”, “monocyte-like”, and “macro-
phage-like”, Fig. 3F). Surprisingly, the HSPCs of all genotypes
nonetheless form a shared cluster. Because we hypothesized that
the striking myeloid differentiation bias observed in Lsd1 ko and
Lsd1 koBMT cells originates in altered HSPC gene expression, we
performed differential gene expression analysis between Lsd1
depleted and control stem and progenitor cells (Fig. 3G). When
compared to control HSPCs, both primary and transplanted Lsd1
ko cells overexpress myeloid precursor-specific genes (including
Prtn3, Elane, and Gfi1, Fig. 3G). Strikingly, this is not the case in Lsd1
ei HSPCs (Fig. 3H). The expression of Prtn3, already significantly
increased in Lsd1 ko and koBMT HSPCs, is likewise overexpressed in
the more mature Lsd1 depleted myeloid progeny (Fig. 3I–K). These
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Fig. 3 Lsd1 depletion, but not its enzymatic inactivation, increases Prtn3 expression resulting in lineage restriction, myeloid expansion
and maturation arrest. Single-cell RNA-sequencing (scRNA-seq) of Lsd1 ei, Lsd1 ko and Lsd1 koBMT BM as well as their littermate controls,
n= 28,869 cells. UMAP embeddings colored by cell type (reference or predicted) A control (n= 7 mice, Lsd1 ei ctrl, Lsd1 ko ctrl and Lsd1 ko
ctrlBMT combined, n= 11,024 cells), B Lsd1 ei (n= 2 mice, n= 2580 cells), C Lsd1 ko (n= 2 mice, n= 6352 cells), D Lsd1 koBMT (n= 2 mice,
n= 8913 cells). E+ F and I UMAP embeddings of scVI integrations for HSPCs as well as monocytic and granulocytic lineages across all
genotypes, colored by: E genotype, F reference or predicted cell type („-like“ denotates aberrant cells). G+H Volcano plots of differential gene
expression analysis on aggregated pseudo-bulk counts. The dashed red line represents a significance threshold of padj= 0.05. G Lsd1 ko and
koBMT HSPCs vs. control HSPCs, H Lsd1 ei HSPCs vs. control HSPCs. I log-normalized Prtn3 expression levels. J+ K Heatmaps depicting the top
20 differentially expressed genes between J promonocytes or K monocytes and their aberrant counterparts, determined by Wilcoxon rank-
sum test, after filtering for genes with at least 25% expression. Colors represent z-scaled log-transformed counts, and color scales have been
capped at q5 (lower bound) and q95 (upper bound) for each heatmap to accommodate outliers.
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data show that all Lsd1 deleted BM cells, both those in primary
Lsd1 ko BM and those in BM generated following transplantation
(Lsd1 koBMT BM), display elevated Prtn3 expression and show a
myeloid signature. By single-cell gene expression, these data thus
corroborate the overwhelmingly myeloid phenotype witnessed by

morphology and immunophenotype (Fig. 1A–F; Supplementary
Fig. 3E–J; Fig. 2D–I, and Supplementary Fig. 4B–G). Our data show
that absence of the LSD1 protein, but not mere absence of its
enzymatic inactivity, leads to elevated expression of myeloid-
specific genes and an almost exclusive commitment to the
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myeloid lineage with a concomitant decrease in lymphoid output
(Supplementary Fig. 7A–D). As the phenotype is transplantable, it
is generated by absence of Lsd1 in HSPCs, which causes a bias
towards myeloid differentiation as well as a maturation arrest at a
GMP-like state.

LSD1 regulates GFI1 binding to the PRTN3 locus
We investigated the molecular mechanism causing myeloid
lineage restriction in Lsd1 ko hematopoiesis. In a large set of
myeloid cell lines, PRTN3 and LSD1 expression are negatively
correlated (Fig. 4A), supporting our observation that LSD1 deletion
increases PRTN3 expression. Conversely, expression of PRTN3 and
the transcription factor SPI1 are positively correlated (Fig. 4B),
suggesting that SPI1 may regulate PRTN3 expression. SPI1 has
previously been shown to bind the PRTN3 promoter in gel shift
assays [18]. To assess SPI1 binding, we performed a SPI1 ChIP-seq
in THP1 cells, a monocytic cell line expressing very high PRTN3
levels (Fig. 4A, B). SPI1 bound the PRTN3 promoter region in
THP1 cells (Fig. 4C), supporting the hypothesis that it positively
regulates PRTN3 expression.
LSD1 and the transcriptional repressor GFI1 frequently co-

localize at target sites, where GFI1 counteracts transcriptional
activation by SPI1 [14]. By ChIP-seq, we were able to show that in
THP1 cells GFI1 binds the PRTN3 promoter near the SPI1 binding
site (Fig. 4C). Moreover, using NB4 cells, Ravasio et al. [5] have
demonstrated LSD1 binding to the PRTN3 locus (Fig. 4C).
In silico analyses show that SPI1 and LSD1 also bind the Prtn3

locus in primary murine cells (Supplementary Fig. 8A). SPI1, GFI1,
and LSD1 likewise co-localized at previously described common
target genes, CD11B (ITGAM), GFI1, and CD86 (Supplementary Fig.
8B). Motif analyses provide further support of common regulatory
activity, as SPI1 and GFI1 motifs are highly enriched among LSD1
ChIP-seq peaks (Supplementary Fig. 8C).
In order to test whether GFI1 DNA binding requires presence

of the LSD1 protein, we deleted LSD1 in THP1 cells using CRISPR-
Cas9 genome editing. Two different LSD1-targeted sgRNA
sequences were used. While a non-targeting sgRNA had no
measurable effect on THP1 viability, both LSD1-targeting sgRNAs
severely impaired THP1 cell proliferation and viability so that the
cultures could not be maintained (Fig. 4D). Mining the DepMap
Public 24Q2 database using the CHRONOS algorithm [29], which
infers gene knock out fitness effects based on an explicit model
of proliferation dynamics, confirmed that THP1 cells are highly
sensitive to LSD1 depletion (Fig. 4E). The same algorithm
predicted that K562 viability is not affected by a loss of LSD1
(Fig. 4E), and we therefore chose this line as an appropriate
model to assess the effect of LSD1 depletion. Using the same

LSD1 sgRNAs, we obtained two independent CRISPR-edited,
LSD1-depleted K562 lines (K562 sg-LSD1-#1 and sg-LSD1-#2).
LSD1 protein expression was decreased by over 90% in both
lines (Fig. 4F). As sg-LSD1-#2, was slightly more efficient, we
conducted the subsequent experiments using this LSD1-
depleted K562 cell line, as well as the non-targeting control
(K562 sg-NT).
ChIP-seq analysis of LSD1 and GFI1 in control K562 cells,

transduced with a non-targeting sgRNA, (sg-NT), revealed that the
majority of GFI1-bound sites are also occupied by LSD1 (Fig. 4G
and Supplementary Fig. 8D). A total of 390 GFI1-LSD1 co-occupied
sites were identified (Fig. 4G). The low number of GFI1 bound sites
is due to technical limitations of the available GFI1 antibodies,
which are very challenging in ChIP-seq assays (T. Möröy, personal
communication). Nonetheless, we observe that a large majority of
the GFI1-bound sites identified were shared with LSD1. Assessing
the 390 co-occupied sites in LSD1-depleted cells showed a drastic
reduction of GFI1 binding in absence of the LSD1 protein (Fig. 4H).
Absence of GFI1 binding following LSD1 depletion was also
evident when all LSD1 occupied sites were interrogated for GFI1
co-binding (Supplementary Fig. 8E).
GFI1 binding at the PRTN3 locus was likewise affected by LSD1

depletion (Fig. 4I). In control non-targeted K562 cells, four sites
in the vicinity of the PRTN3 gene were co-occupied by GFI1 and
LSD1 (Fig. 4I, sg-NT, top tracks, co-bound sites shaded in gray).
Three of these four sites are predicted to be enhancer or
promoter sequences by the GeneHancer algorithm [30]. One
site, within intron 1 of the PRTN3 gene, which was co-occupied
by LSD1 and GFI1 in THP1 cells (Fig. 4C) is occupied by LSD1
only in K562 cells. Upon LSD1 depletion, GFI1 binding at all four
previously co-occupied sites in the PRTN3 locus was lost (sg-
LSD1, Fig. 4I, lower tracks). These data strongly suggest that
presence of the LSD1 protein is required for binding of GFI1 to
its cognate sites.
Concomitant with a loss of GFI1 binding, LSD1 depletion

increased PRTN3 expression in K562 cells (Fig. 4J). Mining data
obtained by Fiskus et al. showed that LSD1 depletion in OCI-
AML5 cells likewise increased PRTN3 expression (Fig. 4K) [31]. As
shown above in both Lsd1 ko genotypes analyzed concurrently
(Fig. 3G), Prtn3 expression is also significantly increased when
pure Lsd1 koBMT HSPCs are compared to their wt counterparts
(Fig. 4L). Moreover, Prtn3 expression is significantly increased in
Lsd1 koBMT promonocytes, monocytes, and macrophages
(Fig. 4M–O). Taken together, these data, obtained in three
different hematopoietic contexts, strongly suggest that LSD1
inhibits Prtn3 expression at least in part by enabling binding of
the GFI1 repressor to the locus.

Fig. 4 LSD1 regulates GFI1 binding to regulatory elements at the PRTN3 locus. A+ B Correlation of gene expression in myeloid cell lines by
DepMap Public 23Q2 (https://depmap.org/portal/). The monocytic cell line THP1 is highlighted. Expression is shown as log2 (TPM+ 1).
Significance calculated via the DepMap linear regression model using two class comparison A correlation between LSD1 and PRTN3.
B correlation between SPI1 and PRTN3. C Integrative Genomics Viewer (IGV) tracks of LSD1 (red), SPI1 (green), and GFI1 (blue) ChIP-seqs. Input
controls (black). The PRTN3 locus is shown. The SPI1 and GFI1 ChIP-seqs were performed in THP1 cells. LSD1 ChIP-seq by Ravasio et al. on NB4
cells [5]. D Proliferation of Cas9-expressing THP1 cells following transduction with sgRNAs against a non-targeting region (NT) or against two
different sites in LSD1 (LSD1-#1 and LSD1-#2). E Effect of LSD1 CRISPR ko on the fitness of myeloid cell lines, data from DepMap Public 24Q2
(Chronos) [29]. THP1 and K562 cells are highlighted. F Validation of the LSD1 CRISPR ko in K562 cells by western blot. G Venn diagram showing
the number of LSD1 and GFI1 binding sites and their overlap, as determined by ChIP-seq in sg-NT K562 cells. H Heat map of regions bound by
both LSD1 and GFI1 in non-targeted K562 cells (sg-NT, left). These same regions were interrogated for GFI1 binding in LSD1-depleted K562
cells (sgLSD1, right). I IGV tracks of LSD1 and GFI1 ChIP-seqs in non-targeted K562 cells (sg-NT) as well as in LSD1-depleted K562 cells
(sgLSD1). PRTN3 regulatory elements, highlighted in gray, were identified either by LSD1 binding or by prediction using the GeneHancer
algorithm (from upstream to downstream: GH19J000898, GH19J000909, and GH19J000906, respectively) [30]. J Relative PRTN3 expression in
non-targeted (sg-NT) and LSD1-depleted (sgLSD1) K562 cells quantified by qRT-PCR. n= 4 per condition. Statistical testing was performed
using Student’s t test. **p < 0.01. K Relative PRTN3 expression in OC1-AML5 cells, transduced with a non-targeting shRNA (sh-NT) or an shRNA
targeting LSD1 (shLSD1), quantified by RNA-seq, data mined from Fiscus et al. [31]. Prtn3 expression determined by scRNA-seq in L HSPCs,
M promonocytes, N monocytes, and O macrophages. K Significance calculated using DESeq2 (Wald test). L–O Significance calculated using
Wilcoxon rank sum test.
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Prtn3 depletion in Lsd1 ko mice restores impaired myeloid
differentiation and reverses expansion of both the myeloid
and the stem cell compartments
To assess whether normalizing Prtn3 expression can reduce the
myeloid expansion observed following Lsd1 deletion, we depleted
Prtn3 expression using RNAi. We validated the efficacy of two

different Prtn3-targeted shRNA sequences by transduction of wt
murine kit+ BM cells, followed by western blotting and qPCR. Both
sequences depleted Prtn3 expression by over 90% (Fig. 5A and
Supplementary Fig. 9A), and we used shRNA1 henceforth.
Subsequently, we assayed the effect of Prtn3 depletion on colony
formation by WT and Lsd1 ko kit+ BM cells, transduced with viruses

Fig. 5 Prtn3 knockdown decreases myeloid colony formation, induces myeloid cell differentiation, and reduces stem and progenitor cells
in the Lsd1 ko context. A Knockdown validation (shRNA) of Prtn3 in kit+ bone marrow (BM) cells 48 h after transduction by western blot.
B–E Colony counts of wild-type (wt) and Lsd1 ko kit+ BM transduced with scrambled-shRNA control virus (scr) or shRNA1 against Prtn3: n= 4
per group and genotype. Statistical testing was performed using Student’s t tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. B total
number of colonies C CFU-GM, CFU-G and CFU-M, D BFU-E, E CFU-GEMM. F–L Prtn3 in vivo knockdown in the Lsd1 ko context. F Experimental
setup: kit enriched CD45.2 ko BM was transduced with either scr or shRNA1. Three days later, GFP-positive cells were transplanted into lethally
irradiated CD45.1 recipient animals. The panel was designed with Smart Servier. G–L Mice were analyzed three weeks after transplantation.
G Histopathological BM slides of mice transplanted with Lsd1 ko kit+ BM transduced either with a scr control (left) or a knockdown for Prtn3
(right). 200x magnification (top), 1000x magnification (bottom). Red arrows: metamyelocytes. H–L Flow cytometry analyses of the BM.
Statistical analyses were conducted using Student’s t tests. *p < 0.05, **p < 0.01. n= 4–5 per condition. H CD11b+ Gr-1high myeloid cell
frequency in GFP+ CD45.2+ BM (I+ J) Mean fluorescence intensity of I CD86 of CD11b+ Ly6C+ and J CD11b+ Ly6G+ myeloid cells.
K Frequency of lineage negative kit+ sca-1+ (LSK) GFP+ CD45.2+ single cells. L Frequency of long-term HSCs (LT-HSCs) GFP+ CD45.2+

single cells.
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expressing either an shRNA against Prtn3 or a scrambled (scr)
control (Fig. 5B–E). Lsd1 ko kit+ BM cells formed significantly more
colonies in vitro than WT control cells (Fig. 5B). The observed
increase in colony counts resulted from a stark increase in myeloid
colony formation (colony-forming unit (CFU)-GM, CFU-G, and CFU-
M) by the Lsd1 ko kit+ BM cells, confirming the extensive myeloid
bias (Fig. 5C and Supplementary Fig. 10). In both genotypes, Prtn3
depletion decreased the total number of colonies formed (Fig. 5B).
Moreover, the proportion of myeloid colonies decreased signifi-
cantly upon Prtn3 depletion, supporting our hypothesis that
overexpression of Prtn3 following loss of Lsd1 contributes to
myeloid expansion (Fig. 5C). Fittingly, the number of erythroid
colonies, (BFU-E, burst-forming-units erythroid) was significantly
reduced in Lsd1 ko BM and this was partially rescued by Prtn3
knockdown (Fig. 5D), suggesting that elevated Prtn3 levels
promote the lineage bias observed upon loss of Lsd1.
We subsequently depleted Prtn3 expression in Lsd1 ko kit+ BM

and transplanted it into lethally irradiated recipient mice (Fig. 5F).
Three weeks after transplantation, Prtn3 expression in the BM
remained suppressed by almost 90% (Supplementary Fig. 9B). At
this time, Lsd1 ko, Prtn3 knockdown animals displayed significantly
lower white blood cell counts and increases in the still very low
platelet counts with no changes in the differential blood counts or
the hemoglobin levels (Supplementary Fig. 9C–J). Histopathologi-
cal and cytomorphological analyses showed a release of the
myeloid differentiation block by Prtn3 depletion, with more
mature myeloid forms appearing in the BM (metamyelocytes,
red arrows, Fig. 5G and Supplementary Fig. 9K). Concomitantly,
more mature myeloid cells (CD11b+, Gr-1high) were detected by
flow cytometry analyses (Fig. 5H). This included increased
phenotypic maturation into CD86+ cells (CD11b+ Ly6C+ and

CD11b+ Ly6G+, Fig. 5I+J). The increase in stem and progenitor cells
observed in the Lsd1 ko context was likewise reversed by Prtn3
depletion, witnessed by decreased stem and progenitor cells (LSK)
and decreased LT-HSCs (Fig. 5K+L).
In summary, we show that knockdown of the aberrantly

increased Prtn3 expression in the Lsd1 ko context is sufficient to
restore myeloid cell differentiation and to decrease expansion of
the stem cell compartment. From our data we propose the
following molecular mechanism: in the presence of LSD1, GFI1
binds the Prtn3 promoter together with LSD1 and represses Prtn3
expression. In this condition, stem cell and progenitor expansion is
restrained, and myeloid maturation remains intact. In absence of
the LSD1 protein, GFI1 cannot bind its cognate site and fails to
repress Prtn3. Consequently, sustained SPI1 transcriptional activity
drives Prtn3 overexpression, leading to the expansion of
hematopoietic stem cells and myeloid progenitors, myeloid
lineage restriction, as well as to impaired myeloid maturation
(Fig. 6).

DISCUSSION
A quintessential role for LSD1 in hematopoietic stem cell
differentiation has previously been described [12, 13]. More
recently, it has become clear that LSD1 functions in different
ways, both enzymatically as a demethylase and structurally, by
serving as a scaffold for protein-protein interactions. Several
studies have identified non-enzymatic, pro-leukemogenic roles of
LSD1 in the context of AML [1, 5, 32]. However, the role of LSD1 in
healthy hematopoiesis and the molecular mechanisms by which
LSD1 affects healthy hematopoiesis are not understood in detail.
We studied two unique murine models in parallel to address this

Fig. 6 Proposed mechanism: In the presence of LSD1, GFI1 represses the expression of Prtn3, thereby regulating stem cell expansion and
myeloid cell differentiation. In the absence of LSD1 protein, GFI1 cannot repress Prtn3 expression, and SPI1 drives sustained Prtn3
overexpression, leading to the expansion of hematopoietic stem and myeloid progenitor cells and a lack of mature myeloid cells. Figure
created with BioRender.com.

H.F. Staehle et al.

9

Cell Death and Disease          (2025) 16:619 



question, one in which the entire LSD1 protein is deleted and a
second which selectively abrogates LSD1 enzymatic activity
through point mutations that leave the structural protein intact.
Complete loss of the LSD1 protein in all tissue types led to

altered lineage distribution in the BM, resulting in a myeloid
predominance accompanied by a maturation block as well as
stem cell expansion (Fig. 1). These data are similar to the
phenotype observed upon depletion of Lsd1 by RNAi [13]. All of
these changes, the myeloid lineage bias, the myeloid maturation
block, and the HSC expansion are cell intrinsic, as they are
recapitulated upon transplantation of Lsd1 deficient HSCs into
lethally irradiated recipients (Fig. 2). Importantly, these changes
are brought about by loss of the LSD1 protein, not by abrogation
of its enzymatic activity, as neither animals in which LSD1 was
enzymatically inactive in all cells, nor secondary recipients of LSD1
enzymatically inactive HSCs showed these phenotypes. Hence,
LSD1 scaffolding function, not its demethylase activity, is required
for HSC homeostasis, for balanced HSC lineage commitment as
well as for complete myeloid maturation.
Mechanistically, we showed that the cell-intrinsic myeloid bias

as well as the myeloid maturation block result from the de-
repression of myeloid regulatory genes, including the protease
Prtn3 (Fig. 3). We provide evidence that Prtn3 is a direct target of
both LSD1 and GFI1 (Fig. 4). These two transcriptional repressors
are well-described cooperators and vital for the regulation of gene
expression throughout HSC emergence and differentiation
[11, 33]. GFI1 acts as a repressor, frequently antagonizing activity
of the transcription factor SPI1, as the two proteins often co-
regulate myeloid target genes [4].
We propose a model in which, in the absence of LSD1, GFI1 is

no longer tethered to these promoters, allowing unhindered
binding and activation by SPI1 (Fig. 6). In its support, we provide
experimental evidence for the absence of GFI1 chromatin binding
in LSD1-depleted cells (Fig. 4H and Supplementary Fig. 8D).
Moreover, Lsd1 depletion but not its enzymatic inactivation
strongly upregulated Prtn3 expression in hematopoietic stem
and progenitor cells (Fig. 3G, H). Importantly, RNAi-mediated
repression of the elevated Prtn3 levels in Lsd1 ko cells reduced
aberrant stem cell expansion (Fig. 5K, L) and restored myeloid
maturation (Fig. 5H–J). In our model, we therefore propose that
aberrant Prtn3 expression in absence of LSD1 scaffolding function
contributes to stem cell expansion, myeloid lineage restriction as
well as myeloid maturation arrest.
LSD1 has been reported to be overexpressed in myeloid

malignancies and proposed as a therapeutic target [1–8].
Interestingly, we show here that the effect of LSD1 inhibition in
healthy hematopoietic cells is different to that in AML cells.
Pharmacological LSD1 inhibition in AML cells upregulates CD11b
and induces myeloid differentiation [8]. While we also recapitulate
CD11b upregulation by LSD1 deletion, we show here that in
healthy hematopoiesis loss of LSD1 blocks myeloid differentiation,
arresting cells at the CD11b+ Gr-1low stage (Fig. 2). Results similar
to ours were in part observed using RNAi-mediated Lsd1 knock-
down [13]. However, Lsd1 depletion by Sprüssel et al. only reached
40–50%, leaving the possibility that residual LSD1 protein function
affected the phenotype. Similarly, Kerenyi and colleagues did not
address myeloid maturation in detail [12]. Our data therefore
consolidate the role of LSD1 protein scaffolding function in HSC
homeostasis, lineage commitment, and myeloid maturation, and
provide definite evidence for the difference in LSD1 function
between malignant AML cells and healthy hematopoiesis.
In addition to HSC homeostasis and myelopoiesis, it has been

shown that LSD1 recruitment is required for normal megakaryo-
and thrombopoiesis [11]. However, it is not understood whether
both the scaffolding function and the enzymatic activity of LSD1
are required for platelet formation. This is in part due to the fact
that most research perturbing LSD1 has been performed in the
context of AML, with a focus on the disruption of LSD1 protein

complexes [11, 34]. It has been shown that GFI1B, which, in
contrast to the myeloid progenitor-specific GFI1, is expressed in
HSCs and megakaryocyte progenitors, is required for the
development of megakaryocytes [34]. GFI1B recruits the CoREST
complex, including LSD1, RCOR1, and HDAC1/2, to its target genes
[11]. Epigenetic regulation of healthy megakaryopoiesis by GFI1B
is therefore mediated in part by LSD1 serving as a scaffold for the
assembly of protein complexes.
While the structural role of the LSD1/GFI1B-complex in

mediating gene regulation during megakaryopoiesis has thus
been established, the contribution of LSD1 enzymatic activity has
not been investigated. Here, we show that Lsd1 eiBMT mice, in
which LSD1 enzymatic activity is deleted solely in the bone
marrow, contain reduced platelet numbers (Fig. 2) and fewer
megakaryocytes in the BM (data not shown). This suggests that
LSD1 enzymatic function is required for megakaryo- and
thrombopoiesis. Further studies will be required to unravel the
mechanisms behind the observed phenotype and assess the
extent to which the LSD1 demethylase activity contributes to
normal megakaryo- and thrombopoiesis.

MATERIALS AND METHODS
Ethics approval
All methods were performed in accordance with the relevant guidelines
and regulations. Experiments were performed in accordance with
committee-approved animal protocols (Environment and Consumer
Protection of the state Baden-Württemberg, Germany, G-14/47 and G-20/
102). All animals were kept under specific pathogen-free conditions at the
research mouse facility of the University Medical Center Freiburg. A power
analysis was conducted using G*Power (version 3.1) to approximate the
sample size. Based on an expected effect size of d= 0.95, α= 0.05, and
power= 0.8–0.95, 8–12 animals per group were required. Randomization
and blinding were not applicable.

Lsd1 mouse models
Homozygous conditional Lsd1 knockout mice (CreERT2, Lsd1tm1Schüle) [24]
and enzymatic inactive mice (CreERT2, Lsd1K661A, W752A, Y762S) [25] were used
to investigate the Lsd1-dependent phenotype in vivo. Cre expression was
induced by continuous i.p. tamoxifen injections (5x/week, 1 mg/injection in
100 μl corn oil with 10% ethanol), starting between 8 and 18 weeks of age.
Female mice were used exclusively for analysis of the total body ko and ei
(Fig. 1). Lsd1 ko and Lsd1 ko ctrl mice were sacrificed for final analysis when
the Lsd1 ko mice became moribund, on average two weeks after the
initiation of tamoxifen treatment. Lsd1 ei and Lsd1 ei ctrl mice were
observed for eight weeks before sacrifice. To analyze the isolated
hematological phenotype, bone marrow cells from induced Lsd1 ko and
ei mice (CD45.2) were transplanted into lethally irradiated (2 × 5.5 Gy)
CD45.1 female recipient mice, via the retrobulbar technique. These mice
were termed Lsd1 koBMT and Lsd1 eiBMT.

Complete blood cell counts (CBC)
Peripheral blood samples from mice were taken via puncture of
retrobulbar veins with a heparin-coated 10 μl capillary and collected in
heparin-coated 300 μl microvette tubes. Subsequent complete blood cell
count analyses were performed on an Animal Blood Counter Plus (Scil Vet).

Flow cytometry
Flow cytometry experiments were performed on a BD FACS Fortessa.
Lymphoid, erythroid, and myeloid cells were detected by staining
peripheral blood and bone marrow for B220 (BioLegend, clone RA3-6B2),
CD3 (Thermo Scientific, clone 145-2C11), Gr-1 (BioLegend, clone RB6-8C5),
CD11b (BioLegend, clone M1/70), Ter-119 (BioLegend, clone TER-119) and
CD71 (BioLegend, clone R17217).
Stem and progenitor cells were detected by staining with a cocktail

against lineage markers (BioLegend, B220, CD3, Gr1, Mac1, and Ter119)
and staining for c-Kit (eBioscience, clone 2B8), Sca1 (BioLegend, clone D7),
CD34 (BioLegend, clone MEC14.7), Fc-γ-II/III-R (eBioscience, clone 93),
Thy1.1 (BioLegend, clone OX7), and Flt3 (eBioscience, clone A2F10).
Antibodies against CD45.1 (BioLegend, clone A20) and CD45.2

(BioLegend, clone 104) were used to distinguish between donor and
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recipient-derived cells. Gating strategies were determined by fluorescence
minus one staining as previously described [35]. Antibodies against Ly6G
(BioLegend, clone 1A8), Ly6C (BioLegend, clone HK1.4), and CD86
(BioLegend, clone GL-1) were used to detect myeloid subpopulations.

Isolation of kit+ BM cells
Whole bone marrow cells were obtained in PBS containing 3% FCS and 1%
Penicillin/Streptomycin. Erythrolysis was performed using the BD lysis
buffer (BD, Biosciences, 555899). Kit+ bone marrow cells were isolated
using CD117 MicroBeads (Miltenyi Biotec, 130097146) and LS columns
(Miltenyi Biotec, 130042401) according to the manufacturer’s instructions.
Kit+ cells were cultivated in SFEM medium (Stemcell Technologies, 09650)
supplemented with 10 ng/ml mIL3 (PeproTech, 213-13), 10 ng/ml mIL6
(PeproTech, 216-16), and 50 ng/ml mSCF (PeproTech, 250-03).

Lentiviral Prtn3 knockdown
A modified pLeGO-iG-U6 vector (termed iG-hU6) was used for lentiviral
transduction as previously described [36]. To study Prtn3 depletion, Prtn3
shRNAs and a scrambled control shRNA were introduced into WT kit+ and
ko kit+ BM cells using the iG-hU6-sh-Prtn3-#1 (GTCAGGTCTTCCAGAA-
CAATT), the iG-hU6-sh-Prtn3-#2 (CCCTTGATCTGCAATGGCATT), and the iG-
hU6-scr (ATGTTCTACGCTCAATGCGG) constructs.

Lentiviral LSD1 CRISPR-Cas9 gene editing
THP1 and K562 cells were obtained and cultured following the
recommendations from DMSZ (German Collection of Microorganisms
and Cell Cultures). For CRISPR-Cas9 gene editing, THP1 and K562 cells were
initially transduced with pLenti-Cas9-P2A-Puro (Addgene #110837), and
cells gaining stable Cas9 expression were selected by culture in 2 μg/ml
Puromycine. In a second step, LSD1 sgRNAs or a non-targeting sgRNA,
expressed by the pLKO5.sgRNA.EFS.GFP vector (Addgene #57822) was
introduced into Cas9-expressing cells. The following sequences were
chosen: sg-LSD1-#1 (TCATCCGGTCATGAGGAAGT); sg-LSD1-#2 (AGCT-
GATCTTGGAGCCATGG); sg-NT(ACGGAGGCTAAGCGTCGCAA). LSD1 ko effi-
ciency was determined by Western Blot.

Quantitative real-time PCR (qRT-PCR)
RNA isolation and reverse transcription were performed using RNAeasy
(QIAgen, 74104) and SuperScript™ II Reverse Transcriptase (Invitrogen,
18064022). Expression of human PRTN3 (Thermo Fisher Scientific, Waltham,
Massachusetts, USA, Hs01553330_m1) or murine Prtn3 (Mm00478323_m1)
was determined in cDNA derived from K562 or murine BM cells,
respectively. β-2-microglobulin (B2m) was used as housekeeping gene
(Thermo Fisher Scientific, Assay on Demand). Data were analyzed using the
ΔΔCT method.

Sanger sequencing
Sanger sequencing was performed to interrogate the efficiency and
permanence of Tamoxifen-induced CRE-mediated recombination in Lsd1 ei
and Lsd1 ei ctrl mice. RNA isolation and reverse transcription were
performed as described above. A fragment of the Lsd1 cDNA was amplified
using the Lsd1-cDNA-Seq-FP forward primer (5′-TTGCTGTGAACA-
CACGTTCC-3′) and Lsd1-cDNA-Seq-RP reverse primer (5′-AGAGTCTTGG-
GATTGGCTGTG-3′) primers and the KAPA HiFi PCR Kit (Roche, KK2102).
Following purification with the DNA Clean & Concentrator-5 Kit (Zymo,
D4014), the resulting fragment was subjected to sequencing.

Western blotting
Murine BM cells or K562 cells were lysed in RIPA buffer (150mM NaCl, 1%
Triton X-100, 0.5% NaDoc, 0.1% SDS, and 50mM Tris, pH 8.0) for 30min on
ice. Cell debris was removed by centrifugation. Protein concentrations
were estimated by Lowry assay (Bio-Rad, 5000112). Immunoblotting was
performed as previously described [37]. Primary antibodies: anti-PRTN3
(LSBio, C692449), anti-LSD1 (produced in the Schüle Laboratory) [38], and
anti-beta-actin (Sigma-Aldrich, A5441). Secondary antibodies: anti-rabbit
(GE Healthcare, NA934V) and anti-mouse (GE Healthcare, NA931V) IgG HRP.

Colony assays
Colony assays were performed as previously described [39]. Bone marrow
cells were seeded in methylcellulose media supplemented with SCF, IL3,
IL6, and EPO (STEMCELL Technologies, 09650). On days 10-14, CFU-GEMM,

BFU-E, CFU-GM, CFU-G, and CFU-M colonies were scored after staining with
benzidine.

Histopathological analysis
Femur and spleen samples were fixed in 4% formalin overnight. Femora
were consecutively decalcified in 10% buffered ethylene-diamine tetra-
acetic acid (EDTA, pH 7.2). Organs were paraffin-embedded as previously
described [35], and sections were stained with hematoxylin and eosin.

Cytospins
For cytospins, 2000–40,000 BM cells were centrifuged in a Cytospin 3
centrifuge (Shandon, Runcorn, GB) for three minutes at 800 rpm at room
temperature.

May-Grünwald-Giemsa (MGG) staining
Peripheral blood smears as well as PB and BM cytospins were stained for
5 min with May-Grünwald solution (Merck, Rahway, New Jersey, Cat. No.
1014240500). After washing with buffered water (pH 6.8), Giemsa counter-
staining was performed for 15min (Giemsa diluted 1:15 in buffered water
pH 6.8), (Merck, Cat. No. 1092040500). Following a final wash, slides were
air-dried.

Chromatin immunoprecipitation sequencing (ChIP-seq)
ChIP-seq was used to interrogate DNA binding of GFI1, SPI1, and LSD1 in
THP1 and K562 cells. GFI1, SPI1, and LSD1 ChIPs were performed as
described in Helness et al. [40]. Per ChIP, 10 million cells were fixed with
1.5 mM DSG and 1% formaldehyde before quenching with 125mM
glycine. After cell lysis and nuclei extraction, chromatin was sheared using
a Covaris S220 to generate 100–500 bp fragments. Samples were
immunoprecipitated with 5 μg antibody either against GFI1 (R&D Systems,
AF3540), SPI1 (Invitrogen, PA5-17505), or LSD1 (produced in the Schüle
Laboratory) [38]. Libraries were generated using an NEBNext Ultra II DNA
Library Prep Kit (New England Biolabs, E7645).
RELACS (restriction enzyme-based labeling of chromatin in situ)

ChIP-seq [41] was used to interrogate the H3K4me1 histone mark. One
to three million kit+ BM cells from Lsd1 ei and Lsd1 ei ctrl mice were
fixed with 1% formaldehyde before quenching with 125 mM glycine
and snap freezing in liquid nitrogen. Nuclei extraction, chromatin
preparation, immunoprecipitation, and library preparation were per-
formed as described in Arrigoni et al. [41]. For immunoprecipitation, an
antibody against H3K4me1 (Diagenode, C15410194) was used. ChIP-
seq libraries were sequenced on a NovaSeq 6000 to obtain 100 bp
paired-end reads.

Publicly available data used in this work
Publicly available ChIP-seq data [GSE128528, GSE27841, GSE22557, and
GSE237192] and RNA-seq data [GSE160303] were obtained from the GEO
database and processed as detailed below.

ChIP-seq data analysis
Analysis of human ChIP-seq data was performed using the following tools
and versions: trim-galore v0.6.1, bowtie2 v2.5.4, Picard v3.1.0, macs2
v2.2.9.1, Homer v5.1, deeptools v3.5.5. After removal of low-quality reads
and adapter sequences using Trim Galore!, reads were mapped against
GRCh38 using bowtie2 with the parameters “-X 1000 --very-sensitive” [42].
Duplicate reads were removed using Picard. High-confidence peaks
(p < 10–5) were called with the MACS2 callpeak algorithm [43] using “-f
BAMPE --keep-dup all” and blacklisted for low-mappability regions using
the GRCh38 ENCODE blacklists [44]. Motif analysis of a 50 bp region
surrounding peak summits was performed with the HOMER findMotifs-
Genome.pl tool [45].
Coverage scores were calculated with deeptools [46] bamCoverage

using a bin size of 1 and were normalized to CPM (counts per million) and
blacklisted as well. Deeptools computeMatrix and plotHeatmap were used
to visualize coverage scores across multiple genomic regions.
Murine LSD1, SPI1, and H3K4me1 ChIP-Seq data were processed on the

European usegalaxy.eu [47] servers and mapped to the mm10 genome.
The same tools and parameters as for human ChIP-seq analysis were used,
except for bowtie2, which was run in “--very sensitive-local” (LSD1, SPI1) or
“--local” (H3K4me1) mode and duplicate read removal, which was
performed using deeptools alignmentSieve [46]. Coverage scores were
computed for 25 bp bins, normalized to RPKM (reads per million mapped
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reads), and blacklisted for low-mappability regions using the mm10
ENCODE blacklist [44].

RNA-seq data analysis
RNA-seq data analysis was performed using the European usegalaxy.eu
server [47] and Rstudio (R version 4.3.1). Transcript sequence files and gene
annotation files were obtained from the GENCODE project (Human release
47) [48]. Reads were trimmed using Trim Galore! and transcripts were
quantified using Salmon [49]. Tximport [50] and DESeq2 [51] were used for
importing raw counts and differential expression analysis.

Single-cell RNA sequencing
Viably frozen cells were thawed at 37 °C, resuspended in ice-cold PBS,
washed twice, and counted with a LUNA automated cell counter (Logos
Biosystems). Single cell capture, reverse transcription, and library prepara-
tion were carried out on the Chromium platform (10x Genomics) with the
single cell 3ʹ reagent v2 protocol according to the manufacturer’s
recommendations using 1000 cells as input per reaction channel. The
cDNA libraries were paired-end sequenced (26 bp and 74 bp) on the
Illumina HiSeq 4000 system. Raw sequencing data were processed and
aligned to the murine genome GRCm39 using the CellRanger pipeline (10x
Genomics, version v9.0.0).

Single-cell RNA sequencing data pre-processing
We applied sample-specific quality control and excluded low-quality cells
with mitochondrial read fractions exceeding 5 median absolute deviations
(MAD) above the median. This approach preserved cell type composition
across samples, including those where cells with low transcriptional
complexity (erythrocytes and neutrophils) were abundant. We detected
residual ambient RNA from red blood cell lysis and neutrophil degranula-
tion. We addressed this issue by applying SoupX to both the raw and the
filtered feature-barcode matrices [52]. Using the autoEstCont() function, we
estimated background reads from both empty droplets and non-
expressing cell clusters, effectively removing ambient RNA contamination.
We identified and flagged doublets using the R/Bioconductor package
scDblFinder, ensuring that no cluster was artificially enriched for them [53].

Single-cell RNA sequencing data analysis
Subsequent data analysis was performed using Scanpy [54] and Seurat V5
[55]. In brief, Scanpy was used to generate log-normalized counts and
select n= 3000 highly variable genes (HVGs), excluding cell cycle genes
[56]. These HVGs were used for principal component analysis (PCA) with
25–30 components. Euclidean distances in the PC-reduced space were
then used to construct a k-nearest neighbor (KNN) graph, and clusters
were identified with the Leiden algorithm. Finally, UMAP was applied for
further dimensionality reduction and visualization. Seurat was used for
visualization in conjunction with the ScCustomize package (https://doi.org/
10.5281/zenodo.5706430), for marker gene identification via the FindMar-
kers() function, and for cluster validation at different resolutions using the
Louvain algorithm.
For simple integration tasks within the same experimental condition, we

used the Python implementation of harmony (https://zenodo.org/badge/
latestdoi/229105533) [57]. HVGs were selected from log-normalized counts
while specifying mouse donor as the batch key. PCA was then performed,
and the resulting principal components were harmonized using a theta
value of 1.0. For complex integration tasks across experimental conditions,
where the samples had different cell type compositions, we chose deep
neural network-based models from scvi-tools [58]. ScVI [59] was used to
train models on the raw counts of HVGs, specifying the appropriate batch
key and using the following parameters: n_layers= 2, n_latent = 25,
gene_likelihood= “zinb”. The resulting integrated latent space then served
as the basis for downstream analyses, including UMAP visualizations. To
perform label transfers from control (ctrl) to experimental genotypes (ko,
koBMT, and ei), we used the same scVI models to train an scANVI model
[60], which predicted the closest reference cell type for each cell in the ko,
koBMT, and ei conditions.
To identify differentially expressed genes between cell populations we

used two approaches. Overall exploration of markers was done using the
Seurat FindMarkers() function, and significance was tested using Wilcoxon
rank-sum tests. Specifically, for heatmaps displaying top marker genes, we
usually filtered for genes expressed in at least 25% of cells. For a more
robust identification of DEGs, we performed pseudo-bulk analyses. Briefly,
pseudo-samples were created by aggregating counts in the cell population

of interest for each mouse donor and were filtered for at least 20 cells per
pseudo-sample. Differential gene expression was then tested using the
likelihood ratio test implementation of the R/Bioconductor package edgeR
(edgeR-LRT) (https://doi.org/10.18129/B9.bioc.edgeR) [61].
Differentially expressed genes were used to define cell clusters

(Supplementary Figs. 5 and 6).

Statistical analysis
Unpaired Student t-tests were used to determine whether a significant
(p < 0.05) difference existed between two groups, unless otherwise stated
in the figure legends. Data are presented as mean ± SEM. Values that are
two SD from the mean of the group were defined as outliers. Survival
analyses were conducted using Log-Rank (Mantel-Cox) test. Analyses were
performed using the GraphPad Prism 10 software.

Material requests
Correspondence regarding material requests other than mouse lines
should be addressed to H.F. Staehle. Mouse line requests should be
addressed to R. Schüle, the owner of the mouse lines.
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