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Emerging evidence implicates the epithelial-mesenchymal transition transcription factor Zeb1 as a critical
regulator of hematopoietic stem cell (HSC) differentiation. Whether Zeb1 regulates long-term maintenance
of HSC function remains an open question. Using an inducible Mx-1-Cre mouse model that deletes condi-
tional Zeb1 alleles in the adult hematopoietic system, we found that mice engineered to be deficient in Zeb1
for 32 weeks displayed expanded immunophenotypically defined adult HSCs and multipotent progenitors
associated with increased abundance of lineage-biased/balanced HSC subsets and augmented cell survival
characteristics. During hematopoietic differentiation, persistent Zeb1 loss increased B cells in the bone
marrow and spleen and decreased monocyte generation in the peripheral blood. In competitive trans-
plantation experiments, we found that HSCs from adult mice with long-term Zeb1 deletion displayed a
cell autonomous defect in multilineage differentiation capacity. Long-term Zeb1 loss perturbed extra-
medullary hematopoiesis characterized by increased splenic weight and a paradoxical reduction in
splenic cellularity that was accompanied by HSC exhaustion, lineage-specific defects, and an accumu-
lation of aberrant, preleukemic like c-kit+CD16/32+ progenitors. Loss of Zeb1 for up to 42 weeks can
lead to progressive splenomegaly and an accumulation of Gr-1+Mac-1+ cells, further supporting the
notion that long-term expression of Zeb1 suppresses preleukemic activity. Thus, sustained Zeb1 dele-
tion disrupts HSC functionality in vivo and impairs regulation of extramedullary hematopoiesis with
potential implications for tumor suppressor functions of Zeb1 in myeloid neoplasms. © 2024 ISEH –

Society for Hematology and Stem Cells. Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
HIGHLIGHTS

� Zeb1 loss increases lineage-biased HSC subsets and increases
HSC survival potential.

� Zeb1 loss induces a cell-intrinsic HSC differentiation defect after
transplantation.

� Zeb1 loss disrupts extramedullary hematopoiesis with preleuke-
mic potential.

Epithelial to mesenchymal transition (EMT) is a mechanism that is uti-
lized in the fundamental physiologic processes of embryogenesis,
wound healing, and tissue development where epithelial cells reduce
their cell polarity and cell adhesion properties while acquiring mesen-
chymal-like cell characteristics and enhanced migratory potential
[1,2]. Deregulated EMT has been observed in multiple pathologic set-
ndence to Neil P. Rodrigues, European Cancer Stem Cell
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tings, including organ fibrosis that can cause organ failure [3], and
cancer, where increased EMT-mediated migratory capacity of cancer
cells promotes metastasis and, therefore, therapy resistance [4].
Understanding the transcriptional mechanisms regulating EMT in
embryogenesis, tissue maintenance, and disease contexts are there-
fore of considerable biological and clinical interest.

EMT is specifically regulated by transcription factors (TFs) in the
ZEB, SNAI and TWIST families [2,5]. Zinc finger E-box binding
homeobox TF Zeb1 functions as an archetypal EMT TF in postgastrula-
tion embryogenesis and tissue maintenance and development pro-
cesses, including myogenesis, neurogenesis, chondrocyte development,
and skeletal development [6−12]. In the context of cancer, deregulated
Zeb1 function drives EMT in solid tumors, enhancing metastasis and,
ultimately, conferring drug resistance [13−15].

EMT TFs are more recently emerging as critical regulators in none-
pithelial tissues, with prominent roles identified for ZEB, SNAI, and
TWIST family members in the hematopoietic system [16−22]. A
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case in point is Zeb1, which acts as a crucial modulator of hematopoi-
etic stem cell (HSC) fate decisions, including self-renewal. Beyond a
well-established role in T-cell differentiation [17,18], Zeb1 functions as
an essential regulator of multilineage differentiation in hematopoiesis
[18−20]. Whether Zeb1 regulates long-term maintenance of adult
HSCs, however, remains ill-defined. Studies performed to date to elu-
cidate the role of Zeb1 in HSCs have largely been carried out in
mouse models where Zeb1 was conditionally deleted in the hemato-
poietic system [18,20]. In our previous study, Zeb1 deletion was
induced in “floxed” Zeb1;Mx1-Cre+ mice by the administration of
the interferon mimic polyinosinic:polycytidylic acid (poly I:C), and
HSCs in adult Zeb1�/� mice were analyzed at 14 days after the last
injection of poly I:C [18]. However, poly I:C is known to temporarily
induce changes in HSC proliferation and frequency consistent with
the impact of interferon type I responses on HSCs that may con-
found analysis of adult HSC function in the setting of Zeb1 deletion
[23]. In principle, this issue can be circumvented by breeding Zeb1
“floxed” mice to constitutively active, hematopoietic-specific Vav-Cre
+ mice, a strategy effectively used by another laboratory together
with other Cre recombinase mouse strains to confirm that Zeb1 acts
as a critical mediator of HSC differentiation in synergy with the ZEB
family member, Zeb2 [20]. However, Vav-Cre conditionally ablates
gene function in utero when HSCs emerge at approximately embry-
onic day 11 [24,25], and the Zeb1 phenotype observed may merely
reflect the functional impact of Zeb1 loss during HSC development
in the embryo rather than adult HSC maintenance.

Here, we revisit the genetically engineered mouse model that con-
tains “floxed” alleles of Zeb1 (Zeb1fl/fl mice) and an inducible Mx1-Cre
(Mx1-Cre+/�) to explore whether Zeb1 is required for the long-term
maintenance of adult HSCs. Reasoning that the proinflammatory milieu
induced by poly I:C administration would subside with time, we waited
for 32 weeks after induction of Zeb1 deletion to analyze the hemato-
poietic potential of Zeb1�/� mice and identified that Zeb1 regulates
long-term cell-autonomous HSC function, including multilineage differ-
entiation, and extramedullary hematopoiesis in the spleen.

MATERIALS AND METHODS

Mice

We utilized Zeb1fl/fl mice that were bred with Mx1-Cre+/� mice to
generate an experimental cohort of Zeb1fl/fl;Mx1-Cre�/� (control)
and Zeb1fl/fl;Mx1-Cre+/� (Zeb1�/�) mice [26]. Zeb1 was deleted after
intraperitoneal administration of poly I:C (6 doses every alternate
day, 0.3 mg per dose, GE Healthcare). All experiments were per-
formed under the regulations of the UK Home Office.

Genotyping

To confirm Zeb1 deletion, genomic DNAwas isolated from peripheral
blood (PB), PB T cells, C-KIT+ bone marrow (BM) cells and total BM
cells using Isolate II Genomic DNA Kit (Bioline) according to the
manufacture instructions. Polymerase chain reaction (PCR) was per-
formed on a T100TM Thermal Cycler (Bio-Rad) to amplify the geno-
mic DNA. The PCR reaction mix included the following in a final
volume of 25 mL: 12.5 mL of the Mango Mix (Bioline), 0.10 mL of
each primer either Zeb1 or Cre (the stock concentration was prepared
at 100 uM), 8.30 mL of nuclease-free water and 4 mL of each DNA
sample (final DNA concentration ranges from 20 to 80 ng/mL). The
T100TM Thermal Cycler was set to the following conditions for Zeb1:
volume 25 mL; 95°C for 5 min; 95°C for 30 sec, 64°C for 45 sec,
and 72°C for 1 min 39x; 72°C for 5 min; and 10°C for 1. The fol-
lowing conditions were used for Cre: volume 25 mL; 95°C for 3 min;
94°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min 30x; 72°C for
5 min; and 10°C for 1. The amplified products of the PCR reaction
were run on a 2% agarose gel containing a 1:30,000 dilution of Safe-
View (BioLegend). Gel bands were detected using a Bio-Rad Gel
Doc XR and viewed and annotated using ImageLab Software. The
PCR primer sequences are as follows:

Zeb1fl forward 50�CGTGATGGAGCCAGAATCTGACCCC�30 ,

Zeb1fl reverse 50�GCCCTGTCTTTCTCAGCAGTGTGG-30 ,

Zeb1 excised reverse 50�GCCATCTCACCAGCCCTTACTGTGC-30 ,

Generic Cre forward 50�TGACCGTACACCAAAATTTG�30 , and

Generic Cre reverse 50�ATTGGCCCTGTTTCACTATC�30 .

Flow Cytometry Analysis

Bones (femurs, tibias, iliac bones) were crushed using a pestle and
mortar in phosphate-buffered saline (PBS) supplemented with 2%
fetal bovine serum (FBS), and the BM cell suspension was filtered
through a 70 mm cell strainer (Miltenyi Biotec). Spleen and thymi
were minced through a 70-mm cell strainer to obtain a homogeneous
cell suspension. PB was obtained from the tail vein in ethylenediami-
netetraacetic acid-treated tubes (Starstedt). Red blood cells were
lysed using an ammonium chloride solution (StemCellTechnologies).
For the immunophenotypic analysis, cells were stained as follows. For
hematopoietic stem and progenitor cells (HSPCs; LSK and SLAM), a
lineage cocktail was prepared from a pool of biotinylated antibodies
of differentiated cell markers in PBS with 2% FBS (MAC1 and GR1
for myeloid cells; TER119 for erythroid lineage; B220 for B cells; and
CD3e, CD4, CD8a for T cells). Here, SCA1-APCCy7, CKIT-APC,
CD150-PECy7, and CD48-FITC were used to study HSCs, multipo-
tent progenitors (MPPs), HPC1, and HPC2, respectively. For the
committed progenitors (LK), the same lineage cocktail as described
for LSK SLAM was used, and SCA1-APCCy7, CKIT-APC, CD34-
FITC, CD16/32-PECy7, CD135-PE, and CD127-BV650 were used
to study CMP, GMP, MEP, CLP, and innate lymphoid cells (ILC2)
defined as (Lin� SCA-1+ CKIT�). The lineage cocktail was detected
by adding streptavidin as a secondary antibody. Lineage-positive cells
from the BM and spleen were stained for GR1-PECy7 and MAC1-
APC (myeloid cells), CD4-PE and CD8-APCCy7 (T cells), and
B220-FITC (B cells). For the preleukemic-like population in spleen,
cells were stained for CD127-BV650, CKIT-APC, and CD16/32-
PECy7 and analyzed as CD127� CKIT+ CD16/32+. For the apopto-
sis assay, after staining the cells for cell surface markers, they were
stained with Annexin V-PE antibody (BioLegend) for 30 min in the
dark at room temperature, and diamidino-2-phenylindole (DAPI, 1
mg/mL) (Molecular Probes) was added before running the samples.
Cell cycle analysis in HSCs and HPC1 was performed using intracel-
lular staining of Ki67. After extracellular staining, the cells were fixed
in 1% paraformaldehyde (PFA) (ThermoFisher) for 20 min at 4°C,
permeabilized using PBS containing 0.1% saponin (Sigma) for
30 min at 4°C, and then stained with Ki67 antibody for 30 min at
4°C in dark. Cells were incubated with DAPI at a final concentration
of 5 mg/mL in the dark for 5 min before running the samples. All
antibodies were purchased from BioLegend except CD34, which
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was obtained from eBioscience. Samples were analyzed using BD
LSRFortessaTM (BD Biosciences). Data were analyzed using FlowJo
10.0.8 (Tree Star, Inc.).

For HSC sorting, BM cell suspension was obtained, and red blood
cells were lysed using ammonium chloride solution (StemCellTech-
nologies). Cells were enriched for CKIT by magnetic-activated cell
sorting (MACS) (MACS� , Miltenyi Biotec) using anti-CKIT magnetic
beads (Miltenyi Biotec). CKIT+ cells were stained as described earlier,
and HSCs were sorted using a BD FACSAriaTM Fusion (BD Bioscien-
ces).

Transplantation Experiments

For primary transplantation, 150 HSCs from Zeb1�/� and control
cells mixed with 2 £105 whole BM (CD45.1) (supporting cells) were
intravenously transplanted into lethally irradiated mice (CD45.1). To
monitor the engraftment, tail vein bleeding was performed at differ-
ent time points post-transplant.

For cell autonomous transplantation, Zeb1 was deleted specifically
in hematopoietic cells (but not in BM niche cells) after transplanting
5 £ 105 whole BM (CD45.2) from Zeb1fl/fl Mx1-Cre+ and Zeb1fl/fl

Mx1-Cre� along with 5 £ 105 whole BM (CD45.1) (supporting cells)
into lethally irradiated recipients (CD45.1). Six weeks later, six doses
of poly I:C (every alternate day, 0.3 mg per dose) were intraperitone-
ally injected to delete Zeb1. Mice were dissected at week 32 after the
last dose of poly I:C and analyzed. For the cell autonomous second-
ary transplantation, 200 CD45.2 donor HSCs were sorted from con-
trol and Zeb1�/� primary recipients, mixed with competitor cells, and
retransplanted into lethally irradiated recipients.

Statistical Analysis

Figures were prepared using Prism (GraphPad Software, Inc.). Statisti-
cal analyses were done using the Mann-Whitney U test to calculate
significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Outliers were detected using Prism.

RESULTS

Zeb1Maintains Long-term Multilineage Hematopoietic
Differentiation

In this report, we used a conditional inducible Zeb1 knockout (KO)
mouse model by crossing Zeb1fl/fl mice [26] with mice expressing
interferon-inducible Mx1-Cre recombinase [27]. This generated off-
spring that were either Zeb1fl/fl;Mx1-Cre�/� (control) or Zeb1fl/fl;Mx1-
Cre+/� mice. Zeb1fl/fl;Mx1-Cre+/� mice or control mice were injected
intraperitoneally with poly I:C, which activates the Mx1 promoter to
stimulate Cre recombinase expression that excises the “floxed” Zeb1
alleles in hematopoietic tissues of Zeb1fl/fl;Mx1-Cre+/� mice [27] and
generates Zeb1�/� mice. To study the requirement of Zeb1 in long-
term hematopoiesis, control or Zeb1�/� mice were left for 32 weeks
after poly I:C treatment, and PB was monitored every 4 weeks to
assess changes in hematopoiesis after Zeb1 loss during this time
(Figure 1A). A significant, sustained reduction in the proportion of
Mac1+ Gr1� cells that comprise monocytes was observed in PB from
Zeb1�/� mice over 32 weeks, whereas Mac1+ Gr1+ cells that contain
granulocytes remained unchanged during the same time (Figure 1B
and C) [28,29]. Over 32 weeks, no significant change was observed
in B cells in PB from Zeb1�/� mice (Figure 1D). We observed that
T-cell frequency was unchanged at week 4 after Zeb1 deletion, signifi-
cantly reduced by week 16, and subsequently restored at 32 weeks
(Figure 1E). Given the established critical role of Zeb1 in T-cell devel-
opment demonstrated by our laboratory and others [9,17,18], this
unanticipated result was likely attributable to incomplete Zeb1 dele-
tion observed in T cells (Figure 1F). This caveat aside, our data dem-
onstrate the requirement for Zeb1 in the long-term maintenance of
HSC-mediated differentiation to Mac-1+ Gr1� monocytes in PB.

The hematopoietic potential in BM of Zeb1�/� mice was evaluated
at 32 weeks following induction of Zeb1 deletion. We first assessed
the total cellularity of BM from Zeb1�/� mice, which was marginally
reduced (Figure 2A). Next, we immunophenotyped differentiated
hematopoietic cells from BM. The frequency of B cells significantly
increased in Zeb1�/� mice, yet myeloid, erythroid, and T cells were
unaltered (Figure 2B). When we quantified the absolute number of
these populations to account for the observed changes in cellularity
after Zeb1 deletion, we found a comparable number of B cells in the
BM, a reduction in T cell number, and no significant alterations in
myeloid cell compartments of Zeb1�/� mice (Figure 2C). Incomplete
deletion of Zeb1 was observed in total BM of poly I:C-treated
Zeb1fl/fl;Mx1-Cre+/� mice, suggesting that some differentiated
hematopoietic cells partially escaped Zeb1 inactivation in the BM
(Supplementary Figure E1A).

Persistent Zeb1 Loss Expands HSPC Numbers in Adult
Hematopoiesis

To examine the requirement of Zeb1 for long-term maintenance of
HSPCs, we immunophenotyped stem and progenitor cell numbers
in the BM at 32 weeks after Zeb1 deletion. Using the SLAM markers
CD150 and CD48, we analyzed four populations within the LSK
(Lin� Sca-1+ c-Kit+) population: LSK CD150+ CD48� (HSCs), LSK
CD150� CD48� (MPPs), LSK CD150� CD48+ (HPC1), and LSK
CD150+ CD48+ (HPC2) (Figure 2D). Zeb1�/� mice displayed
an expansion in frequency and absolute numbers of HSCs and
MPPs (Figure 2E and F). However, HPC1 frequency was reduced in
Zeb1�/� mice, whereas there was no change in the frequency of
HPC2 (Figure 2E). The absolute numbers of HPC1 and HPC2 were
significantly reduced in Zeb1�/� mice compared with control mice
(Figure 2F). Complete deletion of Zeb1 was observed in HSPCs con-
taining c-Kit+ cells from the BM of poly I:C-treated Zeb1fl/fl;Mx1-
Cre+/� mice (Supplementary Figure E1A). These data indicate that
Zeb1 is crucially required to maintain the abundance of HSPCs dur-
ing long-term, steady-state adult hematopoiesis.

Long-term Zeb1 Loss Confers an Expansion of Lineage-biased
HSC subsets and a Cell Survival Advantage for HSPCs Without
Changes in Cell Cycle Status

Next, we explored the potential cellular mechanisms underpinning
HSC and MPP expansion following long-term Zeb1 deletion. Genetic
and epigenetic heterogeneity contributes to the differential long-term
clonal expansion of HSCs with ramifications for myeloid or lymphoid
bias or balanced myeloid/lymphoid potential [30]. After long-term
Zeb1 deletion, in the HSC compartment we found evidence for
increased frequency and absolute number of CD150low (lymphoid-
biased HSCs), CD150med (lineage-balanced HSCs), and CD150high

(myeloid-biased HSCs) (Supplementary Figure E1B and C). Notably,
myeloid-biased HSCs from Zeb1�/� mice were the most profoundly
increased HSC population (Supplementary Figure E1B and C). These



Figure 1 Persistent loss of Zeb1 leads to a reduction in Mac1+ myeloid cells in PB. (A) A scheme of poly I:C treatment of Zeb1fl/fl Mx1-
Cre� (control) and Zeb1fl/fl Mx1-Cre+ (Zeb1�/�) mice and analysis at week 32 after the last dose of poly I:C. (B-E) The frequency of
differentiated cells in PB from control and Zeb1�/� mice at different time points after the last dose of poly I:C from 2 to 4 independent
experiments (n = 5 at week 4, n = 8 at weeks 8−16, n = 8−9 at week 32). (F) Representative gel electrophoresis analysis confirming
Zeb1 deletion in total PB and PB T cells. Error bars show mean § SEM. Mann-Whitney U test was used to calculate significance as
follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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data highlight deregulated lineage bias of HSCs in the context of per-
sistent Zeb1 deletion.

We then asked if the expansion of HSCs and MPPs in Zeb1�/�

mice was caused by enhanced cell survival. Immunophenotypic
expansion of HSCs and MPPs in Zeb1�/� mice was associated with a
reduction in apoptotic levels, whereas the reduction in HPC1 and
HPC2 numbers was not associated with deregulated apoptosis, as
judged by the Annexin V assay (Figure 2G). We also questioned
whether expansion of HSCs in Zeb1�/� mice was associated with
changes in HSC proliferation. Intracellular staining of Ki-67, a nuclear
proliferation antigen [31], and DAPI allows analysis of the quiescent
phase of the cell cycle, G0, where cells do not express Ki-67, to be
distinguished from actively cycling counterparts in G1, S, and G2-M
phases of the cell cycle [31−33]. No alterations in the G0, G1, and S-
G2-M cycling status of HSCs and MPPs from Zeb1�/� mice were
observed (Supplementary Figure E1D and E). Together, these data
imply that Zeb1 acts as a regulator of HSPC apoptosis independently
of cell cycle regulation.



Figure 2 Prolonged loss of Zeb1 results in an expansion of BM HSCs associated with enhanced cell survival. (A) Analysis of total
cells of BM from control (n = 8) and Zeb1�/� mice (n = 6) 32 weeks after the last dose of poly I:C from three independent experiments.
(B) Analysis of the frequency of differentiated cells in BM at week 32 after Zeb1 deletion from 3−5 independent experiments (n =
9−10, except Ter119+ with n = 8). (C) Analysis of the absolute cell count of the differentiated cells in BM at week 32 after Zeb1 dele-
tion from 3−4 independent experiments (n = 6-8, except Ter119+ with n= 5−6). (D) Representative FACS plots of the analysis of
HSPCs, including HSC, MPP, HPC1, and HPC2, according to the expression of SLAM markers CD150 and CD48 from control and
Zeb1�/� 32 weeks after the last dose of poly I:C. (E) Analysis of the frequency of HSPCs in the BM from control (n = 9) and Zeb1�/�
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Zeb1 is Required for Common Lymphoid Progenitors in Long-
term Hematopoiesis

We next asked if long-term loss of Zeb1 expression affected commit-
ted myeloid and lymphoid progenitors downstream of HSCs and
MPPs. Within the LK population using CD34 and CD16/32, we ana-
lyzed three populations: LK CD34+ CD16/32� (CMP), LK CD34+

CD16/32+ (GMP), and LK CD34� CD16/32� (MEP) (Figure 2H).
These populations give rise to myeloid, megakaryocytic, and ery-
throid lineages. By analyzing both the frequency and absolute num-
bers of these cells, we did not find significant differences between the
two genotypes, except for the GMP compartment, which was
reduced in absolute number (Figure 2I and J). In striking contrast,
common lymphoid progenitor (CLP) cells, which are defined as Lin�

c-Kitlow Sca-1low CD127+ (IL7ra) CD135+, were reduced in fre-
quency and absolute number in Zeb1�/� mice (Figure 2H, I and J).
These data indicate that Zeb1 is required for maintenance of CLPs
during long-term, steady-state adult hematopoiesis.

HSCs Lacking Long-term Zeb1 Expression Show a Multilineage
Hematopoietic Differentiation Defect After Transplantation

To test the functionality of HSCs from Zeb1�/� mice, we isolated 150
HSCs (CD45.2) using fluorescence-activated cell sorting (FACS)
from either control or Zeb1�/� mice at 32 weeks following deletion,
mixed them with 2 £ 105 BM competitor cells (CD45.1) and trans-
planted this cell mixture into lethally irradiated recipients (CD45.1)
(Figure 3A). Engraftment capacity was monitored in PB until week
16. Significant engraftment failure was observed in Zeb1-deficient
HSCs from week 8 and continued to decrease progressively until
week 16 (Figure 3B). To test the donor contribution to specific
hematopoietic lineages in PB, we analyzed PB for CD45.2 (donor)
and CD45.1 (competitor) in conjunction with Mac1+ myeloid,
Mac1+ Gr1+ myeloid, B220+ B cells, and CD4+/CD8+ T cells. The
most profound engraftment defect to PB was noted within lymphoid
lineages where no engrafted T cells were derived from recipients
transplanted with Zeb1�/� HSCs and a substantial reduction in
donor contribution to B cells and Mac1+ was observed in recipients
of Zeb1�/� HSCs (Figure 3C). Furthermore, we noted a reduction in
donor contribution to Mac1+ Gr1+ myeloid cells (Figure 3C). Thus,
long-term Zeb1 expression is required for the multilineage differentia-
tion function of HSCs.

At 16 weeks after primary HSC transplantation, we evaluated con-
trol or Zeb1�/� donor engraftment in the BM and spleen. Consistent
with PB data, we found reduced Zeb1�/� donor contribution to total
BM (Figure 3D). In the BM of recipients, we found no donor T cell
engraftment from Zeb1�/� HSCs, and donor contribution to B cells
and Mac1+ and Mac1+ Gr1+ myeloid cells were dramatically
(n = 7) mice from four independent experiments at week 32 after Zeb
BM from control (n = 7) and Zeb1�/� (n = 5) mice from three indepen
analysis using Annexin V in BM HSPCs from control (n = 5) and Zeb1
after Zeb1 deletion. (H) Representative FACS plots of the analysis
from control and Zeb1�/� 32 weeks after the last dose of poly I:C.
phoid progenitors in the BM from control (n = 9−10, CLP n = 3) and
ments at week 32 after Zeb1 deletion. Two samples of CLP were an
cell count of the committed myeloid and lymphoid progenitors in th
n = 3) mice from four independent experiments at week 32 after Ze
Zeb1 deletion. Error bars show mean § SEM. Unpaired t test was us
nificance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000
reduced from recipients receiving Zeb1�/� HSCs (Figure 3D). Fur-
thermore, a similar pattern of splenic engraftment defect was
observed in recipients of Zeb1�/� HSCs (Figure 3E).

We asked whether the multilineage differentiation defects observed
in Zeb1�/� HSCs originate from engraftment defects in HSCs or com-
mitted progenitors. Within LSK compartments, the donor contribution
to HSC, MPP, and HPC2 was equal between recipients of control or
Zeb1�/� HSCs (Figure 3F). However, there was a significant reduction
in the donor contribution to HPC1 in the Zeb1�/� genotype com-
pared with control (Figure 3F). We also analyzed committed progenitors
downstream of HSPCs and found a dramatic reduction in donor con-
tribution to GMP, CLP, and ILC2 populations and near significant
reductions in CMP and MEP populations in recipients of Zeb1�/�

HSCs (Figure 3G). Overall, these data demonstrate that although long-
term Zeb1 loss expands the immunophenotypically defined HSC com-
partment (Figure 2E and F), Zeb1�/� HSCs are functionally compro-
mised, as evidenced by the multilineage hematopoietic differentiation
defects observed after transplantation.
Long-term Zeb1 Expression is Required for Cell-autonomous
HSC Function

TheMx1-Cre conditional gene KO system can delete genes in nonhe-
matopoietic tissues that regulate hematopoietic function, such as BM
niche cells [27,34]. To obviate this issue, we used competitive trans-
plantation experiments to evaluate the cell-intrinsic requirement for
Zeb1 in the long-term maintenance of HSC function. We trans-
planted 5 £ 105 BM cells from Zeb1fl/fl;Mx1-Cre� and Zeb1fl/fl;Mx1-
Cre+ (CD45.2) admixed with an equal number of competitor cells
(CD45.1) into lethally irradiated recipients (CD45.1). Eight weeks
later, Zeb1 deletion was induced by administering recipients with
poly I:C (Figure 4A). Mice were monitored by PB bleeding for 32
weeks following Zeb1 deletion (Figure 4A). Before treating mice with
poly I:C, donor cells were comparable between both genotypes
(Figure 4B). However, we observed a gradual reduction in Zeb1�/�

donor cells in PB (Figure 4B) and Mac1+ and Mac1+ Gr1+ myeloid
cells from 4 weeks to 32 weeks after Zeb1 deletion along with more
marked changes in B cell, and T cell engraftment (Figure 4C−F).
These data demonstrate that long-term Zeb1 expression modulates
HSC multilineage differentiation in a cell autonomous manner.

At 32 weeks after the last dose of poly I:C, we evaluated whether
donor contributions to HSPCs and progenitor compartments in the
BM of transplant recipients were perturbed in the context of long-term
Zeb1 deletion. No significant change was noted in donor contributions
of HSCs and MPPs between the two genotypes; however, a moderate
reduction in HPC2 and a more substantial reduction in HPC1 was
observed in the Zeb1�/� genotype (Figure 4G). Within the committed
1 deletion. (F) Analysis of the absolute cell count of HSPCs in the
dent experiments at week 32 after Zeb1 deletion. (G) Apoptosis
�/� (n = 6) mice from three independent experiments at week 32
of the committed myeloid and lymphoid progenitors in the BM
(I) Analysis of the frequency of the committed myeloid and lym-
Zeb1�/� (n = 9, CLP n = 3) mice from five independent experi-

alyzed 42 weeks after Zeb1 deletion. (J) Analysis of the absolute
e BM from control (n = 8, CLP n = 3) and Zeb1�/� (n = 6, CLP
b1 deletion. Two samples of CLP were analyzed 42 weeks after
ed in (I) and (J). Mann-Whitney U test was used to calculate sig-
1.



Figure 3 Persistent Zeb1 loss results in a multilineage hematopoietic differentiation defect after HSC transplantation. (A) A scheme of
the competitive HSC transplantation. In total, 150 HSCs from control or Zeb1�/� mice (donor CD45.2) 32 weeks after Zeb1 deletion
mixed with 2 £ 105 BM competitor cells (CD45.1) were transplanted into lethally irradiated recipients (CD45.1), and the mice were
monitored by bleeding the tail vein at different time points until week 16. The percentage of total donor cells and donor contribution
to the differentiated cells in the PB (B and C), BM (D), and spleen (E) 16 weeks after HSC transplantation from control (n = 9-10) and
Zeb1�/� (n = 8−9) mice from two independent experiments. Donor contribution to BM HSPCs (F) and the committed myeloid and
lymphoid progenitors (G) from control (n = 9-10) and Zeb1�/� (n = 9) from two independent experiments. Error bars show mean §
SEM. Mann-Whitney U test was used to calculate significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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progenitor compartment, there was also a moderate reduction in GMP
and CLP and a significant reduction in ILC2 lymphoid progenitors
from the Zeb1�/� genotype (Figure 4H) [35]. No significant changes
were observed in CMP and MEP populations between the two geno-
types (Figure 4H). In concert, these data indicate that cell-autonomous
regulation of Zeb1 is required for functional differentiation of HSCs
toward multipotent and committed progenitors.
Extended Zeb1 Loss Results in a Cell-autonomous Multilineage
Hematopoietic Differentiation Defect After Transplantation

To specifically test the cell autonomous functionality of HSCs after long-
term deletion of Zeb1 in primary recipients (Figure 4A), we sorted 200
HSCs from control and Zeb1�/� genotypic groups at 32 weeks after
Zeb1 deletion and transplanted them with BM competitor cells into
lethally irradiated recipients (Figure 5A). Analysis of engraftment in PB
of transplant recipients revealed a rapid engraftment defect at week 4
(Figure 5B). A near complete loss of Zeb1�/� donor cells in PB was
observed at weeks 12 and 17 (Figure 5B). This was associated with a
loss of donor-derived T, B, and Mac1+ cells in PB and a substantial
reduction in Mac1+ Gr1+ myeloid donor cells from Zeb1�/� recipients
(Figure 5C). Consistent with PB data, a near complete loss of donor
cells in BM and spleen and a complete loss of donor cells in thymus
were observed in transplant recipients receiving Zeb1�/� HSCs
(Figure 5D). Thus, prolonged loss of Zeb1 severely perturbs the cell-
intrinsic differentiation capacity of HSCs after transplantation.
Long-term Loss of Zeb1 Expression Impairs Extramedullary
Hematopoiesis

Given that Zeb1 has been implicated as a crucial regulator of cell
migration in other tissues [36,37], we hypothesized that prolonged



Figure 4 Persistent Zeb1 loss results in a cell autonomous multilineage hematopoietic differentiation defect. (A) A scheme of cell
autonomous transplant to assess the effect of Zeb1 loss in hematopoietic cells but not in niche cells. Here, 5 £ 105 BM cells from
Zeb1fl/fl Mx1-Cre�/� or Zeb1fl/fl Mx1-Cre+/� (CD45.2) + 5£ 105 competitor BM cells (CD45.1) were transplanted into lethally irradiated
recipients (CD45.1). Then, 6 weeks later, mice were injected with poly I:C to delete Zeb1 and analyzed at different time points until
week 32 after the last dose of poly I:C. (B) The percentage of donor cells in PB before and after poly I:C injection from control (n = 6
before poly I:C injection, n = 9 at week 4, n = 8 at week 12, and n = 5 at weeks 16−32) and Zeb1�/� (n = 5 before poly I:C injection,
n = 7 at weeks 4 and 12, and n = 5 at weeks 16−32) mice from 2−3 independent experiments. Analysis of PB donor contribution to
(C) T cells (CD4+ CD8+), (D) B cells (B220+), (E)Mac1+ Gr1� myeloid cells, and (F)Mac1+ Gr1+ myeloid cells from control (n = 6 before
poly I:C injection, n = 5−9 at week 4, n = 8 at week 12, and n = 5 at weeks 16−32) and Zeb1�/� (n = 5 before poly I:C injection, n = 5
−7 at weeks 4−32) mice from 2−3 independent experiments. Donor contribution to BM HSPCs (G) and the committed myeloid and
lymphoid progenitors (CLP here is defined as Lin� SCA-1low C-KIT low CD127+) (H) from control (n = 5) and Zeb1�/� (n = 5) from
two independent experiments. Error bars show mean § SEM. Mann-Whitney U test was used to calculate significance as follows:
*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5 Zeb1 regulates HSC differentiation in a cell autonomous manner after transplantation. (A) Schema of HSC transplantation in
cell autonomous manner. In total, 200 HSCs from primary recipients 32 weeks after the last poly I:C dose from control or Zeb1�/�

mice mixed with 2.5 £ 105 BM competitor cells (CD45.1) were transplanted into lethally irradiated recipients (CD45.1), and the mice
were analyzed at different time points until week 17. (B) The percentage of donor cells in PB at different time points postsecondary
cell autonomous HSC transplantation from control (n = 4) and Zeb1�/� (n = 4−5) mice. (C) Donor contribution to PB Mac1+ Gr1�

myeloid cells, Mac1+ Gr1+ myeloid cells, B220+ B cells, and CD4+/CD8+ T cells at week 17 postsecondary cell autonomous HSC
transplantation from control (n = 4) and Zeb1�/� (n = 5) mice. (D) The percentage of donor cells in BM, spleen, and thymus at week 17
postsecondary cell autonomous HSC transplantation from control (n = 4) and Zeb1�/� (n = 5) mice. Error bars show mean § SEM.
Mann-Whitney U test was used to calculate significance as follows: *p < 0.05, **p < 0.01.
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loss of Zeb1 would impact extramedullary hematopoiesis in the
spleen, which may rely on migration of hematopoietic cells from the
BM [38]. In support of this hypothesis, we observed splenomegaly in
Zeb1�/� mice at 32 weeks after induction of gene deletion, which
caused an increase in splenic weight and an unexpected reduction in
spleen cellularity (Figure 6A−C). By immunophenotyping fully
mature hematopoietic cells in the spleen, we found a reduction in
the frequency of Mac1+ myeloid cells, Ter119+ erythroid cells, and
T cells in Zeb1�/� mice (Figure 6D and E). As observed in the BM
(Figure 2B), the frequency of splenic B cells significantly increased in
Zeb1�/� mice; however, no significant change was found in their
absolute numbers (Figure 6E and G). We also found a decrease in
absolute numbers of Mac1+, Mac1+ Gr1+, Ter119+ and T cells in the
spleen at 32 weeks after Zeb1 deletion (Figure 6F and G). In stark
contrast to the HSC expansion observed in the BM of Zeb1�/� mice
(Figure 2E and F), we found a dramatic reduction of splenic HSC
numbers in Zeb1�/� mice, with no significant changes in MPP and
HPC2 (Figure 6H and I). Contrasting with the reduction of HPC1



Figure 6 Persistent loss of Zeb1 results in impaired extramedullary hematopoiesis. (A) Spleen weight (n = 6−8) and a representative pic-
ture (B) and analysis of total spleen cells (C) (n = 6−8) from control and Zeb1�/� mice 32 weeks after the last dose of poly I:C from 3−4
independent experiments. (D and E) Analysis of the frequency of the differentiated cells in spleen at week 32 after Zeb1 from 3−4 inde-
pendent experiments (n= 9−10, except with Ter119+ n = 8). (F and G) Analysis of the absolute count of the differentiated cells in spleen
at week 32 after Zeb1 deletion from 3−4 independent experiments (n = 6−8, except Ter119+ with n=6-5). (H) Analysis of the Frequency
of HSPCs in spleen from control (n = 7) and Zeb1�/� (n = 5, except HPC1 and HPC2 with n = 7 for control and n = 3 for Zeb1�/�) mice
from three independent experiments at week 32 after Zeb1 deletion. (I) Analysis of the absolute count of HSPCs in spleen from control
(n = 7) and Zeb1�/� (n = 5, except HPC1 and HPC2 with n=7 for control and n = 3 for Zeb1�/�) mice from three independent experi-
ments at week 32 after Zeb1 deletion. (J) Analysis of the Frequency of committed progenitors in spleen from control (n = 7) and
Zeb1�/� (n = 5) mice from three independent experiments at week 32 after Zeb1 deletion. (K) Analysis of the absolute count of the
committed progenitors in spleen at week 32 after Zeb1 deletion from control (n = 7) and Zeb1�/� (n = 5) mice from three independent
experiments. (L) Analysis of C-kit+ CD16/32+ CD127� population in spleen from control (n = 7) and Zeb1�/� (n = 7) mice from three
independent experiments at week 32 after Zeb1 deletion. Error bars show mean § SEM. Mann-Whitney U test was used to calculate
significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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abundance observed in the BM of Zeb1�/� mice (Figures 2E and F),
HPC1 frequency was expanded in the spleens of Zeb1�/- mice
(Figure 6H). Within the myeloid LK compartment, the frequency and
total numbers of CMPs and GMPs, but not MEPs, were significantly
decreased in the spleen after prolonged Zeb1 loss (Figure 6J and K).
In the lymphoid progenitor compartment, a profound decrease in
CLPs was observed at 32 weeks after Zeb1 deletion (Figure 6J and
K). Notably, we observed an expansion of preleukemic c-kit+CD16/
32+ progenitors [39] in the spleens of Zeb1�/� mice and in cell-
autonomous transplantation experiments (Figure 6L and Supplemen-
tary Figure E2). Finally, we assessed the impact of Zeb1 in extramedul-
lary hematopoiesis during aging in a small experimental cohort (n = 2
for each genotype). At 42 weeks after Zeb1 deletion, one Zeb1�/�

mouse became moribund. Two control animals and the other Zeb1�/�

mouse in the cohort at 42 weeks after Zeb1 deletion were healthy and
exhibited similar hematologic behaviors, including extramedullary
hematopoiesis, compared with mice analyzed at 32 weeks after Zeb1
deletion (Figures 2 and 6). Postmortem analysis of the moribund
Zeb1�/� mouse revealed progressive splenomegaly, and the
spleen was noticeably less red in hue than control mice or the healthy
Zeb1�/� mouse at 42 weeks (Supplementary Figure E3A). Immuno-
phenotypic features unique to the moribund Zeb1�/� mouse included
an expansion of most splenic HSPC populations, a differentiation
block in splenic myeloid cells evidenced by an accumulation of
Mac1+Gr-1+ cells, an expansion of BM HPC1/HPC2 populations,
and significant depletion of B cells from PB (Supplemental Figure E3B,
C, D, and E). These preliminary data support the idea that long-term
expression of Zeb1 in HSCs is required to suppress preleukemic activity
[18]. Overall, we show that long-term Zeb1 loss impairs extramedullary
hematopoiesis in the spleen.
DISCUSSION

To meet the physiologic demands of blood supply in the body, a
rare pool of self-renewing HSCs must differentiate into specialized
myeloid and lymphoid cells with diverse functions providing
immune defense, clotting, and oxygen supply. Critically, HSCs must
provide this cover during a lifetime, and deregulation of the molec-
ular mechanisms sustaining their genetic, epigenetic, and functional
integrity can lead to the development of both benign and malignant
hematologic conditions. However, our understanding of the tran-
scriptional control of long-term adult HSC maintenance is still rudi-
mentary. In this report, we exploited the unique ability of the poly
I:C-inducible Mx1-Cre recombinase system to conditionally ablate
the EMT transcription factor Zeb1 exclusively within the adult
hematopoietic system to pose the outstanding question of whether
Zeb1 is required for the long-term maintenance of adult HSCs. It
should be noted that we cannot exclude the possibility that proin-
flammatory, interferon-like damage to HSC integrity induced by
poly I:C administration in this model is irreversible and may endure
after long-term Zeb1 deletion or that simultaneous poly I:C adminis-
tration and Zeb1 deletion may generate a heightened hematologic
phenotype [40,41]. These limitations aside, we found that adult
HSC functionality in transplantation was disrupted, and regulation
of extramedullary hematopoiesis in the spleen was impaired in
mice engineered to be deficient in Zeb1 for 32 weeks, demonstrat-
ing the requirement of Zeb1 in the long-term maintenance of HSCs
in adult hematopoiesis.
Importantly, our results sit in broad agreement with our previous
work and that of others that found a cell-intrinsic role for Zeb1 in
HSC self-renewal and differentiation using the Mx1-Cre and Vav-Cre
recombinase systems (Supplementary Table E1) [18,20]. For example,
mirroring our results here, in the acute deletion setting usingMx1-Cre,
where we measured the consequences of Zeb1 deletion shortly after
poly I:C administration, we observed that Mac-1+ myeloid cells,
HPC1, and CLPs were reduced in Zeb1�/� mice [18]. Barring the
unchanged PB T-cell numbers observed in the current study due to
incomplete Zeb1 deletion, atrophy of the thymus and severe disrup-
tion of T-cell development were observed in both the acute and
extended Zeb1 deletion settings (unpublished data)[18].

Although there are clear commonalities in Zeb1-mediated regula-
tion of adult HSCs in the acute and extended deletion settings using
the Mx1-Cre model, we also observed fundamental differences after
extended Zeb1 deletion, which may have implications for the role of
Zeb1 in the long-term maintenance of HSCs (Supplementary
Table E1). Immunophenotypically defined HSCs and their immediate
downstream progeny, multipotent progenitors, expanded signifi-
cantly after prolonged Zeb1 deletion, which was mechanistically
linked to the expansion of specific lineage-biased/balanced HSC
populations. This differs to acute deletion of Zeb1 in HSCs, where an
unperturbed HSC compartment and equivalent proportions of HSC
lineage-biased/balanced populations were observed [18,42]. HSC
expansion after long-term Zeb1 deletion also appears to be linked to
cell survival and not altered proliferative status. Although we did not
see gross changes in apoptosis in the acute Zeb1 deletion setting, we
observed that EpCAM+ expressing HSPCs in Zeb1�/� mice confer a
cell survival signal through the EpCAM-BCL-XL axis [18]. Given the
normally intimate association between apoptotic and cell cycle regu-
lation, which in concert stabilize genomic integrity against the back-
drop of genomic insults [43], it will be of interest to characterize the
cell cycle-independent apoptotic gene networks operating in the con-
text of long-term maintenance of Zeb1�/� HSCs.

Despite observing HSC expansion after 32 weeks of Zeb1 dele-
tion, when Zeb1�/� HSCs were transplanted they displayed a panli-
neage differentiation defect reminiscent of the HSC repopulation
defect observed in the setting of acute Zeb1 deletion [18]. Engraft-
ment of HSCs from the Zeb1�/� genotype was equivalent to their
control counterparts in competitive transplantation experiments, sug-
gesting that long-term Zeb1 expression in HSCs is not required for
homing. Notably, only HPC1 and committed progenitor cell
descendants of Zeb1�/� HSCs displayed reduced engraftment poten-
tial. However, in the acute deletion setting, although Zeb1�/� HSCs
engrafted no differently to controls, almost all multipotent progenitor
and committed progenitor cell subpopulations were more drastically
reduced after competitive transplantation. These data collectively
underscore the critical role of Zeb1 in mediating the differentiation of
the progenitor compartment under the stress conditions of transplan-
tation, which can be partially compensated for by Zeb1 independent
mechanisms in the setting of long-term Zeb1 deficiency. Future work
should therefore be aimed at deciphering which additional multipo-
tent progenitor and committed progenitor subsets exhibit long-term
Zeb1 dependency in transplantation [44].

We also identified a potential role for Zeb1 in the long-term mainte-
nance of B-cell differentiation from adult HSCs, as evidenced by
expansion of B cells in the BM and spleen, both key sites of B-cell
development in mice [45]. This result was unexpected given the
observed reduction in CLPs from Zeb1�/� mice yet concurs with the
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ability of Zeb1 to repress B cell promoting gene networks and/or acti-
vate B-cell growth suppressive networks [46,47]. Also of relevance,
cellophane mice, which encode a mutated 901 amino acid protein
lacking the C-terminal zinc finger of Zeb1, display a nonstatistically sig-
nificant expansion during specific stages of B-cell development, as
assessed by a combination of B220, IgM, IgD, CD21/35, and CD23
immunophenotypic markers in the BM or spleen [48]. Thus, as our
analysis in this study was restricted solely to B220+ population immu-
nophenotyping, it is possible that the B-cell expansion observed in
the BM and spleen in the setting of prolonged Zeb1 deletion may
mask accumulation or blockade in specific developing B-cell compart-
ments. In contrast, it should also be noted that Zeb1�/� HSC-derived
B cells demonstrated reduced engraftment capacity, which likely
reflects a key difference between Zeb1-mediated control of B-cell
maturation/differentiation in the transplantation setting and steady-
state hematopoiesis.

Given that long-term absence of Zeb1 resulted in HSC expansion
in the BM, the main site of hematopoiesis in adults, and as Zeb1 regu-
lates migration in other tissue settings [36,49], we posited that
expanded HSCs in the BM may result in alterations in HSCs and
other progenitors in the spleen, a site of extramedullary hematopoie-
sis that becomes particularly active in pathologic settings like leukemic
development in both mice and humans [50]. Consistent with the
development of a pathologic state in mice after long-term Zeb1 loss,
we observed splenomegaly with an atypical reduction in cellularity,
HSC exhaustion, defects in maturation of myeloid and lymphoid lin-
eages, and, most relevantly, the expansion of aberrant, preleukemic-
like c-kit+CD16/32+cells. There are multiple explanations for long-
term Zeb1-mediated defects in extramedullary hematopoiesis in the
spleen. First, as a known EMT inducer, Zeb1 is involved in mediating
repression of adhesion genes (e.g., EpCAM and CDH1)
[13,18,51,52]. Thus, loss of Zeb1 in HSCs in the BM may lead to
increased expression of cell adhesion molecules and associated polar-
ity genes, suggesting that long-term expression of Zeb1 is required to
modulate the motility of HSC ingress to the spleen from the BM. Fur-
thermore, exhaustion of HSC numbers in the spleen of Zeb1�/� mice
brings to prominence the expansion of HSCs observed in the BM of
Zeb1�/� mice, which may be caused by Zeb1-mediated disruption of
HSC egress from the spleen. Second, Zeb1 has been shown to be an
important regulator of the CXCR4 signaling axis in other settings
[53,54], and it is possible the CXCR4 axis, a key regulator of hemato-
poietic cell migration [55,56], acts as a long-term regulator of Zeb1
mediated trafficking of hematopoietic cells to and from the BM and
spleen. Given the established association of Zeb1 to cell adhesion
molecules alluded to above and the requirement for cell adhesion
molecules in hematopoietic cell migration [57,58], future work
should be directed at exploring the association among Zeb1, ZEB1
cell adhesion target genes, and CXCR4 in the regulation of migration
of hematopoietic cells between the BM and spleen and vice versa.
Third, HSC exhaustion and progenitor defects in the spleen of
Zeb1�/� mice may be caused by enhanced apoptosis. Finally, the
splenic phenotype in Zeb1�/�mice, including expansion of preleuke-
mic-like c-kit+CD16/32+cells, together with mild changes to BM cel-
lularity, myeloid-biased BM HSC expansion, and multilineage
differentiation defects are features consistent with Zeb1 dependency
during aging [59,60]. Most of the Zeb1�/� mice in our study were
analyzed at 32 weeks after Zeb1 deletion, which equates to middle
age in humans [61]. However, we also presented evidence of progres-
sion of the preleukemic phenotype at 42 weeks after Zeb1 deletion,
typified by further splenomegaly that leads to the accumulation of
Gr-1+Mac-1+ cells, a myeloid differentiation block reminiscent of that
observed in acute myeloid leukemia [39]. As there is a well-estab-
lished relationship between aging and the development of hemato-
poietic neoplasms [62,63], it would be of interest to perform in-
depth studies focused on whether long-term Zeb1 deficiency during
aging elicits the development of myeloid malignancies with high prev-
alence, congruent with emerging evidence that Zeb1 acts as tumor
suppressor in acute myeloid leukemia [18].

Conflict of Interest Disclosure

The authors declare no conflicts of interest.

Acknowledgments

The Rodrigues laboratory at Cardiff University, Cardiff, UK is sup-
ported by the Saudi Arabia Cultural Bureau, Blood Cancer UK, Leu-
kaemia Cancer Society, and Leukaemia and Myeloma Research UK.
We would like to thank the Deanship of Scientific Research at Shaqra
University, Shaqra, Saudi Arabia for supporting the work of A. Almo-
tiri and The Hashemite University, Zarqa, Jordan for supporting the
work of A. Abdelfattah. This work was also supported by grants to T
Brabletz, S Brabletz, and MP Stemmler from the German Research
Foundation (SPP2306 project 461704629, BR 1399/15-1 and BR
4145/3-1; FOR243/P04; TRR305/A03, A04, B01, B07; BR1399/9-
1, BR1399/10-1, BR4145/1-1 and BR4145/2-1).

Author Contributions

A. Almotiri designed and performed experiments, analyzed and
interpreted data, prepared the figures, and contributed to writing the
manuscript. A. Abdelfattah performed experiments, analyzed data,
and reviewed the manuscript. ES performed experiments and ana-
lyzed data. MPS, SB, and TB contributed to experimental design and
analysis and reviewed the manuscript. NPR conceived and super-
vised the project, designed experiments, analyzed and interpreted
the data, and wrote the manuscript.

SUPPLEMENTARY MATERIAL

Supplementary material associated with this article can be found in
the online version at https://doi.org/10.1016/j.exphem.2024.104177.

REFERENCES

1. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J
Clin Invest 2009;119:1420–8.

2. Nieto MA, Huang RY, Jackson RA, Thiery JP. EMT: 2016. Cell
2016;166:21–45.

3. Lovisa S, LeBleu VS, Tampe B, et al. Epithelial-to-mesenchymal transition
induces cell cycle arrest and parenchymal damage in renal fibrosis. Nat
Med 2015;21:998–1009.

4. Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic
link and clinical implications. Nat Rev Clin Oncol 2017;14:611–29.

5. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell 2009;139:871–90.

6. Bellon E, Luyten FP, Tylzanowski P. delta-EF1 is a negative regulator of
Ihh in the developing growth plate. J Cell Biol 2009;187:685–99.

https://doi.org/10.1016/j.exphem.2024.104177
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0001
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0001
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0002
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0002
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0003
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0003
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0003
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0004
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0004
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0005
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0005
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0006
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0006


Experimental Hematology
Volume 134

A. Almotiri et al 13
7. Takagi T, Moribe H, Kondoh H, Higashi Y. DeltaEF1, a zinc finger and
homeodomain transcription factor, is required for skeleton patterning in
multiple lineages. Development 1998;125:21–31.

8. Jethanandani P, Kramer RH. Alpha7 integrin expression is negatively reg-
ulated by deltaEF1 during skeletal myogenesis. J Biol Chem
2005;280:36037–46.

9. Postigo AA, Dean DC. Independent repressor domains in ZEB regulate
muscle and T-cell differentiation. Mol Cell Biol 1999;19:7961–71.

10. Postigo AA, Dean DC. ZEB, a vertebrate homolog of Drosophila Zfh-1,
is a negative regulator of muscle differentiation. EMBO J 1997;16:
3935–43.

11. Postigo AA, Ward E, Skeath JB, Dean DC. zfh-1, the Drosophila homo-
logue of ZEB, is a transcriptional repressor that regulates somatic myogen-
esis. Mol Cell Biol 1999;19:7255–63.

12. Funahashi J, Sekido R, Murai K, Kamachi Y, Kondoh H. Delta-crystallin
enhancer binding protein delta EF1 is a zinc finger-homeodomain protein
implicated in postgastrulation embryogenesis. Development
1993;119:433–46.

13. Aigner K, Dampier B, Descovich L, et al. The transcription factor ZEB1
(deltaEF1) promotes tumour cell dedifferentiation by repressing master
regulators of epithelial polarity. Oncogene 2007;26:6979–88.

14. Eger A, Aigner K, Sonderegger S, et al. DeltaEF1 is a transcriptional repres-
sor of E-cadherin and regulates epithelial plasticity in breast cancer cells.
Oncogene 2005;24:2375–85.

15. Spaderna S, Schmalhofer O, Wahlbuhl M, et al. The transcriptional repres-
sor ZEB1 promotes metastasis and loss of cell polarity in cancer. Cancer
Res 2008;68:537–44.

16. Li J, Riedt T, Goossens S, et al. The EMT transcription factor Zeb2 controls
adult murine hematopoietic differentiation by regulating cytokine signal-
ing. Blood 2017;129:460–72.

17. Higashi Y, Moribe H, Takagi T, et al. Impairment of T cell development in
deltaEF1 mutant mice. J Exp Med 1997;185:1467–79.

18. Almotiri A, Alzahrani H, Menendez-Gonzalez JB, et al. Zeb1 modulates
hematopoietic stem cell fates required for suppressing acute myeloid leu-
kemia. J Clin Invest 2021;131:e129115.

19. Zhang K, Zhao H, Sheng Y, et al. Zeb1 sustains hematopoietic stem cell
functions by suppressing mitofusin-2-mediated mitochondrial fusion. Cell
Death Dis 2022;13:735.

20. Wang J, Farkas C, Benyoucef A, et al. Interplay between the EMT tran-
scription factors ZEB1 and ZEB2 regulates hematopoietic stem and pro-
genitor cell differentiation and hematopoietic lineage fidelity. PLoS Biol
2021;19:e3001394.

21. Dong CY, Liu XY, Wang N, et al. Twist-1, a novel regulator of hematopoi-
etic stem cell self-renewal and myeloid lineage development. Stem Cells
2014;32:3173–82.

22. Pioli PD, Whiteside SK, Weis JJ, Weis JH. Snai2 and Snai3 transcriptionally
regulate cellular fitness and functionality of T cell lineages through distinct
gene programs. Immunobiology 2016;221:618–33.

23. Velasco-Hernandez T, S€aw�en P, Bryder D, Cammenga J. Potential pitfalls
of the Mx1-Cre system: implications for experimental modeling of nor-
mal and malignant hematopoiesis. Stem Cell Reports 2016;7:11–8.

24. de Boer J, Williams A, Skavdis G, et al. Transgenic mice with hematopoi-
etic and lymphoid specific expression of Cre. Eur J Immunol
2003;33:314–25.

25. Georgiades P, Ogilvy S, Duval H, et al. VavCre transgenic mice: a tool for
mutagenesis in hematopoietic and endothelial lineages. Genesis
2002;34:251–6.

26. Brabletz S, Lasierra Losada M, Schmalhofer O, et al. Generation and char-
acterization of mice for conditional inactivation of Zeb1. Genesis 2017:
55.

27. K€uhn R, Schwenk F, Aguet M, Rajewsky K. Inducible gene targeting in
mice. Science 1995;269:1427–9.

28. Lagasse E, Weissman IL. Flow cytometric identification of murine neutro-
phils and monocytes. J Immunol Methods 1996;197:139–50.
29. Sunderk€otter C, Nikolic T, Dillon MJ, et al. Subpopulations of mouse
blood monocytes differ in maturation stage and inflammatory response. J
Immunol 2004;172:4410–7.

30. Beerman I, Bhattacharya D, Zandi S, Sigva, et al. Functionally distinct
hematopoietic stem cells modulate hematopoietic lineage potential dur-
ing aging by a mechanism of clonal expansion. Proc Natl Acad Sci U S A
2010;107:5465–70.

31. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H. Cell cycle
analysis of a cell proliferation-associated human nuclear antigen defined
by the monoclonal antibody Ki-67. J Immunol 1984;133:1710–5.

32. Kim KH, Sederstrom JM. Assaying cell cycle status using flow cytometry.
Curr Protoc Mol Biol 2015;111. 28.6.1−28.6.11.

33. Schwarting R, Gerdes J, Niehus J, Jaeschke L, Stein H. Determination of
the growth fraction in cell suspensions by flow cytometry using the mono-
clonal antibody Ki-67. J Immunol Methods 1986;90:65–70.

34. Zhang J, Niu C, Ye L, et al. Identification of the haematopoietic stem cell
niche and control of the niche size. Nature 2003;425:836–41.

35. Ghaedi M, Steer CA, Martinez-Gonzalez I, Halim TYF, Abraham N, Takei
F. Common-lymphoid-progenitor-independent pathways of innate and T
lymphocyte development. Cell Rep 2016;15:471–80.

36. Caramel J, Ligier M, Puisieux A. Pleiotropic roles for ZEB1 in cancer. Can-
cer Res 2018;78:30–5.

37. Wang H, Xiao Z, Zheng J, et al. ZEB1 represses neural differentiation and
cooperates with CTBP2 to dynamically regulate cell migration during
neocortex development. Cell Rep 2019;27:2335–2353.e6.

38. Mende N, Laurenti E. Hematopoietic stem and progenitor cells outside
the bone marrow: where, when, and why. Exp Hematol 2021;104:9–16.

39. Somervaille TC, Cleary ML. Identification and characterization of leuke-
mia stem cells in murine MLL-AF9 acute myeloid leukemia. Cancer Cell
2006;10:257–68.

40. Bogeska R, Mikecin AM, Kaschutnig P, et al. Inflammatory exposure
drives long-lived impairment of hematopoietic stem cell self-renewal
activity and accelerated aging. Cell Stem Cell 2022;29:1273–1284.e8.

41. Lawson H, van de Lagemaat LN, Barile M, et al. CITED2 coordinates key
hematopoietic regulatory pathways to maintain the HSC pool in both
steady-state hematopoiesis and transplantation. Stem Cell Reports
2021;16:2784–97.

42. Almotiri A, Boyd AS, Rodrigues NP. Zeb1 regulates the function of lym-
pho-myeloid primed progenitors after transplantation. Biomolecules
2023;13:1386.

43. Pietras EM, Warr MR, Passegu�e E. Cell cycle regulation in hematopoietic
stem cells. J Cell Biol 2011;195:709–20.

44. Pietras EM, Reynaud D, Kang YA, et al. Functionally distinct subsets of
lineage-biased multipotent progenitors control blood production in nor-
mal and regenerative conditions. Cell Stem Cell 2015;17:35–46.

45. Loder F, Mutschler B, Ray RJ, et al. B cell development in the spleen takes
place in discrete steps and is determined by the quality of B cell receptor-
derived signals. J Exp Med 1999;190:75–89.

46. Chen J, Yusuf I, Andersen HM, Fruman DA. FOXO transcription factors
cooperate with delta EF1 to activate growth suppressive genes in B lym-
phocytes. J Immunol 2006;176:2711–21.

47. Papadopoulou V, Postigo A, S�anchez-Till�o E, Porter AC, Wagner SD.
ZEB1 and CtBP form a repressive complex at a distal promoter element
of the BCL6 locus. Biochem J 2010;427:541–50.

48. Arnold CN, Pirie E, Dosenovic P, et al. A forward genetic screen reveals
roles for Nfkbid, Zeb1, and Ruvbl2 in humoral immunity. Proc Natl Acad
Sci U S A 2012;109:12286–93.

49. Xue Y, Zhang L, Zhu Y, Ke X, Wang Q, Min H. Regulation of prolifera-
tion and epithelial-to-mesenchymal transition (EMT) of gastric cancer by
ZEB1 via modulating Wnt5a and related mechanisms. Med Sci Monit
2019;25:1663–70.

50. Yang X, Chen D, Long H, Zhu B. The mechanisms of pathological extra-
medullary hematopoiesis in diseases. Cell Mol Life Sci 2020;77:2723–
38.

http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0007
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0007
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0007
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0008
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0008
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0008
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0009
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0009
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0010
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0010
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0010
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0011
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0011
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0011
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0012
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0012
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0012
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0012
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0013
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0013
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0013
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0014
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0014
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0014
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0015
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0015
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0015
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0016
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0016
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0016
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0017
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0017
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0018
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0018
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0018
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0019
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0019
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0019
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0020
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0020
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0020
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0020
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0021
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0021
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0021
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0022
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0022
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0022
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0023
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0023
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0023
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0023
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0023
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0024
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0024
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0024
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0025
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0025
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0025
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0026
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0026
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0026
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0027
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0027
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0027
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0028
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0028
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0029
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0029
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0029
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0029
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0030
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0030
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0030
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0030
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0031
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0031
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0031
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0032
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0032
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0033
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0033
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0033
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0034
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0034
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0035
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0035
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0035
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0036
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0036
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0037
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0037
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0037
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0038
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0038
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0039
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0039
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0039
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0040
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0040
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0040
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0041
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0041
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0041
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0041
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0042
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0042
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0042
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0043
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0043
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0043
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0044
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0044
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0044
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0045
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0045
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0045
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0046
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0046
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0046
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0047
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0047
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0047
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0047
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0047
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0048
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0048
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0048
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0049
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0049
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0049
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0049
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0050
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0050
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0050


14 A. Almotiri et al Experimental Hematology
June 2024
51. S�anchez-Till�o E, L�azaro A, Torrent R, et al. ZEB1 represses E-cadherin and
induces an EMT by recruiting the SWI/SNF chromatin-remodeling pro-
tein BRG1. Oncogene 2010;29:3490–500.

52. Vandewalle C, Van Roy F, Berx G. The role of the ZEB family of tran-
scription factors in development and disease. Cell Mol Life Sci
2009;66:773–87.

53. Beji S, Milano G, Scopece A, et al. Doxorubicin upregulates CXCR4 via
miR-200c/ZEB1-dependent mechanism in human cardiac mesenchymal
progenitor cells. Cell Death Dis 2017;8:e3020.

54. Lu J, Fei F, Wu C, Mei J, Xu J, Lu P. ZEB1: Catalyst of immune escape dur-
ing tumor metastasis. Biomed Pharmacother 2022;153:113490.

55. Su�arez-�Alvarez B, L�opez-V�azquez A, L�opez-Larrea C. Mobilization
and homing of hematopoietic stem cells. Adv Exp Med Biol
2012;741:152–70.

56. Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling
in bone marrow stromal cell niches. Immunity 2006;25:977–88.
57. Baumann CI, Bailey AS, Li W, Ferkowicz MJ, Yoder MC, Fleming WH.
PECAM-1 is expressed on hematopoietic stem cells throughout ontogeny
and identifies a population of erythroid progenitors. Blood
2004;104:1010–6.

58. Hao J, Zhou H, Nemes K, et al. Membrane-bound SCF and VCAM-1
synergistically regulate the morphology of hematopoietic stem cells. J Cell
Biol 2021;220:e202010118.

59. Florian MC, D€orr K, Niebel A, et al. Cdc42 activity regulates hematopoi-
etic stem cell aging and rejuvenation. Cell Stem Cell 2012;10:520–30.

60. Ganuza M, Hall T, Finkelstein D, et al. The global clonal complexity of the
murine blood system declines throughout life and after serial transplanta-
tion. Blood 2019;133:1927–42.

61. Dutta S, Sengupta P. Men and mice: Relating their ages. Life Sci
2016;152:244–8.

62. Konieczny J, Arranz L. Updates on Old and Weary Haematopoiesis. Int J
Mol Sci 2018;19:2567.

63. Shlush LI. Age-related clonal hematopoiesis. Blood 2018;131:496–504.

http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0051
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0051
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0051
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0051
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0051
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0051
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0052
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0052
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0052
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0053
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0053
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0053
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0054
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0054
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0055
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0056
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0056
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0056
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0057
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0057
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0057
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0057
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0058
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0058
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0058
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0059
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0059
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0059
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0060
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0060
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0060
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0061
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0061
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0062
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0062
http://refhub.elsevier.com/S0301-472X(24)00036-5/sbref0063


Supplementary Figure 1 (A) Representative gel electrophoresis analysis assessing Zeb1 deletion in total BM and BM C-KIT+ cells 32
weeks after Zeb1 deletion. (B and C) Analysis of lineage biased HSCs populations based on CD150 expression in the BM from con-
trol (n=6-7) and Zeb1�/� (n=5) mice from 3 independent experiments at week 32 after Zeb1 deletion. (D and E) Analysis of cell cycle
profile of HSC and MPP populations in BM using Ki67 and DAPI 32 weeks after Zeb1 ablation from control (n=8) and Zeb1�/- (n=8)
mice from 3 independent experiments. Error bars show mean§ SEM. Mann-Whitney U test was used to calculate significance as fol-
lows: *P < .05, **P < .01.
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Supplementary Figure 2 (A) Representative flow cytometry plots of CD16/32+ C-Kit+ CD127� cells within the spleen donor cells at
week 32 after Zeb1 deletion in the cell autonomous transplant setting (n=3 for each genotype).

Supplementary Table E1 Comparison between the phenotypes of long-term (32 weeks) and acute (14 days) deletion of Zeb1 in
the murine hematopoietic system

Cell type site Long-term deletion Acute deletion

HSPCs BM - Increased HSC, MPP associated with reduced apoptotic
levels.

- Decreased HPC1, HPC2

- No change in HSC, MPP, HPC1
- Decreased HPC2

Spleen - Decreased HSC
- Increased HPC1
- No change in MPP, HPC2

a No change in HSC, MPP, HPC1, HPC2

Committed Progenitors BM - Decreased CLP CD135+, GMP
- No change in CMP, MEP

- Decreased CLP CD135+

- No change in CMP, GMP, MEP

Spleen - Decreased CMP. GMP, CLP
- No significant change in MEP

- No change in CMP, GMP, MEP, CLP

Mature cells BM - Decreased T cells
- Increased frequency of B cells
- No change in myeloid cells

a No change in myeloid, B cells, T cells

PB - Decreased Mac1+ Gr1� cells - Decreased Mac1+ Gr1� cells

Spleen - Decreased Mac1+ Gr1�, Mac1+ Gr1+, T cells, Ter119+ cells
- Increased frequency of B cells
- Perturbed extramedullary hematopoiesis with increased
spleen weight, reduced cellularity, and expanded C-Kit+

CD16/32+ CD127� population

a Normal extramedullary hematopoiesis

Zeb1-deficient HSCs showed multilineage differentiation defects in transplantation experiments in a cell autonomus manner in both acute and
long-term deletion models.
Long-term deletion data are based on results in this publication, and acute deletion data are based on Almotiri et al. [18] and unpublished obser-
vations (denoted with a).
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Supplementary Figure 3 (A) Pictures of spleen from control (n=2) and Zeb1�/- mice (n=2) at 42 weeks after the last dose of Poly I:C.
Representative flow cytometry plots from a control and moribund Zeb1�/� mouse at 42 weeks after the last dose of Poly I:C of
splenic HSPCs (B) splenic Mac1+ Gr1+ (C) HSPCs in BM (D) and B cells in PB (E).
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