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Abstract

Notch is long recognized as a signaling molecule important for stem cell self-renewal and fate 

determination. Here we reveal a novel adhesive role of Notch-ligand engagement in hematopoietic 

stem and progenitor cells (HSPCs). Using mice with conditional loss of O-fucosylglycans on 

Notch EGF-like repeats important for the binding of Notch ligands, we report that HSPCs with 

faulty ligand binding ability display enhanced cycling accompanied by increased egress from the 

marrow, a phenotype mainly attributed to their reduced adhesion to Notch ligand-expressing 

stromal cells and osteoblastic cells and their altered occupation in osteoblastic niches. Adhesion to 

Notch ligand-bearing osteoblastic or stromal cells inhibits wild type but not O-fucosylglycan-

deficient HSPC cycling, independent of RBP-JK-mediated canonical Notch signaling. 
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Furthermore, Notch-ligand neutralizing antibodies induce RBP-JK-independent HSPC egress and 

enhanced HSPC mobilization. We therefore conclude that Notch receptor-ligand engagement 

controls HSPC quiescence and retention in the marrow niche that is dependent on O-

fucosylglycans on Notch.
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Introduction

The hematopoietic stem cell (HSC) population is maintained throughout its lifetime by 

complex cell-intrinsic mechanisms and by extrinsic cues from specific bone marrow 

microenvironments, also called niches [1]. Osteoblasts [2, 3], endothelial cells [4-6], 

perivascular stromal cells [7, 8], multi-potent stromal cells (MSC) [9], and macrophages [10, 

11] are components of HSC niches. Certain Notch receptors and their ligands are implicated 

in the regulation of specific hematopoietic progenitor subsets within distinct marrow 

microenvironments. For example, the Notch ligand JAG1 expressed by osteoblasts promotes 

expansion of HSCs [2]. In contrast, direct contact of HSCs with endothelial cells through 

Notch-ligand interactions promotes HSC proliferation and prevents HSC exhaustion [5]. 

Although Notch family members were first identified as cell adhesion molecules by cell 

aggregation assays in Drosophila studies [12, 13], the precise role and the physiological 

significance of Notch receptors as adhesion molecules in HSCs has not been defined in 

HSCs.

We previously generated a pan-Notch loss-of-ligand-binding mouse model by targeting 

Pofut1, the gene that encodes POFUT1, the enzyme that transfers O-linked fucose to 

conserved serine or threonine residues of Notch extracellular EGF-like repeats [14-16]. O-

fucose modification of Notch is essential for both Notch-ligand interactions and Notch 

signaling activation [17-20]. Using conditional Pofut1-deficient (Mx1-Cre/Pofut1F/F) mice, 

we found that deletion of Pofut1 causes a myeloproliferative disorder [21]. The cell-

autonomous dysregulation of myeloid hyperplasia is largely accounted for by loss of binding 

of Pofut1-deficient HSCs to Notch ligands.

Here we further examine the effect of conditional Pofut1-deletion on HSPC homeostasis, 

quiescence and HSPC interactions with the marrow microenvironment. Our studies reveal 

that Pofut1-deficient HSPCs are less adhesive to Notch ligand-expressing marrow stromal or 

osteoblastic cells, display a more active cycling activity and a more dispersed endosteal 

niche distribution, and are increased in number in the peripheral circulation and exhibit 

higher sensitivity to mobilizing stimuli. In line with these findings, we observe that mice 

receiving neutralizing antibodies to Notch ligands DLL4 or JAG1 exhibit increased steady-

state HSPC egress and increased HSPC mobilization. These observations reveal that O-

fucose-modified Notch receptors expressed by HSPCs are important for engaging Notch 

ligands expressed by niche cells, and indicate that these interactions facilitate HSPC niche 

retention and the maintenance of quiescence.
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Materials and Methods

Mice

The Institutional Animal Care and Use Committee approved all aspects of the animal 

research described in this study. Mx1-Cre/Pofut1F/F and Col2.3-GFP mice were maintained 

as described [19, 21].

Bone marrow cell isolation, FACS, cell sorting, transplantation, and quantitative RT-PCR

Marrow mononuclear cells were lineage depleted with biotin-conjugated rat anti-mouse 

antibody cocktails followed by goat anti-rat IgG magnetic beads (Miltenyi), stained with 

streptavidin-APC-Cy7, FITC-anti-CD34, APC-anti-c-kit, PE-Cy7–anti–Sca-1, PE-anti–

Flk2/Flt3, and sorted using FACSAria (BD Biosciences). Lineage depleted cells were 

further enriched for c-Kit+ cells using CD117 microbeads (Miltenyi). Cell surface marker 

analysis, bone marrow transplantation and qRT-PCR were performed as described [22].

Cell cycle analysis and Ki67 staining

Cell cycle analysis was performed after incubation with Hoechst 33342 and Pyronin Y 

followed by labeling with FITC-anti-lineage antibodies, APC-anti-c-kit and PE-Cy7-anti-

Sca-1 [23]. BrdU labeling was determined as described [24]. For Ki67 staining, lineage-

depleted cells were first stained with streptavidin-APC-Cy7, APC-anti-c-kit, PE-Cy7-anti-

Sca-1, and treated with Cytofix/Cytoperm reagents according to the manufacturer's 

instructions (BD Biosciences). Cells were incubated with PE-anti-Ki67 antibody and 

propidium iodide (PI) in BD Perm/Wash buffer and analyzed using FACS.

Notch ligand neutralization

Humanized IgG1 neutralizing monoclonal antibody specific for the DLL4 extracellular 

domain (ECD) was described previously [25]. Neutralizing monoclonal antibody specific for 

the JAG1 ECD and the corresponding isotype control antibodies were generated and tested 

in a similar fashion. Antibodies were injected i.p. at 15 mg/kg body weight twice weekly, 

3-4 days apart, for a total of 4 doses.

HSPC mobilization

HSPC mobilization assays were performed as described [26]. Briefly, mice were injected 

subcutaneously with 2.5 μg G-CSF, twice daily for 2 days, followed by subcutaneous 

injection of 5mg/kg AMD3100 (Sigma). Blood (250 μl) and hematopoietic tissues were 

collected 1h later for determination of circulating, splenic and marrow HSPC frequencies.

HSPC adherence, and chemotaxis assays

For osteoblast adherence assay, primary osteoblasts were isolated from calvaria dissected 

from 2-5-day-old Col2.3-GFP mice using modified methods as described [27]. Each 

calvarium was placed in digestion media (α-MEM containing 0.04% Trypsin and 0.01 

mg/ml collagenase P) for 20 min at 37°C in a 6-well plate, and shaken vigorously for 20 sec 

every 5 min. Released cells were discarded. Additional digestion buffer was added to 

minced calvarium with double the amount of collegenase P (Roche) and incubated for 60 
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min with shaking every 5 min. Calvarium was incubated at 37°C overnight with the addition 

of 3.75 ml of culture medium (α-MEM containing antibiotics and 15% FBS), followed by 

vigorous pipetting. Dissociated cells were collected after centrifugation and allowed to 

attach to the plate for 4-6 h followed by washing with PBS. Cells were cultured in culture 

medium for 3 days, trypsinized and replated at 10,000-15,000 cells/cm2, and the medium 

was changed every other day. For the modified HSPC adherence assay, confluent OP9 cells, 

or primary osteoblasts (2×104) were seeded in a 48-well plate. LK cells (1.5×105) suspended 

in 200 μl RPMI, supplemented with 10% FBS, were seeded into each well and incubated for 

1 hour at 37°C. After controlled agitation on a plate mixer (Gyrotory shaker G2, 120 rpm) 

for 30 sec, non-adherent cells were removed by pipetting and a gentle wash of the co-culture 

plate and counted using a hemacytometer. Ratios of adherent LK cells to those initially 

added were calculated. To determine the extent to which adhesion was dependent on Notch 

receptor-ligand interactions, LK cells were seeded with control Ret10 cells or osteoblastic 

cells in the presence of recombinant DLL1-Fc (30 μg/ml) (AdipoGen) or human IgG Fc for 

1 h at 37°C, followed by controlled agitation and enumeration of non-adherent cells as 

described above. To determine the efficacy of ligand neutralizing antibodies to block HSPC 

adhesion, primary calvarium osteoblasts were pre-incubated with antibodies at either 0.1 

mg/ml or at 0.4 mg/ml for 30 minutes before the addition of LK cells. For chemotaxis assay, 

dual-chamber chemotaxis assays were performed using 24-well plates with 5 μm pore size 

inserts (Costar/Corning) [28]. SDF-1-containing (0, 10 ng/ml or 100 ng/ml) (R&D Systems) 

medium was added to the lower chamber, and 200 μl of LK cells in suspension (1×106/ml) 

were placed in the upper chamber. Cells migrated to the lower chamber were counted 

following 2 hour incubation.

Notch1 and Notch2 recombinant protein binding assays

Chimeric proteins Notch1 and Notch2 EGF1-15 (N1/2 1-15EGF) fused with human IgG Fc 

were prepared from FX-deficient CHO cells either in the absence or presence of fucose as 

described [29]. Binding assays were performed by incubating OP9 cells with chimeric 

proteins in PBS with Ca2+ and Mg2+ for 30 min at room temperature, and analyzed by 

FACS using PE-anti-IgG Fc (Sigma) [21].

SDF-1/CXCL12 ELISA

Bone marrow extracellular fluid was obtained by flushing each femur and tibia with 1000 

μL HBSS, and the supernatant was harvested after centrifugation at 400g for 5 minutes. 

CXCL12 protein quantification in bone marrow extracellular fluid was determined by 

ELISA (Mouse CXCL12/SDF-1 alpha Quantikine ELISA Kit; R&D System) according to 

the manufacturer's instructions.

Multi-photon intravital imaging

Intravital 2-photon imaging preparation, data acquisition and data analysis were performed 

as previously described [24, 30]. Briefly, Lineage−c-kit+Sca-1+ (LSK) cells (5-15×104) were 

injected into the tail vein of lethally-irradiated recipient mice. At indicated times after i.v. 

transfer, mice were anaesthetized and a small incision was made in the scalp so as to expose 

the underlying dorsal skull surface. For femur bone marrow imaging, donor cell homing to 
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the marrow of shaved femur was imaged using a SP5/AOBS/2-photon microscope tuned to 

860 nm (Leica Microsystems & Coherent Inc., Lawernceville, GA) while mice were under 

inhaled anesthesia (1-2% isoflurane) on a warmed microscope stage (37°C). To highlight the 

bone marrow vasculature, 25-60 μl TRITCBDextran (10 mg/ml) (2000 Kd; Life 

Technologies) was injected into recipient mice 5 min prior to the imaging experiments. 

Simultaneous visualization of bone endosteum, vasculature, osteoblastic cells, and HSC was 

achieved by second harmonic generation (SHG) microscopy, Dextran dye, GFP signals, and 

cells with SNARF signals, respectively. Fluorescent images from optical sections of 

individual xy-planes were collected through pre-determined, fixed optical z-slices. This data 

set was then analyzed using imaging software (Imaris; BitPlane, Inc., Saint Paul, MN), 

which allows simultaneous tracking of object positions in 3 dimensions over time with 

statistical analysis.

Immunohistochemistry staining

Femurs were fixed in 4% paraformaldehyde overnight at 4°C, and then decalcified for 24 

hours in decalcifying solution (Thermo Scientific). After rehydrated in 30% sucrose solution 

for 48 hours, tissues were snap-frozen in OCT (TissueTek). Whole longitudinal femur were 

cut into 7μm sections using a cryostat, and fixed with 4% paraformaldehyde for 10 minutes. 

Slices were washed with PBS and blocked in blocking solution (0.2% Triton containing 3% 

BSA in PBS) for 1 hour at room temperature. Sections were stained with rat anti-VEGFR3 

(BD Biosciences) at a dilution of 1:50 overnight at 4°C, washed in PBS and stained with 

anti-rat secondary antibody (Vector laboratories) for 1 hour at room temperature, followed 

by PBS washing and treatment with Horseradish Peroxidase (HRP; Vector laboratories) for 

30 minutes at room temperature. 3,3’-diaminobenzidin served as the HRP chromogenic 

substrate. The sections were then counterstained with hematoxylin, and microscopic images 

were captured digitally. The numbers of VEGFR3+ vessels were enumerated on 10 random 

fields under 200X magnification.

Statistical analysis

Data are presented as means ±SD, unless otherwise stated. Statistical significance was 

assessed by Student t test.

Results

Pofut1-deficiency leads to transient decreases in marrow HSPCs but increases in HSPC 
cycling and proliferation

We previously observed that after Pofut1 deletion in Mx1-Cre/Pofut1F/F mice, 

myeloproliferation is induced through both cell-intrinsic and stromal environment-

dependent mechanisms, and displays a progressive increase in severity with time [21]. We 

report here our examination of cell-intrinsic changes of HSCs and progenitors in relation to 

their ability to bind Notch ligands at earlier stages after Pofut1 deletion. Four weeks after the 

last dose of pIpC injection, the total LSK (Lin−Sca-1+c-kit+) number is decreased by ~39% 

in Mx1-Cre/Pofut1F/F mice when compared to control mice (Fig 1A). All HSPC 

subpopulations as well as common lymphoid progenitor (CLP) cells are proportionally 

decreased (Fig 1B). At 4-5 months following Pofut1 deletion, long-term HSCs (LT-HSC) 
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and CLPs remain suppressed, while the other subpopulations appear to recover to control 

numbers (Fig 1C). BrdU labeling reveals an increased proliferation of Pofut1-deficient 

progenitor cells (Fig 1D). Furthermore, Pofut1 deletion results in a decreased number of 

LSK cells in G0 and increased cells in G1 phase (Fig 1E). These changes in cell cycling are 

cell-intrinsic as they persist in WT recipients receiving Pofut1-deficient LSK cells (Fig 1F). 

By qRT-PCR analysis, we find that these cycling changes are accompanied by down-

regulation of p21 and EGR1 and increased expression of cyclin-D1 and cdk4 in Pofut1-

deficient HSPCs (Fig 1G) [23, 31, 32], suggesting reduced expression of p21 and 

deregulation of cyclin-D1 and cdk4 as likely molecular mechanisms underlying the 

enhanced proliferative activity of Pofut1-deficient HSPCs.

Pofut1-deficiency leads to increased HSPC circulation and mobilization without affecting 
HSPC chemotaxis or expression of CXCR4 and integrins

The paradoxical findings of reduced marrow HSPCs associated with enhanced cell cycling 

and proliferation, led us to suspect that there is increased HSPC exit from the marrow in 

Mx1-Cre/Pofut1F/F mice early after Pofut1 deletion. Indeed, we find that circulating LSK 

and LK (Lin−c-kit+) cells in the periphery are increased 3.7- and 3.3-fold, respectively, in 

Mx1-Cre/Pofit1F/F mice compared to controls (Fig 2A-B), and their total white cell counts 

are also modestly increased (Fig 2C). LSK and LK cells also accumulate in the spleen of 

Mx1-Cre/Pofut1F/F mice, increasing ~7.4- and 2.9-fold, respectively, compared to control 

mice (Fig 2D-E), consistent with increased colony forming units in the CFU-C assay (Fig 

2F). The frequencies of HSPCs are also increased in the periphery and in the spleen in 

lethally-irradiated wild type mice receiving Pofut1-deleted marrow cells (Fig S1). 

Furthermore, after G-CSF and AMD3100 treatment [26], Mx1-Cre/Pofut1F/F mice have 5.6- 

and 11- fold more LSKs and LKs in the periphery (Fig2 G-H) compared to non-mobilized 

Mx1-Cre/Pofut1F/F mice (Fig2 A-B). These mice also display a 2- and 2.5-fold increase in 

LSK and LK mobilization to the periphery and a 5-fold increase in LSK accumulation in the 

spleen compared to similarly treated control mice (Fig 2G-I). There is no significant 

increase of LK cells mobilized to the spleen in Mx1-Cre/Pofut1F/F mice compared to 

similarly treated control mice (Fig 2J). These findings imply that Pofut1-deficient HSPCs 

exit from the marrow in a more rapid and a cell-autonomous manner, and are more 

responsive to mobilizing stimuli.

In comparison, chemotaxis of Pofut1-deficient HSPCs to SDF-1 is not different from 

controls (Fig S2A). Expression of CXCR4 and key adhesion molecules including α4 

(CD49d), α5 (CD49e), β1 (CD29) or β2 integrins (CD18), and CD44 (Fig S2B), as well as 

membrane-bound activated β1 integrin (recognized by 9EG7 clone) (Fig S2C), is largely 

unchanged, relative to control cells. Transcripts of the chemotactic chemokine SDF-1 in 

stromal cells of Mx1-Cre/Pofut1F/F mice are surprisingly increased (Fig S2D), whereas 

SDF-1 protein level in marrow extracellular fluid is not changed (Fig S2E). These findings 

imply that Pofut1-deficient HSPCs exhibit an enhanced marrow egress phenotype that is 

largely independent of integrin-mediated adhesion or CXCR4/SDF-1 signaling.
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Pofut1-deficient HSPCs have decreased adhesion to Notch ligand-expressing osteoblasts 
and stromal cells and are insensitive to cycling suppression mediated by Notch-ligand 
engagement

Next, we sought to understand the molecular mechanisms underlying the decreased retention 

of Pofut1-deficient HSPCs in the marrow. We asked whether Notch receptor-ligand 

engagement contributes to bone marrow localization of HSPCs and promotes their 

quiescence. To test this, we first examined the ability of Notch1 and Notch2 extracellular 

domains (ECDs) to bind to Notch ligands as a function of O-fucosylation. Fusion proteins 

comprising EGF1-15 of Notch1 or Notch2 ECD and IgG Fc were generated either as non-

fucosylated forms (N1/N2 1-15EGF) or as fucosylated forms (N1/N2 1-15EGF+fucose) 

[29]. These peptides contain EGF12, one of the EGF repeats critical for Notch binding to 

canonical Notch ligands [33, 34]. The binding assessment reveals that both fucose-modified 

N1 and N2 peptides (N1/N2 1-15EGF+fucose) bind minimally to OP9 parental cells (data 

not shown) but bind more efficiently to OP9-DLL1 (Fig S3), OP9-JAG1 and OP9-DLL4 at 

all concentrations tested, relative to the non-fucose modified peptides (N1/N2 1-15EGF) 

(Fig 3A-B). We then asked whether O-fucose deficiency also modulates marrow LSK 

interactions with Notch ligand-expressing stromal cells. We observe that Pofut1-deficient 

and control progenitors display a similar basal level of adhesion to OP9 cells, a process 

mediated mostly by integrins, selectins, and immunoglobulin gene superfamily members 

[35]. We observe that the proportion of adherent cells further increase by 15.4%, 25%, and 

23%, when WT progenitors were cultured with OP9 cells expressing JAG1, DLL1, or 

DLL4, respectively (Fig 3C). This Notch ligand-dependent enhanced adhesion to OP9-

DLL1 cells is completely blocked by the addition of recombinant DLL1 (Fig 3E). By 

contrast, Pofut1-deficient progenitors (Fig 3C) or CD150-expressing stem cells (Fig 3D) do 

not display any increase in adhesion to Notch ligand-expressing OP9 cells. When primary 

calvarium osteoblastic cells derived from Col2.3-GFP mice, which express JAG1 and DLL1 

but minimal DLL4 (Fig S4), were used in co-culture, we observe that the proportion of 

adhesive cells is 39.9% for WT and 26.9% for Pofut1-deficient cells, respectively (Fig 3F; 

p<0.05). Furthermore, co-culture with Notch ligand-expressing OP9 cells decreases the 

fraction of WT LSKs in G1 and S/G2 (from 82% for control Ret10, to 63% and 51% for 

OP9-DLL1 and OP9-DLL4, respectively), and concomitantly increases the fraction of cells 

in G0 phase (from 17% for Ret10 to 37% and 48% for OP9-DLL1 and OP9-DLL4, 

respectively). However, the cycling of Pofut1-deficient LSK cells is minimally affected by 

co-culture with Notch ligands (Fig 3G). To confirm that loss of adhesion is caused by loss of 

O-fucose on Notch and is not due to reduced Notch signaling, we tested the adherence of 

progenitors in Mx1-Cre/RBP-JK
F/F mice, a different genetic model of global Notch 

signaling inactivation. We observe that HSPCs deficient in global Notch signaling due to 

loss of the RBP-JK co-repressor maintain a level of adhesion to Notch ligand-bearing OP9 

cells that is similar to the level of adhesion observed with WT cells, and find that adhesion is 

similarly blocked by recombinant DLL1 (Fig 3H). Similar to control cells exposed to DLL1, 

RBP-JK-deficient progenitors respond with an increase in the fraction of cells in G0 phase 

(from 10% to 29% compared to from 17% to 27% for controls), and a reduction in the 

fraction of cells in G1 and S/G2 (from 90% to 70% compared to 82% to 73% for controls) 

(Fig 3I). Together, these data support the conclusion that adhesion between HSPCs and 

osteoblasts or stromal cells occurs through Notch receptor-ligand coupling, which in turn 
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suppresses cell cycling and maintains cell quiescence, and these processes are largely 

independent of RBP-JK-mediated Notch signaling.

Loss of Notch O-fucosylation leads to aberrant HSC endosteal niche occupancy

We then sought to determine whether disrupted coupling of O-fucose-deficient HSPCs with 

their marrow supporting cells, in vivo, in turn alters HSPC niche locations (Fig 4A). Using 

2-photon microscopy, we observe a striking dispersion of Pofut1-deficient LSK cells in the 

bone marrow relative to the endosteum when compared to control LSKs (Fig 4B). While 

91% of control cells are found within 20 μm of the endosteum, with an average distance of 

12 μm to the endosteum, only 49% of Pofut1-deficient cells are within the same distance 

range, with an average distance of 28.7 μm to the endosteum (Fig 4C-D; p<0.01). We further 

analyzed the relative spatial relationship between HSPCs and bone-lining osteoblastic cells 

in mice expressing GFP+ osteoblastic cells. On average, Pofut1-deficient LSKs are 

positioned further away from osteoblastic cells than controls (16.9 μm for Pofut1-deficient 

LSKs and 9.6 μm for control LSKs). While 96% of the control cells are within 20 μm of a 

GFP+ osteoblast, only 68% of Pofut1-deficient cells are localized within that range (p<0.01). 

We also found that many cells closer to the GFP+ osteoblasts are also in the immediate 

proximity to blood vessels, but there are no obvious differences in the relative distribution 

around blood vessels between Pofut1-deficient and control LSKs (data not shown). We did 

not determine whether the vessels were arteriolar or sinusoidal [36].

Blocking Notch ligands JAG1 and DLL4 enhances HSPC circulation and mobilization, 
largely independent of RBP-JK- activated Notch signaling

It was important to examine whether enhanced Pofut1-deficient HSPC egress was caused by 

the loss of Notch receptor-ligand binding or by defective ligand-induced Notch signaling. 

We first inhibited Notch receptor-ligand binding by administering neutralizing humanized 

monoclonal antibodies targeting mouse Notch ligands DLL4 or JAG1, and then asked if this 

changed HSC homeostasis and distribution. anti-JAG1 was chosen because JAG1 is 

expressed in bone marrow stromal cells, endothelial cells, and murine osteoblasts [2, 37, 

38]. anti-DLL4 was chosen because DLL4 is also expressed by endothelial cells [5] and 

osteolineage cells (Yu et al., manuscript accepted to J Exp Med). When tested in vitro using 

the primary calvarium osteoblasts, both anti-JAG1 and anti-DLL4 decrease the adhesion of 

marrow progenitor cells with the primary calvarium osteoblasts. anti-JAG1 shows a stronger 

suppression of adhesion than DLL4-blocking antibody (Fig S5), consistent with JAG1 being 

expressed at higher level than DLL4 in the calvarium osteoblasts (Fig S4). In mice receiving 

these antibodies, we found that circulating LSKs in the peripheral blood increase from 94 

cells/ml in mice receiving isotype control antibody to 237 cells/ml (p<0.05) and 311 cells/ml 

(p<0.01) in mice receiving anti-JAG1 or anti-DLL4, respectively (Fig 5A-B). The 

frequencies of circulating LK cells also increase (Fig 5C). This enhanced circulation appear 

to be most significant for HSPCs, as white cells increase only to a very modest extent (Fig 

5D) while platelet numbers (data not shown) do not change significantly. We observe an 

increase in circulating granulocytes and a decrease in circulating T lymphocytes in mice 

receiving anti-DLL4 but not in mice receiving anti-JAG1 (Fig 5E). Furthermore, splenic 

LSK and LK cells both increase after JAG1 and DLL4 antibody blockade, while marrow 

HSPCs show a trend of increasing after DLL4 but not after JAG1 blockade (Fig 5F-I). We 

Wang et al. Page 8

Stem Cells. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also observe an increase in marrow HSPC proliferation following DLL4 but not after JAG1 

blockade (Fig 5J). DLL4 blockade leads to variable hepatic sinusoidal dilation (Fig S6A), as 

also reported by others [39], and an increase of VEGFR3+ sinusoidal endothelial cells in the 

marrow (Fig S6-BC) [40]. JAG1 blockade does not alter hepatic sinusoidal or VEGFR3+ 

sinusoidal endothelial cells in the marrow. Both DLL4 and JAG1 blockade modestly 

increase the expression of SDF-1/CXCL12 transcripts in stromal cells (Fig S6D) but mildly 

decreases SDF-1 protein expression in bone marrow plasma (Fig S6E).

In mice receiving JAG1- or DLL4-blocking antibody, the HSPC mobilizing agents G-CSF 

and AMD3100 induce the accumulation of 13.6- and 10.3-fold more LSKs and 5.6- and 6.8-

fold more LKs in the periphery, respectively (Fig6 A-B), relative to non-mobilized mice 

(Fig5 B-C). This represents a 58% increase in circulating LSK cells in mice receiving the 

mobilizing agents and DLL1 or JAG1 blockade, relative to mice receiving the mobilizing 

reagents and the control antibody (2031/ml for control mice, 3201/ml with JAG1 blockade 

and 3208/ml for DLL4 blockade; p<0.05) (Fig 6A). We did not observe significant changes 

in either peripheral white cell counts or frequencies of granulocytes and lymphocytes in 

mice receiving blocking antibodies, relative to control mice (Fig 6C-D). The frequencies of 

splenic and marrow HSPCs as well as HSPC proliferation indexes also remain largely 

unaltered (Fig 6E-G). These observations imply that proliferative and mobilizing signals 

generated by G-CSF and AMD3100 exceed those signals consequent to Notch ligand 

blockade, and indicate that HSPC exit is further enhanced when ligand antagonism is 

followed by application of the mobilizing agents.

Next, to determine if the observed HSPC mobilizing effect of Notch ligand blockade is due 

to reduced Notch ligand-induced signaling, we tested HSPC mobilization and distribution in 

Mx1-Cre/RBP-JK
F/F mice. Overall, mice deleted in RBP-JK (Fig S7) as well as the control 

mice (Mx1-Cre/RBP-Jk
F/+ or RBP-Jk

F/F, all treated with pIpC) display a slight increase in 

marrow HSPC frequency (Fig 7A) due to modest myeloproliferation in these mice at the 

time when the study was performed (4-5 weeks after RBP-JK deletion) (Fig 7B). Modest 

increases in steady state circulating HSPCs and spleen-residing LSK cells are also observed 

in mutant mice, relative to control mice (Fig 7C-E). Although mobilizing reagents could 

further induce mobilization, there is no significant increase in mobilized HSPCs in RBP-Jk-

deficient mice relative to similarly treated control mice (data not shown). Further, after 

receiving ligand blocking antibodies, Mx1-Cre/RBP-Jk
F/F mice exhibit a milder but still 

significant increase in HSPC egress when compared to similarly treated control mice (Fig 

7F-J) or wild type mice (Fig 5). Marrow HSPC frequencies are not altered after DLL4 or 

JAG1 blockade (Fig 7K-L). Compared to JAG1 blockade, DLL4 blockade induces a 

stronger egress of HSPCs (Fig 7F-G and Fig 7I-J) and a 2.4-fold increase of peripheral white 

cell numbers (Fig 7H). Therefore, although mice deficient in RBP-Jk-dependent canonical 

Notch activity exhibit a modest increase of HSPC exit in steady state, they are still capable 

of responding to Notch ligand blockade. These findings imply that the increased egress and 

the sensitivity to mobilizing signals of Pofut1-deficient HSPCs are primarily caused by the 

disengagement of Notch-ligand binding, and secondarily by loss of RBP-JK-dependent 

Notch transcriptional activation.
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Discussion

Using a mouse model in which HSPCs are defective in Notch receptor-ligand binding due to 

the conditional absence of Pofut1, we observe a transient reduction of HSPCs in the marrow 

in association with an increase in circulating HSPCs and their accumulation in the spleen. 

Unlike wild type HSPCs that display suppressed cell cycling upon adhering to Notch ligand-

expressing stromal or osteoblastic cells, HSPCs expressing non-fucosylated Notch exhibit a 

decreased adherence to these supporting cells, display greater cell cycling, and also exhibit a 

more dispersed distribution relative to osteoblastic endosteal-lining cells. Consistent with 

these findings, Notch ligand blockade results in a similarly enhanced HSPC exit from the 

marrow. In summary, these findings support a novel role of Notch in HSPCs as an adhesion 

molecule that contributes to HSPC retention within the endosteal niche. These studies reveal 

that functional Notch-ligand engagement is dependent on the O-fucosylation of Notch, and 

hence a loss of O-fucosyl modification of Notch, or disruption of Notch receptor-ligand 

binding by antibodies, results in increased HSPC egress and HSPC mobilization.

Supporting cells in marrow niches interact with HSPCs and support HSPC function through 

a complex network of adhesion molecules and external regulators, including cytokines and 

chemokines [2, 3, 7, 41-44]. Although Notch functions as an adhesion molecule for mast 

cells [45, 46], evidence supporting a role for Notch receptor-ligand pairing in HSPC 

function has largely come from in vitro studies and a transgenic mouse model in which 

elevated levels of JAG1-expressing osteoblastic cells increase bone marrow numbers of 

HSPCs [2]. Recently, Guexguez et al report that human HSCs are enriched in the endosteal 

osteoblastic niche close to the osteoprogenitors and vasculature. The ability of interacting 

with JAG1 is a signature of human HSC and supports HSC regenerative potential [47]. Here 

we provide new evidence for a role of Notch in HSPC regulation. Firstly, we observe that a 

fragment of Notch ECD interact efficiently with OP9 cells expressing Notch ligand only 

when soluble Notch ECD is modified by O-fucose. Secondly, HSPCs display stronger 

adhesion to Notch ligand-expressing compared to control stromal cells, and this form of 

adhesion could be completely inhibited by recombinant ligand proteins. Thirdly, we show 

that adhesion of HSPCs to osteoblasts and stromal cells is completely abolished in Pofut1-

deficient HSPCs due to the loss of the O-fucosylglycans on Notch EGF-like repeats that are 

important for the binding of Notch ligands. Finally, blocking Notch ligand JAG1 or DLL4 

elicit a similar phenotype to that observed in Pofut1-deficient mice. Combined with our 

observations of altered HSPC cell cycling and endosteal localization associated with the loss 

of Pofut1, and the enhanced egress of Pofut1-deficient HSPCs, these observations lead us to 

conclude that Notch functions as an adhesion molecule to support HSPC retention, 

quiescence and homeostasis.

Although both Pofut1 deficiency and Notch ligand antagonism elicit an increase in steady 

state HSPC emigration, distinct mechanisms may be responsible for each condition. In the 

case of Pofut1-deficiency, increased HSPC exit is accompanied by an increase in HSPC cell 

cycling, HSPC hyperproliferation, and increased signaling in response to cytokines (Wang et 

al, manuscript in preparation). These findings, in association with the dispersed location of 

Pofut1-deficient HSPCs in the endosteal niche, suggest that both displacement of weakly 

retained HSPCs, as well as expansion of proliferating HSPCs, could be responsible for the 
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increase in circulating HSPCs and their pronounced accumulation in extramedullary organs. 

A similar mechanism is likely to play a role in the setting of DLL4 antagonism but is not a 

likely explanation of the consequences of JAG1 blockade, as only DLL4 but not JAG1 

blockade is associated with an increase of the HSPC proliferation index and the expansion 

of both marrow and splenic LSK cells. This could be explained by the increase in VEGFR3-

expressing sinusoidal endothelial cells found in the marrow following DLL4 blockade, and 

hence an expansion of the proliferative endothelial niche in the marrow, consistent with the 

reported role of DLL4 in the suppression of endothelial sprouting [48]. Alternatively, a 

stronger mobilizing effect associated with DLL4 antibody could be accounted for by either 

less efficient access of JAG1 antibody to its targets in the marrow, despite that JAG1 

antibody could efficiently block the adhesion of progenitors with the calvarium osteoblasts 

in vitro, or by the mobilization of cells associated with the endothelium and sinusoids after 

DLL4 blockade. Enhanced HSPC mobilization following either JAG1 or DLL4 blockade 

could also be contributed by a modest down-regulation of SDF-1/CXCL12 in the marrow 

(Fig S6), although the cellular source of this SDF-1/CXCL12 alteration is not clear as the 

frequency of osteoblast, a major source of SDF-1/CXCL12 [49, 50], is not obviously 

changed in mice receiving either ligand blocking antibody (Fig S8) (see below for further 

discussion on SDF-1/CXCL12). Because RBP-JK-deficient mice respond with increased 

HSPC mobilization after receiving ligand-blocking antibodies, we conclude that the loss of 

Notch receptor-ligand engagement, or engagement-mediated non-canonical Notch effector 

functions, rather than the loss of RBP-JK-dependent Notch transcriptional activation, is the 

major cause of HSPC exit from the marrow observed in Mx1-Cre/Pofut1F/F mice and in the 

setting of Notch ligand antibody blockade.

Both Notch1 and Notch2 are expressed in mouse marrow HSPCs, with Notch2 being 

expressed at a much higher level than Notch1 [21, 51]. Notch2 is shown responsible for the 

enhanced generation of short-term and long-term repopulating stem cells during stress 

hematopoiesis [51]. We speculate that Notch2 is the major Notch receptor responsible for 

the HSPC adhesion to niche supporting cells, as a Notch2 cleavage-blocking antibody 

induces a more pronounced myeloid progenitor mobilization than the Notch1 cleavage-

blocking antibody (data not shown). Interestingly, although deficiency of Pofut1 is not 

associated with alteration of integrin expression on HSPCs, blocking Notch2 signaling 

modestly decreases HSPC expression of activated β1-integrin (data not shown). These 

observations suggest that the mechanism mediating HSPC egress in the case of loss of 

Notch adhesion is somewhat different form that mediating HSPC egress induced by the loss 

of Notch activation, which appears to affect integrin activation that is critical for the 

adhesion of HSPCs to the marrow microenvironment [52, 53]. Although decreased β1-

integrin activation after blocking Notch signaling in marrow HSPC is consistent with 

findings in the vascular system where Notch activation promotes β1-integrin-mediated 

adhesion [54], the reason for the unaltered integrin activation in Pofut1-deficient HSPCs is 

unclear. The exact role of Notch2 and other Notch receptors in HSC niche retention is being 

investigated, and needs to be further verified in genetic mouse models.

Our previous studies showed that both cell-autonomous and stroma-dependent mechanisms 

contribute to the myeloproliferation observed in Pofut1-deficient mice [21]. Recent studies 
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suggested that G-CSF contributes to myeloproliferation non-cell-autonomously in mouse 

models of Notch down-regulation [55, 56]. Indeed, we found that plasma G-CSF amounts 

increase at 2-3 months after Pofut1 deletion and contribute to excessive granulocytic 

differentiation (Wang et al., manuscript in preparation). However, plasma levels of G-CSF 

were not elevated at the earlier time when increased HSPC exit was identified in Mx1-Cre/

Pofut1F/F mice. Nevertheless, other mechanism(s) may contribute to Pofut1-deficient HSPC 

proliferation and increased cycling. These may include RBP-JK-independent Notch effectors 

inducing pathways that promote proliferation and increased cell cycling [57], or functional 

changes of adhesive molecules interacting with Notch or regulated by Notch [58, 59]. In 

addition, we cannot completely exclude the possibility that deletion of Pofut1 results in 

Notch-unrelated effects, despite the highly similar phenotypes revealed by the Pofut1-

deficient model and Notch ligand blocking antibodies. Moreover, increased egress of HSPCs 

is only observed in WT recipients receiving Pofut1-deficient marrow (Fig S1) and not vice 

versa. Since Mx1 (+) stromal cells have osteolineage-restricted MSC features, it is possible 

Mx1-Cre-based deletion of Pofut1 might affect O-fucose modification of Notch or Notch 

ligand in this cell population [60]. However, increased HSPC egress is not found in mice 

lacking Pofut1 in osteoblastic progenitors (Osterix-Cre/Pofut1F/F) (Wang et al, manuscript 

in preparation). In contrast to the significant osteolineage cell alterations in aged mice when 

Notch signaling is lost in osteoprogenitors [61], no significant changes in either 

osteoprogenitors or MSCs are observed in either Pofut1-deficient mice at the time of 

analysis, or in mice receiving blocking antibodies (Fig S8). Further, loss of O-fucose on 

Notch ligands has not been found to alter ligand expression or function [17, 62]. Therefore 

our combined data support a cell-autonomous mechanism underlying the enhanced egress of 

HSPCs due to the loss of O-fucosylglycans on Notch receptors.

Diverse factors coordinately regulate HSC stemness, proliferation and lineage commitment 

in the marrow microenvironment. SDF-1/CXCL12 expression by reticular and osteolineage 

cells supports HSC marrow retention and BBprogenitor development, whereas SDF-1 

expressed by endothelial cells and peri-vascular mesenchymal progenitor cells supports 

HSC quiescence and HSC function [63, 64]. Surprisingly, we observe that, SDF-1/CXCL12 

transcripts in marrow non-hematopoietic cells are elevated following Pofut1 deletion, and 

they are also elevated after brief Notch ligand blockade, whereas the protein level of SDF-1 

was not noticeably changed in Pofut1-deleted marrow but modestly decreased in the marrow 

plasma of mice receiving ligand blocking antibodies. Whether the observed HSC 

phenotypes from Pofut1-deficient mice are related to the alteration of specific SDF-1/

CXCL12-expressing stromal elements, and whether Notch ligands cross-regulate SDF-1/

CXCL12 in osteolineage cells or perivascular mesenchymal progenitor cells, remains 

unclear and warrants further investigation.

Finally, the observations from our studies suggest a therapeutic indication. Inadequate 

mobilization in HSPC transplantation remains a clinical problem. Our findings that either 

blocking Notch ligand or targeting Notch receptor-ligand binding increases HSPC 

emigration suggest a novel approach for enhancing HSPC mobilization for those patients 

responding poorly to current HSC mobilizing regimes.
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Conclusions

In this study, we reveal that HSPC quiescence and retention in the marrow niche is 

facilitated by the interaction between Notch-expressing HSPCs and JAG1- or DLL4-

expressing niche cells, dependent on the O-fucosylation of Notch. A loss of O-fucosyl 

modification of Notch, or disruption of Notch receptor-ligand binding by neutralizing 

antibodies, results in increased HSPC egress and HSPC mobilization.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pofut1 deficiency leads to transient HSPC reduction in the marrow and HSPC 
proliferation
Mice of 5-6 weeks were injected with pIpC to induce Pofut1 deletion in Mx1-Cre/Pofut1 F/F 

mice. The frequencies of total marrow LSK (Lin−Sca-1+c-kit+) (A), CLP 

(Lin−IL7R+Sca-1+c-kit+) and HSC subpopulations, including LT-HSC (Flt3−CD34−LSK), 

S-HSC (Flt3−CD34+LSK) and MPP (Flt3+CD34+LSK) (B), were determined from 2 femurs 

and 2 tibias from Mx1-Cre/Pofut1 F/F mice (n=7) or control mice (Pofut1F/F or Mx1-Cre/

Pofut1 F/+) (n=5) 4 weeks after pIpC injection. (C) The frequencies of CLP and HSC 

subpopulations were determined 4-5 months after Pofut1 deletion in control (n=5) or Mx1-

Cre/Pofut1F/F (n=6) mice. (D) BrdU incorporation of Mx1-Cre/Pofut1F/F mice or control 

mice myeloid progenitor cells was determined by FACS (n=5). (E) Marrow cells were 

stained with FITC-labeled lineage antibodies (CD4, CD8, B220, Gr-1, CD11b, TER119, and 

NK1.1), APC-anti-c-kit, PE-anti-Sca-1, pyronin Y (RNA dye), and Hoechst 33342 (DNA 

dye). The relative proportion of cells in G0, G1 and S-G2/M phase of the cell cycle was 

analyzed on gated LSK cells. Results are presented as averages ± SD (n=4). (F) Three 

months after transplantation of 2 × 106 marrow cells from Mx1-Cre/Pofut1F/F mice or 

control mice into lethally-irradiated WT recipient mice, marrow cells in the G0, G1 and S-
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G2/M phase of the cell cycle were analyzed as described in (E) (n=4 in each group). (G) 

Relative mRNA transcript levels of cyclin D1, p21, EGR1, p27, p53, JunB, and Gfi11 in LT-

HSC cells were measured by real-time quantitative RT-PCR and normalized to the WT LT-

HSC GAPDH mRNA transcripts (n=6). Mice 2-3 months old were used in experiments of 

D-G for direct analysis or as donors. Results in A-G are presented as averages ± SD. Student 

t test was performed. * p<0.05, **p<0.01
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Figure 2. Pofut1 deficiency leads to enhanced HSPC exit from the marrow and mobilization
Three to four weeks after pIpC injection, HSPCs present in the periphery and in spleen were 

determined by FACS analysis. Shown are total numbers of LSK cells (A), LK cells (B) and 

white blood cell counts (C) per ml of blood from Mx1-Cre/Pofut1F/F mice (n=7) and control 

mice (n=5). (D-F) Shown are the frequencies of LSK (D) and LK (E) cells per million 

nucleated cells, and the total number of colony forming units (CFU) (F) in the spleen of 

Mx1-Cre/Pofut1F/F and control mice. (G-J) Circulating and spleen-residing HSPC 

frequencies were determined after mobilization. Mobilization was induced by 2.5 μg G-CSF 

or PBS twice daily for 2 days, followed by subcutaneous injection of 5 mg/kg AMD3100. 

One hour later, the mobilized LSK (G) or LK (H) cells in peripheral blood (PB) and in 

spleen (I-J) were determined by FACS analysis. Results are presented as mean ± SD (n=5-7 

for each group of mice). Student t test was performed; p values were >0.05 unless shown in 

the figure.
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Figure 3. Decreased adhesion and increased cell cycling of Pofut1-deficient HSPCs
(A-B) Recombinant soluble Notch1 and Notch2 ECD fragments comprising 1-15 EGF-like 

repeats fused to human IgG Fc were made from FX-deficient CHO cells in the presence (N1 

1-15EGF+fucose & N2 1-15EGF+fucose; squares) or absence (N1 1-15EGF & N2 

1-15EGF; diamonds) of fucose. Binding of N1 (A) and N2 (B) chimerics to OP9-JAG1 or 

OP9-DLL4 cells was analysed by FACS using PE-anti-human IgG. (C) 1.5×105 LK cells 

were co-cultured with confluent OP9 cells bearing Notch ligands. Non-adherent cells were 

counted and compared with those from co-cultures with control OP9 cells bearing no Notch 

ligand. (D) The frequencies of non-adherent CD48− CD150+LSK cells were quantified by 

FACS and the proportion of adherent cells was calculated by subtracting non-adherent cells 

from input cells. (E) 2.0×105 LK cells were pre-incubated with recombinant DLL1-Fc (D1-

Fc, 30 μg/ml) and then co-cultured with OP9-DLL1 cells in the presence of D1-Fc. Non-

adherent cells were counted and compared with those from co-cultures lacking D1-Fc. (F) 

Confluent calvarium GFP+ cells from col2.3-GFP mice were co-cultured with 2.0×105 LK 

cells from control or Mx1-Cre/Pofut1F/F mice, respectively. Non-adherent cells were 

enumerated and compared. (G) After co-culture of 5 ×103 LSK cells with OP9-control 

(Ret10), OP9-DLL1 or OP9-DLL4 for 48 hrs in the presence of cytokine cocktail (25 ng/ml 
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SCF, 10 ng/ml Flt3 ligand and 5 ng/ml IL7), Sca-1+Lin− cells were gated and analyzed for 

cell cycling. (H) LK cells isolated from Mx1-Cre/RBP-Jk
F/F or controls (Mx1-Cre/RBP-

JkF/+) were co-cultured with confluent OP9-DLL1 and the adherent assay was performed. 

Another group of LKs were pre-incubated with recombinant D1-Fc (30 μg/ml) and then co-

cultured with OP9 cells in the presence of D1-Fc. Non-adherent cells were counted and 

compared with those from co-cultures in the absence of D1-Fc. (I) After co-culture of LSKs 

with Ret10 or OP9-DLL1 for 48 hrs, Sca-1+Lin− cells were gated and analyzed for cell 

cycling. Data shown in A-B, G and I were representatives of 4 similar experiments. Data 

shown in C-F and H are presented as averages ±SD of 6 biological replicas. Student t test 

was performed; p values were >0.05 unless shown in the figure.
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Figure 4. Pofut1-deficient LSK cells are localized more distal to the endosteum and osteoblasts
(A) A 3D image of femur marrow showing a close association between transplanted LSKs 

with osteoblasts and the endosteum in col2.3-GFP mice. LSK cells were labeled with 

SNARF. The endosteum is highlighted by the blue second harmonic signal, and osteoblastic 

cells are GFP-positive. The size bar is 70 μm. (B) Representative 2D images show the 

locations of control or Pofut1-deficient LSK cells relative to the endosteum and osteoblastic 

cells in femurs 24 hrs after being injected into irradiated col2.3-GFP mice. The size bar is 20 

μm. (C-D) The shortest 3D distances between the LSK cells and the endosteum, represented 

by the blue signal (C), and GFP-positive osteoblastic cells (D), were compared for control 

and Pofut1-deficient cells. Data shown in C-D were pooled from 5 mice in each group. 

Student t test was performed.
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Figure 5. Antagonizing DLL4 or JAG1 binding to Notch promotes HSPC exit from the marrow
Mice received either 4 doses of isotype control (n=8; diamonds), anti-JAG1 (J1) (n=7; 

squares), or anti-DLL4 (D4) (n=8; triangles) antibodies, at 15 mg/kg body weight, 3-4 days 

apart, for 2 weeks. Four days after applying the last dose of antibody, PB, marrow and 

spleen were collected and analyzed for the frequencies of HSPC (LSK and LK). (A) Shown 

are representative FACS profiles displaying percentages of LSK and LK cells in PB 

mononuclear cells after red cell lysis followed by FACS analysis after gating on Lin−cBkit+ 

cells. (BBD) Shown are total numbers of LSK cells (B), LK cells (C), and white blood cells 

(D) in the PB of mice receiving blocking antibodies or isotype control antibodies. (E) The 

frequencies of granulocytes (CD11b+), T lymphocytes (CD4/CD8+), and B lymphocytes 

(-220+) present in each group of mice. The frequencies of LSK and LK cells per million 

total nucleated cells present in marrow (F-G) and in spleen (H-I) in each group of mice. (J) 

Proliferating LSK cells in the marrow were determined by Ki67 labeling. Results are 

presented as averages ± SD (n=7-8 in each group). Student t test was performed; p values 

were >0.05 unless shown in the figure.
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Figure 6. Antagonizing DLL4- or JAG1-Notch interactions further enhances HSPC mobilization
(A-B) Three to four days after the last dose of antibody treatment (isotype control, 

diamonds; anti-J1, squares; anti-D4, triangles), mice received the mobilizing regimen as 

described in Fig 2. The mobilized LSK (A) or LK cells (B) in PB were determined by FACS 

analysis. (C-D) Total white blood cells and the percentage of granulocytes, T and B cells 

were determined as in Fig 6D-E. Frequencies of LSK cells in the marrow (E) and in spleen 

(F) were determined by FACS. Proliferating LSK cells in the marrow were determined by 

Ki67 labeling (G). Results are presented as averages ± SD (n=7-9 in each group). Student t 

test was performed; p values were >0.05 unless shown in the figure.
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Figure 7. Mx1-Cre/RBP-Jk
F/F mice have mildly increased HSPC egress in the steady state but 

still display significant increases in HSPC egress responding to DLL4 or JAG1 ligand blockade
Following pIpC injection, the frequencies of LSK (A) and LK cells (not shown) in the bone 

marrow of Mx1-Cre/RBP-Jk
F/F (RBP-Jk

−/−) mice and control mice were determined by 

FACS analysis. (B) The proliferating LSK cells in the marrow were determined by Ki67 

labeling. (C-E) The frequencies of LSK and LK cells in the peripheral blood and the 

frequency of spleen-residing LSK cells in Mx1-Cre/RBP-Jk
F/F (RBP-Jk

−/−) mice were 

determined by FACS. For ligand neutralizing experiment, Mx1-Cre/RBP-Jk
F/F mice 

received either 4 doses of isotype control (n=5), anti-JAG1 (J1) (n=5), or anti-DLL4 (D4) 

(n=5) antibodies, at 15 mg/kg body weight, 3-4 days apart, for 2 weeks. Four days after 

injecting the last dose of the antibody, PB, marrow and spleens were collected and analyzed 

for the frequencies of LSK and LK cells. The frequencies of LSK and LK cells in the 

peripheral blood (F-G), peripheral blood white cell counts (H), the frequencies of spleen-
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residing (I-J) and bone marrow LSK and LK cells and (K-L) in Mx1-Cre/RBP-Jk
F/F (RBP-

Jk
−/−) mice were determined by FACS. Results are presented as averages ± SD. Student t 

test was performed; p values were >0.05 unless shown in the figure.
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