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MECOM promotes leukemia progression and inhibits mast cell

differentiation through functional competition with GATA2
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MECOM is a transcription factor critical for the maintenance of hematopoietic stem cells (HSCs) and the pathogenesis of myeloid
leukemia. Germline mutations clustered in the C-terminal zinc finger domain (ZFD) of MECOM are known to cause MECOM-
associated syndromes, involving bone marrow failure and skeletal anomalies. However, the molecular consequences of these
mutations and the precise downstream mechanisms of MECOM remain elusive. Here, we demonstrate that the C-terminal ZFD
serves as the dominant DNA-binding module of MECOM, and that disease-associated mutations abrogate its DNA-binding capacity.
Mechanistically, we reveal that MECOM functionally antagonizes GATA2 via C-terminal ZFD-mediated DNA binding and recruitment
of the corepressor CtBP. This repression promotes myeloid leukemogenesis while suppressing mast cell differentiation.
Furthermore, we generated a knockin mouse model harboring a C-terminal ZFD mutation, which successfully recapitulated the
clinical phenotypes of MECOM-associated syndromes, including reduction of HSCs and B cells. Collectively, our findings define
C-terminal ZFD mutations as loss-of-function mutations with impaired DNA binding, uncover the MECOM-GATA2 axis as a key

regulatory pathway, and provide a valuable mouse model for understanding MECOM-associated syndromes.

Leukemia; https://doi.org/10.1038/541375-026-02977-4

INTRODUCTION

MECOM (MDS1 and EVI1 Complex Locus) is a PR domain family
transcription factor essential for the maintenance of hematopoietic
stem cells (HSCs) [1, 2]. While loss of MECOM impairs HSC generation
and maintenance [3-5], its aberrant overexpression—driven by
chromosomal translocations like inv(3)(q21g26.2)—triggers myelo-
dysplastic syndrome (MDS) and acute myeloid leukemia (AML) [6].
High MECOM expression is also associated with therapeutic resistance
and poor prognosis in AML [7, 8], underscoring its pivotal role in both
normal and malignant hematopoiesis.

Structurally, MECOM contains N- and C-terminal zinc finger
domains (ZFDs) with distinct DNA-binding specificities [9-11].
MECOM activates the transcription of several HSC-related genes,
including GATA2, PBX1, and ERG [12-15]. It also functions as a
transcriptional repressor for targets such as PTEN by recruiting
transcriptional corepressors (C-terminal binding proteins: CtBPs)
and epigenetic regulators (SUV39H1, G9a, and EZH2) [16-20]. In
particular, CtBPs (CtBP1 and CtBP2) are implicated in MECOM-
induced transcriptional repression and leukemogenesis. Despite
these advances, the precise mechanisms of MECOM-mediated

transcription and transformation remain incompletely understood.
For instance, it is unclear which ZFD is dominant for MECOM
chromatin binding. Another unresolved issue is the complex
relationship between MECOM and GATA2. GATA2 is a versatile
transcription factor regulating multiple aspects of hematopoiesis,
including HSC expansion and megakaryocyte/mast cell develop-
ment [21-25]. While previous studies indicated that MECOM
directly upregulates GATA2 to support HSC expansion during
embryogenesis [5, 12], others have shown that 3q26.2 transloca-
tions reposition the GATA2 enhancer to the MECOM locus, causing
MECOM overexpression with concurrent GATA2 downregulation
[26, 27]. This clinical observation is supported by mouse models
showing that Gata2 haploinsufficiency accelerates MECOM-driven
leukemogenesis [28, 29]. Thus, the role of GATA2 in MECOM-
mediated hematopoiesis and leukemogenesis remains controver-
sial and appears to be highly context-dependent.

Clinical relevance is further highlighted by the identification of
germline MECOM mutations in “MECOM-associated syndromes,”
which encompass Radial Ulnar Synostosis with Amegakaryocytic
Thrombocytopenia (RUSAT) [30-35]. These pathogenic mutations are
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strikingly clustered in the C-terminal ZFD, suggesting this domain is
fundamental to MECOM function. Although a recent mouse model
harboring a C-terminal ZFD mutation recapitulated phenotypes like
thrombocytopenia and HSC reduction [36], the specific molecular
consequences of these mutations—particularly regarding DNA
binding and target gene regulation—remain unknown.

Here, we dissected the molecular functions of the C-terminal
ZFD and its interplay with CtBP. We demonstrate that the
C-terminal ZFD is the dominant DNA-binding module of MECOM
and that disease-associated mutations abolish this activity. We
further reveal that MECOM functionally antagonizes GATA2 via
C-terminal ZFD-mediated DNA binding and CtBP interaction.
Finally, using a novel knock-in mouse model (R751W), we confirm
that C-terminal ZFD mutations represent loss-of-function alleles
that compromise HSC and B-cell development.

MATERIALS AND METHODS

Plasmids

Wild-type human MECOM (MECOM-WT) cDNA was obtained from DNA-
FORM (Clone ID: 100067260, GenBank: BX647613.1) and cloned into pMYs-
IRES-GFP (pMYs-IG) vector with a FLAG tag in the N-terminus between
EcoRl and Notl sites. MECOM-DL/AS, MECOM-AS/AS, MECOM-R750W and
MECOM-C766G mutants were produced by two-step PCR using the FLAG-
MECOM-WT as a template. MECOM-WT with 3xHA tag was produced by
PCR using the FLAG-MECOM-WT as a template. MECOM-WT and MECOM-
R750W with AM tag were produced by PCR using FLAG-MECOM-WT and
FLAG-MECOM-R750W as a template, respectively. Human CtBP1 cDNA was
obtained from RIKEN BRC DNA Bank (Clone name: IRALO17H06, DDBJ:
BC011655), and HA-tagged CtBP1 was cloned into pMYs-IRES-NGFR (pMYs-
IN) vector between the EcoR | and Not | sites. FLAG-tagged human GATA2
was cloned into the pMYs-IN vector between the EcoR | and Not | sites. The
pGL3-GATA-Luc containing 3x GATA promoter was obtained from
Addgene (#85695). The pGL4-phCEBPA was provided by the RIKEN BRC
through the National BioResource Project of the MEXT, Japan (cat.
RDB07812). The +42kb CEBPA enhancer region [37] was amplified by
PCR from genomic DNA of MOLM13 cells. The PCR product was then
cloned into pGL4-phCEBPA downstream of the luciferase gene at the Mfel
and Sall sites using NEBuilder HiFi DNA Assembly Master Mix (New England
BioLabs). Primers used are provided in Supplementary Table 1.

Mice

C57BL/6 (Ly5.2) mice (Japan SLC, Inc) were used for colony replating and
bone marrow transplantation assays. Rosa26-LSL-Cas9 knock-in mice were
purchased from Jackson Laboratory (#024857) [38]. To generate
Mecom®">™WWT knockin mice, Cas9 protein (IDT, Coralville, IA, USA), gRNA
(5" gggttctcaagtgccgtgtt 3’, IDT) and single-stranded oligodeoxynucleotide
(5’ tgctgtggtggaacaacgagctatgctgactttctcttgtggatattttttcttcaaaggtactgtgge
aagatatttccaaggtctgcgaaTTtaacaTggcacttgagaacccacacaggagagcaaccttaca
ggttagacagtcgtttttctaaatatctcgataaatactataatagtcaatgctcattaggtca 3’, first
two capital Ts or latter underlined single T represent silent mutations to
delete PAM or R75TW mutation in the Kl allele, respectively, IDT) were
electroporated into ES cells derived from B6-129F1 mice using Neon
Electroporation System (Thermo Fisher, MI, USA). The completion of the
desired KI was confirmed by genomic PCR followed by Sanger sequencing.
Targeted ES cells were injected into blastocysts from ICR mice, and the
injected blastocysts were transferred to the uterus of pseudopregnant ICR
mothers to have chimeric offspring. The obtained chimeric mice were then
crossed with C57BL/6 J mice, and offspring carrying the R751W allele were
identified by genomic PCR followed by Sanger sequencing. Primers used
for genomic PCR were as follows: Mecom_F: 5' aacaaattcaacaagatcgcg-
taaggcagc 3, Mecom_R: 5’ gaagaaaagacattcctagtttggaccctagcag 3'.

Cell culture

HEK293T and Plat-E cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Fujifilm Wako Pure Chemical Co., Ltd., 044-29765), 10%
fetal bovine serum (FBS) (Biosera), and 1% penicillin-streptomycin.

Western blotting and immunoprecipitation
HEK293T cells were transfected with the pMYs-IRES-GFP vector, Flag-
tagged wild-type or mutant MECOM, and HA-tagged wild-type or mutant
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CtBP1 using polyethylenimine (PEl). Cells were harvested 48 h after
transfection and lysed in Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA, USA; #9803). For immunoprecipitation, cell lysates were
incubated with anti-FLAG antibody (SIGMA, F3165) for 30 min at 4°C.
Dynabeads-ProteinG (Invitrogen, USA; #10004D) was then added to the
samples and incubated again for 30 min at 4 °C. After immunoprecipita-
tion, samples were washed three times with Cell Lysis Buffer (Cell Signaling
Technology, Danvers, MA, USA; #9803) containing 1 mM phenylmethane-
sulfonyl fluoride. Samples were then subjected to SDS-PAGE and
transferred to a polyvinylidene fluoride membrane (Bio-Rad). The blot
was incubated with anti-FLAG antibody (SIGMA, F3165) or anti-HA High-
affinity antibody (Roche, 12CA5). Signals were detected with ECL Western
Blotting Substrate (Promega, Madison, WI, USA) and visualized with
Amersham Imager 600 (GE Healthcare) or LAS-4000 Luminescent Image
Analyzer (FUJIFILM).

Immunostaining

293 T cells were transfected with the pMYs-IRES-GFP vector, FLAG-tagged
wild-type or mutant MECOM. Forty-eight hours after transfection, the cells
were fixed with 4% paraformaldehyde for 15 min at room temperature.
The cells were then permeabilized with 0.2% Triton X-100 for 5 min and
blocked with BSA for 1 h. Cells were fluorescently labeled with an anti-
FLAG antibody (Sigma, F3165 or F7425) as the primary antibody and an
anti-mouse antibody conjugated to Alexa Fluor 568 (Thermo Fisher,
A11030) as the secondary antibody. Cell nuclei were stained with DAPI
(BioLegend, catalog 422801). Fluorescence images were analyzed on an
EVOS imaging system (Invitrogen).

Luciferase assay

293 T cells were seeded in 12-well culture plates at a density of 1 x 10° cells
per well 18 h before transfection. For the luciferase assay with the CEBPA
promoter/enhancer, the cells were transfected with pGL4-phCEBPA+42 kb
enhancer together with pMYs-IG vector, pMYs-IG-MECOM-WT, pMYs-IG-
MECOM-DL/AS, pMYs-IG-MECOM-R750W, or pMYs-IG-MECOM-C766G using
polyethylenimine (PEI). For the luciferase assay with the GATA consensus
sites, the cells were transfected with pGL3 containing three repeats of the
GATA consensus site (Addgene #85695) and pGL4.74 vector together with
pPMYS-IN vector or pMYs-NGFR-GATA2 and pMYs-IG vector, pMYs-IG-
MECOM-WT, pMYs-IG-MECOM-DL/AS, pMYs-IG-MECOM-R750W, or pMYs-
IG-MECOM-C766G using PEI. Cells were harvested 48 h after transfection
and were assayed for luciferase activity using the luciferase assay system
(Promega) and a luminometer (BMG LABTECH, FLUOstar OPTIMA).
Transfection efficiency was normalized using fluorometric quantitation
of GFP.

Viral transduction

Retroviruses for mouse cells were generated by transfecting Plat-E
packaging cells with the retroviral constructs using the calcium phosphate
method [39]. Retroviruses for human cells were generated by transfecting
HEK293T cells with RD114 (envelope) and M57 (gag-pol), along with the
retrovirus constructs using the calcium phosphate method. Lentiviruses
were generated by transfecting HEK293T cells with VSVG (envelope)
(Addgene, #12259) and psPAX2 (gag-pol) (Addgene, #12260) along with
the lentiviral constructs using the calcium phosphate method [40]. The
medium was changed after 24 h, and the retroviral or lentiviral fluid was
collected 48 h after transfection. The retroviruses were attached to a dish
coated with RetroNectin (TaKaRa, #T100B) to infect the cells.

Flow cytometry

Cells were stained with fluorochrome-conjugated antibodies for 30 min at
4°C, washed with PBS and resuspended in PBS containing 2% FBS. Cells
were then analyzed by FACS Verse (BD Bioscience). The antibodies used
are provided in Supplementary Table 2.

Colony replating, transplantation, and mast cell
differentiation assays

Mouse bone marrow cells were collected from C57BL/6 (Ly5.2) female
mice, 8 to 12 weeks old. Bone marrow progenitors (c-Kit* cells) were
selected using the CD117 MicroBead Kit (Miltenyi Biotec) and transduced
with the pMYs-IRES-GFP vector, wild-type MECOM or MECOM mutants. For
the colony replating assay, cells were grown in MethoCult™ M3234
(STEMCELL Technologies) with 10 ng/mL mouse stem cell factor (SCF) (R&D
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Systems, 455-MC), 10ng/mL mouse granulocyte macrophage colony-
stimulating factor (R&D Systems, GM-CSF) (415-ML), 10 ng/mL mouse
interleukin-3  (IL-3) (R&D Systems, 403-ML) and 10ng/mL mouse
interleukin-6 (IL-6) (R&D Systems, 406-ML). For each round of plating,
1x10* cells were plated. Colonies were counted and replated every
4 days. A colony was defined as a cluster of at least 50 cells.

For the transplantation assay, bone marrow c-Kit* cells transduced with
MECOM-WT, MECOM-DL/AS or MECOM-R750W were transplanted into
sublethally (525 cGy) irradiated 12-week-old female C57BL/6 mice. Each
mouse received 5x10° cells.

For the mast cell differentiation assay, bone marrow c-Kit" cells were
transduced with pMYs-IG vector, MECOM-WT, MECOM-DL/AS, MECOM-
R750W and MECOM-C766G. After transduction, the cells were cultured in
Iscove’'s Modified Dulbecco’s Medium (IMDM) (Fujifilm Wako Pure
Chemical Coorperation), 10% FBS (Biosera), 1% penicillin-streptomycin
supplemented with murine 1 ng/ml IL-3, 10 ng/ml IL-6 and 100 ng/ml SCF
(R&D Systems). The frequency of FceRla*c-Kit" mast cells in the culture
was evaluated by FACS every 3 days.

Morphological evaluation

1x10% cells were suspended in 100ul PBS, and cell samples were
prepared by cytospin (650 rpm, 5 min). After centrifugation, adherent cells
were dried on glass slides, fixed with methanol and stained with Maygimsa
stain. Hemacolor® Rapid staining of blood smears (Millipore, #111956,
#111957) was used for staining. Samples were observed using an Olympus
BX51TF microscope.

Isolation and culture of human cord blood CD34" cells
Mononuclear cells (MNCs) were isolated using Lymphoprep (Alere
Technologies AS, Oslo, Norway). The CD34" cell fraction was then isolated
from the MNCs using the MidiMACS system (CD34+ Microbead Kit; Miltenyi
Biotec; Bergisch Gladbach, Germany) according to the manufacturer’s
protocols. CB CD34* cells were incubated in StemSpanTM SFEMII
(STEMCELL Technologies) supplemented with 10ng/ml mouse Flt-3,
10 ng/ml human thrombopoietin (TPO), 10 ng/ml human stem cell factor
(SCF), 10 ng/ml human interleukin-3 (IL-3) and 10 ng/ml human interleukin-
6 (IL-6) (R&D Systems).

Gata2 depletion using CRISPR/Cas9 in mouse bone

marrow cells

To generate non-targeting (NT) or Gata2-targeting (sgGata2-A, B) short
guide RNA (sgRNA) constructs, annealed oligos were inserted into the
pLentiguide-puro vector, which was obtained from Addgene (#52963).
Mouse bone marrow c-Kit* cells from Rosa26-LSL-Cas9 knockin mice were
transduced with the sgRNAs using the lentivirus and were selected for
stable expression of the sgRNAs using puromycin (1 pg/ml) in MethoCult™
M3234 (STEMCELL Technologies) supplemented with 10 ng/mL mouse
SCF, 10 ng/mL mouse GM-CSF, 10 ng/mL mouse IL-3 and 10 ng/mL mouse
IL-6 (R&D Systems). The efficiency of Gata2 gene editing was assessed by
the ICE CRISPR Analysis Tool (https:/ice.synthego.com/). Sequences for the
nontargeting (NT) control and sgRNAs targeting Gata2 are provided as
follows: NT: 5" cgcttccgcggeccgttcaa 3', sgGata2-A: 5 ggcgttccggegeca-
taagg 3', sgGata2-B: 5’ caaccaccaccttatggcgc 3'.

RNA-Seq
For RNA-Seq with human CD34"* umbilical cord blood cells transduced
with pMYS-IRE-GFP vector, wild-type MECOM, or mutant MECOM (MECOM-
R750 or MECOM-DL/AS), GFP* cells were sorted by FACS Aria Il (BD
Biosciences, San Jose, CA, USA) 48 h after transduction, and were cultured
for 4 days as described above. Total RNA was then extracted and purified
from the GFP* cells using the FastGene™ RNA Purification Kit (FastGene,
FG-8005). Sequencing was then performed using Novaseq 6000. The fastq
file was uploaded to Galaxy (https://usegalaxy.org) for analysis and
mapped to the human genome (hg38) using HISAT2 [41]. Reads were
then counted using Feature Count, and gene expression variations were
analyzed using EdgeR [42]. The data generated by Feature Count were
normalized by the TPM method, and then enrichment analysis (https://
maayanlab.cloud/Enrichr/) was performed. The genes whose TPM value
was less than 1 in all samples were removed as low-expression genes from
the enrichment analysis and gene expression variation analysis.

For RNA-Seq with murine HSCs, bone marrow cells were collected from
8-week-old female littermate mice, and the SLAM-LSK (CD150*, CD48’,
lineage, Scal™, cKit") population was sorted directly into TRIZOL-LS using
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FACS Aria Il (BD Biosciences, San Jose, CA, USA). RNA extraction and RNA-
seq were performed by Tsukuba i-Laboratory LLP using NextSeq500
(Illumina). The fastq file was imported into R (https://www.r-project.org) for
analysis and mapped to the mouse reference genome (mm10). Reads were
then counted using Feature Count, and the resulting data were normalized
by the TPM method. Differentially expressed genes were identified using
DESeq2 in R. Genes with an adjusted p-value <0.05 were considered
significantly differentially expressed.

Quantitative RT-PCR

Mouse bone marrow cells were transduced with pMYs-IG, MECOM-WT or
MECOM-R750W. After transduction, the cells were cultured in MethoCult™
M3234 (STEMCELL Technologies) with 10 ng/mL mouse SCF (455-MC),
10 ng/mL mouse GM-CSF (415-ML), 10 ng/mL mouse IL-3 (403-ML) and
10 ng/mL mouse L-6 (406-ML) (R&D Systems). Total RNA was extracted
using the RNeasy Mini kit (QIAGEN) 8 days after transduction and reverse
transcribed using the High-Capacity ¢DNA Reverse Transcription Kit
(Applied Biosystems). Complementary DNA (cDNA) was then subjected
to quantitative RT-PCR using a SYBR Select Master Mix (Applied
Biosystems). Sequences of the primers used are provided in Supplemen-
tary Table 1.

ChIP-Seq and ChIP-qPCR
293 T cells were transfected with pMYS-IG vector, MECOM-WT or MECOM-
R750W with AM tag. Chromatin was then harvested, immunoprecipitated,
and DNA purified using the SimpleChIP® Enzymatic Chromatin IP Kit
(Magnetic Beads) (Cell Signaling, #9003). Anti-AM tag (active motif, catalog
#91112) was used as the antibody for immunoprecipitation. Sequencing
was performed on a next-generation sequencer from Chemical Dojin Co.
The fastq file was uploaded to Galaxy (https://usegalaxy.org) for analysis
and mapped to the human genome (hg38) using Bowtie2 (Galaxy Version
2.4.2+galaxy0) [43]. MACS2 (Galaxy Version 2.1.1.20160309.6) was used for
peak calling [44]. ChIPseeker (Galaxy Version 1.18.0+galaxy1) was used for
peak annotation [45]. BamCoverage (Galaxy Version 3.3.2.0.0), compute-
Matrix (Galaxy Version 3.5.1.0.0) and plotHeatmap (Galaxy Version 3.5.1.0.1)
were used for sequence depth visualization [46]. The IGV tool (Version
2.8.12) was used to visualize sequence reads [47]. Homer (Version 4.10) was
used to identify de novo motifs [48]. The size of the region used for motif
discovery is 100 bp.

For ChIP-gPCR, purified DNA was subjected to quantitative RT-PCR after
ChlP using a SYBR Select Master Mix (Applied Biosystems). The sequences
of the primers used are provided in Supplemental Table 1.

Statistics

Statistical significance was determined by the indicated tests for
independent variables using GraphPad Prism 9 (GraphPad Software Inc.,
La Jolla, CA). Statistical analyses to evaluate differences between two
groups were performed using the unpaired t-test, One-way ANOVA with
Dunnett’s multiple comparisons test, Brown-Forsythe and Welch ANOVA
with Dunnett's T3 multiple comparisons test, two-way ANOVA with
Dunnett’s multiple comparisons test, as described in the figure legends.
The homogeneity of variance was confirmed among the groups analyzed
by one-way and two-way ANOVA, followed by Dunnett's multiple
comparisons test. Survival curves were compared using the log-rank test.
For the t-test, the variance between the groups was assessed using the
F-test. The sample size was determined based on prior experience and
established practices in similar studies. For animal studies, the sample size
was chosen to minimize the number of animals used while ensuring
reproducibility of the findings. Samples or animals were excluded from the
analysis only under specific conditions: (1) cell samples were excluded if
contamination was detected during culture, and (2) animals were excluded
if accidental death occurred due to unforeseen circumstances unrelated to
the experimental procedures. No randomization and blinding were
performed in this study due to the nature of the experimental design,
which required direct observation and intervention by the investigator.

Ethics approval and consent to participate

All methods were performed in accordance with the relevant guidelines
and regulations. Human umbilical cord blood (CB) was obtained from the
Kanto-Koshinetsu Umbilical Cord Blood Bank of the Japanese Red Cross
Society. Proper informed consent was obtained, and all experiments were
performed according to an institutional review board-approved protocol
(approval number: 27-34-1225, 2023-3-0508), in accordance with the
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Biochemical characterization of wild-type and mutant MECOM. Schematic of wild-type (WT) and mutant MECOM. DL/AS and AS/AS

lose the interaction with CtBP by carrying 1 or 2 mutations in the CtBP binding sites. R750W and C766G have mutations in the C-terminal zinc
finger domain (C-ZFD), which have been reported in MECOM-associated syndromes. N-ZFD: N-terminal ZFD, RD: Repression Domain, AD:
Activation Domain (A). 293 T cells were transfected with vector or FLAG-tagged WT or mutant MECOM. MECOM levels were assessed by
Western blotting with anti-FLAG or anti-MECOM antibodies (B). Cellular localization of WT or mutant MECOM was assessed by
immunofluorescence with anti-FLAG antibody. Scale bars, 10 pm; x1000 magnification (C). 293 T cells were transfected with FLAG-tagged WT
or mutant MECOM together with HA-tagged CtBP1 (D) or HA-tagged MECOM (E). Cell lysates were immunoprecipitated with anti-FLAG
antibody, followed by immunoblotting with anti-HA antibody. F 293 T cells were transfected with HA-tagged WT or mutant MECOM together
with FLAG-tagged GATA2. Cell lysates were immunoprecipitated with anti-FLAG antibody, followed by immunoblotting with anti-HA antibody.

Declaration of Helsinki and The Belmont Report. All animal experiments
were approved by the Animal Care Committee of the Institute of Medical
Science at the University of Tokyo (PA21-67), and were conducted
following the Regulation on Animal Experimentation at the University of
Tokyo based on International Guiding Principles for Biomedical Research
Involving Animals.

RESULTS

Biochemical characterization of MECOM mutants

We first generated a series of MECOM mutants to assess the
impact of mutations in the C-terminal ZFD and CtBP-binding sites.
These included the patient-derived C-terminal ZFD mutants
R750W and C766G [30-35], as well as mutants disrupting one
(DL/AS) or both (AS/AS) CtBP-binding motifs (Fig. 1A). All mutants
showed comparable expression levels and nuclear localization to
wild-type MECOM (Fig. 1B, Q).

We next evaluated their protein-protein interaction properties.
Consistent  with prior studies [17, 20, 49], wild-type MECOM
homodimerized and interacted with CtBP1. While CtBP-binding site
mutants (DL/AS and AS/AS) lost CtBP1 binding as expected, the
C-terminal ZFD mutant R750W—but not C766G—exhibited signifi-
cantly reduced binding to both CtBP1 and wild-type MECOM (Fig. 1D,
E). Additionally, we identified GATA2 as an interaction partner of
MECOM, and this interaction was similarly impaired by the R750W
mutation (Fig. 1F). These results indicate that among the C-terminal
ZFD mutations tested, the R750W mutation uniquely impairs the
protein-protein interaction capability of MECOM.

SPRINGER NATURE

C-terminal ZFD and CtBP-binding site mutations abrogate
MECOM oncogenic potential

We next assessed the biological consequences of these mutations
using functional assays. In a serial colony replating assay using
mouse c-Kit* bone marrow progenitors, retroviral transduction of
wild-type MECOM efficiently immortalized cells, sustaining colony
formation through multiple rounds. In contrast, mutations in
either the C-terminal ZFD or the CtBP-binding sites completely
abrogated this replating capacity, despite comparable expression
levels (Fig. 2A-Q).

Consistent with the in vitro data, transplantation of mouse
c-Kit" bone marrow progenitor cells expressing wild-type MECOM
into irradiated mice led to the expansion of GFP™ cells, significant
thrombocytopenia (Fig. 2D), and lethal AML development within
one year (Fig. 2E and Supplementary Fig. 1A-C). However, most
mice receiving MECOM-R750W or MECOM-DL/AS transduced cells
remained disease-free, confirming the loss of leukemogenic
activity in vivo (Fig. 2E).

Finally, we examined the impact on the self-renewal capacity of
human HSCs using cord blood (CB) CD34" cells. While wild-type
MECOM blocked myeloid differentiation and maintained a CD34%/
CD14" immature population, this differentiation block was
abolished in cells expressing MECOM-DL/AS, MECOM-R750W, or
MECOM-C766G (Fig. 2F, G and Supplementary Fig. 2A, B).
Collectively, these findings establish that the integrity of both
the C-terminal ZFD and CtBP recruitment is essential for MECOM-
mediated HSC self-renewal and leukemogenesis.
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Fig. 2 Functional analysis of wild-type and mutant MECOM. Mouse bone marrow c-Kit* cells were transduced with vector or FLAG-tagged
wild-type (WT) or mutant (DL/AS, AS/AS, R750W, C766G) MECOM. Expression of each construct was confirmed by Western blotting with anti-
FLAG and anti-HSP90 antibodies (A). Cells were serially replated every four days. Colonies were counted before replating (B, data are shown as
mean with SD, n = 3). Representative images of each colony at the fourth round are also shown (C, Scale bars, 20 pm; x1000 magnification).
Mouse bone marrow cKit" cells were transduced with WT or mutant (DL/AS or R750W) MECOM coexpressing GFP and transplanted into
recipient mice. Peripheral blood data 1 month after transplantation (D, data are shown as mean with SD, *P < 0.05, ****P < 0.0001, Brown-
Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test for GFP, one-way ANOVA with Dunnett’s multiple comparisons test
for platelet counts, n = 6) and survival curves (E, n = 8 each, log-rank test) are shown. Human cord blood (CB) CD34" cells were transduced
with vector, WT, DL/AS, AS/AS, R750W and C766G (coexpressing GFP). Expression of each construct was confirmed by Western blotting with
anti-MECOM and anti-HSP90 antibodies (F). Cells were cultured in myeloid skewing medium and analyzed by FACS to measure the frequency
of CD347/CD14" cells (G, data are shown as mean with SD, n = 3).

C-terminal ZFD mutations compromise DNA binding and
transcriptional repression

C-terminal ZFD (5-GAAGATGAG-3’), with no significant enrich-
ment of the N-terminal ZFD motif (5-GA(C/T)AAGA(T/C)AAGATAA-

Given that the R750W and C766G mutations are located within the
C-terminal ZFD, a domain known for DNA binding, we hypothe-
sized that these mutations impair MECOM’s DNA-binding
capability. To investigate this genome-wide, we performed ChIP-
seq analysis using AM-tagged MECOM constructs in HEK293T cells
(Supplementary Fig. 3A).

Wild-type MECOM showed robust binding to promoter regions
of key target genes such as GATA2 and PBX1 (Fig. 3A-C and
Supplementary Fig. 3B). Notably, the most significantly enriched
motif closely resembled the known consensus sequence of the
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3") (Fig. 3D), indicating that the C-terminal ZFD is the dominant
DNA-binding module. In contrast, MECOM-R750W exhibited
significantly weaker binding to these targets despite occupying
similar genomic loci (Fig. 3B, C and Supplementary Fig. 3B). ChIP-
gPCR analysis further confirmed the reduced occupancy of both
MECOM-R750W and MECOM-C766G at the GATA2 promoter
(Fig. 3E and Supplementary Fig. 3C).

Functionally, this loss of DNA binding translated to impaired
transcriptional repression. In luciferase reporter assays using the CEBPA
promoter, both MECOM-R750W and MECOM-C766G showed
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significantly reduced repressive activity. Additionally, the MECOM-DL/
AS mutant failed to repress transcription, confirming that CtBP
recruitment is indispensable for this function (Fig. 3F). Collectively,
these results demonstrate that disease-associated mutations abolish
MECOM function by disrupting C-terminal ZFD-mediated DNA binding.
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MECOM represses the mast cell transcriptional program via
the C-terminal ZFD and CtBP recruitment

To elucidate the downstream pathways regulated by MECOM, we
performed RNA-seq on human CB CD34" cells expressing wild-
type or mutant MECOM. Principal component analysis (PCA) and
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Fig.3 Reduced DNA binding ability of mutant MECOM with C-terminal ZFD mutations. 293 T cells were transfected with vector, AM-tagged
wild-type (WT) MECOM or MECOM-R750W, immunoprecipitated with anti-AMtag antibody, followed by sequencing analysis. Genomic
distribution of anti-AMtag ChlIP-seq peaks (A), density maps of ChIP-seq peaks (B), and sequence reads at the proximal and distal GATA2
promoter (C) are shown. D De novo motif analysis of wild-type MECOM ChlIP-seq peaks (a 70 bp DNA sequence extracted from each significant
peak) using the Homer application (ver4.10). E Binding of MECOM-WT and MECOM-R750W to the proximal GATA2 promoter was assessed by
ChIP-gPCR using three independent primers (see also Supplementary Fig. 3C). Data are shown as mean with SD, *P < 0.05, **P < 0.01,
***¥p < 0.0001, two-way ANOVA with Dunnett’s multiple comparisons test, n =2). F 293 T cells were transfected with vector, FLAG-tagged
wild-type (WT) or mutant (DL/AS, R750W, C766G) MECOM (co-expressing GFP) together with the CEBPA reporter. Transfection efficiency was
normalized using fluorometric quantitation of GFP. Luciferase assays were performed in triplicate, and data are shown as mean with SD,
*¥**¥p < 0.0001, one-way ANOVA with Dunnett’s multiple comparisons test, n=3.

hierarchical clustering revealed distinct transcriptomic landscapes
for each construct (Fig. 4A and Supplementary Fig. 4A). By
comparing the expression profiles, we defined sets of genes
specifically repressed or activated by wild-type MECOM but not by
the R750W or DL/AS mutants (Fig. 4B and Supplementary Fig. 4B,
C; Supplementary Table 3). Notably, enrichment analysis high-
lighted a significant suppression of mast cell-associated genes in
wild-type MECOM-expressing cells (Fig. 4C). This repression was
confirmed by gPCR for key mast cell markers such as HDC, CPA3,
TPSB2, and MITF, whose expression was restored in mutant
MECOM-expressing cells (Fig. 4D).

Integration of ChIP-seq and RNA-seq data identified direct
MECOM targets (Supplementary Fig. 5). Among these, we focused
on MITF, a master regulator of mast cell development (Fig. 4D and
Supplementary Fig. 5A). We demonstrated that wild-type MECOM
binds directly to the MITF promoter, whereas binding was
significantly reduced for the C-terminal ZFD (R750W, C766G)
mutants (Fig. 4E, F and Supplementary Fig. 5B). These findings
establish MITF as a direct repression target of MECOM. In
summary, wild-type MECOM actively suppresses the mast cell
lineage program, and this repressive function is abrogated by
mutations in the C-terminal ZFD or CtBP-binding sites.

MECOM antagonizes GATA2 to suppress mast cell
differentiation

To determine the impact of MECOM on mast cell lineage
commitment, we transduced mouse bone marrow c-Kit" cells
with wild-type or mutant MECOM and induced mast cell
differentiation in vitro. By day 12, vector-transduced cells
efficiently differentiated into FceRla*c-Kit" mast cells. In contrast,
wild-type MECOM profoundly blocked this differentiation, redu-
cing the mast cell population to less than 10%. This differentiation
block was relieved by mutations in either the C-terminal ZFD
(R750W, C766G) or the CtBP-binding sites (DL/AS) (Fig. 5A, B).

We next tested whether MECOM could counteract GATA2-
driven mast cell maturation. Co-transduction of GATA2 with wild-
type MECOM resulted in a significant suppression of GATA2-
induced differentiation. However, this antagonistic effect was
markedly attenuated in cells expressing the MECOM mutants
(R750W, H766G, and DL/AS), further supporting their loss-of-
function status (Fig. 5C, D).

Mechanistically, we explored whether MECOM directly
represses GATA2 transcriptional activity. In luciferase reporter
assays with a GATA-responsive element, wild-type MECOM
potently inhibited GATA2-dependent activation. This repression
was significantly compromised in all tested mutants (Fig. 5E).
Collectively, these data demonstrate that MECOM functions as a
physiological antagonist of GATA2, suppressing mast cell differ-
entiation via a mechanism dependent on both DNA binding and
CtBP-mediated repression.

Gata2 depletion partially restores the colony replating ability
of mutant MECOM

To determine if the inability to repress GATA2 underlies the loss of
leukemogenic potential in MECOM mutants, we performed a
rescue experiment using CRISPR/Cas9-mediated Gata2 depletion.

Leukemia

Mouse bone marrow c-Kit" progenitors from Cas9 knock-in mice
were transduced with wild-type or mutant MECOM alongside
sgRNAs targeting the Gata2 C-terminal zinc finger domain, where
the mutations found in MonoMAC syndromes are concentrated
[50]. These cells were serially replated in semisolid media (Fig. 6A).
Control cells (vector) failed to sustain colony formation regardless
of Gata2 targeting, indicating that GATA2 loss alone does not
confer self-renewal. Similarly, Gata2 depletion provided no
additional advantage to wild-type MECOM-transformed cells. In
contrast, Gata2 knockdown partially rescued the colony-forming
capacity of cells expressing the transformation-defective mutants
MECOM-R750W and MECOM-DL/AS (Fig. 6B). Morphologically,
these Gata2-depleted, mutant MECOM-expressing colonies con-
sisted of immature and granulocytic cells (Fig. 6C and Supple-
mentary Fig. 6A). Flow cytometric analysis revealed an expansion
of the c-Kit°"/CD11b~ population, which is enriched for leukemia
stem cell activity, and a concurrent reduction in the c-Kith'9" mast
cell-like population in these colonies compared to Gata2-intact
controls (Fig. 6D and Supplementary Fig. 6B).

Sequencing of the Gata2 locus in the resulting colonies

confirmed the presence of indels in MECOM-R750W cells.
Interestingly, we observed a lack of edited alleles in wild-type
MECOM colonies, suggesting that further suppression of GATA2 in
the context of wild-type MECOM might be detrimental (Supple-
mentary Fig. 7). Collectively, these data indicate that the colony
replating ability of MECOM relies, at least in part, on its ability to
functionally antagonize GATA2.
Hematopoietic dysregulation in Mecom""*”>"W mice
To define the physiological consequences of the R750W mutation,
we generated a knock-in mouse model carrying the equivalent
Mecom R751W mutation. While homozygosity resulted in
embryonic lethality by E14.5 (Fig. 7A), heterozygous Mecom™"
R75TW mice were viable and displayed normal peripheral blood
counts over 1.5 years (Supplementary Fig. 8).

Detailed immunophenotyping revealed a significant reduction
in the HSC pool. Specifically, the frequency of lineage ™ Sca-1"c-Kit*
(LSK) cells in E14.5 fetal liver (Fig. 7B) and SLAM-LSK long-term
(LT)-HSCs in adult bone marrow (Fig. 7C) were decreased in
MecomWTR75"W mice compared to littermate controls. Addition-
ally, we noted a modest reduction in bone marrow B220" B cells,
with no significant changes in myeloid or erythroid lineages
(Fig. 7D).

Transcriptomic analysis of sorted HSCs provided mechanistic
insight into these defects. Mecom""*>™W HSCs showed down-
regulation of self-renewal genes (Cyp26b1, Chd7) [51, 52] and
upregulation of cell cycle/stress genes (Socs2, Cxcrd) [53, 541
Furthermore, the gene signature indicated a lineage skewing
characterized by premature lymphoid priming (FIt3, Tespal
upregulation) [55, 56] and loss of megakaryocytic/erythroid
potential (P2rx1, Sox6 downregulation) [57, 58] (Fig. 7E and
Supplementary Table 4). Collectively, these findings indicate that
the R751W mutation disrupts HSC quiescence and lineage fidelity.

Thus, Mecom™V"*”>™W mice successfully recapitulate key features
of MECOM-associated syndromes, including HSC depletion and
B-cell deficiency. The mild nature of the phenotype, however,
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Fig. 4 Mast cell genes are repressed by wild-type, but not mutant, MECOM. Human cord blood (CB) CD34" cells were transduced with
vector, wild-type (WT) or mutant (DL/AS, R750W) MECOM coexpressing GFP. After 4 days of culture in stem cell medium, RNA was extracted
from GFP™ cells and subjected to RNA-seq. A Principal Component Analysis (PCA) of RNA-seq data. B Venn diagram showing the genes
downregulated in MECOM-WT-transduced CB cells compared to vector-transduced CB cells (blue circle) and genes upregulated in MECOM-
R750W- (upper panel) or MECOM-DL/AS- (lower panel) transduced CB cells compared to MECOM-WT-transduced CB cells (red circle). Genes
with FDR < 0.05 were considered as up- or down-regulated genes. C The 120 (for R750W) and 255 (for DL/AS) overlapping genes were used for
enrichment analysis using Elsevier Pathway Collection. The mast cell-related gene sets are highlighted by the red boxes. D Transcripts Per
Million (TPM) of mast cell-related genes (HDC, CPA3, TPSB2 and MITF) in vector, WT, or mutant MECOM-transduced CB cells. Data are shown as
mean with SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA with Dunnett’s multiple comparisons test. n=3.
E 293 T cells were transfected with vector, AM-tagged wild-type (WT) MECOM or MECOM-R750W, immunoprecipitated with anti-AM-tag
antibody, followed by sequencing analysis. Sequence reads at the MITF promoter are shown. F 293 T cells were transduced with vector, AM-
tagged MECOM-WT, R750W or C766G, immunoprecipitated with anti-AM-tag antibody, followed by qPCR using three primers designed for
different regions in the MITF promoter (see also Supplementary Fig. 5B). Data are shown as mean with SD, ****P < 0.0001, two-way ANOVA
with Dunnett’s multiple comparisons test, n = 2).
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Fig.5 MECOM inhibits GATA2 activity and mast cell differentiation. Mouse bone marrow c-Kit™ cells were transduced with vector, wild-type
(WT) or mutant (DL/AS, R750W, C766G) MECOM (coexpressing GFP) and cultured in the mast cell-inducing culture. The frequency of the mast
cell fraction (c-Kit™/FceR1a™) in GFP™ cells was measured chronologically by FACS. Data are shown as mean with SD, n = 2 for each group (A).
Representative FACS plots at day 12 are also shown. Numbers indicate the frequency (%) of c-Kit"/FceR1a™ fraction in GFP™ cells (B). Mouse
bone marrow cKit" cells were transduced with vector, WT or mutant (DL/AS, R750W, C766G) MECOM (coexpressing GFP) together with vector
or GATA2 (coexpressing NGFR) and cultured in the mast cell-inducing culture. The frequency of the mast cell fraction (c-Kit*/Fcerla®) in
GFPTNGFR™ cells was measured chronologically by FACS. Data are shown as mean with SD, n = 2 for each group (C). Representative FACS
plots at day 12 are also shown. Numbers indicate the frequency (%) of c-Kit"/Fcerla™ fraction in GFP*NGFR™ cells (D). E 293 T cells were
transfected with vector, WT or mutant (DL/AS, R750W, C766G) MECOM (co-expressing GFP) together with GATA2 and the reporter plasmid
containing 3x GATA sequences. Transfection efficiency was normalized using fluorometric quantitation of GFP. All luciferase assays were
performed in triplicate, and data are shown as mean with ****P < 0.0001, ***P < 0.001, one-way ANOVA with Dunnett’s multiple comparisons

test, n = 3. ns: not significant.

implies that additional genetic or environmental modifiers may
contribute to the full clinical spectrum of the disease.

DISCUSSION

MECOM is a critical transcription factor governing hematopoiesis,
yet the functional impact of C-terminal ZFD mutations found in
MECOM-associated syndromes [31-35] has remained elusive.
Here, we demonstrate that mutations in this domain, exemplified
by R750W and C766G, severely compromise DNA binding and
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transcriptional activity. The global loss of genomic occupancy by
MECOM-R750W identifies the C-terminal ZFD as the dominant
DNA-binding module. Although the R750W mutation also affects
protein-protein interactions, the fact that the C766G mutant
retains these interactions but lacks transcriptional and transform-
ing activities establishes DNA binding loss as the central driver of
pathogenicity in these syndromes.

A key finding of our study is the antagonistic relationship between
MECOM and GATA2. We show that MECOM represses GATA2-
mediated transcription and blocks GATA2-driven mast cell

SPRINGER NATURE
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Fig. 6 GATA2 depletion partially restores the colony replating ability of mutant MECOM. A Experimental scheme used in (B). Mouse bone
marrow c-Kit* cells derived from Cas9 knock-in mice were transduced with vector, wild-type (WT), R750W or DL/AS together with non-
targeting (NT) or two independent Gata2-targeting sgRNAs [sgGata2-A and sgGata2-B coexpressing puromycin-resistant gene (PuroR)]. The
sgRNA-transduced cells were selected with 1 mg/ml puromycin and were serially replated every four days. B Total colony numbers at the third
plating. Data are shown as mean with SD, n = 2. Wright-Giemsa staining (C) and flow cytometric analysis (D) of colonies expressing MECOM
mutants with/without Gata2 depletion. The colonies expressing wild-type MECOM were also analyzed as controls. Numbers in (D) indicate the
frequency of c-Kit"9"CD11b™ and c-Kit'"CD11b™ populations in the colonies.

differentiation. Importantly, the leukemogenic defect of MECOM
mutants could be partially rescued by Gata2 depletion, reinforcing the
concept that MECOM promotes leukemogenesis by restraining
GATA2 function. This aligns with observations that Gata2 haploinsuf-
ficiency accelerates MECOM-induced leukemia [28, 29]. While MECOM
has been reported to upregulate Gata2 in early hematopoiesis [5, 12],
our data suggest a distinct, inhibitory mode of action in myeloid
progenitors. This context-dependent duality of the MECOM-GATA2
axis represents a crucial area for future research.

Our in vivo analysis of Mecom™"**™ knock-in mice confirms
that C-terminal ZFD mutations are loss-of-function alleles.
Recapitulating features of Mecom null mice [3-5 59],
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homozygosity was lethal, while heterozygosity led to HSC and
B-cell reduction, mirroring clinical observations. The phenotypic
overlap with the recently described Mecom"”>*® model [36]
validates the pathogenicity of C-terminal ZFD mutations. However,
subtle differences between models—such as the presence of
thrombocytopenia in Mecom"”**® mice—suggest allele-specific
effects that may underlie clinical heterogeneity. Furthermore, the
mild nature of the murine phenotypes implies that additional
genetic or environmental hits are likely necessary for the full
manifestation of MECOM-associated syndromes.

In conclusion, we define C-terminal ZFD mutations as loss-of-
function alleles defective in DNA binding. We propose a
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mechanism whereby MECOM relies on this domain and CtBP
recruitment to antagonize GATA2, thereby blocking differentiation
and promoting leukemogenesis. Our findings and the newly
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generated mouse model provide a solid foundation for under-
standing and targeting the molecular pathology of MECOM-
associated disorders.
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Fig. 7 Analysis of Mecom""®”>"W knockin mice. A Genotypes of litters obtained by intercrossing Mecom™*”>"W mijce at embryonic (E) day

14. B Frequency of Lineage Scal™c-Kit™ (LSK) cells in fetal livers of wild-type (WT) and Mecom™"™*”>"W mice at E14.5. Representative FACS plots
(left, numbers indicate the frequency of LSK cells) and their quantification (right). Data are presented as mean with SD, ***P < 0.001, unpaired
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