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ARTICLE INFO ABSTRACT

Keywords: Granulocyte-monocyte progenitors (GMPs) differentiate into both neutrophils and monocytes. Recently, uni-
Alpha-lipoic acid potential neutrophil progenitors have been identified both in mice and humans using an array of surface
Neutrophils markers. However, how human GMPs commit to neutrophil progenitors and the regulatory mechanisms of fate
E‘?{)Cytes determination remain incompletely understood. In the present study, we established a human neutrophil defi-
SF3B1 ciency model using the small molecule alpha-lipoic acid. Using this neutrophil deficiency model, we determined

that the neutrophil progenitor commitment process from CD371" CD115~ GMPs defined by CD34 and CD15 and
discovered that critical signals generated by RNA splicing and rRNA biogenesis regulate the process of early
commitment for human early neutrophil progenitors derived from CD371" CD115~ GMPs. These processes were
elucidated by single-cell RNA sequencing both in vitro and in vivo derived cells. Sequentially, we identified that
the transcription factor ELK1 is essential for human neutrophil lineage commitment using the alpha-lipoic acid
(ALA)-inducing neutrophil deficiency model. Finally, we also revealed differential roles for long-ELK1 and short-
ELK1, balanced by SF3B1, in the commitment process of neutrophil progenitors. Taken together, we discovered a
novel function of ALA in regulating neutrophil lineage specification and identified that the SF3B1-ELK axis
regulates the commitment of human neutrophil progenitors from CD371" CD115~ GMPs.

RNA splicing

1. Introduction 1 x 10° cells/kg [3]. Meeting the neutrophil infusion dose is particularly

challenging for patients with high body weight. Therefore, studying the

Neutropenia results in serious infection, fainting, low immunity,
high fever, and chills. G-CSF injection is used to stimulate emergency
granulopoieses for clinical treatment of neutropenia [1]. However, the
application of G-CSF carries a significant risk of severe side effects,
including spleen rupture, pulmonary toxicity, and other toxic reactions,
so it is not suitable for the treatment of clinical neutropenia in all cases.
As alternatives to G-CSF, neutrophil or granulocyte transfusion can also
be used to treat neutropenia [2]. However, large numbers of neutrophils
are required for clinical treatment, and the minimum transfusion dose is
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regulatory molecular mechanisms of neutrophil lineage determination is
critical for clinical neutrophil regeneration.

Granulocyte-monocyte progenitors (GMPs) are well-known to give
rise to both monocytes and neutrophils. In humans, early neutrophil
progenitors have been defined as Lin~ CD66b™/'°" CD15"°% CD49d"
CD11b~ [4] or Lin~ CD66b" CD117" CD71" [5], and neutrophil
committed progenitors are identified as CD66b"CD644™CD115 in
ssclov cp454™ cD34" and CD34°"/- progenitors [6], but no
uni-potential neutrophil progenitors have been identified within human
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GMPs by single-cell liquid culture [7]. However, how human common
neutrophil progenitors commit from GMPs remains unknown [8].
Single-cell RNA sequencing and mass cytometry analyses cannot answer
the neutrophil lineage commitment mechanism in detail [4,5]. Previous
reports have demonstrated that post-transcriptional processes regulate
the myeloblast-to-monocyte differentiation transition [9], megakaryo-
cyte and erythrocyte lineages specification [10], and normal neutrophil
differentiation [11]. Recently, the small molecule thymidine has been
used to reprogram mouse fibroblast cells into neutrophils [12]. These
studies suggest that commitment of neutrophil progenitors could also be
controlled by RNA splicing. To elucidate the detailed mechanism of
neutrophil progenitor fate determination, an inducible neutrophil dif-
ferentiation model is required.

It is well known that antioxidants are commonly used to regulate cell
proliferation and differentiation. The natural antioxidant ALA partici-
pates in metabolic regulation as a coenzyme in the TCA cycle [13] and
regulates intracellular ROS levels [14]. ALA can be synthesized through
the gene LIAS or ingested from food. Previous reports show that ALA can
regulate cell proliferation and apoptosis through the ROS signaling
pathway [15-17] and inhibit cancer progression [18-20]. Several
studies show that alpha-lipoic acid (ALA) as one of the antioxidants can
inhibit the differentiation and proliferation of hematopoietic stem pro-
genitor cells (HSPCs) and maintains the function of hematopoietic stem
cells (HSCs) both in vivo and in vitro [21-23]. As previous report shows
that reactive oxygen species (ROS) play important role in mice emer-
gency granulopoiesis [24]. Thus, we tried to explore the function of ALA
in human neutrophil differentiation. In the present study, by adding ALA
to the cell culture medium, we established an inducible neutrophil dif-
ferentiation model from human cord blood CD34" HSPCs. Using this
model, we determined how neutrophils differentiate from GMPs and
elucidated the molecular mechanism of neutrophil progenitor commit-
ment from GMPs. Additionally, we also confirmed that a similar
commitment process of neutrophil progenitors occurs in human adult
BM (bone marrow). Our findings suggested that the SF3B1-ELK1
signaling axis regulates early neutrophil commitment from CD371°"
CD115™ GMPs via RNA splicing.

2. Materials and methods
2.1. Cell culture

To reveal the effect of antioxidants on multiple lineage differentia-
tion, total cord blood nucleated cells or isolated CD34" cells were
cultured in IMDM plus 10% FBS containing 8 cytokines (10 ng/mL SCF,
10 ng/mL FLT3L, 10 ng/mL TPO, 10 ng/mL IL-3, 10 ng/mL IL-6, 10 ng/
mL GM-CSF, 20 ng/mL G-CSF and 2 U/mL EPO). Neutrophil and
monocyte differentiation potential of indicated progenitors (CD371"
GMPs, CD371~ GMPs and CD34", CD34!°" or CD34~ progenitors within
the Lin” CD116~ CD73~ CD1c¢” CD115~ CD123™4 CD45RA * CD3717)
were sorted and cultured in IMDM plus 10% FBS containing 7 cytokines
(10 ng/mL SCF, 10 ng/mL FLT3L 10 ng/mL TPO, 10 ng/mL IL-3, 10 ng/
mL IL-6, 10 ng/mL GM-CSF and 20 ng/mL G-CSF). CD71 and GPA were
used to indicate erythroid lineages, and CD15, CD66b, CD14 and CD11b
were used to analyze neutrophils and monocytes.

To screen the antioxidants that affect human neutrophil differenti-
ation, Alpha-lipoic acid (ALA) (Shanghai yuanye Bio-Technology Co.,
Ltd, #826654) (25 pg/mL), 1-Glutathione reduced (GSH) (MedChe-
mExpress (MCE), #HY-D0187) (25 pg/mL), N-Acetyl-i-cysteine (NAC)
(Sigma, #A9165-25G) (250 mM), N-Acetyl-p-cysteine (NAD) (MCE,
#HY-136386)(250 mM), 1-Ascorbic acid (MCE, # HY-B0166) (25 pg/
mL), a-Vitamin E (MCE, #HY-N0683) (25 mM) and 1 mM H,0, were
added to the differentiation medium containing 7 cytokines from day0.
ALA and NAC were dissolved in differentiation medium directly and
stored at 4 °C for 3 weeks, while the GSG, NAD, 1-Ascorbic acid and
a-Vitamin E were dissolved and stored according to the manufacturer’s
instructions. To analyze the dose-effect of ALA on neutrophil
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Table 1
Target sequences for shRNAs.

shRNA Names targets sequences

PRTN3_shl AGCTCAATGTCACCGTGGTCA
PRTN3_sh2 CCTGATCTGTGATGGCATCAT
PRTN3_sh3 CCTGACTTCTTCACGCGGGTA
LRG1_shl CATGCTGGACCTCTCCAATAA
LRG1_sh2 TGGACACCCTGGTATTGAAAG
LRG1_sh3 GCAATTAGAACGGCTACATCT
CEBPE sh1 GCTGGAGTACATGGCAGAGAA
CEBPE _sh2 GCAAGAAGGCAGTGAACAAAG
CEBPE_sh3 CCTTTGCCTACCCTCCACATA
CLEC11A_shl CTGCCGGAACTGTTGAGGGAA
CLEC11A sh2 GTGTCCTTCTTCGCCTGGCAT
CLEC11A _sh3 GCACTCCTCCTTGTTAGTGTC
KLF16_sh1 ACAAGTCCTCGCACCTAAAGTCG
E2F1_shl AGATCCCAGCCAGTCTCTACTCA
PBX3_shl ATGGACGATCAATCCAGGATGC
MYBL2_sh1 ACACAGATTCAGATGTGCCGGA
MLLT1_sh1 CAAAGTAGAGGAGTCGGGGTACG
ZDHHC13_sh1 CTCGCAGTGCAGGAATCACAGC
SNAPC4_sh1 GCACACAGAAAGAGCAGCTGAG
PBX1_shl TGATGAATCTCCTGCGAGAGCAA
SNRPB_sh1 CAGAAAGGGAAGAGAAGCGAGT
B3GAT3_shl CCCTTGCTGTTAGATAAGCCCA
SSBP4_sh1 GTGGAAACTCGATCCCCTACTC
HSF1_shl GCCATGAAGCATGAGAATGAGG

shRNA_ELK1_A
shRNA_ELK1_L

GCCTTGCGGTACTACTATGACA
CCAAACCTGAAATCGGAAGAGC

SF3B1_shl GCAGATTTGCTGGATACGTGAC
SF3B1_sh2 TGCTTTGATTTGGTGATGTAA
SF3B4_sh1 GACCAGTAGTCAACACCCACAT
SF3B4_sh2 CCCTGAGATTGATGAGAAGTT
SF3B5_shl GCCACTTCGACCTTCTCAACTA
SF3B5_sh2 TCCGCTTCAACTTGATGGAAA
SRSF3_sh1 GCATCGTGATTCCTGTCCATTG
SRSF3_sh2 TGGAACTGTCGAATGGTGAAA
SRSF11_sh1 GAGCTTTGATAGTCGTACCAT

differentiation, different doses (0.1, 0.5, 2.5, 10, 20, 50 pg/mL) of ALA
were added to the 7-cytokine differentiation medium. Normally, we
used 25 pg/mL ALA to analyze the effect of ALA on neutrophil differ-
entiation for different hematopoietic progenitors.

To analyze the different effects of ALA on neutrophil differentiation
derived from CD34"HSPCs, we changed normal culture medium to the
ALA containing medium at day2, day4, day6, day8 and dayl0, or
conversely, replace the ALA medium with normal medium until day14.
In ex vivo culture, higher percentage of CD66b"CD157CD14™ neutro-
phils are detected at day14 derived from CD3711CD115~ GMPs, and
further culture will lead part of these cells to express CD14
(CD66bTCD157CD14" neutrophils, APC like TANs [25]). To avoid un-
necessary misunderstandings, flow cytometry is performed on day1l4.

2.2. ALA treatment of mice or hematopoietic stem/progenitor cells
derived from mice BM

To analyze the effect of ALA on mice neutrophil differentiation in
vivo. We intraperitoneally injected 2 mg ALA dissolved in 2.5%DMSO-
corn oil [15] per-mice on every other day for 2 weeks, and 1 mg/mL ALA
containing water was supplied every day at the same time. Flow
cytometry assay was performed on dayO (before injection), dayl4 and
day18 to detect Ly6C* Ly6G ™' neutrophils in peripheral blood.

To analyze the effect of ALA on mice neutrophil differentiation
derived from Lin(CD2,CD3,CD4,CD8,Mac1,B220,Ter119) ~ ckit” Scal™
(LSK) in ex-vivo culture, we sorted LSK for in vitro differentiation using 8
cytokines (mSCF, mTOP, mG-CSG, mGM-CSG, mIL-3, mIL-6, hFLT3L,
hEPO) containing medium +25 pg/mL ALA. Flow cytometry assay was
performed to analyze Ly6C" Ly6G™ neutrophils at day5 day7 and day9.
Finally, MGG (May-Grunwald Giemsa) stain was used to analyze the cell
morphology of ALA treated cultures of not.
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2.3. Cell morphology assay

Total cultures or sorted cells were centrifuged onto glass slides using
a Cell Cytospin machine (Cytospin 4, Thermo Fisher Scientific), and
MGG (May-Grunwald Giemsa) stain was used to analyze the cell
morphology as previously reported [26].

2.4. Gene-expressing plasmid and shRNA-expressing plasmid construction

The ¢cDNA of CLEC11A (NM_002975), LRG1 (NM_052 972), PRTN3
(NM_002777), CEBPE (NM_001805), CEBPE-M (U80982.1), XRCC3,
TMEM176B, PBX3, MDM1, MDB3, HMGA1, ELK1, and short-ELK1 from
the dsDNA of neutrophil biased progenitors was cloned into the PCCL-
MND-PGK-dsRed or PCCL-MND-PGK-EGFP lentiviral vector as previ-
ously reported [27]. Knocking down the target genes in CD34 " cells was
mediated by short hairpin RNA (shRNA). All the plasmids (Plko.1-EGFP,
Plko.1-PRTN3-shRNA1-EGFP, Plko.1-PRTN3-shRNA2-EGFP, Plko.1-P
RTN3-shRNA3-EGFP, Plko.1-LRG1-shRNA1-EGFP, Plko.1-LRG1-shR
NA2-EGFP, Plko.1-LRG1-shRNA3-EGFP, Plko.1-CLEC11A-shRNA1-EG
FP, Plko.1- CLEC11A-shRNA2-EGFP and Plko.1-CLEC11A-shRNA3-EGF
P were prepared by Feng Hui Sheng Wu, Co., Ltd. Three targeted se-
quences of each gene were inserted into the lentiviral expression vector
Plko.1-EGFP-Puro (#FH1717, FENGHUISHENGWU Co., Ltd, China). In
addition, the shRNA expression vectors of B3GAT3, ELK1, E2F1, HSF1,
KLF16, MLLT1, MYBL2, SNRPB, SSBP4, TRIM28, and ZDHHC13 were
cloned to analyze their function in neutrophil or monocyte differentia-
tion. The target sequences are provided in Table 1.

2.5. Lentiviral transduction and neutrophil or monocyte differentiation
potential assay

Lentiviral preparation and transduction of CD34" HSPCs were per-
formed as we previously described [27]. The neutrophil and monocyte
differentiation potential of total transduced cells or sorted transduced
cells (GFP* CD115~ CD371" gated CD34* CD15, CD34™d cD15™¢,
CD34'°"- CD15") was analyzed by culturing in IMDM plus 10% FBS
containing 7 cytokines (10 ng/mL SCF, 10 ng/mL FLT3L, 10 ng/mL TPO,
10 ng/mL IL-3, 10 ng/mL IL-6, 10 ng/mL GM-CSF and 20 ng/mL G-CSF)
for 7-14 days.

2.6. Bulk cell RNA-seq

Two thousand CD3717CD115~ GMP, CD34™4CD115"MoP, NbP1,
NbP2 and NbP3 cells derived from cultures or BM were sorted into 1.5
mL tube containing 200 pL 0.5% BSA-DPBS solution. The dsDNA and
libraries were generated as previously described. And all the libraries
were sequenced using the Illumina NovaSeq6000 system (Novogene Co.,
Ltd.). The clean fastq data were aligned to the hg38 human genome
using Hisat2. R packages of DESeq2, ggplots clusterProfiler and GSEA
were used to analyze the differentially expressed genes and gene
ontology enrichment and gene set enrichment.

To assay the signals changing under the overexpression of L-ELK1
and S-ELK1, we sorted two thousand NbP1 derived from L-ELK1 and S-
ELK1 transduced CD34" HSPCs to generate DNA libraries as previously
described. Data analysis was performed as described above.

2.7. Invitro single-cell RNA-seq analysis

To reveal the in vitro transcriptome characteristics of neutrophil
differentiation at different stages at the single cells level, we sorted the
CD371% CD115" GMPs, CD115T CD34™d MoPs, CD115°CD34™d
CD371" early neutrophil biased progenitors (ENbPs), CD115~ CD34"°"
CD371" late neutrophil biased progenitors (LNbPs) CD371" CD66b",
and CD371" CD66b" cells for single cell RNA-Seq and the double-strand
cDNA library of single cells was generated as previously reported [28].
The quality control of amplified cDNA was analyzed by RT-PCR analysis
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of the housekeeping gene B2M. Samples with CT values less than 25
were used for sequencing library preparation using Vazyme True-
PrepTM DNA Library Prep Kit V2 from Illumina (Vazyme, TD-503). Li-
brary sequencing was performed using the Illumina NovaSeq 6000
system (Novogene Co., Ltd.).

All fastq files were mapped to the human hg38 genome by HISAT2
software, and raw count data were calculated using featureCounts
software. For bulk cell RNA-seq, the DESeq2 package was used to
normalize the raw data and determine the differentially expressed
genes. For the single-cell RNA-seq data, all the raw count data were
normalized by transforming into CPM (counts per million) values by the
edgeR program. Unsupervised cluster analysis was performed to eval-
uate the accuracy of sorted cells. In total, 165 single cells (40 CD371"
CD115~ GMPs, 24 CD115" CD34™ MoPs, 29 CD115°CD34™ D371
early neutrophil biased progenitors (ENbPs), 34 CD115~ CD34°"
CD371" late neutrophil biased progenitors (LNbPs), 18 CD371"
CD66b™, and 20 CD371" CD66b™ cells) were retained for further anal-
ysis. Multiple t-tests were used to identify the statistically significant
differentially expressed genes for different cell groups. PCA and the
UMAP method were used to analyze the single-cell RNA, and Monocle
was used to perform the cell trajectory interference.

The R packages sincell, pcaMethods, uwot, gplots, clusterProfiler,
and reshape2 were used to analyze the single-cell data. The DESeq2,
clusterProfiler, and GSEA packages were used to analyze the differen-
tially expressed genes, GO enrichment, and pathways for bulk cell RNA-
seq data.

2.8. 10x single-cell RNA-seq of BM derived cells

To dissect the in vivo transcriptome characteristics of neutrophil
lineage cells at different stages, 10 000 Lin/CD116/CD1C/CD73~
CD371" C€D123" cells derived from human adult BM of two healthy
donors were sorted for droplet-based cell harvest by a 10X Genomics
Chromium system. The fastq raw files were processed by Cell Ranger
4.0.4 software to obtain the gene expression matrix. Cells with more
than 2500 detected genes (an average of 4500 genes were detected)
were used to perform further clustering. To further define the pop-
ulations, we used CD1c, CD1d, CCR6, and CLEC10A to define dendritic
progenitor cells, HOXA9, HOXA10, HOXB4, and CD34 to define CD371"
GMPs, CD34, MPO, PRTN3, ELANE, and CLEC11A to define neutrophil
biased progenitors, and CD115 (CSF1R), MAFB, MAFF, and CD14 to
define monocyte progenitors. Finally, Monocle2 was used to determine
the cell trajectory of CD371" GMPs, neutrophil biased progenitors and
monocyte progenitors. Fastq files or processed data were uploaded to
the Gene Expression Omnibus public database (GSE184864).

2.9. Immunofluorescence staining

Sorted cells were centrifuged onto glass slides using a Cell Cytospin
machine (Cytospin 4, Thermo Fisher Scientific), and cells were fixed
using 4% paraformaldehyde in PBS pH 7.4 for 10 min at room temper-
ature. The fixed cells were washed three times with cold PBS and then
permeabilized using 0.2% Triton X-100 for 10 min at room temperature.
The cells were gently washed with PBS three times. The cells were
blocked with 1% BSA for 30 min and then incubated with 1:50 diluted
primary antibodies (anti-ELK1 N-terminus antibody (Biorbyt,
orb213892, indicates S-ELK1 and L-ELK1) and anti-ELK1 C-terminus
antibodies (Affinity, AF6212, only indicates the L-ELK1)) in 1% BSA
overnight at 4 °C. The cells were gently washed with cold PBS three
times. The cells were incubated with goat IgG (H + L) cross-adsorbed
secondary antibody Alexa Fluor ® 555 conjugate antibody (Thermo-
Fisher, A-21432)) for 1 h at room temperature. The secondary antibody
solution was decanted and washed three times for 5 min. Finally, the
cells were incubated with 1 pg/mL Hoechst3342 for 1 min. The pictures
were harvested by a confocal microscope LSM900 with the same
parameters.
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Fig. 1. ALA impedes human neutrophil commitment.

(A) Representative flow cytometry plots of CD11b* CD66b* CD15" CD14™ neutrophils and CD11b*" CD14" CD66b™ CD15 monocytes derived from CD34% HSPCs of
CB + ALA. Flow cytometry was performed on day 14 of culture.

(B) MGG staining assay to determine the morphology of Ctrl cultures, ALA-treated cultures, and CD66b" CD15" CD14™ neutrophils derived from Ctrl cultures and
peripheral blood. Scale bar = 20 pm (C) Percentages of CD11b* CD66b" CD15" CD14™ neutrophils and CD11b* CD14" CD66b~ CD15™ monocytes derived from cord
blood CD34" hematopoietic stem/progenitor cells (HSPCs) treated with different antioxidants (Alpha-lipoic acid = ALA, 1-Glutathione reduced = GSH, N-Acetyl-1-
Cysteine = NAC, N-Acetyl-p-cysteine = NAD, r-Ascorbic acid = VC, a-Vitamin E = VE). Flow cytometry was performed to measure neutrophil and monocyte per-
centages on day 14 of culture.

(D) Statistical analysis of neutrophil percentages in total cells derived from CD34" HSPCs + ALA or H,O, treatment.

(E) Statistical analysis of neutrophil percentages derived from CD34" HSPCs with different doses of ALA (0.1, 0.5, 2.5, 10, 20, 50 pg/mL).

(F) Absolute cell number of neutrophils derived from CD34" HSPCs under 20 pg/mL ALA treatment at different days. ALA was added to (I) and removed from (II)
culture medium at day 2 (D2), day 4 (D4), day 6 (D6), day 8 (D8), and day 10 (D10). Flow cytometry was performed on day14. The Ctrl for addition of ALA was the
absence of ALA, and the Ctrl for removing ALA was treatment for the duration of the experiment.

(G-H) Proportion of CD115" cells in Lin™ CD38" CD34" CD123* CD45RA™ GMPs and Lin~ CD38" CD34 CD123" CD45RA*. CD34" HSPCs were cultured + ALA
treatment. Flow cytometry analysis of CD115" cells in the indicated populations was performed on day 2 (D2), day 4 (D4), day 6 (D6), or day 8 (D8).

(I-J) Percentages of neutrophils derived from CD34, CD341°W, or CD34" cells within CD115" cells at day 5 culture with ALA treatment (J) or vehicle treatment (I).
Sorted CD115~ CD34*, CD115~ CD34"°Y, or CD115~ CD34 cells were cultured + ALA treatment for 6-12 days and flow cytometry assay was performed to analyze
CD11b" CD66b" CD15" CD14™ neutrophils and CD11b* CD14* CD66b~ CD15~ monocytes.

Data of (C-I) are expressed as means + SD. Each symbol in (C, D, G, H) represents an individual replicate, and small horizontal lines indicate the mean (+SD.). An
unpaired Student’s t-test (two-tailed) was performed to evaluate statistical significance. NS = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

N =3-7.

<

2.10. RNA-protein interaction assay

RNA pull-down and immunoblotting were performed to assay the
interaction of SF3B1 and ELK1 mRNA. According to the absent sequence
of S-ELK1 compared to L-ELK1, we synthesized 5'-biotin-modified RNA
(20 bp) around the splicing site. RNA pulldown and immunoblotting
were performed as previously described [29,30]. In brief, 1 mol of each
biotin-modified RNA was added to the washed agarose beads, incubated
at 4 °C for 3-4 h with 180 U/mL RNase inhibitor (Biosystems, AM2694)
and resuspended in 500 pL of RNA-streptavidin interaction buffer after
washing twice. Cellular nuclear proteins were extracted by a Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime), and then 100 pL was
added to an agarose-streptavidin-biotin-RNA tube and incubated at 4 °C
overnight under 100-150 RPM rotation. After this procedure, 15 pL SDT
buffer (2% SDS, 100 mM DTT, 100 mM Tris-HCl, pH = 7.6) was added to
the pellets and incubated at 95 °C for 5 min to elute the proteins after
washing twice with the interaction buffer. The supernatant liquid was
used as the input for the mass spectrometry assay (Performed by Apt-
biotech. Ltd.) to identify the proteins binding to ELK1 biotin-RNA.

2.11. Humanized immunodeficient mouse transplantation

L-ELK1-, S-ELK1-, ELK1-shRNA-A (target to all transcripts)- and
ELK1-shRNA-L (target to only the long coding protein transcript)-
transduced CD34" HSPCs were transplanted into B-NDG-SM human-
ized immunodeficient mice expressing human SCF and GM-CSF pur-
chased from Beijing Biocytogen Co., Ltd. Transplantation was conducted
as previously reported [21]. To improve neutrophil differentiation, 100
ng/mL human IL-3 and G-CSF were injected into mice plus cells. Flow
cytometry assay was performed on day18 after transplantation. All an-
imal experiments were approved by the Institutional Ethics Review
Committee of Institute of Blood Transfusion (IERC-IBT).

2.12. Statistical analysis

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

2.13. Data availability

The data that support the findings of this study are available from the
corresponding author upon request. All RNA-Seq data are deposited in

the GEO database with accession code GSE184864.

3. Results
3.1. ALA impedes human neutrophil commitment

Our previous report shows that ALA is helpful to maintain the
stemness of hematopoietic stem cells [21]. To determine the function of
ALA on blood cell lineage differentiation, CB CD34" hematopoietic
stem/progenitor cells (HSPCs) were sorted and cultured in 10% fetal
bovine serum (FBS) IMDM medium containing SCF, FLT3L, IL-3, IL-6,
TPO, GM-CSF, G-CSF and EPO + ALA. Surprisingly, ALA completely
inhibited production of CD11b* CD14~ CD66b* CD15" neutrophils and
increased CD11b* CD14" CD66b™ CD15™ monocytes production (Fig. 1.
A). Morphological analysis also demonstrated that ALA blocked gener-
ation of CD11b" CD66b" CD15" polymorphonuclear neutrophils
(PMNs) (Fig. 1. B) We also determined the effect of ALA on CD66b™
CD14 and CD66b™ CD14™ populations. ALA did not block the cell pro-
liferation of CD66b* CD15" neutrophils. Although ROS are reported to
be related to emergency granulopoiesis [24], we contend that ROS are
not sufficient to control neutrophil commitment. Thus, we postulated
that ALA inhibition of neutrophil differentiation was unlikely to be
related to its antioxidant function, but rather by other unknown func-
tions. To test this hypothesis, we added 1 mM H0, and commonly used
antioxidants that could scavenge ROS in CD34" HSPCs (Supplementary
Fig. 1. A), including N-Acetyl-L-Cysteine (NAC), N-Acetyl-p-cysteine
(NAD), 1-Glutathione reduced (GSH), a-Vitamin E ((+)-a-Tocopherol),
and L-Ascorbic acid (Vitamin C) to the culture medium + ALA. Neither
H,0, nor other antioxidants (GSH, NAC, NAD, a-Vitamin E and Vitamin
C) treatment affected the production of neutrophils and monocytes
(Fig. 1 C-D), indicating that ALA inhibited human neutrophil differen-
tiation independently of its effects on ROS. Additionally, ALA did not
block neutrophil differentiation from Lin (CD2, CD3, CD4, CD8, B220,
Macl, Ter119)™ c-kitt scal®™ mouse HSPCs (Supplementary figure 1
B-D).

Furthermore, we determined the dose-dependent effect of ALA on
CD34" HSPC differentiation. ALA had a dose-dependent effect on
neutrophil differentiation of CD34" HSPCs, and 20 pg/mL of ALA
completely inhibited neutrophil production (Fig. 1. E). To determine the
stage at which ALA blocks neutrophil differentiation, CD34" HSPCs
were sorted and cultured + ALA treatment. ALA was added to or
removed from culture medium at different time points, and flow
cytometry analysis was performed on day 14. Both the addition and
removal of ALA hindered neutrophil differentiation (Fig. 1. F). We thus
postulated that ALA impaired the commitment of neutrophil
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Fig. 2. Human neutrophils are derived from CD115 CD371" GMPs.

(A) Representative flow cytometry plots of CD66b™ neutrophils within CD3717 cells derived from CB CD34" HSPCs + ALA. Flow cytometry was performed at day 9.
(B) Flow cytometry analysis of the proportion of CD371" progenitors in Lin~ CD38~ CD34"HSPCs, Lin~ CD38" CD34" CD123™¢ CD45RA™~ CMPs (common myeloid
progenitors), Lin~ CD38" CD34+ CD123™4 CD45RA * GMPs and Lin~ CD38" CD34" CD123~ CD45RA™ MEPs (megakaryocyte-erythroid progenitors) = ALA.

(C) Representative flow cytometry plots of CD11b"CD66b*CD14 neutrophils and CD11b*CD66b"CD14" monocytes derived from CD371~ GMPs and CD371" GMPs.
(D) Neutrophil production in CD371" GMPs and CD371~ GMPs under the specified treatments, including culture with seven cytokines, G-CSF only, or G-CSF and

ALA. Flow cytometry assay to performed to analyze the CD11b*CD15"CD66b"CD14™ neutrophils in total cells at day14 of culture.

(E) Single-cell assay for the neutrophil and monocyte differentiation potentials of CD371" GMPs.

(F) Pie diagram illustrating percentages of progenitors with different lineages (M: monocyte, N: neutrophil, O: others).

(G) Neutrophil differentiation potential of CD115 progenitors derived from CD371% GMPs at different time points. Percentages of CD115" progenitors and neu-

trophils derived from CD115" progenitors are shown.

(H) Conjecture model diagram of neutrophil and monocyte differentiation derived from GMPs.
(I) Representative flow cytometry plots of the sorting gate for neutrophil-biased progenitors derived from CD115°CD371" GMPs at day 3 and day 6.
(J) Flow cytometry analysis of the neutrophils from sorted CD371* CD34"8" cD371" CD34™ (day 3), CD371* CD66b~ and CD371*CD66b™ (day 6) cells derived

from CD115 CD371" GMPs from day 6 to day 9.

(K) In vivo experimental strategy to analyze neutrophil-biased progenitors from B-NDG-SM mouse BM.

(L) Flow cytometry analysis of the neutrophil differentiation potential of sorted neutrophil-biased progenitors from B-NDG-SM mouse BM at day 6-day 9. Data in (B,
D, E, G) are represented as means + SD. Each symbol of (E) represents one cell, and small horizontal lines indicate the mean (+SEM.). An unpaired Student’s t-test
(‘two—tailed) was performed to assess statistical significance. ***P < 0.001, ***P < 0.0001.

progenitors. Given that neutrophils are mainly derived from CD115~
populations [31], we analyzed the CD115~ GMP-like cells and CD115~
CD34~ CD123™4 CD45RA * CD38™" progenitors on day 2, day 4, day 6,
and day 8. CD34  CD115~ CD123™4 CD45RA * CD38* progenitors, but
not the CD115~ GMP-like cells, were significantly decreased on day 4,
day 6, and day 8 with ALA treatment (Fig. 1G-H). Finally, to determine
which stages does ALA block neutrophil differentiation, we sorted
CD115 CD34%, CD115~ CD34mid, and CD115 CD34 cells derived from
Ctrl cultures for continuous differentiation culture. A higher proportion
of neutrophils were detected in CD115  CD34~ progenitors derived
cultures compared to CD115~ CD34", CD115~ CD34™id progenitors, and
ALA completely blocked neutrophil differentiation of cD34M8h and
CD34™id progenitors, but not in CD34™ progenitors (Fig. 1. I). Further-
more, CD115~ CD34", CD115~ CD34"’id, and CD115 CD34 progenitors
derived from ALA treated cultures at day5 were sorted for continuous
culture. Almost no neutrophils were detected in cD34Meh cp34™id and
CD34 progenitors with continuous ALA treatment (Fig. 1. J). A signif-
icantly lower proportion of neutrophils were detected from ALA-treated
CD115 CD34™id (16.17 + 1.2%) compared to Ctrl culture-derived
CD115 CD34™4 (53.4 + 2.1%), and ALA-treated CD115 CD34™ (14.7
+ 1.3%) progenitors compared to culture-derived CD115~ CD34™ (58.4
4+ 1.8%). but not for CD115 CD34high progenitors (Fig. 1 1-J)). Together,
these findings indicated that neutrophil progenitors commit to the
neutrophil fate concomitant with decreasing CD34 expression, and that
ALA impedes the commitment of neutrophil progenitors.

3.2. CD371" GMPs commit to neutrophil progenitors by losing monocyte
differentiation potential

In prior studies, single-cell culture of human GMPs revealed that cells
differentiated from the culture were neutrophils, but that this is
accompanied by a small amount of monocyte production [7], indicating
that human neutrophil progenitor fate determination could occur
downstream of GMP differentiation. However, the ways by which
neutrophil progenitors are committed from GMPs remains unknown.
Prior reports have indicated that almost all CFU-G colonies or CD66b™
granulocytes are derived from CD64™¢-CD371* GMPs [32] excluding
the CD115" cells [6]. Therefore, to confirm that CD66b™ neutrophils
were derived from CD371% progenitor cells, we performed flow
cytometry analysis to measure the neutrophils at day 7 of in vitro dif-
ferentiation of CB-derived GMPs. Only CD371" cells produced CD66b™"
neutrophils and ALA blockage of CD371" cells gave rise to CD66b™"
neutrophils (Fig. 2. A). Flow cytometric analysis of CD34" CD38~
HSPCs, CD34" CD38" CD123mid CD45RA™ CMPs (Common myeloid
progenitors, CMPs), CD34* CD38" CD123™¢ CD45RA * GMPs, and
CD34" CD38% CD123~ CD45RA™ MEPs (Megakaryocyte-erythroid pro-
genitor cell, MEPs) demonstrated that GMPs contained a higher

proportion of CD371" progenitor cells (Fig. 2. B). To determine the
neutrophil differentiation potential of CD371" progenitors, we sorted
CD371" GMPs and CD371° GMPs for neutrophil differentiation,
revealing that neutrophils are mainly derived from CD371" GMPs, but
not CD371~ GMPs (Fig. 2. C). Furthermore, ALA completely blocked the
differentiation of CD371"GMPs into neutrophils, even under treatment
with G-CSF only (Fig. 2. D). To further analyze the neutrophil differ-
entiation potential of CD371" GMPs, we sorted CD371%" GMPs for
single-cell differentiation analysis. CD371" GMPs contained no
committed neutrophil progenitors, except monocyte progenitors (Fig. 2
E-F), and CD371" GMPs contained different neutrophil differentiation
potential progenitors (Fig. 2E-F). In addition, flow cytometry analysis
revealed that CD371" GMPs contained CD115Y cells (Supplementary
Fig. 2. A).

To further explore the characteristics of neutrophil differentiation
from CD371" GMPs, we first analyzed CD115" progenitor proportions
at different time points, and subsequently analyzed the neutrophil dif-
ferentiation potential from CD115"-excluded progenitor cells. The per-
centages of CD115" cells increased up to 75% on day 5, and the
neutrophil purity increased to 80% (Fig. 2. G). Thus, we postulated that
neutrophil commitment could be stimulated by gradual loss of monocyte
differentiation potential (Fig. 2. H). To test this hypothesis, we measured
a set of surface markers in CD371" CD115~ CD66b~ CD14™ cells on day
14 to further improve neutrophil purity. CD371" CD115~ CD66b"
CD14 cells expressed CD1c, CD73, and CD116, while CD371" CD66b"
neutrophils did not express these markers (Supplementary Fig. 2. B). In
addition, we also analyzed in vitro early differentiation of GMPs at day 5
and in vivo CD34" HSPCs transplanted NSG-BM. Both in vitro and in vivo
studies demonstrated that CD1237CD371"CD115°CD66b™ cells con-
tained CD116/CD1c/CD73 positive cells (Supplementary Fig. 2. C).
Excluding CD116/CD1¢/CD73 positive cells from the CD115  pro-
genitors could improve neutrophil purity.

Subsequently, we sorted CD34™¢ CD371%, CD34°" CD371* and
CD66b™ CD371%, CD66b™ CD371" cells (Fig. 2. I) within the CD115/
CD116/CD73/CDlc” CD123™d cD38* population derived from
CD371" CD115~ GMPs. CD34™4 CD371* progenitors gave rise to
approximately 80% neutrophils, while CD34~ CD371" CD66b™ late-
committed neutrophil progenitors produced more than 90% neutro-
phils (Fig. 2. J). In addition, we also sorted equal populations from CB-
transplanted B-NDG-SM (expressing human SCF and GM-CSF) BM
(Fig. 2. K). In a 6-9 days culture of the sorted populations, we found that
CD34°% CD371" and CD34™ CD371% cells produced CD15" CD66b™
neutrophils of high purity (Fig. 2 L). Conclusively, we preliminary
validated the differentiation model of neutrophils, in which CD371"
CD115" GMPs gradually lose monocyte differentiation potential to
become neutrophil progenitors (Fig. 2. H).
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Fig. 3. Dissecting the transcriptome characterization of neutrophil differentiation from CD115CD371" GMPs at the single-cell level.
(A) Principal component analysis (PCA) of CD115~ CD371* GMPs, CD115~ CD371% GMP-derived CD34™!¢ ENbPs, CD34'°" LNbPs and CD34™4 CD115" MoPs. The
CPM (count per million) values of genes expressed by CD115~ CD371" GMPs (n = 40), CD34!°" ENbPs (n=29), CD34!°" LNbPs (n = 34) and CD34" CD115" MoPs

(n = 24) were calculated by pcaMethod packages.

(B) Heatmaps showing the expression pattern of different populations by all DEGs (p-value < 0.01, log2 fold change >2).

(C) Heatmaps representing the differential expression of surface markers in CD371" CD115 GMPs, MoPs, ENbPs and LNbPs.

(D) Density plots presenting the expression levels of representative differentially expressed transcription factors.

(E) GO enrichment analysis of genes upregulated in CD34™4 neutrophil-biased progenitors relative to CD371" GMPs.

(F) GSEA analysis of the active signals in CD371" CD115"GMPs (GMP), MoPs, and ENbPs.

(G) Violin plots indicating the expression levels of granule generation-related genes in neutrophil-biased progenitors and neutrophil progenitors.

(H-I) Representative flow cytometry plots of CD15 expression on CD371" CD115~ GMPs, CD371" CD115~ GMPs, Lin~ CD116~ CDlc” CD73™ CD115~ CD123™id
CD371" CD34™ ENbPs, Lin~ CD116~ CD1c” CD73~ CD115~ CD123™4 CD371* CD34'°" LNbPs and CD115" CD34™ MoPs derived from CD371" GMP cultures. The

numbers indicate the percentages.

(J-K) Neutrophil differentiation potentials of CD34" CD15 (NbP1), CD34™d cp15™id (NbP2), and CD34"°"/~CcD15™ (NbP3) sorted from Lin/CD116/CD1c¢/CD73~

CD115~ CD123™4 CD3717 cells at day 3 of CD3717 CD115~ GMP culture.

(L) MGG staining assays indicating the morphologies of defined NbP1s, NbP2s, NbP3s, and neutrophils. Scale bar = 10 pm. Data in (K) are represented as means

+ SD.

3.3. Single-cell transcriptome reveals the characteristics of neutrophil
commitment

To reveal the commitment characteristics of neutrophil progenitors
from a transcriptome perspective, we performed single-cell RNA-seq to
evaluate transcriptomic changes. We sorted CD371" CD34" CD115~
GMPs, CD115~ CD34™¢ cp371+ early neutrophil biased progenitors
(ENbPs), CD115~ CD34"°" CD371* late neutrophil biased progenitors
(LNbPs), and CD34™4d cp115+ monocyte progenitors (MoPs) (Fig. 2. I,
Supplementary Fig. 3. A) to generate dsDNA from mRNA as previously
reported [28], and constructed libraries for sequencing with 1 ng dsDNA
[21,33]. We performed principal component analysis to determine the
relationship of CD34™4 CD115% MoPs, CD34'°" CD371" ENbPs, CD34"
CD371% LNbPs, and CD371" CD115~ GMPs (Fig. 3. A). First, we
analyzed the expression pattern of previously reported neutrophil pro-
genitor high expression markers [4]. The high expression surface
markers were expressed in ENbPs, LNbPs and MoPs (Supplementary
Fig. 3. B). Differential expression genes (DEGs) (p < 0.01, log2fold-
change >2) analysis was performed to screen out genes uniquely
expressed in neutrophils. Only a set of upregulated genes was uniquely
expressed in MoPs, but not in ENbPs or LNbPs compared with CD371"
CD115 GMPs (Fig. 3. B).

To further identify the characteristics of neutrophil commitment, we
analyzed the expression pattern of neutrophil surface markers and
transcription factors. Differentially expressed surface markers revealed
that in CD115TCD34™d MoPs, the surface markers CD9, KDR, IGF2R,
TLR8, CD1d, CD86, CD300A, FCGR3A(CD16) were specifically upre-
gulated, and that FCGR1A(CD64). CSF3R, TLR2, TLR4, CXCR4, and
CD84 were moderately expressed in ENbPs and LNbPs (Fig. 3. C).
Furthermore, we screened out differentially (p < 0.01, log2foldchange
>2) expressed transcription factors, revealing that the monocyte- or
dendritic cell-related transcription factors MAFB [34,35], MAF [36],
PBX1, HOXB6 [37], IRF8 [38,39] were upregulated in MoPs (Fig. 3. D.
(1)), while the reported mice neutrophil master regulator factor CEBPE
[40] was expressed in both MoPs and neutrophil progenitors (Fig. 3. D.
(I)). Unexpectedly, only three transcription factors, ZBTB1, ATF1, and
MLLT3, were differentially expressed in ENbPs and LNbPs (Fig. 3. D.
(ID). However, gene ontology (GO) enrichment analysis of genes upre-
gulated in ENbPs (p < 0.01, log2foldchange >2) relative to those in
CD371" CD115" GMPs indicated that neutrophil degranulation,
neutrophil activation, and neutrophil-mediated immunity genes were
upregulated in neutrophil-biased progenitors (Fig. 3. E). To analyze the
signals altered by differentiation of CD371" CD115~ GMPs into MoPs
and ENbPs, we performed gene set enrichment analysis (GSEA). rRNA
catabolic processing-, rRNA binding-, and mRNA decay-related signals
were upregulated in both MoPs and ENbPs, with more robust signal
changes in MoPs relative to ENbPs. In addition, both CD371" CD115~
GMP and ENbPs highly expressed genes related to RNA splicing

signaling pathways, while ENbPs had stronger mRNA splicing signals
(Fig. 3. F, Supplementary Fig. 3. C).

Additionally, we sorted CD116~ CD1¢” CD115 CD123" CD34~
CD66b™ CD3717" and CD66b™ CD3717 cells (Supplementary Fig. 3. A)
from cultures of CD371" CD115~ GMPs at day 7 for single-cell RNA-seq.
Among the four populations, only 75 DEGs were identified. Among
DEGs, only granule-related genes and genes highly expressed in neu-
trophils, including LPO, MPO, LYZ [41], ELANE, PRTN3, CSTG [42],
CST7 [43], and CSTA were upregulated by differentiation into neutro-
phils (Fig. 3. G). Taken together, these findings indicated that
neutrophil-biased progenitors had a similar transcriptome pattern,
suggesting that the further differentiation of neutrophil-biased progen-
itor cells into committed neutrophil progenitor cells could be regulated
by post-transcriptional modifications.

To further identify the specific surface markers for MoPs and
neutrophil-biased progenitors, we used flow cytometry to analyze the
surface expression of CD15, FCGR1A (CD64), TLR2, TLR4, CXCR4, and
CSF3R (CD114), which were upregulated in MoPs, ENbPs, and LNbPs
relative to CD371" CD115~ GMPs (Fig. 3. C). Although both CD64 and
CD15 were significantly upregulated in ENbP to LNbP (Supplementary
Fig. 3. D), CD64 was expressed in both monocytes and neutrophils [44]
and moderately expressed in neutrophil committed progenitors [6], so
we further analyzed the expression of CD15 in the process of
CD371"CD115~ GMPs to LNbPs. Surprisingly, CD15 was first expressed
at low levels in CD371" CD115~ GMPs, and highly expressed in LNbPs
(Fig. 3 H-I). Thus, we postulated that the expression level of CD15 could
be indicative of the neutrophil differentiation potential of
neutrophil-biased progenitors. Sequentially, we sorted CD34" CD15~
(NbP1), CD34™4 cD15™¢ (NbP2), and CD34'°"/~ CD15" (NbP3) cells
gated from CD1c/CD73/CD116 CD115°CD1237CD371" cells derived
from CD371" GMP cultures at day 3 to analyze the neutrophil differ-
entiation potential. The neutrophil differentiation potential was
enhanced, together with increased expression of CD15 and decreased
expression of CD34 (Fig. 3 J-K). A morphology assay of the different
stages of neutrophil differentiation also indicated a gradual change in
cell morphology (Fig. 3 L). Together, these findings indicated that CD15
expression is specific to the neutrophil differentiation potential of
neutrophil-biased progenitors.

3.4. Dissecting the characteristics of the human neutrophil lineage
commitment process in adult bone marrow at the single-cell level

To further validate the commitment characteristics of neutrophil-
biased progenitors in adult human BM, we analyzed the expression
pattern of CD34 and CD15 gated from Lin/CD1¢/CD116/CD73/CD115~
CD371" CD123" CD45RA™ cells by flow cytometry. The same expres-
sion pattern of CD34 and CD15 was observed in human adult BM as in
the in vitro model (Fig. 4. A). In addition, neutrophil and monocyte
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Fig. 4. Characteristics of neutrophil differentiation in human bone marrow at the single-cell level.

(A) Representative flow cytometry plots of neutrophil-biased progenitors in adult human BM.

(B) Neutrophil differentiation potential analyses of CD34" CD15~ NbP1, CD34™¢ CD15™ NbP2s and CD34'°%/~ CD15" NbP3s sorted from adult human BM Lin/
CD116/CD1c/CD73~ CD115~ CD371" CD123™4 CD45RA" cells. Flow cytometry assay to performed to analyze the CD11b"CD15*CD66b*CD14™ neutrophils and
CD11b" CD66b"CD14" monocytes in total cells at day 6 to day 10.

(C) Unsupervised cluster analysis of bulk cell RNA-seq data from neutrophil-biased progenitors and monocyte progenitors derived from adult human BM and cultures
of CB CD371" GMPs at day 3.

(D) Heat maps showing representative highly expressed genes in neutrophil-biased progenitors.

(E-F) UMAP analysis of representative highly expressed genes in CD371" GMPs, neutrophil related progenitors (NeuP1 and NeuP2), MoP related progenitors (MoP1,
and MoP2).

(G) Heatmaps presenting highly expressed genes in adult human bone marrow-derived neutrophil related progenitors (NeuP1 and NeuP2).

(H) GO enrichment analysis of DEGs in CD371+ GMPs compared to MoPs and NeuPs compared to MoPs.

(I) Single-cell trajectory analysis of neutrophil progenitors and monocyte progenitors derived from human adult BM CD371" GMP, NeuP1, NeuP2, MoP1, MoP2 and
ll/IoP, NbP1, NbP2, NbP3, CD66b™ neutrophils derived from CB CD115~ CD371" GMPs. Data in (B) are represented as the means =+ SD.

differentiation potential assays of CD34" CD15~ NbPI, CD34™id progenitors, and monocyte progenitors had similar developmental
CD15™4 NbP2 and CD34'°"/~ CD15* NbP3 cells indicated that human characteristics both in vivo and in vitro.

neutrophil progenitors also committed gradually with decreased CD34
and increased CD15 expression (Fig. 4. B), which was consistent with the
in vitro results (Fig. 3. K).

Unsupervised cluster analysis of bulk cell RNA-seq data of MoPs and
neutrophil-biased progenitors both in vivo and in vitro indicated that
neutrophil-biased progenitors had similar transcriptomic characteristics
to those of MoPs (Fig. 4. C). We performed DEG analysis to screen a list
of genes that are highly expressed in neutrophil-biased progenitors
(Supplementary Fig. 4. A). We found that both in vivo- and in vitro-
derived neutrophil-biased progenitors highly expressed neutrophil uni-
expressed genes or granule-related genes, including MPO, LRG1 [45],

PRTN3, ELANE, CTSG [42], CST7 [43], CSTA [46], and CLEC11A [47] Based (?n thi.s model, we performed bulk cell RNA-seq to analyze the
(Fig. 4. D). transcriptomic changes of NbP1 and NbP2 cells + ALA. Downregulated

To further delineate the neutrophil commitment characteristics in DEGs were 5-fold greater than upregulated DEGs .(Fig.. 5 B)'_ The
adult human BM, we performed single-cell RNA-seq of sorted Lin/ downregulated genes were more related to neutrophil activity (Fig. 5.

CD116/CD1C/CD73~ CD123* CD371" populations (Supplementary B). About 120 neutrophil-specific genes were downregulated by ALA,
including PRTN3 [54], LRG1 [45], CEBPE [55], LPO, MPO, ELANE [6,

56], CLEC11A [57] and KLF16, CTS7, HMGAL1 (Fig. 5. C, Supplementary

3.5. ALA targets ELK1 to regulate neutrophil differentiation

To further identify the key regulatory genes of neutrophil differen-
tiation, we analyzed the effects of ALA on neutrophil differentiation of
neutrophil-biased progenitor cells (CD34" CD15  NbPI, cD34™d
CcD15™¢ NbP2, CD34°"/~ CD15" NbP3) (Supplementary Fig. 5. A)
derived from CD371" CD115~ GMPs at day 3. ALA significantly impeded
neutrophil differentiation from NbP1, NbP2, and NbP3 cells, with the
most potent blockage of NbP1 cells giving rise to neutrophils (Fig. 5. A).

Fig. 4. B) that contained neutrophil-biased progenitors at different
stages of differentiation. The Seurat R software package was used for ;
cluster identification (Supplementary figure 4 C-D). We first excluded Fig. 5'.B)' . . . .

populations of dendritic progenitor cells that highly expressed CDlc, To identify the primary neutrophil commitment regulatory genes, we
CCR6 [48], CLEC10A [49], CD1E [50], CLECL1 [51], GZMB [52] first cloned ¢cDNAs of CEBPE, LRGlf PRTN3 and CLEC11A into PCCL-
(Supplementary Fig. 4. E). Subsequently, GATA2, HOXA9, HOXA10, desRed or PCCL-EGFP overexpression vectors [27], and the shRNA

HOXB4. MPO. PRTN3. ELANE. CLEC11A. MAFB. CD115. and CD14 target sequences of these genes into plKO.1-GFP vectors. Both over-
were u;ed to’ identify’ early C,D371+ GM,Ps neu,trophil ;elated pro- expression and shRNA knockdown experiments indicated that CEBPE,

genitors named NeuP1 and NeuP2 (not equal to the NbP1, NbP2 and PRTN3, LRG1, and CLEC11A did not affect human neutrophil differen-

NbP3 defined by CD34 and CD15 at protein level), and monocyte pro- tiation (Supplementary Fig. 5. C). Given that granule-related genes
genitors named MoP1 and MoP2 (not equal to CD34™9 D115+ MoPs). MPO, ELANE, PRTN3, LRG1, and CLEC11A do not affect neutrophil

CD371* GMPs exhibited high expression of the transcription factors differentiation, we analyzed ALA-downregulated transcription factors in

GATA2, HOXA9, HOXA10, HOXB4, and HOXA7, and neutrophil related NbP1 and NbP2 cells. We identified 38 differentially expressed (p.adj, <
progenitors (NeuP1, NeuP2) exhibited high expression of CD15 (FUTA4), 0.05; f9ldchange, > 1.5) transcription fact.ors' (Fig. 5. D). GO enrichment
PRTN3, MPO, ELANE, MLLT3, and CLEC11A. Monocyte progenitors analysis demonstrated that these transcription factors were related to
highly ;:xpress’ed M AFI; MAFB ’CD115 (CSF1R), CD14, CCL3, and CCR1 epigenetic remodeling events such as chromosome organization, chro-
(Fig. 4 E-F). Further, monocyte progenitors also expressed surface matin remodeling, and heterochromatin assembly (Supplementary
markers that were highly expressed in MoPs in vitro, including TLR2, Fig. 5. D), including ELK1 reported to interact with CSF-1R (CD115)
TLR4. IGF2R. FCGR2A. FCGR2B. CCR1. CD226. CD267. and CD86 [58]and regulate micro-RNA expression in monocyte differentiation

(Supplementary Fig. 4. F, Fig. 3. C). Furthermore, neutrophil-related [591. TO. det.ermine. t}.le function of t.hese transcription factors in
progenitors highly expressed DNA replication- and myeloid neutrophil differentiation, overexpression of XRCC3, TMEM176B,

differentiation-related transcription factors, including TCF4, which is PBX3, MDM1, MDB3, HMGAL and knockdown of B3GAT3, ELK1, E2F1,
related to granulopoiesis [53] (Fig. 4. G, Supplementary Fig. 4. G). In HSFL KEF16’ MLLT1, MYBL2, SNRPB, SSBP4, TRIM2§, aI‘.ld ZDH_HCEB
addition, GO enrichment analysis revealed that DEGs in CD371* CD115" in CD34" HSPCs was performed to analyze neutrophil differentiation
potential. Overexpression of XRCC3, TMEM176B, PBX3, MDM1, MDB3,

GMP cells compared to MoPs and NeuPs compared to MoPs were also "
HMGA1 (Supplementary Fig. 5. E) and knocking down of B3GAT3,

mainly related to mRNA processing and rRNA processing (Fig. 4. H),
which was similar to in vitro signal changes (Fig. 3. F). Finally, a E2F1, HSFl{ KLF16, MLLTI, MYPTL2’_ SNRP}?’ ?‘SBP4f TRIM28, afld
single-cell trajectory assay was performed to evaluate the relationship ZDHHC13 did not affect neutrophil differentiation (Fig. 5. E), while

between CD371" CD115  GMPs, neutrophil-related progenitors, and ELK1 knocking down sign'iﬁcantl}‘l ifnpede.zd neutrophil c.li‘fferentiation
and promoted monocyte differentiation (Fig. 5 E-F). Additionally, ALA

monocyte progenitors. Both in vivo and in vitro-derived cells shared a ) >
downregulated ELK1 expression at the protein level, as demonstrated by

similar cell trajectory, and neutrophil progenitors were more similar to ; e

CD371" CD115™ GMPs (Fig. 4. I). Together, these results indicated that immunofluorescence analysis (F.1g. 5.G). . . .

the transcriptomes of CD371% CD115" GMPs, neutrophil-related To reveal the roles of ELK1 in early neutrophil progenitor commit-
ment, we analyzed the neutrophil differentiation potential of ELK1-
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Fig. 5. ALA regulates commitment of neutrophil progenitors by targeting ELK1.

(A) Statistical analysis of neutrophils and monocytes differentiated from NbP1s, NbP2s, and NbP3s + ALA treatment. To analyze the effect of ALA on neutrophil
differentiation, sorted neutrophil biased progenitors were cultured + ALA and flow cytometry assay to performed to analyze the CD11b"CD15"CD66b"CD14~
neutrophils and CD11b* CD66b"CD14" monocytes at day6 to day14.

(B) Volcano plots and GO enrichment analysis of genes upregulated and downregulated by ALA.

(C) Heatmaps showing ALA-downregulated genes among neutrophil-biased progenitor-specific genes.

(D) Heatmaps presenting ALA-downregulated transcription factors in NbP1s and NbP2s.

(E) Flow cytometry analysis of neutrophils and monocytes derived from CD34" HSPCs transduced with shRNAs targeting ALA-downregulated transcription factors.
The ratio of neutrophils to monocytes is presented to analyze the neutrophil differentiation potential of CD34" HSPCs transduced with different shRNAs.

(F) Flow cytometry plots of neutrophils and monocytes from ELK1-shRNA knockdown CD34" progenitors. Flow cytometry analysis was performed on day 9, and
neutrophils and monocytes were analyzed with CD11b" gated cells. Representative flow cytometry plots and statistical analysis bar plots are shown.

(G) Immunofluorescence analysis of ELK1 was performed to measure ELK1 protein levels in NbP1 cells & ALA treatment. Scale bar = 20 pm.

(H-I) In vitro flow cytometry analysis of neutrophils and monocytes from ELK1-shRNA-transduced NbP1, NbP2, and NbP3 cells. Flow cytometry analysis was
performed from day 6 to day 9, and neutrophils and monocytes were analyzed within GFP™ CD11b™ gated cells. Representative flow cytometry plots (G) and
statistical analysis bar plots (H) are shown.

Data in (A, E, I) are expressed as means + SD. An unpaired Student’s t-test (two-tailed) was performed to assess statistical significance. NS = not significant, *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, N = 3-4.

shRNA transduced NbP1, NbP2, and NbP3 cells. Knocking down ELK1 indicated that SF3B1 downregulated L-ELK1 and upregulated S-ELK1
had the same effect as ALA on the commitment of neutrophil progenitors (Fig. 6. K). Taken together, these findings demonstrated that SF3B1
(Fig. 5. A, H-I). Taken together, these findings indicated that ALA regulated neutrophil and monocyte differentiation from CD371%
impeded neutrophil differentiation by targeting ELK1, and that ELK1 CD115™ GMPs by regulating expression of S-ELK1 and L-ELK1.

was required for granulopoiesis.

3.7. L-ELK1 and S-ELK1 have differential roles in human neutrophil

3.6. SF3BI regulates ELK1 RNA splicing differentiation
Because ELK1 is essential for human neutrophil differentiation, we To analyze the effects of L-ELK1 and S-ELK1 on neutrophil and
overexpressed ELK1 in CD34" HSPCs to increase neutrophil differenti- monocyte differentiation derived from CD34" HSPCs, we sorted Ctrl

ation. Unexpectedly, overexpression of the ELK1 long coding protein (GFP control virus), L-ELK1, S-ELK1 and ELK1-shRNA-A and ELK1-
isoform (L-ELK1) also impeded neutrophil differentiation (Fig. 6. A). shRNA-L transduced CD34" HSPCs to perform in vitro differentiation
Thus, we hypothesized that different ELK1 isoforms could play different culture or transplant into NDG-SM mice. Both in vivo and in vitro data
roles in balancing neutrophil and monocyte differentiation. PCR anal- demonstrated that L-ELK1 overexpression impaired neutrophil differ-
ysis of ELK1 isoforms indicated that CD34™4 MoPs highly expressed entiation, while knockdown of only L-ELK1 enhanced neutrophil dif-
theL-ELK1, while neutrophil-biased progenitors highly expressed the ferentiation (Supplementary figure 7 A-B). However, flow cytometric
short coding protein isoform (S-ELK1) (Fig. 6. B). Furthermore, immu- analysis of NbP1 cells overexpressing of L-ELK1 and S-ELK1 or knocking
nofluorescence staining for L-ELK1 indicated by the ELK1 C- terminus down of ELK1 demonstrated that L-ELK1 inhibited CD15"CD66b™
antibody and S-ELK1 (absent the C- terminus domain) indicated by ELK1 expression but did not block expression of CD11b~ CD14~ CD66b”
N- terminus antibody (measure both L-ELK1 and S-ELK1) deduct C- CD15™, a characteristic of NbP1s (Fig. 7. A). Thus, we postulated that L-
terminus antibody (measure L-ELK1 only) showed that monocyte pro- ELK1 was required for early commitment of neutrophil progenitors
genitors and monocytes highly expressed L-ELK1, while neutrophil (NbP1, NbP2, and NbP3), but not for committed neutrophil progenitors
progenitors and neutrophils highly expressed S-ELK1 (Fig. 6. C). Further (CD15" CD66b™). Giemsa staining also revealed that overexpression of
analysis demonstrated that ALA downregulated the expression of S- L-ELK1 suppressed most of the cells at the CD115~ CD34~ CD11b~ CD15™"

ELK1 but not L-ELK1 (Supplementary Fig. 6. A). NbP3 stage (Fig. 7. B). Subsequently, we sorted CD115~ CD34" CD371"
Because single-cell transcriptome findings demonstrated that ENbPs CD15 NbP1s from L-ELK1-OE-, S-ELK1-OE-, and ELK1-shRNA-A-
had stronger RNA splicing signals (Fig. 3. E), we further analyzed the transduced progenitors at day 3 for further differentiation analyses.

changes in ELK1 RNA splicing + ALA. The results indicated that ALA Both L-ELK1 and S-ELK1 overexpression upregulated CD15, while ELK1
significantly changed RNA splicing and spliceosome-related signals knockdown downregulated CD15 at an early stage (Fig. 7. C). Over-
(Fig. 6. D). DEG analysis revealed that ALA-upregulated splicing factors expression of L-ELK1 or knockdown of ELK1 significantly decreased
such as SRSF3, SRSF11, SF3B1, and downregulated SF3B4 and SF3B5, CD66D expression. In addition, overexpression of L-ELK1 and S-ELK1 did
which were differentially expressed in MoPs and neutrophil-biased not block CD14" monocyte differentiation, while ELK1 knockdown
progenitors (Fig. 6. E, Supplementary Fig. 6. B). Furthermore, mass enhanced monocyte differentiation (Fig. 7. C). This indicated that L-

spectrometry analysis of ELK1 RNA pull-down proteins demonstrated ELK1 was required for early neutrophil progenitor commitment and was
that most of the pulled-down proteins were related to RNA splicing and gradually downregulated with commitment.
RNA binding (Fig. 6 F-G). Further, the ALA-upregulated splicing factors To further identify the key signals altered by L-ELK1 or S-ELK1 in

SF3B1 and SRSF1 accounted for a high proportion of the identified ELK neutrophil differentiation, we performed RNA-seq analysis of L-ELK1-
RNA-binding proteins (Fig. 6. H). Thus, we determined the functions of =~ and S-ELK1-transduced CD34" CD371" CD115~ CD123" CD38" pro-
SRSF1 and SF3B1 in neutrophil differentiation. SF3B1 knockdown genitors (CD371" CD115~ GMPs). DEG (Fig. 7. D) (p.adj, < 0.05; log2
significantly increased the production of neutrophils and decreased fold change, > 1) analysis revealed that over 75% of DEGs were upre-
monocyte percentages (Fig. 6. I, Supplementary Fig. 6. C). gulated or downregulated in both L-ELK1- and S-ELK1-transduced

We postulated that ELK1 isoform expression could be controlled by CD371" CD115~ GMPs (Supplementary Fig. 7. C). Because L-ELK1 and
SF3B1. We analyzed the RNA-protein interaction of ELK1 RNA and S-ELK1 have differential roles in regulating neutrophil or monocyte
SF3B1 + ALA. These findings demonstrated that SF3B1 bound the differentiation, we further analyzed DEGs in L-ELK1, S-ELK1 or Ctr] cells
splicing site of ELK1 mRNA, and that treatment with ALA increased the (Fig. 7. E). Surprisingly, GO enrichment analysis revealed that genes
binding of SF3B1 to ELK1 mRNA (Fig. 6. J). In addition, SF3B1 knock- specifically upregulated by L-ELK1 were significantly enriched for
down partially impaired the effects of ALA on neutrophil and monocyte neutrophil activation, neutrophil-mediated immunity, and neutrophil
differentiation (Supplementary figure 6 C-D). Immunofluorescence also degranulation (Fig. 7. F). This trend was not observed for S-ELK1 DEGs.
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Fig. 6. SF3B1 regulates ELK1 mRNA splicing.

(A) Flow cytometry analysis of neutrophils and monocytes derived from L-ELK1-overexpressing CD115 CD34" progenitors. Flow cytometry analysis was performed
on day 9.

(B). Identification of different ELK1 isoforms in MoPs and NbPs by PCR. Ten nanograms of dsDNA generated from MoPs or neutrophil-biased progenitors (NbPs) was
used for PCR.

(C) Immunofluorescence for ELK1 N-terminus and ELK1 C terminus antibodies were performed to assess L-ELK1 and S-ELK1 expression levels in MoPs and neutrophil
biased progenitor (NbP2, NbP3) cells. For the absence of C-terminus domain of S-ELK1, the C-terminus antibody indicates L-ELK1 only and the ELK1 N-terminus
antibody indicates both L-ELK1 and S-ELK1.

(D) GSEA was performed to analyze the effect of ALA on RNA splicing-related signal changes in NbP1.

(E) Heatmaps present ALA-upregulated and ALA-downregulated RNA splicing-related genes.

(F) Flow diagram for mass spectrometry (MS) analysis of ELK1 RNA pull-down proteins.

(G) GO enrichment analysis of ELK1 RNA pull-down proteins. Proteins with coverage >10% (391 proteins) were subjected to GO enrichment analysis.

(H) Scatter plots showing the relationship of peptide-spectral matches (PSM) and protein coverage. Proteins with coverage >30% and PSM >20 are denoted by red
gene names.

(I) Statistical analysis of the proportions of neutrophils and monocytes derived from SRSF1 shRNA- and SF3B1 shRNA-transduced CD371% CD115" GMPs. Flow
cytometry analysis was performed on day 14 of differentiation.

(J) RNA pull-down and immunoblotting were performed to measure the interaction of ELK1 RNA and SF3B1 under ALA treatment.

(K) Immunofluorescence staining for ELK1 N-terminus and ELK1 C- terminus antibodies were performed to assess L-ELK1 and S-ELK1 expression levels in SF3B1-
shRNA transduced NbP1 cells and Ctrl NbP1 cells. For the absence of C-terminus domain of S-ELK1, the C- terminus antibody indicates L-ELK1 only and the
ELK1 N-terminus antibody indicates L-ELK1 and S-ELK1 Data in (A, I) are represented as the means + SD. An unpaired Student’s t-test (two-tailed) was performed to
determine statistical significance. NS = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, N = 3-7. (C, J) Scale bar = 20 pm. (For interpretation
2f the references to color in this figure legend, the reader is referred to the Web version of this article.)

GO function classification revealed that S-ELK1 upregulated catalytic Post-transcriptional modification is widely reported to influence cell
activity-related genes and downregulated transporter activity-related metabolism and cell fate [62], such as the mitochondrial metabolism
genes (Fig. 7. G). GSEA also demonstrated that S-ELK1 significantly drives erythropoiesis [63] and post-transcriptional networks regulating
changed genes related to catalytic processing, ligase activity, and ER-to- the transition of myeloblasts to monocytes [9]. In addition, alternative
Golgi transport (Fig. 7. H). Further DEG analysis revealed that L-ELK1 splicing has been reported to play important roles in regulating eryth-
increased genes related to enzyme synthesis (CTSS, CTSB, CSTB, HEXB, ropoiesis [10], granulopoiesis [11], and monocyte-to-macrophage dif-
FUCA1 PRCP, etc.) and endoplasmic reticulum to Golgi transport ferentiation [64]. In our study, single-cell transcriptome analysis

(COPA, COG6, GOLGB1, BET1, LMAN1, USO1, VAPA, BET1, etc.), while revealed that the transcriptomes of ENbPs and GMPs are more similar
S-ELK1 upregulated additional genes related to endoplasmic reticulum than that of MoPs. Most DEGs in ENbPs relative to those in GMPs were
to Golgi transport (SEC24A, SEC23IP and KIF3A), catalytic reactions, RNA binding and RNA splicing-related genes, suggesting that neutrophil
and enzyme maturation-related genes (LTN1, TRIM37, TRIM71, and maturation could be controlled by post-transcriptional, post--

LOXL1) (Fig. 7. D). translational, or metabolic regulation. Using the ALA-induced neutro-
In summary, the expression of the surface marker CD15 can be used phil deficiency model, we found that ALA significantly changed RNA
to define the degree of neutrophil progenitor fate determination (Fig. 7. splicing signals. Based on this analysis, we demonstrated that the critical
J. (). Further, the splicing factor SF3B1 directly regulates mRNA pro- signal in neutrophil commitment is SF3B1-regulated splicing of ELK1
cessing of ELK1 to produce L-ELK1 and S-ELK1, and S-ELK1 was upre- isoforms to balance neutrophil and monocyte differentiation, with the
gulated to replace L-ELK1, pushing uncommitted neutrophil-biased short isoform regulating neutrophil differentiation and the long isoform
progenitors into neutrophil progenitors in the differentiation of CD371" regulating monocyte differentiation.
CD115" GMPs into neutrophil progenitors (Fig. 7. J. (II)-(III)). Taken Prior reports have demonstrated that different isoforms of ELK1 have
together, the results indicate that ELK1 is an effective regulatory gene opposite roles in neuronal differentiation [65]. The present study
for neutrophil fate determination, and its function is regulated by mul- identified differential roles for L-ELK1 and S-ELK1 in the neutrophil
tiple factors, including the splicing factor SF3B1. commitment. Both L-ELK1 and S-ELK1 played important roles in the
commitment of neutrophil progenitors. Normally, ELK1 is required for
4. Discussion GMPs to differentiate into neutrophil biased progenitors. Over-

expression of L-ELK1 or S-ELK1 increases the production of CD15%
Neutrophils are well-known to be derived from GMPs. Although CD66b™ late neutrophil-biased progenitors derived from CD371" CD15~

mouse neutrophil progenitors have been found in GMPs [4] and the NDbP1 cells. However, overexpression of L-ELK1 impeded differentiation
absence of CEBPE causes neutrophil deficiency in vivo [40], neither of CD115~ CD15" neutrophil-biased progenitors into CD15" CD66b™
CEBPE mutation [55] nor knockdown results in the disappearance of neutrophil progenitors, while knocking down L-ELK1 enhanced differ-
human neutrophils. Additionally, intravenous immunoglobulin regu- entiation of CD115~ CD15" neutrophil-biased progenitors into CD15"
lates the survival of human but not mouse neutrophils [60]. All these CD66b™ neutrophil progenitors.

studies show that there exists a difference in the differentiation and Numerous prior studies have demonstrated that SF3B1 has critical
function of human and mouse neutrophils. Recently, neutrophil functions in hematopoiesis, such as myeloid differentiation [66] and
uni-potential progenitors have been identified in fetal bone marrow as erythropoiesis [67], and SF3B1 mutations are commonly detected in

Lin~ CD15°"/* CD66b™ SSC'°Y CD49d™" [4] or as Lin~ CD66b™ in adult MDS (myelodysplastic syndromes) [68]. However, the function of
bone marrow [5]. Excluding CcD371M8hcpe4hish [32]and CD64high SF3B1 in neutrophil lineage commitment has not been reported. In the
CD115" cells [6] from the GMPs would improve the percentage of present study, we identified that SF3B1 directly binds ELK1 RNA to
progenitors holding neutrophil potential. Here we established an regulate the generation of L-EKL1 and S-ELK1, balancing neutrophil and
inducible neutrophil differentiation by ALA and dissected the process of monocyte differentiation. SF3B1 knockdown down-regulates L-ELK1
neutrophil lineage differentiation from cord blood CD3717CD115~ and up-regulates S-ELK1 to enhance neutrophil differentiation. Thus,
GMPs (contains both the Lin™ CD64%™ CD115~ CD34+ CD45RA* NCPs ELK1 is a critical SF3B1 target for regulation of myeloid differentiation
[6] and GMDP [61]). Although MPO, ELANE, PRTN3 and ELANE are in GMPs.

upregulated in the reported NCPs [6] and NbPs (Supplementary Fig. 8), As previous reports show that upregulation of ELK1 promotes the
these genes are not the neutrophil lineage early cell fate decision genes. progression of cervical cancer [69], pancreatic cancer [70], thyroid
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Fig. 7. L-ELK1 and S-ELK1 play different roles in neutrophil commitment.

(A) Representative flow cytometry plots of CD15" CD66b™ neutrophils and CD15" CD66b ™ neutrophil progenitors derived from Ctrl (GFP empty vector), L-ELK1
overexpression (L-ELK1-OE), S-ELK1 overexpression (S-ELK1-OE), and ELK1-shRNA-A viruses transduced NbP1 progenitors. Flow cytometry was performed on day 9
of culture.

(B) Giemsa staining of the morphology of CD14~ CD15™ cells derived from L-ELK1- and S-ELK1-overexpressing NbP1 progenitors on day 9. Arrows indicate immature
neutrophil progenitors. Scale bar = 10 um (C) Regular analysis of CD15~ CD66b~, CD15" CD66b", and CD15~ CD14" expression percentages derived from Ctrl (GFP
empty vector), L-ELK1 overexpression, S-ELK1 overexpression, and ELK1-shRNA-A knockdown viruses transduced NbP1 progenitors.

(D) Volcano plots were used to analyze differential expression of genes in Ctrl, L-ELK1- and S-ELK1-overexpressing NbP1 progenitors.

(E) Heatmaps presenting upregulated and downregulated gene sets in Ctrl-, L-ELK1-, and S-ELK1-overexpressing NbP1 progenitors.

(F) GO enrichment analysis of the L-ELK1-specific upregulated genes.

(G) Gene ontology category analysis of specific upregulated and downregulated gene sets in Ctrl-, L-ELK1- and S-ELK1-overexpressing NbP1 progenitors. Gene
ontology category analysis was performed using http://www.pantherdb.org/.

(H) GSEA was used to analyze signal changes in S-ELK1-overexpressing NbP1 progenitors.

(I) Heatmaps present the L-ELK1- and S-ELK1-upregulated genes related to enzyme synthesis, endoplasmic reticulum to Golgi transport, and enzyme catalytic re-
action signals.

(J) Diagram of the marker-changing model in CD371* CD115~ GMPs differentiating into neutrophil progenitors (1), regulation of the SF3B1-ELK1 signaling axis (II),
zind the working model of the roles of L-ELK1 and S-ELK1 in the different differentiation stages of neutrophils (III).

cancer [71], colorectal cancer [72] and breast cancer [73], and sup- grant from the National Natural Science Foundation of China (grant
pression of ELK1 help to inhibit thyroid cancer [71], pancreatic cancer number 82000119, 82170121), and the Disciplinary Construction
[74], breast cancer [75] and cervical cancer [76]. ALA has been applied Innovation Team Foundation of Chengdu Medical College (grant num-

to cancer therapy in multiple cancers [77], but it’s unclear how ALA ber CMC-XK-2102).
suppress cancer progression. Our founding might help to explain the

mechanism of cancer therapy using ALA. And ALA could use to inhibit Availability of data and materials

the progression of the cancers promoted by upregulations of ELK1. In

addition, ALA could completely inhibit the neutrophil differentiation All data generated or analyzed during this study are included in this
derived from hematogenic stem cells, ALA would be applied to inhibit published article.

the inflammation in many cases, such as serious inflammation caused by

COVID-19.

In summary, the present study provides new insights into the regu- Declaration of competing interest

latory mechanisms of human neutrophil lineage commitment at post-
transcriptional modification by ALA, which can potentially be trans-
lated to targeted drug development for MDS, neutrophil regeneration
and cancer therapy.

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
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