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PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS
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KEY PO INT S

l Disruption of the
b-catenin-TCF/LEF
interaction
compromises steady-
state and emergency
granulopoiesis.

l TCF/LEF factors
regulate G-CSF
receptor expression
by directly interacting
with CSF3R promoter
and enhancer regions.

The canonical Wnt signaling pathway is mediated by interaction of b-catenin with the T-cell
factor/lymphoid enhancer-binding factor (TCF/LEF) transcription factors and subsequent
transcription activation of Wnt-target genes. In the hematopoietic system, the function of
the pathway has been mainly investigated by rather unspecific genetic manipulations of
b-catenin that yielded contradictory results. Here, we used a mouse expressing a truncated
dominant negative form of the human TCF4 transcription factor (dnTCF4) that specifically
abrogates b-catenin-TCF/LEF interaction. Disruption of the b-catenin-TCF/LEF interaction
resulted in the accumulation of immature cells and reduced granulocytic differentiation.
Mechanistically, dnTCF4 progenitors exhibited downregulation of the Csf3r gene, reduced
granulocyte colony-stimulating factor (G-CSF) receptor levels, attenuation of downstream
Stat3 phosphorylation after G-CSF treatment, and impaired G-CSF-mediated differentiation.
Chromatin immunoprecipitation assays confirmed direct binding of TCF/LEF factors to the
promoter and putative enhancer regions of CSF3R. Inhibition of b-catenin signaling com-

promised activation of the emergency granulopoiesis program, which requires maintenance and expansion of myeloid
progenitors. Consequently, dnTCF4 mice were more susceptible to Candida albicans infection and more sensitive to
5-fluorouracil-induced granulocytic regeneration. Importantly, genetic and chemical inhibition of b-catenin-TCF/LEF sig-
naling in human CD341 cells reduced granulocytic differentiation, whereas its activation enhanced myelopoiesis. Alto-
gether, our data indicate that the b-catenin-TCF/LEF complex directly regulates G-CSF receptor levels, and consequently
controls proper differentiation ofmyeloid progenitors into granulocytes in steady-state and emergency granulopoiesis. Our
results uncover a role for the b-catenin signaling pathway in fine tuning the granulocytic production, opening venues for
clinical intervention that require enhanced or reduced production of neutrophils. (Blood. 2020;136(22):2574-2587)

Introduction
Hematopoietic stem cells (HSCs) and progenitors, collectively
known as HSPCs, sustain mature blood cell production
throughout the lifetime of an organism. HSPCs respond to
stress conditions, such as infections, by tailoring a response
adequate to resolve the insult.1 Thus, identifying the mecha-
nisms that regulate HSPC function in homeostasis and stress
situations is important for understanding the dynamic nature of
the system. One of the critical yet controversial pathways in
HSPC regulation is the canonical Wnt signaling pathway. The
central regulator in this signaling cascade is b-catenin, a cy-
toplasmic protein that in the absence of Wnt stimulus is tar-
geted for degradation. Binding of Wnt ligands to Frizzled

receptors activates the pathway by b-catenin stabilization, its
accumulation in the cytoplasm, nuclear translocation, and
subsequent binding to the N terminus of the T-cell factor/
lymphoid enhancer-binding factor (TCF/LEF). Conse-
quently, the TCF/LEF transcription factors change from a
repressive to an active state, inducing transactivation of
Wnt-target genes. In the absence of Wnt ligands, TCF/LEF
factors recruit a transcription repression complex composed
of Groucho/TLE, CtBP, and histone deacetylases.2-4 In ver-
tebrates, 4 TCF/LEF genes exist: TCF7, TCF7L1, TCF7L2,
and LEF1. They respectively encode TCF1, TCF3, TCF4, and
LEF1 proteins, and their expression has been detected in
HSPCs.5-8
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Numerous studies demonstrate a critical role of the Wnt sig-
naling pathway in hematopoiesis, but its role in HSPC mainte-
nance and fate remains controversial.9 On one hand, several
publications, based on inactivation of the pathway, proposed
that Wnt signaling is required for proper HSPC function.10-12 In
line with these reports, gain-of-function approaches indicated
that activation of the Wnt/b-catenin signaling pathway results
in enhanced HSPC function.13-17 On the other hand, studies by
Leutz and Nerlov proposed that constitutive activation of
b-catenin conferred multilineage differentiation defects and
induced exhaustion of the HSPC pool.18,19 In addition, several
loss-of-function approaches in mice suggested that the Wnt/
b-catenin signaling pathway is dispensable for hematopoiesis
in steady-state conditions.20-22 These discrepancies are often
justified by the use of distinct methods and approaches,
which result in different levels of Wnt pathway activation/
inactivation.9,23 Additionally, the differences can be explained by
modulation of the pathway at different levels, which ranges from
manipulation of extracellular signals, cytoplasmic proteins, to
nuclear factors.

Here, we aim to clarify the role of the b-catenin-TCF/LEF sig-
naling pathway in hematopoiesis by inhibiting b-catenin-TCF/
LEF-dependent transcription activation. We generated a mu-
rine model that prevents binding of b-catenin to TCF/LEF and
consequently abolishes b-catenin-TCF/LEF-dependent tran-
scription. Importantly, this strategy preserves the b-catenin
cytoplasmic and TCF/LEF-independent functions, allowing
us to specifically investigate the role of b-catenin-TCF/LEF
transcription machinery in HSPC maintenance and fate. We
demonstrate that the b-catenin-TCF/LEF signaling axis is
crucial for proper differentiation of myeloid progenitors into
granulocytes in steady-state and emergency granulopoiesis.
Mechanistically, we showed this complex controls expression
of genes involved in myelopoiesis, and directly enhances ex-
pression of the granulocyte colony-stimulating factor receptor
(G-CSF-R), a crucial molecule for proper development of
granulocytes. Altogether, we propose a central role for
b-catenin-TCF/LEF during granulopoiesis, providing the basis
for clinical interventions aiming at a reduction or expansion of
the granulocytic pool.

Methods
For more detailed protocols, see supplemental Methods (available
on the Blood Web site).

Dominant negative (dn)TCF4 mouse model
Rosa26dnTCF4 mice were generated as previously described24

(supplemental Figure 1A-B). This line was crossed to Vav-iCre
transgenic mice25 to induce deletion of the tdTomato labeled
transcription blocker and allow expression of EGFP-dnTCF4
protein in the hematopoietic system from early stages of he-
matopoietic development. Three types of progeny were used:
Rosa26wt Vav-iCre1, Rosa26dnTCF4 Vav-iCre2, and Rosa26dnTCF4

Vav-iCre1. Rosa26wt Vav-iCre1 (lacking the dnTCF4 transgene
cassette) and Rosa26dnTCF4 Vav-iCre2 (in which dnTCF4 is not
expressed because of the floxed transcriptional blocker) were
used as wild-type (WT) controls and referred as WT and WTT,
respectively. In Rosa26dnTCF4 Vav-iCre1 mice (referred to as dn or
dnTCF4), where the transcriptional blocker was excised, dnTCF4
is expressed. Mice were maintained in the animal facility of the

Institute of Molecular Genetics of the Czech Academy of Sci-
ences. All experiments were approved by the ethical committee
of the institute.

RNA sequencing and analysis
Short-term HSCs (ST-HSCs), defined as Lin2 c-Kit1 Sca-11

CD481 CD1502, from 3 WT and 3 dnTCF4 (12-week-old mice)
were sorted using Influx instrument (BD Biosciences, San Jose,
CA). Samples were processed independently and sequenced as
biological triplicates. Briefly, cells were lysed with Tri Reagent RT
(Molecular Research Center, Cincinnati, OH), and RNA was
extracted with RNEasy MinElute Cleanup Kit (Qiagen, Venlo,
Netherlands). PolyA selection and complementary DNA syn-
thesis was performed using SMART-Seq v4 Ultra Low Input RNA
Kit (Takara Bio Inc, Mountain View, CA) and sequencing libraries
were prepared with Nextera XT DNA Library Prep Kit (Illumina,
San Diego, CA). Libraries were sequenced on NextSeq 500
instrument (Illumina). Sequences were aligned to murine
GRCm38/mm10 reference genome by STAR algorithm and
analyzed by DESeq2.

G-CSF-R expression assay
Bone marrow (BM) cells were isolated from WT and dnTCF4
mice, washed, and kept in PSA buffer (phosphate-buffered saline
[PBS] supplemented with 1% fetal bovine serum and 0.02%
sodium azide). A total of 1 3 106 cells per sample were labeled
either with biotinylated G-CSF (40 ng/mL), unlabeled G-CSF
(40 ng/mL), or a combination of both in 1:10 ratio for 1 hour
on ice. Additionally, cells were stained with streptavidin-
phycoerythrin conjugate and measured on FACS Symphony
instrument (BD Biosciences).

LPS treatment in vivo
For induction of emergency granulopoiesis, mice were treated
as previously shown.26,27 Mice received 2 intraperitoneal injec-
tions with 35 mg of ultrapure lipopolysaccharide (LPS) from
Escherichia coli 0127:B8 (Sigma-Aldrich, St. Louis, MO) 48 hours
apart, and were analyzed 24 hours after second injection.

5-FU treatment
Mice were repeatedly intraperitoneally injected with 150 mg/kg
of 5-fluorouracil (5-FU) (Sigma-Aldrich) dissolved in PBS every
14 days. Blood counts and weight were assessed every 7 days. Mice
were monitored daily and moribund animals were euthanized.

Statistical analysis
Long-term HSC (LT-HSC) frequencies were calculated with
L-Calc software (StemCell Technologies, Vancouver, Canada)
using Poisson statistics and the method of maximum likelihood
to the proportion of negative recipients in a limiting dilution
setting. Survival analysis was performed using the Kaplan-Meier
method; Mantle-Cox test was used to assess statistical signifi-
cance of survival difference between experimental groups.
Differences between survival distributions were analyzed using
the log-rank (Mantle-Cox) test. Otherwise, statistical significance
for indicated data sets was determined using unpaired 2-tailed
Student t test. P values , .05 were considered statistically
significant. Scatter dot plots depict mean with error bars rep-
resenting standard deviation (SD).
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Figure 1. Disruption of the b-catenin-TCF/LEF transcription-mediating complex expands HSPCs and diminishes neutrophilic production. (A) Quantitative RT-PCR of
whole BM fromWT (wt), heterozygous (het), and homozygous (dn) dnTCF4 mice. The y-axis represents relative dnTCF4 expression compared withGapdh control. Graph shows
representative experiment out of 2 independent experiments (n 5 5). (B) Western blot analysis for TCF4 and dnTCF4 expression in WT (wt) and dnTCF4 (dn) mouse BM.
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Results
Generation of transgenic mice with conditional
inactivation of the b-catenin-TCF/LEF complex in
hematopoietic cells
To investigate the role of the b-catenin-TCF/LEF signaling
pathway in hematopoiesis, we used a transgenic mouse model
expressing a truncated form of the human TCF4 transcription
factor (dnTCF4)24 crossed to Vav-iCre transgenic mice. In he-
matopoietic cells, expression of the dnTCF4 protein was acti-
vated from the Rosa26 locus by tissue-specific expression of Cre
recombinase (supplemental Figure 1A). dnTCF4 protein, lacking
the b-catenin-binding domain, abrogates activation of Wnt target
genes, even when b-catenin is stabilized and translocated into the
nucleus (supplemental Figure 1B).24 dnTCF4 RNA and protein
expression was detected in murine BM cells isolated from 12-week-
old dnTCF4 mice (Figure 1A-B). Because our targeting construct
contained dnTCF4 fused to EGFP, dnTCF4 production was also
detected by flow cytometric analysis upon cre-mediated excision
(supplemental Figure 1C). dnTCF4 and TCF/LEF expression were
stable as animals aged (supplemental Figure 1D-E). Importantly,
b-catenin target genes, such as Nkd1 and Axin2, were not upre-
gulated in dnTCF4 expressing c-Kit1 cells upon treatment with the
b-catenin pathway activator CHIR99021, whereas inWTT cellsNkd1
and Axin2 mRNA levels were increased (Figure 1C). These ex-
periments validated our model and demonstrated (1) expression of
dnTCF4 in hematopoietic cells and (2) attenuation of the b-catenin-
TCF/LEF transcription activity in dnTCF4-expressing cells.

Inactivation of b-catenin-TCF/LEF transcription
results in accumulation of murine myeloid
progenitors and reduced production of
granulocytes
dnTCF4 mice were used to investigate the role of the b-catenin-
TCF/LEF signaling pathway in hematopoietic development. Flow
cytometric analysis using 15-week-old mice demonstrated that
inactivation of the pathway resulted in accumulation of HSPCs in
BM (Figure 1D-E; supplemental Figure 2A), although BM cellu-
larity was not altered (supplemental Figure 2B). In particular,
dnTCF4 mice exhibited increased number and percentage of ST-
HSCs, Lin2 c-Kit1 Sca-11 cells (LKS), c-Kit1 myeloid progenitors,
megakaryocyte-erythroid progenitors (MEPs), common myeloid
progenitors (CMPs), and granulocyte-monocyte progenitors
(GMPs). In addition, flow cytometric analysis of granulocytic de-
velopment28 demonstrated an accumulation of myeloblasts/
promyelocytes in dnTCF4 BM (supplemental Figure 2C-D), al-
though these changes could not be appreciated in BM sections

(supplemental Figure 2E). Remarkably, accumulation of myeloid
progenitors was accompanied by a reduction of neutrophils in
peripheral blood (PB) and BM of 15-week-old dnTCF4 mice
(Figure 1F-I; supplemental Figure 2C-D). This reduction was stable
as animals aged and no other populations were altered (sup-
plemental Figure 2F-G). Altogether, these experiments demon-
strate that theb-catenin-TCF/LEF signaling pathway promotes the
production of mature neutrophils and prevents accumulation of
myeloid progenitor populations.

b-catenin-TCF/LEF inactivation causes a block of
neutrophilic differentiation rather than enhanced
cell proliferation
Because dnTCF4 mice accumulated myeloid progenitors, we
investigated the cause of this phenotype. First, we performed
in vivo BrdU incorporation assays and observed similar BrdU
labeling between WT and dnTCF4 cells (Figure 2A-B), sug-
gesting no differences in their proliferation rate. Second, we
determined the cell-cycle distribution based on Pyronin Y and
Hoechst 33342 staining and observed no differences in the
percentage of cells in G0, G1, or S/G2/M (Figure 2C-D). Next, we
carried out BM replating assays to distinguish differentiated cells
from cells retaining an immature phenotype. Although no dif-
ferences were observed in the number of colonies in the first
plating, dnTCF4 cultures exhibited increased colony numbers in
the second and third plating in comparison with WT cultures
(Figure 2E). Additionally, morphological analysis of dnTCF4
cultures demonstrated fewer neutrophils and elevated numbers
of immature cells (Figure 2F-G). Accordingly, flow cytometric
analysis showed reduced percentage of Gr11 CD11b1 cells and
increased percentage of c-Kit1 progenitors in dnTCF4 cultures
(Figure 2H-I). Additionally, quantitative reverse transcription
polymerase chain reaction (RT-PCR) demonstrated increased
expression of myeloblast/promyelocyte markers such as Ela2
and Ctsg in dnTCF4 cells, whereas expression of mature neu-
trophilic markers such as Cebpe and Lft was reduced (Figure 2J).
Altogether, these results indicate that disruption of the b-cat-
enin-TCF/LEF interaction impairs neutrophilic differentiation
rather than induces proliferation of HSPCs.

dnTCF4 expression enhances short-term BM
reconstitution upon transplantation
Because dnTCF4 BM cells exhibited enhanced colony formation,
we investigated whether the b-catenin-TCF/LEF signaling path-
way is involved in HSPC function. Competitive BM transplanta-
tion assays were carried out with distinct doses of WT or dnTCF4
BM cells, and transplanted into lethally irradiated congenic

Figure 1 (continued)Membrane was stained with antihuman TCF4 antibody to detect TCF4 and dnTCF4 protein. b-actin expression was used as a loading control. Positions of
molecular weight standards are indicated (kDa). (C) Quantitative RT-PCR in BM c-Kit1 cells isolated fromWTT (wtT) and dnTCF4 (dn) mice. The y-axes represent Axin2 andNkd1
expression relative to Gapdh upon treatment with 10 mM CHIR99021 (a GSK3b inhibitor that prevents b-catenin phosphorylation and favors its translocation to the nucleus,
inducing transactivation of b-catenin target genes). The x-axis indicates hours after stimulation (h); n5 3 mice per time point per group. (D) Representative flow cytometry plots
from 1 WT (upper plots) and 1 dnTCF4 (lower plots) mouse. Plots illustrate gating strategy. Color boxes indicate the following populations: Lin2 cells (gray), Lin2 c-Kit1 myeloid
progenitors (red), LKS (black), megakaryocyte-erythroid progenitors (blue), common myeloid progenitors (pink), GMPs (orange), ST-HSC (violet), and LT-HSC (green). Numbers
represent average percentage of the distinct populations in BM of analyzed animals. See supplemental Figure 2A for complete quantification. (E) Number of cells in the distinct
BM populations. At least 5 animals were included in each group. Graph shows 1 representative biological experiment of 3. (F) Representative flow cytometry plots fromWT and
dnTCF4 PB and their quantification. Left panel illustrates Ly6G (y-axes) and Ly6C (x-axes) expression in CD11b1 cells. Black boxes and numbers indicate the percentage of Ly6G1

Ly6C1 cells in CD11b1 population. Right graph indicates the percentage of Ly6C1 Ly6G1 in CD11b1 cells in PB of WT and dnTCF4 mice. At least 14 mice were included in each
group. (G) Number of neutrophils per liter (L) in PB based on auto hematology analyzer. At least 18 mice were included in each group. (H) Percentage of neutrophils in BM inWT
and dnTCF4 mice. Y-axis indicates the percentage of CD11b1 Ly6G1 Ly6C1 cells in BM; n5 6. (I) Number of CD11b1 Ly6G1 Ly6C1 cells in WT and dnTCF4 BM. Y-axis indicates
the number of cells per leg. At least 8 mice were included per group. All animals included in Figure 1 were 12 to 15 weeks old, each represented by a dot symbol in panels E-I.
Data indicate mean 6 SD, and 2-tailed Student t test was used to assess statistical significance (*P , .05, **P , .01, ***P , .001, and ****P , .0001).
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Figure 2. HSPCs accumulate in dnTCF4 BM because of differentiation arrest rather than to changes in proliferation. (A) Representative flow cytometry plots from 5-
bromo-29-deoxyuridine (BrdU) incorporation assay in WT and dnTCF4 mouse BM. Numbers indicate the percentage of BrdU1 cells in the indicated BM populations. (B)
Quantification of panel A. At least 10 animals (12 weeks old) from 3 independent experiments were included in each group. (C) Representative flow cytometry plots of pyronin Y/
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mice (Figure 3A). Blood analysis of recipient mice 4 weeks
after transplantation (assessing short-term hematopoietic re-
constitution) showed that dnTCF4 BM cells engrafted better than
WT cells (Figure 3B-C). On the contrary, analysis of recipient mice
16 weeks posttransplant showed no differences in the long-term
repopulating abilities between WT and dnTCF4 BM cells (Figure
3B-C) and demonstrated no alterations in granulocytic differen-
tiation (supplemental Figure 3A). Interestingly, we also observed
an accumulation of dnTCF4 myeloid progenitors in the BM of
recipient animals (Figure 3D). These results further support our
finding that hematopoietic progenitors accumulate in the BM of
dnTCF4 mice and their accumulation results in increased short-
term engraftment, whereas long-term repopulating abilities,
which reflect the number of functional HSC, were not altered. To
confirm this hypothesis, LT-HSC29 were sorted and competitive
limiting dilution repopulating assays were performed. Flow
cytometric analysis of BM and PB of recipient mice revealed
no significant differences in WT and dnTCF4 HSC function
(Figure 3E). Contribution of donor cells to distinct hematopoietic
lineages (myeloid, B, and T cells) was similar in all recipient mice
(supplemental Figure 3B). These experiments indicate that the
b-catenin-TCF/LEF signaling pathway controls hematopoietic
progenitor cell abundance, but is dispensable for theHSCnumber
and fitness.

b-catenin-TCF/LEF signaling pathway promotes
expression of genes involved in myeloid
differentiation
To better understand the role of the b-catenin-TCF/LEF
transcription-mediating complex in HSPCs, we performed gene
expression profile analysis in WT and dnTCF4 ST-HSCs isolated
from 12-week-old mice. ST-HSCs were selected because (1) they
are the earliest population that accumulates in dnTCF4 mice
and (2) they contribute to the short-term hematopoietic re-
constitution of lethally irradiated mice, which is enhanced in
recipients transplanted with dnTCF4 cells. Despite principal
component analysis showing variability among samples (sup-
plemental Figure 4A), unsupervised cluster analysis demon-
strated that WT and dnTCF4 samples clustered to separate
clades (supplemental Figure 4B). We identified 743 down-
regulated and 754 upregulated genes in dnTCF4 ST-HSCs
compared with WT ST-HSCs (P , .05, log2 fold change .0.5)
(Figure 4A; supplemental Table 1). Changes in gene ex-
pression were verified by RT-PCR (supplemental Figure 4C).
Because dnTCF4 acts primarily as a transcriptional repressor, we
focused on downregulated genes. Among them, we identified
genes involved in myeloid development and differentiation,
such as Irf4, Il1r1, Il18r1, and Csf3r. Interestingly, using gene set
enrichment analysis,30 we observed that the list of down-
regulated targets was enriched for genes that were previously
found to be deregulated in mice deficient for myeloid master
regulators, such asCebpa,31 Runx1,32,33 and Spi134,35 (Figure 4B).

Particularly interesting was the downregulation of theCsf3r gene
(Figure 4C), which encodes G-CSF-R, a major driver of gran-
ulocyte differentiation. Flow cytometric analysis demonstrated
that G-CSF-R was indeed downregulated on the cell surface of
dnTCF4 progenitors in comparison with WT (Figure 4D-E).
Notably, the genomic region upstream of the CSF3R locus
contains numerous copies of the extended TCF/LEF consensus
binding sequence GCTTTG, suggesting that TCF/LEF factors
might be directly involved in the regulation ofCSF3R expression.
Publicly available datasets from chromatin immunoprecipitation
(ChIP)-sequencing experiments performed on various human
cell lines consistently showed 2 TCF4 binding peaks in the
putative regulatory regions of CSF3R gene (Figure 4F). A smaller
peak was located in the transcription start site (TSS), whereas a
more prominent peak was detected in a putative enhancer
(defined by the presence of E-box, H3K4me3, H3K4me1, and
H3K27ac histone marks) located;3.5 kb upstream of the CSF3R
TSS. To validate whether TCF/LEF transcription factors occupy
these regions in hematopoietic cells, we performed ChIP fol-
lowed by quantitative PCR (qPCR) using anti-LEF1 antibody
in K562 cells. We observed LEF1 enrichment in the TSS (R1) and
the putative enhancer (R2, 23.3 kb) of CSF3R, but not in
the negative control region (CR, 26.1 kb) (Figure 4G), sug-
gesting that CSF3R expression is directly regulated by TCF/LEF.
Altogether, these data indicate that the b-catenin-TCF/LEF
transcription mediating complex promotes expression of genes
involved in myeloid development and differentiation. In par-
ticular, our results indicate that activation of the b-catenin-TCF/
LEF signaling pathway directly upregulates G-CSF-R levels in
hematopoietic progenitor cells.

Suppression of the b-catenin-TCF/LEF transcription
results in reduced response to G-CSF stimulation
Because we observed downregulation of G-CSF-R in dnTCF4
HSPCs, we next investigated whether cells with suppressed
b-catenin-TCF/LEF-mediated transcription exhibited re-
duced response to G-CSF stimulation. BM cells were isolated
fromWT and dnTCF4mice, treated with G-CSF, and the effect
on JAK/STAT signaling pathway, a key pathway downstream
of G-CSF-R, was assessed by flow cytometry. We observed
reduced p-Stat3 in dnTCF4 HSPCs in comparison with
WT cells (Figure 5A-B), whereas no differences in p-Stat5
levels and a marginal decrease in p-Jak2 were detected
(supplemental Figure 5). Next, we determined the ability of
WT and dnTCF4 BM cells to form colonies in semisolid cul-
tures containing G-CSF and SCF. We observed that dnTCF4
cultures formed more colonies, which were smaller in size,
and contained more immature (c-Kit1) cells in comparison
with WT controls (Figure 5C-D). In addition, we demonstrated
reduced percentage of mature neutrophils (Figure 5E) and
reduced expression of CD11b, a marker of myeloid differ-
entiation, in dnTCF4 cultures (Figure 5F-G). Altogether,

Figure 2 (continued)morphology. Cells in colony culture assays were cytospun and cell morphology assessed in 200 to 300 cells per cytospin. Y-axis indicates the percentage of
immature cells (medium to large cells with big nucleus and scant and dark-blue cytoplasm; blue bars), macrophages (large and round cells with round nucleus and light-blue
cytoplasm; gray bars), and neutrophils (smaller cells characterized by a ring shape or lobulated nucleus; black bars). Graph shows data from 2 independent cultures, n 5 6. (G)
Representative pictures of WT (top) and dnTCF4 (bottom) cells cytospun from semisolid cultures (second plating). Cytospins were stained with May-Grünwald Giemsa. Scale bar
represents 50 mm. Blue arrows point at immature cells, gray arrows at macrophages, and black arrows at neutrophils (as defined in panel F). (H) Percentage of Gr11 CD11b1 cells
and (I) immature c-Kit1 cells in WT and dnTCF4 cells from semisolid cultures (second plating). The y-axes indicate the percentage of live cells. Graph shows data from
3 independent experiments, n5 5. (J) Quantitative RT-PCR from cells harvested fromWT and dnTCF4 cultures (first plating). Expression of Ela2,Ctsg,Cebpe, and Lft is indicated.
The y-axes represent relative expression compared with Actb control. Data in Figure 2 represent mean 6 SD, 2-tailed Student t test was used to assess statistical significance
(*P , .05, **P , .01, and ****P , .0001).
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these experiments demonstrate that the b-catenin-TCF/LEF
transcription-mediating complex is required for proper re-
sponse of HSPC to G-CSF stimulation.

Inhibition of the b-catenin-TCF/LEF
transcription-mediating complex compromises
emergency granulopoiesis in vivo
Given the crucial role of the G-CSF-R in emergency
granulopoiesis,36 we determined how dnTCF4 mice respond to
infection. First, we challenged WT and dnTCF4 mice with high
doses of LPS tomimic a severe systemic infection26,27 (Figure 6A).
We observed that the percentage of mature neutrophils
(CD11b1 Ly6Ghi) in blood was drastically increased in WT mice
upon LPS administration, whereas in dnTCF4 mice, this increase
was less profound (Figure 6B; supplemental Figure 6A). Ac-
cordingly, similar tendencies were observed in absolute blood
neutrophil counts (Figure 6C). Egress of mature neutrophils from
the BM to blood appeared to be equally efficient in WT and
dnTCF4 mice upon LPS treatment, as reflected by the per-
centage of leftover mature neutrophils in BM (Figure 6D;
supplemental Figure 6B). Interestingly, dnTCF4 mice showed
insufficient production of immature granulocytes (CD11b1

Ly6Glo) in BM (Figure 6E; supplemental Figure 6B), and signif-
icantly reduced frequency of myeloid progenitors (Figure 6F). In
particular, skewing of myeloid progenitors toward GMPs, a
critical step for the continuation of emergency granulopoiesis,1

was absent in dnTCF4 mice (Figure 6G). Following this poor
response of dnTCF4 mice to LPS administration, we observed
that dnTCF4 mice were more susceptible to Candida albicans
than WTT control mice, and exhibit reduced survival in com-
parison with control animals (Figure 6H). Importantly, the levels
of G-CSF before and upon LPS injection were comparable in WT
and dnTCF4 mice, thus not accounting for the poor response
(supplemental Figure 6C). Further, superoxide production, mi-
gration, and phagocytosis of WT and dnTCF4 neutrophils were
similar (supplemental Figure 6D-H), thus probably not contrib-
uting to the increased sensitivity of dnTCF4 mice to infection.
Next, we determined whether the lack of myeloid progenitor
activity and failure to replenish BM neutrophils would contribute
to the increased susceptibility of dnTCF4 mice to stress. To this
aim, WT and dnTCF4mice were injected with 5-FU, a pyrimidine
analog commonly used to cell-deplete murine BM, and the
effects on blood composition and regeneration were assessed
(Figure 6I). We observed that after 1 dose of 5-FU the number of
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neutrophils in blood was similarly reduced in WT and
dnTCF4 mice (Figure 6J). However, although blood neu-
trophils in WT mice recovered to exceed steady-state levels
at day 14 as previously reported,37 dnTCF4 mice failed to
exhibit this enhanced regeneration (Figure 6J). In addition,
upon several doses of 5-FU, dnTCF4 mice demonstrated

significant weight loss (Figure 6K) and succumbed to the
stress (Figure 6L). Altogether, these experiments indicate
that the b-catenin-TCF/LEF signaling pathway is necessary
to enter the second phase of emergency granulopoiesis, and
thus is required for the proper immune response during
microbial infection.
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Inhibition of the b-catenin-TCF/LEF signaling
pathway reduces granulopoiesis, whereas its
activation promotes neutrophilic differentiation of
human primary CD341 HSPCs
Because our data indicated that dnTCF4 expression restricts
myeloid differentiation of murine cells, we next determined
whether modulation of the b-catenin-TCF/LEF signaling pathway
would affect human neutrophilic differentiation. First, dnTCF4was
introduced into primary human CD341 cells isolated from cord
blood (Figure 7A). We observed that dnTCF4-expressing cells
exhibited reduced neutrophilic differentiation in comparison with
empty vector-infected cells, as assessed by expression of mature
neutrophil markers (Figure 7B). Second, we assessed whether this
effect driven by genetic manipulation of the b-catenin-TCF/LEF
transcriptional activity could be reproduced by chemical inhibition
of the pathway. CD341 cells were cultured in the presence or
absence of Cercosporin, a small chemical compound previously
reported to inhibit the interaction of b-catenin with TCF/LEF38-40

(Figure 7C). We observed that human cells cultured with 1 mM
Cercosporin demonstrated significantly diminished neutrophilic
differentiation in comparison with DMSO control (Figure 7D).

Because our results indicate that genetic and chemical disruption
of the b-catenin-TCF/LEF complex impair neutrophilic differen-
tiation, we next investigated whether activation of the Wnt
pathway in human primary HSPCs would promote myeloid dif-
ferentiation.CD341 cells were cultured in semisolidmedium in the
presence or absence of small molecule compounds that specif-
ically activate b-catenin signaling (BIO and CHIR99021). We
observed that the number of colonies was similar in all conditions
(Figure 7E); however, flow cytometric analysis revealed that cells
stimulated with BIO and CHIR99021 exhibited increased ex-
pression of the myeloid differentiation marker CD11b (Figure
7F-H). Altogether, our results indicate that manipulation of the
canonical Wnt signaling pathway modulates myeloid differenti-
ation of human CD341 cells. In particular, we demonstrate that
inhibition of the Wnt/b-catenin signaling pathway blocks neu-
trophilic differentiation, whereas its activation leads to enhanced
myeloid differentiation of human HSPCs.

Discussion
The Wnt/b-catenin signaling pathway is essential during
embryonic development and controls stem and progenitor
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Figure 6. Impaired response of dnTCF4 mice to emergency granulopoiesis. (A) Schematic representation of the experimental setup. WT and dnTCF4 mice were injected
intraperitoneally (i.p.) with 35 mg of LPS at t 5 0 and t 5 48 hours. Analysis was performed 24 hours after last injection. (B) Percentage of CD11b1 Ly6Ghi cells in PB of WT and
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neutrophils per liter (L) in PB based on auto hematology analyzer. WT and dnTCF4 mice were treated with 1 injection of 5-FU. Y-axis indicates days of analysis; n5 7. (K) WT and
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TCF/LEF IN MYELOPOIESIS blood® 26 NOVEMBER 2020 | VOLUME 136, NUMBER 22 2583

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/22/2574/1790565/bloodbld2019004664.pdf by guest on 08 June 2024



D
CD66b CD16CD15 CD11b

UC
B 

#3
UC

B 
#4

82

31

48
36

76
21

89
39

62

23
81

29

47

49

94

46

Day 0 Day 15, DMSO Day 15 1μM, Cercosporin

C

UCB

FACS

D
ay

 1
-5 progenitor

expansion

D
ay

 6
-1

5 neutrophil
differentiation
+ DMSO or
Cercosporin 

CD34+

A

MSCV or
MSCV-dnTCF4

UCB

CD34+

GFP+

sorting

Day 1-5 Day 6-15

FA
C

S

progenitor
expansion

neutrophil
differentiation

B
CD11b CD18 CD66b

38 43 33

58 59 29

80 67 56

72 74 17

UC
B 

#1
UC

B 
#2

Day 0 Day 15, MSCV Day 15, dnTCF4

3

E

0

DM
SO BIO

CHIR
99

02
1

20

40

60

80

100

CF
U 

/ 5
00

 C
D3

4+

F

M
od

al

CD11b

DMSO

1μM BIO

1μM CHIR99021

G
**

*

0

DM
SO BIO

CHIR
99

02
1

1

2

3

4

5

M
FI

 (C
D1

1b
) x

10
3

H
**

**

0

DM
SO BIO

CHIR
99

02
1

20

40

60

%
 o

f C
D1

1b
+

 ce
lls
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CD16, and CD11b was determined at day 0 (before treatment, light gray histogram) or after 10 days of culture in differentiationmedium without (orange histogram) or with 1 mM
Cercosporin (blue histogram). Numbers indicate percentage of positive cells. (E) Quantification of CFU in semisolid cultures (day 10). Human CD341 cells isolated from cord
blood were plated in the presence of DMSO control (0.01%) or the GSK3b inhibitors BIO (1 mM) and CHIR99021 (1 mM) (of note, GSK3b inhibitors cause b-catenin stabilization).
The y-axis indicates the number of colonies per 500 input cells. (F) Representative histogram plot of cells harvested on day 10 from semisolid cultures. The x-axis indicates CD11b
expression. (G)Quantification of panel F. (H) Percentage of CD11b1 cells in DMSO, BIO, andCHIR99021 containing semisolid cultures assessed by flow cytometry after 10 days of
culture. Data in Figure 7E,G-H represent mean 6 SD, n 5 3 per group, 2-tailed Student t tests were used to assess statistical significance, *P , .05 **P , .01. Each black dot
symbol represents 1 human sample.
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maintenance and fate in several adult tissues including the gut,
the skin, the bone, and the hematopoietic system.41,42 However,
its role in hematopoiesis has been largely controversial
and dependent on the experimental systems used. In fact,
the Wnt/b-catenin signaling pathway has been shown to
be beneficial,10-12,15,17 detrimental,18,19 or neutral20-22 to adult
HSPCs. Here, we show that the b-catenin-TCF/LEF transcription-
mediating complex is crucial for proper differentiation of
myeloid progenitors into granulocytes in steady-state and
emergency granulopoiesis. It was previously reported that
this pathway is critical for T-cell development43,44 and B-cell
proliferation45,46; however, to our knowledge, this is the first
report providing evidence for the role of Wnt/b-catenin sig-
naling in steady-state and emergency granulopoiesis.

To resolve the inconsistent results regarding the role of the Wnt/
b-catenin signaling pathway in hematopoiesis and interpret the
data properly, it is important to take into account at what level
the pathway was perturbed. In the present study, we used a
murine model that suppresses the b-catenin-TCF/LEF tran-
scription activity. Introduction of an N-terminally truncated form
of human TCF4 (dnTCF4) was chosen because it was previously
shown to preserve the ability to interact with promoters of Wnt-
target genes while preventing binding of b-catenin and thus
inhibiting b-catenin-TCF/LEF-mediated transcription.47,48 Addi-
tionally, the used TCF4 variant contains the C-clamp motif that
represents an additional DNA-interacting domain.49,50 This do-
main targets the GC-rich “helper” sequence in the promoter of
some Wnt-target genes, and consequently dnTCF4 binds and
blocks the whole spectrum of b-catenin-TCF/LEF-regulated
genes.51,52 In this context, the noncanonical Wnt signaling
pathway and the b-catenin cytoplasmic functions are preserved
in our experimental system, allowing us to study the specific role
of the b-catenin-TCF/LEF transcription-mediating complex.
Additionally, in this setup, the b-catenin independent activity
of TCF/LEF transcription factors, which seems to be crucial
for example during T-cell development,12,20,21 is preserved,
explaining the absence of phenotype on T-cell development in
our mouse model. Importantly, as shown by our RNA se-
quencing data, introduction of dnTCF4 in hematopoietic cells
did not affect expression of other components of the Wnt sig-
naling, including endogenous TCF/LEF proteins and b-catenin.
Overall, our observations are in line with previous publications
demonstrating a critical role of the Wnt/b-catenin signaling
pathway in HSPCs,10-13,15,17 and in addition, elucidated a novel
role of the b-catenin-TCF/LEF transcription-mediating complex
in neutrophilic differentiation.

Adjusting the production of granulocytes according to specific
needs is critical for the health and survival of an individual. We
showed that b-catenin-TCF/LEF transcription regulation con-
tributes to steady-state and emergency granulopoiesis; how-
ever, the degree of involvement in these processes is different.
Although b-catenin-TCF/LEF activity fine tunes differentiation of
HSPCs toward mature granulocytes during steady-state gran-
ulopoiesis, it is critical during the emergency response. How-
ever, we cannot exclude that the relatively mild phenotype in
basal granulopoiesis is a direct consequence of housing themice
in specific-pathogen-free conditions. We hypothesize that this
artificial and “sterile” surrounding might cover up a more pro-
found effect that could be visible in a natural environment.

In humans, however, the involvement of canonical Wnt signal-
ing pathway in steady-state granulopoiesis might be more
profound. Our data demonstrate that genetic and chemical
modulation of the canonical Wnt signaling pathway affects
granulocytic differentiation of human HSPCs. In particular, we
observed that inhibition or activation of b-catenin-TCF/LEF
activity results in impaired or enhanced granulocytic differenti-
ation of human CD341 cells, respectively. Skokowa and col-
leagues demonstrated that myeloid progenitors from patients
suffering from congenital neutropenia, a hematological disorder
characterized by impaired maturation of neutrophils, present
reduced levels of LEF1.53,54 They showed that neutrophilic dif-
ferentiation could be rescued by preventing the degradation of
LEF-1 in CD341 cells isolated from congenital neutropenia
patients.55 These observations can be now supported by our
present study and the proposed role of b-catenin-TCF/LEF-
mediated transcription in granulopoiesis. They suggested that
this phenomenon is mediated by activation of the myeloid
master regulator CEBPA by LEF-1. In our setup, although we
observed a significant similarity in gene expression profile be-
tween our dnTCF4 mouse model and Cebpa KO mice, we did
not observe that the b-catenin-TCF/LEF complex would directly
regulate Cebpa expression. Together, these studies indicate
that CEBPA levels are modulated by TCF/LEF factors in a
b-catenin independent fashion.

Most of the patients suffering from congenital neutropenia,
similarly to our dnTCF4 mice, exhibit poor response to G-CSF
and altered G-CSF signaling.56-59 The JAK/STAT signaling
pathway is downstream of G-CSF-R; although activation of
STAT3 has been implicated in G-CSF-mediated differentiation,
STAT5 mediates G-CSF-mediated proliferation and survival.
Accordingly, dnTCF4 mice exhibit reduced p-Stat3 levels upon
G-CSF stimulation, whereas p-Stat5 expression is not affected,
consistent with our results showing no effect of dnTCF4 on cell
cycle and proliferation of HSPCs. Further, although expression of
other receptors upstream of JAK/STAT (such as FLT3-R, TPO-R,
GM-CSF-R, interleukin-3-R, interleukin-6-R, and EPO-R) were not
altered in dnTCF4 mice in comparison with WT, we cannot
exclude that additional proteins might interfere with Stat3
phosphorylation in dnTCF4mice. Further studies should deepen
on the molecular mechanisms by which these transcription
factors, either in a b-catenin dependent or independent fashion,
modulate production of neutrophils in health and disease.

Emergency granulopoiesis consist of 4 phases: (1) rapid re-
lease of granulocytes from the BM; (2) expansion of myeloid
progenitors; (3) accelerated differentiation; and (4) termina-
tion of the response and reestablishment of steady-state
granulopoiesis.36,60 Our data indicate dnTCF4-expressing mice
have a normal response to LPS during the first step of emergency
granulopoiesis, as shown by the efflux of granulocytes from BM
to blood. However, the number of granulocytes in blood after
LPS is reduced because the starting number of granulocytes in
dnTCF4 BM is lower than in WT BM. Additionally, granulocytes
from dnTCF4 appear to be as functional as WT granulocytes, as
determined by their ability to migrate, phagocytose bacteria,
and produce ROS. Remarkably, we observed that the b-catenin-
TCF/LEF complex formation is required during the second phase
of emergency granulopoiesis, which requires enhanced pro-
genitor activity. In fact, amplification of myeloid progenitors was
completely abolished in dnTCF4 mice, suggesting that the
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b-catenin-TCF/LEF transcription-mediating complex is essential
to mediate emergency granulopoiesis. Remarkably, after 5-FU
treatment, we observed insufficient myeloid recovery in dnTCF4
mice, followed by significant weight loss and increasedmortality.
Interestingly, Herault and colleagues observed accumulation of
nuclear b-catenin in myeloid progenitors during early phase of
hematopoietic recovery after 5-FU treatment.37 Thus, together
with our study, these experiments demonstrate that the b-
catenin-TCF/LEF transcription-mediating complex is critical for
BM and granulocytic recovery upon stress conditions. Further,
our data allow us to speculate that these recoveries aremediated
by direct upregulation of the G-CSF-R by the b-catenin-TCF/LEF
complex. Nevertheless, future studies should further investigate
the contribution of the Wnt/b-catenin signaling pathway in
emergency granulopoiesis and dissect additional molecular
mechanisms regulating this process.
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improved Cre recombinase (iCre) expression in
the mouse. Genesis. 2002;32(1):19-26.

26. Boettcher S, Gerosa RC, Radpour R, et al.
Endothelial cells translate pathogen signals
into G-CSF-driven emergency granulopoiesis.
Blood. 2014;124(9):1393-1403.

27. KardosovaM, Zjablovskaja P, Danek P, et al. C/
EBPg is dispensable for steady-state and
emergency granulopoiesis. Haematologica.
2018;103(8):e331-e335.

28. Satake S, Hirai H, Hayashi Y, et al. C/EBPb is
involved in the amplification of early gran-
ulocyte precursors during candidemia-induced
“emergency” granulopoiesis. J Immunol.
2012;189(9):4546-4555.

29. Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH,
Terhorst C,Morrison SJ. SLAM family receptors
distinguish hematopoietic stem andprogenitor
cells and reveal endothelial niches for stem
cells. Cell. 2005;121(7):1109-1121.

30. Chen EY, Tan CM, Kou Y, et al. Enrichr: in-
teractive and collaborative HTML5 gene list
enrichment analysis tool. BMC Bioinformatics.
2013;14(1):128.

31. Zhang DE, Zhang P, Wang ND, Hetherington
CJ, Darlington GJ, Tenen DG. Absence of
granulocyte colony-stimulating factor signaling
and neutrophil development in CCAAT en-
hancer binding protein alpha-deficient mice.
Proc Natl Acad Sci USA. 1997;94(2):569-574.

32. Sakurai M, Kunimoto H, Watanabe N, et al.
Impaired hematopoietic differentiation of
RUNX1-mutated induced pluripotent stem

cells derived from FPD/AML patients.
Leukemia. 2014;28(12):2344-2354.

33. Gerritsen M, Yi G, Tijchon E, et al. RUNX1
mutations enhance self-renewal and block
granulocytic differentiation in human in vitro
models and primary AMLs. Blood Adv. 2019;
3(3):320-332.

34. Kueh HY, Champhekar A, Nutt SL, Elowitz MB,
Rothenberg EV. Positive feedback between
PU.1 and the cell cycle controls myeloid dif-
ferentiation [published correction appears in
Science. 2013;342(6156):311]. Science. 2013;
341(6146):670-673.

35. DeKoter RP, Walsh JC, Singh H. PU.1 regulates
both cytokine-dependent proliferation and
differentiation of granulocyte/macrophage
progenitors. EMBO J. 1998;17(15):4456-4468.

36. Manz MG, Boettcher S. Emergency gran-
ulopoiesis. Nat Rev Immunol. 2014;14(5):
302-314.
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