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ELK1 promotes the progress of myeloid 2
leukemia by hindering the differentiation
of neutrophils

Yuhan He'", Ya Zhou?!, Dexin Wen'", Rongqun Guo?, Juan Du*, Sizhou Huang® and Yong Dong'*

Abstract

Background The genes controlling lineage determination and differentiation tend to be essential for the
development of acute myeloid leukemia (AML). Identifying novel target genes capable of promoting the
differentiation and maturation of undifferentiated leukemia cells offers a promising therapeutic strategy for the
treatment of AML.

Methods We used conditional Elk1 and KrasG12D expression mice, along with Mx1-Cre, Lyz2-Cre and Elane-Cre drive
strains (which enable stage specific control of EIk1 or KrasG12D expression), to investigate the function of Elk1 in the
hematopoiesis and leukemogenesis. Bone marrow transplantation assay was performed to explore the function of
ElkT in hematopoiesis under stress conditions. Additionally, bulk-cell RNA sequencing, single-cell RNA sequencing and
proteomics were performed to reveal the signaling pathways altered by Elk1. Finally, undifferentiated leukemia cells
were used to verify whether inhibiting ELK1 could promote the differentiation of these cells into mature neutrophils.

Results ELK1 is highly expressed in undifferentiated AML cells. Studies using mouse model demonstrated that
overexpression of EIk1 accelerates the development of KrasG12D-induced myeloid leukemia by impairing the
stemness of hematopoietic stem cells (HSCs) and impeding the differentiation of neutrophils. Furthermore,
impeding the maturation of neutrophils independently promotes the development of KrasG12D mutation-induced
myeloid leukemia. Meanwhile, our in vitro experiments preliminarily confirmed that inhibiting ELK1 suppresses

the proliferation of leukemia cells and induces the differentiation of CD15*CD66b™ myeloid progenitor cells into
CD15*CD66b™ neutrophils.

Conclusions Our study demonstrates that ELK1 is a potential therapeutic target for AML, due to its critical role in
regulating neutrophils differentiation.
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1. Human ELK1 is highly expressed in AML undifferentiated cells and negatively correlated with the survival of

AML patients.

2. Upregulation of Elk1 impairs the self-renewal of HSCs, impedes the differentiation of neutrophils under
physiological conditions and promotes the development of oncogene mutation (KrasG12D)-induced myeloid

leukemia.

3. Under stress hematopoiesis conditions, upregulation of EIk1 promotes the depletion of neutrophils.
4. Elk1 promotes the development of oncogene mutation (KrasG12D)-induced myeloid leukemia by impeding

the maturation of neutrophils.

Keywords ELK1, Neutrophil depletion, Hematopoiesis, Leukemogenesis, Myeloid leukemia

Introduction

Acute myeloid leukemia (AML) is characterized by
the accumulation of undifferentiated myeloid progeni-
tors. Promoting the differentiation of undifferentiated
leukemia cells into functional mature cells is one of the
strategies to treat AML. Currently, drugs like daunoru-
bicin, cytarabine, idarubicin, mitoxantrone, venetoclax
and clofarabine are commonly used in AML treatment.
These medications primarily function by inhibiting
clonal proliferation of lineage progenitor cells or induc-
ing apoptosis, rather than promoting the differentiation
and maturation of leukemia cells. However, when used
independently, the 5-year survival rate of AML patients
treated with these drugs is less than 50% [1]. In contrast,
the treatment of APL with trans-retinoic acid and triox-
ide has achieved remarkable success, with an event - free
survival rate exceeding 97%. This success is attributed to
the drugs’ ability to promote the differentiation and mat-
uration of immature neutrophils [2] .

To find methods for promoting the differentiation of
undifferentiated leukemia cells, we need to focus on lin-
eage differentiation regulator genes. At present, multiple
lineage differentiation key regulator genes are reported to
play critical role in leukemia development. Such as GFI1
[3], CEBPA [4], CEBPE [5] and IRF8 [6], which regu-
late the myeloid lineage differentiation and maturation,
have been identified as risk factor for AML [7-9]. How-
ever, targeting these risk factors in AML therapy has not
yielded the expected efficacy due to their complex roles
in hematopoiesis. For instance, knocking down GFI1
[10]Jand CEBPA [11] impairs the self-renew of HSC and
normal hematopoiesis, and mutation of CEBPE leads to
the granule deficiency in neutrophils [12]. The scarcity
of highly specific targets in regulating the lineage differ-
entiation and maturation limits the application of new
approaches to treat AML by promoting the differentia-
tion and maturation. Therefore, there is an urgent need to
screen lineage specific regulators as new targets to treat
AML.

RAS genes are frequently mutated in leukemia. The
mutated RAS genes activate the downstream MEK/ERK

axis to disrupt the differentiation of hematopoietic stem/
progenitor cells [13, 14]. Although the ERK-ELK1 signal
is reported to regulate cell differentiation [15, 16] and
promote the development of solid tumor [17, 18], dif-
ferential roles of RAS and ELK1 in hematopoietic lin-
eage differentiation have been documented. For example,
knockout of K-Ras significantly reduced the number
of erythroid progenitors and mature erythrocytes [19],
while upregulation of ELK1 significantly hinders the dif-
ferentiation of erythroid progenitors [20]. RAS promotes
the differentiation of neutrophils by activating C/EBPa
[21], but not by activating ELK1. However, upregula-
tion of ELK1 blocks the differentiation of neutrophils
[20, 22]. The inconsistence function of RAS and ELK1
might be due to the complex regulation of ELK1, which
regulates the differentiation and proliferation in multiple
ways, including RNA splicing [22], phosphorylation self-
limitation [23], protein cleavage [24]. Additionally, our
previous research has shown that ELK1 plays a crucial
regulatory role in the differentiation and maturation of
human neutrophils and balancing lineage determination
of neutrophils and erythrocytes at the CMP stage under
ex vivo culture conditions [20, 22]. Thus, we suspect that
ELK1 might play an important role in the development
of myeloid leukemia, and targeting ELK1 might promote
the differentiation of undifferentiated leukemia cells into
mature cells. In this study, we intensively investigated the
in vivo functions of Elkl in hematopoiesis and leukemo-
genesis by using Elk1 and KrasG12D conditional expres-
sion mouse models.

Materials and methods

Mice

C57BL/6  (CD45.1*) and KrasG12D™Y*  (Kras
loxp-stop-loxp-G12D/*)mjce were purchased from Shang-
hai Model Organisms Center, Inc. Mx1-Cre (C57BL/6,
CD45.2+) was purchased from Cyagen Biosciences,
Inc. Elane-Cre (C57BL/6, CD45.2+) and Lyz2-Cre
(C57BL/6, CD45.2+) mice were purchased from Lab-
bio Biotechnology Co., Ltd. EIk1*M* (ROSA26
loxp—stop—lo)(p—Elkl—Za—thomato/+)n,1iCe were generated bY
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direct targeting the zygotes of C57BL/6 mice through
CRISPR-Cas9 at the ROSA26 locus by Shanghai
Model Organisms Center, Inc. as previously reported
[18]. The expression of tdTomato was detected by
flow cytometry analysis, which indicates the expres-
sion of Elkl, and it is more easy to distinguish donor
derived cells in recipients. EIk1'"* mice were subse-
quently bred with Mx1-Cre, Elane-Cre and Lyz2-Cre
mice to generate Elk1%5Y*;Mx1-Cre, Elk1-“*;Elane-
Cre and EIk1'SM*Lyz2-Cre mice. To assay the impact
of Elk1 overexpression in KrasG12D-induced leukemia,
Elk15Y*;Mx1-Cre and Elk1*V*;Elane-Cre were bred
with KrasG12DYY* mice to generate KrasG12DMV*-
Elk1%SY*-Mx1-Cre, KrasG12D“Y*_Elk1""*_Elane-Cre,
KrasG12D"Y*-Mx1-Cre and KrasG12D"S'*-Elane-Cre
mice. All the mice were housed in SPF-grade (specific
pathogen-free grade) animal facilities of Chengdu Medi-
cal College. All animal experiments were approved by
the Institutional Animal Care and Use Committee of
Chengdu Medical College (IACUC-CMC).

Transplantation

All recipient mice were irradiated for 5.0*2 Gy with Rad-
Source 2000. All the recipient mice were anesthetized
by a mixture of oxygen and isoflurane using the Matrx
VMR small animal anesthesia machine before trans-
plantation. For competitive transplantation, 0.5x 10°
total BM of Elk1'SY*-Mx1-Cre and 0.5 x 10° total bone
marrow (BM) cells of C57BL/6 (CD45.1+) were retro-
orbitally transplanted into lethally irradiated C57BL/6
(CD45.2+) recipients (5.0 Gy x2, RS2000, Rad Source).
For non-competitive transplantation, 1.0 x 10° total BM
of donor cells (EIk1*“*-Mx1-Cre, Elk15"*-Elane-Cre,
Elk1MY* Lyz2-Cre  KrasG12DM"SM*-Elk1'S*-Mx1-Cre,
KrasG12DSY*_Elk15Y*-Elane-Cre, KrasG12DMSY/+-
Mx1-Cre, KrasG12D"'*-Elane-Cre and littermate
mice) were retro-orbitally transplanted into lethal irra-
diated recipients (CD45.2 or CD45.1 mice) anesthe-
tized by the mixture of oxygen and isoflurane using the
Matrx VMR Small Animal Anesthesia Machine. For
the EIk1'%*-Mx1-Cre, EIk1"*-KrasG12D"S"*-Mx1-
Cre and KrasG12D"*-Mx1-Cre transplanted recipi-
ents, 200 ug Polyinosinic—polycytidylic acid sodium salt
(PolyIC) (Sigma, P1530-100MG) was injected with 3
doses into all the recipients via intraperitoneal injection
every other day. All transplanted mice were fed with
water containing gentamycin sulfate to prevent infec-
tion for 3 weeks. Peripheral blood was collected from
recipients using anticoagulant-coated capillary tubes via
retro-orbital puncture every 4 weeks for flow cytometric
analysis until 20 weeks post transplantation.

Page 3 of 20

Flow cytometry analysis
Antibodies to CD45.1 (A20), CD45.2 (104), Ly6C
(HK1.4), Ly6G (1A8), CD11B (M1/70), CD19 (6D5),
B220 (RA3-6B2), CD4 (GK1.5), CD8a (53-6.7), Ter119
(TER-119), CD2 (RM2-5), CD3e (145-2c11), Ly6G/Ly6C
(RB6-8C5), NK1.1 (S17016D), CD48 (HM48-1), CD150
(TC15-12F12.2), CD117 (2B8), Ly6A/E (Scal, D7), CD25
(PC61), CD44 (IM7), CD16/32 (93), CD34 (HM34),
CD135 (A2F10), CD115 (CSE-1R), CD81 (Eat-2), CD71
(RI7217), CD127 (A7R34), TCR y/8 (GL3), TCR B (H57-
597), IgM (RMM-1), IgD (11-26¢.2a), CD184 (L276F12),
CD284 (SA15-21), CD62L (MEL-14), CD182 (SA044G4)
were purchased from BioLegend. 7-AAD was used for
dead cells exclusion. Flow cytometry was performed on
Canto II (BD Biosciences) and C6 plus (BD Biosciences)
and data were processed by Flow]o software (Tree Star).
To analyze hematopoietic lineages and progeni-
tors in PB or BM, CD3-FITC was used to stain T cells,
CD19-APC was used to stain B cells, CD11b-PE-Cy?7,
Ly6G-FITC and Ly6C-APC were used to stain immature
neutrophils, mature neutrophils and monocytes, CD71
and Ter119 were used to stain erythrocytes, and the anti-
body mixture of Lin (CD2, CD3, CD4, CD8, CD11b, Grl,
Ter119, B220)-FITC, CD48-FITC, c-Kit (CD117)-APC,
Scal-PerCP-Cy5.5, CD150-PE-Cy7 were used to ana-
lyze Lin-CD48-c-Kit*Scal*CD150" HSC(hematopoietic
stem cell) and Lin-CD48-c-Kit*Scal*CD150-
MPP(multipotent progenitor), Lin (CD2, CD3, CD4,
CD8, CD11b, Grl, Ter119, B220)-FITC, c-Kit (CD117)-
APC, CD16/32-PE-Cy7, Scal-PerCP-Cy5.5, CD34-APC-
Cy7 were used to analyze Lin~ c-Kit* ScalCD16/32™4
CD34™4 CMP (common myeloid progenitor), Lin' c-Kit*
Scall CD16/32"8" CD34M8" GMP(granulocyte-monocyte
progenitor) and Lin' c-Kit" Scall CD16/32' CD34! MEP
(megakaryocyte—erythroid progenitor).

RNA sequencing and data analysis
To assess the transcriptome of LSKs, CMPs, GMPs,
MEPs and mature neutrophils, 3000 cells of each popu-
lation were sorted and collected with PCR tubes with
0.5%BSA-PBS buffer, and cell pellet was harvested by
removing the supernatant liquid after centrifuging at
500 g for 5 min. All transcripts were converted into
dsDNA for each population according to previously
reported procedures [22, 25-27]. Libraries were con-
structed using TruePrep DNA Library Prep Kit V2 for
Hlumina (TD503, Vazyme, Co.Ltd) and all the libraries
were sequenced using the Illumina NovaSeq X plus sys-
tem (HaploX company. Ltd.). R packages DESeq2, gplots,
clusterProfiler and GSEA were used to analyze the differ-
ential expressed genes (DEGs), GO enrichment and gene
set enrichment analysis (GSEA).

To analyze the myeloid differentiation pathway at sin-
gle-cell level, CD3/CD19/NK1.1/Ter119" CD11b" and
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CD3/CD19/NK1.1/Ter119IC-kit" cells derived from
Mx1-Elkl and littermate control mice were sorted and
these two cell populations were mixed at a ratio of 1:2
and processed using the 10X Genomics Chromium sys-
tem, then single cell libraries generation and sequencing
were performed by NovaSeq 6000 system (library con-
struction and sequencing of single cell were performed
by HaploX Company). All FASTQ files were mapped to
mouse mm10 reference genome to generate gene expres-
sion matrices by Cell Ranger 4.0.4 software. The R pack-
ages including Seurat, clusterProfiler, ggplot2 were used
to analyze the single cell RNAseq data. The R package
ClusterProfiler was used to analyze GO enrichment for
DEGs.

Proteomics assay

Bone marrow cells were isolated from femurs and tibias
of 8-weeks-old Elane-Elkl and littermate mice. For each
sample, 3 x 10* CD11b* Ly6G'*"/"Ly6C™ immature neu-
trophils or CD11b* Ly6G* Ly6C™<¢ mature neutrophils
were sorted for proteomic assay. The proteomic assay
of the sorted cells was performed by Shanghai Biopro-
file Company. Differentially expressed proteins (DEPs)
were identified with the threshold of 1.5-fold change and
p-value<0.05. The function of differentially expressed
proteins was analyzed by clusterProfiler and gplots R
packages.

AML leukemia cells culture

OCI- AML 3 (CL-0837) was kindly provided by Wuhan
Pricella Biotechnology Co.,Ltd, HL-60, Molm-13, NB4
and Kasumi-1 cell lines were gifts from Yuhuan Zheng’s
Lab (Department of Hematology/Institute of Hema-
tology, West China Hospital, Sichuan University). The
OCI-AML3 cell line harbors NPM1 and DNMT3A
gene mutations. The Molm-13 cell line carries an FLT3
gene mutation. The NB4 cell line expresses the PML-
RARa fusion genes, which results from the t (15;17)
translocation. The Kasumi-1 cell line carries the AMLI1-
ETO(RUNX1-CBF2T1) fusion genes. The HL-60 cell line
is Myc-positive. OCI-AML3 and HL-60 cell lines were
cultured in basic medium of IMDM15% FBS-1% P/S,
Molm-13, NB4 and Kasumi-1 cell lines were cultured in
basic medium of RPMI-1640 -15% FBS-1% P/S. To induce
the differentiation of undifferentiated leukemia cells, 10
ng/ml SCF, 10 ng/ml FIt3L, 10 ng/ml IL-3, 20 ng/ml GM-
CSE, 50 ng/ml of G-CSF and 20 ng/ml EPO were added
into the basic medium. Cell counts of all the cell lines
were counted 1 week after the treatment of TDE (1 pM).
The AML patients (AML-M3 subtypes without detecting
the gene mutation) bone marrow derived CD34 + HSPCs
and cord blood derived CD34 + HSPCs were isolated and
cultured in described medium for 2 weeks with TDE
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treatment. Flow cytometry was performed to assess
the differentiation of the OCI-AML3 cell line and AML
derived CD34 + HSPCs using CD34, CD15 and CD66b.

Western blot assay of ELK1 or p-ELK1

Twenty million cells (either mouse total bone mar-
row cells or AML cell lines (with or without TDE treat-
ment)) were used to extract total proteins using Radio
Immunoprecipitation Assay (RIPA) Lysis Buffer (Beyo-
time, PO013B) with protease and phosphatase inhibitors
(Beyotime, P1046). Cytoplasmic and nuclear proteins
are extracted by the Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime, P0028). The supernatant was
collected by centrifugation (13,000 g; 15 min; 4 °C). Load-
ing buffer (Catlog: ZS306-2) was added to the super-
natant, and proteins were denatured by heating in a
95°C-water bath for 10 min. The denatured protein sam-
ples were separated by SDS-PAGE gel (Catlog: ZDTG-
420T) at 180 V for 1 h. Proteins were transferred from
the SDS-PAGE gel to a nitrocellulose (NC) membrane
using the ACE S-Trans machine with parameters of 26 V
and 600 S. Nonspecific binding sites were blocked with
5% non-fat milk powder or bovine serum albumin (BSA;
for phosphorylation assays) in Tris-buffered saline with
Tween-20 (TBST, Yeasen, Catlog:60145ES80) for 1.5 h.
After blocking, the blots were incubated overnight at 4 °C
with primary antibodies (Anti-ELK1 polyclonal Antibody
(Biorbyt, Catlog: orb626705), anti-p-ELK1 polyclonal
Antibody (phosphor-ELK1-S383 rabbit pAb, Catlog:
AP0033) or anti-GAPDH polyclonal Antibody (Biosharp,
Catlog: BL0O06B) diluted 1:1000 in blocking solution.
The blots were then washed three times with TBST and
incubated for 1.5 h with Goat Anti-Rabbit IgG (H+L)
antibody (HRP) antibody (Biorbyt, Catlog: orb1176161)
diluted 1:2000 in blocking solution. Proteins bands were
detected using BeyoECL Plus (Beyotime, PO018S) on a
Tanon Chemi Dog Ultra imaging system.

qPCR analysis

Total RNA from bone marrow samples or AML cell lines
was extracted using GREENspin Fast Animal Tissue/Cell
Total RNA Kit (Zomanbio, Catalog: ZP441-1). Subse-
quently, 1 pg of total RNA was used to synthesize cDNA
with the HisyGo All-in-One RT Red SuperMix for qPCR
(+ gDNA Wiper) Kit (Vazyme, Catalog: RT333-01). The
qPCR assays were performed using ChamQ Universal
SYBR qPCR Master Mix Kit (Vazyme, Catalog: Q711).
Primers for detecting target gene expression are pro-
vided in Supplementary Table 1. Relative expression of
the detected genes were calculated as 2*(-/ACt) or 2/(-
AACt), where ACt=Ct(target gene)-Ct(housekeeping
gene B2M); A/ACt=/\Ct(Treated sample)- ACt(Ctrl
sample).
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(See figure on previous page.)

Fig. 1 Elk1 promotes KrasG12D-induced myeloid neoplasm progression. (A) Expression level of ELK1 in hematopoietic cells from healthy and AML donors
(Data from GDS3057/210376_x_at). (B) Expression fold change of ELK1 in different types of AML compared to normal (data derived from BloodSpot (fo-
binf.com) 210850_s_at). (C) Overall survival of AML patients with high (top 50%) and low (bottom 50%) ELK1 expression. (D) Schematic diagram illustrat-
ing the impact of overexpressing EIk1 in KrasG12D-induced leukemogenesis. 1 x 10° total bone marrow cells from littermate control (Ctrl), Mx1-KrasG12D
(MK) and Mx1-Elk1-KrasG12D (MKE) mice were used for transplantation. Polyinosinic—polycytidylic acid sodium salt (PolylC) was injected with 3 doses into
all the recipients via intraperitoneal injection every other day. (E) Statistical analysis of the percentages of CD11b™ cells in the peripheral blood of recipi-
ents at 4 and 8 weeks after transplantation. Ctrl=5 mice, MK=10, MEK= 10, n.s, no significance. ***P < 0.001.(F) Statistical analysis of spleen weights of Ctrl,
MK and MKE transplanted recipients. Recipient mice were sacrificed 8 weeks post-transplantation. (G) Kaplan-Meier survival curves of Ctrl, MK and MKE
recipient mice. (H) Representative flow cytometry plots of myeloid progenitors in the bone marrow of Ctrl, MK and MKE transplanted recipients 8 weeks
post-transplantation. (I) Representative flow cytometry plots of mature neutrophils, immature neutrophils and monocytes in the bone marrow, peripheral
blood and spleen of Ctrl, MK and MKE transplanted mice. (J) Statistical analysis of the absolute cell numbers of hematopoietic progenitors in bone mar-
row of Ctrl, MK and MKE transplanted recipients. Ctrl=4 mice, MK=4 mice, MEK=4 mice, n.s, no significance. **P < 0.01, ***P < 0.001, ****P <0.0001. (K-M)
Statistical analysis of the percentages of CD11b* myeloid cell-derived immature neutrophils and mature neutrophils in bone marrow (K), peripheral blood
(L) and spleen (M) of Ctrl, MK and MKE recipients. The data in panels (A, E, F, J-M) are presented as the mean + SD. An unpaired Student’s t-test (two-tailed)

was performed. N=3-9 mice; n.s, no significance. **f<0.01, ***P<0.001, ****P < 0.0001

ShRNA knocking down of ELK1

Knocking down of ELK1 in AML cell lines was mediated
by short hairpin RNA (shRNA). The target sequence of
ELK1 (GCCTTGCGGTACTACTATGACA) was inserted
into the lentiviral expression vector and the lentivirus
was prepared using 293T cells as previous reported [22,
28].

Statistical analysis

The R packages of edgeR, DESeq2, clusterProfiler, pca-
Methods, gplots, reshape2, ggplot2, Seurat, monocle2,
GSEA, cluster, factoextra, uwot and sincell were used to
perform statistical analysis of RNA-Seq data. Other sig-
nificant analyses were performed using unpaired Stu-
dent’s t-tests (GraphPad Prism, GraphPad Software).

Data Availability

All the RNA-Seq data are deposited in NCBI's Gene
Expression Omnibus (GEO) dataset with the accession
number GSE299179. Other data supporting this study
and materials are available from the corresponding
author upon request.

Results

Overexpression of Elk1 accelerates the progression of
KrasG12D mutation induced myeloid neoplasm

Generally, in the diagnosis of AML, multiple gene muta-
tions tend to have a poorer prognosis and a higher recur-
rence rate than single gene mutations. This is mainly
because different genes play different roles in hemato-
poietic development and cell proliferation, thus exerting
distinct effects in the pathogenesis of AML. Eventually,
these different effects will superimpose to promote or
exacerbate leukemia onset. Here, we found that the
expression of Elkl is positively correlated with genes
commonly mutated in AML [29, 30], such as KDM6A,
KDM6B, KMT2A, KMT2B, DNMT3A, MLLT3,
MLLT10, MLLT11, PML, IDH1, KRAS and NRAS (Sup-
plementary Fig. 1A), and negatively correlated with neu-
trophil signature genes [22, 31], including CEBPE, MPO,

ELANE and GF1I (Supplementary Fig. 1B). Given that
undifferentiated lineage cells are common in leukemia,
immature neutrophils accumulate in several types of
AML. For example, the proportions of CD15"CD66b
immature neutrophils exceed 95% in OCI-AML2 and
OCI-AML3 AML cell lines (Supplementary Fig. 1C). Our
previous study demonstrated that upregulation of ELK1
impedes the differentiation of neutrophils and leads to
the accumulation of CD15"CD66b! cells derived from
human hematopoietic stem and progenitor cells (HSPCs)
[22]. Thus, we suspect that ELK1 plays an important role
in the progression of myeloid leukemia.

Interestingly, we found that ELK1 is highly expressed
in AML cells compared to total bone marrow cells and
HSPCs (Fig. 1A). Moreover, this upregulation is com-
mon for different types of AML with various cytoge-
netic abnormalities (Fig. 1B). Furthermore, patients with
elevated ELK1 expression had a significantly shorter
survival time than those with low expression (Fig. 1C).
These results suggest that ELK1 may play a vital role in
the development of AML. To confirm that the upregu-
lation of ELK1 promotes the development of myeloid
proliferative neoplasm, we constructed Elkl conditional
overexpression mice and mated with Mx1-Cre mice to
confirm the expression level of Elkl by qPCR and west-
ern blot (Supplementary Fig. 1 D-E) and then breed with
the KrasG12D conditional overexpression mice to acti-
vate the ectopic expression of Elk1l and KrasG12D in the
hematopoietic system. We transplanted total bone mar-
row cells from Mx1-Cre, KrasG12D"Y*, EIk1'Y* mice
(MKE) and analyzed the peripheral blood and survival
of recipient mice (Fig. 1D). As expected, ectopic expres-
sion of ELK1 increased the proportion of CD11b" total
myeloid cells, induced splenomegaly and increased the
mortality of MKE recipient mice (Fig. 1E-G). Moreover,
the ectopic expression of ELK1 reduced the percentages
of LSK, GMP and MEDP, leading to the depletion of mature
neutrophils, as well as the accumulation of immature
neutrophils in the bone marrow, spleen and peripheral
blood (Fig. 1H-M, Supplementary Fig. 1F). In summary,
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Fig. 2 Elk1 impedes neutrophil maturation and impairs HSC function under physiological conditions. (A) Schematic diagram showing the non-compe-
tition transplantation assay of Mx1-Elk1 and Ctrl mice. One million bone marrow cells of Elk1Y*+; Mx1-Cre mice were used for primary competitive trans-
plantation. Five million bone marrow cells were transplanted to each recipient for secondary transplantation. (B-D) Statistical analysis of Mx1-Elk1 and
Ctrl mice derived T cells (A), B cells (B) and myeloid cells (C) in peripheral blood of primary recipients at various time points after transplantation. Ctrl=5
mice, Mx1-Elk1=5 mice, n.s, no significance. **P<0.01, ***P<0.001, ****P <0.0001. (E) Representative flow cytometry plots showing mature neutrophils
(Ly6CMLy6GM), immature neutrophils (Ly6C™ALy6G"/7), and monocytes (Ly6C"Ly6G°"/7) and the expression level of Ly6G in CD11b* Ly6C™dde cells
in the peripheral blood of Mx1-Elk1 and Ctrl recipients. (F-G) Statistical analysis of neutrophils (E) and immature neutrophils (F) at various time points in
peripheral blood of Mx1-Elk1 and Ctrl recipients. Ctrl=5 mice, Mx1-Elk1 =5 mice, n.s, no significance. **P<0.01, ***P <0.001, ***P < 0.0001. (H) Statistical
analysis of CMPs, GMPs and MEPs in bone marrow of Mx1-Elk1 and Ctrl recipients at 16 weeks post-transplantation. Ctrl=4 mice, Mx1-Elk1 =4 mice, n.s,
no significance. **P<0.01. (--)). Statistical analysis of CD11b* myeloid cells (H) and CD11b* myeloid cells -derived immature neutrophils in the peripheral
blood of secondary transplanted recipients (1). Ctrl=5 mice, Mx1-Elk1 =7 mice, n.s, no significance. **P<0.01, ****P<0.0001. (K-L) Statistical analysis of
HSCs, MPPs (J) and CMPs, GMPs, MEPs (K) in the bone marrow of secondary transplanted recipients at 20 weeks post-transplantation. Ctrl=5 mice, Mx1-
Elk1 =5 mice, n.s, no significance. *P < 0.05, **P <0.01, ****P < 0.0001. (M) Schematic diagram showing the competition transplantation analysis procedure.
0.5 million total bone marrow of CD45.1 or Mx1-Elk1 mice were transplanted into 5.0 Gy*2 lethal irradiation treated recipients (CD45.2), flow cytometry
analysis was performed at 4, 8, 12, 16 weeks post transplantation. (N-Q) Statistical analysis of the percentages of donor derived total nucleated cells (L),
CD19" B cells (M), CD11b* myeloid cells (N) and CD3* T cells (O) in recipients. Ctrl=7 mice, Mx1-Elk1=7 mice, n.s, no significance. *P<0.05, **P<0.01,
***p< 0,001, ****P<0.0001. The data in panels (B-D, F-L, N-Q) are presented as the mean +SD. An unpaired Student’s t-test (two-tailed) was performed

the upregulation of ELK1 accelerates KrasG12D-induced
myeloid proliferative neoplasm, while impeding neutro-
phil maturation.

Conditional ectopic expression of Elk1 impairs the
stemness of HSCs and blocks neutrophil differentiation
and maturation in vivo

Knockout of Elkl was reported to show normal T cell
immune response in mouse model [32]. On the other
hand, our previous studies demonstrated that upregula-
tion of ELK1 blocks erythrocyte lineage differentiation
at the CMP stage and neutrophil maturation at the late
stage with a hematopoietic stem/progenitors cell based in
vitro differentiation model [20, 22]. Nevertheless, the role
of ELK1 in hematopoiesis remains to be fully explored.
To explore the roles of ELK1 in hematopoiesis in vivo, we
aimed to examine the effects of Elk1 in primary and sec-
ondary recipient mice (Fig. 2A). First, bone marrow from
Mx1-Elk1l mice were transplanted into lethally irradiated
recipients and peripheral blood (PB) of recipient mice
was then regularly monitored for lineage differentiation.
The results indicated that the proportions of B cells and
T cells were significantly lower than those of the control
group at 4-8 weeks post-transplantation and became
comparable to control at 16 weeks post-transplantation
(Fig. 2B-C). In contrast, a significantly higher propor-
tion of CD11b* myeloid cells were observed from 4 to
12 weeks post-transplantation and became comparable
to control (Fig. 2D). Subsequently, we analyzed the pro-
portions of mature (CD11b*Ly6C™‘Ly6G") and imma-
ture neutrophils (CD11b*Ly6C™4Ly6G™). At all time
points, we observed a significantly lower proportion of
mature neutrophils and a significantly higher proportion
of immature neutrophils in the PB of recipients (Fig. 2E-
G). Further analysis of myeloid progenitors in the bone
marrow of Mx1-Elk1 transplanted recipients at 16 weeks
post-transplantation revealed a significantly higher pro-
portion of granulocyte-monocyte progenitors (GMP)

and a lower proportion of megakaryocyte-erythrocyte
progenitors (MEP) in Lin-ckit*Scal™ myeloid progenitor
compartment (Fig. 2H, Supplementary Fig. 2A). A higher
proportion of immature neutrophils was also observed in
the spleen (SP) and bone marrow (BM) (Supplementary
Fig. 2B-D) and donor derived-erythrocytes were merely
detected (Supplementary Fig. 2E). We conducted sec-
ondary transplantation with 5 million total bone mar-
row cells of primary Mx1-EIk1 recipients to determine
whether overexpression of Elkl would affect self-renewal
and lineage specification in a more stressed condition.
Significantly increased percentages of CD11b* myeloid
cells and CD11b*Ly6G"/"Ly6C™< immature neutro-
phils in CD11b" myeloid compartment were observed
at all analysis points in secondary recipients (Fig. 2I-]).
Lower proportions of donor-derived B cells, but not T
cells, were detected in the PB (Supplementary Fig. 2F-G).
Furthermore, we found that significantly lower propor-
tions of hematopoietic stem cells (HSC) and multipotent
progenitors (MPP) in the BM of Mx1-Elkl secondary
recipients (Fig. 2K). A significantly higher proportion of
GMP and a lower proportion of MEP were observed in
Lin-ckit*Scal myeloid progenitor cells of the secondary
transplanted recipients (Fig. 2L). However, none of these
recipient mice developed leukemia, which indicated that
elevated Elk1 expression is insufficient to drive leukemia
development.

Given the significantly lower proportions of HSC,
MPP and decreased donor-derived cellularity in the
secondary transplanted recipients (Fig. 2J, Supplemen-
tary Fig. 2H), we hypothesized that overexpression of
Elkl impairs the stemness and self-renewal of HSC. To
validate this hypothesis, we performed a 1:1 competi-
tion transplantation of CD45.2* Mx1-Elkl bone marrow
cells with CD45.1 competitor cells (Fig. 2M). The results
demonstrated that the proportions of Mx1-Elkl-derived
total leukocytes, CD11b* myeloid cells, CD3* T cells and
CD19" B cells were all significantly lower in the PB of
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Fig. 3 Ectopic expression of EIk1 at myeloid progenitor level leads to the depletion of mature neutrophils under transplantation stress. (A) Statistical
analysis of ELANE expression level in different human and mouse hematopoietic progenitors. Five replicates for each human hematopoietic stem/pro-
genitor cell populations (GSE113182), two replicates for each mouse hematopoietic stem/progenitor cells populations (GSE116177). (B) Representative
flow cytometry plots showing the percentages of Elk1 overexpressing cells (Tdtomato+) in LSKs, CMPs, GMPs and MEPs in bone marrow of Elane-Elk1
mice. (C) Representative flow cytometry plots showing the percentages of Elk1 overexpressing cells (Tdtomato™) in peripheral blood CD19* B cells, CD3*
T cells, CD11b* myeloid cells and bone marrow derived CD71*Ter119* erythroid cells of Elane-Elk1 and littermate control mice. (D) Schematic diagram
showing that Elk1 is specifically expressing in myeloid progenitors and myeloid lineages in Elane-Elk1 mice. (E-F) Flow cytometry analysis of CD11b* de-
rived Ly6G®*/~Ly6C™ immature neutrophils, Ly6GM9"Ly6C™9 mature neutrophils and monocytes in peripheral blood (E) and bone marrow (F) of Elane-
Elk1 mice or littermate control mice. Ctrl=4-6 mice, Elane-Elk1 =4-5 mice. n.s, no significance. **P < 0.01, ***P < 0.001. (G) Schematic diagram showing the
regular analysis of Elane-Elk1 transgenic mice at the age of 8, 16,24, 32 weeks and non-competition transplantation assay of Elane-Elk1 and Ctrl mice. One
million bone marrow cells of Elane-Elk1 mice were used for primary non-competitive transplantation, and cytometry analysis was performed at4,8,12, 16
weeks post-transplantation. (H-J) Statistical analysis of CD11b* myeloid cells (G), Ly6G"Y~Ly6C™? immature neutrophils (H) and Ly6GM9"~Ly6C™d mature
neutrophils in peripheral blood of Elane-Elk1 mice or littermate control (Ctrl) mice at different weeks. Ctrl=5 mice, Elane-Elk1 =5 mice, n.s, no significance.
**P<0.01,**P<0.001. (K) Statistical analysis of LSKs, GMPs, CMPs and MEPs in the bone marrow of Elane-Elk1 mice or littermate control (Ctrl) mice at 40
weeks of age. Ctrl=6 mice, Elane-Elk1 =5 mice, n.s, no significance. **P<0.01, ***P < 0.001. (L-N) Statistical analysis of CD11b* gated mature neutrophils
(K), immature neutrophils (L) and total myeloid cells (M) in peripheral blood of Elane-Elk1 and littermate control recipient mice. Ctrl=5 mice, Elane-Elk1 =7
mice, n.s, no significance. **P<0.01, ***P<0.001. (O) Survival curve of Elk1-Elane and littermate control recipients. Ctrl=5 mice, Elane-Elk1 =8 mice. The

bar plots (E-F, H-N) are presented as the mean +SD. An unpaired Student’s t-test (two-tailed) was performed

all recipients (Fig. 2N-Q). Moreover, Mx1-Elkl1-derived
LSK, CMP, GMP, MEP and Lin* cells in bone marrow
also failed to compete with competitor cells and com-
prised less than 20% of respective compartment (Sup-
plementary Fig. 2I-]). Collectively, these data indicate
that upregulation of Elk1 impairs the stemness of HSC,
disrupts erythropoiesis, and hinders the maturation of
neutrophils.

Ectopic expression of Elk1 in GMP blocks neutrophil
maturation and leads to neutropenia

To investigate the role of Elk1 in the maturation of neu-
trophils without compromising the stemness of HSCs,
we employed Lyz2-Cre to induce the ectopic expression
of Elk1 specifically in CD11b* myeloid cells. Intriguingly,
our results showed that Lyz2-Cre driven Elk1 expression
did not affect myeloid cell differentiation or neutrophil
maturation (Supplementary Fig. 3A-G). Subsequently,
we found that Elane is specially highly expressed in both
human and mouse GMPs, but not in CMPs or MEPs
(Fig. 3A). Thus, we crossed Elane-Cre mice with Elk1MS4/+
mice to generate Elane-Elkl mice. Flow cytometry anal-
ysis showed that more than 80% of GMPs were tdto-
mato®, about 8% of CMPs were tdtomato®. In contrast,
only 1% of MEPs were tdtomato* (Fig. 3B). Additionally,
over 97% of CD11b* myeloid cells were tdtomato*, while
only 3.5% of CD71*Ter119* nucleated erythrocytes were
tdtomato* (Fig. 3C). These results confirmed that Elane-
Cre could efficiently drive Elk1 overexpression in GMPs
(Fig. 3D).

To assess whether Elkl upregulation in GMPs hin-
ders the maturation of neutrophils, we first examined
the immature neutrophils and mature neutrophils in the
peripheral blood and bone marrow of Elane-Elkl mice.
The results showed a significant increase of immature
neutrophils and decrease of mature neutrophils both in
the peripheral blood and bone marrow (Fig. 3E-F). These

data confirmed that Elkl overexpression in GMPs effec-
tively blocked neutrophil maturation.

To further investigate the impact of blocking neutro-
phil maturation, we dynamically analyzed the CD11b*
myeloid cells and immature neutrophils in peripheral
blood (PB) of the Elane-Elkl mice from 8 to 32 weeks of
age and performed transplantation analysis (Fig. 3G). A
significantly higher proportion of total CD11b* myeloid
cells were observed from 24 to 32 weeks and signifi-
cantly increased immature neutrophils and decreased
mature neutrophils were detected at all time points in
PB (Fig. 3H-]). Interestingly, only increased LSK, CMP,
MEPs were detected in the bone marrow of Elane-Elkl
mice, but not GMPs (Fig. 3K, Supplementary Fig. 4A).

Despite the elevation of total CD11b* myeloid cells
detected in the Elane-Elkl mice (Fig. 3H), these mice
did not develop myeloid neoplasm. To further ana-
lyze whether bone marrow transplantation-induced
stressed hematopoiesis would accelerate the exhaus-
tion of myeloid progenitor cells and affect survival, we
transplanted the bone marrow of Elane-Elkl mice into
lethally irradiated recipient mice and analyzed the pro-
portions of myeloid cells, mature neutrophils, and imma-
ture neutrophils in the peripheral blood of the recipient
mice every four weeks after transplantation. The results
showed that the proportion of CD11b" total myeloid cells
and immature neutrophils in the PB of Elane-Elk1 trans-
plant recipient mice was significantly higher than control,
and the proportion of mature neutrophils decreased with
time (Fig. 3L-N, Supplementary Fig. 4B-C). Meanwhile,
we detected a significant decrease in GMPs, indicating
exhaustion of GMPs to compensate for the lack of mature
neutrophils (Supplementary Fig. 4D-E). At the same
time, we found that Elane-Elk1 recipient mice began to
die at 8 weeks post-transplantation, and all these recipi-
ents had a significantly shorter lifespan (Fig. 30). The
death of these mice was mainly manifested by the lack of
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Fig. 4 Impeding neutrophil maturation promotes KrasG12D-induced myeloid proliferative neoplasm development. (A) Schematic diagram showing the
phenotype analysis of Elane-Elk1-KrasG12D, Elane- KrasG12D and Elane-Elk1 transgenic mice at the age of 8-10 weeks and non-competition transplanta-
tion assay of Elane-Elk1-KrasG12D, Elane- KrasG12D and Elane-Elk1. One million bone marrow cells of Elane-Elk1-KrasG12D, Elane- KrasG12D, Elane-Elk1
and littermate control mice were used for primary non-competitive transplantation, and flow cytometry analysis was performed at 4-6 weeks post-
transplantation (prior to mouse death). (B-D) Representative flow cytometry plots showing CD11b* myeloid cells (A), CD11b* gated Ly6G*Ly6C™d mature
neutrophils and Ly6G“m/’Ly6Cmid immature neutrophils in bone marrow (BM), peripheral blood (PB) and spleen (SP) (B), and GMPs, CMPs, MEPs in total
myeloid progenitors in bone marrow (C) of 8-weeks-old Elane-Elk1(EE), Elane-KrasG12D (EK), Elane-Elk1-KrasG12D (EEK) and littermate mice. (E) Statistical
analysis of the percentages of CD11b* myeloid cells, CD11b* gated Ly6GLy6C™ mature neutrophils and Ly6G™~Ly6C™ immature neutrophils in bone
marrow (BM), peripheral blood (PB) and spleen (SP), and GMPs, CMPs, MEPs in total myeloid progenitors in bone marrow of EE, EK, EEK and littermate mice.
Ctrl=4 mice, Elane-Elk1(EE) =4 mice, Elane-KrasG12D (EK)=mice, Elane-Elk1-KrasG12D (EEK) =4mice. n.s, no significance. *P <0.05,**P < 0.01, ***P < 0.001,
#xp £ 0,0001. (F-G) Representative flow cytometry plots showing CD11b* gated Ly6GLy6C™? mature neutrophils and Ly6G"~Ly6C™ immature neu-
trophils in bone marrow (BM), peripheral blood (PB) and spleen (SP), and LSKs, GMPs, CMPs and MEPs in bone marrow of EE, EK, EEK and littermate mice
transplanted recipients

(H) Statistical analysis of the percentages of Ly6G*Ly6C™ mature neutrophils and Ly6G™~Ly6C™® immature neutrophils in CD11b* myeloid cells derived
from bone marrow (BM), peripheral blood (PB) and spleen (SP) of EE, EK, EEK and littermate mice transplanted recipients. Ctrl=5 mice, Elane-EIk1(EE)=5
mice, Elane-KrasG12D (EK)=4 mice, Elane-Elk1-KrasG12D (EEK)=5 mice. n.s, no significance. *P<0.05,**P<0.01, ***P<0.001, ****P<0.0001. (I) Statisti-
cal analysis of the percentages of Lin~ C-kit"Scal- myeloid progenitors in Lin- cells derived from the bone marrow of EE, EK, EEK and littermate mice
transplanted recipients. Ctrl=4 mice, Elane-Elk1(EE)=4 mice, Elane-KrasG12D (EK) =4 mice, Elane-Elk1-KrasG12D (EEK)=4 mice. **P<0.01, ***P<0.001.
(J) Kaplan—Meier survival curves of EE, EK, EEK and littermate mice transplanted recipients. Ctrl=6 mice, Elane-EIk1(EE)=6 mice, Elane-KrasG12D (EK)=10
mice, Elane-Elk1-KrasG12D (EEK) =10 mice. The bar plots (E, H, I) are presented as the mean + SD. An unpaired Student’s t-test (two-tailed) was performed

mature neutrophils. No extramedullary hematopoiesis
or splenomegaly was observed in the recipients. These
findings suggested that repopulation stress exacerbates
the Elkl-induced exhaustion of myeloid progenitors and
neutropenia.

Hindering neutrophils maturation promotes myeloid
proliferative neoplasm development

To dissect the roles of Elk1 in myeloid neoplasm develop-
ment, we crossed Elane-Elkl mice with KrasG12D mice
to generate Elane-Elk1-KrasG12D triple-transgenic mice.
Flow cytometry assays were performed to analyze neu-
trophils and immature neutrophils in peripheral blood,
spleen and bone marrow, as well as myeloid progenitors
in the bone marrow of these transgenic mice or trans-
planted recipients (Fig. 4A). The results revealed that
significantly higher proportions of CD11b* total myeloid
cells, CD11b*Ly6G~"*"Ly6C™< immature neutrophils
and GMPs were detected in Elane-Elk1-KrasG12D mice
compared to Elane-Elkl or Elane-KrasG12D mice. Con-
versely, CMPs, MEPs and mature neutrophils were signif-
icantly reduced in the bone marrow of Elane-KrasG12D
mice (Fig. 4B-E).

To further investigate the impact of Elk1 on KrasG12D
mutation-induced myeloid proliferative neoplasm, we
performed non-competitive bone marrow transplanta-
tion using Elane-Elk1-KrasG12D, Elane-Elkl, Elane-
KrasG12D and littermate control mice. Surprisingly, the
KrasG12D mutation in GMPs only modestly changes the
proportions of mature neutrophils in BM, PB and SP 4
weeks post-transplantation and not affect the survival
of all the recipients (Elane-KrasG12D group compared
to Ctrl group) (Fig. 4F-H). Interestingly, the cooperation
between KrasG12D mutation and Elkl overexpression
accelerated the depletion of mature neutrophils (Fig. 4F-
H, Elane-Elk1 group compared to Elane-Elk1-KrasG12D

group). Notably, rare mature neutrophils were detected
in peripheral blood, spleen and bone marrow of the
Elane-Elk1-KrasG12D transplantation recipients, while
the proportion of immature neutrophil increased signifi-
cantly (Fig. 4F-H). Additionally, the exhaust of myeloid
progenitors (MP) in Elane-Elk1-KrasG12D transplanted
recipients was more serious than Elane-Elkl or Elane-
KrasG12D transplanted recipients (Fig. 4I). Finally, all
Elane-Elk1-KrasG12D recipients died within 55 days,
while Elane-Elkl transplanted recipients survived
between 56 to150 days due to the absence of mature neu-
trophils (Figs. 30 and 4J). These findings indicate that
Elkl overexpression obstructs neutrophil maturation,
exacerbating neutropenia in myeloid proliferative neo-
plasm model.

The Elk1 regulated signal pathways in hematopoietic
hierarchy

To dissect the signal pathways altered by the upregula-
tion of Elk1 in different hematopoiesis stages, we sorted
CD3/CD19/NK1.1/Ter119°CD11b*C-kit™ and CD3/
CD19/NK1.1/Ter119"CD11b"C-kit" cells containing
HSC, MPP, CMP, GMP, MEPs, monocyte progenitors
(MoPs), neutrophil progenitor (NP), immature neu-
trophil and mature neutrophil from the bone mar-
row of Mx1-Elkl and wild type control mice (Fig. 5A)
for single cell RNA sequencing. Representative mark-
ers Mecom, Pf4, Cd34, Kit, Fit3, 117r, Epor, Cd55, Gypa,
Mpo, Cebpe, Elane, Itgam, Ly6g and Csflr were used to
identify the HSCs, MPPs, CLPs, CMPs, GMPs, MEPs,
MoPs, NPs and neutrophils from the single cell data
(Supplementary Fig. 5A-B, Fig. 5B). Gene ontology
enrichment analysis was performed for the differential
expressed genes (DEGs) in HSCs, MPPs, GMPs, NPs,
N1(immature neutrophils) and N2 (mature neutrophils).
The results showed that the DEGs were mainly related to
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homeostasis, myeloid lineage differentiation, cell chemo-
taxis and myeloid cell activation pathways (Supplemen-
tary Fig. 5C). Notably, HIf, Baspl and Hoxa9 related to
the stemness of HSCs [33-35] and Ly6g related to neu-
trophil differentiation were downregulated in Mx1-Elk1
group (Fig. 5C).

To further validate the pathways changed by Elk1, we
sorted LSK, CMP, GMP and mature neutrophils for tran-
scriptomic analysis. Unsupervised cluster analysis of the
bulk cell RNA sequencing data of LSKs, CMPs, GMPs
and mature neutrophils showed that LSKs, CMPs, GMPs
and mature neutrophils from Mx1-Elkl mice still clus-
tered with respective cellular compartments, indicating
the upregulation of Elkl did not completely change the
transcriptome of each cell populations (Supplementary
Fig. 5D). To identify the essential pathways upregulated
by Elk1 at different stages, GSEA (Gene Set Enrichment
Analysis) was performed. The results showed that Elk1
upregulated the granulocyte chemotaxis and granulocy-
topoietic cell aging signals in LSKs, downregulated the
granulocytopoietic cell aging and precursor cell aging
pathways in CMPs, upregulated the TNF-a and inflam-
matory response signals in GMPs, and upregulated E2F
targets and translation pathways in mature neutrophils
(Fig. 5D). The GO enrichment analysis of the DEGs
indicated that the upregulation of Elkl upregulated the
leukocyte migration, leukocyte proliferation and che-
motaxis signals in LSKs, mononuclear cell prolifera-
tion-related pathway in CMPs and translation related
signals in GMPs and mature neutrophils (Supplemen-
tary Fig. 5E). Heatmaps showed that Elk1 downregulated
HSC homeostasis related-genes, such as Hoxa9, Hoxal0,
HIf, Gata2, and MlIt3 and upregulated the granulocyte
differentiation-related genes, including Cebpe, Gfil,
Elane, Mpo and Prtn3 in LSKs (Fig. 5E(I)). However,
Elkl downregulated the granulopoiesis-related genes
including Cebpe, Gfil, Elane, Mpo and Prtn3 in CMPs
(Fig. 5E(II)). Additionally, Elkl upregulated myeloid
differentiation genes, such as Egrl and Egr3 in GMPs
(Fig. 5E(III)). However, Elk1 upregulation during the ter-
minal neutrophil maturation primarily upregulated the
translation-related genes (Fig. 5E(IV)). Through inte-
grated analysis of bulk-cell RNA sequencing and single-
cell RNA sequencing data, we found that the expression
of HIf, a key regulatory gene for maintaining hemato-
poietic stem cell (HSCs) stemness [24], was drastically
decreased in Mx1-Elkl HSCs (Fig. 5F). Meanwhile, the
expression of Egrl, a critical regulatory gene of HSC pro-
liferation, localization [36], myeloid lineage differentia-
tion and leukemia [37], was significantly upregulated in
hematopoietic stem cells and myeloid progenitor cells
(HSPCs) (Fig. 5G). Elk1 has been reported to be dispens-
able for the expression of Egrl [38]. Collectively, these
results indicate that Elkl impairs HSCs stemness and
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normal hematopoiesis probably through downregulating
HIf and upregulating Egrl.

Dissecting the signals of neutrophil maturation by protein-
omics

In the present study, less than 100 DEGs (padj (adjusted
P-value) <0.05) were identified in immature neutrophils
using bulk-cell RNA sequencing. To further elucidate the
mechanism by which Elkl impedes neutrophil matura-
tion, we sorted CD11b*Ly6C™Ly6G* mature neutro-
phils and CD11b*Ly6C™¢Ly6G"~ immature neutrophils
(Fig. 6A) for proteomics analysis. The proteomics analy-
sis revealed a total of over 2,000 differentially expressed
proteins between mature and immature neutrophils
(Fig. 6B). Gene Ontology (GO) enrichment analysis
revealed that cell migration and chemokine signals were
upregulated, while oxidative phosphorylation, cell cycle
and DNA replication signals were downregulated during
normal neutrophil maturation (Fig. 6C, Supplementary
figure 6A). Notably, the ectopic expression of Elk1 upreg-
ulated several metabolic signaling pathways and path-
ways associated with neutrophil-extracellular trap (NET)
formation, neutrophil migration and MAPK signaling
pathways in immature neutrophils (Fig. 6C-D, Supple-
mentary figure 6B). Interestingly, it downregulated oxida-
tive phosphorylation, MAPK, MTOR, and ErbB signaling
pathways in mature neutrophils (Fig. 6C).

From the list of differentially expressed proteins in
immature and mature neutrophils, we identified 32 pro-
teins that were upregulated by Elkl in both immature
and mature neutrophils (Fig. 6E-G). Only 5 out of 32
upregulated proteins were associated with the ERK sig-
naling pathway (Fig. 6F). Intriguingly, this set of upregu-
lated proteins included Lspl, Trip4, Thbsl, and Ifitm3,
which were genes associated with shorter survival in
AML (Fig. 6H). Notably, three of these factors, Lsp1 [39],
Thbsl [40] and Ifitm3 [41] were reported to be novel
prognostic and therapeutic targets for AML. These data
indicate that Elkl primarily hinders the differentiation
and maturation of neutrophils by altering ERK pathways
at the protein level, which leads to the accumulation of
immature neutrophils and their functional abnormalities,
ultimately results in the depletion of mature neutrophils.

Targeting ELK1 inhibits the proliferation of leukemia cells
and promotes differentiation of leukemic stem cells to
generate mature neutrophil

A previous report has shown that targeting the MEK
signaling pathway significantly prolongs survival in
patients with RAS-mutated AML [42]. ELK1, a down-
stream effector of ERK, has been identified as a potential
therapeutic target for depression [43] with its peptide
inhibitor TDE shown to mediate this therapeutic effect
[44] by inhibit the translocation of ELK1 [44]. Thus, we



He et al. Experimental Hematology & Oncology

Pre-sorting
(CD3/B220/Tert19/NK1.1- gated)

(2026) 15:9

gate

Mx1-Ek1

Mx1-Elk1

10)
l Sorting gate
NI g
Qo
©
1
5o
Sorted cells
2 -5
£
o
R TG 10 -5
C D
Mx1-Elk14 « . e o o e o O O - Percent P
HSC Cti{ ®@ o o © o o o @ O Expressed -4
wpp|MIEKI c e e e e e e @ - .o H
Cti{ ® o e o o . e 0 O - e 25 E’
Mx1-Elk1 « - e o @ o ® 50 g
CMPl Ctl{ « +« + o =+« o o @ o ® 75 B
Mc1EkI{ « + ¢« o @ o o @ @ © - o H
GMP' Ci{ « ¢« o o @ - o o @ O +
Np| MIEKT ] . . . o @ @ .
Gt « = s = . - o @ - - 7
N 1|Mx1-EIk1- ° . @ @ o o ¢
e - . e @ o - 3
o MERT ° e o 0o O 3
ctrl . ° e 0 @ o B
N - S R VR SN S N S S S £
TR F o T Ve & £ & :
E T RY & [©)
o LSk
[ Mx1-Elk1 Mx1-Elk

CPM value of HIf
- N w
8 8 8

1 1 1

o
|

LSK

®

800 7

CPM value of Egr1
N H [}
8 8 8

1 1 1

o
1

Stemness related
genes

Granulopoiesis

Surface markers

Granulopoiesis

O Cul

Page 14 of 20

0 -10 -5 0 5
umap_1
LSK CMP
GRANULOGYTE CHENOTAXIS __ GRANULOCYTOPOIETIC_  MARROW_ GRANULOGYTOPORTIC. _  HEMATOPOIETIC_PRECURSOR.
= CELL_AGEING @ CELLAGEING P _CELLAGEING
FDR=0.118 | &_ FDR=0.12 2o FDR=0.05 | &£° FDR=0.063
L - ["\ s
d g : | =
@ P PO “ e | B | e
B LACLCRUARCCRRUTYY N =4 AR T af 1 YRR AT it (LN R ANV}
° ' o
T 2o 2o 22
“Cr_LsK" “EwiLsk || ET | onisk “EKI_LSK" E7 [ orcwe “em_ome| | £ rcrLower “EI1_CMP"
2000 4000 6000 8000 10000120008 0 2000 4000 6000 800010000 12000 & G 2000 4000 6000 8000 1000012000 & 2000 4000 6000 80B0 10000 12000
Gene List Index Gene List Index Gene List Index Gene List Index
GMP Mature neutrophils
TNFA_SIGNALING.VIA NFK8 INFLAMMATORY_RESPONSE E2r_TARGETS _ TRANSLATION
a
FDR=0.056 - FDR=0220 x FDR=0.114 | # o FDR=0.160
2 2 e S §c
e : \/J X \// 5a N
@ . 2 —— i ~ g'
o W 5000 I T S i § < TV
T > T H
T 5 | b
lonow  moowl £ |owow  ewow| £2)cumar  mowen)| £ o o wer
3 £ §'0 am  ow wmw5 0 e o o
Gene List Index & Gene List Index Gene List Index & Gene List Index
an GMP ™ Mature neutrophil
Ctrl Mx1-Elk1
Eif1

Ctrl Mx1-Elk1

ell chemotaxis

Cd74

Ctse " "
H2-Aa [Antigen processing
H2-Eb1

Expression of Hif in single cell RNAseq

Mx1-Elk1

n.s

n.s

GMP Mature

neutrophil

Mx1-Elk1

Expression of Egr1 in single cell RNAseq

1
O cul o

Mx1-Elk1

neutrophil

Fig. 5 (See legend on next page.)

Mx1-Elk1

Eif3c
Eifdb
Eif4ebp2
Eif4h
Eif2b1
Srp14
Mrpl18
Mrpl33
Mrpl40
Mrps25
Mrpl3
Mrps18c
Apds1
Bzw1
Dnaja1
Acadm
Laptm4a
Timm22
Gnai2
Col5a2
Ceng1
Cks1b
Cdc42
Dstn

Crtap
0 s100a13

[Translation

E2F
targets

“ Z:scorevalue

-1 1



He et al. Experimental Hematology & Oncology (2026) 15:9 Page 15 of 20

(See figure on previous page.)

Fig.5 Dissecting the molecular mechanism of Elk1 in regulating hematopoiesis. (A) Flow cytometry plots showing the sorting gate of CD3/CD19/NK1.1/
Ter119°CD11b*C-kit™ and CD3/CD19/NK1.1/Ter119-CD11b~C-kit™ cells derived from Mx1-Elk1 and littermate control, and the ratio of these two cell popu-
lations in the samples for single-cell RNAseq. (B) UMAP showing the clusters of HSCs, MPPs, CMPs, GMPs, MEPs, CLPs, MoPs, NPs and neutrophils derived
from the single-cell RNAseq data of CD3/CD19/NK1.1/Ter119"CD11b*C-kit™ and CD3/CD19/NK1.1/Ter119 CD11b C-kit* cells sorted from BM of Ctrl and
Mx1-Elk1 mice. (C) Dotplot showing the representative differentially expressed genes in different cell clusters. (D) GSEA analysis showing the active sig-
nals in LSKs, CMPs, GMPs and mature neutrophils (FDR < 0.25). (E) Heatmaps showing the differentially expressed genes in LSKs, GMPs, CMPs and mature
neutrophils. (F) Bar plots and UMAP plots showing the expression level of HIf in different cell types derived from bulk RNA-seq and single-cell RNA-seq
data. (G) Bar plots and UMAP plots showing the expression level of Egr1 in different cell types derived from bulk RNA-seq and single-cell RNA-seq data.
HSCs, hematopoietic stem cells. MPPs, multipotent progenitors. CMPs, common myeloid progenitors. GMPs, granulocyte-monocyte progenitors. MEPs,

megakaryocyte-erythroid progenitors. CLPs, common lymphoid progenitors. MoPs, monocyte progenitors. NPs, neutrophil progenitors

hypothesize that the ELK1 inhibitor TDE may be used
to induce further differentiation of undifferentiated leu-
kemia cells. First, we confirmed the expression levels
of ELK1 in different AML cell lines via qPCR (Supple-
mentary Fig. 7A) and western blot (Fig. 7A, Supplemen-
tary Fig. 7B). We also confirmed that TDE does not
affect the phosphorylation of ELK1 (Supplementary
Fig. 7C) but rather impairs the nuclear translocation
of L-ELK1 (Supplementary Fig. 7D). We then investi-
gated whether inhibiting ELK1 with its peptide inhibi-
tor TDE could suppress leukemia cell proliferation and
promote the maturation of immature neutrophils. The
results showed that TDE effectively inhibited the pro-
liferation of OCI-AML3, HL-60, Molm-13 cell lines
(Fig. 7B) without affecting cell apoptosis, consistent
with the results of ELK1 knockdown (Supplementary
Fig. 7E-I). Most importantly, TDE induced the differ-
entiation of CD15°CD66b~ OCI-AML3 leukemia cells
into CD15*CD66b" mature neutrophils (Fig. 7C). Sub-
sequently, CD34" primary AML cells were isolated and
sorted from bone marrow aspirates and cultured for 14
days with TDE to further evaluate the effects of ELK1
inhibition (Fig. 7D). Intriguingly, inhibiting ELK1 with
TDE increased the proportion of CD15"CD66b* mature
neutrophils and suppressed the proliferation of CD34*
leukemia stem cells (Fig. 7E-G).

To further confirm the downstream target genes of
ELK1, we used qPCR to detect the hypothesized target
genes (HLF, EGR1, LSP1, TRIP4, THBS1 and IFITM3) in
human AML cell lines and ELK1- or KrasG12D- trans-
genic mice. The results showed that 5 out of 6 genes
downregulated in OCI-AML3 cells treated with TDE,
whereas only but only one or two of these six genes
exhibited significantly changed in HL-60, Molm-13
and Kasumi-1 cell lines (Fig. 7H-L) or the bone marrow
of ELK1- or KrasG12D- transgenic mice (Supplemen-
tary Fig. 7]). Additionally, treatment with TDE did not
improve the persistence of early leukemia progenitor
cells (Supplementary Fig. 7K). Overall, our study reveals
a novel role of ELK1 in promoting myeloid leukemia by
impairing neutrophil maturation; however, further stud-
ies on the mechanisms underlying the distinct roles of
L-ELK1 and S-ELK1 in hematopoiesis and leukemogen-
esis are needed (Fig. 7M).

Discussion

Cell differentiation and proliferation are the main focus
of the AML treatment. Overcome the disorder of lineage
differentiation and maturation of leukemia cells would
improve the function leukocytes. Currently, clinical
guidelines for AML treatment indicate that its treatment
mainly relies on chemotherapeutic drugs, which induce
cell death, as well as bone marrow transplantation [1].
The approach of promoting the differentiation and matu-
ration of undifferentiated cells has only been successfully
applied in the treatment of APL (acute promyelocytic
leukemia) using all-trans retinoic acid, achieving a 5-year
overall survival rate of over 97% [45]. This suggests that
treating AML by promoting the differentiation and matu-
ration of undifferentiated cells is feasible. However, due
to the lack of promising targets that specifically regulate
the differentiation and maturation of monocytes or neu-
trophils, no new drugs have been developed to exert this
strategy as to treat AML.

In this study, we discovered that ELK1 is highly
expressed in different types of AML. Using the KrasG12D
conditional overexpression mouse model, we found
that Elkl upregulation indeed promotes KrasG12D-
induced myeloid leukemia through impeding neutrophil
maturation but not impairing the self-renewal of HSCs.
Upregulation of Elkl expression impairs hematopoiesis
at multiple hierarchical stages, including reducing the
hematopoietic capacity of HSCs, promoting the differ-
entiation of myeloid progenitor cells into granulocytes
and monocytes, inhibiting the production of erythro-
cytes, and most importantly, inhibiting the differentiation
and maturation of the neutrophil lineage. Under condi-
tions of stressed hematopoiesis, ELK1 causes neutrophil
deficiency by inhibiting neutrophil differentiation and
induces death in mice, but the death of the mice is not
due to the occurrence of myeloid neoplasm.

While ELK1 is one of the downstream genes of RAS-
MAPK signal pathway, through single-cell and bulk-cell
transcriptome sequencing analysis, the upregulation of
Elkl does not significantly change the MEK/ERK sig-
naling pathway downstream of KrasG12D [46]. This
suggests that Elk1 impairs the differentiation and matu-
ration of neutrophils through mechanism independent of
MEK/ERK signaling pathway. In addition, we also found
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Fig. 6 Dissecting the signals upregulated in neutrophils by Elk1 via proteomics. (A) Flow plots showing the sorting gate of neutrophils and immature
neutrophils for proteomics analysis. (B) Volcano plot showing the differentially expressed proteins of Ctrl_N vs. Ctrl_ImN, Ctrl_ImN vs. EIk1_ImN, Ctrl_N
vs. Elk1_N groups. (C) Bar plots showing the top 10 differentially expressed KEGG signals of Ctrl_N vs. Ctrl_ImN, Ctrl_ImN vs. Elk1_ImN, Ctrl_N vs. EIk1_N
groups. (D) GSEA analysis of the downregulated signals in wild type mice bone marrow derived immature neutrophils (Ctrl ImN) and Elane-Elk1 mice
bone marrow derived immature neutrophils (Elk1_ImN) at the protein level (FDR <0.25). (E) Venn diagrams showing the overlap of upregulated genes in
Ctrl_ImN vs. EIk1_ImN, Ctrl_N vs. EIk1_N groups. (F) GO enrichment analysis of genes upregulated in immature neutrophils and mature neutrophils. (G)
Heatmap showing the upregulated genes in both Elk1_ImN and Elk1_N compared to Ctrl_ImN and CtrI_N. (H) Overall survival of AML patients with high

(top 50%) and low (bottom 50%) expression of Lsp1, Trip4, Thbs1 and Ifitm3. N, neutrophils. ImN, immature neutrophil

that the expression of ELK1 in human AML cell lines
has a positive correlation with many oncogenes such as
KDM6A, KDM6B, KMT2A, KMT2B, MLLT3, MLLT11,
MLLT10, IDH1, PML, DNMT3A, NRAS, KRAS and so
on (Supplementary Fig. 1). However, these genes do not
impede the differentiation and maturation of neutrophils
but lead to clonal proliferation of cells. The cooperation
of cell proliferation-related gene mutations and aber-
rant expression of lineage differentiation master regula-
tors commonly occurs in AML [47]. The new function of
ELK1 apart from other oncogenes in hematopoiesis and
leukemogenesis still needs to be further elucidated due
to the complex regulation of ELK1 in RNA splicing [22,
48], protein translocation [44] and self-limitation phos-
phorylation [23]. For example, opposite roles of L-ELK1
and S-ELK1 are observed in the differentiation of neu-
ron cells [49], neutrophils [22] and erythrocytes [20].
Notably, S-ELK1 lacks DNA binding and phosphoryla-
tion domains. Thus, more accurate regulation of ELK1 at
the RNA and protein levels needs to be applied to study
the dynamic functions of ELK1 in hematopoiesis and
leukemogenesis.

Our results demonstrate that inhibition of ELK1 activ-
ity suppressed the proliferation and promoted the dif-
ferentiation of the OCI-AML3 cell line (which has an
NPM1 mutation background). Additionally, ELK1 inhibi-
tion suppressed the proliferation of HL-60, Molm13 cell
lines, but not that of NB4 or Kasumi-1 cell lines. Further-
more, we find that most downstream genes (4 out of 5)
upregulated by ELK1 are downregulated by TDE in the
OCI-AMLS3 cell line but not in other cell lines. Given the
established role of ELK1 in neutrophil and erythrocyte
lineage commitment and differentiation in early myeloid
progenitors [20, 22] as well as the finding that obstruc-
tion of neutrophil lineage differentiation exacerbates the
depletion of mature neutrophils and causes immune dis-
orders in vivo, we propose that AML subtypes tend to be

associated with disorders in the neutrophil or erythro-
cyte lineage-specifically, that inhibition of ELK1 can sup-
press the proliferation of leukemia cells in such subtypes.
However, this hypothesis requires further experimental
validation. Opposite roles of L-ELK1 and S-ELK1 have
been reported in neural cell differentiation [49]. Our pre-
vious studies have shown L-ELK1 and S-ELK1 are differ-
entially expressed in monocytes or monocyte progenitors
versus neutrophils or neutrophil progenitors and play
distinct roles in the lineage commitment and maturation
of neutrophil and erythroid lineage cells-a phenomenon
caused by different RNA splicing factors, such as SF3B1,
SRSF11 [20, 22]. This finding indicates that RNA splic-
ing dysregulation may lead to dysregulated expression
of L-ELK1 and S-ELK1, thereby causing abnormal lin-
eage differentiation. However, activation of RAS or ERK
does not regulate the production of L-ELK1 and S-ELKI.
ELK1 appears to play unique roles in the differentiation
and maturation of neutrophil and erythroid lineage cells,
and more precise regulatory mechanisms and functions
of L-ELK1 and S-ELK1 need to be revealed in hemato-
poiesis and leukemogenesis. Thus, more specific and
effective inhibitors or gene-editing approaches need to be
developed for treating AML patients with elevated ELK1
expression.

Conclusions

We found that upregulation of Elk1 impedes the differ-
entiation of neutrophils and accelerates the depletion
of mature neutrophils under conditions of stress hema-
topoiesis, which promotes the development of myeloid
neoplasm. Furthermore, we confirmed that inhibiting
ELK1 can suppress the proliferation of leukemia cell lines
and induce the differentiation of leukemic cells to gener-
ate mature CD15*CD66b* neutrophils. All these results
indicate that ELK1 might be an important therapy target
for myeloid leukemia.
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Fig. 7 Targeting ELKT promotes AML cells differentiation. (A) Western blot images showing the expression level of ELK1 in OCI-AML3, HL-60, Molm-
13, NB4 and Kasumi-1 human AML cell lines. (B) Line plots showing the changes in cell number of OCI-AML3, HL-60, Molm-13, NB4, Kasumi-1 and
CD34+HSPCs at day3 and day7 of treatment of TDE (1uM). (C) Representative flow cytometry plots and statistical analysis showing the percentages of
CD66b*CD15* mature neutrophils derived from OCI-AML3 after 7 days of treatment with TDE. N=3 replicates. n.s, no significance. **P<0.01, ***P<0.001.
(D) Schematic diagram of analyzing the impact of TDE in CD34* leukemia stem cells derived from human AML patients. (E-F) Representative flow cytom-
etry plots and statistical analysis showing the percentages of CD66b*CD15* mature neutrophils on primary CD34* leukemia stem cells from human AML
patients after 14 days of treatment with TDE. N=3 replicates. **P < 0.01. (G) Relative cell proliferation fold change of human AML patients-derived CD34*
leukemia stem cells after 14 days of treatment with TDE. N=3 replicates. *P < 0.05. (H-L) Bar plots showing the mRNA expression level of HLF, EGR1, LSP1,
TRIP4, THBST and IFITM3 in OCI-AML3 (H), HL-60 (1), Molm-13 (J), NB4 (K) and Kasumi-1 (L) human AML cell lines after 3 days of treatment with TDE. Relative
expression of the detected genes were calculated as 2A(- A /ACH), where ACt=Ct(target gene)-Ct(housekeeping gene B2M); A ACt=ACt(Treated
sample)- ACt(Ctrl sample). N=3-4 replicates; n.s, no significance; *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001. (M) A schematic diagram illustrating
the complex regulatory network of ELK1. The bar plots (F-L) are presented as the mean + SD. An unpaired Student’s t-test (two-tailed) was performed
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