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Notch receptors are cell surface molecules essential
for cell fate determination. Notch signaling is subject
to tight regulation at multiple levels, including the
posttranslational modification of Notch receptors by
O-linked fucosylation, a reaction that is catalyzed by
protein O-fucosyltransferase-1 (Pofut1). Our previous
studies identified a myeloproliferative phenotype in
mice conditionally deficient in cellular fucosylation
that is attributable to a loss of Notch-dependent sup-
pression of myelopoiesis. Here, we report that hema-
topoietic stem cells deficient in cellular fucosylation
display decreased frequency and defective repopulat-
ing ability as well as decreased lymphoid but in-
creased myeloid developmental potential. This phe-
notype may be attributed to suppressed Notch ligand
binding and reduced downstream signaling of Notch
activity in hematopoietic stem cells. Consistent with
this finding, we further demonstrate that mouse em-
bryonic stem cells deficient in Notch1 (Notch1�/�) or
Pofut1 (Pofut1�/�) fail to generate T lymphocytes but
differentiate into myeloid cells while coculturing with
Notch ligand–expressing bone marrow stromal cells
in vitro. Moreover, in vivo hematopoietic reconstitu-
tion of CD34� progenitor cells derived from either
Notch1�/� or Pofut1�/� embryonic stem cells show
enhanced granulopoiesis with depressed lymphoid
lineage development. Together, these results indicate
that Notch signaling maintains hematopoietic lineage
homeostasis by promoting lymphoid development
and suppressing overt myelopoiesis, in part through
processes controlled by O-linked fucosylation of
Notch receptors. (Am J Pathol 2010, 176:2921–2934; DOI:
10.2353/ajpath.2010.090702)

Notch signaling is essential for T cell commitment and
development.1,2 Intracellular signaling mediated by
Notch also plays a key role in maintaining various stem
cell systems.3 Studies have shown that Notch activation
by the exogenous Notch ligands promotes hematopoietic
stem cell (HSC) expansion in vitro and favors lymphoid
over myeloid lineage outcome in vivo.4–7 More recently,
Calvi et al demonstrated that Notch activation by Notch
ligand-expressing osteoblasts in bone marrow promotes
self-renewal of primitive hematopoietic cells.8 These ob-
servations identify Notch as an essential component of
bone marrow niche that supports HSC function. In com-
parison, Notch1 and/or Jagged1 loss-of-function studies
using targeted gene ablation, or expression of a domi-
nant negative inhibitor of canonical Notch activation, did
not reveal an essential role of Notch in HSC self-rene-
wal.9–11 To reconcile these two findings, we hypothesize
that the interaction between other Notch receptor and
Notch ligand pairs upstream of Notch intracellular signal-
ing, or aspects of Notch pathways in the absence of
fucose that are independent of the transcriptional control
of Notch signaling mediated by Mastermind-like 1, may
be critical for HSC biology. Further, the role of Notch and
Notch ligand interaction or Notch signaling transduction
in lymphoid versus myeloid fate commitment of HSC has
not been defined.

Notch signaling is subject to multiple regulating events
that modify Notch–Notch ligand interactions or intracel-
lular signaling. O-linked fucose attached to the epidermal
growth factor (EGF)-like repeats of Notch receptors can
modulate Notch signaling. Additionally, Fringe-mediated
extension of O-fucose can differentially influence Notch
signaling in Drosophila development, in murine embryo-
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genesis, and T lymphopoiesis.12–14 Recently we reported
that mice carrying a targeted deficiency in the FX locus,
of which gene encodes an enzyme that converts GDP-
mannose to GDP-fucose in the de novo fucose synthesis
pathway, develop chronic myeloproliferation. This faulty
myeloid development is a result of loss of controlled
suppression of myelopoiesis exerted by Notch, and that
protein O-fucosylation modulates these Notch-depen-
dent processes by controlling the interactions between
Notch and its ligands.15

Mice with fucose deficiency also exhibit thymic hyp-
oplasia and shortened survival of unknown causes. Ex-
pansion of the myeloid compartment is accompanied by
a decreased common lymphoid progenitor (CLP) com-
partment.15 Given the evidence that Notch is important
for HSC function, we speculate that fucosylation-modu-
lated Notch signaling does not only regulate myelopoie-
sis of committed myeloid progenitors but also may affect
HSC biology, particularly during early myeloid versus
lymphoid diversification. We now report that HSC from
fucose-deficient mice display suppressed Notch signal-
ing and decreased self-renewal. Marrow cells isolated
from fucose-deprived mice are less effective than wild-
type cells, or cells from fucose-repleted FX�/� mice, in
competitive repopulation transplant assays. These cells,
however, exhibit an enhanced myelopoietic phenotype
after engraftment. The enhanced myelopoiesis from mar-
row progenitors can be partially suppressed by the ex-
pression of the activated Notch1 intracellular domain.
Further, using both in vitro mouse embryonic stem cell
(ESC) hematopoietic differentiation assay and in vivo he-
matopoietic reconstitution, we observe that Notch activa-
tion promotes T lymphopoiesis while suppressing myelo-
poiesis. These processes of ES hematopoiesis appear to
be dependent on both Notch1 activity and O-fucose
modification, as absence of Notch1 or loss of fucosylation
leads to suppressed T lymphopoiesis and enhanced my-
elopoiesis in vitro, as well as an aberrant blood lineage
development in vivo characterized by an expansion of
the myeloid compartment and suppressed lymphoid
reconstitution.

Materials and Methods

Animals and ES Cell Lines

The animal research related to this article was approved
by Case Western Reserve University Institutional Animal
Care and Use Committee. Mice used include 8- to 18-
week-old wild-type and FX�/� mice maintained and pre-
pared as described.16 The Notch reporter transgenic
(NTg) mouse was purchased from the Jackson Labora-
tory (stock # 005854, Bar Harbor, Maine). FX�/�-NTg
mouse was generated by crossing the NTg with the
FX�/� mouse. Notch1�/� ES cell lines were kindly pro-
vided by Dr. Rafel Kopan (Washington University School
of Medicine, St. Louis, MO). Pofut1�/� ES cells were
kindly provided by Dr. Pamela Stanley (Albert Einstein
College of Medicine, New York, NY). The Pofut2�/�

mouse ES line was generated from blastocyst out-

growths of Pofut2 heterozygotes crossed at the Case
Transgenic & Targeting Facility (BayGenomics, ES cell
line RST434). The genotype was confirmed by PCR.

Flow Cytometry Analysis and Cell Sorting

Flow cytometric analyses were performed as de-
scribed.15 When isolating multipotent progenitor cells
(MPP) (Lin�ScaI�c-kit�Flt3�), lineage-depleted cells
were further stained with streptavidin-allophycocyanin
(APC)-Cy7, fluorescein isothiocyante (FITC)-anti-
Sca-1, phycoerythrin (PE)-anti-Flt3, and APC–anti-c-kit,
and sorted using FACSAria (BD Biosciences, San
Jose, CA).

CFU Assay and MPP in Vitro Culture

For single CFU assays, single Lin�ScaI�c-kit� (LSK)
cells were sorted into 96-well plates containing methyl-
cellulose (MethoCult M3434, StemCell Technologies,
Vancouver, BC, Canada). For pre-B CFU assay, bone
marrow (BM) cells were plated onto plates containing
MethoCult M3630 (MethoCult M3630, StemCell Technol-
ogies, Vancouver, BC, Canada). In OP9 co-culture as-
says, MPPs from wild-type and FX�/� mice were cultured
for 28 days on OP9-control or OP9-Notch ligand express-
ing cells in the presence of rmIL-7 (5 ng/ml) and rmFlt3L
(5 ng/ml; R&D Systems, Minneapolis, MN) and analyzed
at the end of culture as described.15

Bone Marrow Transplantation and Competitive
Repopulation Assays

Bone marrow transplant was performed as described.15

For competitive repopulation assays, BM nucleated cells
from wild-type or FX�/� mice (Ly5.2) were mixed with
wild-type competitor cells (Ly5.1) in a ratio of 1:3, 1:1,
and 3:1 (1.8 � 106 total cells per mouse) and trans-
planted into lethal-irradiated wild-type recipients (Ly5.1).
Peripheral blood was collected from the recipients at
12 to 16 weeks to investigate the percentage of test
cells based on Ly5.2 expression and different lineage
contributions.

ES Cell in Vitro Hematopoietic Differentiation

ES cells (8 � 103) were cultured on Iscove modified Dul-
becco medium containing 1% methylcellulose (M03120,
StemCell Technologies) and 40 ng/ml stem cell factor
(R&D Systems, Minneapolis, MN) as described.17 After 7
to 10 days, the embryoid bodies were removed, and
CD34� cells were isolated by biotinylated rat anti-mouse
CD34 and anti–biotin-beads (Miltenyi, Auburn, CA).
These cells were then seeded onto OP9-control or OP9-
Notch ligand–expressing cells in the presence of rmFlt3
ligand and rmIL-7.18 Cells were recovered from the day
15 culture and analyzed by FITC–anti-CD11b or CD25;
PE–anti-Ter119 or CD44; APC–anti-B220 or CD4; APC-
Cy7–anti-CD8; and PE-Cy7–anti-CD45 (BD Biosciences,
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San Jose, CA). Cell surface expression of Notch receptors
in CD34� HPCs was characterized by staining cells with
PE-conjugated anti-Notch1, Notch2, Notch3, and Notch4
antibodies (Biolegend, San Diego, CA).

In Vivo Assessment of ESC-Derived
Hematopoietic Development by Intrafemoral
Transplantation and Intrathymic Transplantation

ESCs were induced to differentiate toward hematopoiesis
as described above. A single cell suspension of CD34�

cells (105 cells per 20 �l) was used for intrafemoral
injection. Recipients (Ly5.1) were sublethally (5.5 Gy) or
lethally irradiated (9.5 Gy) 24 hours before injection as
described.19 The presence of donor-derived (ESC-Ly5.2)
T, B, and granulocytes was determined by flow analysis
of peripheral blood collected 2, 4, 8, 12 weeks, and
monthly after injection. Of a total of 74 mice injected, only
one mouse developed teratoma. No mice showed signs
of weight loss or hunched back, which are suggestive of
graft-versus-host disease. For intrathymic transplanta-
tion, CD34� cells (105 cells/20 �l) were injected into
thymic lobes of anesthetized FX�/� mice (maintained on
fucose-supplemented chow until 8 week of age and then
maintained on standard chow for 10 to 14 days). T lym-
phopoiesis was analyzed by flow cytometry on total thy-
mocytes collected 2 weeks after transplantation.

Recombinant Mouse Notch Ligand Binding
Assays

Recombinant Notch ligand comprising the extracellular
domains of Dll1 or Dll4 fused with human IgG Fc were
constructed as described.20 Recombinant Notch ligand
was prepared from HEK 293 T cells transfected with
hIgG-Dll1, Dll4, or the vector and quantified by ELISA.15

Binding assay was performed by incubating LSK cells or
ES cells with recombinant Notch ligand in Hanks bal-
anced salt solutions supplemented with Ca2� and ana-
lyzed by FACS using PE-anti-human IgG Fc.

Generation and Bone Marrow Infection of
Activated Notch1-Expressing Retrovirus

To generate retrovirus containing constitutive active
Notch1 molecules (ICN1), Phoenix E cells were tran-
siently transfected with either pMig (kindly provided by
Dr. Luk Van Parijs at Massachusetts Institute of Technol-
ogy Center for Cancer Research, Cambridge, MA), or
pMig-ICN1 using the Profection mammalian transfection
system according to the manufacturer’s specifications
(Promega, Madison, WI). Notch1 intracellular domain
(ICN1; 1735-2531) was inserted into pMig, a vector that
allows coexpression of cloned cDNA and green fluores-
cent protein (GFP) from a single bicistronic message, to
form pMig-ICN1-GFP. Viral supernatants were collected
on three consecutive days 24 hours after the transfection.
Infection of each viral vector on bone marrow progenitors
was performed as described.21 Briefly, FX�/� mice mar-

row cells were collected 4 days after 5-FU treatment and
cultured in a 6-well plate in the growth medium (DMEM
supplemented with 10% of FBS, 6 ng/ml of IL3, 10 ng/ml
of IL6, and 10 ng/ml of stem cell factor) for 24 hours.
Infections were performed on 1 � 106 bone marrow
progenitors per well in 1.5 ml of growth medium contain-
ing 4 �g/ml of polybrene using 1.5 ml of each viral su-
pernatant. A second infection was performed 24 hours
after the initial infection. Forty-eight hours after the sec-
ondary infection, cells were harvested for bone marrow
transplant. Approximately 2 � 106 cells were injected into
the tail veins of lethally irradiated syngeneic wild-type
recipient mice. Recipients were sacrificed at the indi-
cated time, and single-cell suspensions were prepared
from peripheral blood, BM, and spleens.

Statistical Analysis

Data are presented as means � SD, unless otherwise
stated. Statistical significance was assessed by Stu-
dent t test.

Results

Decreased HSC Frequency and Lymphoid
Progenitor Populations in FX�/� Mice,
Accompanied by Suppressed Notch Activation

Notch signaling strength can be modified by O-fucose
that is present on Notch EGF repeats.22–25 We recently
identified that O-fucosylation of Notch receptors is re-
quired for the Notch receptor-ligand interaction on my-
eloid progenitor cells and thus suggests a requirement
for O-fucosylation in normal control of myelopoiesis.15 To
examine whether O-fucosylation of Notch modulates
HSC biology, we first assessed the frequency of LSK
(Lin�Sca-1�c-kit�) cells in FX�/� mice that are deficient
in GDP-fucose synthesis. Flow cytometric analysis indi-
cates that there is a twofold decrease in the LSK percent-
age in the marrows of FX�/� mice at steady state. A large
proportion of this decrement was accounted for by a
decrease in the percentage of MPPs (Flt3�LSK; Figure
1A). This change in the HSC population was confirmed
by CFU analysis, which revealed that FX�/� mice have a
decreased number of granulocyte/erythrocyte/monocyte/
megakaryocyte-CFU (mix-CFU; Figure 1B). To further ex-
amine the stem cell frequency in FX�/� marrow, we per-
formed limiting-dilution assays using a common wild-type
marrow competitor (Ly5.1; Table 1). FX�/� mice had a
13.7-fold reduction of stem cell frequency relative to wild-
type mice after myeloablative transplantation. Individual
LSKs from FX�/� mice also displayed a decreased ability
to form multilineage colonies but an increased frequency
of single-lineage myeloid colonies when compared with
wild-type LSKs (Figure 1C). Furthermore, marrow cells
from FX�/� mice formed a reduced number of pre–B cell
colonies (Figure 1, C and D). This finding is consistent
with our prior reports that FX�/� mice have reduced CLP
numbers.15 In comparison, FX�/� mice maintained on
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fucose-supplemented chow had normal frequencies of
LSK subpopulations and pre-B cells. These findings in-
dicate that fucose-deficiency results in marrow myelopro-
liferation that is accompanied by a suppressed HSC
compartment and a severely suppressed lymphoid pro-
genitor compartment.

To correlate Notch activation in fucose-deficient HSC
with HSC numbers, we used a Notch reporter transgenic
(NTg) mouse to examine whether fucosylation-deficient
progenitors display a down-regulated Notch signaling
phenotype. The NTg mouse carries a hemizygous allele
of Notch-signaling CBF-1 response element and a mini-
mal SV40 promoter driven enhanced green fluorescent
protein (eGFP). This mouse has been used to define

active Notch signaling in HSCs in vivo.26 We found that
22% of wild-type LSKs were GFP�, whereas only 11.6%
of fucose-depleted LSKs from FX�/�-NTg mice were
GFP�. The number of GFP� LSKs was restored to the
wild-type level when mice were reared on a fucose-sup-
plemented diet (Figure 1E). These observations are con-
sistent with our prior observations that Notch signaling is
suppressed in HSCs and progenitors as a result of fuco-
sylation deficiency.15 We then determined whether there
is a similar fucosylation-dependent requirement for li-
gand binding to HSCs as for myeloid progenitors. We
found that recombinant Dll4 and Dll1 ligands bound to
wild-type LSKs with mean fluorescence intensity (MFI) of
1401 and 1728, respectively, whereas the MFI of human

Figure 1. FX�/� mice have decreased HSC and
lymphoid progenitors and LSK have suppressed
Notch activation. A: FACS analysis of the HSC
compartment (LT & ST-HSC: Lin�c-kit�Sca-
1�Flt3�; MPP: Lin�c-kit�Sca-1�Flt3�) in the
bone marrow in 3- to 4-month-old control mice
(wild-type: WT; n � 8). FX�/� mice were reared
on fucose-supplemented chow until 12 weeks of
age and then on standard chow for at least four
weeks (n � 8; FX�/�, no fucose), and FX�/�

mice were reared on fucose-supplement chow
until use (n � 8; FX�/�, with fucose). Bar
graphs indicate the average total number of LT
&ST-HSC and MPP cells from two tibias and two
femurs of each mouse. B: CFU-Mix numbers as
colonies per 2 � 104 BMNC (wild-type, n � 6;
FX�/�, no fucose, n � 6; FX�/�, with fucose,
n � 6). C: Multilineage or single myeloid lineage
colonies formed by single LSK cells in 96-well
plates (wild-type, n � 4; FX�/�, no fucose, n �
4; FX�/�, with fucose, n � 4). D: Number of
CFU-preB colonies per 2 � 105 BMNC (wild-
type, n � 4; FX�/�, no fucose, n � 4; FX�/�,
with fucose, n � 4). E: FACS analysis of bone
marrow LSK cells displaying GFP signal in wild-
type-NTg and FX�/�-NTg mice. F: FACS analysis
of binding of recombinant Notch ligands, Dll1
(1.3 �Mg/ml), Dll4 (0.5 �g/ml), and control (hu-
man IgG1 Fc, 1 �g/ml), to LSK cells isolated
from wild-type mice, from FX�/� mice reared in
the presence of fucose, or from FX�/� mice
reared in the absence of fucose. The bar graph
shown is one representative of the mean fluo-
rescence intensity (MFI) of the binding of LSKs
with control and Notch ligands (Dll1 and Dll4)
from three independent experiments. *P � 0.05,
**P � 0.01.

Table 1. Competitive Limiting Dilutions of Wild-Type and FX�/� Marrow HSC

Donor HSC
Cell dose
injected

Calculated number
of LSK cells injected

Number of mice engrafted/
number of mice injected

HSC frequency (� 95%
confidence interval)

Wild-type 5 � 105 500 6/6 1/17,631 (9660 to 32,179)
5 � 104 50 7/7

2.5 � 104 25 6/8
5 � 103 5 1/8

FX�/� 5 � 105 260 6/6 1/240,741 (96,151 to 602,764)
5 � 104 26 0/5

2.5 � 104 13 1/9
5 � 103 3 0/13

Bone marrow cells were isolated from FX�/� and wild-type mice and were transplanted into lethally irradiated CD45.1 recipient mice along with 5 �
105 CD45.1 competitor cells. Numbers of LSK cells injected are calculated based on their frequency in the marrow of FX�/� and wild-type mice.
Shown are cumulative data from three separate transplant experiments. Donor engraftment was determined by FACS analysis on peripheral blood
leukocytes. Donor engraftment was defined as �5% in myeloid Gr-1� and lymphoid B220� lineages. The cell dose at which 37% of mice tested were
negative for donor multi-lineage engraftment at 12 weeks was used to calculate the frequency of HSC based on Poisson statistics using L-Calc
software (StemCell Technologies). P � 0.01 by two-tailed Student t test.
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IgG Fc staining was 218 (Figure 1F). LSKs from fucose-
repleted FX�/� mice exhibited a wild-type binding phe-
notype. In contrast, we observed an approximately 50%
reduction in the binding of these recombinant ligands to
fucose-depleted LSKs. These observations indicate that
the decreased Notch signaling in fucose-depleted LSKs
is accompanied by a loss of effective binding of Notch
ligands to these cells.

Fucose-Deficiency Promotes Multipotent
Progenitors to Adopt Myeloid Fate at the
Expense of Lymphoid Specification

It has been shown that the up-regulation of Flt3 confers a
primed lymphoid potential in marrow MPPs (Flt3�LSK),27,28

and the suppression of myeloid differentiation potential is
required for T cell commitment.29 To explore the underlying
mechanism of the increase in myeloid progenitors and the
decrease in lymphoid progenitors in fucose-deficient mice,
we sought to examine the myeloid versus lymphoid devel-
opment potential of MPPs in response to Notch activation.

By using a coculture system, Schmitt et al has shown
that Notch ligand-expressing OP9 stromal cells support a
robust generation of CD4�CD8� (DP) T cells from hema-
topoietic progenitors.30 Further, the T lymphopoietic po-
tential of LSKs is fucosylation dependent, as LSKs from
FX�/� marrow lost their T cell differentiation ability.31 Sim-

ilarly, we observed that when cultured on OP9s express-
ing Notch ligand (Jagged2, Dll1, or Dll4), wild-type MPPs
generated robust DP T cells (data not shown) but minimal
granulocytes. In contrast, when culturing with Notch-
ligand bearing OP9s, FX�/� MPPs differentiated into
those primarily of the myeloid lineage (�50% express
Gr-1 or CD11b; see Figure 2, A and B), whereas others
expressed early immature T cell markers at DN1 stage
(data not shown).

To further explore the underlying mechanism of the
increased myeloid development potential of fucosylation-
deficient MPPs, we examined the expression of Flt3 re-
ceptor,28 and GATA-3, a T-cell transcription factor that is
known to be regulated by Notch,30 in both freshly-iso-
lated and cultured MPPs after their exposure to Notch
ligands. We observed that the expression of Flt3 mRNA in
freshly-isolated Flt3�LSK and Flt3�LSK from FX�/� mice
was only 40% and 50%, respectively of that seen in
wild-type subpopulations. The expression of Flt3 was not
significantly changed in fucose-repleted LSKs (Figure
2C). Wild-type cells taken from day 10 OP9 cultures in the
presence of Jagged2 and Dll4 exhibited 18.4- and 27.9-
fold increases in GATA-3 expression, respectively (Fig-
ure 2D). In comparison, cultured MPPs taken from fu-
cose-deprived FX�/� mice showed minimal increases in
GATA-3 expression when interacting with Dll4 and
Jagged 2 (3.7- and 2-fold increases, respectively). This

Figure 2. Enhanced myelopoiesis and sup-
pressed lymphopoiesis from MPP cells from
FX�/� mice. A: A representative flow cytometry
dot plot analysis on day 21 of culture of bone
marrow-derived MPP cells, cocultured with
OP9-control cells (no ligand) or OP9-Dll1, for
Gr-1 and CD11b expression. B: Data shown are
mean values of at least four determinations. The
bar graph indicates percentage of myeloid cells
(expressing Gr-1 or CD11b) among total viable
cells. C–E: Quantitative RT-PCR analysis of Flt3
expression in total Flt3�LSK and Flt3�LSK cells
(C), GATA-3 expression (D), and PU.1 and
C/EBP� expression (E) on day 21 cultured MPP
cells. Results of Flt3 (mean � SD; n � 3) or
GATA-3/PU.1/C/EBP� (one representative of
three similar experiments) have been standard-
ized for GAPDH levels and were expressed as
fold expression change relative to the levels de-
tected in wild-type Flt3�LSK cells (C) or MPPs in
OP9-Ret10 cultures (D and E; set at 1). *P � 0.05
versus wild-type cell numbers or expression
level.
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phenotype was rescued when fucose-repleted MPPs
were cultured in the presence of exogenous fucose
where GATA-3 expression was increased by 13.9- to
14.9-fold. Furthermore, we observed that the expression
of myeloid transcription factors, PU.1 and C/EBP�, re-
mained unchanged or was suppressed on Notch ligand
stimulation in wild-type or fucose-repleted MPP cells,
whereas their expressions were increased four- to eight-
fold in fucose-depleted MPPs when compared with that in
cells from cultures without Notch ligand (Figure 2E). To-
gether, these observations suggest that the reduced T
lymphoid and increased myeloid potential associated in
fucose-depleted LSKs is partly attributable to a sup-
pressed expression of lymphoid-priming transcription
factors that are normally up-regulated, and a sustained
expression of myeloid transcription factors that are nor-
mally down-regulated, during the HSC lymphoid lineage
specification.

Fucose-Depleted HSC Exhibit Enhanced
Myelopoiesis and Suppressed Lymphopoiesis
in Vivo that is Partially Reversed by Activated
Notch1 Intracellular Domain

Although FX�/� mice displayed a twofold decrease in the
frequency of LSK cells by immunophenotyping, they re-
vealed a 13.7-fold reduction in HSC frequency by the
functional analysis. Thus a 6.8-fold discrepancy of stem
cell frequency determined by limiting dilution transplan-
tation and by immunophenotyping suggests a functional
defect of fucose-deficient HSC in marrow engraftment or

self-renewal. To further assess the effect of fucose defi-
ciency on marrow HSC reconstitution and blood lineage
development, we performed competitive repopulating
analyses to compare the contribution of wild-type or
FX�/� testing cells (Ly5.2) to that of competing cells
(Ly5.1) after transplantation into lethally irradiated wild-
type mice (Figure 3A).

The contribution of FX�/� but not wild-type cells (per-
centage of Ly5.2) was substantially decreased when test-
ing cells were mixed with competing cells at 1:1 and 3:1
ratios (Figure 3B). The contribution of FX�/� cells was
almost undetectable when one part of the FX�/� cells was
injected with three parts of the competing cells. In com-
parison, the contribution of wild-type cells injected at the
same ratio was present in proportion to the number of the
cells injected. Analysis of the bone marrow at 12 weeks
after transplanting 1:1 mixture of testing and competing
cells revealed that FX�/� LSK cells decreased to about
one-third of the wild-type counterparts. Thus, the gen-
eral decline in numbers observed in the contribution of
FX�/�cells to the bone marrow reflects a depletion of the
fucose-deficient HSCs (Figure 3C).

The impact of fucose deficiency on blood lineage dis-
tribution was further examined in competitive repopula-
tion assays. We found that FX�/� cells displayed an
increased granulocytic but a decreased lymphoid recon-
stitution, relative to the wild-type control, when FX�/�

cells were mixed with wild-type competitors in a ratio of
1:1 or 3:1 (Figure 3D). These observations indicate that
fucosylation-deficient marrow cells have enhanced my-
eloid but decreased lymphoid developmental potential.
The absolute neutrophil numbers were unchanged be-

Figure 3. FX�/� HSC have impaired repopulat-
ing ability and enhanced myelopoiesis and sup-
pressed lymphopoiesis in vivo. A: Schematic
representation of the competitive transplantation
protocol. B: Reconstitution of peripheral blood
by Ly5.2 cells 12 weeks after transplantation.
Reconstitution is calculated as the percentage of
testing cells (Ly5.2) of total peripheral blood
mononuclear cells (Ly5.2 � Ly 5.1) after red cell
lysis. C: Absolute numbers of LSK cells derived
from testing cells (Ly5.2) in the recipient bone
marrow of each mouse receiving 1:1 of testing
(wild-type or FX�/�) versus competing cells
(wild-type, n � 4; FX�/�, n � 4). D: Percentage
of neutrophils (Gr-1�) and lymphocytes (B220�

and CD3��) in Ly5.2 cells by FACS 12 weeks
after competitive transplantation in recipient
mice. Data shown are mean values � SD. A
Student t test was performed to compare the
percentage of neutrophils or lymphocytes in
transplant setting receiving FX�/� cells with
those of wild-type cells. *P � 0.05, **P � 0.01.
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cause of the decreased chimerism established by the
FX�/� cells.

To determine whether the aberrant lineage homeosta-
sis developed from FX�/� marrow cells can be attributed
to defective Notch1 signaling activation, we performed
bone marrow transplantation where donor FX�/� progen-
itors were transduced with either constitutively active
Notch1-expressing retroviral vectors (ICN1) or vector
controls (pMig). Previous studies have shown that ex-
pression of activated Notch1 resulted in the development
of T cell leukemia/lymphoma 2 months after transplanta-
tion, whereas mice receiving activated Notch1 marrow
progenitors 3 weeks after transplantation contained im-
mature CD4�CD8� T cells while their early B cells pro-
genitor development was blocked.21,32 Here, we found
that one month after transplantation, neutrophil counts
were not elevated in wild-type recipients receiving ICN1-
expressing FX�/� progenitors, when compared with the
neutrophil numbers in wild-type recipients receiving wild-
type marrow progenitors (data not shown). The neutrophil
counts, however, were elevated 1.8-fold and 7.5-fold in
wild-type and FX�/� recipients receiving FX�/� progeni-
tors transduced with pMig, respectively, when compared
with wild-type recipients receiving ICN1 (Figure 4A). Six
weeks after transplantation, neutrophils continued to
mildly increase in wild-type mice receiving either pMig or
ICN1-expressing FX�/� progenitors. In FX�/� recipients
that received pMig FX�/� progenitors, their netrophil
counts remained markedly elevated (Figure 4A). Analysis
of peripheral T, B, and granulocytes in the GFP� cells
revealed that, when compared with wild-type mice re-
ceiving pMig, wild-type mice receiving ICN1 displayed
an increase in frequency of CD4�CD8� T cells (73.4%
versus 37.1%), and a decrease in frequency of Gr-1�

cells (6.1% vs 33%). FX�/� mice receiving pMig had
decreased lymphocytes and drastically elevated granu-
locytes (Figure 4B). Together, it appears that activated
Notch1 partially corrects the mild neutrophilia conferred
from the FX�/� progenitors in a wild-type recipient back-
ground. The effect of activated Notch1 on the severe
neutrophilia contributed by the fucose-deficient stromal
environment, however, cannot be assessed as all of the
FX�/� mice receiving ICN1-expressing FX�/� progenitors
did not survive beyond 2 weeks after transplantation. The
effect of Notch1 activation in FX�/� progenitors on bone
marrow and spleen lineage homeostasis was assessed
by flow cytometry, using GFP expression to identify trans-
duced cells. Six weeks after transplantation, the fre-
quency of mature Gr1� granulocytes was 13.2% of GFP�

cells in the marrow of wild-type recipients receiving ICN1-
expressing FX�/� progenitors, 42.9% and 48.7% of GFP�

cells in wild-type and FX�/� recipients receiving pMig,
respectively. The frequency of mature granulocytes in the
spleen was 20.1%, 12.7%, and 23.4% of GFP� cells in
wild-type mice receiving ICN1, wild-type, and FX�/� mice
receiving pMig, respectively (Figure 4C). The frequen-
cies of mature granulocytes were in the range of 45% to
63% of GFP� cells in the marrow of all three groups of
mice, with the highest frequency found in FX�/� recipi-
ents receiving pMig (data not shown). This observation is
consistent with our previous findings of the stromal envi-
ronment-dependent control of myeloproliferation in FX�/�

mice. Similarly, the frequency of GFP� granulocytes in
the spleen was in the range of 3.7% to 10.8% in all three
groups of mice, with the highest frequency found in FX�/�

recipients receiving pMig (data not shown). Analysis of
marrow and spleen progenitors by methylcellulose cul-
ture revealed that single or double myeloid colony num-

Figure 4. Expression of activated Notch1 (ICN1) partially suppresses the neutrophilia and marrow myeloid expansion induced by the FX�/� progenitors. A:
Analysis of peripheral neutrophils (Gr-1�) by FACS in wild-type mice 4 and 6 weeks after receiving syngeneic FX�/� BM progenitors transduced with ICN1 or
Mig vector (ICN1-wild-type, Mig-wild-type), and in FX�/� mice receiving FX�/� BM progenitors transduced with Mig vector (Mig-FX). B: Flow cytometric analysis
of peripheral T cells (CD4� or CD8�), B cells (B220�), and granulocytes (Gr1�) in the GFP� populations 6 weeks after transplantation. C: Flow cytometric analysis
of marrow and spleen T cells, B cells, and granulocytes in the GFP� populations six weeks after transplantation. Data shown (A–C) are one representative of two
to three mice in each group, with GFP� populations ranging from 5% to 12% in all mice groups. D: CFU analysis of marrow or spleen progenitors six weeks after
transplantation. Bar graphs indicate average numbers of myeloid colonies (CFU-G, CFU-M, and CFU-GM) per 2 � 104 total marrow nucleated cells, or per 2 �
105 splenic cells, from duplicates of two to three mice in each group.
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bers were increased in the marrow and the spleen of
wild-type mice receiving pMig and were further in-
creased in FX�/� mice receiving pMig. However, the
myeloid colony numbers appeared to be decreased in
the marrow and remained unchanged in the spleen of the
wild-type mice receiving FX�/� progenitors expressing
ICN1 (Figure 4D). Similar to a previous report,31 we iden-
tified a population of immature CD4�CD8� T cells in the
marrow and the spleen of wild-type mice receiving ICN1.
This phenotype was further accompanied by a block of B
cell development (Figure 4C). Considered together,
these data suggest that activated Notch1 partially sup-
pressed the expansion of granulocyte derived from the
FX�/� progenitors in the marrow. Moreover, expression of
constitutively active Notch1 did not suppress the splenic
myeloproliferation induced by fucose-deficiency.

ES Cells Deficient in Notch1 Receptor or Pofut1
Exhibit Suppressed Lymphopoiesis but
Enhanced Myelopoiesis in Vitro

The observations from FX�/� mice are consistent with the
hypothesis that enhanced myelopoiesis and suppressed
lymphopoiesis are accounted for by loss of Notch-depen-
dent control on lineage homeostasis as a consequence
of loss of Notch O-fucosylation. To confirm this hypothe-
sis, we sought to assess the role played by the O-fuco-
syltransferase Pofut1 in the control of myelopoiesis and
lymphopoiesis because Pofut1 is responsible for adding
fucose molecules to consensus EGF repeats on Notch
receptors.23,33 The embryonic lethal phenotypes of
Notch1-null and Pofut1-null mice prohibit the use of their
hematopoietic progenitors to study the effect of Notch1
or Pofut1 on myelopoiesis.34–36 Instead, to determine
whether the aberrant myeloid reconstitution by FX�/�

cells is attributable specifically to suppressed Notch sig-
naling as a consequence of either loss of Notch1 recep-
tor or loss of O-linked fucose on Notch receptors, we
analyzed the blood lineage specification from mouse
ESCs carrying either a Notch1-null (Notch1�/�) or Pofut1-
null allele (Pofut1�/�) using a modified in vitro culture
system (Figure 5A). ESCs deficient in Pofut2, which cat-
alyzes the addition of O-linked fucose to thrombospondin
type 1 repeats (TSRs)37,38 were studied in parallel to
confirm that it does not modulate Notch-dependent sig-
naling in hematopoiesis. In this system, ESCs were ini-
tially differentiated into CD34� cells in methylcellulose
before coculturing with either OP9 cells bearing different
Notch ligands or control OP9 cells (Figure 5A).30,39

After a 15-day culture with control OP9 cells, wild-type
ESC-derived CD34� cells had differentiated into myeloid
cells expressing Gr-1 (Figure 5B) and B lymphoid cells
(data not shown). In contrast, these cells differentiated
into DP/CD8� T lymphocytes (69.3%, 73.4%, and 70.9%,
respectively) when cocultured with OP9s bearing
Jagged2, Dll1, or Dll4. The induction of T lymphopoiesis
by the Notch ligand–expressing OP9 is consistent with
previously published observations of marrow LSK cell
differentiation.30 The development of mature T cells in
culture correlates with the up-regulation of Notch-specific

transcripts, including Hes1 and Deltex1 (Figure 5C).
Wild-type ESC-derived progenitor cells also displayed
efficient Notch ligand (Dll1 and Dll4) binding (Figure 5D).
When CD34� Pofut2�/� progenitors were cultured under
similar conditions, they showed comparable T lympho-
poiesis to wild-type cells. These cells also exhibited sim-
ilar levels of Notch activation and Notch ligand binding as
observed in wild-type ESCs (Figure 5, B–D). Together,
these latter observations indicate that Notch activation
and its role in inducing T lymphoid development pro-
ceeds normally in the absence of O-fucosylation of TSR-1
repeats.

Although Notch1�/�ESCs displayed a normal myeloid
and B lymphoid differentiation pattern when cultured on
OP9-controls, they failed to generate T lymphocytes on
Notch ligand–expressing OP9s. Instead, these cultures
contained a robust population of myeloid cells, which
accounted for between 39.4% and 45.3% of the total
hematopoietic cells in the culture (Figure 5B). The ab-
sence of T lymphopoiesis in these cultures correlated
with the basal levels of Hes1 and Deltex1 expression and
the background level of Notch ligand binding, all of which
indicate complete abrogation of Notch activation (Figure
5, B–D). Regardless of whether Notch ligand was present
in the culture, when Pofut1�/� ESCs were assayed, they
generated a pattern of increased myelopoiesis and ab-
sence of T lymphopoiesis that was essentially identical to
that of Notch1�/� ESCs. In contrast to the complete ab-
rogation of Notch activation and loss of Notch ligand
binding observed in Notch1�/� ESCs, we found that the
expression of Notch-targeted transcripts was diminished
(but not absent) whereas Notch ligand binding was mark-
edly decreased (but not absent), relative to wild-type
cells (Figure 5, B–D). These observations indicate that
the partial suppression of Notch activation in the absence
of O-linked fucosylation on Notch yields an ESC hemato-
poietic phenotype similar to that observed in Notch1�/�

cells. Further analysis of these ESCs revealed that the
surface expression of Notch1 was absent in Notch1�/�

HPCs but mildly decreased in Pofut1�/� HPCs. The ex-
pression levels of other Notch receptors (Notch2, Notch3,
and Notch4) in Pofut1�/� HPCs were not up-regulated
when compared with the expression of these receptors in
Notch1�/� cells (see Supplemental Figure S1 at http://
ajp.amjpathol.org). Together, these findings suggest that
a defective Notch-ligand binding mediated by Notch1
could be the primary cause for the phenotype seen in
Pofut1�/� cells.

Aberrant in Vivo Hematopoiesis from ES Cells
Deficient in Notch1 Receptor or Notch O-Fucose
Modification

To confirm that the anomalous in vitro lineage develop-
mental potential of Notch1�/� and Pofut1�/� ESCs is
reflective of their in vivo features, we performed intrafemo-
ral transplantation of ESC-derived CD34�, Ly5.2� hema-
topoietic progenitors (HPCs) into nonlethally irradiated
recipient mice (Ly5.1�). ESCs were first differentiated
into hematopoietic progenitors in methylcellulous me-
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dium (Figure 6A). The percentage of CD34� HPCs in
these differentiated ESCs is consistent with other reports
ranging from 8 to 14%.17

The earliest hematopoietic reconstitution from ESC-
derived HPCs was observed 2 weeks after the injection of
CD34� cells. By 12 weeks, the proportion of ESC-derived
Ly5.2� cells in the peripheral blood ranged from 52 �
25% to 79 � 13% for all types of cells transplanted. The
fraction of Ly5.2� cells remained steady through 16 to 20

weeks after transplantation. Flow cytometric analysis of
peripheral blood revealed that the population of wild-type
HPC-derived T cells, B cells, and granulocytes compris-
ing 25.1 � 8.4%, 54.1 � 9.2%, and 12.3 � 1.4%, Ly5.2�

cells, respectively. A similar lineage distribution was
found in mice transplanted with Pofut2�/� HPCs (Figure
6, B and C). At 12 weeks, mature T and B cells derived
from Notch1�/� HPCs represented only 8.8 � 2.5% and
16.9 � 3.3% of the transplanted cells, respectively. In

Figure 5. Notch1�/� or Pofut1�/� ESCs have suppressed lymphopoiesis but enhanced myelopoiesis in vitro. A: Schematic representation of the in vitro coculture
of ESCs (wild-type, Notch1�/�, Pofut1�/�, and Pofut2�/�) with OP9 cells expressing Notch ligands in the presence of IL7 and Flt3 ligand. B: FACS analysis of
CD8 and Gr-1 expression on four lines of ESC-derived hematopoietic cells after coculture with control OP9 (Ret10) or OP9 expressing Jagged2, Dll1, or Dll4. C:
Expression of Hes1 and Deltex1 was analyzed by quantitative RT-PCR on ESC-derived hematopoietic cells relative to the levels detected in OP9-Ret10 (set at 1).
Data shown are one representative of three similar experiments. D: One representative flow cytometry analysis of binding of recombinant Notch ligands Dll1, Dll4,
and control (human IgG1 Fc) to ESC-derived hematopoietic cells. Bar graph indicates MFI.
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comparison, the proportion of the granulocytes from
Notch1�/� HPCs reached 57.7 � 9.6%. The hematopoi-
etic reconstitution of the Pofut1�/� HPC donor had a
pattern of lineage distribution similar to that of Notch1�/�

HPC-reconstituted mice: decreased T and B lymphoid
compartments, increased granulocytic chimerism (Figure
6, B and C) and absolute neutrophilia (see Supplemental
Table 1 at http://ajp.amjpathol.org). As summarized in
Table 2, 12 weeks after transplantation, hematopoietic
reconstitution by Pofut2�/� HPCs resulted in a lineage
distribution that was essentially identical to mice recon-
stituted with wild-type HPCs. In contrast, Notch1�/� and
Pofut1�/� HPCs yielded a lymphoid-suppressed but

myeloid-expanded phenotype. The absolute number of
B cells derived from donors carrying Notch1�/� or
Pofut1�/� alleles remained similar because of increased
WBC numbers (see Supplemental Table 1 at http://ajp.
amjpathol.org). The proportion and absolute numbers of T
cells, B cells, and granulocytes generated from hosts
(Ly5.1�) were similar among mice receiving all four ESC
lines, suggesting that the lymphoid-suppressive and
myeloid-enhancing phenotype in recipients transplanted
with either Notch1�/� or Pofut1�/� HPC is cell-autonomous.

A decreased T lymphocyte population in the periphery
of recipients receiving Notch1�/� or Pofut1�/� HPCs is a
result of suppressed thymic T lymphopoiesis in these

Figure 6. Notch1�/� or Pofut1�/� HPCs have aberrant in vivo hematopoiesis. A: Schematic representation of HPC intrafemoral injection and in vivo
hematopoietic reconstitution in recipient mice. B: FACS analysis of peripheral blood reconstitution by antibodies against T cells (CD3), B cells (B220), and
neutrophils (Gr-1) after gating on ESC-derived cells (Ly5.2). C: Line graphs of peripheral blood lymphoid and myeloid lineage reconstitution by ESC-derived cells
(Ly 5.2) at 2, 4, 8, and 12 weeks after intrafemoral transplantation. D: Comparison of total thymocyte numbers and the numbers of thymocytes contributed by the
host (Ly5.1) and HPCs (Ly5.2). FACS analysis was performed with anti-CD4 and anti-CD8 after gating on Ly5.2 or Ly5.1 cells. Data shown are one representative
of three similar experiments. E: Thymocyte development after intrathymic transplantation of HPCs (Ly5.2) into FX�/� mice (Ly5.1) maintained on standard chow.
Data shown are one representative of three similar experiments.
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mice. In one representative experiment, the absolute cell
count of the donor-derived thymocytes (Ly5.2�) were
only 0.3 � 106 and 0.04 � 106 in each mouse receiving
Notch1�/� or Pofut1�/� HPCs, respectively, whereas the
donor thymocyte numbers in each mouse receiving wild-
type or Pofut2�/� HPCs were 34.4 � 106 and 29.1 � 106,
respectively. Both single positive (SP) and double positive
(DP) T cells derived from either Notch1�/� or Pofut1�/�

HPCs were significantly decreased (Figure 6D). In compar-
ison, the development of mature thymocytes generated
from the hosts (Ly5.1�) was not disturbed. To exclude the
possibility that defective thymopoiesis is attributable to a
thymus-homing defect of HPCs, CD34� cells were directly
injected into the thymus of fucose-depleted FX�/� mice
(Ly5.1) whose ability to support the host thymocyte devel-
opment is retarded (unpublished data). Essentially no SP or
DP mature T cells were found derived from the injected
Notch1�/� or Pofut1�/� HPCs, whereas robust T cells were
identified from wild-type and Pofut2�/� HPCs (Figure 6E).

The increase in granulocytes in mice receiving
Notch1�/� or Pofut1�/� HPCs was accompanied by mar-
row myeloproliferation and extramedullary hematopoie-
sis. The spleens of these mice were mildly enlarged, of
which the red pulps were expanded because of myeloid
hyperplasia (see Supplemental Fig S2, A and B at http://
ajp.amjpathol.org). The B lymphocyte progenitors were
mildly decreased but did not display any obvious devel-
opmental blockade in the marrow (data not shown).
There is a decrease of IgMhiIgDlo B cells in spleens of
mice receiving Pofut1�/� HPCs, as was found in FX�/�

mice spleens (Figure 7). The splenic IgMhiIgDlo B cells
comprise type1 transitional (T1) and marginal zone B
cells (MZB), which are decreased in Notch2 conditional

knock-out mice.40 Mice receiving either Notch1�/� or
Pofut1�/� HPCs also displayed infiltrations of neutrophils
and myeloid progenitors to the peripheral organs such as
lymph nodes (see Supplemental Fig S2C at http://ajp.
amjpathol.org). However, these mice displayed a normal
peripheral blood platelet count (see Supplemental Fig S3 at
http://ajp.amjpathol.org). These findings further support that
loss of Notch1 or Notch O-fucosylation leads to chronic
granulomonocytic proliferation.

Discussion

In this study, we identified a role of Notch receptor O-fucose
modification in regulating blood lineage homeostasis. We
confirmed our previous findings that a myeloproliferation
in mice with fucosylation deficiency is attributable to an
enhanced myeloid developmental potential of HSCs. The
data presented in our current study indicate that Notch
activation modulates lineage commitment and develop-
ment from HSCs. This regulation exerted by Notch is
controlled by O-fucosylation of Notch receptors. We iden-
tified that the absence of O-fucose on Notch receptors
results in decreased lymphoid priming but enhanced
myeloid potential. This phenotype is accompanied by
suppressed Notch ligand binding and Notch signaling
activation in HSCs.

Commitment of HSCs to either a myeloid or lymphoid
lineage is believed to be regulated by the activation of
several key transcription factors, which establish the pro-
file of genes characteristic of that lineage.29 The tyrosine
kinase receptor Flt3 and the transmembrane protein
Notch1 receptor are important proteins for lymphoid lin-
eage initiation,41,42 whereas PU.1 and C/EBP� are tran-
scription factors that control myeloid lineage develop-
ment.43 It is known, and confirmed by our observations in
this study, that Notch1 promotes T lymphoid commitment
by stimulating T cell–specific transcription factors while
down-regulating myeloid transcription factors.29,44 We
identified an enhanced myeloid but a suppressed lym-
phoid potential of HSCs in the absence of fucose. This
was demonstrated that fucose-deficient HSCs form more
myeloid progenitor colonies and MPPs form FX�/� mice
failed to respond to Notch ligand-induced T lineage
commitment while exhibiting a sustained expression of
myeloid transcriptional activity in vitro. The suppressed
lymphoid potential of fucose-deficient hematopoietic pro-
genitors is also suggested by the reduction of Flt3 tran-

Table 2. Lineage Distributions of ESC-Derived Ly5.2 and Host-Derived Ly5.1 Cells in Nonlethally Irradiated Recipient Mice
Transplanted with CD34� ESC-HPCs (12 Weeks after Injection)

Peripheral blood

Ly5.2� Cells (n � 4) Ly5.1� Cells (n � 4)

T (%) B (%) G (%) T (%) B (%) G (%)

Wild-type 25.1 � 8.4 54.1 � 9.2 12.3 � 1.4 44.8 � 9.8 25.2 � 9.4 16.7 � 7.0
Pofut2�/� 21.0 � 2.5 60.9 � 6.6 11.6 � 6.2 43.5 � 6.5 24.4 � 10.6 23.0 � 12.5
Notch1�/� 8.8 � 2.5** 16.9 � 3.2* 57.7 � 9.6** 32.3 � 2.0 34.3 � 3.9 23.8 � 1.5
Pofut1�/� 8.0 � 3.4** 23.3 � 8.6* 51.6 � 7.6** 36.7 � 9.4 30.5 � 6.8 17.2 � 7.2

*P � 0.01; **P � 0.0001.

Figure 7. A Decreased MZB cell compartment in the spleens of FX�/� mice
and mice receiving Pofut1�/� HPCs. A representative FACS analysis of T1 B
cells and MZB cells (IgMhiIgDlo) in the spleens of wild-type and FX�/� mice
(top; n � 4) and mice receiving ES-derived HPCs (bottom; n � 4). The
numbers denote the percentage of cells in the indicated squares.
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scripts in lymphoid-primed MPPs. It remains unclear why
the expression of myeloid transcription factors found in
fucose-deficient progenitors in response to Notch ligand
stimulation is increased. We speculate that weak Notch
activation may promote myeloid-specific events in fu-
cose-deficient progenitors. In comparison, strong Notch
signaling may promote the elevation of lymphoid transcrip-
tion factors as seen in wild-type or fucose-repleted cells.
Alternatively, altered Notch signaling pathways attributable
to O-fucosylation deficiency, such as misfolding of Notch
receptors in the ER,22 decreased Notch receptor or Notch
ligand endocytosis,45,46 may cause enhanced myeloid
commitment from MPPs through unidentified molecular
mechanisms.

Our data from in vitro hematopoietic differentiation of
ESC is consistent with the hypothesis that Notch activa-
tion supports T lymphopoiesis and inhibits myelopoiesis.
Consistent with this finding, we observed that a transient
and balanced leukocyte lineage development estab-
lished by wild-type ESCs, whereas loss of Notch1 results
in a diminished lymphoid but enhanced myeloid lineage
outcome. We also observed that the balanced lymphoid
versus myeloid lineage outcome exerted by Notch acti-
vation is controlled by the modification of O-fucose on
Notch. Both in vitro and in vivo hematopoiesis generated
by ESCs display enhanced myeloid but inhibited lym-
phoid development in the absence of Pofut1. Indeed,
mice reconstituted with Notch1�/� or Pofut1�/� progen-
itors displayed both neutrophilia and myelohyperplasia.
This finding is consistent with the myeloproliferation ob-
served in the FX�/� mice and the enhanced granulopoi-
etic reconstitution produced by fucose-deficient progen-
itor cells in wild-type recipients. Furthermore, both
myeloproliferation and suppression of T lymphopoiesis
are observed in conditional Pofut1 knock-out mice
(manuscript in preparation), suggesting that the myelo-
proliferative phenotype observed in FX�/� mice can be
largely attributed to an abnormal Notch signaling control
of myelopoiesis in the absence of O-linked fucose on
Notch receptors. These findings strongly support the hy-
pothesis that Notch signaling is essential for blood lin-
eage homeostasis by promoting lymphoid development
while suppressing overt myelopoiesis. Further studies at
the single HSC level are required to define whether such
control mechanism is exerted by Notch at the earliest
diversification of lymphoid and myeloid progenitor during
HSC lineage commitment. Because we have shown that
this control mechanism exerted by Notch is dependent
on the O-fucose modification of Notch EGF repeats, fu-
ture studies will examine how each informative EGF-like
repeat domain regulates the activity of Notch signaling.

O-fucose moieties are found on other proteins that
have EGF-like repeat motifs, including Cripto and coag-
ulation factors,47–50 as well as on proteins containing TSR
repeat domains.51,52 Unlike Pofut1, which is responsible
for the addition of fucose to EGF-like repeats, Pofut2
modifies TSR repeats, which was first described in throm-
bospondin-1.53 Our findings of normal blood lineage de-
velopment using Pofut2�/� ESC, both in vitro and in vivo,
indicate that Pofut2 is not essential for the development of
hematopoietic cells. In contrast, Pofut1 is required for

blood lineage homeostasis as its deficiency results in
enhanced granulocytic potential and suppressed lym-
phoid potential. This effect is likely caused by decreased
binding of Pofut1�/� ESC-derived hematopoietic cells
with Notch ligand. The faulty ligand-receptor interaction
crippled the ability of hematopoietic progenitors to tran-
scribe Notch-specific targets. This reduced ligand-re-
ceptor binding phenotype may also stem from the de-
creased cell surface expression of Notch1 in Pofut1�/�

HPCs. Interestingly, the cell surface expressions of Notch2,
Notch3, and Notch4 are not changed in Pofut1�/�-HPCs
when compared with that in Notch1�/� HPCs. This is con-
sistent with the observations made by Stahl et al, which
indicate that Pofut1�/� ES cells exhibit suppressed Notch
signaling using a reporter assay.54 Although Pofut1 also
transfers fucose molecules to EGF repeat domains of
Cripto, a coreceptor for Nodal, it is unlikely that the pheno-
type observed with Pofut1�/� ESC is caused by a faulty
Nodal-mediated signaling as it has been shown that
Nodal signaling is not disturbed in Pofut1�/� ESCs.55

Further, the normal blood lineage distribution established
by wild-type host cells in chimeric mice receiving Po-
fut1�/� progenitors argues against that secreted plasma
proteins, such as coagulation factors derived from Po-
fut1�/� ESCs, may contribute to the aberrant phenotypes
observed.

All four Notch receptors are expressed in HSCs, each
of which has consensus sequences known to be modi-
fied by O-fucose.56 The similarity of aberrant hematopoi-
etic reconstitution between Notch1�/� and Pofut1�/�

progenitors suggests that among the members of the
Notch family, Notch1 probably plays the primary role in
blood lineage maintenance. This notion is supported by
the findings that the expression of a constitutively acti-
vated Notch1 partially suppressed myeloproliferation
conferred by the FX�/� marrow progenitors. However, we
cannot exclude the possibility that the suppression of
myeloproliferation in the marrow is only secondary to the
expansion of immature T cells induced by activated
Notch1. In contrast, Notch1 activation seems to play no
role in splenic myelohyperplasia induced by fucose de-
ficiency, suggesting that defective signaling of other
Notch receptors may play a more important role in ex-
tramedullary myeloproliferation. Our observation that
Notch1 deficiency leads to an enhanced myelopoiesis
and suppressed T lymphopoiesis, however, differs from
the findings by Radtke et al who previously demonstrated
that conditional inactivation of Notch1 arrested T cell
development whereas the differentiations of other lin-
eages are unaffected.9 The discrepancy of these obser-
vations suggests that other Notch receptors may have
redundant functions in myelopoietic suppression but not
in ES-derived hematopoiesis in mice. Alternatively, an
enhanced myeloid reconstitution by Notch1�/� progeni-
tors may reflect a developmental stage–specific effect of
ES-derived progenitors on hematopoietic tissues, whereas
such an effect is diminished or bypassed in Cre-LoxP inac-
tivation system that targets the adult hematopoietic tissues
and cells. Our findings of the suppressed T lymphopoiesis
and the enhanced myelopoiesis with a rather normal pe-
ripheral B lymphoid compartment in FX�/� mice and the in
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vivo reconstitution of ESC may suggest a role of Notch
signaling at the common progenitor of T/myeloid branching
point, as recently demonstrated by Bell et al that early
thymic progenitors possess T and myeloid potentials.57 Al-
ternatively, a rather normal B lymphoid compartment may
reflect a combined effect of Notch signaling at two branch-
ing points (i.e., suppressed Notch activation decreases
CLP numbers at the CLP versus CMP restriction while in-
creasing B lymphocyte development at the expense of T
lymphocytes at the T/B restriction). Despite a normal B cell
compartment in the periphery, we observed a decrease of
T1 B cells and MZB cells in FX�/� mice and mice reconsti-
tuted with Pofut1�/� HPCs. This finding suggests a role of
fucose-dependent Notch2 signaling in MZB cell develop-
ment. In contrast to the recent report that Notch signaling
promotes megakaryocyte development,58 we did not ob-
serve a significant reduction of platelet counts in FX�/� mice
or in mice receiving Notch1�/� or Pofut1�/� HPCs, sug-
gesting O-fucose modification of Notch is not essential for
megakaryocytopoiesis.

FX�/� mice display a mild decreased concentration of
LSKs under steady state. These mice have a profound
decrease of HSC frequency and an aberrant repopulat-
ing function after myeloablative transplantation. The less
competitive repopulating ability of fucose-deficient HSCs
cannot be fully explained by an approximately twofold
dilutional effect on the stem cell compartment attributable
to myeloproliferation. It is, however, accompanied by a
diminished HSC compartment in recipients of these cells
after transplantation, which is likely attributable to the
increased differentiation of HSC toward myeloid lin-
eage.15 Alternatively, this observation is also possibly
attributable to an defective stem cell engraftment or re-
duced HSC self-renewal, as demonstrated by a de-
creased stem cell frequency in the limiting dilution assay.
Suppressed Notch activation in fucose-depleted LSKs,
however, may not be relevant to the observed changes in
the HSC compartment of FX�/� mice, as suggested by a
recent report that HSC self-renewal is not affected by a
dominant negative inhibitor of canonical Notch signaling
pathway.11 In fact, we found that the expression of acti-
vated Notch1 is associated with a decrease of the LSK
population (data not shown). Whether such aberrancies
in HSC function observed in FX�/� mice reflects an
anomaly in Notch pathways upstream of Notch intracel-
lular signaling (e.g., the interaction between Notch-ex-
pressing HSCs with the ligand-expressing osteoblasts,
which dictates the physical association of HSC with mar-
row microenvironment that is critical for HSC biology) is
unclear.46 Further, other secreted or membrane-associ-
ated fucosylated stromal components may also work in
concert with Notch directly, or indirectly, to maintain HSC
function. In fact, only relatively enhanced myeloid poten-
tial is developed from fucose-deficient progenitors in a
wild-type environment, whereas an absolute neutrophilia
is induced by Notch1�/� and Pofut1�/� HPCs, which is
likely caused by an altered microenvironment created by
Notch1�/� and Pofut1�/� ES-derived cells. Combined
with the finding that a more severe myeloproliferative
phenotype can be induced by FX�/� progenitors only in
the FX�/� marrow, our study suggests that fucose-defi-

cient marrow environment potentiates myeloproliferation
induced by fucose-deficient marrow cells. Together
these observations support the notion that marrow stem
cell niche is maintained by complex interaction of HSCs
with stromal cells and signaling molecules in a special-
ized microenvironment.59,60
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