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Abstract

Hematopoietic stem cells (HSC) are primarily dormant in a cell-cycle quiescence state to preserve their self-renewal ca-
pacity and long-term maintenance. How HSC maintain the balance between activation and quiescence remains largely 
unknown. Herein, we found that phosphatase, Mg2+/Mn2+ dependent 1B (Ppm1b) is required for the expansion of phenotypic 
HSC in vitro. By using a conditional knockout mouse model in which Ppm1b was specifically depleted in hematopoietic cells, 
we demonstrated that loss of Ppm1b impaired the HSC homeostasis and hematopoietic reconstitution. Ppm1b deficiency 
mice also exhibited B-cell leukocytopenia, which is due to the compromised commitment and proliferation of B-biased 
lymphoid progenitor cells from common lymphoid progenitors. With the aid of a small molecular inhibitor, we confirmed 
the roles of Ppm1b in adult hematopoiesis that phenocopied the effects with loss of Ppm1b. Furthermore, transcriptome 
profiling of Ppm1b-deficient HSC revealed the disruptive quiescence of HSC. Mechanistically, Ppm1b interacted with b-cat-
enin and mediated its dephosphorylation. Loss of Ppm1b led to the decrease in the active b-catenin (non-phosphorylated) 
that interrupted the Wnt/b-catenin signaling in HSC, which consequently suppressed HSC expansion. Together, our study 
identified an indispensable role for Ppm1b in regulating HSC homeostasis via the Wnt/b-catenin pathway.

Introduction

Hematopoietic stem cells (HSC) have the potential for 
both self-renewal and multipotent differentiation into all 
blood cell lineages during the lifespan.1 They are primarily 
dormant in a cell-cycle quiescence state to preserve their 
self-renewal capacity and long-term maintenance, which 
is responsible for maintaining and rebuilding hematopoi-
esis.2,3 Functional HSC homeostasis is tightly regulated by 
multiple factors including cell cycle-associated factors and 
cell metabolism. Intrinsic programs, cell-autonomous and 
extrinsic signals from the microenvironment comprise a 
complicated network, which preserves the balance between 

activation and quiescence in HSC.4,5

The reversible phosphorylation of protein regulated by ki-
nase and phosphatase is one of the main post-translational 
modifications that is involved in an extremely wide range 
of intracellular processes including metabolism, cell death, 
cell proliferation and differentiation.6,7 Recent studies have 
demonstrated that protein kinase plays a crucial role in 
the functional regulation of HSC, such as receptor tyrosine 
kinases (FLT3,8 c-KIT,9 and TIE210), glycogen synthase kinase 
3b,11 sphingosine kinase 2,12 and Janus kinase 2.13 Despite the 
equally important biological significance, our understand-
ing of protein phosphatases in hematopoietic regeneration 
still lags behind that of kinases due to their complicated 
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active centers and lower substrate specificity. Emerging 
evidence of phosphatases in controlling HSC homeostasis 
and functions has been gradually elucidated in recent years. 
Src homology 2 domain-containing phosphatase 2 (Shp2) 
plays a critical role in controlling the survival and mainte-
nance of HSC.14 Ptpn21 has been reported to control HSC 
homeostasis.15 STS1/STS2 functions in normal and stress 
hematopoiesis via the regulation of HSC fitness.16

The protein phosphatase 2C (PP2C) family is a member of 
the metal-dependent protein phosphatases (PPM) of serine/
threonine phosphatases. PP2C family members are known 
to be negative regulators of cell stress response pathways, 
and involved in cell cycle control via the dephosphorylation 
of cyclin-dependent kinases. PP2C family members such 
as PPM1K and PPM1D, have been demonstrated to play 
functional roles in maintaining the stemness of HSC.17,18 
Protein phosphatase, Mg2+/Mn2+ dependent 1B (Ppm1b, also 
known as PP2Cb), is involved in the regulation of multiple 
signaling pathways by targeting substrate protein dephos-
phorylation,19,20 including MAPK signaling, TGF-b signal-
ing, TNF signaling, AMPK signaling, and cell cycle. Ppm1b 
showed high expression in embryonic stem cells,21 and 
its deficiency led to early pre-implantation lethality.22 Our 
previous study suggested that Ppm1b may participate in the 
regulation of hematopoietic processes such as B-/T-cell 
receptor signaling, FOXO signaling, and the pathogenesis of 
leukemia.23 It had consistently been reported that Ppm1b 
regulates terminal erythropoiesis by interacting with an 
erythroid Kruppel-like factor.24 However, the role of Ppm1b 
in hematopoiesis is still largely unknown.
In this study, we generated and characterized a conditional 
knockout (KO) mouse model in which Ppm1b was specifically 
depleted in hematopoietic cells, and demonstrated that 
loss of Ppm1b impaired the normal HSC pool and B-cell 
development. Furthermore, Ppm1b regulates the functional 
expansion of HSC via Wnt/b-catenin signaling.  

Methods

Mice 
Ppm1b floxed mice (Ppm1bfl/fl) were generated by inserting 
loxp sites flanking exon 2, which, when deleted, results in 
a frame-shift and forms a premature stop codon in the 
reading frame. Vav-cre mice were purchased from the 
Jackson Laboratory. The animals were kept in individually 
ventilated cages with filtered germ-free air, and maintained 
with sterilized water and irradiated food. The Institutional 
Animal Care and Use Committees at Shandong University 
(#19026) approved all animal experiments in our study.

Flow cytometric assays 
Single-cell suspensions of tissues, cultured cells, or pe-
ripheral blood (PB) were prepared and stained as previ-
ously described.25,26 Detailed information for antibodies 

is provided in the Online Supplementary Appendix. Flow 
cytometric analysis was performed with an ACEA NovoCyte 
flow analyzer, and the results were further analyzed with 
FlowJo and NovoExpress software.

In vitro hematopoietic stem cell expansion
The purified lineage-negative cells were cultured in Stem-
Span expansion medium (StemCell) supplemented with 10 
ng/mL mouse TPO (Peprotech) and 10 ng/mL mouse SCF 
(Peprotech) for different time periods as indicated in the 
figure legends (Figures 1-7).

Bone marrow transplantation
Non-competitive and competitive bone marrow trans-
plantation (BMT) was performed as described previously.27 

Briefly, for non-competitive BMT, 2x106 BM mononuclear 
cells (BMMC) (CD45.2) from Ppm1bCKO or Ppm1bfl/fl mice were 
injected retro-orbitally into lethally irradiated wild-type 
(WT) recipient mice (CD45.1). For competitive BMT, 1x106 
BMMC cells from Ppm1bCKO or Ppm1bfl/fl mice (CD45.2) mixed 
with an equal number of WT CD45.1 BMMC were injected 
retro-orbitally into lethally-irradiated CD45.1 recipient mice. 
For serial competitive BMT, 2x106 donor BMMC from primary 
transplant recipient mice were transplanted into lethally 
irradiated CD45.1 congenic recipients. PB was analyzed 
every four weeks by flow cytometry to assess engraftment.

Limiting dilution assays 
Different doses (1x104, 2x104, 4x104, 8x104) of BMMC from 
Ppm1bCKO or Ppm1bfl/fl mice (CD45.2) plus 2x105 competitor 
BMMC (CD45.1) were transplanted retro-orbitally into le-
thally irradiated WT recipient mice (CD45.1). Sixteen weeks 
after  transplantation, the frequency of donor-derived cells 
(CD45.2) was evaluated by flow cytometry. ELDA (bioinf.
wehi.edu.au/software/elda/) and L-Calc software (StemCell) 
were used to analyze HSC frequency. 

Proximity ligation assay
Proximity ligation assay (PLA) was performed using the 
DuoLink reagents as previously described.28 Briefly, LSK 
cells were sorted by an Aria III flow cytometer and plated 
in 8-mm glass coverslips. Cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.5% Triton X-100 sep-
arately, followed by incubating with blocking solution. Cells 
were then incubated with Ppm1b and b-catenin overnight 
at 4°C. After  incubation with PLA probes, probe ligation, 
and amplification separately, cells were visualized using 
an Axio Observer fluorescent A1 microscope.

Results

Ppm1b inhibition led to the compromised proliferation of 
phenotypic hematopoietic stem cells 
By qRT-PCR, we confirmed that Ppm1b is highly expressed 
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in LSK (Lin−Sca-1+c-Kit+) cells that represent relatively en-
riched HSC, compared to that of hematopoietic progenitor 
cell (Lin−Sca-1-c-Kit+, LSK) and lineage-negative BM cells 
(Online Supplementary Figure S1A). To explore the role of 
Ppm1b in HSC function, we first treated the HSC isolated 
from mouse BM with Ppm1b inhibitor HN252 which we 
developed in our previous study.23 The cells in the LSK 
fraction exhibited a dose-dependent decrease after 48 
hours (hr) of culture with HN252, accompanied by the re-
duced LSK cells (Figure 1A, Online Supplementary Figure 

S1B). HN252 treatment also led to a significant increase in 
apoptotic cells in the LSK fraction (Online Supplementary 
Figure S1C), but the overall apoptosis rate was relatively 
low (<5%), suggesting that cell death is not the main cause 
of impaired HSC expansion induced by HN252. 
We then examined the proliferation of HSC via CFSE stain-
ing, in which cell division was tracked via the changes in 
intracellular fluorescence.29,30 Interestingly, the relative mean 
fluorescence intensity (MFI) of CFSE in LSK was 2-fold higher 
than that of the control group after 48 hr of culture with 

Figure 1. Ppm1b inhibition led to the repressed proliferation of phenotypic hematopoietic stem cells. (A) Lineage negative cells 
were cultured with HN252 at multiple concentrations (0, 5, 10, and 20 μM) for 48 hours (hr). The relative proliferation ratio of 
Lin−Sca-1+c-Kit+ (LSK) cells was quantified by flow cytometry, and normalized to the uncultured cells. (B) CFSE labeled lineage 
negative cells were cultured with HN252 (10 µM) or vehicle (control) for 48 hr, and the mean fluorescence intensity (MFI) of CFSE 
in LSK cells was quantified by flow cytometry. (C) Representative cell cycle profile of LSK cells after in vitro culture with control 
or HN252 (10 μM) for 48 hr. Cell cycle was analyzed using Hoechst 33342 and Ki67 staining by flow cytometry. (D) Quantification 
of cells in indicated phases in (C). (E and F) Lineage negative cells were transduced with retroviruses encoding Ppm1b shRNA 
(shP1B-1 or shP1B-2) and cultured for 48 hr; the cell number (E) and apoptosis (F) were analyzed by flow cytometry. P values were 
determined by one-way ANOVA with Tukey’s multiple comparisons test (A) or by unpaired two-tailed Student t test (B-F). Data 
are presented as mean ± Standard Deviation from 3 independent experiments. See also Online Supplementary Figure S1.
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HN252, indicating that Ppm1b inhibition led to the prolif-
erative suppression of HSC (Figure 1B). Compared to the 
freshly isolated LSK from BM (uncultured), the frequency 
of HSC at the G0-phase (Ki67-) was obviously decreased, 
which represents quiescent cells, while active cycling cells 
(Ki67+) were dramatically increased. This is consistent with 
previous findings that HSC undergoes active cell cycling 
stimulated by supplemented hematopoietic cytokines 
in in vitro culture.31,32 Notably, HN252 treatment led to a 
significant increase in G0 cells coupled with the reduced 
G1 and G2/M-phase frequency in LSK, suggesting that 
Ppm1b is required for HSC to switch from quiescence to 
an active state (Figure 1C, D). 
In line with the findings of HN252 treatment, Ppm1b knock-
down significantly inhibited the proliferation of LSK in in 
vitro culture, accompanied by a remarkable increase in 
cell death in LSK (Figure 1E, F). These data indicate that 
Ppm1b plays functional roles in the proliferation of HSC.

Ppm1b deficiency mice exhibited B-cell leukocytopenia
To explore the role of Ppm1b in the hematopoietic system, 
we generated  hematopoietic-specific Ppm1b KO mice 
(conditional KO, CKO) by crossing mice bearing Ppm1b allele 
with loxP-flanked exon 2 with Vav-Cre transgenic mice 
(Online Supplementary Figure S2A). The ablation efficiency 
of Ppm1b was confirmed in mononuclear cells of BM and 
PB by qRT-PCR (Online Supplementary Figure S2B). CKO 
mice exhibited a dominant defect in white blood cells 
(WBC) that was mainly due to the reduction of lympho-
cytes in PB, whereas red blood cells (RBC) and platelets 
(PLT) were unaffected (Figure 2A, Online Supplementary 
Figure S2C). Interestingly, the low lymphocyte attributed 
to the significantly reduced B cells (B220+) but not T cells 
(CD3+) in PB from CKO mice compared to that of control 
mice (Online Supplementary Figure S2D). Similar defective 
B lymphocytes were also observed in CKO BM (Figure 2B). 
We next examined the B-cell compartment in the BM ac-
cording to the well-established surface markers (Online 
Supplementary Figure S2E), which is characterized by 
pre-pro B cell, pro-B cell, pre-B cell, immature B cell, and 
mature B cell.33 Loss of Ppm1b resulted in a remarkable 
decrease in cell number in all subpopulations of B lym-
phocytes compared to that of WT controls, although there 
was no difference in their relative frequencies between 
the two groups of mice (Online Supplementary Figure 
S2E-I). Furthermore, common lymphoid progenitor (CLP) 
cells that commit into B-lineage progenitor cells also ex-
hibited a decrease in CKO mice (Figure 2C, D). However, 
loss of Ppm1b did not disrupt the T lymphogenesis that 
also starts with the commitment of CLP, evidenced by the 
equal thymus and subpopulations of T lymphocytes (Online 
Supplementary Figure S2J-L). These findings suggest that 
Ppm1b is required for the commitment and proliferation 
of B-biased lymphoid progenitor cells from CLP, which is 
further supported by the markedly reduced colony number 

and size from CKO lineage-negative BM cells supplemented 
with IL-7 (Figure 2E, F, Online Supplementary Figure S2M).

Loss of Ppm1b led to the suppression of phenotypic 
hematopoietic stem cell expansion in vivo
Ppm1bCKO mice exhibited a significantly diminished fre-
quency and absolute number of HSC (lineage-Sca1+c-Kit+, 
LSK) in BM (Figure 3A, Online Supplementary Figure S3A), 
while the committed HPC (lineage-Sca1-c-Kit+, LK) were 
comparable between these two groups of mice (Online 
Supplementary Figure S3B). To further explore the impact 
of Ppm1b deficiency on the HSC, we examined its sub-
populations according to the different identifications.8,34 
Interestingly, Ppm1bCKO mice exhibited the obviously de-
creased long-term HSC (CD34−CD135−LSK, LT-HSC) and 
short-term HSC (CD34+CD135−LSK, ST-HSC) (Figure 3B, 
Online Supplementary Figure S3C). A similar reduction was 
also observed in SLAM-HSC (CD150+CD48−LSK) represent-
ing the quiescent HSC in Ppm1bCKO mice (Online Supple-
mentary Figure S3D).35 To further determine the number of 
functional HSC of Ppm1bCKO mice in the BM, we performed 
limiting dilution assays and found that the frequency of 
competitive repopulation units (CRU) in Ppm1bCKO mice 
was significantly lower than that of control mice (Figure 
3C). Indeed, Ppm1bCKO HSC showed comparable homing 
activity to WT ones (Online Supplementary Figure S3E). 
Moreover, Ppm1b deletion had an undetectable effect on 
the HSC survival (data not shown). Cell cycle analysis by 
Ki67 staining demonstrated that Ppm1b-deficient HSC 
showed more quiescence than that of WT control (Figure 
3D). This is confirmed by the low cell division of ex vivo 
cultured Ppm1b-deficient LSK indicated by the relatively 
high CFSE staining (Online Supplementary Figure S3F). 
These findings indicate that loss of Ppm1b impaired the 
active proliferation of HSC.
To confirm the regulatory role of Ppm1b in functional HSC, 
we challenged CKO mice with 5-fluorouracil (5-FU) that 
eliminates cycling cells and triggers the hematopoietic 
repopulation.36 All the Ppm1bCKO mice died at 20 days of 
continuous 5-FU injection, whereas 40% of WT mice sur-
vived after 3 rounds of administration (Figure 3E), indicat-
ing that Ppm1b is required for the stressed reconstitution 
of HSC. Consistently, the frequencies of HSC at the G0 
and G1 phase in CKO mice also showed a more dramatic 
decrease after 5-FU administration compared with the 
steady state (Online Supplementary Figure S3G), suggesting 
that Ppm1b deletion impaired the transition between G0 
to G1 phase under stress hematopoiesis.
To further assess the function of Ppm1b-deficient HSC, 
we performed competitive serial transplantation assays 
(Online Supplementary Figure S3H). Ppm1bCKO-derived cells 
showed a successive reduction in the primary recipients 
and subsequent recipients (Online Supplementary Figure 
S3 I), indicating the impaired reconstitution of CKO HSC. 
Notably, the frequencies of LSK and SLAM-LSK derived 
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from Ppm1bCKO BM were also significantly reduced in 
primary and subsequent recipients (Figure 3F, Online 
Supplementary Figure S3J). In addition, B cells derived 
from Ppm1bCKO BM also showed a progressive decrease 
in the recipients (Online Supplementary Figure S3K, L), 
which is consistent with the defect of B cells in primary 
CKO mice.

Ppm1b regulated the hematopoietic stem cell pool and 
B-cell differentiation in adult hematopoiesis
Given that the defects of Ppm1bCKO mice may be due to 
a consequence of embryo stage, we analyzed whether 
Ppm1b also play roles in adult hematopoiesis. To this end, 
WT mice were pretreated with Ppm1b inhibitor HN252 
and then challenged with a sublethal dose of 5-FU (Figure 

Figure 2. Ppm1b deficiency mice exhibited B-cell leukocytopenia. (A) Absolute number of white blood cells (WBC) and lympho-
cytes in peripheral blood from Ppm1bCKO and Ppm1bfl/fl mice at the age of 8 weeks (N=14). (B) Statistical analysis of the percentage 
of B cells in bone marrow (BM) from indicated mice (N=6). (C) Representative flow cytometric profiles of the strategy for common 
lymphoid progenitors (CLP), Lin−Sca-1lowc-KitlowCD127+ cells. (D) Quantification of the cell number of CLP cells in BM from indicat-
ed mice (N=4). (E) Representative profiles of the colonies after 7 days of culture from indicated mice. (F) Quantification of the 
colony number in (I) (N=3). All P values were determined by unpaired two-tailed Student t test. See also Online Supplementary 
Figure S2.
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4A). Compared to control group mice, HN252 treatment led 
to a greater decrease and subsequently slower recovery of 
WBC and lymphocytes but not PLT and RBC in PB (Figure 
4B, Online Supplementary Figure S4A). HN252-treated mice 

showed markedly reduced B220+ cells in PB and BM after 
12 days of 5-FU injection when the blood cells had com-
pletely recovered in control mice (Figure 4C, D). Moreover, 
it is notable that the proportion of LSK cells was also 

Figure 3. Loss of Ppm1b leads to the suppression of phenotypic hematopoietic stem cell expansion in vivo. (A) Statistical anal-
ysis of the percentage (left) and number (right) of Lin−Sca-1+c-Kit+ (LSK) cells in 8-week-old Ppm1bCKO and Ppm1bfl/fl mice. (A) 
N=4. (B)  Statistical analysis of the percentage of LT-HSC, ST-HSC and MPP cells (all gated from LSK) (N=4). (C)  Limiting dilu-
tion transplantation assays were performed by transplanting different doses of bone marrow mononuclear cells (BMMC) from 
indicated mice. (Left) The number of functional hematopoietic stem cell (HSC) in bone marrow (BM) of Ppm1bCKO and Ppm1bfl/fl 
mice was measured by flow cytometry after 16 weeks of transplantation. Recipients with <2% donor-derived cells in BM were 
defined as non-respondent (N=8). (Right) Fraction of HSC in BM of Ppm1bCKO and Ppm1bfl/fl mice by Poisson statistical analysis 
of the data using L-Calc software. Solid lines indicate the best-fit linear model for each dataset. Dashed lines for 95% Confi-
dence Intervals; χ2 test=4.39; P=0.0361. (D) Cell cycle analysis of LSK cells from indicated mice by flow cytometry using Hoechst 
33342 and Ki67 staining (N=4). (E) Kaplan-Meier survival curves of Ppm1bCKO and Ppm1bfl/fl mice treated thrice with 5-FU (150 
mg/kg) (N=12). (F) Percentage of donor-derived LSK cells in the BM of the primary and secondary recipient mice (N=6). Two-
tailed unpaired Student t test was used to generate the P values. The significance for survival analyses was calculated by log-
rank (Mantel-Cox) test. See also Online Supplementary Figure S3. BMT: bone marrow transplantation; CRU: competitive repop-
ulating units.
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significantly reduced in HN252-treated mice BM upon the 
challenge of 5-FU (Figure 4E). These findings phenocopied 
the defect of the HSC pool and B-cell differentiation in 
Ppm1bCKO mice. To avoid the off-target effect of HN252, we 
performed experiments to confirm the specificity of HN252 
on Ppm1b. There were no significant changes in WBC and 
lymphocytes in PB observed in Ppm1b deficient mice with 
or without HN252 treatment after 5-FU injection (Online 
Supplementary Figure S4B), as well as the cell number 
of B220+ cells and the proportion of LSK cells in the BM 

(Online Supplementary Figure S4C, D). In addition, HN252 
treatment showed no notable effect on the relative mean 
fluorescence intensity of CFSE in Ppm1b-deficient LSK 
(Online Supplementary Figure S4E). These results indicate 
that HN252 affects the HSC pool and B-cell differentiation 
in adult hematopoiesis mainly via targeting Ppm1b.

Transcriptome profiling of Ppm1b-deficient hematopoietic 
stem cells reveals altered stem cell property
To explore the basis of abnormal hematopoiesis upon Ppm1b 

Figure 4. Ppm1b regulates hematopoietic stem cell pool and B-cell differentiation in stressed hematopoiesis. (A) Experimental 
design for HN252-treated mice in response to 5-FU-induced emergency hematopoiesis. Long blue arrow indicates HN252 or Ve-
hicle injection every 2 days. Black arrow indicates the time point for 5-FU injection. Red arrows indicates the bleeding for blood 
assays. (B) Quantification of white blood cells (WBC) and lymphocytes in peripheral blood at indicated time points during HN252 
injection (N=6). (C) The mice were treated with HN252 as in (A), and the ratio of B cells in peripheral blood was analyzed by flow 
cytometry (N=6). (D and E) The number of B cells (D) and the percentage of Lin−Sca-1+c-Kit+ (LSK)  cells (E) from indicated mice 
in (C) were measured by flow cytometry (N=6). Data are presented as mean ± Standard Deviation. All P values were determined 
by unpaired two-tailed Student t test. See also Online Supplementary Figure S4. BM: bone marrow; GO: gene ontology; PBMC: 
peripheral blood mononuclear cells.
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deficiency, we performed RNA sequencing analysis with 
purified lineage negative cells from Ppm1bCKO and the cor-
responding mice (Online Supplementary Figure S5A). En-
riched gene sets were notably related to B-cell activation 
and immunoglobulin production (Online Supplementary 
Figure S5B). Given that transcription factors are crucial in 
controlling B-cell development,37 we next examined the ex-
pression of the multiple transcriptional regulators in B220+ 
BM cells. Compared to B220+ cells from the corresponding 
mice, Ppm1bCKO B cells showed significant downregulation 
of these transcription factors (Online Supplementary Figure 
S5C), in which flow cytometry  further confirmed Forkhead 
Box O1 (FOXO1) protein levels to be reduced (Online Sup-
plementary Figure S5D). 

Moreover, KEGG enrichment analysis revealed that Wnt sig-
naling pathway  was substantially enriched in the Ppm1bCKO 
group (Figure 5A, Online Supplementary Table S1). Several 
Wnt signaling-related genes were down-regulated upon the 
deletion of Ppm1b, including Fzd1, Jun, Camk2b, Lrp5, Ccnd1, 
and Gpc4 (Online Supplementary Figure S6A).
The reduced pool of HSC in Ppm1bCKO mice prompted us to 
investigate the basis of impaired HSC. We then performed 
single-cell RNA sequencing with sorted LSK cells from Ppm-
1bCKO mice and their corresponding controls. A total of 3,651 
CKO and 3,713 WT cells were divided into 24 clusters with 
unsupervised clustering, which was visualized with uniform 
manifold approximation and projection (UMAP) (Online Sup-
plementary Figure S6A, B). Four subpopulations referring to 

Figure 5. Transcriptome profiling of Ppm1b-deficient hematopoietic stem cells reveals altered stem cell properties. (A) KEGG 
pathway analysis indicating altered signaling pathways including Wnt signaling between Ppm1bCKO and Ppm1bfl/fl LSK cells (P<0.05). 
Numbers shown in each bar indicate the number of enriched proteins in relative terms.  (B) A uniform manifold approximation 
and projection (UMAP) plot of 7,364 Lin−Sca-1+c-Kit+ (LSK)  cells (3,651 for pm1bfl/fl, 3,713 for Ppm1bCKO) categorized into 5 clusters 
based on distinct differentiation potentials. (C) UMAP plots illustrating principal identifiers (expression of marker genes) of various 
LSK sub-populations. (D) Volcano plot showing differential expressed genes (DEG) between Ppm1bCKO and Ppm1bfl/fl within each 
cluster (P.adjust<0.01). (E). Gene ontology (GO) analysis of down-regulated DEG between Ppm1bCKO and Ppm1bfl/fl in the non-primed 
cluster (P<0.05). See also Online Supplementary Figures S5 and S6.
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the commitment gene markers were identified, including 
myeloid-biased (pMy), lymphoid-biased (pLy), megakaryo-
cytic-biased (pMk), and erythroid-biased (pEry) clusters 
(Figure 5B). The remaining cell populations, characterized 
by the maintenance of stemness and lacking a specific pro-
pensity for lineage differentiation according to enrichment 
analysis, were annotated as “non-primed”. This cluster was 
further confirmed by the elevated expression of Hlf, a mas-
ter transcription factor predominantly expressed in an HSC 
subpopulation with extensive self-renewal capacity (Figure 
5C).38 Consistent with the findings in flow cytometric anal-
ysis, the relative frequency of the “non-primed” cluster was 
also reduced in the Ppm1bCKO group (Online Supplementary 
Figure S6C).
Several genes associated with HSC homeostasis were identi-
fied in the non-primed cluster between CKO and WT groups 
(Figure 5D, Online Supplementary Table S2). Nf4a1 has been 
reported to restrict HSC proliferation in part through activa-
tion of a C/EBPα-driven antiproliferative network by directly 
binding to a hematopoietic-specific Cebpa enhancer, a mem-
ber of the Nr4a subfamily of nuclear receptors.39 Fos serves 
as a gatekeeper in the cell cycle progression of dormant HSC, 
whose sustained expression inhibits HSC entry into the cell 
cycle.40 These two genes showed obvious upregulation in 
CKO HSC compared to that of the corresponding controls 
(Figure 5D). On the other hand, it has been demonstrated 
that down-regulated Txnip is required for the hematopoi-
etic reconstitution and HSC self-renewal capacity.41 In line 
with the previous report that low FLT3 expression led to a 
blockage at G0 phase in HSC,42 CKO HSC showed reduced 
FLT3 expression and enhanced quiescence. Furthermore, 
GO enrichments with these differentially expressed genes 
revealed that the physiological activity was down-regulated 
in CKO HSC, such as cytokine-mediated signaling, mRNA 
metabolism, and translation, which phenocopies the qui-
escent status (Figure 5E). These transcriptomic changes 
further confirmed the impact of Ppm1b on HSC expansion. 

Loss of Ppm1b impaired the functional expansion of 
hematopoietic stem cells through Wnt/bb-catenin 
pathway 
Given that the phosphorylation of b-catenin functions as a 
downstream key node of Wnt signaling, and it has been pre-
viously identified as a potential subtract of PPM1B, we spec-
ulated that Ppm1b regulates HSC via Wnt/b-catenin signaling. 
Indeed, the phosphorylation of b-catenin was dramatically 
increased in Ppm1bCKO HSC compared to that of WT controls 
(Figure 6A). The target genes of Wnt/b-catenin signaling such 
as Cylin D1 and Myc, were also down-regulated upon Ppm1b 
deletion (Figure 6B). Proximity ligation assay in sorted LSK 
cells indicated that Ppm1b interacted with b-catenin (Figure 
6C). Moreover, Ppm1b inhibitor HN252 treatment led to a 
considerable decrease in the active b-catenin (non-phos-
phorylated) in the LSK cells (Online Supplementary Figure 
S7A, B), which is further confirmed by the downregulation 

of its target genes (Online Supplementary Figure S7C). These 
data suggest that Ppm1b mediates the b-catenin activity via 
the dephosphorylation in HSC.
To confirm Wnt/b-catenin signaling is responsible for the 
impaired expansion of HSC with Ppm1b deficiency, we per-
formed rescue experiments with a potent Wnt signaling ac-
tivator BML-284 (BML)43 and found that BML could activate 
the expression of Wnt-targeted genes in Ppm1b deficient 
cells (Online Supplementary Figure S7D). Lineage negative 
BM cells were sorted from CKO and WT mice and labeled 
with CFSE, followed by in vitro culture with BML treatment. 
Compared to the high MFI of CFSE in Ppm1bCKO LSK cells 
after 48 hr ex vitro culture, BML treatment led to a signif-
icant reduction in CFSE staining (Figure 6D). This was fur-
ther confirmed by the increase in LSK cells derived from 
Ppm1bCKO mice upon BML treatment (Online Supplementary 
Figure S7E), indicating that BML reversed the suppressed 
HSC expansion with Ppm1b deficiency. 
To verify the functional roles of Ppm1b/Wnt/b-catenin axis 
in HSC expansion in vivo, we pretreated Ppm1bCKO and WT 
mice with BML for four days and then challenged them with 
a sublethal dose of 5-FU. Similar to the findings in ex vitro 
culture, the frequencies and cell number of HSC in Ppm-
1bCKO mice were remarkably increased by BML treatment, 
whereas the HSC in Ppm1bfl/fl mice remained unchanged 
(Figure 6E, Online Supplementary Figure S7F). Furthermore, 
BML treatment led to a significant decrease in LSK cells at 
G0 phases but a notable increase at the G2/S/M-phase in 
Ppm1bCKO mice, compared to that of the control group (Fig-
ure 6F). However, BML had no detectable impact on the cell 
cycle of LSK cells in WT control mice (Figure 6F). These data 
confirm that loss of Ppm1b impaired the HSC homeostasis 
via the blockage of Wnt/b-catenin signaling.

Discussion

In stable state conditions, most HSC are in a state of quies-
cence with only a small proportion undergoing self-renewal or 
differentiation.44,45 The balance between the quiescence and 
activation of HSC is tightly regulated to protect the HSC pool 
from exhaustion, which is also required for the capabilities 
of long-term hematopoiesis.46 In this study, we identified the 
critical role of Ppm1b in the regulation of HSC homeostasis 
and B-cell development in vitro and in vivo. Ppm1b inhibition 
suppressed the expansion of HSC due to the blockage of the 
cell cycle at G0 phase. Moreover, Ppm1b deficiency led to a 
reduction in the early B-cell progenitors committed from CLP, 
which consequently impaired B-cell differentiation (Figure 
7). Altogether, our work demonstrated that Ppm1b emerges 
as a key regulator in normal hematopoiesis. 
The canonical Wnt/b-catenin signaling has been document-
ed to be crucial for the self-renewal and differentiation of 
HSC.47 However, its regulatory role in HSC remains a sub-
ject of debate.48 Weissman et al. found that constitutive 
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activation of Wnt/b-catenin signaling led to the enhanced 
proliferation and repopulation of HSC via overexpression 
of active b-catenin.49 In line with this finding, Kincade et 
al. also confirmed that constitutively active b-catenin ac-
celerates the expansion of HSPC in vitro.50 However, other 
research groups demonstrated that constitutive activation 
of b-catenin inhibited the repopulation and differentiation 
of HSC by using transgenic mice.51,52 These inconsistent re-

sults indicated that the role of Wnt/b-catenin signaling in 
HSC fate decisions is dependent on its degree. Our finding 
underscored the essential roles of Wnt/b-catenin signaling 
in HSC homeostasis. Loss of Ppm1b led to the decrease in 
active b-catenin (non-phosphorylated state) and its target 
genes’ expression in HSC, resulting in a blockage of self-re-
newal in Ppm1b-deficient HSC. This was efficiently reversed 
by activating Wnt signaling (Figure 7). 

Figure 6 Loss of Ppm1b impaired the function 
of hematopoietic stem cells through Wnt/bb-cat-
enin pathway.  (A) Western blot analysis of in-
dicated proteins in purified lineage negative cells 
from Ppm1bCKO and Ppm1bfl/fl mice. (B) Quantifi-
cation of mRNA expression of Ppm1b, cyclin D1 
and Myc in cells from (A). 18S ribosomal RNA 
was used as an internal control. (C) Represen-
tative confocal images of proximity ligation as-
say between Ppm1b and b-catenin in Lin−Sca-
1+c-Kit+ (LSK) cells. Sorted LSK cells from 3 
independent Ppm1bCKO and Ppm1bfl/fl mice were 
stained with indicated antibodies separately, 
and were visualized using a fluorescent micro-
scope. Scale bar: 5 μM. (D) Lineage negative cells 
purified from indicated mice were labeled with 
CFSE, and then the cells were cultured with or 
without BML-284 (10 nM) for 48 hours (hr) in 
vitro. The fluorescence intensity of CFSE of LSK 
cells was quantified by flow cytometry. (E) Ppm-
1bCKO and Ppm1bfl/fl mice were treated with 
BML-284 (5 mg/kg) or not for 4 days, followed 
by a single dose injection of 5-FU for another 7 
days. The frequency of LSK cells was determined 
from indicated mice by flow cytometry (N=4). 
(F) Cell cycles of LSK cells in (E) were analyzed 
by flow cytometry using Hoechst 33342 and Ki67 
staining (N=4). *P<0.05, **P<0.01, ***P<0.001. 
All P values were determined by unpaired two-
tailed Student t test. Data are presented as 
mean ± Standard Deviation from 3 independent 
experiments. See also Online Supplementary 
Figure S7. BM: bone marrow; MFI: mean fluo-
rescence intensity.
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We demonstrated that Ppm1b interacted with b-catenin, 
and Ppm1b deletion led to the inhibition of Wnt/b-catenin 
signaling via the dephosphorylation in HSC. Although the 
role of Wnt/b-catenin signaling in B-cell development has 
been revealed by LEF1 KO mice that led to a reduction in B 
cells,53 we did not observe any changes in the phosphoryla-
tion of b-catenin and downstream target genes’ expression 
in Ppm1b-deficient B cells (data not shown). This is consis-
tent with our findings that Ppm1b is required for the com-
mitment and proliferation of B-biased lymphoid progenitor 
cells from CLP but not the consequent B-cell differentiation. 
Given that B-cell precursor acute lymphoblastic leukemia 
(BCP-ALL) is characterized by uncontrolled proliferation of 
early B-cell progenitors, our work identified Ppm1b as the 
potential target for the clinical treatment of BCP-ALL.
Our data showed that loss of Ppm1b led to the defect in 
B-cell but not T-cell development. Indeed, lymphopoiesis is 
an intricate process that gives rise to all lymphocytes which 
starts with the commitment of HSC to CLP.54 Even though 

CLP generate T and B cells when properly stimulated,55 it 
seems that CLP are mainly progenitors for B cells, owing to 
the limited or negligible T-cell generation from CLP.56,57 By the 
expression of Ly6D, CLP can be defined as all-lymphoid pro-
genitors (Ly6D−), which have the potential to generate T and 
natural killer cells, and B-cell biased lymphocyte progenitors 
(Ly6D+).58 Moreover, there are still CLP-independent path-
ways of innate T-cell development which are more efficient 
than CLP.59 Importantly, the changes in lymphocyte counts 
in the first two weeks after 5-FU were most likely not driven 
by differentiation from HSC but rather due to lymphocyte 
death and subsequent homeostatic proliferation, as well 
as differentiation from more committed progenitors (such 
as BM CLP or Flt3+ MPP) (Figure 4). Given that PLT and RBC 
in HN252-treated mice showed mild changes compared to 
that of the control group, a single 5-FU treatment is prob-
ably not sufficient to impair the function of HSC pretreated 
with the PPM1B inhibitor. These data would rather seem to 
point toward a CLP-intrinsic effect of PPM1B. However, these 

Figure 7. Schematic diagram illustrates the regulatory role of Ppm1b in hematopoietic stem cell self-renewal and B-cell development.  
Ppm1b is required for hematopoietic stem cell (HSC) proliferation and early B-cell progenitor differentiation. Loss of Ppm1b led to the 
decrease of the active b-catenin (non-phosphorylated) that interrupted the Wnt/b-catenin signaling in HSC, which consequently 
suppressed HSC expansion. CLP: common lymphoid progenitors.
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findings were not invalidated by the serial transplant or CRU 
data, suggesting that there might be two at least partially in-
dependent stages of PPM1B activity. Consequently, the impact 
of Ppm1b deletion on B-cell development may take place at 
the level of stem and progenitor cells, even in populations 
lacking an apparent inclination for lineage differentiation.
In summary, our study identified an essential role for Ppm1b 
in HSC homeostasis via Wnt/b-catenin signaling. Our findings 
may provide novel insights into the understanding of HSC 
self-renewal and B-cell development, and also offer clues for 
the pathogenesis of their related hematologic malignancies.
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